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We welcome the opportunity to reply to comments by
Axel Liebscher regarding our manuscript (Spandler et al.
2003, Contrib Mineral Petrol 146:205–222). Before dis-
cussing the comments, we first wish to state that the phase
identified as zoisite in the manuscript should have been
labelled as epidote, due to the high ferric iron content. We
wish to thank Axel Liebscher and Gerhard Franz for
bringing this error to our attention. However, it should
be noted that this error does not affect any of the con-
clusions of the paper, pertaining only to the correct
application of epidote-group-mineral nomenclature.

The main focus of our paper is the distribution of
trace elements among minerals during prograde sub-
duction-zone metamorphism. We show that the break-
down of trace element-rich phases such as lawsonite and
titanite does not lead to a significant change in the trace
element content of rocks because the trace elements are
redistributed into newly formed major and accessory
phases. However, at the lawsonite blueschist to eclogite
facies transition, there is significant dehydration and
hence we postulated that there is a decoupling of fluid
and trace element release from subducted rocks. In our
argumentation, the bulk-rock geochemical data is only
used to show that blueschist and eclogite facies samples
are comparable in chemical composition. Liebscher
claims our data does not support our conclusions for a
decoupling of fluid and trace element release. He uses
calculated fluid compositions based on differences in
bulk-rock geochemistry to show that significant con-

centrations of trace elements may be liberated in fluids
produced during the blueschist to eclogite facies transi-
tion. Below, we show that this procedure for calculating
fluid compositions is fundamentally flawed and the fluid
compositions calculated by Liebscher are meaningless.
Furthermore, we will provide further evidence in sup-
port of our conclusion of the decoupling of fluid and
trace element release in subducted slabs, including more
appropriate estimated fluid compositions calculated on
the basis of experimentally-derived fluid–mineral parti-
tioning data.

The trace element composition of the fluids calculated
by Liebscher most closely compare to highly-fraction-
ated felsic alkaline melts rather than that expected of
hydrous fluids produced during metamorphism under
low temperature (T) conditions (note, the blueschist to
eclogite transition is expected to occur at between 450
and 600�C and 1.5–2.0 GPa). For example, the pelite-
derived fluid contains 4.1 wt% Ba, but no K whatso-
ever. Both the pelitic and mafic fluids contain between 10
and 20 wt% Ti and around 1.5 wt% P; elements that are
considered to be highly insoluble in low-T hydrous fluids
(e.g., Ayers and Watson 1991, 1993; Brenan et al. 1994).
The Zr contents of the calculated fluids are also well
above zircon saturation limits for a liquid of any tem-
perature below 900�C (Watson and Harrison 1983).
Clearly, the fluid compositions calculated by Liebscher
do not resemble any feasible fluid that would be released
by mineral dehydration reactions during blueschist to
eclogite transition at low T.

It is clear that for the pelitic and subalkaline mafic
samples the concentration of many trace elements is
lower in the eclogite-facies rocks compared to their
lower grade equivalents, as outlined by Liebscher.
However, Liebscher has ignored the data we have pre-
sented for the alkaline mafic rocks, which taking Lie-
bschers’ approach, would have gained between 30 and
80% of almost all trace elements during metamorphism.
This is clearly inconsistent with Liebschers’ conclusions
based on the pelitic and subalkaline mafic samples and
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shows that there are fundamental problems associated
with calculating elemental gains and fluid compositions
by directly comparing the composition of two rocks at
different metamorphic grades.

Inherent in the calculations made by Liebscher is the
assumption that the two rock pairs initially have exactly
the same composition before transformation to eclogite-
facies. In another publication (Spandler et al. 2004a), we
have demonstrated that pre-subduction processes, such
as magmatic differentiation, magmatic source variabil-
ity, and seafloor alteration, have a much greater affect
on bulk-rock geochemical variability than subduction
zone metamorphism up to eclogite facies. In fact, there is
strong geochemical and petrographic evidence that the
high-P mafic rocks of New Caledonia underwent an
episode of seafloor hydrothermal alteration prior to
subduction (Spandler et al. 2004b). Therefore, it is
unreasonable to assume that two rocks were identical in
composition prior to subduction and that all geochem-
ical differences that are now preserved in these rocks are
due to eclogite-facies metamorphism. Without this
assumption, Liebschers’ claims of extensive elemental
loss during metamorphism in the pelitic and mafic rocks
are invalid.

Liebscher also claims that the similarity between the
rock pairs is a function of our sample selection criteria.
As stated above, the main objective of the paper was to
examine trace element distribution among minerals of
rocks of subducting oceanic crust at different metamor-
phic grades. Therefore, it was imperative that rocks of
generally comparable composition were used for this
study. For more comprehensive study of bulk-rock geo-
chemistry of high-grade mafic rocks from New Caledo-
nia, we refer the reader to Spandler et al. (2004a). In this
paper, we also show that mafic rocks do not lose signifi-
cant amounts of trace elements during metamorphism up
to eclogite facies. Several other recent publications also
support this conclusion (Chalot-Prat et al. 2003; Straub
and Layne 2003; Volkova et al. 2004). In Fig. 1, we
present trace element data for a range of pelitic rocks of
varying metamorphic grade. All of the samples are from
northern New Caledonia and are understood to origi-
nally comprise part of the same sedimentary sequence.
The pelitic samples have not been significantly affected by
retrogression and were analysed by the same methods
outlined in Spandler et al. (2003). As can be seen in Fig. 1,
there is some variation in the trace element composition
of the pelitic rocks, but there is no systematic loss
(or gain) of trace elements (including the fluid-mobile
elements) associated with prograde metamorphism. We
suggest that the trace element variations are not due to
metamorphism, but are largely inherent variations in the
composition of the original sedimentary rocks.

Liebscher states that the trace element composition of
the fluid is controlled by mineral-fluid partitioning. On
this point we agree completely. In our paper, we did not
attempt to calculate fluid compositions as there is very
little fluid–mineral partitioning data for the conditions
relevant to the blueschist to eclogite-facies transition.

Nonetheless, here we have calculated estimates of the
maximum concentration of several key trace elements in
the fluid using data from experimental studies of mineral
solubilities and fluid–mineral partitioning. These exper-
imental studies were conducted at slightly higher tem-
peratures (600–700�C) than what is relevant for the
blueschist to eclogite-facies transition. For elements that
are hosted by phengite (Cs, Rb, Ba) and garnet (Y, Lu,
Yb), we used mineral–fluid partition coefficients of
Green and Adam (2003) (Note, we use the same garnet–
fluid partition coefficient of Lu for Yb). Ti and P con-
centrations were calculated using the rutile and apatite
solubility data of Ayers and Watson (1991, 1993). Fluid
Nb and Zr contents were calculated using rutile–fluid
partitioning data from Brenan et al. (1994). The Zr data
is also consistent with other published Zr fluid–mineral
partition coefficients (e.g. Rubatto and Hermann 2003).
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Fig. 1 Selected trace element concentrations and Rb/Nb ratio of
pelitic rocks of varying metamorphic grade from northern New
Caledonia. Note, there are no systematic geochemical trends
associated with prograde metamorphism from shale up to eclogite
facies
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There are no published experimental data for LREE
partitioning between epidote and fluid. Instead, we use
extrapolated allanite-melt partitioning data from Her-
mann (2002) to calculate fluid Ce contents for the alla-
nite-bearing samples. As melt-fluid partitioning tends to
be >>1 (Green 1994) and most of the partitioning and
solubility data used is appropriate for higher T condi-
tions (>600�C), we regard the calculated trace element
concentrations as maximum values.

The calculated trace element contents for fluid in
equilibrium with samples 803, 1101, and 1008 are be-
tween one and five orders of magnitude lower that the
fluid compositions calculated by Liebscher (Fig. 2). All
calculated fluids have less than 3 ppm Ti, less than
0.2 ppm of Nb and Zr, and less than 0.1 ppm of Yb and
Lu. The fluid in equilibrium with the mafic sample 803
has around 0.7 ppm P and 0.2 ppm Y. The pelitic-
sourced fluid has 1 ppm Cs, 1.5 ppm Rb, 5 ppm Ba,
0.43 ppm Ce, 0.5 ppm P, and 1.6 ppm Y. The fluid in
equilibrium with sample 1101 has 0.5 ppm Cs, 3 ppm
Rb, 20 ppm Ba, 0.43 ppm Ce, 3.6 ppm P, and 0.3 ppm
Y.

Based on the LOI and calculated water contents in
Table 1 of our paper, we assume that 1 and 3 wt% H2O
is lost from the pelitic and mafic rocks respectively
during eclogite-facies metamorphism. Using our calcu-
lated fluid compositions, we have calculated the per-
centage loss of elements from the host rock during
metamorphism (Fig. 3). For almost all of the elements
and rocks the element loss is less than 0.1%. Even Cs,
which is regarded to be highly compatible in the fluid
phase, is only depleted by 0.67% from the pelitic rock
and 1.7% from the alkaline mafic rock. All of the losses
are within the analytical detection limits for bulk-rock
trace element analysis and therefore are impossible to
quantify using geochemical differences between low and
high-grade metamorphic rocks. These calculations, to-

gether with the additional data presented above and in
Spandler et al. (2004a), reaffirm our major conclusion
that subducted rocks do not undergo significant geo-
chemical modification during metamorphism up to
eclogite facies. We reiterate that trace elements are al-
most completed redistributed into newly formed major
and accessory minerals, indicating that there is a de-
coupling of fluid and trace element release in subducted
slabs.

Primitive arc magmas generally contain between 2
and 6 wt% H2O, and may contain very high concen-
tration of slab-derived elements such as LILE, U, Th
and LREE. Therefore, a one-stage process of fluxing the
mantle source regions with the low trace-element com-
position fluids calculated here cannot produce arc
magmas. We suggest that the high trace-element flux
needed to produce arc magmas requires complex slab
processes such as fluid fluxing through relatively high-T
sections of the slab (e.g. slab-mantle wedge interface), to
cause hydrous melting of pelitic and mafic rocks or high
element solubilities in the fluids.
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