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T itle; I tbidiam.-trontiam Ages of Gla couite and their
Application to the Constraotion of an Absolate
Post-Preoambrian 2Tme Scale.

Amthor; Randall F, Cortler.
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for the 4gree o* Doctor of Philosophy.

An attempt has been made to mosare the absolute ages of
sedimentary rocks through the analysisa of common strontium,
radiogenti strontiam, and rubidia contained in glaneonite sam-
ples separated from sediments. The analyses were carried out
using the stable isotope dilation motted. In all cases, the
sedimentary rooks employed were well dated, geologically, on
the basis of index fossils. The periods represented by the
glaaeonites analysed were Cambrian Ordofician, Devonian, Jaras-
sic, Oretaoeous, Eocene, ae d Resent.

nTa 4btdiam content of glaconite was found to range from
XBO to $90 ppm. This is rather low in comparison to other miner-
als being used for fb/Sr age determinations. The relatively Low
rabidita contents give rise to low radioteio strontium contents
ranging from zero for the recent sample to a high of 0.54 ppm.
Althoju h, in many cases, the ommon strontiua content was foand
to be between 30 and 10 ppm., it was elt that the aajor portion
of common stronti m enaecotered was the result of carbonate it-
parities in the sample. A glaoonite leached for three minutes
ia very dilate HG1 was round to contaln only 4°4 ppm. common
strontiua while the same sample, uaeoched, was found to contain

849 ppm.

eoaause or the low radiogenia strontium contents encoaterea,
Isotope ab adaoe determinations were made on unspiked strontium
samples extracted Trom each glaoonite. It was found that by
doing this, sagaIftantly more accurate radiogenit strontium
contents, as compared to those utilising only strontium Isotope
dilution data, were obtained.

It was found that glauoonite in solution could not be ana-
lysed directly for rabidiu m content with confidence, becaause of
contamisation rabidim introdAaed within the mass spectrometer
itelf. To overcome this diffioulty, separation of the rubidium,
before analysis, atilizing ion exchange teohniques, was employed.

The ages obtained for five Cambrian samples ranged from
39* million years for Upper Cambrian to b84 million years for
what probably was an upper Precambrian 1a sample. A lowest
Ordoviotan sample from Sweden gave an age of 655 million years



while two Lower Ordoviian samples from the Leningrad area
of u sia gave ages of 46b to 464 million years, The single
Devonian sample analysed gave an age of ~81 million years for
tte iower eyvonian, two Upper 4ara sio sapLes from the Laramie
asin ox Wyoming gave ages of IZ5 and 136 allion years. Three

Upper Qretaosous - Lower oaoene amples resulted in ages of 71,
b9 and bb million sears. A recent glauonite from the Atlaztio
Ooea o:f Georges 1Mk gave an age of sero.

toe alaleoouite Rbb r ages obtained have been ompared with
Uib, ./A, and RbjSr age determinations made by other investi-
gators on materials whose geologio ages were thought to be well
known, okn th basis of either paleontology or igneos-sedimentary
relationships. Te measured aes, inclating those by other
investigators have also been compartd to the A-tiam scale set
up by Arthar olnmes in 1947. The comparison showed that oat of
37 measured ages, k9 were in exoellent agreement with Holmes'
soale. Of the eight Yhihc were not, six were Rb/S$ glaeonite
ages one was a KJA glauconite age, and one was a /A sylvite
age IlIghram). On the basis of replioate analyses, it appeared
that the apparently discrepant glaaaonite ages were not the re-
salt of analytical error, and it was coeladed that processesee
operative after or during the formation of flameonite were prob-
ably responsible. Possible natural processes which woald result
in discrepant glauoonite b/Sr ages were examined and disoassed.
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INTRODUOTION

The setting up of an absolate time scale for the differ-

eat events which have taken place on the face of the earth

since it was formed has been the objective of a large nuPber

of geologists, geophysioeits, and others interestel in the

earth solences. 1fhe first steps taken toward this goal were

made by paleontologists and stratigraphers. The foot that or-

ganisms had undergone a process of evolution was early reoog-

nized, ana enabled men to constraot a relative time scale for

the events in the earth's history in these areas ot the world

where reooguisable fossile could be found in the sedimentary

oolasn. Jaleontoloiy alone, however, valutble as it has proved

to be, sufters from a namber of iaportant drawbacks. In the

first place, the dating and correlation of strata on the basis

of fossil content alone can only be u~ed,tor the constroation

of a relative time scale, no absolute ages being determinable.

econdly, a relattive time scale based on paleontolog can be

set up for only about 1b of the entire history of the earth,

that is, from the base of the Vambrian to the present. This is,

of coarse, due to the fact that recognizable fossils are rarely

ever found in rooks older than the basal Gambrian. A third

difficalty which one may enounter in attempting to set ap

even a reltive t e o time scale on the basis of fossil data alone

is the fact that recognizable index fossils are often lacking

in those strata in which one may be partioalarly interested.



Nuaeroas early attempts to set up absolate time seales

for post"Preoambrian time were made. In general, the basis

of such an tstimate was to attempt to determine the rate of

aceumulation of sediments and then to extrapolate back in

time. The length of time represented by each period was

caloulated ~n the basis of the mailma known thickoess of

sediment deposited during a given period, this method ob-

viosxuv contains a namber of inherent sources of error, The

method is si~ply a ve r rigid application of the principle of

axiformitarianism. As pointed out by Holmes (1947), each a

strict application of uniformitarianism is unwarranted for a

number or reasons, Thus, we have no way of knowing whether

the rates of sedimentation employed have been conetant through-

out geologic time. Again, the maximum thickness of sediments

found for a given period may not represent the total amount

of sediment aotaally deposited since intervals of non-deposi-

tion, or even of erosion, may have occarred from time to time

daring that period, To illustrate the widely divergent esti-

mates of tne elapsed time since the beginning of the Cambrian,

based upon rates of sedimentation, Holmes (1947) has prepared

the following table.

_I___YL_ 1___~_1_;___- -_-_. ~. ~.-~LI~LI-S~I-



TABL I

ESTIMATE OF GEOLOGICAL TIME IN MILIONS OF YEARS

ea&e Walcott Goodohild Sollas
(1879) (1893) (1897) (1900)

Cainozoic 2.9 93 4.2
200

Mesozoio 7.24 237 3.5

Upper Paleozoio) 200 219 5.8

Lower Paleozoic) 200 155 4.8

Gambrian to present 600 27.64 704 18.8

A. Winohell (188) estimated the time from the base of

the Cambrian to the present to be ebout 3 million years,

while McGee (1893) concl ded that 2400 million years was nearer

the truth. Although Ieade's estimate of 1879 appears to be in

good agreement with the most modern estimates, we rind that in

189Z, he revised his figure to make 95 million years the entire

age of the earth. Rolmes (1947) states that "...it is easy to

see that Goodchild reached his figures by a lacky bat parely

accidentrl combination of low thicknesses with slow rates of

deposition."

Other, probably more reliable, attempts to measure abso-

late time by parely geologic means have been made, but the

lengths of time so measured have been generally small compared

to the length of time which has elapsed since the Cambrian.

Thes, F.J. Pack (Rep. 1934, p. 11) has shown that the well of

Bryce Canyon, Utah, is at present receding at the rate of

about two feet per century and that it has receded about one

hundred miles sines the aplift of the plateau ocearred at the

begianin6 of the ioscene. If the present rate of recession



does not difter greatly trom that daring the entire time of

reeession, his estimate of 26 million years for the length of

time since the beginning of the Miocene is probabll gaite so-

caurats.

The couating of varves is another method which has been

use to estimate the length of time required for the deposi-

tion of strata. Thus, W.H. bradley (190) estimated the dua-

tion or the (reen hiver Ipooh (Middle £ooene) to be b-8 milion

years by couating varves in the Late deposits of the Green

rtver basin.

However, seac opportunitiee to determine absolate ages by

purely geologic means are rare and tnere is little hops that

an absolute time seale will be established by saoh methods.

The most promising methods by which absolute time scales

could be set up to sever long periods of earth history appear

to be those based upon the decay of naturally oeetrring radio-

active isotopes. Some exeelteat review articles on the

methods of radioactive age determinations have been published

within the past few years; e.g., Feal (1954), Kohman and Seto

(19bb), Zalp (195b).

TraTPoam-Lead Methodso The parent element urania is composed

or two isotopes of mae Z$5 and £~8. Each goes through a long

radioautive decay scheme containing anaers unstable, radio-

active naolides. The not resuXt of the deeay schemes however

is as foilows;

_illiQPIPL YI ~p-~"~I-.~rr~~~- .--.~~-si~El-iYLi*.~L



U 2 5 8 £ pb206 8He 4

U825b --- pb20 7, 7e 4

When uraaium-lead ages are measured, three independent ages

may be obtained, these being pb206/UZ3 8 , pb2?09/Vu , and

pbOT/pb2 0 6 ages. The latter is posslble because the rela-

tive abundances of the two uranium isotopes are constant

whereas the de8y constants are appreciably different. The

extent to which three sueh ages agree is a good measure of

the confidence to be placed in the ages, In a large number

of eases, concordancy between the ages has not been obtained.

This could be due to a number of things, such as radon leaks

(iaip et al, 1954) and preferential leaching of lead (Collins

et al, 19b4). However, a signitioant number of U/Pb ages

where excellent agreement has been attained among the three

ages are now available and it seems probable that sach ages

are reliable. Nlmerous concordant U/Pb ages will be forth-

coming in the near future, since mass spectrometrio techniques

are so rapidly replacing the initial, and less precise, chem-

ical methods of analysis.

An important point to be borne in mind concerning UPb

ages is the fact that those ages which show conoondaney are

considered by most workers in the field to be the most re-

liable determinations of absolute age which we have. Conse-

quently, concordant U/Pb ages are being used to calibrate

other methods of radioactive age determination whose decay

constants and reliability are less well known, This is being



done by atilizing varioas age determination methods to

measure the ages of a nmber of associated minerals in a

single rook anit thought to be well dated by concordant U/Pb

ages. This type of work is well illastrated by Aldrich et afl

(1906) and wetherill et al (1966) It may well be that con-

cordant U/Pb ages will altimately provide the basic founda-

tions te r the vharios other methods of age determination.

Other mthods ot ase determination based upon e ann-

iasa decay series each as U/he, radiation damaie, and total

lead methods are discu.eased in tae above reterence.

totassi4m aethods. Oue or the iaotopte of potausiatI, 40

is radioactive and decays y b eta emisalon to GC 0 , and by

1-capture and gamma emitsion to .40 The most important ana-

lytical problem to be solved is the reliable determination of

the two decay constants and thus of the branching ratio, that

is, the ratio of ar60on to calciam atoms formed as the result

of the decay. J4any physical determinations of the branching

ratio have been made with valat ranging all the way from 0.08

to 1.9. However, recent work seems to eapport a value of 0.11

for the K40 branching ratio (Wetherill et al, 19b6, Bdkus

and Strickland, 1955, ko4k, 19bb, Ingraham et al, 19b0). The

work being carried on by ietherill and his group on mioas ap-

pears to be very promising and it in probably safe to say that

the branching ratio of 14 0 will be known a ourately in the near

future.

III11I*-_ ____~____~~__IIIX1-I-X-II--Y1~ I__~b~ll~Llil~C91~I(IC~



The E43ta4 0 decay scheme will probably have only re-

striated use for age work. This is because we have the least

abundant isotope of potass a (0.0119*) decaying to the most

abuLun t isotope of ealoiam (s96.9). a a resalt, radio$enic

l40 can Oe mea ured accurately only in minerals cotainiag a

high conentration oX potaasin anr an ettree31r low conaen-

tration or Calcium. i 4 0 /Ca4 0 ages then will be restricted to

realtively rare aolerals sach as lepidolite, sylvite and rose

ma covitu backas (19b.) has measured the E40/0oa 0 ages of

several lepidolites and compared the ages so obtained with

U/Pb, b/Sr, and E/A ages of the same mineral or assoolated

ones. He states, Oi40 /Oa40 ages obtained in this research are

related to ages obtained by other methods in a disrepanat and

ineonsistent manner. However, the amoant of data obtained is

not large enough to sapport any definite conolasions ooncern-

ing the causes of the discrepancies."

The 1/A4 0 methot, on the other hand offers great pos-

sibilities. This is because the content of "common" argon in

minerals is extremely low and, as a result, any argon present

in k-rich minerals is ver nearly all of radiogenie origin.

It seems quite probable that in the rtare the 4/ method of

a e Oeterminatiou will be or tne utmost ubse lness beoause

potassium-rieh minerals are common in mawy materials of geolo-

gioal signutioance.

Lhubidia-Strontim Method. the deeay of L0 to Sr8 7 was first

11_____1_ _ _~ _ ___.__ill LI~ - (-. .______lllli~YII~I



araggeted as a possible age smtho by Goldesohmit (19i?), bat

Ahrens (1949) was the first to attempt establishmat of the

method by aotual experimental work on lepidolites. Ahrens was,

however, severely hampered in his attempta for two reasons,

These were:

(I) He ae the emission spectrograph for the deter-

mination of Jb and Sr Sbsequaeat isotope tlation

analyses by Herzog it 1. (1965) sing the maess

spectrometer indicated that the socaracy of the

optical spectrographio determinations was not of

the order necessary for ascurate age determinations.

(2) Not having a mess speotrometer at his disposal,

and as a result, being unable to determine the

isotopic abundances of the Sr contained in the

minerals, he was uaable to correct for any common

S that might have been incaled in the minerals

at ' e etime r their rormation. This meant thna

xhreras was limiteS to iepidolites tor Eb/br ages.

Since then, a zamber or laboratories have been actively

eaged in Lhe eiasrement or Lb/ 4 ages, notably Aidrich and

his groap at the Departmeut ot Terrestrial Magnetism and Hersog

ant his Croup at M.IW. hesults of age determinations, primer-

ily on the minerals lepidolite, biotite, mascovite and uicro-

line, have been very promising. Some difficulties have been

encountered in the determination ot the decay constant of b89 7 ,

However, recent work by Aldrich et l (19b6)

sll"l~ -;~ cl .I~-~ .-8 "~YL----~ n~- ~-- r~i~-rr~ r~ u



intloatoe that the half-life of b I to very eleos to bO

bflion years. A more etailed analyseis of this problem will

be given later on in this work.

Althoagh naeroas age determinations bsed apon the varl-

out naturally oeoorris desay sohemes have been smae, one ean-

not help bat notice the fact that absolate age determinations,

in general, have been restricted to onloy oert.ai types of

deo00looa. terial. In ue9r4y every ease the aes have booeen

restricted to suoh rooks as peajatites, granites, Ad voloanies.

As & resalt% until onl veor r#etit the only manner in whie

absolute age imits coud be aseoined to te e vruss strti-

graphia periods or tUe etair's history has been throagh the

mea are* ages or igneos bodies foug d catting oeler sediments

or overlain by youager sediments. In most cases only one of

the desired relationships was ounz to be present, that is,

either an igneoas rook oat older sedimentary strata of known

"fossil" ago, and a minimm age ror the sediments was obtainA,

or an iganoes body was aneonformabtly overlain by sedimentary

be4s of known "fossiV" age, providing a mainan age for the

sediments, harely, if ever, has there been foaun a ease where,

tor example, strata known to be appermoset Devonian Ln ge, on

pal*ontologis groands, are oat by granite or pegntit- 5onaaina-

Lag minerals which may be aeourately dated by radioactive

methoda, which in tarn is overlain by sediments known to be

lowest isesissippian in age trom tossil evidenoe. It s*oh

relationships were common nrouaghoS e geologic solaMn, then

indeed, absoiat ae limits oaka be asslgned to the varios
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periods of geologic time. However, as stated above, sutih re-

lationships are indeed rare or ~uknown.

It is obvious also that detrital minerals each as biotite,

mascovite, or eldspar, commonly fouad in sediments, oould not

be esed to date the enolosing sediments since each ages woald

merely represent, at best, the age ot the terrain rrom which

they had been transported.

Wicmen (1948) saggested a method whereby the absolute

ages of certain sediments, mainly limestones, might be measared.

This method, now known as the "common strontium method", con-

sisted in measuring the tabndance of Sr 8 7 in strontium ex-

tracted from materials possessing & high ratio Sr/Lb. Wickman

felt that as a result or the continoaus deeay of Lb 8 7 to Sr 8 7 ,

the abundance of Sr87 should increase with time. Areover,

Wiokman etggeeted that the differences in SrS7 abndsnce would

be measurable. Subsequent work by Aldrich at at (1953) at the

Department of Terrestrial Magnetism, Berzog et al (19b4) at

M.I.T., and Oast ( 1954), ailed to disclose the expected vari-

ations in Sr8 7 abandanoes (4O per billion years), and it was

coeae4.6 that tne ratio 3Sr/h in the earta as a whole maust be

signiZiOant4 greater than ha& been assamed by wiekan. Sub-

sequent ana yeas oa tae ab-Sr contents or various terrestrial

and osdmic materials sapport this concLasion. (Rersoe and

tinson, T1b6)4

Lwald et al (1956) havo measared the isotopio abandanee



11

in Sr extrated trom samples or Seawater, stroatiaaite, se-

lestite ald limOesoe. In a sa:br of the seampes analyed,

they foUM easily sasar abl depletions in the abUn~anoe of

Sr#7 . Usi a value tor the ratio h 8 7/sr?8 of 4.62 (tanksma,

19b4), they were able to oeallate aSes for the varlieo samples.

The salotlated ages were Tonad to agree qaite well with the

assomed geological ages of the samples. their results are

shown in Table II.

TAb I

Sample Geologic Aessel 8r86/Sr8$ r8 /8 88 Compted
Age Age(xlO') (*104) (r0O) Age O10-8

Seawater -- 119b 4 718 5

SSroatianite:
Armheberg U.Cret. 1 1194 6 710 2 1.50 .9
Seieeralpe Persian 2 11f6 6 702 4 .,00 1.0
Drestelin-
fart U.Cret. 1 119S 4 709 2 1.69 .9

F a atal termi&a 1. 119I 4 704 1.b6 .*0 .8
Aaedotte tertiary 0.6 119i 4 709 2 1.68 ,9
Jena triassic 1.b 1194 4 702 3 2.92 1.1
rqown uouty 7 114 4 711 £ 1.51 .9

Limestones

Sowingen Cambrian b 1196 b 698 2 4.86 .9
fWirbelaa M.evonian 5.3 1196 6 702 5 3.001 .1

2he inability of other workers to fand suh variations in

the abundances of Sr 8 7 oanot be explained at this time. thas,

we have analyzed seawater stronti and found the abuananoes of



S 7 to be .0702. Althogh swald's results are extremely en-

eora'ging, it reproducible, the higt errors assiged to the

ages alcalatet indicate that farther refinements in instr-

awntation and techniqaes will be necessary before safficiently

acourate ages will be obtainable from common strontium isotope

abu~nd&arncee measurements.

The most direct approach to the problem of measuring the

absolute ages oQ sedimentary rooks woald be to find somel min-

eral which occurred in sedimentary rooks and which tormed at

the time or deposition of the sediments or very shortly there-

after, Tis mineral woald also have to possess a namber of

other oharoteristi*s. These are:

(a). It should contain envh 01o the parent element to

give rise to measarable amoants of the danAter element.

(b). It shoald preferaby be a mineral that was common, not

only georraphically but also stratigraphioally.

(C). It should De a mineral which was stable, that is, one

which wold remain a closed system with respeat to

either ingress or egres of daughter or or parent element

during geological time.

(d). It shcald be a mineral whose physical properties will

allow a clean separation to be made of the mineral

from associated materials.

If one examines the minerals foand in sedimentary rooks,

which are thought to be authigenie, ith the objestive of

measuring absolate ages by rasdoactivity methods, the mineral

_~lll_____iriji m__ _~_~^1
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glaaoonte immediately' presente itself. Gl oenaite, since it

contains potsiasn as a major element, shoald lend itself to

either Lb/Sr or K/A age feterminations. The probable applica-

bility of the Eb/Sr method follows trom the fast that beoause

of their similar properties, potas! and raibdia& flow one

another very eloseoL geoehemilally, and an enrichment in one

implies an enrichment In the other.

K/A laaeoanite abe measurements have already been attempted

by others, eg., ypson (1Th6), asserarg and RElqdea (19b5).

heir results will be reported on later in this work. The

research reported on here was undertaken with the objective of

findiq oat whether or not )b/Sr ages of glaoonite samples

could be ased as 6n aid in sottin6 up an abeolate time scale

tor the sedimentary rooks.



CHAPiFt I

BACMROUMD kATfL I A.

Geo2hemitrit of Sr and hb. Rbidiaa is an alkali metal

element, whereas strontium is a member of the alkaline earth

group of elements. The geoehemistry of these two elements has

been studied extensively by hrens (1949, 1947, 1951a, 1951b),

Pinson (19b~), Goldsohmidt (1a94), and Lankama and Sahama (19b0).

The treatment 6iven here will neoeeearily be very brief, but,

it is hoped, will nerve to arinag oet Lae main factors necessary

for a" understau(udi a the behaviour or these two rilemrents in

the crUst or the e&rth.

Lubidiam hta an ionic radius or 1.44A, Potassium has an

ionic radius of 1.,3A. If (oldsohildt's rules applj, the we

should expeot hb to follow XK eoehemloally since the difference

in their radii is less than 15t of the larger and since both

elements are well screened, that is, both have low ionization

potentials. This is indeed found to be the ease. There exists

a very striking relationship between the contents of K and hb

in most orustal rooks (Ahrens and ?inson, 1951) The ratio

4./hb is foUnd to be 420 0 (Herzog et al, 1956) for the common

rooks of the crsat, e.g., basalt, granite, diorite, etc., and

what seems to be even more striking, this relationship also ap-

pears to be true in the case of the chondritic meteoritee

(Ahreas and Piason, 1951). The approximately constant relatiba-

ship between potassium and rabidium contents however, does appear



15

to break down % he ease of those rooks representing the very

latest stages of magsattio O rstalziation, notably the pega-

lites. La these rock types, arbidium appears to be enriched

relative to potassi"a Thit Is also tre or the minerals blo-

tite and maseorite ia the comeon igneou rooks. habidift is

0reatiL depleted relative to potassiam In sahonarites and ell-

vites,

The fact that rabidiau tends to be enriched releative to

potasselm during the latest stages of magmatie crystallisation

woald seem to indicate that during the orystallization of the

main body of the agma,ot potassium was preferred over rabidtiu

at the sites of crystal tormation. The 1igid phase would then

tend to become enriched in rabidim. This again is in accord-

ance with the rules of ionic crystallization set up by 4old-

sahmdt, eince of two elements competing for a crystal site,

tat possessing the algher onarge-to-radi s ratio will be pre-

$troatii on the other Mad is divaleat. It has an ioaice

raiaa of .IBA an. tede to foilow oal.it which has an ionic

radius or 1.01f in meaoh the Same fashion as rabidiam follows

potassiem. teochemioal coherene between these two elemente,

however, is not nearly as close as that between potassiuj and

rabidiAam However, sinoe the difference in their lonic radii

is lose than 146 of the larger, the two elements do follow one

another quite closely. As a result, strontiu tende to be con-

-~- --- PYP--1I*rr~*l_--- r--i-^-i
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oentrated in oaltai-rich minerals and rooks sumA as the

plagiolase feldepars anc lieatones. However, as a resalS

ot its similarity in else to potassium, strontium shows a

signirioant concentration in the potash feldspar as well.

Due to the depletion of strontium daring the main sequene of

orystallisation, the late residual liqaide from which the peg-

matitio minerals are thought to form oontain very little

strontiam.

Tn the light of the above obsorvatiba Sthen, two opposing

trenad are seen to be in operation, conoentration of xabtidia

and depletion of strontium in the late steag orystallates.

The result is that rulidiu bevrint minerals of peg atites,

notably Lepidolite, biotitee,aasofte, and microcline, are

partiacUlariy saltec for Lb/Sr aoe determinations. The extrema-

Iy low concentrations or normal atroatiu in asuch minerale

allows radiogeniu strontium to be mseared very aoourately.

This ls well illastrated in the oase of the 1ikita uarry

lepidolite, which was found to oontain less than 1 , the

strontium present being almost entirely radiogenic Sr .

ieoent work by Kersog et al (19b6) at M.I.T. and Aldrich

;t al (186 ) at the Department or Terrestrial Magnetisa has

shown that biotite and muscovite separated from sueh common

igneous rooks as granite, diorite, and diabase, are suitable

for Rb/Sr age determinations since, here also, the oommon

strontium content io low, of the order of a few parts per mil-

lion. These observations are of reost iaportance sine* they



inadiate that Lb/Sr age determinations will not be limited to

the relatively rare pegmatitie minerals, Table III shows more

or less typioal abandances of strontium and rabidium in vari-

oas orastal and cosmic materials.

aterial

Lepidolite, Bikita
%garry, So.kho east

Stot.te, Stone Mt.,
Gogia, U.S.A.

seseovte Stone t.,
Georgia, UOSOA.

Orthoolase, Conway
Granite, ..

G-1 Granie,
Westerly, R.I.

W-1 Diabase,
Centreville, Va.

Sea water

Homestead Choadri te

Forest City Chondrite

TABLE III

Normal Sr

7.14

10, Z

adiot~enia e Sr

1.19

1.24

.23-Pil

19?

7.28

11.9

16.0

.04
004

All analyses given in ,p.p..; all analyses are isotope dtlation
analyses made at MITT

With regard to the relative abundances of strontium and

rubidium in the crust as a whole, mass speotrometrio investiga-

tions of the abundanoe of Sr87 in common strontium extracted

from saterials possessing a high ratio Sr/tb and of widely

ditferent geologic ages seems to Indicate a ratio Sr/1b of about

b/I. If the results reported by Swald et al (19b6) (see pp. 10-i1

Rb

9170

1120

216

4.0

4.3

-I--- -- -- I-- l- -- ha"-- ---ioasu ie SrII-- ''L-~-"-1''"''
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this work) can be confirmed by other laboratories however,

the ratio Sr/Lb in the crust as a whole is probably closer to

1/i.

The aalf-lixe or Lb8 7 , If accurate absolate age determina-

tions are to be made utilising the deeay of Rb87 to Sr i, it is

imperative that the deeay constant of Ab8 7 be known accurately.

4vidence of beta decay in rubidiam was first reported by

Thompson (190b). The fact that lb87 was the active isotope

was shown by Henmendinger and Smythe (1937) and by Hahn,

Strassman and Wallig (197). emmendinger and Smythe, using

a high intensity mass spectrometer, with a sample of rubidium,

collected separately the masses from 84 to 90. They found that

the activity of all other masses was negligible as compared to

that of the mass 87 fraction, Rahn, Strassman and Walling took

an entirely different path. They obtained a rubidium rich mioa

from Manitoba and separated a strontium concentrate from it.

This was analysed mass-spectrographically by J. Mattauoh, The

photographic plate showed a strong line at mass 87, while no

lines were present for masses 84, 86 and 88.

Since that time, numerous determinations of the aotivity

of Eb8 7 have been made. Two general methods have been employed:

(a) Direct measurement with counters

(b) Indirect measurements where the concentrations of radio-

genie strontium and kb 8 7 in a mineral are measured, and

the half-life which would be necessary to give the cor-

reot age of the mineral is calculated. The correot



ages or the i.nerals were aeteramned by either concord-

at U/Pb ages or throU4h purely geelo~iof l metheds.

table IVY listsa some published vaea of the half-lire,

TAbk IV

Investigator T1/ P,

Strasaman and Walling
(1938) 6.Z x

axel, Noatermans
and XRemaerilh(1948) 5.9b

Kemaerich (1949) 4.10

Crran, Dixon as
Wilson (1951) 6.41

MacGregor and Wiedenbeok
Wiedeabeok (1952) 6.*7

Lewis (1952) b.93

Geese-Mahnsch and
Hster (l9b4j 4.Z0

4/mita. /mg. Rb

1010

63.1

40.4

40.6

4M,7

60.

Method

Geological

4 G- counter

Sereen-wall
G-M counter

Soreen-wall pro-
portional counter

4 0 G-M counter

Scintillation
spectrometer

4fG- conter

A oonsiderable spread in the valaes obtained is shown in

Table IV. A great eal or dircuoalty is experienced in measaring

the activity of rubidiu as a result of the uastual distribution

of the energy or the electrons emitted. Tas, the maximum energy

of the spectrum is e75kev while the average energy is about 4bkev

Details of the shape of the spectrum at low energies are dif i-

oult to dedue.

Ieoently, Aldrich et al (1956) have announced extremely

enocouraging results inn effort to determine the rubidium half-

~~II1LY~ari~?PPmen~~Ipypy,
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life aocurately by the indirect or geologieal method, Aldrich

sad his co-workers first measured the ratio, radiogenic

Sr/,b 8 7/ .for eight rubidiam rich minerals from the Brown

Derby pegmatite, Gutnison County, Colorado. The results of

these analyses are shown in Table V.

Mineral

Masaovi te

Mi or ocline

tepidolite
(coarse bk.J

'epiaolite
(med grainy

Lepidollte
(med. grais)

Lepidoli te
(fine grain)

epidolite
(white)

Lepidolite
(ooarse)

Rb

1870

2690

10

100

b360 200

5670 200

6890 ,00

6150 200

6870 200

TABLE V

hadiogent

36.b 1

48.0 1

110

121

114

130

118

154

Sr hadiogenlc Sr8 7/b 87

.0195

.0181

.0198

.olOa3

.0192

.0195

All evalues given in

The values of

constant for these

error. This would

Ip.p.m.

the ratio radiogenic Sr 8 7 /Eb 8 7 are seen to be

eight samples within the stated limits of

indicate that the measured ratio is indepen-

dent of the mineral used, and that 1b-rich minerals in pegmatites

are formed at approximately the same time. Aldrich then measured

the pbZ0 6 /U 8 and pb20 /U2 3 5 ages of five araninites ranging in
age from 37' million years to 1800 million years. In all eases

~YII-^-EI ~CY~I-~sYI0-1~1-^~~41r-I-L---i~ -----L-~-
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the U/Pb ages were found to be concordant. Rb-rish minerals

from the same rook units were then analysed for their radiogenic

Sr 8 ?-Rb 8 ? contents. In each case, the half-life which would be

necessary for the Eb decay in order that the Rb/Sr ages agree

with the concordant U/Pb ages was calaclated. The results are

shown in Table VI.

The agreement between the calculated half-lives for the

Jb8 7 decay is indeed striking and gives a mean value of 5.0 0.2

1 1010 years. The only assumption made is that the uranium

bearing minerals and the rubidiam bearing minerals were formed

at very nearly the same time. This assumption appears to have

been justirled in the light of the results obtained. umerous

hb/Sr age determinations by the k.I.T. group support a value for

the Rb8 7 half-life or about b.0 x 1010 years. For these reasons,

this value of the hb half-lie has been used in the work reported

on here.



TAS 1 VI

Pegmatite T.,eoatiea U/Pb "*E (106 yr. units) Rb/r Data

mra. P2o6t238 P l 0 7/i 2 Mie ral S /

Bikite QMy,
S.. oedtsia

Vikixg La4ke
Saska aowsa

sb lagerso1.,
Keystae, S.0.

Ontarie

Fissioa Mia1*
ilbter"o* Oat.

Spr0 P ,
N.C.

Monasite 2640 100

Uvasizito,

Umrasiteo
Ualaito

Uslaite

U~astatto

1790 +- 50

1380 30O

1020 ± 20

1040 t 20

26W80 10o

1830 t 50

1600 + 30

1020 20

1050 + 20

80 10

Lp4elite

Bietites

L*Pi ollt.

Iaovvit.

ml*?*llae

Blotlte

Mtorvito

0.0380 .001

0.0270 + .001

0.0239 t .001

0.0244 t.001

0.0224 t .001

0.0140 -. 0007

0.0140 ±-0007

0.00515 -. 0002
0.0053 t-.0002

T1/2

5.0

4.8

4.8

5.1

5.2

5.0

_ ~_ __ ~_ _~ _ ~ __



CHAPTEL II

IL MINaEAL GLAUCOITL

Ocurrence. Glaconite bearing sediments have been recog-

nized in nearly afll o the periods of Beoiotio time from the

Cambrian u.p to the present. Glaoonite is bein formed today

on practically all of the stable continental shelf areas of the

world, and glauncaitio sediments of Cambrian, Ordoviolan, Silur-

ian, Devonian, ississippian, Permian, Jurassic, Cretaceous, and

Tertiary age are known. It seems probable that glauconitic

sediments will also be found in strat& of Pennsylvanian and

Triaseic age somewhere in the world. Glauaonitic sediments are

abundant in strata or Cambrian and Cretaceous age. No oooar-

renee of glauconite definitely known to be Precambrian in age

have been reported, although two cases of possibly Precambrian

glauoonites are known to the author. One is from the Murray

shale member of the Chi howee Group oi Tennessee, where glau-

conite occurs 00' strstigraphically below the lowest recogni-

zable Cambrian Tosil. A very similar ocearrence has been re-

ported on lla Island, northeast Greenland (Sohab, 1955). Here

again, the slauconitio horizon is located some bOO' below the

first xossitixerou. Lo wer Cambrian ieds, Two reasons have been

advanced to explain the apparent absence of glauconite in beds

of Precambrian age, They are:

(a) Glau onite was formed during the Precambrian but was

later destroyed by metamorphism.

_a~*^_____ *__lql__I-r^r--_l*Un~La~eil



(b) Glaauonite requires the presence of decaying organic

material in order to torm and each material was lacking

in the Precambrian.

It is diffloult to say whether a44*w or not either or

both ol toaee hypotheses are correct. GertainL the evidence

seems to favor the conclusion that considerable life did exist

in the seas, at least drin& the later stagea of the Precambrian.

Otherwise, it would be extremely dirflcult to explain the sud-

den appearance of highl4 developed oraniasms at the begizning of

Cambrian time. It is also true that much of the Precambrian

terrain exposed today has undergone intense metamorphism which

could quite conceivably lead to the alteration ant disappearance

of glauconite as each. The reason for the apparent lack of

glaueonite in strata of Precambrian age mast, for the present,

remain unanswered,

Environment of formation, Cload (19t5) has eammarized, in

excellent fashion, the conclauions resabed by many of those who

have stadied glaaconite with a view to determining the type of

environment In whiob the mineral forms. Ris conclasions are

given below;

1. Stratigraphie range -- Cambrian to present.

L. Present areal distribution -- 6b degrees soath to 80

degrees north, off most oceanic coasts and mainly on the

continental shelves away from large streams.

Z. Salinity -- known to originate o.nly in marine waters of

normal salinity,. Although it theoretically might form in

~.lr; ~*irP C~ CIII~~L~r'F~*Ylt*LI"~L



potassium rich saijne lakes, it is not known to occur in

salt lakes or in reash water deposits.

4. Oxygenation-- tormation rgaires at least slightly re-

dacing conditions (at sites or origin within the enclosing

sediments, it not the bottom waters).

5. Organic content of bottom sediments -- formation is fa1il-

itated by the presence of decaying organic matter, which

resalts in reducing conditions. Bottom habitat favorable

to sediment ingesting organisms with low oxygen require-

ments.

6. Depth -- mainly neritic; moderate to shallow, but yet

appreioable depth swagested. Fare in sediments below

1000 and above b fathoms, aneommon above 10 and below

400 fathoms, and formation favored in pper part of 10

to 400 fathom interval.

7. Temperature -- tolerance apparently wide bat formation

probab y not favored by markedly warm waters. Although

geographic range Is from polar to tropic regions, tropical

glaeonite seems so rar to be recorded wholly in the cooler

waters below Z0 tathoms, and mainly below 150 fathoas.

8. Srbaence -- no intrinsic requirements, Althouekh evidence

of tarbalence is commonly rfound in associated sedisents,

continued marked turbalence would seem inoompatible with

conelasion 4.

9, Source material -- micaeoas minerals or bottom muds of

high iron content.

Irrrrr~--i~Yrr-ri~(iPTYPU~I~~- - ---L*C-~--



10. edimaentary influz -- Prosbably sight. Preferably 4ast

enoQh to s~pply neted mother elements. Formation

ravored on continental theives, swells, or banks off the

coasts of crystalline ian areas that lack important

rivers.

11. iasociate sediments and organic remaina -- found mainly

in calcareous, detrital tedimente and iipare granlar

limestones, lare in pure clay rookea pure quartz sand-

stone, or chemically precipitated o&rboates. Commonly

associated with remaina and tecal pellets of sediment

ingesting organisms or as internal fillings of Foramin-

ifera. 'sre in or absent from beds that are rich in

aijae, corals, or bryozoans, and probably reworked or

transported where so fouzd.

Physical pro erties of ilaueonite. Glamoonite varies in

color tro yellow-&reen through gras-6reen to a very dark blue-

green, almost blaok. he mineral has a specific gravity which

varies Trom 4,4 to 2.8. It is moaerately magnetio. Qleavage,

when present, is mioaceous, Inaividual cryetals of the mineral

are rarely seen, te grains generally being composed of aa agl

gregate of very minute orystals. The grains are generally smoothly

rounded, often elongate and somewhat curled in shape. Glaaoonite

grains quite often form perfect casts of forame end other shelled

creatures. nadeed, the early ivestigators concluded that glaa-

conite could form only within shells (Murray and renard, 1891;

Collet and Lee, i906).

~111~ ~ II~ l~_i~ IIILLLIY IIPL_1___1_1_11~~----- ..-..--^
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Rose (1926) has determined the optical properties of gSla-

oonite. He wrote:

"The indices or retraction of glauconite .... are
a = 1.597, b= 1.618, a = 1.619, 0e-a4 .062 * .009.
Optical character negative (-). The sacute be-
sectrix is nearly bat not qgaite normal to the
oleavage. I is inclined to C about 5o. The ad-
sorption is Z = Y > X; ploichroism Z and I are
yellow, I dark bluisah green, he optical angle
is nearly constant with 2V = 200, 2Z = Mo. The
dispersion is distinct but the adsorption of the
red by the blue-green mineral makes it difficult
to observe."

Chemical composition. Glauconite is principally a hydrous

silicate of iron, alaminam, and potassium. Although investiga-

tors are not in complete agreement as to the chemical formula of

glauaonite, they do not disagree very markedly. The formulae set

up by four investigators will be given here.

allimond (19 2) proposed that the formula of glauconite

could best be expressed as;

R0o.4(EkgOa,aO) .108i02 0aR20

The altalies are represented by L0g, ferric iron and alumina

by R203 and terrous iron and magnesam by EO.

Rois (1926) concluded that glauconite represented an iso-

morphous series, the two end-members being represented by the

following:

2120*420.(MSgOFe"O).(Fek"'% Al0 3 ).108i02 5 20

H20O.K20 (MgO,Fe''").(FeP''09"O, A 2 z).lOSiO ZH20

Schneider (1927) concluded that the composition of glau onite

could best be represented by the formula:

^--C1~-~---- -~ ll---- LI~YIIIXII~ Y41 mrrilC--e~i~L_. .~rr~-----~1IYI Ll ---rsr~eW ~Lli 6~PbYILZsCLZISbl"l~"la~



(Ka) (Fer'',M)(it"' Augsq0 9;1a

Sohneider troad the greatest variation to be in the terrie iron

and alamine sonteense, alamia ranging xrom a high ot 10f to al-

most zero, Soda is somatimee present to the extent of & bat

only rarely it it nearly equal to poteeassiu Table VII repree

seats the average ot 14 glaaaonite analyses as given by Schaei-

der, ~o airt reoe in compositioan acald e foaws between

ancuiet a4i rzecen g64onaLites,

24haA VII

Yoko - 7,1
eO0 - - - - ~.$

FOa - - - 4* .

Ca - - - * .1

aO - - - - 6.8

S0 - - S

GCier (19f) averaget the analyses used by each of the

above three investigators. e states, "They are resarkably aim-

lsr, It woald be divrti lt to sa which (h formula is closest

to tte trtth, they bear oSt the ontention that glaeonaite is

a derinite species." Oruer's tormal foer glaueonite is:

Illh_/____Y_/_l~a~~_________U_ _1___ ~_ ___ _I~~r~
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O6-10. 4.(Mg, Fe" ,Ca)l-.(Fe"''' ,Al1 ) 3.6(Si.-14Al8.Z)O4.40

Straotural ovmposi-tiou Strotarally, glaoonite is a mica.

The mloas in seneral are composed of a number of discrete strue-

ttural u.it which are repetitive. Uae sach unit consists of a

sheet or silica tetratedrQos, each tetrahedron shariuag three

ox,6ena, these whare oxpeas boeia co-plaar. a second struoe

tural Qnit £oiad in the mioas is composed olr alu ainwa or magne-

sium ions octahedrally coordinated by 0" or OH', depen~in apon

harge balance reqgirements. In the aicas, an ootatedrally Oo-

ordinated sheet of Al and/or ig ions is sandwiched between two

sheets composed or silica tetrahedrons. The "apex oxgena" of

the tetrahedral sheets are shared with the intervening octra-

hedral sheet. These "seandwihes" extend indefinitely in the a

and b directions and are stacked, one &top another, in the a

direction. Interlayers of K, Na and Ca ions are present between

each "sandwich" in order to maintain charge balane. The namber

of stich interlayer cations will depend apon the charge defici-

etoes which exist within he the tetrahedron-octabedron-tetrahedron

uni te.

bsecovite is known as a diotahedral etoa, i.e., only two-

third4 of the ootahedral positions are tilled, and the cations

in the octahedral sheets are all alaminat ions. botite, on the

otter haut, is trioctahedal, Here, tne octatedral sheets are

popuisated by divaleat Ee and 46 ions. In some oases, trivalent



30

iron is also present. In the case where octahedral positions

are illea lar6ely by divalent ions, al or nearly all or the

possible oetahedral sites wilt be rilled. Grim (1958) states

that "Slaaeonite is a dioctahedral illite with considerable re-

placement of Al "' by Fe'"', Fe" and g'"." It appears that,

in many cases, even less than two-thirds of the possible oeta-

hedral positions are filled. As a result, there is a charge

deficioney within the octahedral as well as the tetrahedral

layers. The interlayer oations of Ia,K, and Ga appear to balance

these deficiencies.

Mde Q of origin. Nameroas theories have been advanced to ex-

plain how the mineral glauconite is formed. The entire question

of how, and from what, glaueonite forms is an extremoly import-

ant one from the viewpoint of one interested in measuring the

absolute ages of glaaeonite. Thus, if glaueonite simply repre-

sents an alteration product of some detzital mineral, such as

biotite, erroneous ages might be obtained. This springs from

the ~act that in any mineral which is to be used to determine

absolute abes, the concentration ot daughter element present mast

be limited to that formed sines the formation of the mineral it-

self. To illustrate, let us suppose that a biotite of Preeaabri4a

age was deposited in a Devonian see and was subsequently altered

to glaaeonite. Unless the radiogenic Sr already present in the

biotite at the time of its deposition was entirely remote:dAaring

the process of glauconis tion, an erroneous Lb/Sr age would be

obtained for the Devonian strata in which the glazconite was

irr~- ---r-^rgr;ll_____~x -----r_- - I-l^-L----l-Il~~--~ --
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fotd. The importance of the manner of formation of the min-

oral is then obvious.

Cne of the most widely pablicised theorise of glanconite

formation is that advance by Galliaer (19M), who atudied bot-

ton samples rrom keaterey bay, Galiornia. He Froa that blo-

tite was being altere to glaooniteo, a&d implied that all

glamoonite formed as the resxlt of biotite alteration. Galliher

found that:

(a) Glaaoonitio sediments were the off-shore equivalents of

those contaning bioti te.

(b) The alteration of biotite to glaaoonite incltdeo oxida-

tion of its iron, retention of potash, hydration,

partial loss of alamina, and swelling and oracking of

the biotite.

(o) The alteration of the biotite is started in the salfar-

etam (the black d environment) produced by salfur

bacteria.,

(d) Near shore mica was brown, with but little green mica.

as the distance from shore increased, the proportion of

green mica *wit respect to brown mia increased.

(e) when the lauaonite zone is reached, the percentage of

glaoonite increases as the percentage of mica decreases.

All stageo or fresh, brown mica to gla.eonite were observed,

and Galliher supports his observations with excellent photo-

micrographs. The eseqssieon of events observed in the alteration

went as follows: brown mica to green mica; hydration and swell-
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In& aloang leavage planes; light green, powdery gleaconite

along eleavage planes; ortackin aoross cleavage plause and

development of glauconite; irregalarly sh~red rains oomposed

entirely of glausonite; smoothing etad rounding of 6rains.

Galliher was also able to trace the ohanges in optical proper-

ties for the varlous stages of the series,

It would appear trom the evidence given by Galliher that

glaeonite is undoubtedly forming as a result of the altcration

of biotite in Monterey Bay, California. However, the conclasion

that all glaum onite, past and present, has been formed through

the alte~ation of biotite, which he aeema to draw, is certainly

nct warranted. ihe extensive glauoonite deposite of karyland

and hew Jersey could not be explained in this manner. It would

be necessary to have great thicn essee 0o cIIOst puae biotite

deposited dring thte Cretaceous and ear4 Tertiars, a highly

unlikely ocarrenoe. biotite in these deposits is extremely

rare. A4ain, the writer nha separated some thirty specimens

of glaaconite from rooks of all types and ages and in nearly

every case, no biotite whatsoever was noted in association with

the glauoonite. In two or three cases where it was found, it

was extremely rare and showed no tendency to alter to glauoonite.

It should also be remembered that biotite is an onstable miner-

al, and under conditions of weathering and erosion, soon breaks

down. Ae a result, biotite in significant quantities is rare

in sedimentary rooks. ~uscovite, on the other hand, is maah

more stable and is the common detrital mica fouad in sediments.

s~~----Xf ^-~--L-----^------~--~ -~U1~~ILi~kt_



Takhasti and Yagi (1929) have stadied glauconiti bottom

sediments Vrom the sea or Japan. They fou-nd that mud pellets,

whicbh they concluded were fecal pellets, (~compsed of fine clay

for the moat part, were in Z;& proceas Cf1 bei$ altered to

elaaconite. Aii staes, Xrom tht completely unaltered, grey,

pellets to completely Jlaaconitized ireen pellets were observed,

Chemical anblyses indicated that in the process, the potassium

content increased sharply, as did the ferrio iron content, where-

as the concentration of alamina fell.

Ehrenberg (186b) and 2oartales (1869), noting the occur-

rene of glauaonite within the shells of marine animals, con-

eluded that glaaconite was formed inside such shells as a re-

salt of ohemical reactions influeneed by the decaying animal

matter. Later investigators have found, however, that most

glauoonite has not been formed in shells but rather, in some

cases, glacoonite was washed into the shells.

Light (1950, 192), after studying some 150 samples of

glaconite trom the New Jersey coaetal plain, concluAed that

the parent mattrial ct the glauconite was the associated il-

litic clay. The distinct similarity in composition and strue-

tare between glaeonite and the illitic elay minerals has been

shown by Grim (1963). LRiht also nott -- that where 6auaconite

was definitely autrigenia, it was invariably associated with

illite. This correlation was not necessarily true, however,

in those eases where the glauconite was thought to have been

transported from elsewhere.
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Hendrisck and Ros (1941), in considering the genesis of

glamoonite, stat that; "The improbability of derivation from

a material carrying adequate potassium and the invariable form-

ation under a marine environment, indicates that potassium was

derived from the sea, and the same is, no doubt, true of mag-

nesium." They also state: "The near constancy in the magnesia

content of the glaeonites reflects the essentially anohang-

ing nature of the environment and the straetaral requirements

of the mineral lattice. The other cona ituents of glaeonite,

silicon, alaminam, and iron could be supplied adequately by

any mad."

Grim (195b) states that montmorillonite appears to be

forming today in areas undergoing chemical weathering and

erosion. Illite, on the other hand, does not appear to be

formed under such conditions, baut rather breaks down ander

conditions of chemical weathering. In the stratigraphie col-

amn, on the other hand, elays are generally illitio, mont-

morillonite being confined to volcania ash beds. Gria be-

lieves that originally the clays foand in the stratigraphie

column were deposited as montmorillonite and were subsequently

altered to illitio types through adsorption of potassium from

sea water.

It seems possible that, in the light of Grim's remarks,

glaueonite may also represent an alteration of montmorillonit-

is clays as a result of their contact with sea water. The

iLLitle elays are very similar in struotare and composition

to glaaconite. Indeed Grim (19b3) states that glauoonite is
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a diBLtaeaMral illite. irt 6aaeoite then represents simply

one for *or iflle, its mode oa PoruAtion would be attractive

Lor a number or reasons. these are S

(a) Glaseonite and illite are distintly similar in sheal-

cal and straetural composition. Their similarity in c ematal

composition is shown in Table VIII below. The glanuonite

anaysisl represents an avera6e or 14 analysee taxen from

Sehncider (1927). the illite aualyeis is an averase of two

analyses taken from Grim 19bb).

(b) It i'rim's theory, that the illitic clays found in the

sedimentary column were originally deposited 6s montmorillonite,

is correct, and glanconite merely represents a special type

of illite, tren the probability is that any radlogento Sr

found in such a glaeoonite would represent the decay oX rabi-

diuaa only since the time or lormtio of tte g6auaonite, that

is, short4Z ateor %ne deposition or the moatmorilloaitic clas.

(e i Snce aoutmorilloaite and illtito Xla4e are coamon 0o-

stit aets o sedimeets, an ample sa jy of parent material for

glaPoonite :ormation would be available.

(4 Clay minerals have been observed altering to glauconite,

or intimately assoiated with it, b4y a number of investigators,

e.g., Light (1902, 1bO), iehimira (1940), Takahashi and Yagi

(19£9).

In esmmary, the evidence seems to suggest that *laaconite

may form as the result of alteration of a number of minerals,

generally micas or mieS-like minerals. There is evidence to

support the tbeory that glaaconite can be formed through altera-

tion of illiti or montmorillonitie lay minerals in contact

a~ir^?rCtLOi~ '*---~-2~ji-x---i-isrucrur ,



with sea water. This latter theory is particularly attractive

to one interested in using glaueonite for Rb/Sr age determina-

tions sinee, if the theory is correct, the amounts of daughter

element present in glauconite probably represents only that

produced from the time of formation of the glaaconlte. How-

ever, it the glauoonite used for bI/Sr age determinations were

simply an alteration prodct of some pre-existing,detrital, po-

tassius rich mineral, such as biotite, muscovite, or feldspar,

the possibility or inoomplete removal of radiogenie strontim,

formed previous to transport and deposition of tne mineral, as

a result of the alteration to glauconite, would be present.

This could lead to measured ages which would be too old.

TABL VIII

Glau.onite Illite

SiO2g . . . 49.0 51.4

A120 ..... ?.7 25.1

FeP0g . "M S 21.2 4.9

FeO 2.r - M a, - 828 1.5

MgO - - - - d3.4 5.3

CaO - - - - - - - .1 .2

nago0 ----- - .0 .1

j 2Q0 - - . - 6.8 6.4

a40 - -0 OW - - 7.8 7.8



GAPT.i III

MASS SPtl E OMIETRY

General description of mass spectrometer. The mass spee-

trometer is an instrument which splits a single beam of ions

composed of different masses into a number of beams, each of

the resulting beams representing a single mass/harsge ratieO

Thus, it an element composed of more than a single isotope is

ionized, beams oeemposed of each of the isotopes making up that

element may be formed. The relative intensities of these beams

are equal to the relative proportions of the isotopes present,

provided that no mass discriminations are introduced. txcel-

lent articles on the theory o maass spectrometr are available,

e.g., Inghram and Rayden (1954), Marnard (1958).

'he mass spectrometer in 6eneral consists of; (1) a source

tor the production of ions; (2) a high voltage supply to

"drawing oat" and aoceaerating the ions; ( ) a collimating

system; (4) a magnetio field to split the beam into a number

of beams each composed of ions poesesing a single mass/oharge

ratio; (5) a oollector and amplifier; (6) a recorder.

The instrument used in this research was a Wier type, 60

sector, 6 inch radius, direction focussing mass spectrometer.

This type instrument has been fully described by Nier (1947).

The method of prodmotion of positive ions used was thermionie

emission. Strontium was placed on the filament in the form of

strontium oxalate (SrC204), while rubidium was put on either

as the salfate or nitrate. All of these compounds, at elevated



temperatures, are oonverted to the oxide. After conversion to

the oxide, ftrther heating o the filament results in evapora-

tion of the oxide. Some of tne strontiam and rabidina atoms are

ionized and these form the ion beam. The filament was enclosed

by a tantaluz metal box with a wide slit in its top, this slit

being co-linear with, and lying Jgst above, the filament. The

filament and box were inseaated from one another but were at the

same potential, about 600 volts negative. The box sould be

made positive or negative, relative to the filament, by means

of a battery, The difference in potential between box and fila-

ment was variable from 0 to Z2 volts, either positive or nega-

tive. This serves to change the shape of the drawing out field

in order that the maximua number of ions from the retion around

the filament may be pulled out throuat tts box alit.

he drawlng out Xield can be t~Aot of" as the valley

whiou wo ld appear it eydupotential lines were drawn in the

iliament reio ad. down w nfa the positive ionas te9s to move.

By varyng the potential of the box relative to the filament,

the shape or this valley is caa6ed, and more or less ions may

be drawn oat depending upon the position ot the sample on the

filament, the degree of alignment between the filament end the

bo slit, the shape at the filament (flat, bowed up, bowed down,

wrinkled, et,.), and the disthnce between filament and box.

After the ions have moved cutside the box, theipase between

two half plates or split-plates. The split-plates are insulated

from one another and from the box and filament, Both plates are



at the same potential, generally abot Z800 volts negative.

This high potential is the aooelerating voltage and dives the

ions a high velocity. The rapidly moving ions then pass through

two collimating slits and te resealting beam moves down the toao

of the mass spectrometer. by meats or a battery, one or the two

split-plates can be given a slightly higher or lower potential

than the other, enabling the beam to be detleoted ror tooassing

purposes.

The beam is now moving down the tabe and is a composite

beam, that is, it is oomposed of ions of Aifferent mass. the

beam then passes through a sectored magnetic field of 6" radias

and about 4000 gauss. Since ions are charged particles, tley

are defleoted by the magnetic field, the amoant or deftetion

of a given Ion being dependant apon its mass/oharge ratio and

also apon its kinetic energy or velocity. Since the ions in the

beam are essentially mono-energetic, the composite beem which

entered the liael is split into a nauber of beams, each repre-

senting a particalar mass/charge ratio. These beams then move

on up the tibe to the colleotor

The collector consists o a nicliome metal cap with a slit

in its top. The wi th..Qt this slit is such that only one beam

may pass tnrounf it at any given instant. The beam falling on

the slit strikes a collector plate. The resulting carreat is

pat actos a 1011 ohm Victoreen resistor, amplified, by a vibrat-

ing reed electrometer, and fea to a Weston or Brown strip chart

recording potentiometer. The different ion beams are made to

pass in seouession across the slit of the collector, and onto
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the coleovor plate, by atomatically vaxryin the stra gth of

the ma6eetio field, first in one direction ad then the other,

acroses te mass range desired.

In order Uat good resolution or the ion b+ams be attained,

it is necessary that the mean free path or the ions be approxi-

mately twice the distance travelled by the ions from the ion

source to the collector. It is thus neceesary to maintain

within the system a vacrum of approximately 1 x 10"6 am. of

mereary. This is aseomplished with the aid of a Welch dao-seal

forepmp, a merery diffusion pump designed by Romer Priest of

M.I.T., and a cold trap. Pressures of Z x 10"4 me. were at-

tained with dry ice on the cold trap within two hears of mount-

ina the sample. It was foun that rabidium could be ran at such

pressures. However, with liquit nitrogen on the cold trap, the

pressare would immediately tall to 5 x 10 "6 mm. so that this was

done ror every run. In the ease or common strontium isotope

ratio runs, pressures or at least x 1006 am, were s ound to be

necessary in orer that aooeptable resolution be attained. Such

pressures were attainable within thrte tours of placing the sam-

ple on the filament. However, ozutaasing or the sample as the

filaient was heated up to a temperature where strontium ions

would be formed resulted in the pressure rising to about 2 x 10 "

um. and it required about three hours of rarther pamping to re-

store the pressure to 2 x i0 " 6 mm
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ttatoa of ositive iop prodnCEtion. There are a natber of

aethods now in se whereby positive ions may be produ oed. here

the element to be ionized can be introda*t as a gas at rooa

temperatures, the problem is greatly simplifit, and the gas 1s

simply streamed through a beam of eleetrens produced by an

electron gk~n. In the case of other elements whion cannot be

conveniently introdaced as gaee, either in the elemenatal tate

or in compoand otrm, tUt sample must be placed in the mass speo-

trometer as a solid or liquid on a rfilament, This Is tra of

the elements analysed in this reseereh, strontium ant rabidiam.

hen the sample to be tionized is non-gaseoet at room tempera-

tares, there are two general methods of ionization:

(a) The sample can be heated and evaporated from a filament

or crucible, and he the vapor hs obtained ionized by eleotron

bombard.ment.

(b) atoms of thie sa,le can be ionised through simple heattia

that lt Dpy tnermal iontzatlon.

Wiermaal o lation may be brou*ht about in two wags; the sample

mas be lonized by strongly heating a single filament, the flsa-

&ent upon which tbe sample was plaed, or the sample ma irst

be evaporated from the sample filament end then atoms or mole-

acles of the sample vapor mas be ionized by striking a second,

much hotter, ionizing ftam ent placed somewhere else in the

vio iity ex the sample ti'itaent.

Lieotroa bombardmeat of vapors was not attempted in this
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work. However, the two methods of thermal ionization eited

above were tried. For the major portion of the work reported

here, ions were obtained by thermal ionization from a single

filament. Lbidiam ionizes at a much lower temperatare than

does strontiuao It was particElarly desirable to have stron-

tium in the oxide fors as tans compouzd is very rerractory.

It tale were not so, strontium samples would have evaporated

completely rom the tilament before temperatures high enough

to cause ionization oX the strontium were attained.

An attempt was made to itilise a double Vilament souree

in which the sample was placed on an evaporating filament and

the vaporized particles were ionized by striking a secoAnd

ionzling filament. It was thought that traotionstion effets

could be minimized by ionizing molecules of some stroati

oompouad, rather than atoms of strontium. This follows from

the feet that the degree of isotope fractionation dariag thor-

alonle emission is thought to be proportional to the sqaare

root of the mass ratio of the two atoms or moleoules involved.

It was deeided to place the strontium on the sample filament as

strontiam iodide (SrIT), a compound which could be easily va-

porized. It was predicted by Inghram and sayden (19b4j that

stronatiam iodide molecules wold be drivea off the sample fila-

meat. Some of these moleoales woald then strike the maOc notter,

ionizing, filasnt and be ionized to Srl + . Ahe moleoalatr weight

ox: a SrI + ion, ain whio the stronatiu wtas of "as 4, weould then

be 215, while that of an ion containing itrontium of mass 84

weald be 811. Iodine itself is composed of only one ataurally

ocearrig isotope so that no iftfielties were anticipated on



that score, the square r of the a&as ratio, then, for SrI

ions compose of strontiam of mass 88 and mass 84 would be

equal to 1.009. in the case where Sr + ions are used, on the

other hand, the square root of the mass ratio would have a

value of 1.0* for the 88 and c 4 isotopes. We shoald then ex-

pect fractionation eftects to be out by a ractor of about E.b

when the iodide was ased. However, this was not to be.

,n ionizing filament was constraoted and placed in the

source along with the sample filament, Srl 2 was placed on the

sample filament and vaporized, The ionizing filament was run at

a high temperature. However, no Srl ions were obtained, only Sr-

ions. Apparently the reaction SrI 2 -- Sr - T 2 occurred before

sufficient temperatures were attained to vaporize SrI 2 . This had

been predicted by G. kacDonald, ox this department,

4toter reason ior the work with the double filament soarce

was to attempt to improve sensitivity. " doable filament souroe

possesses the advantage that the temperature of the sample (eva-

poratiag) filament can be varied iadependently of the ionizing

filament temperaure. Thae, the sample may be vaporized at a

slower rate while the ionizing filament is kept at the maximu;

temperature possible. It was hoped that in this fashion, a

greater erficienoy of ionization for strontium might be attain-

able. Although easily measurable strontium ion currents were

generated using this type source, no increase in sensitivity was

observed, and since the method was unable to diminish freetiona-

tion effects, it was abandoned in favor of the simpler, single

filament sourte.

_1_1~
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A brief description of the doable filament soarce con-

stracted, however, is as follows. The filament already present

in the single filament soarees used in this laboratory was em-

ployed as a sample or evaporating filament. This was a tents-

lua ribbon filament, 0.001x 0.00" x 0.5". A second, ionizing,

~ilament was adde so tat it was parallel to and gast above the

sample rilament. The ionizing rilament was constracted or

0.00z" tan'stes or molyb.eaum wire. Lach filament was heated

with an independent altersting current filament sapply.

The method of isotope diltAtion. One of the greatest problems

facing those iworking in the earth sciences is the ecearate de-

termination ( t - 10) of trose elenent contents. Until very

recently, emission speotroeraphy was the chief tool of the geo-

chemist in his attempts to measure traes of the elements in

materials of geologio significance. However, conflicting re-

salts were often obtained and considerable qestion hoea arisen

concerning the reliability ~hich may be placed in optical spec.

trographic results, Of late, howver, other methods of trace

element analysis have been developed, enief among which is the

method of isotope dilation. Isotope dilation appears to be

easily the most promising method or investigation of traces of

the elements as tar as absolute accaracy is concerned. The

major drawback to tne method is ttat it requires a mass speetro-

mtter, an instrument tor which the initial outla of money is

high and which requires expensive maintenance and trained opera-

tors. Another, lese serious, disadvantage is the feet that the
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method reqaires amah time, not only in the proceseing and ana-

lfeis or tte uamplee, but also for compUtation End evaluation

of the dtta recorded. However, these disadvantages tre com-

pletely overshadowed by the major advance of acauracy.

Isotope idlation has doe of ge only within the past few

yearse as the result of improvements in the design avA operation

of mass spetroaiters and the availability Of stable isotope

trecers made possible by the Atomia Eergy Commission. The

method has been 4esoib*edO b, a nusber of investigators, e.*g

Inhram (144), filto tLh1s. Isotope dilation is a method

of analsia i4 which thbie xltive abLnaLitf of the naturally

occur ring isotopes of an elesent are alterat by the enaLyst.

This &lteration 01 the relative rabandances of the xaturally

oecurring isotopes of an element are altered by the analyst.

This alteration or the relative isotope abundances within the

analysis element is aoompliahed throagh the addition of a known

amoant of stable isotope tracer, obtainable from the A..G.

The evable isotope traser, generally referred to as "spike", in

a sample of the aralysis element in which the relative abun-

dances of the isotopes present have been artificially altered.

The relative abundanoes of the isotopes of the spike mast, of

course, be deteruined mass spectrometrically before the spike

can be used for isotope dilation aralysis.

The method followed by the A.E.G. in the preparation of a

spike in to ran a sample of the element in a large maess spetro-

meter; the material, colle E ed at the colleoto end has been

partially separated isotopepiaa l, and, it recovered, will have

relative isotopio abudanoes different from hose in the normal
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element. Theoretleall , each isotope oi an element could be

coleoted In actual praotioe, however, this woald require a

great deal of time ans expense in order to obtain samples large

enousgh to be of see to tne analet.

The spike obtained trom the A.t.C. is made ap into a solu-

tion of known oacentratioa. A known amount of this solution is

then added to a known amount of the material to be analsed. The

whole, sample and spike, is then taen into solution resulting in

a homogeneoua mixture of 9pike and the analysis element, As a

result !af this mixing of spike and normal element, the relative

iseotople abundances when maeared on the &ass spectrometer will

be found to lie somewhere between ttose in the pare spike and in

the pare, analtered element, Then, if we know:

(a) the relative abtndances of the isotopes in the par spike

(b) the relative aba.aoes of the isotopes in the normal ele-

ment

(a) the ant~ht or the spike added

(d) the weight of the sample in which the concentration of

the analyals element is to be determine

Il) the ratio of any two non-radiogenAi isotopes of the ana-

lysis element resulting from the mixture of spike and

normal element,

the ratio of the weight of normal element to spike element

present in the mixture may be ealoalateo and the concentration

of the element can be foant.

The great advantage to isotope dilation analysis is the

fet that a perfect internal standard to used. In other methods
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of analysis this is not the ease. For example, in emission spee-

tr~graphy, it is extrealy ifttoalt to fint an inaternal standard
element that will follow porfectly the analyels element. Indeed,
it has been foued that although two elements may follow one another

perfeetly in one type co material, they may not in another due

to differenoes in the matrices of the materials being analyseS.

This problem has also been reeQnize4 in X-ray fluorescenee and

flam photometric analyais. In the isotope dilation method, on

the other hand, the internal staudard element and the analysis

element are one and the same thlr*, the only diffeenae beIng i

their isoO4pec compositions, They mnowJa thab reaEt in the same

way to ptyIisO l at chemiclal influences. Figae I illastrates

the lootp bi ab4ndances is 4 thzitirS spike Aset in this re-

seaeh, the isotopic abkndateas in normal rabidium, ad the iso-

topis abandances which woald re4lt from a mixtare of equal

amoante of each.

Isotople abanaaes n lt ellpkees In order to determine the

relative abundances or the isotopes in the spikes used in this

research, a aaUber of pare spike samples have bee analysed mass

speetromastrially. Table 11 shows the results of isotopic ana-

lyses carried oat on pare strontiam spike.

TAbiL IX

hn Mo. Date ro, Q 9sts 84 86 87 88
1 16/4 270 .460 .1b .088 .8065

S 4/7/b 30 .4696 .144t .0898 .3071
z 0/1/b6 640 .4608 .14Z4 .081 08

WeiAhte& average:
A*z.0. V6JaLuC

• - n '

.4607

.4b96
.14Z8
.1439

. 0881
.0880

.807

.8086

~I" " L*!"' '-I
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I p/gm Normal Rb

I tgm Spike Rb

Composite Sample

x (I/igm Normal Rb+ I ~gm
Spike Rb)

.8982

.1018

m.5883

85 87

Fig.I

785
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the agrefat nag tats abundaAces or Table I1 is goot.

The abundance or tae 3r8 eisotope shows ta greatest spread (1.1*).

It is of tea atmost importance to know ao rately the abundaace

of Sr 8 7 in the spike, since it is ueed to calculste the eonoen-

tration of ratiogenic strontis ia samples analysed for age de-

termination work. Samli ohaA&es iL this abundance can oauns

ohanesa in the apparent age of a sample, the magnitude of these

changes increasing rapidly as the concentration of the radiogealn

strontia and the age of the sample decrease. It was found, for

example, that in determining the age of an Upper Oretaceos

glaaconite, merely changing the Sr 8 abundance in the spike from

.0890 to .088k resulted in a 100 or larger ohacge in the appar-

eat age. It soon became obvious that to increase the asctraey of

hb/Sr glauaoaite ages, a method wo a4 have to be found t aleh

the $sra abundanoe of the spi-t woald Lot be oritifal. This was

don., aud dthe method ted. is described in Chapter V.

A review or tse data gatherXd in the three runs carried oat

on tahe srotiAjs spite as M.I.. shows that in han No. 1 rabidioA

oontaminati on was present for at least a halt the r . Since ra-

biia has an isotope of sas $7, ary rabidium present ducin a

stroatima ran tends to enhance the height of the 8Y peak. The

other isotope of rubidim, at mass 9b, is not interfered with by

strontiu% a ine, tortunately, strontium has no isotope of aass Sb.

If the ratio of 8/8? is known for the contaminating rabidiua,

then a oorrection may be Iede for any contribution made by ra-
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bidi a 87 to the strontiaa s8 peak. The normal ratio of hb8/

wb87 a asused to vorjeet rlo rabiias in tan o. 1. a owever, it

ha' been learneG, sinLe Vni run was mae, $nat in some instances

the oont aainatin rabici~t preennt arin~ eroatia anaisis does

not possess a normal ratio ib8 tjLbb 7. Its isotopli oomposition

has been changed as a result of sixiug with spike rabidiums

This is pz*ab,- due to "Memory extese" within the mass speetro-

meter from previous rubi(iam isotope cilation analysess. When

this occurs, it is obvious that no correction for ruaidia s*on-

tamination of strontiumn can be made. It such noa-normal rabid-

iax contamination were present in an No. 1, the correetion sp-

pile to the 87 peak ror rabi ta 67 contamination weald be too

eaall, since contaminaticn of normal ribidtan with spike rabidiua

lowers the ratio of Li.bt/Lb87. This in turn weald lead to a Sr 8 7

abundance that was too nigh.

Ran o. £ is aotaally of little consequeneo, sine* only a

very small aouant of Sr emission was obtained and the ran might

even be considered anoatisfeofr. Its efftst on the weighted

averages, however, is small boeause of the small number of sets

coliected auring tae ran,

han ho. 3 was a& exoelleat rae. Copious strontias emission

was obtainea, there was no rabidi m snntaminatiloAn wfatsoeer, a

great many sets of data were oolleoted, and the sample was ran to

completion.

Table I is a tabQlation of the results obtained from the

isotopio analysis of the pure rabidias vpiJte whion was aSd ixn

this resear.
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LsNOA Date -.1S 

I 1/lb/b4 1zb .1018 .898k

2 8/14/6 .050 .0870

Weighted average: .1024 .8976

A.LE. val ; .ZO8 .8962

It will be noted that in table I the abandances obtained in Ran

No. 1 differ significantly from those obtained by the jE.C. an4

4#- lesser ~flnt, with tbee obtained in Rujn No. 2. It seems

possible that this may be dae to oontamination of the AvBC.ob

sample by normal raoidium and the same may be tre, thoagh to

a lesser extent, in the case of Lan No. 2. Sach contamination

oX the spite woald increase Vte abnu ndaa e of the 8b isotope and

deoorease the 87 isotope abudane. Contamination at .IT.

ooald only be with normal rbidiam, ard becsase of this, eA

value obtained iLn Ba b. 1 may represent a maximam value tor

the Rb 8 b abtadance in the spike. However, this is not known

with certainty and, for the work reported here, the weighted

average of runs 1 and, 2 have been aset.

Isotopic abundanoes in normal strontiam. Table II lists

the valaes obtained by various analysts for the relative aban-

dances of the isotopes of strontium. The writer has carried oat

and assisted in a namber of isotope analyses of strontium samples

extracted from varioas geologic materials in which the ratio

Sr/Eb was high. Results of these analyses are shbown in Table

1~1___lr____lllY______LL1~111^111^11.~.~I--~~-.-l L- --L YL-YIIII-~i IIC~C~I I
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II. These analta s were carried oet with tUe

determining ta relative isotope abunances in

mal stroatiam. Stroatiam in general is either

objective of

common or nor-

"Common" or

Investi*tor 84 86 87 88

Sampson anA bleakaey (1956) .00 .096 .079 .824

lier (1938) .006 .0986 .070r .8256

White and Cameron (1948) .00 .097b .0696 .88274

Aldrich and Herzeo,(903t) .008 .098 .0708 .8252

for lack of a better name, "tnooaemon". Common strontim is

that which has existed in an environment in which the ratio Sr/Rb

is high (-b/1). The strontiua contained in the oceans, in lime-

stones, and in the plagloolase feldspars is of the common variety.

Sample

Grenville ceLes

Grenville Celes

Greaville coles

U.S. bar. Stds.

U.S. bot. Stds.

Sea water

Inwos limestone

tite

tile
tt04e

5tO04

TABLE XII

han No.

1

Averages; .0056 .0985 .0701 .8258

The ::et& tp a .astrmntion, uncommon

has existed in an environment in which

strontiaU is that which

the ratio Sr/Lb is very
low. Strontiua fand in rfabidiam rich minerals each as lepido-

84

.006

.0064

.0006

.0066

.0056

.0066

.0987

.0982

.0981

.0985

.0987

.0986

.0984

a.e

.0701

.0699

.0696

.0705

.0700

.0702

.886

.8264

.8269

.8206

.8U4

.82a8

"::0 -



lite, biotite, mausovite, glaEsonite and potash fe6spar is of

the uncommon variety, the only real difference between the

two types of strontiQm is that in the uncommon variety, the

abandance of the 67 isotope is round to be stXifiatantly great-

er than in common stronti. This , of course, Is due to the

addition of radiogenic Sr $ 7 from the high rubdiuma environment.

The strontium tilised for Lb/Sr age eterminatiens is of

the so-called uncommon variety, that is, it has been extracted

from material possessing a nigh hb/Sr ratio. In nearly all

oases, a certain wmou.t of strontiam was incladed in these

materials at the time of their foration. If this were not so,

then we wolt4 expeat the stroatiam extraoted troam esh materials

to be composed ent.iroel of rtdiogenio Sr .  xce't in the case

of some lepidolites, the strontim extracted from rabiius riot

mineraes is found to contain considerable amounts of the non-

radiogoena strontim isotopes.

When seasuring the Eb/Sr ages of mineratis, then, the ana-

lyst must have a knowledge of the isotopia eompositioA of the

strontium originally included in the mineral at the time of its

formation. The isotope abundances given in n ables 11 s&atiiX

inicate that the isotopic composition of stroatit m extracted

from r*terials poesetsing a high Sr/lb ratio, that is, common

strontium, is essentially contant, Since glaeonite forms only

in sea water, it woald seem probable that the strontium in-

eladed in glasonites at tbe time of their rormation would

possess an isotople composition similar to that of strontium



found in sea water, or in materials deposited from sea water

such as Limestone. The strontium of oelestites is probably

also representative of sea water strontium sines the celestie

generally occurs in limestone. Although the eelestite may not

be primary, its strontium probably was derived from the enelos-

iag limestone. In the light of these considerations, it was

felt that the isotopie composition of strontiuma included in

glau.oaite at the time of its rormation woUld follow very

elosely tane value given in Table 111. These values represent

those of strontium samples all thought to have originated from

sea water. As a sheek- on this oonelasion, strontium samples

were extracted rrom 1b glaQeonises and these were analysed

isotopically. It was found that in all cases out one, the

ratios Sr 8 6 /Sr 8 and Sr 8 4 /Sr 8 8 are very similar to those of

the samples given in table III. hatios involving Sr 8 7, of

courec, oould not be compared because of the differences ji

,b/Sr ratios of the materials compared. The results of glaa-

conite strontium analyses are shown in Table IIII. Average

valaes of the ratios Sr8 6/Sr88 and Sr84 /Sr88 for Tables XII

and XIII are seen to be almost identical. Although the major

part of the variations noted are within the limits of error

of the determinations, it seems almost certain that small vari-

ations in relative isotope abndances do occur.

Isotopie abundances in rabidium. The element rabidiam is

composed of two isotopes of mass 8b and 8T. Values of the ratio

b8b/ b8 7' , as reported by various investigators, are shown in

Table X1.

~CI-I~X-.--. I.I. . III~-~---~-YDI~L-- li~~l(-- ___~ILTJ. _1~1II~II~.



TABLE XIU

RESUtS or ANALYTE s S r fEl2xtATD FROM Ota1~ nIts

oSample atpe AtAoa Ieos ntep* Ratis

84 86 87 88 84/88 86/s88 87/88 87/86

01-2 *005 .0182 .0729 .8234 S67 .1U92 .0885 .7424

G1-8 .000 .0973 .0859 .8113 .10060 .12o .10? .8818

01-13 .0054 .,0968 .0743 .82)5 .00659 .1176 .090 .7613

at-11 .0036 .0966 .09~ .807 .00696 .1203 .1185 .980

41-12 .0054 .0953 .0983 .8010 .00680 ,110 .1227 1.o)11

01-13 .00 7 .o8j .o076 .8226 .oo688 .1193 .o893 .7489

01.14 .0037 .0987 .0754 .820t .00695 .1203 .01? .7639

01-15 .0038 .0973 .0780 .8i89 ..00713 .us .0952 .8o02

81-16 .00o5 .09?7 .077) .81p) .00674 .1192 .0943 .70?

O1-17 .006 .0989 .0710 .8243 .00684 .1200 .0861 .7167

1.-18 .00 5 .980 .070 . 8259 .00667 .1186 .o08p .7203

01-20 .0055 .0970 .o08" .8146 .00674 .lf91 .1018 .8547

0121 .0055 .097 .0835 .8143 .00671 .1188 .102 .8628

01-22 .oo003 .069 .0796 .8180 .o06704 n187 .r .818

mImi ar .0056 .0985 .0701 .8239 .00678 fl .1) .0849 .7117

A ekfrg .00680 .119

_ __ ~~_ ___L~i_ __1_~



TABLE XIV

Inrestigator Ib85b/ b?8

Brewer and Kerek (1934) 2L.8 .02

Brewer (1938) 2.60

Bier (1950) ,bv. .006

Herzog at al (1953) 2.b91 .003

The value 2.91 has been adopted tor the work reported on

nere. As is obvioas trom Table XIV, very little variation in

the relative abundanoes c tte rabidiu isotopes has been foand.

Fractionatic o isotope, Variations in tMe relative abun-.

anoues of isotopes may be iatroduced as a result of fraetiona-

tion o the isotopes in response to physioal or ohemical pro-

easesee Fractionation of strontium isotopes daring their mass

spectrometrio analysis has been observed by a nnaskwtof in-

vestigators. Froationation apparently occurs during the evap-

oration of the sample from the filament. Daring te early

portions of the ran, the proportion of lighter isotopes in

the emitted beam is abnormally high, while in the latter part

of the ran, the reverse is true. Fractionation of Sr isotopes

during analysis is illustrated in Figure Ia. Backts (19b&)

reports a change of 17% in the ratio oa40/Ca4 8 during the mass

epectrometrio analysis of a calcium sample. The maximam Trao-

tionation of strontim isotopes noted in tLis laboratory was

abo t ta Xor the ratio Sr/4Sr88 . Fractionation of rabidit

isotopes darina analysis has not been observed, but is probably

present.
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It is not known whether or not the isotopes of strontium

or rabitiam fractionate as a result ox processes operative in

nature. Analyses of strontium extracted trom glaaoonites

(Table 111) show some variations in the ratios Sr 8 6 /sr 8 8 an

Sr84/Sr"8 which could qaite possibly be due to natural trao-

tionation, Where natural frtationation of the isotopes is

suspected, a correction mast be made in order that the age

salealated for the glaaeonite may be strictly comparable with

those found for other glaoeonites. This follows from the fact

that any such fractionation will result in a change in the

sbundance of Sr 7 in the glaaoonite, which, in turn, will af-

feet the radiogenic strontium calculation. In only one case

out of the tirteen glaconite strontiun samples analysed

(Gl-10) was it foand necesary to correct for what appeared

to be signifioant natural fractionation.

In order to make a correction for fractionation, the re-

lationship between degree of fractionation and the relative

masses of the isotopes concerned mast be known. It has gen-

erally been assamed that the degree of tractionation resulting

rom physical or chemical processes is proportional to

Where M1 is the heavier and ]g he lighter of the two isotopes

concerned. This relationship has been found to be applicable,

I_ _~____I~_ ) ~



within limits of error, to the oases of fractionation dar-

Ing analysis observed in this laboratory. Subetitatigg in (1)

the valaes tor the strontium isotopes, we see that the degree

of traotionation ror the ratio Sr /Sr 8 woa3A be 0.025d

while that Tor the ratio Sr 8 6 /Sr 8 4 woald be 0.0118. Thas,

if fractionation oeoarred, the valus of the ratio SrBeiSr 8 4

would be affeeted twiee as euch as the value ot the ratio

Sr 8 6 /Sr 8 4 . It is also aesmed in correcting for fractionation

that the strontiam which was present in the sea water at the

time the glaaconite formed had the same isotopic oomposition

as the average values given in Table XII. Thus, if the ratio

Sr8O/Sr$4 was found to be 3 low in a strontium sample ex-

tracted from a glaaconite, then the ratio Sr 8 6/sr 8 4 shoald be

1.51 low, and the ratio Sr87/Sr84 in the original strontiun

incorporated in the glauoonite at the time of its formation

(which oannot be mseasured direetly becase of eabseqgent ad-

ditions of radiogeniO S6 8 7) should be ,.Z5 lower than the

valae aaaepted tor common strontium. Ca this basis, then, the

original abundances of the strontium isotopes present in the

glauoonite after fraotionation had ooarred, bat before radio-

genia strontium had been added, were oaloulated.

Aotually, however, as was stated above, only very minor

variations were found in the non-radiogealo isotope ratios of

strontiu extracted from the glaaconites and only in the case

of Gl-10 was signiticant fractionation thought to have ooeurred.
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Calibration ot spike solation, it is or the ataet importance

in isotope dilation analysis that the concentrations of the

spite solutions ased be known very aoorately. The qaantlties

or spike obtained trom the A.EO. are neoessarily #mall, al-

though large enough for their parpose. In making ap a etron-

tin or rabidi spike sciatinca, one must weigh- out a qaen-

tity of spike, the weight of whinh is o the order of 0-50

aig. When working with each small quantities, weighing errors

coald easily be large, The unertainty thus introdaced in the

ooncentration of the spike solution necessitates calibration

of the spike in some fashion, The method used for spike eli-

bration in this work is to prepare a solution of normal stron-

ti of known concentration by weighing out a large amount

(1-2g.) of normal strontiam, in this case Eimer and Amand he-

agent SrGO%, Lot No. 495912. Because or the large amount used,

weighing errors are negligibLe. The weighing procedure is

that recommeaded in standard texts on auantltative analysis.

The proo dure is as Zollows;

(LI) thorouahly olean two marked weighing bottles, dry at

11000, and cool in a dessicator. Determine weight dif-

foerene with an analytical balance.

(2) Repeat drying and weighing until three identical

weight difterences are obtained in eaeSesoin.

(Z) Add 1-4 g. 800 , which has been thoroughly dried and

cooled in a dessicator, to one of the bottles and de-

~'~~ ~P*flP~~I1I-~IIYLEDr,



termine the the resulting weight ditference, Drying,

cooling, and weighing are repeated until three iden-

tical valaes are obtained in saoseealon,

The weight of SrCOz used is then known. This is taken into

solution with dilate IW1 in the weighing bottle and transfer-

red qantitatively to a volametrie flask. The sample is then

dilated to the desired concentration.

To a known volume of the spike solution to be calibrated

is added a known volume of the standard strontium solution.

The mixture is evaporated to drynese to insure complete mix-

ing of the two. The strontium is then precipitated as the

oxalate, placed in the mass spectrometer and analysed isotopio-

ally. the weight of spike strontiam present in the known

volume of spite solution used can then be found. In ereet,

we nave perrorme. an isotope dilation a aly is in which

standard or common strontium serves as spike. Table IV shows

the results or strontium spike calibrations oaritd out in

tnis laboratory.

The excellent agreement exhibited, not only between

replicate oalibrations, bat also between the prediated (from

weighing) alues and analysed valaes, is apparent. Most of

glauconites reported here were analysed asing spike solution

III, with spite solution IV being used for the last few ana-

lyses.



TABLE XV

Sflteo Solatioa

I

II

III

III

Ix i

It

IV

Date hai

12/10/b4

2/16/Sb

33al/S

4/50/b6

6/89/66

?/8/b66

Atome Normal Sr
A-tes Spxe sr

.9937

2.9E14

.9960

.4973

4.038

1. I66

.7674

Prtedted Mesaared

62.9Ag/&1. 61.9Ag/0l

6.29 6.29

37*9 5*.4

37*9 Z5.3

7.9 36.0

1.0 40.5

40.0 41.0

Table XVI is t tab~uation or the resalts obtained rrom

calibration of rabidiua spike soltione

TABL X VI

Spi'e Solation D]ate Ran Atoms Nis Predioted measared

5/1/5 *

7/1/56 1.

10/31/55 9

1/ 16/b6

9Z40

9887

2041

3544

£0k2

s7a5&/ml $1.4B4if/1

87.*3 80.5

b4.9 4. 1

54.9 b4.2

4.9 b5.0

1.62 1.61

1.62 1.64

In the case ot tae glaneonits aatysea reported here, Spike

Solution II was used throUgho10t. A straight average of the three

oalibrationU was tsed

I

I

IA

• +.--



Probably the beat manner in which to oheck the &couracy

of the isotope dilation analyees ot a given laboratory is to

have another laboratory analyse the same aamples independently,

aing their own spike solutions, oalibrations, eto. This has

been done in the ease of a nuimber of lepidolite samples pre-

pared and tistributed by txis laboratory. These have been ana-

lysed by the M.I.T. grop, the D.T.. group, and by Sohameher

at the Institute for Nuclear Studies at the University of Chi-

cago, A paper comparing the results obtaine by the laboratories

is currently being prepared (Herzog, Pinson, baokas, and Harley).

It can be stated now that the agreement in the measured ages

obtained by the three laboratories was excellent, This was

true, even thouih in sat cases the samples analysed were found

to contaln i#i tlicantty dirferent amousats of daagtter and par-

eant element. Such reprodacibility or results between labora-

tories is the best inication te have that isotope dilation

analyses are accurate to at least 4.

-I~_ILI___. ~-~.. I.~_.



CHAPTEI IV

SAIPL SL oGTION AID PrOCESSING

Whe objective of this research was the setting ap o? an

absolute timZesale ir the iaozoi and_ )eszoio er*as. Sam-

ples cZ glasonite were obtained from six periods in these eras,

althouih large untille gaps in the time soate rem4in. It is

hoe4r,OWSVOr that ~aXisooites raom the remaiing periods will

soon be analysed, and zara geologists have alread4' olfered to

collect glaoonite specimens whic ahoutl go a iong way toward

filling these gaps. The following is a brief description of

the specimens upon which wort was done in this research. Two

numbers are given tor each specimen, the first being that as-

signed by the writer, the second being the namber assigned the

specimen n .a . HUrley's departmental oataloge of speoimene

at M.I.T.

G1-1 (RZ210) LODI SALE; Upper Cambrian; Western Wisonsie;

Loo. 146-Sero. 6, ?2lZN., RYW. Collected by .R. Shrooek. This

speeimen is in the M.I.T. sedimentology collection and is na-

bered S20-49. Specimen is well laminated, the bedding planes

being characterized by abudent glateconite grading gradaall$

into glanuonite-tree arenaaeos-argillaoeoe material. Indivi-

dal lamina are abouat 1/t" in zntckness, Two separate glaaocon-

its samples, Gl-1(a) and t -(b), were separated. G1-S (h-5il)

kount hite Formation; glacoonitic sandstone; apper Lwer Cam-

brian; brazeaS River, kooky yountains, Alberta, Canada; collected
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by M.D. vostoker. Specimen was obtained from the E.I.. sedi-

mentology collection and was naaberet 86-164. Compose4 of coarse

rains of glau oonite (-amm.) in a very fine grained aleareous

arenaoeoas matrix. wo glaaeonite samples were separated,

G1-2(a) w"d G1-2(b).

l- ZlhB12) tlt4ieonitio limestone; Lowest OQdorioian; Stan-
G141)

brottet, Sweden, 10 Km. oatheast of Falkoping, Vastergotland;

Donated by R1I. Whittington, Harvard University. Specimen is

composed of abo t bo glasonite, rather coarse in grain (1-amm.)

in a matrix of crystalline calcite and what appear to be angular

fragments of a very fine grain limestone. Pyrite is abandant.

Two separate iau.oonite samples were taken from this eptaeeimen,

GI0- and 01-11.

G1-4 (G-Zr81) GlaEonite sand; Upper Cretaceous, New Jersey.

Specimen is loeatet in M.I.T. sedimentology collection and is

numbered 813-7. It is in a short, reotangalr bottle labelled

"118b8, GlEaaoitio (reesad, Oretaoeeas of .J~,. The material

is unconsolidated and is composed or bout 9 0 a gslac"nite. It

is tnousjit that this specimen may have been collected b William

Barton LoSere.

01-5 (L-832la) Glaconitic limestone; Moaunt Whyte Formation;
01-6 (h-klbb)

apper Lower Qambrian; ligel Pass, Looky Montaines, Alberta,

Canada, Collected by M.D. Roetoker. This speotmen was obtained
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troe thAe M.I.. sedAimutolog colleotioa (S10-2b). Specimen is

a dark grey, tine gra te limestone with small grains of glaUon-a-

ite peppered throuaatot. Two fractions of glaeonite were sepa-

rated, one (Gl-5) being lighter in color and loses magneti than

the other (t1-6).

G1-7 (R-3216) Gl4suonitie limestone; Cambrian; Bridger ange,

Montana. Specimen donated by VanRoaten of Princeton University.

This was a very small specimen composed of fine grained lime-

astone pods of glseonite E-mm. in diameter e ttered sparsely

throujhout. Only one sample of glaaconite was separated from

this speimen.

il-8 (R-a217) GlaQoonitic limestone; apper sower Ordoviioan;

lawoa, sout ,hore of o Awe sadaga, .e6ingrad &lita, Eassia. Ooi-

Looted by ki. Larymoad (1914); donated by L A. Whittington,

rvard University. Speolmen is a riA graine, well coansoi-

Gate o atboagh oaewhA&t er thy lookiat, linestone oontaining

discrete grains of grass-green glafuonite seattered throughout.

Under the binocular microscope, many of The grains are seen to

be easts of shelled animals. One gl a snite sample was separated

from this specimen.

G1-10 (h-Se4) Glauconite sand; Upper Cretaceous at New2i ey.d

This specimen is loesato in the M.I.T. semaentolos collection

and is nusbered S12.-7 It was t&koe from a long, narrow, teat-

tabe like, glass vial. Both 01-4 and 01-10 are in the sale box



in the collection and thve the same number, but it is doubtral

whether they wore colleoted at the same time and at the amse

place. The material is anconsolidated nj is at least 90

l6aaeonite.

C(r-12 (E-Z19) Glauaeonitie sandstone; Frangonia format on

Upper Cambrian; Readetown, Wisoonsin. Colleted by C.S. Baoy.

This pecimen is in the *I.t. $ seeimentology collection and ls

nuabered S21-7. It is a finely laminated, qusrtzose sandstone

with fine grains of glaaeonite peppered throughoat. Two samples

of gla&onit, -ld(a) and GQJi (be) were separated.

4$-16 (G-3?O) (laaGonite; top 4 reat of bavosink Formation;

Upper Cretaceous; Lversand Gount , Glayton, low Jersey. Donated

bry Doroth Cazr.oll, U.S.G.S. tis sample is a ,lauoconite wtich

was deparated and parltie4. by )les Carroll,. ~ namber for the

sample is DC-t.

Gl-14 (aG-z1) 4laaonite: onerstown ForAtion, ;lwer coene;

Ivereand County, Glyton, New Jersey. This sample wasee taken

immediately above G18. It also was separated ;nd paritied by

Miss Carroll. Her namber 1or the sample is C-0

Gl-lb (#3k2) Gla~atie sandstone; Lion Moatain Sandstone

kember, kiley Formation; late-early Late Cambrian; Eendall CoaAy,

Texas; U.S.G.S. Loo, 1988. Donated by A.E., Palmer, U.S.G.S.

Specimen is a piece of core from kagnolia No. 1 -- below 6a50
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teet. Specimen is a very dart green in color and is composed. of

about 60 glauconlte. GLa oonite is intimately admixed with

caleareous material. One glauoonite sample was separated from

this speoigaen.

G-16 (B82ZZ) Glaaconitio sandstone; Lion Mountain Sandstone

Member, 4Ilez Formation; late-early Late Cambrian; Little Llano

section, Central Texas; U.S.G.S, No. L-bl, Collected and do-

nated 0o A.h. Palmer, U.S.G.S. This specimen is thought to be

the surface equivalent of Gl-lb. Speismen consists of 80-40%

glaaconite in tine grained to coarsely orystalline caleite and

arenaceous meterial. One sample of gleaonite wee as eparated

from this speMiaen.

Gl-17 (E-Z224) QGlateonitio layey siltatone; Ledwater Shale

Member ot Sud.bace ormation: Upper Jarassic; Flattop anti-

aline, iest end, Laramie basia, wySomig, Collected by George

N. ipiringoe, donated by halph Imlay, tU.VS.GS. Specimen is

a siltatone, dart brown in color and somewhat eartay looking.

Glaaeonite is yellowish treen and dirric lt to see in the hand

specimen. One glauaonite sample was separated from this speamen.

(a-18 (E-3Z ) Glaoonitic basal olay-asilttone; Redwater Shale

Member of Sandance Formation; Upper J6rassic; Como antioline,

west end, Larmle Basin, lyoming. Collected by George I.

Pipiringos, donated by Ralph Imlay, U.S.G.S. Speoismen is iden-

tioal in appearence to 01-17. Glaconite is light green in

color nd ocrs as as tiny grains sprinkled throughout.
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0- 80 (-fZ27) GlaaContiti sandstone; ~arr a Saleof Chil-

howe r oap; Lower Cambrian; 3lockhouse Quadrangle, 83lont

County, Tennessee. Donated by U.S.G.S. Specimean is a thinl

laminated, somewhat iron stained, quartzose sandstone, Gla~eon-

ite appears to be concentrated alou bedding planes, "Lowest

contirmea Gambrian tossils come from aba(t bOO' stratigraphio-

ally above thi s specimen."

G1-Zl (h->48) Glaueonitio limestone; Lower Ordovieian;

Wasailkowa, Leningrad area, eassia. Donated by R b.. hitting-

ton, Harvard University. Specimen is a very fine grained, Light

colored limestone with scattered small grains of glauconite

througoat. It is very similar in appearance to QI-$ and comes

from the same area. One glasuonite sample was separated from

this speclmen.

G1-22 (fR-l68) Glsaonaitio siltstone; Carliase Center Formation;

Lower Devonian; quarry 1.Z miles IE of BY 14b and NY 7 in

Cobleskill, N.Y. Collected by D.W. Fisher, New York State

Paleontologist, 5/Z1/66. Speoimen is a greenish-grey, salcareoas

argillaceous siltstone. Formation has produced no fossils save

"T±onrae cada-.lli, which I (Fisher) believe to be a sea-weed

bat stome believe to be worm marins." Carlisle Center overlain

by Senonarie tormation or Onondaga Limestone in the absence of

tne Sooharie, uaderlaln by Lsoas shale.

Separation of gl oOteote. Glaaeonite 4earing samples were

orashed in a steel mortar which had been thoroughly oleaned with
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dilate Ql1 and water. T'he mortar was also pro-contaminated with

a small portion or tae sample to be orashed. After grinding, the

sample was sievel. 1he size fractions toand to be most suitable

for glaaconite separation were 100, 140, £00, and &70 mesh.

After sieving, the samples were washed with acetone to remove

dast-ise particles olinging to the grains. It was fouAd that

this resulted in a macs oleaner separation. The fraotions were

then passed through a Franz magnetic separator, as many times as

was necessary, to obtain a clean split. In general the glanoon-

ite samples obtained were more than 95% pare. Larely were they

less than 90% pare. Heavy liqaid separation was not aeed.

Chemical treatment of the glas.onite samples. The sample was

first weighed, All weighings were carried out on the analytical

balance in the Cabot spectrographic laboratory at M.I.T., using

calibrated weights. Generally, between two and three gram sam-

ples were taken. The sample was then transferred to a clean

platinam ascrucible. It should be stated here that the term

"olean" used in reference to laboratory atensils means that the

vessel has been tnoroaghly sorubbed with a cleaning compound

(Alonox), rinse with tap water until all the cleaning compound

has been removed, washed three times in UX C01, and finally

washed three times with demineralized water, The C1 ased in

this research was distilled in a still of Vycor glass, which has

low alkali and alkaline earth contents. All water ased was M.I.T.

distilled water that had been passed through an ion exchange

resin demineralizer and was known to contain less than .01 ppm
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h8eavy etals expressed Us s aol. Isotope dilation analyses of

this water cisclosed the presence of 0.c0~Q ppm strontium and

0.0006 rabidium,

hen the sample had been transferred to the platinum dish,

it was wetted with a small qaantity of water. Approximately

20c of perohlorio acid and Z*oo of hydrotlaoric said were ad-

ded, care being taken to avoid loss of sample throagh offer-

vescence of carbonate which might be present in the sample (and

often was). The sample was then taken almost to dryness over

a low heat, great care being taken to avoid any spattering.

An additional lbee of hydroflauric acid were then added in or-

der to remove any traes or silicon. The sample was then taken

to complete dryness and ignited gently to convert all pero lor-

ates to chlorides and oxides. To the residse was added Z00*

or CLI and this was taken to dr4 aess to drive off any remaining

hydrotlaorio acid. If any were allowed to remain, leaching of

altalies from the glass might occur when the sample was placed

in a glass container. The residue was taken into R01 solution

and transferred qaantitatively to a volunetric flask. Pouring

the sample down a clean, glass rod was found to be the easiest

and safest method of transferring it to the volumetrio flesk.

he sample was allowed to oo to cool to room temperature and was then

diluted to exactly 100s with ZN C01.

As a general rule, in work of this nature, strontium and

rabidim spikes are added before the sample is dissolved. This

is good practice in that subsequent spattering daring treatment

of the sample will not introduce appreciable error, provided of



course, that the strontium and rubidium in the glaaoonite do

not have appreciably different solubilities. In this ease

however, it was desired to analyse anspiked strontiua from the

glaLoonite as well. Of coaurse the glaeonite sample eoald have

initially been split into two fractions, one of which doald

be spiked at the very beginning while the other would be used

for the separation or aspiked strontium. However, in order

to maae certain that the strontium analysed in the isotope di-

lation ana4sis and in the "aupiked stroatium analysie was the

same, the sample was split ror spikin. nater it had been taken

into solution.

A ~oo portion of the sample is removed trom the volumetrio

flask with a pipette and placed in a clean, Vycor glass evapor-

ating dish, To this s added appropriate quantities of stron-

tium and rabidiam spike solution. The remainder of the sample

is returned to the platinu dish and evaporated to a volume of

approximately 20oo. It is then placed on an ion exohange column

for separation of anspiked strontiam for isotope abundance de-

termination. The spiked portion of the sample is evaporated to

dryness to insure complete mixing of the spike strontium and

rabidima with the sample strontiuam and rbidium. The residue

is taken into solution with about 10ce of 2N C01 and placed on

another ion exchange column for separation of spiked strontium

and rabidiam for isotope dilation analysis.

Searation ox mierogram quantities of strontiun and rabidiam.-

The ion exchange colamnas tilized in this researeh for the sep-

__ __^Fl _P __~11___41__-~ EIIYIII~L- ~(-- -~L-11111 e



aration of strontiu and rbidiuam were oonstracted using Dowex

50,8% cross-linked, 200-400 mesh cation exchange resin. The

columns were constructed of Vyoor glass tgbing, one inch in

diameter. The ooluma resin was 1k" in length and was composed

of graded layers of resin aboat " in thickness. The sample,

in ciC solution, was placed on the colu n in as small a volume,

and with as low a normality, as possible, without allowing it

to some out of solution. This ie neoessary in order that a

clean separation ox the elements be attained. After the sample

has soaXed into the upper part or the column of resin, the walls

ox the oolumn are washed down with b-10oo of aiid. when this

also has soaked iZ, the column is filled with CL whion slowly

passes down tnrough the resin a4d drips out at the bottom.

The principle underlying ion exehage ohemistry is the fact

that the resin particles tend to adsorb the cations in the R01

solution. Cations of different elements are held with differ-

ent strengths. The hyadogen ion is most strongly held and will

gradually dieplace the other oations present on the surfuaes of

the resin particles. As a result of the different strengths

with which the cations are absorbed, the various elements

present in the solution travel the length or the colun at dif-

rerent speeds. it separate fractions are collected at the bsee

Sote: The techniques described here were developed larg~y-
by L.T. Aldrich and his group at the Department of Terrestrial
Magnatism, Washington, D.C.
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of the colman, as aae is rn through it, the elements present

will be separated as a result or their different rates of pas-

sage through the resin. The order of appearanoe of the elements

at the base of the column is: Fe, Li, a , Rb, Ca, Ga and Sr.

Figure II depicts the relative positions of the elements as a

function of the volwme of acid which has passed through the

column. The rate at which the cations move through the resin

is, of coarse, dependent upon the normality of the acid used.

The higher the concentration of acid used, the more rapidly will

the elements move through the colamn and the less will be the

eg6ree a separation of the elements. In the case of the Sr-Rb

isotope dilation traction, 01I is used until the potassiuna

has come through the colan. This ensures a fairly good sepa-

ration ox potassia and rubidium. After that, fl acid is used

since it las been found that acid of this normality gives a

sutiiciently olean strontium separation. 31 acid is used through-

out for separation ox the onspiked strontium sample.

Determination of just what tractions contain the stron-

ti a and rubidium is accomplished in the following manner.

cavities are drilled in pure carbon electrodes and a few drops

of each fraction are placed in an electrode. The fraetions

have been evaporated down to approximately one ml. in order to

concentrate the elements present. The electrodes are dried

under a heat lamp and are then arced on the Rilger spectrograph.

The fractions found to contain the highest concentrations of

strontium and rabidi are thus located and set aside for mass

spectrometric anal ies.
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FIG. II - SEPARATION OF ALKALIS AND ALKALINE EARTHS BY ION EXCHANGE
TECHNIQUES. THE APPLIED SAMPLE CONTAINED 0.06 GRAMS EACH

OF Fe, Li,Na, K,Ca, AND Ba IN 3 mis. OF 3. ON HCI. THE COLUMN

AND STANDARD TECHNIQUES USED ARE DESCRIBED IN THE TEXT



Preaparution or samples tor mass spotrometer.

.a. abidiam. The frlaction roud to contain the higheat rabi-

dium conaentration is placed in a clet Vyoor evaporating

dish. A few drops of distille anitrio acid are added to it

and the whole is evaporated to dryness. The resiLue, in

which the Tabidism is present as the nitrrte, is dissolved

in a drop or two or water, taken up in a clean pipette,

and placed on the filament of the mass spectrometer source.

i. Strontium. The fractions containing the highest strontiam

contents are combined, placed in a clean Vyoor evaporating

dish, and evaporated to dryness. The residue is taken into

solution with a few milliliters of water and a few drops of

hydrochloric &ai . A few 6rains of ammoniam oxalate are

dissolved in the sample and then an excess or distilled

ammonium hydroxide is added The sample is then evaporated

almost to aryuess. Care m st be exercised not to allow the

sample to go completely to dryness at this point or spatter-

inj and loss oa sample will result. The sample dish is then

placed in crushed dry-ice and allowed to cool. Ice water

is added and the ammonium chloride present goes into solu-

tion. A fine, white, granular precipitate of strontium

oxalate is left. Cooling o: the dish and the use of ice

water is necessary becauase at room temperature strontium

oxalate is soluble to the extent of 0.005 per 1000 of

water. The precipitate is then very carefully collected



together in the bottom of the dish. The liquid present is

pipetted of?, uaing a polyethylene pipette. The preeipi-

tate is washed with ice water and the water pipetted off.

Washig4 ox the precipitate is repeated four or five times,

it possible, in oreer to remove any traces of rubidium that

migt be present. Iuted, experieone hs ashown that auless

the precipitate hta beun washed at 4.est twice, difficalty

will be encountered as a Xesult o rubidiaU contamination

during the mass speotroaXtric anaLy s1 . After washing has

been completed, the precipitate is 4rawn ap into a pipette

and is allowed to settle out on the filament or the mass

spectrometer souaoe.

Contamination during chemical processing of saples. In order

to test the levels of rubidium sad strontium contamination in-

troduoed as a result of chemical proosseing of the samples,

blanks were ran for both rabitai and strontium. This was done

in the following manner: To a clean platinuQ oruible was ad-

ded 20oo of perchloric aei and 30Qc of hydrofluoric acid.

XKowa volumes of strontium and r bidina spike solution were also

added. The solution was evaporated to dryness and an additional

lboo ox hydro£luorio acid were added and taken to dryness. Thea,

LbOo of kxydrootlorio acid were adced to the aian and evaporated

to dryness. An additional 100cc or zydrochloric said was then

place in the dish and evaporated to about boo. This was placed

on an ion exchaue column, and the strontium and rubidi"u were

separated cnd their fractions were located. They were prepared



and placed on tne Zilatent in exactly the same f4ashon as de-

aeribed in the ioregoin6 seotion. ~4&s were each aelys iso-

topically, and the amouxt ot oontamtnation introdued Tor each

element was oaloulated, the blanks were t;ha subjected to ex-

aotly the same treatment given an ordinary sample.

Analsis disclosed the presence ot O,ZA$ of rbidiua con-

tamination. Since the average glaa enite sample, subsected to

the same treatment, contained about 700,mg rubidium, x ubicium

contamination was seen to be negligible. Strontium contamina-

tion amounted to about 0.d5&. Since the average glateoonite

sample subjected to this treatment contained at least 20,g of

strontium, and sometimes two or three times this amount, the

error due to strontium contamination was certainly no greater

than about 2%.

Contamination within the mass spectrometer. During the ear-

lier phases of the work reported on here, ages obtained for a

number of glataonites appeared to conflict serioasly with geo-

loicl evidence. In order to ascertain whether or not the

oonli tins results were due to analytical errors, replioate

analyses or tne same sample were carried out. The results in-

aioated that, although strontium analysee were reproducible,

rabidium analyses were not and showed large variations from run

to ran. The errors were not thought to be due to mistakes in

the actual processing of the samples, that is, in spiking,

weighing, eto.. It was oonoluded that the most probabti souree

of rubidium contamination was within the mass spectrometer it-
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to inerease the amount of rubidium placed on tae filament, it

was decided to separate the rabidium from the remainder of the

glaueonite on the ion exchange columns before pelcing it on the

filament. The amount of rubidium placed on the filament was

thereby inoreased by a lactor of at least 1000. hes9lts of

replicate rubidiumna anayses in which the rubidium was conoen-

trated using Ion exehange oolains are shown in Table XVI1I.

T"LL XVIII

Raaple Pr Ob(ppA)

R- lb I.D.1 Z11

JIb l.D.2 308

FIb 1.D.5 307

Gl-15 Eb I.D.l 233

hb I.D.2 227

Rb I.1D, 880

The excellent agreement between the replioate analyses of

Table XVIII indicates that concentration of rubitdiu before

analysis oan overcome any contamination introduoed within the

mass spectrometer. Since that time, all rabidium samples ana-

lysed in this laboratory have been separated on ion exchange

oolumna. All r bidium valaes reported in this work were ob-

Sained sinag samples enriched tarough ion techniques. Unfort-

anately, a number of glaeonites analysed before the oontamina-

tion problem was recognized oould not be reanalysed due to in-

sufficient quantities or sample.



CHAPTE V

TREATUIT OF TI DATA

AveraigS of asetta lleted. There are two general methods

employed in the collection of mass speotrometrie data. The

first is known as doable collection and is a null method. The

ion currents representing two masses are balanced, one against

the other, by means of varble resistors. The ratio of the

two masses Involved may be read directly from the values of

the reseistances sed to obtain balance, The second method em-

ployed is tnown an single collection. In this case the siues

o: the various ion c4rreng involved are measured uslnu a re-

cordiny potentiometer. a eason or Brown strip chart recoraer

was used in oar case. Oul sone ion beam falls into the col-

Lector at oay 6iven time a the peaka are reeorded in saUoes-

sion on the chart. -both methods o1 collection have been util-

ized In this laboratory bat the second method, single collection,

was found to yield more acourate resalts. The data reported on

here have all been gathered asing single collection. An example

of the data collooted is shown in Figure III.

Since small but significant random variations occur in the

ion ourrents, it is necessary to collect a rather large number

of sets of data in any given ran in order that the standard

deviations of the ratios mesaured be acceptable. A set refers

to a single swes across the mass range of the element being

measered. Thas, a rubidium set would be composed of two peaks
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FigureII Typical section of Weston Recorder record (unretouched) taken during

analysis of 8 4 Sr-enriched tracer used in a chemical contamination experiment.
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representing the two isotopes of rabidiam at masses 85 and 87,

whereas a strontium set woald be composed of four peaks repre-

senting the four isotopes of strontim a at masses 84,86,87, and

88. For rubidium analyses, approximately 80-100 sets were col-

leoote, while ror strontium analyses, from 125-175 sets were

taken. It should also be renembtre that variations which are

not random maq be present du ing the coarse of a run, prinoipal-

ly fractionation of the isotopes as they leave the filament.

If Zractionation is present, and if it is not reprodu.ible from

one run to another, it is necessary to run samples to completion

in order that the frtationation not introduoe significant errors

in the ratios obtained from the ran. Since fraotionation of

strontium isotopes as they leave the filament has been observed

on numerous occasions in this laborator: (Herzog et al, 1954)

and since the fracetionation has not been found to be reproduoi-

ble, the strontium analyses reported here represent rns in

which the sample placed on the filament was ran to exhaustion.

The sets collected were measured using a 60-seale engineer-

ing ruler. In the case of rabidim, the ratio Rb8 5 /Rb 8 7 was

computed for eaeh pair of sets collooted. For strontium runs,

the ratios Sr 8 4 /8r 8 8 , Sr 8 6 /Sr , Sr 8 /Srr8  were comptted. It

is necessary to compute the isotopic ratios from averages of

pairs of sets rather than rrom single sets because of the fact

that in most oases, the ion orrents being recorded are either

rising or fating to a certain extent, and only very rarely do

they remain constant. After each pair of sets had been measured,

averaged, and the ratios computed, the average of each ratio
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over the entire run was found. The standard deviation of the

mean for each overall ratio wase ompated asing the relation:

Standard deviation of the mean=_ n(n-1
n(na-1)

where: i is the mean value of the ratio in question over the

entire ran.

x is the value of an individual ratio oalolated from

a single pair of sets.

a is the number of i&dividal ratios computed over the

entire run.

Calcalation of rabidis and strontis oentrations, habidi a

and strontiam contents are calc"lated from their respective iso-

tope dilation runs in exactly the same ZasMisn. To illastrate

the aethod or calealation employed, an actual ealotlation of

the strontium content orf a glaoonite will be given. It should

be remembered that the strontian analyses in the isotope dila-

tion run is composed of both normal strontiam which was present

in tte glauoonite and spike strontium which wee added to it.

We shall ase the measured Sr 8 4 /rs 8 8 ratio for the caloulation.

Let: N equal the number of atoms of normal strontium
present.

$ equal the number of atoms of spike strontium
present.

0.006 equal the abundance of Sr 8 4 in normal
strontium.

0.4607 equal the abundance of Sr 8 4 in spike
strontiam.

~aar=-a~ar~- ~ YI -- i-~~u(~~iiP*rr
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0.8Rb6 equal the abundenoe of Sr88 in normal
etronti ur.

0.t075 equal the abanace of Sr88 in spike
stronti vs.

Then, the total number of Sr 8 4 atoms in the sample is eqaal to

(0.00o6* + 0.46078) and total number of Sr 8 8 atoms in the

sample is equal to (0.8kb66~ 4 O V0766).

Whereore, rb8 /Sr6 
- (Wj"6695 t-0Q,.46708)

(0.S2t6PL +30Q0f)

bjt, the ratio sar4 /Sr8 h a been measured mast speotroeat-

rioall'y to be 0.b886.

Therefore, 0.*68f ± .00b6i + .4A07 ,
.8L065 + .07US

Gross saltiplyny g aud oolleeting terms,

0.47615 o0.48lZS,

ani i/S = 06Vo08

The ratio of the number of normal strontiuma atoms to the

number of spike strontium atoms is thus known. However, it is

desired to lnd the ratio of the weight of normal strontium to

the wa!!gt of spike strontim. WL: atomic weight of normal stren-

tiu is equal to 87,?091, while the atomic weight of spike stron-

tium is equal to 8B.7875, the difrerences of course being de to

differenoes in their isotopio compositionso

Th we E0 ofl ormal Sr -7* 897091 0.6040Thes, 0*" - 1. = A /B != .** 10 xweight of spiker w 8.896

iow, tna weitt o spike strotium added to the sample was 386,4g.

thereore, W = Z . 6 x 0.6040 = a.bqA.

The b.6o4g sample or spife strontiam was added to 0.5406 of
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gluaconito. Therefore, the conceatration oi normal strontium in

the glaioonite is:

£.b -40.8,g/g = 40.8ppm.

The oallation of the rbidiam content of the glaaooaite paral-

lels the above exaotl. The value ealaelated for the rabidiam

ooate t ot this glaonite (wa-15) was ZOppm.

Caloalation of radiogenic Sr 8 .

~. Frim the isotope dilaton run. The strontiam atoms of mass

87 in the sample analysed during the isotope dilation ran are oon-

tributed by the spite strontium, the normal strontium inoladed in

the gla.eonite at the time or its ormation, and the radiogenif e

strontium formed within the glauecnite since the time of its

format i on.

hen, it: i equ4ale the number of atoms or normal stroatium
pre sent,

S equals the aamber of atoms of spike strantiam
present,

I eoquals the namber of atoms of radioenio strontium
pre sent,

0.0879 equals the abanai ae of Sr 8 7 in the spike,

0.0702 equals the abundance of Sr 8 7 in normal
strontium,

01,.82;b6 equals the broadanroe f Sr 8 8 in aormal
strontium,

0.307b equals the abundance of Sr 8 8 in spike strontiam,

3r 8 7 /Sr 8 8 =o.1690(measured) = 0070eql 00879S
06 8ZbN6 + MO.3ObS

-~- -.-il-fQS~-E-~-s*i^CY~
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Gross maltiplying and collecting terms;

0.0693N = 0.03b83+ I.

Baut, /S = 0908.

Substitutiag £or I in terms of S,

(.0693 x .bO08)S - O.4BS = 8

a"d, h/S = 0.OObl.

Ths, the ratio of tte nujber ot riadeuinc atroatiam atoms to

the nu mor or spike strontiua atoms has been determined. In or-

der to ooavert to the weisgt ratio, it is neoessary to "mltiply

by the ratio of the atoaic weight of radiogeni strontiaum to the

atomic weight of spike strontium. This ratio is equal to

87*0000 = Ol4,

Therefoore Lw/Sw = 0.00OOb 1.014 = 0.00b2.

Since the weight of spike strontiam added was 3 6 *64&, and the

weight of the glaw onite sample was 0.bt70M , the concentration of

radiogenic strontiam is eqaal to:

85.6 x 0.002 -= O.0bppm

S. From unn iked strontium isotoe abndanCoe rust As was

stated earlier, strontium extracted from mest of the glaaooites

reportet on here, to which no spike strontium had been added, was

analysed lsotopioally. A second, more acoourate, calcation of

rndioeanic strontium content can be made asine this data provided

on.y that the concentration o: normal strontium in the gla oonite

___g_____ll__lY___i___i~_(rSU_1_
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is known from aa isotope dilation analysis ot the same sample.

In order to illustrate, caloulation of radiogenia strontium

oontent will be made using the concentration of normal strontium

found in the isotope dilution analysis or the gla eonite (01-1b)

anG the data 6athered in the isotopic analysis of an uaspiked

sample of the strontium contained in the glauconite.

It was shown that the normal strontium content of this

glaoonite wai 40.8ppm. Isotopic analysis of strontium extracted

irom this glaaodnite showed the ratio Sr 8 7 /Sr 8 6 to be 0.8025.

The strontium oontained in this glasiconite can be thought of as

beia4 composed of

(a) Common or normal strontlum included in the mineral at the

time of its tormation, and

t ) hadiosenic Sr 8  added to the mineral since its tormtion

as a result of the decay of b 8  conatained in the glaxoonite.

The ratio Sr87/Sr 6 can then be broken into two parts, one part

representing the ratio of normal Sr 7 to Sr 8 , the other part

represettin~ the ratio ol rtdloeulo Sr 8 7 to Sr 8 6 . The ratio

Sr 8 7 /Sr 8 6 in normal strontium was sc~n to be 0.7120. The ratio

of radiogenio Sr 8 7 to Sr 8 6 in this will this sample will then be equal to

(0.8025 - 0.720), which is equal to 0.0905. This ma~y be expressed

in the fo'llowing manner:

80 +7r - 6 7r (1)
86 86 86

where the sapereoripte a and r refer to common and radiogenlc

respectively.



But, 870 + 87r was found to be equal to 0.802b by mass

epeetrometrio analysis, and 870 is known to be squal to 0.7120.

Theretore; d = 0.802b - 0.710 = 0.0905 ( 2)
86

The ratios given in the above calculations are all ratios

of numbers of avoms. Since we wist to find the weight of radio-

genio stroatiam present, the valaes or the ratios given above

mest be conv-,ir-ti to weitht ratioe by multiplyirg them by the

ratio of the atcmle weight of SrA7 to the atomic weight of Sr8 6 .

The valUe of this nQmbex is 1.0116, and

(BrA/86)w 0.8118 - 0.VOSZ = 0.091 - - - - - -)

Now, since the concentration of common strontium present in the

glaaoonite le known, from isotope dilatio analysals, and since

the weight abandcne of Sr 8 6 in common strontium is known,

0.0967, the concentration or Sr86 in the gllsaonite may be

calealated. Thus,

Concentration Sr 8 6 = 40.8 x 0.0967 = 2.94 ppm .-. (4)

Substituting in (2)

= 0.091 - - - - - - - - - - - - - - - - - ()
. 945

and, Oonoentration of 87r= .0915 x 3,94b =0.6ppm t - - - (6)

The radioteaic stroatium concentration as oalulated from

the an#ike stroatium analyeis asoula be appreciably more ao-

curate than that calcaulted from the isotope diltion ran alone,

Therbe re two reasons for this;

~x~-- rrrarr'Ca~ i~Fnr^l- ~CI~PI ~IPla~
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(a) The concentration of raAio6eni astrontiam oalcalate

from the isotope dilation analysis alone ls extremely

sensitive to the abu4dance of Sr$ 7 assaed to be in the

spike. Very *mll caanges ( 0.5*) in this abundance

give rise to large variations in the concentration of

radiogenie strontium caleclated. The magnituAse f each

variatior! laoresees rapidly as the ecatent of radio-

genic :. .;iam in the glaaeonite decreases. The cal-

culation of raiogenic strontim content from the re-

salts of the anspiked strontis enalysie is, however,

independent of the abatance of Sr 8 7 in the spike.

(b) The radiocenic Sr 7 forms a greater proportion of the

total atrcnti a in the anpiked strontiua run than it

does in the isotope 4ilktion trotium ran. The error

in the radioenio strontiLx ran then should be less when

oalcalate :from the " aiked strotitu data. It can oe

showna, or example, tat in the *ase of the glaoniote

gust treated (Gl-lb), the ouertage of the total stron-
ii thea sotb fe dvt,,4-

theis which was radoioec wvs 0.3O % while In the an-

spiked strontium ran, radiogenic Sr 7' formed 0.8,1 of

the total strontim. ~fteotively, there was almost three

times as mauch radiogenic strontium in the latter as in the

former, so that the error involved should be cut by a fao-

tor of aboat three.

CalQjlati!n oor te age. The general equ tion for the eey of

a radioactive nclidse is:
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I -lo A-t . ....... * (1)

where, o tis the number of atone of the radiosetive naelt4e orit

ginally present,

N It the namber of atoms of the ratioaotive naulide left

after a time t, and

Ali the dme.y constant.

TAo decaj constant aoed In tae work reported on aer is 1.49 X

10~l+eyr. . * tAe is th traction of Lb 8 7 whihon deoas to Sr 8

each year. nta! deod s oonstant oorresponds to a nal$-lixe for

hie L 7 4beea o bo0 x 10 ;ears. hetarnaine to (1) above, since

radioe6enio Sr b 7 and Itb have the sae Meas, it can be shown that

o = A  -h - - ---- --. --- . - * (t)

where K is t he weight or oonoentratioa of ratiogenio 3r8 , and

NO and I are the weigts or ooncentrations of b8 7 originally

present and present after time t respectiveLy. Sabstititing in (1),

A = (A + )eI,, t . . -m l 1 0 - do - ow (a)

and 9 e-At -. - - .-- --- ----- - - - - (4)

then, 1 I/i 1/e o - - s ow -i /* - - - - - -- - (5)

and e4 = 1 + /w - - - - - - - - - - --------- (6)

and At =lj( + i/)

ad t ( t h+ /) - - - - - I - - - - (7)

'Jhu.e, if tne conontsation oi radlogenio Sr8 7 , the concentra-

tioa or j7 , e s Ceu so nstat are Azown, the age of the min-

eral may oe cacula ted. IL the case of the glauconite used to

illustrate, k was equal to 0.36 ppm., total ruoidium was 'O0 ppm.,

and the decay constant was i.9 x 10 - 1i . Since total rubidim
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was flO pta. aud eib"O687 makeas ap £8.342 of total r&abdiua

(by weight), the oowaentr'ioa o iL~6  presinat in tajo la4onite

was (230 x .v23Z) which ls eqta to 6b.0 ppm. Then,

t = 1/1.39 x 10 - 11 ln.(1 + 0 .6/6t.0) = 9 x 10 6 years.

Caloalation of standard errors.

A. Caloalation of error in aormal atrontiuA. The standard

devistiof. of the mean for the sr84/Sr 8 ratio wee ronad to

be ±+ 0.8 ZI. The standard deviations oX the normal stron-

tiaw and spike stronti a isotope abunda4aoes are tsought to

be ± 0.,b also. Then,

Sr ~sr = o.bSb6u.AWp) = 00OSt 0.00 06) + o.460S(0.a$ 4
0.8kb6s(o. b6.) *0.ZU bStQ.25$)

Gross sbatiplying, 0.4*17J + 0.17948 = 0.00tb65 + 0.46078

arror in 0.s817 = O.4817/,//(0.00Ob) 2 . (o.0)

= 0.0017

krror in 0.1794 = 0.1794 /(0.00) + (0.00 8)

= 0.0006

then, 0,8V 1(" 0.0017) + 0.1794( t O.0006) =0.0 6I1(t 0.01) -

0..6073TS(±0.001*)

Golletit terse and adding errors,

0.a76(--0.00i8) = 0,.818s( 0.o00o18)

I/s = o.oe08

Error in A/3 = 0.t908 (0.0018) (0.0018)2

= 0.0044
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Thie, /S = 0.Q908(±O.04")

Coaveritin to weiegt ratio, J1,/Sg,=0,.908(tQ.0044) xz L.OS--*

0. b040 (o, hJ04)

The error An the w14iut oz 8pite Uadded I thouzjht to e = .0

,"e weignt ox spike ausio was theselore $6,6( ±.?114%.

4W = t. x 0.60SO = 1.4.

irror iu 1w= a1 (glob + (O.0Q4b)

the Seig t ot sample seed was 0.bk~~~. uad the error in

this in insigaitiont lu comarison to tie error in the

weigh t s Opike added.

Thus, coneetration or normal strozntia is:

L, -=40.8ppR.

and the error in this conentration ise:

0o.46 = 0.

Therefore, concentration of normal strontium in this glaa-

ocnits is 40.8(to.9kpa.

. rror in r adtis content, this ealoeation is carried eat

in exa*tly the easme ashion as ot the error in the normal

strojntiu content, the error caloalated ror tne total rae

bidim e oatenvt wre P0(t 4.6)ppm., while tae 1b cotent

woald 'tbh be 6b.OO(tl.)ppm.

0. Error in radioe abto strontim ooAntent. The error for the

rai*riease strontiam otent as eeal0lated from the isotope
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dilation data was 0,.b t -.0O)pjm., that is, an error of ?0%.

he error ito that calcalated from the anspiked strontiuja

data, on the other hand, was 0.56(t.02), an error of less

than 69. This Is as predicted earlier in this chapter.

1 Error in final cae S alation. It san be shown that for

small value of the ratio, radiogoenio SrS?/b87, srah as

have been eneouatered in the work on glasconite, the expres-

sion ln(l + R/N) is essentially equal to /.o The age

formxala ma yv then be written:

t = 1/4 X (r/J)

Sabstituting the values obtained for f and N in the above

foruLa Ma ausing 1.9 x 10*L ,for the doesa constant,

/ .8 10r) X (06z
S 68.0( -1.Z)

S95 X 106 years

and the error in the a~e is e*qal to;

95 106 0) (.s.0)S
(0#Z6)z Bt5.0)k

== x 106 years

.. ~,----- sr~- ~-~- -.- ~-rY -c m ~ -~-_- l~l~s--L K1)"WWTuIY~LLY--IIII~-EI Illl__l__~s_---s~-1LI
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The results of anaegaee or twenty-one glaooaites are

given in ableo IIl and IL. All results are given In parts per

million. i&6es were oaloalated using a decay oonstant of 1.59 x

lO"'llyr-l, corresponding to a half-life of bO x 10 9 years for

the Eb8 7 deeay. It will be noted that no rubidiam analyses are

given in Table 21. This is due to the faet that these six

samples were analysed before it was realized that highly or-

roneoe resalts could be attained as a result of rubidiam con-

tamination within the mass speotrometer. All rabidi analyses

given in Table III were carried out after the rubidiam had been

isolated by ion exehange. These analyses are thought to be so-

ourae to at least 4%. The normal strontium analyses given are

also thought to be aeurate to Z*. The errors for isotope dila-

tion and isotope ratio determinations of radiogenie strontium

are very close to the errors given for the respective isotope

dilation and isotope ratio ages in the table.

Geologio ages of the 9lauOnAites anasl ed.

A. Cambrian samples; iseasured ages of six Cambrian glaaoonites

are 6ivean n Table 1IXL Table XI represents portions of

the correlation chart set up by Howell et al (1944) for the

Cambrian formations of North Amerioa. It will be noted that

aif of the Cambrian glauaonites reported on here were ob-

II__III(.-I-IX~~Y _XX--~-LX~Ybl^ll^CI~IIXIX~.



TABLE L,

Location Geologio Age Normal ladiogenio
Br I.S.

Gl-(a) Lodi Shale, Upper Upper
Wise. Cambrian 8.4 .f1

G1-4 New Jersey Upper
Cretaeoa 8.8 .11 -

GL-4 Mt.Whyte FM. Upper Lower
Alberta Cambrian .59 -

G1-6 Mtoihyte Fm. Upper Lower
Alberta Gambrian 7.8 .9 -

G1-7(a) 4rider ange, Cambrian *1 .50

(b) Montana l251 .68

GI-18(a) Franconia Fm, Upper Middle
Readstown,Wisc. Cambrian b,9 ,37 .51

All conaentrations given in ppm.

tained trom rormatione aotually shown apon Rowell's chart with

the single exeption of the Lrray Shale sample (1G-20). The

Chilohowee Group, of which the Murray Shale is the appermost mem-

ber, is dated as being lowermost Cambrian by the United States

Geological Sarvey in the Lexicon of Geoloioe Names of the United

States, Other workers feel it to be Precambrian in age, in the

Beltian series, e.g., hesser (198). Howell's group has also

placed the Uhilhowee Group iu the tpwermost Preoambrian. Aot-

ually, the whole problem is somewhat academic in that the placing

Sample Sr
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GESTNERALIZED ROCKY MOUNTAINS MISSISSIPPI VALLY
STANDARD SECTION 53

FUA ZO 37 Plrmigon and Sawbock Range, Central Mineral Rgi
FAUNAL ZONES Castle ounains British Columbia Central Mineral Region, Texas Wisconsn-Mnnesota

S , Alberto 57 61
a 4 Compiler - C.F Deiss and N.M. Denson J Bridge and C. Lochman G 0 Roosch and I Edwards

Su, Overlying Ordovc Ordovcian Ordv i ci aon Ordo v c n

SPlethopeitis zone Madison fm *

Soukiell-a- S-oklell:
ColvineIo Wi * E * _ Jordon member

zone Cevinells o3 o .

Upper kelocepholus 1 0 E Lodi member
zone D. rocills) E Lodi member
Platycolpus -Scoevogyro Goodsir E St. Lawrence member *
Dikelocepholus formation 0 E

postrectus zone L yell w Bad Axe member

z Briscole zone formation e

SProsoukia- Prese - Hudson member e
zone Ptychotsps a E

•f lisokeeie 0 E

uU Teitepiek" Pont R
z Conoaspis memcit
4 zone Eorthis a Goodenough member

subzone Sabine Morgan Creek e
a Ptychopleurites zone formation limestone member 0 U

o Ironton member
Elvinia zone . LL

Z
4 Aphelaspis zone

* Crepicepholus zone

X Cedarta zone

oeisl Ie - Cent opler I

Polello -Thomsonospis
zone

SOlenoides - Orria-
- Morjumia zone

O Elrothlello
Triplagnostus

SElrathiella- subzone

. Triplognostus-
, Claoppospis

o zone Cloppospls
l i subone

Bolaspis-Glyphaspis
h zo ne

Boswort h
formation Sullivan

formation *

15

Stephen
formation

Glossop l euro -
Kootenio zone

Zoconthoides -
Anoria zone

Albertello zone

Kochaspis liliona
zone

Cathedral
dolomite

Ptarmigan
formation

Syspacephalus zone
W Mount Whyte
X formation

_ Olenellus zone 0

St. Piron
sandstone

wt Moutain ls. (With Lake
wulse share member of top)

Ptaermigan Meuatein
aetion anly.

Underlying - Upper Beltion shale

Lion Mountain sandstone
member

18

ickor sanstone

?e

;)•

Format ion s Ab

Pre - Cambrian

Golesville member

Eou Claire member •

Mt Simon ss

sent

-- i--t-

Pre -Cambrian grani t

Table XXI

Bonnio zone

Oboa FoneObolela zone L

i.; ;.i s-.~xs~-i _ - _ _~~__ ~~~__ ..II ~.~-n~-~p _ _~~____~

aArctomys
formation
No fossils;
elnect aego
unknown

Pi~ f fPikafm. 14 Eldon

dolomite
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oa this group in either the Cambrian or Precambrian depends ea-

tirely on just how the base or the Cambrian is defined, It

does seem quite probable taoui that the Chithowee Group of

sediments represents material that was deposited earlier than

that deposited elsewhere in the couatry and thought to be basal

Gambrian in age. In this sense, then, one would perhaps be

jastified in callin this group or sediments Precambrian.

The Mowut Whyte Formation of southwestern Alberta and

southeastern British Columbia, from whiuh gl-Z, Gi-b, and 01-6

were obtained, is dated at Upper Lower Cambrian by Howell et

al (1944), Deiss (196), and Losetti (19bl). The glauaonite

bearing layers in the lMoont Whyte ocoer at its base, Howell

states that Oleaellas has definitely been identified in this

for mation.

One sample of glaconsite from the Franconia Formation of

Wieeonsia and inuesota was studied. Uafortunately, it is im-

possible to aseertain whiuh member of the Franoonia is repre-

seated by this glaeonite, saince the sample was incompletely

laoeiled. Eowever, we do know that this tlaaconite was deposited

during the middle portions o Upper Cambrian time.

The Aodi Shale, trom wnien l-1 was obtained, is placed by

Rowell in the Trempeleaa Formation, although the United States

Geological Survey considers it to be a member of the St. Lawrence

rormation. In this case, we simply have two names for the same

formation, The Lodi Shale is Upper Upper Cambrian in age.

--\Y. -. I. ... -"L-~~-



4il- b alnd 4G-16 represent laioonites separated from two

specimens of the Lion Mou.ntain Sandstone member of the iley

Formation or central Texas. Gl-lb was obtained from drill core

from a depth or over bOO0', while Gl-16 was collected on the

surtface. The Iley Formation is equivalent to the Cap Mountain

Formation. The geologic age of the Lion Mou.ntain member appears

to have been losely fixed n paon pleotologio grounds as Late

Larly Late Cambrian by Lochman (19~8) and Palmer (195X).

. OQrdivisian samples: The sample from Steabrottet, Sweden (G1-Z

and 01-11) oco rs at the very base of the Ordoviiean in Sweden,

The sample was collected only a few feet above Swedish kolm

deposits known to be Upper Cambrian in age, Two ether samples,

from the Leningrad area of hbssia, G1-8 and GI-ZI, were also

analysed. Vrofessor Hai. dhittington or Harvard University, who

sapplie the two samples, is presentti eamilung well-preserved

triloites associated with them, and has assured the writer that

tae two are of sower Ordovician age.

.2evonian samples; Only one glaocanite or :Devonian age was ob-

tained for this work. This sample was taken from the Carlisle

Centre Formation of New York which is overlain by the Sohoarie

Formation or the Onondaga limestone in the Schoharie's a"senee,

a underlain by the Loopus shale. caording to the correlation

chart for the Devonian strata or Borth America set ap by Cooper

et al (1942), the Carlisle Centre Formation would be Middle

Lower Devonian in age

I_____P______M1L__Y____6~*I~IIYPFl~liCli ~X~_1-YL~LI~II--~
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D. JrsEsic sampless The two Jurassic glaaoonites studied

came from the Ledwater Shale member of the Sandance Forms-

tion of the Laramie $asitn Wyoming. The hedwater Shale

member is underlain by the Lak member and overlain by the

Morrison Formation. The redwater Shale member correlates

faunally with the GCrtis Formation of Utah, the Stamp sand-

stone of eastern Idaho and westernmost Wyoming, the Swift

Formation of Montana, and the "Upper Sundance" Formation of

central Wyoming. Imlay (1947) places the Sundance as lower-

most Upper Jarassio.

. retaceos and Tertiary saagles: Two of the samples stuadied,

l-138 and G0-14, are well dated geologically, 01-IZ is from

the Savesink Formation, while G1-14, collected from immediate-

ly above it, is from the Horuerstown Formation. Dorothy

Carrol of the United States Geologial Survey who collected

the samples states that the gavesink is uppermoat Cretaceous

in age while the Hornerstown is Lower Eocene (private com-

.mniation). Miller (196), while agreeing that the Nave-

sink is appermost Cretaceous, states that the Hornerstown

is Paleooene in age. However, the disagreement is slight

for oar purposes. The third sample, Gl-10, is eabject to

some doubt as to its actual age, sines no location or forma-

tional name was given with it. However, it is almost cer-

tainly apper Cretaceous or ESoene in age.

F. Recent samples: The youngest glaaoonite studied (01-G-)

was obtained from a bottom sample taken in the Atlantic

Osean off Georges Bank. This glaonite is thought to be
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in the process or formation at the present time.

rerivos attempts to set up absolute time scales: Table ;all

illustrates a nuber of absolate tim sales set up by various

investigators for post-trecambrian time. Whe table has been

taken from Holmes (1947). these time seales have been set up

mainly on the strength of a very lew U/Pb age determinations.

In nearly all oases, the minerals apon which the age determina-

tions were made were of igneous rather than sedimentary origin.

The age relationships of these minerals to nearby sediments

were often vague. The differences among the various time soales

of Table XXII are due primarily to two t things:

(a) Agreement concerning the geological age of a given

mineral or rook auit was not always unanimoas.

(b) Improvements in the techniques of radiootive age de-

termination gave rise to changes in the apparent ages

of the minerals used.

Holmes, in 1947, revised his (1433) time scale on the ba-

sis of more refined U/ b age determinations made possible by

A.O. fler's isotopic analysis of leads present in the uxrania

bearing minerals used. Up u til that time, U/kb ages were of

a striotly chemical nature, that is, U-P concentrations were

determined through chemical methods and isotopic analysia of

lead was not carried out. In many cases, it was sesaued that

all lead present was radiogenia in origin* In other cases,

atomic weight determinations on the lead allowed a fairly ao-

ourate correction from common lead to be made. The rapid de-

velopment of mass spectrometry, however, including both isotope

L_________QeU PJIYP ~~
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TABLE III

Reeds
(1931)

Pleisto-

aene

Pl iooene

kiooene

Oligooene

Looene

Oretace-
ousB

Jurassic

Triassi o

PeriAn

Garboni-
ferome

Devonian

Sil rian

olan

Cambrian

7-1.59

16-16

20-26

b5-6
65-85

155-195

55-45
190-840

2b-40
Z15-%80

8-90
300-570

bO-50

40-40

Z90-460
9050

480-490

70-110
bSO- 700

60
68

28

65

192

220

285

440

I~- IL-- 1- - - -- ,I- ~ - I-- --~-rC- -- ~I ~

10

18

60

128

158

220

285

35b

440

O0

26

60

157
28

38

86

67

309

354

581

448

105

(5)

(5)

16

76
79

178

208

223

270

314

47

18

47

47
426

Ages in millions of years

Systems Barrell
(1917)

Holmes
(1933)

Moore
(1935)

9llard
(1944)

&- ---~- I ~~ I-- .1.r-rL~- ~-l--r l Ie I~

__________l~______i___I ~__LI___ PI__I____II .----II-.
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dilation and isotope abundance analysis, has enabled the in-

vestigator to measure U/Pb ages very accurately. Rolmes' re-

vised time scale, drawn up in 1947, is shown in Table U1III.

It will be noted that two saoles are given in table fIIII, la-

belled A and .. This was done because of some uncertainties

in the eologioal ages or some of the minerals upon whict the

U/Pb age determinations were made. Holmes reels, however,, that

the scale is to be preferred. Table ATV represents a compil-

ation or the U/Pb ages upon which Holmes' time scales (revised)

are based,

§Samle

A.Swedish kolm

TABLE flIV

Seologi aMe 207 206

Late-middle or early 800
late Cambrian

B.Cyrtolite, Lad of Ordovician
BedfordN.Y, (Taoonia) 370 Ub 355

O.Cyrtolite, End of Ordovician
Bedford, N.Y. (Taoonic) 412 337

D.Samarskite, Late Devonian ur
Spinelli,Conn. Early Carboniferous 256 Fb5 254

k.Pitchblenae Lat# Carboniferoas
4oaeimsthal ..

F. itubiende beWinngt or Tertsi-
Colorado ary - b7. !5.1

G.Pitchblede beginnien of Terti-
(oloxado ary -9.8 61.Z

Ages in millions or years

206/18Z

377

207/25b

440

Y~~
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PLIOCENE
MIOCENE

OLIGOCENE

EOCENE

CRETACEOUS

32

47

68

140

167

196

220

275

12
26
38

58

127

152

182

203

255

318 313

SILURIAN

ORDOVICIAN

CAMBRIAN

350

430

510

TABLE XXIII

TIME SCALES
AFTER

FOR POST- PRECAMBRIAN
HOLMES (1947)

JU RASSIC

TRIASSIC

PERMIAN

CARBON I FEROUS

DEVONIAN

350

5101

Gro _'=2% i I



it is to be noted in Table .41V that in only one case, tne Swedish

kolm sample, was the age determination made directly on material

of sedimentary origin. In all other cases, the minerals ased

were either rrom pegmatites or vein material assoociated with

granites.

The ages obtained for the Swedish kolm sample show extreme

discordancy. Wlekman (1942), asing data on the rates of difa-

sion of air and hydrogen through kolm material, oaloulated that

average lose of radon woal be 14.b% from a disk 7.5 ea. in

thickness, kadon is a radioactive gas forme during the deey

of U ; 8 with a half-life of 3.8 days so that losses by diffusion

can be appreciable. Ir radon is lost from a mineral being ueed

for U/tb age determination, there will be a corresponding de-

crease in the amout of pb 0 6 termed. This will result in

measuaed 2047/06 a6es which will be too higA and ?06/t38 ages

whion will be too low. The O7/rab age should be correct, pro-

vided of coarse t4at radon lose is the only process operative

tending to enange U/Pb ratios in the mineral other than the

natural radioactivity. The kolm sample used by ier for the

U/Pb aje determination giveenin table XIV was a disk between

Sanid 10 em. in tickeess (koel, a variety of oil shale, ocaurs

as disk-like leases in the alum shales of sweden). Wlokman

fcand that by assuming a radon loss of about 17% in the sample

analysed by MIer, the ages weold become concordant at 440 million

years. $cokman's correction for radon lose is illuetrated in

Figure IV. Rolmes, on the basis of Wickman's work, assumed an

age of 440 million years for the Swedish k6lm deposits.
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5 10 15 20

Restoration of Pb206 Corresponding to Rn Loss
(%)

FIG. IT - CORRECTION FOR LOSS
TAKEN FROM HOLMES

OF RADON.
(1947)
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The ages obtained for the two cyrtolite samples from Be-

tord, New iorx, could be made concordant by asssmiag 007% and

4.9A radon lose respectively. The ages so obtained were U5 and

345 million years, aud Kolmes acce ted an age of 350 million

years for the close of the Ordoviciaa.

In the case of the asaarakite from Spinelli uarry, Cona-

eeticat, beautirully concordant ages were obtained. However,

some question existed as to the geological age of the granite

with which the sample was associated. Most were of the opinion

that the granite was intruded at the close of the Devonian dar-

ing the Acadian orogeny, Others, however , expressed the possi-

bility of a lower Carboniferous (Wichita) intrusion. Holmes

feels thht the granite represents intrusion at the close of the

Devonian because no lower Carboniferous intrasives have been

recognized in the region.

The Joachimaethal pitchblere has been dated at late Carboni-

feroas or early Permian by geologists. On the basis of petro-

logic and tectonic evidence, however, Rolmes feels that a late

Garbonite ois age is to oe preferred.

The pichbienae samples from Colorado which were a"ajsed

came fom veins ge etloally associated with the Laramide platon-

lo z ooike oX Colorado and Womiing. the most widely accepted view

ise that the veins were formed at the close of the Cretaceous,

bat the possibility of an upper Paleozoo age has been recognized.

Lipsoa(1956) has recently completed estudes on a suite of

ten glauaonites from the Tertiary of Iew Zealend. By meesring
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the ooaoentration o k4 0O and rLdio6enio A40, he was able to

oaloalate aee tor these 6i&Aonites. iVpBon aiso determined

the 4/a agea of a lower Cetaceo~i (a ,jian) glau~onite, a

lower Gretaceoa (Genomanian) authigenio feldspar and a middle

Devonian (Givetian) sylvite, all trom western Canada. ipson's

resalts are shown in T1able XU.

Mineral

Glaaoonite

Glauaoni te

Glauoonite

Glauconite

Glaooni te

Glauoonite

Glauooni to

Glacoonite
Glauooni te

Feldspar

Glaoonite

Sylvite

TAB A 11V

Location

New Zealand

New Zealand

New Zealand

New Zealand

New Zealand

New Zealand

New Zealand

hew 2ealand

Iew Zealand

New Zealand

Orowenest Vol-
oaanies,Ae rta

IoMarray area,
Canada

ELk Point
Forma ti on,
Saskatchewan

teologio Age

M.Mioene

M. Mioene

LMiMiooene

U.011 Oligocene

M.01igocene

L.Oligocene

U. Oligoone

U. Oligooene

. 2Paleozoio

t. Paleozoio

M. retaeocas

L. Cretaceous

M.Devonian

Measured Age xo - f

S35.8( 1.9)
0.2(t'1.8)

16.(tlO0)

S4.0(t.6)

40,b18t.8)

49E(t,30)

46.1tt8)

142(l10)

28b(t14)

Lipson's results, in general, agree well with Holmes' (1947)

time scale and are extremely encouraging. Lipson used a branch-

ing ratio (A4 0 /0a 4 0 ) of 0.11 in order to oaloalate the ages of

the samples.

47

48

52

50

Z9

44

45

51

58

U

41

~__ __ I _~ _ __ ______ __~ _1~1~- 1111_ 1~-~1-----1~__ ~r*I~Ll)r
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Wasserbarg and Hayden (1966) measured the K/A ages of fear

sathigenic minerals found in sedimentary rooks. Their res*lts

are given in Table XIVI. The ages given in Table I have been

caloalated asing a branch ratio of 0.11. wasserbarg and Rayden

ased a branching ratio of 0.086 in their published work, bat

this writer recalualated their ages using the higher valas of

the branching ratio in order that these results be comparable

to those of iApson,

Saaple Mineral Geoloie Age .ol 40 0

Franoonia Fm, Gaaconite Middle Upper Oambrian 460 x 106yrs

Dabaqa* Fm. Feldspar Upper Middle Ordovician 384

uarshalltowan F.Glat, onite Upper Oretaeeoas 71

Hornerstown Gltauoonite Ecoene 52

Gentner et 41 (1954) measured the X4O/A40 age of a sylvite

from the Lower Oligocene salt deposits of Germany. The measured

age was £b( 5,-2) million yeers, again in good agreement with

Holmes' seale. Inghram et al(1950) obtained a K/A age of 89 mil-

lion yers tor the Stasefart sylvite. This is greatly at odds

with Holmes' seale and indicates possible loses of argon.

Although a fairly large nmber of Lb/Sr ages have been

measare, principally by the groaps working at the Department of

Terrestrial Magnetism and at M.I.T., they have been of little ase

in the settug yp or a post-treoambrian time seale, This is so

for two reasons;

(a) In many eases, the minerals analysed have been Precambrian

~--ri--



tin age.

(b) Minerals were tatken irom post-2reoabrian Igneosa rooks

whose relationships to paleontologically dated sediments

were not olearly known.

One possible exception, however, is a lepidolite from the Pala

Mine of southern California. This sample is thougt by geolo-

gists to be either Upper Jarassio or Lower Oretoaeous in age.

Lesults of analyses of this lepidolite by both the D.T.M. and

M.I.T. grops are shown in Table U1VII.

TARLE 1xvii

Mineral Location Analyst Sr* 1Rb87  Age( l.9gxlO 11

Lepidolite Pala,Oallf. D.T.M. 6.6 4120 116 Z 106 yrs.

Lepidolite kala,Qalit. M.I.T. 6.47 $870 1t0 x 10 6 yrs.

Sr* represents ra logenio strontim. Analyses
given in ppm.

It is felt that the measured ages oited in the foregoing

paragraphs represent those most saitable ror the oonstruotion of

an absolute time seale for the Paleozolc, Mesozoie and Cenozoic

eras. These ages are combined graphically in Figure V. The

measured ages have been plotted against the B time scale set tp

by Holmes in 1947. The solid line in Figure V represents a plot

of the four U/Pb ages used by Rolmes (see Table XXIV) in setting

ap the time seale. The vartous other points represent the ages

measured by Lipson (1956), Wasserbarg and Hayden (19$), the

Pala lepidolite valaes obtained by the D.Tv,. and M.I.T. groaps,

CCI~I^I Y~Zi~i UI ~YiXL~..ILU~III~L I)X--YII*I
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Gentner's (1954) sy lvite age, and the lb/Sr glaaeoonite ages re-

ported on here.

The most striking feature of Figare V isL the rather remark-

able agreement between Holmes' time seals and the ages measured

by other workers. It aoald be remembered that the ages plotted

represent work done using three different naturally occurring

radioactive deeay schemes by a number of workers in different

laboratories, and no known data has been excluded. Of the 36

measared a;es plotted in Figure V, neglecting of coarse the

Toar U/Pb ages used to oonstret the time scale, k8 fall on, or

very olose to, the line representing Holmes' scale. Of the 8

which fall off tre line by amotnts greater than a single stand-

ard error, six are Ib/Sr glaeonite ages reported on here for

the first time. One is a LIA glaeonite age by Lipson, and the

other is Inghram's K/A sylvite age. Ten hb/Sr ages fall on the

line or within a single standard error of it. Uone of the ages

plotted fall off the line by as much as two standard errors, ex-

cept Inghram's age for the Stuassafart sylvite.

Evalation ot 7 the litbSr l laoonite _es. Sixteen lb/Sr glaa-

oonite ages are being reported on here at this time, The six

ages which appear to show significant lack of agreement with

other ages cited here are:

(a) One age measured for the Stenbrottet, Sweden sample

(01-11).

(b) Three ages measured for the two Lower Ordovioian sam-

ples from the Leningrad area of hassia (01-8 and Gi-16).

(so Two ages measare fror the two Upper Cambrian samples
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from the hlley Formation of central Texas (G0-16 and

41-16).

The hb/Sr ages plotted in Figtue V represent only "isotope

ratio" ages, that is, ages in which the radiogenie strontias

content was Calealated on the basis of analysis of pare, Qu-

apifl4 strontiua extracted trom the glauaonite. "Isotope di-

lation" ages were, however, also obtained in all bat one ease.

FiUre V has been limited to "isoto ratio" ages beeamse of

their Ma4h greater asuracy. In the case or the Swedish gan-

conite, however, age determinations were made on two samples,,

G0- and 01-11, as can be seen in Table 11. Three ages were

obtained, only one of which was an "isotope ratio" age. The

two isotope dilation ages obtained, however, agree well with

the single isotope ratio age, as can be seen in Table E . Of

the two isotope dilation ages, one agrees almost exactly with

the isotope ratio eo, 8a6 as compared to 880 million gears.

This isotope dilation age was obtained for G-3 and has a small

standard error (10i) as compared with most isotope dilation

ages. the other isotope dilation age that obtained for 01-Il,

is significantly higher than tie isotope ratio age obtained for

the same sample (420 m.y.) bt the standard error for this iso-

tope dilution age was qaite large (O1a).

In he case of the two Lower Ordovician samples from ase-

sia, G1-8 and G01-_, three isotope ratio ages were obtained.

Two of the three were on 01-8, where an tnleached and a leached

fraction were each analysed. The reasons tor this will be dis-
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essed frther o in in this work. At any rate, the three iso.

topearatio ages obtained are in excellent agreement. All three

ages indicate a Lower or Middle Cambrian age rather than Lower

Ordovioian.

Two isotope ratio ages were obtained for the two samples

from the hiley formation or Central Texas, one for each. these

two ages agreed well with one another. Moreover, a glance at

Table XUjL will show that the two isotope dilation ages obtained

for these samplec are, also in excellent agreement with the

isotope ratio ages.

There are a number of possible reasons which might be ad-

vanced to explain discrepancies in the measured Rb/Sr ages of

glaeontles. The first that comes to mind is analytical error,

that is, error introdaced daring the analysis of the glaconite.

This explanation does not appear tenable, however, in the case

of the six apparenly disorepant agee just disoassed. Thase,

in the ease of the -assian samples, three ages in complete agree-

ment were measured; two ages were obtained for twi ditferent

samples of the iley Formation glauconite that again showed good

agreement; and for the Swedish sample, one and poesibly two

isotope dilation ages were load to agree very olosely with the

slBage isotope ratio age obtained. If aualytical errors were

responsible or the discrepawoies, ten we would not expect con-

corda cy between ages of samples from the same foration or

closely related horizons. For this reason, it is Oonoladed

that analytioal errors are not responsible for the apparently
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discrepant ages.

It ahoald be uoted that of the six apparently erroneous

ae,** the Reusian samples appear to be too old, while the Swo-

dish and Riley formation aes appear to be too yeaos. It is

rather diffiolt to explain the apparent disorepaneies on the

basis of poet depositional hanges in the glaueonites, ilne.

if the variations were due ~4elely to soch influenes, more

than one prooess would have to be operative. Possible reasons

for measured kb/Sr ages beind too old are:

(a) Daring the glaaeonite's history, rubidiua was leaohe

preferentially with respect to strontim.,

(b) Glaoenite may form as the result of alteration of

older, detrital, rLbidiua-rich minerals, such as biotite

or masovite. If thi were the ease, and the mineral

uanergoing alteration oontained signifioant aounts of

radiogenic strontts whion was not antirely removed

uaring the alteration, the asared age of the glaueon-

ite woald be too high. In order to test this possi-

bility, glaonite known to be forming tcts y as the

resault of alteration of ietrial, rabidium-rieh minerals

should be analysed. Thus, Slaconsite carrently forming

in Monterey ay, OCaalfornia, has been shown by Galliher

(198 ) to be an alteration product of biotite currently

being eroded asud arried into the bay from adjacent

granites. Analysis of glaaeonite and biotite from the

bottom sediments of %he bay should diselose whether

or not raiogenie stronatiua originally present in the

biotite is removed Bdring the alteration prooeas.
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( The presence of o older, detiital, rabidim-rieh minerals

as impurities in the glaaeonite sample naajysed could

lead to measu.red a6es which were too old, This possi-

bility is not likely, however, sinoe miorosefie* exam-

ination of te 61auconite sample was made before it was

used for age determinations. The presence of such oon-

tasinating minerals woald have been disclosed to the

analyst.

(4) Microscopie examination of gla.onites separated from

sediments has led some investigators to eonlade that

the glaueonite represents reworked and redeposited mater-

lal, If this ocurred, the measured age of the glae0on-

ite would be greater than the true age of the sediment

in whieh the glaueonite occurred. This does not appear

to be a reasonable ixplanation in the case of the two

a;ssian saeeples, Ihaowver, since microscopie examination

of the separated glaeonites showed most of the grains

to be casts of shells, many or them perf-At in every

detail. Erosion and redeposition of these grains would

almost certainiy lead to complete destruction of siuc

tine and delicate structkre.

Processes operative in ±ature that woald lead to measred

Eb/Sr ages that were too young are somewhat more difficult to

visualize. There is the possibility, of course, that radiogenic

strontium might be leached from the mineral atilized, resulting

in ages tnat were erroneously young. Another possibility is
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that rabidi n has been added to the mineral sines it was erig-

italil formed. this walou lead to an erraneosly yosg age

becamse, in the age calealation, it is assumed that the eon-

eentratlon of Lb found in the mineral has not changed sine the

mineral was formeo.

Loeal variations in tae rolative abuadaneos of the etoati a

isotopes present In the enviroament of rormation of the mineral

seald jive rise to measured ages which were either too old or

too oanAg, epez4ding apon the direotion taken by the variations.

Tae, it tae abtwdaee or Sr 87 present Sn the stroatiUa tinl ed

in a glaseonite at the time of its formation aiftered signifioant-

ly from that in so-calle normal or eoamon strontium, the salea-

lated age would be in error beause, in the calculation, the

abundance of 307 assuame to have been present at the time of

iormation or the mineral wold be inoorret,. Numerous analyses

of strontium extracted from .Klmetone, gla]oenite, eelestite,

etc., have failed to siew signifticant variations in the relative

abeadances of the strontiaum sotopes which are not radiogenic

In origin. Since the non-radiogenle isotopes of arontila fail

to show such variations, it woald be aeoessary that the mineral

form in a a environment in whieh the stroatium present differe

only in its abA a0nee of the ass 87 isotope. It Is d iealt

to aseept saGh a moshaneis, parti lar4 in the ease of glaaoon-

ite. Glaa oaites have zorame is the sea, an environment which

we would expect to bae ~iQt homogeneous. Samples of strontiu

atken from sea water ast high stroatia , low rabidiax materials

of marine origin have failed to show any significant variations
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in %in abundance of strontiun 8T (See Table MIt). In order to

test this hypothesis as a possible means of explainiAg the

Bli ages obtained for the two Itassian sanles, strontius was

extraated troa a pure sample 0I the limestone wi th which G0-8

was assoolat d (lswos limestone) and this was analyse4 isotop-

ioally. It is to be expeoted of course that suah strontiQ

would be represetative, isotopiallj, of the strontiu inolaled

in G1-8 at the time of its formation. The isotope analeils

disclosed that this strontia was normal in every respect (see

table II). -In sumry then, local variations in the relative

isotopic abandtnee of Sr87 does not appear to be a satisfactory

explanation of disfcr a Rnt b/Sr glaaconite ages. The reasons

for this oonclasion arr.

(a) Analysis of strontian extracted from sea water and ma-

terials of mtrine or ;in in which the ratio Sr/Lb is

high fails t show any significant variation in the relt-

tive abundances of the isotopes of stronatia (See Table 111).

(b) Aualysis ot strontia extracted froe a 3ber of glaeon-

ites fails to saow signitfiant variations in the relative

abAndances of the non-radiogeaic isotopes (see Table LIII).

Ahis would tend to eUalate such a process as natural

fraotionation from giving rise to the Sr 8 7 variations,

sinoe it woul result in changes in the relative abundanees

of all the isotopes.

(e) caaoonites have forme in the sea, an environment which

appears to be homogeneous with respeat to the relative
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abundances or the strontium isotopes.

thus far in the discussion ot the resxSlts obtained from the

Eb/Sr analyses of glaiocnites, the possibility has not been tag-

gested that the geological ages assigned to the six glauaonites

in question may be in error. If one accepts this as an explan-

ation for disaordant ages of glaueonite samples, he uast be

preparp to conclade that geologie ages assigned on the basis

of pal4oatology can be erroneous. In some oases this is no toabt

tre. ow.OV~r', the six ages in question here were obtained for

materials thet have been dated palocatogically in what might

be ealed rigoroas fashion. by this is meant that there does not

appear to be any q etion as to their age trom the viewpoint of

the paleontologist. ; ain, the majority of the ages eited in

Figure V are in compl~wt agreemsent with thea as assigned on the

basis of paleontologu, and it woual not appear reasonable to

assvue that for those ages w.,JOah shot disorepanoes, paleonto-

logic evidenee ha. led to the assignment of erroneon geologic

Conelaseone.

1, Glaaconite Tb/Sr ages appear to be, in general, reasonable.

More than half the ages meaesred agree well with ages obtained

by other investigators asing other methods of age determination.

In some oases, the glaueonite Eb/Sr ages appeared to be some-

what too high or too low. Good agreement between the ages

measured for a nmber of euh samples trom the easame area or

formation iadicates that the diserepanoies are not dae to
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analytieal errors, and m st therefore be ue to proeesses

operative sebseqeat to or daring the tormation of the glaa-

seo ite.

2.Althouh soMe ylaeonite Lb/Sr aes mAY be in error, as the

result of natural processes, the degree of Oror in most

oases is not excessively high. It is felt that in all pro-

batility, glaXaoonite Rb/Sr ages will enable the petroleum

geologist and sratigrapher to determine with consiterable

eonidoence the period in geologic time to which a non-

fossilifeVoCL, stratum shoald te assigned.

5. The time soele set up by Holmes (1947) for the Paleosoic,

Mesosooi, and Cenozoie eras, and known as the holmes B time

seale, appears to correlate very elosely with age determina-

tions made on a varW.ty of materials by several workers, It

is felt that this ti;r scale is, in all probability, free of

serious error, snd any changes ir t1lis time scale as a resalt

of farther absolute age determinatinns will probably be of

only a minor nature.

4. The relative abunauces of the strontas isotopesa n sea

water have remaiane essentially eonstant througaout post-

reesarian time.

. the mAieral japaeonite containse rom 180 to 3k0 parts per

million rbidiaa. The near onastancy in rabidiua content of

glausonites of all ages and from all over the world is in

sharp contraset to the exceedingly variable rabidium content

of suah minerals as biotite (60-2500 ppm) (eog , et al,

1966). This probably atoms from the fact that glaaoonites

have all formed in a common environment, the sea.
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6. In order that aecourate rabiiaum determinations asy be made

in the mass spectrometric analysis of glaaeonite, it is ne@-

essary that the rubidim be isolated, e.g., by ion exchange,

before being placed on the filament. Otherwise, significant

rabidiam contamination my be introduced on the filament itself

as a result of memory effects within the mass spectrometer.

7. Isotopic analysis of pare, anspiked stronti m extracted

from gl ase onite allows a muoch more aecurate determination of

radiogenia stronti~m than does the analsis of the spiked

strontium in the isotope diuation run. becase of the small

amounts or radiogenic strontium In glauoonites, this shoald be

made standard procedure in Eb/Sr age determinations on glauoon-

ite.

oRecofamendations for fUtaqe research.

A. It is asuspected that a major portion of the normal strontium

contents foand in the glaaoonites thsa far analjed is pre-

sent, not in the glauonite itself, bt in other minerals,

present as imparities, associated with it. It is felt that

in most oases, this additional strontiaum present in the

carbonates. Leaching of the sample with H01 or some other

reagent would get rid of much of the contaminating strontiam.

If it oan be shown that such leaching does not affect the

measured age of the glauccnite, then it should be made stand-

ard procedure. The decrease of normal strontium content

thus achieved will result in signiticantly more accurate

radiogenic ,strontium determination. This was tried in the
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*ase of 01-8, the lswos limestone sample. The glaaoonite

sample was split into two portions. Bi-8(a) was leached

with l.bN HCI for three minuaes before analysis. Gl-8(b)

was not leashed, The leached fraetion was foand to oontain

4.2ppm normal stronatium, while the naleached was found to

contain 28.9ppm or more than seven times as muah. The

leahin jrooeas did not apear to have ~ny eifeot on the

measured ages of the two sampls (See Table iII). However,

farther experiments along thesellines are needed,

B. A -ingle, large sample of glaaconite should be divided into

a number of fractions, and age determinations shoald be made

on each. An understanding of ran-tC-rtn precision would

thus be obtained.

G. Age determinations should be made on a number of glaanonite

samples collected irom the same glaaeonitie horizon. In this

way, an idea of sample-to-sample reprodu.oiilit4 would be

gaine.

D. Subsurface samples of glauoonite obtained from drill cores

shoul De analycoz and the ages obtained compared with those

obtained frem sa aoe outcrop equivalents. Th* affects of

of weathering on ieasured agee culd then be evaluated. this

waSo done in the ease of the two samples from the Liley Forma-

tion, Texas, and the ages obtained were in good agreement.

E. If possible, the ages of glaueonites which have undergone

folding and metamorphism should be measured and Compared
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with ages obtained from glaonaites known to be of the

same geologic age but which have not undergone strong meta-

porphism.

.As well as measwlag the hb/Sr age of a glaaonite, its /A

aje shouid also Fe<.eterwdned. For each sample, two com-

plete:yindependent &6es would be obtained.

G. Glau~onites known to be Torming at present as the result

of alteration of older, rubidiusa-rieh minerals esuh as

biotite should be aaalysed in order to determine whether or

not any radiogenic strontium present in the parent material

is carried over into the resulting glauoonite. If this

were found to be so, then we would know that at least some

glaueonites are not suitable for kb/Sr age determinations.
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