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[1] The Franciscan Complex (Coast Ranges and Diablo Range, California) and the Western Baja Terrane

(WBT; Baja California, Mexico) were metamorphosed along high-P/T paths like those experienced in

many active subduction zones, recording peak conditions up to �1 GPa and 300�C. Franciscan and WBT

metasedimentary rocks are similar in lithology and geochemistry to clastic sediments outboard of many

subduction zones. These metamorphic suites provide evidence regarding devolatilization history

experienced by subducting sediments, information that is needed to mass-balance the inputs of

materials into subduction zones with their respective outputs. Analyzed samples have lower total volatile

contents than their likely protoliths. Little variation in LOI among similar lithologies at differing

metamorphic grades, suggests that loss of structurally bound water occurred during early clay-mineral

transformations. Finely disseminated carbonate is present in the lowest-grade rocks, but absent in all

higher-grade rocks. d13CVPDB of reduced-C is uniform in the lower-grade Franciscan samples (mean =

�25.1%, 1s = 0.4%), but varies in higher-grade rocks (�28.8 to �21.9%). This likely reflects a

combination of devolatilization and C-isotope exchange, between organic and carbonate reservoirs.

Nitrogen concentration ranges from 102 to 891 ppm, with d15Nair of +0.1 to +3.0% (n = 35); this organic-

like d15N probably represents an efficient transfer of N from decaying organic matter to reacting clay

minerals. The lowest-grade rocks in the Coastal Belt have elevated carbonate contents and correlated N-

d15N variations, and exhibit the most uniform d13C and C/N, all consistent with these rocks having

experienced less devolatilization. Most fluid-mobile trace elements are present at concentrations

indistinguishable from protoliths. Suggesting that, despite apparent loss of much clay-bound H2O and

CO2 from diagenetic cements (combined, <5–10 wt. %), most fluid-mobile trace elements are retained to

depths of up to �40 km. Organic-like d15N, lower than that of many seafloor sediments, is consistent with

some loss of adsorbed N (perhaps as NO3
�) during early stages of diagenesis. The efficient entrainment of

fluid-mobile elements to depths of at least 40 km in these relatively cool subduction zone settings lends

credence to models invoking transfer of these elements to the subarc mantle.
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1. Introduction

[2] Subduction zones provide the mechanism for

the transport of sedimentary rocks and altered

seafloor basalt to the mantle, and are the only

geochemical pathway for material to return to the

mantle from the crust, oceans, and atmosphere

(Figure 1). Metamorphic devolatilization is

regarded as one of the main factors that control

the cycling of the volatile elements on Earth [e.g.,

Berner et al., 1983; Kerrick and Caldeira, 1993],

and the extent to which rocks are devolatilized

during subduction remains a fundamental question

in the understanding of geochemical cycles. Meta-

morphism of volatile-rich rocks in forearc to sub-

arc regions of subduction zones probably dictates

the extent to which elements are released to return

to the surficial system or retained and recycled

back into the mantle [Bebout, 1995, 1996].

[3] Investigation of subduction-zone metamorphic

rocks [see Bebout, 1991; Moran et al., 1992;

Moran, 1993; Bebout et al., 1993, 1999] has

shown that the retention or loss of volatile and

relatively fluid-mobile elements is strongly

dependent on the prograde P-T paths that the rocks

experience, and thus the thermal structure of the

subduction zone. Study of the Catalina Schist has

demonstrated that rocks metamorphosed along

higher-T, prograde paths show dramatic devolatili-

zation resulting in significant decrease in the con-

centrations of some relatively fluid-mobile trace

elements (e.g., B, Cs, As, and Sb; see Bebout et al.

[1999]). However, work on the lowest-grade (law-

sonite-albite and lawsonite-blueschist facies) meta-

sedimentary rocks in the Catalina Schist pointed to

some subtle variation in extents of devolatilization

related to differing prograde histories, and an over-

all high degree of retention of volatiles in rocks

experiencing the low-T prograde paths [see Bebout

et al., 1999]. In this study we further test the

hypothesis that the relatively cool subduction,

characteristic of many modern Earth convergent

margins, can promote efficient subduction of vol-

atile components to depths approaching 50 km, the

maximum depths recorded by the voluminous

metasedimentary parts of circum-Pacific paleo-

accretionary suites. Field localities in the Francis-

can Complex and the Western Baja Terrane contain

lithologies that are similar to those outboard of

many active subduction zones and have experi-

enced metamorphism at a range of high-P/T con-

ditions thought to be representative of thermal

regimes in modern convergent margins (see ther-

mal models of Peacock [1992, 1996]). Here we

compare the chemical compositions of low-T meta-

sedimentary rocks of the Franciscan Complex and

Western Baja Terrane with those of their likely

protoliths, evaluate the extents of devolatilization

experienced during the prograde metamorphism of

these rocks, and briefly discuss the significance of

the inferred devolatilization effects for the conver-

gent margin cycling of volatiles and relatively

fluid-mobile elements.

2. Geologic Settings and Mineralogy

[4] The Franciscan complex (Northern California,

USA; see Figure 2) and Western Baja Terrane

(exposed on Cedros Island, Baja California, Mex-

ico) were selected as field localities for this study

because they contain abundant, well-preserved,

metasedimentary rocks that have experienced pro-

grade P-T conditions like those expected for rela-

tively cool subduction zones. In the California
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Coast Ranges, Franciscan Complex peak metamor-

phic P-T conditions range from <0.3 GPa and

�100�C in the Coastal Belt to �300�C and 0.8–

0.9 GPa in the Eastern Belt, based on vitrinite

reflectance and the presence or absence of high-P

indicator minerals (see summary by Blake et al.

[1987]; see Figure 3). In the Pacheco Pass area

(Diablo Range, California) peak pressures are

thought to have been �0.7–0.8 GPa, peak-T esti-

mates are 200 ± 50�C (see recent data and summa-

ries of earlier data in Ernst [1993] and Dalla Torre

et al. [1996]). The Western Baja Terrane (WBT) is

divided into three subterranes that have experienced

peak P-T conditions of >0.8 GPa and 225–235�C
(ST-1), �0.7–0.8 GPa and 170–220�C (ST-2) and

�0.5–0.6 GPa and 175–200�C (ST-3; Sedlock

[1988]; see Figure 3).

[5] Sampling locations from the Coast Ranges for

which data are presented in this paper are shown on

Figure 2, a table with coordinates of these localities

is included in appendix A. Where possible, rela-

tively areally extensive outcrops were examined in

order to observe veining styles, textures, and vein-

host rock relations (discussion of fluid mobility in

Sadofsky and Bebout [2001a]). Additional outcrops

were analyzed in the Pacheco Pass area of the

Diablo Range in central California. Samples of the

Western Baja Terrane from Cedros Island were

provided by R. Sedlock, and sample localities

correspond to those of Sedlock [1988].

[6] Field locations differ significantly in lithology

among the major belts of the Coast Ranges (Coastal,

Central and Eastern Belts) and the units of the

Diablo Range. Rocks in the Coastal Belt appear

only mildly metamorphosed and they are composed

primarily of greywacke that varies in scale of

interbedding from several centimeters to several

tens of meters. The greywacke generally occurs as

lenticular blocks surrounded by a more deformed

shale matrix. The greywackes preserve abundant

brittle deformation features, such as veins in cracks,

whereas the shale matrix appears to deform more

ductily. These greywackes of the Coastal Belt are

dominated by clastic grains of quartz, feldspars,

clays, and opaques, with other minor detrital grains

and lithic fragments. Prograde minerals such as

minor white mica (mainly as sericitization of feld-

spar), laumontite (mainly in veins), chlorite, and

calcite are also commonly present (see Table 1 for

summary of mineralogy). Trace minerals include

zircon, apatite, and tourmaline.

[7] The Central Belt has a macroscopic texture

characterized as blocks in mélange [see Cloos,

1986] and, like the Coastal Belt, coarser grey-

wackes preserve many more brittle deformation

features than the shale matrix. Metasedimentary

rocks from the Central Belt retain some detrital

grains (like those the Coastal Belt), but there is a

greater degree of recrystallization in the Central

Belt. Fewer lithic clasts remain, and those that do

are more altered than in the Coastal Belt. These

rocks differ from the Coastal Belt in several

ways: there are fewer clays present; and much

more white mica, lawsonite, and pumpellyite;

most calcite has been transformed into aragonite

[Terabayashi and Maruyama, 1998]; most detrital

Figure 1. Schematic illustration of a subduction zone
showing some of the possible fluxes of volatile and
fluid-mobile trace elements. Large quantities of sedi-
mentary rocks and seafloor-altered basalt, containing
abundant volatile elements, are delivered to subduction
zones. Most pore water is lost as the rocks are subducted
through the upper 5–10 kilometers [Moore et al., 1990].
However, some fraction of the volatile elements must be
retained to participate in up-dip fluid transport [Vrolijk et
al., 1990; Benton, 1997; Benton et al., 2001], hydration
of the mantle wedge [Peacock, 1993; Fryer et al., 1999],
arc volcanism [Morris et al., 1990], and potentially,
addition to the deep mantle of surficially derived volatile
elements [Cartigny et al., 1998].
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K-feldspar has been replaced by albite [see Blake

et al., 1987] (Table 1). Other minerals commonly

present in Central Belt samples include stilpno-

melane, apatite, epidote, sodic amphibole, titanite,

and opaques.

[8] The Eastern Belt rocks show a much stronger

metamorphic texture and contain more high-P

indicator minerals, such as lawsonite, sodic

amphibole, and sodic pyroxene, and no remaining

detrital K-feldspar (see textural zones of Blake et

al. [1987] and Jayko and Blake [1989]). Cleavage

is very well developed in the more pelitic rocks,

and some outcrops show development of segrega-

tion textures. Samples analyzed in this study are

primarily composed of quartz, albite, white-mica

(phengite and paragonite [Jayko et al., 1986]),

lawsonite, stilpnomelane, and pumpellyite, with

relatively minor epidote, titanite, and zircon. Other

phases include sodic pyroxene, sodic amphibole,

chlorite, tourmaline, and apatite [Blake et al., 1987;

Tagami and Dumitru, 1996].

[9] Samples analyzed from the Pacheco Pass area

are composed primarily of quartz, albite, sodic

pyroxene, white-mica, and lawsonite, with more

minor occurrences of chlorite, carbonate, titanite,

sodic amphibole, stilpnomelane, zircon, and pre-

hnite (see Table 1). Other mineral phases present

include pumpellyite and calcite or aragonite. Abun-

dant mineral-chemical study has provided a solid

understanding of the P-T history of these rocks,

which are probably the most deeply subducted

intact tract of metasedimentary rocks in the Fran-

ciscan Complex [Ernst, 1993].

[10] Cedros Island, Baja California, hosts outcrops

of seafloor sediments and mafic rocks metamor-

phosed to blueschist-facies conditions during Early

Cretaceous subduction [Sedlock, 1988, 1996; Bald-

win and Harrison, 1989, 1992]. Metasedimentary

Figure 2. Map of the Coast Ranges showing the locations of analyzed samples and their relations to the main
lithotectonic subdivisions of the Franciscan Complex, after Blake et al. [1987]. Numbers represent sample sites from
the northern Coast Ranges.
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rocks analyzed in this study, from all three of the

subterranes of the Western Baja Terrane (ST-1, ST-

2, and ST-3; after Sedlock [1988]), show varying

grain sizes and sand:shale ratios. Metasedimentary

rocks from ST-1 are composed primarily of quartz +

jadeite + lawsonite ± crossite-glaucophane ± chlor-

ite ± white mica, and oxide minerals and reduced-C

are also present. Veins primarily contain quartz,

albite, calcite/aragonite, but occasionally contain

other high-P phases (sodic pyroxene, sodic amphib-

ole). Peak P-T conditions estimated for this unit are

>0.8 GPa and 225–325�C [Sedlock, 1988]. Sub-

terrane-2 is composed of a slightly lower-T and

lower-P assemblage (0.7–0.8 GPa, 170–220�C),
and contains significant albite, less jadeite, and

more lawsonite than ST-1 samples. Samples

rom ST-3 record peak conditions lower in P than

ST-1 and ST-2, with most rocks containing the

metamorphic assemblage of quartz + albite ±

epidote + lawsonite. Estimates of peak conditions

are 0.5–0.6 GPa and 175–200�C [Sedlock, 1988]

(Figure 3).

3. Analytical Methods

[11] Samples for major and trace element whole-

rock geochemical analyses were prepared by first

removing any obvious weathering rind, then wash-

ing in deionized water and powdering in an alumina

mortar and pestle. Most analyses were performed

by Activation Laboratories Inc. (Ancaster, Ontario,

Canada). Major element oxides and Ba, Sr, and Y

Figure 3. Pressure-temperature diagram showing estimates of peak metamorphic recrystallization of each of the
Franciscan units studied here and the subterranes of the Catalina Schist (exposed on Santa Catalina Island,
California). P-T estimates from Blake et al. [1987]; Sedlock [1988]; Jayko and Blake [1989]; Ernst [1993]; Grove and
Bebout [1995]; Dalla Torre et al. [1996]; and Tagami and Dumitru [1996]; Terabayashi et al. [1996]. Generalized
phase equilibria for relevant volcanic and volcaniclastic rocks from Liou et al. [1987], Evans [1980], and Frey et al.
[1991].
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were analyzed by inductively coupled plasma

techniques (ICP). Other trace elements were ana-

lyzed by ICP-MS following fluxed fusions (Zr,

Cs, Ce, Nd, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu,

Hf, Ta, Th, and U), pressed pellet X-ray fluores-

cence (Nb, Rb, Pb, S), and induced neutron

activation analysis (As, Sb, La, and Sm). Boron

concentrations were analyzed at the University of

South Florida by direct current plasma emission

spectrometry (methods described by Ryan and

Langmuir [1993]). Loss-on-ignition (LOI) was

determined by weight loss resulting from heating

for 2 hours at 1050�C.

[12] For stable-isotope analyses, clean, unweath-

ered rock samples (approximately 0.25 kg) were

crushed in a jaw crusher and then in a disk mill to a

size of <1 mm. Nitrogen isotopic composition was

Table 1. Mineralogy of Samples Analyzed From the Franciscan Complex

Site Sample Qtz Fsp Mica Chl L.F. CO3 Clay Lw Ttn Gln Jd Ep Stp Pmp Other

Coast Ranges-Coastal
97-1 VD-2A x K + Pl W x x x x - - - - - - - Zr
97-1 VD 5c x K + Pl Bt x x x x - - - - - - - Ap
97-1 VD-9B x K + Pl Bt x x x x - - - - - - - Lm
97-2 Mendo 8 x K + Pl - x x x x - - - - - - -
97-2 Mendo 4 x K + Pl - x x x x - - - - - - - Tour, Lm
98-1 KW98-1 x Ksp W + Bt x x x x - x - - - - - Lm, detrital Ol
98-1 KW98-14a x K + Pl W + Bt x x x x - - - - - - - Zr
98-1 KW98-21a x K + Pl W + Bt x x x x - - - - - - -
98-1 KW98-21b x K + Pl W + Bt x x x x - x - - - - - Lm, detrital Ol
98-2 KW98-52 x Ksp Bt x x x x - x - - - - -
98-3 KW98-91 x K + Pl Bt x x x - - - - - - -
98-3 KW98-93 x K + Pl Bt x x x x - - - - - - -
Coast Ranges-Central
97-3 EEL4SH x Ab W - x x - - - - - tr x x Ap
97-3 EEL4GW x Ab W - x x - x - - - tr x x Lm
97-4 JC-4 x x W x x x - x - - - - - x
97-4 JC c4a x x W x x x - x - - - - - -
97-4 JC-5 x Ab W x - x x x tr - - tr - -
97-4 JC 6 x - W x - - x x - tr - tr - -
98-4 P&S 2a x - W - - - - x x tr - - - -
97-5 APC5A x Ab W - Bt - - x - tr - - - x
97-5 APc5b x Ab W - Bt - - x tr - - - - -
97-5 AP8-6 x Ab W x Bt x - x - tr - - - x
Coast Ranges-Eastern
97-6 CR-2B x - W - - - - - - - - - x - Tour
98-5 AS2-B x - W - - - - - - - - tr - x
97-7 Alder 1c x Ab W - - - - x - - - - x -
97-7 Alder 2 x - W - - - - x - - - tr x -
97-7 Alder 4b2 x Ab W - - - - x - - - - x -
98-5 AS2-b x Ab W - - - - - - - - tr x x
97-8 T4 x - W - - - - x x - - - x x
97-8 T8 x Ab W - - - - - x - - - x x
Pacheco Pass Area

EP4 x Ab W - - - - x - - x - - - Zr
EP6 x Ab - - - - - x x - - - - - Zr

WGE-Q20 x Ab W x - - - x x - x - - - Prh, Zr
WGE-Q26f x - - - - - - x x x x - x -
WGE-Q26g x - - - - - - x x x x - - -
WGE-Q34 x - W x - x - x x x x - - -
WGE-Q38 x Ab x x - x - x - - x - - -

Western Baja Terrane
ST-1 x ±Ab ± ± x ± x
ST-2 x Ab ± ± ± ±
ST-3 x Ab ± ±
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analyzed by sealed-tube combustion (910�C for

4 hours; see discussion of N-isotope techniques

in Bebout and Fogel [1992], Sadofsky and Bebout

[2000], and Bebout and Sadofsky [2003]). For

reduced-C analyses of d13C, samples were reacted

overnight in 10 ml of 1N HCl to remove any

carbonates. The samples were then centrifuged

and rinsed three times to remove all HCl, then

dried and finally prepared for isotopic analysis by

sealed-tube combustion (850�C for 1.5 hours).

Concentrations of C were determined by Hg man-

ometry after cryogenic purification of the resulting

CO2. CO2 from carbonate cements was prepared

by dissolution in 100% phosphoric acid at 25�C

Table 2. Major Element Compositions Of Franciscan and WBT Samplesa

Site Sample SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 LOI

Coast Ranges-Coastal
97-1 VD-2A 60.15 19.87 7.25 0.06 3.58 1.57 2.10 4.16 0.91 0.36 5.98
97-1 VD-9B 68.56 14.21 5.15 0.07 2.05 3.23 3.48 2.52 0.56 0.17 3.66
98-1 KW98-21B 67.23 13.98 3.34 0.10 1.49 7.63 3.50 1.92 0.66 0.16 6.32
98-1 KW98-1 67.55 13.91 2.27 0.11 1.02 8.78 3.70 2.13 0.42 0.11 7.05
Coast Ranges-Central
97-3 EEL4SH 47.09 13.69 7.97 0.10 3.81 13.76 1.62 2.33 0.58 9.06 6.17
97-3 EEL4GW 68.03 14.94 5.70 0.08 2.91 2.19 3.34 2.03 0.63 0.14 3.72
97-4 JC-4 70.76 14.23 4.02 0.07 2.27 1.76 4.42 1.90 0.47 0.10 2.56
97-4 JC-5 68.01 15.83 5.34 0.10 2.85 1.83 3.81 1.41 0.73 0.08 4.01
97-5 APC5A 71.55 13.82 4.57 0.06 2.56 1.12 4.61 1.02 0.55 0.14 2.45
97-5 AP8-6 62.30 18.39 7.73 0.14 3.16 4.13 1.12 2.14 0.73 0.16 7.20
Coast Ranges-Eastern
97-6 CR-2B 74.21 12.91 4.57 0.05 2.14 0.77 3.26 1.31 0.57 0.22 3.08
98-5 AS2-B 66.19 14.96 7.40 0.10 3.61 0.95 4.38 1.34 0.73 0.36 2.71
97-7 ALDER2 68.60 15.19 7.22 0.08 2.96 0.39 3.49 1.14 0.66 0.27 3.07
97-8 T4 68.14 15.31 7.27 0.10 3.36 0.82 2.20 1.89 0.71 0.20 3.78
97-8 T8 66.56 17.12 7.02 0.10 3.34 0.54 1.39 2.93 0.81 0.19 5.66
Pacheco Pass Area

EP4 58.30 18.84 7.33 0.07 7.47 0.30 3.01 3.48 0.96 0.22 7.20
EP6 70.61 14.90 4.74 0.05 2.22 1.50 3.22 1.92 0.62 0.23 3.42
Q26F 68.94 14.09 4.45 0.05 2.45 4.42 4.34 0.37 0.70 0.20 3.94
Q38 71.43 14.02 4.54 0.07 2.31 2.17 3.31 1.50 0.56 0.10 3.12

Western Baja Terrane-ST1
585-1 63.63 14.13 6.78 0.10 3.20 7.78 2.59 1.10 0.55 0.15 7.12
585-14 63.13 15.66 7.99 0.16 4.35 2.21 3.86 1.52 0.86 0.27 4.61
585-83A 76.38 11.84 2.78 0.08 1.21 3.84 2.37 0.93 0.42 0.15 3.21
585-14B 77.32 11.89 2.89 0.03 1.34 0.60 4.09 1.10 0.64 0.10 2.11

Western Baja Terrane-ST2
585-138 68.51 14.90 5.71 0.09 2.32 1.37 4.88 1.26 0.77 0.18 2.95
486-105 68.53 14.26 4.39 0.11 4.60 0.72 3.38 3.24 0.66 0.11 3.29
585-71 75.08 12.00 5.41 0.08 1.80 0.47 3.55 0.85 0.57 0.19 2.56

Western Baja Terrane-ST3
585-133 65.80 15.34 6.80 0.15 3.05 1.21 6.33 0.47 0.71 0.15 3.05
585-121 65.27 15.11 7.04 0.11 3.46 1.38 5.95 0.47 1.06 0.16 2.80
585-179 66.17 16.46 5.15 0.10 1.77 3.51 4.48 1.46 0.80 0.10 2.63
486-130 76.67 11.90 3.06 0.04 1.08 2.27 3.54 0.93 0.42 0.10 2.36

Standards analyzed with these samples
SY-3 syenite 60.66 11.75 6.55 0.328 2.62 8.27 4.14 4.48 0.143 0.55
MRG-1 gabbro 38.40 8.48 17.71 0.167 13.35 14.21 0.73 0.19 3.827 0.08
USGS W-2 53.03 15.31 10.94 0.168 6.39 10.89 2.19 0.58 1.067 0.14
USGS DNC-1 47.04 18.42 9.93 0.147 10.08 11.15 1.88 0.22 0.472 0.06
USGS BIR-1 48.63 15.72 11.07 0.174 9.75 13.36 1.79 0.04 0.952 0.02
USGS G-2 67.85 15.33 2.70 0.034 0.74 1.96 4.17 4.55 0.477 0.14
NBS 1633a 48.88 26.61 13.33 0.021 0.74 1.56 0.22 1.88 1.366 0.38
USGS STM-1 62.12 18.28 5.36 0.226 0.10 1.17 8.89 4.21 0.128 0.17
CRPG IF-G 40.12 0.16 55.85 0.036 1.93 1.50 0.06 0.05 0.004 0.06
CRPG AC-E 69.46 14.45 2.59 0.057 0.02 0.35 6.48 4.40 0.098 0.02

a
Note-Major oxides are normalized to 100% without LOI.
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overnight, then purified and measured in the same

manner as CO2 from the reduced-C experiments.

All gases were analyzed for isotopic composition

on a Finnigan MAT 252 mass spectrometer at

Lehigh University, and isotopic compositions are

presented as d13CVPDB, d15Nair and d18OVSMOW.

Uncertainties, determined by replicates of internal

and international standards, are �0.10% (1s) for
all isotope analyses.

4. Results

[13] Thirty metasedimentary samples were ana-

lyzed for whole-rock major- and trace-element

compositions. These data are presented in Tables

2 and 3 and briefly introduced in this section. SiO2/

Al2O3 (regarded as a rough measure of sandstone/

shale lithologic proportions; Cullers, 2000) ranges

from 3.0 to 6.5 in the rocks in this study, with most

rocks containing �60–75 wt.% SiO2 and 12–18

wt.% Al2O3 (Figure 4). K2O concentration ranges

from 0.37 wt.% in one very quartz-rich rock to

4.16 wt.% in the most pelitic rock of this study and

shows a crude negative correlation with SiO2/

Al2O3 (Figure 5a). Na2O concentration is more

variable than K2O concentration and does not

appear to correlate as well with SiO2/Al2O3 ratio

for the metasedimentary suites analyzed in this

study (Figure 5b). Loss-on-ignition (LOI) ranges

from 2.11 to 7.20 wt.% (Table 2a) and appears to

anticorrelate weakly with SiO2/Al2O3 (Figure 6).

Rare earth element (REE) patterns, normalized to

chondritic values, show LREE enrichments and are

broadly similar to both the average compositions of

subducted sediment [Plank and Langmuir, 1998]

(GLOSS composite) and continental arc turbidites

[McLennan, 1990] (Figure 7). Alkali elements and

B are highly variable in concentration correlating at

least crudely with sandstone/shale indicators such

as K2O content (13–166 ppm Rb; 0.5–14.5 ppm

Cs; and 1.6–43.5 ppm B; Figure 8).

[14] Forty-one whole-rock metasedimentary sam-

ples were analyzed for the concentration and d13C
of carbon present in its reduced form as graphite

or partially metamorphosed organic detritus

(Table 4, Figure 9). Reduced C content ranges

from 0.02 wt.% in some of the more siliceous

rocks to > 1.2 wt.% in fine-grained, more alumi-

nous metasedimentary rocks, and the reduced-C

d13C of the same samples ranges from �28.8 to

�21.9%. In the Coast Ranges, Coastal Belt

metagreywackes range from 0.13 to 0.89 wt.%

C with d13C = �25.4 to �24.9%, showing the

most uniformity in C compositions (see field on

Figure 9). In the Central Belt, C content ranges

from <0.1 to >1 wt.% with a slightly wider range

in d13C (�28.2 to �24.1%). Eastern Belt meta-

sedimentary rocks contain similar quantities of C

(0.1 to 1.0 wt.%) with a range in d13C (�27.2 to

Figure 4. Concentrations of SiO2 and Al2O3 show the
relative proportions of sand and clay in the samples.
Data plotted here are corrected for loss on ignition in
order to compare the lithological variations of both
sedimentary protoliths and high-grade metamorphic
rocks such as the Catalina Schist. Values from this
study are broken down by lithotectonic sub-unit and
data presented from the literature are from the following
references: Japan Trench—sediments recovered by
DSDP legs 56 and 57 on the subducting Pacific Plate
[Murdmaa et al., 1980]; Catalina—metasedimentary
samples of the Catalina Schist [Bebout et al., 1999];
Sambagawa—metasediments of the Sambagawa Belt
[Nakano and Nakamura, 2001]; Nankai—clastic sedi-
ments of the Nankai Trough [Pickering et al., 1993];
and Izu-Bonin—clastic sediments from ODP leg 185,
site 1149A. This figure shows the general linear array of
all greywackes in SiO2-Al2O3 space, with some
extremes of high SiO2 due to mixing with siliceous
oozes and extremes of Al2O3 in some of the extremely
pelitic rocks of the Catalina Schist. Departures from the
linear array of SiO2 vs. Al2O3 can be caused by dilution
by non-silicate phases such as calcite or apatite.
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�23.8%) similar to that of the Central Belt. One

mafic sample from the Eastern Belt contains 0.02

wt.% reduced Cwith d13C =�25.9%. Samples from

the Pacheco Pass area and the Western Baja Terrane

generally contain less reduced C than samples of the

Coast Ranges (Pacheco Pass samples contain 0.04 to

0.23 wt.%, and WBT samples contain 0.06 to 0.37

wt.%). Samples from the Pacheco Pass area have

d13C (�26.8 to�24.2%) similar to those of samples

from the Coast Ranges, and rocks from the Western

Baja Terrane show a much wider range of d13C
(�28.8 to �21.9%). Concentration and C- and

O-isotopic compositions of finely disseminated cal-

cite (presumably relict cements; see Bebout [1991])

were analyzed for a subset of eleven of the lower-

grade samples. These analyses were undertaken

only for the lower-grade samples of the Coastal

and Central Belts because calcite cement was not

observed petrographically in the higher-grade

rocks. Calcite concentrations vary from nearly

absent to �12 wt.%, and d13C (�13 to 0%) and

d18O (+12.8 to +17.3%) values are similar to those

of veins in these rocks (see discussions of veins and

fluid mobility by Sadofsky and Bebout [2001a]).

[15] Thirty metasedimentary whole-rock samples

were analyzed for N concentration and d15N (Table

4, Figure 10). Nitrogen concentration ranges from

102–891 ppm and d15N ranges from +0.1 to

+3.0%. Coastal Belt (Coast Ranges) metagrey-

wackes (representing the shallowest subduction)

contain 102 to 891 ppm N with d15N = +1.4 to

+3.0%, and N contents and d15N crudely covary

Figure 5. Because of the near linear SiO2-Al2O3

relationships, the ratio of SiO2 to Al2O3 is used as a proxy
for the relativeproportionsof sand to shale.K2Ovariations
(a) show a strong correlation with sandstone/shale
relations. Na2O (b) does not correlate as well with SiO2/
Al2O3 because there are many processes that may control
the Na2O concentration of the sedimentary protoliths.

Figure 6. Loss on ignition (LOI) correlates well with
SiO2/Al2O3 for the data from this study and is similar to
other subduction-zone metamorphic suites such as the
Catalina Schist and the Sambagawa belt. Samples from
the Catalina Schist are broken down into Low-grade
(lawsonite-albite and lawsonite blueschist facies) and
high-grade (epidote-blueschist to amphibolite facies).
Representative marine sediments have LOI vs SiO2/
Al2O3 relationships that appear to commonly be some-
what higher in LOI than the samples from this study and
other metamorphosed sediments. The extremely high-
LOI high SiO2/Al2O3 samples are probably due to
dilution of the greywacke signal by pelagic silica oozes.
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Figure 7. Chondrite normalized rare earth element diagrams for the various subunits of the Franciscan and WBT
analyzed in this study. The composition of average subducting sediment (GLOSS [Plank and Langmuir, 1998]) is
shown (a) with the lowest-grade rocks of the Coastal Belt, and it is apparent that these rocks are representative of
common subducting sediments. Similarly, these REE values correspond to values for continental arc turbidites
[McLennan, 1990]. (c, f, g) Some of the higher-grade units show slightly lower values for the light rare earth
elements.
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(see line on Figure 10a). In the Central Belt, N

content ranges from 108 to 600 ppm with a very

narrow range in d15N (+1.2 to +1.7%; field on

Figure 10a). Eastern Belt metasedimentary rocks

have similar N concentrations (142 to 777 ppm)

and range in d15N from +1.0 to +1.8%, with one

mafic sample containing 30 ppm N with d15N =

+0.3%. Samples from the Pacheco Pass area and

the Western Baja Terrane contain amounts of N

similar to those for samples from the Coast Ranges

(Pacheco: 58–801 ppm, WBT: 121–692 ppm),

with ranges in d15N that span the entire Coast

Ranges data set (Pacheco: +0.2 to +2.2% and

WBT: +0.1 to +2.8%). C/N ratios of the various

suites range from 1 to 60, with the lowest-grade

Coastal Belt metasedimentary rocks showing the

most uniform ratios similar to those of seafloor

sediments (shaded field on Figure 10b).

5. Discussion

5.1. Lithological Representation of
Subducting Sediments

[16] Samples of metamorphosed clastic rocks from

the Franciscan Complex and Western Baja Terrane

have major-element compositions that are, in gen-

Figure 8. Most of the samples from this study show strong correlation of the various alkali elements, in contrast to
the Catalina Schist, which shows progressive depletions in Cs and B with increasing grade [see Bebout et al., 1999].

Notes to Table 4
a
Three replicates:, ppm = 738, 734, and 772; d15N = 2.7, 3.0, and 2.8.

b
Internal N standard, 1s = 259, and 0.14 respectively; n = 7. See Sadofsky and Bebout [2000] for more analytical details.

c
Graphite standard for C-Isotope analysis of reduced C, 1s = 0.14 %, n = 8. Accepted d13CVPDB value is �16.0 %.

d
Internal carbonate standard, 1s = 0.07 for d13C and 0.06 for d18O, n = 8.
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Table 4. C- and N-Concentrations and Isotope Compositions of Franciscan and WBT Samples

Nitrogen C-Reduced Calcite Cement

Site Sample ppm d15Nair Wt. % d13CVPDB C/N d13CVPDB d18OVSMOW Wt. % D
13Cox-red

Coast Ranges-Coastal
97-1 VD 2a 891 3.0 0.89 �25.2 10 - - -
97-1 VD 5c 503 2.4 0.56 �25.3 11.2 �4.0 14.9 0.67 21.3
97-1 VD 9b 256 2.4 0.32 �25.3 12.4 �11.2 16.3 4.72 14.1
97-2 Mendo 8 748a 2.8a 0.79 �25.4 10.6 - - -
97-2 Mendo 4 - - 0.57 �25.4 - �7.0 16.6 0.05 18.4
98-1 KW98-14a 689 3.4 0.61 �24.9 8.8 - - -
98-1 KW98-21a 102 - 0.11 �25.1 10.4 - - -
98-1 KW98-21b 106 1.4 0.16 �25.2 14.9 - - -
98-1 KW98-1 - - 0.16 �25.4 - �5.0 17.5 11.7 20.4
98-1 KW98-52 - - 0.13 �25.0 - �4.1 17.4 6.41 20.9
98-3 KW98-91 209 - 0.27 �24.5 13.1 �5.5 17.2 12 19.0
98-3 KW98-93 677 2.9 0.61 �25.8 9.1 �0.4 13.7 3.76 25.4
Coast Ranges-Central
97-3 Eel4 Shale 380 1.5 0.9 �24.2 23.7 �8.6 15.5 0.27 15.7
97-3 Eel4 GW 137 - 0.13 �25.0 9.8 �13.4 12.8 0.12 11.6
97-4 JC c4a 675 1.3 1.15 �24.7 17.1 - - -
97-4 JC 5 214 1.5 1.24 �24.6 57.8 - - 0.11
97-4 JC 6 599 1.7 0.13 �25.0 2.2 - - -
98-4 P&S 2a - - 0.03 �25.1 - �2.9 14.2 7.42 22.2
97-5 AP c5b 108 1.7 0.38 �24.8 35.3 - - -
97-5 APc5a 219 1.6 0.08 �28.2 3.4 - - -
97-5 AP 8 195 1.2 0.17 �25.6 8.5 �10.1 12.8 1.68 15.5
Coast Ranges-Eastern
97-6 CR 2b 777 1.0 0.09 �23.8 1.2
97-6 CR1a2 mafic 30 0.3 0.02 �25.9 6.7
97-7 Alder 1c 604 1.4 1 �25.7 16.5
97-7 Alder 2 385 1.8 0.35 �26.7 9
97-7 Alder 4b2 - - 0.3 �26.7 -
98-5 AS2-b 142 - 0.13 �27.2 9.3
Pacheco Pass Area

WGE-Q34 166 2.2 0.2 �24.5 12
WGE-Q26f 36 0.7 0.04 �26.0 11.7
WGE-Q20 170 1.5 0.08 �24.7 4.4
WGE-Q38 166 2.1 0.23 �24.2 13.7
WGE-Q26g 58 1.1 0.05 �26.8 8.7
6-4-8-1 801 0.6 - - -
6-4-1-1 463 0.2 - - -

San Simeon
SS3-1 866 2.2 - - -
SS2-1 559 1.9 - - -

Cedros Island Sites-see Sedlock [1988]
Western Baja Terrane-ST1

RLS-585-1 226 1.9 0.21 �28.8 9.3
RLS-585-14 305 0.1 0.19 �25.3 -
RLS-585-83a - - 0.06 �23.4 -

Western Baja Terrane-ST2
RLS-486-105 692 2.5 0.1 �25.5 1.4
RLS-585-71 425 1.9 0.37 �24.2 8.7

Western Baja Terrane-ST3
RLS-486-130 300 2.8 0.09 �23.3 2.9
RLS-585-133 121 - 0.24 �21.9 19.6
RLS-585-121 - - 0.06 �25.1 -
RLS-585-179 - - 0.11 �25.1 -
RLS-687-93 201 - 0.18 �22.3 8.9

T54b 4183 0.6
USGS 24 �16.4c

8-3-7v �4.37d 14.74d
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eral, similar to those of sandstone-shale mixtures

frommodern oceanic trenches. Figure 4 shows SiO2

and Al2O3 contents of the rocks from this study

(broken down by subterrane) and values of similar

sedimentary rocks and other subduction-zone-meta-

morphosed suites. Al2O3 and SiO2 are closely corre-

lated in these rocks and the other reference materials

shown on Figure 4. Extremes are represented by the

high-Al, low-Si, fine-grained metasedimentary

rocks of the Catalina Schist, and some high-Si rocks

from the Japan Trench and Sambagawa Belt (con-

taining a large component of hydrous biogenic

silica). Departures from a linear array of SiO2

versus Al2O3 are caused by rocks containing

abundant non-silicate phases such as calcite, or

apatite in the case of one sample for the Central

Belt of the Coast Ranges evident on this diagram

(with 9.06 wt.% P2O5 and 13.84 wt.% CaO).

[17] A comparison of the bulk geochemistry of the

samples analyzed in this study with the geochem-

Figure 9. (a) Concentration and d13CVPDB of the
reduced (i.e., not carbonate) carbon present in these
rocks. Most modern organic sediments have d13CVPDB

� �25%, although there are significant variations in
these values due to various surficial and diagenetic
processes [e.g., Fogel and Cifuentes, 1993]. Shaded
fields represent d13C of metasedimentary rocks from the
Catalina Schist lawsonite-albite and lawsonite-blues-
chist facies units. (b) Simple Rayleigh distillation
models for the evolution of the host-rock d13C due to
devolatilization of organic matter by a CH4- or CO2-rich
fluid at a variety of temperatures.

Figure 10. (a) Concentration and d15Nair of nitrogen in
these rocks. Nitrogen content appears to vary mainly as
a function of sedimentary protolith, and d15N values are
similar to those expected in sediments with organic
matter derived primarily from photosynthesizing organ-
isms [see Rau et al., 1987]. Metamorphic devolatiliza-
tion of N (as N2) would produce a trend of increasing
d15N with decreasing N content as N-bearing fluid
preferentially fractionates the lighter isotope. The ranges
of compositions of the Coastal, Central, and Eastern
Belts of the Coast Ranges are discussed in the text. (b)
C/N versus N contents of the same rocks, demonstrating
the lowest-grade Coastal Belt, Coast Ranges (patterned
field), retains the most uniform C/N, independent of N
concentration and thus appears to record the least
devolatilization effect.
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istry of global subducting sediments shows that, for

most elements, these rocks are representative of the

geochemical composition of actively subducting

clastic trench sediments. Individual rock composi-

tions vary significantly, but the average composi-

tions of each subunit are, in general, very similar to

the average composition of subducting sediments

(GLOSS [Plank and Langmuir, 1998]), in their

concentrations of the large ion lithophile elements,

high field strength elements, rare earth elements,

and many of the major elements (Figure 11a).

Significant departures from the GLOSS composi-

tion occur for Ca and Sr, which are depleted in

many of the higher-grade samples of this study,

likely partly because of the mobilization of calcium

carbonate during devolatilization reactions. Part of

this difference, however, is due to the inclusion of

some pelagic carbonate (rich in CaO and Sr) in the

GLOSS global composite. Manganese is depleted,

relative to GLOSS, in most of these samples,

because theMn content of GLOSS is highly depend-

ent on the abundance of hydrothermally produced

clays and pelagic clays that are not abundant in these

samples. More subtle suggestions of variations

among different subunits of this study and between

these rocks and GLOSS, such as variations in Pb,

Ba, LREE, and LILE concentrations (Figure 11a),

will be explained later in the discussion section.

[18] Comparison of the compositions of the sam-

ples from this study with the terrigeneous portion

of subducting sediments (�76 volume % of the

GLOSS global composite), derived by a simple

average of the terrigeneous sediments from the

Figure 11. (a) Chemical compositions of the rocks analyzed in this study are averaged by lithotectonic subunit and
normalized to the GLOSS estimate of average subducting sediments [Plank and Langmuir, 1998]. (b) Average value
and range of compositions of samples from this study normalized to the average composition of ‘‘terrigeneous’’
sediments from the GLOSS database. Note that the scale of Figure 11a differs from that of Figure 11b.
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GLOSS database of Plank and Langmuir [1998]

(Figure 11b), shows that the rocks from this study

are very similar to the terrigeneous sediments

present outboard of several active subduction zones.

In fact, aside from the elements that are most

variable in concentration in the rocks from this

study, concentrations of most elements are virtually

indistinguishable from the concentrations seen in

the GLOSS estimate of terrigeneous sediments (for

elements included in the GLOSS database).

[19] Potassium content also varies primarily with

clastic lithology (Figure 5a) with higher K2O

contents in the shalier (lower SiO2/Al2O3) rocks.

Most of these rocks contain similar, or slightly

lower, quantities of K2O, relative to Al2O3, as

sediments outboard of active subduction zones.

This suggests that these rocks represent a reason-

able range of bulk compositions and sandstone-

shale proportions. The rocks analyzed in this study

tend not to be as rich in K2O as some of the

metasedimentary samples of the Catalina Schist.

Note also that some of the seafloor sediments

(Japan Trench, Nankai) show a range to much

higher SiO2/Al2O3 than those of this study and the

other suites presented for comparison: this is

likely due to the dilution of the greywacke signal

by siliceous oozes in these suites. Sodium is less

systematic than K2O in its variation with the other

sandstone/shale indicators (Figure 5b). Despite the

greater scatter in Na2O vs. SiO2/Al2O3, the same

trend as seen in the K2O data is apparent, with

most samples showing Na2O concentration similar

to that of other likely subducted sediments. It is

not surprising the K2O and Na2O concentrations

are somewhat variable, given the possible

exchange of these elements both between minerals

during albitization of feldspars [see Boles and

Ramseyer, 1988; Morad, 1988], illitization of

clays and growth of white micas, and potentially,

related to mobilization of these elements in dia-

genetic fluids.

[20] Rare earth elements from the Coastal and

Central Belts of the Coast Ranges show chon-

drite-normalized patterns that are extremely similar

to those of average continental arc turbidites

[McLennan, 1990; McLennan et al., 1990], clastic

sediments of the Nankai Trough [Pickering et al.,

1993], and estimates for the global average of

subducted sediment [Plank and Langmuir, 1998]

(see Figures 7a and 7b; chondrite normalization

values from McDonough and Sun [1995]). A few

samples from the other subunits, particularly the

Eastern Belt of the Coast Ranges and subterrane 1 of

the WBT (Figures 7c, 7f, and 7g), appear be some-

what more depleted in the LREE (La-Sm) compared

to those of the Coastal and Central Belts of the

Franciscan. Mobilization of the LREE during low-

grade subduction-zone metamorphism has been

hypothesized because of the results of hydrothermal

experiments showing that these elements can be

mobilized into a fluid phase at low-T [You et al.,

1996]. However, the irregularity of the deviations

from likely protolith values suggests that the devia-

tions seen here are probably due to heterogeneity of

the sediments rather than mobilization of the LREE.

Relative REE enrichment can also be understood by

examining ratios of light and heavy REE in order to

determine if the differences observed above are

significant. La/Sm is a measure of the degree of

LREE enrichment and should be very high if the

sediments are derived from continental sources and

lower if the sediments are derived from arc vol-

canics. Yb/Sm should show the opposite trend. A

plot of La/Sm vs. Yb/Sm (Figure 12) shows some of

the types of possible provenance-related variation

that are present in these rocks.

[21] Based on the La-Sm-Yb relationships (see

Figure 12), samples from the Coastal and Central

belts of the Franciscan appear to be derived from

more ‘‘continental’’ sources, whereas some of the

samples of the WBT and the Eastern Belt of the

Franciscan show a trend toward arc-volcanic sour-

ces. This is not the first study to observe a differ-

ence in provenance between the Coastal Belt and

the older units of the Coast Ranges; zircon fission

track results [Tagami and Dumitru, 1996] suggest

that the Coastal Belt contains a source younger

than most of the Sierra Nevada, and sandstone

petrofacies interpretations [Underwood and Bach-

man, 1986] suggest that this component may be

derived from the Idaho Batholith.

[22] High field strength elements such as Ti, Nb,

and Zr are present in concentrations similar to

those of the expected protoliths (Figure 13). Tita-
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nium clearly co-varies with Al2O3 concentration,

suggesting that it is enriched in the more clay-rich

layers. Niobium and Zr concentrations vary sig-

nificantly, but the values are well within the range

of those summarized for subducting sediments

[Plank and Langmuir, 1998]. Uranium is closely

correlated with Zr in concentration (Figure 14a),

suggesting that some of the U is present in Zr

minerals. Lead is also correlated in concentration

with Zr, although there is more variability in the

correlation suggesting that some Pb may be present

in other phases, such as sulfides (Figure 14b).

Uranium/thorium ratios are nearly constant in these

rocks, ranging from 0.22 to 0.41 (mean = 0.33

identical to the average U/Th of subducting terrige-

Figure 13. Variations of the High Field Strength
Elements in rocks from the Franciscan and WBT. (a)
TiO2 (wt. %) varies nearly linearly with Al2O3 (wt. %) in
rocks from this study and other analogues and protoliths;
the thick line in Figure 13a shows a linear regression of
turbidites from ODP site 765. (b) Nb (ppm) shows little
correlation with Al2O3, with higher concentrations in the
Coastal and Central Belts of the Franciscan and lower
concentrations in the WBT. This Nb variation may
suggest a difference in provenance between the Coast
Ranges and the WBT. (c) Zr (ppm) concentrations are
closely tied to Al2O3 and do not appear to vary
significantly among the different sub-units.

Figure 12. Paired examination of La/Sm and Yb/Sm
ratios show the true slopes of the Rare Earth Elements.
Samples from this study show that these sediments are
derived primarily from ‘‘continental’’ and arc sources
with some minor input from marine clays. Variations in
provenance among the different subunits are somewhat
ambiguous on this diagram, but it appears that the Coastal
Belt represents more continental-derived material and the
Eastern Belt contains more arc-volcanic material. Field of
continental sources includes NASC, PAAS and estimated
upper crust [Taylor and McLennan, 1985], and other
continentally derived sediments of Plank and Langmuir
[1998]. Fields for arc volcanic sediments and marine
clays are from Plank and Langmuir [1998]. The one
sample that with unusually high La and Yb relative to Sm
is probably derived from sediments related to hydro-
thermal alteration [i.e., Barrett and Jarvis, 1988].
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neous sediments in the GLOSS database [Plank and

Langmuir, 1998]). The U/Th ratios from this study

are also very similar to the lower-grade units of the

Catalina Schist [see Bebout et al., 1999]. The

relatively constant ratios of U/Th and U and Th to

Zr, suggest that the U and Th are usually present in

the same detrital phases (see Figures 14c and 14d),

or that Zr minerals and other actinide carriers (such

as apatite and titanite with appropriate U/Th) are

generally present in similar proportions in these

rocks. The few outliers of high U/Zr and Th/Zr

are most likely due to the addition of a surplus of

other actinide carriers.

5.2. Evidence for Devolatilization and
Effects on Rock Composition

[23] The Franciscan Complex and WBT contain

rocks that have experienced metamorphic condi-

tions varying from only very mild, incipient meta-

morphism to blueschist-facies conditions of up to

1 GPa and 300�C. Significant differences in min-

eralogy in these suites (for the Franciscan Com-

plex, see Table 1) afford some reconstruction of

their recrystallization histories and consideration of

differential devolatilization in the units.

[24] The sedimentary protoliths of the Franciscan

Complex and WBT rocks were composed of a mix

of coarse-grained clastic detrital grains, detrital and

pelagic clays, and pelagic silica ooze. Most of the

samples selected for this study are greywackes

primarily composed of clastic detritus deposited

as variably bedded turbidites. The non-clay frac-

tion of detrital grains present in these rocks appears

mainly to have been a mix of quartz, feldspars,

lithic clasts (volcanic and sedimentary), and a

significant component of less-stable minerals such

as micas (see Table 1) [Underwood and Bachman,

1986; Sedlock, 1988]. Sedimentary clay mineral

Figure 14. Uranium, thorium and lead variations in the Franciscan and WBT. (a) Uranium appears to vary nearly
linearly with Zr content, suggesting the most U is bound in Zr phases. (b) Lead is more variable as a function of Zr
than U, suggesting that there may be some Pb present in other phases such as sulfides. (c) Th/U ratios are nearly
constant and Th/Zr is similar in variability to U/Zr (d), suggesting that Th and U are sequestered into these rocks by
the same processes.
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composition is more difficult to determine, as the

clays are both finer-grained and more reactive than

the other clasts. However, clay-mineral analysis of

other accretionary wedge and trench sediments

suggests that these rocks probably contained a

variety of sedimentary clay minerals such as chlor-

ite, illite, smectite, kaolinite andmontmorilinite, and

some mixed-layer clays [i.e., Karnosov et al., 1977;

Karpoff, 1992;Underwood and Deng, 1997] (ODP-

Leg 185). Clay minerals have variable, but high,

water contents; ideal kaolinite (Al2Si2O5 (OH)4)

contains 14 wt.% H2O and most illites contain

�10 wt.% H2O (for comparison, white-micas, sta-

bilized at higher grades by the breakdown of clays,

contain �5 wt.% H2O).

[25] As these sediments progressed downward in

the subduction zone, they underwent mineralogical

changes that must have resulted in significant

chemical redistribution, at least at the local scale.

Even the lowest-grade rocks of the Coastal Belt

differ from likely sedimentary protoliths in several

important ways. There is a loss of porosity asso-

ciated with initial subduction, which may be

closely related to the production of abundant veins

containing quartz, calcite, laumontite or a combi-

nation of these minerals. Many obviously detrital

grains remain in these rocks, but there appears to

be significant sericitization of feldspars; detrital

clays and micas are likely to have transformed to

more crystalline clays and fine-grained, celadonitic

white micas; and organic matter has somewhat

matured as indicated by vitrinite reflectance

[Underwood and Bachman, 1986].

[26] In the higher-grade sub-units, many more

changes took place and likely participated in the

redistribution of volatiles and trace elements. Car-

bonaceous matter became increasingly crystalline,

and vitrinite reflectance, along with mineral assem-

blage, serves as the basis for many of the estimates

of peak-T conditions throughout the Franciscan

Complex and WBT [see Bostick, 1974; Larue,

1986; Blake et al., 1987; Sedlock, 1988]. This

maturation of organic matter corresponds to

increasing chemical purity (i.e., lowered concen-

trations of H, N, and S [see Teichmüller, 1987]),

and therefore, liberation of the non-C components

of sedimentary organic matter. Detrital K-feldspar

was replaced by albite, thereby liberating K+ that

may be incorporated into micas or mobilized into

metamorphic fluids, and requiring a source of Na+

[see Morad, 1988]. The large amount of variation

in Na+/K+ among samples of single units, together

with significant overlap in this ratio for the various

units, prevents the identification of any whole-rock

effect of open-system Na+-K+ exchange. Detrital

weathered micas, chlorite, and clays were trans-

formed into more crystalline clays, stilpnomelane,

and white micas [i.e., Dalla Torre et al., 1996], and

this transformation was likely accompanied by a

release of H2O. This breakdown of clay minerals

may also have mobilized trace elements such as

Rb, Cs, and B that are concentrated in detrital clays

[see Moran et al., 1992; Plank and Langmuir,

1998]. Lawsonite is present in most samples from

everywhere except the Coastal Belt and is likely to

have formed from dehydration reactions that con-

sume laumontite or other zeolite minerals, or from

decarbonation reactions involving carbonate

cements.

[27] Loss on ignition (i.e., total volatile content, in

most cases, mainly H2O) appears to vary primarily

as a function of sedimentary lithology in the rocks

from this study, and there does not appear to be

systematic variation as a function of metamorphic

grade (Figure 6). However, the rocks from this

study, as well as other low-grade subduction-zone

metamorphic rocks from the Catalina Schist and

the Sambagawa Belt, appear as a whole to be

significantly lower in total structurally-bound vol-

atile content than many similar lithologies col-

lected on the ocean floor and deep in sediment

cores. In contrast, higher-grade rocks of the Cata-

lina Schist show significant variations in LOI as a

function of grade, even at high Al contents (see

Figure 6). That samples from these suites are lower

in total volatile content than sediments collected

from the ocean floor, and that there is no signifi-

cant variation in LOI of these rocks as a function

of relative grade (when normalized for SiO2/

Al2O3), suggests that there has been some signifi-

cant loss of water or other volatile components

during the earliest stages of lithification and dia-

genesis of these rocks in the subduction zone (i.e.,

at depths of <10 km). The logical reactions that
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would be expected to cause this decrease in total

LOI even in the lowest-grade rocks would be clay

mineral transformations and mica growth (i.e.,

smectite/illite transition) and dewatering of any

opal (�4–9 wt.% H2O) that was present. This

significant difference in LOI between modern

sediments and the lowest-grade metamorphic rocks

of the Franciscan Complex suggests that some

caution must be exercised in the use of modern

seafloor sediments to estimate the quantity of

structurally bound H2O that is deeply subducted

[cf. Bebout, 1996]. Note that these discussions

consider only the structurally bound volatile com-

ponent in subducting marine sediments and do not

consider the large amount of pore fluid thought to

be mechanically expelled at shallow levels [cf. von

Huene and Scholl, 1991].

[28] Rocks from the Franciscan Complex contain

relatively abundant reduced C (up to �1.3 wt.%),

with most samples having d13C values of ��25%
(almost all d13C are �25% ± 1.5%). This d13C is

very similar to average marine organic matter [i.e.,

Deines, 1980]. The relatively narrow range in d13C
of the Coast Ranges samples (Figure 9a) suggests

that most of these rocks have not experienced

significant devolatilization of carbonaceous-C, as

low-T loss of C as CH4 or CO2 in fluids would

create a significant shift in d13C (see the calcula-

tions in Figure 9b). Some of the other samples from

the Pacheco Pass area and the higher-grade rocks of

the Western Baja Terrane (and one sample from the

Central Belt) do show shifts in d13C (Figure 9a).

This C-isotope data set is comparable with the

C-isotope data set for the low-grade units of the

Catalina Schist, in which lawsonite-albite facies

rocks show extremely uniform d13C and lawson-

ite-blueschist facies rocks show somewhat greater

variability and are somewhat shifted isotopically to

heavier values [see Bebout, 1995] (ranges on Fig-

ure 9a). There are two likely causes of this varia-

bility in d13C of reduced-C; devolatilization-related

shifts in d13C (Figure 9b), and partial metamorphic

equilibration of the reduced-C with diagenetic

CaCO3. The calcite cement retained in samples

from the lower-grade rocks varies in isotopic com-

position even at a single outcrop (with constant

reduced C-d13C; see Table 4), suggesting that the

cement and reduced C have not fully equilibrated

with respect to C-isotopic composition (see the

highly variable D13Ccalcite-cm in Table 4). However,

the lack of full equilibration of C-isotopes in

the lower-grade rocks does not rule out partial

exchange of C among reduced and oxidized C

reservoirs, especially at higher grades/tempera-

tures. That several samples show increases in

d13C and a few samples appear to show decreases

in d13C is somewhat problematic in attempting to

point to an individual metamorphic pathway for the

shifts in d13C. However, it is possible to produce

shifts to higher d13C of the reduced-C due to

devolatilization of a CH4-rich fluid or by interac-

tion with marine carbonates, or to lower d13C by

devolatilization of a CO2-rich fluid (see Figure 9b;

fractionation data from Richet et al. [1977]).

Additionally, the few samples with somewhat

higher d13C are relatively low in organic-C content

and may originally have had significant carbonate

cement. Sandstones would be likely to have a high

ratio of carbonate to organic C, whereas shalier

lithologies would be likely to contain more car-

bonaceous matter and smaller amounts of carbo-

nate cement. If this carbonate cement was lost to

metamorphic reactions and was able to react (even

slightly) with the reduced-C reservoir in the rock,

then it could produce a shift in the d13C of the

remaining C. This potential shift in d13C would

increase the d13C of the remaining reduced-C, and

the magnitude of the increase would depend on

the total ratio of oxidized to reduced-C involved

in the reaction and, therefore, the original bulk

d13C of the rocks. It should be noted that,

although the d13C values are somewhat shifted

in some of the higher-grade rocks of the Francis-

can and Western Baja Terrane units, these shifts

are relatively small compared with those of up to

�10% in epidote-blueschist facies and higher-

grade metasedimentary units in the Catalina Schist

[see Bebout, 1995].

[29] Carbonate cements appear to behave very

differently than the reduced C present in these

rocks. Greywackes from the Coastal Belt contain

up to �11 wt.% calcite cement (mean = 5 wt.%),

and Central Belt samples contain up to �7 wt.%

(mean = 2 wt.%), but there is no appreciable calcite
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cement remaining in the higher-grade rocks studied

(similar to the observations made for the Catalina

Schist [Bebout, 1995]). The estimates of average

calcite cement content may be somewhat high

because only those samples containing obvious

calcite were analyzed for cement concentration

and isotopic composition. By assuming that no

cement is present in the samples for which it was

not measured, a reasonable assumption based on

petrographic observations and tests with HCL, and

including those samples in an average, it is possible

to derive some minimum estimates of carbonate

cement concentration of each lithotectonic sub-

unit. It appears that the Coastal Belt samples

contain an average of >2% and that Central Belt

samples average �1% calcite cement. This calcite

is absent in the higher-grade rocks. Correlated

enrichment in elevated CaO and Sr concentrations

is prominent in the lower-grade rocks (see data for

the Coastal Belt in Figure 15), and the Central Belt

(Coast Ranges) and ST-3 (the lowest-grade WBT

unit) also have high Sr and/or CaO contents,

possibly indicating that, for the higher-grade units,

some Sr and Ca was mobilized in fluids during the

decarbonation reactions that resulted in the

removal of the diagenetic cement. These elements

may then be consumed downstream by the creation

of abundant Sr-rich, CaCO3 veins (particularly if

the veins are composed of aragonite, orthorhombic

carbonate which more effectively sequesters Sr), or

they may be the source of alkaline fluids such as

those detected in the Marianas forearc (cf. Fryer et

al. [1999] and discussion by Sadofsky and Bebout

[2001a]).

[30] Nitrogen is bound into sediments both by

sedimentation of N-bearing organic matter and

by bonding of NH4
+ and NO3

� to clays, and it is

therefore not surprising to see some variability in

both N concentration and d15N in these rocks.

Nitrogen derived from photosynthesizing organ-

isms in sediments is usually close to 0% in d15N,
and NH4

+ derived from higher organisms or NO3
�

adsorbed onto clay minerals is usually signifi-

cantly higher in d15N (+7 to +11% [Rau et al.,

1987]). Most modern seafloor sediments have

total-N d15N that is somewhat higher than that of

the samples in this study [e.g., Rau et al., 1987;

Macko, 1989; Muzuka et al., 1991]. A shift, with

depth (0 to 220 m) in d15N in ODP Leg 185

sediments (Site 1149) from surface values near

+8% to values at depth near +3%, the latter similar

to those for the high-P/T suites (Figure 10a), is

consistent with diagenetic loss of a high-d15N,
perhaps NO3

� component [Sadofsky and Bebout,

2001b]. All of the d15N values observed in the

metasedimentary samples are closer to those

expected for sedimentary N derived primarily from

photosynthesizing organisms (Figure 10a). For all

units but the Coastal Belt, Coast Ranges, there is no

obvious correlation between N concentration and

d15N. Samples from the Coastal Belt show a trend

toward higher d15N at higher N concentration, and

the variations in d15N could be due to differential

loss of heavy N as NO3
� during diagenesis and

extremely low-grade metamorphism accompanying

subduction to these extremely shallow levels (<10

km [cf. Sadofsky and Bebout, 2001b]). Moving

upgrade in the Coast Ranges, the more uniform

d15N of the somewhat higher-grade (more deeply

subducted; see Figure 3) Central Belt and Eastern

Belt metasedimentary rocks could reflect the more

Figure 15. Sr and CaO variations in the Franciscan
and WBT. Note that many of the lower-grade rocks of
the Coastal and Central Belts (Coast Ranges) and the
lowest-grade subunit of the WBT have CaO and Sr
concentrations that are greatly enriched relative to most
of the other samples. This Sr and Ca depletion may
correspond to the mobilization of calcium carbonate
during low-grade metamorphism of these rocks.
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complete loss of this heavy NO3
� (see data for the

three Coast Ranges units in Figure 10a). Carbon-

reduced/nitrogen ratios are another useful indicator

of the devolatilization of these elements, as both of

these elements are provided to the sedimentary

rocks largely by organic processes. Most sediments

should have C/N ratios <20:1 [Müller, 1977; Swee-

ney et al., 1978; Waples and Cunningham, 1985],

which would be likely to be fractionated if either

element was being lost due to devolatilization as

organic detritus becomes purified (ultimately to

graphite) and N is transferred into phyllosilicates.

The vast majority of the high-P/T metasedimentary

rocks from this study fall into that range (Figure

10b). The Coastal Belt samples have C/N more

uniform than that of the higher-grade units (Figure

10b), fully within the range for modern seafloor

sediments, and perhaps indicating that the loss of

isotopically heavy N as NO3
� producing the

decrease in whole-sediment d15N did not produce

significant shifts in the C/N of the same sediments

(i.e., the N adsorbed to clays was extremely heavy).

The higher-grade Coast Ranges units show scatter

in C/N and shifts mostly to higher C/N relative to

C/N of the lowest-grade Central Belt, perhaps

reflecting the effects of deeper metamorphic devo-

latilization (i.e., at depths of 10–40 km).

[31] Rubidium, Cs, and B were investigated in

some detail because B and Cs show strong varia-

tions caused by differential devolatilization in the

Catalina Schist [Bebout et al., 1999] and because

B, Cs, and Rb have been shown to devolatilize

during low-T hydrothermal experiments [You et al.,

1996]. Sedimentary Rb and Cs concentrations vary

mainly as a function of K as they substitute for K in

potassic minerals. Figure 8 shows the variations in

Rb, Cs, and B in the rocks from this study, and for

reference, the Catalina Schist. Rubidium and Cs

concentration are correlated with K2O concentra-

tions in these rocks, and the Rb/K2O, Cs/Rb, and

Cs/K2O ratios are very similar to those of the

turbidites from ODP site 765 [see Plank and

Langmuir, 1998].

[32] Boron concentrations are generally somewhat

lower than those observed in the low-grade units of

the Catalina Schist, even at similar K2O contents

(Figure 8c). Boron, like N, is tied into sediments

both as structurally bound B and as an adsorbed

component and is commonly present in seafloor

sediments at levels of up to �300 ppm [see Moran

et al., 1992; Ryan and Langmuir, 1993; Spivack et

al., 1987; Kopf and Deyhle, 2002]. Boron, at

concentrations of less than 50 ppm, is one of the

only elements that is clearly depleted in these rocks

relative to their protoliths. Because there does not

appear to be any significant variation in the degree

of depletion of B between the lower-grade and

higher-grade rocks of this study, it appears that this

depletion happened before reaching the conditions

of the Coastal Belt. There is likely to be signifi-

cantly more adsorbed B than structurally bound B

present in the sedimentary protoliths of these rocks

and loss of this adsorbed B to interstitial fluids

during the early stages of diagenesis may provide

the mechanism for B depletion from these rocks

[see Kopf et al., 2000]. Boron-isotopic study of the

Catalina Schist demonstrated that the B present in

the low-grade metasedimentary rocks of that suite

is dominantly derived from the structurally bound

B in sediments [Bebout et al., 1998], and it is

suggested that the B remaining in the rocks of this

study is derived from sedimentary structurally

bound B rather than previously adsorbed B being

bound into clay minerals.

[33] Arsenic and Sb are also potentially useful

indicators of devolatilization reactions, as they

can be significantly fractionated out of a rock while

many other less fluid-mobile elements remain [see

You et al., 1996; Bebout et al., 1999]. However, As

and Sb concentrations do not appear to vary in

concentration as a function of grade in the Fran-

ciscan and Western Baja Terrane suites, and the As

and Sb concentrations and As/Ce and Sb/Ce over-

lap strongly with those of the low-grade metasedi-

mentary rocks in the Catalina Schist (Figures 16a

and 16b). During metamorphism, As and Sb prob-

ably become coupled with S as they partition into

sulfides [see Noll et al., 1996; Bebout et al., 1999].

However, there is very little correlation with S for

either element in the rocks from this study (As/S

ranges from 0.0005 to 0.15, Sb/S ranges from

0.00005 to 0.02). Sulfur concentration is highly

variable in these rocks (see Table 3), ranging from

the detection limits of XRF (50 ppm) to several
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thousand ppm, with variations of two orders of

magnitude occurring even within single subunits.

This variation in S content is likely due to protolith

variations that could include both sulfides and

sulfates (present in sediments and seawater [see

Alt and Burdett, 1992]).

5.3. Comparison of the Results of This
Study With Those of Hydrothermal
Experiments

[34] One prior study has specifically attempted to

determine the relative mobility of volatiles and

fluid-mobile trace elements at low-T during sub-

duction-zone metamorphism through hydrothermal

experiments [You et al., 1996]. Other studies have

attempted to address element mobility during low-

T hydrothermal experiments [i.e., Seewald et al.,

1990; Sturtz, 1991; You et al., 1995]. These studies

have been carried out at temperatures similar to the

conditions experienced by the rocks from this

study, but, due to experimental limitations, have

been carried out at much lower pressures and high

fluid: rock ratios (water/rock = 3 by weight [You et

al., 1996]). These studies have shown that As, Ba,

B, Cs, NH4+, Pb, Rb and the LREE are relatively

mobile at T < 300�C, P < 0.1 GPa, and high

fluid:rock ratios.

[35] Comparison of the data from this study with

results from the hydrothermal experiments shows

agreement in that the adsorbed components of B

and N appear to be missing from the rocks of this

study. However, the rocks studied here show

retention of structurally bound As, Cs, Pb, Rb,

the LREE, and structurally bound B and N, sug-

gesting that the vast majority of the reservoirs of

these elements are not mobilized at shallow depths

during relatively low-T subduction zone metamor-

phism and are thus subducted to greater depths.

The rocks analyzed as a part of this study do

demonstrate significant protolith heterogeneity that

may complicate the assessment of small degrees of

element loss, and it is difficult to prove unequiv-

ocally that certain elements were not present in

metamorphic fluids. However, the differences in

apparent mobility of potentially fluid-mobile ele-

ments between this study and the results of hydro-

thermal experiments are more likely to be due to

the strikingly different conditions encountered with

far greater pressures in the natural system and at

significantly lower fluid:rock ratios.

5.4. Implications for Models of Slab +
Sediment to Arc Subduction Zone
Mass Transfer

[36] Recent attempts to model the subduction input

into the mantle [Plank and Langmuir, 1993, 1998]

and the participation of sediments in arc magma

generation [e.g., Ryan et al., 1995, 1996; Noll et

al., 1996; Elliott et al., 1997; Patino et al., 2000],

have either relied on elements not expected to

Figure 16. As (ppm) and Sb (ppm) are plotted against
As/Ce and Sb/Ce because these parameters have been
shown to vary significantly as a tracer of devolatilization
of the siderophile elements [Bebout et al., 1999]. These
plots show that both As and Sb are similar in
concentration to low-grade (LA and LBS facies) rocks
of the Catalina Schist, and do not appear to be tracing
more subtle variations in extents of metamorphic
devolatilization among the lower-grade units.
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mobilize during low-T metamorphism, assumed

the effects of element mobility prior to the depth

of arc magma generation were minimal, or been

limited to only broad correlation of sediment

source and arc output. This study demonstrates

the retention of most of the trace elements regarded

as relatively fluid-mobile (e.g., B, Cs, As, Sb) to

depths of up to �40 km during relatively cool

subduction zone metamorphic conditions, and

therefore helps to validate this approach for many

elements—these elements would thus probably be

available at greater depths to produce enrichments

in arc lavas. Furthermore, the gradual loss during

of these trace elements during devolatilization at

depths of �70–250 km could lead to across-arc

trends in concentration and isotopic composition

(see examples of cross-arc trace element variations

in Ryan et al. [1995] and Moriguti and Nakamura

[1998]). However, as examples, the observations

regarding the significant loss of structurally bound

H2O, the mobility of adsorbed, likely isotopically

distinct, B and N components, and the mobilization

of Ca and Sr related to decarbonation, underscore

the need to exercise caution in interpretations of

arc-volcanic concentrations of these elements

which directly employ the compositions of seafloor

sediments as a mixing component.

5.5. Example of an Attempt to Balance
Subduction Inputs and Outputs
(C Subduction)

[37] Although uncertainties tend to be large, it is

possible to estimate the fluxes of C into and out

of the mantle and, in particular, the fluxes of C

(and other volatiles) into and out of modern

convergent margins (here done on a global basis;

see the results of this calculation in Figure 17).

Fluxes of C into subduction zones are based on

(1) estimates of the volumes and lithology of

sediment being subducted in modern subduction

zones (e.g., based on the work of von Huene and

Scholl [1991], Rea and Ruff [1996], Plank and

Langmuir [1998]), (2) chemical and isotopic anal-

yses of the sediments that are likely being sub-

ducted, and (3) for altered oceanic crust, estimates

of carbonate content by Staudigel et al. [1989]

[also see Alt and Teagle, 1999]. The estimates of

carbon dioxide flux returned to the surface from

arcs (on a global basis) are from Marty and

Tolstikhin [1998] and Sano and Williams [1996].

For the calculations of subducted C flux presented

here (range of 4.01 to 8.81 � 1012 moles/yr), we

used the lithologic proportions of GLOSS (Global

Subducting Sediment of Plank and Langmuir

[1998]; 76 wt.% terrigeneous, 7 wt. % calcite),

and a range of sediment subduction rates from

Plank and Langmuir [1998] (1.3 � 1015 g/yr) and

von Huene and Scholl [1991] (2.75 � 1015 g/yr).

We attempt to consider only the part of the

seafloor sediment column presently being deeply

subducted, that is, to beyond the depths of accre-

tion and underplating. The estimates of von

Huene and Scholl [1991] attempt to take into

account the underplated fraction (1.0 km3, or

2.75 � 1015 g/yr of sediment) that is subducted

to beyond depths of frontal and underplating

accretionary processes, whereas the Plank and

Langmuir [1998]; (1.3 � 1015 g/yr) estimate for

modern sediment subduction accounts for only

the incoming flux minus an estimate of the

accretion flux (see recent discussion of sediment

subduction and accretion by Beaumont et al.

[1999]). We do not incorporate consideration

Figure 17. Example of an attempt to mass-balance
subduction-zone inputs and outputs, in this case, for C
(as both carbonate and reduced/organic C). The
horizontal axis represents the efficiency with which C
is returned via arc magmatism, and the multiple lines
emanating from the origin represent the range of
combinations of limits in estimates of the inputs and
outputs (see text for discussion). A ‘‘subducted/
returned’’ ratio of 1 indicates balance of the subducted
C inventory with the C returned from the mantle in arcs.
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of subduction erosion (potentially extremely large,

estimated by von Huene and Scholl [1991] to be

0.6 to 1.1 km3/yr) into these illustrated flux

calculations and, depending on the composition

(and specifically the physical state and concen-

tration of C) of the eroding hanging-wall, this

could significantly impact the carbon dioxide flux

estimates and estimates of the proportions of

reduced and oxidized C in the subduction flux

(see below). For C concentration in sediments we

use an average of the results from this study and

data from low-grade metasedimentary rocks of the

Catalina Schist [Bebout, 1995]. For C flux in bulk

oceanic crust, we use the estimates of Staudigel et

al. [1989] (0.233 and 0.296 wt. % carbon dioxide

calculated by two methods) and take into account

a small range of estimates of oceanic crust sub-

duction rates. Note that, for the various estimates

of subduction C flux, the carbonate in the altered

oceanic crust constitutes 45–65% of the C flux

due to its greater subducted mass relative to the

more C-rich sediments. Finally, we include a

small amount of carbon dioxide in the terrigene-

ous sediment component as diagenetic cement

(0.5 wt. %).

[38] Although it can perhaps be concluded with

some certainty that more C is subducted than

returned to the surface in arcs, the uncertainties

in both the inputs and the outputs confound any

truly quantitative assessment of return percentages.

A roughly 40% (±20%) of the subducted C reser-

voir can balance the estimated return of C to the

surface in arcs (Figure 17); if true, this would

indicate that approximately 60% (±20%) of the

subducted C is entrained into the deeper mantle,

where it could contribute to mantle C budgets and

perhaps contribute to C fluxes in ocean-island

basalts and at mid-ocean ridges (see discussion

by Marty and Tolstikhin [1998]). The conclusion

that much of the C initially subducted is entrained

into the deep mantle is consistent with the con-

clusion of Kerrick and Connolly [2001] that much

of the subducted C inventory (particularly carbo-

nate in the more pure limestone lithologies) is

deeply subducted rather than released at shallower

levels, based on calculated devolatilization histor-

ies for appropriate sedimentary lithologies. For

many other volatiles and trace elements, such

calculations are even more problematic because

of the uncertainties in the compositions of subduct-

ing materials (e.g., for N, the concentrations and

isotopic compositions in altered oceanic crust are

unknown, and are likely to be quite heterogene-

ous). These comparisons underscore the utility of

recent attempts to mass-balance materials across

individual, relatively well-understood convergent

margins where better-constrained inventories of

subducting crust and sediment and arc magmatism

can be incorporated.

6. Conclusions

[39] The Franciscan Complex and the Western

Baja Terrane record retention of significant volatile

contents (elements such as H, C, N, S) and fluid-

mobile trace elements (B, Rb, Cs, As, Sb) in

metasedimentary rocks to depths of up to �40

km. Loss on ignition of these rocks appears to be

lower than would be expected for modern sedi-

ments of similar clastic lithologies, suggesting that

there was some loss of structurally bound H2O

during earlier diagenesis. However, there does not

appear to be a trend of differential LOI as a

function of metamorphic grade in these rocks,

perhaps because these losses occurred primarily

at shallower levels and lower temperatures than

those experienced by all of the high-P/T metasedi-

mentary suites. The LOI of the Franciscan Com-

plex and the Western Baja Terrane metasedimentary

rocks may be a good estimate for the volatile

content retained to the next series of metamorphic

transformations (overall, constituting the blues-

chist-to-eclogite facies). Nitrogen and B are both

present at concentration levels that are consistent

with the expected concentrations of the structurally

bound components of these elements in the proto-

liths. Boron isotope data for lithologically and

petrologically similar low-grade metasedimentary

rocks in the Catalina Schist, California, are con-

sistent with the shallow loss of isotopically heavy

adsorbed B [Bebout et al., 1998].

[40] Together, the reduced C and the N bound in

the Franciscan and Western Baja Terrane metase-

dimentary rocks reflect the subduction or organic

materials to depths approaching 40 km, with only

Geochemistry
Geophysics
Geosystems G3G3

sadofsky and bebout: forearc devolatilization 10.1029/2002GC000412

25 of 29



minor modification in concentration and isotopic

composition, despite the effects of high-P/T meta-

morphism at temperatures of up to 250�C. Thus,
although the initially organic C and N is redistrib-

uted into volatile-poor carbonaceous matter (beco-

ming graphite at higher temperatures) and clay

minerals, then higher-grade micaceous phases (as

structurally bound NH4
+), respectively, the anom-

alously cool subduction-zone thermal regime leads

to the efficient subduction of organic C and N to at

least these depths. In contrast, there is significant

loss of oxidized C (calcite cement) during the low-T,

high-P/T metamorphism of these rocks, as the low-

est-grade rocks retain abundant calcite cement that

is not present in the higher-grade rocks. It has

become increasingly evident, as the result of recent

field and theoretical studies of devolatilization [e.g.,

Bebout, 1995; Kerrick and Connolly, 2001; this

study], that a large fraction of the initially subducted

C reservoir (reduced and oxidized forms) is poten-

tially preserved to great depths in subducting slabs

and sediment, and that recycled C plays a significant

role in the upper mantle C budget.

[41] In general, the fact that fluid-mobile trace

elements (such as B, Cs, Rb, As, Sb, U, Th, S, and

the LREE) are present at concentrations similar to

those of their likely seafloor protoliths lends cre-

dence to approaches in which sediment geochemis-

try is correlated with variations in arc magma

composition for these elements [see Plank and

Langmuir, 1993, 1998]. Across-arc studies [e.g.,

Ryan et al., 1995; Ishikawa and Nakamura, 1994;

Ishikawa and Tera, 1997; Moriguti and Nakamura,

1998] appear to demonstrate the progressive loss

profiles (and isotopic evolution) of individual ele-

ments to depths exceeding 200 km [see Benton et

al., 2001], thus the deeper losses are likely gradual

and distributed over a significant depth range. Ulti-

mately, knowledge of the relative efficiencies of

deep subduction of seafloor components (and for

some elements, isotopic evolution resulting from

prograde devolatilization) obtained through study of

subduction-zone metamorphic suites will aid in

modeling of chemical cycling at the global scale

and for individual convergent margins.

Appendix A. Localities of Samples
Analyzed

[42] The localities of samples analyzed are given in

Table A1.
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