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ABSTRACT

Detailed analytical studies of mafic phyllosilicates from volcanic and hypabyssal intru-
sive rocks from the upper portion of the Point Sal remnant of the California Coast Range
ophiolite reveal a notable correlation between phyllosilicate mineral parageneses and
ophiolite pseudostratigraphy. Five phyllosilicate phases have been identified by systematic
X-ray diffraction studies on clay size fractions: (1) smectite occurs in minor amounts in
the upper volcanic zone (1A lavas), (2) randomly mixed-layered chlorite/smectite is ubig-
uitous in the 1A lavas but less common in the lower volcanic zone (1B lavas), (3) regularly
interstratified chlorite/smectite occurs in both volcanic units, (4) chlorite is present in the
1B lavas and dike and sill complex, and (5) celadonite occurs sporadically throughout the
1A lavas. With increase in depth, smectite layers progressively transform to chlorite so
that chlorite is the predominant phyllosilicate in the dike and sill complex.

The phyllosilicate zonation correlates with the calc-silicate mineral parageneses. Discrete
smectite and randomly interlayered chlorite/smectite occur in both zeolite- and pumpel-
lyite-grade volcanic rocks. Regularly interlayered chlorite/smectite is more common in
pumpellyite-grade volcanic rocks than in the zeolite-grade volcanic rocks, but discrete
chlorite is restricted to epidote-grade volcanic rocks and dikes/sills. The authigenic mineral
zonation at Point Sal is similar to that reported for the Del Puerto ophiolite and from
some active geothermal systems.

Phyllosilicates in the Point Sal remnant exhibit compositional trends correlative to
pseudostratigraphic depth. The Si content of phyllosilicates decreases with depth from 7.8
to 5.5 cations/28 oxygens because of decrease in smectite interlayers with depth. Ca con-
tents of mixed-layered chlorite/smectite, correlated with presence of smectite, also decrease
with depth.

Mafic phyllosilicates from hydrothermally recrystallized metavolcanic rocks exhibit sys-
tematic structural and compositional variations. Chlorite from the Coast Range ophiolite,
Troodos ophiolite, DSDP Hole 504B, and Onikobe and Icelandic geothermal fields that
has been identified with X-ray diffractometry does not have Si cation totals greater than
6.25 cations/28 oxygens. Detailed X-ray diffraction studies of many layer silicates from
low-grade metabasaltic rocks, previously identified as chlorite on the basis of composi-
tional information alone, may lead to their re-identification as various interlayered phases.

INTRODUCTION

The relationship between metamorphic grade and
pseudostratigraphic depth within ophiolite complexes or-
dinarily has been delineated by calc-silicate mineral para-
geneses (see reviews by Moody, 1979; Coleman, 1984;
Liou et al., 1987). However, phyllosilicates such as smec-
tite, interlayered chlorite/smectite, and chlorite are abun-
dant in low-grade metabasites. Regularly interlayered
chlorite/smectite (“corrensite”) and randomly interlay-
ered chlorite/smectite occur as intermediate products of
the continuous transformation of smectite into chlorite.
The presence of these mixed-layered phases has been
documented in burial metamorphic environments (Hoff-
man and Hower, 1979), active geothermal systems
(Kristmannsdottir, 1975; Keith et al., 1984; Liou et al.,
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1985), ophiolites (Evarts and Schiffman, 1983), and the
oceanic crust (Alt et al., 1986). These phases have also
been produced experimentally (Velde, 1977) at temper-
atures between 300 and 400 °C and pressures of 2 kbar.
Both field and experimental studies indicate that the tran-
sition from smectite to chlorite is complex and occurs
concurrently with calc-silicate mineral transitions from
the zeolite to greenschist facies.

Studies of submarine alteration of the Del Puerto
ophiolite by Evarts and Schiffman (1983) and Schiffman
et al. (1984) represent the only comprehensive investi-
gations of metamorphic mineral paragenesis of a Coast
Range ophiolite remnant. The Del Puerto remnant is
characterized by increasing grade of metamorphism and
decreasing intensity of the alteration downward in the
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pseudostratigraphy of the ophiolite. Chloritic phyllosili-
cates occur throughout most of the ophiolite. Mixed-lay-
ered chlorite/smectite was identified in the volcanogenic
rocks that overlie the Del Puerto remnant and in the
ophiolitic volcanic rocks. “Corrensite,” identified by
Evarts and Schiffman (1983) as regularly mixed-layered
chlorite/smectite, was found in pumpellyite-bearing vol-
canic rocks. Discrete chlorite is restricted to epidote-grade
volcanic rocks.

The mixed-layered mafic phyllosilicates are particular-
ly interesting because the nature of the interlayering ap-
pears to be temperature-sensitive (Kristmannsdottir, 1975,
1979). These phases may therefore be useful index min-
erals in low-grade metavolcanics. In this study we docu-
ment the mafic phyllosilicate mineralogy of metavolcanic
and metadiabasic rocks of the Point Sal remnant of the
California Coast Range ophiolite. Detailed X-ray diffrac-
tion and electron-microprobe analyses of phyllosilicate
minerals have been performed in order to document sys-
tematic changes in physical and chemical properties of
phyllosilicate minerals due to low-grade metamorphism
of mafic rocks. In this study it will be shown that (1) Point
Sal mafic phyllosilicates have compositional and struc-
tural properties that vary systematically with increase in
metamorphic grade, (2) the observed phyllosilicate zo-
nation correlates with calc-silicate mineral zonation, and
(3) Point Sal phyllosilicates are similar to the composi-
tions and zonations of those from the Del Puerto remnant
but are higher grade than those found in most ophiolites
and oceanic crust.

GEOLOGIC SETTING

The Point Sal ophiolite is located approximately 24 km
west of Santa Maria, California (Fig. 1), and is one of the
twenty-three known remnants of the Jurassic California
Coast Range ophiolite (Hopson et al., 1981). Two origins
have been suggested for the Coast Range ophiolite: (1)
formation at a mid-ocean spreading center (Bailey et al.,
1970; Page, 1972; Bailey and Blake, 1974; Pike, 1974;
Hopson and Frano, 1977; Hopson et al., 1981) and (2)
formation within or near an island-arc setting (Evarts,
1977, Blake and Jones, 1981; Saleeby, 1981; Shervais and
Kimbrough, 1985; Evarts and Schiffman, 1983).

The rocks at Point Sal represent a nearly complete
3-km-thick ophiolite sequence that includes pillow lavas, a
sheeted dike or sill complex, a plutonic member, and a
basal member of harzburgite. The volcanic unit is ap-
proximately 1.3 km thick and has been separated by
Hopson et al. (1975) into the upper 1A lavas, which con-
tain olivine phenocrysts, and the lower 1B lavas, which
lack olivine phenocrysts. The 1A lavas are mostly aphyric
to microporphyritic basalts containing clinopyroxene,
plagioclase, and olivine phenocrysts. The 1B lavas are
aphyric to microporphyritic with clinopyroxene and pla-
gioclase phenocrysts. The dike and sill complex includes
felsic, intermediate, and mafic intrusive rocks. The plu-
tonic member consists of dioritic and gabbroic rocks un-
derlain by serpentinized dunite and wehrlite; slivers of
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Fig. 1. Geologic map of volcanic units exposed along the coast
north of Point Sal with localities of volcanic rocks analyzed in
this study. Geologic map adapted from Hopson et al. (1975).

serpentinized harzburgite are caught up within the basal
fault zone against Miocene Monterey Formation. The en-
tire sequence is comformably overlain by tuffaceous chert
of Tithonian age (Hopson et al., 1975).

METHODS

Twenty-five samples were chosen from the volcanic units for
vertical and lateral variation (Fig. 1), and three were chosen from
the dike and sill complex (located south of area shown on map).
Thin sections were examined to determine the distribution and
textural variation of secondary minerals.

Clay size fractions from whole-rock powders were prepared
for X-ray diffraction. Carbonates in the powders were dissolved
with a buffered sodium acetate solution and were then centri-
fuged for removal of the 2-um size fraction for analysis (Jackson,
1975). Samples were plated onto ceramic tiles composed of quartz
and mullite. Two tiles were prepared for each sample, and four
analyses of the oriented samples were performed with the fol-
lowing treatments: (1) air dried (Mg-saturated), (2) glycerol sol-
vated, (3) KCl saturated, and (4) heated at 550 °C. The remain-
der of the material was dried for preparation of an unoriented
powder mount. Seven representative clay separates, selected to
determine percent chlorite using a method developed by Hower
(1981), were plated onto individual tiles and were analyzed after
the following treatments: (1) air drying and (2) glycolation using
ethylene glycol in a dessicator at 60 °C. A complete description
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Fig. 2. X-ray pattern of chlorite from sample 1B-56. (A) Mg
saturated, (B) glycerol solvated, (C) KCI saturated, (D) heated at
550 °C. This sample also contains minor mixed-layered chlorite/
smectite as shown by small reflections at approximately 5° 26 in
B and approximately 8.5° 26 in D.

of sample-preparation techniques is presented by Bettison (1986).
Clay-mineral separates were analyzed on a Diano 8000 X-ray
diffractometer using Cu-K« radiation. A graphite monochro-
mator selectively eliminated diffracted Cu-Kg radiation. Orient-
ed tiles were scanned from 2° to 15° 24 at 1.6%min. Unoriented
samples were scanned from 59° to 62° 24.

Energy-dispersive microprobe analyses of clay minerals within
polished thin sections were conducted on an ARL-EMX micro-
probe equipped with a Kevex 7000 energy-dispersive spectrom-
eter. Analyses were determined using an accelerating voltage of
15 kV, beam current of 100 nA, a beam diameter of 2-3 um,
and counting times of 100-200 s corrected for dead time. Stan-
dards used for phyllosilicate analyses included orthoclase (K),
albite (Na), cossyrite (Mn, Ti, Fe), synthetic diopside-jadeite glass
(Mg, Si), and bytownite (Ca, Al). EDs data were corrected for
ZAF effects with the program Magic V (Colby, 1968).

REsuLTs
X-ray diffraction analyses

The phyllosilicates identified in the volcanic section
and dike and sill complex of the Point Sal ophiolite in-
clude smectite, randomly interlayered chlorite/smectite,
regularly interlayered chlorite/smectite, chlorite, and cel-
adonite. Identification of smectite, chlorite, and celadon-
ite is generally unambiguous. Smectite, found in 19 of the
34 samples studied, was recognized by the expansion of
the (001) spacing from 14 to 17.9 A with glycerol solva-
tion and collapse to 10 A with heating at 550 °C. Chlorite
is present in all but one of the samples and was identified
by the (001) spacing at 14 A, which is not modified by
glycerol solvation and which is not affected by heat treat-
ments at temperatures below 550 °C (Fig. 2). However,
heating of chlorite at temperatures greater than 550 °C
may rearrange its structure, resulting in an intensity in-
crease and shift in the (001) spacing to ~13.8 A and a

Fig. 3. X-ray pattern of randomly interlayered chlorite/smec-
tite (C/S) from sample 1A-25. This sample also contains discrete
chlorite (C), discrete smectite (S), and celadonite (CE). (A) Mg
saturated, (B) glycerol solvated, (C) KCl saturated, (D) heated at
550 °C.

decrease in the intensity of the (002) spacing (Brown and
Brindley, 1980). Patterns with minor heating-induced
shifts in the (001) and (002) spacings were identified as
chlorite in this study. Celadonite was recognized optically
in nine samples and was identified by the 10-A (001)
spacing, which remains unaffected by glycerol solvation
or heating at 550 °C.

The b crystallographic dimension of phyllosilicates is
dependent on the number and type of octahedral cations
and is routinely used to classify smectite (Brown and
Brindley, 1980). In this study, broad (060) spacings of
both dioctahedral and trioctahedral phyllosilicates were
recognized. Determining the type of smectite phase based
on the (060) spacings has proved inconclusive because of
the admixture of phases and probable peak interference.

Randomly interlayered chlorite/smectite

Fourteen of the samples show a Mg-saturated 14-A
spacing that shifts to between 15 and 16.5 A with glycerol
solvation. The 7-A (002) spacing broadens to the low-20
side with glycerol solvation. Saturation with KCI results
in the collapse of the (001) spacing to between 13 and 14
A. The (001) spacing collapses further with heating at 550
°C to a broad spacing that is most intense between 12.9
and 13.8 A and tails off to the high 24 side (Fig. 3). A 30-
33-A superlattice spacing is not evident in these patterns,
indicating that the phase is not an ordered interstratifi-
cation.

The identifications made in this study are primarily
based on the XrD patterns, specifically the position of the
spacings after saturation with glycerol and KCl, and heat
treatment. The fact that the interlayered phase expands
significantly with Mg saturation and glycerol solvation
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indicates that the expandable clay in these samples is not
vermiculite (Walker, 1957, 1958). Because of the pres-
ence of chlorite and smectite in all but one of the samples
containing the mixed-layered phase, it seems probable
that the mixed-layered phase is randomly interlayered
chlorite/smectite instead of chlorite/swelling chlorite.
Without further study, the identification of the expand-
able clay as a smectite still does not preclude the possi-
bility that it is instead another species—such as expand-
able chlorite.

In past studies, samples with similar XrD patterns have
been identified as expandable chlorite (e.g., April, 1981;
Sucheki et al., 1977), which is generally considered to be
a chlorite with an incomplete brucite layer allowing for
expansion upon glycerol solvation. The spacing pro-
duced, between 14 and 18 A, is not unique. Randomly
interlayered smectite/chlorite also shows (001) spacings
between 14 and 18 A with glycerol solvation.

Regularly interlayered chlorite/smectite

Regularly interlayered chlorite/smectite is typically
called “corrensite,” a mineral originally defined as regu-
larly interlayered chlorite/swelling chlorite (Lippmann,
1954). However, it has subsequently been used as a name
for all species of 1:1 interstratification of chlorite and an
“expandable clay layer,” the latter being either smectite,
vermiculite, or swelling chlorite (Hauff, 1981). To avoid
ambiguity we prefer to refer to this phase as “regularly
interlayered chlorite/expandable clay” and refer to the
expandable phase by its specific name.

Regularly interlayered chlorite/smectite was recog-
nized by its characteristic superlattice spacing, which re-
cords the alternation of chlorite (001) 14-A and smectite
(001) 14-A spacings in the air-dried state. The superlat-
tice spacings identified in this study are commonly ~30
A in the air-dried patterns and ~32.5 A with glycerol
solvation (Fig. 4). The (001) superlattice spacing was not
observed after heating, but the (002) spacing at 12.2-12.6
A would correspond to an (001) spacing of ~25 A. The
superlattice spacing is weak, possibly indicating a poorly
ordered phase with additional randomly interstratified
layers (April, 1981). In the Point Sal samples, smectite
and chlorite are commonly recognized in addition to the
regularly interlayered phase. Reported values for the su-
perlattice spacing of regularly interlayered chlorite/smec-
tite vary from 28 to 30 A in the air-dried state and from
30 to 33 A with glycerol solvation (Hauff, 1981).

PETROGRAPHIC DESCRIPTION OF PHYLLOSILICATE
OCCURRENCE

The samples from the volcanic units are pervasively
altered and contain abundant clay minerals. The phyllo-
silicates fill fractures and vesicles and are present as al-
teration products of primary phases.

1A lavas

The common clay mineral of the 1A lavas is randomly
interlayered chlorite/smectite. Minor smectite and chlo-

& o b
Fig. 4. X-ray pattern of regularly interlayered chlorite/smec-
tite (R-C/S) from sample 1A-13. This sample also contains dis-

crete chlorite (C) and celadonite (CE). (A) Mg saturated, (B) glyc-
erol solvated, (C) KCl saturated, (D) heated at 550 °C.

rite are present (Tables 1A and 1B). Clay minerals of the
1A lavas are commonly pleochroic dark green to pale
green and have first-order to upper second-order and
rarely anomalous blue interference colors. Three of the
1A samples contain randomly interlayered chlorite/smec-
tite characterized by strong pleochroism from dark bluish-
green to yellow. Clay minerals that fill pore space are
typically zoned from fine-grained material along the edges
to coarse-grained phyllosilicates in the center (Fig. SA).
Most of the glassy groundmass of the samples is recrys-
tallized to fine-grained phyllosilicates.

Alteration of primary minerals and groundmass in the
1A lavas is pervasive and does not appear to be con-
trolled by, or limited to, veins. Clay minerals form pseu-
domorphs after olivine, whereas clinopyroxene appears
as predominantly fresh phenocrysts with minor alteration
along fractures. Inclusions of phyllosilicates are found
throughout albitized plagioclase phenocrysts (Fig. 5B);
these may replace primary melt inclusions. Micropheno-
crysts have fewer phyllosilicate inclusions.

Celadonite is recognized in 1A lavas by its distinctive
apple-green color. This phase is present as a replacement
of interstitial glass and as a vesicle-filling phase. The tem-
poral relationship between celadonite and the other phyl-
losilicate phases is not clear because celadonite is not
observed to crosscut or fill vesicles containing other clay
minerals.

Other secondary phases in the 1A lavas include albi-
tized plagioclase, analcime, laumontite, prehnite, pum-
pellyite, carbonate, and quartz. The most common sec-
ondary-mineral assemblage in 1A samples is carbonate +
mixed-layered chlorite/smectite + albitized plagioclase +
smectite = minor chlorite. Carbonate is prevalent
throughout the 1A lavas and is commonly found in veins.
Quartz is present in the groundmass and amygdules of
some of the samples, and, where present, it usually forms
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TABLE 1A. Groundmass secondary-mineral assemblages of Point Sal volcanic and dike

rocks

sSM C/S R-C/S CH CE

PU EP ACT ALB QTZ CC

1A-35
L2035
L2036
1A-21
1A-18
1A-14
1A-13
1A-32
1A-26
1A-25
1A-15
1A-30

1B-60
1B-42
1B-55
1B-56
L1839 ?
1B-47 X
L18B41

L18B42

1B-30 X
1B-33 X

1B-21

1B-23

1B-8

L1746
L1326
DC-14

XXX XXX X XXX
XX X XXX XX XXX XX

>~
HKXX MKHMRIXIKRXK AKX XK XXX XXX X XXX > >

X

x X
XX XX

>
MoOX XX XXX XXEXXXXKX XX XX XX
> X X X

X X
X X

Note: SM = smectite; C/S = randomly interlayered chlorite/smectite; R-C/S = regularly interlayered
chlorite/smectite; CH = chlorite; CE = celadonite; PU = pumpellyite; EP = epidote; ACT = actinolite;
ALB = albitized plagioclase; QTZ = quartz; CC = calcite.

very fine grained polycrystalline aggregates. Vesicles filled
with phyllosilicates are commonly crosscut by zeolite-
and/or carbonate-filled veins (Fig. 5C). Phyllosilicate-
rimmed amygdules are filled in the center by carbonate.
Veins filled with zeolites, either analcime or laumontite,
crosscut or are cut by carbonate-filled veins. In some
samples, zeolites are intergrown with carbonate, whereas
in others, zeolites appear to be the first mineral to have
crystallized from vein walls. Locally, prehnite grows out-
ward from the walls of some of the veins containing anal-
cime and laumontite (Fig. 5D).

1B lavas

The phyllosilicates of the 1B lavas are chlorite, ran-
domly interlayered chlorite/smectite, and subordinate
amounts of smectite and regularly interlayered chlorite/
smectite. The clay minerals commonly have first-order
and anomalous blue interference colors and are pale green
in color with little or no pleochroism.

Phyllosilicates in the 1B lavas are common as replace-
ments of interstitial glass in the groundmass, as major
constituents of amygdaloidal assemblages, and as altera-
tion of primary minerals. Vesicles are lined or completely
filled by clay minerals. Clay minerals grade from fine-
grained into more coarsely crystalline and platy forms
that radiate outward from vesicle walls. Clinopyroxene is
altered to clay minerals along fractures, but is otherwise
fresh. Albitized plagioclase phenocrysts do not contain

abundant phyllosilicate inclusions as in the 1A samples;
instead, replacement is confined to fractures and the in-
terstitial glass between plagioclase laths.

Calc-silicate and other authigenic phases include albi-
tized plagioclase, pumpellyite, prehnite, epidote, garnet,
actinolite, quartz, and carbonate. Common mineral as-
semblages for samples of the 1B lavas include pumpel-
lyite + chlorite + albitized plagioclase = mixed-layered
chlorite/smectite = minor smectite; pumpellyite + chlo-
rite + quartz + albitized plagioclase = carbonate =+
mixed-layered chlorite/smectite; epidote + quartz + al-
bite + chlorite = carbonate. Andraditic garnet is inter-
grown with epidote in the rims of some amygdules filled
with calcite and chlorite (Fig. SE) and quartz. Quartz is
more common in the 1B lavas than in the 1A lavas and
is most often present as fillings of vesicles lined with phyl-
losilicates and calc-silicate minerals. It commonly forms
idioblastic to subidioblastic crystals in contrast to the fine-
grained aggregates present in the 1A lavas. Carbonate is
less prevalent in the 1B lavas, although it is common in
veins and is locally present in the center of amygdules.
Clay minerals line amygdules and grade outward into or
surround pumpellyite with quartz and/or carbonate in
the interior (Fig. 5F). The color and birefringence of phyl-
losilicates intergrown with pumpellyite are similar to that
of phyllosilicates replacing the groundmass and pheno-
crysts of 1A samples, suggesting one stage of pervasive
clay-mineral recrystallization. Epidote is intergrown with
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TABLE 1B. Amygdaloidal mineral assemblages in Point Sal volcanic rocks

C/s CH CE AN LA

PR PU EP GT Q7zZ CC

1A-35-a X
-b
L2036
1A-21
1A-18-a
-b
-C
1A-14
1A-13-a
-b
1A-32-a
-b X
1A-26
1A-25-a X
-b X
-C X
1A-15
1A-30-a
-b
-C
1B-60
1B-55-a
-b
-c
1B-56-a X
-b
L1839 X
1B-47-a
-b
-C
L18B41-a
-b
-C
-d
-e
1B-23-a
-b
-C
-d X

XXX XXX

x X X

b4 XX X

X
X

X OXXX XX XXX

x X

XXX X X

> X X

X X
X

o x HHH HHHHEXEXHAXXH
>

X X

Note: For abbreviations, see Table 1A except that here C/S = randomly and regularly interlayered
chlorite/smectite, AN = analcime, LA = laumontite, PR = prehnite, and GT = garnet.

idioblastic to subidioblastic quartz crystals and locally
appears as a pseudomorph after pumpellyite in the form
of elongate blades oriented in radial aggregates. Prehnite
is rare in the 1B lavas; when present, it occurs in the
center of amygdules lined with quartz. Hematite occurs
locally in some strongly epidotized brecciated lavas.

Late-stage carbonate veins crosscut veins and vesicles
containing quartz, epidote, or pumpellyite. Quartz and
carbonate commonly contain inclusions of phyllosili-
cates, which suggests a late stage of phyllosilicate altera-
tion. Celadonite is also present as late-stage vesicle fillings
in the upper 1B lavas.

Dike and sill complex

Phyllosilicates in the dike and sill complex are predom-
inantly chlorite. Chlorite replaces the fine-grained mesos-
tasis in samples of the dike and sill complex. Chlorite is
identified by the typical pale green color and pleochroism
and anomalous interference colors.

Other metamorphic phases include epidote, actinolite,
albitized plagioclase, and quartz. Common mineral as-
semblages of the dike and sill complex are epidote +

actinolite + chlorite + albitized plagioclase + quartz;
epidote + chlorite + quartz. Actinolite needles are com-
monly intergrown with chlorite and epidote. Plagioclase
is only slightly altered to chlorite along cracks. Epidote
occurs in patches in the groundmass of dike and sill rocks
and also in epidositic dikes with quartz and chlorite. Py-
rite is present in some epidosite dikes.

PHYLLOSILICATE ZONATION VS. STRATIGRAPHY

Tables 1A and 1B list the minerals identified in each
sample studied and the phyllosilicates that were recog-
nized by X-ray diffractometry. As mentioned above, the
dominant phyllosilicates in the 1A lavas are randomly
interlayered chlorite/smectite and smectite. Only minor
amounts of chlorite are present in samples from the upper
lavas. Randomly interlayered chlorite/smectite and
smectite are less common in the 1B lavas. These two
phyllosilicate phases diminish in occurrence, and chlorite
becomes the dominant sheet silicate with increasing depth.
Chlorite becomes the most abundant phase in the lower
1B section and the dike and sill complex. Smectite found
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Fig. 5. Photomicrographs of mafic phyllosilicates and related minerals from Point Sal volcanic rocks (scale bars = 0.1 mm). (A)
Fine-grained, randomly interlayered chlorite/smectite grading into coarser-grained forms in the center of the amygdule (sample 1A-
25). Photomicrograph taken with plane-polarized light. (B) Albitized plagioclase with inclusions of randomly interlayered chlorite/
smectite alteration (sample 1A-8). Photomicrograph taken with plane-polarized light. (C) Pseudomorph after pyroxene grain.
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Fig. 6. Fe/(Fe + Mg) vs. Si compositional variations of phyl-
losilicates in the Point Sal remnant. Cations were calculated on
the basis of 28 oxygens from average analyses (Bettison, 1986).
Modified after Hey (1954). 1A = upper lavas; 1B = lower lavas;
DC = dike and sill complex; C/S = randomly interlayered chlo-
rite/smectite; Reg C/S = regularly interlayered chlorite/smectite;
CH = chlorite.

in minor quantities in the latter section is probably a
much later phase, as indicated by textural relations.

CHEMICAL ANALYSES

In order to characterize the phyllosilicates, composi-
tional data were obtained through energy-dispersive elec-
tron-microprobe analysis. Because of the fine-grained and
porous nature of many of the phyllosilicate aggregates,
anhydrous oxide totals from microprobe analyses varied
significantly (84-90 wt%). Therefore, the representative
analyses presented in Table 2 include only cationic pro-
portions. Complete oxide analyses, including those for
celadonite, can be found in Bettison (1986).

Compositions of chlorite fall mostly in the pycnoch-
lorite field of Hey’s (1954) chlorite classification (Fig. 6).
Randomly interlayered chlorite/smectite compositions fall
within the diabantite field. Silica decreases with increas-
ing pseudostratigraphic depth and with the transition from
smectite to chlorite. Randomly interlayered chlorite/
smectite of the 1A lavas have Si contents that fall pre-
dominantly in the range of 6.15-6.70 cations on the basis
of 28 oxygens. Si in randomly interlayered chlorite/smec-
tite of the 1B lavas ranges from 6.30 to 6.80 cations/28
oxygens. Chlorite from the 1B lavas has lower Si contents
(5.82-6.14 cations/28 oxygens) than the mixed-layered
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Fig. 7. Ca vs. Si for average analyses of interlayered chlorite/

smectite and chlorite in the Point Sal remnant. Structural for-
mulae calculated on the basis of 28 oxygens. C/S = randomly
interlayered chlorite/smectite; Reg C/S = regularly interlayered
chlorite/smectite; CH = chlorite.

phases, and chlorite from the dike and sill complex has
the lowest Si contents (5.45-5.70). The phyllosilicates have
corresponding Al contents that increase with increasing
depth and with the transition to discrete chlorite in the
IB lavas and the dike and sill complex: (Al cations/28
oxygens: 1A, 2.54-3.61; 1B, 3.48-4.58; DC, 4.40-4.91).
An increase in Fe/Mg with increasing metamorphic grade
is not apparent in the Point Sal phyllosilicates, though
this increase has been documented in other ophiolites
(e.g., the Del Puerto remnant by Evarts and Schiffman,
1983).

Interlayered chlorite/smectite has more variable com-
position than discrete chlorite (Table 2). The interstrati-
fied species contain predominantly Si (7.80-6.15 cations/
28 oxygens), Al (4.13-2.50), Fe (6.14-3.11), and Mg (5.96~
4.34), with minor Mn (0.17-0.05), K (0.55-0), and Ca
(0.26-0). Chlorite can accommodate only a minor amount
of Ca in its structure. Therefore, analyses with Ca con-
tents of more than 0.10 cation/28 oxygens indicate the
presence of a smectite component as confirmed by X-ray
diffraction. Figure 7 shows that the Ca contents of the
phyllosilicates from the volcanic and dike units range from
0 to 0.30 cations per 28 oxygens; the Ca content decreases
with increasing pseudostratigraphic depth and metamor-
phic grade. Phyllosilicates of the 1A lavas contain the
most Ca in interlayer sites. The 1A samples contain the
largest smectite component and have more sites available
to Ca. The least Ca is found in the chlorite from the 1B
lavas and the dike and sill complex.

—

Composed of randomly interlayered chlorite/smectite (CL) with intergrown fine-grained pumpellyite, crosscut by veins containing
laumontite (LA) and prehnite (sample 1 A-8). Photomicrograph taken with plane-polarized light. PX = relict pyroxene. (D) Analcime
(AN) + prehnite (PR) vein (sample 1A-8). Photomicrograph taken with cross-polarized light. CL = mixed-layered chlorite/smectite.
(E) Andraditic garnet (GT) intergrown with chlorite (CH) and calcite (CC) in amygdules of sample 1B-23. Photomicrograph taken
with plane-polarized light. (F) Amygdaloidal pumpellyite (PM) intergrown with chlorite (CH) and quartz (QT) in sample L18B41.

Photomicrograph taken with plane-polarized light.
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Fig. 8. ALO;-FeO-MgO compositions of Point Sal mafic
phyllosilicates (normalized weight percent of average analyses
from Table 2).

Chemical variations of the interlayered chlorite/smec-
tite and chlorite are represented on an Al,O,-MgO-FeO
compositional plot depicting averaged microprobe anal-
yses (Fig. 8). The Fe/Mg ratio in interstratified phases
varies significantly, but Al contents are consistently lower
than in chlorite. However, some of the interlayered species
do have compositions very similar to those of the discrete
chlorite plotted. It is important to note that regularly and
randomly interlayered chlorite/smectite do not have
Al,0,-MgO-FeO ratios that are significantly different, and
they cannot be unambiguously differentiated using this
ternary diagram (Fig. 8).

Ideally, structural recalculation of a relatively pure
sample of regularly interlayered chlorite/smectite on the
basis of (28 + 22)/2 oxygens should determine the num-
ber of octahedral sites in both layers. The assumption
made is that this regularly interlayered phase is indeed 1:
1 chlorite/smectite, and therefore, the structural formula
corresponds to %2 unit cell chlorite + Y2 unit cell smectite.
The total octahedral cations should be 9 if both the smec-
tite and chlorite are trioctahedral, or 7.5 if one of the
layers is dioctahedral. For example, the total of octahe-
dral occupancy in sample L2036 is 9.57, which is close
to the ideal 9. Thus, both the smectite and chlorite layers
are nearly trioctahedral. Although no analyses of pure
smectite were obtained, the Fe-rich aggregate composi-
tion of the mixed-layered phases suggests that the smec-
tite component is most likely saponite.

The chlorite/smectite analyses can be recast into unit-
cell contents with variable oxygen if both the minerals
are assumed to be trioctahedral. If the analyzed phase lies
between pure saponite and pure chlorite, the composition
will be expressed by (K,Na,Ca,;)._, " [(Mg,Fe,Mn),_,Al ]-
VIS, ,Al]O,, (OH),- x[(Mg,Fe)s(OH),,]. Values for x, y,
and z can be obtained from the above formula by first
calculating a proportioning factor (f). The factor can be
determined for two different cases: (1) if z > y, f= 16/
[Al + 2Si + 2Ca + K] and (2)if z < y, f= 16/[Al + 2Si —
2Ca — K] (W. Wise, pers. comm., 1987). Judging from

TaBLE 2. Structural formulae of average phyllosilicate compositions based on 28 oxygens

Range in Rangein  Oxide
Sample Phase* K Ca Total Mn Mg Fe VIAI Total Si VAl Total Si Fe/Mg total

1A-35 C/s 001 005 006 008 434 614 144 1201 645 155 800 6.40-651 057-061 87.83
L2035 C/S 050 0.14 064 017 466 311 251 1045 780 020 800 7.80 0.40 88.10
L2036 R-C/S 055 007 062 008 435 394 235 1072 749 0.51 8.00 7.32-765 047-048 85.10
1A-21 C/S 040 011 015 010 500 477 181 1168 652 148 800 645-665 047-051 84.28
1A-18 C/S 0.01 008 0.09 0.09 440 595 149 1184 644 156 800 6.38-6.47 0.55-0.59 88.88
1A-14 C/s 002 007 0.09 009 456 550 163 1178 6.64 136 8.00 6.46-6.82 050-0.57 87.83
1A-13 R-C/S 003 008 011 006 537 448 176 1167 664 136 800 650-6.81 043-047 86.77
1A-32 C/s 004 009 013 014 494 483 175 1166 668 132 800 651-681 048-050 88.14
1A-26 C/s 005 026 031 013 460 427 225 1125 664 136 800 6.45-680 046-0.51 89.58
1A-25 C/s 002 012 014 011 545 458 176 1190 6.15 1.8 800 6.13-6.27 044-047 8761
1A-15 C/s 005 008 013 005 511 444 198 1158 659 141 800 644-686 045-048 88.31
1A-30 C/s 004 008 012 010 499 481 184 11.74 647 153 800 643-652 049-050 8561
1B-60 C/S 000 0.18 018 0.09 596 351 200 1156 650 150 800 6.34-667 0.36-0.38 89.51
1B-42 R-C/S 003 016 019 019 585 297 229 1130 679 121 8.00 6.79 0.34 83.21
1B-55A C/s 004 008 012 0.09 538 430 198 1175 631 169 8.00 6.31 0.44 88.09
1B-55B CH 002 006 008 009 551 420 208 1188 600 200 800 595-604 042-044 88.06
1B-56A C/S 025 000 025 0.05 467 457 207 1136 695 1.05 800 695 0.49 87.11
1B-56B CH 002 000 002 005 502 441 235 1183 597 203 800 595-599 046-047 88.17
L1839 CH 002 006 0.08 011 503 437 229 1180 595 205 8.00 584-6.01 045-048 87.82
1B-47 CH 000 005 0.05 0.09 458 501 216 1184 6.05 195 8.00 5.97-6.10 049-0.54 88.27
L18B41 CH 000 005 005 009 519 446 220 1194 582 218 800 576-588 045-047 87.66
L18B42 CH 000 004 004 009 408 552 215 1184 609 191 800 595-6.17 054-059 87.21
1B-30A R-C/S 007 009 016 0.07 312 366 351 1036 738 062 800 7.38 0.54 88.11
1B-30B CH 001 003 0.04 009 447 509 217 1182 6.02 198 800 591-6.13 052-055 8871
1B-33A C/s 004 010 014 008 556 383 211 1158 638 162 800 622-656 038-043 8873
1B-33B CH 002 006 008 008 528 427 215 1178 6.03 197 800 6.02-6.05 044-045 89.88
1B-21 CH 002 004 006 008 560 394 221 1183 598 202 800 578-6.11 040-042 90.10
1B-23 CH 003 007 010 008 548 412 216 1184 597 203 800 582-6.10 041-045 88.65
1B-8 CH 002 003 005 008 531 398 245 1182 582 218 800 557-6.07 041-043 87.95
L1746 CH 000 001 001 005 469 492 236 1202 556 244 800 535-577 049-053 8973
L1326 CH 000 004 004 008 524 435 238 1205 547 253 800 544-552 043-048 8846
DC-14 CH 000 007 0.07 006 717 269 210 1202 570 230 800 563-598 0.27-029 87.75

* For abbreviations, see Table 1.
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analyses presented in Table 2, it appears that the latter
case is most likely. Recalculated analyses of representative
samples of interlayered chlorite/smectite and chlorite are
listed in Table 3. Structural-formulae recalculation of in-
terlayered phases on this basis represents a possible tech-
nique by which to evaluate the proportions of saponite
and chlorite. For analyses representing pure chlorite, x
will approach one and the exchangeable cations will be
near zero. Pure saponite will be represented by analyses
in which x is zero. Interlayered phases with 1:1 propor-
tions of chlorite and saponite should have x near 0.5.

The most common method for determining the mole
fraction of chlorite present in the interlayered phase is
based on the position of the combined (001) peaks of
chlorite and smectite on X-ray diffractograms. The mole
fractions of chlorite determined using the method devel-
oped by Hower (1981) are listed in Table 3 for comparison
with the results of the structural-formulae recalculation
method. The error in estimating the mole fraction of chlo-
rite is approximately +10% of the true value because of
the error in resolution of £0.2° 24 in the peak position
from the X-ray diffractograms. In addition, error may
result from the variation in thickness of the ethylene glycol
complex within the saponite layers. Hower’s method as-
sumes expansion of pure saponite to 16.9 A in ethylene
glycol, though the actual thickness of these layers may
range from 16.6 to 17.2 A (J. Srodon, 1980). In most of
the analyses presented in Table 3, the mole fraction of
chlorite interlayers estimated from X-ray diffractograms
is bracketed by that determined from the two possible
methods of structural-formulae recalculation. Thus, it ap-
pears that microprobe analyses of interlayered triocta-
hedral smectite/chlorite minerals can be recalculated to
give useful estimates of the proportions of the interlayer
end members.

DiscussioN
Compositional variations of mafic phyllosilicates

Although the compositional variations of mafic phyl-
losilicates from low-grade metabasaltic rocks have been
extensively characterized (Bass, 1976; Robinson et al.,
1977; Scheidegger and Stakes, 1980), there have been no
attempts to correlate compositional variations with the
structures of these phases. This is because detailed and
systematic X-ray diffraction studies of these minerals in
combination with electron-microprobe analyses are rare.
Mafic phyllosilicate compositions reflect structural differ-
ences that may be strongly temperature dependent. Is it
possible to differentiate low-grade mafic phyllosilicates by
compositional information alone? In this discussion, we
compare the major- and minor-element contents of mafic
phyllosilicates from ophiolites and other hydrothermally
altered rocks (e.g., oceanic basalts and active geothermal
systems) in order to evaluate the systematics of their com-
positional variations. Our discussion is limited to those
data bases that include both compositional and X-ray
diffraction analysis. Classification of phyllosilicates is

TaBLE 3. Phyllosilicate analyses recalculated to estimate relative proportions of chlorite interlayers

L1326

1B-30

1B-42

1B-60

1A-30

1A-13

L2036

L2035

z>y
6.54

z<y

z>y
5.49
2.51

z>y z<y

z<y
6.49
1.51

z>y
6.23

z<y
6.44

z>y
6.17
1.83
1.49
5.66
3.33
0.08

z>y z<y

z<y
6.55
1.45
1.63
5.30
442
0.06

z>y
6.40

z<y
7.00
1.00
1.67
4.06
3.68
0.07
0.06
0.51

z<y z>y

7.12
0.88

5.52

5.97
2.03
2.09
4.43
5.05
0.09
0.03
0.01

5.92
2.08
2,00
4.40
5.01
0.09
0.03
0.01

6.42
1.58
1.77
4.95
478
0.10
0.08
0.04

6.27
1.73
1.53
4.83
4.66
0.10
0.08
0.04

6.46
1.54
0.93
3.75
3.40
0.07
0.06
0.47

Si

1.48
3.48
5.29
4.39
0.08
0.04
0.00

1.77
1.45
5.37
2.73
0.17

1.56
1.91
5.91

1.60
1.41

1.46
0.81
3.91
2.61

Al

243
5.26
4.37

1.84
5.59
2.84

1.59
4.25
2.84
0.15

Al

5.18
4.32

Mg

3.48
0.09

Fe

0.08

0.18

0.06

0.14

Mn

0.04
0.00

0.15
0.03
0.74

0.18 0.15
0.00 0.03
0.62

0.90

0.17
0.00
0.76

0.08
0.03
0.90

0.08
0.03
0.83

0.13
0.46
047

0.12
0.42

Ca

0.94 1.02 1.21

0.92

0.93

0.85

0.58

0.36

0.24

0.70 0.90 0.80 0.70 1.00 1.00
Al in octahedral sites; x

0.60

0.40

Note: Recalculation of formula proportions (presented in Table 2) using method based on layer charge balance and Al partitioning (see text); z= Al in tetrahedral sites; y

proportion of brucite layers = mole fraction chlorite in interlayered phase (see text).

* Estimation of the mole fraction chiorite layers from X-ray diffractograms using the method of Hower (1981); the estimations are considered accurate to ::10% of the stated values (see text).
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Fig. 9. Mg vs. Fe for (A) chlorite and (B) interlayered chlorite/
smectite from Point Sal (this study), Del Puerto (Evarts and
Schiffman, 1983), Onikobe geothermal field (Seki et al., 1983),
Icelandic geothermal fields (Kristmannsdottir, 1975), DSDP Hole
504B(Altetal., 1985), and Troodos (Schiffiman and Smith, 1988).
ML C/S = mixed-layered chlorite/smectite.

commonly attempted using only one of these techniques.
Chlorite in particular is often identified solely on the basis
of compositional analysis without the benefit of X-ray
diffraction analysis to confirm its existence.

Figure 9A indicates that the Fe and Mg contents of
discrete chlorite exhibit nearly one-to-one substitution.
Data from Point Sal, Del Puerto, 504B, Troodos, and
Onikobe indicate that the total (Fe + Mg) contents of
chlorite are generally from 9.0 to 9.5 octahedral cations
per 28 oxygens. The variation in Fe and Mg contents,
particularly within any one of the localities represented,
suggests that local altered bulk-rock or hydrothermal-fluid
composition controls the concentration of each of these
elements in the phyllosilicate.

Figure 9B indicates that the total (Fe + Mg) is more
variable in mixed layered chlorite/smectite. The total oc-
tahedral cation content is lower in smectite than in chlorite
when computed on the basis of 28 oxygens, and variation
in the amount of interstratified smectite would cause
marked variations in octahedral occupancy.

The relationship of Ca to Si in mixed-layered phyllosili-
cates from Onikobe, 504B, and Del Puerto is similar to
that at Point Sal (Fig. 10). The greater the amount of
interlayered smectite, and presumably silica content, the
greater the amount of Ca that the phase will contain. This
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Fig. 10. Ca vs. Si variation diagram for interlayered chlorite/
smectite. Structural formulae calculated on the basis of 28 oxy-
gens. (See caption of Fig. 9 for data sources.)

appears to be directly related to temperature as it is clear
that, with increasing depth, the silica content decreases as
chlorite predominates over the mixed-layered phases.
Although the Ca content of mixed-layered phases is
directly attributable to the smectite component, it is not
clear what controls the presence of Ca in chlorite. There
is no correlation between the amount of Ca and the amount
of Al, Fe, Si, or Mg found in chlorite (Bettison, 1986).
The Ca contents of Del Puerto chlorite (0.01 cations per
28 oxygens) are lower than those from the other localities
with the exception of one sample. The Ca in chlorite may
suggest the presence of “islands™ of smectite remaining
within the structure. Perhaps the lower Ca content present
in chlorite from the Del Puerto remnant suggests that this
chlorite is a product of a slightly higher grade of meta-
morphism than is the chlorite from the Point Sal remnant.
Figure 11 compares the silica cation contents from Point
Sal phyllosilicates to those from the examples of sub-
marine hydrothermal systems discussed above. Analyses
of phyllosilicates from Del Puerto and Point Sal are sim-
ilar. However, the Si and Ca contents of Del Puerto chlo-
rite are lower than are those from Point Sal volcanic rocks.
Analyses by Gillis and Robinson (1985) and Schiffman
and Smith (1988) of phyllosilicates from volcanic rocks
of Troodos indicate higher Si content than found at Point
Sal. Phyllosilicate zonation at Point Sal indicates that the
transition from smectite to true chlorite occurs in the
volcanic units, whereas chlorite is rarely found in the vol-
canic units at Troodos except beneath and adjacent to
massive sulfide deposits (Schiffman and Smith, 1988). At
a given depth in the volcanic member, the phyllosilicates
from Troodos are generally of much lower grade than
those in the Coast Range ophiolite remnants (Fig. 11).
The phyllosilicate silica contents from the Onikobe geo-
thermal field are also similar to those from Point Sal.
The compositional transition from mixed-layered chlo-
rite/smectite to chlorite appears to occur within the range
0f6.25 t0 5.95 cations (per 28 oxygens) for hydrothermally
altered volcanic rocks recrystallized under low-pressure
and low-temperature conditions. This apparently holds
true for all of the fields plotted in Figure 11, with the
exception of DSDP 417A. Given this, some guidance can
be applied to those samples simply identified by com-
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Fig. 11. Comparison of Si cations/28 oxygens of phyllosili-

cates from Point Sal to those from other low-pressure and low-
temperature, hydrothermally altered volcanic rocks (refer to cap-
tion of Fig. 9 for data sources; DSDP-417A data from Pritchard,
1980). SM = smectite, C/S = randomly interlayered chlorite/
smectite; R-C/S = regularly interlayered chlorite/smectite; CH =
chlorite. Note that Point Sal data are averaged analyses and others
are individual data points.

positional analysis alone. For example, Pritchard (1980)
has documented the occurrence of chlorite in DSDP Hole
417A and has referred to X-ray diffraction data without
indicating whether glycerol solvation and/or heating of
the oriented slides was performed. Si cation contents for
analyses of chlorite from 417A are plotted on Figure 12.
These distinctly place 417A “chlorite” within a range that
would be reasonable for a mixed-layered phase. The CaO
contents (0.24-1.10 wt%—Pritchard, 1980; Table 4) are
also unreasonable for the chlorite structure. Re-exami-
nation of the 417A data may indicate that “chlorite” ac-
tually has a component of interlayered smectite. We sug-
gest that any microprobe analysis of a low-temperature
mafic phyllosilicate that contains greater than 6.2 cations/
28 oxygens cannot be assumed to be chlorite in the ab-
sence of systematic X-ray diffraction studies.

FACTORS CONTROLLING PHYLLOSILICATE MINERAL
FORMATION IN POINT SAL VOLCANIC ROCKS

Temperature

The lack of abundant smectite and low-temperature
authigenic zeolites (e.g., clinoptilolite, phillipsite) within
the volcanic units at Point Sal suggests that the grade of
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Fig. 12. Phyllosilicate and calc-silicate mineral zonations
within the volcanic units and dike and sill complex of the Point
Sal ophiolite. Z = zeolites (analcime and laumontite); PR =
prehnite; PU = pumpellyite; EP = epidote; ACT = actinolite.
Andradite garnet is locally present in 1B lavas.

metamorphism is higher than that in oceanic basalts and
the Troodos ophiolite (Alt et al., 1986; Schiffman and
Smith, 1988). The secondary-mineral zonation at Point
Sal is very similar to that of the Del Puerto remnant and
active geothermal fields (Schiffman et al., 1984; Bird et
al., 1984).

The occurrence of laumontite, analcime, and mixed-
layered clays in the 1A lavas suggests that the temperature
at which the upper volcanic unit was altered was approx-
imately 125 °C (Fig. 12). The temperature maximum of
analcime + quartz has been experimentally determined
to be 200 °C (Thompson, 1971a; Liou, 1971); however,
the upper temperature limit in natural systems would be
lower (Evarts and Schiffman, 1983). Laumontite is present
in geothermal fields at temperatures below 200 °C (Bird
et al., 1984) and occurs with albite in burial metamorphic
environments at temperatures of approximately 100 °C
(Evarts and Schiffman, 1983). In addition, Kristmanns-
déttir (1975, 1979) has recorded the presence of mixed-
layered chlorite/smectite at temperatures less than 200 °C
in Icelandic geothermal fields. Keith et al. (1984) have
documented the transition from smectite to predomi-
nantly mixed-layered smectite/chlorite and discrete chlo-
rite at approximately 150 °C at the Newberry volcano
in Oregon. Evarts and Schiffman (1983) have suggested
that the formation of pumpellyite from laumontite +
mixed-layered phyllosilicates at Del Puerto occurs at
approximately 125 °C, marking the transition from the
zeolite-facies to the prehnite-pumpellyite facies. This tem-
perature is also reasonable for the transition from the
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zeolite facies to the prehnite-pumpellyite facies at Point
Sal.

Kristmannsdoéttir(1975,1979) and Franzsonetal. (1986)
reported that the transition from mixed-layered chlorite/
smectite to discrete chlorite occurs between 200 and 240
°C in the Icelandic geothermal fields. Epidote occurs in
geothermal fields at temperatures greater than 200-250
°C (Bird et al., 1984). These temperatures are consistent
with the temperatures mentioned for the transition to
metamorphic chlorite; however, O-isotope temperatures
for hydrothermal beidellite and mixed-layered chlorite/
smectite from the East Pacific Rise along 21°N are in the
range 290-360 °C (Haymon and Kastner, 1986). At Point
Sal, pumpellyite breaks down to epidote at stightly deeper
levels than the level at which mixed-layered chlorite/
smectite transformed to chlorite (Fig. 12). The order of
these two transitions is the same in the Del Puerto rem-
nant (Evarts and Schiffman, 1983) where the transition
from the pumpellyite facies to the epidote facies was es-
timated to occur at approximately 225 °C. The lack of
abundant actinolite in the volcanic units indicates that
temperatures did not exceed 300 °C (Ellis, 1979; Bird et
al., 1984). The isolated presence of andradite garnet +
epidote assemblages, which occur in geothermal fields at
temperatures of approximately 300 °C, may suggest local
thermal or hydrothermal fluxes within the 1B lavas

Pressure

The pressure attending hydrothermal metamorphism
of Point Sal volcanic rocks may be inferred from volcan-
ogenic features and the known stabilities of coexisting
calc-silicate minerals. Many features of the volcanic units
at Point Sal, such as the generally vesicular nature of the
lavas and the occurrence of breccia and segregation ves-
icles, are similar to those described from Del Puerto (Evarts
and Schiffman, 1983). The major difference between the
two remnants is that pillow lavas are common in the 1B
volcanic unit at Point Sal but are scarce at Del Puerto. In
spite of this difference, these features suggest that the erup-
tion of the lavas at Point Sal and Del Puerto occurred at
shallow water depths (see discussion by Evarts and Schiff-
man, 1983). The fluid pressure at the Del Puerto basalt-
seawater interface was estimated to be approximately 100
bars. Lawsonite is absent; therefore, the maximum fluid
pressure is constrained by the nearly isobaric breakdown
of laumontite to lawsonite at 3 kbar (Liou, 1971). Sub-
marine hydrothermal metamorphism of volcanic and dike
rocks within modern oceanic spreading centers apparently
occurs at pressures not greatly exceeding 450 bars (Bi-
schoff, 1980; Seyfried, 1987).

Water/rock ratios, fluid composition,
and oxygen fugacity

The suggestion that the Point Sal remnant was recrys-
tallized in a submarine hydrothermal system is supported
by O-isotope data from the volcanic units (Schiffman et
al., 1986) that indicate that rocks of the volcanic units

and dike and sill complex have been moderately to strong-
ly enriched in '*O. High water/rock ratios would also tend
to produce a preponderance of high-variance mineral as-
semblages (i.e., low number of phases), such as are ob-
served in the Point Sal volcanic rocks (Table 1B). The
pervasive style of metamorphism of the ophiolite also
supports the conclusion that large volumes of water flowed
through these rocks during hydrothermal metamorphism.
If water/rock ratios were high, fluid chemistry would be
an important factor in the resulting composition of sec-
ondary minerals.

High f;, is suggested by the high Fe,O; contents of ep-
idote, prehnite, and pumpellyite (Bettison, 1986). The lo-
calized presence of celadonite and hematite and the com-
position of the smectite phase (saponite) are also
compatible with a relatively high oxygen fugacity.

High activities of Ca and reduced p.,, generally favor
the formation of calcic zeolites and other calc-silicate min-
erals over the formation of clay minerals (Hay, 1978;
Thompson, 1971b; Zen and Thompson, 1974). Phyllosili-
cates also form in the presence of Ca-rich fluids but are
not destabilized at high p.o, (Zen, 1959). Apparently pco,
was relatively high during the initial alteration of Point
Sal volcanic rocks. It is suggested that the phyllosilicate
phases formed prior to and during the formation of calc-
silicate minerals, indicating that the p.,, decreased with
increase in temperature. The destabilization of interlay-
ered chlorite/smectite with increase in temperature re-
leases Ca into the fluid as does the albitization of calcic
plagioclase. The Ca released into the system is ultimately
partitioned into calc-silicate minerals such as epidote and
actinolite.

The formation of regularly interlayered chlorite/smec-
tite during the transition from smectite to chlorite may
not be completely temperature dependent. Experimental
studies at 2 kbar and temperatures greater than 300 °C
(Velde, 1977) suggest that the occurrence of the regularly
interstratified phase may be controlled by the R3* com-
ponent (the Al*+ or Fe*+ content of the assemblage). In
addition, Velde (1977) has shown that it is possible for
both chlorite and regularly interlayered chlorite/smectite
to form at similar temperatures. Velde’s experiments show
that the regularly interlayered phase will concentrate Mg
in its structure whereas chlorite will partition Fe. The fact
that the lower lavas are generally Mg-enriched with re-
spect to upper lavas (Schiffman et al., 1986) may or may
not suggest that fluids altering the former had high Mg
activity contributing to the formation of the regularly in-
terstratified phases.

CONCLUSIONS

Detailed X-ray diffraction and compositional analyses
of phyllosilicates from the Point Sal remnant indicate that
the transition from smectite to chlorite is temperature
sensitive and that the structural changes involved in this
transition have correlative compositional trends. The re-
duction in interlayer Ca and the decrease in Si as mixed-
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layered chlorite/smectite transforms to chlorite reflects the
continuing destabilization of smectite layers with increas-
ing temperature.

The transition from interlayered chlorite/smectite to
chlorite roughly parallels the transition from the prehnite-
pumpellyite to the prehnite-actinolite facies as defined by
calc-silicate mineral assemblages (Liou et al. 1987). In
low-pressure hydrothermal systems, this transition has
been shown to occur at temperatures between 200 and
230 °C, correlative with the first appearance of epidote in
active geothermal systems. In the Point Sal remnant,
mixed-layered chlorite/smectite is the dominant phyllo-
silicate of the upper (1A) lavas, whereas chlorite is more
abundant within the lower (1B) lavas. Within the pseu-
dostratigraphy of the Point Sal ophiolite, this phyllosili-
cate transition occurs at approximately the same depth as
the breakdown of pumpellyite to epidote. Chlorite occurs
in greenschist (or prehnite-actinolite) facies assemblages
throughout the lower 1B lavas and the dike and sill com-
plex.

The similarity between the zonation of phyllosilicates
and calc-silicate minerals within the volcanic members of
the Point Sal and Del Puerto remnants indicates that at
least some portions of the California Coast Range ophio-
lite were more intensely hydrothermally altered than that
of most oceanic crust and ophiolites studied to date. Vol-
canic units of the latter exhibit extensive submarine
weathering or alteration to smectite and low-temperature
zeolites and only rarely to mineral assemblages of the
prehnite-pumpellyite facies. Phyllosilicates of the volca-
nic units of the Coast Range ophiolite are dominantly
mixed-layered chlorite/smectite, indicating a higher tem-
perature of alteration than that necessary for recrystalli-
zation to smectite and zeolites. Although the volcanic
units of the Coast Range ophiolite manifest a higher grade
of metamorphism than that found in other ophiolites and
oceanic crust, the prehnite-actinolite facies assemblages
from the dike complexes are generally the same: chlo-
rite + quartz + epidote + actinolite + albite + prehnite.

The observed phyllosilicate and calc-silicate mineral
assemblages and zonations indicate a local thermal gra-
dient in excess of 100 °C/km during the metamorphism
of the Point Sal volcanic and dike members. High-vari-
ance mineral assemblages, ubiquitous in the lavas and
dike rocks, reflect a high integrated fluid/rock ratio during
metamorphic recrystallization. The zonation is charac-
terized by relatively sharp mineral transitions character-
istic of hydrothermal, low-pressure-low-temperature
metamorphism.

Chlorite from mafic volcanic rocks in submarine hy-
drothermal systems generally does not have Si cation con-
tents greater than 6.25 on the basis of 28 oxygens. Phyl-
losilicates of the Point Sal remnant, which plot within
accepted chlorite compositional fields, are clearly mixed-
layered chlorite/smectite and not chlorite. Therefore, low-
temperature phyllosilicates should not be identified solely
on the basis of compositional analysis; systematic X-ray
diffraction analysis should be used to confirm the presence

of chlorite, smectite, and mixed-layered phyllosilicates,
within hydrothermally altered rocks.
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