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ABSTRACT

Lizardite-chrysotile serpentines in alpine ultramafic bodies
from North America show latitudinal variations in 6D and 5018 which
indicate that meteoric ground waters were important in their formation.
In per mil relative to SMOW they exhibit the following geographic
variations in 6D and §0'8, respectively: British Columbia -205 to -150,
1.9 to 8.2; Washington-Oregon -142 to -107, 4.1 to 8.0; California ~108
to -82, 6.6 to 8.8; Caribbean-Central America -97 to -59, 3.3 to 8.7.
The D-latitude correlation is exceedingly good, but the 6018-va1ues
appear to be in iarge paft dependent upon the 018/016 of the country
rock. This suggests that the waters involved in serpentinization had
previously exchanged 018 with these country rocks. For example, the
Cassiar, British Columbia, serpentinite body has §D = -195 to -162 and
6018 = 8.0 to 8.2, whereas the serpentines in zoned ultramafic bodies of
SE Alaska have §D = -127 to -140, 5018 = «5,0 to -1.6; the former body
lies in a terrane of abundant 018-rich limestones, whereas the zoned
bodies are surrounded by low-O18 igneous rocks.

All antigorites, irrespective of geographic location, have

8 = 4.7 to 8.8).

very uniform isotopic compositions (§D = =66 to =39, 501
This is practically identical to the range exhibited by métamorphic chlor=-
ites;t&ndicating’that a deep-seated or metamorphic type water was involved
in antigorite-type serpentinization. This isotopic uniformity further
indicates‘that little or no isotopic exchange has occurred subsequent

to formation of the antigorites, because many samples were collected

from northerly regions where the ground waters are very low in §D and 6018.



Five lizardite-chrysotile type serpentinites from California,

Guatemala and the Dominican Republic show oxygen isotope fractionations
of 15;1’t0 12.9 per mil between coexisting serpentine and magnetite

(‘6018 magnetite = -7.6 to -4.6 per mil relative to SMOW). Nine antigorites
(mainly from Vermont and SE Pennsylvania) show distinctly smaller frac-
tionations of 8.7 to 4.8 per mil (6018 magnetite = =2,6 to +1.7 per mil).
Two lizardite and chrysotile serpentinites dredged from the Mid-Atlantic
Ridge exhibit fractionations of 10.0 and 12.5 per mil (6018 magnetite =
-6.8 and ~7.9 per mil, respectively), whereas antigorite from this area
shows a value of 8.2 per mil (5018>magnetite = =-6.2). These data all
clearly indicate that the antigorites formed at higher temperatures than
the chrysotile-~lizardites. Electron microprobe analyses of magnetites
from the above samples show that they are chemically homogeneous and
essentially pure Fe304° A few magnetite samples from serpentinites

in near proximity to later granitic intrusions show a wide variation

of Cr content, and also give erratic oxygen isotopic results, suggesting
non-equilibrium,

A rough serpentine-magnetite geothermometer curve was

constructed by extrapolation of (1) observed 6018—va1ues of chlorite

and Fe-Ti oxides in low-grade pelitic schists whose isotopic temperatures
are known from the quartz-muscovite geothermometer, and (2) estimates
~of the 018 fractionation between chlorite and serpentine (assumed to be
zero). This serpentine-magnetite geothermometer suggests approximate
equilibrium temperatures as follows: continental lizardite-chrysotile,
85° to 115°C; oceanic lizardite and chrysotile, 130°C and 185°C, respec-

tively; continental antigorites, 220° to 460°C; and oceanic antigorite, 240°C,
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The isotopic compositions of the waters involved in serpen-
tinizat;on of various ultramafic rocks have been estimated, utilizing
the above "temperatures''. These calculations indicate that most
lizardite-chrysotile serpentinization probably involved exchanged
meteoric waters, and thus must have occurred at relatively shallow
levels in the earth's crust, consistent with the proposed isotopic
"temperatures'". However, this type of serpentinization is clearly
not a wéathering phenomenon taking place at the earth's surface.
Isotopic evidence for such low temperature serpentinization (6018 of +11.8
to +12.5) has been discovered only for several "deweylite" samples
from Pennsylvania and Delaware.

Serpentines from the ocean floor (Mid Atlantic Ridge, Puerto
Rican trench, and Blanco Fracture zone in the Pacific Ocean) form a
unique isotopic grouping, with 8D = -68 to -31, 5018 = +0.8 to +6.7.
The waters that would have coexisted with these serbentines (at the
temperatures inferred  from serpentine-magnetite 018 fractionations)
have calculated isotopic compositions that cluster around SMOW. This
strongly suggests that ocean water is the major component of the waters
responsible for sub-oceanic serpentinization. A few of the low-0D oceanic
Sserpentines are, however, consistent with formation from magmatic water~
ocean water mixtures. No serpentines presently found in continental

~areas give any isotopic evidence of ever having been serpentinized in
oceanic environments. This statement also applies to the serpentines in
a typical ophiolite sequence, the Vourinos Complex, Greece. Serpentine

from this body is unique, however, in that it exhibits remarkably large
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5018 variation, from +2.1 to +12.7. All other bodies that were examined

in detail were found to have very uniform isotopic compositions.,
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I. INTRODUCTION

1.1 Object of the research

Studies of the variations of hydrogen and oxygen isotopes in
rocks and minerals are useful as a tracer for discerning the various
kinds of waters involved in the formation of such materials. Such
studies are feasible because many of the different kinds of waters that
play an important role in geologic processes are ilsotopically distinct
from one another.

In addition, measurements of 018-fractionations in coexisting
minerals are useful for ascertaining approximate temperatures of isotopic
equilibration. This can be done only if quantitative data are available
on experimentally determined or empirically derived mineral fractionation
factors as a function of temperature.

The purpose of the present research is to apply the techniques
of stable isotope geochemistry to the problems of serpentinization of
ultramafic rock. Such studies should be able to more closely define
the various kinds of waters involved in the férmation of serpentines,
as well as possibly delineating the conditions under which the various
serpentine "polymorphs" form. In particular, measured 018-fractionations
on coexisting serpentine and magnetite in serpentinites should help to
- define the P-T conditions under which serpentinization occurs.

In this study, the D/H and 018/016 variations in serpentines
from many different types of ultramafic bodies are examined. It is

important to recognize the magnitude of isotopic variation within a given



body, as well as the degree of variation in each separate class of
serpentinized ultramafic bodies. It is also important to analyze samples
from as wide a geographic distribution as possible.

If systematic Ols-fractionations among ¢oexisting minerals can
be established for a given serpentine 'polymorph' type, it may be possible
to classify serpenéines according to their temperatures of formation.
Providing that approgimate D/H and 018/016 serpentine-water ''geother-
mometers' can be constructed, it should be possible to estimate the
isotopic compositions of waters that may have equilibrated with various
serpentines, and thus further delineate the kinds of waters involved in
serpentinization. However, in any such treatment, it is absolutely
essential to examine the question of whether the measured isotopic
compositions of serpentine samples are acquired during formation or as a
result of later isotopic exchange.

Finally, it is important to apply these isotopic studies to
the general proBlem of the origin of serpentinites and ultramafic
intrusions, and also to the various tectonic theories that have been

utilized to explain serpentinization of ultramafic rocks.



1.2 Previous work

18/O16 data have been accumulated for numerous

In recent years 0
igneous‘rocks and minerals. Of particular relevance to the present study,
Reuter et al. (1965) and Taylor (1967b, 1968) found that ultramafic rocks
from a variety of locations are very uniform in 018/016, with olivines,

8 4 5.4

pyroxenes, and whole-rock samples all falling in the range 501
to + 6.6 per mil.

Seven samples of strongly serpentinized ultramafic rocks analyzed
by Epstein (1966) show a somewhat wider variation in 6018 from + 2.8 for
serpentinized dunite from SE Alaska to + 6.8 for serpentines from the
Mayaguez Puerto Rico mohole test site and the Bay of Islands, Newfound-
land.

From the above results, Taylor (1967b) suggested that much
serpentine may form by simple additioﬁ of HZO to the ultramafic body, with-
out appreciable oxygen exchange with adjacent parts of the crust. He also

suggested that this H, 0 must have an 018/016 ratio not too dissimilar

2
from that of the ultramafic rock itself.

Inasmuch as serpentine is a hydrous mineral that is generally
thought to form at relatively low temperatures, it is essential that in
the present work one also consider the §D and 6018 Qariations previously
obtained on all low-temperature hydrous minerals and rocks.
| For example, Savin and Epstein (1970) have shown that clay

minerals formed under subaerial conditions are essentially in isotopic

equilibrium with their environments. The clay minerals define lines



on a 6D-5018 plot that are roughly parallel to the meteoric water line
of Craig (196la). Taylor (1968) obtained a similar, poorly defined
relationship for "hydrated volcanic glass" for a number of perlites and
H20-rich obsidians from the Western United States.

Lawrence (1970) studied a large number of soils, weathering
zones and clay deposits. He found that Quaternary soils and weathering
zones throughout the United States show a systematic correlation with
the isotopic values of preseﬁt-day meteoric waters. However, the D/H
and 018/016 ratios of most pre-Quaternary kaolinites, bentonites, and
shales are higher than those of clay-rich Quaternary soils in the same
geographic areas. The D/H ratios of Lower Paleoz§ic and Precambrian
shales from the United States and Western Canada show no correlation
with present-day meteoric waters.

Lawrence (1970) concludes that the isotopic valués of most of
the pre-~Quaternary clay’minerals are largely preserved. From the D/H
ratios of Tertiary kaolinites formed by weathering processes, he was
able to estimate the approximate D/H ratios of some Tertiary meteoric
iwaters.

Certain serpentinites occur in metamorphic terranes, and these
must be examined in context with the D and 5018 variations previously
obtained on regional metamorphic rocks. A general survey of oxygen
1sotopic compositions of coexisting minerals of regional metamorphic
rocks was made by Garlick and Epstein (1967). They observed a consistent
cor;elation between grades of metamorphism and oxygen isotope fractionations

among coexisting minerals. Taylor and Coleman (1968) studied 018/016



ratios of coexisting minerals in glaucophane-bearing metamorphic rocks,
and found that the isotopic fractionations were systematic and larger
than those measured in pelitic schists metamorphosed at the grade of
biotite zone or higher. 1In particular, they suggest that the low-
temperature, Franciscan-type blueschists formed in a temperature range

from 200°C to 325°C.



IXI, THEORETICAL CONSIDERATIONS

2.1 Terminology and notation

The isotope data in this work are reported in the §-notation,

defined as:

18,.16 18,.16
18 _ (07°/0 )sample . (070 )standard

60 = x 1000
018/016)
( standard

& = [(D/H)sample - (D/H)standard]
(018/016)

standard
where (018/016) and (D/H) represent the isotope ratios
standard standard P

in the reference standards. For both oxygen and hydrogen, the standard
is Standard Mean Ocean Water (SMOW) defined by Craig (1961b).
The fractionation factors between two compounds or phases con-

taining oxygen or hydrogen are defined by the equations:

oxygen (018/016)A hydrogen (D/H)A
B = g %a-B = o
(07°/077), B

where A and B denote the compounds or phases. The fractionation factors

are related to the §'s by the equations

5.018
1+ -2 0,0
1000 14+ —=—
o!oxygen - and hydrogen _ 1000
-B 65018 O-B 6D
1+ ooo 1+ -2

1000



Two approximations which may be derived from the above relation-

shipé are

ozEl"‘gé'l'(-)F%
and fnoy p ™oy p - 1= 2%66_2235
or lOOO on

o 5 ~ Oy - O

Therefore isotope fractionations are conveniently reported as 1000@zak B
=Dy

which in this work will be abbreviated as AK-B'

2.2 Isotope fractionation

Isotopic equilibrium can be described in terms of an exchange
reaction of the type

aA1 + bB2 = aA2 + bB1
where A and B are molecules which have one element as a common constitu-
ent and the subscripts 1 and 2 indicate that the molecule contains only

the light or heavy isotope respectively. The equilibrium constant for

the exchange reaction is:

} [Az]a [Bl:lb
o [5,]

This equilibrium constant is related to the statistical

K

mechanical partition functions by the relationship

-G G

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



A very useful treatment of isotope equilibrium was developed
by Urey (1947) and Bigeleisen and Mayer (1947) for the case of ideal
gases‘of non-interacting particles. This treatment assumes that the
only important contributioms to the energy of the molecule result from
translational, rotational, and vibrational motions, and that the parti-
tion functions are expressed as

Q= Qtranslational ' Qrotational ’ Qvibrational

The translational portion of the partition function can be
treated classically. The rotational partition function can also be
approximated claésically except for some molecules containing hydrogen.
Only the vibrational partition functions have to be used in quantum
theory form, and one needs to know only the fundamental frequencies of
vibration to calculate the isotope exchange constant.

The following generalizations are a consequence of the theory
given above:

(1) At low temperature or high frequencies, /n K is proportional

to 1/T, where T is given in degrees Kelvin, |

(2) At high temperature or low frequcncles, fn K is proportional

to 1/T2.

(3) At infinitely high temperatures, /n K approaches 0.

Urey (1947) was able to calculate the equilibrium constants for
a large number of isotopic exchange reactions utilizing experimentally
determined Qibration frequencies. In instances where these constants
héve been determingd directly from experiment, agreement between the

theoretical and experimental results have been good.



Such calculations are exceedingly useful for isotopic exchange
involving gases, but are complicated greatly when applied to ionic solids
and épecies in solution. In general the isotopic fractionations among
condensed phases must be measured directly by experiment.

The equilibrium constant, K, of an isotopic exchange reaction
is essentially a function of temperature alone. Pressure does not
appreciably alter the equilibrium isotopic fractionations, because the

volume changes accompanying isotopic substitution are very small.
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III, EXPERIMENTAL TECHNIQUES

3.1  Sample collections and study

Many of the samples analyzed in this research were collected
by the author, and others were supplied by various individuals identi-
fied in the Appendix. In the Appendix, each individual sample is de-
scribed in detail., For most samples x-ray powder diffraction analysis
was utilized for identification, particularly of the various serpentine
"polymorphs'. Petrographic investigation was performed both to identify
the various types of serpentine and to ascertain genetic relationships

among various minerals in each assemblage.

3.2 X-ray powder diffraction analysis

The x-ray powder diffraction studies were performed with a
Phillips x-ray diffractometer with Ni-filtered, Cu radiation, a chart
speed for most runs of 1° 26 per minute, a 1° divergence slit, a 0.006"
receiving slit, and a 1° scatter slit. Almost‘all samples were packed
into a standard geometry aluminum holder, though some samples were sedi-
mented on glass slides to enhance basal peaks.

The characterization of serpentine minerals by x-~ray diffraction

was clarified by Whittaker and Zussman (1956) who proposed the following

classification:
ortho-chrysotile
chrysotile {clino-'chrysotile
para=-chrysotile
serpentine lizardite

antigorite
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The reflection peaks used for identification of serpentines in the
present work are those given by Whittaker and Zussman (1956),

Many of the x-ray determinations were run using CaF, as an

2
internal standard. The three major peaks of CaF2 (ASTM card 4-864,

al = 3.153, 1.931, 1.647) are spaced in”such a way as not to interfere
with any serpentine peaks, yet are scattered roughly equidistantly across
the 26 range (65° to 5°) used for most serpentine analyses.

Antigorite is distinguished from lizardite and chrysotile
essentially By the absence of a peak at 28 = 19.4° to 19.2°, the
presénce of a major peak at 268 = 35,5° (16,0,1), and a medium strength
peak at 28 = 59.0° to 59.1° (24,3,0).

Chrysotile and lizardite are distinguished from antigotite by
the presence of a peak at 20 = 19.4° to 19.2° (020), a major peak at
20 = 36.0° to 35.9° (202), minor peaks at 28 = 43.16%and 42.07°(204),
and a single moderately intense peak at 28 = 60.24°(060).

Chrysotile and lizardite are distinguished from one another by
the location of the (204) reflection (26 = 43,16° for chrysotile and
28 = 42,07° for lizardite). Chrysotile may also be distinguished from
lizardite by the absence of a small peak at 20 = 61.74° (208), and
occasionally by the positions of the (202) and (206) peaks.

| In this work, no attempt was made to distinguish between ortho-
and clino-chrysotile. Distinctions may be made on the basis of (202)
reflections, but lizardite presents interfering reflections, Most
samples of chrysotile in this work contain variable amounts of lizardite

which makes distinction of clino-and ortho~-chrysotile difficult.
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It might be emphasized here that distinctions of various
serpentine minerals based on powder diffraction analysis were made
utilizing all the above described criteria where possible, though some
weaker reflections were not visible for some samples. Slower chart
speeds (%° 26/min,) and regrinding and remounting of samples were
utilized on those samples which initially gave ambiguous results., The
various criteria for polymorph identification are similar to those
discussed by Aumento (1970).

The presence of olivine in the samples masks some of the
diagnostic peaks that distinguish lizardite and chrysotile (Hostetler
et al, 1966). For such samples, olivine was removed in order to make
positive identifications. For most of the samples in which mineral
separation was not done, the results of the x-ray diffraction study
merely indicated the presence of antigorite or lizardite-chrysotile.

Other minerals readily identified by x-ray diffraction tech~
niques include brucite, talc, and chlorite. These minerals show very
pronounced basal reflections, especially when\éedimented, and are easily
identified in small amounts. Hostetler et al. (1966) report that 10
percent or less of brucite in-'serpentinite produces only a (001) reflec-
tion. Hess and Otalora (1964) report that less than 1 percent brucite
can easily be detected.

Aumento (1970) reports that as little as 1 weight percent im-
purity of minerals such as chlorite, biotite, tale, tremolite, brucite,
olivine, clinopyroxene orthopyroxene, magnetite, calcite and dolomite
are clearly distinguishable by x-ray. In some cases, detection limits

" extend to considerably less than 1 weight perceﬁt of the impurity.
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Aumento (1970) has also investigated, by x-ray diffraction
techniques, the limits to which various serpentine polymorphs can be
identified in mixtures of the other polymorphs. He reports that lizérd-
ite can be identified down to as little as 1 weight percent for any two-
or three-component mixture., Antigorite can be detected down to 10 per-
cent in either lizardite or chrysotile, whereas chrysotile is difficult
to identify at concentrations less than 20 percent in the presence of
either of the other polymorphs. The limits of detectability reported
by Aumento (1970) for various impurities and serpentine polymorphs are
probably a little better than those of the present study, as slightly
diffefent sample mounting techniques and chart speeds were employed.

Interpretations of the x-ray diffraction patterns on most
samples are given in the appendix. Where more than one serpentine miner-
al is present, relative abundances are estimated from peak heights for
each of the minerals. For example, if the (202) and (204) peak heights
for chrysotile and lizardite are similar, then these minerals are assumed
to be present in roughly equal proportions. If the (202) and (204) peak
heights of chrysotile are greater than for lizardite, then it is inferred‘
that lizardite is a minor comstituent. However, if the (202) peak for
lizardite is only barely visible above background (204 is generally not
seen under these circumstances), it implies that lizardite is a trace

~ constituent,



14

3.3 Petrographic examination

Most of the samples in this work were studied in thin section
and the results are reported in the Appendix. Some of the samples,
particularly those in which magnetite was separated and analyzed for
018/016, were also studied in polished section in order to distinguish
magnetite and chromite.

Thin section examination,vparticularly when supplemented with
x-ray diffraction analysis, is exceedingly useful in distinguishing
the various serpentine minerals and their textural types, as well as in '
determining the genetic relationships among the various minerals.

The various serpentine minerals can often be distinguished
simply on the basis of texture and optical properties (Chidester, 1962), .
A sumﬁary of the optical properties of various serpentine minerals is
given by Deer, Howie and Zussman (1962) and by Page and Coleman (1967).
Most of the optical distinctions made in the preseht study are based
largely on textural and morphological criteria. The x-ray diffraction
analysis served an integral role in the interpretation of microscopic
observations, particularly when several serpentine minerals were present.

Other minerals encountered in this study were generally easily
distinguished by microscopic examination, particularly the primary
ultramafic minerals such as olivine, enstatite, and clinopyroxené, as
well as other minerals associated with serpentinites, such as carbonates,
tremolite, talc, and chlorite. Brucite, Howevér, ié exceedingly diffi-
cult to distinguish optically and the only satisfactory method of detec-

tion is by x-ray diffraction analysis. The various textural terms
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employed in the microscopic description of serpentine minerals are
the following:

Mesh-texture serpentine is a latticework of longitudinally

divided cross-fibre veins which enclose areas of isotropic or nearly
isotropic material (serpophite). This texture is described in detail

by Deer, Howie and Zussman (1962). Page (1968) reports that mesh texture
serpentine in the Tiburon Peninsula, California area is composed of
lizardite and chrysotile. This textural form is probably derived from
olivine. Plate 3-1 illustrates the "classical' mesh texture after
olivine.

Bastite is the name commonly applied to serpentine pseudomorphs
after orthopyroxene in mafic and ultramafic rocks. Generally the cleav=-
age pattern of orthopyroxene is preserved, often despite deformation
(see plate 3-2). Bastite is generally composed of lizardite [Whittaker
and Zussman (1956), Page (1968)7].

Platy lizardite is utilized as a textural term in this study

because of its fairly widespread occurrence. Page (1968) used this term
to describe large plates of lizardite which have probably developed from
the mésh texture serpentine in the Tiburon serpentine body. This serpen-
tine type was observed in the present study to have also developed from
bastites. The optic axial angle is‘commonly small, suggesting that per-
hapsbmaﬁy textures of this type are éomposed of lizardite. Several
éxamples aré illustrated in plates 3-3 and 3-4.

Cross-fibre veins commonly are found to crosscut various other

serpentine textural forms, and are generally late-stage. This type of

vein commonly displays a small cross-fibre habit normal to the trend of
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Plate 3-2

{Plane light, 0.37 x 0.57mm)

Sample 1, Guatemala., This shows a typical deformed bastite
pseudomorph after enstatite; note the remmant clea&age traces. The
bastite has been replaced along the lower edge by a higher birefringent
serpentine (Chrysotile?). The bulk serpentine in this sample has a

5018 = 48,0, the magnetite has a 5@18 = 4,6,
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Plate 3-3

(Crossed micols, 0,73 x 1.33mm)

Sample 2, Tiburon Peninsula, California. This illustrates platy
lizardite formed from mesh-texture serpentinme. The isotropic materiel
is mesh~-texture serpentine. A cross-fibre chrysotile vein transects
the other two serpentine forms. The serpentine of this sample has a

5018= +8.1, the magnetite has a 6018 = =5,7.
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Plate 3-5

{crossed nicols, 0.17 x 0.25 mm)

Sample 10, Skagit, Washington. This illustrates the two major
textures exhibited by antigorite. The right side of the photograph
shows a pattern resembling that of galvanized iron, whereas the left
side displays a felted pattern of bladelike crystals; the latter form

is the most abundant textural type observed in antigorite.
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the vein. An example of such a vein is displayed in Plate 3-3. This
type of vein is probably composed of chrysotile (see Faust and Fahey,
1962)} large fibre sizes are often mined for commercial use as asbestos.
This textural form is commonly associated with small magnetite veins
found either in the central portions or outer edges of the vein.

Galvanized-iron type antigorite can be observed under crossed

nicols. This terminology is used by Chidester (1962) in describing
antigorites from North-Central Vermont. This pattern was commonly en-
countered in the present study, and is illustrated by plate 3-5.

Antigorite in a felted pattern of bladelike particles occurs in

a fine groundmass of smaller particles. Such a pattern is very commonly
describéd in the literature and is the most abundant textural form of

antigorite encountered in the present study (see plate 3-5),

3.4 Electron microprobe investigations

Microprobe studies were made on many of the magnetite separates
vthat were analyzed for 6018 in this study. These were done on a three-
channel Applied Research Laboratory (EMX) electron micronobe analyzer,
using the general technique of Bence and Albee (1968) to calculate compo-
sitions, A revised set of interelement correction factors was used for
the corrections. All analyses were made at 15 with constant integrated
beam current and pulse height selection. A beam current of 0.05 pA was
used withfavl p? spot size. The Fe was measured relative to a fayalite
Standard, Cr relative to a chromite standard, and Al relative to a

kyanite standard.
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Initially, several magnetite grains from four different probe
sections were examined by wavelength scanning in order to determine chem-
ical variations. Major variations in Cr were observed in some samples;
Mn and Ni were found only in trace amounts (< 0.1%), with no substantial
variations observed among different samples.

Portions of the magnetite concentrates prepared for isotopic
analysis were placed in an epoxy grain mount and polished until many of
the grains exhibited the bright color characteristic of polished magne-
tite under reflected light. At least one-hundred grains per sample were
scanned utilizing a speaker system in conjunction with the channel output.
This method proved satisfactory for rough qualitative estimates of rela-
tive element variations from grain to grain within a given sample.

The various grain mounts were examined for variations in Cr,

Fe, and Al. The extreme range as well as "average" amounts of Cr, Al,
and Fe were counted for several grains in each grain mount. Data on the
counted grains were then reduced to‘values of weight percent oxide. The
speaker system made it possible to estimate the amounts of chromite im-~
purities by noting the relative amounts of Fe, Cr, and Al; it was also
possible to roughly ascertain the extent of serpentine impurities.

Finally, several probe mqunts were examined in order to deter-
mine the chemical compositions of the different textural forms of magne-
tite. The element homogeneity within a given grain was examined using

E.B.S. techhiques.
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3.5 Preparation of samples for isotopic analysis

Serpentine. The various textural forms of serpentine were
separated by hand~picking, if possible, but most samples were simply
ground to a grain size between 100 and 200 mesh. The amount of original
material available varied considerably, but at least ten grains of sample
were generally used., Magnetite was separated by a hand magnet, and oliv-
ine énd pyroxene, where separates were utilized, were separated by heavy
liquid techniques using bromoform. Thé remaining serpentine grains were
inspected with a binocular microscope in order to determine the extent of
impurities. The (001) x~-ray veflection of b:ucite was looked for in gll
samples. Although the amounts of brucite contaminent were invariably
quite small, it is important for hydrogen isotope analysis to determine
these quantities as accurately as possible. This is because of the high
hydrogen yield of brucite relative to serpentine (17.15 y moles/mg. for
brucite vs 7.22 y moles/mg. for serpentine). The 018/016 contamination
due ta brucite impurities was in almost all cases completely negligible,

Magnetite. Magnetite reacts with fluorine to give quantitative
oxygen yields only with great difficulty; consequently the magnetite
must be ground to a very fine grain size. Most of the initial magnetite
concentrates were found to contain impurities of serpentime, Absolutely
pure magnetite is very difficult to obtain, because it is typically
composed of dust sized particles deeply embedded in:a serpentine matrix.

All magnetite samples were therefore ground in an alumina mortar
and pestle to minus 200 mesh. The sample was then placed in a béaker

with water and the serpentine was floated off; the magnetite was held at
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the bottom of the beaker by a hand magnet while the mixture was swirled
and decanted. The sample was then dried and reground in the mortar and
pestle again, and the above procedure repeated several times in order to
obtain a reasonable purity of magnetite. Many of the samples still con-
tained serpentine impurities after many repeated washings. Consequently
it was Very important for most samples to make an isotopic correction
for the serpentine impurities in the magnetite.

Other minerals. Many of the other minerals studied in this

work were separated by handpicking of individual grains. The talc and
"blackwall"” minerals were generally in nearly monomineralic zones or
were coarse-grained, facilitating easy separation by hand. Other miner-
als, such as in mica schist, were separated by using a Frantz magnetic
separator, This latter technique was found impractical for separating
minerals from serpentinites because of the ubiquitous presence of magne~

tite in all serpentines.

3.6 Oxygen extraction

The extraction of oxygen from silicates and oxides was performed
by reacting with F2 in nickel vessels. This technique has been described
in detail by Taylor and Epstein (1962a). The procedures used are essen-
tially those of the above mentioned authors, and will be discussed only
. where significant variations from the published procedures were used.
Mass spectrdmetric analyses were performed on COZ gas obtained from oxy-

gen by combustion with a resistance-heated graphite rod.
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The temperatures of the nickel reaction vessels were monitored
with chromel-alumel thermocouples in contact with the bottom of each
reaction vessel. By this method one could calibrate the variac setting
in conjunction with each resistence furnace. Tﬁe temperature was checked
periodically and it was found that little temperature variation occurred
during runs. The maximum temperature that could be utilized was deter-
mined by placing a small amount of fluorine gas in the vessel and observ-
ing the temperature at which the fluorine began to react appreciably with
the nickel. Above about 630-640?0, the nickel reaction vessels reacted
rapidly with fluorine, though in fhe range of 600 to 620°C there still
existed fluorine gas inrthe reaction vessel even after several days.

It is particularly important to react the magnetite samples at
the maximum possible temperatures; consequently this maximum temperature

was determined several times throughout the duration of this study.

Oxygen extraction of serpentine

Pure serpentine separates were reacted with fluorine at various
temperatures in order to assess the degree to which reaction temperatures
affect the isotopic composition of the liberated oxygen.

Three different samples representing the threg serpentine
‘polymorphs were reacted at various temperatures from 250°C to 600°C.
_.Table 3-1 demonstrates that the reaction of serpentine and fluorine is
nearly complete above 250°C with a small and consistent fractionation
of 0.3°/00 between the low temperature reaction (250°C) and the high

temperature (i.e., complete) reaction (600°C). Serpentine in fact reacts
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TABLE 3-1

Oxygen yield and 6018 data of pure serpentines reacted

in the temperature range 600° - 250°cC.

. . (pmole> 6018 No.
Reaction temperatures Yield\ mg Runs

Sample 2, Ship Mts., Calif., (lizardite)

600°C (complete reaction) 15.4 + 0.2 + 3,6 + 0.05 2

500°C : 15.2 + 0.2 +3.6+0.1 3

400°C 15.2 + 0.2 +3.3+0.05 2

350°C 15.4 + 3.3 1

250°C | 15.3 + 3.3 1
Belvedere Mt., Vt. (cross-fibre chrysotile)

575°C (complete reaction) 15.5 +6.5 1

350°¢ 15.1 + 6.4 1

250°C 15.1 , + 6.2 1
Sample 9, Skagit, Wash. (antigorite)

550°C 15.3 + 0.0 + 9.1 +£0.05 2

250°C | 15.2 + 0.05 + 8.8 + 0.0 2

60 in per mil relative to SMOW; the + indicates aﬁerage deviation from

the mean for samples in which two or more runs were made.
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TABLE 3-2

at 300° - 575°C, using various mesh sizes

Reaction T°C 2?:: Yield <EE§§E§) 5018 No. Runs
Sample‘81, New Caledonia (lizardite and chrysotile)

300 50 - 80 14.7 + 8.6 1

300 80 - 120 14.8 + 8.8 1

300 120 - 170 14,7 + 8.8 1

300 P 170 14.5 + 8.8 1

575 80 - 120 15.1 + 9.0 1

575 P 170 15.1 + 9.0 1

Sample 4, San Luis Obispo, California(lizardite, minor chrysotile}

300
300
300

300

60 - 80

80 - 120

120 - 170
P 170

15.3
15.2
15.2 + 0.05

15.2

+ 7.6
+7.7
+ 7.8 + 0,05

+ 7.9

1

1
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with a small and consistent isotopic fractionation as low as 200°C, but
at temperatures lower than 150°C, the yield is substantially smaller and
the iéotOpic fractionation greater,

Also, various grain size distributions of serpentine were stud-
jed to determine if different grain sizes result in low yields and/or
isotopic fractionation. From the results of Table 3-2, one can see that
a mesh size of greater than 80 probably does not result in any substantial
isotopic fractionation, even if the reaction takes place at a temperature

as low as 250°C.

Low temperature extraction of oxygen from impure serpentines

A series of experiments were done to see if serpentine could be
reacted with fluorine seiectively without substantially affecting the
primary minerals such as olivine and pyroxene. This was done because
many serpentines contain primary olivine and pyroxene which are difficult
and time consuming to separate. Olivine in partially serpentinized
dunites and peridotites typically ranges down to very small grain sizes
(< 0.1 mm) which causes difficulties in obtaining pure serpentine sep-
arates,

In Table 3-3, samples of partially serpentinized peridotites
and dunites are compared to the best serpentine fraction that could be
separated by a number of treatmentswith heavy liquids. This fractionm,
though not ﬁure, shows considerable enrichment of serpentine relative to
that in the natural mixture, as can be seen from the increased yields.

This table strongly suggests that serpentine selectively reacts with
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fluorine at 300°C without involving any significant oxygen contamination
from the primary minerals. The isotopic discrepancy between the natural
-mixture and the serpentine concentrate is about 0.4%/50 or less, probably
depending upon the isotopic composition of the serpentine relative to

the primary minerals. For example, sample 5 from Fort St. James, British
Columbia and sample 1 from Duke Island, Alaska, show the greatest differ-
ences between the untreated and treated samples; these two samples also
display the greatest isotopic differences between the serpentine and

the coexisting primary minerals.

In Table 3-4, the isotopic composition and yield of artificial
mixtures of serpentine and olivine are reported; these mixtures were
reacted at 300°C for 24 hours. The olivine (forsterite from a contact
metamorphic zone) utilized in this experiment had a 5018 value of +20.836§;
whereas the serpentine 6018 equals +3.3% o0; consequently any oxygen
contamination from the olivine during reaction would be very obvious. The
results demonstrate that if the grain size of the olivine is between 100
and 200 mesh, virtually none of the olivine reacts at 300°C. If one uses
a much finer grain size (minus 200 mesh), some of the olivine reacts with
fluorine,

Experiments were also carried out to show that pure olivine
and enstatite of 100 to 200 mesh size do not react with fluorine at 300°é

. for 24 hours. Magnetite of very fine grain size (much less than 200 megh)
reacted under similar conditions to the extent‘of about 5%.

Thus it can be concluded with reasonable certainty, based on the
data in Table 3;3 and 3-4, that serpentine can be selectively reacted

with fluorine at 300°C for 24 hours, without any substantial contamination
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of oxygen from olivine and pyroxene. We have, however, seen in Table 3-4
that fine-grained olivine reacts to some extent in the presenée of ser-
pentine, resulting in isotopic contamination of the sample oxygen. None
of the heavy liquid serpentine separates in Table 3=3 were completely
pure, 80 there exists the possibility that some of the very fine-grained
olivine in‘the serpentine-olivine mixtures reacted to some extent with
the fluorine. This also probably holds true for very fine-grained en-
statite, although the enstatite in serpentinized peridotites is generally
not as fine grained as the olivine,

In any case, for most of Ehe serpentines studied in this work,
the 6018 values of the serpentine are not too greatly different from
that of primary olivinme, so that the reported serpentine analyses should
all be accurate to + 0.2 to + 0.3 per mil. in support of the above
assertions, it has been shown (Taylor, 1959) that the 6018 values of
oxygen obtained by fluorination of olivine are not very sensitive to

low yields.

Summary of reaction conditions utilized for routine oxygen

extraction from serpentine

All pure serpentine samples in the present study were reacted
with fluorine in theitemperature range of 575° to 600°C for 24 hours.
The yields obtained at such temperatures weretypically 15.3 to
15%6~pmoles"02/mg. whereas the Mg end member should give a theoretical
yield of 16,25 pmoles 02/mg. This apparent discrepancy is probably due

in large part to Fé‘replacement of Mg in the octahedral position of the
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serpentine. If 10 mole 7% Fe is present in the serpentine structure, the
oxygen yield is 15.7 MEﬁéﬂs « Page (1967, 1968) notes that many serpen-
tines‘contain up to 10% Fe substituted into the octahedral position of
serpentine. ' Also, all serpentine samplegcontain small amounts of magne-
tite dust, and this contamin#nt, which is very difficult to get to react
with flﬁorine, could in part account for the slightly low oxygen yields.
All serpentine samples which contained primary minerals, such
as olivine and pyroxene, were first separated by handpicking if possible.
By this method one can often separate zones or areas rich in serpentine
from those poor in serpentine. Then the serpentine-rich fraction was
crushed to between 100 to 200 mesh and reacted at 250° to 300°C for 24
hours. The samples reported in Table 3-3, for example, were treated
this way; The 6018 value of the serpentine obtained by this method was
corrected by +0.3%°/00, the average difference between the low and high
temperature reaction, as reported in Tables 3-1 and 3-2.
| By the above technique, one can rapidly determine the approxi-
mate 6018 of serpentine in partially serpentinized ultramafic rocks,
without lengthy and sometimes exceedingly difficult mineral separation.
For samples in which the accurate 5018 determination of serpentine was

required, mineral separations were made using heavy liquids.

Oxygen extraction of magnetite

Evéh though lengthy separation procedures had been applied,
most of the magnetite concentrates still contained from 5 to 30 weight

- Percent of serpentine impurities; this, of course, results in sizeable
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discrepancies between the measured 6018 of the magnetite separate and
the true value of the pure magnetite. Thus it was absolutely necessary
to find a way of correcting for the serpentine impurity,

The technique employed in the present work to correct for
serpentine impurities in magnetite is to measure the SiF4 yield from
each reaction. Such a method is described by Taylor and Epstein (1970),
who employed this method for correcting the measured isotopic composition
of ilmenite for impurities of pyroxene. However, serpentine generates
HF as well as SiF4 in reacting with fluorine; therefore a method had to
be devised for separating SiF4 from HF.

It was necessary to slightly modify the fluorine extraction
~ apparatus in order to collect the SiF4 and HF. Two stainless steel
traps were placed in the metal part of the vacuum system between the
KBr furnace and the reaction vessels. A coiled metal trap was used in
place of trap B described by Taylor and Epstein (1962), and it is in
‘this trap that the SiF4 and HF were condensed out at liquid nitrogen
temperatures. A simple U-trap was employed between the above described
coiled trap and the KBr furnace in order to prevent diffusion of Br

2
back into the coiled trap, thus preventing contamination of the HF and

SiF4.
During a typical extraction procedure, all of the SiF4 and HF

. Was allowed to condense into the coiled trap for about 10 minutes. Then

the remgininé 02 and F2 were allowed to enter the KBr furnaée where all

the F2 Treacted, After the 02 was converted to CO2 and collected, the

- coiled trap was isolated from the KBr furnace and opened to the glass
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Figure 3-1., Relationship between SiF4 yield and sample weight for four

different serpentine samples,
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portion of the vacuum line. The liquid N2 on the coiled trap was re-

placed by a vessel filled with a dry ice-organic solvent (M-17) mixture,
.and the SiF4 vapor was allowed to condense into a nearLy U=-trap in the
glass portion of the line.

The separation of SiF4 from HF was accomplished by warming the
coiled trap up from liquid N2 temperatures, where SiF4 and HF have
negligibly low vapor pressures, to the temperature of the dry ice mix-
ture (~78°C), where SiF4 is completely vaporized and HF has a vapor
pressure of about 4.2 mm. (see Simons, 1950). By this technique, the

SiF4 is quickly condensed at liquid N, temperatures into the nearby

2
glass U=-trap.

It was observed that the amount of material that condensed
into the glass U-trap was constant even though the condensation periods:
varied from 30 to 90 seconds. The nearly pure SiF4 in the glass U-trap
is then transferred to a manometer and its volume measured.

Four different samples representing different types and mixtures
of serpentine were tested in order to determine if consistent yields of
SiF4 could be obtained utilizing the above described procedures. In
figure 3-1, the measured quantity of SiF4 liberated is plotted against
various sample weights. The yields in terms of U mqles of SiF4/mg of
saﬁple show nearly consistent values with only a few small discrepancies.

. There is some departure, from linearity with large samples, but most of
the magnetiﬁé samples examined in this work contain very little serpéntine

impurity. The average measured yield of SiF4 (6.75 pmoles SiFa/mg) is

smaller than the theoretical Mg end member yield. For example, 10% Fe
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in the octahedral position of serpentine gives a theoretical yield of
6.98 pmoles SiF4/mg.

. The weight of serpentime impurity in any given magnetite sample
is computed by measuring the amount of SiF4 and using the average yield
shown in figure 3-1. The amount of oxygen contributed by the serpentine
impurity in the magnetite sample is computed by multiplying the calcula-
ted weight of serpentine by 15.6 pmoles Oz/mg, the average oxygen yield
for pure serpentine samples. One can then compute the 5018 of the pure

magnetite utilizing the accurately measured 6018 value of the coexisting

pure serpentine.

Oxygen extraction of other phases

All other mineral and whole rock samples studied in this work,
except serpentine that contains olivine, = = pyroxene or magnetite, were

reacted at 550° to 600°C for 16 hours.

3.7 Hydrogen extraction

The experimental technique for the extraction of hydrogen from
OH-bearing minerals is similar to that described by FEiedman (1953) and
Godfrey (1962). All of the minerals except serpentine were degassed at

100-150°C under high vacuum for about 1 hour, then heated by an induction

- furnace to a maximum temperature of 1300 to 1500°C to liberate H, and

2
HZO. The HZO was reduced to H2 by passing it o&er hot uranium at about

750°C. The volume of total H2 evolved was then measured and the gas was

Teady for mass spectrometric analysis.
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It is possible that not all of the adsorbed water is removed
during this preliminary outgassing, and even if it is completely removed,
it is also possible that isotopic exchange occurs between the adsorbed
and structural water at temperatures of 100-150°C,

Some minerals which contain interlayer water, such as mont-
morillonite, easily exchange this water with their immediate environment
(Savin and Epstein, 1970). Savin and Epstein (1970) developed a tech-
nique of removing this interlayer water by heating in a vacuum at tempera-
 tures of 100-250°C for two hours or more. However, recent work by
Lawrence (1970) has shown that because of exchange during outgassing,
there are some difficulties with this method.

Serpentine, particularly chrysotile, is known to absorb water
from the atmosphere. Hess (1964) has noted this fact while commenting
on the anomalous densities measured for the Mayaguez bore hole serpentin-
ites. ©Pundsack (1956) found that natural chrysotile adsorbed 2.5% water
- by weight when stored in an environment of 100% humidity at 25°C; this
‘water comes back off at temperatures between 175°C and 200°C. Because
of the large amount of adsorbed water in some serpentine samples, a
series of experiments were designed to test whether this adsorbed water

can be removed without affecting the 6D of the OH-structural hydrogen.

Exchange experiment

In order to determine if adsorbed water can be removed by a
Preliminary outgassing technique, it was essential to determine the

amount of exchange occurring at room temperature. It has been determined
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By Roy and Roy (1957) that less than 0.5% of the OH in kaolin minerals
1s exchanged at room temperatures, even after a few days of treatment,

To test if all of the adsorbed water in chrysotile can be
removed by simple heating at low temperatures, a sample consisting of
chrysotile and lizardite (sample 304.7 from the Mayagues site in Puerto
Rico) was placed in heavy water (8D = +1870°/0¢) for four days. This
sample was then dried for 12 hours at 100°C and exposed to air for sever-
al hours. Afterwards the sample was placed in a quartz crucible and
outgassed at 200°C for 2 hours and finally dehydrated at 1100°C for 3
hours to remove all structural water.

The measured isotopic composition of the sample exposed to the
heavy water was 6D = -48°/o0 as compared to the identical sample, not
expésed to heavy water, where D = -63°/50. The exchange is less than
1%, which is similar to that found for kaolin minerals. This suggests
that only a very small amount of adsorbed water is retained after the
preliminary outgassing. Since the isotopic composition of any reasoﬁable
- adsorbed water is not nearly as extreme as the heavy water used in this
experiment, we conclude that any water which is not lost during the
Preliminary outgassing procedure has a negligible effect upon the isotopic

composition of the true hydroxyl in serpentine.

Procedures related to the extraction of H,.0 from serpentine
rA

Throughout the duration of this work, various procedures for
the extraction of hydrogen from serpentine were adopted and compared.

Initially all serpentine samples were extracted in the manner

~described by Godfrey (1962). Samples were placed in a Pt-crucible
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while exposed to air and then placed into the vacuum system. All air
was pumped away and‘the sample was then dehydrated using an RF generator.
A series of different outgassing procedures were used for a
given sémple in order to determine the conditions most favorable for
removal of adsorbed water. In Table 3-5, different outgassing temper-
atures and times were employed before the dehydration., It becomes
immediately obvious that the measured §D of the structural-OH is insensi-
tive to variations in the outgassing procedure. It appears that adsorbed
water is easily removed and does not isotopically contaminate the
structural water. Many other samples were also tested using different
outgassing temperatures and times, as shown in Tables 3~5 and 3-6.
A second variation of the basic procedure used by Godfrey
(1962) was employed for comparison. Suzuoki (personal communication)
utilized a method whereby the Pt-crucible is never exposed to air
before the sample i® loaded. The basic apparatus for hydrogen extraction
was‘modified to conform to his design. In this procedure, the sample
is contained in a small glass vial in the vacuum system. The Pt-crucible
is then preheated to about 1000°C to remove any possible absorbed water.
After the Pt-crucible cools, the sample is loaded into the crucible
while under vacuum. By this method, the Pt-crucible is never exposed
to air before the outgassing and dehydration sequence. The two different
techniques are compared for many samples listed in Table 3-5. As one
can see, thé results compare favorably with ea;h other, though §&D
differences between samples employing the above described techniques

vary by as much as 5°/o0. The original method suggested by Godfrey
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TABLE 3-5

Hydrogen extraction of serpentine utilizing an RF generator

Outgas Outgas No.

*

Sample No. Technique Temperature Time (hrs.) &0°/oo Runs
303,58 Mayaguez la 25°¢C 3/4 - 66 1
- bore hole test 1 200°¢ 2 - 64 + 1 2
site, Puerto Rico la 200°¢ 2 - 64 1
la 240°C 1/2 - 61 1

la 360°C 1/2 -63+1 2

la 360°¢ 3/4 - 63 1

la 420°C 2/3 - 60 1

1la Vaurinos 1 250°¢C 1 - 99 1
Complex la 300°¢ 1/3 -102 1
2 Guatemala 1 200°¢c 1 - 97 1
la 300°¢ 1/2 - 91 1

5 Mt. Stewart, 1 230°¢ 1 -127 1
Washington la 200°¢ 1 -124 1
5 Del Puerto, 1 200°¢ 1 . -105 1
California la 200°¢ 1 -104 1
2 Duke Island, 1 200°C 1 -130 1
Alaska la 200°¢ 1/2 -135 1
1 Josephine County, 1 200°¢ 1 -107 1
Oregon la 300°c 2/3 -112 1

Technique: 1. The sample is placed in a Pt-crucible directly and
outgassed for various times at different temper-
atures (basic method utilized by Godfrey (1962).

la. Pt-crucible is pre-heated to > 1000°C, then the
sample is placed in the cold crucible under vacuum
(modified procedure suggested by Suzuoki).

*8 in per mil relative to SMOW; the + indicate average deviation from
. the mean for samples in which two analyses were made.
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(1962), where the Pt-crucible was momentarily exposed to air during the
loading sequence, was employed for most subsequent runs because of
simplicity.

| A second general technique was employed for the extraction of
hydrogen from serpentine. In this method, the vessel, which contains
the sample, is closed during dehydration, resulting in a buildup of
pressure. The basic problem of dehydration under vacuum, whereby the
evolved water is condensed into a nearby trap cooled to liquiva

2

temperatures and the H, evolved is collected with a toepler pump, is

2
the problem of gas discharge caused by the RF generator. Experiments
have demonstrated khat this discharge results in erroneous isotopic
 compositions, probably due to ionic reactions with the vacuum grease
‘and the walls of the containing vessel. Consequently, during the
dehydration process the gas pressure must be kept low enough to avoid
this discharge. This results in lengthy dehydration times, of the order

of one to two hours. The method of allowing a H,0 pressure buildup

2
during dehydration, suggested by R. L. Armstrong (personal communication),
allows complete dehydration after about 15 minutes.

The resulting pressure is high enough to retard gas diﬁcharge,
except for brief momeﬁts during ;he beginning of each rum. After this
dehydration, the RF furnace is turned down, and the vessel opened to a

- trap cooled by liquid N, to condense the H, 0. The remaining non-condensable

2 2
gas (Hz) is then collected by the toepler pump. For several samples, this
838 was passed through the U-furnace before being collected by the

toepler pump. No differences were observed for samples in which the
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‘evolved hydrogen either was or was not passed through the U-furnace
before being collected.

After all hydrogen was collected by the toepler pump and the
‘sample chamber was evacuated, the sample was reheated to endure complete
| déhydfation. After the dehydration was complete, the trap into which
the watér was condensed was warmed up using a dry ice-M-17 bath and
outgassed to high vacuum. By this technique, all material except water
was pumped away. This was done because it had been previously observed
that if these materials that are noncondensable at dry ice temperatures
(presumably 002, SOZ’ etc.) were allowed to pass through the uranium
furnace, they caused a premature contamination or "poisoning' of the
uranium metal.

To determine if this discarded non-condensable material con-
tained hydrogen, extractions of several samples were carried out both
with and without the dry ice-M-17 bath. In the latter method, all of
the material condensed into the trap at liquid N2 temperatures was
passed through the U-furnace and collected. The {D measurements and H2 ‘
yields for several samples were identical within experimental error,
indicating that no hydrogen was present in this nom-condensable fraction.

The two methods, (1) allowing the H,0 pressure to build up

2

upon dehydration, and (2) the method of Godfrey (1962), where collection
is done at low H20 pressure, are compared in Table 3-6. These two basic
methodé were studied using both the RF generator and an electrical

Tesistance furnace as a heating source.
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TABLE 3-6

Hydrogen extraction of serpentine utilizing various techniques

Sample No. Technique

OQutgas Outgas No.
Temperature Time (hrs.) 5D°/od Runs

303.58 Mayaguez
bore hole test
site Puerto Rico

81 New Caledonia
1 Yalakom, British
Columbia

4 San Luis Obispo
California

Techniques:

PLWN N

= w =

200°¢ 1 - 64 1
230°¢. 1/2 - 64 1
200°¢ 1/2 - 64 1
200°¢ 2 - 67 1
340°¢c 3/4 - 65 1
230°¢c 1 - 64 1
350°¢c 1/2 - 85 1
200°¢ 2 - 83 1
200°¢ 1/2 - 86 1
220°¢ 2 - 91 1
250°¢ 1 - 88 1
220°C 1 - 86 1

RF furnace used for heating sample - sample

- dehydrated at negligibly low H.O pressure,

2

RF furnace used for heating sample - sample
dehydrated in the presence. of H20 vapor.

Electrical resistance furnace used for heating
sample - sample dehydrated at négligibly low
H20 pressure,

Electrical resistance furnace used for heating
sample - sample dehydrated in the presence of

H

2

0 vapor.
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When the resistance furnace is used, the sample is placed in
a quartz crucible and lowered down into a quartz tube; after preliminary
outgassing, the sample is heated to about 1000-1100°C for about four hours.
Thus, in Table 3-6 essentially four different techniques are compared.
The data indicate almost no variation in D for the different methods.
Therefore it is concluded that the extraction of H2 and H20 from ser-
pentine after a simple, preliminary outgassing treatment represents a

valid technique for obtaining the D/H ratio of the hydroxyl of the

serpentine.

3.8 Mass spectrometry and other corrections

The experimentally determined isotope ratios were all corrected
and reported as 0-values relative to S,M.0.,W. (Standard Mean Ocean Water).
All of the §-values in this work are reported in per mil.

Oxygen

Mass spectrometric analysis of oxygen isotopes are performed
on CO2 gas. The mass spectrometer used is a 66 degree, single focusing,
double-collecting and dual gas-feed instrument of the type described by
Nier (1947) with modifications by McKinney et al, (1950).

The mass spectrometer measures the ratio of the mass 46 beam

46
Wi + 45

Craig (1957) has derived a correction

to the mass 44 and 45 beams. Due to 013 and 017 species, the
is not exactly equal to 018/016.
factor which applies to this situation. All CO2 samples have essentially

the same carbon isotopic composition, that of the carbon rods used in

" the conversion of 02 to COZ' Since both the sample and the working
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standard (quartz from the Rose Quartz pegmatite) have the same carbon
isotopic‘composition, the expression derived by Craig (1957) reduces
to 6018corr. = 1,01 5018meas.

~ Other correction factors one has to apply to the raw data are
the background, mixing of standard and sample gas, and leakage through

18/016 ratio of the

the mass spectrometer switching valves. Since the 0
mass spectrometer standard gas is about 25 per mil larger than that of
ocean water, the raw values based on this standard are lower than the
corresponding values based on the ocean water standard. The 018/016
ratio must therefore be multiplied by 1.025.

The background correction is determined by the ratio of the
long-lived background ion current probably from such sources as the
degassing of adsorbed CO2 from the source and the feed system. This
correction factor is variable, but it is typically 1.02 to 1,04,

The working standard used inthis research is quartz from the
Rose Quartz pegmatite which has a 6018 of +8.43. This value is obtained
by comparisonvwith the Potsdam sandstone and St, Peter sandstone standards
utilized by Taylor and Epstein (1962) and Gatlick and Epstein (1967).

The §-~value of a particular sample (X) relative to S,M,0.W. is calculated

~ by the following formula:

_ raw _  raw _
6x-smow = 1.05 (6x 6RQ std.) + 8.43

The value of 1.05 is an approximate summation of all the
Multiplicative correction factors. This value is of course variable,

pri“cipally due to changes in the background correction.
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raw

6RQ std.

standard measured against the mass spectrometer reference gas. The

is the mean value of one of the groups of Rose Quartz

groupings are obtained by noting all the different raw values; these
are arbitrarily subdivided where significant differences occur. Such
differences are due to secular drifts in the mass spectrometer and
slight differencesin the gas standards used in the mass spectrometer.

Another correction to be applied to all analyses is that for
the oxygen contamination in the fluorine. This correction is generally
less than 0.2°/00, but it varies slightly depending upon the amount of
fluorine used, the isotopic composition of the sample, and the amount
of sample used.

The mass spectrometer precision is about 0.1 per mil, whereas

8 of minerals is about 0.1 to 0.2 per mil

the analytic precision for 601
for pure samples. As was mentioned earlier, this analytical error is
slightly greater for partially serpentinized samples and for magnetite
vsamples.
Hydrogen
Mass spectrometric analyses of hydrogen isotopes are performed
on hydrogen gas using a mass spectrometer similar to the one described

by Nigr (1947) and McKinney et al. (1950), except that it employs an

extra arm containing the mass-2 collector. The ratio of mass-3 to mass-2

is measured. Because the mass-3 beam consists of both Hﬁ+ and H; ions,
& correction factor for the contribution of Hg ions must be made, as

described by Friedman (1953). Also, correction factors must be made

for background, leakage through the switching valves, and the change of

~ Standard, similar to those utilized in 018/016 measurements.
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The equation which is used in converting raw numbers to SMOW
~ values 1is:

8 gmoy = 0-94052 b __ . = 68.75

is the 1sotopic composition of the sample relative to the

where Bx-std.

machine standard. This was derived by direct comparison with NBS standard
water.

The precision of the hydrogen mass spectrometric analyses is
about 0.5 per mil for hydrogen, but the total analytic error for 6D in

serpentines is about 2 - 3 per mil.
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IV. OXYGEN ISOTOPE GEOTHERMOMEIRY
OF SERPENTINE-MAGNETITE PAIRS

4,1 General statement

Clayton (1961la) observed experimentally that the equilibrium

018/016 fractionation between calcite and H20 follows an equation of the

form

K = AT™ - B
analogéous to the theor;tical behavior of ideal gases at high tempera-
tures (see Chapter 2). This relationship appears to hold for many
oxygen compounds over é wide range of temperatures, as demonstrated by
experimental results on the systems calcite-water (Clayton, 1961b),
muscovite-water (0'Neil and Taylor, 1969), quartz-water (O'Neil and
Clayton, 1964), and alkali feldspar-water and anorthite-water (O'Neil
and Taylor, 1967).

The fundamental basis for making estimates of temperatures of
formation for any given mineral assemblage rests on the assumption that
there was attainment and retention of isotopic equilibrium. In many
naturally-occurring mineral assemblages this is not achiéved. Equili-
brium is assumed to have been attained if the isotopic fractionations
between different mineral pairs from the same assemblage yield the same
temperature upon the application of experimentally determined calibra-
tion curvesf However, much of the experimental data necessary for fhis
evaluation is not yet available; hence, assumptions regarding attain-

ment of isotopic equilibrium rest largely upon observations of systemat-

ic isotope variations in minerals. This technique is applicable to
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many igneous and metamorphic rocks composed of two or more oxygen-bearing
minerals.

The applicability of oxygen isotope geothermometry to problems
of serpentinizatibn is complicated by the fact that only two phases may
be readily utilizéd, namely serpentine and magnetite. Although a pre-~
liminary magnetite-HZO fractionation curve was published by O0'Neil and
Clayton (1964), this was later found to be in need of revision (J. R.
O0'Neil, personal communication); therefore only an approximate calibration
is available for magnetite-HZO. The serpentine-watervfractionation hés
not yet been investigated in the laboratory, but its general behavior
can be inferred by various extrapolations of natural and experimental

018/016 data.

4,2 Serpentinization reactions

Various reactions have been proposed for the serpentinization of
ultramafic rocks. These can be basically classified éccording to whether
serpentinization occurs at comstant volume, as advocated by Thayer (1967a)
and Turner and Verhoogen (1960) or occurs with volume expansion, as
suggested by Hostetler et al (1966) and Page (1967, 1968).

- According to the concept of serpentinization at constant volume,

Turner and Verhoogen (1960) give the reaction as:

, sio ‘ ‘ |
.5Mgz 4 +  4H0 - 2M3381205(0H)<‘_ + 4Mg0 + 810,
olivine - introduced serpentine (161gm) (60gm)

(700gm, . 219¢¢) (72gm) (552gm, 220cc)

removed in
solution

(1
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This requires that large amounts of both magnesia and silica must be re-
moved in solution from the ultramafic mass. As a consequence of such a
reactidn, large volumes of water would have to be available to remove
both magnesia and silica. Also, according to Turner and Verhoogen (1960),
one would expect to observe significant Mg- metasomatism of the adjoining
rocks thbugh there is little evidenée for such effects (Turner and Ver-
hoogen, 1960; Coleman, 1965).

If volume expansion occurs during serpentinization, then the

following reaction can be written (Turner and Verhoogen, 1960):

3Mg, 810, + 40+ S10, -  2Mg,51,0.(0H),
olivine introduced serpentine (2)
(420gm; 13lcc) ‘ (522gm; 220cc)

where silica is derived from external aqueous solutions. If the silica

is derived instead from pyroxene, then the following reaction may occur

(Hostetler et al., 1966):

MgZSJ.O4 + MgSlO3 + 2H20 -+ MgBSiZOS(OH)4
olivine pyroxene introduced serpentine (3)

(l41gm; 44cc) (100gm; 31.5cc) (36gm) (277gm; 110cc)

which also requires a volume expansion. Thaye; (1967a) and Turner and
Verhoogen (1960) argue that volume expansion is unlikely because of evi-
dence from microscopic fabric and field relationms. However, Hostetler
et al. (1966) feel that many of the microscopic features which argue
against Qoiume expansion are ambiguous. In fact they cite field rela-

tionships which support such a volume expansion.
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More realistic serpentinization reaction equations can be
written to describe the paragenesis of most of the serpentinites encoun-
tered in this study. It has been generally observed for most serpentinites
that mueh of the magnetite occurs as small veinlets and scattered dust-
sized particles associated with late-stage veins. Similar observations
were made by Page (1968), who also observed from microprobe studies that
late~stage chrysotile veins in general have lower Fe0 contents (5 wt. %)
than do the earlier formed bastite and mesh texture serpentine (S]wa.%).

These observations suggest that much of the early serpentiniza-

tion can be represented by the reaction

3(M8.90Fe.10)28104 + SiO2 + 4H20 = 2(Mg.90Fe.10)351205(0H)4
olivine introduced serpentine

(4)

which is analogous to (2) above. In this case, SiO2 is introduced into

the ultramafic body from the exterior environment. Such a reaction is

suggested by the fact that many country rocks undergo $i0, loss to serpen-

2
tine during the formation of rodingite (Coleman, 1967)., If silica is
supplied to serpentine from pyroxene, as indicated in (3), then the re-
action can be given as:

(Mg _goFe 100,510, + (Mg goFe ;,)810, + 2H0 =

olivine pyroxene

(Mg.90Fe.10)381205(0H)4 ‘ (5)
serpentine
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For reactions (4) and (5), essentially all iron contained within the
olivine and pyroxene is taken up by the serpentine. However, some
oxidation of Fe+2 in olivine may occur, since Fe""'3 appears to be present
in lizardite (Page, 1968).

During &evelopment of late-stage chrysotile veins, a reaction of

"the type

1.05(ug gFe ;),810, + 1.05(Mg gFe ;)Si0, + 2.06H,0 =

olivine pyroxene introduced

(Mg g5Fe (5)351,05(0H),  + 0.06Fe,0, + 0.1 510, + 0.06H,

serpentine magnetite expelled

(6)

may occur in which only part of the Fe is incorporated into serpentine,
. with the excess Fe expelled to form . magnetite. Such a reaction of
course implies that reacting fluids become reducing, since part of the
ferrous iron becomes oxidized. Such a reaction may account for the
highly reduced phases associated with some serpentines (Chamberlain et al.,
1965; Page, 1967; Gresens, 1969).

Although brucite is reported to be commonly associated with many
alpine type serpentinites (Hostetler et al., 1966), it was not obéervéd
in most of the samples\investigated in this study. However, variable
amoﬁnts of magnetité were encountered in essentially all of ;he serpentin-
ites, suggesting that the above reactions (4), (5) and (6) probably bést

- describe the serpentinization history of most samples encountered in this

work,
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The various minerals that comprise the serpentine group all have
the approximate composition MSB(SiZOS)(OH)4’ with comparatively little
substitution of other ions (Deer et al., 1962). Aumento (1970) shows
from over 200 serpentine analyses, that the various serpentine polymorphs
exhibit only very small chemical differences; they exhibit diffuse compo-

sitional fields when plotted on a SiO2 - Mg0 - H,O ternary diagram.

2
As noted previously, the small differences in Mg0 content and
oxidation state of iron between chrysotile and lizardite, may, however,
suggest that these two serpentine minerals are not polymorphs (Page, 1967).
Since magnetite is the only mineral coexisting with serpentine
vin most samples, the serpentine-magnetite pair represents the only suit-
able isotopic geothermometér. Howevér, in order to obtain temperatures
of serpentinization, we must decide which (if any) of the analyzed samples
were formed in equilibrium. A partial test of chemical equilibrium can
be made by investigating the chemical homogeneity of the magnetites.
The chemical variations of magnetite in serpentinite have not
been investigated to the same extent as those of serpentine. However, it
has been noted that magnetite occurs within serpentinites both in a very
fine-grained, disseminated form and as veins associated with late-stage
serpentinization. In particular, magnetite commonly occurs in antigorites
in a disseminated and scattered aggregrate form (e.g. the Roxbury serpen-
 tinites, Jahns, 1967) and as veins in lizardite-chrysotile type serpen-
tinites (e.g. the Tiburon body, Page, 1968). Several other studies re-
lated to the chemical variations in magnetite from'serpentinites involve

»discussions of the alteration of chromites.
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Lapham (1964) examined the chemical composition of spinels in
the Mayaguez Bore hole serpentinites by electron microprobe analyses. He
observed zoning in the spinel grains from the peridotite (augite harz-
burgite) portion of the body. The dunites contain unzoned chromite,
whereas the spinels from the peridotite exhibit a core of Mg-Al spinel
with an‘inner shell of Fe(-Cr?) sulfide, and an outer rim of magnetite.
It is suggested that the chromite and Mg-Al spinel resulted from primary
crystallization of the ultramafic rock, followed by formation of the two
marginal zones in the Mg-Ai spinel at lower temperatures synchronous
with serpentinization.

Thayer (1956), in a review article on the mineralogy of chromite,
discusses many observations in which translucent chromites are rimmed by
opaque material. This opaque outer rim is regarded as an Fe-rich chromite
or magnetite which formed by alteration of the translucent chromite.
Thayer (1956) associates this zoning of tramnslucent chromite with hydro-
thermal activity subsequent = to formation of the primary ultramafic rock.

From a study of opaque minerals in a serpentinite body okarchean
Age at Puddy Lake, Ontario, Simpson and Chamberlain (1967) observed by
electron microprobe analyses that the chromites exhibited a chromium
magnetite rim that was thought to have formed in a lower temperature
environment, perhaps during serpentinization. Three forms of magnetite
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