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ABSTRACT

Eighteen new radiometnic ages (fourteen “Ar-*"Ar, four K-Ar), combined with previously published ages, conflirm the
ewstence of three man exlensional back-are volcanic events, previously defined by stratigraphic relationships, in
Chalean Patagonia (Aysén ragion). Thesa three avenis developed during the Middle Jurassic -Early Cretaceous {160-
130 Ma). Cretacecus (114-75 Ma), and Eocena (55-46 Ma). Based on distinet geochemical data and Sr-Nd isatopic
characteristics of the back-arc volcanic rocks collected norh and south of 46°30°S, two Mesozoic-Eocene magmatic
domains are recognized; Northern Magmatic Domain (NMD) and Seuthern Magmatic Domain (SMD). Most analyzed
basalts and intermediate volcanic rocks of the NMD have alkaline affinities and deplated to slightly depletad Sr-Nd
isotopic values similar to thosa derived from an asthenasphere-dominated source. The SMD mafic volcanic rocks have
a subalkaline charactar and more anriched Sr-Md isotopic signatures, comparable to those derived from a lithospheric
source. The felsic volcanic rocks of the SMD have lower eNd values and slighlly higher initial * S Sr ralios than Ihe NMD
felsic rocks, suggesting a larger crustal contribution in the magma sources. The geochemical and isotopic distinclion
between NMD and SMD felsic rocks could be influenced by the presence of Paleczoic metamorphic rocks as basemaent
of the volcanic rocks of the SMD. Mareover, the compositional distinction between basalts of both domains may
cormespond o differences in magnitlude of extension, the NMD being the ong where Ihe extension would have boen
greater and, consequently, the lithosphera thinner.
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RESUMEN

Edades y geoquimica de las rocas volcdnicas del trasarco del Mesozoico-Eoceno en la region de
Aysén de los Andes patagénicos, Chile. Diez y acho nusvas edades radiométricas {catorce “Ar-"Ar, cuatra K-
Ar] junte con las ya publicadas confirman la existencia de tres evenlos voleanicos (previamente delinidos por relaciones
estratigraficas) en la Patagoma chilena (Hegion de Aysen) durante el intervalo Mesozoico-Eoceno: Jurasico Medio-
Cretacico temprana (160-130 Ma), Cretdcico (114-75 Ma) y Eocenao (55-46 Ma). Sobre la base de las caractaristicas
geaquimicas & isotdpicas de Sry Nd de las rocas volcanicas estudiadas, se pusden reconocer dos dominios magmaticos
Mesozoico-Eoceno: Dominio Magmatice Morte {DMN) y Dominio Magmafico Sur (DMS). Los basaltos y rocas intermedias
del DMN tienen afinidades alcalinas y valores isotépicos de Sr-Nd deprimidos a moederadaments deprimidos similares a
aquellos derivados de una fuente dominada por matenal astenasiénico. Las rocas volcanicas maficas del DMS lienan un
caracter subalcaling y caracteristicas isotdpicas de Sr-Nd mas ennguecidas comparables a aquellas derivadas de una
fuente litosférica. Las rocas volcanicas feélsicas del DMS tienen razones iniciales "'Sr™5r mas altas y valores de cMNd mas
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bajos gue las rocas volcanicas félsicas de DMM, sugiriendo una mayor contribucion cortical en sus fuentes magmaticas,
Las distincionas gecquimicas e isoldpicas entre el DMN v ¢l DMS podrian estar influenciadas por la presencia de rocas
metamaorficas paleozoicas como basamento de las rocas volecanicas del DMS, Por otra parie, |a distincion entre los
basaltos del OMM y DMS podria corresponder a diferencias en la magnitud de la extensidn, siende & DMN donde la
exlension habria sido mayor y, consecuentemeanta, la litdstfera mas deolgada.

Palabiras claves: Valcanismo de trasarce, Edades “Ar-“Ar, Fuenie magmalica, Exiension cortical, Patagonia Chilana.

INTRODUCTION

The Aysen region of Patagonia is formed by
three Mesozoic to Recent tectonic domains parallel
tothe continental margin (Fig. 1). The fore-arc domain
includes mainly the southemn extension of the Late
Paleozoic subduction complex of central Chile (Hervé
et al, 1987). The westernmost part of this domain
includes the area of interaction between the Chile
Rise and the trench (Chile tnple junction) and
corresponds to the Pliocene Taitao ophiolite (cf.
Melson ot al, 1993). The arc domain is mainly
formed by the Patagonian Batholith emplaced during
thainterval Late Jurassic-Late Miocene, Subduction-
related active volcanoes (e.g., Hudson and Maca) in
this domain represent the northern imit of a volcamic
gap of the Recent voleanic arc (46°30°5-49"5) as a
consequence of subduction of segments of the Chile
Rise (Cande and Leslie, 1986). The Liguine-Oflgui
Fault Zone (LOFZ), achive at least since the Miocena,
12 lecated along the axis of the Patagonian Batholith,
and represents a major intra-are dextral strike-slip
fault system along which imponant displacemenls of
the western block of the continental margin have
taken place (Cembrano and Hervé, 1993). The back-
arc domain, occcupied by velcanic rocks and
sedimantary intercalations, was formead during the
Late Jurassic-Pliocens interval.

The magmatic evolution of the Aysén region has
been mainly documented in the arc domain, par-
hicularly in the Patagonian Batholith where nume-
rous studies have been underaken in order to
characlerize s temporal variations (Halpern and
Fuenzalida, 1978; Herve, 1984; Barthalomew, 1984;
Weaver ef al, 1990; Bruce ef al, 1991; Pankhursi
and Hervé, 1994, Pankhurst ef al, 1999, Pankhurst
el al, 2000; Suarez and De La Cruz, 2001). Using
ditferent radiometric methods (Rb-Sr, K-Ar and “Ar-
WAr), distinct plutonic events have been identified as

responsible for the formation of the batholith, The
spatial distribution of the rocks belonging e such
events gives nse lo an across-batholith zonation
that resulted from successive intrusions within older
plutons. The youngest belt (Miccene) occupies the
axial zone of the batholith adjacent to the LOFZ
(Hervie, 1584, Pankhurst and Herva, 1834). To the
east of the axial zane, Cretaceous plutons were
assembled forming the widest plutenic belt of the
batholith, whereas westward from the axial zone,
Early Cretacecus-Eocene intrusions have been
identified (Bartholomew, 1984; Bartholomew and
Tarmey, 1984; Pankhurst ef &/, 1999) forming poorly
defined bells. Eastern satellite plutons of jurassic
ages have been recognized (Parada et al. 1987;
Pankhurst of al, 2000; Suvarcz and De La Cruz,
2001). The lack of a regular unidirectional migration
of tha Maeso-Canozoic infrusions with fime contrasts
with the eastward migrating Meso-Cenozoic belts
developed in the Andes of central Chile (cf. Drake of
al, 1982; Parada el al, 1988), and suggesls a
plutonic development in a mare stationary condition,

The back-arc evolution of Andean Patagonia
has been the subject of several studies. Most of
them are concernad with the Mesozaic stratigraphy
of the area between Coyhaique and Lake General
Carrera (cf. A, Lahsen', Skarmeta and Charricr,
1976; Suarez and De la Cruz, 1997), along with
Meogene volcanism, sedimentation and deform-
ation recognized south of Lake General Carrera
(e.g., Miemeyer ef al, 1984; Suarez and De La
Cruz, 2000; Sudrez of al, 2000) processes whose
association with the collision and subduction of
segments of the Chile Ridge at that time is contro-
versial {(e.g., Charrier ef al,, 1979; Ramos and Kay,
1992; Petford and Turner, 1993; Flint et al., 1934,
Suarez et al, 2000). Based on published and new
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FIG. 1. Geclogical map of the back-arc domain of the Aysdn region. Scurce of information: A, Lahsan'; Miemeayer (1975); Yoshida (1981);
A Lahsen, G Palacios, MUA. Parada, G, Sanchee, B, Townley and J. Vilegas®; M. Sudrez and B, De la Cruz?, and this study, Insert:
makn part of the Aysén Region, kxcation of the studiad area (shaded), and distributicn of the tectanic domains. LOFZ: Liquife-Ofoui

Faull Zonao.
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ages (mineral *Ar-“Ar and whole-rock K-Ar ages).
This study is a contribution to a better understanding
of the Mesozoic-Eocene volcanic history inthe Aysén
region, including “Ar-*"Ar results obtained in back-
arc volcanic sequences. Particularly relevant are the
geochronological results on volcanic rocks south of
Lake General Carrera, where the available
radiometnc ages are less abundant. Furthermore,

this study presents the geochemical and Sr-Nd
isotopic characteristics of some rocks of the sludied
back-arc segment. Based on these characterstics
the authors distinguish twa north-south magmatic
domains. The role of lithosphere and asthenosphere
with respect to the origin of the compositional
charactenstics of the two domaing is discussed

ANALYTICAL METHODS

Mincral separates from fourteen samples
were analyzed by using the “Ar-*"Ar technique at
the Geochronology Laboratory, Stanford University.
Plagioclase and biotite separates were packaged
in 99.999% pure copper foil packels. The packets
were intarsparsed in a pure quartz-glass tube with
aluminum foil packets containing 10-20 grains of
sanidine standard 85G003 from the Taylor Creek
Rhyolite (TCH). used as a neutron tluence monitor,
The age of the TCR sanidine is taken to be 27.92 Ma

120 —

[ 21052
g

(Duffield and Dalrymple 1990). Groups of 2-4
sanidine grains were fused using a Spectra-Physics
2016 Ar ion laser operating in all-lines mode at a
nominal oulput power of BW. Prior to measurement,
each sample was introduced into the resistance
furnace and degassed at 400°C or 450°C to release
much of the contaminating atmospheric argon; this
gas fraction was not analyzed. Complete “"Ar-""Ar
release spectra and apparant ages (+ 1 @ un-
certainty) are given in figures 2, 3 and 4.
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FIG. 2, *“Ar-®Ar rolease spectra measured for biofites. The solid steps withinthe release spectra indicate the Increments used for calculating
waighted meaan ages. TRA: tolal lusion age, WMPA wesghtod mean plateas age; WA weighled mean age,



M.A. Parada, A. Lahsen and C. Palacios

The decay constants used in the K-Ar age
determinations are:d_=0.581 x 10" yr', & =4.962
x 10 yr ' The value of “K/K used for age calculation
is 0.01167+0.00004, K-Ar age determinations were
obtained at the Geochronological Laboratory of
SERMAGEOMIN (Servicio Nacional de Geologia y
Minaria).

The whole-rock chemical analyses ware obtained
by ICP-AES al the Deparntment of Geology, University
of Chile, and by atomic absorplion at SERNAGEOMIN,
The Sr and Nd isotope data were obtaned al Geo-
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chron Laboratories, The rock powder was dissolved
in HF+HMNO,. Sr and Nd were isolated by ion ex-
change and analyzed. The Sr analyses are norm-
alized to ¥3r5r = 0.11940. Analyses of NBS 987
averaged 0.710241 (x 0.000014) (n=60) during the
period of these analyses. The Nd analyses arc
normalized to "MNd/Nd=0.7218. Analyses of La
Jolla MNd averaged 0.511852 (+ 0.00010) (n= 60)
during the period of these analyses. Errors on *Sr/
BSr and "NdM*Nd are given as 2o (85%) in the last
wo digits (Table 5).
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GEOLOGICAL SETTING AND SAMPLE PROVENANCE FOR THE RADIOMETRIC DATES

Most of the stratigraphic relationships known in
lhe back-arc area of the Aysén region have bean
established north of Lake General Carrera. In order
to provide geochronological supporl to the
strahigraphic framework and extend further south
the knowledge of the evolution of this back-arc
segment, the dated samples were collected in two
areas: between Coyhaique and Balmaceda (45°
30" - 46°5) and along the Chacabuco river (47-
47°30°3) (Fig. 1).

The volcanic rocks studied here developed
to the east of the Patagonian Batholith, as a result
of a Meso-Cenozoic back-arc extensional regime
(Bartholomaw and Tarney, 1384) the products of
which were draped over a highly deformed Upper
Paleozoic metamorphic basement cropping oul
south of Lake General Carrera (46"5). During the
volcanic evolution, two maring incursions interrupted
continental sedimentation. The oldest corresponds
tothe Late Jurassic - Early Cretaceous basin (Aysén
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Basin), which was filled by the transgressive -
regressive succession of the Coyhaigue Group,
composed of coral reef and bioclastic imestones,
black shales, and marine-continental sandstones
and conglomerates (Cotidiano, Katterfeld and Apeleg
formations, respeclively, Ramos, 1976; Bell and
Suarez, 1887). The younger sedimentary interval
corresponds 1o a spatially restricted Late Oligocene-
Miccene sedimentary basin (Cosmelli Basin: Flint el
al, 1994; Suarez et al, 2000) that formed inhoard of
the Chile triple junction (47°5). The Teriary deposits
overlie the metamorphic basement and Mesozoic
volcanoclastic strata and represent a straligraphic
succession of continental and marine facies resulting
from marked base level changes (Flint ot al,, 1994),

Adurassic volcanic bell is exposed belween 437
and 508 near the Chile-Argentina border. Itincludes
sequences of acidic to intermadiate volcanic rocks
(Ramos ef al, 1982). In the studied areca, the
Jurassic event s represented by felsic voleanic
saquences (here referred to as the lbafez
Farmation) underlying the marine sequence of the
Early Cretaceous Coyhaigue Group, and deposited
over Paleozoic metamorphic rocks in the region
south of Lake General Carrera. The |banez
Formation forms part of the Jurassic large igneous
province of Patagonia, which is one of the largest
silicic provinces on Earth (Féraud et al, 1593)
Three samples of rhyolitic tufts from the Ibanez
Formationwere dated, One of them (sample 180495-
3) was collected near Levican Peninsula on the
northeastern shore of Lake General Carrera
(46°30'3). The other two samples (12029510 and
101094-2) were laken at the Chacabuco River,
south of Lake Genaral Carrara.

The Cretaceous volcanism appears to be the
most inlensive, as is suggesled by the extension of
its exposuras, and 15 representad by volcamc rocks
of the Divisadero and Nirehuao formations (cf.
Skarmeta and Charrier, 1976). The Divisadero
Formation overlies the |banez Formation or the
maring sedimentary rocks of the Coyhaique Group
(Berfasian-Barremian; of. M. Suarez and R. De la
Cruz,”; Belmar, 19986) and is in faulted contact wilh
the Nirehuao Formation that crops out east of Coyhai-
que. Itis composed mainly of felsic tuffs and lavas,
with a minor amount of flat-lying basallic rocks.
Continental sedimentary rocks are locally inter-
bedded withthe velcanic strata. The Nirehuao Forma-
tion mainly occurs in the eastermos!t part of the

(X1

Coyhaique and Rirehuao River basins and is
lithologically similar to the Divisadero Formation,
although it contains a larger amount of basaltic
rocks. Although the stratigraphic position of bath
formations is similar, the observed lithological
differences between them correspond to their
different position with respect to the plutonic arc: the
Divisadero Formation developed between the arc-
related Patagonian Batholith and the eastern back-
arc position, where the Mirehuao Formation was
deposited.

Eight samples from the Divisadero Formalion
weara dated. Six of them wera collected south of
Coyhaigque, in the vicinity of Lake Elizalde and
Balmaceda (Fig. 1). They represent three folsic
rhyolitic tuffs (011294-2, 170495-1, 180495-1), two
baszalt flows (011284-1 and 180485-3) and a gabbro
{180495-5) hosted in volcanic rocks of Divisadero
Formation. The remaining two samples were
collected at widely separated lecalities aleng the
Chacabuco River (Fig. 1), and include a dacitic tuff
(120395-7) and a fragment of a rhyolite pumice
(130395-2) of a felsic tuff. Four samples from the
Mirehuao Formation were dated and represent a
rhyalitic wif (210495-2), two andesites (200495-T
and 210495-3) and a basalt (210495-4) that were
collected from a flat-lying volcanic sequence at the
Coyhaique River, neartha Argentina-Chile boundary
(Fig. 1).

The Terdiary volcanic eventis represented mainly
by the volcanic products of Chile Chico Formation
{Miemeyer, 1975) south of Lake Genaral Carrera,
by an Eocene sequence of olivine-phyric flocd
basalls outcropping near Balmaceda at 45°45'S
{ct. Demant at al, 1996), and by the lower flood
basalts of the westward extension of the larger
Eccene- Pliocene Meseta Buenos Aires (Charrier
et al, 1979; Petlord et al., 1996) developed soulh of
Chile Chico village (ca. 46"30'5). These hasalts
correlate with the Eocene Posadas flood basalts
(Ramos and Kay, 1992) lecated in the Argentinian
Patagonia within the latitudes of the Hecent arc
volcanic gap. The Posadas basalts have been
considered to be related 1o the subduction of part of
the Aluk-Farallén ridge beneath the continental
margin during the Eocene (cf. Ramos and Kay,
1992). A sample (011294-3) from the Balmaceda
flood basalts and two rhyolitic tufis (120395-4,
180395-1) of Chile Chico Formation were dated.
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GEOCHRONOLOGICAL RESULTS

The chronological results were obtained from
eighteen pre-Miocene rock samples: ten “Ar-""Ar
dates on plagioclase, two *“Ar-*Ar on K-feldspar,
two *Ar-*"Ar on biotite, and four whole-rock K-Ar
(see Tables 1 and 2). A limitation concerning the
criteria of selection of samples and the interpretation
of chronological data given here is the regional
scale presence of secondary minerals product of
very low grade metamorphism of the studied volcanic
sequences (Table 3, cf. Aguirre af al, 1887). This
can be particularly relevant in the interpretation of
some ages obtained on feldspars.

BIOTITE “Ar-"Ar RESULTS

Biolites from samples 210495-2 and 120395-10
were analyzed. The Ar spectra are shown in figure
2. The first sample yielded a flat release spectrum
with a plateau age of 96,3+ 1.0 Ma, consistent with
the age of the Nirehuao Formation from which it was
collected. The second sample has an excess Ar
spectrum; however the total fusion age (TFA) of
159.8+1.5 Ma and the weighted mean age (WMA) of
159.6 +1.5 Ma are consistent with the age assigned
to the Ibanez Formation from which it was taken.

FELDSPAR ““Ar-"Ar RESULTS

K-feldspar from samples 180495-3 and 101094-
2 do not exhibil a plateau in the “Ar-""Ar spectrum
{Fig. 3). Both samples were laken from the Ibanez
Formation. For the first sample the TFA and WA
are identical (129.421.3 Ma). The TFA and WA
ages of the second sample do not differ substantially;
the authors prefer the WaaA of the two youngest
steps (144.0£1.0 Ma).
Most of the tlen "“Ar-"*Ar spectra for plagio-
clase exhibit shapes of excess Ar or are irregular
(Fig. 4). The exception is sample 210495-3, which

TABLE 2. K-Ar WHOLE-ROCK AGE DATA FOR VOLCANIC ROCKS.

p— ———

UTM Coordinates

|i|rnplu i Rock type
130395-2 | Rkwyolitic wil 4779620M 6B0033E
m128a-3 | Olvaine basall A1 7TEIN 2ETEDRE
1203654 | Rvyalite tul ATITH20M GH120E

1803535-1 Rbwolitic tull 4T7STA6EN 63 1644E

shows a plateau only inthe last 3 steps. Considering
these steps, which make up <50% of the gas, a
weighted mean age of 81.7+0.8 Ma is obtained.
Samples 200485-7, 120385-7 (Fig. 3), 1804351
and 190495-5 have typical excess Ar spectra and
yield significant differences between the TFA and
the WMA. In all these cases the age could be close
to WMA (78.7+0.8, 87.0+0.9 Ma, 98.3=1.0 Ma and
91.8+0.9 Ma for the samples listed above). Plagio-
clase from sample 011294-1 released almost no
gas, although both TFA and WMA (Table 1) are
consistent with the age of the Divisadera Formation
fremwhich itwas taken, Sample 011294-2is unusual
in that two of the high temperalure sleps released
a lot of atmospheric gas (Fig. 3). The WMA of the
middle two steps (79.5:£2.7) is preferred. The
spactrum of sample 190495-3 (not shown) is also
unusual because evary stepis internally discordant.
The resulting TFA and WMA are 110.2+1.1 Ma and
99.5:1.0 Ma, respectively, although the inverse
isochron of the first three poinls gives a more
reliable age of about 98 Ma. Despite the fact that
sample 170495-1 has a small excess Ar spectrum,
and sample 210495-4 (Fig. 3) has a slightly disturbed
Ar spectrum, both samples do not show differences
between TFA and WMA, indicating that the real
ages are close to 74 Ma and 112 Ma, respeclively.

WHOLE-ROCK K-Ar RESULTS

Foursamples of volcanic rocks were dated (Table
2y, Sample 011294 was taken from the
Balmaceda flood basalts. The age of 49.0=2.1 Ma s
consistent with two previous whole-rock K-Ar ages
of 46 and 55 Ma (Baker el al., 1981, Buller et al.,
1981). Sample 130395-2 was dated at 104+3.0 Ma
and corresponds to a ~7 cm long pumice fragment
collected from a rhyolitic wif of the Cretaceous
Divisadero Formation, The remaining two samples

Wi K “arrad (nlig) % Atm Ar | Age (Ma) = (2a)

3,560 14,86 10 1040 £ 3.0

0723 14 1B ' A9.0 =21
3.668 G.77 a9 | 4608215

2418 4,48 A 4T0: 16
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correspond to rhyolitic tuffs (120395-4 and 180395-
1) that were laken from a sequence lenlalively
assigned to the Chile Chico Formation. The ages

obtained (-47 Ma) are Eocene, similar to the age of
the Balmaceda basalls,

STRATIGRAPHIC IMPLICATIONS OF THE GEOCHRONOLOGICAL DATA

Previous age dala of the back-arc volcanic
rocks and the eighteen new radiometric dates given
here, roughly confirm the magmatic events identified
by Suarez and De la Cruz (1997; 2001) using the
availahle radiometric data including both are plutonic
and back-arc volcanic rocks of the northern part of
Aysén. The pre-Miccene volcanic events defined in
this study are: Middle-Jurassic-Early Cretaceous
(160-130Ma), Cretaceous ( 114-75Ma), and Eocenea
(55-46 Ma).

Al the Levican Peninsula, on the northeastern
shore of Lake General Carrara (- 46°30°5), a rhyolitic
tuff (sample 180495-3), fram a typical sequence of
the Ibdanez Formation, gave an “"Ar-""Ar WA on K-
feldspar of 129.4+1.2 Ma, which is younger than the
assigned Jurassic age of this tormation. The age
obtained here is also younger than a U-Pb zircon
age of 153.0+£1.0 Ma (Pankhurst el al, 2000). A
depletion of radiogemc “*Ar in the analysed feldspar
after very low-grade metamorphic reequilibration
can be responsible of the younger age. Rocks of the
Jurassic event were confirmed along the Chacabuco
River. The ages of 144.0+1.4 Ma {sample 101024-
2) and 159.6£1.5 Ma (sample 120385-10) are
consistentwith the “Ar-""Arage of 13022 Ma obtained
from a quartz-dicntic porphyry stock hosted by the
Ibdfiez Formation, exposed in the eastern part of the
Chacabuco Valley {Townley, 1998). In addition, the
Jurassic event has been documented in the El
Faldeo polymetallic district (south of Cochrana),
where tonalite plutons have been dated (Parada et
al, 1997 at 155+10 Ma (U-Pb in zircons) and
~158+1.5 Ma (*Ar-"Ar tor biotites). Whole-rock K-
Arage determinations of pervasively sericitized felsic
recks of this district indicate alteration ages between
142 and 140 Ma (Palacios ef al, 19397).

It is interesting to note that the jurassic ages
obtained here confirm the trend of decreasing ages
from ENE (£a.190 Ma) to the WSW (144 Ma) of the

Jurassic large igneous province of Palagonia
(Feraud at al., 1933).

The eight new ages of the Divisadera Formation
{seven “Ar-"Ar plagicclase, and onc K-Ar whole-
rock dating; Tables 1 and 2) fall in the broad range
74.0+1.0 to 104.0+3.0 Ma. The ages of samples
taken from the Nirehuao Formation (40-50 km
northeast of Coyhaigue, Fig. 1) reported here cover
avan a broadar range (78+1.0-112£1.0 Ma, Table
1) and partially overlap those published Late Cre-
taccous K-Ar ages obtained in neighbouring
localities such as Morro Negro (71-81 Ma; Baker of
al, 1981; Butler et al., 1991).

The age determinations availabla for the Divisa-
dero and Nirchuao formations (twelve previous K-
Ar and Rb-Sr ages, and eleven new “Ar-""Ar ming
ral ages) indicate that the Cretaceous volcanic
evolution took place during the Albian-Campanian
interval (115-75 Ma; Fig 4a) with an apparent peak
in the Late Cretaceous. The Crelaceous velcanism
would have started at a later time with respect to the
Cretaceous plutonic histary (mainly determinad by
K-Ar ages; Fig. 4b). Since K-Ar and *"Ar-"Ar dates
are cooling ages below temperalures of Ar retention
in potassium-bearing phases, the differences in
ages between the onset of plutanism and volcanism,
should be larger than those shown in figure 4b.
Cretaceous volcanogenic Au mineralization has
been recognized through a sericite “Ar-"Ar age of
about 80 Ma obtained from an altered felsic volcanic
rock sample of the upper section of the Divisadero
Formation sequence exposad at the junction of the
Chacabucoe and Baker rivers (C. Palacios, A
Lahsen, M.A. Parada and R. Townley)'.

The Balmaceda ilood basalts have consistent
Eocene ages (46-55 Ma), which are similar to the
Eocene ages of the lower seclion of the Mesela
Bucnos Aires flood basalts (Charrier af al, 1879,
Peliord et al., 1926). A hiatus in the volcanism of

#1997, Carta metalogenica de la regidn oriental de Aysén (Unpublished Beport), Uvversidad de Clule-Gotuema Regional X1 Regicn, 112

.
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nearly 20 my is apparent from the difference in age
between the youngest Lale Cretaceous volcanic
rocks and the oldest Eocene basalts. This interval
corresponds to a period of extremely obligue

convergence (or divergence) between the Farallon
and Saouth American plates (cf. Pardo-Casas and
Molnar, 1987).

GEOCHEMICAL CHARACTERISTICS: DEFINITION OF TWO
MAGMATIC DOMAINS

A geochemical database of new 32 major and
trace element analyses were used to characterize
the composilion of the studied voleanic rocks. Major
and trace element compositions of rocks belonging
to the Jurassic, Cretaceous and Eocene volcanic
events are given in table 4. Only felsic volcanic
rocks have been recognized in the Jurassic event
of the studied area. However, further castin Argen-
tina, Ramas (1976) described andesilic lavas and
tuffs as the main constituents of the Jurassic La
Plata Formation. The two youngest events are
characterized by a bimodal association of abundant
tuffs and lavas of rhyolilic and dacitic composition,
and a minor amount of basaltic and andesitic lavas.

The Sr and Nd isotope data in lable 5 were
obtained from 16 representalive samples (10 felsic
tuffs and & basaltz, basaltic andesites and
andesites). With the exception of the highly
anomalous sample 180395-1, the initial S Sr
ratios of the analyzed samples fall in the range of
0.704-0.712 with the felsic volcanic rocks being the
most radiogenic. The ¢Nd values for the whole sel
of samples range from +5.1 to -4.7.

In the following sections the authors will
emphasize the differences between the geochemical
and 5r-Nd isolopic compositions of the Mesozoic-
Eccene rocks collected arcund the Coyhaigue-
Balmaceda area and those collected in the
Chacabuco Valley- Cochrane arca, Such differences
allow the recognition of two magmatic domains: a
Northern Magmalic Domain (NMD) and a Southern
Magmatic Domain (SMD)

One of the most distinct geclogical features of
the SMD is the presence of a huge Paleozoic
metamorphic massif. This massif served as a brid-
ge between two large north-south Mesozoic basins
that have been recognized along the southernmost
Andean segment (Aysén and Austral Basins; cf.
Bell and Suarez, 1997). It was exposed to erosion
before the onset of the Mesozoic volcanism, as

indicated by the presence of abundant metamorphic
rock fragmentsin basal conglomerates of the Ibanez
Formation of the SMD. This situation, together with
the participation of the Paleozoic metamarphic rocks
in the origin of the SMD Mesozoic volcanic rocks
and associated mineralization (see below) explains
the location of the domain boundary proposed here
{Fig. 1) that roughly coincides with the latitude of the
narthernmaost exposures of the metamorphic massif
{Rio Lacteo Formation; Bell and Suarez, 2000),

NORTHERN MAGMATIC DOMAIN (NMD)

Most of the hasalts of the NMD have alkaline
affinities (Fig. 5a) and include some primitive basalls
{wt.% MgO: 6.6 and 8.3) with the highest La/Yb
ratios (Fig. 5b). The spider diagram of trace elemant
compuositions (normalized to N-MORE) of represent-
ative Lower Cretaceous, Upper Cretaceous and
Eocene basalts of the NMD collecled near
Balmaceda and neighbouring areas, shows similar
trends. However, only the Lower Cretaceous basalt
exhibits the Nb depletion commanly observed in
subduction-related rocks, and the Eocene basall
shows the largest Nb enrichment {Fig. §) suggesting
a progression from an arc-like source to OIB source
during the Lower Cretaceous-Eocene interval.

The analyzed NMD basalls, basaltic andasites
and andesites show considerable variations ininitial
“5r"Sr ratios and in cNd (S 0.70397 to 0.70578;
ciNd: +0.1 to +4.9), however, they are isolopically
depleted, with the Eocene Balmaceda basalt baing
the most depleted one {Table 5). Although different
degree of crustal contribution cannot be ruled oul to
explain the observed Sr-Nd isotopic variations, all
the NMD mafic volcanic rocks fall within the field of
modern OB (cf. Feuerbach et al, 1993) (Fig. 7).
suggesting the participation of asthenospheric
components in the source. A similar conclusion was
reached by Demant af al (1996) who considered
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the trace element composition of the Eocene Balma-
ceda basalts as resulting from an asthenaspheric
mantle source in a back-arc extensional regime,
which in turn would have originaled from arrested
subduction as a consequence of a
contemporansous oceanic ridge-trench collision
(cf. Ramos and Kay, 1992).

Theintermediate to acidic tufts and lavas (>63%
510} of the NMD have slightly higher alumina and
alkali contents, and lower La/Yb and Sm/Yb ratios
than their SMD equivalents (Fig. 8). They exhibit a
broad spectrum of Sr-Nd isotopic values, Their
initial "' Sr™*5r ratios range from 0.70401 t0 0.7 1063,
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FiG. 6. Trace alement abundance patterns, mommabzod o M-
MORB for three representative mafic rocks of Lowaer
Cretaceous, Upper Cretaceous and Eocene age of (the
MNorthern Magmatic Domain, Normalizing values are from
Sun and McDonough {1989),

and the eNd varies from -1.7 to + 4.7 (Table 5).
Compared with the basalls, one of the analyzed
felsic samples is by far, isolopically more ennched
(Sr: 0.710683; ¢Nd: -1.7) whareas the remaining
felsic samples are rather similar (Fig. 7)., which is
compalible with a small degree of crustal parhicip-
ation.

SOUTHERN MAGMATIC DOMAIN (SMD)

Unlike the mafic rocks of the NMD, the
analyzed basalts, basaltic andesites and andesites
fromthe SMD have a subalkaline character irrespec-
tive of age (Fig. 5a). The analyzed samples of
basaltic andesites and andesite have initial ""5r/
"Sr ratios of 0.70545 and 0.70778, and ¢Nd of -3.1
and -1.8 (Table 5). Compared with the sotopic
characteristics of the NMO mafic rocks, these isotopic
values have lithaspheric signature, although the
authors cannot determing the magnitude of the
contnbution of the ithosphenc mantle and the con-
finental crust on the isotopic features. Moreover,
the possibility exists that the isotopic values of the
SMD mafic and intermediate rocks could be mainly
due to crustal contamination of magmas derived
from asthenospheric mantle like those of the NMD
basalls. If this was the case, a relatively large
degree of contamination from the metamorphic
basement is required to change up to 8 Nd units of
a NMD depleted basaltic magma and consequently,
more significant effects in the whole-rock
composition would be expected.
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pacause it has a vary anomalous high intial strontium
value, probably due 1o carbonales replacing feldspar,

The felsic volcanic rocks of the SMD (with the
caception of the highly Srradiogenic sample 180395-
1) have slightly highar initial *Sr™ Sr ratios (0, 70882
to 0.71224) and definitively lower eNd values (-2.5
te -4.7) than the equivalent rocks of the NMD,
suggesting a larger crustal contribution in the mag-
ma sources, In addition, the slightly higher La’yb
and Sm/Yb ratios of the SMD felsic volcanic rocks
(Fig. 8) may reflect dilferences in the residual
mineralegy of the respective sources, such as the
presence of garnet and/or amphibole in the SMD
crustal source.

Itis possible to recognize metasedimentary rocks
of the metamorphic basement as a source com-
ponent of the felsic volcanic rocks of the SMD. Infact,
Sr-Nd isolopic values for three basemant samplas

a1

calculated at 150 Ma (taken from Weaver et al,
1940), plot close to the felsic rocks of the SMD (Fig.
7). The similarities between the Nd model ages(T_,)
of the basement rocks (1.5- 1.1 Ga), calculated from
the published Nd isotope data (Weaver ot al., 1990),
and those of the rhyolites of the SMD (1.4 - 0.8 Ga;
Table 5), support the menhioned genetic link batweean
the two types of rocks. Influence of lower crustal
basement has been also invoked o explain the
enriched Sr-Nd isolopic compositions of Early
Cretaceous granitoids of the western margin of the
Patagonian Batholith at the same latitudes of the
studied area (Pankhurst et al., 1999). However, the
Early Cretacecus granitoids are located both norh
and south of the limit between the NMD and SMD. At
present the authors cannot precise if this situation is
an indication of different crustal components of the
magma sources in the arc and back-arc regions or s
that later tectonic events (2.4, those associated with
the dextral LOFZ) has displaced the Early Cretaceous
gramitoids from its ariginal position.

Consistent with a crustal participation in the
origin of the SMD rocks are the crustal Sr-Nd
signatures oblained in lenalite plutons (mbal Sy
wSr = 0.707 and 0.708; eNd = -2.9 and -3.7) of the
Jurassic El Faldeo polymetallic district located in the
SMD near Cochrane. It is interesting 1o note that the
radiogenic lead isctopic ratios {(""Pb/""“Ph = 19.008-
19.236 and *"Ph/#™Ph = 15.688-15.703) of same
galenas from the El Faldeo district define a ficld
close to the average upper crust growth curve {Pa-
rada et al, 1997). Rocks from the metamorphic
basement have been considered as a prime candi-
date for the crustal source components of these
galenas (Parada el al., 1997), which differ from the
mantle-derived galenas of the Cretaceous El Toqui
Pb-Zn district in the NMD (Puig, 1988). On a regional
scale, the invelvement of the Palgozoic metamorphic
basement as asource of lead has been also recorded
in other ore deposits of the SMD (Townley, 1996).

DISCUSSION: INFERENCES FOR MANTLE-CRUST RELATIONS

One of the striking features of the Patagonian
volcanism in Chile and Argentina is the presance of
flood basalls, such as those of the Pliocens Mescta
Buenos Aires and Eocene Posadas, which have
been considered as a back-arc testimony of ridge

collisions (Ramos and Kay, 1992}, For example,
collision of different segments of the Antarctica-
Mazca Ridge during the Late Miocene-Pliocens
would have bean respansible for the coeval flood
basalt formation as a result of melting associated
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with the slab window. This situation explains why
this basaltic magmatism is spatially restricted to the
gap in the arc batween the Southern Vaolcanic Zone
and the Austral Volcanic Zone, belween 46°30'5
and 49°5 (Ramos and Kay, 1892), and why it was
formed in a short time interval (Daniel, 1998),
Back-arc basalts are also widespread in tha
Chilean Patagonia distnbuted along the studied
area as components of pre-Miocene bimodal
sequences. Infact, flat-lying basalls are recognized
in the Divisadero and Nirehuao Formations as well
as in the Eocene Balmaceda volcanic rocks. How-
aver, the model of slab window-related magmatism
appears 1o be unsustainable in all these cages. The
well-known genetic association of extension and
basaltic valcanism (White ot all, 1987, White and
MeKenzie, 1989, Fillon ef al,, 1991; Feuerhach et
al, 1993) =eams inevitable in the case of the
Cretacecus event. Extensional tectonics implies
stretching and thinning of the lithosphere and up-

welling of the hot asthenosphere that favour its
decompression melting and crustal fusion. As the
volume of the basallic magmatism depends, among
otharfactors, on the amaount of lithaspheric extension
(White and McKenzie, 1989; Fitton et all, 1991}, the
Cretaceous event, dominated by felsic volcanic
rocks, probably developed in a moderately thinned
lithosphere. Compared with the SMD, a larger
amount of extension and crustal thinning in the
NMD is deduced from the more relevant
development of the Lower Crelaceous basin and
the smaller La/Yb ratios of the felsic rocks (I iq. 8,
which are anindirectindicator of the relative tickness
of the lithosphere (cf. Ellam, 1992).

As a general featurs, synextensional mafic
velcanic rocks may provide infarmation about the
subcontinental mantle concerning their chemical
and isotopic compositions. The lithospheric mantle
much like the continental crust is enriched in incom-
patible elements and Sr-Nd isolopes relative to the
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asthenaspheric mantle. Despite the small numbear
of analyzed mafic rocks, the geochemical and
isolopic differences established for the two domains,
suggestthat, atleast during the Crelacecus-Eocene
interval, the boundary between them would corre-
spond 10 a boundary of back-arc segments with
asthenospheric participation in the source bengath
the NMD and lithospheric-dominated source beneath
the sMD. Decompression partial melting of
asthenospheric matlerial requires mantle upwelling,
which in turn may cause crustal extension. In the
MMD, where the extension was greater, the astheno-
spheric upwelling would have reached a shallower
dapth, provided that sufficient forces existed to
cause remation of the lithosphere, and that enough
heat was available as to disturb the crustal thermal
gradient. It is reasonable to speculate that the
thermal gradient in the NMD would have been high
if one considers that the Mesozoic and Cenozoic
volcanic sequences in the NMD were aflecled by
low-grade metamaorphism with temparatures in the
range of 120 to 340°C and pressure below 2 kbars

(Aguirre at al, 1997). These authors have also
shown that the metamaomhism of the Cretaceous
rocks developed under a rising thermal gradient,
which 1s consistent with the mechanism of thermally
driven subsidence that have been invoked for the
development of the Lower Cretaceous Aysén basin
(Bell and Suarez, 1997).

The causes of asthenospheric mantle upwelling
and subsequent extension in the NMD can be
attributed to severalmechanisms, e.g., subduction-
induced manlle upwelling in a back-arc setling,
lithospheric delamination or a mantle plume,
Frocesses like these are difficult to test, however,
whalever the process it should be one of long
duration. The authors suggest mantle upwelling as
a feasible mechanism to explain the extansion in
the NMD during the Cretaceous. Accarding 1o Liu
and Shen {1998) extensional lorces would act fora
leng time (= 20 m.y.) with an active asthenaspheano
upwelling such as in a mantle plume where the
temperature 15 mantaned by convection.

COMCLUSIONS

Three pre-Miocene back-arc volcanic events
are definedin the Aysén region of Chilean Patagonia:
Middle Jurassic -Early Cretaceous, Cretaceous and
Eocene. These events roughly correlate with those
recognized earlier inthe Patagonian Batholith (Pank-
hurst ef al, 1999). Likewise in the Cretaceous
plutome event of the Patagonian Batholith, the
Cretaceous back-arc volcanic event 15 the most
intensive as is suggested by the exlensive
distnbution of its products. It s interesting 1o notc
the overlap between the ages of tha Mirehuao and
Divisadero formations, suggesting that they

represent a single Cretaceous volcanic event.

The distinct composihional charactenstics of the
mafic rocks of the two domains defined here, are
attributed to different contributions of the asthano-
sphere and lMhosphere (mantle and/or crust) as a
source of the magmas. The cruslal participation s
more evident in the origin of the felsic volcanic
rocks. Particularly relevant is the paricipation of
metasedimentary rocks of the Paleozoic mela-
morphic basement in the origin of the felsic rocks of
the SMD.
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