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et al., 2005; Wang et al., 2007; Schilling et al., 2008;
Dantas et al., 2009; Scambelluri et al., 2009) since the
pioneering works of Villar (1975), Niemeyer (1978),
Gelós and Hayase (1979), Muñoz (1981), and Labudía et
al. (1984). Among these localities, only two contain
garnet-bearing peridotites; Pali Aike located in southern
Patagonia (Skewes and Stern, 1979; Douglas et al., 1987;
Stern et al., 1989; Kempton et al., 1999) and Prahuaniyeu,
located in northern Patagonia (Ntaflos et al., 2001; Bjerg
et al., 2009; Gervasoni et al., 2009). Bjerg et al. (2005)
suggest that the Patagonian subcontinental lithospheric
mantle experienced only minor melt extractions in the
garnet peridotite field, while melt extraction was more
extensive in the spinel lherzolite field. Furthermore, it
was considered that the lithospheric mantle had been
moderately to strongly deformed and recrystallized, fre-
quently in the presence of migrating melts (Rivalenti et
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This paper presents the results of new petrochemical studies carried out on mantle xenoliths hosted in Pleistocene
basaltic rocks from the Agua Poca volcano in central-western Argentina. Mantle xenoliths studied are shown to be mainly
anhydrous spinel lherzolites with minor amounts of harzburgite and banded pyroxenite, showing highly variable equilib-
rium temperatures ranging from 820°C to 1030°C at 1.0 to 2.0 GPa. This constitutes evidence that the mantle xenoliths are
representative of a large portion of the lithospheric mantle column and that the geothermal gradient is not very elevated as
reported in some other Patagonian provinces. Geochemical characteristics of clinopyroxene in the mantle xenoliths allow
classification into two groups; Groups 1 and 2. Group 1 contains most of the lherzolites and has light-REE depletion, with
slightly positive anomalies of Eu in some samples and extreme Nb and Ta depletion. Group 2 consists of two harzburgitic
samples, has flat REE patterns with lower Sm to Lu concentrations, with enriched Sr and negative HFSE anomalies. Based
on mineral and residua compositions estimated assuming equilibrium with clinopyroxenes, Group 1 can be considered to
be refractory residua after up to 7%, non-modal, near-fractional melting of a spinel-facies Primitive Mantle. Group 2 can
be considered to be after ca. 13% of partial melting. It is inferred that partial melting events in the lithospheric mantle
beneath the Agua Poca occurred in different ages since the Proterozoic, but compared with Group 1, the metasomatic
overprint is dominant in Group 2 mantle xenoliths. The calculated melt compositions from Group 2 are interpreted to be
transient liquid compositions developed during melt-peridotite interaction, and are different from the host alkaline basalts.
The HFSE-depleted composition estimated for the rising melt suggests the presence of a slab-derived component, al-
though the possibility cannot be disregarded (on the basis of present data) that such a geochemical feature is due to
segregation of HFSE-bearing minerals during the interaction with the peridotite. Thus, we attribute the metasomatic agent
to a basaltic melt and to a minor amount of slab-derived fluids.
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INTRODUCTION

Tectonically, southern Argentina, (commonly known
as Patagonia), is part of the back-arc region of the East
Andean Cordillera, in which Pliocene–Quaternary alka-
line basalt-forming volcanic centers are sporadically dis-
tributed between 37°S and 53°S. In recent times, more
than twenty localities of basalt hosted mantle xenoliths
have been reported in the Patagonian region (e.g., Bjerg
et al., 1994, 1999, 2005, 2009; Varela et al., 1997; Gorring
and Kay, 2000; Laurora et al., 2001; Ntaflos et al., 2001,
2007; Kilian and Stern, 2002; Acevedo and Quartino,
2004; Rivalenti et al., 2004a, 2004b, 2007a; Conceição
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al., 2004a; Bjerg et al., 2005). Calculation of equilibrium
temperatures and pressures indicates an elevated
geothermal gradient similar to that of southeast Australia,
and an oceanic lithosphere, which led Ntaflos et al. (2001,
2003) and Bjerg et al. (2005) to propose the presence of
rising mantle plume(s) in the back-arc region during the
Neogene time.

The mantle xenoliths sampled in Patagonia exhibit
geochemical and petrological variations as a function of
their distance from the Chilean Trench. Cryptic and mo-
dal metasomatism of variable intensity affected the
lithospheric mantle in this region (Rivalenti et al., 2004a;
Bjerg et al., 2005). Metasomatic agents recorded in sam-
pled mantle xenoliths vary with distance to the trench and
are linked to the presence of subduction components, such
as in the localities of Cerro de Los Chenques (Rivalenti
et al., 2007a) and Cerro del Fraile (Kilian and Stern, 2002;
Wang et al., 2007). As shown by the recrystallization and
growth of newly formed minerals, such as amphibole and
phlogopite, the modal metasomatism becomes increas-
ingly noticeable as the distance increases from the trench,
and the strongest influence is indicated in Gobernador
Gregores xenoliths (Laurora et al., 2001; Aliani et al.,
2004, 2009; Rivalenti et al., 2004b). These processes,
observed in the distal region, have been attributed to both
carbonatitic fluids (Ntaflos et al., 1999; Gorring and Kay,
2000) and silicic fluids derived from the subducted plate
(Laurora et al., 2001; Rivalenti et al., 2004b), whereas
metasomatism by tholeiitic and alkaline melts has been
proposed to have affected a lherzolite–websterite xenolith
suite in Cerro de Los Chenques and the Cerro Clark vol-
canoes (Dantas et al., 2009). Metasomatism by silicate
melts has been indicated for the mantle xenoliths in the
Pali Aike volcanic field (Kempton et al., 1999; Stern et
al., 1999).

In southern Argentina, most of the mantle xenolith
localities are distributed south of 40°S parallel; and only
three localities with spinel peridotites have been recog-
nized north of the Colorado River (38°S) (Bertotto, 2000,
2002a, 2002b; Jalowitzki et al., 2010). In order to under-
stand the compositional variation of the whole lithospheric
mantle and its petrologic evolution, more detailed stud-
ies of the mantle xenolith are needed in the northern re-
gions. Thus, we focus on the Agua Poca mantle xenolith
site, located on the back-arc area of Payunia, La Pampa
province, Central-Western Argentina (Fig. 1).

Bertotto (2000) first reported the mantle xenoliths at
the Agua Poca volcano as having protogranular and
protogranular to porphyroclastic textures. The four man-
tle xenoliths collected were classified into two types,
spinel lherzolite and spinel harzburgite, with textures and
whole rock compositions indicative of an upper mantle
origin with a minimum provenance depth of 40 km. Sub-
sequently, a detailed geochemical study of the Agua Poca

Fig. 1.  Location of Agua Poca within the basaltic units of the
western La Pampa province.

mantle xenoliths performed by Jalowitzki et al. (2010),
led to the conclusion that the variability of whole rock
composition for the Agua Poca xenoliths might have been
caused by varying degrees of partial melting processes in
the lithospheric mantle, having either a Depleted Mantle
MORB (DMM) or a Primitive Mantle (hereafter PM) with
metasomatic enrichment, and involving the interaction of
the lithospheric mantle with up to 3% of aqueous fluids
derived from a subducted slab. However, whole rock com-
position does not usually provide full constraints in the
case of multi-stage petrologic evolution, particularly when
a later metasomatic event caused petrochemical zoning
within the samples. Moreover, the whole rock composi-
tion of mantle xenoliths can be affected by an interaction
with melts and fluids related to the volcanic event that
carried them to the surface (e.g., Dantas et al., 2009;
Kempton et al., 1999; Schilling et al., 2008; Stern et al.,
1999). Consequently, such events can hinder the
unraveling of the petrochemical processes on the pristine
subcontinental lithospheric mantle. To overcome this
problem, a mineral micro-analysis investigation is needed,
in addition to the detailed petrographic inspection of the
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Fig. 2.  Modal classification of Agua Poca mantle xenoliths
(squares). Also shown (in contours) is the classification of
xenoliths from two localities at the same back-arc volcanic zone.

Within the peridotites, olivine occurs mostly as
anhedral and subhedral crystals. Olivine generally shows
a porphyroclast texture, with dislocation structures (kink
bands). The largest olivine reaches up to 6 mm in length
and the subhedral grains generally have an average di-
ameter of 0.6 mm (Figs. 3(a)–(c)). The edges of the olivine
are mostly ragged and polygonal, and to a lesser extent
curved. Olivine crystals in contact with the host basaltic
rock are sharply truncated without reaction. Only in small
samples (e.g., AP19 and AP75), included in spatter de-
posits, all the olivines appear dull and are colored black
to red under macroscopic observation. In thin section,
olivine has isolated and elongated inclusions that become
more abundant towards the margin; resembling the oxi-
dized olivine of Johnston and Stout (1984), (Fig. 3(d)).

Orthopyroxene is commonly anhedral and has a maxi-
mum length of 11 mm (Figs. 3(a) and (b)). Similarly to
olivine, orthopyroxene has a margin that is mostly rag-
ged and polygonal, and to a lesser extent, curved. The
porphyroclastic orthopyroxene commonly has exsolution
lamellae of clinopyroxene. Orthopyroxene in two
peridotite samples (AP85 and AP88) shows reaction tex-
tures, where it makes contact with the host basaltic rock.

Clinopyroxene has a variable modal content ranging
from 4.0 to 22.5%. The most cpx-depleted peridotites are:
AP15B, AP75, AP15E and AP15G (ca. 4–5 modal% of
cpx), while the most cpx-enriched lherzolite is AP89 (22.5
modal% of cpx), (see Table S1). Clinopyroxene is
anhedral and has a maximum size of ca. 2 mm. The reac-
tion rim is frequently observed, although it is weak and
rarely shows a complete development of recrystallized
corona. Clinopyroxene commonly has a submicroscopic
exsolution lamellae texture, as well as melt/fluid inclu-

textural relationships, to achieve a comprehensive frame-
work in which to reconstruct the petrologic evolution of
the samples.

Here, we present the results of mineral microanalyses
for major and trace element compositions obtained from
the Agua Poca mantle xenoliths, in order to unravel the
petrochemical processes in the underlying pristine
lithospheric mantle, and to suggest a petrological model
using a combination of results obtained in this study and
the whole rock compositions reported in previous litera-
ture (Bertotto, 2000, 2003; Jalowitzki et al., 2010). We
discuss the petrochemical processes that affected the sub-
continental mantle beneath the Agua Poca region, and
compare such processes with those affecting mantle
xenoliths from other Patagonian localities in the above-
mentioned literature.

SAMPLES OF MANTLE XENOLITH

The mantle xenoliths studied here are hosted in
pyroclastic deposits and a lava flow from the Agua Poca
volcano. This Pleistocene pyroclastic cone is located in
eastern Payunia (37°01′ S, 68°07′ W), in the province of
La Pampa, about 530 km east of the Chilean trench (Fig.
1). The host rock is composed of hawaiites, with 7.8 wt.%
of MgO, and a trace elements pattern normalized to PM
composition (Sun and McDonough, 1989), similar to those
of transitional basalts of Stern et al. (1990). The magma
genesis has been interpreted as the result of low degrees
of partial melting of a garnet facies mantle (Bertotto et
al., 2009).

All the mantle xenoliths are anhydrous spinel
peridotites (5 to 20 cm long); the only exception being a
composite sample comprising elongated pieces of spinel-
bearing pyroxenite. The peridotites are classified as
lherzolites (21 samples), and harzburgites (2 samples),
(Supplementary Table S1, Fig. 2). The lherzolite textures
are Type I porphyroclastic,  porphyroclastic to
equigranular and protogranular to porphyroclastic
(Mercier and Nicolas, 1975) (Figs. 3(a)–(d)). Some
lherzolites (AP34C, AP79, AP80, AP87, AP88, AP89, and
AP92) show lineation, characterized mainly by the align-
ment of spinels. The harzburgites (AP15B and AP75) and
cpx-poor lherzolites (AP15E and AP15G) exhibit a Type
I porphyroclastic and porphyroclastic to equigranular tex-
ture (Mercier and Nicolas, 1975). The pyroxenite (AP78)
has an equigranular texture and is composed of
clinopyroxene-rich bands (AP78-1: plag = 2.3%, opx =
29.7%, cpx = 61.6% and sp = 6.4 modal%), and
orthopyroxene-rich bands (AP78-4: opx = 54.5%, cpx =
22.3% and sp = 23.2 modal%). A pyroxenite xenolith also
includes the boundary it shared with a host peridotite;
the boundary is 5 mm-thick, and its composition is ol =
82.9%, opx = 9.1%, cpx = 5.9% and sp = 2.1 modal%.
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sions. The inclusions are particularly dominant in sam-
ples AP2-1, AP15B, AP15E, AP15G, and AP88.

Spinel is 0.1 to 0.4 mm in size, and occupies between
1 and 5% in modal composition. The shape is anhedral to
subhedral (Figs. 3(a), (b) and (d)). Holly-leaf shaped
spinel, (Mercier and Nicolas, 1975), is commonly ob-
served in porphyroclastic samples (Fig. 3(b)).

Glass veinlets with a maximum thickness of 10 µm
are observed in several samples (e.g., AP75, AP80,
AP91B) using the scanning electronic microscope. These
glass veinlets are directly in contact with olivine and oc-
cur as an interstitial phase in the spongy rims of
clinopyroxene and develop minute crystals of Cr-rich
spinel against the primary spinel.

MICROANALYTICAL METHODS

Major elemental analyses of olivine, orthopyroxene,
clinopyroxne, and spinel were carried out at the
“Dipartimento di Scienze della Terra, Università di
Modena e Reggio Emilia,” Italy, with an ARL-SEMQ
electron microprobe in wavelength dispersive mode, (with
an accelerating potential of 15 kV, a beam current of 20

nA, spot size of 4–7 µm and counts of 4 s for background
and 20 s for peaks). Natural minerals and metallic Ni were
used as standards. Counts were converted to weight per-
cent oxides using the PROBE software developed by J. J.
Donovan (Advanced Microbeam, USA). Results are con-
sidered to be accurate within 2–6%.

Trace element compositions of two pyroxenes were
analyzed by laser-ablation (LA)-ICP-MS at the “CNR-
Istituto di Geoscienze e Georisorse, Sezione di Pavia.”
The LA ICP-MS is a double focusing sector field analyzer,
(Finnigan MAT Element), coupled with a Q-switched
Nd:YAG laser source (Quantel Brilliant); the fundamen-
tal emission of which is in the near-IR region (1064 nm)
and is converted to 266 nm by two harmonic generators.
Helium was used as the carrier gas, mixed with Ar down-
stream of the ablation cell. The spot diameter was varied
in the range of 30–100 µm. A BCR2-g reference sample
was used for calibration with 44Ca, as an internal stand-
ard for clinopyroxene and 29Si, for orthopyroxene. Preci-
sion and accuracy, obtained by analyses of NIST SRM612
reference standard, were better than 10% for concentra-
tions at the ppm level. Detection limits were typically in
the range of 100–500 ppb for Sc; 10–100 ppb for Sr, Zr,

Fig. 3.  Photographs of thin microscope sections of Agua Poca mantle xenoliths. (a) Porphyroclastic texture in harzburgite with
orthopyroxene (opx), olivine (ol), clinopyroxene (cpx) and spinel (sp). Note unaltered sharp contact with basalt, PPL. (b)
Porphyroclastic texture in lherzolite with orthopyroxene (opx), olivine (ol), clinopyroxene (cpx) and spinel (sp). Note spinel
shape, PPL. (c) Lherzolite, with kink-banded olivines (ol), XPL. (d) Lherzolite with exsolutions developed by olivines. Note that
exsolutions are marked in the margins and decrease towards the crystal cores, and that the only affected mineral is olivine, PPL.
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Ba and Gd; 1–10 ppb for Y, Nb, La, Ce, Nd, Sm, Eu, Dy,
Er, Yb, Hf, and Ta; and usually <1 ppb for Pr, Th, and U.

RESULTS

Major element composition of minerals
Results of mineral microprobe analyses for the

peridotite xenoliths are shown in Supplementary Table
S2. Olivine in lherzolite has a forsterite content in the
range of 88.2–90.9 mol%. The highest value in all the
mantle xenoliths analyzed in this study is found in the
cpx-poor lherzolite AP51G, and the lowest value is ob-

tained from the olivines, from the lherzolite in the com-
posite sample AP78-3. Clinopyroxene in all samples is
diopside, with En47–52, Fs2–5, and Wo45–49. The Mg#
[100Mg/(Mg + Fetot) molecular ratio] varies between 88.7
and 91.7. Al2O3, TiO2, and Na2O decrease, and CaO in-
creases with an increase of MgO (Figs. 4(a)–(c)). Varia-
tions in amounts of TiO2, Na2O, and CaO, are within the
range of Patagonian anhydrous xenoliths (Rivalenti et al.,
2004a; Bjerg et al., 2005; Ntaflos et al., 2007), however,
the compositional field of Al2O3 extends towards higher
values. Orthopyroxene is enstatite in all samples, with
En86–90, Fs9–12, and Wo0.6–1.8. Al2O3 decreases with in-

Fig. 4.  Major element (wt.%) variation trends in clinopyroxene (A–C, Al2O3, TiO2 and Na2O vs. MgO), and orthopyroxene (D,
Al2O3 vs. MgO). Fields of clinopyroxenes and orhopyroxenes of anhydrous peridotites from Patagonia are displayed for compari-
son (Rivalenti et al., 2004a; Bjerg et al., 2005; Ntaflos et al., 2007). Clinopyroxene and orthopyroxene Cr# vs. spinel Cr# (E and
F). Samples with highest Cr# are those with low modal % of clinopyroxene and signs of metasomatism (AP15B, AP15E and
AP15G).
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Sample AP2-1 AP15B AP15E AP34A AP78-3 AP80 AP88 AP91B AP91D

clinopyroxene
Rb (ppm) 0.069 0.032 0.101 0.062 0.026 0.327 0.052 0.041
Ba 0.475 0.168 0.110 0.424 0.286 0.154 0.211 0.626
Th 0.020 0.012 0.016 0.013 0.008 0.003 0.038
Nb 0.146 0.055 0.045 0.035 0.125 0.015 0.094 0.038 0.060
Ta 0.017 0.009 0.013 0.007 0.013 0.007 0.002 0.009
La 0.203 0.875 0.733 0.232 0.446 0.140 0.081 0.985 0.192
Ce 1.620 2.987 2.918 1.788 1.574 1.351 0.740 4.818 1.428
Pr 0.414 0.458 0.425 0.513 0.261 0.437 0.247 0.979 0.375
Sr 42.573 44.297 41.698 33.990 55.117 24.465 10.953 50.760 19.258
Nd 3.210 2.410 2.460 3.120 1.489 3.208 2.165 5.455 2.507
Sm 1.533 0.874 0.735 1.429 0.625 1.778 1.152 2.260 1.413
Zr 15.45 11.81 10.43 19.50 10.45 18.60 12.94 27.40 14.55
Hf 0.771 0.343 0.303 0.733 0.394 0.774 0.662 0.973 0.624
Eu 0.720 0.286 0.291 0.654 0.305 0.697 0.542 0.918 0.652
Gd 1.747 0.796 0.759 2.027 0.833 2.448 1.778 2.633 1.657
Tb 0.393 0.136 0.149 0.394 0.164 0.462 0.378 0.465 0.335
Dy 2.697 0.857 1.137 2.710 1.103 2.928 2.570 3.023 2.435
Y 13.933 6.133 5.980 15.813 6.427 16.973 13.900 17.248 13.173
Er 1.657 0.562 0.725 1.594 0.662 1.965 1.558 1.815 1.383
Yb 1.677 0.594 0.729 1.797 0.564 2.023 1.468 1.637 1.492
Lu 0.205 0.077 0.094 0.235 0.093 0.281 0.205 0.250 0.204
Sc 50.447 53.817 54.578 59.367 38.307 57.853 51.273 55.563 53.823

orthopyroxene
Rb 0.133 0.020 0.029 0.035 0.024
Ba 0.131
Th 0.008 0.018 0.015 0.009 0.006 0.004 0.004
Nb 0.010 0.019 0.014 0.041
Ta 0.016 0.011
La 0.013 0.033 0.005 0.015 0.011
Ce 0.032 0.049 0.243 0.025 0.012 0.037
Pr 0.008 0.007 0.009 0.006 0.011 0.016
Sr 0.141 0.076 0.094 0.182 0.053 0.096 0.029 0.228 0.050
Nd 0.051 0.085 0.043
Sm 0.085 0.056 0.044 0.047 0.061 0.034
Zr 1.146 0.676 0.587 0.846 0.668 1.159 0.977 1.900 0.760
Hf 0.078 0.061 0.061 0.053 0.082 0.105
Eu 0.040 0.019 0.023 0.034 0.024
Gd 0.093 0.050 0.078 0.185 0.055 0.041
Tb 0.047 0.008 0.012 0.026 0.012 0.018
Dy 0.188 0.072 0.054 0.079 0.142 0.190 0.159 0.158
Y 1.288 0.462 0.451 0.801 0.487 1.150 1.187 1.140 0.825
Er 0.141 0.130 0.138 0.159 0.108 0.144 0.135 0.103
Yb 0.338 0.126 0.130 0.272 0.099 0.330 0.389 0.332 0.250
Lu 0.046 0.015 0.029 0.017 0.020 0.049 0.074 0.056 0.048
Sc 19.485 14.670 16.910 15.020 11.040 17.000 16.920 17.665 14.700

Table 1.  Representative LAM ICP-MS analyzes of clinopyroxene and orthopyroxene

Blank values, below detection limit.

creasing MgO (Fig. 4(d)), and TiO2 shows a similar weak
negative correlation against MgO. Spinel in all samples
has Mg# ranging from 75.5 (AP15E) to 85.3 (AP80),
while Cr# [100Cr/(Cr + Al) molecular ratio] varies from
7.8 (AP89) to 24.9 (AP15G), (Figs. 4(e) and (f)). Spinel
from samples AP15B, AP15E, and AP15G has markedly
higher Cr# values than that in the rest of the Agua Poca
samples.

Because of the small size of the sub-microscopic glass
veinlets, only two microprobe analyses could be achieved
on sample AP91B. The glass composition (average of two
similar analyses) is a silicate melt, with 46.9 wt.% SiO2,
25.5 wt.% Al2O3, 12.2 wt.% CaO, 9.2 wt.% MgO, 3.1
wt.% FeOt, 2.2 wt.% Na2O, 0.1 wt.% K2O; showing a
high percentage of Al2O3 and CaO in comparison with
that of the host basaltic rock.
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Trace element composition for clino- and orthopyroxenes
Trace element compositions of clinopyroxene and

orthopyroxene in the peridotite samples are shown in
Table 1.

The characteristics of rare earth element (REE) pat-
terns normalized to PM value in clinopyroxene, (Sun and
McDonough, 1989), allowed us to distinguish two groups
of samples: Group 1 and Group 2 (Fig. 5(a)). Group 1

has light (L)-REE depletion patterns [0.04 to 0.4 in LaN/
YbN; ~3–5 in heavy (H)-REEN], with slightly positive
anomalies of Eu in some samples. Group 1 has extreme
Nb and Ta depletion on the spidergram, while U and Th
concentrations are variable (Fig. 5(b)). Slightly negative
Sr, Zr, Hf, and Ti anomalies on the spidergram, are also
recognized in Group 1. The overall characteristics of the
Group 1 clinopyroxenes are similar to those recognized

Fig. 5.  Primitive Mantle-normalized (Sun and McDonough, 1989) patterns of Agua Poca clinopyroxenes. Gray area represents
melt-depletion patterns of a clinopyroxene from the Primitive Mantle (Sun and McDonough, 1989) which has suffered from 1 to
5% non-modal fractional melting. Solid gray line represents 13% melt-depletion pattern. Parameters of calculus are indicated in
the text.



226 G. W. Bertotto et al.

in worldwide Depleted Mantle reservoirs of the subcon-
tinental mantle, as noted in Cerro de los Chenques
(Patagonia; Rivalenti et al., 2007a), north-eastern Brazil
(Rivalenti et al., 2007b), and the Italian Western Alps
(Mazzucchelli et al., 2010). Compared to Group 1, Group
2 has flat REE patterns with lower Sm to Lu concentra-
tions (0.7 to 1.1 in LaN/YbN; with a maximum of up to a
value of 2 in middle, (M)-REEN) (Fig. 5(a)). Group 2 has
no noticeable L-REE depletion pattern (which is seen in
Group 1). Group 2 also has negative Zr, Hf, and Ti anoma-
lies and a positive Sr anomaly on the spidergram. Ex-
treme Ta and Nb depletion on the spidergram, as well as
variable U and Th concentrations, are also recognized in
Group 2 (Fig. 5(b)). The characteristics of Group 2
clinopyroxenes resemble those found in mantle xenoliths
from some localities in the Patagonian province (e.g.,
Cerro de los Chenques; Rivalenti et al., 2007a), as well
as from other worldwide localities (e.g., Xu et al., 1998;
Ozawa, 2001), and are considered to belong to a
lithospheric mantle deeply modified by the percolation
of large volumes of external melt.

Due to extremely low concentrations, it is difficult to
handle the orthopyroxene for trace element compositional
analysis. However, it was possible to see that some of the
trace elements are present in relatively higher concentra-
tions (e.g., Sc, Ti, V, Y, and Zr) (see Table 1).

The results of the above elemental compositions are
used to mainly assess the orthopyroxene–clinopyroxene
chemical equilibrium. Figure 6 shows the positive corre-
lations of Ti, Y, V, and Zr concentrations between
orthopyroxene and clinopyroxene. The apparent cpx/opx
partition coefficients (KDcpx/opx), as shown in Fig. 6, are
in the range of those calculated using the cpx/LD and
opx/LD values of Ionov et al. (2002), and Adam and Green
(2006). This result indicates that the clinopyroxenes are
in equilibrium with the orthopyroxenes in the mantle
xenoliths, at least, in the above elemental compositions.

Whole rock composition of the mantle xenoliths
Bertotto (2000, 2003) reported the whole rock com-

position of the same Agua Poca mantle xenoliths studied
here. The data set is compiled in Supplementary Table
S3. Amounts of MgO in the mantle xenoliths range be-
tween 38 and 43 wt.%. The compositional variations of
MgO are within the range of those reported by Jalowitzki
et al. (2010), and show a negative correlation with Al2O3,
CaO, TiO2, and Na2O content (Fig. 7). As a whole, the
Agua Poca mantle xenoliths are, on average, more fertile
than the spinel facies from Patagonian localities (Rivalenti
et al., 2004a; Bjerg et al., 2005, Ntaflos et al., 2007),
expanding the compositional fields towards a lower MgO
content and higher TiO2, Na2O, CaO and Al2O3 values.

The REE pattern and spidergram for the whole rocks
normalized to PM composition are shown in Figs. 8(a)
and (b). Unaltered samples (AP34A, AP80 and AP91B),
have a pattern depleted in L-REE. Within the (M)- to H-
REE region, the REE pattern becomes flat with a slight
positive slope. The sample AP91B has a similar M- to H-
REE concentration as those of the PM value. Sample
AP19, with altered olivine, shows a less-depleted L-REE
pattern than those in the other samples. Among all the
analyzed samples, La/YbN ratios range from 0.13 (AP80),
to 0.53 (AP19). The spidergram is characterized by no Ti
and Sr anomalies (or slight to modest anomalies). All the
samples indicate a positive Zr anomaly, which is associ-
ated with positive Nb and Hf anomalies in samples AP19
and AP34A.

DISCUSSION AND CONCLUSION

Geothermal gradient of the lithospheric mantle
The equilibrium temperatures of the Agua Poca

peridotite xenoliths, estimated from major element con-
tents in clinopyroxene and orthopyroxene cores, are
shown in Supplementary Table S4. Equilibrium tempera-

Fig. 6.  Correlations of selected trace elements between orthopyroxene and clinopyroxene, KD values were calculated by averag-
ing all analyzes plotted for each element.
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tures calculated with the two-pyroxene thermometer of
Brey and Köhler (1990), range from 843°C to 1080°C (at
1.5 GPa). Compared with previous estimations of equi-
librium temperature for mantle xenoliths from Patagonia
using a two-pyroxene geothermometer (Rivalenti et al.,
2004a; Bjerg et al., 2005; Ntaflos et al., 2007), the Agua
Poca peridotite xenoliths show lower temperatures than
those of spinel-facies peridotites from Prahuaniyeu,
Laguna Fría, and Traful in North Patagonia, and Tres
Lagos and Pali Aike in South Patagonia, but show tem-
peratures similar to those of Cerro del Mojón-Comallo in
North Patagonia, and at Fraile-Las Cumbres in South
Patagonia.

Equilibrium temperatures estimated according to
Taylor (1998) vary from 772°C to 1034°C and show a
strong correlation with those of Brey and Köhler (1990).
The temperature estimation provided by the Ca-opx ther-
mometers of Brey and Köhler (1990) and Nimis and
Grütter (2010) is in the range of 809–1007°C. The lowest
temperature was obtained from lherzolite AP92 (772–
855°C), and the highest temperature was obtained from
lherzolite AP2-1 (995–1080°C). Thus, the Agua Poca
peridotite xenoliths document a temperature variation of
the mantle column of around 200°C. Equilibrium tem-

peratures obtained using the two-pyroxene
geothermometers, are strongly correlated with the pres-
sure calculated using the empirical geobarometer of
Mercier (1980), which varies from 1.0–1.1 GPa (AP92,
AP91D) to 1.9–2.0 GPa (AP2-1, AP88, AP15B, AP15G,
AP15E). This indicates that the peridotite xenoliths may
have been derived from a mantle section ca. 30–70 km
deep. Moreover, from the above P–T condition, the
geothermal model gradient is calculated to be ca. 8–11°C/
km and this is similar to that of Bjerg et al. (2005), who
suggested that i t  could be caused by Neogene–
Quaternary back-arc volcanism.

Evidence and estimated degree of partial melting of the
lithospheric mantle

Bertotto (2003) pointed out that the variation of the
cpx/opx vs. cpx modal content in the peridotite xenoliths
of Agua Poca matches that predicted from a model of
partial melting. More detailed geochemical data of the
peridotite xenoliths obtained in this study also indicate
that several petrochemical features are consistent with a
derivation of residue, which is the result of a melt extrac-
tion by variable degrees of partial melting. For instance,
a focus on the major element compositional correlation

Fig. 7.  Major oxides variation of Agua Poca mantle xenoliths (whole rock). Primitive Mantle compositions (McDonough, 1990)
are illustrated with a comparison of the field of variation of anhydrous peridotites from Patagonia (Rivalenti et al., 2004a; Bjerg
et al., 2005), and Agua Poca xenoliths suite of Jalowitzki et al. (2010) (crosses).
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among five peridotite xenoliths, (AP91B, AP19, AP34A,
AP80, and AP15E (from Jalowitzki et al., 2010)), have
whole rock Al2O3 contents decreasing from 3.6 wt.% to
1.8 wt.%, which is well correlated with the decrease of
Al2O3 in the clinopyroxenes, and with the increase of
forsterite contents in the olivine (ranging from 89.4 to
90.5). Moreover, the value of spinel-Cr# from the five
samples ranges from 8.2 to 24.1, and the Mg# value in
the orthopyroxene varies between 89.7 and 91.0, which

is in accord with variations in whole rock, clinopyroxene,
and olivine compositions.

In order to estimate how the degree of partial melting
has affected the Agua Poca peridotite xenoliths, whole
rock geochemical features are compared to those calcu-
lated for residua, assuming a non-modal fractional melt-
ing of a spinel-facies peridotite with PM composition.
This calculation was performed using three parameters:
1) the mantle source modal composition from Johnson et

Fig. 8.  (a) Primitive Mantle-normalized (Sun and McDonough, 1989) REE patterns of whole rock compositions of the Agua Poca
mantle xenoliths. Gray area represents depletion patterns of a Primitive Mantle which suffered from 1 to 5% non-modal frac-
tional melting. Also indicated is a pattern of 7% depletion. (b) Primitive Mantle-normalized (Sun and McDonough, 1989) ex-
tended trace elements patterns of whole rock Agua Poca mantle xenoliths, and host basalt (AP61). Gray area represents depletion
patterns of a Primitive Mantle which suffered from 1 to 7% non-modal fractional melting. Parameters of calculus are indicated in
the text.
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al. (1990); 2) the melting mode from Gaetani and Grove
(1998); and 3) the solid-melt partition coefficients from
Ionov et al. (2002). The REE pattern for AP80 generally
corresponds to that of the residua after a 5% melt extrac-
tion, but La to Nd becomes more enriched than in the
calculated residue (Fig. 8(a)). The degree of partial melt-
ing (calculated using the equation from Batanova et al.
(1998)), from the Al2O3 composition of the associated
spinels, (see Table S2), was 3–4%, which seems to be
slightly unmatched in both the calculations. The REE
patterns for AP19, AP34A and AP91B, correspond well
to those of the residue after a 1–7% extraction of melts.
The degree of melt extraction calculated, based on the
spinel compositions, was 1–7%, which almost matches
the former calculations. However, the enrichments in L-
REE and other highly incompatible elements for the sam-
ples AP19 and AP34A do not match the calculated val-
ues, because the residue is significantly depleted in highly
incompatible elements by partial melting (Figs. 8(a) and
(b)). A strong interaction with the host basaltic rock was
dominantly observed in sample AP19. This effect may
have disturbed the precise estimation of the degree of melt
depletion on the basis of whole rock compositions.

To eliminate the influence of alteration, we focused
on the geochemical signature of clinopyroxene. The trace
element compositions of Group 1 clinopyroxenes, (i.e.,
lherzolites AP2-1, AP34A, AP80, AP88, AP91B and
AP91D), correspond to the refractory residua after ~1–
5% non-modal fractional melting of spinel-bearing
peridotite with PM composition (Fig. 5(a)), except only
partly for Th, U, and Nb. Group 2 clinopyroxenes in sam-
ples AP15E (cpx-poor lherzolite) and AP15B
(harzburgite) show that Gd–Lu signatures in the REE
pattern are compatible to those which underwent approxi-
mately 13% depletion by non-modal fractional melting
of the PM source (Fig. 5(a)). The estimated degree of
depletion is also consistent with the degree of melt ex-
traction on the basis of spinel composition. Melt extrac-
tion degrees estimated from Al-rich spinels included in
most of the Agua Poca lherzolite xenoliths coexist with
Group 1 clinopyroxene (i.e., in 16 samples) and are esti-
mated to range from 1 to 5.5%, whereas more refractory
spinel compositions from cpx-poor lherzolite and
harzburgite in the Group 2 clinopyroxenes (AP15B, E,
and perhaps, AP15G), suggest a larger degree of partial
melting (ca. 12%). These results are strictly consistent
with the degrees of melt extraction estimated on the ba-
sis of REE content of clinopyroxene. However, the L- to
M-REEs and the other highly incompatible elements (e.g.,
Sr, Zr, and Hf) are significantly enriched of the depletion
of PM residue (Figs. 5(a) and (b)), suggesting a signifi-
cant metasomatic overprint in the two samples, as men-
tioned in detail below.

Timing of partial melting of the lithospheric mantle
The Re–Os isotope and its model age for the mantle

xenolith provide a tool for deducing both the develop-
ment of the lithospheric mantle and the timing of the lat-
est major melt extraction. Schilling et al. (2008) demon-
strated the ages of the Re–Os model and provided esti-
mations of minimum depletion ages for four samples of
Agua Poca xenoliths (AP15, AP78-Z2, AP80, and
AP91B). Of these four samples, AP15, AP80, and AP91B
are the same samples as studied here and are classified as
Groups 1 and 2 for clinopyroxene. Except for AP78-Z2
showing unreal future age, the three model ages yielded
0.33 Ga for AP91B, 0.89 Ga for AP80, and 1.6 Ga for
AP15, which are the best estimations for the timing of
melting events recorded in each Agua Poca mantle
xenolith. Moreover, AP80 was determined to have a high
143Nd/144Nd ratio and to be a Proterozoic Nd-isotope
model (Conceição et al., 2005).

Schilling et al. (2008) pointed out the occurrence of a
negative correlation between forsterite olivine contents
with 187Os/188Os ratios, as well as a remarkably good cor-
relation for the Al2O3 versus 187Os/188Os diagram in the
Agua Poca mantle xenoliths, which led to a proposed
depletion age of 2.14 Ga. This age approaches the esti-
mated model age of 2 Ga, which is interpreted as the for-
mation of the subcontinental mantle-continental crust
assemblage in the region of Central Chile (33°S) by
Montecinos et al. (2008), based on the Hf isotope analyzes
on zircons. Schilling et al. (2008) concluded that the Agua
Poca mantle xenoliths might be relicts from the
lithospheric mantle of the Cuyania terrane, which were
formed probably as part of the Laurentia continent dur-
ing the Proterozoic.

Metasomatism of the lithospheric mantle
The Agua Poca mantle xenoliths studied here show a

more or less metasomatic overprint signature in both
whole rock and clinopyroxene compositions. In particu-
lar, most refractory samples have harzburgitic modal and
Group 2 clinopyroxene compositions, i.e., AP15B and
AP15E, display significant enrichment with gradually
increasing from Eu to Th in spidergrams. The geochemical
trend calculated by the partial melting model, indicates
that the two harzburgitic samples are subjected to a higher
degree of partial melting (ca. 13%), than those of the
spinel lherzolite (ca. 1–7%), on the basis of the HREE
concentrations (Figs. 5 and 8). However, in this case, the
enrichment signature should be dominant in the two rare
refractory samples, and not in the common spinel
lherzolite. The metasomatic agents which have high Eu
to Th concentrations, particularly in U, are thought to have
occurred by two processes and the metasomatic overprint
is related to either: i) a continuous influx of melt (or fluid)
during an in-situ partial melting event in the initial
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lithospheric mantle, (e.g., the “Open System Melting”
proposed by Ozawa and Shimizu (1995) and Ozawa
(2001) and also numerically simulated by Vernières et al.
(1997)) or ii) an influx of new melt into ancient depleted
lithospheric mantle, produced by the late magmatism. The
REE pattern in some of the clinopyroxenes from the
Miyamori harzburgite shown in Ozawa (2001) bear a good
resemblance to those of our Group 2, and this suggests
that clinopyroxene may support the first model. Follow-
ing the Open System Melting model, the best fit was ob-

tained from the interaction of a melt/fluid with a compo-
sition similar to a melt in equilibrium with hornblende
(Ozawa, 2001). The estimated degree of melting, and the
trapped melt fraction, were calculated to be 22% and
2.4%, respectively.

In order to test the influx of new melt into ancient
depleted lithospheric mantle, we assumed that the chemi-
cal equilibrium with migrating melts occurred without
subsolidus redistribution, and/or volumes of trapped melt.
The potential melts in equilibrium with the clinopyroxenes

Fig. 9.  (a) Potential melts in equilibrium with clinopyroxenes AP15B and AP15E, compared with host basalt (AP61), and basalt
(M4) from same volcanic field with signs of slab contamination (e.g., Nb–Ta negative anomaly). Equilibrium melts calculated
with partition coefficients from Ionov et al. (2002). Data of basalt (M4) from Bertotto et al. (2009). (b) SrN vs. YbN diagram of
Agua Poca clinopyroxenes. Solid black line represents melt-depletion trend from 1 to 15% of a clinopyroxene from the Primitive
Mantle (Sun and McDonough, 1989); black horizontal lines indicate a 1% depletion increment. Note that samples AP15B and
AP15E are clearly separated from the melting trend, possibly due to the metasomatic enrichment of Sr (dashed line). Parameters
of calculus are the same as Fig. 5 and are indicated in the text; values normalized to Primitive Mantle of Sun and McDonough
(1989).
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of Group 2, were inferred to have low Nb and Ta, high
La/Yb, a positive Sr anomaly, and a negative Ti anomaly
(Fig. 9(a)). Indeed, the relative depletion of HFSE in the
estimated melts could have resulted from the segregation
of HFSE-favor accessory minerals during the melt-
peridotite interaction (see Rivalenti et al., 2007a and ref-
erences therein). However, the geochemical features of
the obtained melt are usually considered as representa-
tive of slab-derived components. In particular, Nb and Ta
concentrations in the estimated melt, having a higher in-
compatibility in an anhydrous silicate melt, lack enrich-
ment, and have low Ti concentrations. This signature is
consistent with the proposal of Klimm et al. (2008), who
suggest that the temperature in the subduction zone might
be high enough to decompose allanite or monazite dur-
ing dehydration from the subducted slab. Significant
amounts of LREE could be released and concentrated in
the slab-derived melts/fluids due to the decomposition,
but the temperature was not high enough to decompose
rutile in the subducted slab. A similar metasomatic sig-
nature was observed in the clinopyroxenes of the mantle
xenoliths from several localities of Patagonia, as reported
by Rivalenti et al. (2004a), where it was proposed that
the asthenospheric mantle beneath the back-arc Patagonia
region experienced a widespread partial melting, triggered
by the uprising of metasomatic agents. The basaltic melts
produced by such a liquid-assisted partial melting, mi-
grated upward by a reactive porous flow through the over-
lying lithospheric mantle, which is therefore presently in
a strongly modified form as a consequence of this inter-
action.

Our results indicate that the potential melts, in equi-
librium with Group 2 clinopyroxenes, have geochemical
patterns which are different from those of the host alka-
line basalts (Fig. 9(a)). However, the patterns show
marked similarities to some of the HFSE-depleted basalts
(e.g., M4), which erupted in the Agua Poca region and
are interpreted as being of athenospheric mantle origin
affected by subduction-derived components (Bertotto et
al., 2009). This consistency is particularly good for the
highly incompatible elements, suggesting that these com-
ponents in the peridotites were severely modified by in-
teraction with the melt. Conversely, the consistency is
poorer for the moderately incompatible elements, which
reflect the strong depletion of the peridotites. To provide
evidence for the above explanations, a Sr versus Yb dia-
gram is shown in Fig. 9(b). Group 1 clinopyroxenes are
plotted within the depletion trend of the residue, after
variable degrees of partial melting (up to 6%) of a PM
reservoir, while the Group 2 clinopyroxenes are plotted
beyond the depletion trend. This indicates that the Group
2 clinopyroxenes are affected by slab-derived components
having extremely high Sr concentrations, but the influ-
ence was more or less negligible for the Group 1

clinopyroxnes. For the reasons mentioned above, we in-
fer that the metasomatic agent is a basaltic melt, with
minor amount of slab-derived fluids.

Conceição et al. (2005) revealed radiogenic Sr
enrichments, without a drastic change of the Nd isotopic
composition, on whole rock of the lherzolite xenoliths in
the whole of the Patagonian province. Such a trend on
the 87Sr/86Sr vs. 143Nd/144Nd isotopic diagram, was inter-
preted to reflect the following three processes that took
place in the mantle: i) the mixture of a depleted mantle
and an enriched source (enriched mantle II - EMII); ii)
the mixture of a depleted mantle and a mixture of
mantle-derived and slab-derived melts; and iii) a chro-
matographic process that occurred during the percolation
of a metasomatic agent through the mantle (Conceição et
al., 2005). Nevertheless, major and trace element min-
eral chemistry of the Agua Poca spinel lherzolite do not
show any clear evidence of these kinds of interactions,
and they would be expected to include highly incompat-
ible element fractionation and high concentrations (e.g.,
of Sr, coupled with a refractory residue) after variable
degrees of melting processes. It is thus argued, that the
enrichment in radiogenic Sr (as well as in other highly
incompatible elements), which is exhibited by the whole
rock compositions of lherzolites, is the result of a late
interaction with melts and, or, fluids. Infiltration of the
host basalt is locally recognized petrographically. How-
ever, the 87Sr/86Sr of the whole rock Agua Poca mantle
xenoliths exceeds that of the host basalt (Jalowitzki et
al., 2010). Thus, the occurrence of additional external flu-
ids, and or melts, must be invoked to explain the observed
whole rock Sr isotopic composition.
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