VARIATIONS IN OXYGEN ISOTOPE ABUNDANCES

IN ROCK MINERALS

Thesis by

Robert Norman Clayton

In Partial Fulfillment of the Requirements

for the Degree of

Doctor of Philosophy

California Institute of Technology

Pasadena, California

1955



ACKNOWLEDGEMENTS

I wish to thank Dr. Samuel Epstein,at whose suggestion this
work was done, for encouragement and guidance throughout the coﬁrse
of the research.

None of this work would have been possible without.tﬁe
cooperation of the geologists who supplied the speciﬁens for analysis,
and contributed greatly to my geological education: Drs. L. T. Silver,
A. E. J. Engel, H. L. James, C. W. Burnham, R. H. Jahns, M. L. Keith
and others.,

The assistance of C. R. McKinney, E. V. Nenéw and C. Bauman
in the construction of some of the apparatus is much appreciated.

The Stanolind Foundation provided a fellowship under which

part of the work was done,



ABSTRACT

Analytical techniques for determination of oxygen isotope abun-
dances in silicates and oxides have been investigated, The reduction
of compounds with carbon at high temperatures gives reliable results.only
from a few important minerals, including quartz and iron oxides. Liberaw
- tion of oxygen from compounds using fluorine has more wide-spread appli=
cation, but is more susceptible to errors by'contamination;

Oxygen isotope analyses have been made on nineteen natufal samples
of quartz and associated carbonates, and on seventeen samples of quartz
and assoﬁiated iron oxides. It has been found that, for suitable samples,
the isotopic fractionation measured between two associated minerals can
be used to fix the temperature at which the minerals crystallized.

Several geological problems are discussed on the basis of the
oxygen isotope data. In cases where the geological evidence is clearw
cut, the conclusions from the isotope analyses are in compleﬁe agreement

with those from geological reasoning.
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INTRODUCTION -

In‘studying the rocks of the earth one is concerned with the
materials from which the rocks are built, and with the processes these
materials have undergoﬁe in order to reach their present condiﬁﬁon.

The problem 1s one of very great complexity, and can be éuccessfully
attacked only by the concerted effortlof many independent approaches.
From astronomy and geophysics we get some of the physicél prdpertiés of
ﬁhe earth; from geologiéal investigation of rocks in the‘figld;and
under the microscope we can deduce many facts concerning thé proceSses
of formation of rocks; from analytical chemistry we learn the chemical
composition of rocks, both for major constituents and for tradé
elements; from physical chemical principles and laboratory experimeﬁts
we can predict the behaviour of a natural system under knbwh conditions,
or éonversely,Vreconstruct the natural conditions by obéerﬁation of the
results of the processes in rocks. In the last few years, aknew‘method
of attack has been through the measurement of the abundéhces of stable
isotopes of the light elements to determine the variatipns resulting
from natural brocesses. N |

- The thermodynamic properties of two molecules wﬁiéh differ only
1in that they contain different isotopes of one element, are in general
different. This difference in properties is a quantum‘efféct and has
been discusséd theoretically.(l)(z) Following Urey's treatment consider
an isotope exchange reaction: |

aAl’+ bBy T—=al, + bBy

where A and B are molecules containing one element ih cdmmona and the
subscripts 1 and 2 indicate that the molecule contains the light or

heavy isotope of this element. Then the equilibrium constant for this
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reaction can be written in terms of the partition function for the

molecules:

The partition function for a molecule can be written as éhe
product of the translational, rotational, and vibrational partition
functions. For ordinary temperatures the traﬁslational and :otational
partition function can be considered classical (except for the hydfogen

isotopes), and the vibrational anharmonicity is usually neglected.
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for polyatbmic molecules.
The moments of inertia can be eliminated from these expressions

by application of the theorem of Teller and Redlich(B)
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It is therefore possible to calculate the equilibrium coﬁétant in terms
of the frequencies of vibration of the normal and isotopically substi-
) tuted molecules. Such constants at several tempefaturéé have been cal-
culated by Urey for isotope exchange reactions involving mosf of the
light elements. Experiments have confirmed many of the predicted
equilibrium constants for exchange between gas molecules.

The above calculations are least reliable where the reactions
involve condensed phases, since the calculations are based on pérfect
gas partition functions. This has been demonstrated in the case of the

relative vapor pressures of BlO

C1, and B''C1,, where Urey's calculations
predict an enrichment of B10C13 in the vapor of 1.5% at OOC, but careful

experiments by Green and Martin(h) show that 811C13 is enriched in the
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"vapor phase by 0.18%. At present the most fruitful approach to the
study of isotope fractionation between condensed phases is, therefore,
through experimental measurement. Some attempts have been made to
estimate theoretically the fractionation in isotopic exchangevréactions
involving solids.(S) (6) McCrea calculated fractionation facto?s for
exchange of carbon and oxygen atoms between crystalline calcium carbon-
ate and aqueous carbonate ion, and also for exchange of 0xygén between
célcium carbonéte and liquid water. In calculating the ratio ‘of par-
tition functions for the solid phaSe, two types of vibration were con-
sidereds internal vibrations of the carbonate ion and lattice vibrations
of the whole ion in the crystal. The internal vibration freqﬁencieé are
known from the infra-red and Raman spectra. To calculate theAfréctionaa
tioﬁ effect due to lattice vibrations, McCrea used the Einstein and
Debye relationéhips to estimate the distribution of energy. Both the
value of the calculated isotope fractionation, and its gradientvwith
temperature are in reasonable agreement with experimental data.
©In his theoretical treatment of the fractionatidﬁlof silicon

isotopes,'Grantrassumes that the interaction of SiOu tetrahédra'with‘
the rest of the structure can be neglected, and calculafes thg fraction-
ation on the basis of observed vibration frequencies within the Si0) group.
This method gives fractionation factors in the right directidn and of the
right order of magnitude to agree with the experimental resﬁlts of Reya
nolds and Verhoogen(7) and Allenby£8) For similar geological samples,
the fractionations found by Allenby are about five times as great as
those found by Reynolds and Verhoogen, although both seﬁsvof data are
internally consistent. The reason for this discrepancyiis not‘known.

The equilibrium constants for isotopic exchange reactions are

generally of the order of 1.01 at room temperature for elements of the
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" first row of the periodic table (and is smaller for heavier elements).
The constants approach 1,000 at high temperatures, and O or‘infinity at
‘OdK. Since the value of K is so near unity at ordinarybtemperatures, the
amount of isotopic fréctionation is smallg and can be measured ﬁith
accuracy only be very éensitive mass spectrometry. The most eﬁiremev»
samples of oxygen found in natural compounds differ in atbmic weight by
only .001%. This corresponds to a variation of 6% in the ratio of
018/016 and amounts to 500 times the experimentél error ‘in the best

mass spectrometers.

The spectrometer used in this work is a 60° singleﬂfécusihg
instrument of the type described by Nier(9), with modiﬁCations‘as
described byAMCKinney et al.(lo) Several important factors are
responsible for the high precision attainable with this mass Spebtrom—
eters |

(a) Ion Source

In order to achieve reliable electronic aﬁplifﬁcatién of
the ion beam, the intensity of the beam itself must be constant. This
can be done only with ion sources in which the sample is admitted as a
gas, and is ionized by electron bombardment. |

The intensity of the ion beam must also be éeveral times greater
than that in commercial spectrometers. In order to providevﬁhe ihtense
ion beam, a very’stable source of ionizing electrons is necééséry. In
our instrument, the positive ion current due to maés hh—(ClZOléolé) is
1.7 x 10~7 amps. The current due to mass L6 (C12016018) is 1/250
of this, or 6.8 x 10-12 amps, corresponding fo the collection of
L, x 107 ions per second. Statistical variations in this number will
be of the order of its square root, 6.4 x 103, which is abou£ .02% of

the total mass L6 beam, These variations are integrated electronically
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to some extent, since the time constants for the measuring circuits
are of the order of seconds, but the statistical fluctuations still
‘femain one‘of the ultimate limitations of the mass speétrometer. |
’(b) Double Collection
The ratio of the intensities of two ion beamsfcaﬁibe
measured with much greaier accuracy than the absolute'intensities of
the beams. Fluctuations in total beam intensity are nuliified by
measuring an isotope ratio. In a double collecting mass speétrometer,
two ion beams, corfeSponding to two different values of %_, are
collected simultaneously on two collectors. The ion currenﬁs are
amplified and the isotope ratio determined by a bridge circuit,
(¢) Relative Measurements

- A further factor of ten in long range precision‘éan bé
realized if the isotope ratio in a sample gas is compared'with thé
ratio in a standard gas. ‘In this way, long-term drifts in’eiectronics
are cancelled out, as are the effects of any fractionatiéﬁ or ﬁaéé
discrimination in the spectroﬁeter itself. The effect of‘gas back-
ground is also common for the two samples. With such an arraﬁgément
the actual vaiue of the ratio of isotope abundances, R,.is nof‘de—
termined to high precision. Rather, the potential of the "nﬁll pointh
of the bridge circuit mentioned in (b) is measured relative to ground.
~ Then a small change in the ratio of the ion beams will change this
potential, by an amount which is exactly proportional'toythe change in
ion beam ratio. The experimentally determined quantity is, therefore,
the relative difference in isotope ratio between the sample gas and the
standard gas. This quantity is called & , and is:

§ = R__ .1 1000
Rsta
where R is 018/016 for the sample gas
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R is Ola/blé;for the standard gas

std

8 is the difference expressed in permil (%.).

Variations in the isotopic composition of oxygen from natural

sources have been studied by many people using analytical methods of

varying sensitivity (Téble I). An asterisk indicates that the e?perig

mental errors are probably 0.1 « 0.2%e.. Others are greater.

Table I

Previous Oxygen Isotope Studies

Investigators Source of oxygen

Dole(ll)(12) Atmospheric 0o
Swartout and Dole(l3) Atmospheric O,

Dole, Lane, Ruydd Atmospheric 0o

and Zaukelies(1L)
Kirshenbaum(ls) Water
Epstein and Mayeda(lé) Water

ﬁanséaard(l7)(18)(l9)’ Water

Dole and Slobod(20) Water
” McCrea<u) Carbonates
Urey, Lowenstam, Carbonates

Epstein and McKinney(Ql)

Epstein, Buchsbaum garbonates
Lowenstan and Urey(22)(23

Epstein and Lowenstam(zh) Carbonates

, Baertschi(25) + Carbonates
Manian, UreX and Silicates
Bleakney(26 .

Tokuda and Koshida(27) Silicates
Baertschi and Silverman(28) Silicates
Silverman(29) Silicates

Baertschi and Schwander(3o) Silicates

Method of

isotopic analysis

Density{of water

Mass spectrometer*

Dénsity of water
Mass speCtroﬁeter%
Mass spectrometer
Density of wéter
Masé spectrometers

Mass spectrometer
Mass spectrometers

Mass spectrometeri
Mass spectrometer

Mass spectrometer

Density of water
Mass spectrometers
Mass spebtrometer*

Mass spectrometer



: Method of
Investigators Source of oxygen isotopic analysis
Schwander(Bl) Silicates Mass spectrometer
Adams(32) | - Silicates Mass spectrometer
Dole and Slobod(l7> ~ Iron oxides Density of water
Donstova(33) Iron oxides Density oftﬁater

The earliest work on oxygen isotopes in silicates was that of
Manian, Urey and Bleakney,(26) They heated the silicate with carbon
and carbon tetrachloride at 1000°C, obtaining carbon monéxide° This
'wés decomposed by hydrogen to give water, which was electrolyzéd to
give oxygen, The oxygen was analyzed in an early form of mass Spece
trometer, The experimental»érror in 018/016 ratio was about'2§5%,'
and no variations were found among the samples analyzed. o
Tokuda and Koshida(27) heated thé silicate with potassium hydrogen
fluoride at 230°C, forming water. They measured its density,‘and élaimed
to be able to determine variations of 1.4fin the ot8/l6 ratio, but

could not find significant differences between igneous and metamorphic

" rocks.

Adams reduced quartz with carbon in an induction furnace ét,high
temperature, producing carbon monoxide. This was'oxidiéed with Cupric
oxide to carbon dioxide and analyzed mass Spectrometricéliy. The oxiw
dation over cupric oxide is almost certain to invaiidate the results, -
~ since isotopic exchange between carbon dioxide and_cupric oﬁide has been
shown to take place at L30°c, (31

In the analytical method of Baertschi and Silverman(28) and
Silverman(29), oxygen was released from its compounds by_oxidation with
fluorine or chlorine trifluoride, and analyzed as oxygehiby means of a

sensitive mass spectrometer, Their results indicated that‘the ratio of
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. Ol8/bl6 méy vary as much as 3% in natural silicate rocks.. Some of the
‘data taken from Silverman's papér are shown in Table II.

Table 11

Oxygen Isotopic Composition in Silicate Rocks

Sample \ 018/016 %o Av. deviation No. of)runé
Hawaii sea water 0,0 0.2 o é
Columbia river basalt 6.k 0,2 3
Disco basalt 556 , 0.7 3
Mt, Etna lava o7 0.2 L
Olivine basalt 740 0.1 | 3
Yellowstone obsidian Ts7 : 0.8 -, 2
Gneissic granite 709 0.2 2
Nepheline syenite 8.3 0,0 2
Quartz vein o 14.0 0.2 v -h
Potsdam sandstone 15.5 0,0 2
Atmospheric oxygen 19,2 0.9 '. 2
Diatomite ' 30.3 0.0 2

Several groups can be seen which are correlated with the geolbgiu
cal historieskof the samples. Basalts and basic rocks have § 's from
6. to 7.0, granite rocks from 7.5 to 8.5, vein quartz from 13‘to 16,
Sédihentary silica around 30%s.

Further work in this field has been done by Baertschiﬂand
' Schwander(3o) and by Schwandemel) They liberatedvoxyéeh from»rocks
as carbon monoxide by reduction with carbon at high temﬁeratures (2000°C).
For reasons to be discussed later, the results of these analyses may be
‘very much in error. But here too it was found that the‘QlB/Olé ratio is
much higher in sediments than in igneous rocks. |

Schwander analyzed several suites of geologically‘wéll—choseﬁ



10

" samples iﬁ an effort to show what happens to the overall isotopic
compositibn of rocks formed by crystallization from magmas, or by
metamorphism of previously existing sediments. Even if the analytical
data are correct (something'which ié not possible to evaluate'by
reading his publicatioﬁ), measurement of the isotopic compositidn of a
whole rock cannot be expected to yield much information.

The last two pieces of work indicate that there do’ekisp varia-
tions in the iéotopic composition of oxygen in silicate rocks which are
large in terms of present day mass spectrometry. This work was
“exploratory and much more must be done in‘order that‘any éXiénSivev
conclusions may be drawn from isotopic abundance data. Real~§hysicél
chemical conclusions can be drawn only from the measurements of-
fradtionation among phases within a rock., As described above,.thek'
fractionation between two phases at equilibrium depends on (1) the
chemical nature of the phases and (2) the temperature. Then the
fractionation between a given mineral pair will be a funétion;only
; of tempera£ure. - | .

Ultimate;y, it should be possible to use the inter-mihéral
isotope fractionation as a measure of the temperatures of geological
evénts, and to use the absolute isotopic composition of the phases as

an indication of the source of material in the geological process,

APPARATUS AND EXPERIMENTAL PROCEDURES

Experimental Requirements

The value of the ratio of 018/016 in samples found in nature
varies over a range of about 6%. However, for a given chemical species,
the variations so far observed are of the order of 3%. Tt has been

found in the past(Zl)(23)(29) that analytical precision of the order
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~of 0ol = 0.2%0 is satisfactory for most geological problems, and is
attainable by careful chemistry and precision mass spectroscopy. |

Oxygen isotopes have been studied using oxygen(QB)(29), carbon
monoxide(3o)(31), and carbon dioxide(21)(23)(2L) ag the sample gas.
0f these, carbon dioxide has proved the most'satisfactory5 since. its
mass falls in a region of the mass spectrum not contaminated with the
“background effects of nitrogen and oxygen of the air.,

The anaiytical problem is, therefore, to prepare from a‘mineral
a carbon dioxide sample of identical oxygen isotope composition within
an experimental error of #0.2%.. |

In order that the isotopic composition of the samplelgas be the
~same as that in the original material, all chemical reactions mﬁét bé
done (a) quantitatively, or (b) with no isotope fractionation; In
general any 1ncomplete chemical reaction will result in 1sotopic
fract10nat1on if a mechanism exists for exchange of the atoms of the
~ element in question. The amount of fractionation decreases as the
temperature of reaction increases, but as yet it has oot:been deﬁon-
strated at what temperature isotopic fractionations become negligible.
Evidence from geoiogical specimens given in this thesis?indicates that
tﬁere can be considerable fractionation of oxygen isotopes at temperatures
over 1000°C.

The most important chemical procedures used for‘extraotion of
" oxygen from minerals have been (a) oxidation with fluorine, chlorine
trifluoride or bromine trifluoride,liberating oxygen, and (b) reduction
with carbon, liberating carbon monoxide. In the method (a), quantitative
yields of oxygen have been obtained, but the operation 13 fairly diffi-
cult, and the problem of contamination of the sample with foreign: oxygen

is great. In method (b) yields of 60 = 70% have been reported with no
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explanation why higher yields were not obtained.

Analytical Methods
A. Fluorine Oxidations
» (a) Principle

The reaction of fluorine with oxides and silicates gives
, oxygen'and metal flﬁoridés:

Si0y + 2F, — SiFh + 0o

2M5i03 + 6F2 —> 25iF) + 2MF, + 305
The reactions are thermodynamically favorable at all temperatures., -
Silverman and Baertschi carried out the reaction at }30°C, and uséd
hydrogen fluoride as a catalyst. Gaseous reaction products ére:
oxygen, excess fluorine, hydrogen fluoride (from catalyst and from the
mineral if it contains hydrogen), and volatile fiuorides (silicon tetra=
fluoride, boron trifluoride). The removal of hydrogen flﬁgride éﬁd
éilicon tetrafluoride can be achieved by passing the gas,thréugh a
liquid nitrogen trap. The removal of fluorine from thejéxygenksample
is not so simple. It was accomplished by Baertschi andASilverman by
passing the gas‘mixture throﬁgh heated potassium bromide, which is
oxidized by fluorine to give bromine, which can be frozen out: This
prOCess was considered to be a major source of contaminaﬂion.
| The product gas is oxygen, which cén be mass analyéed_as such,
with the inherent difficulties involved in the use of éxygen in the
mass spectrometer, |

(b) Apparatus
1) High Vacuum System (Fig. 1)
The part of the vacuum system with wﬁicﬁ fiuorine

comes in contact is constructed of metal resistant to fluorine attack:
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‘AinCOnelyﬁubing with copper elbows and tees, joined by silver solder.
Connections to removable parts‘are made using flanged joints with
Teflon gaskets. Valves with Monel body, Inconel diaphragm and Teflon
gasket are used (Hoke Incorporated, #L13T). Pressure in the line is
determined by Bourdon-type pressure and vacuum gauges with Monel
diaphragm. Metal to glass transitions are made with Kovar seals,
2) Reaction Tubes

Six reaction tubes are connected to the vacuﬁm line
by screwed fittings with Teflon gaskets. The reaction tubesvéfe made
of nickel tubing 7/8 in. 0.D., 5/8 in. I.D., 10 in. long, and have a
capacity of 50 c.c. |

3) Potassium Bromide Furnaces

There are two heated tubes containing solid cdarsely
granulaf potassium bromide. One furnace, used for reactién of waste
fluo;iné is a horizontal tube of 188 stainless steel 1% in. diameter
and 18 in. long. The other furnace, used for removal of fluorine from
the sample gas is a U=tube of pure nickel, 7/8 in. 0.D., 5/8 in. I.D.,
with a total length of 36 in. It is surrounded by an electrical
resistance heatéd>furnace, capable of heating the tube to lOOQ?C,
although such high temperatures are not used for this purpose. -

- l,) Carbon Filament

Oxygen is converted to carbon dioxide:by reaction ﬁith
"~ a hot carbon rod. The rod is prepared from a 1/8 in. graphite spectrow=
graph electrode, 3 in. long. The cross-sectional area of the centef of
rod is reduced by a factor qf about five by careful sandpapering, Elec-
trical connection is made through 1 m.m. platinum rods in holesrdrilléd
through the carbon rod near the ends. The platinum leads are joined with

threaded couplings to No. 12 copper wires, which in turn éré connected to



15
: ﬁungsten ieads which pass through the glass and out of the vacuum
’system. The rod is heated by a current of 15 amps (A.C.) at 5 volts.
The leads pass déwn the central tube of a glass trap with a 40/50
ground joint, supporting the filament inside the trap near the bottom.
The carbon of the filament is used up in the reaction, and a neg‘rod
is necessary after one or two samples have been converted. |
(c¢) Analytical Procedure
Before the apparatus is used for preparation of éxygen
from minéral samples, all extraneous oxygen compounds must be removed
from the parts of the system which will be exposed td'fluorine. Likely
to provide the biggest sources of ‘contamination are certain'qf the |
soldered connections from which the flux cannot be removed by wéter
washing. The metal system was filled with fluorine at a pressure of
half an‘atmoéphere for several days to remove oxide films, or cover
them‘Wiih a fluoride coating.

The sample, 10 or 20 mg. of finely ground materiélg is weighed
into the reaction tube, the tube remounted on the vacuum ‘line and
evacuated., With the reaction tubes cold, a charge of fluorine at half
an atmosphere‘pfeésure is admitted for fifteen minutes then pu@ped away.
Agéin the tubes are filled with fluorine to half an atmosphere; then
closéd,off and heated to 500°C for two hours.

After the sample tube is cool, the gas, a mixtufe of bxygen,

‘ fluorine and silicon tetrafluoride in the case of a silicate mineral,
is passed through a trap cooled in liquid nitrogen to remove the silicon
tetrafluoride. In the potassium bromide furnace, fluoriﬁe'ié removed and
bromine formed, which is then removed from the oxygen by'passing the
mixture through another liquid nitrogen trap. Oxygen is collected by

the Toepler pump.
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Thé conversion of oxygen to carbon dioxide is accomplished by
cycling the oxygen over the hot carbon filament (orange-red heat at the
center), freezing out the carbon dioxide as it is formed. This reaction
is quantitative and takes 10 or 15 minutes for a 5 c.c. gas sample, ,If
the carbon rod is heated too hot, two difficulties arise: (1) some carbon
monoxide is formed, which remains unchanged and represents‘a 1oés bf
“oxygen of the sample, and (2) the copper wires may become hdt enoﬁgh to
be oxidized and remove some of the sample gas. |
The carbon dioxide is transferred to a calibrated manometer where
its amount is determined then to a sample tube for the mass spectrometer.
(d) Development of Fluorine Oxidation Method |
Only preliminary experiments have been done using‘ihis
apparatus. No reliable isotopic data have been obtained.
| | 1) Conversion of Oxygen to Carbon Dioxide
The procedure for burning oxygen over a carboﬁ filament
 was developed in connection with a problem involving atmospheric oxygen,
not described in this thesis. I£ was found that using afpure carbon rod,
connected to leads which did not get hot enough to oxidize, gave results
of good isotopig feproducibility. The results of isotopic ana;ysis of
five saﬁples of atmospheric oxygen are given in Table III. The nitrogen
ih the samples acts only as a diluent, but makes it difficult to tell
when all the oxygen has reacted. |
Table III
Isotopic Reproducibility in Oxygen —» Carbon Dioxide Reaction

Ratio of CO, volume -
Sample # to air volume 8 %o

1 2200 21,7

2 196 22.1
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Ratio of C02 volume

Sample # to air volume S %o
3 : .20l ' 21.5
b 202 | | 21.8
5 2206 218
Av. 202 21.8 + .1

2) Reéctién of Fluorine with Minerals
The minerals tried were quartz, magnetité,-ofthdplase

and calcite. All appeared to react with the fluorine under the condi-
tions of the experiment. In one set of six samples, hydrogen fluoride
was added to the sample tube as well as fluorine, and caused no observ-
able change in the reaction. (Baertschi and Silverman(28) used\hydrggen
fluoride for all their reactiqns.)« There is no solid residue after the
reactioﬁ ofVQuartz with fluorine. The reaction of orthociase énd calcite
leayesya residue of solid fluorides. It is interesting»that thé action
of fluorine on calcite gives all the carbon as carbon‘dioxidé in the
reactién tube; fluorine does not react with carbon dioxide under these
conditions. |

The case of the reaction with magnetite requires:some aﬁtéhtion.
The solid residue after reaction is red, not green as expected for ferric
fiudfide. X-ray diffraction identification shows the product to be
ferric oxide (Fe,03). This is compatible with the stateméntffrOm
- Sidgwick(35): "If heated in air or in steam ferric flﬁoride is con-
verted into ferric oxide." It is therefore not poésiblé to get quahti-
tative oxygen yields by this method from compounds containiﬁg,iron, This
was not recognized by Baertschi and Silverman, but Silvérmén does report
that the yields of oxygen were consistently lower in bésiq rocks (FeO +

FegO3 about 10 - 12%) than in acid rocks (FeO + FeO3 about 3%). It is
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  hot yet known whether this loss of oxygen involves any isotopic
fractionation.
3) Potassium Bromide Furnace
At room temperature a large amount of fluorine passes
throﬁghithe potassium bromide tube unreacted. At high temperature tﬁe
sample oxygen will react with the metal of the tube. A temﬁeraéure of
about éOOOC (that uﬁed by Baertschi and Silverman) appeafs to be the
best., | ‘
;) Contamination
In the preliminary experiments which have béen carried
out, it has not been possible to get consistent yields of okygenrfrom
the samples. Even using quartz, where the absence of a solid rééidﬁé
indicates that all oxygen has been liberated, the measured yields range
from 25% to 200% of the stoichiometric amount. Clearly there are prob-
lems both of removal of the sample gas and addition of gontaminatioﬁ.
The isotopic analyses of the gas collected in fifty experimeﬂts~gives
no appérent information concerning the nature or location of the con-
tamination. Work with the fluorine apparatus was suspended at this
point.
B. Carbon Reductions
(a) Principle

All solid oxides can be reduced by carbon in a vacuum
- system at sufficiently high temperature. The reaction broducts are
metal or metal carbide, and carbon monoxide or carbon dioxide, depending
on the temperature of the reaction (see discussion of carbon monoxide -
carbon dioxide equilibria below). Thermodynamic data for the reduction
of a few oxides are shown below. Thermochemical data are from K. K;

Kelley(Bé), and Rossini et al(37), and the free energy'change has been
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: calculatéd as a function of temperature as described by Lewis and

| Randall.(BS) The thermochemical data are generally valid up to 1000°K,
Dbut the equations have also been used to estimate AF at 2000°K.

(1) Si0, + 3C —> SiC + 2C0

AF = 128,360 + 1.01TInT + 3.15 x 107312 = 2.86 x 10%771 88.0T

T(°K) AF(cal) AaH(cal) AS(e.u) Poo(atm)
298 +100,680  +125,860 +80.61 10’37'
1000 + 50,180 +123,630 +73.5 3 x 1070

2000 - 19,840 +112,450. +66,1 16

(2) Mgo + C —> Mg + CO

AFp = 118,730 + 1.35TInT + 0.14 x 107312 - 1.35 x 1011 - 57,97

T AF aH Aas Pco

298 ~  +103,320 +117,420 +47.3 10°75
1000~ + 70,150 +116,970 +46.8 10715 |
2000 + 23,840 +115, 310 +15.7 2.5 x 1073

(3) A1203 + 3C —»2A1 + 3C0

AFy = 327,390 + 9.L8TIAT - 1.37 x 107312 = 7.22 x 1051"'l - 209,9T

T AF Al AS "~ Pco

é98 +278, 340 +319,830 +132.) 1068
11000 +180,700 +318, 560 +137.9 10713
2000 + 115,750 +323,550 +138.9 2.2 % 1072

(L) FBBOLL + UWC — 3Fe  # LCO
Fp = 174,370 + 19.05TInT = 1.14 x 10717 = 9.63 x 10°T"1 = 307.4T

T AF AH A8 Pco

-20

298 +111,160 +161,320 +168.5 10

1000 - L,h30 +150,530 +159.0 1.7 .
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It is seen that temperatures of the order of 2000°K are
necessary for reduction of silica and silicates.

In the wofk of Schwander high temperatures were obtained by use
of a carbon resistance furnace, This presents the problem of the
thorough outgassing of 'a large piece of carbon which must be exposed
to air between runs.

In the preseﬁt work, the sample was placed in a graphite
crucible heated by a radio-frequency induction furnace. By tﬂis method,
only the crucible itself (about 2 grams of carbon) is heated, and heating
of the glass vessel.surrounding it can be kept to a minimum.¢’1t~is im-
portant thatvthe gas sample not come in contact with any hoivokygen—
containing compound or any reducing compound. In the former cﬁsé,,iso~
topic exchange is possible, resulting in an improper value of‘the
018/016 ratio in the gas. In the latter case, some of the gas may react
with:the reducing agent, giving uncontrollable isotope fractionation.

For most compounds of geological interest, high temperatures are
required, and the gaseous product is almost pure carbon’monoxide. In
Schwander's work, this gas was analyzed in thermass spectrometer. In
the present wbrk,>it was considered desirable to convert the cérbon |
monoxide to carbon dioxide for reasons discussed above. Adams(32)
okidized carbon monoxide to carbon dioxide for isotopic analysis by
passing it over hot copper oxide. Besides diluting thg samplé oxygén,

" this process is almost certain to give incorrect results‘because of
exchange with the copper oxide.(Bh)

Carbon monoxide at low temperatures is unstable'with respect to
decomposition to carbon and carbon dioxide:

20 — C + CO2
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A Fr = = 12,150 - 1.07TInT = 0.66 x 107312 = 11,76 x 10571 + 66.8T
A Foog = = 28,6l0 cal.
ZSPEOOO = + 15,100 cal. |

The reaction is negligibly slow at room temperaﬁure, but does

proceed at temperatures of about 400°C in the presence of arcatalyst.
(b) Apparatus | A
1) Iﬁduction Heéter
The radioafrequency'induction heater used‘iﬁ this work
has a maximum power output of 10,000 watts (manufactured by Allis-
Chalmers, Inc,, type EI-10=A). The work coil used with the heater con-
sists of thirteen turns of 3/8 in. 0.D. copper tﬁbing, covefgd with
3/8 in. I.D. Tygon tubing for electrical insulation, and wrappéd in two
layers. Inside diameter of the coil is 2 in., height is 3% in.
| '2) Vacuum Furnace
The assembly of the vacuum furnace is shown in Fig. 2.

- At the center of the work coil is the reaction crucible, macﬁined from
Spectfographically pure graphite bar stock. Its design is intended to
make the temperature of the walls, roof and floor of the crucible as
uniform as possible.

Surrounding the crucible is a cylinder of .OlO in.rshee£ platinum,
3 cm; in diameter, L5 cm. high, to shield the glass jacket from the heat
radiated from the crucible. The cylinder is made by rolling a piece of
- flat sheet into a cylinder so that the ends overlap but do not touch.
There is therefore no electrical circuit in the shield in the plane’of
the work coil. If such a circuit existed, the shield would'be heated
in the radio-frequency field. - |

The crucible and shield are supported on l/8kin; graphiteirdds

which stand on the bottom of the glass reaction vessel. Thé main body
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‘of the reaction vessel is of LO mm, Pyrex tubing, drawn down at the top
to connect with the 12 mm. tubing of the vacuum line, Below thebfurnace
coil, the bottom‘of the reaction vessel is joined to the main cylinder
by a 65/L0 hemispherical ground joint. ‘

The vacuum system proper (Fig. 3) is of conventional construcﬁion,
using a two stage mercury diffusion pump backed by a Welch Duo-éeal
- mechanical pump. Non-condensible gases are pumped by means of an auto-
matic Toepler pump. |

The furnace for conversion of carbon monoxide to carbon dioxide
is a horizontal nickel tube, 3/L in. I.D. heated in a tube fufnacev
(Fig. L). The tube is connected to the glass 1ihe~through vaar‘metal
and graded glass seals. The powdered nickel catalyst is held»in‘a:
cylindrical container made of nichrome sheet.1 It is about an inch long,
diametef big‘enough to fit snugly into the nickel tube. Capacity of the
¢ylindér is about4two grams of nickel. |

(c) Analytical Procedure
1) Preparation of Carbon Monoxide
The pure mineral ground to pass 200 meéh is mixed

with finely poﬁdéred spectroscopically pure graphite, with an excess
of the latter of about ten times Sver that required to reduce:the
minéral. The mixture is then formed into‘pellets in a % in.'diameter
briquetting press. The purpose of this operation is to bfihg the two
reactants into close contact, for the reductions generélly'take ﬁlace
between the two solids (i.e., below the melting point of the minerél).
A pellet is then weighed into the reaction crucible. An average sample
contains about 10 milligra?s of mineral, and will react to give about
6 c.c. (NTP) of carbon monoxide. |

The crucible and shield are then mounted in the rea¢tion vessel
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énd_the system.is evacuated, Cooling water is run over the outside of
the glass jacket., The induction furnace is then turned on and the sample
_and’crucible are’outgassed for one hour. The temperature of outgassing
is about 200° below the temperature‘at which the partiéular mineral
begins to be reduced (see results of experiménts on page 34). An out-
gassing teﬁperature of 12SOOC is used for quartz, and 1000°C for magnéa
tite,

After the outgassing period is over, the connection to £he
vacuum pﬁmps is closed off, and the temperature of the crucible is
raised until a rapid evolution of gas is observed from the thermo=
couple vacuum gauge. The maximum pressure of carbpn monoxide is about
1 or 2 mm, of mercury. The reaction chamber is pumped on Contihﬁéuély
by a mercury diffusion pump, backed up by an automatic Toepler pump.
Between‘the feaction chamber and the pumps is a trap cooléd in’dry ice,
to rgmove any water present. The reaction is continued‘until‘the'gés
evolution,ceases, and the temperature is raised to insure completion,
In a typical quartz reduction, gas evolution is strong at about 15509,
and the temperature is raised to 1800° at the end of the reaction. The
reduction takés‘tén or fifteen minutes.

The carbon monoxide is pumped by the Toeplef pump into é calie
bfatéd mercury manometer, where the volume of gas is measured in order
to determine the reaction yield.

2) Conversion of Carbon Monoxide to Carbbn,Dioxide
The carbon monoxide sample is admitted to the nickel
furnace. The volume of the system of furnace, traps, pumps, tubing is
such that the initial gas pressure is about 1 cm. The gas is cycled
through the furnace, pumped by the same diffusion pump and Toeplef ﬁump

used previously. As the gas leaves the furnace, it passes through a
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4“£rap cooled in liquid nitrogen, which freezes out the carbon dioxide
formed in the furnace. The gas is cycled until the carbon monoxide
pressure falls to .0l mm. or less. The carbon dioxide is then trans-
ferred to a calibrated manometer where its volume is determined, then
to a sample tube which is taken to the mass spectrometer. The nickel
catalyst is reused until it becomes too inefficient due to the c;rbon
.depositéd on its surface.‘ The amount of carbon monoxide‘which can be
converted with one two=gram batch of catélyst varies from batch to
batch from 60 c.c. to 300 c.c., the latter corresponding to deposition
éf about 150 milligrams of carbon, |
(d) Development of Carbon Reduction Method
| 1) Design of Reaction Crucible and Chamber

In order to reduce silica with carbbn, temperatures
up to 1800°C are required. For a crucible with 8 sq. cm. éurface area,
~ this cofresponds to a power loss by radiation of about one kilowatt.
The induction furnace has a rated output of 10 kilowatts, but;restric-
tions Qh the design make efficient transmission of the power difficult.
The work coil must be outside the glass reaction vessel, which in turn
must be sufficiehtly'far from the hot crucible that the glass itself |
may be kept cool. This then puts a gap of at least two Centime£ers
between the coil and the crucible. This reduces the inductive'éoupling
between the coil and the crucible to such an extent that it ﬁas found
difficult to design a crucible which would heat to high enough temper-
atures. The best design found, after eight éttempts (using four |
different work coils), reached a maximum temperature of‘ZOOOOC. Under
these conditions, the input power to the induction heéterfis'fifteen
kilowatts. Highest temperatures are attained with crucigleﬁ with a

wall thickness of about one millimeter,
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When an irregular shape is heated in an induction furnace, its
temperature will not be uniform. The energy received by each part
_depends on' its distance from the R-F coil, whereas the energy it radi-
ates does not. If the thermal conductivity is low enough, as it is in
graphite, this results in temperature differences that may amount to
one or two hundred degregs. This is not desirable since some of the
- reactants in the crucible may distill to the cooler parts and cease to
react. The crucible is therefore designed to give as uniformka
temperature as possible,

An important device which increases the tempefaturé of the
crucible, and keeps the glass cool, is the radiatiOn‘shield;_ For
the early.reactions this was made of tantalum (the anode frompénvﬁdéo
vacﬁum tube). Later this was replaced by a shield of sheet platinum,
The sheét must be thick enough for mechanical strength, bﬁt not so
thiqkyﬁhat it is héated by the R-F field. Both these metals-ére éubject
to some discoloration and etching by carbon monoxide, iron or some other
product of the reactions. Any effect this may have on the isotopic
composition of the cérbon monoxide has not been detected. Samples
analyzed with (é)>the tantalum shield, (b) the platinum shield, or
(¢) no shield agree within the experimental error of about 052%0.
o 2) Reactions of Silicates

Preliminary experiments with the carbon réductionv
" method were made using quartz, simplest mineral of'thersilicate type.
The reaction:
8i0, + 3C —> SiC + 2C0

is found to proceed with yields of carbon monoxide which range from
85 « 95% of the stoichiometric quantity. The solid remaining afﬁef

reaction has been X-rayed, and lines of graphite and silicon carbide
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ére‘the oﬁly lines observed. Examples of the other ﬁajor rock-forming
minerals were anaiyzed by the same procedure;
Yields and reaction products from various minerals are shown in
Table IV.
Table IV

Yields and Reaction Products from Various Minerals

- Mineral Formula : CO yield % Solid products
- (Xray)
Quartz 8102 8595 SiC
‘Feldspars KA1Si ;05 75=80 - sic

NaAlSi 50g - 70-75 sic
Olivine 1\1192510LL 50 | sSic
Pyroxenes _ MgSiOq 65 . sic
7 CaMg(Si03)2 60 sic |
Hornblende  Cap(Mg,Fe,A1)g(SiAL)g0pp(0H)p 70 osic

Biotite  K(Mg,Fe,Al)5(S1,A1),00(0H), 75 ©sic
Periclase MgO 30 : -
Magnetite Fe30), 100 Fe
Zircon  zrsigy 90 SiC,zrC

In all cases of reduction of compounds containing alkali metals,
élkéiine earths, aluminum and zinc, no compounds of these eleménts have
been detected by X-ray diffraction in the solid residue after reaction.
" These elements do not have carbides stable at the reaction temperature,
Furthermore, the metals have large vapor pressures atrtﬁis temperatﬁre.
The reduced metals distill from the crucible forming a metallic mirror
on the glass vessel which is observed early in the reaction. Thié
mirror of active metal then acts as a getter, reactingywith the carbon

monoxide to give the oxides; the coating on the glass becomes a dull
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grey. This reaction accounts er the reduction of carbon monoxide
yields, which correspond closely to an overall reaction:
M5103 + BC.——%>MO>+ Sic + 2Co,

If there is any isotopic fractionation in the process, the gas analyzed
will not be representative of the oxygen in the mineral. Experiments
described below indicate that such a fractionation does occur, ﬁaking
the carbon reduction method in this form unusable for all qoﬁpounds.of
tﬁe above-mentioned elements. |

3) Conversion of Carbon Monoxide to Carbon Dioxide

The decomposition of carbon monoxide to give ca:bon

dioxide and carbon is the simplest part of the gas‘samplé pfeparati¢n;
A standard procedure for this reaction is to pass the gas overfé
»cataiyst of nickel or iron at a temperature low enough that the reaction
is thermodynamibally favorable, but high enough that the reaction rate
is reasonably fast. In using this technique in oxygen isotope work,
care must be taken that no contamination is introduced by the,catalyst,
either froﬁ an oxide coating on the metal, or from adsofbed gas from a
previoussample.’

The first ﬁaterial used was pure nickel Sange (Johnson; Mathey
aga Co.), which was found to be inadequate in increasing the reaction
rate, probably due to too small a surface. Then nickel was prepared
by ignition of nickel nitrate (Ni(N03)2 6H,0) at lOOOOC,’followed by
' hydrogen reduction of the oxide. A catalyst prepared in this way
contaminéfes the carbon dioxide with small amounts of nitrogen dioxide
(NO,), which has a molecular weight of L6, the same as‘012016018,_and
is, therefore, a very serious contaminant.

The most successful catalyst found is made by reduction of

nickelous oxide (NiO) (Baker Chemical Co., green powder) in hydrogen
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‘at one atﬁosphere pressure and 300°C. Higher temperatﬁres give a
less active’product.

In all cases, in openiﬁg the tube furnace to remove an old
catalyst and charge a new one, a fiim of oxide is formed on the
catalyst and furnace walls. The catalyst also contains adsqrbé@’hydro—
gen, which mﬁst be removed. The tube furnace is evacuated and heaﬁed
to L450°C overnight, then several cubic centimeters of carbqn.monoxide
are cycled thrbugh fhe catalyst to reduce the oxide, The furnéce is
‘then ready for use,

The isotopic reproducibility of the reaction is indicated by
the results in Table V. A group of sample tubes were fille&,simule
taneously with carbon monoxide prepared by the action of concenﬁfated
sulphuric acid on solid sodium formate in a vacuum system. Then each
sample was converted to carbon dioxide and mass analyzed. .

- Table V

Isotopic Reproducibility in Decomposition of Carbon Monoxide

Sample # S %
1 +12.7
2 12.5
3 12.7
i 12.7
5 12,5
6 _12.3

Av. 12.6 T 0,1%
L) Reproducibility under Fixed Conditions
Quartz samples obtained from Dr. S. R,:Silverﬁan wére
analyzed several times each to determine the reporducibility of the

overall analytical method. The results are assembled in Table VI.
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Table VI

Isotopic Reproducibility of Analytical Method

Sample Run # Date 8%

Potsdam sandstone 162 5/17/54 15.6
163 5/17/5h 15.8
172 5/21/5L 15,7
173 5/21/5L 15-5‘
17l 5/21/5h  15.k
175 5/21/54 16.0
176 5/21/5) 15.3
211 6/11/5%  16.1
351 11/11/5L | 15.6
L75 1/10/55 15.7
L76 1710/55 15.1
51k 1/28/55 15.6
535 2/12/58 15,5

15;6'7: 0.2%e
St. Peter sandstone 181 5/2L/54 11.0 |
e S/el/sh 1l

183 5/2h/5L 11.0
18l 5/25/5k 11.1
349 11/11/54 11.2
350 11/11/5L 11.0_

+11.1 + kO.l%o

Randville 177 5/22/5, 9;6

pegmatite quartz -
178 ~ 5/22/5L 10.0
179 5/22/5L 10.L

180 5/22/5), 9.7 .
 + 9.9 2 0.3%e
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The isotopic reproducibility on magnetite has not been tested
so thoroughly. One of the magnetite samples has been analyzed four
times, the rest in duplicate (Table VII),
Table VII

Isotopic Reproducibility for Magnetite

Sample Run # Date 8 %o

Mt. Everts 335 10/28/5. 0.5
magnetite

338 10/29/51 0.7

392 11/25/5) 1.1

453 12/27/54 0.2

+0.6 3v 0.3%s

Experiments were done to see if there was any "memory"'éffect,
that is, if analysis of one sample contaminated the apparatus in any
way, so as to give an incorrect analysis of the following samples.
Table VIII shows the results of several analyses of the Potsdam sand-
stone, with the analysis of the previous sample for comparison. There
is no evidence of a significant‘“memory“ effect.

Table VIII

Test for "Memory" Effect on Isotope Analysis

Run # Sample § %o Run # §Z§§§iﬁne
122 chert +27 7 123 +15.9
131 chert +28.1 132 - +15.5
210 diatomite +36.8 211 +16.1
350 sandstone +11.0 351 +15.6
L7l quartz +15.0 L75 - +15,7
513 magnetite + 2,9 51l +15.6
531, quartz - +23.6 535 +15.5

15.5 + 0.2%0
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5) Outgassing of Crucible and Sample
Removal of adsorbed gas from the graphite crucible
and powdered graphite in the sample pellet was found to be a critical
step. If the crucible is not preheéted before the reaction is started,
a quantity of gas is formed several times the stoichiometric quantity
from the oxide. Expgriments cqnducted with quartz show thaﬁ, even if
the outgéssing temperatﬁre is so high that a large amount of the éample
reacts and the‘gas is lost, the isotopic composition of the gaé‘collected
after ouﬁgassing is constant. The sample was the Potsdam sandstone
(Table IX),
Table IX
- Effect of Outgassing Temperature on Isotope Analysis

' o CO collected
Qutgas Qutgas after outgas

Run # Temp. °C. - Time (min.) % of stoichiometric § %o

15, 1150 LS 87 159

155 1150 60 90 157

160 1200 60 91 155

162 1250 - 60 83 15.6

163 1250 60 85 | . 15.8

16l - 1250 20 8ly 16.h

| 1370 10 o

165 1250 20 82 ~ 15.8
1370 10 ‘

166 11,50 15 75 16,7

167 1200 30 5l 167
1500 15 | -

168 1200 30 Ll ©16.1
1520 10 '

169 1200 30 6l, 15.6

1520 10
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CO collected

Outgas Outgas after outgas
Run # Temp. °C. Time (min.) % of stoichiometric S %o
170 1200 30 55 15.8
1520 5
171 ~ 1200 30 53 15,2
1520 15 |

At high outgassing temperatures, the average analysis is un-
changed, but the spread is greater. Standard procedure for quartz
samples is, therefore, a one hour preheating at 125000, with the gas
being pumped away. This results in some loss of sample gas, giving
vields which range from 78 - 93%, but from the above data it may be
concluded that no appreciable fractionation takes place in this process.

In using the carbon reduction method for iron oxides, the details
of the procedure must be modified. Iron oxides are reduced rapidly at
1300°C, and therefore a lower outgassing temperature (1000°C) is used.
This is probably the reason for a somewhat poorer reproducibility in
the isotopic analyses of iron oxide samples.

6) Comparison with Silverman's Results

There is available no direct measurement which gives
the difference in isotopic composition between Hawaiian sea water
(Silverman's standard), and fhe carbonate standard used in ﬁhese
laboratories and in all the other work done at the University of
Chicago. Determinations made routinely in these laboratories of
variations in the isotopic composition of oxygen in waters do not help
in this problem, since the procedure involves the mass analysis of
carbon dioxide which is equilibrated with the water with a constant
but quite large isotope fractionation.

It was found that the internal variations among the quartz

samples analyzed by the carbon reduction method agreed with the data
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>’df Silverman's fluorine method, and the two scales were therefore tied
together in this way (Table X).

Table X

Comparison of Quartz Analyses with Silverman's Results

Sample ~ Silverman's & This work &
Postdam sandstone | 15.5 15;6 ;
St. Peter sandstone 10,9 ‘ll,l
Randville pegmatite 10,3 9.9
quartz

This establishes the value of & for Hawaiian ocean water relative
to our carbonate standard. The isotopic composition of atmaépheric'
oxygen has been measured by a method described briefly on page 16, and

(16)

found to be +21.8% relative to ocean water. Epstein and Mayed
have analyzed~water prepared by Dr, Malcolm Dole from.atmosphericroxy-
gen, and found it to be +22,1%. relative to mean ocean water° This cdn-
stitutes an independent check on the zero of our scale. Carbon dioxide
in equilibrium with ocean water at 25°C has §& = +38.h%5‘ih excellent
‘ agreement with the value of +3%¥ocalcula£ed theoretically by Uréy(l>.
When samples other than quartz are analyzed, those contaihing
the elements which result in loss of oxygen are nét in’égreemént with
Silverman's results. For the Randville pegmatite orthoclése; Silverman
reports &= +8.8 # 0.2%., whereas the carbon reduction method on the
~ same sample gave §= +12.0 + 0,1 on three runs, with oxygen yields of
about 73%. For Silverman's M"garnet schist No. 19", the fluorine method
gives $= +12.7, and the carbon method gives §- +20,9, with én oxygen
yield estimated at 70%.
Clearly the removal of oxygen from the sample gas by reaction

with metals on the walls of the reaction chamber is a process which -
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Vinvolves considerable fractionation, with the lighter isotope prefer-
ehtially'removed. Under favorable circumstances the amount of frac-
‘tionation can be reproduced for a given sample from one run to another,
so that the isotopic reproducibiliﬁy of the results is not anvadequate
test of their validify‘when the oxygen yields are low. It is nét seen
how the expérimental procedure of Schwander(3l) avoids this difficﬁlty
in any way, and it can be concluded that his results are probably all
incorrect with the exception of the data on pure silica samplés.
Schwander made no attempt to correlate any of his results with‘the
previously published work by Silverman, and has analyZed noiéamples

in common with Silverman or with us, so the isotopic composition o£
his standard relative to others is not known. |

C. Carbon Tetrachloride Reaction:
Anothér'possible reaction is one of the type:

2MO + CClhf——%'2MCl + CO2

2
' The reaction is thermodynamically favorable at room temperature for
oxides of the alkalies, alkaline earths, and silica, and since Af%98

is positive, the values of AF become more negative at higher tempera-

tures.

| 2Mg0 + CCL, —> 2MgCl, + CO, 5 Fp0g 89,840 cal.

2Ca0 + CC1) —>2CaCl, + CO AFygg = -L8,800 cal.

2

Si0, + CCL, —> SIC), + CO, AFpgg = 22,700 cal.

The oxide sample was contained in an open crucible made of sheet
platinum. The crucible was heated to about 700°C by means of the induc-
tion furnace, in an atmosphere of approximately 100 mm, préssure of
carbon tetrachloride. After heating for half an hour, the,gasses wefe

pumped away, and the extent of reaction determined by the change in

weight of the sample. No attempt was made to isolate thé carbon
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idioxide produced. Since these experiments were conducted before there
was a mass spectrometer in the laboratory, no isotopic analyses could
“be made.
The reaction with carbon tetrachloride was attempted with oxides
of calcium, magnesium and silicon, with the following yields:
Mg0 —> MgCl, 100%
Ca0 — CaCl, 85%
Si0, ——>SiClu no detectable,reaCtion
Since no reaction could be observed with silicon dioxide, this
process was abandoned as a method for silicates (higher temperatures
cannot be used because of pyrolysis of the carbon tetrachlofide. How-
ever, this method may prove satisfactory for removal of oxygen‘ffom'the
oxides of some of the more active metals.
D..Isotépic Analysis of Carbonates
4The procedufe developed by'McCrea(S) was used for preparatidn of
carbon‘dioxide from carbonates. The sample is mixed in‘an evacuated
tube with 100% phosphoric acid, liberating carbon dioxide which is mass
analyzed. This process gives only two=thirds of the oxygen'present, and
causes a reprodﬁcible fractionation, the extent of‘which had not previ-
oﬁsly been measured. It is necessary therefore to extract okxygen from
é céibonate hy a method which removes all the oxygen and to compare this
oxygen with that formed by acid extraction. It was ho@ed thét this-would
" be done by the action of fluorine on calcite, but this‘has not yet been
successful. However, iron and manganese carbonates can be handled by
the carbon reduction method; and one sample of rhodocrocité‘(MnCO3) has
been analyzed this way. The difference in é for carbon/dioxide prepared

18/016

by the two methods was 10%0, with the O ratio greater in the acid-

prepared carbon dioxide., This value has been used as the amount by which
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~all carbonate analyses must be corrected in order that they be compared
to-the same zero as the quartz and magnetite analyses. It is not

_considered to be reliable to better than +0.5%..

EXPERIMENTAL RESULTS

Intfoduction:

There are several possible approaches in the investigation of
isotopic fractionation among mineral phases in a rqck. If a singlé
mineral pair is chosen, the equilibrium isotopic fractiénatiohfcan be
determined as a function of temperature by appropriate laboratory
experiments; then the analyses of natural samples»of‘the'Same minerals
can be interpreted on the basis of the experimentally'determined temper=
ature scale. Any approach which omits the study of equilibriuﬁ frace
tionation iﬁ\the laboratory can yield only qualitative results. Atithis
stage even qualitative results are very desirable if they show_whether or
not it is feasible to use oxygen isotope fractionation as é geological
tool for broceSses taking place at high temperatures. Thus 5ne éould
choose three minerais, A, B, and C, which occur togethef in maﬁy rocks
formed under a large variety of conditions. Then comparison of the
fractionation between A and B, B and C, C and A, wouldAshow wﬁether
the results were internally consistent, and in agreement'with other
geological evidence. The requirement of three such minerals which .
could be analyzed by the techniques available in this laboratory was
too stringent and a variation of this attack was used. One pair of
minerals was chosen, which were formed in the presence of,a,third phase,
an aqueous solution which we are not able to sample. Isotope analyses
of such samples will yield information if (a) the isotopic composition

of the water in equilibrium with all the minerals is constant, and -
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 (b) the amount of water is so great that its isotopic composition is

not cﬁanged appreciably by exchange with the solid phases. Then the

vtwo pieces -of experimental evidence for each rock, the isotopic compo-
sitions of the two minerals, should determine the two unknown quantities,
the isotopic composition of the water, and the temperature of equilibra-
tion. In this work two mineral pairs of this nature were studiéd:

(a) quartz and calcite, (b) quartz and magnetite. The choice was made
for the following reasons:

(a) quartz, calcite and magnetite can be analyzed isotopically
with a precision of 0.2%e or better;

(b) these minerals are formed under a widé range of geological
conditions and should, therefore, show a broad range in temperature of
formation;

(c) there exists an isotopic fractionation among these minerals
which is many times the error of analysis,

Selection of natural samples for this problem is an iﬁportant and
fairly difficult job. It is genérally not easy to demonstrate from geo-
logical evidence that the two mineral phases were crystallized at
equilibrium. Indeed, several samples have been analyzed in which it is
obvious that the quartz and calcite have been formed in two distinct
generations under different conditions.

Quartz and magnetite were analyzed isotopically by the carbon
- reduction method described earlier. Calcite and dolomite were analyzed
by liberating carbon dioxide with 100% phosphoric acid as described by
McCreagS)

Analytical Results

A. Quartz-calcite

All samples are described in the Appendix. The isofopic compo-
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B sitions of oxygen in quartz and calcite crystallized over a wide range
of temperature are given in Table XI.

| Table XI

Isotopic Analyses of Quart-Calcite Pairs
from Aqueous Environments

Sample # § «Quartz § _Calcite
1 33.7 26.0
2 28,9 22,0
3 23.6 17.9
N 22.0 17.1
5 18,5 14,8
6 23.6 19.0
7 17.0 12.1
8 11.3 8.2
9 12.0 9.5

Consider the system 5i0, - H,0 with an excess of water such that

2
isotopic exchange with silica does not change appreciably:the 018/016
ratio in the water. Let the value of & for the water be arbitfarily
given the value zero. Then at infinite temperature quartz in equilibrium
with this water also has <§Q = 0. At ordinary temperaﬁures, the value
of JQ is positive, becoming very large at very low tempefatures. An
entirely analgous situation exists in the system CaCO3 - H,0. Therefore
~in a system Si0, = céco3 = H,0, the value of & for both Si0, and CaCOy
will be large for low temperature and small for high temperature. Hence,
a smooth curve relationship can be expected if 88102 is plotted against
8§CaCl,, providing that the two minerals are formed at equilibrium with a

large amount of water of constant isotopic composition, Such a graph

for the natural samples analyzed is shown in Fig. 5.
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From the graph several conclusions can be drawn:
(a) There exists a measurable isotopic fractionation between quartz
and calcite, with 018 concentrated in the quartz phase.
(b) A line through the experimental points converges with the line
of zero fractionation ( §quartz = dcalcite) at the high‘temperature

end, in accord with our expectations.

Several samples have been analyzed which do not fall near the
curve of Fig. 5. The first group consists of minerals formed as coatings

in open cavities. The isotopic analyses for these samples are:

Sample # &-Quartz 8-Calcite
10 9.8 15.9
11 16.0 18.8
12 11.6 1.6
13 12,9 21.0

it is clear that in all these cases the quartz was crystailiZed at
considerably higher temperature than the calcite. This sequence of
crystallization is that deduced from studies of ore depdsits.
Another pair of samples fall off the curve significantly:
(14) This sample is a calcite-dolomite-quartz marble formed by
. recrystallization of the chert limestone (2) under the influence
of the intrusion of an igneous rock. (Leadville, Colorado).
(15) This is similar geologically to (13) but is from the Adirondack
Mountains, New York.,
The isotopic analyses are:
Sample # 8-Quartz 8-Calcite
14 22.7 20.5
15 25,7 22.5
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‘The points for these two rocks fall off the curve in the direction of
the line of zero fractionation. A plausible interpfetation is that
this represents a fairly high temperature equilbration in an environ-
ment without a large excess of watef. Without the possibility of iso=-
topic exchange with a large amount of water, the overall ithopiC
composition of the rock would not be as greatly changed as it would be
if water were present at this temperature,

The last group of samples which do not fall on thevcurve of
Fig. 5, contains samples in which the carbonate was dolomite
(CaMg(CO3)2) rather than calcite, |

The isotopic analyses are:

Sample # §-Quartz 8§ -Dolomite
16 23.1 22.3 (Palos Verdes,Calif.)
17 22,7 22.2 (Leadville, Colo.)
18 17.0 16.0 (Leadyillé, Colo.)
19 23.9 21.5 (Leadville, Colo.)

These points also fall between the curve and the line of zero fractiona-
tion., It is apparent that the phases dolomite and calcite behave
differently, either by having different fractionation relative to
quértz, or by giving a fractionation different from calcite in the
analytical procedure. The latter possibility can be checked in the
laboratory.

Fig. 6 is a graph similar to Fig. 5, but containing the results

of the analyses on all the samples 1 - 18.

B. An Isotopic Temperature Scale
In order to discuss the behaviour of an isotopic fractionation

factor as a function of temperature, it is profitable to consider the
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theoretical calculations made by Urey(l), and by Bigeleisen, Mayer.(2)
For exchange reactions involving gas molecules only,‘it is possible to
calculate the equilibrium constants by use of the observed vibrational
frequencies. In Urey's paper the results of such calculations for many
reactions are tabulated. |

According to the well known thermodynamic formula:

dinK = AH
i@ 7R

that is, 1InK is directly proportional to % only if aH is constant with

temperature. For isotopic exchange reactions, H is not constant, but
in general decreases at high temperatures. Graphs of 1nK vs % are shown
in Fig. 7 for the following isotopic exchange reactions, using Urey's

data.

(1) —.%;50216 + l(:10218 = 350,18 + 3C10, 16

~—

(2) 1,08 + 40,16 —=H,016 + ico,!®

*‘c”u

(3) 30,18 + 16 — 10,16 + 40,18

(L) 40,8 + 0016 = 30,16 + cot®

v‘

‘?’%

If these reactions are taken in pairs, and 1nK fof one reaction
plotted against 1nK for another, for points corresponding to‘equal
values of T, curves such as those in Fig. 8 are Obtainéd. Actually in
Fig. 8, the values of (K-1) are plotted instead of 1nK. These two
quantities are proportional within a few percent for 1<K <1.0L, as it
is for most reactioﬁs. |

In the treatment of the experimental data, the assumption will be
made that the curves analogous to those of Fig. 8 can be approximated
adequately by straight lines through the origin. It will be of interest
to extrapolate low temperature data to infinite temperature. From the

curves of Fig. 8, it can be seen that a linear extrapolation can result
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in erroré of as much as 8%e. Only the fact that independent sets of
data lead to theysame‘conclusion lends strength to the assumption
~ which has been made.
(1) Quartz-Calcite

Observation of the data on quartz-calcite samples as giyen in
Fig. 6, shows that the results of individual specimens may deviaté from
a simple relationship for three reasons: (1) lack of isotqpic equilib-
rium between the mineral phases; (2) formation with a small aﬁount of
water; (3) influence of chemical differences as in case of dblomite.
Samples for which the geological evidence indicates‘thatvoné of thése
factors is important have been avoided. Samples #1-9 inclusive have
been selected, since these are believed to consist of quartz ahd caicite
cryétallized together in equilibrium with a large quantity of water. It
is assumed that the isotopic composition of the water for the various
sampleé will not differ much from its average value 5w; Let»the isg—
topic composition of a quartz sample be 5Q and the isotopic fractiona-
tion between quartz and water be Bgy = (3 -8). The experimentally
determined numbers are ¢SQ and §.; we can then plot SQ = (AQW f‘SW) \}s
AqC = (6Q - BC); This is shown in Fig. 9. According to the:preVious
disqussion this curve is assumed to be linear, such that the intercept
én ﬁhe 5Q axis is equal to Sw. The equation for this line fitted'by
least squares is: <‘3Q = 3.1 + 3.95 AQC (1) | | |

From this we may conclude that the average isotopic composition
of the water with which the minerals were in equilibrium’is +3,1%0
relative to mean ocean water. Deviation of individual,poihﬁs from the
line are interpreted as due to variation in the isotopiécomposition éf
the water. The isotopic composition of the water associated‘witﬁ each

individual specimen is 3.1%. + the distance of the point above the line.
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The range of isotopic composition for water associated with the samples
analyzed is from -2%e to +5%. (Ocean water is 0%. and most fresh water
is about a?%..)(lé)
(2) Quartz-Magnetite

Magnetite (FeBOh) is a mineral which can be analyzed using tﬁe
carbon reduction technique. It also is found in nature in-rocké of
widely different tyﬁes. It occurs commonly as an accessory mineral in
igneous rocks and as a major or minor mineral in metamorpﬁic and hydro-
thermal rocks. Both quartz and magnetite have been analyzed from
rocks including granites, high- and low-temperature metamorphic rocks,
and the results are given in Table XII.

Table XII

Results of Quartz-Magnetite Analyses

Sample S-Quartz 8 _Magnetite AQM
20 16.5 2.0 1.5
21 16.2 2.0 1h.2
22 10.L -0,1 10.5
23 16.1 3.3 12.8
oly 1.8 3.7 - 11.1
25 12.3 L2 8.1
26 13.6 -0.1 13.7
27 12.6 0.8 11.8
28 12.0 2.9 ‘941
29 11.9 3.3 8.6
30 10.5 1.7 - 8.8
31 10.h 2.2 8.2
32 9.6 1.7 ‘7.9

33 8.0 0.6 7.k
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In a manner similar to that used for quartz-calcite, 5@ can be
plotted against Agy = & - 8y, and a straight line fitted by least
squares. Its equation is:

| cSQ = 3.1+ 0.89 &y (2)

This equation again gives 5W.= +3,1%s, suggesting that the
assumptions which have been made are valid. |

f’rom equation ‘(1\ we have: AQW = 3,75AQC (18

From equation (2) we have: AQW = 0.89AQWM (ZA).

AQM = [,.22 AQC. (3)

Using this scale factor, the data from both sets of samples can

be plotted on the same graph, as shown in Fig. 10.

This relationship has the following consequences:

(a) Both the quartz-calcite and quartz-magnetite systems will make
suitable geological thermometers. Before isotopic fréctiénation
can be used for quantitative temperature determination, it is
hecessary to calibrate the scales by laboratory experimeﬁts (see

Conclusions).

(b) A1l the samples analyzed appear to have been in equilibrium with
water of average isotopic composition = +3,1%., wiﬁh the maximum
deviation of about 5% . The fact that the points for seVeral mage
matic rocks fall on the same curve as the metamorphic and hydfof
thermal rocks is interesting. It can be concluded that the water
which was in isotopic equilibrium with the silicate melt as it

crystallized had this same isotopic composition of +3%e.

(c) The isotopic fractionation between water and magnetite is small,
AWM at room temperature «3,5%. (by extrapolation), and at several

hundred degrees A WM «~0.8%.. The isotopic composition of the
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magnetite in any sample then ought to be very nearly that of the
water from which the sample was formed. This simple means of
estimating the isotopic composition of hydrothermal water is of

great geological importance.

Discussion of Geologically Related Samples

A. leadville, Colorado

The Leadville limestone is an undeforméd formation of
Mississippian age (250 million years), which is 99% CaCOB, with re-
markably uniform concentrations of minor elements. Chert nodules
(microcrystalline quartz) are present in some beds of the liﬁestone.
These nodules probably formed at the same time as, or shortly after,
the formation of the limestone, and had opportunity to equiliﬁréte with
the same water‘fromAwhich the limestone was formed. There is also one
bed, only afraction of an inch thick, which contains detrital sand
grains, that is, fragments of older quartz which were mechanically
introduced into the limestone during its precipitation.

The limestone can be followed laterally into an afea of extensive
hydrothermal activity, where the calcite has been completely changed to
dolomite, the chert has recrystallized, and veins'containing lead, zinc,
and silver ores have been formed.

Samples have been obtained of chert and carbonate from the

unaltered limestone, and from a zone transitional into the mineralized
area, as well as recrystallized quartz in the area of most extreme

hydrothermal activity. The analytical results are shown in Tabie X111,

Table XIII
Unaltered = #2 Transition - #L  Mineralized - #3l
Si0p 28.9% ‘ 22,0 16.1

CaCo, 22,0 17.1 13.5
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The detrital sand bed was sampled in the unaltered limestone
and in the mineralized region.

Unaltered - #35 Mineralized - #18

Detrital Si0, +13.9 ' +17,0

The isotopic compositions of the unaltered chert and limestone
are those expected for silica and calcium carbonate in equilibrium with
water at low temperatures, and probably had isotopic coﬁpositioné close
to those of saﬁple #1 when originally formed. No calcium carbonate in
fossils as old as this has been found in which it can be shoWn:that the
isotopic composition has not changed since the shell was formed in the
ocean. It is likely that the present 018/016 raﬁio results'from ex~
change with ground water after burial of the sediments. o

The value of &= +13.9 for the detrital quartz is typical of that
for'matérial‘of igneous or high temperature vein origin. ;In~passing to
thefaréa of hydrothermal activity, both the detrital sand grains énd
~ the chert nodules have been recrystallized, and have undergone isotopic
exchange,>épproaching the same iéotopic composition frdm;both Sides, a
satisfactory criterion that equilibrium has been reached.

The same Léadville limestone can be followed in another;direction
tdka place where it has been completely recrystallized to forﬁ a coarse
ﬁhiﬁe marble by the high temperatures caused by the intrusion of a body
of igneous rock. The isotopic analyses here are: |

quartz  +22.7
calcite +20.5
dolomite +22,2  (samples #1lL and 17).
The quartz-calcite fractionation is small, indicating gfhigh‘témperature
of formation, and the small change of the isotopic composition ffoﬁ the

original suggests either that these samples were in equilibrium with a
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large amount of water of unusual isotopic composition (8= +1h.1%0),
or with a small amounf of water of unknown isotopic composition. The
~second alternative appears more likely and an estimate of the relative
amounts of water and rock can be méde. On the graph of Fig. lOQ sample
#1, would fall above the line by 11.3%s this, added to the average 6
to which the line corresponds, 3.1%e, gi&es the isotopic Composition of
water in equilibrium with the rock at the end of the’recrysﬁalliéation.
If the originél water oxygen is assumed to have been +3.l%.3'then it
has changed its 0L8/016 ratio by 11.3% by exchanging with the oxygen
of the carbonate and silica. The corresponding change of &'in the rocks
is about 1.5%s (from 22,0 to 20,5 for the calcite which constitutes
most of the rock). Then the ratio of oxygén in the water to Qﬁygen in
the'exchanged rocks is 1.5/11.3 = 0.13,.from which one can calculate
that thé weigh'ratio of water to carbonate rock is about 0.07. |

This calculation is intended only to illustrate the type of
conclusion which can be drawn from the data, based on geologfcally
reasonablé‘assumptions. In the éctual application of this appfoach to
a problem muph more extensive sampling and analysis would be necessary.
B. Iron Ores | |

- In spite of their very great commercial importance, and the
fesulting interest of many geologists, relatively little is knowniabout
the method of formation of most iron ores. Probably the main reasoﬁ
 for this is that the ores are usually very simple minefalogically and
texturally, so that little information can be derived from petrographic
or ordinary chemical methods. The minerals magnetite,,hemétite (FQQQB)y
and quartz appear to form a stable assemblage over a vast»range‘of rv
temperature and cbmposition. In this area, then, where quantitafive

data of any kind are so scarce, the study of oxygen isotope abundances



57
-may prove fruitful,

' With the cooperation of Dr. H. L. James of the United Staﬁes
_Geological Survey, a beginning has been made on the iron ore problem.
In a preliminary survey, several sémples typical of various kinds of
ore have been analyzed. Some contained silica with the ironkox;de,
others did not. Results of the analyses are shown in Table XIV, with
- James' geological classification of the samples, | |

Table XIV

Isotopic Analyses of Iron Ores

Geological classification : 7
Sample No. Magnetite Hematite Quartz Calcite

Vug minerals (low

temperature, probably

meteoric waters)
36 - =2.6 ‘
3T =7.8 =5.k O +20,2

Oxidized iron formation

(oxidation of carbonate,

presumably low temperature

Lo 1,0 :
b1 =242 +17.8

Primary iron formation

(in order of increasing -

metamorphic grade)
20 +2,0 . +16.5
21 +2.0 +16,2

38 +5.l
-39 ‘ O +2.7 +12.h
20 =0,1 +10.U

Pyrometasomatic ores
L2 +3ls
L3 +3.5 +6.8

Hydrothermal (high
temperature)
329)_‘. "2;8
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If these data are considered to represent the result of
equilibrium isotopic fractionation following these general rules:
*(1)£>QM is about 357. at room temperature, and decreases to 8%at
several hundred degrees, (2)13WM is of the order of one or two permil,
and therefore 5M;is an approximation to the isotopic compositioﬁ of
water in equilibrium with the crystallizing minerals; (3) the isotopic
- fractionation between mégnetite and hematite is probably yefy sméll,
due to their chemical similarity -- then the agreement betweee the
inferences from the isotope data and the conclusiong based on geological
evidence is remarkably good. In all cases but one (#43) the quartz-
magnetite fractionation puts the samples in proper relative-positiqns
with reSpect-to the geological ideas of the temperature of forﬁaﬁion.
It seems unreasonable that.ACM = 3,3 for sample #3 eould represent an
equilibrlum fractionation, and even here there is geological. agreement.
J. Hoover Mackin, U. S. Geological Survey, who collected the Spe01men
wrote gs follows, "...the quartz may have formed somewhat, later than
the iron, and is not necessarily blood brother to the ore." The 018/016
ratio of the quartz of sample #43 is unusually low; no explanatien is
offered for this. The value of 8y derived from the &M's, is aﬁouf +3%e
for the metamorphic and metasomatic rocks, but is much lower’for the
samples formed.from surface waters, which have an isotopic c0mpos1t10n
around «7%e (16) |

The quartZahemétite specimens were not used’in'chstruction of
the graph of Fig. 10, but the data from samples 38, 39, 11 all fall
close to the curve, indicating again that the magnetite{hematite
fractionation is quite small.

C. Granitic Rocks

The controversy over the origin of granite has not been settled
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 to anyone's satisfaction. In a large number of céses, it is not possible
to prove, using existing techniques, whether a granitic rock formed by
crystallization of.a silicate melt, or by replacement of pre-existing
rocks at a lower temperature, without the existence of a silicate melt,
Perhaps isotope studies can add one more piece of experimental evidence
which must be accounted for by any theory of the formation §f gfanites.
Quartz and magnetite have been analyzed from several granitic rocks,
some of which are probably truly igneous, others of which are believed
to be of metamorphic origin. The results are shown in Table XV,
| Table XV

QuartzMagnetite Analyses from Granitic Rocks

1. Igneous rocks.

Sample #  Rock type % Si0» in rock $Q SM A
33 Rhyolite 72 8.0 0.6 7oh
32 Granodiorite 73 9.6 1.7 749
31 Granite 7l 10.L 2.2 8.2
29 Granite - 11.9 3.3 - 8.6

26 Alaskite 76 13.6  «0.1 1347

2. Metamorphic rocks

.30 10.5 1.7 8.8

28 | 12,0 © 2.9 9.1
27 ) | 12.6 0.8 11.8

Among the magmatic rocks, both SQ and 8 increase as the
temperature of formation (given by leM) decreases. There is good
correlation between the rock type and the temperature sequence.
According to the principles of petrogenesis proposed by’BoWen(39),

the chemical composition of a silicate melt changes on partial crystal-
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'1ization; so that the proportion of silica in the remaining melt
increases. Therefq;e, the more silicic rocks are believed to have
-crystallized at lower temperatures,

Something can be said about the change in the overall oxygen
isotope ratio in the magma as material crystéllizes. Accordingfto
Silverman's data(29), the isotopic composition of granitic rocks is
“about +8%.. It is seen from Table XV, that magnetite crystéilizing
from a magma where 8-8%., has an isotopic composition of 8w +2%.,
that is, the fractionation between granitic magma and magnetite is about
6%s, and should increase as the temperéture of crystéliizatibn decreases.
The value of Spq itself increases as the temperature of formation de=
creases, so that the 018/016 ratio in the magmas must increase a§ they
evoive by fractional crystallization. That is, the early-forming
minerals must have a lower value of 018/016 than the magma from which
they>form, This is entirely compatible with Silverman's observation
that basalts and other basic rocks (formed early in magmaticzdifférenti-

0!8 than granites, although Silverman was not willing

ation) have less
to attribute this to the effects of fractional crystallization. He
writes, WIt is difficult to eXplain the higher Ols‘abundances jn granitic
rpgks as compared with the basic rocks. If the granitié rocks have
originated by differentiation from a magma, then on the basis of energy
considerations, the earlier crystallizing fraction, i;e. the basic focks,
| should be richer in the heavy isotope than the later ffactions (granitic
rocks )",

However the experimental work on silicon isotopes, éupported by
theoretical calculations(g), indicate that the 5130/5128iratioAincreéses

in a magma as it crystallizes. It is not unreasonable that oxygen

should behave similarly.
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Our data and conclusions are exactly opposite to those of

(31)

Schwander , who not only believes that isotopically heavy minerals
crystallize first,.but reports experimental numbers to back him up.
He says,

Es konnte festgestellt werden, dass bei der sukzessiven
Festwerdung eine Sauerstoffisotopenfraktionierung
stattfindet und zwar offenbar in dem Sinne, dass die
Produkte, welche in einem zeitlich fr#lheren Stadium
der magmatischen Kristallization augeschieden wurden,
einen h#hern 010 Gehalt aufwiesenals solche, die sp#ter
gebildet wurden,
This discrepancy cannot be discussed further, in view of the doubts
raised earlier concerning the validity of the data.

The data on igneous and metamorphic "granitich rocks‘do not
show any marked distinction between the two groups. Many mineréls from
a large number of the most clear-cut geological examples will have to
be analyzed before the usefulness of isotopic information:in this
prob;em can be evaluated.

D, Pegmatites

>Pegmatites are small bodies of rock, generally igneous and
granitic, characterized by the large size of the mineral crystals.
They are sometiﬁes interpreted as representing the last stages of
crystal lization of a silicate melt, and might therefore be expected
to show extremes in isotopic composition. Since magnetite and calcite
are not commonly found in pegmatites, other minerals were chosen to

" form a pair with quartz,which is very common, The results on several
rocks, all supplied by Dr. R. H. Jahns, are shown in Table XVI,

Table XVI

Isotopic Composition of Some Pegmatite Minerals

Sample # Mineral k) o
L5 Quartz 10.8
Columbite 2.0 8.l
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Sample # Mineral S AN
L6 , Quartz 943
Columbite 1.6 ToT
L7 Quaftz - 10.0
‘ Ilmenite -0.5 10.5
L8 Quartz ' 6.5
Ilmenite =20 8.5

The values of §& for'columbite'((Fe,Mn)(Nb,Ta)goé) and ilmenite (FeTiOj)
are probably a little higher than would be the correspondiﬁg valué for
magnetite (see samples #26 and #27). These results then fall within the
range of the other igneous rocks which have been studied, and show no
striking irregularities. The possible exception to this is sample #hB,
which contains quartz with the smallest value of & as yet observed in
a natural sample. ‘
Some‘pegmatite bodies are zoned, containing different régions
distinguished by their crystal size and mineralogy. Theré is’gobd
eﬁidénce that some of these bodies have formed by crystallization from
a melt from the outside toward the center. Samples from_égccéssiﬁe
- zones might show the trend of the isotopic composition dﬁring,crystai-
lization. Specimens from three zones of the New York Pegmatite, Custer
Co., South Dakota were supplied by Dr. M. L. Keith of the Penﬁéylvénia
State University, and are described in a paper by Keith’aﬁd,Tuttle(37)
in which the temperature of inversion to high quartz was measured for
~a large number of samples. The isotopic composition of‘quartz from the

three successive zones is given in Table XVII.
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Table XVII
Isotopic Composition of Quartz from a Zoned Pegmatite

Keith and Tuttle's

Saméle # Sample # b %

L9 1,8-1 13,9 outer zone
50 8-, 13.1 “
51 118-3 13.3 inner zone

The variation among the three samples is not great. A sample of the
pure quartz core of the pegmatite was not available.
E. Rhyolites and Porphyries

Rhyolite is a fine-grained rock chemically similar to granite,
It may contain some large crystals, phenocrysts, of some of the minerals
in the rock. This texture is developed by rapid cooling of a gfanitic
magma, frequently as a result of volcanic action. Granite porphyry is
a rock of granitic composition in which the grain size of one minéral
is much larger than that of the others in the rock. Both.theSe rock
types represent a different cooling history from that of a normal
igneous granite. Keith and Tuttle(37) have found that the averége
inversion temperature of quartz from a large number of rhyolites and
porphyries is less than the average of quartz from a large nqmber of
granites by about 1°C. Their conclusion is that the granites had
undergone recrystallization at some temperature below their temperature
~of formation, while the more rapidly cooled rocks had not. The results
of isotopic analysis of three of these quartz samples, donated by Dr.

Keith, are shown in Table XVIII,
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Table XVIII

Isotopic Composition of Quartz from Rhyolites and Porphyries

Sample # Keith and Tuttle's j
Sample # 8 %o
52 | 4919 granite porphyry 1156’
53 h9~25 rhyolite 10.3
sk o 49-106 intrusive porphyry"9.7

These values are in the range of quartz from granites,' Apparently’
the different cooling histories of these rocks compared to deep-seated
granites, have not eaused any observable differences in the:oxygen
isotopic composition of the quartz.
F. Vein Quartz
Also from the collection of Keith and Tuttle came four samples
taken at different elevations in a quartz vein of the Wright~Hargreaves
Gold Mine, Kirkland Lake, Ontario. The isotopic analyses and depths
below the surface are given in Table XIX, T
Table XIX
Isotopic Composition of Quartz from a Gold-bearing Vein

Keith and Tuttle's

Sample # Sample # Depth (ft.) " 8%

55 , 119=171 1000 . 12;7
56 [,9-173 ; 3000 11,9
57 h9-175 5100 12.5
59 L9-179 6150  11.1

This series indicates the type of variation which may be expected in a
large hydrothermal process. The variations may reflect temperature
changes or local changes in the isotopic composition offoxygen‘in the'
hydrothermal fluids. The average value of §= 12%is low for vein

quartz, suggesting a fairly high temperature of formation, of the order
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CONCLUSIONS

Thebrelative merits of the carbon redﬁction method and the
fluorine oxidation method (or its modifications using chlorine tri-
fluoride or bromine trifluoride) can be evaluated. For compoundé for
which it is useable, the carbon reduction method works vefy Qell, giving
igood yields of oxygen with isotopic reproducibility of 0.2% or better.
This technique, however, cannot be used for samples containiﬁg appreci-
able amounts of alkalies, alkaline earths, aluminum, zinc, lead or other
metals which do not have stable carbides, and which are volaﬁile in
vacuum at 1500°C. This restriction eliminates a large number of inter-
esting materials. The fluorine procedure on the othér hand, iéfmuCh
less limited in the compounds which can be attacked, the only tréubie-
some element known being iron. The disadvantage with the'fluofine
procedure is its inherent susceptibility to contamination by fofeign
oxygen, which will probably make the reproducibility of this ﬁéthéd
poorer than that of the reduction method. ;

Wherever possible it is of great importance to test ﬁhé various
analytical procedures by running identical sampleé byvvéry different
techniques and in different laboratories.

The results of isotope analyses of two mineral pairs,Aquartz—
calcite and quartz-magnetite, show consistency among the samples of
each group, consistency between the two groups, and consistency with
the geological evidence concerning the specimens analyzed. Either of
the two fractionations studied should serve as a satisfactory thermom-
eter for geologic events of the past, and certainly many other mineral

pairs may be found to be as good. At present, only semi-quantitative
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: estimates can be made of the actual temperature to which a measured
isotopic fractionation corresponds. The next step in this field,
therefore, will be the establishment of the relationship between temper-
ature and the equilibrium isotopic fractionation in the systems quartz-
water, calcite-water, quartz-calcite, quartz-magnetite, etcf This
problem can be attaoked by means of the high temperature, high preésﬁre
“apparatus commonly used for mineral synthesis and phase stgdies.
Preliminary, and so far unsuccessful, experiments toward this énd~have
been carried out. In cooperation with the writer, Dr. H. S. deer of
the Geophysical Laboratory, Carnegie Institution of Waéhington has
attempted to prepare quartz and magnetite at isotopic equilﬁrium in'a
bomb at 750°C, and 1000 bars of water pressure. In his first eiﬁerihent,
Yoder synthesized quartz and magnetite by reaction of water with ele-
mental éilicon and iron; the isotopic analyses indicated‘ﬁhat~equilib—
riumthad not been reached. In the second experiment, previoqsly |
analyzed quartz and magnetite were held at 750°C with water to see
whether thére was isotopic exchahge. Both quartz and magnetite ﬁere
exchanged somewhat after a week, but were still fér from equilibrium.

It is planned to éarry on these exchange experiments both at the Geo-
ph&éical Laboratory and at the California Institute, to‘determine the
eéuilibrium fractionations for as many systems as are geologiCally
interesting. |

At the present time, other "geological thermometers" are being

developed, all based on the changes with temperature in éolubility of
one component in a solid solution, Kullerud(hl) has a thefmbmeter using
the concentration of iron in sphalerite (ZnS). Buddingtén’s(hz) scale
is determined by the concentration of titanium in magnetite; Goldsmith(h3)

uses the concentration of magnesium in calcite. TFor a temperature
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  determination by one of these methods to be valid, one must be able to
demonstrate that the system was saturated with respect to the trace
element, by showing that this element was forming its own mineral in
equilibrium with the solid solution'being studied. It‘is better to
measure the distribution of a trace element between two phases as a
function of‘temperature. This method then approaches the'sfable iso-
tope method, if the rare isotope is considered as the trace element.

The results of the various methods have not been crossuﬁhecked;
this will give a good indication of the validity and relative merits of
the various techniques. But in general the oxygen iSotope meﬁhod will
have a broader application since almost all impoftant roCkqurming v
minerals have oxygen as a major constituent. Stable isotopes éléo 
often serve as natural tracers to point to the origiﬁ of material.
For insﬁance; if it can be established with certainty'thaﬁ the oxygen
isotope ratio in hydrothermal solutions has a certain value or narrow
range, then postulates for the origin of these solutioné must?be able
to explainvthis isotopic composition. The use of isofopzs as natural
tracers in geological problems can be applied as a test of many existing
theories of the‘formation of rocks and ore deposits.

The frozen-in distribution of oxygen isotopes among the mineral
phases in a rock can reveal the phyéical—chemical conditions under which
the rock was formed, and in favorable cages can tell the soﬁfce of the

" material or type of process involved.
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PROPOSTITIONS

(1) It thfare was ever chemical equilibrium in the matter which forms
thé earth, there must havé been no ferric iron. The major processes
causing fo.ma‘bion of +3 iron in the crust of the earth appear to be

(1) oxidation by oxygen of the atmosphere in the weathering of roéks,

and (2) oxidation by Water(l) according to the equation:

Fe*™ + Hy0 — Fe*™** « 1/2Hy + OH~

The following reactions can be considered:

1. 3FeSi03 + HoO —> TFe30) + Hy + 3510 ATygg = +12,0L0
AFlOOO - 'i').L).L,OOOn
2. 3FeySi0) + 2H0 —> 2 Feq0) + 2Hy + 3810p A Fpgg = +6,680

AFlOOO = "‘*30,000.
3. 3PepSi0) + MgySiO) + 2H;0 —> 2Fe30), + 2, + 6lgSi0y
- ATpgg = =59,920
A F1000™" =95,000.

These data show that water is capable of oxidizing ferrous iron
in a material containing olivine ((Fe,lig),S8i0)) but not in a more acid
rock, which contains only pyroxene ((Fe,Mg)SiOB).

In silicate melts, we know, from observations of lavas at the
surface, from the compositions of observed deep-seated rocks and from
iabora'tory experiments, that the first iron bearing minefals to crystal-
lize are olivine and minerals of the spinel type (magnetite, chromite).
These minerals have a lower ratio of Si/0 than the melt, and the melt
therefore becomes more acid, i.e. the Si/0 ratio increases; This goesb

on until the crystallization of olivine ceases, and the olivine then



reacts with the more acid magma to form pyroxenes:

FeZSiOh + 5i0, —> 2FeSi03

If we.start with a basic magma, from which olivine can crystal-
lize, it should react with any water present until (a) the water is all
gone, or (b) until the crystallization has proceeded to the stagetwhere
the magma is too acid to permit the reaction to continue.

This type of process should have the following consequences:

(1) There probsbly is no "primary magmatic water"; the water found in
igneous rocks has been derived from the surroundings after the.magma
had become sufficiently acid to tolerate water. Chemical analyses of
olivine bombs and dunites (rocks largely olivine) show water to be very
low (<.01%).

(2) The amount of ferric iron in an igneous rock is determined by
the history of the magma while it was still basic, and becomes fixed
at»a dertain point in the evolution of the silicate melt. Froﬁ this
some light may be shed on the origin of magmas.

(Lgordschmidt, V. M., Geochemistry, p. 657. Oxford University

Press. London, 195l.
(2) \ Quantitative analysis of oxygen in most organic compounds can
be done by an isotope dilution technique, involving combustion‘df the
sample in oxygen enriched in 018, followed by isotopic aﬁalysis. Witﬁ
éxisting techniques, the amount of oxygen in a specimen could be determined

within better than 0.5 micrograms.

(3) Commercial fluorine contains as impurities: hydrogen fluoride, -
about one percent, and oxygen, .5-20%. If the gas is to be used for

liberation of axygen for isotopic analysis, its oxygen contamination



82w
ﬁust be reduced to as low a ievel as possible. It is proposed that the
reaction:
2FeF3 + 3/20p —> TFepO3y + 3Fp

be used to remove oxygen from fluorine.

(L) ' In the preparation of synthetic minerals, and the study of the
phase relationships among campounds, it is not al#ays easy to determine
whether chemical equilibrium has been established. Since chemical
equilibrium is a prerequisite for isctopic equilibrium, the measurement
of isotopic fractionation between phases might be used as a criterion

for chemical equilibrium.

(5) In Urey's paper in 19h7(1) theoretical equilibrium constants for

a largé nqmber of isotope exchange reactions were given, based on observed
molecular vibration frequencies. A large number of the reactions have
been investigated experimentally, and good agreement has been found in

all cases but one:
BlO
(1) ()

For this reaction Urey calculates an equilibrium constant of

~10 11 - CLll
B-Yc1 4+ B-C1 c1 B+C1
3 3(e) T 7 3e) 77 T3q@)

1.01L, whereas Green and Martin(z) measured the constant as 0.9962.
Urey's calculation was based on the Raman spectrum data of Anderson,
Lasgettre, and Yost(B), who determined the fundamental vibration fre-
quencies of boron trichloride in both the liquid and vapor, aﬁd for both
boron isotopes. It is very difficult to see how the calculation can be
wrong for this case.

It is proposed that the relative vapor pressures of.BlOCIB and
B11013 be further investigated, with particular attention‘to'(l) the

method of isotope analysis (using mass spectrometer rather than neutron
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absorption) and (2) the effect of the chlorine isotopes on the fraction-

ation of boron isotopes in the fractional process.

(LDyrey, H. C., J. Chem. Soc., 1947, 562.
(2)green, M. and Martin, G. R., Trans. Far. Soc. L8, L16 (1952).

(3)Anderson, Lassettre, and Yost, D. M., J. Chem. Phys. L, 703 (1936).

(6) In the geochemical cycle of carbon, carbon is removed from the
ocean-atmosphere system by burial in sediments, and is added to‘tm‘.s
system by weathering of rockss. One important piece of information
necessary for quantitative treatment of the cycle is the isotopic com~
position of "juvenile" carbon, the carbon brought to the sﬁrfé_ce of “bhe
earth by igneous rocks. Former estimates of its composition were. baéed
on carbon dioxide from volcances and hot springs, or on graphite or
small amounts of carbonate in igneous rocks. These sources of carbon
are very iikely to contain large and probably overwhelming amounts 6f
non~juvenile carbon gathered as the rock was emplaced and later weathered.
It is proposed that a more reliable source would be carbon substituting
in silicon positi_ons in the structure of a silicate mineral. This could
be extracted only by drastic treatment on the minerals dissolution ox
melfing, in a system in which very small amounts of carbon dicxide could

be collected.

(7) Alloxan (I) forms two hydrates (II) and (III)}

e Q HO\C/OH
c c
AN s N
un” R N ONw HN NH
| \ | (\: | |
o”c‘“c’c‘\o o”C\ 7 Yo Ho-C ,C{'O“
" A wo ¢ Tou
fo) Ho' OH 7\
HO OH

I=|
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It is proposed that the structure of (I) involves a planar ring;
that hydrate (II) is formed because of the effect of the two adjacent
carbonyl groups, as in mesoxalic acid; and that the resulting tendency
to achieve tetrahedral configuration permits hydration of the other
three carbonyl groups to give the tetrshydrate (II1), which should have

a puckered ring.

(8) It was found that carbon dioxide and fluorine do not react at
500°C in a period of two hours (see page 17 of the thesis). The avail-
able thermodynamic data given in the National Bureau of Standards
Circular No. 500 gives AF298 for CFM = =151.8 Kcal, and AF298 for
€0y = =-9La3 Kcal, THence aFpgg for the reaction is ~57.E Kecal. Using
the heat capacity data tabulated by Kelley(l), aFrqq is caleulated to
be ~l3.1 Keals It is highly unlikely that the reaction would be tco
slow to observe, especially since the carbon dioxide is formed from
solid calcium carbonate in the presence cof excess fluorine. It is pro-
posed that the reported heat of formation of carbon tetrafluoride(e) is
too great by perhaps 50 Kcal/mol.

The value of the heat of formation of carbon tetrafluoride can
be 5etermined by the measurement of equilibrium concentrations in the
system COp~CI)~0p~Fp at temperatures around 300-LCOCC.

Estimating;.AH‘for carbon tetrafluoride as -112, taikcing the heat
of dissociaticn of fluorine as 38 Lcal, and the heat of sublimation of
graphite as 120 Kcal, the energy of the C~F bond in carbon tetraflucride
is calculated as 78 Kcal (compared to C-Cl = 66.5, C-Br = 5L.0, G-I = L5.5
and C-F = 107.0 as given by Pauling).

(1)Kelley, K. Ku, Us S. Bureau of Yines, Circular No. L76, (19L49).

von artenberg, H., and Schutte, R., Z. anorg. Chem. 211, 222 (1933).

(3)Pauling, L., Nature of the Chemical Bond, p. 53, Cornell University
Press, Ithaca. (19L8).
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(9) Tt is proposed that the formulas of hydroxide complex ions (amphoteric
anions) in solutien, such as stannite, stannate, plumbite, arsenite, arsenate,

chromite, zincate, etc. be determined by an 018 tracer method.

(10) The Chemistry Division library is inferior to other department
libraries on the campus in several respecta.' It is proposed that it
could be made a more comfortable place to work if (1) the temperature

were better controlled and (2) more comfortable chairs were provided.

One could also work more efficiently if some periodicals now found only

in the Physics library were duplicated in the Chemistry library (e.g.
Proceedings of the Royal Society, Naturwissenschaften). The non~periocdical
book section is too small. The libraries of the Divisions of Biology and

Geology would serve as good examples to be copied.



