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I ABSTRACT

The strontium method of messuring geological age, using
the redloactlive decay of rubidium 87 to strontium 87, has in
the pest been applied only to minersls of pegmatites, prin-
cipally leplidolite. Here, the possibility of using s common
rock-forming mineral has been investigsted. Biotite appesrs
to be the most sultsble mineral.

Techniques of spectrographic sanalysis have been devised
to messure the amounts of rubidium and strontium present in
blotites. An age was estimated for easch specimen, based
upon the geologlcal relationships of the source rock. The
tentetive age figure 1s combined with the measured contents
of rubidium snd strontium to calculate what proportion of

the strontium 1s likely to be rsdiogenic, using the formuls

% Sr 87# of total Sr = Age in years x .272 x % Rb x 1.175 x
10711 x %lS? x 100 %

To permit actual calculstion of the age of blotite, a
mass spectrometric asnslysis of the strontium isotopes is re-
quired. Present methods of mass spectrometry can determine

with satisfectory accurscy what percentage of the strontium



in a biotite 13 radlogenic 1f it 1s at least 1 % of the
total strontium. A tentative working basis for this in-
vestigation was therefore adopted, that biotites in which
more than 1 % of the total strontium 1s radiogenic are
suited for age measurements.

Thirteen of the 15 Precombrisn blotites tested sre
suitable, as are 5 out of the 7 Palaeozolc ones and 1 out
of the 16 iesozolc-and-younger ones.

One actuel asge determination hss been mede. The age
of a blotite from southeast .Lanitobs has bsen determined
as 1825 x 10% years * 400 x 10® years. This value agrees
in genersl magnitude with age determinstions msde by other
methods on materiasl from the seme sres.

The accurscy of the sge c¢slculation c¢an be improved
by measuring the strontium isotope ratlios in a minersl,
formed at the same time &s the tiotite, which has less ru-
bildium and more strontium. Flagloclase feldspsasr fits
these requlrements.

Generel deta on the distribution of rubidium, cesium,

lithium, strontlum, sodium, and potassium are included.
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I11 INTRCDUCTION

Up to this time the strontium method of age determin-
ation has been applled only to minerals of pegmatites. Used
thus, the method 1s seversly restricted because of the rela-
tive raerity of pegmetites. If s common rock-forming mineral
could be used a huge field of spplication would be opened
up, not only in dating the time of crystallization of innu-
merable intrusive bodies, but also in determining when some
types of metamorphlsm occurred.

It was thought thet, of sll the common minerals, bio-
tite would be most suitsble for sge measurements. The ob-
Ject of thls investipation was primarily to discover whether
biotite could be used successfully, asnd secondarlly to find
out whether any other rock-forming mineral, or the whole
rock rather than any fraction of 1t, was usable.

For such an investigation, accurate methods of deter-
mining rubidium and strontium are required. As no such
methods were avallsble which could be applied to biotite, 1t
was necessary to develop them. Moreover, it was desired to
use methods which would give values accurete enough to use
to calculste the age of the semples, As a result, consider-
able attentlion has been given here to snalytical techniques.

AltLough the main object of the study was investigation
of the posslbllity of using biotite for age work, observa-

tions were made also on the geochemistry of cesium and



lithium in biotite, because this rock mineral is the main

host, not only of rubidium, but slso of these other two rare

alkall metals.



Previous Work

Inveatigation of the posaibility of using the decay of
rubidium 87 to strontium 87 ss a measure of age started
about 15 years asgo (Goldschmidt, 6), (Hahn and Walling, 10).
The half-life of Rb 87 has been determined with fair pre-
cision, (Strassmann end %alling, 27, 6.3 x 1010 years)
(Bklund, 5, 5.81 x 1010 years), (Haxel, et al, 1%, 6.0 ¥
0.6 x 1010 yesrs) and for the calculations in this report
1s taken to be 5.9 x 1010 years. Age measurements on miner-
als from pogmatites have been made by seversl investigestors
(Ahrens, 2), (Hehn, ¥attsuch, and Rweld, 9), (Eklund, 5),
(Ishibashi and Ishihara, 15). The ages =0 determined sagree
in genersl magnitude with the genersl geologic ages and
with messurements mede by the lesd and helium methods.

No report of an attempt to employ blotite is known to

meé.



1V _.BACKGROUND

The bssls of the strontium method is the radiosctive
decay of rubldlum 87 to form atrontium 87. The radiogenic
strontium 1s lebelled Sr 87%, to avoid confusion with or-
dinary Sr 87, found in common strontium.

The radlosctive dlsintegration of sny radiosctive ele-

ment may be expressed as
x = Bo Q-At * 1] - » * . » - [ - . . » [ » . - - [ ] . (1)

where Ny 1s the number of atoms originally present, X\ 1is
the decay constant, and N 1s the number of atoms left after
the lapse of time t. Here, ¥ and Ny, refer to atoms of ru-
bidlum 87, The perlod of half-1ife 1s equal to 0.693 /X .

Ahrens (2) hes shown thet formula (1) may be simplified to
the form

: Sr 8‘7% }.‘ - [ 2 L ] - L 3 » - [ ] » L] - L] - [ ] L ] (2)
Age émr x5

The half-1ife of Rb 87 1s taken as 5.9 x 1010 years.
Rubidium 87 1s 27.2 % of total rubidium. Formula (2) may
therefore be restated in terms of meassurements which can be

made spectrographicslly, as follows

10 (3

= £ totel Sr x £ Sr 87# of total Sr x 572
Age % total Rb
The proportion of Sr 87 thet is resdlogenic csn be de-

termined by the use of s mass spectrometer. Total Sr and



total Rb cen be messured by optical spectrographic methods.
Two general methods of determining the value of the Sr: Rb
ratio can be followed.
l. Totel Rb end total Sr can be measured
seperately.
2. The raetio could be found directly by link-
ing the ratlc of the intensities of Rb
end Sr lines to the ratio of the concen~-
trations of those elements preszent in the
sample srced.

Method 1. was used 1n this investigation as 1t gives
measurements of the rubidium and strontlium contents of the
samples, which can be checked with other people's measure-
ments for similer material, snd which sre by themselves

data of general geochemicsl 1interest.

Selection of Most Suitable Minersl
Flve items which are important in judging the possi-
bility of using a given mineral are discussed below.

l. The concentration of totsl rubldium should
be falrly high, Rublidium is present in all minerals, but
in some 1s present in quantities that border on the detec-
tion limit. The higher the concentration of rubidium, the

greater is the accuracy of the measurement. The analyti-



cal procedure described in s later section messures the Rb
content in biotites in the range 0.03 - 0.30 £ Rbo0 with a
standard devietion of & - 6 %.

2., The concentration of totsl strontium must be
sufficlently large to permit accurate measurement. The
analytical method described lster measures the content of
total Sr in biotites in the range 0.005 - 0.030 ¥ Sr0 with
a standard deviation (or coefficient of varlation) of 2%.

3. For accurate mass spectrographic determina-
tion of the iasotope ratios of strontium, with the method
used by L. T. Aldrich at the Carnegle Institution, (Dept.
of Terrestrisl Magnetism), the smount of strontium in the
sample to be analysed should be about 1 % or more. Orig-
inal material 1ln which the Sr content is of the order of
0.01 % can be used as it is possible to concentrate the
strontium easily, by chemical means, by a factor of sbout
100.

4. If a sample contalns st least 1 ¥ total
strontium, and st lesst 1 £ of that is rsdlogenic, the
amount which 1s radiogenic cen be measured with suitable ac-
curacy. This requirement thet the rsdiogenic strontium be
a considerable proportion of the totel strontium imposes
certain limits upon which mineresls cen be used, and upon
the age range for which strontium-method sge determinations
are accurate enough to be significant. For the % Sr 87& to
be large, the # Rb and the age mast both be large, and the
% non-radiogenic Sr fairly low. The following tsble, and



Plate 1, show how much Sr 87# is produced from various amounts

of rubldium in various lengths of time.

Table 1
% 8r 87% Produced

Age in Years

% Rb 108 5 x 108 109 2 x 10°
0.01 0.000003 0.000016 0.00003 0.00006
0.05 0.000016 0.00008 0.00016 0.00032
0.10 0.000032 0.00016 0.0003 0.0006
0.50 0.00016 0.0008 0.0016 0.0032
1.00 0.00032 0.0016 0.0032 0.0064

A mineral of Precambrisan age, say 1 x 10° years, with
a Rb content of 0.10 %, will contain 0.0003 % Sr 87%, and
this will be a measurable amount (1 £) of the totsl stron-
tium only if the total Sr is less thsn 0.03 %. For younger
minerals, proportiocnally more Rb and less totsl Sr should
be present for the minersl to be suited for sge work.

The ratio of RbiSr is evidently eritical in jJudging
what materials can be used for age determinations. From
equation (3) can be derived an expression for the value of
this ratio which must be exceeded for the rsdiogenic stron-
tium to be over 1 ¥ of the totsl strontium;

% Sr 87# of total = 0,01 x % Sr total

Rb total 0.01 x 8.51 x 1010
Ratlo = é‘ﬁ?‘%di?f * 0.972 x hge.
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Plate 2 shows & plot of this ratio against age. Materials
plotted above the diagonal cut-off line are suited for use
in determining ages by the strontium method.

5. To facilitate chemical concentrstion of the
strontium it 1s desirsble that the minersl should contain
enough calcium to sct as & cerrier for all the strontium
present. In generel, 0.50 % Ca is sufficient. If the nat-
ural content of caleium be less than thils amount, some stron-
tium-free calcium could be added to the sample to assist in
the co-precipitation.
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GEOCHE¥ISTRY

The distribution of rubidium and strontium in rocks
and rock-forming minerals is described below, to show which
materials contain smounts of those elements which fit the

requirements stated in the foregoing section.

1. Notes on Geochemistry of Rubidium.

Rubidium does not form minerels of its own. As it has
& positive charge of 1 and an ionic rsdius of 1.49 A it
proxies for potassium (1 + , 1.33 A) with such ease that,
when minerels form, all the rubidium is taken up in potas-
slum-rich minersls., As potassium is the smaller ion of
the two it is accepted in preference to rubidium in strue-
tural sites of growing crystals, with the result that in
the minerals of one rock, rubidium is concentrated with re-
spect to potassium in the later-formed crystals. In spite
of these variastions within one rock, the retio of K: Rb is
approximately constant for the bulk composition of rocks
ranging from gsbbro to granite. Furthermore, ordinary pri-
mary pegmatites have s KiRb ratio a little lower than the
ratio in grenites. Only in small-volume residusls such as
eplites, granophyres, and the laste hydrothermal stage of
pegmatites does an enrichment of Rb with respect to K show
up in the bulk composition of the rock.+

# Dr. L. H. Ahrens, personal communication.
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Rubidium 1s therefore richer in K-bearing minersls
than in Na or Ca minerals. Leplidolite, hydrothermsl micro-
cline, and pollucite are especislly rich in rubidium. The
teble below shows typical rublidium anslyses of the common

rock-forming minersls and of seversl rocks.
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Table 2

Distribution of Rubidium : % Rb

Source
a b c
#hole rock 0.047 0.038 0.020 to 0.066
Blotite 0.132 0.081
Hornblende 0.039 0.024
Plagioclase 0.00569 0.0087
Potash Peldspar 0.061 0.068

a., St, Cloud granite, Sample #43
b. Quartz monzonite porphyry, Sample #42
c. Samples #35, 36, 37, 38.



Source
4.
Whole rock From not detectable up to 0.08,

most near 0.03.

Bilotite 0.04 to 0.25, most neer 0.15.
Hornblende Prom not detsctable up to 0.003.
Plagloclase 0.001 to 0.035, most nesr 0.015,
Potash Feldspar 0.006 to 0.20, most near 0.04.

d. Summary of Caledonisn plutonic rocks, (Nockolds snd
iitchell, 19) omitting ultra basics and aplites.

Minerals of FPegmatites

Lepldolite 1.0 to 3%

Biotite 0.306, 0.109, 0.137,
0.54%

Muscovite (#29) 0.081

Phlogopite (#18) 0.232

Hydrothermal #dicrocline 0.5 to 2.0

# Average Rb In pegmatite blotites (Stevens and Schaller,
26).

15
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2. Notes on Geochemistry of Strontium

Strontium (2 4+ , 1.27 A) has e distribution a little
different from thst of rubldium. Both metals have ionic
radii of about the same size, but the grester charge of
strontium causes it to follow the doubly charged, smaller
calcium ion (2 ¢+ , 1.06 A) rather than potesssium. As a
minor element, therefore, strontium is found in grestest
abundence in calcium-rich minerals. Being larger than csal-~
cium, 1t would be expected to concentrste with respect to
calcium in the later-formed minerals.

Because calcium tends to form minersls earlier than
does potassium, rubidlum and strontium tend to be separat-
ed during crystallizetion. Strontium does follow potassium
to a limited extent but, being more highly charged and s
little smaller, 1s concentrsted with respect to potessium
in esrly Ke-mlnerals whereas rubidium 1s concentrrted prefer-
entially in late K-minerals. This sepsrstion of the ele-
ments happens to be fortunate, for Rb-rich minersls tend to
be Sr-poor. The rediogenle contribution mey therefore be
a8 conslderable part of the totsl strontium, possibly enough
to be messured accurstely.

Some strontium esnalyses of rocks and minerals sre pre-

sented in the following table.
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Table 3

Distribution of 8r ¢ % Sr

Source
a b c
Whole rock 0.017 0.034
Blotite 0.0122 0.0209
Hornblende 0.001 0.001
FPlagloclase 0.034 0,034
Potashh Feldspar 0,034 0,034 0.081 to 0.13
a. 3t. Cloud granite, Sample #43
b. Quartz monzonlte porphyry, Sample #42

C.

Three granites from Colorsdo (Bray, 3)
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Source
o ] tr
#hole rock 0,003 most near 0.158 most near 0,008
to 0.02

Blotite most neasr 0.009

Hornblende most nesr 0,018

Plagloclase most nesr 0.3

Potash Feldspar most nesr 0.15

d. Semples #35, 38, 37, 38
6. Summary of Caledonian plutonic rocks (Nockolds and
Mitchell, 19), omitting ultrabesics and aplites.

f. Grsnites snd grenitic gnelsses from Finland (Sahama, 24)

Minerals of Pegmatites

Lepidolite extremely low

Biotite 0.0046 0.0079 0.0064 0.0145
Muscovite 0.0054 0.00558 0.00668 0.0098
Phlogopite 0.0105 less than 0.001B

g. Bray, 3

h. Koll, 20
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3, Preliminary Conclusions

Some differences exlst in the reported ranges of Rb
and Sr contents for the various minerals. Some of these
differences may be anslytical errors, others sre certein to
result from local peculisrities smong the rocks. Some gen-
eral conclusions may neverthelesa be drewn from the dats
in tsbles 1, 2, end 3.

1. Whole rocks: average Rb 0.04 %, average Sr
0.03 %. Only rocks of Precambrian mge would appear to con-
taln snough rediogenic strontium for it to be detectable
with present analytical methods. Precambrisn rocks rich
in rubidium and poor in strontium are most sultasble.

2. Hornblende: aversge Rb 0.01 % (7), saverage
8r 0,01 % (?). 1t seems that even the most ancient horn-
blendes are not suitable.

3. Plagloclase: average Rb 0.01 %, average Sr
0.03 %. Age work 1s not possible.

4. Potesh feldspar: average Rb 0.05 %, average
Sr 0.08 ¥. It is just possible thet some of the extremely
anclient potash feldspsrs might be used. Post-Csmbrisn
ones are not suitable.

5. Bilotite; average Rb 0.15 %, average Sr 0.0l
%« Almost all Precambrisn bilotites, 2nd many FPalseozoilc
ones, appesr to be sultsble for age measurements. Few

post-Palaeozolc blotites have the proper rstio of Rb 3 S3r.

These relsticnships sre shown 1n Plate 3 on s cut-off
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chart simller to that described before (Plate 2).

Fotash feldspar and biotite sre both potsssium-rich
minerals, and both are nsturel hosts for rubidium, contain-
ing conslderably more rubidlum than other minersls do.
rotash feldspar contains so much common strontium that the
proportion of radiogenlic strontium is very low. Strontium
replaces potasslum, as does rubidium, but more strontium
enters the feldspar structure thasn enters the mica struc-
ture.

usrtz generally has less than 0.0001 % of either ru-
bidium or strontium.

According to these presilminsry tests, biotite 1s the
moat suitable of all the common rock-forming minerals.

The table In section VIII, in a later section of this re-
port, gilves calculated proportions of radiogenic strontium
of total strontium for the full set of blotites, using age

flgures based upon geological dates.
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4. Stablility of Blotite

The use of blotite for ege messurements is besed upon
the postulates thet no rubidium or strontium has been lost
from the mineral by westhering, and that no interchange of
constituents hes taken plsce betwesn biotite and its neigh-
bours between the time of formetion of the mineral and the
tine of snalysis. Any loss or addition of rubldium or
gtrontium would change the retio of psarent to dsughter ele-
ment, and so invelldste any calculation of age.

Elotite is fortunately a reletively steble minerasl.
The relative resistances of minersls to westhering 1s sum-
marized in the followlng serles, ln which eech minersl 1s
less resistant than those below it. (Reiche, 23)

olivine

Calelc plagloclase
sugite

¢alci-alkelic plagloclase
hornblende alkalli-cslcic plagloclase
alksll plagioclase
BIOTITE
potash feldapar
mascovite
quartz
This cseries 1s similar to Bowen's reaction series.
Here, however, a mineral does not resct to form the one
next below 1t In the series; the minerals merely decompose
in the order glven.

Assuming that relstive persistence in sediments is

equivalent to relative resistence to westhering, Pettijohn

(21) ranks the common hesvy minerals in order of decreas-
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ing atabllity:

zircon

tourmsaline

monazite

garnet

BICTITE

apatite

ilmenite

magnetite

staurolite

kyanite

epldote

hornblende

andalusite

topaz

sphene

zoiaite

augite

8illimanite

hypersthene

diopside

actinolite

olivine.

From these series it 1s concluded thst biotite is rel-

atively resistant to breeskdown by weathering. Degenerative
changes can occur, however, and for this reason only rocks

that looked fresh were used as source specimens, and the
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biotite in each sample was exemined for signs of altera-
tion. 1If the chenges are minor in amount and are confined
to tiny apots inside the crystsls, no chenge in the bulk
composition of the biotite should occur.

The internal stabllity of rubidium snd strontium in
biotite seems to be similerly fevorsble. The ions sare
held in the structure by bonds thought to be predominantly
lonic. The daughter element, strontium, is not grestly
different 1n size or charge from the parent element, so
that no grest stress would develop in the structure by the

conversion of s minute fraction of one element into the

other.



25

5. Use of Secondary Bilotite

#here biotite has formed in a sediment or igneous rock
during anamorphic metemorphism, for exsmple, in the forma-
tion of one of the common quartz-bilotite gneisses, 1t is
necessary to consider the effect on the validity of stron-
tium age measurements of the Sr 87s that existed in the or-
iginal material. Naturally, Sr 87% would have been pro-
duced from the rubidium of the source material throughout
its exlstence, both as a sediment and in the rocks from
which the sediment was formed. Only a small fresction of
thlis radiogenic strontium follows the Rb into new biotite,
however, for it acts jJust like the other Sr 87 end other
Sr isotopes as the ions compete for sites in the growing
biotite structures. The situstion 1s therafore completely
analagous to that in e solidifying megma. Provided the
gnelss is anclent, the contribution of Sr 87#% by Rb will be
large enough to mske insignificant any excess percentage of

Sr 87 1n the blotite at its time of formation.
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A, Selection of Source Rocks

Igneous rocks were chosen as the source of biotite
because it 1s generelly possible to determine by geologlcal
relationships the time of formestion of the rocks wlith an
accuracy sufficlent for use in this investigstion. A
special effort was made to select specimens in which the
biotite eppesred to be primary and unsltered. Rocks in
which the blotite grains were st lesst 0.5 wmm. across were
preferred, for these glve, on crushing, a product in which
the grains are large enough for impurities in the bilotite
fraction to be seen and, if necesssry, removed by hand
picking.

Areas from which specimens were obtained are: British
Columbia, Manitoba, Nova Scotlia, Northwest Territories,
Ontario, Quebec, Alsska, Csallfornia, Colorsdo, Georgle,
Idaho, Maine, Massechusetts, ¥innesota, New Hampshire, New
Jersey, North Carolina, South Carolina, South Dakota,
Texas, Utah, Virginia, the Ursl M¥ountalns, snd Southern
Rhodesisa.

The tesble on the followlng page shows the number of
specimens of esch type of source rock, subdivided accord-
ing to age. Oranlites predominate in the collectlion because,
as granltes sre the most widely distributed bilotite-besring
rocks, the strontium method would have widest application

if granite blotltes prove suitsble for use.



Type
Granlte
Syenite
Intermediate
Baslic
Lamprophyres

Pegmatites

Table

Source R

4
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Kumber of S3pecimens

Precambrian Palseozole Post-Pslgeozoic
11 5 4
0 2 0
1 0 8
S 1 1
0 0 2
5 4 1
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B. Prepsration of Samples for Analysis
l. Seperation of Blotite snd Plaglocleae Feldspar
Esch rock sample wss split into fragments ebout one

ineh squere. Clean, unwesthered, un-stasined lumps were
crushed in a Dodge-type Jjaw crusher, the product belng fed
through repeatedly until it could sll go through a 6-mesh

" {screen. & Jones splitter wms used to divide the ssmple in-
to two fractions, one about eight times a3 big es the other.
From the lsrger fraction perticles between 60 snd 115 mesh
in size were screened out to form s feed for the Frang iso-
dynamic sepsrstor. Any magnetite in this fraction was tak-

-en out by a hand megnet as 1t would clog the sepsrstor if
not removed. An 1initisl sepsaration by the Franz machine,
producing one concentraste rich in biotite and other fer-
romagnéalan minerals, snd another concentrate of quartz and
the feldspars, could commonly be accomplished by using
these settings: slope to horizontal 20° - 30°, tilt 10°,
current 0.5 amps. HRelatively pure biotite could, for most
samples, be extracted from the blotite concentrate by run-
ning it through the machine repestedly with small veris-
tions in the current end the degree of tilt. Ko preciase
instructions can be glven, for esch rock presents unique
difficulties, snd the method which separstes biotite from
hornblende in one rock with perfect ease may prove totsally
ineffective when applied to snother.

In some rocks, plagioclase feldspar mey be separated
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from potash feldspar end quartz becsuse a amsll amount of
magnetite, sttached to the plagloclase, csuses the grains
to be slightly magnetic. A setting of slope 15%°, tilt 4°,
current 1 ampere is recommended for a firat attempt.

From some samples, the Frangz sepsrator did not give a
pure blotlte concentrate. A final purification msy be ef-
fected by sheking the impure concentrate on sn inclined
sheet of rough paper. Blotite cleavage flakes stick to the
paper while more rounded grains roll off.

The purity of esch final concentrate was estimated by
inspection with a powerful hend lens or binocculsr micro-
scope. Hand pleckling of stray grains of unwanted minersls
1s possible when the zrains sre of the slgze range -30 to
+ 115 mesh.

The finsl grinding of all samples was done in & motor-
driven agate mortar and pestle., One gram of blotite could
be reduced to a fine powder in about three hours in this
device. One grsm of plagloclase feldspar could be powder-

ed in about ons hour.

2. Samples of the Whole Rock

The amsller fraction from the Jones splitter, men-
tioned above, was crushed to -100 mesh in a hand mortar,
reduced by coning and quartering to about one grsm of ma-
terial, and was ground in the agate mortar to serve as a

semple of the whole rock.
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3. Sepsaration of ¥Pure Hinerals

#Where absolutely pure samples of the minerals in one
rock were required, the above techniques were not used.
Clesvage flskes were chlpped from large erystels of esch
of the types of feldspar, which were ldentified by their
twinning., Cleavage flskes of hornblende were picked by
hand from crushed rock, each flake being examined for pres-
ence of 60° cleavage and absence of adhering grains.

The biotite used for compsrison with the hornblende
and feldspsrs was the more impure materisl used for age

enalysias.

4. Technique for Sheet lics

Large sheets of mica asre difficult to powder by use
of mortars., Stiff slebs of clean mice were forced agsinst
a rotating drill bit mounted in sn ordinary drill press.
The powder &nd shreds were caught on clean paper and the
=100 mesh partlicles were screened out for further commi-
nution in the agate mortar. This is a guick method for

use where contsmination by the drill bit is not importsnt.

5. Possibility of Contamination by Crusher or Mortars

A notable feature of the strontium method 1s the lack
of importance of sny contamination of the sample by the
rock splitter, screens, trsys, jaw crusher, separstor, or

mortars. Any elements which might be introduced occur



naturally in the samples in considerable amount, and, in

any event, were not to be determined.
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C. Impurities in the Biotite Concentrate

Smell percentapes of Impurities sre present in most
of the blotite concentrates. OCenerally, a granite having
biotite &s 1ts only dark minerel yielded an almost pure
blotlite frection. Rocks having hornblende or augite as
well were apt to have up to 10 ¥ of cleavage flakes of
those minerals, plus a little feldspsr, in the concentrate.

These impuritles do not harm the validity of the age
messurements. Small percentages of rubldium sare present
in &ll minersls, so that eny one, or any comblnation, in-
cluding the whole rock itself, could be used for age meas~
urements 1f en analytical method of sufficlent precision
could be found. As bilotite has the lasrgesat percentage of
rubidium it 13 easlest to use., Inclusion of other miner-
als merely decreases the rubidium percentage a trifle.
Simlilarly for strontium: although amphiboles, pyroxenes,
snd plagloclase can contain s lerger smount of totasl stron-
tium then does biotite the excess of 3r 87 over the normal
7.02 % 1s still the 3Sr 874#, attributable to disintegration
of Rb 87. If the percentage of total 3Sr in the powder be
increased by the impurities in the concentrate, the per-
centage of Sr 87+# will be a little less, but not enough
less to decrease markedly the accurscy of the mass spectro-
meter measurements.

Naturally, the reported percentages of lithium, ru-

bidium and cesium refsr to the totsl concentrates, not to



the biotites alone.

Large smounts of calcium ¢cen cause ilnsccuracles in
the 1lithium determinations, but in most blotites the con-
tent of caleium 1s less than 1 or 2 €, too little to in-

terfers.
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Vi __ANALYTICAL PROCEDURES

s t— e b A

A. Rubldium Analysils
1. Appsaratus

The opticsl spectrograph used wes e Hilger prism
spectrograph, equipped with Iinterchangeable glase and
quartz prisms. The glass prism was used, glving a disper-
slon of approximately 30 A/mm at 7000 A. The wsvelength
‘range from 4900 A to 10,000 A can be recorded on one 10"
plate.

The fllm used wss Sestman Kodak type I-L, on glass,
messuring 4" x 10", and glving a satisfectory medium sen-
sitivity for wavelengths between 3000 and 10,000 A. The
film was developed 4% minutes at 18° C in Kodak D.19 de-
félopar, washed briefly, fixed in acid hypo for 10 minutes
after the plate clenred, and washed from 30 minutes to one
hour in moving wster. In hot westher the wash water was
cooled bLy 1ce'oubea to prevent the emulsion from peeling
off the glass.

The srcing was carrled out with anode excitation with
a direct current of 3 amperes. The line voltage was about
225 volts. A roteting step sector with adjacent steps in-
creasing the exposure by a factor of two was used to pro-
vide six steps, from 1/4 to 1/128 across a slit helght of
14 mm. The slit width wes kept constesnt at 0.025 wmm,

Plve spectra wers reccrdsd on esch plate. The sector ro-
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tated at well over 500 rpm., 8o that no intermittency ef-
fect enters.

Pure carbon electrodes 1/8" in diameter were used,
with a cavity drilled 1n one end 1/16" by 1/4". The sam-
ple powder was packed ln as tightly ss was possible with-
out bresking thie walls of the csvity. The blotite powder
was dlluted wlth two parts of Buresu of Standsrds "Albite".
Most analyses were run in triplicste. Where extra accura-
¢y was desired, for example with samples 50 and 60, sever-

8l extra arcings were made.

2, Rubldium Standards

Preliminary experiments carried out by analysts in
the Cabot leboratory under the direction of Dr. L. H.
Ahrens indicated that accuraste analyses for rubidium could
be made based upon the use of sodium as sn internal stand-
ard.

The normsl NagO econtent of blotites renges from 0.30
to 1.78 %, according to analyses culled from the litera-
ture (Heinrich. 14), (Noockolds, 18). Analyses in dupli-
cate of samples #1 - #16 by Geraldine Sulliven, uasing a
flame photometer, showed a variation from 0.23 to 1.35 %,
with most of the samples containing close to 0.80 % NagO.
3ee table 5, next page. The Naz(0 content of a random bilo-
tite could not be assumed to be this latter velue, how-

ever, without introducing an error of perhaps 50 %. To

N
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Table 5
MAJOR ALAMENT CONTENTS

Sample % Kg0 % Nag0
1 6.22 1.03
2 3.74 1.54
S 9.29 0.54
4 5.42 1.23
5 5,56 1.35
6 7.24 0.78
7 8.10 0.55
8 6.80 0.88
9 5.69 0.94

10 4.97 1.01
11 5.08 0.99
12 8.40 0.856
13 8435 0.77
14 B8.56 0.23
15 6.20 0.70
16 7.59 0.69

Esch analyaia is the average of duplicste flame photo-
meter measurements, performed by G. R. Sulliven of the A.P.I.

staff at M. I.T.



assure that all the samples contained essentlally the same
content of sodlun, two pesrts of a standsrd albite were
added to sach. Thils slbite contains 10.73 % NagC. Two
parts of 1t combined with one part of the biotite reduced
the posszible vsrlation in the Nag0 percentage in the di-
luted sample to the range 21.8 to 23.3 %£. The extreme er-
ror from the mean in asauming the sods content se invarl-
able is therefore ¥ 3.5 %,

The materlisl used =23 2 base for mixing stondards
should be as similsr 25 posslble to the material to be an-
alysed. Any difference in composition or structure is apt
to introduce considerable asystematic error. For this rea-
son & natural blotlts was selected as the base. Plve blo-
titeas, selected at rendom, were arced on one plate. The
one that seemed to contaln the lowest percentage of Rby0
was selected for use in the preparation of standarda. Sev-
eral grams of this blotite, #9, were mixed thoroushly with
two parts of the albite.

Although potsssium 1s an excellent internsl stsnderd
for rubidium, 1t was not used because the potassium con-
tent of blotites varies excessively. ELven 1f the bilotite
1s dlluted with two or three parts of potssh feldsper, the
potassiun content of the mixture is ton vsriesble.

The rubldium contents of a random group of biotites
were thought to range between 0.01 % Rbg0 and 0.50 % RboO.

A set of standsrds was plenned to cover this range for ru-
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bidium and for cesium end lithium, so that the amounts of
those elements might be determined as well.

A mixture was prepared as follows, esch welghling be-

ing within € 0.05 mg.

30.0 mg LigCOg
30.0 mg RbCL

Total: 90.0 mg of a 1:1:1 mixture.

Thls mixture was diluted with 180.0 mg of the standard
alblite, giving e 2:(1:1:1) mix., The 2:(1:1:1) mix was add-
ed to the biotite-albite bsse in amount sufficient to pro-
duce the first stendsrd, containing 0.50 % RbCl and equal
#'s of L1003 end C8C1lC4. Part of the new mixture was di-
luted with more of the biotlte-amlbite mix to give snother
stendard, containing 0.25 % of esch of the compounds men-
tioned. 3Similer dilutions were carried out to mske the
rest of a set of standserds containing 0,50, 0.25, 0.125,
0.0625, and 0.031 % of each compound.

The sdventage of this method of mixing stendards 1is
that smaller amounts of the base are needed, and the re-
sulting mixtures sre more sccurate, than hed each stand-
ard been mixed sepsrstely by weighing out tiny amounts of
RbCl, LigCOz, and CsCl04 to add individually to the base

material.

3. Selectlon of Analysis and Internsl Stsnderd Lines
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A psir of sensitive RD lines, et wavelengths 7800.2
and 7947.6 A were examined ss possible analysis lines.
Both sre atom llnes, with excitation potentlals of 1.6
volts.

Rb 7947 1s the weaker of the doublet and, for sll the
blotites arced 1in preliminary runs with albite, seemed to
have the most suiteble lntensity. With the selection of
steps avallable on stepped sectors the other line wss oc-
caslonally ton dense to be measured. MPurthermore, being
weaker, Rb 7947 should be less afflicted by self-absorp-
tion.

The sodium "D" doublet wss fer too dense to be meas-
urable, =zo Na 5682.7, the wesker component of a palr
Na 5682.7 and Na 5688.2 was used. This line is about 3.5
inches away from the rublidium line.

Cesium has a sensltive line at wavelength 8521.1 A,
about an inch away from the Rb line. With most blotites
this line 1s not dense enough to measure accurately, owing
to the dilution of the blotite with slbite. The cesium
snalyses given in the tables sre not particulsrly relisble.

L1 6103 was used for measurements of the lithium con-
tent of the samples. The caleium line 6102.7 cen csuse
Interference when the Ca percentsge is high, For most bilo-
tites the Ca content is less than 1 - 2 ¥ snd no interfer-
ence would be expected. In sll the biotite analyses, the

arc was cut off gs soon as all alkall metsals had been vol-
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atilized, and before the period of maximum emission of cal-
cium. In eddition, all lithium determinstions based on

Ll 6103 were checked by visusl compsrison with the spectra
of the standerds, using the strong line L1 6707 and the
very wesk one L1 8126,.5, both of which are free from inter-
ference. With some samples the lithium line was so weak
that lsrge background corrections had to be applied. The

measurements are not all particularly rellsble.

4, Purity of Resgents

The RbCl, CsCl04, LioCOz were "chemically pure" but
do contaln small smounts of impurities, none of which were
present in quentities sufficient to prohibit their use in
making up the set of standerds.

The albite used to dilute the biotite end provide ex-
cess sodium was tested for rubidium end was found to con-
taln~0.0012 & RbgO. This amount is insignificsnt compared
to the magnitude of the common rubidium percentage in bio-
tite. A small correctlion was mesde, however, by determining
the intensity ratio Rb 7947 : Na 5682 in pure albite and
subtracting this from the intensity rstios of those lines

in the standsrds, before constructing the working curve.

5. Self-sbsorption of the Analysis Line
It 1s seen by examination of the curve on platell that

self-absorption 1s present when the RboO content of the
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srced material (1 pert blotite plus 2 parts albite) is
0.06 % or grester. Host of the RbgD contents were found
to be less than 0,05 %, but a consldersble number ere

greater. These sre considered to be less accurate,

6. Volatilization

To investigste the behavior in the arc of the elements
to be messured a volatilization run was made, using biotite
#50 mixed ss ususl with two psrts of albite. The spectrum
is shown in plate 5. Totsl exposure time 1s sbout 1 minute
50 seoonds, the plaete being recked down 1 mm. per 2 seconds.
Practically all of the K, Na, Li, Rb, and Cs volatilize dur-
Ing the first stege. The exhsustion of these constituents
tekes place almost simultaneously and inatantsneously. The
analysis arcings were cut off immediately the alkalis had

volatilized, to stop background from building up.

7. Arelng in Triplicate
Plate 6 shows three spectra from Sample #50, slightly

enlarged.

8., Cesium Anslyses

The analyses for cesium were msde in three ways. For
all the blotites, cesium lines thet were dsrk enough to
glve reliable rerdings on the microphotometer were messured

by use of thet machine, and the contents of Csg0 determined
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by use of the cesium working curve. Percentages represent-
ed by lines too weak to messure were estimated by visual
comparison of those lines with stronger lines in other
spectra. Cesaium percentages in the mineral separstes and
in the granites were estimated by visual compsriason of the
spectra with triplicate spectra of the standard grenite,
which was tsken to contsin 0.000256 § Csg0.
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B. Strontium Analysis

1. Apparatus

The spectrograph used for rubidium messurements was
used slso for strontium, Class optics were used as before,
with the plate holder set to record the wavelengths from
4500 A to 8000 A. #lth this setting, the sensitive line
Sr 4607 is 1% inches from one end of the plate, and Rb 7947
1} inches from the other end. The spectra were recorded on
Esstman Kodak I-L plates, developed and fixed as before.

Anode excitation (6 amperes) was employed. Before
each arcing, the specimen was sintered for s few seconds at
3 amperes to prevent spurting-out of powder when the elec-
trodes were separasted. Line voltage was between 225 and
235 volts. A rotating step sector was set to give six
steps, recording 1/4 to 1/128 of the total emission across
e s8lit height of 10 mm. Slit width was kept constsnt at
spproximately 0.026 mm. Seven spectra could be recorded
on each plate. Numbering and identifying of lines follow-
ed the pattern established previously.

Pure carbon electrodes similar to those used in enaly-
ses of rubidium were used for the strontium semples.

The dispersion in the 4600 A region is about 7 A/mm.

2. Strontium Stendards
The technique used for rubidium could not be applied

to strontium because the albite which had served to improve



the arcing qualitlies of the blotite and reduce the varla-
tion in the soda content of the ssmples contalned more
strontiun than 1s usually pressnt in blotlte. Undiluted
blotite does not arc well; the silicete bead which forms
is apt to fly from the electrode cavity before arcing 1is
complete., 3ome diluting material was needed, and carbon
powder seemed to hold most promise. Not only 1= it ob-
tainable in a state of extreme purity, but in arcing 1t
tends to make the strontium and bsrium behave almilsrly
during volatillzation.

Numerous trlals were made, with vaerying smounts of
added carbon, #With all the mixtures, spurting of the pow-
der during some stage of the arcing caused loss of mater-
1al. To drive off the waster thought to be responsible for
this spurting, samples weres hented to a bright red heat
for varying lengths of time. It was found thast three min-
utes of hesting to 750 - 800° C in a muffle furnsce wes
sufficient to produce a mixture thst arced well. Although
a little powder waas lost in almost every arcing, this loss
ocourred just ss the electrodes were separsted and before
the slit was opened. No preferentlal loss of sny consti-
tuent occurred, merely a slight decrease in the totsal
amount left to be arced. After the initlal loss the ssam-
ples burned smoothly, without appreciable waendering of the
arc.

Volatlilization tests, one of which 1s 1llustrated in



48

plate 7, showed that the strontlium and barium volatilize
almost slmultsneously, and thet a cut-off after 17 or 18
seconds of arcing at & anperes would separate the 3r and
Ba lines from the background thst would bulld up on the
plate In a longer exposure.

Prelliminary arcings led to a suspleion that the SrO
added to the biotlte to form a set of stendards volatll-
ized in a flash, separstely from 3r held stracturally with-
in the blotite. A test of one standerd, simlilar to the
teat described above, showed that thls does not happen,
but that lnstead the strontlium ocomes off very stesdlly.
The working curve should therefore be valld.

Dr. Ahrens suggested that, as the spectrum from a
single arcing was weak, spectra of two samples of each un-
known be superimposed. This was done. The resulting
spectra are almost ldesl with respect to denslity of lines
and lack of background.

Plate 8 shows tripllicate spectra for Sample #6 with
carbon snd barium sulphate. The lO-inch plate 1s long
enough to record the barium line 7780.4 end the rublidium
line 7947 as well as the strontium and barium lines. The
possible use of the hlgh-wavelength barium line to act as
a "bridge” between Sr 4807 and Rb 7947 is discussed under

"Recommendations for Purther Resesrch.”

3., Use of bsrium 8. an Internal Stsndard



Volstilization Test, Strontium Analysis

Sample #50 with Carbon end BaSO4

49

- START

— END OF
ARCING

PLATE



50

4554 4607 4726

':‘W | % |18

'
e

rﬂr LR THW*‘ ‘[ 11l e

Ba Rb
T80 7947

Iriplicate Arcing of Sample #6

with Cerbon and BaSQy4

PLATE



61

Several chsrecteristics of berium meke 1t especlally
useful as an internsl stenderd for messuring the strontium
content of blotite. When carbon powder is added to the
sample, the elements volatilize tomether. Barium lines of
appropriste sensitivity occur in the region of the Sr sensi-
tive line. A barium salt can be obtained in s high stete
of purity. One barium line was found, close to Sr 4607,
that did not appesr in the spectrum of any one of six blo-
tites asrced in the preliminsry tests, When 2 - 3 % BaSO4
is added to the semple this line sppesrs in the spectrum,
almoat equel in intensity to Sr 4607.

The barium content of biotites 1s low, renging between
0.1 £ and 0.8 % according to date published by Nockolds and
Mitchell (19); the mean is close to 0.3 % Ba. For analysis
arcings, all samples were mixed with two parts of pure car-
bon powder that carried 3 % BaSO4. This procedure intro-
duced an excess of barium, reducing the probasble rsnge of
Ba content in the arced mixture to between 2.1 % snd 2.5 %.
This varistion 1s negligible.

The internal standerd line, Ba 4726 is 1} inches away
from the analysis line Sr 4607.331.

Sr 4607 wes chosen as snalysis line because it is the
most sensitive strontium line. No interfering lines are
strong enough in blotite to casuse trouble.

A set of strontium atandards was prepared. FPure car-

bon was mixed thoroughly with 3 & of its weight of pure
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barium sulphate, Hsalf a gram of Sample #50 was mixed with
enough Sr0 to give a mixture carrying 5 % Sr0, and part of
this was diluted with enough Sample #50 to reduce the Sr0
content to 0.050 %. Successive further dilutions gave suc-
ceedingly lower 3r0 contents for the mixtures. The finsl
products were:

1. Pure Sample 50, which is pure biotite.

2. Sample 50 + 0.0006 % Sro

3. " " + 0.001 % 8ro
4. " " 4 0,002 % Sro
5. " " 4+ 0,008 % Sro
8. " " ¢+ 0.00 % 5roO
7. " " + 0,020 % 8ro

8. " “ 4+ 0.050 % 8ro
Each standard wss mixed with two parts of the csrbon
which contained 3 % BaS04.
The percentage of Sr0 originelly in the pure biotite

#50 was determined by the "addition" method described under
"#ethods of Calculation."

4. Reproducibllity

Calculations besed on seven double arcings of Sample
#50 show thet the coefficlent of varistion in any one
double srcing is sbout 3 %. The coefficient for the aver-
age of three such arcings is 2/,/3 or epproximately 2 %.
This 1s extremely good reproducibility, about as high as



can ever be obtalned using s D. C. arc. Two contributing
factors sre: the excellent internnrl stsndsrdlzation of
strontiwa provided by berium, snd the smooth burning qual-
itlee of the mixture. The actual agreement between the
three snalyses of esch semple was found to be excellent

for most semples.

5. Purlty of Heszents

All Ingredlents used In makling up the standerds were
tested for purity. Sr0 mixed with pure carbon, BaS04 with
carbon, pure 3rQ0, pure Ea304, and mixtures with blotite
were arced repeatedly to determine what eflect one consti-
tuent had on lines of another.

The Ba304 was prepared in a state of extreme purlty
by Dr. L. H., Alirens, by precipiteting it from a solution
of BaCly with sulphuric scid. The barlum chloride was ob-
talned from Johnson-%athey, Londen, and 1is certified aspec-
trographlcally pure. The spectrum obtsined by arcing un-
diluted BaSO4 doos not ilnclude S3r 4607, and ss s result,
no contribution to the density of the analysis line could
be aade by impurity in the sdded barium sulphsate.

The spectra of the Sr0 contains the barium lines 4554
and 4934, but none of the wesker lines. The two mentioned
are sensltive lines, much more so than the internsl stsnd-
ard line 4726. The minute esmount of Sr{ added in prepar-

ing standards couald not therefore contritute to the denslty
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of Ba 4726.
Carbon powder to dilute the bilotite was made from car-
bon rods of the highest avallable purity, the same type

used as electrodes.

6. Self-sbsorption of the Analysis Line

The curvature of the upper portion of the Sr0 working
curve shows that self-absorption of the anslysis line
starts to take place st a Sr0 concentration 0.020 % end in-
creases strongly as the 3r0 content goes up to 0.05 %. The
curve is not considered valid outside of the limits 0.005 %
Sr0 to 0.03 % SrO as self-sbsorption 18 apt to occur errat-
ically sbove the upper limit stated.

7. Technique for Materials other than Blotite

The sensitive line Sr 4607 is extremely dense in the
spectra of sll the whole rocks. Fortunately, the weaker
Sr line 4832.1 1s recorded on the plates, so that estima-
tion of the SrQ content by comparison with the SrO-rich
standsrds (0.02 - 0.1 %) could be checked with reasonsable
accuracy.

The rocks and minerals were srced without dilution in
the stsndard type of pure carbon electrodes,

Estimsetion of 3r0 contents of the minerals was done
visually, by comparison of line densities with five spectra

of the (-1 stendard grenite, essumed to have an SrO content
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of 0.02 %. As the line Sr 4607 is too dense for accurate
measurement where the SrC content is that high, all the re-

corded values were checked by comparison of Sr 4832.
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C. Methods of Calculation

A Hilger non-recording microphotometer was used to
measure the relative densitles of the snslysis line and
internsl standerd line for Sr measurements. A Jarrel-Ash
microphotometer was used for the Rb, L1, and Cs measure-
ments.

The line densitles were recorded for one, two, or
three steps of the spectrogram, &s many steps as possible
belng resd for eech line. Each density was divided into
the density reading for the clesr plate, snd the result-
ing figure was plotted on s vertical logarithmic scale
ageinat the steps on a linesr horizontal scsle., The in-
tensities of lines can be compared by meesuring either the
sepsretion of the lines horizontelly, or by messuring esch
line on a reversed logarithmic scele at sny convenient
level. Plate 9 will mske theae operstions clerr.

The percentsge of esch constituent in the base and in
each of' the stendards wes determined by meking "Addition
Plots." The intensity rstio of anslysis line to standard
line in esach mixture was plotted sgainst amount added.
Projection of the curve through the resulting points to the
limit where the Intensity ratio was zero gave an intercept
on the base line which was a measure of the content of the
element concerned in the pure blotite.

A new curve was then plotted, using the ssme intensity

ratio, but with the totsl content of esch element being
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used instead of just the amount sdded. A conversion factor
was applied to change the percentsge present from terms of
the chloride, carbonate, and perchlorate to the reapective
oxldes. The resulting curves were "Working Curves." Plates
10 - 17 are the "Additlion Plots" and "%orking Curves® for
Rb20, 3r0, Csg0, and LigO.

In analyses of unknowns, the intensity ratics for
Sr/Ba, Rb/Na, Cs/Na, snd L1/Na were taken to the respective
working curves snd % RbgO, % Sr0O, % Csg0, and % LigO were
read off the horizontel scale in each case. For Rb20, Cs20,
and Lig0, the resulting messurements had to be multiplied
by three to give the percentage of each constituent in the
blotlite, as the curve records the percentage in the 2:1

mixture with albite.
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D. Chemical Concentration of Strontium

The richer the sample 1s in strontium, the more sc-
curately csn the lsotope ratlos be messured. The totel
strontium content of blotites 1s sbout 0.01 %, = concentra-
tion which is too low for mass spectrometric snelysis. The
method outlined briefly below concentrstes this strontium
by a factor of about 100.

The method makes use of the selective thermal decompo-
sltion of perchlorates. The sample is fumed with H F (to
remove silica) and HC1lO4 and the residue 1s ignited and
leached with water. Iron and aluminum are removed, and a
final concentrate of calclum and the alksll metals 1s ob-
tained, from which calcium oxalate is precipitested. The
precipitate carrles down the strontium oxalste as well.

The mixture of oxalastes 1s ipgnited to convert it to a mix-
ture of oxides which is suitsble for mass spectrometric
analysis.#

The final precipitete can be used most easily as the
carbonate or sulphate, or any compound which will decompose
at arc temperature to an oxide. Chlorides cannot be used,
for Rb Cl and SrClg volatilize simultsneocusly. Since both
Sp 87 end Rb 87 have the ssme mass they will react the same
in producing a reading in the mess spectrometer, end any Rb
in the sample will incresse the Sr 87 percentsge. If
chlorides are not used the Rb volatlilizes st a different

time thsn the 5r, so the two can be separated.

#Informstion supplied by Dr. L., H. Ahrens.



VII AWALYTICAL RRYULTS

A, Tables of Analyses and Descriptions of Samples

Table 6 glves Sr0 and Rbo0 anmlyses for samples #1 -
#60. For esch sample, the three individusl snalyses are
given, as well as the mean. Individusl analyses for S5r0
vary less from the mesn than do Rby0 analyses, reflecting
the difference in the coefflcients of varistion of the
two methods: & - 6 % for RboO and 2 % for SrO. Descrip-
tions of the semples are siven in table 7. Explanstion

of the symbols # end ##% 1s provided st the end of tsable
10.
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Table 6

MINOR ELEMENT CONTENTS

% Rbg0 % Sro

| Semple Triplicstes Average Triplicates  Averasage
1 0.0b4 0.01356
0.04% 0.0136

0.043 0.047 0.0138 0.0138
2 0.041 0.0144
0.041 0.0153

0.034 0.039 0.0158 0.0182
3 0.173 0.0104
0.1563 0.009%

0.153 0.160 0.0095 0.0099
4 0.173 0.0133
0.126 0.0127

0.082 0.127 0.0127 0.0129
) 0.032 0.0168
0.043 0.0163

0.036 0.037 0.0152 0.0161
6 0.17 0.0121
0.15 0.0118

0.13 0.156 0.0117 0.0119
7 0.060 0.0107
0.084 0.0102

0.084 0.078 0.0103 0.0104
a 0.17 0.0074
0.16 0.0075

0.19 0.17 0.0070 0.0073
9 0.0142
0.0143

Standard 0.039 0.0147 0.0144
10 O.144 0.0096
0.132 0.009%

0.108 0.128 0.0100 0.0097
11 0.144 0.00656
0.135 0.0087

0.144 0.141 0.0087 0.0063
12 0.080 0.0167
0.087 0.0172

0.100 0.089 0.0165 0.01656
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Rbgo0 Sr0
Sample Triplicates Average Triplicates Average
13 0.054
0.063
0.067 0.061 >0.1 >0.1
14 0.23 0.0061
0.23 0.0067
0.21 0.22 0.0065 0.0064
1% 0,056 0.0172
' 0.044 0.015656
0.041 0.047 0.01560 0.01569
16 O.11 0.01583
0.12 0.0143
0.12 0.118 0.0157 0.0151
17 0.44 0.0048
0.28 0.0087
0.28 0.33 0.0087 0.0054
18 0.24 0.0124
Q.26 0.0123
0.26 0.285 0.0126 0.0124
19 0.137 0.0147
0.163 0.0142
0.143 0.144 0.0142 0.0144
20 0.14 0.0093
0.11 0.0091
0.11 0.12 0.0096 0.0093
2l 0.256 0.0079
0.28 0.0081
0.27 0.265 0.0078 0.0079
22 0.17 0.0078
0.15 0.0080
0.16 0.150 0.0072 0.0075
23 0.068 0.0128
0.078 0.0130
0.077 0.074 0.0128 0.0129
24 0.135 0.0172
0.117 0.0173
O.128 0.12¢ 0.0167 0.0171
25 0.064 0.0315
0.068 0.0335

0.064 0.062 0.0356 0.0338
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Rbo0 Sr0
Ssmple Triplicates Average Triplicates Average
26 0.28 0.0087
0.23 0.0066
0.24 0.25 0.0070 0.0068
27 0.192 0.0082
0.180 0.0084
0.193 0.188 0.0081 0.0082
28 0.0087
Off curve, 0.0066
Lstimated 2.1 0.0065 0.0066
29 0.0855 0.0084
0,102 0.0062
0.078 0.089 0.0068 0.0064
30 0.082 0.0112
0.076 0.0100
0.074 0.077 0.0107 0.0106
31 0.074 0.0086
0.08"7 0.0089
0.068 0.070 0.0089 0.0088
32 0.054 0.0118
0.068 0.0118
0.088 0.0569 0.0123 0.0120
33 0.044 0.0142
0.040 0.0150
0.055 0.048 0.0156 0.0149
34 0.153 0.0103
0.112 0.0103
0.118 0.128 0.0098 0.0102
35 ‘ LA 0.022 # ~ 0.018
36 i 0.061 *® ~0.003
37 2 2 0.072 ® ~0.02
a8 Wit 0.080 #* ~0.018
39 0.138 0.0163
0.120 0.0162
0.133 0.130 0.0157 0.0161
40 0.060 0.0102
0.043 0.0108

0.047 0.047 0.0108 0.0106



sze 8rC
Sample Triplicstes Aversage Triplicetes Average

41 0.090 0.0260

0.094 0.0245

0.078 0.088 0.0246 0.0247
42 L a2 0.042 ) ~ 0,04
43 HHB 0.081 # ~0.02
44 B 0.028 % ~0.002
45 RS 0.0073% & ~0.04
48 ok 0.0786 % ~0,04
47 * 00 055 * ~; Oa 001
48 e 0.087 % ~0.04
49 FTee 0.0064 @ ~0.04
50 0.055H

0.05662

0.0628

0.08630 Standsrd by

0.0681 addition

0.0609 0.0693 method 0.00856
51 0.091 0.0098

0.094 0.0102

0.071 0.0856 0.0102 0.0101
52 0.001 0.0074

0.089 0.0080

0,089 0.090 0.0075 0.0078
b3 0.111 0.0063

0.119 0.0068

0.108 0.113 0.00656 0.0064
54 0.0867 0.0094

0.088 0.0083

0.072 0.0087

0.075 0.075 0.0091
55 0.080 00,0078

0.0e8 0.0077

0.088 0.0083

0.071 0.077 0.0080



Rb,0 Sro

Sample Triplicates Average Triplicetes Average
5o 0,088 0,0087
0.091 0.0098
0.088 0.0083

0.085 0.088 0.0073
Y 0.119 0.0081
0.099 0.0079
0.114 0.0084

0.108 0.110 0.0081
68 0.082 0.00986
0.075 0.0107
0.078 00,0101

0.078 0.078 0.0101
b9 0.139 0.0037
0.185 0.0042
G.170 0.0036

0.138 0.168 0.0038
60 0.067 0.0023
0.071 0.0037
0.084 0.0036
0.071 0.0035

0.072 0.073 0.0043 0.0036

Stendard

Granite G-1 0.061 0.02
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Table 7
Desoriptions of Samples

1. Grenite from Roblllard township, on boundary be-
tween lots 10 and 11, Temiskaming district, Onterio. Age:
Early Archean. Donsted by %. Johnston.

2. Diabase dlke from ¥edford, Massachusetts. Age:
Thought to be Triassic, for it cuts sediments commonly
classed as Carboniferous. Biotite fraction contains 10 %
of other ferromasgnesisn minersals.

3. Qranite from lot 13, concesaion IV, Bastedo town-
ship, Nipissing district, Ontario. Age: Lste Archesn,
probably neer 800 million years.

4., Creighton granlte, Jjust south of Creighton,
Onterio. Age: Probsbly pre-Killsrney, and therefore near
800 million yesrs.

5. Sslem gabbro-dlorite from Arlington, Massschu-
setts. Age: Post-Cambrisn and pre-late Devonian, prob-
ably esrly Devonian. Biotite fraction contains 10 % of
other ferromagnesisn minersls.

6. Granite from the House Mountain range, west cen-
tral Utah. Age: Laramide, between Cretaceous and esrly
Tertiary. Donated by 4. L. Jensen.

7. Granite from Lske Tahoe, California. Age: Cre-
taceous.

8. Ollverlan syenite. A series of domes of this

rock outerop along & belt running from New Hampshire to



75

southern Connecticut. Age: Probably lete Devonian.

9. Granite from Charlton Road, 1/8 mile esst of Tam-
rack Creek, Trusx township, Temisksming district, Ontario.
Age: Early Archean.

10. Richerdson Island grsnite from Contact Lske,
south of Grest Slave Lske, N. W, T., Canada. Age: Mlddle
Precambrian; rock intrudes Echo Bay complex and Snare
River complex. BEiotite frsction contsins 6 ¥ quertz and
feldspar.

11. Conway granite, a sub-alksline type which 1s
thought to be Mississipplsn in age ss 1t is post-Acedlan
Revolution and 1s overlaln by Pennsylvsesniasn rocks. Blo-
tite fraction contains 5 % feldapar.

12. Mount Alry granite, from North Carolina. Age:
Possibly Precambrisn. Blotite fraction contsins 2 %
feldspar.

13. Minette from Los Animas county, Colorasdo. Age:
Early Tertlsry. Bilotite fraction contains about 1 % of
impurities, mainly feldspar.

14, Platte Canyon granite from Colorsdo. Age: Pre-
sumably early Precambrian. Biotite fraction contains 1 ¥
feldspar.

15. Syenite from Salen Willows, Massachusetts. The
rock ls consliderably altered. Age: As this 1s Beverly
asyenite, psrt of White Mountain Magms Series, the age is

considered to be Misslssippien. Blotite fraction contains
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5 % feldspar.

16. Granite, 14 miles south of Marten River. Sisk
township, Niplssing district, Ontario. Age: Lste Archean.

17. Pegmatite from Topsham, Meine. Age: Late
Palseozolc. The sample consists of pure sheet blotite. ¥No
fmpurities. Lepidolite sge by Sr method is 200 x 10% years.
Other methods suggest sge ls slightly more, between 200 and
300 million yesrs.

18. Phlogopite from pegmatite from Hadderspell town-
ship, Quebec. Age: Believed to be Grenville. Fo impuri-
ties.

19, @ranite from St. Cloud, ¥innesota. Ages FPre-
cambrian, posslibly very old, somewhere between 500 - 2000
"million. Blotite frsction conteinas 5 % feldspsr and 5 ¥
hornblende.

20. Blotite from ilesk, Ural Mountains. Apparently
from pegmatite. Age: FPossibly 270 - 300 million years.

Fo impurities.

21. Pscolet grenite from South Carolina. Age: Late
Palseozoic or Precambrian. Biotite frectlon contsins 1 %
feldspur.

22. Pegmatite from Ruggles quarry, Grafton, New Hamp-
shire. The sample conslisted of coarse crystals of blotite
and muscovlite. No. 22 1s pure blotite. No. 29 1s pure
muscovite. Age by leed method: 280 milllion years.

23. Aberdeen granite from Qunnison county, Colorado.
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Age: Precambrien, Bilotlte fraction contains 3 % quarts
and feldspar.

24. Pegmatite from Blsck Hills, 3outh Dakota. Age:
Precembrian, Biotlite fraction contains 1 # limonite, 1 %
feldspar. Strontium eges from lepidolite from this area
range from 800 - 1500 million yesrs.

25. Camptonite from Franklin Purnace, New Jersey.
Ages Not known; may be Triassic or Precsmbrian. Blotite
fraction contains 6 % ferromagnesian minerals.

26. Stone Mdountalin gr=nite, from Georgla. Age: Dis-
puted, but possibly late Palaseozolc. Bilotite fraction con-
talns 1 % nmuscovite, 1 % feldspar.

27. Llano granite, from Llano uplift, Texas. Age:
Precrmbriasn. Two measurements by hellum and lead methods
give 1050 million years.

28, Siderophyllite from an unusual pegmatite on
Brooks HMountsain, alaska. Siderophyliite is a brittle,
dark green mica in which the FeQ content 1s sbout 30 &,
&ith almost no magnesias present., Ares is on Sewsrd Penin-
sula, in the centrsal part of the York “ountsins. The peg-
matite 13 a 8111 associsted with a stock of coarse-
grained porphyritic alaskite asbout two miles in diameter,
Heference: Coats and Fahey, American ¥lnerslogist, Vol.
248, ppe. 3735 - 377. Age: Creotsceous.

29, Fegmatitle mascovite. Jee Ko. 22.

30. Beerbachlte, o fine-grained gabbro from Sudbury,
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Ontarlo. The blotlte seems to be concentrated neesr pyr-
rhotite in this rock. Age: Precambrien.

31l. Q{ranodiorite from arer between Hollyburn rldge
and Burrard Inlet, north of Vsancouver, British Columbia.
age: Hot known exsnctly; rock is psrt of Cosst Range bath-
olithic complex usually referre? tn late Jurassic - Cre-
taceous. Bilotite fraction contalns 1 % feldspar, 1 % horn-
blende.

32, Dytownlte gabbro from Duluth, Minnesota, part of
Duluth gabbro. Age: Precambrisn, possibly Keweenawan.
Biotite fractlon contains 1 % feldspsr and 3 % pyroxene.

33. Ollvine gabbro from Iron Mountain, nesr Cripple
Creek, Colorado. Sample contalns 5 % pyroxene, 5 % olivine.
Age: Posslbly Algonklan.

34. Blotite from Ridgeway, Virginie. Donated by W.

T. Schaller. The blotite is in the country rock at s con-
tact w»lth a pegmatite. Age: Precsmbrisn (7).

35. Wwhole rock sample from rock described under No. 1.

36. Yhole rock samnple from rock described under Fo. 11.

37. ‘Whole rock ssrple from rock described under No. 26.

38. #hole rock sample from rock described under ¥o. 27.

39. Honzonite from Ymir, British Columbis. Age:
Presumably Laramide. Sample contsins 10 ¥ chlorite.

40. Quartz dlorite from slong Capilano river, north
of inteke, nesr Vancouver, British Columbia. Part of Coast

Range batholithic complex. Age: Late Jurassic to Creta-
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ceous.

41, Quartz monzonite porphyry from Cheaffee county,
Colorado. Age: 1If late intrusive, nesr 60 mlllion yesrs;
posslibly Precambrlan and therefore nesr 800 million yeers.

42. Whole rock sample of rock described under No. 41.

435. #Whole rock sample of rock described under ¥Wo. 19.

44. Hornblende from rock described under No. 41.

45. Plagloclase feldspar from rock described under
¥o. 41.

46, Potash feldsper from rock described under Fo, 41.

47. Hornblende from rock described under No. 19.

48, Potash feldspsr from rock described under No. 19.

49, FPlsgioclase feldsnsr from rock described under
No. 19,

50. Elotite from grenite boulders enclosed in the
sediments of the Rice Lake 3Jerles, southern Manlitoba. The
Rice Lake sedlments sre thought to be the oldest Precamb-
-risn sedlments of that part of the shield ares. Pegms-
tites bearing lepldolite assoclated with a lster granite
which intrudes the Rlce lLake 3eries give strontiuwn ages
nesr 2200 x 10% years. Aget Probably a little more thsn
2000 milllion yesrs., Impuritles in blotite fraction: none.

51, Hornblende gnelss from Grondines *ap-area, Gren-
ville subprovince, Quebec. Age: In dispute, presumed to
be early Archesn. DBlotite fractlon contains 5 ¥ hornblende.

52. Pegmatlte close to Yo. 51. Age: Presumably esar-
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ly Archean. The bilotite 1s slightly altered to sericite,
etc.

53. (Granite from Nova Seotla., ¥Wo. 1712 A in Yellum-
Age Hecord system. Age: Late Devonliasn. FElotlte fraction
containz 3 % chlorite, quartz, feldspar.

54. Palisede grenite near Vancouver, British Columbia.
Age: Fresumed to be lazte Jursassic to Cretrceous. Plotite
fraction contains 10 ¥ feldspsr, hornblende, Composite of
samples ROOC, 73C, 70C, 185a.

56, Dark granodlorite from Idasho batholith. Age:
Cretaceous., Less than 1 % impurities.

56, dedlum granodlorite from Idsho bsthollth. Age:
sratsceous., Less than 1 % impuritiles.

87. Little Cottonwood Stock, Utah. Age: Tertlary.
Pure biotlte. |

58, @Quartz monzonlte from Idsho batholith., Age:s
Cretaceous, Pure blotlte.

59, QOranite of 3outh Celifornis bathollth. Age:
#1ddle Cretsceous. DBlotits fraction 1s 98 ¥ greenlish mica,
2 4 brown mlca.

80, Pegmatitic blotite from 3Southern Rhodesia.
Strontium gge measurements on lepldolite from thils ares

give flgures around 2000 million yesrs.
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B. Discuassion of Rbg Anslyses of Table &

The range of Rbg0 content in 20 blotites from gran-
ites 1s 0.039 - 0.2556 %. Seven lie between 0.039 and
0.10 %, 6 between 0.10 and 0.15 %, 4 between 0.15 snd
0.20 %, and 3 between 0.20 and 0.255 %. No change in the
RboO content with age was evident.

The bilotites from two syenites of Palaseozolc age con-
tain 0.047 and 0.170 % RbgoO.

Nine anslyses of biotites from intermedliate types of
igneous rocks range between 0.047 and 0.130 £ Rbg0. Seven
snalyses are between 0,047 and 0.10 %; the other two are
0.11 and 0.13 % Rb20. Owing to the small number of samples
no conclusions could be draewn as to any shift in Rbs0O con-
tent with sge.

Five blotites from basic rocks contsin 0.037, 0.039,
0.046, 0.059, and 0.077 % RboO. A tentative conclusion is
thst basic rocks contain less rubidium than do scidic
rocks, posslbly sbout one-hslf as much,

Two blotites from lamprophyres hsve low Rbo0 contents:
0.062 and 0.061 %.

Datea in table 6 on Rbg0 in whole rocks snd in miner-
als other than blotlite were included in table 2 and were

discussed 1in section IV, 3.

Distridbution of Rubidium between Biotite and Potash Feldspar
For age work, biotites high in rubldium are preferred
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to blotites low in rubidium. Some factor or combinastion
of factors must control the concentration of rubidium in
biotite. Temperature, grain sige, and the presence of a
potassium-rich minersl other thsn blotite are some possible
controls.

To examine the distribution of rubidium smong the po-
tassium-rich minersls of a rock, two sets of new analyses
of individusl minersls snd their source rocks heve been
combined in graph form with aix similsr sets for the Cale-
donian rocks (Nockolds end ¥itchell, 19). The number of
samples 13 80 small thet the conclusions reached below can
be no more than tentative, yet a rough pattern mey be dis-
cerned.

Filgure 1, plate 18, shows thet the proportion of the
total rock rubidium which 1s held within the bilotite in-
crerses ss the percentage of blotite increcses. Thls re-
lationship 1s normel if blotite is the preferred host.

Figure 2 shows that no distinct correlation exists be-
tween the concentration of rubidium in the blotite snd the
amount of blotite in the rock. Some factor other than the
abundance of blotite must control how much rubidium is
packed into the blotite structure. The temperature of for-
mation may be critical. To examine the effect of the pres-
ence of snother possible host for rubidium, figures 3 end 4
were constructed. Potash feldspsr, belng rich in potassium,

is enother natural host for rubidium, so the proportion of
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blotite to potash feldspsr 13 used as one variable.

Figure 3 shows thet the concentrstion of rubidium in
blotite does not vary regulerly with the ratio of bilotite
to potash feldspar in the rook.

Pigure 4 showa thet sn Iincresse in the relative amount
of blotite with respect to feldspar increases the relative
amount of the totsl rubidium held in the biotite. This is
accomplished not by ralsing the concentration in the blo-
tite, but by lowering the concentration in the feldspar.
The concentration in biotite is controlled by some unknown
factor; the concentrstion in feldspar is controlled by the
amount of blotite present which acts as the preferred host.
Blotite seems to accept only a certain amount of rubidium;
any excess rubldium 1s forced into the feldspar structure.

Figure & suggests thet as the amount of biotite in-
cresses with respect to feldspsr, the concentration in bio-
tite lncresses with respect to the concentrstion in feld-
spar. As before, thls is csused, not by an enrichment in
blotite but by an lmpoverishment in the feldspar.

A final, tentetive conclusion is thst where the per-
centage of biotite 1s low, the biotite is not necessarily

rich in rubidium end hence not necessarily more suited for

age determlinations,
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C. Discussion of Sr0O Analyses

The range in Sr0 content of 20 biotites from grsnites
1s 0.0038 to 0.0165 %. Five lie betwe=n 0.0038 and 0.0075
%, 6 between 0.0075 and 0.010 %, 7 between 0.010 end
0.015 £, and 2 between 0.015 and 0.0185 %. No change with
age was evident,

The biotites from two Palaeoczoic ayenites contain
0.0073 and 0.0159 % 3ro0.

Nine analyses of blotites from rocks of intermediate
composition range between 0.0073 end 0.0247 % Sr0. Four
lle between 0.0073 and 0.010 %, 4 between 0.010 and 0.020 %,
and one 1s 0.0247 % 3sro.

Pive blotite concentrates from basic rocks contain
0.0106, 0.0120, 0.0149, 0.0152, and 0.0181 % Sr0. A tenta-
tive conclusion 1s that bssic rocks contain a little more
strontium then do more acidic rocks.

Two blotites from lamprophyres contain 0.0073 snd
0.0159 % Sro.

Dats in table 6, but not discussed asbove, were includ-

ed in table 3 and were discussed in section IV, 3.

These anslyses for 3r0 in biotites agree closely with
analyses of biotites in the Caeledonian rocks (Nockolds and
Mitchell, 19).
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VII1I CALCULATIONS FOR PROPORTION
OF RADIOGENIC 3TRONKTIUM

To determine which blotites of the anaelysis group
could be expected to contain suffiéﬁent radiogenic stron-
tium for the Sr 87 to be 1 % of the total Sr, ages were
assumed for all the samples snd the % Sr 87#% of totsl Sr
has been calculated, using the messured contents of total
Rb and total 3Sr.

The formulse used are:

% Sr 87# generated = 0.272 x % Rb x age x 1.175 x 10-11

‘ . & Sr 87% generated
% of Sr that is rsdiogenic = T total Sr x 100 ¥

The valdea are given 1in table 9.

The values for % Rb in this table sre derived from
table 6, each percentage of RboO being multiplied by %%%
to convert oxlde to element. A factor of 81:8_ changes %

103.8
Sr0 to % Sr.

Plate 19 is a plot of the rstio of Rb/3r in all the

bilotites sgainst age, on a cut-off chart similer to plates
2 and 3.



Table 8

Time Scale Used in Cslculations for % Sr 87#

Millions of Years

Pliocene 0 - 12
Hiocene 12 - 22
Cenozolc Oligocene 22 - 35
Eocene 35 - 48
PFslaeoceane 48 - 80
‘ Cretaceous 80 - 125
¥esogzolc Jurassic 125 - 175
. Triasssic 17% - 1885
Permisn 185 - 218
Pennsylvanlian 215 - 235
Mississippian 235 - 2565
Devonian 255 - 310
S3ilurisn 310 - 380
Grdovician 360 - 430
Cambriasn 430 - 51O
Late 520 - 750
Precambrian
Late Archean 750 - 1000
Early Grenville 1000

Esasrly Archean over 1000
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Table 9

Proportion of Radlogenie 3trontium in the Samples

% of total
Age in 108 % Sr g’h that ia
Kumber Yoars £ Rb x 10 % Sr radiogenic
B | 1000 0.043 137 0.0115 1.2
2 170 0.0357 19.4 0.0129 0.15
S 800 0.149 373 0.0084 4.4
4 800 0.118 286 0.0109 2.7
5 300 0.0338 32.4 0.0136 0.24
6 100 0.137 43.8 0.0101 0,43
7 110 0.0695 24.4 0.0088 0.28
8 270 0.155 134 0.0062 2.2
9 1000 0.0387 114 0.0122 0.94
10 600 0.117 224 0.0082 2.7
11 240 0.129 99 0.0083 1.9
12 800 0.0814 208 0.0140 1.5 -
13 50 0.05658 8.9 >0.085 <0.01086
14 200 0.201 578 0.0054 10.7
15 240 0.043 33 0.0135 0.24
16 900 0.108 311 0.0128 2.4
k4 230 0,302 222 0.00457 4.9
18 800 0.229 860 0.01056 6.3
19 900 0.132 380 0.0122 3.1
?O 280 O.11 8.5 0.0079 1.2
21 210 0.233 156 0.0087 2.3



e2
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
45
44
45

g9

o £ of total
Agg_.:;z'lo £ Rb %;3§0 ™ % Sr rzgiggii‘uc
280 0.137 123 0.00636 1.9
900 0.0677 195 0.0109 1.8
1300 0,115 478 0.0145 3e3
180 0.0587 32.6 0.0284 0.11
210 0.229 154 0.00876 2.7
1080 0.172 577 0.0069856 B3
100 1.92 614 0.00566 11.0
280 0.0814 72.6 0.0054 1.3
700 0.0706 158 0.0090 1.7
1286 0.004 28.5 0.00748 0.34
550 0.054 95 0.0102 0.93
800 0.042 107 0.0126 0.85
800 0.117 299 0.00865 3.5
1000 0.0201 64,3 ~0.015 0,43
240 0.05568 42.8 ~0,0025 1.7
210 0.0866 44,3 ~0.017 0.26
1080 0.0457 153 ~0.,015 1.0
100 0.119 38 0.0136 0.28
100 0.043 13.7 0.0090 0.18
60 0.0806 15.4 0.0209 0.045
60 0.0384 7.4 ~0.034 0.022
900 0.0466 134 ~0.017 0.79
60 0.0238 4.6 ~0.0017 0.27
1] 0.00867 1.3 ~0.034 0.0038



Number
46

47
48
49
50
51
52
53
54
55
56
57
58
59
60

Age in 106 ‘
Years % Rb
80 0.0898
900 0.032
900 0.0614
900 0.0069
2000 0.08643
1000 0.0778
1000 0.0823
280 0.103
100 0.06886
80 0.0705
80 0.0805
50 0.101
80 0.0713
110 0.145
2000 0.0668

% Sr 87s
x ;03

13.3
92
177
17
347
249
263
92.3
21.9
18
20.6
16.1
18.2
51
427

90

% of total
: thst 1sa
£ sr radiogenic
~0.034 0.039
~ 0,0008% 11.0
~0.034 0.52
~0.034 0.08
0.0072 4.8
0.0086 2.9
0.0064 4.1
0.0054 1.7
0.00717 0.28
0.0068 0.27
0.0062 0.33
0.0069 0.23
0.0086 0.21
0.0032 1.8
0.00298 14.4
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IX CORCLUSIONS

The followlng conclusions are based upon the postulate
that a mineral, for use 1ln strontium sge messurements,
should have at least 1 % of its strontium rsdiogenic.

1. Most common-rock blotite from pre-desogzolc rocks
sppesr to be suitsble for use in strontium sge messurements.
Thirteen of the fifteen Precambrien bilotites fitted the re-
quirements, snd the other two were close to belng suitable.
Five of the seven Palaeozolc blotites were ussble, as was
one of the sixteen sesozolc ones. Comparison of biotites
from different types of source rocks shows thet blotites
from granitic rocks sre more suitable thsn biotites from
baslec rocks.

2. All the mlcas from pegmatites which were snalysed
are sultable, regsrdless of age.

3. A favorable ratio of rediogenic to totel stron-
tium was found in one of the three Frecsmbrisn whole rocks,
in one of the two Palaeozolc rocks, and not in the one
Mesogoic-or-later rock. 3Study of the reported rastios of
Rb 3 Sr in Caledonisen plutonic rocks (Nockolds and Mitchell)
indicates that no rock type in the series gabbro-granite 1is
especlally more fevorable than any other. Age, rather than
rock type, seems to be the controlling factor. Aplites,

being high in rubidium end low in strontium are generally
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sultable for age work.

4. MYome of two plagloclase feldspars and two potash
feldspars was sultable, a resgult that agrees with onelyses
in the lltcrature. Anclent hornblende might possibly be
used, judgling from the low contents of strontium found in
the two samples snalysed.

5. The high content of 3r in plagloclsse, and the low
content of Rb, make thst minersal especislly useful for de-
termining what percentsge of the total strontium was the
isotope 5r 87 at the tlme the minersls formed, If plaglo-
clase we sbsent fron the rock, any other fraction free of
blotlte might be used. See section XI.

S. The methods of analysis for rubidium and stron-
tlum are sufficiently accurste for the percentages to be

used In age calculgtions.

If less then 1 % of radiogenic strontium could be
measured accurately 1in the isotope anslysis, younger blo-
tites could be used for age work, and other meteriels might
be usable as well, particularly the whole rock rather than

any one mineral.
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X AGE DETERMIVATION

At the time this report was written only one 1sotope
measurement had been made. Dr. L. T. Aldrich of the Car-
negle Institution of Waeshington, Department of Terrestrial
Magnetism, was the snelyst. He reported that, in the sam-
ple supplied to him,

% Sr 87«
common strontium

0.046 & 0.008

Therefore % Sr 87# of total strontium = 4.4 %.

The sample analysed by Mr, Aldrich was s concentrate
of biotite #50, from granite boulders in the Rice Lake
Series, southesstern Manitoba. The age may be calculated

from equation (3):

10
total Sr 8.81 x 10
§“€8§ET"§S x £ Sr 87 of total x =575

- 0.0072 8.51 x 1010
0.053% x 0.044 x 595

Age

"

1826 x 106 years.

The latitude possible in this measurement, consider-
ing all the errors which might be contained in the anslyses
of rubidium, strontium, and strontium isotopes, is thought
to be ¥ 400 x 106 years.

The age as calculated is asbout the right magnitude.
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The Rice Lake Serles is the oldest sedimentary series in
the FPrecambrian of scutheastern Manitoba, snd 1s intruded
by younger grenite. Lead ages and strontium ages of peg-
matites associated with the younpger granite are around
2000 to 2300 x 10° years. Materisl in the sediments must
be older than the pegmatites. For thls reasson 1t 1is
thought that the blotite age ss cslculasted 1s a little low.

Nevertheless, the genersl prscticabllity of the use of blo-

tite is demonstrested.
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XI ACCURATE MEASUREMENT OF RADIOGENIC STRONTIUM

At present, Sr 87 1s 7.02 % of total strontium
(Abrens, 2). For a first approximation, one that results
in an age cslculstion that may be slightly low, the ex-
cess of Sr 87 over 7.02 ¥ in a bilotite may be regsrded sas
the radiogenic strontium contributed by rubidium since
the biotite was formed. This 7.02 %, however, includes
all the radiogenic Sr 87 produced since geologlc time be-
gsn. What ls critical in any age measurement 1s the Sr
87 added by Rb 87 to the smount present when the blotite

formed.

Present Total Sr ® ( Sr 88 + Sr 87 + Sr 86 + Sr 84),

+ Sr BT%g 4+ Sr 8743

Terms in 1 are the amounts of esch isotope st the be-
ginning of geologic time.

Term 2 1s the Sr 87+ produced from Rb 87 up to the
time of formetion of the biotite.

Term 3 1s the critical term in age measurements, the
Sr 87% made from the rubidium in the biotite

since the biotite formed.

The amount of redlogenic strontium added by rubidium
since the rock was formed masy be found essily and accurate-

ly once two isotope enalyses have been made, one on a frac-
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tion rich in Rb and one on a fraction low in Rb. The
amounts of Rb and Sr in the samples must be messured, as
well.

The amount of 3r 87# increases linearly with the
amount of Rb present, regardless of the age. The lsotope
measurement of % Sr 87 of totsl Sr can be plotted against
the £ Rb for each fraction, and the line connecting these
two points can be projected to the limit where % Rb equals
gero., The intercept of this line on the ¥ Sr 87 scale is
the amount of 3r 87 present when the rock formed. Part of
that may be rsdiogenic; whether it is or not is unimpor-
tant. The difference between this % originsl Sr 87 and
the % Sr 87 in the bilotite fraction is the amount contrib-
uted by the rubldium since the biotite formed.

These relstionships sre 1llustrated by plate 20.

The above method of finding the # Sr 87# can be used
only where the necessary lsotope anslyses csn be made
with high sccuracy. Plagioclese feldspsr from the same
source as the blotite 1s most useful because tha Rb content
1s low in plagioclase compared to the Sr0Q content. FMur-
thermore, lsotope measurements on plagloclese can be made
acourately as the % Sr (total) 1s high. If a plagloclase
fraction is not avallsble, any other frasction poorer in ru-
bldium thsn the biotite cen be used, but as 2 higher Rb %
will move the second point further from the 0 £ Rb bound-

ary the determination wlll be less acurate.



O¢ 31Vv1d

%Lor87
of
-E:'i'al 6I’

% Rb

in Ples.

% Rb

%5Sr 87" froom Rb in
biom

in Blo

% Rb

Bb



99

If only biotite is avaeilable, an approximate age may
be calculated by assuming some value for the original per-

centage of S5r 87 in the total Sr, possibly 7.0 %.
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XII RECOMYENDATION3 FOR FURTHER RES#ARCH

1. The accuracy of the method of analysing for ru-
bidium in the biotite should be improved. Chsnges in the
composlition of the sasmples arced, or in the shape or size
of the electrodes might be helpful. A large part of the
error is attributed to the wide separation of Rb 7947 and
Na 5682 on the plste. This defect might be avoided by us-
ing barium as the internsl stenderd for rubldium as well
as for strontium. Separate analyses for Rb and Sr might
still be necessary. However, it mipht be possible to meas-
ure both elements at once by using barium as a "bridge" to
calculate the ratio of Rb/Sr directly. Ba 4728 1s close
to 3r 4607, and Ba 7780 is close to Rb 7947,

§ Rb . Intensity Rb 7947
Sr Intensity Sr 4607
I Rb 7947 I Rb 7947 I Ba 778 I Ba 4726
Tar 4607 ° T Ba 7780 * T Bs 4 '725;! X ¥ sr 4607

Changes in the value of the ratio I Ba 7780/ I Ba 4726
would compensate any errors introduced by the wide separa-
tion of 38r 4607 and Rb 7947 on the plate.

2. Accurate techniques for messuring the content of
Rb and Sr 1n the plegioclase frsction should be devised.

3+ A more extended study of biotites could be carried

out, to provide better information on the Rb : 3Sr ratio in
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bilotites from rock types other thsn grsnites, snd from areas
other tihsn North America.

4. iore analyses of hornblendes are needed. The pre-
liminary study suggested thet the ratio Rb : Sr might be
favourable even though the rubidium content is low, becsuse
the strontium content is extremely low. The writer's anal-
yses do not agree well with those of Nockolds end ¥itchell
(19). Some further checks are desirable. Hornblende might

be more sultable than blotite in besic rocks.
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XIII APPENDIX

A, Lithlum and Ceslum in the Samples
Table 10 gives Cag0 and Lig0 contents of the samples.
Many of the analyses are no more than approximastions, for
the set of standsrds did not cover sdequately the full

range of concentration of either oxide.

l. Cesium in the Biotites

According to these anslyses the range of Csg0 content
in blotlites from granites is from less than 0.002 % to
0.02 %. Four samples have less than 0.002 %, 9 between
0.002 and 0.005 %, 5 between 0.005 and 0.01 %, snd two be-
tween 0.01 and 0.02 % CsgO. The blotites from two syenites
contain {0.002 % and 0.012 # Csg0. Of the 9 biotites from
rocks of intermediste composition, 6 have 0.002 % CspO or
less, and 4 lie between 0,002 and 0.01 %. In basic rocks,
all the biotites analysed have less thsn 0.002 % CspgO. The
biotltes from two lamprophyres both have less thsn 0.002 %
Cs20. HMicas in pegmatites very widely in their content of
Cs20, from less than 0.002 ¥ to 0.017 %. The iron-rich
mica, siderophyllite, has about 0.109 % Csg0.

In general, blotites having e high content of RbgO
have a high content of Cs20 as well., Cesium and rubidium
proxy for potassium and hence compete for sites in the

mica structure. Apparently the presence of large amounts
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of one does not tend to exclude the other. Instead, when
conditlions are such as to give s high concentration of ru-

bldium they are also favoursble for admission of large

amounts of cesium.

2. Lithium 1n the Biotltes

In blotites from granite the range of Lig0 contents
found is from 0.027 % to 0.14 %. Of twenty samples, 7 lie
between 0.027 ond 0.050 %, 6 between 0,050 and 0.10 %, snd
7 between 0.10 and 0.14 % L150. The biotites from two
syenites contain 0.117 % and 0.018 ¥. Of nine blotites
from rocks of intermedlate composition 6 have between
0.012 % and 0.05 % Lig0, one between 0.05 % and 0.10 %,
and 2 between 0.1 and 0.2 ¥. Pive blotites from besie
rocks contain between 0.006 and 0.036 % Lig0, considersbly
lower than the range from grenites. Some pegmstite micas
are rich in L120: the siderophyllite contains asbout 3 %.
Other pegmstite mices renge from 0.030 % to 0.32 % L1p0.

3. Lithium and Cesium in Ssmples other than Yica
The information in this table on the distribution of
these elements elsewhere than in the micas is too fragmen-

tary to warrsnt dlscussion.
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Table 10

MINOR ELLMENT CONTENTS

% Csg0 % Lip0
Semple Triplicstes Average Iriplicates Average
1l 0.037
0.034
b <0.002 0.035 0.036
2 # {0.002 @ ~0.018
3 0.0102 0.041
0.0099 0.039
0.0084 0.0095 0.040 0.040
4 0.050
0.050
2% ~0o005 0.07‘7 01059
5 0.025
0.024
# <0.002 0.016 0.022
6 0.0102 0.180
0.0093 0.162
0.008% 0.0093 0.114 0.14
7 * <0.002 #a 0.027
8 0.118
0.117
wk 0.012 0.115 0.117
9 0.030
0.060
@ ~0.002 0.050 0.047
10 0.048
0.050
" 0.008 0.051 0.050
11 0.126
0.133
5 0.013 0.130 0.130
12 0.110
0.118

13 » <0.002 *# 0.012
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Csp0 Li150
Sample Irlplicates  Average Triplicetes Average
14 0.12
0.116
L ‘VOOOOS 00109 0.115
15 #* <0.002 # ~0.018
16 0.089
0.057
# <{0.002 0.0568 0.058
17 0.011 0.0174
0.014 0.0183
0.015 0.013 0.0170 0.176
i8 0.014 0.119
0.21 0.123
0.016 0.017 0.107 0.116
19 0.101
0.099
i 0.008 0.094 0.098
20 0.032
0.027
% <0.002 0.03 0.030
2l 0.106
0.099
& ~0.003 0.136 0.113
22 0.016 0.029
0.013 0.031
0.015 0.018 0.037 0.32
23 0.032
0.032
* <0.002 0.032 0.032
24 0.013 0.058
0.011 0.0862
0.012 0.012 0.0456 0.083
25 @ <0.002 “% ~0.02
26 0.078
0.079
# ~Q0.003 0.077 0.078
27 0.097
0.106

na 0.02 0.111 0.1086



Semple
28

29

31
52
33
54

35
36
37
58
39
40
41
42
43
44
45
46
47
48
49

Ca20

Trioclicates

Average

0.108
0.10%
0.110

%

0.109

~ Oc OOQ

~0.002
<0.002
{0.002
{0.002

~0.008
{0.0003
{0.0002
(0.0003
~0.0003
0.01
0.008
0.005
~0.0003
~ 0.0003
{0.0001
<0.0001
~0.0002
~0.0008
~0.0003
<0.0001

1086

Li20
Triplicates Aversge
% ~ 3.0
0.080
0.087
0.0886 0.084
0.035
0.037
0.035 0.0386
3 ~ Q.18
# 0.015
# ~ 0.0086
0.112
0.096
0.109 0.10%
* ~ 0,007
# ~ 0.008
3 ~0.0045
x ~ 0,005
# ~0.012
# ~0.03
* ~0.04
=% ~0.018
%% ~0.024
#% ~0.00456
% ~0.0007
*% ~0.0011
3+t ~0.0045
% ~0.0015
» ~0.0023
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Csg0 Lig0
Sample Iriplicates Average Iriplicates Average

80 *% 0.004 0.03

51 0.032
0.024

52 0.033
0.042

53 0.126
0.133
#* 0.007 0.130 0.130

54 0.076
0.072
0.059

# ~ 0.002 0.078 0.069

55 0.047
0.042
0.043

#* <0.002 0.045 0.044

56 0.047
0.047
0.038

# {0.002 0.056 0.047

&7 0.0856
0.074
0.090

# ~ 00006 0.083 00085

68 0.082
0.12
0.11
#* ~ 0- 002 00 097 O¢ 105

59 0.071
0.0862
0.083

#* ~0.003 0.083 0.0786

60 : 0.059
0.092
0.073
0.073
0.055
* <0.002 0.092 0.074
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Csg0 L1o0
Sample Triplicstes Average Iriplicates Average
Standard

Granite G-l 0.00028 0.0045

# Value estimated by visuel compsrison of spectra.

## Values taken from extensions of curves derived from stand-

%

ards, The standsrds chosen did not cover a2 rsnge wide
enough to include all velues found, so the curves were
projected to give approximate percentages.

Minerals were compared with the stsnderd grenite G-1 by
arcing undiluted end compsering the intensities of the
enalysis lines to similar lines in the spectrum of the
stendard granite. For Rbo0 1n minerals, G-1 had intensity
of 25.9 for content of 0.061 % Rb,0. Egr Rb20 in granites,
a simllar method was used, with G~ taken as .433 for
0.061 # RboO, and all granitea were 311fited with two parts
of albite to keep sodium content invariable.
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B. Blographical Note

The writer was born at Traynor, Saskatchewan, Canads,
on November 19, 1923. He recelved his early schooling in
Saskatchewan and Britlsh Columbia. He sttended the Uni-
versity of British Columbia from 1942 to 1946 and graduat-
ed as Bachelor of Applied Scilence (Geological Engineering).
In the winter of 1947-48 he started graduate studies in
geology at dcGill University, Montresl, and recelved the
degree Master of Sclence. Further post-graduste work was
started at the Massachusetts Institute of Technology in
1949,

Hls professionsl experlence has been confined lsrgely
to the summer months between sessions at the universities,
and includes periods spent in the service of the Geologi-
cal Survey of Canada, Internstional Mining Corporsation,
Hedley Mascot Gold ¥lnes, Canadian Explorations, snd New

Jersey Zinc Explorastions Ltd.
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