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ARTICLE INFO ABSTRACT
Alﬁffe history: ] The tectonic and geodynamic setting of the southern Central Andean convergent margin changed significantly
Received 4 April 2016 between the Late Cretaceous and the Late Miocene, influencing magmatic activity and its geochemical composi-
:m?]i]t;d ! J;J_ly 2&1 6 2016 tion. Here we investigate how these changes, which include changing slab-dip angle and convergence angles and
vailable antine 14 July rates, have influenced the contamination of the arc magmas with crustal material. Whole rock geochemical data
P - for a suite of Late Cretaceous {o Late Miocene arc rocks from the Pampean flat-slab segment (29-31 °5) of
eywords; . . . . . . K
Central Andes the southern Central Andes is presented alongside petrographic observations and high resolution age dating.
Geochronology In-situ U-Pb Fiating of magmatic zircon, combined with Ar-Ar dating of plagioclase, has ted to an improved
Arc magma petrogenesis regiontal stratigraphy and provides an accurate temporal constraint for the geochernical data,
Crsstal contamination A generally higher content of incompatible trace elements {e.g. Nb/Zr ratios from 0.019 to 0.083 and Nb/Yb
Geodynamics from 1.5 to 164} is observed between the Late Cretaceous (72 Ma), when the southern Central Andean margin

is suggested to have been in extension, and the Miocene when the thickness of the continental crust increased
and the angte of the subducting Nazca plate shatlowed. Trace and rare earth element compositiens obtained
for the Late Cretaceous to Late Focene arc magenatic rocks from the Principal Cordillera of Chile, comhined
with a lack of zircon inheritance, suggest Himited assimilation of the overlying continental crust by arc magmas
derived from the mantie wedge. A general increase in incompatible, fluid-mobile/immobile {e.g., Ba/Nb) and
fleid-immobilef/immobile {e.g, Nb/Zr} trace element ratios is attributed fo the influence of the subducting slab
on the melt source region and/or the influx of asthenospheric mantle,
The Late Oligocene {~26 Ma) to Early Miocene {~17 Ma), and Late Miocene {~6 Ma) arc magmatic rocks present
in the Frontal Cordillera show evidence for the bulk assimilation of the Permian-Triassic {P-T} basement, both
on the basis of their trace and rare earth efement compositions and the presence of P-T inherited zircon cores.
Crustat reworking is also identified in the Argentinean Precorditlera; Late Miocene {12-9 Ma) arc magmatic
rocks display distinct trace element signatures (specifically tow Th, U and REE concentrations) and contain
inherited zircon cores with Proterozoic and P-T ages, suggesting the assimilation of both the P-T basement
and a Grenville-aged basement, We conclude that changing geedynarmics play an impeortant role in determining
the geochemical evolution of magmatic rocks at convergent margins and sheuld be given due consideration
when evaluating the petrogenesis of arc magmas.

© 2016 Published by Elsevier B.V.
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components (e.g., sediments, oceanic crust) and pre-existing crust, are
key to quantifying rates of crustal growth and recycling over time,
Crustal materiat can either be incorporated into arc magmas in the
melt source region, due to the subduction of sediments/subduction ero-
sion of overriding lithosphere, and/or due to the assimilation of the
overlying crust as arc magmas migrate towards the surface. The Andean
margin has been an important site for continental crust production
throughout the Cenozoic and is a type locality of an ocean-continent
convergent margin,

The recycling of crustal material to Andean arc magmas has been
long identified, however the mode of recycling is widely debated.
Although most authors agree that there is an increase in the contribu-
tions to Central Andean arc magmas from crustal derived material
over the course of the Cenozaic, the origin (i.e., subducted crustal
material or the overlying Andean crust) of these crustal signatures
remains unresolved. The contamination of the melt source region with
subducted sediments {e.g, Kilian and Behrmann, 2003; Lucassen et al.,
2010; Sigmarsson etal,, 1990), crustal matetial from subduction erosion
{e.g., Goss et al, 2013; Kay et al, 2005; Stern, 1991}, melts derived from
*he subducting oceanic plate {e.g, Reich et al,, 2003, Stern and Kilian,

.996), as well as the contamination of arc magmas during ascent
through the continental crust {e.g,, Davidson et al,, 1991; Hildreth and
Moorbath, 1988; james, 1982; Warner et al., 1992), has all previously
been invoked to explain the petrological and geochemicat characteris-
tics of arc magrmatic rocks from the Andean margin.

The Andean margin is segmented along its length, with different seg-
ments being influenced by different tectonic regimes and geodynamic
settings (e.g, Jordan et al,, 1983; Pilger, 1981}, The geodynamic setting
of the southern Central Andean margin has changed significantly over
the course of the Cenozoic, Specifically, the angle at which the Nazca
plate subducted beneath the South American continent shallowed dur-
ing the Miccene {e.g, Cahill and Isacks, 1992; Yaiiez et al,, 2001, 2002).
This resulted in the margin developing from the extensional regime in
existence during the Late Cretaceous {~75 Ma} to a highly compressive
regime during the latter part of the Miocene (Jordan et al., 1983). Conse-
quently the thickness of the continental crust increased from ~30 km to
>50 km over the latter part of the Cenozoic (Allmendinger et al,, 1990;
Chulick et al,, 2013; Fromm et al,, 2004; McGlashan et al,, 2008).

The shallowing of the subducting Nazca pfate has been linked with
the subduction of the Juan Fernandez Ridge (JFR), a hotspot-derived
seamount chain which may have undergone significant hydration and
serpentinisation (e.g., Gutscher et al,, 2000b; jones et al,, 2014; Kay

1d Mpodozis, 2002; Kopp et al., 2004; Pilger, 1981; Yailez et al,
-4J01, 2002), The intersection and subduction of the JFR has also been
assoCiated with increased levels of subduction erosion of the fore-arc
{e.g., Stern, 1991; Stern and Skewes, 1995; von Huene et al., 1997}
and is thought to act as a barrier to sediment transport and the accumu-
lation of sediments in the Chilean trench north of ~33 °S (Vilker et al.,
2013; von Huene et al,, 1997},

These changes in tectonic and geodynamic setting over time make the
southern Central Andes an interesting location at which to investigate
changes in the contamination of arc magmas with crustal derived mate-
rial, Previous studies into the petrogenesis of Cenozoic arc magmas in this
region have primarily utilised whole rock geochemistry (e, Bissiget al.,
2003; Kay and Abbruzzi, 1996; Kay et al, 1991; Litvak and Poma, 2010;
Litvak et al,, 2007; Parada, 1990; Winocur et al, 2015} and have tended
to focus on narrow geelogical timeframes or geographical areas. In
this study a variety of geochronological and geochemical techniques
have been applied to both plutonic and volcanic asc rocks, which have
been emplaced and erupted over a wide time frame (~73-6 Ma) and
over a wide across-arc extent, from the Principal Cordillera of Chile
{—70.8 “W) to the Argentinean Precordillera (~69.1 *W), allowing a
meore complete picture to be established.

A comprehensive new major, trace and rare earth element data set is
presented atongside the results of high resolution U-Pb and Ar-Ar age
dating. Prior to this study the majority of the age information available

for the southern Central Andean arc stratigraphy has been derived &/

from X-Ar dating {e.g., Limarino et al,, 1999; Litvak and Page, 2002;
Mpodozis and Cornejo, 1988; Masi et al,, 1990; Pineda and Calderdn,
2008; Pineda and Emparan, 2006}, combined with some Ar-Ar dating
{Bissig et al,, 2001} and limited U-Pb dating (Martin et al,, 1997). Due
to the variable effects of hydrothermal alteration on the arc magmatic
rocks {e.g., Bissig et al, 2001; Litvak et al, 2007; Maksaev et al., 1984)
some of the K-Ar ages have been found to be unreliable {Winocur
et al., 2015}, On this basis, this study conducted high resolution in-situ
U-Pb dating of magmatic zircon and Ar-Ar dating of plagioclase in
order to improve the regional stratigraphy and to provide an accurate
temporal constraint for the geochemical data, In addition, in-site U-Pb
dating has the potential to reveal inherited zircon cores and therefore
can be used to identify the age of the continental crust being assimilated
(e.g, Beard et al,, 2005}, Finally, the results obtained have been used to
investigate the growth and evolution of the Andean continental crust
and to refine geodynamic models of the evolution of the Pampean
flat-slab segment.

2. The geological and geodynamic setting

The study area is located within the Pampean {Chilean) flat-slab seg-
ment {between 28 and 31 °S) of the southern Central Andes and spans
the Prindpal Cordillera, Frontal Cordillera and Precordillera of Chile and
Argentina (Fig. 1). Subduction of oceanic crust beneath the South
American continent has been active since the Jurassic and has produced
a series of volcanic arcs {e.g, Charrier et al, 2007; Ramos et al, 2002;
Stern, 2004), ¥rom the Cretaceous through to the Late Oligocene the
southern Central Andes is considered to have been in extension
fe.g, Charrier et al, 2007 and references therein}, At - 25 Ma the oceanic
Farallén plate divided into the Nazca and Cocos plates (Lonsdale,
2005), This caused an increase in convergence rates (from ~8 cmyfyr to
~15 em/fyr) and a change from oblique {NE-SW) to orthogonal {ENE-
WSW) convergence (Pardo Casas and Molnar, 1987; Somoza, 1998;
Somoza and Ghidelta, 2012). The westward migration of the South
American plate is also thought to have been initiated after ~30 Ma
(Silver et al,, 1998). After this time the Andean margin became more
compressional and the reconfiguration of the subducting oceanic plates
has been linked to a period of major uplift, increased magmatic activity,
and a broadening and eastward migration of the magmatic arc (Pilger,
1984}. Increased convergence rates {~15 em/yr) are thought to have
been sustained up until ~ 20 Ma, followed by a gradual decline to present
day values (~7 cm/yr) (Pilger, 1984; Somoza and Ghidella, 2012),

There is currently no active volcanism in the Pampean flat-slab seg-
ment due fo the low angle at which the oceanic Nazca plate subducts
beneath the South American continent (e.g., Cahill and Isacks, 1992).
The JFR began intersecting the Andean continental margin during
the early Miocene (~18 Ma at ~30 °S) and is thought to have led to
the shallowing of the subduction angle {Gutscher et al., 2000b; Jones
et al., 2014; Kirby et al, 1996; Nur and Ben-Avraham, 1981; Piger,
1981, 1984; Yaiiez et al,, 2001, 2002). This shallowing led to a broaden-
ing and eastward migration of the magmatic arc, a reduction in magma
volume, and the eventuat cessation of arc magmatism in the late Miocene
{~6 Ma) (Bissig et at,, 2001; Kay et al, 1987; Litvak et al., 2007, Ramos
et al., 1989).

3. Cenozoic arc magmatism and stratigraphy

In the southern Central Andes the Cenozoic plutonic and volcanic arc
rocks occur as north-south trending belts which lie to the east of the
Coastal Batholith, which is primarily late Paleozoic to early Cretaceous
in age, The older, more continuous western belt was intruded in the
Paleocene-Eocene and the younger more eastern belt is of Oligocene-
Miocene age, demonstrating an castward migration of magmatism
with time {Parada et al,, 2007) (Fig. 1). There is a geographical gap
between the two belts which corresponds with a widespread iull in
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Fig. 1. Map of the study area showing the main features of the present day seuthemn Centrat Andean margin. In the main map the sample focations are highlighted as blue ciecles and
primary active veleanoes as brown triangles, In the expanded region the samples are identified by assigned geological formation/unit. Digital elevation data from Jarvis et al. (2008).

magmatic activity between ~39 and 26 Ma {Parada et al,, 1988, 2007).In
order to provide a context for the geochemicat data, the Cenozoic arc
stratigraphy for the southern Central Andes is outlined below and in
Fig. 2.

The Paleocene-Focene belt is located in the Chilean Principal Cordil-
lera {Fig. 1) and is primarily composed of epizonal plutens which have
been assembled into the Cogoti Supergroup (Parada et al,, 1988). Gran-
itoids of the Cogoti Supergroup have K--Ar ages between 67 4- 2 Maand
38 4= 1 Ma (Parada et al., 1988 and references therein). However, Parada
et al. (1988) note there is evidence of partial Ar loss, suggesting the
Cogoti Supergroup is likely to be Late Cretaceous to Paleacene in age.
Coeval to the Cogoti Supergroup is the extrusive Los Elquinos Formation
(69.8 4 0.9 Ma to 57.6 £ 2.5 Ma (Pineda and Emparan, 2006)) which
consists of basaltic to rhyolitic lavas, tuffs and breccias {Charrier et al,
2007). During the Paleocene a number of calderas, including the Tierras
Blancas Caldera (Emparan and Pineda, 1999), also formed along the
margin between 26 and 30 °S (Charrier et al,, 2007). To the east of
the volcanic arc, mafic, intra-plate volcanism was concurrent with the
emplacement of the Cogoti Supergroup {Litvak and Poma, 2010). The
Rio Frio Basalts were erupted in what is now the Argentinean Frontal
Cordillera and have been K-Ar dated at 55.9 -+ 1.9 Ma (Litvak and
Page, 2002}

A general reduction in magmatic activity has been identified
between ~39 and 26 Ma in the southern Central Andes (Parada et al,,
1988}, however, some ar¢ magmatism continted during this time inter-
val, The Bocatoma Unit has been dated as Eocene to Early Qligocene
with reported Ar-Ar and K-Ar ages ranging between 39,5 and 30 -
1.9 Ma (Bissig et al,, 2001; Martin et al., 1995; Mpodozis and Comejo,
1588; Nasi et ai,, 1990). This primarily intrusive unit consists of fine
grained to coarsely porphyritic diorites and granodiorites, and some
andesitic porphyries (Blssig et al,, 2001; Maksaev et al, 1984). A number

of dacitic and rhyolitic ignimbrites and lava flows located in the Valle
del Cura region {Frontal Cordillera, Argentina) have been K-Ar dated
between 44 + 2 and 34 & 1 Ma and have been assigned to the Valle
del Cura Formation (Limarine et al, 1999; Litvak and Poma, 2005).
However, it has recently been suggested that these Eocene to early
Oligocene K-Ar ages may be unreliable due to the high levels of hydro-
thermal alteration evident in these units and new Ar-Ar dating suggests
these volcanic sequences are Oligocene to Early Miocene in age {Winocur
etal, 2015).

Foliowing the break-up of the Farallén plate and reconfiguration
of the margin at ~25 Ma (Lonsdale, 2005), the extensive Dofia Ana
Group was erupted at and near the arc front, spanning either side
of the current Chilean-Argentine border. The Group consists of two
formations; the Tilito Formation {27-23 Ma), composed of high-K
calc-alkaline andesite lavas and dacitic to rhyolitic ignimbrites, which
have been intruded by basic to intermediate dykes; and the Escabroso
Formation {21-18 Ma), composed of medium-X, pyroxene bearing,
calc-alkaline basaltic and andesitic lavas (Kay et al,, 1987, 1991;
Maksaev et al,, 1984; Martin et al, 1997), The Tilito Formation is thought
to be derived from a long lived volcanic centre and the volcanic rocks
have undergone significant hydrothermal alteration and mineralisation
{Bissig et al,, 2001; Litvak et al., 2007; Syracuse et al,, 2010), The Tilito
and Escabroso formations are separated by a major unconformity
{Martin et al,, 1995) which has been attributed to a period of deforma-
tion at ~20 Ma {Kay and Mpodozis, 2002},

buring the production of the caic-alkaline Dofta Ana Group at the
arc front, the Las Mdquinas basalts were being erupted in the back-arc
region. These alkaline basalts have been K-Ar dated between 228 4
1.1 Ma and 22.0 4= 8.8 Ma and their trace element geochemistry sug-
gests they were erupted in an extensional setting with influence from
the subducting slab (Kay et al,, 1991; Litvak et al,, 2005). The volcanic




172 RE. Jones et at [ Lithos 2562 (2016} 169-131

Magmatic Arc Stratigraphy (28.5° - 32.5°S)
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Fig. 2, The Cenozoic magmatic arc stratigraphy of the Principal Cordillera, Frontal Cordiltera and Precordillera in the southern Central Andes, References are outlined in the text.

Las Trancas Formation, which outcrops in the Argentinean Precordillera
and consists of andesitic to rhyolitic proximal block-and-ash pyroclastic
flow deposits, ignimbrites, tuffs and dacitic lava flows, has also been
identified as coeval with the Tilito Formation (Poma et al., 2005).

The volcanic Cerro de las Tértolas Formation also appears on either
side of the current Chilean-Argentinean border {Fig. 1). These lavas
were erupted during the middle Miccene and are primarily composed
of amphibole bearing, medium- fo high- K calc-alkaline andesites and
dacites, Litvak et al. (2007) and Ramos et al. {1989) identify two sepa-
rate sequences; an older (17-14 Ma} andesitic to basaltic andesitic

lower section which appears to have been erupted through a normat
thickness of crust {30-35 km) and a younger {13-10 Ma} dacitic upper
sequence.

The Infiernillo unit {1815 Ma) is thought to be the subvolcanic
equivalent of the Cerro de Las Tértolas Formation and is composed of
high-K calc-alkaline, shallow level, intermediate intrusives (Kay et al,,
1987} (Fig. 2). A number of sub-volcanic outcrops identified in the
Precordillera have been correlated with the Infiernillo Unit and are re-
ferred to as the Miocene Intrusives and Tertiary Intrusives (Cardé and
Diaz, 1999; Cardé et al,, 2007). The Miocene Intrusives which primarily
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consist of granitoids and have been dated between 22.4 4- 0.1 and
21.2 4+ 0.1 Ma (Liambias et al., 1990). Ages as young as 13.5 & 7 Ma
have been obtained for other deposits (JICA-MMA], 1999} and these
have also been grouped into the Miocene Intrusives (Cardd et al,
2007). The Tertiary Intrusives consist of sub-volcanic andesites and
dacites, and K-Ar dating has given agesof 183 £ 25 Maand 17.5 &
5 Ma (Cardé and Diaz, 1999; Leveratto, 1976), as well as a younger
age of 8.8 & 0.3 Ma (Wetten, 2005),

The Late Miocene, Vacas Heladas Ignimbrites represent the last sig-
nificant voleanic activity in the region with a reported K-Ar age of
6.0 4 8.4 Ma {Ramos et al,, 1989). These high-K rhyolitic and dacitic
tuifs lie unconformably over the Oligocene-Miccene sequences and
have been correlated with the Vallecito Formation in Chile, which yields
the same age (Bissig et al,, 2001; Maksaev et al., 1984). These ignim-
brites are isotopically enriched and contain the highest proportion of
crustal components (e.g, Litvak et al,, 2007).

4, The southern Central Andean basement

The basement present in the Principal and Frontal Cordillera’s is
primarily composed of Paleozoic marine sedimentary deposits and
meta-sediments which have been intruded, and unconformably over-
lain by Late Paleozoic to Mesozoic plutonic complexes and volcanic
deposits {Kay et al,, 1989; Martin et al, 1999), In Chile, Late Paleozoic-
Mesozoic plutonic complexes range in composition from gabbros to
granites with two ‘super-units’ identified according to age: the Late
Carbonifercus—Early Permian, Elqui Comptex and the Permian-Early
Jurassic, Ingaguds Superunit {Mpodozis and Cornejo, 1988; Mpodozis
and Kay, 1990, 1992; Nasi et al,, 1990).The Colangiiil Batholith is the
age equivalent in Argentina {e.g., Liambias and Sato, 1980, 1995; Sato
et al,, 2015). There are also extensive deposits of Permian-Early jurassic
silicic, volcanic rocks (e.g., the Choiyoi Group and the Pastos Blancos
Group)} (Martin et al,, 1999; Nasi et al., 1985). All the aforementioned
Late Pateozoic-Mesozoic plutanic and volcanic rocks are suggested
to have formed in the late stages of Carboniferous to Early Permian
subduction along the western margin of Gondwana, and in a more
extensional tectonic setting after the cessation of subduction in the
Early Permian (Martin et al,, 1999; Mpodozis and Kay, 1992).

The basement in the Argentinean Precordillera is composed of
Grenville-aged crust (ages between ~1300 and ~950 Ma that are con-
temporaneous with the North American Grenville province) overlain
by Cambrian to Ordovician strata. Although no Grenville-aged basement
is exposed at the surface its presence has been identified by various geo-
chemical studies and through the presence of xencliths and xenocrystic
zircon grains in Miocene volcanic rocks {e.g., Abbruzzi et al,, 1993; Jones
et al., 2015; Kay et al,, 1996). It has been suggested that the basement of
the Precordillera is a rifted fragment of Laurentian crust which was
accreted onto the western margin of Gondwana during the Crdovician
{e.g., Astini et al., 1995; Kay et al,, 1996; Thomas and Astini, 2003;
Thomas et al,, 2004}, although the origin and the exact timing of rifting
and accretion remains widely debated (e.g, Finney, 2007; Keller, 1999;
Rapela et al,, 1998),

5. Sample preparation and analytical methods
5.1. Sample collection

Representative samaples (based on the published maps and forma-
tion descriptions of Cardé and Diaz (1999}, Cardd et al. {2007),
Emparan and Pineda (1993}, Mpodozis and Cornejo {1988}, Nasi et al.
(1990), Pineda and Emparan {2006}, Pineda and Calderdn {2008))
were collected from each of the major intrusive/exitusive Late Creta-
ceous to Late Miocene arc formations {detailed in Section 3} present
between 29 and 31 °S (Figs. 1 and 2). Due to the eastward migration
and expansion of the magmatic arc activity during this time interval,
the sample locations form an W-E transect across the Andean Cordillera

from Chile into Argentina (Fig. 1}. Late Cretaceous to Late Miccene
plutonic and volcanic rocks in the southern Central Andes are typically
evolved, but where possible mafic samples were collected in order
to evaluate source compositions and processes. A number of Late
Paleozoic-Early Mesozoic basement samples were also collected in
order to assess their potential rele in the contamination of the Late
Cretaceous to Late Miocene arc magmas.

52 U-Pb dating

In order to obtain zircon grains for U-Pb dating -5 kg of each sample
was crushed using a tungsten carbide jaw crusher. Zircons were then
separated from 42 crushed samples using a combination of density
and magnetic separation {Section 1, Supplementary Material). Individ-
ual zircon grains were hand-picked under a binocular microscope and
mounted in epoxy resin accompanied by zircon Geostandards 91500
and/or GJ-1. These epoxy mounts were then ground and polished to
expose the interior of the zircons at the surface,

Prior to analysis individual zircon grains were imaged and char-
acterised using a Philips XL30CP Scanning Electron Microscope (SEM)
at the University of Edinburgh in order to determine the presence or
absence of multiple growth phases, xenocrystic cores, inclusions, and
cracks. Imaging was carried out in beth secondary electron (SE) and
backscatter electron (BSE) modes, and suitable, representative zircons
and specific locations for analysis were identified. U-Th-FPb analysis
of zircons was performed on a Cameca ims 1270 secondary ion mass
spectrometer {SIMS) at the NERC Edinburgh lon Microprobe Facitity
{EIMF) using analytical procedures similar to those described by Kelly
et al. {2008). Full details of analytical methods, applied corrections
and data reduction are outlined in the Supplementary Material, Subse-
quent to analysis all analysed zircons were imaged on a SEM in both
cathodoluminescence {CL) and SE modes to check the exact position
of analysis, and to ensure the absence of cracks and inclusions at the
bottom of the analysis pits (Fig, 3). Data from any problematic analysis
locations (i.e. cracks present} was rejected. A total of 313 successful
U-Th-Pb analyses were made and in most cases at least 8 successful
analyses of separate zircon grains were made per sample, Multiple
analyses fcore and rim) were made on selected zircon grains in order
to obtain information on growth history and inheritance (Fig. 3.

5.3, Ar-Ar dating

Due to the lack of magmatic zircon in some of the more basic to
intermediate samples Ar-Ar dating of plagioclase was conducted on
two samples {R]1111 and AM0887). Plagioclase phenocrysts were sep-
arated from the crushed rock samples using similar mineral separation
techniques to those used to separate zircon. Plagioclase crystals were
hand-picked under a binocular microscope and sent to the Ar-Ar
Research Laboratory at the Open University for analysis. Full details
are presented in Section 3 of the Supplementary Material.

54, Whele-rock major, trace and rare earth element analysis

Sample blocks weighing ~50 g were cleaned and trimmed of any
weathered sutfaces, veins and xenoliths. These blocks were then
crushed into chips using a tungsten carbide jaw crusher. The chips
were also checked to ensure they contained no signs of alteration,
veins, xenocrystic and xenolithic material, and then powdered in a
tungsten carbide TEMA mill to obtain fine, homogeneous powders for
analysis by X-ray florescence spectrometry (XRF} and inductively-
coupled plasma mass spectrometry (ICP-MS), Details are presented in
Section 4 of the Supplementary Material,

XRF analyses were careied out in the School of GeoSciences, Univer-
sity of Edinburgh following the analytical methods outlined in Fitton
and Godard (2004} and Fitton et ak (1998). Major, minaor and selected
trace element (TE) compositions of 56 samples were analysed on a
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Fig. 3, Cathodoluminescence (CL} images of representative zircon grains from select samples, hightighting the presence of internal growth zening. inherited cares and the location of SIMS
analysis. The U-Pb ages are presented as the 2%ph /38 ages for the individual zircon grains and the errors are quoted at the Torlevel,

Philips PW2404 wavelength-dispersive sequential X-ray spectrometer
with a 4 kW Rh-anode end-window X-ray tube, Major element oxide
totals were generally within - 0.9% of 100% and have been recalculated
to a 100% volatile free basis, Based on the repeated analysis of an individ-
ual sample prepared and analysed five times the precision for the major
element analysis is determined as always being <1.1% (15) (Table A4,
Supptementary Material). The accuracy of the measurements, based on
repeated analysis of standard BHVO-1 (basalt} compared to the pub-
lished values, is <3.5% relative (10} for all major etements, apast from
P,05 where accuracy is 5.5% relative (10} (Table A2, Supplementary
Material). Precision for the TE and REE concentrations determined by
XRF analysis is <4% (1o apart from for Ni where the precision is much
lower. This may be a result of the low concentrations of Ni present in

the analysed sample {average = 2.7 ppm)}. Precision for Ni, based on
the repeated analysis of BHVO-1 (117.5 ppm Ni} gave a precision of
0.5% (10) {Table A3, Supplementary Material). A full evaluation of the
accuracy of the TE and REE analysis is presented in Table A3, Supple-
mentary Material, but is generally determined to be better than 10%
relative (1a).

A subgroup of 39 samples representing each of the major volcanic
and plutenic formations were sefected for REE analysis via ICP-MS.
Select samples were also analysed for U, Th, Pb and Hf concentrations.
Sample powders were dissclved using a tri-acid digestion procedure
and analysis was carried out on an Agilent 7500ce ICP-MS at the Scottish
Univessities Environmental Research Centre (SUERC), East Kilbride.
Based on the repeated analysis of international standard BCR-2 the
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precision of the analysis is <4% (10} and the accuracy is <7% relative Material). On this basis the use of Pb in the interpretations will he
{ 1) for all efements apart from Pb, where precision and accuracy are limifed. A good agreement has been found between the TE and REE
much lower (7.3 and 30.9% respectively) {Table A6, Supplementary concentrations produced by XRF and ICP-MS analysis (Figs. A5-A7,

Table 1

The results of U-Phand Ar-Ar dating and assigned geologieal unit {determined based on sample location, the new age determinations, and the results of whole rock geachemical analysis),
The fwa sample ages which are displayed in italics apd underlined are those obtained by Ar-Ar dating of plagioclase. Sample age calaitlations have been made using computer program
ISOPLOF v3.7 {[udwig, 2008). The age range {(**°Pb/2**U ages) of inherited zircon grains/cores are also presented wheee identified. The Jarge uncertainty on the U-Pb age obtained for
sample AMD830 reflects the limited number of zircon grains ghiained feamn this semple {Supplementary Materal), However, the 1-Ph age is very similar to the Ar-Ar age produced
for sample RE1111 {61.2 -+ 1.0 Ma), which is from the same formation (Los Elquines Fermation).

Sample Rock type Age +2uor Assigned geological unit Age range {*®Ph23U, Ma (+10))
(Ma} 95% conf, of inherited zircon cores/grains

Rf11A18 Granodiorite 280.2 35 Piutdn Tocata (Cotangdil Batholith)

MQ39 Rhyalite 269.7 26 Choiyoi Group

RI11A20 Rhyolite 269.6 7 Choiyoi Group

AMODB62 Rhyolite 269.3 52 Cheiyoi Group

AMO0853 Rhyolite 261.0 6 Pastos Blancos Group

AMO855 Rhyolite 248.6 5.5 Pastos Blancos Group

AMDB56 Rhyolite Pastos Blancos Group

RJ1104 Granite 221.0 44 El Le6n Unit {Ingaguds Supergroup)

AMOS12 Diorite 72.6 077 Cogoti Supergroup

AMOZ23 - Granodiorte 698 0,73 Cogoti Supergroup

AMOB24 Syeno-diorite 64.6 063 Cogoti Supergroup

AMOB06 Granite 644 0.66 Cogetl Supergroup

RIf103 Syeno-diorite 643 0.59 Cogatf Supergroup

AMODB26 Granite 642 269 Cogoli Supergroup

AMOBE9 Diorite Cogoti Supergroup

AMO822 Granodiorite 573 1.7 Cogoti Supergroup

AMOB14 Diorite Cogoti Supergroup

AMO815 Granodiorite 55.0 1.7 Cogoti Supergroup

AMOB16 Granodiorite 54.1 0.76 Cogoli Supergroup

Ryniot Granite 38.9 0.89 Cogolf Supergroup

RH 09 Diorite Cogotf Supergroup

AMDBID Basaltic andesite 619 911 Los Elquinos Farmation

RI{11 Basaltic andesite 61.2 i Los Elquinos Formation

RF17 Basaltic-Trachyandesite Rio Frio Basalts

Rjt1105 Diorite 40.2 1.2 Tierras Blancas Caldera

RIt166 Diorite Tierras Blancas Caldera

RIT107 Basalt Tierras Blancas Caldera

AMOBE? Andesite 356 078 Bocatoma Unit 171.8 (£4.1)

AMOBES Andesite Bocatoma Unit

AMOS70 Trachy-andesite Botatoma Uni¢

AMO846 Rhyolite 261 1.6 Tilito Formation (Lower Dofia Ana Group) 158.0{+2.4)

MQ153 Andesite 252 0.26 Tilito Formation (Lower Dofa Ana Group)

AMOB47 Rhyolite Tilito Formation {Lower Dofia Ana Group)

AMO845 Rhyolite 249 032 Tilite Formation {Lower Dofia Ana Group) 276.7 (+2.9)-278.5 (+2.9)

AMOB60 Dacite 24.9 04 Tilito Formation (Lower Dofia Ana Group)

ZN122 Andesite 248 037 Tilita Fosnation (Lower Bofia Ana Group)

AMOB44 Rhyolite 24.7 0628 Tilito Formation {Lower Dofia Ana Group) 2410 2.7

AMO840 Rhyolite 24.7 043 Tilito Formation {Lowear Dofia Ana Groop}

RF64 Rhyelite 243 0.7 Tilito Forimation {Lower Dofia Ana Group) 388.1{x53)

PC14 Rhyolite 23.6 0.21 Tilito Formation {Lower Doita Ana Group}

z27 Dacite 32 03 Tilito Formation {Lower Doita Ana Group)

MO8 Basalt Las Mdquinas Basalts

MQ145 Basalt Las Miquinas Basalls

Rf11A5 Rhyolite 22,6 033 Eas Traneas Formation 2575 (4+2.9)-273,1 {+3.6)

Rj11A10 Granite 222 0.23 Miocene Intrusives

Rj11A11 Granite 214 0,29 Miocene Intnisives

RIlIA14 Granodiorite 204 0.31 Miocene Intrusives 138.1 {4-2.6)

AMOBB7 Andesite 193 0.3 Escabiraso Formation (Upper Dofiz Ana Group)

1026 Andesite-Trachyandesite 182 0.8 Escabroso Formation (Upper Dofia Ana Group)

5P80 Andesite 18.1 0.37 Escabroso Formation {Upper Dofia Ana Group)

AMOBBG6 Ardesite Escabroso Formation {Upper Dofia Ana Group)

MQ158 Basaltic andesite Escabroso Formation (Upper Dofia Ana Group})

AMOSBT1 Basaltic andesite Escabroso Formation (Upper Dofia Ana Group}

AMO872 Dacite Escabroso Formation {Upper Dofia Ana Group}

RF62 Trachyandesite 17.1 063 Cerro de las Toriotas Formation

RFG5 Andesite Cerre de las Tértolas Formation

MQ28 Trachyandesite Upper Cerro de las Tértolas Formation

MQ30 Trachyandesite Upper Ceiro de las Tértolas Formation

RI11A7 Trachyandesite 1.7 .21 Tertiary Intrusives 1068.1 {£10.5)-1249(+ 109}

RITIAL7 Dacite 9.5 0.18 Tertiary intrusives 239.7 {+3.0)-1066.0 {1-13.7}

Rf11ALS Trachydacite 94 0.18 Tertiary Intrusives 2490 (+2.6)-12257 (+11.7)

MQ33 Rhyolite 6.2 0,19 Vacas Heladas [gnimbrites 5.1 (£0.2)-2557 {£2.7}

D095 Rhyolite 6.2 03 Vacas Heladas Ignimbrites 256.3 {+3.4)-270,7 {3-:3.0}

MQ32 Rhyolite Vacas Heladas Ignimbeites

AMOSBB9 Rhyelite Vacas Heladas Ignimbrites
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Supplementary Material). Therefore, select REE concentrations de-
termined for certain samples by XRF analysis is included alongside
the REE concentrations determined by ICP-MS.

6. Results

Detailed sample information, including a summary of the petiology
of each formationfunit {Table A7), and Full results are presented in the
Supplementary Material,

6.1. Geochronological results

The results of U-Pb dating and Ar-Ar dating for individual samples
are presented in Table 1. In order to obtain overall U-Pb ages for the
Late Cretaceous-Late Miocene samples the data has been plotted on
Tera-Wasserburg plots, where the U-Pb data is uncorrected for com-
mon Pb and the mixing line is anchored to the **7Pb/2%Pb ratio for
modern day common Ph (0.84) (Section 2, Supplementary Material}.
The overall J-Pb ages for these samples are given by the intercept on
‘he Tera-Wasserburg plot and uncertainties are queted at the 2o or
5% confidence level, The overall U--Pb ages presented for the samples
of the P-T basement are concordia ages or intercept ages with uncer-
tainties quoted at the 20 or 95% confidence {evel (Section 2, Supplemen-
tary Material), For the two samples dated using the Ar-Ar dating
technique the age determinations are plateau ages with uncertainties
quoted at the 25 level (Figs. Al and A3, Supplementary Material). All
of the plots and age calculations were made using computer program
ISOPLOT v3.7 (Ludwig, 2008).

In the majority of cases the new U-Pb and Ar-Ar ages presented in
this study confirm the previously reported age range of the sampled
geological formations/units. However, in a few instances the ages
obtained by this study are at odds with the previously reported ages
and the geological maps of the region; these differences are outlined
below.

A number of dacitic and rhyolitic ignimbrites and lava flows which
outcrop in the Valle def Cura region {Frontal Cordillera, Argentina)
have previously produced Focene K-Ar ages ranging between 44 4- 2
and 34 + 1 Ma, and have been assigned to the Valle del Cura Formation
{Limarino et al., 1999; Litvak and Poma, 2005), Samptles of the Valle
del Cura Formation collected as part of this study have produced Late
Oligocene to Early Miocene ages, ranging between 24.3 and 17.1 Ma
{Table 1). Oligocene to Early Miocene ages have also been reported for

1e Valle del Cura Formation by Winocur et al. (2015). These authors
propose that the units previously identified as the Valle del Cura Forma-
tion are part of the Doiia Ana Group. The U-Pb dating presented by this
study supports this inference and some of the samples of the Valle del
Cura Formation collected as part of this study have been assigned to
the Doita Ana Group, Other samples thaought to be the Valle del Cura
Formation have been assigned to the Cerro de las Tértolas Formation
due to the younger ages obtained (17.1 Ma) (Table 1, Fig. 2).

A number of intrusive units which crop out in the Precordillera
of Argentina have been mapped as Miocene Intrusives and Tertiary In-
trusives and correlated with the Infiernillo Unit found on the Chilean
side of the border (Cardd and Diaz, 1999; Card6 et al, 2007). However,
the U-Ph ages obtained in this study, as well as geochemical evidence,
suggest these intrusive bodies are not related. U-Pb ages of between
222 4 0.2 and 204 -+ 0.3 Ma were obtained for the Miocene Intrusives
present in the Lianos del Motle {Llambias et al,, 1990} and mapped
by Cardé et al. (2007). These ages are significantly older than the ages
reported for the Infiernillo Unit on the Chilean side of the boarder
{18-15 Ma, (Kay et al,, 1987)). Conversely, much younger U-Pb ages
(11,7 4 0.2 to 9.4 -+ 0.2 Ma) were obtained for the Tertiary Intrusives
which cutcrop in the Precordillera. Previously reported K-Ar ages
for these sub-volcanic andesites and dacites range between 183 &
2,5 Ma and 17.5 4 5 Ma {Card$ and Diagz, 1999; Leveratto, 1976),
perhaps explaining why these deposits have been linked with the

Infiernillo Unit, The new U-Pb ages presented here are similar to the
K-Ar age of 8.8 4: 0.3 Ma reported by Wetten (2005) for the same intru-
sive bodies, which this particular author refers to as the Cerro Bola
Andesite, There is a variety of evidence to suggest that these intrusive
bodies have been affected by hydrothermal alteration. On this basis
we suggest that some of the K-Ar ages are likely to be unreliable and
that the Tertiary Infrusives are Late Miocene in age and consequently
distinct from the Infiernillo Unit,

6.2. Geochemical resuits

6.2.1. Major elements

The results of major oxide analysis are presented in Figs. 4 and 5.
The Late Cretaceous to Late Miocene magmatic rocks primarily have
medjum- to high- K, calc-alkaline compositions. The intrusive samples
range from gabbroic to granitic in composition, with Si0, contents rang-
ing between 50.9 and 71.3 wt.% (Fig. 4a). The extrusive samples range
from basalts to rhyolites with SiQ» contents ranging between 49.7 and
75.3 wt.% (Fig. 4b). All samples plot within the sub-alkaline field on
plots of total alkalis versus silica with the exception of the Paleocene
Rio Frio Basalt, which is alkaline in composition (Fig. 4b). All the
samples are relatively evolved with an average Mg# of 41 and Ni
concentration of 11 ppm. The P-T basement rocks have medium- to
high-K calc-alkaline to shoshonitic compositions and are more felsic
than the Late Cretaceous to Late Miocene are rocks, with Si0, contents
ranging between 68.7 and 76.7 wit% (Fig. 4},
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Major elements, Ti0y, Al03, Fe,03, Mg0, Ca0, and to a lesser extent are consistent with fractional crystallisation (FC) processes, for example
MnO display typical negative correlations with SiC, content (Fig. 5), the increased crystallisation of apatite after ~63 wt.% Si0,. The alkali
whereas K;0 shows a positive correlation (Fig. 5). The plot of P05 oxides, K;0 and Na;0O show the weakest correlations with Si0;
versus Si0; content shows a convex trend with a general positive corre- (Fig. 5}, suggesting that these efements may have been mobilised dur-
lation between P,(Q5 and Si0; content untit Si0; reaches ~63 wt%, after ing alteration, The highest variation is observed in samples of the Cogoti
which a negative correlation is observed (Fig, 5). These overall trends Supergroup which shows a range of K;O contents between 0.5 to 4.8%
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Fig.5 (continued).

with a limited increase in Si0, content, Values for certain major element )
oxides, obtained for certain sampies, also appear to sit away from the
main data trends. For example, sample PC14 from the Tilito Formation
appears to have lost all of its Na;0 and displays higher Ca0 and Mn0
contents (Fig. 5). This suggests leaching of Na, potentially from plagio-
clase, and replacement with carbonate minerals; this is confirmed by
petrographic analysis {Fig. A8, Supplementary Material}. Therefore,
some variation in the data away from the main trends displayed on
the Harker diagrams may be the result of alteration and replacement
processes,

6.2.2. Trace elements (TE) and rare earth elements (REE)

The resulis of trace- and rare earth- element analysis are presented
in Figs. 5 and 6 With the exception of the sample {RF17)} of the Rio
Frio Basalts (Paleocene), all samples, including the Las Miquinas Basalts
and those of the P-T basement, display typical subduction zone TE and
REE signatures with enrichments in the large ion lithophile elements
(LILE, ez, Rb, K, Ba, Sr, Pb} and the light rare earth elements (LREE) rel-
ative to the high field strength elements {HFSE, e.g., Nb, Zr, Ti, Y} and
heavy rare earth elements {HREE) {Fig. 6). As evident in Fig. 5, sample
RF17 (Rio Frio Basalts) has a distinct TE composition, with apparent

entichments in P, Nb and Zr. This sample is also alkaline in composition
(Fig. 4b) and is clearly not co-genetic with other Pateocene arc forma-
tions {e.g., Cogoti Supergroup and Los Elguinos Formation), indicating
that the Rio Frio Basalts may have formed from a distinct mantle source,

The multi-element piots for all other samples exhibit prominent
negative Nb anomalies and positive K and Pb anomalies (Fig. 6). With
the exception of the most mafic sample (MQ8, Las Mdquinas Basalts),
all samples show negative Ti anomalies and depletions in HREE relative
te N-MORB (Fig. 6). The Late Oligocene, Las Maguinas Basalts {MQ8)
shows the least enrichment in the LILE, consistent with emplacement
in a back-arc setting {e.g., Litvak and Poma, 2010}, Samples of the Los
Elquinos Formation (Paleocene), Tierras Blancas Caldera {Eocene} and
Bocatoma Unit (Early Oligocene) display relatively limited ensichments
in LILE, with the exception of Sr. These Paleocene-Early Oligocene sam-
ples, along with samples of the youngest (~13-6 Ma) arc formations
(Upper Cerro de {as Tortofas Formation, Tertiary Intrusives and Vacas
Heladas Ignimbrites), display positive Sr anomalies and limited negative
Eu anomalies {Fig. 6). The youngest samples (~13-6 Ma) also have Sr
contents which are significantly higher than the overall decreasing
trend observed with increasing Si0y content (Fig. 5). In addition, these
samples display relatively steeply dipping REE patterns with depletions
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in the HREE, suggesting a change in the petrogenesis of the youngest arc
magmas erupted and emplaced in the southern Central Andes {Fig. 6).

7. Discussion

7.1, Temporal variations in the confamination of southern Cenfral Andean
arc magmas

It is clear from many of the TE plots (e.g., Figs. 5b and &) that there
are significant variations in either the degree of melting or the composi-
tion of the source of the arc magras, or in the level of interaction with
the continental crust, over time. How the TE compositions have changed
over time, due to what processes, and how this relates to the changing
geodynamic setting of the southern Central Andean margin, is discussed
below.

7.1.1. The Late Cretaceous to Eocene

Concentrations of incompatibie, fluid-mobile (e.g., Ba, Pb, U) and
fluid-immabile {e.g., Nb, Zr) elements, in the Late Cretaceous-Eocene
samples of the Cogoti Supergroup, Los Elguinos Formation, Tierras
Blancas Caldera and the Botacoma Unit, remain relatively constant
with increasing differentiation (Fig. 5}. There are limited correlations

between certain TE ratios and 510, content (Fig, 7) suggesting that ¥

these TE variations are not the result of FC. A number of lines of evidence
support limited interaction of these arc magmas with the existing con-
tinental crust; no inherited zircon grains and cores are identificd in
these arc rocks (Table 1); ‘mantle-fike’ 680 values have been obtained
for zircons from these samples (Jones etal,, 2015); and low®/Sr/%Sr iso-
tope ratios have been reported for these the Late Cretaceous-Eocene
magmatic belts (Parada et ak, 1988). On this basis it is suggested that
the observed enrichments in fiuid-mobile, incompatible elements
(e.g., LILE} and depletions in HFSE and HREE reflect processes occurring
in the source region, rather than resulting from crustal confamination
and/or differentiation processes,

Overall the fluid mobile/immaobile TE ratios {e.g, Ba/Nb, U/Th} are
highly variable for the Late Cretaceous—Eocene are rocks {Fig, 7) sug-
gesting that the source region has been variably influenced by slab-
derived fluids. A general increase in these ratios is observed between
the Late Cretaceous (~72 Ma) and the Eocene (~50 Ma) suggesting an
increased influence of slab-derived fluids on the arc magmas with
time (Fig. 8). With an increase in fluid flux from the subducting slab
an increase in the amount of partial melting occurring in the mantle
wedge might be expected. An increase in certain element ratiocs
{e.g., Nb/Zr, Nb/YDb) between the Late Cretaceous and the Late Eocene
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Fig. 6 (continued),

\Fig. 8) could be interpreted as an indication of a decrease in partial
melting of the mantle over time, This is at odds with the evidence for
an increase in fluid flux from the slab (e.g., increasing Ba/Nb and U/Th
{Fig. 8)). Therefore, these element ratios are interpreted as representing
anincrease in the enrichment of the mantte wedge, either with subduc-
tion derived components {e.g., sediments) and/or due to an influx of
asthenospheric mantle,

During this time interval magmatism was also occurring in a back-
arc position, east of the main volcanic arc, These extension-related
basalts {Rio Frio Basalts 55.9 £ 1.9 Ma (Litvak and Page, 2002)} have
a distinct composition to the magmas erupted in the main volcanic
arc. These basalts exhibit high fluid immobile, incompatible TE ratios
(e.g., Nb/Zr) and low fluid mobile, incompatible TE ratios (e g., Ba/Nb),
suggesting they represent small degree partial melts which received
little influence from siab-derived fluids, as suggested by Litvak and
Poma (2010},

7.1.2. The Late Oligocene to Early Miocene

After a period of reduced arc magmatism between the Mid Eocene
and the Late Oligocene (Parada et al,, 1988, 2007} the Dofia Ana Group
{Tilito and Escabroso Formations) was erupted at the arc front. The sam-
ples of the Tilito Formation {Lower Dofta Ana Group) from closer to the
trench, have quite distinct compositions from those coltected farther to

the east, despite their being of the same age (Late Oligocene). The
more westerly rhyolitic ignimbrites (AM0844, AM0O846 and AMO0847)
are highly evolved {8i0; > 72 wt.%), have high concentrations of Nb
{18 ppm) accounting for high Nb/Zr and Nb/YDb raties (Figs. 8 and 9}.
The more easterly samples (ZN122 and Z27) are less evolved with
andesitic—dacitic compositions.

The presence of inherited zircon cores with P-T ages {ranging be-
tween 278.5 + 2.9 Ma and 241 + 2.7 Ma, Table 1) in the samples of
the Tilito Formation from the Chilean side of the margin, suggests bulk
assimilation of the P-T basement (e.g., Beard et al,, 2005). If has previ-
ously been suggested that the contamination of the Late Oligocene—
Early Miocene arc magmas with P-T aged lower crust accounts for the
refatively high 37Sr/%5Sr ratios (0.705335) of the Dofia Ana Group
{e.g., Kay and Abbruzzi, 1996). The range of inherited zircon ages ab-
tained by this study is within the range of U-Pb ages obtained for the
Choiyoi Group and Pastos Blancos Group, which comprise part of the
basement stratigraphy. These basement groups also appear adjacent
to the Tilito Formation in outcrop and therefore it seems likely that
the magmas of the Tilito Formation have assimilated this crust, The sim-
ilar geochemicat features {e.g., negative Eu, Ti and P anomalies, positive Y
anomalies, high Nb/Zr ratios) observed in samples of the P-T basement
and the rhyolitic samples of the Tilito Formation (Figs. 4, 5, and 7}
support this suggestion. No inherited zircon cores were found in the
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more mafic samples erupted farther to the east, providing evidence for ~ 2013). These authors suggest that these back-arc basalts are formed
a more limited interaction between the arc magmas and the basement from the melting of enriched Proterozoic subcontinental lithosphere.
farther away from the trench. ‘The Miocene Intrusives, which consist of Early Miccene granitoids
Coeval with the eruption of the Tilito Formation, the Las Maquinas that cropout on the border between the Frontal Cordillera and the
Basalts were emplaced to the east, on the Argentinean side of the mar- Precordillera, are highly enriched in incompatible clements such as
gin. These basalts have high Nb/Zr (Fig. 9} and Nb/U ratios and low fluid Rb, Nb, Th, and Ce, which likely reflects their highly evolved nature,
mobilefimmobile incompatible elernent ratios {e.g,, Ba/Nb and Pb/Nb} Ratios of fluid mobilefimmeobile incompatible element ratios are gener-
(Fig. 7) suggesting a limited influence of fluids derived from the ally low, suggesting the {imited influence of slab-derived fluids on the
subducting slab and initially relatively small degrees of partial melting, primary magmas (Figs. 7, 8 and 8). The U-Pb zircon ages presented
This is consistent with these geological units representing back-arc here for the Miocene Intrusives (22.2 4 0.23 to 2043 4 0.31 Ma) over-
volcanism (Kay and Abbruzzi, 1996; Kay et al,, 1991, Litvak and Poma, lap with the ages obtained for the back-arc Las Maquinas Basalts (K/Ar
2010} On a plot of NbfYb vs. Th/YDL the Las Mdquinas Basalt plots dated between 22.8 4 1.1 Ma to 22.0 4 0.8 Ma {Kay et al,, 1991;
between the fields for E-MORB and OIB {Fig. 10) suggesting extraction Litvak et al,, 2005)). Like the Las Mdquinas Basals, the relatively high
of snrall degree melts from a relatively eariched mantle source, This Nb/Zr ratios could be indicative of relatively small degree partial melt-
might be expected for a region of the subcontinental mantte which ing, which would be consistent with their generation relatively far
has experienced less partial melting and melt extraction than the man- away from the trench and therefore over a more dehydrated siab,
tle situated beneath the main volcanic arc. These compositions are also Geochemical medelling suggests that the compositions of the Mio-
similar to those of Holocene alkali basalts and trachy-basalts erupted in cene Intrusives can be generated from the composition of the Las
the back-arc region of the Southern Volcanic Zone (SVZ) (Jacquesetal,  Mdaquinas Basaits, by a combination of fractional crystallisation (FC),
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and assimilation and fractional crystallisation (AFC) processes involving
the P-T basement (¥Fig. 11), consistent with the presence of inherited
zircon in sample RI11A14 {Table 1}. It is difficult to separate the cffects
of FC from AFC processes, as in this case the fractionating assemblage is
virtually the same as the mineral assemblage found in the P-T base-
ment, Evidence from O and Hf isotopic composition of zircon {Jones
et al, 2015} suggests that the Miocene Intrusives have also interacted
with an ancient, Grenville-aged basement, which is present in the
Precordillera. The maodelling supports the involvement of this ancient
basement terrane, however it is apparent that the majority (~85%) of
the assimilated crust must be the P-T basement {Fig. 11). Overall, this
suggests that these granitoids, which are located farther away from
the trench than the Las Mdquinas Basalts, have formed through the dif-
ferentiation and interaction of these back-arc basaltic melts with the
pre-existing Andean crust.

The geochemical modeling also suggests that fractional crystatlisation
of these basaltic melts can account for the compositions of the less

evolved sequences of the Tilito Formation, which outcrop further away

from the trench {Tilito Formation — Argentina) (Fig. 11). The more
evolved compoasitions closer to the trench (Tilito Formation — Chile} are
more difficult to generate via FC or AFC processes when using the Las
Mdquinas Basalts as a starting composition. This suggests that the
sequences for the Tilito Formation which are closer to the Chilean trench
may be the result of decoupled assimilation and fractional crystallisation
{i.e. FCA) {Cribb and Barton, 1896) and/or mixing processes invalving
the P-T basement (Fig. 11), as suggested by the presence of inherited zir-
con cores, Alternatively they may be derived from a different mantie
source, which has received a greater influence from subduction related
COmponents.

The extrusive rocks of the younger Escabroso Formation {Upper
Dofia Ana Group) and Cerro de Las Tértolas Formation {Early Miocene)
are generally more mafic than the Late Oligocene samples of the Tilito
Formation and Miocene Intrusives (Fig. 4) and have fower Nb/Zr and
Nb/Yb raties, and higher fluid mobilefimmobite incompatible element
ratios (e.g., Ba/Nb and U/Nb} (Figs. 7, 8 and 9). This suggests a higher
degree of partfal melting of the mantle wedge due to an increase
in fluids derived from the subducting slab, atongside more limited
FC and assimilation of the Andean crust. During the Farly Miocene
{~18 Ma) the JFR began intersecting the Andean margin in this region
leading to the initiation of the shatlowing of the subducting slab

fjl‘(J
Sy e
/ G FoLIo

§ Ly
1Y

(e.g., Yaitez et al,, 2001, 2002). Therefore an increase in the influence
of fluids derived from the subducting slab on the source of Early
Miocene arc magmas might be expected.

These Early Miocene formations also lack any zircon inheritanee
{Table 1) providing further evidence for a reduction in the bulk assimi-
lation of the Andean basement in comparison to the Late Oligocene,
Tilito Formation and Miocene Intrusives, However, isotopic data still
suggests the involvement of some radiogenic crustal components
{e.g., Bissig et al,, 2003; Jones et ak, 2015; Kay and Abbruzzi, 1996; Kay
etal, 1991).

7.1.3. The Mid to Late Miocene

During the Mid to Late Miocene the angle at which the Nazca plate
was subducting shallowed and as a consequence arc magmatism
migrated to the east. During this time interval the Tertiary Intrusives
were emplaced in the eastern Frontal Cordillera and the Precordillera,
These dacitic to trachydacitic units have relatively low Th, U and Rb
concentrations, in addition to HREE depletions (Fig. 6). Kay and
Abbruzzi (1996} also identified low Th, U and REE concentrations in
the Precordilleran, Miocene arc magmatic rocks and also found them
to have the least radiogenic Sr (*Sr/*®Sr == 0.7032-0.7038) and Pb
{2%6ph/204ph = 17.8--17.9, 2°7Pb/2%Ph = 15.48-15.49, 298ph/2%ph =
37.4-37.5) isotopic signatures of all the Cenozoic arc magmatic rocks
inn the Pampean flat-slab segment. They attribute this to the interaction
of the Miocene arc magmas with the distinct, Grenville-aged basement
present in the Argentinean Precordillera; xenoliths from this basement
also yield low Th, 1 and REE concentrations and unradiogenic Ph isoto-
pic ratios {Abbruzzi et al,, 1993). This suggestion is supported by the
identification of inherited zircon cores of Proterozoic age in all Tertiary
Intrusives samples analysed as part of this study (Table 1).

Kay and Abbruzzi (1996) suggested that the more radiogenic Pb
isotopic composition of the Precordilleran Miocene arc magmas in
comparison to the Grenvillian xenoliths (**Pb/*™pb = 17.1-17.8,
207pp204ppy = 15.42-15.49, 2%8ph/2Ph = 36.6-37.4), requires the
interaction of the magmas with an additional component, which has a
Ph isotopic composition similar to that with which the Miocene arc
magmas in the Frontal Cordillera have interacted. They proposed
that this source of radiogenic Pb is derived from the sub-arc mantfe
wedge. However, in addition to Proterozoic aged inherited cores,
this study identified P-T inherited zircon cores in samples of the
Tertiary Intrusives (Table 1), thus, suggesting these magmas have
also interacted with crust of this age. Radiogenic Pb isotope values
(e.g., 2°°Pb/20%Ph = 18.44-18.56, °7Pb/>%*Ph = 15.65-15.66,
208pp204p}, — 38,38-38.39 (Lucassen et al,, 2002)} have been deter-
mined for the Late Palaeozoic Andean crust, and therefore we propose
that the P-T basement may be the source of the radiogenic Pb.

In general as the subducting Nazca plate shaltowed the volcanic
front expanded and migrated to the east over the course of the Miocene.
However, the youngest arc rocks in the region, the Vacas Heladas Ignim-
brites occur in the Frontal Cordillera. During the same time interval
magmatism was occurring at the Poche volcanic field in the Sierra de
Cérdoba, situated directly to the east and 700 km away from the Chile
trench. The Pacho volcanic rocks are thought to be associated with the
arrival of the shallowly dipping subducting slab under this part of the
South American continent {e.g., Kay and Gordillo, 1994)}. From this it
can be inferred that very little of the mantfe wedge must have remained
under the Frontal Cordillera, Therefore, it is likely that the Vacas Heladas
Ignimbrites represent small volume lower crustal melts, generated due
the influence of heat and fluids derived from the subducting slab. These
volcanic deposits have the highest fluid-immobile, incompatible TE
ratios {e.g., Nb/Zr and Nb/Yb (Fig. 8}) of the Mid-Late Miocene arc
formations {i.e,, 15-6 Ma}, suggesting they represent small degrees of
partial melting, consistent with the small volumes of erupted magma.
The high ratios of fluid-mabile/immobite incompatible TE (e.g., Ba/Nb,
Pb/Ce) cbtained from the Vacas Heladas Ignimbrites compared to the
other Mid to Late Miocene arc magmas, are also indicative of a high
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~feldspar ( 15%}, magnetite (20}, amphibole (5%), biotite { 10%), clinopyroxene { 10%) and olivine (5%); consistent with the minerals present in samples of the Las Mdquinas Basalts and
the more mafic samples for the Tilito Formation which outcrop in Argentina {i.e, further away from the trench) {Table A7, Supplementary Matenial). In this case increments represent
6% and crystallisation ends at 54%, The fractionating assemblage used to model the green FC trend is plagioclase (30%), K-feldspar {15%), magnetite {15%}, amphibole {15%), biotite
{13%), clinopyroxene (5%}, clivine {5%), apatite £1%} and zircon (1%); consistent with the minerals present in samples of the Las Maquinas Basalls 2nd Mlocene Intrusives {Table A7,
Supplementary Material). Inccements on the green FC, AFC, FCA and mixing lines represent 8% and crystallisation ends at 72%, consistent with what might be expected for granitic
{Miocene Intrusives) and rhyolitic rock types (Tikite Formation — Chite), The compaosition of the Grenville-aged basement Is the average compasition of xenoliths presented in

Kay et al. {1596).

influence of slab-derived fluids on these magmas. These melts have
subsequently been contaminated with the Late Paleozoic-Early
Mesozoic basement and the ofder Cenozoic arc rocks, present in the
upper crust, This is consistent with TE signatures obfained for the
Vacas Heladas Ignimbrites; relatively high incompatible TE ratios
(Figs. 7, 8, and 9) could be indicative of either relatively small degree
partiai melts and/or assimilation of the continental crust, This is also
consistent with isotopic evidence; increasing *7Sr/%Sr ratios correlate
with decreasing £Nd values between the Late Oligocene and the Late
Miocene, with the highest #75r/%%5r ratios (0.7055) and Iowest ENd
values {-- 2,0} reported for the Vacas Heladas Ignimbrites, suggesting
an increase in crustal contamination with time {Kay and Abbruzzi,
1996; Kay et al,, 1991, Litvak et al,, 2007). Inherited zircon cores of
P-T and Miocene age identify the crustal material being incorporated
into the melts (Table 1).

The Mid to Late Miocene arc magmatic rocks also have adakitic
signatures {Fig. 12a). Diagnostic geochemical features of adakites and
their mode of formation remain controversial (e.g., Castillo, 2012).
Originally it was proposed that adakites formed from the partial melting
of young (<25 m.y.), basalt crust being subducted beneath volcanic
arcs, where garnet and amphibole are residual phases (Defant and
Drummond, 1980; Kay, 1978). Subsequently a number of other mecha-
nisms of producing arc rocks with adakitic signatures have heen
outlined, including partial melting of a mafic lower crust {e.g., Chung
et al, 2003; Kay et al., 1991, 2005), and high-pressure fractional
crystatlisation of hydrous mafic arc magmas (e.g., Castillo et al,, 1999;
Macpherson et al,, 2006; Rodriguez et al,, 2007; Rooney et al, 2011},
To the south of the study avea {~32 °S), Reich et al. {2003) propose that
melting of young, hotspot-derived rocks associated with the JFR has
resttited in the adakitic signatures of Late Miocene (~10 Ma) intrusions,
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on the basis of limited crustai thickness {<35 km at 10 Ma) at these -

latitudes, combined with the non-adakitic signatures of more recent arc
racks,

In the Pampean flat slab segment it is proposed that the adakitic
signatures are the result of the arc magmas equilibrating with high
pressure mineral assemblages, including garnet, in the lower crust
{e.g., Bissig et al,, 2003, Goss et al, 2011; Kay et al,, 2005; Litvak et al,,
2007}, During this time inkerval the thickness of the continental crust
is suggested to have increased to >45 km as a result of crustal shorten-
ing {e.g., Allmendinger et al,, 1990; Kay ef al,, 1991). This increase of
crustal thickness could have also resulted in the high-pressure fractional
crystallisation of garnet or amphibole from the mafic arc magmas
(e.g., Davidson et al,, 2007; Macpherson et al,, 2006). However, the rel-
atively flat trend displayed on a plot of Dy/Yh against 5i0, content
(Fig. 12b} suggests these phases were not fractionated from the melts
and that they underwent gabbroic fractionation, which has a limited
effect on the shape of REE patterns. This provides further evidence to
suggest that the Mid to Late Miocene arc magmas were equilibrating
with high pressure mineral assemblages in the lower crust, Overall,
the development of adakitic signatures in the Mid to Late Miocene sug-
gests that over the course of the Late Cretaceous to Late Miocene the arc
magmas generated were equilibrating with different residual mineral
assemnblages, with a development from lower pressure assemblages
(i.e. pyroxene) to higher pressure assemblages (i.e. garnet}, likely
refilecting the significant increase in crustat thickness over time.,

8. The geodynamic evolution of the southern Central Andes

The new geochronological and geochemical data obtained by this
study provides new evidence with which to refine the tectonic and
geodynamic models of the Pampean flat-slab segment. An updated
evolutional model for the southern Central Andean margin between
the Late Cretaceous and the Late Miocene is outlined below and in
Fig. 13,

8.1, The Late Cretaceous-Farly Focene (~75-51 Ma)

During the Late Cretaceous—FEarly Eocene (~75--51 Ma) the mag-
matic arc along the western margin of South America was some-
what different to the compressional Andean arc now in existence
{Fig. 13a). The obligue angle of subduction and the low convergence
rates between the Farallon and South American plates are thought
to have caused extension along the margin (Charrier et al., 2007;
Pardo Casas and Molnar, 1987; Somoza, 1998). The Late Cretaceous
to Early Eacene magmatic rocks, associated with extension, primarily
consist of north—south trending plutonic belts. Volcanic rocks associated
with these extensive plutonic belts are scarce and may have been re-
moved by erosion.

TE signatures suggest the Late Cretaceous to Early Eocene arc
magmas, emplaced in the Principal and Frontal Cordiltera’s, formed in
a subduction zone setting from the partial melting of a metasomatised
mantle wedge, which has been variably influenced by slab-derived
fluids, Evidence from boron isotopic compositions suggests these fluids
were primarily derived from the dehydration of altered oceanic crust
and serpentinite {Jones et al,, 2014), TE signatures, such as low overall
Nb/Zr and Nb/Yh (Figs. 7 and 8), suggest significant partial melting of
the mantle wedge took place during this time period. Whele-rock rare
earth element geochemistry (e.g, LafYb ratios) suggests the Late Creta-
ceous to Early Eocene mantle-derived melts underwent equifibration
with/fractional crystallisation of a gabbroic assemblage, suggesting
migration of the arc magmas through a crust of normal thickness
{~30-35 km}. A lack of zircon inheritance, ‘mantle-like' oxygen isotope
values and juvenile initial EBf values obtaired for magmatic zircon
{Jones et al., 2015), and low initial 35¢/365r ratios reported for these
plutonic belts (Parada et al,, 1988}, suggests minimal contarnination
by older continental crust. This combined evidence suggests that this
time period represents a sustained period of upper crustal growth in
the southemn Central Andes (Fig. 13a).

8.2, The Early Eocene te Early Oligocene {~50-27 Ma)

This time period is characterised by a reduction in arc magmatism
and a transition from the emplacement of primarily plutonic belts
in the Principal Cordillera, to arc volcanism further away from the
subduction zone trench in the Frontal Cordillera (Fig. 13b}. During
the Mid to Late Eocene granitoids and andesitic porphyiies were
emplaced in the Principal Cordillera, along with a number of intru-
stons related to caldera formation. In the Frontal Cordillera valcanic
deposits were emplaced (e g, the Botacoma Unit} and incompatible
TE ratios (e.g., Ba/Nb, Nb/Zr) suggest these deposits were formed from
small degree partial melting of the mantle wedge, with less influence
from slab-derived fluids, in comparison to the plutonic belts present in
the Principal Cordillera. The more limited influence of slab-derived fluids
may refiect the position of this part of the arc further away from the
trench, over a more dehydrated slab (Fig. 13b}. An increase in the influ-
ence of crustally derived material on the compositions of these arc
magmas is also identified between the infrusions emplaced in the
Principal Cordillera, and the arc magmas erupted in the Frontal Cor-
dillera. In particular, the presence of inherited zircon suggests that
these Frontal Cordillera arc magmas assimilated Late Palacozoic-Early
Mesozoic basement.
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The poor development of the magmatic arc from 50 to 27 Ma may be
related to the low convergence rates {~5-8 cm/yr) and oblique angle of
subduction (NE direction) operating between the oceanic Farallon and
the South American plate (¢.g., Pardo Casas and Molnar, 1987; Somoza
and Ghidella, 2012). The reduction in ar¢ magmatism has previously
been linked with an earlier period of flat-slab subduction along the
Central Andean margin {e.g., O'Driscol! et al,, 2012). The apparent
eastward migration of the arc during this time interval supports the
shaltowing angle of subduction, however there is littie other evidence
to support flat-slab subduction during this time interval. For example,
LafYD ratios suggest that the ascending arc magmas were equilibrating
with/fractionating a mineral assemblage which reflects a continental
crust of normal thickness (~30-35 km), and that these melts were not
derived from the melting of the subducting slab, which might result
from fAat-skab subduction (Gutscher et al, 2000a),

8.3, The Late Oligocene-Farly Miocene (~26-20 Ma)

After the period of relative magmatic quiescence, this time interval is
associated with a dramatic increase in magmatic activity and a broaden-
ing of the magmatic arc (Charrier et al,, 2007 and references therein;
Pilger, 1984). This has been refated to a major change in plate configu-
ration at ~25 Ma involving the break-up of the Farallén plate into the
Cocos and Nazca plates {Lonsdale, 2005). This tectonic reconfiguration
resulted in subduction becoming more normal to the margin (ENE
direction) and convergence rates increasing from -~ 8 cm/yr to an average
of ~ 15 cmyfyr (Parde Casas and Molnar, 1987; Somoza, 1998; Somoza and
Ghidella, 2012),

In the southern Central Andes, this time period is characterised by
the eruption of the Tilito Formation {Lower Dofia Ana Group} in the
main Andean arc, and extension related magmatism in the back-arc
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region (Fig. 13¢). The Tilito Formation {26.1-23.2 Ma) was erupted over
a wide are front, which is now situated in the Frontal Cordillera. An
extensional regime operated to the east of the arc front, both during
the late stages, and after the eruption of the Tilito Formation. This
back-arc magmatism involved the eruption of the Las Maquinas Basalts
(22,8-22.0 Ma {Kay et al., 1991, Litvak et al,, 2005}) in the Frontal Cor-
dillera, and the emplacement of high-K granitoids {Miocene Intrusives,
22,2-20.4 Ma) alongside dacitic to rhyolitic ignimbrites and lavas {Las
Trancas Formation, 22.6 Ma), in the Argentinean Precordiliera. Between
~23 and 21 Ma there is an apparent reduction in magmatism at the arc-
front, with magmatic activity concentrated in the back-arc region.

TE signatures and the presence of inherited zircon grains/cores
in the high- K, calc-alkaline rhyolites of the Tilito Formation erupted
closest to the trench suggests the magmas bulk assimilated the Late
Paleozoic—Early Mesozoic basement en route fo the surface. The gener-
ally more mafic (andesitic) units of the Tilito Formation, ertpted further
away from the trench, show evidence for 3 more limited interaction
with the Andean basement. The interaction of ascending mantle-
derived melts with the overlving Andean continental crust is generally
“igher in the Late Oligocene to £arly Miocene, than is evident earlier

.e,, Late Cretaceous-Mid Eocene). This evidence suggests the Late
Oligocene to Early Miocene represented a period of significant crustal
reworking and growth of the upper Andean continentat crust due to
both arc-related, and extension-related magmatism.

84, Early-Mid Miocene (~19-14 Ma)

After the apparent reduction in arc magmatism hetween ~23 and
21 Ma, arc magmatism at the arc-front was reinitiated with the eruption
of the basaltic andesite and andesite lavas of the Escabroso Formation
{Upper Dofia Ana Group) and the Cerre de Ias Tortolas Formation. An
eastward migration of the arc-front is observed with the majority of
are volcanism occurring on the now Argentinean side of the margin
{Fig. 13d). The REE compositions of the Escabroso and Cerro de las
Tértotas Formations {lower) indicate the arc magmas migrated through
a continental crust of normal thickness and that the Andean crust had
not yet undergone significant tectonic shortening related to increased
compression,

The combination of higher fluid-mobile/immobile incompatible TE
ratios and lower fluid-immobile incompatibie TE ratios obtained for
the Escabroso and Cerro de las Tértolas Formations are indicative of an
increased influence of slab-derived fluids on the melt source region,

'd a higher degree of partial melting, in comparison to the Late Oligo-
.<ne, This is supported by boron isotopic compositions and concentra-
tions obtained from melt inclusions (Jones et al, 2014). During this
time interval subduction of the JFR began along the Andean margin.
The JFR has been associated with hydrated and serpentinised oceanic
lithosphere {Kopp et ak, 2004}, hence the subduction of this hydrated
ridge ray account for observed increase in the influence of slab-derived
fluids on the melt source region.

8.5. Mid-Late Miocene (~13-6 Ma)

During the Mid to Late Miocene the angle of the subducting Nazca
plate shallowed, causing the migration of ar¢ magmatism to the east
and an increase in compression along the margin, resulting in the
main phase of uplift of the Andean range (e.g., Gregory-Wodzicki,
2000; Kurtz et ab, 1997). In the Pampean flat-slab segment, arc
magmatism during this time interval primaiily consists of the eruption
of trachyandesitic to dacitic lavas of the Upper Cerro de fas Tértolas For-
mation in the Frontal Cordillera, and the emplacement of shallow level,
sub-voleanic andesites, dacites and trachydacites in the eastern Frontal
Cordillera and the Precordillera. Subsequent to this, the last significant
magmatic ackivity in this region is represented by the eruption of
smalt volume, dacitic to rhyolitic ignimbrites, the Vacas Heladas Ignim-
brites, in the Frontal Cordillera (Fig. 13e).

Zircon inheritance and the isotopic compositions (Jones et al., 2015;
Kay et al,, 1991) obtained for the Vacas Heladas Ignimbrites suggests
the involvement of a Grenville-aged basement, the Late Paleozoic-
Early Mesozoic Andean crust, as well as Cenozoic crust in the petrogene-
sis of these arc magmas. The interaction of these relatively young {~6 Ma}
arc magmas, erupted in the Frontal Cordillera, with a Grenville-aged
basement supports a number of structural models for the southern
Central Andean margin {e.g, Gans et al, 2011; Gilbert et al, 2006;
Ramos et al., 2004). These models suggest the Grenville-aged basement
identified in the Argentinean Precordillera {e.g., Abbruzzi et al,, 1993;
Kay and Orrell, 1996; Rapela et al, 2010}, has under-thrust the Frontal
Cordiilera as a result of crustal shortening.

A principal feature of the Mid to Late Miocene arc magmatic rocks
is their adakitic signatures (Fig. 12). These have been interpreted as
representing the melting and equilibration of arc magmas with a high
pressure mineral assemnblage, which includes gamnet, in the lower
crust. The occurrence of adakitic signatures in the Mid to Late Miocene
is consistent with the timing of significant tectonic shortening in the
region and the proposed tfiming of the main uplift of the Andean range
(e.g., Gregory-Wodzicki, 2000; Kurtz et al,, 1997; Vandervoort et al,,
1995}, This increase in crustal thickness has been linked to the increase
in compression, in part due to the shallowing of the subducting slab
(e.g., Jordan et al, 1983; Kay et al,, 1991}, The presence of adakitic signa-
tures in the Tertiary Infrusives, emplaced in the Argentinean Precordillera,
suggests the continental crust must have thickened to >50 km at this

_ across-arc position { western Precorditlera), as well as beneath the Frontal

Cordillera.

9, Conclusions

The new age data and TE and REE compositions obtained for Late
Cretaceous to Late Miocene arc magmatic rocks suggest progressive,
yet variable contamination of the arc magmas over time. This study
clearly demonstrates the link between the changing geodynamic setting
in the southern Central Andes, specifically related to changes in the
angle of the subducting slab and convergence angles and rates, and
the compositions of the Late Cretaceous to Late Miocene arc magmas
present in the Pampean flat-slab segment,

The TE geochemistry of the Late Cretaceous to Eocene arc rocks,
combined with a lack of inherited zircon, provides evidence to suggest
the Late Cretaceous to Late Focene arc magmas had little interaction
with the overlying Andean crust en route to the surface. This confirms
previous evidence {e.g, Jones et al., 2015; Parada, 1990; Parada et al.,
1988) and is in keeping with the more extensicnal regime and thinner
continental crust in existence during this time period. The increased
enrichment of arc magmas during this time interval is proposed to
be a result of the gradual enrichment of the mantle wedge due to the
increased influence of subducting components and/or the influx of
asthenospheric mantle,

The TE and REE compositions of the Late Oligocene (~26 Ma) to Early
Miocene (~17 Ma), and Late Miocene {~6 Ma) arc magmatic rocks
present in the Frontal Cordillera, combined with the presence of P-T
inherited zircon cores, provides evidence for the bulk assimilation
of the P-T basement by these arc magmas. The distinct TE signatures
(specifically low Th, U and REE concentrations) obfained for the Tertiary
Intrusives {11.7-9.4 Ma}, located in the Argentinean Precordillera,
combined with the presence of inherited zircon cores of Proterozoic
age, suggests these are magmas have also interacted with the Grenville-
aged basement present in the Precordillera.

The progressive enrichment of arc magmas in incompatible TE
between the Late Oligocene {~26 Ma) and the Late Miocene (~6 Ma) is
attributed to a combination of {1) the increased influence of subducting
components on the melt source region, and {2} increased contamination
of the arc magmas with existing continental crust en route to the surface,
Both of these processes are linked with the shallowing angle of the
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subducting Nazca plate, the increased compression along the margin,
and the consequent increase in crustal thickness.
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RESUMEN

Se estudid un campo de Javas basélticas y basandesiticas que se exponen en Puna Austral, en cercanias de la estacidn ferrovia-
ria Chuculaqui, ubicada al oeste del salat de Arizato en la sietea de Caipe, provineia de Salta. Como resultado se presentan nue-
vos datos quimicos y edades de estas volcanitas. De acuerdo con las relaciones de campo y las caracterfsticas petrogrificas y
geoquimicas, se reconocen dos unidades lavicas. La primera, de edad pliocena, estd formada por basaltos porfiricos con feno-
cristales de olivina y plagioclasa. Lz segunda unidad, de edad pleistocena, estd constituida por basandesitas porfiricas con fe-
noctistales de plagioclasa, piroxeno y anfibol. Con esta informacion se caracterizaton petroldgicamente estos afloramientos y
se modificd su asignacibn estratigrifica, ampliando el registro volcanico del Plioceno en esa region,

Palabras clave: Valauniswo, Plioceno, Pleistoceno, Puna

ABSTRACT

Perrofopical Characterization and wew ages of Estacidn Chacrlagui Basalts, Southern Prna, Provinee of Salta

A basaltic and basandesite field is located west of Salar de Arizaro on Caipe range, near the old railroad Chuculaqui Station,
in Southern Puna, Salta province. New ages and geochemical data set of these volcanic rocks are presented. Based on their
petrographic, geochemical characteristics and feld relationships, two lava flow units have been recognized. The first one, of
Pliocene age, is formed by porphyritic basalts with olivine and plagioclase phenoctysts. The second onc, of Pleistocene age,
is a porphyritic basandesite with plagioclase, pyroxene and amphibole phenocrysts. This information allows the petrologic
characterization and new stratigraphic assignation of these rocks, extending the volcanic record of Pliocene age in this region.

Keywords: Volranism, Pliocene, Pleistorene, Puna

INTRODUCCION

Bl volcanismo nedgeno y cuaternario de-
sarrollado en la Puna se vincula con laac-
tividad del margen continental activo y
los procesos que provocaron acostamien-
to horizontal con engrosamiento, bajo
condiciones dominantemente compresi-
vas. En la Puna saltefia durante los dlti-
mos 7 Ma ocurrieron episodios distensi-
vos 2 los que se asocia la efusién de lavas
fisurales de composiciones bdsicas a in-
teemedias, de gran dispersidn areal y es-
caso volumen,

En la sierra de Caipe, ubicada al oeste del
salar de Arizaro en la Puna saltefia, al no-
reste de la estacion Chuculaqui del ramal
C* del ferrocarril Belgrano, se exponen

afloramientos predominantemente basil-
ticos, que fueron incluidos por Méndez
ef al. (1979) entre sus fenobasaltos y pos-
teriormente denominados como Basaltos
de Chuculaqui en !a Hoja Geol6gica So-
compa (Zappettiniy Blasco 2001),

Por el grado de preservacion de la morfo-
logia de las coladas y las relaciones estra-
tigrificas con las volcanitas de Arizaro,
Zappettini y Blasco (2001} los asignaron
al Pleistoceno.

En esta contribucion se completa la in-
formacidn aporiada en publicaciones an-
teriores (Maisonnave y Poma 2010) pre-
sentando datos quimicos, microanilisis
cuantitativos de las fases minerales pre-
dominantes y edades obtenidas median-
te dataciones radimétricas. Esta nucva

informacién permite caracterizar petro-
logicamente a las voleanitas estudiadas
y proponer una nueva ublcacion estrati-
grifica as{ como interpretar su significa-
do en la evolucidn geoldgica del sector es-
tudiado.

METODOLOGIA

Un conjunto de muestras frescas y repre-
sentativas de las unidades estudiadas fue-
ron enviadas para su andlisis 2 Activa-
tion Laboratories Litd. de Canad4, donde
mediante 2ctivacién neutrdnica y espec-
trometria de plasma por emisién, se de-
terminaron tanto los clementos mayort-
tarios como los minoritarios y traza.

Para los microandlisis cuantitativos de




detalle en cristales de las fases minerales
dominantes se utilizé un equipo CAME-
BAX 8X-50 con 4 espectedmetros, de la
Universidad de Barcelona, Espafia. Las
determinaciones se efectuaron con un
potencial de aceleracién de 20 kV, em-
pleando para las fases minerales una co-
rriente de 15 nA.

Una de las determinaciones de edad se
efectué mediante ¢l método *“Ar/¥Aren
vidrio en el Laboratorio de Geocronolo-
gia del Servicio Geoldgico de Canadd, y
la restante determinacién se realizé por
e! método K/Ar en roea total en el La-
boratorio de Geocronologia del Servicio
Nacionat de Geologfa y Mineria de Chile.

AFLORAMIENTOS
ESTUDIADOS

Binlas cercanias de la estacidn fecroviaria
Chuculagui (24°45'00”S y 68°03'45”0C)
se extiende un afloramiento Javico mela-
nocritico de unos 6 m de potencia. Los
espesores fueron medidos en los cortes
laterales y el afloramiento, que cubre una
superficie de unos 13 km? (Fig. 1), se apo-
ya sobre una secuencia volcdnica meso-
silicea a 4cida de color gris claro verdoso
que infegra el Complejo volcanosedimen-
tario Quebrada del Agua, asignada al Oli-
goceno — Mioceno inferior (Zappettiniy
Blasco 2001},

Las volcanitas estudiadas forman dos
unidades ldvicas independientes, de es-
pesores similares (hasta 5-6 metros en su
fase distal), que constituyen derrames fi-
surales extrufdos a partic de una fractura,
expresion estructural de un lineamien-
to mayor de rumbo aproximadamente
N-S reconocido por Zappettini y Blas-
co (2001). Estos dos flujos Hvicos se ex-
tienden en direcciones opuestas, la cola-
da mds antigua se derrama hacia el oeste y
la restante hacia el este. Las rocas que for-
man las coladas son de color gris oscuroa
negro, presentan un telieve snave y se di-
ferencian entre sf por sus caracterfsticas
mineraldgicas y texturales. La colada mds
antigua es de composicidn baséltica, me-
nos cxtensa y se encuentra emplazada so-
bre una superficie de relieve relativamen-
te plano, mientras que ¢l flyjo lavico mis
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Pigura 1: Croquis de ubicacidn y bosquejo geolégico del drea estudiada. Modificado de Zappettini y

Blasco (2001).

joven conforma una colada mas extendi-
da y de composicién basandesitica que
cubre un sector de topografia accidenta-
da en la cumbre de 1a sierra de Caipe,

Las rocas de la colada occidental, 1a miés
antiguz, presentan cstructura marcada-
mente vesicular y textura porffrica dada
por abundantes fenocristales de olivina,
mientras que Ias rocas de a coladz orien-
tal son escasamente vesiculares y la tex-
tura porfirica estd caracterizada por la

presencia de fenocristales de piroxeno y
anfibol (Fig. 2). En ambas coladas se pre-
servan amigdalas irregulares de hasta 1
cm de longitud mixima, con retleno de
material secundario de color blanco. El
material piroclistico asociado es escaso.

Petrografia

La colada occidental estd formada porla-
va en bloques y abarca unos 3 km?, con
un espesor de 4 a 5 m. Es de disefio irre-
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gular y estd constituida por fenobasaltos
de color gris oscuro a negro, que presen-
tan una conspicua estructura vesicular
caracterizada por abundantes cavidades
subredondeadas, de 1 2 15 mm de longi-
tud méaxima, que le confieren a la roca un
aspecto pumliceo a escorifceo. La textura
porfirica estd determinada por fenocris-
tales de olivina (10%} y en cantidad su-
bordinada cristales de plagioclasa (5%)
dhistribuidos en una pastaafanitica. Seob-
servan algunas amigdalas de hasta 1 cm
de longitud, con relleno de color blan-
quecino, probablemente conformado por
silice de alta temperatura y zeolitas. En
seccién delgada se observa un gran ni-
mero de vesiculas muy pequefias de di-
sefio irregular y que ocupan, aproxima-
damente, el 20% del volumen de fa roca.
Los fenocristales (15%) estin mayorita-
siamente constituidos por olivina fresca
de hdbito euhedral a subhedral y plagio-
clasa en menor proporcién, Hsta confor-
ma fenocristales y microfenocristales ta-
bulares subhedrales, en general frescos y
con maclado polisintético irregular, son
escasos los individuos con zonalidad. Se
identificaron escasos microfenocristales
de clinopiroxeno subhedral.

Los fenocristales se encuentran inmer-
sos entuna pasta hialopilftica a intersertal,
integrada, por orden de abundancia, por
microlitos dispuestos al azar de plagio-
clasa fresca, abundantes grinulos subhe-
drales de clinopiroxeno, frecuentemente
maclados, cristales de olivina y eristales
subhedrales de minerales opacos. El con-
junto estd amalgamado en una mesosta-
sis de vidrio castafio oscuro. Es comiin
cbservar en la pasta cristales de disefic
frregular de clinopiroxeno agrupados en
glomérulos.

El segundo flujo ldvico es mis extendido,
abarcando una superficie de unos 10 km®.
Se derrama hacia el oricnte y presenta una
planta de disefio irregular con unos 6 m
de espesor reconocido. Estd conforma-
do por rocas de color gris oscuro 2 negro
en las que se reconoce un arreglo mineral
mds evolucionado, respecto de la colada
occidental, y escasa proposcion de vest-
culas. La textura es porfirica y estd carac-
terizada por fenocristales de plagioclasa,

piroxeno y més escasos de anfibol, con
tamafios entre 1 y 3 mm. Macroscopica-
mente se reconocen agregados de crista-
les de piroxeno, de formas irregulares y
hasta 1 cm de largo.

En seccidén delgada se observan escasas
vesfculas irregulares y la textura porfiri-
ca estd determinada, en orden de abun-
dancia, por fenocristales de plagioclasa
{50%}, clinopiroxeno (30%) y ortopiroxe-
no {15%) y escasos fenocristales de an-
fibol (3%). La plagioclasa se presenta en
tablillas frescas, frecuentemente con ma-
cla polisintética y mis raramente con zo-
nalidad, sus nicleos tienen composicién
bitownftica (A, ) v los bordes corres-
ponden a labradorita (An,, ). El clinopi-
roxeno es augite (Wo,_ - En,__),seob-
serva en granulos de pequefio tamafio, a
menudo zonales, mientras que los indi-
viduos de ortopiroxeno, cuya composi-
cibn corresponde a enstatita incolora y no
pleocroica (En,, - Wo, ), desarrollan
prismas largos subhedrales, El mineral
mifico de mayor desarrollo es el anfibol,
que forma cristales elongados de hasta 3
mm, con un conspicuo borde de resor-
cién formado por una orla de minerales
opacos. Los fenocristales se encuentran
distribuidos en una mesostasis hialopilf-
tica formada por microlitos de plagiocla-
sa de composicién mis sédica distribui-
dos al azar, clinopiroxeno y anfibol, en
una base de vidrio castafio.

Una caracteristica remarcable que ex- .
hibén estas volcanitas es la presencia de

texturas de reaccion. Estas texturas se in-
terpretan como consecuencia de la incor-
poracién de grinulos de cuarzo en la la-
va basaltica, Se observan xenocristales de
cuarzo con diferentes grados de preserva-
cién, desde individuos de varios milfme-
tros rodeados poruna delgada pelfcula vi-
trea con crecimiento epitixico de cristales
aciculares de clinopiroxeno, hasta secto-
res en los que el cuarzo ha sido completa-
mente consumido y se reconoce su exis-
tencia previa por relaciones texturales y el
desarrollo particular de los cristales de pi-
roxeno (Fig, 2f). Estas rocas presentan es-
casas vesiculas, parcialmente rellenas por
un material que por sus propiedades dpti-
cas se identifich como cristobalita.

CARACTERISTICAS
QUIMICAS

Las rocas analizadas contiencn en base
anhidra entre 51 y 55% en peso de SiQ, y
enatre 3,9 y 4,9% de dlcalis. E contenido
de ALO, oscila entre 15,7 y 17%. Los da-
tos obtenidos mediante andlisis quirmicos
se presentan cn et cuadro 1. En el diagra-
ma TAS (Total Alkali vs Silica, Le Maitre
1989) las muestras de la colada occidental
de las voleanitas de Estacion Chuculagui
se clasifican quimicamente como basal-
tos, mientras que las muestras represen-
tativas de la colada oriental se clasifican
como hasandesitas, todas ellas con ten-
dencia calcoalcalina normal (Fig, 3},

Al graficar los contenidos de dlealis,
FeO* y MgO en un diagrama AFM (Trvi-
ne y Baragar 1971) se observa que las ro-
cas muestran una tendencia evolutiva sin
enriquecimiento en hierro y con enrique-
cimiento en dlealis, como es esperable en
rocas de la serie caleoalcalina (Fig, 4).

El diagrama para las concentraciones de
los elementos de las tierras raras (Fig, 5),
normalizados a condrito segiin los va-
lores propuestos por Sun (1982), mues-
tra un disefio similar para ambos grupos
de rocas, aunque las volcanitas de la co-
lada mds joven presentan una pendien-
te mis empinada con valores pasa la re-
lacién La/Yb entre 13 y 17,8 [(La/Yh)
N=8,7 a 11,9] micntras que las voleanitas
correspondientes a la colada basal, tienen
cocientes La/¥h cercanos a 5 [(La/Yh)
N=3,3 a 3,8]. Se observa una leve depre-
si6n en las tiereas raras intermedias y una
pequefia anomalia de Eu, lo que podiia
sugerir anfibol y plagioclasa retenidos en
ta fuente. Estas caracteristicas permiten
inferir que los fundidos se habrfan gene-
rado a presiones relativamente bajas, las
que en un corto perfodo de tiempo ha-
befan evolucionado hacia condiciones de
fusién a mayor presion, durante la gene-
racién de los fundidos que dieron origen
a los Aujos livicos mds jdvenes.

En un diagrama multielemental norma-
lizado {valores de MORB de acuerdo con
Pearce 1983), las muestras representanti-
vas de ambas unidades presentan disefios
en los que se reconocen caracterfsticas in-
herentes a los fundidos de arco (por €.




anomalfa negativa de Nb), sin embargo
en [as muestras pertenecientes ala colada
mds joven, si bien perduran las caracte-
risticas de arco, se hace evidente una im-
pronta de inteaplaca (Hig. 6).

EDAD

Dadas las diferencias composicionales,
morfoldgicas y petrogrificas obsecvadas
en ¢l flujo lavico oriental con respecto a
la colada occidental, se considerd nece-
sario establecer con precisidn la edad de
esta manifestacién eruptiva por lo que se
efectuaron estudios geocrondlogicos en

Figura 2: a-b) Aspecto del
afloramiento, a} colada oc-
cidental, by colada eriental,
c-d} Fotomicrografias de la
colada oecidental; ¢} Textura
porfirica con fenocristales de
olivina (01}, microfenocris-
tales de plagioclasa (Plg) ¥
piroxenc (Px), y abundantes
vesiculas {V}); d) Detalle de
fenoceristal de olivina (Ol)
e-f) Potomicrografias de Ia
colada oriental: {g) textura y
detalle de fenccristal de an-
fibol {Anf), (f) Detalle de xe-
nocristal de cuarzo con creci-
miento epitixico de eristales
aciculares de piroxeno (Px).
Yotomicrografias sin anali-
zador intecpuesto, excepto c).

muestras representativas de ambas co-
ladas. En el marco del proyecto MAP
(Multinational Andean Project) del que
participd el Servicio Geologico Mine-
ro Argentino, se efectud una datacién en
una volcanita fresca de la colada occiden-
tal obteniéndose una edad Ar/FAr (en
vidrio) de 3,4 0,1 Ma, lo que permite
asignarla al Plioceno (Fig. 7).

Por otra parte, se analizé una muestra re-
presentativa de Ja colada oriental utilizan-
do el método K /Ar en roca total en el la-
boratorio de Geocronologia dependiente
del Servicio Nacional de Geologfa y Mi-
nerfa de Chile, obteniéndose una edad de

2,1 0,3 Ma, por lo que este derrame 14-
vico se asigna al Pleistoceno (Cuadro 2).
Las diferencias observadas entre es-
tas dos unidades se explican entonces,
al considerar que existié un lapso entre
las emisiones ldvicas que las originaron,
ya que una es de edad pliocena y la otra
pleistocena.

DISCUSION Y RESULTADOS

Estos afloramientos fueron incluidos en
los denominados Basaltos de Chuculagui
y Samenta y asignados al Pleistoceno en
Ia Hoja Geoldgica Socompa {Zappettini
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Figura 3: Diagrama TAS (Total Alcalis versus
Silica) para ta clasificacién quimica de rocas vol-
canicas (Le Maitre 1989) para las volcanitas estu-
diadas.
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Figura 4: Dingrama ARM {Irvine y Baragar 1971)
para las rocas estudiadas.

+ Cotada Oocidentsd
© Colada Orfental

]

Roca / MORB

S KO%RL Ba Th Tz Nb Co PONZr HE BMTORY Yo S

Figura 5: Diagrama de elementos de fas Tiersas
Raras normalizados a condrito de acuerdo con los
valeres propuestos por Sun {1982).

y Blasco 2001). En el marco de investi-
gaciones posteriores, Maisonnave y Po-
ma (2010} con base en el andlisis textural,
la paragénesis mineral y las relaciones de
campo de estos afloramientos, establecie-
ron una edad pliocena para el flujo lavico
occidental y otra pleistocena para la co-
lada que se derrama hacia el oriente. Bs-
tas edades se confirmaron mediante estu-

Ha QK0 Mg

2200

Figura 6: Diagrama muliiclemental para los ele-
mentos traza, normakizados respecio del MORDB
definido por Pearce (1983).

25838 Muestra 8-2 {GLASS)
R 3410.1Ma

40 &0 &
% 39Ar

Figura 7: Datacidn ¥Ar/*Ar en vidrio de Ja cola-
da oriental {muestra BM8-2). Edad obtenida: 3,4
£ 0,1 Ma. Alicuotas con edades seproducibles en
cada etapa, sin cvidencias de discupcidn,

dios geocronolégicos cuyos resultados se
presentan en esta contribucion,

Los afloramientos estudiados represen-
tan dos eventos independientes. Las di-
ferencias texturales, composicionales y
en las paragénesis minerales observadas,
sugieren que los fundidos que originaron
tas rocas de la colada pliocena son menos
evolucionados y habrfan tenido un tiem-
po menor de residencia en el reservorio
magmidtico, respecto a los fundidos que
generaron las volcanitas del derrame mas
joven, de edad pleistocena.

La caracterizacion petrogrifica y quimica
de estas rocas indica una ripida evolucion
de los fundidos hacia productos de fusién
a mayor presion, lo que podrfan interpre-
tarse como indicativo del aumento en el
espesor cortical durante el perfodo de ge-
neracién de estos magmas. De acuerdo a

CUADRO 1: Analisis quimicos de las
coladas estudiadas. Concentraciones de
éxidos expresadas en porcentaje en peso
(p.p¥e), concentraciones de elementos
de las Tierras Raras y trazas expresados

en ppm.

50, 5158 50,98 5519 5632 52,86
T0, 0,07 0942 1,60 1,646 1767
AD, 17N 1673 1677 1571 1545
Fe0, 1041 981 B8F2 955 022
MO 018 0181 02 635 0118
MO 61 598 413 443 429
a0 977 828 798 828 81
Na G 245 231 308 285 326
KO ..385 148 160 161 151
PO, 021 018 049 052 052
L0l 042 033 072 068 114
TOTAL 100,84 9836 100,27 1007 9833
La_ 198 18 247 376 338
Ce 418 385 525 857 761
Pro .52 43 64 111 98I
N 1B& 19 237 388 381
Sm 45 44 49 8 17
o 12 423 136 205 19
6o 45 47 42 65 B
T 09 09 07 1 09
Dy 56 56 38 54 47
Ho 12 13 08 i 09
Er 35 35 21 27 22
Tm 055 056 031 038 03
Yo 35 35 19 24 18
L 05 05 028 033 026
Y 330 330 180 270 230
S 8650 7030 6210 12120 12310
Rb 310 200 370 210 210
Ba 3270 3440 4820 4640 4900
Cs 07 09 15 -
u % 113 08 08
Th 31 33 43 32 29
H 29 30 43 B8 80
& 17 09 09 14 1
Sc 355 350 200 180 160
€ 170 1300 300 400 500
NP 210 200 -
Co 337 260 250 240 21D
Np 90 70 10 190 190
I 190 1000 1650 2480 2290
Cu__ 370 400 700 200 300
Yo 2740 2180 2010 2330 2310




los rasgos texturales descriptos, se inter-
preta que los fundidos magmdticos invo-
lucrados habrfan ascendido y enfriado rd-
pidamente, incorporando escaso material
de roca de caja, y alcanzado la superficie a
través de estructuras de falla de direccion
ENE-OSO generadas o reactivadas du-
rante episodios distensivos.

Asimismo, la asignacidn geocronolédgica
de estos eventos, permite ampliar el re-
gistro de la actividad volcdnica en la re-
gién estudiada, que habrfa sido prictica-
mente continua a lo largo del Plioceno y
Pleistoceno, aunqgue volumétricamente
menos importante que la intensa activi-
dad magmitica que caracterizé al Mioce-
0.
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CUADRO 2: Datacion K/Ar en roca total de la colada occidental {muestra BMB8-5),

Edad obtenida: 2,1 £ 0,3 Ma.

BM8-5 Roca Totat 1455 8137 93 24 *0,7
BM85 Rocalotal 1455 @121 85 21 03
Media ponderada de estos dos andlisis: 21 0,3

TRABAJOS CITADOS EN EL TEXTO

Irvine, T.N. y Baragar, W.R.A, 1971, A guide to
the chemical elassification of the common
voleanics rocks. Canadian Journal of Tarth
Science 8: 523-548.

Le Maitree, R 1989: A Classification of Igneous
Rocks and Glossary of Terms. Blackwell, 193
p-, Oxford.

Maisonnave, E.B y Poma, 8. 2010, Basaltos de
Chuculaqui, Puna saltefia: caracterizacion
petrogrifica y quimica. 10° Congreso de Mi-
neralogia y Metalogenia. Avances en Minera-
logia, Metalogenia y Petzologia: 303- 306, Ric
Cuarto.

Mendez, V., Turner, J.C.M,, Navarini, A., Amen-
gual, R, y Viera, V.O. 1979. Geologiz de Ja re-
gibn noroeste, provincias de Salta y Jujuy, Re-
phiblica Argentina. DGEM, 118 p., Buenos
Aires,

Pearce, ].A. 1983. Role of the sub-continental
lithosphere in magma genesis at active con-

tinental margins. En: C.J.Hawkesworth y

M.JNorry (eds), Continental Basalts and
Mantle Xenoliths: 230-249.

Sun, 5.5, 1982: Chemical composition and origin
of the earth’s primitive mantle. Geechimica
et Cosmochimica Acta 46: 179-192.

Zappettini, E.O. y Blasco, G- 2001, Hoja Geo-
16gica 2569-1F, Socompa, provincia de Salta.
Instituto de Geologia y Recursos Mincrales,
Servicio Geoldgico Minero Argentino, Bole-
tin 260: 62 p., Buenos Aires.

Recibido: 2 de diciembee, 2015
Aceptado: 8 de septiembre, 2016




%)

. GRS E P
[ ' s i T
e Ve Sol S poy g

N i I5E

) L,/

B B
A . .f‘:‘

The making of the Chilean-
Argentinean Andes




The making of the Chilean-Argentinean Andes

Editors. Folguera, A., Contreras Reyes, E., Heredia, N.,
Encinas, A., Iannelli, S., Oliveros, V., Davila, F., Collo,
G., Giambiagi, L., Maksymowicz, A., Iglesia Llanos, P.,
Turienzo, M., Naipauer, M., Orts, D., M., Litvak, V.,
Alvarez, O., Arriagada, C.




The making of the Chilean~-Argentinean Andes

Book structure

| 3 35 & U1 SR TRPTTSRPIPR |
Part 1. Crustal and seismic structure of the Chilean fore-arc

Chapter 1. Structure and tectonics of the Chilean convergent margin fiom wide-angle
seismic studies: a review. Eduardo Contreras-Reyes...........cooeueeceiiceiiiviieinen 19

Chapter 2. The geometry of the continental wedge and its relation to the rheology and

seismticity of the Chilean interplate boundary. Andrei Maksymowicz and Andrés
TUSSAF .. vev ivcos ves esee v svt ets tes e sar ves ae sae van sas san 20s ses svs svs 2es ses en sme 2an e soe ers e sos seneee BT

Chapter 3. The Peru-Chile margin from global gravity field derivatives. Orlando
Alvarez, Mario Ernesto Gimenez, Federico LinceKlinger, Andrés Folguera, Carla
BEQUIERDEFZ ... ovv 1 vs s ear er e ort e s sre eva v ere vm aes e vt ver 4en e a2 bt aes e ss aas ne s pen sve wns £

Part 2, The Paleozoic evolution of the Chilecan-Argentinean margin

Chapter 4. Paleageographic and kinematic constrainis in the tectonic evolution of the
pre-Andean basement blocks. Augusto E. Rapalini , Silvana E. Geuna, Pablo R.
Franceschinis, Cecilia M. Spagnuolo... ... ... .o oo ivver vt v ver e see cesiae e v A 031

Chapter 5. The Pre-Andean phases of construction of the Southern Andes basement
in Neoproterozoic-Paleozoic times. Nemesio Heredia, Joaquin Garcia-Sansegundo,
Gloria Gallastegui; Pedro Farias, Raul E. Giacosa, Fernando D. Hongn, José Maria
Tubia, Juan Luis Alonso, Pere Busquets, Reynaldo Charrier, Pilar Clariana, Ferrdn
Colombo, Andrés Cuesta, Jorge Gallastegui, Laura B. Giambiagi, Luis Gonzdlez-
Menéndez, Carlos O. Limarino, Fidel Martin-Gonzdlez, David Pedreirva, Luis Quintana,
Luis Roberto Rodriguez-Ferndndez, Alvaro Rubio-Orddiiez, Raill E. Seggiaro, Samanta
Serra-Varela, Luis A. Spalletti, Raid Cardo, Victor A. Ramos ... ... ccoveiiiniicinn 133

Chapter 6. The Famatinian orogen along the profomargin of Western Gondwana:
Evidence for a nearly continitous Ordovician magmatic arc between Venezuela and
Argenting, Victor A. RAMOS ... ... .. cc. e ves vevvet v ves et e ine e ves ves e vns wes v svn s0s e ven sene 1 34




U

Part 3. The Early Andean arc in the Chilean-Argentinean margin

Chapter 7. The early stages of the volcanic arc in the Southern Central Andes.
Verdnica Qliveros, Javiera Gonzdlez, Mauricio Espinoza, Paulina Vdsquez, Pablo
Rossel, Christian Creixell, Fernando Sepiilveda and Francisco Bastias... ... .........185

Chapter 8. A provenance analysis from the Lower Jurassic units of the Neuquén
basin. Velcanic are or intraplate magmatic input? Maximiliano Naipauer, Ezequiel
Garcia Morabito, Marcelo Manassero, Victor V. Valencia and Victor A. Ramos....213

Part 4. The Early Andean phases in the Chilean-Argentinean margin

Chapter 9. The Jurassic paleageography of South America from paleomagr:ettc data.
Iglesia Lianos... eee ee ee tes e vue ees e e en ees eea den e wn ere tn pes aas bes bk sea ns st ..232

Chapter 10. Lower Jurassic to Early Paleogene intraplate contraction in Ceniral

Patagonia. César R. Navarrete, Guido Gianni, Andrés Echaurren, Andrés Folguera
..250

Chapter 11. Mechanisms and episades of deformation along the Chilean-Pampean
Slat=slab subduction segment of the Cenfral Andes in northern Chile. Fernando
Martinez, César Arriagada and Sebastian Bascufidn... ... co. oo vevvv e s vvvee e 279

Chapter 12. Cretaceous orvogeny and marine transgression in the Southern Central
and Northern Patugonian Andes: Aftermath of a large-scale flat-subduction event?
Guido M. Gianni, Andrés Echaurren, Lucas Fennell, Cesar Navarrete, Paulo Quezada,
Jonathan Tobal, Mario Giménez, Federico M. Davila, Andrés Folguera...... ... ......299

Chapler 13. Tectonic rotations along the western Central Andes. Arriagada.........340

Chapter 14. Paleogene arc-related volcanism in the Southern Central Andes and
North Patagonia (39°-41°S). Sofia B. Iannelli, Lucia Ferndndez Paz, Vanesa D. Litvak,
Rosemary E. Jones, Miguel E. Ramos, Andrés Folguera, Victor A. Ramos... 354

Part 5. The late Andean stages in the Chilean-Argentinean margin

Chapter 15. Mantle influence on Andean and pre-Andean topography. Federico M.
Davila, Carolina Lithgow-Bertelloni, Federico Martina, Pilar Avila, Julieta Nébile,
Gilda Collo, Miguel Ezpeleta, Horacio Canelo, Francisco Sanchez.....................372

Chapter 16. Cenozoic Uplift and Exhumation of the Frontal Cordillera befiveen 36°
and 3558 and the Influence of the Subduction Dynamies in the Flat Stab Subduction

4




Context, Sonth Central Andes. Ana Lossada, Laura Giambiagi, Gregory Hoke, José
Mescua, Julieta Suriano and Manuela Mazzifelli ... ... oo ivcnvorveeis e e 0. 396

Chapter 17. The Structure of the Southern Central Andes (Chos Malal fold and thrust
belt). Mariin Turienzo, Natalia Sdnchez, Fernando Lebinson and Luis Dimieri... ... 419

Chapter 18. The late Oligocene-early Miocene marine transgression of Patagonia,
Alfonso Encinas, Andrés Folguera, Florencia Bechis, Kenneth L. Finger, Patricio
Zambrano, Felipe Pérez, Pablo Bernabé, Francisca Tapia, Ricardo Riffo, Luis Buatois,
Dario Orts, Sven N. Nielsen, Victor Valencia, José Cuitifiol, Verdnica Oliveros, Lizel
De Girolamo Del Mauro, Victor RAMOS ... ......... o oo iovcovvee i i cirnis v vneeis 452

Chapter 19. Neogene growth of the Patagonian Andes. Andrés Folguera, Alfonso
Encinas, Orlando Alvarez, Dario Orts, Guido Gianni, Andrés Echawiven, Vanesa D.
Litvak, Cesar Navarrete, Daniel Sellés, Jonathan Tobal, Miguel Ramos, Lucas Fennell,
Lucia Ferndndez, Mario Giménez, Patricia Martinez, Francisco Ruiz, Sofia
TaArMelli .. oo e st cen v e e e e et e e e e e e e e v et et sas vk een et ser sr 10s GO

Chapter 20. The Late Paleogene to Neogene volcanic arc in the Southern Central
Andes (28°-37°8). Vanesa D. Litvak, Stella Poma, Rosemary E. Jones, Lucia Ferndndez
Paz, Sofia lannelli, Mauro Spagnuolo, Linda A. Kirstein, Andrés Folguera and Victor
A

RaAMOS ... oo ivv v e it e s e e e e e e e e e e e e e e et e e sens D 2

Chapter 21. Basin thermal structure in the Chilean-Pampean flat subduction zone.
Gilda Collo, Miguel Ezpeleta, Federico Ddvila, Mario Gimenez, Santiago Soler,
Federico Martina Pilar ffvila, Francisco Sdnchez-Nassif, Ricardo Calegari, Juan
Lovecchio and Mario SCRIUIMG. .. ..o o vee v cos et et it et e v e v ses e e vee 0 330




Preface

This book analyzes the tectonic evolution of the Argentinean and Chilean Andes through four
sections, the first dealing with the structure of the fore-arc from bathymetric, gravimetric and
seismic data; a second section that discusses the Paleozoic evolution of this sector, first showing
the paleomagnetic behavior of the continent during this period and then discussing the different
hypothesis associated with the accretion of continental slivers and consequent closure of ocean
basins, producing deformation and metamorphism, reconstructing the geometry of the Early
Paleozoic orogens and arcs across South American western sector; the third section analyzes the
proto-Andean arc evolution, showing the paleomagnetic path of the margin, clues about its early
arc aclivity, its relation to LIP activity associated with Pangea supercontinent desintegration and
subduction zone; a fourth section discusses early development of the Andes that started as a
non-organized collage of within-plate deformation sectors that lately established next to the
subduction zone when the south Atlantic ocean started to expand; and finally a fifth seciion that
discusses different aspects of the Cenozoic evolution of the Andes and ifs contemporaneous
voleanic arc, such as development of shallow subduction settings through time, the role of

dynamic subsidence, opening and closure of intra- and back-arc basins, etc,

In detail the first section is conmposed of three chapters. The first by Contreras Reyes et
al. analyzes from wide-angle seismic data the structure of the submerged fore-arc as a result of
the balance between sediment accretion and sediment subduction and crustal erosion. Then
different segments are subdivided that are characterized by dominant frontal ercsion or
accretion and are defined by climate conditions, sediment dispersal pattern along the french and
subduction of bathymetric highs. The second chapter by Maksymowicz and Tassara analyzes
the geometry of the submerged frontal prism as a function of basal and poral pressure
conditions. Those systems that are subjected to frontal crustal erosion become oversteepened
siice these are affected by normal faulting that trigger internal saturation ‘with sea water.
Additionally, this chapter highlights the role of these morphological variations on seismic
segmentation along the subduction zone. The third chapter in this first section belongs to
Alvarez et al. and analyzes vertical gradients in gravity anomalies and their relation to co- and
post-seismic rupture zones of giant earthquakes along the subduction zone and their complex
internal structure. Additionally satellite measurements can show changes in the gravity field that
could be used to predict rupture propagation along the subduction zone. Then variable fore-arc
structure revealed by gravity data shows to have an important influence in the way that ruptures

propagate and therefore in seismic segmentation and their potential,




The second section starts with Rapalini et al. chapter that deals with paleomagnetic
reconstructions that describe South American path as part of Gondwana during the Paleozoic.
The second chapter by Heredia et al. discusses the complex collage of continental slivers that
have formed the western Gondwana border that is being reconstructed on the basis of the
recognition of different deformational vergences, superimposed metamorphic and deformational
events and recognition of internal and external paris of collisional orogens. The third chapier by
Ramos is a reconstruction of the Early Paleozoic arc and consequently the western border of
Gondwana, allowing identifying subsequent crustal accretions though differential exhumation

levels preserved aldng the margin.

The third section starts with the Oliveros et al. chapter that analyzes magmatism in
northern Chile showing that arc activity had already established since the Triassic, a period that
had been considered devoid of subduction processes in western Gondwana. A short magmatic
lull appeared at the time when the arc established nearer the subduction zone, at the time when
the crust became less assimilated by mantle derived products. Naipauer et al. discuss this same
magmatic stage in Northern Patagonia discussing its relation to the proto-Pacific border and LIP
activity in the Karoo-Ferrar anomaly, conchiding that at these latitudes plume activity

influenced considerably composition of near-trench magmatism.

The fourth section starts with the Iglesia Llanos chapter that illustrates from
paleomagnetic data the path of southern Gondwana and particularly South America in Jurassic
times when experiments important latitudinal variations, first displacing to the north, and then
returning to southern latitudes. These shift changes together with the opening of the Weddelt sea
at southern Gondwana are the clue to explain in a second chapter by Navarrete et al. within-
plate deformations in Patagonia. This chapter also describes early deformations through the
wesiern border of Patagonia at the time of South Aflantic opening. These proto-Andean
deformations are also recorded in northern Chile, lately reactivated during the development of
the Neogene Chilean-Pampean flat subduction zone, as it is described in a third chapter made by
Martinez et al, Gianni et al. in the fourth chapter identify synorogenic sedimentation in Northem
Patagonia and southern Central Andes showing a diachronism in the uplift of the Cretaceous
proto-Andes as a function of subduction of active ocean ridges as recent plate models indicate.
The next chapier by Arriagada analyzes first order inflections of the South American subduction
border using paleomagnetic data, determining their origin as oroclines formed diachronosly and
finked to basement heterogeneities associated with crustal amalgamation in Proterozoic to

Paleozoic times. Finally in this section, the chapter of lanneli et al. calculates ancient crustal




thicknesses and degree of influence of the subduction slab on arc-related rocks of Paleogene
age, determining that the Andean roofs produced during the proto-Andean evolution times were
practically lost during Eocene to Olipocene extensional stages along the Southern Andes. This
crustal stretching could have developed in relation to the combination of an opening of a slab

window during mid ocean ridge subduction and trench roll back.

The fifth section starts with the Dévila et al. chapter that quantifies subsidence and
uplift influenced by the mantle dynamics, superimposed to tectonic topography. This chapter
predicts within-plate subsidence next to flat subduction settings and discusses subsidence
components in ancient rift systems that cannot be fully explained by thermal decay, such as the
Triassic rift systems in central Argentina, Additionally this chapter analyzes mantle upwelling
component associated with Neopaleozoic regional uplift and glacial activity in southem
Gondwana, The second chapter by Lossada et al. is a review centered on the Frontal Cordillera
uplift constituting the major mountain system developed in central Argentina whose origin was
thought to be associated with the development of Chilean-Pampean flat subduction zone.
Thermochronological data show that exhumation of this system is previous to the developmént
of the flat subduction and is most likely influenced by pre-existing heterogeneities linked to the
Gondwana break-up. A third chapter by Turienzo et al. analyzes mechanics of deformation of
fold and thrust belt at the Southern Central Andes suggesting that shortenings have been
somehow underestimated and that the structure could be considerably more complex than
previously assumed. The fourth chapter by Encinas et al. discusses subsidence mechanisms
associated with the late Oligocene to early Miocene transgressions in Patagonia as part of the
rifting activity that started in Eocene times and contimued in the early Neogene, as broad sag
basins that flooded most of the ancient-collapsed Andes. The fifth chapter by Folguera et al.
analyzes Cenozoic deformations of the North Patagonian Andes from the study of synorogenic
sedimentation, This concludes that an intra-arc basin closure and a shaltowing of the subducted
slab could have contributed together to the Neogene uplift of western Patagonia. In a sixth
chapter, Litvak et al. study arc-related composition of magmatism asscciated with the
development of the Chilean-Pampean flat subduction zone and Payenia shallow subduction
setting to the south, concluding that most likely these behaved as one single system in the 15-4
Ma period. Finally, the seventh chapter by Collo et al. constitufes a compilation of heat flow
from wells that iltustrate how the Chilean-Pampean flat subduction zone has refrigerated the

lithosphere, expelling the mantle asthenosphere off the shallow configuration.




Fig. 1 To the left: Main morphostructural provinces in which the Southern Andes are divided. CC:
Cordillera de la Costa, DI Depresion Intermedia, DC: Cordillera de Domeyko, WC: Cordillera
Occidental; PA: Puna; AB: Altiplano Boliviano; EC: Cordillera Oriental; SA: Sierras Subandinas; SS:
Sistema de Santa Bérbara; FC: Cordillers Frontal; P: Precordillera; F: Sistema de Famatina; SP; Sierras
Pampeanas; CV: Valle Central; PC: Cordillera Principal; NE: Engolfamiento Neuquino; SRB: Bloque de
San Rafael; NPC: Cordillera Nompatagénica, PP: Precordiflera Patagbnica; NP: Macizo Norpatagénico;
SPC: Cordillera Surpatagénica; DM: Macizo del Deseado; FGC: Cordillera Fueguina. To the right: Book
structure (empty rectangles indicate areas analyzed in each chapter.
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Chapter 20
The Late Paleogene to Neogene volcanic arc in the Southern
Central Andes (28°-37°S)

Vanesa D. Litvak, Stella Poma, Rosemary E. Jones, Lucia Fernéndez Paz, Sofia Iannelli,
Mauro Spagnuolo, Linda A. Kirstein, Andrés Folguera and Victor A. Ramos

Abstract Evolution of arc magmatism along the Southern Central Andes (~28°-37°S) is
strongly controfled by changes in the geometry of the downgoing slab (e.g., slab dip angle).
This is particularly evident in the present-day Chilean-Pampean flat-slab and the late Miocene
Payenia shallow subduction segments. Typical Andean type volcanism was established during
the late Oligocene fo late Miocene in the high Andes (29°30”-30°30"S), with arc-related cale-
alkaline volcanism having geochemical signatures that reflect changes in the residual mineral
assemblages related to increased crustal thickness (>50 km). The increase in crustal thickness
resulted from increased compression along the Southern Central Andean margin due to the
subduction of the Juan Fernandez Ridge, and consequent shallowing of the downgoing slab in
the late Miocene, Associated with the decrease in the slab-dip angle, the volcanic front migrated
to the east. Further south, magmas developed across the present-day Payenia back-arc region
(35°-37°8) show an increase in slab-derived components in the middle Miocene to early
Pliocene times, which also suggests a progressive shallowing of the subducting slab at these
latitudes. However, trace elements ratios indicate a low to intermediate pressure residual
mineral assemblage and no sigpificant increase in crustal thickness is apparent, unlike farther
north in the Chilean-Pampean flat-slab segment. Although flat slab geometry still prevails in
this latter segment, re-steepening of the slab during early Pliocene times (+5-3 Ma) promoted an
increase of arc and back-arc magmatism at these niore southerly latitudes of the Southemn
Central Andes, A dynamic link between slab geometry, geochemistry and voelcanic activity is

therefore observed in the Southern Central Andes.

Keywords Payenia shallow subduction, Pampean flat-slab, crustal thickness, geochemisiry, arc
magmatism
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I Introduction

Topographic variability along the length of the Andean mountain chain can be linked to the
changes in the geodynamic driving forces, which correlate with the development of arc
magmatism, The geometry of the subducting slab (e.g., slab dip angle) through time is one of
the major factors controlling the development, intensity, migration and/or expansion of volcanic
arcs {Kay et al. 1991, 1999; Ramos and Folguera 2005; Litvak et al. 2007).

The geodynamic setting of the Southern Central Andean margin (~28%-37°5) has
changed significantly through the Cenozoic. In the late Oligocene (~25 Ma) the Farallon plate
broke up into the Nazca and Cocos plates (see Chapter 14), which resuited in a change from
oblique to orthogonal convergence {e.g. Pardo-Casas and Molnar 1987; Barckhausen et al.
2008). Typical Andean type arc-volcanism was initiated with a ~30° subduction angle.
However, in the Southern Central Andes the intersection of the Juan Fernandez ridge with the
continental margin in the early Miocene resulted in the shallowing of the angle at which the
Nazeca plate subducts beneath the South American plate. There are two regions affected by
Cenczoic shallow and/or flat subduction in the Southern Central Andes: the present-day
Chilean-Pampean flat-slab segment and the late Miocene Payenia shallow subduction segment
(Kay et al. 1991, 1999; Kay and Mpodozis 2002; Kay et al. 2006a, b; Litvak et al. 2007, 2015;
Jones et al. 2016; Fig. 1). Andean type subduction and arc volcanism was developed along both
of these segments in the late Oligocene. By Miocene times a shallow and hence, a more
compressive subduction regime commenced, leading to the expansion of the arc activity
towards the retro-arc and an increase of deformation into the Argentinean foreland. The main
difference in the evolution of the volcanic arc within these segments is that the crust increased
in thickness from ~30 kin to >50 km in the Chilean-Pampean flat-slab segment during the latter
part of the Cenozoic (Alimendinger et al. 1990; Fromm et al. 2004; McGlashan et al. 2008;
Chulick et al. 2013), Moreover, while the flatslab geomelry is stiil ongoing in the Chilean-
Pampean flat-slab segment, the shallow subduction regime in the Payenia segment prevailed
only until the beginning of the Pliocene {~5-3 Ma), when the subducting slab returned to a
normal-angle (Kay et al, 2006; Ramos et al. 2014; Litvak et al. 2015), Given the spatial
configuration and the timing at which the angle of subduction changed of both Chilean-
Pampean and Payenia segments, the collision of the Juan Fernandez ridge is likely to explain the
continuity and progressive shallowing throughout both segments during the Miocene. The
variable influence of the ridge collision from N to S along the Andean margin could eventually
result in a change in the dip of the subducted slab away the Juan Fernindez ridge (around 33°S),

This review chapter focuses on the lithological and geochemical features of arc
volcanism from the late Oligocene to early Pliocene in the Chilean-Pampean flat-slab segment

and the Payenia shallow subduction zone, in order to determine the influence of changes in
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subduction parameters through time on arc magmatism. Variations in geochemical signatures
provide information about the conditions beneath active volcanic arcs and thus, are pood

indicators of the changes in the geodynamic setting of the Southern Central Andean margin,

Late Miccene-Qualernary
compressionat faulls
Main Pliocene to

NAZCA PLATE

 'San Rafael
hroken foraland

Fig. 1 Location and main morphotectonic features of the present-day Chilean-Pampean flat-slab segment
and the partially contemporaneons late Miocene Payenia shallow subduction zone. The compressive
regimes associated with both flat and shallow segments are responsible for the uplifiing of the Sierras
Pampeanas and San Rafael Block, respectively, in the foreland area. Location of arc-related centers after
Ramos et al, (2002) (modificd from Litvak et al. 2015).

The first and main scientific contributions to understanding the geochemical and
tectonic evelution of Chilean-Pampean flat-slab arc rocks were made by Kay et al. (1987, 1988,
1991, 1999) and Ramos et al. (1987, 1989), while data on aée and petrological features were
later reporied by Bissig et al. (2001, 2003), Litvak et al. (2007), Litvak and Poma (2010, 2014)
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and Jones et al. (2014, 2015, 2616). The Payenia shallow subduction regime was first proposed
by Kay et al. (2006a, b), primarily based on studies on the Chachahuén Volcanic Complex, and
was later discussed by Spagnuolo et al. (2012), Dyhr et al. (20132, b) Ramos et al. (2014) and
Litvak et al, (2015},

2 Tectonic and regional setting of the Chilean-Pampean flat-slab and Payenia shallow
subduction segments

The Chilean-Pampean flat-slab segment, located between ~28-32°S in the Southern Central
Andes is comprised of, in a W-E direction, the Coastal and Principal Cordilleras in Chile and
the Frontal Corditlera, Precordillera and Sierras Pampeanas of Argentina (Fig. 1) (see Chapters
11 and 16). While the Payenia shallow subduction zone, between ~34-37°S, includes part of
the Central Depression in Chile and the Cordiflera Principal of Chile and Argentina, fogether
with a lower mountain system to the east known as the San Rafael Block (Fig. 1). The San
Rafzel Block lies in a similar longitudinal position to the Precordillera in the present-day
Pampean flat-slab segment (Fig. 1). However, its morphology, which corresponds to a
dismembered peneplain that emerges in the foreland region, and the mechanics of its
exhumation, makes the San Rafael Block simifar to the Sierras Pampeanas, which is part of a
broken foreiand, located to the north of the San Rafael Block and to the east of the Precordiliera.
Formation of the Sierras Pampeanas and the San Rafael Block have been linked to compressive
regimes, resulting from the shallowing of the subducting Nazca plate in Miocene times and the
reactivation of high-angle basement faulis during Miocene to Quaternary times.

Since the Triassic the Andean margin has been magmatically active at varions intervals,
producing a series of volcanic arcs in a setting which developed from being more extensional in
the initial stages to increasingly compressive after the Late Cretaceous and then from the late
Oligocene {e.g., Ramos et al., 2002; Charrier et al., 2007) (see Chapters 7, 8, 10, 11, 12 and 14),
The breakup of the Farallén plate (~25 Ma) into the Nazca and Cocos cavsed an increase in
convergence rates from ~8 ci/yr to ~15 cmfyr and a change from oblique to orthogonal
convergence (Pardo Casas and Molnar 1987; Somoza 1998; Somoza and Ghidella 2012). In the
Chifean-Pampean flat-slab segment, Andean type-volcanism was developed under this new
plate configuration, One of the key areas for understanding the evolution of the arc is the El
Indio-Valle del Cura belt (~29-30°S; Fig. 2), where late Oligocene-early Miocene main volcanic
arc was formed of dacitic to andesitic pyroclastic and lava flows located in the present-day
Chile, with associated volcanoclastic deposits primarity located in retro-arc extensional basing

(¥Figs. ! and 2) (Maksaev et al. 1984; Kay et al. 1991; Litvak et al. 2007; Winocur et al. 2015).
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The Juan Fernandez ridge began intersecting the Andean margin by the Early Miocene
{~20-18 Ma at ~30°S) (see Chapters 1 and 3), which led to the shallowing of the angle of
subduction (Pilger 1981, 1984; Guischer et al. 2000b; Kay and Mpodozis 2002; Yaiiez et al.
2002, 2001; Jones et al. 2014). As a result, the volcanic arc front migrated into the present-day
Argentinean Frontal Cordillera, while arc-magmatism broadened and expanded {o the east, as
far as ~700 km away from the present trench {Kay and Gordillo 1994; Poma et al, 2005, 2014).
The shaltow subduction geometry caused a reduction in the magma volume erupted within the
main arc, with cessation of arc magmatism by late Miocene (~6 Ma) times in the Chilean-
. Pampean flat-slab region {Ramos et al. 1989; Kay et al. 1991; Bissig et al. 2001; Litvak et al.
2007).

The Payenia shallow subduction segment is located immediately to the south of the
Chilean-Pampean flat-slab (Fig. 1). This segment is characterized by widespread volcanic
sequences that cover most of the retro-arc region, over 550 km east of the trench in the
Cenozoic (Bermudez 1991; Bermidez et al. 1993; Nullo et al. 2002; Kay et al. 2006a, b;
Spagnuolo et al. 2012; Dyhr et al. 2013a, b). As summarized by Dyhr ef al (2013a), the
evolution of the mid to late Cenozoic volcanism in the retro-arc of the Payenia region, can be
subdivided into three main episodes. These are differentiated on the bhasis of their age,
composition and tectonic setting: i) an early Miocene episode of alkaline volcanism: (Kay and
Copeland 2006; Kay et al. 2006b; Dyhr et al. 2013b); ii) A middle Miocene to early Pliocene
‘arc-like’ episode (Nullo et al. 2002; Kay et al. 2006a, b; Spagnuolo et al. 2012; Dyhr et al.
2013q; Litvak et al. 2015); and iii) An episode of late Pliocene-Recent volcanism, with alkali
basalts displaying typical back-arc compositions and variable slab input (Bermudez et al, 1993;
Bertotto et al. 2009; Gudnason et al, 2012; Sgager et al. 2013; Hemando et al. 2014), The
second volcanic episode is key to understanding the development of the Payenia shallow
subduction regime which is thought to have occurred between 18 and 3.5 Ma, with the plate at
its shallowest angle between ~7.3 and 3.5 Ma when the easternmost arc-related sequences
erupted over the present-day Payenia retro-arc zone (Kay et al. 2006a, b; Litvak et al, 2015).

The Andes between 34° and 38°S are formed of two east verging mountain systems:
firstly, the Malargiie fold and thrust belt and its continuation to the south into the Agrio fold and
thrust belt {see Chapters 16 and 17), and secondly, the San Rafael Block (Fig. 1). Arc-related
volcanism was particularly developed at these fatitudes within retro-arc and intra.arc basins,
such as the Abanico and Cura Mallin basins, that were developed during the Late Oligocene to
Early Miocene (see Chapter 14), as the westernmost sections of the Malargite and Agrio fold
and thrust belts experienced an episode of extension. These basins contain volcanic and
volcaniclastic sequences of over 3,000 m in thickness, derived from activity in the main
volcanic-arc {e.g. Sudrez and Emparén 1995; Charrier et al. 2002; Radic et al. 2002; Burns et al.
2006; Flynn et al. 2008; Kay et al. 20062, b; Mufioz et al, 2006), Extension in late Oligocene-
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early Miocene times was likely related to roll back of the subducting Nazca plate caused by the
deceleration of the South American plate (see Chapter 18). Within this sefting, retro-arc
alkaline, volcanic successions of late Oligocene-early Miocene age accumulated to the east, in
the region of the southern section of the present-day Payenia retro-arc (Ramos and Barbieri
1989; Kay ct al. 2006a, b; Dyhr et al. 2013b).

The middle Miocene to early Pliocene calc-alkaline volcanic sequences covered the
distal foreland deposits within the present-day Payenia retro-arc (Fig. 3) (Kay et al. 2006a, b;
Ramos et al. 2014; Litvak et al, 2015). Steepening of the subducting Nazea plate (~35-3 Ma) in
these region resulted in an extensional regime across the foreland, and the emplacement of
Quaternary, mafic volcanic sequences that comprise one of the major volcanic provinces in the
Andean back-arc (Groeber 1946; Mufioz Bravo ef al. 1989; Bermidez et al. 1993; Ramos and
Folguera 2005b, 2011; Folguera et al. 2009; Llambias et al. 2010; Gudnason et al. 2012; Sgager
et al. 2013; Hernando et al, 2014)

3 Age, distribution and lithological features of Cenozoic arc-related volcanism in Scuthern
Central Andes

3.1 The Chilean-Pampean flat-siab segment: Valle del Cura and Iglesia basins

Arc-related volcanic units are distributed between ~29°30°-30°15°S in the Valle del Cura basin,
which forms part of the Cordillera Frontal in ihe high Andes of Argentina, and in the Valle de
Iglesia basin, which lies in the most westerly part of the Precordillera (Fig. 1}. These two basins
are divided by the Colangiiil Cordillera (as part of the Cordillera Frontal), which is mostly
comprised of Late Paleozoic and Permo-Triassic basement (Fig. 2).

The Valle del Cura basin constitutes a mineralized hydrothermal system that, together
with the Ei Indio belt in Chile, forms a north-south-trending block limited by high-angle reverse
faults associated with both Au-Ag-Cu-rich epithermal and porphyry type mineral deposits (e. g.
Martin et al, 1995; Bissig et al. 2001, 2015; Litvak et al. 2007). Arc-related early Cenozoic
volcanic rocks in the high Andes are mainly restricted to the Chilean Principal Cordillera with
epizonal granodioritic plutons and extrusive basaitic to rhyolitic lavas and tuffs of Paleocene to
Eocene age (Cogoti Supergroup and Los Equinos Formation, respectively, Parada et al. 1988,
Pineda and Emparan 2006; Charrier et al. 2007; Jones et al. 2016). Paleocene volcanism was
also developed to the east, in present-day Argentina, as volumetricaily restricted, back-arc
alkaline mafic volcanism (Rio Frio Basalts), for which a K-Ar whole rock age of 55.9 + 1.9 Ma
has been obtained (Litvak and Page 2002; Litvak and Poma 2010) (Fig. 2). Overall, arc-activity
was reduced between ~39 and 26 Ma in the Southern Central Andes; however, some minor arc

magmatism occurred, as represented by small dioritic and granodioritic subvolcanic bodies with
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reported K-Ar ages of 31.1#1.2 and 39.541.3 and Ar-Ar of 30.0+1.9 and 35.941.2 Ma
(Bocatoma Unit; Nagsi et al. 1990; Marfin et al. 1995; Bissig et al. 2001},

LEGEND.
Ephirieral stream Cordillera
——Permanet siream [ Quaternary
La_ke_ 7] Miocene to Pliocene sedimentary rocks
v Locslities Pligeend basalis ,
International border Late Miogene; Vacas Heladas
~~~Lineament lgnimbrites _
-+ Reverse fault Middle to Late Miocene: Cerro
~——Normal Fault " de las Tdrtolas and Tambo Fms. and
++ Antlcline-Sincline infiernilio Unit
Precordillera Late Oligocene-Early Miocene:
E Quaternary ‘s Doiia Ana Group
551 Miocene volcanic and volcaniclastic BB Late Oligocene-Early Miocene: Las
rocks (Tertiary and Miogene Intrusives, ™ piaiinas Basalts '
Lomas del Campanario y Las Trancas g | ato Paleocene: Rio Fifo Basalis

Fms.) ‘ Mesozoic basemerit
= MEI‘)‘.’EQQI‘?"E quciﬂe sedimentary and Permoiriassic volcanism basement

e LOICARICIASIIC FOCKS - _ Permotriassic granilites basement
Early-Middle Paleozoic sedimentary Late Paleozolc sedimentary basement

basement

Fig, 2 Geological setting and distribution of arc-like sequences between 29°-30°S across the Frontal
Cordillera and Precordillera, from the Valle del Cura to the Iglesia basin, over the present-day Chilean-
Pampean flat-slab segiment (based on Litvak et al. 2007; Alonso et al. 2011; Litvak and Poma 2014).
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Extensive arc magmatism was developed in the Southern Central Andes in the Late
Oligocene (~25 Ma) as a consequence of the tectonic reconfiguration of the South American
margin. This volcanism comnprises the Dofia Ana Group sequences, which crop out in both the
Chilean and Argentinean side of the margin representing arc and retro-arc volcanic activity
respectively (Fig. 2). The older member of the Dofia Ana Group, the Tilito Formation, includes
rhyolitic and dacitic lavas and ignimbrites associated with minor basalts and andesites with
reported ages from 27 to 23 Ma, based K-Ar, Ar-Ar, and U-Pb age dating; the younger member,
the Escabroso Formation, is mainly composed of basaltic to andesitic lavas inferbedded with
voleanic agglomerates and breccias with reported ages between 21 and 18 Ma (Maksaev et al.
1984; Nasi et al. 1990; Martin et al. 1993; Bissig et al. 2001; Litvak et al. 2005b; Litvak 2009;
Winocur et al. 2015; Jones et al. 2015, 2016). A major unconformily separates both formations
as the result of a period of deformation around 20 Ma, with a hiatus of volcanic activity of 3
Myr (Martin et al. 1995).

The late Oligocene arc sequences have been affected by varying degrees of phyllic to
advanced argillic hydrothermal alteration, which overall comprises biotite-bearing dacitic lavas
and crystalline and vitreous tuffs associated to the Cerro Dofia Ana eruptive cenfer. Early
Miocene lavas are pyroxene-bearing porphyritic basaltic andesites and andesites, occasionally
with propylitic alteration. The Dofla Ana Group sequences also expanded towards the former
retro-arc, cropping out in the eastern sector of the present Valle del Cura basin (Fig. 2), where
they include pyroclastic and volcaniclastic deposits interbedded with clastic facies interpreted as
river systems and altuvial fan deposits with associated ash-fall deposits due to the proximity of
the magmatic vents (Limarino et al. 1999; Litvak et al. 2009; Winocur et al. 2015), Minor
alkaline basalt with slab-derived input (Las Maquinas Basalts), exposed in volcanic necks in the
Valle del Cura region are interpreted as back-arc lavas associated with the late Oligocene-early
Miocene arc activity (Ramos et al, 1989; Kay et al. 1991; Litvak and Poma 2010),

Arc-magmatism by middle to late Miocene times is represented by the Cerro de las
Tértolas Formation, which is distributed along the Valle del Cura (Fig. 2), with the Cerro de las
Tértolas and Vacas Heladas volcanoes on the Argentinean-Chifean border preserved as partially
eroded eruplive cenfers. Two main sections have been recognized in this formation: i) an
andesitic to basaltic andesitic lower section, which is primarily comprised of porphyritic
pyroxene to amphibole-bearing andesites within plagioclase-rich groundmass, with reported K-
Ar, Ar-Ar and zircon U/Pb ages between 17 and 14 Ma; and, i) An andesitic to dacitic upper
section, with mostly porphyritic amphibole-bearing rocks within hyalopilitic to trydimite-rich
groundmass, with ages ranging from 13 to 10 Ma (Maksaev et al. 1984; Ramos et al. 1989; Kay
et al. 1991, 1999; Martin et al, 1995; Bissig et al, 2001; Litvak et af. 2007; Litvak and Poma
2014; Jones et al. 2015, 2016). The lower section is widespread and distributed across the

Chilean-Argentinean border, particularly on the eastern side of the high Andes between 29° to

519




520

30°S, whereas the upper section is restricted to the highest altifudes, proximal to the Cerro de
las Tértolas volcano (Fig. 2). The Miocene lavas are generally subhorizontal, although in some
cases they have been tilted by late Miocene reverse faulting. In contrast to the late Oligocene-
early Miocene arc-rocks, the middle to late Miocene andesitic lavas are not particularly affected
by hydrothermal alteration and appear fresh, preserving their primary texiures and mineral
assemblage. Further to the west, on the Chilean side of the high Andes, a series of high-K cale-
alkaline, shallow level, intermediate intrusives (Infiernillo Unit, 18-15 Ma) have been
interpreted as the subvolcanic equivalent of the Cerro de Las Tértolas Formation (Kay et al.
1987, 1988, 1991; Bissig ct al. 2001; Jones et al. 2016).

A limited number of exposures of dacitic crystalline tuffs with reported ages between 12
to 11 Ma (Tambo Formation, after Martin et al. 1995; Litvak et al. 2007} crop out in the
southern Valle del Cura, but extends mostly to the north, near the Veladero ore deposit. These
tuffs show distinctive petrographic features such as amphibole and titanite crystal fragments,
and have been included as part of the middie to late Miocene volcanic sequences; however,
nomenclature used for these sequences has been inconsistent and has changed through time (-
also known as Vacas Heladas Formation- sce Litvak et al. {2007) for further discussion on
stratigraphy).

Late Miocene volcanism is volumetrically restricted in the area, as a consequence of the
shallowing of the Nazea plate since ~20-18 Ma. The Vacas Heladas Ignimbrites are comprised
of homogenous crystailine dacitic tuffs, derived from surge and pyroclastic flows and ash-
deposits, and crop out on the castern slope of the Vacas Heladas and Cerro de las Tértolas
volcanoes (Fig. 2), unconformably overlying Oligocene-Miocene sequences, These rocks
represent the last significant voleanic activity in the region of the Valle del Cura on the Chilean-
Pampean flat slab segment, with reported K-Ar, Ar-Ar and zircon U-Pb ages between 5.5 + 0.1
Ma to 6,2 % 0.19, and have been correlated with the Vallecito Formation in Chile {Ramos et al.
1989; Bissig et al. 2003; Jones ef al. 2016},

Late Paleogene arc-related volcanism expanded info the foreland area associated with
shallowing of the subduction regime. Andesitic to rhyolitic proximal block-and-ash pyroclastic
flow deposits, ignimbrites, tuffs and minor dacitic lava flows, which crop out as N-S thin belts
in the western Precordillera (Fig. 2), have been identified as coeval with the Tilito Formation
{Las Trancas Formation, Poma et al. 2005, 2014). A zircon U-Pb age of 22.6 + .33 Ma,
obiained from a rhyolite, confirms the beginning of arc-related activity in the Precodillera by
late Oligocene-early Miocene times (Jones et al. 2016). Minor granitic to granodioritic intrusive
bodies have also been recognized along the eastern slope of the Colangiiil Cordillera, cropping
out around 30°S in the Valle del Iglesia (Miocene Intrusives). K-Ar ages between 22 to 13 Ma
(Llambias et al, 1990; Cardé et al. 2007), and recently produced U-Pb zircon age (22.2 £ 0.23 to
20.43 + (.31 Ma) assign this magmatism to the early Miocene (Jones et al. 2016).
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Further south (~30°45°S), in the Valle de Iglesia, pyroclastic rocks and dacitic
subvoleanic bodies were also associated with arc volcanisin during the Miocene. They comprise
subvolcanic porphyritic amphibole-bearing andesites, ignimbrites, block and ash-deposits and
minor lavas interbedded with epiclastic coniinental deposits (Tertiary Intrusives unit and Lomas
del Campanario Formation, respectively; Cardé and Diaz 1999; Poma et al. 2014). The age of
the intrusive equivalents were determined by K-Ar age dating and range between 18.3 4+ 2.5 Ma
and 17.5 & 5 Ma (Cardd and Diaz 1999; Leveratto 1976), with one younger age of 8.8 + 0.3 Ma
reported {Wetten 2005). Recently reported U-Pb zircon ages suggest an age between 11.7 £ 0.21
to 9.4+ 0.18 Ma (Jones et al. 2016), so overall age for this magmatism comprises 18 to 9 Ma.

3.2 The Payenia shallow subduction segment: calc-alkaline magmatism in the back-arc
region

Late Oligocene-early Miocene main arc activity in the Payenia shallow subduction zone is
represented by the Cura Mallin Formation, which developed as part of an intra-arc basin with
pyroclastic and volcaniclastic deposits and minor basaltic andesitic lavas; reported Ar-Ar ages
range between 24.6 £ 1.8 and 22.8 + 0.7 (Jordan et al. 2001; Kay et al. 2006a), although
younger K-Ar ages up to 11 Ma had been previously reported (Suarez and Emparan 1995).
Volcanic rocks, dykes and intrusives bodies cropping out on the Chilean slope are also
considered as part of the Miocene main voleanic arc activity {Trapa Trapa Formation; Niemeyer
and Mufioz 1983), with reported K-Ar ages from 19 to 12 Ma (Niemeyer and Mufioz 1983;
Muiioz and Niemeyer 1984; Sudrez and Emparan 1995). To the east, on the Argentine side, west
of the Cordillera del Viento, early to late Miocene arc-related volcanism is represented by
andesitc to dacitic lavas and agglomerates, andesitic dykes and stocks, and pyroclastic rocks to
ash deposits, with an overall age range from 14 to 5 Ma, according to reported K-Ar and Ar-Ar
ages. This includes several geological units illcluaing thé Trapa Trapa, Cajén Negro, Q\iebréda
Honda and Pichi Neuquén Formations (see Kay et al. 2006a and reference therein} {see Chapter
17).

However, changes in the geodynamic conditions of the Andean margin through time,
and the associated consequences on arc volcanism are particularly reflected across the present-
day Payenia retro-arc. Calc-alkaline products which crop out in the retro-arc region represent
the eastward expansion of arc volcanism and have ages ranging from 20 to 4 Ma in the eastern
foreland (Fig. 3} (Nullo et al. 2002; Baldauf, 1997; Giambiagi et al. 2005, 2008; Kay and
Copeland 2006; Kay et al. 2006a, b; Sruoga et al., 2008; Spagnuclo et al. 2012; Litvak et al.
2015; Dyhr et al. 2013a, b; Ramos et al. 2014).
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Early Miocene velcanism in the present-day Payenia back-arc is associated with
alkaline magmatism. The lavas from Sierra de Huantrzico (Fig. 3), in the Neuquén basin,
provide the first evidence for the influence of the slab on a retro-arc position at around 20 Ma

(Kay and Copeland 2006; Kay et al. 2006b; Dyhr et al. 2013b).
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MIDDLE MIOCENE TO EARLY PLIOCEN
VOLCANISM AND ARG EXPANSION
Payanta shallow subduction zone”
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Fig. 3 Distribution of mesosilicic volcanic rocks from the castern Main Andes to the San Rafael Block in
the foreland area showing the eastward arc influence from middle Miocene to early Pliocene in the back-
arc area. Modified from Litvak et al. (2015); (age compilation from Nullo et al. {1993, 1999, 2002),
Ramos and Barbieri (1989), Ostera et al. (1999), Cobbold and Rossello (2003), Giambiagi et al. (2005),
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Kay and Copetand (2006}, Kay et al. (2006a,b), Folguera et al. (2009), Spagnuole et al. (2012), Dyhr et
al. (2013a,b) and Ramos et al. (2014)).

Middle Miocene fo early Pliocene calc-alkaline mesosilicic volcanic sequences are
exposed from the near back-arc to the far back-arc along the studied latitudes, between the
eastern Malargiie fold and thrast belt in the west, and the San Rafael Block in the east (Fig. 3).
These volcanic sequences can be divided into two main volcanic stages in Neogene times, based
on their age distribution. The first stage, from the Middle to late Miocene (15 to 10 Ma),
includes the Huincén T and part of the Huincdn IT andesites, Cerro Negro andesite, Charilehue
volcanic rocks and emuptive centers located nearby the San Rafael Block (Fig. 3) (Nullo et al,
2002; Kay and Copeland 2006; Xay et al. 2006a; Spagnuolo et al. 2012; Ramos et al. 2014;
Litvak et al. 2015;). These latter volcanic.centers are mostly preserved as highly eroded
stratovoleanoes, whose lava flows, pyroclastic deposits and subvolcanic bodies were originally
named the Cortaderas Formation (Delpino and Bermidez 1985; Elambias et al. 2010). They
comprise tresh pyroxene to amphibole-bearing basalts and basaltic andesites to andesites, with
plagioclase-rich groundmass, with interstitial tridymife commonly occurring in the more silica-
rich compositions.

The second volcanic stage of calc-aikaline volcanism in the back-arc, inciudes late
Miocene to early Pliocene (8 to 3.5 Ma) magmas represented by the younger Huincan I
andesites, Palaoco voleanism, Chachahuén Volcanic Complex and younger San Rafael volcanic
rocks (Nullo et al. 2002; Kay ¢t al. 2006b; Dyhr et al. 2013a, Ramos et al., 2014; Litvak et al.
2015). These younger calc-alkaline andesites from the San Rafael volcanic associations are
related to the easternmost volcanic centers in the area, such as the Nevado-Plateado Volcanic
Complex, which aléo include alkaline trachytes, trachyandesites and basalts, grouped as the
Nevado Formation by Bermiidez (1991), and considered to be Pliocene in age (Quidelleleur et
al, 2009; Ramos et al. 2014). The Chachahuén Volcanic Complex includes an older sequence
{Vizeachas Group, from 7.3 to 6.8 Ma) with dacitic dikes along with andesitic to dacitic
ignimbrites and lava flows that display intraplate chemical affinities (Kay et al. 2006b).
However, arc-like rocks comprise the younger Early Chachahuén unit (6.8 to 6.4 Ma) with
intermediate to mafic lavas and dykes, while the Late Chachahuén sequence is composed of
andesitic to dacitic pyroclastic rocks overlain by basaltic to basaltic andesite lava flows, and
homblende-rich andesites (6.3 to 4.9 Ma) (Kay et al. 2006b). The andesites and dacites of the
San Rafael Block volcanism share common petrographical characteristics with the Early-Late

Chachahuén Volcanic Complex rocks (Kay et al. 2006a, b; Litvak et al, 2015).

4 Geochemistry of late Oligocene to late Miocene are magmas influenced by the Chilean-
Pampean flat-slab regime

524




525

Overall, the geochemical features for the late Oligocene-late Miocene volcanic rocks cropping
out in the high Andes (29°30”-30°30"S) indicate a calc-alkaline affinity with ‘arc-like’
signatures, Variations in trace element ratios and isotopic signatures indicate changes in residual
mineral assemblages over time, which have been linked with crustal thickening due to the
shallowing of the downgoing siab (Kay et al. 1991, 1999; Kay and Mpodozis 2002; Bissig et al.
2003, Litvak et al. 2007; Jones et al, 2015, 2016).

The late Oligocene-carly Miocene Dofia Ana Group is comprised of subalkaline rocks,
with a continuous SiQ, wt.% content ranging from basaltic fo rhyolitic compositions. Despite
large differences in silica content, all of these volcanic rocks show an arc-lype trace element
pattern on mantle and chondrite normalized multi-element diagrams, e.g. La/Ta > 25, as well as
the reported Ba/La and Ba/Ta ratios for the unit (Fig. 4). REE patterns and ratios (La/Yb, La/Sm
and Sm/Yb) suggest that this arc magmalism has variably equilibrated with a low to medium
pressure residual mineral assemblage, including plagioclase and pyroxene (Kay et al. 1991,
1999; Bissig et al. 2003; Litvak et al. 2007; Jones et al. 2016).

Similar compositions, although less evolved and with lower Ba/Ta ratios, have been
reported for the more eastern volcanic sequences, interbedded with epiclastic and volcanoclastic
facies as part of the Dofia Ana Group retro-are basin infill (Litvak et al, 2007; Winocur et al,
2015; Jones et al. 2016). The partiaily contemporanecus early Miocene mafic volcanism (Las
Maquinas Basalts) shows a more alkaline-like tendency and scarce slab-input, with the least
enrichment in the LILE, consistent with emplacement in a back-arc seiting. Geochemical
modeling suggests that fractional crystallization of these mafic magmas can produce the less
evolved sequences of the Tillito Formation (early Miocene) that also crop out in a more easterly
position, further away from the Chile trench. However, the more evolved magmas located in the
main voleanic arc also require the assimilation of the Permo-Triassic basement to produce their
compositions or, alternatively, they could be derived from a different mantle source with a
greater influence from subducting components (Jones et al. 2016).

Evidence for crustal contributions in the late Oligocene to early Miocene arc magmas is
given by their gradual increase in *’St/*Sr ratios and decrease in Nd isotope ratios, reflecting an
increase in radiogenic crustal contribution with time. This is in contrast to alkaline-like
Paleocene and early Miocene basalts, which have an isotopically depleted nature (Fig. 4) (Kay
et al. 1991; Litvak and Poma 2010; Litvak y Page 2010; Kay and Abrzzi 1996). Specific
evidence for the assimilation of the Permo-Triassic basement by the Early Miocene silicic
magmas (Tilito Formation) located in the main arc on Chilean slope comes from inherited
zircon core ages {158.042.4, 241£2.7 and 388.1 £5.3 Ma; Jones et al, 2016), and is consistent
with the relatively high *Sr/*Sr ratios of the Dofia Ana Group volcanic rocks (Kay and

Abbruzzi 1996). However, the more intermediate and mafic units of the Tilito Formation,
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located further to the east, show no inherited zircon providing evidence for a more limited
interaction with the local basement (Jones et al. 2015, 2016).

The first expression of early Miocene arc-related magmatism within the Precordillera is
within the Valle de Iglesia (Miocene Intrusives) (Fig. 4). These magmatic rocks are more
evolved and enriched in incompatible trace elements. Relatively high Nb/Zr ratios could be
indicative of a relatively small degree of partial melting, consistent with their generation further
away from the trench and therefore over a more dehydrated slab (Jones et al. 2016).

Arc-related volcanic activity was widespread during the early Miocene and throughout
middle to late Miocene times in the focation of the present Argentinean-Chilean border (Cerro
de las Tortolas and Tambo Formations) (Fig. 2). These lavas have calc-alkaline andesitic to
dacitic compositions (Fig. 4) with typical arc-type trace element patterns (Kay et al. 1987, 1991,
1999; Ramos et al, 1989; Otamendi et al. 1994; Bissig et al. 2003; Litvak et al. 2007; Jones et
al. 2016).
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Fig, 4 Geochemical features of late Oligocene to late Miocene magmas over the Chilean-Pampean flat-
slab segment, from the main arc (Cordillera Frontal) to its expansion to the east (western Precordillera). a)
Chemical classification according to total alkali vs. silica content (Le Maitre et al. 1989); b) arc-like
signature given by Ba/La vs. 5i0y; ¢) Ba/Ta vs. La/Ta show variable slab-input for the Oligo-Miocene
sequences; d) REE behavior reflected in La/Ybh vs. 8i0;; e) Variable HREE signature evidenced from the
La/Sm vs. Sm/Yb ratios; f} Isotopic signatures that show an increase of crustal component towards the
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late Miocene arc-magmas. Compifed data came from Bissig et al. (2003); Jones et al. (2016); Kay ef al.
(1987, 1988, 1991, 1999); Litvak et al. (2007), Litvak and Poma (2010) and Ramos et al. (1989).

Overall, the reported La/Ta, Ba/Ta, Ba/lLa for these Miocene magmas are indicative of
mantle sources influenced by the slab (Fig. 4). An increase in the ‘arc-like’ signature {(e.g, high
Ba/La, Fig, 4) is seen in middle to late Miocene magmas, which have higher fluid
mobile/fimmobile incompatible element ratios (e.g., Ba/Nb and U/Nb) suggesting a higher
degree of partial melting of the mantle wedge due to an increase in fluids derived from the
subducting slab, when compared to the late Oligocene magmas (Litvak et al. 2007; Jones et al.
2016).

Normalized REE patterns show evidence for a variable residual mineral assemblage
throughout the Miocene arc magma evolution, as also seen in the La/Sm vs. Sm/Yb plois (Fig.
4), La/Yb values are penerally between 5 and 20, however, a main break in La/Yb ratio
evolution is seen in the intermediate middle to late Miocene arc rocks, with the late Miocene
showing a remarkable increase in La/Yb ratios. The trace element composition of the carly
Miocene to middle Miocene lavas infer that the residual assemblage was dominated by
amphibole and pyroxene, whereas by the late Miocene it was dominated by gamet. Mass
balance calculations and melting models have been used to conclude that the addition of garnet
to the fractionation of middle to late Miocene magmas could generate the steep and variable
REE patterns (Kay et al. 1987, 1991),

Overall, the late Miocene are rocks display adakitic signatures (Drummond and Defant
1990), given by their Si0, > 56%, Al,O3 > 15%, and Sr > 400 ppm, together with low values of
Y (<18 ppm) high La/Yb ratios (>20) (Litvak et al, 2007; Kay and Mpodozis 2002; Jones et al.
2016). Although defining geochemical signatures and the origin of adakites remain
controversial, there is consensus about the origin of this signal in the Chilean-Pampean flat-slab
magmas (~30°S). The development of the adakitic signature in the late Miocene rocks is
explained by arc magmas equilibrating with variable residual mineral assemblages in the lower
crust related to increasing pressure condifions (Kay et al. 1991; 1999; Bissig et al. 2003; Kay et
al. 2005; Litvak et al. 2007; Jones et al. 2016). The residual mineral assemblage develops from
being pyroxene bearing in carly-middle Miocene, to gamet bearing (higher pressure) by late
Miocene times, reflecting an increase in crustal thickness (Kay et al. 1991; 1999; 2005; Bissig et

al. 2003; Litvak et al, 2007; Goss et al, 2013; Jones et al, 2016). This is consistent with a more

enriched isotopic signature; Nd and Sr isotope ratios are enriched and ENd decreases from the

late Paleogene, suggesting a higher contribution of crustal derived components with time (Fig.
4).
The Miocene arc magmas (Cerro de las Tértolas Formation) equilibrated at the base of

the crust and evolved towards intermediate depth magma chambers. Equilibrium temperatures
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for phenocrysts assemblages were estimated using two-pyroxene, amphibole-plagioclase and
amphibole geothermometers and show a consistent temperature range between 970 to 850°C;
while the equilibrium pressure estimated from amphibole compositions for the volcanic suites
was close to 4 kbar (Litvak and Poma 2014). Thus, although the crustal thickness has increased
from Early to Late Miocene no change in pressure conditions for crystallization of phenocrysts
assemblages has been recorded. The latest Miocene volcanism (~8-6 Ma, Vacas Heladas
Ignimbrites) is similar to the late Miocene intermediate magmas (Fig. 4), corresponding (o high-
K silicic rocks with arc-like geochemical signatures and high ratios of fluid-mobile/immobile
incompatible trace elements (e.g., Ba/Nb, Pb/Ce, Ba/La}, providing evidence for the influence of
slab-derived fluids. Moreover, these arc magmas appear to have variably equilibrated with
higher pressure assemblages, including amphibole, gamet, and lesser amounts of plagiociase

(Fig. 4) (Litvak et al. 2007; Jones et al. 2016).
The highest ¥St/*Sr values and lowest ENd within the entire late OligocenelLate

Miocene arc magmas are observed in the Vacas Heladas Ignimbrites rocks (Fig. 4), indicating
they received the highest crustal contribution, It is suggested that these magmas represent small
volumes of lower crustal melts, generated due the influence of heat and fluids derived from the
subducting slab (Litvak et al. 2007; Kay et al. 1991; Kay and Abruzzi 1996; Jones et al. 2016).

Middle to late Miocene arc-related volcanism is also developed in Argentina on the
eastern side of the Cordillera del Colanguil, Valle de Iglesia and western Precordillera (Fig. 2,
Miocene Intrusives unif, Lomas del Campanario and Las Trancas Formation). These magmaltic
rocks have mainly andestic to dacitic compositibns and ‘arc-like’ Ba/La ratios (Fig. 4).
Ultimately before cessation of magmatism, volcanism migrated almost 700 km to the east of the
Chilean trench, to the Pocho volcanic field in the Sierras Pampeanas. This has been associated
with the arrival of the shallowly dipping subducting slab at these latitudes in the Chilean-
Pampean flat-slab segment (Kay and Gordillo 1994).

5 Variable crustal contributions in late Oligocene fo late Miocene magmas over the
Pampean flat-slab segment based on the O and Hf isotopic composition of zircon

Geochemical features of the arc-related Miocene magmatism over the Chilean-Pampean flat-
slab region show a clear increase in crustal-derived contribution from the late Oligocene to late
Miocene. A major question pertains to the origin of the crustal contaminants that have
influenced the trace element and isotopic compositions of the arc magmas during petrogenesis

and over time.

Kay et al. (1987, 1988, 1991) and Kay and Abruzzi (1996} first correlated the chemical
changes in the El Indio belt (Fig. 2) with an increase in crustal thickness, as reflected by the

residual mineral assemblages equilibrating with the magmas at depth. Therefore, the main
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crustal contributions were related to crustal assimilation during magma ascent through the crust.
On the other hand, geochemical variations in the Miocene to Pliocene volcanic suite of the El
Teniente region, south of the Chilean-Pampean flat-slab {~34°), were explained by subducted
sediment, along with continental crust entering the asthenospheric wedge from forearc
subduction erosion (Stern and Skewes 2003; Skewes et al. 2002). Kay et al. (2005) concluded
that both forearc erosion and crustal thickening are responsible for the geochemisiry in the
Oligocene-Miocene sequence of volcanic rocks at the latitude of the El Teniente deposit and in
the northern SVZ, Moreover, trace element and isotopic ratios of Neogene andesitic magmatism
in the Maricunga Belt, at the northern extreme of the Pampean flat-slab segment (~25.5%
28.2°8) were also attributed to magmas evolving under a thickened crust combined with a peak

in forearc subduction erosion as the arc migrated east (Kay et al. 2013).
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Similarly, crustal contributions in the Valle del Cura volcanic rocks have been related to

both episodes of crustal thickening and increased crustal assimilation, and peaks in foreare
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subduction erosion {Kay and Mpodozis 2002; Kay et al. 2005; Litvak et al. 2007; Jones et al.
2016).

Studies based on in-situ analysis of O and Hf isotopes in zircon combined with high
resolution U-Pb dating show across arc varations in age and composition of the crustal
components that influenced late Oligocene to late Miocene arc-volcanism (Jones et al. 2015).
Late Oligocene to early Miocene volcanic rocks in the main arc, located in the Cordillera
Frontal, show mantle-like SESO(Z;NO.,) values (+4.8%0 (10.2 (20)) to +5.8%. (0.5 (20))), but less
radiogenic initial eHfix0n values than would be expected for recent mantle-derived melts (+1.0
(1.1 (20)) to +4.0 (0.6 (26))) compared to ~+13 (Phuime et al. 201 1), Mixing models suggest
that these arc magmas are derived from fhe mantle and have assimilated up to ~20% Permo-
Triassic basement (Jones et al. 2013), The same authors report that late Miocene rocks from the
main arc in the Frontal Cordillera, together with the eastern sequences from late Oligocene to
fate Miocene times in the present Precordiliera, require the assimilation of both the Permo-
Triassic Andean crust and a Grenvilie-aged basement to produce the higher than mantle-like
8" Oircony values (+5.5%o (20.6 (26) to +7.2% (0.4 (25))) and unradiogenic, initial Hfjicon
values (-3.9 (£1.0 (26)) to +1.6 (4.4 (20))) (Figure 5). It is important to nofice that the isotopic
variation correlates with the presence of Permo-Triassic and Grenville inherited zircon ages in
the late Oligocene to late Miocene magmatic suites spanning the main Andes and Precordillera
{Fig. 5). The observed isotopic changes appear to be related to their geographic position relative
to the Chilean margin and the composition of the underlying basements, rather than the sample
age (Fig. 5). Forearc subduction erosion might be an expected process during evolution of these
arc-magmas. However, any effect derived from subducted continental material affecting the
melt source region appears to have been overprinted by the assimilation of the overlying crust
en route to the surface, as O and Hf isotopic across arc variations reflect the distinct basement
terranes (Jones et al. 2015). Thus, at least two types of basement, that differ in age and
composition, are required to generate the observed variabitity in the isotopic composition of the
late Oligocene (~23 Ma) to late Miocene (~6 Ma) arc magmas, highlighting a period of

significant crustal assimilation,

6 Geochemical signaturces of back-are magmas during middle Miocene to early Pliocene as
evidence of the Payenia shallow subduction development

The geochemical evolution of calc-alkaline back-arc magmas in the present-day retro-arc of
Payenia can be evaluated according to the two time intervals that reflect the expansion of arc
magmatism due to the shallowing of the subducting slab: 1) the middle to late Miocene (15-10
Ma), with volcanic rocks located in the near to middle refro-arc position and 2) the latest

Miocene to early Pliocene (9-3.5 Ma) middle to far retro-arc magmatic rocks.
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Major element classifications show a range in composition from mid to high-K basaltic
to dacitic calc-alkaline rocks (Fig. 6). Some of the rocks are rhyolitic in composition, primarily
from the late Miocene Chachahuén Volcanic Complex (Kay et al. 2006a, b), conversely
trachybasaltic to trachyandesitic composition have been reported for the late Miocene Palaoco
volcanism {Dyhr et al. 2013b) (Fig. 6). Evidence for the influence of the subducting slab on the
studied sequences is given by their Ba/Ta, L.a/Ta ratios, which are ‘arc-like’ regardless of silica
content (Fig. 6), Normalized trace element patterns, also show depletions in HFSE (e.g., Nb, Ta,
Zn) relative to LILE (e.g., Rb, Ba, Sr, Pb), suggesting that hydrous fluids coming from the
subducted slab have enriched the melis in the asthenospheric mantle wedge. However, some
geochemical differences are reported between the first volcanic stage (15-10 Ma) and the
second one (9-3.5 Ma) that require changes in the geodynamic setting.

The middle to late Miocene arc-related sequences, representing the Payenia refro-arc,
show lower Si0; vs. FeO/MgO ratios when compared to the younger sequences within this
stage {particularly Charilehue samples, ~14 Ma; Spagnuclo et al. 2012), which have a more
tholeiitic differentiation trend and the lowest Ba/l.a and La/Ta ratios (Fig. 6). Younger sampies,
within this older stage (Cerro Negro, Huincén T and part of Il lavas, and older San Rafael
volcanic rocks, ~15-10 Ma), are more ‘arc-like’ based on the same ratios (Fig. 6) (Nullo et al.
2002; Kay et al. 2006b; Litvak et al. 2015). Consistently, the late Miocene Pataoco voleanic
sequences (Dyhr et al., 2013a) also exhibit a stronger arc-related geochemical signature when
compared to the older volcanic events.

The late Miocene to early Pliocene sequences continue the general trend towards an
increase in slab derived components in the retro-arc magmas with time. In particular, the
youngest volcanic rocks within this stage (Early-Late Chachauhén and the younger San Rafael
rocks), which represent the easternmost expression of the arc expansion, show the strongest arc-
related signature when compared with earlier Miocene volcanism, based on their high Ba/Ta
and La/Ta ratios (700-2000 and 27-50, respectively) (Fig. 6) (Kay et al. 2006a, b; Litvak et al.
2015).

Rare elements patterns from the whole series of middie Miocene to early Pliocene cale-
alkaline back-arc magmas share a flaitened overafl REE pattern and similar La/Yb and Sm/Yh
ratios, regardless of iheir silica content (Fig. 6). However, the late Miocene to early Pliocene
samples show higher Sm/Yb, with the highest ratios reported for the youngest San Rafael
volcanic sequences (Litvak et al. 2015; Fig. 6). This increase in Sm/YDb ratios for the arc-refated
retro-arc volcanism has been related to a period of back-arc crustal thickening between 12 and
10 Ma under the Neuquén Basin (Kay et al. 2006a, b; Nullo et al. 2002; Baldauf 1997). Despite
this, all of the REE ratios are indicative of a low to intermediate pressure residual mineral

assemblage, such as pyroxene and amphibole, in equilibrivm with the Late Cenozoic magmas,

533




534

demonstrating no significant increase in crustal thickness and a garnet-free lower crust (Litvak

et al. 2015).
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by La/Sm vs. Sm/Yb ratios; ¢} Isotopic signatures that show a limited contribution from a crustal
component.. Compiled data came from Nullo et al. {2002), Kay et al. (2006a, b), Kay and Copeland
(2006), Spagnuole et al. (2012), Dyhr et al. (2013a,b) and Litvak et al. (2015).

Lower crustal contamination was proposed as a plansible process that could explain the
low REE, Cs, Rb, Th and U contents and high values of Sr and Ba, such as those seen in the
more sitica-rich [avas of the Late Miocene San Rafael Block, these also have Mg similar to the
more mafic lavas (Litvak et al. 2015). Kay et al. (2006b) proposed crustal contamination of the
silicic samples from the early Miocene intraplate-like sequences within the Chachahuén
Volcanic Complex (Vizcachas Group), based on whole rock chemistry and isotope composition.
Isotopic data from the Miocene infermediate to silicic calc-alkaline retro-arc magmas show
¥S1/*Sr and €Nd compositions (Fig. 6) relatively more radiogenic than the late Oligocene-early
Miocene mafic back-arc alkaline-type volcanism (Kay et al. 2006a, b; Dyhr et al. 2013b).
Overall, the Late Cenozoic magmas show an evolving trend with increasing *’Sr/**Sr ratios and
decreasing eNd values as ‘arc-like’ signatures also increase. Contamination of the magmas may
have occurred en route to the surface rather than by the addition of crust through forearc
subduction erosion (Kay et al. 2006a, b). However, Dyhr et al. (2013) advocated a role for
subduction erosion on the petrogenesis of the late Miocene arc-related rocks (Rarly Palaoco

andesites) in the present Payenia back-arc.

7 Tectonic and geodynamic implications for the evelution of arc-related magmas over the
Pampean flat-slab and Payenia shallow subduction regimes

Geochemical features of the arc-related magmatism, developed between the late Oligocene to
early Pliocene in both the Chilean-Pampean flat-slab and Payenia shallow subduction segments,
provide evidence to refine the geodynamic evolution of the Andean margin in the Southern

Central Andes (Figs. 7 and 8),

7.1 Late Oligocene-early Miocene (~24-20 Ma)

A major tectonic reconfiguration of the Andean margin occurred in the late Oligocene (~25 Ma)
by the breakup of the Farall6n plate (see Chapter [4). This resulted in a change in convergence
to an orthogonal direction at increased rates and a ~30° slab dip geometry (Pardo Casas and
Molnar 1987; Somoza 1998; Somoza and Ghidella 2012).

in the present-day Chilean-Pampean flat-slab region, volcanic arc activity during this
period {~27-18 Ma) is represented by the calc-alkaline Dofia Ana Group whose parental
magmas formed in the asthenospheric mantle wedge and erupted through a crust of normal

thickness (36-35 km) (Fig. 7a, b). These sequences were developed in a subduction-related
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setting, with an associated extensional tectonic regime, as reflected by the eruption of alkaline
basalts in the retro-arc at ~21 Ma (Las Maquinas basalts; Ramos et al. 1989; Kay et al. 1991).
Evidence for aun exiensional regime is also provided by the synextensional emplacement of
volcaniclastic deposits in the former retro-arc, exposed in the Valle del Cura basin {Winocur et
al. 2013).

The high-K, calc-alkaline silicic magmatism (Tillito Fm.), particularly those closer to
the Chilean trench, have trace element sighatures and inherited zircon grains/cores that suggest
assimilation of the Permo-Triassic basement; however, this assimilation is shown to be more
limited in the contemporaneous and easternmost andesitic deposits (Jones et al. 2015) (Fig, 7).
Furthermore, these latter andesites show more negative 3''B values (from pyroxene melt
inclusions) relative to the younger Miocene arc rocks, which is consistent with a greater depth to
the slab-mantle interface and is potentially related to the widening of the volcanic are and their
distal position from the irench (Jones et al. 2014). Emplacement of subvoleanic bodies
associated with pyroclastic and lava flows in the western Precordillera (~22-20 Ma, Miocene
Intrusives and Las Trancas Formation) provide evidence for contemporaneous, although limited,
volcanic activity in the easternmost sector of the retro-arc (Kig. 7a). While volcanic arc magmas
show evidence for interaction with the Permo-Triassic Andean crust, these eastermimos( inagmas
also show contributions from a Grenville-age basement, as suggested by inherited zircon ages
and TIf-O isotopes (Jones et al. 2015, 2016) (Figé. 5 and 7a).

At the same time, further south in the Payenia segment, the slab dip geometry was also
relatively steeply dipping due to the prevailing Andean tectonic configuration and the main arc
was characterized by volcanic and volcaniclastic activity as part of the infill of the intra-are
Cura Mallin basin (Fig. 7c). Bimodal composition and trace element patterns obtained from
these arc rocks reflect magmas evolving through a thin crust in an extensional sefting (Kay et al.
2006a). Meanwhile, back-arc magmatism comprises a series of isotopically enriched inirapiate,

OIB-like basaltic flows (Kay and Copeland 2006; Dyhr et al. 2013b),
7.2 Early to middle Miocene (~19-16 Ma)

The first evidence of slab influence on the alkaline back-arc magmas in the present-day Payenia
region is registered in the eatly to middle Miocene Huantrainco region lavas (~20-19 Ma; Fig.
7d). These show depletions in HFSE, higher La/Ta ratios and an excess of fluid-mobile
elements, indicative of a more hydrous component, relative to the previously erupted lavas (Kay
et al. 2006a; Dyhr et al. 2013a). As explained by these authors, the change in back-arc lava
composition took place over a short period, from 23 to 18 Ma, in response to the initiation of a

shallower subduction geometry, which in turn led to the cessation of extension,
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By the early to middle Miocene (~19-15 Ma) in the present-day Chilean-Pampean flat-
slab segment, the prevailing extensional regime was also ceasing due to the shallowing of the
downgoing slab in response to the subduction of the Juan Fernandez Ridge, which arrived at the
northern extreme of the segment at ~20-18 Ma (Yafiez et al. 2001; Jones et al. 2014}, Basaltic
to andesitic lavas of early Miocene age (Escabroso Formation) were erupted along the main arc.
The main arc-volcanic activity includes middle Miocene andesitic favas (~16-14 Ma; Cerro de
las Tdrtofas Fm.) with clearer ‘arc-like’ signatures and REE ratios which indicate that they
evolved through a crust of relatively normal thickness (30-35 km). The shallowing of the slab

led to the migration of the volcanic front (o the east and into present-day Argentina (Fig. 7b).
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Overall, this period of andesitic arc volcanism shows evidence for increased influence
of slab-derived fluids on-the melt source region and a higher degree of partial melting, in
comparison to the Iate Oligocene. This is indicated by higher 8''B values reported from
- Miocene melt inclisions, suggesting an increase in the influence of serpentinite-derived fluids
on the source of arc .magmas after ~19.5 Ma (Jones et al.-2014).

The Pampean and Payenia segments show a spatial contimity (Fig. 1), while timing of
slab shallowing in both segments is contemporaneous. Thus, the collision of the Juan Fernandez
Ridge is likely the cause of the progressive shalldwing throughout both segments since early fo

middle Miocene times,
7.3 Middle to late Miocene (~10-15)

The gradual reduction of the subducted slab angle, in the present-day Chilean-Pampean flat-slab
segment, led to the migration of arc magmatism to the east and the development of a
compressional regime, which resulted in the main phase of uplift of the Andean range (Kurtz et
al. 1997; Gregory-Wodzicki 2000). Arc volcanism is represented by the andesitic to dacitic
lavas and minor dacitic pyroclastic flows {upper Cerro de las Tértolas and Tambo Fms,) which
have adakitic signatures, resuiting from the equilibration of the melts with a garnet-bearing
lower crust (Kay et al. 1991; Litvak et al. 2007; Jones et al. 2016). This is consistent with
tectonic shortening and an increase of crustal thickness (>50 km). In addition, the
asthenospheric wedge was restricted in volume below the main are (Kay and Abruzzi 1996).
Flattening of the slab is also evidenced by the eastwards migration of arc-related magmatism
and the emplacement of shallow level, subvolcanic andesites and dacites in the eastern Frontal
Cordillera and the western Precordillera (Tertiary Intrusives) (Fig. 8a).

Contemporanecusly, arc magmatic rocks in the present-day Payenia back-arc region
show an increase in slab-derived components at this time. While the main arc magmas show no
significant geochemical differences to the early Miocene voleanic front (Kay et al, 2006a),
retro-arc magmas from middle to late Miocene age (~15-10 Ma; Charilehue, Cerro Negro,
Huincan 1, part of Huincan 11 lavas, older San Rafael voleanic rocks and Palaoco volcanism)
show a progression from iﬁitial tholeiitic to more pronounced calc-alkaline signatures (Kay et
al. 2006; Dyhr et al. 2013a, b; Litvak et al. 2015). This eastern increase of slab derived
components present in back-arc magmas is consistent with the progressive shallowing of the

slab at these latitudes and the expansion of the arc-related activity (Fig. 8c).

7.4 Late Miocene to early Pliocene (79-4 Ma)
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As the subducting Nazca plate continued to shaliow, the volcanic front and arc-related products
gradually migrated to the east during the late Miocene and volcanism ceased in the flat-slab
segment {e.g. Ramos et al. 1989; Kay et al. 1991; Kay and Gordille 1994; Kay and Mpodozis
2002; Litvak et al. 2007). Minor dacitic volcanism marked the end of the main arc activity {~8-
6 Ma; Vacas eladas Ignimbrites) as the remaining fluids and heat favored the melting of the

crust,
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The O-Hf zircon isotopic compositions, together with inherited zircon ages, in these late
Miocene rocks overlap the values from the magmatic rocks present in the Precordillera (Kay et
al. 1991; Jones et al. 2015). This provides evidence for the presence of the Grenville-aged
basement under theFrontal Cordillera in this sector of the Southern Central Andes (Jones et al.
2015) as a result of increased compression and crustal shortening in the latest Miocene, as
proposed by several structural models (e.g. Allmendinger et al. 1990; Gans et al. 2011; Gilbert
et al. 2006 Ramos et al. 2004). Progressive asthenospheric wedge retraction led to the migration
of the arc-related products further east into the western Precordillera, and then to the Sierra de
Pocho (Sierras Pampeanas, Fig. 8b), 700 km away from the Chile trench (Kay and Gordilio
1994).

The distribution of late Miocene to early Pliocene arc-related products was also
progressively expanded tfo the east in the present-day Payenia back-arc, as consequence of the
shallowing subduction regime (Fig. 8d). Arc expansion continued between 10 and 4 Ma with the
extrusion of the back-arc Chachahuén Volcanic Complex and the younger San Rafael volcanic
rocks; representing the easternmost expression of the calc-alkaline into the back-arc (Litvak et
al. 2015; Kay et al. 2006a, b). Aficr ~4 Ma no volcanism with clear arc-related signatures was
developed in the back-arc at these latitudes. As the slab geometry changed drastically, late
Pliocene to Recent back-arc volcanism comprised voluminous mafic eruptions with alkaline
type geochemical fingerprints in a reinitiated extensional setting due to new steepening of the
subducted Nazca plate {e.g. Ramos et al. 2014). The Juan Fernandez ridge collision with the
Andean margin, and its variable influence from N to S along the Pampean and Payenia
segments, could result in the subtle and progressive change in the angle of subduction around
33°8 (Nacif et al. 2015). A re-steepening of the southern section of the slab might account for
the different responses and evolutions of the two shallow subduction regimes in the Late

Miocene to Early Pliocene times between both segments.

8 Conclusions

Arc-related magmatism in the Southern Central Andes is strongly controiled by changes in the
geometry and composition of the subducted sfab as reflected in the geochemical evolution of
arc-related products over the late Miocene Payenia shallow subduction zone and the present-day
Pampean flat-slab segment. Both segments show a progressive foreland expansion and
migration of the volcanic arc, as shown by the geochemical signature of arc-related rocks, which
is correlated to the more compressional style of deformation associated with the shaflowing of
the slab. Despite sharing this common general evolution, some differences can be appreciated
between both the ‘shallow’ and ‘flat” subduction regimes (Kay et al. 2006a, b; Litvak et al.

2015). Late Miocene shallow subduction is less pronounced in the Payenia scgment, as the
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easternmost expression of arc-volcanism are located 480-500 km away from the Chile trench, at
~36°8; while in the Chilean-Pampean zone, slab influence reaches almost 700 km away from
the trench at ~30°S. A further and main difference between both segments is related to the
increase in crustal thickness. Late Miocene magmas erupted in the main arc over the present-
day Chilean-Pampean segment show geochemical features in their trace element compositions,
which suggest magmas were equilibrating at the base of a thickened crust (> 50 km}; however,
in the Payenia shatlow subduction segment the latest Miocene arc-rocks show a garnet-free
residual mineral assemblages implying a crust of normal thickness (~40-45 km). Finally, while
the re-steepening of the slab in the Payenia region promoted an increase of arc and refro-arc
magmatism during late Neogene, the prevailing flat-slab geometry in the Chilean-Pampean

segment defines the current volcanic arc gap in Southern Central Andes.
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EN TANDILIA, PROVINCIA DE BUENOS AIRES, ARGENTINA
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El objetivo de este trabajo es desiacar la importancia de la deformacién en la evolucion del basamento cristalino
de Tandilia, provincia de Buenos Aires, Argentina (Fig.1). El basamento ¢std constituido principalmente por
migmatitas, gneises, esquistos, granitoides, diques 4cidos, pegmatiticos, digues méficos y ultraméficos y escasos
mérmoles. Estas rocas fueron afectadas por eventos de metamorfismo y deformacion durante distintos pulsos de
la Orogenta Transamazoniana (2300-1700 Ma). Fueron reconocidas importantes zonas o fajas de cizalla con
formacioén de milonitas y ultramilonitas (Gonzdlez Bonorino et al, 1956; Teruggi et af. 1973; Dalla Salda et al,
1981, 1992 y Frisicale et al. 1999). Gran parte del basamento cristalino de este extremo sur del craton del Rio de
la Piata estd cubierto por rocas sedimentarias del Neoproterozoico. Una sinfesis completa de fa geologia fue
publicada por Dalla Salda et al. (2006} y Cingolani (2011) presentd una actualizacibén del conocimiento
geoldgico de Tandilia, Bl drea estudiada comprende la zona de las antiguas canteras Villa Mdnica, Sierra Chica,
Cerro Sotuyo. San Nicolds y Cerro Ei Peregrino, en los alrededores de la ciudad de Olavarria, regidn occidental
de las Sierras de Tandilia. En los frenies de canteras se observan gneises deformados con bandeamiento y pasaje
iransicional a migmatitas y granitoides. Estudios previos de Pankhurst et al. (2003) determinaron edades Sm-Nd
de 2100-2200 Ma para el emplazamiento de granitoides sincolisionales a postorogénicos, con edades modelo
promedio de 2600 Ma, En un diagrama geoquimico de discriminacidn tecténica, las composiciones de cstas
rocas se ubican dentro de la zona que corresponde a un ambiente relacionado con subduccidn, pudiéndose
establecer una secuencia de eventos que culminaron con deformacién y anatexis durante la fase cotisional y
postorogénica (Pankhurst et al. 2003}, Durante Ia evolucion orogénica, los gneises fueron afectados por
metamorfismo de facies anfibolita y granulita asociado con procesos de fusién parcial, acumulacién y migracién
de fundidos leucocrdticos cuarzo-feldespdticos, con progresiva generacidn de migmatitas y granitoides
anatéeticos (Ramos y Poma, 2013). Los gneises presentan bandeamiento discontinuo, acentuade por diferencias
de color {rosado a gris verdoso) vinculado con la mineralogia dominante (feldespato alcalino y/o plagioclasa,
anfibol y biotita). Estdn atravesados por venas y diques de composicidn leucogranitica. El espesor de las bandas
varia desde mm hasta pocos metros.
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Figura 1. Ubicacidn de la zona de estudio

Las migmatitas son metatexitas, diatexitas con schlieren y estructuras nebulfticas y diatexitas masivas. En las
metatexitas se distinguen bandas de leucosomas cuarzo-feldespéticos que alternan con delgadas bandas de
melanosomas con anfibol y biotita y ocasionales relictos de paleosoma, remanentes de la granulita original
modificada, con piroxeno reemplazade por anflbol y biotita y gran cantidad de nddulos de magnetita (Ramos y
Poma, 2013). Estos enclaves méficos (restitas) son generalmente elipsoidales, estdn parcialmente disgregados y
sus mineraies se encuentran dispersos en el leucosoma. Las diatexitas evelucionan a partir de las metatexitas,
con fentes o parches irregulares y venas de leucosomas cuarzo-feldespaticos; es comin el desarrollo de
estructuras nebuliticas y schlieren con deigadas bandas ricas en anfibol y biotita, Las diatexitas masivas son
texturalimente més homogéneas y presentan contacios transicionales con venas y diques de granitoides
anatéeticos leucocrdticos de espesores irregulares y composicidn promedio granodioritica. Se observan atgunos




delgados diques discordantes de pegmatitas. A escala microscépica se reconoce una transicidn erme‘ textur'i
granobldstica y granosa con texturas de deformacion catacldstica, milonitica y blastomilonitica, marcadas
recristalizacién y retrogresién mineralégica en granulitas y migmatitas, La presencia de texturas milonificas
relleticas y texturas cataclsticas sobreimpuestas a deformaciones y recristalizaciones mineralégicas previas, son
evidencia de mds de un evento de deformacion {Ramos y Poma, 2013),

La zona de estudio estd localizada en el extremo occidental de la Mega Cizalla de Azul, faja de cizalla de
direceion E-O (Frisicale et al. 1999). En las zonas de cizalla se desarrollan estructuras que favorecen la
infiltracién de grandes volimenes de fluidos acuosos que promueven recristalizacion y metasomatismo con
enriquecimiento en silice (Doyle y Cartwright, 2000). El sucesivo pasaje 6 retrogresion metamdrfica de piroxeno
a anfibol y a biotita estarfa facilitado por la incorporacién de fluidos acuosos. Por lo tanto, los relictos de
piroxeno enire parches de anfibol o biotita son evidencia de la mineralogla previa, hidratada por fluidos
expulsados durante la cristalizacién del magma leucogranitico invasivo (Morfin et al,, 2013). Por otro lado,
estudios sobre granitoides archeanos sin o post-tectdnicos sugieren que su origen podria ser consecuencia del
mefasomatismo asociado con migracion de fluidos en zonas de cizalla (Lépez et al. 2005),

Existe una transforimacién progresiva desde gneises, metatexitas y diatexitas hacia los granitoides. La principal
diferencia entre las metatexitas y las diatexitas es estructural y la transicién entre ambas es consecuencia del
aumento en la participacién de fundidos leucocraticos. Este aumento en la contribucién de fundides pudo ser
originado por la mayor circulacién de fluidos acuosos a través de zonas de cizalla, dando origen a diatexitas
masivas leucocréticas, sin relictos de estructuras schlieren (White et al,, 2005; Maki et al., 2014 y referencias).
Estas caracteristicas estructurales permiten interpretar que Ia deformacion favorecio Ia segregacion y migracion
de fundidos durante la evolucién orogénica (Toe, et al., 2013).

Durante la orogenia Transamazoniana los procesos de fusidn parcial, acompafiados por acumulacién y/o
movilidad de fundidos leucocraticos intervinieron en la evolucion de migmatitas y dieron origen al conjunto de
granitoides heterogéneos y de leucogranitos emplazados en distintos niveles estructurales de las Sierras de
Tandilia (Ramos y Poma, 2013 y referencias). Observaciones similares fueron realizadas en otras localidades de
Tandilia, en afloramientos preservados de la explotacion en canteras y en los que se han distinguido estructuras
de domos de granitoides que pasan sucesivamente a diafexitas y luego a metatexitas en franjas milonitizadas,
indicando {a evolucidn progresiva entre migmatitas y granitoides en zonas de intensa deformacidn orogénica,
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