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Abstract

Sr–Nd isotopic analyses on some mantle xenolith samples from the Northern, Southern and Austral Andean volcanic zones

exhibit radiogenic Sr enrichment without dramatic changing of the Nd isotopic composition. This anomalous effect (Sr–Nd

decoupling) makes these samples plot displaced to the right side of the bmantle arrayQ trend (here called the bMORB–OIB–BSE

trendQ) in the 87Sr/86Sr vs. 143Nd/144Nd isotopic diagram. Such behavior reflects processes that took place in the mantle and can

be related to: 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 chromatographic process that occurs during

the percolation of a metasomatic agent through the mantle.
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1. Introduction

The lithospheric mantle, assumed as the portion of

the lithosphere below the Mohorovicic discontinuity

and above the asthenosphere, can be defined in terms of

its chemical, thermal, seismic and/or mechanical

properties. Simple petrological and chemical models

have been proposed for the bulk composition and
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mineralogy of the oceanic lithospheric mantle (e.g.

Ringwood, 1982; Menzies and Hawkesworth, 1987).

However difficulties have arisen for a precise under-

standing of the subcontinental lithospheric mantle

composition and mineralogy due to its long-term

evolution and the occurrence of processes responsible

for its continuous compositional changes (McDonough

and Frey, 1989; McDonough, 1990; Mukasa and

Wilshire, 1997).

Besides melting and convection, another important

process that occurs in the mantle is metasomatism,

which is defined as the percolation of fluids or melts

through the solid mantle, inducing chemical and, in

some cases, modal changes (see Menzies and

Hawkesworth, 1987 and references therein). The

metasomatic agent has been attributed to products

derived either from the asthenosphere underneath the

subcontinental lithosphere, or from the subducted

slab in compressive regimes. In both cases, and in a

simple constrain, the isotopic composition of the

subcontinental lithospheric mantle, initially charac-

terized by impoverishment of radiogenic Sr (decreas-

ing of the 86Sr/87Sr ratio), enrichment of radiogenic

Nd (increasing of the 143Nd/144Nd ratio) and deple-

tion of incompatible elements due to melting, must

change during metasomatism due to incorporation of

more radiogenic Sr, less radiogenic Nd and enrich-

ment of incompatible elements.

The composition of the metasomatic agent has

been discussed in several papers (see Menzies and

Hawkesworth, 1987 and references therein), but

emphasis has been put on carbonatite-rich melts

(e.g. Yaxley et al., 1991, 1998), K-enriched silicic

melt (e.g. Conceição and Green, 2000, 2004) and/or

highly alkaline (Na2O+K2O+CaO) silicic melt

(Hirschman et al., 1998a,b) due to their unusual

compositions, and possibility of being direct partial

melts from the mantle or from a subducted litho-

sphere. A simplistic model of interaction between

these metasomatic agents and the mantle assumes that

the metasomatic agent will be mixed with the depleted

mantle lithosphere by a btwo-end-member simple

mixture processQ (Faure, 1986). Such a process does

not consider reactions that could take place due to the

diversity of the depleted mantle mineralogy, which

accounts for different partition coefficients for Sm,

Rb, Nd and Sr. Some authors, however, call attention

to this possibility and refer to it as a chromatographic
process (Hoffmann, 1988; Navon and Stolper, 1987;

Godard et al., 1995; Bedini et al., 1997; Hauri, 1997).

This paper presents new results of Rb–Sr and Sm–

Nd systematic isotopic analyses carried out on five

ultrabasic mantle xenoliths suites sampled from North-

ern, Southern andAustral volcanic zones of the Andean

Cordillera. Also, we briefly present and discuss new

data on trace and rare earth element analyses.
2. South American mantle xenoliths and the

analyzed samples

The western South American plate is a natural

laboratory for petrological investigations of the sub-

continental lithosphere due to the complex tectonic

configuration of the Andes. This complexity is

established by the configuration of an active con-

tinental margin in which two oceanic plates (Nazca

and Antarctic) with different velocities subduct under

a continental margin formed by several accretion

events. Together with this, variations of the subduc-

tion angles along the active margin and the presence

of seismic and asseismic ridges point towards four

distinctive zones of active volcanism (Ramos, 1999):

the Northern, Central, Southern and Austral volcanic

zones (NVZ, CVZ, SVZ and AVZ, respectively, Fig.

1). Flat-slab segments without evidence of volcanism

separate these zones, except the SVZ and AVZ that

are separated by the subduction of the Chile Seismic

Ridge. This last ridge encompasses the limit between

the Nazca and Antarctic plates. Spinel- and/or garnet-

bearing ultrabasic mantle xenoliths, associated with

alkaline basalts, have been frequently described from

all zones, except in the CVZ, where crust appears to

be thicker than in the other zones.

This study attempts a synthesis of the observations

on 22 ultrabasic mantle xenoliths that came from five

separate alkaline basalt centers in the Cenozoic to

Recent volcanoes from South America (Fig. 1). From

north to south, these centers are: Mercaderes (NVZ—

Colombia—01845VN, 77803VW), Agua Poca (SVZ—

Argentina—37801VS, 67807VW), Cerro del Mojon

(SVZ—Argentina—41806VS, 70813VW), Lote 17

(AVZ—Argentina—48830VS, 70830VW) and Cerro

Redondo (AVZ—Argentina—49807VS, 70808VW).

Petrographic and geochemical characterization of all

these xenoliths was described in Weber (1998),
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Fig. 1. Plate tectonics setting of the South American continent

showing the Andean active volcanic zones (Northern—NVZ,

Central—CVZ, Southern—SVZ, Austral—AVZ) and asseismic

ridges (AR). Circles indicate studied samples localities: ME—

Mercaderes, AP—Agua Poca, CM—Cerro del Mojon, L17—Lote

17, CR—Cerro Redondo. Modified after Ramos (1999).
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Bertotto (2000), Conceição et al. (2003), Schilling et

al. (2005) and Rodriguez-Vargas et al. (2005). A

summary of petrographic and geochemical character-

istics and the P–T estimates for the last equilibration

of these xenoliths in the upper mantle are given in

Tables 1 and 2.
3. Analytical techniques

Major element for each sample was determined by

X-ray fluorescence (XRF), with loss on ignition (LOI)
determined gravimetrically at the Universidade Fed-

eral do Rio Grande do Sul, Brazil. For trace and rare

earth elements and isotopic analyses, around 0.5 to 0.8

g of each sample was crushed in an agate mortar and

leached with HCl 0.1 N in order to eliminate the

crustal alteration. Then, the leached residue was

digested with HF, HNO3, HCl and a solution was

prepared in HCl 2.5 N. For trace and rare earth

elements, part of this solution was diluted by a factor

of 4000 and a Re/In external standard was added to

the solution. Trace and rare earth element concen-

trations were determined on Inductively Coupled

Plasma-Mass Spectrometer (ICP-MS, Elan 6000,

Perkin Elmer), in which light and heavy elements

were corrected based on In and Re concentrations,

respectively. For isotopic analyses, an aliquot of the

HCl 2.5 N solution was spiked with mixed 87Rb–84Sr

and 149Sm–150Nd tracers in Teflon vials and warmed

for one week on a hot plate until complete mixing.

Column procedures used cationic AG-50W-X8 (200–

400 mesh) resin in order to separate Rb, Sr and REE,

followed by Sm and Nd separation using anionic

LN-B50-A (100–200 Am) resin. Each sample was

dried to a solid and then loaded with 0.25 N H3PO4

(Rb, Sr, Sm and Nd), on appropriate filaments

(single Ta for Rb, Sr, Sm, and triple Ta–Re–Ta for

Nd). The samples were run in a multi-collector VG

Sector 54 thermal ionisation mass spectrometer at the

Laboratório de Geologia Isotópica (Universidade

Federal do Rio Grande do Sul, Brazil) in static

mode. Sr and Nd ratios were normalized to
86Sr/88Sr=0.1194 and 146Nd/144Nd=0.7219, respec-

tively. Measurements for the NIST standard NBS-

987 gave 87Sr/86Sr=0.710260F0.000014, La Jolla

gave 143Nd/144Nd=0.511859F0.000010. Blanks were

b60 pg for Sr, b500 pg for Rb, b150 pg for Sm and

b500 pg for Nd.
4. Major and trace element compositions

New whole-rock major and trace element analyses

of studied mantle xenoliths, besides those presented in

Bertotto (2000), Schilling et al. (2005) and Rodriguez-

Vargas et al. (2005) are listed in Tables 1 and 2. Based

on the Ca/Al and Na/Al ratios (McDonough, 1990),

sample AND-01 from Lote 17 is the most fertile

compared to the other samples (Fig. 2). Samples 4-F3,



Table 1

Modal compositions, petrographic textures, some major element compositions, Mg# [(MgO/(MgO+FeO))*100], and pressure ( P) and temperature (T) conditions of the studied samples

Northern volcanic zone Southern volcanic zone Austral volcanic zone

Mercaderes Agua Poca Cerro del Mojon Lote 17 Cerro Redondo

XM-3 XM-5 XM-4 XM-1 XM-2 XM-6 XM-7 XM-8 AP-75 AP-80 AP-91b 4-B8 4-B9 4-C2 4-F3 AND-01 X-B X-C X-D X-E X-F X-G

Modal composition (%)

Ol 2.7 0.3 58.1 71.3 64.3 70.2 84.7 57.9 1.1 69.2 70.1 62.0 71.6 72.8 57.1 60.6

Cpx 67.3 65.4 9.2 2.8 3.6 31.9 42.3 72.8 20.0 10.4 13.9 3.6 3.1 13.5 92.8 17.4 8.4 11.3 11.4 11.8 3.0 10.9

Opx 18.4 27.1 6.3 86.5 1.3 10.6 32.2 11.4 18.2 15.6 18.7 23.5 10.6 9.4 0.5 12.3 19.7 23.8 15.7 12.6 38.4 27.8

Sp 8.2 7.5 5.5 0.2 3.5 2.5 3.7 2.7 3.1 2.7 1.7 0.7 5.5 1.1 1.8 2.9 1.3 2.9 1.5 0.7

Grt 22.3 4.4 59.5 54.0 19.0 10.5

Amph 6.0 0.6 0.7 2.8 3.0 2.8 0.4

Melt 18.1

Groundmass 35.0

Classification, texture and geochemistry (wt.%)

Rock/Min. Webst Webst Lherz Webst Lherz Webst Webst Webst Lherz Lherz Lherz Harzb Harzb Lherz Cpxite Lherz Lherz Lherz Lherz Lherz Harzb Lherz

Texture Proto Proto Porph Proto Porph Proto Proto Proto Porph Porph Porph Pro–Por Pro–Por Porph Proto Proto Proto Proto Proto Proto Proto Proto

Special

features

React. rims,

serp. veins

React.

rims

React.

rims,

serp.

React.

rims

React.

rims

React.

Cpx-Sp

Melt

pockets

Basalt

react.

Veined,

basalt

react.

Veined Veined Veined Veined Veined

Mg# 87.35 89.83 91.43 83.86 80.97 88.98 91.87 89.87 91.34 91.07 90.63 63.57 90.20 88.87 90.15 90.71 90.38 91.11 91.03

CaO 20.00 2.08 1.55 9.51 6.77 4.06 2.10 3.17 0.71 0.69 1.71 17.55 2.11 2.16 1.78 1.16 1.44 0.97 1.28

Na2O 0.42 2.45 0.03 0.61 0.15 0.3 0.17 0.18 0.22 0.23 0.36 1.50 0.29 0.71 0.35 0.18 0.26 0.20 0.23

Al2O3 4.26 0.08 3.47 16.74 12.73 3.81 2.79 3.57 1.33 1.04 1.90 11.17 1.72 3.47 2.26 2.07 1.69 1.94 1.90

Equilibration T and P

T (8C) 1065 1140–1175 1250–1295 960–1099 936–993 970–1005 830–1095

P (GPa) 1.6 N3.8 3.5 1.0–1.8 1.5–2.0 0.8–2.5 1.2–2.1

Data are from this study and from: (i) Rodriguez-Vargas et al. (2005) and Weber (1998) (Mercaderes); (ii) Bertotto (2003) (Agua Poca); Schilling et al. (2005) (Cerro Redondo). Min.=mineral, Ol=olivine,

Cpx=clinopyroxene, Opx=orthopyroxene, Sp=spinel, Grt=garnet, Amph=amphibole, Webst=websterite, Lherz=lherzolite, Harz=harzburgite, Cpxite=clinopyroxenite. Proto=protogranular, Porph=porphyro-

clastic, Pro–Por=protogranular to porphyroclastic, React.=reaction, Serp.=serpentine. Textures described according to Mercier and Nicolas (1975). Pressure and temperature were estimated based on the

following works: Brey and Köhler (1990), for P, and Köhler and Brey (1990), for T, were used for Mercaderes, Agua Poca, Cerro del Mojon and AND-01 samples. Mercier et al. (1984), for P and Wood and

Banno (1973), for T, were used for Cerro Redondo samples. Pressure and temperature for the other samples from Gobernador Gregores (Lote 17) studied by Gorring and Kay (2000) were obtained from their

work.
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Table 2

Geochemical and isotopic data of the studied samples

Northern volcanic zone Southern volcanic zone Austral volcanic zone

Mercaderes Agua Poca Cerro del Mojon Lote 17 Cerro Redondo

XM-3 XM-5 XM-4 XM-1 XM-2 XM-6 XM-7 XM-8 AP-75 AP-80 AP-91b 4-B8 4-B9 4-C2 4-F3 AND-01 Cpx X-B X-C X-D X-E X-F X-G

Trace elements (ppm), except for K2O and P2O5 (wt.%)

Ba 6.18 86.26 14.35 8.22 6.10 31.39 63.29 23.90 nd 2.00 4.00 1.29 2.31 13.13 79.56 2.73 88.00 36.00 41.00 15.00 13.00 12.00

Rb 0.14 0.92 0.25 0.21 0.06 0.62 0.16 0.42 0.20 0.03 0.04 2.12 0.49 1.37 3.90 0.07 6.73 2.72 0.71 0.25 0.92 0.19

Th nd nd nd nd nd nd nd nd nd 0.09 nd 0.07 0.03 0.05 0.37 0.04 2.00 2.00 2.00 1.00 1.00 1.00

K2O nd 0.01 0.01 0.01 nd 0.02 0.01 nd 0.03 nd 0.02 0.04 0.02 0.10 0.24 0.01 0.36 0.06 0.01 0.05 0.04 0.03

Nb nd 4.00 3.00 4.00 nd 4.00 4.00 nd 1.00 nd nd 0.14 0.16 0.79 3.41 0.08 6.00 2.00 2.00 2.00 2.00 2.00

Ta nd nd nd nd nd nd nd nd nd nd nd 0.19 0.13 0.34 0.34 0.12

La 0.26 0.38 0.12 0.10 0.48 0.44 0.68 2.75 nd 0.06 0.18 0.38 0.29 0.68 5.20 0.23 5.00 1.70 0.35 0.65 0.26 0.25

Ce 1.15 0.96 0.33 0.24 1.47 1.31 2.20 11.32 nd 0.24 0.81 0.84 0.64 2.14 17.57 0.71 13.10 3.90 0.90 1.40 0.60 0.60

Sr 96.08 25.80 6.75 6.91 26.38 23.63 19.86 81.37 9.55 3.00 8.00 5.48 7.69 38.85 216.31 7.94 127.77 42.56 6.93 5.05 15.67 5.01

Nd 1.39 2.53 0.12 0.80 1.53 0.89 1.82 3.18 nd 0.23 0.92 0.43 0.37 1.75 18.59 0.67 6.95 2.40 0.55 0.85 0.45 0.46

P2O5 nd 0.01 0.01 0.01 nd 0.02 0.16 nd 0.04 nd 0.02 0.01 0.01 0.02 0.06 0.01 0.13 0.05 0.03 0.05 0.04 0.03

Sm 0.36 1.04 0.05 0.20 0.66 0.39 0.78 3.29 nd 0.11 0.37 0.09 0.09 0.47 5.38 0.20 1.28 0.33 0.13 0.21 0.12 0.15

Zr nd 10.00 13.00 9.00 nd 22.00 24.00 nd 5.17 12.00 15.00 2.80 1.83 5.12 73.33 3.88 46.00 18.00 6.00 6.50 3.50 3.70

Hf nd nd 0.53 nd 0.21 0.36 0.47 1.71 nd 0.10 0.20 0.07 0.04 0.17 2.74 0.13 2.40 1.60 1.60 2.60 3.30 3.20

Ti nd 1220 990 490 nd 2260 1830 nd 1600 910 1350 110 168 625 7899 817 3500 1300 500 900 600 900

Y nd 5.61 2.24 nd 29.45 17.66 34.86 11.15 4.88 2.70 4.00 0.49 0.43 1.82 20.10 0.99 3.70 1.90 1.10 1.30 1.10 1.20

Yb nd 0.64 0.27 0.10 4.46 3.29 5.32 0.77 nd 0.32 0.46 0.06 0.05 0.17 1.79 0.11 0.21 0.17 0.12 0.16 0.15 0.15

Rare earth elements (ppm)

La 0.26 0.38 0.12 0.10 0.48 0.44 0.68 2.75 0.06 0.18 0.38 0.29 0.68 5.20 0.23 5.00 1.70 0.35 0.65 0.26 0.25

Ce 1.15 0.96 0.33 0.24 1.47 1.31 2.20 11.32 0.24 0.81 0.84 0.64 2.14 17.57 0.71 13.10 3.90 0.90 1.40 0.60 0.60

Pr 0.19 0.19 0.79 nd 0.35 0.20 0.36 2.23 0.05 0.15 0.11 0.08 0.34 3.39 0.13

Nd 1.06 1.21 0.36 0.14 2.23 1.31 2.39 12.94 0.41 0.92 0.43 0.37 1.75 18.59 0.67 6.95 2.40 0.55 0.85 0.45 0.46

Sm 0.29 0.47 0.16 nd 0.87 0.54 0.99 4.05 0.18 0.37 0.09 0.09 0.47 5.38 0.20 1.28 0.33 0.13 0.21 0.12 0.15

Eu 0.10 0.19 0.07 nd 0.37 0.25 0.40 1.16 0.08 0.14 0.03 0.02 0.15 1.67 0.07 0.36 0.15 0.06 0.08 0.04 0.06

Gd 0.26 0.67 0.35 nd 1.65 0.99 2.01 3.75 0.29 0.53 0.09 0.08 0.45 5.34 0.22 1.00 0.43 0.15 0.26 0.15 0.20

Tb nd 0.14 nd nd 0.44 0.28 0.54 0.56 0.06 0.10 0.02 0.01 0.06 0.78 0.03

Dy 0.19 0.96 0.36 nd 3.88 2.32 4.51 2.62 0.42 0.67 0.09 0.08 0.38 4.54 0.20 0.78 0.39 0.19 0.26 0.20 0.24

Ho nd 0.21 nd nd 1.02 0.63 1.18 0.41 0.10 0.15 0.02 0.02 0.07 0.86 0.04 0.13 0.07 0.04 0.05 0.05 0.05

Er nd 0.66 0.27 nd 3.93 2.48 4.59 1.03 0.30 0.44 0.05 0.05 0.20 2.26 0.12 0.21 0.18 0.12 0.15 0.14 0.15

Tm nd 0.10 nd nd 0.66 0.45 0.78 0.13 0.05 0.07 0.01 0.01 0.03 0.30 0.02

Yb nd 0.64 0.27 0.10 4.46 3.29 5.32 0.77 0.32 0.46 0.06 0.05 0.17 1.79 0.11 0.21 0.17 0.12 0.16 0.15 0.15

Lu nd 0.09 0.05 nd 0.71 0.56 0.86 0.11 0.05 0.07 0.01 0.01 0.03 0.25 0.02 0.03 0.02 0.07 0.02 0.02 0.03

Isotopic data

Sr (ppm) 96.10 25.80 6.70 6.90 26.40 23.60 19.90 81.40 8.15 2.59 8.38 2.47 3.33 22.28 145.55 4.56 61.01 127.77 42.56 6.93 5.01 5.05 15.67

Rb (ppm) 0.10 0.90 0.30 0.20 0.10 0.60 0.20 0.40 0.20 0.01 0.01 1.39 0.23 0.82 0.06 b0.01 b0.01 6.73 2.72 0.71 0.19 0.25 0.92
87Rb/86Sr 0.00422 0.10373 0.10973 0.08968 0.00648 0.07660 0.02354 0.01508 0.07132 0.00147 1.64204 0.20287 0.10662 0.00121 0.15338 0.18615 0.29921 0.10987 0.14325 0.17090
87Sr/86Sr 0.70300 0.70534 0.70410 0.70410 0.70438 0.70423 0.70432 0.70446 0.70394 0.70446 0.70426 0.71260 0.70505 0.70377 0.70269 0.70650 0.70684 0.70442 0.70467 0.70504 0.70501 0.70519 0.70479

Nd (ppm) 1.40 2.50 0.10 0.80 1.50 0.90 1.80 3.20 0.23 0.11 0.10 0.57 11.96 0.24 5.02 5.33 0.35 1.69 0.23 0.24 0.63

Sm (ppm) 0.40 1.00 0.01 0.20 0.70 0.40 0.80 3.30 0.11 0.02 0.02 0.15 3.37 0.07 1.43 1.08 0.37 0.10 0.08 0.08 0.17
147Sm/144Nd 0.15728 0.24955 0.24037 0.15595 0.26012 0.26939 0.26072 0.62596 0.30212 0.11777 0.14424 0.15538 0.17058 0.17308 0.17258 0.12289 0.64304 0.03616 0.21659 0.19472 0.15832
143Nd/144Nd 0.51308 0.51293 0.51349 0.51316 0.51288 0.51287 0.51295 0.51276 0.51342 0.51258 0.51273 0.51298 0.51273 0.51267 0.51263 0.51279 0.51291 0.51282 0.51276 0.51297 0.51284

Data are from this study are from: (i) Rodriguez-Vargas et al. (2005) and Weber (1998) (Mercaderes); (ii) Bertotto (2000) (Agua Poca); Schilling et al. (2005) (Cerro Redondo). n.d.=not detected. b0.01=lower than detection limit.
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from Cerro del Mojon center, and XM-5, from

Mercaderes center, which present the highest Ca/Al

ratios, tend to follow this behavior. A trend of

increasing Na/Al ratio is observed from Mercaderes

to Cerro Redondo xenoliths in the direction of the host

basalts. Such trend may give clues about host basalt

contamination, which will be discussed in detail later

on this work.

Rare earth element (REE) and trace elements of the

studied xenoliths are listed in Table 2 and represented

in Figs. 3 and 4. Mercaderes samples (Fig. 3A)

present three REE patterns that are distinguished from

the others by: (i) a strong LREE-depleted ((La/

Sm)N=0.36 to 0.52) and HREE enriched ((Gd/

Lu)N=0.24 to 0.31 and HREE around 10� chondrite)

pattern; (ii) a smooth LREE-depleted ((La/Sm)N=0.48

to 0.53) and almost flat to enriched MREE and HREE

((Gd/Lu)N=0.84 to 1.02 and HREE around 2�
chondrite) pattern; and (iii) a LREE enriched ((La/

Sm)N=0.44 to 0.65) and HREE depleted ((Gd/

Lu)N=3.94) pattern, including samples with HREE

contents below the analytical detection limit. Such

diversity of REE patterns reflects the complexity of
the mantle evolution underneath this region. Patterns

with enriched HREE are generally related to mantle

that has undergone several partial-melting processes,

while LREE enrichment suggests metasomatic proc-

ess. The trace element patterns for these xenoliths

(Fig. 4A) are strongly variable among samples. Rb
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and K yield strong negative anomalies, while Nb

shows positive anomalies in all samples. Ba shows

concentrations from around 10� to 100� chondrite,

but in all cases, it shows a positive anomaly relative to

Rb. This feature suggests that metasomatic processes

took place in some of these samples, such those

enriched in LREE. Any attempt to correlate the
presence of garnet or spinel, as well as amphibole

with trace element concentration is not straightfor-

ward. However, the XM-3 sample, which has the

highest amphibole modal composition, is also the

most Sr enriched, and has enrichment in LREE,

compatible with metasomatic process.

Samples from Agua Poca (Fig. 3B) are distin-

guished by LREE-depleted ((La/Sm)N=0.22 to 0.32)

and almost flat and enriched MREE and HREE

patterns ((Gd/Lu)N=0.73 to 0.93 and HREE around

2� chondrite), resembling Mercaderes REE patterns.

They are characterized by strong Rb and Hf negative

anomalies (Fig. 4B), slight Sr negative anomaly and

variable positive anomalies in Th, Ce and Zr. Such

characteristics are typical of a mantle that has under-

gone several melting processes (McKenzie, 1984;

Ionov et al., 2002).

Samples from Cerro del Mojon (Fig. 3B) present

two patterns, both HREE fractionated in relation to

LREE. However, one of this group exhibits LREE

enrichment (up to 3� chondrite in the 4-C2 sample

and 34� chondrite in the 4-F3 sample), with a convex

upward LREE pattern and smooth decreasing HREE

contents, while the other group is better characterized

by low LREE enrichment (0.89 to 1.16� chondrite)

and a bUQ-shaped REE pattern. Convex upward

chondrite normalized REE pattern is characteristic of

modally metasomatized mantle (Reiners, 1998; Ionov

et al., 2002), which is consistent with the presence of

amphibole and melt pockets in the sample 4-C2. The

second group is characteristic of cryptic metasoma-

tism (Menzies and Hawkesworth, 1987 and references

therein). Rb, K and Ta positive anomalies, and Th and

Nb negative anomalies (Fig. 4B) are also character-

istic of these xenoliths, except for the sample 4-F3,

which shows petrographic evidence of host basalt

contamination such as clinopyroxene reaction rims,

and basaltic veins.

Lote 17 (AND-01) sample is well characterized by

a symmetrically shaped REE pattern around chon-

dritic values (Fig. 3B) with concave upward LREE

(summit on Nd=1.43� chondrite) and convex down-

ward HREE patterns (summit on Tm=0.65� chon-

drite). High field strength elements and large ion

lithophile elements variation diagrams (Fig. 4B) are

similar to those for the primitive mantle, except by: a)

a very positive anomaly of Ta, which gives very low

Nb/Ta ratios (0.67), when compared to chondritic and
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primitive mantle ratios (McDonough, 1990); b) a

slightly positive Ti anomaly that gives a subchondritic

and sub-primitive mantle Ti/Eu ratio of 670; and c) a
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process, but still retaining characteristics of a fertile

mantle, possibly caused by cryptic metasomatism by a

fluid enriched in some incompatible elements. Neither

trace nor REE pattern of this sample resemble any

group of samples studied by Gorring and Kay (2000)

from the same place, what express the complexity of

melting and metasomatizing processes that the mantle

from that area was exposed, producing a diversity of

samples with different features.

Samples from Cerro Redondo show different

degrees of HREE fractionation in relation to LREE

enrichment (Fig. 3C), which is consistent with the

different degree of host basalt contamination and

metasomatism in the samples less contaminated by

basalt (see also Schilling et al., 2005). Th, P and Hf

positive anomalies together with Rb, K, Sm and Zr

negative anomalies (Fig. 4C) characterize almost all

the samples from this set, and can be explained by the

metasomatic processes in the less contaminated

samples by the host basalt.
5. Sr and Nd isotopes

The isotopic results are listed in Table 2 and

displayed in Fig. 5. Consideration of the 87Sr/86Sr

ratios indicates that Cerro del Mojon xenoliths have

the most variable 87Sr/86Sr ratios, ranging from

0.71260 (which is the highest ratio among the studied

samples, and very anomalous for a mantle xenolith) to

0.70269. 143Nd/144Nd ratios on these samples range

from 0.51258, for the most Sr radiogenic enriched

sample, to 0.51298. Lote 17 xenoliths have the second

highest 87Sr/86Sr ratios, around 0.70650. Clinopyrox-

ene from this sample has ratio of 0.70684 suggesting

equilibrium with the whole rock. 143Nd/144Nd ratios

for this rock and mineral separates are 0.51267 and

0.51263, respectively, suggesting that the isotopic

equilibrium with respect to the Sm–Nd system was

attained in this rock.
Fig. 5. Sr–Nd isotopic composition (from this work and from literature for

fields of mantle derived basalt from volcanic zones from South America

basalts (B) are also plotted. Samples with basalt contamination (see text) ha

bhttp://georoc.mpch-mainz.gwdg.de/Q. OIB-field had drawn using Hawaii,

fields (a) and (b) correspond to Eastern China (Tatsumoto et al., 1992) and N

Aike field is from Stern et al. (1999), and Lote17 field (hydrous xenoliths)

enriched mantle I, enriched mantle II and to high U/Pb mantle composit

indicate the displacement to the right of the compositions of the studied m
Cerro Redondo xenoliths present 87Sr/86Sr ratios

from 0.70501 ((143Nd/144/Nd=0.51276) to 0.70442

(143Nd/144Nd=0.51279). One sample, however is

more enriched in radiogenic Sr, with 87Sr/86Sr=

0.70519 (143Nd/144Nd=0.51297). Finally, comes the

Mercaderes xenoliths with 87Sr/86Sr from 0.70534 to

0.70300 (143Nd/144Nd=0.51293 and 0.51316, respec-

tively). Attempts to correlate the presence of garnet

(and/or spinel) with isotopic data were unsuccessful.

However, garnet peridotite seems to concentrate in a

narrow 87Sr/86Sr range from 0.70389 to 0.70459 (Fig.

5), although they show the highest variation in
143Nd/144Nd ratios (from 0.51276 to 0.51348).

Plot of all Sr–Nd isotopic data on petrogenetic

isotope diagram (143Nd/144Nd vs. 87Sr/86Sr) of Fig.

5A,B suggests that the majority of these samples are

disposed in the mantle array, here defined as MORB–

OIB–BSE trend (after De Paolo and Wasserburg,

1979). They are also in good agreement with the

South America basaltic trend (Fig. 5A) defined by

basalts from the four South American volcanic areas:

NVZ, CVZ, SVZ and AVZ. However, some samples

in this study plot outside these trends, showing an

enrichment of radiogenic Sr without significant

changes in the Nd isotopic ratios (Fig. 5C). Our

following discussions will focuses on these anom-

alous samples.
6. Discussion

Melting, metasomatism, infiltration of host basalt

and crustal alteration are processes usually used to

explain chemical and mineralogical modifications of

mantle xenoliths during and after their ascent from the

mantle to the surface. As cited before in this work,

some of the studied mantle xenolith samples present

enrichment in radiogenic Sr without dramatic changes

in the Nd isotopic system, which we call Sr–Nd

decoupling. Such characteristic leads these samples to
South American lithospheric mantle xenoliths. For comparison, the

(NVZ, CVZ, SVZ and AVZ—A) and MORB, OIB and continental

ve a b�Q on the symbols. Tectonic setting fields were compiled from

La Palma, Azores, St. Helena, Easter and Ascension islands. In C,

orth Atlantic (Ionov et al., 2002) mantle xenoliths, respectively. Pali

from Gorring and Kay (2000). EMI, EMII and HIMU correspond to

ion, respectively defined by Tatsumoto et al. (1992). Arrows in C

antelic samples.

http://georoc.mpch-mainz.gwdg.de/
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plot outside the mantle array trend defined by De

Paolo and Wasserburg (1979). The analytical proce-

dures performed in our analyses (acid leaching of the

samples previously to the acid digestion), together

with the careful sample selection, minimize the crustal

alteration effect, ruling out any crustal processes that

could account for the radiogenic Sr increasing. Other

processes are discussed below.
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6.1. Contamination by the host basalt—how to

evaluate sample affected by this process?

Evaluation of basalt contamination of the mantle

xenoliths can done by petrographic textures, and

plotting the host basalt and xenolith analyses in

diagrams such as 1/Sr vs. 87Sr/86Sr and 1/Nd vs.
143Nd/144Nd (Fig. 6A–F). Linear trends in these
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diagrams suggest that the samples situated in the

middle of the trend could be explained by mixing

processes of the samples situated in the extremity of

the trend (Faure, 1986), usually represented by the

host basalt (lower 1/Sr and 1/Nd ratios) and the less

contaminated mantle xenolith sample (higher 1/Sr and

1/Nd ratios). Samples considered as less contaminated

plot outside the trend, or as end member in the

opposite side of the host basalt.

Most samples from the Mercaderes suite (Fig. 6A

and B) show good correlation for both Sr and Nd

systems, especially for garnet–peridotite in the Sr

system. According to the criteria described above, the

samples considered as less modified by the host basalt

are XM-4, for the garnet–peridotite, and XM-1, XM-5

and XM-3, for spinel–pyroxenites. XM-4 and XM-1

are the end members in Fig. 6A. Although the Nd

isotopic composition for XM-1 is not available, XM-4

is still the end member in Fig. 6B (the position is

indicated by an arrow). Samples XM-5 and XM-3 plot

out of the trend defined by all samples from

Mercaderes in Fig. 6A (positions indicated by arrows)

and in Fig. 6B.

The sample AP-80, from Agua Poca (Fig. 6C,D), is

the less contaminated sample considering its high 1/Sr

and 1/Nd values, compared to the other samples from

the same suite.

Samples 4-C2, 4-B9 and 4-B8, from Cerro del

Mojon (Fig. 6C,D), are the less contaminated

considering their high 1/Sr and 1/Nd ratios. The

presence of melt pockets associated with amphibole

crystallization in sample 4-C2 suggests that meta-

somatic processes with melt percolation took place in

this sample.

AND-01 is the only sample from Gobernador

Gregores (Lote 17) region here isotopically analyzed

for its whole rock and separated clinopyroxene. Both

whole rock and clinopyroxene isotopic compositions

of this sample plot in Fig. 6C,D far from the trend

defined by the samples from the same region studied

by Gorring and Kay (2000), shown in Fig. 6C,D. High

1/Nd and 1/Sr ratios suggest that this sample is not

contaminated by the host basalt. This consideration is

supported by lack of petrographic texture suggestive

of host basalt contamination.

The samples X-D, X-E and X-F from Cerro

Redondo (Fig. 6E,F) seem to be of less contaminated

for similar reasons. Detailed descriptions and con-
straints on these samples can be found in Schilling et

al. (2005).

6.2. Distribution of the samples in the Sr–Nd diagram

Distribution of the samples in Fig. 5A and B shows

that radiogenic Nd decreases in the following

sequence of xenolith suites: Mercaderes and Agua

PocaNCerro RedondoNLote 17 and Cerro del Mojon.

All xenolith samples contaminated by the host

basalts (samples in Fig. 5A and B with a b�Q on the

symbols) plot outside the trends defined by the

mantle-derived magmas from the Andean volcanic

zones (Fig. 5A) and by the MORB–OIB–BSE

magmas (Fig. 5B—mantle array—De Paolo and

Wasserburg, 1979). Samples not affected by the host

basalt plot inside or outside these trends. Samples that

plot outside of the MORB–OIB–BSE trend (Fig. 5B)

are displaced to the right side of the mantle array,

suggesting an enrichment of radiogenic Sr without

significant changes in the Nd isotopic ratio. Such

characteristic has also been observed in mantle

xenolith samples from Eastern China (Tatsumoto et

al., 1992), and in the North Atlantic region (Ionov et

al., 2002), which are also displayed in Fig. 5C (a and

b fields) for comparison. We consider that the

component that introduced the anomalous radiogenic

Sr to these xenoliths is likely of mantle origin (our

laboratory procedures of leaching samples previously

to the tri-acid digestion (see analytical procedures)

would have eliminated any material resulted from

superficial alteration product or supergenic carbo-

nates). All samples that plot out of the MORB–OIB–

BSE trend (the mantle array—Fig. 5B) have Sr/Nd

ratios higher than that for the primitive mantle (around

18) of McDonough (1990). Exceptions are sample

AP-80, which has lower ratio, and sample AND-01,

which has a primitive ratio.

6.3. Constraints on the characteristics of the mantle

modifying agent and processes using two-end-member

mixing models

In order to better explore the mixing processes in

the mantle as responsible for the Sr–Nd isotopic

compositions of the xenolith samples studied here, we

calculated the mixing line of mixtures between a

depleted peridotite and an enriched source with
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variable Sr/Nd ratio (Fig. 7) using the following

equation (Faure, 1986):

Rx
M ¼ Rx

AXAf þ Rx
BXB 1� fð Þ

XAf þ XB 1� fð Þ

where RM
x is an isotope ratio of X in a mixture of

components A and B, XA and XB are concentrations of

X in A and B, and f is the weight fraction of A defined

as:

f ¼ A

Aþ B

where A and B are the weight of the two components

in a given mixture.

The depleted mantle composition considered here

was the same as the one chosen by Ionov et al. (2002),

and corresponds to a residue of about 5% partial

melting of a primitive spinel lherzolite (Sr/Nd PM

~15.5; Hoffmann, 1988; Sun and McDonough, 1989).

However, the enriched end-member composition is an

average of the Kerguelen OIB alkaline basalt samples

from Storey et al. (1988), and Weis et al. (1993). This

basalt is assumed to be derived directly from an

uncontaminated mantle by melting processes. These

samples were chosen due to their large range of Sr

content (from 406 to 1044 ppm), without dramatically
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changing the Nd content (from 25 to 54 ppm). This

condition gives these rocks Sr/Nd ratios ranging from

15 to 24. In our model, variable Sr compositions

(from 588 to 5000 ppm) were chosen, but the
87Sr/86Sr and 143Nd/144Nd ratios and the Nd concen-

trations were kept constant. End-members’ mixing

lines, calculated for the depleted mantle and the

enriched source with Sr compositions around 1500

and 2200 ppm (resulting in Sr/Nd around 44 and 65,

respectively), are in good agreement with not con-

taminated xenolith samples, for the host basalt from

Mercaderes, Agua Poca and Cerro Redondo localities,

and some samples of the Cerro del Mojon locality

(Fig. 7). The majority of the samples from Cerro del

Mojon and sample AND-01 suggests a mixture of a

depleted mantle and an enriched source with high
87Sr/86Sr, low 143Nd/144Nd and high Sr content. This

source has an EM-2 (enriched mantle II—Zindler and

Hart, 1986) characteristic.

The problem to assume this modeling is the high

Sr/Nd ratio attributed to the end member. Although

high Sr/Nd ratios have been observed in mantle

worldwide, they are not common in mantle-derived

melts. Estimated primitive mantle Sr/Nd ratios, based

on volcanic basaltic rocks (McDonough, 1990), vary

around a mean value of 18, while depleted mantle
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ratios are lower (around 13). Carbonatite melts,

however, show large variation of this ratio (from

primitive mantle values around 18 to 122), which

makes these melts the best metasomatic agent end

member. Xenoliths from South America with well-

known infiltration of carbonatitic melts (Stern et al.,

1999, Gorring and Kay, 2000) are represented in

Fig. 5A and B by the xenoliths from Lote 17 and

from Pali Aike peridotites. Lote 17 samples, despite

the carbonatite influence, generally plot to the left

side of the MORB–OIB–BSE trend, while just one

sample from Pali Aike plots to the right side. Such

evidence does not support the hypothesis that

carbonatite melts could be the metasomatic agent

end member. High Sr/Nd ratios are also observed in

pelagic sediments (around 50; PETDB—petrological

data base of the ocean floor—http://petdb.ldeo.

columbia.edu/petdb/) and in arc-volcanic basalts (up

to 40; McCulloch and Gamble, 1991). In the first

case, there is enrichment in the 87Sr/86Sr ratios up to

0.720 and the model does not apply (Fig. 7).

However, arc-volcanic basalts, probably originated

by a mixture of mantle-derived and slab-derived

melts (McCulloch and Gamble, 1991; White and

Patchett, 1984), have high Sr/Nd ratios (40 to 45;

McCulloch and Gamble, 1991; White and Patchett,

1984) but low 87Sr/86Sr ratios (around 0.704 to

0.705), and could be considered as the end member

that could metasomatise the mantle that originated

the xenolith samples studied here. Modeling of

mixture between depleted mantle and arc-basalt from

the Antilles (White and Patchett, 1984) in which Sr/

Nd ratio is around 33.8, show good agreements with

all samples studied here.

6.4. Alternative process to explain the Sr–Nd

decoupling

Based on the trace element composition and

isotopic data, we conclude that two-component-

mixing modeling, in which one of the end members

is the depleted mantle and the other is an arc-basalt-

derived melt, would explain the enriched radiogenic

contents of the samples that plot on the right side of

the mantle array. However, any process that could

enrich preferentially the contents of Sr without

simultaneous enrichment in Nd could explain the

position of these samples in Figs. 5A,B,C and 7.
Some authors have been arguing that a chemical

fractionation, in which Sr contents increases faster

than Nd content, could happen when a melt percolates

a peridotite matrix due to a chromatographic effect.

The chromatographic effect is controlled by the

duration of the liquid (metasomatic agent) percolation

through the solid matrix (mantle), and by physical and

chemical properties such as matrix porosity, melt

viscosity and density, matrix–melt element partition

and diffusion coefficients.

A simplistic equation (Navon and Stolper, 1987)

that could explain such effect is:

BCf ;i

Bt
þ /qf

/qf þ 1� /ð ÞqsKd

Vf

BCf ;i

Bz
¼ 0

where: / is the fluid (metasomatic agent) fraction; qf

and qs are the fluid and solid matrix (mantle)

densities, respectively; Cf,i and Cs,i are the concen-

tration of the element i (in weight %) in the fluid and

solid matrix, respectively; Kd is the element distribu-

tion coefficient; and Vf is the fluid velocity during

percolation in the solid matrix.

Some authors suggest that the chromatographic

effect would have several influences on isotopic

data (Navon and Stolper, 1987; Reiners, 1998;

Bodinier et al., 1990; Vasseur et al., 1991; De

Paolo, 1996; Bedini et al., 1997; Hauri, 1997). As

melt percolates into the peridotite matrix, trace

element composition of the melt closer to the

percolation front becomes increasingly equilibrated

with the host peridotite. However, as new input of

melt happens, the abundance of elements in the

advancing melt changes at different rates. As

peridotite trace element composition is basically

controlled by the partition coefficient in clinopyr-

oxenes (Dcpx/melt), elements with higher Dcpx/melt

(Nd, for instance) are selectively removed from the

liquid into the peridotite during the melt migration,

at the same time that elements with lower Dcpx/melt

(Sr, for instance) will be enriched in the melt. Then

Sr will travel faster than Nd in the melt. Such effect

will increase the Sr/Nd ratio in the liquid, but will

decrease this ration in the matrix. If we calculate

the mixing lines between these two end members (a

depleted mantle matrix that suffered the percolation

of a enriched melt and in which the chromato-

graphic effect took place) considering the chromato-

http://petdb.ldeo.columbia.edu/petdb/
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graphic effect to the corrected point where this

melt-enrichment coeval to the matrix-depletion, the

curve will mimic those plotted in Fig. 7. As a

result, there will be increasing radiogenic Sr

isotopic ratios without dramatic modification of

Nd radiogenic ratios.
7. Conclusions

Most of the Andean subduction-related mantle

xenoliths studied here and from literature plots along

the bnormalQ MORB–OIB–BSE trend (mantle array;

De Paolo and Wasserburg, 1979). However, in some

mantle xenoliths from the Northern, Southern and

Austral Andean volcanic zones, we observed anom-

alous Sr–Nd isotopic compositions, which make these

samples plotting outside the bmantle arrayQ trend.

These anomalous results reflect distinctly processes

that took place in the mantle and are related to: i)

mixture of a depleted mantle with an enriched source

(EM-2), as observed here for two samples (one from

Lote 17 and another from Cerro del Mojon) due to

higher 87Sr/86Sr and lower 143Nd/144Nd ratios; ii)

mixture of a depleted mantle with a mixture of

mantle-derived and slab-derived melts. This latter

had high Sr/Nd ratios but low 87Sr/86Sr ratios, as

observed for some samples of Mercaderes and Agua

Poca xenolith suites; and iii) chromatographic pro-

cesses, as observed in these samples, one from Agua

Poca and another from Mercaderes, which exhibit

enrichment of radiogenic Sr without dramatic change

of Nd isotopic composition. Processes that took place

after/during the transport of the mantle fragment to the

surface, as crustal weathering and host basalt con-

tamination could change the 87Sr/86Sr and
143Nd/144Nd ratios of the samples, but could not

explain the disposal of the mantle-derived samples to

the right side of the mantle array in Fig. 5A,B,C.
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