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ABSTRACT

The fluorine extraction technigue for determination of oxygen
isotopic abundances has been investigated, and it has been used 1o
obtain,ols/olﬁ analyses of the common rock—forming minerals, A&
direct comparison with an independent method of analysis, that of
reduction with carbon at high temperatures, has shown that both these
methods are reliable for quartz samples, Most minerals can be analyzed
by the fluorine method to a precision of * 0.2 per mil, Only olivine
and magnetite, of the common igneous and metamorphic minerals, are
difficult to react,

Oxygen isotopic analyases of all the major minerals of the four
principal rock types of the Seuthern California batholith have
been obtained, For comparison, the same technique has been used upon
similar rock types from widely scattered localities, to test the
general applicability of the results, All the main rock types of the
Skaergaard intrusion have been analyzed, as well as many of the minerals,
Various samples of ultramafic rocks, anorthosites, and metamorphic
amphibelites have also been run,

It has been found that the crystallization histery and mineral
paragenesis of igneous rocks are reflected by the oxygen isctopic
data, In every instance where conclusive informatien exists, the
isotopic¢ results are in excellent agreement with the sequence and
history determined by conventional geological criteria, Host rocks
analyzed fell into a consistent pattern with respect to petrelegic
type. The Skaergaard rocks deviated markedly from the normal isotopic
trends, as a direct result of the unusual course of fractional

erystallization which they have undergone,
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IKTRODUCTION

Ainm of the research

The aim of this research is to determine the oxygen isotopic
composition of the minerals in some commen igneous and metameorphic
rocks, Thereby, it is hoped that a greater understanding will be
obtained coneerning the effects of rock-forming processes upon oxygen
isotopic fractionations among minerals, The oxygen isotopic data can
then be used in interpreting some of the conditions of formation of
igneous and metamorphic rocks,

Specifically, an attempt will be made to evaluate: (1) the use
of 018/01§ distributions as an indicator of temperature of formation
of igneous and metamorphic rocks; (2) the oxygzen isotopic composition
of igneous rocks as a function of petrolegic type and geologic occur-
rence; (3) whether or not isotopic equilibrium is cormonly estab-
lished in rocks; (4) the effect of magmatic crystallizatien and
differentiation upon the 018/016 composition of igneous rocks; and
(5) the approximate equilibrium fractionation factors among minerals at
high temperatures,

Previous work

The earliest work on oxygen isctopes in silicates was that of
Manian, Urey, and Eleakney(l), who reacted the silicate with carbon
and carbon tetrachloride at 1000° C, The carbon moﬁoxiﬂe obtained by
this reaction was decomposed te give water, and this was in turn elec-
trolyzed to give oxygen. The oxygen was analyzed in an early form of
mass speqtrometer@ The experimental error in 018/016 ratio was about

2,5%, and no variations were found among the samples studied,
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Tokuda and Eashida(g) heated silicates with potassium hydrogen
fluoride at 230° C,, forming water, By precise density measurements
upon this water they claimed to be able to determine variations of 1.4

per mil in 018/{)16

ratio, Such precision should have enabled them to
discover differences between igneous and metamorphic rocks, but none
were reported,

All the more recent determinations have been made on sensitive
mass spectrometers which can give a precision of better than * 0,2 per
mil, DBaertschi and Silverman(g) used oxidation with fluorine or chlor—
ine trifluoride at 420° C, to release oxygen from silicates, The
fluorine methed gave more reproducible results and larger yields of oxy-
gen than did the chlorine trifluoride procedure, and Silverman(4) has
used this methed to analyze‘a variety of rocks. The ratio of 018/016
was Tound to vary by as much as 3 per cent in natural silicates, Sedi~
mentary silica in the form of chert and diatonmite was discovered to be
richest in 018, while basalts and meteorites were the isotopically
lightest rocks analyzed, Granitic rocks were found to be isotopically
heavier than basaltic rocks,

Baertschi and;Schwander(s) have liberated oxygen from rocks as
carbon monoxide, by reduction with carbon at high temperatures,
Schwander(ﬁ) has used this method to analyze a number of rocks, but
Clayton and Epstein(7) demonstrated that only quariz, magnetite, and
zirecon, of the common rock-forming minerals, can be conveniently
analyzed in this manner with any great precision, Only 60=70 per cent
yields of carbon monoxide are obtained for minerals other than these

three, and as isotepic fractionation occurs during extraction, unre-

liable analyses are obtained.



Vinogradov, Dontsova, and Chupakhin(s) have analyzed several
igneous rocks and meteorites by the carbon reduction me;hué. They
report 100 per cent yields of carbon monoxide, and they found meteor-
ites and ultramafic rocks to be isotopically lighter than bhasalts,
and granitic rocks to be isotopically heavier, In view of the diffi-
culties encountered by other workers in applying this method to tetal
rock samples, it is impertant that further analyses be obtained by
their procedure,

Clayton and Epstein(7) have used the carben reduction method to
analyze quartz and magnetite from various geologic enviremments, They
have shown that guartz-magnetite and guartz-~calcite pairs from many
rocks were apparently formed in equilibrium with a large oxygen reser-
voir of almost constant isotopic composition, Oxygen isotopic fraction-
ations between these coexisting minerals were found to decrease as
their temperatures of formation (estimated on geological grounds )
increased,

In addition, two other studies have employed the carbon reduction
technique to analyze quartz samples, Ingel, Clayton, and Epstein(g)
have shown that chert—calcite pairs in 1iméstones bordering a hydro-
thermal ore deposit have been exchanged with water during the hydro-
thermal episode; the observed 018/{)16 fractionations are smaller the
greater the proximity to the ore body., Degens and Epstein‘lo) have
analyzed cherts in limestones of varying ages from widely scattered
localities, Their work has shown that the older the rock the greater
is the likelihood that post—depositional oxygen exchange has altered
its isotopic composition, Also, they were able to differentiate between

fresh water and marine limestones on the basis of 018/015 content,



Almost all oxygen isotopic studies of igneous and metamorphic
rocks, up to the time of the present research, have béen mainly con-
cerned with 0}‘8/(316 compositions of total rock samples, The major
exception has been the work of Clayton and Epstein(7) on coexisting
carbonates, quartz, and magnetite, Only very 1imitéd interpretations
can be made using just data on total rock samples. DMuch more important
conclusions can be reached by determining the distribution of exygen
isotopes among the individual mineral phases of a rock, This is the
principal reason for the method of approach used in the present study.

Isotope exchange reactions

For this type of study it is necessary to have an understanding
of the various processes which can bring about isotopic fractionations
in nature, These various mechanisms are reviewed in some detail in
~this section and in the sections which follow,

The thermodynamic properties of two molecules which differ only in
that they contain different isotopes of the same element, are in general
different, This difference in properties is a quantum effect, and has
been discussed theoretically(ll)(lz). following the treatment of

Urey(ll)s consider an isotopic exchange reaction:
ad;] + bBg == ad2 + bBy (1)

where A and B are molecules which have some one element in common, and
the subscripts 1 and 2 indicate that the molecule contains only the
light or the heavy isotope, respectively. The equilibrium constant for

this reaction, as for any ordinary chemical reaction, is given by:



K(r) = %} [%;r (2)

where the Q's are the partition functions of the molecules containing

the various isotopic species,

@ = 2 e/ (3)

sum over all quantum states

For a perfect gas, or as a first approximation for real gases, the

partition functions may be factored into their translational, rotational,

and vibrational parts,
@ = Qr ° et ° Sib (4)

The translational partition funetion has its classical value at
all temperatures, Tor all isotepes except those of hydrogen, the
rotational partition function also will have its classical value at
ordinary temperatures and above, Therefore, only vibrational effects

produce any isotope fractionation, The various partition functions

are given by:

v (2w )%
Ur = *—‘\—gg—’—z (5)

2o
Opot — Eggéégig (linear molecules) (6a)
2, m\% (ancV%
or s 72Kr) % (ABC)® (1 atomic) (6D)

ohd
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where M molecular weight of the wmolecule

\ volume of the gas

moment of inertia of a linear molecule

principal moments of inertia of a polyatomic molecule
syrmetry number

h /KT, where |} is a vibrational frequency (in sec~})
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dnharmonicity terms have been neglected in deriving the expressions
for the vibrational partition functions,

We then have:

(8a)

3 )
0 01 Iafua\F(e™/2)(1 - o)
T g Iy (U - emu2)(emtl/2)

for diatomic molecules, and

(8v)

bl ot (g2 s
Q2 __ 01 [AgBoCal¥(Ha zﬂ' (e™U2i/2) (1 ~ o™uli)
a  Oelamer] ) @ - o) (72

for non-linear, polyatomic molecules,
These expressions may be simplified, and the ratios calculated
without a Imowledge of the moments of inertia, A theorem of Teller

and Redli@h(lg) states that the expressions

L’%mgn ond T—[ pi2m3n

M912 MBABC



are invariant under isotopic substitution, where m is the atomic mass,
and n is equal to the number of atoms exchanged, Applieation of this

rule to the above equation leads to

Op (mVPo _ up (02/2)(1 - ) o0
0y \mg) @ up (1 - e~92) (e91/2)

and
To (m{Fle _ pram Aoy
Tylme| @ ' wpy (- o™M2i)(e™Mi/2)

The ratios of the masses will cancel in any isotope exchange
reaction, and the ratio of the symmetry numbers, no matter what its
value, cannot result in any isotopic enrichment, as it represents only
the relative probabilities of forming symmetrical and unsymmetrical
molecules,

The only sipnificant term, so far as isotopic fractionation is
concerned, is the right-hand side of the above expressions, If
uyj - ugg = A uy is small, as it will be for everything but the isotopes

of hydrogen, this term has been shown to be approximately equal to:

1+ > 6lugg )Auy
i

where

N — 1 1 1

(14)

This expression was derived by Bigeleisen and Mayer , and they have

also demonstrated that if usj is itself small (less than twe), then to



a good approximation

Glugg) = =2 (11)

The expression for the equilibrium constant, K, which finally

results is:

(1 + ZG(ugi)AEi)AJa
[T+ S 6luas) g )B] b (12)

| R |1 E—
29
g el P

Q
]
[

and it can be seen that a knowledge of the vibratiena} frequencies,
alone, is in general sufficient to calculate the equilibrium constant
of an isotopic exchange reaction at a given temperature, These vibration—
al frequencies have been determined experimentally {(usually by infra-red
or Saman spectroscopy) for many substances, and Urey(ll) has used these
data to calculate the equilibrium constants for a large number of iso—
topic exchanpe reactions, For the few instances in which these constants
have been determined directly by experiment, and for which reliable data
on the vibratienal frequencies exist, agreement between the theoretical
~ and experimental results has been remarkably goed,

In classical mechanics, the right-hand sides of equations 9a and
gb are equal to one, a value of one indicating no separation of isotopes,
This isxﬁantamsunt to saying that the function Ez:s(ugi)llui is equal
to zero, It should be expected, therefore, that ;t very high tempera-
tures as the partition function for vibration approaches its classical
531

value kT/h)), there should be no isotope fractionation, <hat this is



indeed the case is easily seen, because at high temperatures or very
low frequencies equation 11 becomes applicable, and j{jfugi/lgkﬁui
approaches zero as T approaches infinity. At very low ;emperatures
and high frequencies, G(ugi) approaches-%, and Auj/2 approaches the
difference in zero-point energies for the two isotopic species,

If equilibrium constants for reactions between materials in con-
densed phases are desired, they may be calculated from the exchanges
between the identical materials in the vapor phase, but the respective
vapor pressures and vibrational Irequencies must be known, 5Such cal=
culations are difficult, especially for ionic selids and for species
in selution, LYo evaluate directly the ratio of the partition functions
in the condensed phases, the effects of interaction between the internal
vibrations of a molecule and the fields produced by closely adjoining
molecules must be considered, Grant has made a very approximate
calculation of this nature for silicon isotope exchange in silicates,(ia)
These are very complex problems, in general, and isotepic fraction—

) ations ameng condensed phases are much better measured directly by
experiment,

Although at very high temperatures all isotopic exchange effects
wii} disappear, and at low lemperatures they should be most pronounced,
it is net always true that the equilibrium constant of an exchange
reaction is a continuously decreasing function ef temperature, For
certain materials, calculated equilibrium constants change with temper-
ature from a region in which K is greater than one, bo a region where
it ig less than one, This "cross—~over" effect is certainly nst a

general phenomenon, however,
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The equilibrium constant, K, of an isotopic exchange reaction is
primarily a function only of temperature, Variations in pressure and
chemical envirenment should not markedly modify its value, [For reactions
between phases of constant chemical compesition, or for reactions in
ideal gas mixtures, changes in chemical enviromment can have no effect
upon K, #Hven for real gases, or in solutions, variationms in the con-
centration of other constituents will have, in general, a negligible
effect, as long as the chemical nature of the species in guestion arve
not altered appreciably. These considerations follow as a result of
the ideality of the solutions of isotopic molecules of a compound, and
because the products and reactants of an isotopic exchange reaction are
nearly identical in terms of molar volumes,

Host of the variations in 618/016 ratio among minerals can be ex—
plained on the basis of chemical exchange effects of the type discussed
above., However, other mechanisms exist whereby isotopes may be fraction-
ated; these are mentioned below, because in rare instances they may be
impertant in nature,

Diffusion processes

At thermal equilibrium the average velocity of a melecule in a gas
is inversely proportional te the sguare root of its molecular weight,
Because the lighter isotope travels with a higher average velocity, it
should travel a given distance more rapidly than the heavy isotope in
any diffusion process, This can produce an enrichment of the diffusing
material in the lighter isotope., In principle, isotopic separation can
occur by diffusion in seolids and liquids also, but the effect will be
muach smaller than in pases,

Any chemical potential gradient can make a diffusion process
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operative, bul processes also exist which tend to separate isotopes
directly. In the presence of a thermal gradient in a gaé, the lighter
isotepe will in general concentrate in one part of the system and the
heavier isotope in the other, Uther things being equal, the heavier
isotope should become enriched with depth, at quilibriumAin a gravi-
tational field,

The importance of diffusive processes in preducing significant
oxygen isetopic fractionations in nature has never been evaluated in
detail, Silverman(4> has called upon diffusion to explain the 01’8/015
variations he observed in a gabbro-granophyre sequence at BDayfield
County, Wisconsin, but on the basis of data in this paper his results

can be better interpreted in another manner,

Kinetic effects

Because a light molecule in a gas travels with a higher average
velocity than does a heavy one at the same temperature, the lighter
igsotope will collide more often with the surface of the solid during
a solid-pgas chemical reaction than does the>heavy one, If the rate
of reaction is proportional to the collision frequency, a non-equili-
briwm process exists whereby the reaction preducts are enriched in the
lighter isotope., Such an effect might alsc oceur in reactions in
condensed phases, although to a lesser degree,

The collision frequency mechanism described abeve is just one way
in which the rate of reaction of one isotope may differ from the rate
of reaction of another, OUther effects can be important, although they
cannot be obviously related to a simple process such as collisien
frequency, The problems of the kinetics of chemical reactions of differ—

(16)

ent isctopic molecules have been treated by Bigeleisen s and
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considerable experimentation has been carried out on the subject by
other workers,

Fractional distillation

The respective vapor pressures of two chemical species, differing
only in that they contain different iseotopes of one element, are in
general different, ielative vaper pressures for a few volatile sub-
(11)

&

stances have been tabulated by Urey for example, for water at

its boiling point:

PH2016
e = 10046

Ppy0l8

‘A "ecross—over" phenomenon exists in such ratios of vaper pressures,
and appears to be a repular feature of these relationships, At 217° C,,
for example, the calculated vapor pressures of 32018 and H2016 are
identical, and above this temperature H2018 has the higher vaper pres—
suree(ll)

These differences in vapor pressures provide another mechanism
whereby isotopes may be separated, because through distillation one
isotepe is concentrated in the vapoer phase relative to ansther, It is
impossible to state, in general, whether the lighter or the heavier
isotope will be concentrated in the vapor phase, as this will depend

upen the temperature and upon the substances invelved,

Definition of terms

All data are reported in terms of the quantity 8:

R
1pl
§ = _sample) 1 000

B(standard)
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where R(sample) is 0}‘8/016 in the sample
B(gtandard) 15 018/018 i the standard
S is thus the deviabtion in per mil (parts per thousand) in the 018/016
ratio from that of an arbitrary standard, The standard used in this
work is Hawaiian ocean water, A S: +10 means that the sample has an
{)18/016 ratio 1 per cent, or 10 per mil, greater than that of ocean
water,

The principal quantities with which one is concerned in this type
of work are the variations in 018/016 in one substance relative to
another, OSuch variations are most simply reported as A , the difference
between the $-values for the two substances, For example, the quantity
AQUAE%I‘Z-sﬁAGI‘JE’I’Ii‘E is identical to 6@{}&5‘3 - Sﬁmﬁﬁ’ﬁfi‘@ , and is a
‘measure of the fractionation of oxygen isotopes between a quariz sample
and a magnetite sample,

Theseﬂwvaluesg or Smdifx"erences, are related to the actual

fractionation factor, O , in the following way, wsing quartz and mag-

netite as examples:

18
(028/018) 1y (0%%/01%)54q (1 + Sqt4/2000)
(018/016) (018/016) o (L + § p,/1000)

X

mag
from the definition of S, given above,

Then we have

1000 10060

o = [1+ Sgtz] l:l+ Smafr:l

and, making an approximation which is valid for %b%g;‘i<< 1 , we have
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ngtzwmag
1000

IN

o 4

Taking a numerical example, suppose § QUARTZ = 29,7 and fS}xﬁAEﬁ%ﬁTIT w
= 10,2, Then ZSQUAQTEFMAGNETETE::1965 , and X = 1,0297/1,0162=1,0193,

The approximate expression relating o( and Z& is

fa ¥4 19.5 =
—= 1 2569 — 1,019
X + 1000 °

The fractionation factor for two substances in a given isetopic
exchange reaction is related to the equilibrium constant in the follow-
ing manner, If the molecules of the chemical compounds under consider—
aﬁion each contain only one atom of the element undergoing exchange,
then the equilibrium constant and the fractionation factor are identical,

An example of this would be the reaction

cot® + mol® = col® + 0!

c [10%8]  / [c®®] o = [0 (_cﬁ_%
— [32015] [0016] ’ 016 /1150 016/ co

and X is seen to be equal to K,

When these conditions are not met, each individual reaction must
be considered separately., An example used by Urey(ll) in this connect-

ion is the exchange between carbon dioxide and water:

1
300,50+ mo'® = 3o0,'® + o'



r— [Cezmﬁ [1,01]
16]?; [H2016]

The fractionation factor for this reaction is

o — (018/0) 0, _ 2[002181 + @016018] [32918]
(@18/@16)H20 E}Gl%ls] + 2[00216] —M[H2016]

If the equilibrium constant for the reaction

0,8 + 00,1% == 2001018

is equal to 4, as it will be if the proportions of the isotopic species

are determined by random distribution, it is easily shown that

18,.16 18] [ 18]
(07°/0 )602 . [cag H,0

(018/016 JHy0 ‘ nglﬁ] [Hg@lﬂ

and K = (X, as before,

B

R
|

B

It is generally true, therefore, if the probabilities of forming
the various isotopic species of a compound are determined by the symmetry
mumbers alone, that the fractionation factor is identical with the
equilibrium constant, The equilibrium reaction must, however, be
written with fractional stoichiometric coefficients so that only one
atom of each molecule is exchanged, Also, this generalization is not
valid for compounds in whichkthe igsotopes of hydregen are considered,

or for those in which the several atoms of a single element are not



16

equivalent, as in Ng0 where only one of the nitrogen atoms is bound

to oxygen,
APPARATUS AND EXPERIMENTAL PROCEDURES

Exverimental reguirements

When the present work was initiated, it was known that the differ-
ences in 8 for coexisting magnetite and quartz in igneous and meta—
morphic rocks were of the order of 7-13 per mil. Also, previous work
indicated that quartz—potash feldspar fractionations of 1-2 per mil
might be expected in igneous rocks, The mass spectremeter in this
laboratory may be used to measure variations in the oxygen isotopic
composition of carbon dioxide gas with a precision of better than 0.2
per mil, It is therefore possibie to obtain analytical results of
sufficient accuracy to give geologically interesting informatien abenut
Glg/ﬁlﬁ fractionations among rock-forming minerals.

Given mass spectrometry of such accuracy, the critical problem is
to extract oxygen from a mineral and convert it te carben dioxide with—
out introducing any errors greater than 0.2 per mil. Only very careful
analytical procedures can give such precision, and the number of possible
methods is limited because of the difficult chemical problem of extract-
ing oxygen from silicates, All chemical reactions must be carried out
either gquantitatively or with no isotope fractionation,

Extraction of oxygen by reaction with fluerine appears to be the
most reliable procedure that is applicable to a wide variety of minerals,
and it is used in the present investigation. Samples analyzed by the
fluorine method are, however, compared with analyses of the same

samples done by reduction with carbon at high temperatures, te better
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check the analytical accuracy of both precedures,

Fluorine oxidation

General statement — Fluorine gas reacts with oxides and silicates,

producing oxygen and metal fluorides, Three typical reactions are:

8109 + 2Fg —> SiF4 + 0Oy
2Feg0y -+ 9Fg —= 6Fefg + 409

(3) (4)

Baertschi and Silverman' ’, and Silverman have used the
fluorine oxidation procedure to extract oxygen from a variety of geo~-
logic materials, They reacted rocks at 420%° C,, using hydrogen fluor—
ide a8 a catalyst, Hydrogen fTluoride was found to he necessary because
silicates react siowly with pure fluorine under such conditions,

Higher temperatures could not be used because the nickel fluoride armor-
ing film on the imnner walls of the reaction vessels decrepitates, and
fluorine rapidly attacks the vessels themselves, Sample materials were
ground finer than 100 mesh, and 50 mg aliquots were loaded inte the
nickel reaction vessels in a "dry box" under an atmosphere of dry
nitrogen, Without again exposing the inner surfaces to air, the
vessels were fitted to an all-nickel vacuum line, 6 at a time, a vacuum
seal being obtained by using Teflon gaskets at the junctures., The
reactions with excess fluorine were carried out for at least 6 hours,
Gaseous reaction products were oxygen, excess fluorine, hydrogen fluocr-

ide, and any velatile fluorides which may have been present, Iydrogen

fluoride and the other volatile fluorides were removed by pasging the
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gas mixture through a liquid nitrogen trap. Fluorine was removed by
passing the remaining gas through a trap containing heated potassium
bromide, The bromine liberated by this reaction was then frozen out

in another liguid nitrogen trap, leaving only oxygen gas, which was
collected and analyzed in a mass spectrometer, Quantitative yields of
oxygen were obtained for most materials, as well as reproducible iso-
topic analyses, although results were less reproducible for the more
mafic rocks such as basalt. The extraction procedure used by Baertschi
and Silverman, with modifications to give improvements in accuracy,

is the procedure which is used in the present work,

Apparatus -

(a) high vacuum system (fig, 1) — The part of the vacuum system
with which fluorine comes into contact is constructed of metal that
forms an armoring film of metal fluoride, protecting the metal from
further attack by fluorine in much the same manner in which aluminum
is protected from atmospheric oxidation by an oxide coating., Inconel
or copper tubing, with copper elbows and tees, are used, and all parts
are joined together with silver solder, Connections to removable parts
are made by flanged joints with Teflon gaskets, Valves with ligpel
body, inconel diaphragm, and Teflon gasket are used (kue, Inc, #413),
Pressure in the line is determined by 3 Bourdon-type pressure and
vacuum gaunges with Monel diaphragm, An ordinary thermocouple gauge is
used to determine finer vacuums and is never exposed to fluorine,
ﬂlass«to;metal transitions are made with Kovar seals,

(b) fluorine container - Fluorine gas from a commercial compressed
gas cylinder, stored for safety outside the laboratory, is introduced

into the vacuum line through Inconel tubing,
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(¢) hydrogen fluoride container — Hydrogen fluoride is stored in
a nickel vessel which is part of the vacuum line, and this vessel is
refilled as necessary from a commercial cylinder of hydrogen fluoride,

(d) reaction vessels — The 6 reaction vessels are connected to a
removable section of the vacuum line through flanged joints with Teflon
gaskets, by screwed fittings, The vessels are made of nickel tubing
7/8 in, 0,D,, 5/8 in, I,D,, 10 in, long, with welded bottoms, They
have a capacity of approximately 50 cm36 4 cooling coil of 1/4 in,
copper tubing is wrapped around the top of each reaction vessel, and
during heating of the reaction vessels water is circulated through this
tubing to protect the Teflon paskets, Electrical resistance heated
furnaces are used to heat the reaction vessels,

{e) potassium bromide furnaces -~ Two heated tubes contain solid,
coarsely crystalline potassium bromide, OUne, used for reaction of
waste fluerine, is a horizontal tube of 18-8 stainless steel 1% in,
diameter and 18 in, long, The other, used for removal of fluorine
from the sample gas, is a U~tube of pure nickel, 7/8 in, 0.D., 5/8 in,
I1.D., with a total length of 36 in, It is surrounded by an electrical
resistance heated furnace, maintained at 200° C,

(f) collection line — The part of the vacuum line which does not
come into contact with fluorine or hydrogen fluoride is made of pyrex
glass tubing, with an Urry-type automatic toepler pump fer collecting
gas samples and a mercury-filled manometer tube for measuring the vol-
vme of gas collected, High-vacuum, ground-glass stopcocks, lubricated
with Apiezon N stopecock grease, are used throughout,

(2) carbon filament - Oxygen is converted to carbon dioxide by

reaction with a hot carbon rod, The rod is prepared from a 1/8 in,
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pressed graphite spectrographic electrode, 3 in. long, The cross-
sectional area of the center of the rod is reduced by a factor of

four by carefully grinding it. Hlectrical connection is made through
1 ma platinum rods in heles drilled through the graphite rod near the
ends, The platinum leads are joined with threaded ecouplings to No, 12
copper wires, which are in turn connected to tungsten leads which pass
through the glass and osut of the vacuum system, The leads pass down the
central tube of a glass trap with a 40/50 ground jeint, supporting the
filament inside the trap near the bottom, as shown in fig, 1. The
carbon of the filament is used up in the reaction, and a new rod is
usually necessary after about § samples have been converted,

() vaenum pumps — For attainment of high vacuum, a conventional
set-up using a 2-stage mercury diffusion pump backed by a Welch duc—
seal mechanical pump is used on the main part of the line, The automa-—
tic toepler pump is operated through an electrical relay by another
Welch duo—seal pump, this same pump at other times being used to produce
a rough vacuum in the waste fluorine system,

(1) dry box ; Samples are loaded inte the reaction vessels in an
atmosphere of dry nitrogen, This is done in a specially designed
plastic bex approximately 3 £, x 2 ft, x 2 £t, through which are fitted
shoulder~length latex rubber gloves, Materials are inserted into the
dry box through a hinged flap in the side, and the flap is sealed with
a waxy material, OConnection is made near the bottom of the box to a
cylinder of dry nitrogen, and gas is allowed 1o escape from the bex
through a small valve in the tep. A humidity meter, 6 weighed samples
in 10 ml heakers, 2 petri dishes filled with powdered phosphorus pent-

exide drying agent, a wrench, and extra Teflon gaskets are placed inside
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the box along with the removable asszembly of 8 reaction vessels, during
a loading, Dry nitrogen is cycled through the box, a small fan on the
inner wall insuring good circulation and rapid drying,

&5

Analvtical procedure — Before an extraction is made, the inner

surfaces of the reaction vessels are cleaned to a high polish with

steel wool, rinsed with carbon tetrachloride, and flushed with dry
nitrogen, The vessels are then fastened onto the vacuum line, evacua-—
ted, and filled with fluorine and hydrogen fluoride, The vessels are
isolated and heated to approximately 450° C, for a minirmm of two hours,
Simultanecusly, the entire metal portion of the vacuum line is treated
with a nmixture of fluerine and hydrogen fluoride, and the line is heated
at intervals with a torch, This procedure is necessary to remove
extraneous oxygen compounds from parts of the line which will be exposed
to fluorine during a sample extraction, 4ll oxide films are removed,
and the interior metal surfaces are covered with a fluoride film,

The system is then evacuated through the waste potassium bromide
furnace, and the hydrogen fluoride and newly-formed bromine are frozen
inte a liquid nitrogen trap (~1§5080 C.)o After a rough vacuum is
attained by pumping through the waste system, the line is isolated and
opened to the high vacuum, mercury diffusion pumping system, which pro-
duces a vacuum of about 107% rm Hg, During this outgassing, the react-
ipn vessels remain heated to 450° C., and the metal line is torched at
intervals, If the thermocouple gauge indicates that the system is
vacuum tight after an outgassing period of at least 2 hours, the react-
ion vessels are sealed off, and the removable assembly of 6 reaction

vessels is taken from the line and placed in the dry box, Inasmuch as
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atmospheric oxygen and moisture are possible sources of isotopic con-
tamin#tion, entry of alr inmbo the reaction vessels is carefully aveided
beyond this stage,

Removing water vapor from the atmosphere of the dry box, and re—
placing the air with nitrogen, generally takes 8-10 hours, When the
humidity meter indicates zero humidity, each vessel is in turn unbolted
from its Teflon gaskelt seal and charged with a previously weighed 30 ng
or 40 mg sample, The reassembled group of reaction vessels are returned
to the fluerination line, All parts of the metal line which have cone
into contact with air during the transfer from the line are again treat-
ed with a hot fluorine-hydrogen fluoride mixture for at least one hour,
This material is removed through the waste vacuuwm line, and the reaction
vessels are then evacuated. The valve of each reaction vessel is opened
slowly to insure that none of the powdered sample is blown ocut of the
reaction vessel by a too rapid evacuation, Also, each vessel is tested
separately to make certain that a vacuum seal was maintained during the
reassembly in the dry box, This insures that if a gasket leak is pres-
ent in one of the vessels, all the samples are not spoiled by contact
with air from this lealk,

The reaction vessels are heated to about 450° C, and outgassed for
one hour, The metal portion of the line ig then isolated, and approxi-
mately 15 mg of hydrogen fluoride are condensed into each reaction
vessel by cooling the vessels in a mixture of dry ice, chloroform, and
carbon tetrachloride, About 40 S (8.1.P,) of fluorine gas are then
added to cach vessel, the valves closed, and the vessels heated to
450° C, for ab least eight hours, iigher temperatures, up to 520° C,,

are used for certain mineral samples, as will be described in a later
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sectipn9

With Dewar flasks of liquid nitrogen placed around U-tube ﬁréps
B, C, and D (fig, 1), the valve of a reaction vessel is opened and the
gaseous reaction products are allowed to stream slowly into the main
potagsium bremide furnace, After 10-15 minutes, the valve on the collec-
tion system side of the furnmace is opened slightly, and the gas slowly
streams through traps C and D and inte the toepler pump, which forces
it into the manometer, The cellection procedure generally takes 30-45
ninutes, and the reaction vessels are heated throughout this interval,

The gas sample consists only of oxygen liberated from the mineral
plus the small amount of oxygen and nitrogen present as original impur—
ities in the fluorine, Its volume is measured in the calibrated mano--
meter, and the gas is then cycled by the toepler pump through the glass
vessel containing the heated graphite filament (orvange-red in the cent—
er), The entire vessel is immersed in a Dewar flask filled with liquid
nitrogen,

The oxygen in the sample gas is converted to carbon dioxide, which
is immediately frezen out on the sides of the glass vessel, thereby
forcing the reaction to completion, This conversion is done in four
stages; the reasons for so doing are outlined in a succeeding section,
In the first stage, approximately half the gas is reacted to comple-
tion, the remainder being held in the manometer. In the second stage,
an aliquot of 90 per cent of this remaining gas is converted, Only 5
per cent of the original sample now remains unconverted, and another
50 per cent aliquot of this is reacted during the third stage, The
small amount of oxygen still remaining (about 0,5 per cent of the orig-

inal volume) is then reacted to completion with the temperature of the
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filament just high enough so that reaction barely proceeds,

Any traces of non—ceonvertible gas remaining are pumped away,vand
the carbon dioxide is frozen inteo the manometer and its volume measured,
For most samples, 100 per cent yields are obtained, preducing 10-12 emS
of carbon éioxide° Finally, the carbon diexide is condensed into a
sample tube and taken to the mass spectrometer, where its oxygen iso-
topic composition is debermined,

During the conversion procedure outlined above, all the condens—
ible material frozen into the 3 U-tube traps in the course of the col-
lection is removed through the waste vacuum line and frozen into the
waste bromine trap, The line is then opened to high vacuum and heated
with a torch and outgassed for approximstely one hour, the average
time necessary for a comlete conversion, The line is thus ready for
another collection as soon as the previous sample has been frozen inte
a sample tube, The contents of all 6 reaction vessels can usually be
collected in one day, 14-18 hours generally being Jt'eq;u:imed,a

As soon as the sixth sample is collected, the entire procedure
outlined above is begun again with 6 more samples, and barring unfore-—
seen circumstances, 6 samples can ordinarily be collected and converted
every 4 days., The reaction vessels are usually not cleaned with steel
wool after each set of runs, unless the previous set of samples gave
less than 100 per cent yields, Instead, the vessels are simply filled
with fluorine and hydrogen fluoride and reheated at 450° C, for at
least 12 hours, After another period of outgassing they are again
ready for a loading, During loading in the dry box the reaction vessels

are emptied of the residual fluorides left over from the reaction of

the previous sample,
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Mass spectrometry

The mass spectrometer used in this work is a 600, gingle~focusing,

.

double—collecting instrument of the type described by Nier&l7), with
modifications as described by McKinney et al<18)e Various features give
this instrument a much higher sensitivity than can be obtained with
commercial mass spectrometers, and measurements can be carried out with
a precision eof better tham 0,2 per milav

The carben dioxide sample is introduced into the ion source of
the mass spectrometer through a tiny gas leak, whereby the pressure is
reduced from centimeters to less than a micron, The gas is ionized to
€02+, and these ions, while passing threugh collimating slits, are
accelerated by means of an electrostatic field of about 1500 velts,
They emerge from the final slit as a well-defined bheam of C@é+ ions of
nearly constant energy, The iéns pass through a magnetic analyzer and
are deflected inte different paths, depending upon their mass,

The ion beam corresponding to mass 46, and the ion beams due to
mass 45 plus mass 44, are collected simultaneously on two collectors
hat have been mounted at the vpoints of best focus of the resolved beams,
Upon hitting the collectors the ions are neutraliged, imparting an
electric current to the coellectors, The positive ion current due to
mass 44 plus mass 45 is 1,7 x 10~9 amps, The current due to mass 46 is
about 1/250 of this, or 6.8 x 10712 amps, corresponding te the collection
of 4 x 107 ions per second,

Simultaneous collection of the beams is important, because the
ratio of the intensities of twe ion beams can be measured with much

greater accuracy than can the absolute intensities of the beams, fluct-

uations in total beam intensity due to instabilities in the source are
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nullified by measuring an isotopic ratie, The currents from the col-
lectors pass through high-value resistors, across which are éevelopeé
voltages proportional te the ion intensities striking the collectors,
The voltages developed by the two signals are balanced and compared
with one another in a bridge circuit., The output of the circuit gives
a null point which is recorded on a sensitive potentiometer,

The isotopic ratio in the sample gas is compared with the ratic in
a standard gas, This is done with the aid of a magnetically operated
valve in the gas feed system, which permits the switchover from a
standard gas to the unknown in a matter of seconds. This allows rapid
comparison of the 018/016 ratios of the gases at a time when conditions
in the mass spectrometer source are essentially the same for both pases,
In this way, long—term drifts in electronics are cancelled out, as are
the effects of any fractionation or mass discrimination in the spectro-—
meter itself, The effect of gas background impurities is also common
for the twe samples,

The experimentally determined quantity is, therefore, the relative
difference in an isotopic ratio between the sample gas and the standard
gas, This quantity must then be corrected in the manner owtlined by
Craig(lg), in order teo obtain the pure difference in 018/016 ratios
between the two gases, A correction is necessary because of the minor

13 which enter into the uncorrected isotopic ratio,

amounts of 017 and C
At least two separate mass spectrometric determinations were done

upen each carbon dioxide sample analyzed in this work,
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SPECIFIC PROBLIMS

Sample preparation

Mineral samples used in this work are prepared from the least
altered rock samples available, UOnly a few samples contained more than
1 per cent hydrothermal alteration, and these are described in discus-
gions of the respective suites of rocks in a subsequent section. None
of the rocks analyzed had been weathered to any noticeable degree,

Where hanémpiéking is used toc separate minerals, eor where separ-
ation is easily accomplished with heavy liquids and magnetic separator,
95100 per cent pure samples are readily obtained, If minerals are
too Iine-grained for convenient hand-picking, and if their densities
and magnetic susceptibilities avre similar, greater than 90 per cent
purity is difficult to ebtain, Accurate oxygen isotopic results can
be obtained even for such impure mineral meparates, however, because
a correection can be made for the isoloepic composition of the impurity,
Generally, the impurity has very neérly the same 018/016 ratio as the
sample, so a correction of the analytical result is usually 0,1 per mil
or less, within the experimental error, Inasmuch as all minerals from
a given rock are analyzed, such corrections are always possible,

A principal concern of any type of analytical work is whether the
final experimental results are representative of the mass one is attempt-
ing to sample, In the present study, an attempt has been made to make
representative samples of the various minerals in a "large hand speci-
men", It is probable that isctopic analyses of such samples will alse
very nearly represent the large mass of rock from which the sample was

collected, if the body of rock is fairly uniform, This has not been
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cheecked in detail, but isotopic variations within a given rock type
appear to be small enough to make this a reasonable assumption,

In picking grains by hand, large, single grains of a mineral are
favored over the smaller, binary grains, OUne is discriminating in the
sample in favor of the large grains, and also in favor of the central
parts of those grains, Similarly, in heavy liquid separations or in
magnetic separations, only the purest concentrates are accepted, and
binary grains and grains whose chemical compositions vary from the
average are discarded, For example, some digcriminaticn against the
outer-most, lower specific gravity zone of a zoned plagioclase might

¥
result, A bias enters the resulits if the 0&8/016 ratio of the outer
zone is different from that of the inner zone, Unfortunately, these
sampling errors are not easy to evaluate, but in all likelihood they
are minor, and within the experimental error,

The grinding of samples in air with an agate mortar and pestle
conceivably could affect the oxygen isotopic analyses of a sample, The
agate mortar may contribute isotopically heavier silica to the sample,
or water vapor may be adsorbed onto the surface of the mineral powder
during grinding. In the grinding of magnetite in moisture-laden air,
oxidation of the iren may occur under the heat developed by grinding,

To evaluate these smeveral possihilities, a magnetite sample was
treated in three distinet ways, One split, from crushing in a diamond
mortar, was analyzed directly. Anether split was ground in air, and
still another was ground in the dry box under an atmosphere of dry
nitrogen, All samples were passed through 200 mesh screen and analyzed,

with results as shown in Table I,
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Table I

Analyses of U.B. 157 magnetite under differing conditions of preparation

Bun Heaction vield (%) cS 1] 18/ Gl{3 (%0 ) Procedure

161 98 4.4 Ground in air

i62 98 3,9 Crushed in air
183 97 3.9 Ground in dry box
165 10l 4ol Ground in air

166 103 4,0 Ground in dry box
205 96 368 Ground in air

211 101 3.9 Ground in air

The analyses are in relatively goed agreement, and there is ne
evidence of a significant isotopic effect dependent upon the method of
grinding a sample,

Heaction with fluerine

Guantitative yields of oxygen are easily obtained from most rock-
forming minerals by the fluorine extraction process, Quartz, plagio-
clase, potash feldspar, muscovite, biotite, hormblende, clinopyroxene,
orthopyroxene, spodumene, apatite, and ilmenite have been analyzed with-
out undue difficulty, Yields are measured te only 2 per cent, but
there ig little doubt that essentially all the oxygen contained in
these minerals is released by reaction with fluorine and hydrogen fluor-
ide,

On the other hand, problems have been encountered in attempting
to anélyze certain other minerals — olivine, magnetite, epidote, and

garnet, OQuantitative yields of oxygen are difficult to obtain from
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these minerals, and oxygen isotopic analyses of these are less precise
than for those minerals which are more easily reacted. Even were the
isotopic data repreducible, doubis would be cast upon its validity =so
long as 100 per cent of the exygen in a sample is not extracted,

If olivine and magnetite are simply ground te minus 100 mesh, react—
ion yields are very low, between 20-40 per cent, If these minerals are
ground to minus 200 mesh, yields are larger — 60-85 per cent, Maximum
yields are obtained when the materials are ground finer than 200 mesh
and reacted with 1} times the normal amount of fluorine and twice the
normal amount of hydrogen fluoride,,at the highest pessible temperatures,
490-520° Ce, for 2-3 days, At higher temperatures the nickel fluoride
armor film in the reaction vessels decrepitates. If the above procedure
is followed, yields of 85-100 per cent are recorded,

In Table II are tabulated all pertinent data on reaction yields
and oxygen isotopic analyses of the four minerals so far investigated
that react slowly with fluorine, The difficulties in obtaining compliete
reaction yields are a reaction rate effect, because the reactions are
all thermedynamically favorable, Forsteritic ciivine, for example, is
almost identical chemically to enstatite, yet the latter quickly reacts
with fluorine te give complete oxygen yields, As the data in Table L1
indicate, the finer a'maﬁerial is ground, and the higher the temperature
of reaction, the larger is the reaction yield,

None of the highly polymerized silicates, with single-chain,
double—chain, sheet, or three-dimensional network structures, are diffi-
cult to react, Only the independent tetrahedral silicates olivine,

garnet, and epidote, of those which have been studied, are difficult of
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Table 11
Isetopic analyses of minerals that are difficult to react with fluerine

18.,.16 ; Reaction procedure
Bun  Sample  ©0'8/01® (4.) Yield (%) Mesh size Temp,°C, Time (hrs,)

Olivines

96 Gila River 6.3 29 100 450 30
158 ” " 5ol 95 =200 490 150
160 " " Bol 85 -200 450 160
164 " s 5.1 93 =200 510 25

95 Union Bay 4.5 19 ~100 450 25
156 Union Bay 5.8 80 200 460 250
159 Union Bay 5,7 82 -200 480 200
380 Union Bay 6,2 53 -200 470 50
1717 I-37=2 Duke I, 4,9 71 =200 500 160
379 " " 5,3 62 =200 470 70
377 1-40-2 Duke I, 6,0 62 200 470 15
378 He4-4 Duke 1, 5,7 11 =100 500 30
408 Skaergaard 4,5 17 -200 480 35

Magnetites

120 AL, II 5.5 23 ~100 450 10
132 " 4,7 35 ~100 450 70
130 HJ-23-55 3.4 85 =200 450 25
133 HJ-23-55 2.7 74 =200 450 5
161 U. B. 157 4.4 98 200 450 100
162 u b 3.9 g8 =200 470 55
163 " “ 3.9 97 =200 470 50
165 w " 4,1 101 =200 480 50
166 w ® 4.0 103 =200 480 25
205 " W 3.8 96 =200 476 20
211 " b 3,9 101 200 470 25
217 8an Marcos 2.3 102 =200 450 200
223 San Marcos 2.8 91 200 440 50
239 San Marcos 2.9 75 -=200 420 30
245 San Marcos 3.0 75 200 420 20
330 San Marcos 4.0 54 =200 400 20
402 Skaergaard 4,86 87 -200 520 120

thers

270 Bonsall epidote 6,2 48 =200 430 1060
281 A~-94 garnet 6,6 75 -200 436 20
420 oo ] 81 =200 450 40



reaction, This suggests that crystal structural type may have a
bearing upon this problem,

When quartz is reacted with fluorine, the only fluoride formed
is SiF,, a gas, With most other materials, some non-volatile fluor-
ides such as Cafy, NaF, and Mgly are formed, and these may provide an
armor coating on the mineral grains, slowing further reaction. OUne
might therefore expect that the higher the ratio of volatile fluorides
to refractive fluorides formed during a reaction, the greater would
be the reaction rate, The minerals with independent silica tetrahedra
are lowest in Si0g content among the silicates, and the data of Table
II are thus compatible with the above reasoning, Single analyses
have been carried out upon two other independent tetrahedral silicates,
sphene and zircon, with oxygen yields of 103 per cent and 95 per cent,
respectively, These minerals are perhape more easily reacted because
the fluerides of zircomiwm and titanium are velatile at the ltempera~
tures of reaction, The same reasoning may explain why ilmenite reacts
so much more easily with fluorine than does magnetite, even though the
structures of the two minerals are not markedly dissimilar,

Samples of the same mineral type from various localities present
varying degrees of resistance to fluorine attack, One olivine sample
(Union Bay) has never yielded over 85 per cent of its oxygen in any
analysis, although another olivine (5ila River) comsistently gave
85-95 per cent yields under the identical reaction procedure, Such
variations among samples of the same mineral may be caused by the
degree to which minute fractures or other physical imperfections are

present, This may be the explanation why the magnetite U.B, 1587 is
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nore easily reacted than the other magnetites shown in Table II, but
its relatively high Ti0, content (about 5 per cent) may be a factor,

Probably few oxygen-bearing minerals exist for which it is impos—
gible to obtain quantitative yields of oxygen by the {luorine extrac-—
tion procedure, Slowness of reaction rates is a factor for only a
few materials, and even these should present only minor difficulties,
if‘speciai precautions are taken with respect to fineness of grain
size, and temperature and duration of reaction, Crystal structural
type, relative amounts of volatile and non-volatile fluorides formed
during reaction, perfecltion and degree of cleavage, and presence or
absence of minute fractures, may all be important in determining the
ease with which quantitative yields of oxygen may be obtained from a
given mineral,

Contamination

Cxygen in fluorine - The commercial cylinder of fluorine used in

these studies contains oxygen and nitrogen as impurities, A chemical

analysis of the gas contained in this cylinder is given below:

Subgtance Weirht per cent

fluorine 98,64
oxygen 0.36
nitrogen 1,00

The oxygen impurity has been analyzed by rumning blanks of fluor-
ine through the extraction and collection procedure, just as if a
sample were being collected., Reaction vessels are filled with approx-
imately the amount of fluorine used during an ordinary sample extract-—

ion, with or without hydrogen flueride., All 6 vessels are heated and
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their contents collected, thus giving 6 times the amount of contam-
ination of any given mineral analysis, The results of these proced~

ures are listed in Table III,

Table 111
Analyses of exygen from commercial eylinder of fluerine

Volumes (5.T.P.)

Bun  90'8/01% (2,) Type oxygen (em3) nitrogen (emd)
46 11,8 with HF 1,0 0.6

47 851 with ¥ 1.0 0.7
67 12,8 with HF 1.6 1.2

194 10,5 no HF 0,8 1.2

195 16.9 no HF 0.9 1.2

320 11.2 with OF 0.9 1,0

Reproducibility is good, considering that: (1) such small
samples are being analyzed thalt other contamination effects and errors
are magnified; and (2) where blanks are run with hydrogen flueride,
oxygen from any water in the HF is added to the samples,

Corrections of each sample analyzed in these studies are therefore
done on the basis ef 0.2 emd of oxygen of isotopic composition
§=11,5 per mil, Fortunately, this S-value is very near the values
of most of the samples analyzed, se the correction ordinarily amounts
to no more than 0.1 per mil,

Hater in the hydrogen fluoride - Hydrogen fluoride has a great
affinity for water, and should any water be present during a reaction

it is decomposed by the fluorine, thereby adding extraneous oxygen to

the sample gas, To prevent this, the hydrogen fluoride is made anhy-
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drous by prolonged exposure to fluorine gas before it is used, This
is carried out several times on each new aliquot added to the storage
vessel from the commercial cylinder,

Necessity for using dry box - The use of the dry box during sam-

ple loading was shown to be necessary by the following experiment,
All reaction vessels were filled with dry nitrogen, and each vessel
was opened and charged with a sample while still on the vacumm line,
The interior of each vessel was exposed to the atmosphere no longer
than 30 seconds, and as soon as the vessel was tightly sealed it was
evacuated, The interior walls of the reaction vessels were thus
exposed to moisture for no longer than 3 minutes, The resul‘bs of
this experiment are shown in Table IV, along with the most probably
correct isotopic analysis of each sample, obtained from runs in which

the dry bex was used,

Table IV
Ran  Sample 5018/0¢ (%) "% 0187016 (G )
333 Potsdam sandstone 15,2 15,5
334 Olivine -~ Union Day 367 568
335 Olivine ~ Union Bay 4.2 5,8
336 Magnetite - San Marcos 27 3,0
337 Olivine - Gila River 4,2 ’5.1
338 Potsdam sandstone 14,8 15,5

The analyses are all consistently deficient in 018, probably
indicating that adsorbed water on the interior walls of the reaction

vessels is the principal source of contamination, inasmuch as
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$ —water vaper is approximately =20 per mil, It is enceuraging that
the contaminating effects are as small as is indicated by Table IV,
but even given favorable circumstances the dry box step cannot be
eliminated,

Fo or HF reaction with glass of vacuum line -~ Theoretically, no

fluorine should get past the potassium bromide trap into the glass
section of the line, and ne hydrogen flueride should get past U-~trap
B (fig, 1), When this work was initiated, U-trap C was constructed
of glass, and even though every possible precaution was taken, hydro-
gen fluoride reached this part of the line, It was therefore replaced
with the nickel U~trap now indicated in fig, 1, Hydrogen fluoride
definitely gets no further than U-~trap C, se¢ there is no longer any
possibility of reaction with the glass portion of the line, If
fluorine is allowed to diffuse slowly into the potassium bromide trap,
and bromine allowed te slowly diffuse out, no fluorine gets as far as
U=trap C,

Air in potaséium‘bromide furnace — Whenever the potassium bromide
furnace is opened to the atmosphere the following 6-12 analyses deviate
from the correct values in a consistent fashion, This contamination
effect gradually disappears as more samples are analyzed, Ln the cases
where a Potsdam sandstone sample is run concurrently with the 5 other
samples, and where deviations from the correct analyses are small, a
correction is made for this contamination effeet. Otherwise, the
analyses are discarded, DBecause of this problem, care is taken that
air never comes into contact with the petassium bromide furnace unless

absolutely necessary, The prineipal contaminant is undoubtedly mois-
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ture from the gir,

Inmpure mercury in the toepler pump -~ BDuring the course of the

research, the toepler pump had to be replaced and new mercury added,
The new mercury was apparently not absolutely pure, and the first few
analyses upon samples collected with it were found to be spurious,
This is an unimpertant effect, but the discarding of the analyses is
justified,

Leaks in the vacuum line ~ Air leaks occur in the metal portion

of the vacuum line occasionally, but these are an unimpertant contam-
inating factor because their presence is clearly indicated by the
quantity of nitrogen remaining at the end of a carbon diexide conver—
sion, Any analyses of samples containing larger than normal amounts
of nitrogen are discarded, and the leak is traced and repaired.
Conversion of oxygen to carben dioxide

As deseribed in an earlier section, oxygen samples are converted
to carbon dioxide before being analyzed in the mass spectrometer, The
principal reason for doing this is that the mass spectrometer is spec-
ially equipped te handle carben dioxide, and analyses of this gas are
done routinely in these laboratories, Carbon dioxide is easier to
handle than is oxygen, and is a better gas to analyze because it lies
in a region of the mass spectrum less contaminated with background
impurities, In addition, oxygen is more reactive than is carbon diox-
ide, and were an oxygen sample to come inadvertantly inte contact with
an easily oxidizable substance, isotepic fractionation might result,
The conversion allows an estimate to be made of the ameunt of air con-
tamination, as was pointed out abeve, Finally, gases which have appre—

ciable vapor pressures at the temperatures of liquid nitregen can be
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easily removed from the sample,

If each newly-replaced carbon filament is heated and out-gassed
before it is used, contamination of the samples during a cenversion,
from gas adsorbed on the filament, is negligible, As a precautionary
measure, this heating and outgassing is also done before each conver—
sion,

The presence of small amounts of nitrogen impurities in the
sample does not affect the conversiem in any way, except that it
makes it more difficult teo ascertain exactly when the oxygen. has been
completely converted to carbon dioxide, DBecause of this, the gas
sample is kept cyeling past the heated filament for at least 10 minutes
after all noticeable reaction has stopped.

If the temperature of the carbon rod is raised too high during
conversion, the copper leads may conceivably become oxidized, with
an accompanying isetopic fractionation., This process is considered
to be a negligible source of error, because all conversions are carried
out at sufficiently low temperatures that such oxidation does not
occur,

A nore serious problem is the formation of carben monoxide in the
course of a conversion, should the filament temperature be too high,
This process is a source of error if the carbon monoxide that is formed
has a different 013/016 composition than the sample gas, In the early
stages of this research, it was found that small amounts of carbon mon-~
oxide did form in a few instances and did affect the oxygen isetopic
composition of the sample, Several experiments were carried out to

study this effect, using aliquots of oxygen from a commercial cylinder
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under different conditions of conversion, =Results are tabulated in

Table V,

Table V

Analyses of oxygen samples by different conversion procedures

vole of ¢ 18,016 |
Bun Procedure Co2 ‘cmalpj§0 [97° (%)
87 IEntire sample of 02 converted to 14,4 24,9
C02, in a single stage
88 First 40 per cent of a. sample of 5.8 2.5
02 converted te COo
89 Hemaining 60 per cent of above 8,3 42,4
sample converted to CO2
97 First 85 per cent of a sample of 11.5 13,4
02 converted to CO2
98 Remaining 15 per cent of abeve sample 2,2 90,1
converted to CO2
99  Parposely made some CO by using high 13.3 22,8
filament temperature; converted most
of this C0 to COs by adding another
aliquot of oxygen and lewering fila-
ment temperature te normal
100 Purposely converted a sample so that 3.6 17.8
60 per cent C0 was formed; the 40
per cent C02 was then analyzed
101  All these samples were converted in 10.4 25,3
102 4 stages, in the manner outlined in the 11,5 25,2
103 section on experimental procedure 12,9 24,9

The results of runs 88, 89, 97, and 98 indicate that a major
isotopic fractionation occurs during the conversion, with the early-

formed carbon dioxide enriched in Ol6

o The final 15 per cent of a
sample is enriched in 018 over the original sample by 60-70 per mil,
Run 99 demonstrates that any carbon monoxide formed early in a con—

version probably reacts qﬁickly with the excess oxygen that is present
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to form carben dioxide, This is true enly if the carben monexide is
formed at not too rapid a rate, because a large amount of carbon:monw
oxide can form if the temperature of the carbon filament is very high,
as shown by the results of run 100, |

Therefore, if a conversion is carefully done, only the carbon
monoxide formed in the very end-stages of conversion should be a
source of analytical error, In the oxygen—deficient enviromment of
this stage, some carbon monoxide may form permanently, Inasmuch as
this CO forms from oxygen greatly enriched in 018, even the formation
of a very small amount could cause an appreciable lowering of the
018/016 ratio of the sample gas,

To minimize any such effeet, all conversions done after run 100
were carried out in 4 stages, in the manner outlined in the section
on experimental procedure, By this method, any carbon monoxide that
might be formed at the very end of a conversion is formed from material
whose oxygen isotopic composition is approximately the same as that of
the original sample gas, Oxygen removed in amy carbon meonoxide frac—
018/016

tion will therefore not neticeably affect the analysis of the

sample,

The most reasonable explanation for the large isotopic fraction—-
ations produced during a conversion is as follows, If the rate of
conversion of oxygen to carbon dioxide is proportional te the number
of oxygen molécules striking the heated carbon filament per wnit time,
018 should react more rapidly than 018, Reactions which depend upen
the collision frequency of gaseous molecules are lmown to cause isotop—

ic fractionation in certain instances, as briefly discussed earlier,



42

1.10}

1.O9}-

1.08

1.07]

L.o6H

1.OS

.04

.03

I } ] l : I

1.0 0.8 0.6 0.4 0.2 0.0

" Fig. 2, Comparison of a theoretical conversion of oxygen to carbon
dioxide with experimental results of runs 89 and 98,
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Because the oxygen-32 molecule and the oxygen~34 molecule travel with
velocities which are in the inverse ratio of the square roots of their
masses, the relative rates at which each collides with the carbom
filament should alse be given by this ratio., The increase in 018 jin
the residual gas at any stage of the conversion procedure is then

predicted by the Hayleigh distillation formula:

R/Ro — f(a = l)
where f = fraction of oxygen gas remaining at any stage
a = fractionation factor given by relative reaction rates of
oxygen-32 and oxygen-34
R = 018/016 ratio of residual oxygen gas at any stage
R = 0187016 ratio of original oxygen sample

This relationship is shown on the graph of fig, 2, and experiment—
ally determined points from runs 89 and 98 are also plotted. The
theory based upon collision frequencies appears to fit the data very

well,

ANALYTICAL ACCUBACY

Isotopic standards
The zero for the oxygen isotopic scale used in this repert is the

018/016 ratio of Hawaiian ocean water, This is the scale that was

used by Silverman, and it was also adopted by Clayton and Epstein,(4)(7)

Hawaiian sea water is 0,2 per mil heavier than mean ocean water,(go)

The working standard for this research is, however, the Potsdam

sandstone material analyzed by Silverman(4); hence the data are accur—

ate relative to the ocean water standard only insefar as Silverman's
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results are accurate, An independent determination of the zere of 7
this scale has been made by Clayton and Epstein(7) , and they obtained
essentially the same result (to within 0.2 per mil) as was obtained
by Silverman,

The data in this paper are therefore in all likelihood accurate
relative to ocean water at least to within 0.5 per mil, The analyti-
cal error among the individual silicate minerals themselves is much
smaller, * 0,2 per mil, as will be discussed below,

Isotopic gorrections

It was necessary to apply various corrections to the raw oxygen
isotopic data obtained in this research, before the results could be
presented in the final form in which they now appear. All data have
therefore been subjected to the follewing corrections, some of which
are discussed in greater detail elsewhere in this report,

(1) Mixing of standard and sample gases in the mass spectrometer
due to slight imperfections in the valve system, and mass spectrometer
background; this correction factor is 1,04 for the mass spectrometer
in these laboratories, and the individual Swvaluea were all multiplied
by this factor,

(2) Extraneous oxygen in the commercial fluorine cylinder, This
cdrrection varies with the amount of oxygen released during reaction
relative to the amount of fluorine used, and it alse depends upon the
$=value of the sample oxygen relative to that of the contaminant,

In general the correction is 0,1-0.2 per mil,

(3) Potsdam sandstone is the working standard and is generally

run ati least once in each set of 6 samples analyzed, These other sam-

ples are then corrected by the difference in §-values between this
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Potsdam sandstone analysis and the mean value of all Potsdam sandstone
analyses which have been done, The reason for doing this is that the |
mass spectrometer standards are changed periedically, and also this
partially corrects for secular drifts in the mass spectrometer analy-
ses and for contamination in the fluorine extraction procedure, The
corrections made in this way are generally 0,2 per mil or less,

(4) The quantity measured by the mass spectrometer is the ratie
of mass—-46 carbon dioxide to combined mass-—45 plus mass-44 carbon
dioxide, A small correction rmust be made te reduce these results to

18/016 ratic, This has been done in the manner outlined by
(19)

an 0
Craig
(3) A few of the mineral samples analyzed were not 100 per cent
pure, so a correction was made for the § =value of the impurity. This
correction never amounts to more than 0,1 per mil,
Precision of analytical method
The isotopic reproducibility of the analytical methed is indicated
in Table VI, The mean of the Potsdam sandstone analyses has been
arbitrarily established at 15.5, and all ether analyses have been ad-
justed to this standard, Even though the Potsdam sandstone analyses
were carried out over a period of almost two years and through several
nass spectrometer standard changes, a precision of better than 0.2 per

mil has been obtained,

Table V1

Isotopic reproducibility of the analytical method
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Bun ne, Date
30 3/1/57
34 3/11/57
37 3/12/57
40 4/1/57
43 4/2/57
61 6/8/57
64 6/8/57
69 6/12/57
73 6/13/57
76 6/18/57
80 6/19/57
82 6/23/57
85 6/24/57

104 7/9/57
106 7/9/57
107 7/10/57
108 7/10/57
109 7/10/57
117 7/22/57
123 7/26/57
149 10/29/57
150 10/30/57
151 10/381/57
152 10/31/57
153 11/1/57

Yield‘ﬁ!

90
97
99
98
95
104
102
100
99
100
101
98
104
101
101
100
100
100
95
101
10l
101
102
100

101

5018/016(%0)

15,3
15,5
15,5
15,2
15.8
15,3
15,5
15,3
15,2
15,3
15,5
15,5
15,3
15,7
15,6

15,6
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Sample Ban no,  Date  Yield(®) §0'%/0'%(%.)
Potsdam sandstone 175 12/18/57 98 15,9 |
| 177 12/19/57 98 15,8
181 1/4/58 98 15,6
214 3/11/58 99 15,5
220 3/16/58 98 15,4
242 5/22/58 100 15,7
265 6/12/58 96 15.3
269 6/15/58 96 15,4
282 6/22/58 103 15,9
307 7/11/58 101 16,0
363 8/20/58 100 15,3
375 9/28/58 100 15,2
429 11/15/58 98 15,8
434 11/18/58 94 15,8
435 12/5/58 98 15,1
40 analyses av, dev, = 0,18 Mean = 15,5
St, Peter sandstone 38 3/12/57 98 11.2
42 4/1/57 97 11,3
45 4/2/57 97 10,9
59 6/8/57 105 11,3
72 6/13/57 100 11,2
79 6/19/57 99 10,9
114 7/16/57 102 10,6

118 7/23/57 89 11,0
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Sample Run na, Date Yield(3) S0%8/016(%,)

St, Peter sandstone 124 7/26/51 97 1,8
9 analyses ave devy, = (4,2 Mean = 11,1
Randville pegmatite 71 6/13/57 101 94

ortheclase
75 6/17/57 102 8,9
78 6/18/57 102 8,7
121 7/23/57 102 9.3
127 7/28/57 98 9,3
5 analyses av, dev, = 0,2 Mean = 9,1
Randville pegmatite 35 3/11/57 99 10,0
quartz )

120 7/23/57 102 10,4
126 7/27/57 92 10,1
3 analyses av, deve = 0.2 Mean — 10,2
Dover flint 29 3/1/57 95 32,0
31 3/1/57 95 3265
36 3/12/57 96 32,0
41 4/1/57 87 32,9
44 4/2/57 94 32,1
119 7/23/57 101 32,0
125 7/27/57 97 32,3

7 analyses ave deve = 0,3 Mean = 92,2
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Sample Ban no,  Date Yield(3) _$0'8/016(%,)
Herkimer, N. Y, quartz 65 6/8/57 96 22,6
"diamond"

70 6/13/57 99 22,9

77 6/18/57 101 23,2

81 6/23/57 101 22,2

86 6/24/57 98 23,5

5 analyses av, dev, — 0,3 Mean — 22,9

Diatomite 39 3/12/57 90 35,2
116 1/22/57 78 33,1

122 7/26/57 94 35,0

3 analyses av, dev,— 0,9 Mean — 34,3

Experiments were carried out to see if there were any “memory
effect™, that is, if an analysis of one sample contaminated the appar-
atus in any way, so as to give an incorrect analysis of the following
samples, Table VII shows the results of several analyses of Potsdam

sandstone, with the analysis of the previously collected sample for

comparisen,
Table VII
Test for "memory effect® on isotopic analysis
Potesdan sandstone
Ran  Sample £018/016(3,)  Bun 5018/016(%,)
29 Dover flint 32,0 30 15.3

36 Dover flint 32,0 37 15,5
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Potsdam sandstone

Bun  Sample 5018/016(%) mun 5018/016(%)
39 Diatomite 35,2 40 15,2 ’
42 5t, Peter sandstone 11.3 43 15,8
72 5t. Peter sandstone 11,2 73 15,2
75 DRandville orthoclase 8.9 76 15,3
79 8t, Peter sandstone 10,9 80 15,5
81 Quartz, Herkimer, N, Y, 22,2 82 15,5

122  Diatomite 35,0 123 15,7

306 Apatite 369 307 16,0

433 Potash feldspar 9.2 434 15,8

No evidence of a significant ‘"memory effect" exists,

Comparison with previeus work

Up to the time of the present research there has been ne absolute
comparison of oxygen isotopic analyses of minerals by twe different
methods of extraction, Clayten and'Epstein(7) were able to make rela-
tive comparisens of analytical results on quartz samples done by the
carbon reduction method with results obtained by Silverman(4) upon the
same sample materials, OUnly relative comparisons were possible be—
cause the primary mass spectrometer standards used in the two investi-
gations were not identical, These relative comparisons agreed within
the experimental error of 0,2 per mil, The oxygen isotopic resultis
obtained by Schwander(ﬁ) could not be compared with data from either
of the above investigations, because no common samples were analyzed,

The Potsdam sandstone standard and ether sample materials that
have been analyzed by Silverman(4) and by Clayten and Epstein(7) have

been analyzed many times during the present investigation, in order to



51

compare in detail the various methods that have heen used to extract
oxygen for isotopic analysis, These relative comparisons are shown

in Table VIII,

Table VIII

Comparison of analyses of identical samples by various workers

Clayton & Epstein Silverman This work
Sample S (%) S (%) S (%)
Bandville orthoclase 8,80,2 (4) 9,1:0,2 (5)
Randville quartz 10.3:0,2 (5) 10,3:0,2 (4)  10,2:0.2 (3)
Sto Peter s.s, 11,0:0,2 (4) 10,9+0.2 (2) 11.1:0,2 (9)
Potsdam 8.8, 15,5¢0,2 (19) 15,5:0,0 (2) 15,5t0,2 (40)
Dover flint 29,3:0,5 (2)  82.2:0,8 (7)
Diatomite | 30.3:0,0 (2)  34,5:0.9 (3)

Analytical error shown is average deviation frem the mean,
Numbers in parentheses indicate the number of separate determinations,

Analyses of the flint and of the diatomite are poorly reproducible,
probably because of their water content, Differing amounts of water of
possibly different isotopic composition are lost by such samples unless
prelininary heating and dessicating treatments are exactly identical
for each run, This might in part explain the discrepancies between
Silverman's data and that of the present work for these two materials,
The results for the diatomite in the present work are considered to be
more reliable than the data of Silverman because this material has been
checked by the carbon reduction method, Analyses of the other quartz
samples indicate that all 3 analytical procedures preduce relatively

similar oxygen isotopiec results,
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Comparison with an independent analvtical methed

It is very important to obtain an abselute comparison of oxygen
isetopic results by twoe independent metheds in which the nature of
the sources of error will be different, This is most conveniently done
when sainples extracted by different procedures are measured in the same
mass spectrometer, In the laborateries where the present study was
carried out it was' possible to do this,

A comparison between the twe ‘methads is established by analyses of
identical quartz samples, Determinations by Clayton(zl) , by Degens (22),
(23)

and by Irvine , all by the carbon reduction method, are compared with

analyses done by the fluorine procedure in Table IX,

Table IX

Comparison of 018/016 analyses of quartz by different methods

Carbon reduction procedure Fluorine method

Clayton Degens Irvine This work
Sample ._gf__ 0 5 2
Potsdam s,.8. 15,9+£0,2 15,9t 0,2 15,5+0,2
8t., Peter 8.8, J1,4+0,.2 11.1*0,2
Randville quartz 10,7*0,2 : 10.2£0,2
Dover flint 33,3+ 0.2 32,2+0,3
Diatomite 35,8+1,0 35,0+0,6 34,5+0,9
Quartz, Duke I, 8,7%20,.1 8,3+0,1
Chert 34,8+ 0,0 34,6+ 0,1

Analytical error shown is average deviation from the mean,

The analytical data presented in Table IX indicate that determin-

ations of 018/016 ratios of quartz by the carbon reduction method are



consistently about 0.4 per mil enriched in 018 relative to analyses -
carried out by fluorine extraction, Because the former procedure gi%es
carhon dioxide yields of only about 95 per cent from quartz samples,
while the fluorine extraction gives yields of 100 per cent, it is
thought that the latter methed is the more reliable of the twe, Also,
more reproducible results are ordinarily obtained by the fluorine
procedure,

When minerals other than quartz, magnetite, and zircon are ana-
lyzed by carben reductien, yields of only 50-70 per cent are ohtained(7),
with resultant 018/016 ratios that are considerably toe high., Perhaps
the consistently slightly higher 018/016 ratioe observed for the quartz
gamples shown in Table IX are a result of the same error-preducing
processes, In any event, both extraction procedures clearly can give
accurate analyses relative to a given quartz standard, within the exper-
imental error of * 0,2 per mil; hence both methods represent valid
techniques for extracting oxygen from quartz samples, When comparing
Swmulues of one method with those from another, 0.4 per mil should
be subtracted from the values obtained by carbon reduction,

The fluorine method produces oxygen yields of 100 per cent of the
stoichiometriec amount for most common minerals, as well as for quartz;
thus there is good reason to believe that these analyses should alse
be accurate to * 0,2 per mil, even though no comparison with an inde-
pendent extraction meihod has been made, This is, however, net true
for magnetites and for some independent tetrahedral silicates, These
minerals do not generally give 100 per cent yields in a fluerine

extraction, nor do they give as reproducible 018/016 data as are o¢b-
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tained from the more easily reacted minersls,

The oxygen isotopic composition of magnetite can bhe measured by
the carbon reduction method, and Table X shows how the results of this
procedure compare with results of the fluorine methed upon identical

samples of magnetite,

Table X

Comparison of 013/016 analyses of magnetite by two methods

Carbon reduction procedure Fluorine method
Clayton Irvine : This work
Sample
U.B, 157 2,3 0,1 (2) 4,0:0,2 (7)
San Marcos gabbro 1.,5%+0,1 (4) 1,7+0,1 (2) 3,0t0,4 (5)
HJ-23-55 1,0x0,1 (2) 3,0:0,3 (2)
AL, II | 3.3+ 0,1 (2) 5.0+ 0,4 (2)

Analytical error shown is average deviation from the mean,
Numbers in parentheses indicate the number of separate determinatiens,

The magnetite data indicate larger discrepancies between the two
methods than do the quartz data, and the deviations are in the opposite
direction, An almost constant difference of about 1.5 per mil appears
to exist between the two sets of data, although too few analyses have
been obtained to be certain of this value, Inasmuch as appreximately
100 per cent yields are obtained from magnetite samples by the carben
reduction methed, whereas great difficulties are met with in the fluor—
ine extraction process, data by the former procedure are assumed to be
more nearly correct — at least until further experimental comparisons

can be made,
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These discrepancies, though large, should make no difference in
the interpretations which are set forth in subsequent sections, because
by either extraction process magnetite is the most 018_geficient min-
eral of any that have been analyzed, The discrepancies are not partic—
ularly surprising for those magnetite samples upon which the fluorine
method gives less than 100 per cent yields, It is not kmown why a
diserepancy of similar magnitude exists for sample U.B. 157, for which
approximately 100 per cent yields are obtained by both metheds,

Oxygen isotopiec data obtained by fluorine extraction, for minerals
which are difficult to react completely with fluorine, must remain in
question until these types of materials are further checked, For this
reason, data by ‘Silveman(4) upon ultramafic and mafie rocks may be
inaccurate by 0,5 per mil, This also applies to data upon these rock
types in this paper,

Iivaluation of data of Schwander

Three rocks of the Skaergaard intrusion were analyzed by Schwan—
der(ﬁ) , and these have alse been analyzed in the present study, Al-
though identical specimens were not used, the samples should be compar-

able, Relevant data are presented in Table XI,

Table X1

Conparison of data of Schwander(ﬁ) with that of the present work

Schwander ~~ This work
Sample Specimen _§ (%o) Specimen

Hypersthene olivine gabbre E,G.4067 =83 E,G.4077 6.0
Fayalite ferrogabbre E.G,1974 10,2 - E.G.4328 443

Transgressive hedenbergite E,G.3046 ~15,9 B8.6.4489 1.0
granephyre
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Inasmuch as spurious 018/616 ratios commonly result with the car-
bon reduction proceduwe for minerals that contain significant quanti-
ties of the relatively velatile metals — Mg, Na, K, etc,(7), it is
perhaps surprising that relative 018/016 analyses of the Skaergaard
rocks listed in Table XI should be so consistent with data frem a
fluorine extraction, The agreement may be partly a result of the
unusually high Fe/Mg ratio of these rocks, or it may be because iso-
topic fractionation during carbon reduction is approximately constant
for each, If any such fractionation is small, the analyses listed

in Table XI provide a means of tying together the data of Schwander
and that of the present work, It would appear that the standard carbon
vmonoxide gsample used by Schwander is about 15 per mil richer in 0l8
than is ocean water, the standard used in the present work, This
value, 15 per mil, should therefore be added to all the S'—values
reported by Schwander, to convert them to the scale commonly in use,
If one applies the 15 per mil correction factor, Schwander's quartz
analyses fall near the isotopic results obtained/upon geologically
similar types during the present investigation., A detailed comparison
ig shewn in Table XII,

These quartz analyses camnot, of course, be compared in any dir-
ect manner, but it is apparent that the range of 018/016 ratios is
about the same for the two sets of data, For materials other than
quartz, similarities are lacking, This is indicated in Table XI1I,
which confirms the conclusion of Clayten and Epstein(7) that the car-

bon reduction method gives unreliable results for such rocks,

The most significant discrepancies between the two setis of data
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Table XII

Comparisen ef 018/0163na1yses of quartz samples frem geologically
similar enviromments by Schwander and by the present work

Schwander This werk .
Sample $0'%/0'% (%)  Sample §0'8/0'6 (4,)
Quartz from miarelitic 10.4 Guartz from Rubi- 9,9
cavity = Baveno granite doux granite
Quartz from Bergell 9,7 Quartz from Rand- 10,2
pegmatite ville pegmatite
Quartz phenocrysts in 8.1 Quartz frem San 967
a dacite Jose tonalite
Quartzite, Switzerland 12,4 St. Peter 8.8, 11.1
Quartz sand, Switzer— 13,3 Potsdam ssndstone 15,5
land
Diatomite, Scotland 33,4 Diatomite 34,5
Radislarian earth 37,3 Chert 34.6

Table XIII

Comparison of 018/016 analyses of similar types of rock samples
by Schwander and by the present werk

Schwander This werk
Sample 5018/016 (%)  Sample §018/016 (3, )
Basalt 15,7 Steens basalt 8.6
Gabbreo 10.4 San Marcos gabbro 7.0
Granodiorite 5.8 Hoodson granediorite 8.6
Adamellite 5.5 Elberton adamellite 8,8
Baveno granite 11,3 Bubidoux granite 9.2
Biotite from Baveno 11,5 Biotite from Woed- 4.4
granite : son granodiorite
Light minerals from 10.4 Light minerals from 8,9

Bavenoe granite Woodson granodiorite
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are the reversals in trend of the 01$/016

variation through the series
of igneous rock types from gabbre to granite, The present work and
the work of Bilverman(4) are in agreement that granitic recks are gen-
erally enriched in 018 relative to basic rocks, whereas the data of
Schwander indicate the reverse, Schwander also found a much larger
isotopic variation within a given reck type than was found in either
the work of Silverman or in the present work, In this research, bio-
tite was’always found to be deficient in 018 relative to quartz and
feldspar, while Schwander observed the inverse relationship in the
one rock he investigated,

It is therefore probable that many of the 018/016 analyses present-
ed by Schwander may be in error by as much as 3-5 per mil, although
the quartz determinations may be reasonably accurate. It is certainly

of interest that the lowest 018/016

ratio of any of the rocks analyzed
by Schwander is given by the hedenbergite granophyre of the Skaergaard
intrusion, because this is also the isotopically lightest rock analyzed
in the present investigation, Highest 018/016 ratios in either work
are given by silica precipitated from ocean water, so the total range

of oxygen isotopic compositien is appreximately the same for beoth sets

of data.
EXPERIMENTAL RESULTS

General statement
In isotopic studies of the nature of the presemt work, ome is
primarily interested in the distribution of isotopes among coexisting

mineral phases, Only the fractionation factors give any infermation
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about the physicochemical conditions of formation of a particular niner—
al assemblage, but determinations of total rock isotopic compositions
may indicate genetic relationships between rock types or give informa;
tion concerning source,

As Clayton and Epstein have pointed out(7), the determination of
relative 018/016 ratios for three or more coexisting minerals can
provide the following information: (1) whether or mnot oxygen isotopic
equilibrium was attained at the time of their formation; (2) the
temperature at which equilibrium was attained; and 3) possible pro-—
cesses that have affected the minerals, should equilibrium not have
been established, These statements are predicated en the basis that
the equilibrium fractionmation facters between the minerals as a fungu
tion of temperature are known, Experimentally determined fractiomation
factors do not at present exist, but a qualitative understanding of
these subjects can be obtained by a study of naturally occurring miner—
al assemblages,

Clayton and Epatein(7) have demonstrated that the mineral pairs
calcite~quartz and quartz-magnetite have apparently been commonly
formed in equilibrium with an oxygen reservoir of almost constant oxy-
gen isotopic composition, over wide ranges of temperature and in
different geologic enviromments., This oxygen reservoir is pestulated
to be juvenile water, and this serves as the third phase referred to
above, ngcessary for unequivocal determinations of temperature or
degree of attainment of eguilibrium, They have shown that the quanti;
ties ZXQUARTg_ﬁAQNETITE and ZSQ&AET?aGALCITE decrease with increas-
ing temperature of formation, if equilibration with a larpge quantity

of hydrothermal fluid has occurred,
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These findings are in line with the theoretical discussion of
isotopic exchange reactions presented in the introduction to this
paper., At isotopic equilibrium at a givenktemperature the fraction-
ation factor between two minerals is comstant, If it were certain
that two coexisting mineral phases formed under equilibrium cenditions,
the measured fractionatien between just these two minerals should
determine their temperature of formation,. It is usually not obvious
whether or net equilibrium actually has been attained; hence it is
necessary to determine the 018/016 ratio of a third coexisting phase,

Occurgence of oxygen isotopic equilibrium between minerals is,
in general, an excellent indication that chemical equilibrium probably
also exists, This is because any processes which are pervasive enough
to bring about an interchange and re;assembling of all the oxygen atens
into a new equilibrium distribution prebably also would allow complete

cation exchange to occur,

018[016 fractionations ameng minerals

The present study has been primarily concerned with minerals in
igneous rocks, although a few determinations of hornblende and plagio-
clase from metamorphic amphibelites have been made, The variations
of mineral fractionation facters with temperature in the range of
magmatic temperatures is small, As a result, metamorphic rocks must
be ineluded if it is desired to establish relationships of the type
discussed by Clayton and Epstein(7) for magnetite, quartz, and calcite,
Hornblende and plagioclase are therefore the only minerals studied
which formed over a sufficient range of {emperatures to enable one to

do this,
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The experimental results for all analyzed hornblende—plagioclase;
pairs have been plotted in fige, 3, The 45° line through the origin is
the locus of peints where BPLAGIOCLASE = gggmqm,mg , and points
lying closest to this line should represent highest temperatures of
formation, providing isotepic equilibrium has been attained, The ex-
perimental points lie net far from a straight line, and this is evi-
dence that many of these hornblende-plagiocclase pairs were formed in
approximate equilibrium, They alsc must have been in near equilibrium
with a large oxygen reservoir of almoest constant isotopic compesition,

By extrapolation of their quartz—calcite data te very high temper~
atures, Clayton and Epstein(7) calculated that this water-rich solutien
would have SWA'I‘ER‘:Q per mil, An approximate SWATER’: 3~5 per mil can
- be estimated from the hornblende-plagioclase data of this work, It
is of interest that such similar results are obtained from different
minerals and from unrelated rock types,

It is clear from the scatter of points in fig, 3 that these assump-
tions of equilibrium are only a gross approximation, This may be the
reason for the slight discrepancy in the values of 25§§Tgﬁ as calcu~
lated by Clayton and Epstein and by this work, Fig, 3 is intended
mainly to demonstrate the general temperature dependence of the 013/016
fractionations for a typical pair of rock—forming silicates, The high-
est temperatures of formatioﬁ indicated by the isotopic evidence agree
with the generally accepted relationships based on geological grounds,
The pairs from metamorphic rocks show larger fractionations than the
peirs from igneous rocks, in keeping with their lower temperature ori-

gin, The largest fractionation shown is given by a point near the top
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of fig, 3, and this represents hormblende and plagioclase from an
amphibolite that has undergone a post-metamorphism episode of hydro-
 thermal alteration,

Certain complicating factors have been ignored in noting the above
relationships, Hornblende and plagioclase are not constant in chemical
composition threoughout the range of rock types analyzed, The ratio of
albite/anorthite is variable, as is the cation content of the horn-
blende, The isotepic data which exist, however, tend to indicate that
even fairly large variations in cation composition will produce
little change in the oxygen isotopic properties of a given mineral,
The measured fractionations demonstrate that these isetopic proeperties
depend primarily upon silicate structural type rather than upon the
particular cations that enter the structure., OUne might ascertain from
this that it is the S5i-~0 bonds in the silicate structure which are
the most important determining factors, Even substitution of aluminum
for silicon, which occurs in most of the silicates, should produce ne
major change in oxygen isotopic properties, inasmuch as the atomic
masses of these two elements are similar,

The consistency of 018/016 fractionations among various minerals
coexisting with plagioclase is shown in fig, 4, on which are alse re-
peated the hornblende data discussed above, On this diagram have been
plotted OproriTs SQUARTZ , OMAGNETITE » SEK)HRBLENEE , and
51’5(30}{?31*1}3 as a funetion of SPLAGIOCIASE , for all mineral-plagio-
clase pairs for which analyses have been obtained, The data are from
a wide variety of igneous reck types, as well as from the metamorphic
amphibolites already discussed, 4ll peints for a given mineral are

joined by a solid line on the diagram, only to make more apparent the
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degree of consistency in the data, Quartz is invariably richer in
018 than is coexisting plagioclase, Plagioclase is more enriched in
018 than is coexisting hornblende or biotite, and the fractionation
between biotite and plagioclase is consistently larger than the frac—
tionation between hornblende and plagioclase, Pyroxene-plagioclase
fractionations lie very near the valués for hernblende~plagioclase
pairs but are in general somewhat smaller, Magnetite is invariably
the isotopically lightest of any of these minerals,

The degree of scatter in the experimental points makes it appear
unlikely that these pairs of minerals represent attainment of complete
isotopic equilibrium, However, the consistency of the gross relation-
ships can only be explained on the basis that isotopic equilibrium
is closely approximated in almost all cases, Otherwise, for example,
there is no reason why quartz with lower 018/016 ratios than ceexisting
plagioclase should not oceur, or biotite and hornblende with higher,

Isotepic disequilibrium is most clearly indicated when the frac—
tionation cormonly observed for a minewal pair is reversed in sigm,
Only 3 instances of such a phenomenon have been observed in the rocks
that have been studied, and these particular discrepancies are all
reasopnable on the basis of independent geological evidence, One such
instance of marked disequilibrium in indicated at the lower left of
fig, 4, in which a pyroxene shows a higher 018/016 ratio than coexisting
plagioclase, This peculiar mineral pair is from the Skaergaard intru-
sion, and the reversal is discussed in detail in a later section,

Many different graphs could be shown, using all permutations and

combinations of the oxygen isotopic datag but no further useful general-
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izations weuld result, The preliminary statements outlined above are
useful in that they demonstrate the following features: (1) oxygen
‘isotopic fractionations among rock-forming minerals indicate that, in
general, approximate isotopic equilibrium is established in rocks;
(2) unsystematic variations in these fractionation factors are common,
and are best interpreted as representing slight deviations from com~
plete isotopic equilibrium; (3) oxygen isotopic data concerning the
relative temperatures at which gress equilibrium is attained are in
agreement with the geclogical evidence; and (4) if quartz, plagio-
clase, pyroxene, hornblende, and biotite were to coexist in isotepic
equilibrium at temperatures of the order of 700-1000° C,, their
relative 018/016 ratios in all likelihood would be in the above-named
order, quartz isotopically heaviest, and biotite lightest, The enly
uncertain relationship within the above sequence is the relative
fractionation between pyroxene and hornblende,

01§/916 compositions of total rocks

~ Pig, 5 shows all oxygen isotopic data that have been gathered,
up to the time of the present writing, upon total igneous and metamor-
phic rocks, Included are data by Silvenman(4), as well as resulis of
the present study, The data of Schwander(e) and the data of Vinogradev,
Dontsova, and Chupakhin(s) are not used for reasons previously dis~
cussed,

The most striking feature of the data is the correlation of the

oxygen isotopic data with the chemieal composition of the rocks, The
more mafic igneous rocks are consistently deficient in 018 relative to

the more sialic rocks, even though rocks of widely varying ages and
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geographic distribution are represented, In this respect, the rocks
parallel the individual minerals, as mafic minerals almost invariably
show lower 013/016 ratios than coexisting sialic minerals, The narrew
range of oxygen isotopic cemposition shown by each reck type probably
indicates that igneous rocks of a given type must originate by fairly
similar physical gnd chemical processes from seurces of similar iso-
topic composition, irrespective of geologic age or lecation, The only
group of igneous rocks yet analyzed that deviate markedly from the
normal trends are rocke of the Skaergaard intrusien, and these have
therefore been plotted separately in fig, 5,

As can be understood from theoretical grounds, and as Silverman(4)
has demonstrated, sedimentary processes ordinarily tend to enrich rocks
in 018; hence metamorphic rocks derived from sediments show a much
wider range of oxygen isotopic composition than do igneous rocks, and
they are usually isotopically heavier, Metamorphosed igneous rocks
also show a wide range in 018/016 composition and are commonly enriched
in 018 relati?e to unaltered igneous rocks, This can in general be
atbributed to oxygen isotopic exchange with hydrothermal water at lower
than magmatic temperatures during the metamorphic recrystallization,

018[016 variations during magmatic crystallization

The liquid portion of a magms will in general change in 018/016

composition as crystallization proceeds, whether or not the magma is

a completely closed system. This is because the total crystalline
material forming at any one instant ordinmarily will have an oxygen iso-
topic compesition different from that of the liquid., Obviously, if

the bulk of the material crystallizing is isotopically lighter than
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the magma, the liquid will become enriched in 0l8 during the course of
crystallization, This is the normal trend ome would expect, inasmuch

as the more mafic minerals of a rock (which are deficient in 018 rela~
tive to the magma as a whole) usually crystallize early,

Any attempt to relate the measured é;uvalues of minerals te the
erystallization effects outlined above must take into account twe
fundamentally distinct processes: (A) the outer portions of a crystal-
lizing mineral grain may act as an armor, protecting the earlier—-formed
imner portions from further exchange or reaction with the magma —
hence portions of a crystal would be in isctepic eéailibrium with the
m#gma only at the instant of their precipitation; and (B) conversely,
complete and continueus oxygen isotopic exchange between crystals and
liguid may eccur throughout the interval of crystallization, with an
equilibrium oxygen isotepic distribution not being permanently "frezen
in” until some sub-solidus temperature is reached, Actual crystalliza-
tion processes in nature undoubtedly vary somewhat hetween these two
extremes, but the present oxygenkisotopic evidence indicates that pro-
cess (A) is dominant,

As will be discussed in detail in later sections, the minerals of
igneous rocks show slight oxygen isotopic disequilibrium features;
these are readily explained on the basis of crystallization with incom~
plete reaction, At present, it is impossible to tell whether or not
process (A) commonly operates in nature in its ideal form, because
there is no way of estimating exactly how much oxygen isotopic exchange
occurs between already—formed crystals in a magma and the liquid itself,

Yor almost every rock studied, hewever, the crystallization histery
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is reflected by the 018/016 data. The data are generally in goed
agreement with the sequence of crystallization/as determined by conven—
tional geologic criteria,

These observations imply that most ef the minerals in igneous rocks
should be isotopically zoned, just as many are zoned in chemical compo-
sition, Each mineral $-value determined in this work therefore repre—
sents a composite of the Savalues of the various zones,

During the crystallization of most of the rocks studied in this
work, the liqnid portion of the magma apparently became enriched in
018, This is shown by the abnormally large é;—values of the late-crys—
tallizing constituents, such as the quartz in the San Marces gabbro,
However, for certain rocks, it appears that crystallization has produced
a reversal of this isotepic trend, The Skaergaard inﬁrusion has
undergone an unusual type of fractional erystallization, accompanied by
a marked depletion of the late-crystallizing fractiomns in 018. Also,
granitic magmas that are deficient in mafic constituents may become
isotopically either lighter or heavier during crystallization, depend-
ing upon the relative periods of crystallization of the quartz and
feldspars; the minor amounts of mafic minerals will not contrel the
018/016 changes in such a magma,

Justification for the above statements will be found in detailed
discussions of the various rock types in the following sections, Al-
though the gross trends in oxygen isotopic composition can be evaluated
fairly easily, the detailed changes during magmatic crystallization
are very complicated, These are dependent upon: (1) the types of

minerals crystallizing; (2) the relative amounts of each relative to
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the amount of liquid; and (3) the 018/916 fractionations between each
mineral and the liquid, Facters (1) and (2) are continuously changing
throughout the course of crystallization, In addition, (3) is compli-
cated by the following considerations: ({(a) the oxygen isotepic prop-
erties of liquid magna change as the chemical compesition of the magma
changes; (b) the oxygen isotopic properties of the individual minerals
change as their chemical composition changes, although changes in
cation compositidn are apparently of little importance in this respect;
(c) all fractionmations are functions of temperature and change over
the temperature interval of crystallization; (d) most magmas are not
completely closed systems, although many can probably be considered
so as a first approximation — loss of volatiles (especially water)
would change the oxygen isotopic composition of the magma; and (e) the
extent of oxygen isotopic exchange between already-solidified crystals
and remaining liquid cannot be easily ascertained, and may be greater
for some minerals than for others,

Fortunately, most of the complicating features listed above are
of minor impertance, They should not greatly interfere with any of
the major interpretations made in this study. It is only in quantita-
tive discussions of crystallization that they must be carefully consid-
ered, and this must remain an intractable problem until extensive exper-
imental data are available upon oxygen isotopic fractionation factors
gmong minerals, |

Theorgtiqgi,ﬁlglele variations in a simple binary system

It is desirable to illustrate in a more detailed fashion the vari-

ations that can take place during erystallization of a magma, DBy
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making certain assumptions, a calculation of the 018/016 effects of
crystallization in a simple two—-component system can be easily carried
out, The gsimple examples that will be given will indicate the relation—
ships between the equilibrium fractiomation factor for two minerals

and the actual fractionation brought about by the crystallization pro-
cess, The examples should therefore serve to illustrate the types of
changes involved and the magnitude of the variations which can be
expected during the crystallization of a magma in nature,

The assumptions are: (1) equilibrium fractionation factors
between crystals and between crystals and liquid are constant through-
out the period of crystallization; (2) portions of crystals are
effectively removed from the magma the moment they precipitate, by the
armoring effect of the later—crystallizing portions — in otherwords
process (A) outlined above operates in its ideal form; (3) when both
minerals are erystallizing simmltaneously, each forms at a fixed rate
relative to the other; and (4) both minerals contain identical oxygen
pereentages,

Calculations are based upon the Rayleigh distillation equation
already mentioned in another connection; this equation was given on
p. 43, Three different conditions of crystallization are illustrated
by figs. 6, 7, and 8, For any value of the ordinate (per cent liquid
crystallized) the curves on each diagram give the O-value of the
liquid that exists at that stage of crystallization, as well as giving
the O-values of the minerals precipitating from that liquid, The
average <S~va1ne for sach mineral, shown on the figures by vertical

dashed lines, represents a composite of all the zones of the mineral;



73

Equilibrium
§~-values
of A ond B

D

o — s s T e T Y e T v e e e e dna - — i . —— — — —— ——

e}
©
®
-
3
g E <
o o =2
00-0- 9_,
ggooo
m*lgw -
1'6“" .E
-f 2 58
X2a s
oDD.Em N
w29 T oo ‘
e 3 3 & 5
149 2%
o B -
et
[«]
<] 3 @ = ® B bt » 8 e ©°

pozi|ipishid (uad isd

TFig, 6. Theoretical 0}’8/016 variations during crystallization -~ no. 1,



14

%) S
Sl Gl A ¢l Zl i1 9 g v e Oo
TT T T T T T T ] i
| !
| "
_ 8 puo v | o1 ©
_ J0 sen|pA-Q | ' e
" wnjaqiiinb3 f
] (2]
| .
| w40} o} suibaq g a40jaq { |0Nm
“ paia|dwod 9,06 uoiipzi||nyski) A"
Y- (9]
B" OO\ON - O_Do_l_lmq o 0_ lomf.M
] o
5l ] =
i 00f b = <|O_DG_.._< W" a
3! o % 5
m“ %G=8 '%G6=Yv _ lovN.
H ]
ol
“ gl
o 3! Hos
o < :
o |
M.
{
_ | oo
! |
_ _
! _ —104
! I
{ !
| “
“ i -08
| @ |DIdul “
| \J\r
|
" . “ -106
| _ .
|
. ool

2,

ization -~ no,

PFig. 7. Theoretical 018/016 variations during crystall



75

15

S~-value

k} of \B
i 3
14

Equilibrium

_____________________________________ ri)
o
2 1=
.g'.
OE.E
o o
0\0\0\002 e
ooo o -
n 0~ X oo
nooy, n\‘N"-s'
m
[ @
si5g8 e
0\90';_;11:
O D 7
b g 72
" _Jm'ae
< 5o -1
QQ e 2
3
(8]

§ (o)

E
2o 1;
-1
23 T
3%
ow
il
| | ! i I ! ] i [o)
Q =] ) o) o o i) =} o) [} [
o o © ~ © < 2] Y -
paz)|jojskiso  jued Jded

'Fig. 8, Theoretical 018/016 variations during crystallization — no. 3.



76

these are the values that would be measured if the minerals were sep-
arated from the final, completely crystalline mass and analyzed by the
methods used in this research, The equilibrium S~values for each of the
minerals, shown on the abscissa of each figure, are the values that
would be obtained if the crystals had continuously re-equilibrated with
the liquid throughout the course of crystallization — or in otherwords,
if process (B) outlined previously had operated in its ideal form,

In the example of fige 6, the liquid eriginally is composed of
equal amounts of constituents A and B, but half of the 018 deticient
mineral A crystallizes before any of mineral B forms, By the time
mineral B starts to form the magma liquid is about 1,5 per mil heavier
than it was initially, After mineral B has begun to crystallize along
with mineral A the liquid does not change in 018/016 ratio at so fast
a rate as it had been, but it still becomes progressively enriched in
018, This is because the total crystalline material forming at any
stage is isotopically lighter than the magma, The final fractionation
between the average §-values of the twe minerals is about 0,8 per mil
greater than the equilibrium fractionation,

An important feature of these crystallization curves is that the
isotopic changes become much more marked in the very late stages of
crystallization, Late~forming minerals should therefore show more pro-
nounced variations than do the early<ormed ones, Such a case is illus-
trated by fig, 7, A liquid originally composed of 95 per cent of A
and only 5 per cent of B erystallizes only mineral A until 10 per cent
of the liquid is all that remains, Then both A and B erystallize in

equal amounts to the end, For the fractionations assumed for this
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example, the final measured difference in average Es—values between

A and B will be 6,8 per mil greater than the equilibrium fractienation
for these two minerals, The final S-Jmalue for mineral B is 12.2 per
mil larger than the eriginal é;-value of the liguid, whereas the equil-
ibrium fractienation between mineral B and liquid is enly 2 per mil,

In both the examples discussed above the final difference in the
average §-values for minerals A and B is greater than the equilibrimm
fractionation, That this is not necessarily the case is shown in fig,
8, In this situation a liquid composed of equal amounts of A and B
crystallizes only A until 25 per cent of the ligquid has crystallized.
Then both minerals, 2 parts of B to 1 part of 4, crystallize until ne
liquid remains, In this example the liquid-crystal equilibrium frac-
tionation factors were so chosen that the ligquid initially becomes
enriched in 018, but as soon as mineral B begins to form this trend
is reversed, By the stage half the liquid has crystallized, the liquid
is isotopically lighter than it was origimally, It continues to become
progressively mere depleted in 0l8 throughout its crystallization,

The final measured fractionation between A and B is 1,2 per mil smaller
than the equilibrium fractiomation,

On the basis of the above hypothetical examples of crystallization,
it is clear that measured Suwulueé of actual minerals can give in-
formation about sequence of crystallization in natural magmas, if dis-
equilibrium effects of isotopic zoning prevail, and if the magma
changes significantly in 018/016 composition during solidification,
These crystallization models should therefore be kept in mind when exam-~

ining the oxygen isctopic data presented in the following sections,
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SOUTHERN CALIFORNIA BATHOLITH

General statement

The granitic hathelith of Southern and Baja California, of Creta-
ceous age, is exposed continuously from near Hiverside, Califeornia,
southward for a distance of about 350 miles, The northern part has
been studied in detail by Larsen(24), and the chief rock types of this
portion appear to be representative of the entire plutonic mass, 4
ma jor zonation is present, with mainly gabbros and grancdiorites form-
ing the western portion of the main mass and tonalites the eastern por-
tion, Scattered bodies of similar age in the desert ranges to the east
are chiefly granodiorite, The relative ages of the individual units,
as determined by Larsen from the field relationships, are those common-
ly found in batholiths; the gabbros were intruded first, then the
tonalites, the granediorites, and finally the granites,

The percentage of exposed area of the batholith that is underlain
by the various rock units is given in Table XIV, as determined by lar-
sen for the Corona, Elsinore, and San Luis Hey quadrangles,

Table XIV
(after Larsen)

Percentages of the different rock types which make up the batholith

eck type Area (sqemi,)  Per cent of total
San Marcos gabbro 120 14

Bonsall tonalite 325 38

Other tonalites 106 12
Woodson Mt, granodiorite 220 25,5

Other granodiorites 70 85
Bobideux Mt, leucegranite 1 ,

0.1
Other granites 18 2.4
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In most places the contacts of the intrusive bodies are megascop-
ically sharp, but locally complete gradations between rock types exist,.
Larsen(24) interprets these to mean that the invaded rock was not com—
pletely crystalline when new magma was injected. Only very few dikes
or apophyses cut the bordering rocks, but the more granitic types com~
monly show a gneissic foliation near contacts with elder units, In
only a few places are the rocks finer-grained near contacts with these
older units, although some bodies of Woodson Mt, granodiorite of rela-
tively small size are finer-grained than the larger bedies,

The Bonsall tonalite contains abundant inclusions of a more mafic
rock that have been almost completely rewerked by the magma and have
been softened and stretched inte thin discs, These inclusions are usu-
ally oriented parallel te contacts with older rocks, Hhrlbut(zs) has
interpreted the inclusions teo be prinéipally fragments of San Marcos
gabbro which have been incorporated inte the tonalite magma.

Larsen(24) believes the batholithic recks to have been emplaced
by magmatic stoping and not by forceful intrusion, citing the evidence
of the abundant inclusions that occur to a greater or lesser degree
in almest all the granitic rock types, Because the chemical analyses
of rocks from the batholith fall near smooth variation curves, and
because the amounts of the different minerals in the rocks alse range
systematically from the gabbres to the granites, the dominant process
which brought about the variations in the recks had to be, in the opin-
ion of Larsen, both systematic and relatively simple, He called upon
differentiation of a primary magma of gabbroic composition at depth,

from which in succession were produced large bodies of tonalite and
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granodiorite, as well as the smaller amounts of late granite and
quartz monzonite,

Such a postulated mechanism of origin cannot be proved, Any one,
or all, of processes such as melting of the crust and sub-—crust, eryst-—
al fractionation or other types of magmatic differentiation, assimi-
lation of wall-rock or of earlier—crystallized material, or even local
granitization, may have been operative at one time or another during
emplacement of a bathelith, Nevertheless, there is certainly good
evidence for a magmatic origin for these rocks, and there can be little
doubt but that the various rock types are genetically related,

This discussien is intended merely to indicate that this is an
intrusive complex which has been well studied, which is composed of
uniform and distinctive rock types, and which is probably typical of
the great granodiorite-tonalite batholiths of the earth's crust,

These features indicate that the Southern California batholith should
be a promising area in which to initiate studies of the oxygen isetopic
composition of coexisting minerals in igneous rocks,

San Marcos gabbre

The specimen of San Marces gabbro used in these studies was col-
lected from the Fmil Johnson & Son quarry 3 miles northeast of FPala,
California by L, T. Silver, who also provided a norm and mode for this

rock, as shown below,

Mode Norm
Hineral wte % Mineral wte %
quartz 0.24 quartz ‘ 3.7
plagioclase (An55) 59,4 plagioclase (4ngy) 53,2
biotite 0,21 orthoclase ) 1,7
hornblende 17,2 diopside (Digglidas) Tod
hypersthene 10,75 hypersthene (ZnggFags) 17,9
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Mineral wte % Mineral wte %
augite 6,93 apatite 0.4
apatite 0.29 magnetite 35
chlorite 0.03 ilmenite 2.0
opagues 4,98

This specimen is a noritic hermblende gabbro, compositionally
intermediate between & true norite and a guartz-biotite~hornblende
gabbro, all gradations of which‘exist in the bathelith, The San Marces
gabbro as a unit is extremely variable in both composition and texture,
with rock types ranging from troctolite and olivine gabbre te quartsz
gabbre, The most abundant rock type and the one which represents
approximately the avérage of the entire group is a medium-grained dark
grey norite, locally grading te hypersthene gabbro.(zﬁ) The most wide-
spread and marked type of gradation results from abrupt changes in the
amount and character of the hornblende,

This particular sample is thus in no way representative of the
entire mass of what has been mapped as San Marcos gabbre by Larsen(24),
but its content of quartz and hornblende make it amenable to comparison
with other rock types of the bathelith which contain these minerals,
The specimen is medium~grained and equigranular, with zomed, markedly
subhedral laths of plagioclase of average composition Angz. The larger
grains are most strongly zoned, smaller ones are sharply zoned only
near borders, The two pyroxenes appear both as separate grains and
tagether in finer—grained clusters, always with abundant included mag-
netite grains, Hormblende is deep green, and is in obvious reactien
relationship to the pyroxenes, which are enclesed by it, DBoth pyroxenes

are replaced by the hornblende, but the augite preferentially se,
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Quartz and biotite occur as rare, tiny, anhedral grains interstitial

to plagioclase and hornmblende, Apatite occurs in euhedral grains‘
scattered uniformly through the reck, and more is probably present than
is listed in the mode, on the basis of guantities obtained during
mineral separations,(27) A slight amount of chlorite occcurs as an al-
teration of the hornblende, A photomicregraph showing the texture of
this rock is given in plate 1,

Almost pure concentrates of plagioclase, apatite, and hypersthene
were prepared, using heavy liquids, Augite and hornblende concentrates
contained about 10 per cent of one another as impurities, and the quartz
concentrate contained 10 per cent plagioclase, Isotopic corrections
were made for the impurity in each case, Oxygen isotopic results for

the minerals of this rock are presented in Table XV,

Table XV

Oxygen isotopic analyses of minerals of San Marcoes gabbre

Mineral 8018/016 (%) ave dev, no, of rung
quartz 10,2 0.2 4
plagioclase (Angs) 765 0,2 5
hornblende 6,5 0,2 3
clinepyroxene 5,9 0.1 2
erthopyroxene 6,6 0.1 3
apatite 4,1 0,3 2
magnetite 3,0 0,8 6

[iv]

entire rock Tol 0.2
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Ia ~ Photomicregraph of a thin section of San Marces gabbro
(plane light, x 28). Note the marked reaction rims of horn-
blende that enclose both the pyroxenes and magnetite, The
augite is apparently more completely replaced by this horn-—
blende than is the orthopyroxene, as shown by the very irreg-
vlar outlines of the augite residuals as compared with the
smaller, more equant hypersthene grains, The zoning in the
plagioclase can be seen even in the photograph taken in plane
light because of the finely disseminated dark inelusions in
the central portions of the plagioclase grains, A =angite,
0 = orthopyroxene, h =hornblende, M= magnetite,

Ib ~ Photomicrograph of a thin section of San Marces gabbro (crossed
nicols, x 24), HNote the markedly subhedral plagioclase grains
which form an interlocking network of laths, In the interstices
of these laths are miner amounts of quartz which apparently
form a connected intergrowth, as shown by their being in near
optical orientation with one another, Atypically large amounts
of quartz are shown in this photograph because it was chosen
especially to demonstrate the interstitial nature of the quartz,
Q =quartz, P=plagioclase, H= hornblende,
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The 018/0163 ratio of the entire rock, as calculated frem the mode
and the individual §-values of the minerals, gives Sgﬁgg==7.9 ; in
good agreement with the measured value of 7,1,

Bonsall tonalite

The specimen of Sonsall tonalite was collected 2 miles west of
Val Verde, California by L. T, Silver, who provided a norm and mode

for the sample, as shown below,

Mode Norm

Mineral wte % Mineral whte %
quartz 25,2 quartz 18.6
plagioclase (Angg) 48,3 plagioclase (Angg) 5345
orthoclase : 0.5 orthoclase 10,0
biotite 14,2 diopside (Diqgldsy) 2.2
hornhlende 10,0 hypersthene (En49F851) 12.4
apatite 0.25 apatite 0.3
opaques 0,14 magnetite 1.6
. accessories 0.78 ilmenite 1,4
epidote 0,65

. The Bonsall tenalite is a fairly uniferm reck, as contrasted with
the San Marcos gabbro, and this specimen is fairly typical eof its
occurrence throughout the batholith, The ubiquitous mafic inclusions
are finer—grained than the host rock, and are made up of the same miner-
als, but in different proportions, Hornblende is generally much more
abundant in the inclusion than in the hest, and biotite is somewhat
more abundant, Pyroxenes are only locally present, and quartz and
orthoclase are rare, Biotite and hornblende are usually mere iron-rich
in the inclusions than in the hest, and some of the plagioclase grains
have cores of ealeic byﬂewnite.(zs}

This pariicular sample of the host rock is medium to coarse-

grained and inequigranular, with strongly zoned, subhedral, well-twinned
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laths of plagioclase 0,5-5 mm in length, averaging ﬁnéo in composition,
Hornblende is subbedral, commonly twinned, deep green, and zoned,
Biotite averages 2 mm in size, as does the hornblende, and eccurs in
independent grains with ragged borders, Although biotite and horn~
blende are sometimes seen to be clustered together, the two minerals
are not in any apparent reaction relationship, Quartz grains average
2-3 mm in size, show pronounced strain shadows, are anhedral, and are
markedly interstitial to the plagioclase laths, ZHare potash feldspar
is interstitial to the quartz and plagioclase, A photomicrograph
showing the texture of this specimen is given in plate II,

Quartz and plagioclase were separated by hand-picking, Pure bio-
tite and hornblende concentrates were prepared by magmetic separation,
Bpidote and apatite separates, prepared with heavy liquids, were pro-
vided by L. T, Silver, The oxygen isotepic analyses of these minerals

are tabulated in Table ZVI,

Table XVI

Oxygen isotopic analyses of minerals of Bonsall tenalite

Mineral 0018/6'% (4,) av. deve no. of runs
quartz 10,3 0.1 3
plagioclase (Angg) 8.5 0,1 4
hernblende 6,9 0.1 5
bietite 504 0.0 3
apatite 6,7 0.1 2
epidote 6,2 1

entire rock 8.0 1
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IIa - Photomicrograph of a thin section of Bonsall tenalite
{plane light, x 9). Note the large, individual biotite and
hornblende grains which are subhedral to¢ euhedral, Hsrnblende
tends to show better crystal development than does biotite,
B =biotite, H =hornblende,

1Ib - Same field as above, (crossed nicels, x 9)., Note that the
mafic minerals in this rock are as large as the sialic min-
erals, The plagioclase is markedly subhedral and is strongly
zoned, The interstitial nature of the quartz relative to
the plagioclase is well shown, {=quarliz, P=plagioeclase,
B =biotite, H =hornblende,
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The oxygen isctopic composition of the total rock, calculated
from the mode and the individual S-—values of the minerals, is SROCK:
8.3, This is probably a more accurate value than that obtained by
the single analysis of the entire rock listed in Table XVI, No miner-

als from the inclusions associated with this rock have been analyzed,

Woodson Mt, gramedierite

The specimen of Woodson Mt, granodiorite was collected 3 miles
south of Temeecula, Califernia, by L, T. Silver, who alse supplied the
following norm and mode for this reck,

Mode Norm

Mineral wty, % Mineral why %
gquartz 36,80 quartz 35,3
plagioclase (Angs) 39,48 plagioclase (Ansg) 44,2
potash feldspar 15,24 ortheclase 16,5
myrmekite 1,80 corundun 0,28
biotite 5,78 hypersthene (EnggFsgy) 2,52
hornblende 0,17 apatite 0.16
opaques 0,17 ilmenite 0.44
accessories 052 magnetite 077
alteration 0,02

This specimen is considered t¢ be fairly representative of the
Woodson Mt, granodiorite throughout its outerop area, It is moderately
coarse—grained, almost equigranular, and contains subhedral plagioclase
grains that are zoned, well-twinned, and average Angs in compesition.
Plagioclase grains average about 3 mm in length., Microcline microperth-
ite and quartz occur as slightly smaller grains and are anhedral, A
few of the potash feldspar grains are larger than 4 rm, Much of the
quartz occurs in clusters of grains, and in small amounts as myrmekitiec

intergrowths, Diotite averages 3 mm in length, and occurs in irregular,
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ragged grains, some of which are interstitial to the plagioclase, A
photomierograph of this reck is shown in plate I1I,

Minerals were separated into relatively pure fractions with heavy
liguids and magnetic separator, Oxygen isotopic analyses of the vari-

ous minerals are listed in Table XVII,

Table XVII

Oxygen isotopic analyses of minerals of Woodson Mt, granodiorite

Mineral 50%8/016 (£,) av, dev, no, of runms
quartz 8¢5 0.1 4
plagieclase 8,5 0.2 3
potash feldspar 7.9 0.1 3
biotite 4,4 0.3 2
entire rock 8,9 1

The calculated SRQCK::S.ﬁ , which is probably a more accurate

value than that given by the single analysis listed in Table XVII,

Bubidoux Mt, leucorranite

The specimen of Zubidoux Mt, leucogranite was collected from Mt,
Rubideux near Riverside, California, by L, T. Silver, who supplied a

norm and mode for the rock, as shown below.

Mode Norm
Mineral wte % Mineral wte %
quartz 34,42 guartz ) 38,7
plagioclase (4nsg) 30,28 plagioclase (Anys) 31,8
microperthite 27,91 orthoelase 26,2
biotite 3,03 diopeide (Dijgliday) 0.6
hornblende 1,39 hypersthene (Enjgisg)) 1.7
myrmekite 2,50 apatite 0.2
hypersthene 0,05 ilmenite 0.4
accessories 0,32 magnetite 0.7

opagues 0,10
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11Ia ~ Photomicrograph of a thin section of Woodson Mt, granediorite
(plane light, x 9), Note the ragged borders of the biotite
grains and their relatively small size as compared with the
other minerals of this reck, B =biotite,

IIIb - Same field as above (crossed nicols, x 9), Note the large
potash feldspar crystal with its many inclusions of quartz
(replacement residuala?), as well as the smaller grains of
wierocline, Quartz oceurs in clusters of graing which shew
sutured boundaries and a considerable range in size, The
plagioclase grains are zoned and exhibit the most euhedral
form of any of the minerals in this reck., {=gquartz, K-
potash feldspar, P =plagioclase, B =biotite,
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This specimen is typical of the coarse-grained leucegranite, and
it is pale greenish-grey in hand specimen, with grains averaging about
8 mm in length, Microperthite contains stringers of albite that carry
blebs of quartz, Quartz grains are large and anhedral, Plagioclase
(Anzg) is unzoned and contains blebs of guartz near grain borders, Min-
or biotite, dark green hormblende, and iron-rich hypersthene are f{iner-—
grained and tend to be interstitial to the major minerals,

This rock type should be properly called a leuco-quartz monzonite,
and it occurs in only the limited area near Riverside, California. By
far the majority of granites in the bathelith are leucocratic, and
the Rubidoux Mt, leucogranite is considered to be typical of these
rocks, which represent the very last stages of intrusien of majer rock
bodies in the batholith, Many small dikes of aplite, mafic rocks, and
pegmatite were probably even later to form but make up no large bodies,
A photomicregraph of this rock is shown in plate IV,

Owing to the coarseness of the grains, separation of the individual
minerals by hand-picking was easily accomplished, ZResults ef analytical
ol6

determinations of 018/ ratios are presented in Table XVIII,

Table XVIII

Oxygen isotopic analyses of minerals of Hubidoux Mt. leucogranite

HMineral S0l8/0Y6 (4,) ave dev, no, of rums
quartz 9,9 0.0 2
plagioclase (Angg) 8.8 0,0 2
microperthite 9.1 0.1 2

biotite ; 6,6 0.1 2
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IVa ~ Photomicrograph of a thin seciion of Hubidoux Mt. leucegranite
(plane light, x 9). Note that the biotite and hornblende are
markedly interstitial to the quartz and feldspar, and they
eceur in smaller grains, B=Dbiotite, H=hornblende.

1Vb ~ Same field as above (crossed nicols, x 9}, Note the large
range in size of the major minerals of this rock, Note
also that grains of a given mineral oceur in clusters, and
that ail the minerals generally show anhedral forms, ¢ =
quartz, P =plagioclase, K =potash feldspar.
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The calculated value for SBBCK: 9.2, no analysis of a total rock
sample having been done.

Interpretation of 018/016 data from the batholithie rocks

Oxygen isotopic data obtained for the minerals of the four dist-
inctive rock types of the Southern California bathelith are presented
in the graph of fig, 9. The Es-values for each mineral have been join-
ed by dashed lines only tc make the variations ameong the various rocks
more obvieous, Magnetite data are from the work of Clayton and Epstein,
corrected to the present standard.(7)

A certain degree of order exists in the data, as has already been
pointed out in a previous section, Quartz has the highest 018/010
ratio of any of the minerals of a given rock, and a generalized sequence
of minerals progressively more enriched in 016 are, in order, quartz,
feldspar, hornblende, biotite, and magnetite, It appears, however,
that complete oxygen isetopic equilibrium was not attained in these
rocks, The fractionation factors for the different mineral pairs de
not vary in a simple manner from one rock to another, For example,
ZSQUARTZ—FLAGIOCLASE changes from 2,7 per mil in the gabbre to 1.8 per
mil in the tonalite, and it is as low as 1 per mil in the granodiorite
and leucogranite, In turn, APLAGIOCLASE-BIOTITE Shews a variation
from 3,1 per mil in the tonalite to 4,1 in the granodiorite, and is 2,2
in fhe leucogranite,

These complex changes in the fractionation factors among the min-
erals of these rocks must be a result of minor disequilibrium among
the minerals, As was mentioned in an earlier section, evidence exists
that the equilibrium fractionation factors for mineral pairs such as

quartz-magnetite and hornblende~plagioclase decrease continuously with
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temperature, and at magmatic temperatures this rate of decrease is much
smaller than at lower temperatures, In direct opposition to such re-
lationships, ZAQUARTZ,ELQGIQCLASE increases markedly from the lower
temperature rocks (the granodierite and leucogranite) to the higher
temperature rocks (the tonalite and gabbre), Other observations make
the presence of disequilibrium even more obvious, The value of
ZSPLAGIOCLASE-POTASH FELDSPAR changes from 40,6 per mil in the grano-
dierite to ~0.,3 per mil in the leucogranite, and ZSQHARTZqARATITE
changes from 6,1 per mil in the gabbro teo only 3.6 per mil in the tona-~
lite,

These arguments result in an interpretation of the fermatien of
these rocks bhased upon a near appreach to equilibrium, but with super-
position of minor disequilibrium features. This hypothesis is reached
by a consideration of the isotopic evidence alone, but resort te the
petrographic data for these rock types lends support te such an inter-
pretation, The mineralogical compesitions and textures of these rocks
indicate that each has attained a state of gross equilibrium, Miner
textural features alse clearly imply the existence of departures from
equilibriwm, Included among such features are zoning in plagioclases
and hernblendes, and reaction rims of hornblende enclesing pyrexene,
Beecause these obvious textural features of disequilibrium are most
easily explained on the basis of magmatic crystallization with incom-
plete reaction, it is only natural to turn to such a mechanism to ex-
plain the features of the oxygen isetopic data,

The San Marces gabbre, from textural evidence and from a consider-

ation of experimental phase equilibria studies of appropriate systems,
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prébably began crystallizing calcic plagioclase, twe pyroxenes, and
magnetite relatively early, When the water content of the magma had
reached a high enough value, almost certainly net before at least half
the rock had crystallized, hornblende began to develop and replace the
pyroxenes, Only after about 98 per cent of the rock had crystallized
did the minor amounts of quartz and biotite form, along with the outer-
most rims of the plagioclase grains, which by this stage had become as
sodic as Angge

If it is assuwmed that the 013/010 ratio of the total rock as now
analyzed is approximately the same as that of the original magma from
which the rock crystallized, a qualitative crystallization model can
be set up in the same manner as was discussed for the 3 hypothetical
examples mentioned in a previous section, Throughout the early stages
of erystallization of the San Marces gabbre, mafic minerals isotopic-
ally much lighter than the magma were forming, along with plagioclase
of about the same isotopic composition as the magma. Hence the mapma
should have become progressively enriched in 0!8, 1In support of this
reasoning ie the large value of AQUARTZ.,BQC}( o This A—evalue, abnor—
mally large compared with the values for the other batholithic rocks,
is evidence that this quartz formed from an isotepically heavier magma
than did the other minerals of the gabbre,

Evidence will be presented in discussing metamorphic amphibolites
to show that at isotopic equilibrium clinopyroxene is richer in 018
than is hormblende., DBecause hornblende is a late—crystallizing mineral
in the gabbre, the fact that Asom&m})g.@xﬁowﬂgym is pesitive

in this rock is further proof that the magma became progressively

heavier., The equilibrium fractionation factor between orthopyroxene
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and clinopyroxene is probably small; hence the 0,7 per mil enrichment
in 018 ghown by the hypersthene relative to the augite is indicative
that the hypersthene began crystallizing later than did the augite,
However, the small fractionation between hypersthene and hormblende
shows that hornblende crystallized still later, in agreement with the
textural ev:.denceo ZSPiAGIocLAbE_HggNBLgﬁpm is 0 6 per mil smaller
in the gabbre than in the tonalite, and inasmuch as the tonalite
hornblende is an early-crystallizing mineral, this is still another
indication that the postulated trend of 018 enrichment in the gabbro
magma is correct,

Hornblende and plagioclase were in all likelihood the earliest
minerals to form in the Bonsall tomalite magma, ‘Biotite, too, began
to crystallize relatively early, but only after about half the rock had
crystallized did the guartz begin to form in appreciable quantities,
These four minerals then crystallized together to the end, except that
hornblende may have stopped forming during the very end stages and been
replaced by biotite, That the Bonsall tonalite magma aleo became pro-
eressively enriched in 018 is indicated by the relatively large value
of ZﬁQUAQTg_RQCK , showing that quartz crystallized over most of its
range from a more 018.rich magma than that represented by the 018/016
ratio of the present rock, This [\ -value is, however, net as large
for the tonalite as for the gabbro —— in keeping with the much later
crystallization of guartz in the gabbre than in the tonalite.

ZXﬁQGKqAEaTITE varies from 3 per mil in the gabbro to 1,5 per mil
in the tomalite; hence apatite probably began crystallizing earlier

in the gabbro than in the tonalite, This is not unreasonable in view
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of the higher content of (a0 and Py0y in the gabbre, as the solubility
of apatite may well have been exceeded earlier in this magma. This,
of course, tells nothing about the erystallization period of apatite
relative to the major minerals of the rock, and in fact nothing can
he said in this regard until an approximate equilibrium fractionation
factor between apatite and one of the major minerals is known,

The tonalite and gabbro magmas both became enriched in 0l8

a8 crys-—
tallization proceeded, as evidenced by the high 018/016 ratios of
their late-crystallizing minerals, DBoth recks contain large quantities
of mafic minerals whose early formation would have made the magmas
becone pregressively enriched in 0184 The Woodson Mb, granodierite
contains only 6 per cent bietite and 0,2 per cent magnetite, so these
mafic minerals could have only a minor effect upon the oxygen isotopic
trend of this magma, Inasmmch as potash feldspar and biotite in the
granodiorite are abnormally deficient in 018, compared with the other
batholithic rocks, this magma evidently became isotopically lighter as
crystallization progressed,

The earliest minerals to form in the granodierite magma were in
all likelihood plagioclase and quartz, The plagioclase would have had
an oxygen isotopic composition clese to that of the magma, but the
quartz would have been about 1 per mil heavier. Therefore the liquid
would have become more and more enriched in 016, at least until biotite
and potash feldspar were forming in significant amounts, The small
quantity of magnetite in the granodierite probably was not formed early,

as it was in the San Marcos gabbro, inasmuch as 13396K4ﬂggNgTITE

is 7.0 in the granodiorite and only 5.6 in the gabbre, Also,
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ZXBOCK—BIOTITE is 2.9 per mil in the tonalite and 4,2 in the grano—
dierite; this is compatibie with a progressive decrease in 0!8 in the
granodiorite magma, as biotite undoubtedly formed relatively later in
this magma than in the tonalite magma, By the stage that potash
feldspar was forming aleng with these other minerals the magma may

18/016 ratio may not have

have reached approximate balance; its 0
changed markedly after this stage had been reached,

Oligoclase may have been the earliest mineral teo form in the
Rubidoux Mt, leucogranite magra, but it would have been almost immedi-
ately joined by quartz, Pbtash feldspar would have formed earlier in
this rock than in the granodiorite, but biotite weuld probably have
formed relatively later, This mapma either remained about constant
in its oxygen isotopic composition as solidification proceeded, or
it became slightly enriched in 018, inasmuch as the biotite and petash
feldspar are beth markédly richer in 018 in this rock than in the
granodiorite, ZXRQCK-BIOTITQ::2°6 per mil for this reck, whereas a
value of 4,2 is obtained far the granodiorite and a value of 2.9 for
the tonalite, Therefore the leucegranite magma apparently paralleled
the tonalite magma more closely in its oxygen isotepic history, even
though it is chemiecally more similar to the granodiorite, The most
compelling evidence is shown by the reversal in Z&pLAGIQCL&QE%%IGHQQLIN@
between the granodiorite and the leucogranite, This is easily explained
if the former magma became isotopically lighter during crystallization
while the latter remained constant or became slightly heavier, but
is difficult to explain on any other basis,

There is, a priori, no reason to believe that quartz precipitating
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from a tonalite magma should give the same Zﬁguggrg4gagg5 as quartz
forming in a granitic magma, There is even less reason to believe
that bytownite or labraderite from a gabbroic magma should give a
ZxM&GﬂA;ELAGIOGLASE similar to that of the oligoclase from a gramitic
magma, ILrrespective of the changes in the fractionation factors
because of temperature effects alone, in the first case the chemical
composition of one of the phases, the magma, has changed; in the
latter case both phases, the plagioclase and the magma, have changed in
composition, Available data indicate that these fractionations do,
in fact, change as a result of such changes in chemical composition,
Cligoclase from the leucogranite is estimated to have been about 0.4
per mil lighter than the ligquid frem which it precipitated, whereas
the initial plagioclase to develop from the gabbroic magme probably
was 0,2-0,3 per mil heavier than the magma, Fractionations in the
granodiorite and tonalite magmas would lie between these extremes,
Magmas at their ligquidus have an internal structure, and this
structure changes from a chain and independent tetrahedral intergrowth
in a gabbro to a more highly pelymerized 3-dimensional network in
the viscous granitic types, As was pointed out in a previous section,
it is changes of structural type which should play the dominant role
in changing fractionation factors between silicate phases, Variations
in cation composition, without concomitant changes in structural type,
should preduce little effect, Such a theery fits the observed facts
very well, as at equilibrium the more highly polymerized silicate min-
erals are richest in 018; hence plagioclase might well be isotepic~
ally heavier fhan a gabbroic magma, but lighter than a granitic magma,

Iven though such marked changes of AMA@IAMINERAL can occur, there
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should be little change in fractionation factors between individual

minerals over wide ranges of chemical composition, Fer example, at

equilibrium at a given temperature the value of ZSQUARTZ~PLAGIOCLASE
should be very nearly the same whether the plagioclase is calcic or

sedic,

An assumption throughout much of the foregoing discussion bas
been that the magma crystallizes as a closed system, so that the 018/016
ratio of the eriginal magma would be identiecal with that of the total
rock as now analyzed, This is only an approximation because loss
of water and other velatiles from a crystallizing magma may change
the oxygen isotopic composition of the magma, Clayton and Epstein(7)
have presented evidence showing that the fractionation of oxygen iso-
topes between magnetite and water, and between magnetite and an
agqueous hydrothermal fluid, is practically zero over a wide range of
temperatures, If this were true, a maximum difference of about 8 per
mil could exist between the €;~Va1ue of the magma and that of the
water in equilibrium with it, If the magma originally contained 4 per
cent water and it was all lost during crystallizatioh, a change of
about 0,6 per mil would occur in the S-value of the magma, This is a
significant change, but inasmuch as the rock probably crystallizes
under essentially closed conditions at least until 95-99 per cent
crystalline, only those minerals which form extremely late should be
affected by such a loss of volatiles, The late quartz of the San Marcoes
gabbro may have been influenced in this manner, and the relatively
iarge value of %S@aARTg in this rock could be partially explained on
this basis,

The original magmas, therefore, may have been slightly lighter
§ 1 &
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in general, than the rocks as now analyzed, DBecause the amounts of
water that have been lost by a given magma cannot be easily determined,
the extent of isotopic change cannoet be calculated., It is presumed
that ordinarily it would never be larger than 0.2-0.4 per mil, Contin-
uous loss of water by diffusion from the magma during the entire course
of crystallization could be an added factor, the magnitude of whose
effect is difficult to evaluate,

The rock types of the batholith have up till now been discussed
without making reference to any possible genetic relationships between
| them, All four rocks might well have come from widely different local~
ities, for none of the interpretations outlined above would be changed
thereby, A gabbro of identical chemical compoesition as the San Marces
gabbro, crystallized under the same physical conditions, presumably
would give exactly the same relative isotopic results, even were the
total oxygen isotopic composition of the twe magmas different.

A formidable problem exists in attempting to relate these four
batholithic rocks genetically through their oxygen isotopic qompositions;
Any attempt to extrapolate to bedies of the size of a batholith from
data on four randomly collected specimens must certainly be a gross
over-interpretation of the data, Nevertheless, suggestive results are
obtained when the 018/016 ratios of the entire rocks are plotted on the
variation diagram shown in fig, 10, as a function of weight per cent
1/3 8i0g + Ky0 ~ Cal — Mgl =~ Fel,

The analyses form nearly a straight line on the variation diagram,
each succeedingly younger rock being more emriched in 018. Such a
consistent sequeﬁce could be a result of magmatic differentiation of

gabbreic magma at depth, as postulated by Larsen(24), inasmuch as
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the San Marcos gabbro magma became isotepically heavier during crystal-
lization, Additional enrichment in 018 could have occurred by the
gravitational settling of early-formed mafic minerals, It appears
certain, however, that while all these magma types could prebably have
been derived from the gabbro, the lencogranite could not have formed
by fraetional crystallization of the granodiorite magme, a8 represented
by the twe specimens collected, This is because the granodiorite mag—
ma became progressively lighter during crystallization, and by the

time a magma of quartz monzonite composition were tapped off it would
have had a E§~va1ue at least 1 per mil lighter than that of the present
leuncogranite,

While the oxygen isotopic evidence is compatible with the mechan-
ism of fractional crystallization as pestulated by Larsen(gé), the
mechanism cannot be proved by such evidence as is now available, Other
ways probably exist whereby these variations might arise, IHowever,
the isotepic evidence does add te the growing accumlation of data
which indicate that these various rock types of the bathelith are gen—

etically related in some manner.(zé)(zg)

ROCK TYPES FROM OTHER LOCALITIES COMPARED WITH THOSE

OF THE SOUTHERN CALIFORNIA BATHOLITH

General statement

An important and as yet unanswered question is how generally appli-
cable are the 0187b16 relationships determined for the four rocks of
the Southern California batholith, This problem may be partially

answered by a comparison with analytical data obtained upon rocks from
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various geographical localities,

Four rocks have been studied in this conmection, a quartz monzon-
ite from Georgia, the Elberton granite; a tonalite from the Baja
California portion of the Southern California batholith, the San Jose
tonalite; a gabbre from Duke Island in southeastern Alaska, here
termed N-36-8; and a Tertiary basalt from eastern Oregon, the Steens
basalt, The rocks are disénssed in detail and 018/016 analyses of
their minerals are compared with data from their counterparts in the
Southern California bathelith,

San Jose tonalite

The specimen of San Jose tonalite was cellected from near the
center of the San Jose pluten of the Sierra de San Pedro Martir,
25 miles east of San Telmo, Baja California by L. T. Silver, who has

provided a norm and mode for this sample, shown below.

Mode Norm
Mineral ; wt, % Mineral wte %
quartz 17,1 quartz 16,0
plagioclase (Angs) 62,8 plagioclase (Angsy) 65,4
hornblende 9,59 ortheclase 4,8
biotite 5,95 diopside (Dig7Hd}3) 3.2
orthoclase 0,02 hypersthene (Eng;Fsyg3) 5,3
magnetite 2,6 apatite 0.5
accessories 0o 24 magnetite 3,5
ilmenite 1.3

(29)

The San Jose tonalite has been described by Woeodford and Harriss
and is similar to the Bonsall tonalite of the northern portion of the
batholith, It contains similar, but less abundant, disc-shaped inclu-
sions of a more mafic reck, elongate parallel to the foliatiom, This
particular specimen is not so mafic as the specimen of Bonsall tonalite

previously described; the plagioclase content is higher and quartz,
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hornblende, and biotite are less abundant, In keeping with the less
mafic character, plagioclase averages Angs in composition, whereas the
average in the Bonsall is Anyg.

The plagioclase of the San Jose tonalite is slightly more strongly
zoned, and the rock as a whole is more strongly foliated and is finer-
grained than is the Bonsall tonalite, Biotite and hormblende, espec—
ially, occur in smaller grains, and are commonly clustered together,
These minerals are more clearly interstitial to the plagioclase in
this reck than in the Bonsall, and it is probable that some biotite
has formed by late stage reaction with hernblende, Both minerals
show ragged borders, and plagioclase laths are not se markedly subhe-
dral as in the Bonsall tonalite, Quartz in both rocks is clearly inter-
stitial to the plagioclase. A photomicregraph of this rock is shown
in plate V,

The four major minerals of the San Jose tomalite have been picked
by hand from the crushed rock, Their oxygen isotopic compositions are

presented in Table XIX,

Table XIX
Oxygen isotopic analyses of minerals from the 5an Jose tonalite
Mineral 0 018/016 (%) ave dev, no, of runs
quartz 9,7 0.2 3
plagioclase (4ngy) 8.0 0,0 2
hornblende 6.6 063 3
biotite 5,2 0.0 2

sphene 6,3 1
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Photomicrograph of a thin section of San Jose tonalite
(plane light, x 9). Note the imperfect foliation shown by
the hornblende and biotite grains, as well as the ragged
borders that are shown' by these grains, Biotite tends teo
occur as smaller grains than does the hornblende, and it
cormonly occurs clustered at the borders of the hernblende
grains, B=biotite, H=hornblende,

Photomicrograph of a thin section of San Jose tonalite
(crossed nicols, x 31), Note the subhedral, strongly zemed
plagioclase laths, and the relationship of these to the
guartz grains, which occur interstitially te the plagieclase.
Dark crystal in center of photegraph is a subhedral horn-
blende grain, Note how smaller biotite grains cluster at
lower extremity of this grain. {=quartz, P=plagioclase,
H=hornblende, B =hiotitle,
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The single sphene analysis was carried out on a mineral separate
provided by L., T. Silver from a border phase of this same San Jose
pluton — hence this mineral was not coexisting with the analyzed major
minerals, A calculated 5 ROCK = 78 ; but the entire rock has net been
analyzed directly.

The oxygen isotopic compesitions of the minerals from the Bonsall
tonalite are compared with the analytical results obtained for the Sé,n
Jose tonalite in fig., 11, ZRemarkably similar results have been obtained
for these two rocks, insofar as relative Swvalues are concerned,
Except for SROCK being 0.5 per mil greater for the Bonsall than for
the San Jose, the only differences between the rocks are that
Agﬂm{”ﬂommw and ARQCK_BIOTITE are both slightly smaller in
the latter., These small differences are even what might be predicted
from textural and chemical features, which indicate that the mafic
minerals probably crystallized relatively later in the San Jose tonalite
than in the Bensall,

Both tonalite magmas evidently became progressively enriched in
ol8 during the course of crystallization; hence it is expected that
Ammmwg.gmmm would be slightly larger in the Bonsall than in
the San Jose, because the hornblende should have formed, on the whole,
carlier relative to the biotite in the latter than in the former,
Similarities between the two rocks are clearly indicated by comparing

[\ -values for mineral pairs:

Mineral pair San Jose tonalite Donsall tonalite
QUARTZ~PLAGI OCLASE 1.7 1.8
A\pi,AGT0CLASE~HORNBLENDE 1.4 1.6

/NHORNBLINDE-BIOTITS 1.4 1.5
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Isotopic analyses of minerals of two granitic rocks compared
with their counterparts in Southern California batholith,
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Just why the rocks should he 0,5 per mil different in total oxy-
gen isotopic compesition cannot be ascertained witheut further analyti-
cal data from batholithie rocks, If hoth tonalites had differentiated
from the same primary magma ene would expect the San Jose to be richer
in 018 than the Bonsall, because it is farther along the liquid line of
descent, The reverse is actually true, and in all probability the
source magma was isotopically different for the two rocks, or else some
other mechanism has been important in their formation,

The data presented above make it appear likely that bhatholithic
tonalites in general will probably contain minerals with relative
S—Nulues that are similar to those obtained for the Bonsall and San
Jose tonalites, Also, it is interesting te speculate whether or not
individual bodies of granitic rock might be distinguished on the
basis of total oxygen isotopic composition, even though petrographic—
ally and chemically they were nearly identical,

N-36-~8 gabbro

This gabbro specimen was collected on Duke Island, southeastern
Alaska, by T. N, Irvine, who has supplied the following norm and mode

for this rock,

Hode Norm
Mineral vol.% Mineral wte %
plagioclase (Anzg) 49,0 plagioclase (An38) 55,2
clinopyroxene 22,4 clinopyroxene (DiggHd3eo) 12.8
hornblende 13.3 olivine (Poggfags) 2.8
orthopyroxene 1.5 orthopyroxene (Eﬁ@g?Sgg) 15,0
opagues 13,7 magnetite 8.6
apatite Ol ilmenite 4,6
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This specimen is from a body of gabbre that almest cempletely
envelops an ultramafic body, and it was collected about 800 feet from
the contact between the gabbro and an olivine pyrexenite unit., Oxygen
isotopic data for rocks from this ultramafic complex are described in
a subsequent section, This rock is considerably more mafic than the
San Marcos gabbre specimen described above, and it has a remarkably
high iren content, reflected mainly in the amounts of {itaniferous mag-
netite which it contains, Relative te the San Marcos gabbro N-36-8
also contains less plagioclase, no quartz whatsoever, and much less
hypersthene, The plagioclase is compesitionally identical in both reocks,

Hornblende forms even more marked reaction rims about pyroxene in
N-36-8 than in the San Marcos gabbro, and in addition all magnetite
grains have pronounced reaction borders of this hormblende, much of
vhich is uralitic, Plagioclase is finely twinned, zoned, slightly
saussuritized, and shows slight strain effects, Magnetite forms large
irregular intergrowths of the same size as the other minerals in the
rock, all of which average about 4 ym in diameter, N-36-8 is thus
coarser than the San Marcos gabbro, A photomicrograph of this reck
is shown in plate VI, Only clinopyroxene, plagieclase, and magnetite

have been analyzed, and the oxygen isotopic results are given in Table XX,

Table XX

OXygen isotopic analyses of minerals from N-36-8 gabbre

Mineral 50'%/0% (%,) av, dev, ne.of runs
plagioclase (Angg) To4 0,1 2
elinopyrexene 5,9 0,7 4

magnetite 261 0,0 2
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Via - Photomicrograph of a thin section of N-36~8 gabbre (plane
light, x 9), These photographs are very dark and the critical
relationships are not well shown., However, note the reaction
border of uralitic hornblende that is invariably present surround-
ing all magnetite grains, The magnetite grains are as large
as any of the major minerals in this rock, The reaction hor—
der of hornblende is also commonly seen enclesing the pyroxene
grains, The light—celored portion of this photograph is
entirely plagioclagse, H =hornblende, A =augite, M=magnetite,

VIb ~ Same field as above (crossed nicols, x 10), Note the strain
effects shown by the plagioclase laths,
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The magnetite analyses were obtained by T. N. Irvine by the carbon
reduction methed, The total rock has not been analyzed, but a calcu~
lated value, which can only be very approximate because Sﬁggﬂgngﬁﬂﬁ
is unknown, gives SﬁﬂgK:=6,3 .

The mineral fractionations observed for the San Marces gabbro and

for N-36-8 gabbro are compared below.

Mineral pairs San Marcos gabbro N-36-8 gabbro
ZxP&AGIOCLASﬂ-CLINOPYROXENE 1.6 1,5
ZXPLAGIOﬂLASE4%AGNETITE 5.8 503

(3

Zven though the tetal oxygen isotopic composition for the two rocks
is different, ZSELAGIQCLASE_CLIﬂQPYRQXENE and even the individual
g-maluea of the minerals are very similar, indicating that the respect-
ive crystallization histories of the two rocks could not have been
markedly different, The isotopic evidence indicates thal the bulk of
N-36-8 magnetite crystallized later relative to plagioclase than did
the major portion of magnetite in the San Marcos gabbro, assuming that
both rocks became progressively enriched in 018 4 they crystallized,
Apother possibility, however, is that magnetite recrystallized or was
partially introduced into N-36-8 after solidification was well under
way, thereby allowing isetopic exchange with a more 018 rich magma ¢
This is suggested by the texture and alse by relationships in eother
occurrences of the Duke Island gabbro, in which magnetite appears to
have replaced OliVineo(SO)

Inasmuch as the hornblende has not been analyzed, it is fruitless

to try te speculate in detail about the 018/016 crystallization trends

that are indicated by the minerals of N-36-8, Ilornblende is clearly
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the latest mineral to form in this rock, and mest of it very likely
was formed during the very end stages of crystallization as s deuteric
phenomenon, Therefore, it is net possible te be certain that both
gabbro magmas became isotopically heavier during crystallization, The
similarity of 018/'016 results for the two rocks suggests this, however.

Steens basalt

The specimen of Steens basalt, of probable Miocene age, was collect-
ed by J. B, Conel in Alvord Creek on Steens Mt,, in southeastern Oregon,
This unit is a distinctive series of basalt flows forming an aggregate
thickness of 3000 feet in the vicinity of Steens Mt, Individual flows
average approximately 10 feet in thickness and extend laterally over
large distances without significant change in character, These rocks
are discussed and deseribed by Fuller(gl),

This specimen cnntéina coarse plates of clear, glassy labradorite
that average 1-2 cm in length and are essentially unzoned, They occur
both as separate individuals roughly oriented with flat faces sub-par—
allel, and as rosettelike aggregates with the erystal plates radiating
in all directions from a common nucleus, The rock has a holocrystal-
line groundmass which shows diktytaxitic texture, This is an unusual
textural feature wherein open cavities exist lecally between the grains
of the groundmass, with delicate laths of plagioclase projecting inte
them, Olivine and clinopyroxene occur in tiny phenocrysis, 0,56~2 rm in
length, and the groundmass itself is made up almost entirely of a
plagioclase more sodic than the large phenocrysts, along with cline~-

" pyroxene and miner slivine,

Fairly representative samples of the groundmass and of the plagio-

clase phenocrysts have been analyzed, and the results are indicated in
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Table XXI,
Table XXI

Oxygzen isotopic analyses of minerals of Steens basalt

Mineral S018/016 (7,) av, deve no, of runs
plagieclase 6,6 1
eroundmass 6.6 0,1 2

No significant oxygen isctopic fractionation exists between the
groundmass and the plagieclase, This is slightly different from what
is surmised to be the plagioclase-magma relationship for a material
such as the San Marces gabbro, but the total oxygen isotopic composi-—
tion of this reck falls well within the average range for gabbros and

basalts, A comparison with the two analyzed gabbres is shown below,

Rock S PLAGIOCLASE ORocK
San Marcos gabbro Te5 70
H-36-8 gabbro T4 6,3%
Steens basalt | 6.6 6.6

*~ gnly approximate

These phenocrysts of labradorite had nucleated at the moment of
extrusion, but they almost certainly were not so large as they now
appear, Ixtremely rapid growth must have occurred in the shert inter-
val just subsequent te extrusion, the separation of a gas phase perhaps
catalyzing this rate of growth, The diktytaxitic texture is striking
evidence for a higher than normal volatile content, If all the pheno~
erysts had formed before the rock was extruded it is difficult to ex—
plain how the magma could have crystallizeé 95 per cent plagioclase and

only 5 per cent mafic minerals, and alse why there should be such a
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discrepancy in size between the mafic minerals and the plagioclase,
Finally, the platelike nature of the plagioclase and the radiating
rosettelike structures indicate that the phenocrysts prebably could
not have undergone significant violent flewage, for otherwise they
would have been largely broken up,

This digression is important only in that it indicates that these
phenccrysts may not have crystallized under the same conditions as
did the plagioclase in the two gabbres which were analyzed, This reck
probably formed at a much higher temperature than did the gabbros,
and this may have been a factor in reducing the plagioclase-magma
fractionation as compared with those rocks,

Elberton granite

The specimen of Elberton granite was collected from the New Comolli
quarry 1§'milea northwest of Elberton, Georgia, by L. T, Silver, who

has provided the following norm and mode for this rock,

Mode Norm
Mineral whte % Mineral wte %
quartz 30,70 quartz 19,9
plagioclase 29,70 plagioclase (Ang) 36,8
potash feldspar 30,69 orthoclase 37.8
biotite 5,78 hypersthene (En33Fg47) 2,6
museovite 1,27 diopside (DizgHig7) 1.4
myrmekite 1,04 apatite 0,3
opaques 0,23 magnetite 0.5
accessories 0,58 ilmenite 0,7

This specimen bears some of the characteristics of both the Rubi-
doux Mt, leucogranite and of the Woodson Mt, granodiorite, The content
of quartz, plagioclase, and microcline is similar to the former, but
the bictite content is similar to the latter, The contemt of Sily in

this rock is about 5 per cent less than in either of the ether granitic
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rocks, and an added factor is the presence of muscovite in significant
quantities,

The Elberten granite shows field relationships which are most eas~
ily interpreted as being the result of magmatic emplacement, However,
the rock also bears comsiderable petrographic similarity te the adjoein-
ing Lithonia gneiss, which some workers have interpreted as having
formed by a process of granitization,(27)

This specimen should be preperly termed a guartz monzenite, and
it is medium—grained and inequigramular, with an average grain size
of 1 mm, Quartz grains are commonly clustered together in aggregates,
and range in size from 0,2-2 mm, They are anhedral and show strain
shadews, Micrecline ranges from 0,2-2 mm, and larger grains contain
tiny inclusions, Twinning is poorly developed in the plagieclase,
and although mest is oligeclase, some finer—grained albite is present,
Minor myrmekite has developed, and some plagioclase has apparently
been replaced by microcline, Biotite and muscovite exhibit a marked
parallelism, giving the rock & gneissic foliation, The twe micas are
commonly clustered together in grains averaging 0,5 mm in length, with
muscovite generally in replacement relationship to the biotite, Beth
minerals alse occur as separate grains, Very fine—grained muscovite
has apparently replaced plagioclase along grain borders, In plate VII
is shown a photomicrograph of this reck.

Minerals were separated with the aid of heavy liquids, and a 98
per cent pure microcline cencentrate and a 90 per cent pure gquartiz
concentrate were obtained, Almost 100 per cent pure separates of

bioctite and muscevite, as well as an ilmenite concentrate, were provid-

ed by L. T, Silver, Corrected oxygen isotepic analyses of these



123

Vila -~ Photomicrograph of a thin section of Elberton granite
(plane light, x 24), Note the gneissic foliation displayed
by the biotite and muscovite, Muscovite grains are ex—
tremely ragged in shape and are associated with biotite
grains of identical optical orientation as the muswvovite,
Biotite grains are subhedral and have much smeother crystal
outlines than do the nuscovite grains, Mu=muscovite, all
the dark—colored grains in the photograph are biotite,

VIIb -~ Same field as above (crossed nicels x 24), Note that the
feldspars show a preferred orientation parallel to the
mica foliation, All the major minerals show anhedral forms
and are commonly gathered together as ecrystal aggregates of
a single mineral - especially quartz, { =quartz, P =plagio~
clase, K=potash feldspar, Hu=muscovite,
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mineral separates are indicated below in Table XXII,

Table AXIX

Oxygen isctopic analyses of minerals from the Elberton granite

Mineral 5018/016 (4,) ave dev, no, of rums
quartz 9.4 0,0 2
microcline 8.4 0.1 2
mascovite 7.3 0.3 5
biotite 4,7 0,3 4
ilmenite 2.8 1

Unfortunately, no plagioclase analysis has been carried out, but
its S-nvalue would almost certainly lie between 8,0 and 8,8, from
experience with other rocks, Until its isotopic compesition is deter-
mined, SRGCK cannot be accurately calculated., An approximate esti-
mate, if SPIAGIQCLASE is arbitrarily established as 8.4, is ‘SROCK:
8.5,

Inasmuch as SPLAGIOCLAS’E is not known, it is probably fruitless
4o try to resolve the isotopic changes that have occurred during the
crystallization of this rock, Similarities between the Elberton
granite and the two rocks from the Southern Califormia batholith which

moest resemble it are indicated in fig. 11, and are tabulated below:

Mineral pair Woodson Mt, Elberton Hubidoux Mt,
AQUARTZ-MI CROCLINE 1,6 1,0 0.8
A\QUARTZ-BIOTITE 5,1 4,7 3.3
AMICROCLINE-BIOTITE 3.5 3.7 2.5

Note that isotepiecally, the Elberton granite appears to fall
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between the other two rocks, especially as shown by ESMICROCLINE and
SBIOTITE ¢ This is an indication that the plagioclase and microcline§
of the Elberton granite might have very similar go—vulues, and also
it is evidence that the Elberton magma in all likeliheod varied only
very slightly in its oxygen isotepic composition througheut crystal-
lization, The measured fractionations may therefore be very clese
to the actual equilibrium fractionations for the temperature interval
over which erystallization occurred, This would also apply even had
this rock formed by granitization in place,

Fractionations between muscovite and the other minerals of the
rock might be an exception, Inasmuch as this is the only 018/616
analysis of a muscovite that has ever been done, it is impossible to
tell, even approximately, what its equilibrium fractionation with any
other mineral would be, A priori, it might be expected to be isotopic—
ally similar to biotité because it has almost the same structure; if
this were so, the ruscovite in this réck would definitely haﬁe formed
out of equilibrium with the other minerals, On textural grounds this
is reasonable, because of the evidence of replacement of other minerals
by the rmscovite, Judgment sheuld be reserved until further 018/016
analyses of muscovite from other rocks are done,

Tiven though the Elberton granite is of a different age, and is
from a different section of the earth's crust, 018/016 analyses of
the total rock and of its individual minerals are nearly identical to
those obtained for the correspending rocks of the Southern California
batholith, This is further evidence that gross equilibrium is gener—

ally attained, and it also indicates that the exygen isotopic results

are of general applicability,
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SKAERGAARD INTRUSION

General statement

In order to check more fully the foregeing hypotheses regarding
oxygen isotopic distributioms in a crystallizing magma, samples of
the Skaergaard intrusion of east Greenland were obtained from L., R,
Wager, Wager and Eeer(az) have presented detailed petrographic and
chemical descriptions of this intrusive complex, Wager and Mitchell(ag)
have discussed trace element distributions within the body, and Wager,

34
(34) have described the sulfides that are present,

Vincent, and Smales
These studies probably represent some of the most intensive weork

which has been done en an intrusive bedy of such a size, and the
Skaergaard intrusion is ceriainly one of the best—documented instances
of fractional crystallization of basaltic magma,

The Skaergaard intrusion, of middle Eocene age, is an inverted
cone-shaped mass of gabbro about 300 km? in volume, with an exposed
area of 60 kmg6 During cooling and crystallization of this magnma
erystals accumulated from the bottom of the magma chamber upwards,
being carried down by convectien currents which produced gravitation—
ally stratified rhythmic layers, Crystals were thus continucusly being
removed from the magma, and after they were removed they had no further
opportunity te reaect with it, This process has produced a marked and
unusual trend of fractional crystallization, leading to progressive
iron-enrichment in the later stages of the differentiation process,
Little or no selective graviﬁational ginking of mafic minerals relative
to plagioclase has taken place, because all minerals formed at a

given stage were swept te the bottom of the magma chamber to add to
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the accumulating pile,

Fig, 12 shows the succession of rock types and indicates how the
amounts of the minerals change throughout the sequence, The lowest
layered rocks exposed are hypersthene—olivine gabbros, and these grade
successively upwards through rocks containing more sedic-rich plagio-
clase and more iron-rich olivines and pyroxenes, The upper units in
the layered series are ferrogabbros containing fayalite, hedenbergite,
and qnartz. Individual layers throughout the sequence are composed
of 80 per cent primary crystals that have accumulated as a sediment
on the fleor of the magma chamber, and 20 per cent interprecipitate
naterial which necessarily had the composition of the liquid existing
at the time a given layer was formed, The interprecipitate liquid
crystallized around the primary crystals, adding to them outer borders
of lower melting point solid solution material, and in certain instan—
ces producing additional mineral phases such as apatite and quartsz,

The composition of any one rock type in the layered series there-
fore does not rebresent the composition ¢f the magma from which it
formed, an important point to consider when comparing these rocks with
other types that have crystallized essentially in place, From the
observed compositional trends of the layered series, and from the compos—
ition of the chilled marginal olivine gabbro, Wager and Deer(sz) have
estimated that 60 per cent of the volume of the intrusive lies below
the lowermost exposed hypersthene-olivine gabbre, arbitrarily taken
as the zere for the scale in meters shown in fig, 12,

Above the main part of the layered series is a section about 200

meters thick which, although retaining the gradually changing compos—

itional layering, lacks both the rhytlmic layering and the lamination
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(parallelism of the platy minerals) so characteristic of the lower
rocks, These rocks are termed the unlaminated layered series, and
they grade upward through fayalite ferrogabbre into basic hedenbergite
granophyre, These were the latest rocks to form in the layered part
of the intrusion, and they apparently accumulated within a sheet of
liquid so shallow that comvection currents could ne longer operate,

Above, and en all sides, the layered series is surrounded by a
border series of rocks, The upper border group is composed largely
of quartz gabbres that have been contaminated with gneiss inclusions
derived from the couniry rock gneiss complex, In the northern margin-
al border greup a number of blocks of gabbre picrite oceur, probably
formed by an early gravitational concentration of olivine crystals,
Also contained in the outer part of the border group are olivine
eucrites which are thought to be fairly similar in compositien teo
the hidden, lower part of the layered series,

In the very final stages of solidification, perhaps by filter
press action, indefinite sill~like bodies of transgressive hedenbergite
granophyre were produced, and later still a large 8ill of transgressive
acid granephyre developed, along with irregular veins and dikelets of
the same material, The hedenbergite granophyre is certainly a product
of the differentiation process, but it is believed that the acid
granophyre was formed partially by assimilation of acid gneiss inclu-
sions, Necessarily, these transgressive bodies crystallized from
magnas of their own compesition, in contrast te the layered rocks,

The original Skaergaard magma was of a relatively normal olivine

basalt compoéition, except that it was lower im K90, and had a some-

what higher ratio of Fe0/Fegl3. Apparently its water content was
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extremely low, as even the immense removal of anhydreus minerals until
at least 99 per cent of the magma had crystallized was not sufficient to
raise the concentration of water to a high enough value for a hydrous
mineral such as hornblende to crystallize instead of hedenbergite, It
has been suggested that this low content ¢f water was the cause of the
high Fe(/Feg03 ratic, and was the facter which brought about the extreme
iron-enrichment in the later stages of differentiation,(45) Lack of
water may have allowed only very little oxidation of the ferrous iren,
which in turn would prevent early magnetite from crystallizing and
depleting the system in iron — enough so that an ordinary calc—alka-
line trend of differentiation could not occur, ¥ager and Deer, however,
believe that the Skaergaard trend of differentiation is the normal
course any basaltic magma would take, if conditions were favorable

for strong fractionation,

Analyses of the rock types

The 018/016 ratios of the various minerals and rocks from the
Skaergaard series are listed in fig, 12, but a more detailed descrip-
tion of the rocks iz given helew, All minerals were separated from
small pieces of a given rock sample by crushing and carefully hand-
picking, and all rock samples used were almost completely unaltered,
The collection numbers of each specimen are those used in the Depart-—
ment of Geology and Mineralegy, Oxford, and all specimens are keyed
either to the paper of Wager and Beer(gz), or to the paper of Wager,
Vincent, and Smales(34)9 so that the oxygen isotopic results may be
easily compared with existing petrographic and chemical information.

Chemical compositions and velume percentages given in the following
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tables are only approximate,

Hypersthene-olivine gabbro (£.G, 5112) Height in intrusion 580

neters, East side of Uttentals Sound, Should be almost equivalent to

B.G. 4077 (Table X, p. 92)(32).

Mineral vol. 50'%/0'0 (4,) av, dev. no. of runs
plagicclase (Anas) 55 6,8 0,2 2
clinopyroxene (W, Eg,Fo1) 21 5.8 0.1 2
orthopyroxene (Fs47) 5 5.6 0,1 2
olivine (Fagg) 18 4,5 1
entire rock 5.6 1

SROCK is calculated te be 6,1, probably a rmuch more accurate
value than the single analysis listed above,

Hortonolite ferregabbro (E.G. 5181) Height in intrusion 1800 met—

ers, Basishusene, east side of Uttentals Sound, (Table I, p. 867)(34)°

Should be equivalent to E.G. 1907 (Table XIII, p. 102) (32).

Mineral vol,s D018/016 (%,) av, deve no. of runs
plagioclase (Angg) 54 7.0 0,1 2
clinopyroxene (Wo7EogFsg) 23 6.0 0,2 2
magnetite 3,1 1
entire rock 6,0 0.2 2

The calculated SROCK is 6,1, in good agreement with the measured
value of 6,0 listed above, No olivine analysis has been carried out,
but & value of 4.5, used in making the material balance calculation,
seems not toc unreasenable, and is in agreement with the 918/016 value
obtained for olivine of the hypersthene—olivine gabbro.

Fayalite ferrogabbro (E.G. 4328) Upper purple band, Height in
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intrusion 2500 meters, West face of Basistoppen, (Table I, p, 861)(34).

Should be equivalent te E.G, 1907 (Table XIII, p, 102)(32)°

Mineral vol,d 00'8/016 (4,) ave dev, neo, of runs
plagieclase (Ange) 24 4,6 1
clinopyroxene (WggEoFgg) 37 3,9 0.4 2
entire rock 4.3 | 0.1 2

Neither quartz, olivine, magnetite, nor apatite have been analyzed,
but if the above analyses are correct, and if reasonable assumptions
are made about the O-values of olivine and magnetite, gqung must
he at least 6,0 or larger.

Basic hedenberpite granophyre (E.G. 4332) Height in intrusion

2600 meters, West face of Basistoppen in the unlaminated layered ser—
ies, (pe 869)(34), Should be about equivalent to E.G. 4137 (p. 113,

Pl, 18, fig, 2, Table xv)(32),

Mineral 5018/0164150) - ave deve no, of runs
entire rock 3.7 0.3 2

Individual minerals were not analyzed because they are too fine-
grained to be separately concentrated for analysis, This is true for
all the granophyres that have been studied from this intrusien,

Hedenbergite andesinite (E.G. 5264) Late differentiates, Brodre—

toppen, Should be approximately equivalent te E.G. 3047 (p. 210, Table

socxrv) (32)
Mineral » 8018/016 (%) ave dev, mno, of runs
plagioclase 2.6 1

This is a coarse~grained rock containing about 70 per cemnt plagio-

clase, and minerals could be separated by hand-picking,
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Transpgressive hedenbergite grancphyre (E.G. 4489) Sill, southeast

of Copper Hognon, This should be roughly equivalent to E.G, 3047
(pe 210, Table XXXIV) (32) , but is apparently more clearly transgressive

and is considered to represent a later stage than does B.G. 5264, above,

Mineral 2028/018 (%,) _av, dev, no. of runs
entire rock 1.0 0.4 2

Iranspressive acid granophyre (8.6, 5259) Sill en west ridge of

Tinden, Should be equivalent to E.G. 3058 (pe 204, Table XXXIII )(32)‘

Mineral 8018/016 (%.) av, deve no, of runs
entire rock 2.7 0,2 2

Chilled marginal olivine gabbre (E.G. 4507) Collected 3 feet from

southern margin, east side of Skaergaard Bay. (p. 873)(34). Should

be roughly equivalent to E.G., 1724 (p, 138, Table x.vn)(32)e

Mineral vol,d 50'8/0' (3,) av, dev, no. of runs
plagioclase (Angg) 55 3.3 0.0 2
clinopyroxene 30 4,6 0.2 2
entire rock 3.6 0,2 2

This rock contains about 5 per cent hypersthene and only about 10
per cent olivine, hence its mineralegical composition isg not quite
identical with B.G. 1724, A calculated 8}3{)3}; is in agreement with
the analyzed result listed above,

Gabbroe picrite (E.G, 4526) Northern border group, 40 meters from
margin, North of Uttentals Sound, Should be equivalent to E.G. 1682

(p. 160, Table xxrr) (82),

Mineral . vol.% 5018/016 (2,) av, dev, no, of runs
plagioclase | 20 5.3 0.3 2

entire roeck 4,9 1
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Inasmuch as this rock is abeut 65 per cent olivine, a calculation
of SOLIVINE from the above analyses gives, very approximately, a
value of 4,7, The 15 per cent of pyrexene has net been analyzed,

Fused inclusion of acid gmeigs (E.G. 1841) Western border group

- of Mellemo, (p. 187, fig, 36, Table m)(?’z)‘

Mineral | 5 018/ 018 (4, ) ave dev, mno, of runs
plagioclase (phenocrysts) 8.6 1
entire rock Te9 1

Grey gmeiss - average material (E.G. 1867) Mellemo, 100 meters

west of contact with the intrusion, (p, 10, Table I, p, 196, Table

xxx) (32)
Mineral 8018/016 (%) av, dev, no, of rums
entire rock 8,0 1

Grey gmeiss - country rock (E,G. 4209) Collected 2 lm N.N.W. of

Bagnaesset, Kangerdlugssuag,

Mineral 50'8/0'® (4.) av, dev, no, of runs
entire rock 8.6 1

Interpretation of oxygen isotepic analyses

Determinations of Eiwvalues of minerals and rocks of the Skaer-
gaard intrusion are listed in both fig, 12, and graphically in fig. 13,
These rocks are the moat 018 geficient of any fer which analyses have
been obtained, and these extremes of oxygen isotopic composition are
readily explained as being a result of the fractional crysitallization
processes that have produced the peculiar trend of chemical differentia-
tion shown by this intrusive complex,

If the 013/016 ratio of the eriginal Skaergaard magma was approxi-

mately that of a normal olivine basalt, CSMA{MA would have been about
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6,0 per mil, Only two analyses exist for rocks in the lower 2000 met-
ers of exposed section of the layered series, but both of these give
similar S'svalues of about 6 per mil, The hypersthene—clivine gabbro
at 580 meters and the hortonolite ferrogabbre at 1800 meters are the
twe rocks analyzed, and although the data are meager, it would appear
that little isotepic change has occurred throughout the erystallization
of 90 per cemt of the magma, More analyses of intervening rocks would
undoubtedly show slight differences from these values, and they might
show that at certain intervals the magma was becoming isotopically
heavier as crystallizatien proceeded, while at other times it was being
depleted in 018, The available evidence, however, indicates that
the bulk of the crystalline material forming at any one stage must
have had about the same 018/016 composition as the liguid, The oxygen
isotopic composition of the chilled marginal gabbre is of no help in
answering this problem because, as will be later discussed in detail,
this rock very likely has been altered from its original 018/016 value.
The minerals of the hypersthene-olivine gabbro and of the hortono-
lite ferrogabbro show very nearly identical 018/016 relationships,
The observed f;—values are alse similar to results from the ultramafic
rocks and the more normal gabbros that have been studied, Plagioclase
is richer in 018 than coexisting pyrexene, and pyrexene is heavier

wﬁger and Deer,

than olivine, Irom the petreologic evidence presented by
it is concluded that the measured anvalues for the various mineral
pairs in these two rocks are those that would be obtained were the

coexisting minerals to be found in approximate isotopic equilibrium

at their crystallization temperatures., These equilibrium §~malues

probably would have been "frozen in" at the time the minerals were
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formed, This conclusion must be modified in that 20 per cent of magma
was added to the primary crystals by crystallization of interprecipi-
tate liquid, The oxygen isotopic composition of this magma is net
accurately known, but for the reasons outlined above it must have been
approximately the same as that of the total reck as now analyzed —
hence its effect on the mineral fractionations was probably negligible,
A comparison of A-evalues for various mineral pairs from these
layered series rocks with those deterénined for the more normal gabbros

is given below:

Mineral pair Skaergaard rocks Nermal gabbros
Hypersthene Hortonolite San Ne
olivine ferro- Marces 36=8
gabbre gabbro sabbro gabbro
DPLAGIOCLASE-AUGITE 1.0 1,0 1.6 1,5
/APLAGI 0CLASE-HY PERSTHENE 1.2 0.9
APLAGIGCLASMA@@ETXTE 3.9 5.9 5e0
AEOCK»AUGITE 0.3 0,1 1.1 0.4
APLAGIOCLASE»ROCK 0,7 0,9 0.5 1.1

The magnetite~plagioclase fractionation shown for the hortoneolite
ferrogabbre is in question because only one analysis of the magnetite
was attempted, and because of the inherent difficulty invelved in anal-
yzing this mineral, Therefore, the 1,4-2,0 per mil discrepancy be-
tween this value and the values for the normal gabbros may net be real,
If it is real, it might be explained on the basis that magnetite is
an early mineral to crystallize from the normal gabbres; hence
Apmﬁxommmmﬂm for such rocks would be larger than for the

ferrogabbre, in which all minerals crystallized contemporaneously,
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This same interpretation may explain the differences between the
Skaergaard gabbros and the normal gabbros as regards the fractionation
between plagisclase and clinopyroxene, The value of this fraction-—
ation in both Skaergaard rocks is 1,0 per mil, and this should closely
represent the equilibrium fractionation, The identical quantity is
0.5=0,6 per mil larger in the normal gabbros because these rocks be-
came progressively enriched in 018, therchy causing a greater spread
in 018/016 ratios between the augite, which stopped precipitating
early, and the plagioclase, which crystallized over the entire range,

An additional factor that may have contributed to the smaller
Q-values in the Skaergaard rocks is the probable higher temperature
origin of these rocks, The Skaergaard magma was certainly more water~
deficient than a normal gabbroic magma, Estimates of the crystalliza-
tion range of a very “"dry" basaltic magma might be 1050-1150° C.,
while & rock such as the San Marcos gabbro, which contains a hydrous
minefal-— hornblende, might well have crystallized at temperatures
150-200° C, lower, Until experimental data exist on the equilibrium
fractionation facters between minerals, there is ne possibility of an
evaluation of the relative importance of these two effects,

Analyses from the hypersthene—olivine gabbre indicate that ortho-
pyroxene and clinepyroxene have practically identical exygen isotopic
properties, The gabbro from southeastern Alaska, N-36-8, sbows oxygen
isotopic relationships that are very similar to the Skaergaard rocks,
in contrast to the San Marces gabbro, perhaps reflecting the fact that
it is also more similar chemically, The gross agreement of 8=—values
among all four rock types is further evidence of the general applica—

bility of the oxygen isotopic data,
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A marked change in 018/016 ratio occurs between the hortonolite
ferrogabbro horizon and the fayalite ferrogabbre at 2500 meters eleva-
tion in the intrusion, The latter rock is 1,7 per mil lighter than
the hortonolite ferregabbro, This change is compatible with the calcu~
lations made previously for the 3 hypothetical crystallization models
of figs, 6, 7, and 8, whereby it was shown that the most pronounced
variations in 018/016 ratio should occur in the latest erystallizing
fractions, The change actually observed is so marked, however, that
it appears likely that some newly operative precess has brought it
about, The most reasonable ways that such a change might be produced
are: (1) for a new Ols—rich phase to begin crystallizing; (2) by
selective removal of a phase richer in 0'® than the magma; or (3) for
a subtle change in mineral-magma fractionation factors te occur such
that the balance of minerals crystallizing becomes isotopically heavi-
er than the masma,

A significant change that does occur, beginning at the hortonolite
ferrogabbre horizon and continuing through to the final stages of crys—
tallization, is the precipitation of quartz as a primary mineral,
Quartz is known, from data en other rocks, to be invariably the most
018.rich mineral present in any mineralogical assemblage, Although
ne direct determination of SQHARTZ has been done for the fayalite
ferrogabbro, this quartz very likely has a..S-value in excess of 6.0,
1t would also be expected that quartz crystallizing from a slightly
polymerized magma, such as the ferrogabbro magms must have been, would
show a much larger ZSQUAQT@—MAGMA than is shown by a granitic magma,.
The crystallization of quartz, therefore, may have been the change

which upset the delicate balance that had brought about such little
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evidence of change in the Esavalue of the mapma throughout moest of its
crystallization history,

Quartz began te accumulate in the layers at the bottom of the
magma chamber during formation of the hortonolite ferrogabbre, and it
became increasingly more abundant as crystallization proceeded, Quartz
makes up about 10 per cent of the fayalite ferrogabbro unit, and a
rough caleculation indicates that with ZsQUAﬂT?FMAﬂMA::Z”S per mil,
the magnitude of the change in 013/016 ratio of the rocks between the
hortonolite ferrogabbro and the fayalite ferrogabbro horizons can be
accounted for,

It may be that the crystallization of quartz is not the only
factor that has producedvthe observed shift towards mere O ;deficient
rock types, At the level of the purple band, the liquid from which
the extremely iron;rich olivines and pyroxenes were precipitating was
evidently such a shallow sheet that the convective eirculation was no
longer able to operate., It is known that andesine crystals float in
this magma, because accuwmulates of these crystals are found underneath
a large, raftQShapedg gabbroe inclusion. Quartz, with almost the same
density as andesine, must alse float, Any removal of either of these
minerals by such a fletation process would accentuate still further
the observed trend of 018 depletion, inasmch as both minerals are
isotopically heavier than the magma from which they precipitate.

The pessibility also exists that the magma was becoming progres—
sively enriched in 016 throughout crystallization, but that the change
only became significant in the very end stages — as predicted by the

Hayleigh equation, The effects of changes in magma-mineral fractiona-—
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tion factors resulting from the iron enrichment of the minerasls and
magma cannot be evaluated, and it is possible that these may have
influenced the 018/016 changes to some extent,

About 100 meters above the fayalite ferrogabbre is the basic hed-
enbergite granophyre, which shows a 5}5’0{3{{:3"7 ; evidently indicating
that the magma was still becoming isotopically lighter, This rock
contains 30-40 per cent quartz and micropegmatite, fitting the hypo-
thesis that the formation of guartz is the principal process bringing
about the striking changes in oxygen isotopic composition, Frem a
different part of the intrusion, on Brodretoppen (instead of on Basis—
toppen where the fayalite ferregabbro and hedenbergite granophyre were
collected), but clearly even later in forming than the rocks just
discussed, is a hedenbergite andesinite, Plagioclase from this reck
gives a é;;value of 2,6, prebably indicating that the total reck
would show Smmzz.o-a,s per mil; hence this andesinite falls aleng
the oxygen isotopic sequence as well as aleng the sequence determined
from age relationships and by bulk chemistry and mineralogy.

Resembling the andesinite in chemical composition is the trans—
gresgive hedenbergite granophyre, which probably crystallized from a
magma of its own composition, This is not only the isotepically
lightest rock in the Skaergaard sequence, with S aocg=1.0 , but it
has the lowest 018/016 ratio of any reck that has been analyzed, The
magna from which it crystallized probably was squeezed off from the
very latest crystallizing material of the entire series,

The transgressive acid granophyre, with £SQQCK::2.7 , forms a
large sill and was probably the last of the Skaergaard magmss to erys—

tallize, It is almost deveid of mafiec minerals and must alsc have
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solidified essentially in place from a magma of its own compesition,
Wager and E}aer(ag) believed thiz to be one of the differentiates of
the main Skaergaard magma, but they decided that its highly sialic
composition had been produced by assimilation of acid gneiss, Thus it
may have been derived by contamination of a magma of about the chemi-
cal composition of the transgressive hedenbergite granophyre, The
observed oxygen isotopic composition, 1,7 per mil heavier than the
hedenbergite granophyre, might be a result of gravitational settling
of the demse, mafie, 0'8_geficient minerals from that type of masgma,
or it could be a product of the accumulation of quartz and plagieclase
crystals by flotation, These processes may have occurred, bubthe
best explanation of the isotepic data is probably that some gneiss,
with S ROCK=8.0 ;, was assimilated by the hedenbergite granophyre
magma, just as postulated by Wager and ﬁeer(gz),

There is little doubt, on the basis of field relations and chemi-
cal and petrological data, that the acid inclusions in the border group
rocks are blocks of the country rock “grey gneiss™ complex that have
been incorporated by the gabbroie magma., It is reassuring, however,
that the oxygen isotopic evidence completely bears out such a hypothe~
sis, The fused inclusion from Mellemo has O Rocg =79 « The $ ~value
of this inclusion is in remarkable agreement with that of the country
rock gneiss 100 meters west of the contact on Mellemo, as this gneiss
has Opgog=8.0 » The inclusion was definitely fused to a liquid,
frem which plagioclase phenocrysts could form, as shown by the perfect-
ly spherical drusy cavities that exist in the reck, Apparently, ne

significant oxygen isotopic exchange has occurred between the gneiss
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inclusion and the gabbroic magma, even though the inclusion was Qom—
pletely fused, This is further evidence against there having been
much water in the Skaergaard magma, because had there been, marked
chemical and isotopic exchange undoubtedly would have occurred.

The chilled merginal gabbro and gabbro picrite of the marginal
border groups represent separate problems from those se¢ far discussed,
The 2 specimens analyzed come from opposite sides of the intrusien,
the gabbre picrite from the northern border group, and the chilled
marginal gabbre from the ssuthern beorder group, Although the twe
rocks are not directly comparable, they must both have formed in simi-
lar envirenments,

The chilled marginal olivine gabbro is one of the most peculiar
rocks encountered in these isotopic studies, In this rock the relative
S-avalues of clinopyroxene and plagioclase are reversed from what has
been established for all other analyses of this mineral pair, There
is little doubt that this rock represents marked oxygen isotopic dis-
equilibrium; with SMGIQCLASE::?:J& and SGLINOPYH,O}{EL‘JES405 s one
has AQPLAGIOQLASEQCLINOPYHOXENE=°"1°3 , which is 2-3 per mil different
from the normal fractionation and reversed in sign,

Not only are there indications of isotopic disequilibrium, but
SRGCK=3o6 , almost 3 per mil lighter than a normal elivine basalt,
This is an enormous discrepancy, and inasmuch as the chilled gabbro is
chemically a normal basalt, and because most of the layered series of
rocks apparently crystallized from basaltic magma with a normal 018/016
ratio, there must have been a profound alteration of the oxygen isotop-

ic composition of the chilled gabbro, Any hypothesis that the original
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18/0]‘6 ratio as is now given by the mar-

Skaergaard magma had the same 0
ginal gabbro would im@ly that the hidden layered series be composed
principally of rocks even more Ols;deficient than this reck, in order
that a material balance of oxygen be retained for the entire intrusive,
Although some early gravitational accumulations of eolivine crystals
bave formed, it is unlikely that sufficient quantities of these exist
to have enriched the magma in 018 to the degree that a normal basaltic
018/016 composition was attained by the stage that the lowermost exposed
hypersthene;olivine gabbros crystallized, In addition, such a hypo-
thesis leaves unexplained just how such a large amount of basaltic
magma so extremely deficient in 0l8 could have developed in the first
place,

Ihe preferred explanation for the oxygen isetopic features shown
by the chilled marginal gabbro is outlined below, Decause the chemical
composition of the chilled gabbre is almost constant aleng the entire
intrusive contact, and because it fits all chemical and spatial criter-
ia for being a chilled remmant of the original Skaergaard magma, the
alteration process that brought about the diseguilibrium must have
been one which could bring about oxygen isotopic exchange without
significant chemical exchange, Exchange with water that is diffusing
through the marginal gabbro magma as it crystallizes is a process that
most likely fits this requirement, To produce the observed effects,
the water would have to have been isotopically lighter than water in
isotopic equilibrium with normal basaltic magma,

The water could have become deficient in 018 relative to magmatic

water either because of the diffusion process, which itself tends to
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enrich the diffusing material in 016, er it may have originated by a
non—equilibrium process of some sort in which kinetics favored forma—
tion of Héﬁlse The possibility alse exists that the exchange between
the gabbro and the diffusing water was a disequilibrium process depen—
dent upon the collision frequency of the water molecule, The most
reasonable explanation is, however; that the water was at least par—
tially derived from fresh meteoric waters, as these are known to bhe
isotopically light (33),

In any event, exchange occurred to a greater degree with the plag~
iocclase than with the pyroxene, In this connection, it may be signif-
icant that the chilled gabbre shews a distinet “patchy" appearance,
3/4 of the plagioclase being fine~grained and the remainder markedly
coarser, with pyroxene enclosing elivime and plagioclase in coarse
ophitic masses, The finer grain size of the plagioclase might have
insured & more rapid exchange with any water diffusing along grain
boundaries through the rock, especially if the process occurred during
or just subsequent to the crystallization of the fine-grained material,
The pyroxene has a slightly lower than normal 8=~va1ue, but it has
probably been altered by no more than 1 per mil, whereas the plagié~
clase has undergone a change of at least 3 per mil,

Other evidence bears upon this problem, A4 10-inch thick apophy-
sis from the Skaergaard intrusion, described by Wager and Deer(gz) as
being of identical original mineralegy and texture te the chilled
gabbro, now shows marked alteration, Orthopyroxene is completely re-
placed by a bastite pseudomorph, and olivine is largely replaced by

serpentine, ip addition, 3 chemical analyses of specimens of the



147

chilled marginal gabbro collected at varying distances from the contact

with the country rock gneiss show different amounts of water, as fol-

lows:
Specimen ng. wt, % HoO
E.G. 1724 (25 meters from contact) 0,27
B.G, 1825 (3 meters fron contact) 0,55
B.G. 4507 (1 meter from contact) 0.83

The data listed above are taken from Wager and Beer(gg) and fron
Wager, Vincent, and Smales(34)G The water is most likely bound up in
miner amounts of hydrous alteration preducts, such as these which occur
so abundantly in the 10-inch thick apophysis, The data suggest that
the farther the chilled gabbroe was from the contact when it crystal-
lized, the smaller the amount of hydrous alteration it contains, The
specimen upon which the oxygen isotopic studies have been carried out
is .G, 4507, and because of its proximity te the contact this rock
presumably should show the most marked isotopic disequilibrium of
any of the above 3 specimens, None of the specimens meore distant from
the contact have yet been obtained for analyses,

The country reck gneiss has been converted teo a pyroxene granulite
for 2-3 meters from the contact, This process has noticeably dehydrated

(32) postulate that the water made mobile

the gneiss, and Wager and‘ﬁeer
by such a precess was expelled into the surrounding recks, During
metamorphism at the margins of a normal magma this is probably what
takes place, but a "dry" magma of the Skaergaard type may very well act

as a "sink" for any mebile water in its immediate enviromment, Although

water commonly diffuses from a high temperatﬁre region to a low
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temperature region during metamerphism, the thermal gradient is not
the driving mechanism, Instead, it is simply that water is liberated
from hydrous minerals when a more anhydrous assemblage becemes stable,
The water becomes mobile and must diffuse out of the system, The most
convenient direction for it to move at the contact with a magma that
is undersaturated with water is inte the magma, not away from it, and
it is this water, along with any meteoric water that may have been
present in the rocks, which very likely breught about the postulated
oxygen isotopic exchange,

Oxygen isctepic data frem the gabbro picrite, although meager,
provide further evidence that the original Skaergaard magma could net
have been as deficient in 018 as the analyzed chilled marginal olivine
gabbro, The gabbre picrite was formed by crystallization of border
group magma along with an early-crystallized concentrate of olivine
cerystals, This rock contains plagioclase of a much more normal oxygen
isotopic compesition than the plagioclase of the chilled gabbro, Per-
haps it has been affected to only a slight degree by the exchange pro—

cesses that modified the chilled marginal gabbro,

ULTRAMAFIC ROCKS

Gila River dunite 'bomb"

This dunite nodule was collected from a basalt flow near Peridot,
Arizona, and it is of Pleistocene to decent age. The rock is describ-
ed by Ress, Foster, and Myers(36), who also present analyses of the
minerals, vThis particular specimen is totally unaltered, has an aver—

age grain size of 2-3 mm, and is composed of olivine (95 per cent) and
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enstatite (5 per cent), with accessory chromian spinel and diopside,
Both the olivine and the enstatite are magnesian-rich, approximately
FoggFajg and Enggisjg, respectively. By hand-picking, enstatite and
olivine were separated for analysis, Results are indicated in

Table XXIII.

Table XXIIX

Oxygen isotopic analyses of minerals from the Gila River dunite "bomgb"

Mineral 8018/()}'6 (%) av, dev, no. of runs
olivine (Fogg) 5.1 0,0 3
enstatite (Bngg) 6.4 0.3 4

A calculated SﬁoaK =8.8 o

Duke Island ultrsmafic complex

The ultramafic complex at Duke Island, southeastern Alaska, is
one of a series of zoned ultramafic bodies exposed along a north
trending linear belt that are thought to have a common origin, This
(37)

varticular body has been studied in detail by Irvine , who has

provided the specimens which have been analyzed, The zonation consists
of a series of rock types ranging from almost pure dunite threough per—
idotite, olivine pyrexenite, and hornblende pyroxenite, grading out—
wards from the center of the body, The entire complex is intrusive
inte a gabbre bedy, a specimen of which has already been described —
N~36-8, The chief minerals of the complex are olivine, diepside, and
magnetite; no orthopyroxene occurs, and plagieclase appears only in
the late-stage hornblende~plagioclase dikes, Analyses of the rocks

are presented in Table XXIV, and the reck types are described below,
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Table XXIV

Oxygen isotopic analyses of minerals from Duke Island ultramafic body

Mineral 8018/616 (%) av, dev, no, of runs

B-37-1a hornblende-plagioclase dike
hornblende 5.9 0.0 2
plagieclase (Ango) T4 0,0 2

I-37~2 olivine pyroxenite

elivine 5.1 002 2

entire rock 6,0 0,2 2
I-40-1 pyroxene veinlet

diopside 5.5 0,1 3

#-37-~1a hornblende-~plagioclase dike - This rock, made up of about

equal amounts of pegmatitic hornblende and anerthite, was collected
from the border gabbro zone which it markedly transects; this mater—
ial is thought te be a differentiation product of the ultramafic magma,
A calculated S}gocg‘—‘eoﬁ .

I=37-2 olivine pyroxenite — This rock is made up of 28 per cent

olivine (E‘ogg), 70 per cent diopside, and minor hornblende and magne—
tite, It is typical of much of the olivime pyroxenite in the ultra-
mafic complex. The olivine is slightly serpentinized. A calculated
diopside analysis gives § DIOPSIDE =663 , but is only approximate,

I~40-1 pyroxene veinlet - This rock is a very coarse~grained

diopside veinlet which transects peridotite in the central portions
of the ultramafic complex, Most prebably it did net crystallize

from & magma of its own compositien, but was formed by replacement,
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Other ultramafic bodies of seutheastern Alaska

Two other ultramafic reock types from southeastern Alaska have

been analyzed, and results are listed in Table XXV,

Table XXV
Oxygen isotopic analyses of minerals from southeastern Alaska ultramafics

Mineral 5018016 (,) av, dev, no, of runs

Union Bay dunite 5,8 0,2 3
entire rock

Pt, Frederick hormblendite
hornblende 6.9 0.3 2

biotite 7.1 001 2

Union Bay dunite ~ This reck is from the core of the Union Bay

ultramafic body(as), located some 80 miles north of Duke Island, This
body iz a zoned intrusive very similar to the complex on that island,
The reck is completely unaltered and is composed of 98 per cent olivine
(Fogg) with accessory diopside and chromite,

Pt, Frederick hernblendite — This rock is collected from a small

hornblendite intrusive near Petersburg, Alaska, The specimen is a
pegmatitic biotite—~diopside hornblendite, biotite having clearly formed
later than either the pyroxene or hormblende, both of which it replaces,
An approximate mineralogical composition is 60 per cent hornblende, 30
per cent biotite, and 10 per cent clinopyroxene, with minor amounts of
magnetite, |

Interpretation of data from ultramafic recks

The oxygen isotopic data obtaimed from the ultramafic recks are

plotted on the graph of fig, 14. The pyroxene—olivine fractionation
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for these ultramafic rocks is very nearly the same as is shown by the
hypersthene-olivine gabbro of the Skaergaard intrusien, which cerfainly
establishes the result that ZﬁPYRﬂXﬂNE—GLIVINE is pesitive at isotepic
equilibrium, The indication is that clinopyroxene and orthopyroxene
are very similar in their oxygen isotopic properties, as was also

shown by the rocks of the Skaergaard intrusion, It is of interest

that /\pynoxaNe-oLIVINE i® the same for both the Gila River "bomb"
and for the olivine pyrexenite, even though the pyroxene is enstatite
in the former and diecpside in the latter,

The oxygen isotopic composition of the hornblende-plagioclase dike
is compatible with an origin by differentiation of the olivine pyrox-
enite magma, inasmuch as such a magma would almest certainly have
become enriched in 0l8 during progressive crystallization, The value
of ZS?&AG&O&LASE—?ORNBLEN%E is almost identical for this reck and
for the Bonsall tonalite; evidently very little change occurs in this
fractionation factor over a wide range of plagioclase compositions,
as plagioclase is An,, in the Bonsall tonalite and is dng, for this
rock, IHornblende and plagioclase probably crystallized almost simultaﬁw
eously in beth rockskaw hence these /\-values probably closely repre—
sent equilibrium fractionations for both pairs,

It is not known why the diepside veinlet should be isetopically
lighter than the diopside from the olivine pyroxenite, Many conceivable
mechanisme exist whereby such a variation could be brought abeut,

The Pt, Frederick hornblendite body shows evidence of oxygen
isotopic disequilibrium in that biotite is richer im 08 than is the

hornblende -~ the only known example of a reversal from the normal
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fractionation between these minerals, The oxygen isotopic evidence is
thue compatible with the textural evidence that suggests that the bio-
tite crystallized very late and deuterically replaced the hornblende,

if it is assumed that the mapme was being progressively enriched in 0189
which seems reasonable,

No overall trends can be definitely inferred on the basis of these
few analyses, except that the hornblendite and the hermblende~plegio-
clase dike lie in the gabbroic range of 018/916 composition, whereas
the olivine-bearing rocks are semewhat lighter, in general, The
hornblende~bearing rocks are also chemically similar te gabbros, and
their 018/01§ compositions are compatible with an origin by fractional
crystallization from the olivine pyroxenites. These ultramafic rocks
conceivably may have formed at higher temperatures than any of the other
rocks analyzed in the present study., It is of impertance that large
fractionations exist between the minerals of these recks, and it appears
1iké1y that these fractionations change quite slowly as a function of

temperature in this high temperature range,

ANORTHOSITES

San Cabriel anorthosite

This anorthosite specimen was collecte& from near the center of the
large anorthosite massif in the 8an Gabriel Mts,, California, The
(39)

body has been described by Higss , and it is a noritic anorthesite

complex with norites at the borders grading through more plagieclase~
rich material towards the central portions, finally becoming a mono-

mineralic rock containing plagioclase of andesine compesition, The
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giant crystals of andesine have been pervasively shattered, One analy-
sis has been made of a part of one of these large crystals, giving
6 PLAGIOCLASE =746 o
Adirendack anorthesite

This specimen is collected frem the large anorthosite complex of
the Adirondack Mts,, New York, The body is described by Buddington(40),
and it is similar to the San Gabriel Mts, body in that it is a complex
of gabbroic anorthesite containing pervasively shattered calcic andesine
crystals of giant size., Two analyses of this pure plagioclase rock
give a mean SPLAGIOCLASE =9,8 , with average deviation of 0.2 per mil,
The body bhas undergone a major metamorphic episede subsequent to
‘intrusion,
Plagioclase "bomb" ~ Hawaii

This specimen of a plagioclase nodule was ecollected from an olivine
basalt flow on Hawaii that also contained dunite nodules, The plagio-
clase is a bytownite, and two analyses of this sample give a mean
S}mAgIQGLASE==698 » with average deviation 0.0 per mil,

Interpretation of results

The Hawaiian "bomb" and the San Gabriel Mts, andesine show Es-values
that are reasonable in that such plagioclase have normal 018/016 ratios
for the types of rocks they are associated with, The Hawaiian "bomb"
bytownite is similar to the plagioclase phenocrysts of the Steens
basalt, and the San Gabriel Mts, andesine is similar to the plagioclase
of the ®an Marcos gabbre, The Suwalue for the Adirendack ancrthosite
is more unusual, and this rock has either developed from a source of

different oxygen isotepic composition, or more probably, the metamor-

phism which it has wundergone has allowed oxygen exchange to occur,
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AMPHIBOLITES

General statement

To further demonstrate the general applicability of the oxygen
isotopic results, and‘to better understand the manner in which the
equilibrium fractionation factors of some commen igneous minerals
change with temperature, it seemed advisable to investigate a few meta-—
ﬁorphie rocks, This study was also intended to produce data upon
whether or not isotopic equilibrium is commonly established during
metamorphic recrystallization, and hence whether a practicable oxygen
iéotopic temperature scale might Be used in studies of these rocks,
Five specimens of amphibolite of varying metamorphic grade were selected
for this study,

Adirendack Mts,

Three amphibolites from the Urenville series of the nerthweet
Adirondack Mts. have been provided for these studies by A. E. J. Engel,
The general distribution of rock types in the area and a short discussion
of the amphibolités is given by Engel and Enge1(41)(42)e A forthcoming
paper by the same authors will describe the amphibolites of the region
in detail, including the specimens used in the present study.

A~9A - This specimen was collected 2 miles northeast of Colton,

New York, less than a mile from the contact between the Grenville series
and the granitic massgif of the Adirondack Mts, According to Engel and

Enge1(42), the temperature at which metamorphism occurred was approxi-

mately 600° C, The rock is made up of approximately 30 per cent andes—
ine, 25 per cent hermblende, 25 per cent clinepyroxene, 10 per cent

orthopyroxene, and 10 per cent garnet, Almost pure mineral separates
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have been analyzed, and the results are shown in Table XXVI,

Table XXVI

Oxygen isotepic analyses of mineralé in A-9A amphibolite

Mineral - 5018/016 (4,) ave deve no, of runs
andesine 961 0.0 2
hornblende 6.8 0.1 3
clinepyroxene Teb 0,3 3
garnet 7.0 0,4 2

A total rock oxygen isotopic composition can be calculated, and
gives approximately Sﬁocf;=7.,8 o

A-104 - This specimen was collected from the same locality as
A-9A, and is identical except that it contains no garnet. Very approx—
imately, this rock contains 35 per cent andesine, 25 per cent horne
blende, 30 per cent clinopyroxene, and 5 per cent orthopyroxene,
Pure mineral separates of hornblende and plagioclase have been provided
by A. E. J. Engel, and these have been analyzed with results as given in
Table XXVII,

Table XXVII

Oxygen isotopic analyses of minerals in 4~104 amphibolite

Mineral ) 018/ ot6 (%) av. dev. no, of runs
andesine . 11.4 1
hornblende 7.0 1

A-3A - This specimen was collected about 1 mile north of Emery-
ville, New York, more than 10 miles from the nearest exposed contact

between the Grenville series and the Adirondack granitic massif,



158

According to Engel and Engel(42) this rock was metamorphosed at about
5009 C, The rock is free of alteration, and contains 70 per cent
hornblende, 27 per cent andesine, and 3 per cent quartz. Pure separates
of the plagioclase and hornblende were provided by A, E, J, Engel, and

the analyses of these minerals are listed in Table XXVIII,

Table XXVIIX
Oxygen isotopic analyses of minerals in A~3A amphibolite
Mineral 8018/016 (%) av, dev. no, of runs
andesine 10,0 0.2 3
hernblende 8,3 0.1 2

A calculated value of 83{)0[{ is 8.8,

Two amphibolite specimens, collected from the vicinity of Lead,
Sowth Dakota by B. Raychaudhuri, have been provided for analysis., One
is from the staurclite zone of regional metamorphism, and one is
from the upper part of the biotite zone., The amphibolites of the
Black Hills are described by ﬂodge(43) and the metamorphism of the
area by Noble andbﬂarder(44),

Both of these rocks are of lower metamorphic grade than any of
the Adirondack amphibolites, but unfortunately they are not so unaltered,
The specimen from the staurolite zone contains large amounts of hydre—
thermal carbonate and chlorite., The minerals of both appear not to
be in complete chemical equilibrium, as the hornblende and plagioclase
are somewhat zoned, DPure separates of hornblende and plagioclase,

provided by B, Raychaudhuri, have been analyzed with results as shown

in Table XXIX, Only one analysis of each has been done,
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Table XXIX

Oxygen isotopic analyses of minerals in Black Hills amphibolites

Mineral 5(%s) Staurolite zome _O(%o) Biotite zone
plagioclase 17.5 11,8
hornblende 10,4 9,0
entire rock (calculated) 12,5 10.4

Interpretation of amphibelite data

The results of the oxygen isotopic analyses of the five amphibolite
specimens are plotted graphically in fig, 15, reughly in the order of
their supposed isotopic equilibration temperatures, It is clear that
if these rocks were originally gabbros or baéalts, they have in every
case been modified in their total oxygen isotopic compesition, because
none now show a ESRDCK in the basaltic range, This is exactly what
would be expected if the rocks had been exchanged with large amounts
of water during metamorphism, because oxygen isotopic exchange with a
reservoir of water at lower than magmatic temperatures should produce
an increase in the <S—va1ue of the rock,

All the specimens may net have been derived from eriginal mafic
igneous rock, but it would be unlikely that none were, Some may even
be metasomatized limestone, Iven so, the consistency of the isotepic
data indicates that gress equilibrium has been attained, The miner
variations, however, do not fit the geslegical evidence unless slight
disequilibrium effects are assumed, Isotopically, A-3A indicates the
highest equilibration temperature, with JpiAGI0CLASE-HORNBLENDE =1e7
per mil, a larger fractionation than any found in the igneous rocks

which have been studied, A-94 and A-104, which were supposedly meta-
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morphosed under higher temperature conditions than was A-3A, both show
larger plagioclase~hornblende fractionations than dees A-3A, The mest
reasonable interpretation of such discrepancies is that complete oxygen
isotopic equilibrium was not attained during the metamorphism of these
rocks, The data from A-OA do, however, indicate that in all likeliheod
ZSCLINOPYRQXENEuHORNBLENﬁE is positive at oxygen isotopic equilibrium,
the best evidence presently available eoncerning this fractionation,
This conclusion can be reached because the minerals in A-9A4 could net
have been formed very far out of equilibrium,

It may be significant that Spyymprmyps 1 nearly the same in
A-9A and in A-104, perbaps indicating that only the plagieclase in
A-104 has been affected by the disequilibrium processes to any notice-
able extent, A-104 definitely appears to represent a more marked dis~
equilibrium than de the others, It is impossible to decide which of
these other two represents a closer attaimment of equilibriumm for their
respective temperatures of metamorphism, DMore data upen amphibolites,
or preferably, experimental data on the equilibrium fractionation
between hornblende and plagioclase, are necessary before an answer can
be given,

D PLAGIOCLASE-TDRNBLENDE for the specimens from the Black Hills
is larger than for the near-equilibrium A~34 and 4~9A from the Adiren-
dack HMts, This is consistent with the geological evidence for their
lower temperature origin, iowever, the fractionations are reversed in
that the supposedly higher temperature rock of the staurslite zone
shows an extrewmely large Zx-malue that is only consistent with quite

low temperatures of equilibration, This apparent discrepancy can be
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readily explained as being a result of low temperature exchange with
the hydrothermal solutions which altered the rock and produced the
carbonate and chlorite, Amphibolites from the Black lills show evi-
dence for chemical diseguilibrium and for hydrethermal alteration in
many localities(43)e

The data outlined above demonstrate that the fractionation factor
between hornblende and plagioclase inecreases with a decrease in the
temperature of their equilibration, The data also indicate that it
is possible to have oxygen isotopic disequilibrium in rocks which are
in apparent chemical equilibrium, Oxygen isotopic exchange evidently
can occur by subtle processes that may leave lititle or ne chemical
imprint upon a reck, Inis is the same conclusion that was reached by
a consideration of the oxygen isotopic data for the chilled marginal
‘gahbro of the Skaergaard intrusion, Any such natural processes almost
certainly occur through the medium of exchange with a hydrothermal
fluid, It appears doubtful that complete oxygen isotopic equilibrium
is commonly established during a metamorphic recrystallization, and
application of an oxygen isotopic geothermometer to these typesof

rocks mast be done with ecaution,

CONCLUSIONS

Experimental technique

(}18/()3“6 ratios of most of the common rock-forming minerals have
been measured with a precision of * 0,2 per mil by the flnorine extrac—

tion procedure, Principal exceptions are magnetite and some of the
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independent tetrahedral silicates, Iven these minerals can probably be
analyzed if highest possible reaction temperatures are used and if sam~—
ples are ground extremely fine, inasmuch as the prineipal problenm is
one of rate of reaction,

The carbon reduction procedure gives quartz analyses that are about
0.4 per mil heavier than results obtained by the fluorine extraction
method, but relative to a given quartz standard both metheds represent
valid techniques for determining 013/016 ratios in quartz, Preliminary
work shows that magnetite analyses obtained by carbon reduction are
about 1.5 per mil lighter than analyses done by a fluorine extraction,
The former method gives 100 per cent yields of oxygen for magnetite
samples, and is probably the more accurate of the two methods for
this mineral,

Olglﬁlb fractionations among minerals

Approximate oxygen isotopic equilibrium is ordinmarily established
amongy coexisting minerals during the formation of igneous and metamor-
phic rocks, Hinor variations from complete equilibrium, however, have
been found in almost every rock studied, In the range of magmatic tem=
peratures the egquilibrium fractionation factors between minerals change
only slightly as a function of temperature, and for all mineral pairs
for which conclusive data exist, equilibrium fractionation factors
apparently decrease continuously with temperature, Significant and ecasi-
ly measured fractionations exist in even the highes%—tempéraﬁure rocks,

The more highly polymerized silicates generally show the largest
618/016 ratios, and oxygen isotopic properties of minerals are apparently

primarily dependent upon crystal structure and are almost insensitive to
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variations in cation compesition. In other words, end members:of
isomorphous series appear to be nearly identical in their exygen isotop—
ic properties, On the basis of oxygen isotopic results obtained in

this work, an approximate estimate of the relative equilibrimm $-values
of thé common rock~forming minerals at magmatic temperatures can be

given, These are indicated below, to within X 0.5 per mil,

Mineral S 0187016 (4, )
quartz 9,5
plagioclase 8,5
potash feldspar 8,5
clinepyroxene 7.5
orthepyroxene TeB
hornblende 7.0
olivine 6.0
bioctite 565
magnetite 2,0

The anhydrous silicates give S-values that increase as the number
of shared silica tetrahedra in the mineral structure increase, The
hydroxyl~bearing silicates, hornblende and hiotite, fall out of this
sequence in that they are abnormally deficient in Olsg This is probably
explicable on the basis that the hydroxyl oxygen in these minerals is
isotopically lighter than the ordinary silicate oxygen, Hence bhiotite
is lighter than hornblende because 1/6 of its oxygen occurs in hydrox-

vl groups whereas only 1/12 of the oxygen in hornblende is so bound,

A very rough calculation, assuming that the silicate oxygen in each
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would be about § =8.0 on the above scale, gives a 6~va1ne of about
—4 for the hydrexyl oxygen in these minerals, This hydrexyl oxygen
thus would be at least 6 per mil lighter than the oxygen of any water
that might be in equilibrium with the hormblende or the biotite.

Not much of significance can be attached to the caleculation given
above, but it might imply that an amphibole or mica in which a halegen
has partially replaced the hydrexyl group weuld show oxygen isotepic
properties significantly different from normal, Therefore, micas
from pegmatites or greisen probably would not be isotepically compara—
ble with the micas of normal rocks, Determination of the isotepic
properties of fluorine-bearing micas or amphiboles should enable one
to establish more exactly the fractienation between silicate oxygen
and hydroxyl oxygen.

Ipneous and metamorphic wpetrolory

Ordinarily, a mapma will change in oxygen isotopic composition
as it crystallizes, and it may become isotopically lighter or heavier
depending upon the types of minerals crystallizing and their relative
amounts, A mineral is probably in isotepic equilibrium with its magma
only at the instant of crystallization; hence most minerals will he
isotopically zoned, because continuous and complete isotopic exchange
between crystals and liquid does net commonly oceur, If the magma
becomes enriched in 018 as it crystallizes, the outer zones of the
minerals should be isotopically heavier than the inner zones, and the
late—crystallizing minerals should be heavy relative to the early-
formed ones, Therefore, the crystallization history and paragenetic

sequence of minerals in an ignecus rock are reflected by the relative
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S~values of the minerals, Application of this isotopic technigue
should be especially useful in unraveling the crysﬁalliiation histery
of the accessory minerale of igneous rocks, as conventional metheds
have thrown very little light upoen this problem,

Coexisting minerals of an igneous rock will ordinarily not be in
complete oxygen isotopic equilibrium because of these crystallization
phenomena, Therefore, determinations of 018/016 ratios of total miner-
als probably cannot be used as a practicable geothermometer for igneous
rocks, inasmmch as the temperature effect generally will be outweighed
by the crystallization effects, The oxygen isetopic properties of a
magma change as its chemical composition changes, This is a result
of changes in degree of polymerization that accompany the change in
compoaition; for example, granitic magma apparently is slightly
heavier than coexisting plagieclase, whereas gabbroic magma is lighter,

It should be pessible in certain instances te ebtain definitive
evidence whether or not a given rock type has formed by magmatic differ~
entiation from another rock type, Iven though chemical, petrological,
and field evidence may be compatible with a process of magmatic differ—
entiation, the oxygen isetopic data may not fit'such a mechanism,

It is impessible, for instance, for most granitic rocks to have formed
by fractional crystallization of the type which produced the Skaer—
gaard grancphyres,

Oxggen isotopic determinations should be very valuable in the study
of temperatures of recrystallization of metamorphic rocks, even though
complete oxygzen isetopic equilibrium may not always have been establish-
ed in such rocks, An important question in metamerphic petrelogy is

whether or not a sequence of rocks was open to water during metamor—
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phism, If the rocks are truly open so that isctopic exchange can
occur with a large gquantity of hydrothermal fluid the rock will become
lighter with increasing grade of metamorphism, This is what has
happened to the amphibolites studied in this report, If the rock is
not truly open, but if water is simply removed from the system by the
dehydration reactions which accompany increasing grade of metamorphism,
the rock should become isotopically heavier,

Subtle oxygen exchange processes, probably through the medium of
a hydrothermal solutién, apparentlf can oceur in rocks and leave little
or no chemical imprint, For instance, a low temperature hydrothermal
event which has affected a rock may be clearly shown by the oxygen
isotopic data, even though essentially ne chemical reconstitutien
has ocecurred, Iven so, it is highly unlikely that exéhange could occur
to such a degree that complete isotopic equilibrium is attained

without almost complete chemical equilibrium alse being established,
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