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ABSIRACT
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An attempt hae been made to messure the asbsolute ages of
sedimentary rooks through the analysis of common strontium,
radiogenio strontiaum, end rubidium contained in glausonite sam-
ples separated from sediments. The analyses were carried out
using the astable isotope dilution me®hod. Iu all cases, the
gedimentary rooks employed were well Gated, geologically, on
the basis of index foseils. The periods represented by the
g8lauconites analysed were Cambrian, Ordovieian, Devoniam, Juras-
sic, Oreteceous, EKooene, and Recent.

Tne rubldiom conteat of glauconite was found to raange from
180 to 320 ppym. This is rather low in ocomparison to other mioer-
als belng used for kb/Sr age determinations. 7The relatively low
rubidiam ocnteants %1va rise to low radlogenio strontium contents
ranging from gero for the reoent sample to a high of 0.54 ppm,
Altvhough, luo many cases, the common aftrontium content weas found
t¢ be between 30 vnd 1UVU ppm., it wae Yelt that the as jor portion
of common strountium enccuntered was the result of carbonste im-
urities in the sample, 4 glauconite leached for three minutes
a very dilute HClL wes found to contailn only 4.£ ppm. eommon
ggrgntium while the seme sample, unlesohed, was found to contain
3.9 pPpl.

Because of the low radiogenic strontium contents encountered,
isotope abundance determinations were mede on unspiked strontium
samples extragted from e&ch glasuconite, It was found that by
doing this, eignificantly more scourate radiogeniec etrountiam
contents, as compared to those utilielng only strontium isctope
dilution data, were obtained.

It was found that glauconite in solution could not be ana-
iysed directly for rabidfum content with confidence, because of
contamination rubidium ictroduced within the mass spectrometer
iteelf. To overeome this difficulty, sepsration of the rubidium,
before enalysis, utilizing lon exchange teshniques, weae employed.

The sges obtained for five Cambrisn semples renged from
298 million years for Upper Cambriam to 584 million yesrs for
what probably was an upper Precambrian tes sample. A lowest
Ordovician sample from Sweden gave an age of 3B8 million yesrs
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while two Lower Crdovieisn samples from the Leningred gres

of Lussis gave agem of 465 to 464 million yeara. The mingle
levonian sumple ansiysed gave sn sge or 321 millicn years for
the Lower Levonian. Two Upper Jurassic aa:flea from the lsramie
sesin 01 Wyoming gave ages of 130 aud 138 million years. fThree
Upper Cretagecus - Lower khocene zamplies resulted in ages of 71,
59 and 5% miilion years. 4 recent glauconite from the Atlantic
Ogesn oY Georges k gave an age of sero.

, The glauconite Kb/8r ages obltained have been compared with
U/#b, KfA, and Kb/Sr age determinations masde by other investi-
gators on meterlals whoame geologic uges were thought to be well
known, cva the basis of either paleontology or igneous-gedimentsary
relationships. fThe measured ages, including these by other
investigators, have also been oomparcd to the B-time soale set
up by Arthur Holmes in 1947. The somparieon showed that out of
37 measured ages, <9 were in exoellent agreement with Hoimes'
soale. OFf the eight whish were not, six were Kb/Sr glausonite
ages, one was a k/A glaudonite age, and one was & X/A sylvite
ege {Ioghrem). On the basis of repliocate snalyses, it appeared
that the spparently discrepant glauconite ages were not the re-
sult of apalytical error, and it was concluded that proeesses
operative after or during the formaticn of glauconite were prob-
ably responsible., FPosmible natural processes which would result
in discrepant glausonite HbD/Sr sges were examined and discussed.
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ISTRODUCTION

The setting up of an sbesolute time scale for the differ-
ent events which have tsken plece on the fsee of the earth
since it was formed has been the objective of a large number
of geologlats, geophysicistes, and cthers interested in the
earth solences. The rfirgt steps taken toward this goal were
made by paleontologists and stretigrsphers, The fzet thet or-
ganisms had undergone & process of evolutiocn was early regog-
nized, and eusbled men to construct & relative time scale for
the sventa in the eurth's hisfory in thouse areas of the world
where rscogulzable roseils oculd be tound ipn the sedimentary
soluan, Psleontology slone, however, valusble as it hes proved
to be, suffere from &« number of important drawbecks. In the
first place, the dating and correlution of atrata on the basis
of fosall content alone can only be used for ths oconstruction
of & relative time smeale, no absolute sges being determinable.
secondly, & reletive time scale based on paleontology can be
get ap for only sbout 18% of the entire history of the earth,
that is, from the beee of the Cambrien to the present. This is,
of course, due vo the fect that recognizabdble foeeils are rarely
ever found in rocks older than the basgsl Cambrisn. 4 third
difficulty which one may encounter in attempting to set up
even 2 relstive time scsle cn the basis of foesil date alone

ig the fagt thet redognizable ladex toesils ure often lacking
in those atrate in whioh one mey be particulsarly interested.



Numerous early attempts to set up absolate time scales
for post-Precambrian time were made, In general, the baais
of such sn estimate was to attempt to determine the rate of
acoumulation of gzedimenis &nd then to extrapolate back in
time., The length of time represented by eaeh pericd was
caloulated cn the basis or the meximum known thicknege of
gediment deposited duriung & given pericod. This method ob-
viously contsins & number ¢f inherent sources of error. The
method is eiwmply & very rigié eppiication of the prineiple of
uniformitarianism. 4g pointed out by Holmes (1947), such a
gtrict epplicution of unitormitarianism is unwarranted for a
pumber or remzsons., Thas, we nave no way of knowing whether
the rates of sedimentatiocn employed have been constent through-
out geologic time. 4gain, the maximum thicknees of sediments
found for & given period may not represent the totsl amount
of aediment sctually deposited since intervsls of non-deposi-
tion, or even of eromiou, may have ocourred from time tec time
during that period. To illustrate the widely divergent esti-
mates of the elapsed time since the begipning of the Cambrian,
beged upon rates of sedimentation, Holmes {1947} hae prepared

the following table,
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TABLE I
ESTIMATE OF GEOLOGICAL TIME IN MILLIONS OF YEARS
hieade Waleotd Goodehild Sollss

(1879) (1893) (1897) (1900)
Cainozolc 2.9 93 4.2
200
Mesozoie 7.24 237 3.5
Upper Paleazoiei 200 ; 219 5.8
l L ] 5
Lower Paleozoic 200 155 4.8
Cambrian to present 600 27.64 704 18,3

A. Winchell (1883) estimated the time from the base of
the Cambrian to the present to be sbout 3 million years,
while McGee (1893) concluded thet 2400 million years was nearer
the truth., Although Leude's estimate cf 1879 appeears to De in
good sgreement with the most moderu estimates, we tind that in
1893, he revised hig rigure to make 95 millicn years the entire
age of the esrth, Holmes (1947) statee that "...it is exsy to
gee that Goodchild reached his tigures by & léaky but purely
acoidental combination of low thicknesses with slow rstes of
depogition.”

Other; probably more reliasble, sttempts to messure abso-

lute time by purely geologie meane 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.
Thus, F.J. Pack (Kep. 1934, p. 11) has shown that the well of

Bryoe Canyon, Utah, is at present receding at the rate of
about two feet per century end that it hes receded about one

hundred miles sinee the uplitt of the plateau oceurred at the

begioning of the kiocene. If the present rate of recession



does not difrer greatly from that during the entire time of
recession, hig estimate of £6 million yesrs for the length of
time since the beginning ¢f the Miocene is probably guite ac-
curate,

The counting of varvee is ancther method which has been
used to estimate the length of time required for the deposi~-
tion of strata. ZThue, wW.H., bradley (1930) estimated the dura-
tion ot the Green hiver hpooh (Kiddle Locenej to be b-8 miliionm
years by eocunting varves in the lake deposits of the Green
kiver basin.

However, suoh opportunities to determine sbsolute ages by
purely seologic means are rare snd there is little hope that
an absolute time scale will be emizblished by suoh methods.

The most promising methode by which absclute time scsles
could be met up to cover long pericds of earth history appear
to be those bused upon the desey of naturslly oeourring radioc-
sstive lsotopes. Some exeellent review artiecles on the
methods of radicactive age determinations hsve been publighed
within the pagt few yesrs; e.g., Faul (1954), Kohmsn and Szito
(1955), Kulp (196b).

Ursnium-lead Kethods. The parent element arzniam is composmed

or twe imotopes of mase 25D and 238, Kaeh goer through & long

radiocsctive decay escheme containing numerocus unsteble, redio-

sebvlive nucliideg. The net result of the deeay schemes however

ig as follows:



228 206

U ——> Pb A+ 83&‘

U280 —  pp207+ yet
When uranium-lesd ages are mesaured, three independent ages
may be obtained, these being Pb206/y238 py207,4230 4y
PbR07/2pR06 4208, The latter is possible because the rela-
tive sbunédances of the two uranium isoctopes ere constant
whereas the decsy constants are appreciasbly different. The
extent to which three such ages zgree iz & good measure of
the confidence to be placed in the ages., In a large number
of eases, concordancy between the sges has not been obtained,
This could be due to a number of things, such as rafon leaks
(Kalp et al, 1954) and preferential leachlng of lead (Ccllins
et al, lyb4). However, u significant number of U/Pb ages
where excellent agrecment has been attained among the three
ages are now avallable and it seems probsble that sush sages
are reliable. HNumerous concordant U/Pb ages will be forth-
coming in the near future, since mess spectrometric techniques
are go rapidly replacing the initial, and less precise, chem-
ical methcde ¢f analysis.

An important point to be borne in mind concerning U{Pd
ages is the faet that those ages which show conecondaney 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 metnods of radicactive age determination whose deecay

sonstants and reliability are less well known., This is being



done by utilizing verious esge determinsation methods to
mesaure the ages of & number of assoclicted minerals in &
single rook unit thought to be well dated by concordant U/Pb
ages, This type of work ie well illustrasted by Aldrich et &l
(1906) and wetherill et al (1956). It may well be that con-
cordant U/Pb ages will ultimately provide the basic founde-
tione ror the various other methods of age determinesica.
Cther methods oI &ge determinstion bused upon uhe auran-
ijum decsy series such ss U/He, radistion dumage, snd total
lead methods are dlscussed in tbe sbove releérence.
¥otageium Methods. Quéeé or the isotopes of potassium, héa,
is redicsctive zpd deoceye by beta emiassiocn ic Cs*g, and by
k-cepture aud gamme e¢misslon to 540, The mocst iamportant ana-«
lyticeal problem to be zolved i1s the rellable determination of
the twe deesy constants and thus of the brenoching ratio, that
is, the rutio of srgon to caleium atoms formed && the result
ot the decay, Xany physicsl determinatioce of the braunching
ratio have been made with vslues ranging sll the way from (.08
to 1.9, EHowever, recent work seems tc support a value of .11
ror the K0 brenching ratio (Wetherill et al, 1966, B&ckus
and Striockland, 1956, MolJjk, 195, Ingrsham et al, 1950). The
work being carried on by wetherill =nd his group on mices ap-
pears to be very promising and it 1g probsbly sefe to say that

the branehing retio of 3‘0

fuature,

will be kunown scoeurutely in the near
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The K490s*® gecsy scheme will probably heve only re-
gtricted use for age work, This is because we have the least
abundent isotope of potassium (0.0119%) desaying to the most
abundant lsotope of caloium (96.9%). 4@ & result, radiogenic
vatl can ¢e messured accurately culy in minerals contalning a
high ooucentration cof potassium snd tu extremely low concean-~
tration or calelum. &ﬁelcaga ages thern will be restricted to
relatively rare minerals such es leplidolite, sylvite and rose
muscovite., backus (1950) has measured the K40/0a%0 ages of
peveral lepidolites and compered the ages so obtained with
U/Pb, ib/Sr, and K/A sges of the same mineral or asscciated
ones, He stutes, "K40/0a%0 ages obtained in this resesrch are
related to agea obtained by other methods in a disorepant and
ineonsistent menner., However, the amount of date obtained is
not large encugh to support any definite conclusions soncern-
ing the causes of the discrepancies.”

The k%0/a%0 pethod, on the other hend offers great pos-
gibilities., This is becaume the ocontent of “common™ argon in
minerauls is extremely low and, ag & result, eny argon present
in s-rich mimeruls is very nearly all of rediogenie originam.
It seems quite probable that in the Tuture the K/a methcd of
age deterpination will be of toe utmoel usefulness because
potagsium-rich minersls sre common in meny materiale of geolc-
giosl siguiricance.

Kubidium-Strontium Method. The desay of EbS! to sr87

waeg first




suggeated &8s a possible age method by Goldschmidt (1937), bat
Ahrens (1949) weg the tirst t¢ attempt eatublishment of the
method by aotusl experimental work on lepidoiites. Ahrense waa,
however, gseverely hampered in hig attempts for two reasons.
These were:

(1) He umed the emiseion spectrograph for the deter-
mination of Eb and Sr. Subsequeant isotope dilution
analyses by Herzog et &l (19568) using the maas
gpectrometer indicsted that the sccurscy of the
opticel speotrographio determinations wee not of
the order necessary for accureste age determinaticns.

(2) Hot having & msgs gpeotrometer at his dieposal,
and as & result, being unable to determine the
lgctopic abundtnoes of the Sr contained in the
minerals, he was unable to correct for any commen
Sy that might have been ineluded ia the minerals
et the timeé cf their rormatioun. ihis meent thay
sbhreus was Limited to iepidelites fTor Lb/Sr ages.

Sipee then, & number of laboratories have been sotively

eugaget iun the meusurement orf kb/Sr ages, notubly sidrich snd
hig group &t the bLepurtment of Yerrestricl Magnetlsm and Herszog
snd his group at K.I.Y. iLesults of age deteéerminaticne, primer-
1ly on the minersls lepidolite, biotite, muscovite znd miero-
cline, have been very promising. Some &ifficultiee have been
encountered in the determinstion ot the decey constant of EbST,
However, recent work by sldrich et &l (1988)
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indicates that the half-life of E‘SV is very elose to 50
billion years., A more detailed analyeis cf this prodlem will
be given later on in this work,

Although numercus sge determinutions bamed apom the vari-
ous nsturally oceurring decay schemes have been mede, one ean-
not help but notice the fast that ebmolute age determinations,
in general, have beesn reetristed to only certain types of
geologlcsl moterinl. Ik neurly every case the ages huve been
restricted to suoh rooks us pegmuiites, grauites, wnd volcanises.
48 & reeuld, until coly very recently, the ouly mauner in whied
abBolute age limite could be seelghed 1o the variocus atreti-
graphic periods ¢r the eurth's history has been through the

meesured ages of fgneous bodies found eutting older sediments
or overlain by younger sediments. In most cemee cnly cne of

the degired relutionships was found to be present, that is,
either an ignecue rock cut older sedimentary strats of knowa
"foseil" age, and & minimum sge Tor the sediments was obtafned,

or &n igaeous body wee uneontormably overlain by sedimentary
beds of known "fossil" sge, providing & msximum age for the
sediments. Fkarely, if ever, has there been found & cese whers,

tor example, strats kmown tc be uppermcst Devonian in sge, on
paleontoicgic grounde, are cut by granite or pegmetite eonstain-
ing minersls whieh may be acsurately dazted by radiocactive

me bhoda, whieh iu wurn is overlain by asediments known to be
lowest kisaiseippian iu age from tosell evidence. If sush
relationshipe were common uroughout the geclogic oolumn, then
indeed, absoiute sge limits could be sasigned to the various
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periods of geologic time. However, 28 stated above, such re-
lationenips are infeed rare or unknown.

It is obvious also that detrital minerals such as biotite,
musgovite, or reilGspar, commonly tound iu sediments, could not
be used to date the enclosing sediments since such sges would
merely represent, st beat, the age or the terrain rrom which
they hal been transported.

Wicamen (1948) suggested &z method whereby the absclute
agos of certain sediments, majluly limestonss, might be measured.
Thig method, now known es the "eommon strontium method", con-
gisted in meassuriog the sbundsnee of gr87 1n strontium“ax~
trseted rrom materials possessing & high ratioc Sr/ib. Wickman
felt that as & resalt of the continuous deesy of :b87 to Sr87,
the abundsnce of Sr87 ghould inerease with time, Koreover,
Wiockman suggepted that the differences in 5r87 adundence would
be measurable. Subsequent work by Aldrich et al (1952) at the
Depurtment of Yerreastrisl Magnetlsm, Ferzog gt al (1954) at
M.I.%., and Gamt (1954, railed to disclose the expected vari-
stions in 5r87 abundences {4% per billicn years), and it wase
gongiuded thet the ratio Sr/kb in the ecrtn a8 u whole must be
sBigniricantly greater than had been aasumed by wiekmean. Sub-
sequent ap&iyses o1 the [b-8r countents of varicum terrestrial
and cosmic materials support this conolusion. (Herzog and
Piuson, 19b6).

Lwald et al (1956} have meusured the isotopic abundances
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in Sr sxtreoted from samples of seawater, strontisnite,

08~

leatite and limestone. In & numdber of the samples analysed,

Shey found esaeily meusurabie depieticne in the abundances of

sr87, Using & value for the ratio h537/3r37 of 4,62 (Fankama,

19b4), they were able to caloulate sges for the various
The caloulsted ages were found to agree gquite well with

samples.
the

assumed geologiocal ages of ithe samples. Their results are

shown iu Table II,

TABLE 11
Sample Geologie  Assumed . Sr86/5r88  gp87 3&38 Computed
Age Age(x10-%) {x104) (x108) Age x10-8
Seawater - - 1190 4 78 @ -
Strontianite:
aschederg U.Cret, 1 1194 6 7.0 2 1.50 .9
Seiseralpe Permian 3 1196 6 708 4 3.00 1.3
Drenstein-
fart U.Cres, 1 1193 4 09 & 1.59 9
Coelestite;
Fussatal rermian 1.0 119% 4 704 1.6 £.08 .8
Agnedotte Tertiary 0.0 119 4 709 2 1.68 ?
Jensa frisssic 1.0 1184 4 T2 3 £.92 1.1
Brown County ? 4 119¢ 4 711 2 1.81 .9
Limestone;
Sehwingen Cambrisn O 1196 b 6928 2 4.86 o9
Wirbelau M.levonlaen 3.5 1196 6 702 3 3.0010 .1

The inability of other workers to find such variations in

the abundances of Sr®7 cannot be expleined at this time.

Thuas,

we have analyzed seawater strontium eand found the abundances of
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Sr to be .0702. 4lthough sweld's results are extremely en-

coarsging, if reprcducible, the high errors assigned to the
ages caloulsted indicete thet further refinements in instra-
mentation and techniques will be neceseery before sufficiently
scourate cges will be obtainable from common strontium isotope
sbundsr.ce measurements.

The most direet approach toc the problem of measuring the
absolute ages ot sedimentary rocks would be to find some min-
eral which occeurred in sedimentery rocks sné whieh formed at
the time or deposition ctr the gsedimente or very shortly there-
atter., Tols mineral would slso have %o possess & number of
other chuarzoteristios., These are:

{a). It ghould eontain encvugh o1 the parent element to
give rise to measurable amounts ot the daughter element.

{bj. It should preferabiy be & mineral thal was common, not
only geographically but elso stratigraphliesally.

(e). It should be & mineral which wes etable, that is, one
which would remsin & elosed syastem with respect to
either ingress or egrese of dsaghter or parent element
during geologicel time.

(d). It should be & mineral whose phyeieal properties will
zllow & clean sepsration to be mesde of the minersl
from sssociated materials.

If orne examines the minersls found in sedimentary rooks,

whieh are thought t¢ be suthigenle, with the cbjective of
meapuring ebsolute ages by radiosotivity methods, the mineral
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glauconite immedistely presente itself. Gluuconite, since §t
contains poteseium am = major element, should lend iteelf to
either kb/Sr or K/i age 8eterminations. The probable applica-
bility of the EbB/Sr method follows from the faet that becsuse
of their similar propertiess, potassium and rubidium follow cue
encther very closely geochemioally, snd an enrichment in one
implies an enrjichment in the other.

K/A glauconite sge measuremente have already been ettempted
by cthers, e.g., iLipson (1¥b6), Weeserbarg and Heydean (1908).
“heir results will be reported om leter in this work. fhe
repesreh reported on here was unfertaken with the objective of
tinding out whether or not Fb/Sr eges of glauccnite samples
gould be used &s sn eid ip setting up en zbeolute time ecale

Tor the sedimentary rocks.



CEAPIRE I
BACKGRCURD MATELIAL

Geochemistry of Sr end Eb. Fablidiam is &n alksli metal

element, wheress gstrontium is a member of the alkeline earth
group of elements. The gecchemistry of theae two elements has
besen studied extensively by Ahrens (1949, 1947, 195ia, 1951b),
Pinson (1982), Goldschmidt (1964), snd hankama apd Sehsma (1980).
{he treatment given here will necessarily be very brief, bat,
it is hopett, will serve to bring cut ine malo Yuclors neceasary
for eun understandiung ¢l the behaviour of these two elementis ian
the crust ot the surith.

hupidium has an ionic¢ radiue or l.444. Potassium hes an
lonie rudive of 1.384. If Goldeschmidt's raules spply, then we
saouid expeat hi to follow X geoehemlosally since the dirference
in their radii is less than 1&% of the lsrger snd since both
elements are well sereened, that is, both have low lonization
potentials. This ie indeed found to be the case. There exists
a very striking relatiounship betweén the c¢cntvents of X and hb
in wmost crustel rooks {(shrens aad rPineon, 198l). ©The retio
£/tb ie found to be «20 *5C (Herzog et &l, 1956) ror the common
rocke of the crust, e.g., basalt, grsnite, dicrite, ete,, and
what ssems to be sven more stiriking, this relationship alsc &p-
pezrs 1o be true in the case of the chondritic meteorites

(ahrens asnd Pinscn, 196l). The aspproximetely eonstent relatipn-
ehip between potaseium and rubidium gontents however, does appear



15

to breauk down in the case ol those rocks repreeenting the very
latert Btages or magmatlio oryetalliization, notably the pegme-
tites. Iu these rock types, rabidlum sppears to be enrioched
reletive to poteéselam. %his is wleo true ot the mimersls bio-
tite and musocovite in the common lgneocus rocks, hLubidiam is
areetly depleted relative to potassium in sehomdrites and eyl-
vites,

The faet that rubidium tends to be enriched reletive to
potessium during the latest siages of megmatic erystallization
would seem to indioate that durimg the oryetsllization of the

main body of the magma, potassium wae preferred cover rubidium
&t the sites or erysial formation. The licuid phese would then

tend {o become enriched in rubidiuam. This again is in scoord-
ance with the rules of ionie orystaliliszetion set up by Gold-
schaidt, siunee of two elements compebting for & orystal site,
that pozeecsming the higher ohurge-to~radias ratioc will be pre-
ferred,

stroctiam on the other hand ie divalent., It has an lonie
radiug o i.i6as anc tends to foilow octloium which has an fonis
rediue of L.0la in much the same fashion s rubidium follows
potaseium. UGeochemloal coherence between thepe two elenents,
however, is not neéarly se close 8 thet between potassium and

rabidium. However, since the dirrerence in their icaic radii

ie lese than 15% of the lurger, the two slemente dc follow one

another quite closely. 48 & result, etrontium tende to be con-
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centrated in caleium-rish minerals and roocks suoh as the
plagioclese teldspars and limestones. However, as s resuls
ot its similarity in sisze %o potessium, strontium shows &
signizicant oconcentration in the potash feldspsre as well.

Due tc the depletion of strontium during the main sequencs of
erystallizaetion, the late reeidual liquide from whieh the peg-
matitio minerals are thought to form gontain very little
strontiam.

In the light of the above observations then, iwo opposing
trends are seen to be in operstion, concentration of rubidium
and depletion of atrontium in the late stage orymtalleates.

The result is that rubidium becring ndinerala of pegmatites,
notably lepldoiite, bictite, musoccovite, and microcilne, are
particularly suited for 1.b/Sr age determinations. The extrome-
iy low concentratious of mormal etrontium in sach minerals
allows radiogenie strontium ito be measured very accurately.
this is well illustrated ia the ocuse of the Likita Quarry
lepidolite, which wes Tound t¢ contsin less than 1% , the
strontium presert being almoet entirely radiogeniec Srsv.
hecent work by Herzog et 81 (1906) &t XK.I.T. and Aldrioh
[13Y (L256 ) at the Depurtment ot Terrestrial lMagnetism has
shown that biotite and muscovite separsted from such commoa

{gneous rocks ss grenite, dlorite, and disbsse, are suitable

tor Kb/Sr age determinetions since, here slso, the sommon
strontium content is low, of the order of a few parts per mil-

lion. These observations are of greet importance since they
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indicate thst kb/Sr sge determinetions will not be limited to
the relatively rare pegmatitic minerasls. Table III showe more
or less typlcal sbundances of strontium and rubidium in vari-

ous crustal and cosmic meterizle.

TABLE I1I
Material Normal Sr kadiogenie Sr Eb
Lepidolite, Bikita
<aerry, So.khodesis 1+ 329 $170
Biotite, Stone kt.,
Geoxgla, U.S.a. 7.14 Lel9 1120
dngoovite, Stone kit.,
‘3‘603'&1&, UsSeae 10.24 l.24 11&5
Orthoclease, Conway
Granite, K.H. 108 4] 583
G-l Granitve,
Westerly, R.I. 253 - 216
W~1l Diabase,
Centreville, Vs, 177 - 8.0
Sea Water 7.8 - 1B
Homestead Chondrite 11.9 .04 4.0
Forest City Chondrite 16.0 - 4.2

All snalyses given in p.p.m.; all anslyses are isotope dilation
analyses made at M.T.7T.

#ith regard to the relstive abundances of strontium and
rubidiam in the crust &e & whole, mase spectrometric investiga-
tions of the sbandence of Sr87 i, common strontium extrasted
from meterisls poesessing & high retio Sr/kb and of widely
dirterent geologle ages seems to indilcate & ratio Sr/kb of about
6/1. If the results reported by hwald et sl (19b6) (mee pp. 10-1il
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this work) can be confirmed by other laboratories however,

the ratio Sr/kb in the crust as a whole is probably eloasr to
i/i.

The half-iirfe or hbavw If socurate absolute age determina-

tions &re to be made utilizing the desay of kb87 g0 3r37, it is
imperative that the deosy constant of 5087 be known agourately.
ividence ot beta decay in rubidium wae first reported by
Thompson {1905). The taust that Eb87 was the sotive isotope
wag shown by Hemmendinger and Smythe (1937) and by Hahn,
Straseman and Welling (1937). Hemmendinger and Smythe, using
@ high intensity mass spectrometer, with a semple of rubidium,
collected separately the masses from 84 to 90. They found that
the activity of all other masses wae negligible as compared to
that of the mase 87 freetion. Hashn, Strassmen and Walling took
an entirely different path. They obtained & rubidium rich mica
from Manitoba and separated a strontium concentrate from it.
This was s2nalysed mass-spectrographically by J. Mattauch, The
photographic plate showed a strong line at mass 87, while no
lines were present for masses 84, 86 and 8B,
Sinee that time, numerous determinations of the aotivity
ot Eb87 have been mede. Two genersl methods have been employed:
(a) Direot measurement with counters
(b) Indireot measurements where the concentrations of radio-
genie strontium and 1087 in a mineral are measured, and
the half-1ife which would be necessary to give the cor-

reot age of the mineral is ealoculated. The correct
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ages of the miperals were Getermined by either counccrd-
ant U/Pb sges or through purely gealogiocul methcods.
Teble IV lists some published valuee of the hulf-lire,

Tablle IV
Investigator T1/2 4/min, [ng . Ed Method
Stregaman and Walling 10
(1938) 8.5 x 10 - Geologiceal
Haxel, Houtermans
end Kemmerieh(1948) 5.956 43.5 47 G-K counter
Kemmerich(1949) 4.10 63.1 Sereen-wall

G-} counter

Curran, bixon and
#ilecn (1951) 6.41 40.4 Sereen-wall pro-
porticnel counter

HaoGregor and Wiedenbeck

Niedenbeck (1952} 6,37 40.6 47 G-K counter
Lewls (1952) .98 45,7 Seintillation
gpectrometer

Ueese~Bahnisch and
Huster (1534) 4,20 60,1 4 TG~ counter
4 considersble spresd in the velues obteined is shown in
fable IV. 4 grest deal of dizficulty is experienced iu measuring
the sctivity of rubidium &g & reault of the unususl distribution
of the eunergy of the electrons emitted., Thas, the meximum energy
of the speotrum ig <78kev while the aversge energy is sbout 4bkev,
Detelle of the shepe of the spectrum &t low energies are &iftri-
cult to deduce,
Recently, Aldrich et sl (1956) have snnounced extremely

encouraging results in en effort to determine the rudbidium half-
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life accurately by the indireet or geologieal method. Aldrich
&nd his co-workers tirst measured the ratio, radiogenie
Srs"/mg?s for eight rubidium rich minersls from the Brown
Derby pegmatite, Gunnison County, Colorado. The results of

these analyses are shown in Table V.

TABLE V
Mineral Kb Kediogenic Sr kediogenie Bre?/ﬁbsv
Muscovite 1870 &0 36.0 1 0198
¥icrocline 26390 100 48,7 1 .0l181
Lepldolite
{coarse bk.;, 5850 200 110 3 0198
uLepldolite 4
{med. grain; B570 200 121 ) .0g10
Lepldoilite
{med. grain) 5870 200 ll4 & Ji9h
Lepidolite
{fine grain) 5890 200 130 3 . 0220
Lepidolite
(white) 61280 200 118 i 0192
Lepidolite
(coarse) 6870 200 124 Z .019%

All values given in p.p.m.

The values of the rstio radiogenic SraV/Rb37 are sesn to be
conatant for these eight eamples within the stated limits of
error. Thie would indicate that the measured ratio is indepen-
dent of the miperal uged, and that Eb-rich minerals in pegmetites
are tormed at approximetely the same time., .Lldrich then measured

the Pb2°6/3255 and Pb207/3255 ages of five uraninitee ranging in
age from 376 million yesrs to 1800 million yesrs. In @ll cases
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the U/Pb ages were found to be concordant. Kb-rich minerals
from the same rock units were then analysed for their radiogenic
sr87.rb87 contents. In emeh ceme, the half-1life which would be
negessary for the Eb decay in order that the Kb/Sr ages agree
with the concordant U/Pb ages wes calculated. The results are
shown in Table VI,

The sgreement between the ¢alcoulsted half-lives for the
nu87 decay is indeed striking and gives & mean value of 5.0%0.2
x 1019 years, The only assumption made is that the ursniam
bearing minerals snd the rubidium bearing minerals were formed
at very nearly the same time. Thie sssumption eppesrs to have
been Jjustirjed in the light of the results obtained. Numercus
kb/Sr age determinations by the M.I.T. group support & value for
the Eb87 nalfr-lite or about 5.0 x 10*° years. For these reasons,
this value of the Lb half-litfe has been used in the work reported

on here,
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TABLE VI

Pegnatite Lecatiea U/Pt ‘ree {10° yr. umits) Rb/Sr Data TL/2
Minersl 206238 22074235 yperal se87/mp87

Bikits Quarry,

Se. Rhedesis Monazite 2640 1100 2680 100 Lepidelite 0.0380 * .001 5.0

Viking Lake

Saskes -ckewea Uraninite 1790 * 50 1830 t 50 Bietite 0.0270 * .001 4,8

Beb Ingersell

Keysteme, S.D. Ureninite 1580 * 30 1600 * 30 Lepidelite 0.0239 + ,001
Muscevite 0.0244 * 001 4,8
Mierocline 0.0224 t,001

Cardifs Tway.,

Ontarie Uraninite 1020 I 20 1020 * g Bietite 0.0140 *,0007 5.1

Fissien iine,

Wilberfores, Oat. Ursninite 1040 * 20 1050 + 20 Bilesite 0.0140 *+ ,0007 5.2

Spruce Piae,

K.C. Ursninite 35 *10 #80 10 Muscevite 0.00515 *,0002 5.0
Hiereeline 0.00535 .,

a2



CHAPTER II
IH: KINERAL GLAUCONITE

Qcaurrence. Glauconite betring sediments have been recog-

nized in nearly sll or the periocds of geoioxic time Irom the
Cembrisn up to the present. Glauccnite is being formed today

on practically sll or the etubie coantinental eshelf zreas of the
world, and glauccanltic sediments of Cumbrien, Ordoviocien, Silur-
isn, Devonisn, Miselseippilen, Permian, Jurassic, Cretaceous, and
Tertiary sge are known. It seems probable thet glauconitic
sediments will elso be found in strate of Pennsylvanisn and
Irissele age somewhere in the world. Glauccnitic sediments are
ebundant in streta of Cembrisn and Cretaceous sge. No ooour-
renges of gleauconite deficitely kncwn to be Precambrian in sge
have been reported, slthough two cmses of poseibly Precambrian
glauconitee are known to the suthor. One is from the Murray
ghale member ot the Chilhowee Group o1 Tennessee, where glau-
conite cceurs H00' strestigraphicelly below the lowest recogni-
zable Cambrian tossil., 4 very similar ceourrence has been re-
ported on klla Islsnd, northeast Greenland (Schsub, 1955). Here
agaln, the glauconitiec norizou is located eome LOC' below the
Tiret 1ossiiirerocus Lower Cambrien beds, Two reasons have been
sdvanced to explain the apperent avsence o1 gluuconite in beds
of Precambrisn age. They sare:

{a) Glauconite wes tormed during the Precambrisn but was
loter destroyed by metamorphism.
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{b) Glsuconite reguires the presence of deczying organic
material in order to Torm and such meterisl wes lacking
in the Precambrian,

It is difficult to say whether eith®r or not either or
botn o those hypotheses wre correct., Usriasluiy the evidence
sesms to favor the couclusion that conslidersble lite d4id exist
in the seas, &t least during the later stages of the Precumbrian.
Utherwiee, 1t would be extremely dixficult to explaln the sub-
den appearsnce of highly developed organlsms at the beginulog of
Cambrian time. It is also true that much of the Precembrien
~terrain sexposed today has undergone intense metamorphism which
could quite gonceivably leal to the aliterstion and dissppearance
of glauconite as such., 7The reasen for the appesrent leck of
glzuconite in strate of Precembricn sge maet, for the present,
remein unsnswered.

Envircnment of formation, Cloud (1955) hss summarized, in

excellent fashion, the conclusicns resched by many ¢f thoee whe
heve studlied glauconite with & view to determining the type of
environment in which the mineral forme. His conclusione &are
given below;
l. Stratigrephle renge -- Cambrian to present.
£, Fregent areel distribution -~ 6b degrees south to 80
degrees north, off most ocesnic coaste and mainly oo the
continentel shelves away from large etreama,

S, Salinity -- known to originete only in marine waters of
normel sslinity. Although it theoretically might rorm in
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5.

6.

Te

8.

9.
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potassium rich saline lakes, 1t 18 not koown to ccecur in
salt lakee or in Iresh water deposits.

Oxygenation -- rormation requires at least slightly re-
dueing conditione (&t sites of origin within the enclosing
sediments, if not the bottom watera).

Organie content of bottom eediments ~- formetion is facil-
itated by the presence ot decaying organic matter, which
regulte in reducing conditions., Bottom habitst favorable
to sediment ingesting organisme with low oxygen require-
ments.

Depth -- meinly neritic; moderste tc shallow, bat yet
appreciable depth suggested., Fare in mediments below

1000 and asbove b fathoms, uneommon above 10 &nd below

400 fathoms, and formstion favored in upper part of 10

to 400 fathom interval,

Temperature -~ tolerance apperently wide bat formastion
probebiy not favored by markedly warm waters. although
gecgrephie range ie from polar to trople regions, tropical
glenconite seems sc rar tc be recorded wholly ia the cooler
waters below 30 fathoms, and meiuly below 130 fathoms.
Turbulence -- no intrinsic reguirements. Although evidence
of turbulence ia commonly found in epsociated sediments,
sontinued marked turbulence would seem incompuatible with
conolusion 4.

Sourece material -- micseecus minerals or bottom muds of

high iron content.
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10, Sedimeutsry iotlux -- krobubly sisight. Freferzbly Just
enokal to sapply needed mother elements, Yormation
Tavored on continental sheives, swells, or banks off the
coasts of crystaliine lané arece that lack important
rivers.

1l. &associsted sediments snd organic remains -- found mainly
iu oslesrecus, detrital eedimente &nd impure grauular
limestones. iare iu pare clay rocke, pure quartz send-
stone, or chemlcelly precipiteted cerbonstes., Commonly
agBociated with remeina and fecal pellets of seliment
inge#ting organisms or as internal fillings of Foramin-
ifera, lsre in or abeent from beds that sre rich in
algee, corals, or bryozoscs, and probably reworked or

traneported where sc found,

Physical propertise of glaucenite. Glzuconite varies in

color Irom yellow-green through gregs-green to a very dark blue-
green, almoet black, iYhe mineral has a specifiec gravity which
varies ftrom .2 %o 2.8. 1t is moderately msgnetic. Cleavauge,
when present, is micaaecua. Inuividual erystals of the mineral
are rarely seen, the graias generally being eompcsed of aun &g-
gregate or very minute orystals. The greins are generally smoothly
rounded, often elongate and scmewhat curled in shape, Glauconite
graine quite otrter form perfect casts of forems end other shelled
ereatures. Judeed, the esrly iuvestigatore concluded that glau-
conite could form only within shella (Murrsy end Fenaré, 1891;

Collet and Lee, 1906).
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Foss (1926) hes determined the optical properties of glau-
conite. He wrote:

"fhe indices ot refraction of gleauconite .... are
a = 1,697, b=1.618, ¢ = 1,619, e-a = .022 = ,003.
Optieal character negetive (-). The asute be-
sectrix is nearly bu$ not guite normal to the
ocleavage., X 18 inclined to C about 3°, The ad-
sorption 18 Z = ¥ > X; pleichrolsm Z and Y are
yellow, X dark bluish green. The optieal angle
ig nearly constant with 2V = 200, 2E = 330, The
dispersion is disgtinet but the adeorption of the
red by the blue-green mineral makee it difficult
to obaerve.”

Chemiosl composition. Glauconite is prineipally & hydrous

silicate of iron, aluminum, and potassium. Although investiga-
tors are not in somplete agreement as tc the chemieal formula of
glauoconite, they do not disagree very markedly. The formulae set
ap by fTour investigators will be given here.

Hallimond (19%x) proposed that the formula ot glausonite
could best be expressed as:

E20.4{kg03,50).108102.2H0
The alkslies are represented by kpO, ferrie iron apnd alumina

by Rao and ferrous iron and megnesium by RO.

R:as (1926) concluded that glaueconite represented an iso~
mor phous series, the two end-members being represented by the
following:

EEgO.KEO.(MsO.Fe"O).&(Feé"oa, Algﬂz),lﬁsiﬂz 3H20

2Hg0.Kg0. (MgO,Fe''0).B(Fe}’ '0,,A1,04).10810, BHg0

Sehneider (1927) concluded that the composition of glauconite

could best be represented by the formula:
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Sohnelfior Tound the gresteet verietion to be in the ferrie iron
end alumine contents, slumine ranging rrom & high of 107 to sl-
most zero. DScda ie sometises present to the extent of % bdut
only rarely is 1t nearly equal to potessium., %Teble VII repre-
sente the sverage or 14 glauccnite spalyses en given by Schrei-
ger. liv ¢irrereuce ic compositiocn could be found between

enclent aud recent glauoconlites.
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Gruner (1935) eversged ihe snalyses used by esch of the
above three investigatore, ¥e states, "They ere remerkadly sim-

ilur. It would be difficult to sey whieh (formulam) is closest

to the truth. fGbey besr cut the contention that glauccuite is

& derinite mpecles.,” Gruner's rormuls for gleauwsomite le:
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OHg-10+Kg-3(u8, Fe'',Ca)y_g(Fe''",4181)3.6(S113 14412.3)938-40

Stractural eomposition. Structurally, gleauccnite is & mieca.

The miocas in genersal are composed of & number of disorete struc-
tural unite which &r¢ repetitive. OUme such unit consiste c¢f &
sheet or sllica tetrahedrous, each tetrahedron sharing three
OXjebn8, these shared oxygens belhg co-plsusr. & second struc-
tural anit found ia the micas is composed of alaminum or magne-
slum ious octahedrally coordinated by Q'! or QH', depending upon
therge balance requirements. Iu the miocas, an octahedrally co-
ordinated sheet of 4l snd/or kg ions is sandwiched between two
sheects ocompoged of silica tetrahelrons. 7The “"apex oxygens" of
the tetranedrsl sheets are shared with the intervening ocetra-
heiral sheet, These "mandwiches" extend indefinitely in the a
and b Girections snd sre stacked, one ztop enother, in the ¢
direction. Interlayers of K, Ba end Ca fons sre present between
each "sendwioh® in order Yo maintain charge balanee., The namber
of saeh interlsyer cations will depend upon the charge defioi-
enoes which exist within the tetrahedron-oetashedron-tetrahedron
unitse,

kascovite is konown a8 & dicoctahedral mica, i.e., only two-
thirde of the catahedral poeitions are rilled, snd the cations
in the octahedral sheets are¢ aii aluminum ions, Biotite, on the

other hand, ies tricotshedral. Here, tne octahedral sheetls are

populeted by divalent Fe and kg lons. Iu some ossee, trivalent
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iron is aleo present. In the oause where cootahedral positions

are rilied largely by divalent iona, ail or gearly all of the
possible cotahedral mites willi be rilled., Orim (1953) states
that "glauconite is a dicctahedrel ililte with considerable re-
ylaaeénnt of 41 ''! by Fe''', Fe'' snd Mg''." It appears that,
in meany cases, aven less than iwo-thirds of the poseible ocata-
hedral positions sre filled, 4As & result, there is a cherge
deficiency within the octahedral zs well ag the tetrahedral
layers. fThe interlayer c¢stions of Ka, K, znd Ca appesr to balance
these deflciencies,

Mode of origin. Bumerous theories have been sldvenced to ex-

plain how the minersl glaaconite is formed. The entire question
of how, and from whet, glauconite forms is an extremely import-
ai:d one from the viewpoint of onme intereated in messuring the
absolute ages of glauconite, Thue, if glaugonite simply repre-
sents an alteration product of some Getrl tal mipersl, euch ae
biotite, errcunecus sges might be cbtained, 7This springs from

the taset that in eny mineral whisch is t¢ be uged tc determige
absolute agee, the concenirstion or daughter element present must
be limited t¢ that formed since the formetion of the mineral 1t-
self., To illustrate, let um suppose that a biotite of Precambrisgn
&6 wag deposited in & Devonisn see and wes subseguently altered
to glanconite. Unless the radiogenie Sr slready present in the
biotite at the time of 1ts depoeition wasg entirely ruao%gﬂﬁaurxng

the process of glausonizstion, an erromneocus ILb/Sr ege would be

obtained for the Devonian strata in which the glauconite was
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tound. The importance ¢f the manner of formation of the min-
eral is then obvious.

Cne o1 the most widely pubileized theoriegs of glauconite
tormation is that wdvanced by Galliher (1536), who studied bot-
tom samples Irom konterey bay, Califcrnia., He found that bio-
tite was being &ltered to glauconite, and implied that all
glauconite formed as the result of bilotite alteration., Galliher
found that:

{(a) Glauconitic sediments were the off-ghere equivalents of
those containing biotite.

(b) 7The slteration of biotite to glauconite included oxide-
tion ot its iron, reteation of potash, hydration,
partisl loss of slumins, snd swelling and orscking of
the biotite,

(0) The alteration of the biotite is started in the sulfur-
etum (the black mud environment) produced by sulfur
bacterisa,

(&) Neer shore miea wes brown, with but little greea miea.

48 the distance from shore incoreased, the proportion of
green mice with respect tc brown mioca lnereased,

{e} when the glaaconite zone is reached, the parcentage of
glauconite increases ag the percentage of miea decresses.

all stages of tresh, brown mica teo glauconite were obmerved,
and Galliher supports his observetions with excellent photo-
micrographs. fthe succession of esvents observed in the aslteration

went as follows: Dbrown miocs to green mica; hydration and swell-
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ing along cleavage planes; light green, powdery gléeuconite
along cleavage plenes; orscking scrose cleavage plenes &nd
development of glaueonite; irregulsarly shijed graine compo sed
entirely of gleugonite; smoothing snd rounding of greios.
Gallikher wes alesc able to tresee the chauges in optieal proper-~
ties for the verious stagee of the series,

It would appesr from the evidence given by Galliher thati
glauconite is undoubtedly forming s a result of the sltcration

ot bictite in lionterey Bay, Califeornia. However, the c¢conclusion
that 8ll gleuccnite, past and present, haee been formed through
tne zlterztion of biotite, which ke nuems to draw, is certainly
oot warranted. ihe extensive glsuocnite depogites of karyiand
and liew Jersey could not be explained in this sanner, It would
be necessary to have great thicknessee of nimcst pure blotite
deposited during the Cretaceous ané eariy Tertisry, & highly
anlikely ocourrence, biotite in these deposlites is exiremely
rere. 4galn, the writer has separated some thirty speclmens

ot glauconite from rocks of all types and ages and in nesrly
every osse, no blotite whatsoever wes noted in sgscclation with
the glauconite., In twe or three oames where it was found, it

wes extremely rare snd showed no tendency to slter to glauconite,
I% should aleo be remembered that biotite is sn anstable miner-

al, and under conditions of westhering snd ercsion, soon breaks
down. Ag & result, biotite in signifticant qusntities is rare

in sedimentary rocke. Buscovite, on the other hend, 1s muoch

more stable and is the common detrital mice found in sediments.
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Tekhashi and Yagi (1989, have gtudied glauconitie bottom
gediments Trom the sea ol Japan., They found that mud pellets,
which they oouncluced were feoal pellets, compused of fine elay
tor the moat part, were iu the procesgg ¢i beivg altered to
glaueonite. all stages, Irom the completely unaltered, grey,
pelleta to completely glauconitized green pellets were observed.
Chemical analyses indlcated thet in the process, the potassium
content inereased sherply, &as d4id the ferric¢ iron content, where-
as the concentration of alumina fell.

bhrenberg (18b65) aund Pourtales (1869), noting the ceeur-
reunce of glauconite within the shells of marine animals, con-
cluded that glauconite wes formed inside such shells as a re-
sult of chemical reacticns influenceg by the decaying animal
matter, Later investigators have found, however, that most
glauconite haa not been formed in shells but rather, in some
cages, gleuoonite was washed into the shells,

Light (1950, 1982}, eafter studying some 150 samples of
glauconite from the New Jersey coacstal plain, concluded that
the perent material ¢t the glauconite was the associated 1l-
litic ciay. The distinet gimilarity in composition and struc-
ture betwesn glaugonite and the iliitie elay minerals has been
shown by Grim (1903). Luight also not¥d that where glauconite
was defiuitely authigenio, it was invariably assoclated with
illite. This correlstion was not necessarily true, however,
in those oases where the glauconite was thought to have been

transported from elsewhere,
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Hendriocks snd Koss (1941), in considering the genesis of
glauconits, stat that; "The improbability of derivation from
a material carrying sdequate potasesium and the invariable form-
ation under s marine environment, indicates that potassium was
derived from the ses, end the same 1s, no doubt, true of mag-
nesium.” They alsc state: "The near csonstancy in the magnesia
content of the glsuconites reflects the essentially unchang-
ing nature ¢f the environment and the strustural requirements
ot the mineral lattice. The other consfituents of glauecnite,
silicon, aluminum, and ircn eould be supplied adegquately by
any mud,."

Gri& (195b) states that montmorillonite appears to be
Torming today in areas undergoing chemieal weathering and
erosion, 1Illite, on the other hand, does not appear to be

formed under such conditions, but rather breaks down under
eonditions of chemical weathering. In the stratigraphie eol-

umn, on the other hand, clays are generally i1llitie, mont-
morillonite being confined to voloanie ash beds. Grim be-
lieves that originally the clays found in the stratigraphie
column were deposited as montmorillonite snd were subsequently
altered to illitie types through adsorption of potassium from
sea water.,

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

glauconite may also represent an alteration of montmorillonit-~

io clays as & result otf their contaet witn sea water. The

illitie ¢lays are very similar in struocture and composition
to giaunconite. Indeed Grim (190%) states that glauconite ia
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& Qloctehedral iilite. Ir glauecuite then represente simply
oue torm of illive, its mode of forwation would be stiractive
for a number of reusons. %hese are ;

(a) Gluuconite and illite are dletinetly eimilaer in chemi-
eal and structaral compoaition. Their similerity in chemieal

compositvion is shown in Teble VIII below. The glauconite
snelysis represents An average of l4 &nalycee taken from

Sehnefder (1927). %he illite susiyels is en svernge of two
snelyses téken rrom Grim (180b).

{bj If Urim's theory, ihat the {llitiec claye touné in the
sedimentery column wore originelly depoeited ss montmerillonite,

is correct, uné glsuconite merely represents & special type
of illite, tren the probability ile thet sny rediogenie Sr

found in sueh & glsuconite would represent the decey of rabi-
Glum ouly sinece the time oY sormatiocn of the glauconite, that
la, shortly axter tne depoeition or the wmontmorillionitic clsys,

(¢, Since woutmoriliomite snd 1liitic claye are common con-
stituents o2 sedimeuls, an ample aupply of perent material for
glauconite tormation would be available,

{¢; Clsy minerels have Deen observed altering to gleuconite,
or intimately ssecciated with 1%, by & oumber of investigators,
€.8., Light (198&, 19560), Ichimira (1940), Takehsshi snd Yagl
(1929).

In summery, the evidence seeme to suggeest that glsaconitse
may form &e the result of elteration of & number of minersls,

generally micas or miesa-like minerale. There 1s evidence to
support the theory that gleuconite can be formed through alters-

tion of illitic or montmorillonitie ¢lay minerales in contaet
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with sea water. This latter theory is particularly attrsative
to one interested in using glauccnite for Rb/Sr ege determine-

tions since, if the theory is correot, the amounts of daughter
slement present in glauconite probadly represents only that
produced from the time of formation of the glauconite, How-
ever, if the glauconite used for kb/Sr age determinationms were
simply an alteration produos$ of some pre-existing,detrital, po-
taseium rieh mineral, such as blotite, muscovite, or feldspar,
the possibility of incomplete removal ot radiogenlie strontium,
formed previous to transport end deposition of the mineral, ak
a result of the alteration to glauconite, would be present,

This eculd lead toc measured ages which would be too old.

TABLE VIII

Glauconite Illite
3102 ”””” 4‘9-0 51.4
31203 ‘‘‘‘ - 7.7 35.1
Fegly - = = = - - 21.2 4.9
Fe) wiw = = « = = 2.8 1.3
EEQ - e W em e = > 5.4 505
Caf « =« = = = = = .1 .2
KQEO“"""" L.Q ol
Eg) == o= = = = 6.8 6.4
BEO -« =« « « - = 7.8 7.8



CHAPTEER III
MASS SPLCTFHOMETRY

General demoription of mass spectrometer., The mass BpeC-

trometer is en instrument which eplits & single beam of ions

composed of different masses into & numder of beams, each of
the resulting beams representing 2 single mese/cherge ratiec.

Thag, if sn element compeeed of more than & eingle isotope is
jonized, beems ecompesed of each of the 1sotopes making up that
element may be formed. The relative intensities of these beams
are equal to the relative proporticns of the isotcpee present,
provided that no mees diseriminatione are introducsd. Lxcel-
lent articles on the theory of mass spectrometry are avellsable,
8.&., Inghram and Hayden (1954), Barnard (19353).

Tfhe mass spectrometer in general consists of: (1) a source
tor the production of ions; (2) & high voltage supply ftor
"drawing cat® and accelerating the lcam; (&) a collimating
;yatam; {4) ; magnetic field to split the beam into & number
of beams each composed of ions poessssing & single maes/charge
ratio; (5) & colleector and amplifier; (6) a recorder.

The instrament used in this research was 2 Nier type, 60°
sector, & inoh redius, direction fooussing mese spesirometer.
This type instrument hes been fully deseribed by Hier (1947).
The method of production of positive ions used wasg thermionie
emission. Strontium was placed cn the filament in the form of
gtrontiam oxalate (SrCg0g), while rubidium was put on either

as the sulfate or nitrate. All of these eompoundés, at elevated
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temperatures, are converted to the oxide. Alter conversion to
the oxide, further heating or the filament results in evepora-
tion o1 the oxide, Some of the strontium and rubidiam atoms are
ioniged snd these form the ion beam. The filament was enclosed
by & tantalum metel box with & wide slit iu ivs top, this slit
being co-linesr with, end lying Jjust above, the tilament. The
filament and box were insulated from one snother but were at the
game potentisl, about £00 volte negstive, The box sould be
made positive or negative, relative to the filament, by mesns
of & vattery. The differernce in pctentisl between box and fila-
ment was varisble froem O to 22§ volte, either positive or nega-
tive. Thie serves tc change the shape of the drawing out fleld
in order thet the maximum number of ions from the region sround
the filament may be pulled cut throutgh the box slit.

ihe drawlng cut Tield cau be thougnt of as the velley
whioch would appear if equipotentisl lines were drawn luo the
rilament reglon ané down wihie: the poaitive icas tend to move.
Ly varyling the potential ¢f the box relstive t¢ the filament,
the shape o1 thisg valley is checpged, &nd more or less icns amy
be drawn ocut depending upon the position of the semple on the
Tilament, the Gegree cf aligonment between the filament snd the
box slit, the shape or the filement (flat, bowed up, bowed down,
wrinkled, ete,), and the distsnce between filament and box.

After the icns have moved cutside the box, theypsse between
two half platee or eplit-plstee., The esplit-plates sre insulated

frem one another and from the box end filement. Both plates are
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at the same potential, generally about 2500 velts negative.
This high potential is the accelerating voltage and gives the
ions & high veloclty. iThe rapidly moving louns then pass tharcough
two collimating slite end the resulting beam moves dcwn the tube
of the mass spectrometer. by meaus of a battery, one cl the two
split-pletes can be glven & slightly higher or lower potential
than the other, enabling the beam to Le derleoted ror focussing
purposes,

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

beam, that ie, 1t is composed of ions of &ifterent mass. The
beam then passes through a sectored magnetic fieid of 6" radius

and &bout 4000 gauss. Since ione are charged particles, they
are defleoted by the magnetic tield, the smount ot deflestion
of & gilven ion being dependant upon its mana/eharge ratio and
alao upon its kinetic encrgy or velocity. Since the ione in the
beam are essentially mono-energetic, the composite besm whigh
entered the tield le eplit iato a number of beams, eseh repre-
senting & particulsr wmass/eharge retio. These Leasms then move
on wup Lthe tube o the coullselor.

ihe collector couslsts ot & uilchrome metal cup with & siit
in ive top. GThe widsh .ot this slit is such ithet ouly cne beam
may puss toarough iv at any giveu lpnatant. The besm talling on
tne 8lit strikes a collector piaste. The resuliing current is
pat ectoss & loll ohm Vietoreen registor, ampliried by & vibrat-
ing reed electrometer, and fed Yo & Weston or Erown ztrip chart
recording potentiometer. The different ion besms are made to

pase in succession &croes the slit of the colleector, smd onto
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the colleoctor plate, by automstically varying the sireagth of
the magnetio field, firet ino one direcotiom sud thes the olher,
80roes ihe mase rangs desired.

In order tnat good resolution or the ion beams be sttained,
it is necessary that the mean free path or the ions bLe approxi-
mately twice the distance travelled by the ions from the lon
gource to the collestor. It is thas necessary to maintain

-

within the eystem 2 veocuam of epproximately 1 x 107" mm, of

mereury. This is acsomplished with the &id of a VWeleh duo-seal
torepump, & mercury diffusion pump designed by Homer Priest of
M,I.T., 8nd & eold trap, Pressures of 2 x 10°° mm, were at-
tained with dry ice on the ecld trap within two hours of mount-
ing the sample, It was found that rubidium eculd be run at such
pressures., However, with liquid nitrogen on the cold trap, the
pressare would immediately fall to § x 10°% mm. so thet this was
done 1or every run, In the ease of ccmmon strontiam isotope
ratio runs, preesures or at lesgt < x 10~ mn, were tound to be
necesssry in order that scoeptable resolution be attained, Such
pressures wore atiainseble within tbree hours of placing ine gem~
ple on the filament. However, outgeseing oI the sample &a& the
filement wee heated up to & temperature where strontium ions
would be formed resulted in the pressure rising to about 2 x 10~

mm., and it required about thres hours of rurther pamping to re-

gtore the pressure to £ x 10-6 mam.
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kethodes of pomitive ion produstion. there are a number of

methoda now in use whereby pozitive ions mey be produced, dhere
the element to Le ilonized ¢nn be introduded &s & gae at room
temnperatures, the problem la greatly simplified, and the gam is
slmply stresmed through & beam of eleotrens proluced by an
electron gun., In the case of other elemente whicn cannot be
ccaveniently introduced as geaeep, ¢lther {n the elemental staje
or in compound torm, the zamgile must be plsoced in the mass 2ped-
trometer as & #olid or liquid on & filament, This ie trae of
the elements snelysed in thie resesreh, strontium and rubidiom,
¥hen the semple to be ionized is non-gasecue a2t room tempera-
tures, there are two generel metna&s'ar ionization:

{a) The szmple can be heatsd snd evsporated from & filament
or gracible, aund the vspor thus obtained ioniged by eleotron
bombardment,

(bj atome of the mamyle cac be lonised through simple heating,
thut 18, by tnermel lonization,
inermal locization mey be brought about in two ways; the eample
may Le loanlzed by strongly heating a elngle filament, the fila-
ment apon which the sample was placed, or the ssmple mey tiret
be evaporsted from the sample filament and then stome or mole-
cules of ihe sample vapor may be fonized by striking & second,
much hotter, lonizing rilament placed somewhere e¢lee in the
vicinity ot the pemple riliament.

Lieatrog bombsrdmsnt of vapore was not attempted in this
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work. However, the two methods of thermal fonization cited
above were tried. For the major portion ¢f the work reported
bere, lons were obteined by thermal {onization from & single
filament., ‘tubidium ionizee at = moeh lower temperzture than
Goes strontium, It wee perticuleriy desirable to heave stron-
tium in the oxide form as this compourd is very rerrzetory.
It tnls were not so, strontium samples would have evaporated
completely rrom the rilament berore temperatures high enough
to cause ionizatlon ¢r the strontiaum were stimined,

sn ebtempt was msde to utilige & double rilsment ecurce
in whioh the mample wae placed on sn evaporeting rilament and
the vaporiged particles were lonized by striking a second,

ioniging filement, It wus thought that frsetionstion effeots
could be minimized by ioniziug molecules cf some strohtium

compound, rather than ztome of strontium, This follows from

the fsct that the degree of isotope frauotiopation during ther-
mionic emicsion is thought to be proporticnal to the square

reot of the mass ratio of the twc atoms or molecules involved.

It wag dealded to plase the strontium on the sample filsment as
strontium jodide (SrIy), a compound whieh could be essily va-
porized., It wes predicted by Inghram aud Heyden (1954, that
gtrontium lodide molecules would be drivem off the sample fila-
ment, DSome of these molecules would then strike the much hotter,
lonizing, tilement and be ionized to SrI* . ihe molecular weight
of a Erl*'ion. in whien the strontium wee of muss 88, would then
be 315, whlle that of &n ion coutalping strontium of mass 64

would be 211. 1Iodlne itselfl is composed of only one naturally
oceurring isotope so that no difficulties were anticipated on
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that soore., The square r¢ét of the menz ratio, then, for sr1”
ions composed of strontium of mese 88 and muse 84 would be
equal to 1.009. 1Iu the cese where Sr’ ions are ased, on the
other hand, the square root of the mass ratio would have &
value of 1,088 for the 88 and 64 isotopes. We should then ex-
pect fractionation effests to be cut by a taetor of &bout 2.5

when the lodide was used. However, thie wae not to be.

sn ifonizing filsment wss constructed sud placed in the
gouraee along with the sample filament. BrIg wag placed on the

sample filement and veporized, The ionizing filament was run at
@ high temperature, However, no SrI 4ions were cbtained, only Sr”
iona, 4pparently the reaction Srlo — 8r + za ccourred before
suffieient temperatures wore sttained to veporige 5r12. This had
been predicted by C. MacDonald, or this department.

spother resson 10r the work with the double filament source
was tc atiempt to improve mensitivity. .« double fllament scuree
pormesBes the advantage that the iemperature of the semple (eva-
porating) rilement cen be varied independently c¢f the ionizing
rilament tempercture. Thus, the cemple mey be veporized st &

slower rate while the lonizing rilsment ie kept at the maximum
temperature pcseible. It wae hoped thst in this feshion, 2
greater erfiolency of ionization for strontiam might De sttaln-
able. 4lthough easily messurable strontium ion eurrents were
generated using this type source, no inecresse in sensitivity was
obgerved, &nd since the method was unable to diminieh frectiona-
tion effects, 1t wse sbandoned in favor of the simpler, single

Tilament source.
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4 brief deseription of the double filament scurce con-
gtructed, however, ig o8 follows, The filament slready present
in the single filement mources uged in this laboratory was em-
ployed as & sample or evaporeting filement., Thie wes & tente-
lum ribbon filament, 0.001 x 0.080" x 0.6". & second, ionizing,
rii&man% was added sc thet it wae parsllel %o and Just above the
gamples filament. The ionizing trilasment wag constracted orf
0.003" tungsten or molybliecum wire., hech filament was heated
with én independent alterusting current rilament sapply.

ine method of isotope dllution. One of the greatest problems

taeing those working in the earth sclences ie the sceurste de-
terminetion ( & - 10%) of trece element contents. Until very
recently, emission epectrography wae the ehief tool of the geo=-
shemist in his attempts to messure treees of the elements in
materials of geologie signiriesnce. However, conflioting re-
sults were often obtained and oconsidsrable question hee arisen
gcneerning the reliability which msy be placed in cptieal spece
trographic results, Of late, however, other methods of trage
element analysis have been developed, cnief amcng which 1s the
mathod of isotope dilution., Isotope dilution appesrs tc be
eagily the most promising method or inveatigatiocn of traces of
the elements ag tar as absolute scouracy is concerned. The

me jor drewback to the method is thnat it requires a mess spectro-

meter, an instrument for which the imitial outlay of money ie

nigh end which requires expensive maintenance and trsined opeéra-

tore. Ancther, leseg sericus, dimsdvantage is the faet that the
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method requires muah time, not only in the proceseing and ans-
lysis ot the pamples, but alsc for computsticn znd evaluetion
of the duta reccrded. However, these diemdventages cre com-
pletely overshsdouwed by the msjor advenee of sceursey.

Isctope 1dlutlicn haw come of sge only within the pagt few
yotre ae the result of improvements in the design and operstica
of mees specirometers ard the avauilability of stable lsotope
trecers mede poseible by the Atomic Energy Commission, The
method has bLeen Gescribed by & number of investigators, e.g.
Ioghram (Llvd4;, Yiltor {(isi4j. Isotope dilution is a2 method
of muuiyuis iu which the ieletive abuncurees ¢f the xeturally
ogcurriug isotcepes of au element are altered by the snslyst.
Thig uiteration o the relative abundances or ihe maturally
esourring isotepes of an element sre altered Ly the snalyst.
Thies elteration or the relailve isctope abundances within the
anslysie element is eccomplished through the waddéition of & known
amount of steble isctope trsoer, obtaineble from the 4L.ik.C.

The stuble jeotope tracer, gecerally referred tc &8 "spike”, ia
& sample cf the auslysis element in which the relstive ebun-
danees of the isotopes present have been srtificially altered,
The relative abundences of the fsgctopee of the spike must, of
oourss, be determined mass mpectrometrically before the epike
ean be used for isotope dilution acslysis.

The method fullowed by the A.Y.C. in the preparstion ¢f &

spike im %o run & sample ot the slement in & large msas spectro-

meter; the materisl, coliested at the collector end hae been
partially separated lsotoploally, and, it recovered, will have

relative iasotopic abundances different from those in the normal
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element. Theoretieslly, esch isotope ot &n elemeut could be
coliected. In actual practice, however, this would reguire a
great deal 0f time and expense ln order %o obtain samples lurge
encugh to be of use to the analyset.

The spike obtsined itrom the 4,2.0, is made up into & sclu-
tion of known coneentration. & koown amount of thie golution is
then added to 8 known amount of the materiel to be snalysed. The

whole, semple uand spike, ia then taken into solution resulting in
8 homogenecus mixture of spike and the snelyais element, As &

result 6f this mixing of epike 2nd normal element, the relative

iectopie eabundances wten measured on the mege spectrometer will
be found to lie somewhere between trcee in the pare spike and in
the pure, unaltered element, Then, if we know:
(a} the relative abundances cf the i{sotopes in the paré spike
(b) the relative sbuuiances of ihe isotopes in the normal ele-
ment
(o) the weight or the spike added
{(a) the weight of the sample In which the concentration of
the snslys. s element is to be determined
{®) the ratio of any two non-rediogenic isotopes of the ana-
lyzis element resulting from the mixture of spike and
normal elements,
the ratio of the weighi of normal element to mpike element
present in the mixture may te eslculsted and the concentration
of the element ean be found,
The great advantage to isotope &ilution snalyeis is the

fact that a perfeet internal standard is umed. In other methods
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of analyais this is not the case. For example, in emission spec-

trography, it is extremely dirfioult to find en internal standsrd
element that will follow perfectly the analyeis element. Indeed,
1t has deen fournd that although two elements may follow ope another

perfeotly in one type of materisl, they msy not in ancther due
to differences in the matrices of the materisls being anslysed,
This problem hes alsc been recdgnized in L-ray fluorescence and
flame photometric esalysis. In the ieotope dilution method, om
the otner nuend, the ianterusl stsuderd element and the anslysis
élement sre one and the same %hing, the ouly differeuce being in
Sheir imobepic sompositions. fthey snould thus reect iu the same
way %0 physiesl aug chemicel inrluences. Figure I illustrates
the isolopic abuudsuoes im $he rabiqium spike used in this re-
Seai¢h, the igotoplc abundauces in normel rubidium, snd the iso-
topie adbundances whieh would reruit rrom a mixture of equal
amounts of esoh.

Isotopio abundsnges in the spikes. In order to Qetermins the

relative abundences or the isctopes in the spikes used in this
resesrch, & nukber of pure splke samples have beep enelysed mass
spectrometrioslly. Tsble IX eshowe the results of igotopic ans-

lyses carried out on pare strontium spike.

Table IX
Lun dio, Late Ko, or sets 84 g6 87 88
1 £/16/b4 270 -4608  ,le4d  .0887  ,2063
P 8/7/bb 30 4698 . 144% 0892 <3071
3 8/i/66 540 4608  ,1424 .0877 «3081
Welghted average: .4607 «1438 0881 «3078

BesoCo VBILUG: 4595 1439 .0880 <3086
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The sgresmsnt unong the abundances oX Yable IJi ie good,
fhe abundance o1 the Srgv igotepe shows the greatest spreed (1.7%).
It is of the ulmost importance to know accurately the abundance
of 5r87 in tne aplke, since it ls used Lo calculste the concen-
tration of rediogenic strontium in sémples anmlysed for age de-~
termination work, Small changes lu thls abundance cen csause
obenges in the appareat age of a sample, the megnitude ol these
change®# lnoressing rapidly se the concentration ot the raliogenie
strontium snd the age of the sample decrecse, It wes foand, for
examplé, that in defermining the age of an Upper Cretaceous
gleaconite, merely changing the Brav abundance in the splke from
L0890 te 0885 resulted in & 100k or larger ghange in the sppar-
ont age. It soon beoceme obvicue that to ineresee the accuraey of
hb/3r glaugonite ages, & method would have to be found im . whieh
the 5:8? sbundouoe of the spiks would no% be oritisal. ihie was
done, aud tkhe methol wsed is desoribed inm Chepter V,

4 review or the deata gathered in the three runs carried out
oL the strontium spike at s.I.Y., shows that in hun ko. 1 rubidium
contaminaiion was present Ior &t least halt tne run, 3ince ru-
bicium has &n isotope of mses 87, scy rubidiam present during a
strontium ran tends to enhznce the height of the 87 pesk. The
other lgotope of rubidium, &t mase 8b, le not interfered with by
gsrontium 2ince, fortunately, strontium hes no isotope of maass 8b,

It the ratio of 86/87 ie known for the contaminating rubdidium,
then & correction may be pede for any contridbation male by ru-
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bidium 87 to the siroatium 87 pesk. 3he normal ratio of Kb8S/
hh37 wag uged 10 ¢or:e0% ior rubidium in bum No. 1. However, it
has been lemrned, 8sinde this run wae mede, vnat in scome inetances
the ocnteamineting rubidium present Guring svrontium asnpsiysis does
not poasess & normel ratio ﬁbasjhbs7. Its lesotopic composition
has been changed &g & result of mixing with spike rabidium,
This 1s probab.y due to "memory erfects” within the mass spestro-
meter from previous rubidiam imotope cilution analyses. Wwhen
tuig occurs, 1% im obvious thet no correction for rubiéium eon-
temination of strontium can be mude. If sueh neon-norasl rubid-
jam contaminsticn were present in hun Ko. 1, the correetion ap-
plied to the 87 peek tor rubidium 57 contemination weuld be too
emell, since contamipeticn of normsl rabidium with spike rubidium
lowere the ratic of Lb85/1b87. This in turn would lesd to a sr87
abundence that wes tco nigh.

hun No. 2 18 actually of little comseguence, since ounly a
very small amount of Sr emission was cbtained and the run might
even be congidered unsatisructery. Its erfeet on the weighted
aversge, however, is small beeausé of the small number or sets
¢oliected during the ruan,

hun MAo. 2 was so excellent run. Copious strontium emission
was obtained, there wes no rabidium contsminaticn whatesoever, &

great many sete of dats were ocoliected, and the sample wee run to
complesion.

Teble X ia a tabulasion of the results obtained from the
isotopie usnalysis of the pure rubidiax gpike which was uesad in
this researoh.
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TABLE X,
kun Ho, Date gets 8o 87
1 12/156/54 126 .1018 .898%
2 8/16/66 e . 1080 L8870
Weighted average: 1024 8976
ALE.C value: » 1038 .8962

It will be noted that in Teble X the abundances obtained inm Run
No. 1 aiffer significantly from those obtalned by the 4,E.C. and
$o0.p leaper emtent, with these obtained in Hun No. 2, It seems
possibleithat tbie may be due to contemination of the A4,E.C.B
sample by normal rubldiaum and the gsme may be true, though to

& lesser extent, in the came of Lun Ho. 2., Sueh contamipation
of the spike would inorease the sbundance of the Bb 1sotope and
decreane the 87 iasotope sbundance, Contemination at k.I.T.
could only be with normal rubidium, sud becsuse of this, the
value obtained in hun No, 1 may represent a maximum value for
the kb8® abandance in the spike. However, this is not koowa
with certainty anmd, for the work reported here, the weighted
average of rung 1 and Z have been used,

Isotopioc abundandes in normal stroatium. Table Al lists .

the values obtained by verious mnalysts for the relative abun-
dances of the isotopes of strontium, The writer has ocarriaed oét
and asgisted in a number of isctope anslyses of strontium samples
extracted from various geclogic materials in which the ratia‘

Sr/Eb was high. %esults of these analyses sre shown in Table
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AII. ‘%Yhese anai, ~28 were carried out with the objsective of
‘determining the relavive isotope abundances in common or nor-

mal strontium. Strontiam in general is eitner “common™ or

PabLE XI
Investigdtor 84 86 87 88
Sampeon end Bleakney (1938) . 0086 .096 2076 824
Hier (1928) 0066 ,0986 .070% +BED6
White and Cameron (1948) 0066 .0976  .0696 .B274
Aldrich and Herzog. {1962) .0068 .0987 .0703 8252

for lack of & better neme, “uncommon”, Common strontium i
that which hes existed in an environmen$ in which the ratio Sr/Rb
is high {~5/1). The sirontium contained in the oceans, in lime-

etones, and in the plagloscluge feldapers ies of the common variety.

TABLE XII
Sample kan Ko, 84 .86 . B7.. 88
Grenville celeatite 1 0066  .0987 .QM01 .82b6
Greaville celestite 2 0006 L0982 .0699 8264

Grenville celeastise s 0064 .0981 .0696 +8269
U.8. bar, Stde. @G04 i .0066 ,0986 L0703 .BZb6
U.S. Bup, Stda. 3r305 2 0066 0987 .0708 .88b4
Sea water )} 0066 ,0986 .0700 .8258
Iswos limestone 1 0066  ,0984 ,0702 8208
Averages: 0066 .0986 .0701 82568

The :8ggond type of strontium, uncommon strontiam, is that whiech
has exiatéﬁ in an enviropnment in which the ratio Sr/kb 18 very
low. Strontium fuund in rubidium rich minersle such ag lepido-
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lite, biotite, muscovite, glauccnite and potash feldepar ig of
the uncommon veriety. The only real difference between the
two types of strontium ig thst in the umcommon variety, the
abundance of the 87 isolope 18 roumd to be significently great-
er then io common stromtium, This, of course, is due to the
sddition of rsdicgenic Srsv from the high rabidium environment.

The strontium utilized for Eb/Sr sge determinations im of
the so-oczlled uncommon veriety, that is, it hae been extrascted .
from material poeeegeing a nigh :b/Sr retic. In neerly all
cageg, & certain smount of strontium wep included in these
materials at the timeé of their forsaticon. If this were not so,
then we would expeot the 2trontium sxtraotved rrom such materials
to be compomed entlrely of redlogeunie 3,57, gxeeyt in the cams
of some lepidolites, the strountliam extrscted from rubidiam rieh
minerais 1s found to coutein considerable amounts of the nca-
radiogenio strontium isotopes.

when measuring the Lb/Sr sges of migersis, ther, the ana-
lyst must have a koowledge of the isctople compoeition of the
gtrontium origiually imoluded in the minerzl 2% the time of 1te
formation. The isctops abundesnces given in Tables XI and XII
indiecste that the isctople compogition of strontium extracted
from meterisle pocsessing & high Sr/kb ratio, that is, common
strontium, ie eegsentially ccnient, Since glsueonite forme cnly
ic sea water, it would geem probable thmt the strontium in-
cluded in gleuconites at the time of their tormation would

possesg an lesctople composition similer to that of strontiom
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found in ses water, or in materfiale deposited from sea water
such as limestone. The atrontium of cvelestites is probabdly

8lso representative of gea water strontium since the celestite
generally occocurs in limestone., Although the celestite mey not
be primary, its strontium probebly wes derived from the enclos-
ing limestone. In the light of these consideratione, it was
felt that the isotopie composition of strontium imeluded in
glauconite at the time of its rormation would follow very
elosely tne values given in Table XII, These values represent
those of stroutiam samples sll thought to have originated from
sea water. 4e & check on this conclusion, etrontium samples
were extrasted Irom 15 glauconites and these were anslysed
isotopicelly. It wes found that in all cuzsem but ons, the
ratios SrQG/Srss and 3r3“/3r3a gre very similar to those of
the samples given in Table XII. hetios involving Srev. ot
eouree, could nct be compared because of the differences in
Eb/Sr ratios of the meterisls compared. Ths reeults of glau-
conite strontiam analyses are shown in Table XIYI. Average
veluee of the ratioe Sr86/3r88 gng 5r84/5,88 £or Tevies XIT
end XIII are seecn te be slmost i1denticel. Although the major
part ot the variastions noted are within the iimite of error

of the Geterminations, it seems almoet certain that smell vari-
ations in relative isctope esbundances dc¢ oeecur,

Isotopie abunfances in rubidiam. The element rubidium is

composed of two isotopes of muss 8 and 87, Values of the ratio

hbgsjhba?, a8 reported by various investigators, are shown in

Table XIV.



TABLE XIX

RESULTS OF ANALYSES OF Sr EXTRACTED FRCM GLAUCONITE

Sanple Isetope Abundances Isotepe Haties
8 86 87 88 84/88 86/88 87/88 87/86
01-2 * 0055 .0982  .0729  .B8234 . OB675 .1192  .0885 7424
Gl-8 .005% .0973  .0859  .811) 00680 1200 1059 .8618
G110 0054 L0968  .0743  .B235 00659 21176 .0902 +7673
Gl-11 +0056 L0966 .0951  .8027 -00696 +1203 .118% .9850
G1-12 0054 .0953  .0983 8010 .00680 1190 1227 1.0311
R-13 .0057 -0981 .0736 .8226 00688 -1193 .0895 . 7489
Gl-14 -0057 .0987 0754  .8202 00695 .1203 0919 7639
Gl-15 0058 0973 .0780  .8189 +00T13 1188 0952 .8025
G1-16 .0055 0917 .0113  .B195 00674 .1192 «0943 <7909
6117 0056 .0989 .0m0  .8245 00684 1200 .0861 .7169
¢l-18 .0055 0980 .0706  .8259 - 00667 .1186 ~0855 . 7203
G1-20 0055 .0970  .0829  .B146 00674 1191 .1018 .8547
Gl-21 0055 .0967  .0835  .8143 00671 .1188 1025 .8628
G1-22 0055  .0969  .079  .B180  .00670  .1184  .0973 .8218
Nérmal Br . 0056 .0985  .0700  .82%9 00678 1193 .0849 1117
Avarsges 00680 «1193
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TABLE XIV
Investigator kb85S /5p87
Brewer end Kerek (1934) £,58 .02
Brewer (1928) 2.60
Eier (1950} 2,591 .006
Herzog et al (1953) 2,591 ,008

The vaiue 2,:91 hae bsen sdopted ror the work reported on
nere. 4s ls obvious Irom Table XI¥, very little variatiom in
the relstive sbundances c¢f tne rubidium isotopes has been tound.

Fructionetion of isotopes, Varistione in the relative sbun-

dances of iscotopes may be introduced as & regult of fractiona-
tion of the isotopes in response to phyelcesl cr chemliosl pro-
cegses., Freotionation of sirontium 1aoteyaa-dnring thelr mass
spectrometric analysis has been observed by & number-of in-
vestigatore., Freoticnation spparently occurs daring the evap-
oration of the sample from the Yilament. During the early
portions of the ram, the proportion of lighier isotopes in

the emitted beam is sbnormslly high, while in the latter part
of the run, the reverse isg true., Fractionation of Sr fsotopes
during snslysie ig illustrated in Figure Ias. Backus (19568)
reports & change of 17% in the ratic Ca%0/Ca%B during the msas
gpeotrometric analysie of & caleium sample. The maximum frse-
ticnation of sirontium isotopes roted in tils laboratory was
about S ror the ratio ﬁraﬁ/SrBa. Fractionation of raubldium
igotopes during snalysis hsas ot been observed, but is probably

present.
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It is not known whether or not the isotopes of strontium
or rubidium fractionate as & result or processes operative in
nature, analyses of strontium extracted Irom glausonites
(Table XIII, show some variations in the ratios Sr86/s5r88 ana
5:3‘/$r33 which ooculd guite possibly be due to natural Irzo-
tionation., Where natural frectionation of the lsotopes is
suspected, & correction must be made in order thet the sge
ocaleulated for the glauconite may be strictly oomparable with
those found for other glauconites., 7Thie follows freom the fact
that eny such fractionation will result in a chenge in the
abundance of $237 in the glauconite, whieh, in turn, will af-
feet the radiogenic astrontium celoulation., In only one csse
out of the ftitteen glsueconite strontium egemples snalysed
{Gl-10) waes it found necesgsry to correct for what sppeared
to be asignificeant natural fractionstion.

In order to meke & correction for fractionation, the re-
lationship between degree of fractionation end the relative
magges ot the lsotopes concerned must be known. It hae gen-
erally been agsumed that the degree of fractionation resulting

trom physical or chemical processes is proportionsl to

5 S (1)
kg

Where M; is the heavier snd Mp the lighter of the two isotopes

goncerned. Thias relationship has been found to be applicable,
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within limits of error, to the cames of Iractionation dur-
ing snalysis obeerved im this laboratory. Substituating in (1)
the values lor the strontium isotopes, we see that the degree
ot traotionation for the ratioc Sr88/s5r%¢ would ve 0.0235
while that ror the ratio 5r66/5r84 woula be 0.0118. Thus,
if frectionation oecurred, the value of the ratio Sr88/gr84
would be affected twliee as mueh ag the velue of the retio
srf6/5r84, It 1e also assumed in correcting tor fractionation
that the strontium which was present in the mea water at the
tizne the glauconite formed hed the same isotople oomposgition
as the aversge values glven in Table XII. Thus, if the ratio
8r88/5r84 wag found to be 3% low in a strontium sample ex-
trected from a gleucomite, then the ratio Sr8é/sr84 snould be
1.5% low, and the ratio SrsV/SrM in the origipnal strontium
ineorporated in the glauconite at the time of its formation
(whieh cannot be meesured direetly because of subsequent ad-
ditions of radiogenis Sr87) should be 2.25% lowsr than the
value accepted tor common mtrontium. On this basis, theun, the
original sbundsnces or the strontium isotopes present in the
glauconite efter fraotionation had occurred, but before radio-
genic strontium had been added, were caloulated.

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

variations were found in the non-radiogenic isotope ratiocs of

strontiam extrected from the glauconitee and only in the gase
of Gl-10 was signiticant fractionation thought to have cceurred,
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¢alibration or spike solution., It is of the utmost importance

in $sotope dilution snalysis that the concentrations of the
spike solutions used be known very acourately. The quantities
or spike obtasined from the 4.k,C. are necesssrily amall, 8al-
though lerge encugh for their purpose. In meking up & stron-
tium or rubidium mpike solution, one must weigh: out & gusn-
tity of spike, the weight of which is oI the order ot £0-20
mg. When working with such smell gquantities, weighing errors

could eamily be large, The uncertainty thus introduced in the
concentration of the spike sclution neceseitztes cazlibration

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

bration in thie work is to prepare 2 golution of normal stron-

tium of known concentration by weighing out 2 large smount

(1-2g.) of normal stromtium, in this csse Eimer end Amand Ke-

agent Srco3, Lot Ro. 492327, Because or the large amount used,

welghing errors are negiigible. %The welghing procedure is

that recommended in standurd texts on guantitative mnalysis.

Jhe procecure is uam Iollows;

\\{l) Thoroughly cieasn two meried weigning bottles, dry at
110°C, and cool in @ dessiestor. Determine weight dif-
ference with an snalytical belance,

(2) ERepeat drying snd weighing until three identiocal
welght difrerences sre obtained in suoccession.

(2) Add 1-2 g, Srasa, whieh hae been thorcughly dried and

cooled in a dessicator, tc one ot the bottles end de-
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termine the resulting welght difference., Drylng,
cooling, and welghing are repeated until three iden-
tival velues sre obtained in succesgion,
The weight of 5rC0z used iz then known. This is taken into
golution with dilute HCl in the weighing bottle snd transfer~
red guantitatively to & volumetrie flssk, The sample is then
diluted to the desired concentration.

To a known volume of the splke molution to be calibreted
is s8ded u known volume of the sitasndesrd etrontium sclution.
The mixture ie evaporsted to dryness to insure cgomplete mix-
ing of the two. The strentium ie then precipitated as the
oxtlate, plasced in the mess specirometer &nd analysed isctople-
ally. %hé welght oI spike strontium present 1o the known
volume ot spike solution used cen then be found. In eftect,
we have perrormed an isotope dilution anmlysis in whieh
stendard or common etrontium serves &8 splke, Table XV shows
the results ot strontium spike calibretions carxed cut in
tnis laboratory.

The excellent agreement exhibited, not only between
replicate calibratione, but a2lsc between the predicted (Irom
weighing) values end snalysed valuem, is apparent. Most of
glauconites reported here were spalysed ueing epike solution

JII, with spike golution IV being used tor the lset few ans~

lysen,
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TABLE XV

Atoms Hormal Sr
Spike Solution Date hun  Xtoma Spike ST Predicted Messured

I 12/10/54 9937 62.94g/ml. 61.94g/ml
11 2/16/55 2.9214 6.29 6.29
111 B/83/68 9960 87.9 35.4
111 4/20/55 4973 7.9 5.3
11X 11/8/6b 4.088 87.9 $6.0
v 6/89/86 1.1866 £1.0 20,3
v 7/8/ b6 L7672 ©1.0 £1.0

Tuble XVI is & tabulation of the resulis obtained Irom

eelibrution ot rubidium spike solations.

TABLE XVI
Spike Solution Date Kun __ stoms X/S Predigted Messured
1 .. 1z/eafva .9240 87.34&/ml Bl.4«8/ml
I 2/14/58 . 3359 87.9 80.6
11 5/1/05 .9887 b4.9 bd.1
II 11/3/50 . 3341 54,9 54,2
11 7/1/56 1.3544 54.9 55.0
Ia 10/31/55 3307 1.62 1.61
14 1/16/06 . 2028 1.68 1.64

In the case of tne glesuconite snelyses reported here, Splke
golution II wae used throughout. &4 gtraight aversge of the three

aslibrations wae used,
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Probably the best manper in which to che¢kX the accuracy
of the isotope dilution analyses of a given laboratory ile to
have snother leboretory snalyse the seme wsamples independently,
aging their own epike solutions, calibrations, etc. This has
been done in the case of & number of lepidolite  semples pre-
pared and distributed by this laboratory. These have bLeen ansa-
lysed by the M,I.T, group, the D.T,M. group, snd by Schumeoher
et the Institute for Hucleer Studles at the Univereity of Chi-
cago, & paper compasring the results obtalined by the leberatories
is currently being prepered (Herzog, Pinson, Bsokus, spd Hurley).
It can be steted now that the sgreement in the measursd sges
cbtained by the three leaboratories wam excelient. This weas
true, even though i1n mogt cases the samples cnslysed were found
to contain sigolticentiy dirferent amouants of faughter and par-
ent element, Such reproduciblility or results between labora-
tories is the best Indication we have that isctope adilution

apalyses are scourate to &t least %%,



CHAPTER IV
SaMPLE SELECTION sND PLOCESSING

ihe objegtive of thie resesrch wus the setting up of an
absolute time scale i1or the releczoic and kesozolu eras. Iam-
ples T glsucsonite were obtained from Bix pericds in theése eras,
ulthough large uniillied gaps iu the time sceale remain. 1t is
hopet, nowever, tuat glsuconites riom the remaining periode will
soon be sualysmed, and many g6éologiste bave already ollered to
collect glauoonite specimens which should go & long way towerd
£illing these gaps. 7The following is & brief desoripticn of
the specimens upon which work wes done in this resgesrch. 1wo
numbers are given ror each specimen, the first belng thet as-
signed by the vriter, the mecond being the number assigoed the
specimen in .M. Hurley's depeartmental ceatalogue of specimens

et K.1I.%,

Gl-1 (E3210) LODI SHALE; Upper Cambrisn; Western Wisecnsin;

Loe. l46-Ser, 26, T,.12N,, E7W. Colleocted bhy EK.R, Shroek. This
specimen is in the MK.I.T, sedimentology c¢ollection end is num-
bered S520-49. Specimen is well laminated, the bedding planes
being characterized by sbundent glauconite grading gradually
into glauconite-iree arensceocus-arglillaceoue meterial. Indivi-
dual laming are about 1/&" in thickness. Two separate glaucon-

ite samples, Gl-l{a) apd Gl-1(b;, were separated, Gl-& (L-BZlil)

lkount whyte Formetion; glauconitic sandstone; upper Lower Cam-

brian; Bregesu kiver, kooky kountaing, slberta, Censde; ocollected
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by M.D. hostoker. BSpecimen wes obtained from the M.I.T. sedi-
mentology colleetion and wes numbered 856-164. Composed of ocourse
sreins of glauconite (Z-3mm.) in & very fine grained calearsous
arensceous matrix, Iwo glauconite ssmples were aaparatéa,
Gl-2(a) and Gl-2(b).

GL-B(L-2212) Gleuwccnitic limestone; Lowest Crdovieian; Sten-
G1-41) |

brottet, Sweden, 10 Km, southesst of Felkoping, Vastergotleand;
Doneted by E,.B. whittington, Harvard University. Specimén is
composed of sbout 50% glauconite, rather coarse in grein (l-Zmm,)
in & matrix of erystalline c¢sleite and what sppesr to be sangular
fragments of & very fine grsin limestone. Pyrite ie sbundent,
Two separate slsuconite samples were taken from thie epecimen,

Gl-% epd Gl-1l.

GlL-4 (G-3213) Glauoonite sand; Upper Cretageous, New Jers.y.
Specimen 18 located in ¥K.I.T. sedimentelogy collectlion and is
nambered 813-7. It is in & short, rectengulsr bottle labelled
"18b8, Glaucocnitic Ureenmend, Cretccesns of H.J.%. 1The meterial
is unconsclideted and ias composed or sbout ¥0i glaueconite. It
is thought that this specimen may have been ecvlliected Ly William

Barton Logere,

Gl-B (R-32lb6a) Glauconitic limestone; Mount Whyte Formstion;
Gl-6 (K-3£1Eb)

upper Lower Cambrian; Higel Pass, lhoeky Mountzine, Llberta,

Canade. Collected by K.D, hostoker. This specimen waes obiained
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trom the M,I.%. sedimentology coileotion (810-280). Specimen is
& dark grey, tine grained limestone with small gralns of gleucon-
ite peppered throughout. Two frections of glauconite were sepa-
rated, one (Gl-5) being lighter in color and less megnetio then
the other (81-6).

Gl-7 (k-3216) Glauconitic limestone; Cambrisn; Bridger Fange,
Kontena, Specimen donated by VenHouten of Princeten University,
This wes 2 very small specimen composed of fine grained lime-
gtone pode of glsueonite E-3mm, in diesmeter egmttered mparsely
throughout. Only one sample of glesuocnite wae separated from

thie specinmen.

u1-8 (K-3217) @Gleuoonitio limestone; upper iower Ordovician;
lswos, south shore of Leke Ladsge, Leunimgred cros, Lussies. Col-
lected by F.i, Leymond (1914); donated by H.B. whittington,
Harverd University. Specimen la & rine graineda, well consoli-
dated although acmewhat exzrthy lookiag, limestone contalning
disorete graine of grass~-green glauconite scattered throughout,
Under the binoccular miecrosecpe, meny of the grains are seen to

be casts of shelled animals. One glanconite sample was separated

from this specimen.

Gl-10 (kK-3214) Glauoonite sand; Upper Cretacecus of New Jewsey.

This specimen is loeasted in the ¥E,I1.7. sedimentologl coclleotion
and is numbered $13-7, It was tsken from & long, narrow, test-

tube like, glese visl. Both (l-4 &nd Gl-10 sre in the same box
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in the colleotion snd have the same number, but it is doubtfal
whether they were oollected at the same iime snd &t the same
place. The msterisl is unconsolidated uné is &t least 0%

slauconite,

Gl~-12 (K-8219) Glauscnitic sandstone; Franconia formation;

Upper Csmbrien; Feadstown, wisconein, Collegcted by C.S. Bays,.
this mpecimen 1s im the K.I.T, sedimentology collection and is
numbered S21-7., It is 2 finely leminated, quasrtzose sandetone
with fine grains of glauconite peppered throughout.,. Two samples
of glsuconite, @l-l&(a) and GULL (be) were separcied.

wield {G-2£20) wlauconite; top ¥ rezt of Hevesiuk Formetion;

Upper Cretaceous; Iversand County, Claytou, Hew Jersey. Dounated
by Dorothy Garrell, U.5.G.5. finis semple is & slauconite whieh
was deparated «nd puriried by kiss Carrcll., Heé o nuaamber for the

gample is DC-&,

Gl-14¢ (G-2221) ulsuconite: Hornerstown Formation; lower Eocene;

Iversend County, Cleyton, New Jersey. This sample waes takea
immediately above G-1B. It also wes separated «nd puriried by

Miss Carroll. ¥Her nuamber Yor the sample 13 IC-i.

61i-1b (Ledz2E2) Glauconttic sendstone; Lion Mountein Sendstone

Member, TIiiley Formetion; leste-early Lete Cambrian; Kendell County,

Texsg} U.8.G.5. Loc, 1988, Doneted by 4.%E, Palmer, U.S.G.S,.

Specimer is & piece of core from Megnolis Fo. 1l -- below 6380
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feet, Specimen is & very dark green iu oolor end is composed of
about 60% gleuconite. Gliuconite ie intimetely admixed with
coleareoue materisl. One glauconite sample was separzted from

thies specimen.

Gi-18 (L3223) Glaaconitic sendstone; Lien Mountaln Ssndstone

Member, Elley Formation; lete-early Late Cembrien; Little Llano

segtion, Central Texas; U.3,G.5., No. LL-bb7. Collected snd do-
nated by aA.k, Palmer, VU.5,G.5, Thie speoimen is thought to be
the surfece equivelent of Gl-15. Specimen consists of 30-40%
glsuconite in fine grained to coarsely crystalline cesleite and
arenaceous msterial., One esample of gleaconive wes separsated
from this speéimen.

Gl-17 (R-3224) Glaugonitic clayey siltstone; Ledwster Shale

Member o1 Sundenge Formation: Upper Jureassic; Flattop snti-

eline, west end, Larsmie bagin, wyoming., Collected by George
N. Pipiringos, donated by kalph Imlay, U.S8.G6.8. Specimen is
¢ siltetone, dark brown in color and somewhat eartny looking.
Glsuecnite is yellowish green and difricult %o see in the hand

apecimen. One glesuoonite semple wuy sepurated froam this specimen,

G1-18 {h-3228) Glsuconitic basel clay-siltstone; hedwater Shale

Member of Sundsnce Formation; Upper Jurassioc; Come snticline,

west end, Laramie Basin, Wyoming. Cclleeted by George N.
Pipiringos, donated by Kalph Imlsy, U.S.G.S. Specimen is iden-
tioel in appesrence to Gl-17. Glauconite is light green in

eolor and coours &s tiny graine sprinkled throughout.
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G1-20 (K-3227) Glsuconitic sandstone; Murrey Shele of Chil-

howee Group; Lower Cembriesn; Blockhouse Quadrangle, Blount

County, Tennessee, Donated by U.5.G.S. Specimen ie 2 thinly
leminated, somewhat irom stuined, gquasrtzose sendstone, Glaaoon-
ite appesrs to be eonceuntrated along bedding planes. "Lowest
contirmed Cambrien fossils eome from sbout HOO' stratigraphio-

ally sbove this epecimen.”

Gl-21l (h-3228) Glauconitic limestone; Lower Ordovieian;
Wasglilkowa, Leningrad area, husgla, Donated by H.B, Whitting-
ton, Harvard University. Specimen is & very fine grained, light
colored limestone with soattered small greine of glauconite
throughoat., It is very similar in sppesrcnce to Gl-8 &nd comes
from the same area, One glsuconite sample was eepersted from

this specimen.

Gl-22 (E-3268) Glaueonitic siltstone; Carlisle Center Formation;
Lower Devonian; guarry 1.3 milee BE of NY 14P and XY 7 in

Cobleskill, N.Y, Collected by D.W. Fisher, New York State
Paleontologiat, 5/31/56. Specimen is a greenish-grey, esloarecus
argillacecus siltstone., TFormation has produced no fossils save

“Taopurug csude-gslli, which I (Fisher) believe to be & seas-weed

but some believe to be worm markings." Carliele Center overlain
by Soenoharie rormation or Onondags Limestone in the absence of

the Schoharie, underlain by rLaopus shale.

Seperation of glauconite. Gleuconite bearing samples were

erushed in & steel mortar which hed been thoroughly olesned with
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dilute HCl snd water. The mortar was also pre-contaminated with
a small portion or the sample t¢ be orushed. Aafter grinﬁing, the
sample was sieved. The size frasetions found to be most suitable
for glaaconite separstion were 100, 140, 200, and 870 mesh.

aAtter sleving, the samples were washed with acetons to remove
dast~slze particles olinging to the grains, It wes found that
this reaulted in a much cleaner separation. The fractione were
then passed through & Franz magnetic separstor, as many times as
was necessary, to obtain & eclean split. In genersl the glaucon-
ite samples obtained were more than 95% pure. Larely were they

less than 90% pure. Hesvy liquid separation was not used,

Chemicel treatment of the glauconite samples. The sample was

firat welghed, All weighinge were carried ocut on the analyticel
balance in the Cabot spectrographic laboratory at ¥.I.T., using
celibreated weights. Generally, between two and three gram sam-
ples were taken, The sample was then transferred to & clean
platinum erueible. It should be stated here that the term
"elean" used iu reierence to laboratory utepsils meaus that the
#aasel has been thoroughly serubbed with & cleaning compound
{(4loonox), rinsed with tap weter until all the cleaning compound
hes beeu removed, waehed three times in ZN HCl, and finslly
weshed three times with demineraiized water. The HCL used in

thig research weg distilled in a still of Vyeor glase, which heas

low alksli snd alkaline earth contents. All weter used was M.I,7T.

distilled water that had been passed through &n ion exchange

resin demineralizer and was known to contein less than .0l ppm
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heavy metals expressed us KeGl. Isotope dilution analyses of
thie water disolosed the presence of ¢.000%3 ppm strontium and
0.0006 rubidium.

#hen the sample hzd been trensferred to the pletinum dish,
it wae wetted with 2 emall quantity of water. Approximately
20ce of perchloric scid and 30ce of hydrotluorie seid were ed-
ded, cere being taken to avoeid loss of sample through effer-
vegcence of carbonate which might be present in the sample (and
often was)., The sample was then taken almogt to dryness over
a low hest, great osre being taken to avoid any spattering.

An additional lbee of hydroflueric zeid were then added in or-

der to remove uny treces of silioon. The sample was then taken
to complete dryness and lgnited gently to convert all perohlor-
atee to onlorides and oxides. To the residue was added 30ce

of BCL and thie was teken to dryness to drive off any remeining
hydrotluoric acid., If any were allowed to remsin, leaoching of

alkalieé)frem the glass might occcur when the sample wes placed

iﬁ\a glase oontalpner. The residue wse taken into HCL sclution

and trspeferred quantitetively to 2 volumetric flask. Pouring

the‘sample down & clesn, glase rod was found to be the eszniest

and safest method of trensferring it to the volumetric trlssk.

| The sample waeg allowed to cool to room temperzture and wae then

diluted to exmctly 100co with 3K HCl.

Ae 8 general rule, in work ef this natare, strontium and
rubidiom epikes are added betore the semple ie diseclved. This

i good prectics in that subseguent spattering during treatment

of the sample will not iniroduce apprecisble error, provided of

[
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courae, thet the strontlium and rubldium in the glaucsonite do
not have appreciably different solubilities., In this case
however, it wes desirsd to analyse unepiked strontium from the
glauconite a8 well, Of course the glauconite mample could have
initially been split into two fraotione, one of whieh occuld

be splked at the very beginning while the other would be used
for the sepsretion of unspiked strontiam. However, 1o order
to make gertain that the strontium esnalysed in the isotope di-
luticn anaiysis and in the uuepiked stroutium analysis was the
same, Lhe mample was split ror spiking a«rter it had been teken
into solution.

4 2000 portion of the sample is removed rrom the volumetrie
Tlask with & pipetie and plsced in a clean, Vyoor glass evapor-
ating dish, To thie is &dded sappropriate guuntities of eiren-
tium end rubidiam spike solution. The remainder of the sample
is returned to the pletinum &dish and eveporeted to & volume of
approximately 20ee. It ie then placed on en ion exohange column
for separstion of unspiked etrontium for isotope abundance de-
termination. The spiked portion of the sample is evaporated to
drynese to insure complete mixing c¢f the spike strontium and
rubidiom with the ssmple strontium apd rubidium. The residue
ig teken into solution with about 10ee of 2§ HCl and plsced on
another ion exechange column for meperation of spiked strentium
and rubidium ror isotope dilution snalysis.

Sepsration o1 mierogram quentities of strontium sud rubidium.®

Ihe lon exchange eolumne atilized in this researoh for the sep-
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eration of strontiam apnd rubidium were oonstructed using Dowex
50,8% eross-lioked, 200-400 mesh cation exchange resin. The
columne were oonstructed ot Vycor glasse tubing, one imeb in
dismeter. The oolumm reein wss 12" in length &nd wsa composed
of greded leyers of reeln sbout $” i{n thicknees., The sample,
in HCl esolution, wee placed on the column in 28 smsll & volume,
end with ae low a normality, s possible, without allowing it
to come out of solution., 7This ie necessasry in order that a
clesn separation o1 the elements be attained. 4ifter the gample
hag soaked into ihe upper psrt or the column of resin, the walls
0l the column are washed down with b-lUce of seid. when thise
also hus soaked in, the column ie filied with EC1l whioh slowly
passes down iarough the resin end drips out &t the bottom.

The principle underiying lon exehange chemistry is the ract
that the resln particles tend 10 adsorb the estions in the HC1L
golution, Cetione of different elements are held with differ-
ent strengthe. The hydrogen ion is most Btrongly held snd will
gradually dlieplace the other catlons present on the surtuces of
the resin partiecles. ae & result or the different strengths
with whioh the cations are sbasorbed, ihe various elements
present in the solution trevel the length or the column at dif-

terent epeeds. Ir separrte fractions &are collected &t ihe beasge

¥ Note: The teehniques desoribed here were developed largely

by L.T. aldrich and kis group &%t the Department of Terrestrial
kagonetiam, washington, D.C.
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of the column, 28 ag¢ld is run through it, the elements present
will be separated &8 8 result or their different rates of pas-
sage through the resin. The order of appearsnce of the elements
a% the base of the gcolumn is; Fe, LI, Na, X, Kb, Ce, Ca end 3r.
Figure 1] deplcte the relstive positions of the elements ag &
funetion or the volume of scid which hes psssed through the
column. The rete at which the cetions move through the resgin
is, of course, dependent upon the normality of the zeid used.
The higher the concentration of scid ueed, the more rspidly will
the elements move through the column and the lese will be the
Gegree ot separation ot the elements, In the cuse ¢f the Sr-nb
isotope dilution frsetion,ZN HCl is used until the potassium
hee com¢ through the column. This eusares a fairly good sepa-
ration o1 potaseium and rubidium., Aifter that, 38 escid is used
glnce 1t nas been found thet seid of this pnormality gives a
surfiiciently clesn gtrontium separztion, 3N aeid is used through-
out for peparetion or the unspiked strontium sample.
Determinstion of jﬁat what fractions contein the stron-
tium and rubidium 1s scoomplished in the Tollowing manner:
cevities are drilled in pure carbon elesctrodes and & tew drops
of each fraotion are placed in an electrode, The fractions
nave been evaporated down to approximately one ml. in order to
eoncentrate the elemente present. The eleoctrodes are dried
under a heat lamp and 2re then arced on the Hilger spectrograph.
The frractions found to contain the highest consentrations of
strontium and rabidium are thus located and set agide for mass

spectrometrioc analyals.



Concentration

I-‘ ’/’\\Xl \\
Cpllbd L L] L
0] 100 200 300 : 400

Eluate Volume (mis)

F1G.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 mlis. OF 3. ON HCI. THE COLUMN

AND STANDARD TECHNIQUES USED ARE DESCRIBED IN THE TEXT

22L



73

Preperation or samples Tor mass spectrometer.

4. hubidiom. The trsction Tound to contain the highest rubi-

B

dium concentirution ie placed in & clesn Vycor evaporating
dish. 4 few (rops of Gistilled nitric acid are added to it
axd the whole is evaporated to drynees. %The residue, in
which the rubidium 1s present s the nitrete, is diseolved
in a drop or two or water, teken up in & clesn pipettie,

and placed on the filement of the mess spectrometer source.
Strontium. The frectious conteining the highest strontiam
contents sre combined, pleced in & clean Vycor evaporating
dieh, snd evaporsted to drynees. The residue is taken into
golution with 8 few milliliters of water and a few drope of
hydrochlorie seld. & few grains of ammonium oxelate are
dissolved in the sampls and then an excess oI distilled
ammonium hydroxide is added. The sample is then evaporated
slmost to aryness. vare must be exercised not to allow the
sample to go completely to drynegs at this point or spatier-
ing &nd loss of semple will result. ‘ihe sample dish ig then
placed in crushed dry-ifce and sllowed to cool. Ice water
is added and the ammonium chloride presgent goes into solu-
tion. A fipne, white, granular precipitate of stroantium
oxalate i left, Cooling or the dish and the use of ice
water 18 necezsary because st yoom temperature strontium
oxalate i1s soluble to the extent of 0.005g per 100cc ot
water. The precipitate ig then very cerefully collected



74

together in the bottom of the dish. The liquid present is
pipetted off, using & polyethylene pipette., The precipi-
tate is washed with ice water and the water plpetted off.
Washing o1 the preoipitate is repeated four or tive times,
ir possible, in orcer to remove amy traces of rubidium thsat
might be present. Inaeed, experience nes shown that ucless
the precipitate hes bevn washed 8t Llesst twice, difficuity
will be encountered a8 & resuld of rubidium contamineiion
during the mass spectirometric auslysis, aftter washing has
been completed, the precipitate is drewn up into & pipette
and is allowed to setile out on the rilameut or the mass

gpectirometer souroce,

Contaminstion during chemiocal progeseing of semples. 1In order

to temt the levels ot rubidiom and strontium contamination in-
troduced =g 2 result of chemiesl processing of the samples,
blanke were run for both rubidium and etrontium. Thie was done
in the tollowing menner: To & clesn platinum crucible wse ad-
ded 20cc of perchloric seid and 30co of hydrofluoric ecid.

inown volumes of strontiaum and rabidium spike solution were sleo
added. The solution was evaporated to drynese and an additional
ifo6 o1 hydrofiuoric acid were sdded and taken to dryneas. Then,
1b0cc of nhydroonloric acid were sdaed to the dish and evaporated
t0 drynesgs, .an additiomsl 100ce¢ or nydrochlorie aoid was then
placed in the (ish and eveporsted to about boo. Thies wae placed
on &n lon exchange column, znd the strontium &pd rabidium were

separsted cnd thelr frectione were located. They were prepared



75

end pleced on the ritament in exsetly the same fawhion a8 de-
seribed in the forexzoing section. ihey were¢ etoh analysed iso-
toplesliy, and the amount oy contemjnstion introduced 1or eash
element wag caloulated., Gthe blenks were thue subjected to ex-
aetly the same itreatment given sn ordinery ssmple.

aAnsalyele Glzeloeed the precence or C.2ug of rubicdium eon-
tamination. Bince the sversge glauescnite ssmple, subjected %o
the seme treatnent, conteineé ebout 700.4g rubidium, rubidium
contemination wte seen to be negligible., Strontium contemina-

tion amocunied 1o sbout O.3.8. Sinece the averuge glausonite
szmple subjected to this treatment contained et lesst E0.g of

strontium, and sometimes two or three times this ameount, the
error due to strontium contamination wae certalnly no greater
than about 2%.

Contamination within the msas spectrometer. buring the ear-

lier phuses of the work reported on here, ages obtained for &
namber of glauconites appeared to couillet aarieusly with geo-
logicsl evidence. In order to ascertuin whether or not the
contlicting results were due to analyticul errors, replieate
analyses or the s#sme pample were ¢arried out. The results in-
dicated that, slthough strontium snalyses were reproducible,
rubidium analyses were not and showed large varistione from run
to run. 7The errors were not thought te be due to misetakes in
the aetual processing of the samples, that isg, in apikiﬁg.
welghing, ete.. It was concluded that the mesf probabls soursce

of rubldium contamination was within the msss spectrometer it-
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self, Table XVII shows the resulis of replioate rabidium &na-
lyses that led to the conelusion that rubidium eontamination

was being introduced.

TABLE XVIY
Sample fan Kb(ppm)
3105 Rb I.i)- 1. 295
Eb I.D.8 186
kb I.D.& 280
Gl-11 b I.D.1 260
Kb I1.5.2 278
Gi=i& kb I.D.1 130
3’«” I.B.B EO?

4t the time the analyses shown in Table IVII were made,
rabidium wes not being separated on the ion exechengs columns
before analyeis. kather, e rew drops of the solution im which
the glauconite had bevn dissolved were placed direstly on the
filsmen$. A very approximate czloulstion showed that only
about 0.0b«g ot rubidium were being pleced on the filament in
this manner, It seemed entirely possible that memory effects
within the muss spectrometer could give rise to significent
contemination when such small amounte of sample were employed,
It was Telt that the best, znd possibly the only wey, to desl
with such ocontamination would be to overwhelm it completely by

placing & much larger sample on the filamentv., Thus, in order
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to incresse the amount of rubidium placed on the filament, it
was decided %o separate the rubidium from the remainder of the
glauconite on the lon exchenge columne before placing it om the
filament. The amount of rubldium plsced onm the filament was
thereby increased by a fzctor of &t least 1000, hemults of
replicate rubidiam analyses in which the rubidium was concen-~

trated using lon exchange columns sare shown in Table XVIII.

TabLk XVIII
Sample Eun Eb{ppm)
Gl-3 kb I.D.1 311
kb I.D.2 308
kb I.D.3 307
Gl-15 Eb I.D.1 233
kb I.D.2 227
Eb I.D.3 &30

The excellent agreement between the repliceate anslyses of
Table XVIIY indicates that concentration of rubidium before
analyeis ocan overcome any contaminetion introduced within the
masa spectrometer. Since that time, all rubidium samples &na-
lysed in this laborstory have been separsted on ion exchange
columpna. 4ll rubidium values reported in this work were ob-
tained usipng semples euriched tnrough ion techniyues. Unfort-
unately, & oumber of glaueonites snalysed before the contamina-
tion problem wes recognized ocould not be reanalysed due to in-

saffieient quantities or sample.



CHAPTLE V
TEEATMENT CF THE DATA

Averaging of sets colleoted. There are two generasl methods

employed in the collection of mess spestrometrio date, The
firet is known &s double collection end ig & null method., 7The
ion currents repreeenting two masees are balanced, one agsinst
the other, by means of varisble resistore., The ratic of the
two masges involved mey be read direotly from the vealues of
the resistances used to obtain belence., The second method em-
ployed is known & gingle collection. 1In this case the sizes
¢t the various lon ecurrente iuveived &sre messured using & re-
corcding potentiometer., 4 weston or Brown strip chart recorder
wag used iu our cspe, Ouly oue lou besm falla into the col-
lector ut suy given time und Lhe peaks are recorded in succes-
gion on the chert. bBoth methode or collection have been util-
ized in this laboratory but the second method, =ingle cclleotion,
wes found to yield more scourste results, The date reported oa
here have sll been gathered ueing single collectiocn. 4An example
of the data colleoted is shown in Figure III.

Since small bot significant random varistione oscur in the
lon adrrants, it {8 necessary to colleet & rather large number
ol sete of deta in any given run in order that the standard
deviations of the ratioes mezsured be 2¢eeptable, A set refere

to a aslngle sweed across the mese renge of the element being

mezeured. Thus, & rubidium set would be composed of two peaks
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Figurer1l Typical section of Weston Recorder record (unretouched) taken during

analysis of 845r _enriched tracer used in a chemical contamination experiment.
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representing the two isotopes of rubidium at masses 85 and 87,
wherees a strontiam set would be composed of four pesks repre-
penting the four isotopes of strontium at masses 84,86,87, and
88. For rubidium analyses, approximately 80-100 aete were col-
leoted, while tor strontium anslyses, trom 1l25-175 sets were
taken., It should alec be rewembered that variations which &re
not rendom may be present during the course of a run, principsl-
ly fractionation oY the isotopes um they leave the filament.
It rractionetion is present, snd 1f it is net reprodaucible from
one run to another, it ls necepsary to run semples to completion
in order that the fractionation not introduce mignificant errors
in the ratics obtained from the run. Since fraotionation of
gtrontium igotopes as they leave the filament has been obmerved
on numerous occaeions in this leboratory (Herzog et al, 1954)
and asince the fractionation has not been found to be reproduci-
ble, the strontium snelyses reported here represent runs in
which the sample placed on the filament was run to exhsustion,
The sets collected were messured umsing a 60-soale engineer-
ing ruler. In the csse of rubidium, the ratio Eb8S/xb87 was
computed for eech pair of sets collected. For strontiam ruas,
the ratios Sr84/3r88, Sraﬁ/Srag, 5r87/5r88 were computea. It
ie necessary to compute the isotopic retios from averuges of
pairs of mets rather thau irom single sets because of the faot
that in most cuses, the ion currents belng reoorded sre either
rising or tailing to & certein extent, and canly very rarely do

they remain ocnstant. After esch pair of sets had been meamsured,

averaged, and the retios computed, the average of esch ratio
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over the entire run weas found, The stendard devistion of the

mean ror eech overall ratio wes computed ueing the relation:

Standerd devistion of the mesn_ /=(X-x)*
n(n-1)

where: X 18 the mean value of the ratio in queation over the
entire run.
x i9 the value of an individusl ratio caloulated from
e single pair of setls.
o is the number of inéividual ratioe computed cver the

entire ran.

¢aloulation of rubidium and stroutium concentrations. hubldlum

and strontium contents wre ealoulated Irom their respective iso-
tope diluition runs in exsetly the same trashien. To illusirate
the method ot culeulstion employed, an actual esloculation of

the stroutium content of a glsuconite will be given. It should
be remembered that the strontium anslyses in the isotope dilu-
tion run is composed of both normsl stroutiam which wes present
in the glauccnite and spike strontium which wes added to it.

We shall uee the messured Sr84/sr88 ratio for the caleulation.

Let: E equal the number of atome of normsl strocntium
present,

S equal the number of atoms of splke strontium
present.

0.0056 equal the sbundence of srb4 in normsl
strontium.

U.4607 equal the abunéance of sr84 in gplike
gtrontium,
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0.82b6 egual the sbundsnece of sr88 {p normel
gtrontium.

0.3075 equal the sbundsnce of 5,88 in spike
gtrontiam,

fhen, the totel namber of Sr8¢ atoms in the semple is equsl to
(0.0056K + 0.46078) and total number of S5r88 ztoms in the

sample 1s equal to (0.BZLEK + 0,3076b;.

Theretore, Sro%/s5r86 _  (0.0056H +0,46708)
{C.B266K + 0.,30708)

But, the ratio 5r9%/5r8® nes been messured mses speotromet-
rically to be 0.083b.

Theretore, 0.5835 = ,LO0b6N + .46075 |
.BEB6R + .307bS

Croes multiplying sud collecting terms,
0.47618 = 0.28123,
and K/8 = 0.5908

The ratio of the number of normsl strontiom atoms to the
pumber of espike strontium stome ie thus koown, However, it le
desired to find the retic or the weight of normel strontium to
the weight of spike strontium. Th» atomic weight of normel stren-
tiam 1&g egusl to 87,7081, while the atomiec welght of spike stron-
tium is equsl to 8L,787H, the difrerences of course being due to

difrerences in their ismotopic compositions.
: weight of normal Sr _ S = . 87,7091 _0.6040
Thex, welght of epike or gu/sw = 0908 x 85.7876
How, the walight or splke strontium added to the sumple wae 3L.6 . g.
%herelore, h,= 80, 6 x 0.6040 = &l.Dyg.

ihe &b,o.& sample c1 spike strontium wes added to 0.5270g of



glueoonite. fTheretore, the concentration of normel strontium in

the gleuconite is:

gl-b ~ 40.848/& = 40.8ppm,

The ocaleulation of the rubidium content or the glsuconite peral-
lels the above exectly. The value caleulated for the rubldiam

content or this glauoonite (Gl-15) wae Z30ppm.

Caleulation of vadiogenic sr87.

4. From the isctope diluticn run. The strontiam atome of mess

87 in the sample snslysed during the isotope dllution run are con-

tributed by tne apike strontium, the normal atrontium included in

the glauocnite at the time or ite tormetion, snd the radiogenie

strontium formed within the glauccnite since the time of its

formation.

fhen, it: K equals the number of stoms oY anormal etroutiam
present,

8 equels the numier of atoms ot spike sireantium
preaent,

I equals the number of atome ot raliogenie strontium
present,

0.0879 egquuals the abundacse of sr87 in the apike,

0.0702 squsals the abundange of sr®7 1o normsl
gtrontium,

0 ..,82b6 egusls the sbundence ©f 5r88 in pormsl
gtrontium,

0.3075 squale the abundance of Sras in spike stroatium,

5:87/5288 _ 0.1690 (messured) = 0:0T0ZN + 0.08795 + K
/ Olmessured) = o e+ 020755
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Cross multiplying and collecting terms;
0.08693E = 0,03585+ L.
Bat, /S = 0.5908.
Substituting for K in terms ot S,
{.0693 x .0908)3 ~ 0.4888 = &
end, /8= 0.005l.
thas, the ratio of tbe number of rudlogeunic strontium atoms %o
the pumber or splke @trontium atoms has been determined. In or-
der to convert to the weight retio, it is necessary to multiply
by the ratioc of the atomic weight of radicgenic strontium to the
atomic weight of spilke strontium. This ratio is egual to

87.0000 _ 3,014.
86,7876

Theretore: gw/sw== 0.0061 x 1.014 = 0.00bZ.

Since the weight of spike strontiom added wes 35.6.8, 2nd the
woight of the glaueonite sample was 0.5270g, the consentration of
radiogenic strontium is equal to:

35.8 x 0.0052 _ o spppm
0.5270

B. From unspiked strontium imotope sbundemce run: As was

ateted esrlier, strontium extracied from most of the glaucouites
reported on here, to which no spike strontiam had been added, was
analysed isotecploally. 4 second, more acourste, culeulution of

rediogenic strontium content ocan be made ueing thie dats provided

oniy thet the eonoceuntretion or normal strontium in the glesucounite
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is known from ag isctope dilution auslysis ot the same sample.
In order to illustrate, u cuzleculation of radicgenic strontium
content will be made using the concentration of normal strontium
tound in the isotope dilution aualyeie of the glauconite (Gi-1D)
an@ the dats gathered in the isotopic spalysie of an unspiked
gample of the strontium conteined in the glauconite.

It was shown that the normel strontium ocontect of this
glauconite weh 40.8ppm. Isctopic snalysie of strontium extracted
irom this gleuodnite showed the ratio Sr87/s5r86 to be 0.8025.
The strontium ocontuined in this glsuconite can be thought of sas
belis composed of

{e¢) Common or pormal strontium included in the minersl at the
time of ivs Tormetion, &and
(b) hediogenic 3r87 added to the minersl since 1ltse tormationm

87 conteined in the glaucoaite.

ag & result of the decsy of b
The ratio Brs?/SrBs cen then be broken into two parte, one part
representing the ratio of normal 3#97 to Srse, the cther psart
represesting the ratic of rediogenic Sr87 to sr86, whe ratio
Sr87/5r8a in normel strontium wse scen to be 0.7120. The rstio
of rediogenio 5r87 to sr8® in thie eemple will then be egual o
{(0.8085 ~ 0.7120), which ie equal to 0.0905, This may be expresaed
in the followlng meanner:

g7 + 87" _e7® 87t _ . _ ... (1)
86 86 86

where the superscripie ¢ =nd r refer to common and rediogenic

respectively.
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But, 87°% + 87F wes tound to be equel to 0.802B by mass
-—.—Ww

gpectrometric enalyeis, anﬂ"%%ﬁ is known to be sgusl to 0.7120.
The rerore; g%f‘_ = 0.808b - 0.7120 =0.0905 - - - - - (2}

The ratios xgiven in the sbove ealoulations are all ratios
of numbers of atoms. Since we wish %o find the weight ot radio-
zenic strontium present, the valuee of the ratios given above
must be ocuv-.t-i to weight retioe by multiplying them by the
retio of the atcomio welght of sr87 to the atomie weight of Sras.
Jhe wvalue of thise pumber is 1.0116, end

(877/86),, 0.8118 - 0.7203 = 0.0¥lb - = - = - = ()
Now, since the concentration oY common etrontium present in the
glauconite ie known, from isotope dilution snalyeis, and since
the welght sbundenee of sr86 in common strontium is knowm,
0.0967, the concentraztion or 5r86 in the glsuconite msy be

ealeulated. Thus,
Concentration Sr8®= 40.8 x 0.0967 = 5.945 ppm e-»{4)

Substituting in (3)

87Y — 0.0915 = = = ~ =~ =~ = = - .- (5)
3,945

and, Concentration of 87 = ,0915 x 2.94b = 0.36ppm + - - - (6)

The rudiocenic strontium concectration as csleuleted from

the unsplked strontium snalyels should be appreciably more &0~

ecurate than thut calouluted rrom the isotope dilution run slone,

there are two resscns for this:
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{a) The concentrution of rudicgenic strontium celeulated
Yrom the lfsotope dilutiom anslysie zlone 1y extremely
sensitive to the sbundance of Sr®7 amsumed to be in the
apike., Very small changes ( O.¥%) in thie abundence

. give rise %o large vericticus ln the concentration of
radicgenic strontium oculoulated., The maguitude ¢f such
variatior® increspes rapidly as the ecntent of radio-
genic - ‘v.tium in the glsueconite Ceoresses. The G&l-
oulstion ot rad logenic strontium content from the re-
eulte ¢t the unspiked astrontium snalyeie g, however,
independent of the abundsnce of 5r87 1n the spike,

{(b) The redicgenic 3r87 forme grester proportion of ta:’
total etrecntium in the unspiked strountium run thaen it
dose in the isotope dilutiocn stromtium rum. The error
io the radiocgenic stronmtium run then should be lese when
cajoulated from the unepiked sirontiom datea, IV cau bde
shown, tor exsmple, that in the cess of tha\glaaaonite
just treated (Gl-15), the jpernentage of the total stron-

1w the raotope dilutiom vam

tium,which wes radiogenie wis 0.32% while in the un-
spiked strontium run, radiogenic Sr8? formed 0.85% of

the totel strontium. Lfteotively, there wag almost three
times ss8 much radicgenic s2trontium iz the latter &s ia the

Tormer, 80 that the error lnvoclved should be cut by a fao-

tor of abcut three.
Calouletion of the age. The general equetion for the decay of

& radiosotive nuclide i
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ﬁ==xoc’*° R L T T IR A § §
where, N  is the number of atoms of the radiosetive muoclide ori-
&inally present,
E ie the number of atoms of the rediosetive nuclide left
after a time t, and
Als the desty constant,
Tne desoay coratant ased ia the work reported oo nere ig 1.39 X
10°4Lyr, "4, tiie 1s the trsction or kb87 whicn decsys to Sr87
e&eh year, iJuic devay oconstaut ocorresponds to & nalf-lire tor
the LbS7 decay or 0 x 10° years. hevurning to (1) above, since
rediogenio 9r87 and kb7 nave the sawe mase, i1t can be shown that
ﬁ°‘= BAYK - oo coooweoeoneoewene--=({8)
where E is the welight or scmoentration of rediogenic 5r87, and
N, and N are the welghts or concentrations of Kb87 ceriginally
present and present arter time t respeetively. Substituting im (1),
B= (N +h)e= % o 0 0w et v b e s e - - (B)

m x P— a“" '\t - A e mmer W ae WP am sk e e s WS e W e W e (6)
K+h
thﬁn, 1 + K/i’i = l/&kt S ee AR @ W Wk N A Ak B WP @ 4 W e e (5)

(6)

Mﬁ °M=1+11/§ ~~~~~~~~~ - e W am kW o e W
apd ¥ =1n(1 + i/H)
snd t = (L/A)AB(1 + B/E) = = - = == 2o eo oo (T

Thue, it the councentration or rudlogeénio Sr37, the concentra-
tion or hh37, vl Gechy conelant &re knowk, lhe age of the min-
eral may oe cuiculated. Iu the case of the glauconite used to

illustrete, L wes equal %0 U.%6 ppm., total rubidium was <30 ppm.,

and the decay constant wes L.69 x 101+, since total rubidium
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was 230 pym. aud siwce Lb87 mekes ap £8.22% of total rubidium
(by weight), the councensraticn or 1b®7 preseut in tae glaacouite
wae {230 x .2822) which is equel to 6b.0 ppm. Then,

t =1/1.29 x 10+ 1n.(1 + 0.26/60.0) = 39> x 10% yeers.

Calealstion of stendard errors.

k., Caloulation of error inm pormel strontium. The standard

Geviation of the mean Yor the 5r84/2r88 ratioc wee found to
be  0.28%. The standerd deviations of the normal stiroa-
tium and epike etrontium isctope a&bundaneems are thought to
ve X 0.4b% alse. Y4hen,

5r84/5r58 = §,0886(*0.2b%) = O:0006N(0.bp) + 0.46073(*0.26%)
Q.84068(*0.45%) +0.30768(10.25%)

Cross sultiplying, O.4817H + 0.17948 = 0.0006N + 0.46078

- arror in 0.4817 = 9.4617J/z5j8625)g+— (0.0025)%
= 0.0017

Error 1n 0.1794 = 0.1794./(0.0026)2 + (0.0025)%
ol
= 0.0006

Then, 0.4817H(Z 0.00L7) + 0.17945({%0.0006) =0.0056K(20.001) +
0.46078(%0.0012)

Colleeting terme and adding errors,
0.4761N(%0.0018) = 0.¥8128(%0.0018)
E/S = 0.5908

Error in N/S = 0.5908 (0.0018)% + (0.0018)%
(0.8761)% + (0.2813)2

= 0.0044
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Thus E/S = 0.5908(%0.044)

Converting to weight ratio, Hg/S54,=0.0908(%0.0044) x 1.02288=
0.0040({*u.ul&b)

The error in whé welght ol spike sdded ie thoaght to be T 2.0%.
ihe welght o1 aplke wudea was thereiore 30.6(*0.71. 4.

h‘ = 356@ X Q.Wﬁ@ = ‘ﬁla%‘c

Error in Ey = Sl;a\/w"”z + (0.004b)%
(26.6)% + (0.6040)P

= Q.48
She weight of semple used wes 0.0&£70g. sud the error in
this i8 insigniricent in comperieon o the error in the
weight o spike added.

Thus, noneedtration of normsal strountium is:

M—w = ‘008 *
0.827%0 bR

end the error in tn;n gonecentretion is:

Q"& = 0.9
0.0&70

Therstore, conceutration of normal strontium im this glau-

gopite is 40.B(L0.9)ppm.

bLrror in rubldium eonlent., fGhie caloulation is carried out

in exzaotly the same rashion &8 Jox the error ia the norasl
stroutiue content., The error oaleulated for the total ru-

bidlum content wes £30(%4.6)ppm., while tne kb7 conteat

would ihus be 60.0(%1.3)ppm.

Error inm radiqﬁonie gtrootium sontent. The error for the

rasdiogenie strontium content as celoulated from the isotope
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dilution dsate wes 0.20({7.07)prm., thet ie, an error of 20%.
The error in thet caleulsted from the unsplked strontium
data, on the other hand, wae 0.56(%,02), en error of less
then 6%. This is &s predicted earlier in this chapter.

Lrror in final age caleulation. It esn be shown that for

emell valuee of the ratic, radiogenic 5r87/in87, suoh ae

heve been enocuntered in the work on glauneonite, the expres-
gion ln{l + K/N) is eseentizlly egqual to I./N. The age

formula may then be written:

t =1/ x (E/N)
Substituting the values obtained tor & end N in the above
tormule snd using 1.3% x 10“1P}fex the decay coustant,

= (1/1.89 x 1&*%}3 x 0.86(%0.0%)
85.0(f1.83)

= 398 x 108 years

and the error in the sge is egual to;

895 x 10% /(0,0%)" g&.sg4
(0.26)% ' (65.0)%

=80 x 106 yeara



CHAPIEL VI
RESPLTS

The results of anaiyses or twsnty-one glauconites are
éiven in Tables XIX and XX. All results are given in parts per
million. 4gee were caloulated using a decsy constant of 1.39 x
le’llyrvl. corresponding to a half-life of 50 x 109 years tor
the £b87 deeay. It will be noted that no rubidium snalyses are
given in Teble IX. Thie is due to the trset that theee gix
samples were apnalysed before il wes realiged that highly er-
ronecus results could be attained ae & result of rubidium ocon-
temination within the mase epectrometer. All raubidium analyses
&iven in Taeble XIX were carried out after the rubidfium had been
igolated by ifon exchange. These auslyses are thought to be so-
curete to et lesst 3%, The normsl strontium analyees given are
aleo thought to be acourate to 3%. The errors for isotope dilu-
tion and isotope ratio determinatione of rediogeniec strontium
are very close to the errors given tor the respective isotope

dilation and isotope ratio ages in the table,

Geologic ages of the glsuconites snalysed.

A. Cambrian samples: Messured ages of six Cambrisn glauoconites

are given in Table XIX, Table XiI represents portions of
the correlation chart set up by Howell et sl (1944) for the

Cambrien formations of North Amerioca., It will be noted that
a4l of the Cambrisn glasuconites reported on here were ob-



TABLE XX
Sample Looation Geologic Age Normul Lediogenic Sr
ﬁl’ Ibnu Ioi&»
Gl-l(e) Lodi Shale, Upper Upper
Wise. Cambrian 8.4 W31 -
Gl-q How Jersey Upper
Cretaceous 8.8 .11 -
Gl-b kt.Whyte Fam. Upper Lower
4lberta Cambrian 3&1 .59 -
Gl-6 ut.Whyte Fm, Upper Lower
Alberta Cambrian 72.8 . 29 -
Gl-7(a) bridger lLange, Cembrian 2Ll3 « 50 -
(b) liontansa 231 .68 X
Gl-12{(a) Franconis Fm. Upper kiddle
hesdatown,Wise. Csmbrian b.9 « 87 o3l

All concentrations given in ppm.

tuined trom rormations sgtually shown upon Howell's chart with
the single exoeption of the Murray Shale sample (Gl-20). The

Chilohowee Group, of which the Murray Shele is the uppermost mem-
ber, ie dsted as being lowermeost Cembrisn by the United States

Geologierl Survey in the Lexicon of Geologie Namee ci the United
Statea. Cther workers feel it to be Precambrian in age, in the

Beltien series, e.g., hesser (1938). Howell's group has aleo

placed the Chilhowee Group in the uppermcost Precambrian. Act-
ually, the whole problem is somewhat acsdemie in thst the plselng
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or this group in either the Cambrian or Precambrisn depends eu-
tirely on Jjust how tne base or tne Cambrian is defined. It
does meem gulte probable taough that tne Chilhowee Group of
sediments represents material that wae deposited earlier than
that deposited elsewhere in fthe country and thought to be basal
Cemorian in age. In this sense, then, ome would perhaps be
Juetiried in ealling this group or sediments Precambrian.

The Mount Whyte Formatiocn of scuthwestern Alberts and
gsoutheastern Britisk Columbie, from which Gl-2, Gl-5, ard Gl-6
were obtained, iz dated et Upper Lower Cembrian by Howell st

al (1944), Deiss (1986), and Fosetti (19bl). The glauconite
bearing leyere in the Mount Whyte ocour at its base. Howell

states thet Qlenellug has definitely been identified in this
formation,

One sample of glauconite from the Franconis Formation cof
Wisconsgin and kKinunesota wes studled., Unfeortunately, it is im-
possible to¢ ascertain whivh member ¢of the Frandgomisa ie repre-
sented by this gleuconite, siuce the wsample was inoeompletely
labeiied., However, we &0 know that this glauconite was depoelted
during the middle portiouns of Upper Ceambrian time.

ihe .oéi Shale, Irom whieh Gl-1l wuase obtained, is placed by
Howell in the Trempelevau Formstion, although the United States
Geological Survey oousiders it tc be & member of the St. Lawrence
Yormation. In this casge, we simply have two names for the game

tormetion, The Lodi Shule is Upper Upper Cambrien in sage.
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Gl-id and Gi-16 represent glauconites separated from two
specimens of the Lion kountuin Sandstoce member of the kiley
Formation of eentral Texas, Gl-lb was obtained from 4rill oore
from & depth of over H000', while (G1l-16 was collected on the
surface, The Liley Formetion is eguivalent to the Csp Kountain
Formation. The geologle age of the Lion kountain member sppears
to huve been closely fixed cn paleontologic grounde es iste
Larly iate Cambrisn by lLochmen (1938) snd Palmer (1952).

B, Ordivicien semples: The semple from Stecbrottet, Sweden (Gl-2

snd Gl-ll) oooure at the very base of the Ordovicien in Sweden,
The eample was collecied only & few feet above Swedish kolm
depoeits knewn to be Upper Cambrisn in age. Two cother samples,
from the lLenipgred area of hussias, Gl-8 and Gl-21, were also
apalysed. Frofesgor H.u, whittingtou or Rarvard University, who
supplied the twe samples, lw presently examiuning well-preserved
trilobites asgsocialed with them, aud has cssured the writer thet
toe two are of uower Ordovician sge.

C.Devonian asmples: Only one glasuccpite of levonien sge wes ob-

tained for this work, This sample wee tsken from the Carlisle
Centre Formation ¢f Hew York which is overlain by the Schoharie
Formation or the Onondege limestone in the Sohohsrie's absence,
snd underlain by the Lgopus shale. sccording to the correlstion
ehart for the Devonian strats or Horth Amerios set up by Cooper
et a1 (1942), the Cerliele Centre Formation would be kiddle

Lower Devonlan in age.
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D. Jurassic samples: The two Jursssic glauconites studied

F.

came from the Ledwater Shale member of the Sundsnce Forms-
tion of the laramie Basin, Wyoming., The Ledwater Shale
member is underlain by the lLek member and overlsin by the
Korrieson Formation, The kedwater Shale member correlstes
faunally with the Curtie Formation of Utah, the Staump sand-
stone of esstern Idasho and westernmost Wyoming, the Swift

Formation of Montana, and the "Upper Sundange” Formation of
central Wyoming. Imlsy (1947) places the Sundance as lower-

most Upper Jurassic,

Cretacecus and Tertisry semples: Iwo of the samples atudied,

#1-18 and GL-1l4, are well Gated geologically, Gl-13 is from
the Havesink Formation, while Gl-l4, eollected from immediate-~
iy above it, le from the Hernerstown Formation., Dorothy
Carrol ot the United States Geological Survey who collectsd
the samples states that the Navesink ia uppermost Cretaceous
in age while the Hornerstown is Lower Eocene (privste som-
munication). Miller (1906), while sgreeing that the Nave-
sink is uppermost Cretaceocus, states that the Hornerstown

is Psleocene in age. However, the dissgreement is slight
for our purposes. The third sample, Gl-10, iz subjeet to
some doubt as to its actuasl age, since no location or forma-
tional name was given with it, However, it ie almost cer-
tainly upper Cretsceous cor Focene in age,

kecent samples: The youngest glauconite studied (Gl-23)
wap obtained from a bottom sample tsken in the Atlsntie

Ocean off (Georges Beank, This glauconite is thought to be
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in the prooeess of formation &t the present time.

Previous attempts to set up ebsolute time semlem: Table XAII

illugtrates & number of absolute time scalee set up by verious
lavestigators for post-irecambrian time, The Table has bsen
taken from Holmes (1947). 1These time scesles have been met up
mainly on the strength of & very iew U/Pb age determlnations.

In nesrly all ossee, the minerals upon which the age determina-~
tions were made were of igneous rather than sedimentary origin.
The sge relationshipe of these minersls to nearby sedimente
were otten vague. The differences smong the various time scales
of Table XXII are due primarily to two things:

(a) Agreement concerning the geological age of s given
minerasl or rook unit was not alweys unsnimous.

{b) Improvemeunts in the techuniques of radicsetive sge de-~
termination gave rise to cohsngea in the apperent ages
of the minerals used.

Holmes, in 1947, revised hie (1lv33) time soale on the ba-
sis of more refined U/Pb age determinations made possible by
a4,0, Bler's isotopic asnalysis of lesds present in the uranium
bearing minerals used, Up antil that time, v/rb agee were of
& etrietly chemiecal nature, that is, U-FPb conceniratione were
determined through chemicel methods and isctoplc analysis of
lead wes not carried cud., In many ocsses, it was sesumed that
all lesd present wae radlogenice in origin., In other cases,
atomlc welgnt determinations on the lead allowed & fajirly ao-

carate correction from common lead to be made. The rapid de-
velopment of mass spectrometry, however, ineluding both isctope
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TABLE XII
Systens Barrell Leeds Holmes Moore Bullard
(1917) (1931) {1933) (1923) {1944)
Pleisto- | 1-1.5 1 2 {6)
gene i=1.5 1l 1 2 {B)
Pliocens 6-7.5 14 186
15 20
7=9
kiooene 12~-14 iy 5
1923 B& 45
Oligoecene| 16-16 10 18
35-39 42 63
Loacene 20-26 18 16
55«60 60 60 60 79
Cretace- 65-86 68 68 65 76
ous 120-150 128 128 125 1556
Jurassio 35-45 30 30 38 23
15b6-1958 158 168 157 178
Priagaic | 35-45 34 34 28 30
130-240 192 192 185 208
Permian 26-40 28 28 38 15
215-280 220 280 223 223
Carboni-~ |85-90 85 65 86 47
ferous 300-370 285 285 309 270
Devonian | 50-5C 65 65 45 44
380-420 360 350 3564 314
Siluvian | 40-40 25 b33 a7 18
390-460 375 875 381 332
ordovi-- | 9080 &b 65 67 47
gian 480-490 440 440 448 379
gambrian | 70-110 70 70 1056 47
550-700 bl0 510 553 426

Ages in millions of years
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dilution and isotope abundsnce snalysis, has enabled the in-

veetigator to measure U/Pb ages very aceuretely.

Holmes!'

re-

vised time sosle, drawn up in 1947, is shown in Table XXIII.

It will be noted that twoc soules are given in Table XXIII, la-

belled 4 and s.

This was dons beczuse of some uncertainties

in the geologleal ages or some of the minerels upon whieh the

U/Pb age determinetions wers msde,

the b scale iz to be preterred.

Holmes reels, however, tihat

Iable ALV represents & compil-

ation of the U/PL ages upon which Holmes' time scales {revised )

are based,
TABLE XXIV
Sample Geologlic age 207/206 206/288  207/23b
hA.Swedish kolm Late-middle or early 800 377 440
late Cambrian

B.Cyrtolite, End of Ordovician

Bedtord,N.Y. (Taconic) 370 258 266
C.Cyrtolite, End of Ordovician

Bedford, N.Y. {Taconie) 412 337 245
D,.Samargkite, lste Devonisn ¢r

Spinelli,Conn, Kerly Cerboniferous £56 ebd 254
L.Pitehblende Laté Curboniferouns.

Joacimethal £14 EED FAN
F.vitobblende bogiluning of Tervi-

Colorado ary - 07,9 LB, 1
G.Pitonblende beginning o fYerti-

Colorado ery - 59.8 6l.2

sgee in millicus ot years
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A B
s PLIOCENE 2

MIOCENE 26
32—BLIGOCENE 1g
47

EOCENE 58
68

CRETACEOUS

140

JURASSIC 152
167

TRIASSIC

182

s —rzmmn o
220 /

CARBONIFEROUS

275

DEVONIAN
318 313
SILURIAN
350 350
ORDOVICIAN
430 430
CAMBRIAN
510 510
TABLE XXIII

TIME SCALES FOR POST-PRECAMBRIAN
AFTER HOLMES (1947)



EX

It ie to be noted in Table ZAIV that in only one case, the Swedish
kolm sample, wie the age determinatiion msde directly on material
of sedimeasary origin. Ia sll other casee, the minerals used
were either rrom pegmatites or veio material associated with
granites,

The ages obtained for the Swedish kolm sample show extreme
digcordency. Wickmen (1942}, using date on the rates eof 4irffu-
slion of eir end hydrogen through kolm materisl, caleouleted that
average losa of radoen would be 14.0% from & disk 7.5 em, in
thickneas, kadon ig & radiosctive gas formed during the deesay
of Vgﬁs with & half-life of 3.8 daye so that losses by diffusion
can be appreciable. Ir radon is lost Tfrom & minersl being used
for U/xb sge determination, there will be & corresponding de-
orease in the amount of PbU6 Tormed. fThis will resuls in
measured £UT/206 uges which will be too high snd 206/438 ages
which will be toco low. 9%he X07/x2b sge should be oorrect, pro-
vided of courge that radon loss is the canly procema operative
tending to change U/Pb ratios in the mineral cther than the
naturel redicscetivity., fThe koim semple used Ly Nler for the
U/Fb mge determinetion given in Table XXIV wes & disk between
& snd 10 em. in thicknesg (kolsm, = variety of oil shale, ccocurs
as disk-like lenses in the slum shales of Sweden). Wickmen
feund thet by sesuming & radon loes ot ebout 174 in the aemple
analysed by XKier, the sges would become ccncordect at 440 millicn
years., Wickmen's eorrection for radon leoss ie i1llustrated in
FPigure IV. Holmes, on the basis of Wickmsn's work, assumed an
age of 440 million years tor the Swedish kblm deposits,
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The ages obtained ror thne two oyrtolite samples from Bed-
ford, New iork, occuld be msde concordant by assuming 0.74 and
“.9% radon loge respectively. The ages 820 obtained wers 35D and
540 million years, aud Holmeg accepted an age of 350 million
years for the close of the Urdovieisa,

In the case of the ssmarskite from Spinelli uarry, Coni-
ecticut, beautifully concordsnt ages were obtained. However,
some guestion exisled as to the geological age of the granite
with whieh the sample wae asscciated. Kost were or the opinion
that the granite was {ntruded at the close of ine Devonlan dur-
ing the Acadian orogeny. Others, however, expressed the possi-
bility of & lower Carbonifercus (Wichite) intrusion. Holmes
feels thst the granite represents intrusion 2t the close of the
Devonlisn because no lower Carboniferous intrusives have been
recognized in the region,

The Joachimethal pitchblende hae been dated at late Carboni-
ferous or ecarly rPermian by geologists. Cn the basle of petro-

loglo and tectonlc evidence, however, Holmes feels that & late
Carbouiterous age iz t¢ ve preferred.

The pitchblende samples from Colorado whioch were anaslysed
came Irom veins geuetically asscciated with the Laramide pluaton-
ioc rooks of Colorado snd Wyoming. The most wildely scoepted view
le that the veins were formed &t the c¢lose of the Cretaceous,
but the poseibility of an upper Paleozolc age has been recognized.

Lipson(1956) has recently completed studies on & suite of
ten glauconites from the Tertiary of Kew Zealsnd., By mezsuring
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the concentration of k%0 and rudiogenic 440, he was able to

ealoulate sges 1or these gluuconites.

wipeon siso Getermined

the £/2 ages of & lower (ieiaceous (oluisan) gleuconite, a

lower Cretaceous (Lenomenian) authigenic feldspar apd & middle

Devonien (Gilvetian) sylvite, all trom western (anads.

results are shown in Yable XXV,

uipson'e

TABLL XXV
Sample Mineral Location teologic Age Measured Age~no*
47 Glauconite New Zeuland M.Miloeene 28.8{T2.0)
48 (lauconite Few Zealand M.Miocens 30.2(*1.8)
56 Glauconite Kew Zealand ¥.Hiocene £1.)1(*1.5)
52 Glauconite New Zealand U.O0ligocene 16.3(%1.0)
60 Glauconite New Zealand M.0ligocene 20.4(%1.2)
29 Glaconite Kew Zesland L.Oligocene 22.0(T1.5)
44 Glauconite New Lealapd U.Cligocene  37.0(%2.6)
45 Glauconite kew zealand U.0ligocene  40.0{(%Z.8)
51 Gleuconite New Lesland M.Paleczoie 49.£(*3.0)
a8 Gleuoconite New Zealend L.Paleozoic 46.1(%-2.8)
zd Feldapar Crowenest Vol-
canics,slberta M.Cretacecus 94.9(%4.7)
41 Gleuwconite Mokurray &rea,
Cansde L.Creteceous 142(%10)
%2 Sylvite Elk Point
Formation,
Sasketchewen  M.Devonian £8b6(%14)

iipson'e results, in generel, egree well with Holmes' (1947)

time scale snd sre exiremely encoureging.

Lipsen used & branch-

ing retio (é4°/0a49) of 0,11 in order to caloulate the ages of

the samples.
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s
Wasserburg snd Hayden (1958) measured the K/A ages of four

suthigenic minerals found in sedimentary rocks. Their resulte
are given in Table XIVI., The ages given in Table XIVI heve Leen

caloulated using & breneh retio of 0.1l., Wwaeserburg and Hayden
ased & brenching ratio of 0.085 in thelr published work, but
this writer recalculsted their ages using the higher value of
the brauohing ratio in order that these results be comparable

to those of Lipson.

TabBLE AAVI
Sample Mineral Geologie Age K‘alﬂ4enﬁg
Franconia Fm. Glauconite  kiddle Upper Cambrian 460 x 10%yre
Dubugue Fm, Feldapar Upper Middle Ordovician 384
Marghslltown Fm,Glasuconite Upper Cretaceous 71
Hornerstown Glaueonite Eocene BE

Gentner ¢t 8l (1954) messured the x40/440 age or 8 sylvite
from the Lower Oligocene sslt deposits of Germany. The measured
ege wag 2b6( 5,-2) million yecrs, sgain in good sgreement with
Holmes' soale. Inghram et al(1950) obtained a K/A age of 89 mil-
lion yesrs ror the Stassfurt sylvite. This is greatly st odads
with Holmes' scale end indicetes possible loss of argon.

although & fairly Large namber of Kkb/Sr ages have been
measured, prinelpally by the groups working at the Department of
Ferrestrial Magnetism and at ¥.I.%., they have been of Little use
in the setting up of & post-rrecambrian tiwe scale, Thig ia =m0

for two ressons:

{(a) In many csases, the minerals anslysed have been Precambrian
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in age.

(b} Minerals were taken from post-Precambrian igaeous rocks
whose relationships tc paieontologioally dated sediments
were not clearly koown.

One posslble exception, however, iz & lepildolite from the Pals
liine of southern California., This sample is thought by geolo-

gistes to be elther Upper Jursseie or Lower Oretaceous in age.
tesults of analyses of thie lepidolite by both the D.T.M., and
M.I.T7. groups ere shown in Table XXVII.

PABLE XXVII
Minersl  Loeation  Analyet  Sr* b8 age( 1.39x107 11
¥ £t
Lepidolite Pala,Calif. D.7.M. 6.63 4120 116 x 10° yre,
Lepldolite Pela,Celir, W.I.T7, 6,47 3870 120 x 10% yrs.

Sr* represents raciogenic strontium. snalyses
givean in ppm,

It is felt that the measured agee ocited in the foregoling

parsgraphs reprement those most sauitable 1or the comstruction of
an abgolute time senle for the Paleozoic, Mesozoie and Cenozole

erag. These ages sre combined graphically in Figure V. The
messured sges have been plotted againet the B {ime scale get ap
by Holmes in 1947. The solid line in Figure V represents & plot
of the four U/Pb ages used by Holmes {see Table XXIV) in setting
up the time soale. The veriocus other pointa represent the zges
meagured by Lipson (1956), Wesserburg and Hayden (1955}, the
Pala lepldolite values obtained by the D.T.M. and ¥.I.T. groups,
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Gentner's (1954) aylvite age, and the kb/Sr glauconite ages re-
ported on here,

The most striking faatnr§ ¢f Figure V {g the rather remerk-
able sgresment between Holmea' time scele and the ages mezsured
by other workers. It should be remembered that the ages plotted
represent work done using three different naturally occurring
radlosotive decny schemes by & number of workers in different
laboratories, and no known data has been excluded. Of the 86
measured ages plotted in ¥Figure V, neglecting of course the
tour U/Pb sges used to construet the time scale, X8 tall oum, or
very close to, the line represesting Holmes' mcale. Of the &
whieh fall oXf the line by amcunts greater than @ single stand-
ard error, six esre Iib/Sr gleuconite sges reported on here for
the first time. COne ie & K/a glaueconite age by Lipson, and the
other is Inghram's k/4 sylvite age. Ten Lb/8r sges fall on the
line or within a esingle standurd error of it, None of the ages
plotted fall off the line by e much a8 two standerd errors, ex-
cept Inghram's age for the Stumefurt sylvite.

Evalustion of the Eb/Sr gleuconite sges,  Sixteen Kb/Sr glau-

sonite agep are belng reported on here st thig time. The mix
ages which appear to show significent lack of agreement with
other asges cited herg are:
(a) One age mesmured for the Stenbrottet, Sweden sample
(G1-11).
(bj 4three sges measured Tor the two Lower Ordovicisn sam-
ples from the Lenipgrad ares of hussia (Gl-8 and Gi-16).

(o) Two ages mespured tor the two Upper Cambrisn samples
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from the hiley Formstion of centrel Texss (Gl-1d and
wl-18).

The kb/Sr ages plotted in Figure V represent only "isotope
ratio" ages, thset 1s, sges in whion the radiogenic strontium
con%eﬁ% wae valoalated on the besis of analysis of pare, an-
spiked strontium extraoted trom the glauconite, "Isotope d4i-
lution™ ages were, however, also obtained in all but one case.

gigure»v hag been limited to "isotope ratio" sges becsuse of

their much grester scourscy. ‘In the csss of the Swedish glau-

conite, howsver, age determinations were msade on two samples,,
Gl-3 and Gl-11, as oan be secn in Table XIX., Three ages wore
obtained, only one of which wae sn “isotope ratio" age. fThe
two isotope dilution ages obtained, however, agree well with
the single imotope ratic age, &s e¢an be seen in Table XIX, Of
the two isctope @iluation ages, one sgrees almost exsotly with
the imotope retio ¢, 370 as compared to 380 million years,
This isotope dilution sge was obtained for (Gl-3 and has a small
stenderd errcr (10%) 28 compared with most isotope dilution
ages., f1he other isctope dilution age, that obtained for Gl-11,
is signiricantly higher then thne isctope rutio age obtained tor
the same sample (420 m.y.) but the standard error for this lso-
tope dilution age wes quite lerge (20%).

In the case of the two Lower Ordovician samples from kus-
gla, Gl-8 and Gl-2Zl, three isotope ratio sges were obtained.

Two ot the three were on (1-8, where an unlesched end a leached

frsotion were each analymsed., The reasona tor this will be dis-
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cumsed further on in thie work. At any rate, the three iago-
topeeratlo ages obtained sre in exeellent zgreement. A4ll three
ages Indloate a lower or Middle Cambrian age rather than lower
Ordovician,

Two isotope ratio sges were oblained for the two samplea
from the Liley formation of Central Texaus, one for each, %hese
two ages agreed well with one suother. koreover, & glance at
Table XIX will show that the two isotope dlilution ages obtained
for these pampleu sre, also ilu excellent agreement with the
isotope rstio ages.

There are & number of posgible reassons which might be ald-
vanced to explain discerepancies in the measured kb/Sr sges of
glauconivtes., The firast thet comes to mimd is anelytical error,
that is, error introduced during the snalyeis of the glaueconite,

Thie explenation dcea not appear tenable, however, 1n the case
of the pix appareni.y diserepant sgee Jjust discussed. Thus,

in the case of the fussian samples, three ages in complete sgree-
ment were measured; two ages were obtalned for twn different
gamples of ithe hiley Formation gleuccnite that agazin showed good
agreement; and for the Swedish sample, one sund possibly two
isotope dilution ages were itound to agree very olosely with the
single isotope ratio age obtained. If snalytiosl errors were
respousible for the discrepancies, tnen we would umot expect con-
cordancy between agess ol samples from the geme formetion or
closely related horizons. For ithis reseon, it is concluded

that analytiocal errore are not responsible for the apparently
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disorepant ages.

It should be noted that of the six appareantly erroneocus
ages, the Lussisn samples appear to be too old, while the Swe-
dish and Riley formation ages sppear to be too young, It is
rether aiffiocult to explain the appaerent disorepancies om the

basis of post depositional chesnges in the glauccnites, since
17 the varietions were Gue melely te suoh influences, more

than one process would have to be operative., Poseible reasons
for meeasured Kb/Sr ages being too old are:

{a) Daring the glauconite's history, rubidium was leached
preferentially with respect to strontiam,

(b) Glaueonite may form ag the result of alteration of
older, detrital, rubldium-rich minersls, such as biotite
or muscovite. If thie were the case, and the mineral
andergoing alteration contained signiticant smounts of
radiogenl: atrontium which was not eatireiy removed
during the alteration, the measured age of the glauoon-
ite would be %00 high. In order to test this possi-
bility, gleuconite known to be forming ictay a8 the
result of alteration of detriwl, rubidfum-rich minerals
should be analysed. Thus, gleaconite gurrently forming
in Monterey Bay, California, has been shown by Galliher

) {1985) to be an alteration product of biotite curremtly
being eroded sud carried into the bay from adjacent
granites. Apalysis of glausonite and biotite from the
bottom medimenta of the bay should disclose whether
or net rediogenie strontium originelly present in the
biotite is removed during the alteration process.
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(e} The presence of older, det:zital, rubidium-rieh minersls
as impurities in the glauconite semple analysed could
lead to meamured &ges whiokh were too old. Thie possi-
bility 1e not likely, however, since micra:c§»&& exam-
ination of the glaucomite sumple was made before it was
aged for sge determinations. The presence of such ocon-
tamineting minerals would have been disclosed to the
analyst.

(d) MKioroseopic examination of glausonites separsted from

sediments has led some inveatigators to eonclude that
the glsuconite repregents reworked and rad&poslted mater-

ial. If this ocourred, the measured age of the glancon-
ite would be greater than the true age of the sediment
in which the glauccnitie oecurred. This does noct sppear
to be a ressonable s2xplanstion in the cease of the two
hugsian samrleg, nowsver, sinee microscopic exemination
of the geparated glaueonites showed mozt of the graina
to be casts of shells, many of them perfont in every
detail. Erosion and refdeposition of these graine would
almost certainiy lead to complete destruction of sueh
fine and delicste structure,
Processes operative in nature that would lead to messured
Eb/sr ages that were to00 young are somewhat more diffiealt to
visualize., There is the possibility, of course, that radiogenic

gtrontium might be lesched from the mineral utilized, resulting

in ages that were erronecusly young. 4pother possibility is
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that robidium hes been s8dded %o the mineral eince it was orig-
inally formed. This would lead %t an erroneously young &ge
becaumse, in the age osleulation, it is assumed that the oon-
centration ¢f Kb found in the mineral has not changed since the
mineral was formed.

Loosl variations iu tne relative abundanoes of the stontium
isotopes preseunt in the eavircnmeut of rormstion of the mineral
eould give rime % messured ages which were sither %00 0ld or
100 younyg, depending upon the direction teaken by the varistioas.
Thus, if the sbuundange of sr87 precent in the atroatium included
in & glaveonite &t the time of its formetion difrered signitiocant-
1y from that in so-called normsl or common strontium, the caleu-
lated sge would be in srror becsuse, in the csleulation, the
abundance of 5r87 agsumed to have been presesat at the time of

Tormetion or the mineral wonld be ineorrset. Numerous enalyses

of strontium extrscted from :imestone, glauoccnite, celestite,
ete., have falled to show significasnt veriations in the relative

abundsnces of the strontium isctopes whioh are not radiogenio

in origin. Sinece the non-radiogenie isotopes of :zirontium fail
to show such variations, it would be neocessary that the mineral
form in an envircnment in which the stroatium present differed
only in its abundsnee of the mam B7 leotope. It is d.rgricult

t¢ aceept suoh & mechapnlem, parsioulariy iu the case of glaucon-
fte. Glaucouites have iormed ia the sea, &an envirooment whieh
we would expsct to be guite homogeuneous. Samples of stromtium
tuken from sea water and high strontium, low rubidiam materials

of marine origin have failed to show sny signiticant variations
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in the abundance of strontium 87 (Ses Table X3X). 1In order to

teat thiws hypothesis as a possible mesns of explajning the

high ages obtained for the two hussian sampled, strontium weas

extraeted Irom & pure sampis of the limestous with which Gl-8

was assooiated (Iawos limestone) &nd this was snelysed isotop-

lcally. 1% is %o be expeoted of course thet such strontiam

would be representstive, isotopisally, of the strontium included

in Gl-8 &t the time of ite tormation. The isotope analysis

ai;oielad that ihis strontium wes normel in every respect (see

fable III). -In summury then, loocel variations in the relstive

isotopie abund:znce of Sr87 dces not appear to be & satistactory

explanation of diser. ~ent Kb/Sr glauconite ages. The ressons

for thie oonclusion are,

(e} Analysie of strontium extrzeted from ses water and ma-
terisls o merine or;gin in which the ratio Sr/kb is
high fails 4. show eny significent varistion in the rcla-A
tive abundances of the isotopes of strontium (See Table XIX).
{b}) Anslysis of strontium extraoted from & ...ber of glaucon-

ites faila to show significant variations in the relative
abandences of the non-radiogenic isotopes (see Table X111},
Ihia would tend %¢ eliminste such & proceess us natural
fractionation from giving rise to the 8r87 verieationa,
since it would result in chauges in the relative sbundances

of ell the iszotopes.
(6) Glauconites have tormed in the men, sn eanvironment which

appears to be homogeneous with respect to the relative
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abandsnces ot the strontium isctopes.

Thus far in the discuseion of the resulis obtained from the
Eb/8r snelysee of glauccnites, the poseibility has not been eug-
gosted that the geologionl anges sesigned to the eix glauconiter
in question may be in error. If one accepte thie ap an explan-
ation for discordsnt ugeas of glsuconite ssmpleas, he must be
prepared to conclude thst geologie ages assigned on the basis
of palscutology can be erronecus. Io some oases thie ia no doudbt
trae. Howover, the six ages lp question here weres obtained for
materials thet have been dated paleontogically in what might
be oalled rigorous feshiou. By this is meant that there does not
appesar to be any qucrtion as to their age rrom the viewpoint of
the pasleontologiat., ..ain, the majority of the ages oited in
Figure 7V sre in ocompleis agreeasnt with the ages sssigned on the
bagis of paleontology, &nd it woulli ~ot appear reasonable to
assume that for those ages wrich sho. 4Limcrepancies, paleonto-

logic evidence had led to the sesignment of erroneocus geologie
agen.

Conelasions.

1. Glauconite " b/Sr ages appesr to de, in general, reagonable,
More than half the ages messured agree well with ages obtained
by other investigatore using other methods of age determination.
In some ozses, the glauconite Lb/Sr asges appeared to be eome-
what too high or toc low. Gooé agreement between the ages
messured for & number of sueh sumples from the same area or

formation indicates that the diserepancies are not due to



&

3.

112

analytieal errors, and must therefore be due to processes
operative subssquent to or during the tformation ot the glau~
conlte,

.although some glsuconite 1Lb/Sr eges muy be in error, as the
repult of naturai processes, ihe degree of ezror in most
cases {8 not excessively high. It is felt thet in all pro-
babtility, glauconite Rb/Sr sges will enable the petroleum
geclngliat and stratigrapher to determine with considerable
eonfidence the period in geologiec time to whioch a non-
fossiliferol : stratum should be assigned.,

The time aso:le set up by Holmes (1947) for the Paleozois,

Memoszolo, and Cenozoliec eras, e#d known =g the Holmes B time
gsoale, appeers to norrelate very e¢losely with sge determinsa-

tions mede on & verinty of materisls by several workers, It

" 1s felt that this tiro eosle ia, in all probability, free of

4.

serious error, ¢nd any changes ir *>is time scale &2 & result
of further &abdmoluie age deisrminationa will probably be of
only & minor nature.

The relative abundances of the strontium lsotopea inp ses
water have rcmeined essentially eonetant throughout post-
frecambrian time,

he mineral gizueonite contaius from 180 to 3X0 parts per
million rubidium. The near ceonetancy in rubidium content of
glauconites of sll ages and from all over the world is in
sharp ocontrast to the exoeeldingly variable rubidium content
of suck minersls as biosite (50-2300 ppm) (Herzog, et al,
19566)., Thie probably stems from the faot that glaueonitet

have all formed in & gommon environment, the mea.
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6. In order theat sccurate rubidium determinations mey be made
in the meas spectrometric snslysis of glaueonite, it is nec-
essary thaet the rubidium be iscleted, e.g., by ion exchange,
before being placed on the filament, otharwiag, significant
rubidium contamination msy be introduced on the filament itself
as & result of memory effects within the msee spectrometer.

‘?. Isotopice én&lysie of pure, unepiked strontium extractec
from glasuoeonite allowe & much more aoccurate determination of
radiocgenie strontium thén does the anelysise of the spiked
gtrontium in the laotope dilution run. Secuuse of the smali
amounts ©1 radlogenle strontivm in glsugconites, this should be
é&de standard ﬁfouadur& in Kb/8r age determinstions on glaucon~

ite.

Lecommendations for future resemrah.

A, It ie suspected that & major portion of the normal strontium
contents found in the glauoccnites thus fter snalxaq&\in pre-
sent, not in the glauconite itself, but in other minerals,
péekent eg impurities, ssmocisted with 1t, It iz felt that
in most omses, this sdditionsl strontium is present in the
cerbonstes. lLesohing of tgn sample with HCl or some cther
resgent would get rid of much of the contaminating etrontium,
if it osn be ghown that such leaching dees not effect the |

measured &age oY the glauccnite, trhen it should be mesde stand-

ard procedure, The decreecse of normal strontium content
thus schieved will result in signiricantly more accureate

radicgenic strontium determination, This was tried in the
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gage of Gl-8, ihe Iswos limestone sample. The glauconite
sample was spiit into two portious. Bl-8(a) wae lezched
with 1.bN HCl for three minutes before apalysis. Gl-8(b)
wag not leashed, The lesched fraction was found to contain
4.2ppm normal strontium, while the unleached was found 7To
contain 28.9ppm or more than seven times &g mueh, Zhe

leaching process did not appeer to have any erfeot on the

measured ages of the two samples {See Table XI1X). However,

further experimente slong thesellinesg sre needed,

4 .single, lerge sample of glauconite should be divided into

a number of fractions, and age determinations should be made
on eseh., 4n understanding of run-ti-rum preeision would

thus be obtained.

AgS® aateéminationa should be mode on & namber of glauconite
samples eolleoted 1rom the same glausonitie horizom. JIn this
way, an idea of sample-to-sample reproducibility would be
gainea.

Subsurface semples of glauoonite obtained Ifrom drill cores
ghould be analyscd and the agees obtained ocompared with those
obtained frem s.. i1aee outcrop equivalents. Tue affects of

of weathering on wcesured ages cculd then be evaluated. ihis
wed done in the ease of the two samples from the [iley ¥Forma-

tion, Texas, end the eges obtained were in good agreement.

If poamsible, the sges of glaueonites which have undergone

tolding and metamorphism should be measured ard éompared
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with ages obtained rrom glaueonites known to be of the

game geologie age but whieh have not undergone strong meta-
morphism,

AE well &8s meamsuling the Lb/Sr age of & glauconits, its K/A
age should &lso ve-determined. For saoh sample, two com-

pieteyindependent ages would be obtained.

Glauconites known to be forming &t present as the result

of alteration of older, rubidium-rieh minerals such as
biotite should be sunelysed in order t? determine whether or
not any radiogenie atrontium present ;n the parent material
is oarried over into the resulting glauconite. If this
were found to be so, then we would know that st least some

glaueonites are not sultable for :Lb/Sr sge determinstions.
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