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The development of on accurate Ds Ce are quantitative
spectrochemionl scheme of anslyasis for the determinstion
of Rb, (8, and T1 in sediments is described in Pamt I
Potassium, present a8 & structure constituent in a Inown
concentration, was used as & variable internal standard,
The following line pairs were used: Rb T94T7/K 6939,

Rb 7800/ 69%9, Cs 8521/K 6939, and TL S350/X A04T., Excel~
lent near 45° working curves were gbtained in all ccses
Standard deviations were: %r%:é, Os ~ 8424, and 71 ié#%l
Average detsotion limits were: - 0,0001%, Ca = 0,0001%,
and 71 « 0,00001%s All analyses were calibrated in terms
of the standard granite (3+1) and standard diahase (Wel) to
reduce systematlie errorse,

In Part 1I, pertinent aspeats of the gecchonmistry of X,
b, Cs, 8nd T1 are diacussed in the light of data obtained
from the cnalyses of 324 samples, the majority of which care
from ten sedimentary gecloglesl formatlons. /Abundance
values are given for the above elements in the various
formations and sedimentary rochk types, Ave abuniance
values for these elements in lacecus sediments are:
KaC = 1,96%, 0 =~ 0,034, C - 0,00081%, and Tla0 =~
9;320936%; Thalliunm is ususlly enriched in highly organilc
sodimanta,

The comperison of the ¥a0/%RbR0, FKa0/%Cma0, SKa0/4T1,0,
and £abp0/%7130 ebundence ratlos in aadigantaegim tgo 2
average valucs of these ratios in igneous rooks shows that
the order of relative enrichment of these olements in
sediments is normally: Cs>Rb7>K >Tl.

The conclusion is reached that the order of relatlve
enrichnent found 1s in excellent agreement with the theory
that the adsorption affinity of a cation from aqueous
solutions 1s believed to be proportional to the yalue of
the poaitive electrusiatic potantlsl existing at the surface
of the hydmated ion, el

Thesis Supervisors: Welter L. Whitehead
Agssociate Professor of Joclogy

~N

lLouls He Alrens
Apsistant Professor of declogy

P



Contents

&bltﬁﬁt (222 i A R ] R RS R Y R N Y R N Y Y R 232X )

Agkmowledgmenta FE P P IS N U NP E NN RS RI R RS RN S AANG SO ASRS

b

IXa

I1X.

IV

Ve

Part I

Introdustion I N I I R e ImnIInnmnmmammmmI I ™

Instrumentation PEEFUP NI GV RNR GO RS IIIENEB O RTEY
As  The Spectrogrephd sevssesssssonsnssrossnas
B, The Miﬁ”ﬂ?ﬁﬂ%ﬂﬂ'tﬂ”’ttqomuo;anwontwiiﬁﬂﬂhi

Cholos of Optimum Operating Conditions csssseecesns
Ae Prelininary work sesecseceesessssssocscons

Bes Attaimment of adequate spectral
BONBIVAVALY cosavenvrnstonsevnsnsseurnnncn
Co SUMBAYY sonsnessenossssvsasssoennssosnsssa

Preparation of Samples Y I I I I Y
A. General e e ey mmmmmmmmmT™T™T
Be Ignition treatuont seevscessscasssscscanes
G« Possible volatilization loases EEBEBEEO RN
De Holght 108808 secosnsvsoncsssscosssnsnvase

Development of & Quantitative Method seesssssssnne
Ae GONOYAY suussesnsersssvrcnssesarssnnncanss
B. Internel skandardization seesccescsssvcese

{1 GONOYALl svsavenseesnssassassnovce
€3 ﬁﬂi%@billﬁy of potassium sevessee
3) Varietion internsl standard
’ MO0 seavsvsvevccssunosssrsnees
¢, Plate calibration CREBENERDERSTETIENRUBREREES
1 TONOIA]L sssonsevsssssonrssreccsars
2 Frequendsy of calibration wceessses
iz Calibration mothod sessessscnnnce
Achlavenment of even slit
1illumination SRR BRI BB RN S RANEN S
(5) Oomstruction of characteristic
CUPVES seeérnsconnsasnesassssonce
(6) cCalibration of 103~J type
emuledoNn sesvssvecessvsnssnsnnenn
(7) Calibration of I-N type
emulsion P ENBAGEISPRBIENRCEOIIOERIRTSY
(8) cConstruction of securats low
density calibration CUIVES sssess
(9) Acouracy of £alibration sesesavss



D,

Ee

F,

e
He
I.

J

Baokaround sevessccssessassnsrsnassosssess

1 GENEIBLl ssavercrsossseversrsnsincs
a Bagkground correction secevsescon
3) Correction for "invizible"

baskaround ceesssesssasonsscsnnes
(4) Effect on precision seevessscasce
(8) =ffeot on minimum detectibility .
Photographic development ssesvsesonssonnes
{1) GenNert) siessvcanossessssnncrsnes
éa Development ssvessessnsosresscosss
2 Flﬁiﬁg Bsesesrsvsrsrrrsessavannes
( W&ahina 88 4ENIISIBNBUEGREGIEEBRESE
(5 Drying sussenvscassascssescsconsasn
Preparation of standards svvesccocerssascs
{1; Beneral cesssssossasenscancnsrnas

{(2) Preparstion of synthetic base
RALOTIAYE sonveavsrccenstasvscnsans
(3) Preparation of standards .esvesss
Construction of working CUIrvVes seesvensses
Photometric progedure and calculations ...

Preclaicn snd accuracy of anelyticsl

MELNOAB sevesasssncenssnvsesnconsnassasianan
(1) FONEPBL cuvsunvosscesnonssansosssn
€3) Preclsion obtalned sesanscesvssen
3) Discussion of preeision obtained,
(&) Anaur&cy Of Methodl8 svseescesasee
Disocuseion of srrors shS RSP OIINEB LGSO ERNRDS

vI. Anﬁlyﬂiﬂ OFf SaMPLEB wenesnrasosvnussansascvcosassn

A,
Be

Jeneral AlsouBB8ion sessnssvasssnansssscses
Interfering linez and DEnNde c.vasevevvsosve

Part YI

VII‘ Inﬁrﬂﬁu@tlﬂn AR B AR RN N EENEERENENE RNENENIE NN NN W NN

A
Be
Ce

D.

Purpose of Investigetion siecevvssoncuonce
Chemigtry of thalllum sesveescesvonvsncnsas
Looation and descripticn of formstions ...
1 BENETE] seasssesnsssssnsrecennnes
2 Hlocene Hodular £hale .eewcsesess
%3 Cherokea Shale sevesscsnvssonscen
4 Hoodford Shale BOBURRSEBIN RN IS
(58) Upper Cretaceous formations ssese

Presentation of dath cuevsnessssnssnnsvnce

VIIT.The fbundence cf ¥, Bb, C8, 8nd T1 sesvessstsantos

A
B.
Cs

General Yy R R I Immmm

The abundance of pPOLASSIUM csevevssvvosens
The sbhundance of rubidium Pesesoneniansany

113
113
118
120
120
122
123
123
124
126

128
128
129
129



De The abundance of Cosilul cesassvonnsssvesee 147
E., The abundance of thallium sesesewsasasssss 156

IX. Diascuasion of the Abundance Bati08 secciosvssasnasvanes 164
A+ The ratios in iTﬂEﬁuﬁ rOCK® eeesncesaseses 164
B, The K30/Rbn0 ratio in sediments ....ceeuee 167
C. The K ﬂ/beaﬁ abundanes ratlo ceecssevessess 173
D, The &%% Tlgg abundance rotlo cesesssnssas 187
E. The Xp aC abundence rAtlo «vsesessrsees 194

Xe Disoussion of Hesulls ceervsesrerrenssaveavsnssessnva 207
Appendixes
A. Tables Giving Values of D,/D (D, T 100) for

Values of D Fyom O to ?0 FEVEBE RPN RGO I N LRI EL RGBSR 213

B. Tables 7iving the Quantitative Analyses of A1l
Samples Studied in This Tnvestigation eesecesesccss 216

C. Tables Giving the Abundance Ratios for All

Samplaﬁ BHOBUSB NP G PSR I B IANRPNDI IS SAAR TGN BN TR E RS

231

De Loocation of Bamplas seessesnvssuscncasscnsassasevase 245

Ei@grﬂﬁhy AN R PRI R AN B FE R R RSB RS AN BI AP SO R IR AN s u s 254

ﬂibliﬁsraphy (AR R A R EE R RN R N A RS 255



Acknowledgenents

I wish to thank Professor Walter L. Whitehead for
permission t0 undertake this investigation whilec I was
2 Researeh Assistan? on the Amerliean Petroleunm Institute
Research Project 43C. His active interest and advice
were indsed most helpful.

I also would like to extend my ap reciation to
Professor Louls H. Ahrens who generously spent many
hours with me in disoussing the numercus LHroblems that
aroge durin- the courge of this work. His many helpful

sugrestions and coriticlems were extremely welcome,

The mejority of the samples used in this investigatlon
were obtained by the Amerigan Petroleum Institute lesearch
Project 43C through the courteay of the following oil
companies: Carter 01l Company, Julf 0il Company, Phillips
Petroleum Company, and the ftandard 011l Company of

California.

Thanka agein to my wifo for all of her assistance

and encouragement,

May 1952



Te my wife



Part I

The Development of a Quantitative Spectrochemiocal
Hethod

I. Introduction

This part discusses the methods used ¢ develop an
aceurate quantitative spectrochemiesl method for the
analysis of rubidium, ocesium, and thallium in sediments.

The reader may wonder why such & large part of thls thesils
is ooncerned with & discuseion of the analyticsl techniques,
However, considerable effort and time had to be spent on
development of the methods for two reasons. First, the
detection 1limits using standard methods were such that only
rubidium, of the three analysis elements, was known to ogocur
in the sediments in a quantity well above lts detectlion
1imit. Cesium was & borderline case, whereasg the average
amount of thallium in the sediments was well below its ordi=-
nary detection limit. Consequently, sttasinment of adequate
deteotion limits was vital if the majority of samples vere

to be successfully analyzed for cesium and thallium. Oecond,
a2 high degree of preclision in the analytical method was con-
sidered sbsolutely necessary if any significant and valld
sonclusions were to be drawn from the analytleal results.
For example, conclusions as to whether or not an element had
concentrated in the sediments with respect to another element

were drawn from & comparison of the ratios of these two



elements in igneous rocks and in sediments. A change in a
ratioc might have been extremely small but atill would have
been significant, The ability to detect & small ohange in
e rotio depended of course on the precision of the analyti~
cal method, for small changes would have been massked by

large analytical errors,

Three hundred end twenty~four sedimentary rock samples
from ten gaologicel formations were analyszed, They were
2ll samples which had been analysed for potasslium with a
Perkin-Elmer flame photometer by personnel of the Ameriean
Petroleum Institute Research Projeoct 4%C. In fact, the
existence of such & large ovllection of samples which had
been accurately analyzed for potassium was the main reason
why the writer undertook thls investization, The pressnce
of potassium, which 1= 2 good internal standard for all of
‘the analysis elements, as a structure oconstltuent of the
samples offered the opportunity of developling a really
precise quantitative method,

The composition of the samples verled over a rather
wide range, representing as they did, shales, sandstones,
and limestones, although the majority of the samples were
probably falrly similar in composition, Ko one method
would have been the ldesl method for every sample. Conse~
quently, an attempt was made to develop a general scheme
of analysis which would give the most precise results for

the greatest number of samples,



11, Instrumentation

As gge Spegtrogranphs

The instrument utilized for the determination of
thallium was & 21 foot, 30,000 lines-per-inch consave
grating spectrograph in & Wadsworth mounting. The arcing
bench of this instrument is shown in Fig, 1 . A complete
description of this spesctirograph has been given in several
earlier theses and need not be repeated here. The use of
this instrument wes required to obtain the dispersion
necesaary to free the T15350,46A line from interference by
CAa5349.47A and T15351.084A. At the setting used for the
determination of thallium, the dlepersion was 2,43A/mm.
on the plate. The standard set-up on this instrument was
to placs the center of the plate holder at 48004 (Focus
1.7%5) One quarter of & type 103~J plate was placed to
plek-up T15350A4 (230 mm. to left of the genter) and another
quarter plate placed to record F40484 and X40474 ( 318 mm.

to right of the ecenter).

The instrument used for the determination of rubidium
and ceslum was a Hilger model RATE8 large quarts and glass
spectrograph in the Littrow mounting. Detalls of this type
of mounting may be found in any of the more complete textis
on spectroscopy, The instrument mounted in the Cabot
Laboratory is shown in Flg. 2 , With the glass optles,

adequate dispersion was avallable to separste the cesium
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and rubidium 1ines from any serious interference. For the
datbrminat&on of the alkali metals, the right end of the
plate h@l&ur was pleoed at 10,0004, A four by five plate
(Tyoe I~N) was plaged 11/16 ineches from the right end of
the plate holder.

All photometric measurements were made on & Projection
ﬁampa#zabu*ﬁiarﬁﬁﬁﬁznuahar mamufactured by the Jarrell-Ash
Company. This inmstrument is shown in use in Fig. 3.



E" i :*“ s 1

Arcing bench of grating spectrograph,



Hilger larse guartz a&nd glass spectroarsph,



Fig. 3

Jarrell=-Ash projection comparsator mierophotometer

s
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11I. Cholce of Optimum Operating Conditicns

A ?mliﬁm!? work

At the start of this investigation it was hoped that
‘1t would be possible to analyze for all three elements
sirultanecusly. The speotral lines of thene éluncnﬁb which
ware éﬁm‘msm ssnsitive enpugh to investigate are linsted
in Table 1. 7The material in this table ie taken from the
M f. T. Wavelength ?ablaa §;m@11a& by Dr. s Re Harrison.

Table 1

Rubidiys Intensity Senaitivity
7947460 5000R U2
[y 7
AB9ATT 1000R ua
4558, 385 2000R us
Inallium

5350 46 S000R Ul
377572 30008 u2
3819.24 20001 us

Preliminary tests on the grﬁ%iag spectrograeph soon
revesled that the gesium o¢nd pubidium lines in the vioclet
ware not sultable. Lack of sufflelent senaitlviiy and

excessive interference from strontium, iron, and titanlum
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1ines rmiled out any possidle gonsideration of thelr use.
71 3775 seened to bBe highly sensitive, provided eymnogen
emisalon was quenched.

The preliminary work on the priem instiument showed
that Rb 7800, Rb 7947, snd Cs 8521 were highly senaltive
Q@uv&d&& a panchrometic emulsion was used. Cs 8943 was
not useable due to poor emulsion sensitivity at this
wavelength with Type I«N plates. T1 5350 also proved
not %0 be useable on this inatrument due to direct inter~
ference by Oa 5349 (2ee Fig.27, P8s109). As a result of
this finding, it beocsme nocessary to analyze each sample
twice, onoe on the prism instrument for rubldium and
cesium and 6nan on the greting instrument for thallium.

On the grating instyument, T1 3775 seemed to be
slightly more sensitive than Tl $350 although the latter
1lire is generally reported as being the most semsitive.
Howevsr, T1 S350A was asleoted for use for two reasona,
*irst, & CK band component is coinecidental with T1 3775
and thie meant that unless CN emlssion was completely
quenched, & process that 1s not always easy taida, direct
interference from CH would result. Second, interferencge
from N1 3775.572 with T1 3775 was considered possible due
%0 the faol that many of the samples had been ground in
8 nickel~stesl mortar with the probable resultling con-

tamination of these ssmples with tyeces of nickel,
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fmprove sensitivity are generally centered around methods
which increase the intensity of a line relative to that of
the background, In attempting to obtain maximum line-to-
background intensity ratliocs and resulting lower deteotion
1imits, the writer used the fﬁilaw&ng facts as a general
gulde. The enalysis olements &re all exiremely volatile
snd thelr speotral lipes emit their peak intensity early
in the arcing oyele. The intensity of the continous
rediation, on the other hand, remains rairly constant, at
least during the first part of the arcing peried, Thus
1t seermed that maximum line-to-bsckground intensity ratios
would result by arrenging the operating conditicns so as
to boil off the greater percentage of the analysis slenzants
in as short a pericd as possible. This could be effected
by the proper selection of sample size, electrode deslgn,
amperage, and aroling time. |

The decisions om these various Questions were nade
empirically., The general procedure adopted was to arc &
sample & rmunber of times on the same plate with all the
‘garisbles held constant, exoept one, which was system—
aticslly varied from exposure to exposure. The setting
for that partioular variable which geve the maximum lines

to-backzround intensity ratio was then determined visually.

The slit width was also quite critical. Contlnuous
backzround on the plake is merely a series of overlapped

18
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811t lmages snd therefcore its intensity is closely
propertional to the slit width, Line intensity, on the
other hand, incremses as the alit 1o widencd only up to

8 sertain oritiocal width, after which there is no appreai-
able inercise in line intensity with further widening

of tﬁ£ a1it. Thus tho optisum slit width for obtaining
maximun ling=to-background intensity ratics is close %o

this eritionl value.

Tuc emulsion types selected were those which were
specially asmait&xéﬁ for the wavelenzth regions in whioh
they were used. Contrery te general npiaién. use of &
more sensitive emulsion does net inerease the 1imit of
detection of an element bevtuse inoreased sensitivity
merely incresses the intensities of both lines and backe
ground proportionally. I% does deoresse the exposure
time snd sample size required to produce o useable line
{mage.

The operating conditions selected are llsted In
Tables 2 and 3. The sctual detection limite attalned were
somewhat varisble, depending tc some extent on the backw
ground, . The following might be considered as average
valu§¢z

T - 0.00001%

%*Qﬁm
cs - 0,0001%



?haga detection 1linits were found % Le sdequate for the

majority of the samples.

The improvement in the oase of cesium wae not aa
great as had been hoped for, but this wes offset to &
oonsiderable extent by the fect that the average cealum
content of the sediments was found to be &amawﬁat higher
ahan‘hnd been expected,

20
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Table 2

Operating conditions for the determination
of thallium

gpectrograph

Optical arrangement

Exols~tion
Analytlical gap

Electrode Lype

Emulalon

214t width

14t heizht

Exposure tiwme

Yeight of charge
Composition of charge

Beetoring
Development

T.4ne pair

Samples per plate

21 ft. concave greting instrument.
Genter of plate holder at ABOOA

(F’GW& 1. ?) & .
Twoe 3" x 4% plates placed to
record ¥ 4047 and )1 8380,

Short fogus apherical condenser
fooused on elits

tnode, 220-23%0Y D, ., 8 amperes,
Bet mm,

Anode = 3/15" regular earbon rod,
17 long, with a ecavity 1/8" in
dia, and 1/4" dcep,

gathode ~ 3/18" carbon rod
polinted at one end.

Eastman 103«J.

0,028 mm,

6 1 £5 1

4% gaconds.

Nﬁ@ Egt

ntiiuted sample,

Speclal stepped asector, 3 steps:
112, 1:32, 1:64, plus 21:1 etep.

4 1/2 minutes in Fastman D=19

(pAl, 1:1 with HaC) at 20°,

T1 5380
¥ 4047

Six in duzlicate
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Table 3

Operating conditions for the determination
of the alkall metals

Spestrograph

Cpticel arrangenment

Exoltation
Analytical gap
Electrode type

Emulsion

814t width

811t height

Exposure time

Yelght of charge
Componition of charge

Jectoring

Development

~ Hilger Prism Inatrument.

(lass optilos,

Foous 4~3.

Zhutter sett « 12 mm,

Right end of plate holder at
10,0004,

4" x 5" plate placed 11/16"
from right end of plate holder.

short foous spherical condenser
fooused on aslit.

Anode, 220-23%0Y D, C,, 6 amperes,
&"’5 3520 .
Anode = 3/16" regular carbon rod
1" long, with a cavity 1/8" in !
dia. and 1/#“ dﬁapu

Cathode ~ 3/16" carbon rod pointed
at one end.

Esstman JI-N.

5 divisions(0.025 mm,),
11 mm,

4% segonds

~ 50 mg.

Undiluted sample,

Seven step sector, 1:2, 1l:4, 1:8,
1116, 1132, 1164, 13128,

4 1/2 minutes in Eastman D«19
(711, 1:1 with Ha0) at 20°C,
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Table 3 « Continued

Cnerating conditions for the determination
of the alkali metals |

Line pairs - Aubidium Hb 7600 , Rb 7947 .
¥ 6936 ¥ 8990
Gesium Ca 8521 )
Semples per plate - 0ix.
Predautions taken - Glean cathode used for eve

sample, Upper elacirode holder
cleaned between samples.
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IVe Treparation of famples

4. general

The samples used in this inveatigeation oame from the
extonsive collection of nedimentary rock sumplas avallable
in the ¥. I. 7. Geclogy Department where they had been
uned in the APT Research Project 43C. The majority of
samples used in this work were alrsady ground to a
satlsfactory degres of flneness snd only & very coockslonal
sarple required further grinding,

As & general rule, untreated sedimetitery rock samples
behave very badly in the D, C, arc. This is due to the
fact that many sediments contain apwv@ciabza‘guantiaiua
of organic matter, water, and cerbonates. These =zaterisls
decompose when the are 12 atruck and release large
guantities of zas which tende to blow the sample out of
the electrode., In some cases, complete losgs of sauple
oceurs within o few secondaj in others, the sample
remaing but the burn is guite erratie, and excessalive
spec*tral backzround results from the =any incsdescent
pertlcles veling walfted up inte the arc column, A pre- |
1lininary survey of the ereing qualitlies of the selected
samnles dlgelosed the expected poor behavior in the are.
Consequently it was clear that some trestment would dbe
necesaary if a satisfactory smoothnesa of burn was to be

attained,



The first expedlent tried, which proved suceessful
anough to be adopted, was to remove the organis matter
and adsorbed water by heating the samples in an electrie
aally operated muffles furnsce, When any ignition progedure
1ike this 18 used, one has ¢ oonsider possible losses
of snalysis elements by volatilization during the sintering
process. The bolling points of &ll alkall metal compounds
were hish enousgh to obvists any concern for them so
thallium remained the oritiocal element. It was noted
that Renkase (18)predicted the »oanidbility that thallium
wag present in sediments ms thellous ochlomde (¥.P, =
T2092) 80 1t seemed that 7000C would be the ceiling

temperature for any sintering process.

A gerles of experiments was condusted to decide on
the best sintering temperature and tine, The material
used wag a dlack highly orgenio ehale from Big Yarsh,
Hova Ceotin, Samples of this shale were placed in small
porcelain crucibles and sintered at varying tomperatures
and for 4ifferent times, The best compromise between
the lowest possible ignition tempersture and destruction
of the orzanic matier within & yessonable period of tinme
seenmcd to be one hour at & tempernture of 48500C, As &
reasult of this, all samplse used in this investisetion
were sintered for one hour at 4800C, After asintering,

26



the samples wore stored in tightly corked glasa vimls to

prevent then from pleking up any molsturs. ¥itohell (15)
also founi a temperature of 4500C to be the most suitabdle
for apa dry ashing of organlc materials.

This sintering grestly improved the arcing quslities
of the majority of the samples., In fect, lesa than 8¢
of the 324 sintered sumples ocould still be classified
a8 really "bad nctors”, and these were ssmples containing
& very high percentage of calcium carbonate which, of
gourse, wes not decomposed at the ignition temperature
used., It was found that losses during areing of gamples
high in calelum carbonete could generally be avolded by
momentarlly reducing the avperage at eritical voints in
the burn - & point that hed to bhe learned hy experiencs,
Fig. 4 shows how sintering lessened the backsroumd,
There 1t may bs sseen how much less intense the hackground
15 in the 500° sample than in the other two,

Te check on the possible loss of any of the analysis
elements during sintering, s seriecs of lig Yersh shale
samples were slntered at the followlng temperatures;

1080, 300°, 500°, 700°, and 10009C. Each of the resulting

samles was then analysed using both standard opereting
methols ard the following indensity ratlos determined for

each sample: %lsgggg,.ﬁh g‘,,an cs B gl o Any changs
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found in 8 glven retic outside of exnerimental error
would, of course, indicate volatilization losses. The
rublidium and cesium watios in sll samples were found to

be eonstant within the limits of experimental error,

For thallium though, the ratios for the 105° ana 3000
samples were slightly higher than the ratios for the

three remaining sarples, thus indicating a possible
partial loss of thallium, However, in view of the rether
large standard devistion for thallium snd the probahle
even larger deviation in the case of the poorer bumming
10%0 and 3000 samples, 1t was statistioally impossible
with the dats avallable to defimitely conclude whother

or not any less of dhallium hsd ocoured, al; that gould
be said on the basls of this evidence was that if a loes
did ooocur, it was not large. In oonnection with a
possidble thallium loss, the fellowing interesting faots
were noted during tho analysis for thallium of the

Hiogene Nodular shale samples. Ssemples from this formation
occaslionally carried appreciable quantities of fluorine

as evidenced by the presence of strong Cef bands with mein
band hesd at 5291A (See Fige 26, P+.108)s There seemed to
be a rough scorrelation between the presence and intensity
of this band and the intensity or absence of the thallium
line, although 1t was rather hard to prove the presence or
abpence of thallium whenever the CaF bands were intense,
as the tail of this band blanketed the reglon of the
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thallium line, After making this observation, the vola«
tilities of all thallium compounds were rechecked and 1t
was noted that thallium fluoride has a boiling point of
300°C, 1507 below the sintering temperature used, Thus

1% seenms entirely possible thet some thallium might have
been lost during sintering from those samples which were
high in fluorine. On checking back to the Big Marsh
samplos, & slizht development of CaF bends was noticed
there, Consequently, the change in the %33§i;9 intensity
ratio which was dlecussed before might be a walld change
due to a slight lose of thalllium sa thalllum fluoride.
Further expsriments though would be necessary to ocompletely
prove or disprove this point. Cholak (6 ) states that no
thalllium losses ocoured during experiments ln the dry
ashing of organic matiar. In any eveni, even i losses
414 ocour, less than ten percent of a&ll semples would have
been affected by this souree of error as thls was about
the nupber of samples which showed any development of the
say beand,

De He %t lo

Another point cheoked was the magnitude of the walght
loes during vgﬁg’aiaggrgng process, This wae agcomplished
by actually dstersining the percent wolght loss on twentye
one samples of Cherokee shale which had wvarying orgenie
carbon contents. The results whioh are plotted in Fig. g
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show that there is 2 falr linear correlation between percent
welight loss and percent organic oarbon., Information about
the magnitude of weight losses was desired because of the
resulting inoreasse in the percentages of a’l slements re~
maining in the sintered ssmples. PFor example, X K04TA,
the intermal atandard line for thallium, begins %o gelff-
absorb under the operating conditions used at about 5%/
K20+ Consequently, 1f weight losses had heen of such a
magnitude that the K20 percentazes in the ainierea sAmples
would have been radically increased errors due to selfe
absorption by the internsl standard line night have re-
sulted. However, the average welght loss was swall enough

80 that this potentlial sourse of error could be disregarded.

The fact that the potassium values were based on the
originsl unsintered samplea meant that *‘his sapplied an
asutomstic correction for welight loases in the computation
of the snalytieal rniuita. Therefore, all reported per-
centages for rubidium, cealum, and thallium are those
éx&azing in the original samples,



Ve Dovelopument of a Quantitative Method

A+ General

Quantitative speotroghemieal anulysis is based upon
the fact that when a samle ia volatilized in an are, wost
elements present in the sample emit redlation in the form
of light, Por any glven elewent the intensity of this
rediation is a fanction of the concantration of that
elenent. R@wnvsé, the matter is sompllcated by the faot
that many factors heslde element gongentration influence
line intensity as mecorded on the specirogran, ‘?ar (Y
mich fuller discussion of the baals for quantitative
srectrochemical analyals, the resder is referred to any

of the general texts On speclrosoopy.

(1) Qenersl

It is generally resognized today that some form of
internal standardization must be smployed to attain the
highest precision in 8 quentitative method, 2An internal
standerd method is one where the concentration of an element
ia deternmined through ite relstionship to the intenalty
ratio of & line of the vlement to be determined and a line
of another slement present in constant or known amount.

Its general superliority is due to the fact that iﬁ‘is Bgw
sumed that all the variables other than concentration affect



the intensities of the analysis line and internal astandard
1ine in e similar manner, The most precise reaults are
obtained in any method employing internal standards when
the internal standard and analysis elemsnt have similar
characteristios. The factors which nust be considered in
the ghoosing of an internsl standard have been thorcughly
disoussed by ghruﬁa (2) and nesd not be repeated hereq

It was mentioned eariler that one of the major fastors

which influenced the writer to undertake this investigstion

was the nresence of & large number of samples which had
been anslyzed for potassium, Thls was becsuse petaaaiﬁm
was known to be a satisfactory internel stenderd for the
other alkali metals, and the writer believed that 1% would
also be at least a felr internal standard for thallium.
Neverthelens, 1t was considered necessary to check its
\arraebivengas as an intermsl stapdard under the cperating
conditions used for the analyais of the samples.

The volatilizetion retes of potassium, rudbldium, end
cesium from both s typleal sample &nd a synthetie mixture
were determined by arcing each sample in the ususl manner
sxcept that the plate was racked down at the end of each
five smscond interval, The resulting plots of intensity
versus time are shown in Fige 6. It is seen that all
three elements volatilize in & very similar manner both

3k
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Velatilization plctas for rubidium, cesium, and
potassium from a2 synthetic mixture {No. 15 and
sampl® 45125 (No. 2). 3Some intsnsities have been
mltiplied by a constant factor for convenience
in plotting



from the sample and the synthetic =ix, thus indloating
that good reproducibility was to bs expected, It is intere
esting to note that while peak alkall emission frowm semple
45125 oeourred extremely early during the arcing period,
pack emission frow the synthetlo standard mix ogourred
towards the end of thn'perioﬁu This socounted for the
faet noiel during the preparation of the working curves,
thet the lines from the synthetls standards wers always
weeker thun those lines from natural materiale with the
same element concentratlon, due to peak slknll emiseion
from the standands never being recorded on the plate when
the standsrd procedure with its arcing period of 4% geconds
was used, Satisfactory volatilisation curves for thallium
could not be obtained due to the slowness of the plate
reoking mechanism on the grating inetrument. However,
thallium is known %0 be as volstile, if not nmore so, than
the alkall metals,.

Execapt in the immediate vioinity of the electrodes,
excitation in the D. C« are is largely thormal. The
terperature alaso varies longitudinally in the are eolumn,
and thia cauces a longitudinal variztion in the exciting
power of the ard. The stadbility of the variocus line peirs
to ochanging excitation conditions was checked by nplotting
the longitudinal intensity distwribution of the various
lines. Standard operating conditions were used except that
the entire s1it was seotored by & gonatant amount, The

36
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resultant lines were divided into 1.5 mm. long segments,
and the intensity of each segment determined in the usual
fashion, The plots of the longitudinal intensity distri-
bution for 211 the lines are shown in Fige. 7 and 8, Due
to fairly similar excitation characteristics, all the
intensity distribution curves are seen to be very similar,
The intensity ratios of the various line pairs were there-
fore lergely unaffected by changzing excitation conditions
in the are. The longitudinal positioning of the arc image

on the s81it was alsc less oritical.

Checkns showed that the internal standard lines X 4047
and ¥ 6939 would be free of self-absorption at the concen=
tratlon of potassiun exlisting in pragtically all of the
samples, X 6939 was found %tc be free of self-absorption
at any concantration, whils ¥ 4047 wag reasonably safe
provided the potssslum concentratlon was not over about

five percent.

The effectiveness of potassium an an internal standard
element is shown in Figs., 9 and 10, From these plots one
can observe how satisfactory the compensation was for each
1line pair. It is seen to be practically perfeot for the
potasslium-rubidium pair; satisfactory for potassium-cesium}
and only falr for potassium~thallium, This is also the
order of increasing standard deviations, as would be expected.
The erraetivﬁnaas of potassium as an internal standard for

thalllum was probably, as &8 gensral rule, somewhat better
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than the rether large stendard devistion would indiosnte,

but there would be occssionel samples where potassium
afforded absolutely no gompensation, Theae aaeﬁsian&l

¥ild fluetuations in the intenaity of the thalllum line
were stiributed to the fact that the lower level of T1 53804

iz a mﬂﬁaatabla one.

Standard deviations with and without internsl standarde
ization were computed for all the analysis elements. Use
of an internal stendsard improved the reproducibllity in

2ll canes,

(3) Yartas

An internel atandard 1s uaually thought of as an
olement which is present in gonstant amount, In the
majority of methods this 18 80, but 1t peed not be, for
1t can be present in & varieble amount providing 1t is a
known smount, fuch methode are known as variation internal
atandard methodsg, and the writer had to use such a type in
this investigation, The only difference bstiween & method
of this type and the oonvantional type iz that in construgte
ing the working curve, the intensity ratic of the line pailr
is plotted agalnst the concentration ratlc of the analysis
slemenrt and internal standord elenment inatead of Jusi verosus

the percentaze of the amalysla element.

The resulting working curves are similar to the ordinary
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types, except that measurenents should generally be rew
stricted to the straight line portions of the curves., Selfe
absdrption by the analysis line flattens the upper sections
of both types of working curves. With an ordinary type

of working ourve, this "shoulder' ean be used, although
ageuracy is oconsidersbly reduced., With 8 verietion method
thoug!:, ~ueh & shoulder can be used only vhen the pers
oentaze of internsl standard in the samples 1s approxinmate-
ly equal to the internsl standerd gontent of the standards,

(1) Qeneral

The intenalty of rediation emitted from the ars golumn
is & function of the concentration ¢f the element emltting
‘the radiation, However, the quantity measured by the
gpegtrographer is the denslity of the spectral line pro-
aueua by that radiation. Usually this relationship is
ahﬁun tnﬂﬁhehfbrﬁfﬁf ¥ i gnrva where denaity 1a plotted
agalnst the logarithn of the 1light intensity. This curve
i3 onlled the characteristie curve of the photographie
arulnsion under the given eonditions. The legarithm of
ths 1isght intensity is gemerally uged as t&is results in
8 curve having & gonsiderable straight line portion. The
relstionship betwecen density and intensity of ineident
redietion 1s quite complicated and depenient upon many
factors, The whole course of the charscteriastic ocurve



mist be obtained experimentally =e there 12 no simple mathe

enatical relationship botween these two quantitiesn,

Plate calibration raefers t0 the solence of determining
the response 6f a photographie emulsion to incident light.
The nature of this problem has besn adequately covered
in many recent books on speatroscopy and will only be
summerized briefly herae. The problem of ascurate plate
galibration nust be faced by every spectrographer who

desires to obtaln pre¢lse quantitative resulis.

The more important of the many faoctors which influence
this relationship are: intenslty and wavelength of the
radiation; intermittancy effect; fallure of the reciprosity
law; Eberhard effect] time of exposure; type of exposure;
temperature and type of developer; and time of developw
ment. ‘ﬁema of these are, of courge, under the direct
gontrol of the spectrographer and ocan be held sssentially
sonstant during any Investigstions The effect of other
varisbles can often be minimized by producing the osle
lbration spectra in the same exposure time and in the same

manner &s is used for the unknown samples.

(2) Zregueney of calibratlon

There 18 no unanimity of opinlon on this subjeot.
Opinions range from those spectrographers who belleve that
not only should every plate be galibrated, but different
parts of the same plate should be ¢alibrated aeparately;

4y



to others who dbelisve that only one plate from & gliven
batoh should be ealibrated. Of course, frequency of pale
ibrotion really depends upon the precision desired; how
tlosely the variablea are controlled; and the uniformlity
of the emulsion.

The writer found the emulsion types used in this
work to have an extremely uniform contrast from plate to
plate provided the proceasing conditions were alosely
controlled., In view of this and of the fact that accurste
calidbration methods sre somewhat time consuming, it was
decided to ealibrate earefully each lot of ermulsion bearing
the same emulslon number anl use the same characteriatic
curve for all plates with that amuiaion number. All
analysis and calibrstion plates were processed in an iden=
tical mannsr as possible. This method gave very satlse
faotory and conelstent results, and the writer belleves
that it resulted in bdetter precision than would have been
the case had each plate been calibrated separately using

8 fester but less acocurete method.

(3

There are many possible waye of eelibreting an emulsion,
and the interested reader is agaln referred to any general
spectroscopic text where these various methods ere 4ls~-
ocussed, The method used by the writer was one which 1@ in

45
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wide use todey due to 1is relative simplicity. It gone
sisted of placing s rapidly rotating stepped sector im-
padiately in front of the evenly illuminated slit of the
spegtrograph. The stepred sector used was of the double
syﬁhﬂt@laal type with 1tas edge out back in stepe of ine
ereasing depths The step factor, which is the relation
between the exposurea given by two adjascent steps, wasa
two, Since & line 1s merely an image of the slit, and
the number of flaashes for 21l steps is the same, each
spsctral line tﬁus shows a graduated series of exposures

whose relative values are known,

The stepned sector method has been oritized in the
past 88 not providing & valld method of plate ealidbration
due to pomsible errora arising from fallure of the reci~
prooity law and the intermittensy effect. However, later
workers have justified 1te use provided it is used with
care and within the limitations imposed by the reciproeity
law, The writer feéls that 1% provided 2 velid galibra-
tion method because exposure times and conditions for both
onlibrating and unkown exposures were approximrately the
same; thus minieizing ang posnible errora aué to falilure
of the reciprocity law or the intermittenoy effest. 4n
indicetion of 1its valldity was that two calibration curves
resulting from two exposures made with the same exposure
times but different spurce intensities could be overlapped
satisfactorily,
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& distance from this lens that an image of the source was
formed on the gollimator, Beocsuse each point of the source
i1luninatss the antire length of the alit, reacsonebly even
i1'uminzation results, To prevent background-produsing
gontinuous radiation from enterinzg the systenm, the images
of the zlowing electrods tips were masked off by placing
maskinz strips at the top ond bottom of the collimntor. A
35 nm. horizontsl strip was left unmasked, “When the anae
lytical gsap was maintained at not less than 10 mm., no
continuous radlation could =nter the aystem. To control
the p@aition‘cf the are column continucusly during a oalie
bration exposure, an adiitional spherical lens was placed
alongside the are in the proper position to project an
image of the erc onto the laboratory wall, This, combined
with the use of properly placed rmra:onoa marks, nade
poseible the continuous maintenance of the proper ars gap
and poslition.

A photozgraphic check of the evenness of sllt 1llunie
netion was mrde, The cheok lines were each divided into
seven 1.% mm, long segmants, and then photometered. The
results sre shown in Mig. 13 . The evenness of i1llumination
is seen to be ouite satisfaotory, as the few small variae
tions are quite rendom, Thia photogrenhloc check was made
using the same exnosure time as was used for the calibrae
ting exposures, The only difference between the two sete

ups was that a seator which seqtored the entire length of
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the 811t was used in place of the step sector.

The optleal arrangemest used to provide even slit 1ll-
lumination on the grating instrument is shown in Fig.12 .,
Two oylindriecal lenses were muvunbed between the source and
the s81it, The short foous lens neersst the source had its
axis vertioal end threw & verticel line of light onto the
gtit focuseed only in & hordsontal plane.l The long focus
lene 26 the allit with its axis horisontal projected en
image of the source onto the sollimating mirror as & hori-
gontal band of light fooussed in the vertical plane only.
As Tirst sed , this arrangement gave very ssilafacory
and uniform 811t 1llumination provided the optical asystem
was properly #ligned., However, considerable background
sluays seemed to be present in the steps with 2 large
sector aperturs (See Photograph B in Pig.14 )« This was
very noticeable vhon sarbon electrodes were used instead
of iron electrodes. A critieal review of the optical
system revesled that any continuous radiation from the
glowing electrode tips could enter the system, hecause the
firat eylindrical lers focussed only in the horizontal

plane. To eliminate the sntry of this continuous rediation

into the systeonm, this short focus lense wns completely
masked excert Tor a horizontal strip aporoximately 4 mm,
wide st its center. 7This nmaasking, combined with maintaine
ing the arc gap as great &s poasidle without cauelng an

unstesdy are, proved extremely sucoessful in seoreening out
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a1l the continuous radiatlon coring from the glowing elee-
rode tips. Before end efler photographs are shown in Fig.
14 . Operating conditions enl exsosure tirmes were the

sams in both ceses,

A11 the characteristic curves ussd for the various
spectral reglons were gonsiructed in the same anner. 4s
described previcusly, 8 rotating stepped sector was used
to provide & unifornily graded series of exposures. Al-
%hﬁmgh geven steps were avallable on the sector, generally
only 3 or & points for each line foll in the useabdle
density range. Conssquently, no one line gove a sufficlent
nurber of polints for mcourately plotting the whole surve.
However, & complete curve wag obteined by laterally shifte
ing éwo sr more partial curves unill they overlappede.

This could be done since relstive rather than absclute
inteneitier were desired, 2nd when twe lines of Aifferent
intensities but aprroxivalely the same wavelengih are
pletted, the two eslibration curves are displeced due Lo
the different intensity sosles. The 4emweemed ceparsiion

of the curves gives the intensity ratlic of the %twe lines,

Ag all the curves were plotted in & aimiler manner,
eonstruction details will be zlven for only one curve,
that used for calibrating erulsion type 102-J &t & wave~
- length of 53502, To obtaln galibration dats, a 103~J
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Figs 14

Reduetlon of background by proper
masking of lenas,

iw RGKeU,. iiw MO0 Ragyed,



plate was exposed for 45 seconds to the rediation from an

iron arg run at % amperes,

The previously desoribed are

rangement of two oyolindricel lenses was used to insure

even alit 11lumination.

Other operating conditicns were

identlioal with those listed in Teble 2 except that a seven

step sector with & atep factor of two was used in place of

the special thres step sactor,

8ix iron lines having an

appropriate rangs of intenslties and lying within 28A of
53504 were then photometsred in the ususl fashion, snd the

opasitioes of all measurable steps calculated,

are listed below:

1:2
1:4
1:8
1:16
1:32
1164
1:128

Jela

64

32
16

- N o ®

1
20,8
3.82
1.49
.1

2

4%.5

9.2%
2.3%
1.26

L]

 Qemelty
Line
3 !
T4 100.0
7.2 6.9
3,52

3

L4

-

The results

L 4

30'3 10060 -
6.50 62,5 63,3
1.85 15,4 &2,6

1.16

.40 15,2
1.42 3.46

These data were then plotted in the ususl feshion, and

the resulting partial charecteristic eurves are shown in

F&Epls .

™e relative intensities of these 8ix lines were

deternined by measuring the separation of these partial

ok
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surves. Lane'a was arbltrarily assigned an intensity of
one, The next step was 20 comdine this farlly of surves
in%0 one aurve bRaed on the surve for line 4, This was
fAgoomplishod by multiplying the value of the relative inw
tensity for eacl. atep of each line by the relative intenasity
of that line compared with line &, For example, the ine
tanelty ratio of line 5 to line 4 1s 2,9C and consoqQuently
the curve for line & will come into ocoinecidence with the
ourve for line 4 if the opaciilies for line 5 are plotted
againast the following eorrected relative intenalitiles,

Qraelty

100,0

8 x 2,98 6245
4 x 2,98 1%5.4
2 x 2,98 Seb
1 x 2,98 1.42

The resultant composite ocalibration curve is shown in
Fig. 16. The scattering of polnts in the higher density
region is belleved due to errors caused by strey light in
the microphotoweter., Thie wee aut serious though, beosuse
by seleotion of the proper ssotored step, use of this
gegtlon of the curve sould generally be avolded,

(6)

This enulalion type wos oalidbrated for the wavelongth
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region in the vlcinity of the thallium line at $3%04 and
for the region near the potassium line at ADATA, The
oonstrustion of the eslibration curve for the 53%0A region
hes already been desoribed, The AOATi reglon was ocali~
brated in s similar fashion, snd the charecteristis ourve
shown in Pig. 17. |

The oontrast for the 53804 spectrel region (gamma ®
2.3) was considerably higher than the oontrast for the
AOATA region (gamma ® 1,T). This was not unexpected
though as the contrast in the region of optiocsl sensitie
zation is frequently higher than in the blue or violet.

It 414 nean though that both gurves had %o be used for m
thailium determinations. The determination of aorrect
_intensity ratios for two lines of widely varying wave~
length 1is really a problem of heterochromous photometry
and requires & ealibration scures where the intensity ;
distridution as & funotion of wavelsngth is known so that
the proper separation for the two salibrasion curves can
be determined, However, such sources are rether hamd to
obtain and are really not negessary for prectical work,
The solution adopted by the writer was to let the two
calibration curves oross at an arbitary point. The re-
sulting thallium=potassium intenaity retiocs were then
purely arbitary but were significant so long as the two
ocalibretion curves were maintained in the same relative
positions when referring to working curves derived frum them,



400

'2°

3

F16.-17

CALIBRATION CURVE
FOR 1Q3-J PLATES AT
A*404SA. DEVELOPED
IN E.K. D-19 (o1 1:1 with He0)
FOR 44 MINUTES AT 20°C.

RELATIVE INTENSITY — 01
! 2 3 4 §F & 7T 89 "9 P 30 1‘0 J? ‘ '

2.

[] (] ) t 1 1 ]




60

The I-K type emulsion was oslibreted like the 103~
type with one exception, Instesd of an iron arg, & series
of standards sontaining verying smounts of the analysis
elenants were used to provide the ealibration data, The
only difference from the standard alkalil set-up was the
optiocal sarrangenent “"6,‘“ provide even slit 4illumination.
Thus, the I-N plotes were oslibrated under conditions
vhioh were salmost preeise duplioatea of thaa; whioh were
used for the sanalyses. Errors due to eslibretion wers
thus reduced ¢0 a minimum by this pr@oaﬁnro.‘

The oomposite oslidbration surve obtained for the IeN
exulsion is shown in Fig.18 « The contrest (gamma * 3,17)
was f@und to be gonatant within the experimental error of
deternination in the wavelength reglon from 56004 to B600A.
The slope of the straight line portion averaged T2.5° ¥
1/2°, Slopes cutside of this range were very rare and were
probably dus to mierophometric errors in the determinstion
of line denaity.

Ag a result of this conastant contrest, only one calie
bration curve was used for this region. The smployment .of
& single oslidbration curve is striotly valid only in a
spsotrel reglon where bdoth plate contrest and plate sensi-
tivity are oconstant, Determination of plate sensitivity as
& function of wavelength again requires a source whose
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intensity as & funotion of wavelength 1s known. However,
this type of caellbration was not coneidered neceasary, as
a constant variation in sensitivity would merely result in
incorrect intenalty ratlos; yet would have no effect on the
accuracy of the determinationa for thias varlatlon in sensie

tivity would be compensated for in the working curve,

Spot checks made on quite o number of routine snalysis -
plates showed that the progessing procedure malntained a

very reproducible ocontrast.

(8)

As can be sesn in Figs. 16, 17, and 18; the typleal
characteristic curve has a pronounced "toe" at low density
values, The flatness of this type of curve ot low intenslity
values tends to meke callbration rather inaccurate in this
regzion. This caused considerable concerm at firvat, becoise
1f a satisfactory pregislon was to be attalned in the
thellium and cesium detarminationa, accurate dackground
corrections wers essential. This in turn demanded asocurate

low=density calibration curves.

A sultadble plate callbration funotion was found in the
Seldel functlon which 1s defined as followa:
Seidel Function = %ﬁ -1
This function has been discussed by Kalser (12 ). The



63

lower portion of the charascteristic curve becomes a straight
1ine when it 18 used in place of the density. The writer
does not belleve that there is any fundamental ineresse in
agouracy when this Seldel function is uncﬁ,f However, 1% 1a
muoh easler to fit a curve accuretely to data which follows
a linear trend than to data which does not, &nd it 1s
prabﬁgiy for this reascn that use of thie funotion inoreases
the &h&hrnay et,aalibrutian at low densitien,

Plots of the Seldel funotion versus relative exposure
for both gmulsion types are shown in Fige. 19em1 20, I%
ean be seen that e perfectly straight line between 2% and
95% transmission 1s the result in both cases. The writer
believes that use of the Seidel funotion for the determie
nation of baokground intensities in the thallium and
sesiun determinations substentially increassd the pre-

cision.

Early experiments by the writer on the use of the
Seldel fuﬁeaion-gogarulzy showed the presence nf a small
"tos"., However, this "toce" disappeared, at least down %o
the lowest measurable density when suitable preceutions
ware taken to eliminate continuous rediation from the cali~
brating spectrum] thus indieating & possible gonnection
between Lackground snd the presence of this "toe", If this
is gorraect, then the Seldel funotion would be a useful way
of deternining whether a calibrating apectrum was free of
orrmrwbraduaing background radiastion,
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Ascording to Sawyer (19), ocne of the best checks on

the aocuracy of any ealibretion method is to prove that it
is self~gonsistent. Zarlier in this section, it was men=
tioned that the callbratlion methods used in this work had
been proven to be reasonadly self-gonalstent through the
fact tﬁat the partisl characteristic curves could he satlise-
factorily overlapped. In this respect, the I~N emulsion
was a little Better than the 103«J emulsion although both

vere satisfaciory.

Another check 1s that Immgourate oslibration will
affesot the slope of the working ourve. Thus the fact that
the slopes of all working curves wers practically squal to
the theoretical 45° onoe the necessary background correc~
tions had been msde indloated that the calibretion methols

were reasonably ascurate,

(1) generel

On most spectirograms 1t 1ls posaible t¢ observe & genersl
oversll blackening superimposed on the line spectra, This
is spectral background and it 18 due %0 the effect of sonw
tinuous rediation which generally somes from several sources,
Among the most important are the incsdescent tips of eloge
trodes, incadescent particles of sample and carbon which are
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wafted up into the arec colunn, snd sgattered light from
various components of the optleel system., Heavy baglke
ground poses & rether serious problem as the resulting
denoity of 4 spectral line 1z due not just to the intensity
of the lline, but rather to the intensity of the line plus
the intensity of the backiround st Lhe wavelongth of the
1ine, PFalrly heavy bcokaround cgn be ignored in guanti-
totlve spectroscopy only in e few zelected caseni thus

the problem which usually faces the anclyst is how to

gorrect for the presence of thils baskground.

Of course the basatl solution is to try to select the
cperating conditions in such o wanner that the beckzround
intenslity le reduced to a negllglible level, Cocaslenally
though, in splte of seleciing the <¢ntimua gonditions, the
brerzround intenslty 1z stlll aporecisblses Thilas wos true
for the thalllur detervinatlionsz where brehiground corrections

hael to be made on every zemple,.

Uneoorrected background eauses & working curve to depart
from & streight line at low coneentretions and apnroach the
concentration axis asymptotleally. Nezlecting the pressnce
of the bagkground and plotting the working curve with s
"toe" would, of course, be one way of compensating for the
prosence of backgreund provided 1ts intensity was falrly
reproducible from sample to sarple, However, bagkground
intenslities were found to be extremaly variadblc not only



from sample to sample but alsc in separate exposures of
the seme sample, This fact was particularly notloeable
in the thallium determinations, Two duplicate samples
would occasionally give extremely emooth and identlesl
burns, &t least as far as could be visually determined,
&nd yot the background densities would be radieally 4aife

forent.

There &re a largs number of refcrences in the literw
ature pertaining to the gemeral subjeo: of baokground
oorrection which indioates that this 4s & subjeot of
major congern to spectrographera. This literature is
also extremely vague on the sudbject of just when to
apply a8 background correction. ﬂownvar,~tha writer
bellieved that 1t should be posaidle to make 2 more precise
statement as to when & gorrection should be eppiled. The
overall level of the bagkgrourd density A41d not scem %o
be ne important as its effect on the intensity ratio of
the analyais line to the intermal etandard line. Also,
1t scemed important that the standard devistion of a method
due t0 random errors other than background should be cone-
sidered along with the effect of background on the in-
tensity retio of the line peir. 4s a result of these two
consliderations, 1t scemed logieal to state that 8 back-
ground gorrection should be applied whenever the peresnisage

B8



error in the deteramination of the intensity matio of the
line pair due to spectral background is greater than the
stendard deviation to be expeoted from the other randon
errors inherent in the method. The foregoing oriterion
was used throughout this investigation.

Early workers in the fleld used %0 eorrect for baoke-
ground by subtrecting the background demsity from the
gombined line plus baokground density. The incorrectness
of this method is clearly evident when one looks et the
charagteristic curve thet connects plate response and
intenaity of incident light. Nachtried (16 ) has shown
mathematiocally as well that subtraction of densities is
equivelent to 4ividing the lipe~plus-background intensity
by the background intensity. He has alsc shown that the
sometines used practice of "zeroing" the microphotometer
in the beokzround is equivalent to performing & subtracte-

jon of densities,

The most acourate method for making backzround oore
rectiona is the ons used by the writer in this investl-~
gation, 7Thie consisted of converting the density of tie
background to intensity by use of the emulsion charagter~
fstic curve and then sublresting &ia value from the total
intenasity of the line-plus-baghground. This 18 & rather
time econsuming method but is probably suffisiently accurate
provided the following two assumptions are true. Flrat,
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1t is agsuned that the bagkground intensity underlying the
1ine is the same a8 in the lmmediste neighborhood where the
background reading was taken; this i1s probably Juatified
in the great majority of cases. Seoond, the #asump&lau

18 nade that the response of a photographic emulsion to

& contimmn is the same as 1t is to monochromatlc radiation.
It is on thia second point that there still is consider«
able gontroversy among spectrogrsphers. Strock (20) and
others have reported that the slope of the charasteristic
curve for a continuum is less than the slope for mono«
shromatic redistion. Other spectrogruphers have reporded
that there were no slope differences for the two types of
rediation. Those who reported finding such differences
attributed the reason to the Iberhard effect. Although
the writer made no detalled investigation into thias
problem, & qualitative appralsal of the more than 400
background sorrections made during the determination of
thallium indlcated that, et lesast for 103«J platen at
53504, the characteriatic curves for continuous and mono~
chromatic radiation would not have colnoided in thelr
entirety. It was hard to obtain an accurate piloture due
to the somewhat varlable nature of the background itself,
and time did not permit experiments to determine the true
shaps of the characteristic curve for continuous radistion
8t 53504, All backzround corrections were made usiag the
characteristic curve for monochromatic rediation at 5350A,
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If the two ourves 2re ldenticel, then the retio of the
baokground intensities of two neighbering steps ahould be
equal to the atep factor of two, For low and medlum density
values this was generally found to be trus. For lncrgsasing
valucs of density though, there seemed %o bs o rough gorTe.
lation between the oversll level of the backzround density
and the magnitude of the dgviation from two. This would
indleate that the slope of the characteristioc curve for

& gontinuum was less than the alope for the monochromatic
curve in agreement with the findings of Strock and others.
I¢ is ascsumed hera, of gourse, thet errors in the deternis
netion of the intensity ratio due to fallure of reciprocity
law and the Intermittancy effect woere nwg&igibla a3 the
ealibrating exposurss had been proven Lo ha self-conasistent,
The following sketch 11lustrates what the writer belisves

- %0 ba the relationship between the two curvos, et least for

103~1 pnlates at B380A,

ol —»

Ir —

Ag the twe surves probably coincide for densitlies up to
about 0.5 (trensmission * %0%), no errors will result by
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using the monochromaiic curve for determinatlon of bocke
ground intensities up to thie denalty level., Tn the thallium
deterxinations, the majority of bhackground deflections fell

in the reglon where the two ocurves colncided,

7

In the photometry of all lines the general practice
was %o record the background deflsction immedintely after
the deflectlon of the line plus bBackzround had been re-
oorded. Yhere posslble, background deflections wers taken
far encugh away from the line ¢to mvpid possible errors
from the Y‘berhard effect. Both aldes of & line were
soanned and if the backzround seemed at all variable an
attempt was made to strike a mental average. If baoke
ground measurements had been made on two steps, the one
with the lower density was generally selected Lo somputle
the background correction.

8

Zvery photographic plate has & “threshold” intensity
level due to the inertis of the emulsion. Lizht whoge
intensity is below this "threshold” value will leave no
visible affect on the p ate in the forr of inereased density.
Thiag fact can ogesrslionally result in fairly largs errors
in the dsternmination of the intensliy of weak spsotral
1inss. For example, spectral background may be just below
the "threshold” velue &rd by 14se’f would produce neo affect,

but the intenslity of speetrel lines will be lnoreased by the
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adddtion of this "invieidle” baskground. Por a very weak
ap;ctrai 1ine, the percentage error in the determination
of its intensity may be quite large. Tho writer has fre-
quently heard complaints by coeworkers in the Cabot Labe
oratory that background corrections often seemed to be
of excensive magnitude, It is delloved that this 1s often
the result of s worker not appreclating the aisnlfiwanma
of the fact that easch emulsion does have a "threshola
level. FPor example, vwhen a line which has been placed on
2 plate with & atep sector is photometered, there are
frequently three or more steps where the line is of the
proper demaity to be measured, If baokground is visible
in some steps gnd not in others, the analyst will fre-
gquently mistakenly believe that & background correction
e¢an be avolded by photometoring the line in the step where
no baskground is visidle. This is manifestly an ineorrect
progedure becauce sectoring does not change the line-
baekgéﬂand ratio, In the step where bsekground has saem=-
ingly vanished, all that has happened 1s t-at the baoke
ground 1ntana&ty'baa fallen bslow the "threshold” level
of the emulsion and leaves no visible record except that
211 spectrsl lines have sn incressed density. If back~
ground 1s present in any step to the extent that a correc-
tion is coneidered necsassry, then every step will require
a ocorrections If, in a seriee of stepped spectira, back-

ground eorrections are considered necessary but it is
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considered more acourste tc measure the line plus baok-
ground response in & sitep where there is no visible back~-
ground, the proper amcunt of baokground eorrection osan be
ealculated by measuring its density in a step wvhere 1t ls
visible and multipnlying the result by the proper step factor,

The complalint thet background eorrections are fre-
quently excessive resulis from the analyst photometering
lines 4n the ateps whers no dagkground is visible even
though the bockaround-to-line intensity ratlie 1s such that
& gorrection 18 required. In a series of stenderds where
the intensity of the analysis line gredually diminishes,
the baokground xﬁ%anaiay generally remtins at & falrly
constant level with a oonsequent ingreese in the baokgrounds
to-1line irtensity ratio with diminishing congentration of
the onalysis element, On photomatering the stendaerd pletes,
the analyst, by seleosting the proper step, often does not
eonsiler o background correction necesaary untll the lowest
standard or two when there is no questlon but that o cor-
rection 1s reoulred. When this ias made 4t Trequently
amounts o 509 or so of the line plus backrround intensity,
and the analyst then bezins %o wonder about the walldlty

of this nethod of bagksround correction.

) The following example 1a siven to show the effect of
neglecting this bagkground in the construstion of a worke

ing curve, This example is taken from the writer's work



in the construction of a working curve for thallium where
the significance of "invisible” baskground first becane

apparent,

b

CONC. ——

The dashed line in Fig. 21 shows the approximate shape
of the working eafva before any background corrections had
been applisd., Standards A and B obviously required backe
ground a#rreatians and, when these were mede, the intensity
ratios decreesed as indleated. At @ and D 1t was poasible
to measure the line intensities in steps where no back-
ground was visible; therefore no gorrection wes considerad
necessary at first, .whag an attempt was made to draw &
gsorrected working ourve, however, 1t was found that the
values for the intenaity retios at points 4, B, E, and F

s



could be sonnected by & straight line of aprroximately 45°
slope, but the values at ¢ and D fell ahcvé this line., As
goon as the signifiocence of the photographic " threshold”
level was realized, the requisite amount of baokground
aarrgégiaﬁ was calculated by determining lits 1ntanﬁity in
a ats§ywhera 1t was visible and mltiplying the result by
the prﬂyé? step factor, When thla correction was applied,
the values of the intenslity ratlcs at C and I were refiuced
by the proper amount ani fell nicely onto the line that

gonnected the remaining polints,

{4)

It 12 hard t0 ssseas exactly the effect of background

on preclsion, bui there is 1ittle doubt that preclsion and

ageuracy diminlish whenever background gorrections are nmade
due Lo some or all of the following factors: possible
errors in calibration, possible differences in the slopes
of oalibration curves for monoshromatic radlation and
gontinuum, varishle bazokground, Zberhard effect, and wmioroe

photometiric errors. The wrilter belleves that precision

lesasens as the line~to«bockground ratlio deocreases.

The samples used in experimenta to obtain precision

data gave an average amount of background,

(5) Effect on minimum detectibility

The statement has been made in the literature thal a

16
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Tine ifg useable in quantidative snslysis nrovided its
intensity 1lu ot Yepst 0,1 to 0.3 timee tho brekraround
intensity. The writer verifisd thiz stataerent for type
103«T plates where the minirmun usesble ratio was found to
be 0.2 te 0.3, The »minimum useable retio should also depend
on plete contrast, dinminishing as plate contrest increases,
is & vesult of thls rrtlo, 4t 1s emsily scen that Actection
14m1ts wil? incrsase an beckground irtensity increases. A
81igh® amount of beekground is necessary to ensure that

the maximm deslyable exposure has been reashed, but heavy
backzround is always undesirable es it lovers precisicon

and inoreases the dotection linmit.

The develonment progess 1z one of the variables which
influencsa the slepe of the charecterletic curve. There~
fore, where cnly one callibration curve was conatruoted for
8 given emulslon lot, every effort was pede to provide
{identionl development conditions for all important plates,
80 trat errors due %0 the development process would be kept

ot 2 =inlrmun,

(2} Development

A1l plates were developed in Eastman Fodak developer
De19 (A1luted 1:1 with water) for 4 1/2 minutes. One.
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gallon lots of D=19 stook solution were meds up sceording
to the manufacturers direections and were atored in the
refrigerator, For day t¢ day use, & small portion of %hia
atook solution was diluted with an equal quantity of dls~
tilled water snd atored in one pint stoprered bottles. To
avold variations in the development process dus to depletion
of the developer, :aah’piat bottle wias genersally used to
devalop the equivalent of three 4 x 10 plates and then dise
carded.

Trey development at o tempersture of 20°C was used.
Although thermostatic control of developer temperaturs was
not available, developer temperatures generally deviated
less than = 1°%C except during periods of unusually hot or
eold derkroom temperstures. “henever it was known that the
variation would bs grester than £ 190, some compensation
was attempted by adjusting the initial temperature of the
developer to be slightly grester or less than 20°C. Then,
as itas temporature sither fell or rose during the course
of dsvelopment, the average Stempersture tended to approxi~
wate 20%C,

For the most consistent results in the development of
quantitative plates, some form of developer agitation such
am rocking the tray or brushing the emulalon is ususlly
regonmended. Falilure to aglitate the developer oan lead to
locrl depletion of developing agents and conseguent underw
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development of ocertain portlons of the plate. This 18
usually called the Eberhard effect. A reduged density in
the center of a dense spectral line and also in the backe
around density immedistely adjoining & dense line is the
ususl result of the Eberhard effect. Just how importent
this effect is as a variable in the photoegrephic prooess
is not yet thoroughly estadlished. GSome spectrogrephers
feel that 1t iz 2 relatively minor one compared to the cther
variables, However, 1t 18 within the writer's experience
on pletes developed without agitation that the background
A«na&ty 1§mad&ately edjoining a strong line 1s sometimes
considerably less than the average background density.
This 13 an important point to keep in =ind when background
sorrections are necesssxry.

There are nmany suggestions in the literature soncerning
the proper method of agitation, The two most common nonw
meghanical methods are rocking the tray and brushing the
surface of the emulsion with & wide camel's hair brush,
Both are designed to remove the bromide-rich depleted
developer from the surface of emulsion and introduce Tresh
developer there. Harrison ( 10) claime that simple motion
of the developer by roecking the trey will not remove an
extremely thin lsyer of depleted developer that clings
tightly to the surface of the emilsion, He further belleves
that the Eberhard effect results from this thin film, and
that 1t cen be removed only by constant brushing of the



emilsion surface during development. Other spectrographers
while agreseing that brush development is praba&ly the most
satisfactory for extremely accurate work, nevertheless feel
that "rocking the tray” methods can glve highly satls~
faotory results provided the rocking eycle 1s not of such
a type that standing waves of developer are set up 1n the
tray with resulting under and over developed bands on the
plate.

The writer initially planned to use brush development
but abandoned this idea when 1t was found that comel's
halr brushes of proper size (wildth greater than 4") werse
not avallable., An aglitation method recommended by the
Eastman Kodak Company in thelr data book "Trocessing &
Pormulas”’ (22 ) was then selected and used for all 1im-~
portant quantitative plates., In addlition the amount of
developer used was kept to & minimum, and the area of the
developing tray was just slightly larger than the aree
of the plates beling developed,

(3) Eixing

A1l plates were fixed in ¥Xodak Acld Pixing bath for e
minimum period of ten minutes plus clearing time, The fixer
was reused until the clearing time reached twenty mimutes
when it was renevwed, The temperaturse of the fixing bath,
while not criticel, nevertheless should not be radieslly
different from that of the developer, otherwise reticulation



and peeling of the emulaion may result,

(4) Washing

Plates were washed by placing them emulsion side up at
the bottom of 2 tray into which tap water was continuously
introduced through & rubber heose in such a fashion that it
414 not rali directly on the emulslon. All plates were
washed for at least thirty minutes, 'ﬁsﬁicu1a£4¢n and undue
softening of the emulsion through use of too werm wash water
wag avolded by floasting ice cubes in the wash water; thls
generally kent the water close to the proper temperature.

At tirﬂt & fow plates were also spoiled by plunging them
into much %00 gold wash water which resulted in & peeling
of the emulsion duve to the gelatin layer contracting faster
than the glass plate. As it was impractical to warm the
waeh water, the following sxpedient was tried and found &o
work successfully whensver very cold wash water had %o be
used, Upon removing & plate from the fixinz bath, & strean
of cold water was run over the glass side for about a minute
before plasing it in the wssh water, Thias sllowed both the
glass plate and gelatin layer to contract without setting wp

dispruptive stresses dbetwoan Lthem,

Cecoaslonally the 103«J plates would still have a slight
yellowish tinge remsining after washingi this was attributed
to resldusl traces of the specisl sensitizing dye used.

81
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(5) Drying

After washing, the plates were "stripped” of the filmy
layer deponited on them by the tap water by holding them
under a gentle stream of water and earefully rubbing both
sides with the palm of the hand. After "stripping”, the
plates were rinsed with dietilled water and set aside to
dry in a dust free locatlion. USome of the earlier plates
were awabded with a molst viscose sponge to remove the
layer of surfage water remaining after rinsing, but this
was later found t0 be unnessary. No water nmarks resulted

when thie procedure was followed,
F. Preperation of standards
(1) General

Standarda should, if at all posaible, resenble cloasely
the unknown samples both physieally and in chemical gompo=-
sition, In particular it is desirable to have the slements
to be determined exlast 4in the same atate in the standards
a8 they are thought to exist in the unknown samples. There~
fore the idesl standards for this work would have been a
series of naturally oecurring sedimentary samples that had
been accurately analyzed by chemlioal methods for the elements
t0 be determined. However, as ig 80 often the cese in
gpectroohenical snaelysis, sueh 1deal standards were not

available due to the nonexistence of sgourate chemical methods
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for the detorninstion of tinces of rubidium, cesium, and
thallium, Consequently, 1t waks nagessary to resort tWw
aynthetie standards, and 1% in generally due to the use of
such standards that quantitative spectrochemlicnl results

sometimes have &8 aystematic blas,

(2) Ereperatien synthetlc

For the base material of these sianderdas, 8 nixture
which resembled closely an average shale in gross chemiaeal
gomposition was synthesisged, Rankame (18 ) lists the
following analysis sa being typleal of the aveirage shale,
It 1n based on the analysis of & gomposite sample of T8

shalesn,

8icy - 58,38
AlgOy = 15,47
FeC - 6.07
MO - 2445
a0 - 3.12
KaxC = 1.3
Ea0 - 3e25
Hal - 5.02
C0g - .64

T

97. 7T
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Twenty graws of bass meaterial were prepared as follows:

Gompound Lergentaze Suantity
8109 60% 12 grama
1304 15% 3 "
?0203 ﬁﬁ 1 "
0a0 5% 1"
g0 5% "

With the exception of the 8510y, all the components of this
pixture were reagent grade chemiecsls used without further
purification., The 5102 was obtalned froz naturally ocour-

ring quartz crystals ("Herkimer Diamonda") .

411 the components were thoroughly mixed by grinding
them together in & mortar, The resulting mixture was then
placed in & platinum orueidble end sintered for five hours
in 2 muffle furnace &t & temperature of 925°C., Thie
sintered msterial, after a second grinding, was used as the
bese for the preparation of the standard mixtures, A
spectrographic exsmination of this base material showed 1t
t0 be free fronm detectadble swounts of thallium, rubldlum,

and cesium,

% The quartz orystals were first handploked to remove
gross impurities. They were then heated to about 500-600°C
and quenched in cold water %0 renier them wore amenable %o
erushing. After crushing them down toc pee size on an anvil,
snd £ second handploking, they were ground down to a fine
powder in & tungsten carbide mortar,



85

One requirenment for the use of 8 varistion internal
atandard method 1s that the working curves for different
intornal standard contents be parallel. To cheek this
point it was considered necessary to make two sets of
standards ocontaining identioal awounts of the anslyals
elements but with different amounts of potassium, Two
sets containing 14 ¥ and 2% ¥ respectively wers prepared
88 & large percentago of the unknown samples had potassium
oconcentrations lying between these twe values, Thease two
mixtures were prepsared hy adding aporopriate amounts of
K200« (reagent grade) as follows:

MM gos B AR LULE
6,7538 grams sintered base 68,8769 grams sintersd base
' " KaCO04 0,123 " ¥2004
Total T. " : T.0000 ¢

Por each mixture, the K200y was mixed with sbout 1-2 grams
of the base and ground in &n agets mortar for 5 minutes,
The resulting mixture was then comblned with the remainder
of the base and mixed by griniing for 20 minutes in a

snnll porcalain mortars

Spectrogrephic examinotion of these two mixtures still
showed no deteqtable traces of thalllum and gesium, but a
definite troe~ of rubldium was present, probably due to
its presence as &n impurity in the ¥2C03, The amount
pressent was later determined by use of sn "addition method”



and teken intce consideration when the working ourves for

rubidium were constructed,

{(3) Preparation of standapds

Consldereble time was devoted to the prepsrstion of
the m.maam mixtures, begsuse acourate standards were
essentlal if significant and ageurate rcsults were to be
achieved, The preparation of standards containing as
1ittle as 0,0001% of an element presents a problem, for
at this level of concentration, the compound of the element
added must have a partisle sige of a few microns or less,
and be uniformly dispersed throughout the body of the
mixture if fluctustions in composition are to be avoided.
Any method of preparation selected muet be such s to

achleve this end,

The method selegted by the Qr&tﬁ# for sach of the
standard mixtures was 0 prepars a primary standard con-
taining all of the analysis elements at & concentration
level of 104; thies avolded any significant welghing error,

A series of the more dilute standards were then prepared

by making successive dilutions with the pure metrix, Prepa-
ration in this fashion avoided non-uniformity due to large
dilution factors. A dilution factor of 0.1 was chosen,
This factor is frequently used by spectrogrsphers ss it

hes the advantage of siving an equal sparinz of points

along the concentration sxis vwhen & 1egarithmie'aeale 1a\xsed.
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All of the elements to be determined were incorporated
into the base in the form of sulphates. The sulphate was
selected begause it decomposes into the oxide when heated.
The primary standerd (14 X), containing 107 of each analysis

element oaloulated as the oxide, was constituted as follows:

242,1 mg, 1% aynthetlc base

118,8 " T1380,

367.9 " Lip80,

128.,4 " C8pB0,

142,8 " RbBO,
Total welght ?353:3*m5.
Lithium sulphate was algo added because it was proposed
to analyze for lithium at the time these standards were

prepared,

The weaker standards were then prepared using the
d4lution faector orV0.1 28 follows:

g g

1 10,00 Primary stendard (1% K)

2 1.00 100 mg. (12 3%d. + 900 mg. (1% X) vase
» 0,316 216.2 ng. 2) * 58?.3 .

# o 100 ] " (} L -* n L] [
S 6:0316 o L] (“ 2] * L] 0 o "
5 00100 " " (g" 4 momowo
7 o.00316 1 o (&L <+ O 0 O,
g g:gg%ggﬁ " " g n : " " " W
18 o.mlm " " (9 ] » " " 4] n
11 0,0000316 " » (10" * " " " n
12 0.,0000100 " L & B B Ay * " " " "



Dach standard was nixed by srindiing for ten minutes in an
azate mortar, A relatively new mortar with an unworn
griniing surface was used for all mixing. The mertar was
thoroughly oleaned betwoeen ntané&zﬂaﬁ to precluls contami-
nation cf o wesker standard with residuaal traces of a
higher concentrotlen standerd. A1l the ceomponents of
these standards were dried for one hour at 1085°C before
preparation. The standerds were stored ln a desslcator to

prevent any plck-up of molsture.

The working curves were constructed from data obtalned
by analyzing both sets of standards using the standard
operating procedures listed in Tables 2 and 3 . The
intensity retios for each line pair were then computed in
the usuel fashion and plotled againat the concentration
retios. Line intensitics were corrected for background
where necessary. The four working curves used sre shown
in Figs. 22, 23, 24, and 25 The slopes of all working

curves were within one degree of the theoretlcel 45° slope.

% mhe agate morter was oleaned between standerds by!
1. Grinding a paste of "Ajlax" plus water.
2, Water rinse (mortar remained slick even after the water
rinse dAue to the base contained in the "Ajax"),.
3. Dilute HC1l rinse,
4, dgrinding & slurry of levigated alumina plus water,
s; %iatez" rinNge,
5. Acld rinse,
g‘ Final thorough water rinse.
« Drying with a paper towel.

88
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Figure - 22

Workxing curve for the determination
of thallium using T1 5350
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Figure - 23

- Working eurve for the determination
of rubidium using Rb 7937

- “{; T
B I Rb7947
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Figure - 25

Working curve for the determination
of cesium using Cs 5821
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The two getes of sitanlards with different perosntézes of
internal standar? elerent gave coincldenta’l working curves
in each emse, The attelnment of near 45° worlking curves
woe plgnificent for the follewing ressons: fﬁrai, they
ghowed that the atendardp were correctly made up and that
the smount of any blenk eorrection wes of the proper
magnitude; second, the methods uned for emulalon eslle
bretion end bagkground gorrection were reasonably correct;
third, selfeabsorption over the oconcentration renge plotted
was probably nonexistent) and fourth, the use of potassium
&5 8 veriable internal standard was valid, Of gourse the
existence of compensating errors cannct bhe completely

ruled out but this weas oconsidered unlikely,

The Jarrelleish misrophotonmeter was the only typdé used
in thie investigation, Hessureuments were restiricted o
the one instrument because the shape snl slope of & oglie
bretion curve are dependent to some extent on the inatru-
ment used in the preparation of that surve, Use of any
other instrument would have necessltated the construction

of & second ast of calibration curves,

. For measurements in the thallium deterwinstions, e
mlorophotometsr 814t width of aprroximeately rifteon mlorons
was used wheress a ten micron width was used for the other

elamenta. The lenzth of line rholtometered in all cosoes wes
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1 mm, The writer attempted to reprodude closely the slit
widths for all measurements. The "glear plate® reading
(Dg * 100) waa set at the beginning of esch plate and was
oesasionally oheoked during the gourse of the measurenentsi
if any radical ghange was found, the entire plate was
reread, Yhen reading quite dense linea that had a low
transnission value, & close watoh was kept on the position
of the soale sero becauss this is & potential sourge of
najor srror when photometering dense lines,

Onge a plate tad been nmemsured, the resulting trans~
mission values were converted to opacitles with the aid
of the table im Appendix A that had been preparsd by the
writer to fasilitate the ealoulationa. The opacitles were
then sonverted to intensities by use of the appropriate
ealibration ourve or ourves, any necessary background
gorrections made, and the intenaity ratios computed,
Concentration ratiocs were obtained from intensity ratios
by use of the working curves, anl the percentages of the
elementa as oxides determined bjzmlt.wzymg the concentmation
ratios by the potassium peroentages,

(1) Zgeners)

To0 have any real selentifio wvelue, 8l quantitative
data should be acaompanied by data that will give an



observer a general 1dea of its reliability, Rayli&nt& %
. analyses of the same sample under supposedly identioal
operating conditions will rarely give values that sre exaotly
alike due %0 the random errors inherent in the method.
Precision 18 a messure of the abllity of a method to re~
producs a given value. IV ls generally expressed by means
of the "average deviation® or "standard devistion". The
average devistion represenis the amount by which an average

- independent value differs from the most probable velue, “The
standard deviatlion, however, provides & mors useful wmeasurs
of precision than the average deviation. It is the root~
mean-squares of the deviations from the ar&th#ntie mean and

is caloulated by means of the following formula:

- . & &aa)
Be Do \fomir—

where 8. D. = atandard deviation
a S devistions from srithmetic mean
n 5 nuaber of analyses

‘e ntanderd deviation is slways lapger than the
average devistion and seems to present the data in a less
favorable 1ight, but it 1s much more useful as it enables
& mors complete and rigorous interpretation to be made.
If the spectroscopic data follows A normal bell shaped dise
tritution, the interval lying between plus or minus one
standard deviation of the mean will include about 68% of
the values, and about 98% of the values will be inoluded

in the interval betwesn plus or minus two standard deviations



of tha mesn. Therelore it 1s scen that the standard devie
ation i3 more usefal as 2 measure of o»reclsion then the
averase devictlon becaouse 1t 12 2 measure of the spread

of the values about the meen. The standard deviatlon is
always larger than the averaze deviatlon beeause the square

ing of all values places graater ewphanls on extreme values.

The accuracy of the standard deviallon depends upon the
number of determinations and the magnitude of the standard
deviation. Gtatistloclans generally state th#t & minimum
of 30 observations are required to give sn accurete value,
However, most spectrographers belleve that 10 to 20 chserw

vationg are sufficlent to glve & recsonahly accurate ANsWeRs

(2) Erec

The precision of the snalytlcal methods used in thie
investigation was determined by making & serles of repli-
cate analyses of the same sample, The operating conditions
were the atandard ones used for the analysis of &1l the
unknown asamples. Of course, the resulting preclslon data
is true only for that one particulsr semple. It iz not to
be expected thot every unknown sample wes analyzed with
that orecision. For some samples the precision was better

than the reported value, wheress for others 1t was un-
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doubtedly much worae, Consequently, in selscting the samples

to be used for the deterrination of precislon data, an



attompt was made to select an "average" samples that is
one whish burned about as smoothly and gave as rmuch backe
ground as the mejority of samples analyzed. Tables 4, 5,
and 6 1ist the rrecision dats obtained for thallium, e
bidium, and cesium, The writer belleves that the standard
deviations reported in these tables give a good idea of
the average reproducibility of the methods developed in
this investigation,

As 18 evident from Table 4 the best precision was
obtained for rubidium. Thiaz was expected, as rubldium and
potassium are known to be ideal internasl standards for each
other., In an eerlier investigmtion {Canney, 1949, un~
published research) where rubldium was used as an intermsl
standard for the determination ¢f potassium in feldspars,
a standard deviation of ¥ 3.17 wes obtained using the line
palr ¥ A047/Rb 4202. Gonsequently, in view of the facts
that the excltation potentials of ¥ 6939 (3.3 volts) and
Rb 7947 (1.55 volts) are much further apart than are the
potentials of X A0A7 (3,05 volts) and Rb 4204 (2,94 volts),
that thare 15 a much greater wavelength separeation of the -
two lines, and that these samples have poorer burning
qualities, the attained stendard deviation of X 4.5¢ for
the line palr Rb T947/X 6935 was consliered very good.

The standard deviation of * B.27 obtained for the

a7



Table 4

Replioate analyses of RbaC in sample A6667

Amalyels ¥o.  fp 2 #@ ()7
1 0,030 0,000 0.0 0.0
2 0,028  -0.002 6.7 45,0
3 0,026  -0.002 6.7 45,0

3 0.029  -0,001 3.3 9.0
5 0.029  -0,001 343 9.0
6 0.029  -0.001 3.3 9,0
7 0,030 0,000 0,0 0.0
8 0,030 0.000 0.0 0.0
9 04030 0,000 0.0 0.0
10 0.020  -0,001 3.3 9.0
11 0,029 - 0,001 343 9.0
12 0.028  -0,002 5.7 45,0
13 0,030 0,000 0.0 0.0
14 0,030 0,000 0.0 0.0
15 0.030 0,000 0,0 0,0
16 0,033  +0,003 10,0  100.0

0.033 +0,00% 10.0 100.0
0.030 0,000 040 0.0

P g
[« TR |

Avernge 0,030% Rboo

/
Average Daeviation L 3.1%
Standard Deviation = 4.5%



Repliocate analyses of Csp0 in sample A666T

Amalysis No, 52:32
1 0,0012
2 00010
3 00010
4 0.0011
5 0,0010
8 0.0011
7 0.0010
8 0,0011
9 0.0011
10 0,0010
11 0.,0011
12 0.0012
13 0.0013
14 0,001
18 0,0010
16 0.0012
17 0.0012
18 0,0011
Averege 0.0011% Cag0
Average Deviation

Standard Deviastion

Table §

¥ 6.4
f8,22

D

e

«0, 0001
=0,0001
«0,0001
0.0000
040001
0,0000
«0,0001
0.0000
0,0000
«0,0001
0.,0000
+0,0001
+0,0002
0,0000
«0,0001
+0,0001
+0,0001
0.0000

£D

g

9.1
g1
941
0.0
el
0.0
9.1
0.0
0.0
9.1
0.0
9.1
18,2
0.0
941
9.1
el
0,0

80.3
80.3
80.3
00.0
80.3
00,0
80.3
00,0
00,0
80.3
00.0
8043
33342
00,0
B0.3
80.3
803
00.0

~ g9
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Table &

il N
Replicate determinatlions of the retioc I W in
Big Marsh oll shale

Analysis Ko, X %3-‘-&:%?2 D %D f@ga

T £ 8
1 0,009 -0,002 18.2 332
2 0.012 +0,001 9.1 83
3 0.012 +0,001 9.1 £3
4 0.011 04000 0.0 00
5 0,008 -0,003 27,3 Ths
6 04009 -0.002 18.2 332
7 0.011 04000 0,0 000
8 0,011 0,000 0.0 000
9 0.011 04000 0.0 000

10 0.010 - 0,001 9.1 83

11 0.011 04000 0.0 000

12 0.011 0,000 0.0 000

Averave Value of Ratio 0.011

Averace Deviation o 755
Standcrd Deviation Y 12,24
gtendsrd Devistion T e

(¥ean of duplicats determination)
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determination of cealum was still oconsidered fairly good.
Although potassium is probably not as good an int&énal
standard for tesium as 1% is for rubldium, the major resson
for the poorer precision in the cesium determinations was
undoubtedly due %0 the nesesslity of having %0 correct for
baeksround, Bagkground gorrections were not necessary in
the rudbidium determinations. As mentioned in the seoctlion
on bagkground, there seems %o ba no queaticn but that prae
¢islon 1s lowered wh»aavnr bagkground corrections have to
be made regardless of how garefully these corrections are
made,

The precision for thallium for & single deternination
(2 12,2%) was the poorest of the three., However, where sll
thaliium determinetions were made in dupliscate and the
values reported are the averages of duplicate determinations,
the dtandard deviation reduces to 2 B.8f, Lven more ao
than with cesium, large basckground sorrections ﬂirt neces-
sary in all thallium determinstions, and a conpsiderable
portion of the standard devisiion can probably be attributed
to this ocause.

The agourasy of a method takes into consideration both
pregision and the tendenoy of the spectroscople resultis to
consistontly run higher or lower than the chemiocal rosults
due to the aystematio errors inherent in the method. These
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systenmatlio orrors are generally measured where posslble

by the “"average blas”, which is the difference betwesn the
chermical and the speotrographic results, An ascurate method
must be preclise but the oconverse is not nnct:nari}: true;

& very precise method may still have 2 large aystematic
bias,

In this investigation, as is 80 often the cess in
spectroscopic trace analysls, the conplete absence of
chenianlly analysed standards prevented any assesewent of
the magnitude of the aystematic blas. This was not too
important as any constent blas would not, of course, affect
the compariagon of retlios. What was importent, if the
goncentration ratios of elemental pairs in sediments were
1o bo accurately compared with the same ratios in igneous
rocks, was that the values for each element in sediments
and igneous rocks have approximately the same blas., Hegleot
of this point could result in completely erropneous ¢onw
glusione as to whether or not an element had soncentrated

in sediments,

To ageomplish this standardisation, nmixtures of the
stendard grenite (3-l) and the stendard diabase (¥«1) were
analysed using the standard operating oonditions for the
analysis of sediments, Any signifiocent difference between
the standexd value of an sioment and the value obilalned was
used to gompute the proper correction factor Ly which all
values for the element were multiplied to bring them in



1ine with the standards. This was negessary beosuse the

methods used Tfor the analysis of these olements in igneous
roaks had been ¢alibreted in terms of the standard granite
and diabase, A large eorrection factor was only negessary

in the case of rubidium, As a2 result of this standardie
gation, the writer felti that any chenges found in ratios

betweon pairs of elements in izneocus and sedimentary rooks

would be significant and net due to differont degrees of
aystomatic error in the analytical methods,

The errors which enter into a spectrochenlicsl method
of annlyals ean be gepareted into two major clazses: the
systematic, and the meaidental or random errors. The
reproducibility of &8 method is dependent upon the megni-
tude and number of random errors whereng the ayatamai&u

errors genera’lly cause & systematic dles,

The rendom errors in any speoctrosccple method are
generelly dus to some or all of the followinz causes. Ko
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siadn is mede that a1l posalble sources of error are listed,

1, Variations in emulsion sennitivity.

2« Plote groln.

3., ‘“aristions in plate prooessing conditions.
4, Inhomogeneity of samples,

5. Soratched end 4irty pletes,



6.
T»

8.

9.

10.

11,
12,
13.
14,
1s5.
16.

104
Cut of foous spectra.

Inability to sample ssme portion of arc golumn
for sach pample.

Influence of extransous clements on int&naity
ratio of the line p&ir. :

Influence of sourge fluctuatione on intensity
retic of the line pair.

- Faulty alignment of spectrograph and micrde
- photoncter optios.

Fluetuations in misrophotometer llzht sourace.
Contamination of samples,

Uneorrected baokground.

Incorrect setting of instruments,

Errors in misrophotometer measurements,

Brroyrs in caloulations.

The systematic errors generally srise from atandard-

ization.

The use of synthetic standards instead of chemis

pally anslyzed natursl materials 1s probably the major

pause of spectroscoplie results having a aystematic Blas,

Other possible gauses are!

1.
2.

S
4,

Faulty emalaion ealibration.

Ingorresct values massigned to standards,
Unsorrected baockground,

Lateral shift in working curve.
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Vi. Analysis of Samples
A, 1l 41 8810

The degree of success in obtalning successful analysdl
may be peen from & perusal of Table 7. The higheat pergent~
age of succesaful analyses were for rubidium but this wes
because the average rubldium contsent was well above minimum
detection 1inits. As mentioned hefore, the methods adopted
were those which the writer believed would give succesaful
results for the greater msjority of the samples. Due %0 the
large number of samples analyzed, every sample was analyzed
in an ldentical fashion for time could not be spent in ade
Juating the opersting conditlons to be the most sultable
for each sample, If thie had been done, the writer feels
that the percentage of successful analyses in the case of

thellium and cesium could have been ralsed to at lsast 904,

dome typloal spectrograms are shown in Figs. 26, 27, 28,
anl 29 . These show Lhe analyale lines and the various types

of interference sncocuntered,
B. Interf | nes and band

In the thallium determinations no direct line inter-
ference was encountersd but halatlon from Ca 53494 was
ocecasionally intense encugh to preavent sn sccurate deter-
mination. Ca %349 1s an atom line arising from & %ransition

between two high energy levels; therefore its intensity is
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Table 7

Classifloation of results - %24 samples

value reported

N

Ne

N«

2

Ve

Ve

h+ 18 é;

v n‘ é:i

Ne A

i 8.

Be
a.
a,

a,

(1)

(2)

(1)
(2)

R g o}
Bo. %,  Ne. % Xe. E.
204 90,7 245 75.6 241 7A.%

12 3.7 25 T.T 2% 7.4
2,2 15 4.7 39 12,0
2,2 3% 10,5 6 1.8
0.3 1 0.3 10 3.1
0.9 &4 1,2 & 1.2

R |

Explanation of symbols

not analyzed

not detected

not detected - but excessive background
and/or interference present

not detected but dburn was poor

faint line vizible but background and/or
interference gensrelly of such nature

thaet no saccurete determination was possidble
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very dependeni, percentage wlse, on the ar¢ temperatura,
The wide renge of intensitles which 1t exhiblted due %o
this cause ﬁay be seen from the photographs in Figs. 26
and 27. There 1t 1s the line Just to the left of the
thallium llne.

The CaF band with main head at 5291A ooccasionally
swamped the reglon of the thallium line and made an
analysis impossible, This band 1s shown in Fig. 26,
sample 45133, and in more detall in Pig.27 , sample
45004, Luckily very fow samples #ont.a!.nea gnough fluorine

to oause an appreciable development of this band.

Sample 45134 in Fig.26 11lustrates the statement mﬁda
in the sectlion on background on how the same ssmple would
occasionally zive two apparently identleal burns and yet
the intensity of the contimious background would be radie
oally different.

Figs 28 shows & typloal analysls plate for rubidium
and ceslum, Fig.L29 1llustrates two extreme conditlons.
In exposure one in Fig, 29, conditions are ideslly perfect
whereas in the other exposures, there is an extensive
development of interfering cyanogen red bands., These bands
generally appeared whenever a sample contained extremely

small amounts of the alkali metals, No line interference

wes encountered,
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vii. Introduction

A

This thesls had three main objectives:

1. To determine shuniansce values for rubidium,
oesium, and thallium in sediments,

2, To compare the ratlos X30/Rbg0, K,0/Cey0,
Ka0/7150, and Rby0/T1,0 in sediments with
the sorresponding matios in igneous rocks
to asoertain whether or not there had been
any consentratlon of one element with respect
to another during the sedimentary cyocle.

3. To explain any schanges found in the abundance
ratios betwsen igneous and sedinmentary rocks
on the dasis of the physiesl and chemionl
properties of the elements involved,

There is & recognised need for abundance data for
rubidium, cesium, and thallium in sediments. In thelr
recent book on gecchemistry Renkama and Sahama ( 18) state
that the number of avallable analyses 1a atill aepwwﬁiy'
smell., TO the best of the writer's knowledge, our entire
knowledge of the eortent of rubidium and gesium in sediments
1s based upon seven analyses of sedimentary materials by
Goldsehmidt, Bauer, and Witte ( 9 ). Thallium hae even
fewer recorded analysesi Preuss ( 17) reported the average
content of thallium in two composite samples of German sands
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stones and ehales,

In igneous rocks, potassium, rubidium, cesium, and
thgllium form a group of elements of varying degrees of
gsoherency. Two eslements are sald to be gecchemioslly
coherent 1f they gonstantly follow one another in nature.
The ooherency of these four elements in ignecus rooks will
be mﬁrﬁ ihnruughly discussed in & later section. However,
once these elements are relessed from the igneous rocks
by means of chemical weathering proceases, they enter a
quite different enviromment, In the sedimentary oyole,
thelr migration will bs governsd by principles which are
Aifferent than the laws gevurniag thelir behavior during
the srystallization of a magme, Thelr migration will be
sontrolled by the physical amd chemieal laws that control
their behavior in an essentially aqueous medium at the
somparatively low temperatures and pressures existing at
the surface of the earth, For exazple, it 13 a weoll
known fset that while the sodium and potassium contents
of igneous rosks are roughly similar, thelr different
behavior during the ssdimentary oycle results in a gon-
siderable degres of separation. The bulk of the sodium is
sarried to the oesan and remsins there in the dissolved
form while only & small proportion of the originally dis~

solved potasaium remains in solution.

What will be the relstionship between potassium, rubidium,
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and cesium in sediments? The potassium-rubidium palr is
a remarkadly coherent one in igneous rooks, w}:x the panme
degree of coherency be exhibited in sedimentary rosks? It
can be predicted on the basis of theory, which will be
ﬁis«ﬁ#iﬁdﬁiﬂ 8 lster section, that rubidium and gesium will
be aﬁe#rhed in argillagecus sediments even more strongly
%hanﬁik potassium. OCation~exchange experiments with clays
and the scanty dats on the rublidium and ceslium content of
sediments tonded to verify this theory but the lack of an
adequate nunber of analyses wade 1t impossible to reash o

definite conclusion,

Ahrens ( 1 ) has found a remerkably close mssoolation
between thellium and rubidium in potash-rich silicate
minerals., Will these two elements also be closoly assooi~
ated in sediments? As will de brought out in the following
ssotion, there are some significant differences in the
chemistry of “thallous” thallium from that of rubldium whioch
gould under the proper oonditions, 1t was belleved, result
in & quite complete separation of these two elements.

It was hoped that the results of this investigation
would throw some welcome light on the above questions, MNo
olaime will be made for completenesa In this work because
severs)l mechaniasms for the fixation of elements in sediments
8til]l remain largely unknown. The effect of blologloal
aativity is one of the more important of these. In general,

merine organisms possess & remarksble ability for extracting
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various elements from the sea water and soncentrating thenm

in thelir bedlea. After the death of the organlam, this
accurulated material is redissolved or falls to the bottom
vhere 1t enters into the formntion of the sedimentary rocks.
On the basie of rather meager and somewhat contredioctory data,
it has been found that about forty elements érﬂ acoumulated
by marine organlenms in various degrees of congentration. In
connection with this problem of the fixatlon of elements by
blologleal notivity, the writer was fortunate in that &
considerable number of the samples used in thia investigation
had been analyzed for organic carbon by persormel of the
American Petroleum Institute Research Project 43C. Consew
quently, seatter dlagrams of element congentration or
abundance ratio versus percent organic oarbon vere made
wherever possible to detect any possible relationship. These
dlagrams will be discussed in their proper place. Of course,
whenever there seemed to be & correlation, one never gould

b# certain that the organlic matter itself was directly re-
sponsible, because the envirmmental conditions responsible
for the preservation of the organic natter might also have

¢eused the fixation of the element by some other mechanism,

Another largely unknown faotor is the fixation of sle-
ments in suthigenic minerals. These are minersals which
‘form in sediments adt the place of their cccurrence, Im~
portant authigenic minerals that oarry the slkall netals,

mainly potassium, in structure sites are : glauconite
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feldspar, and the "11lite group™ of olay minersls. The
vhenomena of authigenesis 1s 8till imperfectly understood,
Its importance to this work might be summed up in the
following question. VWhat 1z the source of the alkell metals
whilch are importent constituents of these minerels? If
these mlnerals are formed prinelpally by alteratlon of
exlsting materiels; then of ccurse, authigenesis will not
eppreciably affect alkall abundance values or ratlos. Howe
ever, if the alkall netals are extracted from the pea water
aas some authoritles belleve; then the alkall abundance
velues and ratlos in sediments wlll be appreciadbly affected
by the formatlon of authigenic minsrals, singe the sontent
of rabidiun and eesium In sed walter 1s strongly reduced
with respect to polassium. Unlike the problem of accumu~
lation by blologleal activity, it should be qulte easy to
deternine experimentally whether the source of the alkall
metals whleh ocoupy essential astructure aites in authigenio
minerals 1s the ses water or the sedimente. All that would
be necessary would be to detoermine seversl alkamli asbundance
ratlos such as the X-ib and ¥-Cs ones in & sultadle selection
of pure authigenic minerals, If the source 1s the sea water;
then the values of these ratlos should be equal to or close
to the values of these retlos in sea water, which are conw
slderably different from the values of these ratlios in
sediments and igneous rogks. On the other hand, wvalues
close to those existing in sediments would indioate a sedi-

mentary source.
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The writer belleves that the chemiosl resctlons whigh
the alkall metals underge in squeocus solutions are known
well enough so that no discussion of this subject need be
included here., However, the resder may well wonder why
hhaiitna, & group 3B element, is considered in this work
which ia essentislly an investization on the geochemistry
of asvgwal of the alkall metsls, Consequently, 1% was
eonsidered necessary %o insert s short discuszion on the
ahaaiaﬁry ef thallium,

B. Chemistey of thallium

Thallium is assigned to group %8B in the periodic classi~
fieatlon of the elements along with boron, sluminum, gallium,
and indium, All of these clements have three potentisl
valenae electrons, but the heavier memders of the group
exhibit verliable valencles of one, two, or three due to the
inoressed masking of the positive oharze on the nucleus
with ineressing atomic number, A glance &t the electronic
gonflguration of the thallium atom shows completed ¥, L, ¥,
K, and C shells plus thrce valence electrone in the P ghell,
However, the two 63 elsctirons in the P ghell tend %o act s
an inert peir. The result of this is that thallium wost
conzonly exhibite & valsneoy of one. 'The trivalent state
("thallic" thaliium) 4s Xnown, but the univalent state
("thallous” thallium) is the stable one. Cf grest geo=
chemloal signifiocance is the faet that the radlus of the
univalent thalllum lon (1.494) 1s equal to the radius of the
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rubidium ion. As & result there 1s a close association
between thallium snd rubidium in potasherich igneous minerals
where they both proxy rﬁrAﬁatanaium.

The aqueous ohemistry of thallium is of more direct
interest s thalllum exhibits & rather striking dusl behavior.
On the one hand certain of its reactions are very sinmilar
to those of the alkall metals} on the other hand 1t re-
senmbles 4g, Pb, and Cu in many ways., Univalent thallium
ressmbles the allall metals in that 1ts hydroxide, carbonate,
and sulphate are soluble, &nd the ehloroplatinate and
cobaltinitrite are insoluble. The baslic strength of thale
lous hydroxide 1s dompareble with that of sodium hydroxide.

Univalent thelliliuas differs from the alksll metals in
several reapecis, The thallous halides exhibit the charace
teristic low solubility in water typlesl of the halldes
of univalent Cu, Ag, Au, end Hg, whereas halides of the
alkeli metals are all extremely soluble, Some authoritles
have predicted that the low solubllity of thallous chloride
should ceuse the precipitstion of thalllium as thallous
ghloride in marine sediments, but the writer could find no
evidence that any such precipitation took place, Of course
1%t would be possible %o make scme assumpilons and calculate
whether or not there was sny possibility that the solubllity
product of thallous chloride in sea water could be excesded,
However, the writer bellieves such stlouletions would de

meaningless beosuse the ackivity coefficlents for these lons
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in sen water are unknovn.

Another important 4ifference tetwsan thallium and the
alkall wetals 12 the sparing solubility of ite sulphide.
The sulphides of T1, Cu, Ag, Hg, &nd Pb are arong the leaat
soluble of all substa&nces in all but stirongly acld solutions,
I¢ i5 2 well known fact that oertain aedimentary snviron~
ments oontain rather high concentratlione of hydrogen sulphide,
Therefore it seemn paaaihle that the low solubllity of
thallous sulphide should influence the distribution of
thallium in sedimenta, The writer belleves that he obtained
&ﬁrrnﬁarntary ovidence to support such & viewpolint, although
the evidense le of a somewhet indirect nature. Thle evidence
1s considered in the section where the Rb=T1l abundance ratiocs

are diacussed,

(1) genersl

The value of en investigation of this type inoreases
almost in proportion to the number of samples and Tormatiens
that ocan be anslyzed. Thorefore the writer attempted to
una;ysw as many semples and formetions s&s time and fupllitles
would permit. 4 lotel of thi»ﬁ hundred and twenty-lour
sanples ware analyzed, All exoept eleven of these ozne from
the ton sedimentary formations that are listed in Table 8,
The sample numbers and the formations from which they were

taken are listed An Appendix D,
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Formations studled

Formation NMumber of Samples
¥locene Nodular Shale 43
Cherokee Shale 39
Lower Lutaw shele 24
Eegle Ford “hale 28
Woodford Shale 13
Woodbine Sandstone 11
Tuscalooss sandaéoaa a9
Frio Sandstone : | 12
Selmo Chrlk 33
Austin Chalk 51
Misc. 11
rotal 2

The three types of sedlunents snslyzed - shales, sand~
8%ones, and limestones -~ constitute more than 959 per gent
of all sediments, These thiree types, however, are not
eqnsliy abundsnt, A1l suthorities agrec that shales are by
far the most comcon type followel Ly ssndstones end lime-
gtones in that order, but they generally dlsagrese on the
proportions assigned Lo sach type. This quesilon ¢of the
relative proportiona of the variouas 4types of sediments is
fmportant and always arises whenever some velue such as the

avgrage condent of an elsment in sedimentary rocks has to

121
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te determined, In this inveastlzatlon, averaze values for

the rubidium, cesium, snd thallium econtents were determined
for sach formation. In computing an average velue for an
gelement in sedlments, the questlion groze of whether to

welght the value for each 1lithologlic type in zccordanes

with the relative sbundance of that type. A declelon against
such & compulational method wap made for the following reason,
The samples as recelved by the writsr were already pulverlized,
and all that was generslly known sbout a sample was 1ts
location and the fagt thet 1t came from & certaln formstlon,
Its exact lithologic type was generally unknown. Consequently,
where meny of the formatlons studled had & very veriedble
lithology =~ particularly the Upper Cretaceous formations of
the 3ulf Serles - one never could be certain that a partious
lar sample was actually a shale or sandstone merely because

1t cane from & shale or sandstone formetion.
(2) Mio ar Sha

The ¥iocene Kodular Shele samples came from the Los
Angeles Basin in Oalifornia. The great majority of these
samples ware obtained fronm nine sore sections varying in
deprth from 8090 faet to 8237 fret from a2 well in the Lawndale
011 Fleld. Megasacopieally this formation 1s generally desorib-
ed as conslsting of hard blaeck shele with a highly carbona~
ceous appearance. The black color la intsrrupted with tan~
colored laminations and lrregularly shaped nodules. The

average organlec carbon content of the samples used in this
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investigation was 5,85 per cent. Hoots, Elnunt, and Janmu
{11 ) believe that this shale was ﬁagaaitad 1n an envirmnmcnt
that supported an abundant plant and aninel 11fe. There is
8180 axasllsnt gaoclcgiceal and chemlical evidence that this
fmrmataon vwas the source bed for the oil in the Playe Del

Rey ?101d*

(3) gharckes Shale

The Fennsylvanie Cherokee Shale samples were obtained
Trom wells in and near the Burbank Pleld, It is quite
generally believed that this formation was deposited in s
lagoonal and shallow asa environment. The Chervkee Shale
samples had an aversage orgenic carbon content of 3.34 per
cent. Like the Hioccens locdular Shale, the Cherovkee Shsale
ic consldered & 1ikely source bed of petrolounm.

(4)

The mejority of the Woodford Chalc samples cume from &
well in West Texas. 4 few samples which wsre inciuded in
this formetion sctually are samples of Chattenooge Chele.
However, the Jcodford of VWest Texes snd Cklshowma 1s corre-
loted with the Chettencoge Ihele of Northern &nd Lastern
aress, The Joudfoxrd Shele haszs generally been considered to
be Lower Vississipplen in age slthough rocently it 1s
usually placed 1n the Upper Devonlan.

In West Texas, Barten ( 4 ) desoribes the Woodford as
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8 dark brown shele wlith gonslderadle evidence of yegetable
matier, Locally there are large developments of dark brown
chort and pyrite. Descriptions from other areas are all

quite similar end goenerally note the nresence of much chert

and pyrite.

The American Petroleum Institute Research Project 43¢
found the Woodford Shsle to be by far the most radionctive
of a1l the ssdimentary geologleal formaticns studied, The
- writer also found this formetion to be unusual in that
post of the samples had a&n extremely high thallium content,
The significsnce of this high thallium content will be
dlsoussed in a later seotlon,

(8)

$4x Upper Cretaceous formations were studled. Jamplesn
of three of these - the Austin Chalk, Eagle Ford Shale,
and Yoodblne Sendstone - came from wells in or near the
East Texas (Oll Pleld, The majority of these Eaat Texas
samples came from Tresk's colleotion ( 21) of oll well
cuttings. The other three are corresponiing formations
from the Mississippl region of the Cretageous. These were
the Lower Futaw Shale, Selma Chalk, and Tuscalooss Sand-

stone,

These Cretaceous formations, as mentioned before, have
a very varied lithology. Just how variable is the llthology
aan be seen from the description of the Zagle Ford - Woodbine
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zroup by Yinor snd Hanna (14 )., The lower member of this
group 1s the produding formatlon of the HLast Texas field.
They describe 1%t as belng composed of black flasile ahsles,
grey and greenish shalsa, mottled or red-bed shales, ho-
mogencus end gacchoreidal aends as w«il Y3 silt? end sandy
canglaﬁarazaa* The beds are predominately non-rorine and
very varisble, both horizontally and vertically. They
desoribe the fusitin Chelk as ususlly consisting of hand
ohslk with minor amounts of chalky shale and shale.

The Vissisaippl Cretacecus asmples were ovtalned from
two wells in the dwinville and Baxterville flelds, whioh
1ie in the embaynent area, No published descriptions of
the formationa in these flelds were loested, but they
ggg@nbiy follow rather closely the desoriptions glven by
&a&lathlin (13), who studied these formations in the
gentral counties. The following desoriptions of the 11~

thology of these formations are taken from his paper:

Upner Tuscklooss -~ Variegeted purple red and grey
waxy shales with abundant ankerite
pollate,

Lower Zutaw - 3lpuconitlc sands and ahnles.

Dark laminated ghales,
Selma = Chalks, narls, and caleareous

ahalea,
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The problem of how to adequately present the large mass
of &gta collected in thils work ocaused & conslderable amount
of e&ﬁ%@@n. The writer foels that there 1s nothing more
monotorous in the body of a report than a large number of
pages filled with tables, Therefore the writer decided to
present as much of the data as possible in a graphical form.
The two methods of graphic presentation adopted were hilsto-
grams and scatter disgrams, Such methods tend to give s
mueh better ploture of the dlstribution of & verlable than
do eolumms of figures in & table, They are alsc ideal for

gonmparison purposes,

7he nature of these two Lypes of graphs are well enough
known sc that no detailed explanation of the construction
mothods nesd be gliven. For constructing the histograms, a
linear scale was naé found to be suitable, owing to the
large range of values which had to bs plotted. Therefore
it was nepessary to use & geometrlc scale in setting up the
olass intervals. Juch & scale uses larger intervals for the
1&rsar‘vuluas and smaller intervals for the smaller values,
The interval factors used to construct the various hlato-
grams #rwaanted in this report renged from 1,10 to 1.40.
The only basls used %o select these factors was to attempt
40 gover & given renge of values with ten to twenty olass
intervals, This is generally considered the most efflclent

nunber, Too much accurscy is lost when fewer than ten are
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used, and the computations generally becomc toc tedlious
with acre than twenty. Histograsms &re wmaiezzmily eritized
for the reason that the use of & different cless interval
might wmarkedly change the form of & graphe. However, such
eriticisn is really velid only 1f %o few clacses ore

present or the size of the statistiocsl sample is too snmall,

Tablas were used only for summary purposes,
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VIII. The Abundance of X, Rb, Os, and 71

A Generel

The materisl in this section is largely presented in
the foém of histogrems and scatter diagrams. In general

the following plote were made for each element:

1. sizo«éiétrabution in all sedimenta.

2, Comparison of the size-distributions in shales,
limestones, and sandstones.

3. Comparison of the slze-distributions in four shale
for-ations, |

4, Comparison of the sise~diastributions in two limee
stone formetiona,

5. Conmparison of the sisze~distributions in two sand«
stone formetions.

6., Relationship between eslement concentration and
organic carbon oontent in the Cherckee Shale and

Hodular Shale formations.

Although the potasaium determinations were not per-
formed by the writer, a section on the abundance and distrie

bution of potassium le included for comparison purposes,

Appendiix B liasts the results of all determinations on
all samples,
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B _abundanas of L85 B

The average content of K5C in eagh of the formations
studled is presented in Table 9.

,M‘?he average content of K,0 in shales (2.30%) 1s some=
what lower than previous published enslyses. Olarke { 7 )
reports the average shale to contain 3,24 ber gsent ¥o0.
Re‘usaful purposs would be served by comparing the average
¥a0 contents of the limestone and sandstone formatlons
uith published analyses because, as mentioned before, the
exact lithology of many of the ao-called linmestone and

sandstone samples was not known.

Hlistograms showing the size-distribution of X0 content
in the variocus formations and lithologiceal types are present-

ed in Flga.30 to35.

Fig. 36 11lustrates the relationship between potassium
content and organic oarbon gontent in the Miocene Nodular
Shale and Cherokee Shale., No apparent correlation is
vislble from these plote; yet, the poasibility that there
is a relationeship will be dlscussed in the segtion on the

¥-~3b gbunrdance ratio.
Cs The & e of ium

Table 10 summerizes the average rubidium content of
the varlous formations. Thls teble shows that there le

little varlation among the different types of sedlments.
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Table §

Potassium gontent of sediments

- Rumbey of samples
Formation ineluded in averege hversge content

and percentage of . %a0 (%)
total ,
¥icoene Nodular Shale 43 (100%) 133
Cherokee Shale 39 (100%) 2,98
Woodford Shale 13 (1004) . 3,20
Lower Eutsw Shale 24 (1004) L. 2,13
Eagle Ford Shele a8 (100%) 1.84
Wwoodbine Sandstons 41 (100%€) 1,08
Tusealooss Jandstone 2% (100%) 2,27
Frio fendstone 12 {100%) 2,37
Selwa Chelk 33 (100%) 2.30
Austin Chalk ' 21 (1004) 1.47
411 shales 184 (1004} 2,20
A1l sSandstones 82 (100%) 1.67
411 Limeatones 84 (100%) 1.80

A1l Samples 320 (98%) 1.96
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A1l Misalseippl Cretaceous formations heve considerably
higher rubldium contents than thoe corresponding Cretaceous
formations from Zest Texas, However, the somple with the
greatest concentration of rubidium (No. 45354 « 0.075% RbaO)
aame‘fivm the Zegle Ford 2hale. 4130 there is g connidere
able differance between the rublidium content of the Cherokee
thale from Oklahoms and the Yiocene Fodular Shale from
California. The Woodford Shale, whioh garries & renarkabdbly
high content of thellium, is seen t0 have 8 quite averuge

gontent of rubidium,

The only published snslyses on the sveraze content of
rubidiun in sediments are those by Goldschmidt, Bauer and
Wwitte ( 9 )« They snslyzed seversl composite samples of

argillsceous sediments with the followling resultas:

HMateriel Per Cant Rby0
European Palecszolc Chales 0.049
Japanese Puleozoic £hales 0.027
Jepanese Mesozole fhales 0,024
Red Deep=-Sea (lay, Challenger 2583 0.048
fed Deep~Sea Clay, Challenger 353 0.037

Their values compore very favorably with the results
obtalned by the writer,

Histogranms showing the slze-dlstribution of rubldium

in the varlious formations are presented in Flgs. 37 to42 .
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fable 10

Rubidium content of sediments

Number of sanples
¥

Formstion ineluded 1in average Average conient
and percentaze ol ot (#)
total
Miocene Nodular thele 42 (977} | 0,019
fherckee Shrle 33 (100%) 0.042
Woodford Thele 12 (92:9) 0.035
rT.ower Tutaw “hele 24 (1004) 0.034
Fagle Ford chole 28 (897) 0,031
Woodhine Sandstone 22 (%4%) 0.026
Tuscaloose Sandstone 29 {100%) 0,037
Frio Sanistone 12 {(100%) 0,025
Selme Chalk 33 (100%) 0.03%
Austin Chelk 46 (90%) 0,024
A11 Sheles 149 (94%) | 0.032
411 Senistones 63 (77%) 0.031
411 Limestones 79 (944) 0.028

A1l Samnles 291 (93%) 0.07%7,
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Size Distribution of Rby0 Content 1ﬂ;ﬂhnitn
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Flgures 44 to 49 present the size«distribution of cesium

in the various formations and rock types.,

The relationshlp between gesium content and orsanic
matter 1s shown in Figs SO« A8 was the omse with rubldium,
there 1s & posaible alight inverse correlation.

Table 12 tabulates data on the average thallium content
of sediments, It presents about the same picture ss 414
the rublidium and cesium contents with one striking exeeption,
That is the extremely high thallium content of the Woodford
Shele samples. The thalllum content of the eamples of the
miscellanecus group, mostly consisting of black shales, was
8l80 considerably above the average. The sample wiith the
highest thallium content was from the Woodford formation
(Xo, 46667 - 0,0019% T10). The writer belleves that there
is 8 plaueible explanation for the high concentration of
thallium in the Woodford Shale and other black shales. This
will be disoussed when the relationship between the RbeT1
abundance ratio and organiec oarbon content iz considered,

Preuss ( 17 ) determined the thallium content of two
gonposlte namples of German shales snd sandstongs. His
results, which are tabulated below, are considersbly higher

than simllar esversges for Ameriocan sediments,



¥aterial Per Cent 71

Composite sanple of 36 Oeruman
shales

06,0002

Compoaite sample of 23 Jerman

. 0.0002
(rrow W) sandstones

Figs, 51 $055 present the asize-distridution of thallium
in the various formations,
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Table 12

Thalllum content of sediments

G Number of eamples
Formation

included in average Aversage content
and percentags o 7150 (%)
total

Miogens Nodular Shale 25 (58%) 0.000029
Oherokes Shale 39 (1007) 0.,0000%9
Woodford thale 13 (100%) 0.00075
T.ower Rutaw Shale 24 (1004) 0.000037
Eagle FPord Shale 17 (61%) 0.000035
Frio Sandstone 11 (92%) 0.000071
Woodbine Sandstone 10 (24%) 0.000025
Tuscaloosa Sandstone 27 (93%) 0,000041
Austin Chalk 2 (63%) 0.000026
Selma Ohalk 3% (100%) 0,0000739
All Shales 125 (79%) 0,00013
All 8hales 105 (?6%3 0.,0004%
(Exoept Woodford & misc. groups
A1l sandstones 48 (59%) 0.000035
A1l Limestones 65 (77%) 0,0000%2
All Samples 238 (744) 0.,000083
All Semples 218 cmg 0.0000738

(Exaept Woodford & mise. groups

hide



ure - 51

1

£
—
&)
oim
— 2
=5
e
b £
Q i
&5 e
Q Ul
- |
+ o}
=
80
-t @
£ O
+
@
ot
(&)
B
il
&l <}
it
143 ]

i1l

Samnles

halle

dforgd S
not ingcludernt)

oo

(

sed on 218 Samples

(=}

-
-—




Figure = 52 B IEJ
Distribution of 7150 in Bhllu;, s-nhatnn. me i

Bl.udohw&-p’.lu

Limestones
Based on 65 Samples

L o

Shales
Based on 218 Samples

7/111/

% T1,0




_-?};ngre rrr e T _;?j;;_

: 122 1222 RRE! | T T ; |
....... g“_..;..l . ! .. Diat rtbut‘On ﬂP‘TlﬁO Gontent ;
1 : : ! [ in Shales,
e i 11 T . 1 shittuctis hads AL
Eegle| Ford| Shalp ‘
_Based)on 17 Hamples |
| | | | !

i
Eutay ghale | | |
on 24 Samplaa

Lower,
Paﬂed

1
|
| | |
I
|
|
'
L

1
|
i
|
|

1
1

Iatsisat isasy ety | TEdahtsen st tased

‘ therokea‘shala L.
Baged on 39 Hamplaes

HH |
| |
faasenay Lt Nodular.Shale L
i Baged| on 25 fSamhlas |
|

T

_ﬂ m120

|
| , ‘ 1 ‘
| | l ittt i | 1o | j




ent in Timeatones

zure - 54
Distribution of, M0 Cont

Fla

T

[ B I SEEa BIREIiIITIIIRIIIIiiiiiiiiiiL Mm” ......
e += . marasaseasoamareEasiEEESREEEaEessmses. swasanss
| 1 { - m % .....
EEEe e o
! . 5 | {
% 1 Smsessases sasssssees el lssees) 2 aa.
r—t i "1 ! S EA VS I NS SN RN SR P RS S U R
.““.‘ e S Seea: oo o ! 1 p ." ...............
.m } mml { R et s fen e Peats Letes tawts sibtd sas:
< ”......a...u i N |
3" e f
Sms” " in . sasan) ]
o= Y 2 S 212 {
g 8 M_) ,. |
e e
< @ ! ! ..“. n +
L2 - ! | o |
3 o | * iiaes
AB o 1 I SEETE INEEE SN IREAENEENY FARSEEANES IBANEFFERA IS S F T A

.........

e

1
1

e e TSR

-

SEEEE TS SIS S S



|
|

Esdas
!
asssanne
1 t
e
R
[ B
H R4S 1S ___FEHH
|

il
it i

{ - - -
i = } ! f | i f ]
+ 4 | BE 4 4 1
! i ! | { i i !
I 1 1 1 REAAS AERET SRRED A T = B I . | 1
t . { - - W . t $ {
i i i : -1 } i
| i i i I |
| | ! i
I !
T s na
! 1

iSaagasss: { &
“ m )
| | .

i
|
|
8l
2
l

%
|
|
|
|
|

on

+
Tauas SNSNS FEeSS FOEENE Y

23, . Saset samas smmas !
e T
e | ,.

i
|
|
I
|
e 5
Besed on 10 Eamples
| i l

TuBedqloo
~ |Baged

-

P L

w
) 1
I IS e baa: B sassl Saand insu -
. | {
i v
| \
W b ] 1
L | - -
i B e
1
| | .
m SRR SRR
-t




164

IXs Dingussion of the Abundance Ratios

In tha section where the objeotives of this investie
gatién vurw disousased, 1t was wmentionmed that the writer
ﬁapcé to prove whether or not there had been any eﬁnaen*
tration of one elenment with respesct to snother during the
sed imentary ayole. The general method of attack adopted
wes to compuie for each sample wherever possible the values
of the following four sbundance retics’ En0/Rb,0, Ko0/0850,
X20/7120, and Rby0/T130, These wers then compared with the
averaze velues of the g¢orresponding retios in igneocus rocks
and néy ¢hange found outside of experimentel error wes of

gourse siznificant,

These four abundance retios in ignecus rooks are known
with varying degrees of &a@uruay‘ The K«Rb pair has probaw
bly been most tharuughiy studied, Ahrens ( 3 ) and cow
workers have determined thie ratio in a large numbar of
igneous rocks of various types and from different locations,
Almost without exoeption the Kx0/Aba0 ratio lies near 100,
thus indlcating a high dezgree of ocherency between potassium
and rubldium, This 18 to be expected though as thelr ionie
gation potentlels and lonic redil are quite simllar, thereby
allowing mbidium to proxy for poteselum in silicate minerals,

The E«Cs palr in igneous roeks has been studied oconsider-
ably less than the ¥X-Rb peir, However, 1t is known %0 proxy
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for potassium in silicate minerels to a slight extent. These
two elements 4o not form & fully aohnrwﬁt pair though, owing
to the foct that the cesiunm ion is enhaidérably larger than
the potazassium lon, Xp0/Cs,0 abundance ratles have been
determined in 27 epecimens of granite from various localle
ﬁ:@éﬁiﬁvﬁaw England, Thess results are tabulated in Table
13"'?h§ locations of these grenite specimens are listed

in Appendix D. The X,0/Cay0 ratio is seen to be extremely
variable, renzing from 2100 (Mo, 16A10) to 16000 (Mo, 1%522)
and averaging at 8900,

The Rb/T1 pair is another highly aahérwnt one, owing
to the similarity in their ionic radii. ihrens (1 ) hes
determined the Ab0/T1C ratio in 167 specimens of polash=
rich silicate minerals and found the mean ratioc to be 100,
However he did not determine the ratioc in grenites and other
igneous rooke becaupe their th&llium~éantent*waa bezlow the
1imit of da%aation of the gpectrographic method used. The
sensitivity of the writer's method for thallium was such
that it was peasible to determine thallium in potagherigh
ignecus rocks such ae granites., It was considered advisable,
therefore, to determine the thallium contenis in the multe
of ¥New “ngland granites so that any posslble systematie
analyticnl errors would cancel out when the Rb/™ ratios were
gomperad. The determinntions were nade by the writer and the
resulting Rby0/T1,0 ratios are lilsted in Table 13. The
values range from 180 (¥o. 1542) to 830 (No. 15:19). However,
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the majority of the valuecs are clustered sbout the mean

value of 580, The writer's value is considerably above the
value determined by Ahrens., Further experimentation would

be required to determine whether this 4s an actual difference
or whether 1t ia due %o diffaerent degreen of systematic error

in the two analytioal methods employed.

The K,0/T10 sbundance retios were also computed and
thesa are tabulated in Table 1%. The mean Fp0/T120 ratio
18 48000,

B, The E30/Rba0 ratio in sediments
" -

The relationship between potassium and rubidium in
arglllacecus sediments 1s illustrated by means of the scatier
dlagram in Figs 56. To avoid erowding only approximately
one=-third of the avallable values are plotted., A stralght
1ine of unit slope fits the points most satisfactorily.

That there is & high dagree of geochemlioal ocoherence between
these two elements 1s evidenced by the scatter of points

being confined %0 & relatively narrow path.

The average ratlic was calculnted to be 70, Table 14
tabulntes the averagze ratlos fournd! in the various forrations
and rook types., All the retios, with the exception of those
for the Woodford and Prio formstions, ere ssen to lle within
* ten per cent of the genersl average of 70, It was mentlon-

ed earller that the average ¥ 0/Aby0 ratio in igneous rocks
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Pigure - 57 i 170
Relationship between the %£X20/4Rb,0 abundance
ratio and organic carbon content
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was known to be approximately 100, Thus it 1s clearly
evident that rubidium is adsorbed in sediments to & greater
sxtent than potassium by a factor of about bnn~thivﬂ¢

During t&&a phase of the inves:igation the writer noted
that thnra secmsd toc be & relationship betwsen the value of
tho‘xéufﬂhze retio and the per cent organlc aawbeﬂ‘xn the
sample. Almost without exception the ratic was greater
than about §0 wharever the sample contained more than 10
per cent organle carbon., It war deolded to inveatigale
whether or not there was any sorrelation between these two
variables by meking the usual soatter dlagranas, Flg. 57
pregents such diagrams for the Cherokec Shale and Fodular
fhale formations. No correlation:is visible in the Cherokee
Shale but & weak correlation is evident in the Miceene
Hoduler Shale., It 1s seen there that while samplea with a
high organic content alweys have a high value Cfor the retio,
the converse 18 not negessarily true, ?13‘58fprvann&a a
more convineing bit of evidense for a pesitive correlatlion
b&tybén the value of the ¥Ka0/RboC retlo and the organie
oarﬁan gontent., This is a plot of the sverege organic ocarbon
content of each formation versus the average Ko0/AbyC retie
and there appears to be a definite positive correlation
between organic carbon sontent and the value of the Kp0/Rb,0
sabundance ratic, The writer believes that the most plausible
explanation for this relationshlp is that the marine organe

iams, whose remains are responsible for the organio osrbon



Flgure - 58

Relationship between average organic carbon
content and average X»0O/Hbz0abundance ratio
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sontent of these samples, asoumulated mmﬁism‘ Many
marine organisme, partioularly the large algae, epnarently
have the abllity of extracting potassium from their environ-
ment. I this 18 80, 1t does not negessarily mean that
these organlems rejected rubidium, beoause the content of
rubidiun in ses water is extremely depleted with rmaspect to
that of notasslumi oconsequently even i these organioms
sooepted potassium and rubidium ions impartially, the X/ad
ratlo in their bdodles would be equal %o the extremely high
ratic known to exist in sea water. Therefore any sediment
which contained an appreciable quantity of organic remainas
thould have 2 somewhat higher ratio than the same type of
sediment without sny orgenic matter,

Ancther resson for & higher than average ratlo would
be for & sample to aconteln a cortaln percentaze of une
wonthored ignecus mnamlé, A sedliment composed exolue
sively of fragmonts of ignecus mimerela would of course
have & X/Rb ratio typleal of igneous rooks.

ifletograma showing the Adlstridbution of the Ko0/Rby0
abundancs ratio in the verious formetions are presented in
Figs, 50 to g3,

Ce The K30/0s30 abundance ratio

The degree of asscclation betwsen potassium and cesium

in srglllacecus sedinonts is 1llustrated in Plg. 64 . The
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rather wide scatier of points indlsates that the coherenoy
between potassium and cesius 18 less perfect than the re~

latlonship between potassium and rubidium, thus parelleling
the comparlson between theae twoc pairs in igneous rooks.

The average K0/Cen0 abundance retio was oalculated
to be 2900, The various averages for the different fore
uniAann and rook types are 1listed in Table 15, waere they
are sesn to vary from 2200 (Selma Chalk) to 3300 (Woodford
Shale), In genorsl these values are of the same order of
magnitude as those reported by ﬁuldauhm&du,,ﬁaugxu-anﬁ
Witte ( 9 ). Thelr results nre tabulated below.

Haterianl ‘“g%%gﬁ
Eurcpean Paleoszoic fihales 1850
Japanese Paleosoic Shales 3900
Japanese Yesozole Shalee 3280

Desp~tea Red Clay 2100

The average Kg0/Csp0 ratic in & suite of New England
granites was yeported to be 2900. Therefore, 1f this average
ratic is reasomably typieal of ignecus rogks in other prove
incee, it 1s clearly eiidanz that ceslunm is adsorbed in
sedimentary rosks to a greater sxtent than rudbidium,

- Figures 65 to 60 11lustrate how this ratio in distributed
among the various formations, ‘
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Tabls 1%

The Kac/sugﬂ sbundance ratic in sediments

o . Kumﬁgsaaf n&mﬁleu Averaze value
Pormation inel in averege B a0
and percentage of . ﬁﬁg**
Kodular Shale 1 (76%) 2800
Cherokee Shale 39 {1007) 3200
Woodford Shelse 11 (85%) 2300
Lower Cutsw Shale 24 (100%) 2600
Eagle Ford Shale 19 (68%) 3100
" Woodbine 8aﬁdaton0 10 (24%) 2400
Puscalooss Sandstone 27 (93%) 3%00
Austin Chalk 40 (784} 2900
Selma Chalk 33 (100%) 2200
All SBhalen 129 (gaf) 3000
All Sandsiones 40 (49%) 3200 ’
411 Limestones 7% {874} 2600

All Samples 242 (75%) 2900

-
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Ds The ﬁbgo/?}ga sbundance ratio

The close association between rubldium and thalllum in
ignecus rocks eni more particularly in the potash-rich
minerals of the late crystallates hes been mentioned bhefore.
The question was also brouzht up as to whether these two
elements would cloasely fol ow one another during the sedle
mentary oycle in view of the fact that there were some
important differences in thelr chemical propertles,

The relation between rubidium snd thallium is 11lus~
trated by the scatter dlagram 1n Fig.T70 » The wlde and
rather erratic scatter of poin's shows that rubidium and
thallium do not follow one snother closely durinz the
sed imentary oycle. It is evident that the coherency be-
tween these two elements in argillaceous sediments ls mueh
less perfect than is the ease in igneous rocks, Table
tabulates averaze Rby0/T1,0 abundance ratics in the various
formations and rock classes., The averaze ratio 1s seen to
be 920 with a low of 110 in the Yoodford Shele and a high
of 1400 in the Woodbine Sandetone, When these values are
compared with the average value of this ratio in igneous
rocks {580), 1t 1a cvident that there has been a definite
pertial separation of rubidium and thalllum except in the
doodford Chale formation and a few other black shales where
there has apperently been a concentration of thallium agalnst
rubidium, It is to be remembered that these two zroups also

carried an excoedingly hligh content of thalllium.
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Relationship between rubidium

Fig.
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In the section where the chemistry of thallium was
Aisousced, it was stated that one important difference in
the chemical properties of rubidium and thallium was the
extremely low solubility of thallium sulphide in neutral and
alkaline solutions, It 1s known that asome sedimentary
environments have high concentretions of sulphide ionsa,
Therefore, 1t seema possible that this sparingly soluble
sulphide should influence the distribution of thallium in
sediments, The writer belleves that Figs. 71 and 72 present
evidence in support of this viewpoint although it is of a
somewhat indirect mature. In ¥ig.71, the Rby0/T1,0 abun~
dance ruatio is plotted against percent organic earbon for
the Cherokee and FNodular Shale samples. In both formations
there is an inverse correlation between these two variables
althouzh it 1s more pronocunced for the Cherokee samples, In
Fige 72 the average abundance retio 1s plotted against the
average organic carbon content for the various formations,
This plot alac shows a definite tendency for the averege
Rba0/T120 abundance retio to decreass with inoreasing content
of orgenlic matter.

One possible explanation for this negative correlation
and one that cannot be ruled cut on the basis of present
svidence is that the marine organisms which contributed the
organioc matisr to the sediments concentrated thallium in
thelr bodles, Buch a oconcentration of an element through
blologloal activity was oonsidered the most plausible
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Relationship between aversge ZRb,0/%T1,0
abundance retlo and average organic carbon

gontent
200 @ 6.
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/ooy o3 2. Cherokee Shale
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mechaniem for explaining the positive oorrelation dbetween
the ¥0/AboC retio and organic matter, However, the writer
believes that the negntive correlation between organie
eontont #nd the RbRO/T130 ratio is perhaps only incidental,
and that the conditions responsible for the preservation of
the orzanioc matter are £lso responsible for the fixation of
thalllium in these highly organic sediments, It 18 generally
believed that sedimentary enviromments mogt favoreble for
the preservation of organic meterisl sre those in which there
is & lack of free circulation or where the burisl 1s ex~
tremely repid, Under these conditions the corganic matter
is only partially decomposed apd turns intoc a putrefying
coze in whioch there 1z an sabundance of hydrogen sulphide
due to the astion of sulphate reducing bacteria on the ni-
trogenous components of the organic matter, This hydrogen
sulphide reacts with iron salte and precipitates iron sule
phide. The asscolation of iron sulphides (pyrite) and
organic matter in sediments has been frequently reported

an? 48 apparently réthar general, Therefore it seens probe
able that thallium would alsc be preciplitated in these |
environments in view of the extiremely low solubillity of
thallous sulphide and the probable high concentration of

sulphide ion.

It secms reasonably clear therefore to eay that the
different properties of rubidium and thallium have influe~

onced the degree of assocoletlon of these two elements during
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the sedimentary oydle, Some separation of thallium with
respect to rublidium apparently takes »lace except in sul-
phide-rich environments where thellium tends to concen=~
trate with reapect %0 rubidium due to the low solubility
of theallous sulphlde,

Hietograms showing the dlstribution of the Rba0/T10
ratio in the various formations are presented in Pigs.73 to
TT «

E. The 530/?139 abundance ratio

Little need be said about this retio since the X20/RbC
and RbaC/T1,0 retics have been fully discussed, }hhao 17
tabulates aversge abundance ratiocs and Pigs.78 to 83 show
the diestribution of this ratlo in the various formations,
The avsrage ratic 1s %9000, which is only about 20 per ocent
higher than the ratio in igneous rooks (48000), thus indi~
cating that 1ittle separation of potassium and thallium
takes place during the sedimentury oyecle. COf course, en-
vironments rioch in hydrogen sulphide will cause a considere
able concentration of thallium and a corsequent drep in this
ratio. The low value of 890G in the Woodford Shale is un=
doubtedly due toc this cause.
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Table 17

The 523/%13ﬁ abundance mtic in sediments

Average value

Formation %xgc
€70
Nodular Shale 53000
Cherokee Shale 60000
Woodford Chale 8900
Lower Zutaw Shale 60000
Esgle Ford Chale 68000
Woodbine Sandstone 85000
Tuscaloosa Sendstone 58000
Selma Chalk 60000
Austin Chalk T3000

All Shales 52000
A1l shalos 60000
(Exgept Woodford & mise. group)

A1l Sandstones TO000
A1l Limestones 67000
A1l Samples $9000
A1l Samples 64000

(Except Woodford & mise. group)
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Figure - 8 _
Distribution of X30/T1,0 Ratio in Limestomes
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X. Discussion of Results

The evidence in the preceding seotion clearly lndicates
that rubidium and cesium are concentrated in argillacecus
sediments to a greater extent than is potasalum. The order
of relative enrichment 1s: Cg > Rb ) X. In this series,
thallium normally follows potassium except in environments

where large concentrations of hydrogen sulphide are possible.

T+t was also brought out in other ssctlons that these
four elements are undoudbtedly present in sediments 1in more
then one form. The following seemed to be the more im=
portant posslibllities:

le In structure sites in unwesthered igneous ninersls.
2. In structure sltes in authigenic minerals.

3., As preoipitated inorganic compoundas.

4, In organic natter,

%, 48 adsorbed ions on various types of colloldal

materdsl suoch es the clay minerala,

WYhich of the ahove 1s the nost important depends of
course on the composition of the ascdiments, However, for
the normal argillaccous sediment, most authorities agree
that the alkall nmetals (and thallium) are primarily fixed
through the mechanism of adsorption by the clay-lilke ma-

torial present in the sedinent,

There 1s & voluminous litersture on the general subject
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of the adsorntion of catiens by clay minerals. Host of
these studles were searching for come relesflonship batween
reletive adgorbability and properties of the lons, In
perusing this large mages of literature, the writer found a
hodgpodge of conflleting oplnions and compllicated equotions.
¥o useful purpose would be served by dlscussing the varioua
theories propounded, The majority of the papers gensrally
coneluded with & simple qualitative statement to the effect
that adsorption affinities scenmed %0 be deternined chlefly
by the magritude of the charge snd the hydration of the

tons involved,

T™he writer believes that the asdsorption affinities of
potassium, rubidium, cesium, and thallium as evidenced by
the data aollectcd in this investigntion can be explained
on the besis of & few sinple facts, In all srglllacecus
sediments, the most important group of minerels are the
“glay minersls”, which result from the weathering of the
various silicate minerals praesent in primary ignecus rocks.
The mineralogy of this material is an exiremely complex
subject but it need not be discussed hore as 1t really is
not pertinent, The importance of the "clay minerals" lies
in the fact that thelr grain size generally is in the col~
loidal renge of dimensions and that they carry & net negative
chaerge, By being in the colloidal range of dimensions, the
"sley minerals” have & tremendous surface eres with conse-

quent great surface energy. The net negative charge that
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thlas meteriel carries results from the fact that esch
erystel geperelly has & multltude of asites where thers are
unsatiasfisd negative valence focresa. Ths reasons for the
praesgnce cof these sltes snd thelr locutlions are not really
pertinent to this dlscussion. The essentisl point is that
they do exist. As soon as possible after formation, this
matorial attempts to atialn a lower snerzy state by adaorbe
ing oatlone from the surrcunding medlum b 811 sitea whore

there arge thess araatislled negalive valence forces.

It is generally believed that adsorption of ions from
aqueous solutions 1s controlled largely by elactrostatic
feroes, Size conalderations, which are so important in
erystal chemlatry, sre relastively unimportant in adacrption
phenomena since praciically all adsorption sitea are
external to the structurel frarework, st least in the "clay
mineral” oroup, Therefore the writer belleves that it
should be relatively easy to predict which cation of a
given geries will De preferentielly sdsorbed. It scems
lozleal that Af a group of differen. cations of tho same
charge are competlng for the same slie, the cation with the
greatest positive electirontetic potuntial at the surface
of the lon wlll be the successful competitor for the site,
*hrene ( 3 ) has recently sugzested that & meassure of the
electrostatic potential e¥listing &t the surfece of an ion
was given by what he oalled the "fleld function". For any

lon thls was defined an equal %o ;&}, vhere V, was the
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ionizatlion potential and R was the redius of the ion, Thus
it segmed loglezl that the adsorbebility of an ion should be
proportional to ite "field function”. The "fisld finetlona”
of the alkall metels and thallium are 1listed below:

Element lomizatlion potentizl Crystsl redius Fileld funotion

(2lectron volts) {Angatroms) (volts per A)
14 Be 56 068 T+06
Ka Bel2 0.98 Bed2
¥ 3,32 1,33 3425
R 4,16 1.49 2,80
Cs 3.87 1.65 2,34
™ 5,07 1,49 a,08°

The {ield functions for tﬁa monovelent alkali metals are
seen to decrease with ingreasing atomlo welght in aprarent

contradiction to expectations based on experimental evidsnce.

The important faot that has %o be oconsidered here is
one that was often neglected by regesarch workers in this
flelds This is the fact that most ocatlons eare hydrated in
agueous solutlions. When & series of ions such as the alkall
metals are released from thelr parent silicate minerals by
weathering processes, they enter &n essentlially aqueous
medium in the form of stable cutions, However, these cations
probably have only & transliory exlistence as unhydrated lons.
The waier molecules, which as perwanent dipoles, becone
orlented and atirecled by the catlons. The number of water
dipoles asaociated with any cation will clearly be & function
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of the positive electrostatic potential {or field function)
exlsting at the surface of the ion., Therefore, for & given
series such as the alkall metals, relative hydration should
degrease aoccording to the serles: Li, Na, X, Rb, and Cs,
which is the order of decreasing velues of the field fune-
tion, OSeveral experimental methods have been used to find
the degree of hydration of ions, but generally they have
glven widely varying results as far as absclute valuss goO.
However all rethods agree that relative hydratlon does
deorease with increasing atomlc welght for the alkell metal
geries. These hydretion shells are permanently attached to
the catlons as long a&s they remain in an aqueous environment
and have the important effect of incressing the ionic radius.
Agcording to Cedroiz (8 ) the hydrated radil of the alkall

netal lons are:

% X 32 65A
2:80

Na
X 1.90A
R 1.804

No value was reported for cesium, but ageording to Boyd et
al { 5 )}, cealum 1s so large that it is not appreciadbly
hydrated.

As these water hulls have effectively inoressed the
radil of the ocations, 1t 1s logleal to0 use the hydrated
radil in computing field function values for these ions in
sgueous solution. VYhen this is done for the alkall metal

iona the following values result:



212

Catlion Flel2 function gﬁrﬁjdrataa)
Ty 1e47
Xa 1.83
¥ 227
Bb 2,31
cs 2433

The questlon of how to compute & value for thallium posed

a problem in view of the fact that no value for i1ts hydrated
raedlus could be looated in the litersture. Its orystsl
radius is ldentlcal wi&ﬁ that of rublidium, but in view of
ite much greaster ionizsticn potentisl (6.07 volts) and
consoquent fleld functlon {4,08), its hydrated radius should
be coneidersbly greater than that of rubidium. A value was
interpclated from a 2lot of ggfbyaraaed) veraus ;iu for
the alkall metal series and found to be approximately 2,10,
vwhich placed 1t between potassium and sodium,

Earlier in this seotion, it wes nmentioned that the writer
bellgved that adsorption affinities are determined chiefly by
the megnitude of the field functions of the ions. Thus on
the busls of thess recomputed values, relative adsorbability
for the alkall metals and thallium should be aceording to the
followling series:

C8> Rb) X > T1) Ra
Elnce this was gonerally the order of relative snrichment
found in argillaeeous sediments, theory and fact are apparently

in excellent agreement.
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Appendix A

Tables Giving Valuses of Dy/D (Dg = 100) for
Values of D From O to 70
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1.41 1.41

.91 1.90 1.90 1.90 1.8% 1.89
1.89 1.88 1.88 1.88 1.87 1.87 1.87 1.86 1.86 1.86
66 1.65 1.65 1.65 1.64 1.64
e58 1.57 1457 1.57 1l.56 1.56
A4 1,44 1.44 1.43 1.43 1,43

81 1.81 1.80 1.80 1.80 1.79 1.79

1.79 1.78 1.78 1.78 1.77 1.77 1.77 1l.76 1.76 1.76

175 175 175 175 174 1.74 1.74 1.73 1.73 1.73

44 1
1.43 1.43 1.42 1.42 1,42 1.42 l.42 1.41

58 1
e56 1.56 1,55 1.55 1.55 1.55 1.54 1.54

1.54 1.54% 1.53 1.53 1.53 1.53 1.52 1.52 1.52 1,52

66 1
063 1063 1063 1062 1062 1062 1062

91 1

61 1.60 1,60 1.60 1.59 1,59 1.59
49 1.48 1,48 1,48 1.48 1.47 1.47
A6 1 46 1,46 1.46 1.46 1.45 1.45

.92 1
81 1
€6 1
1.64 1.64 1.63 1
49 1

L
.

.96 1095 1095 1.95 1094 1094 1093 1093 1093
72 1.72 1.72 1.71 1.71 1.71 1.70 1.70 1.70
69 1l.69 1.69 1.68 1,68 1.68 1.68 1.67 1.67

.92 1
81 1

*
L4

52 1.51 1.51 1.51 1.51 1,50 1.50 1.50 1.50 1.49

6 1
82 1

2000 2.00 1099 1099 1.98 1098 1'98 1.97 1097 1096
1.92 1

1.85 1.85 1.85 1.84 1,84 1.8% 1.83 1.83 1.82 1.82

1.61 1.61 1.61 1
1.59 1.58 1.58 1
1l.56 1l.56 1

1.47 1.47 1.47 1
1.45 1.45 1.45 1

1.67 1l.66 1
1.49 1l.49 1

1.9

1.

1.72 1
1.69 1
1.

53
54
55
56
57
58
59
63
64
65
66
67

50
51
52
60
61
62
68
69
70
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Appendix B

Tables Glving the Quantitative Analyses of All
Samples Studled in This Iuvcatignt&mn*

# Spmple numbers are the cnes aaslgned by the
Ameriean Petroleum Institute Research Project 43C.

The %b, Cs, and T1 deterninations were umade by the
writer, The K determinations were made by personnel
of the imerdean Petroleum Inatitute Resesrch Projeot
43C.
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Explanation of eymbols

not anelyzed

not detected

not detected - but excessive background
and/or interference nresent

not detentad but burn was poor

faint line visible but dackground and/or
interference gensrelly of such nature

that no sacourate determination was possible



BSample No,

45001
45004
45005
45006
45012
45014
45018
45029
45033
45082
A505A
45057
45064
AS080
45085
45089
45124
45125
45126
45127
45128
45129
48130
45131
48132

Ea0

1,48
0. T4
0,86
0.60
2,64
2.44
2.41
2,58
1,87
2.739
3429

3+30
1.38
1.%9
1.36
3.83
T.78
4,79
2.45
2,00
2,41
3.48
4,57
1.96

Per Cent
Rbg0

0.023
0,0096
0,014
0,0060
0.029
0,025
0.022
0.03%
0,018
0.029
0,042
0.048
0.045
0,018
0.016
0.017
0.0%1
0.048
0.051
0.039
0.019
0.033
0.051
0.0%4

Ve

Guao
0.00089

Ye
0.00072

Ve

Ve
0.,00061
0,00066
0,00066
ne 4.
ne 4¢
ne 4.
0,0012
0.0027
0.,0017
0.00096
ne 4.
v
0,00099
0.0011
n. 4. (1)

T1a0

n. a.
n. 4, (1)
0,000018
ne Qe

0.0000A2
0.,000017
0,000022

. 0.000033

0.000010
0.000018
0.,000034
0.000040
0.000037
ne Q.
0.000036
0,000048
0,00012
0.00021
0.00024
0,00029
0.00012
0,00030
0.00039
0.00031
0,00060
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Sample No.

45133
45134
45135
45140
ASLTA
45182
45183
45184
45192
45203
48216
45239
45248
45256
45267
45272
45280
45290
45294
45298
45303
45304
45308
45312
45320

Ka0

4,72
1.24
0.24
2.11
1.92
1.09
2.38
2.34
1.57
0.50
0.41
2,02
2.09
2.16
0.35
1.28
2,48
1.36
2,26
2.10
1.7%
1.82
1.81
2,45
1.75

Per Cent

Rby0

0.060
0.011
Va
0.033
0.026
0.013
0.0%6
0,036
0.024
0.0089
0.0090
0.036
0.039
0.023
0.0060
0.018
0.042
0,021
0.036
0.029
0,028
0.025
0,026
0.042
0,027

ﬂﬁaﬁ

0.,0011
0.00027
n, d,
0.00028
0.0013
0.00064
000077
0,0010
0.00069
0.00029
Ve
0.00064
0.00077
0400059
0.00012
0.00035

- 0.00097

0.,00044
0,00064
0.00086
0.00057
0.00074
0.00081
0.00071
n. d. (1)

1,0

0.00046
0.00016
n. 4. (1)
0.000023
Ve

Ve
0.000038
0.000039
0.000025
na de

n. 4. (2)
0.000039
0,000033
0.000041
0,0000049
Ve
0.000023
0,000019
0.00004%
0.000032
0.000036
0.0000185
0.000032
0.000031

Yo



Sample No.

45323
45728
45332
45337
45344
45345
45349
45354
45385
45362
45363
48412
45414
45441
45454
45467
45450
45491
45492
45493
45494
. ABA99
45500
45501
45518

ﬁaﬁ

.19
194
2.16
2.08
0,54
0.96
1,03
3.67
0.34
0.67
0. T4
2.02
0.17
1.72
2,11
1.26
1.90
1.69
0.28
1.81
0.14
0490
0,66
1.28
1.87

Per Cont

Rby0

ne 4. (1)
0.029
0.036
0.033
0.00%84

\ L

n. 4. (1)
0.07%
0.0060
Ve

T

0.033

ne 4. {1)
0.025%
Q.029
0.016
0,026
0.026
0.0035
0,039

ns d.
0.015

n. 8,
0.020
0,027

08,0

ne d. (1)
0,00049
0.,000863
0.00062
ne 4, (1)
ne d. (1)
n, 4. {1)
00,0017
0,00019
n. 4. (1)
n. 4, (1)
n, 4.

n. d. (1)
n. 4. (1)
0.00067
n. d. (1)
0.00044
0.00062
n. 4.

Ve

n. 4.
0.00083
n. a,

n, 4, (1)
0.,0008%

71,0

ne 4
0.000032
0.000035
0,00003%9
ne 4.
. 4.
ne de
0.000095
0,000016
n. a.
n. 4.
n. d.
n. d.
0,000015
0.,000029
n. 4.
0,000027
0,000012
n. 4.
n. 4. (2)
n. Qs
0.000018
0.000013
n, 4.

0.000022
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Sample No.

45522
45529
45531
45538
45852
45554
45555
45557
45609
48671
45710
45718
45720
45722
45724
45729
45756
45787
45759
45762
45763
45766
45767
48768
A5TTL

K50

1.97

1.68
0.20
0.07

0.368
1.68
0.76
0.85
0.17
0.24
3,01
2446
1,99
2,03
2.23
1.67
1,69
2,72
1,92
2,11
2.21
0.28
0473
1.73

Per Cent
Ehag

0.033
0,027

fi

ne do (1)
0.014
0.0063
0,026
0.0084
0.011
0.0018
Bs Ba
0,054
0.042
0.029
0.03%0
0.042
0,027
0.02%

n. 4, (2)
0.029
0.028
0.030
0.0060
n. 4. (1)
0.025

080 -

ne d. (i3
0.00078
e da

r. d. (1)
0.0008%2
ne d.

r. do (1)
0.00047
0.00058
re dx (1)
Ne 8
0.0015
0.0017
0.00066
0.00061
0.00087

" 0.00069

9,60089’
n. d. (2)
0.00067
0.00063
0.00061
Y

ne de (1)
0,00076

221
1,0

0,000026
0.000012
ne 4. {2)
ne d.

n. &, (2)
re d.

e

ne d. (2)
Y

ne de

ne d. (2)
0.000046
Ve
0.000024
e
0,000031
0,000032
0.000014
Ya
0.000026
0,000041
0.000025
n. d. {2)
0.000010
0.,000027



Bample Ho..

45784
45790
45791
45830
45843
45851
45861
45871
45881
45891
45892
45900
45901
45902
45904
45906
45907
45921
145961
45962
45964
45982
45985
45990
45994

K0

0:30
2,00
0,94
2.47
2,12

C 2,39

2,99
2,24
2,18
2.45
2,47
2,10
1.99
2,04
2.24
2,22
2,40
0.47
0,56
1,19
1,18
1,80
1.86
2,03
2429

Per Cent

Rb,0

ne 4o (1)
0.03%0
\ D
C.042
0,029
0.033
0.039
0.036
0.03%0
0,033
0.036
0,030
0.030
0,030
0.033
0.033
D.03%6
r, d. (1)
0.0090
0.022
0.016
0,026
0.027
0,030
04033

&agﬁ

ne a. (1)
0.000%7
n. d. tli
é‘GOQQI
0.0012
0.00088
0.0010
0.0006%
0.0011
0.,0011
0,0011
0,0009%
0.00083
0,0010
0.00091
0,00090%
0.0011

n. d. (1)
0.00024
0.00064
n. 4. (1)
0.00074
0.,00091
0.00096
0,00082

71,0

ne da

0,000028
ne. de

0.000037
0.000035
0.000044
0.000048
0.000032
0.000032
0,000036
0.000037
0.000043
0,000037
0.000036
0.,00004%
0,000042
0.000038
n. 4.

n. 4. (2)
0.,000027
n, 4.

0.000029
0,000032
0.000034
00000737

222



PETLEETIEARTE T ciriow  ar iAme ahf tad

Sample No.

45999
146000
46007
46010
46014
46016
46020
46023
46030
46032
46035
46037
46039
46041
46043
46045
46049
6083
46057
A80%59
46062
45064
46068
46072
46076

Eq0

2459
2,41

2.03
1,90
2.16

| 2.22

2,40
2,27
2.15
2.39
2,27
2.41
2.28
2,44
2,42
2.39
2,44
2.32
2,38
2,60
2,45
2,48
2,46
2,27
2,45

Peor Cent
Rb0

0.0736
0.033
0,030
0.025
0.038
04033
0.042
0.036
0.036
0,042
0.033
0,036
0.039
0.042
0.039
0.042
0,039
0,039
0.039
0.045
0,039
0.045
0.039
0.039
0,042

Qﬁaﬁv‘

0.00081

0.00076
0,00093
0.00092
0.0013

0.00098
0,0011

0.00096
0.00086
0400094
0,00072
0,00094
0400086
0.00089
0.0011

C.00082
0.00091
0,00071
0,00057
0.00082
0,00061
0,00077
0.00057
0.00060
0.00094

T1,0

0,000080
0.000039
0,000039
0,000028
0,000026
0.000054
0000059
0,000040
0.000038
0.000033
0.000036
0.00004%3
0,000044
0,000046
0,000048
0.000042
0.,000044
0.000047
0.000042
0,000044
0.000041
0.,000039
0,000033
0,000037
0,000040

A



Sanmple Hog

46081
46085
46087
46088
46091
46095
46097
46107
46114
46117
48125
46126
46127
461280
46135
461736
AL
46141
K616
A6155
46165
46175
46182
46185
46194

Per Cent
Rhgﬂ
D.045
0.04%5
0.042
0.036
0.042
0.0h2
0,048
0.036
0.026
0.033
0.033
0.039
0.03%6
0,039
0.036
0,036
0.039
0.033
0,039
0,036
0.030
0.039
0.033
0.039
0.039

Qﬂaﬁ

0.,00082
0,0010
0.0012
0.0010
0+0012
0.0011
0.0014
0,0011
0,0011
0,0010
0,00088
0.0011
0.,0010
0,0013
0.0013
0,0011
0.0013
0.0010
0.0012
0400091
0.0010
0,00073
000070
0.,00060
0.00071

7150

0,000024
0,000043
0+000046
0.000048
0,000038
0,000036
0.000045
0.000032
0.,000017
0, 000041
0.000037
0,000036
0,.000024
0,000042
0,000041
0.,000049
0.000087
0.,000084
0.,000080
0, 000042
0.000027
0,000037
0.00003%
0,000044
0,000030

224



Bample Yo

46202
462073
46211
45212
46215
46222
46226
28230
45237
46239
46242
46244
K6247
46249
162573
46255
46256
46259
26261
16262
46287
46272
45277
86282
46287

K,0

1.92

- L.52

1.86
1.70
2.11
2.12
2,45
2,08
2.02
2.04
225
2,15
1.T4
2,04
1.86
2,03
2,05
1.81
1.93
1.56
1.68
1,68
1,62
1.99
2.0C

Par Cent
szﬁ

0.033
0,024
0,030
0.026
0.036
0.036
0.029
0.036
0.033
0.037%
0.038
0.033
0.028
0.033
0,030
0.033
0,030
0,030
0,030
0,02%
0,026
0,026
0,025
0.029
0,070

Gsae

0,0010
0.00079
0.00098
0,00082
0.0G093
0,00062
0.00061
0,00064
0,00062
0.00071
0.00060

0.00048

0.00045
0«00049
0,00046
0.00064
0.00034
Ve

Ve

0.00052
0.00042
0,00059
Ve

0.00035
0.,00057

71,0

0,000031
0.000018
0.000023
0.000023
0.000043
a;mmw
0.000048
0.000043
0,000030
0.000053
0.,000053
0.000046
Te

0,000084
0,000046
Ve

0.000038
0.00003%
0.000026
0.000019
0.000021
0.000031
0.000026
04000028
0,000022

225



Sample NO.

46292
46297
46302
46312
46317
46322
46327
46332
46337
46342
46352
46357
46367
46368
46369
46370
46371
46377
46382
46387
46393
46397
46402
46407
46412

Eo0

1.86
2,03

.97

1.97
1.7%
1.62
1.8%
1,87
1,92
2,06
1.80
1,49
1.67
1,91
2,11
1,13
2409
1.03
1,46
1,04
1,02
1.45
0.16
1,00
1.%6

Fer Cent
RbgO

0.030
0,033
0.030
0,028
0,029
0.026
0.036
0.036
0.030
0.036
0.029%
0.025
0.026
0.029
0.034
2.019
0.038
fis ds
0.023
v.

C«017
0,016
Vs

Ve

0.036

cﬁa@

0.00068
0400076
0.00074
0.00061
G,00073
0,00057
000077
0.00089
Q,00058
0.00076
0,00053
Q,00072
Ve

Nne de
n. d.
ne do
Ne 84
ne do (1)
C. 00084
Ve
C.0014
0.0053
ne d.
ne do (1)
0.0012

T1,0

0.000021
0.000017
Ve

£.000018

Vs

 0.000038

Vs
0,000015%
0.000019
0, 000020
0.000029
0.000026
ne ds

s e

fie de

ne e
£.000019
rie 4o

ne de

D Qe

226

n. d. {2)

ne de
ne 4, ()
ne de
0000019



Bample No.

46417
46422
A6A2T
46432
46437
46442
AGAAT
46462
46467
hGhT2
46475
46476
A84TY
46480
46485
46486
46490
46491
46494
46495
46500
4650%
46508
46510
46512

K50

0,66
0.08
1,17
0,20
0.12
C,31
0.10
1.87
0.TH
2,08
0.0

1.68
1.73
1.78
0.89
0.83
2.0%
1,10
1.07
1,98
2.12
2.15
1.49
1.90
1.72

Per Cent
HbQQ

Ve
ne 4.
0,018
ne 4.
n. 4,
0.0045
ne de
Q.027

0.033
n. 4,
0.028
0.0%0
0,030
0,014
0.014
04036
0.018
0.024
0.030
0.0%0
0.033

0,022

0,028
0.02%

nge

Nns 4. (1)
n. 4, (1)

i+ ﬁﬁ (1)

ne 4. (1}
n. 4, ‘1}

 0,00016

ne d.

n. 4. (1)
n. d. {1)
ne d. (1)
n, d. (1)
0.00083
0.00095
0,00093
0.00052
0.00038
0.,00079
0.00039
0.00045
0.00051
0.00062
0.00075
0.,00041
0,0006%
0,00046

1,0

Ne de

Ne da
ne d.
Ne ds
n. d.

e de

n. d.
0.,000023
ne de
0.000017
0.000023
s B

Va
0.000017
0.000042
Va

Ve
0.000039
0.000039
0.000043
Ve

Tie 8y

0.000042

221



Semple NoO.

45515
46518
46519
46520
46525
46531
46536
46538
45539
46541
46542
L6544
45549
46555
46559
46561
46568
46573
46552
46591
46595
46599
45600
466073
46608

KQQ

1.90
2,02
1492
1.13
1.02
c.52
0,48
Q.95
C.59
0,30
2,12
0.88
.64
1.34
1.31
1.85
1.34
1.60
0.67
1.70
139
1,45
1455
1.10
1.26

Peap Cent

Rb,0

0.028
0.03%0
N, 8
0.018
0.013%
0.0072
0.0077
0.0074
0.0084
0,0024
0.019
0.013
0.0087
0,021
0.020
0,028
0.01%
04022
0,010
0.017
0,014
0.0185
0.016
0.011
0.014

0.00063
0,00074
e &

Ve

Ye )
0400029
Ve |
0.00023
ne. d. (1)
Ne d.,(%)
0.0005%
Ve
0.00022
Va

Ve

Ve
0.00047
0.000%9
0.00021
0.00057
0.00043
0.0005%1
0,0005%
0.00036
0,00044

228
71,0

0.000035
0000078
0,0000%0
Ve

Q.000029
fe d. (1)
0.000016
v.

ne d. (1)
n, Ga. (1)
0.000039
Ve

0.000015%
Yo

0.000021
0.000042
0.000037
0.00003%
v,

ne d. (1)
0,000028
0.000026
04000022
0.000020
0.,000022



Sample Ho,

146605
48613
46616
46619

*2?

1.80
224
%468
2.27
3.12
3436
2.45
3436
3400
3+25
2469
3419
3,20
2453
5.22
3425
2,98
3.00
3407
3.08
2.96
Q.82
7.01
7.18
37T

ier Genv
Hbg©

Qﬁgmﬁ

0.028

0,051
¢.030
C.0A2
0.045
C.0%
0.048
0.042
0.042
0.036
0.039
0.045
0.036
0.048
0,045
0,028
0,029
0.0%0
C.029
04027
C.0%0
G,028
0,045
0.087

6330

0.,00027
0,00064
0,00095
000089
0.00078
0,00084
0.00077
0.,00092
0.00075
2.,00081
0.00058
0, 00064
0.00090
0.,00068
0.00078
0.00076
0.00082
0.00092
0.000T4
0.00095
0.00099
0.0011

0,00098
0,0010

0,0013

1,0

0,00014
0,00003%6
0,000047
0,000032
0.000046
0.000042
0.000024
0,000042
0.000039
0,000037
0,0000%0
0.00004%
0.000038%
0.000027
0.000036
0.,000037
0.0012
0.0010
0.0010
0.00096
0.00098
0,0019
0,00094
0.000022
0.000085

223



Sample Ko,

46679
48682

46688

ABKES
56600
46602
16605
46508
46705
46707
44708
K6T14
46715
A6T1S
46719
46720
46724
46729
46771
46734
26726
48723
46745
ABTAY

X0

.14
3,54
3,55
.58
3.79
2,80

1480
3.43
3.16
328

Pepr Cent

RbgO

0.042
0.048
0,048
0,048
0.054
0.036
0.042
0.039
0.045
0.048
0.042
0.036
0.054
0,048
., 0%
0,057
082
0.04%5
0.033
0.033%
0,018
0.0%4
0.042
0.042

Cap0

0,00091
0,0012

0.0011
0.0010
0,0013
0.00093
0,00090
0,00090
0.00099
0.0012
0.00099
0.0013
0.0018
0.0013%
0.0013
0.0018
0.0017
0.0012
0.0011
0.0014
0.00084
0.0011
Va

0,0011

1,0

0.,000080
0.000045
0,000042
0.000045
0,000035

- 0.000079

0.000069
0,00011

0.000068
0.000087
0.00009%
0.000078
0.,000067
0.000088
0.000048
0.000082
0.000068
0.00011

0,000089
0.000004
0.000078
0.0001%

0.00016

0.00011

2

0
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Appendix ¢

Tables Glving the Abundance Retlos
for A1l Samples



Sample
Ro.

45001
48004
45005
45006
45012
48014
45018
A8029
5033
45042
45054
45057
45064
45080
45085
45089
45124
45124
45126
45127
45128
45129
45130
45131
45132

110
78
104
82
78

73

a7

5
162

63
105
73
68
85

3100
2880
2820
2560

3520
4160

63000
14000
110000

180000
130000
97000

89000

38000
28000
32000
37000

8500
17000
8000
8900
15000
3300

1470
1000
1000
1800
1610
1240
1200
1220

350
430
230
210
130
150
110
130
170



233

Sample SKRC: %ﬁgcz L 0 0
Ro. ERba0 08,0 £71.50 énee

45133 79 430 10000 130
45134 113 4600 7800 69
45135 - - - -
45140 64 7540 92000 1400
45174 ™ 1480 - "
45182 84 1720 - .
45183 66 3100 63000 950
45184 65 2340 60000 920
45192 66 2270 63000 960
45203 73 1720 - -
45216 46 - - -
45239 56 3160 52000 920
45243 54 2720 63000 1200
45256 94 3650 53000 860
45267 53 2920 71060 1200
48272 69 3560 - -
45280 59 2560 110000 1800
45290 65 3090 72000 1100
45294 63 3530 50000 800
45298 73 2440 66000 910
45303 70 3070 49000 700
45304 73 2460 120000 1700
45308 69 3550 57000 810
45312 58 3450 79000 1400



Sample
o

A5323
45328

45332
45357
45344

45345
45349
45354
45385
457362
45363
4e412
48414
46443
45454
45467
48400

46491

45492
45493
45494
45499
45500
45501
45518

2160
1780

3150

4320
2730

53000

110000
73000

70000
140000

51000

85000

1700
1000

950
2200



Samnle
Yo,

45522
45829
45531
45538
45552
45584
45555
45857
45609

48871

45710
45718
45720
4n722
45724
45729
48756
A5TST
45759
45762
A8T673
45766
45767
45768
45771

1450
3020
3330
560
2710
1900

2860

3340
3620

2280

#ra0
%T1a0

78000
14000

83000
72000
120000
74000
51000

89000

73000

1200

1200

1400

850

1800

1100

880
1200

930



236

samplo L Bl 0. ER0
Rby0 %080 #7150 #7130
45784 - - - -
A5T90 1 5410 71000 1100
k5791 - - - -
458730 59 2720 67000 1100
45843 73 1770 61000 830
45851 72 2720 54000 750
43861 66 2590 54000 810
45871 62 344D 70000 1100
45881 73 1980 63000 940
45891, T4 2220 68000 940
45802 69 2240 £7000 970
45900 70 2210 49000 700
45901, 66 2400 84000 810
45902 68 2040 57000 830
48904 68 2460 50000 730
45906 67 2340 53060 790
48907 Y 2180 63000 980
45921 - - - -
45961 62 2330 - -
45962 54 1650 45000 820
48964 74 - - -
45082 69 2440 £2000 500
45985 69 2040 58000 850
45990 68 2110 60000 580

45994 69 2800 62000 890



fample
KO

45999
@m .

46007

46010
46014
46018
46020
46023
46030
46032
46035
46037
56039
48041
46043
AH6045
46049
46053
46057
48059
46062
48064
46068
46072
46076

2680
3270
4180
3170
4020
3090
4310
3760
2610

43000
57000
59000
50000
64000
75000
51000
61000

840
890
910
310
1000
890
830
930
1000
950
1200
1200
1100
1100



Sample
Bo.

46081

46085

46088
46091
46095
46097
46107
46114
46117
4612%
58126
46127
45128
46135
46136
A6137
46141
46146
46155
46165
46175
46182
46188
46194

60
64
66

62
56
70
63
69
71
61

61
68
65

68
63
55
67

59
64

57

2150
2360
1930
2270
1480
2260
2680
2180
2290
1830
1790
2140
1910
2230
2060
2190

330
3870
%140

110000
43000

50000
68000
72000
60000
78000
96000
55000
64000
66000
96000
57000
57000
48000

41000
49000
47000
TA000
62000
60000
53000
74000

1900
1000
930

780

1100
1200
1100
1200
1500
810

890

1100
1500
930

TAO
680
610
780
860
1100
1160
940
890
1300



sSemple
Hore

46202

A6203 .
ag211
46312

46216
46222
46226
46220
46237
46239
46242
46254
46267
46249
46253
A6255
46255
46259
46261
46252
46257
46272
46277
46282
Ag287

65
62
62
63
62
68
60
64

65
65
65
69
67

2070
2260
3420
4010
3220
2260
2880
2760
3490
3870
5160
4090
3170
6030

3010
4000

2840

5630
3510

 RK
ﬂaﬁw

62000
85000
81000
74000
49000
59000
51000
48000
67000

43000
27000

38000
41000

5A000
52000
T4000
32000
30000
54000
63000
70000
91000

233
T1,0
1100
1300
17300
1100
840
1000
g10
840
1100
620

6680
720

610
650

860

1200
1300
1200

960
1000
1400



“ample
Were

46292

46257

46302
46312
46317
46322
46327
46332
46337
46342
46352
46357
46367
46368
46369
46370
46371
h63T7
45382
46387
46393
46397
46402
46407
46412

#X 20

R
%08q0

2740
2870
2660
3230
2400
2840
2400
2100
3250
2710
3390
2070

1130

#E20
ETLA0

89000
120000

110000

43000

120000

100000
100000
62000
57000

72000

240

#ib,0
T 0

1400
1900
1600

580

2400
1600
1800
1006
960

1900



Sample
pi{-

AGH1T
46422
Ag427
46432
464%7
48442
46447
46462
A6457
46472
46475
AG4TS
46473
46430
46485
48445
46490
46451
4645%
46495
46500
48503
44508
45510
453512

£%20

TAba0

#K 20
gﬁﬁaﬁ

2020
1820
1910
1710
2190
2500
2820
23680
2580
3420
2570
3640
3270
3740

$X 0
g?lgc

90000

99000
75000

43000
45000

%1000

50000

41000

1400

1600

T70
770

600



Sample
No.

46518
46518
45519
46520
4652%
46531
46536
46538
46539
46541
45542
46544
46549
46555
456499
45561
46568
46573
45582
46591
45593
45599
46600
456503
46608

FELH0
4Cagl
320
2730

1790

4130

3860

3910

2850
2710
3190
2960
3230
2040
2020
2050
2860

#¥90
ﬁg?lgO

450

480

490

580

9%0
870
410
630

8% "7

550



Sample
Ho.

46609
46613
46616
46619
45622
46625
46627
46630
466752
466735
46637
46640
LESHS
A5544
46646
46648
45650
48653
48657
46661
46564
L6667
45670
LESTS
46677

£¥ 0
FRbp0

80

76
T4

63
70
72
78
75
82

71
67
72
106
103
102
106
110
101
108
71
56

70
AGes0
5660
3500
3880
3550
4000
4000
3180
3650
4000
A020
4640

3560
3720
M0
4280
3540
3260
4150
3240
2590
2550
3070
3130
2520

=¥ 20
2T1a0

16000
62000
TE000
71000
68000

. 80000

100000
20000
77000
88000
90000
71000
92000
54000
90000
88000
2500

1300
1300
1300
1200
23
2y

30
28
15

2000
1000
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Sample 0 0 'O Dol
46879 7% 3460 63000 = 840
asse2 T 2980 79000 1100
46684 T4 %220 88000 1100
46686 5 3560 80000 1100
46690 70 2920 110000 1500
#5692 T8 010 38000 460
A6696 62 2880 #4000 7o
46690 71 3080 25000 380
46705 66 2990 44000 660
46707 64 2540 35000 550
46708 67 2060 30000 450
46714 67 1850 31000 460
HETLR 68 2020 84000 810
46716 6% 2250 33000 510
46719 6C 2040 88000 880
46720 69 2190 48000 700
ABT24 7% 1870 7000 620
&6T29 68 2540 28000 410
&4731 80 2400 30000 370
46734 63 1490 22000 350
46736 &3 1700 19000 %0
BETHS 64 %120 23000 360
46745 7% - 20000 260

KETHT 7 2940 29000 380
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Appendix D

Losation of Samples
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Bample Formation sample Formation
No. \ : Ho.
45001 Hiceene Nodular Shale 45133 Mt. Glen Shale
As00A " " " 45134 ~= (Bl: Oha)
45005 "% a5135 -
%0@6 " " " 45140 Eagle Ford Shale
48012 . Fric Sendstone As174 " "
asora " asi82 v
45018 " " 45183 " nooow
ASOR9  ® " 45184 " o on
45033 " 45192 Woodbine Sandstone
. 450‘#3 L " 45233 ] ' o
Agosé ¢ " 45216 Austin Chalk
45087 " 45239 Eagle Ford Shale
45064 " " 45248 voodbine fandatone
Az080 " " 45256 Tusealooss Sandstone
4s085 ¢ ) 45267 EZagle Ford Shale
4595g " . " 48272 n " "
48124 Chattancoge Shale 45280 oo "
45125 -- (Bentonite) 45290 " nom
48128 Chattenocoga Shele 45294 " " b
45127 == {Bl. 8h.) 45298 Auatin Chalk
45128 Woodford Shale 45303 o
48129 ~« (Bl, Bh,) A5304 " "
45130 Chattancoga Shale 45308 " "
45131 " " 45312 Cagle Ford Shale

45132 Voodford chale 483230 Woodbine Dendstone



Sample
Ro.,

45323
45328
45332
45337
45344
45345
45349
45354
45355
45362
45363
45412
45414
rshhl
25454
45467
45490
45491
45492
45497
45404
45499
45500
45501
45518

Formation

Woodbine Sandstone
Austin Chalk
Eegls Ford Shale

" " "
Augtin Chalk.
Woodbine Sandstone

Eagle Ford Shele

] H 11

;1 1 "
Yoodbine Sandstone

L] 1}

i 1"

L] [ |

] "

Austin Chalk
Yoodbine Sandstone
Austin Chalk
Woodbine Sandstone
Austin Chalk
Woodbine Sandatone

it H

Austin Chalk

i} i

Woodbine HSendstone

" L

Sample
RO

45522
45529
45531
45538
45552
45554
48555
45857
48609
45671
45710
45718
45720
45722
45724
48729
45756

ASTST

45759
48762

4A8T63

A5766

AsT67
45768
45TT1

Formation

Hoodbine Sandstone
Austin Chalk

1% 1%
Woodbine Sandstone
Austin Chalk
Woodbine Sandstone

2] it
Auatin Chalk

2] ]

] H

" #

Woodbine Gandstone
Eagle Ford Shale
Austin Chalk

it "

" #

L H
.o "
L] L
L] L

" uw

Woodbine Sandstone
Austin Chalk
Eagle Ford Shale
Austin Chalk

247
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Bumple Formation Sumple Formation
Ro. No.
45784 Woodbine Sandstone 45999 Lower Eutaw Shale
ABT90  Austin Chalk 46000 " " "
48791 Yoodbine Sandstone 46007 " V" "
45830 Hegle Ford Shale Agor0 ¢ . "
45843 Selma Chalk A014 " " \
aggsy " a6 """
AsB6r " asp20 * 0+ "
45871 " " A502% " u‘ | "
45881 n ] 460% " o "
aseor " #6032 Tuscaloosa Sandstone
AnBg2 " " 46035 " .
458900 " " ' 46037 " "
45901 " " 46039 " "
Asgoz " " 46041 o "
45904 " " A504% " "
a5906 " " 4604% " "
45907 " 48049 " "
45021 Woodbine Ssndstone 46053 " L
48961 Austin Chalk A6057 " "
48962 " " 46089 " "
AS5964 Woodbine Sandstone 46062 " "
45982 Selms Chalk 26064 " "
45988 "o A6068 " "
asggo " " 46072 " o

45094 Lower Eutaw Shale 46076 o "



Sample
How

46081 Tusealooss Sandstone

46085

46087 Selma Chalk

46088
46051

abogs

A609T
46107
A6114
A117
A6125

46128

agr27
46128
46135
46136
46137
AG14Y
46146
A6155
46165

A61TS

A6182
4618%
46194

k2]

L 4

L)

L]

Lower Butaw Shale

"

#

L4

"

L

w

o

"

n

Formation

E

u

e

Sanple

¥o.
46202
46203
46211
h6212
46216
46222
46226
46230
46237
6239
46242

46244

46247
46249
46253
46258
46256
46259
46261
46262
46267
46272
46217
46282
46287

2Lg

Porwation

Lowery Eutaw Shale

" n #
“ " "
" " 0
" n ]
" E "
o ] 1 ]
" I n

T7uaselooss Sendstone

" n
] ]
" ' "
ot "
A L}
# L
o "

Eagle Ford Shale
Tuscalooss Bandstone
) 14

oy

Austin Chalk

L "
L "

o ]
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ﬁaggia Formation | ﬁa§g§a. Fornatlon
46292 Austin Chalk .~ B6A17 Woodbine Sandstone
agag7 " " 46422 " "
46302 " » 45427 " "
ag312 " 46432 .
asny "t S L
5322 " " amaz 0"

v LI 46447 " "
azza " 46462 Esgle Ford Shale
agsyr " " | K8467 Woodbine Sandstons
a2 " 46472 A -
352 " " agaTs " "
AgzsT - " 46476 ' Miocene Nodular Shale
4635?‘ Eagle Pord Shale LE4T9 "o " "
n6363 - v " agsg0 " o
ST aghes v
ss70 """ sa86 " " "
46571 nooom 46490 " " "
#6???, Woodbine Sanistons 46491 "o " "
o2 1 s
aze7 " " 46495 " "
46393 Austin Ohelk 46500 " " n
as37 " " 46503 " " "
46402 " " 46508 " " "
46407 Eagle Ford Shale 46510 " " "

46412 Woodbine Sandstone 46512 " " "
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Sample Fornation Sample Formation
Ho. No.

46679 Cherokee Shale 4671% Cherckee Shale
A5682 " " 46716 " "
46684 " " 46719 " "
46686 " " A6720 " "
46690 " " 467724 " "
46692 " " 46729 " "
46496 " " 46731 " "
46598 " " 46734 " "
45705 " " 46736 " "
48707 " " 46743  fntrim fhale
46708 " A - A8TLS " "

LLy sl " " 4ETAT " "
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Looation of New England dranites

Sample Ko.

2A4 Roadeut, Route 128, Dedham, Mass.

6A8 Weatwood Quarry, Westwood, Mass,

1542 Bow 8t., Quarry, Freeport, Maine

18412 Quter Lattli Quarry, Pownsl, Maine

18419 long Cove Quarry, South Thomeaton, Meine
15A23  Keehan Quarry, Clark Island, Maine

16A10 Americsn Granite Co. Quarry, North Jay, Haine
16A12 Maine & N, H. Granite Co. Quarry, ¥Yorth Jay, Maine
16A13 Perry Quarry, Hallowsll, Maine

16418 Jim Bailey Quarry, Hallowell, Maine

16422 New Westerly Quarry, Milford, N, H.

16428 014 Tonella Quarry, Milford, N. H.

18A18 Chapmbn Quarry, Westerly, Re I.

18A25 Celder & Carnie Quarry, Westerly, R. I,
19A% ° Sullivan Granite Co. Quarry, Dradford, R, I.
19A8 Klondilke Quarry, Bradford, R. 1.

19A13 WebbePitzwilliam Quarry, Fltawilliam, N, H.
19422 North Pole Quarry, Fitzwilliam, N. H.

20411 Vetmore-¥Morse Quarry, Barre, Vi,

20426 Rock of Ages Quarry, Barre, Vt.

21A1 Woodbury Granite Corp. Quarry, Woodbury, Vi,
21A7 Drennan Quarry, YWoodbury, Vi.

21A11 Blancherd Quarry, Concord, K. H.

21416 State Prison Quarry, Concord, N. H,

22A11  Porcupine Quarry, ¥orth Sullivan, Maine
2244 Havey-llobartason Quarry, North Sullivan, Maine
24420 Blue Hill Granite Co,, Blue Hill, Maine
24A24 Kinch Mt, Quarry, South Brookville, Maine
2848 Wallace Cove Quarry, Jonesport, Maine

25A12 Booth Bros, Quarry, Jonesboro, Maine



Home:

Date of Birth:

Place of Birth:

Parents:

wifo:

Education:

Assiastantships:

Honors:

Blography

Frank Sognwell Canney

October 8, 1920

Irswlch, Yassachusetts

Ruth E. Cannoy and Frank T. Canney

Marrlied Isadbel Chandler QOliver
on Deccrbar 23, 1944

Public Schools of Ipswich,

Haassachusatlie

Yassachusetts Instltute of Technelogy,
19371642, 0.8, Degree in Chemlstry
Aprm11 27, 1942

Masgsachusetts Institute of Technology,
1947-1982, Graduste Study

Regearch Assiatant in Jeology, 1948«
19%1

Soclety of the Sligma X

¥4litary Experience: U. S. Navy, 1942-1937

25k
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