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ABSTRACT
Some of the evidence of tectonic and chemical processes that occur in subduction zones
is preserved in blueschists and eclogites, as
validated by the geochemical data presented
from high-grade-metamorphic tectonic
blocks from the Franciscan Complex in central California. Combining major elements,
compatible and incompatible trace element
concentrations and ratios, and Sr-Nd-Pb
isotopic data, we conclude that the protoliths
of these high-grade Franciscan blocks were
arc lavas with no continental crust–derived
components. Although the protoliths underwent high-grade metamorphism at the
inception of subduction, the tectonic affinity
of the protoliths can be distinguished by our
geochemical study. Our geochemical data are
significant in that (1) the protoliths of these
high-grade blocks have a different mode of
origin than the protoliths of the lower-grade
Franciscan basalts that were incorporated
later in the subduction complex, as the latter
generally are considered to be oceanic-island
basalts (OIB) and derived from mid-oceanicridge basalt (MORB); and (2) the protoliths
of the high-grade blocks were formed over a
pre-Franciscan subduction zone.
Based on the geochemical evidence for an
arc origin and the available geochronological
data, we suggest that protoliths of the highgrade tectonic blocks of the Franciscan Com†
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plex and the Coast Range Ophiolite formed
in the same infant-arc setting. Initiation of
Franciscan subduction in this arc crust led
to the formation of the high-grade blocks
beneath the young Coast Range Ophiolite.
Continued subduction resulted in subduction of older oceanic crust of MORB and
OIB origin, some of which was scraped off
to form lower-grade metabasites within the
Franciscan Complex.
Keywords: Franciscan, arc, subduction, geochemistry, high-grade metamorphism.
INTRODUCTION
Physical and chemical processes that occur
during subduction contribute significantly to
continental growth and geochemical and thermal
evolution of Earth’s mantle. Subduction is one
of the principal mechanisms for the chemical
differentiation and evolution of the crust-mantle
system and delivers oceanic basaltic crust
produced at mid-ocean ridges and sediments
deposited on the oceanic crust to the upper
mantle. The sequence of metamorphic reactions
within the subducting crust is well understood in
terms of petrologic-thermal modeling, including
the trace element geochemistry of some fluidmobile elements (Peacock, 1990; Tatsumi and
Eggins, 1995). Acting as a flux, fluids released
from dehydration of subducted crust assist in the
partial melting of mantle peridotites and in the
generation of arc magmas. A major source of
geochemical information for these processes is
from the isotopic and chemical composition of
lavas and related magmatic rocks from within
convergent margin settings. However, the most
direct evidence for the subducted rocks, their
compositions, and fluid activity in subduction

zones is preserved in the metamorphic rocks
from paleosubduction zones.
Blueschists and eclogites, derived from depths
of 20 to >100 km, possibly best characterize
paleosubduction zones, and they are thought to
directly indicate the composition of the subducting oceanic lithosphere and its various lithic components, including subducted sediments as well
as fluid-rock interaction. With this perspective,
we have conducted an Nd, Sr, and Pb isotopic and
major element and multiple trace element study
involving the rare earth elements (REE), some
large ion lithophile elements (LILE), and highfield-strength elements (HFSE) of the coarsegrained blueschists, amphibolites, and eclogites
(so-called high-grade blocks) of the Franciscan
Complex in central California.
This study attempts to identify the protoliths
of Franciscan blueschists and eclogites and
whether there were any oceanic, arc-derived,
or old continental crust–derived sediments in
their protoliths. Answers to these questions
would also help in evaluating the tectonometamorphic history of the high-grade blocks
and how it relates to general processes of subduction initiation and ophiolite emplacement.
Our approaches in answering these questions
employ measurements of major elements, multiple trace elements, and Nd, Sr, and Pb isotopic
ratios. It is well known that multiple elements of
different compatibility-incompatibility can be
used to distinguish normal mid-oceanic-ridge
basalt (N-MORB) and oceanic-island basalt
(OIB), as well as arc basalts and sediments.
Similarly, the radiogenic isotopes of Sr, Nd,
and Pb are sensitive tracers of source rocks,
including sedimentary protoliths. Following this
approach, we show here that for the high-grade
tectonic blocks of the Franciscan, primitive arc
basalts were their precursor.
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GEOLOGIC SETTING OF HIGH-GRADE
BLOCKS IN THE FRANCISCAN
COMPLEX
The Franciscan Complex is perhaps the world’s
best-known subduction complex (Fig. 1A). It
formed during a period of >140 m.y. of eastdipping subduction in coastal California from
160 Ma to <20 Ma (Ernst, 1984; Wakabayashi,
1992). The Franciscan Complex is also well
known for its high-pressure–low-temperature
(HP-LT) metamorphism (Ernst, 1970, 1971b); at
least 25% of the exposed rocks have undergone
HP-LT blueschist or higher-grade metamorphism
(Wakabayashi, 1999). The highest grade metamorphic rocks of the complex are coarse-grained
blueschists, eclogites, and amphibolites that
occur almost entirely as tectonic blocks in shale
or serpentinite-matrix mélanges. Although these
high-grade blocks make up <1% of Franciscan
metamorphic rocks, they are widely distributed,
occurring at hundreds of localities along the
length of the exhumed subduction complex
(Coleman and Lanphere, 1971).
The Coast Range Ophiolite structurally
overlies the Franciscan and is depositionally
overlain by well-bedded sandstones and shales
of the Great Valley Group that are coeval with
the Franciscan (Dickinson, 1970). The Coast
Range Ophiolite and Great Valley Group lack
HP-LT metamorphism. From west to east, the
three subparallel geologic provinces of the
Franciscan, the Great Valley Group, and the
Sierra Nevada batholith (see Fig. 1A) represent,
respectively, the subduction complex, forearc
basin deposits, and the magmatic arc of an
ancient arc-trench system (Dickinson, 1970).
Franciscan lithologies are predominantly detrital sedimentary rocks with subordinate basaltic
volcanic rocks and chert, and minor limestone.
The detrital rocks are offscraped and underplated trench-fill sediments (Dickinson, 1970).
The pelagic and volcanic rocks apparently represent fragments of seamounts, other oceanic
rises, and the pelagic cover and upper part of
the subducted oceanic crust (Hamilton, 1969;
MacPherson, 1983; Shervais, 1990), probably
with a component of olistostrome blocks from
the upper plate (MacPherson et al., 1990; Erickson et al., 2004).
Franciscan rocks have been traditionally
classified as coherent mappable bodies or
mélange units that consist of a sheared matrix
with included blocks (Blake et al., 1988;
Wakabayashi, 1992, 1999). This distinction is
important in distinguishing the different types of
metamorphic rocks in the Franciscan Complex
and their significance. Metamorphism in coherent terranes ranges from zeolite facies to blueschist-greenschist transition facies (Blake et al.,

1988), whereas tectonic blocks include rocks
with the same metamorphic grade as the coherent terranes in addition to high-grade blocks
that exhibit eclogite and amphibolite assemblages (Coleman and Lanphere, 1971). Many,
if not most, high-grade blueschist and eclogite
blocks have relics of earlier amphibolite-grade
metamorphic assemblages (Moore and Blake,
1989; Wakabayashi, 1990). High-grade blocks
are entirely metabasites with minor metacherts,
whereas coherent metamorphic rocks are mostly
metagraywackes and metashales, with lesser
proportions of metabasites and metacherts
(Blake et al., 1988; Coleman and Lanphere,
1971). Many high-grade blocks are partly
encased in “rinds” composed of minerals such
as actinolite, chlorite, talc, and phengite: this
rind apparently formed by metasomatic reaction
between the block and the ultramafic rocks (e.g.,
Coleman and Lanphere, 1971; Moore, 1984).
High-grade block metamorphism evolved
along a counterclockwise P-T path (P on the
positive y-axis; Wakabayashi, 1990), whereas
metamorphism in coherent metamorphic rocks
took place under a mildly clockwise or hairpin
P-T trajectory (Maruyama and Liou, 1988;
Maruyama et al., 1985).
The high-grade blocks are the oldest metamorphic rocks in the Franciscan, and the age
of their high-temperature metamorphism is
153–169 Ma (Ross and Sharp, 1988; Catlos and
Sorensen, 2003; Anczkiewicz et al., 2004). The
ages of blueschist metamorphism in the blocks
range from 138 to 159 Ma, whereas the ages of
coherent blueschist metamorphism range from
145 to 80 Ma (Wakabayashi, 1999). Peak temperatures of Franciscan metamorphism decrease
with decreasing age from amphibolite temperatures of >600 °C in the high-grade blocks
(Wakabayashi, 1990) at 159–169 Ma (Ross and
Sharp, 1988; Anczkiewicz et al., 2004), to 300–
350 °C for blueschist-greenschist–grade rocks
(Blake et al., 1988; Maruyama and Liou, 1988)
at ca. 145 Ma (Wakabayashi and Deino, 1989),
to 150–250 °C for lawsonite-bearing blueschist
facies rocks (Ernst, 1971a; Maruyama et al.,
1985) at 80–120 Ma (Wakabayashi, 1999), and
ultimately to zeolite and prehnite-pumpellyite
temperatures of <200 °C (Blake et al., 1988)
for the last 80 m.y. (Wakabayashi, 1999). Peak
metamorphic pressures of exposed Franciscan
rocks are similar for high-grade blocks and
blueschist facies rocks and range from ~6 to
14 kbar (Maruyama et al., 1985;Wakabayashi,
1990; Giaramita and Sorensen, 1994; Anczkiewicz et al., 2004), whereas sub-blueschist-grade
rocks were metamorphosed at pressures <4 kbar
(Blake et al., 1988).
Metamorphic ages of Franciscan rocks
approximate the time of subduction, because

exhumation of these rocks occurred while
subduction and refrigeration were ongoing; the
only process that could cause metamorphic ages
to depart significantly from subduction ages is
late heating that did not occur in the Franciscan (Ernst, 1988). The high-grade blocks have
been suggested to represent rocks formed at the
inception of subduction beneath hot suboceanic
upper mantle material on the basis of their old
age, lithology, presence of rinds, and P-T evolution (Wakabayashi, 1990), whereas lower grade
Franciscan rocks formed during subsequent
subduction. Recently obtained Lu-Hf ages from
high-grade blocks are interpreted as metamorphic crystallization rather than cooling ages of
the blocks (Anczkiewicz et al., 2004). These
ages of amphibolite or eclogite metamorphism
from high-grade blocks are 153 ± 0.4 Ma from a
garnet amphibolite from Ring Mountain, 157.9
± 0.7 Ma from an eclogite from Jenner, 162.5
± 0.5 Ma from a garnet amphibolite block from
El Cerrito, and 168.7 ± 0.8 Ma from a garnet
amphibolite from Panoche Pass. These ages are
consistent with 40Ar/39Ar hornblende ages from
high-grade blocks that range in age from 158 to
163 Ma (Ross and Sharp, 1986, 1988) and may
represent either crystallization or cooling ages,
depending on the sample. The age of high-temperature metamorphism in the high-grade blocks
is slightly younger than the crystallization age
of the 165–172 Ma Coast Range Ophiolite and
associated rocks (Shervais et al., 2005; Hanan
et al., 1992; Hopson et al., 1996; Mattinson and
Hopson, 1992), indicating that the ophiolite was
young and hot at the time Franciscan subduction
began tectonically beneath it.
The pronounced cooling between the peak
temperature of high-grade block metamorphism
and the peak temperature of blueschist-greenschist metamorphism probably indicates cooling as subduction proceeded; the cooling was a
consequence of (1) refrigeration of the hanging
wall by continued subduction, and (2) subduction of progressively older and cooler oceanic
crust (Cloos, 1985; Platt, 1975). The blueschistgreenschist–grade rocks appear to exhibit a
slightly clockwise P-T path in contrast to the
counterclockwise P-T path of the high-grade
blocks (Wakabayashi, 1999). This difference
probably is also a consequence of the refrigeration of the hanging wall and the subduction of
older, cooler crust (Wakabayashi, 1999).
Geochemical data from coherent volcanic
rocks of the Franciscan suggest that these rocks
are predominantly OIB, with some rocks of
MORB chemistry (MacPherson et al., 1990;
Shervais, 1990; Shervais and Kimbrough,
1987), whereas fine-grained blueschist and
lower-grade tectonic blocks include OIB,
MORB, and island-arc chemistry (MacPherson
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Figure 1. (A) Distribution of Franciscan and basement rocks of central and
northern California, showing Franciscan
rocks, of different metamorphic grades.
Map derived from various sources and
compiled from Wakabayashi (1999).
Ring Mountain high-grade tectonic
block locality is shown as (RM). (B)
Sample localities of this study are shown
on this map. Brief petrographic descriptions of these samples are given in the
Appendix. Geochemical results of rocks
from the Ring Mountain locality are presented and discussed in this paper.

1320

Geological Society of America Bulletin, September/October 2005

EVIDENCE FOR SUBDUCTED ARC IN FRANCISCAN HIGH-GRADE-METAMORPHIC TECTONIC BLOCKS

et al., 1990). A recent study (Swanson et al.,
2004) of blueschist-greenschist–grade metabasaltic rocks from Ward Creek, a unit that may
have been accreted at or before ca. 145 Ma,
interpreted island-arc chemistry for their protolith. With the exception of Ward Creek, rocks
that have been analyzed in previous studies may
have been subducted at ca. 90–100 Ma, on the
basis of fossil ages (ca. 100 Ma) from graywackes that overlie them within their respective
terranes; volcanic rocks appear to have been
accreted at other times in Franciscan history,
but their geochemistry has not been examined
in detail. Most volcanic rocks within the Franciscan have estimated formational ages that are
much older than the age at which they were
subducted, indicating that the ocean crust from
which they were derived was old at the time
of its arrival at the Franciscan trench and had
traveled thousands of kilometers from its site of
formation to the trench (Wakabayashi, 1999).
In contrast to most of the volcanic rocks in the
Franciscan, the Coast Range Ophiolite exhibits
island-arc chemistry and is thought to represent
the early stages of arc development (Giaramita
et al., 1998; Shervais, 2001).
SAMPLE LOCATIONS
High-grade blocks analyzed in this study
were collected from a serpentinite and shale
matrix mélange from Ring Mountain on Tiburon Peninsula in the San Francisco Bay region
(Fig. 1A, 1B). This mélange is the structurally
highest of the series of Franciscan nappes in
the region (Wakabayashi, 1992). A variety of
block types occur at Ring Mountain, including garnet amphibolites, epidote amphibolites,
eclogites, and blueschists, and corresponding
peak metamorphic temperatures and pressures
also vary widely from block to block. All the
blocks are metabasites and metacherts. No
high-grade metagraywackes or metashales have
been found. Metabasites probably are primarily
metabasalts rather than metagabbros, because
metachert layers are common within metabasite
blocks. In other words, the block protoliths represent the very top layer of subducted oceanic
crust. Thermobarometry has been conducted on
one of the blocks sampled (the TIBB sample is
the same TIBB sample of Wakabayashi, 1990);
thermobarometry has also been conducted on
additional blocks at Ring Mountain that are
similar to the other blocks sampled (Giaramita
and Sorensen, 1994; Wakabayashi, 1990).
In addition to the regionwide geochronologic
data on high-grade blocks just reviewed, detailed
geochronologic information was obtained from
high-grade blocks at Ring Mountain. Spot 40Ar/
39
Ar dates on phengites from garnet amphibo-

lite and eclogite (range, 151.6 ± 4.1–157.5 ±
1.8 Ma), block rind (range, 141.0 ± 1.7–160.6
± 3.3 Ma), and a phengite chlorite vein (range,
150.2 ± 1.1–160.3 ± 5.2 Ma) represent a total of
37 dates (Catlos and Sorensen, 2003).
The geochemical results of our detailed
study of Franciscan blueschists and eclogites,
as described later, are significant in this context. Sample locations are shown in Figure 1B,
whereas brief descriptions of the petrography, as
well as locations of the samples, are given in the
Appendix.
ANALYTICAL METHODS
For this study, 16 samples of blueschist, eclogite, actinolite rind, and garnet amphibolite from
the tectonic blocks of the Franciscan Complex
were analyzed for major element and trace element concentrations and Sr, Nd, and Pb isotopic
systematics. Samples were powdered, using an
agate ball mill. Trace elements were determined
by an inductively coupled plasma–mass spectrometer (ICP-MS PQ II+), whereas radiogenic
isotopic ratios were measured with a thermalionization mass spectrometer (TIMS VG Sector), both at the University of Rochester.
Major elements were analyzed in a commercial laboratory—Actlabs, in Ontario, Canada.
The samples underwent lithium metaborate/
tetraborate fusion, followed by measurement
on an ICP-OES (optical emission spectrometry). Repeated measurements of known rock
standards indicate that the concentrations of
the major elements are within 0.1% and are also
certified as such by the laboratory. Zr measurements were from the ICP-OES. For the ICP-MS
analyses in our laboratory, 100 mg powdered
digested samples were diluted to 100 mL of 5%
HNO3 solution with ~10 ppb internal standard
of In, Cs, Re, and Bi. The concentrations were
obtained by using BCR-2 and BIR-2 (concentrations from the U.S. Geological Survey) as
known standards. The concentrations of the
various elements are within a 5% error, based on
repeated measurements of SRM 278 (obsidian,
U.S. National Institute of Standards and Technology) and BHVO-2 (basalt, U.S. Geological
Survey), which were run as unknowns. Nb and
Hf measurements were done by neutron activation analysis at Oregon State University. Data
are given in Table 1.
Nd and Sr isotopes were measured with a
VG Sector multi-collector TIMS, using the
procedures established for our laboratory at the
University of Rochester (Basu et al., 1990); Pb
isotopes were also measured with the procedure
established later (Sharma et al., 1992). The
filament temperature during Pb isotope ratio
measurements was monitored continuously, and

raw ratios were calculated as weighted averages
of the ratios measured at 1150 °C, 1200 °C, and
1250 °C, respectively. The reported Pb isotopic
data are corrected for mass fractionation of
0.12 ± 0.03% per atomic mass unit, based on
replicate analyses of the NBS-982 equal atom
Pb standard measured in the same fashion. Our
laboratory procedural blanks were <400 pg
(picogram) for Sr and <200 pg for both Nd and
Pb. No blank correction was necessary for the
data in Table 2.
GEOCHEMICAL TRACER RESULTS
FOR FRANCISCAN HIGH-GRADE
BLOCKS
The analytical results of the samples are
shown in Tables 1 and 2 and in Figures 2–6.
Some of the tectonic and petrogenetic implications of these results are summarized in the
cross-sectional cartoons of Figure 7. In examining the bulk-rock geochemical data, we classify
these samples from petrographic observations
into blueschists, actinolite-bearing rinds, eclogites, and garnet amphibolites, realizing that
titanite and rutile are part of the stable mineral
assemblages in these rocks and may control
some key trace element distributions (Manning
and Bohlen, 1991; Ryerson and Watson, 1987).
In the following sections we present the data
for the rocks studied. The garnet amphibolites,
eclogites, and blueschists, or collectively the
high-grade blocks, are discussed in a separate
section from that of the actinolite rinds. Following this, we conclude that the geochemical
patterns are not an artifact of chemical changes
caused by metamorphism but are the original
signature of the rocks.
High-Grade Blocks: Blueschists, Eclogites,
and Garnet Amphibolites
Geochemical Data
Major element data for the high-grade rocks
are given in Table 1. SiO2 (wt%) and Na2O +
K2O (wt%) of the 13 samples can be compared
with those from some Coast Range Ophiolite
rocks (Shervais, 1990) and N-MORB from
the East Pacific Rise (from the PETDB database, compiled by the Lamont-Doherty Earth
Observatory), and various volcanic rocks from
the Mariana arc (from the GEOROC database, compiled by the Max Planck Institute).
Although the SiO2 contents of these samples
vary between ~42 and 56 wt%, and the Na2O
+ K2O contents fall between ~1.6 and 6.1 wt%,
making the protoliths of these rocks comparable
to non-MORB–type basaltic rocks of orogenic
belts, this comparison may be inappropriate
because of possible seafloor alteration. Rocks
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44.24
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5.53
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7.5
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0.9
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0.8
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16.10
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0.21
7.48
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0.33
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0.18
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0.2
0.0
23.0
0.8
0.5

5.1

1.4
46.1
13.0
3.1
0.8
1.7
0.3
1.3
0.4
0.1
0.6
0.1
0.9
0.2
0.6
0.1
0.6
0.1

50.63
8.93
7.95
0.21
16.45
8.98
2.47
0.22
0.30
-0.01
2.04
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GT/GL(1)
rind ?

0.0
0.0
2.0
0.2
0.0

4.4

3.9
84.7
14.4
2.3
0.1
0.4
0.1
0.7
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0.1
0.4
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0.5
0.1
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0.9
0.2
62.0
1.8
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23.1
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3.4
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16.71
6.33
0.10
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13.06
3.49
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2.27
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eclogite

1.0
0.2
86.0
2.2
12.0

20.4

20.1
784.7
382.6
6.7
6.9
15.6
2.2
9.6
3.0
1.1
3.0
0.5
3.4
0.7
2.0
0.3
1.9
0.3

45.72
17.63
7.19
0.12
7.13
14.24
3.18
0.54
1.28
0.12
2.31
100.26

E1
eclogite

0.9
0.5
143.0
3.9
9.0

44.3

2.3
22.2
104.7
2.7
9.8
25.9
4.1
19.3
5.9
2.0
7.4
1.4
8.5
1.8
5.2
0.7
4.7
0.7

47.27
15.38
11.04
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12.47
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2.34
0.20
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gt. amp.

0.9
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2.3
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2.9
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1.1
5.9
1.3
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0.6
4.2
0.6

51.46
12.28
9.89
0.22
6.92
11.02
4.84
0.88
1.45
0.11
0.29
100.40

BC/EC
eclogite

0.4
0.2
37.0
1.3
0.8

21.0

110.1
1589.0
392.4
1.0
3.7
6.4
1.2
5.8
2.2
1.0
2.5
0.4
2.9
0.7
2.0
0.3
1.9
0.3

48.22
14.56
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0.16
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0.06
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0.9
0.7
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2.1
3.2

27.8

5.9
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10.3
6.0
14.2
2.2
10.7
3.4
1.1
4.3
0.8
5.2
1.1
3.5
0.5
3.3
0.5

42.75
15.94
12.01
0.27
9.35
10.93
2.68
0.42
0.84
-0.01
2.05
98.58

0.4
0.1
15.0
0.9
1.0

9.9

54.8
1474.9
44.4
2.6
0.7
2.4
0.3
1.5
1.0
0.5
1.0
0.2
1.4
0.3
1.1
0.2
1.2
0.2

46.45
15.83
9.04
0.16
12.88
5.03
2.55
2.58
0.45
-0.01
3.62
99.58

TIBB-2
TIBB
TIBB-R
blueschist gt. amp.
rind

Notes: Major elements were measured by ICP-OES (inductively coupled plasma–optical emission spectrometry), concentrations are in wt%, and analytical uncertainties are 0.01%. The trace
elements were measured by ICP-MS (inductively coupled plasma–mass spectrometer), all the concentrations are in ppm (µg/g), and analytical uncertainties are within 5%. Nb and Hf values
were obtained by INAA (instrumental neutron activation analysis) at Oregon State University, with similar uncertainties. Samples are grouped according to tectonic blocks from which they were
collected. Rock type is also shown; gt. amp.—garnet amphibolite.

50.70
12.08
11.93
0.15
8.13
2.98
4.87
0.83
2.26
0.25
3.21
98.72

SiO2
Al2O3
FeO
MnO
MgO
CaO
Na2O
K2O
TiO2
P2O5
LOI
Total

LIOU 1
LIOU 2
LIOU 3
B1
blueschist Blueschist blueschist blueschist

TABLE 1. MAJOR ELEMENT AND TRACE ELEMENT CONCENTRATIONS OF THE FRANCISCAN HIGH-GRADE ROCKS FROM THE RING MOUNTAIN TECTONIC BLOCK

Sample
Rock type
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27.48
0.43
0.23
18.144
4
15.475
4
37.590
10
0.52
0.0038
1.00
18.13
15.47
37.58

12.02
0.25
0.17
18.316
3
15.462
3
37.774
06
0.88
0.0064
1.36
18.29
15.46
37.75

7.51
0.20
0.15
18.269
5
15.458
5
37.667
14
1.25
0.0090
1.71
18.24
15.46
37.64

B-1

AM/GT

GT

GT/GL-1

R/GT

EC

E1

GT/GL-2

Q1–2

BC/EC

0.97
0.41
0.23
18.826
8
15.519
7
38.220
18
15.23
0.1105
28.07
18.44
15.50
37.79

10.25
0.93
0.73
18.479
6
15.456
5
37.895
14
4.46
0.0323
5.91
18.37
15.45
37.80

2.57
0.39
0.09
18.485
8
15.468
11
38.016
19
2.16
0.0156
9.86
18.43
15.47
37.87

3.09
0.24
0.29
18.488
4
15.470
3
37.855
08
5.95
0.0431
4.96
18.34
15.46
37.78

6.40
0.31
0.43
18.442
7
15.507
6
37.966
16
4.25
0.0308
3.14
18.33
15.50
37.92

14.92
1.20
0.82
18.436
3
15.475
2
37.913
06
3.44
0.0249
5.22
18.35
15.47
37.83

3.13
0.20
0.02
18.381
4
15.505
4
37.870
09
0.42
0.0031
4.16
18.37
15.50
37.81

2.32
0.03
0.01
18.251
6
15.517
6
37.844
17
0.38
0.0027
0.81
18.24
15.52
37.83

7.12
0.91
0.23
18.402
6
15.472
6
37.925
18
2.01
0.0146
8.38
18.35
15.47
37.80

6.72
1.03
0.23
18.398
5
15.467
5
37.918
13
2.16
0.0157
9.96
18.34
15.46
37.77

2.70
0.93
0.47
18.448
5
15.459
5
37.834
15
10.99
0.0797
22.42
18.17
15.45
37.49

1.70
0.93
0.50
18.864
5
15.513
4
38.265
11
18.89
0.1370
36.00
18.39
15.49
37.72

1.26
0.39
0.53
18.837
5
15.460
5
37.799
12
26.64
0.1932
20.07
18.17
15.43
37.49

110.15
5.88
54.78
19.76
23.59
8.18
1.43
3.93
35.59
20.09
2.27
38.64
15.07
392.38
246.81
44.38
169.33
230.11
511.55
12.98
14.40
376.53
382.57
104.69
48.78
39.92
0.794
0.067
3.489
0.330
0.290
0.045
0.312
0.772
0.267
0.148
0.061
2.240
1.067
0.706862 0.705032 0.713098 0.705242 0.705723 0.705385 0.709205 0.708047 0.705477 0.705102 0.704511 0.710820 0.706897
35
32
60
32
30
27
35
20
35
49
38
47
38
0.70506
0.70488
0.70516
0.70449
0.70506
0.70428
0.70849
0.70629
0.70487
0.70476
0.70437
0.70573
0.70447

TIBB-R

†
Rb, Sr, Sm, Nd, U, Th, and Pb concentration were measured on the ICP-MS (inductively coupled plasma–mass spectrometer), and analytical uncertainties are 5%. Isotopic ratios of Nd, Sr, and Pb were
measured on TIMS (thermal ionization mass spectrometer).
‡
Measured 143Nd/144Nd ratios normalized to 146Nd/144Nd = 0.7219. La Jolla Nd standard analyzed during the course of this study yielded 143Nd/144Nd = 0.511854+24 (2σ) (n = 5).
§
Two standard errors corresponding to the 5th decimal place.
#
Calculated using present-day bulk-earth value of 143Nd/144Nd = 0.512638 and 147Sm/144Nd = 0.1967.
††
Measured 87Sr/86Sr ratio normalized to 86Sr/88Sr = 0.1194. NBS-987 Sr standard analyzed during the course of this study yielded 87Sr/86Sr = 0.710234+23 (2σ) (n = 6).
‡‡
Two standard errors corresponding to the 5th decimal place.
§§
For Pb isotopic analyses, mass fractionation was monitored by analysis of the NBS-981 Pb standard and was typically ~0.12% per a.m.u. (atomic mass unit).
##
Two standard errors corresponding to the 3rd decimal place.
†††
Two standard errors corresponding to the 2nd decimal place.

Pb (ppm)†
Th (ppm)†
U (ppm)†
206
Pb/204Pb (measured)§§
2 s.e.##
207
Pb/204Pb (measured)§§
2 s.e.##
208/
Pb/204Pb (measured)§§
2 s.e.†††
(238U/204Pb)
(235U/204Pb)
(232Th/204Pb)
206
Pb/204Pb(initial at 170Ma)
207
Pb/204Pb(initial at 170Ma)
208
Pb/204Pb(initial at 170Ma)

30.83
29.26
2.978
N.D.
N.A.
N.A.

TIBB

22.86
10.36
41.56
17.62
1.555
1.662
0.707619 0.708702
31
33
0.70408
0.70492

TIBB-2

Rb (ppm)†
Sr (ppm)†
87
Rb/86Sr
87
Sr/86Sr (measured)††
2 s.e.‡‡
87
Sr/86Sr (at 170 Ma)

LIOU-3

3.58
4.51
4.86
2.21
3.35
0.97
2.14
4.71
7.51
0.45
0.34
3.39
2.96
5.79
2.84
5.64
10.68
13.72
13.76
5.81
10.47
1.48
4.96
12.92
23.35
1.27
0.70
10.22
9.65
18.96
8.91
17.31
0.212
0.208
0.223
0.241
0.202
0.414
0.272
0.231
0.203
0.223
0.304
0.210
0.194
0.193
0.202
0.206
0.513061 0.513052 0.512942 0.512919 0.512957 0.512915 0.513149 0.513165 0.513058 0.512773 0.512992 0.512969 0.512970 0.513019 0.512695 0.513044
21
33
22
27
39
29
87
31
21
20
37
23
18
32
33
17
7.9
7.8
5.3
4.5
6.1
1.2
8.4
9.5
8.0
2.0
4.7
6.1
6.5
7.5
1.0
7.7

Sm (ppm)†
Nd (ppm)†
147
Sm/144Nd
143
Nd/144Nd(measured)‡
2 s.e.§
εNd (at 170 Ma)#

LIOU-2

LIOU-1

Sample

TABLE 2. Rb-Sr, Sm-Nd, AND U-Th-Pb ISOTOPIC DATA OF THE FRANCISCAN HIGH-GRADE BLOCKS
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Figure 2. Chondrite-normalized rare earth element (REE) patterns of five blueschists, three eclogites, five garnet amphibolites, and three
actinolite rinds of the Ring Mountain tectonic block of this study. This group of rocks, with the exception of the actinolite rinds, displays
broadly similar, generally flat patterns, with most of the blueschists and a garnet amphibolite showing slight light REE depletion analogous
to South Sandwich Islands, Izu-Bonin, and Mariana arc basalts (Tatsumi and Eggins, 1995; Hawkesworth et al., 1977). Overall, these REE
patterns are similar to global arc basalts, especially trench-side basalts. The shaded region, for comparison, shows the general range of
Western Pacific arc tholeiite data (Jakes and Gill, 1970).
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of the Coast Range Ophiolite, parts of which are
believed to have formed in an arc setting, show
similar chemical variations as those of the highgrade samples of this study. FeO*/MgO ratios
(where FeO* is total Fe as FeO), when compared
against TiO2 (wt%) of the high-grade blocks (not
shown here), show restricted values of FeO*/
MgO from 0.95 to 1.2, whereas TiO2 values vary
from 0.52 to 2.75 wt%. Shervais and Kimbrough
(1985) use this variation to define fields for the
northern and southern Coast Range Ophiolite on
the basis of the slopes of the observed trends.
The Franciscan high-grade-block data indicate
both arc-tholeiite–like and MORB-like major
element chemistry, according to their TiO2 and
FeO*/MgO variations, following the Coast
Range Ophiolite–defined criteria. However, we
consider this variation nondiagnostic because
fO2 variations during arc magma generation in
the subduction environment also may be responsible for these trends. Thus, major element
chemical variations are not diagnostic for the
purpose of protolith characterization.
Chondrite-normalized REE patterns for the
high-grade blocks are shown in the upper three
panels of Figure 2. The REE patterns of the
high-grade rocks show relatively flat patterns,
with distinct depletions in La and Ce, and the
concentrations vary between 5 and 40 times
chondritic. Blueschists show light rare earth
element (LREE) depletions with (La/Sm)n
values of ~0.6 and (Gd/Lu)n values of ~1.5,
with the exception of sample TIBB-2, which
gives a value of 1 for both the ratios. Eclogites
and garnet amphibolites generally show slight
LREE-enriched patterns (except for sample
AM/GT), with (La/Sm)n between 0.7 and 1.5,
and (Gd/Lu)n between ~1.1 and 2.2. The overall
REE patterns are similar to those of arc basalts,
such as those from the South Sandwich Islands
and the Marianas (Hawkesworth et al., 1977;
Tatsumi and Eggins, 1995), and are distinctly
different from OIB. For a broad comparison, the
Western Pacific arc tholeiite REE data (Jakes
and Gill, 1970) are shown by the shaded regions
in Figure 2. The blueschist, eclogite, and garnet
amphibolite data overlap the Western Pacific arc
tholeiite REE data.
Rb-Sr and Sm-Nd isotopic data are given
in Table 2. The initial εNd at 170 Ma, which
approximates the older ages of formation of
the Coast Range Ophiolite (Shervais et al.,
2005; Hanan et al., 1992; Hopson et al., 1996;
Mattinson and Hopson, 1992) clusters between
+4.5 and +9.5 for the high-grade blocks. Initial
87
Sr/86Sr data at 170 Ma range from 0.70408 to
0.70506. The initial εNd and 87Sr/86Sr of these
rocks are plotted in Figure 3 along with the
fields for MORB, arc tholeiites, oceanic sediments, and upper Middle Jurassic Sr isotopic

Figure 3. Initial 87Sr/86Sr and εNd values at 170 Ma in the Franciscan high-grade rocks of this
study, compared with fields for present-day mid-oceanic-ridge basalt (MORB), global arc
tholeiites, and part of the field for oceanic sediments (Tatsumi and Eggins, 1995). Most of
the samples, with the exception of five samples, especially the actinolite rinds, fall in the arc
tholeiite field. The characteristic isotopic signatures of these five samples are discussed in
the text, including the presence of metacherts in some of these high-grade rocks. Eclogites
analyzed from a previous study (Nelson, 1995) fall close to the eclogites analyzed in this
study. The composition of late Middle Jurassic seawater and the general field of oceanic
sediments are shown for reference (from literature).

composition of seawater. The initial εNd values
at 170 Ma of all the samples studied fall outside
the present-day MORB field (Fig. 3).
Pb isotopic ratios of Franciscan high-grade
blocks of this study are reported in Table 2
and are plotted in Figure 4. Initial 206Pb/204Pb
and 207Pb/204Pb values at 170 Ma range from
18.13–18.44 to 15.43–15.52, respectively.
Initial 208Pb/204Pb values range from 37.49 to
37.92. Their initial ratios in plots of 207Pb/204Pb
and 208Pb/204Pb against 206Pb/204Pb at 170 Ma are
illustrated in Figure 4. These data are compared
with the present-day Pb isotope ratios of basaltic and andesitic rocks of three intra-oceanic
arcs—the Mariana, Kurile, and Izu-Bonin arcs
of the Western Pacific (from the GEOROC
database, compiled by the Max Planck Institute). For reference, various mantle reservoirs
and the Northern Hemisphere Reference Line
(NHRL) for Pb isotopes in oceanic basalts are
shown in Figure 4. Even though the Franciscan
Pb data are similar to Pacific MORB (Church
and Tatsumoto, 1975; Hanan and Schilling,
1989; Tatsumoto, 1978; White et al., 1987), they
show a similarity to the Izu-Bonin arc (Pearce et
al., 1992). A combined 206Pb/204Pb, 207Pb/204Pb,

and 208Pb/204Pb plot of the Franciscan rocks in
Figure 4 shows that the high-grade blocks are
distinct from continental crustal values, inasmuch as they are restricted to the oceanic basalt
field near the NHRL. The Mariana arc shows an
overall trend steeper than the NHRL. Samples
with lower 206Pb/204Pb values fall close to the
NHRL, as also seen in some Oligocene IzuBonin volcanics (Pearce et al., 1992) and in the
Franciscan samples. Also shown in Figure 4 for
comparison is the field of the only published Pb
isotopic data from the Coastal Range Ophiolite
(Hanan et al., 1991). This ophiolite plots close
to the Franciscan rocks of this study.
On a Ce/Pb versus Ce concentration plot
(Fig. 5) the samples under discussion have Ce
concentrations from 4.3 to 33.1 ppm, and Ce/Pb
varies from 0.4 to 2.4 with the exception of
blueschist (TIBB-2) and an eclogite (BC/EC),
which have Ce/Pb >6 (Table 1; Fig. 5). The
Franciscan data are compared in Figure 5 with
the global reservoirs of MORB, OIB, average
continental crust, bulk-earth composition, and
the field for global arc basalts.
The Nb/U ratio in global reservoirs also follows the same pattern as that for Ce/Pb (Hofmann
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Figure 4. Initial Pb isotopic compositions at 170 Ma of the Franciscan high-grade rocks of
this study in comparison with present-day Pb isotopic ratios of basaltic and andesitic rocks
of three intra-oceanic arcs of the Western Pacific. These arc data are from previous studies
as compiled by the Max Planck Data Sources. The Franciscan Pb isotopic ratios, although
similar to Pacific MORB (Church and Tatsumoto, 1975; Hanan and Schilling, 1989; Tatsumoto, 1978; White et al., 1987), are most remarkably similar to the frontal-arc lavas of the
Izu-Bonin arc. To make a valid comparison with the present-day Pb data of the arc lavas,
note that after 170 m.y. of evolution, the Franciscan Pb data should lie slightly to the right
along the Northern Hemisphere Reference Line (NHRL), but still far removed from possible continental crustal contamination, especially with respect to 207Pb/204Pb. Also shown
for comparison is the field of Pb isotopic data from the Coast Range Ophiolite (Hanan et
al., 1991). CRO—Coast Range Ophiolite; EM—enriched mantle; BSE—bulk silicate earth;
HIMU—high 238U/204Pb ratio.

et al., 1986); Nb is deficient in continental crust
and subduction-related lavas (Briqueu et al.,
1984). Nb concentrations in the samples vary
between 0.03 and 12.8 ppm (Table 1). With the
exception of two eclogites (E1, EG), Franciscan
rocks show low Nb/U ratios, ranging from 2.5
to 23 (compared to a mantle Nb/U = 47 ± 10),
indicating depletion in Nb compared to U. Similarly, Nb/La ratios in the Franciscan samples are
generally lower than MORB value (Nb/La =
0.9), varying between 0.3 and 1.3.
Other incompatible and compatible trace
element patterns, including the REE of the highgrade blocks, are shown in Figure 6, normalized
to N-MORB. The high-grade blocks are shown
in the first three panels of Figure 6. All the sam-
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ples show prominent LILE enrichment. Pb also
shows enrichment, as observed in Figure 5. Nb
depletion is prominent for certain blueschists
and garnet amphibolites of this study.
Discussion
Sorensen et al. (1997) studied similar Franciscan rocks and concluded that K was added
during the metasomatic processes that accompanied metamorphism of blueschist to eclogite.
Na alteration (spilitization) of ocean-floor rocks
is common, but K enrichment, which accompanies palagonitization, is usually confined
within the topmost few hundred meters of
ocean-floor rocks (Ridley et al., 1994). Inasmuch as the Franciscan blocks of our study

possibly belonged to the topmost layer of the
subducted crust, it would not have been uncommon for them to have had Na and K enrichment
before subduction. The low SiO2 exhibited by
some of the garnet amphibolites and eclogites
cannot be explained by alteration of N-MORB
unless their protoliths formed in the mantle as
low-SiO2 arc tholeiites. The high SiO2 content
of a garnet amphibolite (sample Q1–2) reflects
the significant amount of quartz in this sample,
as observed petrographically, which may be
related to the presence of metachert layers as
seen by the presence of a microfolded Mn-garnet layer in this rock (see Appendix, Fig. A1).
Overall, major element compositions, without
considering the seafloor alteration effects, indicate that arc tholeiites are possible protoliths of
the high-grade blocks, whereas for the protoliths
to be N-MORBs, they would have had to require
some metasomatic process of silica depletion
and enrichment prior to subduction. Also,
some “nugget effect,” nonrepresentative of the
coarse-grained bulk-rock samples (especially
the banded rocks), might have altered the powders prepared for whole-rock major elemental
analysis and led to the variation observed in
the SiO2 content seen in these rocks. Thus,
major element considerations alone indicate
that the high-grade rocks of this study may have
both MORB-like as well as arc-tholeiite–like
geochemical features, indicating that perhaps
both types of rocks were protoliths of these
high-grade blocks. There is little indication in
the major element compositions of these rocks
of the presence of ocean-island–type volcanic
rocks as protoliths.
The overall REE patterns in Figure 2 are
similar to arc basalts (Hawkesworth et al., 1977;
Tatsumi and Eggins, 1995) and are distinctly
different from OIB. The Western Pacific arc tholeiite REE data (Jakes and Gill, 1970) are shown
by the shaded regions in Figure 2. Although the
REE patterns, especially of the blueschists
(Fig. 2) of these Franciscan rocks, are similar
to those of some typical MORB, the blueschist,
eclogite, and garnet amphibolite data also overlap the Western Pacific arc tholeiite REE data.
The absence of conspicuous LREE-enriched
patterns indicates that no continental component (including continent-derived sediments)
was present in the high-grade blocks, which
is also validated by the absence of high-grade
metasediments in the Franciscan. Pb isotopic
data, as discussed later, also support the hypothesis that no continental component is present in
these rocks. If arc tholeiites or MORB were the
precursors of these rocks, our data would imply
that the transformation of these tholeiites to
blueschists and eclogites was not accompanied
by large-scale LREE mobilization during sub-
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duction; these elements were merely redistributed among the newly formed minerals, such as
lawsonite, titanite, allanite, garnet, and omphacite (Tribuzio et al., 1996), without significant
release of REE to the overlying mantle wedge.
Thus from the REE data we can conclude that
either MORB or arc tholeiites could be the protoliths of these high-grade blocks.
In Figure 3, with the exception of two low εNd
samples, most of the rocks in this plot could be
characterized as either having seawater-altered
MORB or arc tholeiite as protoliths. The low
initial εNd signatures were identified in previous studies (Nelson, 1991, 1995) and were
interpreted as alteration by fluids derived from
subducted continental sediments. However, this
conclusion was based on Nd and Sr isotopes
alone, whereas our interpretations are based
on a more extensive data set that includes Pb
isotopes, major elements, REE, and HFSE, in
addition to Nd and Sr isotopic data. The two
samples (Q1–2 and TIBB-2) contain a significant amount of quartz. The quartz-rich nature
of these samples suggests that their protoliths
may have contained nonbasaltic lithologies
such as chert. Sample Q1–2 exhibits tightly
folded layers of spessartine garnet that likely
represent metamorphosed and folded chert
layers or lenses within what would otherwise
be metabasaltic rock. A photomicrograph
(Appendix, Fig. A1) shows a microfolded layer
of manganiferous garnets within this quartzbearing garnet amphibolite. The garnet-rich
layers in such rocks are generally regarded as
relics of metachert layers within the protoliths
of the garnet amphibolite. It should also be
noted that the presence of such metachert layers
would cause major element chemical heterogeneity in the protoliths by silica addition, as well
as in the Nd and Sr isotopic compositions of
the bulk rocks by inheriting seawater Nd and
Sr in the chert layer. This effect is seen in two
rock samples in the Nd-Sr isotope ratio plot of
Figure 3 and in samples of garnet amphibolites
like sample Q1–2. Isotopic and chemical compositions of bedded radiolarian cherts, as found
in the Franciscan, are mostly dominated by biogenic silica derived from radiolarian and sponge
spicules, and modified by the addition of authigenic hydrogenous components (Shimizu et al.,
2001). Thus, radiolarian chert could account
for the low εNd values seen in these high-grade
rocks. We also note here that the lack of published Nd and Sr data for samples of the Coast
Range Ophiolite do not allow a much-needed
comparison with the rocks of this study (J.W.
Shervais, 2003, personal commun.).
In Figure 4, the high-grade blocks plot on the
field of oceanic basalts near the NHRL, away
from the EMII reservoir. Pb isotopes are sensitive

Figure 5. Ce/Pb ratios and Ce concentrations in Franciscan rock samples in comparison
with fields for oceanic basalts (MORB and OIB), global arc lavas, average continental crust,
and the chondritic bulk-earth composition. Note non-MORB– and non-OIB–like compositions of the Franciscan high-grade metamorphic rocks of this study, suggesting subducted
arc basalts as protoliths of these Franciscan rocks. Some Pb mobilization also took place
during Franciscan subduction, as discussed in the text. Other data sources are from Hofmann et al. (1986) and Miller et al. (1994).

indicators of local sediments in the subduction
zone; typically many subduction zone magmas
exhibit steep arrays on 206Pb/204Pb versus 207Pb/
204
Pb and 208Pb/204Pb plots (Hawkesworth et al.,
1977; Meijer, 1976), implying sediment involvement in island-arc basalt genesis. It is most likely
that in such instances, arc Pb is contributed by
subducted sediments and from slab-derived fluids. As noted previously, the lack of conspicuous
LREE-enriched patterns also suggests a lack of a
continental crust component. These observations
rule out continental crustal Pb in the protoliths of
these HP-LT metamorphic rocks. Thus we infer
that the Pb in the high-grade Franciscan rocks
was almost entirely derived from a MORB-like
depleted mantle source with little contribution
from continental sources and sediments. The
similarity between the Coast Range Ophiolite,
which is believed to have arc crust (Giaramita et
al., 1998), and the Franciscan samples in terms of
Pb isotopic values, supports the contention that
arc tholeiites are viable protoliths of the Franciscan samples.
Consideration of Ce/Pb ratios (Fig. 5) for the
eclogites and blueschists can be useful regarding protolith origin, especially in light of the
initial Pb isotopic ratios of the same rocks as
previously discussed. Ce/Pb ratios are, in general, remarkably uniform in both MORB and
OIB rock types (Hofmann et al., 1986), with a
value of 25 ± 5. Continental crust, however, has
a much lower value of 4. Considerable discussion in the literature concerns the preferential
partitioning of Pb, apparently by a continuing

geological process from the mantle into the
continental crust via some nonmagmatic transfer of Pb during the subduction process (Miller
et al., 1994). The strong correspondence of the
Franciscan Ce/Pb ratios with arc lavas is clear,
although this similarity may also be due to the
mobility of Pb during subduction. However, the
foregoing discussions of the major element,
REE, Sr, Nd, and Pb isotopic ratios are consistent with an arc tholeiitic parentage for the highgrade blocks. Our preference for an arc origin of
the high-grade block protoliths is also supported
by the N-MORB–normalized multiple element
considerations as discussed later.
The rocks show low Nb/U values, the
Nb/La values vary between 0.3 and 1.3, and
the MORB value is 0.9. The high concentration of Nb is due to the presence of rutile (see
Appendix), as indicated by the TiO2 concentrations. Because arcs are not depleted in La in
comparison to Nb, the low Nb/La ratios also
indicate that the protoliths of these rocks were
Nb depleted. Again, higher Nb/La values in a
few samples (Table 1) could be attributed to
the presence of titanite and rutile. The low Ce/
Pb and Nb/U ratios in most of the samples are
significant because of the documented mobility
of Pb and U during subduction processes. The
question arises, then, as to whether this mobilization took place during Franciscan subduction
or was already recorded in the arc protoliths of
the high-grade Franciscan blocks.
Multiple trace element concentrations
(Table 1) are important for resolving the issue
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depletion is clearly seen in the blueschists and
garnet amphibolites in their trace element patterns. The high Ba/Nb, U/Th, and Pb/La ratios
in these Franciscan rocks are significant (Fig. 6).
Ba and Pb have concentrations that reach up to
100 times or more the average upper crust composite (Hart and Staudigel, 1989) and more than
2 times Ba and 5 times Pb of the most enriched
subduction zone basalts (Tatsumi and Eggins,
1995). N-MORB–normalized values of Th, an
immobile element, in general are greater than 1
in the high-grade rocks. Thus, the rocks of our
study could not be so enriched in Th, along with
Ba and Pb (Fig. 6), by fluids from the subducting
slab unless the rocks themselves underwent an
episode of melting during Franciscan subduction,
which is unlikely. Thus, arc basalts, which would
have formed from partial melting of the mantle
wedge, would have to constitute the protoliths of
the Franciscan rocks to retain this enriched Th,
Ba, and Pb signature. Thus, we believe that arc
tholeiites would be a stronger candidate for the
protoliths of the high-grade blocks.
Actinolite Rinds

Figure 6. Multiple trace element concentrations normalized to N-MORB for the high-grade
Franciscan metamorphic rocks. Elements are arranged according to progressively varying
incompatibility (Tatsumi and Eggins, 1995). Along with low Ce/Pb, Nb/U, the generally high
Ba/Rb and Ba/Th enrichments and the inordinately high Pb enrichments of these rocks are
noteworthy. The overall trace element signatures of these rocks are clearly unlike MORB
but similar to arc basalts, with some enrichment of fluid-mobile elements like Pb, Ba, Rb,
and U, during Franciscan subduction.

Geochemical Data
Chondrite-normalized REE patterns for the
actinolite rinds, displayed in the lowest panel
of Figure 2, show low concentrations and flat
to LREE-depleted patterns. La concentrations
vary between 0.2 and 2 times chondrite. These
actinolite rinds show a wide range of ratios—
0.1–1.1 for (La/Sm)n and 0.7–1.1 for (Gd/Lu)n.
They plot below the field of the Pacific arc tholeiites (Fig. 2) and are unlike the REE patterns
of the high-grade blocks. In Figure 3, the three
actinolite rinds plot away from the region of arc
tholeiites with low initial εNd (+1.2 to +4.0) and
high initial 87Sr/86Sr (0.70516 to 0.70849). In the
Pb isotopic plots the actinolite rinds fall in the
same region as the high-grade blocks, close to
the NHRL and in the field of the oceanic basalts.
Hence, they are not shown by separate symbols.
In the Ce/Pb versus Ce plot of Figure 5, two of
these samples plot below the field of the arc
tholeiites; sample R/GT was not plotted because
of its very low Ce concentration (0.4 ppm). In
N-MORB–normalized compatible and incompatible trace element plots (lower panel, Fig. 6)
they show LILE and Pb-K enrichment, similar
to the high-grade blocks.

believed to acquire this trace element signature
by partial melting when fluids, formed by the
dehydration and devolatilization of the subducting oceanic slabs, react with the depleted mantle
wedge, causing this melting and ultimately forming lavas with characteristic arc signatures. Nb

Discussion
In the major element compositions, the
actinolite rinds are chemically distinctly different from the rocks of the high-grade blocks.
They are MgO enriched and low in Al2O3 in
comparison to the rest of the rocks of this study.
This observation clearly indicates that they are

of protoliths—whether they were MORB or
arc tholeiites. N-MORB–normalized multiple
trace element patterns are shown in Figure 6.
These normalized trace element patterns can
be diagnostic of subduction zone fluids as well
as those of arc volcanic rocks. Arc rocks are
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different from the high-grade blocks. The rinds
are possibly the most metasomatized parts of
the high-grade blocks. The chondrite-normalized REE patterns of the rinds indicate that
the concentrations of trace elements are low
in comparison to the high-grade blocks. These
REE patterns also indicate, as in the case of
the high-grade blocks, that no crustal component was involved during the metasomatism
of these rinds. The low initial εNd and the high
initial 87Sr/86Sr ratios, and the lower Nd and Sr
contents (Table 2; Fig. 3) of the actinolite rinds,
could be due to seawater alteration and/or continental crustal contamination of the protoliths
of the actinolite rinds (Fig. 3). The Pb isotopic
ratios (Fig. 4A, B) rule out the possibility of
crustal contamination. Thus, a component
with crustal Nd and Sr, but no crustal Pb, is
needed as the source for the three rocks with
low εNd values. Phosphate from fish debris that
scavenges REE from seawater with low εNd and
radiogenic, seawater-derived Sr (Elderfield and
Pagett, 1986) could explain these anomalous
isotopic compositions. Alternatively, biogenic
silica from bedded radiolarian chert (Shimizu et
al., 2001), as mentioned previously in the case
of high-grade blocks, could also be a possible
candidate. Thus, these three samples (with open
symbols) in the lower right of Figure 3 may
contain the fish-debris phosphate or chert component in their protoliths. However, Pb isotopic
ratios indicate an absence of crustal components
in these rinds, as also validated by the REE patterns. The samples under discussion have Ce
concentrations from 0.4 to 2.4 ppm, whereas
Ce/Pb ratios vary at ~1 or below (Fig. 5). They
plot away from the high-grade blocks, indicating more Pb enrichment in comparison to the
high-grade blocks during metasomatism. The
actinolite rinds show K enrichment coupled
with LILE and Pb enrichment (Fig. 6). Thus,
the combined major element, trace element, and
isotopic data of the actinolite rinds seem best
explained by the metasomatism of a depleted
mantle-wedge ultramafic rock by typical subduction zone fluids. However, we note here that
the high-grade blocks may also have interacted
with this fluid, but they show less of an effect
in their trace element and isotopic signatures
because of initially higher trace element contents in their protoliths.
Conclusions from Geochemical Data
The major element chemical variation seen
in the high-grade blocks might be considered
to be the near original composition of most of
these rocks because of their isotopic and trace
element signatures. The lack of strong LREE
enrichment, for example, in the high-grade

blocks indicates that element mobility in these
high-grade blocks has been minimal. Thus, the
geochemical results discussed previously can
be generally interpreted to indicate an islandarc-basalt protolith for the Franciscan highgrade blocks from Ring Mountain (Fig. 1A,
B). The major element compositions indicate
that the high-grade blocks could possibly be
either MORB or arc tholeiites. REE patterns
of the samples in this study are similar to both
N-MORB and arc tholeiites. The Nd and Sr
isotopic data fall near the fields of arc tholeiites,
with the exception of a few samples that might
contain some oceanic crustal component from
seawater-derived Nd and Sr additions. Both the
REE patterns and the Pb isotopic ratios indicate
the absence of continental crustal components
in their protoliths. Ce/Pb and Nb/U ratios suggest that Pb and U could have been mobile to
some extent during Franciscan subduction.
The Nb depletion generally seen in these rocks
cannot be a feature acquired during Franciscan
subduction. Concentrations of Th, an immobile
element, are found to be higher in the studied
samples than N-MORB, indicating that these
characteristics were inherited in an arc tholeiite
protolith because these high-grade blocks did
not suffer partial melting during subduction,
which would have caused enrichment in Th.
The fact that all these geochemical signatures
have been faithfully retained in the Franciscan
eclogites and blueschists, despite their HP-LT
metamorphism in the subducted slab some
160 m.y. ago, attests to the validity of our
geochemical approach in testing whether the
arc basalts were the protoliths of these rocks.
Collectively, all the geochemical data presented
here implicate predominantly arc basalts as
protoliths of the high-grade blocks, with additional imprints perhaps having acquired major
element, trace element, and isotopic characteristics during Franciscan subduction within the
slab-by-slab–derived fluids. Samples of actinolite rinds were too metasomatized to be used in
defining the protoliths of those rocks.
It is clear from this discussion that the geochemical signatures of some of the samples may
be similar to MORB, although it is not uncommon for arc regions to contain N-MORB–like
rocks in terms of their geochemical and isotopic
characteristics (Caprarelli and Leitch, 2002;
DeBari et al., 1999; Johnson and Fryer, 1990).
It is noteworthy that the Coast Range Ophiolite
contains a diversity of basalts, including islandarc tholeiites as well as supra-subductionzone–related MORB components (Giaramita
et al., 1998; Shervais, 2001). Therefore, even
though some samples of the Franciscan of this
study may show N-MORB–like characteristics,
they do not require the protoliths of all the high-

grade rocks of this study to have formed in a
MORB-like setting.
TECTONIC EVOLUTION OF
FRANCISCAN HIGH-GRADE BLOCKS
Geochemical data from Franciscan highgrade blocks from Ring Mountain indicate an
infant-arc origin for these rocks, similar to that
proposed for the Coast Range Ophiolite, and
are different from the origin of other Franciscan metavolcanic rocks studied thus far. Some
previous studies have dealt with incipient blueschist facies or lower-grade Franciscan volcanic
rocks with preserved relic igneous mineralogy
and textures (MacPherson et al., 1990), but they
are not relevant to problems related to highertemperature metamorphism associated with
the inception of subduction that is recorded
in high-grade blocks. The trace element study
of Ward Creek metabasites, among the oldest
and highest-grade coherent metabasites, suggested an oceanic arc protolith for those rocks
similar to our conclusions for the high-grade
blocks (Swanson et al., 2004). In studies of
high-grade blocks of the Franciscan (Nelson,
1991, 1995; Sorensen et al., 1997), protoliths
were considered to be of MORB origin, with
fluids that modified the block composition having originated from high-grade metasediments,
based on trace elements or Sr/Nd isotopic ratios.
But our combined study of trace and major elements, along with Nd, Sr, and Pb isotopic ratios,
indicates that some of the protoliths of the highgrade blocks had an arc origin and that none of
the blocks appears to possess a chemical component derived from a continental source, such
as high-grade metasedimentary rocks.
On the basis of the geochemical evidence presented previously, a model for the development
of the high-grade blocks and the Coast Range
Ophiolite is now described (Fig. 7), which is
modified from Wakabayashi and Dilek (2003).
Initiation of west-dipping subduction
occurred as a result of a collision somewhere
along the boundaries of the plates involved
(Mueller and Phillips, 1991). Initiation of subduction caused displacement of the underlying
asthenosphere, which, being lighter, migrated
upward, causing stretching of the younger
lithospheric plate, followed by seafloor spreading (Fig. 7A). Adiabatic decompression of the
upward moving asthenosphere, combined with
the dehydration of the subsiding lithosphere,
would have caused widespread melting. This
melting would have led to the formation of
infant-arc crust by seafloor spreading; melts
that characterize this geologic situation would
be of boninitic affinities. As a consequence of
the rapid subsidence of the downgoing plate, the
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subducting slab rolled back, and this rollback
was paired with the extension of the lithosphere
above it, creating arc crust (Fig. 7B). Rocks
with boninitic affinities are found in the Josephine ophiolite (Crawford et al., 1989) and
the Coast Range Ophiolite (Shervais, 2001),
indicating that an arc environment was present
at the western margin of North America. The
Coast Range Ophiolite and protoliths of the
Franciscan high-grade blocks are suggested to
have formed in this infant-arc environment.
Although the Coast Range Ophiolite was
formed in an infant arc environment associated
with young subduction, it was not emplaced
over the subduction zone it formed (Wakabayashi and Dilek, 2000). This is because the
age of high-temperature metamorphism of the
high-grade blocks that marks the initiation of
Franciscan subduction is younger than the age
of the Coast Range Ophiolite. For this ophiolite
to have been formed above the east-dipping
Franciscan subduction zone, the age of highgrade metamorphism in the high-grade blocks
would have had to be older than the ophiolite
(see Wakabayashi and Dilek, 2000, and references therein). No metamorphic rocks found
structurally beneath the Coast Range Ophiolite
are older than the ophiolite. If an older, eastdipping subduction zone existed, all evidence
for it must have been removed by strike-slip
faulting or other processes. Consequently, it is
more likely that a pre-Franciscan, west-dipping
subduction zone was related to the formation
of the Coast Range Ophiolite (Fig. 7A, B), as
proposed by several workers (Dickinson et al.,
1996; Moores, 1970; Schweickert and Cowan,
1975). In contrast to the lack of evidence for
pre–Coast Range Ophiolite subduction within

or west of the Franciscan Complex, there is
abundant evidence of pre-Franciscan subduction in the Sierra Nevada, although the polarity
of the various episodes of subduction recorded
in the Sierra Nevada basement are not agreed
upon by all workers (e.g., Dickinson et al.,
1996; Moores, 1970; Saleeby, 1992). Gravity,
magnetic, and seismic data indicate the presence
of a buried west-dipping zone of mantle material
(10 km or more thick) beneath the Great Valley,
and this structure has been interpreted as a westdipping suture zone (Godfrey and Klemperer,
1998; Godfrey and Dilek, 2000). It is not certain
as to whether this apparent suture “daylights” in
the western Sierra Nevada (Godfrey and Dilek,
2000). Wakabayashi and Dilek (2000) proposed
that garnet amphibolites beneath the Jarbo Gap
ophiolite and garnet amphibolite, associated
with the Tuolumne Complex in the western
Sierra Nevada (the latter yielding a 178 Ma Ar/
Ar age; Sharp and Leighton, 1987), may have
been formed during the inception of a westdipping subduction zone; this paleosubduction
zone may be associated with the buried mantle
suture, or it may represent a separate suture.
The infant arc origin of the Franciscan highgrade block protoliths, as determined in this
study, also indicates that a pre-Franciscan subduction zone must have been associated with the
generation of the high-grade-block protoliths.
The igneous protoliths could not have been
formed in the same (Franciscan) subduction
zone that metamorphosed them, given that the
metamorphism that they underwent could have
occurred only at the inception of subduction.
Our proposed model for the initiation of Franciscan subduction and the origin of the Coast
Range Ophiolite in an infant arc setting, although

similar in many ways, differs from that proposed
by Stern and Bloomer (1992) in one significant
aspect—that of the polarity of initial subduction.
These authors suggested that the Coast Range
Ophiolite formed over an east-dipping Franciscan subduction zone. The formation of the
ophiolite over the Franciscan subduction zone is
inconsistent with the fact that high-grade blocks
are younger than the ophiolite. Although it may
be argued that some high-grade-block ages are so
close to those of the Coast Range Ophiolite that it
is difficult to determine which is older (counterarguments to this are presented in Wakabayashi
and Dilek, 2000), the fact that the protoliths of
the high-grade blocks are themselves of infant
arc origin argues for the presence of a pre-Franciscan subduction zone. As discussed, the preFranciscan subduction zone is more likely west
dipping than east dipping (Fig. 7A, B). U-Pb
zircon ages of 178 ± 7.2 and 218.9 ± 6.0 Ma
were obtained from euhedral and anhedral zircon
grains, respectively, from a Franciscan highgrade block (Page et al., 2003). This might be
taken as evidence of older Franciscan subduction
that predated the Coastal Range Ophiolite and
evidence supporting formation of the ophiolite
over an east-dipping Franciscan subduction zone.
However, consideration of the 178 Ma age as a
high-T metamorphic age of the block demands
an unlikely scenario of metamorphic temperatures remaining above Ar closure in hornblende
(~500 °C) for 15–18 m.y. after peak metamorphism. Following the initiation of subduction,
refrigeration of the subduction zone occurred
rapidly, and it is not likely that it would take 15–
18 m.y. for the high-grade blocks to cool from
peak metamorphic temperatures to 500 °C, (e.g.,
Hacker, 1991). Another alternative scenario for

Figure 7. This series of diagrams summarizes the general tectonic development of the high-grade blocks, similar to those found at Ring
Mountain. (A, B) West-dipping subduction begins, and the slab rapidly rolls back eastward, with lithospheric extension above and the
formation of nascent arc crust, including that of the Coast Range Ophiolite and the protoliths of the high-grade blocks such as at Ring
Mountain. (C) East-dipping Franciscan subduction initiates as a result of the blockage of the west-dipping subduction zone. The new subduction zone initiates within the infant-arc crust. (D, E) Enlargements of the young Franciscan subduction zone, showing the offscraping
of nascent arc basalt to form the high-grade blocks and later subduction of oceanic crust of MORB and OIB affinity. The initial subduction
of the high-grade blocks results in high-temperature metamorphism, which varies in temperature and pressure as a function of how close
the rock is to the hanging wall of the subduction zone and how far it is down the dip of the subduction zone when it is offscraped (F). This
results in a variety of pressure-temperature (P-T) conditions for high-grade metamorphism found in the blocks. As subduction continues,
the offscraped basaltic material quickly cools and a counterclockwise P-T path results (G). The pressure increase (vertical scale) shown in
(G) may result from thrust imbrication of the upper plate, or partial resubduction of the blocks after peak (temperature) metamorphism.
Note that the width of the slab of basalt, the subject of high-grade metamorphism, is greatly exaggerated in (D), (E), and (F) so that it is
visible. Following the underplating of the metamorphic rocks, the metamorphic sheet was dismembered, so that most of this material is
found now only as blocks in shear zones. In (G): Z/P-P—zeolite–pumpellyite-prehnite facies; Bsch—blueschist facies; Ec—eclogite facies;
Gr—granulite facies; EA—epidote-albite facies; Am—amphibolite facies; Gsch—greenschist facies. Note initially high temperature of
metamorphism (horizontal scale), as would be expected in the subducted nascent arc crust as proposed in this study. Subsequent cooling
during subduction results in the counterclockwise P-T path as shown in this diagram, which is based on previous studies. Diagrams based
in part on Wakabayashi (1999).
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high-grade-block evolution might be cooling after
initiation of subduction, followed by reheating in
a ridge-subduction event, but such a scenario is
not likely based on the prograde P-T paths that
show evidence for subduction rather than two
distinct stages of high-T metamorphism (e.g.,
Krogh et al., 1994). Shervais (2001) proposed
that high-grade block metamorphism is a product of ridge subduction alone without an earlier
metamorphic history. Such a scenario conflicts
with the fact that the high-grade blocks or any
adjacent units lack low-P–high-T metamorphism
(high-grade–high-T block metamorphism is
medium to high pressure) that should be expected
from ridge-subduction metamorphism (Brown,
1998; Sisson and Pavlis, 1993). It is likely that
the older zircon ages from the high-grade blocks
are a product of igneous or metamorphic zircon
crystallization related to pre-Franciscan westdipping subduction rather than to pre–Coast
Range Ophiolite Franciscan subduction.
Our model for the origin of the Franciscan
high-grade blocks on the basis of our geochemical data is consistent with models that suggest
metamorphism occurred at the inception of
subduction beneath the young Coast Range
Ophiolite (Hanan et al., 1992; Wakabayashi,
1990; Wakabayashi and Dilek, 2000). Arc geochemistry suggests that east-dipping Franciscan
subduction was initiated within the young infant
arc crust (Fig. 7B, C, D) as a consequence of the
blockage of the earlier west-dipping subduction
zone by the continental margin. Continued subduction resulted in the offscraping of rocks of
MORB or OIB origin from farther west, away
from the subduction zone (Fig. 7E, F).
The P-T path that developed in the high-grade
blocks depended in part on the original position
of high-T metamorphism (Wakabayashi, 1992,
1999) as shown schematically in Figure 7G for
P-T paths labeled X and Y in Figure 7F. The
pressure increase noted during cooling may be
related to imbrication or thickening of the upper
plate or partial resubduction of pieces from the
high-grade slab. Continued shearing of the metamorphic slab resulted in disruption of the slab
into blocks in a shear zone. These are the highgrade blocks of the Franciscan in our model.
Based on δ18O variability within the minerals
(Taylor and Coleman, 1968) of the subducted
Franciscan high-grade rocks, such as eclogites
and glaucophane schists, it appears that these
rocks could not have formed by oxygen-isotopic exchange solely with typical mantle reservoirs. Rather, these rocks were imprinted by
the oxygen isotopic signatures of crustal fluids
(Magaritz and Taylor, 1976); preliminary results
as presented here indicate that this fluid source
was hydrothermally altered submarine igneous
rocks in an island-arc environment.
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CONCLUSIONS
High-grade-metamorphic rocks from Ring
Mountain of the Franciscan Complex have arc
basalts as protoliths. Multiple trace element
and isotopic geochemical characteristics of the
Franciscan blueschists and eclogites provide
evidence that the protoliths of these rocks were
arc basalts. The geochemical characteristics of
the high-grade blocks described here suggest a
common origin with the Coastal Range Ophiolite and indicate that Franciscan subduction
initiated within infant-arc crust that formed over
a pre-Franciscan subduction zone. With further
subduction, older oceanic crust of MORB and
OIB affinity was subducted, with some pieces
being offscraped to form most of the lower
grade volcanic rocks within the Franciscan
Complex during thermal relaxation. Some
low-grade volcanic and plutonic blocks in Franciscan mélanges are of arc origin and appear
to have been derived from parts of the Coast
Range Ophiolite that were exhumed and eroded
comparatively early in the history of Franciscan
subduction and shed as olistostrome blocks into
the Franciscan trench (MacPherson et al., 1990;
Erickson et al., 2004).
To be certain that the results from Ring
Mountain are applicable to all Franciscan highgrade blocks, further studies of other localities
in the Franciscan are desirable. Possibly one
may discover substantial heterogeneity and
multiplicity of the petrotectonic sources of the
blocks. The trace element study of the Ward
Creek metabasites (Swanson et al., 2004) suggests an arc protolith for those rocks and suggests that arc crust may have been subducted for
the first 20 m.y. of Franciscan subduction. Further studies of coherent blueschists of different
metamorphic-accretionary ages may facilitate
estimates of the duration of subduction of arc
crust and estimates of the width of the original
arc-generated crust.
APPENDIX
Sample Localities and Petrographic Descriptions
The following are brief petrographic descriptions
of the various high-grade-block samples and the localities (see Fig. 1B) from which they were collected.
LIOU 1, 2, and 3 are all blueschist samples from
the same block on the south side of Ring Mountain.
They are fairly similar except that LIOU 2 lacks garnet and has albite.
LIOU 1: The mineral assemblage is sodic amphibole + white mica + lawsonite + garnet + titanite +
hematite. There is some early clinozoisite-epidote and
late chlorite. The garnet may be a relic from an earlier
stage of crystallization.
LIOU 2: The mineral assemblage is sodic amphibole
+ white mica + epidote-clinozoisite + albite + titanite
+ hematite. Lawsonite is present as in LIOU 1 and is
clearly texturally late, exhibiting a poikiloblastic texture.

LIOU 3: The mineral assemblage is sodic amphibole + white mica + lawsonite + garnet + titanite +
hematite. There is some early clinozoisite-epidote and
late chlorite.
AM/GT, GT, GT/GL 1, B 1, and R/GT are all
taken from the same garnet amphibolite block on the
north side of Ring Mountain; these samples represent different parts of the block, including a sample
with nearly complete blueschist recrystallization and
the rind.
AM/GT: This is a garnet amphibolite with a small
amount of blueschist retrograde metamorphism manifested in sodic amphibole rims on calcic amphibole.
The high-temperature assemblage is calcic amphibole
+ garnet + epidote-clinozoisite + white mica + rutile
+ hematite ± albite (texturally late in this sample).
Titanite rims rutile and locally forms poikiloblastic
grains. Sodic amphibole rims the calcic amphibole,
and late chlorite occurs locally. The calcic amphibole
composition is probably similar to that of TIBB (discussed later) on the basis of its appearance.
GT: This is a garnet amphibolite with a small
amount of blueschist overprinting, as just described.
This sample differs from AM/GT in that it lacks
albite. The high-temperature assemblage is calcic
amphibole + garnet + epidote-clinozoisite + white
mica + rutile + hematite. Titanite rims rutile, and
sodic amphibole locally rims calcic amphibole. Late
chlorite also occurs in this sample. Small zircons are
present and are most noticeable as small inclusions
in the calcic amphibole.
B 1: This is a blueschist sample that comes from
one of the outer layers of the garnet amphibolite
block. Because of this relationship, one would infer
that it was originally garnet amphibolite, although
none of the high-temperature assemblage remains
in this sample. The mineral assemblage is sodic
amphibole + epidote-clinozoisite + white mica +
hematite. Late poikiloblastic lawsonite is common in
this sample. Titanite may occur as fine grains in this
sample, but if so, it is not common.
GT/GL 1: This sample at first glance appears like
an actinolite rind sample from this garnet amphibolite
block. Alternatively this sample may be from one of
the calcic amphibole-rich zones that appear to be
dikes that cut across the block. The mineral assemblage is calcic amphibole + white mica + rutile. Sodic
amphibole locally rims the calcic amphibole, and
local rims of titanite occur on rutile grains.
R/GT: This is an unequivocal actinolite rind
sample from this block. This sample is composed
almost entirely of actinolite with some iron oxide
and a little sodic amphibole rimming some of the
actinolite. Titanite or rutile, if present, is not petrographically obvious.
EC and E-1 are from an epidote-rich eclogite
block located near the garnet amphibolite block mentioned previously. Both of these samples exhibit little
evidence of blueschist overprint.
EC: The mineral assemblage is omphacitic clinopyroxene + epidote-clinozoisite + garnet + rutile +
hematite. Late chlorite occurs, and titanite has largely
replaced rutile, leaving only local cores.
E-1: This sample is similar to EC.
Q1–2 and GT/GL 2 are taken from a quartz-bearing garnet amphibolite near the eclogite block noted
above. Both garnet amphibole samples have minor
amounts of blueschist facies overprinting in the form
of sodic amphibole rims on calcic amphibole. Q1–2
differs significantly from GT/GL 2 in that clinopyroxene is present.
Q1–2: This is a quartz-bearing garnet amphibolite (Fig. A1). The high-temperature assemblage is
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Figure A1. Photomicrograph showing a
microfolded layer of manganiferous garnets
within this quartz-bearing garnet amphibolite. It was taken under crossed nicols, and
the length is 6 mm.

calcic amphibole + garnet + clinopyroxene + epidoteclinozoisite + quartz ± albite + iron oxides. Sodic
amphibole locally rims calcic amphibole. Much of the
clinopyroxene has been replaced by a fibrous yellowish to brownish red phase. Rutile or titanite is scarce or
absent in this sample. The possibility of albite occurring with quartz, clinopyroxene, and garnet offers a
rare opportunity to get a pressure estimate (from albite
= jadeite + quartz) as well as a temperature estimate
for this rock.
GT/GL 2: This is a quartz-bearing garnet amphibolite with a minor amount of blueschist overprinting.
The high-temperature assemblage is calcic amphibole + garnet + epidote-clinozoisite + white mica +
quartz + albite + rutile. Titanite has replaced most of
the rutile, leaving just a few cores. Sodic amphibole
locally rims calcic amphibole. Iron oxides either are
absent or scarce in this sample.
BC/EC is taken from an eclogite block far down
the northern slope of Ring Mountain above Marin
County Day School. The block has a green and blue
banded appearance from sodic amphibole-rich versus
omphacite-rich layers. The eclogitic assemblage is
omphacitic clinopyroxene + garnet + white mica +
epidote-clinozoisite + rutile + iron oxides. Titanite
has largely replaced rutile. Sodic amphibole is common in this rock; it appears to have largely formed
after the eclogite assemblage. Some late chlorite is
also present.
TIBB, TIBB 2, and TIBB R are taken from the
same garnet amphibolite block on the south side of
Ring Mountain. This is the same block that was sampled and labeled “TIBB” in Wakabayashi (1990).
TIBB: This sample is garnet amphibolite with
minor blueschist overprinting. The high-temperature
assemblage is calcic amphibole + garnet + epidoteclinozoisite + white mica + clinopyroxene + rutile
+ hematite. Most of the rutile has been replaced by
titanite. Sodic amphibole locally rims calcic amphibole, and chlorite is also present. For more details
on this rock, see Wakabayashi (1990). Small zircons
are present and are most apparent as inclusions in the
calcic amphibole.
TIBB 2: In this sample, blueschist assemblages
have completely replaced earlier amphibolite assemblages. The assemblage present is sodic amphibole +
white mica + epidote-clinozoisite + chlorite (mostly
replacing what appears to have been garnet) + quartz
+ carbonate + titanite + hematite.
TIBB R: This is the actinolite rind from this block.
The assemblage is actinolite + white mica + titanite,
with some rimming of actinolite by sodic amphibole.

Figure A2. Tectonic discrimination diagrams using Ti, Zr, Y (A) and Hf, Th, Ta (B).
Figure A2A shows the protoliths mostly in the MORB and are fields, whereas Figure A2B
shows some of the garnet amphibolites and blueschists in the arc field, and most of the other
rock samples falling in the margin between N-MORB and arc fields.

Additional Trace Element and Major Element
Considerations
We provide some other tectonic discrimination
diagrams for our data (Fig. A2A, B). These are TiZr-Y and Hf-Th-Ta variation diagrams with different
tectonic settings as distinguished by their respective
fields. Notice that Figure A2A allows the protoliths to
be both MORB and arc related, whereas Figure A2B
indicates some amphibolites and blueschists to be
arc basalts and most other rocks to plot marginally to

the arc field. We also note that the Ta analyses by our
ICP-MS method have larger errors.
In Figure A3, we plot the TiO2 contents of the
whole rocks against their FeO*/MgO ratios (all Fe
as FeO*). Most of the amphibolites, blueschists, and
eclogites show a narrow range in FeO*/MgO ratios,
ranging from 1.5 to 2.5, whereas the TiO2 content
ranges from ~0.7 to 2.8 wt%. This variation could
best be described by smaller variations in the modal
mineralogy, such as in Fe-Ti oxides and titanite
contents.
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Figure A3. Variations in Tio2 versus FeO*/MgO where FeO* is total Pe. Note narrow range
in FeO*/MgO in most of the samples and larger variation in TiO2 contents.
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