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ABSTRACT 

Ultramafic xenoliths found in the Pleistocene Pali-Aike alkali basalts, the southernmost outcropping of the 
Patagonian Plateau lavas of southern South America, inelude both garnet-bearing and garnet-free Iherzolites, 
harzburgites, and orthopyroxenites. Mineral geothermometry and geobarometry indicate that these inelusions 
are derived from the subcontinental mande lithosphere. The conditions of equilibration of the various types of 
inelusions indicate that infertile Mg-rich harzburgite is dominant at depths shallower than about 50 kilometers 
while at greater depths fertile garnet-Iherzolites occur· along with infertile harzburgites, and in the deepest portion 
of the sub continental mande lithosphere represented by the inelusions, between 70-80 kilometers depth, fertile 
garnet-Iherzolites are dominant and infertile Mg-rich harzburgites are absent. 

The Sr and Nd isotopic compositions of the inelusions are similar to oceanic basalts, with the isotopic com­
positions of the fertile garnet-Iherzolites being similar to MORB. The lack of any phases with Sr and Nd isotopic 
compositions implying ancient enrichment event, such as have been reported from xenoliths derived from below 
the Precambrian cratonic regions of Africa, suggests that the accretion of the lithospheric mande below southern 
South America was a relatively recent event, consistent with the Phanerozoic age of the crustal rocks in this 
region. The isotopic similarity of the Pali-Aike xenoliths with oceanic basalt indicates that prior to being removed 
from large scale convective overturn and stablized below the continental crust, this mande material was evolving 
a10ng with the current suboceanic mande system. The main lithologic diversity observed in the Pali-Aike xenoliths 
probably formed during this pre-accretionary stage by heterogeneous remo val of magma below an oceanic spreading 
center leaving increased proportions of infertile harzburgites in the shal\ower parts of the mande. Fe-rich garnet­
orthopyroxenites found as segregations within lherzolites and harzburgites may be recrystallized cumula tes formed 
in magma conduits during this evento An even earlier event, at least 2-3 billion years ago, must have depleted the 
Pali-Aike garnet-Iherzolites in Rb relative to Sr, and Nd relative to Sm, to allow the development of the MORB­
like isotopic compositions observed in these xenoliths. 

The sub continental mande lithosphere below southern South America has experienced a relatively recent 
enrichment in large-ion-lithophile elements by both a nonmodal "mantle metasomatic" event and by the introduc­
tion of phlogopite veins. The Sr and Nd isotopic composition of the phlogopite is within the field of mixtures of 
subducted oceanic basalts and sediments, suggesting that the phlogopite was formed from fluids derived by the 
dehydration of subducted oceanic crust. The isotopic compositions of the Pali-Aike alkali basalts lie along a 
mixing curve between the garnet-Iherzolites and the phlogopite, suggesting that modal metasomatism of the 
subjacent mande may have be en the precursor for the generation of the basalts. 

The deepest portions of the subcontinental lithosphere below southern South America may be considered as 
a "plum-pudding" type mande, with plums of garnet-Iherzolite + phlogopite, which together may yield an 
oceanic island type alkali basalt, in a pudding of MORB-source type garnet-Iherzolite. A similar plum-pudding 
type mande asthenosphere is proposed to be a suitable source for Andean orogenic magmas. The plums in this 
asthenosphere may be formed from primitive undifferentiated lower mande, from subducted oceanic lithosphere 
not completely re-equilibrated within the upper mande, or by the local delamination of the deepest portions of 
the subcontinental mande lithosphere. 
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RESUMEN 

Los xenolitos ultramáficos, incluidos en los basaltos pleistocénicos de Pali-Aike, que constituyen los aflora­
mientos más australes de las lavas patagónicas del sur de Sud amé rica, corresponden tanto a Iherzolitas con y 
sin granates, a harzburgitas, como a ortopiroxenitas. Estudios de geotermometría y geobarometría, basados en 
los análisis químicos de minerales, indican que estas inclusiones derivaron del manto Iitosférico subcontinental. 
Las condiciones de equilibrio de los distintos tipos de xenolitos indican que las harzburgitas magnésicas estériles 
son dominantes a profundidades inferiores a 50 km, mientras que a profundidades mayores coexisten Iherzolitas 
fértiles de granate junto a harzburgitas estériles. En las partes más profundas del manto litosférico sub continental, 
representadas por las inclusiones, entre 70-80 km de profundidad,las Iherzolitas fértiles de granate son dominan­
tes y las harzburgitas estériles están ausentes. 

Las composiciones isotópicas de Sr y Nd de las inclusiones ultramáficas son similares a las de los basaltos 
oceánicos y, en particular, las composiciones de las Iherzolitas fértiles de granate son similares a las de los basal­
tos de dorsales oceánicas. La ausencia de fases con composiciones isotópicas de Sr y Nd, indicativas de un antiguo 
episodio de enriquecimiento en elementos litófilos de gran radio iónico, como los que se han documentado en los 
xenolitos derivados de las regiones bajo los cratones precámbricos de Africa, sugieren que la acreción del manto 
litosférico bajo el extremo sur de Sudamérica fue un evento relativamente reciente, consistente con la edad fane­
rozoica de las rocas corticales de esta región. La similitud isotópica de los xenolitos de Pali-Aike con la de los ba­
saltos oceánicos sugiere que, antes de ser removidos del flujo convectivo de gran escala y estabilizados bajo la 
corteza continental, este material del manto se encontraba evolucionando junto con el manto suboceánico actual. 
La mayor parte de las diversas litologías de los xenolitos de Pali-Aike, probablemente, se formaron durante la 
etapa preacrecionaria, por extracción heterogénea de magma bajo un centro de extensión oceánica, dejando 
proporciones crecientes de harzburgitas estériles en las zonas más superficiales del manto. Ortopiroxenitas ricas 
en fierro, que se encuentran como segregaciones dentro de harzburgitas y Iherzolitas, posiblemente representen 
cúmulos recristalizados, formados en conductos magmáticos, durante este evento. Un episodio aún más antiguo, 
de hace por lo menos 2-3 mil millones de años, empobreció las Iherzolitas de granate de Pali-Aike, en Rb con 
respecto a Sr y en Nd con respecto al Sm, para permitir el desarrollo de la composición isotópica similar a los 
basaltos de dorsales oceánicos observadas en los xenolitos. 

El manto litosférico bajo el sur de Sud américa ha experimentado un enriquecimiento relativamente reciente 
en elementos Iit6fi1os de gran radio i6nico, por medio de un metasomatismo del manto no modal, y también, por 
medio de la introducci6n de venas de flogopitas. La composici6n isotópica de Sr y Nd de la flogopita está dentro 
del campo de mezclas entre los basaltos oceánicos y sedimentos subductados, lo que sugiere que la flogopita se 
form6 de fluidos derivados de la deshidrataci6n de la corteza oceánica subductada. La composici6n isot6pica de 
los basaltos alcalinos de Pali-Aike cae a lo largo de la curva de mezcla entre Iherzolitas de granate y flogopita, 
sugiriendo un metasomatismo modal del manto subyacente, probablemente precursor de la generaci6n de los 
basaltos. 

Las partes más profundas de la Iit6sfera, bajo el extremo sur de Sudamérica, pueden ser consideradas como un 
manto tipo "plum-pudding", con "plums" de Iherzolitas de granate + flogopita, las que, en conjunto, pueden 
producir un basalto alcalino tipo oceánico, en una masa (pudding) de Iherzolitas de granate, capaz de generar ba­
saltos como el de las dorsales oceánicas. Un manto astenosférico similar se propone como una fuente apropiada 
para los magmas orogénicos de los Andes. Los "plums" en esta asten6sfera se pueden formar a partir del manto 
inferior primitivo, no diferenciado, desde lit6sfera oceánica subductada, no completamente reequilíbrada en el 
manto superior, o por descamaciones de las partes más profundas del manto Iitosférico subcontinental. 

INTRODUCTION 

Mafic magmas are derived from the upper mande, 
and uthe origin and evolution of intermediate and 
silicic magmas depend upon mantle-derived basalts" 
(Hildreth, 1981). Clearly our understanding of the 
magmatic, as well as the tectonic evolution of the 
Andean Cordillera, or any part of the earth's crust 
depends, to a large extent, on our understanding 
of the upper mande. An important source of infor­
mation concerning the nature of the upper mantle 
are peridotite xenoliths transported to the surface in 

alkali basalts and kimberlites. This paper reviews 
the petrochemical characteristics, and their implica­
cation for upper mande magmatic processes, ofper­
idotite xenoliths found in late Cenozoic alkali ba­
salts of Patagonia; in particular a suite of xenoliths 
from the Pali-Aike volcanic fie1d which is the south­
ernmost outcropping of the Patagonian plateau lavas 
(Figure 1; Skewes and Stern, 1979; Stern et al., 
1985). 

The theory of plate tectonics has clarified many 
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aspects of the structure and evolution of the upper 
mantle as welI as of the crust. An important implica­
tion of plate tectonics is the distinction between 
relatively hot asthenosphere in which convective cir­
culation may result in a general homogenization, 
and the relatively cool lithosphere in which small 
scale heterogeneities resulting from magmatic and 
tectonic events may be preserved in the mande as 
they are in the crust. AIso important is the distinc­
tion between oceanic lithosphere which is created 
from the asthenosphere at oceanic spreading centers 
and in general returns to the asthenosphere by sub­
duction after a geologicalIy relatively short time, 
and the continentallithosphere which, as is indica­
ted by the record of crustal rocks, has a more com­
plicated and extended evolution and once formed 
may persist for a geologicalIy long time. Studies of 
ultramafic xenoliths have confirmed that the sub­
continental mantle lithosphere, like the continental 
crust, is lithologicalIy and chemicalIy, in particular 
isotopically, very heterogeneous and differs in im­
portant respects from the su boceanic asthenosphere 
source of oceanic basalts (see for reviews, Harte, 
1983; Menzies, 1983; Cohen et al., 1984). Distinc­
tive aspects of Andean magmas, and in general any 
magmas erupted in continental rather than oceanic 
regions, may be due either to the generation of 
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melts within, or the interaction of asthenosphere 
derived melts with, not only the continental crust 
but the hcterogeneous subcontinental mantle lithos­
phere as \\.'ell. 

The ultramafic xenoliths found in the Pali-Aike 
basalts are of more than merely regional interest be­
cause they include garnet-bearing peridotites which 
are only rarely found in alkali basalts. Garnet-per­
idotites are common in kimbcrlites, but kimberlites 
typicalIy occur in tectonicalIy inactive cratonic re­
gions of Precambrian continental crust. In contrast, 
the Pali-Aike basalts are located in a region inter­
preted as a Phanerozoic accretionary terrain (de 
Wit, 1977) which is currently an area of back-arc 
magmatic activity. AIso, kimberlites are usualIy of 
Cretaceous age or older while the Pali-Aike basalts 
were erupted less than 1 Ma ago so that sorne of the 
characteristics of the peridotite xenoliths they con­
tain may be understood in terms of the neotectonics 
of the region. As described below, the ultramafic 
xenoliths found in the Pali-Aike volcanic field pre­
serve evidence of a sequen ce, dating from early earth 
history to recent times, of mande processes relevant 
to the understanding of Andean magmatism and the 
evolution of the continental lithosphere of south­
ern South America. 

PETROCHEMISTRY OF THE XENOLlTHS 

GENERAL PETROLOGY 

In general, most of the xenoliths found in the 
Pali-Aike basalts are remarkably devoid of any 
effects of their transport, in the host basalt, from 
depths of as mueh as 80 kilometers to the surfaee, 
despite the faet that it was very likely that they 
were heated to over 1,200°C in the minimun of 
5-20 hours that this must have taken. The xenoliths 
found within the Pali-Aike basalts include mafic 
granulites (Selverstone and Stern, 1983) and pyro­
xenites with Fe-Ti-rieh augites whieh are similar to 

what are termed Type Il xenoliths found in alkali 
basalts in other parts of the world (Wilshire and 
Shervais, 1975), but by far the most eommon 
xenoliths eneountered in the Pali-Aike basalts, and 
the main foeus of this review, are peridotites with 
Cr-rich diopsides similar to what are termed Type I 
xenoliths. The Pali-Aike Type I peridotites include 
(Figure 2) true lherzolites as welI as harzburgites 
and minor dunites and pyroxenites, particularIy 

orthopyroxenites. The orthopyroxene in the Type I 
orthopyroxenites, whieh oeeur both as small iso­
lated xenoliths and as segregations, generally with 
poorly defined margins, within harzburgites and 
lherzolites, are more Mg-rich than orthopyroxenes 
in the Type 11 pyroxenites. 

AlI the Type I peridotite xenoliths eneountered 
in the Pali-Aike basalts have eoarse granular tex­
tures. Sorne of the xenoliths exhibit a distinet fab­
rie, but none are similar to the deformed porphyro­
clastie and mosaic-porhyroclastie types described 
from kimberlites. MineralogiealIy the peridotite 
xenoliths from Pali-Aike fall into two simply dis­
tinguishable groups; garnet-bearing and garnet-free. 
Garnet in the garnet-bearing peridotites varies from 
1-25 modal pereent in the lherzolites and harzbur­
gites and from 1-60 modal pereent in the ortho­
pyroxenites. Spinel oeeurs in both garnet-bearing 
and garnet-free peridotites; it typiealIy constitutes 
less than 5 modal pereent of the xenoliths. Am­
phibole, whieh ranges from 0-5 modal percent, oc-
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OllVINE 

ORTHOPYROXENE CLlNOPYROXENE 

FIG. 2. Modal mineralogy of 15 garnet-bearing (solid 
circles) and 9 garnet-free (empty circles) Type I 
peridotite xenoliths from Pali-Aike for which min­
eral chemistty was also determined The figure is 
not considered to be an accurate represen tatíon 
of the relatíve proportion of different peridotite 
types found at Pali-Aike, and olivine-rich xenoliths 
are certainly more abundant than indicated in the 
figure. 

curs as disseminated grains similar in dimension to 
the other minerals in the xenoliths. Phlogop ite occa­
ssionally occurs as very pale in color, isolated grains, 
but typically is observed as vein-like concentrations, 
with relatively sharp planar boundaries, of strongly 
pleochroic orange to golden color grains. Phlogopite 
has been observed in both garnet-free and garnet­
bearing peridotites, but only in those xenoliths 
which mineral geothermometry indicate equilibrated 
at temperatures greater than 900°C. Ilmenite has 
been observed associated with the strongly colored 
vein phlogopite. 

MINERAL CHEMISTRY 

Olivines in the Pali-Aike peridotites vary from 
F092 to FOS5 (Figure 3), although this range does 
not include any analysis of olivine in dunites. Oliv­
in es in garnet-free harzburgites are more magnesian 
than in either Iherzolites or garnet-harzburgites. 
Based on their olivine composition, the garnet-free 
harzburgites would be classified as Mg-rich while the 
garnet-harzburgites would be classified as Fe-rich 
(Harte, 1983). 

Orthopyroxenes vary from En9 o to Ens 1 with 
the more Fe-rich orthopyroxenes being found in the 

SUBCONTINENTAL MANTLE LITHOSPHERE 

orthopyroxenites. As with olivines, the garnet-free 
harzburgites contain more magnesian orthopyro­
xenes than the garnet-harzburgites. Orthopyroxenes 
in compound xenoliths of orthopyroxenite and 
Iherzolite or harzburgites are always similar in com­
position in both parts of the xenolith. Al20 3 in 
orthopyroxenes in the Pali-Aike Type 1 peridotites 
ranges from 2.5-4.5 weight percent, consistent 
with the high pressure origin of these xenoliths. 

Clinopyroxenes in the Pali-Aike Type 1 peridot­
ites are Cr-rich diopsides with Cr203 between 0.8-
1. 7 weight percent, Al20 3 between 3.4-5.8 weight 
percent, and NazO between 0.8-2.2 weight percent. 
Garnets are Cr-pyrope with between 0.3-2.2 weight 
percent Cr2 0 3 , Iron contents are higher and chrome 
contents lower in garnet in garnet-orthopyroxenites 
compared to garnet-Iherzolites and garnet-harzbur­
gites, but as with orthopyroxenes, garnets in differ­
ent parts of orthopyroxenite-peridotite compound 
xenoliths are similar in composition. 

As noted aboye, spinels occur in both garnet­
bearing and garnet-free peridotites. Spinels in gar­
net-free peridotites include both high-alumina/low­
chrome types as well as low-alumina/high-chrome 
types better referred to as chromites (Figure 4). 

Spinels coexisting with garnets are exclusively the 
latter low-Al/high-Cr type, and spinels in the garnet­
free parts of garnet-free and garnet-bearing com­
pound xenoliths are also always the low-Al/high-Cr 

! Gt-FREE 
HARZBURGITES

, 

100 95 90 85 

FIG.3. 
% En in Opx & Fo in 01 

Compositions of olivines and orthopyroxenes in 
various types of Type I peridotite xenoliths from 
Pali-Aike, plotted in the lower left Mg-rich comer 
oí an enstatite (or forsterite)-wollastonite-ferrosil­
ite (or fayalite) ternary diagram. Numbers next 
to tie-lines indicate the number of different sam­
pIes analyzed for each rock type. 
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FIG.4. Alumina versus chrome cation content of spinels 
in garnet-free (open circles) and garnet-bearing 
(filled circles) peridotites from Pali-Aike. The 
solid triangle is the composition of spinel inclu­
sions within diamonds (Haggerty, 1979) and the 
cross (+) is the composition of spinels coexisting 
with garnet at 1020° and 20 kilobars in Iherzol­
ites from Australia (Ferguson et al., 1977). Note 
that a11 the Pali-Aike garnet-free xenoliths that 
plot at higher Al contents than this point equilib­
rated at less than 900°C, while those that plot at 
higher Cr contents equilibrated at higher T and P 
as do the garnet-bearing xenoliths. 

type. Mineral geothermometry and geobarometry 
suggest that the garnet-free peridotites which con­
tain low-Al/high-Cr chromites equilibrated at great­
er depths than those with high-Al/low-Cr spinels 
(Figure 4). 

Amphiboles are pargasites with K20 between 0_9-
1.4 weight percent, Ti02 between 1.8-2.4 weight 
percent, and Cr203 between 1.4-1. 7 weight percent. 
Pale disseminated phlogopite has relatively high 
MgO between 24.0-25.6 weight percent andCr203 
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between 2.1-2.3 weight percent and relatively low 
FeO between 2.5-4.0 weight percent and Ti02 be­
tween 0.6-0.7 weight percent. Strongly colored 
phlogopite associated with veins occasionalIy con­
taining ilmenite have lower MgO between 20.8-22.2 
weight percent and Cr203 between 0.5-1.2 weight 
percent and higher FeO between 5.0-6.1 weight 
percent and much higher Ti02 between 5.3-7.0 
weight percent. The strong color and pleochroism 
of these phlogopites is clearly due to the high Ti02 
contento 

MAJOR ELEMENT CHEMISTRY 

Garnet-lherzolites average Si02 = 44.9; Ti02 = 
0.2; Al20 3 = 3.9; FeO = 8.3; Mg = 37.2; CaO = 
3.1; Na20 = 0.25; andCr203 = O.4weightpercent. 
This average is similar, with respect to these ele­
ment, to estimates of the primitive mantle, termed 
pyrolite, made by Ringwood (1967). The high cal­
cium, alumina, and sodium content of these gamet­
lherzolites is consistent with the high modal abun­
dance of garnet and clinopyroxene that they con­
tain. These garnet-lherzolites are certainly fertile 
with respect to basaltic component, but the a­
mount of basalt that they could yield would be lim­
ited by the amount of Ti0 2 and Na2 O that they 
contain. Also K2 O content in aH the garnet-lher­
zolites is very low, below 0.1 weight percent. 

The garnet-free peridotites have higher MgO and 
lower FeO, Al2 0 3, CaO, Na2 O and Ti02 contents, 
consistent with their lower modal abundance of 
clinopyroxene and lack of garnet. The gamet-free 
peridotites as a group are infertile with respect to 
basaltic component, and in this respect resemble 
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FIG.5. 143Nd/IUNd versus 87Sr/86Sr and 143Nd/144Nd versus 147Sm/144Nd for gamet-Iherzolites (solid squares), 
garnet-free peridotites (empty squares) and vein phlogopite (solid circle) from Pali-Aike. The figures also show 
the fields for the Pali-Aike basalts (PAB) and high-AI basalts (SSVZ) from central-south Chilean Andean volcanos 
(Hickey et al., 1986), as well as the isotopic compositions of the Bulk Earth, MORB, and the mantle array of aH 

oceanic basalts. 
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coarse granular Mg-rich xenoliths from other parts 
of the world. 

ISOTOPE AND TRACE ELEMENT CHEMISTRY 

Garnet-lherzolites have higher concentrations of 
Rb, Sr, Nd, Sm, and Zr than garnet-free peridotites, 
as well as higher Sm/Nd and 143 Nd/ 144 Nd and 
lower Rb/Sr and 8 7Sr/86Sr (Figure 5). The isotopic 
compositions of aH the Pali-Aike xenoliths indicate 
time-intergrated depletion of Nd relative to Sm and 
Rb relative to Sr. The Sm/Nd and 143 Nd/ 144 Nd 

values of the fertile garnet-Iherzolites from Pali-Aike 
are higher than most previously analyzed garnet­
Iherzolites from other localities in the world 
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(Hawkesworth et al., 1983). The isotopic composi­
tions of these fertile garnet-lherzolites vary from 
values similar to mid-ocean ridge basalts to values 
with low 87 Sr/ 8 6 Sr compared to the mantle array 
defined by aH oceanic basalts. The total range of 
isotopic compositions of aH the inclusions encom­
passes the isotopic compositions of the Pali-Aike 
alkali basalts as weH as of high-Al olivine basalt 
from orogenic volcanic centers in the southern 
Andes of central-south Chile (Figure 5). The sam­
pies as a group do not define an isochron. 

Vein phlogopite has low 87Sr/86Sr despite hav­
ing high Rb/Sr = 2, and the isotopic composition 
of this phlogopite lies on the low 87 Sr/8 6 Sr of the 
mantle array. 

DISCUSSION AND CONCLUSIONS 

STRUCTURE OF THE SUBCONTINENTAL 
L1THOSPHERE 

The most obvious implication of the petrochem­
istry of the peridotite xenoliths found in the Pali­
Aike basalts is that the mantle below southern South 
America is very heterogeneous mineralogically and 
chemically, consisting of various proportions of gar­
net-bearing and garnet-free lherzolites, harzburgites, 
and orthopyroxenites, aH transected on occasion 
by phlogopite veins. These various lithologies are 
not in isotopic equilibrium. 

Estimates of the depth of equilibration of the 
xenoliths in the mantle, prior to their transport to 
the surface, are provided by temperatures and pres­
sures detennined using mineral geothermometers 
and geobarometers. Temperatures determined using 
the two-pyroxene geothennometer described by 
WeHs (1977) range from 830-1 ,080oC for garnet-free 
peridotites and from 900-1,150°C for the garnet­
bearing xenoliths. With these temperatures, pres­
sures determined for the garnet-bearing xenoliths 
on the basis of the Al2 0 3 content of orthopyro­
xenes (Akella, 1976) range from 23-31 kilobars, 
while a more recent geobarometer which accounts 
for the effects of Cr (Nickel and Green, 1985), 
yield pressures which range from 18-24 kilobars. 

These estimates of the temperatures and pres­
sures at which they equilibrated, combined with the 
coarse granular textures of the xenoliths, indicate 
that they represent samples of the subcontinental 
lithosphere down to a depth of approximately 80 
kilometers. The estimated temperatures and pres­
sures of equilibration of the xenoliths determine a 

geothennal gradient of about lOoC/km between 60-
80 kilometers depth and a temperature of 1,150oC 
at a depth of 80 kilometers. This geothennal gra­
dient and the temperature at 80 kilometers depth 
are both more similar to estimates of suboceanic 
thennal conditions than to those believed to exit 
below continental cratons with low heat flow, and 
are considered appropriate for the tectonicaHy 
active area of back-arc magmatic activity in which 
the Pali-Aike basalts occur. 

Figure 6 presents a schematic cross-section 
through the continentallithosphere below southern 
South America based on thc xenoliths found in the 
Pali-Aike basalts. A significant feature of this cross­
section reflects the observation that sorne of the 
infertile garnet-free xenoliths have equilibrated at 
similar or higher temperatures than sorne of the 
garnet-bearing xenoliths. Since temperature is ex­
pected to increase with depth, this indicates that 
the distribution of the two groups of xenoliths is 
not strictly related to depth in the mantle. No gar­
net-peridotites from Pali-Aike yield temperatures 
of equilibration less than 900°C. indicating that 
garnet does not occur in the upper part of the sub­
continental mantle, consistent with the experimen­
tally well documented pressure-induced transition 
from Al-Cr-spinel-peridotite at relatively shallow 
depths in the mande to garnet-peridotite at greater 
depths. However, garnet-free peridotites do ap­
parendy occur within the lower subcontinental 
mande lithosphere at depths below the Al-Cr-spinel­
peridotite to garnet-peridotite transition. This is 
confirmed by direct observation of compound gar-
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FIG. 6. Cross-secrion of the continental lithosphere to a depth of 80 kilometers based on observed relationships among 
the xenoliths in the Pali-Aike basalts as outlined in the texto 
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net-free and garnet-bearing peridotite xenoliths. 
Spinels in both garnet-free and garnet-bearing 
peridotites that have equilibrated at depths greater 
than the Al-Cr-spinel-peridotite to garnet-peridotite 
transition are always chromites (Figure 4, 6). No 
infertile Mg-rich garnet-free xenoliths with tem­
peratures of equilibration greater than l,080oC have 
been encountered among the Pali-Aike peridotites 
which suggests that the proportion of fertile garnet­
lherzolites increases in the deeper portions of the 
subcontinental mande lithosphere. 

Mafic granulite xenoliths found in the Pali-Aike 
basalts crystallized within the lower continental 
crust (Selverstone and Stern, 1983). Type II pyro­
xenites may have formed at similar or greater 
depths. No xenoliths have been found at Pali-Aike 
that are unequivocally derived from the lowest 
part of the lower continental crust or upper parts 
of the subcontinental mande between 20-40 kilo­
meters depth. The presence of Type II pyroxenites 
and infertile harzburgites in this portio n of the 
lithospheric cross-section (Figure 6) is inferred from 
cross-sections constructed on the basis of xenolith 
suites from other parts of the world. The deeper 
part of the lithosphere cross-section contains in­
fertile garnet-orthopyroxenites and garnet-harz­
burgites as well as garnet-free-harzburgites and gar­
net-lherzolites. Also, both vein and disseminated 
phlogopite occur in the deepest part of the sub­
continental mande lithosphere, being encountered 
only in xenoliths that equilibrated at temperatures 
aboye 900°C. 
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EVOLUTION OF THE CONTINENTAL LITHOSPHERE 

Lithologic and chemical variations observed in 
mande xenoliths from other parts of the world have 
been explained by multiple depletion and enrich­
ment events (see for reviews, Harte, 1983; Menzies, 
1983). The fact that the xenoliths from Pali-Aike 
do not define an isochron suggests that the litho­
logic and isotopic heterogeneities inferred for the 
subcontinental mande lithosphere below southern 
South Arnerica developed by a sequence of such 
events. These events may have occurred in part prior 
to and in part after this section of the mantle was 
stabilized below the continental crust and thus 
isolated from large scale convective overturn. The 
lack of any phases with Sr and Nd isotopic composi­
tions suggesting the preservation of heterogeneities 
resulting from ancient enrichment events (Figure 7), 
such as have been reported from ultramafic xeno­
liths derived from the subcontinental lithosphere 
below the Precambrian craton of Africa (Cohen 
et al., 1984), indicates that the accretion of the con­
tinentallithosphere below southern South America 
was a relatively recent evento This is consistent with 
the Phanerozoic age of the crustal rocks in this re­
gion. The isotopic similarity between the Pali-Aike 
xenoliths and oceanic basalts suggests that prior to 
being stabilized below the continental crust, this 
mande material must have been evolving alongwith 
the current suboceanic mantle system. 

The Pali-Aike garnet-lherzolites clearly resemble 
the type of mantle material from which mid-ocean 

FIG.7. '43Nd/'44Nd versus 87Sr/86SrforthePali-Aike 
peridotites, compared to xenoliths and mantle 
derived lamproites found within the limits of the 
Precambrian continental cratons of Africa and 
Australia (Cohen et al., 1984). The figure shows 
that the Pali-Aike xenoliths are similar to oceanic 
basalts isotopically, indicating time integrated 
depletion of Rb to Sr and Nd to Sm relative to 
Bulk Earth, while the subcontinental mantle 
below the Precambrian cratons contain phases 
indicating ancient enrichment of Rb to Sr and Nd 
to Sm. 
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ridge basalts are derived; fertile with respect to ba­
saltic component but with MORB isotopic compo­
sitions indicative of time-intergrated depletion of 
large-ion-lithophile elements. Just like MORB­
source mantle, the garnet-Iherzolites from Pali-Aike 
must have experienced an event, at least 2-3 billion 
years ago, that depleted them in Rb relative to Sr 
and Nd relative to Sm. This event might have in­
volved 1) extraction from the primitive undif­
ferentiated mantle of a liquid resembling kimberlite 
formed by a small degree of partial melting (Wood, 
1979; Menzies, 1983); 2) gradual removal of large­
ion-lithophile elements out of the mantle into the 
crust by melting of mantle-derived oceanic basalts 
being subducted below Archean continental mar­
gins in much the way the uppermantle/continental e 
crust system is currently evolving (see for review, 
O'Nions et al., 1979); or 3) removal of melt from a 
garnet- and clinopyroxene-rich cumulate derived 
from an early terrestrial magma ocean formed by 
15-20 percent partial melting of the whole mantle 

B 
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A 
Archean Continental Lithosphere 

in association with the accretion of the earth or 
formation of the earth's core (Anderson, 1981). 

o J 1 W. Gondwonolond 

The main lithologic variations observed in the 
Pali-Aike xenoliths probably formed by heteroge­
neous removal of basaltic magma resulting in infer­
tile Mg-rich residual harzburgites being intermixed 
with unmelted, still fertile, garnet-lherzolites. Fe-

FIG. 8. Schematic cartoor. illustrating possible events of 
significance for the evolution of the southern 
South American continental Iithosphere. An At­
lantic type continental margin along the margin of 
the Archean continental craton (A, B, C) changed 
to a Pacific type margin in the late Precambrian, 
and the continental crust of southern South 
America formed by accretion in arc-trench ter­
rains a10ng the western margin of this Gond­
wanaland craton during the Paleozoic (D,E; de 
Wit, 1977). The subcontinental mande lithosphere 
may have been isolated from large scale convective 
overturn during this period thus preserving litho­
logic heterogeneities inherited from its creation 
at an oceanic spreading center. Alternatively, 
remobilization of the Paleozoic sub continental 
lithosphere during either 1) the Mesozoic breakup 
of Gondwanaland (F), which was associated with 
rifting, back-arc basin development, and wide­
spread bi-modal volcanism in southern South 
America (de Wit, 1977); or 2) the subduction of 
the Chile Rise below southernmost South America 
in the late Cenozoic, may have resulted in the 
formation of a new subcontinental mantle Iithos­
phere with lithologic heterogeneities related to 
the heterogeneous extraction of basal tic melt 
during these events. 
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rich but infertile garnet-orthopyroxenites may rep­

resent recrystallized cumulate phases formed in 
magma conduits associated with this event, and Fe­
rieh garnet-hazburgites eould represent a more ad­
vanced stage of reerystallization and reequilibra­
tion between such cumulates and residual garnet­
free harzburgite. High temperatures must have been 
required for this event to produce the large percent­
age of me1t extraeted as indieated by the refraetory 
mineralogy and mineral ehemistry of residual harz­
burgites and dunites. This event may have oeeurred 
below an oceanic spreading center when the man­
tle now stabilized be10w southern South America 
was still involved in large seale upper mande eonvec­
tive overturn. The isolation of the subeontinental 
lithosphere from active convective overturn in the 
mande which then preserved these heterogeneities 
may have oeeurred in the Paleozoic in assoeiation 
with the accretion of the are-tren eh gap materials, 
which now form the crustal rocks of southernmost 
South America (de Wit, 1977), to the western mar­
gin of Gondwanaland (Figure 8). This scenario is 
supported by isotopic studies of the Patagonian 
plateau lavas whieh have yie1ded pseudo-isoehrons 
of 500-600 million years favoring the Paleozoic 
as the age of isotopie equilibration of the mande 
source regions of these basalts which may be the 
deepest parts of the subcontinental lithosphere 
(Hawkesworth et al., 1979; Stern et al., 1983). 
Alternative1y, the extraetion of large volumes of 
basaltic me1t from the subeontinental mande be10w 
southern South America may have occurred in the 
Mesozoie when rifting of South AmericafromAfrica 
was assoeiated with widespread bimodal basal tic 
and silieic volcanism (Figure 8). The formation of 
the mafic granulite xenoliths found in the Pali-Aike 
basalts has been attributed to this event (Selverstone 
and Stern, 1983). 

A feature of the xenoliths that developed after 
this material was stabilized be10w the continental 
crust is the observed decoupling of trace e1ement 
compositions and isotopic ratios such that the 
xenoliths have Sm/Nd similar to or less than Bulk 
Earth but isotopic compositions implying time­
integrated depletion of Nd re1ative to Sm (Figure 
5). This effect has been observed in many suites of 
xenoliths from other parts of the world and has 
be en explained by "mande metasomatism" whieh 
introduces large-ion-lithophile element enriehed 
fluids into the mande without modifying its min­
eralogy (see for review, Menzies, 1983). The timing 
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of this mande enrichment event is uncertain, but 
the high Rb/Sr and low 87 Sr/8 

6 Sr of vein phlogo­
pite indicates that the modal metasomatic event 
responsible for the emplacement of these veins oe­
eurred re1ative1y shortly before the xenoliths were 
transported to the surface in the Pali-Aike basalts. 
The "mande metasomatism" responsible for the 
decoupling of trace e1ement and isotopie composi­
tions may have oeeurred by the reerystallization and 
gradual dispersal of earlier generations of sueh 
phlogopite veins, the evidenee for whieh is now 
preserved as disseminated low-Ti phlogopite grains. 

The veins phlogopite, and by implication the 
fluids that they were deposited from, are isotopie­
ally distinct from the Pali-Aike basalts and perhaps 
not derived directly from the magmas that deve1-
oped into the basalts. The isotopic composition of 
the phlogopite lies on the low 87 Sr/ 8 6 Sr side of the 
mantle array as do mixtures of oeeanic sediments 
and mid-ocean ridge basalts (Hiekey et al., 1986). 
The fluids from whieh the phlogopite was deposited 
may have been derived from the dehydration of 
such mixtures subducted below the western conti­
nental margin of South Ameriea. Sueh fluids may 
pass through the asthenosphere wedge without 
preeipitating mineral phases until they enter the 
cooler lithosphere (Figure 9) or may only be intro­
duced into the lithosphere, particularly lithosphere 
well east of the oeeanic treneh sueh as below the 
regio n of Pali-Aike, during periods of very low 
angle subduction sueh as may have occurred be10w 
southern South America just after the subduetion 
of the southern extension of the Chile Rise during 
the mid-Iate Cenozoie. 

IMPLICATlONS FOR ANDEAN MAGMA GENERATION 

Hiekey et al. (1986) have given persuasive 
arguments for the importan ce of oceanie island ba­
salt type source mande in the generation of recent 
Andean orogenic magmas, partieularly those from 
eentral-south Chilean stratovolcanos. The alkali 
basalts from Pali-Aike are eompositionally similar 
to oeeanie island alkali basalts and Futa and Stern 
(in press) have shown that Andean orogenie magmas 
may be formed from a mantle with geochemieal 
eharacteristics similar to the souree region of the 
Pali-Aike basalts. The Pali-Aike basalts clearly 
formed at greater depths than the mantle seetion 
that they sampled on route to the surface. This is 
eonfirmed by the temperatures of equilibration of 
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FIG . 9. Schematic cross-section through the western margin of southem South America based on the lithosphere cross­
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from a plum-pudding mande containing plums of oceanic island basalt type source material in a pudding of 
mid-ocean ridge basalt type source material. Flow in the asthenosphere in response to subduction maintains a 
renewable supply of fertile plum-pudding mande. The plums may be derived from primitive undifferentiated 
lower mande, from older unequilibrated subducted oceanic Iithosphere, or from delamination of the lower por­
tion of the continentallithosphere which contains plumsof garnet-Iherzolite + phlogopite veins capable of yielding 
the Pali-Aike basalts. Orogenic volcanism depends on dehydration of the subducted s1ab producing alkali-rich f1uids 
(Hickey et al., 1986; Futa and Stern, in press) and similar fluids derived from deeper levels of the subducted slab 
may have produced the phlogopite observed in the Pali-Aike xenoliths. 

the Pali-Aike peridotite inclusions which are well 
below the liquidus temperatures of the basalts. 
However, the source regions of the Pali-Aike basalts 
certainly had sorne fea tu res in common with the 
lower portions of the subcontinental mande lithos­
phere, probably consisting of fertile garnet-lherzol­
ite which has experienced time integrated depletion 
of large-ion-lithophile elements and a relatively 
recent enrichment in these elements (Figure S). 

It has recently been proposed that the so urce 
region of sorne ocean island basalts may be "plum s" , 
derived either from primitive lower mande or from 
subducted oceanic lithosphere not completely re­
equilibrated within the upper mande, in a "pudding" 
of MORB-source mantle (Morris and Hart, 1983; 
Zindler et al., 1984). The lower subcontinental 
mande lithosphere below southern South America 
is such a "plum-pudding" mande, with a pudding 
of fertile garnet-lherzolite isotopically similar to 
MORB-source type mantle, and plums of garnet­
Iherzolite cut by phlogopite veins which together 
could yield basalts with Sr and Nd isotopic com­
positions similar to the Pali-Aike basalt (Figure S). 
The OIB-source type plum that melted to produce 
the Pali-Aike basalts may have been derived from 
incorporation of the deepest portions of the sub­
continental lithosphere into the asthenosphere 
(Figure 9). Such a processes, involving delamina-

tion of the lower portions of the continentallithos­
phere, has previously been suggested (McKenzie 
and O'Nions, 1983) as a viable mechanism for in­
troducing oceanic island basalt type source plums 
into the asthenosphere. 

Hickey et al. (1986) placed the OIB-source type 
mande involved in the generation of Andean oro­
genic magmas in the subcontinental mande lithos­
phere. Futa and Stern (in press) suggested that the 
subcontinental mantle lithosphere would not be a 
renewable source of fertile mande material as re­
quired by the long history of Andean magmatic 
activity. They placed the OIB-source type mande 
for Andean orogenic volcanics in plums in a plum­
pudding asthenosphere in which flow aboye the 
subducted oceanic lithosphere could be expected to 
provide a renewable source of fertile material (Fig­
ure 9). Nevertheless, sorne of the plums in this 
asthenosphere may be derived by local delamination 
of the subcontinental mande lithosphere. The ex­
tent to which OIB-source type plum s contributing 
to the formation of Andean orogenic magmas are 
derived from the lower portions of the continental 
lithosphere, from subducted oceanic lithosphere, 
or from primitive undifferentiated lower mande 
will have to be evaluated with Pb and rare-gas 
isotopic analysis in conjuntion with the available 
Sr and Nd isotopic data. 
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