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Prahuaniyeu, located on the NW margin of the Somoncura Large
Igneous Province in northern Patagonia, ts one of two known local-
wties in Argentina where mantle-derived garnet- and spinel-bearing
pertdotites occur associated with alkali basalts; the other locality is
the Pali Aike volcanic field of southern Patagonia. Most of the
Prahuaniyeu garnet-bearing peridotites are fertile in terms of their
Al;035 and CaO contents, whereas the spinel-bearing peridotites
cover a wide range from fertile to depleted compositions. Whole-rock
light rare earth element ( LREE) enrichment in the garnet-bearing
peridotites and partly in the spinel-peridotites is consistent with
intergranular percolation of the host basalt melt, as hydrous phases
are not present and the clinopyroxenes and garnets are not enriched
in LREE. Lack of slab-derived component(s) in the metasomatic
products rules out the participation of a subducted slab in the genera-
tion of these basalts. In situ clinopyroxene analyses suggest that a
group of spinel-peridotites experienced cryptic metasomatism by car-
bonatitic melts. Non-metasomatized garnet- and spinel-peridotites
have experienced fractional melting ranging from 1 to 3% and from
I to 12% , respectively. The Prahuaniyeu xenoliths lie on an elevated
geotherm (high temperatures at low pressure) implying convective
heat transport. The two most fertile samples, which indicate apparent
internal ‘ages’ between c. 10 and 30 Ma for the sub-Prahuaniyeu
lithospheric mantle, suggest resetting of the Sm—Nd isotopic system
under a high-temperature regime and most probably reflect closure of
the system following this high-Tevent] which can be related to exten-
stve magmatic activily within the Somoncura province, starting in
the Eocene and finishing in the Miocene.
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INTRODUCTION

Mantle xenoliths brought to the surface by basaltic lavas
provide invaluable information for the study of mantle pro-
cesses and the nature of the lithospheric mantle. In both
oceanic and continental environments, spinel-peridotites
are the commonest xenoliths in alkali basalts. Garnet-
bearing xenoliths from alkali basalts are less common, but
have been recorded from the Baikal region (Ionov et al.,
1993; Glaser et al., 1999; Litasov & Taniguchi, 2002), in
southern Patagonia (Skewes & Stern, 1979; Stern et al.,
1989, 1999; Kempton et al., 19994, 1999b; Wang et al., 2008),
southeastern China (Xu el al., 2000), Lashaine, Tanzania
(Dawson et al., 1970; Henjes-Kunst & Altherr, 1992) and
SE Australia (Sutherland & Hollis, 1982). Whereas garnet-
peridotite xenoliths are sparse in alkali basalts, they are
abundant in kimberlites and related rocks. In general,
kimberlites mainly carry garnet-peridotite xenoliths from
the deeper lithospheric mantle whereas alkali basalts are
the host lavas for garnet-peridotite xenoliths derived from
depths of <140km. Kimberlites occur exclusively in
Archean cratons and alkali basalts mostly in younger litho-
spheric domains.

© The Author 2009. Published by Oxford University Press. All
rights reserved. For Permissions, please e-mail: journals.permissions @
oxfordjournals.org



JOURNAL OF PETROLOGY VOLUME 50 NUMBER 7 JULY 2009

In alkali basalts, spinel-garnet-peridotite xenoliths are
commoner than garnet-peridotites. They are of particular
interest because they define the transition zone from
garnet-peridotite to spinel-peridotite facies. The estimation
of the P—T conditions in such mantle xenoliths provides,
more or less, the maximum depth at which spinel-
peridotites are stable.

Cenozoic lavas are widely distributed in Patagonia.
According to Stern et al. (1989), they are related to subduc-
tion of oceanic lithosphere beneath the western continental
margin of the South American plate. Gorring et al. (1997)
and Gorring & Kay (2001) postulated that magmatism in
Patagonia SE of the Chile Triple Junction was related to
the opening of an asthenospheric ‘slab window’ produced
by ridge—trench collision.

The mantle xenoliths in the Pliocene alkali basalts of the
Pali Aike volcanic field in southernmost Patagonia are
garnet-peridotites, spinel-garnet-peridotites and spinel-
peridotites (Stern et al., 1989; Kempton et al., 1999a,
19994). The P—T history (Kempton et al., 1999a) indicates
that spinel—garnet-peridotites occur at depths between 50
and 80 km and that there is a temperature overlap between
garnet-bearing and garnet-free xenoliths, indicating a scat-
tering of both lithologies over a significant depth interval
beneath Pali Aike. Lead isotope data suggest that the Pali
Aike xenoliths have been affected by metasomatic fluids
that were not derived from subduction of modern-day sedi-
ments but from interaction with migrating silicate melts
generated in equilibrium with garnet (Kempton et al.,
19995).

The Prahuaniyeu mantle xenolith suite from northern
Patagonia is the only other known occurrence of garnet-
bearing peridotites in South America. Like Pali Aike, the
Prahuaniyeu xenolith suite contains garnet-peridotites,
spinel—garnet-peridotites and spinel-peridotites.

In this study we present the first detailed mineral chem-
istry data (major and trace elements), obtained by both
electron microprobe and laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS), as well as Nd—
Sm isotopic data for garnet-bearing and garnet-free peri-
dotites from Prahuaniyeu. Based on these data, we discuss
the evolution of the lithospheric mantle beneath northern
Patagonia and compare our results with other garnet-
bearing xenoliths from other localities worldwide and
especially from Pali Aike.

GEOLOGICAL SETTING

Southern South America between latitudes 40° and 52°S
(Fig. 1) is divided into two regions: (1) the Patagonian
Cordillera, located at the western active margin of the
South American plate, related to the subduction of the
Nazca and Antarctic plates; (2) the extra-Andean domain,
which represents a passive continental margin located in
the eastern part of the region (Fig. 1). The extra-Andean

domain is further subdivided into northern and southern
units along latitude 46°30’S. The dividing zone lies on the
extension of the Chile Triple Junction, which is character-
ized by an absence of volcanic arc activity (Fig. 1).

Late Oligocene to Neogene plateau basalts are wide-
spread in the extra-Andean region, covering an area of c.
120000 km? Pleistocene to recent xenolith-bearing alkali
basalts are not particularly abundant but occur within the
extra-Andean region. The late Oligocene to early
Miocene plateau basalts of Somoncura, which form the
largest magmatic province north of 46°30°S, consist of
basalts, trachybasalts, basaltic andesites and trachyande-
sites. On a regional scale, the basement north of 46°30'S
consists of low-grade metamorphic rocks (pre-Permian),
granites, granodiorites, ignimbrites and granophyres
(Late Permian—FEarly Triassic), conglomerates, sandstones
and pyroclastic acidic rocks (Middle to Late Triassic),
rhyolites (Late Triassic to Early Jurassic), andesitic rocks
(Late  Jurassic),

(Maastrichtian—Danian),

coastal and marine sediments

continental  sediments, the
Somoncura Plateau basaltic lavas and tuffs (Pliocene),
xenolith-bearing  alkaline  basalts  (Pliocene—
Pleistocene) (Nullo, 1978; Stipanicic & Methol, 1980;
Llambias & Rapela, 1984; Labudia & Bjerg, 1994; Saini-

Eidukat et al., 1999; Bjerg et al., 2005).

and

ANALYTICAL PROCEDURES

Collected xenoliths range from 5 to 15 cm in diameter. To
ensure representative analyses only xenoliths between 10
and 15 cm in diameter were used for whole-rock chemistry.

Major and trace element analyses were carried out by
X-ray fluorescence (XRF) spectrometry (Philips 2400).
Quantitative XRF determinations for major element
oxides were made on fused glass discs using a mixture of
12 g sample and 6g flux (LiyB4O7). The mixtures were
fused using a Philips Per’X3 automatic bead machine
under controlled conditions in a Pt—Au crucible, and
poured into a (Pt—Au)—gold dish. The Philips SuperQ soft-
ware was used for matrix corrections. Trace element deter-
minations were carried out on pressed powder pellets
using the offline in-house program “Iraces” written by K.
Petrakakis at the Institute of Petrology, Vienna, for back-
ground, mass absorption and interference corrections.
Comparison of these data with a set of the geochemical ref-
erence standards (GSR-1 to GSR-6) suggests uncertainties
in the range 5-10% for all major and trace elements.
Scandium contents for all samples and the REE content
of the host basalts were determined by instrumental neu-
tron activation analysis (INAA) wusing the method
described by Kruse & Spettel (1979). The analytical error
was in the range of 10%. Rare earth elements were ana-
lyzed by ICP-MS (ELAN 6100) at the University of

Vienna, Department of Lithospheric Sciences.
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Fig. 1. Simplified geological map of Patagonia, modified from Gorring e al. (1997). The arrows indicate the garnet-bearing mantle xenolith

locations Prahuaniyeu and Pali Aike.

Major element analyses of minerals and glasses were car-
ried out using a Cameca SX100 electron microprobe at the
University of Vienna. The operating conditions for miner-
als were 15 kV and 20 nA. To reduce alkali migration in
glasses, analyses were performed using a defocused beam
with a diameter of 5-10 pm at 15 kV and 10 nA. The error
for all elements was below 5%, except for Na, the error of
which was in the range of 10%. Natural and synthetic

standards were used for calibration and a PAP correction
was applied to the data. Modal mineral compositions were
calculated from microprobe analyses of single minerals
and bulk-rock compositions in combination with point-
counting polished thin-sections of areas ranging from 6 to
8 cm? and an average grain size between 2 and 2-4 mm.
Trace element abundances in clinopyroxenes and garnets
were determined i situ by LA-ICP-MS at the Department

1269



JOURNAL OF PETROLOGY VOLUME 50 NUMBER 7 JULY 2009

of Earth Sciences, Memorial University of Newfoundland,
St. John’s, Newfoundland. The laser beam of a Q-switched
Nd:YAG laser operated at 266 nm in the UV region was
coupled to a Fisons VG PQ2.ICP-MS instrument. The
laser beam energy was 0-440-6 m] per pulse and the
diameter of the ablation pits was about 40—50 pm. The sili-
cate glass NIST 612 was used for calibration and BCR-2
glass was used as secondary standard. Galcium was used
as an internal standard to correct the ablation yield calcu-
lations. Data reduction was performed using the
LAMTRACE® spreadsheet software written in-house by
S. Jackson. Typical theoretical detection limits are in the
range of 10-20 ppb for REE, Ba, Th, U, Nb, Ta, Sr, Zr,
and Hf.

RESULTS

Petrographic description

The modal composition of the garnet-peridotites (Table 1)
shows that they are lherzolites with high modal propor-
tions of clinopyroxene. A striking difference between the
two garnet lherzolites Pral99 and Pra302 is the low olivine
and high orthopyroxene modal proportions in the latter.
Garnets in Pra302 are fine-grained (up to I mm diameter)
with a relatively wide corona of kelyphitic alteration.
Some garnets have been entirely kelyphitized. In contrast,
garnets in sample Pral99 are coarse grained (up to 4 mm
in diameter) and have a narrow corona of kelyphytic alter-
ation and inclusions of olivine and coexisting clinopyrox-
enc—orthopyroxene (Fig. 2a and b). The
clinopyroxenes, compared with olivine and orthopyroxene,

matrix

are relatively fine grained (up to Imm diameter) with
irregular curvilinear grains. Spinel-garnet-peridotites are
characterized by a foliated texture, defined by olivine
(Fig. 2¢ and d). Garnet grains, compared with those from
the garnet-peridotites, are generally smaller (rarely up to
Imm diameter) and lack Orthopyroxene
grains partly have the same orientation as olivines whereas

inclusions.

clinopyroxene grains are small (up to 1mm diameter).

Brown, rounded to elongated spinels formed in the triple
junctions between olivine, clinopyroxene and othopyrox-
ene are usually not associated with garnets (Fig. 2c and d).
The majority of the studied spinel-peridotites, like the
garnet-peridotites, have a foliated texture with tabular oli-
vines. Spinels are either intergranular or form worm-like
pockets associated with orthopyroxenes (IFig. 2e and f).
Spinel-peridotites with medium-grained protogranular
texture are also present (Fig. 2g); olivine grains are euhe-
dral to sub-euhedral and curvilinear othopyroxene grains
are frequently associated with fine-grained clinopyroxene.
Fine-grained spinels form interstitial grains in triple junc-
tion points. Typical worm-like thin spinel lamellae and
blebs closely associated with orthopyroxene indicate that
they have been exsolved from the orthopyroxene (Fig. 2h).
Exsolution lamellae were not observed in either orthopyr-
oxene or clinopyroxene in any of the studied peridotites.

Bulk-rock chemistry

Major and trace element analyses are given in Table 2.
Both garnet- and spinel-bearing xenoliths have a wide
range of CaO and Al,Oj contents (0-51-4-54 and 0-90—
4-31 wt%, respectively), representing a suite of xenoliths
that covers the whole spectrum from fertile to depleted
compositions. The CaO content (4-54 wt% ) of garnet-peri-
dotite Pra302 is higher than that of inferred primitive
mantle (CaO 3-54 wt%, McDonough & Sun, 1995). Both
CaO and Aly,Oj correlate well with MgO and define
linear trends (Fig. 3a and b). The slight deviation from lin-
earity of the most depleted samples is consistent with the
general trend predicted by O’Neil & Palme (1998).
Excepting that, among the collected samples, the most
depleted xenoliths are spinel-peridotites, there are no sig-
nificant compositional differences between garnet- and
spinel-bearing xenoliths. Other major elements, such as
Si0y, TiOy, and NayO, show similar negative correlations
with MgO. In contrast, Sr and the light rare earth ele-
ments (LREE) define two trends when plotted against
MgO; in trend (A) Sr and La correlate antithetically

Table 1 Calculated modal composition of mantle xenoliths from Prahuaniyeu, northern Patagonia, Argentina

Spinel-peridotites

Spinel-garnet-peridotites Garnet-peridotites

Sample: Pra79 Pra82 Pra91 Pra94 Pra96 Pra98 Pra232 Pra233 Pra301 Pra303 Pra305 Pra306 Pra307 Pra70 Pra74 Pra197 Pral98 Pra234 Pra199  Pra302
ol 557 60-1 578 894 754 695 515 579 698 708 710 721 619 801 646 730 684 559 568 409
opx 300 320 232 64 210 251 2941 24.7 261 246 268 24.3 297 152 233 202 166 221 197 339
cpx 19 72 170 30 26 52 160 154 34 38 13 31 66 30 108 &7 93 15 17-4 187
sp 21 0.7 19 12 08 03 25 20 06 05 08 05 11 01 tr 01 0-1 tr

gt 16 11 1.5 5.4 9.6 51 62
Total 997 999 999 1000 99-8 100-1 99-1 1000 999 996 999 1000 993 999 998 999 998 991 99.0 99.7

tr, trace; italic numbers, modal composition based on 7000 point counts.
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1.00 mm

Fig. 2. Photomicrographs of Prahuaniyeu mantle xenoliths. (a) Garnet lherzolite in plane-polarized light (PPL). Poikilitically enclosed by
the coarse-grained garnet are small olivine, clinopyroxene and coexisting orthopyroxene—clinopyroxene grains. (b) Same as (a) under cross-
polarized light (XPL). (c) Garnet—spinel-lherzolite with a foliated texture. Spinel is not associated with garnet and grows interstitially (PPL).
(d) Closer view of a spinel-garnet-harzburgite with a foliated texture. Garnet shows a thin kelyphitic rim. The brown spinel is not associated
with garnet. (e) Foliated spinel lherzolite (PPL). (f) As in (e) but under XPL. (g) Spinel lherzolite with protogranular texture (PPL).
(h) Worm-like spinel blebs and lamellae closely associated with orthopyroxene from which they have apparently been exsolved (PPL).
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Table 2: Major and trace element analyses of Prahuaniyeu mantle xenoliths, northern Patagonia, Argentina

Spinel-peridotites

Sample: Pra4 Prab Prad6  Prab7 Pra68  Pra79 Pra82  Pra91 Pra94  Pra95 Pra9%6  Pra98 Pra231 Pra232 Pra233 Pra301 Pra303
wt%

Si0, 441 45.6 455 44.5 445 45.6 46-2 44.9 441 44.9 44.0 45.1 42:2 44.5 45.2 44.9 44.7
TiO, 0-053 0-091 0-044 0-037 0-048 0-084 0-033 0-272 0-037 0-144 0-078 0-099 0-049 0-075 0-160 0-024 0-033
Al,03 112 280 218 1.24 181 3-36 1.70 3-88 1.01 1-46 1.20 1.87 0-90 217 373 1.23 124
Fe,03* 829 822 866 837 9.00 852 8.01 9.25 8-88 837 848 892 9.01 8-83 9-10 852 858
MnO 0-12 012 012 012 013 0-13 0-12 0-13 0-13 0-12 012 013 012 013 0-13 0-12 0-12
MgO 45.2 415 419 446 43-4 399 42-6 385 45.9 43-6 455 435 467 42.8 389 452 44.9
Ca0 0-91 248 237 0-86 1-64 271 1.84 3-45 0-79 1.25 0-87 1.37 0-79 228 317 1.05 1.20
Na,0 01199 0152 0140 0-041 0083 0189 0070 0272 0045 008 0126 0.073 0075 0126 0285 0023 0.063
K,0 0-050 0-012 0-016 0-014 0-017 0-019 0-013 0-024 0-012 0-067 0-059 0-017 0-048 0-012 0-008 0-005 0-027
P,0s 0-085 0017 0060 0036 0052 0032 008 0144 0026 0090 0105 0-049 0043 0045 0021 0081 0.048
Total 100-00 10096 101-05  99-86 10072 100-568 10071 100-83 10101 100-10 100-55 10119 9991 10096 10069 101-18 100-88
ppm

Nb 3 1 1 1 1 2 1 2 1 3 2 1 1 1 1 1 2

Zr 7 5 4 4 4 6 6 1" 4 9 7 6 5 4 8 3 5

Y 1-80 1.36 1.07 1.70 1-30 1-36 070 2.48 0-36 1.90 0-45 0-86 1.50 1-34 1-80 027 0-34
Sr 42 12 13 12 1" 14 21 29 9 27 29 16 16 12 23 20 21

Rb 13 09 09 1.0 1.0 1.0 09 09 1-0 13 1.4 09 13 0-9 07 06 11
Ga 1 5 4 1 4 5 3 7 4 1 4 4 2 5 6 3 4

Zn 39 62 63 38 66 64 57 7 62 37 63 63 40 64 69 59 61

Cu 12 18 17 1" 4 3 2 16 4 12 8 6 14 8 1" 2 4

Ni 2301 2045 2240 2061 2153 1931 2083 1910 2353 1934 2430 2169 2306 2152 1923 2340 2372

Co 102 94 929 98 105 94 96 93 m 91 110 105 108 101 95 106 107

Cr 2695 3401 2865 3422 2491 3224 3486 2541 2448 2714 3285 2561 2131 2878 2719 2820 2682

s 62 94 85 59 74 118 76 14 60 65 60 86 55 102 101 62 63
\% 24 51 M 28 23 47 47 75 26 35 39 45 31 67 74 42 36

La 2-283 0-786 0-834 0-965 1-162 0-930 0-963 1-430 0414 2531 1.022 0572 1.283 0-652 1-196 0.237 1.024
Ce 5.875 1-462 1-591 1.563  2-647 1.352 1.722 3-098 0-852 5.285 1-864 1.276  2.235 1244 2018 0-460 1.229
Pr 0626 0141 0192 0192 0273 0162 0212 0348 0101 058 0232 0151 0273 0162 0202 0061 0121
Nd 2-250 0-553 0-693 0-653 1.025 0-653 0-884 1.397 0402 1-896 0-894 0-603 0985 0683 0-904 0241 0-462
Sm 0-382 0-191 0-181 0-134 0-231 0-190 0241 0-362 0-100 0-401 0251 0-171 0271 0-171 0-261 0-060 0-131
Eu 0111 0-070 0-050 0-040 0-070 0-064 0.067  0-135 0-030 0-121 0-070 0-056 0-080 0-060  0-090 0.016 0-040
Gd 0281 0221 0141 0100 0211 0211 0181 0452 0083 033 0170 0152 0201 0211 0342 0041 0100
Tb 0-040 0-040 0-020 0-010 0-030 0-040 0.021 0.073 0.011 0047 0020 0-020 0-031 0-034 0-060 0-006 0.013
Dy 0-171 0271 0-161 0-060 0-191 0281 0-113 0-492 0-060 0241 0-110 0-131 0-138 0241 0-381 0-039 0-070
Ho 0030 0060 0040 0011 0040 0063 0020 0100 0011 0050 0020 0030 0022 0050 0080 0009 0013
Er 0-080 0-181 0-120 0-040 0-121 0214 0-063 0311 0-048 0175  0-050 0-100 0-070 0-171 0-251 0-030 0-042
Tm 0070 0030 0020 0006 0020 0040 0010 0048 0009 0037 0007 0017 0010 0027 0037 0006 0009
Yb 0-070 0-191 0-140 0-040 0172 0321 0-069 0291 0.067 0291 0-050 0-110 0-060 0-181 0-231 0-048 0-050
Lu 0-010 0-030 0-020 0-010 0-032 0-063 0011 0-043 0011 0-050 0-010 0-019 0-010 0-030 0-034 0-010 0-010
Th 0-13 067 0.22 0-19 0-30 0-39 0-16 0-13 0-11 011 0-79 0-11 017 0-18 0-06 0-06 0-15
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Spinel-peridotites Spinel-garnet-peridotites Garnet-peridotite Host basalt
Sample: Pra304 Pra305 Pra306 Pra307 Pra70 Pra74 Pra198 Pra234 Pra199 Pra302
wt%
Sio, 45.0 44.9 452 451 43.82 44.84 4324 44.98 45.49 47.97 39.74
TiO, 0-080 0-061 0-078 0-052 0-06 0-104 0-0891 0-0786 0-1782 0-0939 325
Al,O3 289 112 1.08 183 131 24 2.76 2.03 3-83 4.31 9-65
Fe,03* 8.93 9.73 8-20 850 9-35 8-89 9.01 9.53 9.42 843 1449
MnO 0-13 0-12 0-12 012 0-12 0-12 0-13 0-13 0-13 0-14 022
MgO 40-3 44.6 454 43.0 45.47 41.78 4212 4223 3824 357 13-63
Ca0 250 0-51 0-90 1.87 0-96 2.35 242 1.8 357 4.54 11-39
Na,0 0-158 0-058 0-117 0-043 0-0597 0-1859 0-1398 0-1119 0-2987 0-1881 4.29
K20 0-056 0-028 0-019 0-022 0-0165 0-0133 0-0434 0-0185 0-0113 0-0347 1-20
P20s 0-170 0-080 0-168 0-093 0-0397 0-0174 0-042 0-0155 0-0218 0-0458 1-40
Total 100-22 10123 101-23 100-66 10123 10077 99-99 100-96 101-29 101-45 9926
ppm
Nb 4 2 2 1 1.2 10 36 1.2 1.0 19 123
Zr 7 13 6 5 4.9 5.4 37 4.8 89 5-1 509
Y 0-95 0-89 1.70 0-51 0-64 112 1.70 0-58 2.67 166 42.8
Sr 32 30 41 19 9.718 13-06 12 10-17 17.22 15-99 1503
Rb 13 1.0 0-9 11 0-894 1.024 116 0-963 1.136 1.058 171
Ga 3 5 4 4 4.2 5-1 22 4.9 65 5.8 23
Zn 47 94 61 60 68 67 43 75 72 58 130
Cu 19 5 7 1 88 1" 16-9 10 14 25 47-2
Ni 2036 2542 2198 2349 2469 2155 2093 2233 1877 1708 376
Co 99 114 100 105 114 100 99 106 96 81 55
Cr 3072 2274 2780 3058 1862-3 2952-4 2406-0 2881-9 2643-8 2422-6 467
Sc 76 36 71 5.8 5.0 83 10-3 90 12.0 136 16-8
\" 47 14 46 40 30 57 49 57 80 102 170
La 1.742 1475 1-474 0-767 0718 0-423 0.961 0-356 0-449 0564 106
Ce 3573 3-229 2.965 1-000 1.247 0-951 1-620 0-661 1.082 0-981 219
Pr 0-353 0-404 0-313 0-148 0172 0-141 0212 0-081 0-189 0-131
Nd 1-256 1-658 1.361 0-522 0-604 0-673 0814 0-352 1.026 0-553 83
Sm 0-261 0384 0311 0-131 0125 0-205 0231 0111 0-362 0-181 16
Eu 0-090 0121 0-100 0-040 0.045 0-067 0-090 0-038 0-131 0-070 49
Gd 0-309 0-342 0-321 0121 0-162 0-229 0332 0-111 0-468 0-251
Tb 0-049 0-040 0-055 0-020 0.027 0-039 0-060 0-020 0.092 0-048 1772
Dy 0-331 0211 0-305 0-110 0-141 0237 0-391 0-132 0-599 0-341
Ho 0-080 0-040 0-078 0-020 0-030 0-052 0-100 0-030 0-130 0-080
Er 0-231 0-110 0-231 0-063 0.083 0-140 0271 0-090 0401 0-251
Tm 0-040 0.017 0-039 0-010 0.014 0-022 0-040 0-014 0-064 0-040
Yb 0-291 0-110 0-264 0-070 0089 0-130 0.291 0-089 0413 0-261 2561
Lu 0-047 0-020 0-040 0011 0-020 0-020 0-040 0-013 0-064 0-040 0278
Th 0-29 027 0-02 0-08 <001 <0-01 0.01 0-03 <0.01 0-03 161

Italic numbers ICP-MS, underlined numbers INAA.*Total Fe as Fe,0s.
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Fig. 3. Major element variations in whole-rock Prahuaniyeu peridotites.

with MgO, suggesting melt depletion processes, whereas in
trend (B) they increase at almost constant MgO, suggest-
ing enrichment through metasomatic processes (Fig. 4a
and b).

Whole-rock Primitive Mantle (PM; McDonough &
Sun, 1995) normalized REE patterns of garnet-bearing
peridotites (Fig. 5a) are relatively flat in the heavy REE
(HREE) and middle REE (MREE), whereas the LREE
are enriched compared with the HREE. The HREE
range between slightly depleted (~1 xPM) to strongly
depleted (0-2 x PM), indicating variable degrees of partial

(a) MgO vs Al,O3; (b) CaO vs MgO.

melting. Sample Pral99, a fertile garnet-peridotite, has a
REE pattern very close to that of the Primitive Mantle.

The whole-rock REE patterns from spinel-peridotites
have been divided into two groups. Group 1 shows essen-
tially flat PM-normalized patterns (Fig. 5b) with HREE
ranging from 0-3 x PM to 0-9 x PM. The xenoliths have
relatively flat HREE patterns and slightly enriched
LREE, giving (La/Yb)x=23-5. Group 2 includes samples
with  HREE (0:16-0-8) x PM that have been strongly
enriched in LREE (Fig 5c), giving high (La/Yb)y,
of 8-16.
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Mineral chemistry

Olivine

Olivine microprobe analyses are given inTable 3. The two
garnet-bearing peridotites Pral99 and Pra302 have com-
positions of Fogge and Fogg.s, respectively. The spinel—
garnet-bearing peridotites have olivine compositions ran-
ging from Fogg; to Fog o whereas the spinel-peridotites
have, in general, a slightly higher Fo range, between
Fogg.5 and Fog; 7. Olivines in the garnet-bearing peridotites
have higher CaO concentrations (CaO ranges from 0-09
to 0:14 wt%) than in the spinel-bearing peridotites (0-03

and 0-13 wt%). An exception is olivine in a rather depleted
spinel-lherzolite, Pra307, which has an unusually high
CaO content (0-17 wt%). Without excluding the possibility
that this sample is modally enriched in clinopyroxene, the
elevated CaO content seems to be consistent with the rela-
tively high whole-rock CaO/Al;,Oj3 ratio of 102.

Orthopyroxene

Orthopyroxene microprobe analyses are given in Table 4.
They are all enstatite in composition with a very narrow
range of mg-number (0-90-0-92), slightly higher than
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Table 3: Electron microprobe analyses of olivine from Prahuaniyeu peridotite xenoliths, northern Patagonia, Argentina

Spinel-peridotites

Sample: Pral Pra21 Prad6 Pra68 Pra79 Pra82 Pra91 Pra94 Pra96 Pra98 Pra232 Pra233 Pra301 Pra303 Pra305 Pra306 Pra307

SiO, 411 41-4 41.0 41-0 41.0 412 407 409 41-3 411 40-9 410 40-9 410 411 41-2 410

Al,O3 0-02 0-02 <0-02 0-04 0-03 0-04 004 004 0-03 0-03 0-03 0-03 0-02 0-04 0-02 0-02 0-04

Cr,03 0-05 0-02 0-02 0-04 <002 <002 002 005 0-05 0-03 0-04 0-04 0-05 0-04 0-02 0-03 0-06

FeO* 87 82 88 9:0 91 85 101 86 81 9:0 89 101 84 82 95 88 81

MnO 0-14 0-13 0-13 0-15 0-14 012 018 013 0-13 0-12 0-16 0-15 0-13 0-11 0-14 0-14 0-16

NiO 0-38 0-47 0-45 0-34 0-33 041 035 038 0-36 0-38 0-35 0-37 0-45 0-38 0-45 0-41 0-39

MgO 499 50-7 50-1 497 495 504 484 497 504 494 498 492 50-1 50-3 499 50-3 50-5

CaO 0-08 0-04 0-07 0-13 0-07 009 010 011 0-11 0-08 0-13 0-08 0-15 0-13 0-06 0-07 0-17

Total 100-35 100-91 10057 100-42 100-12 100-77 99-88 99-98 100-43 100-15 100-38 100-95 100-24 100-21 101-18 100-97 100-47

mg-no. 0-91 0-92 0-91 0-91 0-91 091 090 091 0-92 0-91 0-91 0-90 091 0-92 0-90 0-91 0-92
Spinel-garnet peridotite Garnet peridotites

Sample: Pra33 Pra38 Pra70 Pra74 Pra197 Pra198 Pra234 Pra299 Pra297 Pra399 Prad20 Pra421 Pra199 Pra302

SiO, 410 411 411 41.0 409 406 410 40-9 41.2 407 411 414 411 410

Al,O3 0-07 004  0-05 0-06 006 003 0-07 0.07  <0-02 0-03 0-06 0-05 0-07 0-04

Cr,03 0-06 004  0-06 0-01 0-01 0-03 0-06 0-08 003  <0-02 0-02 0-04 0-04 0-04

FeO* 90 99 88 93 88 92 86 92 97 10-2 10-3 97 10-1 10-5

MnO 0-12 013 012 0-15 013 01 0-13 0-13 0-13 0-14 0-15 0-15 0-13 0-16

NiO 0-39 034 041 0-38 0-41 0-37 0-44 0-41 0-37 0-36 0-37 0-35 0-34 0-44

MgO 49.0 487 493 498 50-1 49.3 500 495 491 487 484 496 49.0 48.7

Ca0 0-11 011 013 0-10 014 014 0-14 0-09 0-11 0-12 0-11 0-11 0-10 0-12

Total 9978 100-33 9997 10069 100-42 99.73 100-46  100-38 100-64 100-18 100-51 101-4 100-84 100-93

mg-no. 091 090 091 0-91 091 0-90 0-91 0-91 0-90 0-89 0-89 0-90 0-90 0-89

*Total Fe as FeO.

those of the olivines. Except for the outermost rim, which
shows a minor decrease in AlyO5; content (¢. 0-20-0-3
wt%), the orthopyroxenes are homogeneous. The AlyO4
concentration varies between samples by 2:9-6-1 wt% and
correlates positively with the whole-rock Al,O5 content.
On average, the AlyO3 content of the orthopyroxenes is
higher in the garnet-bearing peridotites than in the
spinel-bearing peridotites.

In  both

clinopyroxene-poor lherzolites,

spinel-garnet-bearing  lherzolites  and

the Al,Oj
orthopyroxene is in the range 4.9-5-8 wt%, whereas in

content of

garnet-bearing lherzolites it fluctuates between 5-2 and
5-8 wt%. The Al,O3 content of orthopyroxene is highest
in the spinel lherzolites (4-9-6-1 wt% ), whereas in clinopyr-
oxene-poor lherzolites it is in the range 2-9—4-1 wt%.
Orthopyroxenes from garnet-bearing peridotites typi-
CaO contents than those from

cally have higher

spinel-peridotites. In the former, CaO varies from 120 to
150 wt% and in the latter from 0-65 to 0-97 wt%.
However, there are spinel-peridotites containing orthopyr-
oxenes with higher CaO concentrations, similar to those
of garnet-bearing peridotites (Table 4). Again, as in the oli-
vine from the depleted spinel-lherzolite Pra307, the CaO
content is high (146 wt%).

Clinopyroxene

Clinopyroxene microprobe analyses are given in Table 5.
They are Cr-diopsides with compositions of Ensp 54
Wosg 45Fs5 7 in the garnet-bearing peridotites and Enyg 54
Woy49-47Fs4 ¢ in the spinel-peridotites. Like orthopyroxene,
clinopyroxene grains are fairly homogeneous with the
exception of the outer rims, which show a systematic
minor decrease of AloO3 content of the order of 0-20 and
0-30 wt%. The concentration of Al,Oj varies between
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Table 4: Electron microprobe analyses of orthopyroxenes from Prahuaniyeu peridotite xenoliths, northern Patagonia,

Argentina

Spinel-peridotites

Sample: Pral Pra21 Pra46 Pra68 Pra79 Pra82 Pra91 Pra94 Pra96 Pra98 Pra232 Pra233 Pra301 Pra303 Pra305 Pra306 Pra307

SiO, 55.1 55.7 55.8 55.0 54.8 559 54.1 55-3 55.7 55.0 54.9 54.6 56-1 55.4 56-3 559  55.1

TiO, 0-15 0-03 0-04 0-03 0-04 0-01 022 0-04 0-06 0-26 0-12 0-19 0.-01 0-03 0.-08 010  0-05

AlL,03 38 38 39 4.9 4.9 35 6-1 37 38 4.7 54 55 34 34 2.9 41 33

Cr,03 0-81 0-50 0-44 0.74 0-46 0-72 0-45 0-92 0-95 0-60 0-70 0-38 0-66 1.04 0-60 059  1.00

FeO* 53 52 5.5 57 58 5.4 6-4 5.4 5-1 5.6 5.7 6-4 53 52 6-1 5.6 52

MnO 0-12 0-13 017 0-12 0-15 0-13 0-13 0-13 0-12 012 0-15 0-12 0-15 0-11 0-13 013 012

NiO 0-12 0-13 0-13 0-14 0-06 0-10 0-12 0-11 0-12 0-10 0-06 0-09 0-10 0-08 0-11 0-10  0-06

MgO 334 341 3441 328 33.0 340 316 331 331 328 32:6 324 34.0 333 340 334 335

CaO 0-95 0-70 0-66 1-20 0-79 0-87 1.09 130 1-31 0.97 120 0-93 0-93 1.47 0-65 0-83 146

Na,0 0-14 0-10 0-08 0-15 0-17 0-08 0-19 0-11 0-14 0-09 0-15 0-16 0-02 0-08 0-11 0-08 008

Total 99-87 100-39 100-8 10069 100-10 100-80 100-36 100-12 100-25 100-22 100-90 100-80 100-67 100-08 100-94 100-84 99.79

mg-no. 0-92 0-92 0-92 0-91 0-91 0-92 0-90 0-92 0-92 0-91 0-91 0-90 0-92 0-92 0-91 091 092

en 90-1 90-8 905 890 896 90-3 878 893 89.7 895 889 885 90-3 89.4 89.7 900 895

wo 1.8 13 13 23 15 16 22 25 26 1.9 24 1.8 18 28 12 1.6 2.8

fs 81 7-8 82 86 88 81 10-0 82 77 86 87 97 79 78 91 84 77
Spinel-garnet-peridotites Garnet-peridotites

Sample: Pra33 Pra38 Pra70 Pra74 Pra197 Pra198 Pra234 Pra299 Pra297 Pra399 Pra420 Prd21 Pra199 Pr302

SiO, 541 542 54.4 545 54.9 54.0 54.7 54.9 559 54.3 545 55.0 542 54.8

TiO, 015 013  0.08 015 00 0-15 0-07 0-10 0-20 0-19 0-19 007 018 0.06

Al,03 5.6 58 5.0 5.7 4.9 53 4.9 4.9 32 5.9 58 53 58 52

Cr,03 0-78 0-51 1.03 0-65 0.97 0-68 1.01 0-88 0-32 0-59 0-56 069 057 0-52

FeO* 5.6 6-2 5.6 5.8 5.6 5.6 55 5.6 6-6 65 65 6-0 6-2 63

MnO 0-13 0-14 0-09 0-10 0-12 0-13 0-12 0-12 0-14 0-12 0-11 014 013 0-14

NiO 0-09 0-13 0-08 0-13 0-11 0-10 0-16 0-11 0-12 0-11 0-09 011 010 0-12

MgO 314 315 314 324 326 321 326 327 334 316 317 323 314 323

Ca0 1.28 1-20 142 121 149 129 1.52 1-50 121 121 1.22 124 126 1.25

Na,0 0-18 0-12 0-14 0-19 0-13 0-16 0-12 0-14 0-09 0-24 0-21 010 021 0-10

Total 9928 9997 9915 10073 100-84 99.52 100-64 100-87 10118 10072 100-88 100-95 99-98 100-82

mg-no. 0-91 0-90 0-91 0-91 0-91 0-91 0-91 0-91 0-90 0-90 0-90 091 090 0-90

en 885 880 883 887 885 888 886 886 879 875 875 884 877 880

wo 26 24 2.9 24 29 26 30 2.9 23 24 24 24 25 25

fs 89 9-6 88 9:0 86 86 84 85 98 101 101 92 97 9-6

*Total Fe as FeO.

samples in the range of 3.5-8.0 wt%. Generally, Spinel

AlyO3 contents decrease with increasing mg-number
(Fig. 6). The TiOy contents range from 0-02 to 0-68 wt%
and also decrease with increasing mg-number. The lowest
TiOy, at ¢. 0-02 wt%, was observed in the spinel-peridotite
Pra82.

Spinel microprobe analyses are given in Table 6. All ana-
lyzed spinels lack chemical zonation and they are homoge-
neous in composition within each sample. Spinels in the
spinel-garnet-peridotites are relatively Cr poor, with
cr-number  [Cr/(Cr4+Al+Fe®")] varying within the
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Table 5: Electron microprobe analyses of clinopyroxenes from Prahuaniyeu peridotite xenoliths, northern Patagonia,

Argentina

Spinel-peridotites

Sample: Pral Pra21 Pra46 Pra68 Pra79 Pra82 Pra91 Pra94 Pra9%6 Pra98 Pra232 Pra233 Pra301 Pra303 Pra305 Pra306 Pra307

SiO, 529 53.2 52.7 529 52.7 53.0 516 528 531 519 524 52.0 532 530 53.7 528 525

TiO, 0-31 0.-08 0-10 0-08 023 0-00 0-67 0.-08 0-06 0-63 0-29 0-68 004 0-10 015 029 0.07

Al,O3 4.8 4.6 4.9 55 6-3 4.0 80 4.3 4.2 5.9 6-2 76 35 37 4.5 55 36

Cr,03 150 0.97 0-86 126 0.77 129 0-73 1.563 1.52 113 1.06 0-70 111 151 139 122 146

FeO* 244 233 2.36 30 27 25 34 29 27 25 28 33 226 28 2.8 27 29

MnO 0-09 0-11 0-07 0-10 0-07 0-08 0-09 0-10 0-09 0-06 0-10 0-11 0-07 011 0-08 009 0-08

NiO 0-06 0-03 0-06 0-06 0-03 0-10 0-06 0-05 0-05 0-04 0-08 0-02 0-04 0-06 0-05 0-02 0-03

MgO 16-4 16-2 16-6 171 15.7 17-2 15-6 17-8 175 16-4 171 15-2 177 180 15-8 159 184

Ca0 20-0 212 218 19-3 20-4 211 18-3 19-8 198 20-6 19-6 18-8 222 197 207 206 199

Na,O 142 130 1.47 129 1.65 0-93 168 091 1.02 1.09 110 1.91 0-47 081 160 146 065

Total 99-96 100-00 100-86 100-47 100-46 100-14 100-08 100-24 100-01 100-26 100-70 100-26 100-50 9977  100-78 10059 99.51

mg-no. 0-92 0-93 0-93 0-91 091 0-92 0-89 0-92 0-92 0-92 0-92 0-89 093 092 0-91 091 092

en 51.0 494 494 524 493 510 51.0 52.9 526 50-3 522 497 506 534 490 493 536

wo 44.7 46-6 46-6 42.5 460 44.9 42.9 422 429 45.3 42.9 44.2 457 420 46-0 46-1 417

fs 43 4.0 39 5-1 4.7 41 6-1 4.8 4.5 4.4 4.8 6-1 36 4.6 4.9 4.6 4.7
Spinel-garnet-peridotites Garnet-peridotites

Sample: Pra33 Pra38 Pra70 Pra74 Pral97 Pral98 Pra234 Pra297 Pra299 Pra399 Pra420 Prad21 Pra199 Pra302

SiO, 522 524 522 519 523 522 525 525 524 51.9 519 52:6 51.9 52.7

TiO, 0-37 030 018 046 0-10 0-25 0-08 027 017 0-61 0-58 0-15 0-66 0-13

Al,O3 6-8 65 57 7-0 5.6 6-3 5.2 6-4 55 75 77 61 756 58

Cr,03 1.27 090 149 1.08 1-39 1.07 138 0-99 1.36 0-92 0-90 1-03 1.09 0-72

FeO* 33 30 32 33 34 29 30 31 31 37 38 31 38 33

MnO 0-13 011  0-10 0-10 0-10 0-10 0-10 0-13 0-08 0-11 0-11 -09 0-13 0-13

NiO 0-05 0-05  0-08 0-04 0-10 0-08 0-05 0-06 0-05 0-06 0-06 0-05 0-01 0-07

MgO 16-3 16-0 17.0 171 177 16.7 181 16-8 17.7 16-0 16-1 169 165 17-3

Ca0 180 199 183 175 189 191 19-2 195 183 171 175 19-6 16-8 201

Na,O 1-42 119 1-05 1-46 091 133 0-72 111 1-15 21 1.70 0-96 1.78 0-80

Total 99-69 100-36 9918 9989 10049 100-06 100-34 100-86 99.77 99.94 100-35 10053  100-22 100-96

mg-no. 0-90 0-90 091 0-90 0-90 0-91 0-92 0-91 0-91 0-89 0-88 0-91 0-89 0-90

en 52.5 50-0 53-3 54.3 53-4 52.0 53-9 516 54.4 52.8 52.3 51-6 53-8 5156

wo 416 44.7 411 39-9 409 42.9 411 431 40-2 40-5 40-8 431 393 431

fs 5.9 5.3 5.6 5.9 5.7 5-1 5.0 53 53 6-8 6-9 5.3 6-9 55

*Total Fe as FeO.

narrow range of 0-12-0-28. On the other hand, spinels  Garnet

the
number =0-09) to Cr-rich (cr-number = 0-47). Coexisting
spinels and olivines plot within the OSMA field of Arai
(1994) and define a linear trend with overlapping spinel—

in spinel-peridotites vary from Cr poor (cr-

garnet-peridotites and spinel-peridotites in the most Al-
rich part of the field (Fig. 7).

Garnet microprobe analyses are given in Table 7. Like spi-
nels, garnets lack chemical zonation and are homogeneous
within samples. There are no significant compositional dif-
ferences between those in spinel-garnet- and in garnet-
bearing peridotites (Almy; 19Py7 74Spessg.s 0.6Grossio is).
The CryOs contents vary between 121 and 3-02 wt%.
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Fig. 6. Variation of clinopyroxene Al,O5 contents with mg-number.

Low CryOj3 garnets are found in the most fertile perido-
tites Pral99 and Pra302. However, the lowest CroO5 con-
tent was found in garnets from sample Pra38 (Cr,Os 114
wt% ). Because of its small size, this sample was not ana-
lyzed for bulk major and trace elements. Judging from its
mineral compositions (Fogp; cr-number =0-12; 6-5 and 5-8
wt% AlyOg in clinopyroxene and orthopyroxene, respec-
tively) this spinel-garnet-bearing peridotite is fertile.

Trace elements

In situ trace element analyses were performed only on clin-
opyroxene and garnet, as olivine and orthopyroxene have
low concentrations very close to the detection limits of the

LA-ICP-MS method.

Clinopyroxenes
Clinopyroxene trace element analyses are given in Table 8.
Clinopyroxenes from the garnet-bearing peridotites

(Pral99 and Pra302) and from spinel-garnet-peridotites
(Pra33, Pra38, Pra74, Pral98, Pra299 and Pra399) are
characterized by a wide variation of Sr and Zr contents,
ranging from 0-10 to 125 ppm and from 010 to 23 ppm,
respectively. Similarly, the REE also show a wide composi-
tional range. In particular, Ce varies from 0.01 to
8-0lppm and Yb from 0-05 to 0-62 ppm. These variations
can be seen in the Primitive Mantle normalized REE pat-
terns (Fig. 8). Samples Pra33, Pra74, Pra399 (Fig. 8¢c) and
Pral99 (Fig. 8a) have convex-upward REE patterns with
(Ce/Yb)py = 3-4-72. Samples Pral98 and Pra302 show

0.91
mg#

092 093 094

an overall depletion in REE compared with samples
Pra33, Pra74, Pral99 and Pra399. Their (Ce/Yb)pnm
ranges from 0-3 to 2-4 and they show LREE depletion
[(Ce/Sm)pprp = 0:1-0-3], with the exception of La and Ce,
which show an enrichment relative to the other LREE.
Sample Pra70 (Fig. 8e) is enriched in LREE and depleted
in HREE [(Ce/Yb)py =6-6] in contrast to sample Pra38
(Fig. 8e), which has a convex-upward pattern and the high-
est concentration in HREE. Sample Pra299 (Fig. 8e)
shows a flat MREE-HREE pattern, whereas the LREE
are strongly depleted with variable La and Ce enrichments
relative to the other LREE. All samples have a negative
Zr-anomaly (Fig. 8b, d and f). This anomaly correlates pos-
itively with the degree of HREE depletion. A similar
trend can be seen for Sr, although not as well defined as
for Zr. The stronger the overall REE depletion, the higher
the negative Sr-anomaly. With the exception of sample
Pra299, which shows a positive Ti-anomaly (Fig. 8f), none
of the samples show any significant positive or negative
Ti-anomaly.

Primitive mantle-normalized REE and trace element
patterns for clinopyroxenes from spinel-peridotites are
shown in Fig. 9. Except for the cpx from sample Pra79
(Fig. 9a), which is depleted in LREE, all the other samples
have cpx REE patterns showing variably high LREE,
with (La/Sm)pys ratios ranging between 0-5 and 10-1.

On the basis of their REE patterns, the clinopyroxenes
can be divided into four groups. Group 1 (Fig. 9a), com-
prising samples Pra304 and Pra79, has REE that decrease
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Table 6:  Electron microprobe analyses of spinel from Prahuaniyeu peridotite xenoliths, northern Patagonia, Argentina

Spinel-peridotites

Sample:  Pral Pra21 Prad6 Pra79 Pra82 Pra91 Pra94 Pra96 Pra98 Pra232 Pra233 Pra301 Pra303 Pra305 Pra306 Pra307

Sio, 006  0-07 0-056  0.07 0-07 0-11 0-15 0-13 0-08 0-14 0-10 0-02 0-10 0-04 0-07 012

TiO, 036  0-01 0-03  0-09 0-05 0-23 0-13 0-15 0-36 0-24 0-24 0-05 0-20 0-19 0-21 0-17

Al,O03 395 479 51.8 561 386 58-4 333 32:3 49-2 511 56-9 395 284 36-9 46-8 28-1

Cr,03 293 202 17-4 1.7 299 85 351 365 19-6 16-9 9:0 29-6 40-3 294 206 398

Fe,03 115 224 146 172 2:39 1.55 25 2:6 0-47 169 37 1-89 2.8 4.2 27 36

FeO 100 88 91 88 9-6 91 10-9 10-6 9-6 84 80 91 104 11-4 94 9.8

MnO 0.05  0-04 0-04 012 0-05 0-06 0-07 0-06 0-07 0-03 0-11 0-06 0-08 0-07 0-08 0-05

NiO 024 038 043 037 0-27 0-36 0-24 0-23 0-31 0-27 0-42 023 0-15 0-25 0-28 024

MgO 184 198 202 207 183 207 171 17-3 19-6 207 214 18-8 17.0 171 19-6 172

Total 9897 9946 10055 9960 9919 99-04 9957 9981 9928 9944 99.83 9923 9951 9951 9958 9917

cr-no. 033 022 018 012 0-33 0-09 0-40 0-42 0-21 0-18 0-09 0-33 0-47 0-33 0-22 0-47
Spinel-garnet-peridotites

Sample: Pra33 Pra38 Pra70 Pra74 Pra197 Pra198 Pra234 Pra297 Pra299 Pra399 Pra420 Prad21

SiO, 0-13 0-10 0-15 0-15 0-14 0-12 0-20 0-09 0-11 0-13 0-11 0-10

TiO, 0-32 0-17 0-27 0-30 0-26 0-07 0-19 0-16 0-21 0-40 0-35 0-15

Al,O3 439 558 425 50-5 56.7 512 44.3 53.0 58-6 525 54.5 513

Cr,03 181 12.0 248 172 107 167 229 14.9 87 12-8 1.7 17-2

Fe,03 210 0-92 219 27 216 2:30 34 213 1.67 38 33 1.97

FeO 91 93 10-7 84 9:0 8.0 91 87 81 88 93 91

MnO 0-07 0-06 0-05 0-15 0-09 0-08 0-10 0-10 0-12 0-05 0-10 0-09

NiO 0-37 0-38 0-31 0-34 0-16 0-36 0-32 0-34 0-10 0-43 0-34 0-31

MgO 19-8 203 18-2 207 211 207 19-5 20-6 216 20-4 205 203

Total 98-86 9900 9919 100-45  100-22 9946 100-08 100-02 99-19 9934 100-2 100-52

cr-no. 0-19 0-12 0-28 0-18 0-11 0-18 0-25 0-15 0-09 0-13 0-12 0-18

smoothly from Lu to Nd. In sample Pra304 they then
increase rapidly from Nd to La [(La/Nd)py =8-12]
whereas in Pra79 the LREE continue to decrease
[(La/Nd)py = 0-18-0-30). Group 2 (Fig. 9¢) has U-shaped
REE patterns, with a minimum at Eu and Gd (Pra2l and
Pra301). Group 3 (Fig. 9¢) has relatively flat REE patterns,
varying from 1 xPM to 3 x PM; samples Pral and Pra68
have convex-upward LREE patterns. Group 4 (Fig. 9g),
which comprises samples Pra82 and Pra307, has the high-
est LREE enrichments [(La/Yb)py=13-4-18-0], and
REE abundances decrease smoothly from La to Lu. In
the primitive mantle-normalized multi-element diagrams,
the clinopyroxenes from groups 1 and 2 have a positive Sr-
anomaly and a negative Ti-anomaly, except for sample
Pra301, which has a positive Ti-anomaly (Fig. 9b and d).
A pronounced Zr-anomaly has been observed only in clin-
opyroxenes from samples Pra301 and Pra304. In group 3,

characterized by relatively flat REE patterns, clinopyrox-
enes have weak or no Zr- and Ti-anomalies (Fig. 9e and f).
The clinopyroxenes in samples Pra82 and Pra307 (Fig. 9g
and h) from group 4, with the highest enrichment in
LREE [(7-15) x PM], have the most pronounced negative
Ti-anomaly and the highest enrichment in Th and U of
all the analyzed clinopyroxenes.

Garnets

Garnet trace element analyses are given in Table 9. They
typically show strong LREE depletion [~0-003—
0-03) x PM] and HREE enrichments that vary from
~9 x PM to 50 x PM (Fig. 10a and c). In their primitive-
mantle normalized multi-element patterns, all garnets
have strong negative Sr-anomalies relative to Pr and Nd
and, except for garnets from sample Pra299, negative Ti-
anomalies relative to Eu and Gd. Zirconium contents in
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garnets vary from 0-21 to 0-65 ppm. Garnets depleted in
REE, such as sample Pra299, have negative Zr-anomalies
compared with Nd and Sm in the primitive-mantle nor-
malized multi-element diagrams, whereas garnets with

10 I I I I I
O Spinel Peridotites
@ Spinel-garnet Peridotites]
08F\ o &
= 1)
f o\
C 06} .
% o
£ 04} Co ]
) e
0.2 | % -
0.0 1 1 1 1 1
95 90 85 80
Olivine Fo (%)

Fig. 7. Distribution of spinel-olivine pairs from the Prahuaniyeu peri-
dotites on the spinel cr-number vs olivine Fo% diagram, showing the
olivine—spinel mantle array (OSMA) defined by Arai (1994). The spi-
nels from the garnet-spinel-peridotites are characterized by high
AlyOj contents.

high REE contents, which correspond to fertile peridotites,
have positive Zr-anomalies (Pra33, Pra74, Pral99 and
Pra399, Fig. 10b and d). A core-to-rim traverse across a
garnet from sample Pral99 shows systematic trace element
zoning, with the core enriched in REE and other trace ele-
ments relative to the rim. The core has a REE pattern
with high HREE (Ybpy ~20 x PM) and the rim has low
HREE (Ybpy ~10 x PM). The HREE zonation, as can
be seen in'Table 9, is consistent with the high Zr concentra-
tion in the core (Zr 65 ppm) and low Zr concentrations in
the rim (Zr 37 ppm).

Radiogenic isotopes

The whole-rock Nd isotope composition was determined
for the garnet-peridotite Pral99. In addition, Nd-isotope
compositions were measured on separates of clinopyrox-
ene, orthopyroxene and garnet from the garnet-peridotites
Pral99 and spinel-garnet-peridotite Pra74 and clinopyrox-
ene the Pral  (Table 10).
Clinopyroxenes from the garnet-peridotites Pral99 and
Pra74 have "Nd/"*Nd ratios of 0-513158 and 0-513144,
respectively; these are approximately the same as the

from spinel-peridotite

ratios of the end-member depleted mantle component
DMM (Zindler & Hart, 1986). Clinopyroxene from
the  spinel-peridotite  Pral is more radiogenic
("Nd/"*Nd =0-512637) than those from the garnet-
peridotites and approximates the end-member component
Bulk Silicate Earth (BSE). Model ages for the two garnet-
bearing samples Pral99 and Pra74 indicate apparent

Table 7:  Electron muicroprobe analyses of garnets from Prahuaniyeu peridotite xenoliths, northern Patagonia, Argentina

Spinel-garnet-peridotites

Garnet-peridotites

Sample:  Pra33 Pra38 Pra70  Pra74  Pra197 Pra198 Pra234 Pra297 Pra299 Pra399 Prad20  Pra421 Pra199 Pra302
SiO, 424 423 421 42.0 419 427 427 425 426 423 426 427 426 422
TiO, 0-21 0-14 0-19 0-23 0-10 0-11 0-08 0-14 013 0-26 0-26 0-14 0-29 0-09
Al,03 230 234 22:2 232 22:2 23.0 22.0 22.5 22.4 2341 232 228 232 233
Cr,03 168 114 26 1-31 2.9 1.45 3.02 1.46 26 1.06 1.04 147 1.27 121
FeO 6-4 7-0 6-1 6-4 6-2 6-3 58 68 61 75 73 67 70 71
MnO 0-25 0-32 0-26 0-33 0-26 0-29 0-26 0-29 0-28 0-32 0-30 0-32 0-28 0-29
NiO <0-02 0-04 <0-02 0-03 0-03 0-02 <0-02 <0-02 0-03 <0-02 <0-02 <0-02 0-00 0-00
MgO 214 20-8 20-9 211 204 213 210 225 21-0 204 212 210 213 203
Ca0 53 55 5.6 52 6-1 5.6 61 56 5.8 5.1 5.0 5.6 5.0 5.8
Na,0 0-02 0-02 0-02 <0-02 <0-02 0-02 0-02 0-02 <0-02 <0-02 <0-02 <0-02 0-03 0-02
Total 100-60 100-64 9996 9979  100-09 10076 ~ 100-98  100-48  100-86  100-06 10090  100-73  100-90 100-36
alm 12.0 13-2 119 12.3 12.3 116 10-9 1.2 116 14.9 131 12.2 13.0 13-9
py 743 725 73-4 740 718 739 733 741 734 715 738 731 741 71-0
spes 05 0-6 05 07 05 0-6 05 0-6 0-6 0-6 0-6 0-6 05 0-6
gros 132 137 14.2 13-0 15-4 139 15-3 10-6 14.5 131 12.3 138 12:4 14.6
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Fig. 8. Primitive Mantle normalized clinopyroxene REE and multi-element patterns of garnet-peridotites and spinel-garnet-peridotites
[Primitive Mantle normalization values after McDonough & Sun (1995)].

subcontinental lithosphere ‘ages’ of 30 and 10 Ma, respec-
tively (Fig. 11).

DISCUSSION

P-T conditions

For garnet-bearing samples, equilibrium 7 estimates
(Table 11) were calculated based on the compositions of
coexisting garnet, clinopyroxene and orthopyroxene. For
spinel-bearing samples the compositions of coexisting clin-
opyroxene and orthopyroxene were used (Brey & Kohler,
1990). Pressure estimates were made using Al concentra-
tions in orthopyroxene coexisting with garnet (Brey &

Kéhler, 1990). As discussed above, the major element com-
positions of olivine, orthopyroxene, clinopyroxene and
garnet are homogencous and, therefore, the calculated
P—T conditions directly represent the environment at the
time the xenoliths were entrained. 7.q.; values are high,
ranging from 1060 to 1216°C. Calculated Pequ values for
garnet-bearing peridotites are relative low, ranging from
18 to 23 kbar (Fig. 12). Extrapolating this geotherm into
the spinel-peridotite field and taking into account the esti-
mated temperatures for the Prahuaniyeu spinel-lherzolite
xenoliths gives an inferred P.qu ranging from 15 to 20
kbar for the spinel-peridotites. Comparison of the inferred
Pequit from the geotherm with the estimated Pequi based
on the Ca exchange between coexisting olivine and
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Fig. 9. Primitive Mantle normalized clinopyroxene REE and multi-element patterns for spinel-peridotites [Primitive Mantle normalization
values after McDonough & Sun (1995)].
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Table 9: LA-ICP-MS analyses, in ppm, of garnets from Prahuaniyeu peridotite xenoliths, northern Patagonia, Argentina

Spinel-garnet-peridotites

Sample: Pra33 Pra33 Pra33 Pra33 Pra38 Pra38 Pra38 Pra70 Pra74 Pra74 Pra74 Pra198 Pra198 Pra198

Sc 153 156 160 145 180 181 180 159 170 164 183 125 120 125

\ 118 118 118 120 82.0 745 781 157 99-8 972 96-6 104 102 98-0

Co 434 44.2 44.5 44.4 394 389 39-4 405 418 44.9 43.9 40-2 39-6 387

Ni 98-8 131 102 105 531 521 49.9 875 821 813 88.6 73-60 71-6 60-2

Rb 0-02 0-02 0-04 0-03 0-05 0-04 0-05 0-03 0-01 0-03 0-02 0-06 0-02 0-02
Sr 0-32 0-32 0-31 0-28 0-10 0-12 0-10 0-22 0-35 0-30 0-29 0-50 0-06 0-08
Y 44.7 46-4 460 378 779 724 749 221 425 441 42.0 328 286 33

Zr 375 345 344 311 7-81 7-87 7-19 184 35-3 359 333 385 317 363
Nb 0-25 0-22 0-25 0-20 0-08 0-10 0-08 097 0-13 0-15 0-18 013 0-23 0-23
Ba 0-01 0-00 —0-07 0-01 0-02 0-05 0-05 0-02 —0-01 0-05 0-03 0-00 0-04 0-03
La 0-02 0-02 0-02 0-01 0-00 0-00 0-01 0-03 0-01 0-01 0-01 0-02 0-01 0-01
Ce 0-19 022 0-22 0-18 0-01 0-01 0-01 0-19 0-13 012 0-13 0-15 0-05 0-04
Pr 0-05 0-06 0-07 0-05 0-01 0-01 0-01 0-04 0-06 0-05 0-05 0-06 0-01 0-02
Nd 0-49 0-55 0-561 0-51 0-14 0-18 0-12 0-40 0-563 0-56 0-56 0-86 017 0-24
Sm 0-59 074 0-70 0-563 0-563 0-51 0-68 0-63 0-71 0-71 0-70 1.01 0-40 0-48
Eu 0-44 0-47 0-46 0-43 0-39 0-38 0-31 0-32 0-49 0-49 0-44 0-70 0-26 0-33
Tb 0-60 0-63 0-60 0-50 0-85 0-79 0.74 0-40 0-59 0-55 0-57 0-85 0-46 0-51
Gd 2:20 226 213 183 2.84 272 239 1-61 252 248 2.56 346 1.76 241
Dy 6-01 6-26 622 513 923 9.09 815 338 5-39 5.67 5.39 800 410 5.20
Ho 1-62 1.70 1-68 1.37 292 272 242 0-84 1.56 1-61 1.52 221 1.20 1-36
Er 5.59 5.99 5.87 4.83 11.03 10-86 9-36 291 5.34 5.51 5.43 7-40 4.04 4.46
Tm 1.01 1.03 1.02 0-81 213 2.10 181 0-49 0-94 092 0-93 117 0-67 0-81
Yb 7-87 873 827 672 1993 18.52 15-80 4.01 813 7-25 7-08 9.57 5.61 6-19
Lu 113 123 1.27 0-96 3:30 327 2:30 0-63 115 119 0-99 1.36 0-79 0-90
Hf 0-61 0-52 0-47 0-41 0-33 0-29 0-29 0-53 0-60 0-54 0-52 1.00 0-18 0-29
Ta <0-01 <0-01 <0-01 <0-01 <0-01 <0-01 <0-01 0-03 0-01 0-01 0-01 0-01 <0-01 <0-01
Th 0-01 0-01 <0-01 <0-01 <0-01 <0-01 <0-01 0-01 <0-01 <0-01 <0-01 <0-01 <0-01 <0-01
U 0-01 0-01 0-01 <0-01 <0-01 <0-01 <0-01 0-02 <0-01 0-01 0-01 <0-01 0-01 0-01

Spinel-garnet-peridotites Garnet-peridotites
profile
core rim

Sample: Pra299 Pra299 Pra299 Pra399 Pra399 Pra199 Pra199 Pra199 Pra199 Pra199 Pra302 Pra302 Pra302 Pra302

Sc 134 132 133 128 133 103 102 103 104 103 144 138 151 149

\ 148 145 149 791 80-2 124 116 124 120 120 135 137 131 136
Co 416 394 416 431 393 582 54.7 579 55.7 55.8 463 475 45 464
Ni 831 876 88-3 64-3 671 108 102 108 103 106 82.9 88-4 825 82.7
Rb 0-02 0-01 0-02 0-02 0-04 0-06 0-04 0-04 0-02 0-03 0-02 0-02 0-01 0-03
Sr 0-04 0.07 0.05 0-46 0-46 0-50 0-35 0.37 0-36 0-30 0-03 0.04 0-03 0.04
Y 175 17-3 181 522 56-2 54.2 472 452 36 343 257 249 244 252
Zr 0-25 0-21 017 319 351 655 53-3 49-8 40-0 370 1.82 1.85 1.68 166
Nb 0-11 0-16 0-08 0-10 0-18 0-13 0-14 0-11 0-10 0-12 0-09 0-07 0-08 0-08
Ba 0-02 0-01 0.04 0-04 0-07 <001 0-01 0-01 0-01 0-01 <0-01 <001 <0-01 <001
La 0-01 0-01 001 0-01 0-02 0-02 0-01 0-01 0-01 0-01 <0-01 <0-01 <0-01 <0-01
Ce 0-00 0-01 0.01 017 0-18 015 0-15 0-14 0-12 012 <0-01 <001 <0-01 0-01
Pr <001 <0-01 <001 0.05 0-07 0-06 0-07 0-05 0-05 0.05 0-01 0-01 0-01 0-01
Nd 0-04 0-05 0.05 0-49 0.77 0-86 0-71 0-68 0-64 057 0-07 0.07 0-09 0-10
Sm 0-09 0-13 017 0-90 0-95 101 0-90 0-84 0-77 0-61 0-24 0-29 0-26 023
Eu 0-07 0-10 014 0-62 0-63 070 0-59 063 0-47 0-51 0-21 020 0-18 022
Tb 0-25 0-28 029 0.74 0-75 0-85 0-68 0-71 0-563 0-56 0-33 0-32 0-32 0.37
Gd 1.04 0-82 0-84 3-68 318 3-46 2.88 2.82 2.35 2.28 110 119 1.26 113
Dy 222 2.09 2.15 714 767 8.00 6-84 6.34 5.06 4.60 372 3.44 322 357
Ho 0-70 0-69 0-70 1.89 214 2:21 1.73 153 1.22 121 1.01 0-92 0-94 0-96
Er 220 2.05 220 7.07 731 7-40 5.70 5.35 4.05 369 3-60 3.44 3-09 329
Tm 0-38 0-42 0-37 117 1.33 117 0-96 0-84 0-64 057 0-67 0-61 0-49 0-50
Yb 3-62 3564 391 858 10-35 957 704 6.47 471 4.564 4.60 4.22 421 4.00
Lu 0-50 0-52 0-47 1.37 1.64 1.36 1.04 1-00 0-70 0-62 0-67 0-69 0-567 0-62
Hf 0-08 0.07 0.08 0-62 0-59 1.00 0-83 0-66 0-64 0-56 0-16 013 0-13 012
Ta <001 <0-01 <0-01 0-01 <0-01 0-01 <0-01 <0-01 <0-01 0-01 0-01 <0-01 <0-01 <0-01
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Fig. 10. Primitive Mantle normalized garnet REE and multi-element abundance patterns for garnet-peridotites [ Primitive Mantle normaliza-
tion values after McDonough & Sun (1995) .

Table 10: Whole-rock and mineral separate Nd isotope — Table 11: P-T estimates for Prahuaniyeu garnet- and

analyses spinel-peridotites

Sample  Sm (ppm) Nd (ppm) Sm/'Nd "®Nd/"Nd +20 Sample T P P Ca-in-Olivine
Gt-peridotites

Fraiss Pra33 1215 23

wr 1.038 0-380 0221340 0513139 0000011  praag 1144 178

gt 0-554 0-861 0.940620 0513287 0000024  Pra70 1221 238

opx 4646 2077 0270340 0513158 0.000010 P74 192 24
Pra198 1109 182

opx 0-033 0-060 0329037 0513186 0000013 100 1216 s

Pra74 Pra234 17 195

gt 0613 0449 0-825850 0513187 0000026 ~ Pra297 1156 198
Pra299 1184 221

cpx 1427 4.021 0214640 0513144 0000004 oo 1124 e

opx 0-029 0.052 0332820 0513145 0000047  praazo 1210 218

Pral Prad21 1134 19-2

cpx 1453 5192 0169260 0512637  0.000005 SP-Peridotites
Pral 1061 150 14.0
Pra68 1100 17.0 135
Pra91 1142 20-0 19-6
Pra94 1160 20-0 189
Pra96 1122 17.0 17.0
Pra98 1062 15.0 118

Pressures in italics are inferred from the geotherm in
Fig. 12. P Ca-in-olivine, estimated pressures using the
Kohler & Brey (1990) geobarometer.
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Fig. 11. Nd-Sm isochron diagrams showing the apparent age of garnet-peridotite Pral99 and spinel-garnet-peridotite Pra74.
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Fig. 12. P-T calculations for the Prahuaniyeu xenolith suite.

clinopyroxene (Kohler & Brey, 1990) shows a broad agree-
ment between these two methods (Table 11), considering
the strong temperature dependence and the analytical
uncertainties of the Ca-in-olivine barometer (O’Reilly
et al., 1997).

In the P-7 diagram, the Prahuaniyeu garnet-bearing
xenoliths define a steep geotherm that plots between the
model curves for heat flows of 80-100 mW/m? of Pollack
& Chapman (1977). This is very similar to the geotherm
constructed by O’Reilly & Griffin (1985) for the xenoliths
from southeastern Australia (Fig. 12). These high tempera-
tures at relatively low pressures require a high local heat
flow; in southeastern Australia this has been attributed to
an upwelling and underplating of basaltic magma asso-
ciated with the opening of the Tasman Sea (O'Reilly &
Griffin, 1985). Unfortunately, geophysical data, such as seis-
mic refraction and reflection profiles, do not exist for the
study area. In Prahuaniyeu the steep geotherm appears to
be related to the evolution of the Late Oligocene
Somoncura Large Igneous Province. Local mantle ther-
mal instabilities caused by plate reorganization at that
time could have been responsible for a plume-like mantle
instability that caused the magmatism in this area (Kay
etal.,2007). Kay et al. (2007) reported isotopic compositions
for the Somoncura province lavas comparable with those
of plume-related basalts. Mufoz et al. (2000) proposed a
slab window origin for the Somoncura Large Igneous

200 400 600 800 1000 1200
T, °C

Province in a generally extensional tectonic setting rather
than a plume-like event. The resultant thermal anomaly
could have been responsible for convective heat transport
into the overlying lithosphere during the magmatic activ-
ity. The age of the xenolith-bearing basalts is not well
known, although the age difference between the xenolith-
bearing basalts and the Somoncura plateau lavas cannot
be large, as the cooling of the lithosphere after a thermal
perturbation is relatively fast and therefore the high equi-
librium temperatures cannot be maintained for long. Sass
& Lachenbruch (1979) have shown that cooling time con-
stants are around 10 Ma, which implies that the age differ-
ence could not be more than 10 Myr.

The two most fertile samples, which gave apparent inter-
nal ‘ages’ between ¢. 10 and 30 Ma (including clinopyrox-
ene, orthopyroxene, garnet and the whole-rock; Fig. 11) for
the sub-Prahuaniyeu lithospheric mantle, suggest resetting
of the Sm—Nd isotopic system under a high-temperature
regime and most probably reflect closure of the system fol-
lowing this ‘high-7"event’ This, together with the evidence
given by Kay et al. (2007), supports the existence of a
plume or plume-like component in this area.

Whole-rock chemistry

Linear trends in correlation diagrams between major ele-
ments for mantle xenolith suites have been attributed
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Fig. 13. Primitive mantle-normalized REE patterns showing that (a) garnet-peridotite Pra302 has experienced 0-5% host basalt (Pra2 nephe-
linite) infiltration. Pra302(calculated) is based on a mass-balance calculation using the garnet and clinopyroxene REE compositions and their
modal percentage in Pra302 (Table 1). (b) BSE image of Pra302 shows thin films of intergranular melt (glass), the result of host basalt

infiltration.

to variable degrees of partial melting of the same initial
fertile mantle source (Frey & Green, 1974; Ionov et al.,
1993). This is not valid for the garnet-peridotite sample
Pra302, whose composition might reflect mechanical min-
eral sorting. Whole-rock AlyO5 and CaO contents indicate
a fertile mantle protolith (CaO is even higher than the
Primitive Mantle) but TiOy and REE concentrations are
consistent with a relatively depleted mantle source. As
hydrous phases, with the exception of a single phlogopite
grain, are not present in the studied xenoliths, host basalt
infiltration and/or cryptic metasomatism is required to
account for the observed whole-rock LREE enrichment
(Fig. 5). Anhydrous modal metasomatism, involving addi-
tion of garnet and clinopyroxene to a depleted source,
could be another possibility. There are several lines of evi-
dence that document the addition of clinopyroxene and
garnet during metasomatism. Chemical zoning, disequili-
bria and LREE enrichment are the main characteristics
of metasomatic garnet and clinopyroxene (Shimizu, 1999;
Simon et al., 2003). The garnet-peridotite Pra302 does not
show any of these features: (1) there is no chemical zoning;
(2) the incompatible trace element abundances of garnet
and clinopyroxene indicate equilibrium between them; (3)
compared with the most fertile sample (Pral99), it is
depleted in these elements (Figs 8 and 9). Petrographic evi-
dence, however, is consistent with melt infiltration. BSE
images show that this sample has been invaded by a melt
that propagated between grains and filled up cracks in
the rock-forming minerals (Iig. 13b). Indeed, the LREE
enrichment is typical of host-melt infiltration, as the
whole-rock REE pattern calculated from garnet and clino-
pyroxene REE concentrations (olivine and orthopyroxene
were not considered for these calculations) has a convex-
upward REE pattern. The LREE enrichment could have

been caused by ¢. 0-5% basalt infiltration with a composi-
tion similar to that of the host basalt (Table 1, Fig. 13). The
relative amount of host basalt added to Pra302 was calcu-
lated using the mass-balance relationship or ‘lever rule’
between Host Basalt (Table 2), Pra302(calculated) and
Pra302 (Cox et al., 1984). All these observations indicate
that the protolith was depleted in incompatible elements,
possibly as a result of mechanical mineral sorting.
Garnet-bearing xenoliths in alkali basalts are very rare;
Prahuaniyeu is only the second known outcrop with such
xenoliths in Patagonia, Pali Aike being the first. Thus com-
parison of the Prahuaniyeu garnet-bearing xenoliths with
those from the Pali Aike Volcanic Field, the Vitim
Volcanic Field (Baikal region) and from southeastern
China (Xu et al., 2000) is of particular interest. Recovered
xenoliths indicate that the lithospheric mantle beneath
Prahuaniyeu and Pali Aike experienced similar degrees of
partial melting (Stern et al., 1999). Pali Aike xenoliths
span the range from fertile to depleted compositions, but
the majority of the deep high-P garnet lherzolites are fer-
tile. In the Vitim Volcanic Field, garnet and spinel-garnet
lherzolites are fertile (lonov et al, 1993; Litasov &
Taniguchi, 2002). For a given Al,Os content, the fertile
garnet-lherzolites from Pali Aike have systematically
lower CaO contents than the Prahuaniyeu xenoliths, and,
according to Stern et al. (1989), represent mixtures of infer-
tile residual Mg-rich harzburgites and basaltic magma.
On the other hand, with the exception of some depleted
peridotites, the majority of the mantle-derived xenoliths
from southeastern China are fertile peridotites (Xu et al.,
2000). The Pali Aike and southeastern China peridotites
have experienced modal hydrous metasomatism (amphi-
bole and/or phlogopite are present) whereas the
Prahuaniyeu peridotites, like the Vitim peridotites, show
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evidence for mainly cryptic metasomatism (Glaser et al.,

1999).

Trace elements in clinopyroxene and garnet
Trace element abundances in clinopyroxene and garnet
indicate that the subcontinental lithospheric mantle
beneath Prahuaniyeu is extremely inhomogeneous, having
been affected by various melting and metasomatic pro-
cesses. The major difference between clinopyroxenes from
garnet-bearing and spinel-bearing xenoliths is the absence
of negative Ti-anomalies in the former compared with Eu
and Gd in mantle-normalized diagrams (Figs 8 and 9);
for example, clinopyroxenes from southeastern China
garnet-bearing xenoliths show only a weak Ti-anomaly
(Xu et al., 2000). Clinopyroxenes from Cape Verde spinel-
bearing xenoliths do not have a Ti-anomaly because they
experienced variable degrees of partial melting in the
garnet-peridotite field (Bonadiman et al., 2005). Thus the
behavior of Ti clearly depends on the presence of garnet
as the aluminous phase. The most pronounced negative
Ti-anomaly was observed in the clinopyroxenes from
spinel-peridotite Pra82. This sample has the highest (La/
Yb)pn, ranging from 15-0 to 19-5, and the lowest Ti/Eu
ratio (200-300). Except for Nb and Zr, which show nega-
tive anomalies with respect to their neighbours, an overall
elevation of incompatible elements can be observed (Figs
8 and 9). Coltorti et al. (1999) suggested that such extreme
values are a signature of carbonatitic metasomatism; they
are very similar to those in other mantle xenoliths that
have been metasomatized by COy-rich fluids or carbonati-
tic melts. The fact that the relative depletion of Ti in the
spinel-peridotite field cannot be modeled using common
experimental ~ mineral-melt  partition  coefficients
(Norman, 1998) led Xu et al. (2000) to propose a much
lower Tigg, arguing that determinations of Tikq based on
the distribution of Ti between melt and Al-rich pyroxene
are not applicable for magnesian Cr-diopsides from the
Earth’s mantle. Experimental data have also shown that
increasing A" increases the Tig (Ntaflos ef al., 2007, fig.
12 and references therein).

Zirconium contents in clinopyroxenes from both garnet-
and spinel-bearing xenoliths show variable negative
anomalies compared with Nd and Sm in mantle-
normalized diagrams. Norman (1998) showed that the neg-
ative Zr-anomaly in clinopyroxenes from spinel-bearing
xenoliths can be predicted by the distribution coefficients
and is a consequence of melting in the upper mantle. In
garnet, Zr concentrations also appear to be a function of
the degree of melt extraction. Garnet trace element pat-
terns from the most fertile samples have a positive
Zr-anomaly compared with their neighbouring elements,
but this becomes progressively more negative as the overall
depletion of trace elements increases (Fig. 10b and d).
Similarly, garnets from the most fertile peridotites have
Zr|Y ratios of ¢. 10 (Griffin et al., 1998), whereas garnets

from moderately depleted peridotites have ratios of ¢. 0-1
and from the most depleted peridotites of ¢. 0-01. However,
garnet-peridotites Pral99 and Pra302, which have similar
clinopyroxene/garnet ratios and clinopyroxene + garnet
modal compositions corresponding to similar fertility,
differ in their Zr/Y ratios by a factor of 10. This indicates
that the Pra302 protolith was depleted in incompatible
elements.

With the exception of garnets from samples Pra70 and
Pra299, all garnets are depleted in LREE and enriched in
MREE and HREE. The garnets from fertile garnet lher-
zolite Pral99, as mentioned above, are characterized by
different contents of REE in their cores and rims.

The spinel-garnet assemblage

In contrast to the Pali Aike (Kempton et al., 1999a) and
Vitim (Ionov et al., 1993; Tonov, 2004) spinel-garnet-bear-
ing peridotites, in which spinel is enclosed by garnet, indi-
cating that garnet grew at the expense of spinel, the
Prahuaniyeu spinels were found only in contact with
garnet rims and in the matrix (Fig. 2c and d). The condi-
tions under which garnet and spinel can coexist strongly
depend on the bulk Cr-content. Experimental and thermo-
dynamic data have shown that increasing bulk Cr-content
dramatically increases the stability field of spinel at
higher pressures (Nickel, 1986; Brey et al., 1999; Klemme,
2004). For the fertile peridotites, there is a range of cr-
number between zero and 0-2 where the bivariant field of
coexisting spinel and garnet is very narrow (Klemme,
2004). The bulk cr-number ratio of the Prahuaniyeu
spinel-garnet-bearing xenoliths lies within this narrow
range (Table 1) and the estimated P-7 conditions
(Table 11) are consistent with the experimental and ther-
modynamic modeling of Klemme (2004). The fact that
spinel is never found as an inclusion in garnet indicates
that both phases formed independently in the narrow
bivariant field (Fig. 14).

Modeling of the trace elements

The spinel-peridotite REE patterns indicate that the litho-
spheric mantle has been variably affected by metasomatic
fluids or melts. The absence of hydrous minerals, such as
amphibole and/or phlogopite, suggests that this metasoma-
tism was cryptic. In many cases, the host basalt has
invaded the xenoliths and propagated along mineral grain
boundaries, building thin intergranular films and causing
the enrichment of the whole-rock LREE concentrations.
In sample Pra82, the whole-rock REE patterns are parallel
to the clinopyroxene patterns, which rules out intergranu-
lar percolation of any melts or fluids and instead suggests
metasomatism followed by recrystallization. The very low
Ti/Nb and the high Zr/Hf ratios suggest that the metaso-
matic agent was of a carbonatitic nature (Dupuy et al.,

1992).
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Fig. 14. Pressure vs whole-rock Cr/(Cr+Al) showing a narrow
bivariate field of garnet + spinel (Klemme, 2004).

There are, however, some spinel-peridotites without any
metasomatic signature and these, therefore, are appropri-
ate for inferring the nature and degree of the melting pro-
cesses. Using the distribution coefficients of Green et al.
(2000), and the equations of Johnson et al. (1990), calcula-
tions show that sample Pra79 could be the residue after c.
5% fractional melting and the most depleted sample
(Pra21) the residue of 12% fractional melting of a primitive
mantle source. Sample Pra30l, with Gd/Yb=0-14, does
not conform to these calculations and the REE pattern
indicates multiple depletion and enrichment processes.
Similar calculations for fertile garnet-bearing peridotites
show that they have experienced 1-3% partial melting.
In contrast, spinel-garnet-peridotite Pra299, which is the
most depleted in incompatible elements, could be the resi-
due after 13% partial melting of a primitive garnet-perido-
tite with 20 vol.% clinopyroxene and 15 vol.% garnet.
However, such a parental garnet-peridotite modal compo-
sition is unrealistic (rough calculations show that the
source garnet-peridotite should have had ¢. 6 wt% of
Al,O3) and other processes must be invoked to account
for the REE and other incompatible element patterns of
this sample. Comparing the mineral compositions of this
sample with those of sample Pra302, it is clear that
Pra299 is more depleted in basaltic components than
Pra302. Sample Pra302 is unique, as its whole-rock and
modal compositions and major element mineral analyses
classify it as a fertile garnet-lherzolite but its incompatible
elements reflect the composition of a peridotite depleted
in basaltic components. The extremely depleted garnet
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and clinopyroxene REE abundances of sample Pra299
can be modeled by 3% partial melting of a parental
garnet-peridotite with the composition of sample Pra302.

The lithospheric mantle beneath
Prahuaniyeu

The equilibrium P—7 conditions indicate that the studied
samples were entrained from depths between 40 and
80 km. This section of the upper mantle is inhomogeneous,
varying from relatively fertile to very depleted in basaltic
components. However, one of the most striking character-
istics of the Prahuaniyeu mantle xenolith suite is the
absence of hydrous minerals. In contrast to cryptic metaso-
matism, modal metasomatism has not occurred in this
area. The Somoncura Large Igneous Province is the key
to understanding the evolution of the lithospheric mantle
in the study area. Kay et al. (2007) argued that the origin
of the Somoncura Plateau basalts is associated with the
melting of a plume-like mantle source mixed with melts of
a phlogopite- and amphibole-rich lithospheric mantle,
and that the hydrous phases are related to the dehydration
of a disintegrated subducted slab. As mentioned above, in
the section on P—T conditions, the calculated high tem-
peratures at relatively low pressures require a local high
heat flow, which also supports the ascending mantle
plume model. However, with the exception of a single
phlogopite grain, no hydrous phases have been found in
the studied xenoliths, which were entrained by the host
basalts from the same depth from which the Somoncura
basalts were generated (Kay et al., 2007). Moreover, trace
element abundances in clinopyroxenes and garnets from
the garnet-bearing xenoliths strongly suggest partial melt-
ing and not metasomatic processes. Furthermore, the cryp-
tic metasomatism seen in a number of spinel-peridotite
xenoliths does not provide evidence for involvement of
slab-derived fluids from a subducted slab. In fact, data for
some samples, for example Pr82 and Pr307, suggest that
they experienced carbonatitic metasomatism. In addition,
the undersaturated xenolith-bearing host basalts have
characteristic negative K-anomalies. Such anomalies have
been attributed to the presence of phlogopite or amphibole
in the source material, which, after a low degree of partial
melting, remains in the residue. If this is valid, other ele-
ments such as Ba, Nb and Ta, which are strongly parti-
tioned into phlogopite or amphibole, should also be
depleted in the host lavas, as is K. However, this is not the
case, and the depletion must be related to a depleted
source (Chauvel et al., 1992).

The inferred apparent very young ‘age’ of the mantle
lithosphere (~10-30 Ma) is not consistent with the age of
the overlaying crust, which is Triassic and older
(Pankhurst et al., 2006). According to Schilling et al.
(2008), Re—Os isotopic data for two spinel-peridotites
from Prahuaniyeu provide an estimate of the time of
the melting events, which ranges from 0-33 to 2-09 Ga.
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The age resetting observed in the garnet-peridotites must
be associated with a major heating event that, according
to the literature (Kay et al., 2007) and the calculated P—-7T
conditions, could be an upwelling plume. The fact that no
hotspot has been found associated with this plume led
Kay et al. (2007) to suggest a model involving hydrous com-
ponents derived from a subducted slab. In their model,
these disintegrated at depth and, in combination with the
heat provided by the plume-like upwelling, triggered the
melting processes that led to the formation of the
Somoncura Large Igneous Province. However, volatiles
from the subducted oceanic crust could have affected the
deep-seated upwelling plume as a result of its complete
dehydration at shallow depths; only subducted peridotite
can carry water into the deeper mantle (Schmidt & Poli,
1998). Consequently, large ion lithophile elements (LILE)
will be depleted at the volcanic front, such that, at greater
depths, a possible disintegrated slab involved in the melting
processes will be enriched in high field strength elements
(HFSE). This, in turn, implies that melts generated in
such an environment would have an HFSE- rather than
an LILE-enriched signature. The Prahuaniyeu garnet-
peridotites were last equilibrated at depths between 70
and 90 km. These are, according to Kay et al. (2007), the
generation depths of the voluminous main plateau
magmas. Thus the model for magma generation with par-
ticipation of slab-related components proposed by Kay
et al. (2007) appears to be inconsistent with the geochemi-
cal and petrological data presented in this paper for the
garnet-peridotites that have been exhumed to the surface
by alkali basalts from the same depths. It would be
expected that at least some of the garnet-peridotites
would provide evidence for metasomatism (cryptic and/or
modal).

CONCLUSIONS

Prahuaniyeu constitutes the second South American local-
ity in which garnet-bearing peridotites have been found
associated with intraplate alkali basalts. Spinel- and
garnet-bearing peridotites cover the whole range between
depleted and fertile mantle compositions, with the major-
ity of the garnet-bearing peridotites being fertile.

The spinel-peridotites are the residues after 5-12% frac-
tional melting, whereas the garnet-bearing peridotites
are the residues after only 1-3% fractional melting.
Clinopyroxenes from spinel-peridotites have negative Ti-
and Zr-anomalies compared with their Primitive Mantle
normalized neighbouring elements, whereas those from
garnet-bearing peridotites do not show any anomaly, sug-
gesting that their incompatibility during partial melting
depends strongly on pressure.

The Zr content in garnets is a function of the degree
of depletion in basaltic components. Thus garnet
Primitive Mantle normalized incompatible trace element

abundances that have a positive Zr-anomaly compared
with Nd and Sm belong to the most fertile garnet-perido-
tites and those with a negative Zr-anomaly belong to the
most depleted garnet-peridotites.

The spinel-bearing peridotites have experienced cryptic
metasomatism. Carbonatitic metasomatism has been
recognized in a number of samples. Garnet-bearing peri-
dotites show only intergranular host basalt infiltration.

Estimated P—T equilibration conditions, with relatively
high temperatures and low pressures, support the existence
of local mantle thermal instabilities.

The 10-30 Ma calculated apparent internal ‘ages’ for the
sub-lithospheric mantle in this region reflect a resetting of
the Sm—Nd isotopic system in a high-temperature regime
and most probably reflect closure of the system following
this ‘high-T event’ This lends further support to the postu-
lated presence of mantle thermal instabilities.
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