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Redistribution of trace elements during prograde metamorphism
from lawsonite blueschist to eclogite facies; implications
for deep subduction-zone processes
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Abstract The transfer of fluid and elements from sub-
ducting crust to the overlying mantle wedge is a funda-
mental process affecting arc magmatism and the
chemical differentiation of the Earth. While the pro-
duction of fluid by breakdown of hydrous minerals is
well understood, the liberation of trace elements remains
generally unconstrained. In this paper, we evaluate the
behaviour of trace elements during prograde metamor-
phism and dehydration using samples of high-pressure,
low-temperature metamorphic rocks from New Cale-
donia. Samples examined include mafic and pelitic rock-
types that range in grade from lawsonite blueschist to
eclogite facies, and represent typical lithologies of sub-
ducting crust. Under lawsonite blueschist facies condi-
tions, the low temperatures of metamorphism inhibit
equilibrium partitioning between metamorphic minerals
and allow for the persistence of igneous and detrital
minerals. Despite this, the most important hosts for
trace-elements include lawsonite, (REE, Pb, Sr), titanite
(REE, Nb, Ta), allanite (LREE, U, Th), phengite
(LILE) and zircon (Zr, Hf). At epidote blueschist to
eclogite facies conditions, trace-element equilibrium may
be attained and epidote (REE, Sr, Th, U, Pb), garnet
(HREE), rutile (Nb, Ta), phengite (LILE) and zircon
(Zr, Hf) are the major trace-element hosts. Chlorite,
albite, amphibole and omphacite contain very low con-
centrations of the investigated trace elements. The

comparison of mineral trace-element data and bulk-rock
data at different metamorphic grades indicates that trace
elements are not liberated in significant quantities by
prograde metamorphism up to eclogite facies. Combin-
ing our mineral trace-element data with established
phase equilibria, we show that the trace elements con-
sidered are retained by newly-formed major and acces-
sory minerals during mineral breakdown reactions to
depths of up to 150 km. In contrast, significant volumes
of fluid are released by dehydration reactions. Therefore,
there is a decoupling of fluid release and trace element
release in subducting slabs. We suggest that the flux of
trace elements from the slab is not simply linked to
mineral breakdown, but results from complex fluid-rock
interactions and fluid-assisted partial melting in the slab.

Introduction

The Earth’s convergent plate boundaries not only rep-
resent sites where oceanic crust is recycled back into the
mantle, but are also responsible for the generation of
new crust in associated magmatic arcs (Taylor and
McLennan 1985). It is widely accepted that hydrous
fluid sourced from dehydrating subducting crust pro-
motes melting in the mantle wedge and the formation of
arc magmas. Experimental (Pawley and Holloway 1993;
Peacock 1993; Liu et al. 1996; Schmidt and Poli 1998)
and geophysical (Lin et al. 1999) studies have confirmed
that large volumes of water may be liberated from the
downgoing plate as hydrous minerals break down dur-
ing conversion from blueschist to eclogite-facies mineral
assemblages.

Trace element liberation accompanying mineral
dehydration is often invoked to explain the distinctive
enrichment of large-ion lithophile elements (LILE; Cs,
Rb, Ba, Sr, Pb) and light-rare earth elements (LREE)
relative to high-field strength elements (HFSE; Ti, Nb,
Ta, Zr, Hf) found in arc magmas (Tatsumi et al. 1986;
Brenan et al. 1995; Kogiso et al. 1997; Becker et al.
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2000). There are a range of minerals that may be
important for hosting water and trace elements in
subducting crust. Of particular interest are calcium
aluminosilicate phases such as lawsonite and the
epidote-group minerals. These phases may be stable in
mafic rocks to pressures in excess of 5 GPa (Ono 1998;
Schmidt and Poli 1998; Okamoto and Maruyama 1999;
Hermann 2002) and may contain significant amounts of
elements such as Sr, Th, U and REE (Domanik et al.
1993; Tribuzio et al. 1996; Ueno 1999; Hermann 2002;
Zack et al. 2002). However, in general there is a lack of
data concerning the trace element composition of laws-
onite, epidote and other high-pressure metamorphic
minerals from both mafic and pelitic rock-types (Trib-
uzio et al. 1996; Arculus et al. 1999). Furthermore, little
is known quantitatively of the behaviour and redistri-
bution of trace elements during mineral dehydration.

In north-eastern New Caledonia lies one of the
world’s largest and most continuous sequences of high-
pressure metamorphic rocks. The sequence contains a
large variety of lithologies that have recrystallised over a
range of metamorphic conditions, and is an excellent
analogue of oceanic crust that was subducted to depths
of up to 70 km (Aitchison et al. 1995; Clarke et al. 1997).
This paper investigates the distribution of trace elements
within mineral assemblages from mafic and pelitic rock
samples from New Caledonia. These rocks range in
grade from lawsonite-blueschist to eclogite-facies and
permit identification of the important trace-element-
hosting minerals, and evaluation of the fate of trace
elements during high-pressure prograde metamorphism.
This information is critical for understanding how ele-
ments are transported from the slab to the mantle wedge
and how arc magmas attain their distinctive trace-
element composition.

Geological setting

An extensive (�2,200 km2) belt of high-pressure meta-
morphic rocks is exposed in north-eastern New Cale-
donia. The belt is interpreted to have formed during

Eocene subduction of an oceanic basin, causing recrys-
tallisation of sedimentary and volcanic protoliths under
blueschist- and eclogite-facies conditions (Aitchison et al.
1995; Clarke et al. 1997). A progressive increase in
metamorphic grade is observed through the belt and a
number of metamorphic isograds have been mapped on
the basis of mineral assemblages (Fig. 1; Black 1977;
Yokoyama et al. 1986). However, the apparent rapid
increase in metamorphic grade is largely due to extensive
disruption of the original sequence by exhumation-
controlled normal faulting (Rawling and Lister 1999;
2002). Protoliths of the lawsonite and epidote blueshists
include a sequence of Cretaceous sandstones, siltstones
and cherts with minor basaltic dykes, rhyolite flows and
carbonates (Brothers 1985). Stratiform Cu-Pb-Zn (Au,
Ag) mineralisation is associated with carbonate schists
and some of the rhyolitic flows (Briggs et al. 1977). The
highest grade rocks are found in the north-east of the
belt and include hornblende-bearing eclogite, garnet-
bearing epidote blueschist and quartz-mica schist.
Blocks of these rock-types occur within a highly sheared
pelite and serpentinite matrix (Maurizot et al. 1989;
Rawling and Lister 1999; 2002). Metamorphic condi-
tions range from 0.7–0.9 GPa, 250–400 �C for lawsonite
blueschist (Black 1974; Clarke et al. 1997) to 1.6–
1.9 GPa, 550–650 �C for eclogite and garnet-bearing
epidote blueschist (Carson et al. 1999; Fitzherbert et al.
2001).

Sample description

Six blueschist to eclogite samples were studied to assess
the distribution of trace elements within representative
rock-types of subducting oceanic crust during prograde
metamorphism. Metamorphic facies are defined
according to Evans (1990). Properties of these samples
are presented in Table 1 and described below. Lawsonite
is expected to greatly influence the rheology (Abers 2000;
Connolly and Kerrick 2002) and water and trace ele-
ment budgets (Tribuzio et al. 1996; Schmidt and Poli
1998, Okamoto and Maruyama 1999) of subducting

Fig. 1 Simplified geological
map of the high-pressure belt of
northern New Caledonia. Also
shown are the location of
samples used in this study and
metamorphic isograds. Isograd
and geology data from
Maurizot et al. (1989),
Yokoyama et al. (1986), Black
(1977) and Brothers (1985)
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slabs. Therefore, we have chosen to investigate three
samples of lawsonite blueschist that are expected to have
reached peak metamorphic conditions of 0.7–0.9 GPa,
250–400 �C (Black 1974; Clarke et al. 1997). Sample 913
is a medium-grained, unfoliated mafic rock that consists
of prismatic lawsonite grains intergrown with acicular
sodic amphibole crystals, chlorite, quartz, albite and
fine-grained titanite (Fig. 2A). Although partially re-
placed, original grains of igneous augite are preserved
within the rock. Rare grains of allanite (<30 lm) also
occur in the groundmass (Fig. 2B). Allanite often con-
tains abundant micron-sized inclusions of quartz and
has thin zoisite rims. Retrograde metamorphism is re-
stricted to minor replacement of lawsonite by chlorite
and actinolite.

Sample 203 is also mafic in composition but is min-
eralogically and texturally much more complex. Mineral
assemblages formed under at least three different meta-
morphic conditions are preserved in the rock. Coarse-
grained igneous pargasite and augite have been altered

to hornblende and sodic amphibole, but large zones of
fresh pargasite are preserved. The peak blueschist-facies
mineral assemblage includes fine-grained titanite, ferro-
glaucophane and chlorite and large euhedral porphyro-
blasts of lawsonite. Greenschist-facies retrogression is
manifest as pseudomorphs of lawsonite porphyroblasts
by pumpellyite and apatite (Fig. 2C) and replacement of
titanite and glaucophane by hornblende and albite.
Chlorite appears to have been stable in both metamor-
phic assemblages. Accessory minerals include subhedral
pyrite and chalcopyrite grains and small zircons
(<10 lm) that occur throughout the groundmass.

Lawsonite is usually associated with blueschist-facies
mafic to intermediate rocks (Poli and Schmidt 1995;
Okamoto and Maruyama 1999) yet it is an important
constitute of many pelitic blueschists from New Cale-
donia (Black 1977). Sample 910 is a pelitic blueschist
that contains unaltered porphyroblasts of lawsonite
within a fine-grained foliated matrix of quartz, albite,
phengite and chlorite. Phases such as calcite, titanite,

Table 1 Mineralogical and metamorphic properties of samples examined in this study

Sample Rock
type

Mineral assemblagea Calculated H2O
contentb

LOIc Pressure
(GPa)

Temperature
(�C)

Sourced

Igneous Peak
metamorphism

Retrograde

Lawsonite blueschist
913 Mafic aug [10] laws [27], gl [30],

qtz [10], alb [4], chl
[15], tnt [4], all [t]
zrc [t]

5.47 4.95 0.8–1.0 350–400 1

203 Mafic aug [2],
parg [32]

laws [10], gl [12],
qtz [6], tnt [4], chl
[8], py+cpy [1]
zrc [t]

pmp [10], alb [6],
hbl [10], apa [0.5],
chl [8]

3.73 3.66 0.8–1.0 350–400 1

910 Pelite alb [32], phg [26],
qtz [27.5], chl
[10.5], laws [1],
tnt [1.7], apa [0.5],
clc [1], zrc [t]

2.92 2.93 0.8–1.0 350–400 1

Garnet-bearing epidote blueschist
1101 Alkaline phg [22], gl [53] tnt [6] 2.22 2.07 1.6–1.8 550–600 2, 3

Mafic gt [10], ep [5],
ap [2], rt [t], zrc [t],
qtz [t]

Eclogite
803 Mafic gl [28], omp [30],

gt [20], zoi [11],
qtz [6], rt [1.8],
py [t], zrc [t]

tnt [t] 0.82 0.51 1.6–1.9 520–580 2, 3

Quartz-phengite schist
1008 pelite qtz [46.5], phg [37],

hbl [8.5], gt [6],
ep [0.5], rt [0.3],
apa [0.3], zrc [t]

gl [1] 1.82 2.09 1.6–1.9 550–620 2, 3

aNumbers in brackets refers to modal percentage; t trace. Mineral
abbreviations; aug augite, parg pargasite, laws lawsonite, gl glau-
cophane; qtz quartz, alb albite, chl chlorite, tnt titanite, all allanite,
zrc zircon, py pyrite, cpy chalcopyrite, pmp pumpellyite, hbl horn-
blende, apa apatite, phg phengite, clc calcite, gt garnet, ep epidote,
rt rutile, omp omphacite, zoi zoisite
bH2O content calculated from mineral compositions (Table 3) and
mineral modes

cLOI values from Table 2
dSources of pressure and temperature estimates for peak meta-
morphism include; 1 Black (1977) and Clarke et al. (1997); 2
Carson et al. (1999) and Fitzherbert et al. (2001); 3 temperatures
calculated from garnet-clinopyroxene (Ellis and Green 1979), gar-
net-amphibole (Graham and Powell 1984) and garnet phengite
(Green and Hellman 1984) thermometry
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apatite and zircon are a minor component of the rock.
The total mineral assemblage has been unaffected by
retrogression.

To investigate trace element characteristics at higher
metamorphic grades we have selected three samples for
detailed study; a garnet-bearing epidote blueschist, an
eclogite and a quartz-mica metapelite. The garnet-
bearing epidote blueschist sample (1101) is coarse-
grained, well foliated and is mineralogically dominated
by glaucophane and phengite, reflecting its relatively
alkaline composition. Garnet, titanite, epidote and
apatite comprise the remainder of the rock. Garnet oc-
curs as coarse idioblastic grains containing inclusions of
albite, chlorite, epidote, titanite, rutile and quartz. Rutile
also occurs as fine grains mantled by retrograde titanite
and as inclusions in phengite. Zircon is present in
trace amounts, and is often associated with titanite and
rutile. Epidote grains may also be enveloped by retro-
grade titanite but more commonly form discreet grains
with complex zoning between allanite and zoisite
(Fig. 2D). Again the allanite/zoisite grains may contain
quartz inclusions.

Sample 803 is an unfoliated eclogite consisting of
1–2 mm grains of porphyroblastic garnet, quartz and

tabular zoisite set in a fine-grained matrix of glauco-
phane and omphacite. Paragonite, phengite, pyrite, ru-
tile and zircon are also present in minor or trace
amounts. Garnets are zoned and contain an assemblage
of mineral inclusions that is the same as the groundmass
assemblage. Retrogression is limited to thin titanite
overgrowths on rutile.

The sixth sample (1008) examined for this study
represents a high-grade equivalent to the pelitic sample
910. Sample 1008 is a coarse-grained, strongly foliated
schist dominated by quartz and phengite. Idioblastic
garnet and hornblende are the only other major mineral
components. Glaucophane occurs as rims on hornblende
and is interpreted to be retrogressive. Accessory miner-
als include apatite, rutile, zircon and epidote. As with
samples 1101, the epidote grains are multiply zoned
between zoisite and allanite (Fig. 2E, F).

Analytical techniques

Fused whole rock samples were analysed for major elements, Cu,
Zn and Cr using a PW2400 wavelength-dispersive X-ray fluores-
cence (XRF) spectrometer housed at the Department of Geology,

Fig. 2 A Photomicrograph of
mafic sample 913 under
transmitted light.
B Backscattered SEM image of
an allanite grain in 913.
C Photomicrograph of mafic
sample 203 under transmitted
light. Light-coloured
porphyroblasts are lawsonite
partially replaced by
pumpellyite and apatite. The
groundmass consists of fine-
grained chlorite, glaucophane,
hornblende, titanite, albite,
pargasite, and quartz. The
circled opaque grains are pyrite
and chalcopyrite.
D Backscattered SEM image of
a zoned allanite/zoisite grain
from mafic sample 1101.
E, F Backscattered SEM image
of zoned allanite/zoisite grains
from pelitic sample 1008.
Mineral abbreviations as in
Table 1
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Australian National University (ANU). All other trace element
concentrations were determined on fused discs by laser ablation,
inductively-coupled plasma mass spectrometry (LA ICP-MS) at the
Research School of Earth Sciences (RSES), ANU. The LA ICP-
MS employs an ArF (193 nm) EXCIMER laser and a Fisons PQ2
STE ICP-MS. A spot size of 100 lm was used and the counting
time was 40 s for the background and between 80–120 s for sample
analysis. Instrument calibration was against NIST 612 glass using
the reference values presented in Table 2. 43Ca was employed as the
internal standard isotope, based on CaO concentrations previously
measured by XRF. Loss-on-ignition (LOI) values were calculated
from the mass difference to 2 g of powdered sample after heating to
1010 �C for one hour.

Major-element mineral compositions were determined from
rock thin sections using an energy-dispersive spectrometer (EDS)
equipped, JEOL 6400 scanning electron microscope (SEM), housed

at the Research School of Biological Sciences, ANU. Accelerating
voltage, beam current and counting time were set at 15 kV, 1 nA
and 100 s respectively. Allanite grains in samples 913 and 1008
were analysed at the RSES by wavelength dispersive spectrometry
using a Cameca SX 100 electron microprobe. Acceleration voltage
was again set to 15 kV, beam current was 20 nA and the total
counting time was 307 s. Rare earth elements and Y were stan-
dardised using a set of pure REE and Y phosphates synthesised by
the Chinese Ceramic Society. Synthetic ThO2 and (Sr,Ba)Nb2O6

were used as standard for Th and Sr respectively.
Mineral trace elements were acquired in-situ by LA ICP-MS

under similar running conditions to those described above, al-
though spot sizes varied from 65 to 23 lm. All minerals were
quantified using either 43Ca or 27Al as the internal standard iso-
tope, except rutile for which 49Ti was employed. Mineral grains
were chosen to avoid mineral inclusions during analysis. However,

Table 2 Whole-rock
geochemistry of the examined
samples. Also shown are the
NIST 612 values used for
LA-ICP MS data reduction.
Major elements expressed as
weight percent oxides, trace
elements in ppm

Sample no. 913 203 910 1101 803 1008 NIST 612
Rock type Lawsonite

blueschist
Lawsonite
blueschist

Lawsonite
blueschist

Garnet-epidote
blueschist

Eclogite Quartz-mica
schist

Glass
standard

SiO2 50.39 45.82 66.08 49.60 50.36 71.75
TiO2 1.83 2.21 0.80 2.89 1.90 0.54
Al2O3 14.63 13.19 15.28 15.01 13.59 12.59 1.95
FeO 9.28 12.76 4.69 9.57 12.60 3.72
MnO 0.11 0.26 0.09 0.37 0.21 0.11
MgO 6.81 8.68 1.91 7.25 7.13 2.31
CaO 8.33 9.16 1.21 5.61 9.23 1.75 11.85
Na2O 2.65 3.43 3.86 3.75 3.50 0.61
K2O 0.12 0.03 2.77 2.29 0.02 3.87
P2O5 0.23 0.20 0.17 0.85 0.14 0.13
S03 0.10 1.05 0.01 0.00 0.41 0.09
LOI 4.95 3.66 2.93 2.07 0.51 2.09
Total 99.43 100.45 99.80 99.26 99.60 99.56
Cu 44 nd 37 29 65 6
Zn 89 nd 86 88 127 15
Cr 132 nd 27 208 88 19 38
P 1,006 1,197 685 3,603 609 520 55
Sc 36.42 56.36 15.65 25.61 46.78 13.68 39
Ti 10,328 15,774 4,227 17,251 10,416 3,085 41
V 269 541 155 193 394 83.6 38
Co 30.1 59.4 9.19 35.5 46.5 12.12 35.5
Ni 65.1 72.8 20.3 84.7 55.1 26.5 38
Rb 2.47 0.14 108.9 74.11 0.09 55.04 32
Sr 240 146 66.0 303 83.2 159 78
Y 48.93 52.56 26.68 41.11 51.52 31.70 42
Zr 203 132 159 268 117 182 41
Nb 8.29 3.33 7.22 50.67 2.63 7.20 42
Mo 0.84 1.04 1.45 1.09 1.74 2.37 38.3
Cs nd nd 2.61 0.87 nd 1.60 41.5
Ba 25.56 5.09 700 691 2.48 240 38.5
La 9.77 3.80 22.56 40.96 3.30 18.48 36
Ce 25.04 13.20 36.26 82.2 10.23 42.19 38
Pr 3.72 2.50 5.64 10.02 1.92 5.14 38
Nd 18.77 14.30 23.58 42.04 11.00 21.61 35
Sm 6.01 5.24 5.02 9.51 4.26 5.03 38
Eu 1.99 1.87 1.19 3.18 1.40 1.03 36
Gd 7.43 7.40 4.40 9.01 6.15 4.76 38
Tb 1.26 1.33 0.72 1.30 1.14 0.77 36
Dy 7.78 8.60 4.42 7.33 7.92 5.03 36
Ho 1.63 1.85 0.89 1.37 1.73 1.07 38
Er 4.57 5.46 2.59 3.77 5.27 3.28 38.5
Tm 0.62 0.76 0.38 0.50 0.75 0.51 38
Yb 4.21 5.15 2.74 3.09 5.05 3.79 39
Lu 0.64 0.78 0.43 0.46 0.79 0.61 38
Hf 4.90 3.49 4.22 5.80 3.20 4.75 37
Ta 0.52 0.25 0.54 3.36 0.15 0.47 41
Pb 2.81 4.62 9.58 14.94 0.66 9.34 38.6
Th 2.00 0.02 8.36 4.13 0.18 6.72 37.8
U 0.52 0.02 1.90 1.67 0.08 2.37 37.4

See text for analytical details.
nd, No data. Number of sig-
nificant figures shown indicates
level of precision
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interference from inclusions was detected in many analyses and in
all cases these interferences could be removed or avoided during
data reduction. Minerals such as albite, chlorite and glaucophane
have low trace element contents and are relatively uniform in
composition, and hence only required a few LA-ICP-MS analyses.
Minerals with relatively high trace-element compositions and/or
long growth histories (lawsonite, titanite, garnet, epidote) often are
complexly zoned and required a larger number of analyses.

Whole-rock geochemistry

The major and trace element compositions of all of the
samples studied are presented in Table 2 and Fig. 3.
Samples 203 and 803 have similar compositions indi-
cating that they were formed from a common mafic
protolith. Both have composition similar to normal mid
ocean ridge basalt (NMORB; Fig. 3A), but have slight
negative Eu and Sr anomalies, high Ti and Fe contents

and low LILE contents. These features are typical of
mid ocean ridge gabbros. The presence of coarse Ti-rich
pargasite and augite in 203 also supports a gabbroic
protolith (Tribuzio et al. 2000). The trace element con-
tent of augite could not be measured due to partial
replacement by metamorphic amphibole. However reli-
able analyses of Ti pargasite were obtained (Table 3 and
Electronic Supplementary Table 1), allowing calculation
of the original melt composition using amphibole/liquid
partition coefficients (Fig. 3A). The calculated melt
composition is very similar to the whole-rock composi-
tion of sample 203.

Samples 913 and 1101 are also mafic in composition
although they contain higher concentrations of incom-
patible elements (Fig. 3B, C). 913 is relatively subalka-
line but has enriched (E) MORB-like trace-element
characteristics. As with sample 203, an estimate of the
original trace-element melt composition of sample 913 is
attainable using the composition of the original igneous
augite (Table 3 and Electronic Supplementary Table 1)
that is preserved in the rock and clinopyroxene/liquid
partition coefficients. Again, calculated melt patterns
(Fig. 3B) are similar to the bulk-rock composition for
most elements. Garnet–bearing epidote blueschist sam-
ple 1101 is relatively low in CaO, but has high incom-
patible-element contents. These characteristics are
typical of alkaline or ocean-island basalts (Sun and
McDonough 1989; Wilson 1989). Furthermore 1101 is

Fig. 3A–D NMORB and GLOSS normalised trace-element varia-
tion diagrams of blueschist and eclogite-facies samples. Values for
NMORB and GLOSS normalisation from Sun and McDonough
(1989) and Plank and Langmuir (1998), respectively. A Whole-rock
data for samples 203 and 803 and calculated melt data for 203. The
calculated melt was determined using the composition of pargasite
and partition coefficients from Rollinson (1993). B Whole-rock and
calculated melt data for 913. Melt data were calculated using augite
compositions and partition coefficients of White (2001). C Whole-
rock data for sample 1101 and a low-grade alkaline dolerite.
D Whole-rock data for pelitic samples 910 and 1008

210



T
a
b
le

3
R
ep
re
se
n
ta
ti
v
e
m
a
jo
r
el
em

en
t
m
in
er
a
l
a
n
a
ly
se
s.
S
ee

te
x
t
fo
r
d
et
a
il
s.
M
in
er
a
l
a
b
b
re
v
ia
ti
o
n
s
a
s
in

T
a
b
le

1
.
M
et
a
m
o
rp
h
ic

g
ra
d
e
a
b
b
re
v
ia
ti
o
n
s;
ig

ig
n
eo
u
s,
b
l
b
lu
es
ch
is
t,
ec

ec
lo
g
it
e,

rg
re
tr
o
g
ra
d
e

M
in
er
a
l

a
u
g

a
u
g

p
a
rg

la
w
s

la
w
s

la
w
s

tn
t

tn
t

tn
t

tn
t

g
l

g
l

g
l

ch
l

ch
l

a
lb

g
t
co
re

g
t
ri
m

g
t
co
re

g
t
ri
m

h
b
l

o
m
p

rt
a
p
a

a
p
a

p
h
g

p
h
g

p
h
g

p
u
m
p

zo
i

zo
i

S
a
m
p
le

9
1
3

2
0
3

2
0
3

9
1
3

9
1
0

2
0
3

1
1
0
1

9
1
3

9
1
0

2
0
3

1
1
0
1

8
0
3

9
1
3

9
1
3

9
1
0

9
1
0

1
0
0
8

1
0
0
8

8
0
3

8
0
3

1
0
0
8

8
0
3

8
0
3

1
1
0
1

1
0
0
8

1
0
0
8

1
1
0
1

9
1
0

2
0
3

1
1
0
1

8
0
3

m
m
p
h

g
ra
d
e

ig
ig

ig
b
l

b
l

b
l

b
l

b
l

b
l

b
l

b
l

ec
b
l

b
l

b
l

b
l

ec
ec

ec
ec

ec
ec

ec
b
l

ec
ec

b
l

b
l

rg
b
l

ec

S
iO

2
5
2
.1
6

5
2
.4
6
4
5
.6
7
3
8
.3
4

3
8
.4
1
3
8
.0
9
3
0
.3
4
3
1
.4
9

3
1
.2
9

3
0
.1
1
5
7
.4
8
5
8
.2
9
5
7
.3
6

2
7
.5
8
2
5
.1
3
6
9
.1
1

3
6
.8
8

3
7
.5
5

3
7
.2
6

3
8
.0
3

4
6
.1
8
5
5
.6
2

4
8
.2
3
5
0
.3

5
0
.7

3
6
.9
5

3
7
.5
4
3
8
.0
5

T
iO

2
0
.5
1

0
.2
9

1
.8
8

0
.5
9

0
.1
3

0
.2
6

3
9
.0
2
3
6
.4
1

3
7
.3
5

3
9
.0
5
0
.0
3

0
.0
7

0
.2
3

0
0
.0
5

0
.0
8

0
.1
6

0
.0
5

0
.5

0
.0
3

1
0
0
.1
1

0
.9

0
.3
2

0
.1
5

2
.9
2

0
.0
9

0
.1
2

A
l 2
O

3
3
.8
4

2
.0
3

1
0
.2
6
3
1
.4
1

3
1
.8
2
3
1
.8
2
1
.3
5

2
.2
3

2
.3

1
.0
4

1
0
.2
4
1
0
.5
9
1
0
.7
1

1
8
.7
8
1
9
.3
6
1
9
.5
3

2
0
.7
2

2
1
.1
7

2
0
.6
9

2
1
.4
6

1
2
.2
6
9
.7
9

0
.1
0

2
7
.3

2
6
.2
5
2
6
.5
2
2
4
.0
4

2
5
.1
3
2
7
.8
4

F
e 2
O

3
0
.5
6

0
.2
0

0
.5
3

0
.2
9

1
.2
1

0
.7
1

0
.4
3

0
.0
9

3
.1
1

1
0
.5
6
6
.8
2

F
eO

9
.3
8

9
.6
7

1
3
.8
8

9
.3
9

8
.3
6

1
4
.9
5

2
2
.8
8
3
3
.3

2
4
.7
5

2
6
.2
7

2
4
.3

2
7
.9
1

1
3
.7
3
5
.3
4

0
.0
6

0
.1
4

3
.4
1

3
3
.6
9

M
n
O

0
.1
5

0
.2
4

0
.4
9

0
.0
0

0
.1
2

0
.0
3

0
.0
4

0
0
.0
2

0
.1
1

0
.0
2

0
0
.0
9

0
.1
6

0
.5
7

7
.7
5

1
.9
9

4
.8
6

0
.1
7

0
0
.0
7

0
0
.0
4

0
.0
2

1
.1
4

0
.3
5

0
.1
8

M
g
O

1
5
.2
1

1
3
.1
3
1
1
.9

0
.0
7

0
.0
2

0
.0
1

1
1
.8
5
1
1
.8
6
7
.5
2

1
8
.0
3
1
0
.4
6

2
.1
4

3
.6
2

0
.8
2

2
.8
7

1
1
.4
6
8
.3

0
0
.0
4

3
.1
2

3
.6
4

2
.7
2

3
.1
1

0
.1
0

0
.1
5

C
a
O

1
7
.2

2
1
.5
6
1
0
.9
1
1
7
.6
8

1
6
.9
6
1
7
.2
8
2
8
.4
9
2
8
.3
6

2
7
.9
1

2
8
.2
2
1
.6
5

0
.8
4

0
.5
6

0
0
.0
8

0
.0
0

8
.5
5

8
.9
8

1
1
.2
3

9
.7
1

9
.3
1

1
3
.7
8

5
4
.9
7
5
4
.0
4
0

0
.0
6

2
2
.0
5

2
2
.9
2
2
3
.8
3

N
a
2
O

1
.5
8

0
.4
7

2
.8
7

0
.1
1

6
.7
7

7
.3
2

7
.6
4

0
.2
1

1
1
.7
2

0
.0
9

0
.1
6

0
0
.0
5

3
.5
6

6
.8
3

0
.7
5

0
.5

0
.4
4

0
.3
1

0
.0
9

0
.0
0

K
2
O

0
.0
2

0
.0
4

0
0
.0
0

0
.6

9
.9
4

1
0
.8
1
1
0
.4
7

P
2
O

5
4
0
.5
4
3
9
.6
7

H
2
O

(c
a
lc
)

2
.0
4

1
1
.4
6

1
1
.3
8
1
1
.3
9
0
.3
5

0
.9
7

0
.7
7

0
.2
8

2
.1
8

2
.1
9

2
.1
6

1
1
.5
4
1
1
.0
1

2
.0
5

4
.3
8

4
.4
4

4
.4
4

5
.5
3

1
.8
8

1
.9
1

T
o
ta
l

1
0
0
.0
3
9
9
.8
5
9
9
.9
2
1
0
0
.2
2
9
9
.0
4
9
9
.4
2
9
9
.8
8
1
0
0
.6
7
1
0
0
.3
5
9
9
.2
4
9
9
.6
5
9
9
.5
2
1
0
1
.2
2
9
9
.1
8
9
9
.9
1
1
0
0
.3
6
1
0
0
.9
3

9
9
.8
2

9
9
.3
2

1
0
0
.2
5
9
9
.6
5
9
9
.7
6

9
5
.5
7
9
3
.8
9
9
8
.0
3
9
9
.3
6
9
9
.1
5
9
9
.1
7

9
8
.6
6
9
8
.9
0

O
x
y
g
en
s

u
se
d

6
6

2
3

8
8

8
5

5
5

5
2
3

2
3

2
3

2
8

2
8

8
1
2

1
2

1
2

1
2

2
3

6
2

1
2
.5

1
2
.5

2
2

2
2

2
2

1
2
.5

1
2
.5

1
2
.5

S
i

1
.9
1

1
.9
6

6
.6
8

2
.0
1

2
.0
2

2
.0
1

0
.9
9

1
.0
3

1
.0
2

0
.9
9

7
.8
6

7
.9
4

7
.9
4

5
.7
3

5
.4
8

3
.0
0

2
.9
5

2
.9
7

3
.0
0

3
.0
0

6
.7
0

1
.9
8

6
.6
1

6
.7
9

6
.8
5

3
.0
0

3
.0
0

2
.9
9

T
i

0
.0
1

0
.0
1

0
.2
1

0
.0
2

0
.0
1

0
.0
1

0
.9
6

0
.8
9

0
.9
2

0
.9
7

0
.0
0

0
.0
1

0
.0
2

0
.0
0

0
.0
0

0
.0
0

0
.0
0

0
.0
1

0
.0
0

0
.0
5

0
.0
0

1
.0
0

0
.0
9

0
.0
3

0
.0
2

0
.1
8

0
.0
1

0
.0
1

A
l

0
.1
7

0
.0
9

1
.7
7

1
.9
4

1
.9
8

1
.9
7

0
.0
5

0
.0
9

0
.0
9

0
.0
4

1
.6
5

1
.7
0

1
.7
5

4
.6
0

4
.9
7

1
.0
0

1
.9
5

1
.9
8

1
.9
6

1
.9
9

2
.1
0

0
.4
1

0
.0
0

4
.4
1

4
.1
8

4
.2
2

2
.3
0

2
.3
6

2
.5
8

F
e3

+
0
.1
0

0
.0
0

0
.2
3

0
.0
2

0
.0
1

0
.0
2

0
.0
1

0
.0
3

0
.0
2

0
.0
1

0
.3
5

0
.2
4

0
.1
1

3
.9
8

6
.0
7

1
.6
5

1
.7
4

1
.6
4

1
.8
4

0
.3
8

0
.0
6

0
.0
0

0
.3
9

0
.3
4

0
.4
2

0
.1
9

0
.6
3

0
.4
0

F
e2

+
0
.1
9

0
.3
0

1
.4
6

0
.7
3

0
.7
1

1
.6
2

1
.2
9

0
.1
0

0
.0
0

0
.0
0

M
n

0
.0
0

0
.0
1

0
.0
6

0
.0
0

0
.0
1

0
.0
0

0
.0
0

0
.0
0

0
.0
0

0
.0
0

0
.0
0

0
.0
0

0
.0
1

0
.0
3

0
.1
1

0
.5
2

0
.1
3

0
.3
3

0
.0
1

0
.0
0

0
.0
0

0
.0
0

0
.0
0

0
.0
0

0
.0
0

0
.0
0

0
.0
8

0
.0
2

0
.0
1

M
g

0
.8
3

0
.7
3

2
.5
9

0
.0
1

0
.0
0

0
.0
0

1
.0
0

0
.9
9

0
.9
8

1
.0
0

2
.4
1

2
.4
1

1
.5
5

5
.5
9

3
.4
0

0
.2
5

0
.4
3

0
.1
0

0
.3
4

2
.4
8

0
.4
4

0
.0
0

0
.0
1

0
.6
4

0
.7
3

0
.5
5

0
.3
8

0
.0
1

0
.0
2

C
a

0
.6
7

0
.8
6

1
.7
1

0
.9
9

0
.9
6

0
.9
7

0
.2
4

0
.1
2

0
.0
8

0
.0
0

0
.0
2

0
.0
0

0
.7
3

0
.7
6

0
.9
7

0
.8
2

1
.4
5

0
.5
3

5
.0
9

5
.0
4

0
.0
0

0
.0
1

0
.0
0

1
.9
2

1
.9
6

2
.0
1

N
a

0
.1
1

0
.0
3

0
.8
1

0
.0
1

1
.7
9

1
.9
3

2
.0
5

0
.0
8

0
.0
0

0
.9
9

0
.0
1

0
.0
2

0
.0
0

0
.0
1

1
.0
0

0
.4
7

0
.2
0

0
.1
3

0
.1
2

0
.0
5

0
.0
1

0
.0
0

K
0
.0
0

0
.0
1

0
.0
0

0
.0
0

0
.0
0

0
.1
1

1
.7
4

1
.8
6

1
.8
1

P
2
.9
6

2
.9
8

C
a
ti
o
n

su
m

4
.0
0

4
.0
0

1
5
.5
3
5
.0
0

4
.9
8

4
.9
9

3
.0
2

3
.0
3

3
.0
2

3
.0
2

1
5
.0
4
1
5
.0
5
1
5
.1
3

2
0
.0
1
2
0
.0
4
4
.9
9

8
.0
8

8
.0
4

8
.0
1

8
.0
1

1
5
.5
6
4
.0
0

1
.0
0

8
.0
5

8
.0
3

1
4
.0
7
1
4
.0
8
1
3
.9
8
8
.1
0

8
.0
1

8
.0
1

211



very similar in composition to a low-grade alkaline
dolerite (Fig. 3C) that outcrops to the west of (below)
the lawsonite isograd (see Fig. 1).

The trace-element composition of the pelitic samples
910 and 1008 are compared with the calculated average
global subducting sediment (GLOSS; Plank and Lang-
muir 1998) in Fig. 3D. The distinct Sr anomaly is due to
the incorporation of a Sr-rich carbonate component in
GLOSS (Plank and Langmuir 1998). Despite this, both of
the pelite samples are similar to GLOSS and therefore are
excellent analogues of subducted sedimentary material.
Moreover, the pelites are very similar in composition,
indicating they were originally part of the same sedi-
mentary sequence.

Loss on ignition (LOI) values for all samples compare
closely to bulk-rock water contents calculated using min-
eral compositions and modes (Table 1), indicating that
water comprises most of the volatile component of the
samples. As the lawsonite blueschists have higher water
contents than their higher-grade counterparts, metamor-
phism ismost likely tobeaccompaniedbydevolatilisation.

Mineral chemistry

Major element mineral compositions are presented in
Tables 3 and 4. For amphibole and clinopyroxene,

ferric and ferrous iron contents were calculated on the
basis of charge balance. All iron was assumed to be
Fe3+ for lawsonite, pumpellyite, rutile, titanite and
zoisite and Fe2+ for mica, garnet, chlorite, apatite and
allanite. The water content of hydrous minerals was
calculated assuming stoichiometry. The major-element
compositions of metamorphic minerals are typical of
blueschist and eclogite-facies rocks. Lawsonite and al-
bite deviate very little from their ideal formula. Tita-
nites often contain small amounts of Al and Fe. Sodic
amphibole varies from Fe-rich glaucophane in the
lawsonite blueschists to glaucophane in the higher-
grade rocks. Phengite has �3.3 Si per-formula-unit
(pfu) in samples 1101 and 1008 and �3.4 Si pfu for 910.

Garnet in the higher-grade rocks is dominantly
almandine in composition, but does have significant
zoning from spessartine-rich cores to spessartine-poor
rims. These compositions are consistent with growth of
garnet during prograde metamorphism. Omphacite in
803 contains approximately 0.4 mole of jadeite and 0.06
mole of aegerine. Zoisite in all samples has between 0.1–
0.2 moles of pistacite and the hornblende in 1008 is
barroisitic.

There is very little major-element chemical variation
in most of the minerals examined in this study. In con-
trast, the trace element characteristics of the minerals
can be highly complex and therefore requires in-depth

Table 4 Major element
composition of allanite from
samples 913 and 1008. See text
for analytical details

Sample 913-1 core 913-2 core 913-3 core 913-4 core 913-5 rim 1008-1 1008-2 1008-3

SiO2 33.97 31.66 32.20 32.06 35.72 38.31 37.98 36.28
Al2O3 21.66 20.43 21.09 21.07 23.10 25.57 25.13 23.74
FeO 10.86 10.98 10.56 10.90 11.90 7.96 8.05 8.57
MnO 0.21 0.19 0.19 0.25 0.28 0.10 0.10 0.09
MgO 0.07 0.06 0.06 0.07 0.04 0.26 0.30 0.26
CaO 14.32 13.79 14.82 14.85 21.18 21.36 21.34 20.57
SrO 2.22 2.33 2.66 4.00 0.36 0.56 0.59 0.68
Y2O3 0.05 0.03 0.08 0.08 0.13 0.17 0.15 0.05
La2O3 2.14 2.26 1.77 1.58 0.49 0.58 0.67 0.63
Ce2O3 5.52 5.75 4.71 3.74 1.17 1.30 1.51 1.62
Pr2O3 0.83 0.85 0.73 0.55 0.16 0.09 0.23 0.20
Nd2O3 3.68 3.78 3.32 2.67 0.77 0.60 0.72 0.76
Sm2O3 0.55 0.37 0.57 0.37 0.15 0.15 0.16 0.23
Gd2O3 0.21 0.04 0.10 0.06 0.12 0.08 0.13 0.11
ThO2 0.45 0.21 0.61 0.68 0.14 0.34 0.25 0.44
H2O (calc) 1.67 1.58 1.61 1.61 1.76 1.85 1.83 1.76
Total 98.43 94.31 95.06 94.54 97.46 99.27 99.15 96.00
Oxygens 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5
Si 3.04 2.99 2.99 2.98 3.04 3.11 3.10 3.09
Al 2.29 2.28 2.31 2.31 2.31 2.45 2.42 2.38
Fe 0.81 0.87 0.82 0.85 0.85 0.54 0.55 0.61
Mn 0.02 0.01 0.01 0.02 0.02 0.01 0.01 0.01
Mg 0.01 0.01 0.01 0.01 0.00 0.03 0.04 0.03
Ca 1.38 1.40 1.48 1.48 1.93 1.86 1.87 1.88
Sr 0.12 0.13 0.14 0.22 0.02 0.03 0.03 0.03
Y 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00
La 0.07 0.08 0.06 0.05 0.02 0.02 0.02 0.02
Ce 0.18 0.20 0.16 0.13 0.04 0.04 0.04 0.05
Pr 0.03 0.03 0.02 0.02 0.01 0.00 0.01 0.01
Nd 0.12 0.13 0.11 0.09 0.02 0.02 0.02 0.02
Sm 0.02 0.01 0.02 0.01 0.00 0.00 0.00 0.01
Gd 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Th 0.01 0.00 0.01 0.01 0.00 0.01 0.00 0.01
Cation sum 8.11 8.14 8.14 8.18 8.27 8.14 8.13 8.15
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analysis. Strontium and Pb compositions from three
mafic samples, and mineral REE patterns for all samples
are presented in Figures 4 and 5 respectively. Due to the
similar charge and ionic radii of Sr (2+; 132 pm) and Pb
(2+; 133 pm), the concentration of these elements di-
rectly correlate in the minerals (Fig. 4). In the blueschist-
facies samples, albite, glaucophane and chlorite contain
low concentrations of most trace elements (Figs. 4 and
5; Electronic Supplementary Table 1). Lawsonite in all
samples has very high Sr concentrations. In the mafic
samples, lawsonite has appreciable Th and Pb and low
HFSE and U contents. REE patterns for lawsonite may
be flat, HREE-depleted or LREE-enriched and range
from 1–100 times chondritic values. Lawsonite in 910 is
a minor phase but contains high concentrations of Th, U
and Pb. REE patterns are between 10–1,000 times
chondrite and are slightly LREE enriched, reflecting the
bulk-rock REE content. Calcite in samples 910 also has
very high Sr contents, but contains very low levels of
other investigated elements.

Titanite in all of the blueschist samples may contain
high concentrations of REE, HSFE, Sr, Ba, Th, U and
Pb (Figs. 4 and 5). However, there are large variations in
the trace element compositions of grains within and
between samples. We suggest that these variations reflect
the timing of titanite growth with respect to other trace
element-rich minerals and variations in bulk-rock trace
element contents. Most titanite grains in sample 203
have strongly LREE-depleted REE patterns and low
concentrations of Zr and Hf. These grains are inter-
preted as crystallising from a LREE-depleted matrix
after lawsonite formation and in the presence of zircon.
One grain has a flat REE pattern with a positive Eu
anomaly and relatively low Sr and high Zr and Hf
contents. We suggest this grain formed prior to meta-

morphism by hydrothermal alteration of igneous-de-
rived Fe-Ti oxides or pargasite and plagioclase. Sample
913 contains titanite with relatively flat REE patterns,
and variable U, Th, Zr and Hf contents indicating
crystallisation occurred with or without zircon, but prior
to lawsonite or allanite growth. Titanite in sample 910 is
similar to 913 except it has higher Nb, Pb, Th and U
contents and convex-up REE patterns. Titanite in
sample 1101 is enriched in Nb and Ta but has very low
Ba, Zr and Hf contents. REE patterns are consistently
LREE depleted, but absolute REE concentrations vary
considerably. These features are consistent with retro-
grade formation of titanite from rutile in the presence of
zircon, phengite and epidote.

The epidote-group minerals have by far the largest
variations in composition. Despite the application of
high-precision analytical techniques, major-element alla-
nite analyses often gave low totals and poor stoichiometry
(Table 4). We attribute this to the presence of unac-
counted Fe3+ and difficulties associated with measuring
REE. Nonetheless, determination of REEs, Y, Sr and Th
by WDS microprobe compares well with LA ICP-MS
analyses (samples 913 inFig. 5).Allanite is a tracemineral
in sample 913 and contains very high concentrations of
light tomiddleREE, (�10 wt%), Sr (up to 4 wt%) andTh
(up to 1 wt%). Significant amounts of Ba, U and Pb are
also present. WDS microprobe analyses reveal that the
thin zoisite rims around allanite also host high concen-
trations of these elements. Allanite in samples 1008 and
1101 also has high REE, Th, U, Pb and Sr but low Ba
contents. In both samples, there is a progressive decrease
in these elements to zoisite which is consistent with the
zoning seen under backscatter SEM images (Fig. 2). The
cause of the positive Eu anomaly in zoisite is uncertain,
butmay be related to late-stage breakdownof plagioclase.
Epidote in sample 803 is zoisite with relatively flat REE
patterns. Nonetheless, it also contains high but variable
concentration of REE, Sr, Pb, Th and U.

Fig. 4 Sr and Pb compositions for bulk-rock and minerals of mafic
samples 913, 1101 and 803
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Fig. 5 Chondite-normalised
rare-earth element plots of
metamorphic minerals.
Normalising values from
Taylor and McLennan (1985)
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Apatite hosts significant amounts of Sr, Pb and REE,
but also has considerable compositional variation within
and between samples. Metamorphic apatite in samples
1101 and 1008 has slightly convex to LREE-depleted
REE patterns and have notable variations in LREE
content. There is a decrease in LREE and Sr concen-
tration from the core to rim of apatite grains from 1101.
In sample 910, apatite has LREE-enriched REE patterns
with a large negative Eu anomaly and is unlike the
metamorphic apatites from samples 1101 and 1008.
Apatite in sample 910 is similar in composition to apa-
tite from granitic rocks (Belousova et al. 2001) and
hence is interpreted to be detrital grains that have
resisted metamorphic alteration.

Preservation of zoning in garnet is typical of high-
pressure metamorphic rocks, although trace element
zoning has rarely been reported (Rubatto 2002). Garnet
from all of the high-grade samples has low Sr and Pb
contents (Fig. 4) and steep REE patterns with high
HREE/LREE ratios (Fig. 5). For samples 803 and 1008,
core to rim zoning is manifest as a relative depletion in
HREE. Zoning is less pronounced in sample 1101,
although the rims have a slight relative enrichment of
MREE. These rim compositions are suggested to have
formed during the high-pressure reactions including
breakdown ofMREE-bearing titanite to formREE-poor
rutile. Omphacite and hornblende are also important
constitutes of eclogite-facies rocks, yet in samples 803 and
1008 these minerals contain low concentrations of all key
trace elements. Rutile and phengite also have very low
REE contents. Nonetheless, rutile is the principle host of
Nb and Ta, while phengite contains very high concen-
trations of Cs, Rb and Ba, and may contain high
concentrations of Sr and Pb (Fig. 4).

Retrogression is insignificant in all samples except
203, which has a well-developed greenschist-facies
assemblage formed from the breakdown of blueschist-
facies minerals. Trace element analysis of these minerals
allows for the evaluation of elemental distribution dur-
ing transformation from blueschist to greenschist. The
major phases formed from lawsonite and glaucophane
breakdown are pumpellyite, albite and hornblende. To
our knowledge we present the first trace-element analysis
of pumpellyite. Pumpellyite clearly replaces lawsonite,
but is relatively depleted in LREE and most other trace
elements. Hornblende and albite also have low trace
element contents. In contrast, apatite is only a minor
phase of the greenschist-facies assemblage, but contains
elevated REE and Sr concentrations. Therefore, apatite
may balance the trace element budget of lawsonite
breakdown.

Whole-rock elemental budgets

The distribution or budget of trace elements among the
mineral inventory of all six samples was calculated using
the relative proportions of minerals (Table 1) and the
average major and trace-element composition of the

minerals. Mineral modes were determined by thin sec-
tion observation and mass balance using the bulk-rock
major-element chemistry and total major-element min-
eral chemistry. The calculated trace-element budgets are
presented graphically in Fig. 6. Precise budgeting of
many trace-elements in the lawsonite blueschists is dif-
ficult due to their complex mineralogy and fine grainsize.
Nonetheless, the distribution of most trace elements is
well constrained with a few notable exceptions. Poor
element budgeting arises for one of the following rea-
sons: (1) inaccurate average mineral compositions due to
heterogeneous trace-element distribution and zoning in
minerals such as epidote, titanite and garnet or (2) lack
of data for trace-element-rich minor phases such as
phengite and zircon. Zr and Hf are poorly constrained in
all samples, and are expected to be dominantly accom-
modated by zircon, which has not been analysed. This is
consistent with previous work which has shown that
zircon hosts over 90% of the Zr and Hf in eclogite-facies
rocks (Hermann 2002; Rubatto and Hermann 2003).
Pre-metamorphic phases such as pargasite, augite, and
apatite can retain large amounts of trace elements (up to
25% in sample 203), effectively limiting element avail-
ability during metamorphism. Nonetheless, it is clear
that lawsonite, titanite, allanite and phengite are the
most important metamorphic minerals for hosting trace
elements in these samples. Chlorite, glaucophane and
albite comprise the bulk of the blueschist-facies assem-
blages, but collectively account for less than 5% of their
trace-element stocks. Lawsonite from the mafic blues-
chists is host to over 90% of the Sr, �30% of the LREE
and significant proportions of Th and other REE.
Allanite in sample 913 is the major host for LREE and
Th. Titanite in all blueschist samples contains the
majority of the Nb, Ta and Ti, and up to 50% of
M-HREE. Pb is hosted primarily by lawsonite and
titanite in sample 913, and is most likely hosted by sul-
fides in sample 203, although we lack trace-element data
for the sulfides. The trace-element distribution budgets
for sample 910 are very poorly constrained, particularly
for LREE, HREE, Pb, Th, and U. Unrecognised trace
minerals such as allanite, monazite, xenotime or HREE-
rich titanite may account for these discrepancies. Cs, Rb,
Ba, and Sr are better constrained, and are hosted by
phengite and calcite respectively. Rb and Ba are also
expected to be hosted by trace phengite in sample 913.
Sample 203 lacks a mica phase, so Rb and Ba are dis-
tributed among the entire mineral inventory.

Overall, the trace element budgets for the higher-
grade rocks are more precisely constrained as they have
experienced complete recrystallisation and limited ret-
rogression. In the mafic rocks (803, 1101), epidote is the
host for over 95% of the U, Th, Pb, Sr and light to
middle REE, regardless of the type (allanite or zoisite) or
amount of epidote in the rock. Epidote in sample 1008
also contains most of the LREE but is only host to 25%
of the Pb and 50% of the Sr. Phengite in the alkaline
rocks accounts for nearly 100% of the Cs, Rb and Ba
and significant proportions of Sr and Pb. Titanite and/or
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rutile contains over 90% of the Nb and Ta and garnet
hosts 30–70% of the HREE. The transition elements (Sc
and V) are distributed among the entire mineral inven-
tory in all of the samples. With the exception of these
elements, amphibole, apatite and omphacite collectively
account for less than 3% of the trace-element budgets of
these rocks.

Discussion

Trace element partitioning

Knowledge of the equilibrium partitioning of elements
among coexisting phases is useful for predicting the

Fig. 6 Trace element
distribution or budget for
blueschist and eclogite-facies
samples. See text for details
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distribution of trace element in lithologies of the sub-
ducted slab and may be used to determine subduction-
zone fluid compositions through indirect calculations of
mineral/fluid partitioning. The distribution of trace ele-
ments between lawsonite and titanite varies considerably
between samples (Fig. 5), indicating that these phases
are not in equilibrium in all cases. We suggest that the
low temperatures of metamorphism and the lack of
deformation suppress the attainment of equilibrium and

allow for the persistence of igneous and detrital mineral
grains. Our results are in agreement with several previ-
ous studies that demonstrated significant trace element
disequilibrium between minerals in blueschist and
eclogite-facies rocks (Thöni and Jagoutz 1992; Getty
and Selverstone 1994; Messiga et al. 1995; Zack et al.
2002). This is also the case for the lawsonite blueschist
samples studied here. Growth of metamorphic minerals
is likely to occur continuously over a range of P and T

Fig. 6 (Contd.)
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conditions, with new phases in disequilibrium with sur-
rounding grains in many cases. We expect that rocks of
the subducting slab will experience similar disequilib-
rium conditions, and preservation of relict igneous and
detrital minerals to depths equivalent to the blueschist to
eclogite transition (�70–150 km). These conditions need
to be considered when modelling the release of fluid or
trace elements from the slab.

In the higher-grade samples (803, 1008, 1101) where
complete recrystallisation has occurred, many phases
are in textural and chemical equilibrium and may be
used to calculate approximate trace-element partition
coefficients (Ds). Precise evaluation of Ds is difficult as
many phases (e.g. garnet, zoisite/allanite) have long
growth histories and are strongly zoned. Nonetheless,
we have calculated approximate trace element Ds for a
range of mineral pairs using rim compositions that are
interpreted to be in equilibrium (Table 5). The strong
affinities of epidote for Sr, Pb, Th, U and REE,
phengite for LILE and garnet for HREE is reflected in
the estimated D values. These Ds are very similar to
corresponding Ds calculated from experiments (Brenan
et al. 1995) and natural rocks formed under similar P
and T conditions (Sorenson and Grossman 1989;
Messiga et al. 1995; Sassi et al. 2000; Zack et al. 2002).
The retrograde minerals pumpellyite and apatite in
sample 203 are also suggested to have attained complete
trace-element equilibrium. Both minerals pseudomorph
lawsonite, contain inclusions of each other and have
relatively uniform trace-element compositions. Apatite/
pumpellyite Ds for selected trace elements are listed in
Table 5.

Dehydration during prograde metamorphism

The variation in water contents of the mafic samples
suggests that approximately 3–4 wt% water is liberated
during the transition from lawsonite blueschist (4–5
wt% water) to eclogite (<1 wt% water). The majority
of this fluid would be derived from the breakdown of
lawsonite and chlorite. This is consistent with calculated
budgets for water release from blueschist-facies mafic
rocks in subducting slabs (Peacock 1993; Schmidt and
Poli 1998). Lawsonite dehydration results in a relative

volume increase, causing hydrofracturing of the rock
(Nishiyama, 1989) and rapid fluid release. Hydrofrac-
turing in the slab is likely to be a major cause of inter-
mediate-depth intraslab earthquakes (Davies 1999). As
the depth of most of these earthquakes (Kirby et al.
1996) correlates with the expected depth of lawsonite
dehydration in the subducting slab (Peacock 1996;
Kincaid and Sacks 1997; Schmidt and Poli 1998), we
expect that lawsonite dehydration is a major cause of
intraslab earthquakes.

The water content of the pelitic samples indicates that
less than 1 wt% of water is released during the transition
from blueschist to eclogite-facies in subducted sedi-
ments. However, eclogite-facies pelitic rocks may retain
over 2 wt% water (Table 1). Minerals such as lawsonite
and chlorite collectively comprise only minor amounts
of these rocks and therefore contribute relatively little to
the water budgets. Phengite is the most important water-
bearing phase but is stable to very high pressures and
temperatures (Domanik and Holloway 1996) effectively
inhibiting fluid release (Hermann and Green 2001).

Liberation of trace elements

Studies of high-pressure veins and fluid inclusions from
high-P, low-T terranes indicates that there is significant
element mobility in the slab under eclogite-facies con-
ditions (Philippot and Selverstone 1991; Becker et al.
1999; Xiao et al. 2000; Scambelluri and Philippot 2001).
However, the mechanisms of element release from these
rocks is not clear. It is often assumed that fluid-mobile
elements (e.g. LILE) are released to fluids during
metamorphic breakdown of trace-element-rich minerals.
Alternatively, elements may be liberated without mineral
breakdown through fluid/mineral partitioning in zones
of high fluid-rock interaction (Sorenson et al. 1997).
Here and elsewhere (Tribuzio et al. 1996; Sorenson et al.
1997; Arculus et al. 1999; Sassi et al. 2000; Hermann
2002; Rubatto 2002; Zack et al. 2002) a range of
important trace element-hosting minerals are identified,
but almost nothing is known of the fate of the trace
elements during mineral breakdown. Comparison
between the New Caledonian samples of similar proto-
lith reveals that the chemical composition of these rocks

Table 5 Approximate mineral-mineral partition coefficients for selected trace elements

Sample Minerals Sr Pb Ce Y Yb U Th Zr Nb Ba

1101 gt/gl 0.03 0.03 3 �2,000 �2,000 0.5 1.5 �20 0.2 0.01
1101 ep/gt 105–106 104–106 >3·105 1–2 0.2–0.4 5,000–5·104 50–15,000 1–3 – 1,000–5,000
1101 ph/gt 103–104 300–1,500 �1 �0.001 <0.001 0.5 – 0.01–0.03 500 105–106

803 ep/omp 200–800 200–1,200 >5,000 300–3,000 500–3,000 >10 >10 5–10 <1 50–150
803 ep/gt 104–106 100–103 1,500–4·104 0.2–5 0.1–1 >100 >50 �5 �1 >50
1008 ep/amp 20–80 20–30 5–3,000 5–10 5–20 50–5,000 100–106 �0.5 <0.05 <0.05
1008 gt/amp 0.001 .001 0.05–0.2 20–50 50–200 1–5 �2 0.1–1 0.005 0.01
1008 ap/amp 20–30 4 30–150 10–15 5–10 50–100 4–30 0.01 0.002–0.02 0.02–0.05
1008 ph/amp 3 2 0.05 0.003 0.01 0.7 2 0.05 4 350
203 ap/pump 15–25 2–4 80–350 6–10 2–5 100–150 50–100 0.5–3 0.05–0.2 0.05–0.1
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has not changed significantly during the transformation
through lawsonite blueschist-facies to eclogite-facies
assemblages (Fig. 3). This is consistent with previous
work on trace element distribution in high-pressure
rocks (Shatsky et al. 1990; Tribuzio et al. 1996) and
indicates that subducting slabs do not experience
extensive loss of trace elements due to the breakdown of
hydrous minerals up to eclogite facies. We are able to
evaluate whether or not trace elements are liberated by
mineral breakdown reactions by determining the trace-
element hosts in a range of low and high-grade meta-
morphic rocks.

The major hosts for trace elements are lawsonite
(REE, Pb, Sr), titanite (REE, Nb, Ta), and allanite
(LREE, U, Th) under lawsonite blueschist-facies con-
ditions and epidote (REE, Sr, Th, U, Pb), garnet
(HREE) and rutile (Nb, Ta) under eclogite-facies con-
ditions. At all metamorphic grades, phengite and zircon
contain almost all of the LILE and Zr and Hf respec-
tively. Minerals, such as chlorite, albite, amphibole and
omphacite often make up the bulk of these metamorphic
assemblages but contribute very little to the whole-rock
trace-element budgets. Phengite, apatite, allanite and
zircon are stable in mafic and pelitic rocks from lawso-
nite blueschist-facies to conditions in excess of 4.0 GPa
and 800 �C (Domanik and Holloway 1996; Hermann
2002). This limits the available mass of trace elements
that may be liberated by mineral breakdown at sub arc
levels (~3.0 GPa). Furthermore, these minerals may be-
come included in other phases or overgrown by a later
generation of a similar mineral (e.g. zoisite armouring
allanite; Fig. 3D, E), effectively isolating them from
dehydration processes and fluid alteration. This process
also limits the availability of trace elements for further
mineral growth and in many cases accounts for the trace
element zoning observed in minerals such as garnet,
epidote and apatite.

Titanite and lawsonite contain appreciable levels of
U, Th, Pb, Sr and REE, which potentially may be mo-
bilised during mineral breakdown. The breakdown of
lawsonite and titanite produces zoisite, garnet and rutile
at pressures below 3 GPa (Itaya et al. 1985; Poli and
Schmidt 1995; Frost et al. 2001). This is consistent with
the change in mineral assemblages observed in the
blueschist and eclogite samples studied here. All of
the trace elements released by lawsonite and titanite
decomposition may be redistributed into zoisite/allanite,
garnet and rutile. Especially interesting are the fluid-
mobile elements Sr and Pb, which are incorporated
mainly in titanite and lawsonite at lawsonite blueschist
conditions (Fig. 4). During prograde metamorphism
and dehydration to eclogite-facies conditions, significant
amounts of Pb and Sr are retained into newly formed
zoisite/allanite (Fig. 4). Hence, the Pb and Sr contents of
the fluid are not likely to increase drastically due to the
breakdown of Pb and Sr-rich phases. We predict that
garnet and zoisite/allanite will similarly incorporate the
relatively small amount of trace elements liberated by

amphibole dehydration at �2.5 GPa (Poli and Schmidt
1995).

Evaluation of trace element redistribution during
mineral reactions at pressures over 3 GPa is made by
combining our data with experimentally-determined
phase equilibria at high pressures. For mafic to pelitic
compositions, pure zoisite breaks down to garnet, kya-
nite and quartz at �3 GPa (Poli and Schmidt 1995).
However, the high trace element content of zoisite
strongly affects stability relations and reaction products.
Hermann (2002) has shown that REE-bearing zoisite in
crustal rocks progressively transforms to clinopyroxene,
kyanite and allanite between 2.0–3.5 GPa and 650–
850 �C. Water is released during this reaction but the
mineral phases retain all of the trace elements.

Allanite is stable to over 4.5 GPa and 1050 �C in a
range of crustal rock-types (Hermann and Green 2001;
Hermann 2002). We predict that the high-pressure
dehydration of lawsonite will also produce accessory
allanite. This is represented by the following reaction,
modified from Poli and Schmidt (2002):

Lawsonite + Diopside + Garnet(gr20py80Þ
! Garnetðgr40py60Þ þAllaniteþ Fluid

In this case, even trace amounts of allanite may
sequester all of the garnet-incompatible elements liber-
ated by lawsonite. Garnet and allanite may also be the
product of the breakdown of titanite at high pressures,
but we note that aluminous titanite is stable at very high
pressures (>3 GPa) in some rock-types (Carswell et al.
1996; Troitzsch and Ellis 2002).

In summary, we find no evidence to support a simple
coupled release of fluid and trace elements by mineral
breakdown reactions over a large range of P and T
conditions. Instead, the investigated trace elements are
redistributed into newly stabilised mineral phases. Evi-
dence supporting the formation of trace element-rich
phases during mineral breakdown includes the multiply-
zoned epidote grains in high-pressure rocks from New
Caledonia (Fig. 3) and other metamorphic terranes
(Sakai et al. 1984; Sorenson 1991; Nagasaki and Enami
1998; Zack et al. 2002). We suggest that this zoning is
the result of the episodic breakdown of minerals with
varying trace-element contents. Hence, the trace ele-
ment-rich allanite zones may have formed in response to
lawsonite and titanite breakdown, and the zoisite zones
may have grown during reactions involving trace-
element-deficient minerals, such as chlorite, albite or
amphibole. Metamorphic reactions may also be
responsible for trace element zoning in garnet and other
minerals. An example discussed above includes the
MREE-rich rims on garnets in sample 1101 (Fig. 5) that
are interpreted to have formed during conversion of
titanite to rutile. It is clear that phases such as allanite,
zircon and titanite play an important role in balancing
trace element budgets during mineral breakdown reac-
tions.
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Implications for subduction-zone magmatism

There is a wealth of isotopic and geochemical evidence
to show that arc magmas contain a significant propor-
tion of slab-derived volatiles and trace elements (Perfit
et al. 1980; Tera et al. 1986; Hawkesworth et al. 1993;
Pearce and Peate 1995). Previous research demonstrated
that the liberation of water is strongly linked to the
breakdown of hydrous phases (Peacock 1993; Schmidt
and Poli 1998). In contrast, it has been unclear whether
or not trace element liberation is also related to the
breakdown of trace element-rich phases. The most
important finding of this study is the decoupling of trace
element and fluid release at the transition from lawsonite
blueschist to eclogite facies. At this transition, mafic
rocks lose about 75% of the H2O content still present at
lawsonite blueschist conditions, whereas the investigated
trace elements are redistributed among major and
accessory phases. Without contributions from meta-
morphic breakdown reactions, the composition of slab
fluids will primarily be determined by mineral/fluid
partitioning systematics. The fluid-mobile LILE are
hosted in phengite throughout the transition from
lawsonite blueschist to eclogite facies conditions. Hence
the mobility of these elements in fluids generated during
breakdown of hydrous minerals is controlled by
phengite/fluid partitioning. Although calculation of fluid
compositions is beyond the scope of this paper, our data
indicates that in the temperature range of 550–600 �C
the 3% of fluid generated by dehydration of mafic rocks
is not capable of removing large quantities of the
investigated trace elements. Hence we suggest that sig-
nificant trace element transport from the slab is only
possible at higher temperatures and/or in zones with
very high fluid/rock ratios. On this premise, we advocate
an alternative model of fluxing of fluid and trace ele-
ments from the slab to the mantle wedge. During sub-
duction, mafic rocks undergo conversion from blueschist
to eclogite by dehydration of minerals such as lawsonite,
amphibole and chlorite. Ultramafic rocks may also
dehydrate by serpentinite breakdown (Ulmer and
Trommsdorff 1995). The fluid released from these reac-
tions may flow into relatively hot zones in the slab, such
as the slab/mantle-wedge interface (Bebout and Barton
1989; Peacock 1993). Under these conditions, fluid may
be capable of stripping trace elements from mafic rocks
or may cause fluid-assisted partial melting of sedimen-
tary rocks (Davies 1999). The latter case would produce
a solute-rich (Si, Na, LILE) fluid or hydrous granitic
melt (Hermann and Green 2001). These fluids or melts
subsequently migrate into the mantle wedge and con-
tribute to the generation and composition of arc mag-
mas. In this scenario, the fluid component necessary for
generation of arc magmas is sourced from dehydration
of blueschist-facies mafic rocks and serpentinites, but the
elements that are distinctively enriched in these magmas
are largely derived from the sedimentary portion of the
subducting slab. This model is consistent with the data
presented here as well as the majority of geochemical,

geophysical and petrological data concerning deep pro-
cesses in subduction zones.

Conclusions

Based on the geochemical characteristics of a range of
blueschist and eclogite samples from New Caledonia, we
have determined some fundamental information con-
cerning the distribution and behaviour of trace elements
in subducting crust. This information is vital for
understanding the transfer of elements from subducting
slabs to the mantle wedge and hence, the composition of
arc magmas. Under lawsonite blueschist-facies condi-
tions, the distribution of trace elements in mafic and
pelitic rocks of the slab is difficult to model due to the
persistence of igneous and detrital minerals and the lack
of equilibrium partitioning among metamorphic miner-
als. Nonetheless, important trace-element hosts include,
lawsonite, allanite, titanite, phengite and zircon. At
epidote blueschist to eclogite facies conditions, trace-
element equilibrium may be attained and epidote (alla-
nite or zoisite), phengite, garnet, rutile and zircon are the
major trace-element hosts. The breakdown of hydrous
minerals during conversion from blueschist to eclogite
liberates significant amounts of water, but the investi-
gated trace elements are completely redistributed into
the newly formed minerals. We suggest that the flux of
trace elements from the slab is not directly linked to
mineral breakdown, but may be related to the produc-
tion of hydrous fluids or melts formed during the
infiltration of water into thermally elevated portions of
the slab.
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