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Abstract

The alkali basalts of the Cerro de los Chenques quaternary backarc volcano (200 km E of the volcanic arc) carry to the surface
abundant spinel-facies mantle xenoliths (lherzolites, harzburgites and dunites). The clinopyroxene geochemistry indicates that the
pristine mantle was a lherzolite with Depleted Mantle (DM) composition, recording either melting episodes triggered by infiltration of a
metasomatic agent or only enrichment of highly incompatible elements in those sectors where percolation occurred under decreasing
fluid volume. Metasomatism was operated by a fluid originated in garnet-bearing assemblages that induced olivine and clinopyroxene
dissolution, variations in the Sr and Nd isotopic signatures (i.e. pre-metasomatic mantle: 87Sr/86Sr=0.702712 and 143Nd/144Nd=
0.513495; xenoliths recording the highest metasomatism: 87Sr/86Sr=0.704234 and143Nd/144Nd=0.512870), and increase in LILE and
LREE, but not in Nb and Ti. The resulting geochemical characteristics are similar to those observed in arc magmas and are consistent
with the signatures of sediments and basalts forming the upper part of the subducted Nazca plate. Evidence for element fractionation
operated by infiltration of the host alkali basalts and related reactive porous-flow processes are lacking or weak. The granoblastic texture
of the xenoliths, bearing no evidence of deformation, rules out the hypothesis that the Chenques mantle formed in the subarc and was
transported 200 km to the east by reverse corner flow.Alternatively, it is suggested that the slab components were released as supercritical
fluids beneath Chenques (at∼6 GPa) by phengite breakdown. Fluids flowed through, and reacted with, the hidden garnet-facies mantle
and reached the observed spinel-facies level. Reactions in the hiddenmantle region led the supercritical fluid to increase (La/Sm)N, Th, U,
Nb, Pb and Sr while decreasing its initial (Sm/Yb)N and Ti.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The backarc mantle lithosphere in Patagonia is abun-
dantly sampled, from40° to 52° latitude S and from300 to
600 km distance from the Chile trench, by xenoliths
entrained by backarc alkali basalts. These xenoliths
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Fig. 1. Sketch map of part of Patagonia showing the Chenques locality and other xenolith occurrences mentioned in the text. The two lines at 49°
and 46°30′ latitude S limit the gap in the volcanic arc. CR = Chile Ridge; JAw = Cerro del Mojon; JAe = Estancia Alvarez; PI = Paso de los Indios;
GG = Gobernador Gregores; FR = El Fraile; CU = Las Cumbres.
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provide an opportunity to study the regional effects of
potential slab-derived components on the mantle wedge.
Previous studies have shown that unequivocal evidence of
slab-related metasomatism is relatively rare. This
was proposed at Cerro Fraile, one of the westernmost
occurrences overlaying the subduction of the Antarctic
plate (Kilian et al., 1998; Kilian and Stern, 2002), possibly
at Pali Aike (the southernmost occurrence, Stern et al.,
1989) and at Gobernador Gregores (one of the western-
most occurrences, Laurora et al., 2001). Rivalenti et al.
(2004a) also proposed that the composition of the meta-
somatic agents which affected the mantle wedge varied
eastwards (i.e. at increasing distance from the trench) from
slab-related material in the locations closer to the volcanic
arc, to E-MORB like in the farthest regions, in analogy to
the variations observed in the backarc plateau basalts by
Stern et al. (1990), Gorring et al. (1997) and Gorring and
Kay (2001). By contrast, other authors concluded that



Fig. 2. Primitive mantle–normalised (Hofmann, 1988) bulk-rock trace
element compositions of the Chenques basalts (sample labelled CH
and PAT in Table 2 of Stern et al., 1990) and of the mantle xenoliths
(Rivalenti et al., 2004a).
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in most cases the metasomatic agent was either a sili-
cate melt, possibly similar to the host basalt (e.g. Pali
Aike, Kempton et al., 1999; Stern et al., 1999), or a
carbonatite (e.g. Gobernador Gregores, Gorring and Kay,
2000), or a plume-related component (Bjerg et al., 2005).

In this study, we revisit in detail one xenolith occur-
rence reported by Rivalenti et al. (2004a), namely Cerro
de los Chenques (hereafter referred as Chenques). The
new isotopic and geochemical data (Sr, Nd isotopic on six
pyroxenes, Pb, Li and B determinations on clinopyrox-
enes, major and trace element composition of glass
occurring in the xenoliths and the major element com-
position of glass-derived clinopyroxenes) provide evi-
dence that the Chenquesmantle underwent metasomatism
operated by components derived from the subducted slab.
This locality is important because: 1) it overlays the sub-
ducted Nazca plate and is the only one where evidence for
a slab component is clear; 2) comparison with the Cerro
Fraile locality may constrain differences in the metaso-
matic effects caused by the subduction of the Antarctic
and Nazca plates; 3) it occurs immediately north of the
slabwindow induced by the subduction of the ChileRidge
under the South America plate (Gorring et al., 1997).

2. Geological framework and information on the
host basalts

The Cerro de los Chenques (latitude 44° 52′ 25″ S;
longitude 70° 03′ 49″ W, Fig. 1) is an isolated, mono-
genetic volcano occurring about 200 km east of the
Southernmost Southern Volcanic Zone (SSVZ). At this
latitude, the Nazca plate is being subducted beneath
South America at a rate of 8–9 cm year−1 (Cande and
Leslie, 1986). No radiometric age determination is
available, but the Chenques lavas are ascribed to the
Holocene by Ploszkiewicz (1987) because they erupted
over sediments of the Quaternary ice ages. Therefore,
they belong to the post-plateau Quaternary volcanism
(Stern et al., 1990; Gorring and Kay, 2001). In southern
Patagonia, both the Neogene plateau basalts and the
post-plateau lavas are inferred to derive from subslab
asthenospheric sources that rose through a slab window
(Gorring et al., 1997). In northern Patagonia, Kay et al.
(1993a) suggested that the post-plateau lavas are re-
lated to a transient hotspot affecting a mantle previously
modified by Eocenic subduction events.

The lavas hosting the xenoliths are vesicular and
porphyric. The phenocrysts are olivine (Fo 78–83),
clinopyroxene (Wo 38–50, Fs 9–12, En 38–42) and
plagioclase (An48, Ab46, Or6). The matrix consists of
olivine, plagioclase, clinopyroxene, glass, apatite and
opaques (ulvospinel). The compositions of the lavas
vary from basanite to alkali basalt. Normative nepheline
ranges from 1.7–5.2%. The Mg# values [molar MgO/
(MgO+FeOTot)] are in the range of 64–67.

Trace element concentrations, patterns and element
ratios are similar to those of the cratonic basalts defined
by Stern et al. (1990) (Fig. 2). Specifically, they do not
display the LILE (Cs, Rb, Ba, Pb and Th) enrichment
and the Nb-Ta depletion typical of lavas recording a slab
imprint (Fig. 2).

3. Results from previous studies

A description of the Chenques xenoliths is provided
in a regional study on the Patagonia backarc mantle
lithosphere by Rivalenti et al. (2004a). The xenoliths were
ejected as ellipsoidal volcanic bombs (major axis up to
∼30 cm) and are coated by a lava shell. All the xenoliths
are anhydrous, spinel-facies peridotites. Most are lherzo-
lites. Harzburgites are less abundant and dunites are rare.
Textures are always granoblastic and vary between the
porphyroblastic and equigranular (Fig. 3). Deformation is
seen only in rare kink-banded olivine and orthopyroxene
crystals and evidence of sub-solidus re-equilibration is
absent (exsolution lamellae in pyroxenes being very rare).
Many xenoliths show host basalt infiltration as thin glass
veins, which induce crystallisation of new olivine,
clinopyroxene, spinel and rarely plagioclase. Although
these veins are volumetrically negligible, they likely
induce changes in the highly incompatible element con-
centrations of bulk-rock, thus not allowing their use
for petrological purposes. The input from glass is, for
example, likely responsible for the lack of LREE
depletion in the bulk-rock trace element patterns shown
in Fig. 2, although not for the positive Pb anomaly,
which is absent in the basalts. In contrast, bulk-rock



Fig. 3. Textural features of the xenoliths where isotope analysis of clinopyroxene has been made. Olivine = colourless; orthopyroxene = pale pink;
clinopyroxene = green; spinel = black.
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major element composition is virtually unaffected by
the presence of up to 0.1% glass veins. Variations of
incompatible major element contents versus MgO show
negative correlations. Harzburgites are the depleted,
MgO-rich, end-member of the trends.

Thebulk-rockgeochemical variations are accompanied
by corresponding variations in the phase compositions.
From lherzolites to harzburgites, the olivine composition
ranges from Fo 88.2 to 91.4 and the Mg# [molar MgO/
(MgO+FeO)] ranges between 89.2–92.4 in orthopyrox-
ene, 90.5–92.9 in clinopyroxene, and 88.6–72.4 in spinel.
The latter exhibits a negative correlation betweenMg# and
Cr# [Cr#=molar 100Cr/(Cr+Al)] within the field of the
abyssal peridotite array and has very low (b0.17 wt.%)
TiO2 concentration, but harzburgites have a slightly higher
TiO2 concentration with respect to lherzolites of similar
Mg# and Cr# value. In the pyroxenes, the Al2O3, Na2O,
TiO2 and FeO (wt.%) concentrations decrease, and Ca
increases, with increasing Mg#.

Clino- and orthopyroxenes appear to be in chemical
equilibriumboth formajor and trace elements. The average
equilibrium temperature is 1000±77 °C (Brey and Köhler.
1990, geothermometer at 1.8 GPa). The clinopyroxene
geochemistry is specifically referred to in Section 5.1.

Rivalenti et al. (2004a) interpreted these xenoliths
as representing a mantle section where melting-related
depletion, recorded by xenoliths having LREE-depleted
clinopyroxenes, was triggered by the addition of a hy-
drous component. The resulting melt underwent reactive
porous flow into the overlaying mantle under decreasing
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melt mass, as observed in the xenoliths containing
variably LREE and LILE-enriched clinopyroxenes.

4. Analytical methods

Except for B and Li, and isotope determinations,
the analytical methods for major and trace element deter-
minations are reported in detail in Rivalenti et al. (2004a).

The B and Li content in clinopyroxenes, olivines,
orthopyroxenes and spinels were analysed by LA–ICP–
MS at the “CNR-Istituto di Geoscienze e Georisorse, Unit
of Pavia”. The probe is constituted by an Elan DRC-emass
spectrometer coupled with a Q-switched Nd:YAG laser
source (Quantel Brilliant). The fundamental emission of
the laser (1064 nm) was converted to 266 nm by two
harmonic generators. Helium was used as carrier gas,
mixed with Ar downstream of the ablation cell. Spot
diameter was typically in the range of 40–60 μm. NIST
SRM 610 glass was used as external standard. Ca content
was used as an internal standard for clinopyroxene and Si
for both orthopyroxene and olivine. Routine analyses
consisted in the acquisition of background and ablated
sample during oneminute each. Limits of detection were at
tens of ppb for Li and in the range of 100-300 ppb for B.
Precision and accuracy, both better than 10% for
Table 1
Texture, modal composition and general information on the selected sample

CD61 CD34 CD1

Texture a PF PF PF
Mode b

ol 59.6 62.7 69.2
opx 26.3 19.0 23.4
cpx 12.1 15.0 6.0
sp 1.9 3.4 1.4
glass tr tr tr

Olivine c

Fo 89.36 89.74 89.9
B ppm 0.4±0.1
Li ppm 2.0±0.5 1.7±

Orthopyroxene c

Mg# 90.43 90.45 90.4
Al2O3 wt.% 3.69 3.56 3.33
B 0.5±0.1 0.5±
Li 1.2±0.1 1.2±

Spinel
Mg# 78.06 80.96 72.5
Cr# 10.91 9.49 14.8
TiO2 wt.% 0.01 0.05 0.10

Temperature d 968 907 890
a PF = porphyroblastic GRB = granoblastic.
b In weight %; tr = trace.
c 1σ standard deviation in Li and B.
d Brey and Köhler (1990) at 1.8 GPa.
concentrations at the ppm level, were assessed from
repeated analyses of NIST SRM 612 and BCR-2g
standards (Tiepolo et al., 2003, 2005).

Isotope analyses were carried out on clinopyroxene
separates. The xenoliths were grinded and clinopyrox-
ene was magnetically concentrated on the size fraction
0.1–0.2 mm and then optically handpicked. The grain
size was chosen in order to exclude the clinopyroxenes
related with glass, whose dimensions do not exceed
20 μm. The selected clinopyroxenes were acid-leached.
Separation and analyses of Sr and Nd were performed
on the same sample. Dissolution was done according to
a procedure modified from White and Patchett (1984).
Sr and Nd isotope ratios were measured in static mode
on a Triton T1 ThermoElectron mass spectrometer at
the Institut Universitaire Européen de la Mer of the
Université de Bretagne Occidentale in Brest. Sr was
corrected from mass fractionation to a value of 8.375209
for 88Sr/86Sr and 0.721903 for 146Nd/144Nd. SRM NBS
987 and La Jolla standards during the period of the
analyses had a value of 0.710253±11 (n=30) and
0.511866±9 (n=37). Nd and Sm concentrations were
determined by isotope dilution using 148Nd and 149Sm
spikes following the same separation and analytical
procedure as for Nd isotopes.
s

8 CD21 CD15 CD50

GRB GRB PF

67.0 69.8 58.8
22.5 28.2 29.5
8.7 1.5 9.7
1.7 0.4 1.9
tr tr 0.20

2 90.52 91.41 90.45
0.5±0.1 1.4±0.1

0.2 1.6±0.1 1.4±0.1 1.8±0.2

3 91.00 92.37 91.00
3.38 2.14 3.08

0.1 0.8±0.1 0.6±0.1 1.7±0.2
0.2 0.4±0.2 0.7±0.1 1.0±0.2

3 68.39 43.32 68.21
0 18.16 47.14 17.76

0.11 0.10 0.05
916 993 896



Table 2
Major, trace element, Sr and Nd isotope analyses and 1σ standard deviation (italic) for the selected clinopyroxenes

CD61 CD34 CD18 CD21 CD15 CD50

wt.% a

SiO2 52.65 0.15 52.04 0.12 52.90 0.10 52.96 0.05 53.88 0.09 53.29 0.11
TiO2 0.47 0.02 0.35 0.03 0.50 0.02 0.31 0.03 0.07 0.06 0.16 0.02
Al2O3 6.26 0.17 5.30 0.14 5.74 0.16 4.75 0.11 3.58 0.01 3.90 0.11
Cr2O3 0.87 0.06 0.60 0.04 0.97 0.08 0.89 0.02 1.95 0.09 0.75 0.07
FeO 2.55 0.05 2.46 0.01 2.46 0.09 2.28 0.07 2.19 0.09 2.28 0.05
MnO 0.09 0.03 0.07 0.09 0.07 0.03 0.09 0.01 0.08 0.07 0.08 0.04
MgO 15.09 0.23 14.99 0.13 14.75 0.11 15.62 0.20 16.14 0.02 16.35 0.07
CaO 20.23 0.22 22.03 0.04 20.74 0.24 21.65 0.22 20.50 0.22 22.29 0.14
Na2O 1.76 0.05 1.55 0.08 1.84 0.06 1.23 0.03 1.59 0.26 0.87 0.04
Mg# 91.33 2.81 91.62 1.54 91.45 1.60 92.43 2.44 92.93 0.52 92.74 0.92

ppm b

Li 1.0 0.32 1.4 0.13 0.7 0.21 1.1 0.08 0.9 0.09 0.8 0.13
B 0.4 0.03 0.5 0.13 0.5 0.16 0.4 0.18 0.6 0.05 1.5 0.13
Sc 62.6 1.8 63.2 2.0 72.2 2.3 64.6 2.7 79.4 0.2 55.3 1.9
Ti 2561 127 1941 166 3149 350 1612 18 326 15 921 49
V 273 4 253 4 302 7 240 12 244 5 186 9
Sr 41.0 2.0 83.0 8.5 89.5 4.7 44.6 0.4 303.1 19.5 155.5 7.2
Y 16.7 1.3 14.9 0.3 16.7 2.0 11.1 0.9 9.5 0.8 10.4 0.4
Zr 21.2 1.6 25.3 0.4 49.2 5.1 17.3 1.1 103.4 7.8 38.5 7.0
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Nb 0.030 0.002 0.110 0.030 0.197 0.047 0.035 0.005 0.761 0.029 0.068 0.027
La 0.445 0.040 3.570 0.340 1.915 0.157 0.742 0.012 13.255 1.018 4.201 0.117
Ce 1.964 0.057 6.870 1.270 5.956 0.505 2.829 0.125 29.798 2.825 11.119 0.493
Pr 0.428 0.019 0.810 0.150 0.947 0.088 0.501 0.026 3.146 0.492 1.488 0.090
Nd 2.717 0.112 3.860 0.490 4.690 0.410 2.688 0.157 10.317 0.616 6.237 0.494
Sm 1.372 0.119 1.360 0.160 1.761 0.164 1.002 0.049 2.598 0.150 1.513 0.115
Eu 0.611 0.029 0.593 0.060 0.718 0.063 0.409 0.007 0.806 0.067 0.566 0.053
Gd 2.074 0.138 1.988 0.230 2.281 0.185 1.361 0.017 2.258 0.141 1.506 0.051
Dy 2.726 0.192 2.550 0.220 2.809 0.301 1.688 0.054 2.041 0.084 1.708 0.083
Er 1.728 0.076 1.640 0.110 1.704 0.160 1.033 0.049 0.879 0.041 1.053 0.110
Yb 1.675 0.156 1.564 0.167 1.694 0.181 1.028 0.039 0.535 0.093 1.125 0.089
Hf 0.658 0.055 0.830 0.090 1.460 0.073 0.531 0.009 2.272 0.240 0.608 0.122
Ta 0.012 0.015 0.018 0.009 0.130 0.016 0.083 0.008
Pb 0.093 0.030 0.270 0.030 0.193 0.032 0.108 0.023 0.840 0.089 0.408 0.088
Th 0.021 0.003 0.200 0.020 0.430 0.046 0.029 0.003 1.201 0.052 1.015 0.096
U 0.007 0.001 0.093 0.011 0.146 0.013 0.010 0.003 0.431 0.011 0.247 0.025
147Sm/144Ndb 0.304 0.039 0.212 0.052 0.226 0.041 0.224 0.024 0.152 0.018 0.146 0.023
147Sm/144Nd c 0.2642 0.0053 0.2029 0.0041 0.2136 0.0043 0.2330 0.0047 0.1354 0.0027 0.1488 0.0030
143Nd/144Nd 0.513495 0.000007 0.512942 0.000005 0.513134 0.000006 0.513007 0.000006 0.512870 0.000006 0.512788 0.000006
87Sr/86Sr 0.702712 0.000008 0.703592 0.000005 0.702786 0.000007 0.703319 0.000005 0.704234 0.000008 0.704145 0.000007

Major and trace element data are from Rivalenti et al. (2004a). Isotopes and Pb, Li, B and CD34 trace element composition are new data.
a Electron microprobe analyses.
b LA–ICP–MS analyses.
c Isotopic dilution analyses.
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5. Petrography and geochemistry of the selected
samples

Samples were selected on the basis of their dimen-
sion (large enough to permit clinopyroxene separation
for isotope analysis) and geochemical variability of
clinopyroxene (that need to cover the entire variation
observed at Chenques). The textural characteristics and
modal composition of the selected xenoliths are sum-
marized in Table 1, along with composition of the main
phases, and illustrated in Fig. 3. All the samples have
a granoblastic texture and only CD50 contains visible
glass veins (0.2 wt.%). The sample compositions vary
between lherzolite (CD34, CD61), variably cpx-poor
lherzolites (CD50, CD21 and CD18) and harzburgite
(CD15).

5.1. Clinopyroxene geochemistry

Representative analyses of clinopyroxene cores from
the selected samples are reported in Table 2 and com-
pared with the larger data set of Rivalenti et al. (2004a)
in Figs. 4 and 5. The Mg# values are in the range of
91.3 (lherzolite CD61)–92.9 (harzburgite CD15). The
TiO2, Al2O3, FeO and Na2O concentrations decrease,
and the CaO concentration increases, when Mg# in-
creases. The clinopyroxene of the harzburgite CD15
Fig. 4. Major element variation trends with respect to Mg# in the selected cl
et al. (2004a) (grey symbols), compared with the clinopyroxenes crystallised
plots off the Na2O and CaO variation trend for having a
much higher Na2O (Fig. 4) and lower CaO (not shown)
concentrations. The composition of the matrix clinopyr-
oxenes is compared in Fig. 4 with that of clinopy-
roxenes crystallized from the glass veins and pockets.
Within the same Mg# range, the glass-related clinopy-
roxenes have higher TiO2, Al2O3, FeO and lower Na2O
concentrations.

For convenience of description, we put the matrix
clinopyroxenes into three groups on the basis of their trace
element patterns. Fig. 5 shows that the selected samples
document all the groups and their internal variations.

Group 1 is characterized by flat at ∼4xPM (Primitive
mantle, Hofmann, 1988) concentration from Sm to Yb
and by variable LREE-depletion (e.g., CD 61, (La/Yb)N=
0.2) to LREE-enrichment (e.g., CD 34, (La/Nd)N=1.8),
thus resulting in spoon-shaped patterns (Fig. 5B).

Group 2 is characterised by REE pattern varying
from slightly LREE-depleted to slightly enriched
(Fig. 5D) and large variations in the MREE–HREE
concentrations (e.g., CD 18 and CD 21, La/Yb)N=0.8
and 0.5, respectively, and Nd to Yb concentration=∼4
and ∼2xPM, respectively).

Group 3 clinopyroxenes have REE patterns varying
from highly LREE-enriched and steadily fractionated
[CD15, (La/Yb)N=16.7] to moderately-LREE enriched
and virtually flat from Gd to Yb (CD50 and CD28,
inopyroxenes (black symbols) and in the larger data set from Rivalenti
in glass veins and pockets (open circles).



Fig. 5. Primitive mantle–normalised (Hofmann, 1988) REE and extended trace element profiles of the clinopyroxenes. Black lines and grey lines
distinguish the clinopyroxenes selected for isotope analysis and the larger data set reported in Rivalenti et al. (2004a), respectively. Figs. A–B, C–D
and E–F distinguish pyroxene groups with different geochemical characteristics discussed in the text.
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(La/Yb)N=2.5–3.4 and (Gd/Yb)N=1.1–1.2, respectively)
(Fig. 5F).

All groups have Th and U spikes (U being in general
higher than Th), and negative Nb, Ta, Pb and Ti spikes.
A positive Sr anomaly appears in all the clinopyroxenes
except those LREE-depleted in the group 1. Concentra-
tions of highly incompatible elements and Sr increase
with increasing LREE concentrations. Zr and Hf do
not show major anomalies in group 1 (they are slightly
depleted with respect to the adjacent REE), and in group
2 Zr and Hf range from slightly depleted to slightly
enriched. In group 3, Hf is markedly depleted in CD50
and both Zr and Hf are slightly enriched in CD15.
The Li and B concentrations are in the range 0.7–1.4
and 0.4–1.5 ppm, respectively lower and higher than
those estimated by Ottolini et al. (2004) in the clino-
pyroxenes of the MORB mantle source (1.6–1.8 Li ppm
and 0.07–0.10 B ppm). The clinopyroxenes having
LREE-depleted patterns (CD61, CD21 and CD18) and
high Mg# show the highest Li and lowest B concentra-
tions. Li irregularly decreases, and B more regularly
increases, with increasing the highly incompatible ele-
ment concentrations and REE fractionation. Clinopyr-
oxene CD34 is an exception due to its high Li content.

The variations of B and Li concentrations observed
in the clinopyroxenes are matched by similar variations
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in the other mineral phases (Table 1). B concentration
does not show significant differences among the dif-
ferent mafic minerals, whereas Li is especially parti-
tioned into olivine (e.g. Ottolini et al., 2004).

5.2. Sr and Nd isotopes

Analytical results on the clinopyroxene separates are
reported in Table 2 and illustrated in Fig. 6. The samples
form a tight array between a highly depleted DM end-
member (the LREE-depleted group 1 clinopyroxene
CD61,143Nd/144Nd=0.51349; 87Sr/86Sr=0.70271), and
an enriched region occupied by the two group 3 samples
(the LREE-enriched clinopyroxenes CD15 and CD50,
143Nd/144Nd=0.51287, 0.51279; 87Sr/86Sr=0.7042,
0.7036, respectively). The isotopic variations correlate
with those of the clinopyroxene geochemical parame-
ters, as illustrated in Fig. 7 for selected elements. The
increase in 87Sr/86Sr (or the decrease in 143Nd/144Nd)
correlates with the increase of the Mg# values and Sr, Zr,
Fig. 6. Sr–Nd isotopic composition of the Chenques clinopyroxenes, compar
Barbieri et al., 1997; Gobernador Gregores, Gorring and Kay, 2000; El Fraile
Pannonian Basin (Rosenbaum et al., 1997); B, backarc plateau and post-plate
C, arc basalts (Hickey et al., 1986; SSVZ: Kilian and Behrmann, 2003; Cay a
Stern and Kilian, 1996); D, Chile Ridge basalts (Klein and Karsten, 1995; Stu
LREE, Pb, Th and B abundances and with the decrease
of Na2O, FeO, TiO2, V, Y and HREE concentrations.

The Chenques isotope array is compared in Fig. 6 with
other xenoliths fromPatagonia, a large variety of Patagonia
volcanics and Nazca plate basalts and sediments.

The isotopic values of the northern Patagonia xeno-
liths (Cerro del Mojon and Paso de los Indios, Barbieri
et al., 1997) plot close to the Chenques array (Fig. 6A).
The Cerro Fraile and Las Cumbres xenoliths, occur-
ring in a region possibly affected by the Antarctic plate
(Kilian and Stern, 2002), form an array that, starting from
depleted values similar to those of Chenques, diverges
towards a low-Nd, low-Sr end-member (Barbieri et al.,
1999). The Pali Aike (not shown) and G. Gregores
(Gorring and Kay, 2000) xenoliths behave like the
backarc basalts. The Chenques samples are also com-
pared in Fig. 6A with the isotopic characteristics of the
xenoliths from Carpathian–Pannonian Basin (Rosen-
baum et al., 1997), one of the few mantle wedge oc-
currences for which isotopic data are available. Like
ed with: A, other Patagonia xenolith occurrences (Northern Patagonia,
and Las Cumbres, Barbieri et al., 1999) and xenoliths from Carpathian–
au basalts (Stern et al., 1990; Gorring and Kay, 2001; Kay et al., 2007);
nd Maca volcanoes: D'Orazio et al., 2003); adakites (Kay et al., 1993b;
rm et al., 1999) and Nazca sediments (Kilian and Behrmann, 2003)(D).



Fig. 7. Variation of selected trace elements (ppm) and element ratios with respect to 87Sr/86Sr in clinopyroxene. Bar represent 1σ standard deviation
for the elements and element ratios, whereas standard deviation for the isotope is within the symbol dimension.
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Chenques peridotites, the Pannonian xenoliths form an
array enriched in radiogenic Sr.

The Chenques array is clearly distinct from that of the
backarc lavas (Stern et al., 1990; Gorring and Kay,
2001; Kay et al., 2007) in being enriched in 87Sr/86Sr at
a given 143Nd/144Nd (Fig. 6B). However, the alkali
basalts of Chenques and another locality close to this
(CH and PAT 4, respectively, Stern et al., 1990) plot
in the proximity of the enriched end of the Chenques
xenolith array.

The arc basalts from the SSVZ (Hickey et al., 1986;
Kilian and Behrmann, 2003), especially those of two
calc-alcaline volcanoes∼200 km SWof Chenques (Cay
and Maca volcanoes, D'Orazio et al., 2003) and the
adakites (Kay et al., 1993b; Stern and Kilian, 1996)
partially overlap the Chenques array, extending it
towards more enriched values (Fig. 6C). Some adakites
from Cerro Pampa (Kay et al., 1993b), however, plot off
the Chenques array at lower 143Nd/144Nd.

Geochemical and isotope data on the Chile Ridge
basalts and sediments forming the Nazca oceanic crust at
the latitude of interest are fromKlein andKarsten (1995),
Sturm et al. (1999) and Kilian and Behrmann (2003).
The Chile Ridge basalts have average 87Sr/86Sr=
0.70296 and 143Nd/144Nd=0.51305, with extreme Sr
and Nd isotope values in one sample of Segment 4



56 G. Rivalenti et al. / Lithos 99 (2007) 45–67
(0.70407 and 0.512709, Klein and Karsten, 1995). The
average 87Sr/86Sr and 143Nd/144Nd values in the sedi-
ments are 0.7077 and 0.51253, respectively (Kilian and
Behrmann, 2003). The Chile Ridge basalts virtually
overlap the Chenques xenolith array (Fig. 6D), whereas
the Nazca sediments plot on the isotopically enriched
extension of the Chenques array.

6. Discussion

As observed by Rivalenti et al. (2004a), the large
variation in major and trace element compositions of the
clinopyroxenes indicates that at Chenques the litho-
spheric mantle underwent metasomatic enrichment
process. We discuss in the following the composition
of the lithosphere predating metasomatism, the nature of
the metasomatic agent(s) and their composition and
origin.

6.1. Pristine lithosphere and metasomatic processes

Among the Chenques samples, CD61 and other geo-
chemically similar samples not specifically considered
in this paper (Fig. 5A,B) can be assumed as adequate
representatives of the lithospheric mantle predating
metasomatism. CD61 has the highest 143Nd/144Nd val-
ues resulting in a Proterozoic Nd model age and shares
the geochemical characteristics typically considered to
identify a Depleted Mantle (DM) reservoir (Hirschmann
and Stolper, 1996), being in this respect similar to the
pre-metasomatic mantle documented in other parts of
the South America plate (.e.g., the xenoliths from NE
Brazil; Rivalenti et al., 2007). It may be argued,
however, that the secondary, re-crystallised textures
characterising the DM Chenques xenoliths are unex-
pected in rocks recording very old mantle processes.
Indeed, the only other Patagonian mantle xenoliths with
a DM signature similar to CD61 occurs at Cerro del
Fraile (sample Fr4, Barbieri et al., 1999) (Fig. 6A), but
this sample has porphyroclastic textures. The presence
of a secondary re-crystallised texture can be reconciled
with DM characteristics only if the lithosphere under-
went heating-induced re-crystallisation, without addi-
tion of exotic components; alternatively, the secondary
re-crystallised texture could be ascribed to interaction
with MORB-like melts having DM signatures. Since no
Patagonia basalt has 143Nd/144Nd N0.5130, the second
hypothesis is not favoured. Re-crystallisation induced
by high temperature, on the other hand, agrees with the
results of Kay (2002), who shows that the Patagonia
mantle was close to melting since Mesozoic. Therefore,
we assume that the pre-metasomatic lithosphere at
Chenques had a DM composition and it underwent
thermal re-crystallisation in relatively recent times.

The xenolith having the most isotopically enriched
clinopyroxene, and consequently the highest concentra-
tion in highly incompatible trace elements, is harzbur-
gite CD15. Both the strong depletion and fractionation
of the moderately incompatible trace elements (e.g.
HREE) suggest that the melt in equilibrium with clino-
pyroxene CD15 derived from a garnet-facies mantle
sector. Therefore, the geochemical characteristics of
this sample are assumed as the closest approach to
the composition of the metasomatic agent. Correlations
between isotopes and incompatible trace elements
(Fig. 7) show that all the Chenques samples plot in
between the CD61 and CD15 end-members and are,
therefore, consistent with the effects of a metasomatic
process by which a metasomatic agent (recorded by
CD15) interacts with a lithosphere similar to CD61. The
correlation between isotopes and fertility index, such as
Mg#, indicates that the introduction of the metasomatic
component was proportional to the degree of depletion
in the ambient peridotite; in other words, either meta-
somatism affected a variably depleted mantle section, or
the addition of the metasomatic component triggered
melting so that the degree of this latter was roughly
proportional to the amount of the metasomatic charge.

In group 1 clinopyroxenes, the metasomatic mod-
ifications, which affect only the most incompatible
elements, result in spoon-shaped REE patterns like that
of CD34 (but also CD20 and CD35 reported by
Rivalenti et al., 2004a, Fig. 5B). In the region from
Sm to Yb, the spoon-shaped patterns of group 1 clino-
pyroxenes are closely similar to pattern of CD61 clino-
pyroxene. This is consistent with metasomatic processes
operated in a lithosphere having geochemical signatures
similar to those of CD61. The high concentration of the
LREE, as well as of other LILE, in the spoon-shaped
clinopyroxenes may be regarded as the result of melt
percolation through the fertile lithospheric peridotites at
a given stage, namely when the melt is progressively
exhausted by fractional crystallisation and its composi-
tion is strongly affected by chromatographic-type chem-
ical exchange with the peridotite. At this stage, the
composition of moderately incompatible trace elements
(e.g. HREE) in the percolating melt is efficiently buff-
ered to that of peridotite minerals, whereas the highly
incompatible elements still have variably large contents
and are ubiquitously strongly fractionated (see also Xu
et al., 1998; Ionov et al., 2002; Rivalenti et al., 2007).

In the group 2 samples, and in samples CD50 and
CD28 from group 3, large variations in REE concentra-
tions are associated with only slight REE fractionation



Fig. 8. Numerical simulation (Plate Model, Vernières et al., 1997) of
reactive porous flow of a putativemelt in equilibriumwith clinopyroxene
CD15 through a fertile spinel-facies lithospheric mantle containing
clinopyroxene CD61. The Fig. shows the PM-normalised trace-element
abundances in clinopyroxenes CD61, CD15, CD50 and CD34 (black
lines) and the model clinopyroxenes (grey lines) of the first 5 cells and
10th, 15th and 20th cell. The clinopyroxene/melt partition coefficients
used in the model are from Green et al. (2000, run 1802). The solid/melt
partition coefficients for olivine are from Zanetti et al. (2004), whereas
those for orthopyroxene and spinel were calculated according to the Cpx/
liquid partition coefficients of Green et al. (2000) and the solid/liquid
partition coefficients reported by Ionov et al. (2002). See text for further
explanations.
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and depletion in modal clinopyroxene. In other oc-
currences, similar features have been interpreted and
modelled as the transient result of melt-peridotite reac-
tions dominated by dissolution of peridotite minerals
and consequent increase of the melt volumes (Bedini
et al., 1997; Xu et al., 1998). The chemical effects of this
process are closely similar to those produced by melt-
assisted partial melting (e.g., Rivalenti et al., 2007); its
occurrence and relevance in the evolution of the
Southern Patagonian lithosphere has been already
addressed elsewhere (Rivalenti et al., 2004a,b).

Metasomatic processes resulting in chromatographic
enrichment are commonly described and quantitatively
modelled in several studies (e.g. Kelemen, 1995; Bedini
et al., 1997; Rivalenti et al., 2007). Using the Plate
Model of Vernières et al. (1997), we provide here
(Fig. 8) a numerical simulation of the melt-assisted
partial melting recorded by the group 2 and 3 xenoliths
and of the chromatographic enrichment in the group 1
xenoliths.

The melt in equilibrium with clinopyroxene CD15
has been assumed to represent the infiltrating melt,
whereas the trace element composition of the pristine
mantle has been inferred by mass balance calculations
using the CD61 mode, clinopyroxene composition and
solid-solid trace element partitioning derived from
suitable solid-melt partition coefficients (Ionov et al.,
2002). Reaction parameters were progressively refined
to verify the possibility that the chemical signatures of
melt in equilibrium with the CD50 clinopyroxene are a
transient feature produced by melt-peridotite interaction
under increasing melt mass conditions. The mantle
column was divided in 20 cells and 20 process incre-
ments were run; peridotite minerals were assumed to
dissolve during each increment in the following weight
fraction Opx:Cpx:Sp=0.2:0.7:0.1, according to the
petrographic observation. This is also consistent with
the minerals weight fraction of peridotite melting
assemblage at spinel facies conditions (Kinzler, 1997).
The starting melt/rock ratio was fixed to 0.01. Fractional
crystallisation was not allowed, whereas an assimilation
rate of peridotite minerals was set to 7 per mill through-
out the column. Compaction was carried out in cells
with melt/rock values exceeding 0.03. For a detailed
explanation of model parameters see Vernières et al.
(1997). After 20 process increments, the melt/rock mass
ratio was 0.03, with the exception of the last two cells, in
which it was between 2.5 and 1.7. The upper part of the
mantle column maintains a lherzolite composition. The
last cell atop the column, which experienced only 1
process increment, has the following mineral assem-
blage (weight fraction): Ol:Opx:Cpx:Sp=0.605:0.260:
0.116:0.019. This assemblage is, in practise, indistin-
guishable from the original modal composition, whereas
it becomes progressively more olivine-rich towards the
bottom of the reaction column. The first cell at the base
of the column has a harzburgitic modal composition
with Ol:Opx:Cpx:Sp=0.690:0.269:0.033:0.008 (weight
fraction). Other model parameters are reported in the
caption of Fig. 8. This Figure shows the trace-element
abundances in clinopyroxenes CD61, CD15, CD50 and
CD34 (black lines) and the model clinopyroxenes (grey
lines) of the first 5 cells and 10th, 15th and 20th cell.

The results of our modelling show that the concen-
tration of highly incompatible trace elements in the
metasomatic fluid triggering melting (and consequently,
in the equilibrium clinopyroxene) decrease as the reac-
tion with ambient peridotite proceeds; however, only
moderate changes among highly incompatible trace
elements are observed. By contrast, the concentrations
of moderately incompatible elements in the metasomatic
melt increase with significant changes of the original
fractionation. The REE, Sr, Zr, Ti and Y contents of
clinopyroxene CD50 are best modelled at the base of the
mantle column, where the peridotite is deeply modified
(i.e. modally depleted and enriched in incompatible
elements) by interaction with the upraising melt. The
mismatch observed in Th and LREE fractionation
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between the compositions of CD50 and modelled
clinopyroxene does not likely result from melt-perido-
tite interaction and, it is, therefore, regarded as due to the
original compositional features of the injected fluid
coming from garnet-facies reservoir. Spoon-shaped
trace element patterns similar to those observed in the
group 1 xenoliths (e.g. CD34) are approximated in the
10th to 20th cells.

As a whole, melt-assisted melting results in more
refractory (harzburgitic) assemblages with enriched
trace element signatures at the bottom of the column,
and more fertile or almost primitive (lherzolitic) assem-
blages with slightly modified trace element signatures
towards the top of the mantle column.

6.2. Nature of the metasomatic agent

The isotopic signatures of Chenques xenoliths pro-
vide evidence in favour of a slab-derived signature of
the metasomatic agent beneath this locality. As a whole,
the observed isotopic array has close similarities with
that of arc lavas (especially Cay and Maca) and adakites
Fig. 9. A, B: PM – normalised extended and REE patterns of the melt in equ
alkali basalt and with the glass composition in veins and pockets into the xeno
specifically studied in this paper and from literature (Rivalenti et al., 2004a)
lines, D'Orazio et al., 2003) and the field of the Patagonia adakites (in grey
calculated by using the partition data set of Green et al. (2000) for hydrous ba
the xenoliths and their spinel-facies) and of Hauri et al. (1994) for Th, U an
from the region (Fig. 6C), both containing important
contributions from the subducted slab, and points to
an enriched end-member, possibly represented by a
mixture of Nazca basalts and sediments. Similarly, the
radiogenic-Sr-enriched trend shown by ultramafic
xenoliths from the mantle wedge of the Carpathian–
Pannonian Basin (Rosenbaum et al., 1997) (Fig. 6A)
was attributed to the interaction of peridotite mantle
with liquid(s)/melt(s) carrying a relatively large amount
of slab-derived component(s).

The initial geochemical characteristics of the
metasomatic agent are best recorded in the CD15
sample from group 3 xenoliths (see discussion in
Section 6.1), whereas all the other samples record
either melting triggered by the metasomatic agent
(CD50 and group 2 xenoliths) or the results of
chromatographic element fractionation (group 1). In
order to make easy the comparison between possible
metasomatic agents and the potential melts in equilib-
rium with clinopyroxenes, we calculated the composi-
tion of these latter by using the partition coefficients of
Green et al. (2000, run 1802, at 1080 °C and 2 GPa)
ilibrium with the matrix CD15 clinopyroxene compared with the host
liths. C, D: melts in equilibrium with the group 1 and 2 clinopyroxenes
compared with the Cay and Maca basalts (field contoured by dashed
, Kay et al., 1993b; Stern and Kilian, 1996). Equilibrium melts were
salt at 2 GPa and 1080 °C (corresponding with the temperature range of
d Pb.
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and of Hauri et al. (1994) for Th, U and Pb at 1407 °C
and 1.7 GPa. In spite of the large temperature
differences, the two runs have similar cpx/lDLa,Ce.

The CD15 equilibrium melt (Fig. 9A, B) exhibits
positive Th, U, Pb and Sr spikes, negative Nb and Ti
spikes and highly fractionated REE pattern indicating
derivation from a garnet-bearing source. The LILE
enrichment and the negative Nb spike are preserved
during the melting-assisted process described in Section
6.1, except for a decrease of the REE fractionation
produced by the re-equilibration with the spinel-facies
mantle. These geochemical characteristics are generally
considered as typical of components bearing a subduc-
tion-related signature (e.g. Ionov and Hofmann, 1995;
Kepezhiskas et al., 1996; Yagodzinski and Kelemen,
1998; Dorendorf et al., 2000; Churikova et al., 2001;
Grégoire et al., 2001; Prouteau et al., 2001; Franz et al.,
2002; Trua et al., 2006).

Metasomatism operated by an alkali basalt compo-
nent is an alternative possibility to the model depicted
above, namely the straightforward interaction of
peridotite mantle beneath Chenques with a fluid
containing a slab signatures. Numerical simulations
provided in the last decade (Vernières et al., 1997;
Bedini et al., 1997; Ionov et al., 2002; Rivalenti et al.,
2004b, 2007; Piccardo et al., 2007) demonstrated that
percolating melts may significantly change their initial
composition during reactive porous-flow. Low time-
integrated melt/rock mass ratios may result in extreme
incompatible element enrichment and inter-element
fractionation, particularly in the presence of trace-
element-bearing accessory minerals. For example,
Bedini et al. (1997) attributed the enrichment in LILE
and LREE and the depletion in Nb and Ta observed in
xenoliths from the East African rift to the percolation of
alkali-basalts under decreasing melt mass and the
concomitant crystallisation of microphases (e.g. rutile).
Similarly, Ti, Zr and Hf negative anomalies of
clinopyroxenes from Gobernador Gregores xenoliths
were not ascribed to metasomatism operated by an agent
strongly depleted in HFSE, such as a carbonatitic melt,
but to the role of HFSE-bearing phases such as
amphibole and loveringite during reactive porous flow
operated by hydrous alkaline basalts (Rivalenti et al.,
2004b).

In the specific Chenques case, isotopic signatures
(Fig. 6B) clearly indicate that the only backarc alkali
basalt suitable to have metasomatised the Chenques
lithosphere is the basalt hosting the xenoliths. Insights
on the chemical variations induced by percolation of the
host basalt into the CD mantle are provided by the
occurrence of vein glasses. Preliminary results bear
evidence for strong reaction between the infiltrating host
lava and the matrix mineral assemblage, resulting in
orthopyroxene dissolution and crystallisation of olivine,
clinopyroxene, spinel±plagioclase. As a result, the lava
undergoes dramatic chemical variations consisting, at
the thin section scale, of silica, aluminium, alkalis and
Mg# increase recorded by vein glass (see representative
glass analyses in Table 1, supplementary material).
These variations are similar to those described by Shaw
et al. (2006). The trace element patterns available at
present (Fig. 8) show that, in spite of the large major
element variations, the infiltration process does not
induce any trace element fractionation; spikes in Th, U,
Nb, Pb, Sr and Ti, such as those observed in equilibrium
melt of CD15 or in any other melt estimated from the
xenolith clinopyroxenes, are not observed. Significant
differences also exist between the major element
composition of matrix clinopyroxenes and those crystal-
lised from vein glass (representative analyses in Table 1,
supplementary material) within the same Mg# range
(Fig. 4). It is therefore concluded that there is no
evidence in favour of the host basalt as the metasomatic
agent. Arc basalts, adakites or even slab-derived liquids
are better candidates as potential metasomatic agent, as
suggested by their similarity with melts in equilibrium
with clinopyroxene (Fig. 9C and D). The main
difference between the equilibrium melts and the arc
magmas is the higher concentration of the incompatible
elements in the range Th–Pb in the melts, possibly
caused by the chromatographic enrichment of these
elements in the infiltrating agent during metasomatism.

6.3. Site of metasomatism

It has been shown in Section 6.2 that the Chenques
xenoliths bear isotopic and geochemical evidence of
their interaction with components derived from the
subducted plate. However, the Chenques locality occurs
200 km E from the SSVZ, that is very far from the
location we could expect for extensive interaction of
sub-arc mantle with slab-derived components. There-
fore, either the Chenques xenoliths represent subarc
mantle transported 200 km to the E, or they record a
metasomatic event operated beneath the Chenques oc-
currence by slab-derived components. These two possi-
bilities are discussed in the following.

6.3.1. Subarc mantle
The hypothesis that the Chenques xenoliths derive

from the subarc mantle of the SSVZ requires reverse
corner flow in the mantle wedge. Davies and Stevenson
(1992) extensively discuss the factors inducing reverse
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in the corner flow (e.g. buoyancy, presence of a week
layer, presence of subducted sediments). These require-
ments could be matched by the SSVZ subarc man-
tle. However, the SSVZ volcanoes range in age from
Pliocene to Quaternary. Thus, assuming an age of
∼5 Ma, the velocity of the flow had to be ∼4 cm year−1

in order to travel the 200 km separating the Chenques
locality from the arc. van Keken (2003) highlights the
several factors controlling the flow velocity in the
wedge corner. These factors are unknown in the present
case and thus it is impossible to constrain the velocity.
Although attractive, this scenario is probably not rea-
sonable because of the lack of deformed textures in the
collected xenoliths (Fig. 3), which do not favour solid-
state transport over long distances but, rather, in situ re-
crystallisation.

6.3.2. Metasomatism beneath the Chenques locality
If unrelated to the upraise of the Quaternary host

basalts, the age of metasomatism is essentially uncon-
strained because subduction was active since Mesozoic
(Ramos and Aleman, 2000). However, the second-
ary nature of petrographic textures suggests that the
chemical heterogeneity of the Chenques samples can be
broadly considered coeval with the Tertiary-Quaternary
stages of backarc magmatism. If metasomatism is older
than 14 Ma, the triple point (Fig. 1) would have been at
latitude 50° S (Ramos and Kay, 1992; Gorring et al.,
1997; Ramos and Aleman, 2000) and at the Chenques
latitude subduction would have involved colder regions
of the Nazca plate with respect to present because farther
from the Chile Ridge. In the following discussion we
postulate that the subduction geometry and the plates
involved were similar to those involved at present.

Spinel-facies xenoliths come from a depth not ex-
ceeding 60–70 km. Because the Chenques locality is
400 km far from the Chile trench, the slab surface under
this locality must have reached a depth around 180 km,
even assuming a moderate slab dip of about 20° (Cahill
and Isaks, 1992). This depth estimate is consistent with
the geophysical data of Gutscher (2002) at latitude 42°
S. If so, slab-derived component was released to the
wedge at pressure N5 GPa and had to cross a ∼100 km
thick, hidden mantle section before reaching the spinel-
facies level. Among the many factors controlling the
observed metasomatism (temperature of the subducted
slab, its mineralogical and chemical variation at
increasing depth, composition of the released fluids,
reactions occurred during percolation in the garnet-
facies mantle), only the composition of the Nazca plate
sediments and basalts before subduction and the final
metasomatic overprint is known. However, based on
available experimental work, we propose three main
cases for the processes occurring in the hidden region.
These hypotheses are illustrated in the cartoon in Fig. 10
and discussed in the following.

6.3.2.1. Slab components are released as hydrous fluids
and not melts and reactions in the major dehydration
zone beneath the arc do not consume all water. The
main dehydration zone beneath the arc involves the
breakdown of amphibole, biotite and other hydrous
phases like lawsonite and zoisite (Schmidt and Poli,
1998; Hermann and Green, 2001; Forneris and Hollo-
way, 2003). According to Poli and Schmidt (1995),
Hermann and Green (2001) and Schmidt et al. (2004)
the main water carrier at higher pressures is phengite
both in basaltic and metasedimentary components,
which would be composed by garnet+clinopyroxene+
phengite±kyanite± rutile. As shown in Table 3, both the
Nazca sediments and basalts may be calculated accord-
ing to a high pressure mode containing phengite.

An important requirement is that the slab preserved
subduction-related trace element signature downstream
the main dehydration zone. This may happen only if the
slab components released beneath the arc were fluids
and not melts, since melts would deplete the residual
slab in incompatible trace elements much more effi-
ciently than fluids. If older than 15 Ma, the subducted
Nazca plate in the region of interest may have been
relatively cold and, at a convergence rate high as at
present, it may have not been heated to the melting
temperature (N750 °C at ∼3 GPa) below the arc
(Forneris and Holloway, 2003). Relatively cold slab is
supported by the conclusions of D'Orazio et al. (2003),
who claim that the mantle source of the Cay and Maca
arc volcanics was fertilised by slab fluids and not melts.

6.3.2.2. Mobile slab components are released as
supercritical fluids beneath Chenques. Schmidt et al.
(2004) show that in phengite-bearing metabasalts and
metasediments melting may occur under fluid saturated
conditions at ∼850 °C, 4 GPa, being melt productivity
proportional to the phengite content. The experimental
melt is a high-K granite (Table 3 in Schmidt et al., 2004)
enriched, besides K, in Rb and Ba because phengite is
the main carrier for these elements. Stalder et al. (2001)
show that with increasing pressure the amount of dis-
solved matter in a fluid and of water in the melt dra-
matically increase and the compositions of fluids and
melt converge along a miscibility gap that eventually
disappears. Any fluid beyond the intersection of the
miscibility gap with the solidus is a “supercritical liquid”
indistinguishable from melt. According to Kessel et al.



Fig. 10. Cartoon illustrating the hypothesis that the Chenques metasomatic agent derives from the underlaying slab and refers to pre-Qaternary
processes. The figure shows the upper stability limit of hydrous phases along the subducted slab (from Schmidt and Poli, 1998), and summarizes the
fertilization effects induced by fluid percolating in the garnet-facies mantle wedge and the metasomatic processes occurring in the spinel-facies
mantle. Depth and distance from the trench are not at the same scale. A subduction dip of ∼20° has been assumed. Isotherms are only indicative.
Amph = amphibole; zo = zoisite; cht = chloritoid; chl = chlorite; serp = serpentine; pheng = phengite; Sp = spinel; ga = garnet.
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(2005), this critical end-point is situated between 5 and
6 GPa in mica-rich lithologies and Schmidt et al. (2004)
propose termination of the wet solidus slightly above
5 GPa. This fluid is water-rich and enriched in K and all
the elements partitioned into phengite; moreover, it
possess highly fractionated REE patterns and is depleted
in Ti and Nb because of the presence garnet and rutile in
the residual eclogite.

It is here postulated that slab temperature was not
sufficiently high to induce phengite-controlled melting
beneath the Chenques areas and that phengite break-
down (at about 6 GPa) resulted in a supercritical fluid.

Kessel et al. (2005) provide fluid/eclogite partition
coefficients at 4 and 6 GPa and at various temperatures.
These partition coefficients account also for the pres-
ence of rutile. Although the experimental charges were
K-free, Kessel et al. (2005) claim that the partition
coefficients may be applied also to K-rich pelitic and
clastic metasediments. At 6 GPa, partition coeffi-
cients between supercritical fluids and solids show a
large T-dependence, but are qualitatively similar to
solid/melt D values.

Putative trace element abundances of supercritical
fluids, estimated from the Nazca metasediments and
metabasalts, using the solid/liquid partition coefficients
defined by Kessel et al. (2005) at 6 GPa and various
temperatures, assuming fluid extraction up to the com-
plete disappearance of phengite, are reported in Table 3.
Both sediment- and basalt-derived fluids show T-related
variations of both the overall element concentrations
and elemental fractionation, especially regarding Th/U,
La/Nb, (Zr,Hf)/Nd, whereas REE fractionation remains
virtually unchanged.

6.3.2.3. Supercritical fluids survive flow into the hidden
mantle segment. First, let consider the ability of a slab-
derived fluid to travel the long distance to the spinel-facies
level. We speculate that this occurred for two reasons: a)
the inverted geothermal gradient of the wedge; b) the
preservation of H2O in the fluid. Because of the inverted



Table 3
Average of the Nazca Plate Leg 141 sediments and Chile Ridge basalts and estimated fluid compositions at 6 GPa

Leg 141 Sediment a Chile Ridge basalts b

Average FLUIDS at 6 GPa c Average FLUIDS at 6 GPa c

800 °C 900 °C 1000 °C 1200 °C 800 °C 900 °C 1000 °C 1200 °C

SiO2 58.27 50.00
TiO2 0.91 1.22
Al2O3 16.27 15.60
FeO 7.02 8.98
MnO 0.11 0.17
MgO 3.01 8.50
CaO 4.48 11.50
Na2O 3.44 2.70
K2O 2.12 0.19
P2O5 0.14
Total 95.62 99.00
Ti 5428 727 1626 7178 10906 7322 748 1753 10948 23051
Sr 295 949 957 1002 1012 136 2112 2248 3248 3586
Y 23.9 1.4 1.7 10.7 28.3 29.4 1.3 1.6 11.1 37.4
Zr 149.5 19.6 68.4 288.1 394.3 94.0 9.4 36.0 271.4 601.0
Nb 9.1 3.9 10.4 16.6 25.4 3.7 1.3 4.5 9.7 29.5
Ba 442 1469 1490 1526 1522 51 1004 1131 1434 1400
La 21.6 62.5 66.1 73.0 74.5 4.3 39.3 50.9 100.5 124.7
Ce 47.6 124.4 137.4 155.4 163.8 11.4 70.8 102.1 199.0 316.4
Nd 22.8 34.5 44.1 70.7 72.8 9.3 17.3 27.1 117.4 138.5
Sm 4.92 3.61 4.61 10.33 12.67 3.02 2.02 2.76 10.46 17.83
Eu 1.21 0.61 0.82 1.91 2.61 1.07 0.46 0.65 2.13 3.94
Gd 4.54 1.26 1.97 4.62 7.32 4.07 0.90 1.47 4.17 8.42
Dy 4.09 0.35 0.53 1.54 3.15 4.82 0.31 0.48 1.48 3.43
Er 2.42 0.10 0.13 0.45 1.08 2.91 0.09 0.12 0.42 1.09
Yb 2.19 0.06 0.06 0.27 0.71 2.88 0.06 0.06 0.27 0.75
Hf 2.21 0.37 1.20 4.61 6.00 2.22 0.29 1.04 7.59 15.67
Ta 0.641 0.147 0.513 1.076 1.770 0.230 0.041 0.172 0.510 1.727
Pb 13.37 42.47 42.56 44.36 45.68 0.64 9.22 9.35 12.52 16.34
Th 7.00 17.06 22.19 23.51 24.21 0.52 2.62 7.47 11.37 15.30
U 1.89 3.01 4.17 6.02 6.52 0.13 0.27 0.51 1.91 3.67
143Nd/144Nd 0.512530 0.513054
87Sr/86Sr 0.707700 0.702961
High pressure mode d

Pheng 28.6 2.9
Gar 11.0 4.5
Cpx 32.1 79.9
Coes 19.1
Ky 8.1 11.9
Ru 1.0 0.9
R2 2.5 2.0

Cl = Co/(F+D⁎(1-F)), assuming F = phengite percent in sediments and Chile ridge basalts. R2 = S of square residuals.
a Leg 141 sediments: Kilian and Behrmann (2003).
b Chile Ridge basalts: Klein and Karsten (1995), Sturm et al. (1999).
c Calculated by mass balance using the phase compositions of sample 1912 from Green and Adam (2003, Eur J. Mineral. p.821).
d Fluid composition estimated from the fluid/eclogite partition coefficients from Kessel et al. (2005) and batch melting equation.
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geothermal gradient, the fluids would be heated while
migrating, so decreasing their viscosity. Another factor
decreasing the viscosity is the decrease of silica content
related to the olivine-dissolving and orthopyroxene-
forming reactions. As for b, because of the K-rich and
hydrous composition of the slab-derived component,
phlogopite and amphibole are likely to be reaction
products. In the absence of a vapour phase, amphibole
is stable up to 1150 °C and 3 GPa and phlogopite up to
1250 °C at 5-6 GPa (Sudo and Tatsumi, 1990; Wallace
and Green, 1991; Niida and Green, 1999). Therefore,
phlogopite is the dominant hydrous phase crystallising in
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garnet-facies mantle and amphibole may appear at the
garnet-spinel-facies transition (Fig. 10). Hermann and
Green (2001) demonstrate that the H2O/K2O ratio of the
slab-derived melt is much higher than that of phlogopite
and amphibole, which are, therefore, not adequate to store
thewholeH2O content of the hydrous fluid ormelt. This is
also re-enforced by the results of Hauri et al. (2006), who
show that in mantle systems water is incompatible both in
mica and amphibole.

Crystallisation of phlogopite depletes the infiltrated
melt inRb, K,Ba; all other elements aremostly unaffected
due to the very low partition coefficients between
phlogopite and melt (Green et al., 2000). Noticeably, Rb
removal during phlogopite crystallisation results in
“freezing” the 87Sr/86Sr of the fluid (Schmidt et al., 1999).

In mantle amphibole, Ti is compatible and Nb may
become compatible in high-silica, dehydrogenated am-
phiboles (Tiepolo et al., 2000a). Partitioning of REE
between amphibole and melt is essentially similar to that
of the coexisting clinopyroxene, although at slightly
higher D values (LaTourrette et al., 1995; Tiepolo et al.,
2000b). Amphibole may, however, induce MREE frac-
tionation with respect to LREE and HREE; Tiepolo et al.
(2000b) show that amphibole amph/meltDNd-Dy

may become compatible when amph/meltDLREE and
amph/meltDEr,Yb are still incompatible. As reviewed in
Rivalenti et al. (2004b), amphibole may also induce
variations in inter-element HFSE fractionation, but it is
unlike to change the REE-HFSE fractionation.

Since the slab-derived fluid was initially in equilib-
rium with a garnet- and clinopyroxene-bearing residu-
um, its re-equilibration with these phases may result in
negligible percolation-related geochemical variations;
however, this process may have increased the Mg#
number of the fluid and the jadeite content of clino-
pyroxene (Yaxley and Green, 1998). Salters et al. (2002)
Fig. 11. Comparison of the potential CD15 equilibriummelt with a 60%metas
by using the high pressure mode of Nazca sediments and basalts, their avera
6 GPa and 1000–1200 °C (Table 3).
show that Pb is more incompatible than Ce in clino-
pyroxene and, according to Green et al. (2000) Sr is
more incompatible than Ce and Nd in garnet. According
to Salters et al. (2002), DHREE between garnet and melt
decrease at increasing pressure, U is less incompatible
than Th and Hf less incompatible than Zr (see also van
Westrenen et al., 2001).

6.3.3. Comparing the CD15 equilibrium melt and fluids
reaching the spinel-facies mantle

An indirect estimate of the chemical variations
experienced by the slab fluids during their percolation
into the hidden mantle can be done by comparing the
geochemical characteristics of the initial fluid with those
of the melt in equilibrium with the CD15 clinopyroxene,
which was assumed as representative of the metasomat-
ic agent reaching the spinel-facies mantle. A mixture of
60% sediment – and 40% basalt-derived fluids at 6 GPa
and 1000 °C has been chosen as representative of the
initial fluid. These relative proportions have been
chosen to roughly account for the isotopic values of
the enriched end-member of the Chenques isotopic array
(87Sr/86Sr=0.70446; 143Nd/144Nd=0.512805). Fig. 11
shows that the trace element pattern for CD15 potential
melt is qualitatively similar to the high temperature
(N1000 °C) fluid mixture for the highly fractionated
REE patterns, positive Th, U, Pb, Sr and negative Nb
anomalies. However the CD15 melt has a slightly
downward-convex REE pattern, which is slightly
upward-convex in the fluids, thus resulting in higher
(La/Sm)N and lower (Sm/Yb)N of the first one. The
CD15 melt is also enriched in Th, U, Nb, Pb, Sr and
depleted in Ti with respect to the fluids. Based on the
effects of percolation into the hidden mantle zone
described above, the differences in the REE pattern
may be a consequence of amphibole crystallisation. The
ediment–40% basalt-derived fluid mixture (b40 in the figure) estimated
ge composition and the partition coefficients of Kessel et al. (2005) at
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higher concentrations of Pb and Sr are consistent with
the higher incompatibility of these elements in clin-
opyroxene and garnet with respect to Ce, thus becoming
relatively enriched during fluid percolation at decreas-
ing fluid/rock ratio. This may also be the case for Th and
U. The higher Ti depletion in the CD15 melt can be
regarded as a consequence of amphibole fractionation.
This is also consistent with the differences observed for
Nb, whose concentration is higher in the CD15 melt,
whereas the La/Nb ratio is lower, suggesting that Nb
was incompatible in amphibole, but less incompatible
than La and Ce. Zr enrichment with respect to Hf and to
adjacent REE may reflect a garnet influence.

6.4. B and Li

Since B and Li concentration are unknown in the
Nazca sediments and basalts, we did not modelled their
variation determined by the subduction process. These
elements are known to be relatively concentrated in
altered oceanic crust (e.g. Seyfried et al., 1983).
Although Chenques pyroxenes and other phases have
relatively high concentrations of B and Li, they are less
enriched than LREE. In the models previously dis-
cussed, this may be explained by two causes: a) the slab
beneath Chenques underwent B and Li removal when
passing underneath the volcanic arc; b) B and Li have
lower fluid/solid partition coefficients than LREE. As
for point a, B and Li decrease at increasing slab dehy-
dration is consistent with the conclusions of Brenan
et al. (1998a,b). A decrease of B and Li concentrations
with increasing slab depth is reported by Scambelluri et
al. (2004). As for point b, fluid/solid partition coefficient
at 6 GPa reported by Kessel et al. (2005) indicate much
higher fluid/solidDLa,Ce (17.6–206 and 11.8–159, respec-
tively, in the range 900–1200 °C) than for fluid/solidDB,Li

(11.5–7 and 1.52–7.2 in the same temperature range).
Comparison of the present data with those reported in

the (Li/Yb)cpx–(Ce/B)cpx diagram of Ottolini et al.
(2004) shows that the Chenques pyroxenes have lower
Ce/B values than the subcontinental mantle values,
which may indicate influence of fluids. In the literature,
data on the Li and B concentration in clinopyroxenes of
supra-subduction mantle wedge are, to our knowledge,
lacking. So, if our models are reliable, the present data
set is an important information about clinopyroxene
composition in this geodynamic environment.

7. Conclusions

Clinopyroxene geochemistry and its estimated equi-
librium melts indicate that at Chenques the spinel-facies
mantle was a slightly depleted lherzolite which partially
melted during the introduction of a metasomatic com-
ponent or was only chromatographically enriched in
highly incompatible elements in those sectors where
metasomatism occurred under decreasing melt mass.
The mantle lithosphere predating metasomatism had the
isotopic characteristics of a Depleted Mantle reservoir,
possibly formed during Proterozoic depletion events.
These DM characteristics of mantle beneath Chenques
can be reconciled with the secondary re-crystallised,
instead of highly deformed, porphyroclastic texture,
shown by xenoliths assuming that the lithosphere under-
went in relatively recent times heating-induced re-crys-
tallisation, without addition of exotic components.

The relationships between Sr, Nd isotopes and in-
compatible trace element concentrations, the relative
LILE, HFSE and REE fractionation resulting in high
LILE enrichment, Nb and Ti depletion and fractionated
REE patterns, all indicate that the metasomatic agent
recorded an important signature from the subducted
Nazca plate basalts and sediments. The alternative pos-
sibility, that metasomatism was operated by alkali
basalts similar to that hosting the xenoliths is unsup-
ported by the absence in the basalts of the element
fractionations observed in the xenoliths, Also, the
specific element anomalies observed in the xenoliths
and their equilibrium melts are not likely to have been
acquired by reaction between basalts and peridotite,
because they are absent in the reactions of basalt veins
infiltrating the xenolith.

Since the potential melts in equilibrium with the
peridotite clinopyroxenes resemble arc basalts and
adakites, we have examined the hypothesis that the
Chenques xenoliths represent subarc mantle transported
by reversed corner flow 200 km to the East (the distance
between arc and Chenques). Since the oldest age of the
arc volcanics is Pliocene and Chenques is Quaternary
the flow velocity should have been of at least 4 cm
year−1, which is inconsistent with the lack of deforma-
tion textures in the Chenques xenoliths. Therefore, der-
ivation from subarc is unsupported.

The alternative possibility, that the slab signature is a
consequence of components released by the slab
beneath Chenques (about 200 km deep), is difficult to
constrain because of the lack of direct documentation on
the mineralogical and chemical transformations along
the slab and during percolation in the hidden mantle
zone. On the basis of experimental works, we have
hypothesised that phengite was the water carrier down
to 6 GPa, slab dehydrated, it did not melt before
reaching this depth and at 6 GPa phengite breakdown
released a high-K, supercritical fluid. Percolations of
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these fluids into the hidden mantle induced crystal-
lisation of phlogopite and, at lower pressure, amphibole
and during their way up they equilibrated with garnet
and clinopyroxene. Comparison of the composition of
an estimated slab-derived fluid with that inferred to be
the initial metasomatic agent in the xenoliths shows
minor differences, consistent with the geochemical
variations induced by percolation into the hidden mantle
zone. Therefore, in spite of the several poorly con-
strained assumptions, the hypothesis that the slab sig-
nature derives from fluids released under Chenques is
our preferred one.

Similarity of the Chenques isotope characteristics with
other xenolith occurrences in Northern Patagonia suggest
that the recorded geochemical and isotope imprint likely
derive from the Nazca plate components. The contrasted
compositions with xenoliths from the southern localities
situated above the subducted Antarctic plate, although at
present poorly documented, suggest that both plates do
not have identical isotope composition.

The slab window occurring South of Chenques does
not seem to have had any effect on the Chenques mantle
composition.
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