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Serpentinites from the Franciscan Complex of California, USA, were analyzed for their bulk major and trace
element compositions, relict mineral (spinel and pyroxene) compositions, and stable isotope (O, H, Cl)
compositions with the goal of determining protolith origin and subsequent serpentinizing fluid sources
in order to decipher the tectonic setting of serpentinization. We focused on serpentinite bodies found in
the Franciscan Complex (west of Cuesta Ridge; south of San Francisco; Tiburon Peninsula; Healdsburg)
(n=12). Three samples from Cuesta Ridge (part of the Coast Range ophiolite) were also analyzed for com-
parison. Serpentinites from Cuesta Ridge have flat to U-shaped chondrite-normalized REE patterns and spi-
nels with Cr# values >0.60 implying a supra-subduction zone origin. In contrast, Franciscan serpentinites
west of Cuesta Ridge and Tiburon Peninsula have positive-sloped REE patterns. This depletion in LREE is
typical of abyssal peridotites. Most relict spinels have low Cr# values (<0.3) and relict clinopyroxenes
from Tiburon Peninsula have high HREE concentrations, also supporting an abyssal origin. Franciscan
serpentinite samples from south of San Francisco and near Healdsburg have U-shaped REE patterns and
spinel compositions that lie within the forearc peridotite field with some overlap into the abyssal field
and are of more ambiguous origin. All samples are high in fluid-mobile elements with remarkable positive
Ce and Y anomalies. We speculate that these anomalies may be due to involvement of highly oxidizing fluids
resulting in the preferential scavenging of Ce and Y by ferromanganese oxyhydroxides during serpentinization.
All samples (except those south of San Francisco) have 580 values of +5.4 to + 7.9%, typical values for oceanic
serpentinites formed via low-T seawater hydration on the seafloor. 6D values of all samples are extremely low
(=107 to —90%,), likely the result of post-serpentinization, post-emplacement interaction with meteoric
water at low temperature. Samples south of San Francisco lie on the San Andreas fault and have high 530 values
(+7.2 to +9.5%o) likely due to low-T interaction with meteoric water at high fluid-rock ratios. Most of the
serpentinites have 5°’Cl values between + 0.2 and + 0.9%., typical values for serpentinites formed by interaction
with seawater. Exceptions are those from the San Andreas fault and one sample from Cuesta Ridge with a high
§37Cl value (+1.7%o) possibly from interaction with a slab-derived fluid.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction Due to the preferential partitioning of H,O and fluid mobile ele-

ments (FME, e.g., Cl, F, B, S, As, Sb, Pb, Ni, Cr) into serpentinites,

Serpentinites are formed in many different geologic settings, such as
off-axis fractures and faults associated with seafloor spreading ridges,
hydrated mantle wedge above a subducting slab (supra-subduction
zone, SSZ), within the subduction channel, and along flexural faults as-
sociated with plate bending during subduction (e.g., Dilek, 2003;
Ranero et al., 2003). In many cases, obducted serpentinites (and associ-
ated ophiolitic units) are highly dismembered and deformed making
tectonic interpretation of the origin of these rocks difficult. Determining
the geologic setting of serpentinization is critical to addressing tectonic
questions and quantifying geochemical fluxes.
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serpentinites act as a record of fluid history. Different modes of hydra-
tion and sources of serpentinizing fluids (e.g., seawater vs. slab-derived)
reflect different tectonic settings of serpentinization and create variations
in the resulting serpentinite geochemistry (Kodolanya et al., 2012). In
general, serpentinization is isochemical with respect to the major ele-
ments, with the exception of CaO loss; however, the behavior of trace el-
ements is not as well constrained (Mével, 2003). MgO can be lost due to
low-temperature (<150 °C) marine weathering on the seafloor (Snow
and Dick, 1995) and interaction with high temperature fluids from hydro-
thermal systems can also result in mobility of some LREE (Eu and Ce), as
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well as, Si, Fe, Cr, and Ni (e.g., Augustin et al., 2012; Douville et al., 2002;
Janecky and Seyfried, 1986; Paulick et al., 2006). Despite original geo-
chemical heterogeneities in the protolith, major- and trace-element
chemistry has been used to identify the tectonic setting of
serpentinization (e.g., Dai et al., 2011; Deschamps et al., 2010;
Hattori and Guillot, 2007; John et al., 2010b; Li and Lee, 2006).
For example, SSZ serpentinites are characterized by low Al/Si
weight ratios (<0.03), enrichments in FME compared to abyssal pe-
ridotites, U-shaped REE patterns, and slight enrichments in LREE
relative to HFSE. In contrast, abyssal peridotites have moderate
Al/Si ratios (>0.03) and low LREE concentrations (Agranier et al.,
2007; Deschamps et al., 2010, 2011; Hattori and Guillot, 2007;
John et al., 2010b; Kodolanya et al., 2012; Li and Lee, 2006; Niu,
2004; Savov et al., 2005, 2007). However, melt refertilization in a
MOR setting can also result in LREE enrichments in abyssal perido-
tites creating U-shaped REE patterns (Niu, 2004; Paulick et al.,
2006).

In addition, stable isotopes (O, H, Cl, Li, B) are effective tracers of
serpentinizing fluid sources and post-serpentinite fluid interaction
(Alt and Shanks, 2006; Barnes and Sharp, 2006; Barnes et al., 2006,
2009; Benton et al, 2001, 2004; Burkhard and O'Neil, 1988;
Cartwright and Barnicoat, 1999; Frith-Green et al,, 1990, 1996, 2001;
Kyser et al, 1999; Sakai et al., 1990; Skelton and Valley, 2000;
Tonarini and Scambelluri, 2010; Vils et al., 2009; Yui et al., 1990). The
final isotopic composition of the serpentinite will be determined by
the isotopic composition of the serpentinizing fluid, the temperature
of interaction, and the water/rock ratio. For example, high 5'30 values
may be the result of low-temperature serpentinization by seawater
(large A™®0gerp water) OF interaction with an '0-enriched slab derived
fluid. More recent work has used Cl and B stable isotope geochemistry
to trace serpentinizing fluid sources and infer tectonic setting of
serpentinization (Barnes and Sharp, 2006; Barnes et al., 2006, 2009;
Benton et al., 2001). For example, isotopic work (O, H, Sr, Li, and B iso-
topes) on Mariana forearc serpentinites indicates slab-derived fluids
as the serpentinizing fluid source (Alt and Shanks, 2006; Benton et al.,
2001, 2004; Sakai et al., 1990; Savov et al., 2005, 2007), supporting pre-
vious conclusions based on trace element geochemistry.

The purpose of this study is to use stable isotope (O, H, Cl) and
major- and trace-element geochemistry to identify serpentinizing
fluid sources and unravel the serpentinization history of meta-
somatized ultramafic rocks from several localities within the Fran-
ciscan Complex and Coast Range ophiolite (CRO). The primary
focus of this work is the serpentinites within the Franciscan Complex
with only a few samples from the CRO included for comparison. The
Franciscan Complex has been the location of decades of research, yet
little work, particularly geochemistry, has focused on the Franciscan
serpentinites. However, these serpentinites may play a critical role in
understanding the tectonic history of the Franciscan Complex. For
example, several models have been proposed to explain the rapid ex-
humation rates necessary to explain the lack of complete retrogres-
sion observed in high-grade blocks of the Central Belt. One of those
group of models invokes exhumation of the high-grade block in a
buoyant serpentinite diapir/channel (e.g., Ernst, 1970; Horodyskyj
et al., 2009; Moore, 1984). Identifying serpentinizing fluid sources
and the location of serpentinization may aid in evaluating these
models.

2. Geologic setting and sample locality descriptions
2.1. Overview of the Franciscan Complex and Coast Range ophiolite

The Franciscan Complex of western California and southern
Oregon is primarily a shale mélange containing rare low-T, high-P
blocks of blueschist, eclogite, and amphibolites, as well as ser-
pentinite blocks, and massive serpentinite slivers (e.g., Bailey et al.,

1964; Cloos, 1983, 1986; Ernst, 1970). The Franciscan Complex is
a type example of an accretionary wedge that formed during sub-
duction (Bailey and Blake, 1969; Ernst, 1970). The Complex is divided
into three north-south trending belts called the Coastal, Central,
and Eastern Belts and is overlain by the Coast Range ophiolite
and the Great Valley Group (e.g., Bailey and Blake, 1969; Blake
et al.,, 1988; Cloos, 1986; Ernst, 1970; Terabayashi and Maruyama,
1998).

The Middle Jurassic Coast Range ophiolite (CRO; 161-168 Ma) is a
>700 km long section of 4-5 km stratigraphically thick dismem-
bered ophiolitic remnants consisting of serpentinized peridotite, py-
roxenite, gabbro, diorite, sheeted dike and sill complexes, and
submarine lavas overlain by radiolarian chert. In most places the
CRO is dismembered and tectonically thinned, representing an in-
complete section. The CRO is considered to be basement for the over-
lying Great Valley Sequence (forearc sedimentary rocks) and in fault
contact (Coast Range Fault) with the underlying Franciscan Complex
(e.g., Bailey et al., 1970; Coleman, 2000; Hopson et al., 1981, 2008;
Shervais et al., 2004, 2005).

2.2. Serpentinites of the Franciscan Complex and Coast Range ophiolite

The best-known and well-studied serpentinites are part of the
California Coast Ranges (e.g., CRO, Josephine ophiolite, Trinity
ophiolite); however, more poorly studied serpentinites are common
within the Franciscan Complex (Coleman, 2000; Wakabayashi,
2004). The CRO stretches from Elder Creek in the north to Point Sal
in the south. The CRO is generally thought to have formed in a
supra-subduction zone environment (Saleeby, 1982; Shervais, 2001;
Shervais and Kimbrough, 1985; Stern and Bloomer, 1992); however,
other hypotheses have been proposed such as backarc spreading
(e.g., Dickinson et al.,, 1996) and mid-ocean ridge spreading (e.g.,
Dickinson et al., 1996; Hopson et al., 1981, 2008). Recent geochemical
work suggests that the CRO had a complex history and that a simple
supra-subduction model cannot explain all the characteristics
(Shervais et al., 2004).

Serpentinite bodies in the Franciscan Complex occur as long
slivers (up to 4 km in length and 1 km thick), as smaller blocks, and
possibly as sedimentary mélange units (Bailey et al., 1964; King et
al., 2003; Loney et al, 1971; Page, 1972; Wakabayashi, 2011a,b).
The mechanism for incorporation of the Franciscan serpentinites
into the metasedimentary mélange is unclear. One possibility is that
the serpentinites were offscraped from metamorphic core complexes
as part of the subducting oceanic plate (Coleman, 2000; Wakabayashi,
2004). Alternatively, the serpentinites may be derived from tectonic
erosion of the overriding mantle wedge (i.e., blocks from the basal
section of the CRO) (Cloos and Shreve, 1988; King et al., 2003;
Wakabayashi, 2004) or be sedimentary serpentinites similar to ser-
pentine mud volcanoes found in the forearc (Fryer et al., 2000;
Wakabayashi, 2011b). Most of these interpretations are based on pos-
sibilities presented from tectonic models and field relationships.
Overall, there has been very little work done focusing on the geo-
chemistry of Franciscan serpentinites (Coleman and Keith, 1971;
Hirauchi et al., 2008; King et al., 2003; Loney et al., 1971; Page, 1967).

2.3. Sample localities

For the purposes of this study we have concentrated on serpentinite
bodies found in the Franciscan Complex. Three samples from/near
Cuesta Ridge in the Coast Range ophiolite were also analyzed for com-
parison (Fig. 1, Table 1). All samples are serpentinized >~95% and
consist of lizardite with trace amounts of chrysotile (mineralogy deter-
mined by XRD using the Bruker D8 Advance X-Ray Diffractometer at the
University of Texas at Austin). Relict pyroxenes are preserved only in
sample RM11-4. Relict chromium-rich spinels are present in all samples
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except highly sheared samples TIB11-1 and TIB11-4, which only
contained magnetite.

2.3.1. Franciscan serpentinites

Serpentinite bodies located within the Franciscan Complex mé-
lange have been termed Franciscan serpentinites, rather than associ-
ated with the Coast Range ophiolite. However, no contact between
serpentinite and host shale matrix was observed for any of the sam-
pled 12 Franciscan serpentinites. In all the cases, the serpentinite
outcropped in grassy slopes and the contact was obscured. Samples
FS11-1 and FS11-2 are spinel harzburgites from two separate
serpentinite outcroppings west of Cuesta Ridge. HWY1 11-1 is a mas-
sive spinel harzburgite outcrop from along Hwy. 1 west of Cuesta
Ridge. Samples SCT11-1B, C, and D are all from the Sawyer Camp
Trail along the San Andreas fault south of San Francisco. Samples
SCT11-1B and SCT11-1D are coherent blocks of serpentinized spinel
harzburgite within a highly sheared serpentinized peridotite
(SCT11-1C). Samples TIB11-1 and TIB11-4 are highly sheared perido-
tites from Tiburon Peninsula. Nearby samples RM11-2, RM11-3, and
RM11-4 are from Ring Mountain. RM11-2 and RM11-3 are slightly
to moderately sheared harzburgites and RM11-4 is a blocky spinel
lherzolite containing relict clinopyroxene and orthopyroxene.
MCR11-3A is a spinel harzburgite from along Mill Creek Road
near Healdsburg, California.

2.3.2. Coast Range ophiolite

Cuesta Ridge, near San Luis Obispo, is a dismembered, 25-km long
ophiolite sequence (Hopson et al., 1981; Snow, 2002). The lower
harzburgite unit is 1 km thick and is cut by rodingitized gabbroic
dikes, well exposed along Hwy. 41 (Hsii, 1969; Page, 1972). The
serpentinite consists of highly sheared lizardite (Page, 1972). The
serpentinized harzburgite is capped by mafic and ultramafic cumu-
lates and finally pillow lava and volcanic breccias (Snow, 2002).
Cuesta Ridge has been interpreted to be a SSZ peridotite on the
basis of Cr# in spinel (n=3) and REE patterns in pyroxenes (n=2)
(Choi et al., 2008); however, recent work has noted abyssal affinities
in select samples from Cuesta Ridge (Jean et al., 2010; Shervais and
Jean, 2012). We sampled two spinel harzburgites from Cuesta
Ridge (CR11-2, CR11-3), as well as, one spinel harzburgite from the
Hwy. 41 roadcut thought to be a continuation of Cuesta Ridge
(HWY41 11-5).

3. Methods
3.1. Major and trace-element geochemistry

Major element geochemical analyses were determined by
Actlabs using a lithium metaborate/tetraborate fusion method
with subsequent analyses on an ICP-MS. A minimum detection
limit of 0.01 wt.% for SiO,, Al,0s3, Fe,03, MgO, CaO, Na,0, K,0,
P,05 and 0.001 wt.% for MnO and TiO, is reported. Dilutions for
bulk trace element geochemistry was done at the University of
Texas at Austin and analysis of the solutions was performed at
Rice University using a MC-ICP-MS. Fifty to eighty milligrams of
sample, 250 pL HF and 1 mL HNO; were loaded into 2.5 mL
wrench-top Savillex beakers. Beakers were wrenched down, agi-
tated in an ultrasonic bath for 20 min and heated in a gravity
oven at 135 °C overnight. Samples were dried down on a hot
plate and the HF/HNO; step was repeated. After samples were
dried down again, 1 ml of HNO3 was added, they were agitated
for 30 min and heated in an oven at 150 °C for 3 h. Samples were
dried down again and the HNO5; step was repeated. After the
four-stage dissolution was complete, two samples (RM11-2 and
RM11-4) contained a few small dark brown flecks, presumably spi-
nel. These two samples underwent a third HNO3 dissolution step. In
RM11-4 the flecks disappeared. In RM11-2, only one tiny fleck

Great Valley Group
I:l Franciscan Complex
- Coast Range Ophiolite

Pre-Franciscan rocks &

Mesozoic granitic rocks
|:| Eocene & younger rocks

TIB/RM §

San Franciscgi
scT—~

Montereyg®
Big Su

King et al. (2003)

. | /\ oA
Hirauchi et al. (2008) >\ X\ . &

CR/HWY41 —> \

Sur-Nacimiento
Fault

Santa Barbara

100 km_

Fig. 1. Geologic map showing serpentinite sample locations (MCR, TIB/RM, SCT, HWY1/FS,
CR/HWY41). Locality of the King et al. (2003 ) and Hirauchi et al. (2008) studies (see text)
are noted. Modified from Mehring (2009).

remained. The contents of the beakers were then diluted up in
125 g of 2% HNO3 and spiked with Indium to achieve an internal
standard at the level of 1 ppb. Analyses at Rice University were
performed on a ThermoFinnigan Element 2 magnetic sector ICP-
MS. Samples were introduced into the ICP-MS via solution using a
100 microliter/min Elemental Scientific Teflon nebulizer coupled
with a cyclonic spray chamber. Most of the trace elements were an-
alyzed in low mass resolution mode. The first series transition
metals (V, Cr, Sc, Co, Mn, Fe, Cr, Ni) were analyzed in medium
mass resolution mode to avoid isobaric molecular interferences
(oxides and argides). Sensitivity in low and mass resolution
modes were 10° and 10° cps/pbb, respectively. USGS basalt stan-
dard BHVO-1 was used as an external standard.

Major and minor element compositions of spinel and pyroxene
grains were determined using the Cameca JEOL 8200 at the University
of Texas at Austin. Single spots were analyzed using a 15 keV acceler-
ating voltage, 20 nA beam current, and a beam size of 20 um for py-
roxenes and 10 nA beam current and a beam size of 5 um for
spinels. Probe standards used were natural Cr-augite (Si, Ca), ilmenite
(Mn, Ti), Kakanui augite (Na), chromite (Cr, Fe, Mg, Al) and synthetic
Ni-olivine (Ni). A 40s on peak count time was employed for Ni, and
the remaining elements had 30 s count times on WDS spectrometers.
Chromite and augite standards were analyzed as unknowns to ensure
internal consistency. Trace element composition of relict pyroxenes
was determined using New Wave UP193FX fast excimer laser
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Table 1
Sample descriptions and localities.
Sample Latitude/longitude Lithostratigraphic unit Location Description
CR11-2 N 35°22.604’/W 120°41.496’ Coast Range ophiolite Cuesta Ridge Spinel harzburgite
CR11-3 N 35°22.327'/W 120°40.904’ Coast Range ophiolite Cuesta Ridge Spinel harzburgite
HWY41 11-5 N 35°25.634'/W 120°45.644’ Coast Range ophiolite Hwy 41 roadcut near Cuesta Ridge Spinel harzburgite
HWY1 11-1 N 35°26.483'/W 120°53.432’ Franciscan Complex Hwy 1 roadcut near Cayuco, CA Spinel harzburgite
FS11-1 N 35°20.818'/W 120°43.494’ Franciscan Complex Serpentinite pod west of Cuesta Ridge Spinel harzburgite
FS11-2 N 35°21.888'/W 120°45.253’ Franciscan Complex Serpentinite pod west of Cuesta Ridge Spinel harzburgite
MCR11-3A N 38°35.685'/W 122°53.853’ Franciscan Complex Mill Creek Road Spinel harzburgite
TIB11-1 N 37°53.254'/W 122°27.325’ Franciscan Complex Tiburon Peninsula Highly sheared peridotite
TIB11-4 N 37°53.047'/ W 122°27.062' Franciscan Complex Tiburon Peninsula Highly sheared peridotite
RM11-2 N 37°54.591"/W 122°29.062’ Franciscan Complex Ring Mountain Spinel harzburgite; slightly sheared
RM11-3 N 37°54.533'/W 122°29.209’ Franciscan Complex Ring Mountain Spinel harzburgite; moderately sheared
RM11-4 N 37°54.540'/W 122°29.206’ Franciscan Complex Ring Mountain Spinel lherzolite
SCT11-1B N 37°31.925'/W 122°21.983’ Franciscan Complex Sawyer Camp Trail Spinel harzburgite
SCT11-1C N 37°31.925’/W 122°21.983’ Franciscan Complex Sawyer Camp Trail Highly sheared peridotite
SCT11-1D N 37°31.925’/W 122°21.983’ Franciscan Complex Sawyer Camp Trail Spinel harzburgite

ablation system with associated Agilent 7500ce ICP-MS at the Univer-
sity of Texas at Austin. Analysis of clinopyroxene used a 100 um di-
ameter spot with a dwell time of 30 s at 10 Hz at 30% laser power.
Analysis of orthopyroxene used a 100 um diameter spot with a
dwell time of 30 s at 10 Hz at 15% laser power. NIST glass 612 was
used as the primary calibration standard. NIST glass 614 and basalt
BIR-1G were analyzed as secondary reference standards. Average re-
coveries among all analytes for these standards using orthopyroxene
conditions were 97% and 99%, respectively, and using clinopyroxene
analytical conditions were 99% and 89%, respectively, versus GeoREM
preferred values. Sample data was reduced based on the SiO, content
in the pyroxenes obtained from EMPA analysis.

3.2. Stable isotope geochemistry

The extraction and measurement of O, H, and Cl isotopes were
done at the University of Texas at Austin. 6'%0 values of ~2.0 mg of
separated serpentine was measured using the laser fluorination
method of Sharp (1990). In order to check for precision and accuracy
of oxygen analyses, garnet standard UWG-2 (680 = 4 5.8%.) (Valley
et al.,, 1995), olivine standard San Carlos (680 = + 5.2%.), and quartz
standards Gee Whiz (8'80=+12.6%) and Lausanne-1 (6'80=
+18.1%,) were run. All 5'80 values are reported relative to SMOW,
where the 680 value of NBS-28 is + 9.65%.. Precision is = 0.1%..

&D values of bulk rock powders were determined on ~1 mg of ma-
terial using the methods of Sharp et al. (2001). The error on each 6D
analysis is 4+2%.. The samples were loaded into silver capsules,
which are pyrolized in a ThermoElectron MAT TC-EA (high tempera-
ture conversion elemental analyzer). All samples were normalized to
biotite standard NBS-30 (8D =-65%.).

Cl isotope methods are based on the procedures of Eggenkamp
(1994) and Magenheim et al. (1994) and modified by Barnes and
Sharp (2006) and Sharp et al. (2007). CI~ was released from bulk
powdered samples to an aqueous solution by pyrohydrolysis
(Magenheim et al., 1994). CI~ was precipitated from solutions as
AgCl via reaction with AgNOs (Eggenkamp, 1994). Samples were
then converted to CH5Cl and purified of excess CHsl on a dedicated
gas chromatographic system in a continuous He flow before introduc-
tion in the mass spectrometer. Precision is + 0.2%.. All stable isotope
analyses were made on a ThermoElectron MAT 253 mass spectrome-
ter configured with an H/D collector and an additional collector/
matched amplifier system specifically aligned for simultaneous mea-
surement of masses 50 and 52.

4. Results

For ease of presentation of results and discussion, the
serpentinites have been divided into 5 groups: 1) Coast Range

ophiolite samples from Cuesta Ridge (CR11-2, CR11-3, HWY41
11-5); 2) Franciscan serpentinites west of Cuesta Ridge (FS11-1,
FS11-2, HWY1 11-1); 3) Franciscan serpentinites south of San
Francisco (SCT11-1B, SCT11-1C, SCT11-1D); 4) Franciscan
serpentinites north of San Francisco at Tiburon Peninsula
(RM11-2, RM11-3, RM11-4, TIB11-1, TIB11-4); and 5) Franciscan
serpentinite near Healdsburg (MCR11-3A).

4.1. Bulk rock geochemistry

All samples have high loss-on ignition (LOI) values (13.8 to
18.5 wt.%) indicative of the extensive serpentinization of the sam-
ples. High LOI values also likely reflect the presence of brucite. All
samples show refractory major element compositions with high
Mg# values (0.881-0.906; Mg# = [Mg/(Mg + Fe)lmolar) and low
Al;,05 and CaO concentrations (0.41 to 2.42 wt.% and 0.03 to
1.01 wt.%, respectively). The highest CaO concentration is in RM11-
4, the only sample containing relict clinopyroxene. Cr and Ni concen-
trations are high, ranging from 901 to 3465 ppm and 1021 to
3653 ppm, respectively.

Serpentinite samples display a wide variation in REE and trace
element concentrations and patterns (Figs. 2 and 3). Franciscan
serpentinite samples from west of Cuesta Ridge and at Tiburon Peninsu-
la are depleted in LREE compared to HREE (Lan/Yby =0.13-0.27 west of
Cuesta Ridge and 0.20-0.87 at Tiburon Peninsula with one value at 1.58;
n = C1-chondrite normalized (McDonough and Sun, 1995)) (Fig. 2c, e).
The Franciscan serpentinite near Healdsburg, serpentinites south of San
Francisco, and one of the three samples from Cuesta Ridge (CR11-3)
have slight U-shaped patterns with LREE concentrations higher than
the MREE (Lan/Smy=2.56-5.17) and even HREE (Lan/Yby=1.07-
2.52) (Fig. 2b, d, f). The other two samples from the Cuesta Ridge area
have nearly flat pattern with sample HWY41-11-5 having the highest
MREE concentrations of all samples (Fig. 2b). Trace element patterns
normalized to primitive mantle show enrichments in Ba, U, Pb, Sr, and
Li in all samples (Fig. 3). All samples also show large enrichments in
Ce and Y (Fig. 3). Y/Ho ratios are remarkably high, ranging from
2112-2719.

4.2. Mineral chemistry

Relict pyroxene (both clinopyroxene and orthopyroxene) were
found in only one sample, RM11-4. Orthopyroxene has a Mg# value of
0.907 and Al,03 and Cr,03 concentrations of 3.65 wt.% and 0.45 wt.%,
respectively. Clinopyroxene has Mg# values of 0.916 to 0.928 and
Al,O; and Cr,0s; concentrations of 3.74 to 4.98 wt.% and 0.67 to
1.10 wt.%, respectively (Table 3; Fig. 4). Primitive mantle-normalized
trace element patterns for clinopyroxenes from RM11-4 are nearly
identical and show LREE depletion compared to the higher MREE and
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Fig. 2. Chondrite normalized REE compositions of bulk serpentinites from the Franciscan Complex and Coast Range ophiolite. Chondrite normalizing values from McDonough and Sun (1995). A. Compilation of all samples. B. Three CRO sam-
ples from Cuesta Ridge. C. Three Franciscan samples from west of Cuesta Ridge. D. Three Franciscan samples from south of San Francisco. E. Five Franciscan samples from Tiburon Peninsula. F. One Franciscan sample from near Healdsburg.
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Fig. 3. Primitive mantle normalized trace compositions of bulk serpentinites from the Franciscan Complex and Coast Range ophiolite. Primitive mantle normalizing values from McDonough and Sun (1995). A. Compilation of all samples.
B. Three CRO samples from Cuesta Ridge. C. Three Franciscan samples from west of Cuesta Ridge. D. Three Franciscan samples from south of San Francisco. E. Five Franciscan samples from Tiburon Peninsula. F. One Franciscan sample from

near Healdsburg.
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Table 2
Major and trace element composition of serpentinite samples.

CR11-2 CR11-3 HWY41 11-5 HWY1 11-1 FS11-1 FS11-2 MCR11-3A TIB11-1 TIB11-4 RM11-2 RM11-3 RM11-4 SCT11-1B SCT11-1C SCT11-1D BHVO-2 BCR
Major elements (wt.%)
Si02 40.97 38.87 4042 40.14 40.55 40.03 42.54 40.71 39.95 40.73 40.19 39.1 39.52 38.72
AlI203 0.98 043 0.75 242 1.47 1.10 1.79 1.77 0.82 1.52 1.76 0.41 0.49 0.59
Fe203(T) 7.88 7.71 7.34 6.34 6.03 7.11 7.45 8.13 8.4 7.76 6.32 7.57 7.45 7.94
MnO 0.09 0.11 0.11 0.1 0.12 0.13 0.1 0.1 0.11 0.1 0.12 0.12 0.1 0.11
MgO 34.77 37.41 37.01 34.09 33.68 33.07 33.40 35.36 34.83 33.85 34.76 34.82 34.86 34.36
Ca0 0.04 0.18 0.03 0.49 0.12 0.06 0.05 0.08 0.04 034 1.01 0.09 0.05 0.05
Na20 0.02 0.02 0.02 0.04 0.02 0.05 0.02 0.02 0.03 0.02 0.06 0.02 0.03 0.03
K20 <0.01 <0.01 <0.01 0.04 0.01 0.03 0.01 0.01 <0.01 <0.01 0.02 <0.01 <0.01 <0.01
Ti02 0.01 0 0.02 0.07 0.02 0.01 0.03 0.04 0.01 0.03 0.03 0 0.01 0.01
P205 <0.01 <0.01 0.01 <0.01 <0.01 0.02 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02
LOI 15.84 14.83 13.80 15.27 16.76 16.26 15.36 13.66 15.56 14.88 13.99 17.33 15.98 18.54
Total 100.6 99.56 99.52 98.99 98.79 97.88 100.8 99.88 99.75 99.21 98.24 99.46 98.5 1004
Mg# 0.887 0.896 0.900 0.906 0.909 0.892 0.889 0.886 0.881 0.886 0.907 0.891 0.893 0.885
Trace elements (ppm)
Li 0.546 0.937 0.421 5.48 21.3 0.892 1.26 0.472 0.425 1.04 0.966 0.844 0.810 0.476 0.464 4.46 13.1
Be 0.0267 bdl 0.0232 0.0111 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 1.17 1.64
Sc 6.47 6.27 238 129 13.7 7.92 6.05 8.33 8.95 7.35 134 9.31 7.55 7.43 5.34 31.1 325
\Y 315 20.1 45.5 64.7 66.6 36.4 18.1 373 37.0 25.9 53.1 43.8 26.1 28.7 26.0 308 414
Cr 2647 1952 2052 2355 2481 2609 901 1793 2057 3465 2808 2106 2763 2531 2539 280 10.1
Co 73.7 96.1 70.3 79.0 110 93.7 112 84.2 84.7 133 101 96.8 100 103 105 441 37.6
Ni 2757 2122 1021 1699 2482 2029 2505 1808 1889 3653 2393 2066 2180 2319 2651 119 9.67
Cu 11.1 13.7 16.0 21.7 19.8 193 163 24.0 19.0 10.9 37.0 28.1 6.14 133 11.0 128 16.7
Zn 35.1 35.4 27.3 35.7 483 65.4 51.8 319 39.1 40.5 42.7 354 39.1 34.5 39.5 104 129
Ge 1.03 0913 1.21 0.842 1.63 1.06 133 0.856 1.21 1.02 1.02 0.959 0.922 0.956 1.07 1.63 148
Sr 95.8 361 85.1 476 443 396 139 308 150 128 164 369 137 77.0 95.1 395 334
Y 60.9 2.85 130 200 140 64.9 271 78.3 98.1 37.5 106 59.5 532 5.96 8.88 25.7 36.1
Zr 0.315 0.146 1.05 1.05 0.460 0.792 0.157 0.574 0.770 0.396 0.347 0.226 0.195 0.247 0.266 170 190
Nb 0.0306 0.0283 0.0359 0.0706 0.0334 0.0320 0.0166 0.0291 0.0342 0.0401 0.0379 0.0273 0.0324 0.0349 0.0340 19.2 12.0
Cs 0.0106 0.0113 0.0031 0.0325 0.0076 0.0029 0.0033 0.0076 0.0083 0.0091 0.0106 0.160 0.0032 0.0051 0.0019 0.0927 0.930
Ba 86.8 187 251 2366 946 4702 448 513 307 194 128 246 191 216 236 129 682
La 0.128 0.0178 0.0969 0.0813 0.0296 0.0171 0.0217 0.0624 0.0824 0.0789 0.140 0.0234 0.0193 0.0278 0.0407 15.2 1.16
Ce 9.03 3.30 324 10.6 2.75 3.12 2.74 7.94 7.27 9.80 5.34 5.76 4.02 4.06 5.01 37.7 53.6
Pr 0.0366 0.0041 0.0842 0.0292 0.0086 0.0058 0.0043 0.0168 0.0218 0.0215 0.0295 0.0071 0.0052 0.0072 0.0128 532 6.81
Nd 0.171 0.0172 0.537 0.224 0.0771 0.0447 0.0173 0.115 0.141 0.114 0.176 0.0331 0.0226 0.0300 0.0600 24.6 28.6
Sm 0.0535 0.0036 0.211 0.142 0.0676 0.0339 0.0042 0.0447 0.0634 0.0340 0.0471 0.0205 0.0057 0.0079 0.0159 6.20 6.55
Gd 0.0581 0.0042 0.171 0.131 0.0756 0.0375 0.0044 0.0507 0.0646 0.0353 0.0613 0.0276 0.0097 0.0080 0.0151 6.00 6.86
Tb 0.0125 0.0006 0.0375 0.0447 0.0285 0.0128 0.0009 0.0153 0.0199 0.0070 0.0175 0.0107 0.0010 0.0013 0.0024 0.947 1.06
Dy 0.0874 0.0037 0.252 0.356 0.237 0.110 0.0042 0.126 0.161 0.0500 0.151 0.0970 0.0077 0.0092 0.0160 532 6.32
Ho 0.0224 0.0011 0.0576 0.0940 0.0663 0.0314 0.0012 0.0353 0.0438 0.0141 0.0442 0.0292 0.0023 0.0024 0.0036 0.980 1.28
Er 0.0683 0.0058 0.165 0.297 0.215 0.106 0.0043 0.118 0.144 0.0471 0.149 0.0998 0.0096 0.0096 0.0128 2.53 3.62
Tm 0.0100 0.0014 0.0241 0.0480 0.0349 0.0172 0.0010 0.0192 0.0241 0.0074 0.0249 0.0180 0.0021 0.0020 0.0022 0.343 0.535
Yb 0.0614 0.0143 0.154 0.300 0.221 0.110 0.0086 0.126 0.157 0.0500 0.161 0117 0.0180 0.0169 0.0181 2.14 3.32
Lu 0.0115 0.0034 0.0238 0.0484 0.0368 0.0193 0.0020 0.0214 0.0260 0.0094 0.0281 0.0200 0.0037 0.0034 0.0036 0.292 0.498
Hf 0.0092 0.0034 0.0484 0.0761 0.0361 0.0323 0.0034 0.0291 0.0367 0.0116 0.0160 0.0110 0.0044 0.0058 0.0056 4.44 4.86
Ta 0.0020 0.0014 0.0034 0.0053 0.0022 0.0014 0.0014 0.0029 0.0031 0.0017 0.0021 0.0017 0.0008 0.0013 0.0019 1.25 0.705
Tl 0.0010 0.0008 bld 0.0492 0.0021 0.0090 0.0014 0.0050 0.0057 0.0026 0.0007 bld 0.0012 0.0018 0.0011 0.0180 0.232
Pb 3.30 2.02 1.44 4.56 1.50 0.994 5.38 3.89 7.37 334 1.95 5.24 0.0317 2.16 1.78 1.50 135
Th 0.0041 0.0053 0.0058 0.0145 0.0041 0.0052 0.0035 0.0093 0.0068 0.0073 0.0067 0.0066 0.0063 0.0106 0.0075 1.20 5.90
8] 0.0218 0.0025 0.0044 0.0271 0.0644 0.202 0.0016 0.0040 0.0041 0.0049 0.0034 0.0030 0.0023 0.0036 0.0037 0.409 1.69
Y/Ho 2719 2591 2257 2128 2112 2067 2258 2218 2240 2660 2398 2038 2313 2483 2467 26 28

bdl = below detection limits.
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Table 3
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Major and trace element concentrations in relict pyroxene in sample RM11-4.

Major elements (wt.%)

CPX CPX CPX 0oPX
(n=5) (n=5) (n=3) (n=5)

Sio2 52.05 50.74 51.82 54.80
TiO2 0.14 0.16 0.15 0.02
Al203 3.74 498 3.94 3.65
FeO 2.26 2.57 2.21 6.05
MnO 0.08 0.10 0.09 0.15
MgO 16.45 15.76 15.93 33.10
Ca0 23.54 23.31 23.62 0.45
Na20 0.19 0.22 0.25 bdl
Cr203 0.67 1.10 0.77 0.45
NiO 0.04 0.06 0.06 0.07
Total 99.16 99.00 98.84 98.70
Mg# 92.84 91.61 92.79 90.71
Trace elements (ppm)

CPX CPX CPX CPX CPX CPX CPX CPX OPX OPX OPX OPX OPX

(n=1) (n=1) (n=1) (n=1) (n=1) (n=1) (n=2) (n=1) (n=3) (n=1) (n=1) (n=2) (n=1)
La bdl bdl bdl bdl bdl bdl 0.12 0.02 bdl bdl bdl 0.00 0.04
Ce bdl bdl bdl bdl 0.00 0.01 0.00 bdl bdl bdl bdl bdl bdl
Pr 0.00 0.00 bdl 0.00 0.00 0.00 0.03 0.00 bdl bdl bdl bdl bdl
Sr 0.87 1.85 1.01 0.70 0.51 0.90 1.19 0.69 1.62 1.54 2.02 3.87 9.38
Nd 0.08 0.07 0.10 0.10 0.10 0.07 0.22 0.11 bdl bdl bdl bdl bdl
Sm 0.20 0.14 0.15 024 0.25 0.24 0.24 0.20 bdl bdl bdl 0.02 bdl
Zr 0.19 0.18 0.16 0.24 0.16 0.19 0.19 0.20 0.02 0.02 0.05 0.03 0.07
Eu 0.10 0.07 0.09 0.11 0.08 0.12 0.10 0.10 bdl bdl 0.02 bdl bdl
Ti 1087.05 801.73 796.25 1025.70 927.99 944.77 1060.75 866.37 327.72 289.53 447.82 343.50 317.59
Gd 0.61 0.47 0.44 0.66 0.53 0.64 0.62 0.48 bdl bdl 0.08 0.02 bdl
Tb 0.15 0.11 0.12 0.14 0.13 0.15 0.15 0.12 0.01 0.00 0.03 0.01 bdl
Dy 131 0.94 1.05 132 1.18 133 1.27 0.89 0.05 0.06 0.23 0.09 bdl
Y 8.24 5.96 6.35 8.28 6.90 7.89 7.75 6.13 0.48 0.59 1.97 0.80 022
Ho 0.33 0.22 0.25 0.30 0.28 0.29 0.30 0.22 0.02 0.02 0.08 0.03 bdl
Er 1.01 0.72 0.75 1.02 0.85 0.99 0.91 0.69 0.09 0.08 0.26 0.11 bdl
Tm 0.16 0.10 0.13 0.14 0.12 0.14 0.14 0.09 0.01 0.02 0.05 0.03 bdl
Yb 1.00 0.66 0.70 1.00 0.83 0.97 0.90 0.72 0.18 0.20 034 0.22 bdl
Lu 0.14 0.09 0.10 0.14 0.13 0.13 0.12 0.09 0.03 0.03 0.07 0.05 bdl

HREE concentrations. Zr is also highly depleted. Orthopyroxene has
lower REE concentrations than clinopyroxene with many LREE and
MREE below detection limits. HREE concentrentrations are higher
than MREE. A negative Zr anomaly is also noted in the orthopyroxene,
whereas, Ti concentrations are enriched relative to adjacent REEs
(Fig. 5).

Overall, there are limited chemical differences among spinels
from an individual sample. Samples from Cuesta Ridge (CR11-2,
CR11-3) have Mg# values of 0.441-0.496 and Cr# values of 0.616-
0.670. Sample HWY41-11-5 associated with Cuesta Ridge has simi-
lar Cr# values (0.663-0.699), but lower Mg# values (0.206-0.309)
(Table 4). Franciscan serpentinites west of Cuesta Ridge have Mg#
values of 0.647-0.718, but very low Cr# values of 0.144-0.269.
Franciscan samples just south of San Francisco have Mg# values of
0.521-0.570 and Cr# values of 0.527-0.655. Samples from Ring
Mountain on Tiburon Peninsula have a range of Mg# and Cr# values.
One sample (RM11-2) has Mg# values of 0.563-0.603 and Cr#
values of 0.493-0.509, whereas, two other samples have slightly
higher Mg# values (0.690-0.717) and much lower Cr# values of
0.187-0.226. One Franciscan sample near Healdsburg has Mg#
values of 0.486-0.515 and Cr# values of 0.569-0.634 (Table 4).

4.3. Stable isotope geochemistry

Samples from the CRO at the Cuesta Ridge locality have a narrow
range of 6'80 values from + 6.0 to + 6.6%. and a larger range of 537Cl
values from + 0.4 to + 1.7%.. Franciscan serpentinites west of Cuesta

Ridge also have a narrow range of 580 values from + 5.4 to +6.5%.
and 63Cl values of + 0.2 to + 0.3%.. Franciscan serpentinites south of
San Francisco have higher §'80 values from +7.2 to +9.5%. and
537Cl values of —0.1 to 1.2%.. Note, that this set of samples is located
on the San Andreas Fault and the sample with the highest 5'80 value
and the lowest &%’Cl value (SCT11-1C) is highly sheared. Franciscan
serpentinites from Ring Mountain and Tiburon Peninsula have 6'80
values from +6.0 to +7.3%. and &°7Cl values of 0.0 to +0.8%.. One
Franciscan serpentinite has a 5'80 value of + 7.9%. and a 6>”Cl value of
=+ 0.6%.. D values of all samples are low, ranging from — 107 to —90%.
(Table 5).

5. Discussion

5.1. Stable isotope geochemistry as evidence for serpentinization by
seawater

Stable isotope analyses (O, H, Cl) have proven to be excellent
tracers of serpentinizing fluid sources, post-serpentinite fluid interac-
tion, and fluid/rock ratios in serpentinites (e.g., Alt and Shanks, 2006;
Barnes and Sharp, 2006; Burkhard and O'Neil, 1988; Cartwright and
Barnicoat, 1999; Frith-Green et al., 1990, 1996, 2001; Kyser et al.,
1999; Sakai et al., 1990; Skelton and Valley, 2000; Yui et al., 1990),
allowing one to place some constraints on the tectonic setting of
serpentinization. Serpentinites formed by interaction with seawater
have predicted 6'%0 and 6D values shown by the dashed line in
Fig. 6 based on the temperature of serpentinization (Saccocia et al.,
2009).

(2013), http://dx.doi.org/10.1016/j.lithos.2012.12.018
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Fig. 4. Minor element compositional plots of clinopyroxene from sample RM11-4
(Tiburon Peninsula). A. Mg# vs. Al,O03 (wt.%) B. Mg# vs. Cr,03 (wt.%) C. Mg# vs. TiO,
(wt.%). Data for compositional fields from Johnson et al. (1990), Hellebrand et al.
(2002), Parkinson and Pearce (1998), and Ishii et al. (1992).

Previous stable isotope work on serpentinites from the CRO and
Franciscan Complex is limited to only a handful of studies and most of
which focused on the CRO (King et al., 2003; Magaritz and Taylor, 1976;
Taylor and Coleman, 1968; Wenner and Taylor, 1973, 1974). Three stable
isotope analyses have been published from Tiburon Peninsula with 530
values of +7.6 to +8.1%. and &D values of —90 to —89%. (Wenner
and Taylor, 1974). King et al. (2003) did a detailed stable isotopic study
of a Franciscan serpentinite in a shale matrix mélange at Sand Dollar
beach and Jade Cove between Big Sur and HWY1/FS localities on Fig. 1.
5180 values of olivine (+5.3%.) and clinopyroxene (+5.7%.) in the par-
tially serpentinitized peridotite lie within the range of typical mantle
values. Serpentine separates from 5 samples have 6'30 values of + 6.3
to + 8.1%.. The authors hypothesize that the lherzolite block was incorpo-
rated into the subduction channel and metamorphosed by metasomatic
fluids at ~450-500 °C, based on isotope thermometry of co-existing cal-
cite and serpentine in veins. The block underwent no metamorphism
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Fig. 5. Primitive mantle normalized REE compositions of clinopyroxene and
orthopyroxene from sample RM11-4 (Tiburon Peninsula). Primitive mantle normaliz-
ing values from McDonough and Sun (1995).

during its upward path where it was emplaced in a mélange zone that ex-
perienced conditions of 150-200 °C and 4-6 kbars (King et al., 2003).

All CRO samples from this study have 680 values between + 6.0 and
+ 6.6%,. Franciscan serpentinites, with the exception of those on the San
Andreas fault (SCT), have 6'80 values of +5.4 to +7.9%. These 6'80
values are consistent with low-temperature serpentinization by seawa-
ter or slightly modified seawater (Fig. 6) (Saccocia et al., 2009). 6D values
of all samples are low (—107 to —90%.). Although terrestrial
serpentinites commonly have low 6D values, the reason for these low
values remains ambiguous. Authors have suggested interaction with me-
teoric water, magmatic fluid, and metamorphic fluid as potential mech-
anisms for low 8D values (e.g., Barnes et al., 1967; Burkhard and O'Neil,
1988; Cartwright and Barnicoat, 1999; Frith-Green et al., 2001; Kyser et
al., 1999; O'Hanley, 1996; O'Neil and Barnes, 1971). Previous carbon
and oxygen stable isotope data of carbonates associated with some
Californian serpentinites, as well as ultrabasic fluids issuing from
serpentinite hosted springs, have been used to argue for reaction
with meteoric water thereby implying some post-emplacement
serpentinization (Barnes et al.,, 1967; O'Neil and Barnes, 1971).
The low 6D values of Californian serpentinites from this study are
consistent with the hypothesis of post-serpentinization, post-
emplacement interaction with meteoric water at low temperature.
Minor interaction with meteoric waters (e.g., low fluid/rock ratios
and low temperature) will lower 8D values but not affect O isotope
ratios (Burkhard and O'Neil, 1988; Kyser et al., 1999; O'Hanley,
1996) (illustrated by the large hollow arrow in Fig. 6). The high
580 values (+ 7.2 to +9.5%.) and low 8D values (— 107 to — 104%s; low-
est values of all the samples) of samples SCT11-1B, -1C, and 1-D (Fig. 6)
are likely due to low-T interaction with meteoric water at high fluid-
rock ratios due to fluids fluxing through the fault zone. Low-T
serpentinization by meteoric waters or low-T meteoric water interaction
with high F/R ratios will lead to high 5'80 values (large A'®Ogerp water) and
low 6D values (Kyser et al., 1999).

Chlorine isotope measurements of obducted serpentinites and
metaperidotites show no Cl isotope fractionation during prograde
subduction metamorphism and that the Cl isotope composition of
obducted serpentinites is thought to preserve a record of seafloor tec-
tonic processes (Barnes et al., 2006; Bonifacie et al., 2008; John et al.,
2011). Serpentinites formed via interaction with seawater have 5>/Cl
values of ~40.2 to 4 0.5%. (Barnes and Sharp, 2006). Serpentinites
formed from interaction with sedimentary pore fluids and/or
sediment-derived fluid have §3’Cl values of ~—2.0 to —0.5%
(Barnes and Sharp, 2006; Barnes et al., 2006). Rare serpentinites
with 6°7Cl values >+ 1.0%. (n=9) are restricted to serpentine sea-
mounts (n=2) and obducted serpentinites from Elba Island, Italy
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Table 4
Composition of spinels from serpentinite samples.
CR11-2 CR11-3 HWY41 11-5 HWY1  FS11-2 MCR11-3A
11-1
S1 S2 S3 S4 S5 S1 S2 S3 S4 S5 S1 S2 S3 S4 S5 S6 S1 S1 S2 S1 S2 S3 S4 S5
(n=2) (n=2) (n=2) (n=1) (n=1) (n=2) (n=2) (n=2) (n=1) (n=1) (n=1) (n=1) (n=1) (n=1) (n=1) (n=1) (n=1) (n=1) (n=1) (n=2) (n=2) (n=2) (n=2) (n=2)
Si02  0.01 0.03 0.03 0.00 bdl 0.01 0.01 0.00 0.01 bdl 0.03 0.02 0.00 0.03 0.04 0.02 0.01 bdl 0.01 0.01 0.03 0.01 0.00 0.01
TiO2  0.03 0.00 0.02 0.03 0.00 bdl 0.02 0.00 0.01 0.01 0.40 0.25 0.11 0.34 0.25 0.28 0.02 0.11 0.05 0.01 0.00 0.00 bdl bdl
AI203 17.79 1657 1829 1844 1850 1840 1880 1891 1921 19.08 1414 1337 1262 1587 1373 1446 53.07 4254 4411 2232 1884 1948 18,67 18.62
Cr203 4939 50.12 4937 4817 4839 4692 4628 4620 4588 4571 4152 4579 4368 43.18 4299 4437 13.28 2339 2227 4393 4813 4699 4830 47.61
FeO 2077 2115 2025 2195 2177 2124 2069 2098 1943 2126 3621 3128 3459 3188 3519 31.89 1328 1648 1576 1994 19.75 20.11 1930 2021
NiO 0.08 0.04 0.06 0.00 0.12 0.08 0.07 0.07 0.02 0.05 0.13 0.05 0.06 0.04 0.04 0.00 0.33 0.21 0.19 0.06 0.06 0.08 0.00 0.09
MnO 023 0.23 0.20 0.25 0.23 0.28 0.25 0.23 0.22 0.29 0.59 0.44 0.47 0.40 0.56 0.43 0.15 0.19 0.20 0.29 0.30 0.28 0.24 0.30
MgO 1050 1082 1033  9.70 10.15 11.09 1140 1140 1070 1031 527 7.50 6.55 8.00 548 7.34 18.93 1692 1717 1120 1082 1066 1152 11.12
Ca0O  0.00 0.01 0.00 0.01 bdl 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 bdl bdl 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.02
Na20 bdl bdl bdl 0.13 0.00 bdl bdl bdl bdl bdl 0.05 bdl 0.06 0.03 bdl 0.04 0.01 0.02 bdl 0.03 bdl 0.08 bdl 0.04
Total 98.72 98.86 9855 98.68 9914 9791 9740 9776 9549 96.67 9837 98.69 98.14 99.77 9824 98.80 99.07 99.85 9974 9780 9792 9772 98.01 98.01
Mg# 0474 0477 0476 0441 0454 0482 0496 0492 0495 0464 0206 0299 0252 0309 0217 0291 0718 0647 0660 0500 0494 0486 0515 0.495
Cr# 0651 0670 0644 0637 0637 0631 0623 0621 0616 0616 0663 0.697 0699 0.646 0.678 0.673 0.144 0269 0253 0569 0632 0618 0634 0.632
Table 4 (continued)
RM11-2 RM11-3 RM11-4 SCT11-1B SCT11-1D
S1 S2 S3 sS4 S5 S1 S2 S3 s4 S5 S6 S1 S2 S3 S1 S2 S3 sS4 S5 S6 S1 S2 S3 s4 S5
(n=2) (n=2) (n=2) (n=1) (n=1) (n=1) (n=1) (n=1) (n=1) (n=1) (n=1) (n=2) (n=2) (n=2) (n=2) (n=2) (n=2) (n=1) (n=1) (n=1) (n=2) (n=2) (n=2) (n=2) (n=2)
Si02  0.00 0.03 0.02 0.03 bdl 0.00 0.00 0.01 bdl bdl 0.02 0.09 bdl bdl 0.02 0.02 bdl 0.07 0.01 0.01 0.00 0.00 0.01 0.00 bdl
Ti0O2  0.03 0.04 0.04 0.02 0.02 0.09 0.01 0.02 0.01 0.11 0.04 0.02 0.01 0.01 0.12 0.09 0.01 bdl 0.06 0.05 0.03 bdl bdl bdl bdl
Al203 2660 26.84 27.10 2746 2669 5026 49.84 4843 5037 50.51 4995 4839 4941 4707 1911 1970 1805 1876 1877 19.04 2417 2505 2483 2522 2499
Cr203 41.19 41.05 4068 3987 4019 1754 1760 1880 1732 1750 18.00 18.05 18.01 2054 49.06 4878 51.11 49.13 4940 49.18 4291 4217 4247 4194 4235
FeO 1739 1755 1749 1834 1846 1455 1440 1475 1454 1424 1447 1392 1325 1326 1839 1813 1745 1883 1877 1879 1786 1769 1778 1786 17.98
NiO 0.10 0.06 0.09 0.04 0.06 0.18 0.31 0.27 0.34 0.25 0.27 0.25 0.27 0.25 0.12 0.11 0.08 0.05 0.06 0.04 0.05 0.04 0.06 0.10 0.06
MnO 0.21 0.21 0.26 0.23 0.18 0.16 0.14 0.11 0.17 0.13 0.11 0.10 0.14 0.12 0.27 0.22 0.21 0.29 0.25 0.23 0.29 0.24 0.26 0.25 0.23
MgO 1483 1451 1472 1405 1336 1839 1822 1840 1856 1836 1832 1780 1879 1878 11.84 1171 11.82 11.63 1144 1150 12.68 12.61 1323 1279 1245
Ca0 0.01 0.00 0.01 0.03 0.00 0.02 0.00 0.01 0.00 bdl bdl 0.01 0.01 0.01 0.02 0.00 bdl 0.04 0.01 0.01 0.01 0.00 0.00 0.01 0.00
Na20 0.00 0.02 bdl bdl bdl 0.02 bdl bdl 0.01 0.00 0.01 bdl bdl bdl 0.05 0.01 0.00 bdl 0.04 0.00 0.01 bdl bdl bdl bdl
Total 100.37 100.30 100.37 100.01 98.87 101.20 100.51 100.79 10131 101.07 101.19 9861 99.86 100.02 99.01 98.76 9870 98.78 98.81 98.85 98.01 9772 9853 98.11 9794
Mg# 0.603 0.596 0600 0577 0563 0693 0693 0.690 0.695 0697 0693 0.695 0717 0716 0534 0535 0547 0524 0521 0522 0559 0560 0570 0.561 0.552
Cr# 0.509 0.506 0502 0493 0.502 0.190 0.192 0.207 0.187 0189 0.195 0200 0.196 0226 0.633 0624 0655 0.637 0638 0634 0544 0530 0534 0.527 0.532
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Table 5

Stable isotope composition of Franciscan and Coast Range ophiolite serpentinites.
Sample 5'%0 (%) 8D (%o) 527Cl (%)
CR11-2 6.0, 6.2 —95, —97 0.4
CR11-3 6.2,6.4 —98, —97 1.7
HWY41 11-5 6.6 —93,-93 0.9
HWY1 11-1 6.3,6.7 —90, —91 0.3
FS11-1 54 —90, —90 ND
FS11-2 6.2 —98, —98 0.2
MCR11-3A 7.9 —105, —103 0.5,0.7
TIB11-1 6.3 —98, —99 0.0, 0.5
TIB11-4 6.9,7.3 —96, —96 0.8
RM11-2 7.3 —103, —103 0.3
RM11-3 6.0 —99, —100 0.8
RM11-4 6.7 —99, —100 0.6
SCT11-1B 7.2 —107, —107 1.2
SCT11-1C 9.6,9.3 —104, —104 —0.1, —0.1
SCT11-1D 8.4 —106, —107 0.6

ND = not determined.

(n=1) and HP/UHP localities in the western Alps (n=6) (Barnes et
al., 2006, 2008; John et al, 2011; Selverstone and Sharp, 2011).
Serpentinites with high 637Cl values are postulated to reflect a fluid
component from the subducted slab, either high-P metasediments or
altered oceanic crust (John et al., 2010a; Selverstone and Sharp, 2011).
Post-serpentinization interaction with meteoric water does not alter
the Cl isotopic composition of serpentinites (Barnes et al., 2006).

All the serpentinites from this study have &°7Cl values ranging
from —0.1 to +1.7% with 12 of the 15 samples falling between
+0.2 and +0.9%. (average of all samples= + 0.6+ 0.5%.). These
data support serpentinization via seawater on the seafloor. Extreme
negative or positive 5°7Cl values reflecting the influence of a non-
seawater fluid are not present in the data set, with one exception of
CR11-3 at +1.7%.. This highly positive 5>’Cl value at Cuesta Ridge
may reflect a subducted slab component, consistent with interpreta-
tion of a supra-subduction zone setting.

5.2. Trace elements and Ce and Y anomalies

All serpentinite samples have large enrichments in the fluid-
mobile elements, Pb, Sr, Ba, U, and Li, relative to other elements of
similar compatibility during mantle melting. This enrichment in
FME is commonly observed in serpentinites in both abyssal and
forearc settings (Deschamps et al., 2010, 2011; Hattori and Guillot,
2003, 2007; Kodolanya et al., 2012; Li and Lee, 2006; Scambelluri et
al., 2004a,b; Vils et al.,, 2008) due to the high concentrations of
these elements in both seawater and slab-derived fluids (Brenan et
al.,, 1995; Keppler, 1996; Manning, 2004). However, enrichments in
U are commonly seen in mid-ocean ridge and passive margin settings
and not in forearc serpentinites; whereas, Cs and sometimes Sr are
more enriched in forearc peridotites compared to those from mid-
ocean ridges and passive margins (Kodolanya et al., 2012). None of
the serpentinites analyzed show enrichments in Cs with the possible
exception of one sample from Tiburon Peninsula. In contrast, all of the
samples show enrichments in U (Fig. 3).

Two of the most striking features of the trace element data are the
strong relative enrichments in Y and Ce seen in all samples (Fig. 3). Y
and Ho are termed so-called geochemical twins due to their identical
charge and similar ionic radius, and are therefore not expected to
fractionate during high temperature magmatic and metamorphic
processes (Blundy and Wood, 2003; Pack et al., 2007). MORB and
OIB samples have a range of Y and Ho concentrations, but a near con-
stant Y/Ho ratio of 26-28 identical to the chondritic ratio (Dulski,
2001; Jochum et al., 1986). However, all serpentinite samples from
this study have remarkable high Y/Ho ratios (>2000) and Y concen-
trations ranging from 2.7 to 200 ppm (average = 66.7 4+ 59.6 ppm)

(Table 2). Note that basalt standards analyzed in this study have
Y/Ho ratios of 26-28 lending support to the validity of our analyti-
cal analyses (Table 2).

In contrast to silicate melts, Y and Ho have been shown to fractionate
in aqueous systems due to chemical complexation and differences in
the electron configuration between the two elements (Bau, 1996). Hy-
drothermal fluids are capable of fractionating Y from Ho at tempera-
tures between 100 and 400 °C (Bau, 1996), temperatures consistent
with serpentinization in the lizardite stability field (e.g., Evans, 2004;
O'Hanley, 1996). Hydrothermal fluids from a variety of deep-sea vents
have Y/Ho ratios of 25 to 50 (Douville et al., 1999). Hydrothermal vein
fluorites and marine ferromanganese crusts and nodules have reported
Y/Ho ratios up to 200 and 55, respectively, and Y concentrations up
to 207 and 481 ppm, respectively (Bau, 1996; Bau and Dulski, 1995;
Bau et al., 1996). Interestingly, Ce, like Y, is enriched in ferromanganese
crusts and nodules with concentrations ranging from 280 to 1252 ppm
(Bau et al., 1996; Nath et al., 1994). Positive Y anomalies, although not
to the extreme observed in some of the samples in this study, have
been previously documents in two serpentinites from the Feather
River Ophiolite, California (Li and Lee, 2006). One of these Feather
River Ophiolite samples with a positive Y anomaly is also marked by
an extreme negative Ce anomaly (Li and Lee, 2006). Negative Y anoma-
lies relative to Ho have recently been reported in basalt glasses from the
Rochambeau Rifts of the Lau Backarc Basin (Jenner et al., 2012). The
fractionation of Y from Ho is hypothesized to be from variable assimila-
tion of hydrothermally altered portions of altered arc crust (Jenner et al.,
2012).

We speculate that the Ce and Y anomalies observed in the
serpentinized peridotites of this study may be the result of highly ox-
idizing conditions which can fractionate Ce from REEs and possibly Y
from Ho. Magnetite is highly common in serpentinites due to the
preferential incorporation of Mg rather than Fe into the serpentine
structure. This reaction requires the dissociation of water to produce
H, and an oxidized metal of magnetite (reaction 1 below) or some-
times hematite (reaction 2 below).

6(Mg, Fe),Si0, +7 H,0 = 3(Mg, Fe);Si,05(OH), + Fe;0, + H, (1)

olivine serpentine magnetite
0 [ ® CR/HWY41
Seawater WHWY1/FS
Met hi OMCR
400 GMWL etamorphic OTIB/RM
-20 [~ 850 © water SCT
250
~ — 200
= — 150
-40 |- — i
Composition of serpentine ';
- in equilibrium with seawater -5
g o 52
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23
-80 [~ =3
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Fig. 6. 6D and §'80 values of various fluids/fluid sources (Sharp, 2007). Dashed line de-
picts the isotopic composition of serpentinites formed by interaction with seawater at
a given temperature using the fractionation factors of Saccocia et al. (2009). Low tem-
perature, post-serpentinization interaction with meteoric water will lower the 6D
value of serpentinites (e.g., Kyser et al., 1999; O'Hanley, 1996). This process is illustrat-
ed by the large hollow arrow.
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Fig. 7. Mg# vs. Cr# for spinel from Franciscan Complex and Coast Range Ophiolite
serpentinites. The compositional fields for abyssal and forearc peridotites are from
Tamura and Arai (2006) and references therein.

12(Mg, Fe),Si0, + 15 H,0 = 6(Mg, Fe),Si,05(0H), + 3 Fe,05 + 3 H,

olivine serpentine hematite
2)

The more oxidized hematite will sequester REEs to a greater
degree than magnetite. Hematite will preferentially scavenge Ce
(in the +4 valence state) compared to neighboring REEs (in the
+ 3 valence state). Therefore, the resulting Ce/REE and Y/Ho ratios
are a product of metal scavenging from hydrothermal fluids at highly
oxidizing conditions. Variations in the ratios and the nature of the
anomaly (positive or negative) likely depend on the history of the
oxidizing fluid throughout the serpentinization process.

5.3. Cuesta Ridge: supra-subduction zone affinity

Cuesta Ridge is part of the CRO that is commonly believed to have
formed in a supra-subduction zone setting (Saleeby, 1982; Shervais,
2001; Shervais and Kimbrough, 1985; Snow, 2002; Stern and
Bloomer, 1992). Geochemical work on the peridotites from Cuesta
Ridge largely supports this interpretation (this study, Choi et al,,
2008); however, a few samples from Cuesta Ridge suggest abyssal
origin based on REE patterns in pyroxene (Jean et al., 2010).
Shervais and Jean (2012) also note enrichments in FME compared
to depleted mantle in primary pyroxenes from Cuesta Ridge
suggesting the involvement of slab-derived fluids. Choi et al.
(2008) report data low Mg# values (0.387 to 0.547) and high Cr#
values (0.591 to 0.838) for three spinels from Cuesta Ridge placing
them within the forearc peridotite field (Fig. 7). Low TiO,
(0.00 wt.%), Al,03 (1.26 wt.%) and Cr,03 (0.77 wt.%) concentrations

and high Mg# (0.934) place one relict clinopyroxene in the forearc
peridotite field (Choi et al., 2008) (Fig. 5). These data are similar to
the results found in this study. Spinel data from the two samples
from Cuesta Ridge (CR11-2, CR11-3) have low Mg# (0.441 to
0.496) and high Cr# (0.616 to 0.670) also placing them within the
forearc peridotite field (Fig. 6). Sample HWY41-11-5 is from a
roadcut through Cuesta Ridge and spinel data from this sample
plots just outside the field due to lower Mg# values; however the
high Cr# values are indicative of forearc peridotites (Fig. 7).

Whole rock REE diagrams for one sample from Cuesta Ridge and
the sample from Hwy. 41 show relatively flat profiles (Fig. 2b).
These flat REE profiles indicate some enrichment in LREE compared
to MREE and HREE either due to melt refertilization in a MOR setting
(Niu, 2004; Paulick et al., 2006) or enrichment in LREE in a supra-
subduction zone setting (Deschamps et al, 2010; Savov et al,
2005). Sample CR11-3 has overall lower REE concentrations
than the other two samples from this locality and a pronounced
U-shaped pattern. Boninitic lavas have been documented at Cuesta
Ridge (Snow, 2002) and commonly have U-shaped chrondite-
normalized REE patterns (Hickey and Frey, 1982). Interaction of
the harzbugite with a boninitic melt during initial forearc extension
may have resulted in the observed U-shaped REE pattern. Despite the
strong positive U anomaly commonly observed in abyssal
serpentinites, most of the data from this locality supports a SSZ tec-
tonic setting. The very positive 8°7Cl value of one sample (+ 1.7%o)
and moderately high 63’Cl value of another (4 0.9%) may also
imply some slab-derived fluid component.

5.4. Franciscan Complex serpentinites: mélange containing blocks of
abyssal and forearc peridotites

To date, there have been minimal geochemical studies on
serpentinites within the Franciscan Complex. Two detailed studies have
focused on the serpentinized spinel harzburgites and lherzolites of Sand
Dollar beach and Jade Cove (Hirauchi et al., 2008; King et al., 2003). Low
Cr# of spinel (0.11 to 0.13) and LREE depletion in clinopyroxenes suggest
these serpentinized lherzolites are abyssal peridotites in origin (Hirauchi
et al,, 2008). Others have argued that Franciscan serpentinites are eroded
pieces of the overriding CRO (Cloos and Shreve, 1988; King et al., 2003;
Wakabayashi, 2004) or sedimentary serpentinites (Fryer et al., 2000;
Wakabayashi, 2011b).

Serpentinite samples from west of Cuesta Ridge have positive
sloped REE patterns due to enrichment of HREE over LREE, a typical
shape for abyssal peridotites due to melt extraction (Niu, 2004). Spi-
nels from these samples have low Cr# (<0.3) and higher Mg# (>0.6)
placing them clearly in the abyssal peridotite field (Fig. 7).

REE patterns for serpentinite samples from Tiburon Peninsula are
almost identical to those from west of Cuesta Ridge showing enrich-
ment of HREE over LREE (Fig. 2e). Relict pyroxene from one sample
at Tiburon Peninsula shows extreme depletions in LREE concentra-
tions compared to MREE and HREE, similar to those observed in abys-
sal settings (e.g., Dick and Natland, 1996) (Fig. 5). Major element
concentrations also plot within the abyssal field (Fig. 4). Two samples
from Tiburon Peninsula have spinels with low Cr# values and plot
within the abyssal peridotite field, however, one sample has higher
Cr# values and although it still plots within the abyssal field it does
overlap with the forearc peridotite field (Fig. 7). Based on the bulk
of the data, serpentinites from Tiburon Peninsula likely represent
abyssal peridotites that were serpentinized by seawater.

Spinels from sample MCR11-3A, near Healdsburg, plot in the
forearc peridote field with one spinel overlapping into both fields
(Fig. 7). This sample also has low REE concentrations and a U-
shaped chrondite-normalized REE pattern (Fig. 2f) almost identical
to that of sample CR11-3 from Cuesta Ridge. The U enrichment in
this sample is also relatively minimal. This locality is also close to
the Healdsburg ophiolite remanent, interpreted to be part of the
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CRO (Hopson et al., 1981; Shervais et al., 2004). The proximity to the
Healdsburg CRO remanant and the above-described geochemical
characteristics imply a possible supra-subduction zone origin.

Franciscan serpentinites from south of San Francisco have slightly
higher REE concentrations than the sample near Healdsburg and the
one sample from Cuesta Ridge, but a similar U-shaped REE pattern
(Fig. 2d). Spinels from this locality all plot within the forearc perido-
tite field, however, spinels from one of those samples overlaps with
that of abyssal peridotites. Based on the bulk REE and the spinel geo-
chemical data, this locality also likely represents eroded pieces of the
overriding mantle wedge.

6. Conclusion

The data presented here support the conclusion that Cuesta Ridge,
part of the Coast Range ophiolite, formed in a supra-subduction zone
setting. Serpentinite blocks within the Franciscan Complex are of
mixed origin. Those from Tiburon Peninsula and west of Cuesta
Ridge are of abyssal origin and represent offscraped pieces of the
subducting slab; whereas, those near Healdsburg and south of San
Francisco along the Sawyer Camp Trail are of more ambiguous origin
but may represent pieces plucked from the overriding mantle wedge.
Stable isotope data is consistent with serpentinization via seawater,
however, chlorine isotope data from one sample from Cuesta Ridge
could imply a slab-derived fluid component. One striking observation
of this study is the large positive Ce and Y anomalies found in all sam-
ples. We speculate that these Ce and Y enrichments may be the result
of the passage of fluids under oxidizing conditions resulting in the
preferential scavenging of Ce and Y by Fe-Mn oxyhydroxides.
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