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Abstract

Nineteen experiments involving two mineral phases
and an aqueous phase, have been performed in the
temperature range 450-7500C, the pressure range
3,000=15,000 psi and for time interval of 12-400 hours.
These experiments were designed to study diffusion of
Sr from biotite and to obtain an equilibrium distribu-
tion of Sr between mineral phases., The mineral phases
which have been investigated are blotite, fluorite,
albite and calcium plagloclase.

Adsorption is believed to be a cause of Sr “"enter-
ing" a biotite lattice in preference to a calcium
plagioclase and the reason for Sr loss from the experi-
mental system in any one hydrothermal run,

It has been found that non-radiogenic Sr migrates
from biotite at a faster rate than radiogenic Sr and
the migration of both depends on the second mineral
phase assocliated with the biotite.

It has been concluded that the major part of the
non-radiogenic Sr which has left the biotites, has come
from the octahedral position of the blotite or from
inclusions in this mineral.

The movement of non-radiogenic Sr from biotite i1s
believed to be the result of the dissolution of in-
clusions and/or associated with the changes occurring
in the octahedral position in the biotite.

D/a® values for radiogenic Sr movement from
blotite to either albite or fluorite have been deter-
mined and are found to vary from 3 X 10=9 gec~1 at
650°C to 8 X 10-12 sec=1 at 450°C, It is suggested,



but not proved, that the movement at low temperatures
(450-6000C) is the result of a desorption process.

In the temperature range 600-750°C, the migration of

radiogenic Sr could be due to volume diffusion or the
result of dehydration of the bilotite and/or oxidation
of the Fe in the octahedral position.

An equilibrium distribution of Sr between mineral
phases has not been achieved in the time alloted.
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Thesis Supervisor: Patrick M. Hurley
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A STUDY OF STRONTIUM REDISTRIBUTION
UNIER
CONTROLLED CONDITIONS OF TEMPERATURE AND PRESSURE

By R. H. McNutt, H. Hughes and P.M. Hurley

Abstract

Thirteen experiments were performed in the
temperature range 450-750°C and the pressure range
3000-15000 psi in order to study diffusion of Sr
from biotite and to see if an equilibrium distribu-
tion of Sr between minerals could be achieved. The
mineral phasés used were blotite, albite and fluorite.

It was found that non-radiogenic Sr migrated at
a faster rate than radlogenic Sr and that the rate of
nigration of both depended on the second mineral phase
associated with the biotite. It was concluded that
the major part of the non-radiogenic Sr migrated from
inclusions within the biotite or from the octahedral
position of the biotite.

D/a values gor radiogenic Sr were found to
vary from 3 X 107 sec- 8 X 10~=12 gsec~1 in the
temperature range 450- 65000 Low temperature migration
is believed to be a desportion. process, while high
temperature movement could be the result of either
volume diffusion or liberation during dehydration and
oxildation reactlons in the blotite.

It was concluded that an equilibrium distribu-

tion of Sr between mineral phases had not been
reallzed in the times alloted.

1. Introduction.

It is well known that coexisting mineral phases
from the same rock specimen give conflicting Rb-Sr
ages among themselves and with the whole rock age.
For example, Tilton et al (1958) found that biotites
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from the Baltimore gneiss gave Rb=Sr ages of 300-350
'm.y. as opposed to microéiine Rb-Sr and zircon Pb ages
of 1100 m.y. Wetherill et al {1962) found microcline
and nuscovite Rb-Sr ages to agiee with Pb ages at

2700 n.y., but the biotltes gave consistent ages of
1800 m.y. Allsopp (1961) compared whole rock and
mineralsand concludéd that feldspar, blotite and -~
chlorite lost radiogenic Sr whille muscovite, apatite
and epidote gained it. ILong (1964) found that mineral
phases from a whole rock.specimen éhich fell on a 530
m.y. isochron with a (Sr87/sr86) ratio of 0.710, them-
selves fell on a separate 1sochron having an age of
390 m.y. and a (Sro(/sr86) ratio of 0.782. He belleves
that subsequent'metamorphism 2t 390 m.y. was intense
enough to cause homogenization of Sr lsotopes among
minerals over a wide area.

To the authors' knowledge, the only investigation
of Rb and Sr migration studied under experimental
conditions is the work of Deuser (1963). For muscovite
and biotite, he found that the order of leachibility
was non-radiogenic Sr >radlogenic Sr>Rb and in going
from 200-600°C the rate of loss increased greatly.

The purpose of this paper i1s to report findings
of the redistribution of non-radiogenic and radiogenic

Sr between mineral pairs under controlled conditlions
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of temperature and pressure. The mineral phases used
were blotite, fluorite and aldblite.

2. Experimental Procedure

Description of the Hydrothermal Apparatus and its
Operation.

The experiments were periormed in a stellite,
cold seal pressure vessel of the Tuttle type, con-
nected to a pressure gauge and mechanlical pump by means
of capillary pressure tubing. The bomb and gauge were
isolated from the pump by a needle valve, which also
served as 2 means of releasing pressure 1f it excedded
the desired value.

The bomb was inserted into an electrically wound
furnace, heated by a regulated voltage supply. Tempera-
ture recordings at two hour intervals over a two day
period showed a maximum variation of *10°C once the
plateau temperature was reached. Temperatures were
neasured with chromel-alumel thermocouples and recorded
on a calibrated, millivolt potentiometer.

A 20°9C radial thermal gradient existed between
the thermocouple and the sample while a 25-30°C axial
gradient existed over the length of the sample region.
As the temperature intervals of the runs were 150°C,1t
was believed that the axial gradient could be
tolerated.

The experimental system under investigation was

isolated from the surroundings by use of a copper Jjacket.
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Filgure 2-1 is a drawing of the Jacket assembly. A of
figure 2-1 shows an enlarged version of the Jacket in
place in the bomb, and B, the Jjacket assembly drawn
to actual size.

The jackets were fabricated from %" oxygen free
copper rod. At one end of the Jacket a'steel rod was
attached which served as an ald in removing the Jjacket
at the completion of a run and also as a filler, cutt-
ing down greatly on the volume of water needed to bulld
up the desired pressure. A tight fitting inverted cap
was pressed into place at the top of the Jacket after
it (the jacket) had been loaded. It was found necessary
to make a narréw, shallow, axial slit on the side of
the cap, so that alr could escape from the Jacket
during the heating stage necessary for soldering. If
this was not done, the cap invariably popped off,
causing a partial loss of the sample.

For soldering, the assembly was immersed in a
large-bath of cold water until only the top %" of the
jacket extended above the water level, (i.e. 6nly that
portion containing the cap). This kept’the charge
(mineral and solution) cool while heat was applied to
the cap. For experimental runs at 450°C or less, it
was possible to use "Basy-Flow" silver solder which
melted at 11250F and flowed at 1145°F. Runms carried
out at 600-750°C needed a high temperature silver
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solder which both melted and flowed at 1453°F,

An experiment was performed to see 1f this
soldering process caused any major reaction to occur.
Immediately after soldering a Jacket in the routine
ﬁay, the Jacket was opened and the contents analysed.
Table 2~1 lists the results and assigning a conservative
334 error to these values,it can be seen that no re-

action occurred.

Table 2-1

Effect of Soldering on Sample from Experiment 19.

Biotite  Albite Biotite Albite
3138 RAT25 B3138 # 19 R&725 #19

Total Sr 26.5 ppm 3.8 ppm  24.4 ppm 4.1 ppm

Upon completion of the run at high temperature,
the bomb was quickly quenched in cold water and the
Jacket freed. The charge was released from the Jacket
by use of a tube cutter, breaking the jacket at the
base and top. The mineral and liquild fell onto
filter paper thus separating immediately the 1liquid
from the minerals. About a five minute time interval
was required between quenching of the bombs and break-
ing of the Jacket. The mineral phases were washed
from the filter paper, dried, separated magnetically

and stored for mass spectrometric analysis.
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On the average 98-95% of the original material
was recovered. It was found that approximately 1%
was lost on the initial recovery from the Jacket,
while another 2-3% was lost during magnetic separation.
This loss will be mentioned again in the discussion
of the analytical results.

Chemistry

The samples were dissolved in HF and HC104,
passed through cation exchange columns to separate
out Sr, converted to nitrates and stored for mass
spectrometer analyses. A more detailed discussion of
the chemistry can be found in MeNutt (1964). Early
in this investigation, pyrex glass beakers and columns
were used. However, Wasserburg et al (1964) demon~-
strated significant Sr exchange between sample and
glass which would not show up in a blank snalysis.
Therefore, a2ll pyrex glassware was discarded and only
vycor glass columns and polyethelene and vycor beakers
were subsequently used.

During the course of this investigation two Sr
splkes were used. The first was a Sr86 spike, the
detalls of which are presented by Pinson (1962). The
second was a double splke enriched in Sr84 and’Sr86.

Using this spike, isotopic fractiomation corrections

were made, a step not possible with a spike of single
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enrichment. Isotopic fractlonation corrections improved
the reproducibility considerably. An excellent discus-
slon of this double spiking procedure can be found in
Krogh (1964).

' Céntamination 1evel§of the analytical procedure
were determined by subjecting a known amount of spike

Sr to the same chemistry as the samples Table 2-2 lists
the results of two blank analysis done during the

‘course of this investigation.

Table_Q-g

Blank Sr Analysis
Record 5:86/5r88 5:86/5:88 5r8%/5r%8 5r8%/5r88 upms .

Number ratio: ratio ratio ratio Sr/cram
Spike Blanlk Spike Blank

3528(8) 2.956 2.910 1.506 1.489 0.04
3767(L) 2.956  2.939 1.506 1.497 0.02

The level found is such as to be negligible, as
the majority of the runs were in the neighbourhood of
20 wgns Sr/gram sample.

Mass Spectrometry.

A11 runs were done on 6", 60° solid source,
single collector mass spectrémeters of the Nier type.
Magnetic sweeps were used and vibrating reed electro-

neters amplified the ion currents. Tantalum ribbon was
the filament material. The peals were recorded on a

potentiometric strip chart recorder.



Discussion of Errors

In the complex procedure from hydrothermal
apparatus to mass spectrometric analysis, many sources
of error are possible and hard to evaluate. Random
errors which will effect the reproducibility include:
variation in the bomb position in the furnace, location
of the thermocouple in its well, sample welghing and
1ts contamination, mass spectrometer instrumental frac-
tionation, variation in rate of emission, drift in
electronic components and peak height reading error.
Systematic errors, which affect all runs in the same
manner include: stability of the potentiometer and
pressure gauge, VRE scale change and linearity of the
recorder.

In the lnvestigation only the precision error or
reproducibility of measurements can be determined.
Nothing can be stated about the absolute accuracy. The
duplicate analyses of Sr on three mineral samples are
given in Table 2-3. They were splked with the
Sr84-Sr86 splke and corrected for machine fractionation

(RKrogh 1964).

24
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Table 2-3

Summary of Duplicate Sr Analyses.

Kineral Sr(ppm) Average < b3} o B

Biotite 30.34 30.12 20.22 20.73% 20.31  =0.0%%
3205 29.90

+
Biotite 21.16 21.29 20.13 -0.61%\.fo.18 %0.84%
3138 21.42 '

Abite  3.78  3.74 *o.04 21.07% *o0.06 .60%
RAT25 3.70

% 2
v = zd Z 4 7

n-l ? Vo= n{n-1) ’

V_
= =3 X 100

Table 3 describes the precision error to be expected
on a single analysis in the mass spectrometer. However
the procedure in this study included the hydrothermal
apparatus. dne experiment was repeated in its entirety

and the results are listed in Table 2-4.,

Table 2-4

Summary of Sy Data for a Single Experiment
Done in Duplicate.

Minersl Sr(ppm) Aversge F B v T

+
Biotite 10.94 11.08 -0.13 11.17% -0.18 f1.61%
3138 11.21

+
Albite 19.71 20.48 20.77 -3.74% 21.00 5.38%
R4T25 21.25

2 2z 2
v = a1 V=Jm’ B= g X100

For the purpose of this study, an overall
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precision error (v) of 15% has been assigned to a
single isotope dilution analysis.

A1l Sr87/8r86 ratio measurements were correcied
for 1sotopic fraction assuming the Sr86/Sr88 ratio to
equal 0.1194 (Nier 1938). This gave a V- of 20.02%
for the corrected ratio; as seen on the results of a
‘SrGOB Standard (Eimer and Amend, lot number 492327)
run perlodically over the course of time by various
investigators in the geochronology laboratory at M.I.T.
No duplicate 1sotope ratio measurements are availlable
for the complete procedure, but in the light of
results found for isotopic dilution analysis, it must
be greater than jb.02%. For the purposes of this
study an arbiltrary precision error (V) of ¥1Z will be
applied.

In conclusion, the v~, or reproducibility of a
single 1sotope dilution analysis in this study will
be jS%; for a single isotope ratio measurement it will
be f1%. The absolute accuracy is unknown.

3. Analytical Results

Tables 3-1, 3-2 and 3-3 list the analytical
results obtained on the hydrothermal runs. Table 3-1
lists the phases used, their quantity and the tempera-
ture-pressure~time condlitions of the experiment. Table

3=-2 gilves the Sr87/Sr86 ratios and concentrations of
the phases while table 3-3 lists the final values on



the same phases at the completion of the run. The last
two columns of table 3~3 show the extent of Sr migra-
tion. The minus (-) and plus (+) signs indicate Sr
loss and Sr gain fespectively for the mineral concerned.
All numbers are calculated on the assumption that
non-radiogenic Sr has = Sr84/3r88 ratio = 0.0068, a
sr86/5:88 = 0.1194 ana = sr87/sr86 = 0.710. The symbol
(+) indicates that the Sr87/Sr86 ratio in question has
been calculated from Sro%-sr8o isotope dilution analyses.
The descriptions of the minerals can be found in
appendix A. Appendix B describes the method of prepara-
tion of the various agqueous solutions used in the course
of this investigation.
Symbols used in this report are:
Sr® = non-radiogenic Sr, with a 5187 /5r86 ratio of 0.710
%sp87 - the radiogenic daughter product of RbO7
ﬁ.D. = not determined
(-100, +270) etec = the mesh size of the mineral grains
' used in the experiment
AEAS = micrograms

ppm = pacts per million

E

milliliter



Experiment

Numbexr

9

10

12

13

14

16

17

18

Summary of Data on the Hydrothermal Experimental Runs,

Table 3-1

Components

Biotite 3205 (100, +270)
Fluorite (-100, +230)
Demin. Water

Biotite 3205 (-100,+270)
man(1w+ﬁm )
Demin. water

Blotite 3205 (=100, +270)
Fluorite (~100,+230) .
Ca~K Solution C

Biotite 3205 (-100, +27o)
Albite (~100, +zoo)»
Ca-K Solution c

Biotite 3205 (- 100, +27o)
Albvite (=~100,+200)
Ca-X Solution C

Biotite 3138 (=100, +120)
Albite (-60,+100)
Ibmin.xrgter

Biotite 3138(~100,+120)

Albite (-60,+100)
Denin., water

Biotite 3138 (-100,+120)
Albite (-60,+100)
Demin, water

Quantity

1.5054 grams
0.7489 grans
~ 0.5 nl.

1.5250 grams
0.7556 grams
~ 0,5 nml,

3.0025 grams
0. 7517 grams

1.9986 grams
1.0014 grams
~ 0,5 ml

1.9993 grams
0.9981 grams
~ 0.5 ml.

1.8993 grams
0.8479 graus
0.5 ml

1.8984 grams
0.8479 grams
NO.S ml.

1.8974 grams
0.8479 graums
~ 0,5 ml.,

Temperature Pressure

2C
750

750

650

650

650

600

600

450

(psi)
3000

3000
8000
7500
7500
15000

15000

7500

Time (hours)

97

210
216
115
405

45
112

118

ec



Experiment

Components

Number

20

21

22

23

24

Biotite 3138 (-100,+120)
Albvite (~-60,+100)

Demin, water

Biotite 3138 (=100, +120)
Albite (-60,_100)

Demin., water

Blotite 3138 (-100,+120)
Albite (=60, +100)

Denin., water

Biotite 3138 (=100, +120)
Albite (-60,+100)

K Solution D

Biotite 3138A (-~120,+140)

K Solution E

Quantity

1.9003 grams
0.8510 grams
~ 0.5 ml.

1.8998 grams
0.8510 grams
~ 0.5 ml.

0.8478 grams
1.8987 grams
~ 0.5 ml,

1.9026 grams
0.8550 grams
~ 0.8 nml

1.9176 grams
~ 1020 mlo

Table %-1 continued,

Temperature  Pressure Time
(°C) (psi)  (hours)
450 7500 190
600 15000 12
600 15000 i2
600 15000 45
600 15000 12
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Table 3-2

Summary of Data on Components used in

Hydrothermal Experiments.

Component Sr87(Sr86 Total Sr (ppm) 3507 (ppm)
Biotite 3205  2.110 35,6020, 22 4,4820,02
Biotite 3138  3.192 26.40%0.16 5.1120.04
Biotite 31384 N.D. 40,09 5.35
Fluorite 0.7095  20.82%0.04 0

Albite 0.9454  3.8220.03 0.0820.01
Ca-K Solution C Assumed 0.154gm/ml Assumed

= 00710 = Oo



Table 3-3

Sumary of Data on Mineral Phases‘at the Comvletion of a Hydrothermal Run.

Experiment  Component Sr87/Sr86 Total Sr{ppm) fSr87(ppml Srfnipration #Sro7 nigra-

Humbexr . : Qagg ) tion («pms)

9 Biotite 3205 o, 145% 36,45 4,32 +1.54 -0.24
Fluorite 0.790 ok, 32 0.11 +2.54 +0.,08
Water N.D. 1.76pgms N.D. -

10 Biotlte 3205 2,207 31,72 4,06 -5.13 -0.64
TFluorite 0.913 22,36 0.45 +0.83 +0.34

12 Blotite 3205 2,157 35.13 4,40 -1.15 -0.24
Fluorite 0.714 22,15 0.01 +0,98 +0.01

B pgmesw a8 mEm o Lp g oD

e e L ] + * *

Ca~K Solution C~0.76 1.2pgms

14 Biotite 3205  2.94 24,03 4,33 -22,84 ~0.30
Albite 1.08 16,46 0.58 +12.70 +0.50

16 Biotite 3138  5.37" 16,07 5.06 -19.52 ~0.10
Albite 0.824 19.91 0.18 +13.54 +0.10

17 Biotite 3138 6.06" 14,85 5,07 -21.94 -0.08
Albite 0.842 20.00 0.2% +13.58 4+0.13
Water 0.738 ~1,1lpgms N.D.

18 Biotite 3138  5.17* 16.56 5.04 -18.54 ~0.14
Albite 0.779 17.29 0.15 +11.36 +0.06

¢



Table 3-=% continued

87

Experiment Conmponent Sx'87/Sr86 Total Sr{ppm) %Sr87(npm) Sr micration *3r° 'migration
Number - lupms) (Mgns )
20 Biotite 3138 5.,23% 16.68 5.14 -18.51 40,07

Albite 0.781 20,02 0.14 +13.73 40,05
21 Biotite 3138 4,93+ 17.32 5.09 -17.22 ~0.04

Albite 0.806 17.35 0.16 A1.44 +0,06
22 Biotite 3138  6.37F 14,16 5.07 -10.34 -0,03

Albite 0.848 7,97 0.11 +7.97 +0.06
23 Biotite 3138 5.36F 16.36 5.09 ~19.,19 ~0.04

Albite 0.807 21.45 0.20 +1%,96 +0.10
o4 Biotite 31384 N.D. 3%.76 5,35

N.D. N.D.

g
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4, Discussion of the Data

The mineral fluorite (experimenﬁ39, 10 and 12)
shows a change from a cleaﬁ, clear mineral to a gray,
cloudy one. Inspectlion under the highest power of
the petrographic microscope revealed neither minute
biotlte inclusions as first suspected, nor a change
in the index of refraction. XNo explanation is put
forth for this change. As a result of experiments in
the temperature range 650-750°C (experiments 9, 10, 12,
13 and 14), biotite 3205 shows a marked development of
black opaciue material (iron oxides), a color change to
a lighter brown, underlafory extinction and a partial
breakdown of the grains to a finer size. These runs
were performed at temperatures and total pressures
(including Po,) outside the stability limits for Fe
rich bilotites /Eugster (1959)/. Biotite 3138 (experi-
ments 16-24) shows the same effect to a lesser degree.
It nmust be concluded that the biotites have suffered
partial alteration and perhaps show the beglinning
stages of recrysféllization. The albite (cleavlandite)
shows no effects of the temperature-pressure conditions
to which it has been subjected.

Three features stand out when the data in table
3-3 are examined. These are: (1) that Sr from blotite
migratesmoré readilj to albite than to fluorite under
the same P-T conditions (compare 12 with 13 or 14),

(2) that biotite loses more Sr then albite or fluorite
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gains, that 1s, a net imbalance eXxists in every experl-
ment (except 9) and (3) that Srn migrates more rapldly
than #5287, o

Fluorite and albite, phases which have or can
accept Oz into their structures (end therefore the
geochemically similar element Sr) were chosen to be
acceptor phases to take up Sr liﬁerated from the biotites.
Both plagioclase and fluorite in nature are rich in Sr,
the latter mineral containing up to 10,000 ppm /Steyn
(195417. However, on structural grounds Sr migration
{o these two minerals is quite different. TFluorite,
CaFo,has cubic symmetry and a face cenxerea cubic
structure with the highest possible coordination (8:4)
between the Ca and F ions. Albite, (Na, Ca) AlSiBOS,‘
has trigonal symmetry and 2 3 dimensional tetrahedral
framework structure. The cations Na+, x* ang ca**
occur in the interstitial channelways or tunnels in
this framework. As fluorite is so highly coordinated,
there exists practically no interstitial space between
the ilons. Therefore, the only way a Sr lon could enter
the lattice is in replacement of Ca, requliring the
breaking of a Ca-F pond. For albite, the Sr might
simply migrate into a vacant interstitial position in
the lattice and become part of the structure without
forcing another ion to leave.

The location of Sr® in the biotites used in +this



study is not positively known, however, it is certain
that %Sr87 occurs'in the interlayer position of biotite
in what was once a Rb site. Based on lonic size alone,
Sr (ionic radius = 1.16A° in 8 fold coordination) should
alsé occur in the interlayer position in an undisturbed
biotite lattice. It is much too large to occur in the
octahedral position with Fe and Mg. However, this
position cannot be ruled 6ut. There exist therefore
three possibilities_fér the location of Sr® in biotites
3205 and 3138: (1) in the interlayer position with
#5287 (2) in the octahedral position and (3) in inclu-
sions associated with the biotites. ‘

If ail the Sr? occurs in the interlayer position,
it should migrate at the same rate as *Sr87. While
this is not proved, it is believed to be a good assump-
tion, and leads to the conclusion that the major part
of the Sr that has migrated has not come from the
interlayer position.

If the biotites used in this study had undergone a
metamorphic event sometime in their history, and as a
result of thls the lattice became distorted, then it 1s

possible that Sr entered the octahedral position at this
| time. Changes have occurred in the octahedral position
during these experiments. Pe™2 has oxidized to re?

and apparently migrated out-of the lattice. DIuring
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this attack on the octahedral position 1t is possible
that Sr™ nigrated from the biotite to albite. This
could be represented by & reaction such as:

Sr plagloclase molecule in”biotite -22—» Albite

In this connection, Eugster (1959) found that at
a T of 600°C and a Po, of 10717 atms or a T of 750°C
and a Po, of 10~17 atms, annite broke down in the
followlng way:

annite —— megnetite + sanidine + vapor.

The experimental systems used in this investigation
have a far higher Po, than Bugster's system. However,
it must be pointed out that formation of sanidine
requires K ions from the interlayer position. This
sanme procéss would liberate %Sr87. Therefore it is
necessary for the experiments biotite-albite-fluild to
state that if the Sr® is coming from the octahedral
position, it is the result of a process that has not
extensively affected the interlayer position in blotite.

In both biotite 3138 and 3205 inclusions were
noted, the main ones beiﬁg zircon, iron oxide and apatite
and/or fluorite. These latter two, being Ca phases,
are serious contaminants. In thls connection, Jgger
(1962) found a parallel correlation between the Sr
content and impurity content in her biotites. Visual

estimates of approximately 1% by volume have been placed
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on the content of inclusions in these two blotites.
However, additlonal studies were performed on biotite
3138, These included the test for P205 as described
by Shapiro and Brannock (1956) to determine the apatite
content 1555(PO4)3(OH,F,5L)7}'X-ray fluorescence
analyses of Sr in apatite~énd fluorite concentrates
from the same hand specimen as blotite 3138, and heavy
liquid separation of the inclusions using bromoform and
methylene iodide. Biotite 3138 was found to contain
0.22% by weight apatite before and after an experiment

(21), the apatite and fluorite both contained approxi-
matél& 180 pprm Sr, and the heavy liquid.treatment of
the ~-400 mesh biotite 3138 grains reduced the Sr con-
centration by approximately 1.5 ppm. Thls means that
apatite itself contridbutes 0.4 ppm and that all
impurities together contribute 1.5 ppm. This however
must be considered a minimum value for the impurity
contribution of Sr to the biotite analysis. Even at
-400 mesh,not all the inclusions would be freed from
the blotite. These tests do show that probably the
majority'of the Sr™ is actually coming from the biotite
lattice. |

The Sr loss from the system must be connected in
sonme way with the mineral loss during recovery and
magnetic separation. The two mineral phases, biotite
3138 and albite of mesh size =100, +120 and =60, +100
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respectively, taken Irom the same stock bottles as the
samples for experiments 16-23, were weighed; mixed,
separated magnetically and again weighéd. They recelved
no hydrothermal treatment. The results are given in
table 4-1. Tﬁey show that an excellent recovery and
separation for both minerals are possible on the
nagnetic separator, i1f all grains involved are of a
uniform size. But, a 3% loss on the average occurred
on magnetic sepération following any one hydrothermal
experiment, while 1% was lost on the initial recovery
from the Jacket.

As the albite suffered no reduction in grain size
during the hydrothermal runs and as the biotite did
suffer such reduction, it is suggested that the loss
_.on separation ?ollowing.a run was nearly 100% biotite

and of a very small grain size.

Table 4-1

Test of Recovery from Frantz Isodynamic Magnetic
Separator.

(1) Weight of biotite = 0.8971 grams
(2) Weight of albite = 0.9699 grams
(3) Thoroughly mixed together and passed tarough the
" ‘the separator at a‘current of 0.364, 15° side
tilt, 25° forward tilt.
(4) Weight of biotite = 0.8957 grams

0.8

Recovery: 575%%%-'X 100 = 99.84%



Table 4-1 continued
(5) Weight of albite = 0.9680 grams

Recovery: 8'9688 X 100 = 99.80%

In three experiments, immediately following the
recdvery of the minerals from the Jacket and before
their separation, a sample of the mixture of minerals
was taken. This was analysed and compared with the
results on the separated mineral fractions. The

results are summarized in Table 4-2,

Table 4-2

Comparison of Total IMixture Data with Separated
Mineral Data

Experiment Original sr® Recovered Recovered
eetar o T asoreT (uems) (ninerel date)Totel Hixtire.
21 43.6 ugnms | 37.9 ugms 41 .0 mgnms
16 43,6 " 35,6 " 37.8 "
17 43,6 ° 35.3 " 3.5 "

To obtain a representative fraction from a sample
varylng in grain size from -60 to~ 250 mesh is difficult
and it is not surprising that the total mixture data do
not agree with the original values. The important
feature to mote in table 4~2 is that the total mixture
values are always greater than the separated mineral
values; also, with increasing time (experiment 21 to 17)

the discrepancy between the separatéd mineral values and



the originel values increases., This is not the case
with the total mixture values versus the original values.
This again indicates that Sr is being lost from the
system during magnetic separation.

Table 4-3 summarizes the data for 3 experiments
concerning mineral and Sr loss. From this data and
the preceding discussion, it seems that fine grained
blotite, exceedingly rich in Sr, was lost on magnetic

separation following a hydrothermal run.

Preliminary hydrothermel experiments /Mclutt (1964)/7
between a blotite, a Ca plagloclase (An5o_6o) and a Sr
solution, showed that Sr from the fluid phase preferred
biotite to Ca plagioclase, a "sink" phase for Sr. Also
Deuser (1963) commenited on the fact that the high
temperature distribution of Sr between fluid and mlneral
returned to STP conditions in minutes when the charge
was quenched following a run. These observations might
indicate that Sr simply adsorbed back onto the mica sur-
face during the quench, and may or may not have returned
into the lattice.

Lyplying this to the system blotite 3138-albite-
water it is suggested that the Sr contained in the
fluid phase at high temperature adsorbed back onto the
grain surface during the quenching process. Because of

the much greater surface area of biotite in comparlson

with albite, the major part of the Sr would adsorb



Table 4~3

Balance of Sr in Hydrothermal Ruuns.

A. Mineral Recovery:

(1) Original amount of minerals
in Cu jacket

(2) Initial recovery of
minerals from Jacket

(3) Separated portion for "total
mixture" analysis

(4) Pinal récovery of biotite
from Frantz

(5) Pinal recovery of albite
.from Frantz

(6) Lost on separation on Frantz

(7} Total loss

21

2.7508 granms

2.7165 "
0.1571 "

1.7195 from
orig 1.8998

0.7859 from
orig 0.8510

0.0540 grams
0.0883 = 3.2%

16

2.7472 grams

2.6753 "

0.0980 "
1.7184 from
orig 1.8993

0.7735 from
orig 0.8479

0.0254 grams
0.0973 = 3.5%

17
2.746% grans

2.7093% "
0.0990 "
1.6238 from

orig 1.8984%

0.7901 from
orig 0.8479

0.1884%4 grams
0.2334 = 8.5%

My



B.

Strontium
Recovery

(1)
(2)

Original
quantity

Total

. nmixture

(3)
(4)

(5)

Blotite

Albite

Unaccounted

. for

Table 4-3 - continued

21 16
AEAE s = 15.80mm PR e
2R = k.9 LS
ei:gigngramsz t2.2 ppm1§:$i§i§iwns
D s = 1720 15
S s = TT-Oom GBS

1l

i

15.9ppm

17

43,6 4ms

2.7463 grams
1,44 ems

13, 8ppm

»0990grams
15.9 4mmg

10.9ppum

1.6258grams
15. 6 40ms

19.7ppnm

84 . 3ppn

. 7901grans
10. [ 4pgms

. 2354 grams

i

15.9ppm
14.4ppm

9.8ppm
19.8ppm

45 . 8ppm

ch
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back onto the blotite grains. In addition, the blotite
has with time further increased its surface area by
partial breakdown. These small grains with thelr very
large surface area would adsorbdb Sr in a disproportionate
amoun’t with reépect to thelr weight contribution to the
whole bilotite sample. This will explain vhy the dis-
crepancy between mineral wvalues and the orliginal values
(table 4-2) increases with time.

The purpose of the Ca*¥-K' solution in experiments
12, 13 and 14 and of the K* solutions in 23 and 24 (see
appendix B for description of the solutions) was to
affect an ion exchange reactlon between Xt aud Ca++ in
the solution with *Sr87 in the interlayer position of
the biotite. The KT ions in experiment 23 and 24 did
not exchange with #5297 4n biotite 3138. The Cattx”
solution may or may not have done so in biotite 3205.
*Sr87 has been lost in these experiments, but it may
be a temperature effect and independent of the
presence of Ca®™ and X* in the solution. This was
not rursued any further, but a study of this sort should
prove profitable especially in the light of the work
done by Xulp and Engel (1962) and Gerling and
Ovchinnikova (1962), where these authors found that -
the Rb/Sr ratios could be altered by exchange reactions
between ions in a liquid phase and those of the inter-
layer position of biotite.



5.

Lk

Figures 4-1 to 4-6 show graphically the data for
experiments 16, 17, 18 20 and 21. With these experi-
ments,an attempt was made to reach an equilibrium
distribution of Sr between biotite and albite at a
particuléé T and P. Using the albite data (figure
4-1), it appears that Sr has reached an equilibrium
valﬁe, but the blotite data for the same T-P conditlons

87

Sr continued to

)
3%

do not show this (figure 4-2); also
migrate to albite after the Sr® has ceased (figure

4-3), If a true equilibrium situation prevailed at
60000,%Sr87 also would have ceased to migrate after

45 houis (experiment 16) because once the *Sr87 ion
left blotite it would enter albite in the same menner
as Sr®. The apparent picture of Sr equilibrium (figure
4~1) probably represents Sr® naving been drained'from

a site other than the interlayer position, and that
elthough both Sr2 and #5rS7 continued to migrate after
45 hours, theilr quantity was so low that no appreciable
change in concentration was noted. Therefore, it is
concluded, but not proved, that equilibrium has not
been reached in the time alloted due to kinetic effects.
Diffusion of %Sr87

The studj of diffusion is based on Ficks Law.

It can be stated in two ways:
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*3r87 IN MICROGRAMS
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>
P = -DZ (1)
Y 2
5% = 03 (2)

Equation (1) gives the flux P in the steady state
of flow through a unit cross section area, in terms
of the concentration gradient and a constant D, the
diffusion coefficient. Zquation (2) refers to the
non stationary state of flow. It describes the accumula-
tion of matter at a given point in a medium as a func-
tion of time., This latter form is easily applied to
various diffusion models.

If a homogeneous phase of uniform initial concentra-
tlon and uniform concentration at the surface is assumed,
then i1t i1s possible to obtain solutions to Ficks' ILaw
for a sphere, cylinder, and slab (Carslaw and Jaeger,
1958, Barrer, 1941). These solutions are further
simplified 1f the surface concentration is taken equal
to zero. The most convénient way to express the equa-
tions 1s in terms of F, the fraction lost from the
mineral at anytime t.

(1) Slab - this applies to an infinite slab or a
slab with impermeable edges.

2.2
F o= 1~ ;?2 . exp[:' L: tl
odd

where /4 = half thickness of the slab., For F<C0.03

this series can be approximated by:
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(2) Cylinder = this refers to a cylinder of infinite
lenth or with finite length having impermeable ends:

vl

where 2 is ‘the radius of the cylinder and//uo are the

M

P = 1 =

-

roots of the Bessel function of the first kind and

zero order. For F<0,02, this can be approximated by:

D _ 1.9457°
22 2%
(3). Sphere

[~
2.2
- -6 1 -n"w Dt
n=1
where a 1s the radius of the sphere., If F is small
( £.0.10) this can be approkimated by (Gerling and

Morozova 1962):
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Using these three models and the assumption of
zero surface concentration, the 9/32 values for *Sr87
have been calculated for experiments 9-21. The
results are listed in table 4-4,

The values as calculated are for the specific
systems Dblotite-albite and blotite-fluorite. They
are not considered to represent D/ég values for *Sr87
diffusion from biotite for any system except the ones
investigated during the course of this study. The

reason for this is obvious from the preceding discussion

on Sr behaviour tovards albite and fluorite.

Table 4=4

Values of D/22 for #3x07 (in 10~'0 sec=') usine
Three Models

Biotite 3138

in Experiment: Slab Cylinder Sphere
21 7.0 1.7 0.76
16 5.0 1.5 0.58
17 3.5 0.9 0.23
18 0.7 0.16 0.08
20 0.3 0.08 0.03

Biotite 3205
in Experiment:

9 » 32 8.1 4.5
10 91.0 23.0 11.0
13 120 31.0 14.0
14 16 4,1 1.8

12 0.8
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Table 4-4 continued

At 600°C (21, 16, 17): Average Slab = 5.2 X 10719 sec™!
" oylinder = 1.3 X 10710 sec™!
" Sphere = 0.5 X 10~10 gec™1

At 450°C (18, 20) " S1eb = 0.5 X 10~10 gec™!
-1

" gylinder = 0.12 X 10710 sec
y Sphere = 0.05 X 10~10 sec™!
A precision error of z 30% is blaced on these numbers.
This is equal to 2v or 95% confidence limits. The
absolute accuracy 1is unknown.

The diffusion coefficient D itself cannot be
determined, because the diffusion radius is unkmown.
The radius of the biotite grain itself is known, but
this is not necessarily equal to the diffusion radius.
The Sr ion may only have moved a few microns in distance
before it reached the grain surface or a lattlce
imperfection and thus readily escaped. Therefore, it
is necessary to deal with D/a2,

The activation energy involved in the diffusion of

%Sr87 can be determined by use of the Arrenhlius equation:

D, _ Do - Bact
a® a“© RT

where a = diffusion radius

= a constant, the frequency factor

@m ‘OU
!
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Ejot = the actlvation energy in calories/mole

R = the gas constant = 1.987 calories/mole-
degree
T = the temperature in degrees Kelvin

By plotting logqg D/a2 versus 1/T, the E . ¢ 1is
determined from the slope of the line (equal %o

JEact y* The data in Table 4-4 have been treated in

e s sem—————

2.305R
this way and the results are seen in figure 4-7.

On the basis that Sr in the biotite and albite
nave 5r87/5r86 ratios of 0.710, the E,qt for the dif-
fusion of #Sr7 from biotite 3138 to albite is 20 Keal/
mole in the temperature range 600°-450°C, This cal=~
culation is based on the cylindrical model,believed to
be the best approximation to biotite.

A line 1s seen connecting the data for 650°C with
that for 600°C. It must be remembered that two dif-
ferent blotites are involved here, biotite 3205 at
650°C and blotite 3138 at 600°C. However, if the dis-
cussion is restricted to the migration of #3787 from
the blotite interlayer position, then it is believed
that these two blotites can be considered as one.
Looking at figure 4-7 1t is seen that a much higher
Zpet 0f 84 Keal/mole exists between 650°-600°C than in
the temperature range 600-450°C. An E,.4 of 60 Kcal/
mole is found for the system biotite 3205 - fluorite
in the temperature fange T750=-650°C, The Eget for this
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system is less in value than that for migration at
650-~600°C,.. However, notice that the D/a? value for
#5787 aiffusion from blotite 3205 to fluorite is the
same at 750°C as the D/a2 for biotite 3205 to albite
at 650°C. This is compatible with what was concluded
earlier. That is, Sr migrates at a faster rate to
albite than to fluorite.

By Iknowing the E ,4 values it is now possible to
deternmine #he time~-temperature-D/22 relationships as
they might apply in geological clrcumstances, For
example, in table 4-5 the temperatures required for 2%
loss and 50% of #Sr87 from biotite in 1 m.y., 100 m.¥.,
and 1 b.y. are listed. The values given are calculated
on the basis of volume diffusion, using the cylindrical
nodel and with the Eget values of 20, -60, and 84 XKeal/
nole.

As the ratio of 0.710 is assumed for sr™ in these
blotites, the D/a2 values calculated here must repres-
ent meximum velues, l.e. minimum Eget values, to be
found in the experimental systems. If the value of 20
Kcal/mole for Ej et is applied to temperature-time con-
ditions in the earth, it is seen that significant *Sr87
loss from biotite could occur over geologic time with-
out the help of a thermal event at some time subsequent

to the mineral's formation. For example, in 1 b.y. at

a temperature of 60°C, 50% of the #5797 could be lost



Table 4-5

Teriperature at which 504 and 2% of #5287 would be lost from Blotite in times of one

million, one hundrcd million and one billion years

Eqct (Keol/mole) 2% loss of *sr87 50% loss of #sr8T

| 1l m.y. 100 m.y. 1 b.y. 1m.y. 100 m.y. 1. beve
(1) =20 80°¢ 250¢ - 170°¢ 95°¢ 60°C
(2) 60 3400C 2900¢ 265°C  430°¢C 360°¢ 3359¢
(3) 85 36000 %20°C 300°C  430°C 375°¢C 3600C

(1) Corresponds to the experimental system blotite 3138-albite in the temperature
range 600-450°C,

(2) Corresponds to the experimental system biotite 3205-fluorite in the temperature
range T50-650°0,

(3) Corresponds to the experimental system blotite 3205-albite in the temperature
range 650-600°C,

23]
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from bilotite. This imvnlies that all Precambrian biotite
shouwld show significant %Sr87 loss. However, the data
for the systems blotite 3205-2lbite and biotite 3205~
fluorite suggest that a thermal event is indeed needed
for any significant *Sr87 nigration to occur., The
incompatabllity of these latter results with the system
biotite 3138~-albite necessitates a further look at the
cause of %Sr87 loss from blotite in the temperature
range 600-4500°C,

Looking at figure 4-3, it appears that the movement
of #8587 is reaching a "plateau" value in the regim of
0.15-0.20 agms, For thé same reasons as presented
earlier, this is not considered an approach to an
equilibrium value. It is suggested, but not proved, that
this approach to a plateau value represents dralnage or
desorption of *Sr87 from the grain surfaces, grain
imperfections or some crystal defect. This would cor=-
respond to the low temperature loss of Ar from mica as
found by Amirkhanov et al (1959a, 1959b) and Fechtig et
al (1960). If this value of 0.15 to 0.20 ugms is cor-
rect, then approximately 2% of the #Srol in blotite
3138 is residing in locations other than the interlayer

position of the biotite.

The D/ég-temperature-time conditions as derived

from the data in the temperature range 750-600°C (the
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systems blotite 3205-fluorite and biotite 3205-albite)
are compatible with conditions expected in nature. For
exanple, 50% of the *Sr87 could be lost from the biotite
in 1 m.y. at a temperature of 430°C, a temperature
certainly within the metamorphic range.

One point must be made here which concerns the
pressure conditions of the experimental runs (9 to 17
and 21) in the temperature range 600-750°C. The runs
at 600°C and 1000 bars pressure (blotite 3138) are
within the stability limits of blotite except for the
high P02 which causes oxidation as noted. At 650°C and
500 bars it is marginal and at 750°C and 200 bars it is
outside the stability limits. That is, at these higher
temperatures and low total pressure biotite (eilther
3138 or 3205) should start to lose its structural water.
There does exist therefore the strong possibility that
the *Sr87 being released at high temperature is due in
large part to the breakdown of the interlayer position
of the biotite. In this connectlon, Gerling and
Morozova (1957) and Saradov (1961) believe that the loss
of Ar from the interlayer position in micas will only
cone about when the nmica begins to break down by giving
off its structural water. Also Gerling et 2l (1963)
found that the higher the Fetd/Fe*2 ratio in blotites
the lower the Ego+ for the release of Ar, They con-

clude that the entry of Fe into the structure somehoyr

"loosens" it up and mekes diffusion easler. In this
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present study, Fe certainly was oxidized during the
hydrothermal ruﬁs, and thils too may have aided in *Srg7
escaping from the blotite.

Summary and Conclusions

The adsorption of Sr onto the mica surface, coupled
with the loss of the fine sized mica flakes, is belleved
to be the cause of The Sr loss noted in any one experiment.

S that migrated from biotite to albite or fluorite
came primarily from inclusions within biotite grain and/
or from the octahedral position of the biotite. This
nigration of sr 1s believed not to be diffusion con-
trolled, but instead 1s somehow associated with the dis-
solution of impurities or with the changes occurring in
the octahedral position in the biotite.

D/a2 values for #Sr87 movement from biotite to
albite or fluorite vary from 3 X 102 sec~! at 6500C
to 8 X 10°12 gec=! at 450°C using the relationships of
volume diffusion. It is suggested that #5207 migration
in the temperature range 600-450°C is due to 2 desorp-
tion process. Migration at 600-75000 can be the result
of dehydration and oxidation reactions in the blotite,
but the experimental datze found at high temperature are
cozoatible with the idea of #Sr87 loss from biotite due
to volume diffusion during a.thermal event., All D/a2

values are calculated on the assumption that the
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Sr87/Sr86 ratio of Sr® is 0.710.
The movement of SrT and *Sr87 from blotite depends
upon the nature of the mineral phase in assoclation with

the blotite.
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APPENDIX A

TREATMENT AND DESCRIPTIONS OF MINERALS

1. Purification of the Minerals

Both blotite samples came from biotite concen-
trates previously prepared by various workers in
the M.I.T. Geochronology Laboratory. These con=
centrates were first sieved into as many size fractions
as possible in the -100, +300 mesh range; where grain
size reduction was needed a steel pestle and mortar
was used. A size fraction was then spread out on a
clean piece of weighing paper and a weak hand magnet
was used to remove magnetite. The grains were then
passed througn a Frantz Isodynamic Magnetic Separator,
first at a current of approximately O.1 amperes and
then at a current of approximately 0.36 amperes. Pre-
liminary tests showed that this range of current
produced biotites of minimum Impurity. The separator
had a forward tilt of 25° and a side tilt of 15°.
Passages were made at both of these currents until
collection was entirely in one cup or the other. Thils
procedure was repeated for every size fraction of
interest and the verious fractions desired were then
collected in one stock bottle for subsequent use in

the experiments. All samples of a particular mineral
used in the hydrothermal runs came from the one stock

bottle.
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The pegmatitic albite (cleavlandite) was treated
in the same manner as described above for the Ca plaglio-
clase. The main impurity was muscovite and this was
effectively removed by magnetic treatment at the
meximum current.

The fluorite contained no noticeable impurities.
This was a large specimen from a veiln mineral deposit.
It was reduced to the desired grain size by crushing in
a steel mortar and stored in a large stock bottle for
subsequent use.

2. Mineral Descriptions

(2) Biotite 3205 is from the Birch Lake Granite, Hart
Township, Ontario. Its colour is greenish brown show-
ing some dlteration to chlorite. Once again iron oxide
and apatite (?) are the main inclusions. Estimate of
inclusions is blaced at 1% by volume.

(b) Biotite 3138 is from a2 granitic body 14 miles
west of Mount Laurier, Quebec. Its colour is light
brown to tan. The main inclusions are zircon with well
developed pleochroic haloes, iron oxides and once again
2 clear mineral, probably apatite; The main inclusion
is zircon. =Estimate of inclusions is placed at 0.5-1.0%.

(c) The albite is of the cleavlandite varlety and is
from the Strickland pegmatite, Connecticut. It is part
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of the whole rock sample R4725 (M.I.T. laboratory col-
lections). The mineral is free of impurities except
for some alteration to sericite and kaolinite. The
anmount varies from grain to grain but is very minor
on the whole.

(d) The fluorite is very clean, and no impurities

were found. It is a veiln fluorite of unknown origin.
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APPENDIX B

PREPARATION OF AQUEQUS SOLUTIONS
1. Solution C

1 gram of GaCO3 and 0.5 gram of KH08H404 were
placed in a weighing bottle and dried overnight at
95°C, They were subsequently removed and placed in a
desiccator for 15 minutes, and then weighed. The
contents of the welghing bottles were placed in a
1000 ml beaker and dissolved slowly in weak (~ 0.1 )
HCL., The beaker was washed repeatedly with distilled
demineralized water and the wash added to the volumetrilc
flask, The flask was taken up to volume with distilled
demineralized water. The contents were transferred to
a 2000 ml polyethylene bottle for storage. After a
temperature correction had been made, the solution was
found to contain 200.02 «gms Ca/ml and 47.90 4gms K/ml
at 20°¢.

2. Solutions D and E.

Solution & is a previously prepared potassium
standard of KHOGH,O, containing 1030 ugms K/ml. Solu-
tion D was prepared by pipetting 2 ml of solution E
to a 50 ml volumetric flask, and taking it up to volume
with distilled demineralized water. Solution D contalins

41.%/(gms K/ml.
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CEZAPTER I

INTRODUCTION

The use of the Rb-Sr method for age determina-
tlons is based on the decay of Rb87 to Sr87 by
emission of a/é ~ particle and a neutrino.

Almost from the beginning workers noticed that
age determinations on coexisting mineral phases from
the same rock speclimen gave conflicting ages. ILater,
when the whole rock method was introduced /Schreiner
(1958), Compston and Jeffery (1959), FPairbairn et al
(1960) and Allsopp (1961)/ it was found that the
mineral ages might agree or disagree with the whole
rock value. A few examples of this follow.

Tilton et al (1958) found that bilotltes from the
Baltimore Gneiss gave 2b-Sr ages of 300-350 m.y. while
the microclines gave results by Rb-Sr that agreed
with zircon U-Pb ages of 1100 m.y. Deuser and Herzog
(1962) found that bilotite-muscovite pairs from
pegnatites conflicted in their ages, with biotites
always giving the younger age. Wetherill et al (1962)
found microcline and muscovite Rb-Sr ages to agree
with U-Pb ages at 2700 n.y. but the blotlite gave con-
sistent ages of 1800 m.y. Allsopp (1961) compared
whole rock and mineral ages. He found that feldspar,
blotite and chlorite had lost *SrS7, while muscovite,
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apatite and epidote gained it. He believed that

*Sr87 migrated by diffusion during a reheating period

at 2120 m.y., the age of the biotite sample. Paure

et al (1962) found that feldspar both gained and lost

*Sr87 while the biotite always lost part of 1is *Sr87.

Long (1964) took mineral phases from a rock sample

which fell on a whole rock isochron giving an age of

530 m.y. with a (Sr87/Sr86%) ratio of 0.710. The miner-

al phases themselves fell on a separate isochron pass-

ing through the whole rock point. This mineral iso-

chron gave an age of 390 m.y. with a (Sr87/Sr86k)ratio

of 0.782., He claims that subsequent metamorphism at

390 m.y. was intense enough to cause homogenization

of Sr isotopes among minerals in rocks over a wide area,
Generally, Authors believe the loss of #5707

occurred at a time of intense reheating subsequent to

the initial formation of the minerals. McDougall

et al (1963) and Gast and Hansen (1962) report that

the migration of *Sr87 has occurred in rock systems

where no visual effects of metamorphism can be found.
These age discrepancies have usually been

attributed solely to the addition or loss of %Sr87

in the mineral concerned. However Kulp and Lngel (1963)

and Gerling and Ovchinnkove (1962) have showa that Rb

will exchange for X in micas at very low temperatures

(room temperature and 100°¢). Xulp and Engel were able
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to lower the Rb/Sr ratio by 25%.

Many other papers have been written dealing with
discordant mineral ages and the results obtalned are
similar to the exeamples given above. /Craddock et al
(1964), Lanphere (1964), Zaritmen et al (1964),
Fairbairn et al (1964), Pairbairn et al (1963), Lanphere
et al (1963), Basset and Giletti (1963), Gerling et
al (1962), Wetherill et al (1962), Allsopp et al
(1962), Hart (1960), Pinson et al (1958), Aldrich et
al (1956).7

To the author's knowledge, the only investiga-
tion of Rb and Sr migration under experimental con-
ditions is the work of Deuser (1963). For both mus-
covite and biotlte he found that the order of leachi-
bility was non-radiogenic Sr > #Sr®7 D Rb and in
going from 200°C - 600°C the rate of loss increased
greatly. He also noted that non-radiogenic Sr could
be easily leached at low temperatures (20000) but not
#3r87, Therefore a marked difference exists between
the rate of migration of non-radiogenic Sr and *Sr87.

Diffusion studies of an experimental nature con-
cerned with dating methods has been confined primarily
to the K-Ar method., However it is believed that some
of the results of these investigations should equally
well apply to the Rb-Sr method. In general investiga=-

tors have found that:



(1) Low temperature loss of argon is a desorption
process and not volume diffusion /Amirkhonoff et al
(1959); Amirkhonoff et al (1959a), Fechtig et al
(1960)7.

(2) Argon occurs in potassium feldspars and micas
in as many as five different positions each with 1its
own activation energy for liberation of the Ar4o.

They believe the differences in retentivity are due to
loose adsorption (low Eact), ArAO located in lattice
defects caused by such conditions as perthitization

of feldspars (med. Bact) and ArAO locked in a KAO site
in the crystal lattice (high Eact) /Gerling and
Morozova (1957, 1958), Gerling et al (1963), Fechtig
et a1 (1961), Beadsgaard et al (1961), Sardarov (1957)
and Hart (1960)7. |

(3) Some minerals such as sanidine and pyroxene
show simple volume diffusion loss with no low
temperature "zero" phase of low activation energy
[Hart (1960); Fecﬁtig et al (1961), Baadsgaard et al
(1961)/.

(4) Sardarov (1961) does not believe argon diffuses
out of muscovite, but is liberated only when the
structural water is given off at high temperature
(> 700°0).

Many other articles have been written concerning
the subject of argon loss from minerals, dealing both
with the theory of diffusion and the interpretation

[
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of the results /Tevskii (1963), Amirkhonoff (1961),
Everenden et al (1960), Brandt (1962), Gerling (1960)
Anirkhonoff et 21 (1960), Reynolds (1957), Gentner et
al (1954), Gentner and Kley (1957)/. In general values
of D/,2 found for minerals fall in the range of 100
sec™! at temperatures in the range of 1000°C to 10~2°
sec'1 at room temperature, assuming volume diffusion.
However, if low temperature loss 1s by desorption the
values at room temperature could be as high as 10"18
sec™! [Fechtig et al (op. cit. 1961)7/. On the basis
of field evidence Huriey et al (1960) set an upper
1imit for both Ar and Sr diffusion at ~10"20 sec™!
at room tenmperature.

In a recent paper, Sippel (1963) discusses the
self diffusion of sodium in natural minerals. 1In
brief he found that Na diffused from microcline most
easlly followed by albite-orthoclase-blotite-hornblende
and acmite respectively. TFor albite he got D values

=11 cmg/sec

of 2.8x10~1° cm?/sec (940°¢) and 8x10
(850°C). TFor acmite he got 10~ 11 cn?/sec (940°¢).
These values might be some indication of the values
to be expected for Sr87 diffusion from minerals.

The purpose of this investigation is to study
the redistribution of non-radiogenic and radiogenic

Sr under controlled conditions of temperature and



pressure. Deuser (1963, op. cit) dealt with single
mineral phase and a liquid phase. This investigation
carries his work one step farther. Here two nmineral
phases are placed in contact in the presence of a
liquid phase. In this way the movement of Sr from
one phase to the other can be studled. TFrom this 1%
may be possible to determine:

(1) the D/a® values for both non-radiogenic Sr and
%Sr87‘for the "doner" phase (biotite in thils investiga-
tion) and the “accep%or" phase (albite or fluorite).

(2) A tempefature deéendence of the D/a2 values
for biotite.

(3) An equilibrium distribution coefficient for

87

both non-radlogenic Sr and #Sr and the temperature

dependence of this distribution coefficlent.

75
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CHAPTER II

EXPERIMENTAL PROCEDURE.

1. Hydrothermal Apvaratus.

A. Description of Anveratus

The experiments were performed in a stellite
cold seal pressure vessel of the Tuttle type. Tais
bomb is 13.00" in length, 1.250" in outer diameter
(0D) and 0.400" in inner diameter (ID). It was con-
nected to the vressure gauge and mechanical pump by
means of capillary pressure tubing. The bomb and
gauge werc isolated from the pump by a needle valve,
which also served as a means of releasing pressure
1f it exceeded the desired value.

The bomb was inserted into an electrically wound
furnace, heated by a regulated voltage supply.
Temperature recordings at two hour intervals over a
two day period showed a maximum variation of *10%
once the plateau temperature was reached.

Temperatures were measured with chromel-alumel
thermocouples, Before each reading the millivolt
votentiometer was calibrated against its standard
cell. A new thermocouple was used for each run. It
was not passed through an ice bath before connection

to the potentiometer, so a room temperature correction

was applied to each reading.
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FPigure 2-1A showys the positioning of the thermo-
couple in reference to the sample. Heasurements showed
that approximately a 20°C radial thermal gradient existed
between the thermocouple and the sample, while 25—3000
axial gradient existed over the length of the sample
region. As the temperature intervals oi the rums
were 150°C it was believed that the axial gradient
could be tolerated.

B, Jacket Assemblv.

In Pigure 2-1 are drawings of the Jjacket assembly.
A of Figure 2-1 shows an enlarged version of the
jacket in place in the bomb, and B the Jjacked assenbly

dravm Lo actual size.

an

These capsules were fabricated from 4~ oXygen

free copver rod. A small extension was leit at the base
of the jacket for soldering to a stainless steel rod.
This steel rod had two purposes. First, it served as

a means by which the assembly was freed from the bomb
at +the conpletion of a2 run. Due to the external
pressure exerted on the copper jacket it deformed and
could not be dislodged by shaking or tapping. Con-
sequently a lonz bolt was screwed into a tapped hole

at the top of the rod, and by use of 2 nut, the entire
assembly was backed straight out of the bomb. The rod
also served as a filler, cutting down greatly on the

volume of water needed to builld up the desired pressure.



INVERTED CAP

le————— 1.250"0.D.

SOLDER RING COPPER JACKET STELLITE PRESSURE VESSEL
/ 4 / PLUG FOR
ATTACHMENT
g TO STEEL
/o 254 ".6.0%0" ROD
N bl cmsos S //J\L/
,& / :z*:z\zrrz e S S S 40 ey S SO S L SN ST S S SO SO SR SO O O T A SO S SO LT S S S S S S 2 —————W
= S LN yj - -
o B - N Sttt ’ B R . . N~
\y / Z Z /.J ra «'1 P ooy SO g o S o e } j
s ////Z/W / e '/
VA /
S b
§ THERMOCOUPLE WELL
vV // S ////
> 0.25"
"2.00" >
2.25"

(A) COPPER JACKET IN BOMB (3X ENLARGEMENT)

SOLDERED IN PLACE r0‘375"DIA.
L A
b< 3-5

(B) COPPER JACKET AND STEEL ROD { TRUE SIZE)
FIGURE 2-1 — COPPER JACKET ASSEMBLY.

8L



79

Pressed into place at the top of the Jacket was
a tightly fitting inverted copper cap. A ring of
solder was formed at the junction of this cap and the
jacket wall. It was found necessary to make a narrow,
shallow, axial s1it on the side of the cap, so that
air could escape from the Jjacket during the heating
stage necessary for soldering. If this was not done,
the cap invariably popped off, causing a partlial loss
of the sample. Details of the soldering process will
be presented in the next section.

C. Operating Procedure

After fabrication of the jacket, it was soldered
4o the stainless steel rod. For rumns at 450°C or less,
it was possible to use "Easy-Flow" silver solder which
melted at 1125°F and flowed at 1145°F. Runs carried
out at 600°C-7SO°C needed a high temﬁerature silver
solder which both melted and flowed at 1453°F. The
jacket and cap were then thoroughly washed with soap
and water, rinsed several times with vycor distilled
2N HCL and demineralized Hpy0, and dried with acetone.
The minerals to be used, which had been previously
purified and stored (next section), were quantitatively
weighed out using a chaln or metlar balance, transferred
to a separate plece of weighing paper, thoroughly mixed
by coning and added to the jacket. If the solution

used was quantitative in nature, 1t was pipetted in

wlth a calibrated pipette. If only an approximate
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emount of demineralized water was needed, it was
added drop by drop from a plastic squeeze bottle.
The same bottle was always used, so that a rough re-
producibility was maintained.

Immediately following this addition of solution,
the cap was pressed firmly into place using a machine
press. The jacket, cap and rod assembly was then
immersed in a large bath of cold water untll only the
top 3" of the jacket extended above the water level
(i.e..only that portion containing the cap). This
was necessary to keep the mineral and solution cool
while heat was applied to the cap. Early attempts
to use liquid N2 failed, because the rapid evaporation
rate exposed too much of the Jacket to the heat fronm
the torch. Flux was added to the cap, heat applied
from a torch using an oxygen-alr mixture, and if the
components were properly cleaned, the solder flowed
quickly and smoothly to form a solid ring connecting
the Jacket to the cap. The Jjacket was then cleaned
in the lathe of any excess solder and the top trimmed
down a few thousands of an inch. The ring of solder
was then examined under high power in a microscope
to detect any flaws. If any were noted, the solder-
ing process was repeated until a successful Job was

done. An experiment was performed to see 1f thls
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soldering process caused any major reaction to occur.
The system blotite-albite was used. Table 2-1 lists

the results of this run.

Table 2-1 - Zxperiment 19.

fect of Soldering on Samvnle.

Biotite AlDbite Blotite Albite
B835138 R4T25 B3138 #19  R&4725 #19

Total Sr: 26.5 ppm. 3.9 ppm. 24.4 ppm, 4,1 ppn.

The jacket was opened immediately after soldering
and the minerals separated and analyzed. Assigning a
conservative 3% error to these values, it can be seen
that very little reaction occurred., IMicroscopic exam=-
ination of both minerals showed no change from the
untreated minerals.

After emplacement of the pressure vessel in the
furnace, an initial 1000-2000 psi water pressure was
applied with the hand puwup. The valve was Then closed
and the variac turned up to maximum voltage signalling the
beginning of the run. To reach a temperature of 600°C
required about 3 hours time, and to attaln 750°C [Sya )
tailed 5-6 hours. During the initial heating stage, it
was necessary to "bleed off" the pressure several times,
and this was done by opening the valve slightly,
allowing the water to escape slowly. If a final pres-

sure of 15,000 psi tas desired, the minimum value



2llowed in "blecding off" was 10,000 psi. This pre-
vented any major pressuré changes occurring during
the initial stage, eliminating the danger of the
Jacket bursting. iith good Jjudgement and the benefit
of experience, it was possible to arrive at the pres=-
sure aimed for without having to pump more water into
the system.

Once the necessary temperature and pressure were
reached, the assembly could be left to run, with only
several checks a day needed to keep a continual record
of the T-P conditions.

Unon comyletion of the run, the bomb was quickly
gquenched in a large container of cold water and the
jacket freed in the manner described earlier. The
jacket was thoroughly washed to prevent major con-
tamination during the release of the charge. The
jacket was then clamped into position above a clean
plastic funnel containing hard filter paper
(Schleichner and Schell Number 576). Ovening of the
jacket was accomplished by use of a clean tube cutter,
breaking the Jjacket at the base and top. This allowed
the liquid to fall directly onto the filter paper,
but the nminerals usually required the application of
denineralized water to force them out. The original

liquid and water were collected in a clean nalgene
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beaker for analysis. The nminerals were washed fron

the filter paper with acetone into a clean porceline
dish and dried with the aid of an infra-red lanmp.

They were then transferred to a clean sheet of weigh-
ing paper for a determination of the perceantage
recovery. Sometimes an analysis was made of the mixed
minerals and a portion was removed at this time., Other-
wise they were passed through a Frantz Isodynamic
Separator and stored in clean vials for analysis. The
separated minerals were always checked under the mlcro-
scope for their purity. Table 2-2 shows a typlcal
weighing for an experiment. On the average, approxi-
nately 98-95% of the original material is recovered.
Inspection of steps number (6) and (10) will show that
the majority is lost on separation in the magnetic
separator. Theoretically, if a homogeneous reactlon
had occurred, and Sr was evenly distributed through-
out the sample, thils loss would be of no consequence.
However, as discussion will point out, this loss

during separation may bear on the discrepancles found.



Table 2-2

WMeighing Procedure for Bomb Runs,

A. Before Run

(1) Weight of biotite = 1.9003 grams.

(2) Weight of 2lbite = 0.8510 grams.
(3) Mixed minerals should weigh = 2.7513 grams.
(4) Mixed minerals do welgh = 2.7515 grams.

B. After Run

(5) Weight of mixed minerals = 2.7160 grams.

(6) Recovery of mixed minerals = %f%%%% X100 = 98.7%
(7) Removed for "whole rock" analysis = 0.1513 granms.
(8) eight of biotite recovered = 1.7118 grams.

(9) Weight of albite recovered = 0.7893 grams.

(L0) Total Recovery =

0.1513 + 1.7118 + 0.7893 = 2.6524 grans.

_ 2.6524 _ ot
= 522228 x 100 = 96,4
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2. Chenlstry
A, Isotope Dilution Analysis.

The mineral sample which had been previously
cleaned on the Franiz magnetic separator, was spread
on 2 clean piecé of paper and a representative sample
selected by conlng and quartering. After weighing,
it was transferred to a platinium dish and the Sr
splke was added with a2 calibrated pipette. The dish
wvas placed in a steam bath under a2 chemical fume hood.
For 0.5 grams of sample, 10 ml of distilled reagent
grade HF (Shields 1964) and 1.5 ml of 7O per cent
vycor distilled HCLO, was added. ILvaporation was
completed to near dryness and another portion of HF
and HCLOZ,r were added, and the sample was evaporated
again., 150-200 ml of vycor distilled 2N HCL was
added, evaporated to approximately 20 ml removed from
steam bath and allowed to cool for several hours.

The solution was taken up to approximately 40-50 nl
wilith distilled-demineralized water and filtered into
a nalgene beaker using hard filter paper (Schleicher

and Schnell Number 576). Sr85

tracer, for monitoring
the ion exchange column separation, was added so that
the total count was three times background. The
sanple was slowly added to 2 cation exchange column

(Dowex 507 - X8, Cross linked, 200 mesh) which had



becn previously washed with 1000 ml of 2N HCL, mak-
ing sure not to disturb the resin on the top of the
column. After the sample had soaked into the column,
an equal volume of 2N HCL was added, carefully wash-
ing dovm the sides of the column in the process.

This was repeated once more to insure complete and
uniform entry of the sample into the column. 2N HCL
was then added until the Sr passed through the columns.
This usually required 400 ml of acid. VWhen the Sr
was within one~half inch of the bottom, collection

in nalgene beakers began. Usually one beaker before,
and one beaker after the passage of Sr was taken to
gain complete recovery. The beakers were evaporated
to dryness on a hot plate. They were then monitored
on a gamma counter and only those beakers showing
activity were saved. Usually the first beaker to con-
tain a small activity was discarded, thus helping to
separate the Ca from the Sr. The Sr was then dissolved
in a few mls of 2N ECL, collected into one beaker and
again evaporated to drymess. The Sr was taken up in
2-3 nl of 2N ECL, transferred to a 5ml vycor beaker
and 2-3 drops of HCLO, were added to dissolve any
resin in the sample. The beaker was evaporated to
dryness, and then taken to red heat in a bunsen burner

flame to drive off the HCLO,. Approximately 3-4 ml
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of vycor distilled 6X HN03 was added and evaporated
to dryness, another portion of acid added and eva=-
porated to dryness again. The beaker wes fhen
stored for mass specitrometer analysis.

Early in this investigation pyrex glass beakers
and columns were used. However, Wasserberg et al
(1964) demonstrated the possibility of Sr exchange
between sample and glass to a remarkable extent, and
which would not show up in a blank analysis. There-~
fore, all pyrex glassware was discarded and only
vycor glass columns and polyethelene and vycor beakers
were subsequently used.

B. Isotope Ratlo Analysis.

The procedure is exactly the same as that
described above wilth two exceptions: (1) only an
approximate weighing of the sample was done and (2)
no Sr splke was added. "

C. Sr Soikes.

During the course of this investigation, two
Sr splkes were used. The first of these was a Sr86
spike, the details of which are presented by Pinson

(1962). The average of four isotope ratio analyses

are given in Table 2»3,



Table 2-3

Average of 4 Isotope Ratio Analyses of Sr86 Spike,

84 = 0.05%
86 = 83.73%
87 = 9.48%
88 = 6.74%

Seven lsotope dilution analyses were made using
the same M.I.T. shelf solution which contained T.42
Mgms, Sr/ml. Table 2-4 gives the results of the

analyses.

The second Sr spike was enriched in both Sr84

and Sr86. Tith a spike of single enrichment, it is
not possible to correct for isotopic fractionaziion,
but with the double spike this can be done. Also,
once isotopic fractionation is corrected for,

the Sro7/sr86 ratio of the sample itself can be
deternined. An excellent discussion of this double
spiking procedure can be found in Krogh (1964).
Table 2-~5 lists the isotopic ratio and concentration

of the spike.
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Table 2-4

Isotope Dilution Analvsis of Dilute Sr86 Spike.

%ZZf.ngc. Date gz?.xffc. Qzéngé u1) Analysist
2035(I)  12/13/62 #10,p8.39 2.176 WHP, COS
2039(I) 12/16/62 #10,pg.39 2.182 WHP, CCS
2040(I) 12/18/62 #10,pg.39 2.179 WHP, CCS
3189(S) 6/13/63 #11,pg.36 2.168 YHP, RIS
3215(8) 6/25/6% #11,pg.36 2.174 WHP, RMS
3379(S) 11/8/63  i#11,pg.56 2.173 RHI, TEK
3383(L) 11/12/63 #11,p8.56 2.199 RHM, TEK

(I) =

1]

Av. = 2.179 4gns. Sr/ml.

lMass spectrometer Iris

(s) = " Sally
(z) = " " Iulu
VHP = William H. Pinson

CCS = Charles C. Schnetzler
RIS = Robert . Shields

RHI = Robert H. lMclutt

TEK = Thomas E. Krogh.
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Table 2-5

Isotope Ratio and Isotope Dilution Analyses

&4 - Sr86 Spike.

of the Dilute Sr

Mass Spectrometer

Sr86/Sr88 Sr84/Sr88
Corrected Corrected
Record Sr86/Sr88for Frac- Sr84/Sr88for Frac- Concen-
Number Date Measured tionation Measured tilonation tration

3414(8) 12.9.63 0.3748  0.3760 0.1418 0.1427 1.051

3415(L) 12.9.63 0.3769 0.3756 0.1435  0.1427 1.050
Av. = 1.050 gms. Sr/ml.

84 atom % 86 atom 4 87 atom %4 88 atom %

3424(S) 12.13.63 25.53 50.36 6.95 17.16
3427(L) 12.14.63 25.78 50.41 6.91 16.90
3488(S) 1.10.64  25.68 50.3% 6.92 17.06

Av. = 25.66 50.37 6.93 17.04

Fractionation Corrections (Krogh, 1964) give the

final isotopic compositions:

84 = 0.2571 atom fraction

86 = 0.5036 " "
87 = 0.0691 " n
88 = 0.1702 " "
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D. Blank Sr.

Contamination level of the analytical procedure is
determined by subjecting a known amount of spike Sr to
the same chemistry as the Sample. Table 2-6 lists the
results of two blank analyses done during the course of
this investigation.

Table 2=6
Blank Sr Analyses.
86 /8884 /.88
Sr-°/sresr® /Sy
Record ratio ratio Sr86/Sr888r84/Sr8%agms.

Humber Date Spike Soike blank blank Sr/gram.

3528(S) 2.20.64 2.956 1.506 2.190 1.489 0.04
3767(L) 6.3.64 2.956 1.506 2.939 1.497 0.02

The level found is such as to be negligible, as the
majority of the runs were in the neighbourhood of 20 ugnms
Sr/gram Sample.

3. Mass Spectrometry

A1l runs were dome on 6%, 60° solid source, single
collector mass spectrometers-of the Nier type. lagnetic
sweeps were used and vibrating reed electrometers amplified
the ion currents. Tantalum ribbon, 0.020" x 0.001", was the

filament material spot welded to the posts in the source.



A pressure of 2 X 107 mm Hg or less was required

for isotope ratio and Sr84-8r86

1D-1R runs for resolu-
tiqn between the 87 and 88 mass peaks. A pressure of
5 % 10~6 m Hg or less was sufficient for isotope
dilution analyses.

Each new filament was cleaned of impurities and
checked before use. Up to five Sr analyses per fila-
ment were obtained. Between each run, the filament
was cleaned to a temperature sufficiently higher than
needed for a Sr run. After a Rb analysis, the fila-
ment was discarded and the posts and all plates washed
with vycor distilled 6NHN03, demineralized H,O and dried

with acetone.

2

Sr runs required several hours of conditioning
2t the threshold of emission, limiting production
to two runs in a twenty four hour period.

‘At the beginning of a run, the baseline of the
most sensitive scale used was zeroed. DBaseline checks
were frequent due to machine drift, and the necessary
corrections to the peak reading made. As scale
changes were necessary, periodic checks on the base-
line deflections were needed. ‘A set of 54 sweeps
over the desired mass range was sufficlent for isotope
ratio analyses and 36-54 for isotope dilution. The
peaks were recorded on 2 potentiometric strip chart

recorder.
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4, Discussion of Errors.

In any discussion of errors a distinction must
be made between precision (or reproducibility) and
absolute accuracy. Precision is the sum of random
errors arising from many sources. Absolute accuracy
is an algebraic sum of all systematic errors affect-
ing a measurement. In the complex procedure from
hydrothermal apparatus to mass spectrometric analysis,
many sources oI error are possible and ﬁard to
evaluate.

A. Possible Sources of Frror.

Possible sources of error in the operating
procedure of the hydrothermal apparatus are:

(1) Variation in bomdb position in the furnace,
This 1s checked as nuch as possible by having a col-
lar support at the top of the furnace, and having
the bomb stand on lava maintained at a counstant
level.

(2) Location of the thermocouple in its well. At
the bezinning of each run the thermocouple was in-
serted as far as possible into the well, but some
subsequent disturbance could alter its position.

(3) Iemperature recordings and the stability of
the millivolt potentiometer.

(4) Pressure readings and the stability of the gauge.
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(5) Reliability of the voltage regulator.

(1) and (2) are random errors varying from run
to run and thus affect the preecision. (3), (4) and
(5) can be considered gystematic errors affectiﬁg all
runs in the same manner.

In chemistry and mass spectrometry the source
of error are:

(1) Sample weighing and its contamination with
either "aormel® or "spike" Sr during chemistry and/
or mass.spectrémetric anaiysis.

(2) Variation in the instrumental fractionation
of the isotopes.

(3) Variation in the rate of emission.

(4) Systematic errors in the VRE scale change,
linearity of recorder, or reading of peak heights
and baseline,

(5) Lack of resolution due to poor vacuun and/or
poor alignment of the filament and sample with the
accelerating plate.

(6) Random instabilities or drift in the electronic
components.

(7) Random components of the peak height reading
error.

(1), (2), (3), (6) and (7) are variables which
will affect reproducibility. (4) and (5) will cause
a systematic error in a single'instrumental set up,

or vacuum condition.
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B. Reproducibility

(1) Isotove Dilution Analvsis

Duplicate analysis of Sr on three mineral samples

8
are given in Table 2-T7. They were splked with the Sr 4-

Sr86 spike and corrected for machine fractionation

(Krogh 1964).
Table 2-7

Summary of Duplicate Sr. Analyses

Mineral Sr ppm Averase < o] s )

Biotite + + + +

3205 30.34 20.12 20.22 20.73% 20.31 <=1.03%
29,90

Biotite . . .

3138 21.16 21.29 =0.13 =0.61% =0.18 20.84%
21.42

Al bite + + + +

R4T24 3.78 3.74 =0.04 =1.07% =0.06 <=1.60%
3.70

\V}

25

= ? 242 4
< = . ’ YV = m’ E:"'EX1OO

Most of the analyses were done only once. Tor

[oh

this purpose V- 1is a better criteron of the reproduci-
bility. Therefore for Sr analysis > 10 ppm, the pre-
cision is #1%; for Sr < 10 ppm it is 27,

Table 7 describes the precision error to be ex-

vpected on a single analysis in the mass spectroneter.
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However, the procedure in this study included the
hydrothermal apparatus. One experiment was repeated
in its entirety and the results are listed in Table
2-8. The run was performed 2t a temperature of 600°C,

a pressure of 15,000 psi for a time of 45 hours.
Table 2-3

Summary of Sr Data for a Single Experiment

done in Duplicate

Mineral Sr ppm Averase <7 B v ¥

Biotite + + + *

3138 10.94 11.08 20.13 =1.174 =-0.18 =1.61%
11.21

Albite + + +

R4725 19.71 20.48 f0.77 ~3.74% 21.09 -5.38%
21.25

- z g2 T 1 Za . =
T Vn-1 ~Vn{n-1) B o= x 100

For the purpose of this study, an overall pre-
cision error (V™) of ¥ 5% has been assigned to any
complete hydrothermal experiment involving isotope
dilution analysis.

(2) Isotope Ratio Analysis.

Reproducibility of an isotope ratlo analysis
can best be seen by listing the results on a standard,

run periodically over the course of time by varlous
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investigators in the geochronology laboratory at 4.I.T.
The standard was a SrCO3 (Bimer and Amend, lot number
4923%27) and the results are listed in Table 2-9.

Table 2-9.

Surmary of Data on SrCO3 Standard

(Bimer and Amend Lot Number 492327).

Date Sobor 5r86/5r88 5:57/5r86 587 /5r86c0rr. Ansiyst
12.28.63 3443(s) 0.1179 0.7119 0.7074 EB
1.20.64  3468(8) 0.1182 0.7108 0.7073 TEK
2.28.64  3549(S) 0.1186 0.7098 0.7074 TEX
5.26.64  3743(S) 0.1196 0.7070 0.7075 RIS
6.4, 64 3772(S) 0.1199 0.7061 0.7075 RIS
6.28.64 3808(S) 0.1183 0.7112 0.7078 GIR

Average 0.11875 0.7095 0.7075

v = Z0.0008 0.0024  *0.0002
E =%0.67% 20.347% 30.02%
T = % 0.0003 ¥0.0010  Z0.00007
T = 1o0.289 *0.14 %0.01%
2[ a2 - Y v
—_— . -— T e
vV = T v = a1y’ E =3 x 100
B = XIrna Beiser
TEK = Thomas Z. Krogh
RIIS = Robert M. Shields

0
-
2%
1

Glen D. Roe.
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Isotope fractlonation corrections were applied

6 88

to all measured Sr87/8r8 ratios assuming the Sr86/Sr

ratio to equal 0.1194 (Wier 1938). This was done as
in the followlng exanmple:

lieasured Sro7/Sro0

Measured Sr86/Sr88 = 0.1191
Calculated (Sr87/Sr86) Corr = 8'Zg9§ = 0.7033%
0.11925
, s 86 ,. 88
i.e. one half the fractionation found for the Sr /Sr
ratio was applied to the Sr87/8r86 ratio. From Table

9, it can be seen that the fractionation in the Sr86/Sr88

ratio is twice that in the uncorrected Sr87/Sr86.

From the deta in Table 9 a single isotope ratlo
analysis is assigned a precision error of 20.02% for
a corrected Sr87/3r86 ratio, and f0.3% for an un-
corrected ratio..

Yo duplicate isotope ratio measurements are
available for the complete procedure, but in the light
of results found Tor isotope dilution analysis, it
must be greater than that presented above. TFor the
purposes of this study an arbitrary precision error
(V) of 1% will be applied.

C. Absolute Accuracy

The best way to estimate accuracy of isotope
ratios is to correlate the results in this laboratory

with other locations doing the same type of investigation.
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An interlaboratory comparison of the Sr87/Sr86

ratio of the SrOO3 standard is given in the 11th

Annual Report of the M.I.T. Laboratory (1963) and in

Faure (1961). The agreement is quite good and gives

confidence to the Sr87/Sr86 ratios measured. It is

recognized however, that the finally established

value of the natural Sr86/Sr88

ratio may be other
than 0.1194, and that all values for Sro7/sr86 normel-
ized to this ratio will have to be modified.

D. Conclusion

Unless otherwise stated, the V' , or reproducibility
of a single isotope dilution analysis in this study
will be 25%4. TFor a single isotope ratio measurement

it will be +1%.

5. Isotope Dilution Calculations

In any isotope dilution analysis, each isotope

is a mixture of both normal and spilke Sr, so that:

86 IN + ¥S
(Srégg) = Kt B8
r
ID

where N = normal Sr

S = Spike S

ID isotope dilution

X,Y,A, B = constants denoting the atomlic fraction of

the isotope in question.
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To use the equation, the isotoplc composition
of both normal and spike Sr must be kmown. Conslder
two samples the first with en (§r87/5r°9) corr = 1.000
end the second with an (Sr87/sr86)corr = 0.710.

For the First:

ViR
Sr8 /Sr86= 0.0567 = o.5-4%3r84
86

87

Sr8?3r86= 1.0000 = 9.59%Sr
87, 86 p
Sr /Sr = 1.0000 = 9.59%Sr

88 86 8 2(1/ 1194 88
g _ O, .119 ) - A
T /Sr T T = 80.28%Sr

Por the Second:
5550 = 0.0567 = 0.56%5r54

s %sr80_ 1.000 = 9.86%5r86

srsr0- 0.7100 = 7.00%587
sro7sr 86 83752 - go.58%sr88

10,1419
86 _ 0.0950W + 0.5036c  (8%ga) = 0.09861 + 0.5036S
(%%8), = T 5ossr o oS 88107 06560 + 0.17025

The spike values are those of the Sr84 - Sr86

spike described earlier.

FProm the equation, a %&Sratio is calculated.,
However, this is an atomic ratio, and it nust be multi-
plied by weight factor to convert it to a weight ratio.
This is done in the following way:



(1) Isotopic Composition of Sr84-3r86
spike = 0.2566 Sr84
0.5036 Sr86
- 0.0691 Sr87
0.1702 5258

(2) Atomic weight = 0.2566 x 84 = 21.5544

0.0691 x 87 = 6.0117

0.1702 x 88 = 14.9776
85.8533

(3) Isotoplc Composition of Example 1 = 0.0567 Sro™

0.0959 Sro6
0.0959 Sro'

0.8028 sro0

A ]

(4) Atomic Weight = 0.0567 x 84 = 0.4763
0.0959 x 86 = 8.24T4
0.0959 x 87 = 8.3433
0.8028 x 88 =70.6464

87.7124%

(5) Weight Pactor = 85- é3§ = 1.022

I
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(6) (N/S)Wt = (N/S)a'bomic x 1.022

(7) ¥(ppm) = & % S where R = (W5)

S = concentration of
spike in _«gnms.
W = weilght of sample

in grams.

The above discussion would apply to a spike
of single enrichment., In the case of the Sr84-Sr86
double spike, a (Sr84/Sr88)ID ratio is also used,
and a (N/S), ratio is calculated in exactly the
same manner as above, If no fractionation has oc-
curred, both (¥/s) . values should be the same.
However, this i1s rarely the case. It therefore be-
comes necessary to apply a fractionation correction
to both the (Sr86/Sr88)ID and (Sr84/3r88)13 so that
a common (N/g)yt ratio does result (Krogh 1964). As

in the case of fractionation corrections to the

Sr87/Sr86 ratio, these isotope dilution fractionation

corrections do improve the reproduclbility.
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CHAPTER III

ANATYTICAL RESULTS.

1. Introduction

Tables 1 through 18 1list the analytical results
obtained on the successful hydrothermal rums, The
tables have been broken up in the following way:

Part (1) gives the mineral and agueous phases in-
volved and the quantity of each used. Tables 1 to
5 also give in part (1) the concentration and iso-
toplic composition of +the Sr for each phase,

Part (2) lists the bemperature in degrees centi-
grade (°C), the pressure in pounds per square inch
(psi) and the time in hours under which the particular
experiment was run.

Part (3) lists the results of the mass spectrometric
analyses. The data for the minerals at the beginning
of each run are also listed, so that a direct comparison
can be made on the magnitude of Sr movement.

Part (4) converts the data from part (3) to micrograms
(Mems) for each Sr isotope involved. The column headed
"loss" shows the magnitude of the discrepancy found
betweén analysis before the run and analysls after the
run, This problem will be discussed in the next
chepten All numbers are calculated on the assumption

that non-radiogenic strontium (designated Sr®) has
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i sr8%/5r88 ratio = 0.0068, a sr®0/s:8® ratio = 0.1194
and a (Sr87/8r86) = 0,710. The numbers in part (4)
are calculated on the assumption that the results in
part (3) are representative of the entire mineral
phase originally put into the bomb, not just the
fraction finally recovered,

The symbol (Sr87/Sr86%)Will be used throughout
this report to designate the Sr87/8r86 ratio of the

non~-radiogenic Sr (Sr?) as opposed to the measured or
calculated ratio which lnclude the %Sr87 component.

Unless otherwise svated, all biotite and liquid
Sr87/Sr86 ratios from experiment 9 to 24 have been

calculated from Sr84-8r85 isotope dilution analyses.
A1l other Szf7/sr86 ratios including the untreated bio-
tites have been measured directly by isotope ratio
analyses,

As stated in the previous chapter, the error on
a single isotope dilution analysis is 35% and on a
single isotope ratio measurement, -1%., A1l figures
giving error limits of one standard deviation (V) are
the result of duplicate or triplicate analyses.

The descriptions of the minerals can be found in

Appendix A, Appendix B describes the method of
preparation of the various agqueous solutions used in

the course of thls investigation.
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Table 3-1. Data on Experiment 2.

(1) Components: 1.009 grams Calcium plagioclase having
824 ppm Sr with a Sro/sr86 ratio = 0.705
HMesh size -100, +200.

Solution A:
1.000 ml aqueous solution having 20.67/Ugms
Sr/ml with the isotopic composition:

53.48% sro4

14.03% 5r80

k238 srO7
28.26% Sr88

(2) Conditions: 600°C, 15,000 psi, 113 hours.

(3) Results
Before ATter
Plasioclase  Solution Placsioclase  Solution
84 84 1)0.23 goms.
-S—J;—'é' = 0.0568 20.67/4{’,'1118. §—I'.‘8‘6' = 0.1849 ( ) 3/0
Sr ST (2)0.70/ugms.

%#(1) Calculated for normal Sr with Sr87/Sr86 = 0.710.
(2) " " pure Sr84 spike solution with

isotoplic composition given above.
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EXPERIMENT 2.

Discussion

This experiment was performed to test the idea
that Sr is easily assimilated by the feldspar lattice.

As ST in the feldspaer is low in Sro* and the spike is

84/Sr86

enriched in this isotope tThe Sr ratio is the

most sensitive indicator of any movement of Sr from
the liquid to the mineral.

If 20.67,xgus of Sr from the solution were added

to the 824 pgms of Sr in the mineral, the Sr84/Sr86

ratio that would result can be calculated as follows:

sr86 in plagioclase = Sr86 originally in plagioclase
+ 5786 from liquid phase
= 824 ppm X 1.009 grems X 0.0986
+ 20,67 Mgms/ml X 1 ml X 0,1403
= 81.98 pgus + 2.90/“gms = 84.8§ngms.

84 5 B4

Sr in plagioclase = igirally in plagioclase

r
+ SrBZ from liquid phase
= 824 ppm X 1.009 grams X 0.0056
+ 20,67 Mens/ml X 1 nl X 0.5348
= 4.66 pgms + 11.07 gwgms = 15.734g0mS.

This would give:
sp8% /580 = 1273 = 0.1853

Conclusion

The above answer agrees very well with the result
of mass spectrometric analysis. This suggests that the
Sr has moved from the liquid phase to the mineral and 1t
is supported by the results of analysis on the liquid
phase. In the latter, the maximum amount of Sr that
is found is 0.70 ugnms, calculated on the basis that it

84

is pure Sr spike.
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Table 3-2. Data on Experiment 4.

(1) Components:

(2) Conditions:

(%) Results.

1.000 grams Calcium plagiloclase
having 824 vpn Sr with a Srol/sro6

ratio = 0.705; Mesh size: ~100, +200

Solution B:

1.000 ml agueous solution having
39.19 yems. Sr/ml with the isotopic
composition: 53.48% sro4

14,03% 556
4,23% 5107

28.26% Sr

600°C, 15000 psi, 88 hours.

Before After
Plagioclase Solution Plagioclase Solution¥*
sr8% sr84 (1)5.50 mgms
g7 = 0.0568 39.19/qgms. g6 = 0.2892 /&
Sr Sr (2)16.80/48mS

#{1) Calculated assuming normal Sr with Sr87/Sr76 = 0.710. -

(2) n

s

" pure Sr8Zr spike solution with

isotopic composition given above.
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EXPERIMENT 4

Discussion

This experiment is essentially a repeat of the
previous one, only with a more concentrated aqueous

phase. As before the Sr84/Sr86 ratio that would
result if 39.1%ugms of Sro* spike were added to the

vlagioclase 1is:

Sr84/Sr86 = %%:% = 0.2948

Conclusion

Once again the Sr has left the liquld phase and
moved to the mineral as the calculated and analysed
answers agree within experimental error. Therefore
the results calculated for the liquid phase mean
elther contamination from some source or that the
mineral partially dissolved and liberted some Sr to
the aqueous phase. Dissolution is improbable as it
was not noted in the vrevious experiment which was
treated as the same T and P for a greater time interval..
. Therefore the analysis on the liquid phase probably

represent some form of laboratory contamination.
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Table 3-3. Data on Experiment 5.

(1) Components: 0.9986 grams of biotite 3086 having
19,60 ppm Sr with a Sr87/Sr86
ratio = 10.46; lesh size: -100, +200

Solution A:

1.000 ml agueous solution having

20.67 fgns. Sr/ml with the isotopic

composition: 53.48% Sr84
14.,03% spo°
4,23% sroT

28.26% $r°0
(2) Conditions: 600°C, 15000 psi, 111 hours.

(3) Results:

Before After
Blotite 2006 Solutlon Diotite 3086  Solutions
84 ok
3L = 0.0568  20.67 ugas. Lo = 2.794 (1) 0.35 gms

st ST (2) 1.1 pgms

#(1) Calculated assuming normal Sr with Sr87/Sr86 = 0.710.
(2) " " pure s 8% spike solution with

isotopic compositlion given above.
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XPERIMENT 5.

Discussion

Here the mineral phase has been changed to a
biotite. It was treated under the same conditions as
the plagioclase in the two previous experiments. As
before if 20.67 4gns of Sr from the liquid was added
to 19.60 gms in the biotite the resulting Sr84/Sr86
ratio would equal 2.86. Using the trial and error
method, it is found that 19.0-19.5 «gms of the Sr
from the solution would have to be added to the
biotite to give the observed Sr84/Sr86 ratio.

Conclusion

The Sr from the liquld phase has moved to the
biotite leaving the former with a maximum of 1.1 #gms

of the original Sr.

110



Table 3-4. Data on Experime

(1) Components used:

nt 6.

111

Component Isotonic Concentration Amount
Composition used
Calcium plagio=- Sr87/8r86 = 824 ppm 1.0116 grams
clase(-100,+200) 0.705
Biotite 3086 Sr87/Sr86 = 19.60 ppm 1.0082 granms
(=100, +200) 10.46
Aqueous Solution 59-4Om S;ég 20.6@ugms/ 1.000 ml.
A 14, 03 S .
&, 23/0 SI‘gT
28.26% sSrod
(2) Conditions: 600°G, 15000 psi, 181 hours.
(3) Results:
Biotite 3086 Placioclase Solution
Isotopic Composi-16.01% rgg 0. 89p ngg
tion 8. 27p Sr 9. 95ﬂ Sr8 N.D*
28.317 se8T 6. 93ﬁ spo7
47.50% S8 82,377 srb8
Isotope Dilution 40.57 ppm  N.Dx (1) 1. go (s€8${o
(2) 4 95 (srd4
spike)
(4) Sr Migration
Before After
Biotite Placio- Solution Biotite Plagio- Solu-
3086 clase 3086 clase Tion
504 0.06pcms. 4,05 pems . 11.054ms . 6. 5o/§ms.ﬂ DAk N.Dx
586 1.00 " 81.94 5.00 " 3.36
SrSE 10.43 " 57.76 " 0.87 " 1L49 "
8 8.35 "  686.00 " 5.84 " 19.23 "
Sr84/3r86 0 3568"  0.0568" 3.812 " 1.936" 0.090 W.D.¥

=

* N.D.

not determined
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EXPERIMENT 6

Discussion

Here the two mineral phases used previously
have been combined into a single experiment. In this
way 1t is possible to study the partition of Sr among
the phases involved.

Isotope dilution analysis on the blotite gilves
40.57 pom which means that 20.97 X 1.0082 = 21 «gnms
of Sr has been added to this mineral. By using the
trial and error method it was found that the addition
of 12 4gms of Sr from the aqueous solution and of
9 megms of Sr of normal composition (from the plagioclase)
would result in the following isotopic composition:

16.10% sro%*
8.80% 5786

28.00% Srol
47.00% Sro8

This agrees very well with analysed results.
If the remaining 9 «gms of Sr from the ligquid
84/Sr86

were added to the plagioclase the Sr ratio
would be O.114. The analysed value is 0.090 and to
achieve this latter requires the addition of 5 «gms
of Sr from the liculd. Isotope dilution analysis
on the liquid phase itself shows that a maximum of
4,95 woms of Sr 84 spike could remain in the liquid.

Conclusion

If 12 wgms of Sr84 spike goes to the blotite,



5 xugns to the plagioclase and 5 «gnms remains in the
liquid, a fair balance was achlieved and agrees with
mass spectrometric analysis. Therefore a gqualitative
statement can be made to the effect that Sr from the
liquid phase has partitioned itself in favour of the

blotite.

113



114

Table 3-5. Data on Ixperiment 7.

(1) Components used:

Conponent Isotovic Concentra- Amount used
Composition tion ‘

Calcium plagio- Sr87/Sr86= 0.705  .824 ppym  1.0003 grams
clase(=100, +200) )

Biotite 3086 Sr87/3r86=1o.46 19.60 ppn 0.9998 "
(=100, +200)
Agueous Solu- 5% .48% Srgg 20.67ﬂgm/ﬁl. 1.000 ml.
tion A 14, o*” Sr |

4, 23/9 SI‘87

28 gfc/ SI‘88
(2) Conditions: 600°C, 15000 psi, 36 hours.

(3) Results:
Biotite 3086 Plagioclase Solution

Isotovic Composition 7.25% sro* 0.67% Sro*
8.79% 5786 9.91% sx86  m.D.
21, 99“ sr87 6.94% sr87

61.97% 5r88  82.54% 588
Isotope Dilution 6%.30 ppn N,D, ¥.D.

(&) sr Migration

Before Aftexr
Biotite Plagcio- Solution Bilotite Plagiv- Solu-
8 3086 clase 3086 clase tion
Sr8é 0.054ms., L51 Agms .11, OBﬂ%ms. 4, 5%ﬂ$ms. N.D. =.D.
Sr 0.99 ! 81,04 M 2.90
5187 10.31 "  s57.27 "  0.87 "™ 13 92 !
S 88 8.22L 1§ 681 OO t 5.84 n 39.23 3]

r84/br80 0.0563" 0.0568"  3.812"  0.8248"0.0676 H.D.
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EXPERIMENT 7

Discussion

This is a repeat of experiment 6 with a shorter
time interval. The reasons for performing this
experiment are the same as described earlier.

As before the trial and error method shows that

84 spike

the addition to the bilotite of 10 sugms of Sr
and 34 gms of Sr of normal composition gives:

61.5% Srg?(

20.5% Sr

9.1% 5700

8.8% srok
This agrees falrly well with the observed value.
Also, adding 2.5«gns of this spike Sr to the plagio-
clase will result in the observed Sr84/8r86 ratio in
that mineral. This means that approximately 8 «egms
must have remained in the liquid phase. This cannot
be verified as the liquid was not analysed in thils
experiment.

Conclusion

Once again it is seen that the biotite takes up
more Sr from the liquid phase than the plagioclase.
The cause of the apparent movement of normal Sr from
the plagloclase to the bilotite in both experiment 6 and

7 will be discussed in the next chapter.
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Table 36 Data on Experiment 9

(1) Components: 1.5054 grams Biotite 3205 (-100, +270)
0.7489 grams fluorite (-100, +230)
~ 0.5 nl. demineralized H,0 \
(2) Conditions: 750°C, 3000 psi, 97 hours.

(3) Results:

Zefore Aftexr
Component (5r87/6r86) mota1 #5287 (5287/8:86) motey 2507
- N 3\
Sr{(opm) (pvn) - Srlopm) (nom)
Biotite 2.110 35,605 4.48%
3205 0.22 0.02 2.145 36.45 L4.32
Fluorite 0.7095 20.82% 0 0.790 24,32 0.11
0.04
Vater - - - N.D. 1.76 N.D.
gns
/zotal

(4) sSr Migration
Before After

Isotope Bilotite Tluorite Total Blotite Fluorite Total Loss

84

Sr 0.26pgms. 0.09 0.35 0.27mgms 0.10  0.37 -0.02
seB6  n.62 " 1.54 6.16 477 " 1.79 6.56 -0.40
se87 327 " 1.09 L.36 3.39 " 1.27  4.66 -0.30
5088 38.68 " 12.87  51.55 39.94 " 14.97 5491 -3.36
s227  s.74 M 0 6.7% 6.50 " 0.08 6.58 40.16
Total 53.57 " 15.59 69.16 54.87 " 18,21 73.08 -3.92
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EXPERIMENT 9

Discusgion

Beginning with this experiment, attempts were
made to transfer Sr, both Srl and radiogenic 527
(designated %Sr87) from the mineral biotite to an
acceptor phase. In this experiment the acceptor phase
was chosen to be fluorite., The minor liquid phase of
deminerslized water was added in the belief that it
would act solely as a carrier phase for the transfer
of strontium.

This run was performed at a temperature and total
pressure (including Pos) far outside the stability
linits of biotites [Zugster (1959)/. Microscopic

examination following the run showed a marked develop=-

ment of black opaque material coupled with a slight
colour change to a2 lighter brown. Practures filled
with the opague material were evident and the biotite
showed undulatory extinction under crossed nlcols.

In general it must be concluded that the biotite

has suffered a partial alteration and perhaps shows
the beginning stages of recrystallization. The
fluorite mineral has gone from a clear mineral to a
gray cloudy mineral. Investigation under the highest

power in the petrographic microscope could not

determine any evidence of biotite lncluslons. ¥o
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noticeable changes in the index of refraction was seen.

Looking at the data it is seen that the biotite
has lost a negative smount of Sr® while the fluorite
has gained a positive amount. At first this run was
discarded as a fallure because of kmown contamination
with tap water due to a leak in the jacket, It is
included solely to test the movement of *Sr87. It is
belleved that tap water would not appreciably effect
this isotope. Therefore looking at *Sr87 only we
see that the blotite has lost 3.5% of its 5ro7 at
750°C in 97 hours, while the fluorite has taken up
1.2%. Since the amount transferred is very small,
the discrepancy could be experimental error.
Conclusion

The bilotite has given up 2 maximum of 3.5% of
i1ts #5r57 at 750°C in 97 hours. Tais mineral has
suffered considerable alteration during the course

of the run.
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Table 3-7 Data on Experiment 10.

(1) Components: 1.5250 grams Biotite 3205 (-100, +270)
0.7556 grams Fluorite {-100, +230)
0.5 ml demineralized water.

(2) Conditions: 750°C, 3000 psi, 210 hours.

(3) Results:

Before After
Compon= (81487/'83:'85),\T Total *Sr87 (sr87/5r86) Total 55287
ent . * Sr{ppn) (ppm) - Sr{pon) {opm)
Biotite 35,605 4,48%
3205 2.110 0.22 0.02 2,20 31.72 4,06
Fluorite0.7095 20.82i 0 0.913 20,36  0.45
0.04

(4) Sr Migration

Before . Afcér

Isotope Biotite Fluoriite Totzal Blotite Fluorite Total_ _Loss

se8%  0.27ugms. 0.09  0.36 0.2+ 0.09  0.33 0.03

sr86  x,66 " 1.55 6.25 4.17  1.63  5.80 0.43
se87 3,32 " 1,10 4.h2 2,96 1.16 4,12 0.30
Sré8 29.19 " 12.99 52.18 34.96 13.68 48.64 3.54
#gr87  6.83 " 0 6.8% 6.19  0.34  6.53 0.30

Total 54.20 " 15.73 T70.02 48.52 16.90 65.42 4.60
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EXPERIMEKT 10

Discussion

This experiment is the same as number 9 except
that it was carried out for a longer time interval.
Once again the T-P conditions are far outside the
stability limits for biotite. The same alteration
effects on the minerals were noted.

In this experiment biotite has lost 5.3 wgns of
sr, and 0.63 ecgnis of #5207 while the fluorite has
gained 0.82 and 0.34 wgms of s and %Sr87 respectively.
This is 9.2% loss and 5.0% gain of #5087 from the
biotite and to the fluorite respectively. That 1is
using the biotite data 9.2% of the #sr87 was lost and
using the fluorite data, 5.0% was lost. This leaves
a met imbalance of 4.60gms of Sr of which 0.30.gus
is “srdT,

Conclusion:

Both Sr2 and 5787 have been lost from the biotite
at 750°C in 210 hours. The maximum loss was 9.2% for
*s2%7 ana 11.0% for Sr. Once again the biotite

mineral has suffered considerable alteration.



Table 3-8.

Data on IExperiment 12.

(1) Components: 3.0025 grams Biotite 3205 (=100, +270)

Solution C:~0.5 ml Ca™*t -

(2) Conditions:

(3) Results:

650°C, 8000 vsi for 216 hours.

0.7517 grams Fluorite (-100, +230)
Xt Solution containing

200 wems Ca/ml and 48/dgms K/ml.

121

Before After
Comvon- (5257 /s5r86), Toten #sx®7 (5:°7/6r86) | otal 2507
ent Sr(ppm ) (pon) -+ Sr(popm) (opm)
Biotite 35.60% 4,48% 2,153 35,13 4,40
35205 2.110 0.22 0.02
FlLuorite0.7095 20.82i o) 0.714 22.15 0.01

0.04

Ca¥t-Xt N.D. 0.15 N.D. N.D. N.D. N.D.
Solution e/l
(4) Sr lMigration

Before Lfter

Isotope Blotite Fluorite Total Biotite Fluorite Total Loss

L
gp86
Sr87
88
37

Sr
*Sr
Total

0. 524009
9.21 1.54
6.54 1.10

77.16 12,92
13.45 0

106.88 15.65

0.61
10.75
7.64
90.08
3.45

122.53

0.52
9.10
6.46
76.20
13.21
105;49

0.09
1.64
1.16
13.74
0.01
16.64

0.61
10.74
7.62
89.94
13.22
122.13

0]
0
0.01

0023
0.23
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EXPERIMENT 12

Discussion

This experiment increased the ratio orf biotite/
fluorite from 2/1 to 4/1. The temperature was decreas-
ed 100°C and the pressure increased. Also the agueous
phase now contains 200 wgms Ca/ml and 48 wgms K/ml.
This solution was introduced in the bellef that 1t
would cause an exchange reaction to occur between Sr
in the biotite and the Ca and/or K in the solution.
Once the Sr was liberated from the biotite it should
then move to the fluorite. As seen from the table no
reaction has occurred. The maximum amount of sr and
*sr97 1ost from the biotite is 1-2%. Tais is verified
with the fluorite data where the Sr87/Sr86 ratio has
increased only from 0.710 to O0.714. It appears that
the presence of the Ca-K solution had no effect in
noving Sr from the biotite.

Conclusion

o

By decreasing the temperature 100 C the reaction
has been effectively stopped. A maximum loss of both
*sr87 and sB is 1-2%.
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Table 3-9, Data on Zxperiment 13.

(1) Component: 1.9986 grams Biotite 3205 (-100, +270)
1.0014 grams Cleavlandite (=100, +200)
Solution C:~ 0.5 ml Cat™-k* Solution containing
eoo/u;m/mlj Ce. and ;4§#gm/b11 K
(2) Condition: 650°C, 7500 psi, 115 hours.

(%) Results:
RBefore After

comnon- (5:587/5x80) Tota1 45007 (8287/5r86) motel Ol

ent Sr{von ) (pom) - Sr(pom) (opm)
, +

Biotite 35,602 4,48<

3205 2.110 0.22 0.02 2.64 25.85 4,12

Cleav- 7,025 0.08%

landite 0.9454 0.03 0.01 1.04 15.97 0.50

Solu-

tion N.D. N.D. N.D.~0.76 1.2 N.D.

MAgms

(4) Sr Migration
Before After

Tsotore Biotite Albite Total Blotite Albite Total Loss

se®*  0.35um 0,02 0.37  0.24 0.09 0.33 0.02
s86  6.13  0.37 6.50  4.28 1.53 5.81  0.69
se87 4,35  0.26 4.62  3.04 1.08 4.12  0.50
«r88 51.36  3.00 54.45 35.86 12.79 48.65 5.80
#s5r97  8.96  0.08 9.05  8.25 0.50 8.73 0.30

Total T1.14 3.82 74,97 51.65 15.99 67.64  7.31
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EXPERIMENT 13

Discussion

A new acceptor was introduced with this experiment
while the seme biotite was kept. The bilotite/albite
ratio was 2/1 and the Ca-K solution was also retained.
The biotite here, as in the last experiment showed
considerable alteration. Using the bilotite data, this
minersal has lost 30% of its Sr® and 8% of its #5rS7,
Using the 2lbite data, the biotite has lost 19% of its
Syl and 4.8% of its #SrS7. This 1liquid phase was
found to contain 1.2 ugms of Sr with a 5787 /5186
ratio = 0.76. However looking at the "lost" colunn,
the Sr87/Sr86 ratio of the Sr that was not recovered
should be ~ 1l.2.

Conclusion

The biotite, showing considerable alteratlion,
has lost a maximum of 30% and 8% of its Sr® and
#5787 respectively at 650°C in 115 hours, in the

presence of the cleavlandite "acceptor" phase.



Table 3-10. Data on Zxveriment 1.

(1) Components: 1.9993 grams Biotite 3205 (-100,+270)

0.9981 grams Cleavlandite (=100, +200)

Solution C:~ 0.5 nl Ca-=X solution containing

200 mgns/ml Ca and 48/ugms/ml K

2

(2) Conditions: 650°C, 7,500 psi, 405 hours.

(3) Results:
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Before After
Compon=- (Sr87/3r86)N Total *Sr87 (Sr8?18r86) Total *Sr87
ent Sr(ppm ) (pom) Sr(ppm) (pom)
Biotite 35.60% 4,482
3205  2.110 0.22 0.02 2.9%4 24,03  4.33
Cleav- 3.82% 0.08%
landite 0.9454 0.03 0.01 1.08 16,46  0.58
(4) Sr Migration
Derore After
Isotone Riotite Albite Total 3Biotite Albite Total _Loss
st 0.35m 0.02  0.37  0.22  0.09 0.31 0.04
5196 6.13 0.37 6.50  3.88  1.56 5.44  1.06
5207 4,36 0.26 4.62 2,76  1.11 3.87  0.75
sr% 51,38 3.08 54.46 32.52  13.09 45.61  8.85
55287 8.96 0.08 9.04  8.66 0.58 9.2% -0.20
Total  T71.18 3.81 48,04 16.4% 64.47  10.50

74.99
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EXPERIMENT 14.

Discussion

Thlis is the same as experiment 13 carried on for
a longer time interval, to see if an equilibrium
condition could be reached for both Sr™ and %Sr87.
The bilotite data states that 33% and 3% of the sr® and
*Sr87 respectively have been lost. The cleavlandite
data states that 19.5% and 5.6% of Sr® and #5rS7
respectively have been lost. Therefore the cleavliandite
data shows a progressive loss of %Sr87 with time while
the biotite suggests Just the opposite. As far as
sr™ is concerned, it appears that 1ts movement has
essentially ceased.

Conclusion

A meximum of 33% and 5.6% of Sr% and ¥sr87 nave

been lost at 650°C in 405 hours.



Table 3.11. Date on Experiment 16.

(1) Components: 1.899% grams of Biotite 3138 (=-100,+120)
0.8479 groms of Cleavlandite (=60, +100)
~0.5 ml., demineralized water
(2) Conditions: 600°C, 15000 psi, 45 hours.
(3) Results.
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Gonpon- (Sr87/Sr86)N Total 35207 (Sr87/8r86) Potal #8707

ent Sz (npm) (opn) Sr(pom) (opm)
+

Biotite 26,40 5.11-

313%8 3.192 0.16 0.04 5.37 16.07 5.06

Cleavlian- 3,82% 0.0Bf

dite 0.9454 0.03 0.01 0.824 19.91 0.18

#A11 values calculated from isotope dilution analyses.

(4)Sr Migration

Before After

Isotone Biotite Albite Total Biotite Albite Total _Loss

sx®  o.22pems 0.02 0.24  0.12  0.09 0.21 0.03
586 5.99 0.31 4.30  2.06  1.65 3.T1L  0.59
seoT  2.83 0.22 3.05  1.46  1.17 2.63 0.42
558 33,39 2.623601 17.27 13.80 31.04 .4.97
%7 9.71 0.07 9.76  9.61  0.17 9.78 O

Total 50.14 3.24 53,38  30.52 16.88 47.37 6.01
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EXPERIMENT 16

Discussion

Beginning with this experiment and followlng
through to the end, the system is composed of the same
clesvlandite as used previously but with a new biotite.
All the runs except the last two use only demineralized
water as the liquid phase. The blotite always shows
some degree of alteration but not to the marked
extent seen for experiments 9-12.

In experiment 16 the Sr87/Sr86 ratio in the

biotite has increased greatly while it has decreased
in the cleavlandite. The biotite data states that
48,54 and ~1% of the Sr¥ and *Sr87 respectively
have been lost. The albite data siates that 33% and
0.58% sr® and ¥5r87 resvectively have been lost from
the blotite. The discrepency that exlsts between
biotite and albite consists almost entirely of Srn.

Conclusion

A meximm of 33% and 1% Sr- and *sr87 respectively

have been lost from the biotite at 600°C in 45 hours.
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Table 3-12. Data on Experiment 17.

(1) Components: 1.8984 grams Biotite 3138 (-100, +120)
0.8479 grams Cleavlandite (=60, +100)
-~ 0.5 nl denmineralized water
(2? Conditions: 600°C, 15000 psi, 112 hours.
(3) Resulwis:
Before After

Comnpon- (Sr87/Sr86)N Mool  #5rO7 (Sr87/Sr8§ Total  %srol

ent Sr{pon)(pom1) Sr{pon) (ppm)

Biotite 26.40% 5,112

3138 3,192 0.16 0.04 6.06 14,85 5.07

Cleav- 5.82% 0.08%

landite 0.9454 0.03 0.01 0.842 20.00 0.23

Tater  -N.D. N.D N.D. 0.738 ~1.1 N.D.
Aen/ml.

(4) Sr Migration
Refore After

Isotove 2ioxite Albite Totel Riotite Albite Toial Loss

g
Sr 0.25/gms 0.02 0.25 0.10 0.09 0.19 0.06

s2%® 3,98 " 0.31 4,20 1.83  1.65 3.48 0.81
se®7 2,85 " 0.22 3.05  1.30  1.17 2.47 0.58
5098 33,37 v 2,62 35.99  15.34  13.84 29.18 6.61
#5097 9,70 " 0.07 9.77  9.62  0.20 9.82 -0.05

Total 50.11 " 3.24 53,35 28.19 16.95 45.14 8.21
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ZXPERIMENT 17

Discussion

This 1s the same experiment as 16 except for
the time interval involved. The biotite data shows
that 54% and 1% Sr' and #3287 nave been lost, while
the albite data states that 33% and 1.2% SrT and
*Sr87 have been lost from the blotite. The liquid
phase was found to contain approximately 1.l gms
in total with an Sr87/Sr86 ratio = 0.74,. The Sr
loss is again found to be srt,

Conclusion

The biotite has lost a maximum of 54% and
1.2% of Sr® and *srS7 respectively. No increase in
the concentration of Sr in the albite is noted between

experiment 16 and 17.



Table 3%-13%, Data on Zxperiment 18.

(1) Components: 1.8974 grams Biotite 3138 (-100, +120)
0.8479 grams ilbite (=60, +100)
~ 0.5 ml. demineralized water.
(2) Conditions: 450°C, 7500 psi, 118 hours.
(3) Results:

Before At ter
Compon- (Sr87/Sr86)T Total #SrO( (Sr87/Sr86) Totel #SrS7
ent N Sr(oom) (pom) Sropm) (opm)
Biotite 26.40% 5,115
%138 3.192 0.16 0.04 5.17 16.56 5.04
Cleav- 3.82% 0.08%
landite 0.9454 0.03 0.01 0.779 17.29 0.15

(4) Sr Migration

Before After

Isotope Bilotite Albite Total Biotite Albite Total Loss

sr84 0.23ygms 0.02  0.25 0.12 0.08 0.20  0.03
sr80 3,98 0.31 k.29 2.16 1.45  3.54  0.75
sro7  2.83 0.22  3.05 1.53 1.02  2.55  0.50
sr88 33,36 2.62 35.98 18.05  12.00 30.05  5.93

#5287 9.70 0.07  9.77 9.56 0.1 9.69 -0.08
Total 50.10 3,04  53.34 31.42  14.66 46.05  T7.29
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EXPERIMENT 18

Discussion

In this cexperiment the temperature was decreased
15000, the pressure lowered by 7,500 psi and the time
increased to 118 hours. Otherwise the experiment

1 and %Sr87 losses from

is the same as 16 or 17. Sr
the biotite were 46% and 1.3% respectively using the
biotite data and 27% and 0.5% respectively using the
albite data.

Conclusion

The biotite has lost a maximum of 46% and 1.3%
of Sy and *Sr87 respectively at the temperature

of 450°C in 118 hours.
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Table 3-14. Data on Experiment 20

(1) Components: 1.9003 grams Biotite 3138 (=100, +120)
0.8510 grams Albite (~60, +100)
~0.5 ml. demineralized water
(2) Conditions: 450°C, 15000 psi, 190 hours.
(3) Results:

Before After
Comvon- (Sr87/Sr86)N Total 5ol (SéTQBQ&% Total %§r87
ent Sr(ppm) (pom) Sr(ppm) (vpm)
Biotite 26.40% 5,11%
3138 3.1902 0.16 0.04 5.23 16.68 5.14
Cleav- 3.82% 0.08%
landite 0.9454 0.03% 0.01 0.781 20.02 0.14

(4) Sr Migration

Before After

Isotove Blotite Albite Total Biotite Albite Total Loss

=

Sr O.Qjﬂgms. 0.02 0.25 0.12 0.09 0.21 0.04
5286 3,99 0.31  4.30 2.16  1.67 3.85 0.47
se87 2,83 0.22  3.05 1.54 1.18 2.72 0.33
sr88 33,41 2.65 36.04 18.11 13.97 32.08 3.96
#5:87 9,71 0.08  9.79 9.77  0.13 9.90 =0.11
Total 50.17 3.26 53.4% 31.70 17.04 48.74 4,69
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EXPERIMENT 20

Discussion

This experiment is the same as 18 except for
the length of time involved. Using the blotite
date the Sr™ and“srS7 losses were 48% and  =0.7%.
With the albite data the same values are 34% and
0.5%.

Conclusion

The biotite has lost 2 maximum of 48% Sr and

0.5% ¥sr87 at 450°C in 190 hours.



Table 3-15. Data on Zxperiment 21.

(1) Components:

135

1.8998 grams Biotite 3138 (~-100, +120)
0.8510 grams Cleavlandite (-60, +100)

~0.5 nl. demineralized water.

(2) Conditions:

(%) Results

Before

Compon- (Sr87/Sr86)N Total

600°C, 15000 psi,12 hours.

After

55087 (5PV/sP®)  moter  wsr®T

ent Sr{pom) (pem) Sr{pom) (Dpm)

Biotite 26.40% 5,112

3138 3.192 0.16 0.04 4.93 17.32  5.09

Cleav- 3.82% 0.08%

landite 0.9454 0.03 0.01 0.806 17.35  0.16
(4) Sr Migration

Isotope Biotite Albite Total Biotlte Albite Total Loss
sr®%  0.23uems. 0.02  0.25  0.13 0.08 0.21 0.0%4
sr86 3,99 v 0.31  4.30  2.29 1.4k 3.73 0.57
se87  2.83 Y 0.22  3.05 1.63 1.02 2.65 0.40
sr88 33,40 v 2.63 36.05 19.18 12.08 31.26  4.77

#7971 M 0.08  9.79  9.67 0.14 9.8l -0.02
Total 50.16 " 3.26 55.42 32.90 14.76 47.66 5.76



EXPERIMENT 21.

Discussion

To complete the picture at 600°C and 15000 psi
a2 run was performed for 12 hours, compared to
experiments 16 and 17 of time intervals 45 and 112
hours respectively. The sr? and *Sr87 losses are
437 and 0.5% for the biotite data, and 30% and 0.6%
using the albite data.

Conclusion

The biotite has lost a maximum of 43% Sr® and
0.6 *sr87 at 600°C in 12 hours.
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Table 3-16. Data on Experiment 22.

(1) Components: 0.8478 grams of Biotite 3138 (-100, +120)
1.8987 grans of Cleavlandite (-60,+100)
~ 0.5 ml. demineralized H2O
(2) Conditions: 600°C, 15000 psi for 12 hours.
(3) Results.

Before After
8

Conpon- (Sr87/Sr86)N Total *Sr87 (Srqysﬁﬁ) Total %Sr87
ent Sr(vnon) (pom) ' Sr(pom) (pom)
Biotite 26.40% 5.11%

3138 3.192 0.16 0.04 6.37 14,16 5.07

Cleav- 5.82% 0.08%

landite 0.9454 0.03 0.01 0.848 T.97 0.11

(&) sr Migration

Before After

Isotope DBiotite Albite Total Biotite Albite Total Loss

5204 0.10ggms. 0.0 0.14 0.04  0.08 0.12 0.02
se® 1,78 " 0.70 2.8 0.76  1.49 2.25 0.23
587  1.26 ™ 0.50 1.76 0.5%  1.06 1.60 0.16
sr98  1m.91 " 5.86 20.77 6.37 12.49 18.86 1.91
#s5r87 4,33 00 0.15 4.48 4,30  0.21 4.51 =-0.03

Total 22,38 " 7.25 29,63 12,01 15.33 27.3%34 2.29



EXPERIMENT 22

Discussion

In this experiment the proportions of biotite/
albite were reversed, to see if increasing the
proportion of acceptor phase would cause a greater
movenent of Sr from the blotite. So that this could
be compared with a previous run, it was periormed
under the same T-P-time conditions as experiment 21.
The movement of Sr™ and %Sr87 using the biotite data
is 43% and 1%. With the albite data it is 41% and
1.4% respectively for Sr® and*srd7,

Conclusion

The biotite has lost a maximum of 43% Sr™ and

1.4% “5r87 at 100°C in 12 hours.
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Table 3-17. Data on IZxperiment 25

(1) Components: 1.9026 grzms of Bilotite 3138 (=100, +120)
0.8550 grams Cleavlandite (=60, +100)
Solution D:~0.8 ml. agueous solution contalning
41/Lgms K¥/ml.
(2) Conditions: 600°C, 15000 psi, 45 hours.
(3) Results.

Before After
7z
Cormnon=- (Sr87/Sr8°)F Total *Srgi (Sr8985%) Total *Sr87
ent Y Sr{pom) (ppm) Sr(vpm) (vpom)
Biotite 26.40% 5,117
3138 3.192 0.22 0.04& 5.36 16.3%6 5.09
Cleav- 3.82% 0.08%
landite 0.9454 0.03 0.01 0.807 21.45 0.20

(4) Sr lUigration

Before After

Isotope DBiotite Albite TIotal 3Biotite Albite Total TLoss

sz o.23pgms. 0,02 0.25  0.12  0.10 0.22  0.03
se86 3,99 " o0.32 4,31 2,10  1.79 3.89 0.42
87 2.84 " 0.22 3.06  1.49  1.27 2.76 0.30
588 33,45 " 2,64 36.09 17.61 15.00 32.61 3.48
#5087 9.72 " 0.07 9.79  9.68  0.17 9.85 -0.06

Total 50.23 " 3.27 53.50 31.00 18.33 49.33 4.15
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Table 3-18. Data on Experiment 24.

(1) Components: 1.9176 grams Biotite 31384 (-120, +140)
Solution E: ~1.20 ml aqueous solution containing
1030 ugns K/ml
(2) Conditions: 600°G, 15000 psi for 12 hours
(3) Results:

Before After
Compon = (Sr87/Sr86) Total *Sr87 (Sr89§§6) Total *Sr87
ents Sr(pom) (ppm) Sr(pom) (opm)
Biotite

3138A ¥.D. 40.09 5.25 N.D. 33.76 5.35
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EXPERIMENT 23 and 24

Discussion

These two experiments were perfornmed at the sanme
T-P conditions and for comparable lengths of time as
experiments 16, 17 and 21. The difference comes in
the aqueous phase. In experiment 22, using both
bilotite and albite, the concentration of XK was 41 .u«gms/
nl., In experiment 24, only a blotite, B3138A, was
used. The aqueous solution contained 1030« gms X/ml.
B3138A is the biotite used before, but is of a differ-
ent size fraction and of a different purity. The K
solutions were used to see if an exchange process could
be achieved between the K in the solution and %Sr87
in the blotite. DBoth experiments present the same
results. Some Sr® has been lost from the biotite but

the X solution had no observable effect on the *sr87.

Conclusion

The K ions in the agueous phase did not exchange
with the SrO! ioms in the Diotite at 600°C in 45

hours.
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CHAPTAR IV

DISCUSSION OF RESULTS.
1. The System Calcium Plagioclase-~3iotite-Solution
(a) Introduction

This system consists of five experiments (2, 4,
5, 6 and 7) which were investigated at the beginning
of this study. They are to be considered as prelinmin-
ary experiments whose purpose 1s to set up an experi-
mental procedure for further work. Consequently, no
one experiment was completely analysed. This means
that the results must be considered in a gualitative
way. They are included because the trends seen here
appear to have a bearing on the results found in tThe
subsequent work

(b) Discussion

These experiments can be broken down into three
subgrouns. Experiments (2) and (4) deal with the two
phase system plagloclase-solution. ZExperiment 5 is
concerned with the two phase system bilotite~solutlon.
Experiments 6 and 7 deal with the three phase system
vlagioclase-blotite-solution.

The results of the two exveriments dealing with
plagioclase and Sr solution show guite clearly that
the Sr has left the fluid phase and gone to the

mineral. The Sr could elther be loosely adsorbed
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onto the grain surface, firmly adsorbed, or it could
have entered the crystal lattice as a result of an
excaange reaction with either Ca or Na of the plagio-
clase. To get some idea of which of these three possi-
bllitiesis the most reasonable, the plagloclase was
leached at room temperature in cold demineralized

water. The results are summarized in Table 4-1.

Table 4-1.

The Tfrect of TLeaching on the Observed

P

Sr84/8r80 2atio in Plazioclase

J
Conmponent Sr8*/Sr86 Mems of Solution B Sr
in Plasioclase

(1) Plagioclase, 0.289 39. 2

Bxp. 4.
(2) Plagioclase, 0.276 36.8

uxp.4, leached

one hour,.
(3) Plagioclase, 0.269 35.8

Exp. 4,leached
two hours.
These results indicate that at least 9% 6f the

Sr which moved to the mineral from the fluid was
loosely adsorbed. This fraction was probably added
during the quenching process at the completion of the
run. As to whether the remaining Sr has actually
entered tne lattice or not, cannot be stated. It is
probably a combination of an lon exchange reaction

and firm adsorption in fractures and other imperfec-

tions in the grain.
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Dxperiment 5 shows that the Sr has left the fluid
phase, this time going to biotite. It has done so to
the same extent and in a comparable length of time as
in the case of vlagioclase. Once again 1t cannot be
stated, with the data at hand, whether the Sr has
adsorbed itself on the grain surface or participated
in an exchange reaction. However, Gerling and
Ovehinnikova (1962) found that at 100°C both Rb and X
were removed from a biotite after 9 hours of leaching.
The solution used contained 1% of CaCl,. As the geo-
chemistry of Sr and Ca are very similaer it seems
reasonable to suppose that Sr from Solution 3 might
have exchanged with X, Rb or *Sr87 in the biotite.

Experiments 6 and 7 are a combination of experi-
ments 2, 4 and 5. These first three experiments
show that Sr leaves the fluld phase and goes to
elther mineral phase. By combiningz the two minerals in-
to one experimental system i1t should be possible to
tell which phase the Sr does prefer.

In both experiments 6 and 7 it appears that Sr has
moved from the plagioclase to the bilotite. This could
be either a true nmigration of the Sr ions or simply
contamination of the feldspar grains in the blotlite.
The latter would be due to incomplete separation of

the two minerals following the run. It is probable

that the latter is the case, because the data shows
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that more Sr has moved from the plagioclase in 36
hours than in 181 hours at the same temperature and
pressure., Consequently thls Sr movement from the
plagioclase will be neglected for the purpose of tne
discussion, and only the Sr migration from the fluid
will be counsidered. Therefore after 36 hours (experi-
ment 7) the partition of Sr from the fluld in favour
of piotite is 19/5 5~4 to 1. After 181 hours
(experiment 6) 1t is 12/g~2.4 to 1.

It is realized that the above plcture of the
movement of Sr is a highly simplified version. In
all probability, there has been movement of Sr out of
the plagloclase and biotite as well as the migration
of Sr from the fluid phase to the mineral phases.
However, to speculate any further wlth the data
available would be unprofitable.

(c) Conclusion

(1) At 600°C under a pressure of 1000 bars it
is evident that Sr prefers elther mineral phase to
the fluid.

(2) The addition of Sr to either mineral is
probably a combination of adsorption and ion
excnange reactlions,

(3) In the presence of a mineral phase which

should accept Sr readily (plagioclase) the Sr from

the £1luid has instead moved primerily to a mineral

phase which does not readily take in Sr (blotite).



2. The System Biotite-Fluorite-Solution
(a) Introduction
Experiment 9, 10 and 12 consists of the blotite
3205, fluorite and demineralized water (9 and 10) or
a Cot+-X™ solution (12). The mineral fluorite was
chosen as. an acceptor phase for Sr. This is a Ca

mineral and as such should readily take Sr into 1ts

structure. Steyn (1954) found that dark purple fluor-

ite contained up to 10,000 ppm Sr and that colourless
fluorite contained the least. Allen (1952) found
that hydrothermal vein fluorites contaln up to 5000
ppnn Sr. The fluorite in the present investigalon
is a colourless vein fluorite. Therefore, 1t is very
definitely undersaturated with respect to Sr, and
should accept it readily.
(b) Discussion

Experiments 9 and 10 were carried out at a
temperature and pressure outside the stability limits
for Pe rich biotites. The low Pyyia1 (including
PHQO) should cause biotite to dehydrate by giving up
its structural water. The high Pop should cause ex=-
tensive oxildation of Fe from the ferrous to the ferric
state. This latter is most definitely seen on nmicro-
scopic examination. The bilotite as a whole however,
retains its physical appearance, but it 1s probable

that a certain amount of denydration has occurred.
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Looking first at non-radiogenic Sr (the symbol
Srn will be used from here on) it is seen that the
fluorite has increased its concentration by 14%
(2.54wems) in 97 hours and only 5% (0.83 wgms) in
210 hours at the same T + P. This points out very
clearly the problems involved in interpretating any
data on Srf®. This problen will receive a full
discussion later.

For ¥sr87 a more satisfactory picture is seen. In
97 and 210 hours, the fluorite has gained 0.08 and
0.3% ugms respectively. It has had a marked effect on
the Sr87/Sr86 ratio (Tables 3~6 and 3-7). This cor-
relates with the findings of Compston and Jeffery
(1959), Allsopp (1961) and Lenphere et al (1963) where
they got Sr87/8r86 values for apatite (another Ca phase
with no Rb) of 0.77, 0.74 and 0.88 respectively. There-
fore the migration of #5297 from a Rb rich phase to a
Ca pnase with no Rb 1s indeed a reason for the
"anomalous common Sr" wvalues as reported by Compston
and Jeffery (op. cit.) and others.

By lowering the temperature 100°C (experiment 12)
the nigration of Srn and *Sr87 has been effectively
stopped (Table 3-8). Only a slight increase in the
Sr87/Sr85 ratio is noted and is seen to be very ninor
in comparison to exverinments 9 and 10. The drop in

temperature could have decreased the energy below a



148

lcvel needed to activate the Sr ions and thus prevent-
ed their nigrating from the biotite. In addition, the

- ++ .
presence of Ca @ ilons in the solution could have re-

o

tarded any reactlon between the liguild and the Sr lons
in the biotite. Xulp and Engel (1963) and Gerling and
Ovecninnikove (opw. cit.) found that too low a Rb/Ca
ratio in an aqueous phase prevented exchange between
Rb in the solution and X or Sr in the blotite. The
results of the next two experiments, where 2lbite 1is
substituted for fluorite, sheds some light on these

problens.

3. The Systenm Biotite~Cleavliandite-Ca®™ K™ Solution.
(2) Introduction
“he purpose of replacinz fluorite by albite
(cleavliandite) was to study the vehavior of one bilotite
toirards two different cccepltor phases. This albite is
a cleavlandite from a vegmatite. It has a very hign
5707 /5280 patio for its Rb content and must be second-
ary in origia. However, this will not affect its use
in these experiments l.e. 1its role as an acceptor of
Sr from another mineral.
(b) Discussion
These two experiments (13 and 14) were carried out

at the same T + P and contained the same liquld phase as

12. I+t is obvious that in experiment 13 and 14 the nmigreation
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of Sr has been much more extensive than in 12. The
results of these two experiments show very clearl

that the temperature of 65000 is not too low to

allow migration of Sr. It also shows that the cat?t
ions in the solution do not play a retardation role.
This then rules out the two possibilities suggested
earlier. Therefore, the rate controlling step is not
the migration of Sr from the blotite. The rate is con-
trolled by the nature of the acceptor phase used.

This is the only logical explanation that will explain

the difference between experiment 12 and 13 or 14.

L, The Systen Blotite-Cleavlandite-Water.

(a) Introduction

This system was used in the remaining experiments.
Numbers 16, 17, 18, 20 and 21 constitute the systen
proper, while 22, 23 and 24 test varlous Tacets of it.
It differs from the »receeding system in that a new
biotite is being used and the ligquid phase has been
changed to demineralized, distilled water. Figures
Letl to 4-6 show graphically the data from Tables 35-11
to 3=15. The lines are for the sole purpose of con-
necting points of the same temperature.

(b) Discussion

n
Figure 4-1 shows that Sr~ appears to have reached
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an equilibrium value at 600°C. Io such definite con-
clusion can be dravm from the data at 450°C. There

is a suggestion of an approach to an equilibrium
value, and it will certainly be as great as or greater
than the value at 600°C. Looking at Figure 4-2 just
the opposive trend is seen, that is, equilibrium at
450°C but not quite at 600°C for Sr® migration from
blotite. Here again is the discrevancy whereby
blotite has lost more Sr than the alblite has gained.

Pigures 4-3 and 4-4 show the movement of *Sr87
in terms of albite and biotite. The albite data
shows a consistent picture of increased migration
with time and temperature. The blotite data suggests
that the migration has ceased at 600°C. At 450°0,
the data is confusing and little can be said for it.
Therefore it is necessary to consider the albite data
as presenting the true picture Ifor *Sr87.

Pigures 4-5 and 4-6 show the change in the
Sr87/Sr86 retio in both minerals with time. The
trends noted for bhoth are explained by saying that
Sr™ has moved proportionslly faster than ¥SrO7 there-
by increasing the ratio in blotite and decreasing
it in albite.

Dxperiment 22 is a repeat of experiment 16 with

the proportions of the two minerals reversed.
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Table 4-2 compares the results of these two experiments.

Table 4-2

Comparison of Sr lileration using Reversed Proportions

of Albite/Biotite.

. N T . S . .
Experiment Albite s 1o0ss Biotite Sr87 loss Biotite

Number  Biotite  wgms. G A4S, %
ratio
16 0.45 17.3 48 0.10 1.0
22 2.22 7.8 43 0.06 0.8

This experiment shows that by reversing the
proportions of alblte to biotite an apparent decrecase
in the migration of sr™ has occurred. For Sr87 it
is the same percentage wise within experimental
error, This will Dbe discussed again in the section
on diffusion.

llot much can be added to what already has been
said for experiment 23 and 24 (Chapter III). K ions
nave not exchenged with - Sr®7 in the blotite. The

loss of Sr® is due +o the same process as in the other

experiments and will be discussed next.

5. The Behavior of Sr® and "sro7 towards Albite,
Fluorite and Fluid.
(2) Introduction
The questlons that nmust be answered before any

interpretation can be given to these results are:
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1) why will Sr® and *sr87 migrate more readily to
cleavlandite than fluorite?
2) why does the imbalance of Sr occur only when
significant migration has occurred?
%) why does Sr™ migrate more rapidly than *3p0T 9
In order to understand any of this, the nature

" Y
of Sr1

must be determined. It is certain that “srS7
occurs in the interlayer position of blotite in what
was once a Rb site. DBased on lonic size alone, Sr
(ionic radius = 1.164° in 8 fold coordination) should
also occur in the interlayer position in an undisturbed
biotite lattice. It is much too large to occur in
the octahedral position with Fe and lig. However, sr?
might also occur in inclusions such as apatite and
fluorite., In this connection Jager (1962) found a
parallel correlation between the Sr content and
inpurity content in her blotites. This problem of
the location of Sr- is believed associated with the
imbalance found in the Sr analyses. Therefore they
will be discussed together.

(b) Test for Sr in the liquid phase and copper Jecket.

Following a run, only the mineral phases were

analysed. However, Sr night remaln in the liquid
phase or adsorbed onto the walls of the copper jacket

and thus contribute to the imbalance of Sr. The

liquid phase and copper Jaclket were analysed in two



159

cases. The results are given in Table 4-3.

Table 4-3

Data on 3r Mnalyses of Liquld Phase and Conper Jacket.

Fhase Total Amount of Sr in micro-
g&rams
liquid, Bxveriment 13 0.53
liquid, Experiment 17 0.51
Copper Jacket, Experiment 17 0.03
Copper Jacket, Ixperiment 22 0.03

Trom this table 1t can be seen, that while a
certain amount of Sr exists in both phases, it is very
ninor and can in no way accouat for the discreponcies
noted.

(e) Inclusions

In Appendix A, each of the minerals used in this
investigation have been described. In all the biotites
inclusions were noted, the main ones being zircon, iron
oxide and apatite and/or fluvorite. Zircon and iron
oxide are of 1little concern as far as Sr 1s concerned,
but avatite and fluorite, being Ca phases, are serious
convaminants. As nuch as possible, estimates have been
made on the volume content of these latter two minerals
and it has been placed at less than 15%. However
additional experiments were deened necessary to obtain

a better ildea of the role that these inclusions might

play.
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1. Test for phosphorous in Bilotite.

The test for P205 as dcscrlbed by Shapiro and
Drannock (1956) was verformed on biotite 3138. In
this wey, an estimate of the content of apatite
[5&5(PO4)3 0H,F,CL)/ can be made. Two analyses, one
on the untreated biotite and the other on the biotite
from experiment 21 both gave a value of 0.09% P,0c
by welght. TVhen converted to apatite, this is 0.22%
by weight.

2. Analysis of Sr in Apatite and Fluorite.

A mixed sample of apatite and fluorite, taken fronm
the same hand specimen as bilotite 3138, was analysed
for Sr by X-ray fluorescence using a2 Mo tube and =2
topaz analysing crystal. The mixed sample was split
into two »parts. One portion was placed in a platinum
dish on the steam bath. Vycor distilled 2HCL was
added and it preferentielly dissolved apatite. The
second portion was saved for direct analysis. Grain
counting before and after showed the mixed sample to be
965 apatite, 4% fluorite. TFurthermore, X-ray analysis
showed apatite and fluorite to contaein approximately
the same concentration of Sr. Therefore the original
nixture was analysed using G-1 as a standard. After
apprlying mass adsorvtion coefficient corrections

(Iiebhafsky et al, 1960) it was found that apatite
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contained 180 »ppm Sr. This means that the contridbu-

tion of apatite Sr to bilotite would be:

1.000 grams biotite X 0.22% by weight apatite X 180 ppnm
= 0.4 ppn.

The above shows that apatite itself has 1little
effect on the concentration of Sr in the biotite.
However the effect of such phases as fluorite, feldspar,
epidote etc. have yet to be evaluated.

3. Heévy liguid Scpearation of Impurities.

In an attempt to remove most of the above listed
impurities, the biotite 3138 was ground to -400 mesh,
washed with acetone to free 1t of dust particles and
split into two portions. One portion was saved for
direct analysis on the X-ray machine. The second
portion was treated with the heavy ligquids bromoform
and methylene ilodide. The methylene lodide was diluted
with acetone so that blotite floated whille phases such
as apatite, fluorite, epldote etec. sank. The float
from this process was placed in undiluted bromoform
causing biotite to fink and phases such as feldsvar
to float. In both cases, the -400 mesh powder was
centrifuged with the respective liquid for 20-30
minutes. This treatment decreased the neak intensity
by epvproximately 7%. This is not too accurate because
the councentration of Sr in biotite is almost at the

detection limit of X-ray fluorescence.
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This means that in a blotite containing 21 ppm
sr™ (biotite 3138) thet 21 X 7%~ 1.5 pom is due to
Toreign sources. This must be considered a ninimum
value. The extent of inclusions occurring in the
nicron and several micron size range is not knowm and

is impossible to estimate.

(d) Inhomogeneous Reaction

There does exist the vossibility that the sample
selected for mass spectrometric analysis is not a true
representative of the whole mineral phase used. The
portion recovered after the run may be a biased por-
tion of the originel amount. In Table 2-2 it can be
seen that 2.4% of the total weight of the mineral
phases was lost during separation on the magnetic
separator, and that 1.3% was lost on the initial
recovery from the jacket. This 1s representative of
all the runs. In the majority of the runs (experi-
nents 16-24) both mincral phases were of uniform grain
size (-60, +100 for albite, -100, +120 for biotite 3138).
To test the efficiency of the magnetic sevaration,
these Two ninerel phases were welghed, thoroughly
mixed, separated and again weighed. They received no
hydrothermal treatment. Table 4-4 gives the results
and it can bc seen that an excellent recovery was

obtained.
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Table 4-4

Test of Recovery from FPrantz Isodynanic lMasnetic

(1) Veight of biotite = 0.8871 granms
(2) Weight of albite = 0.9699 grams

(3) Toroughly mixzed together and passed through
the separator at a current of 0.36A, 15° side
tilt, 25° forward tilt.

(4) Veignt of biotite = 0.8957 grams

: pys 028957 5 — o
Recovery: REKE X 100 = 99.84%
(5) Teight of albite = 0.9680 grams

O[g
L] .
@i
O O\
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Recovery: 100 = 99.80%

In three experiments, immediately following the
recovery of the ainerals from the jacket and before
their separation, a sample of the nmixture of minerals
was taken. This was analysed and compared with the
results on the separated mineral fractions. The
results are summarized ian Table 4-5.

Table 4-5

Commarison of Totol Iiixture Date with Separated

Liineral Data

Exveriment Oricinel Srn Recovered Recovered
Tunber 10 jacie: («rms)(mineral data) Tol llixture.
21 43,6 ugns 37.9 pgns 41.0 menms
15 43,6 " 36.6 " 37.8 "
17 43,6 " 35.3 " 39.5 "
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The sample from which the total mixture portion was
removed was & mixed combination of albite and biotite
with the original gréin sizes of -60, +100 and -100, +120
respectively. In addition to the blotite having suf-
fered partial alteratlon as reported in Chapter III,
the grains of this mineral partizlly broke down to a
finer size (approximately 250 mesh). The aldbite grains
did not suffer this effect.

To obtaip a representative fraction from a sanple
varying in grein size from -60 to~250 mesh is dif-
ficult and it 1s not surprising that the total nixture
data does not agree with the original wvalues. The
important thing to note in +table 4-5 is that the total
mixture values are always greater than the sevarated
mineral data. Also, with increasing time (experiment
21 to experiment 17) the discrepancy between the separ-
ated nineral values and the original values increases,
put this is not the case with the total mixture values
versus the originael values.

Turning now to table 4-6 it is seen that the
results for expelrinent 21, 16 and 17 are tabulated in
a diffcrent fashion. The calculations assume that the
mass spectrometric onalyses are good only for the
portion of mineral f£inally recovered, and not for the

originel quantities. If however, a homogeneous



(4)
(5)
(6)

(7)

Table 4~6

Balance of Sr in Hydrothermal Runs.

Hinersl Recovery:

Original emouat of minerals
in Cu Jaclict

Initial recovery of
nincrals from jacket

Seporated portion for "total
nixture" analysis

Tinal recovery of blotite
from IFrartz

Pinal recovery of albi
fronm IFrantz

Lost on separation
on Frantz

Total logs

2l

2.7508 grams

2.7165 "

0.1571 "

1.7195 from
orig 1.8998

0.7859 Tfrom
orig 0.8510

0,0540 grams

16

2. 7472 grams

2.06753

1.7184

orig 1.

0.7735

orig O,

0.0254 grams

n

Lrom
8993

from

8479

il
2.746% grams

2.7093 "

0.0990 i

1.06238 from
orig 1.8984

0.7901 from
orig 0.8479

0.1884 grams

= 3.5% 0.23%4 = 8,5%

Gol



B, Strontium
i -
Recovery

(1) Original
guantity

Total
mixture

(2)
Biotite

Albite

for

13.5 00ms .
o 1059 arams

Unaccounted _06.844ms

0.088% groms

Table 4~6 = continuved

21

"

15,.8ppm

i

14,9ppn

1l

12.2ppn

1

17.2ppm

= 77.6ppm

16

———

43.6 #gms - 95,
2.74(2 grams 5.9ppu

1.4/('(‘{:':]11'%._ — A T
L0980 grams 13.8ppa
18.8 4ms ____ 10,9ppnm
I7100 groms PP
15.2 wrnms = 19.7ppm

L7735 prams

8.2 4ns

= 84,3ppn
0 05 serams PP

v-.

2.74673

43,6 coms
=

1oh tems

.0990 grams

L15.9 Aems
1.6250 grams

15,06 Aems
7901 gramg

10.7 Zems
. 2534prans

grams

I

1

15.9ppm

14, 4ppm

9.8 ppm

19.8ppn

45, 8ppm

991
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reaction had occurred between bilotite and aldbite,

the Sr loss/mineral loss ratio should give a concentra-
tion value in the reglon of 10-20 pym. It is obvious
that 1T does not, but in fact glves much higher
concentrations.

The only conclusion that can be drawn from this
data is that the Sr loss is occurring during separa-
tion on the magnetic separator. TFurthermore, as the
biotite grains have suffered partial breakdovn, 1t is
believed that the loss on the separator is primarily
biotite. It would be these small grains that would not
be recovered on sevaration. The next question to be
ansirered 1s why these small bilotite grains are so
enriched in Sr,

Returning to experiments 2 to 7 it was found that
Sr left the fluld phase regardless of whether bilotite
or vlagioclase was present. Also, when both minerals
wvere heated together, the Sr still preferred blotite.
Isotope dilution analyses for experiment 6 and 7 showed

hat biotite probably gained Sr only.

Teuser (1963) found that Sr left biotite at 600° ¢
and entered the fluid phase, He also commented on <the
fact that the high temperature distribution of Sr
between £fluid and mineral returned to STP conditions
in ninutes il1.e. S moved bacli to the mineral. This

seems to indicate that the Sr sinply adsorbed baclt onto
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the nice surface during the quench, and may or mnay

not have returned into the lattice. Probably much the
same situation hold in experiment 7. At high teapera-
ture, the fluid phase can contain considerable Sr, but
not at low temperature. Therefore, 1t is concluded
thet part of the reaction noted in these early experi-
ments is due to adsorption on cooling. A certein
amount of exchange has undoubtedly taken place, dbut
the fact that Sr from the fluld prefers biotite to a
"sink"phase such as Ca plagloclase would suggest that
adsorption is certainly playing a role.

Applying this to the system blotite 3138-albite-
water 1t 1s suggested that the Sr contained in the
fluid phase at high temperature adsorbed back onto the
grain surfaces during the quenching process. Because
of the much greater surface area of biotite in compari-
son with albite, the major nart of the Sr would adsorb
back onto the bilotite grains. In addition, the biotite
has wwilth time further increased 1ts surface area by
partial brealkdown. These small grains with thelr very
large surface area would adsorbd Sr in a disproportionate
amount with respect to their weight contribution to the
whole biotite sampnle. This will explaln why the
discrepancy between mineral values and the original

values (table 4-5) increaseswith time.
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(e) Sr Migration to Albite and Fluorite.

As Sr nmigrates readily to albite, an attempt was
nade to see how 1t adhered to the lattice. The albite
from experiment 21 was leached at room temperature with
five separate alicuots of 6N HCL. The mineral was
swirled in each 2liguot for 10 minutes before the acid

was drained off. The results are seen in table 4-7.

Table 4-7

Results of Teaching on the Albite from Ixperiment 21.

n
M bite before leaching = 17.19 ppm Sr

A1bite after leaching = 16.95 ppm Sr™

By studying the results in this table it is cleax
that the Sr added to the albite is held rather firmly.
t could be located elther in fracitures or other grain
imperfections, in lattice defects or within the crystal
lattice as a result of an ilon exchange reaction. It is

believed that further leaching exveriments will not
determine wvhich of the above locations is the true one.
Consider the following: if 10% by weight of the albite
is dissolved during a leaching experiment and thls
removed 50% of the Sr, this does not prove that the Sr
has sinply adsorbed onto the grain surface. In an
experimental system such as experiment 21, the Sr would
react first with the lattice layers at or near the sur-

face of the grain and ornly with time migrate to the
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interior. Therefore, even with a true ion exchange
reactlion there would exist a greater concentration of
Sr near the grain surface than in the interior of the
grain., It is this surface or near surface region that
would be dissolved 1n a leaching experiment, thus
removing the major part of the Sr and giving the
appearance ‘that the Sr had adsorbed onto the grain
surface,

Looking now at the two mineral phases albite and

fluorite it is obvious that they differ greaily in
many respects. Fluorite, CaF2 has cubic symmetry and a
face centered cubic structure with the highest possible
coordination (8:4) between the Ca and F ilons; Albite,
(Na, Ca)AlSiBO8, has trigonal symmetry and 2 3 dimen-
sional tetrahedral framework structure. The cations
Na*, K¥ and Ca*™ occur in the interstitial channelways
or tumnels in this framework, As fluorite is so highly
coordinated there exists practically no intersiitial
space between the lons., Therefore, the only way a

Sr ion could enter the lattice is in replacement of Ca.
This would require the breaking of an Ca-F bond. For
Alblite, the Sr could simply migrate into a vacant inter-
stitial position in the lattice and become part of the
structure without forcing another ion to leave., At

75000; it is possible that sufficient energy was
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obtained ©to break Ca~I bonds in fluorite and thereby
allow Sr substitution.
The most striking phenonmena of the movement of
Sr, particularly in the systems biotite-albite, is the
] [P o 2 - - PP v, .".',.87
nuch faster rate of migration of By than #5r~'.

St

could reside in threc places in the biotite:
(1) the interlayer position
(2) in inclusions

(3) in the octahedral cation position

(1) The interlayer position

As mentioned ecarlier, Srn should reside in the
interlayer position of an undisturbed blotite lattice
in the seme position as #3rS7, Both tyves of Sr
should then show the same pattern of migration. II
anything %Sr87 should nmigrate faster. This is the
presently held view, l.e. *Sr§7 a small lon in a large
Rb site, is out of equilibrium with the mineral that
it is assoclated with and therefore should migrate
readlly.
(2) Inclusions.

The St that has nigrated could either have dif-
fused from the inclusions or been released wvhen the
inclusions dissolved. It was seen earlier that blotlte

3138 anzlysed after an experiment contained the same

P205 content as the untreated mineral. This suggests
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Tthat at least apatite has not dissolved extensively
during the course of the run. The effect of Hgo as a
dissolving agent at higher temperature is not kmowm.
The dielectric constant decreases tremendously therefore
suggesting that its effect is greatly diminished. If
the inclusions have not dissolved, then for Sr® to
leave would require diffusion. Nothing is knmown about
the diffusion properties in these minerals (apatite,
fluorite, etc.) so little can be said.
(3) Octahedral position

If Sr® has not come from incluslons there remains
the interesting possibility that it reslides in the
octahedral position. Based on ionic size it does not
belong there and it is probably true that in an un-
disturbed biotite lattice it does not. However, if a
biotite has suffered reglonal or thermal metamorphlsm
in which migration of ions occurred, 1t might be
possible that the Sr has entered into the ocitahedral
position when the mica lattice was distorted. All
three bilotites used here are Precambrian in age and
have most likely suffered metamorphism., If this is
the case, the Sr® ions are jammed in and should be
held rather tightly. 3But changes have occurred
in the octahedral position. Pe?2 nas oxidized

to Fe+5'and apparently nigrated out of the
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octahedral position. This is based on the observation
that a large increase in the gquantity of opagque material
(iron oxides) is noted following a run. During this
attack on the octahedral position it is possible that
STl has drained from this site and migrated to albite.
This could be represented by a2 reaction such as:
Sr plagioclase molecule in biotite ——EZL——-Albite

In this connection, Eugster (1959) found that at a
T of 600°C and a Po, of 10717 atmospheres, Annite
roke dovn in the following way:

Annite

Magnetite + Sanidine + Vapour
Ee found that the same reaction occurred at 750°C at a
P02 of 10’17 atmospheres. The experimental systems
used in this investigation have a far higher Po, than
Bugster's system. However, it must be pointed out here
that to form sanidine requires X ions from the inter-
layer position. If this is the process, (i.e. feldspar
cations from interlayer position) the *Sr87 should also
be liberated. Therefore it is neceésary for the experi-
ments bilotite-albite-fluid to state that if the Sr® is
coning from the octahedral position, it is the result
of a process that has not extensively affected the
terlayer position in blotite.

In conclusion all that can be stated 1s that the

Sz that has migrated has probably not come from the

interlayer position. It could have been derived from
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elther inclusions in the blotite or from the octa-~
hedral position of the biotite lattice.

To sumnarize section 5 of this chapter the
following pilcture of Sr behavior is suggested.

(1) The Sr" that has migrated has come painly from
inclusions or from the octahedrel position in the
blotite lattice. If Sr has migrated from the inter-
layer position, it would do so at the same rate eas
#5097, as very little #5297 has noved, the Sr? from
the interlayer position would not be noticed in compari-
son to the Sr" coming from other sources.

(2) The reason for the marked difference in be-
navior of Sr toward albite and fluorivte is due to the
nature of these two ninerals. Sr is able to enter the
albite lattice without necessarily affecting an ion
exchange reactlon, while this is not possible with
fluorite.

(3) The loss of Sr during the reaction is probably
due to a combination of disvroportional adsorviion of
Sr on the fine grained fractlon of biotite because of
its increased surface area. This fine grained fraction
is then lost on sevaration. Also, part of the loss
might be dwe to inclusions freed durling the time inter-
val of an experiment and lost on separation due to

their fine grain size.
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(4) I the Sr™ has come Irom the octenedral position
in the bilotite, it was freed during some Xkind of
chenical reaction wnich affected this site but not
the interlayer position. It is assoclated in some way

with the oxidation of Fe.

(f) Dpiffusion
The study of diffusion is based on Ficks Law.

It can be stated in two ways:

_ .3 3¢

P = -D<E (1)
2

3% = 3% (2)

-]

Zquation (1) gives the flux P in the steady state
of flow through a unit cross section area, in terms
of the concentration gradient znd a constant D, the
diffusion coefficient. 3ZHquation (2) refers to the
non stationary state of flow. It describes the accunula-
tion of matter at a given point in a2 medium as a func-
tion of time. This latter form 1s easily applied to
various diffusion models.

If a homogencous pnase of uniform initial concentra-

Hy

tion and uniform concentration at the surface 1s assunmed,

then it is possible to obiain solutions to Ficks' Lawr

£
BN

(@]
+

a sphere, cylinder, and slab (Carslaw and Jzeger,

1958, Barrer, 1941). These solutions are further
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simplified 1f the surface concentration is talten equal
to zero. The most convenlent way to exXpress the equa-
Tions is in terms of.P, the fraction lost from the
nineral at anytime <.

(1) S8lab - this applies to an infinite slab or a

slab with impermeable edges.

23]

I
=
|

vhere 4 = half thickness of %he slab. For F<0.03

this series can be apnroximated by:

2

7.76 B
D o .76 F

YE 2%

-

(2) Cylinder - this rcfers to a cylinder of infinite

length or with finite length having impermeable ends:
o0
Po= o1-2 4

2
expL%KO Dt:}
1/(02 a

wnere 2o is the radius of the cylinder and/ﬂ5 are the

roots of the Bessel function of the first kind and

zero order. ror <L 0.02, this can be approximated by:

a a2
Sphere:
o
s 2
o= 1 -2 E:. L ex (-ng( Dt)
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where a is the radius of the sphere. IL P is small

(<0.10) this can be avproximated by (CGerling and

Ilorozova 1962):
< “.-'li‘ -
o= 2 (D5)°- 306
NI a“< a2l

if 7<0.01 it can be further approximated to:

Using these three models and the assumption of
zero surface concentration, the D/a2 values for *Sr87
have been calculated for experiments 9-21. The
results are listed in table 4-8.

The values as calculated are for the svecific
systens blovtite-albite and blotite-fluorite. They are not
consldered to represeant D/a2 values for *3“87 diffusion
Trom bilotite for any systen eicept the ones investigated
during <the couvrse of this situdy. The reason for this

is obvious from the precceding discussion on Sr be-

haviour towards albite and fluorite.
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Teble 4-8

10

" 2 . e O . - - .
Values of D/2° for #Sr 7 (in 10 sec™ 1) using

Three lodels

Biotite 3138

in Lineriment Slab Cylindexr Snhere
21 7.0 1.7 0.76
16 5.0 1.5 0.58
17 3.5 0.9 0.23
18 0.7 0.16 0.08
20 0.3 0.08 0.03

Biotite 3205
in Experinent

9 32 8.1 k.5
10 91.0 25.0 11.0
135 120 31.0 14,0
14 15 k.1 1.8
12 0.8

At 600°C (21, 16, 17): Average Slab = 5.2 X 10710 sec™t
M oGylinder = 1.3 X 107190 see™t

" Sphere = 0.5 X 10=10 el

At 250°¢ (18, 20) L Slab = 0.5 X 1010 gec=1
" oylinder = 0.12 X 10719 gec™t
" Sphere = 0.05 X 10710 sec™k

-~ +

A precision error of %0% is nlaced on these numbers.
This is equal to 2V or 95% confidence limits. The

absolute accuracy is unknowm.
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o

The diffusion coefficicent D itself cannot be
deternined, because theydiffusion radius is unlnown.
The radius of the biotite grain itself is kmown, but
this 1s not necessarily equal to the diffusion radius.
“he Sr ion maey only have moved a few microns in distance
before it reached the grain surface or a lattice
imperfection and thus readlily escaped. Therefore, it
is necessary to deal with D/aZ.

The activation energy involved in the diffusion of

*Sr87 can be determined by use of the Arrenhius equation:

D ™

D 0 e “act
—_— = - =2kb
22 22 RT
where a = diffusion radius
D - (]
-2 = a constant, the frecuency factor
2
a
gt = the activation energy in calories/mole

= the gas constont = 1.987 calories/mole-degree

H
!

T = the temperature in degrees Xelvin
By plotting logyg D/a2 versus 1/T, the B o+ is
deternined from the slope of the line (equal to
-22ct ), The data in Table !
2.3503R%

this way and the recults are ce

-

-8 have been treated in

(@]

n in figure 4-7.

On the basis that Sr? in the biotite and albite have
«.07 /2..86 . A . o . c me s
Sr-!/5Srf% ratios of 0.710, the Egg+ for the diffusion
of *Sr87 from biotite 3138 to albite is 20 Keal/mole

in the temperature raage 600°-4500C, This cslculation
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is Dbased on the cylindrical model believed to be the
best avproximation to bilotite.
. . . X o . n
A line is seen connecting the data for 650 C with
o)

that for 600°C. It nust be remembered that two dif-

Hh

ferent blotites are involved here, blotite 3205 at 65000

0

nd biotite 3138 at 600°C. However, if the discussion
is restricted to the nigration of *Sr87 from the biotite
interlayer position, then 1t is believed that these tuo
biotites can be considered as one, Loolzing at figure
4-7 1t is scen that o much higher Z,.. of 84 Kcal/mole
exists between 6500-60000 then in the temperature range
600-4509C, An 3 .4 of 60 Keal/mole is found for the
systen biotlite 3205 ~ fluorite in the temperature

renge 750-650°C., The Zact fo

L]

this system is less in

Y

i
; ; . . o .
value than that for migration at 650-600°C. However,

5

notice that the D/22 value for #5707 giffusion from

bilotite 3205 to fluorite is the same at 750°C as the

D/a? for biotite 3205 to albite at 650°C. This is

compatible with what was concluded earlier. That is,

Sr migrates at a faster rate to albite than to fluorite.
By knowing the Z,,+ values it 1s now possible to

\ 2 . .
ctermine the time-tenperature-D/a2” relationships as

2

they might apply in geological circumstances. TFoxr
example, in table 4-9 the temperatures required for 24
loss and 50% of %5797 Zron biotite in 1 m.y., 100 m.¥y.,

and 1 b.y. are listed. The values given are calculated
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on the basis of volume diffusion, using the cylindrical
model and with the E g4 values of 20, 60, and 84 fLeal/
mole.

Mn attempt was made to determine a maxinmum value
for the Sro7/srSC ratio of Sri in biotite 3138 and
3205 to see to what degree this ratio might vary from
0.710. By knowing the total Sr content in alblte before
the run and the totzl content following the run, it

was possible to determine the average Sr87/3r86 ratio

of the migrating Sr in the time interval of the run.
The results of the calculations are seen in table 4-10.
Tor the system biotite 3138-albite-water the nini-
mum velue is found to be 0.75 {exvperiment 20). TFor
the system bilotite 3205-albite-water 1t is 1.1. This
latter system was run at such a temperature that *Sr87
certainly was migrating. Therefore thls value is not
of much use. In experiments 13 and 17 the Iluld phase
was analysed for 1its Sr87/8r86 ratio. TFor experiment
15 (with bilotite 3205) it is epproximately 0.76 and in
experiment 17 (with biotite 3138) it is approximately
0.74. These values nust represent the maximum Sr87/
Sr86 ratios of Sr® for these two biotites. The mini-
mum velue would be in the range of 0.705 to 0.710.

These are the closest limits that can be placed on these

values. All discussions in this thesis on the diffusion



Table 4-9

Temnerature at vhich 50% and 29 of #5207 ould be lost from Biotite in timez of one

million, one hundred million and one billion ycars.

Q
504 loss of #srol

Eyot(Keal/mole) 25 loss. of #3rOl

: L m.y. 100 m.y. 1 b.y.
(1) 20 80°¢ 25°¢ -
(2) 60 540°¢ 290°¢ 26590
(3) 85 360°¢C 320°C %00°¢

(1)

Corresponds to the experimental systcem blotite
range 600-450°0C,

Corresnonds to the experimental system biotite
range 750-650°C,

Corresponds to the experimental system blotite
range 650-600°C,

1 mey. 100 m.y.. L b.y.
170°¢ 95°¢ 60°¢
43000 360°¢ 37590
4%0°¢C 37590 360°0

3138-alblite in the temperaturc

5205-fluorite in the temperature

3205-albite in the temperature

¢gl



Table 4-10

Surmary of Results for Albite and Fluorite on Sr Migration in Terms of the Isotopes:

5r80, 5087 ana 588
Bxzp. Initial Sr (sems) Pinal sr (#emg) Difference = lMiecrated Sr
lo. 86 er. 89 85 8 88 86 8 88 gu/8s
10 1.55 1.10 12.99 1.63 1.50 13.68 0.08 0.40 0.67 5.0
13 0.27 0.%4 5.09 1.53 1.58 12.79 1.16 1.24 9.70 1.1
14 0.27 0.3%4 5,00 1.56 1.69 12.09 1.19 1.35 10.00 1.1
18 0.31 0.29 2.62 1.45 1.15 12,00 1.12 0.86 9.38 0.77
20 0.1 0.20 2.63 1.67 1.31 132.97 1.36 1.01 11.34 0.75
21 0.51 0.30 2.63 1.44 1.16 12,08 1.13 0.86 9.45 0.76
16 0.71 0.29 2.62 1.65 1.34 13.80 1.34 1.05 11.18 0.78
17 0.31 0.29 2.62 1.65 1.27 15.84 1.34 1.08 11.22 0.81
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DL

-£L -
of 5>

8 5 .
7/Sr8O ratio of Sr®

will be Dbased on an Sr
equal to 0.710. But 1t must be kept in mind that it
could indeed be higher than this value.

As the ratio of 0.710 is assumed for Sr™ in these
blotites, the D/a2 values calculated here nust repres-
ent maxinmum values, i.e. mininum Z, .+ values, to be
found in tbe experimental systems. If the value of 20
Keal/mnle for Eact is applied to temperature-time con-
ditions in the earth, it is seen that significant *Sr87
loss from biotite could occur over geologic time without
the help of a thermal event at some time subsequent to
the mineral's formation. Zor example, in 1 b.v. at
a temperature of 60°C, 509 of the #3597 could be lost
ITronm biotite. This imnlies that 211 Precambrian blotite
should show significant *Sr87loss. However, the data
Tor the systems blotite 3205-albite and biotite Z205-
fluworite suggest that a thernal event is indeed needed
Tor any significant *8"87 nigration to occur. The
incompatability of these latter resulits with the systen
blotite 3138-albite necessitates a further look at the
cause oI *Sr87 loss from bilotite in the temperature
range 600-450°¢,

Looking at figure 4-3 once again it appears that
87

the movement of *8r ' is reaching a "Mlateau" value in

the region of O.lB-O.EO/agms. This could represent an
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approacn to an equilibrium situation in which Sr
parcitions itself between biotite and albite. For Srn
(figu:e 4-1) this appears to have occurred after 45
nours. herefore if a true equilibrium situation for
Sr is beins established in albite at 600°C then #Sro!
migration should cease after 45 hours. This is not
the case and suggests that equilidbrium has not been
reached in the experimental system in the time allowed.

The appearance of equilibrium is due to the rapid
movement oI Srn from sone impurity in or from the octa-
hedral position of the biotite as discussed earlier.
This movement ceases after 45 hours, but in the interval
45-112 hours Sr- and *Sr87 continue to migrate from
the interlayer position. However the quantity is so
small in conparison to the quantity added to the albite
fron the impurities etec., Tthat 1t causes little dif-
ference to the value obtained for the total Sr moved.

It 1s suggested, but not proved, that the *Sr87
nigrating fronm blotite to albite in the temperature
range of 600-460°C with an B,y of 20 Keal/mole is coming
Tfrom the grain surface, grein inperfectlons or sonme
crystal defect. Thls represents a desorption process
rather tThan volume diffusion and corresponds to the low
temperature loss of Ar fron nica as found by Amirkhanofl

-

et al (see vage 4 chanter I for references). If the

plateau value of 0.15-0.20 #tzns 1s correct this means
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that about 27 of the *Sr87 in biotite 3133 is residing

in locations other then the interlayer position of the
bilotite. That desorntlion at lower temperatures could

be the case is further suggested by the "lmee" in the
logqg D/a2 versus 1/T vlot (figure 4-7) occurring between
6500 and 4500C for the system bilotite-aldbite. The

slope of the line between 600°C end 650°C may repres-

ent more closely I, ,; Values necessary for true voluue

. e s h el
diffusion of *Br 7

from the interlayer position in
bilotite.

The D/ﬁg-temperature-time conditions as derived
from the data in the tenperature range 750-600°C (%he
srystens blotite 3205-fluorite and bilotite 3205-albite)
arc compatible with conditions expected in nature. ToT
erxomnle, 50% of the * r87 could be lost from the biotite
in 1 n.y. 2t 2 tenperature of 430°C, & temperature
certainly within the metamornhic ranze.

One »oint nmust be nade here which concerns the
pressure conditions of the experimental runs (9 to 17
and 21) in the temperature range 600-750°C, The rums
at 600°C and 1000 bars vressure (biotite 3138) are
ithin the stability limits of blotite except for the
hign P02 which couscs oxidation as noted. At 650°C and
500 bars it is marginal and ;t 750°C and 200 bars it is
outside the stabllity linits. That is, at these higher

temperatures and low total pressure blotite (either 3138
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or 3205) should start to lose its structural water.
There does exist therefore the strong possibility that
the *Sr87 being released at high temperature is due in
large part to the breakdowvn of the lnterlayer position
of the biotite. In this connection, Gerling and
“orozava (1957) and Seradov(1961) believe that the loss
of Ar from the interlayer position in micas will only
cone about when The mica begins to break dovn by giving
off its siructural waters. Also Gerling et al (1963)
found that the higher the Fe+d/Pe*? ratio in bilotites
the lower the Iget for the release of Ar. They con-
clude that the entry of TetD into the structure somehow
"loosens" 1t up and makes diffusion easier.

(g) Thermodynamics

At the outset of thls investigation 1t was hoped
to apply the laws of Thermodynanics as they night
apply to trace element distridution. To apply such
laws to either the Sr™ or *Sr87 data, the equilibrium
values nust be knoim or predictable.

Looking at figures 4-1 and 4-2 it could be stated
that at 600°C Sr™ has reached an equilibrium value in
21lbite and at 45000 it has done so in biotite. ZBut at
600°C and 450°C this canmot be stated for blotite and
21bite resveciively. Also, there exists the problem

of Sr inmbalance in all these exveriments. Xven nore,
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the original location of the Sr~ that has migrated

is uncertain.

87

For 81 it is safe +to sayAthat equilibrium hes

not even been closely approached. It appears that at

450°¢ *Sr87 has ceased to migrate. As stated in the

87

previous section, thls probably represents *Sr fron
imperfections and not from a Rb site in the lattice.

At 600° 1t is seen that #5297 is just beginning to move
after 112 hours. Certeinly part of this *Sr87 also is
coming from lattice imperfections In any event, equl-

7,

librium of wSr87 between biotite and albite has not been
attained in the tine 2llowved.

In the same sense, real equilibrium has not been
reached for Srn. It is certain that sone Srn resides
In its proper place in the interlayer position, but

74 - n
has n non wor87. The Sr~ that

O
ct
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ct
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ctk

has nigrated is v»rimarily from a different location. As
nentioned earlier.the rcason that it appcars no Sr has
migrated betiween 45 hours (16) and 112 hours (17) is

that Sr™ was removed and pernens comvletely dralned

]

' from the walmown location after 45 hours. In the time
interval from 45-112 hours Sre was still migrating from
the lanterlayer position, but its cuantity was so low

tnat 1t created no noticeable increase.
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In conclusion it can be stated thoat duvue *o
Iinetic effcets, an equilibrium distridbution of Srt

and *Sr87 betiween albite and blotite or betiween fluorite

and blotite has not been achieved in the tine allotted.
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CHAPTER V

SUIZIARY AUD CONCLUSIONS.
1. Sumnary and Coxnclusions
The early experiments with the system blotite
3006-Ca vlagiloclase-Sr solution demonstrate clearly
the difficulty in determining whetner a glven nmovement
of Sr from the f£luid to the so0lid phase is a true ion
xchange reacvion or adsorption. The evidence.seens

to show that a large proportion of the Sr has sinoly

U

adsorbed onto the biotite grail urfaces. Thils is based

b
1O

onn the results vhereby Sr preferred blotite to a Ca

plagioclase, the latter being <the obvious phase Ifor

This adsorpition of Sr onto the mica surface is
belicved connccted to the problem of Sr loss during
the course of any one experiment. It was concluded
that Sr from the flulid phase adsorbed onto the mica
flakes during the quenching stage of the experimental
vrocedure. The fine sized mica flakes, produced
during the course of the run adsorbed a disproporvion=-
ate amount of Sr with respect to thelr welight con-
tribution ©to the whole biotite sample. These small
nica flakes were then lost during magnetic separation
and created the imbalance seen in the runs.

n

The Sr* yhich nicrated from biotite to either
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fluorite or aldbite came primarily from impurities with-
in the biotite grain and/or from the octahedral posi-

.
N

tlon of the biotite. Sr™ Ifrom the interlayer position

was almost certainly nigrating as well, but was doing

n

o at the sane ravte as *3r , thus 1ts contribution to
the %total Sr” that migrated %o albite was nesligible.

The loss of the majority of Sy from the biotite
is not believed to be a diffusion controlled process,
but is somehow assoclated with the dissolution of
impurities such as apatite and fluorite or with the
chemical reactions occurring in the octahedral posi-
tion in the biotite.

The nmaxinum value of the Sr87/Sr86 ratio of Sr®
in diotite 3205 and biotite 3138 was found to be 0.76
and 0.74 resvectively. In order that a comparison

could be made betiecn these two blotites as regards to

Bed
[9)]
H

o
-3
[oR

iffuslion, 1t was decided to use a value of

or

Y

A s - 2
0.710 o Srn. In this way tThe D/a constants

-2
L]

nigration from bilotite to albite or fluorite
have thelr rmaxinum values.
2 P - e e .

D/a” values for #3r ' movenment from biotite to
albite and fluorite were determined using the relation-
ships of volwne diffusion. They were found to vary

- - -12 -1
from 3 ¥ 1077 sec™t at 650°C to 8 X 10 sec ~ at

4507¢C. It was susggested but not proved, that the loss
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of *Sr87 in the exvperimental temperature range of
600—45000 sas the result of a desorption process Irom
grain surfaces, grain inperfectlions and crystal

defects in the biotite. It was calculated that approxi-
mately 2% of the *Sr87 in biotite 3138 occurred in
localities other than the interlayer position. The
experimentally derived I, .+ and D/a.2 values in the
tenperavure range 600-75000 were found to be compai-
ivle with the idea of volume diffusion loss of #SroT
during a thermal event. It was found that 50% of the
23707 could be lost from 2 biotite at 430°C in 1 m.y.
in a natural rocl: system similar ‘o the experimental
system. It was pointed out that due to the low total
pregsure and high P02 of the experiments carried out

in the temperature range 600—750003that the w5787
liberated in these exveriments could also have occurred
vien the biotite partially broke down by glving up 1Ts
structural water and also during the oxidation of the
Fe,

Fnally, it was found that the movement of Srn
and *Sr87 depvended on the second mineral phase present
with the biotite. The movement of Sr from biotite in
the presence of an ilonic non-silicate phase such as

fluorite was slower then in the presence of albite.
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2. Suggestlons for further work

In the precent investigation, three mineral
phases were used and for each system an attempt was
made to reach equilibrium with respect to Sr distribu-
tlon among the phases. This proved to be unprofitable.
A better approach would be the study of 211 the minexral
phases ol a particular rock system, treated hydro-
thernelly tuvo at a time, for a definite time period,
without concern for equilibrium. In this way, it
should be possible to predict which phases would be
most susceptible to losing or gaining Sr during meta-
morphism. The phases that should be investigated
include biotite, muscovite, plagioclase, potassium
feldspar, hornblende, pyroxene, apatite, fluorite angd
evidote.

Por hydrous phases, it would be profitable to
carry out the experiments under conditions of both
stability and instability and study the effect on Sr
movement durlng dehydration or recrystallization.

Such studies could lead to lknowledge of the location
of the Sr in the crystal lattice.

The systems could be studied with a variety of
liquid phases and wader "dry conditions.

It should also prove profitable to study Sr ex-
change reactions in various nineral phases under
dynemic conditions as revorted by Kulp and Engel (1963)

on nicas.
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1. Purification of the IMinerals

A1l three Dbiotite sambles ceme from biotite con-
centrates previously prepﬂred by various workers in
the M.I.T. Geochronology Qaboratory. These con-
centrates were first siev&d into as maeny size Ifractions
as possible in the -100, 4300 mesh range; where grain
size reduction was needed%a steel pestle and mortar
was used. A size fractioﬂ was ‘then spread out on a
clean piece of weighling pqper and a weak hand magnet
was used to remove magnetﬂte. The grains were then
passed through a Frantz Isodynamic Magnetic Separator,
first at a current of app#oximataly 0.1 amperes and
then at a current of appr@ximately 0.36 amperes. Pre-
linminary tests shoswred thaﬂ this range of current

produced biotites of minidum imvurity. The sevarator

X

ad a forward %ilt of 25° and a side tilt of 15°,

g

assages were made at botﬂ of these currents until
collection was entirely 14 one cup or the other. This
procedure was reveated foﬁ every size fraction of
interest and the various #ractions'desired were then
collected in one stock boﬁtle for subsequent use in
the experiments. All samﬁles of a particular mineral

used in the hydrothermal runs came from the one stock

bottle.
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The Ca plagioclase came from a large hand specimen
of the almost pure mineral. The main contamination
proved to be magnetite end ilmenite. The mineral was
crushed in a steel mortar, separated into sieve frac-
tions, and passed through the magnetic separator at
maximum current. This was reveated for every size
fraction until all impurities were removed. The frac-
tions were then collected into a large stock bottle
for subsequent use,

The pegmatitic albite (cleavlandite) was treated
in the same manner as described above for the Ca plagio-
clase. The main impurity was muscovite and this was
effectively removed by magnetic treatment at the
maxinum current.

The fluorite contained no noticeable impurities.
This was a large specimen from a vein mineral deposit.
It was reduced to the desired grain size by crushing in
a steel mortar and stored in 2 large stock bottle for
subsequent use.

2. Mineral Descriptions

(a) Biotite 3086 is from the Murray Granite at
Sudbury, Ontario. The colour is medium greenish brown
showing slight alteration to chlorite. The main
inclusions are iron oxides and a cleer mineral of
slightly less relief than the blotlte (apatite?) This
latter inclusion 1s seen only under the highest magni-

fication. An estimate of the total content of inclusiouns
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is 0.5% by volume.

(v) Blotite 3205 is from the Birch Lake Granite, Hart
Tovmship, Ontario. Its colour is greenish brown show-
ing some alteration to chlorite. Once again iron oxide
and avatite(?) are the main inclusions. ZEstimate of
inclusions is placed at 1% by volume.

(c) Biotite 3138 is from a granitic body 14 niles
west of lount Laurier, Quebec. Its colour is lisght
brown to tan. The main inclusions are zircon with well
developned pleochroic haloes, iron oxldes and once agalin
a clear mineral, probably epatite. The main inclusion
is zircon. Estimate of inclusions is placed at 0.5-1. 0%.

(d) The albite is of the cleavlandite variety and is
from the Strickland pegmatite, Connecticut., It is part
of the whole rock sample R4725 (i.I.T. laboratory col-
lections). The mineral is free of inpurities except
for some alteration to sericite and keaolinite. The
emount veries from grain to grain but is very minor on
the whole.

(e) The calciunm plagioclase, approximeting to An50_6o
in composition, is almost free of impurities except for
a very slight alteration to a minersl of relatively
high relief, identified as epidote. This specimen is
of wnlmovm origin. It shows good twiuning but no zoning.

(£) The fluorite is very clean, and no impurities were

found. It is a veln fluorite of unknown origzin.



APPINIIX B

PREPARATION OF AQU=Z0US SOLUTIONS
1. Solutions A and B. .

Tiyo 50 ml aliquots of a Sr84 enriched spike
( 19.5 ugns/ml) were pipetied into 100 ml vycor dishes,
and evavorated to dryness. The residues were dissolved
in distilled, demineralized water. One portion was
transferred to a 50 ml volumetric flask, the other %o a
25 nl volumetric flask, 3Both were taken to volume and
transferred to a 50 ml (solution A) and 25 ml (solution
B) polyethylene bottle for storage.

2. Solution C.

1 gram of CaCO3 and 0.5 gram of KH08H404 were placed
in a weighing bottle and dried overnight at 95°C. They
were subsequently removed and placed in a desiccator
for 15 minutes, and then weighed. The contents of the
welghing bottles were placed in a 1000 ml beaker and
dissolved slowly in weak (~0.1 XN) HCL. The beaker was
washed reveatedly with distilled demineralized water
and the wash added to the volumetric flask. The flask
was taken up to volume with distilled demineralized
water. The contents were transferred to a 2000 ml
polyethylene bottle for storage. After a temperature

correction had been made, the solution was found to con-

tain 2OO.02/Kgms Ca/ml and 47.9Q/<gms K/nl at 20°¢.



5. Solutions D and =.

Solution T is 2 previously prepared potassium
stendard of KHOgH,O0, containing 1030 mgns K/ml. Solu-
Ttion D was prevared by vipetting 2 ml of solution E To
a 50 nl volumetric flask, and taking it up to volume

with dicstilled demineralized water. Solution D

contains 41.2 pems K/ml.

20
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