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Abstract

Nineteen experiments involving two mineral phases
and an aqueous phase, have been performed in the
temperature range 450-75000, 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 biotite, fluorite,
albite and calcium plagioclase.

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 associated 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 biotite or from
inclusions in this mineral.

The movement of non-radiogenic Sr from biotite is
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 2 values for radiogenic Sr movement from
biotite to either albite or fluorite have been deter-
mined and are found to vary from 3 X 10-9 sec-1 at
65000 to 8 X 10-12 sec-1 at 450 0 0. It is suggested,



but not proved, that the movement at low temperatures
(450-60000) is the result of a desorption process.
In the temperature range 600-75000, the migration of
radiogenic Sr could be due to volume diffusion or the
result of dehydration of the biotite 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.

Thesis Supervisor: Harry Hughes
Title: Assistant Professor of Geophysics

Thesis Supervisor: Patrick M. Hurley
Title: Professor of Geology.
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A STUDY OF STRONTIU4 REDISTRIBUTION

UNIER

CONTROLLED CONDITIONS OF TEMRATURE AND PRESSURE

By R. H. McNutt, H. Hughes and P.1. Hurley

Abstract

Thirteen experiments were performed in the
temperature range 450-75000 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 phases used were biotite, albite and fluorite.

It was found that non-radiogenic Sr migrated at
a faster rate than radiogenic Sr and that the rate of
migration 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 2 values gor radiogenic Sr were found to
vary from 3 X 10-*" sec-1 to 8 X 10-12 sec- 1 in the
temperature range 450-6500C. 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
oxidation reactions in the biotite.

It was concluded that an equilibrium distribu-
tion of Sr between mineral phases had not been
realized 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



from the Baltimore gneiss gave Rb-Sr ages of 300-350

m.y. as opposed to microcline Rb-Sr and zircon Pb ages

of 1100 m.y. Wetherill et al (1962) found microcline

and muscovite Rb-Sr ages to agree with Pb ages at

2700 m.y., but the biotites gave consistent ages of

1800 m.y. Allsopp (1961) compared whole rock and

mineralsand concluded that feldspar, biotite and

chlorite lost radiogenic Sr while muscovite, apatite

and epidote gained it. Long (1964) found that mineral

phases from a whole rock specimen which fell on a 530

m.y. isochron with a (Sr87 /Sr86)0 ratio of 0.710, them-

selves fell on a separate isochron having an age of

390 m.y. and a (Sr87/Sr 8 6 ),ratio of 0.782. He believes

that subsequent metamorphism at 390 m.y. was intense

enough to'cause homogenization of Sr isotopes 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>radiogenic Sr>Rb and in going

from 200-60000 the rate of loss increased greatly.

The purpose of this paper is to report findings

of the redistribution of non-radiogenic and radiogenic

Sr between mineral pairs under controlled conditions



of temperature and pressure. The mineral phases used

were biotite, fluorite and albite.

2. Experimental Procedure

Description of the Hydrothermal Apparatus and its
Operation.

The experiments were performed in a stellite,

cold seal pressure vessel of the Tuttle type, con-

nected to a pressure gauge and mechanical pump by means

of capillary pressure tubing. The bomb and gauge were

isolated from the pump by a needle valve, which also

served as a means of releasing pressure if it exceeded

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 ±1000 once the

plateau temperature was reached. Temperatures were

measured with chromel-alumel thermocouples and recorded

on a calibrated, millivolt potentiometer.

A 200C radial thermal gradient existed between

the thermocouple. and the sample while a 25-3000 axial

gradient existed over the length of the sample region.

As the temperature intervals of the runs were 150 0 0,it

was believed that the axial gradient could be

tolerated.

The experimental system under investigation was

isolated from the surroundings by use of a copper aacket.
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Figure 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 jacket 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 aid in removing the jacket

at the completion of a run and also as a filler, cutt-

ing down greatly on the volume of water needed to build

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 narrow, shallow, axial slit on the side of

the cap, so that air 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. only that

portion containing the cap). This kept the charge

(mineral and solution) cool while heat was applied to

the cap. For experimental runs at 45000 or less, it

was possible to use "Easy-Flow" silver solder which

melted at 112503 and flowed at 11450F. Runs carrie'd

out at 600-75000 needed a high temperature silver



INVERTED CAP
STELLITE PRESSURE VESSEL

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

SOLDERED IN PLACE
I

ffiJi

I~..

0.375" DIA.

3 -'5"

(B) COPPER JACKET AND STEEL ROD (TRUE SIZE)

FIGURE 2-1 -COPPER JACKET ASSEMBLY.



solder which both melted and flowed at 14530F.

An experiment was performed to see if this

soldering process caused any major reaction to occur.

Immediately after soldering a jacket in the routine

way, the jacket was opened and the contents analysed.

Table 2-1 lists the results and assigning a conservative

3% error to these valuesit can be seen that no re-

action occurred.

Table 2-1

Effect of Soldering on Sample from Experiment 19

Biotite Albite Biotite Albite
138 RB3138# 19 R4725 #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 liquid fell onto

filter paper thus separating immediately the liquid

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 McNutt (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 analysis.

Therefore, all 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

spikes were used. The first was a Sr86 spike, the

details of which are presented by Pinson (1962). The

second was a double spike enriched in Sr84 and Sr 8 6.

Using this spike,isotopic fractionation corrections

were made, a step not possible with a spike of single



enrichment. Isotopic fractionation corrections improved

the reproducibility considerably. An excellent discus-

sion of this double spiking procedure can be found in

Krogh (1964).

Contamination leve3 of the analytical procedure

were determined by subjecting a knowm 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 2-2

Blank Sr Analysis

Record Sr 86/SrH Sr86 88 Sr84/Sr 88 Sr/r88 s ,n
umber ratio ratio ratio Sr gran

Blank Spike Blank

3528(S) 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,/agms Sr/gram sample.

Hass Spectrometry.

All runs were done on 6", 600 solid source,

single collector mass spectrometers of the Nier type.

Magnetic sweeps were used and vibrating reed electro-

meters amplified the ion currents. Tantalum ribbon was

the filament material. The peaks were recorded on a

potentiometric strip chart recorder.
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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 weighing and

its 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 investigation 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 spiked with the

Sr84-Sr86 spike and corrected for machine fractionation

(Krogh 1964).
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Table 2-3

Summary of Duplicate Sr Analyses.

Mineral Sr(ppm)

Biotite 30.34
3205 29.90

Biotite 21.16
3138 21.42

Albite
R4725

3.78
3.70

Average _T _

30.12 ±0.22 -0.73% -0.31

21.29 ±0.13 -0.61%. -0.18

3.74 ±0.04 -1.07% -0.06

,T
- nnl , E = 1VI 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. One experiment was repeated in its entirety

and the results are listed in Table 2-4.

Table 2-4

Summary of Sr Data for a Sinple E eriment
Done in Dalicate.

Mineral Sr ,(om)

Biotite 10.94
3138 11.21

Albite 19.71
R4725 21.25

~ = :

Ave rage

11.08 -0.13 -1.17% -0.18

20.48 -0.77 -3.74% -1.09

n n1) ,

For the purpose of this study, an overall

-0.03%

±0.84%

21.60%

-1.61%

-5.38%

X 100



precision error (v) of -+5% has been assigned to a

single isotope dilution analysis.

All Sr 8 7/Sr 8 6 ratio measurements were corrocted

for isotopic fraction assuming the Sr86/Sr88 ratio to

equal 0.1194 (Nier 1938). This gave a V~ of t0.02%

for the corrected ratio, as seen on the results of a

SrCO Standard (Eimer and Amend, lot number 492327)

run periodically over the course of time by various

investigators in the geochronology laboratory at M.I.T.

No duplicate isotope ratio measurements are available

for the complete procedure, but in the light of

results found for isotopic dilution analysis, it must

be greater than -0.02%. For the purposes of this

study an arbitrary precision error (7) of 1% will be

applied.

In conclusion, the v-, or reproducibility of a

single isotope dilution analysis in this study will

be -5%; for a single isotope ratio measurement it will

be -1%. 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 conditions of the experiment. Table

3-2 gives the Sr 8 7/Sr 8 6 ratios and concentrations of

the phases while table 3-3 lists the final values on
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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 respectively for the mineral concerned.

All numbers are calculated on the assumption that

non-radiogenic Sr has a Sr84 /S r 8 8 ratio = 0.0068, a

Sr86/Sr88 = 0.1194 and a Sr87/Sr86 = 0.710. The symbol

(+) indicates that the Sr87/Sr86 ratio in question has

been calculated from Sr 8 4 -Sr 8 6 isotope dilutionanalyses.

The descriptions of the minerals can be found in

appendix A. Appendix B describes the method of prepara-

tion of the various aqueous solutions used in the course

of this investigation.

Symbols used in this report are:

Srn = non-radiogenic Sr, with a Sr8 7/Sr8 6 ratio of 0.710

*Sr87 = the radiogenic daughter product of Rb87

N.D. = not determined

(-100, +270) etc = the mesh size of the mineral grains

used in the experiment

,*gns = micrograms

ppm = pacts per million

ml = milliliter



Table 3-1

Summary of Data on the Hydrothermal Experimental Runs.

2eriment
lNumber

Components Quantity Temperature
oc

Pressure
(21-7)

Time (hours)

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

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

12 Biotite 3205 (-100,+270)
Fluorite (-100,+230)
Ca-K Solution C

13 Biotite 3205 (-100,+270)
Albite (-100,+200)
Ca-K Solution 0

14 Biotite 3205 (-100,+270)
Albite (-100,+200)
Ca-K Solution C .

16 Biotite 3138 (-100
Albite (-60,+100)
Demin. 1rater .

,+120)

17 Biotite 3138(-100,+120)
Albite (-6o,+1oo)
Demin. water

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

1.5054 grams
0.7489 grams
-- 0.5 ml.

1.5250 grams
0.7556 grams
- 0.5 ml.

3.0025 grams
0.7517 grams
~ 0.5 ml

1.9986 grams
1.0014 grams
- 0.5 ml

1.9993 grams
0.9981 grams
-- 0.5 ml.

1.8993 grams
0.8479 grams

0.5 ml

1.8984 grams
0.8479 grams
-~0.5 ml.

1.8974 grams
0.8479 grams
/- 0.5 ml.

750

750

650

650

650

600

600

450

3000

3000

8000

7500

7500

15000

15000

7500

97

210

216

115

405

45

112

118



Table 3-1 continued.

Experiment
Number

Components Quantity Temperature
(__.)

Pressure

20 Biotite 3138 (-100,+120)
Albite (-6o,+1oo)
Demin. water

21 Biotite 3138 (-100,+120)
Albite (-60,_10o)
Demin. water

22 Biotite 3138 (-100,+120)
Albite (-60,+100)
Dfemin. water

23 Biotite 3138 (-100,+120)
Albite (-60,+100)
K Solution D

24 Biotite 3138A (-120,+140)
K Solution B

1.9003 grams
0.8510 grams
-'0.5 ml.

1.8998 grams
0.8510 grams
-- 0.5 ml.

0.8478 grams
1.8987 grans
-- 0.5 ml.

1.9026 grams
0.8550 grams
- 0.$ ml

1.9176 grams
- 1.20 ml.

450

Time
(Rours)

7500

600 15000

600 15000

190

12

12

45

12

600

600

15000

15000
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Table 3-2

Summary of Data on Components used in

Hydrothermal Exroeriments.

Component

Biotite 3205

Biotite 3138

Biotite 3138A

Fluorite

Albite

Ca-K Solution C

sr /Sr8 6

2.110

3.192

N.D.

0.7095

0*9454

Assumed
= 0.710

Total Sr (rpm) *Sr87 (opm)

35.60-0.22

26.40±0.16

40.09

20.8210.04

3.82±0.03

0.15/gm/ml

4.480.02

5.11-0.04

5.35

0.08+0.01

Assumed
= 0.



Table 3-3

Summary of Data on Mineral Phases at the Comletion of a Hydro thermal Run.

Experiment
Number

10

Component

Biotite 3205
Fluorite
Water

Biotite 3205
Fluorite

Biotite 3205
Fluorite

Biotite 3205
Albite
Ca-K Solution

13

14 Biotite
Albite

Biotite
Albite

3205

3138

Biotite 3138
Albite
Water

Biotite 3138
Albite

18

2.145+
0.790
N.D.

2.20 +
0.913

2.15 +
0.714

2.64 +
1..04

C--0.76

2.94+
1.08

5.37 +
0.824

6.06+
0.842
0.738

5.17+
0.779

Total Sr(ppm)

36.45
24.32
1 .76/4gms

31.72
22.36

35.13
22.15

25.85
15.97
1.2pCms

24.03
16.46

16.07
19.91

14.85
20.00

-1~.* 1 Agms

16.56
17.29

*sr87(ppm) Srration
- - - ) n

4.32
0.11
N.D.

4.06
0.45

4.40
0.01

4.12
0.50

4.33
0.58

5.06
0.18

5.07
0.23
N.D.

5.04
0.15

+1.54
+2.54

-5.13
+0.83

-1.15
+0.98

-18.76
+11.75

-22.84
+12.70

-19.52
+13.54

-21.94
+13.58

-18.54
+11.36

*Sr 7 mi-ra-
tion klmgls)

-0.24
+0.08

-0.64
+0.34

-0.24
+0.01

-0.73
+0.42

-0.30
+0.50

-0.10
+0.10

-0.08
+0.13

-0.14
+0.06

Sr87 1"8 6



Table 3-3 continued

Total Sr (ppm)Experiment
Number

*Sr87 2 ) n
Sr mig ration *Sr87migration

Biotite 3138
Albite

Biotito 3138
Albite

Biotite 3138
Albite

Biotite 3138
Albite

Biotite 3138A

20

21

22

23

24

5.23+
0.781

4.93+
0.806

6.37 +
0.848

5.36+
0.807

N.D.

16.68
20.02

17.32
17035

14.16
7.97

16.36
21.45

33.76

5.14
0.14

5.09
0.16

5.07
0*11

5.09
0.20

5.35

-18.51
+13.73

-17.22
+11.44

-10.34
+7.97

-19-19
+14.96

N.D.

40.07
+0.05

-0.04
+0.06

-0.03
+0006

-0.04
+0.10

N.D.

Sr87/Sr86
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4. Discussion of the Data

The mineral fluorite (experimentz9, 10 and 12)

shows a change from a clean, clear mineral to a gray,

cloudy one. Inspection under the highest power of

the petrographic microscope revealed neither minute

biotite inclusions as first suspected, nor a change

in the index of refraction. No explanation is put

forth for this change. As a result of experiments in

the temperature range 650-7500C (experiments 9, 10, 12,

13 and 14), biotite 3205 shows a marked development of

black opaque material (iron oxides), a color change to

a lighter brown, underlatory extinction and a partial

breakdown of the grains to a finer size. These runs

were performed at temperatures and total pressures

(including Po2) outside the stability limits for Fe

rich biotites gaugster (1959)7. Biotite 3138 (experi-

ments 16-24) shows the same effect to a lesser degree.

It must be concluded that the biotites have suffered

partial alteration and perhaps show the beginning

stages of recrystallization. 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 biotite

migratesmore readily to albite than to fluorite under

the same P-T conditions (compare 12 with 13 or 14),

(2) that biotite loses more Sr than albite or fluorite



gains, that is, a net imbalance exists in every experi-

ment (except 9) and (3) that Sr migrates more rapidly

than *Sr87.

Fluorite and albite, phases which have or can

accept Ca into their structures (and therefore the

geochemically similar element Sr) were chosen to be

acceptor phases to take up Sr liberated from the biotites.

Both plagioclase and fluorite in nature are rich in Sr,

the latter mineral containing up to 10,000 ppm Steyn

(1954)7. However, on structural grounds Sr migration

to these two minerals is quite different. Fluorite,

CaF 2 ,has cubic symmetry and a f'ace centered cubic

structure with the highest possible coordination (8:4)

between the Ca and F ions. Albite, (Na, Ca) AlSi308,

has trigonal symmetry and a 3 dimensional tetrahedral

framework structure. The cations Na+, K+ and 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 ions. Therefore, the only way a Sr ion could enter

the lattice is in replacement of Ca, requiring the

breaking of a Ca-F bond.. 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
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study is not positively known, however, it is certain

that *Sra7 occurs :in the interlayer position of biotite

in what was once a Rb site. Based on ionic size alone,

Sr (ionic radius = 1.16AO 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 Mg. However, this

position cannot be rul-ed out. There exist therefore

three possibilities for the location of Srn in biotites

3205 and 3138: (1) in the interlayer position with

*Sr 8 7 (2) in the octahedral position and (3) in inclu-

sions associated with the biotites.

If all the Srn 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 this the lattice became distorted, then it is

possible that Sr entered the octahedral position at this

time. Changes have occurred in the octahedral position

during these experiments. Fe+2 has oxidized to Fe +3

and apparently migrated out of the lattice. During
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this attack on the octahedral position it is possible

that Sr" migrated from the biotite to albite. This

could be represented by a reaction such as:
02

Sr plagioclase molecule in biotite ---. Albite

In this connection, Eugster (1959) found that at

a T of 60000 and a Po2 of 1019 atms or a T of 7500C

and a Po 2 of 1007 atns, annite broke down in the

following way:

annite ---- e- magnetite + sanidine + vapor.

The experimental systems used in this investigation

have a far higher Po2 than Eugster's system. However,

it must be pointed out that formation of sanidine

requires K ions from the interlayer position. This

same process would liberate *Sr8 7 . Therefore it is

necessary for the experiments biotite-albite-fluid 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 biotite.

In both biotite 3138 and 3205 inclusions were

noted, the main ones being zircon, iron oxide and apatite

and/or fluorite. These latter two, being Ca phases,

are serious contaminants. In this connection, Jager

(1962) found a parallel correlation between the Sr

content and impurity content in her biotites. Visual

estimates of approximately 10 by volume have been placed
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on the content of inclusions in these two biotites.

However, additional studies were performed on biotite

3138. These included the test for P205 as described

by Shapiro and Brannock (U956) to determine the apatite

content Zfa5(PO4)3 (OH,F,CL)7, X-ray fluorescence

analyses of Sr in apatite and fluorite concentrates

from the same hand specimen as biotite 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-

mately 180 ppm Sr, and the heavy liquid treatment of

the -400 mesh biotite 3138 grains reduced the Sr con-

centration by approximately 1.5 ppm. This means that

apatite itself contributes 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 meshnot all the inclusions would be freed from

the biotite. 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

some 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 from the same stock bottles as the

samples for experiments 16-23, were weighed, mixed,

separated magnetically and again weighed. They received

no hydrothermal treatment. The results are given in

table 4-1. They show that an excellent recovery and

separation for both minerals are possible on the

magnetic separator, if all grains involved are of a

uniform size. But, a 3% loss on the average occurred

on magnetic separation 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 following.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 through the

the separator at a current of 0.36A, 150 side

tilt, 250 forward tilt.

(4) Weight of biotite = 0.8957 grams

Recovery: .85 X 100 = 99.84%0. 8971
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Table 4-1 continued

(5) eight of albite = 0.9680 grams

Recovery: 8 X 100 = 99.80%

In three experiments, immediately following the

recovery 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 ixture Data with Separated
Mineral Data

Experiment Oriinal Sr Recovered Recovered
N1umber in' jacket (Agms)(mineral data)Total Mitue.

21 43.6 agms 37.9 Agms 41.0, gms

16 43.6 " 36.6 " 37.8 "

17 43.6 " 35.3 " 39.5 "

To obtain a representative fraction from a sample

varying 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 note 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 separated mineral values and
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the original 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

biotite, exceedingly rich in Sr, was lost on magnetic

separation following a hydrothermal run.

Preliminary hydrothermal experiments 11cNutt (1964.7

between a biotite, a Ca plagioclase (An5 0- 60 ) and a Sr

solution, showed that Sr from the fluid phase preferred

biotite to Ca plagioclase, a "sink" phase for Sr. Also

Deuser (1963) commented on the fact that the high

temperature distribution of Sr between fluid and mineral

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.

Applying this to the system biotite 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 comparison

with albite, the major part of the Sr would adsorb



Table 4-3

Balance of Sr in Hydrothermal Runs.

A. Mineral Recovery: 21

(1) original amount of minerals 2.7508 grams
in Cu jacket

(2) Initial recovery of
minerals from jacket

2.7165

(3) Separated portion for "total 0.1571
mixture " analysis -

16

2.7472 grams

2.6753

i 0.0980

2.7463 grams

"t 2.7093

"t 0.0990

(4) Final recovery of biotite
from Frantz

(5) Final recovery of albite
.from Frantz

1.7195 from
orig 1.8998

0.7859 from
orig 0.8510

(6) Lost on separation on Frantz 0.0540 grams

1.7184 from
orig 1.8993

0.7735 from
orig 0.8479

0.0254 grams

1.6238 from
orig 1.8984

0.7901 from
orig 0.8479

0.1884 grams

0.0973 = 3.5% 0.2334 = 8.5%(7) Total loss 0.0883 = 3.2%



Table 4-3 - continued

B. Strontium
Recovery

(1) Original
quantity

(2) Total
mixture

(3) Biotite

(4) Albite

(5) Unaccounted
. . for

- 15 8ppm 436/gs = 15.9ppm' =n15.9ppm
2.7"'568- grams ~ ' 2.7472T" g- rams 2.7463 grams

24 90 - m- '4gm9s - 13. 8 ppm .4A gms = 14.4ppm
1571 grams- ' 9 .0980grams -. 0990grams

21 . ~1 s=8 12.2 ppm 10.9ppm@ = 9.8ppm
1.7195 grams 1.7 (-:>raams 623rns 98p

.5= 17.2ppm =5 19.7ppm 6 n = 19.8ppm

.7859grams 1.7735grams .79O1grams

6.8 s 77.6ppm 8 m - p4.3PP'' s = 45.8ppm
0.Od63grams 0.0973grams .2334grams

21. 16
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back onto the biotite grains. In addition, the biotite

has with time further increased its surface area by

partial breakdown. These small grains with their very

large surface area would adsorb Sr in a disproportionate

amount with respect to their weight contribution to the

whole biotite sample. This will explain why the dis-

crepancy between mineral values and the original 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 reaction between K and Ca in

the solution with *Sr87 in the interlayer position of

the biotite. The K+ ions in experiment 23 and 24 did

not exchange with *Sr87 in biotite 3138. The Ca++-K+

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 K+ in the solution. This was

not pursued any further, but a study of this sort should

prove profitable especially in the light of the work

done by Kulp 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.
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Figures 4-1 to 4-6 show graphically the data for

experiments 16, 17, 18 20 and 21. With these experi-

mentsan attempt was made to reach an equilibrium

distribution of Sr between biotite and albite at a

particular T and P. Using the albite data (figure

4-1)) it appears that Srn has reached an equilibrium

value, but the biotite data for the same T-P conditions

do not show this (figure 4-2); also *Sr 8 7 continued to

migrate to albite after the Srn has ceased (figure

4-3). If a true equilibrium situation prevailed at

60000,*Sr 8 7 also would have ceased to migrate after

45 hours (experiment 16) because once the *Sr 8 7 ion

left biotite it would enter albite in the same manner

as Srm. The apparent picture of Sr equilibrium (figure

4-1) probably represents Sr having been drained from

a site other than the interlayer position, and that

although both Sr and *Sr87 continued to migrate after

45 hours, their 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.

5. Diffusion of *Sr 8 7

The study of diffusion is based on Ficks Law.

It can be stated in two ways:
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P = D 
(1)

(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. Equation (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-

tion and uniform concentration at the surface is assumed,

then it is possible to obtain solutions to Ficks' Dar

for a sphere, cylinder, and slab (Carslaw and Jaeger,

1958, Barrer, 1941). These solutions are further

simplified if the surface concentration is taken equal

to zero. The most convenient way to express the equa-

tions is 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.

F = 1-8 e -nZpM1
odd

wrhere = half thickness of the slab. For F<O0.03

this series can be approximated by:
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D 7.76 F 2

-rrI t

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

lenth or with finite length having impermeable ends:

F = 12-L e o 1
1 |

where a is the radius of the cylinder and/.% are the

roots of the Bessel function of the first kind and

zero order. For F<0.02, this can be approximated by:

D .. 1.945F2Y ~~ 2
a2  -tr t

(3). -oere
c2 2

F = 1 - Z exp -n2 r Dt

n = n1

where a is the radius of the sphere. If F is small

(.0.10) this can be approtimated by (Gerling and

Morozova 1962):

F 6?_ D t)2 -

Tr a a

if F4d.0.01 it can be further approximated to:

D -0.862F 2

a2 -gg t



53

Using these three models and the assumption of
D 8zero surface concentration, the /a2 values for *Sr

have been calculated for experiments 9-21. The

results are listed in table 4-4.

The values as calculated are for the specific

systems biotite-albite and biotite-fluorite. They

are not considered to represent D/a2 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 touards albite and fluorite.

Values of D/a2 for

Biotite 3138
in Experiment:

21

16

17

18

20

Biotite 3205
in Experiment;

9

10

13

14

12

Table 4-4

*3r87 (in 10-10 sec~1 )
Three Models

Slab

7.0

5.0

3.5

0.7

0.3

32

91.0

120

16

Cylinder

1.7

1.3

0.9

0.16

0.08

8.1

23.0

31.0

4.1

0.8

using

S_-he re

0.76

0.58

0.23

0.08

0.03

4..5

11.0

14.0

1.8
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Table 4-4 continued

At 6000 0 (21, 16, 17): Average Slab = 5.2 X 101 sec 1

" Cylinder = 1.3 X 10-10 sec"

" Sphere = 0.5 X 10-10 sec-

At 450 00 (18, 20) Slab = 0.5 X 10~10 sec~

Cylinder = 0.12 X 10~10 sec

I: Sphere = 0.05 X 10-10 sec~1

A precision error of ± 30% is placed on these numbers.

This is equal to 2v-or 95% confidence limits. The

absolute accuracy is unknown.

The diffusion coefficient D itself cannot be

determined, because the diffusion radius is unknown.

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 lattice

imperfection and thus readily escaped. Therefore, it

is necessary to deal with D/a 2 .

The activation energy involved in the diffusion bf

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

D Doe - act

a2 a2 RT

where a = diffusion radius

- = a constant, the frequency factor
a2
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E'act = the activation energy in calories/mole

R = the gas constant = 1.987 calories/mole-

degree

T = the temperature in degrees Kelvin

By plotting log10 D/a2 versus 1/T, the Eact is

determined from the slope of the line (equal to

-Pact The data in Table 4-4 have been treated in
2.303R)

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

On the basis that Srn in the biotite and albite

have Sr87/Sr86 ratios of 0.710, the Eact for the dif-

fusion of *Sru7 from biotite 3138 to albite is 20 Kcal/

mole in the temperature range 6000-4500C. This cal-

culation is based on the cylindrical model, believed to

be the best approximation to biotite.

A line is seen connecting the data for 65000 with

that for 6000C. It must be remembered that two dif-

feren-t biotites are involved here, biotite 3205 at

65000 and biotite 3138 at 60000. However, if the dis-

cussion is restricted to the migration of *Sr87 from

the biotite interlayer position, then it is believed

that these two biotites can be considered as one.

Looking at figure 4-7 it is seen that a much higher

Eact of 84 Kcal/mole exists between 6500-6000C than in

the temperature range 600-45000. An Eact of 60 Kcal/

mole is found for the system biotite 3205 - fluorite

in the temperature range 750-65000. The Eact for this
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system is less in value than that for migration at

650.60000. However, notice that the D/a 2 value for

*sr 8 7 diffusion from biotite 3205 to -fluorite is the

same at 7500C as the D/a 2 for biotite 3205 to albite

at 65000. This is compatible with what was concluded

earlier. That is, Sr migrates at a faster rate to

albite than to fluorite.

By knowing the Eact values it is now possible to

determine the time-temperature -D/a 2 relationships as

they might apply in geological circumstances. For

example, in table 4-5 the temperatures required for 2%

loss and 50% of *Sr87 from biotite in 1 m.y., 100 m.y.,

and 1 b.y. are listed. The values given are calculated

on the basis of volume diffusion, using the cylindrical

model and with the Eact values of 20, 60, and 84 Kcal/

mole.

As the ratio of 0.710 is assumed for Srn in these

biotites, the D/a2 values calculatecl here must repres-

ent maximum values, i.e. minimum Eact values, to be

found in the experimental systems. If the value of 20

Kcal/mole for Eact is applied to temperature-time con-

ditions in the earth, it is seen that significant *Sr

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 6000, 50% of the *Sr87 could be lost



Table 4-5

nieate-a-t-Eh~igh_5.....nd..2%_o. _*Sr 8 .would be lost from _3iotite in times of one

llion...._on~e__hudrcd million and one billionyers.

2% loss of *Sr87 50% loss of *sr87

2500

29000

32000

1b.y. 1my *

- 17000

265 0C 4300 C

30000 43000

100 m.y.

95 C

36000

37500

(1 ) Corresponds to the experimental system biotite 3138-albite in the temperature

range 600-45000.

(2) Corresponds to the experimental system biotite 3205-fluorite in the temperature

range 750-65000.

(3) Corresponds to the experimental system biotite 3205-albite in the temperature

range 650-60000.

(1) 20

(2) 60

(3) 85

3400 C

36000

1 b.y.

6000

3350C

36000

.act (Kcal/ml)
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from biotite. This imp.lies that all Precambrian biotite

should show significant *Sr8 loss. However, the data

for the systems biotite 3205-albite and biotite 3205-

fluorite suggest that a thermal event is indeed needed

for any significant *Sr87 migration to occur. The

incompatability of these latter results with the system

biotite 3138-albite necessitates a further look at the

cause of *Sr87 loss from biotite in the temperature

range 600-45000.

Looking at figure 4-3, it appears that the movement

of *Sr87 is reaching a "plateau" value in the regia. of

0.15-0.20,/gms. For the 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 drainage 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,agms is cor-

rect, then approximately 2% of the *Sru7 in biotite

3138 is residing in locations other than the interlayer

position of the biotite.

The D/a2-temperature-time conditions as derived

from the data in the temperature range 750-600 0C (the



systems biotite 5205-fluorite and biotite 3205-albite)

are compatible with conditions expected in nature. For

example, 50% of the *Sr87 could be lost from the biotite

in 1 m.y. at a temperature of 43000, a temperature

certainly within the metamorphic range.

One Doint must be made here which concerns the

pressure conditions of the experimental runs (9 to 17

and 21) in the temperature range 600-75000. The runs

at 60000 and 1000 bars pressure (biotite 3138) are

within the stability limits of biotite except for the

high Po2 which causes oxidation as noted. At 65000 and

500 bars it is marginal and at 75000 and 200 bars it is

outside the stability limits. That is, at these higher

temperatures and loW total pressure biotite (either

3138 or 3205) should start to lose its structural water.

There does exist therefore the strong possibility that

the *Sr8 7 being released at high temperature is due in

large part to the breakdown of the interlayer position

of the biotite. In this connection, Gerling and

Morozova (1957) and Saradov (1961) believe that the loss

of Ar from the interlayer position in micas will only

come about when the mica begins to break down by giving

off its structural water. Also Gerling et al (1963)

found that the higher the Fe+ 3/xe+ 2 ratio in biotites

the lower the Eact for the release of Ar. They con-

clude that the entry of Fe+3 into the structure somehow

"loosens" it up and makes diffusion easier. In this



present study, Fe certainly was oxidized during the

hydrothermal runs, and this too may have aided in *Sr

escaping from the biotite.

6. Summary and Conclusions

The adsorption of Sr onto the mica surface, coupled

with the loss of the fine sized mica flakes, is believed

to be the cause of the Sr loss noted in any one experiment.

Sr 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

migration of Sr is believed not to be diffusion con-

trolled, but instead is somehow associated with the dis-

solution of impurities or with the changes occurring in

the octahedral position in the biotite.

D/a2 values for *r7 movement from biotite to

albite or fluorite vary from 3 X 10- 9 sec-1 at 65000

to 8 X 10-12 sec-1 at 45000 using the relationships of

volume diffusion. It is suggested that *Sr87 migration

in the temperature range 600-45000 is due to a desorp-

tion process. Migration at 600-7500 C can be the result

of dehydration and oxidation reactions in the biotite,

but the experimental data found at high temperature are

comp;atible with the idea of *SrS7 loss from biotite due

to volume diffusion during a thermal event. All D/a2

values are calculated on the assumption that the



62

Sr87/Sr86 ratio of Sr is 0.710.

The movement of Srn and *Sr87 Lrom biotite depends

upon the nature of the mineral phase in association with

the biotite.
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APPENDIX A

TREATMENT AND DESCRIPTIOI0ZF MINERALS

1. Purification of the Minerals

Both biotite 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 through a Frantz Isodynamic Magnetic Separator,

first at a current of approximately 0.1 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 250 and a side tilt of 150.

Passages were made at both of these currents until

collection was entirely in one cup or the other. This

procedure was repeated for every size fraction of

interest and the various fractions desired were then

coflected 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 pegnatitic 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

maximum 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 a large stock bottle for

subsequent use.

2. Mineral Descriptions

(a) Biotite 3205 is from the Birch Lake Granite, Hart

Township, Ontario. Its colour is greenish brown show-

ing some alteration to chlorite. Once again iron oxide

and apatite (7) are the main inclusions. Estimate of

inclusions is placed at 1% by volume.

(b) Biotite 3138 is from a 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

a 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 variety 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

amount 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 vein fluorite of unknown origin.
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APPENDIX B

PREPARATION OF AQUEOUS SOLUTIONS

1. Solution 0

1 gram of CaCO3 and 0.5 gram of KH{8 3 404 were

placed in a weighing bottle and dried overnight at

9500. They were subsequently removed and placed in a

desiccator for 15 minutes, and then weighed. The

contents of the weighing bottles were placed in a

1000 ml beaker and dissolved slowly in weak (~0.1 T)

HOD. The beaker was washed repeatedly 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 contain 200.02/.gms Ca/ml and 47.90/Qgms K/ml

at 2000.

2. Solutions D and E.

Solution E is a previously prepared potassium

standard of KC 8 Hg04 containing 1030/<gms K/ml. Solu-

tion D was prepared by pipetting 2 ml of solution B

to a 50 ml volumetric flask, and taking it up to volume

with distilled demineralized water. Solution D contains

41.2/gms K/ml.



PART II



70

CEAPTER I

INTRODUCTION

The use of the Rb-Sr method for age determina-

tions is based on the decay of Rb87 to Sr87 by

emission of a(& " particle and a neutrino.

Almost from the beginning workers noticed that

age determinations on coexisting mineral phases from

the same rock specimen gave conflicting ages. Later,

when the whole rock method was introduced Schreiner

(1958), Compston and Jeffery (1959), Pairbairn et al

(1960) and Allsopp (196127 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 biotites from the

Baltimore Gneiss gave Rb-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 biotite-muscovite pairs from

pegatites 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 m.y. but the biotite gave con-

sistent ages of 1800 m.y. Allsopp (1961) compared

whole rock and mineral ages. He found that feldspar,

biotite and chlorite had lost *Sr 8 7, while muscovite,



apatite and epidote gained it. He believed that

*Sr migrated by difusion during a reheating period

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

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

*Sr while the biotite always lost part of its *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/Sr86 ) 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 *Sr87

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 *Sr 8 7 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 .Sr

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

and Gerling and Ovchinnkova (1962) have shonra that Rb

will exchange for X in micas at very low temperatures

(room temperature and 10000). Kulp 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 obtained are

similar to the examples given above. /fraddock et al

(1964), Lanphere (1964), Zarten et al (1964),

Fairbairn et al (1964), Fairbairn 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 biotite he found that the order of leachi-

bility was non-radiogenic Sr > *Sr87 > Rb and in

going from 20000 - 60000 the rate of loss increased

greatly. He also noted that non-radiogenic Sr could

be easily leached at low temperatures (2000C) but not

*Sr87. 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:
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(1) Low temperature loss of argon is a desorption

process and not volume diffusion /Emirkhonoff 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 its

own activation energy for liberation of the Ar4 0 .

They believe the differences in retentivity are due to

loose adsorption (low Eact), Ar4o located in lattice

defects caused by such conditions as perthitization

of feldspars (med. Eact) and Ar40 locked in a K40 site

in the crystal lattice (high Eact) fGerling and

Morozova (1957, 1958), Gerling et al (1963), Fechtig

et al (1961), Baadsgaard et al (1961), Sardarov (1957)

and Hart (19607.

(3) Some minerals such as sanidine and pyroxene

show simple volume diffusion loss with no low

temperature "zero" phase of low activation energy

Zart (1960), Fechtig et al (1961), Baadsgaard et al

(1961)7.

(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

(>70000).

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 ffevskii (1963), Amirkhonoff (1961),

Everenden et al (1960), Brandt (1962), Gerling (1960)

Amirkhonoff et al (1960), Reynolds (1957), Gentner et

al (1954), Gentner and Kley (1957)7. In general values

of D/a2 sound for minerals fall in the range of 106

seci at temperatures in the range of 100000 to 1030

sec~ at room temperature, assuming volume diffusion.

However, if low temperature loss is by desorption the

values at room temperature could be as high as 10~ 1

sec~' jfechtig et al (op. cit. 19617. On the basis

of field evidence Hurley et al (1960) set an upper

limit for both Ar and Sr diffusion at -- 1-20 sec,

at room temperature.

In a recent paper, Sippel (1963) discusses the

self diffusion of sodium in natural minerals. In

brief he found that Na diffused from microcline most

easily followed by albite-orthoclase-biotite-hornblende

and acmite respectively. For albite he got D values

of 2.8x10- 10 cm2/sec (94000) and 8x10 1 1 cm2/sec

(85000). For acmite he got 10~11 cm2/sec (9400C).

These values might be some indication of the values

to be expected for Sr 7 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
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pressure. Deuser (1963, op. cit.) dealt with single

mineral phase and a liquid phase. This investigation

carries his work one step farther. Here two mineral

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 studied. From this it

may be possible to determine:

(1) the D/a 2 values for both non-radiogenic Sr and

*Sr for the "doner" phase (biotite in this investiga-

tion) and the "acceptor" phase (albite or fluorite).
2

(2) A temperature dependence of the D/a values

for biotite.

(3) An equilibrium distribution coefficient for

both non-radiogenic Sr and *Sr and the temperature

dependence of this distribution coefficient.
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CHAPTER II

EXPERIMENTAD PRO CEDURE .

1. Hydrothermal Apparatus.

A. Description of Aparatus

The experiments were performed in a stellite

cold seal pressure vessel of the Tuttle type. This

bomb is 13.00" in length, 1.250" in outer diameter

(OD) and 0.400" in inner diameter (ID). It was con-

nected to the pressure gauge and mechanical pump by

means of capillary pressure tubing. The bomb and

gauge were isolated from the pump by a needle valve,

which also served as a means of releasing pressure

if 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 0

once the plateau temperature was reached.

Temperatures were measured with chromel-alumel

thermocouples. Before each reading the millivolt

potentiometer 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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Figure 2-1A shows the positioning of the thermo-

couple in reference to the sample. Measurements showed

that approximately a 2000 radial thermal gradient existed

between the thermocouple and the sample, while 25-50C

axial gradient existed over the length of the sample

region. As the temperature intervals of the runs

were 150O0 it was believed that the axial gradient

could be tolerated.

B. Jacket Assembly.

In Figure 2-1 are drawings of the jacket assembly.

A of Figure 2-1 shows an enlarged version of the

jacket in place in the bomb, and B the jacket assembly

draw-n to actual size.

These capsules were fabricated from " oxygen

free copper rod. A small extension was left 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 completion of a 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 long bolt was screwed into a tapped hole

at the top of the rod, and by use of a 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 build up the desired pressure.



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

SOLDERED IN PLACE 0. 375"D IA.

3-5 "

(B) COPPER JACKET AND STEEL ROD (TRUE SIZE)

FIGURE 2-1 -COPPER JACKET ASSEMBLY.
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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 slit on the side of the cap, so that

air 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. Details of the soldering process will

be presented in the next section.

C. Operating Procedure

After fabrication of the jacket, it was soldered

to the stainless steel rod. For runs at 4500 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 6000C-7500C needed a high temperature silver

solder which both melted and flowed at 14530 F. The

jacket and cap were then thoroughly washed with soap

and water, rinsed several times with vycor distilled

2N HCL and demineralized H20, and dried with acetone.

The minerals to be used, which had been previously

purified and stored (next section), were quantitatively

weighed out using a chain or metlar balance, transferred

to a separate piece of weighing paper, thoroughly mixed

by coning and added to the jacket. If the solution

used was quantitative in nature, it was pipetted in

with a calibrated pipette. If only an approximate



amount 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 until only the

top " 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 112 failed, because the rapid evaporation

rate exposed too much of the jacket to the heat from

the torch. Flux was added to the cap, heat applied

from a torch using an oxygen-air mixture, and if the

components were properly cleaned, the solder flowed

quickly an.d smoothly to form a solid ring connecting

the jacket to the cap. The jacket 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 if this



soldering process caused any major reaction to occur.

The system biotite-albite was used. Table 2-1 lists

the results of this run.

Table 2-1 - Experiment 19.

Effect of Soldering on Sanole.

Biotite Albite Biotite Albi te
B3138 R4725 B3138 #19 R4725 #19

Total Sr: 26.5 ppm. 3.9 ppm. 24.4 ppm. 4.1 ppm.

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. Microscopic 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 pupn. The valve was then closed

and the variac turned up to maximum voltage signalling the

beginning of the run. To reach a temperature of 60000

required about 3 hours time, and to attain 750 00 en-

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 ras desired, the minimum value
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allowed in "bleeding off" was 10,000 psi. This pre-

vented any major pressure changes occurring during

the initial stage, eliminating the danger of the

jacket bursting. With good judgement 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.

Tpon completion of the run, the bomb was quickly

quenched 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 ITumber 576). Opening of the

jacket was accomplished by use of a clean tube cutter,

breaking the jacket at the base and top. This allowed

the liquid to fall directly onto the filter paper,

but the minerals usually required the application of

demineralized water to force them out. The original

liquid and water were collected in a clean nalgene
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beaker for analysis. The minerals were washed from

the filter paper with acetone into a clean porceline

dish and dried with the aid of an infra-red lamp.

They were then transferred to a clean sheet of weigh-

ing paper for a determination of the percentage

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 micro-

scope for their purity. Table 2-2 shows a typical

weighing for an experiment. On the average, approxi-

mately 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 reaction

had occurred, and Sr was evenly distributed through-

out the sample, this loss would be of no consequence.

However, as discussion will point out, this loss

during separation may bear on the discrepancies found.
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Table 2-2

Weighing Procedure for Bomb Runs.

A. Before Run

(1) Weight of biotite = 1.9003 grams.

(2) Weight of albite = 0.8510 grams.

(3) Mixed minerals should weigh = 2.7513 grams.

(4) Mixed minerals do weigh = 2.7515 grams.

B. After Run

(5) Weight of mixed minerals = 2.7160 grams.

(6) Recovery of mixed minerals =.7 x100 = 98.7

(7) Removed for "whole rock" analysis = 0.1513 grams.

(8) Weight of biotite recovered = 1.7118 grams.

(9) Weight of albite recovered = 0.7893 grams.

(10) Total Recovery =

0.1513 + 1.7118 + 0.7893 = 2.6524 grams.

2.6524 x 100 = 96.4%
-2.7515
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2. Chemistry

A. Isotope Dilution kalynis.

The mineral sample which had been previously

cleaned on the Franz magnetic separator, was spread

on a clean piece of paper and a representative sample

selected by caning and quartering. After weighing,

it was transferred to a platinium dish and the Sr

spike was added with a calibrated pipette. The dish

was placed in a steam bath under a chemical fume hood.

For 0.5 grams of sample, 10 ml of distilled reagent

grade HF (Shields 1964) and 1.5 mI of 70 per cent

vycor distilled H 104 was added. Evaporation was

completed to near dryness and another portion of HF

and HOLO4 were added, and the sample was evaporated

again. 150-200 ml of vycor distilled 2NT HOL 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 ml

with distilled-demineralized water and filtered into

a nalgene beak:er 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

sample was slowly added to a cation exchange column

(Dowe" 507 - X8, Cross linked, 200 mesh) which had
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been previously washed with 1000 ml of 21 HOL, 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 217 HCL was added, carefully wash-

ing down 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. 211 HOL

was then added until the Sr passed through the columns.

This usually required 400 ml of acid. When 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 HCL, collected into one beaker and

again evaporated to dryness. The Sr was taken up in

2-3 ml of 2U HOL, transferred to a 5ml vycor beaker

and 2-3 drops of HCL04 were added to dissolve any

resin in the sample. The beaker wa.s evaporated to

dryness, and then taken to red heat in a bunsen burner

flame to drive off the HCL0 4 . Approximately 3-4 ml
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of vycor distilled 61 HNO3 wras added and evaporated

to dryness, another portion of acid added and eva-

porated to dryness again. The beaker was then

stored for mass spectrometer 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 Ratio Analysis.

The procedure is exactly the same as that

described above with two exceptions: (1) only an

approximate weighing of the sample was done and (2)

no Sr spike was added.

C. Sr Snikes.

During the course of this investigation, two

Sr spikes were used. The first of these was a Sr 8 6

spike, the details of which are presented by Pinson

(1962). The average of four isotope ratio analyses

are given in Table 2-3.
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Table 2-3

Average of 4 Isotope Ratio Analyses of Sr8 6 Spike.

84 = 0.05%

86 = 83.73%

87 = 9.48%

88 = 6.74%

Seven isotope dilution analyses were made using

the same Mq.I.T. shelf solution which contained 7.42

pagms. Sr/ml. Table 2-4 gives the results of the

analyses.

The second Sr spike was enriched in both Sr 8 4

and Sr 8 6 . With a spike of single enrichment, it is

not possible to correct for isotopic fractionation,

but with the double spike this can be done. Also,

once isotopic fractionation is corrected for,

the Sr87/Sr8 6 ratio of the sample itself can be

determined. 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

Iso tote Dilution Analysis of~ Dilute Sr86 Spike .

Mass.Seoc. Date Lab. Rec.
Rec. ITo. Bk. ITo.

2935(I) 12/13/62 1pg.39

2939(I) 12/16/62 #10,pg.39

2940(I) 12/18/62 #10,pg.39

3189(S) 6/13/63 #l11, pg.36

3215(S) 6/25/63 #11,pg.36

3379(S) 11/8/63 #1l,pg.56

3383(L) 11/12/63 7#11,pg.56

Conc.

2.176

2.182

2.179

2.168

2.174

2.173

2.199

Av. = 2.179 Agms.

Analysist

JHP,

WHP,

wTHP,

RHd,
-RM,

ccS

ccS

RMS

RMS

TEK

TEK

Sr/ml.

= Mass spectrometer Iris

=t "" Sally

Lulu

= ailliam H. Pinson

= Charles C. Schnetzler

= Robert 1M. Shields

= Robert H. Mcliutt

= Thomas B. Krogh.

(I)

(s)

CS

TEK

1s0to-0e Dilution Analysis of Dilute Sr
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Table 2-5

Isotooe Ratio and Isotope Dilution Analyses

of the Dilute Sr8 4 S86

Mass Spectrometer

Record
Number Date

Sr8 6/Sr88 Sr84/Sr
8 8

Corrected Corrected
Sr8 6/Sr88 or Frac- Sr /Sr 8for Frac-
Measured tionation Measured tionation

Concen-
tratiin

3414(s) 12.9.63 0.3748 0.3760 0.1418 0.1427 1.051

3415(1) 12.9.63 0.3769 0.3756 0.1435 0.1427 1.050

Av. = 1.050 gms. Sr/ml.

84 atom % 86 atom # 87 atom % 88 atom %

3424(s) 12.13.63

3427(L) 12.14.63

3488(S) 1.10.64

25.53

25.78

25.68

Av. = 25.66

50.36

50.41

50.37

6.95

6.91

6.92

6.93

17.16

16.90

17.04

Fractionation Corrections

final isotopic compositions:

84 = 0.2571

86 = 0.5036

87 = 0.0691

(Krogh, 1964) give

atom fraction

" "

88 = 0.1702 " "

the



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.

Sr86/Sr88Sr8 4/Sr88
Record ratio ratio Sr8 6/Sr/ASr84 /Sr88gms.
Number Date Soike 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,

majority of the runs were in the neighbourhood of

Sr/gram Sample.

as the

201ugms

3. Mass Spectrometry

All runs were done on 6", 600 solid source, single

collector mass spectrometers of the lier type. Magnetic

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.
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A pressure of 2 X 10~ mm Hg or less was required

for isotope ratio and Sr84-Sr86 1D-1R runs for resolu-

tion between the 87 and 88 mass peaks. A pressure of

5 X 10- 6 mm 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 6NHTNO 3 , demineralized H 20 and dried

with acetone.

Sr runs required several hours of conditioning

at 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. Baseline 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 sufficient for isotope

ratio analyses and 36-54 for isotope dilution. The

peaks were recorded on a 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. Abs'olute 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 of error are possible and hard to

evaluate.

A. Possible Sources of Error.

Possible sources of error in the operating

procedure of the hydrothermal apparatus are:

(1) Variation in bomb position in the furnace.

This is checked as much as possible by having a col-

lar support at the top of the furnace, and having

the bomb stand on lava maintained at a constant

level.

(2) Location of the thermocouple in its well. At

the beginning of each run the thermocouple was in-

serted as far as possible into the well, but some

subsequent disturbance could alter its position.

(3) 2emperature 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 precision. (3), (4) and

(5) can be considered rstematic errors affecting all

runs in the same manner.

In chemistry and mass spectrometry the source

of error are:

(1) Sample weighing and its contamination with

either "normal" or "spike" Sr during chemistry and/

or mass spectrometric analysis.

(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 vacuum 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. R eoro ducibility

(1) Isotooe Dilution Analysis

Duplicate analysis of Sr on three mineral samples

are given in Table 2-7. They were spiked with the Sr -

Sr86 spike and corrected for machine fractionation

(Krogh 1964).

Table 2-7

Summary of Duplicate Sr. Analyses

Mineral Sr m

Biotite
3205

Biotite
3138

Albite
R4724

30.34
29.90

21.16
21.42

3.78
3.70

d d2
-I

30.12 ±0.22 ±0.73% ±0.31 ±1.03%

21.29 ±0.13 ±0.61% ±0.18 ±0.84%

3.74 ±0.04 ±1.07% ±0.06 ±1.60%

:d2

=n.(n.-1)
V_ 100

Most of the analyses were done only once. For

this purpose IV is a better criteron of the reproduci-

bility. Therefore for Sr analysis >10 ppm, the pre-

cision is ±1%; for Sr < 10 ppm it is ±2%.

Table 7 describes the precision error to be ex-

pected on a sinGle analysis in the mass spectrometer.
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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 at a temperature of 60000,

a pressure of 15,000 psi for a time of 45 hours.

Table 2-8

Summary of Sr Data for a Single Experiment

done in Duplicate

Mineral Sr pm Average _4 B E

Biotite +
3138 10.94 11.03 -0.13 -1.17% ±0.18 ±1.61%

11.21

Albite + +
R4725 19.71 20.48 ±0.77 -3.74% 11.09 -5.38%

21.25

2.

n-V Z2~ 2  x 100

For the purpose of this study, an overall pre-

cision error (7-) of ± 5% has been assigned to any

complete hydrothermal experiment involving isotope

dilution analysis.

(2) Isotooe Ratio Analysis.

Reproducibility of an isotope ratio analysis

can best be seen by listing the results on a standard,

run periodically over the course of time by various
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investigators in the geochronology laboratory at M.I.T.

The standard was a Sr00 (Eimer and Amend, lot number

492327) and the results are listed in Table 2-9.

Table 2-9.

Summary of Data on SrC00a Standard

Date

(Eimer and Amend Lot Number 492327).

Sr8 6/Sr8 8 Sr87ZSr 8 6 Sr87/Sr8 6Corr. Analyst
Record
Number

3443(s) 0.1179

1.20.64 3468(S) 0.1182

2.28.64 3549(S) 0.1186

5.26.64 3743(S) 0.1196

6.4.64 3772(S) 0.1199

6.28.64 3808(S) 0.1183

Average 0.11875

V- = ± 0.0008

E= ± 0.672

V. = - 0.0003

E = 0.285

0.7119

0.7108

0.7098

0.7070

0.7061

0.7074

0.7073

0.7074

0.7075

0.7075

0.7112 0.7078

0.7095 0.7075

±0.0024 ±0.0002

±0.34% ±0.02%

±0.0010 0.00007

±0.14%/ -0.01%

d2
n-1I'

2d 2 P\fr7cnicp1 L= f-X 100

Erna Beiser

Thomas E. Krogh

= Robert M. Shields

GDR = Glen D. Roe.

12.28.63

TEK

RM:S

RMS

G-DR

TIS

RMS
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Isotope fractionation corrections were applied

to all measured Sr87/sr 8 6 ratios assuming the Sr86/Sr88

ratio to equal 0.1194(Ilier 1938). This was done as

in the following example:

Measured Sr87/Sr8 6  = 0.7092
86 83

Measured Sr /Sr = 0.1191

Calculated (Sr 87/Sr 8 6 ) Corr = 0.702 = 0.70830. 1194
0.11925

i.e. one half the fractionation found for the Sr /Sr

ratio was applied to the Br37/Sr86 ratio. From Table

9, it can be seen that the fractionation in the Sr 6/Sr88

ratio is twice that in the uncorrected Sr87/Sr8 6.

From the data in Table 9 a single isotope ratio

analysis is assigned a precision error of ±0.02% for

a corrected Sr87/Sr 86 ratio, and ±0.3% for an un-

corrected ratio..

No duplicate isotope ratio measurements are

available for the complete procedure, but in the light

of results found for isotope dilution analysis, it

must be greater than that presented above. For the

purposes of this study an arbitrary precision error

(V-) of 11% will be applied.

0. 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/sr8 6

ratio of the SrCO standard is given in the 11th
3 C

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

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

confidence to the Sr 8 7/Sr 8 6 ratios measured. It is

recognized however, that the finally established

value of the natural Sr8 6/Sr88 ratio may be other

than 0.1194, and that all values for Sr87/Sr86 normal-

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 ±5%. For 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 spike Sr, so that:

(Sr86 ) _ XT + YS

/ 88 ~AN + BS
Sr

ID

where N = normal Sr

S = Spike S

ID = isotope dilution

X,Y,EB = constants denoting the atomic fraction of

the isotope in question.
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To use the equation, the isotopic composition

of both normal and spike Sr must be knoim. Consider

two samples the first with an (Sr87/SrSG Corr = 1 .000

and the second with an (Sr 8 7/Sr 8 6 )Corr = 0.710.

For the First:

Sr /Sr = 0.0567 = 0.54r

Sr Sr = 1.0000 = 9.59%Sr86
87 86 87Sr /Sr = 1.0000 = 9.59%Sr

Sr /Sr = 83752(1/.1194) 8028%5r8 8
10.4319

For the Second:
Sr4  86 0.6S 8 4

Sr/Sr = 0.0567 = 0.56%3r
36 86 8Sr /Sr = 1.000 = 9.86%Sr86

Sr /Sr = 0.7100 = 7.00%Sr 87

Sr89 3r =8.3752 = 82.58%Sr88
101 419

(86/ _ 0.0959N + 0.5036q (868) 0.09861 + 0.5036S
8 D 0.8028N + 0.1702S ID 0.8258K + 0.1702S

The spike values are those of the Sr84 _ Sr3 6

spike described earlier.

From the equation, a I/S ratio is calculated.

However, this is an atomic ratio, and it must be multi-

plied by weight factor to convert it to a weight ratio.

This is done in the following way:
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(1) Isotopic Composition of Sr 8 4 -Sr 8 6

spike = 0.2566 Sr84

0.5036 Sr86

0.0691 Sr87

0.1702 Sr88

(2) Atomic weight = 0.2566 x 84 21.5544

0.5036 x 86 = 43.3096

0.0691 x 87 = 6.0117

0.1702 x 88 =14.976

85.8533

(3) Isotopic Composition of Example 1 = 0.0567 Sr84

0.0959 Sr8
6

0.0959 Sr87

0.8028 Sr88

(4) Atomic Weight = 0.0567 x 84 = 0.4763

0.0959 x 86 = 8.2474

0.0959 x 87 = 8.3433

0.8028 x 88 =70.6464

87.7134

(5) Weight Factor ==- 4 = 1.022
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(6) (\/S) t )atomic x 1.022

(7) N(ppm) =R - S where R =

S = concentration of

spike in ,Agms.

W= weight of sample

in grams.

The above discussion would apply to a spike

of single enrichment. In the case of the Sr84 _sr 86

double spike, a (Sr8 4/Sr33 )ID ratio is also used,

and a (N,/S)wt ratio is calculated in exactly the

same manner as above. If no fractionation has oc-

curred, both (N/S) values should be the same.

However, this is rarely the case. It therefore be-

comes necessary to apply a fractionation correction

to both the (Sr86/Sr88)ID and (Sr84/Sr8 8)ID so that

a common (NT/S)jTt 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 reproducibility.
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CHAPTER III

AITALYTICAL RESULTS.

1. Introduction

Tables 1 through 18 list the analytical results

obtained on the successful hydrothermal runs. The

tables have been broken up in the following way:

Part (1) gives the mineral and aqueous phases in-

volved and the quantity of each used. Tables 1 to

5 also give in part (1) the concentration and iso-

topic composition of the Sr for each phase.

Part (2) lists the temperature in degrees centi-

grade (00), 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

(/'gms) for each Sr isotope involved. The column headed

"loss" shows the magnitude of the discrepancy found

between analysis before the run and analysis after the

run. This problem will be discussed in the next

chapter. All numbers are calculated on the assumption

that non-radiogenic strontium (designated Srn) has
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An Sr84/Sr 8 8 ratio = 0.0068, a Sr 8 6/Sr88 ratio = 0.1194

and a (Sr87/Sr86) = 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 (Sr 8 7/Sr 8 6 )" will be use d throughout

this report to designate the Sr8 7/Sr86 ratio of the

non-radiogenic Sr (Srn) as opposed to the measured or

calculated ratio which include the *Sr 87 component.

Unless otherwise stated, all biotite and liquid

Sr 8 7/Sr86 ratios from experiment 9 to 24 have been

calculated from Sr 8 4 -Sr86 isotope dilution analyses.

All other Sr 8 7/Sr 8 6 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 :5% and on a

single isotope ratio measurement, ±1%. All figures

giving error limits of one standard deviation (7) 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 aqueous solutions used in

the course of this 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 Sr87/Sr86 ratio = 0.705

Mesh size -100, +200.

Solution A:

1.000 ml aqueous solution having 20.67/gms

Sr/ml with the isotopic composition:

53.48% Sr84

14.03% Sr86

4.23% Sr87

28.26% Sr8 8

(2) Conditions: 60000, 15,000 psi, 113 hours.

(3) Results

Before Af ter

Plaioclase Solution Pla7ioclase Solution

Sr8 4  .0568 20.67/ Sms.

*(1) Calculated fLor normal Sr

Sr84
r = 0.184

with Sr87/Sr 8 6

(1)0.23 /gnMs.
.9

(2)0.70 gms.

0.710.

"1 pure Sr8 4 spike solution with

isotopic composition given above.

(2)
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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 Sr in the feldspar is low in Sr84 and the spike is

enriched in this isotope the Sr /Sr ratio is the

most sensitive indicator of any movement of Sr from

the liquid to the mineral.

If 20.67/Agms of Sr from the solution were added

to the 824 gms of Sr in the mineral, the Sr /Sr

ratio that would result can be calculated as follows:

Sr86 in plagioclase = Sr8 6 originally in plagioclase
+ Sr 8 6 from liquid phase

= 824 ppm X 1.009 grams X 0.0986
+ 20.67 Agms/ml X 1 ml X 0.1403

= 81.98p zgms + 2.90 dsgms = 84.88-gms.

Sr84 in plagioclase = Sr84 riginally in plagioclase
+ Sr8 from liquid phase

= 824 ppm X 1.009 grams X 0.0056
+ 20.67Agms/ml X 1 ml X 0.5348

= 4.66/gms + ll.07pgms = 15.73/gms.

This would give:

Sr84 86  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 it

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,Agms, calculated on the basis that it

is pure Sr84 spike.
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Table 3-2. Data on Experiment 4.

(1) Components: 1.000 grams Calcium plagioclase

having 824 ppm Sr with a Sr /Sr86

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

Solution B:

1.000 ml aqueous solution having

39.19//4gms. Sr/ml with the isotopic

composition: 53.48% Sr 8 4

14.03% Sr8 6

4. 23% Sr87

28.26% Sr 8 8

(2) Conditions: 60000, 15000 psi, 88 hours.

(3) Results.

Before Af ter

Plagio clase Solution

Sr 8 4
-- = o.o68 39.19,/gms.

Sr

PlaFioclase

Sr 8 4

~r 8 = 0.2892Sr

Solution*

(1 )5.50 ogms

(2)16.80gms

(1) Calculated assuming normal Sr with Sr 8 7/Sr 7 6 = 0.710.

(2) " " pure Sr 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/Sr 8 6 ratio that would

result if 39.19zgms of Sr84 spike were added to the

plagioclase is:

Sr 84 /Sr86 25-57 0.2948
r86.75

Conclusion

Once again the Sr has left the liquid 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

either 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 previous 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/Sr8 6

ratio = 10.46; Mesh size: -100, +200

Solution A:

1.000 ml aqueous solution having

20.67/gms. Sr/ml with theisotopic

composition: 53.48% Sr84

14.03% Sr 8 6

4.23% Sr 8 7

28.26% Sr88

(2) Conditions: 60000, 15000 psi, 111 hours.

(3) Results:

Before Af ter

Biotite 3086

Sr 8 4 = 0.0568
Sr

Solution

20.67/sms-

Bi 1o ,tit*Ue 30o8 6

Sr8486 = 2.794
Sr

Solution*

(I ) 0 .35//-k gms

(2) 1.1 f-gms

(1) Calculated assuming normal Sr with Sr 8 7/Sr 8 6  0 .710.

(2) pure Sr84 spike solution with

isotopic composition given above.
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EXPERIMENT 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,Agms 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/-agms of the Sr

from the solution would have to be added to the

biotite to give the observed Sr84/Sr ratio.

Conclusion

The Sr from the liquid phase has moved to the

biotite leaving the former with a maximum of l.lAgms

of the original Sr.



Table 3-4. Data on Experiment 6.

(1) Components used:

Comoone nt

Calcium plagio-
clase(-100,+200)

Biotite 3086
(-100,+200)

Isotonic
Comoosition

Sr87/Sr 86 =
0.705

Sr87 /Sr8
6

10.46

Concentration

824 ppm

= 19.60 ppm

Amount
use cd

1.0116 grams

1.0082 grams

Aqueous Solution
A

53.48%
14.03%
4.23%

28.26%

6
Sr 8 7

Sr 8 8

20.67/gms/
ml.

1.000 Ml.

(2) Conditions:

(3) Results:

Isotopic
tion

600 0 0, 15000 psi, 181 hours.

Biotite 3086 Plagioclase

Composi-16.01%
8.27/

28.31 c
47.40%

SrU6
Sr 8 7

Sr 8 8

0.89%
9.95%
6.931

82.37%

Sr 8 4

Sr 8 7Sr 8 7

Sr 8 8

Isotope Dilution 40.57 ppm (1) 0 .S710)
(2) 4.95 (Sr84

spike)

(4) Sr Migration

Before After

Bio ti te
~434 3086

S-r84 0.06pgms
Sr86 1.00 "104
Sr8 10.843"
S'r8i 8.35 "
sr84/sr86 0. 0 058" 1

Plarcio -
clase

4. 65,wgMs
81.94
57.76

686.00 "
0.05 68"

Solution

11. 05//p;1is
2.90
0.87 "
5.84 "
3.812 "

Bio tite Plagio -
clase

.6.50ppms. I. D.*
:>.36

11.49 "
19.23
1.936" 0.090

* N.D. = not determined

1l

Solution

1' '

Solu-
tion

. D.*

N.D.*
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EXPE RIMINT 6

Discussion

Here the two mineral phases used previously

have been combined into a single experiment. In this

way it is possible to study the partition of Sr among

the phases involved.

Isotope dilution analysis on the biotite gives

40.57 ppm which means that 20.97 X 1.0082 = 21,agms

of Sr has been added to this mineral. By using the

trial and error method it was found that the addition

of 12,agms of Sr from the aqueous solution and of

9 ,gms of Sr of normal composition (from the plagioclase)

would result in the following isotopic composition:

16.10% Sr84
8.80% Sr8 6

28.00c Sr87
47.00% Sr88

This agrees very well with analysed results.

If the remaining 9/agms of Sr from the liquid

were added to the plagioclase the Sr00/Sr ratio

would be 0.114. The analysed value is 0.090 and to

achieve this latter requires the addition of 5/gas

of Sr from the liquid. Isotope dilution analysis

on the liquid phase itself shows that a maximum of

4.95/agms of Sr 84 spike could remain in the liquid.

Conclusion

If 12/agms of Sr84 spike goes to the biotite,
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5AggMs to the plagioclase and 5/,egms remains in the

liquid, a fair balance was achieved and agrees with

mass spectrometric analysis. Therefore a qualitative

statement can be made to the effect that Sr from the

liquid phase has partitioned itself in f avour of the

biotite.



Table 3-5. Data on Experiment 7.

(1) Components used:

Coroonent

Calcium plagio-
clase(-100, +200)

Biotite 3086
(-100,+200)

Aqueous
tion A

Solu-

Isotonic
Comoosition

Sr87/5r86= 0.705

Sr 8 7 /Sr86=10.46

53.48%
14.03%
4. 23%

28.26%

60000, )

sr 84

Sr87

Sr88

Concentra-
tion

.824 ppm

19.60 ppm,

20. 67pgm/nl.

Amount used

1.0003 grams

0.9998

1.000 m1.

(2) Conditions: 15000 psi, 36 hours.

(3) Results:

Plagioclase Solution

Isotopic Composition

Isotope Dilution

(4)

63.30 ppm

Sr Migration

Bel'ore

84
Sr 8 6
Sr "

Sr 8 8

Sr84 /Sr86

3io tite

0.05ktmns.
0.99' "
10.31 22

8.24 "?
0.0568"

clase

81.24
57.27 "

681.oo
0.0568"

Solution

.11.05,Arms.
2.90
0.87 "?
5.84 "
3.812"

Biotite Easdo -
28 clase

4 .59ji7ms. N1.D.
5.5 o

13.92 "
39.23 "
0.8248"0.0676

114

21.99
61.97'

0.67%
9.9 15
6.94

82.54%

Sr84
Sr 8 6

sr 8 7
Sr 8 8

I.D.

t. D. .T. D.

After

Solu-
tion

H. D.

T. D.

Biotite 3086
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EXPERIMENIT 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

the addition to the biotite of 10/tgms of Sr84 spike

and 34 gms of Sr of normal composition gives:
88

61.5% Sr
20.5% Sr87
9.1% Sr86
8.8% Sr84

This agrees fairly well with the observed value.

Also, adding 2.5/Agms of this spike Sr to the plagio-

clase will result in the observed Sr81/Sr8 6 ratio in

that mineral. This means that approximately 8,A.gms

must have remained in the liquid phase. This cannot

be verified as the liquid was not analysed in this

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 plagioclase to the biotite in both experiment 6 and

7 will be discussed in the next chapter.



Table 3-6 Data on Bxpneriment 9

(1) Components: 1.5054 grams Biotite 3205 (-100,

0.7489 grams fluorite (-100, +230)

demineralized H20

Conditions: 75000, 3000 psi, 97 hours.

(3) Results:

Component

Biotite
3205

Fluorite

Bef ore

(Sr8/Sr8_6 Total

2.110

0.7095

35.60k
0.22

20.822
0.04

Water

After

*-sr87 (Sr87/Sr86 )

4.48±.
0.02 2.145

0 0.790

ND.

Total *Sr87

36.45 4.32

24.32 0.11

1.76 N. D.
agms
total

(4) Sr Migration

Before

Biotite

0.26/igmrs.

Fluorite Total

0.09

4.62 " 1.54

3.27 " 1.09

38.68

6.74

12.87

Total 53.57 " 15.59

Biotite Fluorite Total Loss

0.35 0.27/agms 0.10

6.16 4.77 " 1.79

4.36 3.39 " 1.27

51.55 39.94

6.74 6.50

69.16 54.87

0.37 -0.02

6.56 -0.40

4.66 -0.30

" 14.97 54.91 -3.36

"1 0.08 6.58 +0.16

" 18.21 73.08 -3.92

116

(2)

+270)

After

Sr84

Sr 8 6

Sr87

Sr88

*Sr87

^-0. 5 ra1.
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EXPERIMENT 9

Discussion

Beginning with this experiment, attempts were

made to transfer Sr, both Srn and radiogenic Sr 8 7

(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

demineralized 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 P0 2 ) far outside the stability

limits of biotites Lfugster (1959ff. Microscopic

examination following the run showed a marked develop-

ment of black opaque material coupled with a slight

colour change to a lighter browm. Fractures filled

with the opaque material were evident and the biotite

showed undulatory extinction under crossed nicols.

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 inclusions. No
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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 amount of Srn while the fluorite

has gained a positive amount. At first this run was

discarded as a failure because of known contamination

with tap water due to a leak in the jacket. It is

included solely to test the movement of *Sr 8 7. It is

believed that tap water would not appreciably effect

this isotope. Therefore looking at *Sr87 only we

see that the biotite has lost 3.5% of its Sr87 at

75000 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 biotite has given up a maximum of 3.5% of

its *Sr87 at 750 0C in 97 hours. This mineral has

suffered considerable alteration during the course

of the run.



Table 3-7 Data on Experiment

(1) Com-ponents: 1.5250 grams Biotite 3205 (-100, +270)

0.7556 grams Fluorite (-100, +230)

0.5 ml demineralized water.

(2) Conditions: 7500C, 3000 psi, 210 hours.

Results:

ent

Biotite
3205

Before

(Sr 8 7/Sr 8 6 X

After

Total
6 rDopm)

*Sr87

(ppm)
(Sr87/Sr 8 6)

35.60± 4.48t
0.22 0.02 2.202.110

Fluorite0 .7095 20.822
0.04

0.913

Total $ 87
'sr(pp~m) (p~~m

31.72 4.06

22.36 0.45

(4) Sr Migration

Bef ore Af ter

Isotope Biotite Fluorite Total Biotite Fluorite Total Loss

Sr 8 4 0. 27/ams.

Sr 8 6 4.68

0.09

" 1.55

0.36 0.24

6.23 4.17

3.32 " 1.10 4.42 2.96

39.19 " 12.99 52.18 34.96

*sr87 6.83 i" 0 6.83 6.19

0.09

1.63

1.16

0.33 0.03

5.80 0.43

4.12 0.30

13.68 48.64 3.54

0.34 6.53 0.30

" 15.73 70.02 48.52

10.

119

(3)

16.90 65.42 4.60TotJ-al 54.29
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EXPEIWENT 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 5.31,gms o1

Sr, and 0.63/,sgms of *Sr 87 while the fluorite has

gained 0.82 and 0.34,ngms of Sr and *Sr67 respectively.

This is 9.2% loss and 5.0% gain of Sr87 from the

biotite and to the fluorite respectively. That is

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 4.60,z-gms of Sr of which 0.30pgms

is *Sr87,

Conclusion:

Both Srn and *'Sr87 have been lost from the biotite

at 750 00 in 210 hours. The maximum loss was 9.2% for

Sr and 11.0% 'for Srn. Once again the biotite

mineral has suffered considerable alteration.



Table 3-8. Data on Experiment 12.

(1) Components: 3.0025 grans Biotite 3205 (-100, +270)

0.7517 grams Fluorite

Solution 0:"0.5 ml Ca++

(2) Conditions:

(-100, +230)

_ + Solution contaning

200/pgms Ca/mi and 48/gms K/ml.

6500C, 8000 psi for 216 hours.

(3) Results:

Comon -
.

Biotite
3205

Before

(Sr87/Sr 8 6 )> Total * _Sr87

~(~00m)(o ) (OH

35.600
0.222.110

Fluorite0 .7095

Solution
N.D.

4.48±
0.02

20.82± 0
0.04

0.15
/CgM/ml

N.D.

After

(S"87/Sr 8 6 ) Total

2.153

0.714

N.D.

35.13 4.40

22.15 0.01

N.D. N.D.

(4) Sr igration

Before After

Isotoie Biotite Fluorite Total Biotite Fluorite Total Loss

0.52470.09 0.61

9.21 1.54 10.75

6.54 1.10 7.64

0.52 0.09

9.10 1.64

6.46 1.16

77.16 12.92 90.08 76.20 13.74

13.45 0 13.45 13.21 0.01

106.88 15.65 122.53 105.49 16.64

0.61 0

10.74 0

7.62 0.01

89.94 0

13.22 0.23

122.13 0.23

121

Sr-84

Sr 8 6

Sr87

Sr 8 8

*Sr

Total
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EXPERIKLENHT 12

Discussion

This experiment increased the ratio of biotite/

fluorite from 2/1 to 4/1. The temperature was decreas-

ed 1000C and the pressure increased. Also the aqueous

phase now contains 200,,gms Ca/ml and 4 8 agms K,/ml.

This solution was introduced in the belief that it

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 Srn and

Sr37 lost from the biotite is 1-2. This is verified

with the fluorite data where the Sr87/Sr86 ratio has

increased only from 0.710 to 0.714. It appears that

the presence of the Ca-K solution had no effect in

moving Sr from the biotite.

Conclusion
0

By decreasing the temperature 100 0 the reaction

has been effectively stopped. A maximum loss of both

Sr 87 and Srn is 1-25.



Table 3-9. Data on Experiment 13.

(1) Component: 1.9986 grams Biotite 3205

1.0014 grams Cleavlandite

(-100, +270)

(-100, +200)

Solution 0:~ 0.5 ml Ca

200/i/ml

+-K+ Solution containing

Ca and 48 1 gm/ml IC

Condition: 650%0, 7500 psi,

R6esults:

Bef ore

115 hours.

(r87/Sr 8 6

2.110

0.9454

N.D.

Total *Sr87_
XEm W

35.60+
0.22

3.821
0.03

(Sr87/gr86)

4.48-
0.02 2.64

0.08±
0.01 1.04

N.D. N.D.-0.7 6

Total
=Foom)

25.85 4.12

15.97 0.50

1.2
/Agms

N.D.

(4) Sr Higration

Before

Isotom Biotite Albite Total

0.37

0.37 6.50

0.26 4.62

3.09 54.45

0.08 9.03

Biotite Albite Total Loss

0.24 0.09 0.33 0.02

4.28 1.53 5.81 0.69

3.04 1.08 4.12 0.50

35.86 12.79 48.65

8.23 0.50 8.73

3.82 74.97 51.65 15.99 67.64

5.80

0.30

7.31

123

(2)

(3)
A, te r

Comnon-
J.

ent

Biotite
3205

Cleav-
landite

Solu-
ti on

(~EiT

0.35,pj4 0.02

After

Sr 8 6

Sr 8 7

6.13

4.35

51.36

8.96

Total 71.14
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EXPERIMENT 13

Discussion

A new acceptor was introduced with this experiment

while the same biotite was kept. The biotite/albite

ratio was 2/1 and the Ca-X solution was also retained.

The biotite here, as in the last experiment showed

considerable alteration. Using the biotite data, this

mineral has lost 30% of its Srn and 8% of its *Sr 8 7,

Using the albite data, the biotite has lost 19% of its

Srn and 4.8% of its *Sr 8 7. This liquid phase was

found to contain 1.2 /gms of Sr with a Sr87/sr86

ratio = 0.76. However looking at the "lost" column,

the Sr87/Sr86 ratio of the Sr that was not recovered

should be - 1.2.

Conclusion

The biotite, showing considerable alteration,

has lost a maximum of 30% and 8% of its Sr and

*Sr87 respectively at 65000 in 115 hours, in the

presence of the cleavlandite "acceptor" phase.



125

Table 3-10. Data on Experiment 14.

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

0.9981 grams Cleavlandite (-100,+200)

Solution C:-v0.5 ml Ca-K solution containing

200 pgms/ml Ca and 48jtgms/ml K

(2) Conditions:

(3) Results:

Coroon-
en

Biotite
3205

Ole av-
landite

650 0,

Before

(Sr87/, 86)

2.110

0.9454

7,500 psi,

Total *sr87
W5h) (-)

35.60+ 4.48-
0.22 0.02

3.82+
0.03

0.08+
0.01

405 hours.

(Sr87/Sr 8 6 )

2.94

1.08

Af ter

Total
Sr(om)

24.03 4.33

16.46 0.58

(4) Sr Migration

Before Af ter

Biotite Albite Total Biotite Albite Total Loss

0.35 0.02 0.37

6.13 0.37 6.50

4.36 0.26 4.62

0.22

3.88

2.76

0.09 0.31

1.56 5.44

1.11 3.87

51.38 3.08 54.46 32.52 13.09 45.61

8.96 0.08 9.04 8.66

0.04

1.06

0.75

8.85

0.58 9.24 -0.20

71.18 3.81 74.99 48.04 16.43 64.47

SIsotooc

Sr 8 4

Sr 8 6

Sr87

Sr88

*Sr87

Total

87r

10.50
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EXPERIMETT 14.

Discussion

This is the same as experiment 13 carried on for

a longer time interval, to see if an equilibrium

condition could be reached for both Srn and S87

The biotite data states that 33% and 3% of the Srn and

Sr 8 7 respectively have been lost. The cleavlandite

data states that 19.5% and 5.6% of Sr and *Sr

respectively have been lost. Therefore the cleavlandite

data shows a progressive loss of *Sr 3 7 with time while

the biotite suggests just the opposite. As far as

Srn is concerned, it appears that its movement has

essentially ceased.

Conclusion

A maximum of 33% and 5.6% of Srn and *Sr87 have

been lost at 6500C in 405 hours.



Table 3.11. Data on Experiment 16.

(1) Components:

(2) Conditions:

1.8993 grams of Biotite 3138

0.8479 grams of Cleavlandite

-- 0.5 ml. demineralized water

15000 psi,

(-100 , +1 20)

(-60, +100)

45 hours.

(3) Results.

Before

(Srn87/Sr86 )E

Cleavlan-
dite 0.9454

87

26.40- 5.11-
0.16 0.04

3.82± 0.08-'

(Sr 8 7/Sr 8 6 )

5.37

0.03 0.01 0.824

After *

Total *Sr 8 7

16.07

19.91

5.06

0.18

*All values calculated from isotope

(4)Sr Migration

e nDlOre

Biotite Albite Total

0.22fgms

3.99

2.83

33.39

9.71

0.02 0.24

0.31 4.30

0.22 3.05

2.62 36.01

0.07 9..73

dilution analyses.

Aft--e r

Biotite Albite Total Loss

0.12

2.06

1.46

0.09 0.21 0.03

1.65 3.71 0.59

1.17 2.63 0.42

17.27 13.80 31.04

9.61 0.17 9.78

3.2453.58 30.52 16.88 47.37

.4.97

0

6.01

127

Comoon-
eait

Biotite
3138 3.192

Is oto-oe

Sr 8 4

Sr 8 7

Sr 8 8

*Sr 8 7

T1ot-U-al 50.14
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ERIME NT 16

Discussion

Beginning with this experiment and following

through to the end, the system is composed of the same

cleavlandite as used previously but with a new biotite.

All the runs except the last two use only demineralized

water as the liquid phase. The biotite 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

48.5% and ~l% of the Srn and *Sr 8 7 respectively

have been lost. The albite data states that 33% and

0.8% Sr and Sr87 respectively have been lost from

the biotite. The discrepency that exists between

biotite and albite consists almost entirely of Sr .

Conclusion

A maximum of 33% and 1% Srn and "Sr87 respectively

have been lost from the biotite at 600 0C in 45 hours.



Table 3-12. Data on Experiment

(1) Com-ponents: 1.8984 grens Biotite

0.8479 grams

3138 (-100, +120)

Cleavlandite (-60,o+100)

-0.5 ml demineralized water

(2) Conditions: 15000 psi, 112 hours.

Results:

Before

(Sr87'/Sr 8 6 )I

3.192

0.9454

Afte r

M,

26.40-
0.16

3.822
0.03

87

5.11-
0.04

0.08-+
0.01

Total
r(Opr)

14.85

(Sr87/Sr

6.06

0.842 20.00 0.23

Tater -N.D. -N.D -N.D. 0.738

(4) Sr Migration

Before

B io 'ite

0.23fgmas

3.98 "

Albite Total Biotite

0.02 0.25

0.31 4.29

Sr"' 2.83 " 0.22 3.05

Sr 33.37 " 2.62 35.99

9.70 " 0.07 9.77

0.10

1.83

1.30

Albite Total Loss

0.09 0.19 0.06

1.65 3.48 0.81

1.17 2.47 0.58

15.34 13.84 29.18 6.81

9.62 0.20 9.82 -0.05

Total 50.11 ' 3.24 53.35
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17.

(3)

Copon-

Biotite
3138

Oleav-
lan di te

5.07

~1.1 .N.D.

Isotore

Sr 68

Sr86

After

6000, C.

*Sr87

28-19 16.95 45.14 8.21
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EXPERIMENT 17

Discussion

This is the same experiment as 16 except for

the time interval involved. The biotite data shows

that 54% and 1% Sr and £1Sr87 have been lost, while

the albite data states that 33% and 1.2% Sr" and

*Sr87 have been lost from the biotite. The liquid

phase was found to contain approximately 1.1//gms

in total with an Sr 8 7/Sr86 ratio 0.740 . The Sr

loss is again fouid to be Srn.

Conclusion

The biotite has lost a maximum of 54% and

1.2% of Srn and *Sr 87 respectively. No increase in

the concentration of Sr in the albite is noted between

experiment 16 and 17.



Table 3-13. Data on Experiment

(1) Components: 1.8974 grams

0.8479 grams

Biotite 3138 (-100, +120)

Albite (-60, +100)

- 0.5 ml. demineralized water.

Conditions: 45000, 7500 psi, 118 hours.

(3) Results:

Comoon-
e n t

Before

(0r87/sr 86)
Sro (Sr )N

Bio tite
3138 3.192

Cleav-
landite 0.9454

(4) Sr Migration

Before

After

Total *_Sr87

S r p 2n) (pOMn

26.40± 5.11±
0.16 0.04

5.82± 0.08±
0.03 0.01

(Sr87/Sr86)

5.17

0.779

After

Isotone Biotite

0.2311gms

3.98

2.83

33.36

9.70

Albite Total Biotite

0.02 0.25 0.12

0.31 4.29 2.16

0.22 3.05 1.53

2.62 35.98 18.05

0.07 9.77 9.56

Albite Total

0.08 0.20

1.43 3.54

1.02 2.55

12.00 30.05

0.13 9.69

14.66 46.03 7.29

18.

131

(2)

Total
Sr(pom)

* Sr8 7

)- -

5.04

0.15

16.56

17.29

Sr 8 6

Sr87

Sr88

Loss

0.03

0.75

0.50

5.93

-0.08

3.24 53.34 31.42Total 50. 10
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EXPERI1MIT 18

Discussion

In this experiment the temperature was decreased

15000, the pressure lowered by 7,500 psi and the time

increased to 118 hours. Otherwise the experiment

is the same as 16 or 17. Srn and MSr 7 losses from

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 Sr and *Sr8T respectively at the temperature

of 450 00 in 118 hours.



Table 3-14. Data on Experiment 20

Components: 1.9003 grams Biotite 3138 (-100, +120)

0.8510 grams Albite (-60, +100)

-00.5 ml. demineralized water

Conditions: 45000, 15000 psi, 190 hours.

(3) Results:

ComOon-
ent

Bio ti te
3138

Before

(Sr87/Sr 86 )N

Cleav-
landite 0.9454

(4) Sr Migration

3.192

Total *Sr87

26.40-+ 5.11-
0.16 0.04

3.82i 0.08i
0.03 0.01

87 06k
(Sr /Sr;'

5.23

0.781

Before

Isotope Biotite

0.23pgms.

3.99

2.83

33.41

9.71

0.02

0.31

0.22

0.25 0.12

4.30 2.16

3.05 1.54

Albite Total Loss

0.09 0.21 0.04

1.67 3.83 0.47

1.18 2.72 0.33

2.63 36.04 18.11 13.97 32.08

0.08 9.79 9.77 0.13 9.90

3.96

-0.11

3.26 53.43 31.70 17.04 48.74

(1)

133

(2)

After

Total
Sr(pPm)

16.68

20.02

5Sr81

5.14

0.14

After

Sr 8 6

Sr 8 8

*Sr7

Albite Total Biotite

Total 50.17 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 biotite

data the Srn and,*Sr 87 losses were 48% and -0.7%.

With the albite data the same values are 34% and

0.5%.

Conclusion

The biotite has lost a maximum of 48% Srn and

0.5% *Sr87 at 45000 in 190 hours.



Table 3-15. Data on Experimen t 21.

Components: 1.8998 grams Biotite

0.8510 grams

3138 (-100, +120)

Cleavlandite,

(2) Conditions:

--0.5 ml. demineralized water.

60000, 15000 psi,12 hours.

(3) Results

Before

(Sr8 Sr86)N .

3.192

0.9454

Total
sr-(pom)

*(Sr87

2 6.40± 5.11±
0.16 0.04

3.82-
0.03

0.08±
0.01

(Sr 7 /SP 6 )

4.93

0.806

(4) Sr Migration

Before

Biotite

0.23pigms.

After

Albite Total Biotite Albite Total Loss

0.02

3.99 " 0.31

2.83 0.22

0.25

4.30

3.05

0.13 0.08 0.21 0.04

2.29 1.44 3.73 0.57

1.63 1.02 2.65 0.40

33.40 " 2.63 36.03 19.18 12.08 31.26 4.77

9.71 1 0.08 9.79 9.67 0.14 9.81 -0.02

55.42 32.90 14.76 47.66

(1)

135

(-60, +100)

Comnon-
ent

Biotite
3138

Cleav-
landite

After

Total
Sr(1om)

17.32

17.35

(pm)

5.09

0.16

Isotope

Sr 8 4

Sr 8 6

Sr 8 7

Sr 8 8

5.-765Total 50.16 " 3.26



136

EXRIMNT 21.

Discussion

To complete the picture at 60000 and 15000 psi

a run was performed for 12 hours, compared to

experiments 16 and 17 of time intervals 45 and 112

hours respectively. The Sr and Sr losses are

43% and 0.5% 'or the biotite data, and 30% and 0.6%

using the albite data.

Conclusion

The biotite has lost a maximum of 43% Srn and

0.6% NSr 87 at 600 C in 12 hours.



Table 3-16. Data on Experiment 22.

(1) Components: 0.8478 grams

1.8987 grams

of Biotite

of Cleavlandite

3138 (-100, +120)

(-60,+100)

-'0.5 ml. demineralized H20

6000, 15000 psi for 12 hours.

(3) Results.

Before

(Sr 8 7 /Sr)N Total *Sr87
S~rC(om) (Tom)

3.192

0.9454

After
87, 86

(Sr /Sr

26.40± 5.11t
0.16 0.04 6.37

3.82±
0.03

0.08±
0.01 0.848

Total
Srpam)

87r

14.16 5.07

7.97 0.11

(4) Sr Migration

Before

Biotite

0. 10L[ms.

1.78 "

1.26 "

14.91

4.33

After

Albite Total Biotite Albite

0.04 0.14

0.70 2.48

0.50 1.76

"t 5.86 20.77

"t 0.15 4.48

0.04

0.76

0.54

Total Loss

0.08 0.12 0.02

1.49 2.25 0.23

1.06 1.60 0.16

6.37 12.49 18.86 1.91

4.30

7.25 29.63 12.01

0.21 4.51 -0.03

15.33 27.34 2.29

137

Compon-
e n-u

Bio tite
3138

Cleav-
landite

Iso toOe

Sr 8 4

Sr 8 6

Br 8 7

Sr 8 8

(2) Conditions:

To tal 22.3-'8 "
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EXERII1ENT 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

movement of Sr from the biotite. So that this could

be compared with a previous rui, it was performed

under the same T--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*Sr87.

Conclusion

The biotite has lost a maximum of 43% Srn and

1.4% Sr 8 7 at 10000 in 12 hours.



Table 3-17. Data on Experiment

(1) Components: 1.9026 grams of Biotite 31

0.8550 grams Cleaviandite

38 (-100, +120)

(-60, +1oo)

Solution D: -~0.8 ml. aqueous solution containing

41,g gms K+/ml.

(2) Conditions: 60000, 15000 psi, 45 hours.

(3) Results.

Before

Total __87

ST(~~~) (pm)

3.192

0.9454

26.4,0+ 5.11+

0.22 0.04

3.822
0.03

0.08±
0.01

87 86(Sr /Sr-

5.36

0.807

(4) Sr MIigration

Be-Fore

Biotite

0. 23/1s.

3.99 11

2.84

33.45

Albite Total Biotite

0.02 0.25

0.32 4.31

0.22 3.06

0.12

2.10

1.49

Albite Total Loss

0.10 0.22 0.03

1.79 3.89 0.42

1.27 2.76 0.30

2.64 36.09 17.61 15.00 32.61

9.72 " 0.07 9.79 9.68 0.17

3.48

9.85 -0.06

4.15Total 50.23 " 3.27 53.50

139

Comoon-
ent

Bio tite
3138

Cleav-
landite

After

Total
SrE-m)

16.36

21.45

(SrhT

5.09

0.20

Af ter

Isotorne

Sr 8 4

Sr 8 6

Sr 88

Sr88

31.00 18.33 49.33



Table 3-18. Data on Experiment 24.

(1) Components: 1.9176 grams Biotite 3138A (-120,

Solution E:-1.20 ml aqueous solution containing

1030,Agms K/ml

(2) Conditions: 600 0 0, 15000 psi for 12 hours

(3) Results:

Before

- (Sr87/Sr 8 6 )

After

Total
Sr( em)

(Sr87/SP6) Total
Sr(oom)

140

+140)

Conroon
ents

Biotite
3138A 40.09 5.35 N.D.

*Sr8

5.3533.76N. D.
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EXPERIMNT 23 and 24

Discussion

These two experiments were performed at the same

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

biotite and albite, the concentration of K was 41t/gs/

ml. In exoeriment 24, only a biotite, B3138A, was

used. The aqueous solution contained 1 0 3 0 Awgms K/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 biotite. Both experiments present the same

results. Some Sr has been lost from the biotite but

the K solution had no observable effect on the * Sr87.

Conclusion

The K ions in the aqueous phase did not exchange

with the Sr8 7 ions in the biotite at 60000 in 45

hours.



142

CHAPTER IV

DISCUSSION OF RESULTS.

1. The System Calcium Plagioclase-Eiotite-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 prelimin-

ary experiments whose purpose is 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 qualitative

way. They are included because the trends seen here

appear to have a bearing on the results found in the

subsequent work.

(b) Discussion

These experiments can be broken down into three

subgroups. Experiments (2) and (4) deal with the two

phase system plagioclase-solution. Experiment 5 is

concerned with the two phase system biotite-solution.

Experiments 6 and 7 deal with the three phase system

plagioclase-biotite-solution.

The results of the two experiments dealing with

plagioclase and Sr solution show quite clearly that

the Sr has left the fluid phase and gone to the

mineral. The Sr could either 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

exchange reaction with either Ca or Na of the plagio-

clase. To get some idea of which of these three possi-

bilitiesis the most reasonable, the plagioclase was

leached at room temperature in cold demineralized

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

Table 4-1.

The Effect of Leaching on the Observed

Sr84/S86 atio in Plaoclase

Comoonent Sr 8 4/Sr86 lMos of Solution B Sr
in Pla-ioclase

(1) Plagioclase, 0.289 39.2
Exp . 4.

(2) Plagioclase, 0.276 36.8
Exp.4, leached
one hour.

(3) Plagioclase, 0.269 35.8
Exp. 4,leached
two hours.

These results indicate that at least 9% af 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 the lattice or not, cannot be stated. It is

probably a combination of an ion exchange reaction

and firm adsorption in fractures and other imperfec-

tions in the grain.
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Experiment 5 shows that the Sr has left the fluid

phase, this time going to biotite. It has done so to

the sane extent and in a comparable length of time as

in the case of plagioclase. Once again it 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

Ovchinnikova (1962) found that at 1000C both Rb and K

were removed from a biotite after 9 hours of leaching.

The solution used contained 1% of CaCl2 . As the geo-

chemistry of Sr and Ca are very similar it seems

reasonable to suppose that Sr from Solution B might

have exchanged with K, Rb or *Sr 8 7 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 fluid phase and goes to

either mineral phase. By combining the two minerals in-

to one experimental system it 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 biotite. This could

be either a true migration of the Sr ions or simply

contamination of the feldspar grains in the biotite.

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 this Sr movement from the

plagioclase will be neglected for the purpose of the

discussion, and only the Sr migration from the fluid

will be considered. Therefore after 36 hours (experi-

ment 7) the partition of Sr from the fluid in favour

of biotite is 10/2.5~4 to 1. After 181 hours

(experiment 6) it is 12/5--2.4 to 1.

It is realized that the above picture of the

movement of Sr is a highly simplified version. In

all probability, there has been movement of Sr out of

the plagioclase and biotite as well as the migration

of Sr from the fluid phase to the mineral phases.

However, to speculate any further with the data

available would be unprofitable.

(c) Conclusion

(1) At 600 00 under a pressure of 1000 bars it

is evident that Sr prefers either mineral phase to

the fluid.

(2) The addition of Sr to either mineral is

probably a combination of adsorption and ion

exchange reactions.

(3) In the presence of a mineral phase which

should accept Sr readily (plagioclase) the Sr from

the fluid has instead moved primarily to a mineral

phase which does not readily take in Sr (biotite).
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2. The System Biotite-Fluorite-Solution

(a) Introduction

Experiment 9, 10 and 12 consists of the biotite

3205, fluorite and demineralized water (9 and 10) or

a Ca++-K.+ 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 its

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 contain up to 5000

ppm Sr. The fluorite in the present investigd:on

is a colourless vein fluorite. Therefore, it 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 Fe rich biotites. The lowr Ptotal (including

PH20) should cause biotite to dehydrate by giving up

its structural water. The high Po2 should cause ex-

tensive oxidation of Fe from the ferrous to the ferric

state. This latter is most definitely seen on micro-

scopic examination. The biotite as a whole however,

retains its physical appearance, but it is probable

that a certain amount of dehydration 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%

(2.5gms ) in 97 hours and only 5% (0.83j/gms) in

210 hours at the same T + P. This points out very

clearly the problems involved in interpretating any

data on Sr. This Droblem 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

0.34,ugms respectively. It has had a marked effect on

the Sr87Sr86 ratio (Tables 3-6 and 3-7). This cor-

relates with the findings of Compston and Jeff ery

(1959), Allsopp (1961) and Lanphere et al (1963) where

they got Sr87/Sr 86 values for apatite (another Ca phase

with no Rb) of 0.77, 0.74 and 0.88 respectively. There-

sore the migration of *Sr87 from a Rb rich phase to a

Ca phase with no Rb is indeed a reason for the

"anomalous common Sr" values as reported by Compston

and Jeffery (op. cit.) and others.

By lowering the temperature 100 0 0 (experiment 12)

the rmigration of Sr" and r8 7 has been effectively

stopped (Table 3-8). Only a slight increase in the

Sr 8 7/sr86 ratio is noted and is seen to be very minor

in comparison to experiments 9 and 10. The drop in

temperature could have decreased the energy below a
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lovel needed to activate the Sr ions and thus prevont-

ed their migrating from the biotite. In addition, the

presence of Ca ++ ions in the solution could have re-

tarded any reaction between the liquid and the Sr ions

in the biotite. Kculp and Engel (1963) and Gerling and

Ovchinnilkova (op. cit.) found that too low a Rb/Ca

ratio in an aqueous phase prevented exchange between

Rb in the solution and K or Sr in the biotite. The

results of the next two experiments, where albite is

substituted for fluorite, sheds some light on these

problems.

3. The System Biotite-Cleavlandite-Ca ++-K+ Solution.

(a) Introduction

The purpose of replacing fluorite by albite

(cleavlandite) was to study the behavior of one biotite

towards two different acceptor phases. This albite is

a cleavlandite from a pe gatite. It has a very high

Sr87/Sr86 ratio for its Rb content and must be second-

ary in origin. However, this will not affect its use

in these experiments i.e. its role as an acceptor of

Sr from another mineral.

(b) Discussion

These two experiments (13 and 14) were carried out

at the sce T + 2 and contained the sane liquid phase as

12. It is obvious that in exoeriment 13 and 14 the migration
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of Sr has been much more extensive than in 12. The

results of these two experiments show very clearly

that the temperature of 650 C is not too low to

allow migration of Sr. It also shows that the Ca++

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 biotite. 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.

4. The System Biotite-Cleavlandite-Water.

(a) Introduction

This system was used in the remaining experiments.

Numbers 16, 17, 18, 20 and 21 constitute the system

proper, while 22, 23 and 24 test various facets of it.

It differs from the preceeding system in that a new

biotite is being used and the liquid phase has been

changed to demineralized, distilled water. Figures

4-1 to 4-6 show graphically the data from Tables 3-11

to 3-15. The lines are for the sole purpose of con-

necting points of the same temperature.

(b) Discussion

Figure 4-1 shows that Srn appears to have reached
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an eauilibrium value at 6000C. ITo such definite con-

clusion can be drawn from the data at 4500C. 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 60000. Looking at Figure 4-2 just

the opposite trend is seen, that is, equilibrium at

4500C but not quite at 60000 for Srn migration from

biotite. Here again is the discrepancy whereby

biotite has lost more Sr than the albite has gained.

Figures 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 biotite data suggests

that the migration has ceased at 60000. At 45000,

the data is confusing an d little can be said for it.

Therefore it is necessary to consider the albite data

as presenting the true picture for "Sr87.

Figures 4-5 and 4-6 show the change in the

Sr87/Sr86 ratio in both minerals with time. The

trends noted for both are explained by saying that

Sr. has moved proportionally faster than * there-

by increasing the ratio in biotite and decreasing

it in albite.

Experiment 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 Migration using Reversed Proportions

of Albite/Botite.

Experiment Albite Sr1 loss Biotite *Sr87 lcUs Biotite
Thimber _ote ,ugs. ~ f s.

ratio

16

22

0.45

2.22

17.3

7.8

48

43

0.10

0.06 0.8

This experiment shows that by reversing the

proportions of albite to biotite an apparent decrease

in the migration of Sr has occurred. For Sr87

is the same percentage wise within experimental

error. This will be discussed again in the section

on diffusion.

Not much can be added to what already has been

said for experiment 23 and 24 (Chapter III). X ions

have not exchanged with *Sr 8 7 in the biotite. The

loss of Sr. is due to the same process as in the other

experiments and will be discussed next.

5. The Behavior of Srn and *Sr87 towards Albite,

Fluorite and Fluid.

(a) Introduction

The questions that must be answered before any

interpretation can be given to these results are:
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1) why will Sr" and "Sr 8 7 migrate more readily to

cleavlandite than fluorite?

2) why does the imbalance of Sr occur only when

significant migration has occurred?

3) why does Srn migrate more rapidly than Sr ?

In order to understand any of this, the nature

of Srn must be determined. It is certain that Br

occurs in the interlayer position of biotite in what

was once a Rb site. Based on ionic size alone, Sr

(ionic radius = 1.16AO in 8 -old 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 Mg. However, Srn

might also occur in inclusions such as apatite and

fluorite. In this connection J'ager (1962) found a

varallel correlation between the Sr content and

impurity content in her biotites. This problem of

the location of Srn is believed associated with the

imbalance found in the Sr analyses. Therefore they

will be discussed tog-ether.

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

Following a run, only the mineral phases were

analysed. However, Sr might remain 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 jachet were analysed in two
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cases. The results are given in Table 4-3.

Table 4-3

Data on Sr aalyses of Li.quid Phase and Co-oer Jacket.

Phase Total Amount of Sr in micro-

liquid, Experiment 13 0.53

liquid, Experiment 17 0.51

Copper Jacket, Experiment 17 0.03

Copper Jacket, Experiment 22 0.03

From this table it can be seen, that while a

certain maount of Sr exists in both phases, it is very

minor and can in no way account for the discrepancies

noted.

(c) 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 fluorite. Zircon and iron

oxide are of little concern as far as Sr is concerned,

but aoatite and fluorite, being Ca phases, are serious

contaminants. As much as possible, estimates have been

made on the volume content of these latter two minerals

and it has been placed at less than 11. However

additional experiments were deemed necessary to obtain

a better idea of the role that these inclusions might

play.
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1. Test for phosphorous in Biotite.

The test for P205 as doscribed by Shapiro and

Brannock (1956) was perormed on biotite 3138. In

this way, an estimate of the content of apatite

L'a5(?04) 3 Ou,.,017 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% P205

by weight. WThen 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 from

the same hand specimen as biotite 3138, was analysed

for Sr by X-ray fluorescence using a Mo tube and a

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 2NTH0Li was

added and it preferentially dissolved apatite. The

second portion was saved for direct analysis. Grain

counting before and after showed the mixed sample to be

96% apatite, 4% fluorite. Furthermore, X-ray analysis

showed apatite and fluorite to contain approximately

the same concentration of Sr. Therefore the original

mixture was analysed using G-1 as a standard. After

applying mass adsorption coefficient corrections

(Liebhafsk:y et al, 1960) it was found that apatite
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contained 180 ppm Sr. This means that the contribu-

tion of apatite Sr to biotite would be:

1.000 grams biotite X 0.225 by weight apatite X 180 ppm

= 0.4 ppm.

The above shows that apatite itself has little

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. Heavy liquid Separation 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 it 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 liquids bromoform

and methylene iodide. The methylene iodide was diluted

with acetone so that biotite floated while ohases such

as apatite, fluorite, epidote etc. sank. The float

from this process was placed in undiluted bromoform

causing biotite to aink and phases such as feldspar

to float. In both cases, the -400 mesh powder was

centrifuged with the respective liquid for 20-30

minutes. This treatment decreased the peak intensity

by approximately 7. This is not too accurate because

the concentration of Sr in biotite is almost at the

detection limit of X-ray fluorescence.
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This means that in a biotite containing 21 ppm

Srn (biotite 3138) that 21 X 7%-'1.5 ppm is due to

foreign sources. This must be considered a minimum

value. The extent of inclusions occurring in the

micron and several micron size range is not known and

is impossible to estimate.

(d) Inhomogeneous Reaction

There does exist the possibility 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 original 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 -rom the jacket. This is representative of

all the runs. In the majority of the runs (experi-

ments 16-24) both mineral phases were of uniform grain

size (-60, +100 for albite, -100, +120 for biotite 3138).

To test the efficiency of the magnetic separation,

these tro mineral phases were weighed, thoroughly

mixed, separated and again weighed. They received no

hydrothermal treatment. Table 4-4 gives the results

and it can be seen that an excellent recovery was

obtained.
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Table 4-4

Test of Recovcry from Frantz Isodynamic Hagnetic

Seoarator.

(1) -ieight of biotite = 0.8871 grams

(2) 1Teight of albite = 0.9699 grams

(3) Thoroughly mixed together and passed through

the separator at a current of 0.36A, 150 side

tilt, 25 fortTard tilt.

(4) W!eight of biotite = 0.8957 grams

Recovery: 0.89.51 X 100 = 99.84%
0.8971

(5) WIeight of albite = 0.9680 grams

Recovery: X 100 = 99.80%

In three experiments, immediately following the

recovery 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 seoarated mineral fractions. The

results are sumarized in Table 4-5.

Table 4-5

Comrison oTo tal 7ixture Data iith Separated
ineral Data

Execriment Orir:inal Srn Recovered Recovered
Tumlber in jacket (Aes)(.inral data) Total Mixture.

21 43.6 Ai gs 37.9 /o gs 41.0 /gms

16 43.6 " 36.6 " 37.8 "

17 43.6 " 35.3 " 39-5 "
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The samle from .which the total mixture portion was

removed was a mixed combination of albite and biotite

with the original grain sizes of -60, +100 and -100, +120

respectively. In addition to the biotite having suf-

fered partial alteration as reported in Chapter III,

the grains of this mineral partially broke down to a

finer size (approximately 250 mesh). The albite grains

did not suffer this effect.

To obtain a representative fraction from a sample

varying in grain size from -60 to--250 mesh is dif-

ficult and it is not surprising that the total mixture

data does not agree with the original values. The

important thing to note in table 4-5 is that the total

mixture values are always greater than the separated

mineral data. Also, with increasing time (experiment

21 to experiment 17) the discrepancy between the separ-

ated mineral values and the original values increases,

but this is not the case with the total mixture values

versus the original values.

Turning now to table 4-6 it is seen that the

results for expeiinent 21, 16 and 17 are tabulated in

a difforcnt fashion. 2he calculations assume that the

mass spectronetric analyses are good only for the

portion of mineral finally recovered, and not for the

original quantities. If however, a homogeneous



Table 4-6

A. I.ineral Recoi

Balance of Sr in.Hydrothermal Runs.

ery: 21 1

(1) Original amount of minerals
in Cu jacret

(2) Initial recovery oDE
minerals from jacket

(3) Separated portion for "total
mixture " analysis

(4) Final recovery of biotite
from Frartz

(5) Final recovery of albite
from Frantz

(6) Lost on separation
on Frantz

2.7508 grams

2.7165

0.1571

1.7195 from
orig 1.8998

0.7859 from
orig 0.8510

0.0540 grams

2.7472 grains

I" 2.6753

"f 0.0980

1.7184 from
orig 1.8993

0.7735 from
orig 0.8479

0.0254 grams

2.7463 grams

t 2.7093

i" 0.0990

1.6238 from
orig 1.8984

0.7901 from
orig 0.8479

0.1884 grams

0.0883 = 3.2% 0.0973 = 3.5% 0.2334 = 8.51

6

(7) Total loss



B. Stronti.ri
R.'.e c o ve r y

(1) Original
quanti ty

(2) Total
mixture

(3) Biotite

(4) Albite

(5) Unaccounted
for

Table 4-6 - continued

21 16

-- =15.8ppmn i'- A --- = 15.9ppm
2.7508 grams 2.7'72 grams

-- 14.9ppm -- = 13.8om
.1571 grias .0980 grams-

21.Ard1.8 -. = 12. 2ppm 18rAgns 10.9ppm
1.7195 grans 1.71-4 grams

1-~jdgs 17. 2pqpm, r5.... -m2 - 19.7ppm
78591ramS ~ p' 1.7735 grams

6.8 0ns 77 6pm -2-<sms -- 84.3ppm
0.0883 grasl 0.0973grams

2.746>3 gramsf

1. .4 Xer;ms
.0990 grams

1.6238grams

1--.6 f/iggYs
.7901 grams

10. 7ras
.2714rm

1L

15.9ppm

14.4ppm

9.8 ppm

19.8ppm

45.8opm
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reaction had occurred betwcen biotite and albite,

the Sr loss/mineral loss ratio should give a concentra-

tion value in the region of 10-20 ppm. It is obvious

that it does not, but in faot Gives much higher

concentrations.

The only conclusion that can be drawn from this

data is that the Sr loss is occurrinng during separa-

tion on the magnetic separator. FTurthermore, as the

biotite grains have suffered partial breacdoi, it is

believed that the loss on the separator is primarily

biotite. It Tould be these small grains that would not

be recovered on seoaration. The next question to be

ansuered is why these small biotite grains are so

enriched in Sr.

Returning to experiments 2 to 7 it was found that

Sr left the fluid phase regardless of whether biotite

or plagioclase was present. Also, when both minerals

were heated together, the Sr still preferred biotite.

Isotope dilution analyses for experiment 6 and 7 showed

that biotite probably gained Sr only.

:euser (1963) fouaid that Sr left biotite at 60000

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 minutes i.e. Sr moved bac: to the mineral. This

seems to indicate that the Sr simply adsorbed bac: onto
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the mica surface during the quench, and may or ray

not have returned into the lattice. Probably much the

same situation hold in experiment 7. At high tempera-

ture, the fluid phase can contain considerable Sr, but

not at low temperature. Therefore, it is concluded

that part of the reaction noted in these early experi-

ments is due to adsorption on cooling. A certain

amount of exchange has undoubtedly taken place, but

the fact that Sr from the fluid prefers biotite to a

"sink" ohase such as Ca plagioclase would suggest that

adsorption is certainly playing a role.

Applying this to the system biotite 3138-albite-

water it is 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 part of the Sr would adsorb

back onto the biotite grains. In addition, the biotite

has with time further increased its surface area by

partial breakdown. These small grains with their very

large surface area would adsorb Sr in a disproportionate

amount wth respect to their weight contribution to the

whole biotite sample. This will explain why the

discrepancy between mineral values and the original

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

As Sr migrates readily to albite, an attempt was

made to see how it adhered to the lattice. The albite

from experiment 21 was leached at room temperature with

five separate aliquots of 61T HOL. The mineral was

swirled in each aliquot for 10 minutes before the acid

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

Table 4-7

Results of Leaching_ on the Albite from Experiment 21.
n

Albite before leaching = 17.19 ppm Sr

Albite after leaching = 16.95 ppm Sr"

By studying the results in this table it is clear

that the Sr added to the albite is held rather firmly.

It could be located either in fractures or other grain

imperfections, in lattice defects or within the crystal

lattice as a result of an ion exchange reaction. It is

believed that further leaching experiments will not

determine which 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 this

removed 50% of the Sr, this does not prove that the Sr

has simply 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 only with time migrate to the
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interior. Therefore, even with a true ion exchange

reaction 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 in 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 greatly in

many respects. Fluorite, CaF 2 has cubic symmetry and a

face centered cubic structure with the highest possible

coordination (8:4) between the Ca and F ions; Albite,

(Na, Ca)AlSi3O8 , has trigonal symmetry and a 3 dimen-

sional tetrahedral framework structure . The cations

Nia+, K+ and 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 ions. 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

Albite, 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-F bonds in fluorite and thereby

allow Sr substitution.

The most striking phenomena of the movemen.t of

Sr, particularly in the systems biotite-albite, is the

much faster rate of migration of Srn than Sr87

Sr could reside in three nlaces in the biotite:

(1) the interlayer position

(2) in inclusions

(3) in the octahedral cation position

(1) The interlayer position
n

As mentioned earlier, Sr should reside in the

interlayer position of an undisturbed biotite lattice

in the same position as 3Sr 87. Both types of Sr

should then show the same pattern of migration. If

anything *Sr should migrate fLaster. This is the

presently held view, i.e. *Sr87 a small ion in a large

Rb site, is out of equilibrium with the mineral that

it is associated with and therefore should migrate

readily.

(2) Inclusions.

The Sra that has migrated could either have dif-

fused from the inclusions or been released when the

inclusions dissolved. It was seen earlier that biotite

3138 analysed after an experiment contained the same

2 05 content as the untreated mineral. This suggests
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that at least apatite has not dissolved extensively

during the course of the run. The effect of H20 as a

dissolving agent at higher temperature is not known.

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 known about

the diffusion properties in these minerals (apatite,

fluorite, etc.) so little can be said.

(3) Octahedral position

If Sr has not come from inclusions there remains

the interesting possibility that it resides 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 regional or thermal metamorphism

in which migration of ions occurred, it might be

possible that the Sr has entered into the octahedral

position when the mica lattice was distorted. All

three biotites used here are Precambrian in age and

have most likely suffered metamorphism. If this is

the case, the Srn ions are jammed in and should be

held rather tightly. But changes have occurred

in the octahedral position. Fe+ 2 has oxidized

to Fe+ 3 and apparently migrated out of the
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octahedral position. This is based on the observation

that a large increase in the quantity of opaque material

(iron oxides) is noted f"ollowing a run. During this

attack on the octahedral position it is possible that

Srn has drained from this site and migrated to albite.

This could be represented by a reaction such as:

Sr plagioclase molecule in biotite 02 Albite

In this connection, Eugster (1959) found that at a

T of 6000C and a Po 2 of 1019 atmospheres, Annite

broke down in the f'ollowing way:

Annite Magnetite + Sanidine + Vapour

He found that the same reaction occurred at 750 00 at a

Po2 of 10-17 atmospheres. The experimental systems

used in this investigation have a far higher Po2 than

Eugster's system. However, it must be pointed out here

that to form sanidine requires K 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 necessary for the experi-

ments biotite-albite-fluid to state that if the Srn is

coming from the octahedral position, it is the result

of a process that has not extensively affected the

interlayer position in biotite.

In conclusion all that can be stated is that the

Sr" that has migrated has probably not come from the

interlayer position. It could have been derived from
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either inclusions in the biotite or from the octa-

hedral position of the biotite lattice.

To sunnarize section 5 of this chapter the

following picture of Sr behavior is suggested.

(1) The Srn that has migrated has come t.ainly from

inclusions or from the octahedral position in the

biotite lattice. If Sr has migrated from the inter-

layer position, it would do so at the same rate as

*Sr87 . As very little *Sr 8 7 has moved, the Sra from

the interlayer position would not be noticed in compari-

son to the Srn coming from other sources.

(2) The reason for the markced difference in be-

havior of Sr toward albite and fluorite is due to the

nature of these two minerals. Sr is able to enter the

albite lattice without necessarily affecting an ion

exchange reaction, while this is not possible with

fluorite.

(3) The loss of Sr during the reaction is probably

due to a combination of disproportional adsorption of

Sr on the fine grained fraction of biotite because of

its increased surface area. This fine grained fraction

is then lost on separation. Also, part of the loss

might be due to inclusions freed during the time inter-

val of an experiment and lost on separation due to

their finc grain size.
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(4) I the Sr has come from the octahedral position

in the biotite, it was reed during some kind o

chemical reaction which affected this site but not

the interlayer position. It is associated in some way

with the oxidation of Ye.

(f) Diffusion

The study of diffusion is based on Ficks Law.

It can be stated in two ways:

:= -D c (1)

D ) 2 (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. Equation (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-

tion and uniform concentration at the surface is assumed,

then it is possible to obtain solutions* to Ficks: Law

for a sphere, cylinder, and slab (Carslaw and Jaeger,

1958, Barrer, 1941). These solutions are further
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simplified if the surface concentration is ta:en equal

to zoro. The most convenient -ray to express the equa-

tions is in terms of F, the fraction lost from the

mineral at anytime t.

(i) Slab - this applies to an infinite slab or a

slab rith impermeable edges.

F = 1- - Z -. exp [-n2-Tr2Dt
7r2n2 L f 42

~oddI22

Jrhere/ = half thickcness of the slab. For F<0.03

this series can be approximated by:

SD 776 F2
J2 -- i- 2 t

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

length or uith finite length having impermeable ends:

F =1 -Z . ex4ao t
1 02 aE" D

;rhcre a is the radius of the cylinder and A are the

roots of the Bessel -unction of the first k:ind and

zero order. For FO0.02, this can be approximated by:

.D I 1.945i
2

a 2  m 2t

S-ohere:

= 1 - --- Z
2 12ea
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where a is the radius of the siohere. If P is small

(<0.10) this can be approzimated by (Gerling and

Morozova 1962):

T a' a2

if FCO.01 it can be further aimroximated to:

D_ O.862F2

a 2 ~ 2t

Using these three models and the assumption of

zero surface concentration, the D/a2 values for

have been calculated for exeriments 9-21. The

results are listed in table 4-8.

The values as calculated are for the snecific

systems biotite-albite and biotite-fluorite. They are not
cosdrd o2 - . D sent 2 87 I~so

considered to represent /a values for *Sr difusion

from biotite for any system except the ones investigated

during the course of this study. The reason for this

is obvious from the preceedinrg discussion on Sr be-

haviour towards albite and fluorite.



Values o 2 D/a2

Biotite 3138
in L::oerimzenat

21

16

17

18

20

Table 4-8

for oSr (in 10-10 s )
Three - odels

Slab

7.0

5.0

3.5

0.7

0.3

Cy1incer

1.7

1.3

0.9

0.16

0.08

S-ohere

0.76

0.58

0.23

0.08

0.03

Biotite 3205
in Experinent

32

10 91.0

120

8.1

23.0

31.0

4.1

0.812

4.5

11.0

14.0

1.8

At 600cC (21, 16, 17): Average Slab

" Cylinder

At 45000 (18, 20)

= 5.2 X 10-10 sec~

= 1.3 X 1010 Sec~

" Spohere = 0.5 X 10-10 sec-1

Slab = 0.5 X 10-10 se-

Cylinder = 0.12 X 10-10 sec~

" Sphere = 0.05 X 1 0  sec

A precision error of t 30/ is placed on these numbers.

This is equal to 2 ~ or 95 confidence limits. The

absolute accuracy is unkno1.
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The diffusion coefficient D itself cannot be

determined, because the diffusion radius is uinnown.

The radius of the biotite grain itself is kiown, 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 lattice

imperfection and thus readily escaped. Therefore, it

is necessary to deal with D/a2

The activation energy involved in the diffusion of

Sr 87 can be determined by use of the Arrenhius equation.:

D D act
a2 a2 RTa2

where a = diffusion radius
D

= - a constant, the frequency factor
a 2

act = the activation energy in calories/mole

R = the gas constant = 1.987 calories/mole-degree

T = the temperature in degrees Xelvin

By plotting log1 0 D/a 2 versus l/T, the Eact is

determined from the slope of the line (equal to

- act). The data in Table 4-8 have been treated in
2. 303R

this way and the results are seon in figure 4-7.

On the basis that Sr" in the biotite and albite have

8r07 /Sr86 ratios of 0.710, the Eact for the difusion

of *:r 8 7 from biotite 3133 to albite is 20 Kcal/mole

in the temperature range 6000-45000. This calculation
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is based on the cylindrical model believed to be the

best ainrozimation to biotite.

A line is seen connecting the data for 65000 with

that for 600 0C. It must be remembered that two di-

ferent biotites are involved here, biotite 3205 at 650 0

and biotite 3138 at 60000. However, if the discussion

is restricted to the migration of *Sr 8 7 from the biotite

interlayer position, then it is believed that these two

biotites can be considered as one. Loolcing at figure

4-7 it is seen that a much higher Eact of 84 Kcal/mole

exists between 6500-60000 than in the temperature range

600-45000. An 'act of 60 Kcal/mole is found for the

system biotite 3205 - fluorite in the temperature

range 750-6500C. The ]act for this system is less in

value than that for migration at 650-600 0. However,

notice that the D/a 2 value for :'Sr diffusion from

biotite 3205 to fluorite is the seie at 75000 as the

D/a 2 for biotite 3205 to albite at 65000. This is

compatible with what uas concluded earlier. That is,

Sr migrates at a faster rate to albite than to fluorite.

By kcnowing the Zact values it is now possible to

dotermine thtime-temprature-D/a2 relationships as

they might apply in geological circunstances. For

example, in table 4-9 the temperatures required for 2O

loss and 50. o *3r 8 7 from 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 Eact values of 20, 60, and 84 Kcal/

mole.

An attemot was made to determine a maximum value

for the Sr87/Sr86 ratio of Sr in biotite 3138 and

3205 to see to what degree this ratio might vary from

0.710. By knowing the total Sr content in albite before

the run and the total content following the run, it

was possible to determine the averae Sr8 /Sr86 ratio

of the migrating Sr in the time interval of the run.

The results of the calculations are sen in table 4-10.

For the system biotite 3138-albite-water the mini-

mum value is Found to be 0.75 (experiment 20). For

the system biotite 3205-albite-water it is 1.1. This

latter system was run at such a temperature that

certainly was migrating. Therefore this value is not

o much use. In experiments 13 and 17 the fluid phase

was analysed for its Sr87/Sr86 ratio. For experiment

13 (with biotite 3205) it is approximately 0.76 and in

experiment17 (with biotite 3138) it is approximately

0.74. These values must represent the maximum Sro7

Sr86 ratios of Sr" for these two biotites. The mini-

mum value 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

Tem -oerature at r bhichOuld be lost from Biotite in timr of one

mi llion.onehundr ed in-illi on and_ one billi on ooar s .

D Z'a1t( sc~ onle -*Wr8  l0ossof*r

1 ny . 100 1 0b.0 .y 1Qm.y 1 by.
0 0

(1) 20 8000 2500 - 1700C 9500 6000

(2) Go 34000 29000 26500 43000 36000 3350C

(3) 85 36000 3200 30000 43000 37500 36000

(1) Corresponds to the experimental system biotite 3138-albite in the temperature
range 600-45000.

(2) Corresponds to the experimental system biotite 3205-fluorite in the temperature
range 750-650o0.

(3) Corresponds to the experimental system biotite 3205-albite in the temperature
range 65o-6o000.



Table 4-10

Smtarv, of Results for libite and Fluorite onSr iration in Terms of the Isotoles:

86 87 n 88
Sr sr nCdSr

Final Sr (Pl s)

10 1.55 1.10 12.99 1.63 1.50 1

Difference I4ijrated Sr
88 86 8 i< 87/

3.68 0.08 0.40 0.67 5.0

13 0.37 0.34

14 0.37 0.34

18 0.31 0.29

20 0.31 0.30

21 0.31 0.30

16 0.31 0.29

17 0.31 0.29

3.09 1.53 1.58 12.79 1.16 1.24 9.70 1.1

3.09 1.56 1.69 13.09 1.19 1.35 10.00 1.1

2.62 1.45 1.15 12.00 1.12 0.86 9.38 0.77

2.63 1.67 1.31 13.97 1.36 1.01 11.34 0.75

2.63 1.44 1.16 12.08 1.13 0.86 9.45 0.76

2.62 1.65 1.34 13.80 1.34 1.05 11.18 0.78

2.62 1.65 1.37 13.84 1.34 1.08 11.22 0.81

Tp.
110.

Initial r ( a.)

86 01088
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of1. i8will be based on an Sr /Sr86 ratio of Zrn

equal to 0.710. But it must be 1ept in mind that it

could indeed be higher than this value.

As the ratio of 0.710 is assumed or Srn in these

biotites, the D/a2 values calculated here must repres-

ent maximum values, i.e. minimum Eact values, to be

found in the experimental systems. I the value of 20

Kcal/mole for Eact is applied to temperature-time con-

ditions in the earth, it is seen that significant -Sr

loss from biotite could occur over geologic time without

the help of a thermal event at some time subsecuent to

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

a temperature of 6000, 50% of the *Sr87 could be lost

from biotite. This implies that all precambrian biotite

should show signifLicant *Srloss. However, the data

for the systems biotite 3205-albite and biotite 3205-

fluorite suggest that a thermal event is indeed needed

for any significant *Sr87 migration to occur. The

incompatability of these latter results with the system

biotite 3138-albite necessitates a further looL: at the

cause of *Sr loss from biotite in the temperature

range 600-4500C.

Looking at figure 4-3 once again it appears that

the movement of *Sr is reaching a 'lateau" value in

the region of1 0.15-0.20/,ags. This could represent an
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approach to an equilibrium situation in which Sr

partitions itself betWeen biotite and albite. For SrA

(figure 4-1) this appears to have occurred after 45

hours. Therefore if a true equilibrium situation for

Sr is being established in albite at 60000 then Sr

migration should cease after 45 hours. This is not

the case and suggests that equilibrium has not been

reached in the experimental system in the time allowed.

The appearance of equilibrium is due to the rapid

movement of Srn from some 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 -Sr continue to migrate from

the interlayer position. However the quantity is so

small in comparison to the quantity added to the albite

from the impurities etc., that it causes little dii-

.Frence to the value obtained for the total Sr moved.

It is suggested, but not proved, that the ZSr

migrating from biotite to albite in the temperature

range of 600-460 0 with an Eact of 20 Kcal/mole is coming

from the grain surface, grain imperfections or some

crystal defect. This represents a desorption process

rather than volume diffusion and corresponds to the low

temperature loss of Ar from mica as found by £a.irkhanoff

et al (see page 4 chapter I for references). If the

plateau value of 0.15-0.20Agns is correct this means
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that about 2 of the *Sr in biotite 313 is residing

in locations other than the interlayer position of the

biotite. That desorption at lower temueratures could

be the case is further suggested by the "knee" in the

log1 Da 2 versus 1/T plot (figure 4-7) occurring between

6500 and 450 0 for the system biotite-albite. The

slope of the line between 60000 and 650 00 may repres-

ent more closely -act values necessary for true volume

diffusion of *Sr87 from the interlayer position in

biotite.

The D/a 2 -temperature -tine conditions as derived

from the data in the temperature range 750-600 C (the

syrstems biotite 3205-fluorite and biotite 3205-albite)

are compatible with conditions expected in nature. For

example, 50% of the *Sr could be lost from the biotite

in 1 m.y. at a temerature of 43000, a temperature

certainly within the metamorohic 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 0 ., The runs

at 60000 and 1000 bars oressure (biotite 3138) are

within the stability limits of biotite except for the

high Po2 which causes oxidation as noted. At 650 00 and

500 bars it is marginal and at 75000 and 200 bars it is

outside the stability linits. That is, at these hiGher

temperatures and low total pressure biotite (either 3138
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or 3205) should start to lose its structural water.

There does exist therefore the strong possibility that

the Sr being released at high temperature is due in

large part to the breakdown of the interlayer position

of the biotite. In this connection, Gerling and

:orozova (1957) and Saradov(1961) believe that the loss

of Ar from the interlayer position in micas will only

come about when the mica begins to break down by giving

off its structural waters. Also Gerling et al (1963)

found that the higher the Fe+3 /pe+2 ratio in biotites

the lower the Eact for the release of Ar. They con-

clude that the entry of Fe+3 into the structure somehow

"loosens" it uo and mares diffusion easier.

(g) Thermodynamics

At the outset of this investigation it was hoped

to apply the laws of Thermodynamics as they might

apply to trace element distribution. To apply such

laws to either the Sra or *Sr 8 7 data, the equilibrium

values must be knoun or predictable.

Looking at figures 4-1 and 4-2 it could be stated

that at 60000 Srn has reached an eauilibrium value in

albite and at 450 0 it has done so in biotite. But at

60000 and 45000 this cannot be stated for biotite and

albite respectively. Also, there exists the problem

of Sr imbalance in all these exoeriments. Even more,
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the original location of the Srn that has migrated

is uncertain.

For *Sr it is safe to say that equilibrium has

not even been closely approached. It appears that at

45000 Sr87 has ceased to migrate. As stated in the

previous section, this probably represents *Sr 8 from

imperfections and not from a Rb site in the lattice.

At 6000 it is seen that *Sr87 is just beginning to move

after 112 hours. Certainly part of this *Sr 8 7 also is

coming from lattice imperfections. In any event, equi-

librim of *Sr between biotite and albite has not been

attained in the time allowed.

In the same sense, real equilibrium has not been

reached for Sr. It is certain that some Sr resides

in its proper place in the interlayer position, but

has not migrated any faster than *r8. The Srn that

has migrated is primarily from a different location. As

mentioned earlier.the reason that it appears no Sr has

migrated between 45 hours (16) and 112 hours (17) is

that Srn was removed and perhaps completely drained

from the unknown location after 45 hours. In the time

interval from 45- 112 hours Srm was still migrating from

the interlayer position, but its quantity was so low

that it created no noticeable increase.
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In conclusion it can be stated that due to

kinetic effects, an equilibrium distribution o, Srn

and *Sr betTeen albite and biotite or betTeen fluorite

and biotite has not been achieved in the time allotted.
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CHAPTER V

S0IT2 A iTD CONCLCIUSIOITS.

1. Sumnary and Conclusions

The early experiments with the system biotite

3086-Ca plagioclace-Sr solution demon strate clearly

the difficulty in determining whether a given movement

of Sr from the fluid to the solid phase is a true ion

exchange reaction or adsorption. The evidence.seems

to show that a large proportion of the Sr has simply

adsorbed onto the biotite grain surfaces. This is based

on the resutlts whereby Sr preferred biotite to a Ca

plagioclase, the latter being the obvious phase for

Sr.

This adsorption of Sr onto the mica surface is

believed connected to the problem of Sr loss durinrg

the course of any one experiment. It was concluded

that Sr from the fluid phase adsorbed onto the mica

flakes during the Quenching stage of the experimental

procedure. The fine sized mica flalkes, produced

durincg the course of the run adsorbed a disproportion-

ate =-ount of Sr with respect to their weight con-

tribution to the whole biotite sample. These small

mica fla-res were then lost during magnetic separation

and created the imbalance seen in the runs.

The Srn which nigrated from biotite to either
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fluorite or albite came primarily from impurities -oith-
in the biotite grain and/or from the octahedral posi-

tion o f the biotite. Srn rom the interlayer position

Tas almost certainly migrating as well, but was doing

so at the same rate as *sr3, thus its contribution to

the total Srn that migrated to albite was nbgligible.

The loss of the majority of Sr from the biotite

is not believed to be a diffusion controlled process,

but is somehow; associated with the dissolution of

impurities such as ap[atite and fluorite or with the

chemical reactions occurring in the octahedral posi-

tion in the biotite.
87/s 86 ru -The maximum value of the Sr/Sr ratio of Sr"

in biotite 3205 and biotite 3138 was found to be 0.76

and 0.74 respectively. Ila order that a comparison

could be made betTeon these two biotites as regards to

*Sr diffusion, it was decided to use a value of

0.710 for Srn. In this way the /a2 constants for

I.Sr migration from biotite to albite or fluorite

have their maximum values.
2 87

a/ values Tor N-Sr movement from biotite to

albite and fluorite were determined using the relation-

shi-os of voltne diffusion. They were found to vary
-12i

from 3 10~9 sec~1 at 6500 to 8 X 10 sec 1 at

45000. It was suggested but not proved, that the loss
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of *Sr in the experimental temperature range of

600-450 0C was the result of a desorpttion process from

grain surfaces, grain imperfections and crystal

defects in the biotite. It was calculated that approxi-

mately 2' of the ""r in biotite 3138 occurred in

localities other than the interlayer position. The

experimentally derived _Ect and D/a 2 values in the

temperature range 600-7500 -were found to be compa2-

ible with the idea o: volume diffusion loss of' Sr8

during a thermal event. It was found that 50/ ofr the

*)r could be lost from a biotite at 4300 0 in 1 m.y.

in a natural roc: system similar to the experimental

system. It was pointed out that due to the low total

pLressure and high P02 of the experiments carried out

in the temperature range 600-750 0 that the *sr87

liberated in these experiments could also have occurred

inhen the biotite poartially brokce donr by giving up its

structural water and also during the oxidation of the

Fe.

Finally, it was found that the movement of Srn

an d 1S depended on the second mineral phase present

vrith the biotite. The movement of Sr from biotite in

the Dresence of an ionic non-silicate phase such as

fluorite was slower than in the presence oF albite.
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2. Suggestions for further wor:

In the present investigation, three mineral

phases were used and for each system an attempt uas

made to reach equilibrium with respect to Sr distribu-

tion anons the phases. This proved to be unprofitable.

A better approach would be the study of all the mineral

ohases of a particular rock system, treated hydro-

thermally two at a time, for a definite time period.,

without concern for equilibrium. In this way, it

should be oossible 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 and

eoidote.

For 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 during dehydration or recrystallization.

Such studies could lead to knowledge of the location

of the Sr in the crystal lattice.

The systems could be studied with a variety of

liquid phases and undcr "dry conditions.

It should also prove profitable to study Sr ex-

change reactions in various mineral phases umder

d.ynamic conditions as reportcd by Kulp and Engel (1963)

on micas.
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APPE'"NDIX A

TREZATMENT AIM DiESRIPTIONS0F MIRERALS

1. Purification of the inerals

Al three biotite samples came from biotite con-

centrates 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 magnetijte. The grains were then

passed through a Frantz Isodynamic Iagnetic Separator,

first at a current of approximately 0.1 amperes and

then at a current of aporoximately 0.36 amperes. Pre-

liminary tests showed that this range of current

oroduced biotites of minimum impurity. The separator

had a forward tilt of 250 and a side tilt of 150.

Passages were made at bot74 of these currents until

collection was entirely in one cup or the other. This

orocedure was repeated for every size fraction of

interest and the various ractions' desired were then

collected in one stock bottle for subsequent use in

the experiments. All samles 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 and 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 repeated for every size

fraction until all imurities 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

maximum 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 a 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 clear mineral of

slightly less relief than the biotite (apatite?) This

latter inclusion is seen only under the highest magni-

fication. A estimate of the total content of inclusions
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is 0.5o" by volzme.

(b) Biotite 3205 is from the Birch Lake Granite, Hart

Township, Ontario. Its colour is greenish brown show-

ing some alteration to chlorite. Once again iron oxide

and apatite(?) are the main inclusions. Estimate of

inclusions is placed at 10 by volume.

(c) Biotite 3138 is from a granitic body 14 Yailes

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

a clear mineral, probably apatite. The main inclusion

is zircon. Estimate of inclusions is placed at 0.5-1.0c5.

(d) The albite is of the cleavlandite variety and is

from the Strickland pegmatite, Connecticut. It is part

of the whole rock samole R4725 (M.I.T. laboratory col-

lections). The mineral is free of impurities except

for some alteration to sericite and kaolinite. The

anount varies from grain to grain but is very minor on

the whole.

(e) The calcium plagioclase, approximating to An50-60
in composition, is almost free of impurities except for

a very slight alteration to a mineral of relatively

high relief, identified as epidote. This specimen is

of unknown origin. It shows good twinning but no zoning.

(f) The fluorite is very clean, and no impiurities were

found. It is a vein fluorite of unknown origin.
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APPENTIX B

_DEPARATION OF AQUEOUS SOLUTIONS

1. Solutions A and B.
841

Two 50 mi aliquots of a Sr84 enriched spike

19.5,agms/ml) were pipetted into 100 ml vycor dishes,

and evaporated to dryness. The residues were dissolved

in distilled, demineralized water. One portion was

transferred to a 50 ml volumetric flask, the other to a

25 ml volumetric flask. Both 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 CaCO7 and 0.5 gram of K08H4 01, were placed

in a weighing bottle and dried overnight at 9500. They

were subsequently removed and placed in a desiccator

for 15 minutes, and then weighed. The contents of the

weighing bottles were placed in a 1000 ml beaker and

dissolved slowly in weak (--O.l N) HOL. The beaker was

washed repeatedly 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 200.02,/ms Ca/ml and 47.90,gms K/ml at 2000.
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3. Solutions D and 2.

Solution E is a previously prepared potassium

standard of KHC8H404 containing 1030,,Agrs K/ml. Solu-

tion D was preoared 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

contains 41.2,pgms K/ml.
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