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ABSTRACT

THE EFFECT OF METAMOCRPHISM ON THE TRACE ELEMENT
COMPOSITION OF SUBDUCTED OQCEANIC CRUST AND SEDIMENT
\ by
Ann Elizabeth Moran

Metasedimentary and metabasaltic rocks of the Pelona schist of Sierra
Pelona, southern California, preserve a relatively high P/T inverted
metamorphic gradient (Graham and Powell, 1984) and provide an
opportunity to study possible compositional changes in an oceanic slab
progressively metamorphosed under P-T conditions similar to those in
shallow parts of some subduction zones. Progressive metamorphism
resulted in continuous major element compositional change in plagioclase,
white mica, amphibole, and epidote. Variations in whole-rock compositions
do not correlate with increasing metamorphic grade and largely appear to
reflect protolith heterogeneity. Loss of H2O-rich fluid during chlorite
breakdown reactions largely accounts for the decrease in weight percent LOI
and H content with increasing metamorphic grade. Comparison with
unmetamorphosed equivalents and lower temperature, high-pressure
metamorphic rocks (including metabasaltic samples from the Shuksan schist
and the Franciscan Complex) suggest that As and Sb may be lost from
metasedimentary rocks and that B may be lost from metabasaltic rocks at
temperatures less than 450°C.

Trace element analyses obtained by ion microprobe for minerals in the
Pelona, Catalina, and Shuksan schists document the mineral residencies of

trace elements and the redistribution of trace elements among minerals as




modal abundances vary. Boron, Ba, Li, Rb, and Cs are strongly concentrated
in micas. In samples with coexisting white mica and biotite, higher
concentrations of B, Ba, and Sr are observed in white mica, relative to Li, Rb,
and Cs, which preferentially substitute into biotite. Cesium and Rb partition
in a relatively constant ratio between white mica and biotite. Strontium is
strongly concentrated in epidote, but is increasingly incorporated into white
mica and plagioclase as the modal abundance of epidote decreases and as
plagioclase compositions become more calcic. Similarly, Li appears to be
repartitioned into amphibole as chlorite decreases in modal abundance.
These observations support a model of gradual release of fluid-mobile
trace elements during progressive metamorphism (as from subducted slabs).
Prograde continuous reactions involving mica may particularly control the
mobility of alkali and alkaline earth elements enriched in arc magmas and
provide a mechanism for fractionating incompatible element ratios (e.g.

B/Cs) during subduction zone metamorphism.
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INTRODUCTION

In comparison to within-plate and rift magmatic settings, the link
between tectonics and magmatism is perhaps easier to visualize at plate
margins where convergence causes oceanic lithosphere to be subducted. The
production of melts below volcanic arcs seems to be a straightforward
consequence of transferring material to deep within the mantle; however, the
process by which this transfer occurs is poorly understood. Determining how
material from the subducted plate is cycled back to the overlying crust is
important not only for the formation of volcanic arcs and the growth of
continents, but also for the geochemical evolution of the mantle (e.g.,
Hofmann and White, 1982) which absorbs approximately 3 million km2 of
ocean-floor per million years (Reymer and Schubert, 1984). Numerous
attempts to model subduction processes using geophysical, petrological and
geochemical data provide a near consensus on at least one aspect of the
problem: hydrous fluids derived from the subducted plate often appear to
play a key role in subduction zone magmatism.

The evidence for the importance of fluids includes direct
measurements of the water contents of the volcanic products themselves, as
well as experimental studies that show that the presence of water lowers the
melting temperature (solidus) of the mantle (e.g. Gill, 1981; Wyllie, 1982).
This is considered to be a necessary condition for the production of melts in
subduction zones because numerical thermal models predict cooling of hot
mantle rocks as a consequence of subducting relatively cold oceanic
lithosphere (e.g. Hsui and Toks6z, 1979; Anderson et al., 1980). In addition,
trace element compositions of arc volcanic rocks provide circumstantial

evidence for fluid-mediated transfer of elements from the subducted slab to
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arc magma sources (e.g., Perfit et al., 1980; Gill, 1981; White and Dupré, 1986;
Ellam and Hawkesworth, 1988; Tatsumi, 1989; Morris et al., 1990a; McCulloch
and Gamble, 1991).

Determining the mechanisms by which fluids may transfer trace
elements during metamorphism is the topic of this study. To this end, the
process of dehydration and the compositional effects which accompany the
subduction of oceanic crust and sediments have been examined in rocks
which have compositions and thermal histories similar to those of subducted
oceanic crust. This introductory section briefly provides relevant background
information on the evidence from volcanic rocks for addition of fluid-mobile
trace elements to arc magma sources, describes the evidence for trace element
mobility in subduction-related metamorphic rocks, and defines the problems

addressed in subsequent chapters.

Addition of fluid-mobile trace elements to arc magma sources

The physical structure of subduction zones suggests several potential
sources for arc magmas: the subducted oceanic crust and sediments, the
mantle below the arc, and the crust through which the magmas pass to reach
the surface (e.g. Kay, 1980; Arculus and Johnson, 1981; White and Dupré, 1986;
Davidson, 1987). To avoid the obfuscating effects of crustal contamination on
deeper mantle processes, geochemists typically compare only the most
primitive basaltic rocks from volcanic arcs (e.g. Pearce, 1983; Ellam and
Hawkesworth, 1988). In this way, mixing relations between mantle and
subducted material can be modelled. Unfortunately, even when the field of
possible sources is narrowed to only mantle wedge and subducted
components, the relative contribution of each source is difficult to evaluate,

owing to heterogeneity in the composition of each. Away from subduction
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zones, the compositiohal diversity of the mantle is known to lead to the
production of compositionally distinct ocean-island basalt (OIB) and mid-
ocean ridge basalt (MORB), and it is unknown to what extent each of these
mantle source components are present in mantle wedges below arcs (e.g. Kay,
1980; Morris and Hart, 1983; Reagan and Gill, 1989; Edwards and Morris, in
press). As for the subducted component, its composition is dependent on
many factors, including the age and extent of hydrothermal alteration of the
oceanic crust, variations in the basinal sedimentological history, and the
geometrical parameters (such as the angle of dip and the convergence rate
which affect the degree of sediment offscraping) for any given subduction
zone (e.g., Seyfried, 1987; Cloos and Shreve, 1988; VonHuene and Scholl,
1991).

Despite the probable variation in the composition of magma source
components in each arc, some geochemical attributes appear to be fairly
consistent. Figure I-1 shows normalized trace element abundances in MORB,
OIB and arc basalt (IAV). In comparison to the other mantle-derived rocks,
the IAV shows characteristically high ratios of U, Th, alkali and alkaline earth
elements (on the left side of the diagram) to rare earth elements (REE) and
high field strength elements (HFSE) (in the middle and right side of the
diagram), e.g., high Ba/Nb, K/Zr, Sr/Nd, etc. One explanation for this trace
element trend is the bulk mixing of mantle with a subducted component
having these geochemical characteristics (i.e., sédiment; e.g., Kay, 1980);
however, Pb and Sr isotope systematics do not support this simple
explanation (e.g., Arculus and Johnson, 1981; Hickey et al., 1986). Another
possibility is that these elements are mixed with the mantle after being
preferentially removed from the subducted material by fluids (e.g., Perfit et

al., 1980; Gill, 1981; White and Dupré, 1986; Ellam and Hawkesworth, 1988;
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Fig. I-1. DPrimitive mantle-normalized trace element
compositions of basalt. Sources of data: primitive mantle,
Hofmann (1988); MORB, N-MORB of Hofmann (1988), except
B value of 0.2 from Ryan (1989); OIB, BHVO-1
(Govarindaraju, 1989); IAV, sample 1112761 from Llaima
volcano, Hickey et al. (1986), except B (10 ppm), Ta (0.17 ppm)
and U (1 ppm), (Leeman, unpublished data).
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Tatsumi, 1989; Morris et al.,, 1990a; McCulloch and Gamble, 1991). This
scenario is consistent with the expectation that melting of the slab would be
unlikely to fractionate these incompatible elements from each other and that
the solubility of the enriched elements is relatively high in hydrous fluids
(e.g., Pearce, 1983; Tatsumi and Isoyama, 1988).

Among the fluid-mobile elements enriched in arc magmas, one of the
best tracers of slab contributions to arc magmas is boron. The mantle has
extremely low concentrations of B in comparison to the subducted slab, and
thus the enrichment of B in arc volcanic rocks reflects the presence of slab-
derived B in the mantle source (Leeman, 1987; Ryan et al., 1989). Another
excellent tracer of the slab component is the cosmogenic radionuclide, 10Be,
whose enrichment in arc lavas can be explained only by the presence of a
young sediment component in arc magma sources (Brown et al., 1986; Morris
and Tera, 1989). Combining Be isotope and B data has proven to be a strong
tool for understanding subduction zone processes. The compositions of lavas
from all arcs with high 10Be concentrations display linear correlations
between 10Be/Be and B/Be (Morris et al., 1990a). The data array for each arc
has a different slope, but the linearity suggests that the two endmember
mixing components are relatively uniform in composition within each arc.
The mantle has essentially no 10Be or B, and the subducted component
endmembers have high B/Be ratios. Because B and Be are similarly
incompatible in melts, but B is more soluble than Be in hydrous fluids, the
subducted component is most likely fluids derived from the subducted slab
(i.e., only fluids would be expected to have B/Be ratios higher than the slab
itself or partial melts of the slab). Similar mixing systematics are observed for

other fluid-mobile trace elements (i.e., Cs, Ba) with respect to the Be isotope
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data, suggesting that fluid may be responsible for the enrichment of these

elements in arcs as well (Morris et al., 1990b).

Trace element mobility during progressive subduction zone metamorphism

The composition of volcanic arc lavas implies that hydrous fluid from

the slab contributes elements to magma sources in subduction zones. The
source of the fluid is hydrous minerals in the slab which release HoO-rich
fluids and other volatiles as the slab is subjected to higher temperatures and
pressures. Subducted slabs are not available for sampling to study directly the
compositional effects of devolatilization, but a record of element mobility
exists in the uplifted fragments of high P/T metamorphic complexes.

The presence of veins with a variety of mineral assemblages in high
P/T metamorphic rocks offers direct evidence that many elements are mobile
in fluids during high P/T metamorphism, but the scale of fluid flow may be
highly variable. Omphacite in veins from the western Alps has been found
to contain aqueous brine inclusions which in turn contain a wide variety of
daughter minerals (e.g., sylvite, Fe-oxides, barite, rutile, titanite and monazite;
Philippot and Selverstone, 1991).  The veins appear to have formed at eclogite
facies conditions, and the presence of these minerals is interpreted as
evidence for the intermittent solubility of HFSE, REE, Ba, Th, Mg, Fe, Na, K,
Ca and P in subduction zones. The preservation of small-scale fluid
heterogeneities and crack-seal textures in these eclogite veins indicates that
fluid may play only a local role in transfer of material from the downgoing
slab to the mantle wedge. The mineralogy of veins in the Catalina schist,
California (e.g., sodic amphibole, lawsonite, albite, epidote, chlorite) also
provides evidence for the mobility of many elements in subduction zones,

including Na, Al, Si, Sr, Rb, Ba, LREE and P (Bebout and Barton, 1989). The




7
scale of fluid mobility and mass transfer in this case appears to have been very
large, because carbon- and oxygen-isotope data for veins and host rocks
suggest that some of the fluid flowed over kilometer-scale distances from low
temperature parts of the subduction complex into higher temperature
regions.

Another approach complementary to the study of veins is the study of
rocks in melange zones and the metasomatic rinds of uplifted blocks
entrained in the melange. Sorensen and Grossman (1989) have documented
that fluids in the amphibolite facies melange in the Catalina schist carried
REE, HFSE, Sr, Th and U and caused an enrichment in these elements in the
accessory minerals of metabasaltic blocks. The elements, K, Rb, Cs and Ba
were found to be decoupled from the rind enrichment process, suggesting

that they escaped the system in fluids.

Problems remaining—rationale for this research

Each of the metamorphic studies described above has focussed on by-
products of the metamorphic fluids in subduction zones (i.e., veins, rinds)
rather than the chemical evolution of the rock sources from which the fluids
and fluid-mobile elements are derived. The magnitude of the compositional
shift experienced by the slab itself as a result of devolatilization and other
fluid-rock interactions has not yet been examined in detail. However, recent
work has taken the approach of determining the compositional effects of
metamorphism on B in rocks analogous to subducted oceanic crust and
sediments (Moran et al., 1992; see also Bebout et al., in press). The average B
concentration in sediments and basalts has been shown to decrease
progressively with increasing metamorphic grade. By granulite facies, all

samples have uniformly low B contents regardless of their protolith
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compositioh (see also Leeman et al., 1992). The temperature-dependent B loss
provides some general insights into subduction processes. In order for
subducted slabs to contain enough B to balance arc magmatic outputs of B, it
appears that temperatures in subduction zones must be relatively cool (well
below slab dry melting temperatures or basalt eruptive temperatures; Moran
et al., 1992). This thesis research extends the analog approach to the study of
metamorphism in subduction zones and provides more detailed insight into
the mechanisms of element mobility during subduction zone
metamorphism.

The most basic question addressed by this research is: What is the effect
of metamorphism on the composition of subducted rocks? Rocks similar to
subducted slabs must be examined to determine whether a record of trace
element mobility exists in subducted rocks complementary to the
enrichments observed in arc lavas. Unmetamorphosed seafloor
compositions have been used extensively to model the altered oceanic crust
and sediment contribution to arc magmas, without regard to the possible
compositional changes that take place in these reservoirs between the trench
and arc magma source depths. If compositional changes occur during
metamorphism, redistribution and/or loss or gain of elements in the
subducted slab must be integrated into models of both arc magma genesis and
the geochemical evolution of the mantle.

The second important issue is the determination of mechanisms of
compositional change during subduction zone metamorphism. For example,
is the release of an element from the rock related to (a) sudden breakdown of
a specific host mineral, or (b) gradual partitioning into a fluid phase over a
protracted reaction history, or (c) some other mechanism? Understanding the

depths and temperatures at which elements are released from the slab could
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place useful constraints on hypotheses for enrichment in slab-derived
elements in arc magmas.

In this study, several approaches have been taken toward a greater
understanding of the compositional effects of progressive metamorphism of
mafic and sedimentary rocks. Geochemical data were acquired for whole-
rocks and minerals in samples that were metamorphosed at P/T conditions
appropriate to subduction zones and that are close lithological analogs for
oceanic crustal rocks.

CHAPTER 1 describes the bulk compositional variations and the mineral
chemical trends in a suite of metasedimentary and metabasaltic rocks from
the Pelona Schist, southern California, which show an appreciable range in
metamorphic grade. The major element mineral compositions are used to
identify compositional changes related to increasing metamorphic grade and
the principle mineral reactions which affected the rocks. Whole-rock
compositions are used to identify compositional characteristics attributable to
chemical evolution during metamorphism and to initial variation in
protolith composition (i.e., depositional and diagenetic effects in
metasedimentary rocks, igneous and seafloor alteration effects in metabasaltic
rocks).

Major element mineral chemical trends in the metasedimentary and
metabasaltic rocks can be explained by continuous and discontinuous
reactions which occurred during prograde metamorphism and involved
phengite, plagioclase, chlorite, amphibole, garnet, biotite and epidote.
Increasing Ti in phengite and amphibole, Ca in plagioclase, and Al in
amphibole are among the concurrent changes in composition which indicate

a continuous increase in metamorphic grade.
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Much of the compositional variation in the metasedimentary rocks can
be attributed to variation in protolith composition. In general, the sediments
were probably graywackes deposited near an active continental margin, but
two distinct groups were identified on the basis of B, Fe, Mg, and transition
metal contents. The relatively greater abundance of graphite in the more B-
rich samples indicates that their distinctive composition. may be attributable
to a sedimentary component rich in organic matter. Tourmaline, which is
present only in these samples, accounts for their relatively high B content.
Comparison with unmetamorphosed sediments suggests that low grade
metamorphism has likely reduced the HO, As, and Sb content of the
metasedimentary rocks. Compositional variation in the metabasaltic rocks
reflects their origin as variably altered MORB-type basalts. Despite
recrystallization at prehnite-pumpellyite through amphibolite facies, their
compositions are very similar to modern seafloor altered basalts. Thus, their
compositions do not appear to have been changed significantly by
metamorphism, except for the probable loss of H>O and B.

CHAPTER 2 presents the variations in trace element concentrations in
minerals from the same metasedimentary and metabasaltic rocks described in
Chapter 1. The major element mineral chemical trends that indicate
increasing grade are compared with trace element compositions of the
minerals in order to identify trace element redistribution among minerals
caused by increasing metamorphism.

The major and trace element mineral compositions, combined with
petrographic information and whole-rock compositions, show the
importance of mineral residency in controlling trace element mobility. In
both metasedimentary and metabasaltic rocks, elements such as Zr, Ce, U, Y

and Nb are largely dependent on trace element-rich accessory phases, whereas
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Cs, Rb, Li, Ba and Sr mainly reside in more modally abundant minerais such
as micas and epidote. The relative distribution of Cs and Rb between
phengite and biotite is consistent with crystal-chemical predictions involving
ionic radius and charge, and the concentrations of the elements in phengite
are seen to decrease with evolving phengite major element composition and
increasing metamorphic grade. Strontium and Li are redistributed among
minerals in response to changes in the composition and modal abundance of
epidote and chlorite, respectively. Comparison of samples with and without
tourmaline shows that tourmaline affects the distribution of B but often is
not the major host phase in terms of whole-rock mass balance. In some
samples, the micas may contain >75% of the whole-rock B content.

These observations support a model of gradual release of fluid-mobile
trace elements from subducted slabs. Prograde continuous reactions
involving mica may particularly control the mobility of some alkali and
alkaline earth elements enriched in arc magmas. Final stripping of these
elements from the slab would be not expected to occur until the upper

stability of mica is reached, probably by reactions involving dehydration

melting.







