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ABSTRACT

018/016 and D/H measurements were made on a
variety of sedimentary rocks and minerals, with special
emphasis on the fine-grained, predominantly clay mineral
fraction of the sediments. The interlayer water was
removed from clay minerals prior to the isotoplc analyses.
Precision of the measurements was generally + 0.2 permil
for oxygen and + 0.3 percent for hydrogen. In the case
of zeolites the reproducibility was less constant because
of difficulty encountered in removing zeolitic water.

Listed in order of decreasing teandency to
concentrate 018, the sedimentary minerals for which such
data are avallable and thelr approximate isotopic frac-
tionation factors relative to water at sedimentary temper-

atures are:

0x hy
mineral amineral—HzO CImineral-HQO
quartz 1.034
alkali feldspar 1,034
phillipsite 1.034
montmorillonite 10273 0.938
kaolinite 1.0265 0,970
glauconite 1.,0263 0.926

manganese nodule 1015 0.923
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Mineral - water fractionations are related to
the types of chemical bonds in the minerals,

Clay minerals which form under sedimentary con-
ditions appear to form in isotopic equilibrium with their
environments. Subsequent i1sotopic exchange may occur
easily at elevated temperatures, but only extremely slowly
at low temperatures.

Ocean sediments which are detrital in origin
have isotopic compositions reflecting the fresh water origin
of thelr clay minerals. There is no evidence for any iso-
toplc exchange of detrital clay minerals with the marine
environment in any of the ocean cores studied. (The sed-
iments could be as old as 250,000 years as determined by
ionium-thorium method.) Marine sediments which have large
authigenic components are generally enriched in 018, re-
flecting the presence of phillipsite ( 8 O18 = +34 permil
and montmorillonite 8 O18 = +29 permil). However, those
containing a high concentration of iron and manganese
oxide may be isotoplcally light. (A manganese nodule had
o) 018 = +15 permil,)

The isotopic compositions of the clay minerals
of ocean sediments are compatible with a weathering origin
for a kaolinite and a metamorphic or diagenetic origin for
chlorite, Montmorillonite and i1llite are primarily of
.weathering origin but both of these minerals may have

diagenetic components.



vi

There 1s no evidence for any isotopic exchange of
sand-sized quartz or feldspar in the sedimentary environment
and these minerals may be used as indicators of provenance
in sediments. The presence of a large authigenic feldspar
or quartz component may be readily detected by oxygen iso=-
topic analysis. An authigenic feldspar had an 018/016 ratio
ten permll greater than igneous feldspars.

Calculations have been performed to determine
the effect of weathering and the formation of sediments on
the isotopic composition of the hydrosphere. It is con-
cluded that those processes could have depleted the hydro-
sphere 3 permil in 018 and enriched it 0.03 percent in

deuterium through the course of geologic time,
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CHAPTER I

INTRODUCTION

1.1 Statement of the problenm

Variations in the oxygen isotope ratios of rocks
and minerals have been used for some time as an ald to
understanding a wide variety of geologic processes. To a
much lesser extent, variations in hydrogen isotope ratios
have been applied to problems in the earth sclences.

A number of studies of oxygen isotope variations
in sedimentary carbonates have been made by previous in-
vestigators (Epstein et al. (34), Degens and Epstein (26),
Keith and Weber (56) and others), and these have led to a
greater understanding of the geochemistry of carbonates.
However, prior to the present study, only a small body of
data had been obtalned pertaining to the stable isotope
geochemistry of non~carbonate sediments. Silverman (93)
showed that oxygen isotope ratios of silicate minerals in
sedimentary rocks are indicative of thelr modes of formation,
Unweathered detrital components from lgneous and metamorphic
rocks generally contaln less 018 than those which have a
low temperature origin since equilibrium isotopic frac-
tions between minerals and water usually are greater at low

temperatures than they are at high temperatures,
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Prior investigations have also indicated that
lsotopic exchange may occur in sediments which have not
undergone metamorphism, Degens and Epstein (27) found
that ancient fine-grained marine limestones and cherts
often undergo a change of oxygen isotopic composition
without showing any obvious metamorphic features,

18/616 ana D/H ratios

In the present study, the O
were measured in a wide variety of sedimentary materials
(rocks, minerals, and unconsolidated sediments). An
attenmpt was made not only to establish the range of var-
lation of isotope ratios but also to investigate the fac=
tors which determine these ratios. In particular, it was
of interest to determine whether minerals which are formed
under sedimentary conditions are formed in isotopic equili=-
brium with thelr eavironments and under what conditions
they undergo isotopic exchange. An attempt was made to
determine under what conditions the isotoplic compositions
of minerals could be used as indicators of provenance in
sediments, under what counditions the isotopic compositions
could be used as indicators of the environment of formatlion
or deposition of sediments, and under what conditions tThe
lsotopic compositionscould be used as indicators of the
post~depositional history of the sediments in which they
occur,

Finally, most sedimentary geochemical processes

involving the formation of minerals result in the pre=-
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ferentlal removal of the heavy isotopes of oxygen and the
light isotope of hydrogen from the hydrosphere. Using the
isotopic data of the present study it was possible to re=
fine calculations of the effect of the formation of sed=
iments on the isotopic composition of the hydrosphere
throughout geoiogic time.

1.2 erminology and notation

PRI

Before embarking on a discussion of stable iso-
tope variations in sediments it is desirable to define a

few terms and symbols,

e 3-values
All isotope ratios are reported in the §nota-

tion. The & =-values are defined in the equations below

o —

016 016

samp s
S 018 = X 1000
18
0
L (59) .
G std
"y i ” —
H samp 2 std
3D = X 100
D
L Hsta |
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Oxygen 1s reported as per mil deviation from
the standard while hydrogen 1s reported as per cent devia=-
tion. In both cases the standard reported throughout this
work is standard mean ocean water (SMOW), as defined by

Craig (19).

B, Fractionation factors

The fractlionation factors between two compounds
or phases containing oxygen or hydrogen are defined by the

equations

018
ox <E’T> A hy

and (Q
A=B

~ N
i
N
b

—
mio
N
o]

where A and B denote the compounds or phases. The frac-

tionation factors are related to the 8'5 by the equations

A
18 A
v 18080 h 3D
ox N 1 + )
a = and (Q = 00
18
400 By
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C. Sedimentary and diagenetic processes

Throughout this work the terms "sedimentary"
and "diagenetic" are frequently used. Sedimentary proc-
esses are those which occur at or very near the earth’s
surface or the sediment - water interface, such as weath=
ering, transportation, sedimentation, precipitation from
solution at or above the sediment - water interface, etc.
Diagenetic processes are those which alter the sediment
physically or chemically, mineralogically or isotopically
after formation and burial. There 1s a2 gradation between
sedimentary and diagenetic processes and between dliagenetic

and metamorphic processes.



CHAPTER II

HISTORICAL BACKGROUND AND PREVIOUS WORK

2,1 ZEarly work
In the years following the discovery of the two

heavy isotopes of oxygen (Giauque and Johnston (42)) and
the stable heavy isotope of hydrogen (Urey, Brickwedde and
Murphy (106)) a number of searches were made for variations
in the 018/016 and D/H ratios of naturally occurring mate=-
rials, Most early measurements used density technigues,
The precision of these methods was generally so poor as to
obscure most of the isotopic variations which occur in
nature. They were sufficiently sensitive, however to
detect a difference between the oxygen of the atmosphere
and that of fresh waters (Dole (29), Smith and Matheson
(95), and others). By the early 1940's enough carefully
performed density measurements had been performed so that
it was known that the oxygen of Atlantic Ocean water was
richer in 018 than that of Lake Michigan water which was
in turn richer in 018 than that of atmospheric water (Dole
(28)), and that the oxygen of carbonates was heavier than
that of "normal" waters while that of oxide minerals was
the same as "normal" waters (Dole and Slobod (30)). It

had also been determined that fresh waters contaiﬁed less
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deuterium than ocean waters (Swartout and Dole (97)).

The earliest mass spectrometric attempt'to
measure variations in the 018/016 ratio of silicates was
that of Manian, Urey and Bleakney (67). They extracted
oxygen from granitic rocks and meteorites by reacting then
with a mixture of carbon and carbon tetrachloride., The
precision of the method was 2.5% and they found no sig=

nificant isotopic variations.

2.2 JIgneous and metamorphic rocks

Refinements in mass spectrometric techniques by
Nier (75) and McKinney et 2l. (70) made available an in-
strument capable of measuring 018/015 ratios relative to
a standard with a precision better than #0.1%,. This new
tool provided the impetus for the development of improved
chemical techniques for the removal of oxygen from sili-
cates and oxides for measurement in the mass spectrometer.
The methods used are based either on reduction of the
oxygen with carbon or on oxidation with fluorine oxr flu~
orine~containing compounds. These techniques have been
reviewed by Taylor and Epstein (103), Clayton and Mayeda
(15), and Garlick (39) and will not be discussed further.

Some of the results of the studies of igneous
and nmetamorphic rocks and minerals are of importance in the
present study, as they relate to the source materials for

sediments., They will be reviewed here.
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Baertschi (3) analyzed the oxygen in a wide
variety of lgneous and sedimentary rocks with a precision
of 1.5%.., He found that the oxygen of the igneous rocks
had an isotopic variation of only 4.5% and that the igne-

18

ous rocks contained about S5%.more O than Hawallan sea

water, All the igneous rocks were depleted in 018 rele-
ative to the sediments, Silverman (93) measured more
samples with better precision and found essentially the
gsame results. He also measured a sulte of metamorphic
rocks from Duchess County, New York and found a trend of
decreasing 018/016 with increasing metamorphic grade.
Taylor and Epstein (103, 104) carried out a major survey
of the oxygen isotopic composition of igneous rocks and
minerals., They concluded that the total variation in
whole - rock analyses was only 4.5% . The basic rocks
were lighter than the more acidic ones, 0f greater sig-
nificance to the present study was the finding that
regardless of the igneous rock type from which a mineral
was taken, 1ts isotopic composition could be predicted
within a very narrow range. Quartz was invariably the
heaviest mineral ( O = +10.5 %. relative to Hawailen sea
water) and magnetite was the lightest ( S = +2%, ). Feld-
spars fell in a range 1 or 2 permil 1lighter than quariz,.
Metamorphic rocks have been analyzed by Silver-
man (93), Taylor and Epstein (103), Taylor, Albee aud
Epstein (100), Garlick (39), and Garlick and Epstein (40).
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These investigators reported much wider variations in
018/016 ratios than exist in igneous rocks, and also found
that the oxygen of metamorphic silicate rocks is generally
heavier than that of igneous rocks. 'Isotopic fractiona-
tions between minerals are generally related to meta-
morphic grade,

Hydrogen isotope variations in igneous and
netamorphic rocks have been measured by Godfrey (43) and
Taylor and Epstein (101). Godfrey found a wide range of
variation of D/H ratios in rocks from the Sierra Nevada
and Yosenite Natlonal Park., Taylor and Epstein re-
ported measurable D/H fractionations between coexisting
minerals and suggested that there exists at least a rough
correlatlion between fractionation and temperature. They

found no relation between 018/016 and D/H ratios.

2.3 UNaters
Virtually all weathering processes take place

in the presence of water. MNany of these processes include
hydration reactions, In additlion, most sediments are
transported by water, deposited in bodies of water, and
subject to cementation and diagenetic changes in the
presence of either trapped or moblile ground water. It
should be expected, then, that the isotoplc composition

of these waters would have a bearing on the isotopic

composition of the sediments, There is a large body of
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data on the isotopic composition of natural waters, and
a few of the more pertinent points will be reviewed,
Epstein and Mayeda (35) demonstrated that there
was only a narrow range of oxygen isotopic composition of
deep ocean waters, and they showed that fresh waters were
isotopically very variable, all being lighter than sea
water and having a total 015/01% range of about 45%..
Friedman (37) measured hydrogen isotope variations in a
variety of waters, and found a linear relationship between
the oxygen and hydrogen isotope ratios. Craig (20) meas-
ured the 018/016 and D/H ratios in a very large number of
meteoric waters and showed that for nearly all samples
except those from closed basins and hot springs in which

evaporation was an important factor, the relationship
Sp (%) = 0.8 80" (2.) + 1.0 (2-1)

was valid. This relationship depends to a large extent on
the presence of both oxygen and hydrogen isotopic equili-
brium during evaporation and condensatlon processes. It
has been discussed in detail by Cralg, Gordon and Horibe
(21).

Clayton et al. (14) have shown that the waters
of Dbrines from oil fields in Michligan and Illinois do not
fall on the line described by equation (2-1). They in=-
terpret thelr data as demonstrating oxygen isotopie €X=

change between meteoric water and marine carbonates in a
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closed system where the amount of water was small enough
so that the exchange markedly changed the isotopic com=-
positions of the waters as well as that of the minerals.
It should be expected that the isotopic com-
positlons of most waters encountered in sedimentary

processes may be described by the relationship
8o (%) =0.8 80" (%) + 1.0

However, in some cases, non-equllibrium evaporation or
exchange wlth rocks may drive the isotopic composition

away from this line,

2.4 Laboratory studies of isotopic fractionations
A number of experimental studies of equili-

brium oxygen isotope fractionations between minerals and
water have been performed by several workers., Ixper-
imentally determined fractionation factors are shown
graphically in figure 1 for the following minerals with
water: quartz, feldspar, calclte, muscovite, magnetite,
and phosphate,

Clayton (12) and O'Neil and Clayton (77) have
shown that the logarithm of the calclte - water frac-
tionation féctor varies linearly with 1/T2 over a tenm~
perature range 0°C to 750°C., This is in accord with the
theory of isotope fractionations which is discussed in
Chapter 3. The high temperature data of other mineral -



12
Temperature °C
\00

)
>
0
0,
-7,
%
49,
%
42
%

H
H

401

(o]

N

X

&

2

k-

BE

e}

£

o

o

o

-4 1 1 1 K 1 1 1 1 1 1 1 1 1
0 } 2 3 4 5 6 7 8 9 10 I 12 13 14
10° (°k™®
_Tz_
Figure l. Experimentally determined values of mineral-water oxygen

isotope fractionations factors linearly extrapolated to low tempera-

tures



13
water fractionations have been fitted to curves in 1000
in g, and 1/1‘2 by least squares methods, and these curves
have been extrapolated to low temperatures. The extra-
polated curves should be expected to yleld at least
semi-quantitative data on equilibrium fractionatlions under
sedimentary conditions, This has been done for the quartz =
water data of Clayton, O0'Neil and Mayeda (16), the feld=
spar - water data of 0'Neil and Taylor (80) and the
muscovite - watér data of 0'Neil and Taylor (79).

0'Neil and Clayton (77) studied the magnetite =
water system between 400°C and 800°C., By combining their
experimental data with an observed fractionation between
a magnetite chiton tooth they were able to describe the
nagnetite - water fractionation between 9°C and 800°C,

Longinelli (64) has measured the phosphate -
water fractionation in mollusc shells grown at a range of
low temperatures,

The experimental and extrapolated oxygen isotope
fractionation data indicate that at low temperatures
fractionations between minerals may be very large (up to
25 per mil or more). Minerals in isotopic equilibrium
with most natural waters can be expected to be isotopically
heavier than igneous and metamorphic minerals. 4lso,
there 1s a much larger temperature dependence of frac-
tilonation factors at low temperatures than there is at

high temperatures,
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Preliminary experiments on hydrogen isotope
fractlionations 1n the serpentine - water system by Epstein
and 0'Neil (unpublished data) indicate that at temperatures
of 200°C to 400°0 the water is approximately 2% richer in

deuterium than is the serpentine,

2,5 Sediments

The carbonates were the first group of sed-
imentary minerals to be studied isotopically with modern
methods. In conjunction with the paleotemperature scale,
McCrea(69) and Epstein et al. (34) developed reproducible
analytical techniques for the acid extraction of CO,
from carbonates. Epstein et al. (33, 34) showed that
many calclite secreting organisms laid down their shells in
isotopic equilibrium with the water in which they grew.
They could thus be used as indicators of the temperature
of the environment of growth,

Degens and Epsteln (27) examined the oxygen
isotopes in.a large number of coexlsting marine carbonates
and cherts, formed throughout the range of post Precambrian
tines. They observed a marked trend for the oxygen of
better preserved carbonates and of coexisting cherts to
become lighter with increasing age. This information,
combined with the fact that paleotemperatures measured in
non-recrystallized fossils as old as the Permian show

waters isotopically similar to those found today, led the
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authors to the conclusion that the older carbonates have
undergone more exchange with isotopically light fresh
waters than have the younger ones.

Keith and Weber (56) have produced a great mass
of data on carbonates demonstrating the above relationship
of 8018 and time, but Weber (112) interprets it as being
the result of changing lisotopic composition of sea water.

Only a small body of data exists on 018/016
variations in the non-carbonate sediments., As mentloned
earlier, Baertschi (3) observed that sediments were iso=
topically much heavier than igneous rocks. In particular,
quartzites tended to be very heavy. He interpreted this
as the result of exchange of oxygen between water and the
minerals under sedimentary conditions. Silverman (93)
observed the same relations, but correlated the degree to
which a quartzite was heavier than igneous quartz with the
amount of secondary quartz it contalned.

Taylor and Epstein (102) measured the oxygen in
a2 number of solls and shales. They found that soils had a
very wilde range of 018/016 ratios and were heavier than
igneous materials in most cases (+10 to +16 relative to
SMOW). The isotopic ratios varied with the concentration
of quartz and with the degree of weathering. The small
nunber of shales measured were found to have a spread of
018/016 ratios from +14 to +18%,relative to SMOW,

The few arkoses, meta-arkoses and quartz sand-
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stones measured by Silverman (93), Clayton and Mayeda (15),
Taylor and Epstein (102) tend to have 8018 between +11
and +16%. relative to SMOW.

The range of 018/016 ratios in diatomites,
cherts, and other forms of authigenic silica is +15 to
+33% (Silverman (93), Degens and Epstein (27)). The
heavier values presumably represent silica in'br approach=-
ing 1sotoplc equilibrium with sea water, and the lighter
values are the result of varlous degrees of exchange with
fresh waters,

In summary, the previous knowledge of the oxygen
isotope variations in sediments indicates that the measured
isotope ratios may be traced on a gross scale to the
origins of the different minerals within a rock. Un-
weathered detrital components from igneous and metamorphic
rocks are generally isotopically light. Minerals which
have a sedimentary or low temperature origin are iso=-
topically heavy. Of the minerals of sedimentary origiln,
at least calclte and amorphous silica appear to be subject
to isotoplc exchange with waters at sub-metamorphic tem~ -
peratures,

The ranges of 018/016 ratios measured in sed-
iments by previous workers are shown graphically in figure

2,
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CHARPTER III

IHEORY

3.1 Introduction

In this chapter processes which could affect
the 1lsotopic compositions of minerals in the sedimentary
environment are discussed. Included in the discussions
are isotopic equilibrium exchange processes, kinetic isotope
fractionations, and the kinetics of isotopic exchange in
solids,

3.2 Isotopic equilibrium

Isotopic equilibrium can be described in terms

of an exchange reaction of the type

a;’Lr-bbB*s = aA*r-l-bBS
where a and b are coefficlents and A and B denote two
compounds containing r and s atoms respectively of the
isotopes being exchanged. The asterisk denotes the

compound which contains the heavy isotope., A4s with aay

chemical reaction
ar=>5s

We can write an equilibrium constant for the exchange
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reaction in the usual manuner

o @n® (@P

a b

(4) (B¥)
This equilibrium constant is related to the statistical

mechanical partition functions by the relationship

(@, /@)
K = 4 i (3=1)

(@, /a)’
B B

where the Q's are the partition functions defined by the

equation

-E. /KT
L
1th

where g; 1s the degeneracy of the quantumn state and

Ei is 1its energy.

A widely used treatment of isotope equilibrium
was developed by Bigeleisen and Mayer (5) for the case of
ideal gasses of non-interacting particles. In this
treatment it is assumed that the only important con=-
tributions to the energy of the molecule result from
translational, rotational, and vibrational motions and
that there is no interaction between these three types

of motion. The translational portion of the partition



20

function can be treated classically at all temperatures
above a few degrees Xelvin, because the energy levels are
so closely spaced, Within the limits of the accuracy of
the calculation, the rotational partition function also
can be approximated by the classical expression at room
temperature and higher except for some molecules contalu=-
ing hydrogen. The vibrational portion of the partition
function is approximated by that of a harmonic oscillator.
The partition function expressions for vibration, rotation
and translation are multiplied together to obtain the
complete partition function. Taking the ratio of the
complete partition functions for the molecules containing
the light and heavy isotopic specles and simplifying the
resulting expression with the Teller - Redlich relationship
which relates moment of inertia, atomic and molecular

welghts, we get a quotient of the type

Q 24 % -u” /2 _
.......A. = __E‘_-__ <__:iji )2 n uj ° € j ° 1=e ua 6_3)
Qj’ o \u Iouy U2 qagmiy

w'hereuj = hZ&/kT, theO 's are symmetry numbers, M's are
the atomic welghts of the substituted isotopic speciles,
and n is the number of atoms of the isotoplc species per
molecule which is exchanged. The equilibrium constant
is obtained by calculating a similar expression for the

partition functlons of compound B, the second compound in
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the exchange reaction and then taking the ratio of the two
expressions, each raised to the appropriate power, as in
equation (3=1). This expression is exact, but its use=
fulness 1s limited by the assunptions that the system is
an ideal gas of non-interacting particles and that the
molecules are rigid rotor-harmonic osclllators. In fact,
there is not complete separation between the rotational
and vibrational modes and molecules are not strictly
harmonic oscillators. Vibration-rotation coupling is
generally ignored in calculations of this type, but the
effects of anharmonicity can be significant. The vibra-
tional partition function is often corrected by a
multiplicative correctlon factor which is experimentally
determined. Tor some molecules containing hydrogen,
especlally linear and diatomic ones, the rotational
partition function cannot be approximated by the classical
expression at room temperatures, and the quantum expression
must be used.

Bigelelsen and Mayer (5) and Urey (105) have
developed approximations to make the calculations less
tedious. The chief importance of the approximations as
far as this discussion is concerned is to show clearly
that the logarithm of the equilibrium constant varles
as 1/T for large values of u (low temperature or high
frequency) and as 1/T° for small values of u (high

temperature or low frequency).
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When the equilibrium constant is calculated
by teking the ratios of two expressions of the type (3=3),
the terms for the ratios of the masses cancel., The im=-
portant terms are then‘phose containing the frequency, or
u., Of these terms, e""if/g/e"x‘l/2 is a result of the
difference in zero point energies of the molecules
containing the isotoplc species relative to the potential
energy minimum of the bonds. The term l-e'u/l-e-u* is a
result of the differences of vibrational energy levels,
and the term u*/u corresponds to the translational and
rotational ternms,

A large nuunber of calculations have been made
by this and similar technliques for isotopic exchange
involving gases and ions in solution. Urey (105) has
tabulated the results of some of these calculations and
compared thém with experimentally determined values where
availlable. The agreement between the experimental and
calculated values 1s generally quite good, especlally
considering that the actual systems do not always show
the ideal behavior assumed in the postulates of the
calculations.

The partition  function ratio for liquid
water may be obtained by muliiplying the experimentally
determined vapor-pressure ratio of the isotopic species

by the calculated partition function ratio for the gas

phase,
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11 gas
T RE

H,0 Hy 1332018
liq - gas 2, 416
Q. 16 q 16 S
5,0 0

where PH2018 and PH2016 are the partial pressures of the
two water molecules.

McCrea (69) extended the above calculations to
include the crystalline state of the calcite - water systen.
He considered a different set of energles and corresponding
partition functions than the translational, rotational
and vibrational energies used in the gas state calculations,
Rather he used the internal vibrations of the carbonate
ion, the vibrations of the lattice positions, and the
restricted rotation of the carbonate lon within the lattice,
He then calculated the partition function for the vibration
of the lattice positions in terms of a Debye function which
relates the vibrations of the lattice positions to the
accoustical properties of the crystal. The partition
function for rotation of the carbonate ion is treated as
& type of vibration and calculated using an Einstein
function which assumes each atom acts as an independent
harmonic oscillator. Calculations performed in this way

were in good agreement with the experimental values which
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McCrea measured.

One more step remains in relating calculated
values of the equilibrium constant to measurable quantities.
The quantity which is experimentally determined is the
fractionation factor, @ . If we assume that the isotopes
are randomly distributed through the molecules so that
there 1s no intra-molecular fractionation and that isotopic
equllibriuvm prevalls, then, since in the exchange reaction

a .+ bB;=adhy +Db By
%A*:,] _ %O'S]Jr ] (__O_'f_>
A 0'¢]" 0'e

we obtain the expression
<é¥: '{E } Eﬁg - IA< o P(:Eé
18
%), EF s

It will be noted that the relationship

between equilibrium constant and fractionation factor is
exact only when the isotopes are randomly distributed in
a particular molecule. This 1s generally valid to within
experimental error. The greatest deviation from ideality
in this sense which 1s of any conceran here is in the

reaction
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for which the equilibrium constant, K = 3.26 at 25°C
rather than the ideal value of 4. As can be seen in
Table 1, even this large intramolecular fractlonatlon has
little effect on the measured (HD)/H2 ratio when dealing
with the low abundances of deuterium normally found in
nature. It could be important in highly spiked deuterium =
rich systems used in experimental tracer studies, Ior
the remainder of the present work it will be assumed that

intramolecular fractionations are negligible,

TABLE 1
Effect of intramolecular fractionation

on measured D/H ratio

HD HD
H/D ratio ideal i, actual Hp percent
(K=4) X=3,26 deviation
1 2 1.806 10%
-4 -
5000 4%10 4.00x10™% < 0.1%

Because the equilibriuvm constant is the quotient
of the two partition function ratios, each raised to the
appropriate power, and because the ratios are large
nunbers, similar in magnitude, a very small error in the

partition functlon ratios may result in a much larger
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error in the equilibrium constant and a very large error
in the calculated 8-values of minerals in isotopic equili=-
brium, The theoretical treatments are therefore more
useful in understanding the isotope fractionations

observed and thelr temperature dependence than they are

in predicting fractionation factors.,

3.3 Non-equilibrium considerstions

The isotopic compositions of minerals wmay not
always be determined by processes which lead to lsotopic
equilibrium. Kinetic isotope fractionations are due to
differences in reaction rates or translatlionral velocltles
of molecules containing different isotopic species., 4n
exanple of 2 kinetic effect which is the result of dif-
ferent reaction rates of isotopically substituted molecules
is observed in the electrolytic decomposition of water.

A kinetic effect which is the result of varying velocities
of the isotopic species is found in the reaction of 02

with a hot carbon rod to form CO, (Taylor and Epstein (103).
Cognizance must be taken of the possibility that kinetic
effects in the formation of sedimentary minerals might
occur during precipltation from solution and in hydration,
dehydration and other reactions in which hydrogen and/or
oxygen are gained by or lost from a solid phase,

Sometimes the conditions under which a reaction

occurs can preclude the attainment of isotopic equilibriun,
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The rapid precipitation of calcium carbonate from aqueous
solution is an example of such a case, MeCrez (69) showed
that calcium carbonate, when slowly precipitated, forus
in isotopic equilibrium with water, but when it is pre-~
cipitated rapidly its isotopic composition is that of the
bilcarbonate ion in solution. TUnder conditions of rapid
precipitation there is not sufficient time for the
carbonate of the solid to equilibrate with the water
before 1t is shielded by overlyling, subsequently formed
layers of the crystal. While this is not a kinetic
effect 1n the sense in which the word is used here it 1s
an example of an effect which can cause a mineral to have
an isotopic composition reflecting formation under non-

equllibriun conditions.

3.4 Diffusion and kinetics of isotope exchange

The rate at which a solld attains isotopic
equilibrium with its environment is governed by the rate at
which the exchanging isotopes can enter, move through and
leave the crystal. In some lnstances exchange may occur
through the mechanism of solution and redeposition (0'Neil
and Taylor (80)). In other instances exchange may occur
by diffusion of the exchanging isotopes.

Urey et al. (107) considered the problem of
solid state diffusion of carbonate ions in calcite in

conjunction with the durablility of isotope records in the
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calclte - water paleotemperature scale., Using questionable
values for the diffusion coefficlent, they calculated that
at 20°C a crystal 1mm on an edge would retain 96.4 percent
of its original isotopic composition relative to a new
equilibriun position over a period of 700 x 106 years.
At a temperature of 1009C this time is reduced to 64 x 102
years., Because these calculations suggest that solid state
diffuslon could be important in some diagenetic environ-
nents if not for strictly sedimentary ones, and because
many of the minerals dealt with in this study are extremely
fine grained, ( <10 449, the calculations for solid state
diffusion will be reexamined,

Urey et al. (107) give the diffusion equation

for a cube as

> 18 18

i HiE §E:oo 1 e-a(2m+1)2 <%{6>-<%fg>
_ - oo i

Q(; T 6 m=o Z2m+1 )2 18 18

0 0
<61/g>;<o1 >initial
where
D W’2 )
a =
12

Q/Q = fraction of exchange left to go
] = time

D = diffusion coefficient

1 = length of the edge of the cube



29

These writers have calculated that when a = 0.1, Q/Qoz
0.461. TFigure 3 is a graph of diffusion coefficlent vs
time for 53.9 percent exchange (or 46.1 percent retention
of the isotoplc record) for solid cubes of edges TOOfL,
TO;L, 1;L, and O.1FL. This graph can be used as an aid %o
understanding the importance of diffusion in the solid
state for fine grained minerals,

The evaluation of diffusion coefficients of
oxygen and hydrogen in sollids is difficult, While a few
measurenents are availlable from the rates of exchange
experiments, most are calculated from electrical
conductivity measurements and assumptions as to the amount
of the current which 1s carried by the migrating species
of interest.

Verhoogen (109) has calculated the diffusion
coefficient for oxygen in quértz at 50000 parallel to the
c axls, based on the assumption that all the current was
carried by diffusing oxygen lons. His data can be extrapo=~
lated to low temperatures, but the extrapolations are
fraught with uncertainties. Based on conductivity meas-
urements in calcite and the assumptions that the carbonate
ion provides one percent of the current carying species,
Urey et al. (107) have calculated the diffusion coefficient
for calcite. Anderson (116) has measured the diffusion of
COs in calcite and his results have been extrapolated to

low temperatures., Garlick has estimated the diffusion
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Time for 53.9% exchange by diffusion
vs. diffusion coefficient in solid

cubes, with edges O.I/u, I/L,IO/A,&IOO/U

T

D (cm¥sec)

Probable range of diffusion

coefficients of oxygen in
minerals under sedimentary
condition

1 years

Figure 3. Time for 53.9% exchange by diffusion in solids plotted as
a function of diffusion coefficient
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coefficient of volcanic glass based on the amount of

isotopic exchange which occurred in fine grained (O-6;L)

volcanic glass shards in a Miocene ocean sediment,

The

resultis of the above calculations are listed in Table 2.

in minerals at low temperatures

IABLE 2

Estimated values of diffusion coefficients

Postu-
lated Type D
Diffus, of Temp. cn®/sec
Mineral  specles data oC Ref,
Calcite CO? conduc- 20 4.4}:30-2j Urey et al.
tivity -20
100 4,8x10 (107)
Caleite  CO, diffu- 0 3.2x10"25  inderson
sion 02
27 4. 3x10 (116)
= -2
Quartz 0 conduc- 0 1.2x10 ) Verhoogen
tivity 21
27 2,9x10 (109)
Volcanic exchange 2 ~ 10723 Garlick
glass of
natural (39a)
sanmple

A comparison of the data of Table 2 and the

theoretical lines of figure 3 for 53.9 percent diffusion

shows that diffusion in the solid state cannot be dis=-
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missed as a mechanism for isotope exchange in the fiane
gralned sedimentary minerals, ~Even if diffusion coef-
ficlents have been over estimated by three or four orders
of magnitude this mechanism might be inmportant in some
sedimentary environments for crystals with dimensions of
10 fLor less,

A nunmber of attempts have been made to exchange
the hydrogen (and oxygen) of the hydroxyl groups in clays.
(McAuliffe et 21.(68), Roy and Roy (90), Halevy (51)).

All of these experiments were designed to measure rates of
exchange and were not capable of measuring fractionation
factors. The results of the work of Roy and Roy indicate
that while at room temperature the rate of exchange 1is
very slow, at temperatures of 190°C it is noticeable in

22 days and at temperatures of 370°C 1t is very marked in
a period of a month., These authors conclude that isotopic
exchange of hydroxyl hydrogen of kaolinite should be
significant even at low temperatures over geologic time,

The experimental results of the present study
indicate that at temperatures of 0° to 5°C there 1s no
isotopic exchange of hydrogen between clay minerals and
water over periods of 250,000 to 500,000 years. A4t
temperatures substantlally above room temperature but
below metamorphic temperatures, exchange between clay
minerals and water probably occurs quite readily. However,

as the data of Garlick (39z) have shown, over periods of
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millions of years at ocean~bottom temperatures could be

significant,
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CHAPTER IV

EXPERIMENTIAL TECHNIQUES

4,1 Hydrogen isotope measurements

The most important hydrogen bearing minerals
of sediments are the clays. In some sedlments hydrous
oxides and amorphous compounds may also contain significant
amounts of hydrogen.

All clay minerals contain hydroxyl groups as
part of the octahedral layers of the silicate framework.
In addition many clays contain molecular water which
occupies structural positions between the layers of the
aluminosilicate framework and also contain varying amounts
of adsorbed water,

The adsorbed water and the interlayer water
may be removed from the clay minerals by heating to low
temperatures or even at room temperature in a vacuuu.

The conditions necessary to remove this water are dis-
cussed in detail in section 4.5. The hydrogen of the
hydroxyl groups may be evolved by heating the clays to
temperatures of 800° or 900°C. At these temperatures
most of the hydrogen is evolved as H20 but some may be
evolved as molecular hydrogen., As will be pointed out in

a later section, the interlayer and adsorbed water were
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found to be labile. Because no precautions were taken
during sampling, storage, and preparation of materlials
to prevent exchange of this water with the atmosphere,
its isotopic composition as measured in the laboratory
was not representative of its composition in the natural
environment, It was therefore usually desired to remove
the interlayer water and then to extract the hydroxyl
hydrogen for mass-spectrometric measurement.

The apparatus used for the extraction of
hydrogen from minerals is shown schematically in figure 4.
The procedure used consists of three parts, the removal
of interlayer and adsorbed water, the conversion of all
the hydroxyl hydrogean to H20, and the subsequent conversion
of this HQO to Hg. Usually 75 to 200 mg of a finely
ground sample is weighed into a quartz glass boat which is
placed in the quartz glass part of the line., The line is
then evacuated while heating to a temperature between
125° and 250°C, These temperatures have been determined
to be sufficlent to permit the removal of the adsorbed
and interlayer water in a period of two to three hours
(Section 4.5). After outgassing the sample, the stop-
cocks to the vacuum pump are closed, the furnaces are
ralsed to 90000, and the water evolved is collected in
trap T 1. Any hydroxyl hydrogen evolved as molecular H2
is converted to water by hot Cu0 placed in the furnace

next to the sample boat. After heating the sample at
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900°G for at least three hours, the furnace is isolated
from trap T 1 by means of a stopcock., Trap T 1 is then
warmed in a dry lce bath, permitting any CO, present to

be pumped away. The water is transferred from trap T 1

to trap T 2 and allowed to warm and pass through the
furnace containing uranium filings heated to 675°C. The
uranium reduces the HQO to H, which is pumped into the
manometer by the Toepler pump. After measuring the volume
of the gas it is forced into a sample tube and measured
mass-spectrometrically.

The mass spectrometer used for hydrogen isotope
measurements 1s similar to the mass specitrometer commonly
used for COo analyses (Nier (75), McKinney gt al. (70)),
with modifications because of the large relative mass |
difference between hydrogen and deuterium (Nier (75),
Friedman (37)). An extra arm, containing the mass-2
collector 1s added to the mass spectrometer tube, since
if the mass-3 beam is deflected 60° , the mass-2 beam is
deflected T71°.

The mass spectronmeter reference gas is produced
from an aliquot of a distilled water sample. The 1lsotopic
conposition of the reference gas is established through
its relationship to a water sample, LJ-2, furnished to this
laboratory by Professor Harmon Cralg. Cralg has determined
the isotopic composition>of LJ=2 to be 40.3 percent
relative to S.M.0.W., The O -value of LJ-2 relative to the
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mass spectrometer standard is +7.20 percent. Therefore
S.M.0.W, has a J-value of +7.49 percent relative to the
mass spectrometer reference gas, or the mass spectrometer
reference gas has a 8 -value of =6,97 percent relative
to S.M.0.W. By Craig's (19) definition, (D/Hém.w: 1.050
(D/H)N.B.S.-1 . N.B.S.-1 is a water standard obtainable
from the National Bureau of Standards.

The working standards used in the hydrogen
isotope measurements of this work were a water with a

Suvalue of =6,71 percent and a kaolinite sample (Wards
No. 492, Langley, S. Carolina) which has a S-Value of
-5.67 percent.

The water standard is introduced into the
hydrogen line by means of a sealed glass capillary. The
capillary is broken inside the line and converted to
hydrogen as described above, Average deviation from the
mean of the & -value of the secondary standard is 0,16
percent for 18 runs as may be seen in Table 3.

Memory effect in the measurement of waters i1s
less than one percent as may be seen by the results in
Table 4, This is negligible because of the small total
range of isotope ratios measured.

The reproducibility of hydrogen isotope meas=
urements on minerals containing interlayer water is not as
good as that for water analyses, as 1s evident from the

data ia Table 3, This is not surprising as the isotopic
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composition of the hydroxyl hydrogen of these clays may
be affected 1f the interlayer water is not completely
removed, or-if there i1s not a sharp separétion between

the removal of interlayer water and the evolution of

hydroxyl hydrogen.

TABLE 3

Precision of hydrogen isotope measurements

Sample No. Runs SZD Average
(percent) Deviation

B0 Stde 18 ~6.71 0.16
Kaolinite : 10 =5,67 0.18
Langley, Soco .
Montmorillonite 9 -9,92 0.30
Clay Spur, Wyo. .
Glauconlite R=13 4 -8,63 0.38

TABLE 4

Memory effect in hydrogen isotope measurements

Run # Semple SD Memory
(percent)
187 H,0 Std. - 6,62
188 H,0 Std. - 6.79
189 162=8P=25 ~-38.55

190 B0 Std. - 7.00 <1%
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4,2 Oxygen isotope measurements

Extraction of oxygen from silicate and oxide
minerals for measurement in the mass spectrometer was
done in most cases by a fluorine oxidation method,
Occaslonally bromine pentafluoride was used instead of
fluorine. CO, was extracted from carbonates by reaction
with phosphoric acid., & few water samples were analyzed
using a specilal bromine pentafluoride technique (O'Feil
and Epstein (78).

4, ZFluorine and bromine pentafluoride oxidation

The fluorine oxidation technique has been
described in detail by Taylor and Epstein (103). The
bromine pentafluoride method has been discussed by Clayton
and Mayeda (15) and by Garlick (39). For the present
work a line was coastructed capable of using either of
these reagents (figure 5)., The procedures used are
essentially those of the above mentioned authors, and
will be discussed only where significant variations from
the published procedures were used,

When the line is used for fluorine reaction,
the KBr furnace bypass valve, V=7, is kept closed. The
manifold is placed in the drybox with samples to be
loaded in the presence of 2205 drying agent for a perlod
of at least 24 hours prior to loading. (The significance
of the drying time will be discussed in section 4.5 which
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deals with the conditions of removal of adsorbed and
interlayer water in clay minerals). Minerals are reacted
with a 3-fold or 4-fold excess of fluorine, generally at
a temperature of 475°C for silicates; but higher for
oxides, After reaction, the gas passes through trap T 2,
the KBr furnace and traps T 3 and T 4, After passing
through these traps, the sample consists of oxygen, some
nitrogen (contaminant in the fluorine), and possibly
traces of untrapped halogens. It is_bumped with the
Toepler pump into the part of the line containing the
carbon rod converslon vessel and trap T 5. Stopcocks
S 8 and S 9 are closed at this time to prevent back
diffusion into the metal part of the line. Carbon
dioxide is trapped in trap T 5 and the conversion vessel
is cooled with cold water, By the time the sample has
been collected in this area of the line (about one half
hour) all the oxygen should be converted to GO2 and
trapped out. The remaining gas gives the pink coloxr of
nitrogen when excited with a Tesla coll. 4s a precaution,
at this point stopcock S 4 is closed and stopcock S 8
is opened to allow the nitrogen and any remaining oxygen
to circulate over the carbon rod for ten minutes, com-
pleting the conversion of the oxygen. The nitrogen is
punped away and the volume of the CO02 is measured in the
nanometer, As a precautionary measure, the COo 1is

circulated over hot mercury prior to isotopic analysis,
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This step serves to remove any fluorine, bromine, or
bromine pentafluoride compounds which might inadvertently
escape entrapment in the liquid nitrogen traps, and was
instituted to safeguard the mass spectrometer from
contamination and from possible malfunction.

When bromine pentafluoride is used rather than
Tluorine, the XKBr furnace is closed off by valves V 5 and
V 6, (figure 5) and the bypass valve, V 7, is used to
adnit the oxygen gas into the glass part of the line,
Since the BrF5 reagent contains no nitrogen gas, the
‘oxygen can diffuse rapidly and completely to the carbon-
rod conversion vessel without the aid of a Toepler pump.
The COp formed at the hot carbon rod 1s frozen out in
trap T 5. The rate of conversion can be followed by
means of a thermocouple vacuum gauge.

For many minerals, bromine pentafluoride
oxldation must be done at higher temperatures than
fluorine oxidation. At tThese higher temperatures a
copious coating of hygroscopic metal fluorides forums
on-the walls of the reaction tubes., Therefore, care must
be taken to assure that the drybox is extremely dry
before opening these reaction tubes used with BrF5 to
load the new samples. Otherwise, water in the drybox
atmosphere will be adsorbed by these fluorides and yield
contaminating oxygen in the course of the reaction.

After circulating the sample over hot mercury,
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its 1sotope ratlo is measured mass-~spectrometrically.

The working standard for oxygen isotope
measurements is a sample of quartz from the St. Peter
sandstone, The 25018 value of this standard was determined
by Garlick (39) to be +10.95 permll, by comparison with
Silverman's St. Peter sandstone (93). If this deter-
mination is in error, all reportéd Valués will have to be
corrected by adding the difference between the true value
and 10.95 permil.,

There are long term fluctuations of over one
permil in the ES-value of St., Peter sandstone measured
on the mass spectrometer., This is probably due to
variations in the isotopic composition of the mass
spectrometver reference gas.

The isotopic composition of the mass spectrometer
reference gas was checked regularly by analyzing oxygen
extracted from the St., Peter sandstone standard. 4n
ali@uot of this standard was included in each set of six
saunples, The reéults of the St, Peter sandstone analyses
were plotted sequentially and a smooth curve was drawn
through the data. The ES-value taken from the smooth curve
was assumed to be the true S ~value of St. Peter sandstone
relative to the mass spectrometer reference gas, Average
deviation of measured N-values from the J-values read
from the smooth curve was 0.2 permil. The & -value of

the mass spectrometer reference gas relative to S.M.0.W,
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at any time was calculated using the 8-value of 5%, Feter
sandstone relative to the reference gas at the time of

analysis of a sample.

B, Carbonate extraction

Standard methods (McCrea (69), Epstein et zl.
(34)) were used to extract 002 from carbonate minerals.
S =values reported are for the total oxygen of the mineral
rather than merely the acid-extracted portion. The acid
fractionation factors used are 1.01008 for calcite and

1.01090 for dolomite, after Sharma and Clayton (91).

Ce Water extraction

A few samples of walter were analyzed by
oxidation with bromine pentafluoride on a line counstructed
for that purpose (0'Neil and Epstein (78)). Except for
the manner in which the sample is introdﬁced into the
line, the procedure is similar %o that described above
for fluorine and bromine pentafluoride oxidation of mine-

erals,

4,3 Mass spectrometer and other corrections

The experimentally determined isotope ratios
were all corrected and reported as 8—values relative to

S.M.0.W, The correction factors used are explained below
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A, Hydrogen

The hydrogen mass spectrometer simultaneously

measures and compares abundances of mass-2 and mass-3.

The mass-3 beam consists of both HD™ and HY ions. The

H'; ions are produced in the mass spectrometer source and
a correction must be made for thelr contribution to the
nass=3 signal. This correctlion has been described by
Kirshenbaum (61) and Friedman(37). If the voltage divider
resistence is denoted by R, the measured &-value by

S s and we define a term AR as being equal to R at
normal operating intensities minus R when linearly

extrapolated to zero bear intensity then

8m= R sample = R std X 100
Rstd - AR

8m is subject to multiplicative corrections due to mass
spectrometer background and leakage through the switching
valves, There are also both multiplicative and additive
corrections in converting the raw data to 8-values
relative to the standard S.M.0.W.. The correction factors,

listed in thelir order of application, are given below,
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1. Multiplicative corrections

a. leakage through switching valves 1.019%

b, mass spectrometer background 1,002
C. Change of standard 0.9303
TOTAL 0.9498

ii Additive correction

a. change of standard ~6.97
B. Oxygen

All fluorine - extracted samples contain a small
amountvof oxygen contaminant from the fluorine reagent.
This blank is 9.2 4 mol of oxygen with a J-value of
+6,7 permil. The blank correction i1s seldom more than
a few tenths of a permil and depends on both the Ei-value
and the size of the sample.

The mass spectirometer measures the ratio of the
mass 46 beam to the mass 44 and 45 beans. Because of the

presence of 013

and 017 gpecies & (Eﬁ%%?) is unequal to

18
8 ng which is the value of interest, The derivation of
the correction factor for this correction is given by Craig

(20a). If numbers appropriate to the mass spectrometer

*The correction factor for leakage through the
switching valves was variable and was occasionally as

small as 1.015.
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standard are substituted into this derivation, the
measured 8 i1s denoted by 8m and the corrected 8 by

8 o? we obtain the expression
80 0% = 1,001 Sm + 0,009 OG!d

However, since all 002 samples have essentially the same
carbon isotopic composition, including the quartz stand-
ard, St, Peter sandstone to which all measurements are
ultimately referred, we can neglect the additive term in
8t313 and use only the multiplicative correction 1.001.
The corrections and the correction factors for oxygen are

listed below in the order of thelr application,

Le Multiplicative

S 013 ang 017 correction 1+ 001

b. mass spectrometer background 1.018

¢, leakage through mass spectrometer 1.008
valves

TOTAL 1027

v ¥ 4 Blank cQ;;ection

a, differs for each sample-material balance

11li. Multiplicative

a, change of standard 1.024



49

iv. Additive

a., change of standard - variazble +24.5
approx.

4,4 Sample preparation and treatment

Mineral separations in coarse-grained materials
were done in the usual ways, using magnetic susceptibility
techniques where possible and heavy liquids where nec-
essary. Quartz was sometimes cleaned of iron oxide
coatings by heating in aqua regia and was occasionally
separated from feldspar of the same magnetic succeptibility
by washing for a few minutes in cold HF., This method
should have no effect on the isotopic composition of
isotopically homogeneous quartz and was not used on quartz
which appeared petrographically to have secondary over-
growths,

Fine~grained materials were generally subject
to few or no separation procedures., The processes by
which the samples were prepared for analysis depended upon
the nature of the particular samples and upon whether they

were being prepared for hydrogen or oxygen analysis,

A, ZPreparation of samples for hydrogen analysis
Samples which appeared dry were ground in an

agate mortar to finer than 100 nmesh, They were subject
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to no other treatment or precautionary measures to protect
them from atmospheric molsture. Samples which did not
appear dry, such as fresh ocean bottom cores were allowed
to dry in the alr at room temperature for periods ranglng
from a few days to a few weeks, They were then subject

to the same treatment as dry samples.

B. ZEreparation of samples for oxygen analysis

1. Ocean botton sediments

Ocean core sanples were subject to treatment to
remove salts of sea~water, to remove carbonate minerals,
and to separate them into coarse and fine fractions. The
procedure followed was to place approximately 300 mg, of
the sample in a glass vessel with enough acetic acid=-
lithium acetate buffer solution (pHE=5) to dissolve all the
carbonate present in the sample.' The’ 8018 value of the
water used to make the buffer solution was 0.0 permil,

The removal of the carbonate generally took from a few
hours to a few days, depending on its amount and its grain
size., The clay-liquid suspension was then wet-sieved
through a 325 mesh sileve into a Millipore filter. The
coarse and fine-grained portions were washed thoroughly
with distilled water ( O 018=O) and air dried., The fine
grained portion generally dried into a hard cake which was

broken up in an agate mortar prior to measurement of its
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isotopic composition,

ii., Relatively pure clay deposits

Samples of relatively pure clay deposits were

ground to P 100 mesh in an agate mortar.

iii. Shales
Non-carbonate containing shales were grouand in
an agate mortar to pass a 200 mesh sieve., Carbonate-
contalning shales were subject, after grinding, to leaching
in an acetic-acid--lithium acetate buffer solution, as

were the ocean sediments,

C. Special considerations

It was necessary to verify that none of the
mineral separation procedures used, especially leaching of
the carbonate in acid solution, produced any change in the
isotopic composition of the minerals, The data of Roy and
Roy (90) on rates of exchange of deuterium between water
and clays make 1t seem highly unlikely that any significant
exchange could occur at roon temperature even over a period
of a few years., However, because of the possibility that
the acid in the water could catalyze an isotope exchange
reaction, aliquots of three samples were treated with
buffer solutions made with waters of differing isotopic

compositions. (Both waters used were isotopically lighter
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than the clay, but one was lighter and one heavier than

the waters with which the clays may have been expected to
be formed or exchanged.) The results are shown in Tgble 5.
Kaolinite and the Green River Shale appear to be unaffected
by the exchange, although anélyses after treatment are not
as reproducible as analyses before treatment, The mont=
morillonite seems to contaln more 018 after treatment
regardless of whether it was treated with the light or
heavy acid solution. This probably is a result of solution
of an isotopically light impurity. As a precautlionary
measure, however, all leaching solutions used with ocean
sediments were made from waters for which 83018 = 0. Thus,
if any exchange did take place, it would be with water of
the same isotoplc composition as that in which the sample

had been for thousands of years.

4,5 Problem of the different tyves of oxyvgen and hydrogen

positions in sedimentary minerals

It was pointed out in section 4.1 that clay
minerals may contaln oxygen and hydrogen both as part of
the aluminosilicate lattice and as adsorbed and interlayer
water molecules. Therefore, in order to make meaningful
measurenents of the oxygen and hydrogen isotoplc compos=-
itions of clay minerals it 1s first necessary to determine
under what conditions the adsorbed and interlayer water

may be removed, whether it 1s possible to extract all or
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almost all of the interlayer water while removing none of
the oxygen or hydrogen of the aluninosilicate framework,
and whether it is possible to extract the interlayer water
without causing isotopic exchange with the oxygen and
hydrogen of the aluminosilicate lattice.

A number of tests were performed to answer
‘these questions and to establish the correct analytical
procedures for clay minerals., It may be concluded from
these tests that over a wide range of experimental con-
ditlions almost all the adsorbed and interlayer water can
be removed from clay minerals and that the small amounts
of 1nterlayer water remaining have only slight effects

on the isotopic composition of the minerals.,

A, Iests related to the extraction of hydrogen from

clay minerals

Two series of experiments pertaining to the
removal of interlayer water and the extraction of hydroxyl
hydrogen from clay minerals were made using hydrogen
extraction techniques. The first series was designed %o
determine the temperature conditions under which interlayer
water and hydroxyl hydrogen were evolved from clays ia a
vacuum, and to determine the sharpness of the separation
between the evolutlion of interlayer water and that of
hydroxyl hydrogen. The second series of experiments, which

was more closely related ©o routine analytical procedure,
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was deslgned to measure the effect on the isotopic com=
prosltion of hydroxyl hydrogen of outgassing clays for

different lengths of time and at different temperatures.

1. ZIXExperiments to determine conditions of outgassing

of interlayer water

In this series of experiments clay minerals
were held at a fixed temperature for an interval of 24
hours, and the water evolved during this time was collected
and analyzed for hydrogen lsotope ratio. At the end of
the 24 hour interval the temperature of the furnaces was -
raised and the water evolved during the next 24 hour
period was collected and analyzed, Aliquots of three
samples, two nmontmorillonites and an illite, were analyzed
in this way, Beginning with two 24 hour periods at room
temperature, the temperature was ralsed in seven successive
steps to 900°C, at which temperature all the hydrogen had
been evolved, 4 second aliquot of one of the samples
(Clay Spur, Wyoming) was heated rapidly to 130°C when first
placed in the line and was subsequently treated as described
above, The results of these experiments are shown in figure
6 and are compared with differential thermal analyses
(D.T.A.) of the same samples by Kerr, Kulp and Hamilton (59)
It may be seen in this figure that large amounts of water
are evolved at room temperature, corresponding to adsorbed

and interlayer water, and at higher temperatures, (beginning
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at 2500 to SOOOG, depending on the particular sample,)
corresponding to the hydroxyl hydrogen. LAt intermediate
temperatures a smaller amount of water is evolved, corre-
sponding primarily to interlayer water which was not
evqlved at lower temperatures, and to a small extent To
hydroxyl hydrogen liberated at lower temperatures than
the bulk of the hydroxyl hydrogen.

Evidence for the origin of water evolved in
the intermediate temperature range is obtained from the
isotopic data. In one of the samples (Otay, Calif.) a
small amount of water was evolved during the second 24 .
hour period, and that water was markedly richer in
deuterium than was the water evolved in the first 24 hour
period ( 3D =+ 1.2 vs 3D = - 7.8). This is undoubtedly
the result of a fractionation during removal of the
interlayer water, with preferential removal of isotopically
lighter H2O. This same enrichment of deuterium 1s observed
in the water driven off between 250 and 250°C for all
samples which were outgassed at room temperature. It is
not observed for the sample which was outgassed by heating
rapidly to 13000. Therefore, the fractionation which may
be observed during removal of interlayer water occurs only
when the water is removed slowly at low temperatures. In
the temperature range 250o to 3500 or 45000 small amounts
of water are evolved but are not deuterium rich. This

water must then be from a different source than the inter-
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layer water removed at low temperatures., The most likely
source 1s the hydroxyl hydrogen and the oxygen partially
liberated at a lower temperature than the major portion of
the hydroxyl groups. This might occur 1f these groups
were at grain edges or near crystal defects and were
weakly bonded to the crystal lattice. The above expla-
nation has some basis because a kaolinite heated in a
related experiment was found to gilve off no water at
temperatures below 12500, O.151/£ nol/mg between 1250 and
206°C, and 0.413/uznol/mg vetween 206° and 340°C. Since
the kaolinite contains no lnterlayer water and adsorbed
water would probably be evolved at lower temperatures this
water must have had its source in the hydroxyl groups of
the mineral.

There is a correlation between the sharpness of
separation of interlayer water and hydroxyl hydrogen and
the sharpness of the D.T.A. peaks. This may be a functlon

of the grain size or of the crystallinity of the samples.

ii, Experiments to determine effects of outgassing

on the isotopic composition of the hydroxyl

hydrogen

The analytical procedure for clay minerals
involves outgassing samples at low temperatures under
vacuun and then heating to high temperatures to drive off

the hydroxyl hydrogen. ©Since the conditions of outgassing
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affect both the amount and the isotopic composition of the
water evolved, i1t 1s necessary to examine the effects of
temperature and length of time of outgassing on the
measured lsotopic composition of the hydrogen subsequently
evolved at high temperatures.

A series of tests was made in which an aliquot
of a mineral or rock sample was outgassed in the hydrogen
line for a known length of time at a known temperature,
and the water evolved was collected., After outgassing,
the sample was heated to 900°C and a second portion of
water was given off, The two portions of water were anal-
yzed isotopically. This procedure was then repeated with
another aliquot of the sample, outgassing at a different
temperature and for a different length of time, These
experiments were done on & montmorillonite (Clay Spur,
Wyoming) and an ocean sediment (A*296°4)., The isotopic
compositions and amounts of hydrogen evolved under the
different conditions are shown in the data of Table 6,

As the data of this table shows, the temperature of
outgassing has no significant effect on the isotopilc
composition of the hydrogen evolved at high temperature.
Montmorillonite samples outgassed longer than 14 hours
average a few tenths of a percent more negative in BD
than those outgassed 4 hours or less. This difference is
almost within experimental error. There is a scatter in

the yield data for both the hydrogen evolved at low tem-
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TABLE 6

Effect of outgassing temperature on the measured hydrogen isotopic

compositions of outgassed water and hydroxyl hydrogen

a. montmorillonite (Clay Spur, Wyoming)

Outgas Outgas Outgas Yield Hydroxyl Yield

Run 70 g Time hrs. D /Lol /mg ) // mol/mg
77 /7
130 25 2 -5.14 2.50 - 9.16 2.dd
116 40 4 -5.43 2237 ~-10,12 3.20
128 91 15 -5.45 2.50 -10.20 2.02
121 95 4 -7.04. 1.98 - 9.88 3.30
125 147 17 -7777 2.24 -10.26 2:61
122 206 4 -6.35 1.97 - 8.98 3.68
126 252 17% -2277 2 37 -10.67 2473
127 253 15 ~5.73 2.43 - 9.84 2.10
129 303 4 -5.27 2.28 - 9.68 2.24
117 344 2% -5.46 2227 - 9.88 3.08
AVERAGE -5.73 10.48  AVERAGE - 9.87 10.36

b. ocean sediment (A-296-4)

Qutgas Outgas Qutgas Yield Hydroxyl Yield
Run T ¢ Time hrs. D 4L mol/mg D L4 mol/mg

7 4
134 25 4 3/4 -6.69 1.26 ~5.67 2.84
137 25 16 =5:23 0.82 -5.37 277
135 150 5 1/2 -7.90 1.72 -5.90 1.95
136 265 16 =4 .92 1.39 -6.05 2,10
AVERAGE -6.19 T1.1 AVERAGE -5,75 10.23
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perature and that evolved at high temperature, but there
exists no correlation between yleld and either 8-values or
temperatures of outgassing.

It may also be ascertained from the data in
Table 6 that no significant isotopic exchange between the
interlayer water and the hydroxyl hydrogen occurs during
the outgassing procedure. If such an exchange were %o
occur, 1t would be expected to be temperature dependent
and would be evident in the experimental data.

As a result of these tests, the procedure
adopted for hydrogen extraction throughout this work
involved routine outgassing at temperatures between 100°
and 25000. In order to minimize systematlc experimental
error no effort was made to maintzain constant the length of
time or the temperature of outgassing or the amount of

sample analyzed,

B. Tests related to the extraction of oxygen from

clay minerals

The nickel vessels in which samples are reacted
with fluorine to liberate oxygen become lined with an
extremely hygroscopic layer of fluorides. In order to
prevent the adsorption of water by this fluoride coating
it is necessary to dry the reaction vessels and the samples
in a drybox contalning P205 prior to opening the vessels

for loading. Experimentally it is difficult to subject
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samples to deaydration in a vacuum at elevated temperatures

prior to loading them in the reaction vessels, and 1t is
not possible to dehydrate them in the fluorine line in the
reaction tubes because the fluoride coatin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>