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ABSTRACT
Samples of a potassium feldspar were sealed in

■•

■gold capsules and subjected to 0.95 Kbar pressure and high
temperatures in the presence of various solutions in an ,
attempt to induce Sr diffusion.

After t r e a t m en t th e

samples were acid washed3 analyzed for Sr, and Sr isotopic
ratios were determined.
Using a solution to sample ratio of 0.10, a solu
tion containing 20,800 ppm Na, 10,400 ppm K, and 4,800 ppm
Ca resulted in no significant change in the Sr content of
..the sample at 900°C in 186 hours.

Samples in contact with

more dilute solutions were heated, for up to 409 hours with
no Sr loss.

The same results were obtained using a solu

tion containing 8,240 ppm Ba.
In the presence of a solution containing 5,260 ppm
Sr, the sample accepted virtually all of the Sr available \
and increased its Sr content by a factor of 3•4 .in less than
143 hours at 900°C.

Isotopic equilibration also took place.

The mechanism is believed to be replacement of Ca by Sr.
When solid OaClg and water were added such that the
CaClg to sample ratio was 0.08 and the water to sample ratio
was 0.10, a near equilibrium value, of 30% Sr loss from the
sample was achieved in less than 25.0 hours at 900°C.
viii

The limiting factor is interpreted to be the dis
tribution coefficients governing the partitioning of Ca
and Sr -between the various phases.

CHAPTER 1
THE PROBLEM OF STRONTIUM DIFFUSION,
Introduction
The main objective of geology as a science is to
gain a better understanding of natural earth processes.
These processes may. function for millions of years,. while
man has only a limited span of time during which he may
study them.

The fact that a process is very slow, however,

does not diminish its importance nor lessen its need for
study.

Diffusion in minerals is one of those natural

processes which is often very slow.

Diffusion cannot

generally be observed in nature; therefore, it is neces
sary to create conditions in the laboratory which will
allow observation,

The information gained may then be

extrapolated to understand what takes place under natural
conditions.
.As defined by Jensen (1965), diffusion is the
process by which atoms, molecules, or ions move from one
position to another within a solvent phase under the
influence of a chemical potential gradient.

Diffusion in

and through liquids and gases is a very rapid process, but
.when the solvent phase is a solid, diffusion can be very
slow,
•'
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Diffusion is not completely understood and, there
'

■■ ’

fore, not completely predictable.

When one considers dif

fusion in a mineral which has a variable and very complex
chemistry and structure, theoretical approaches become
even more difficult.

The purpose of the following investi

gation was to find a method with which strontium diffusion
processes could be studied.
The Importance' of Sr Diffusion
The rate of diffusion of Sr is of particular in
terest because of its importance to the Rb-Sr dating tech
nique.

Early workers in this area noticed that ages

determined on different minerals from the same rock speci
men did not always.agree.

With the development of the

whole-rock method, it was recognized that mineral ages
agreed with whole-rock ages in some rocks, but not in
others»
Most authors generally attribute, this disagreement
to a redistribution of Sr during a post formation event
such as metamorphism.

During such an event the mineral

phases of a rock could become locally equilibrated with
respect to their isotopic Sr composition, while larger
scale equilibration might not be possible.
dates would then be unaffected.

Whole-rock

There is disagreement on

how the equilibration takes place.

Some authors believe

that only radiogenic Sr is exchanged, while others feel

■

:
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that all Sr isotopes are free to move at approximately the
same rate.
A better understanding of this equilibration process
could' be obtained if more data on the rate and mechanism
of Sr diffusion were available.

It is, therefore, necessary

to develop a method of monitoring Sr diffusion. ■
The Theory of Diffusion
Diffusion rates can be expressed quantitatively by
use of Pick's First and Second Laws.

Fick (1855) placed

diffusion on a rational mathematical basis by analogy to
the equations pertaining to heat conduction.

These laws

may also be derived from rate theory or statistical mechan
ics (Jensen, 1965; Fyfe, Turner, and Yerhoogen, 1958).
Pick’s First Law may be written

and assumes constant temperature and pressure.

This law

applies to diffusion in the x direction only, in an iso
tropic substance.

J is the flux of particles, or the num

ber of particles crossing through unit area perpendicular
to x in unit time.

The symbols c and x represent concentra
te
tion and distance, respectively, and
is the concentration

gradient in the x direction.

D is the diffusion coefficient,

and has units of area divided by time.

If one considers

4
3-dimensional diffusion in an isotropic substance, Pick's
First Law becomes
j = -D < ! f + !? + & •

(2)

Pick's First Law assumes that the concentration
gradient is constant with time, and since this is not gen
erally true, Pick's Second Law was formulated to account
for a changing gradient.
6c

6^c 6^c

6^c

^ =
D(7 ? + V +
(3)
A complete discussion of the mathematics of dif
fusion is given by Jost (i960).

The following equations,

taken from Jost, give Pick's Second Law as related to dif
fusion out of a cylinder or a sphere.
■|| =
ot

D-i-|
6x

=

D-^5.

6t

6x

+| i-|
x 6xd
+|

*_|

cylinder (4 )

sphere (5)

x

These equations assume that D is independent of concentra
tion .
As an approximation, one may assume that the loss
of an element from a solid to a liquid by diffusion is a
simple reversible reaction of the form

As

t

Al

(6)

where Ag is element A in the solid phase and A|_ is element
A in the liquid phase.Then

5
d(As )
— — = -k-j^Ag) + k2 (AL )

(7)

where d(As )/dt is the rate of concentration change of A in
the solid, kj and kg are the rate constants for the forward
and reverse reactions respectively, and (As ) and (A^) are
the concentrations of element A in the solid and liquid
phases.

Since
(Al) = (As )0 - (As)

(8)

where (As )0 is the original concentration of A in the solid
phase, equation 7 may be written
d(As)/dt = k2 (As)0 - (k1 + k2)(As ).

(9 )

Integration of this equation yields
(ki + k2)(As ) - k2 (As)0
-------k^CA.%);----------- =

.
exp [-(k! + k2 )t],

(10)

At equilibrium,
^l^s^eq ” ^2 ^

^eq

(11)

and since
(A )e q

(Ag)^

~

(Ag)eq

(12)

then
(A s ^eq " k 2^A s^o/(k l + k 2^

^1 3)

and
(As )0 -

(A s )eq = k 1 (As )0/ ( k 1 + kg).

(14)

Equation 10 may be written
(As ) - kg(As )q
kl + k2
kl(As )0

=

exp[~(k]_ + kg)t] .

(15)

kl + kg
Substituting equations 13 and 14 gives
( ^ 5 ) 0

"

( A g ) e q

(ast

= exp«ki + k2)t]

d6)

This can be rewritten as
(As ) = [(As)o - (As )eq] exp [-(kq + kg)t] + (Ag )eq
If kq + kg =

where

(17)

is the rate constant for the dif

fusion process, then equation 17 may be rearranged to
(Ag) = (As )0 exp (-Xdt ) + (As )eq [1 - exp (-Xdt )]

(18)

Damon (1968) has given an approximate solution for
Xd as it refers to Ar diffusion as
Xd

-

(19)

x

where g is a geometry factor, D is the diffusion coef
ficient, and x is the diffusion distance.

For an infinite

slab, a cylinder of infinite length, and a sphere, Damon
gives g values of 14.2, 12.5 , and 35.7, respectively.
These values were calculated assuming that both (Ag) and
(As )0 are much larger than (As )eq.

Previous•Investigations
Unfortunately, many of the measurements of dif
fusion rates which have been made, have been performed by
metallurgists and physical chemists on materials which
would be of little interest to geologists.

However, there

.is a growing number of measurements of geologic interest.
Yerhoogen (1952) studied the rate of diffusion of
Li, Na, and K in quartz.

He accomplished his measurements

by spreading a

thin layer of non-volatile salt

of the ion

under study on

a platinum foil resting on a lower massive

copper electrode inside a furnace. . A plate of

quartz 2 or

3 mm thick and

placed on

4 or 5 cm2 in cross-section was

the salt layer and covered by a second platinum foil.

A

heavy copper upper electrode weighted the assemblage to
maintain good contact.

The two copper electrodes were

connected to a DC constant voltage supply, adjustable in
the range 100-350 volts, the upper electrode; being the
negative one.

The metallic positive ions were accelerated .

towards the upper electrode and moved across the quartz
plate.

The current developed by the moving ions was mea

sured by means of a sensitive galvanometer and was propor
tional to the concentration and the velocity of the dif
fusing ions.

The ions were collected on the upper platinum

foil as a mixture of hydroxides and hydrous carbonates and

.
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the total amount transferred in a given time determined by
weighing,
Jensen (1952) measured the rate of Na diffusion in
microcline-perthite.

Cylinders of microcline-perthite were

drilled from a larger specimen and one end was polished and
covered with a slip coating of NagCOg containing; N a ^ . , The
cylinder was then dried at 110°C and; fired for five minutes
at 80'0°C so that the NagCOg formed a glaze to provide good
contact with the specimen surface.

The specimen was then

sealed in Vycor tubing and heated to high temperature.
After heating, successive layers were ground from the end
of the cylinder, the length and weight of the remaining
sample determined, and the concentration of Na 22 in the

••

grindings determined using radioactive counting techniques.
Sippel (1963) measured the rate of Na self diffusion
in analcite, obsidian, cryolite, sodalite, nepheline, microcline, albite, orthoclase, and acmite.

His technique con

sisted of bombarding a small slice of mineral with deuterons
employing a 2 MeV Van de Graaf accelerator. The bombardment
pli
resulted in production of Na
in a superficial layer ap
proximately 20 microns thick.

The specimens were then

annealed in an oven at varying temperatures for varying
lengths of time, and the depth of penetration of the- radio
active Na was determined.

This determination was made by

counting the grindings with an end window Geiger counter.

■ ■■ • '

■■

/■■. .

: .,

Using the amount and depth of penetration,■diffusion coef
ficients were calculated.
Ry.bach and Laves (1967) measured the rate of Na
diffusion in quartz.

Their procedure consisted of cutting

homogeneous slabs from individual quartz crystals and em
bedding these slabs in salt mixtures such that all sides
contacted the salt.

The specimens were then annealed at

high temperature and changes in concentration within the
quartz were monitored using IR measurements and neutron
activation analysis.
Several investigations have been conducted to de
termine the rate of Ar diffusion out of minerals (Evernden,
Curtis, Kistler, and Obradovich, I960; Amirkhanoff, Brandt,
and Bar nit sky, 1961;. 'Baadsgaard, Lipson, and Folinsbee,
1961; Gerling, Levskii, and Morozova, 1963; Fechtig and
Kalbitzer, 1966; Laughlin, 1969).

The method used in

these investigations consists of outgassing a mineral
sample under vacuum and- then determining the amount of
Ar given off by mass spectrometry.
To the author's knowledge, the only two experi
mental investigations of Sr diffusion in minerals completed
to date are those of Deuser. (1963) and' McNutt (1964).
Deuser subjected samples of muscovite and blotite to high
temperatures and pressures in the presence of a solution
containing isotopically marked Sr -and Rb.

He found that

9
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Sr could be leached from the micas at temperatures from
'200°C to 6000C a n d that non-radiogenic Sr was released
more easily than radiogenic.Sr.
McNutt conducted similar experiments with biotite3
introducing another phase (albite or fluorite) to act as
an acceptor for the Sr diffusing out of the biotite.

The •

biotite3 the acceptor phase, and a water solution were
sealed in a copper capsule, and subjected to high, pressures
and temperatures.

After quenching, the two mineral phases

were separated and analyzed for their Sr contents by iso
tope dilution mass spectrometry,
.•

McNutt found that Sr moved from biotite to the

acceptor phase in the temperature range 450°C to 750°C,
and that movement of non-radiogenic Sr was more rapid than
movement of radiogenic Sr.

He suggested that the loss of

radiogenic Sr in the temperature range 450°C to 600°C was
the result of desorption processes from grain surfaces,
grain imperfections, and crystal defects in the biotite.
The Sr loss in the temperature range 600°C to 750°C was
attributed to volume diffusion, and diffusion parameters,
were calculated from this data.
McNutt's results are complicated by the fact that
alteration of biotite invariably occurred, and no attempt
was made to remove Sr which may have been held on the
surfaces of the minerals by surface adsorption.

The

.

'
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presence of a second solid phase also complicates the In
terpretation since the phase which allows the slowest move
ment of Sr controls the reaction rate.
Purpose of the Investigation
The purpose of this study was to determine a method
for measuring the diffusion rate of Sr in a potassium
feldspar.

This mineral was chosen because of its presence

in most rocks, and its common use in Rb-Sr dating.
Mineral separation techniques were employed to ac
quire .a high purity sample of potassium feldspar. ■ The
purity of the sample was checked using x-ray diffraction
and potassium.analyses,

After determination of the Sr

content and Sr isotope ratios, a small amount of the sample
was sealed in a gold capsule along with a solution of known
•composition.

The capsule was then placed in a high pres

sure hydrothermal chamber, referred to as a bomb, and heated
for a predetermined, length of time.

After the heating

period, the sample was removed, washed, and its Sr content
determined by x-ray fluorescence spectrometry.

X-ray dif

fraction patterns were determined to identify the phase
present.. Isotope ratio measurements were performed on
selected samples.

CHAPTER 2
EXPERIMENTAL PROCEDURE
All of the experimental methods utilized in this
study are standard techniques5 and have been discussed in
theory by many other workers.

Therefore, theory is not

discussed, but the procedures used are presented.
All routine calculations were made using an Olivetti
Underwood Programma 101 desk-top computer.

Standard devia

tions given refer to the iq confidence level.
Mineral Separation
The mineral used in this.investigation was separated
from a sample of Oracle Quartz Monzonite provided by Dr.
D, E. Livingston.

Dr. Livingston had already crushed the

rock and separated -60+80 and -80 mesh sieve fractions.
The -60+80 fraction was resieved, and the -80+115 fraction
separated from the remainder of the material.
was done using 8" sieves.

All sieving

The two splits were then sep

arated using identical procedures.
Each split of the sample was backwashed with tap .
water in a two liter separatory funnel to remove all adhering rock powder and much of the thinly cleaved biotite.
After drying, the sample was passed through a Carpco
.

■

magnetic separator.

13

The first two passes were with the

magnet-gap set at maximum and with currents of 0.18 amps
and 1.4. amps respectively.

The last pass through the Carpco

magnetic separator was with a minimum magnet gap and a cur
rent of 2.0 amps.

At this point the sample was free of

all magnetite grains, iron filings, and much of the biotite.
That fraction of the sample which had been caught
on the non-magnetic side after the third pass was further
purified using a sloping, asymmetrically vibrating plate.
On this device the rounded and equidimensional grains roll
down the plate off the edge perpendicular to the direction of vibration, while the flat grains are carried across the
plate parallel to the direction of vibration and fall off
the end.

This method allowed separation of most of the

remaining biotite,
The rounded and equidimensional grains, which con
sisted primarily of feldspar and quartz,.were then passed
through a Frantz Isodynamic separator.
fraction was retained each time.

The non-magnetic

The first pass was with

a forward slope of 18.5°, a side slope of 5.0°, and a
current setting of 0.6 amps.

All remaining biotite grains

in the sample were removed at this step, - Another pass with
the same slopes, but with a current of 1.6 amps, removed
many other grains which contained small inclusions of mag
netite and compound grains containing biotite.

14
The final purification was made with heavy liquids.
Acetylene tetrabromide (density = 2.95) was diluted, with
acetone, and the resulting density was checked with a hy
drometer,

One-half of the solution prepared was poured

into a two liter separatory funnel, a portion of the par
tially purified sample added, and the rest of the liquid
then poured in.

The mixture was well stirred, allowed to

settle, and the completely separated solid phases were
drained into separate filter papers and washed several
times with acetone and with water.

The small amount of

material which neither sank nor floated, was always col
lected with the fraction to be discarded,

-:

The first flotation was done with a liquid of
density 2,62.

At this density, most of the plagioclase

and quartz sank while the microcline floated.
separation was made at a density of 2.52.

The next

The microcline.

sank at this density while any particles of light foreign
material which may have contaminated the sample were
floated off,'

The final flotation was at a density of 2,56

and allowed removal of any remaining plagioclase, quartz,
or composite grains containing either of these two min
erals ,
Inspection with a binocular microscope, indicated
that the sample was very pure microcline, but that sieving
had not been complete.

The two splits of the purified

- 15

.

sample were resieved with 8" sieves and the sizes then
further broken down using 3” sieves.

The sieve fractions

from the two splits were combined and the following mesh
sizes were collected:

-60+803 -80+100, -100+115, -115+150,

-150+170, -170+200, and -200.
X-ray Diffraction
All x-ray diffraction work was done on a Philips
x-ray unit using a Cu tube with a Ni filter.
operated at 40 KV and 20 m a .

The tube was

Powder patterns were taken

using a 114.6 mm Debye-Sherrer camera, and spindles were
prepared by rolling the powdered sample with Duco cement.
Diffraction patterns were run on each sample using
a standard aluminum sample holder.

For routine work the

goniometer was rotated at a rate of 2° per minute. , However,
when greater resolution was desired, a rate of 1° per
minute was used.
Potassium. Analyses
A H potassium analyses were performed on a modified
model 146 Perkin Elmer flame photometer using lithium in
ternal standard and a natural gas-air flame.

The instru

ment was equipped with a Bausch and Lomb k768 interference
filter.
The samples were prepared by weighing 0,100±0.002 g
of pulverized material into acid cleaned teflon crucibles.
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Six ml of 1:1 HgSO^ and approximately 30 ml of HP were
added.

The crucibles were then covered with teflon lids

and heated on a hot plate until digestion had taken place
and all HP was driven off,

A blank was included with each

group of samples digested.

The samples were then washed

into 200.ml volumetric flasks, a buffer solution added, and
brought up to volume,

The buffer solution was approx

imately 8000 ppm Li and 10,000 ppm Na and was added to
both the unknowns and the standard solutions such that the
final concentrations were 800 ppm Li and 1000 ppm Na.
The standard solutions were prepared using potas
sium acid thalate as the source of potassium and had the
same concentrations of buffer solution and HgSOij. as the
unknowns.

The standards were made by preparing a primary

1000 ppm potassium standard, pipeting a portion of this
into a 500 ml volumetric flask, adding buffer and HpSO^,
and filling to volume.
The standards used for analysis of the samples in
this investigation contained 50 ppm and 80 ppm potassium.
The actual analysis procedure consisted of atomizing a
small amount of the 80 ppm K standard solution, recording
the instrument reading, then atomizing the unknown solution,
and finally the 50 ppm K standard solution.

This process

was then repeated in the reverse order, and the entire pro- .
cedure repeated three times, thus giving six sets of data.
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The mean•concentration of the solution was then calculated
and converted to percent K in the mineral sample.
A summary of analytical precisions and a list of
interlaboratory standards analyzed using this procedure
are given by Damon and associates (.1969).
Isotope Ratio Peterminations

-

The procedure for measurement of Sr isotope ratios
used in this study varied only slightly from that of
Livingston (1969),

Although the procedure varied somewhat

during the course of the project, the method presented here
was most efficient.
The water used during sample preparation was first
doubly distilled and then run through a deionizing column.
All HC1 was prepared by diluting analytical reagent to the
azeotropic composition and distilling.

The distilled solu

tion was then diluted to the desired concentration and
checked with a hydrometer.

All glass and teflon containers

used were cleaned by washing with soap and water, soaking
in hot 8 N HNO3 , and rinsing with 2 N HC1. ■
One hundred mg

of sample were weighed into an

acid cleaned teflon crucible.

Five ml of distilled 5 N

HNO3 and 30 ml of AR grade HF were added.

The crucible

was covered with a teflon lid supported by a teflon cross
and placed on a hot plate until digestion was complete
and the sample dry.

The sample was then taken into solution
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In 15 ml of 2,00 N HC1 and allowed to dry again.

An acid

cleaned disposable pipette was used to add 0.5 ml of.2.00
N HC1 to the dried sample and then diluted with 9*5 ml of
water.

The sample was then ready for chemical separation.
Chemical separation was achieved on ion exchange

columns containing Dowex 50W-X8 cation exchange resin.. The
columns had an inside diameter of 1.0 cm and were filled
to a height of 27 cm with the resin.

The columns were

prepared for use by flushing with 100 ml of 4.0 N HC1,
back-washing with 2,00 N HOT, draining, and flushing with
50 ml of water.
The columns, were calibrated by adding a few drops .
of Sr^O solution to the sample and then monitoring each
10 ml of eluent draining through with a survey meter. No
variations were observed with time or between identical columns.

However, the concentration of the acid eluent

was shown to be very important.
The solution containing the sample was added to
the column with a disposable pipette, 2 ml at a time.
After the last 2 ml portion had drained through, the column
was flushed with 20 ml of water, added 2 ml at a time.
Elution was then begun with 140 ml of 2,00 N HC1, the first
10 ml being added 2 ml at a time so as not to disturb the
resin,

This brought the Sr to the bottom of the column.

The Sr was then flushed through with 50 ml of 2.00 N HC1

.
and caught In a Vycor beaker.
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This solution was evaporated

to about 3 m l , transferred to a 5 ml Pyrex beaker, and
evaporated to dryness.
The Isotope ratio measurements were done on a solid
source mass spectrometer.

The instrument is a Nier type3

first-order focusing3 six-inch radius of curvature3 60
degree sector symmetric-field mass spectrometer using an
Inghram-Chupka type triple rhenium filament surface emission
ion source (Livingston3 1969).

Pumping is accomplished by

means of two high-vacuum ion pumps.
The collector is a single Faraday box mounted be
hind a collector collimating slit and an electron■suppressor.
The charged ion beam is nulled by a current from the pre
amplifier of the vibrating reed electrometer which measures
1D
the voltage produced across a 10
ohm resistor. The 100
mv full scale output of the vibrating reed electrometer is
fed into a 100 mv potentiometer which feeds a 10 mv re
corder.

The zero point of the recorder can be suppressed

by 10 mv increments up to 90 mv.

This modification is

referred to as expanded scale and increases.the sensitivity
of any particular scale, by a factor of 10 (Livingston,1969).
A modification to the magnet analyzer control
allows the magnetic field to be rapidly switched to any.
of five preselected values.

.By this technique it is

'

'
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possible to switch from one peak to another, and allows
monitoring of many peaks within a short length of time.
New filaments were constructed for each sample from
zoner-reflned rhenium ribbon.

The filaments and filament

holder were cleaned by rinsing first with 2.00 N H C 1 t h e n
with water, and finally with ethanol.

They were then dried

in an oven and further cleaned by heating in vacuum with a
current slightly greater than that which would be used .
during an analysis.
The previously dried sample from the ion exchange
columns was dissolved in 0.150 ml of 2.00 N HC1.

The

sample was placed on the side filaments by dripping solu
tion onto the filament as it was heated by a current of
2 amps.

A 0.025 ml portion of the sample solution Was

placed on each filament.

The solution was not allowed to

go to complete dryness at this current as this could have
resulted in vaporization of Sr.
■The loaded filaments were mounted on the filament :
holder, aligned, and placed in a vacuum oven to complete
drying.

After a minimum of 30 minutes, the filament holder

was mounted in the mass spectrometer and the system pumped
down.

Once a pressure of 10"^ torr had been reached, the

filaments were turned on.

The filaments were allowed to

burn over-night with the side filaments at a current of
approximately 0.15 amps and the center filament at a
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current of 1.5 amps.

This step helped to remove some of .

the.Na, K a and Rb which had n o t .been removed during chemi
cal separation. ■The operating pressure was generally from
4x10 ^ to 2x10 ^ torr.
Since both Rb and Sr have isotopes of mass 87,
virtually all of the Rb must be burned off before the Sr
isotope ratios can be measured.

The center filament cur

rent was increased to about 2.5 amps to increase ioniza
tion, and the current in the side filaments gradually
increased to increase vaporization.

After focusing the

mass spectrometer, the side filaments were raised to a
temperature where the Rb was vaporizing much.more rapidly
than the Sr.

This temperature was. maintained until the

Rb^5 peak was less than 1% of the intensity of the S r ^
peak.

Once this condition had been reached, the filament -

currents were increased to give a Sr 86 peak which was just
O O

less than 100 mv.

This provided a Sr

. peak of about 800

mv and generally required a center filament setting of
between 2.5 and.3.0 amps and side filament settings from
0.3 to 1.0 amps.'
The peaks were then scanned from mass 88 through
mass 85 using the expanded scale to determine the zero
level for each peak on its appropriate scale.

Using the

beam switching control, each Of the three Sr peaks was
monitored for approximately.15■seconds until at least 15

sets of peaks had been collected.

The spectrum was then

scanned again to determine if any changes in the zero level
had taken place.

This process was repeated a total of

three times so that approximately 45 sets of peaks were
collected.
Since the intensity of the signal generally changes
with time, straight lines were drawn between adjacent peaks
of the same isotope, and all values read at the same point
in time.

Zero level corrections were made on each value,

and if any changes had occurred during the run, interpolated
values of the zero level were used.

The intensity of the

R b ^ peak was determined and the S r ^ peak corrected for
any R b ^ present.

The S r ^ / S r ^ and S r ^ / S r ^ ratios were

then determined for each set of three peaks and the mean
ratios and standard deviations for each run of 15 sets were
calculated.

The S r ^ / S r ^ ratios were normalized to a

S r ^ / S r ^ ratio of 8.375. according to the method described
by Livingston (1969).

Since each of the three runs proGy

vided a mean value of the Sr

nr

/Sr

ratio, the values re

ported in this work are the means of these three ratios
weighted according to the inverse square of their standard
deviations, providing all three ratios are in statistical
agreement.
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X-ray Fluorescence Analyses
Determination of Sr Concentration'
of Untreated Samples
Two different methods of analysis were used in this
study.

The first was based on the method of Reynolds ■

(1963) as initially developed in this laboratory by Dr.
Raymond Eastwood and described in annual progress reports
to the U. S. Atomic Energy Commission (Damon and associates,
1965 to 1969) and Livingston (1969).

This method involves

use of the intensity of the Mo K-alpha Compton scattered
radiation (referred to as MoC) as an indication of the mass absorption coefficient.

The result is that the ratio of

the intensity of the K-alpha radiation of Sr to the in
tensity of the MoC radiation is directly proportional to
the concentration of Sr in the sample.

The proportionality

constant was determined by running standards of known
composition.
Pulverized sample was formed into bakelite supported
briquettes in a 1-1/4 inch diameter Buehler #20-2112 molding
die,

A 3/4 inch inside diameter loading cylinder was

placed inside the molding die and approximately three grams
of sample material added,

This was pressed by hand with

an aluminum plunger, and when.the cylinder and plunger were
removed, a pellet of sample material remained.

This was

covered with bakelite, the molding die plunger inserted,
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and pressed in a Carver hydraulic laboratory press to a
pressure of 20,000 psi.

The pressure was then slowly re

leased and the briquette backed out of the die.
The prepared samples were analyzed in a Philips
vacuum spectrograph.

Incident radiation was produced by

a molybdenum target x-ray tube operated at 50 KV and 25 m a .
A 0.005 inch entrance collimator and a LiF analyzing crystal
were used, and the detector was a scintillation counter
operated at 960 volts.

The pulse height analyzer was op

erated as a differential discriminator rwith a window of 25
volts.

The baseline which gave the least amount of noise

interference and maximum sensitivity for each 2 0 position
to be measured was experimentally determined.
The pellets were placed in the sample holder and
the peak intensities measured for MoC (21.11° 20) and Sr
(25.09° 20),
26.01°,

Backgrounds were measured at 24,4l°. and

The count time of the instrument for a fixed time

count was approximately 66.6 seconds and each position was
counted twice.
Six interspersed standards were run with each group
of unknowns.

The first standard to be analyzed was always,

repeated at the end of each day's run.

The total count

(MoC^Qt and Sr-tQ-t) and its standard deviation for the two
66,6 second count periods was calculated for each of the
two peaks measured,

The values for the background positions
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were then calculated in the same manner and interpolated
at the position of the Sr peak.

This value was subtracted

from the total Sr peak height to give the net Sr peak
height (Srne^.),

The mean value of the ratio of Srne£/

MoCtot divided by concentration of Sr for the standards'
was calculated and used to determine the.Sr concentration of the unknowns,

The standards used and their Sr concen

trations, as determined by isotope dilution, are given in
Table 1,

Figure 1 shows the experimentally determined

plot of these standards.

Table 1.

Sr Standards for X-ray Fluorescence Analysis
Average values as determined by isotope dilution
at two different laboratories (Livingston, 1969).

Sample number■

■: Sr concentration (ppm)

G — 1

256.3

W - 1

192.6

DEL - 3 - 6 2

158.0

DEL - 5 - 62

249.0 .

DEL - 10 - 62DEL - 14 - 62

. . 213.0
29.6
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MoC

.3

.2

G-

W -

DEL-5-62
D E L — 10 — 62
D E L — 14 — 62
0

0

200

100

Sr

Figure 1.

ppm

Plotted Data of Sr Standards
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Comparison of Treated and
Untreated Samples
A slightly different technique was developed for
comparing treated and untreated samples.

Since no large

change in the major element concentrations was expected,,
no changes in the mass absorption of the sample should have
occurred.

Therefore, if the original, untreated sample is

used as a standard, and all treated samples compared to
it, differences in the intensity of Srne^. will reflect only
differences in the Sr composition.
Because of the limiting size of the bombs, only
small amounts of sample could be used.

it was, therefore,

•necessary to determine the infinite thickness of the sample
material with regard to the penetration of Mo K-alpha
radiation.

Six briquettes were prepared in the 3/4 inch

inside diameter loading sleeve, ranging in amounts of ma
terial from 0.5 to 3,0 grams.
the spectrograph",

These samples were run on

Since only differences between the pel

let's were of interest, standards were not run,

It was found

that no significant differences in peak intensities or back
ground values, existed with those pellets containing more
than 1.0 grams of sample.
Since the amount of material to be used was 250 mg,
it was calculated that if a loading cylinder having an

.

-inside diameter of 3/8 inch were used, an infinite, thickness
would be achieved,

Such a cylinder was constructed, and

.

.
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three pellets were prepared, containing 200 mg, 225 mg, and
250 mg of material,

The intensity of the gr^^^ peak was

determined for each of these and no differences were ob
served.

It was, therefore, concluded that an infinite

thickness had truly been achieved.
Standard pellets were prepared from each of the
sample size fractions to be utilized.

The analysis pro

cedure consisted of counting for six 66.6 second periods
in the Sr position and at each of the two background posi
tions,

One of the standard pellets was run before and after

each unknown.

Data reduction consisted of calculating mean

values of Srne1- and standard deviations of these means for
each sample.

The ratio of the Sr concentration in the un

known to that in the ’standard (C/C0 ) is equal to the ratio
of the Srne^. values for the two samples.
Using the 3/8 inch size pellets, much of the area
being irradiated was bakelite, and the result was a very
high M o p e a k

and very high background,

background ratio was approximately 0.6.

The Srne^ to

By shielding the

port on the x-ray tube with thin lead sheet, such that only
the mineral sample area was irradiated, the intensity of
the Srne£ value was decreased by a factor of 2.

The Srne^

to background ratio, however, was increased by a factor of
4.

.

'

.
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With this increased sensitivity, variations in
Srnet values were seen that were not readily understood.
These variations were finally traced to differences in the
amounts of sample material present,

Therefore, an infinite

thickness had not been completely achieved.

The Srne^.

value for pellets containing 250 mg and 200 mg of sample
differed by about 1%, while there was no significant dif
ference in the Sr^0^ values.

Because some material always

stuck to the sides of the loading cylinder, it was very
difficult to make up pellets containing exactly equal
amounts of material.

It was, therefore, necessary to de

termine a method of calibrating for amount of material
present.
The intensity of the MoC^0^ peak was found to be
the best indicator.

Six standard pellets were made, rang

ing in amounts of sample material from 150 to 325 mg.

These

pellets were then run and their Srne^ and MoC^o1- values
determined,

As the amount of sample in the pellet decreases,

so does the value of Srne^., while the value of MoC^0^ in
creases,

Figure 2 shows a plot of these six standards plus

two unknowns.

By measuring the value of M o C^q -^ for an

unknown, this calibration curve gives the value of Srne^
for a standard pellet having the same MoC^oi- value and thus
the same amount of sample material.
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Unknowns

2 75

I3

225

325
300

250

175

200

150

net

12

10

9

70

MoC,o,

Figure 2.

90

80
X

100

I03

Plot of Standards Containing Varying Amounts of
Sample Material
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Since it had been found that some of the bakelite
behind the sample.pellet was being irradiated, it was felt
that the thickness of bakelite backing could also have an
effect,

Several pure bakelite briquettes were made and the

MoC^0^ peak determined for each one,

It was found that:

briquettes containing more than 8 grams of bakelite showed
no variation in the intensity of the M o C^q ^ peak.

This is

probably a geometrical limitation and not an infinite
thickness limitation.

All briquettes were,therefore, made

using 8,0 grams of -35+48 mesh bakelite.
Using this revised method, the analysis procedure
consisted of running six standard pellets with each group
of unknowns,

All pellets were run in order of decreasing

amounts of material, the unknowns being mixed with the
standards.

To check for any systematic instrument varia

tions, one of the standard pellets was repeated several
times during a day's run.
nized.

No such -variations were, recog

The best fit line to the standard pellet values was

.determined by the Least-Squares method of York (1966) using ■
a computer program written by Mr, Frank Packard.
The high pressure and temperature treatment of the
samples involves sealing in gold capsules.

Because of its

high mass absorption, the presence of any gold in the
sample would cause an error in the results obtained.
avoid this problem., all samples were checked for the

To
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.presence of gold by counting at the 20 value of Au L-Beta-2
■

■

.

-

radiation and comparing to the adjacent background,
High Pressure a n d ■Temperature Techniques
All samples 'were sealed in gold capsules constructed
from gold tubing having an outside diameter of 5 mm and a
wall thickness of 0,1 mm.

The capsules were formed by

cutting a 1-1/4 inch length of tubing, crimping the end and
welding with a Temp-Press Research model AC-11A welder.
The end could not be crimped flat, as this would have made
the capsule too wide to fit in the bomb; therefore, two
other methods of crimping were used.

Crimping in three

directions was attempted first, however, much difficulty
was encountered in achieving a complete seal.

A more

satisfactory method was found to be crimping in four direc
tions.

With this method the end of the tube was first

crimped in two directions with a pair of pointed forceps
giving the end of the tube a figure eight shape.

The tube

was then flattened with a force perpendicular to that used
in the first crimp.

With this method only a short weld was

necessary and four thicknesses of gold were fused together.
Welding was complete when a solid bead of gold formed along
the crimped edge,
After sealing one end of the capsule, it was rinsed
with 2 N HC1, then with distilled water, and dried in an
.oven.

After drying, the capsule was weighed on a Mettler

'

■
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H 20T balance and, 0.300 grams of sample added.

After the

correct amount of sample material had been added to the
capsule, the solution was added with a 10 microleter syringe.
The syringe was cleaned before and after each use by rinsing
at least 10 times with deionized, double-distilled water, .
The open end of the capsule was then crimped and
welded.

During welding, the lower two-thirds of the capsule

was wrapped with a water saturated tissue, to keep the cap
sule from heating up and driving off the water within.
capsule was then wiped dry and reweighed.

The

If any water had

been driven off it was recognized at this point.

The cap

sule was leak checked by placing it in an oven at 110°C.for
approximately 30 minutes and reweighing.

Upon removal from

the oven, a leak-tight capsule was slightly expanded from
the water pressure inside and showed no loss in weight.
The.capsule was then pinched flat, parallel to the
crimping directions, and placed in the bomb,

The bombs

used in this study were of the cold seal, Tuttle type.

A

bomb consists of an eight inch length of one inch diameter
stellite rod having a 1/4 inch center hole drilled to within
1/4 inch of the bottom.

The top of the bomb is threaded to

accept a stainless steel cap and a high pressure fitting,
Two different bombs were used in this project.

One had a

thermocouple well 1/4 inch deep, drilled into the side of
the bomb'at a 45° angle, 7/8 inch from the bottom.

The
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other bomb had the thermocouple well drilled Into the
base ? one inch deep and 3/16 inch from the edge.

The two

types are believed to be equally effective in providing : .
accurate temperature measurements.
The bomb assembly was fastened to a horizontal
cross-bar which could be moved up or down two vertical
pipes for raising or lowering the bomb into the furnace.
The bomb was connected by a high pressure fitting to stain
less steel capillary tubing which lead to one of the two '
common junctions of a three junction valve.

The other com

mon junction of the valve was connected by capillary tubing
to an Ashcroft pressure gauge 3 which was calibrated by
comparison to a new, factory calibrated Ashcroft gauge.
The third valve junction lead, to the main pumping system
which consisted of a Sprague model 8-440-300 diaphragm
type pump using water as the pressure medium, When the
valve was closed, the bomb and gauge remained open to each
other, but the pump was closed off.
The furnace was constructed using a standard nichrome furnace element eight inches long and 1-1/4 inches
inside diameter. This was insulated by fire bricks and
/
asbestos fiber and enclosed in a nine inch length of nine
inch outside diameter, one-half inch wall, transite pipe.
The top and bottom of the furnace were constructed from
one-fourth inch transite sheet.

Temperature was controlled

'
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by Barber-Coleman temperature controllers having thermo
couples extending up through the bottom of the furnaces
into the furnace chambers,
operated

The temperature controllers

relays connected to the furnace power inputs and

were capable of maintaining the temperature within 1°C.
To load the bomb3 it was removed from its support
and clamped in a vise for removal of the cap.

The prepared

capsule was dropped into the bomb chamber and the lid re
placed.

After connection of the bomb to its support and

pressure line, the thermocouple was placed in position.
Thermocouples were constructed from number 24 chrome1 and
alumel wire.

Using the Temp-Press Research welder, the

ends of the two wires were welded together such that a
small, bead of solid metal developed.

The length of the

wire which extended into the furnace was insulated with
ceramic tubing and the remainder with plastic tubing. Each
thermocouple was not calibrated, however, random calibra
tions of both new and used thermocouples against the melting
point of aluminum showed no variations of greater than
..± 1°C.

Depending upon the length of the runs and the ap

parent condition of the thermocouples, some thermocouples
were used for more than One run.
Temperatures were determined using a .Leeds and
Northrup millivolt potentiometer,

'

Since an ice bath cold .

junction was not used, a cold junction temperature
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correction was made.

The accuracy of the temperatures re

ported in this study is believed to be ± 5°C,
The thermocouple was mounted such that the tip ex
tended to the end of the thermocouple well and the leads
extended up the side of the bomb and out the top of the
furnace.

It was held in place by a short length of wire .

around the bomb,

With the bomb having the thermocouple

well in the side, it was possible to position the thermo
couple such that it was not shorted. With the other bomb,
however, this was not possible since the well was too deep
and not large enough to accommodate ceramic tubing.

When

using this bomb, therefore, the portion of wire which ex
tended into the well was insulated with a short piece of '
small, very thin wall Vycor tubing, drawn from larger
tubing.
The bomb was then pressurized to approximately
14,000 psi and lowered into the furnace so that the capsule
inside the bomb was positioned at the hottest part of the
furnace.

This left the bomb top extending out of the

furnace.

The pressure which built up due to heating was

released by the main pumping system, and if this was not
rapid enough,, by means of a bleeder valve.

If the furnace

was already at temperature when the bomb was lowered in,
approximately 30 minutes were required for the bomb tern- .
perature to reach within 10°C of the desired value,and
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approximately one hour was necessary tor complete equilibra
tion,

After equilibration, the pressure was adjusted to

the proper value and the valve to the pumping system closed.
All bomb runs were carried out at the same pressure.
A pressure of 1.0 Kbar was preferred, since this was the
highest pressure the bomb would safely withstand at its
maximum temperature of 900°C.

Calibration of the pressure

gauges was not,possible until the research was well in
progress.

Since it was not desirable to change the pres

sure used, runs were continued at the same value, which
was found to be 0.95 Kbar.
Upon completion of the run, the bomb was raised '
from the furnace and the valve to the pumping system opened
so that the pressure'would be maintained.

Quenching was by

means of an air cooling device, which consisted of a coil
f

of copper tubing with small holes in the tubing On the
inside of the coil,

The .coil was raised up oyer the bomb

and connected to an air line.

The temperature of the bomb

was lowered to below 100°C within 10 minutes using this
device.

The length of the run was measured from the time

that the temperature of the bomb approached within 10°C of
the desired value, to the time of quenching.
Once the cap had been removed from the bomb, it
was generally possible to dump the capsule out.

Some cap- .

sules, however, became wedged and it was necessary to work
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them free with a long tool,

If the capsule was unharmed,

it was dried and reweighed to be certain that no leaks had
been present and that it had not gained water.
Sample Washing Technique
Early in the investigation it was feared that even
if Sr could be removed from the interiors of mineral grains
by diffusion, surface adsorption might tend to hold the Sr
onto the grains.

Therefore, a series of experiments were

conducted to evaluate the effects of surface adsorption.
A 0,2 N solution of SrClg'^HgO was made, and 10 ml
of this solution added to 1.3 grams of the separated microcline.

This was then evaporated.to dryness and split into

five portions.

Several methods of washing were then at

tempted to determine what steps were necessary to remove
all contaminating Sr,
Method 1 consisted of washing with distilled water
six times.

This was accomplished by placing a split of the.

contaminated sample in a 30 ml separatory funnel, adding
water, shaking, and decanting.

The sample was then dried

in an oven and prepared for x-ray fluorescence analysis.
With method 2, the separatory funnel was placed in .
a boiling water bath for 10 minutes after each addition of
water.

Method 3 was similar to method 2 except that 4,0

-N HC1 was used in place of water and the procedure was fol
lowed by a water rinse.

Method 4 consisted of three

'
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washings in hot. HCl, .treatment with a Blackstone probe type
ultrasonic cleaner, .and washing three times with hot water.
Experiments were performed on four different grain
sizes of material.

The results of analysis are given in ..

Table 2, where cw/c0 is the ratio of the Sr concentration
of the washed sample to that of the pure mineral.

Table 2.

Results of Washing Experiments

1
o

+ 80

o
CO
I

+ 100

1 1
H H
-<] o
o o

Grain size

+ 115
+ 200

Gw/co
.method 1 .

cw//co
method 2

cw//co
. method 3

cw/ co
method 4

1.111.01

1.101.01

.01
0.9 9± ■

.02
0 .981,

0.971..02

0,97± .02

1.011,.01

0.991..01

1.0 01,.01 ,

0.99*'.01

• ------- ■

«

—

It can be seen from Table 2 that methods 3 and 4 are
both effective at removing surface Sr,

If the decrease in

Sr content observed is real, it could be attributed to re
moval of Sr loosely held in fractures and crystal imperfec-'
tions,. or to removal of Sr which may have contaminated the
sample during mineral separation due to washing with tap
water.

The first explanation is the most likely.
Method 3 was adopted as standard procedure and all

'treated samples were washed by that technique.

.

.
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Procedure-for Analyzing Treated Samples
Upon removal from the bomb, the capsule was dried,
weighed, and opened at the top.

It was then placed in an

.oven to drive off all contained water and facilitate•re
moval of the sample.

Since the sample was quite compacted

and would not pour out of the capsule, the capsule was
peeled open and the sample dumped out onto a clean weighing
paper.

After inspection with a binocular microscope, the

sample was placed in a 1-1/2 inch diameter agate mortar,
covered with alcohol, and
motion with the pestle.

disagregated,using only vertical
Minimum pressure was applied to

avoid powdering.
After disaggregation, the alcohol was decanted and
the sample dried.and transferred to a 30 ml separatory
funnel for washing according to method 3 as described above.
After washing and drying, the sample, was transferred to a
clean three inch diameter agate mortar and pulverized.

The

powdered sample was weighed to determine the percent re
covery and pressed into an aluminum sample holder with a
glass slide for x-ray diffraction work.
The sample was next formed into a briquette and
analyzed for Sr by x-ray fluorescence spectrometry.

If

isotope ratios were to be determined, a small amount of
the powdered sample was scraped from the center of the

pellet and digested. - Care was taken not to remove any of
the supporting bakelite.

CHAPTER 3
DIFFUSION EXPERIMENTS
Description of Sample
The diffraction pattern of the separated sample
shows it to be predominantely microcline with some plagioclase.

The diffraction pattern also suggests the presence

of ferro-orthoclase, but one of the strong ferro-orthoclas
reflections occurs at the same 2 0 value as the strongest
plagioclase reflection. ' A high iron content was also
recognized during potassium analyses, when the digested
sample gave the solution a slight yellow color, .Some of
the iron, however, is due to iron stains on the feldspar
grains.

Three grain sizes were used in the study, and the

results of chemical analyses performed on these fractions
are given in Table 3•

Table 3 shows that the finer grain

sizes are less pure than the coarser one.

This is at

tributed to the presence of quartz in the finer grain size
since the -K/Sr ratio is nearly constant.
Four different solutions were prepared for use in
the investigation using dried analytical reagent chlorides
The concentrations of these solutions are given in Table 4
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Table 3.

Chemical Analyses, of Separated Sample

Grain size

Sr
ppm
12

■ K%

Sr87/Sr86
1.0001

K/Sr

-60+80

12.291.07

215

0.8231

0.572

-100+115

12.2 +.1

209

———

0.584

-170+200

11.58±.06

202

'0.8231

0.573

Table 4.

Solution

Solution Concentrations

Na
ppm

K
ppm

Ca
PPm

Sr
ppm

1

10,400

5,200

2,400

■ <1.4

2

20,800

10,400

4,800

<2.8

■. 3

--- -

--—

■ ---

4

---

— —

•——

'.

Ba
ppm

5,260
8,240

,

■■■;
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The composition of solution 1 was chosen to b e '
representative of what one might find in a metamorphic
environment.

Solution 2 is twice as concentrated as solu

tion '1 , and solutions 3 and 4 have the same molar composi
tion as Ca in solution 1..
Results of Experiments
Experiments with Na - K - Ca
Solutions
Eleven experiments were carried out using Na - K Ca solutions.

All three cations were present so that there

would be ample material available for exchange with Sr,
regardless of the type of reaction.

Table 5 shows the

conditions used for all experiments using this type solu
tion.
The capsule in experiment 1 was imperfectly sealed,
but this was not discovered until after the run.

Because

of the leak, the capsule did not collapse and the sample
did not become compacted.

Upon removal from the capsule,

the sample appeared to be Identical to the untreated ma
terial and the diffraction pattern showed the material to
still be microcline.

No pronounced change in Sr composi

tion or the Sr isotopic ratio was found to have taken place
as can be seen i n •Table 6 .
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Table 5 •
;

Experimental Conditions, for Runs Using K - Na Ca Solutions at 0.95 Kbar Pressure-

Experi
ment

Grain
size

-

Solution

gms solution
gms sample

1

-60+80

1

0.080

2

—60+8 0

1

0.079

3

-100+115

1

-4

-170+200

- 5

Temp
°C

Time
hr s

750

70

900

138

0.083

900

138

1

0.100

850

225

-170+200

1

.0 .100,

850

339 ;

6

-170+200

1

0.098

900

65.5

7

-170+200

1

0.100

900

190

8

-170+200

1

0.099

900

263

9

-170+200

1

0.100

900

409

10

-170+200

1

0.200

900

185

11

-170+200

2

0.100

900

186

■

H6
Table 6. .Results of Analyses from Experiments 1-11

Experi
ment

Phase
Present

Sr c/c0

Sr87/Sr86

la

mlcrocline

1.02±.01

0.82281.0001

2

high sanldine

1.001.03

0.8234+.0001

3a

high sanldine

1.03±.03

4

high sanldine

0.99±.02

5

high sanldine

1.011.01

6

high sanldine

1.001.01

7

high sanldine

Au present

0.82321.0001

8

high sanldine

0.97± •02

0 .82361.0006^

9a

high sanldine

1.07±.01

10a

high sanldine

0.99±.01

11

high sanldine

0.99±.01

aCapsule leaked
^Signal not Intense enough to use expanded scale

■

1,7

Experiment:2 was conducted using the same grain
size material, but increasing the temperature-and time.
Upon removal from the capsule the sample was tightly com
pacted.

Under the binocular microscope it had a sugary

appearance and x-ray diffraction, showed the mineral to be
high sanidine.

Once again, no significant changes in the

Sr composition or the Sr isotopic ratio were observed.
For experiment 3 3 the grain size of the material
.was decreased.

The capsule developed a leak, but chemical

analyses were conducted anyway.

No change in Sr composi

tion was observed.
Experiments 4 through 10 were all conducted using
the finest, grain size.
-

The times and temperatures were .
-

,

varied to determine if insufficient time or temperature.
had been the reason no Sr loss had occurred in the previous
experiments.

Of those capsules which were well sealed,

none showed a significant change in Sr composition. -The
sample from experiment 5 was analyzed for K also, and found
to be identical to the original material.
A comparison to the diffusion rates measured by
McNutt (1964) in biotite, which should be only slightly
different than those for a feldspar, indicated that some
,Sr loss should have occurred in runs of these lengths.
indicated that the reason for no Sr loss was not a rate
phenomena.

This
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In experiments 9 and.10, where the capsules leaked,
the. Sr content increased.

These samples were in contact

with the tap water in the bomb which undoubtedly contained
some Sr which was picked up by the sample.

The amount of .

Sr increase in these two runs does not correlate with the
length of the runs.

The differences are probably explained

by differences in the size of the leaks, and thus, the
degree to which the samples were able to maintain equi
librium with the water of the entire system.
The results of these two experiments indicate that
Sr is preferred in the mineral over the liquid.

In experi

ment 11, an attempt was made to overcome this by increasing
the concentration of Na, K, and Ca in the solution.

Even

at the.increased concentrations, no Sr loss was observed.
Experiments with Sr and Ba
Solutions
To test the hypothesis that Sr is more stable in
the feldspar lattice than in the solution under the con- '
ditions of the experiment, two runs were made using solu
tion 3 containing Sr.

The data for these runs is presented

in Tables 7 and 8.
Experiment 12 was a 240 hour bomb run. . It can be
seen that the Sr content of the feldspar increased by a
factor of 3-4.

.

Calculation shows that virtually all of

the Sr in the solution has gone into the solid phase.

The
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Table 7,

Experimental Conditions for Runs Using Sr and
Ba Solutions at 0.95 Kbars Pressure

Experi
ment

Grain
size

Solu
tion

gms soln
gms sample

Temp
°C

Time
hrs

12

-170+200

3

0.100

900

240

13

-170+200

3

0.100

900

143

; 14

-170+200

4

0.100

900

143

15

-170+200

4

0.100

900

240

Table 8.

.

Results of Analyses from Experiments'12-15

Experi
ment

Phase
present

12

high sanidine

3.40±.03

13

high sanidine

'3.4l±.04

14

high sanidine

0 .98+.01

15

high sanidine

1.00±.01

Sr

c / qo

'
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simplest.explanation is that Sr has replaced Ca in the
feldspar structure. ,Experiment 13 was conducted for a
shorter length of time, and again nearly all of the Sr
available was taken into the feldspar. .
The preceding experiments indicate that Sr is pre
ferred over Ca in the feldspar lattice at these conditions,
therefore an attempt was made to find something which would
be more preferred than Sr.

It was thought that Ba might be

preferred and, therefore, experiments 14 and 15 were con
ducted using solution 4.. Table 8 shows that, once more,
no significant loss of Sr was observed.
Experiments Using Excess
Solid CaCl2
The last group of experiments conducted involved
an alternate method to replace Sr in the feldspar structure
by Ca.

In these experiments, finely powdered, dried CaClg

was placed in the capsule with the sample and then water
added.

Sufficient CaClg was used to assure that most would

remain as a solid phase.

Tables 9 and 10 show the condi

tions. and results of these experiments.
Under these conditions, runs of three different
lengths result in very nearly the same loss of Sr.
parently, near equilibrium has been achieved.

Ap

An un

certainty in the length of run 18 is shown because
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Table 9.

Experimental Conditions for Runs Using Excess
CaCl2 at 0,95 Kbars Pressure

Experi
ment

Grain
size

gms CaClg
gms samp

gms water
gms sample

Temp
°c

Time
hrs

16

-170+200

0.086

0.100

900

240

17

-I7O+2OO

0.083

0.100

900

116.5

18

-170+200

0.080

0.100

900

,50±5

Table 10.

Results of Analyses from Experiments 16-18

Experil
ment

Phase
present

Sr c/c0

16

high sanidine

0.701.01

17

high sanidine

0.761.01

/ high sanidine•

0.761.01

. ' 18

Sr87/Sr86
0.8178+ .0003a ,

^Compared to 0.823110.0001 before experiment

;
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electronic difficulties resulted in the furnace turning
off at ,a time when it was not attended.
Isotope ratios were determined on the sample from
O

experiment 16 and the Sr

O

/Sr

ratio was found to differ

from that of the original material.

This is not neces

sarily evidence for differential rate of movement of common
and radiogenic Sr, however.

Semiquantitative x-ray fluo

rescence analysis of the CaClg used, showed it to contain
approximately 160 ppm Sr.

This Sr undoubtedly has a

S r ^ / S r ^ ratio near 0.710, and if isotopic equilibration
between the Sr in the CaCl2 and that in the feldspar were
to take place, the result would be a decrease in the
S r ^ / S r ^ ratio of the feldspar.

CHAPTER 4
DISCUSSION OF RESULTS
The results of experiments 1 through 13 clearly
indicate that at the conditions employed, Sr is highly
preferred over Ca in the feldspar phase.

Since the mineral

has been inverted to high sanidine, and only one homogenious
phase is evident, movement of ions through the structure
must have occurred.
Barth (1961) discussed the distribution of Sr, Ca,
and Ba between alkali feldspar and plagioclase.

He indi

cates that at temperatures greater than 450°C, the distribu
tion coefficient for Sr, Kgr , where
K
Sr

_ mole fraction Sr in alkali feldspar
mole fraction Sr in plagioclase

is greater than 1.

,
^

Therefore, at temperatures greater than

450°C, Sr is preferred in alkali feldspar over plagioclase.
Barth also indicates that Kgr is greater than KQa
over the entire temperature range studied (200-800°C).
This information points out the preference of the alkali
feldspar for Sr over Ca.

At equilibrium,

.
'

■

'

--

.'

■
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where Kgr_Qa is the distribution coefficient, (^T"]

Is the

molar ratio of Sr to Ca in the solid, and (§£•}, is the molar
\Ca/L
ratio of Sr to Ca in the liquid. If the initial concentra
tions in the two phases are such that

KSr-Ca

x iE) L < l#E) s

<22>

where superscript zero indicates initial concentration
ratios 3

then Sr in the solid will be exchanged for Ca in

the liquid.

Since no such exchange was.seen in experiments'

1 through 113 a limit can be placed on. the value of Kgr_Qa .
Experiment 11 involved use of a more concentrated solution
and the length of the run was such that diffusion rate
should not have been the limiting factor.

The CaClg from

which the solution was prepared was found to contain about
160 ppm Sr and a small amount of Sr was also contributed
to the solution by NaCl and KC1.

The maximum Sr concentra

tion of solution 2 is 2.8 ppm.

This gives a molar ratio of
ii
Sr to Ca in the liquid of apprdximately 2.7 x 10 . No Ca
—

analysis was available for the mineral sample.

Deer, Howie,

and Zussman (1963)3 however, list chemical analyses on a
number of microclines.

For those samples having a K content

as high as the sample used in this study, the average Ca
content is about 0.2%.

If this value for Ca is. assumed,

the molar ratio of Sr to Ca in the mineral is approximately

0.046.

Table 11 lists the number of moles of Ca and Sr in

each phase.

A small amount of Sr loss could have gone un

observed, however,, had a loss greater than 3% occurred it
would certainly have,been detected.

If one assumes that

3% of the Sr in the feldspar was replaced by Ca and moved
into solution, the (Sr/CaV ratio would have been little
affected and the new value would be .045.

The (Sr/Ca)^

ratio would be greatly changed, however, and the new value
would be .0061..
be +7.3.

A minimum value of Kg^-Ca would therefore

This is not an unexpectedly high value and the

true value may be much higher.
loss was observed. , '

Table 11.

Element

This explains why no Sr

''

Amounts of Ca and Sr Present in Various Phases

Moles per
.030 ml 0f
solution 2.

Moles per
.300 gms
-170+200 mesh
sample

Moles per
.025 gms
CaClg

■Ca

3 . 6x 10“6

1.5x10-5

2.3x10-4

Sr

9.6xl0”10

6.9x10-7

4.6xl0“8

Barth (1961) also indicates that the distribution
coefficient for Ba between alkali feldspar and plagioclase
is greater than that for Sr.

Therefore, Ba should be pre

ferred over Sr in the alkali feldspar lattice.

In
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experiments 14 and 15, in which Ba solutions were used, no
exchange was observed to take place.
understood.

This is not completely

Since the Ba ion (1.35) is larger than the Sr

ion (1.13)} Ba would move through the structure more slowly.
Experiments 12 and 13 showed that the rate of Sr movement
into the structure was rapid.

The difference in rate of

movement of Sr and Ba should be slight, therefore, it cannot
be a rate phenomena which keeps a Ba-Sr replacement from
taking place.
The distribution of Ba and Sr between the liquid
and the solid phase would be defined by the equation

(23)

Barth's data indicates that the value of Kga_gr is less than
one, however, replacement of Sr in the solid by Ba is de
pendent on both the Sr content of the initial, liquid and
the Ba content of the feldspar, two unknown quantities.
Experiments 16, 17, and 18 show that Sr is removed
from the feldspar when excess CaCl2 is present.

There are

at least two possible explanations for Sr loss occurring
in this situation and not in the earlier experiments.

The

first possibility is that the value of Kg.r_Qa is much
greater than the number calculated and that the limiting
factor was the amount of Ca available in the solution.

It
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was seen that when only a small amount of Ca was present
in the solution, a slight loss of Sr from the feldspar had
a large affect on the (Sr/Ca)

ratio.

With more Ca present

in the liquid, however, a greater loss could occur before
equilibrium was achieved.
The second possibility is that the major effect
was the presence of another solid phase, CaClg.

Undoubtedly

much of the CaClg did remain as a solid, but little is
known about the solubility of CaClg under these high tem
peratures.

It should be kept in mind, that at 900°C and

-0.95 Kbar, the specific volume of water is approximately
5. ■42. cm^/gm as determined from the data of Kennedy and
Holser (1966).

The solubility relationships under these

conditions may. be much different than at the condition we
are accustomed to dealing with.
Using the data from experiment 16, if it. is assumed
that the amount of Ca and Sr in the liquid is small compared
to that in either solid phase, a distribution coefficient
may be calculated.

A comparison of the results of experi

ments 16, 17 3 and 18 indicates that near equilibrium has
been achieved, therefore, the data is valid for this cal
culation.

The amount of Ca which was exchanged,is insig

nificant compared to the total amount present.

If 60.6 ppm

of Sr were lost from the feldspar, the new molar ratio of
Sr/Ca in this phase would be 3.2 x 10_2.

The new ratio in

'

.
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the CaClg would be 9 x 10

-li

.


The distribution coefficient

■for Sr and Ca between the feldspar and CaClg would then be ■

4 r _ C a ■ !.l |-feld ■ ■
ICa / CaCl2

7 § W

-

35.6

(20

It can be seen that Sr is preferred in the feldspar over the CaClg.

The Sr/Ca ratios in the original materials,

however, were such that some movement out of the feldspar
was possible.

It may be that the value of Kgr„Qa is much
t
.greater than Kgr_Qa and that significant Sr loss will occur
only when solid CaClg is present.
Experiment 16 also shows that isotopic equilibra
tion has taken place between the Sr in the CaCl2 and that
. in the feldspar.

The Sr^7/Sr^ ratio of the CaCl2 used in

the experiments is probably very near the value of 0.710.
If complete equilibration had taken place, the new S r ^ / S r ^
ratio would have been 0.815-

This is only slightly less

than the value of 0.8l8 measured.
In Figure 3 the Sr concentrations from experiments
16, 17, and 18 are plotted as functions of time.

The

reason for all three points not lying on one curve is not
understood.

The. three curves on Figure 3 were drawn using ...

equation 19 and three different values of

.

It can be

seen from the graph that 3 x 10-^'sec ^ and 1 x 10 ^ sec
/are probably the limiting values for X^.

If Sr diffusion

•is more rapid in CaClg than, in the feldspar ,
the rate of diffusion of Sr out of the feldspar.
the three values for

■
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refers to
Using

,.D/x^ can be calculated for a

slab, a cylinder, and a sphere.

These calculated values

are given in Table 12.

Table 12.

Calculated Values of D/x^

Xd _x
sec

D/x2 '
sec™1
slab

D/x2
sec"1
cylinder

D/x2
sec
sphere

Sxicr6

2.1x10"?

8.4xlO"8

5xl0™6

3.5x10"?

2.4x10"?
-7
4.0x10

lxl0"5 .

7,0x10"?

8.0x10"?

2.8x10“?

1.4xl0"7

60

200

ppm

sec

co
7O

150

100

50

Time

Figure 3.

50

100

200

250

hrs

Sr Concentrations of Samples from Experiments
16, 17, and 18 Plotted as Functions of Tempera
ture

CHAPTER 5
CONCLUSIONS
Summary
A number, of experiments were performed to determine
a method by. which the rate of Sr diffusion out of a potas
sium feldspar could be measured.

It was found that Sr

would not leave the feldspar lattice when it was in contact
with an undersaturated solution containing chlorides of
Na, K, and Ca at 900°C and 0.95 Kbars.

A solution contain

ing BaClg gave the same result.
The use of a SrClg solution resulted in the feldspar
incorporating virtually all of the Sr available, increasing
its Sr content by a factor of 3.4 in less than 143 hours at
900°C .

Sr in the feldspar was replaced by Ca when water and

solid CaClg were present.. A near equilibrium value for the
system of 30% Sr loss was achieved in less than 250 hours
at 900°C and 0. 96 Kbars >

The limiting factor seems to be

the distribution coefficient governing the partioning of
Sr between the feldspar and the other phases.
Suggestions for Further Study
This research has paved the way for anumber

of new

investigations, and presented a number of newquestions.
6.1
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The hypothesis that another solid phase is necessary could
be tested by determining the solubility of CaClg at the
experimental conditions and then conducting experiments
with amounts of CaClg slightly greater and slightly less
than the saturation value.

Experiments having other solids

present would also be valuable.
The values of the distribution coefficients are
temperature dependent.

At. lower temperatures, the replace- -

ment of Sr in the potassium feldspar by Ca from a solution
may take place to a noticeable extent 3 but since the dif
fusion rate is slower at lower temperatures, very long
runs would probably be necessary.
The use of a large
lowSr/Ca ratio

might also

amount of

solution having a very

result in

loss of Sr..

As the

amount of solution is increased3 however, solution of the
feldspar may become an important factor.
Further studies involving Sr
be of value.

A comparison

solutions would also

of the rate of total.Sr equili

bration to the rate of isotopic equilibration could prove
to be beneficial.

The approximate rate at which Sr will

move into CaClg should also be measured to be certain that.
Sr diffusion in the feldspar is. the rate ,limiting step for
Sr-Ca exchange,

A suitable method of inducing Sr diffusion should
be studied over a broad temperature, range such that ex
trapolations to natural conditions could be made.
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