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3.20.1 INTRODUCTION

Subduction zones figure prominently in virtu-
ally all chemical geodynamic models of recent
and long-term crust-mantle evolution (Allegre,
1989; Zindler and Hart, 1986; Javoy, 1998;

Berner, 1999; Chapter 2.03; also see Bebout,
1995). A thorough understanding of the sub-
duction pathway (see Figure 1) is required to
address many aspects of Earth’s large-scale
material cycling, including the origin of arc
magmas, continental crust formation, and the
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Figure 1 Schematic illustration of a continental margin-type subduction zone, showing possible sites of
trace-element and isotopic fractionation. The large arrow along the slab-mantle interface indicates transfer,
toward the surface, of volatile components released by subduction-zone metamorphism. Subduction could
deliver, to various parts of the mantle (e.g., the forearc mantle wedge, the subarc mantle wedge, and deeper
parts of the mantle), C—-O-H-S-N fluids, melts, and residual mineral reservoirs strongly fractionated
isotopically and chemically relative to initial compositions of the subducted rock reservoir. The inset plot
demonstrates the possible evolution of chemical parameters discussed in this chapter with progressive meta-
morphism of sedimentary rocks during subduction. MOR, mid-ocean ridge; MORB, mid-ocean ridge basalt;
AFC, assimilation-fractional crystallization. Reproduced by permission of Elsevier from Bebout (1995).

geochemical evolution of the mantle. Over
the last decades, considerable effort has been
expended to trace, and even mass balance, ele-
ments and isotopes across individual arc-trench
systems using seafloor inputs and mostly volca-
nic arc outputs (e.g., Plank and Langmuir, 1993;
Hilton et al., 2002; George et al., 2005; Li and
Bebout, 2005; discussion in Chapter 2.11).

Subduction of oceanic lithosphere initiates a
complex continuum of diagenetic and meta-
morphic reactions and related geochemical ef-
fects in the down-going slab. For some
chemical components, this history profoundly
influences the elemental inventory and, in some
cases, the isotopic composition of the slab to
depths beneath volcanic arcs and beyond.
These seafloor lithologies are also subjected to
deformation processes that significantly alter
their physical state and, in the case of sedimen-
tary accretion and underplating, halt their
delivery to depths beyond forearcs. In addi-
tion, subduction erosion from the forearc
hanging walls can impact geochemical evolut-
ion at greater depths (see Scholl and von Hue-
ne, in press). All of these physical, petrologic,
and geochemical processes are thought to vary
considerably among Earth’s modern subduct-
ion zones (see Stern, 2002).

Whereas case studies and syntheses of the
geochemistry of arc magmas abound (see Pe-
arce and Peate, 1995; Elliott, 2003; Chapter
3.18; Figure 2a), the study of the geochemistry
of slab metamorphic rocks (certain high-pres-
sure (HP) and ultrahigh-pressure (UHP) meta-
morphic suites) has lagged behind, likely due,
in part, to the perceived complexity of the
metamorphic field record. In some studies of
arc geochemistry, seafloor compositions (“‘in-
puts”) are simply compared with arc magmas
(the “outputs’), with little or no discussion of
the possible effects of subduction-zone chemi-
cal processing, whereas in others, specific chem-
ical changes are attributed to metamorphism,
providing some exciting and perhaps testable
hypotheses. Many studies of HP and UHP
metamorphic rocks present cursory geochemi-
cal datasets, most commonly major element
compositions and concentrations of selected
trace elements. However, the number of studies
that directly test the influence of metamor-
phism on the geochemistry of the subducting
slab is still surprisingly small.

This chapter provides a synthesis of current
knowledge regarding the changes in the phys-
ical, petrologic, and geochemical state of sub-
ducting oceanic crust that result from diagenesis
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Figure 2 Chemical characteristics of subduction-zone arc outputs, based on erupted basalts (a) and inputs,
Data in (a) and (b) are normalized to primitive mantle
and N-MORB, respectively (both from Hofmann, 1988). Data for arc basalt outputs are from Elliott (2003;
electronic supplement), the GLOSS (GLOSS composite) is from Plank and Langmuir (1998), and the data for
altered oceanic crust at ODP Sites 417/418 and 801 are from Staudigel et al. (1996) and Kelley et al. (2003),
respectively. The boxes in (a) and (b) highlight the similarities in the seafloor enrichments in basalts and the
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and metamorphism along the subduction path-
way. The focus in this contribution is largely on
the chemical and isotopic tracers commonly
employed to elucidate chemical cycling in sub-
duction zones based on study of arc lavas, and
on discussion of metamorphic suites for which it
is possible to evaluate chemical changes in sub-
ducting oceanic crust and overlying sediments
(see Chapter 3.09, for discussion of UHP meta-
morphic geochemistry of continental lithologies
in collisional orogens such as Dabieshan-Su-Lu
Belt and Kokchetav Massif). Emphasis is
placed on elucidating connections between the
metamorphic geochemical record and other
subduction-related products such as décollem-
ent fluids, forearc serpentinite seamounts and
mud volcanoes, arc lavas, and deep-mantle geo-
chemical signatures that may result from incor-
poration of subducted oceanic crust and
sediment. For a number of important chemical
tracers (e.g., boron, lithium, nitrogen, organic
carbon, and nitrogen, perhaps large-ion litho-
phile elements (LILE), particularly cesium, ru-
bidium, barium, and strontium), significant
changes occur during the earliest stages of sub-
duction due to pore water expulsion and
diagenesis (and for mafic rocks, possibly hydra-
tion). Discussion of the metamorphic record is
focused primarily on HP and UHP suites in the
circum-Pacific, Cyclades, and European Alps,
which have seen the most geochemical study
focused on issues of ocean-to-mantle cycling.
This review is meant to complement a number
of chapters in the Treatise on Geochemistry,
namely Chapters 2.03, 2.06, 3.09, 3.15, 3.18, and
3.19, and most directly, Chapters 2.11 and 3.17.

3.20.2 THE SEAFLOOR, AS IT ENTERS
THE TRENCHES

At first glance, one might consider the sub-
ducting oceanic lithosphere to be rather uni-
form from place to place. On average, it is
composed of, a 5-7 km thick section of oceanic
crust (see Chapters 3.13, 3.17, and 3.19), dom-
inantly basaltic and gabbroic in composition,
with an ultramafic lithospheric mantle section
and a sedimentary veneer of varying thickness.
However, geochemical data for oceanic crust,
either drilled on the seafloor or accessed in on-
land ophiolitic sequences, demonstrates a huge
diversity of chemical compositions that relate
to the nature and duration of fluid—rock inter-
action on the seafloor (see Alt and Teagle,
2003; Kelley et al., 2003; Staudigel et al., 1996;
Chapter 3.15; Figure 2b).

The mid- to lower parts of the oceanic
crust are generally thought to have little or no

impact on the slab flux (i.e., the material ascen-
ding from the slab to the overlying mantle
wedge), as they contain fewer volatile phases
and thus do not experience devolatilization re-
actions and the related fluid mobility necessary
for element transport (see Chapter 3.15).
However, the extent of hydration in the upper-
most mantle of subducting oceanic lithosphere
is unclear (see Peacock, 2001; Kerrick, 2002). If
such hydration occurs, it could profoundly in-
crease the amount of H,O being subducted into
the deep Earth, possibly causing flux melting of
the slab (see Ranero et al., 2005; Kessel et al.,
2005), and have great consequences for the
deeper geochemistry of subduction zones.

Sedimentary sequences just outboard of
trenches have thicknesses ranging from
<100m to >4km (but mostly <1km). Fac-
tors that influence their chemical compositions
(e.g., residence time on the seafloor, water
depth, which controls carbonate solubility and
deposition, proximity to continental/arc sedi-
ment sources, and even ocean currents, which
affect organic nutrient budgets) are highly
variable. Our knowledge of the lithology and
compositions of subducting sediments, largely
based on analysis of deep sea drilling program /
ocean drilling program (DSDP/ODP) sediment
cores, is summarized by Rea and Ruff (1996),
Plank and Langmuir (1998), and Jarrard
(2003). Plank and Langmuir (1998) discuss
the sedimentological, diagenetic, and organic
processes dictating the concentrations of major
and trace elements of particular interest in
chemical-cycling studies (e.g., U-Th-Pb;
LILE). Approximately 76 wt.% of the global-
ly subducting sediment (GLOSS) composite of
Plank and Langmuir (1998) is composed of
“terrigenous’ sediment with its largest accu-
mulation near continental margins, and the re-
mainder of this composite consists of calcium
carbonate (7wt.%), opal (10wt.%), and min-
eral-bound H,O (7wt.%). The GLOSS com-
posite provides an extremely useful guide to the
composition of average subducting sediment
for use in global chemical mass-balance studies,
and Plank and Langmuir (1998) also provide
estimates of sediment input into individual
modern trenches.

A quick examination of a seafloor bathymet-
ric map reminds us of the large amount of relief
on the seafloor, related largely to the presence of
ridges and associated transform fault segments,
and oceanic plateaus produced by magmatic
activity attributed to hotspots. This roughness
at the top of the subducting oceanic slab could
promote off-scraping/underplating of the areas
of higher relief (e.g., ocean—island basalt; Stern,
2002) and representation of these parts of the
slab in paleosubduction suites (Maruyama and
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Liou, 1989; Cloos, 1993). In many margins,
convergence has a significant obliquity, poten-
tially complicating efforts to assess chemical
cycling by simple comparison of arc volcanic
rocks and offshore subduction sections and, in
some margins, the trench sediment section varies
significantly along strike of the trench. Transient
interactions, such as ridge—trench encounters
(e.g., Shervais et al., 2005) might disproportion-
ately affect the tectonometamorphic record of
ancient subduction episodes.

3.20.3 RECENT THERMAL MODELS OF
SUBDUCTION

A brief discussion of the thermal evolution of
subduction zones is appropriate here, as many
of the geochemical changes discussed in this
chapter occur at the relatively high-pressure/
temperature (P-T) conditions in subduction
zones. Increasingly high-resolution thermal
models, employing variable upper-mantle visco-
sity and associated subduction-induced “‘corner
flow,” indicate that the slab-mantle interface
and shallowest parts of the subducting oceanic
crust may be warmer than predicted in earlier
models, perhaps at or near temperatures re-
quired for partial melting of both sedimentary
and mafic rocks (see van Keken ez al, 2002;
Rupke et al, 2004; Peacock, 2003; Kelemen

et al., 2003; Peacock et al., 2005). As discussed
below, this revelation has profound implications
for the nature of slab-derived “fluids” and
element mobilities. Figure 3 (from Peacock,
2003) presents representative calculated P-T
paths for subducting lithologies, demonstrating
that these models are highly dependent on the
ways in which mantle wedge viscosity is handled
(see the discussions by van Keken et al., 2002;
Peacock et al., 2005). On a finer scale, Dumitru
(1991) matched estimated geothermal gradients
for the Franciscan paleoaccretionary margin to
thermal models of forearc regions, concluding
that the most important variables in these
models are the subduction rate, the age of
the subducting slab, and frictional heating
(see also Peacock, 1992).

3.20.4 EARLY-STAGE PROCESSING OF
SEDIMENTS AND PORE WATERS
IN TRENCH AND SHALLOW
FOREARC SETTINGS (<15 km)

At shallow levels in subduction zones, com-
plex physical partitioning of sediments and
sedimentary rocks into off-scraped, underplat-
ed, and more deeply subducted fractions,
impacts the sedimentary input contributing
to deeper subduction-zone geochemistry. It ap-
pears that, in many modern subduction zones,
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Figure 3 Synthesis of recent thermal models of subduction, incorporating, in different ways, the viscosity in
the mantle wedge (figure 6 from Peacock, 2003). The warmest path for the top of the slab (labeled, “C”) is for
a mantle wedge having an olivine rheology. Paths ““A” and “B,” both also for the top of the slab, correspond
to use of isoviscous rheology, at differing model resolution (5km for “A”” and 400 km for “B,” also see van
Keken et al., 2002; Peacock et al., 2005). Paths A’, B, and C’ (broken lines) are for the base of the slab in each
corresponding model. The lighter-shaded region is the eclogite-facies stability field, the lighter-shaded, grayish
lines are the water-saturated and dry partial melting reactions, and the darker-shaded region is for hornblende
dehydration melting (see Peacock, 2003; Chapter 3.17).
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sediments are not accreted in the forearc, but
rather, subduction erosion may convey large
volumes of forearc material of varying
lithology to great depths (see Scholl and von
Huene, in press). The deep subduction of
eroded materials has not yet been adequately
considered in geochemical models balancing
subduction-zone inputs and outputs. During
these earliest stages of subduction, sediments
experience large amounts of compaction and
deformation, resulting in mechanical expulsion
of pore waters (see Moore and Vrolijk, 1992).
Sediment porosities of >70vol.% have been
measured outboard of trenches, and for some
convergent margins, initial compaction and
dewatering produce significant thinning be-
neath the forearc within a few kilometers of
the trench (e.g., the seafloor sedimentary sec-
tion drilled offshore of the Central American
trench (Site 1039) and beneath the forearc
wedge (Site 1040) by ODP Leg 170 offshore of
Costa Rica; Kimura et al., 1997). Apparently,

this thinning of the sediment section can be
accomplished without significant change in
many of its trace-element concentrations (see
Morris et al., 2002, who presented '’Be data for
the young sediment beneath the décollement in
the Costa Rica forearc).

3.20.4.1 Mineralogical and Compositional
Changes During Early Subduction of
Sediment

Reactions among clay minerals (smectite—
illite; Srodon, 1999; Brown et al., 2001; Moore
et al., 2001; cf. Vrolijk, 1990), particularly those
producing low-grade metamorphic micas (see
Frey, 1987), result in the release of significant
amounts of mineral-bound H,O (Figure 4) and
produce relatively low-chloride fluids in accre-
tionary wedges (see discussions of the influence
of reactions among smectite and illite by
Kastner et al., 1991, Brown et al., 2001, and
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Figure 4 LOI and SiO,/Al,O5; for HP paleoaccretionary metasedimentary rocks and their likely seafloor
sedimentary equivalents (figure from Sadofsky and Bebout, 2003). Note that LOI correlates with SiO,/Al,O3
for the Catalina Schist (data from Bebout ez al., 1999), Franciscan Complex Coast Ranges, California
(Coastal, Central, and Eastern Belts; data from Sadofsky and Bebout, 2003), Diablo Range, California
(Pacheco Pass; data from Sadofsky and Bebout, 2003), Western Baja Terrane (Baja, Mexico; data from
Sadofsky and Bebout, 2003), and Sambagawa Belt (Japan; data from Nakano and Nakamura, 2001). Catalina
Schist samples are broken down into low-grade facies (lawsonite-albite and lawsonite-blueschist) and high-
grade facies (epidote-blueschist, epidote-amphibolite, and amphibolite). Representative marine sediments
from the Japan Trench (data from Murdmaa er al., 1980), Nankai trench (data from Pickering er al., 1993),
and Izu-Bonin forearc (data from Plank and Langmuir, 1998) are higher in LOI than the metamorphosed
sediments, reflecting their higher but varying clay mineral contents. The extremely high-LOI, high-SiO,/Al,03
samples are probably due to dilution of the greywacke signal by pelagic siliceous oozes.



Early-Stage Processing of Sediments and Pore Waters 7

Moore et al., 2001). At shallow levels of accre-
tionary prisms, this metamorphic fluid is likely
to be dwarfed by the large amounts of expelled
pore waters (see Moore and Vrolijk, 1992);
however, the loss of structurally bound H,O
during clay mineral transitions to low-grade
micas has important implications for the more
deeply subducted H>O budget dominated by
the hydroxyl contents of minerals such as the
micas (see Rupke et al., 2002, 2004). Clay min-
erals also host many of the trace elements of
most interest to those studying arc lava “slab
additions” (boron, lithium, nitrogen, rubidium,
cesium, and barium; see discussion below
of sediment versus metasedimentary Rb/Cs).
Illite, in particular, is an initial primary host for
LILE such as cesium, barium, and rubidium,
and for nitrogen and boron (for discussion of
the incorporation of organic nitrogen and bo-
ron into diagenetic illite, see Compton et al.,
1992 and Williams et al, 2001, respectively).
Other dehydration reactions in shallow parts of
accretionary prisms include the transformation
of opal-A (which contains ~11wt.% H,O) to
opal-CT (opal which shows the beginning of
formation of domains of short-range ordering)
to quartz (Moore and Vrolijk, 1992) as
siliceous microfossil skeletons recrystallize.
The smectite—illite and opal-quartz transfor-
mations occur over a temperature range
of ~60-160°C, depending on heating rates
(Moore and Vrolijk, 1992).

Shallow reactions involving organic matter
appear to be responsible for the release of large
amounts of methane (biogenic methane and
methane produce abiologically by heating) in
many forearcs (see Moore and Vrolijk, 1992).
However, the similarity in the reduced (organic)
C concentrations and isotopic compositions
(and C/N ratios) between sediments outboard
of trenches and those in forearc metasedimen-
tary rocks (representing subduction to 5km or
more) indicates small amounts of loss of re-
duced C over large volumes of sediment to
produce the methane that is observed to seep
out along structures. Diagenetic conversion of
organic nitrogen into ammonium in clay min-
erals, such as illite, begins on the seafloor (see
Sadofsky and Bebout, 2004a; Li and Bebout,
2005) and probably continues during very shal-
low subduction. This transfer of organic nit-
rogen into clays, and then into low-grade micas,
appears to be remarkably efficient, as the C/N
and nitrogen concentrations and isotopic com-
positions in forearc metasedimentary rocks sub-
ducted to depths of up to ~40km are similar
to those in their seafloor sediment protoliths
(see Bebout, 1995; Sadofsky and Bebout, 2003).

Small amounts (<5wt.%) of finely dissemi-
nated calcite occur in metasedimentary rocks in

the Coastal Belt of the Franciscan Complex,
California (representing sediments underthrust
to <5km depths; see Blake et al., 1987), but are
absent in somewhat higher-grade units repre-
senting subduction to up to 30km (Sadofsky
and Bebout, 2003). This difference could have
resulted from minor decarbonation or dissolu-
tion of calcite in aqueous fluids, producing not
only a decrease in CO, content, but also de-
creases in whole-rock CaO and strontium.
Moreover, loosely adsorbed boron, with re-
latively high-0''B, is believed to be lost during
early-stage mineral reactions and pore water
expulsion, resulting in a decrease in whole-
rock 6''B of subducting sediments (see discus-
sion by Bebout and Nakamura, 2003). Sadofsky
and Bebout (2003) argued for a similar loss of
small amounts of nitrogen with relatively high
0N to mechanically expelled pore waters at
low grades in the Franciscan Complex and
suggested that this was more loosely adsorbed
nitrogen, perhaps occurring as nitrate.

3.20.4.2 Records of Fluid and Element
Mobility in Modern and Ancient
Accretionary Prisms

There is a wealth of geochemical data for
pore fluids in accretionary prism sediments and
more deformed zones, including décollement.
These provide a record of element mobilization,
in some cases related to reactions of the types
discussed above that produce low-salinity wa-
ters, which locally dilute the more saline pore
waters (Elderfield e al, 1990; Kastner
et al., 1991; Moore and Vrolijk, 1992; also see
discussions of forearc mud volcanoes in You
et al., 2004; Godon et al., 2004). In addition to
the dehydration or breakdown of clay minerals
and opal-A (amorphous opal), influences on
pore water chlorinity include the dissociation of
methane gas hydrates (clathrates; see Kvenvol-
den, 1993), clay membrane ion filtration,
biogenic or thermogenic combustion of organic
matter, dissolution of minerals, mixing of fluids
from different sources, and decarbonation re-
actions and related reduction in CO, content.
Fluids sampled in the décollement on ODP
drilling legs commonly have decreased chlorin-
ity, variable 87Sr/86Sr, 6180, and Sr concentra-
tion, increased methane, silica content, and
Mg+ /Ca®>", and decreased Ca’" content re-
lative to fluids away from such structures
(Kastner et al., 1991; cf. Elderfield et al., 1990;
for discussion of trace elements in pore waters
in and away from décollement see Zheng and
Kastner, 1997). Solomon et al (2006) docu-
mented liberation of barium from barite at
shallow levels beneath the décollement in the
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Costa Rica forearc (ODP Site 1040), and dis-
cussed the possible implications of this barium
release for deeper subduction barium cycling.
During the earliest stages of subduction, a large
fraction of the sediment barium inventory can
be tied up in the sulfate mineral barite, and
sulfate depletion releases this fraction leaving
only the barium component contained in the
silicate and carbonate fractions of the sediment.
Vein networks in exposures of paleoaccre-
tionary rocks formed at <15km depths record
large-scale fluid-mediated mass (and heat)
transfer, and more specifically, document the
mobility of methane-bearing, low-chlorinity,
H,O-rich fluids (see Moore and Vrolijk, 1992;
Fisher, 1996). The methane is considered to be
thermo- or biogenic in origin, and these sources
can be distinguished on the basis of C isotope
signatures (Ritger et al., 1987). The specifics of
vein formation, and the origin of the vein min-
erals (generally quartz- and/or calcite-rich), for
example, introduced via advection of mineral
components or diffusion into fractures from
nearby host rocks, are debated for individual
cases (see Fisher, 1996). Nevertheless, extensive
vein networks are generally considered to re-
flect upward migration of fluids generated by a
combination of compaction and dehydration of
more deeply buried sediments (see Sadofsky
and Bebout, 2004b). This is supported by the
relatively lower salinities and elevated methane
concentrations in fluid inclusions within vein
minerals (e.g., Vrolijk et al, 1988), evidence
consistent with the “freshening” observed in
faults and décollement at shallower levels
(Brown et al., 2001; Moore et al., 2001). Based
partly on the strontium-isotope compositions
of veins, Sample and Reid (1998) argued that
some of the fluids originate in the subducting
slab (cf. Breeding and Ague, 2002).
Serpentinite seamounts in the Marianas
margin are produced by the release of fluids
from subducting sediments and altered oceanic
crust (AOC) in shallow parts of the forearc and
the reaction of these fluids with the forearc
ultramafic mantle wedge. In addition, mafic
blueschist-facies clasts in these settings provide
a confirmation of the P-T estimates from ther-
mal models of the modern Marianas slab in-
terface (see Maekawa et al, 1993), and a
glimpse at the subducting oceanic crust from
these depths in the forearc that complements
the field record of mafic rocks in paleoaccre-
tionary complexes such as the Franciscan
Complex. Studies examining the major and
trace-element and isotopic compositions of
these serpentinite muds (and ultramafic clasts
contained therein) in these seamounts have at-
tempted to estimate the compositions of the
fluids that generated the serpentinite at depth

and have invoked additions of trace elements
such as boron, lithium, arsenic, and cesium to
these fluids from subducting oceanic crust and
sediment (see Ryan et al., 1996; Benton et al.,
2001, 2004; Savov et al., 2005). One series of
seamounts in the Marianas forearc allows an
estimate of progressive fluid and element loss as
a function of distance from the trench (depth to
the slab; Mottl et al., 2004) and provides a link
with studies of devolatilization and fluid flow in
paleoaccretionary complexes derived from
these same depths. Mottl er al. (2004) inter-
preted trends in pore water Na/Cl, B, Cs, and
especially K and Rb, across this suite of se-
amounts (Figure 5) as reflecting their derivat-
ion from the top of the subducting plate, driven
by increasing temperature, and suggested that
the trends reflect dominantly upward flow with
minimal lateral mixing. The range of depth in-
ferred for the top of the slab beneath these se-
amounts (16-29km) falls within the depth
ranges estimate for peak metamorphism of
the Franciscan Complex, Western Baja Ter-
rane, and Catalina Schist, for which the chem-
ical effects of metasedimentary devolatilization
have been determined (Bebout er al, 1993,
1999; Sadofsky and Bebout, 2003). The mobil-
ity of the elements deduced from these studies
is compatible with the results of sediment-fluid
experiments of You et al. (1996), indicating
enhanced mobility of boron, NH,, arsenic, be-
ryllium, cesium, lithium, lead, and rubidium in
forearc fluids. However, Bebout et al. (1999)
and Sadofsky and Bebout (2003) demonstrated
that, in cool subduction zones represented by
most of the forearc metasedimentary suites,
these fluid-mobile elements (boron, cesium, ar-
senic, and antimony) are largely retained in
metasedimentary rocks subducted to depths of
up to 40km at concentration levels similar to
those in seafloor sediments. Thus, it appears
that, as for organic carbon and nitrogen, the
mobility of these elements at shallower levels
represents a relatively small proportion of the
inventory found in sediment in some forearcs.

3.20.5 FOREARC TO SUBARC
CHEMICAL CHANGES IN HIGH-
PIT METAMORPHIC SUITES
(15—100 km)

3.20.5.1 Lithologies

Subduction zone HP to UHP metamorphic
suites contain a potpourri of variably meta-
morphosed mafic rocks crudely corresponding
in chemical composition to altered seafloor
basalt and gabbro and, in many cases, even
preserving pillow and other fabrics indicative of
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Figure 5 Variations in pore water chemistry in Marianas forearc serpentinites, as a function of distance from
the trench, thought to represent progressive element loss from the subducting slab at 16-29 km depths. A
number of compatibilities exist between these data and the data for paleoaccretionary rocks in the Catalina
Schist and Franciscan Complex (both in California), Western Baja Terrane (Baja, Mexico), and Sambagawa
(Japan), including the evidence for Sr loss at shallow levels, and increasing metamorphic losses of B, Rb, and
Cs with increasing depth in the forearc. Vein geochemistry and, for B and Sr, whole-rock trends demonstrate
the mobility of these elements in the forearc metasedimentary suites representing 5-30 km (see Bebout ef al.,
1999; Nakano and Nakamura, 2001; Sadofsky and Bebout, 2003). Data from Mottl et al. (2004).

submarine extrusion (Barnicoat, 1988; Kullerud
et al., 1990). The structural setting of these
rocks varies widely from exposure in relatively
intact ophiolitic sequences, such as in the
Tethyan ophiolites in the Western Alps, to oc-
currences as blocks of meter to kilometer sizes
occurring within mélange with large sedimen-
tary and/or ultramafic components (such as in
the Franciscan, Japan, the Cyclades, northern
Turkey, Sulawesi, and New Caledonia; see Mo-
ore, 1984; Cloos, 1986; Dixon and Ridley, 1987,
Sorensen and Barton, 1987; Bebout and Barton,
1993; Okamura, 1991; Parkinson, 1996; Breed-
ing et al., 2004; Altherr et al., 2004; Spandler
et al., 2004). Whereas some of the mafic rocks
appear to have derived, at least in part, from
gabbroic protoliths developed in ‘“Atlantic-
type” seafloor systems such as those exposed
in the Alps (see Tricart and Lemoine, 1991;
Chalot-Prat, 2005), the more dismembered
tectonic blocks in circum-Pacific complexes
are generally metabasaltic, with mid-ocean
ridge basalt (MORB)-like or, to a lesser extent,
island-arc basalt (IAB)-, or ocean-island basalt
(OIB)- like chemical characteristics. These

tectonic blocks are commonly rimmed by what
are interpreted as being metasomatic rinds, re-
presenting chemical interactions between the
blocks, their metasedimentary or ultramafic
surroundings, and metamorphic fluids (e.g.,
Moore, 1984; Sorensen and Grossman, 1989,
1993; Sorensen et al., 1997; Breeding et al.,
2004; Altherr et al., 2004). Some low-grade
metasedimentary mélanges contain mafic
blocks showing a range of peak metamorphic
grade (see Cloos, 1986). Thus, the blocks and
mélange matrix cannot be assumed to have ac-
hieved peak metamorphism at the same pres-
sure and temperature conditions. Metabasaltic
blocks can also occur within quartzofeldspathic
gneiss or marble (e.g., Trescolmen, Adula Nap-
pe, Zack et al., 2002; for discussion of suites
representing subduction of continental crust,
such as the Dabieshan-Su-Lu Belt, see Li et al.,
2000; Chapter 3.09). Given the wide range of
textural settings and presumed origins of the
mafic rocks in HP and UHP metamorphic
suites, and the huge range in chemical compo-
sitions of these lithologies and their presumed
seafloor protoliths, it can be difficult to identify
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chemical change that is unequivocally related to
prograde subduction history. Furthermore, for
the tectonic blocks floating in a chemically dis-
parate mélange matrix with which they have
metasomatically exchanged, it can be difficult to
infer geochemical evolution in coherent oceanic
crustal slabs experiencing prograde metamor-
phism in subduction zones. Less attention has
been paid to the study of subduction-related
chemical alteration in the UHP mafic eclogites
in the Dabieshan-Su-Lu Belt and Kokchetav
Massif representing deep subduction of more
continental lithological packages. However,
Yamamoto et al. (2002) provide a preliminary
analysis of element loss in Kokchetav rocks that
were metamorphosed at <6.0 GPa and 950 °C.
Generally, the eclogites in these terranes are
regarded as being more ‘‘continental,” not
obviously having had MORB protoliths (see
Jahn, 1999, Chapter 3.09). It is possible that
detailed study of the prograde chemical evolut-
ion (evolution during the increases in pressure
and temperature related to underthrusting) of
these eclogites will provide insights into the
evolution of similar lithologies subducted in
ocean—ocean settings.

Largely metasedimentary paleoaccretionary
complexes, such as those in the circum-Pacific,
probably do not sample the lower, more pelagic
part of the sediment sections (deposited in the
deep sea far from the trench, at relatively low
sedimentation rates), thus biasing the field
record relative to what is/was more deeply
subducted. Instead, these complexes are dom-
inantly terrigenous sediment derived from
arcs and continental crust that were deposited
into the trench (see Sadofsky and Bebout,
2004b). In some forearcs, sediment sections
below the décollement have been drilled (e.g.,
ODP Site 1040; Kimura et al., 1997; Morris
et al., 2002), providing information on the ear-
liest diagenetic processes that occur as pelagic
sediments enter subduction zones. In more co-
herent exposures (not obviously representing
tectonic blocks in melange) of HP and UHP
metaophiolite exhumed during initial collision
(e.g., the Jurassic ophiolites of the Western
Alps; see Jolivet et al., 2003), it is possible to
identify related seafloor sediment. One example
is the siliccous and Mn- and carbonate-rich
metasediment in contact with the Jurassic
ophiolite at the UHP Lago di Cignana local-
ity (see Reinecke, 1998).

3.20.5.2 Prograde Metamorphic Reactions and
Opverprinting During Exhumation

Both continuous and discontinuous meta-
morphic reactions occur along P-T paths

traversing the lawsonite—blueschist, epidote—
blueschist and eclogite facies. It is not possible
to do justice to this topic in this chapter;
however, Chapter 3.17 provides an excellent
synthesis of the field, experimental, and
theoretical constraints on prograde metamor-
phic reaction history in subducting mafic
and sedimentary lithologies. Several recent
studies calculated phase equilibria in KMASH
and NKMASH for HP and UHP metapelitic
rocks (see Proyer, 2003; Wei and Powell, 2004;
also see Liou et al, 1987; El-Shazly and
Liou, 1991), and Proyer (2003), in particular,
considered the extent of exhumation-related
reaction expected for various metapelitic bulk
compositions.

Interpreting each HP and UHP suite in terms
of subduction history carries with it its own
challenges associated with tectonic and litho-
logic complexity. One key factor when selecting
suites best suited for geochemical work is the
thermal history that the rocks experienced
during exhumation (see the P-T diagram in
Figure 6). Extents of exhumation-related over-
printing are, in general, related to the degrees
of heating during decompression, the duration
of any heating (or cooling) during this decom-
pression, the volatile content of the rocks prior
to exhumation, and the bulk composition of
the rocks. The latter dictates whether or not
certain decompression-related reactions occur
(see Proyer, 2003). The greatest prospects for
survival of prograde reactions and geochemis-
try are found in mafic rocks that experienced
relatively rapid, down-T exhumation paths.
Such paths are commonly attributed to
exhumation during continued, active under-
thrusting to explain the sustained high-P-T
conditions. For a number of HP and UHP
suites, metasedimentary rocks experience far
greater overprinting during exhumation than
adjacent metabasaltic rocks (Reinecke, 1998;
van der Klauw et al., 1997; Fitzherbert et al.,
2005). This is because the metasedimentary
rocks show greater pervasive deformation and
open-system behavior than the metabasalts
and experience different decompression-
related mineral reaction histories. Miller er al.
(2002) (also see van der Klauw et al, 1997)
provide a summary of fluid processes associ-
ated with the exhumation of HP and UHP
metamorphic rocks.

3.20.5.3 Geochemical Studies of HP and
UHP Mafic Rocks

A number of subduction-zone processes could
influence the compositions of subduction zone
HP and UHP mafic lithologies relative to those
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Figure 6 The peak P-T conditions for metamorphic suites discussed in this chapter, some representative
exhumation P-T paths, the positions of the wet and dehydration solidi for partial melting of mafic and
sedimentary lithologies, and peak metamorphic conditions of some other selected UHP suites (figure modified
after Hacker, in press; also note the patterned field for ““All eclogites,” and the graphite—diamond and quartz—
coesite equilibria). Colored rectangles are peak P—T conditions of the suites discussed in this chapter (mostly
from Hacker, in press; references for peak P—T estimates provided therein; p, Pamir in dashed-oval regions; see
Hacker et al., 2005, for discussion of these partially melted metasedimentary rocks). For the Schistes Lustres,
the multiple fields are for individual units showing a wide range in grade (from Agard ef al., 2002; see data for
these units in Figure 12), and an estimated exhumation path is shown for each. Schematic exhumation paths
for the Dabie-Sulu UHP rocks (light blue, straight-line segments) are from Zheng et al. (2003); also see P-T
path for the Shuange UHP locality in Dabie. Figure 9 provides greater detail regarding the peak P-T and
varying prograde P-T paths of the units of the Catalina Schist. The P-T for the Western Alps is for the
internal units (see Chalot-Prat et al., 2003), and peak metamorphic P-T estimates for Tianshan HP rocks are
from Gao and Klemd (2001). The black, unfilled oval region is for the Parigi UHP locality of the Dora Maira
Massif (see discussion in Hermann et al., in press; Sharp et al., 1993), and the black, unfilled rectangular region
is for the Erzgebirge UHP rocks studied by Massone and Kopp (2005). The Adula rocks (exhumation path
only) were investigated by Zack et al. (2001, 2002, 2003).

of AOC drilled some distance from the trench  and other fluid—rock interactions along the

(e.g., Sites 801, 1149, 504B; see Chapter 3.15).
These include hydration and metasomatism
related to plate bending in the trench (see the
discussion by Ranero er al, 2005), volume
strain (involving selective element removal;
see Bebout and Barton, 2002), devolatilization

slab-mantle interface (including interaction with
sediment-derived fluids, development of meta-
somatic rinds on tectonic blocks), and for the
higher grade lithologies, extraction of partial
melts. Recent work that has attempted to
identify chemical signatures of subduction-zone
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metamorphism in HP and UHP metabasaltic
and metagabbroic rocks, and the chemical con-
tributions of subducted oceanic crust to arc
source regions and the deeper mantle, is briefly
mentioned here. Slab additions to the mantle
wedge beneath arcs are generally presumed to
occur via a “fluid” phase, variably described as
being hydrous fluid, silicate melt, or supercritical
liquid (see Kessel ef al, 2005, and references
therein). Study of the geochemistry of subduct-
ion zone HP and UHP mafic rocks thus
provides insight into slab fluid production
and mobility, and possible element loss in these
fluids.

3.20.5.3.1 Whole-rock geochemistry of HP
and UHP eclogites

One of the largest obstacles to demonstrating
chemical fluxes in subduction-related meta-
basalts, relative to their protoliths, is the need
to identify variations caused by either magmat-
ism or seafloor alteration (see Chapters 2.03
and 3.15). Generally, the first step in geochemi-
cal studies of mafic HP and UHP metamorphic
rocks is to compare the major and trace-cle-
ment compositions of these rocks to those of
seafloor basalts. This is done with varying
rigor, involving comparisons of the composi-
tions of the HP/UHP rocks with compositions
of both fresh normal MORB (N-MORB) and
enriched MORB (E-MORB), various AOC
composites, and other estimates. In most stud-
ies, the metamorphic rocks are deemed to be
derived from seafloor basaltic or gabbroic
rocks, but in some cases either OIB or TIAB
protoliths are considered (Becker et al., 2000;
John et al., 2004; Saha et al., 2005; Usui et al.,
2006). The more sophisticated approaches
involve comparison of the variation among
samples in a suite with the variation expected
for magmatic differentiation beneath spreading
centers (e.g., Chalot-Prat et al, 2003; Spandler
et al., 2004; John et al., 2004). In the Western
Alps, it is possible to examine relatively coherent
tracts of Jurassic ophiolites that experienced a
wide range of metamorphic grade, from very
low-grade external nappes that “escaped sub-
duction” (see Chalot-Prat, 2005) to the internal
nappes that experienced up to eclogite-facies
metamorphic conditions (Chalot-Prat et al,
2003; van der Klauw et al., 1997).

The suites that have been studied in detail, and
for which data are compiled in this section, occur
in very different structural-textural settings
(e.g., as tectonic blocks, closely juxtaposed with
mélange matrix lithologies with which they
have interacted, or as more coherent and larger
tracts of identifiably oceanic crustal lithologies).

Fluid-rock interaction, and associated meta-
somatism during subduction-zone metamor-
phism, is expected to differ dramatically for rocks
from these different settings. For the mafic blocks
in mélange, it is difficult to establish the relation-
ship between the blocks in time, space, and com-
position, and comparisons with protoliths are
necessarily less direct (Sorensen et al, 1997). In
such cases, one is often concentrating on charac-
terizing metasomatic additions (e.g., LILE) result-
ing from block—matrix—fluid exchange (sce
Sorensen and Grossman, 1989, 1993; Nelson,
1995; Bebout and Barton, 2002; Saha et al., 2005)
and, to a lesser extent, the possibility of element
depletions related to devolatilization. Nonetheless,
blocks investigated in these studies generally show
geochemical affinities with MOR basalts (see
figure 3 in Sorensen et al, 1997), and occasion-
ally OIB or IAB (see MacPherson et al., 1990;
Saha et al, 2005). The evidence for element en-
richments in these blocks and their metasomatic
rinds provides an extremely valuable record of the
mobilities of volatiles (e.g., H,O) and major and
trace elements in the HP and UHP metamorphic
fluids (see Sorensen et al., 1997).

In general, the HP and UHP mafic rocks
scatter about average N-MORB concentrations
for many moderately to highly compatible
trace elements (one exception is lithium), but
show large enrichments in many of the trace
elements that are highly incompatible during
mantle melting (cesium, rubidium, barium,
uranium, thorium, lead, strontium, and potas-
sium; the “highly nonconservative” elements of
Pearce and Peate, 1995). In this way, the mafic
HP and UHP rocks resemble various AOC
composites (Staudigel ez al., 1996; Kelley et al.,
2003; see figure 7 in Bebout, 1995). Enrichm-
ents of these same highly incompatible trace
elements in arc lavas are attributed to additions
from slab-derived fluids (see Pearce and Peate,
1995; Elliott, 2003), and are the focus of the
compilations and discussion in this section.

Ratios of some LILE have the potential for
distinguishing between the effects of seafloor
hydrothermal alteration and fluid-rock inter-
actions during subduction-zone metamorphism
(see discussion of LILE mobility by Zack et al.,
2001; Figure 7). Zack et al. (2001) suggested
that it might be necessary for eclogites to be
infiltrated by fluids from external sources in
order to produce LILE depletions dramatic
enough to be demonstrable given the protolith
variability issue (see Bebout et al., in press, and
discussion below of how this argument pertains
to metasedimentary rocks in the Catalina
Schist). However, Figure 7a shows that, for
the HP and UHP suites that have been studied
in detail, the enrichments of potassium and
rubidium due to seafloor alteration are difficult
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to distinguish from those due to subduction
enrichments or depletions (a similar relation-
ship exists for cesium enrichments). Any addi-
tion or subtraction of potassium, rubidium,
and cesium due to the passage of fluids during
HP/UHP metamorphism is obscured by this
overlap with the trends for seafloor alteration.
In contrast, barium is generally not as enriched
as potassium, rubidium, and cesium during
seafloor hydrothermal alteration (see Staudigel
et al., 1996; Kelley et al, 2003; Chapter 3.15; see
Figure 2a), yet many metabasaltic rocks in HP
suites have high barium concentrations. In
some cases these enrichments have been attrib-
uted to HP metasomatic additions by fluids
having previously interacted with sedimentary
lithologies (see Sorensen et al., 1997; compila-
tion of Catalina Schist metabasaltic data in
figure 7 of Bebout, 1995). Figure 7b shows re-
lationships between potassium and barium
(here normalized to thorium, which shows en-
richment in some samples; see Figure 8d) in-
dicating that enrichments due to hydrothermal
alteration on the seafloor can be distinguished
from those that occur during subduction-zone
metamorphism. In these plots, some HP and
UHP metamorphic samples show ratios of po-
tassium and barium concentrations to thorium
concentrations lower than those of fresh and
altered MORB (and even OIB, see figure 4b in
Becker et al., 2000), perhaps indicating loss of
potassium and barium from some samples, re-
lative to thorium, during subduction-zone meta-
morphism (see Becker er al., 2000; Spandler
et al., 2004). Becker et al. (2000) also noted
lower potassium contents in subduction-zone
metabasalts relative to seafloor basalts with
similar elevation in ®’Sr/*¢Sr attributed to sea-
floor alteration, and concluded that this rela-
tionship represents potassium loss. Figure 7c
provides another view of the barium—potassium
enrichments (and possible losses in a smaller
number of samples), incorporating rubidium
concentrations, and demonstrates trends of
metasomatic addition (most prominently dis-
played by the rind data), seafloor alteration, and
Rayleigh loss to dehydration fluids (the latter
trends calculated by Zack er al., 2001, using re-
cently published fluid-mica partition coefficients
by Melzer and Wunder, 2001). Based on a more
complete consideration of the heterogeneity of
oceanic crust protoliths, a consensus has re-
cently developed that the HP and UHP meta-
morphic loss of elements such as barium,
potassium, and uranium from such rocks is
generally relatively restricted, but that signifi-
cant localized losses can occur in zones of con-
centrated fluid—rock interaction (see Bebout and
Barton, 2002; Chalot-Prat ez al., 2003; Spandler
et al., 2004, John et al., 2004).

Extensive enrichment of uranium during sea-
floor hydrothermal alteration of oceanic crust
(see Staudigel et al., 1996; Kelley et al., 2003)
causes large fractionations of uranium from
other trace elements of similar incompatibility
during mantle melting (thorium, niobium, ce-
rium, and lead). Fluxes of these elements in
subduction zones are of particular interest in
studies of arc lavas and deep-mantle geochem-
ical heterogeneity (see Section 3.20.8). In par-
ticular, large fluxes of uranium and lead, off the
slab, are invoked to explain the elevated con-
centrations of these elements in arc lavas.
Figures 8a and 8b illustrate the relationships
among cerium and lead concentrations for
MORB and OIB, variably altered seafloor ba-
salt, and selected HP and UHP metabasaltic
and metagabbroic suites. Several metasomatic
rinds developed on Franciscan mafic blocks
(see Saha et al, 2005), and one group of
eclogites for which John et al (2004) invoked
enhanced fluid-rock interaction (their Group
IID eclogites), show some decrease in Ce con-
centration and associated reduction in Ce/Pb
(Figure 8a). John et al. (2004) proposed that
some combination of seafloor alteration, sub-
duction-zone fluid—rock interactions, and pos-
sibly also exhumation effects, produced
significant lead enrichment (see the trends to-
ward the origin at low 1/Pb, one for the Group
IID eclogites), and related decreased Ce/Pb in
the UHP eclogites from Zambia (Figure 8b).
This correlated Pb enrichment and decrease in
Ce/Pb is noted for only a small number of
samples of seafloor-altered basalt (possibly
some samples from ODP Site 1149), and for
low-grade metamorphosed seafloor basaltic
rocks from the external units in the Alps (stud-
ied by Chalot-Prat, 2005, and not directly re-
presentative of seafloor altered basalt), perhaps
indicating that the Pb enrichment documented
by John et al. (2004) resulted from subduction-
zone metamorphism (or postpeak metamorphic
fluid—rock interactions).

The trend of uranium enrichment of AOC
can be seen in Figure 8c (also see the data for
AOQC in this figure). A decrease in Nb/U is also
observed in nearly all of the HP and UHP
eclogites. Very few of the metamafic rocks con-
tain lower uranium concentrations or higher
Nb/U than that found in AOC, and it is likely
that extreme loss due to metamorphism would
be necessary to discern a metamorphic effect.
In addition, the Th/U of AOC will be lowered
due to hydrothermal alteration (see Staudigel
et al., 1996). Figure 8d compares Th/U of fresh
MORB, AOC and seafloor sediment, and some
representative metamorphic data. A number
of the metamafic samples have higher Th/U
than that of AOC and MORB, perhaps due to
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uranium loss (see the data for the Group 11D
eclogires of John et al, 2004). Interestingly,
high-grade Catalina Schist metasedimentary
rocks (amphibolite facies) have Th/U higher
than that of their lower-grade equivalents (in
the Catalina Schist and in the Franciscan Com-
plex and Western Baja), likely related to ura-
nium loss with or without some thorium
enrichment during partial melting reactions
(see Figure 8d; Bebout ef al., 1999). Studies of
HP mélanges have demonstrated decoupling
of thorium and uranium by combinations of
metasomatic and mechanical mixing (see
Breeding et al., 2004; King et al., 2006; see be-
low), and it is possible that these processes
cause significant fractionation of these elements
at depth in subduction zones.

In summary, the potassium, barium, rubid-
ium, thorium, uranium, lead, and cerium inven-
tories in subducting altered oceanic crust
appear to be largely retained to depths of at
least 90-100 km, with some potassium, barium,
rubidium, lead, and thorium enrichment occur-
ring during subduction-zone metamorphism
(see Spandler et al., 2004; John et al., 2004;
Figures 7, 8b, and 8d). These elements could
thus, at greater depths, be available in the gene-
ration of arc lavas and perhaps partly sub-
ducted into the mantle beyond subarc depths.
There is some indication that uranium, barium,
potassium, and LREE are lost from some rocks
during dehydration in the deep forearc, perhaps
particularly in zones of higher fluid flux (see
Figures 7b, 8a, and 8d; cf. Becker et al., 2000;
Spandler et al., 2004; John et al., 2004). Small
degrees of loss (e.g., those proposed by Zack
et al., 2001) could be obscured by the large
compositional ranges that are observed in the
protoliths. The relationships in Figures 7 and 8
highlight the need to assess degrees of element

mobility through careful field sampling and
petrologic study, such as in the recent study of
John et al. (2004), who demonstrated fraction-
ation of certain trace elements in vein envelopes
representing zones of higher fluid flux.

3.20.5.3.2 Summary and remaining important
issues

This section highlights several of the more
significant conclusions reached through geo-
chemical study of subduction-zone chemical
cycling based on certain HP and UHP eclogites,
and includes brief discussion of a couple of the
most limiting remaining uncertainties in reconst-
ructing the chemical effects of prograde sub-
duction on oceanic crust based on study of such
rocks. Perhaps the, when the range of possible
protoliths is fully considered important conclu-
sion to be drawn from study of subduction-zone
eclogites is that, when the range of possible
protoliths is fully considered, most show little
evidence for loss of trace elements for which slab
additions to arc source regions are invoked (e.g.,
boron, lithium, cesium, barium, uranium, and
thorium; see Chalot-Prat et al, 2003; Spandler
et al, 2004; Philippot and Selverstone, 1991;
John et al., 2004; Marschall et al., 2006). Sim-
ilarly, such rocks commonly show little or no
stable isotope or fluid inclusion evidence for
open-system behavior (Nadeau er al, 1993,
Barnicoat and Cartwright, 1995; Cartwright
and Barnicoat, 1999) and instead show the pre-
servation of isotopic signatures obtained on the
seafloor. John et al (2004) suggested some lo-
calized element mobility, perhaps related to
high-fluid flux zones, which resulted in fraction-
ation of light rare earth element (LREE) from
heavy rare earth element (HREE) and high-field

Figure 7 Relationships among the LILE and Th in HP and UHP metamorphosed basalt and gabbro,
compared to altered oceanic basalts. This figure illustrates the difficulties in deconvoluting seafloor and
subduction-zone metamorphism effects (e.g., for K and Rb data; see (a)), and the possible use of Ba—K
enrichments to distinguish between these two histories ((b) and (c)). The data plotted in these figures are from
Spandler er al. (2004; for New Caledonia), John et al. (2004; for Zambia; data broken into groups, Group II
and Groups I and III); King ef al. (2004) and King (2006; for Lago di Cignana), Sorensen et al. (1997; tectonic
blocks), Saha er al. (2005; tectonic blocks), Marschall et al. (2006; Syros), Chalot-Prat ez al. (2003; Alps
internal units), Chalot-Prat (2005, external units), Staudigel e al. (1996; ODP Sites 417 and 418 supercom-
posite), Peucker-Ehrenbrink ez al. (2003; ODP Site 504B supercomposite and composite for volcanic zone),
and Kelley et al. (2003; ODP Sites 801 and 1149). NM, N-MORB (from Hofmann, 1988). In (b) and (c), note
the distinct trends for samples of seafloor altered basalt (““Seafloor alteration trend””) and for HP and UHP
additions (“‘Rind additions” and “HP/UHP metamorphic additions’’). Note that this figure and Figure 8 do
not for the most part distinguish between textural varieties and structural settings for these samples, and are
intended to show gross trends only for seafloor alteration and HP/UHP metamorphic processes. On these
plots, the rinds, some of which have undergone significant amounts of deformation and volume strain (see
Sorensen and Grossman, 1989; Sorensen et al., 1997; Bebout and Barton, 2002), are regarded as endmember
cases of fluid—rock interaction (i.e., rocks known to have experienced metasomatic alteration during HP
metamorphism). On (c), the trend for Rayleigh loss (labeled arrows pointing to the lower left) was calculated
by Zack et al. (2001).
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Figure 8 Relationships among Th, U, Pb, Ce, and Nb in HP and UHP metamorphosed basalt and gabbro,
compared to altered seafloor basalts. Varying overlap in the two data sets produces difficulties in deconvoluting
seafloor and subduction-zone metamorphism effects. In (a) samples with low Ce concentrations and corre-
spondingly lower Ce/Pb are either metasomatic rinds on tectonic blocks (data from Saha et al., 2005) or more
extensively metasomatized Group II eclogites of John et al. (2004). In (b), many of the HP and UHP rocks
show enrichments in Pb (some also with decreased Ce concentrations; see (a)) and resulting lowered
Ce/Pb, and the data for some eclogites (Groups I and IID of John et al., 2004; “John GI ECL” and “John
GIID ECL”) produce enrichment trends toward higher Pb concentrations and lower Ce/Pb, as do the very low-
grade metabasalts from the Alps external units investigated by Chalot-Prat ez al. (2003; “Chalot Alps EXT”;
ophiolitic and not directly representative of seafloor basalts; trend indicated by light blue line). Note the nearly
complete overlap in Nb—U data for the seafloor altered basalts and HP and UHP metamorphosed equivalents
(c). In the plot of Th concentrations versus Th/U in (d), seafloor altered basalts show a distinct trend toward
lower Th resulting from U enrichment relative to Th, whereas metasomatic rinds (some of the data from
“Sorensen’ and ““Saha’) are enriched in Th relative to seafloor altered basalts. Also shown in (d) are Th-U
data for low- and high-grade metasedimentary rocks of the Catalina Schist (data from Bebout et al., 1999).
High-grade Catalina Schist metasedimentary rocks have higher Th/U than lower-grade equivalents, likely
related to U loss with or without some Th enrichment during partial melting. The data plotted in these figures
are from Spandler ez al. (2004; for New Caledonia), John et al. (2004; for Zambia; data broken into groups,
Group IT and Groups I and III); King et al. (2004) and King (2006; for Lago di Cignana), Sorensen
et al. (1997; tectonic blocks and rinds), Saha er al. (2005, tectonic blocks and rinds), Marschall ez al. (2006; for
Syros), Bebout et al. (1999; Catalina Schist metasedimentary rocks, broken into low-grade (LGr) and high-
grade (HGr)), Sadofsky and Bebout (2003; for Franciscan Complex and Western Baja Terrane,
metasedimentary rocks), Chalot-Prat er al (2003; for Alps internal units), Chalot-Prat (2005; for Alps
external units), Staudigel ez al. (1996; ODP Sites 417 and 418 supercomposite), Peucker-Ehrenbrink ez al. (2003;
ODP Site 504B supercomposite and composite for volcanic zone), and Kelley ef al. (2003; ODP Sites 801 and
1149). NM, N-MORB (from Hofmann, 1988). In (d) note the distinct trends for samples of seafloor altered
basalt (“‘Seafloor alteration trend”) and for HP and UHP additions (““HP/UHP metamorphic additions™).
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strength element (HFSE) in some eclogites.
Moreover, for lower-P paleoaccretionary sys-
tems (e.g., Catalina Schist), fluid and element
mobility is heterogeneous, and enhanced in
zones of higher permeability related to defor-
mation (see Bebout, 1991b, 1997), with the more
coherent nonmélange zones appearing to have
behaved as closed systems.

Many HP and UHP eclogites in fact show
enrichments in the elements thought to be
removed from subducting oceanic crust be-
neath arcs. Some mafic blocks contained in
metasedimentary or metaultramafic mélange
experienced hydration and alteration of some
of their major and trace-element and isotope
signatures due to transfer from the surrounding
sedimentary and ultramafic lithologies (Bebout
and Barton, 1989, 1993; Bebout, 1997; Soren-
sen and Grossman, 1989, 1993; Nelson, 1995;
Sorensen et al., 1997; Zack et al., 2001; Saha
et al, 2005). The element enrichments in
metasomatic rinds, and veins and their meta-
somatic envelopes, serve as excellent records
of the relative mobility of major and trace
elements in the HP and UHP fluids.

When loss-on-ignition (LOI) data (presuma-
bly representing H,O contents) are compared
for blueschist- and eclogite-facies rocks, as ex-
pected, eclogite-facies rocks do generally have
lower H,O contents consistent with significant
H->O loss over the blueschist—eclogite transi-
tion. Perhaps more interesting than this sys-
tematic difference, explained simply by the less
hydrous mineral assemblages, is the question of
whether or not HP mafic rocks are hydrated
during early stages of metamorphism i.e.,
whether their H,O contents are, at least at
shallow levels of subduction zones, higher than
those of their seafloor protoliths. As with the
comparisons of major and trace-element, and
isotope compositions, the problem in testing
this hypothesis relates to the large variability
in composition of the presumed seafloor
protolith sections (see Staudigel et al, 1996;
Chapter 3.15).

These several conclusions point to what is
certainly one of the key remaining questions
pertaining to the use of the geochemistry of HP
and UHP eclogites to reconstruct deep sub-
duction-zone chemical evolution, that is, the
extent to which the compositions of these
eclogites are indeed representative of processes
operating ‘“‘normally”” along the slab-mantle
interface. Whereas a number of the ophiolitic
sequences in the Italian and French Alps (and
elsewhere) are relatively coherent and obviou-
sly representative of seafloor basalt, mafic
blocks in mélanges do not obviously represent
samples of the intact subducted slab and
may show enhanced metasomatism due to their

occurrence in zones of high fluid flux. Un-
vertainty remains regarding the volumetric
significance of mélange-like zones at depth in
modern subduction zones.

Yamamoto et al. (2002) compared the major
and trace-element compositions of UHP Ko-
kchetav Massif metabasites, ranging in grade
from amphibolite and quartz—amphibole eclo-
gite, to coesite—zoisite eclogite and diamond
eclogite (P-T for the latter two groups of sam-
ples are 2.8-3.1 GPa, 660-740°C, 6.0 GPa,
950°C), and found loss of LILE with increa-
sing metamorphic grade. A more thorough ex-
amination of these and other eclogites
representing such extreme metamorphic
conditions is warranted. As noted above (see
Figure 6), a number of UHP suites record peak
P-T conditions that straddle or are above the
H,O-saturated solidi, and could provide insight
into the chemical effects of melt release
that may occur beneath some modern arcs
(see the thermal models in Figure 3; data pre-
sented by Becker er al., 2000 for rocks with
peak P-T above the wet solidi).

3.20.5.4 Geochemical Studies of HP and UHP
Metasedimentary Rocks

HP and UHP metasedimentary rocks are the
subject of fewer geochemical studies than cor-
responding mafic rocks, as most occur in paleo-
accretionary complexes, representing relatively
shallow levels of accretionary systems. More-
over, metasedimentary suites derived from
deeper regions of subduction zones show more
extensive retrograde overprints related to ex-
humation than mafic rocks in the same suite
(see Proyer, 2003; Fitzherbert et al., 2005), thus
complicating efforts to identify changes due to
prograde, subduction-zone metamorphism.

The Catalina Schist, and similar forearc
metasedimentary rocks in the Franciscan Com-
plex and Western Baja Terrane, have been ex-
tensively studied in order to define the degree of
devolatilization and related chemical change
that occur during subduction to depths of
~40km. With the exception of the higher-
grade units in the Catalina Schist (epidote-
amphibolite and amphibolite facies), these
rocks experienced subduction along a range
of relatively cool P-T paths like those experi-
enced in thermally mature modern subduction
zones (Sadofsky and Bebout, 2003; Figure 9).
Metasedimentary rocks in these suites are
compositionally similar to the terrigenous
component in GLOSS (Figure 10), which
constitutes ~ 76 wt.% of this composite (Plank
and Langmuir, 1998). Although these HP
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Figure 9 P-T diagram showing the peak metamorphic conditions and prograde paths of the units of the
Catalina Schist (from Grove and Bebout, 1995; see sources of metamorphic facies stability fields and some key
reactions therein). Also shown are the estimates of peak metamorphic conditions of the units of the Coast and
Diablo Ranges Franciscan Complex, California, and the Western Baja Terrane (Mexico; see Sadofsky and
Bebout (2003) for sources of P-T data). Note that the higher-grade units of the Catalina Schist (epidote-
amphibolite (EA) and amphibolite (AM) were peak-metamorphosed at anomalously high temperatures relative
to those in most modern subduction zones (see review of recent thermal models by Peacock, 2003), whereas the
low-grade units of the Catalina Schist (lawsonite-albite (LA), lawsonite-blueschist (LBS), and even epidote-
blueschist (EBS)), and the various units of the Franciscan Complex in the Coast and Diablo Ranges, California
(“Coastal Belt,” Central Belt,” “Eastern Belt,” and ‘““Pacheco Pass), and in the Western Baja Terrane (Baja,
Mexico; “ST1,” “ST2,” and “ST3”), are more compatible in their peak P—7 with conditions in modern margins.
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Figure 10 Plot of trace elements, in order of increasing compatibility during partial melting in the mantle (to

the right; normalized to the GLOSS composite of Plank and Langmuir, 1998), for metasedimentary rocks of

the Franciscan Complex and Western Baja Terrane (from Sadofsky and Bebout, 2003). The data are nor-
malized to the mean composition of “terrigenous sediment” within GLOSS.
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metasediments have much lower LOI (mostly
representing H,O contents; see Figure 4) than
those of seafloor sediments, they retain much of
their original inventories of even relatively
fluid-mobile elements (cesium, boron, arsenic,
and antimony) except in tectonometamorphic
units in the Catalina Schist representing pro-
grade metamorphism along prograde P-T
paths warmer than those experienced in most
modern subduction zones (Figure 11, Sadofsky
and Bebout, 2003).

The protoliths of the Schistes Lustres, exposed
in NW Italy, are believed to represent deep-sea
sediment somewhat similar to the section at
ODP Site 765, containing a significant carbonate
component (Banda forearc; see Deville
et al, 1992; Agard et al, 2002; and references
therein). Together with the UHP metasedimen-
tary rocks at Lago di Cignana (Reinecke, 1998),
they have been studied to reconstruct their
devolatilization histories to depths of ~90km
in relatively cool subduction zones (see Busigny
et al., 2003; Bebout et al., 2004). Busigny et al.
(2003), who measured their LILE concentra-
tions, nitrogen concentrations, and isotope com-
positions, determined that the Schistes
Lustres, and even the Lago di Cignana rocks
(representing somewhat greater depths at
higher temperatures) resemble their presumed
sedimentary protoliths. These authors con-
cluded that, in the relatively cool subduction
zone that produced these rocks, the original
element concentrations and the nitrogen-
isotope compositions were preserved to depths
of ~90km. Mahlen et al. (2005) concluded that
prograde metamorphism did not noticeably
change the rare earth element (REE) concentra-
tions or disrupt the Rb—Sr systematics in similar
rocks. One important issue, however, in the
work on this suite, and most other UHP meta-
morphic suites, concerns the effects of exhuma-
tion history on the prograde records of
devolatilization (see Bebout et al, 2004 and dis-
cussion of exhumation history by Agard
et al, 2002, in which argon data indicate some
neoblastic mica growth during retrogression).
For the traverse of the Schistes Lustres
studied by Busigny ef al (2003), and in Lago
di Cignana metasedimentary rocks, ion micro-
probe (secondary ion mass spectrometry
(SIMS)) analyses of micas showing textures
and mineral chemistry consistent with prograde
growth show only subtle trends in relatively
fluid-sensitive element concentrations and ratios
(e.g., B/Li) as a function of increasing meta-
morphic grade (Figure 12, from Bebout et al,
2004), an observation crudely consistent with
the conclusions of Busigny et al (2003). For
the Cignana metasedimentary rocks, Reinecke
(1998) concluded that little or no record is

preserved of the prograde history, and that what
exists is in the form of mineral inclusions
and mineral chemistry in a small number of
particularly “‘robust” phases (garnet, tour-
maline, zircon, apatite, and dolomite). The lack
of an obvious modification in whole-rock
trace-element concentrations, despite significant
overprinting during exhumation, would imply
that the rocks behaved largely as closed
systems during this later history, experienc-
ing only redistribution of trace elements among
the minerals in the evolving mineral ass-
emblages. Boron-isotope analyses of Cignana
metasedimentary tourmalines containing coesite
inclusions identified zones near tourmaline rims
that are clearly exhumation-related and possibly
represent open-system behavior (Bebout and
Nakamura, 2003).

The similarity in Cs/Rb of seafloor sediment,
including Sites 765 and 1149 (sampling seafloor
sediments over the full range of terrigenous,
pelagic, and carbonate compositions), the
Schistes Lustres, and the lower-grade metased-
imentary rocks of the Catalina Schist and other
circum-Pacific paleoaccretionary suites, sug-
gests that the Rb—Cs signature of seafloor
sediments remains largely intact to depths of
up to ~90km in relatively cool subduction
zones (see Figure 13). Higher-grade metasedi-
mentary rocks from the Catalina Schist
(labeled, “LBS,” “EBS,” “EA,” and “AM” in
Figure 13) have lower Cs/Rb and experienced
more extensive devolatilization along warmer
prograde P-T paths (see Figures 9 and 11;
discussion of the tectonometamorphic history
of these units by Grove and Bebout, 1995).

Deeply subducted metasediments also afford
an analysis of the cycling of organic carbon
(and nitrogen) into the mantle, and some con-
siderable attention has been paid to this
“organic connection” (see Bebout and Fogel,
1992; Bebout, 1995; Sadofsky and Bebout,
2003; Busigny et al., 2003). As discussed above
in sections dealing with diagenesis, early-stage
heating of organic matter in forearcs leads to
the production of relatively devolatilized,
amorphous carbonaceous matter that largely
retains the organic/reduced carbon-isotope
signatures of the seafloor sediment. Progressive
recrystallization toward graphite occurs with
heating and time, as documented by Beyssac
et al. (2002), and this graphitization promotes
carbon-isotope exchange with other organic-
reduced carbon reservoirs in the same rocks,
primarily carbonate. Interestingly, nitrogen in-
itially bound in clays and organic matter in se-
diments is redistributed rather efficiently into
low-grade white micas (see Bebout, 1995), and
whole-rock C/N ratios of seafloor sediment ap-
pear to be retained, despite this mineralogical
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Figure 11 Plots illustrating variable concentrations of B, Li, Cs, and Rb in white micas in Catalina Schist
metasedimentary rocks with increasing metamorphic grade (to the right in (a), (b), and (d)). (a) Plot of B and
Li white-mica concentrations versus grade, demonstrating decreasing white-mica B concentrations, and inc-
reasing white-mica Li concentrations, in rocks experiencing paths into metamorphic grades of epidote-
blueschist and higher. (b) Plot of Rb and Cs white-mica concentrations versus grade, demonstrating relatively
uniform Rb concentrations across grades, and decreasing Cs concentrations in white micas in rocks ex-
periencing paths into metamorphic grades of epidote-blueschist and higher. (c) Plot of Cs versus B in white
micas in the Catalina Schist metasedimentary rocks, demonstrating correlated decreases in concentration in
higher-grade units. LA, lawsonite-albite; LBS, lawsonite—blueschist amphibolite; EA, epidote-amphibolite;
EBS, epidote-blueschist (d) Changes in Rb/Cs and B/Li with increasing metamorphic grade. The metamorphic
temperatures, for these depths (see Figure 9), are compatible with those expected for modern cooler and
warmer subduction, and the high temperatures represented by the epidote-amphibolite and amphibolite units
could be similar to those experienced in Archean subduction zones. These data thus indicate efficient retention
of B and Cs to 40 km depths in cooler modern subduction zones, but significant B and Cs loss in the warmer
modern margins and in Archean subduction zones. In these rocks, B, Cs, and Rb are nearly entirely sited in the
white micas, whereas Li residency is more complex, with significant concentrations also in chlorite in the
lower-grade units (see Bebout ez al., 1999, in press).

separation of the carbon and nitrogen organic
components. Sadofsky and Bebout (2003) (also
see Bebout, 1995) found little modification of
the organic C—N signature in metasedimentary
rocks subducted to depths of up to ~40km

in a paleoaccretionary prism. As discussed in
later sections, any disruption of the organic
C-N reservoir conveyed into subduction
zones could affect convergent margin C-N
mass balance and potentially the carbon- and
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Figure 12 Concentrations of B and Li, and B/Li ratios, in phengite (data for paragonite excluded, where

present in these samples, as much of it appears late-stage and exhumation-related based on textures) as a

function of increasing metamorphic grade (to the right) in exposures of the Schistes Lustres in the Cottian

Alps (see Agard et al., 2002). Not included in this plot are data for phengite occurring as inclusions in garnet

in rocks from Lago di Cignana; these phengites have higher B and related higher B/Li. Data from Bebout
et al. (2004).
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Figure 13 Comparison of Catalina Schist Rb—Cs white-mica compositions with the range of Rb/Cs of

seafloor sediments (shaded region), the latter from Ben Othman ez al. (1989) and Plank and Langmuir (1998)

with data for seafloor sediment from ODP Site 765 (Banda forearc), from Plank and Ludden (1992) and data

for ODP Site 1149 (Izu-Bonin) from T. Plank and K. Kelley (personal communication). Also shown, for

comparison, are data for Franciscan and Western Baja Terrane (“WBT”) metasedimentary rocks (from
Sadofsky and Bebout, 2003) and for the Schistes Lustres (from Busigny ez al., 2003).
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nitrogen-isotope budgets in the deep mantle
(see discussions in Sadofsky and Bebout,
2003; Li and Bebout, 2005; Bebout and Kump,
2005).

3.20.5.5 HP and UHP Ultramafic Rocks and
Mélange

There has been growing interest in the com-
positions of hydrated ultramafic rocks and the
degree to which these compositions can be used
to infer slab fluxes of trace elements at greater
depths in subduction zones, including arc
source regions (see Hattori and Guillot, 2003;
Tenthorey and Hermann, 2004; Scambelluri
et al., 2004a, b; Chalot-Prat et al, 2003).
Straub and Layne (2003) suggested that
“wedge serpentinite” dragged beneath the Izu
volcanic front is the source of a number
of trace elements (fluorine, chlorine, H-O,
lithium, and isotopically heavy boron) via de-
hydration and release to the subarc mantle
(also see Hattori and Guillot, 2003; Scambel-
luri et al., 2004b). Deeply subducted, variably
serpentinized oceanic lithospheric mantle has
increasingly been called upon to produce large
amounts of H,O that could convey slab and
sediment chemical signatures into arc source
regions (e.g., Rupke et al., 2002, 2004; Ranero
et al., 2005; see Sharp and Barnes, 2004 for
discussion of possible CI subduction in seafloor
serpentinites; Fruh-Green et al., 2001 for
discussion of O-H isotope compositions of
HP ultramafic rocks in the Western Alps).

Meélange formation processes involving coe-
val metasomatic and mechanical mixing, are yet
another means by which rocks can be “hybrid-
ized” at depth in subduction zones (see Bebout
and Barton, 1989, 1993, 2002; Breeding et al.,
2004; King et al, 2006). Figures 14 and 15
present whole-rock trace-element data for
hybrid mélange rocks from the Catalina Schist
(lawsonite—albite, lawsonite-blueschist, and am-
phibolite facies), demonstrating the extremely
wide range of rock compositions that can
result from this process. These mélange
rocks bear little resemblance to any of their
sedimentary, mafic, and ultramafic protolith
mixing compositions, and any fluids interacting
with them could have inherited chemical com-
positions reflecting hybridized sources (see
discussion by King et al., 2006). The produc-
tion of such lithologies at the slab-mantle in-
terface could not only strongly impact the
geochemical evolution in this region, but also
stabilize large amounts of volatiles to great
depths in high-variance assemblages contai-
ning minerals such as chlorite, talc, and

amphibole (Bebout and Barton, 2002). Relative
to a simple (mechanical) mixture of known
mélange-mixing components (mafic, ultramafic,
and sedimentary), some of these rocks are de-
pleted in certain trace elements (e.g., cesium,
rubidium, and barium), suggesting the removal
of these elements in metasomatizing fluids (see
Bebout and Barton, 2002; King et al., 20006).

3.20.5.6 Metasomatic Rinds on Blocks in

Tectonic Mélange

Metasomatic rinds on mafic, ultramafic, and
sedimentary blocks floating in HP mélange of
varying compositions allow one to characterize
metasomatism that can be directly related to
subduction-zone processes (see Sorensen and
Grossman, 1989, 1993; Sorensen et al., 1997,
Bebout and Barton, 1993, 2002; Breeding et al.,
2004; Saha et al., 2005; see data in Figures 7
and 8). Bebout and Barton (2002) demon-
strated that the matrix in the high-grade
mélange in the Catalina Schist was in part
produced by incorporation of rinds developed
on these three lithologies (Figure 14), thus, that
rind formation represents initial stages of the
mixing leading to mélange matrix formation.
Breeding et al. (2004) demonstrated that meta-
somatic exchange between sedimentary rock
and adjacent ultramafic mélange matrix re-
sulted in dramatic depletions, in the altered
sedimentary rock, in many trace elements
of interest in studies of arc lavas (Figure 16).
These depletions were related to the des-
tabilization of key host phases such as mica
and by interaction of the metasedimentary
phases with mélange-equilibrated fluids that
were strongly depleted in elements such as the
LILE, uranium, and lead.

3.20.5.7 Records of Fluid/Element Mobility in
Veins, Isotopic Compositions, and
Fluid Inclusions

Metamorphic veins provide an additional,
albeit complex, record of fluid and element
mobility during various stages of metamor-
phism of HP and UHP rocks. Veins leave be-
hind high-variance mineral assemblages that
are, in general, regarded as fractionated resi-
dues of the fluids that produced them (see
Bebout and Barton, 1993; Becker ef al., 1999).
However, vein mineralogy, trace element,
and stable isotope compositions can be used
to estimate fluid compositions (given the
availability of constraints on the conditions
of their formation), and combined with their
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Sr—Nd-Pb-Os-isotope compositions, can be
used to trace fluid sources. There has been
great interest in whether or not vein networks
in HP and UHP eclogites and metasedimentary
rocks reflect large-scale fluid transport or local-
scale segregations. Two common observations
are that (1) trace elements enriched in veins are
not obviously depleted in nearby host-rocks,
and that the veins are in trace-element (and
isotopic) equilibrium with host-rocks, and (2)
some detailed studies of vein—vein haloes—host
rocks clearly indicate relatively local-scale dif-
fusion of trace elements into veins (Philippot

and Selverstone, 1991; Widmer and Thompson,
2001). These observations suggest that elements
primarily diffused into the fractures on a local
scale, rather than being introduced from exter-
nal sources. However, they do not preclude
movement of fluids along the fractures (after
all, once in the fractures, the fluid is gone from
the system). Both Molina et al (2004) and
Brunsmann et al. (2000, 2001) argued for
local-scale element transport of unknown scale.
Interestingly, vein mineralogy commonly in-
cludes phases rich in elements thought to be
relatively immobile (titanium, aluminum, and
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Figure 15 Concentrations of trace elements in Catalina Schist mélange matrix (lawsonite—albite (b), lawsonite-blueschist (c), and amphibolite (d) grades) (see Grove and

Bebout, 1995 for discussion of tectonometamorphic evolution), relative to the N-MORB composition of Hofmann (1988), the GLOSS sediment composite from Plank and

Langmuir (1998), the altered oceanic crust composite for Site 417 from Staudigel ez al. (1996), and data for the Horoman peridotite from Tanimoto (2003), with elements in

order of increasing compatibility during mantle melting to the right (from King et al, 2006; King, 2006). Note that the compositions of the mélange matrix samples bear

little resemblance to compositions for the presumed mixing components involved in their production (see compositions of altered oceanic crust, seafloor sediment, and
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zirconium), demonstrating at least local-scale
diffusive transfer of these elements, likely via
an intergranular fluid.

Spandler and Hermann (2006) review the
utility of vein mineralogy and major and trace-
element compositions for evaluating mobility
in and from subducting oceanic crust. They
suggest that fluids released during the blue-
schist-to-eclogite transition at 50-80km could
be trapped in impermeable eclogitic rocks and
dragged beneath arcs to contribute to their
source regions. Widmer and Thompson (2001)
discussed the expectations for local versus
open-system redistribution and concluded that
the veins they investigated (in the Zermatt-Saas
Zone, Switzerland) are local-scale segregation
phenomena, not channel ways for larger-scale
fluid transport (also see the stable isotope study
of Alpine veins by Cartwright and Barnicoat,
1999). John and Schenk (2003) argued that the
blueschist-eclogite and gabbro-eclogite transi-
tions are kinetically controlled, and that chan-
nelized infiltrating fluids, producing veins with
large grains of omphacite, kyanite, and garnet,
enhanced these transitions in rocks from Zam-
bia (also see evidence for LREE fractionation
in these infiltrated rocks in John et al., 2004).
John et al. (2004) suggested that the fluids
were produced by dehydration in underlying

hydrated mantle rocks in the subducting slab.
Because fluid pathways are zones where min-
eral replacements are the most Kkinetically
favored (see John et al., 2004), veins and their
haloes in host-rocks can provide the best
records of exhumation history (also see van
der Klauw et al., 1997).

Isotopes can, in some cases, provide a clear
record of open- and closed-system behavior
and fluid sources. To utilize stable isotope
compositions for this purpose, estimates of vein
formation temperatures are required. In some
cases, veins and shear zone rocks (mélange) are
clearly out of isotopic equilibrium with the
more coherent (less deformed) host rocks and
an external fluid composition and source can be
obtained, given estimates of temperatures dur-
ing the metasomatism (e.g., amphibolite unit in
the Catalina Schist; Bebout, 1991a). Stable iso-
topes can also be homogenized over significant
volumes of rock, consistent with fluid commu-
nication (mixing) over such scales and perhaps
large-scale fluid mobility (see evidence for
oxygen- and nitrogen-isotope homogenization
in Bebout, 1991b, 1997). In contrast with these
observations, Barnicoat and Cartwright (1995)
and Cartwright and Barnicoat (1999) used
oxygen-isotope data for metabasaltic rocks, in-
cluding pillow basalts, and suggested that fluid
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flow was extremely restricted, likely channeli-
zed, resulting in the preservation of oxygen-iso-
tope signatures of seafloor hydrothermal
alteration. These observations are consistent
with those of other studies in which closed-sys-
tem behavior was proposed in either metased-
imentary or mafic compositions (e.g., Getty
and Selverstone, 1994; Nadeau er al, 1993;
Henry et al., 1996; Blllgsigny et al, 2003). The
preservation of low-6 O signatures related to
near-surface processes in UHP rocks in China
attests to the ability of deeply subducted rocks
to retain their presubduction isotopic compo-
sitions despite extensive metamorphic recrys-
tallization (see Rumble and Yui, 1998; Zheng
et al., 1998), indicating limited or no infiltration
of external fluids or isotopic exchange with the
mantle during subduction. Stable isotope be-
havior similar to that observed for a Western
Alps transect (including the Schistes Lustres,
Cottian Alps; see Henry et al., 1996), showing
similarity in vein and host-rock isotopic com-
positions for the same minerals, was inter-
preted by Sadofsky and Bebout (2004b) for
data from the Fransican Complex to be the

result of transport of fluid through vast ex-
panses of similar rock, resulting in apparent
internal/local control.

Hermann et al. (in press) emphasized that the
trace-element concentrations of veins in HP
and UHP metamorphic rocks cannot be used
as indicators of element mobility, other than in
an extremely qualitative way. They stressed
that one must use mineral-fluid partitioning
data to estimate fluid compositions from vein
trace-element concentrations. Figure 17 pre-
sents one intriguing example of vein—host-rock
relations in a HP eclogite from Monviso, Italy
(see studies of the same locality by Philippot
and Selverstone, 1991; Nadeau er al, 1993;
Rubatto and Hermann, 2003). In this sample,
garnet growth depleted the rock in HREE.
Thus, omphacite included in the garnet has
higher HREE, reflecting its growth before
the majority of the garnet grew, whereas om-
phacite in the matrix is strongly depleted in
HREE, due to its crystallization following gar-
net growth. Omphacite occurring in a vein in
this same sample also has depleted HREE and
may reflect control of vein chemistry by
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Figure 17 REE plots (normalized to chrondritic values of McDonough and Sun, 1995) for omphacite in

Monviso garnet-clinopyroxene metagabbros and omphacite in a vein in the same sample. Note that the REE

pattern for the vein omphacite more closely resembles the pattern for omphacite in the matrix outside garnets

and reflecting HREE depletion by garnet growth (data from King et al., 2004; King, 2006), presumably related
to relatively late-stage production of this vein.
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the host-rocks after garnet growth. Rubatto
and Hermann (2003) also presented trace-
element data for veins in mafic rocks from this
locality, and Hermann et al. (in press) calcu-
lated fluid compositions using the trace-element
concentrations of vein omphacite and previou-
sly published partition coefficients (from Green
and Adam, 2003). The calculated fluid had re-
latively elevated concentrations of Cs, Rb, Ba,
Sr, and Pb, but the concentrations of most
other elements were below 1ppm.

Growing, but still modest, numbers of stron-
tium-, neodymium-, lead- (and Re—Os, Lu—HfY)
isotopic studies of HP and UHP mafic rocks
provide further constraints on the sources of
trace-element enrichments observed in these
rocks relative to their protoliths. They also can
provide insights into the degrees of open- versus
closed-system behavior, both on the seafloor
and during subduction-zone metamorphism
(e.g., Nelson, 1995; Becker, 2000; Lapen et al.,
2003; John et al., 2004). Relatively few studies
have evaluated isotope records of fluid—rock
interactions at scales larger than the hand-spec-
imen or outcrop scale. Strontium-, neodymium-,
and lead-isotope data for mafic blocks (and
in some cases, their metasomatic rinds) in Cal-
ifornia tectonic mélange are interpreted as
reflecting varying combinations of seafloor al-
teration, metasomatic interactions with mélange
matrix, and possible IAB protoliths (see Nelson,
1995; Saha et al., 2005).

Variations in fluid inclusion compositions at
small scales are consistent with local-scale ex-
change between the fluids and rocks during or
after their formation and possible decrepitation
(see Philippot and Selverstone, 1991; Gao and
Klemd, 2001; Hermann et al., in press). Touret
and Frezzotti (2003) summarize the record of
fluid-rock interactions in subduction zones
using fluid inclusions. Recently, trace-element
analyses of individual inclusions have provided
constraints on trace-element mobility, at least
on the local scale (see Scambelluri et al,
2004a), and fluid-inclusion salinities are di-
rectly relevant to discussions of chlorine cycling
(see Philippot et al, 1998). In a number of
studies, at least parts of the fluid-inclusion
record are directly associated with exhumation
history (e.g., El-Shazly and Sisson, 1999; Franz
et al., 2001; Fu et al., 2002).

3.20.5.8 Prograde Chemical Changes and
Open- versus Closed-System Behavior

Because HP and UHP metamorphic suites
experience protracted prograde and exhumation
paths, with exhumation commonly strongly

overprinting the prograde assemblages, it is of-
ten necessary to identify ways to distinguish the
mineral assemblages and textures and geochem-
istry associated with these two histories. One
approach to identifying chemical change that
can be directly associated with prograde sub-
duction-zone history involves the exploitation of
porphyroblast mineral inclusions and chemical
and isotopic zoning. Garnet porphyroblasts are
thought to experience slow volume diffusion
and thus preserve prograde records through
even protracted HT exhumation histories (these
phases can also contain useful mineral inclu-
sions; see King et al., 2004; cf. Kurahashi et al,
2001). Figure 18 demonstrates one way of doing
this, by examining core-to-rim major and trace-
element (and mineral inclusion) variations in
garnets in UHP and metabasaltic rocks at the
Lago di Cignana locality (from King ez al., 2004;
King, 2006). In metasedimentary samples from
this locality, highly overprinted by exhumation-
related mineral assemblages, these records in
phases such as garnet and tourmaline are the
only remaining geochemical signal of the
prograde history (see discussion in Bebout and
Nakamura, 2003; Bebout et al., 2004). However,
the overprinting in mineral assemblages does
not necessarily imply that the rocks were open
systems during exhumation (see Bebout et al.,
2004).

Obviously, one of the keys to understanding
any whole-rock geochemical change is the estab-
lishment of open- or closed-system behavior
during various stages of metamorphism, inclu-
ding the exhumation stage. This can be compli-
cated greatly by the heterogeneities in likely
protoliths (see above) and by recrystallization
and overprinting related to exhumation (see dis-
cussion for the Schistes Lustres and Lago di
Cignana metasedimentary rocks by Bebout
et al., 2004). As noted above, metasomatic rinds
on blocks in ultramafic or sedimentary mélange
provide one more clear record of element mo-
bility during HP and UHP metamorphism. An-
other involves the use of ratios among elements
of varying fluid mobility that are strongly se-
questered into the same mineral phase (e.g., K/
Cs and Rb/Cs in micas) to effectively normalize
whole-rock heterogeneity (see Bebout and
Fogel, 1992; Bebout et al., 1999; see Figures 11
and 13).

Others have tested the degree to which the
mineral phases in HP and UHP rocks fall on
mineral isochrons (Glodny et al., 2003; John
et al., 2004; Usui et al., 2006; discussion in
Lapen et al., 2003). It is not clear how sensitive
a measure of open-system behavior this type
of test can be; Glodny et al. (2003) suggested
that eclogitic rocks preserve their Rb/Sr iso-
topic signatures as long as they are devoid of
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attribute to a prograde metamorphic reaction involving breakdown of clinozoisite and titanite to stabilize

grossularite and rutile (see discussion by Skora et al., in press). Trace-element concentrations are normalized
to N-MORB values of Sun and McDonough (1989).

free fluids and that fluid-rock interactions
cause Sr redistribution. Usui et al (2006)
suggested that xenolithic eclogites, in which
lawsonite breaks down to =zoisite, released
fluids that led to strontium—neodymium-lead
isotopic reequilibration. In contrast, jadeite—
clinopyroxenite xenoliths that initially lacked
lawsonite or significant amounts of zoisite, did
not experience this release of fluid and thus
preserve older ages.

3.20.5.9 Mineral Chemistries of HP and

UHP Suites

Recently published microanalytical work
highlights the value of obtaining chemical and
isotopic data at the single-mineral (and
intracrystalline) scales using microanalytical
methods (e.g., SIMS or laser ablation-induc-
tively coupled plama mass spectrometry
(LA-ICPMS)). Such work allows recovery of
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mineral-mineral partitioning data for individu-
al trace elements and isotopes of interest. It
also allows exploitation of disequilibrium fea-
tures such as porphyroblast chemical/isotopic
zoning, and the chemical compositions of min-
eral inclusions in porphyroblasts, and evaluat-
ion of whole-rock effects of exhumation by
analyses of prograde and exhumation-related
parageneses identified based on textural evid-
ence (see Zack et al, 2001; Spandler et al,
2003, 2004; Bebout and Nakamura, 2003; King
et al., 2004; Usui et al., 2006; earlier work by
Messiga et al., 1995; Tribuzio et al., 1996; Sassi
et al., 2000; Wiesli et al., 2001).

Micas, particularly phengitic white micas,
are the primary hosts of a number of trace el-
ements that are of interest in subduction tracer
studies (LILE, boron, nitrogen, and lithium,
the latter for which clinopyroxene and chlorite
are also major mineral hosts). White micas
carry these elements to great depths in sub-
duction zones (see Domanik and Holloway,
1996) in mafic, sedimentary, and ultramafic
lithologies (for ultramafic mélange, see Bebout,
1997; King et al., 2006; see Figures 11-13).
Paragonite (sodium-rich white mica) is also an
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extremely important mineral host, particularly
during exhumation (see Giorgetti et al., 2000;
Poli and Schmidt, 1997; Zack et al., 2001), in-
corporating elements such as boron and stron-
tium (Bebout et al, 2004). Studies by Moran
et al. (1992), Bebout and Fogel (1992), Bebout
et al. (1993, 1999, in press), Domanik et al
(1993), Zack et al (2001), and Busigny
et al. (2003), among many others, demonstrate
that the whole-rock budgets of LILE, boron,
and nitrogen, are nearly completely contained
within white micas.

A number of other phases can exert strong
control over whole-rock trace-element budgets.
First, lawsonite and zoisite/clinozoisite are
extremely important hosts for LREE and
strontium (Okamoto and Maruyama, 1999;
Pawley, 1994, see Figure 19); thus, these phases
are of extreme interest to those attempting to
link mineral reactions in subducting lithologies
with arc outputs (see King et al, 2004
Moriguti et al., 2004; Feineman et al, in
press; Chapter 3.17). Lawsonite in eclogite is
preserved in only a very small number of suites,
as it requires relatively cool (and/or rapid)
exhumation trajectories (see recent reports of
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Figure 19 Bulk rock REE and other trace-element concentrations of Lago di Cignana UHP metabasaltic

samples ((a) and (b)), both normalized to N-MORB of Hofmann (1988), and ((c) and (d)) mass balance of

REE in two of these samples using mineral compositions and modes to reconstruct the whole-rock REE
pattern. Data are from King ez al. (2004) (also see King, 2006).
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such rocks by Zack et al., 2004; Altherr et al.,
2004; Usui et al., 2006; Whitney and Davis,
2006; Tsujimori et al., in press). At the Lago di
Cignana locality, which experienced a relatively
low-temperature exhumation P-7 path (see
path in Figure 6), lawsonite that is inferred to
have been stable in HP/UHP mineral ass-
emblages is pseudomorphed by intergrowths
of orthozoisite, paragonite, and quartz (Rei-
necke, 1998). Usui et al (2006) reported
lawsonite, both as inclusions in garnet and as
matrix phases, in xenolithic eclogites from the
Colorado Plateau, which they interpret as
being fragments of the subducted Farallon
plate (see Usui et al, 2003). Zoisite and
clinozoisite are comparatively common in HP/
UHP mafic (and sedimentary) lithologies (e.g.,
Brunsmann et al., 2000, 2001). Figure 19 dem-
onstrates the strong relationship between
whole-rock strontium concentration and the
modal abundances and strontium concentra-
tions of clinozoisite for a suite of UHP eclogites
from Lago di Cignana (data from King
et al, 2004; King, 2006; see similar data
for other suites in Spandler ez al., 2003; Usui
et al., 2006).

Garnet in HP and UHP metamorphic rocks
exhibits characteristic enrichments in HREE, in
many cases dominating the whole-rock budget
for these elements (see Figure 19). Rutile gene-
rally contains most of the niobium and tanta-
lum present in the rock (Sorensen and
Grossman, 1989; Zack et al, 2002; Barth
et al., 2001; Spandler et al., 2003). Omphacite
accounts for much of the lithium in eclogites
(Zack et al., 2002; King et al., 2004), and up to
100 ppm lithium in cores of garnet has been
reported for some Cignana metasedimentary
rocks in which the other primary lithium hosts
are phengite and paragonite (Bebout ef al,
2004). Sorensen and Grossman (1989) (also see
Sorensen, 1991) demonstrated the strong im-
pact that small modal amounts of allanite can
have on LREE budgets in garnet-amphibolites
(also see Spandler et al., 2003).

3.20.5.10 Forearc to Subarc: Summary and
Outstanding Questions

The previous sections provide a look at the
geochemical consequences of important min-
eral reactions during subduction across the
forearc geochemical ““filter,” and this allows
insight regarding what the inventory of various
trace-element and isotopic tracers is beneath
the volcanic front, i.e., the geochemical menu
available for addition by various “fluids” to the
subarc mantle, which is addressed in the next

3. Eclogites may

section. To sum up:

1. Consensus is developing that, in the relatively
cool subduction-zone conditions predicted by
thermal models for most modern subduction
zones, subducting sediments (and probably
also oceanic crustal rocks) can largely retain
their inventories of even the more fluid-
mobile elements, to at least 90km (Lago di
Cignana; Busigny et al, 2003; Bebout et al.,
2004). In cases where young, warm oceanic
lithosphere is being subducted (e.g., Ca-
scadia; Kirby et al., 1996), related to ridge—
trench encounters, and in the Archean (see
Staudigel and King, 1992; Foley et al., 2003;
Martin, 1986), higher geothermal gradients
may generate greater forearc devolatilization
leading to greater loss of fluid and fluid-mo-
bile elements to the mantle wedge. The data
for HP and UHP eclogites in Figures 7 and 8
indicate that a number of the elements of
greatest interest to those studying arcs are
actually enriched rather than lost, certainly
arguing against any strong depletions related
to prograde metamorphism to depths of up
to ~90km (cf. Chalot-Prat et al., 2003;
Spandler et al., 2004; John et al, 2004
Marschall et al., 2006; see the contrasting
conclusion by Becker et al., 2000).

2. Exhumation paths can dictate the extent to

which prograde chemical history is pre-
served in HP and UHP suites, and thus the
usefulness of these suites for study of sub-
duction-zone chemical cycling (see the great
variability in exhumation paths in Figure 6).
Warmer exhumation paths, in some cases
producing peak temperatures after signifi-
cant decompression (e.g., path for Adula
nappe; from Jolivet et al., 2003; exhumation
paths for some rocks in the Dabieshan) in-
crease the likelihood of significant overprin-
ting during exhumation. Whether prograde
parageneses and chemical records can be
extracted must be considered on a suite-by-
suite basis (e.g., for Trescolmen, see Zack
et al., 2001, 2002). Lawsonite—eclogites in
which lawsonite has escaped decompression-
related replacements (such as those experi-
enced by the UHP rocks at Lago di Cignana;
see Reinecke, 1998; van der Klauw et al.,
1997) are certainly prime candidates for
detailed study of prograde reaction and
chemical histories (Zack et al., 2004).

experience closed-system
metamorphism, but protolith heterogeneity
prohibits identification of any minor element
loss during devolatilization, and some
eclogites could have had relatively “dry”
protoliths that did not experience alteration
on the seafloor (see Chapter 3.15). It is as yet
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unclear whether it is possible to lose very
small amounts of fluids and trace elements,
over large volumes of subducting rocks, to
produce the fluid and trace-element budget in
the mantle wedge partly delivered toward the
surface in arcs. Such loss could easily be ob-
scured in the large protolith heterogeneity
incorporated into any study of trace-element
loss—in studies comparing higher-grade
rocks with lower-grade or unmetamorphosed
equivalents, only the extremely fluid-mobile
elements (boron, cesium, arsenic, and anti-
mony, for the Catalina Schist metasedimen-
tary suite) show a clear record of whole-rock
loss. A mass balance of this type, involving
calculation of element loss using published
partition coefficients, and evaluating the ex-
tents of loss that could be achieved without
observing them, has not yet been conducted
(see the brief consideration of this problem
for boron and beryllium and B/Be of released
fluids in Bebout et al., 1993; the analysis of
the Catalina Schist LILE systematics by
Zack et al, 2001). Another question relates
to whether more pronounced trace-element
loss from such rocks, mostly concentrated in
zones of higher fluid flux (see John et al,
2004; Spandler et al., 2004; see the discussion
of the slab-mantle interface and devolatili-
zation models below), could produce suffi-
cient trace-eclement mobility to satisfy the arc
record of slab additions.

. Veins in many cases appear to reflect only
local-scale element redistribution and it is
unknown whether larger-scale removal of
fluid-mobile elements can occur in subduct-
ing slabs. Although there is, in some cases,
clear demonstration that fluid-rock interac-
tions were relatively local-scale in relatively
closed systems (e.g., Philippot and Selver-
stone, 1991; Getty and Selverstone, 1994; see
Scambelluri and Philippot, 2001), some open-
system behavior may occur at/near peak P-T
conditions or along the prograde P-T path.
Relatively, small fluid fluxes within large
masses of chemically similar rock can be dif-
ficult to document using trace elements and
stable isotopes and tracts of rock that contain
vein systems in local equilibrium with host-
rocks (Gray et al., 1991; Henry et al., 1996;
Sadofsky and Bebout, 2004b) do not pre-
clude infiltration by externally derived fluids.
Integrated over large volumes of subducting
sedimentary and mafic rocks, relatively small
fluid fluxes could result in sufficient element
flux to explain volcanic arc compositions.
Larger-scale fluid and element transfer
appears to be concentrated along zones
of structural weakness (e.g., fractures, mél-
ange), likely resulting in the disproportionate

influence of such zones on the chemical char-
acteristics of any fluids traversing the slab—
mantle interface beneath arcs.

5. The geochemical significance of mélange at
depth in subduction zones is not clear. The
scarcity of appropriate exposures has made it
difficult to evaluate the volumetric signi-
ficance of mélange zones at depth along the
slab-mantle interface. Zones of low seismic
velocity at or near the top of the subducting
oceanic lithosphere may consist of ex-
tensively hydrated assemblages (see Abers,
2000); alternatively, they may represent hy-
drated hanging wall lithologies. The genera-
tion of layers rich in hydrous minerals,
perhaps in part a mechanical mixing zone,
could also promote aseismic behavior at
great depths in subduction zones (Peacock
and Hyndman, 1999). Further attention
should be paid to mélange zones, in field,
geophysical, and theoretical studies, to
evaluate their potential for producing deep
subduction-zone ‘‘fluids” with hybridized
mafic—sedimentary—ultramafic compositions.

3.20.6 THE DEEP FOREARC AND
SUBARC SLAB-MANTLE
INTERFACE

Relatively few detailed geochemical studies
have thus far been conducted on UHP rocks
directly representing the slab-mantle interface
at depths corresponding to those beneath and
across arcs (see compilation in Figure 6),
largely leaving us to speculate regarding the
structural evolution and reaction histories, and
related production of “fluids,” in slab and se-
diments subducted to these depths. Figure 20
presents a conceptual model for forearc to sub-
arc processes at/near the slab-mantle interface
from Breeding et al. (2004) (see similar sketches
by Bebout and Barton, 1989, 2002; Hermann
et al., in press). It is likely that the slab—-mantle
interface is a region of high, but heterogeneous,
fluid flux. There are abundant devolatilization
(for most margins, particularly dehydration)
reactions in mafic, sedimentary, and even
ultramafic rocks capable of producing large
amounts of fluid (see Chapter 3.17), and arc
lava geochemistry bears testament to the pres-
ence of large amounts of H,O-rich “fluid” be-
neath arcs. Active deformation should lead to
heterogeneous fluid transport along zones of
structural weakness. Relatively coherent tracts
of mafic HP and UHP rocks for which limited,
or no, fluid mobility is proposed (e.g., meta-
morphosed Jurassic ophiolite in the Alps),
likely represent the stronger, less permeable
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A view of the slab-mantle interface region (from Breeding et al., 2004; also see sketches by Bebout

and Barton, 1989, 2002; Hermann et al., in press). See text for discussion. Reproduced by permission of
Geological Society of America from Breeding et al. (2004).

lithologies within a lithologic package charac-
terized by strong contrasts in rheology and he-
terogencous  permeability  structure  (see
discussions by Philippot, 1993; Philippot and
Selverstone, 1991; Getty and Selverstone, 1994;
Spandler et al., 2003, 2004; Chalot-Prat et al,
2003; for isotopic evidence for limited mobility
in coherent rocks in the Catalina Schist, see
Bebout, 1991b; Bebout and Fogel, 1992).
Zones of mixing among sedimentary and hy-
drated mafic and ultramafic rocks likely exist
along the slab-mantle interface. Roughness
in the subducting slab, produced by seafloor
and trench deformation and in the form of
seamounts, would promote the off-scraping
of mafic lithologies and incorporation into
sedimentary—ultramafic mixing zones. The
enhanced fluid flux in such zones would pro-
duce talc, chlorite, and amphibole, which are
weak and easily deformed thus further enhan-
cing fluid transport (see Peacock and Hynd-
man, 1999; Ague, in press). These zones of

preferential fluid flow would also be more
intensely metasomatized, leading to their dis-
proportionate representation in any ‘“‘fluid”
(hydrous fluid, silicate melt, or supercritical
liquid) emanating from them into the overlying
mantle wedge or upward along the subduction-
zone thrust (cf. John et al., 2004; Spandler
et al., 2004). Hanging-wall mantle wedge rocks
nearest the slab—mantle interface would be-
come hydrated and metasomatically altered,
weakening them and leading to their incorpo-
ration into the mixing zones (Peacock and
Hyndman, 1999; see Bebout and Barton, 2002).

If the upper-mantle section in subducting
slabs is hydrated on the seafloor or in forearc
regions (see Ranero ez al, 2005), far greater
amounts of fluid could ascend into mixing zones
at the slab-mantle interface (see Hermann et al.,
in press). The H,O-rich fluid produced by
dehydration of these ultramafic lithologies will
cause metasomatic exchange with disparate
lithologies and drive decarbonation reactions
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in more carbonate-rich systems (Gorman et al.,
2006), such as in the modern Central America
and Banda convergent margins. In convergent
margins where HP and UHP rocks are exhumed
by later collision (Alps, Himalaya), mélange
zones are likely to be reactivated and strongly
overprinted by fluid-rock interactions during
exhumation, making them more difficult to
identify and investigate for their prograde/peak
metamorphic geochemistry. Thus, the more
structurally intact, less-permeable lithologies
tend be the best preserved in these orogens,
and consequently show less evidence for large-
scale fluid flow. Blocks that are tectonically
incorporated into mélange zones provide a
record of fluid and metasomatic processes at
the slab-mantle interface, but unfortunately do
not record processes operating in the subducting
slab.

Zack et al. (2001) used published mica-fluid
partitioning data (Melzer and Wunder, 2001)
along with LILE concentrations of the Cat-
alina Schist metasedimentary rocks to suggest
that an external source of H,O-rich fluid is re-
quired to produce the observed fractionations
of element ratios in these rocks (particularly
Cs/K). As illustrated in Figure 20, from Breed-
ing et al (2004), such fluid fluxing through
metasedimentary rocks, which are either un-
derplated to the hanging-wall or incorporated
as tabular bodies in mélange zones, is expected
if large amounts of fluid ascend from dehydra-
ting mafic and ultramafic rocks at depth in the
subducting slab (see Ranero et al., 2005).

The complexity of metasomatism along up-
ward (and lateral) fluid flow paths into the
mantle wedge immediately overlying subduct-
ing slabs is widely acknowledged and we have
much to learn regarding the mineralfluid re-
actions and resulting geochemistry that occur
in this region (see discussion by King ef al.,
2003). Studies of intact tracts (see Paquin et al.,
2004; Scambelluri et al., 2006, and references
therein), ultramafic xenoliths found (rarely) in
arc volcanic rocks (Maury et al., 1992; Schiano
et al., 1995; Laurora et al., 2001; Widom et al.,
2003) and hydrated forearc mantle wedge in
serpentinite seamounts (Ryan et al., 1996; Ben-
ton et al., 2001, 2004; Savov et al., 2005) have
yielded insights into the reactions and processes
occurring in the wedge.

3.20.7 SLAB-ARC CONNECTIONS

3.20.7.1 Brief Discussion of the Geochemistry
of Arc Basalts and Inferred Slab
Additions

There is general consensus, based on the
geochemistry of arc basalts and their differences

relative to various MORB compositions,
regarding the most likely additions to arc
source regions via “fluids” from the slab (see
recent discussions by Pearce and Peate, 1995;
Elliott, 2003; Tatsumi, 2005; Hermann et al,
in press; Chapters 2.11 and 3.18). Cesium,
rubidium, radium, barium, thorium, uranium,
potassium, the light REEs, lead, and strontium
are enriched in arc lavas relative to MORB
(Figure 2a; in some cases, also boron, lithium,
0Be: see Chapter 2.11; Pearce and Peate, 1995;
Elliott, 2003, and references therein). In general,
subducting oceanic crust is enriched in the
elements that are also enriched in arc lavas
relative to MORB, and various combinations of
hydrous fluids, silicate melts, and supercritical
liquids are called upon to transfer these elements
into arc source regions. A smaller number of
these elements (cesium, boron, arsenic, anti-
mony, lithium, and lead) are regarded as being
particularly ““fluid-mobile” and likely to be
either lost to hydrous fluids during forearc
devolatilization or transported in hydrous
fluids into arc source regions (see Moran et al.,
1992; Noll et al, 1996; Leeman, 1996; Ryan
et al, 1995, 1996). Enrichments of other
elements, in arc lavas, that appear to be less
mobile in hydrous fluids (e.g., thorium and
beryllium) are thought to require transport in a
silicate melt (Johnson and Plank, 1999; for dis-
cussion of thorium immobility in hydrous
fluids see Brenan et al, 1995a). This dicho-
tomy has led to the “‘sediments melt, oceanic
crust dehydrates” conclusion reached in a
number of studies of arc geochemistry.

The evidence for mobility of LILE elements
such as Ba, Rb, Cs, and Sr, and possibly also U
and Pb, demonstrated in studies of metasomatic
rind formation, mélange evolution, and evident
in the data for metabasalts and metagabbros
summarized in Figures 7 and 8, is certainly in
general compatible with the “‘slab additions™ of
these elements invoked in studies of arc magma-
genesis. The data of Becker er al (2000),
although complicated by the lack of control on
protoliths, indicate LILE (particularly K, Rb,
and Ba) loss during eclogite-facies metamor-
phism, which may for some samples reflect melt
removal, as a number of the samples these
authors analyzed have peak P-T near or above
the wet solidus. Silicate melts (and supercritical
liquids; see Kessel ez al., 2005; Hermann et al., in
press) are presumably more effective than hy-
drous fluids in removing elements such as the
LILE (particularly rubidium, barium, and stron-
tium; see discussion on granulite potassium,
rubidium, and cesium by Hart and Reid, 1991).

From an arc geochemist’s perspective,
the forearc can be viewed as a metamorphic
“filter” that can either prevent or allow the
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retention of relatively fluid-mobile components
to greater depths in the subduction zone (for
noble gases, forearc metamorphism may rep-
resent a “‘barrier” to deep recycling, as pro-
posed by Staudacher and Allégre, 1988).
Studies of metasedimentary rocks appear to
demonstrate remarkable retention of elements
such as boron and cesium to depths of up
to 90km in relatively cool subduction zones
(Bebout et al., 1999, 2004; Busigny et al., 2003;
and discussion above). With the exception of
the studies by Becker et al. (2000) and Arculus
et al. (1999), which were limited somewhat by
insufficient consideration of protolith he-
terogeneity, the previous work on HP/UHP
metabasaltic and metagabbroic rocks similarly
points to the retention of many of the elements
of interest as “slab tracers” to depths beneath
the volcanic front (~100km or more; Gill,
1981; Chapter 3.17; Figures 7 and 8). The
correlations  between  concentrations  of
certain trace elements (particularly potassium,
barium, strontium, and thorium) in subducting
sediments with average concentrations of
these elements in the overlying arc lavas
(Plank and Langmuir, 1993; Plank, 2005) are
also in general compatible with the retention
of the bulk of these elements (at least in the
sediments) to depths beneath arcs.

For metabasaltic rocks, the depth to the
blueschist—eclogite transition (which is strongly
dependent on the thermal structure of a given
subduction zone), and the breakdown of lawso-
nite within the eclogite facies, likely play key
roles in the geochemistry of slab fluids (Pea-
cock, 2003; Hacker et al., 2003a, b; see discus-
sion of fluids at this transition by Manning,
1998). However, the rather large number of re-
cently published slab P-T paths, with various
assumptions made regarding frictional heating
and, particularly, mantle wedge viscosity,
leaves one with the impression that it is not
possible to pinpoint the temperature of the
slab—mantle interface in any given arc (see Pea-
cock et al., 2005). Some recent models suggest
that the slab-mantle interface is, for a number
of margins, warm enough for sediment melting
and nearly warm enough to approach the wet
solidus of altered basalt (Peacock et al., 2005).
Peacock (2003) demonstrates that the blue-
schist (or for the hotter Nankai subduction
zone, the greenschist)—eclogite transition, for
rocks at or near the slab—mantle interface,
could occur at depths ranging from ~ 50 to
110km (see Figure 3). The majority of the
eclogites that have been investigated for their
geochemistry have estimated peak metamor-
phic pressures within, but at the lower end of
this range (peak pressures corresponding
to ~50-90 km, i.e., mostly not in the coesite

stability field; see Figure 6). Models of sedi-
ment devolatilization also indicate significant
dehydration and decarbonation in the forearc
(Kerrick and Connolly, 2001; Gorman et al.,
2006), with an apparent locus of fluid loss in
the 60-80 km depth range.

Arc lavas overlying cooler subducting slabs
(e.g., Marianas and Kuriles) have higher con-
centrations of Cs, B, As, and Sb than the arc
lavas from “warmer” subduction zones (e.g.,
for Cascadia, Kirby er al., 1996; discussion of
arc data by Noll et al., 1996). This is manifest
in the arc lavas from cool subduction zones
showing higher ratios of these elements to less
fluid-mobile elements having similar incompat-
ibility during partial melting in the mantle
wedge (e.g., B/Be, Cs/Th, As/Ce, and Sb/Ce;
see Bebout et al, 1999; Chapter 2.11). The
lower ratios in margins such as Cascadia are
presumed to reflect the removal of these ele-
ments via metamorphic devolatilization in the
relatively warm forearc (see Bebout et al., 1999;
Figure 11d), making these elements unavailable
for delivery into the corresponding arc.

3.20.7.2 Cross-Arc Variations
3.20.7.2.1 Devolatilization

The cross-arc variations observed in some
isotope and trace-element ratios (see review by
Chapter 2.11; Figure 21) provide tantalizing
evidence that slab metamorphism results in the
“distillation” of some components (resembling
the losses in warmer units of the Catalina
Schist), as it traverses the subarc region. Such
observations lead to hypotheses that can be
tested by further work on UHP metamorphic
suites. These across-arc variations have been in-
terpreted to diminishing fluid additions, chan-
ging fluid compositions, and/or changes in the
proportions of hydrous fluids and silicate melts
toward the back-arc (see discussion in Bebout
et al., 1999). The recently proposed transitions
in the physical and chemical transport proper-
ties of “fluids” from subducting slabs (see Kessel
et al., 2005; Hermann et al., in press) will need to
be considered in future geochemical field studies
of UHP suites that potentially represent the
residues of fluid and element removal at
>100km depths in subduction zones. This
could be achieved by investigating UHP suites
straddling and above the wet solidi in pressure
and temperature, and representing a range of
depths consistent with those of the slab-mantle
interface across arcs, and attempting to identify
any differing styles of element loss (or gain)
related to interactions with these “fluids” of
differing types.
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Figure 21 Cross-arc boron-isotope evolution, taking into account compositions of near-trench fluids, sea-
water, altered oceanic crust, and seafloor sedlment (before and after loss of high- 5''B adsorbed B) (IShlkaWd
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with prograde metamorphlsm of AOC and sedlment (from the model of Bebout and Nakamura, 2003). Loss
of relatively isotopically ‘“heavy” B from metamorphosing sediment and altered oceanic crust, in varying
proportions, could produce the across-arc trends. Modified with permission from Benton et al. (2001).

3.20.7.2.2 Boron and lithium isotopes

Among the tracers showing variation across
arcs, boron and lithium and their isotopes are
particularly noteworthy. Because both are
fluid-mobile, these elements are thought to be
great “fluid tracers,” but with different fluid-
mineral partition coefficients (see Chapter 2.11;
Marschall et al., 2006). Boron is extremely in-
compatible in the mantle wedge and, in arcs, it
provides a record of very recent boron flux off
the slab (Figure 21), whereas lithium is believed
to be more compatible and to reside in the
mantle wedge for longer periods of time (see
Tomascak et al., 2002; Benton et al, 2004,
Chapter 2.11). This difference in compatibility
in the mantle wedge explains why lithium does
not show cross-arc variations as pronounced as
those for boron (Moriguti et al., 2004; Chapter
2.11). Moreover, a boron-rich phase, tourma-
line, occurs in HP and UHP metasedimentary
suites (Nakano and Nakamura, 2001; Bebout
and Nakamura, 2003), whereas lithium has
no analogous phase in which it is a primary
constituent; this likely produces a differ-
ing overall behavior in subducting slabs in

response to complex mineral reactions. Wunder
et al. (2005, 2006) published experimentally de-
termined boron-isotope fluid-mineral fraction-
ation factors that appear wholly consistent
with the variations observed across arcs, and
lithium-isotope fractionations that appear to be
consistent with the shifts to lower 6 Li observed
for eclogites as a result of devolatilization
(Zack et al., 2003).

Figure 21 presents some current thinking
regarding trench-to-subarc (and beyond) cy-
cling of boron, and associated boron-isotope
shifts (from Benton ez al., 2001). This model
sets forth some testable hypotheses regarding
the evolution of boron concentrations and iso-
topic compositions in seafloor rocks subducted
beneath arcs, beginning with very early loss of
isotopically heavy adsorbed boron in forearc
sediments (see You et al., 1995). According to
this model, isotopically heavy boron is lost
from subducting rocks (presumably both AOC
and sediment; see Bebout and Nakamura,
2003), more significantly in some margins
than others (depending on thermal evolution),
and this loss is likely to be primarily from
micas (Bebout et al., 1993). Recently published
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fractionation factors for boron isotopes be-
tween mica and fluid (Wunder et al., 2005)
confirm the previous expectations regarding
the direction and magnitude of this fraction-
ation (see Peacock and Hervig, 1999). Calcu-
lations of boron-isotope evolution for forearc
sedimentary and mafic rocks, with boron
housed in mica, were presented by Bebout
and Nakamura (2003; also see Nakano and
Nakamura, 2001 and Marschall et al., in
press), along with evidence from isotopically
zoned tourmaline for this prograde evolution.
At greater depths beneath arcs, boron-isotopic
evolution (and boron cycling) should continue
to be strongly dictated by reactions involving
mica (and tourmaline), whether they are in
equilibrium with hydrous fluids, silicate melts,
or supercritical liquids; this processing beyond
the forearc should result in a further decrease
in 6''B (observed for a number of across-arc
suites; see Ishikawa and Nakamura, 1994; Is-
hikawa and Tera, 1997; Rosner et al., 2003;
Figure 21). Based on aqueous fluid-mineral
partitioning experiments, Brenan et al. (1998)
calculated that B/Be and B/Nb should both be
reduced considerably by the time the slab is
subucted to 200 km, providing a possible ex-
planation for observed cross-arc trends in
these ratios.

The lithium cycle in convergent margins, star-
ting on the seafloor with early diagenetic proc-
esses, has recently been discussed by Moriguti
and Nakamura (1998), Tomascak et al (2002),
Benton et al. (2004), Elliott et al (2004), and
Magna et al. (in press). Benton et al. (2004; also
see Tomascak et al, 2002) suggested that,
whereas B/Be and boron isotopes in arc lavas
record the latest fluid additions to the subarc
mantle, lithium isotopes reflect the aggregate
longer-term modification and heterogeneity in
the mantle source—this factor smoothes or
‘““erases” the subduction input signal for lithium
isotopes (see Wunder et al, 2006). Zack et al.
(2003) presented data for eclogites from the Alps
that suggest shifts to lower ¢ Li in these deeply
subducted mafic rocks, which they related to
metamorphic devolatilization. Lithium is gene-
rally thought to be more compatible in phases
such as chlorite, the micas, and in eclogites,
clinopyroxene (see Bebout ez al., 1999, in press).
Bebout er al (in press; also see Bebout and
Fogel, 1992) documented little or no loss of
lithium from metasedimentary rocks that expe-
rienced significant loss of boron, cesium, and
nitrogen (data for white-mica boron and cesium
in Figure 11). The model for fractionation set
forth by Zack et al. (2003) for eclogites requires
testing in studies of other suites, particularly
suites for which there are better constraints on
the fraction of lithium lost.

3.20.7.3 Carbon and Nitrogen Input and
Arc Output

An example of the exciting synergy possible
among studies of oceanic crustal inputs, sub-
duction zone metamorphic rocks, and volcanic
gas outputs is provided by the work on C-N
cycling at the Costa Rica subduction zone. Re-
cent work by Fischer et al (2002), Hilton et al.
(2002), Snyder et al (2003), Shaw et al. (2003),
and Zimmer et al. (2004) provide an assessment
of the volcanic gas flux of carbon and nitrogen,
including estimates of the proportions of end-
member sources contributing to the gas compo-
sitions. Studies of AOC and sedimentary inputs
to subduction zones and studies of metamorphic
devolatilization (Bebout et al, 1999; Sadofsky
and Bebout, 2004a; Kerrick and Connolly, 2001;
Li and Bebout, 2005) can be merged with the
volcanic gas record to ascertain efficiencies of
carbon and nitrogen return to the atmosphere
through subduction zones. Studies of HP and
UHP suites indicate that a considerable fraction
of subducted carbonate (particularly when pure)
is very deeply subducted (examples include Lago
di Cignana, Schistes Lustres, and Dabieshan
(Reinecke, 1998; Agard et al, 2002; Mahlen
et al., 2005; Chapter 3.09). It appears that grap-
hite is also quite stable; in the Catalina Schist,
even partially melted rocks retain most of their
sedimentary organic carbon as graphite
(Bebout, 1995). Sadofsky and Bebout (2004a)
and Li and Bebout (2005) discuss the large effect
on calculated arc carbon and nitrogen return,
relative to subduction inputs, when the estimates
of C-N input are based on analyses of seafloor
sediment just outboard of the Izu-Bonin and
Central America trenches. For the Central
America margin, Fischer et al. (2002) suggested
that arc volcanic nitrogen output is approxi-
mately equal to the sedimentary subduction in-
put of nitrogen, using estimates of sedimentary
nitrogen concentration from Bebout (1995). Use
of estimates of sedimentary nitrogen subduction
input derived from study of the sedimentary sec-
tion outboard of the Central American trench
(at ODP Site 1039) indicates that arc return is
nearer 50% of the sedimentary input (see Li and
Bebout, 2005).

There are some indications that in relatively
cool subduction zones, carbon- and nitrogen-
isotope compositions of seafloor lithologies are
preserved to at least 90 km depth. As noted
above, the deeply subducted Schistes Lustres
appear to preserve 6'°N like that of their sea-
floor protoliths (Busigny et al, 2003), and in
the Catalina Schist, only rocks subducted along
warmer P-T paths show significant change in
nitrogen-isotope composition (Bebout and
Fogel, 1992). Carbonate-rich lithologies appear



Slab-Arc Connections 37

to preserve seafloor-like carbon- and oxygen-
isotope compositions, except in zones
infiltrated by fluids from adjacent disparate
lithologies, or where metasedimentary carbon
reservoirs isotopically exchange during heating,
resulting in evolving 6'*C (see discussion below;
Busigny et al., 2003). Studies of arc volcanic
gases employing noble gases have estimated the
proportions of carbon- and nitrogen-isotope
sources for the gases using endmember isotopic
compositions based on seafloor compositions
shifted isotopically by metamorphism (see Hil-
ton et al., 2002). At present it appears that this
aPsproach is justified, although the shifts in
0 °N have thus far been documented only for
HP metasedimentary rocks thought to have
been metamorphosed along P—T paths warmer
than those experienced in most modern con-
vergent margins (the high-grade Catalina Schist
metasedimentary rocks; Bebout and Fogel,
1992; Bebout et al., 1999).

3.20.7.4 Other Stable Isotope Tracers
(Oxygen, Hydrogen, and Chlorine)

It is generally accepted that the oxygen-
isotope signatures of ocean-floor basalts are
preserved through subduction-zone metamor-
phism, and conveyed into the deep mantle;
however, the oxygen-isotopic compositions of
mafic rocks in HP and UHP metamorphic
suites can locally be modified by subduction-
zone fluid—rock interactions (e.g., addition
of sedimentary signatures, see above).
Devolatilization is not expected to appreciably
shift the oxygen-isotope composition of the
rocks, as the majority of the oxygen reservoir in
subducting rocks is retained in the residue.
However, melting and dehydration of various
lithologies (sedimentary, mafic, and ultramafic)
could produce “fluids” of varying 6'%0 that
could be identifiable in studies of volcanic arcs.
Based on oxygen-isotope compositions of
olivine and plagioclase phenocrysts in arc ba-
salts and basaltic andesites, Eiler er al. (2005)
argued for varying contributions of low-6'%0,
solute-rich aqueous fluids derived from dehy-
dration of hydrothermally altered basaltic
crust and partial melts of high-6'*0 sediments
to the lavas of the Central American arc (see
study of along-strike chemical variations by
Carr et al., 2003). Bindeman et al. (2005) ob-
tained oxygen-isotope compositions for a suite
of arc lavas, from various localities, previously
hypothesized as reflect slab melting, and
suggested that the §'®*0 values of these lavas
probably reflect varying degrees of slab and
sediment melting, additions of slab-derived

aqueous fluids, or crustal contamination in
the over-riding plate.

Bebout (1991a) suggested that the hydrogen-
isotope compositions of hydrous minerals in
the Catalina Schist metasomatic rocks could
reflect the entrainment of seawater-like
signatures to great depth via a complex hydra-
tion—dehydration cycle beginning on the seca-
floor, during fluid-rock interactions at
mid-ocean ridges and during diagenesis (calcu-
lated D ranges from —30%o to 0%o; also see
Magaritz and Taylor, 1976, who considered the
possibility of deep seawater entrainment into
subduction zones). Oceanic igneous rocks are
hydrated and undergo hydrogen-isotope ex-
change on the seafloor over approximately the
same temperature range at which hydrogen is
released as H,O in subduction zones. This
could result in release of H,O-rich fluids in
subduction zones that have hydrogen-isotope
compositions near those of seawater (Bebout,
1991a). Earlier work by Poreda (1985), and
later work by O’Leary et al (2002) invoke
additions of ““fluids” with 0D heavier than
the mantle values near —85%o that appear to be
attributable in some way to a multistage proc-
ess of seafloor hydration (mafic or ultramafic)
and subduction-zone dehydration or melting.

Chlorine-isotope studies, aimed at defining
the ocean-mantle CI subduction cycle, are still
mostly on the horizon, with early studies
mostly identifying the dominant reservoirs for
Cl subduction, the magnitude of Cl flux at
convergent margins and mechanisms of Cl mo-
bility and release into arc lavas (see discussion
by Sharp and Barnes, 2004). Insufficient work,
other than that on fluid inclusions and shal-
lower fluids in accretionary prisms (for the lat-
ter, see Spivack er al, 2002), has been
directed at the subduction-zone metamorphic
pathway to greater depths in the forearc and
beneath arcs (in response to metamorphic re-
actions in subducting sediment and oceanic
crust) and its possible effects on the size and
isotopic changes of Cl being added to arc
source regions or the deeper mantle (see dis-
cussion by Hermann et al., in press). In their
study of seafloor serpentinites, Sharp and
Barnes (2004) identified water-soluble and
water-insoluble fractions of chlorine with
somewhat different chlorine-isotope composi-
tions, and suggested that the chlorine
subduction flux in serpentinite in oceanic crust
could be as much as twice that estimated by
Ito et al (1983), who took into account
sediment and oceanic crust containing no ser-
pentinite (also see Jarrard, 2003). A number of
authors have argued for the large impact
of serpentinite dehydration in the overall slab
release of chlorine (Philippot et al., 1998;
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Scambelluri and Philippot, 2001; Sharp and
Barnes, 2004).

3.20.7.5 The Nature of the Slab-Derived
“Fluid” in Arc Magmas

As noted briefly above, it has been common
for those researching slab additions to arc
magmas to call upon varying combinations of
hydrous fluid and silicate melts (with significant
amounts of dissolved H,O) as transport agents.
Melts (generally of sediment) have been in-
voked to explain enrichments in Th relative to
LREE and enrichments in light/middle REE
and '"Be (subducted in only young seafloor
sediment; see discussion in Chapter 3.18). Re-
cent experimentally determined datasets for el-
ement partitioning among aqueous fluids (of
varying chlorinity), hydrous melts, and “super-
critical liquids” demonstrate the capability of
these “fluids” to convey these trace elements
from subducting slab-crust lithologies into the
mantle wedge (e.g., Ayers and Watson, 1991;
Brenan et al., 1995b; Keppler, 1996; Tatsumi
and Kogiso, 1997; Johnson and Plank, 1999;
Kessel et al., 2005). These experimental studies
have produced compelling arguments that
these “fluids™ are capable of producing many
of the distinctive signatures of arc magmatism
(e.g., the low Ce/Pb and low-HFSE concentra-
tions of arc lavas; see Brenan et al, 1994,
1995a; Ayers and Watson, 1991).

Discussion of the physicochemical charac-
teristics of the slab “fluid(s)” (see Manning,
2004) ties in with the recent development of
thermal models of subduction, which indicate
that the slab-mantle interface, containing se-
diments and uppermost AOC, could be at or
near the wet solidus for both lithologies. A
comparison of calculated peak metamorphic
P-T for eclogites (see Figure 6) and recently
published thermal models for subduction (see
models from Peacock, 2003, in Figure 3) dem-
onstrates that the peak P-T conditions for a
number of UHP suites fall near or above the
wet solidi, and geochemical work on such rocks
can potentially yield insight regarding the na-
ture of “fluids™ produced from such rocks at
these conditions (see Hacker et al., 2005). Her-
mann et al. (in press) provide a discussion of
the current debate regarding whether the slab
“fluid” is an alkali-chloride aqueous fluid
(Keppler, 1996), a silicate melt, or a transi-
tional supercritical liquid (Kessel et al., 2005).
More dilute aqueous solutions (e.g., present at
the blueschist to eclogite transition at ~ 60 km
depth) are regarded as being relatively inef-
fective in removing trace elements, based on
experimentally derived partitioning data (see

Hermann et al., in press), whereas silicate melts
and supercritical liquids appear more viable as
agents for transfer of slab components into arc
source regions and appear to be able to explain
many of the specific enrichments invoked in
studies of arc magmatism.

The Catalina Schist provides an unusual
opportunity to examine evidence for partial
melting of mafic and sedimentary rocks at
amphibolite-facies conditions in a subduction
zone (650-750°C; 0.8-1.2 GPa; see Figures 6
and 9; Sorensen and Barton, 1987; Bebout,
1989; Bebout and Barton, 1993). Mafic blocks
surrounded by largely metaultramafic mélange
show migmatitic textures (Sorensen and Bar-
ton, 1987; Sorensen and Grossman, 1989), as
do more coherent tracts of metagabbroic and
metasedimentary rocks. Moreover, the mélange
matrix contains plagioclase-rich (trondhjemi-
tic) pegmatites. Because O—H isotopic data in-
dicate infiltration of the mélange and the more
permeable parts of the more coherent rocks by
H,O-rich fluids (Bebout and Barton, 1989; Be-
bout, 1991a), the amphibolite-facies unit ap-
pears to preserve evidence for mass transfer via
both hydrous fluids and silicate melts, the latter
represented by the pegmatites. This provides a
possible analog to the models in which sedi-
mentary rocks at or near the slab-mantle in-
terface experience infiltration by fluids
generated at greater depths, resulting in ele-
ment stripping by hydrous fluids or silicate
melts (see Breeding et al., 2004; Hermann et al.,
in press).

3.20.8 BEYOND ARCS

As discussed in Chapter 2.03, it has become
relatively routine to associate certain %eochem-
ical signatures (high-u (u=(**U/"Pb),_,)
(HIMU), enriched mantle (EM)-1 EM-2, and
others) of the deep-mantle sampled by OIBs to
varying combinations of subducted oceanic
sediment, oceanic lithosphere, and oceanic
island and plateau materials that may have
experienced considerable ageing during long-
term residence in the deep mantle (see Hart and
Staudigel, 1989). These studies generally con-
clude that some subduction-zone chemical
change is also required (Hart and Staudigel,
1989; Kelley et al., 2005; Elliott et al, 1999;
Bach et al., 2003; Chauvel et al., 1995). A large
amount of chemical change can be imagined as
the result of complex dehydration and melting
processes across deeper parts of the forearc and
beneath arcs. The challenge in future studies is
to identify these changes in exhumed HP and
UHP rocks, and how these changes relate to
the proposed transitions in subduction ““fluids”
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from more dilute aqueous solutions, to “tran-
sitional fluids,” then to hydrous silicate melts
(see discussion by Hermann et al, in press).
The work thus far on metamorphic geochem-
istry in subduction zones has mostly been con-
ducted on suites representing subduction to
<100km in P-T regimes dominantly genera-
ting hydrous fluids (Figure 6). It remains un-
clear whether certain element losses from
subducting rocks over the full forearc to sub-
arc depth range can produce appropriate chem-
ically fractionated residues that match the
source characteristics of OIBs (Figure 1). In
particular, the role of supercritical liquids or
silicate melts needs to be more thoroughly
evaluated if these are shown to be important
agents of slab flux beneath arcs (i.e., at
>100 km depths). The greater LILE depletions
in HP and UHP suites that have experienced
partial melting (Becker et al., 2000; Yamamoto
et al., 2002; LILE data for granulites in Hart
and Reid, 1991; also see Hacker et al., 2005,
and a comparison of hydrous-fluid—rock and
melt-rock partition coefficients by Kessel et al.,
2005) are a reminder that we must conduct
further geochemical studies on UHP suites on
or above wet and dehydration solidi (Figure 6).

It has long been recognized that low-tem-
perature hydrothermal alteration on the sea-
floor shifts the 'O of shallow oceanic crust to
higher values, and at greater depths and higher
temperatures to lower values (Gregory and
Taylor, 1981). This record of isotopic change
can be preserved in HP and UHP metamorphic
suites, suggesting that it can be conveyed to
great depths in subduction zones without signi-
ficant alteration (see Cartwright and Barnicoat,
1999). Eiler et al (2000b) demonstrated
correlations between §'*O and other indicators
of heterogeneous sources in MORB and pro-
posed that the variations in oxygen-isotope
composition reflect varying influence of re-
cycled materials.

Bebout and Kump (2005) considered how the
bulk isotopic composition of subducting
carbon (sedimentary oxidized and reduced
carbon, carbonate in AOC), the carbon inputs
and outputs for arcs and whole-mantle, and the
effects of varying extents of deep carbon sub-
duction (i.e., retention during metamorphism)
influence the mantle carbon budget (Figure 22).
Metamorphic modifications of endmembers
could have significant consequences for this
mass balance (e.g., estimating proportions of
inputs from sediments, AOC, mantle wedge,
deeper mantle). The common occurrence of
marble in UHP suites (Becker and Altherr,
1992; Zhang and Liou, 1996; Reinecke, 1998;
Ogasawara et al., 2000; Zhang et al., 2003; Ohta
et al., 2003), with oxygen- and carbon- isotope

compositions resembling those of seafloor car-
bonate, is evidence for the preservation of re-
latively pure carbonate lithologies to well
beyond 100km depths. Such preservation is
predicted by models of decarbonation, depen-
ding on the extents of infiltration by H,O-rich
fluids capable of driving decarbonation reac-
tions (Kerrick and Connolly, 2001; Gorman
et al., 2000). Data for higher-grade lithologies
containing both oxidized (carbonate) and re-
duced (graphite) carbon indicate significant car-
bon-isotope exchange of the two reservoirs
during heating. The related evolution in
carbon-isotope compositions of the two re-
servoirs, together with loss of carbon during
devolatilization, could affect the carbon-isotope
mass balance for reduced—oxidized carbon en-
tering the deep mantle (see Agrinier et al., 1985).
Diamonds provide a possible, but highly con-
voluted, record of long-term cycling of carbon
(and nitrogen) into the deep mantle (see
Cartigny, 2005) and there has been considera-
ble debate regarding the extent to which
diamond carbon- (and nitrogen-) isotope com-
positions in some cases reflect the subduction of
organic signatures (see Deines, 2002).

The U/Th/Pb system (also see Chapter 3.15;
Hart and Staudigel, 1989; Elliott et al., 1999),
and its possible disruption by subduction-zone
metamorphism, has been of great interest in
chemical geodynamic models (see Miller et al.,
1994; Brenan et al., 1995a; Bach et al., 2003;
Kelley et al., 2005; see Chapter 2.11 for discus-
sion of uranium-series isotope constraints on
element transport out of the downgoing plate).
Keppler (1996) demonstrated that Pb partitions
more strongly into alkali-chloride aqueous
fluid than thorium and uranium. Bach et al
(2003) concluded that precursors for HIMU
(mantle sources characterized by high u values,
with = (3*3U/?**Pb), _,; see Chapter 2.03) can
be produced from AOC after 1-2 Ga, if ~80—
90% lead, 40-55% rubidium, 40% strontium,
and 35-40% uranium are removed during de-
hydration of these lithologies. Kelley et al
(2005) concluded that uranium and lead have
different ‘‘depth-loss distribution” through
subduction zones, with lead loss from AOC at
shallower levels and more uranium loss at
greater depths. Chauvel et al. (1995) suggested
that subducted sulfides house the bulk of the
lead and that desulfidization reactions account
for the large amounts of lead addition to arcs
(Figure 2a). Experiments by Brenan et al
(1995a) indicated that dehydration of basaltic
rocks (at 900 °C, 2.0 GPa) can produce aqueous
fluids with excess uranium relative to thorium
(cf. data for hydrous fluids in Kessel et al,
2005). Only a few studies of HP and UHP
rocks have addressed these issues (see Becker
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(a)

Deeply subducted/
returned in arcs

(b)

Deeply subducted/
returned from mantle

(©

Figure 22 Carbon cycling into and out of the mantle. (a) Demonstration that, using the best estimates of
modern C subduction in AOC and sediment, the canonical 1:4 ratio of reduced/oxidized C, estimated based on
the mantle 6'°C, is roughly achieved (depending on what reduced/organic C estimate is used for the
“terrigenous” component in GLOSS). In (b), (c), an estimate of global C subduction in AOC and sediment is
compared with two recently published estimates of C outgassing in MORB, OIB, and subduction zones
(Marty and Tolstikhin, 1998; Sano and Williams, 1996). From the comparison in (a), it appears that 40+20%
of subducted C (here as CO,) is returned via arc volcanic degassing. From (c), it appears that within error, the
mantle could be near steady state with respect to its C budget (i.e., subduction input nearly matches output in
MORB, OIB, and volcanic arcs, but with some large uncertainties). From Bebout and Kump (2005); also see
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et al., 2000; John et al., 2004; Spandler et al.,
2004; Figure 8) and the results are somewhat
inconclusive, pointing to a number of experi-
ments that are needed on deeply subducted
mafic and sedimentary rocks. The possible
change in Th/U in HP and UHP mafic
rocks, relative to either fresh or altered MORB
(Figure 8d), warrants further investigation. The
study of sedimentary—ultramafic metasomatic
exchange by Breeding et al. (2004; Figure 16)
seemingly demonstrates another way in which
thorium, uranium, and lead could be fraction-
ated along the slab-mantle interface.

Metamorphic disruption of the rubidium—
strontium isotope system is expected in subduct-
ion zones, given that rubidium and strontium
partitioning differs significantly in relevant
fluid-solid systems (see Kessel et al, 2005).
Mabhlen et al. (2005) suggested that Rb—Sr sys-
tematics were not disrupted by HP and UHP
metamorphism of metasedimentary rocks in the
Zermatt-Saas complex of the Western Alps.
The Sm—Nd system should be more robust than
the Rb-Sr system during metamorphism, a
hypothesis that is testable by focused study of
HP and UHP metamorphic suites (see Bebout,
in press). Work on mélange formation docu-
ments robust Sm—Nd behavior in even highly
metasomatized rocks in these zones of enhanced
fluid flux (King ez al., 2006).

Finally, the changes to the Re/Os system due
to subduction zone metamorphism have been
considered by Becker (2000), who analyzed
samples from various Alpine suites and
suggested possible Re loss relative to Os during
dehydration. Like the systems discussed above,
“subduction processing’ is invoked to varying
degrees to explain aspects of crust-mantle
Re-Os mixing (see discussion by Peucker-Eh-
renbrink ez al, 2003). Some studies present
evidence for extraction of Os from the subduc-
ting slab (e.g., Brandon et al., 1996; Mclnnes
et al., 1999), and work by Becker (2000) on
metamorphic rocks indicated extraction of Re.
However, other work indicated no significant
loss of Os from the subducting slab (Becker,
2000) and that Os is not added significantly to
arc rocks (Borg et al, 2000; Woodland et al.,
2002; Chesley et al, 2002). Further work
directed at the HP and UHP suites is required
to evaluate possible metamorphic Re and Os
mobility in fluids and the possible modification
of deeply subducted reservoirs.

3.20.9 SOME FINAL COMMENTS

A large number of insights regarding long-
term crust-mantle mixing, continental crust

formation, and even ocean chemistry, can be
gained by a better understanding of trench to
deep-mantle chemical cycling. Studies of B, Li,
C, and N cycling into subduction zones stand
out as more broadly incorporating the full set
of trench-to-subarc processes (beginning with
sedimentation, diagenesis, and hydrothermal
alteration on the seafloor). The reader will be
struck by the relatively small number of studies
presenting more comprehensive chemical data-
sets for HP and UHP metamorphic rocks—this
field is poised to advance rapidly (see Bebout,
in press). Further work should be partly aimed
at the study of fluid and element mobility at
slab-mantle interface depths corresponding to
those across arcs (~100-250 km), and identifi-
cation of any differences in element loss as
functions of changing nature of any ‘“fluid”
emanating from these deeply subducted rocks
and potentially contributing to arc magmatism.
Microanalytical methods should be further ap-
plied in attempts to extract information regar-
ding element redistribution and isotope
fractionation at scales of hand specimens, par-
ticularly in cases where exhumation-related
overprinting is more extreme limiting whole-
rock geochemical work. Some combination of
geophysical and field geochemical approaches
should be aimed at evaluating the volumetric
significance of mélange-like mixing zones at the
slab-mantle interface at subarc depths and the
geochemical impact of fluid interactions along
these zones. This field will, in general benefit
from a better merging of field geochemical ap-
proaches with knowledge of mineral chemistry
and reactions, kinetics and disequilibrium,
prograde and exhumation-related P-T paths,
fluid flow and fluid-rock interactions, and ex-
periments bearing on the physical and chemical
properties of fluids at HP and UHP metamor-
phic conditions.

Recent geochemical work on subduction-
zone chemical cycling has increasingly been
integrated with experimental, theoretical, and
geophysical observations (e.g., Kirby et al,
1996; Hacker et al., 2003a, b; Peacock et al.,
2005), and this approach is likely to be the most
productive. Geophysical constraints are neces-
sary to provide context and a sense of scale, as
geochemical research on the complex meta-
morphic record can “miss the forest for the
trees” if it is focused only on the small scales
without appreciation of how observations at
that scale fit into the larger picture. The recent
MARGINS Subduction Factory and SEIZE
endeavors, which focus on the Central America
arc-trench system, have led to successful mer-
ging of diverse geophysical, theoretical, and
geochemical observations aimed at the problem
of subduction-zone energy and mass transfer.
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The geochemical research conducted on the
Central America margin demonstrates the need
to consider mass balance on an individual
convergent margin basis, and the hazards of
using global estimates of the geochemistry of
subducting lithologies known to show great
variation on the seafloor and among individual
margins. In this type of approach, insights gai-
ned through study of paleosubduction suites
(e.g., degrees to which elements are retained or
lost during HP to UHP metamorphism) can
be used to help reconcile estimated subduction
inputs and outputs.
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