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Abstract 

 

Oxygen isotope evidence for interaction of Franciscan high-grade blocks 
in the mantle wedge with sediment derived fluids, Ring Mountain 

(Tiburon) and Jenner Beach, California 

 

Jessica C. Errico, M.S. Geo. Sci. 

The University of Texas at Austin, 2012 

 

Supervisor: Jaime Barnes  

 

Oxygen isotopes and major and trace element geochemistry have been used to 

evaluate the geochemical and tectonic history of a Franciscan hornblende-amphibolite 

and a eclogite block from Ring Mountain, Tiburon and three eclogite/blueschist blocks 

from Jenner Beach, California, all blocks have experienced varying amounts of 

retrogression. Relative to the presumed basaltic protolith, enrichments in large ion 

lithophile elements (LILEs) indicate interaction with sediment derived fluids in the 

retrograde eclogite and retrograde blueschist samples and high Mg, Cr, and Ni in 

actinolite rind indicate interaction with ultramafic rock. The δ18O values of chlorite from 

the Ring Mountain hornblende-amphibolite and the eclogite block have a narrow range of 

δ18O values (+7.7-8.2‰, n=8) and actinolite from actinolite rind on the eclogite block 

from Ring Mountain and the blueschist/eclogite blocks from Jenner Beach are (+7.8-

8.5‰, n=5). Chlorite-actinolite geothermometry yields temperatures of 200-280°C for 

actinolite rind formation. Additionally, the δ18O values of both chlorite and actinolite at 
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these temperatures indicates equilibrium with the measured value of Tiburon 

serpentinites, (7.6 to 8.1‰, n = 3 Wenner and Taylor, 1974). 

Oxygen isotope analyses of garnet mineral separates from the eclogite and 

hornblende-amphibolite from Ring Mountain have δ18O values of +6.8±0.3‰ (n=7), and 

+8.2±0.2‰ (n=7), respectively. Garnets from the three eclogite/blueschist blocks at 

Jenner Beach have a δ18O value of +9.8±0.7‰, (n=23). The difference in δ18O values of 

garnets between the high-grade blocks is likely due to in situ hydrothermal alteration of 

the seafloor basalt prior to subduction. 

The geochemical trends can be explained by a model in which during the early 

stages of subduction pieces of altered oceanic crust are detached from the downgoing 

slab and incorporated into the mantle wedge soon after reaching peak eclogite or 

amphibolite facies conditions. As subduction continues, the hanging wall cools and fluids 

released from subducted sediments infiltrate the overlying mantle wedge. As the blocks 

cool they develop a retrograde blueschist facies overprint under relatively static 

conditions. With cooling of the hanging wall and infiltration of sedimentary fluids, 

serpentinization induces reaction between the blocks and surrounding mantle wedge and 

Mg-rich actinolite rind is formed. The blocks are then plucked from the mantle wedge 

and incorporated into the subduction channel where they flow back to the surface via 

corner flow. 
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 Chapter 1: Introduction 

1.1 FRANCISCAN COMPLEX OVERVIEW 

The Franciscan Complex is the accretionary prism formed during Late- Jurassic 

through Tertiary subduction along the west coast of North America (Bailey et al., 1970; 

Ernst, 1970; Berkland et al., 1972; Blake et al., 1988). Bailey et al. (1964) divided the 

Franciscan into three northwest trending belts, the Western, Central, and Coastal belts, 

with increasing metamorphic temperature to the east and varying lithologic character. 

The classic Franciscan “mélange” typically refers to the Central belt, a highly deformed 

zone containing a chaotic mixture of blocks sourced from the subducting and overriding 

plates that are surrounded by a shale matrix (Bailey et al., 1964; Ernst, 1970; Cloos, 

1983). High-grade metamorphic blocks of eclogite, blueschist, and amphibolite are some 

of the most extensively studied blocks in the Central belt mélange and outcrop as 

boulders in the grassy hills, almost always lacking evidence of original contact 

relationships (Bailey et al., 1964; Cloos, 1983). In the context of this study the term 

“high-grade” will be used to describe mafic blocks metamorphosed at high pressure to 

eclogite, blueschist or amphibolite facies. The high-grade blocks later experienced 

varying amounts of retrograde metamorphism. 

Research on Franciscan high-grade metamorphic blocks has evolved from basic 

field observation and petrographic studies in the early to mid 1900’s to metamorphic P-T-

t path, geochronologic, and geochemical studies utilizing major and trace elements as 

well as stable and radiogenic isotopes over the second half of the last century. Much of 

the research has focused on determining the mechanism responsible for exhuming the 

high-grade blocks from deep in the subduction zone to the surface while avoiding 

complete retrogression; however, despite several proposed models, which will be 
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described later in detail, a consensus has not and may never be reached. Additionally, 

actinolite rind is a common feature associated with Franciscan high-grade blocks; it is 

characterized by the growth of actinolite and chlorite on the block edges and along some 

fractures. It is widely believed that the rind formed from interaction between the bocks 

and surrounding ultramafic rock because of its high Mg, Ni and Cr content; however, the 

timing and temperature of rind formation is not well constrained (Moore, 1984; Cloos, 

1986; Coleman and Lanphere, 1971; Giaramita and Sorensen, 1994; Horodyskyj et al., 

2009). It is the goal of this study to use oxygen isotopes and major and trace element 

geochemistry to constrain the nature of fluids and the temperature of retrogression of 

Franciscan high-grade blocks. Stable isotopes may improve our understanding of the 

blocks metasomatic history and the timing of actinolite rind formation potentially 

providing new insights into understating their uplift history. 

1.2 PROJECT OVERVIEW 

Oxygen isotopes are widely used to trace fluid-rock interaction in subduction 

zones, and have been used to identify the sources of metamorphic fluids in Franciscan 

rocks (i.e. King et al., 2003; Eiler et al., 2005). Additionally, the temperature dependent 

fractionation of oxygen isotopes makes them an ideal geothermometer in open-system 

metamorphic reactions (e.g., O’Neil and Clayton, 1964; Javoy, 1977). Surprisingly, only 

one previous study has used oxygen isotopes to study Franciscan high-grade blocks and 

was not focused on identifying fluid sources or their tectonic implications (Taylor and 

Coleman, 1968). This study uses oxygen stable isotopes, as well as whole rock major and 

trace element geochemistry to understand fluid rock interaction in five Franciscan high-

grade blocks, a hornblende-amphibolite, eclogite, and three eclogite/blueschist blocks to 

address the following questions:  
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1) What is the source of fluids associated retrogression of Franciscan high-grade 
blocks?  

2) What is the timing and temperature associated with actinolite rind formation?  

3) Can oxygen isotopes be used to constrain the uplift history of the blocks? 

To address these questions two Franciscan high-grade block localities were 

selected, Ring Mountain (Tiburon) California and Jenner Beach, California, for their well 

studied, type examples of Franciscan high-grade blocks. The samples from both localities 

are categorized based on their mineral assemblage and degree of retrogression. The two 

blocks sampled from Ring Mountain, Tiburon are eclogite and hornblende-amphibolite. 

The Jenner Beach blocks sampled are three blocks of interlayered eclogite/blueschist. All 

blocks have experienced retrograde metamorphism altering their peak metamorphic 

assemblages to varying degrees. Eclogite rocks at both localities are characterized by the 

assemblage garnet and Na-pyroxene and are the least altered block assemblage available. 

The term “prograde blueschist” will be used to describe blueschist that is interlayered and 

coeval with eclogite. It has been suggested that the interlayered nature of the eclogite and 

blueschist at Jenner Beach is the result of compositional differences in the protolith, for 

example variable seafloor hydration of basalt (Brown and Bradshaw, 1979; Krogh et al., 

1994). The terms “retrograde eclogite” and “retrograde blueschist” will be used to 

describe samples of eclogite and prograde blueschist, respectively, showing a significant 

low-temperature blueschist overprint. Retrograde eclogite is characterized by the 

replacement of Na-pyroxene with Na-amphibole and the breakdown of garnet to chlorite 

in eclogite and the breakdown of high-temperature or prograde Na-amphibole to a lower 

temperature Na-amphibole, lawsonite and the breakdown of garnet to chlorite in prograde 

blueschist. The hornblende-amphibolite is composed of hornblende, garnet, and epidote 

and shows evidence for retrogression through minor blueschist overprinting and 
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replacement of garnet by chlorite. The actinolite rind is actinolite with minor chlorite and 

occasional white mica. The goal of sampling these assemblages was to capture different 

stages in the blocks metasomatic history from peak eclogite, blueschist and amphibolite 

facies to retrograde blueschist facies overprinting and rind formation. Oxygen isotope 

composition of mineral separates and whole rock major and trace element geochemistry 

from each of the assemblages has been analyzed to determine the geochemical trends that 

develop during retrogression. Additionally, core to rim geochemical analyses of garnets 

were obtained using the electron microprobe. This data is used to help constrain the 

higher-temperature portion of the metasomatic history of the blocks during garnet growth 

and assist in future in situ core to rim analysis of oxygen isotopes on high-grade block 

garnets. 
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Chapter 2: The Franciscan Complex  

2.1 GEOLOGIC BACKGROUND 

The Franciscan Complex of western California (Fig. 1) is the classic accretionary 

prism formed during the eastward dipping subduction of the Pacific plate beneath the 

North American plate from the late Jurassic through the Oligocene (Hamilton, 1969; 

Bailey et al., 1970; Ernst, 1970; Berkland et al., 1972; Blake et al. 1988). The Franciscan 

complex is subdivided into three NNW trending belts according to their degree of 

deformation, age, and lithologic character: the Eastern Belt, the Central Belt, and the 

Coastal Belt (Bailey et al., 1964; Ernst, 1970). The belts decrease in age and 

metamorphic grade from east to west north of San Francisco (Fig. 1) where they have not 

been modified by post-subduction fault movement (Bailey et al., 1964; Ernst, 1970). The 

Central Belt of the Franciscan Complex is generally described as a chaotic shale-matrix 

mélange containing isolated blocks sourced from both the down-going and overriding 

plates (Bailey et al., 1964; Ernst, 1970; Cloos, 1983, 1986; Blake et al., 1988; Shervais et 

al., 2011). These blocks are most commonly low-grade graywackes, greenstones, chert, 

rare limestone and variably serpentinized ultramafic rocks. Less common are high-grade 

exotic blocks of blueschist, eclogite, and amphibolite (Bailey et al., 1964; Ernst, 1970; 

Cloos, 1986; Blake et al., 1988).  

The Coastal Belt is the youngest and lowest grade of the three belts. It is a 

structurally deformed belt consisting of medium-grained massive greywacke, sandstone, 

shale, conglomerate, greenstone, serpentinite and rare chert (Bailey et al., 1964). 

Maximum temperature conditions estimated from vitrinite in shale are 120-160°C (Blake 
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et al., 1988). Metamorphic minerals in this belt include laumonite, chlorite, calcite and 

white mica (Blake et al., 1988; Sadofsky and Bebout, 2003, 2004). 

The Central Belt is defined by its pumpellyite and lawsonite bearing sheared shale 

matrix containing numerous exotic blocks of graywacke, chert, greenstone, serpentine, 

and limestone and rarer high-grade blocks of eclogite, blueschist, and amphibolite 

(Bailey et al., 1964; Berkland et al., 1972; Cloos, 1983, 1986; Blake et al., 1988). The 

Central Belt rocks have an increased degree of recrystallization compared to the Coastal 

Belt and contain fewer clays, more white mica, lawsonite, and pumpellyite (Sadofsky and 

Bebout, 2003, 2004).  

The Eastern Belt is a relatively coherent terrane of blueschist-facies meta-

graywackes and metabasalts exhibiting a more penetrative metamorphic fabric (mostly 

phyllitic; to schist and slate) than the Central Belt (Bailey et al., 1964; Cloos, 1986; Blake 

et al 1988; Ernst, 1993). The Eastern Belt contains higher temperature metamorphic 

minerals of lawsonite, Na-amphibole, Na-pyroxene, and paragonite (Jayko et al., 1987; 

Blake et al., 1988; Ernst, 1993; Bröcker and Day, 1995; Sadofsky and Bebout, 2003, 

2004). Peak metamorphic temperatures estimated for the Eastern Belt are 240-280°C at 

6.5-7.5 kbar or ~20 km using chlorite geothermometry (Bröcker and Day, 1995).  
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Figure 1: Generalized geologic map of California, high-grade blocks are not to scale and 
locations are generalized, (modified from Coleman and Lanphere, 1971 and 
Cloos, 1986).  
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2.2 ECLOGITE, BLUESCHIST AND AMPHIBOLITE BLOCKS 

The location and mineralogy of several eclogite and blueschist blocks in the 

Franciscan Complex was first described in 1904 (Holloway, 1904), followed by a more 

detailed and comprehensive summation of eclogite, blueschist and amphibolite 

occurrences throughout the California and Oregon (Coleman et al., 1965; Coleman and 

Lamphere, 1971). High-grade blocks of the Central Belt occur in the mélange and are 

locally exposed in sea stacks or as “knockers” protruding out of the grassy hill slopes 

(Bailey et al., 1964). The block/matrix relationship is difficult to assess because the 

contacts are rarely exposed. Where the contacts are exposed the matrix is shale (Cloos, 

1983, 1986; Moore and Blake, 1989). Commonly the same areas of mélange contain 

blocks of serpentinite; however, a direct block-rind-serpentinite contact has not yet been 

documented in California (Bailey et al., 1964; Giaramita and Sorensen, 1994; Horodyskyj 

et al., 2009). 

 Although exact pressure and temperature estimates vary somewhat among 

Franciscan high-grade blocks, in general these blocks follow a counterclockwise P-T path 

(Cloos, 1982; Moore, 1984; Ernst, 1988; Moore and Blake, 1989; Krogh et al., 1994). 

The complex polydeformational history of Franciscan high-grade blocks is illustrated by 

Krogh et al. (1994) who recognized eight distinct stages of metamorphism in laminated 

eclogite/blueschist blocks of Jenner Beach. Peak temperature estimates for Franciscan 

amphibolite facies metamorphism are between 500-650°C, eclogite metamorphism at 

400-550°C °C, and blueschist facies overprinting between 300-350°C (Moore; 1984; 

Moore and Blake, 1989; Oh and Liou, 1990; Wakabayashi, 1990; Krogh et al., 1994; 

Tsujimori, 2006; Page et al., 2007; Ukar, 2010). Pressure estimates vary between 8-12kb 

for peak metamorphism corresponding to depths between 30-40km (Moore; 1984; Moore 
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and Blake, 1989; Oh and Liou, 1990; Wakabayashi, 1990; Krogh et al., 1994; Page et al., 

2007). Retrogression of Franciscan high-grade blocks is typically observed in a blueschist 

facies overprinting of the high-temperate eclogite, blueschist, and or amphibolite 

assemblages. Additionally, Mg-rich actinolite rind formation is seemingly associated 

with retrogression (Moore, 1984; Cloos, 1986; Krogh et al., 1994; Horodyskyj et al., 

2009). Moore (1984) used Fe-Mg thermometry between chlorite and actinolite to 

estimate that actinolite rind formed at 250-300˚C on a retrograded eclogite block from 

Mt. Hamilton, California corresponding to temperatures estimated for blueschist facies 

overprinting.  

Major and trace element trends and Sr and Nd isotope signatures suggest a mid-

ocean ridge basalt (MORB) or enriched MORB indicating oceanic crust or seamounts as 

the high-grade block protolith (Ernst, 1988; Moore and Blake, 1989; Nelson, 1991, 1995; 

Krogh et al., 1994; Horodyskyj et al., 2009; Ghatak et al., 2011). Additionally, Pb isotope 

compositions and low Ce/Pb ratios have been used to suggest an island arc terrain formed 

in a pre-Franciscan subduction zone is the protolith of the high-grade blocks (Moore, 

1984; Saha et al., 2006; Wakabayashi and Ghatak, 2010). Geochronologic studies of 

eclogite and blueschist blocks have placed age constraints of 158-140 Ma for peak 

metamorphism, with most of the younger ages from retrograded blocks (Coleman and 

Lanphere, 1971; Cloos, 1985; Anczkiewicz et al., 2004). Lu-Hf ages from one garnet 

amphibolite block at Pacheco Pass are slightly older ~162-169 Ma (Anczkiewicz et al., 

2004). The older metamorphic ages ~160 Ma correspond with the initiation of subduction 

indicating that the blocks did not form in a pre-Franciscan subduction zone rather at the 

onset of subduction. In this report MORB is the favored high-grade block protolith. 
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Three main mechanisms by which Franciscan high-grade blocks were transported 

from depth to their current position in the mélange have been proposed. Geochemical 

evidence of interaction with serpentinites and proximity between the high-grade blocks 

and serpentinite in the field has led to the first model: high-grade blocks are carried to the 

surface in a buoyant serpentinite diapir/channel (e.g., Ernst, 1970; Moore, 1984; 

Horodyskyj et al., 2009). Page (1968) describes Tiburon Peninsula as a sheared 

serpentinite lens where high-grade blocks, sheared and blocky serpentinite, chert, meta-

graywacke, and shale are highly deformed; however, serpentinite in contact with the 

high-grade blocks is not documented. The second group of models aims at modeling the 

flow dynamics within the accretionary prism to explain the chaotic occurrence pattern of 

the high-grade blocks. This model, known as return flow or corner flow, proposes a 

convective flow within the prism driven by the subducting plate that can transport blocks 

from depth back to shallow levels within the prism (Cloos, 1982). The third model is 

rooted in the structural evolution of the accretionary prism: high P/T rocks are brought to 

the upper levels of the accretionary prism along extension induced listric normal faults 

caused by the underplating of materials at the base of the wedge (e.g., Platt, 1986; Jayko 

et al., 1987; Harms et al., 1992; Ring and Brandon, 1994; Schemmann et al., 2008).  A 

consensus on these models has not been reached. 

Eclogite, blueschist, and amphibolite blocks of the Franciscan record evidence of 

fluid-rock interaction at great depths within the subduction zone. Despite the ambiguity 

of the high-grade block matrix relationship many authors suggest that they interacted 

with serpentinite based on actinolite rinds (Moore, 1984; Cloos, 1986; Coleman and 

Lanphere, 1971; Giaramita and Sorensen, 1994; Horodyskyj et al., 2009). Nelson (1995) 

uses Sr and Nd isotope compositions of Franciscan high-grade blocks and actinolite rinds 
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to propose a model where the blocks are in an ultramafic mantle wedge that is infiltrated 

by sediment derived fluids. Franciscan blocks show significant major and trace element 

geochemical evidence for interaction with sediments (Nelson, 1991, 1995; Sorensen et 

al., 1997; Horodyskyj et al., 2009; Penniston-Dorland et al., 2010; Simons et al., 2010; 

Ghatak et al., 2011). Low εNd values of vein and rind material relative to block cores of 

Franciscan blueschist and eclogite blocks suggest that sedimentary derived fluids were 

involved in rind formation and as through-going fluids (Nelson, 1991, 1995). 

Enrichments in large ion lithophile elements (LILE), such as Cs, Rb, Ba, K, and Tl, in 

blocks and rinds from several Franciscan localities including Ring Mountain suggest 

interaction with sedimentary derived fluids (Sorensen et al., 1997; Horodyskyj et al., 

2009; Ghatak et al., 2011). High whole rock Li concentrations and low δ7Li values of 

Franciscan eclogites relative to MORB, the presumed protolith, also suggest rehydration 

of the blocks with a fluid containing a sediment derived component during retrogression 

(Penniston-Dorland et al., 2010; Simons et al., 2010). Sediments are potential fluid 

sources during subduction via the loss of pore waters and/or the dehydration of clays; for 

the purpose of this study the two are not distinguished and will be referred to as 

“sediment derived fluids.” Additionally, the phase transformation from chrysotile/ 

lizardite to antigorite occurring at ~300˚C is associated with the release of water making 

it a potential fluid source during retrogression of the blocks (Evans, 2004). 

2.3 PREVIOUS FRANCISCAN STABLE ISOTOPE STUDIES  

The focus of early Franciscan Complex stable isotope studies in the 1960’s and 

1970’s was to characterize isotopic ranges for different rock types (Magaritz and Taylor, 

1976; O'Neil and Barnes, 1971; Taylor and Coleman, 1968; Wenner and Taylor, 1973, 

1974). Only more recent studies have begun to address tectonic relationships and fluid 
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histories of the rock units (King et al., 2003; Simons et al., 2010; Penniston-Dorland et 

al., 2010) and only three (Taylor and Coleman, 1968; Penniston-Dorland et al., 2010; 

Simons et al., 2010) utilize stable isotopes to study Franciscan high-grade blocks.  

Blueschist blocks from Ward Creek near Cazadero and Ring Mountain were the 

first and only Franciscan high-grade blocks to be included in an oxygen stable isotope 

study. Samples from Ward Creek have a narrow range of δ18O values and the expected 

sequence of δ18O enrichments in mineral separates (quartz = +15.8 to +16.3‰; aragonite 

= +13.1 to +13.3‰; muscovite = +10.9 to +11.3‰; glaucophane = +9.8 to +10.0‰; 

lawsonite = +9.3 to +9.5‰; garnet = +8.0 to +8.4‰) indicating equilibrium with the 

same metamorphic fluid. A single blueschist block from Tiburon showed disequilibrium 

between coexisting glaucophane and muscovite based on a reversed δ18O value 

relationship (Taylor and Coleman, 1968). Little attention was given to the source of the 

proposed metamorphic fluid or possible tectonic implications.  

The O and H isotope of Franciscan serpentinites and sediments has been, 

determined as a part of a several early studies (Wenner and Taylor, 1973, 1974; Magaritz 

and Taylor, 1976; King et al., 2003). Serpentinites from Tiburon and the San Luis Obispo 

ophiolite were determined to have a narrow range of δD values (-82 to -91‰).  δ18O 

values from Tiburon serpentinites (+7.6 to +8.1‰) also show a restricted range, whereas 

those from San Luis Obispo range from +3.2 to +9.3‰ (Wenner and Taylor, 1973, 1974). 

A more recent study by King et al. (2003) of a serpentinite block in mélange found that 

relic olivine and pyroxene have mantle values (δ18O = +5.3 and +5.7‰, respectively), 

whereas serpentine separates have δ18O values of +6.3 to +8.1‰. Magaritz and Taylor 

(1976) analyzed the O isotope composition of sedimentary and low-grade 
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metasedimentary rocks from throughout the Franciscan and found that the δ18O values for 

shales, graywackes, and vein quartz range from +11.0 to +20.0‰.  

Two recent stable isotope studies on high-grade blocks from the Franciscan 

Complex use δ7Li and total Li concentration to trace fluids sources and metasomatic 

processes (Penniston-Dorland et al., 2010; Simons et al., 2010). High Li concentrations 

and low δ7Li values of block cores and eclogite layers relative to MORB suggest 

interaction with an early sediment-derived fluid (Penniston-Dorland et al., 2010), 

additionally, 5-10% of the Li in this fluid is estimated to be derived from sediments 

(Simons et al., 2010). A later shift in the retrograde fluid source is evidenced by low Li 

concentrations and high δ7Li in blueschist layers and actinolite rind; however, the authors 

do not suggest a potential fluid source responsible for this shift (Penniston-Dorland et al., 

2010).  
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Chapter 3: Field Sites, Sampling and Petrography	  

3.1 RING MOUNTAIN (TIBURON) CALIFORNIA 

Tiburon Peninsula extends southeast approximately 4 miles into the San Francisco 

Bay from its junction with the mainland to the north and is 1-1.5 miles in width. The 

Franciscan rocks exposed on Tiburon Peninsula are greywacke, shale, conglomerate, 

chert, serpentinite, metabasalt, and isolated high-grade blocks of eclogite, blueschist and 

amphibolite (Page, 1968).   

3.1.1 Field site and sample locations 

Samples were collected from two locations on Tiburon peninsula. Sheared 

serpentinites were collected from the Tiburon Uplands Nature Preserve at the southern tip 

of the peninsula and high-grade blocks as well as blocky and sheared serpentinites were 

collected from the Ring Mountain Open Space Preserve to the north (Fig. 2). All rock 

exposures at Tiburon sampled in this study are easily accessible by paved roads and 

public trail systems.  

Public access to the Tiburon Uplands Nature Preserve is located at the end of 

Healthcliff Drive. This is the sample location of serpentinites (TIB-11-1 through TIB-11-

4). The serpentinite outcrops are sheared and deep green to a whitish green in highly 

weathered areas. The outcrops typically range in size from 1-5 m across and have 

relatively low relief, not standing more than 1-2 m high (Fig. 3a). X-ray diffraction 

(XRD) shows that the serpentinite is lizardite +/- chrysotile.   

The Ring Mountain Open Space Preserve is the location of the eclogite and 

hornblende-amphibolite blocks and is easily accessible from the end of Taylor Road at 

the northern end of the Peninsula (Fig. 3c). Serpentinite outcrops approximately 0.2 miles 

west of the high-grade blocks and the public access point at Taylor Road. Serpentinite 
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samples were collected to represent both the sheared, RM-11-2 (Fig. 3b) and RM-11-3 

and blocky serpentinites (RM-11-4). XRD analysis shows all serpentinite samples to be 

lizardite +/- chrysotile. The blocky serpentinite contains relic pyroxenes visible to the 

naked eye (~ 2-4 mm length crystals).  

The high-grade blocks range in size from 1-2 m in height and 2-3 m in width. 

They exist as “knockers” jutting out of the hill slope (Fig. 3c). The block matrix contact 

is not exposed. Samples from an eclogite block and an adjacent hornblende-amphibolite 

block (UH1 through UH12) and are a previous geochemical study by Horodyskyj et al. 

(2009) and were provided by Cin-Ty Lee from Rice University. The samples are eclogite, 

retrograde eclogite and hornblende-amphibolite. Eclogite samples UH1 and UH8 are the 

closest to unaltered eclogite (Fig. 3d), retrograde eclogite samples (UH2, UH5, UH7, and 

UH9) from the same block show evidence of blueschist facies overprinting. Samples 

UH3, UH6, UH10, UH11, and UH12 are hornblende-amphibolite. Additionally, many of 

the high-grade blocks in the Franciscan Complex have remnants of actinolite-chlorite 

rind on the block surfaces. A single sample of rind material (UH4) was collected from the 

eclogite block that was not included in the Horodyskyj et al., (2009) publication. An 

additional block rind sample (RM-11-5A) was collected as a part of this study. 
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Table 1: Ring Mountain, Tiburon, sampling summary.  
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Figure 2: Ring Mountain, Tiburon sample locations, created in ESRI ArcGIS. 
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Figure 3: Field photos from Ring Mountain, Tiburon a) View of serpentinite outcrops 
facing southwest in the Tiburon Uplands Nature Preserve, location of TIB-
11-4. b) Serpentinite sample RM-11-2. c) View of Ring Mountain facing 
west from Taylor Road, red stars indicate high-grade blocks. d) Eclogite 
from the “UH” block. e) Actinolite rind from the “UH” block. 
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3.1.2 Petrography 

The petrography of the samples UH1 through UH12 was performed on thin 

sections provided by Cin-Ty Lee and used in the Horodyskyj et al. (2009) publication. 

Eclogite samples UH1 and UH8 are ~35% garnet, ~55% Na- pyroxene, ~5% Na-

amphibole, accessory phases include epidote, titanite, chlorite, rutile, and Fe-oxides. 

Garnets are euhedral and show minimal evidence for retrogression (Fig. 4a). Retrograde 

eclogite samples (UH2, UH5, UH7, and UH9) are characterized by ~30% garnet, ~40% 

Na-amphibole, ~15% chlorite, ~10% white mica and ~5% titanite. Minor phases include 

Na-pyroxene, epidote, apatite, quartz and Fe-oxides. Evidence for retrogression is seen in 

the replacement of Na-pyroxene by Na-amphibole and the replacement of garnet by 

chlorite (Fig. 4b). Hornblende-amphibolite samples (UH3, UH6, UH10, UH11, and 

UH12) consist of ~45% hornblende, ~20% garnet, ~20% epidote, 15% chlorite (Fig. 4c). 

Accessory phases include white mica, spinel and Fe-oxides. Retrogression of the 

hornblende-amphibolite samples is evidenced by minor replacement of hornblende by 

Na-amphibole and garnet by chlorite (Fig. 4c). The pseudomorphic replacement of garnet 

by chlorite indicates static conditions during retrogression. Horodyskyj et al. (2009) uses 

the term “chloritized eclogite” to describe samples UH3, UH6, UH11 and UH12 and 

“blueschist overprinted eclogite” to describe UH2, UH5, UH7, UH9 and UH10. After 

petrographic examination samples UH3, UH6, UH10, UH11 and UH12 have been re-

categorized as a hornblende-amphibolite and the “blueschist overprinted eclogite” has 

been replaced with “retrograde eclogite”. Rind samples from the eclogite block (UH4 and 

RM-11-5A) are actinolite and chlorite.  

Serpentinite samples TIB-11-1, TIB-11-2, and TIB-11-4 have a highly sheared 

texture and contain few to no relic grains, they are composed of primarily serpentine (Fig. 
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4d). Serpentinite sample, RM-11-2 is less sheared than the Tiburon serpentinites and 

shows typical mesh and bastite textures with minor relic clinopyroxene and 

orthopyroxene (Fig. 4e). RM-11-4 is a blocky serpentinite with ~10% relic clinopyroxene 

and orthopyroxene, ~5% relic olivine (Fig. 4f). All serpentinite samples contain<5% each 

of magnetite and brucite and trace amounts of spinel. A petrographic analysis of all Ring 

Mountain samples is provided in Appendix A, Tables A1 and A2. 
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Figure 4: Photomicrographs of Ring Mountain, Tiburon samples: a) UH1 eclogite, b) 
UH2 retrograde eclogite, c) UH6 hornblende-amphibolite, d) TIB-11-1 
serpentinite, e) RM-11-2 serpentinite and f) RM-11-4 serpenitite. 
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3.2 JENNER BEACH, RUSSIAN RIVER VALLEY, CALIFORNIA 

Jenner Beach is located directly north of where the Russian River enters the 

Pacific Ocean, approximately 55 miles north of the mouth of San Francisco Bay (Fig. 5). 

Eclogite, blueschist and greenstone blocks are exposed on the beach and in the sea cliffs. 

The blocks range in size from small boulders (0.5 m in diameter) up to several meters in 

diameter. It is hypothesized that the high-grade blocks weathered out of a larger body in 

the surrounding hill slopes (Krogh et al., 1994). 

3.2.1 Field site and sample locations  

The high-grade blocks are interlayered eclogite/ blueschist. The layers range from 

fine 1-2 mm laminations to 10 cm thick bands. Garnets vary in concentration and range 

size from 0.2 to 3 mm in diameter. The mineral assemblages and degrees of retrogression 

vary greatly. In some blocks the garnet-bearing eclogite/ blueschist laminations grade 

into fine-grained blueschist that lacks omphacite or garnets visible to the naked eye. The 

small amount of actinolite rind made it difficult to sample. It is likely that wave action 

eroded the surfaces of the blocks leaving only small 2-3 cm patches of actinolite rind in 

crevasses; hence, it is believed that the rind once surrounded the entire block (Fig. 6e). 

Carbonate veins and pods cross cut several blocks. 

Samples were collected from three blocks to represent the variation in lithologies 

and degrees of retrogression. From the beach access trail the first large high-grade block 

is ~25 m from the trail’s end. The second is located ~90 m further south along the beach 

and the third block, as well as a large cluster of small boulders, lies another ~150 m down 

the beach in the sea cliff. Size estimation of the blocks is uncertain since it is unknown 

how much of the block may be buried; therefore all size estimations are a minimum for 

the portion of the block exposed at the time of sampling. The first block, JEN-11-1 is 
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approximately 3x3x4 m (Fig. 6d), the second block (JEN-11-2) is approximately 3x3x2 

m (Fig. 6a). JEN-11-1 and JEN-11-2 are mainly composed of large ~10 cm bands of 

eclogite/blueschist, however isolated areas and portions of the blocks have highly 

deformed areas where the laminations do not maintain thickness and appear mixed 

together. JEN-11-2D is a sample of actinolite rind on top of a 3-4 cm wide eclogite 

lamination (Fig. 6e). The largest block, JEN-11-3 is partially encased in the sea cliff but 

the exposed area is approximately 5x6x4 m, this block is surround by a large 

concentration of smaller blocks (Fig. 6b and 6c). Eclogite sample JEN-11-3C is very rich 

in white mica relative to other eclogite samples (Fig. 6f).  

The samples from this locality are placed into the following categories based on 

their mineral assemblages and degree of retrogression. They are eclogite, prograde 

blueschist, retrograde blueschist and actinolite rind. Eclogite samples (e.g., JEN-11-1C, -

1D, 2B and -2D) are from thick (i.e., 3-10 cm) eclogite bands (Fig. 6d). The very light 

green color due to the high white mica content of eclogite sample JEN-ll-3C causes it to 

stand out relative to the other eclogite blocks (Fig. 6f). Prograde blueschist (e.g., JEN-11-

1A, -1B, -2A, -3A, -3B, and -3D) samples are from laminations coeval with eclogite and 

are garnet rich (Fig. 6d and 6e). Retrograde blueschist (e.g., JEN-11-2C, and -2E) lack 

omphacite and garnet is less abundant. JEN-ll-2D is actinolite rind that was attached to an 

eclogite layer.  
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Table 2: Jenner Beach sampling summary. 

 

Sample name Sample location Sample description
JEN-11-1A Prograde blueschist
JEN-11-1B Prograde blueschist
JEN-11-1C* Eclogite
JEN-11-1D Eclogite
JEN-11-2A* Prograde blueschist
JEN-11-2B* Eclogite
JEN-11-2C Retrograde blueschist
JEN-11-2D* Eclogite and actinolite rind
JEN-11-2E* Retrograde blueschist
JEN-11-3A Prograde blueschist
JEN-11-3B Prograde blueschist
JEN-11-3C Eclogite (white-mica rich)
JEN-11-3D Prograde blueschist
* indicates samples with major and trace element analyses

N 38°27.207' W 123°07.977'

N 38°27.153' W 123°07.826'

N 38°27.180' W 123°07.920'
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Figure 5: Jenner Beach, Russian River valley sample locations, created in ESRI ArcGIS. 
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Figure 6: Field photos from Jenner Beach a) Jenner beach facing northwest, view of JEN-
11-2. b) JEN-11-3 at the mouth of the Russian River, facing southeast. c) 
Small boulder at sampling location JEN-11-3. d) JEN-ll-1, 5-6cm thick 
eclogite lamination between larger prograde blueschist laminations, sample 
locations of JEN-11-1A and JEN-11-1C. e) Actinolite rind sample JEN-11-
2D. f) White mica rich eclogite block, sample JEN-11-3C. 
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3.2.2 Petrography 

Eclogite samples (JEN-11-1C, -1D, -2B and -2D) are composed of ~55% Na-

pyroxene, ~30% garnet, with 5-10% each of white mica, titanite, and epidote. Accessory 

phases include, chlorite, Na-amphibole, Fe-oxides and rutile (Fig. 7a). Eclogite sample 

JEN-11-3C is composed of ~40% Na-pyroxene, ~ 20% garnet, and 5-10% each of 

epidote, chlorite, white mica, Na-amphibole and titanite (Fig 7d). The typical blueschist 

assemblage (e.g. JEN-11-1A, -1B, -2A, -3A, -3B, and -3D) contains ~30-50% Na-

amphibole, 10-25% Na-pyroxene and 25-30% garnet, with 5-10% each of white mica and 

titanite (Fig. 7b). Accessory phases include chlorite, epidote, aragonite, apatite, Fe-oxides 

and rutile. Blueschist overprinted eclogite samples (e.g., JEN-11-2C, and -2E) are ~60% 

Na-amphibole, ~20% garnet, ~5% each of chlorite, white mica, titanite, and epidote with 

minor and accessory phases including rutile, Fe-oxides, apatite, and quartz. Replacement 

of garnet by chlorite and replacement of Na-pyroxene by Na-amphibole is observed 

(Fig.7c). A petrographic analysis of all Jenner Beach samples is presented in Appendix 

A, Table A3. 
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Figure 7: Photomicrographs of samples from Jenner Beach; a) JEN-11-1C eclogite, b) 
JEN-11-2A prograde blueschist, c) JEN-11-2E retrograde blueschist, and d) 
JEN-11-2D white mica rich eclogite. 
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Chapter 4: Methods  

4.1 BULK ROCK GEOCHEMISTRY   

Horodyskyj et al. (2009) analyzed twelve samples (UH1 through UH12) for 

whole rock major and trace element analysis from Ring Mountain, Tiburon high-grade 

blocks. The analyses were performed by X-ray fluorescence (XRF) at Washington State 

University, Pullman and by solution inductively coupled plasma–mass spectrometry 

(ICP-MS) at Rice University, Houston. Whole rock major and trace element analysis for 

five Jenner Beach samples in this study was performed by Activation Laboratories using 

a Lithium Metaborate/Tetraborate Fusion ICP-MS. Results are presented in chapter 5.1 

and tables B1, B2, and B3.  

4.2 ELECTRON MICROPROBE 

The cation geochemistry of three eclogite garnets (UH1-7, UH3-1 and JEN-11-

3C-1) was determined by electron microprobe analysis at the University of Texas at 

Austin using a JEOL JXA-8200 electron microprobe.  Garnets were selected by hand as 

whole garnets from hand crushed rock samples and mounted in epoxy rounds. They were 

then polished by hand to achieve near central sections. Garnets were analyzed in linear 

traverse mode from core to rim with an accelerating potential of 15 kV and 20 nA beam 

current. The count time was 15 s on peak and 8 s on both sides, off-peak. Natural and 

synthetic silicate and oxide standards were used. Data were reduced using the Probe for 

Windows software (Donovan et al., 2007). Results are presented in chapter 5.2 and tables 

C1 through C5. 
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4.3 LASER FLUORINATION  

Mineral separates were prepared for oxygen stable isotope analysis of 25 samples 

by hand crushing and sieving (standard US Sieve size 60) approximately 10g of rock 

sample. The crushed sample is then washed using deionized water.  Individual mineral 

grains are handpicked using a binocular microscope to ensure clean grains. The grains are 

then loaded into the sample chamber of the silicate extraction line and sealed under 

vacuum pressure. Oxygen is extracted from ~2 mg of the hand separated mineral grains 

by the laser fluorination technique of Sharp (1990). Samples are individually heated by a 

CO2 laser in the presences of BrF5 and then cryogenically purified on the silicate 

extraction line housed at UT Austin. Once the O2 is purified the δ18O values are 

determined using a ThermoElectron MAT 253 mass spectrometer. The following 

standards were used to ensure precision and accuracy: garnet standard UWG-2 (δ18O = 

+5.8‰) (Valley et al., 1995) and in-house quartz standards Gee Whiz (δ18O = +12.6‰) 

and Lausanne-1 (δ18O = +18.1‰). δ18O values are reported relative to SMOW, where the 

δ18O value of NBS-28 is +9.65‰. Error is ±0.1‰. Results are presented in chapter 5.3 

and table 3. 
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Chapter 5: Results 

5.1 WHOLE ROCK  MAJOR AND TRACE ELEMENT GEOCHEMISTRY 

Major and trace element geochemistry was performed on a hornblende-

amphibolite block and a eclogite from Ring Mountain. Eclogite, retrograde eclogite and 

actinolite rind samples are from the eclogite block. Retrograde eclogite show enrichments 

in K, Rb, Ba, Cs, and Tl, relative to eclogite and actinolite rind samples (Figs. 8a, c, and 

e). Sr and Pb are higher in hornblende-amphibolite than in the eclogite (Fig. 8f). 

Actinolite rind has higher Mg, Ni and Cr concentrations compared to eclogite, retrograde 

eclogite and hornblende-amphibolite samples (Fig. 8b, and d).  

Five samples from Jenner Beach were selected for major and trace element 

analysis. Eclogite samples JEN-11-1C and JEN-11-2B, prograde blueschist (JEN-11-2A), 

and retrograde blueschist (JEN-11-2E) and JEN-11-2D is eclogite with attached actinolite 

rind. It was impossible to separate the rind material from the attached eclogite due to the 

small sample size. JEN-11-2D shows enrichments in K, Rb, Ba, Cs, Tl, Sr and Pb as well 

as Mg and Ni but not Cr relative to the eclogite and blueschist samples. 
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Figure 8: Major and trace element plots for Ring Mountain samples: a, b, c, d, and e) K2O 
(wt.%), MgO (wt.%), Ba, Ni, Rb and Cr in ppm vs. SiO2 in wt.%, 
respectively. Grey shaded areas are generalized fields for fresh and altered 
MORB defined by compiled data from PetDB and GeoRoc online databases.  
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Figure 9: Major and trace element plots for Jenner Beach samples: a, b, c, d, and e) K2O 
(wt.%), MgO (wt.%), Ba, Ni, Rb and Cr in ppm vs. SiO2 in wt%, 
respectively. Grey shaded areas are generalized fields for fresh and altered 
MORB defined by compiled data from PetDB and GeoRoc online databases.  
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5.2 GARNET GEOCHEMISTRY 

Major element compositions of three high-grade block garnets from Ring 

Mountain and Jenner beach show that they are zoned and almandine in composition. 

Eclogite garnet UH1-7 from Ring Mountain has a light core and a dark rim visible in the 

backscatter electron (BSE) image that is approximately 40 microns (µm) thick (Fig. 10a). 

The mol fraction of spessartine (Xsps) gradually decreases from 0.040 in the core to 

0.005 at the rim (Fig. 10b). The mol fraction of almandine (Xalm) is flat (0.64 ± 0.02) 

until a sharp decrease at the rim to 0.054 (Fig. 10d), which appears to correspond to the 

dark rim in BSE. The mol fraction of grossular (Xgrs) increases from 0.024+/-XX in the 

core to 0.030 at the rim, whereas the mol fraction of pyrope (Xprp) increases from 

0.055+/- in the core to 0.150 at the rim (Fig. 10c). The Fe/Fe+Mg of this garnet decreases 

from 0.90 in the core to 0.79 at the rim (Fig. 10e).  

The hornblende-amphibolite garnet UH3-1 from Ring Mountain, Tiburon has a 

patchy core in BSE that is ~200 µm in diameter. The garnet also has a darker mid rim 

(~400 µm thick) and a thinner and darker outer rim (~75 µm thick) visible in the BSE 

image (Fig. 11a). Due to holes and inclusions in the garnet, the core to rim transect of this 

garnet begins in the mid rim and does not intersect the light core visible in BSE. The 

Xsps shows a gradually decrease from 0.068 in the core to 0.018 at the rim (Fig. 11b). 

The Xgrs and Xprp are flat from core to rim, 0.26 ± 0.02 and 0.14 ± 0.02, respectively 

(Fig. 11c). The Xalm shows a steady increases from core to rim of 0.525 to 0.570 (Fig. 

11d). The Fe/Fe+Mg oscillates between 0.76 and 0.82, with a decrease at ~80 microns 

from the rim corresponding to the dark rim visible in the BSE (Fig. 11e). The Xalm and 

Fe/Fe+Mg show a distinct decrease at ~400 µm from the rim corresponding to a dark 

patch visible in the BSE.  
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Eclogite garnet JEN-11-3C-1 from Jenner Beach shows patchy zoning (Fig. 12a). 

The Xsps decreases from 0.10 in the core to 0.01 at the rim with a relatively rapid drop 

(Fig. 12b). The Fe/Fe+Mg ratio displays the opposite with a rapid increase from 0.84 in 

the core to 0.98 at the rim (Fig. 12e). The Xgrs and Xprp are flat from core to rim, 0.32 ± 

0.03 and 0.05 ± 0.01, respectively (Fig. 12c). The Xalm increases from 0.52 in the core to 

0.59 at the rim with a rapid increase to 0.62 and then it flattens out to 0.59 (Fig. 12d).  
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Figure 10: Major element geochemistry of Ring Mountain, Tiburon eclogite garnet UH1-
7. All points are measured in µm from the rim. 10a is a BSE image of UH1-
7 and plots b, c, d, and e show Xsps, Xgrs and Xprp, Xalm, and Fe/F+Mg 
vs. distance from rim, respectively.  
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Figure 11: Major element geochemistry of Ring Mountain, Tiburon hornblende-
amphibolite garnet UH3-1. All points are measured in µm from the rim. 11a 
is a BSE image of UH3-1 and plots b, c, d, and e show Xsps, Xgrs and 
Xprp, Xalm, and Fe/F+Mg vs. distance from rim, respectively. 
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Figure 12: Major element geochemistry of Jenner Beach eclogite garnet JEN-11-3C-1. 
All points are measured in µm from the rim. 12a is a BSE image of JEN-11-
3C-1 and plots b, c, d, and e show Xsps, Xgrs and Xprp, Xalm, and 
Fe/F+Mg vs. distance from rim, respectively. 
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5.3 OXYGEN STABLE ISOTOPE ANALYSIS OF WHOLE MINERAL SEPARATES 

A total of 29 individual oxygen analyses were performed on 13 Ring Mountain 

samples. The δ18O value of garnets from two eclogite samples, three retrograde eclogite 

samples, and five hornblende-amphibolites samples; chlorite from two retrograde 

eclogite, and five hornblende-amphibolite; as well as actinolite and chlorite from two 

actinolite rind sample from Ring Mountain have been determined. A total of 42 

individual oxygen analyses were performed on 13 Jenner Beach samples. The δ18O value 

of garnets from five eclogite samples, six prograde blueschist samples, and two 

retrograde blueschist samples; as well as Na-amphibole from six prograde blueschist 

samples and one retrograde blueschist sample and actinolite from one actinolite rind 

sample from Jenner Beach California have been determined. A complete list of analyses 

showing results for the minerals analyzed from each sample and the number of duplicates 

performed is provided in Table 3. 

The δ18O values of eclogite and retrograde eclogite garnets from Ring Mountain 

range from +6.2 to +7.2‰, (n=7) and the δ18O garnet values from the hornblende-

amphibolite range from +7.9  to +8.5‰, (n=7). Chlorite from hornblende-amphibolite 

samples and retrograde eclogite, and rind material at Ring Mountain show a restricted 

δ18O range of +7.7 to +8.2‰ (n=8). Eclogite, prograde blueschist, and retrograde 

blueschist garnets from Jenner Beach range have a wider range of δ18O values +8.5 to 

+11.3‰, (n=25). Glaucophane from prograde blueschist and retrograde blueschist at 

Jenner Beach range from +9.1 to +9.9‰, (n=7). The δ18O values of actinolite from rind 

material from both Ring Mountain and Jenner Beach samples range from +7.8 to +8.5‰ 

(n=5).  
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Table 3: Oxygen isotope data for Jenner Beach and Ring Mountain 
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Chapter 6: Discussion  

Previous work has presented evidence for the interaction of Franciscan high-grade 

blocks with sediment derived fluids (Sorensen et al., 1997; Nelson, 1991, 1995; 

Horodyskyj et al., 2009; Penniston-Dorland et al., 2010; Simons et al., 2010; Ghatak et 

al., 2011), while others have argued for the blocks interaction with serpentinite (Moore, 

1984; Coleman and Lanphere, 1971; Giaramita and Sorensen, 1994; Horodyskyj et al., 

2009). Below I evaluate the role of fluids and evaluate the potential fluid sources (i.e. 

sediment derived or serpentinite derived). I present new isotopic evidence for a 

multistage geochemical model that illustrates an evolving fluid composition through the 

blocks’ history and isotopic evidence for pre-subduction sea floor hydrothermal alteration 

of the block protolith.  

The isotopic fractionation between two phases (x and y) can be described by the 

general equation below, where temperature is in Kelvin and A B and C are constants. 

Using this equation and the fractionation constants listed in Table 4 for actinolite, 

chlorite, glaucophane, illite, quartz, and serpentinite the fractionation between coexisting 

minerals and fluids can be estimated. 

 

10!   ln𝛼 (x-‐y) =   
𝐴! ∙ 10!

𝑇3 +   
𝐴 ∙ 10!

𝑇2 +
𝐵 ∙ 10!

𝑇 + 𝐶  
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Table 4: Oxygen fractionation calibrations 

 

 

 

6.1 GARNET HISTORY 

The δ18O value of eclogite and blueschist overprinted eclogite garnets from Ring 

Mountain is +6.8±0.3‰, (n=7) and the δ18O value of garnet from the hornblend-

amphibolite is +8.2±0.2‰, (n=7). Eclogite, prograde blueschist and retrograde blueschist 

garnets from Jenner Beach have a δ18O value +9.8±0.7‰, (n=23), with the exception of 

JEN-11-3C which has a higher δ18O value of +11.0±0.4‰, (n=2). All garnet values are 

enriched in 18O relative to unaltered eclogite (+5.7‰, Muehlenbachs and Clayton, 1976). 

There are three possible explanations for this enrichment: 1) fluid-mediated isotope 

exchange reactions interaction with a fluid having a higher δ18O value; or 2) new garnet 

growth recording the isotopic signature of the fluid; or 3) in situ hydrothermal alteration 

of the block protolith prior to metamorphism. The first explanation is unlikely because 

oxygen diffusion at temperatures below approximately 800°C occurs so slowly it can be 

considered negligible; therefore, it is unlikely that diffusion would be responsible for 

altering the δ18O value of the garnets at subduction zone temperatures (Vielzeuf et al., 
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2005; Farver, 2010). The second explanation of garnet growth is also unlikely. Higher 

δ18O values in garnets could be explained by growth during interaction with a sediment-

derived fluid. Enrichments in LILEs in both Ring Mountain and Jenner Beach retrograde 

lithologies support interaction with sediments during blueschist facies overprinting. 

Krogh et al. (1994) suggest that fine-grained idioblastic garnet overgrowth may have 

occurred at temperatures as low as 400°C corresponding to high-grade epidote-blueschist 

facies conditions; however, the low temperature blueschist facies overprinting event is 

estimated to have occurred at lower temperatures between 300-350°C (Moore, 1984; 

Moore and Blake, 1989; Oh and Liou, 1990; Wakabayashi, 1990; Krogh et al., 1994; 

Tsujimori, 2006; Page et al., 2007; Ukar, 2010), too low for garnet growth. Alternatively, 

the isotopic variation may be representative of the initial protolith composition. The 

temperature of in situ hydrothermal alteration of the oceanic crust by seawater prior to 

subduction can cause an increase in the δ18O value of basalts from unaltered mantle 

values with decreasing depth (Elier, 2001). Low-temperature altered basalts, typically in 

the shallowest unit, have the highest δ18O values due to the large isotopic fractionation at 

low tempature. Higher temperature alteration at greater depth will result in basalts with 

δ18O values lower than that of typical mantle (Fig. 13). This explanation seems the most 

likely, garnets in the high-grade blocks are recording the original seafloor isotopic 

composition of their parent rock and the garnet δ18O values differs between the blocks 

due to original seafloor variability (e.g., temperature of alteration, fluid/rock ratio, and 

depth in the oceanic crust).  

In the case of JEN-11-3C it is equally plausible that interaction with a 

sedimentary fluid source during the blocks prograde metamorphic path could have caused 

the enrichment. It is unique in that the white mica content is 10-15%, significantly higher 
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than the other Jenner Beach eclogite samples. Petrographic examination indicates that the 

white mica is primary. Coexists with garnet and Na-pyroxene, it does not show signs of 

replacement. The potassium required to grow white mica during prograde metamorphism 

could have come from a localized influx of sedimentary fluids during the early stages of 

prograde metamorphism producing a high δ18O value. 

6.2 BLUESCHIST FACIES OVERPRINTING  

Major and trace element geochemistry of retrograde eclogite at Ring Mountain 

and retrograde blueschist at Jenner Beach show enrichments in LILEs (e.g., K, Cs, Ba, 

Rb, Pb and Tl) relative to unaltered eclogite samples, suggesting interaction with 

sediment derived fluids during blueschist facies overprinting. This is consistent with 

evidence for sedimentary derived fluid interaction from Nd and Li isotopes in other 

Franciscan high-grade block studies (Nelson. 1991, 1995; Penniston-Dorland et al., 2010; 

Simmons et al., 2010).  

Low temperature retrograde blueschist overprinting is estimated to have occurred 

at 300-350°C (Wakabayashi, 1990; Ukar, 2010, 2012). The average δ18O value of Na-

amphibole from Jenner Beach prograde and retrograde blueschist is 9.5 ± 0.3‰, n=9 

(Fig. 15). Using the glaucophane-H2O calibration of Zheng (1993), the quartz-H2O 

calibration of Bottinga and Javoy (1973) and the illite-H2O of Eslinger & Savin (1973), 

the predicted δ18O value of sediments in equilibrium with the measured glaucophane can 

be calculated. Glaucophane having a δ18O value of +9.5‰ is in equilibrium at 300-350°C 

with a fluid derived from quartz with a δ18O value between +16.4-17.6‰ or illite with a 

δ18O value between +11.5-11.9‰.  

Both quartz and clays can contribute to the oxygen isotope composition of 

sediment derived fluids; therefore, the whole rock δ18O value of Franciscan sediments 



45 
 

contributing to the release of fluids would likely fall in the range of +11.5-17.6‰ 

depending on the proportion of clays to quartz in the subducted sediments. This is 

consistent with the measured range of δ18O values of Franciscan shales, graywackes, and 

vein quartz of +11.0 to +20.0‰ (Magaritz and Taylor 1976). The δ18O values of 

glaucophane are inconsistent with a serpentinite derived fluid. At 300-350°C the δ18O 

value predicted for serpentinite in equilibrium with the measured δ18O value of 

glaucophane is +8.8‰, higher than highest measured serpentinite from Tiburon of 

+8.1‰ (Wenner and Taylor 1974).  

6.3 CHLORITIZATION AND ACTINOLITE-RIND FORMATION 

Major and trace element geochemistry of actinolite rind samples UH4 and JEN-

11-2D have high Mg, Ni, and Cr, and Mg and Ni, respectively and hornblende-

amphibolite samples from Ring Mountain have high Ni and Cr suggesting interaction 

with ultramafic rock. Jenner Beach actinolite rind sample JEN-11-2D has higher 

concentrations of LILEs relative to unaltered block samples. The difficulty of sampling 

and small sample size of JEN-11-2D made it impossible to separate pure actinolite from 

block material, the block component of this sample is likely responsible for the LILE 

enrichments. The common Mg-rich actinolite rind on high-grade blocks throughout the 

Franciscan has been used to argue for direct evidence that the blocks were once encased 

in ultramafic rock during the growth of the rind (Coleman and Lanphere, 1971; Moore, 

1984; Cloos, 1986; Giaramita and Sorensen, 1994; Horodyskysj et al., 2009). Several 

authors have argued this is evidence for serpentinite diapirism as a mode of exhumation 

for the blocks (Ernst, 1970; Moore, 1984; Horodyskyj et al., 2009).   

δ18O values of chlorite from the eclogite and the hornblende-amphibolite blocks 

and the eclogite block rind from Ring Mountain, Tiburon have a narrow range between 
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+7.7 and +8.2‰ (n=8) indicating that both blocks interacted with the a single 

metamorphic fluid during retrogression (Fig. 14). Potential fluid are sources (i.e. 

sediments and serpentinite) are evaluated by combining the oxygen isotope equilibrium 

fractionation calibrations for chlorite-H2O and serpentinite-H2O calibration of Wenner 

and Taylor (1971), the quartz-H2O calibration of Bottinga and Javoy (1973), and the 

illite-H2O calibration of Eslinger & Savin (1973). Assuming a temperature range of 250-

350˚C, the δ18O values of the chlorite can be explained by growth in equilibrium with 

fluids derived from sediments or serpentinite. Chlorite with a δ18O value of +8.0‰ can be 

grown in equilibrium with a fluid derived from quartz with a value between +15.5 and 

+18.3‰ or illite with a value of +11‰ between 250-350˚C. Chlorite grown in 

equilibrium with a fluid derived from serpentinite having a value of +8.0‰ would also 

yield chlorite having a δ18O value of +8.0‰ between 250-350˚C. The measured δ18O 

value of Tiburon serpentinites ranges from 7.6 to 8.1‰ (n=3) (Wenner and Taylor, 1974) 

and the δ18O values of Franciscan shales, graywackes, vein quartz and range from +11.0 

to +20.0‰ (Magaritz and Taylor 1976), making both serpentinite and sediments potential 

fluid sources during the growth of chlorite. The δ18O values of chlorite alone cannot 

distinguish between the two sources. 

δ18O values of actinolite from rind samples at both localities are similar to the 

δ18O values of chlorite from blueschist overprinted eclogite and the hornblende-

amphibolite blocks from Ring Mountain, Tiburon. They range from +7.8 to +8.5‰ (n=5). 

Using actinolite-H2O calibration of Zheng (1993), the serpentinite-H2O calibration of 

Wenner and Taylor (1971), the quartz-H2O calibration of Bottinga and Javoy (1973) and 

the illite-H2O calibration of Eslinger & Savin (1973) the results are nearly identical to 

those for the chlorite calculations indicating both sediments and serpentinite as potential 
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fluid sources. This is consistent with the negligible fractionation between chlorite and 

actinolite between 250-350˚C.  

The high Mg, Cr, and Ni in actinolite rind and Ni and Cr in hornblende-

amphibolite relative to block cores indicate that a serpentinite is associated with the 

growth of chlorite and actinolite in these samples. The geochemistry suggests that the 

actinolite on block edges is likely replaced ultramafic material. Additionally, the δ18O 

values of chlorite in retrograde eclogite indicate its formation is likely linked to the same 

fluid as the chlorite in the hornblende-amphibolite. It is feasible that chlorite in 

hornblende-amphibolite and retrograde eclogite is synchronous with actinolite rind 

formation.  

Coexisting mineral pairs from Ring Mountain rind samples and chlorite from 

Ring Mountain hornblend-amphibolite can be used to calculate the temperature of rind 

formation. Combining the chlorite-H2O calibration of Wenner and Taylor (1971) and the 

actinolite-H2O calibration of Zheng (1993), a chlorite-actinolite geothermometer yields a 

temperature of 280˚C for the minimum measured fractionation between chlorite and 

actinolite (∆18Ochlorite-actinolite = 0.0‰). The largest measured fractionation between chlorite 

and actinolite (∆18Ochlorite-actinolite = 0.4‰) yields a temperature of 200˚C indicating range of 

temperatures from 200-280˚C for actinolite rind formation and chloritization. This new 

temperature estimate for actinolite rind formation is slightly lower, but consistent with 

the 250-300˚C estimates from Moore (1984) based on a Mt. Hamilton eclogite block. 

Considering the volume of water released from sediments versus the volume released 

during the serpentinite phase change to antigorite there is the potential that sediments 

dominate the composition of the slab-derived fluids. It is possible that the ultramafic 
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mantle wedge could be responsible for the signature recorded in the geochemistry of the 

rinds and the oxygen isotopes values of the actinolite and chlorite.  

 

Figure 13: Changes in δ18O value with rock type in an idealized profile through oceanic 
crust (modified from Eiler, 2001). 
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Figure 14: Measured δ18O values of mineral separates from Ring Mountain, Tiburon, Ca. 
Each point is the average of multiple analyses.  
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Figure 15: Measured δ18O values of mineral separates from Jenner Beach, Ca. 
Each point is the average of multiple analyses. 
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6.4 GEOCHEMICAL MODEL 

Based on major and trace element and oxygen isotope data the blueschist 

retrogression of Franciscan high-grade blocks occurs at temperatures of 300-350°C and 

involved sediment derived fluids. Interaction of the blocks with the serpentinizing 

ultramafic mantle wedge changed the composition of the fluids and induced the 

replacement of primary minerals with retrograde chlorite and the growth of actinolite rind 

at temperatures between 200-280°C replacing ultramafic rock. A four stage geochemical 

model is proposed to explain the evolution of the metamorphic fluid associated with the 

retrogression of Franciscan high-grade blocks. Sediment derived fluid from the slab 

infiltrates the overlying mantle wedge inducing serpentinization of the mantle peridotite 

during blueschist overprinting, chloritization and rind formation. Additionally, trends in 

garnet cation geochemistry are consistent with the prograde portion of this model. The 

steady decrease in Xsps is consistent with prograde growth (Spear, 1993). The flat Xgrs 

from core to rim is indicative of a relatively constant pressure and the Fe/ Fe+Mg 

increase is consistent with decreasing in temperatures during garnet growth (Spear, 

1993).  

Stage 1: Subduction initiates and altered oceanic crust subducts in a hot young 

subduction zone. Garnet growth during eclogite (~500°C at 11 kb) and amphibolite 

(~640°C at 9-10 kb) metamorphism (Wakabayashi, 1990; Oh and Liou, 1990; Page et al., 

2007) records the original isotopic composition of the basaltic protolith in the high-grade 

blocks. Pieces of crust from different depths in the subducting slab become detached and 

imbedded in the overlying ultramafic mantle wedge (Fig. 16a). 

Stage 2: As the subduction zone matures and cools, fluids released from 

subducted sediments infiltrate the overlying mantle wedge (Fig. 16b). The blocks in place 
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in the mantle wedge experience blueschist facies metamorphism at 300-350°C at > 6.5-7 

kb (Wakabayashi, 1990; Ukar, 2010, 2012) from the infiltration of sedimentary-derived 

fluids recorded in enrichments in LILEs and the δ18O value of Na-amphibole.  

Stage 3: As the sedimentary derived fluids infiltrate the overlying mantle wedge, 

serpentinization of the mantle wedge occurs around the blocks and the subduction zone 

continues to cool (Fig. 16c). Interestingly, δ18O values of serpentinite at Tiburon are +7.6 

to +8.1‰ (higher than typical mantle peridotite values of +5.7‰) consistent with 

hydration from sediment derived fluids (Wenner and Taylor, 1974; Muehlenbachs and 

Clayton, 1976). Geochemical exchange between the high-grade blocks and ultramafic 

matrix occurs as serpentinization progresses. δ18O values of chlorite and actinolite and 

the high Mg, Ni and Cr contents of actinolite rind and hornblende-amphibolite suggest 

that the rind formed in the presence of a fluid dominated by serpentinizing ultramafic 

rock. Oxygen isotope equilibrium between chlorite and actinolite indicate temperatures of 

200-280°C.  

Stage 4: In the fourth and final stage, pieces of the mantle wedge, including the 

high-grade blocks, are plucked and incorporated into deforming sediments that form the 

subduction channel shear zone. They rise towards the surface via processes of forced 

convective flow (Cloos, 1982) (Fig. 16d).  

Prior tectonic models of Franciscan high-grade blocks mainly focus on defining a 

mode of exhumation. Although this model suggests a method of exhumation, its primary 

goal is to explain the stages of geochemical evolution of the blocks. Overall, the observed 

geochemical/isotopic trends can be explained by metasomatism in the mantle wedge by 

both sediment derived fluid later evolving a serpentinite signature through interaction 

with ultramafic rock in the mantle wedge. Although stage four depicts the possibility that 
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high-grade blocks may be plucked from the mantle wedge along with pieces of 

serpentinized mantle wedge, this does not necessitate that serpentinite diapirism is the 

method invoked to allow the blocks to rise. Field observation from this study and prior 

work indicate that serpentinite often occurs in close proximity to Franciscan high-grade 

blocks, but is not documented in direct contact with any of the high-grade blocks (Cloos, 

1986).  
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Figure 16: Schematic diagram depicting the geochemical evolution of Franciscan high-
grade blocks. Green is the mantle, dark green is serpentinized mantle, 
yellow is the subduction channel and purple indicates increasing 
metamorphism of the subducting slab (modified from Cloos, unpub). 
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Figure 16: cont. 
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Chapter 7: Conclusions 

The Franciscan high-grade eclogite, blueschist, and hornblende-amphibolite 

blocks at Ring Mountain and Jenner Beach California have a complex metasomatic 

history. Using oxygen isotopes, as well as major and trace element geochemistry, 

potential fluid sources associated with retrogression have been identified and a 

geochemical model has been developed for the isotopic evolution of the blocks.  

Conclusions drawn from the oxygen isotope and geochemical trends observed in 

the blueschist and eclogite samples from Ring Mountain, Tiburon and Jenner Beach are 

summarized below.  

1. δ18O values of garnets from Franciscan high-grade blocks record the original 

oxygen isotope composition of the basaltic protolith obtained from in-situ seafloor 

hydrothermal alteration prior to subduction. 

2. High concentrations of LILEs and the δ18O values of Na-amphibole in retrograde 

eclogite from Ring Mountain and prograde and retrograde blueschist from Jenner 

Beach record the sedimentary signature of fluids associated with blueschist facies 

overprinting of Franciscan high-grade blocks between 300-350°C. 

3. The δ18O values of chlorite and actinolite from blueschist overprinted eclogite, 

hornblende-amphibolite and actinolite rind could from due to either interaction 

with a sedimentary or serpentinite fluid source.  However, high concentrations of 

Mg, Ni, and Cr in actinolite rind imply that are replaced ultramafic rock or have 

had direct interaction with ultramafic rock. I propose the source of the ultramafic 

signature is the serpentinizing mantle wedge. 

4. Chlorite-actinolite geothermometry suggests the chlorite and actinolite formed 

during retrogression by the same fluid at temperatures between 200-280°C.  
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5. The geochemical evolution of the blocks beings at the initiation of subduction 

where basaltic crust re-crystallizes to form eclogite, prograde blueschist and or 

amphibolite. Blocks of eclogite, prograde blueschist, and amphibolite are 

imbedded in the mantle wedge and experience retrograde blueschist facies 

overprinting with the early release of fluid from subducting sediments. The 

mantle wedge is progressively serpentinized during continued subduction. 

Interaction of the blocks with the surrounding serpentinite results in chloritization 

of the blocks and development of an actinolite rind. The rind forms as a reaction 

zone between the block and the serpentinite either replacing block or ultramafic 

rock. Chlorite-actinolite geothermometry suggests that this occurred post 

blueschist facies overprinting at 200-280°C. Blocks and associated serpentinized 

wedge peridotite are then incorporated in the subduction channel and returned to 

the surface via corner flow (Cloos, 1982). 
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APPENDIX A: PETROGRAPHY 
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Table A1: Petrography of Ring Mountain, Tiburon block samples 
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Table A2: Petrography of Ring Mountain, Tiburon serpentinite samples 
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Table A3: Petrography of Jenner Beach block samples 
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APPENDIX B: WHOLE ROCK MAJOR AND TRACE ELEMENT 
GEOCHEMISTRY 
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Table B1: Ring Mountain, Tiburon whole rock major and trace element geochemistry 
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Table B2: Ring Mountain, Tiburon whole rock major and trace element geochemistry 
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Table B3: Jenner Beach, whole rock major and trace element geochemistry 
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APPENDIX C: GARNET CATION GEOCHEMISTRY 
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Table C1: Garnet cation geochemistry of standards 

 
	  
	  
	   	  

Run Date Sample Name MgO (wt.%) Al2O3 (wt.%) SiO2 (wt.%) CaO (wt.%) TiO2 (wt.%) P2O5 (wt.%) FeO (wt.%) MnO (wt.%) Total (wt.%)

3/28/2016 Un   35  Mn-Garnet_std5
284 0.26 20.35 35.30 0.38 0.05 0.05 21.24 21.47 99.05
285 0.33 20.23 35.36 0.36 0.05 0.05 20.92 21.00 98.32
286 0.32 20.66 35.49 0.38 0.02 0.04 20.86 21.03 98.93

Average 0.30 20.42 35.38 0.38 0.04 0.05 21.00 21.16 98.77

3/28/2016 Un   36  Mn-Garnet_std1
287 0.31 20.59 35.75 0.39 0.04 0.05 20.91 21.38 99.68
288 0.33 20.61 35.64 0.37 0.03 0.06 21.30 21.76 100.03
289 0.30 20.79 35.49 0.38 0.07 0.05 21.21 21.72 100.11

Average 0.31 20.66 35.62 0.38 0.05 0.05 21.14 21.62 99.94

3/28/2016 Un   43  Mn-Garnet_std2
362 0.27 20.45 35.51 0.40 0.03 0.07 20.86 20.94 98.25
363 0.26 20.51 35.44 0.37 0.01 0.03 21.06 21.47 99.03
364 0.29 20.44 35.59 0.38 0.07 0.05 21.19 21.24 99.15

Average 0.28 20.46 35.52 0.39 0.04 0.05 21.03 21.22 98.81

3/28/2016 Un   50  Mn-Garnet_std3
427 0.32 20.42 35.10 0.39 0.06 0.05 21.12 21.33 98.81
428 0.14 20.31 35.37 0.37 0.02 0.05 20.82 20.97 98.19
429 0.30 20.36 35.29 0.37 0.06 0.04 21.04 21.01 98.47

Average 0.25 20.36 35.25 0.38 0.05 0.05 20.99 21.10 98.49

3/28/2016 Un   57  Mn-Garnet_std4
474 0.30 19.94 35.88 0.37 0.07 0.06 19.66 20.47 96.87
475 0.23 19.69 35.69 0.38 0.05 0.11 19.56 19.91 95.45
476 0.22 19.72 35.68 0.37 0.03 0.04 19.87 20.22 96.10

Average 0.25 19.78 35.75 0.37 0.05 0.07 19.69 20.20 96.14

3/28/2016 Un   61  Mn-Garnet_std5
502 0.31 19.89 35.44 0.37 0.05 0.06 19.70 19.94 95.75
503 0.31 19.80 35.61 0.37 0.02 0.02 19.20 20.29 95.48
504 0.32 19.91 35.77 0.37 0.06 0.05 19.30 19.93 95.73

Average 0.32 19.87 35.60 0.37 0.04 0.04 19.40 20.05 95.65

Standards
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Table C2: Garnet cation geochemistry of UH1-7, UH3-1, and JEN11-3C-1 
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