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OXYGEN AND HYDROGEN ISOTOPE STUDIES
OF THE SERPENTINIZATION OF ULTRAMAFIC
ROCKS IN OCEANIC ENVIRONMENTS AND
CONTINENTAL OPHIOLITE COMPLEXEST

DAVID B. WENNER* and HUGH P. TAYLOR, JR.*#*

ABSTRACT. Oxygen and hydrogen isotopic analyses have been obtained on 19
oceanic chrysotiles and lizardites and 1 oceanic antigorite from dredge-hauls at three
locations along the Mid-Atlantic Ridge (43°N, 1°N, and 22°S), the Puerto Rican
Trench, and the Blanco Fracture Zone in the Pacific Ocean. Lizardite-chrysotile ser-
pentines were also analyzed from continental ophiolite bodies at Vourinos, Greece
(10 samples); San Luis Obispo, Calif. (16); Dcl Puerto, Calif. (4); Wilbur Springs,
Calif. (1); Stonyford, Calif. (3); Canyon Mtn.,, Oreg. (3); and New Caledonia (3); in
addition to 3 antigorites from Del Puerto. There is typically a wide variation in
00% in a single ophiolite complex; the lowest 60 values tend to occur in the interior,
partially serpentinized portions of the ultramafic body. The isotopic compositions of
the oceanic and continental lizardite—chrysotile fall in different ranges (Oceanic: 8D
= —35 to —68, 308 = +0.8 to +6.7; Vourinos: 6D = —88 to —114, 60 = +2.1 to
+12.7; San Luis Obispo: 8D = —82 to —91, 0" = +3.8 to +9.3; other ophiolites:
8D = —80 to —149, 60" = +6.3 to +9.2). Therefore, different types of waters must
be involved in the serpentinization of ophiolitic and oceanic ultramafic rocks. Heated
ocean water, perhaps mixed with some magmatic water, is apparently responsible for
submarine serpentinization. Most of the lizardite-chrysotile in continental ophiolites
probably formed from hot, exchanged meteoric ground waters, mixed meteoric-mag-
matic waters, and/or mixed meteoric-connate waters; the small quantities of antigorite
in these bodies apparently form in the presence of non-meteoric metamorphic waters.
The isotopic evidence strongly suggests that most of the serpentine in ophiolite com-
plexes was not originally formed from ocean water. Some of the O'-depleted serpen-
tines in the Vourinos and San Luis Obispo complexes can conceivably be interpreted
as having formed in this manner, but if so, all these serpentines must have later
undergone essentially total D/H exchange with other types of waters. Thus, if
ophiolite complexes truly represent exposures of oceanic crust and mantle, they prob-
ably were largely unserpentinized prior to their emplacement on land.

INTRODUCTION

The purpose of this study is to investigate the D/H and O/0¢
values of serpentine samples dredged from various oceanic environments
and to compare these results with those obtained on serpentines from
well-documented ophiolite complexes. This can provide a unique method
of examining the origin of the waters involved in the serpentinization
of such ultramafic rocks. Except for one sample from St. Paul’s Rocks
(8D = -89, §0'® = +6.3, Sheppard and Epstein, 1970, serpentine type
not reported) and a serpentinite dredged from the Mid-Atlantic Ridge
(6D = —60, 808 = + 4.6, Epstein, 1966, quoted in Taylor, 1967a) no
previous §0O'® or 8§D analyses have been made on oceanic serpentines.

In an earlier paper (Wenner and Taylor, 1971) on the temperatures
of serpentinization of ultramafic rocks based on O8/0 fractionation
between coexisting serpentine and magnetite, we tentatively concluded
that lizardite—chrysotile serpentinization of alpine ultramafic rocks com-
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monly occurs at about 100°C. However, somewhat higher temperatures
were indicated for oceanic samples (125°C for one lizardite, 180°C for
one chrysotile sample), and antigorite serpentinization apparently occurs
at markedly higher temperatures (220° to 460°C).

The presence of large amounts of serpentinized ultramafic rocks in
oceanic trenches and ridges, together with the geophysical evidence sug-
gesting that the main oceanic crust consists essentially of three distinct
layers, led Hess (1955, 1965) to propose an oceanic crustal model consist-
ing of a basal layer (layer 3) composed of serpentinized peridotite, over-
lain by about 1 km of basalt (layer 2) and a thin layer of sediment (layer
I). In this model, ultramafic mantle material above the 500°C isotherm
is thought to be serpentinized by interaction with water rising from the
deeper mantle. This layer of serpentinized peridotite is envisioned as
spreading out laterally away from ridges due to mantle convection.

Although serpentinized peridotites are commonly found at mid-
ocean ridge sites along with basalts, amphibolites, gabbros, and their
metamorphosed equivalents (Aumento, 1970; Bowin, Nalwalk, and Her-
sey, 1966; Miyashiro, Shido, and Ewing, 1969), other workers (for example,
Cann, 1968; Christensen, 1970; Coleman, 1971b) have questioned Hess’
notion of the layer 3 composition being a uniformly serpentinized perido-
tite. Also, the origin of the H,O responsible for submarine serpentiniza-
tion is still a matter of controversy. Thompson and Melson (1970), meas-
uring the boron contents of oceanic serpentines, suggested that juvenile
waters had to be involved in serpentinization if metamorphism occurred
at moderately high temperatures (300°-500°C). For sea water to have
been involved in serpentinization, they suggest that such a process must
have taken place at relatively low temperatures (< 200°C). Hess (1964), in
commenting on the measured Sr®"/Sr#% values from serpentines from the
Puerto Rican Trench and St. Paul’s Rocks, suggests that the serpentine
samples may have been contaminated by Sr from sea water. Vdovykin
and Dmitriyev (1968) examined the organic matter in unaltered to com-
pletely serpentinized peridotites dredged from the Mid-Indian Ridge and
argue that the lizardite-chrysotile serpentines formed only from juvenile
waters, whereas a secondary serpentine (described as antigorite, but un-
supported by X-ray diffraction analyses) formed from sea water.

Ophiolite complexes consist of a sequence ol ultramafic rocks suc-
cessively overlain by gabbros and basalts, which are in turn overlain by
radiolarian cherts or other marine sediments. Although their origin is
still controversial, ophiolites are presumed by many investigators to rep-
resent on-land exposures of oceanic crust and mantle (Coleman, 1971a;
Bailey, Blake, and Jones, 1970). Under such an interpretation, the
gabbro-peridotite contact would represent an exhumed oceanic Moho.
Therefore, it is clearly important to compare the ophiolite serpentines
with oceanic serpentines.

Recently Bailey, Blake, and Jones (1970) and Page (1972) have
reinterpreted as ophiolites some ultramafic rocks in California that
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separate the Great Valley Sequence from the Franciscan Formation.
According to Bailey, Blake, and Jones (1970), serpentine had to be in
existence prior to the deposition of the overlying Great Valley Sequence
clastic sediments and prior to the thrust faulting that was responsible
for causing the ophiolite sequence to be exposed on land: some of this
serpentine is found within the Great Valley Sequence (one sample from
the Wilbur Springs locality in California was examined in this study).

EXPERIMENTAL TECHNIQUES

The proportions of the various serpentine minerals were semi-
quantitatively determined by X-ray diffraction studies on most of the
samples analyzed in this research (see table I). The reflection peaks used
for discriminating among the serpentine minerals antigorite, chrysotile,
and lizardite are those given by Whittaker and Zussman (1956) and
Aumento (1970). All samples were examined for minor amounts of other
minerals, particularly brucite.

All serpentine mineral separates were reacted with fluorine in the
temperature range of 575° to 600°C for 24 hours. Extraction of the re-
sulting oxygen was carried out in the manner described by Taylor and
Epstein (1962).

The experimental technique used in the extraction of hydrogen
from serpentine is similar to that described by Friedman (1953) and
Godfrey (1962). To test if all the adsorbed water in chrysotile can be
removed by preliminary outgassing, a sample was placed in contact with
deuterium-enriched water for 4 days. After outgassing (200°C for 2 hours)
of adsorbed water, isotopic analysis of the remaining water (assumed to
be structural OH) revealed negligible contamination (< 1 percent), simi-
lar to what is observed in kaolin minerals (Roy and Roy, 1957).

In addition, a series of serpentine samples of distinct mineralogy from
various localities were treated using diflerent extraction techniques and
varying conditions of preliminary outgassing (Wenner, ms). None of the
8D values of the samples examined varied by more than 5 per mil, while
most were within the generally accepted experimental range (2-3 per
mil). Therefore it is concluded that the extraction technique utilized in
this study is valid.

All isotopic data are reported as §-values in per mil relative to
SMOW. Fractionations, reported in this paper as A, are defined as

A serp-water = 1000 In « serp-water ~ § serp — § water
The analytical error in §O* is about 0.1-0.2 per mil.

SAMPLE LOCALITIES AND DESCRIPTIONS

Oceanic Serpentines

Puerto Rican Trench.—Samples ol serpentine and serpentinized peri-
dotite, together with talc, sedimentary rocks, and minor basalts were
dredged from the north wall of the Puerto Rican Trench by Bowin,



210 D. B. Wenner and H. P. Taylor, Jr—Oxygen and hydrogen

TABLE 1
Summary of isotopic, mineralogic, and petrographic studies
of the oceanic serpentines studied in this work

Sample Mineralogy* oDk 8O 80k Petrographic descriptionf

Puerto Rican Trench
Ch 19-2-2 Cc =51 =1 0.8 £ 0.1 S; fg iso grains (see Bowin,
Nalwalk, and Hersey,
1966, p. 262)

Ch 19-10-2 C —hH8 3.6 0.2 S; imt > b > xf
Mid-Atlantic Ridge (43°N)
All 32-8-22 C groundmass —60 1.9 0.1 S; imt > b > xf (<2mm
wide)
” C vein —68 1.9
All 32-8-54 A =31 +2(3) 20=*=0.1 S; “picrolite” veins
(<10mm wide)
All 32-8-70 C —59 32+0.1 S; highly fractured, imt
>> xf
All 32-8-74 C —60 2.1 £0.0 S; massive; amt > b > xf
All 32-8-80 C cross fiber vein —59 6.1 S.P.; amt > b; all cross cut
by xf and carb veins
” C matrix S —61 28 +02
Mid-Atlantic Ridge (1°N)
All 20-48-1 L bastite —b3 6.7 S; mt > b (<Imm)
" L mesh texture —b5 0 44 +0.0
All 20-26-118 L —44 4.6 = 0.0 Mylonitized S.P.; alternat-

ing layers of S and S.P.
Mid-Atlantic Ridge (22°S)

All 60-9-3 L + C Dbastite —35 3.3 S; mt > b (?); b has
irregular shape;
” L + C mesh texture —46 3.5 t xf and carb veins
All 60-9-5 L+C —48 3.3 S; imt > b (deformed);
repl of mt by fg platy S
All 69-9-7 talc > A rim —37 3.0 highly sheared S with
talc patches
” L+ C core —55 2.6 S; mt > b > xf
All 60-9-70 C outer rim —50 28 + 0.1 S; white outer rind,
highly sheared, massive
” C inner rim —46 = 1 3.3 S; highly sheared xf veins
Blanco Fracture Zone
la L —57 =0 4.6 S
1b L+C —49 £ 2 24+01() S

* Serpentine mincralogic notation: C-chrysotile, L-lizardite, A-antigorite. All
major serpentine mineralogy determined by X-ray diffraction analyses.

## No = indicates onc analysis; * indicates average deviation (for two separate
analyses if no number in parenthesis); number in parenthesis indicates number of
analyses.

+ Abbreviations used in petrographic and hand specimen descriptions: S-serpen-
tinite, S.P.-serpentinized peridotite, S.D.-serpentinized dunite, carb-carbonate, opgq-
opaque, b-bastite, fg-fine grained, imt-isotropic mesh texture, amt-anisotropic mesh
texture, mt-mesh texture, repl-replace, t-trace, xf-cross fiber, iso-isotropic.
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Nalwalk, and Hersey (1966). Three types of ultramafic rocks were dis-
tinguished: one type, normal chrysotile-lizardite (Ch 19-10-2), is from
the contact between serpentinized peridotite and overlying Upper Creta-
ceous sedimentary rocks. A second chrysotile type (Ch 19-2-2), dredged
from a deeper level, has an uncommon texture consisting of small an-
hedral isolated grains. A third type, antigorite plus talc (not studied in
this research), was dredged from the bottom of the main scarp.

Mid-Atlantic Ridge (43°N)—Serpentine samples dredged from the
Mid-Atlantic Ridge near 43°N lat are described by Phillips and others
(1969). Five samples were analyzed from a 200 kg dredge haul made up
only of serpentinized peridotite.

Mid-Atlantic Ridge (1°N)~—Serpentine samples were dredged at
0°56'N, 29°22'W, depth 2380 to 1660 m, near St. Paul’s Rocks; the latter
are largely spinel-peridotite mylonite and hornblende mylonite (Melson
and others, 1967). One of the analyzed samples is a completely serpen-
tinized peridotite with normal, relatively undeformed texture (All 20-
48-1). The other (All 20-26-118) is a banded serpentinite—peridotite my-
lonite.

Mid-Atlantic Ridge (22°S).—Samples from this locality were dredged
from a fracture zone along the Mid-Atlantic Ridge at 21°56’S, 11° 48'W
at a depth between 2770 to 3400 m. Two of the samples (All 60-9-3 and
All 60-9-5) represent ‘“normal” mesh texture-bastite serpentine, whereas
another (All 60-9-7) contains an outer rind of talc.

Blanco Iracture Zone.—Two small serpentinite pebbles from a
depth of 3600 m were collected from the Blanco Fracture Zone, an cast-
trending lineament located in the Pacific Ocean 300 km off the coast of
Oregon.

Ophiolite Complexes

Vourinos, Greece—The Vourinos Complex in northern Greece
(Moores, 1969) is a type-example of the classic “ophiolite suite”. It
lies along the boundary between the Pelagonian Massif (largely marble)
and the younger Meso-Hellenic sediments; some 40 km to the south-
west is the Pindos ophiolite complex.

According to Moores (1969), the Vourinos Complex was originally
cmplaced into Lower Jurassic (?) sediments and then covered uncon-
formably by Cretaceous limestone; later the area was involved in a
Tertiary (?) regional metamorphism and orogeny. The complex consists
dominantly of layered and complexly folded ultramafic rocks, along
with smaller amounts of gabbro, diorite, quartz diorite, and pillow lavas
(see fig. 1).

Serpentine has the following modes of occurrence in the Vourinos
Complex.

I. It occurs throughout the complex as a partial alteration of the
primary minerals of the ultramafic zone (samples 43a, 70c, 683a, 683a)
and of the ultramafic-gabbro transition zone (sample 590a).
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2. A massive to schistose basal serpentinite unit, containing in-
clusions of marble, peridotite, and rodingite, is shown on figure 1 as a
separate mappable unit 100 m to 1 km wide. One serpentinite sample
(3c) from this unit was examined, as well as one of the partially serpen-
tinized peridotite inclusions (522b).

3. Serpentinite (represented by sample 225a) occurs in relatively
narrow east-trending bodies in the ultramafic zone; some of these grade
into the basal serpentinite.

4. Massive serpentinite (represented by sample 188a) occurs near
the upper parts of the ultramafic zone and is shown as a mappable unit
in figure 1.

5. Serpentinite (11a) also occurs as a breccia in which about 50 per-
cent of the clasts are derived from the local ultramafic rock.

Moores (1969) suggests that serpentine may have formed in two
distinct episodes. The basal serpentinite is presumed to have formed
during Jurassic emplacement of the hot, nearly solid ultramafic body
in a submarine environment. At a later period, perhaps during Tertiary
(?) metamorphism, the serpentine breccias and perhaps the east-trending

VOURINOS OPHIOLITIC COMPLEX )
NORTHERN GREECE T

14 4

590 a
(-104, 3.8)

[ ] Anvium Peridotite and dunite
Cretaceous limestone - Serpentine

Diorite Serpentine breccia
Gabbro and pyroxenite % Jurassic marble

Fig. 1. Geologic map of the Vourinos Complex, Greece (modified after Moores,
1969) showing sample localities and isotope data for serpentine (all lizardite-chrysotile).
Notation: sample no., (8D, 30'). Generalized 50" contours have been drawn on the
map to illustrate the lower 80 values of the partially serpentinized samples from
the interior of the intrusion as well as the O'S-enrichment of the basal serpentinite.
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serpentine and part of the basal serpentinite may have formed as a
result of gas explosions involving aqueous fluids, perhaps derived from
underlying sediments.

San Luis Obispo, Calif —Five serpentine samples were collected
from the ophiolite complex described by Page (1972). The locations of
the samples are shown in figure 2. Two of these (SL-27-3, SL-27-4) are
from the dark zones which border the prominant 1.5 m thick diabase
dike shown in figure 4 of Page (1972). These dikes are interpreted by
Page (1972) as “feeders” to the overlying volcanic unit of the ophiolite
complex, and the field relations suggest that the contact serpentinization

[ole]
may have occurred during cooling of the dikes.

. Miocene volcanics

+ + 4 . . .
{290(_91 7.4)L+C Tertiary intrusives
) 7

9b(—88,9A3)>(F E Great Valley-
younger sediments

OPHIOLITE COMPLEX
Marine sediments

Radiolarian chert
Basalt & diabase

27-3(-90, 3.8)L+C
27-4(-86,3.9)L+C

U.S.101
o} 1 2 miles @ road cut,
g seefi
T g.3
SAN LUIS
° ! 2 3km 0BISPO (-82 to-91,
7.4 t08.7)
L+C

Fig. 2. Geological map of the San Luis Obispo ophiolite complex (modified after
Page, 1972, and Jennings, 1958) showing SL sample localities and isotope data for
serpentine. Notation: sample no., (8D, 60™); mincralogy: L = lizardite, C = chrysotile,
XF = cross fiber vein, V. = vein. The Highway 101 roadcut and locality 29 are both
completely serpentinized; the other samples are from partially serpentinized peridotite.
SL-27-3 is 15 cm and SL-27-4 is 30 cm from the contact of a 1.5 m thick diabase dike.
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Six serpentinite samples were also collected for isotopic analysis
from a small roadcut exposure that transects the contact of an elongate,
14 km long body of serpentinite, just north of San Luis Obispo (fig. 3).
This body is apparently a continuation along strike of the ophiolite
complex delineated by Page (1972); it is similar to the numerous highly
sheared, completely serpentinized masses that occur in the Franciscan
melange (Hsu, 1968).

Del Puerto, Calif —The ultramafic rocks of the Del Puerto (Mt.
Boardman) area are considered by Bailey, Blake, and Jones (1970) to be
part of an ophiolite succession; a major thrust fault is thought to separate
the ophiolite-Great Valley Sequence rocks from the coeval eugeosynclinal
rocks of the Franciscan Formation. This represents a major reinterpreta-
tion of the geologic setting as discussed by Maddock (1964) and as illus-
trated in figure 4. Serpentinization is extensive along the margins,
whereas the main part of the ultramafic body shows only partial altera-
tion; this serpentinization may have occurred after final emplacement
of the ultramafic rocks, but prior to folding (Saad, 1969).

Wilbur Springs, Calif—Although some of the serpentinized ultra-
mafic rocks of the Wilbur Springs area form part of an ophiolite suc-
cession (Bailey, Blake, and Jones, 1970), the one sample examined in this
study was selected from a sedimentary serpentinite unit within the Great
Valley Sequence (part of ds, unit shown in fig. 1, p. 172, by Moiseyev,
1968).

Stonyford, Calif—The serpentinized ultramafic rocks of the Stony-
ford area (Brown, 1964) are also considered by Bailey, Blake, and Jones
(1970) to be part of an ophiolite complex. Two of the samples (47, 50)
(~ 5 km north and ~ 6 km west of Stonyford, respectively) are from
within a few meters of the Stony Creek Fault zone. One sample was
collected within the interior part of the ultramafic mass about 2 km

6a(-85,7.4)
} L+C
6b(-85,7.8)

Massive Blocky 6c(-91,7.5)L

)
Serpentinite ) '/."Q'
6d(-85,8.3)L+C (’:&éﬁ’ \\ \\\

Sheared Schistose
Serpentinite

g N
Sheared
Metavolcanics

O, | 5 L 3(-82,8.7)L
scale (meters) 4-1(-85,7.9) bastite L

4-2(-85,7.4) mesh} L+C
4 -3(-85,7.5)total

Fig. 3. Field sketch (vertical) of a large road cut in serpentinite on the southeast
side of U.S. Highway 101 just north of the city limits of San Luis Obispo, Calif.
(see fig. 2 for exact location). Notation: sample no., (8D, §0®); mineralogy: L =
lizardite, C = chrysotile.
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from Stony Creek Fault (along Goat Mtn., see Brown, 1964). All were
collected from highly sheared serpentinite bodies.

Canyon Mountain, Oreg—This ultramafic body has many features
in common with other ophiolite complexes (Coleman, 1971a); the rock
types range from alpine peridotites and gabbroic rocks to albite granites
(Thayer and Himmelberg, 1968). Three samples were selected from
highly sheared and serpentinized portions of the ultramafic units of the
complex along U.S. 395 south of Byron Gulch.

New Caledonia—The New Caledonia ophiolite mass is thought to
have been emplaced by thrusting of oceanic crust onto the land mass
of New Caledonia during Oligocene time (Coleman, 1971a). Three
analyzed serpentinite samples are from different localities within the
ultramafic part of this ophiolite mass; sample 81-NC-62 is from a serpen-
tinite mass in peridotite just below Yate’s dam in the southeastern part
of the island (22°S lat). Sample 66-NC-62c is part of a sheared serpen-
tinite body occurring in low grade metamorphic rocks in the central
region of the island near Devaud Station (21°15’S lat). Serpentinite
sample 60-NC-62 is associated with chromite within the Tiebaghi
Chrome mine in the northwestern part of the island (20°30’S lat).

2(-62,8.8) A }
2a(—,87)A g

O Y

Tesla—Ortigalita Fault

6(-93,-)L+C — ::5 vl —\

5(-105,89)L

9(-108,78)L+C | > 3 El= Great Valley
-+t Y . GRS — ] Sequence
B T e NN — Ophiolite
37°25'+ Y e []  abbro Complex
121°30' = - R — Ultramafi
i AN R ramaric
{ 8(~74,6.8) A+L [ bodies
8a(-100,6.6)L+C e S Franciscan
N : - = D Formation
T . 0 0.5 | miles
0] | km

Fig. 4. Geologic map of the Del Puerto (Mt. Boardman) ultramafic body and
vicinity, California (after Maddock, 1964), showing sample localities and isotope data.
According to the interpretation of Bailey, Blake, and Jones (1970), ultramafic rocks,
gabbro, and lower sections of the Great Valley sequence form an ophiolite suite.
According to this view, the main ultramafic mass is separated from the Franciscan
Formation by a major fault zone, referred to as the Coast Range Thrust, and the
Tesla~Ortigalita fault would be a less important feature. Notation: sample no., (8D,
80"™); serpentine mineralogy: A = antigorite, L. = lizardite, G = chrysotile. Note
that samples 6, 9, and 8a are partially serpentinized dunites; the other samples are
all serpentinites, with sample 8 representing a serpentine breccia in a dolomite matrix.
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TABLE 2
Summary of isotopic, mineralogic, and petrographic studies of the
A o o
serpentine samples from the ophiolite complexes studied in this work*#

Sample Mineralogy oD 00" Petrographic description
New Caledonia
81-NC-62 L+ Cx* — 84=+1 9.0 200  S.P; amt; slight repl orthopyroxene
66-NC-62¢ L+C — 88 7.3 S; amt > b > xf
60-NC-62 L+C+ — 8500 S; (layered)
Wilbur Springs
1 C — 08 9.2 S; highly deformed b in matrix of
fg platy S; possible S breccia
Stonyford
47 L+ C* — 80=£1 74 %02 S; amt > b; xf
50 L+ C* —104 74 +0.1 S; amt > b
52 L+Cx —99 9.0 S; amt > b; xf
Canyon Mountain
18 L+ Cx* —147 8.2 S; amt
24 L+Cx —149 JR— S; amt > xf associated with opq
veins
27 L+ C* —130 6.9 S; amt > b; xf

*Serpentine mineralogy determined by petrographic examination only.
*k See figures 1, 2, 8, and 4 for the data on the Del Puerto, San Luis Obispo,
and Vourinos hodies and table 1 footnotes for description of notation.

ANALYTICAL RESULTS

The isotopic, mineralogic, and petrographic data for the oceanic
serpentines are summarized in table 1, and those of the ophiolite com-
plexes in table 2 and figures 1, 2, 3, and 4. The isotopic data are plotted
on §D-§0O*® diagrams in figures 5 and 6.

A simplifying feature of the present study is the fact that the §O®
values of primary pyroxenes and olivines from unserpentinized ultramafic
bodies are so uniform, irrespective of petrologic type (Taylor and Ep-
stein, 1962; Reuter, Epstein, and Taylor, 1965; and Taylor, 1968). How-
ever, no previous §O'S analyses of primary ultramafic minerals from
oceanic peridotites or ophiolite complexes are reported in the literature.
Therefore, we analyzed a {ew pyroxenes (table 3) from the Vourinos

TABLE 3
Oxygen isotope analyses of pyroxenes from ultramafic rocks

Sample 30" %o)
Orthopyroxene, All 42-2-14, Mid-Atlantic Ridge, 3°50" S +6.3
Orthopyroxene, Vourinos VG 420c* +6.3
Clinopyroxene, Vourinos VG 590a +5.8
Average of 3 samples (Taylor and Epstein, 1962) +6.1
Average of 8 samples (Taylor, 1968) +5.8
*This sample contains late-stage dolomite veins with 80" = +26.0, probably

indicating deposition by the same types of aqueous solutions that were responsible
for the high-O'" basal serpentinites.
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complex and from a submarine dredge-haul obtained at 3°50’S at a
depth of 8570 m on the Mid-Atlantic Ridge (Thompson, Melson, and
Bowen, 1969). Note that these ophiolitic and oceanic pyroxenes are iso-
topically indistinguishable from the pyroxenes of other ultramafic bodies.
Therefore, it seems safe to assume that, prior to serpentinization, the

ultramafic rocks studied in the present research all had essentially “nor-
mal”’ §O18 values of about +5 to +6.

Isotopic Temperatures of Serpentinization

In order to calculate the isotopic composition of the waters that
may have been in equilibrium with the various serpentines studied in
this research, it is necessary first to estimate the temperatures of serpen-
tinization. Such estimates have been made on a few of the same samples
analyzed in this work, based on measured O'#/0 fractionations between
coexisting serpentine and magnetite (Wenner and Taylor, 1971). These
temperature estimates are: 235°C for antigorite sample All 32-8-54 (Mid-
Atlantic Ridge, 43°N, #54), 180°C for chrysotile sample All 32-8-70
(Mid-Atlantic Ridge, 43°N, #70), 125°C for lizardite sample All 20-26-
118 (Mid-Atlantic Ridge, 1°N, #118), 85°C for lizardite sample 6¢ from
the San Luis Obispo body, and 225°C for antigorite sample 2a from the
Del Puerto body.
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Fig. 5. Isotopic compositions of all oceanic serpentine samples examined in this
study. Tie lines connect separately analyzed textural components from the same
specimen.
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Fig. 6. 8D-80" diagram showing the isotopic compositions of all oceanic and
ophiolite serpentine samples cxamined in this study. The oceanic samples are all
lizardites and/or chrysotiles, except for two samples labelled A (antigorite) and T +
A (talc + antigorite). All the ophiolite serpentines consist of lizardite-chrysotile
except two samples from Del Puerto (A and A + L), which are, respectively, antigorite
and antigorite + lizardite. Note that the isotopic compositions of the ophiolite serpen-
tines are clearly distinct from those of the oceanic samples. N.C. = New Caledonia.

We shall, for purposes of discussion only, assume that the oceanic
samples for which no O/0* temperatures were obtained also formed
at temperatures similar to the 3 analyzed samples of Wenner and Taylor
(1971), (that is, antigorite ~235°C, chrysotile ~180°C, lizardite ~125°C,
mixture of lizardite and chrysotile ~155°C). All lizardite—chrysotile ser-
pentines from the ophiolite complexes are arbitrarily assumed to have
formed at either 100° or 200°C, similar to the range of isotopic tempera-
tures measured for lizardite-chrysotile serpentines by Wenner and Taylor
(1971). As will be pointed out below, within the limits of about 50° to
300°C, most of the arguments presented in this paper are qualitatively
valid irrespective of the exact temperatures at which serpentinization
occurs.

Tentative Equilibrium-Fractionation Curves for Serpeniine-Water

Although no direct laboratory calibrations of the system serpentine-
water have yet been made, it is possible to estimate the temperature
dependency of the O'/O* fractionation, using the relationship AO?
serpentine-water ~1.56 (10°/12) —4.70, (Wenner and Taylor, 1971, p.



isotope studies of the serpentinization of uliramafic rocks 219

177). With this, we can then estimate roughly the oxygen isotopic com-
position of waters that are assumed to have been in equilibrium with
the serpentines discussed in this paper. For example, from the above
relationship, we obtain AO'* = 6.5 at 100°C, 5.1 at 125°C, 3.8 at 155°C,
2.9 at 180°C, 2.3 at 200°C, and 1.3 at 235°C.

The tentative D/H fractionation curve for serpentine-water given
in figure 7 is estimated from the following:

1. The serpentine-water fractionation at very low temperature is
based on the §D values of deweylite, a serpentine-like mineral structurally
similar to antigorite (Lapham, 1961). This Pennsylvania deweylite, found
as a surficial coating on open fractures in serpentinite, appears to be of
secondary supergene origin. It is assumed to have equilibrated with
present-day, local meteoric waters, giving a AD value of approximately
—56 at 20° to 30°C (Wenner, ms).

2. Assuming that the antigorite sample All 32-8-54 formed in equi-
librium with pure ocean water and that its §D value was “frozen in”
at nearly the same temperature as its §O'® value, we obtain a AD ser-
pentine-water of about —31 at 235°C.

3. It is assumed that lizardite sample All 20-26-118 also formed
by reaction with ocean water, giving an approximate AD serpentine-
water of —45 at 125°C.
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Fig. 7. Estimated D/H serpentine-water geothermometer based on a tentative
laboratory measurement at 400°C by Suzuoki and Epstein (in preparation) and the
6D analyses of 3 natural samples (see text).
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4, From exchange experiments, Suzuoki and Epstein (in prepara-
tion) estimated a AD serpentine-water of —20 at 400°C.

Although these 4 different serpentine-water fractionations are cer-
tainly tentative, they produce a systematic fractionation curve that shows
an increase of AD with decreasing temperatures (fig. 7); this is theoreti-
cally the most likely trend, thus giving general support to the validity
of the assumptions. Based on these relationships, AD values of —48, —41,
—38, and —36 per mil are obtained for serpentine-water at 100°, 155°,
180°, and 200°C, respectively.

Considerations of Variable Water/Rock Ratios

In determining the origin of the waters involved in serpentinization,
we are more interested in the isotopic composition of the H,O prior to
its entry into the ultramafic body than after it has undergone exchange.
The two values will be the same only if the serpentine has equilibrated
with an infinite reservoir of water. The quantity of water that can cir-
culate through an ultramafic body undergoing serpentinization is re-
stricted, particularly because the serpentinization reaction probably in-
volves volume expansion; completely serpentinized ultramafic bodies may
be relatively impermeable to circulating waters. We must therefore con-
sider the problem of varying the water/rock ratio during serpentinization.

The relative proportions of exchanging water to exchanging sili-
cate can be estimated using a closed-system model of the type employed
by Sheppard, Nielsen, and Taylor (1969). This model considers a system
initially composed of r atom percent of exchangeable silicate oxygen and
w atom percent of water oxygen. Thus, to a close approximation, ignoi-
ing any water used up during the reaction, we have:

Initially: v §;; + w 8§, = Z
Finally: r 8¢ + w 8y = Z

where §; = initial isotopic composition of silicates
8 = fhnal
8wi = initial isotopic composition of water
8wt = final
Z = constant for the system
Then: 0 w8 W
8\\'[ - 8wl r

Such a model can be used to set a minimum limit on the relative pro-
portions of fluid to exchanged silicate.

In this model, we assume attainment of isotopic equilibrium and
that §; is olivine with a §O™® = 45.0 per mil. Then, §; is the measured
8018 value of the serpentine, and 8§, is the §O'® value of the water in
equilibrium. In this treatment, various values of w/r are assumed, and
8wi is calculated. The lower limit of w/r is obviously controlled by the
stoichiometric content of H,O in serpentine, because at least this much
water had to enter the system. For the ideal serpentine composition w/r
= 2/7 = 0.285.



isotope studies of the serpentinization of ultramafic rocks 221

Serpentinization of Ultramafic Rocks in a Submarine Environment

The isotope data for the various oceanic serpentine samples given in
figure 5 indicate the following:

1. The 8§D and 8O values of the oceanic serpentinites form a dis-
tinct grouping different from all other types of serpentines analyzed to
date (see figs. 6 and 8). The §D values, in particular, are very heavy and
fairly restricted (§D = —381 to —68), and the §O® values are generally
lighter than most continental serpentinites.

2. The various textural and mineralogic types tend to have distinctly
different §0® and §D values. For example, in sample All 20-48-1, the
bastites (lizardite) are 2.3 per mil heavier in §O®* than in the mesh-
texture type (lizardite, minor chrysotile), although both have similar §D
values. In sample All 32-8-22, the mesh-texture material and a cross-
cutting vein (both chrysotile) have identical §O® values but differ in
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Fig. 8. dD-60" diagram comparing the oceanic and ophiolite serpentines from
figure 6 with all other serpentines examined to date (Wenner and Taylor, 1969;
Wenner, ms). The positions of the latter serpentines are encircled and include many
samples of alpine serpentinites from North America and the Caribbean area, as well
as serpentinized ultramafic igneous bodies from Southeast Alaska, the Ural Moun-
tains, and Quebec. The analyses of the low-temperature serpentine-like mineral dewey-
lite are also delincated. The position of the meteoric water line, standard mean ocean
water, and the kaolinite line of Savin and Epstein (1970) are shown for reference.
L-C = lizardite—chrysotile. Note that the oceanic serpentines are clearly distinct from
all other serpentines, particularly the continental lizardite—chrysotile samples.
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8D by 8 per mil. Conceivably, these effects could be due to non-equi-
librium, but more likely they simply represent various stages of serpen-
tinization in which the temperatures and/or isotopic compositions of the
waters were different.

8. There is no marked correlation between the isotopic compositions
and geographic locations. However, 6 different chrysotile samples from
a single dredge haul from the Mid-Atlantic Ridge (43°N) have uniform
8D values ol —59 to —68 that are lower than at any other oceanic site.
The Mid-Atantic 22°S samples also fall within a relatively narrow
isotopic range (808 = +2.6 to +3.5; D = —35 to —55), as do 3 lizardite
samples from the Mid-Atlantic 1°N locality (§0*¢ = +4.4 to +6.7; §D =

—44 to —5b).
4. A sample of pure antigorite (All 32-8-54) is distinct in its hydrogen
and oxygen isotopic composition (§D = —32; §O'® = +2.0) from all the

other oceanic serpentine samples as well as all continental samples.

5. The serpentine §O*® values range from +0.8 to +6.8 per mil,
and the most O's-depleted sample has a very unusual texture that is
distinct from all other known oceanic serpentines (see Bowin, Nalwalk,
and Hersey, 1966). Except for a single cross-fiber vein, the chrysotile-
rich samples are all O'-depleted relative to the lizardite-rich samples.
If all these serpentines formed from the same kind of water, the chry-
sotiles must have formed at significantly higher temperatures than the
lizardites.

Utilizing the serpentine-water isotopic fractionation curves discussed
previously, we can estimate the isotopic compositions of waters that
initially entered the oceanic ultramaficrock systems; these calculated
waters are given for water/rock (w/r) ratios of unity and infinity in
figure 9.

For one of the samples (antigorite sample #54) additional water/
rock ratios of 0.6, 2, 5, and 10 are shown to facilitate comparison. Note
the §O'® values of a calculated water for a w/r value of 2 lies roughly
intermediate between the §O' values for unity and infinity; this is
approximately true for all other samples illustrated in figure 9 as well.
Furthermore, for w/r values higher than 2, the calculated water rapidly
approaches that for infinite w/r ratios; with water/rock ratios greater
than about 5, the ellects are virtually indistinguishable from w/r = cc.

The importance of ocean water in submarine serpentinization is
clearly shown in figure 9. Excluding 2 samples with §O® = +1.6 and
+3.2, the total range in §O' for 18 calculated (w/r = o) waters is
remarkably uniform (—2.1 to +0.7, mean = —0.5). The calculated §D
values of the waters also cluster near the ocean water §D value but tend
to be somewhat lower in deuterium than ocean water. Ocean waters
and coastal and island meteoric waters are the only common waters
known to have isotopic compositions in the range given in figure 9,
and meteoric waters would not have access to ultramafic rocks in a sub-
marine environment. The water/rock ratio for most of the oceanic ser-
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Fig. 9. 8D-30" diagram of the calculated waters assumed to have equilibrated
with the various oceanic serpentines shown in ‘l\igurc 5. A = antigorite, C = chrysotile,
L = lizardite, M = mixture of lizardite and \chrysolile. The assumed temperatures
are discussed in the text. The calculated waters are given for both low (w/r = 1)
and high (w/r = o) water/rock ratios; the dilferent values are connected by tie lines
for cach sample. For antigorite sample no. 54 (13°N), the isotopic compositions of
waters are calculated for scveral different water/rock ratios. Note in particular that
for w/r values > 5, the calculated waters become nearly identical to the “infinitely”
high (w/r = o) values. The field of deep ocean waters is delineated, based on the
present-day data of Craig and Gordon (1965) and Redfield and Friedman (1969), but
also extending the field to 0D values as low as —7 and 60" values as low as —1 to
take into account changes in the isotopic composition of the ocean if the Antarctic
and Greenland ice sheets were reduced in size or absent. Inasmuch as most of the
calculated waters for w/r = o have 30" values near that of deep ocean water, this
figure suggests that occan water was a dominant constituent of the aquecous fluid, and
that relatively high water/rock ratios are involved in serpentinization of ultramafic
rocks in the oceanic environment.

pentines must be greater than unity (probably ~ 2) because most of the
calculated (w/r = 1) waters are clearly much too O*-depleted to be
considered as reasonable in an oceanic environment.

The small variation that does exist among the estimated §O8 values
may be due to the actual temperatures being slightly different from those
assumed. For example, the bastite fraction of sample All 20-48-1 from
the Mid-Atlantic Ridge (1°N) has a §O'* = +6.7%,. The §O® value of
the water in equilibrium with the serpentine would be 1.6%, lower and
exactly coincide with that of ocean water if serpentinization occurred at
about 100°C rather than 125°C. If the late-stage chrysotile vein of sample
All 32-8-80 formed at about 105°C instead of 180°C, it could have
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formed from a water identical in §O'® to that calculated for the matrix
chrysotile (that is, §O*® = —0.1).

If the O/0® and D/H ratios of an oceanic serpentine are both
“frozen in” at the same temperature and neither are subsequently altered,
one might expect all serpentine samples to lie along a single curve such
as the one illustrated in the §D-§O® plot in figure 10; this defines the
approximate §D- and §O'-values of serpentine in equilibrium with sea
water at 500° to 100°C. However, only three samples lie very close to
this curve, and two of these were selected in originally ascertaining the
D/H fractionation factors utilized in this report. All other serpentines
lie below this curve to varying degrees.

It is therefore conceivable that many of the samples have only
preserved their §O'-values and have continued to reequilibrate their
D/H values during retrograde cooling in the presence of circulating
waters. The 8§D values of the serpentines would in such cases become
lighter, thus moving vertically downward from the “equilibrium curve”
in figure 10 to their present positions. The antigorite sample may have
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Fig. 10. 8D-00" diagram showing the hypothetical isotopic compositions of serpen-
tines equilibrated with various waters that conceivably could be involved in sub-
oceanic serpentinization. All such calculated serpentines are shown with either a
solid or shaded pattern. The possible waters under consideration are only magmatic
waters and ocean water. The analyzed serpentines are shown as solid circles: C =
chrysotile, I = lizardite, A = antigorite. The squares indicate L. + C. Most analyzed
oceanic serpentines lie relatively close to the fields of those calculated serpentines that
either cquilibrated with pure occan water or with a 75 percent ocean water-25 percent
magmatic water mixture. It appears that none of the analyzed oceanic serpentines
could have formed from pure magmatic waters.
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essentially “frozen in” its D/H ratio at high temperatures (about 235°C)
in equilibrium with sea water, whereas many of the chrysotile samples
may not have done so. Until we obtain more laboratory data on the
kinetics of isotopic exchange between the various serpentine polymorphs
and water, we cannot definitely rule out these possibilities. However,
based on experiments by Kikuchi (1970) and for reasons that are dis-
cussed in detail elsewhere (see Wenner, ms) appreciable D/H retro-
gradation apparently does not occur at such low temperatures; therefore,
we must consider other mechanisms that might explain the distribution
of points in figure 10.

Mixing of magmatic waters with ocean water would lower the D/H
ratio of water. The estimated isotopic compositions of serpentines formed
in equilibrium both with pure magmatic water and with a mixture of
25 percent magmatic water and 75 percent ocean water are also given
in figure 10.

If pure magmatic water were involved in serpentinization at 200°
to 500°C, then the serpentines would all lie within the various rectangles
shown in figure 10. Only two of the oceanic serpentines lie close to any
of the rectangles involved with 100 percent magmatic water (the 500°C
area), clearly showing that magmatic water cannot be the sole consti-
tuent of the aqueous solutions involved in sub-oceanic serpentinization.

If serpentine were originally formed from pure primary magmatic
water and later exchanged with sea water, one would expect these serpen-
tines primarily to display heavier §D-values, since hydroxyl exchange
would probably predominate. In effect, such serpentines would be ex-
pected to move nearly vertically upward from the rectangles indicated
in figure 10. Inasmuch as only 2 or 3 samples in figure 10 lie along such
upward paths, this is not likely as a general mechanism.

Many of the oceanic serpentines lie within a calculated serpentine
band in figure 10, based on equilibration with a mixture of 25 percent
magmatic water and 75 percent ocean water. In particular all the lizar-
dites and the antigorite, as well as some of the chrysotiles, either lie on
the pure ocean water curve or within or very near the calculated (25-75
percent) serpentine band. Some of the chrysotiles fall significantly below
this band, but it is particularly interesting that chrysotile sample All
32-8-70 (8D = —59, §O'® = +3.2), with a serpentine-magnetite tempera-
ture of 180°C (Wenner and Taylor, 1971), lies in near proximity to
the 200°C contour on the band shown in figure 10. In fact, all the
lizardite and chrysotile samples that lie close to the band also fall within
the low-temperature end of the band (<250°C), namely in the range of
temperatures that seem to be most realistic for such types of serpentine.

The possible role of metamorphic waters also has to be examined.
If primary magmatic waters equilibrated with submarine basalts at fairly
low temperatures before being involved in serpentinization (such a
water, in effect, would be classified as a metamorphic-type water), the
8018 values might be different from those hitherto considered. For ex-
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ample, a juvenile or primary magmatic water of +6.5 equilibrating with

basalt at about 200°C would attain a §O® = —1.4%,, assuming that
8018 basalt = +5.9 (Taylor, 1968) and AO*® basalt-water ~ AO*® plagio-
clase-water = +7.3 (extrapolation to 200°C of data of O’Neil and

Taylor, 1967). Such a water would, however, retain its original primary
8D value (—50 to —80 per mil) because basalts contain very little H,O.
Such a water would also have to exchange with basalts at temperatures
very close to 200°C in order to attain a §O'® value similar to that of sea
water; this is because mineral-water fractionations are very temperature
sensitive in this general range. It is likely, therefore, that exchanged
magmatic waters would show a wide range in §O'8; this makes them un-
likely candidates for most sub-oceanic serpentinization, because the latter
is apparently produced by H,O with a relatively uniform §0O** in the
range —2 to +1 (assuming w/r >2, see fig. 9).

Serpentinization of Ultramafic Rocks in the Vourinos Ophiolite Complex

All the analyzed Vourinos serpentine samples are composed solely of
lizardite and chrysotile. As shown in figure 1, the §D values vary only
from —114 to —88 per mil. Serpentines from the interior portions of
the ultramafic zone have slightly lighter §D values than samples that
occur near the outer margins of the complex. All the completely serpen-
tinized rocks fall within the 8§D range —88 to —99.

In contrast, the §0O** values exhibit a very wide variation from
+2.1 to +12.7 per mil. This §O'® variation is greater than that observed
in serpentine from any other ultramafic body examined to date (Wenner,
ms). The most O®-depleted samples come from the the interior portions
of the complex and the serpentines from the partially serpentinized ultra-
mafic zone all have relatively low §O'® values (43.4%,, average of 4
samples).

The serpentines from four completely serpentinized ultramafic rocks
all have relatively heavy §O'8 values. Samples from the massive serpen-
tinite zones in the upper part of the complex have an average §O® =
+6.2. The highest §O0® values (+12.7 and +8.9), however, are found
in the sheared basal serpentinite zone (3c) and a nearby breccia zone (11a)
located close to the sedimentary carbonate section that underlies the
complex.

It one assumes w/r = o and that all the lizardite-chrysotile type
serpentinization at Vourinos occurred between 100° and 200°C, then
at 100°C the calculated waters range in §D from —44 to —69 and in
8§08 from —4.4 to +6.2; at 200°C, the values are 8D = —h5 to —81 and
§0O1® = —0.2 to +10.4 (see fig. 11). Such isotopic compositions are reason-
able for heated meteoric ground waters, if we assume that the waters
with high 80 values were produced by exchange with the adjacent
Otsrich limestones. Inasmuch as the serpentinite and underlying car-
bonates are intimately interlayered at the basal contact, the fluids in-
volved in serpentinization probably would have readily exchanged with
the carbonates, even at fairly low temperatures. For example, Clayton
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Fig. 11. 8D-80" diagram of calculated (w/r = oo) waters in equilibrium with

the Vourinos serpentines at arbitrary assumed temperatures of 100° and 200°C. Also
shown are the isotopic compositions of the Vourinos serpentines (crosses) and, joined
by tie-lines, the coexisting waters in equilibrium with these serpentines at various
temperatures, assuming a single geothermal water system with 8D = —68. Note that
although there is an overall similarity between this hypothetical single 8D hydro-
thermal system and the Salton Sea geothermal water system (Craig, 1966), this model
demands that the basal serpentinite form at very high temperatures (~385°C), while
the serpentine in the central part of the complex must form at relatively low tem-
peratures (85°-100°C).

and others (1966) suggest that carbonates readily exchange and reach
isotopic equilibrium with water at temperatures as low as 100°C. Ex-
tensive isotopic communication with the basement carbonates, however,
appears restricted to the basal serpentinite unit and perhaps to the nearby
serpentine breccia zones.

The §O's values of serpentinized peridotites from the nearby Pindos
Complex (Javoy, 1972) are generally depleted in O compared to un-
serpentinized peridotites and dunites reported by Taylor and Epstein
(1962), Reuter, Epstein, and Taylor (1965), and Taylor (1967a). The
relatively light whole-rock §O¢ values of the Pindos peridotites (§O*
= +3.6 to +4.8) suggest that the serpentines in these samples may have
light §O® values, perhaps comparable to those observed in the partially
serpentinized peridotites from Vourinos. Thus, heated meteoric ground
waters may also have been involved in serpentinization of the Pindos
Complex. Note that several recent studies have conclusively demon-
strated the importance of meteoric ground water interaction with epi-
zonal igneous intrusions, even to depths as great as 5 km or more (Taylor,
1971; Taylor and Forester, 1971).
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Because of the large variation in §O'® and 8§D of the calculated
Vourinos waters, there is a possibility that several different types of
waters (that is, meteoric-connate, meteoric-metamorphic, or exchanged
meteoric) may be involved in the Vourinos serpentinization. Neverthe-
less, it is useful to examine whether a single meteoric water system (ex-
hibiting a wide range in O but with a single §D value) can alone be
responsible for all serpentinization. If we arbitrarily assume that the
lowest temperature of serpentinization at Vourinos is about 85°C, which
is the lowest serpentine-magnetite temperature obtained by Wenner and
Taylor (1971), and if we also assume that the water/rock ratios were
large, then we obtain a §D for the H,O in equilibrium with sample
70c to be —68. We can, by suitable adjustment of the temperature, force
the waters in equilibrium with all the Vourinos serpentines to coincide
with this §D value. These data are summarized in figure 11. Such a
model requires that there be a very wide range of temperatures of ser-
pentinization (approx. 80° to 400°C), and that the basal serpentinite
must form at very high temperatures, while the interior serpentines form
at relatively low temperatures.

The pattern shown in figure 11 for the Vourinos Complex single
8D system is similar to that displayed by typical geothermal water sys-
tems, such as the one in the Salton Sea area, Calif. (Craig, 1966), where
geothermal waters exhibit a progressive O'-enrichment with increasing
temperatures. There is, however, no a priori reason to believe that the
basal- and breccia-zone serpentinites should have formed at such mark-
edly higher temperatures than the other serpentines shown in figure 11.
Even considering the exothermic nature of the serpentine reaction, it is
just as plausible that the border-zone serpentinites formed at lower tem-
peratures than the interior serpentines, particularly in view of the fact
that greater amounts of water probably circulated through the margins
of the intrusion than through the partially serpentinized central zone.

A perhaps more reasonable model than the single §D geothermal
water system is one in which the temperatures of serpentinization in-
crease as one moves into the interior of the body. This could come about,
for example, if serpentinization occurred during cooling of the complex,
compatible with the suggestion of Moores (1969) that the Vourinos
Complex was emplaced as a hot, perhaps largely solidified mass, and that
protoclastic deformation preceded serpentinization. Assuming high w/r
values, all the §O*® values of the Vourinos serpentines could have been
produced from a water with a variable §D value but with a uniform
original §O*® of about zero, if the partial serpentinization of the interior
parts of the ultramafic zone occurred at about 200°C, the intermediate
portions at 135° to 155°C, and the upper serpentinites at about 100°C.
However, this model would require abnormally low temperatures of
about 25°C for the basal serpentinites. Thus, it is very unlikely that
serpentinization at Vourinos was caused by a single geothermal water
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system, either one with a uniform 8D value, or one with a uniform
initial §O*® value.

One might assume, however, that it is not realistic to choose such
high water/rock ratios as were assumed in the above discussion. There-
fore, in figure 12, smaller w/r values equal to 1 and 0.5 are also cal-
culated. For w/r values = 1, the waters involved in partial serpentiniza-
tion of dunite and peridotite in the central ultramafic zone are all uni-
formly very low in §O'® (— —10 to —b5); these values are characteristic
of meteoric waters in which very little O'$-exchange has occurred, par-
ticularly with rocks such as the sedimentary carbonates at Vourinos. The
calculated waters for w/r = 0.5 straddle the meteoric water line and
are even more O-depleted than the w/r = 1 calculated waters. These
are unrealistically low §O'® values for natural waters that might be in-
volved in serpentinization, as such hydrothermal waters should certainly
have undergone some “O' shift” away from the meteoric water line.

The possible role of sea water in the Vourinos serpentinization
must be examined, since many authors have proposed that ophiolite
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Fig. 12. 8D-80'S diagram of calculated waters in equilibrium with the Vourinos
serpentines at 100° and 200°C for different values of w/r (0.5, 1.0, and oo). The
waters that exchanged with the partially scrpentinized ul.tr.amaﬁc‘ rocks are clcarly
isotopically distinct from those that formed the serpentinites. Note Lhat for the
partially serpentinized samples, the w/r = 035 values are lower in O’anthan the
w/r = oo values, while the opposite is true for the serpentinites; the 200°C w/r =
0.5 value for the O™-rich serpentinite would plot well off to the right of the figure.
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serpentines originally form in a submarine environment. The relatively
light 8D values, considerably different from those of true oceanic serpen-
tines, are incompatible with an origin from ocean waters. It is con-
ceivable, nevertheless, that some of the serpentines may have formed
originally in the presence of sea water over a wide range of temperatures,
and that later the 8§D values of these serpentines were lowered as a
result of massive D/H exchange in the presence of meteoric-hydrothermal
fluids. This latter possibility is made feasible by the fact that the §O®
values of many of the Vourinos serpentines in the partially altered peri-
dotites and dunites are similar to those of the oceanic serpentines (see
fig. 6).

The textural relations of the peridotite inclusions in the basal ser-
pentinite suggest that the pervasive partial serpentinization of the ultra-
mafic zone may have predated the formation of the massive serpentinite
zones. Thus, the partial serpentinization of the ultramafic zone by low-
018 waters may have occurred during a time when the ultramafic body
was not in its present position in near proximity to the basal carbonates.
This fits the early-stage oceanic serpentinization hypothesis, at least in
terms of timing. It requires, however, that the 8D values of all the ser-
pentine samples in the ultramafic zone had to be lowered subsequently
by about 50 per mil, presumably by the fluids responsible for the bhasal
serpentinization. This would have had to occur without appreciable
018 exchange of the ultramafic-zone serpentines. Also, why should the
ultramafic-zone serpentines attain lower §D values than the basal ser-
pentines in such a process? On the other hand, it is possible to avoid
all these difficulties if one assumes that the basal serpentinization and
the partial serpentinization were both produced by meteoric-hydro-
thermal waters in a continental environment, but at different stages of
the Mesozoic emplacement history of the complex and/or in the Tertiary
(?) orogenic episode described by Moores (1969).

Summing up, we agree with Moores (1969) that at least two different
serpentinization events (probably separated in time) very likely occurred
at Vourinos. One event presumably involved low-O'® meteoric waters
and resulted in a pervasive partial serpentinization of the ultramafic
zone of the complex. The other involved relatively O®-rich waters (prob-
ably exchanged meteoric, but conceivably metamorphic and/or mag-
matic) that must have been in isotopic communication with the car-
bonates that are presently juxtaposed against the base of the Vourinos
Complex. If ocean waters were at all involved in any of this serpen-
tinization, all hydrogen isotopic evidence of such an event has been
totally obliterated.

Serpentinization of Uliramafic Rocks in the
San Luis Obispo Ophiolite Complex
Lizardite-chrysotile samples from the San Luis Obispo area (fig. 2)

show a wide range in §O'® (4+3.8 to +9.3), but a very uniform 8§D (—82
to —91). The serpentinization is very complex, particularly in the highly
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sheared border zones of the ultramafic body. Nevertheless, except for the
late-stage chrysotile veins, at a given outcrop locality the §O® values
appear to be very uniform; this is well shown by the data obtained at
a large roadcut on U.S. highway 101 (fig. 3). At this locality, 7 serpentine
samples of differing mineralogy and texture (bastite, mesh-texture, et
cetera) exhibit an overall §O*® variation of only +7.4 to +8.7. Note
that sample 6d, a buff-colored serpentinite from the soil horizon, is only
slightly O?%-enriched. This indicates that no appreciable isotopic ex-
change takes place in serpentine during this type of weathering.

The Ot-variations in the San Luis Obispo Complex, though less
extreme, are similar to those observed at Vourinos. In both complexes,
the highest §O'® values are found near the margins in the completely
serpentinized portions of the body. Thus, most of the comments made
previously about Vourinos may also apply to the San Luis Obispo body,
except that the D/H variation is much smaller and only a single
meteoric-hydrothermal event seems to be required. The lack of limestone
in the surrounding country rocks at San Luis Obispo is probably the
reason why the §0® values do not extend to such high values as at
Vourinos.

The overall §O'® variations at San Luis Obispo can perhaps best be
explained by assuming a systematically declining temperature of serpen-
tinization outward from the interior parts of the ultramafic body. This
situation might arise if serpentinization occurred during cooling of the
body, perhaps after injection of the dike complex. Sample 6¢ from the
highway 101 roadcut apparently formed at about 85°C from a water
with 8§08 ~ 0, based on its serpentine-magnetite O8/0 fractionation
(Wenner and Taylor, 1971); if this “temperature” is approximately cor-
rect, then we can estimate temperatures of serpentinization of the other
analyzed samples, assuming large water/rock ratios in the ultramafic
bodies and a uniform O!8/0° ratio in the initial water. These approxi-
mate temperatures are: — 60°C for the SL-29 cross-fiber chrysotile vein,
~ 120°C for SL-21, collected within 0.1 km of the contact, ~ 140°C
for samples SL-6 and SL-23 well inside the ultramafic body, and ~ 150°C
for SL-27-3 and SL-27-4, collected next to a diabase dike.

The cross-fiber chrysotile veins in the San Luis Obispo complex are
commonly O-enriched relative to the host serpentinite (see fig. 2). This
feature is consistent with the above interpretation that serpentinization
continued to occur throughout a period of declining temperatures, be-
cause if the late-stage veins formed at lower temperatures from the same
kind of water, they would all attain higher §O'#® values.

Samples SL-27-3 and SL-27-4 were collected from a serpentinite de-
veloped along the contact of a diabase dike. This serpentinite is zoned
parallel to the contact, indicating a clear genetic relationship to the dike;
thus, the serpentine may have formed from circulating waters during
cooling of the dike. Assuming that the isotopic compositions of these
serpentines have been preserved since their origin, this interpretation
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would imply that these dikes cannot have been intruded in a submarine
environment; thus they could not represent feeder dikes for the over-
lying ophiolite volcanic sequence as suggested by Page (1972). The iso-
tope data would therefore seem to favor the hypothesis, tentatively re-
jected by Page, that these dikes are genetically related to the abundant
Miocene mafic volcanic rocks present in the San Luis Obispo area (see
fig. 2). It is important to determine the ages of these dikes shown in
figure 4 of Page (1972), either by radiometric dating or by further geo-
logic investigations. If it could be demonstrated definitely that they were
in fact the same age as the ophiolite complex which is probably about
155 m.y. old based on dating of the Del Puerto and Elder Creek ophiolite
complexes by Lanphere (1971), this would indicate strongly that these
serpentines have not retained their primary §D values.

Serpentinization of Ultramafic Rocks in the Other Ophiolite Bodies

The lizardite-chrysotile samples from the ophiolite bodies in New
Caledonia, at Del Puerto, Wilbur Springs, and Stonyford, Calif., and at
Canyon Mountain, Oreg. have a relatively restricted range in §O® (+6.3
to 4+9.2), but a large 8§D variation (—80 to —149). Considering the com-
plex serpentinization histories of all these bodies, as evidenced by their
complicated textures, it is remarkable that the §O® values should be so
similar in 5 widely separated bodies.

The bulk of the serpentine from the Del Puerto ultramafic body is
lizardite and chrysotile with a uniform §D of —108 to —93%,. However,
the small outlying serpentinite body (sample 2, fig. 4) is almost entirely
antigorite with §D = —62. Sample 8, a mixture of antigorite and lizar-
dite, has a §D value (—74) intermediate between that of the pure an-
tigorite and the lizardite-chrysotile. Thus we may simply be dealing with
two isotopic end-members, an antigorite with 8D ~ —60 and a chrysotile
with §D ~ —100. The Del Puerto antigorite is similar in §D and §O?®
to many other antigorites throughout North America, consistent with
the notion that antigorite typically forms in the presence of deep-seated,
metamorphic-type waters (Wenner and Taylor, 1969). The lowest-O®
samples at Del Puerto occur in the interior portions of the main ultra-
mafic body (note the similarity to Vourinos and San Luis Obispo); the
serpentines from the outer margins of the main body and from the
small outlying mass are 1.0 to 3.3 per mil heavier.

Estimates of the isotopic compositions of waters involved in ser-
pentinization of the various ophiolite bodies are illustrated in figure
13. The 8D values of these calculated waters (except [or the antigorites
from the Del Puerto body) display a very good correlation with the
geographic distribution observed in present-day meteoric waters {rom
these same general localities (see Friedman and others, 1964; Dansgaard,
1964; White, Barnes, and O’Neil, 1973). For example, the §D values
of present-day fresh waters in the California Coast Ranges vary from
about —30 to —70 as one moves from south to north or inland away from
the coast, whereas in central Oregon they average about —90 to —100.
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Note in figure 13 that the calculated waters at San Luis Obispo are
heaviest in §D; this is consistent with the fact that the San Luis Obispo
body is the southernmost Pacific Coast ophiolite studied, and with the
fact that it lies nearer the coast and at a lower elevation than the other
bodies; it lies southwest of the San Andreas fault, so that during the
Cretaceous and Tertiary it was located even further south than at
present. In figure 13, the calculated waters for the Canyon Mountain,
Oreg. ophiolite are lowest in §D, consistent with its being the most
northerly area examined in this research.

This correlation of §D values suggests that much of the serpentini-
zation of these ophiolite complexes occurred after their emplacement,
perhaps during the Tertiary (or even the Quaternary?). In any case,
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Fig. 13. 6D-80" diagram of calculated waters in cquilibrium at 100° and 200°C
with the serpentines from ophiolite bodies in California, Oregon, and New Caledonia
for different values of w/r between 1 and oo (connected by tie lines). Calculated
waters from the San Luis Obispo body arc for 100°C only and just include those
from the U.S. 101 roadcut (fig. 8), as at this locality we have a direct serpentine-
magnetite isotopic temperature determination. ¥or comparison, the range of calculated
waters for the Vourinos Complex (from fig. 11) and oceanic samples (from fig. 8) are
also shown. In addition, the isotopic compositions of mecteoric, magmatic, and ocean
waters are indicated, as well as the range of meteoric water values in a typical
oceanic island (Hawaii), the California Coast Ranges, and central Oregon (data from
Taylor, 1967b; Sheppard, Nielsen, and Taylor, 1969; Craig, 1966; Friedman and
others, 1964; Dansgaard, 1964). Also shown arc data of White, Barnes, and O’Neil
(1973), on some California oil field waters and some thermal spring waters of non-
meteoric origin from the California Coast Ranges (including Wilbur Springs).
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inasmuch as the calculated §O'¢ values of the waters in figure 13 lie well
to the right of the meteoric water line, the meteoric waters at each local-
ity must either have been heated and exchanged similar to the Salton
Sea trend shown in figure 11, or they must have been heated and mixed
with other types of waters, such as connate waters or possibly magmatic
waters. Note that even at the present time there are many hot springs
of clear-cut meteoric origin in the California Coast Ranges (for example,
The Geysers, 8D ~ —50; Bartlett Spring, §D ~ —65, see White, Barnes,
and O’Neil, 1978). The cold, high-pH waters thought by Barnes and
ONeil (1969) to be responsible for some present-day serpentinization in
the Coast Ranges are unexchanged meteoric waters that plot near the
meteoric water line. They are thus not likely candidates to have pro-
duced the type of serpentinization discussed here.

The calculated waters for the lizardite—chrysolite serpentines of the
continental ophiolite bodies could conceivably be interpreted as resulting
from a mixture of meteoric and magmatic waters. For example, the
lizardite—chrysotile serpentines from Del Puerto could have formed from
about a 1:1 to 1:3 mixture of unexchanged meteoric and primary mag-
matic waters. However, no single mixing mechanism involving magmatic
water can possibly explain the variation in all the calculated waters
shown on figure 13, much less the isotopic data obtained on the other
alpine serpentines from North America (Wenner and Taylor, 1969, 1971).
Hence most lizardite-chrysotile serpentinization of the continental ophio-
lites also probably does not involve appreciable contribution of mag-
matic water.

White, Barnes, and O’Neil (1973) have reported some isotopically
anomalous hot-spring (50° to 185°C) waters of probable metamorphic
origin at Sulphur Bank and at Wilbur Springs in the Coast Ranges of
California (see fig. 13). Their isotopic compositions are very similar to
the calculated antigorite water from Del Puerto and the calculated
(100°C) water of the anomalous Stonyford sample. It is obvious that by
using a suitable mixture of exchanged meteoric waters with the anoma-
lous non-meteoric thermal waters, one can explain all the calculated
waters involved in serpentinization of the California ophiolites. The
occurrence of the anomalous hot spring waters at the Earth’s surface,
however, does mean that we can no longer necessarily assume from the
isotopic evidence that samples such as the Del Puerto antigorite had to
form under deep-seated metamorphic conditions.

CONCLUSIONS
The D/H and O'8/0% ratios of 20 serpentine samples from 5 dif-
ferent oceanic localities are distinctly different from the isotopic com-
positions of serpentines in 7 ophiolite complexes from Greece, New
Caledonia, California, and Oregon. This strongly suggests that different
types of waters were involved in the serpentinization of ultramafic rocks
in these two diverse environments.
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Estimates of the isotopic compositions of the hydrothermal waters
that produced the oceanic serpentines range in §D from about +5 to
—30 per mil and in §O'® from —2 to +3 per mil. Therefore, the domi-
nant type of water involved in the serpentinization of submarine ultra-
mafic rocks is most likely ocean water.

The data are compatible, however, with the presence of some mag-
matic H,O (~25 percent) in the solutions responsible for submarine ser-
pentinization. This “mixing” could conceivably come about simply by
018/0 and D/H exchange with hot, solidified igneous intrusions during
convective circulation of ocean water along joints and fractures in such
an igneous body beneath a mid-ocean ridge.

It should be pointed out that the measured §O® values of the
oceanic serpentines require that serpentinization must have taken place
at elevated temperatures. If temperatures were as low as those suggested
by Barnes and O’Neil (1969) for serpentinization in the California Coast
Ranges, it would require waters with §O'® values as low as —5 to —10;
such waters are not known to exist in submarine environments.

Estimates of the isotopic compositions of waters that produced the
lizardite-chrysolite serpentines of continental ophiolite bodies range in
8D from about —35 to —115 and in §O'*® from —7 to +18 for Vourinos
and from 0 to +11 for all other bodies. Such a wide variation strongly
suggests that exchanged meteoric ground waters and/or mixed connate-
meteoric waters had to be important in the serpentinization of these
bodies. Some contribution of magmatic or metamorphic waters cannot be
discounted, but we can rule out the possibility that ocean waters or
connate waters were primarily responsible for the observed isotopic
compositions of lizardite-chrysotile serpentines from ophiolites. Further-
more, the small amounts of antigorite associated with such bodies prob-
ably form only in the presence of some type of metamorphic water,
definitely not ocean water. Because calculated water §D values for the
lizardite-chrysotile serpentines show a systematic geographic relationship
similar to the 8§D distribution of present-day, surface meteoric waters,
much of the serpentinization of such ophiolite bodies probably occurred
during the Cenozoic, perhaps largely after emplacement in their present
locations.

Three ophiolite complexes were examined in some detail, namely
Vourinos, San Luis Obispo, and Del Puerto. Considerable O'® variation
was observed in the lizardite-chrysolite serpentine from each body but
comparatively little D/H variation. The lowest §O8 values consistently
occur in the interior, partially serpentinized portions of each complex.
The outermost, completely serpentinized parts of these bodies tend to
be high in O, particularly the basal serpentinite at Vourinos which is
juxtaposed against high-O'® carbonate country rocks. Except for the
latter situation, which is a special case, the internal O® variations in the
ophiolite complexes are all consistent with higher temperatures of ser-
pentinization in the interior, possibly indicating that serpentinization
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occurred during the cooling. Another factor that would help explain the
O18 variations would be higher water/rock ratios in the exterior portions
of the complex. It seems reasonable that greater volumes of H,O prob-
ably circulated through the margins.

Late-stage, cross-cutting serpentine veins (particularly cross-fiber chry-
sotile) generally tend to be higher in O than their adjacent matrix
serpentine. This is also consistent with either declining temperatures
during the long interval of time over which serpentinization takes place
or with higher water/rock ratios in the veins.

At the present time, we cannot definitely rule out the possibility
that some ol the low-O'® serpentines in the Vourinos and the San Luis
Obispo ophiolites may have formed originally in the presence of heated
ocean waters, and that later, after emplacement of these bodies into the
continental crust, there was appreciable hydrogen isotope exchange be-
tween the existing serpentine and circulating meteoric-hydrothermal
fluids. We know that D/H exchange between hydroxyl-bearing minerals
and H,O is in general easier than O'8/O'¢ exchange. However, if any
of the other ophiolite serpentines were originally oceanic serpentines,
they must «ll have been totally recrystallized and have lost essentially
every vestige of their original §O*® and 8D values; they are at present
isotopically indistinguishable from the typical low-grade, alpine, lizar-
dite—chrysolite serpentinites elsewhere in the world (see fig. 8).

It would thus appear that either (1) ophiolites are not remnants of
oceanic crust and mantle, or more likely (2) most oceanic crust that may
be emplaced on land by a possible obduction or subduction event is
initially largely unserpentinized. The latter in turn implies that volume
expansion concomitant with serpentinization may not be the mechanism
by which the ultramafic bodies have risen to the levels in the Earth's
crust at which they are presently found, because the isotopic data on
lizardite-chrysotile serpentines in the ophiolite complexes are best inter-
preted as having resulted from relatively shallow-level serpentinization
after emplacement into the crust. This interpretation is in disagreement
with that of Bailey, Blake, and Jones (1970), who infer that the California
Coast Range ophiolites were serpentinized in an oceanic environment
prior to emplacement on-land. However, without doing violence to their
basic model, we would raise the question whether serpentinization might
have occurred principally during or after formation of the extensive
Coast Range thrust fault, because according to figure 6 of Bailey, Blake,
and Jones (1970), the areas under discussion were on-land at that time.

There are a variety of seismic velocity measurements (for example,
see Ewing, 1969; Shor and Raitt, 1969) that, together with the experi-
mental data of Christensen (1966) on the compressional velocities of
serpentinized peridotites, support the idea that the oceanic upper mantle
just below the Mohorovi¢i¢ discontinuity must be largely unserpen-
tinized. Therefore, this geophysical evidence is consistent with the argu-
ments presented in this paper that the peridotite portions of ophiolite
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complexes may only become heavily serpentinized after their emplace-
ment within the continental crust.

ACKNOWLEDGMENTS

We wish to thank C. Bowin and G. Thompson of Woods Hole
Oceanographic Institution for generously providing the oceanic samples;
these were recovered on cruises supported by the AEC and NSF. We also
wish to thank E. M. Moores who supplied the Vourinos samples, R. G.
Coleman for the samples from New Caledonia, and T. Thayer for de-
scriptions of sample localities at Canyon Mtn., Oregon. We are particu-
larly grateful for valuable advice and laboratory assistance from S. Ep-
stein and P. Yanagasawa, as well as for discussions with A. L. Albee,
L. T. Silver, and T. Suzuoki. We wish to thank Ivan Barnes for a useful
and critical review of the manuscript. Financial support was provided by
grants from the NSF, Grant No. GA-12945, and the GSA Penrose Fund,
Grant No. 1213-68.

REFERENCES

Aumento, F., 1970, Serpentine mineralogy of ultrabasic intrusions in Canada and on
the Mid-Atlantic Ridge: Canada Geol. Survey Paper 69-53, p. 1-51.

Bailey, E. H., Blake, M. C., Jr.,, and Jones, D. L., 1970, On-land Mesozoic oceanic
crust in California Coast Ranges: U.S. Geol. Survey Prof. Paper 700-C, p. C70-C80.

Barnes, Ivan, and O'Neil, J. R., 1969, The relationship between fluids in some fresh
alpine type ultramafics and possible modern serpentinization, western United
States: Geol. Soc. America Bull., v. 80, p. 1947-1960.

Bowin, C. O., Nalwalk, A. J., and Hersey, J. B., 1966, Serpentinized peridotite from
the north wall of the Puerto Rico Trench: Geol. Soc. America Bull, v. 77, p.
257-270.

Brown, R. D, Jr.,, 1964, Geology of the Stonylord Quadrangle, Glenn Colusa and
Lake Counties, California: U.S. Geol. Survey Map MF-279.

Cann, J. R., 1968, Geological processes at mid-ocean ridge crests: Jour. Geophysics,
v. 15, p. 331-341.

Christensen, N. I., 1966, Elasticity of ultrabasic rocks: Jour. Geophys. Research, v. 71,
p- 5921-5931.

1970, Composition and evolution of the oceanic crust: Marine Geology,
v. 8, p. 139-154.

Clayton, R. N., Friedman, I., Graf, D. L., Mayeda, T. K., Meents, W. F., and Shimp,
N. F,, 1966, The origin of saline formation waters: I. Isotopic composition: Jour.
Geophys. Research, v. 71, p. 352-373.

Coleman, R. G., 1971a, Plate tectonic emplacement of upper mantle peridotites along
continental edges: Jour. Geophys. Research, v. 76, p. 1212-1222.

1971b, Petrologic and geophysical nature of serpentinites: Geol. Soc.
America Bull.,, v. 82, p. 897-918.

Craig, Harmon, 1966, Isotopic composition and origin of the Red Sea and Salton
Sea geothermal brines: Science, v. 154, p. 1544-1548.

Craig, Harmon, and Gordon, L. I., 1965, Dcuterium and oxygen 18 variations in the
ocean and marine atmosphere: Rhode Island Univ. Narragansett Marine Lab.
Occasional Pub., v. 8, p. 277-374.

Dansgaard, W., 1964, Stable isotopes in precipitation: Tellus, v. 16, p. 436-462.

Ewing, J., 1969, Scismic model of the Atlantic Ocean: The Earth’s Crust and Upper
Mantle: Am. Geophy. Union Mon. 13, p. 220-225.

Friedman, I. 1., 1953, Deuterium content of natural waters and other substances: Geo-
chim. et Cosmochim. Acta, v. 4, p. 89-103.

Friedman, I. 1., Redfield, A. C., Schoen, B., and Harris, J., 1964, The variation of the
deuterium content of natural waters in the hydrologic cycle: Rev. Geophysics,
v. 2, p. 177-224.



238  D. B. Wenner and H. P. Taylor, Jr.—Oxygen and hydrogen

Godfrey, J. D., 1962 ,The deuterium content of hydrous minerals from the east-central
Sierra Nevada and Yosemite National Park: Geochim. et Cosmochim. Acta, v.
26, p. 1215-1245.

Hess, H. H., 1955, Serpentines, orogeny, and epicrogeny, in Polderraart, Aarie, ed.,
Crust of the Earth-A Symposium: Geol. Soc. America Spec. Paper 62, p. 391-407.

1964, The oceanic crust, the upper mantle and the Mayaguez serpentinized
peridotite, in Burk, C. A., ed., A Study of Serpentinite: Natl. Res. Council Pub.
1188, p. 169-175.

1965, Mid-ocean ridges and tectonics of the sea-floor, in Whittard, W. F.,
ed., Submarine Geology and Geophysics—Colston Research Soc. Symposium, 17th,
Bristol England 1965, Proc.: London, Butterworths, p. 317-332.

Hsu, K. J., 1968, Principles of melanges and their bearing on the Franciscan-Knoxville
paradox: Geol. Soc. America Bull., v. 79, p. 1063-1074.

Javoy, M., 1972, O*/0" ratios in ultramafic complexes: Am. Geophys. Union Trans.,
v. 53, p. 536.

Jennings, g W., 1958, Geologic Map of California, San Luis Obispo Sheet: Calif.
Dept. Nat. Res. Div. Mines.

Kikuchi, T., 1970, The exchange of decuterium by hydrogen in deuterium brucite
and some deuterium septechlorites: Hokkaido Univ. Fac. Sci. Jour.,, v. 14, p.
281-291.

Lapham, D. M., 1961, New data on deweylite: Am. Mineralogist, v. 46, p. 168-188.

Lanphere, M. A., 1971, Age of the Mesozoic Occanic Crust in the California Coast
Ranges: Geol. Soc. America Bull., v. 82, p. 3209-3212.

Maddock, M. E., 1964, Geology of the Mount Boardman Quadrangle, Santa Clara
and Stanislaus Counties, California: California Div. Mines Geol. Map Sheet 3.
Melson, W. G., Jarosewich, E., Bowen, V. T, and Thompson, G., 1967, St. Peter and
St. Paul Rocks: a high-temperature mantle—derived intrusion: Science, v. 155,

p- 1532-1535.

Miyashiro, A., Shido, F., and Ewing, M., 1969, Composition and origin of serpentinites
from the Mid-Atlantic Ridge necar 24° and 30° north latitude: Contr. Mineralogy
Petrology, v. 23, p. 117-127.

Moiseyev, A. W., 1968, The Wilbur Springs quicksilver district, California: Econ.
Geology, v. 63, p. 169-181.

Moores, E. M., 1969, Petrology and structure of the Vourinos Ophiolite Complex of
northern Greece: Geol. Soc. America Spec. Paper 118, p. 1-74.

O’Neil, J. R., and Taylor, H. P., Jr, 1967, The oxygen isotope and cation exchange
chemistry of feldspars: Am. Mineralogist, v. 52, p. 1414-1437.

Page, B. M., 1972, Oceanic crust and mantle fragment in subduction complex near
San Luis Obispo, California: Geol. Soc. America Bull,, v. 83, p. 957-972.

Phillips, J. D., Thompson, G., Von Herzen, R. P, and Bowen, V. T, 1969, Mid-
Atlantic ridge ncar 43° N latitude: Jour. Geophys. Research, v. 74, p. 3069-3081.

Redfield, A. C., and Friedman, 1., 1969, The eflect of metcoric water, melt water and
brine on the composition of Polar Sea water and of the deep waters of the
ocean: Deep-Sea Research, Supp. to v. 16, p. 197-214.

Reuter, J. H,, Epstein, S., and Taylor, H. P., Jr., 1965, O"/O" ratios of some chondritic
meteorites and terrestrial ultramafic rocks: Geochim. et Cosmochim. Acta, v. 29,
p. 481-488.

Roy, D. M,, and Roy, R., 1957, Hydrogen—-deuterium exchange in clays and problems
in the assignment of infrared frequencies in the hydroxyl region: Geochim. et.
Cosmochim. Acta., v. 11, p.72-85.

Saad, A. H., 1969, Palecomagnetism of Franciscan ultramafic rocks from Red Mountain,
California: Jour. Geophys. Research, v. 74, p. 6567-6578.

Savin, S. M., and Epstein, S., 1970, The oxygen and hydrogen isotope geochemistry
of clay minerals: Geochim. et. Cosmochim. Acta., v. 34, p. 25-42.

Sheppard, S. M. F., and Epstein, S., 1970, D/H and O"“/O'" ratios of minerals of
possible mantle or lower crustal orvigin: Earth Planetary Sci. Letters, v. 9, p.
232-239.

Sheppard, S. M. F., Nielsen, R. L., and Taylor, H. P, Jr., 1969, Oxygen and hydrogen
isotope ratios of clay minerals from porphyry copper deposits: Econ. Geology,
v. 64, p. 755-777.

Shor, G. G., Jr.,, and Raitt, R. W., 1969, Explosion seismic refraction studies of the
crust and upper mantle in the Pacific and Indian Oceans, the Earth’s Crust and
Upper Mantle: Am. Geophys. Union Mon. 13, p. 225-230.



isotope studies of the serpentinization of ultramafic rocks 239

Taylor, H. P, Jr., 1967a, Stable isotope studies of ultramafic rocks and meteorites, in
Wyllie, P. J., ed., Ultramafic and Related Rocks: New York, John Wiley, p.
362-372.

1967b, Oxygen isotope studies of hydrothermal mineral deposits, in Barnes,
H. L., ed., Geochemistry of Hydrothermal Mineral Deposits: New York, Holt,
Rinehart, and Winston, p. 109-142.

1968, The oxygen isotope geochemistry of igneous rocks: Contr. Mineralogy
and Petrology, v. 19, p. 1-71.

1971, Oxygen isotope evidence for large-scale interaction between meteoric
ground waters and Tertiary granodiorite intrusions, Western Cascade Range,
Oregon: Jour. Geophys. Research, v. 76, p. 7855-7874.

Taylor, H. P., Jr., and Coleman, R. G., 1968, O*/0" ratios of coexisting minecrals
in glaucophane-bearing metamorphic rocks: Geol. Soc. America Bull, v. 79, p.
1727-1756.

Taylor, H. P., Jr, and Epstein, S., 1962, Relationship between O™/0'® ratios in
coexisting minerals of igneous and metamorphic rocks. Part I: Principles and
experimental results: Geol. Soc. America Bull., v. 73, p. 461-480.

Taylor, H. P., Jr,, and Forester, R. W,, 1971, Low-O igneous rocks from the in-
trusive complexes of Skye, Mull, and Ardnamurchan, Western Scotland: Jour.
Petrology, v. 12, p. 465-497.

Thayer, T. P., and Himmelberg, G. R., 1968, Rock succession in the alpine-type mafic
complex at Canyon Mountain, Oregon: Internat. Geol. Cong., 23d, Prague 1968,
Proc, v. 1, p .175-186.

Thompson, G., and Melson, W. G., 1970, Boron contents of serpentinites and meta-
basalts in the oceanic crust: implications for the boron cycle in the oceans:
Earth Planetary Sci. Letters, v. 8, p. 61-65.

Thompson, G., Melson, W. G., and Bowen, V. T, 1969, The Mid-Atlantic ridge at
4°S and implications concerning the petrology of the oceanic crust and mid-
oceanic ridges: Am. Geophys. Union Trans., v. 50, p. 211.

Vdovykin, G. P., and Dmitriyev, L. V., 1968, Organic matter in uluamafic rocks of
the Mid-Indian ridge: Geochim. Internat., v. 5, p. 828-831.

Wenner, D. B, ms, 1971, Hydrogen and oxygen isotopic studies of serpentinization
of ultramafic rocks: Ph.D. thesis, California Inst. Technology, Pasadena, Calif.

Wenner, D. B., and Taylor, H. P, Jr, 1969, 6D and 80" studies in serpentinization
of ultramafic rocks [abs.]: Geol. Soc. America Abs. with Programs, Atlantic City,
p. 234-235.

1971, Temperatures of serpentinization of ultramafic rocks based on
0'8/0" fractionation between coexisting serpentine and magnctite: Contr. Mineral-
ogy and Petrology, v. 32, p. 165-185.

White, D. E., Barnes, Ivan, and O’Neil, J. R., 1973, Thermal and mineral waters of non-
meteoric origin, California Coast Ranges: Geol. Scc. America Bull. 84, in press.
Whittaker, E. J. W., and Zussman, J., 1956, The characterization of serpentine mincrals

by X-ray diffraction: Mineralog. Mag., v. 31, p. 107-126.





