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1.

intreduction

A. Historical

it s Interesting to note that throughout al! of recorded
history, men has sought & system of recording happenings which were
sventful to himself and his famlly or community and of relating these
happenings to each other through some time scale. Each such time
scale, of course, had to have s beginning and the logical, although
by no mesns universally used, begimning became the time of "crestion"
of the world. We still know very little sbout this beglmning unless
we sccept the sbsolute time scale established by the anclent Hindus
who decided, by a somewhat obscure method, that the ysar 1963 is
1,988, 148,964 yoars since the sarth came Into axistence.

John Lightfoot settled the question for all time, he thought,
vhan he stated In his trestise "A Faw and New Observations on the
Book of Genesis: Most of Them Certain, the Rest Probsble, All Harm=
less, Strange and Rarely Hesrd-of Before," that the moment of crestion
wes, Indeed, 9:00 o'clock In the morning on September 17, 3928 8.C.
Ho one has besn quite so definite since, although the subject hes
Interested many persons including such eminent sclentists as James
Hutton and John Joly, Eduund Halley, Charles Darwin, Lord Kelvin,
Lord Rayleigh, Arthur Holmes and Admiral Perry. Among the proposals
for the establishment of a system of determining the age of the eerth,
two which were given the most serious consideration were:

1. A caleulation of the saltiness of the sea, since It was
belleved that the rate of Increase of salt content was
constant and that the ocsans started out as fresh water,
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2. A calculation of the rate of the cooling of the earth, since it
was believed that the sarth was cooling st a constant rete and
thet there was no heat Input.

Geologists and athers have been able to bulld up, over the years,
what must be referred to as a geologic time scale from the evidence
found in layered sedimentary rocks of the successive evolution of
plants and animals, the rates of weathering, and other geolegic
processes. This scale, although useful, suffers from two serious
deficlencles:

1. It can only be & relative scale, [.0., "this perlod of geologic
time occurred some time after that one,” and
2. it covers perheps only one=sixth of the earth's history.

in 1507, however, the American chemist Boltwood(!) made o
suggestion which, much later, wos to lead to & method == In fact, to
many methods which enabled geologists to start putting sbsolute dates
on the various geologica! formations of the earth, Boltwood observed
that urenlum and thorium minerals Invariably contalned lead and hellum.
He concluded that these were the stable end-products of the radio~
sctive disintegration of uranlum and thorium. He suggested that
since the rate of disintegration was known, the time since the
miners! crystallized could be calculated. This method was applied as
an spproximetion, st first, but after the vork of A. 0. Nier(2) on
the isotopic composition of lead, this beceme an sccurete method for
“dating” and the three we!! known lead methods have been used
extensively,

For any dating system that depends wpon radicactive decay It Is



necessary to make at least the following four assumptions:
fo It must be assumed that the decay schame of the parent slemsnt
Is known sccurately.
2. It must be assuned thet the concentration of the parent element
has besn chenged only by redicactive decay.
3. It must be sssumed that all of the decay products have besn
retained,
b, It must be further assumed that no daughter elements were
retained at the time of formetion.
in many cases whers It Is known that one or more of the sbove
cawot be safely sssumed, sultable corrections may be made and the
mathod may still be useful. As en example, it Is known that many
uraniun and thorium bearing minersls contain a significant amount of
primordial lead ot the tims of formation, However, since lesd has an
tsotope (Pb2%%) which Is known not to be a product of rediosctive
decay, & correction for the smount of lead present at the time of
formetion may be made, based on the messured content of this isotope.
A much more serious limitation of the lead methods comes about
because of the magnituds and uncertainty of the experimental
quantities determined, and the form In which they appesr in the
mathematical expression. Oue to this, the whole system becomes
Insensitive to time st sbout 500 milllon yesrs(3) and thus cennot
usually be used for rocks and minerals younger than this.
Fortunately, st shout the sams time that workers ware fully
realizing the shortcomings of the various lead methods, Thompson and
fowlands in 1942(%) proved that the radloactive disintegration of



potassium-i0 Involved the production of srgon=40, which had been
predicted by Von Welszacher In 1937(5), A nusber of gesiogists and
physicists tried to show 8 relation between the ratio of argon-i0 to
potassium-k0 In rocks and minerals and their time of formation.

This wes done successfully five years later (1948) by Aldrich and
nier(S),

As will be shown In & later section, this method of geochrono~
logical measurement, or dating based on the decay of potassium-il to
argon-40 does not contsin the experimente! and mathematical difficult~
les Inherent in the verious lesd methods and could, In theory, be
used for determining the sges of minerals from those as old as the
sarth itself, to those formed & few years ago.

That the potential usefulness of this method was quickly
realized may be seen from even 8 cursory review of the 1itersture of
the past 15 years. The potassium-argon method hes been used to dete
@ large mumber of minerals end rocks renging in age from 4500
mililon yesrs b/)(” to spproximetely 10 q“). Very good reviews
of these and other datings and thelr geclogical significance have
been written by Kulp(9) end Tiiton and Davis{19), oOne connot resd
these above mentionad reports without coming to the conclusion thet
we are rapldly reaching & position where we shall be sble to develop
the sbsolute schams sought by man ever since he first started to
look phllosophically on his environment. Indesd, from the dating of
mateorites, done by the potassium-argon —M(") it Is perhaps
not too preswptious to suggest thet we might even be starting on 2
scale of absolute dating of our whole solar system,



8. Beckground of Problem

While, #s noted sbove, the potassium-argon method hes ylelded
soma ages of unquestionable value to geologists, It should be
pointed out that the accuracy of many of these values Is only to
within ¢ 50%, and probably few, If sny, of the results cbtained
before 1958 ere better than £ 20%. iIn rocks and minerals older
than 100 my, insccuracies of this magnitude may be relatively
insignificent, but in those much younger then this, and particularly
rocks in the age rengs of .5 to 20 my which are of present interest
to geologists and wicanologists studying the Howalian Isliand chain
and its growth, uncerteinties of as much as ¢ 5% become Important In
the interpretstion of the sequence of the various phenomens Invoived.
As an ald to understanding the cause of these uncertainties snd the
source of the many remaining problems, consider the decay scheme of
potassium-40; Figure 1.

From Figure 1, it may be seen that potassium-40 constitutes
only 0.0118% of natural potassium, and In addition, onily 11% of this
decays to argon-40. The smell quantities Involved have made the
deternination of the verious decay constants difficuit. While there
stil! remains some uncertainty In the values of thess constents, &
great deal of work has been done on them and it now appears that
further work will result in little change.

Using the shove decey scheme, the following formula may be
dorived for the mmount of argon-hl formed in some time, ¢:

"“"'“1" e (AreAB) e et

where:



kK*Yk = 0.000119

(40
E.C, 11%
Ar4O° "4
N
S
¥, 1.45 mev
Ar40
9
Tivz= L26x 10 yr.
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FIGURE 1

Decay Scheme of Potassium-40



A o mmber of stoms of Ar*® at time t

K* o muber of stoms of K'® at time ¢

R = Ax/2s
Rearranging the above, solving for t and using the latest values for
the various econstants as glven by Glandenin{12), the following
axpression is obtalned: (See Appendix 1)

t = 0.1825 In (1 + 9,130 AP 7 k%) x 10" wy
A saple calculation, using the above and essuming a rock or minersl
with & potassium concentration of 2% and an age of 10 my, indicates
that we may expect 8.2 x 10°7 Std, ce/gm of argon-h0. This argon
must be extracted from the sample, carefully purified, since very
many times this quantity of other gases are also obtasined, and then
messured,

Just a few years ego, thess three steps would have represented
an slmost Impossible task for this very smell quintity of gas. The
only alternative left wuld be to work with unmanagesbly large rock
savples In order to obtain ges quamtities within the |imits of
accurate msasurement by the available equipment. While the handling,
purifying, snd measuring of smounts of verious gases of this order
of magnitude Is still not an essy matter, by borrowing heavily from
the techniques developed in the fleld of ultra-high vecuum (i.e.
pressures less then 10°% Yorr) and with the advent of & very
sensitive, completaly bakeable mass spectrometer, it Is now weil
within the reaim of experimentation,

Unfortunately, however, both of the sbove flelds are still In
the deveiopmental stage and many phenomena connected with these



operations sre still not well understood. Therefore a necessery
corollary to the researches which are reported here wes the study of
the extrection and purification process as weil as ultre~high vecuum
techniques. In addition, because of the very high cost of a mass
spectromster, it seemed desirsble to sttempt the development of a
procadure for the potassium~argon method in which the use of the
Instrument wes not absolutely necessary.

A schems which might accomplish this purpose wuld Involve
preparing en artificial msatsrial of the spproximste conposition of
the rocks or minerels to be dated, producing within this ertificlal
material & radiosctive Isotope of argon (l.e. ArY, halfelifes 325
years{13)) and determining the quantity of the Isotope contained in
the material.

This material could be mixed with the rock or mineral to be
dated and the mixture placed within an ultra~high vacuum system,
After placing the sample under vacuum, contaminsting alr argon might
be removed by a drastic baking schedule. This Is not possible with
present methods since no means of correction for the simulteneous
losses of radiogenic argon-i0 Is possible.

The use of the radioactive isotope does allow this correction
to be made, sithough Informstion sbout the diffusion of argon in the
artificlal nineral is required for the correction. By determining
the tota! argon extracted W*N”)wwlmmmuﬂ
the amount of argon=39 by radicective counting and knowing the smount
of argon=39 added as an isotopic diluent, the amount of radiogenic
argon=-40 can be determined thus:



A (cotel radiogentc) = Ar? (sdded) x 5 (found)

€. Survay of the pertinent !itersture
The discussion of the potassium-argon method of geochromologlcal

msasurement may, for purposes of discussion, be divided Into four
separste parts. These are:

a. Theoretical aspects including the decay constants.

b. Salection and trestment of suitable rocks or minerals.

¢, Potassium determination,

d. Argon determination,
Most of the theorstical considerations have slready been mentioned.
Howsver, [t was pointed out that one of the basic sssumptions wes
thet the decay constants themselves were well known,

in some of the sarlier work, a reverse spprosch to the determine

stion of the constents was used. Beceuse the results obtained with
the then accepted values of the decay and brenching constants did
not seem to be correct, Wasserburg et al.{1%),(15), Foltinshes et
01.06), snitiibeer and Burvash(17) and sotdien('®) 411 proposed
valuas for this constent based on the results of their age determine
stions., Most of these workers, howsver, recognized that these values
night be artificlal and Incorrect If the minerals had lost some of
thelr radlogenic argon. Aldrich end Wetherill(19) presented o
review of the verious constants (for other methods, as well) and
Glendantn{'?) reported the resuits of the most recent physical
determinations. He suggests that these valuss are probably the
true ones to within a few percent, and these are the values used In
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Figure 1 and throughout the preseat work.

The question of sample selection Is mot a vitally isportant one
in this work. However, it should be noted thet the criteria of no
argon being retained at the time of mineral formation, and of me
srgon belng lost after formation as already implled sbove, are
difficult to mest. As sarly as 1948, Aldrich and Nier(2) reported
that an elmost potassium free beryl sesmed to contaln sbout 10°3 Sed,
cc/gn of radlogenlc argon and In 1956 Masserberg and his co-workers(2!)
and Jottory’®2) shousd that while micas retain most of thelr argon,
feldspars do not. Since then, these results have been confirmed meny
times, indicsting that great care must be exercised in the selection
of the rock or mineral to be dated. it s always tecitly assumed
that the sample has been carefully considered for its geological
significance. Further discussion of the sasples used In this study
is deferred unti! later,

The problem of potassium snalysis was probably best susmed up by
V. H. Pinson, Jdr. In 1961(0). Gpening this report, he seld, "I have
slways thought that it |s one of the grest curiosities of modern
snalyticel chamistry that It Is possible to analyze for argon, which
occurs to the extent of sbout 0.01 to 0.001 ¢c of gas/gm In & saple
to & much grester sccurscy and with mors conflidence than it is
possible to snalyze for one of the major elements, namely potassium,.”

Because of the Interest in this determination, crested by the
potassium-argon method, a number of workers have tried to lsprove the
snalysis. Wilson and co-workers (%) tried & radicective count ing
mathod but did not check for other redicactive materials present,
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which could lesd to very large errors. Beukenkamp and Rieman(25)
and later, Sweet, Rieman and Beukenkamp(28) developed a method which
first separsted the potassium by lon exchange chromatography and
then determined the potassium by flame photometry. They claim an
sccuracy of ¢ 5X but reported major difficulties with the method
which they ascribed to differences In the lon exchange meterial used,
(dowex 50). Dean{27) reports the results of meny workers who tried
fiame photometry without the prior separstion by ion exchange and
thelr attempts to avold the meny Interferences. Edwerds and Urey(8)
separate the potassium by vacuum furnace distillation and then
determine the element with & flame photomster using & 11thiwm
Internal standard. Ishimori and Takashina(2®) tried a nove! method
of precipitating the potassium as s potassium sodium cobaltinitrite
whare the cobslt used was radicactive, and then counting the precip-
itate. They report very good precision but poor sccurscy. Yankov(30)
precipitated potassium with tetraphenylboron, and several groups heve
tried to lmprove the classical Lawrence~Smith chloroplatinats
precipitation(B), in eddition, methods using isotope dilution =
mass spectroscopy (23) snd neutron sctivation(23) have been used.
None of these seem to give results umwm-:ism’.
mo'). however, In 196! reported & procedure using & Beckman D.U,
Spectrophotometer and @ set of very carefully prepared stendards
with which he wos sble to get good results on certain silicate
glasses. The most commonly used methods by persons Involived with
potassium-argon dating seam to be the Lawrence-imith precipitation,
mass spectroscopy, end flame photometry using & Perkin<Elmer
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instrument with provisions for constantly monitoring the [ithium
fine. Unfortunately, this instrument is no longer avellshle
commercially.

Although the sount of argon extracted from the rock or mineral
semple could, in theory, be measured volumetricelly after carefully
removing all other gases (except the other rare geses which are
present In sufficiently smel! smounts as to be negligible), in
practice this Is never done. Aside from the very smsll quantities
involved which maks volumetric messurement extremely difficult, some
of the argon say be lost In the process of extrection and subsequent
handling. To determine this amount of “lost” argon, an Isotope
dilution technique Is often utilized, meking the use of a mass
spectromster manditory for the measuring process. The mass spectrom~
etric measurement also allows corrections to be meds for the contam~
ination of the sample by stmospheric alr, probably one of the most
troublesoms problems facing workers using the potassium-argon method.
This problam arises because alr contains 0.93% mo” which has
the following isotopie composition: %)

A% . 0.33%

A8 . 0.063%

A < 99.600%
Thus any air contamination introduces a reletively largs amount of
argon-40 which cannot be distinguished from thet due to the radlo~
active disintegration of potassium-bo, It Is possibie to meke
corrections for this alr argon by the messuremant of the amounts of
the argon=36 present, and then to calculete and subtract the alr
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srgon-h0 determined in this maner. This has not bean, and probably
never will be, & completely sstisfactory method for making this
correction because any error in measuring the smount of argon=-36 Is
multipliod by & factor of sbout 300 In meking the finel correction.

There are almost as many different techniques of dealing with
the sbove problems as there are workers in this fleld since o system
has bean proven to be wwolly setisfectory. The publications of a few
groups, however, may be cited as representative axampies of the
various techniques used. Carr and Kulp %), Curtis and Reynolds35),
Lipson6), Folinsbes ot at.(16), and Muriey and co-workers B7) have
all given good descriptions of the methods in use at thelr respective
lsboratories. These verious methods may be summarized by referring
to Figure 2. Figure 2 is & disgram of a typical system showing the
verious parts. It may be seen that the system cam be divided inte
thres essential parts:

e The sample meliting system

2. The ultra~high vecuum system

3. The mass spectrometer
Fundamental investigations of verious parts have been made by Carr
and Kulp 3% who examined the procedures used In the sample melting
portion and gettering system. They found that the semple could be
satisfactorily melted without a flux and that neither the melting
system nor the gettering system held wp any of the ges, although
thelr gettering system did mot remove hydrogen.

In the last few ysars thare has been @ large sount of work
done on various besic techniquas snd components of the ultre~high
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vacuum system by ressarchers In the electronics and space industries.
Most of this work has been based on the original, classic papers of
Beyard and Alpert 38), Alpert 39), and Alpart and suriez®0), ia
these pepers are described the Bayard-Alpert geuge, the all metal
bakeable valve, and the smei! simpie ovens which might be used to
bake the whole vecwum system. They also contain s good, theoretical
discussion of the operation of these components. Alpert recognized
that the Bayard-Alpert gauge acted as & pump and Indesd used this
effect as & means of obtaining high vecuum. He did not, spperently,
investigate the effect of re-emission of gas from the walls of the
tube,

More recently, McGowsn snd Kerwin(®') messured the sensitivities
of various Bayard-Alpart geuges for differsnt gases. Carter and
Lock*2) proposed » mechanism for the pumping action and showsd that
argon was removed from the walls by hesting, but wes not resoved at
room tespersturs. Blodgett and Vandersiice "), nowsver, suggest
thet argon wes re-relessed during normal eperation, but Baker (*4)
found thet argon was re-emitted at » much slower rate and In lesser
quantity. Nottinghem(45) (86) guooasted an Improved design of the
Baysrd-Alpert gauge and examined the design parameters Influencing
sensitivity, Winters ot o-l."'” examined the opersting parameters
of this type of gauge and suggested the operation of the geuge at
low emission currents, and Denison(*®) axamined the bakeout procedures
giving optimum performence as 8 pump.

siondi (*9), investigating meterial for & trap to be used with
oil diffusion punps, reported that Linde molecular sieve materials
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seemed to be good adsorbents for weter and hydrocarbons,

Although it has been known for some time that verious materials
could be heated or sputtered In an enclosed space to produce a vecuum
or to reduce further the pressure In an existing vecuum system, very
littlie work has been done on the mechanism of this “gettering” and
the composition of the remaining gases. m‘”’ gave a very
good discussion of the information avellsble up to 1961 for various
materials used either as chamical getters or as bulk getters.

Porte and his group5!) Investigeted the bulk gettering proper=
ties of titanium, zirconium, hafnium, and thorium and these metals
alloyed with aluminum, Unfortunstely they |imited their Investigstion
to temperatures below 400°C. Most workers doing age work by the
potassium~argon method empirically use either calcium metal or
titanium at tesperatures ranging from 800°C. to 1100°¢,

in an attempt to rescive the discrepancy occurring where cogenic
minerals give varying ages, the diffusion constants of argon In &
number of different minerals hove besn determined. Reynolds(52)
spparently first exmmined the diffusion constants for lepldolite and
potash feldspar. He found thet more argon was relessed from the
feldspars ot all temperatures, and that the room temperature
cosfficient was lorge enough to sccount for the feldsper-mica age
discrepancy. There were some inconsistancies in his dats, however,
which he suggested might be caused by argon situated in several
different kinds of crystallographic sites with different asctivation
energles for diffusion from sach site. Evernden(53) and associates
mossured argon diffusion in & number of different minerais and found,
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as Reynolds did, that the plots of diffusion cosfficients vs.
reciprocal temperature showed curves with changes in slope although
they placed a different Interpretation on the reason for this.
tort (%) nas also reported simllar effects for several minerals, as
heve Gentner and his growp, (55),(13), n, 5, Reynotds (%) nes
messured the diffusion of argon In a potassium « lime - silica glass.
Reynolds (57), in messuring rere gases In tektites, discovered that
when glasses were exposed to alr, argon sesmed to be the first ges
to enter the glass. He reported slso that the diffusion constant In
glass wes such larger than In crystalline materials. Gerling et
81.(58) showed thet different values were found for diffusion from
ground micas than from cut mices. Amirkhanoff ot al.(59) heve
recantly studied the migration of argon from micas, and while, agein,
they found results similiar to the sbove workers, they sscribed the
phenomena observed to an entirely now mechanism In order to explain
the results.

While the method proposed in this ressarch has never besn
dascribed In the |iterature, Naughton(69) hes suggested the possible
use of argon+39 as a tracer in age work and it should be noted that
one other method avolding the use of & mass spectrometer has been
reported. Molvk, Drever and Curran(6!) heve used & neutron sctivetion
procedure using the reaction:

A (n, v) art!
However, It was necessary to separate the argon before bombardment
because of the interfering resction:

M, p) AM
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0. Objest of this research

it was the object of this research to Investigete the possibiiity
of a new method for potessium-argon age determination based on isotope
dilution with » radicective isotope which would not necesserily require
the use of & mass spectromster. The diffusion of argon through
srtificial glasses was to be determined. Also a mmber of the
assumptions regarding the operation of an ultra~high vacuum system
vhen used statically as a part of the general spparatus for argon
determination were to be Investigated.
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il. Experimentsl
A, Description of samples
A description of the samples used in the various parts of this
work Is tebuleted below.

1. (K. 5.) Artificial potassium silicate

This material was prepared by Professor J. J. Naughton by
meiting In vecuo 19X potassium carbonate and 81X optical grade
sitice glass. The sample wes remelited several times and crushed
between each meiting. The sample was finally crushed to ~80 + 200
mesh, placed in an optical grade quartz tube, sealed, and Irradiated
in the plile st Brookhaven National Laboratories. After Irrediation
(and "cooling’) the tubes were opened under weter and e quantity
revoved for anslysis by mass spectrometry. The tubes were
recpened under water st this lsborstory and a quantity of
approximately 30 grams removed. This sample was placed In @
vacuum dessicator and kept under vacwum and wes withdrawn only
shortly before use.

2. (X, A, 5.) Potassium aluninum sillicate
This sample wes prepared from 71.3% optical grade silica glass,
16.5% potassium carbonate and 12.2% aluminum oxide. (Note: this
resulted in & meterial spproximately of the composition of the
minera! leucite, Ml!lf‘) The melting, crushing, and irradiation
procedures were the same as those for the potassium silicate,
Both of these sawples were annesled for 4} hours at 250°C. efter



irradiation,

3. Nica saple
A sawple of muscovite of unknown origin: Potessium snalysis
run at Brookheven gave 9.06%X potassium. Samples gave a potassium=
argon age of 2490 miiilon years and a Rb=Sr age of 2520 million

years.

&4, Olabese
A sample of Pallisades disbese, vhole rock at contact, as
reported by Erickson and Kulp(62), Kindly supplied us by Professor
Kulp., The reported age Is 202 ¢ 10 million years and the potass~
fum analysls shows 0.52% potassium. The material was reported to
show 100X argon retentivity.

5. NWBS~]
National Buresu of Standards, Somwple mumber 1: an arglile
aceous |imestone: snalysis reported as K0 = 1,15%.

6. S.5. hoth
Nations! Buresu of Standards, Standard Sample #4984, o
triassic disbase from Centerville, Virginla. Analysis reported
as K0 = 0.58%.

7. Trachyte
A glassy trachyte specimen collected by the writer from the
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Nouns Kuwaie srea, Oshu. The sample wes crushed, sieved and the
=20 +50 froction used for snalysis. This samplie has not been
analyzed in another lsboratory; however, Necdonald and Katsura(63)
reported on & sanple from the same area. Their snalysis shows
K0 = 3.60%.

B. Potassium analysis

One of the most useful methods of potassium analysis is the flame
photometer. In this device, & solution of the slement or elements is
stomized inte 8 flame which provides sufficlent energy to excite the
elament to & level at which it emits charecteristic radiation. This
charscteristic radiation may be analyzed by means of & spectropho~
tometer and the intensity of the radistion measured. The intensity
of the radiation Is proportionsl to the concentration, and thus witih
suitable callbration and conparison with standards, may be used for
anslyticsl determinations. Flame axcitstion sources can be repro-
duced accurately with relative sase and thus offer an analytical
precision which is difficult to metch by other mathods. in addition,
the spectrs as developed by flame sources are relatively simple and
interference by the spectral lines of other, simiiar elements is
usually totally shsent or, st least, smell,

Unfortunately, in the case of potassium, sach spectral line hes
& nelighboring sodium 1ine with which interference may occur. Since
slmost all rocks and minerals contain sodium In quantities equal to
or greater than the potassium concentration, the problem of compen-
sating for the sodium interference is slways present. The most
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commonly used spproack Is to add & sodium buffer and thus produce »
constant amunt of Interference. This wethod, while successful with
materisls containing large smounts of potassium, leads to errors and
loss of sensitivity vhen the sample contains relatively smel! smounts
of this element. The procedure and pitfells have been weil described
by Dean(27),

it seemod that & more desirsble method would be to elininate the
Interference completely. Beukenkawp snd co-vorkers(25), (26)
attenpted to develop a method based on this Idea by separating the
potassium on an lon-axchangs column using Dowex SO resin in the
column, They reported partial success but stated that they were
troubled with varying results when using different betches of the
resin., This witer wperienced the same difficulity when using this
same resin, |

suphiett ot al.(64) deseribed an inorganic lon-exchangs materlal
which may be used for the separation of the alkall metels. The use
of inorganic materials as cationic exchenge agents Is a relatively
new development but seems to offer several advantages in Inherently
greater thermal and chemical steblliity. One of these, zirconium
phosphate, is avellable commercially. This material Is supplied In
the form of # micro~crystaliine gel and while the exact structure Is
not known, It has besn shown that the ratio of zirconium lons to
phosphate lons may be varied over & wide renge with little effect to
the lon-exchange properties.

Recently “..(N) reported s rapld technique of potassium
analysis which, surprisingly, did not require the prior separation of



potassium, He reported results Indicating an sccurscy of 2% or
better. Again, this writer has not been able to duplicate these
results. Accordingly, & method based somevhat on both of the sbove
procedures has been developed. This procedure is reported here,
but the snalytics! results and & discussion of the method Is given
in the following sections.

I. Resgents and apparatus
8. Reagents

Reagent grade hydrofluoric acid and reagent grade nitric
scld were used. Reagent grade sulfuric ecld was mixed 1:5
with distilled, delonized water. Reagent grade hydrochloric
acid was used to make solutions 0,05, O.IN, 0.3N and IN In
HEY. A stock solution of 1000 p.p.m. K wes prepared by
dissolving resgent grade KC! with a small quantity of weter
and then diluting to the appropriste volume with O.IN NCI.
This stock solution was used to make & series of standerd
solutions contalning 0.5 to 10 p.p.m. by pipsting sliquots
and dilution to volume with 0.IN HCI. The series was made to
intervals of 0.5 p.p.n. within the shove rangs.

b. Appsratus
A Beclmen DU spectrophotometer equipped with o fleme
photometer attachment, an oxy-hydrogen burner, and a spectral
energy recording attaciment wes used.
A Yerian G-10, 10 mv, | second recorder was used to record
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the output from the spectrometer. This unit wes equipped with
# scale expansion accessory menufactured by the ¥Wilkens (nstru-
ment Company, VWalnut Cresk, California, which made it possible
to change the recorder sensitivity from | mv to 10 av ful)
scale. The most sensitive scale, | mv, was used where possible.

Procesdure

Sawple preparation

A representative sample was ground end passed through a
325 mesh U.5, standard size sieve. Of this, 0.25 gms. wes
weighed into & platinum crucible and heated to redness to
destroy organic matter. The crucible was cooled and | mi. of
sulfuric acld (1:5) wes added and stirred with a platinum wire.
Five ml, of concentrated HF wes added and then the solution wes
eveporated on & hot plate to fumes of 50,. This procedure was
repested, when necessary, to put the sample into solution. The
residus was transferred to a besker with 100 ml. of water and
5«10 mi. of HNO; and evaporated to dryness. The residue was
taken up with not sore than 25 mi. of 0.05NNC] and placed on

the column,

Column
Columns 25 cm by 1.5 om diameter were prepared with Blo~
Rad ZP+] exchange material of 50 to 100 mesh (Zirconium Phos~
phate microcrystalline gel manufactured by Bio-Rad Laboratories,
Richmond, Californie) using standard methods. It was found
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necessary to pretrest the material by stirring with weter,
allowing It to settle for a fow minutes and decanting off the
Tiquid to remove “fines." This was repeated 2 to 3 times and
then the material slurryied Into the column, After tresting
the column with approximately 100 mi. of 0.05M HC1, the sample
solution was pleced on the column, Elution wes started with
0.1N HCI until 50 m} hod boen used, then 0,38 HC! wnti! 100 mi
of this had been used and finally | N NCI. The first 120 wl
was discarded, the next 400 m! wes saved, diluted to 500 mil
and an allquote used for flame photometry using the procedure
given below. A dlagram comparing sodium and potassium concen~
tration found vs. elution vwolume Is show In Figure 3.

instrumental technique

The hydrogen pressure wes set to 5 p.s.l., the oxygen
pressure to 14 p.s.l. and the flame lighted. The BV sensitive
ity control was set to the counter-clockwise timit and the
siit set to 0.15. Aliquots of the samples and standards were
transferred to 5 ml, cups with care taken to fI11 sach cup to
the same level. One of the standards wes placed wnder the
burner capillery and the weve length dial moved carefully
until It wes ascertained that the instrument wes set exectly
on the 767 mu. potassium line.

The 10 p.p.m. stendard was placed in position under the
burner and the 100% potentiometer, photomuitiplier sensitivity
control and the recorder seasitivity control set. The
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recorder response wes near full scale. Each sawple wes then
aspirated into the flame and each response recorded. This
first check gave an approximate value of the potassium
concentration so that the appropriate standard could be
selected. At this time, sny saple showing & concentration
of grester than 10 p.p.m. wos diluted to within this limit
since @ chock had revealed thet the determination followed a
Tinssr law only up to this point. Ses Figure &,

After selecting the asppropriste recorder range, adjusting
it, and selecting the proper standard, the samples were run In
the following manner, performing each change of solution as
replidly as possible. The stendard was placed under the burner
for a few seconds, withdrawn unti! the capllilary emptiad and
then replaced for 5 « 10 seconds. The first response wes
discarded and only subsequent ones used., This wes repeated
with the sample and then again with the standard, and the
whole procedure repeated at least twice more. A portion of @
typical chart record obtalned is shown In Flgure 5.

The valus of the base line and the value obtained from &
blank determination was subtracted from the aversge recorder
response and the results calculated according to the formula:

K= ul-Pu 10~
where:
R = % potassium In the semple
X = net recorder response for semple
A = net recorder response for stendard
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8 = concentration of standard, p.p.n. potassium
V= saple wolune
¥ = saple weight

€. Oiffusion studles

1. Vecuum system

To study the diffusion of argon In the artificial ninerals,
an ultrachigh vacuum system wes constructed as shown schemstically
in Figure 2. While the construction followed the genera! form as
given by Alpert B9), wodifications were made and the sssential
detalls are @plained hare. The system was mounted on @ bench
woroxinstely 2 ft. wide x 3 ft. high x 5 ft. long constructed of
Equipto angles. The top wes coversd with a plece of §* thick
trensite with the underside Iined with 2 of glass woo! insulation.

The glass section wes supported within & frame constructed of
§ In. round, type 302 stainless stee! rods. The portion to be
baked, shown In Pigure I within the dashed box, was constructed on
top of the bench while the remsinder of the system wes bullt under
or to the side of the bench. Ovens to fit the top section of the
system were constructed In two sections. Each section (epprox-
Imately 17 high x 20 wide and 30" long, outside dimensions) wes
fabricated of 18 geuge aluminum shest with an outer shell and
fonar shall 4" smeller on all sides than the outer shell, These
were put together with 4" of glass woo! Insulation separating the
tw. PFour hester assemb!les were prefabricated by bolting thres
25 In., 500 watt chromalux heating bars to @ plece of 1/8" x 12
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24" type 302 stainless stesl plate for sach sssembly. Two of

these assemblles were bolted to the Inside of each oven section

parallel with the 30" side. The three hester bars were wired in
series, with each section controlled with a 12 sap. Variec.

With 11 smps passing through each heater assembly, the tempers~

ture Inside the ovens could be ralsed to 350°C. in one hour.

The valves shown within the dotted 1ine section In Figure 2
are all metal, bakesble, ultra~high vecuum vaives (Granville-
Philliips Type C.) One of the sections, marked “getter," wes
wade from quartz tubing 20 sm. Iin dismeter, closed on one end
and connected through a quertz-to-Pyrex graded seal to the
remaindar of the system. This tube contained 30 gms. of copper
wire clippings mixed with 2 gms. of silver moss, both of which
had besn carefully cleaned and solvent degreased before adding to
the tube.

The other "getter” section was essembled from a nicke! tube
of 20 s, outside diamster, 14 mm, Inside dismeter, closed at one
end. A 20 mm. Kovar~to-Pyrex graded sesl wes soldered to ons end
of this nickel tube and 3 tums of 1/4" copper tubing colled
around and soldersd to the Kovar-nicke! jJoint. ODuring use,
water was clrculated through the tubing to protect the joint.
The nickel tube was fitted with & molybdemum "boat” contalning
100 gms, of =20 +50 mesh titanium sponge. Each getter tube was
fitted with & resistence wire wound furnsce. The copper getter
wes opersted st & tempersture of 450°C. The titanlum getter wes
heated to 950-1000°C., and then cooled to room tempersture in
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contact with the gases to be purified., Between the getters was
placed & 10 sm, quartz tubs with approximately 0.1 gm. of «20 +50
mesh wood charcoal to act as an adsorbsnt for argoam.

The sanple compertment, also of quartz, wes constructed from
20 sm, tubing constricted at the top to 10 sm. and attached to the
system through & quertz~to~Pyrex graded seal. The unit marked

“igauge” In Fligure 2 was a Vesco, Bayard-Alpert lonlzation gauge
(Vecuum Electronics Mo. RP=75). This gauge was controlled by »

Vesco lonlzation geuge control which supplied the operating volte
ages to the gauge and also contalned an electrometer for resding
the plate current on & microameter. This meter was calibrated
to read the pressure directly as mm, of mercury (equivalent
nitrogen pressure). The operating voltages used were as follows:

Plate potentlal 0 wolts

Grid potential +150 volts
Filament potential +30 wolts
Fillament voltege 3 - 5 wolts AL,
Emisslon current, 10™% scale 1 ma.

Emission current, 10°5 = 10°? scales 10 ma.
The section under the bench consisted of three parts. These
were:

1. The rough vacuum system

2. The criibrating and “splke" system

3. The trensfer system used to trensfer argon to a ges
counting tube. These are shown in Figure 2 as the parts
outside of the dashed 1ines and were the unbaked portions.
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The vecuum system consisted of 2 mechanical pump attached to
& two stege mercury diffusion pump. A 20 sm, bore trap was
attached between the diffusion pump end the remainder of the
system and the trap wes kept cooled with liquid nitrogen at ell
timas. The callbrating and “splike” system had & gas pipet modi~
fled by Professor J. J. Naughton after a Brookheven design, which
was connected to a one 1iter bulb of argon (Alrco, analyzed,
reagent grade). The plpet wes made with & capillary section
extending on sither side to mercury In a reservoir, the level
of which could be controlled by raising or lowering small side
amms. One slde of the caplllary could be closed by a " stes!
ball forced against an end of the caplillary which had been
ground previously to fit the stes! ball,

in this menner, the cut-off point at the end of the capllilary
was accuretely determined. This section a2iso contained @& Mc Leod
gouge used to read and set the argon pressure,

The transfer section led to a 3-wey stopcock. One side of
this wes stteched to a vacuum pump (Welch 1400). The other two
ams lod to & counting tube and to the ultra~high vecuum system.

2. Counting system
a. Internal~fill gas counting tubes
The counting tubes used both for the diffusion studies
and, later, for the age studies were patterned after those
dascribed by Bernsteln and Ballentine®®), Some modifications
were found necessary, however, to adapt this type of tube for
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this work. Ground glass Joints were added to the filling tube so
that the tubes could be easlly and quickly added to or removed
from the vacuum system., It was found more convenient to fill the
tubss with counting gas on an auxililery system, and the glass
Joints feciiitated this oparation. A small “finger" was edded to
each tube (at point A In Figure §) containing spproximately 0.1
gn, of «~20, +50 mesh wod charcoa! so that the argon could be
adsorbed and thereby moved Into the tube. In addition, the tubes
wore manufectured with a 0.00! Inch tungsten wire snode in place
of tha 0.003 inch wire used by Barnstein and Ballentine, since It
was found by Glaseock(66) that the platesu voltage for these
tubss was a direct function of the anode diameter. The 0,001 inch
wire lowsred the plateau woitage to # more convenient range. A
diagram of these tubes Is Included as Figure 6,

As mentioned sbove, an suxi!lary vacuum wes constructed for
evacuating and filling the tubes. This system consisted of &
manifold to which was attached a contalner of & 90% argon - 10%
methane proportional counting gas (Nuciear Chicago P~10) and @
amall mercury menometer, (A, Figure 7) used to measure the
pressure of the gas In the system end tubs. The system also
contained a vacuum pump (Welch #1390), and a smell thermocouple
gauge (Consolidated Vacuum Corp.) as well as the necessery cold
traps, (B, C) & schematic dlagram of which Is glven In Figure 7.

The counting tubes, after filling to & pressure of 758-768
mm. of mercury with the filling ges, were connected through &
presmplifier (Traceriab P=30) to & scaler (Trecerish Versamatic 11)
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which contained an integral 0-3000 volt high voltage powsr supply.
it was found thet the counting tubes as suppllied gave & rather
high background count. To improve this, a cylindrical well or
shield wes constructed from & section of 6" dismeter x 1" well
pipe 14" long and & section of 14" diemeter x 2 wall x ¥ long
tubing. Thess were weided together to make @ hollow cylinder
with spproximetely 2 space between the wells which wes filled
with mercury. The counting tube, when within the weil, gove »
background which was reduced by a factor of 3 to & times that of
the unprotected tube.

3. Procedure
8. Calibration of tubes

Before each tube was put into service, the small charcoasl
“finger" was added and the sctive vwolume of the tube determined.
This was necessary since the silvered ares used as the cathode
coverad only & portion of the tubs. The wolume enclosed by
the cathode was ascertained by adding redistilled toluene from
@ buret unti! It reached the lower edge of the silvered ares
and this velue recorded. More toluene was added until the top
edge of the siivered area wes reached and this value recorded.
The tubs was then filled until the toluene had reached the
bottom edge of the stopcock. The ratle of the total volume,
obtained from the shove values, to the volume enclosed by the
cathode was used o3 » correction and all counting rates multi-
plied by this figure. After the sbove calibration, the tube
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was anptied, evacusted with & water pump, and then connected to
the filling systam. The tube was evacuated on this system
while & small oven wes put on the charcoal trap and the tube
itself wrapped with & heating tape. Evacuation wes continued
while the trap was heated to 300°C. and the tube heated to
100°C, Heating was continued for & to 6 hours after which
the tube was cocled to room temperature and filled with the
counting ges mixture to @ pressure of 758 to 760 mm. of
mercury. The tube was then removed to the counting room,
connected to the sceler and allowed to equilibrate for & to 8
hours after which the high voltage was adjusted and counting
started in the usual maner. A curve of counts per minute vs,
applled voltege was made, and from this the operasting voltage
determined.

it should be noted that in this particular design of the
Sernstein-Balentine tube the slectrode leads are only 8 mm.
spart and under conditions of high humidity & leakege path
developed between the electrodes. It was found that this
could be corrected by costing the electrode end of the tube
with Desicote (Beciman Instruments) and allowing the & to 8
hour equilibretion period mentioned above. It was also found
that the counting characteristics were changed drastically
with the slightest contamination by mercury vepor. Even
though all sources of mercury were kept well trapped with dry
ice « acetons or liquid nitrogen traps, there always remained
the possibllity of contaminetion. For this reason the counting
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tubes in use were checked for operating voltages and background
at least three times esch week although it soon beceme evident
that the sctua! background was constant and, In fact, the back-
ground of no tube changed by more than 2% during the peried
covered by this work. The verious operating parameters of
the tubes used are given In Table |.

Operation
(1) Vecuum system (Figure 2)

The following procedure was used whenever the vacuum
system was sterted after a shut-down or whenever It became
necessary to bake the entire system. This procedure varies
slightly from the one ordinarily used but sccomp!ishes the
same result In slightly less time,

After the welighed sample wes added to the side am (A)
shove the sample tube along with & small magnetic "pusher”
the vacuum system wes sealed and the mechanical pump started.
When the entlire system was at & pressure of sbout 10”2 sm, of
mercury, all glass parts were checked for leaks with & Tesle
eoll. At this point the diffusion pump was started and
liquid nitrogen added to the trap on this pup. After »
pressure of 10°3 <10™% m. of mercury wes obtained, the
various charcoal traps (B, C) were flamed to red heat with
@ hand torch and the lonization gauge degessed (E) by
passing a current of 10 amps through the grid for 10 to 15
ainutes.
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After this the valve bodies were removed from the metasl
valves, bake-out clamps Instslled, the ovens placed over the
system and the whole system wes baked at 350°C. for 8 to 12
hours. The ovens were then allowed to cool to approximetely
100°C. and then reheated to 350°C. for a second period of 8
to 12 hours. Leads were affixed to the small furnace cover-
ing the titanium getter and this furnace operated at a
temperature of 300°C, to $50°C. during the second baking
period. Buring the last thres hours of this second baking
period the liquid nitrogen leve! was lowared to cover only
the lower 2 to 3 Inches of the trap to remove condensed
saterial to & lower part of the trap, thereby preventing
re-evaperation vhen the liquid nitrogen leve! veried.

At the completion of the baking period the trap wes
covered with lliquid nitrogen and the ovens turned off but
allowed to cool In plece until the temperature had dropped
to spproximately 100°C. The ovens were removed, the valve
bodles replaced and the lonization gauge turned on. After a
few minutes of pumping with this geuge, the pressure in the
systam was cosmonly around 10°9 mm. of mercury.

(2) Oiffusion studies.

After the vacuum system pressure had reached approx-
imately 5 x 1079 mn. of mercury, a small resistance wire
furnsce was placed around the quartz semple tube (S) and
this tube was heated to & tempersture of 950°C, for 10 hours.
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This tempersture was at least 150°C. sbove the maximum to be
used In the diffusion studies. This step was deemsd necessary
since It had been found by Neughton(67) in eariler vork thet
fresh quartz tubing gives wp large quantities of argon.
¥hen the semple tube had been thoroughly degassed, » small
magnet was used to actuste the magnetic bar (D) Inside the
system and thus push the sample down Into the sample tube,
The copper getter wes heated to its operating temperature,
the titenium getter heated to 950°C. and the sample furmace
preheated to 50-75 degrees above the temperature to be used.
The pumps and gauge ware then closed off from the sample and
getter portions of the system, Liquld nitrogen wes placed
around the charcoal trap (B) and Ustube traps (X, F) and the
semple furnace placed sround the sample tube (S).

By preheating the fumace, the drop in tempersture of
the furnace when placed around the sample wes held to about
50°C. below the tempersture desired. The furnace resched
the operating leve! within 10 minutes after baing placed
around the sasple. After the selected time for the diffusion
anneal had elapsed, the sample furnace was removed as
quickly as possible and the sample allowed to coo! to room
temperature. The velve (G) connecting the sample and
gettering sections was closed and the argon collected In
the charcoal trap wes released. After contact with the hot
titenium for 20 minutes the saple wes refrozen for 10
minutes and then reieassed & second time.
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When a second 20 minute period of contact with the hot
titanlum had passed, the getter furnace was removed and the
titanium allowed to ool to reom temperaturs. This took
approximately 45 minutes, At this point, liquid nitrogen
was placed sround the charcoal trap (C) connected to the gauge
section of the system and then the velve (M) connecting this
section wes opened and the purified argon allowed to distii}
into this trap. After 20 minutes, argon cerrier ges was
sdded from the storage bulb. This wes sdded through the
pipet whose volume hed been determined by fllling with
mercury snd then weighing the mercury used. The vwolume wes
caleulated to be 0.12 ml, and with the pressure of argon
carrier gas set at 350 microns, this meant that sbout 7 x
10"% ce S.T.P. of ergon carrier gas wes added.

When the carrier gas had been added, the valves (i, 1)
were closed to Isolete this mixture In the gauge section and
the gases mixed by releasing and refreezing several times.
When the gases had been thoroughly mixed, the valve (J) was
menipulated to move the argon Into & counting tube which hed
been connected to the system and evacusted during the above
procedure. The charcosl trap on the tube cocled with liquid
nitrogen was used for this transfer. A mumber of blank runs
determined that 20 minutes was sufficient to effect this
transfer but the process was always continued for one hour
as a precautionary messure. The tube wes moved to the
suxiliary filling system, the line connecting the tubs to
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the system was evacusted and the tube was filled with the
counting mixture by expansion of the mixture into the tube.
The tube was resoved from the filling system and the
electrode sections weshed with scetons to remove trsces of
oll and grease, moved to the counting room, attached to the
scaler, and counted as outlined sbove.

Thess operations may be summarized as follows:
1. Sample tube preheated
2. Getters heated, liquid nitrogen placed around collecting

charcoal trap end sample heasted
3. Collected gases released to getters
4, Background pressure In gauge determined
5. Purified argon moved to gauge and pressure determined
6. Carrier ges added and gases mixed
7. Gases transferred to counting tube
8. Counting tubs fllled with proportional counting ges
9. Argon=33 counted

(3) Age studies
(a) Apparatus
The apparatus for the first series of age studles

was essentially the same as that for the diffusion
studies as shown sbove with the exception of the sample
heating section. Since the samples were to be heated to
& temperature sbove thelir meiting points, the simple
quartz tube was replaced with a water Jacketed apparatus
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containing a molybdenum funne! leeding into a 3" diameter
x 3/%" deep molybdenum crucible (A, Figure 8). This
spparatus also contained several side amms for storege
and manipulation of a number of samples and wes equipped
with a small 90° prism sbove the crucible 3o that the
temperature In the crucible might be determined by sight-
ing through the priss with a Leads and Northrup optical
pyrometer. This container wes heated through an Induction
coll made from 10 turns of 4" copper tubing attached to »
& KW Leps! spark gep converter Induction heater, A
diagram of this sample conteiner Is shown In Figure 8,

(b) Procedure
Welighed portions of the rock or mineral to be used
and the artificlel potessium~aluminum=-si!icate were wrap~
pod in smell pleces of 0.001 Inch thick copper metal foil
ond placed in one of the side arms in the seple system,
As many a3 10 to 12 samples could be Introduced at one
time but ususlly only 3 to 5 were added. The system wes
closed and & portsble vacuum pump attached through a dry
ice - acetone trap to the sample section. The sample
section was evecusted, carefully flamed with a hand torch
and then the portable pump disconnected by sealling off
the glass connecting tubs with the torch. The sample
section was opened to the pumping section of the regular
system and & small furnecs pleced around those samples
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heated to 300°C, for 8 hours.

At the end of this time the funnel and crucible were
preheated with the Lepsl machine and then the section
pusped untl! & pressure of spproximately 5 x 10°% me, of
mercury had been reached. The sample to be melted was
then pushed Into the crucible with » megnet. The semples
were heated until o temperature of 1550°C. was reached
(2 = 3 minutes) and then the hesting continued for an
additional 20 minutes. This hesting was repested for a
second period of 20 minutes after which the sample section
wes closed off and the gettering process started. This
process was the same as that already described above for
the diffusion study.

The gauge and control as received from the manufacte
urer were callbrated with nitrogen and were thersfore
recal ibrated with argon from the carrier gas section, For
this callbration, various measured pressures of argon were
sdded In increments of 0,12 ml, from the gas pipst and the
pressure measured in the gsuge sfter sach Iincrement. The
results of the calibration end thelr significance are
discussed In & later section.

Just prior to transferring the purified argon to the
gauge, the background pressure in the gauge sectlion wes
carefully measured and then the argon wes moved to the
gouge charcos! trap with liquid nitrogen. After the
transfer the gauge section wes closed, the liquid nitrogen
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removed and the pressure measured in the gauge section.
Because of the known puwping action of the gauge,
pressure readings were taken at a number of time
Intervals and a plot of pressure vs. tims wes extrap-
olated back to t = 0 to give the Initial pressure. The
liquid nitrogen wes agein placed on the charcoal and the
gouge degassed for a period of time identicel with the
measuring period after which carrier gas was added and
the gas mixed and transferred as described sbove. The
measuring process, sketched here, became the subject of
much study and |s discussed in greater detall below,

An outline of this procedure Is gliven here:
1. Semples weighed, wrapped and Introduced into the
system.
2. Samwple section evacuated and samples baked.
3. Semple pushed into crucible snd meited.
b, Collected gases released to getters.
5. Gases moved to geuge section and pressure measured.
6. Carrier ges added and gases mixed.
7. Gases transferred to counting tube.
8. Counting tube filled with proportional counting ges.
9. Argon-33 counted.

(&) Age studies = new system
After a careful study of the various parts and
components of the vacuum system, It became spparent that



49
gases were being adsorbed or trapped and later readmitted to
the system causing large errors in the process. There was
also some evidence at this point that the original gauge
calibration curves might be in error due to some contamin~
sting meterial In the trep separating the ges plpet and the
geuge, and this wes being trensferred Into the gsuge along
with the measured volumes of argen. To eliminste a3 meny of
these sources of error as possible, the system was redesigned
and rebullt, and the procedure was changed where necessary.

(2) Vacuum system changes

Since It wes expected thet the various rocks and
minerals used wuld release 8 very large quantity of
water by comparison with the other geses released, simple
U=tube traps were added to the system. These treps were
kept coo! with liquid nitrogen during the runs end then
were warmed and pumped out between runs. In the studies
of the various parts of the system, it was found thet
these traps were also holding & quantity of argon end It
was deemed necessary to try a different method of elimin-
sting the water from the gases in the system, It wes
decided that one of the moleculer sieve materials might be
sultable for this purpose. These are artificial zeollite-
1ike materials manufactured by the Linde Company and have
structures consisting of three dimensional networks of
sitica tetrahedrons with “tunnels” within the netwrk.
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These "tunnels™ or openings are of such size that weter
molecules should be trapped while the smaller argon
molecules should move fresly through the openings. There
have been @ fow studies which confimm this and which have
been reviewsd and discussed by Cook(68), one of these
materials, Linde molecular sfeve No. 5A wes avallsble and
the U~tubs traps were replaced by 30 am. tubes containing
50 gms. of this material in the form of 1/8" round by 1/4"
long pellets.

in the original system, the same Baysrd-Alpert type
lonizetion gauge was used siternately as an lon pump and
as & measuring device. This proved to be unsatisfactory
because of re-emission of argon from the gauge when used
in this menner., To correct this condition s second gauge
was added, connected to the system through an additional
oll metal, bakesble valve. By this mesns, this new
gauge, which was used only a5 & pump, could be Isolated
from the system during processing. This is shown scheme
atically In Figure 9 at A, along with the other changes
described,

it also proved to be desirsble to operate the second
gauge, which wos now used only as & measuring device, at
lower emission currents than were readily avellsble with
the Veeco lonization geuge control. Professer 0. 0.
Denison of the Physics Department, Washington State
University, very gensrously suppllied a schematic drawing
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of an ionization gauge contro! developed st Vashington

State which contained provisions for varying the emission
current over a wide range. A unit (hereafter referred to
as the Denison geuge contrel) based on this design wes
constructed and proved to operate In a very satisfactory
manner, This unit wes used to supply the opersting voltages
for the gauge used as a measuring device as follows:

plate potential 0 wolts

grid potential +150 wits
filament potential +*45 volts
filament volitege .3 to 5 wits A.C.
emission current 10 microamperss

A Genera! Radlo D.C. Amplifier and Electrometer wes used
to measure the plate current which was the parsmeter
directly proportional to pressure.

in addition, this particuler mit was designed to
perform the function of degessing the geuge In a different
menner than the Veeco contre! unit. The Vesco wnit
performs the degassing operstion by passing s current of
10 amps through the grid which then hests the other
eliements by redient heat. The Denison unit degasses by
connecting the grid and collector together at the
potential of 700 wvolts and passing @ current of 10 amps
through the fllament. This heats the slements by lon
bombardment. This latter method proved to be more satis~
factory since the glass envelope wes hested to @ higher
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temperaturs which resulted in 2 lower ultimste pressure.

(b) Sample contalner

As will be shown In section i1, the method of
wrapping the samples In copper foll resulted In large loss-
es of argon dus to adsorption on the veporized copper
surface. It was decided that » system using & new
sample container for ssch run, snd thus eliminsting the
use of the copper foll, wuld remove this source of error.
Accordingly & sample contaliner of Pyrex glass wes
designed with a hook from which was suspended a cage
made of 0,060 inch tungsten wire. A molybdenum crucible
¥ in dismeter by 1} inches long was held within the
tungsten cage. This sample container Is shown In Figure
9. This design elimineted the outer weter Jacket used
previously as It was found that, by cooling the walls
with forced sir from a small compressor and several small
blowers, the container could be kept cool! encugh to
prevent collapsing of the walls. The inner container
was heated by the Lepe! Induction heater In the reguler

(¢) Carrier ges system
The entire carrier gas system wes removed from the
ultra~high vacuum system and rebullt as » separete
independent unit. This unit Is diagrammed in Fligure 10,
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The operation of this system wes essentially the
same a3 before except thet the dry ice ~ acetons trap
needed to keep mercury vapor from the carrier ges could
be removed and cleaned after preparing ssch set of
calibration or carrier gas wiumes., To transfer this
argon to the regular system, small bresk-off sesled tubes
were prepared with a smell side tube containing a few
pleces of wod charcoal. After fastening 10 to 12 of
these tubes to the manifold by glass blowing, the charcoal
tubes were hested to 300°C. for 2 hours. Argon wes
weasured Into these tubes through the gas plpet at »
known pressure as messured with the Mc Leod gauge as
before.

These tubes were then pulled off from the system
with & torch while the charcoal wes still cooled with
fiquid nitrogen. The tubes, now sealed and containing &
known volume of argon, could be inverted, a small
magnetic bar sdded and sealed to the ultra-high vecuum
system, to be opened when needed.

(d) Procedure changes

The sample contalner was prepared by assesbling the
unit with the crucible In place, attaching it to an
suxilisry vecuum system, evacuating to a pressure of lo"
mm, of mercury and heating with the induction heater for
40 minutes. A tempersture of 1680°C. ss measured with an
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optical pyrometer was reached within four minutes. After
coling, the container was removed, opened, and the
previously weighed mixture of sample and artificlal
silicate added to the crucible, the container resssled
and the whole assembled on the ultra~high vacuum system
as quickly as possible. This was done efter some exper-
fence In 15 ninutes but in no case did It take longer
then 45 minutes. A sealed break-off tube containing
7+8 x 10°° cc 5.7.P. of argon carrier gas had besn added
to this section sarlier.

The sample section was evacuated with the portsble
pump and trep system while & small oven was placed around
the mlecular sisve trap and a larger oven around the
entire sasple container. The sieve material wes heated
st 300°C. for four hours while the sasple compartment
was baked at 400°C. for 12 hours. At the end of this
period the portable pump wes sesled off, the sample
section opened to the remainder of the ultra~high vacuum
system and the whole system pusped with the pumping
Bayard-Alpert gauge unti! 8 pressure of 5«8 x 10" w.. of
mercury was reached.

At this point the pumping gauge was isolated from
the system by closing the valve, the sawple melited for 20
minutes with the Lepel machine and then the argon purified
by gettering In the usual mamner. After gettering, the
gas was moved to the gauge section as before and messured,
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excapt that messurements were taken with an emission
current of 10 microamps and resdings were taken for mo
sore than 15 seconds. These readings were plotted vs.
tims, and the plate current at time squal to zero
obtained by extrapoletion. This resding was transloeted
into a pressure measurement from a previously prepared
calibration curve.

Carrier gas was added from the bresk-off tube by
bresking the smell ses! with a small magnetic ber
actusted externally by & magnet, the gas mixed, trans~
ferred to a counting tube and counted in the previocusly
described manner,

Calculations
For reference, it Is repested here that the process for

age determination that wes investigated In this study involved
the following:

2.
3.

&,

Extraction of an amount of mixed argon=39 end argon-iow
(The * hereafter refers to argon-i0 thet s the product of
the rediogenic disintegration of potassium~h0) from the
sanple plus the diluting srtificial mineral,

Removal by gettering of all other gases.

Neasuring by means of an lonlzation gauge of the total

volume of gas remaining.

Heasuring by radioactive counting the amount of argon-39
in the above volume,
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Assuming for the soment that the sbove steps could be
psrformed with adequete accurscy and that the concentration
of potassium was hnown, the age of 8 rock or miners! couild
be determined by the sets of calculations as shown below.
$ince the ceiculations lesding to the determination of an
Yage" for the saaple Involive & number of steps, thess are
discussed hers In some detell.

1. Amount of argon=39 recovered.

e olat

Vhere:

Ar? = amount of srgone3y recoversd Std. cc/gm.

€ = counting rete, counts per minute

8 = background, counts per minute

F = tube fector, ratio of total to sctive volumes

K = mmbar of counts per minute expected for | 5.7.P, cc
ar’? = 7,87 x 10'° |
ard, th = 325 yoars = 1.7082 x 10° ninutes
amu.--%

» b ] x 17 b

&ﬂ”-ﬂla m-‘
- ro” X "‘.

¥ = Velight of argon-33 containing msterial used

2. FPraction of argon=39 retained through beking and
processing
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'~ d5l3

Where:

f = fraction of argon=39 retained through process.

Ar? (r) = emount of argon=39 recovered, Std. ce/gm

Ar3? (a) = smount of argon=39 added In diluting material
Std, cc./gm.

Fraction of argon-39 lost In processing only.

A= (1=f) ~¥

Where:

A = Frection of argon=39 lost in processing

(1=f) = Frection of argon=39 lost In processing end

baking

Y = Fraction of argon-39 lost in baking only
This fraction ¥ is obtained either from direct
independent measurement or from Figure 11,

Amount of argon=40* messured

As noted sariler, the gauge was callbrated In terms of
argon measured by sdding known amounts of argon and
obtaining & corresponding reading of the gauge. This
calibration is shown In Figure 12, From the callbration,
the number of cc. $.7.P. of argon in the gouge volume
could be read directly.
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5. Argon-hO* lost In baking,.

in this study of the ssount of redlogenic argon which wes
lost in the baking could essily be caleulated since this
information was avallable from previocusly published
results of other workers for a varlety of rocks and
minerals. The velues used were 2% argon lost for the
mics, from the data published by Reynolds(52), and 3%
argon lost from the disbase, from dets published by
Hort ©9), 17 semples had besn used where diffusion
properties were not known, the amount of argon lost In
the baking process wuld have had to be determined in a
separate study. This step could be avolded If the
material contalning the diluting Isotope was exactly the
same as the natural sample, both chemically and struct-
urally. This condition would be difficult to meet
experimentally., It should be possible, however, to
generate the diluting Isotope (argon=39) within the
sample itself by neutron bombardment and then messure the
diffusion charscteristics as wes done with the artificlal
semples used In this work. The chemical composition of
the sample In some cases would make further handling
difficult due to other long lived Isotopes produced by
the bombardment, but this problem could be anticipated
for any perticuler ssmple by careful examination of the
composition,
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Yotal radiogenic argon-40% obtained from the sample
before processing = Ar*0%(¢)
Arm - W'm xX)+ Arm
Where:
Arm = AP0 gheained from the sample before processing,
Std, ce.
A = AMO" os messured, Std. ce.
X = fraction lost in baking process

Total argon=-40% obtained from sample

Mm'-um't Wml“)

A} = Total ergon-ho® cbtained from the semple
corrected for losses in baking and processing,
Std, cc.

A = fraction of argon=39 lost in processing

Total welght of argon-i0% in sample
From the sbove calculstions of the total amount of

argon-40% obtained from the sample corrected for losses
from baking and from the processing procedure, the
weight of AP** (n the sample can be determined:

mm.u""-u!m-u
ot X x W

Where:
ﬁrm = tote! corrected volume of argon-io* from sample,
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10.

12,

Std, cc.
W = Welght of sample taken, grams

Tota! potassium=b0 in sample

Natural potassium contains 0.0122 welight per cent of
potassium=-40 and therefore the weight of potassium-h0
in the sample mey be calculated:

K = % K x 0.0122 x 107

Ratio of argon-il* to potassium~40 In the sawple

#. (As determined In 8 sbove)
(As determined In 9 sbove)

Age of sample

When the shove ten steps have been completed, the
necessary information is avallable for the calculation
of the age of the sample by substitution in the
formula:

t = 0,1825 In (1 + 9.130 Wll“) EY M~n

See appendix 1.

Example

To illustrate how the sbove steps lead to the caleule~
tion of an age for the ssple, n sctusl saple
calculation is Included here. in the run lnvolving
the mica, the following data were obtained:
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Sawple woight taken = 0.00659 gms.
K.A.S. wolght taken = 0,.45299 gms.
Counting rate obtained = 5248.40 cpm.
Tube background = 63.28 cpm,
Tube factor = 1.215)
Sayerd-Alpert geugs plate current = 0,500 x lﬂ"m
Gauge background plate current = 0,045 x 10°8 amps

Than repesting the sbove steps:

3.

.

Amount of argon~39 recovered
ArdY » |

= 1,77 x 1077 Sed. ce/gm
Fraction of argon-39 retained through baking and
processing
Note: From previous blenk runs and from mass

spectrometric measurements, this sasple is
known to contain 3.55 x 10”7 Sed. ec/gm.
argon=39.

: 7 -
3.55 x 107 -

f=
Craction of argon-39 lost in procassing only
Note: Previously determined that this sesple would
lose 35% of its argon=39 In baking.
A= (1 = .50) « .35
= .15 or 15% lost In processing

Amount of argon-h0* measured
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Gauge current = 0,500 x 108 smps « background =
(tess)  ~0.05 x 10°% onps

Net current 0,455 x 10" aups
From Figure 13, geuge callbration, this current
represents 9.3 x 1076 Sed. ce. argon = AFfOY

5. Argon-hO* lost In baking
As mentioned sbove, » figure of 2X lost In baking
was obtained from diffusion data published by
Reynolds.

6. Total argon-ho® obtained from sample before

processing = Ar}{l}

APS = 9.3 % 10° x 0,02 + 9.3 x 107
= 9.49 x 10”6 sed, ce.

7. Total argon-h0® obtalned from sample ~ Arm
ArYE) = 9.49 x 1076 + 9,49 x 1076 x 0,15
- 10,91 x 10" sed. ce.

8. TVTota! weight of argon-iO® In sample

\R.“Mm'
22.4 » 10° x 00659

= 0.2956 x 10™5 gma/gm
9. Tota! potassium<ii0 in semple
Sample contained 3.06% natural potassium, therefore
K = 9,06 x 00122 x 107%
° 0,1105 x 10™* gus/gm
10. Ratio of argon-b0* to potassium-b

R
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= 0,2675
11. Substituting this value In the equation:
t = 0.1825 In (149,130 x APO/KN0) o 1ob oy
Results In t = 02304 x 10% wy
t = 2304 my
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111, Results and discussion
A. Potassium analysis

The resuits of the potassium snalysis of the various rocks and
winerals are given In Table 2.

in addition to the samples shown, the mica semple was also
analyzed and while the precision was excellent, the accurscy when
compared with the results of s professional enalyst was very poor
(te. 14%). It mey be thet the results of the other snalyst ere In
error, but also it is belleved that this sample may have besn
inadequately or improperly dried,

it should be noted that in sach of the cases cited In Table 2,
the analytical resuits are within approximately 1% of the accepted
value and it Is to be anticipated thet other types of rocks and
minerals wuld give results around this level of esccursey. This
expectation Is based partially on the fact that the two analysts
mentioned were relatively inexperienced undergraduate essistants,
and In spite of this they experienced few difficuities. Persons
foanlliar with the use of the lon~exchange columns end flame photom~
otry will lmmediately be sware that nothing in the sbove procedurs
Is alwed towerds & repid analysis. It is unfortunste that this Is
80, although It Is believed that the consistent accurscy obtainsble
with this method will more than offset the comparatively long periods
of time involved, particularly vhen dealing with the problem of
determining ages of young rocks with low potassium concentrations.

8. Diffusion studies
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in the age studies reported hers, the enly Information required
concerning the diffusion of argon in the artificlal silicetes wes
the velue of F, the fraction of argon diffusing In a perticular time
st various temperatures. As will be shown below, however, this
value of F mey be used with certain methematics! manipulations to
yleld the diffusion constant for the diffusion of argon through, and
out of, the samples. In fact, the value of F is the only msasure~
ment that is needed If sultable assumptions may be made about the
structure and grain size of the particles. It was felt that In
~ addition to this use, the information might be of perticuler
isportance in declding the suitebliity of various basalts or rocks
of this type for age studies since very littlie Is known sbout the
retentivity for radiogenic argon~40 in these materials.

The diffusion constant, of course, coupled with some ldes of the
thermal history of the rocks, will allow an estimste of the reten~
tivity. Thus the extension of the axperiments wes made to
tesperatures higher then sbsolutely necessary. The results of
these studies, the informetion deduced from them, and the possible
significance are reported here.

The basis of most descriptions of the various diffusion
phenomens Is the statement:

deo-0 2%
9 X

first postulated in 1855 by Adoif Fick. This equetion states that
the flow, J, Is proportions! to the concentration gradient, 3 ¢/ ox.
The proportions! ity constant, D, is the diffusion co-efficient.
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Although Fick's law may be applied In the solution of a very
large number of physical chemical! problems, the present interest Is
only In the solution snd numerical evaluation for a relatively few
geometric and boundary conditions which apply to the diffusion of
the rare gases from rocks and minerals under natural conditions.
if & homogeneous phase with a uniform ges concentration s assumed,
and the concentration of the gas at the surface is taken as zere,
then the selution of Fick's law for & mmber of simple particle
geometries Is easliiy obtained. Under the experimental conditions
ordinarily used where the diffused gas Is expandad Into 8 vacuum
system with a large volume and, In addition, Is being constantly
adsorbed on activated charcoal, the assuption of zero surface
concentration Is considered velid,

in this particular study, the samples involved were all assumed
to have spherical geometry, and » solution valld for a sphere was
used and converted into sn equation In terms of F, the fraction of
argon relessed in any time, t, and Is given by Jost(70) gnd by
crank(71),  mhis equation ine

r-:-_,’ .b-va’...,_n

where @ is the radius of the sphere. Relchenberg(72) arrived ot an
spproximstion of the sbove which Is accurate for conditions where

F is less then 0.85 at which time this spproximstion Is particularly
convenient, The equation Is:

Fog, (Bt ody (0

where 8 = 112 p/a?
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Relichanberg further gives a table of values of Bt for various
values of F.

As was described In Section II, measurements of the amount of
argon released at different time Intervals at a fixed tempersture
were mede. The tots! argon contsined In the sasple wes measured by
fully melting the sample and thus the fraction F released by
diffusion was determined. From the Relichenberg tables, » value of
Bt Is found for each value of F and this value Is plotted vs. the
corresponding time. These dats for the two samples of artificlal
silicate are given in Tables 3 and & and the plots of Bt vs. t are
given In Figures 14 ~ 18,

if o process except pure wolume diffusion is taking place,
the plots of Bt vs. t should glve a straight line pessing through
the origin, in fact, this condition Is rerely If ever found, end
it may be sesn that these sample plots were not exceptions. An
axamination of the plots shows that in all cases the points may be
represented by two or more straight line segments. This effect has
been Interpreted by other vorkers (ses, for example, Hart(69)) o8
Implying that the diffusion of argon takes place for two or more
structure! positions and this interpretation seems reasonsble and
is sccepted here,

The slope, B, of the lines In the sbove graphs, Is related to
the diffusion coefficient by § = 72 0/a2, By finding the value of
the slope and measuring 8, the effective radius of the particle,
conversion cen be made to the diffusion coefficient D, although
there is slways some uncertaiaty sbout the actual value of a. For



Table 3

Data for Argon Released from Samples

Sample Tenp. Time ar?
g, (sec) Released

std. cc x 10°7  Totsl x 1077

K.S. 300 3600 0054
500 3600 062
600-1 3600 - J12
600~2 7200 /- .008
600-3 10,800 /- 023
m "’m a9 oe”
750=1 3,600 ::° 087
750-2 7,200 - ° .033
750=3 10,800 « .008

K.A.S. 300 3600 021
500 3600 061
£00=-1 3600 055
600-2 7200 017
600-3 10,800 -023
600~k 16,200 019
600~5 19,800 . 017
700-1 3,600 LOth
700-2 7,200 008
700-3 10,800 00k
700=k 14,400 002
800-1 3,600 .0016
800-2 7,200 .00058
800~-3 10,800 00039
800-4 14,800 000426

items marked with an * Indicate separate samples

Ar39
Cumulative

117
132
155
475
192

214
219
221
.222

«225

Fraction

i

«186
2.13
3.8
b
4.9
6.1
9.1
10.27
10.55

1.78

5.19

9.82
11.13
13.05
14,70
16,14
17.33
18.03
18.41
18.60
18.74
18.79
18.82
18.86

Bt
x 1073

2.10

0.27 =
2.29
8.70
11.60
15.70
20,20
24,60
28.70
310
32.50
33.20
33.80
33.91
34.10
3h.22
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FIGURE 14 - Plot of Bt vs Time for Potassium Silicate at 600°C



7”7

- KS
750 °C
P /’

. O

»
R

m

Time, seconds x l03
| | ! ] | ] ] I | |

0 2 (3] 8 10 12 14 16 18 20 22
FIGURE 15 Plot of Bt vs Time for Potassium Silicate at 750°C
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FIGURE 16 - Plot of Bt vs Time for Potassium Aluminum Silicate at 6007C
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FIGURE 17 - Plot of Bt vs Time for Potassium Aluminum Silicate at 700°C
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this reason, values of D/e? are usually used. In this study, velues
of b/’ for the early segments of each plot (representing the argon
sost eesily lost) were calculated and plotted vs. 1000/T, In this
form, values of the “enargy of sctivation™ for argon diffusion mey
be obtained through the equation:
D= Do exp %t

The grephs of B/a® vs. 1000/T are shown In Figures 19 end 20,

The plot in Figure 19 for the potassium silicate material is »
straight line as wuld be expected If argon was released by simple
diffusion from any particular reglon within the Individual particles.
The activetion snergy of 20 KCal/mole Is in good agresment with
valuas found for glasses of this general type,

The graph of Flgure 20, howsver, Is not a simple streight line
but Is composed of two straight iine segments. This has besn noted
for other materials by & number of workers end thql“hnof
this has besn the subject of some controversy. Hart(6%) end
Evernden ot al.(53) noted this effect for feldspers and offered the
explanation that some kind of change of phase within the sample
during heating was responsible for the change In slope. Gentner
and co-workers (13) howsver postulsted thet the second or middle
segment represented argon diffusing from sreas of crystal impere
fections and defects and was not the result of a phase change.

To sttempt to resoive this controversy, at least for the
srtificlial potassium~aluminum silicate used here, n~ray diffraction
powder photographs were mede of this material both before and after
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the heating process. The photograph of the material before heating
showed no diffraction lines st all but only the very diffuse pattern
expected of a completely sorphous glass. The photograph of the
material which had been used for the diffusion determination, however,
gave a definite diffrection pattemn. The "¢ spacings of these
Iines were measured and corresponded to spacings of 3.44, 3.28, 2.76,
and 1,949 angstroms which correspond quite well with those expected
from crystalline leucite. This dats would Indicate that the change
of siope found In the diffusion curve was definitely dus to & change
of phase within the material vhen hested In the renge of 600 ~ J00°C,
As indicated carller, however, the data nesded for other parts of
this work wes the fraction of argon released as & function of the
baking time and this dats was calculated from the sbove for a baking
period of 12 hours and In shown In Figure 11,

C. Initia! age studles

The vacuum system as originally constructed, Including ell of
its various components was & standard type used by a number of
groups doing age determinations and no difficulty wes anticipated
with the cperstion of thess components. The only detel! In which
this system varied was in the counting system. This system was
thoroughly checked with s sealed Co®® source which was taped to the
outside of the tubse end then counted. From the known disintegrstion
rate of the source, geometry of the source and of the thickness of
the tube wall, calculations Indicated that these tubes wers not only
counting satisfectorily but were counting with slmost 100%
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sfficlency. This same result had been found for tubes of a similer
dosign by Glascock(66) when counting carbon=14 (for which an Internal
standard Is avallable). He reported that thess tubes counted with
at least 99% efficiency within the active volume. In addition,
studies by Care and Kulp©*), using redicactive argon-37, Indicated
that argon could be moved through a vacuum system with no losses,
ond Murley37) has reported that argon mey be quantitstively
sdsorbed on activated charcos! st liquid nitrogen temperatures in 10
minutes ot room temperatures.

it wes, therefore, somewhat disappointing when esrly experiments
indicated thst large quantities of a contaminating gas, probably
argon, were present. In addition, experiments with the artificlal
silicate alone (using only the argon-39 component) indicated that
srgon was being lost In the system end in variable quantities.
Results of & few of the early eperiments, both with argon-35 alone
and with mixtures of argon~39 and argon~40, sre shown in Table 5.
Because of the varisble results found as shown in this teble, it
was decided to Investigste sach component part of the vecuum system
and, In particuler, the Bayard-Alpert gauge and Its operstion in @
static system,

it vas determined early In the history of the development of
this gsuge that in addition to Its great sensitivity as a measuring
dovice and its low limit of useful operation, that It was an effec~
tive ultrahigh vacuum pump. Alpert 39) devised equations for the
chemical and slectrical pumping speeds of this gauge. WHis equations
predict that this pumping speed is a function of the pressure, and



Teble 5

Resuits of Some Representstive Early Experiments
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Note: Age of Mica, 2490 my.
Age of Diabase, 202 my.
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his experimental work demonstrated the vallidity of his equations. It
was also found that the totsl wiume pumped by any geuge was dependent
upon the past history of that geauge. A large smount of work has been
done In the past few years on the mechanism of this pumping sction,
and vhile the mochanism Is stil] not completely understood, there Is
increasing evidence for & mechanism Invoiving lons striking end being
buried In the glass walls of the geuge. The walls of the tubs have
been shown to reach the potential of the cathode by Blodgett and
vanderstice (73} and without question, the potentials In an operating
gauge are such that positive lons formed outside the grid will be
sttracted to the walls which are the most negative ares.

Because of this pumping action, all measurements made with the
gouge during this work were made at several successive times, but as
quickly as possible (In most cases within 15 seconds after turning on
the geuge) and the logarithm of these readings was plotted vs. time,
Thase points Invariably fell on & straight line which could be
extrapolated back to time equal to zere. The pressure found by this
method wes taken as the Initial pressure In the geuge. A plot of
pressure vs. time for readings taken over & relatively long time Is
shown in Figure 21 to show this logeritimic decrease In pressure.

it was suspected that, for some reason, the pressure wes
incressing to » large degrees In the gauge during the period that the
gauge was turned off and that this increase was the cause of the
large variations In the smount of srgon measured. Blodgett and
vandersiice(73) ned reported this effect and showsd that the
increase was due to argon re-emitted from the walls of the gauge.
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They reported that the fraction of argon recovered wes of the order
of 10% but might be as high es 22% under some conditions. When
these results became known, experimental runs of » cerefully
degassed and flamed gauge were sttempted. Argon wes adeitted to
-dnmme-mmumdlnlo“-.wm.mw
sesled off from the system, end & Leeds and Northrup, model M
recorder with @ response time of § second wes attached to the gsuge
control. The gauge was then operated for S minutes, turned off for
§ to 10 minutes, the gauges opersted for 5 more minutes and turned
off for 5 to 10 minutes and this cycle repssted several more times.
The results of this wperiment are showm in Figure 22,

These results show that the same general trend as noted by
Slodgett and Vanders!ice except thet the recovery time is many fold
less than their data indicated and the amount recoversd wes of the
orderof 80% rather than 20%. Blodgett end Venders!ice have
explained the re-emission of argon as dus to a diffusion process
but postulate the existence of & "“bombarded layer" In which the
sctivetion ensrgy for diffusion Is much lower than in the mein
portion of the glass. It Is difficult to see that any simple
diffusion mechanism could be responsible for the large quantities
of argon re~emitted In these axperiments and It Is belleved that
perhaps the mechanism of punping end subsequent re~amission depends
much more on the actual gauge geometry than has been belleved,

in Blodgett and Vanders!ice's expariments, the gless walls of
the gouge were protected during processing by a metal can or shield
which prevented sny metal eveporated from the tube slements from



Gauge On —-
Gauge Off — ——
10—
| 7.38
4 6.0
/|
. /|
10 / 3.65
| /
/)
/ | / 2.38
;o / -
/ | /
/ | / /
/ / /]
10 / / / |
/ o |
/ / / |
o I /
= Eé /
ool . U/
&
Time, min.
1 | I ! | | | | !
0 10 20 30 40

FIGURE 22 - Diagram of Pressure Changes Caused by Pumping and Re-emission
of Gas in Gauge



-1
resching and costing the walls. In the present study, a new gauge
was used but the walls were not protected. Thus it Is probable
that there was » thin costing of molybdenum on the wells from the
grid of the tube. It is postulated here that this coating wuld
limit the penetration of ions into the glass walls. Howaver, in
order to account for the resdy re-emission of pumped gas, It stil)
becomes necessary to assume, in the manner of Blodgett end
Venderslice, & lower than normal energy of activation In the metal
layer since it is wall known thet diffusion of geses through metals
is many tines slowsr then through glass.

The thickness of the molybdenum coating on the wells of the
tube in any given time will, of course, depend upon the gauge
geometry., In addition, m‘”’ has shown that verious molybdenum
oxides on the walls cen contribute to the total pressure in the
gouge since the vapor pressure of some of these oxides is of the
order of the pressure ranges with which thase gauges are normally
used. The smount of oxide costing would, again, be & function of
the gauge geometry and also its past history.

However, Denison and his comorkers#7) published the results
of a series of axperiments showing that the pumping rate of »
Baysrd-Alpert geuge could be reduced some 10,000 fold to »
negligible smount by reducing the emission current from 10 ma to
10 w and, as mentioned eariler, Dr. Denison very generously
supplied wiring diagrams for & suitable gauge contrel unit which
wuld supply the needed voltages with sultable regulation. This
unit wes constructed and tests of the finished unit desonstrated



that pumping was reduced to an almost undetectable amount and
re~emission of argon wes also undetectable. This unit wes used In
all subsequent work, throughout the period of this research,

in addition, the original gauge wes used as 2 pump in the redesigned
systam and for this purpose operated at a higher emission current,
it was connected to the system through a valve in order that it
could be Isolated to prevent re~emission of argon into the system
after completion of & pumping cycle.

A further set of experiments was designed to determine in what
part, or parts, of the system argen was being lost or "heldewp.”
This involved carefully cleaning and degreasing the system and then
rumning one sample of the potassiw-aluminum silicate In the normal
manner. When this semple had been counted It wes found that instesd
of the expected 3.55 x 10°7 5.7.0. cc/gm of argon=39, only 1.57 x
10*7 $.7.0. cc/gm was recovered. Argon carrier ges wes then added
to tha system and the liquid nitrogen on the U-tube watsr traps
removed for 15 to 20 minutes and then replaced. This was repested
several times snd then the argon moved to & counting tube and
counted.

The titanium sponge getter was heated end put through its
normal cycle with liquid nitrogen on the charcoal trap to adsorb the
argon., Carrier gas was added and the argon moved to a counting tube
and counted. The copper metal deposit on the walls of the quartz
semple tube resulting from the vaporizetion of the copper foll in
which the sample was wrapped wes hested to redness with a torch,
sgain with liquid nitrogen on the charcoal trap, carrier gas was
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added and the ges moved to & counting tube and counted. Following
the same procedure the copper oxide~siiver getter was heated and
cooled several times and the collscted gas counted. Also the
Bayard-Alpert geuge wes lagged with 2" glass woo! and degassed.
With this procedure the walls of the tube were baked for 2 hours
reaching & temperature of 450°C, The gas collected wes counted.
The equivalent amounts of gas recovered from each of these sections
sre shown In Teble 6. It may be seen from this table thet while by
far the largest amount of argon Is trapped by the freshly deposited
copper fiim, significant amounts are held by the titanium sponge
and by the Us-tube water traps.

in @ recent personal communication, Drs. Curtis and Evernden
of the University of California Geology Department reported that
they had switched to titanium metal foll as a gettering materia!
and that this material was spperently working satisfectorily with-
out the holdwup as found In this study. They also reported the use
of & ze0lite material as a water trap on thelr system, and while
they had not specifically examined the mass spectrometer beck-
ground for hydrogen (Indicating that weter wes passing through the
trep) this msterial wes not holding & significant smount of argon.

D. Corrected system
As a result of this Information and this series of experiments,
the system was redesigned and rebulit to eliminate the sbove sources
of error, as described In section 1), These changes, In brief,
Involved replacing the fresze-out traps with traps of moleculer
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sieve material, replacing the sample meliting section so thet a fresh
container and crucible were used for each determination. This, of
course, e¢liminated the use of copper foil. The mode of operation of
the getter was chenged so that the argon wes held on charcos! while
the getter cooled. This resuited in soms hydrogen being carried with
the argon to the geuge but chamical gettering with the filmment of
the geuge held at 1550°C. during transfer removed this hydrogen.
When thess changes had besn made the Bayard-Alpert gauge was
recal ibrated to give conversion from plate current to standard cec.
of argon In the gauge volume,

The callbration was performed by sesling & number of smell
bresk-off tubes containing known smounts of spectroscopsically pure
srgon to the system and releasing these to the gauge section. The
gauge plate current was then messured with an electrometer and 2
plot of gauge current vs. argon contained In this volume was made.
This calibration plot Is shown in Figure 13. When this calibretion
was conpleted & series of samples of mica and of the Palisades
disbase were run. These sawples were mixed with the artificial
potassium-asiuminm sillicate In the usual manner but sasples of this
material alone were run as & check of the complete recovery of
srgon-39 (end thus of argon-i0). The resuits of the serles are
shown In Table 7.

in the series shown in Table 7, two rather wide extremes are
represented: In one case & 2000 my old mica with S% potassium and
in ancther & 200 my disbase with approximately 0.5% potassium. In
both cases, sultsble sized samples had been chosen In order to give
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spproximately equal quantities of radiogenic argon-h0, lNoting that
the swount of argon-i0 to be expected must be » function of both the
age and the potassium concentration, It is thought that this leter
material constitutes the spproximete lower limit of this methed., An
sttempt to lower this limit would, at present, result in semples
that would be of an unmanagesbie size. Using smaller sizes would
result In plate currents which would be In the range of the inherent
electricel background of the messuring system and these could not be
measured with sufficlent sccurecy to be of practical use. The lower
limit of useful messurement of the gauge and geuge control s mow
spproximately 5 x 10”70 smps but It Is thought that the geuge
contro! might be reconstructed using components with the best
avallable electrical Insulstion, This should decrease the back-
ground nolse of the equipnent and would probably lower the useful
limit by one to two orders of magnltude.

Of course, ss mentioned, younger semples with higher potessiue
concentrations (by at least an order of magnitude larger) could be
successfully run at the present time. It was originally intended to
Investigate the possibliity of using this new method for the dating
of rocks and minerals in the age range which might be expected from
saples of various formations In the Hewallan iIsltands, but It Is
regretfully conciuded thet these meterials are below the useful
limit of the present equipment.

E. General discussion end remerks
in sddition to the points discussed sbove, thers are severs!
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aress of significance to the general field of the age detemmination
of young materfals for which these researches give some pertinent
informstion, and which might be consldered here. As wes shown In
the Introduction, perhaps the largest source of ervor and the most
troublesome problem to workers in this fleld Is the contamination
of radlogenic argon-k0 by asrgon-i0 from the stmosphers. Becsuss of
the inherent difficulty of measuring the very small argon-36 pesk in
the mass spectrometer and the very large sultiplication of this
error In the final correction for alr argon-h0 (le. by a factor of
spproximstely 300) It Is essential thet this alr contamination be
reduced as much as possible. It Is, however, also essential thet
in doing so, no radioganic argon-40 be lost since there Is no mesns
of correcting for this loss at present.

Thus most workers strive for some kind of & compromise to insure
that there Is no loss of radiogenic argon-k0 but sccept the srror
which necessarily results. It Is felt that this work clesrly shows
that the addition of argon-39 In the form of a solid materia! before
baking offers an effective means of correcting for the loss of radlo~
genic argon-h0 If a higher baking schedule Is used to lower the
contamination by alr srgon-h0,

Scheeffer, Stoeaner and Bassett(75) have suggested that glasses
or rocks with a glassy matrix might be materials particularly
sultable for the dating of young rocks. This suggestion wes based
on the results of dating of lavas of the Marysville, Utsh area.

They state, however, thet in a number of cases discordant ages were
obtained and suggest thet this might be due to devitrification of the
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glass. Most of the samples which were suspect were those in which
the glass was present in extremely fine particles.

As & result of the work reported here, it Is suggested that
while devitrification of the glass should certainly meke the
material unsultable for age work, & major concern should be
consideration of the possible thermal history of the glass. It is
shown In these diffusion studies that the diffusion coefficlent of
# glass may be many orders of megnitude larger than thet of the
crystalline material of the same general compeosition. For example,
the valus of D/a® for leucite at 310°C. found by Evernden et al. (53)
Is of the order of 10°'% while that of the glass of the same
conposition Is sround 10°6 at the same tesperature. The values of
0/6® ot room temperature for the glass investigated here s of the
order of 10°'5, This would Indicate that this materisl would be
sultable for study In very young rocks where the diffusion of argon
from the sanple due to time alone would be very smell. HNowever,
since the rate of diffusion of gas increases grestly with even o
slight slevation In temperature, one wuld have to be certsin that
the sample had not been heated for any appreciable time sbove
perhaps 50°C. Reynolds(57) in his work on glassy tektites has also
shown this, and the work of M. B. Reynolds(56), norton(76) end
others on rates of diffusion in glasses gives further substantiation,
in fact, It must be concluded that nothing found in this work
indicates that glasses are, per se, particulariy sultable materials
for age studies.

This work does clearly show that, in any isotope dilution
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method, where the diluting Isotope Is used to correct for losses of
argon In the purification system, It Is absolutely essential! that
the diluting Isotope be added at the earllest possible step In the
procedure since the various parts of the system may "hold-up" a
significant amount of the argon,

A fourth point relevant to the operation of mass spectrometers
is shown In the study of the Bayard-Alpert gauge. Since the source
region of a mass spectrometer tube Is essentially the same as an
ionization gauge, there seems to be no resson to belleve that the
spectrometer should not suffer from the same errors as the Beyard-
Alpert geuge with improper operation. In sddition, the possibliity
of mass discrimination Inherent in a mass spectrometer tube should
multiply these errors. It Is common practice to operste these tubes
at spproximetely the same emission currents (le. 3 to 10 ma) as
used In the Bayard-Alpert gauge. This should lead to the same
punping action and indeed, this effect has been noted. However,
this pumping Is commonly Ignored during Its early stages and
instead a series of mesasurements taken when the tube has "settled
down" (corresponding to the lowsr section of the curve In Figure 21)
and then the measurements extrapoleted back to zero time to glive the
Initial peak helght.

It has been shown In this work that the “settling down" Is
sctually an equllibrium between re-emitted gas from previous pumping
and present pumping action, and thus cannot be safely Ignored. It
should, however, be equally possible to reduce this pumping sction
by reducing the emission current. It appears that no work has been
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dons on the re~emission of gas from the walls of a spectrometer tube
and It Is suggested that the possiblility of error from this source
should be a sultable fleld for Investigation. This work points to
one method of reducing the effect.

in the past, work In the potassium-argon fleld has been concen~
trated on samples of older rocks and minerals where small errors
were not of grest Importance. Surely the tremendous potentialities
of this method for young rocks and minerals as shown by recent work
of Leskey, Evernden and Curtls(77) and by He Dougel (78) justity the
offort necessary to eliminate or reduce these sources of error,
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V. Summary

An Investigation has been made of a msthod for potass!um-argon
age determination utllizing Isotope dilution techniques. This
aspproach differs from the usual methods In that a mass spectrometer
would not be necessary for the determination. The diluting Isotope
Is introduced In a solld, artificlial mineral which can be Intimetely
mixed with the sample before extraction of the argon. These
srtificial minerals had been bombarded previously by neutrons to

produce argon-39 by the resction:
K39 (n, p) AF%9,

The extracted and purified argon Is messured In a cellbrated
volume with a Bayard-Alpert type ionization gauge and the proportion
of radicactive argon-39 determined by counting in an Internal«fil}
counting tubs., The results of these measurements are then used to
calculate the rediogenic argon=i0 present In the rock or mineral.

The determination of potassium In the rock Is necessary, and an
investigation of a technique sultable for minersls was undertaken and
perfected. From the dsta obtained from these measurements, the age
of the rock or mineral can be determined.

it was hoped that, by the use of this Isotoplc dilution method,
the problem of contamination of the radiogenic argon~h0 by air argon-
40 could be eliminated since the loosely held atmospheric argon
could be removed by baking the samples at & relatively high tempersture.
From the measurements made with the diluting Isotope (argon=39),
corrections could be made for the amount of radiogenic argon-40 lost
in the baking process. To mske these corrections, the diffusion
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constants for argon in the ertificlial winerals were determined.

Becaused of the great sensitivity of the radicactive technique it
was possible to do & critical svaluation of the method of ges extrace
tion and purification which is ususlly used in age determinstions, and
slso to investigate some of the srrors send limitations of pressure
measurements In static systems In the ultra~high vacuum renge (In“ -
16”2 Torr) with the use of & Bayard-Alpert geuge. Thus the smounts of
argon hald in sach part of the system were determined. It was found
that assusptions made by previous workers regarding the loss or trap~
ping of rare gases In the various parts of an ultra~high vecuum system
were not valld.

Also the usual method of operstion of a Bayard-Alpert geuge was
found to be completely unsatisfectory due to the pumping sction and
subsequent re-emission of the pumped gas. A method of operation which
would give more correct values of the true pressure was developed.
Based on the Information gained in these studies, & redesigned vacuum
system was bullt. This alliowed the determination of ages of old rocks
with an sccurscy equal to that of slower, more expensive conventionsl
methods. For young rocks and minerals, results show thet It is
possible to make setisfactory use of this procedure for semples of
ages of sbout 100 milllion years or perhaps even younger. For very
young rocks (circa. | milliion years) it is not thought thet this
wuld be » satisfectory replacement for the method using the mass
spectromster,

in addition, the results of this ressarch have the following
important inplications with regerd to the more sccurate operation of



nass spectrometers.

)

(2)

The technique of Isotope dilution with argon=39 would be
spplicable In mass spectromstry and has the adventage of
making possible independent check messurements.

The mechenisme of pumping and re~emission of gas found In the
Bayard-Alpert gsuge applles equally to the source region of
the mass spectrometer and techniques developed to minimize
this effect can be applied.
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Appendix | - Derivation of the age equation

Let:

A" = nusber of stoms of argon=40 (rediogenic) at time t.

K« number of atoms of potassium-b0 at time t.

K80 « nusber of stoms of potassium-i0 st time t = 0.

kj = decay constant for branch of potassium-40 decay scheme going to
argon-h0 by electron capture,

kg = decay constant for branch of potassium-40 decsy scheme going to
calcium=h0 by beta emission,

R = ratio of k; to ky

From the basic equation for radicsctive decay:

o
T -y e ) W0

'ﬁ"‘it*ﬁz)"

Which ylelds,
ke rk) e
Since,
at t = 0, K* = ¥
C--lnlzo

“in K3 « (k) + kg) ¢t = In K30
or K0 a0 ap < (i ¢ Kyt m

Also,

%ﬁ - k; K40 an)



sub. (1) Into (11) and,
A0 = iy K (onp = (k) + k) t) Gt
which ylelds

40
l .(‘v)(“h) (op - (k) + k) t) + €

- ‘?“1&) (axp = (ky + kp) t) ¢+ €
But the assumption is made that
att=0, Al =0
Therefore
¢=x¥ &

And

A0 o () (= ) (= (g @ k) ©) + K80 ol

Rearranging

4O
Ar = exp (k _k_;;t-l
(1&)&“ ;:ﬁzt

From equation (1)
KO = K axp (k) * Kp) ¢
Sub, Into (111) and,
Ar“-‘grl"" (exp (1 # R) (kgt) ) =1

Divide by KO and solve for t,

¢t e (l.;le[;‘;-* )]

Sub. values of ky and R as follows,
kg = 0.488 x 10%9
R= 0,123
rodi € 0.1825 1n ( 1+ 9.130 AONO ) x 10" my

(1)
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