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ABSTRACT

Wi describe w series of Middle Proferscoic fo early Pabsozoic ullramalic and mafle rocks in the basement of the Central
Andes that hove different geochemical attributes and palengengraphic settings. Several ophialitic belts are identified on the
basis of lithologic wssemblages and geochemical characteristics, but only the most important belts are deseribed here: the
Western and Eastern Cirdoba (Early Cambrian), Fie de Palo (Middle Proterozoicl, Western Precordillera (Middle Ordo-
vickan), and eastern Cordillera Frontal {Proteroeoic) belis. Mosi ophiolites in the Central Andean haseraenl beloag o one
of two (ypes: the harzhurgite type and the Iberzolife iype. For example, in the metamorphic hasement in the Western
Ciirdaha belt of the Eastern Sierras Pampeanas, a harshurgite-type ophiolite is associated with importunt podiform chromite
deposits whereas a lhereolite-type ophiolite of the Exstern Cirdoba belt was emplaced in o backare setting. The most ancient
ophiolites at these latitudes are exemplified by the Middle Proterozeic Pie de Pale ophiolite, part of the Cuyania terrane,
which is & Laurentisn-derived block acereted to the protomargin of Gondwann during early Paleosoic time. The ophbolitic
assemblage of the Western Precordillera includes serpentinieed peridotites, ulirnmafic cumulates, lyered gabbros, diabases,
and hasaltic pillow lavas, The ophialites of the esstern Cordillers Frontal are empliced within three distinetive belts in
Precambrian metamorphic rocks, The dominant assemblage of the eastern Cordillern Frontal inchedes serpentinksed peri-
daotites, gahhros, basaltic dikes, snd pillow lavas. As o whole, these ophiolite belts represent a complex system of sulures

that record the sceretionury history of the basemend ol the Central Andes in several tectonbe episades.

INTRODUCTION

The basement of the Central Andes of Argentina, silualed within
the: flar segment of subduction between bt 27°5 and 335, exposes o
series of ophiolitic kelis. Some of these kelis were described in the
carly work of Borrello {19695 amd in the review of ulramafic and
mafic rocks of Villar (1975} The ophiolitic belts have received in-
creasing ablemtion in recent years as they have been interpreted as
marking possibie sutures of a collage of terranes accreted 1o the pro-
tomargin «f Gondwana during Proseroenic—early Paleozoic time (Ra-
mas et al., 984, 1986), The cument distribution of these possible
sutures and the outling of the suspected allechthonous erranes are
showm im Figure 1, aleng with the main geologic provinces of the
Central Andes,

Ramoa, VoA, et ol 300N, Proiemoenic-early Paleasnic

Present information on these bells s inhomogeneous; some o
them are known at a reconnaissance Jevel, whereas others are better
studied. The objective of this overview B 10 describe these poarly
kmovan belts im arder to call attention (o their inbologic assemblages,
ages, disribution, and local festures amd thus o encoarage futane
atuidies.

ULTRAMAFIC AND MAFIC BELTS AND OPHIOLITE
ASSEMBLAGES

The early reviews of Villar (1975, 1985) focused on the petro-
gruphic sttributes and the Alpine-type settings of these ultrmmabc-
malic helis. The lithology, the compiex lectonic emplacement, and
the helts” general sssociation with mylonitie rocks promped her 1

of the Andean basement of southem Somb Amence, in Dilek. Y., Momes, EM., Fiton, 1., and Nicolas,

A, edu, Ophiolites snd Oceanic Crust: Mew Insights from Field Studies and the Ocesn Drilling Programe Boulder, Colorado, Geological Society of America Special
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Figare I. Ulwamafic and mafic rocks interpreted as ophiclitic behs, possible sutunes among
allachihonous

Paleoos:

Proveroeme—sarky
terrames, and main gecdogie provimces within the flal subdisction segment of the Central Andes (modafied

from Rams, |95H, 1994, 1995

mberprel some ol them as ophiolitic ssemblages. These belis ane
ineerprebed 1o have been obducted onte the Rio de La Plaa craton
successively from casi o west (Ramos, 1988). W describe them in
this ander.

I. The Precambrian—cardy Paleozoic basement of the Sierras
Pampeanas is exposed in a series of mountsin blocks aplified daning
the Andean oregeny. These moumaing expose tao belis of wlramafic
amd mafic rocks of Laie Proterozoic age: the Easiern Cdrdoba beli
and Western Cdrdoba belt (Fig. 1) within the Easiern Siermas Pam-
peanas, which separste the Cdrdoba terrane from Pamipia terrane and
the Rio de La Platn croton (Kraemer ef al,, 1995), These belis are
well developed nlong the uplified basement of the east-central part
of the Andes, Several ophiofitic threst sheets have been recognized
within the Late Proterozoic—early Paleozoic metamorphic basement.
Since the exrly work of Villar (1985), the existence of two separate
helts in the Eastern Sierras Pampeanas has been recognazed, but Krae-
mer el al, (1995 were the first w focus on their Eectonic importance.

2. Anoiher tract of ulirmmafic and mafic rocks known & the
WVironco bell % developed within the Pampia terrane, sorth of the ity
ol San Luis (Fig. 1). Eloagabed bodses of mafic and uliramafic rocks,
up b 3.5 km in bength and wp 1o 500 m width, crop oot withia a 50-
km-long, narth-norbeast-trending bell. Thess rocks, fisst described
by Goaedlez Bonoripo (1962), are chasacterized by ultramafic and
mafic bodies metamorphosed w0 gramulitic facies. Dominant rock
types include dunites, pyroxenites, homblendites. and amphibolises
(Bjerg et al., 1996). A felsic segregation in the ulmamafic rocks at
Las Aguilas dated by U-Ph in zircon separates yielded o value of 478

* 6 Ma ihai was interpreied by Sims et al. (1997) as a crystallization
age. The extensively boadinaged rocks display a foliason parallel o
the stretching lineation in the coclosing pelithe gnelsses. These mafic-
uliramafic bodics are associsied with plaiinum-group mincrals in Las
Agwilas (Gervilla et al., 1992 Mogessie ef al.. 1995} and have been
interpretnd a5 & serics of linear intrusions unrelaied w an ophiolise
assemblage (Villar 19851 a5 a sumre of a backare basin (Ramos,
1988), or more recendly, a5 & series of mafic, uliramafic, amd am-
phibolite rocks emplaced synchronoasly with regional deformation in
4 backarc or frontal island-arc setting (Sims et al., 1997). Although
genlogic stadies are scarce and the precise nature of this belt is un-
knewn, it is worth mentioning that Kostadinoff et al, {1999) have
shown o large positive magnetic anomaly, which coincides wilth the
trace of this belt that hes been interpreted a5 o major crustal
discontinualy.

1 A majr Hineamenl, knowwn as the Valle Férul megashear, co-
mcides with a belt of mylonitic rocks that show a conspicoous dwctile
deformation of Middle Ordovickan age (Schodi et al,, 1995, Ramos
et al, 1998, There afe some ultramafic and mafic rocks along this
posaible sunee (Mird, 1976). Harebargites, morites, and pyroxcmioes
are described by Villar {1983) in the Sierra de Yalbe Fértil, along with
oiter peridotite: and amphibolites in the Sterma de La Huera (Vijov-
bch et al, 1994; Casro de Machuca et al.. 1996). These umits are
beaner deveboped im the Siemras de Maz, Umango, and Espinal {sec
Villar, 1985) to the north outside of the shady area, These mafic and
ultramatic mocks consist of panially serpentimized peridotite associ-
ated with ashestos manes, amphibolites, and mesgabbros. Protoliths
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Figare 2. Generalized gendogic map of the
Sierras de Cdedoba, showing the location
of the Westerm and Ensterm Crirdoba belts
of ulimmafic and mafic rocks (modified
from Mumi, 1992, 1997, and Escayola,
154y,

of most of these amphibolites and metagabbros sre imerpreted w have
foemeed in an islomd-arc or backarc setting (Vujovich, 1993; Vajovich
and Kay, 1996 Within the study area. the Valle Fémil lineament
coincifes with major gravity and magnetic anomalics that have been
misdeled as large uliramafic bodies emplaced in the middle 10 upper
crust (Giménez, 1997; Martfnez, 1997). This belt coincides with the
proposed suture between the Cuyania and Pampia fermanes (Bamos,
1995; Kay el al., 1996; Asting et al.. 1996; Bapela et al., 1998

4. Another belt of ophiolies separates the Precondillera and Pie
die Palo werrames, within the Cuyania composite terrane (Fig. 1L Va-
jovich and Kay (1998) suppesied that this bell represents a Maddle
Proserozaic ophiolie.

5. The wessemmaost tract of uliramafic and mafic mocks belween
lat 3075 and 34°S s represented by the Western Precordillera—casiern
Cordillera Fromeal beli that separates the Chilenia and Cuyania ter-
ranes, The belt was emplaced during Devonian time (Ramos et al.,
1954),

The pauctty of structural and petrologic datn precludes a detailed

deseription of seme of these belis, We focus oar discussaon on the
Wiestern and Eastern Ciérdoba, Pie die Palo, and Wesiern Precordil-
lera—eastern Condillera Frontal belis, for which critieal daia exist in
support of their onigin a5 ophiclitic assemblages.

EASTERN CORDMIBA BELT
Eastern Civdoba aphiolites

This hell—expised aloag a reverse Faull that wplifted the Sierm
Chaca de Cordoba during the Teriary (Fig, 2)—extends for 100 km
from Lschilin in the north 0w Embalie Rie Tercero in the south, The
main exposures incloded the Pampa de Olaen disgtrict, the Bosgue
Alegre amd Alta Gracia bodies, and several atber minor bodies of
iltramafic asd mafic rocks (Muni, 1987).

Willar (1985) described the wlramafic and mafic rocks in this
belt as a typical Alpine-type msemblage. Ramos (198%8) interpreted
this ultramafic sssemblage a3 an ophiclitic belt emplaced in the sumne
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between the Rio de La Plaia craton and the allochthonous terranes
located &0 the wesi. Struciural studies of Kmemer et ol {1993)
demonsirate the west vergence of the ophiolite emplacement

The Bosque Alegre ophiohie, southwest of Cdrdoba city on ihe
westermn slope of Siera Chica (Muwtt, 1992) constitutes the main ex-
posune in thas bell Ii s characterized by an elongaie body up fo 2
km long with an average width of (L8 km and is bounded on ihe
wesi by a ductile shear zone associated with o hghly schistose am-
phibolile a few centimeters ihick. Oiphioliic mcks ane associated with
myloniise helis in o series of wesi-vergent thmist sheets (Bonalumi
and Gigena, 1987). The country mock is compesed of schists and
tomaliie gneiss with a minernl sssemblage of plagwclase + quartz +
B-feldspar + biotite + gamet. indicating an amphibofite metamor-
phic facies, Dominani rocks types are lhereodite, subordinaie harz-
burgite, pyroxeniie, ond gabbro, intruded by lewcocrbic rocks, The
therzalite has o lnyered stracture and consisis of olivine (Fog o
[Fug b orthopyroxene (Engs 10 Engg). diopside, amphibole, mapnetite,
ilmenite, and chromite, The harzburgite displays cumulole texiures
amd consisis of olivine, orthopyroxene, spinel. magnetite, ilmenite,
chiromiie, and phlogopite and is ingruded by numeras plagiogranie,
olivine and homblende pyronenate, and gabbro dikes (Mutti, 19920

Geochemical characterisiics of the Eastern Cirdaba opliolites

The peridotites of the Esstern Cirdoba belt have Si0; contents
between 41.99% and 4680% and MgO comenis between 4% and
e, In the MgO-AlLO.-Call diagram, the peridoties plot in the
cumulaie peridotitic field, whereas the amphibofites plot in the mafic
cumulaie fiehd In the FeiMgO vs, 5i0); diagram, the amphibolises
plot as cale-alkalic rocks (Muni, 19920, Amoeng the trace elements
when compared o chondrites (Wood et al., 197%h), the Rb and Ba
have high relative walses (10 = chondrites), as well as Th and Kb,
Most of the Eastern Cérdoba beht amphibolites show strong affinities
with backane basales {see Table | and Fig. 3B). and hence we interpret
them as backarc ophiclites (Mutti, 1592; Escayola et al., 1996).

Tectonic setiing

Escayoda (1994) identified the Easiern Cérdoba belt as a rypical
Therzalite aphialite in the wnee of Boudier and Nicolas {1985), dis-
tinct from the typical Westerm Candoba belt of hareburgitic type.

The infermed back-arc origin of the Easiern Cordoba beli led
Foremer et al. (1995) w interpret the basement of the Condoba ierrame
as part of the Rio de La Plata craton. On the basis of this imerpre-
tation, Ramos {1995) recognized the Cérdoba terrane as o parauioch-
thonous unit that has been mconporsied inge the crafon as & result of
the closure of a backare basin during the latest Proterozoic to Early
Camibrian.

WESTERN CORDOBA BELT
Western Crirdabur opliolites

The ultramafic and mafic rocks exposed abong the western flank
of Sherra Grande de Cdrdoba delineate a 1 50-km-bong discomtinuoas
belt that crops owt in the Proterozoic bc basement of Si-
erras Pampeanas (Fig. 2). This belt exiends from Croz del Eje in the
norl i Los Permanentes in the souih.

The host rocks of the uliramafic and mafic units consist of me-
dimim- 1o high-grade metamorphic roecks that broadly cormespond o
the Brasiliano cvele (WM w 500 Ma). The metamorphism is char-

VoA, Ramos et al,

acterized by teo progmde episodes (Escayoln et al., 19%) that are
associabed with an mbense deformation that produced an axial-plamsr
foliation. Ages obiained by Rb/Sr and K/Ar methods range from 550
to 6540 Ma (Cingolani and Varela, 1975; Caminos ef al.. 19821 Ton-
alite nne grancesorite siocks and gramitic veins and pegmatites intmade:
these units, The latest gramitic intnasion of the Brasilano cvcle has
been dafed between 530 and 520 Ma by U-Pb in zircons (Rapela et
al,, 1998} This date imdscaies a Cambrian age for the syncollisaonal
merusions, Mylonitization and retrograde metamorphism followed
lnte high-grade metamorphism assecisied with mipmatization. Dom-
mani types are quariz = feldspar quariz + mica + feldspar, and
quartz + gamnet gnesses and schists, along with migmatiies and swh-
ordinate amphibolites, marbles, and kinigites, Thear protoliths have
heen inlerpreied as quartzofeldspathic and quasiz-rich clastic rocks,
shales, graywackes, shelf carbonales, and hasaltic rocks (Mutdi et ol
19497}, Ultramatic rocks are hounded by reverse to deximl strike-slip
foults marked by duciile shear zones {(Mariino et al., 1995).

In the northern segmend of the Western Cirdoba ophsolites, ¥il-
Lar (1985} recognized a senes of mafic fo ulimmafic bodies sach s
Todora Huasa, Agua de Ramén, Siemu del Perchel, and Cafiada del
Puerio (Fig. ). Thene are no detailed studies of these rocks.

The Western Candoba ophielites south of the Achala bathalith
ocour i foar distinetive ways: (1) metamorphac peridotites that are
composed mainky of depleted harzbargiie with concondand fo suheom-
cordam podifeem chromite ore bodies; (2) imnsition-zone harzhor-
gites, [hereolies, and webstenies imtmuded by sills and pods of spinel
dunites: (3 o layered complex composed mainly of cumulaie hare-
burgite aml gabhros; and (4) 2 cordierite + gamet + anthophyllise
ussicintion that could represent the basaliic pillow-lava section.
These rocks have been recognioed in Alos Pampa-5an Migoel, Los
Congos, La Bélgica, Los Guanacos, Cerro San Losenze, El Cromo,
amdl Los Permanentes (s locaions in Fig. ) (Ferndnder Gianoti,
14979 Escayola, 1994; Mum 1994, 1997,

Metamarphic peridotites

Metamarphic peridodites occur os elongated lenses that were em-
placed along ductile shear zones raceahle: for mare than 40 km (Mas-
sabie et al., 1994}, The main folistion arimeh mnges from N40OW
o M4FE, and the regional structure is charcterized by o series af
west-vergent thrust sheets that dip between 507 and 707 to the east
(Dhalla Salda, 19840 Individual peridotite bodies resch up 1o 1700 m
in length and 800 m in width. The domiment rock type as inferred
from mineral relicts and pasndomorphie exiunes s harzbargine with
Mg# [MgiMg + Fei] betwesn 087 1o (L84, alumina content <2%,
amdl alkals content <0.2% (Muni, 1992 Escayola, |99%; Escayola
et &l 1996). The metamorphic assemblage in these rocks includes
anligorive + brucite + wemoliic + lizardite + chrysotibe. The kack
of layensd iexiwres indscaies that these bodies ane not camulaie rocks.
(Escavola, 15944,

Mt of the uliramalic rocks are associated with podiform chro-
mile bodses within the bassl units, which have been inferpreted as
mandle wectomiies (Muiti et al., 1997), In most cases, the chromibibe s
enclosad in an intensely sheared dunatic or ofthopyraxenale Bbost rock.
A few Fog o Fogs oliving relicts occur in the serpentinized dundie
mesh, Three types of chromise deposits are presenl: concordant, sub-
comeondanl, arkl, rarely, discordam with penetrative foliation and line-
atiom, The latter 15 strongly deformed (Muni and Ferndndez, 1999),
The chroniile grains vary from subhedral 1o snhedral and range: from
20 um b 3 mm. Microscopic examination aof the samples shows dark
brovamn spinels with exsolution texiares and a wide variety of mineral
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V.A. Ramos er al

I some oller areas, metamorphased websientic dikes in the
harzburgiies, up to mone than 4 m wade, have an antigorite + diop-
side + trensolite assemblage with a relict igneous texture and display
diffuse comtacts with the Fﬂ"ilﬁlﬁlﬁ, 1 p|w;1:s with interlayered du-
nites. The harzburgitic rocks ane also intruded by sills and pods, ar-
ranged & bowdns of lherpolitic rocks with the metamorphic associ-
ation of alvine + iremolite. Spaned dumite dikes. (L5 10 3 m thick,
mirudee the hareburgites subconcondanily and are composed of olivine
+ apine] + chromile + aahopyrosene.

Layered complex

The matie layered section s well represented in Cermo San Los-
engn {Fig, 2) and in a few other localitees ns isolaied lenses up o
2700 m long and 1600 m thick. In addition io the layered facies,
several comeordant, - 1-m-thick, lensoid dikes are ohserved. These
quarti-bearing gabbro dikes are composed of plagioclase, clinopy-
guartz, bomblende, apatite, titanite, and opague minerals,

Lavers containing three types of cumulate facies are common
(Chinearini &t al., 1996).

Hlagivclese-olivine coumalate. This is the most abundant lishology
of the gabbroic comgles and & chamcterized by 2-mm-hick layers of
plagsoclase and subordinate oliving, 1t is o fine- o medsum-graimed rock;
the: anhediml ofivine i penermally rinnmed by onhopyroxene (bronzite co-
romas ), homblercde, and spmel, wogether with subhadral plagioclse and
interstitesl clinopyronene and mmor hypersdhene surouanding oliviee
grains. Bronsie-homblende commas are |rﬁ'|l1:|ﬂ;| a5 metimirphic,
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Figure 3. REE pattern (normalized to chondraes) of representative mafic
rocks of tse Condoba behs. A, Western Ciedioha (mosditbed from Escayala
el al, 1996 nomalization facior after Wood & al . 1979h). B, Easiern
Céndaba {modified from Mistt, 1997, normalization foloe after Sun and
MeDoaough, 1989,

imclusions such as olivine {(Fog, 1o Fog), othopymoxene (Eng g, 1o
By ), climopyronene: (Engy sFs; sWon g 10 Enigy oFsagWoss o), miller-
ite, andd Bormige (Mo, 19950 The .unul}'us. fior POEs {platinur-group
elements) show @ concentration m the chromite dunise of 30,7 1o 980
P, whereas the concentration m the harzburgies rnges from 1.7 1o
4.9 ppb. The chondrite-sormalized paterns ramge from h-gh]_'p frac-
tionated 0 fist PGE profiles (Muii and Ferndnder, 19595

Transition-zone peridatite

Thee transition rome berween the mamle and crustal units is well
represenied in the Western Chrdoba beli of the Sierras de Cordoba
and locally contains cumualate wectonized peridotites with thick. lay-
eved, gabbro sills and mamerous small gabbro dikes and veins, Doms-
inant [shologies inclade harzburgite, dunite, pyroxenite, and gabbro
s well as intensively serpentinized amphiboliles. The gabhros show
relict layening rungmg in thickness from 0,01 1© 20 m. Transsson-
wome pendotites hove a charactenistic Mg between 0.77 and .70
{thaugh some values Call berween 064 and 0.50) and higher aluniina
{=2%) and alkalis (>0.2%) contents than the metamsorphic perido-
tes, Olivine (Foag; o 1o Fog, &) and anbapyrogens (Eag g 10 Efigg o)
are richer in Fe than the hasal peridatites. Intercumuolus clinopyroxens
grains and clinogyrozene lamelbse i orthopyrosens range from
Engy ofFs; Wity | 10 Efiag Fs. g Wy . Homblende, ferrotschermak-
fte, pargasite, amd edenitic homblende are also common (Mutti and
Ferniindez, 19949,

hy the hypersthene comaas could be reba igneous eximes.

Flaginclare-clinapprocene cumulate. These gabbros conssst of
subihedral plagiockese and clinopyronene with o well-developed lay-
ering up b Mb om thack, imerbedider] with hornblende-rich layers up
1o 7 cm thack.

Plagioclase-cli arthepyroene cumulpie, These
gabbrononies ane Im.allj' present and are kess common than the other
van fackes. Albough theie rocks underwenl an amphibolite-facies
metamoaphism, they still show well-preserved igneous texiures.

Mirerel chemivery,. The plagioclase composition ranges from
Angy 10 Aneg in the olivine gabbros and from Angg to Ang, in the
gubhro dikes. The Mg# of the cumulate mcks mnges from [LAD b
(A5,

Bazaltic section

Amphibadites. mafic schists, and gneiss constinuse a widespread
assemblage in the Western Cindoba belt (Fig. 23, Muiti (1997) has
inderpreted them as the metamonphic equivalent of the upper section
af the ophiolite, Metapelites and metavalcanic rocks are the dominant
progodiths, wherens the quarte + plagicclase + ahmandine + biotite
+ K-feldspar + sillimanite + siawrolite + condierite assemblage
characleriees the upper-amphibalile melamorphic Facies i these
rocks, East of the persdotite exposunes of La Mabel {see bocation in
Fig. 2) are cordberite + gamel + anthophyllite rocks thar have been
inserpreted as the metamorphosed basaltic section of the seguence
(Escayodn, 1594),

Geochemical characteristics of the Western Cordoba ophiolires

Hargbargites of the western belt are rich in MO (42005
43.8%), higher than spinel harzburgites (31.3%) and spincl dumites
(19735333700 MgD conients of comulate gabbros range from
6,04% 1o 16.13%. Scarce aluminous spinel-bearing dumites and harz-
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bargites with Aly(hy contents of 14.0%-17.6% aml Fel) contents ol
25.01%-31. % are heiween ihe rphic and 1 zone pe-

s

weme delormation of the basement asociaed with grecaschis- w

ridodites (Escayeda, 9904 Escayola ef al.. 196 Ti(k 15 less than
(L1 2% in harzburgites and Therzolites (Muti, 19971 and (80 in
gabhbros. Escavola (194) fourd higher Ti0; contents than i the
alomineas spime] facies and gabbros (Mo, 19975

Trace clements normsalized (after Wood et al.. 1979 either to
chondrites or MOBE (mad-ooeanse-ridge hasabl) show Nb, Se Rh, and
Ba positive anomales (Escavela, 19941 with REE (rare carth ele-
mend) patterns charcteristic of mid-oosan rdges (Table 1, Fig. 3A).
In the harsburgites, REEs show patterns between (L5 and T tbmes
chomdrites with relative depletion in light REEs (LREEx). The Laf
Sm ratio =1 s similar i other basal fectonites asseciated with mid-
ocean ridges (Sun and MeDonough, 1989), On the ather hand, spinel
dunites and spingl harzburgites are depleted in LREEs relative to
hesvy REEs (HREEs) amd show a typical megative Eu amomaly
(Escayola, 1994),

The sowthern sector of this western belt has somewhat different
geachemical stributes according o Mutti and Dabdarco (19498), In
this sector. o series of northwest-trending thrust sheets with southwest
veTgence repenals mafic amd uhramafic bodses. The amphibolies have
REE comtents (see Table 17 similar 1o those of the arc tholeites of
the South Sandwich Islands described by Pearce et al. (1984, 1995).
Cin the other hand, the uliramafc rocks of Los Gueanacos and Cermo
San Lorenzo oreas show some suprasubduction affinities (Muiti and
Didarco, 1998),

These characteristics as & whole show mid-ocean mdge affimitics
for the Western Cindoba belt, although the southern seclor appears
b have a mone complex supraubduction seltlng. possibly an mif-
oceank are {Mutti, 1995; Escayola e al,, 1936).

Tectowic setting

Kraemer e al. {19955 and Bamos {1995 inderpreted this bell as
a imid-pecan fdge-denved ophwlite emplaced durmg the Brasilians
i Pamngwean p deformatson that occurned from the end of the Prolerasoe
wr Early Cambrian tme, as o resull of the sconstion of the Pampia
terrane e the Rio de La Plaa oraton. In the nonbern and central
sectar, the ophiolites are associated with pelitic greisses derived from
accretionary-prism turbidites {Escayola et al.. 1996 The southern
sector is relaved o oihoamphibelites derived from a metavolcanic
protodith with intrmoceanic are affinity (Musti and Dhibarce, 1998).

PIE DE PALD BELT

This Middle Protersaic belt is exposed along the wesiem flank
al Sierra de Pie de Palo, ome ol the weslermmos ranges of Saerrs
Pampeanas {Fig. 1). The helt cominmes fanher sowth i the Ceros
Barboea and Valdivia {Ramos and Vigovich, 1993, reaching mons
than W0 km in bength (Fig. 4). The outcrops of Sierra de Pie de Pale
amd the Cerros Barboea and Valdivia collectuvely make up the Pie de
Palo complex. characterived by schisis and gneisses that mclude a
belt of mafic and uliramafic rocks idemified as an Alpine-type belt
(Villar, 1985). The medamomphic grade has been determined as
greenschist to amphiboliie facies by Dalla Salda and Yarela | 1984),
Casiro de Machuca and Conte-Grard {1994), and Ramos and Vijov-
ich {1995y, Vujovich and Kay (1998} presented geochemical daia
showing thai the Pie de Pale Complex is one of the best exposed
Juvenile Middle Proteroenic ocennisc arc of backare complexes on
Earih.

The primary igneous charactenstics are obliteraed by the ex-

phibolite-facies memmonphism. In the southermmost pan of the
range, granulije-facies metamorphism is repored (Dalla Salda and
Varela. [984). The country rock im which the ophiolibes ane eniplaced
constitutes most of the central par of the Siera de Pie de Palo and
i% composed of biotle + mscovite + gamel + oligeclas schisis
and preisses, The protodiths of these country mocks are inferned 10
have been mainly silicic magmas and immature graywackes (Eames
et al, 1993, Vujovich and Kay, 1998). The protoliths of the mafic-
iltramafic beln were whramafic and mafic comeloies and bava flows,
Dominant rock ypes inclode sempemtinite, metagabbro, metadiorite,
amphibaolite, and various malic schists. The majonty of the oulcrops
are chlonite, folc + chionie, and amphibolie schaists wilh pematob-
lastic o decussabe fextures, The mosl imporan minerils ane tren-
lite-actinolite, tale. chlorise. albiie. and epsdote. Cataclsis ond
protomylonitization are conmson

M=t of the mafic-ultrmmadic units are exposad im0 almest contine
o helts between e Quebruds de Guayaups and Quebrads Paadras
Pimtakas (Fig. 4). The mafic-uhramatie ocks are pan of mbricale
thrust sheets that overmde the Pae de Palo Complex on the slsciclasic
and carbonate plmform facies of the Cavcewe Group (Rames er al,
19465, The: morbwest-vergent thrust shests are preserved in 3 senes
of klippen along the Quebradn de Pirquitas such as the one seen in
Figure 3.

The Middle Proserozoic Grenville ages for the Fie de Pale Com-
plex were established by MeDonowgh et al, {1993) on the b of
LU'-Ph zircon ages in gneisses. [hilerent vanehes ol gnemsses range m
age from A 1o 1060 Ma. whereas zircons from metarhyolines viekd
ages near |080 Ma, Metamorphic sircons from amphibolites gave
ages ol 1066 Ma (MeDonough @ al, 1993, A RhiSr reference iso-
chiron age of 10274 Ma from Varela and Dalla Sabda (1993) also
sugpests 8 Grenvillian age. Sonse new dates from Cerro Barbors -
dicate & preliminary S7PBS®Ph age of 11182 Ma (Vajovich and
Fay, 19481, Mimimem *"Ar™ A homblende spes rangmg from B30
by 550 Ma from Cerro Valdivia are reported by Ranwos et sl [ 1998).
All these data are consistenl with a Girenvillin age for the igreous
arkl metamoaphic episodes that formed the mafic and ultramafic rocks
in this belr,

Genchenical characieristics of the Sierra de Pie de Palo
oplialites

The ultramafic gromp is composed primarily of serpentinite and
mecapyronenite bodies, mainly exposed in imbricated thrust shess in
Quebrada del Gabo and Quebrada Piedras Pincadas. These umits were
mierleaved with massive melagabbros, metadiontes, amphibalines,
and garmset amphibolite bodies. Chemical analyses of these rocks sup-
port an ultramatic comulabe progofith on the hase of the presence of
chromite, relict oliviee, and pyrosene grins, They have high Cr
(4700 ppm) and Wi {1800 ppm} and low REE concentrations (see
Tuble 2}, In Cerro Valdivia, ulramafic and mafic cumulste protoliths.
display compositional snd gradn-size layering with onhopyroxene,
climopyronene, olivine, and Crrich spinel a5 cumulate phases. The
REE patterns are consisiem with mtercumulis Hgold and suppos an
arc ongin {Vupovich and Kay, 1998: Fig. 6A). Similarly, the high Laf
Ta rabies { >0%) of thew rocks are alwo consistent with an anc envi-
ronmment, On the basss ol its chemical chamcteristics, Cerm Barboza
amphibolite is interpreted as an amphibole + plagioclase + imon-
titaninm oxide cumalate (Vojovich and Kay, 19%98). Thus an origin
as an mland-are cumulae section is well esablished for the Quebrada
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Figure 4. Gemeralkzed peoligy of Sierm de
Pz de Palo. showing tbe malic and ultra-
mafkc belt slong s wesiern side and s
comtimuation in Cerros Barboza and Val-
divie (medified from Ramos and Vigjo-
vich, 1993,

Figure 5. Oiphiclitic rocks in a klippe &t Quebradn de Pirgoitas (view io
the: spath), The coeanic mcks are thrust over quanizites of the Caucete
Group platfonm.

del Gato, Ceros Barbora, and Cermo Vakdivia ultramafic mcks
{Vujovich amd Ky, 1998).

A metamorphosed malic sequence ooourming in Las Pirguites
displays the characteristie textural field relasonships of a possible
sheeted-dike complex (Vujovich and Kay, 1998). These amphibalies
bave a distinctive paern like N-MORB {normal MOREB), cheracier-
iredl by LREE depletion and Ta and Th sbundance (Fig. 6B). Cr (80—
310 ppm) and MNi (45-80 ppm) comcentralions are consistent with
fractionation of olivine under the bow-pressure crystallizstion condi-
ticns typscal of N-MORE, The gabbres have typical cumulate-dom-
mafed trace clement patterns with low REE concentrations and pes-
wive Eu anomalies, Vujovich and Kay (1998} commelated these rocks
on geochemical grounds with the Lan Basin sequences described by
Hawkins (19950, 1995h).

In the central part of Sierma de Pie de Palo, the smphibolites are
imterpreted as originating in an arc or backare environment. The coun-
try rocks consist of biotie + muscovite + oligoclase + garned schists
und appenr 0 have o siliciclostic origin, although a magmatkc origin
for thear protolih canrt be ruled out (Ramos 2 al, [993; Vujovich
nnal Kay, |9%8),
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TABLE 1 REPRESENTATIVE AMALYSES OF PIE DE PALO BELT

Cerros Barboza and Vakdivia mafc-ultramalic cumiulales”

Qustranas Las Pinguitas and E] Quemacd amphibolites”

Samrple Va2 vaa vild V4B B2 ] PR-3 PRda
Si0, 5318 5104 51.90 5205 4231
Tio, 1M 122 0% 114 aar
AlD, 343 4,56 13,80 1501 1267
FaQ 8a7 218 7.08 B30 17.02 10,08 1.2 11.08 0.2
Wirid) 621 B4 LR B2 018
WigD 1682 1779 1161 10,53 &ar
Cal) 1283 14,00 1078 74 1050
Ha,0 033 DB 2an 18R 250 a84 254 283 548
0 007 020 0re 0.7 0,02
PO, 016 036 026 026 0.45
Talal 100,01 9095 8046 9 a7 aB.47
Cr 2462 72 G BB 11 i 134 el a0e
Hi 403 YT 130 142 24 79 &5 ay b2
Ce a1 a2 az & a0 a7 48 40 a1
Se 514 468 g s 16 0.4 415 azs andg
Cs bl 002 010 oz 008 .08 bl 046 oy
Ba 12 50 268 143 71 10 ] an an
St 257 08 a5 BT 5 139 12 148 209
Ta B, o1t 008 o 0.28 0.05 0.08 0.o7 008
H 1.1 21 17 18 12 1.1 14 16 13
Th 002 04 0.4 0.4 0.1 Bl 0.1 o 01
u 001 0.2 027 0.30 0.4 0.03 B, GRT] 008
La ag? 10.8 813 10.0 575 1.24 1.51 LT 192
Ce 181 213 240 267 187 448 44 ET4 BB
Ml 120 208 128 15.9 130 4.8 482 E00 58T
Sm .82 5.45 335 402 aao? 1.72 209 23 1083
Eu 118 1.0 135 1.44 210 0.851 0B 0AT4 07T
Th 0T 0.737 0458 0555 0.0 0.58% 0748 0787 0850
¥y 0920 1.06 110 1.02 1.4 2,58 am 383 g oy
Lu 0133 0.1dd 0157 01E2 0108 0,390 0472 0534 0,430

As a whole, the opliolitic rocks of Ple de Pale exhibin a typical
suprasubduction affinity in the sense of Pearce e al (1984) as
depicted in Figune 7.

Tectowmic setting

The petrologic, geochemical, isotopic, and geochromobogic sim-
ilamties berween the basement of Sierra de Pse de Palo and the base-
ment of the Precordillera led Kay et al. {1996) and Vajovich and Kay
{ 1998} to correlsic both basemenis and imterpret them as having been
derived from Lavreniin. These werranes collectively constimaie the
Cuayania composite terrune thar docked against the protomargin of
Gondwana during the Middle Ordovician (Ramos et al., [998). In
this scenario, the Pie de Palo ophiolites sre inerpresed as the sunane
wone between the Middle Proterorosc Precordillera and the Pie de
Pale terranes, which were amalgamaled prior by the collision with
the Gondwana protomasgin (Vjovich amd Kay, 1998). This las O
dowician oollishon wplified amd exposed the basemest and be old
suture & evidenced by the VAR Ar cryswallization kiswory (Rankos
et al., 1998).

On ke basis of the dominant west vergence of the ductile de-
formsation preserved in these rocks, as well as the geochemical and
petrologhc characteristics, the Middle Proterosole subduction is imer-
preted as east dipping (present coordinates). The Pie de Palo wlrs-
mafic-mafic assemblage is therefore explained as a disrupied ophioline
that evolved in an intranceanic anc andfor backare setting {Vupovich
anel Kay, 199H).

WESTERN PRECORDILLERA OFHIOLITE

The cophiolitic natune of the mafic and ultramafic belt of Westemn
Precordillern has been estnblished since the eardy work of Bomello
{1963, 1965, This bell. extending over MK} km from soumh of lu
26°8 1o north of lat 33°5, was recognized by Haller and Ramos { 1984)
&5 the Famatinian ophiolites. emplaced during the early Paleozosc.

The Western Precordillera ophiolite is represemied by a series of
discontinuous exposures of mafic and wliramafic rocks preserved in
ihe western slope facies of the carbonaie platform of the Precordillera
{Fig. 8), The wliramafic rocks are more abundant wowand ihe south,
whereas pillow lavas and mafic and ultramafic sills ane preserved in
the morthem sector fopether with distal Limesione twrbidites, or
pelagic limestones, and bocally with cheri.

The merthern sequinces

The sructural relationships of the clastic strato with the mafic
and ultramsalic igreots rocks are well exposed in 2 section along Rio
Jichal, pear lat 30°15'S (Ramos et al., 1984), In the wesiern part of
the section, 4 massive sequence of basaltic lavas crops out along an
uncanfarmity af the base af the Terary strata. The basalts accur as
pijlnu. lavas and colwmaar-joanted fows that wne :lﬁpl"v Fodded with
a westward vergesce, The sastemn pant of this section consisis of
groywackes, shales, and local conglomerstes containing angular sed-
imentary clasis, intruded by sills of mafic and uhramafic composition.
The eastern unit is tightly fodded, and on the basis of graded beds, a
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Figure 10 HE-Th-Ta diagrem of hasales. from Wesdern Precordillera | from
Wi o al.. 197920 Both Owdovician and Silurien-Devonion rocks buve
E-MORE affimitics. (modified from Cortés and Kay, 19941 Feldw A—
N-MORHE, B—E-MORB, C—alkalic within-plate, and D—arc.

VA Ramos ef al.

lished an age range from 3530 w0 3996 Ma on the basis of K/Ar
dating of 2-6 pm interlayered illitefmuscovite scparsted from the
metredimentary rocks. These apes were inlerpected a5 dating the
umy&ulhmdphudwhummm symdeformational
metamorphism. On the basis of new *“Ar™Ar and structorsl dats,
Dlrnﬂll (1999) interpreied the metamorphic age of the metase-

morphism as Early Devonian, as was proposed by Astini et al. | 1996).

Rock types in the ophiolitic wnits constitute 3 complete ophiolite
pecudontraligraphy. as estshlished by Coleman (1977), Moores
(1982, and Nicolas (1989). The ulramafic rocks consist of highly
serpentinired bodies, with a few relicy peridotiecs. Each thrast sheet
is compowed of sorpentinized wltramafic rocks, ulramalic cumulses,
and layered gabbeos that represent the mantle and lower-crastal par
of a claac opholite sequence (Davis o al.. 1995 1995b). Despite
eilenive sepentimization, these suthors were able 1o distingwish rel-
it chimopyronene, chromite, spinel, and minor amoants of olivine and
orthopyrosens. They wsed these data 1o ientify wehrlie, hardburgite,
lherrolite websterite, and veins of dwnite crossoutting wehrdite, In
soime afeas, manlle tectonile lenfures were mecognized m the
ultramafic rocks (Haller and Ramos, 1984),

Coarsely erystalline ultramafic cumsulates are associased with the
base of the layered gabbro section, which ranges from a few meiers
ap 1o 150 m in thickeess. High-grade metsmorphizm of the layered
gabbro comples. converted the mineral assemblage w mafic gamet
M[mﬁnﬂﬂ 1599

and fine-grained dishase in tectonic contact with
the comulaies and layered pabbros reach several hundred mciers in
theckness, In some ancas, nesty-oraage ophicalcites are exposed. They
consisd of pervasively sheared ard cataclastic serpentinite and mafic
garnei granule with a calowise o dolomitic matny and exiensive
carbonale veiming.
Wi of ibe Conaderss section. basali fows wp 1o 20 m thick
are merfingenod with Silenan-Devonian sandsjones and shales.
Thrmpﬂwhu-iibﬂﬂmsumm;ﬁmﬂwuh

comspicuoas boudinage and pinch-and-swell structures (Conds.
19921, These wnits are interpreted s the upper pant of & complex
aceretbomary prism developed during the Owdovician and Middle
Devonisn,

Creachemical characteristics of the southern sequences

Preliminary trace and REE snalyses of samples from the mafic
rocks of the Cortaderas section indicate an E-MORB or within-plaie
origin (Davis et al, 1995 1995h). Geochemical snalyses from the
gabbeos of Conaderas show the P-MORE signateres of anomalous
ooeanic crudd formed in 8 plume or pletcan setting (Haller, 1993),

The meosi complete goochemical siudy is that of Cortés and Kay
(1994 in the Sileruan-Devonian pillow lavas west of Conaderas (see
Table 3). The Eu anomaly snd the bow concentration of MNi (<104
ppem) indscate kow-pressune crystallization of olivine and plagiochsse,
charscioristic of mid-ocean nidges, The REE, Ta, Th, and Hff contents
mdicaie & nonarc oceanic sowurce for these mafic rocks. The LaTa
ratios (13 10 15) are within the range of those in mid-ooean rdges.
but mach lower than those i island ancs (LaTa > 20 o 25). In the
Wood et al, {197%) diagram, ihe samples are typical of N-MORE
and E-MORB (Fig. 10), and the REE patierns are consident with o
mid-o0ean rdge or enniched source ongn (Fig. 98).

Thie isotopsc study of Comés and Kay (1994) confirmed the oce-
anic mature of these Silurian-Devonian lavas o well as thet of the
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Ordovician basalis of the northern sequences. The gy for these lavas
ranges from +7.0 w0 +8.6, These valees fall within ihe ange of the
carly Paleozoic depleted mantle (Cortés and Kay, 1994), The ¥5¢
S5 atios (LTOS] o OL095) of the Silurian-Devemian lavas, al-
isough higher than normal oceanic crust, are similar io the Bay of
Islamids ophiolite of Nova Scotka described by Jacobsen amd Wasser-
burg {19791, These wide ranges have been interpreted an both cases
as produced by seawaler addition.

Vectonie sedting

The Western Precordillers mafic amd wltramaiic belt wath s al-
mist complete prewlostratigraphic wquence s imerpreted a5 & dis-
rupted ophiclite (Haller and Ramos, 1984, 1993} emplaced aboag 2
sgture zome herasen the Chilendn amd Precordillers terranes (Ransos
et al. [984, 1986),

Davis <t al. (159 challenged this interprettion on the basis of
different ages for the wltrnmalhc amd lower mafic sequence (Midilke
Progeroeoic) compored to the upper matic sequence: fearly Palensoac)
and suggested the occumence of two different ophiolite asemblages
nlong the sabure, However, recent studies in the Ligursan ophiolies
ghow similar contrasts in ages within different sections of an ophiedine
ossemblage (see Rampone and Piccardo, this volume). Thes sahalson
cam be explained as g resuli of the continental upper mantle and lower
crst inlerleaving with the upper oceanic crust trapped o ihe
collisiom,

The east vergence of the early ophaclite emplacement proposed
by Cravis et al, {199%58) could be compatible with a late, west-verging
emplacemend if Anke fectonics in the semse of Cburgh (19720 15
applicable. Several ophielites in the Variscam sutures of the south-
western [berian massif recorded swch a chamge in vergence, as
proposed by Femreira da Fomseca (1995),

EASTERN CORDILLERA FRONTAL OPHIOLITES

Along the eastern slope of the Cordillera Frontal, a series of
ophiolite assemblages, emplaced in Precambrian meiamorphic rocks,
15 preservied south of lar 33°8 (Polanski. 19640 Willar (1975, 1985)
has described these rocks as uloramafic Alpine-type belts. The age of
their eountry rock s poorly defined. U-Pb daia from zircoms. from
Cordan del Portillo yielded an age of 1069 = 36 Ma (Ramsos asd
Basel, 194975, indicating a basement of possible Grenvillian age.

Thaee behts have been recognized from west o easi—Los Me-
tales, ihe Cemdral, and ihe Essiern belt (Fig. | 1—ihat could represent
cither a throst-sheel repetiion ol a single ophiolie or different
aphiolites.

Las Metales helt

These rocks are cxposed along he Rio de Las Tumss amd have
heen recently described by Gregort and Bjerg (1997). Thas beli, 8 km
long amd 1.5-2 km wide, 1 composed of serpeminized peridotiies,
alvered gabbros, basaliic dikes, and pillow lavas. The ulranafic and
mfic rocks on the Precambeian metamorphic basement have been
emplaced along a west-dipping comspicwous shear 2o6e.

Al eulensive serpentinkned peridotie caposure imerpreted &5 a
bazal tecponile 4 in comact with the metamorphic rocks. Pyroxene-
bearing gabbros amd gabbroid rocks are scarce. The pillow lavas ane
im tectomic contect with the ulramafic rocks, There are two types of
dikes: deformed metabasalis in preemschist metamorphic fackes and
bazalts with no deformation and slight metamorphism. The meta-

343

Figure 11. Different ophiokitie belts in the sastem slope of Cordillera
Fromtal inicelified from Polasski, 1964, Haller and Ramos, 1995 and
Gregari aml Bierg, 1947}

morphosed mafic dikes have a regional trend parallel to the fabric of
the metamorphic rocks, they are up 1w 20 m thick, and some are
fodded and faulied. The country rocks consisi of amphibolibes, biotite
+ gamet, and quanz + feldspar schists. Dikes of o second type are
up & 50 m thick, have chilled margins, and preserve their onginal
eniupes and mineral sssemblages.

The chemical anslyses of b basaltc rocks (Tabde 4, Fig. 1240
indacate that the metshasiies have an E-MORB affinity. whereas ihe
basaltic dikes have geschemical signatanes pypical of ocean-island
basales (OIBs} (Ciregort and Bjerg, 1997).

Ceuiral belf

This belr is exposed along the exstemn flank of Cuchilla de Guar-
guarde, and consists of a senes of oliramalhe bodies, such as La Bar-
rera, Salamanca, Los Gateados, and other lenses up to the Cuochilla
de Malacara bodies (Fig. 11 These bodies ane mainly compesed of
serpentinite with scance relcls of wehrlites, [hersolites, and dunites,
associated with rare bodics of gahbros and benses of amphiboliies of
varfable sizes. The country rocks are metssedimentary rocks. Ser-
pentiniles contain tale. concentraied along shesr zones. and include
carbomte-rich bodies with brucie and epidote. In some areas like
Laos Gatesdos, the ultramafic rocks are heavily deformed in an anki-
formal scructure and contain sulfides and Cr-rich spimel (Villar and
Dwoamari, 198% 1950h). Lavered gabbros are commonly metamor-
phosed to amphibolite fackes. The gabboos have peochemical affin-
ties with E-MORE with a slighs N-MORB trend (Table £, Fig, 128},
WVillar (1998} has interpreted these rocks ns part of an ophiolibic
assemblage.
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