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We present mineral chemistry and whole rock major, trace, and platinum group element (PGE) concen-
trations, and Re-Os isotope data for eighteen mantle xenoliths carried to the surface of southern
Patagonia (45�–52�S) by Paleocene to Pleistocene alkaline basalts in seven localities scattered widely
across southern South America. The new data along with those previously published show that peri-
dotites derived from the lithospheric mantle of the Deseado Massif (DM), southern Patagonia, have com-
positions indicative of higher degrees of partial melt extraction compared to those from surrounding
regions. Re-depletion model ages (TRD) of mantle xenoliths from the DM (n = 20) range from 0.5 to
2.1 Ga, with an average of 1.5 Ga. In contrast, samples from the surrounding areas (n = 39) have a wider
range of Re-depletion ages from 0.0 to 2.5 Ga, with an average of 1.0 Ga. Similar geochemical character-
istics are recognized between the lithospheric mantle section of the DM and that beneath East Griqualand
(�1.1 Ga), south-eastern Africa, which is related to the Proterozoic Namaqua-Natal Province. The Re-Os
systematics of the mantle xenoliths are indicative of Meso to Paleoproterozoic ages for partial melting
and stabilization processes of the lithospheric mantle of southern Patagonia, which are considerably
older than the crystallization ages obtained for the scarce basement rocks of Patagonia (<0.6 Ga). In addi-
tion, published elastic thickness (Te) estimates of southern South America show maximum values on the
submerged continental region located between the DM and the Malvinas/Falkland Islands, where
Grenville-age metamorphic rocks are exposed. These geochemical and geophysical results suggest that
southern Patagonia and the Malvinas/Falkland Islands and plateau constitute an integrated and relatively
rigid continental block formed mainly during the Meso to Paleoproterozoic as part of the supercontinent
Rodinia.
To the north, the formation of the North Patagonian Massif (NPM) seems to be contemporaneous with

that of the DM. Nevertheless, its ancient lithospheric mantle and lower crust appear to have been widely
eroded and replaced by relatively young convecting mantle, possibly during the Carboniferous collision
between the DM and the NPM. The differences between the DM and NPM lithosphere histories
apparently controlled the subsequent formation and distribution of Jurassic epithermal Au-Ag deposits.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The study of mantle xenoliths has revealed significant informa-
tion about the physical, thermal, compositional, and chronological
history of the subcontinental lithospheric mantle (e.g. Pearson
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Fig. 1. Location of mantle xenoliths and other relevant localities on topogra-
phy/bathymetry map of southern South America. Abbreviations: C: Cuyania
terrane; Ch: Chilenia terrane; CR: Colorado River; DM: Deseado Massif; HF:
Huincul Fault; NPM: North Patagonian Massif; P: Pampia terrane. The numbers
correspond to the following localities (diamonds indicate samples of the present
study): 1, Agua Poca; 2, Prahuaniyeu; 3, Paso de Indios; 4, Cerro de los Chenques; 5,
Coyhaique; 6, Chile Chico; 7 Cerro Clark; 8, Auvernia; 9, Gobernador Gregores
(Estancia Lote 17); 10, Cerro Redondo; 11, Tres Lagos; 12, Cerro del Fraile; 13, Pali
Aike, and 14, Cape Meredith (Cabo Belgrano).
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et al., 2003). Important differences have been recognized between
the lithospheric mantle beneath Archean cratons, and that beneath
Proterozoic and Phanerozoic terranes. Higher thermal gradients in
the mantle during the Archean resulted in higher degrees of partial
melting that led to notably lower concentrations of Al2O3 and CaO,
lower garnet and clinopyroxene modal percentages, and higher oli-
vine forsterite contents in cratonic mantle residues compared to
the lithospheric mantle beneath Proterozoic and Phanerozoic con-
tinental regions (e.g. Carlson et al., 2005; Griffin et al., 2003, 2009,
1999; Pearson et al., 2003). The high degrees of melt extraction
generated cold, strong and buoyant continental mantle that con-
tributed to the formation and stabilization of the continental litho-
sphere over Earth history (e.g. Carlson et al., 2005).

The Re-Os isotopic system (187Re? 187Os + b�;
k = 1.666 � 10�11 yr�1; Smoliar et al., 1996) has been widely used
for dating mantle melt extraction events, and consequently, the
time of lithospheric mantle formation. The application of the Re-
Os system to this problem has been extensively discussed
(Carlson, 2005; Rudnick and Walker, 2009; Shirey and Walker,
1998; Walker et al., 1989). Several studies have shown that there
is a general correspondence between the age of the crust and the
age of its underlying mantle (Aulbach et al., 2004; Carlson and
Moore, 2004; Griffin et al., 2004; Hanghøj et al., 2001; Irvine
et al., 2003; Pearson et al., 2002). Regarding the platinum group
element (PGE: Os, Ir, Ru, Pt, Pd) abundances, cratonic mantle sam-
ples are generally characterized by highly depleted PPGE (Pd and
Pt) abundances, compared to the IPGE (Os, Ir, and Ru), as a conse-
quence of the more compatible behavior of the IPGE during mantle
melting (e.g. Pearson et al., 2004 and references therein). More-
over, different geophysical approaches based on heat flow, gravity
and seismic data, also show significantly thicker, colder and more
rigid continental lithosphere beneath ancient continents compared
to younger crustal terrains (e.g. Ritsema et al., 2004; Tassara et al.,
2007).

In this work we report new mineral chemistry and whole rock
major, trace, and platinum group element (PGE) abundances, as
well as Re-Os isotope data for 18 mantle xenoliths from southern
Patagonia (Fig. 1) with the goal of defining the age distribution of
distinct terranes so that the tectonic history of continental assem-
bly in this area can be better understood. The new data support
and complement previous results (Mundl et al., 2016, 2015;
Schilling et al., 2008; Stern et al., 1999). Furthermore, we discuss
the apparent connection between the physical and chemical
heterogeneities of the Patagonian lithosphere and the occurrence
of epithermal Au–Ag deposits related to the Jurassic volcanic mag-
matism produced during the fragmentation of Gondwana (Moreira
and Fernández, 2015; Schalamuk et al., 1997).
2. Geological setting

Patagonia conventionally has been considered as the continen-
tal region of southern South America located south of the Colorado
River. Patagonia displays significant differences to the rest of the
continent in terms of topography, environment, flora, fauna and
paleontological record. Based on geophysical data, the physio-
graphic boundary of Patagonia has been moved south to the line
of the Huincul fault (Ramos et al., 2004). This line is coincident
with an E-W trending magnetic and gravity anomaly located
immediately to the south of 39�S (Fig. 1), that marks a break in
the distinct N-S structures of the Chilenia, Cuyania and Pampia ter-
ranes, as well as those of the Río de la Plata craton, to the north
(Chernicoff and Zappettini, 2004; Kostadinoff et al., 2005; Ramos
et al., 2004). The origin of Patagonia as an independent continental
block has been the subject of a long debate (Frutos and Tobar,
1975; Keidel, 1925; Pankhurst et al., 2006; Ramos, 2008, 2002,
1984). However, the understanding of the early history of Patago-
nia has been limited by very small and scarce outcrops of continen-
tal basement rocks, with most of the older basement covered by
extensive amounts of volcanic rocks and sediments.

The Precambrian geological record of Patagonia is mainly
recorded by Mesoproterozoic Nd model ages (1.0–1.6 Ga) calcu-
lated for diverse and widely distributed Phanerozoic igneous rocks
(Martínez Dopico et al., 2011; Pankhurst et al., 2006, 2003;
Pankhurst and Rapela, 1995), and the provenance ages for detrital
zircons contained in metasedimentary rocks. Populations of detri-
tal zircon grains have typically Gondwana-age components rang-
ing mainly from 460 to 750 Ma and 1000 to 1200 Ma, as well as
a small component of older ages, including some at 1750–2000,
2000–2200 and 2550–2700 Ma (Chernicoff et al., 2013; Hervé
et al., 2013, 2003; Moreira et al., 2013; Pankhurst et al., 2006,
2003). In contrast, to the north of Patagonia, Grenville-age conti-
nental crust (�1.0–1.2 Ga) has been recognized on the Pampia
(e.g. Casquet et al., 2006) and Cuyania (e.g. Kay et al., 1996; Sato
et al., 2000) continental terranes. These two terranes collided with
the western proto-margin of Gondwana, represented by the 2.0–
2.2 Ga Río de la Plata craton (Rapela et al., 2007), during the Early
Cambrian (Pampean orogenic cycle) and Middle Ordovician (Fama-
tinian orogenic cycle), respectively (e.g. Vujovich et al., 2004).
Towards the east and southeast of the Deseado Massif (DM),
Grenville-age metamorphic rocks are found at Cape Meredith (or
Cabo Belgrano) in the Malvinas/Falkland Islands (Cingolani and
Varela, 1976; Jacobs et al., 1999; Rex and Tanner, 1982), which
are located on the extension of the continental shelf of southern
South America. These Proterozoic ages have supported the idea
that the Malvinas/Falkland Islands previously formed an easterly
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extension of the Natal sector of the Proterozoic Namaqua-Natal
province of southern South Africa, and consequently have been
considered as a microplate related to the Grenville-age (1.0–
1.2 Ga) supercontinent Rodinia (e.g. Thomas et al., 2000;
Wareham et al., 1998). However, the location and tectonic charac-
ter of the margin between the hypothetical Malvinas/Falkland
Islands microplate and the Deseado terrane have not yet been doc-
umented (Pankhurst et al., 2006).

Concerning the Phanerozoic geologic evolution of Patagonia, the
study of the basement rocks of the Sierra de la Ventana belt per-
formed by Rapela et al. (2003) revealed a Cambrian rifting event
that separated the 600 Ma Neoproterozoic crust of the North
Patagonian Massif (NPM) from the rest of the continent, producing
crustal melting and the deposition of lower to middle Paleozoic
marine sediments in gently subsiding basins. According to these
authors, the Cambrian continental passive margin that developed
at the Sierra de la Ventana belt also extended into the Cape fold
belt in southern Africa, the Falkland/Malvinas Islands and the Ells-
worth Mountains in Antarctica. In most tectonic models, southern
Patagonia, corresponding to the DM, has been described as an inde-
pendent continental block that collided and amalgamated to the
NPM during western Gondwana assembly, but there is no consen-
sus yet about its origin and the timing and plate configurations
related to its accretion. Diverse tectonic models describing the tec-
tonic assembly of these terranes have been proposed (Pankhurst
et al., 2006, 2003; Ramos, 2008, 2002, 1984; Rapela et al., 2003).

During the Permian and Triassic, northern Patagonia experi-
enced voluminous and widespread silicic plutonism and volcan-
ism, referred to as the Choiyoi province (Pankhurst et al., 2006).
At that time, southern Patagonia was affected by tectonic exten-
sion and rifting that preceded late disaggregation of Gondwana
(e.g. Homovc and Constantini, 2001). The subsequent continental
fragmentation was related to middle-upper Jurassic crustal
stretching. The stretching drove partial melting that produced
widespread bimodal volcanic and volcano-sedimentary rocks,
known as the Chon Aike province (Pankhurst et al., 1998). This
Jurassic large igneous province covers a wide area of southern
South America extending to the Antarctic Peninsula. In the DM,
these volcanic rocks are related to the formation of numerous
and important Au-Ag epithermal deposits (Echavarría et al.,
2005; Fernández et al., 2008; Giacosa et al., 2010; Moreira and
Fernández, 2015; Schalamuk et al., 1997). Pankhurst and Rapela
(1995) obtained neodymium model ages of 1.1–1.6 Ga for Jurassic
andesitic rocks from Patagonia and suggested an origin by anatexis
of a Grenville-age mafic lower crust. The Mesozoic breakup of
Gondwana has been better constrained by the refined and inte-
grated plate tectonic model of König and Jokat (2006), where the
large dextral strike-slip movement (more than 1000 km) between
southern South America, represented by the Malvinas/Falkland
Plateau, and southern South Africa was controlled by the Agulhas
Falkland Fracture Zone (AFFZ). Since then, the geological evolution
of the southwestern margin of South America was controlled by a
relatively continuous subduction process related to the Andean
orogenesis and the recycling of various oceanic plates beneath
the continent (Mpodozis and Ramos, 1989).

During the Cenozoic, extensive basaltic flows derived from an
asthenospheric mantle source erupted over large areas of the
southern Andean and Patagonian back-arc region (Gorring et al.,
1997; Gorring and Kay, 2001; Ramos and Kay, 1992; Stern et al.,
1990). Many of these basalts contain mantle xenoliths that have
been studied with the aim of characterizing the subcontinental
lithospheric mantle of this region (Bjerg et al., 2005; Conceição
et al., 2005; Gorring and Kay, 2000; Jalowitzki et al., 2016;
Laurora et al., 2001; Mundl et al., 2016, 2015; Ntaflos et al.,
2007; Rivalenti et al., 2007, 2004, Schilling et al., 2005, 2008;
Stern et al., 1999, among many others). Measurements of
187Os/188Os ratios on Patagonian mantle xenoliths have demon-
strated the existence of heterogeneous lithospheric mantle
domains formed at different times (Mundl et al., 2016, 2015;
Schilling et al., 2008; Stern et al., 1999). Samples from the NPM
yield Os isotopic compositions similar to the present suboceanic
mantle, suggesting a relatively recent lithospheric mantle forma-
tion from the convecting mantle. The one exception in the NPM
is the Prahuaniyeu xenolith locality that also included Mesopro-
terozoic Os model ages (Mundl et al., 2015; Schilling et al., 2008)
resembling those of peridotites from Agua Poca derived from the
lithospheric mantle of the Grenville-age Cuyania continental block
(Schilling et al., 2008). Proterozoic TRD model ages (1.3–1.8 Ga)
have been found for peridotites from the southwestern edge of
the DM (Gobernador Gregores, Cerro Redondo and Tres Lagos),
which are considerably older than the crystallization ages known
for the oldest basement continental rocks (�0.6 Ga) suggesting
the existence of a hidden ancient lithosphere, probably related to
the Namaqua-Natal orogenic belt of South Africa (Mundl et al.,
2015; Schilling et al., 2008). Remarkably, the oldest TRD ages (up
to 2.5 Ga) were determined for Pali Aike peridotites by Mundl
et al. (2015). These authors suggested a potential common origin
with the Paleoproterozoic continental lithosphere of the Shackle-
ton Range located at the northwestern edge of the East Antarctic
craton, where similar ages have been reported.
3. Samples

The mantle xenoliths for this study (Supplementary Fig. 1) were
selected from a large set of samples collected at different localities
during two expeditions to Patagonia in Argentina and Chile with
the aim to complement published Os isotopic data available on
the area of the DM (Fig. 1, Supplementary Table 1). Specifically,
anhydrous spinel-peridotites were chosen from five localities pre-
viously studied (Tres Lagos, Gobernador Gregores, Cerro del Fraile,
Cerro Clark and Chile Chico), and from two new localities (Auvernia
volcano and Coyhaique). The oldest eruption age is the Coyhaique
locality; an alkaline basaltic lava flow dated at 58.6 ± 2 Ma using
the whole rock K-Ar method (De la Cruz et al., 2003). The Chile
Chico mantle xenoliths are found in an alkali basalt volcanic neck
that was dated using the same method at 40.7 ± 1.4 Ma
(Espinoza, 2003). Mantle xenoliths from Cerro Clark are found in
a volcanic neck composed of porphyritic basanite of possible Mio-
cene age (11–12 Ma), based on the work of Gorring et al. (1997)
that presented whole rock 40Ar/39Ar ages for proximate lavas. In
the same way, an age between 4 and 7 Ma is estimated for the
spatter cone containing the mantle xenoliths of Tres Lagos. Many
of these xenoliths are included in volcanic bombs. Gobernador Gre-
gores mantle samples are associated with basanitic surge deposits
in a post-plateau sequence of Pliocene age (�3.5 Ma) as defined by
Gorring et al. (1997) and Gorring and Kay (2000). An age of 1–2 Ma
was determined for the Cerro del Fraile alkali basalt using 40Ar/39Ar
step-heating and unspiked K-Ar methods (Singer et al., 2013). This
locality is the closest to the Chile trench (�280 km) followed by
Coyhaique and Chile Chico (�300 km). Finally, Auvernia volcano
erupted less than 1 Ma ago (Panza, 1994), and is the eastern most
occurrence of mantle xenoliths on the DM, located �580 km from
the Chile trench.

To investigate the partial melting events that occurred in the
subcontinental lithospheric mantle at regional scales, peridotites
from the DM and surrounding regions were chosen based on their
low Al2O3 contents that define them as residues of higher degrees
of melt extraction. Re-depletion model ages are most accurate for
residues of extensive partial melt removal as the model age calcu-
lation assumes that all Re was extracted with the partial melt,
which is true only at high degrees of melting. Anhydrous peri-
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dotites that have similar Al2O3 and CaO concentrations were
selected in order to avoid mantle rocks with clear evidence of sub-
sequent metasomatic processes, particularly the introduction of Ca
via carbonatite metasomatism. The mantle xenoliths are of vari-
able sizes and shapes. The largest are those found at Tres Lagos,
Gobernador Gregores, Cerro Clark and Coyhaique, the largest of
which have diameters of more than 20 cm. Samples found at Chile
Chico, Cerro del Fraile, and Auvernia volcano are considerably
smaller with maximum diameters of 15 cm. The peridotitic xeno-
liths are relatively fresh, with the exception of samples from Coy-
haique that exhibit yellowish to reddish colors, possibly due to
post-eruption alteration.

The rock types, textures and modal compositions are summa-
rized in Table 1, together with temperatures of equilibration esti-
mated using the two-pyroxene geothermometer of Brey and
Köhler (1990). Modal compositions were estimated by mass bal-
ance of whole rock and mineral compositions allowing the classifi-
cation of our samples as 13 lherzolites and 5 harzburgites. The
textures are mainly protogranular, porphyroblastic and transi-
tional between these two types. Only one sample from Gobernador
Gregores (PM23-3) exhibits a transitional texture from porphyrob-
lastic to equigranular. Many samples show secondary textures,
such as lamellae of exsolution and spongy rims in pyroxenes, and
some olivine crystals show kink bands reflecting deformation pro-
cesses. Lherzolite PM21-1A and harzburgite PM21-6A from Tres
Lagos are the only composite xenoliths of the whole set. These
two samples contain veins a few centimeters wide of olivine web-
sterite, probably crystallized from percolating metasomatic melts
(Pressi, 2008). Fragments selected for chemical analysis of these
two samples did not include veins of pyroxenite. Additionally, melt
veins related to host basalt infiltration were observed only in small
samples (Supplementary Fig. 1, PM20-22; PM26-5; PM27B-1B;
PM27B-2; PM27B-12B). In addition to the main mineral phases
olivine, orthopyroxene, clinopyroxene and spinel, the studied man-
Table 1
Summary of petrographic characteristics of Patagonian mantle xenoliths including the typ

Locality/sample Type Texture Ol

Coyhaique
PM25-8 lherz prot 59.6
PM25-10 lherz porph 67.3

Chile Chico
PM26-4 lherz prot 68.3
PM26-5 lherz prot-porph 64.5

Cerro Clark
PM24-21* lherz porph 49.0
PM24-41 lherz prot 62.7

Auvernia Volcano
PM27A-9 lherz prot 84.8
PM27B-1b harz prot 85.4
PM27B-2 harz prot-porph 77.3
PM27B-12b harz prot 73.3

Gobernador Gregores
PM23-3 lherz porph-equi 61.6
PM23-21 lherz prot-porph 63.5

Tres Lagos**

PM21-1A lherz porph 66.3
PM21-6A harz prot-porph 76.3
PM21-9 harz prot-porph 77.6

Cerro del Fraile
PM20-8 lherz prot-porph 70.7
PM20-20 lherz prot 55.8
PM20-22 lherz prot 78.2

Abbreviations are lherz: lherzolite; harz: harzburgite; prot: protogranular; porph: porphy
and Sp: spinel. Temperatures of equilibration estimated using the geothermometer of B
calculated by chemical balance between mineral and whole rock compositions except for
(n.c.), temperatures not calculated; and (–) values discarded for samples showing chemic
exchange coefficients.
tle rocks commonly contain tiny sulfides representing typically
less than 1% of the mineral mode (Supplementary Fig. 2). The sul-
fides have diameters ranging from <20 to 150 lm and occur either
interstitially or as rounded inclusions in silicates, preferentially in
olivine and orthopyroxene, and sometimes in the form of sulfide
trails. Interstitial sulfides are commonly irregularly shaped and
can be found between grains of the dominant phases, in melt pock-
ets or around spongy pyroxenes.
4. Analytical techniques

Samples were cut using a rock saw. Fragments of fresh interior
materials were used to produce thin sections for petrography and
mineral chemistry analysis. Other interior slabs were crushed and
ground in an agate mortar to fine powders for whole rock chemical
analysis. Rough crushed materials of small samples were carefully
inspected under a binocular microscope to remove fragments
derived from the host basalt. Mineral major-element compositions
of fourteen samples were determined by electron microprobe
under accelerating voltages of 15 kV, a beam current from 20 to
30 nA and 10 to 30 s counting time, using natural and synthetic
standards for calibration: eight samples were measured at the
GEA Institute at the Universidad de Concepción using a JEOL JXA-
8600; four samples were analyzed at the Geophysical Laboratory
of the Carnegie Institution using a JEOL JXA-8900 SuperProbe;
and mineral chemistry of two samples was determined using a
CAMECA SX50 electron microprobe at the Paul Sabatier University.
Bulk-rock major element compositions of thirteen samples were
measured by a PANalytical AXIOS-Advanced X-ray fluorescence
(XRF) spectrometer at the laboratory of SERNAGEOMIN. Five
duplicates of samples were determined using a ThermoARL
Advant’XP+ sequential XRF spectrometer at the GeoAnalytical Lab
of the Washington State University. Major element compositions
e and texture of rocks, mineral modes and temperatures of equilibration.

Opx Cpx Sp T (�C)

27.5 11.0 1.9 1057
24.6 6.5 1.6 1040

18.4 11.4 1.9 –
27.1 6.7 1.7 –

33.0 15.0 3.0 –
27.7 7.8 1.8 850

5.9 8.2 1.1 1021
8.7 4.8 1.1 968
18.0 4.3 0.4 1064
20.4 4.9 1.4 –

25.5 10.2 2.7 1132
23.9 10.2 2.4 –

17.1 14.3 2.3 n.c.
18.8 2.4 2.5 n.c.
18.4 2.6 1.4 n.c.

19.1 8.6 1.6 –
35.6 5.9 2.7 –
13.7 5.5 2.6 –

roclastic; equi: equigranular; Ol: olivine; Opx: orthopyroxene; Cpx: clinopyroxene;
rey and Köhler (1990) at an assumed pressure of 15 kbar. Modal proportions were
samples (*) and (**) taken from Dantas et al. (2009) and Pressi (2008), respectively.

al disequilibrium between clinopyroxene and orthopyroxene according to the Fe-Mg
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for mantle xenoliths from Coyhaique and Tres Lagos were deter-
mined at the Actlabs laboratory by sample fusion and inductively
coupled plasma optical emission spectrometry (ICP-OES). Trace
element compositions of fourteen samples were determined using
the inductively coupled plasma mass spectrometer (ICP-MS) Agi-
lent 7700 at the GeoAnalytical Lab. Long-term precision for the
method is typically better than 5% (RSD) for the REEs and 10% for
the remaining trace elements.

Re-Os isotopic compositions and platinum group element (PGE)
contents were determined at the Department of Terrestrial Mag-
netism (DTM), Carnegie Institution for Science by the isotope dilu-
tion method. One gram of sample powder was digested using 6 ml
of reverse aqua regia (2:1 HNO3-HCl) at high-temperature
(�240 �C) in Pyrex Carius tubes over a period of 24–72 h (Shirey
and Walker, 1995), together with mixed spikes of 185Re-190Os
and 191Ir-99Ru-194Pt-105Pd. Os was separated by solvent extraction
employing high-purity CCl4 and microdistillation in HBr following
established techniques (e.g. Reisberg and Meisel, 2002). Rhenium,
Ir, Pt and Pd were separated via anion exchange chromatography
using AG1X8 resin. Os isotopic compositions were determined by
negative thermal ionization mass spectrometry (N-TIMS) using
the Thermo-Fisher Triton at DTM. Os was analyzed as OsO3

� by
single-collector peak-hopping in the electron multiplier. Measure-
ments of the DTM J-M Os standard using this procedure during this
study gave an average value of 187Os/188Os = 0.17395 ± 7(2r). This
value is within error of the mean of high-precision measurements
of this standard using faraday cups of 0.1739255 ± 10(2r). Total
procedural blanks at DTM were less than 2 pg for Re, Os, Ir and
Ru, 20 pg for Pd and 30 pg for Pt. Rhenium, Ir, Ru, Pt and Pd concen-
trations were determined using the Nu Plasma HR multi-collector
ICP-MS at DTM.
Peridotites from East Griqualand and Eastern Namaqualand, Southern Africa, are
shown for comparison together with the fields for cratonic and off-craton spinel
peridotites (Janney et al., 2010 and references there in).
5. Results

5.1. Mineral chemistry and equilibrium temperature

Mineral composition data for olivine, orthopyroxene, clinopy-
roxene, and spinel are presented in Supplementary Tables 2, 3, 4
and 5, respectively. The olivine magnesium numbers
(Mg# = 100 �Mg/(Mg + Fetot) in atomic units), equivalent to for-
sterite (Fo) contents, vary from 90.0 to 91.7, except for sample
PM20-22 from Cerro del Fraile that shows a considerably lower
value (Fo88.3). NiO and MnO contents range from 0.35 to 0.39 wt
% and from 0.11 to 0.17 wt%, respectively, while CaO contents are
lower than 0.09%. Orthopyroxene contents of enstatite (En), fer-
rosilite (Fs) and wollastonite (Wo) vary in the range En89.1-91.1,
Fs8.0-9.7, and Wo0.5-1.8, and Mg# range from 90.40 to 92.10. Their
contents of TiO2, Al2O3, Cr2O3, MnO and CaO vary widely (0.0–
0.27 wt%; 2.47–4.28 wt%; 0.35–0.68 wt%; 0.11–0.18 wt% and
0.29–0.97 wt%, respectively). Clinopyroxene compositions are in
the range En47.2–52.5, Fs2.9–6.2, and Wo41.4–47.8, with Mg# from
89.8 to 94.8. Their Cr2O3, Na2O and TiO2 contents vary between
0.83–1.57 wt%, 0.47–2.21 wt%, and 0.03–0.67 wt%, respectively.
The spinel chromium numbers (Cr# = 100 � Cr/(Cr + Al) in atomic
units) vary from 14.3 to 33.9, and most of their Mg# range from
70.23 to 79.28, except for sample PM20-22 that give a lower value
of 59.83. The variation of spinel Cr# and Mg# of coexisting olivine
is shown in Fig. 2, together with southern South Africa peridotites
(East Griqualand and Eastern Namaqualand) and the fields for cra-
tonic and off-craton spinel peridotites defined by Janney et al.
(2010) and references therein.

Sulfide analyses were possible for 6 peridotite samples; the
results of which are presented in Supplementary Table 6. Mineral
phases identified on interstitial and enclosed sulfides correspond
to pentlandite (Pn), monosulfide solid solution (Mss) and chalcopy-
rite (Cp). Some sulfides are homogeneous grains while others
include two or three phases (Supplementary Fig. 2). No composi-
tional differences between enclosed and interstitial sulfide phases
of the same type can be recognized.

Equilibrium temperatures were calculated using core mineral
compositions and the two-pyroxene thermometer of Brey and
Köhler (1990) at an assumed pressure of 15 kbar. Samples reflect-
ing equilibrium conditions according to the criteria proposed by
Putirka (2008) based on Fe-Mg exchange coefficients between
ortho and clinopyroxenes, yield equilibrium temperatures from
850 to 1132 �C (Table 1).

5.2. Whole rock major and trace element compositions

Major and trace element data are given in Supplementary
Table 7. Fig. 3 shows the variation of MgO versus Al2O3, SiO2,
CaO, FeOtot (all Fe expressed as FeO), TiO2, and Na2O of the studied
samples together with a large data set of Patagonian peridotites
(n = 272, all expressed in weight percent and on a volatile-free
basis). Bulk-rock Al2O3 and CaO contents of the studied samples
lie within the relatively narrow ranges of 0.73–2.97 wt% and
0.66–2.64 wt%, respectively. The whole data set shows a negative
correlation between Al2O3, SiO2, CaO, FeOtot, TiO2, Na2O with
MgO. Such trends are usually attributed to different degrees of par-
tial melt extraction from a fertile primitive mantle (e.g. Maaløe and
Aoki, 1977; McDonough and Sun, 1995). The xenoliths from Auver-
nia volcano and Tres Lagos show relatively high MgO (>46 wt%)
and low CaO (<1 wt%) contents compared to the rest of samples.
Peridotites from Auvernia volcano also show some of the lowest
Al2O3 contents (�0.7 wt%). Several of the published Gobernador
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Gregores peridotites exhibit considerably higher CaO contents for a
given MgO that have been related to an intense modal and cryptic
metasomatism (Gorring and Kay, 2000; Laurora et al., 2001), while
some Pali Aike peridotites show significantly lower CaO content for
a given MgO (Fig. 3c).

5.3. Re-Os isotopic compositions

The Re-Os isotopic results are given in Table 2 and shown in
Fig. 4a along with previously published data for Patagonian and
selected Southern African off-craton mantle xenoliths. Bulk-rock
initial 187Os/188Os compositions (calculated back to the time of
eruption indicated in Supplementary Table 1) range from
0.11389 to 0.12446, which are less radiogenic than the estimated
value for the primitive mantle (0.1296) of Meisel et al. (2001).
The only exception is sample PM23-21 from Gobernador Gregores
that gives a superchondritic ratio of 0.13554, and the lowest single
PGE contents varying from 0.01 to 0.72 ppb, with a total PGE con-
tent of �1.8 ppb. These isotopic ratios lead to cOs values ranging
from �12 to �3.9 for the subchondritic samples, and a value of



Table 2
Highly siderophile element concentrations (ppb), Re-Os isotopic results and model ages of Patagonian mantle xenoliths.

Locality Sample Os Ir Ru Pt Pd Re 187Re/188Os 187Os/188Os 187Os/188Os(i) cOs(i) TRD (Ga) TMA (Ga)

Coyhaique
PM25-8 1.32 1.64 3.03 6.58 2.01 0.05 0.1594 0.12018 0.12002 �7.1 1.31 2.05
PM25-10 1.78 4.39 5.93 5.63 0.78 0.02 0.0585 0.11718 0.11712 �9.3 1.70 1.96

Chile Chico
PM26-4 2.69 3.60 6.02 8.48 5.06 0.29 0.9851 0.12438 0.12370 �4.3 0.81 Future
PM26-5 2.19 3.60 5.04 7.26 4.87 0.08 0.2669 0.12337 0.12319 �4.7 0.88 2.24

Cerro Clark
PM24-21 2.67 3.38 6.89 8.02 4.89 0.30 1.0069 0.12381 0.12361 �4.6 0.82 Future
PM24-41 1.65 1.75 3.71 4.89 2.64 0.08 0.2710 0.12394 0.12389 �4.3 0.78 2.05

Auvernia Volcano
PM27A-9 3.34 2.73 10.20 3.29 0.28 0.09 0.2965 0.11469 0.11469 �11.5 2.02 6.13
PM27B-1B 1.52 1.74 2.47 1.89 0.20 0.06 0.1963 0.11628 0.11627 �10.3 1.81 3.26
PM27B-2 2.18 2.75 3.69 3.27 0.34 0.04 0.1452 0.11389 0.11389 �12.1 2.13 3.17
PM27B-12B 1.56 1.51 2.37 2.11 0.58 0.07 0.2185 0.11791 0.11790 �9.0 1.59 3.16

Gobernador Gregores
PM23-3 3.19 3.95 8.55 8.42 1.17 0.01 0.0279 0.11589 0.11589 �10.6 1.86 1.99
PM23-21 0.09 0.29 0.69 0.72 0.01 0.01 0.0235 0.13554 0.13554 4.6 Future Future

Tres Lagos
PM21-1A 0.94 1.56 2.66 2.83 1.48 0.04 0.1439 0.12447 0.12446 �3.9 0.70 1.05
PM21-6A 2.10 3.08 4.71 4.47 1.13 0.04 0.1197 0.11648 0.11647 �10.1 1.78 2.45
PM21-9 1.84 3.20 5.38 4.94 1.46 0.03 0.0914 0.11483 0.11483 �11.4 2.00 2.53

Cerro del Fraile
PM20-8 0.80 0.90 1.31 5.25 1.05 0.07 0.2279 0.12366 0.12365 �4.6 0.81 1.70
PM20-20 1.78 1.92 4.48 4.17 3.91 0.07 0.2343 0.12238 0.12237 �5.6 0.99 2.12
PM20-22 1.00 1.52 2.73 3.23 0.16 0.04 0.1493 0.11455 0.11455 �11.6 2.04 3.08

187Os/188Os are measured values, while 187Os/188Os(i) are initial ratios calculated to the time of basalt eruption using the ages provided in Supplementary Table 1 and
assuming a decay constant for 187Re of 1.666 � 10�11 (Smoliar et al., 1996). The rhenium depletion (TRD) and standard (TMA) model ages and cOs are calculated assuming
187Os/188Os and 187Re/188Os values for the primitive upper mantle of 0.1296 and 0.4353, respectively (Meisel et al., 2001).
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+4.6 for sample PM23-21 where cOs (Walker et al., 1989) is
defined as:

cOs ¼ ðð187Os=188OsÞSa=ð187Os=188OsÞPM � 1Þ � 100

where ‘‘Sa” corresponds to sample and ‘‘PM” the primitive mantle
value of Meisel et al. (2001). The 187Re/188Os ratios of most samples
are lower than the estimated value for primitive mantle (0.4353)
and range from 0.0235 to 0.2965, except for samples PM24-21
and PM26-4 that have considerably higher values (�1). Rhenium
depletion ages (TRD; Walker et al., 1989), calculated using the prim-
itive mantle Re-Os parameters of Meisel et al. (2001), yield Neopro-
terozoic (0.7 Ga) to Paleoproterozoic (2.13 Ga) ages, while
calculated TMA model ages range from 1.05 to 6.13 Ga. There is no
clear correlation between the Os isotopic compositions and
187Re/188Os (Fig. 4a). There is, however, a rough positive correlation
between initial 187Os/188Os and bulk-rock Al2O3 content (Fig. 4b), as
has been reported for other mantle xenolith suites (e.g. Handler
et al., 1997; Meisel et al., 2001; Peslier et al., 2000).

In the central area of the DM, all xenoliths from the Auvernia
volcano have 187Os/188Os ratios in the range 0.11389–0.11790;
the lowest values reported for the massif. Consequently, these
mantle samples have the oldest TRD model ages ranging from
1.59 to 2.13 Ga. To the best of our knowledge, this is the eastern-
most locality containing mantle xenoliths within the DM and sur-
rounding regions. Two mantle xenoliths from Gobernador Gre-
gores located approximately 100 km to the west-southwest of
Auvernia volcano, also show unradiogenic Os isotopic composi-
tions: one from our new data (0.11589), and the other (0.11679)
from Schilling et al. (2008). In contrast, the four samples from this
locality reported by Mundl et al. (2015) gave considerably higher
ratios (0.12002–0.12631). Approximately 60 km to the south of
Gobernador Gregores is Cerro Redondo, a volcanic neck located
next to the Chico River, the geomorphological feature traditionally
considered as marking the superficial southwestern margin of the
DM. The three mantle xenoliths from Cerro Redondo reported by
Schilling et al. (2008) gave relatively low 187Os/188Os isotopic ratios
(0.11805–0.11979) corresponding to TRD ages ranging from 1.34 to
1.57 Ga that are younger than peridotites from Auvernia volcano.
Tres Lagos is approximately 80 km to the southwest of Cerro
Redondo and the inferred southwestern margin of the DM. Our
new data, together with those reported by Mundl et al. (2015),
comprise four xenoliths with low 187Os/188Os ratios (0.11483–
0.11733) and another three with higher values (0.12016–
0.12504). So, considering that Auvernia volcano, Cerro Redondo,
Gobernador Gregores, and Tres Lagos are located either within or
less than 80 km from the DM, and they have similar and relatively
low 187Os/188Os isotopic compositions, we interpret them to repre-
sent fragments derived from the Proterozoic lithospheric mantle
section of the DM. Hence, the mantle samples from these localities
were grouped as the ‘‘Deseado Massif” xenoliths (Figs. 2–6, and 8).
Fig. 5c is a histogram of Re-depletion model ages for these xeno-
liths that show TRD ages in the range 0.5–2.2 Ga, with a main peak
from 1.5 to 2.0 Ga and an average of 1.5 ± 0.5 Ga(1r, n = 20). A
similar age distribution is observed for East Griqualand peridotites,
eastern South Africa (1.48–2.56 Ga) as reported by Janney et al.
(2010). The East Griqualand peridotites exhibit some older TRD ages
compared to the DM peridotites, and lack ages younger than
1.4 Ga, with an average of 1.9 ± 0.4 Ga(1r, n = 14).

Compared to the results from xenolith localities within or near
the DM, peridotites from the surrounding areas (Coyhaique, Chile
Chico, Cerro Clark, and Cerro del Fraile) commonly have higher
187Os/188Os ratios (>0.120) and hence yield younger TRD (<1.3 Ga)
ages, similar to those of the North Patagonian Massif mantle xeno-
liths (Figs. 4 and 5). Only one sample from Cerro del Fraile and one
from Coyhaique have lower 187Os/188Os isotopic ratios similar to
those of the DM xenoliths (0.11455 and 0.11712, respectively).
The mantle xenoliths from Don Camilo reported by Mundl et al.
(2015) are located 25 km south of the Deseado River, which is con-
sidered to be the northern superficial boundary of the DM, conse-
quently they should be considered to be derived from the
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lithospheric mantle of the DM according to geographic considera-
tions. In contrast, based on their relative high 187Os/188Os isotopic
compositions (0.12270–0.13267) compared to other DM mantle
xenoliths and its proximity to the inferred boundary of the massif,
we instead group them together with other localities from the sur-
rounding areas of the DM (Figs. 2–6, and 8). This grouping is based
on the Os isotope data, not the surface geographic boundaries of
the DM, and thus assumes that the surface expressions used to
define the borders of the DM do not necessarily coincide with
the terrane boundaries at mantle depths.

Published Os isotopic data for mantle xenoliths from the Pali
Aike volcanic field (Mundl et al., 2015; Schilling et al., 2008;
Stern et al., 1999) are shown separately for comparison because
they exhibit the widest range of Os isotopic compositions
(0.11145–0.12930; Fig. 4) and hence TRD ages of all Patagonian
peridotites (0.0–2.5 Ga; Fig. 5b) including the oldest model ages
(2.3–2.5 Ga) of southern South American mantle xenoliths
(Mundl et al., 2015). The Pali Aike mantle rocks, together with
those from Prahuaniyeu, are the only ones containing garnet in
their mineral assemblage, corresponding to the deepest mantle
rocks found in Patagonia. Most of the TRD ages obtained for Pali
Aike xenoliths range between 0.5 and 1.0 Ga (aver-
age = 1.0 ± 0.7 Ga, 1r, n = 23). The Pali Aike suite shows a similar
age distribution to Eastern Namaqualand peridotites, western
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M.E. Schilling et al. / Precambrian Research 294 (2017) 15–32 23
South Africa, reported by Janney et al. (2010) but extends to
younger ages (Eastern Namaqualand average = 1.6 ± 0.5 Ga, 1r,
n = 42). Cerro de los Chenques peridotites also show similar TRD
ages to peridotites from the North Patagonian Massif (Fig. 5a, b),
with most samples in the range 0.5–1.0 Ga, and without ages older
than 1.5 Ga (Schilling et al., 2008).
5.4. Highly siderophile element (HSE) concentrations

The highly siderophile element (HSE; PGE + Re) concentrations
of the 18 studied samples are reported in Table 2. Rhenium con-
tents range from 0.007 to 0.300 ppb, while Os concentrations range
from 0.09 ppb (PM23-21) to 3.34 ppb (PM27A-9). The analyzed
mantle xenoliths also exhibit variable contents of Ir (0.29–
4.39 ppb), Ru (0.69–10.20 ppb), Pt (0.72–8.48 ppb) and Pd (0.01–
5.06 ppb). The patterns of HSE contents normalized to the primi-
tive upper mantle values of Becker et al. (2006) are shown on
Fig. 6. Mantle xenoliths from Cerro Clark and Chile Chico have
unfractionated PGE patterns. Samples from Auvernia volcano exhi-
bit a strong depletion in palladium-group PGE (PPGE), with a rela-
tive enrichment in Re (Fig. 6). Xenoliths from Tres Lagos and
Gobernador Gregores are depleted in Pd and Re, but not Pt. Sam-
ples from Cerro del Fraile and Coyhaique show variable patterns,
some depleted in Pd and Re, other samples with flat patterns,
and even some showing enrichments of Pt, Pd, and Re (Fig. 6). Sam-
ples with PdN/OsN ratios <1 also show low 187Os/188Os ratios
(<0.120), while samples with PdN/OsN ratios > 1 yield higher Os iso-
topic ratios (>0.120), as shown on Fig. 4c (N indicate values nor-
malized to primitive upper mantle estimates of Becker et al., 2006).
6. Discussion

6.1. Melt depletion ages of the Patagonian lithospheric mantle and
their implications for the tectonic evolution of southern South America

The new Os isotopic data for mantle xenoliths presented here,
combined with those previously published (Mundl et al., 2016,
2015; Schilling et al., 2008; Stern et al., 1999), confirm the hypoth-
esis that the lithospheric mantle of the DM, southern Patagonia,
was formed during the Paleo to Mesoproterozoic. The average of
calculated TRD ages is 1.5 ± 0.5 Ga (1r, n = 20) for the DM mantle
xenoliths (Auvernia volcano, Gobernador Gregores, Cerro Redondo
and Tres Lagos). The TRD ages of the xenoliths likely provide mini-
mum estimates of the time of the melt depletion event that created
the refractory peridotites sampled by the xenoliths. Many of the
DM xenoliths have sufficiently low bulk-rock Al2O3 concentrations
that the degree of melt extraction needed to reach these composi-
tions likely reduced the Re/Os ratios of the residual peridotites to
near zero, which is a requirement for the TRD age to provide an
accurate estimate of the timing of melt extraction (Walker et al.,
1989). The average TRD age for the DM xenoliths that have Al2O3

concentrations of 1 wt% or less is 1.99 ± 0.16 Ga (1r, n = 3)
(excluding sample PM23-21). For those samples with higher
Al2O3 contents, the Re/Os ratio of the residual peridotite after melt
extraction likely was not zero, which would lead the TRD approach
to underestimate the true timing of melt extraction. In such cases,
one approach to estimate the true age of melt depletion is to
extrapolate an observed correlation of Al2O3 vs 187Os/188Os to the
Al2O3 content expected for a degree of melt extraction sufficient
to lower the Re/Os ratio of the residual peridotite to zero (e.g.
Reisberg and Lorand, 1995). Using this approach for the DM xeno-
liths leads to a 187Os/188Os � 0.1144 at Al2O3 = 0.5 wt%, which
translates to a model age of 2.07 Ga (Fig. 4b).

Samples with future or unrealistically old TMA model ages (>
3 Ga) probably reflect Re addition, including infiltration by the host
magma, subsequent to the main melting event associated with the
stabilization of the subcontinental lithospheric mantle below
southern Patagonia. This suggestion is consistent with the scat-
tered distribution of 187Os/188Os and 187Re/188Os ratios (Fig. 4a),
that can be explained by variable amounts of Re addition after
the initial partial melt extraction events that determined the major
element composition of these rocks.
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Our results suggest that the estimated melt depletion age of the
DM lithospheric mantle samples is significantly older than the
available geochronological results (<0.6 Ga) for the very scarce
crustal basement rocks exposed in the DM (Moreira et al., 2013;
Pankhurst et al., 2003). The DM xenolith model ages also are con-
siderably older than the average of model ages for samples of the
surrounding localities Cerro de los Chenques, Coyhaique, Chile
Chico, Cerro Clark, Don Camilo, and Cerro del Fraile
(1.02 ± 0.4 Ga, 1r, n = 16), and also from Pali Aike (1.0 ± 0.7 Ga,
1r, n = 23). Nevertheless, some samples from Pali Aike give consid-
erably older TRD ages indicating a wider range of ages for melt
extraction from the mantle beneath this locality. Several of the
samples from areas surrounding the DM, however, have
187Os/188Os ratios within the range seen in modern abyssal peri-
dotites (e.g. Snow and Reisberg, 1995), providing further support
that these samples reflect relatively young additions to the conti-
nental lithospheric mantle.

According to reconstructions of Gondwana prior to the opening
of the Atlantic Ocean, Patagonia was close to the Malvinas/Falkland
Islands, and both were close to southeastern Africa (e.g. Marshall,
1994). Based on these paleogeographic considerations and the
occurrence of Grenville-age continental rocks, the Malvinas/Falk-
land Islands have been interpreted as a microplate related to the
eastern extension of the Namaqua-Natal Province (NNP). The
NNP is a 100–500 km wide orogenic belt composed of a number
of crustal subprovinces of distinct Paleo to Mesoproterozoic ages
(2.2–1.0 Ga) and metamorphic grades bounded by tectonic discon-
tinuities, that extends between the east and west coast of South
Africa, around the southern margin of the Archean Kaapvaal craton
(Hartnady et al., 1985; Thomas et al., 1994). The continuity of this
Mesoproterozoic destructive plate margin has been traced via the
Falkland Plateau and Falkland Islands, into the Ellsworth-
Whitmore Mountains block, West Antarctica, and into western
Dronning Maud Land in East Antarctica (Jacobs et al., 2008;
Wareham et al., 1998). Near the southeast coast of South Africa,
the basement of the eastern NNP is a Mesoproterozoic arc
sequence, consisting primarily of granulite-facies tonalitic and gra-
nodioritic orthogneisses and amphibolite-grade metasediments
having zircon U-Pb ages ranging from 1.0 to 1.3 Ga (Cornell,
1996; Eglington and Armstrong, 2003; McCourt et al., 2006). The
lithospheric mantle of southeast Africa associated with 1.1 Ga con-
tinental crust was well characterized by the study of garnet and
spinel bearing mantle xenoliths hosted in Mesozoic (194–
150 Ma) kimberlites from East Griqualand performed by Janney
et al. (2010). The East Griqualand mantle samples exhibit remark-
ably similar chemical characteristics to those reported from the
DM, including major element (Fig. 3) and Os isotopic compositions
and model ages (Figs. 4 and 5). Most TRD ages of mantle xenoliths
from East Griqualand (average of TRD = 1.9 ± 0.4 Ga (1r, n = 14))
and the DM range from 1.5 to 2.0 Ga, but the former also show
some older ages and lack ages younger than 1.0 Ga as observed
on the DM xenoliths. These differences suggest that the formation
of the lithospheric mantle of southeast Africa started earlier than
that of the DM, or that the former contain remnants of Paleopro-
terozoic to Archaean lithospheric mantle. The latter explanation
is likely considering the proximity of the East Griqualand and the
Lesotho kimberlite field (<100 km), whose mantle xenoliths pre-
dominantly yield Archean Re-Os model ages (Irvine et al., 2001).
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Furthermore, the provenance ages of detrital zircon grains in
metasedimentary rocks of the DM are typically Gondwanan with
prominent ages of 550–750 Ma (Pampean and Brasiliano) and
1000–1200 Ma (‘Grenvillian’), as well as a small component of
1750–2000 and 2550–2700 Ma (Hervé et al., 2003; Moreira et al.,
2013; Pankhurst et al., 2003). We speculate that most of the
Proterozoic zircons are likely derived from ancient basement rocks
of the DM currently hidden under younger rocks or sedimentary
cover, and not necessarily from other ancient continental regions
of South America, southern South Africa or Antarctica as suggested
previously by Hervé et al. (2003).

Another relevant observation is the chemical and isotopic sim-
ilarity between the Pali Aike and Eastern Namaqualand mantle
xenoliths, particularly their wide range of Al2O3 contents and
187Os/188Os ratios (Fig. 4b), and similar distribution of TRD model
ages (Fig. 5b). Again, the South African xenoliths include some
samples with lower 187Os/188Os ratios (and hence, older TRD model
ages) than the South American counterpart, which exhibit the old-
est TRD ages (Paleoproterozoic) determined thus far for Patagonian
mantle xenoliths (Mundl et al., 2015). This is noteworthy because
the western NNP crustal basement related to the Eastern
Namaqualand mantle xenoliths is composed dominantly of
granulite- and amphibolite-facies supracrustal rocks and volcanic
sequences with zircon U-Pb ages of 1.7–2.1 Ga (e.g. Eglington,
2006; Robb et al., 1999), intruded by younger gneissic granitoids
with ages of 1.7–2.0 Ga and 1.1–1.3 Ga (Cornell et al., 1990;
Pettersson et al., 2007; Robb et al., 1999). Most of the kimberlites
in the Eastern Namaqualand cluster lie in a region where the crus-
tal basement is predominantly of Paleoproterozoic age (�1.9 Ga),
with a Mesoproterozoic metamorphic overprint (Schmitz and
Bowring, 2004, 2001).

The available geochronological data can be integrated in a sim-
ple tectonic model where southern Patagonia, represented by the
DM and its southern extension, and the corresponding continental
shelf including the Malvinas/Falkland Islands, constitute a single
continental block, referred to here as the Southern Patagonia-
Malvinas Islands terrane. This continental block is linked to the
Meso to Paleoproterozoic NNP and the formation of the Rodinia
super continent. This terrane can also be correlated to the conti-
nental crust of the Shackleton Range, Antarctica, as proposed by
Mundl et al. (2015), where similar Paleo and Mesoproterozoic crus-
tal rocks have been identified (Will et al., 2009). Therefore, these
new data complement the tectonic model proposed by Pankhurst
et al. (2006) extending the formation age of southern Patagonia
to the Paleo-Mesoproterozoic, and address the open question
about its unknown extension to the southeast.

An intriguing fact is that the Nd model ages determined for con-
tinental rocks from northern and southern Patagonia are similar
with prominent age peaks between 1000 and 1600 Ma (Martínez
Dopico et al., 2011; Pankhurst et al., 2006, 2003) that are inter-
preted as the initial mantle extraction to form the continental
source material (DePaolo et al., 1991). Moreover, the provenance
ages recognized for detrital zircon grains in metasedimentary rocks
in northern and southern Patagonia basement rocks are similar,
including frequent Mesoproterozoic zircons (Chernicoff et al.,
2013; Hervé et al., 2013, 2003; Moreira et al., 2013; Pankhurst
et al., 2006). However, the NPM lithospheric mantle exhibits
187Os/188Os ratios similar to those of the modern convecting man-
tle. Possible remnants of the Mesoproterozoic lithospheric mantle
root of the NPM have been identified only at Prahuaniyeu
(Mundl et al., 2016; Schilling et al., 2008). From these observations,
we infer that the continental crust of southern and northern Patag-
onia was formed mainly during the Paleo to Mesoproterozoic. Nev-
ertheless, the original lithospheric mantle section of the NPM was
almost completely removed possibly during the collision that
occurred during the Carboniferous between the DM and the
NPM, associated with northeasterly subduction. According to
Pankhurst et al. (2006), this tectonic event was also responsible
for the loss of the lower crustal section of the NPM.

Future studies that involve measurements of the Os isotopic
compositions of widely dispersed mantle xenoliths as well as
geochronological studies of crustal xenoliths will contribute to
identify and determine the extent of ancient lithospheric provinces
of Patagonia that are now covered by younger volcanic and sedi-
mentary rocks.

6.2. Physical, chemical, and thermal structure of Patagonian
lithospheric mantle

Important physical heterogeneities of the Patagonian litho-
sphere were recognized using estimates of the elastic thickness
(Te) of South America by Tassara et al. (2007). Te is a proxy for litho-
spheric thickness that can be inverted from gravity anomalies and
surface topography (e.g. Watts, 2001), and is a powerful indepen-
dent estimate for the structure of the lithosphere that can be com-
pared with our chemical and chronological results. Large Te values
are commonly found inside old, cold and thick cratonic regions
whereas low values are associated with young tectonic regions
affected by thermomechanical weakening associated with magma-
tism, fluid percolation, active deformation and/or possible removal
of lithospheric mantle sections (e.g. Pérez-Gussinyé and Watts,
2005; Tassara et al., 2007; Watts, 2001). Fig. 7 shows a map of Te
for the studied region as computed using a wavelet formulation
of the classical flexural isostatic analysis that considers satellite-
derived gravity anomalies and topography/bathymetry (see details
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in Tassara et al., 2007). The maximum values of Te reach 30 to
40 km in a region located right between the DM and the Malv-
inas/Falkland Islands. This high Te zone extends to the southwest,
toward the southern edge of South America, passing through the
area of the Pali Aike volcanic field, and also seems to continue to
the east of the Malvinas/Falkland Islands, toward the Malvinas Pla-
teau (Fig. 7). These high Te values apparently reflect the presence of
a thicker, colder, more rigid and older lithospheric block compared
to surrounding regions and strongly support the hypothesis of the
integrated and independent Southern Patagonia-Malvinas Islands
continental terrane. To the north, on the southern margin of the
North Patagonian Massif (NPM), there is a region of low Te values
(<20 km) that is partially coincident with the collision zone
between the DM and the NPM (Fig. 7) that was associated with a
northward subduction that occurred during the Carboniferous
(Pankhurst et al., 2006). These particular physical characteristics
could be the consequence of the thermomechanical weakening
imposed by the tectonomagmatic activity in the previous conver-
gent margin in this zone, and the subsequent extensive Early Per-
mian crustal anatexis related to the post collisional slab break-off
(Pankhurst et al., 2006). The relatively thin and weak (low viscos-
ity) lithospheric mantle section of this region also could be related
to high water concentration, as recognized by Dixon et al. (2004) in
western North America but, in this case, without evidence for
increased temperatures (see below). Considering this geophysical
data, the hypothesis of a Devonian to mid Carboniferous ‘‘western
magmatic arc” proposed by Ramos (2008) through the DM seems
improbable. Additionally, the rotational model for the Malvinas
Islands during the break-up of southern Gondwana (Adie, 1952;
Marshall, 1994; Mitchell et al., 1986; Stone et al., 2009; Storey
et al., 1999) is difficult to reconcile with our proposed model of
an integrated Southern Patagonia-Malvinas Islands terrane, so
the non-rotational model is preferred (Lawrence et al., 1999;
Richards et al., 1996).

The composition of the Patagonian continental lithospheric
mantle is examined by the available mineral and whole rock chem-
ical data for mantle xenoliths carried to the surface by Eocene to
recent alkali magmas (Figs. 2 and 3). The DM mantle xenoliths
(Auvernia volcano, Gobernador Gregores, Cerro Redondo and Tres
Lagos) exhibit notably more melt-depleted compositions com-
pared to those derived from the surrounding areas (Cerro de los
Chenques, Coyhaique, Chile Chico, Cerro Clark, Don Camilo, Cerro
del Fraile and Pali Aike), reflecting, on average, higher degrees of
partial melt extraction. The average whole rock Al2O3 concentra-
tion in the DM xenoliths (1.8 ± 0.8 wt%) is lower than that of xeno-
liths from surrounding regions (2.6 ± 0.8 wt%; data sources listed
on Fig. 3), but the range overlaps. These chemical characteristics
are relevant because more depleted mantle compositions yield less
dense and more buoyant lithospheric mantle sections compared to
more fertile ones (Boyd and McCallister, 1976; Jordan, 1978), and
allow thick sections of depleted mantle to remain stable and
attached to the overlying crust of similar age (James et al., 2004;
Poudjom Djomani et al., 2001). Consequently, the more depleted
composition of the DM lithospheric mantle results in a less dense
and more buoyant lithospheric mantle section compared to those
of the surrounding regions.

Furthermore, partial melt extraction also leaves the mantle
lithosphere depleted in radioactive heat-producing trace elements
(potassium, uranium, and thorium) and in water. The resulting
combination of low temperature and low water content of mantle
lithosphere will lead it to have considerably higher viscosity than
warm and wet asthenospheric mantle (Dixon et al., 2004). To ana-
lyze the thermal characteristics of the southern Patagonian litho-
spheric mantle we recalculated the temperatures of equilibration
at an assumed pressure of 15 kbar using available mineral compo-
sitions of mantle xenoliths (data sources on Fig. 2) and the two-
pyroxene thermometer of Brey and Köhler (1990). Fig. 8 shows
the histograms of temperature estimates of xenoliths from the
DM and surrounding regions, excluding those samples that show
chemical disequilibrium based on the criteria of Putirka (2008)
that use Fe-Mg exchange coefficients between clinopyroxene and
orthopyroxene. Nevertheless, no differences are recognized for
temperatures of equilibration between the different lithospheric
mantle domains in southern Patagonia identified using Os isotopic
and bulk-rock compositions. This suggests a thermal homogeniza-
tion of the continental lithosphere possibly caused by the intense
magmatic activity that occurred during the Mesozoic and Cenozoic
Eras. Given their similar temperatures, the more depleted litho-
spheric mantle compositions of the DM together with higher val-
ues of elastic thickness apparently reflect the presence of an
older, thicker, and more buoyant and rigid lithospheric block com-
pared to surrounding regions. The compositional buoyancy of the
DM lithospheric mantle possibly increases its resistance to subduc-
tion and/or delamination, and can explain its positive relief com-
pared to the surrounding areas.

6.3. Influence of Patagonian lithosphere heterogeneities on the
formation of Jurassic metal deposits

The Jurassic extensional tectonic regime associated with Gond-
wana fragmentation and the opening of the Atlantic Ocean pro-
duced extensive stretching and melting of the Patagonian
continental crust, resulting in the formation of the Chon Aike large
igneous province that extends into west Antarctica (Pankhurst
et al., 1998). In Patagonia, the volcanic products of this event are
dominated by rhyolitic ignimbrites, which form a bimodal associ-
ation with minor mafic and intermediate lavas. The geochemical
signature of both silicic and intermediate rocks suggest that they
were generated by partial melting of the lower continental crust
(Gust et al., 1985; Kay et al., 1989; Pankhurst et al., 1998;
Pankhurst and Rapela, 1995). The heat necessary to melt the lower
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crust apparently came from the emplacement of voluminous mafic
magmas beneath the continental crust (Gust et al., 1985;
Pankhurst et al., 1998). The later stages of this Jurassic magmatism
are related to the formation of important Au-Ag epithermal depos-
its in Patagonia (Fernández et al., 2008) that are particularly com-
mon in the DM (Echavarría et al., 2005; Giacosa et al., 2010;
Moreira and Fernández, 2015; Schalamuk et al., 1997). Echavarría
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and physical differences of the respective lithospheres. The lower
crustal sections, in particular, seem to play a key role as the main
source of metals for the formation of the Jurassic ore deposits.
We suggest that the relatively high degrees of partial melting that
occurred during the formation of the Paleo to Mesoproterozoic
Patagonian lithospheric mantle (including the DM and the NPM)
produced mafic magmas that were relatively enriched in incom-
patible elements (including the precious metals Pd and Au) that
accumulated and crystallized preferentially in the lower crust. At
the same time, the subcontinental lithospheric mantle residue
was strongly depleted in Pd, and probably in Au considering their
similar behavior in the upper mantle. Later, the Carboniferous-
Permian continental collision that occurred between the DM and
the NPM related to north-easterly subduction, removed most of
the Paleo to Mesoproterozoic lithospheric mantle section of the
upper plate (NPM), replacing it with young asthenospheric con-
vecting mantle. Remnants of the NPM Mesoproterozoic litho-
spheric mantle have been recognized only in Prahuaniyeu
xenoliths (Mundl et al., 2015; Schilling et al., 2008). This hypothe-
sis is supported by the notably lower average Pd concentration of
the depleted DM mantle xenoliths (1.2 ± 1.0 ppb), compared to
those of the surrounding regions (2.7 ± 1.1 ppb), and the relatively
higher 187Os/188Os isotopic compositions of the NPM peridotites
(excepting Prahuaniyeu). Pankhurst et al. (2006) infer that the sub-
sequent Permian break-off of the subducted plate produced the
partial delamination of the lower crust of the NPM. Additionally,
this tectonic event caused voluminous and widespread silicic plu-
tonism and volcanism throughout the Permian and into Triassic
times (the Choiyoi volcanic province). Consequently, during the
Jurassic tectonic extension and crustal anatexis, the DM litho-
sphere had a significant budget of precious metals (Pd, Au and
Ag) accumulated in its lower crust, while the NPM lower crust
was relatively depleted in metals resulting in the formation of con-
siderably fewer ore deposits.
7. Conclusions

The geochemical data presented here, together with previously
published Os isotopic measurements of mantle xenoliths and elas-
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tic thickness estimates, contribute significantly to the comprehen-
sion of the controversial origin of Patagonia. The principal tectonic
implications are shown schematically in Fig. 9.

We present here a summary of the main mantle melt extrac-
tion, metasomatic and erosional events related to the formation
and evolution of the Patagonian lithosphere, together with their
influence on the formation of precious metal deposits.

1. Peridotite mantle xenoliths from the Deseado Massif (DM),
southern Patagonia, are residues of higher degrees of melt
extraction compared to those from surrounding regions and
display relatively low 187Os/188Os isotope ratios with an average
TRD model age of 1.5 ± 0.5 Ga (1r, n = 20), resembling peri-
dotites derived from East Griqualand (�1.1 Ga), southeastern
Africa. This suggests that the DM lithospheric mantle was
formed by relatively high degrees of partial melt extraction
mainly during the Meso- to Paleoproterozoic (1.0–2.1 Ga),
which is considerably earlier than the reported ages for the old-
est exposed crustal basement rocks in this area (<0.6 Ga).

2. The presence of Paleoproterozoic continental domains incorpo-
rated into the southern Patagonian lithosphere can also be
inferred by the similar chemical and Os isotopic compositions
of Pali Aike peridotites located at the southern edge of South
America that are comparable to those carried through Paleopro-
terozoic (�1.9 Ga) continental crust of Eastern Namaqualand,
Southern Africa.

3. Southern Patagonia and the Malvinas/Falkland Islands consti-
tute a single continental block characterized by relatively older,
thicker, and more buoyant and rigid, but not colder lithospheric
mantle compared to surrounding regions. This continental ter-
rane is linked to the Namaqua-Natal Province and the formation
of the Rodinia super continent. These new data address the ori-
gin of southern Patagonia, supporting the hypothesis of a para-
uthoctonous origin and extending considerably its geological
history to Meso- and even Paleoproterozoic.

4. The lithosphere of the North Patagonian Massif (NPM) also was
formed during the Meso to Paleoproterozoic, however its
ancient lithospheric mantle section was mostly eroded and
replaced by younger convecting mantle. This tectonic process
was probably triggered by the Carboniferous-Permian collision
between the DM and the NPM related to a north-easterly sub-
duction with subsequent slab break-off. Evidence for ancient
lithospheric mantle relicts of the NPM have been found only
at Prahuaniyeu.

5. The Late Paleozoic continental collision between north and
south Patagonia responsible for the NPM lithospheric mantle
erosion also caused partial delamination of its lower crust,
inferred to be the main source of precious metals during the
subsequent mineralization processes related to the Jurassic
crustal stretching and anatexis. This could explain the fewer
epithermal Au-Ag deposits discovered on the NPM compared
to the DM, which is known as a precious metal rich province.
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