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THE OXYGEN ISOTOPE AND CATION EXCHANGE
CHEMISTRY OF }'ELDSPARS1

Janas R. O'NBrr2 aNo Hucu P. Tavr.on, ln., Diaision of Geological
Sciences, California Institute of Technology Pasadena, Calif ornia.

Aestnacr

Cation exchange experiments betu,'een alkali and alkaline-earth feldspars and corre-
sponding 2-3 molal aqueous chloride solutions were performed at a fluid pressure of one
kilobar over the temperature range 350o-800'c. oxygen isotope analyses of the exchanged
feldspar indicate that essentially complete oxygen isotope equilibration between soiution
and feldspars accompanies the cation exchange. Oxygen isotope fractionations obtained
this way were proved to be equilibrium fractionations by their agreement with those ob-
tained by true isotope exchange reactions between synthetic feldspars and pure water.

The oxygen isotope fractionation factor (a) between alkali feldspar and water in the
temperature rangestudied is given by theexpression 103 lnq:2.91 (106?-_r)-3.41. No iso-
tope fractionation was discernible between albite and potassium feldspar. However, the
alkali feldspars were found to concentrate O18 relative to the alkaline-earth feldspars, indi-
cating a relationship between the Al/Si ratio in feldspar and tendency to concentrate O18.
The plagioclase-water fractionation follows the equation: 161 11 a: (2 gl-0.76ilGO6T-})
-3.41-0 41B where B is the An content of the plagioclase.

observations made during the course of this work suggest that the mechanism of oxygen
and cation exchange in these experiments involves fine-scale solution and redeposition in a
fluid film at the interface between exchanged and unexchanged feldspar. A mechanism in-
volving simple solid-state diffusion cannot explain the observed communication between
the oxygen at the interfacial boundary and the solution.

IurnopucrroN

Because of their importance as rock-forming minerals and their
interesting mineralogical and crystallographic characteristics, the feld-
spars are one of the most well-studied mineral groups. Oxygen isotope
analyses have been made on natural feldspars from igneous and meta-
morphic rocks (Taylor and Epstein, 1962a, l9}6b, 1963; Taylor et o.1.,
1963; Garlick and Epstein, 1966) and meteorites (Taylor et at., 1965).
These studies indicated that (1) feldspars exhibit systematic isotopic
trends with respect to their coexisting minerals and in accord with chang-
ing geologic environments (that is, they are isotopically well behaved),
(2) among the common silicates feldspars have a tendency exceeded only
by quartz to concentrate O18 relative to their coexisting minerals, and
(3) the alkali feldspars concentrate O18 with respect to alkaline-earth
feldspars. In conjunction with the abundance and ubiquity of feldspars,
these isotopic properties make them a promising mineral group for use

I Publications of the Division of Geological Sciences, California Institute of Technology,
Contribution No.1431.

2 Present address: United States Geological Survey, Branch of Isotope Geology, Menlo
Park. California.
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in oxvgen isotope geothermometry and in the solution of other petrologi-
'cal 

problems.
Laboratory studies of the equilibrium oxygen isotope chemistry of

feldspars permit quantitative interpretations to be given to the existing
natural data. In addition, a study of the feldspars affords an opportunity
to assess the importance of various parameters such as nature of the
cation, aluminum to silicon ratio, and crystal structure, to the isotopic
properties of silicates and oxygen-containing solids in general. With such
information, minerals like the plagioclases, which form solid-solution
series, can be treated isotopically in a straightforward manner. During
the course of this work it was also possible to make observations on the
rates of cation and oxygen isotope exchange. Knowledge of relative and
absolute exchange rates of various minerals bears on the important
problems of attainment of isotopic equilibrium and retention of the
isotopic record in a mineral assemblage.

Because Wyart and Sabatier (1958) and Orvil le (1963) demonstrated
silicon and aluminum mobilization during cation exchange between
feldspars and alkali chloride solutions, it was thought that oxygen
isotope exchange with the solution might also accompany these trans-
formations. Inasmuch as oxygen isotope exchange between natural
feldspars and water is sluggish, this induced exchange in alkali chloride
solutions would permit equilibrium isotope data to be obtained in
reasonable Iaboratory times. The discovered relationship between cation
and O18 exchange gives insight into the mechanism of the water-mineral
interaction.

ExpenrlrBNrAr, PRocEDURE
The exchange experiments rn'ere done in sealed gold or platinum capsules using coldseal

bombs and conventional hydrothermal apparatus. In all cases the fluid pressure was main-

tained at 1000 bars.l Temperature was monitored by a Chromel-Alumel thermocouple rest-

ing in a well on the outside of the bomb. By use of an automatic recorder, readings.were
taken at frequent intervals throughout each run and found to vary by only 2 to 3 degrees

at the lower temperatures and no more than 5 degrees at the higher temperatures. In each

run the silicate materials rested near the bottom of the gold capsules, directly adjacent to

the thermocouple well. For the alkali feldspar experiments a typical charge consisted of 25

mg sodium feldspar, 42 mg KCI and 200 mg of water. The solutions were 2-3 molal in

alkali chloride and were quite corrosive to the metal capsules above 600'C. In the case of

the alkaline-earth feldspar runs, the chloride concentration of the solutions was about 4

molal (2 molal CaCl) and the length of the runs was severely limited by the corrosion prob-

lem. In some cases the capsules used in these latter experiments recrystallized with con-

comitant leaks in times shorter than that necessary for complete exchange to take place.

No exchange took place on quenching, as evidenced by the fact that the same results

I Calculations based on changes in molar volumes for isotope exchange reactions and an

experiment by Hoering (1961) indicate that pressure efiects on isotopic fractionation are

negligible.
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$'ere obtained when experiments were carried out in small coldseal bombs (quenched in 2-3

minutes) or in a large coldseal (quenched in approximately ten minutes). After quench the

capsules were rveighed to check lor leakage and then opened. The soiids were washed in dis-

tilled water, rinsed in acetone, and dried at 1 10'C. After a small portion oI the crystals was

separated for X-ray and microscopic examination, the bulk of the product crystals (samples

u'ere often split for duplicate analysis) was reacted with fluorine gas according to the

method of Baertschi and Silverman (1951) and Taylor and Epstein (1962a). The oxygen,
Iiberated in 100 percent yield in this reaction, was converted to carbon dioxide which was

analyzed for its isotopic content on a modified Nier 6", 60'sectorisotope ratiomass spectrom-

eter (McKinney et al., 1950). The precision of a single analysis of this type is *0.2 per

mi1. Of the products, only the solids were analyzed for their oxygen isotopic composition.

The isotopic compositions of the starting materials were known (waters were analyzed di-

rectly by the BrF5 method of O'Neil and Epstein, 1966), and the 018/016 ratio of the product

solution, which contributed approximately 95 percent of the oxygen in the system, was cal-

culated by material balance.

The sodium to potassium ratio in the alkali feldspars was determined by the 201 X-ray

method using potassium bromate as internal standard and using the experimentally de-

termined curve of Orville (1963). In the case of the alkaline-earth feldspars, emission

spectrographic analysis, indices of refraction, and X-ray difiraction patterns provided suffi-

cient evidence that phenomena were taking place that lr,'ere directly analogous to the alkali
feldspar experiments.

In order to facilitate cation and oxygen isotope exchange, the starting materials used in

the equilibrium experiments were ultra-fine synthetic feldspars. Natural pegmatitic albite

from Amelia, Virginia (an ordered, almost 100 percent sodium feldspar) was finely ground

in an agate mortar. Those grains which "floated" in acetone (a few microns in average

cross-section) were then reacted for a Iew days with a potassium chloride solution at 500'C,

resulting in extremely fine synthetic sanidine. High albite starting material was prepared

by reacting this sanidine with sodium chloride solution under the same conditions. Synthet-
ic "celsian" was prepared in two different ways: (1) reacting natural anorthite (Anrt

from Duke Island, southeastern Alaska with barium chloride solution at 600'C for a few

days, and (2) crystallizing a glass of composition BaAlzSizOs at 700'C in pure water. The
glass was made from silica, aiumina, and barium carbonate placed on a molybdenum tray
and resistance-heated in a nitrogen atmosphere. The X-ray diffraction patterns (Fig. 1) of

the materials prepared in both ways were identical.

The isotopic composition of the solutions used in the preparation of the synthetic feld-
spars was an important consideration bearing on the mod.us operand,i' used in this study. By

mixing the appropriate amounts of Or8-enriched watcr and laboratory distilled water, a

water (Water-2 of Tables I and 2) was prepared which had approximateiy the same isotopic

composition as the working standard of the mass spectrometer. When the feldspars were
prepared in this water, their resultant isotopic compositions were again approximately this

same value. Exchange experiments performed with feldspar and solution, both of which
have about the same isotopic composition as the working standard, have the following
advantages: (1) precision and accuracy are markedly enhanced in a mass spectrometric
analysis of a sample which has an isotopic composition near that of the standard, and (2)

inasmuch as the feldspar-water fractionations vary only a few per mil from zero over the
temperature range studied, the isotopic composition of the ieldspar does not have to change
very much to reach the equilibrium value.

At each temperature, the feldspar was equilibrated with two solutions that were identi-

cal except for isotopic composition. The two runs were commonly made simultaneously in
the same large coldseal bomb; for those companion runs made in separate coldseal bombs,
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conditions of time and temperature were made as alike as possible. As mentioned above,

one of the solutions was of nearly the same isotopic composition as the feldspar. Thus the

{eldspar was initialty almost in isotopic equilibrium with the solution. In the companion

run, the isotopic composition of the solution was approximately 35 per mil different from

the feldspar. Since all physical and chemical conditions were the same for the two runs, the

feldspars exchange an equal fraction of the way to equilibrium during the time of the run.

The extent of exchange is readily ascertained in the case of the starting materials with

highly disparate isotopic compositions, because the equilibrium value can be roughly esti-

mated and the initial distance from equilibrium is so great. The percent exchange so de-

termined is then applied to data from the run where starting materials had isotopic compo-

4ffi 24 #6
" 2  @  ( c u K o )

Frc. 1. X-ray difiraction pattern of synthetic BaAhSizOs.

sitions such that the system was already close to equilibrium. This treatment results in an

accurate determination oI the equilibrium fractionation. In many of the runs, the extent of

exchange was essentially 100 percent and so the same fractionation factors were commonly

obtained from both of the companion runs. Only 72 percent exchange occurred in 524 hours

at 350'C and in this case the method of graphical interpolation described by Northrop and

clayton (1966) was used to determine the equilibrium value at this temperature. The two

methods described here are essentially the same, the former being a special case of the more

general graphical interpolation technique.

when cation exchange is used as a means of promoting oxygen isotope exchange, the

attainment of isotopic equilibrium cannot be demonstrated because there is the possibility

that a kinetic fractionation might accompany the chemical reaction involved. The only un-

ambiguous way to demonstrate isotopic equilibrium is to approach equilibrium from op-

posite directions in a true exchange reaction. In such a reaction only isotopes are erchanged

and no new phases appear or disappear. Sodium and potassium feldspars apparently do not

fractionate oxygen isotopes relative to one another (Taylor and Epstein, 1962b; schwarcz,
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1966) and thus this system approximates conditions of the ideal exchange reaction (that is,
sodium and potassium feldspars have essentially identical isotopic properties) In order to
resolve more fully this problem of demonstrating equilibrium when the cation exchange
method is used, it was decided to perform true exchange reactions between synthetic feld-
spar and pure water and to apply the graphical interpolation technique to the results Sur-
prisingly, the synthetic feldspars underwent considerable exchange even at 500'C in 150
hours (6116). The equilibrium values obtained this way agree with those obtained by cat-
ion exchange at 500', 600', and 800'C lsee Table 1). Thus, it is legitimate to infer that true
equilibrium data are obtained at lower temperatures where only the cation exchange
method was used.

DrscussroN oF ExpERTMENTAL Rnsur,rs

The results of runs made with the intention of securing equil ibrium
isotopic data are listed in Table 1 (alkati feldspars) and Table 2 (alkaline-
earth feldspars). Where the entry in the "percent exchange" column is
100 percent the exchange reaction has gone to completion and the
resultant equil ibrium fractionation is given in per mil in the last column.
For those cases where reaction was incomplete the method of graphical
interpolation was used to obtain the equil ibrium fractionation. Starting
materials with the same description (a.g., ultra-fine synthetic sanidine)
are usually different preparations with different physical properties such
that some of the rates of exchange which appear inconsistent are actually
not. For example, at 350oC one synthetic sanidine preparation exchanged
only 72 percent in 534 hours while another exchanged completely in
505 hours.

All of the salient features of these experiments are evident in the 500'C
series of runs:

(1) The oxygen isotope data from runs made in pure water (true
exchange reactions) agree with those uti l izing cation exchange, demon-
strating that equil ibrium is attained in both sets of experiments.

(2) The interpolation method (not yet proved to be a valid procedure
for all systems) yields fractionations in agreement with those where
equil ibration was complete.

(3) There is no detectable oxygen isotope fractionation between
sodium and potassium feldspars. This observation concurs with the
fi.ndings of Taylor and Epstein (1962b) and of Schwarcz (1966) who
ana,Iyzed a number of natural coexisting sodium and potassium feldspars.
Theoretically, any two oxygen-containing substances ought to frac-
tionate oxygen isotopes with respect to one another. In this case, the
fractionation is so small in the temperature range studied that it cannot
be measured with present techniques and equipment. Of importance,
however, is the conclusion that the univalent cation in alkali feldspars
must not plav a significant role in determining the isotopic properties of
the mineral.
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Taer.r 1. Ors FnecuoxarroN Darl lon Alr,llt Fnlospln-W.qrrn Svsrelr
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Sample Description Water Time (hrs.) 1O3lM 7o Exchangel 10rlm.

f:800oC

181 Syn.san. (-100, *200) andpurewater 7
183 Syn san. (-100, f200) andpurewater 4
243 Syn.san. (u f )and3mNaClso lu t ion  3
319 Syn.san ( -100,  *200)and2mNaClso lu t ion  2

320 Syn.san ( -100,  *200)and2mNaClso lu t ion  4

162 Syn san. (u.f.) and pure water
165 Syn san. (u.f.) and pure water
309 Syn.san ( -200)and3 mNaClso lu t ion
310 Syn san.  ( -200)  and3mNaClso lu t ion

4 8  - 8 8 4  5 4
48 +11 37  s4
40 100
1 2  - 2 8 3  8 5
1 2  + 2 8 4  8 5

-  1 . 2 9
-o .82

- 1 . 0 1

Average value

r :6000c

- 1 4 9

+  2 . 3 9

- 1 . 0 4

+0. s9
+0.67

2
4
2
4

t26
126
48
48

90
90

100
100

Average value

7 : 5 0 0 o C

240
2 6

t49
149
450
288
288
288
288

-  6 . 8 3

+  7 . 9 r

100
100
6 1
6 1

100
100
100
100
100

+0 54

+1 s7
+ r . 3 6

+ t  I t

+ 1 . s 6
+ 1 . s 9
! r  , <

+1 .92

43 Nat alb. (-200) and3mKClsolution
94 Syn san (u f )and3mNac lso lu t ion

156 Syn. san. (u f ) and pure water
157 Syn.san. (u f ) andpurewater
270 Syn. san. (u f ) and 3 m NaCl solution
281 Syn.san. (-200) and 3 mNaClsolution
282 Syn. san. ( -200) and 3 m NaCl solution
28.1 Syn. alb. (-200) and 3 m KClsolution
284 Syn alb. (-200) and3mKClsolution

293 Syn. alb. ( -200) and 3 m KCI solution

Syn san. (u 1 ) and3 mNaClsolution
Syn. san. (u f ) and 3 m NaCl solution
Syn.san (u f ) and 3 mNaClsolution
Syn. san. (u f ) and 3 m NaCl solutron
Syn. alb. ( - 200) and 3 m KCI solution
Syn alb. (-200) and 3 m KCI solution

Average value

T:420"C

1050

?-350 'c

100

100

+  2 . 8 6  7 2

+  9 . 8 3  7 2
- 1 8 7  7 2

100
100

+ 1 . 5 1

+2 .  s8

+4 .04

+3 .94
+4 .12
+3 .74

1 3 1
2 t 7
2 1 8
217
307
308

3
3
4
7
2
4

5 U J

524
524
524

1t20
t120

Average value +4.00

6 y a s s 1 - : : f 1 . 1 6  6 w a : e r - r : - 1 1  7 3

Abbreviations:

San.:sanidine Syn.:synthetic (-100, +200):meshsize a:measuredfractionationlactor

m:molal Alb:albite Nat.:natural uf:ultrafine d€:equil ibdumfrtctionationfactor
r Values of 100 lor the isolated experiments in which no companion runs were made are judged to represent

essentially complete oxygen isotope exchange because they give the same a-value as do experiments in which

equilibrium was approached from opposite directions. In all such cases 100 percent alkali exchange took

place as well.

6 * 9 1 . 1 . a : - J . t  Q 6  6 w a r e r - r : * 4 . q J
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Considerable experimental problems were met in securing equilibrium
data for the alkaline-earth feldspars. The noble metal corrosion problem
previously mcntioned prohibited long-term runs. This was particularly
limiting in that the exchange rates are lower for these substances than
for the alkali feldspars. The synthetic "celsian" yielded an X-ray pattern
which was not the same as other published patterns for BaAlzSizOs and
because of this uncertainty was not used for partial exchange experi-
ments. This material, however, when reacted with calcium chloride

Talm 2. O18 Fn,lcrroN,r.rroN Dnrl lon Ar,xar,rnr Eanrr Fnr,ospan-Warnn Sysrnu

Sample Description Water Time (brs.) 10a lno /p Exchange 10s lna"

?:800'C

32f Syn celsian (u f.) and 2 m CaCl2 solution

215 Syn anorthite (u f.) and pure water
253 Syn. celsian (u f ) and 2 m CaCl2 solution
311 Anorthite Slas (-200) and pure water
312 Anorthite glass (-200) and pure water

Syn. celsian (u.f ) and 2 m CaCL solution
Syn celsian (u.f ) and 2 m CaClr solution
Syn celsian (u f ) and 2 m CaCl2 solution
Syn celsian (u J ) and 2 m CaClz solution

Syn. celsian (u.f.) and 2 m CaClz solution
Syn celsian (u f ) and 2 m CaC! solution

Average value

? : 5 0 0 0 c

12

?:600'C

-2_C0

-o 76
- 1 . 0 6
- 1 . 0 4
-0  91

r44
7 7
77

100
100
100
100

258
259
285
286

- 0 .  56
+ 1 .  1 5
+4 .27
-0 80

96
96
88
88

-0  94

-0  39

- 0  1 8

7 254
4 254
I 288
7 288

72
72

4 1050
7 1050

290
291

A r r a a o a  - o 1 " .

T:42o"C

+10 38
-  0 . 3 8

-o.28

+ 0 . 1 1

Abbreviations same as in Table 1.

solutions, yielded good anorthite. Of interest is the fact that anorthite
glass apparently crystall izes in isotopic equil ibrium with water. This does
not occur with sil ica glass (O'Neil, 1963) and may be a function of the
rate of crystall ization. The data for the alkaline-earth feldspars are not
proved to be equilibrium data and only by analogy to the alkali-feldspar
system (cation exchange runs) and their "reasonable,' values are they
considered meaningf ul.

That the alkali feldspars are found experimentally to concentrate O18
relative to the alkaline-earth feldspars concurs with the measurement and
interpretation of natural samples (Taylor and Epstein , Ig26b). The only
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major differences between the alkali and alkaline-earth feldspars are the

charge and size of the cation and the aluminum to silicon ratio. A smaller,

more highly charged cation would be expected to exert a greater influence

on the electronic environment surrounding the oxygen atoms, and thus

affect the nature of their bonding and isotopic properties. However, the

alkali-feldspar studies indicate that cation efiects are only a minor

perturbation on those resulting from the nature of the alumino-sil icate

framework. Thus it is concluded that the tendency to concentrate O18

is directly correlated with the relative numbers of Al-O and Si-O bonds

(the O-O interactions being approximately the same for both feldspars).

Isotopic fractionations between chemical species are known to be de-

pend.ent upon the vibrational frequencies of the isotopically substituted

molecules (Urey, 194?). In sil icate minerals, the vibrational frequencies

associated with Si-O bonds are higher than those associated with Al-O

bonds, the tetrahedral Al-o bond length being greater than the Si-o bond

minerals to their AI/Si ratios. (See below.)

Theoretical arguments of urey (1947) and Bigeleisen and Mayer

downward curvature in the data points which would be reasonable if

some ?-1 dependence (favored by high frequencies andf ot "low" tem-

peratures) is being manifest on this T-2 plot. However, these data fit a

straight l ine within experimental error over the temperature range

studied and the fractionation between alkali feldspar and water can be

calculated at any temperature in this range from the following least-

squares expression:

1000]n aF-w :  2 '91(1067-2)  -  3 '41 '

A least-squares l ine for the anorthite-water system is given in Figure 3:

1000 ln aA-w : 2.15 (1067-2) - 3'82'

The 420"C anorthite-water experimental fractionation is considerably

smailer than expected with respect to the higher temperature data.

Although the stability of anorthite in concentrated chloride solutions has
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T ("C)
500" 4?o" 350'

EJ
c

O P
o-
o
s

- l

-2

' to6T-2
Frc. 2. Experimental atkali Jetdsp::#j:jT".janations and least_squares

not been investigated, it is possible that some zoisite, CazAla(OH)SLOrz,
may have formed at this temperature (Newton, 1965). only anorthite
was evident in the X-ray diffraction pattern, but a few percent zoisite
might explain the isotopic result. Because of this uncertainty and the fact
that it was a "partial-exchange" experiment, the resurt was not included
in the least-squares analysis.

with sodium and calcium feldspars as end members, a fractionation
curve for any plagioclase can be constructed by assuming the isotopic



OXYGL)N ISOTOPDS IN I]ELDSPARS 1423

properties of the feldspars to vary linearly from Ano to An166. With B
equal to the fractional anorthite content, this expression is

1000In dp-w :  (2.91 -  0.768)(106?-21 -  3.41-0.4tP.

Fractionation curves for plagioclases of various anorthite contents are
plotted in Figure 4.

In Figure 3 are shown the experimental anorthite-water fractionations
(with the doubtful 420oC point in parenthesis) along with the least
squares and predicted anorthite-water fractionation curves. The pre-

a  E x p e r i m e n t o l  A n o r t h i l e - W o t e r  F r o c t i o n o t i o n s
-  L e o s t  s o u o r e s  l i n e
- - -  P r e d i c t e d  f r o c t i o n o t i o n  c u r v e

. o 4 2 3

106  T -2

Frc. 3. Erperimental anorthite-water fractionations and the least squares

and predicted fractionation curves.

ct
c

ro
o
s
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P L A G T O C L A S E - H z O
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7//,
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Frc. 4. Plagioclase-w4ter fractionation curves for various anorthite contents.

dicted curve is derived by assuming a Iinear relationship between the
isotopic properties and AI/Si ratios of framework silicates. This assump-
tion is supported by the trends exhibited by the average Al-O and Si-O
bond lengths discussed above. On combining the quartz-water data of
Clayton, O'Neil, and Mayeda (in preparation)r in this manner with the

I At the time of this writing there is still some difficulty in the interpretation of the ex-
perimental data for this system. Thus, any quantitative statements made in this paper in-
volving the quartz-water system may be subject to minor adjustments.

tt

tf)
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alkali feldspar-water data of thepresent paper, a general erpression for an

aluminosilicate-water fractionation is obtained :

1000 ln o : (2.64y + 0.93)(1067-2) I 2.80y - 5.51

where

S i+A I

An independent test of this expression is provided by the anorthite-

water system. The close agreement between the experimental points and

the predicted curve indicates that the hypothesis is essentially correct.

One of the most important aspects of the establishment of these

equilibrium fractionation curves for the feldspars is their application to

oxygen isotope geothermometry. These feldspar data are consistent with

the results of the laboratory studies of quartz-water (Clayton, O'Neil,

and Mayeda, in preparation), carbonate-water (Clayton, 1961; O'Neil

and Clayton 1967), and muscovite-water (O'Neil and Taylor, 1966). Ap-

plied to the analyses of natural samples, these calibrations yield con-

cordant "temperatures" of formation for many rocks which contain at

least three of these minerals in isotopic equilibrium. These matters will be

discussed in detail in a forthcoming paper.

In Table 3 are Iisted oxygen isotope analyses of coexisting quartz and

feld,spars from a variety of rock types. The SMOW (Standard Mean

Ocean Water) standard used here is that against which a sample of Pots-

dam sandstone is * 15.5 per mil and is essentially the same as that defined

by Craig (Craig, 1961; O'Neil and Epstein,1966; Clayton and Mayeda,

1963). Using the experimental fractionation curves, we have calculated
,,formation temperatures" and isotopic compositions of water present at

the time the minerals crystallized. Even though the quartz-feldspar

fractionations are not very temperature-sensitive (particularly at high

temperatures), the mineral pairs in Table 3 are apparently close to

oxygen isotope equilibrium at reasonable temperatures of formation.

The effect of aluminum substitution is clearly shown in the isotopic

compositions of the plagioclases. The calculated O18 contents of the

waters indicate: (1) pegmatit ic waters are highly variable in their oxygen

isotopic compositions; (2) magmatic waters are fairly uniform in com-

position with values around 9 per mil; and (3) waters associated with the

formation of metasediments are generally a few per mil heavier than

magmatic waters.
From the laboratory calibrations it is now clear that any natural

quartz-feldspar fractionations which are Iess than about {0.7 per mil at

geologically reasonable temperatures ((1200'c) indicate nonequil ib-
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Taern 3. TrltppnetunBs aNu fsotoprc CouposrrroNsr or Iionlr,ltroN Wernns
Donrvrn lnou Vanrous Qulnrz-lirr,osp,q.n Ols l'necrroNertoNs

Sample dquartz dK tnl , l "p". dpr.gio"r"". . Temp. ('C) dnro

Rock Creek pegmatite
border zone
(Taylor and Epstein, 1962a)

Quartz-adularia vein,
Hot Springs, Arkansas
(Taylor, 1967)
Rose quartz pegmatite
PBla, California, graphic granite
('Iaylor,1967)

Bonsall tonalite
(Taylor and Epstein, 1962a)
San Jose tonalite
(Taylor and Epstein, 1962a)
Shake Flat quartz monzonite
(Taylor and Epstein, 1962a)
Chloritoid-kyanite schist.
Mt. Grant, Vermont
(Taylrr, Albee and Epstein, 1963)
Staurolite schist,
Dutchess County, New York
(Garlick and Epstein, 1967)

1 1 . 9

1 8 3

9 . 1

1 0 .  3

9 . 7

1 0 . 3

1 6 . 0

l J .  o

10. .5

1 5 . 3

7 . 7

10.3 (Anrd 690,640 10.4

8 . 7265

690

8.5 (Anqo) 750

8 . 0

9 . 6

7 5 5  9 . 0

7 6 0  9 . 7

435 11.6

6 1 5  1 3 . 8

8.0 (Ans)

9 . 0

13.9 (An)

13.3 (An55)

l- 
(ott/o'u). - (ors/oro)suo w II &: i 
.- 

I10: where SMOW is Standard Mean Ocean Water.
L (OI8/O16)suow J

rium pairs. Such "isotopic reversals" (with negative quartz-ferdspar
fractionations of as much as 2 per mil) occur in some pegmatites and red-
rock granophyres (Taylor, unpublished) and also in the alteration zorre
adjoining the hydrothermal veins at Butte, Montana (Garlick and Ep-
ste in,  1966).

MecnnNrsrvr or. THE ExcHaNcB RrlcrroNs

rn their studies of the mechanism of the thermal and compositional
transformations in sil icates and the nature of the sil icate-water interac-
tion, Wyart and Sabatier (1958, 1959), Wyart et at., (7959),Donnay et al.,
(1959), Wyart et al., (1961), Fructus-Ricquebourg et at., (1963) have
performed various cation exchange experiments and also tracer experi-
ments using ol8-enriched materials. They found that a large proportion
of the oxygen in silicates exchange with the water when a granite is
melted in the presence of water or when powdered microcline is heated
with water at high temper,atures. These results, in conjunction with their
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pioneering studies of cation exchange between feldspars and alkali
chloride solutions led them to the conclusion that both the presence of
water and the substitution of cations were necessary for the motion of
silicon and aluminum ions in the crystal structure. They proposed a solid
state diffusion mechanism in which the aluminosilicate tetrahedra are
pried open and closed by diffusing protons and hydroxyl ions.

Tenr,n 4. INcouprrre ExcnaNcn l{uNs lon MncneNrsu Srulrns

^ Sam-
UTOUD' ple

Description
Temp Time 16 Et-

eC) (hrs ) change

3 PE-2 perthite (-100, *200) and 3 m NaCl solution
9 PE-2 perthite (-100, f200) and pure water

25 PE-2 perthite (-100, +200) and pure water
13 PE-2 perthite (-100, +200) and 3 m KCI solution
17 PE-2 perthite (-100, +200) and 0.3 m NaCl solution

32A Nat Amelia alb. (-50, *100) and 3 m KCI solution
328 Nat. Amelia alb. (-50, f100) and 3 m KCI solution
32C Nat. Amelia alb. (-50, +100) and 3 m KCI solution

2I Nat. Amelia alb. (-200) and 3 m NaC[ solution
24 Nat Amelia alb (-200) and pure water
31 Nat Amelia alb (-200) and 3 m KCI solution

36 Syn san. (-200) and pure water
37 Nat Amelia alb. ( -200) and pure water
53 Nat san. (-200) and pure water

40 Nat Amelia alb (-200) and 3 m KCI solution
46 Nat. san (-200) and 3 m NaCl solution
78 Nat san (-200) and 3 m NaCl solution
79 Nat. Amelia alb. (-200) and 3 m KCI solution

100 Nat. Amelia alb. (-100, f200) and pure water
101 Nat Amelia alb (-100, +200) and 3 m NaCl solution

102-104 Nat. Amelia alb. ( -100, *200) and 3 m (Na/K :30, 5, 3) solution
105 Nat Amelia alb (-100, f200) and 3 m KCI solution

585 64
585 69
585 260
585 65
585 94

8 7
10
l 5

19
2 7

650 1 86
650 1  78
650 |  26

650 62 9
650 62  15
650 2 92

585 62 29
585 62 5
585 62 8

650 8  >95
650 22  >95
585 7  72
5E5 7  >95

0
0
0

87

Listed in Table 4 are six groups of exchange experiments designed to
elucidate the mechanism by which these reactions take place.

Growp A. Used in this series was a perthitic microcline from a pegmatite
located 2 miles southwest of Glenarm, Maryland (sample PE-2 of
Wasserburg et, a1,., t957). The sample contains 11.25 percent potassium
with somewhat greater than 20 percent of the feldspar being exsolved
albite lamellae. In no case was it possible to exchange completely the
oxygen isotopes between the perthite and solution. Only 87 percent OiE
exchange occurred with NaCl solution in times greater than is necessary
to exchange albite completely with KCI solution at the same tempera-

500
500
500
500

208
208
208
208
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ture. That the albite lamellae in the perthite did not exchange appre-
ciably in this case is borne out by experiments 3 and 13; these latter com-
plement each other in that some O18 exchange takes place even in pure
water (samples 9 and 25). Therefore, as would be expected, the percent
exchange of oxygen isotopes between PE-2 perthite and KCI solution is
slightly greater than the percent albite phase in the perthite. It is clear
from these experiments that cation exchange is necessary for rapid O18
exchange and there is an apparent 1: 1 correlation between the two.
Experiment 17 shows that with 0.3 molal NaCl solution exchange was
more extensive than with 3 molal KCI solution or pure water. After
exchanging to the extent of 27 percent, the Na/K ratio in the solution of
experiment 17 was less than 3, where normally it was greater than 10.

Group B. In this experiment relatively large grains (pass 50 and retain 100
mesh) of Amelia albite were reacted with 3 molal KCI solution for only
one hour at 650oC. Previous experiments had shown that under these
conditions neither the cations nor oxygen isotopes would be completely
exchanged. These partially exchanged crystals were then reacted with
approximately one-third the stoichiometric amount of fluorine and the
Iiberated oxygen was labeled 32A. The remaining crystals were then
treated with an amount of fluorine which liberated about half the remain-
ing oxygen of these crystals, and this sample was labeled 32B. The rest
of the crystals were completely fluorinated and this resultant oxygen
was called 32C. The fluorination reaction is believed to take place by the
fluorine successively "stripping" off outer layers of the mineral. That is,
the oxygen of the mineral is "stripped" off from the outside of the remain-
ing crystal during the course of the reaction. The isotopic data reveal
that extensive exchange occurred in the outer parts of the crystals, but
that negligible exchange took place in the cores. When the PE-2 perthite
was subjected to an identical hydrothermal treatment and then examined
under the microscope the characteristic gridiron twinning of the un-
reacted feldspar was evident in every core. These observations lead to the
conclusion that a reaction front is sweeping through the crystal grain and
again that there is essentially a 1 I 1 correlation between cation and
oxygen isotope exchange.

Group C. Amelia albite (pass 200 mesh) was reacted at 650oC for 62 hours
with 3 molal NaCI solution and with pure water, and for only 2 hours
with 3 molal KCI solution. Exchange was nearly complete in the short-
term run in KCI solution and the rate of exchange in pure water was
almost double that in the NaCl solution. It is concluded that a common
cation in solution (sodium ion in this case) inhibits the exchange process.
The question of dissolution of albite arises immediately from these
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observations. Any substance will have a finite solubilitf in pure water.

The establishment and maintenance of an equilibrium solubility is a

dynamic process involving dissolution and reprecipitation at the surfaces

of the crystals. Such a mechanism in conjunction with solid-state diffu-

sion of some oxygen-containing species must be important in the O18-

exchange process between solids and pure water. One of the dissolution
products of albite will be sodium ion, and simply by the law of mass

action, the presence of sodium ion in solution will put restraints on the

feldspar solubility and affect the rate of O18 exchange by a mechanism

involving solution and redeposition. Now, albite in the presence of a con-

centrated KCI solution is far removed from chemical equilibrium-the

stable solid phase under these conditions being a potassium feldspar'

Considering the K/Na ratio in the solution to be infinite, the very un-

stable sodium feldspar will go into solution readily (no common cation)

and on the precipitation necessary to establish the feldspar equilibrium

solubility the stable potassium feldspar will form. A proposal as to how

this occurs is explained in a later section; it incorporates all physical and

chemical observations made during the present study.

Group D. This series of experiments demonstrates that these synthetic

materials undergo reactions at rates which are markedly enhanced over

those of natural materials. This phenomenon probably reflects the

increased surface area and more reactive sites arising from crystal

imperfections in the synthetic materials. In this case the synthetic

sanidine exchanged at a rate almost six times as fast as the natural albite

from which it was made. The synthetic sanidine also exchanged at a much

faster rate than a natural sanidine. Nothing can be concluded about the

importance to rate of the silicon-aluminum disorder in the natural

sanidine relative to the natural albite (ordered) because the surface areas

of the two are not the same. Nonetheless the exchange rates of these

natural materials are roughllt comparable' Of importance here is the

fact that the physical properties of the synthetic feldspar grains are so

markedly different from those of the natural feldspars from which they

are made by cation exchange in alkali chloride solution. A simple atom-

for-atom exchange by solid-state diffusion would not be expected to

produce such changes.

Group E. In no case was it possible to exchange the PE-2 perthite as

much as 90 percent, reflecting the exchange-inhibiting effect of the com-

mon sodium ion in solution on the albite phase of the perthite. However,

experiment 46 demonstrates that a natural sanidine (KsoNazo) is capable

of complete exchange with an alkali chloride solution, although at a

slower rate than Amelia albite (experiments 78 and 79). Inasmuch as the
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sodium and potassium ions are randomized in sanidine, both alkalis go
into solution if exchange takes place during a stage that involves solution
and reprecipitation, However, the sodium in the sanidine would make
the feldspar less soluble in NaCI solution, which may be related to its
exchange rate bein65 less than that of pure K-feldspar in NaCl solution.

Group F. Natural Amelia albite (pass 100 and retain 200 mesh) was
reacted at 500"C for 208 hours with a series of solutions: pure water;
3 molal NaCl; 3 mol.al chloride solutions with Na/K ratios of 30, 5, and 3;
and 3 molal KCI solution. Even though the feldspar was well-crystallized
albite it exchanged 87 percent with the KCI solution but failed to ex-
change either O18 or cations with the other solutions. According to the
findings of Orville (1963), the equilibrium feldspar in the solution where
the Na/K ratio wars 3 should have been Ks6Na1a, and yet the albite did
not change at all in this time, presumably due to the presence of the
sodium ion in solution. (This result is not in conflict with Orville's
because his experinrents were carried out with synthetic feldspar with
the concomitant in<:rease in reaction rate.)

In addition to the information gleaned from these rate and partial
exchange experiments, further insight into the nature of the exchange
process was obtained by microscopic, X-ray, and electron microprobe
examinations:

(1) In general, the gross morphology of the crystals remain the same throughout the
transformation.

(2) The exchanged crystal is always in aluminum-silicon disorder, even at 350'C. This
phenomenon is always found to occur when water is present.l

(3) Occasional new e nhedral crystals were formed in the high temperature runs demon-
strating that gross solution and reprecipitation is possible in these systems.

(4) The exchanged frldspar is poorly crystallized and replete with imperfections. It is
also very friable with little mechanical strength. Griggs and Balcic (1965) have made de-
tailed observations conct:rning the efiect of water on the mechanical strength of synthetic
quartz crystals. They saw evidence from an infrared measurement that their synthetic
quartz crystals containe,l approximately 0.1 percent water by weight. rnfrared measure-
ments at the same level of detection were made in the present work on the exchanged feld-
spars and they failed to show the presence of water.

(5) By use of the electron microprobe, chloride ion was found in some of the cleavage
cracks which developed in the exchanged crystal. This indicates that the alkali chloride
solution has access to the interiors of the crystals along cleavage cracks and the newly
formed minute surfaces of physical discontinuity.

(6) The reaction or phase boundary between exchanged and unexchanged feldspar is
quite sharp although roul;h and imperfect in appearance (see Fig. 6). Figure 5 illustrates the
results of an electron mic:roprobe analysis of a sample of Amelia albite partially exchanged

1 If cation exchange occurs between a lorv feldspar and an anhydrous alkali chloride
melt or alkali feldspar glass, the orignal silicon-aluminum order is maintained (wyart and
Sahat ier ,  1961; Laves,  1951).
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Irrc. 5. Electron microprobe traverse from albite core through exchanged portion of

crystal. Beam approximately 1 micron in diameter (20 Kv; 0 08 pa). Readings taken at 2p

intervals. Sodium values normalized by multiplying actual c.p.s. by 18.

at 700'C with KCI solution. No sodium was detectable in the exchanged potassium feldspar

portion of the crystal. This is particularly significant considering that this experiment was

carried out above the solvus temperature. There is apparently no appreciable solid-state

diffusion of alkali ions across the boundary. Consequently the rate of communication of

alkali ions at the boundary with the exteriors of the grains (or solution) is extremely rapid.

In conjunction with the stripping experiment described above, it can be stated that there

is an abrupt discontinuity in cation and Or8 concentrations at the boundary.
(7) Figure 6 shows a series of photomicrographs of a partially exchanged crystal of

Amelia albite, with the field focused either on the upper part of the grain (Figs. 6-1 and

6 2) or on the middle portion (Figs. 6-3 and G4). The bottom portion of the crystal (not
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I,'rc. 6. Crystal of Amelia albite (0 27 mm in length) partially exchanged with KCI solu-
tion at 700"C. The crystal is lying on its (010) cleavage; in the photographs the top and

bottom parallel edges correspond to the trace of the (001) basalcleavage. Note the large

fluid inclusions in upper left- and lower left-hand corners of the crystal, tabular parallel to
(010); the numerous small inclusions aligned along the (100) cleavage direction; separation
of core remnants along (001) cleavage; the irregular but sharp boundary between core and

rim; and the turbid, semiopaque appearance of the exchanged outer zone, particularly at

the boundary between core and rim.
(1) Focus on highest portion of crystal, the K feldspar envelope (plane light)
(2) Focus on highest portion of crystal, the K feldspar enveiope (X nicols)
(3) Focus on middle portion of crystal, the albite core (plane light)
(4)  Focusonmiddleport ionofcrystal , thealbi tecore(Xnicolsu. i thr imatext inct ion)
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shorvn) exhibits features essentiaily identical to lhe upper portion. The follou'ing rvere ob-

served on microscopic examination of this and other exchanged crystals:
(a) In the exchanged outer zone there occur tr,vo large (0 03 mm), planar fluid in-

clusions, which are tabular parallel to (010), and are best seen in Figure 6-3 and 6-1.

(b) There are myriads of tiny inclusions oriented approximately aiong the (100)

crystallographic direction in the exchanged outer zone. They can be seen above the

unexchanged albite core in Figures 6-1 and 6-2.
(c) The boundary between albite core and exchanged outer zone is irregular, but

sharp, semiopaque, and filled with inclusions.
(d) The remnant core is free of inclusions (Figs. 6-3 and 6-4).
(e) The core is optically continuous, as is the outer zone. In addition, the measured

extinction angle difference between core and rim (15') is that expected fot albite and

sanidine lying on (010) (Winchell and Winchell, 1959, p. 286).

(f) Replacement takes place preferentially along crystallographic directions'

Note the bifurcation of the albite core by material which has entered along a (001)

cleavage crack (Fig 6 4).

Some of the features observed in these exchanged feldspars are similar to those noted by

others in their studies of naturally occurring "clouded" or "turbid" feldspars. Poldervaart

and Gilkey (1954) showed that deposition and replacement by other minerals occur along

cleavage planes in natural feldspars and consequently proved that solutions do penetrate

crystals along these passages. In addition to cleavage cracks these authors refer to "sub-
boundaries" and "minute division surfaces" (a few unit-cell surfaces in size) as possible

solution pathways. The fluid inclusions observed in the feldspars of this work are remark-

ably similar to features in turbid feldspars noted by Folk (1955). He observed fluid inclu-

sions in feldspars strung out along cleavages, fractures, or certain crystallographic direc-

tions. The calcic cores of zoned plagioclase grains in igneous rocks are commonly sericitized

or saussuritized, while the more sodic rims may be practically unalteredl this also suggests

that aqueous solutions can penetrate feldspar grains along crystal imperfections.

With reference to the problem of "fitting-together" unexchanged albite and the pseudo-

morphing sanidine it is u'ell to consider the significance of the particular orientation (100)

of the fluicl inclusions in the erchanged feldspar (Fig. 6). Although present in the Amelia

albite used in this work, the (100) cleavage is not a major cleavage in albite. Of possible im-

portance is the fact that this plane is perpendicular to the a-axis, which is the crystal-

lographic direction of maximum expansion (or contraction) of the unit cell accompanying

transformations from one alkali feldspar to another.

CoNcrusroN

It is fairly clear from the isotopic data of the stripping experiment and

other experiments and observations cited that there is a direct correlation

between cation and O1s exchange. Exchange appears complete up to the

phase boundary. This demands rapid communication between the boun-

darl ' and the buik solution. Alternatively stated, the rate of attainment

of isotopic and cation exchange equil ibrium is equal to or greater than

the rate at which the reaction front sweeps through the crystal. On the

basis of the results of this work, it is difficult to envision the isotopic

exchange in these systems as resulting from simple solid-state diffusion

of water molecules or h1'dloxyl groups in and out of the crystals (neces-

sarily linked, in some manner with the cations) and somehow causing
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rupture and the reforming of Si-O and Al-O bonds (e.g., Donnalr et al.,
1959). This is to say nothing of the problems of size and charge of the
diffusing species. It is well known that difiusion along grain boundaries or
along surface fi.lms is much more rapid than solid-state diffusion through
a crystal lattice, and this is the probable explanation of why synthetic
crystals react so much faster than their well-crystallized natural equiva-
lents.

The simplest proposal which accounts for aII the observations would be
one which involved a solution and redeposition stepi (or at least ex-
tremely rapid oxygen exchange) at the boundary between exchanged and
unexchanged feldspar. Certainly such phenomena are easily initiated at
the surface of a crystal and can occur within the crystal itself at the
reaction boundary if a fluid film is present. For that minute amount of
material in solution at any one time the most convenient sites for feldspar
"redeposition" are located in the immediate vicinity-the exchanged
surface of the boundary. Once formed, the potassium feldspar is in
chemical equilibrium with the KCI solution and the solution would
further its attack on the remaining sodium feldspar by cation and H2O
diffusion along crystal imperfections in the exchanged feldspar. By
growing in this manner the original morphology of the crystal could be
retained. The new portion of the crystal, being rather quickly formed,
(1) would not have time to establish aluminum-silicon order,2 (2) would
be poorly crystallized with resultant imperfections that allow the bulk
solution access to inner portions of the crystal, (3) would have a tendency
to incorporate fluid inclusions into the structure, and (4) having been in
solution would have readily exchanged oxygen isotopes with the solution,
equilibrating either during crystallization or by rapid surface exchange at
active sites. With this explanation there must exist a fluid film at the
boundary which is in direct communication and in isotopic and chemical
equilibrium with the bulk solution. This fluid-filled boundary completely
sweeps through the crystal Using a homely analogy, every part of the
crystal must have had to "swim" across this "river" in solution in order
to reach the other side. It is not unreasonable that a single, optically
continuous feldspar crystal could pseudomorphously replace another in
this manner.

The natural extension of this postulated reaction mechanism is to the

I Goldsmith and Laves (1954) also discussed the possibility of dissolution of microcline
and reprecipitation of sanidine in the presence of water and pointed out the difficulty of
using such inversion information for establishing transformation temperatures in the alkali
feldspar system.

2 It is possible, however, that monoclinic sanidine may be the stable feldspar over the
entire temperature range of these experiments.
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problem of the importance of solid-state diffusion during alkali metaso-
matism in nature. The problem essentially involves whether or not large
scale ionic replacements can take place without reconstruction of the
aluminosilicate framework. In Battey's discussion of alkali metasoma-
tism of feldspars in some keratophyres (1955), mention is made of the
encroachment of K-feldspar around the borders of albite crystals and its
advance along cleavages and other cracks. He states further that this
progresses until tiny islands of albite remain enveloped in K-feldspar,
and finally, until replacement is complete. It is conceivable that replace-
ments in these feldspars took place by the mechanism suggested above
and that the solution may not have interacted appreciably with the other
minerals in the process. Such a phenomenon has already been observed
in the case of the feldspars in certain red-rock granophyres mentioned
above, where K-feldspar has apparently been deuterically exchanged,
but coexisting quartz has not (Taylor, unpublished).

In addition to the application of the equilibrium oxygen isotope data
presented in this paper to problems of geothermometry, oxygen isotope
analyses of feldspars should prove to be a powerful tool in resolving such
problems as discussed above for the case of alkali metasomatism. It has
been demonstrated here that during reaction in the presence of a hydro-
thermal fluid, it is impossible to have cation exchange without accom-
panying oxygen isotope exchange. Cation exchange may well be the

"driving force" which promotes oxygen isotope exchange between
feldspars and aqueous fluids during deuteric, hydrothermal, or metamor-
phic processes in nature,
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