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ABSTRACT 

The tectonic and geodynamic setting of the southern Central Andean convergent margin changed significantly 
between the Late Cretaceous and the Late Miocene, intluendng magmatic activity and its geochemical composi­
tion. He re \Ve investigate how these changes, which indude changing slab-dipangle and convergence angles and 
rates, ha ve influenced the contamination of the are magmas with crustal material. Whole rock geochemical data 
for a suite of Late Cretaceous to Late Miocene are rocks from the Pampean flat-slab segment (29-31 "S) of 
the southem Central Andes is presented alongside petrographic observations and high resolution age dating. 
ln-situ U-Pb dating of magmatic zircon, combined with Ar-Ar dating of plagioclase, has led toan improved 
regional stratigraphy and provides an accurate temporal constraint for the geochemical data. 
A generally higher content of incompatible trace elements (e.g. Nb¡Zr ratios from 0.019 to 0.083 and Nb/Yb 
frorn 1.5 to 16.4) isobserved bet\veen the Late Cretaceous (-72 Ma), \.vhen the southem Central Andean margin 
is suggested to ha ve been in extension, and the Miocene when the thickness of the continental crust increased 
and the angle of the subducting Nazca plate shallowed. Trace and rare earth element compositions obtained 
for the Late Cretaceous to Late Eocene are magmatic rocks from the Principal Cordillera ofChile, combined 
with a lack of zircon inheritance, suggest limited assimilation of the overlying continental crust by are magmas 
derived from the mantle wedge. A general increase in incompatible, fluid-mobile/immobile (e.g., Ba/Nb) and 
fluid-immobile/immobile (e.g., Nb/Zr} trace element ratios is attributed to the influence of the subducting slab 
on the melt so urce region and/or the influx of asthenospheric mantle. 
The Late Oligocene ( -26 Ma} to Early Miocene (-17 Ma), and Late Miocene (-6 Ma) are magma tic 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 element compositions and the presence of P-T inherited zircon cores. 
Crustal re\Vorking is also identified in the Argentinean Precordillera; Late Miocene (12-9 Ma) are magmatic 
rocks display distinct trace element signatures (specífi.cally low 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 
anda Grenville-aged basement We conclude that changinggeodynamics play an importantrole in determining 
the geochemical evolution of magmatic rocks at convergent margins and should be given due consideration 
when evaluating the petrogenesis of are 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. 
Cn1stal material can either be incorporated into are magmas in the 
melt source region, due to the subduction of sediments/sul:xluction ero­
sion of overriding lithosphere, and/or due to the assimilation of the 
overlying crust as are magmas migrate towards the surface. The Andean 
margin has been an important site for continental crust production 
throughout the Cenozoic and is a type Iocality of an ocean-continent 
convergent margin. 

The recycling of crustal material to Andean are 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 are magmas from crustal derived material 
over the course of the Cenozoic, the origin (i.e., subducted crusta1 
material or the overlying Andean crust) of these crustal signatures 
remains unresolved. The contamination ofthe melt source region with 
subducted sediments ( e.g., Kilian and Behnnann, 2003; Lucassen et al., 
2010; Sigmarsson etal., 1990), crustal material from subductionerosion 
(e.g., Goss eta!., 2013; Kay et al., 2005; Stem, 1991), melts derived from 
the subducting oceanic plate (e.g., Reich et al., 2003; Stern and Kilian, 
.996), as well as the contamination of are magmas during ascent 
through the continental crust (e.g., Davidson et al., 1991; Hildreth and 
Moorbath, 1988; james, 1982; WOrner et al., 1992), has ali previously 
been invoked to explain the petrological and geochemical characteris­
tics of are magmatic rocks from the Andean niargin. 

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 southem 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 Miocene (e.g., Cahill and lsacks, 1992; Yañez etal., 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 Uordan et al., 1983). Conse­
quently the thickness of the continental crust in crea sed 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 plate has been linked with 
the subduction of the juan Fernandez Ridge UFR), a hotspot-derived 
seamount chain which may have undergone significant hydration and 
serpentinisation (e.g., Gutscher et al., 2000b; janes et al., 2014; Kay 
id Mpodozis, 2002; Kopp et al., 2004; Pilger, 1981; Yañez et al., 

_lJQl, 2002). The intersection and subduction ofthejFR has also been 
associated with increased levels of subduction erosion of the fore-arc 
(e.g., Stern, 1991; Stern and Skewes, 1995; van Huene et al., 1997) 
and is thought to actas a barrier to sediment transport and the accumu­
lation of sediments in the Chilean trench north of -33 ºS (VOlker et al., 
2013; van Huene et al., 1997). 

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

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

for the southern Central Andean are stratigraphy has been derived L'-' 
from K-Ar dating (e.g., Limarino et al., 1999; Litvak and Page, 2002; 
Mpodozis and Cornejo, 1988; Nasi et al., 1990; Pineda and Calderón, 
2008; Pineda and Emparan, 2006), combined with sorne Ar-Ar dating 
(Bissig et al., 2001) and limited U-Pb dating (Martin et al., 1997). Due 
to the variable effects ofhydrothermal alteration on the are magmatic 
rocks (e.g., Bissig etal.. 2001; Litvak et al., 2007; Maksaev et al .• 1984) 
sorne 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 
arder to improve the regional stratigraphy and to provide an accurate 
temporal constraint for the geochemical data. In addition, in-situ U-Pb 
dating has the potential to reveal inherited zircon cores and therefore 
can be u sed 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 geodynanlic setting 

The study areais located within the Pampean (Chilean) flat-slabseg­
ment (betw"een 29 and 31 ºS) of the southem Central Andes and spans 
the Principal Cordillera, Frontal Cordillera and Precordillera ofChile and 
Argentina (Fig. 1 ). Subduction of oceanic crust beneath the South 
American continent has be en active sin ce the jurassic and has produced 
a series of volcanic ares ( e.g., Charrier et al .. 2007; Ramos et al., 2002; 
Stern, 2004). From the Cretaceous through to the Late Oligocene the 
southern Central Andes is considered to have been in extension 
( e.g., Charrier et al., 2007 and references therein). At -25 Ma the oceanic 
Farallón plate divided into the Nazca and Cocos plates (Lonsdale, 
2005). This caused an increase in convergence rates (from -8 cm/yr to 
-15 cm/yr) anda change from oblique (NE-SW) to orthogonal (ENE­
WSW) convergence (Pardo Casas and Molnar, 1987; Somoza, 1998; 
Somoza and Ghidella, 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 sul:xlucting oceanic plates 
has been linked to a period of majar uplift, increased magmatic activity, 
anda broadening and eastward migration ofthe magmatic are (Pilger, 
1984). Increased convergence rates (-15 cm/yr) are thought to have 
been sustained up until -20 Ma, followed by a gradual decline to present 
dayvalues (-7 an/yr) (Pilger, 1984; Somoza and Ghidella, 2012). 

There is current1y no active volcanism in the Pampean flat-slab seg­
ment dueto 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 ºS) and is thought to have led to 
the shallowing ofthe subduction angle (Gutscher et al., 2000b; janes 
et al., 2014; Kirby et al., 1996; Nur and Ben-Avraham, 1981; Pilger, 
1981, 1984; Yañez et al., 2001, 2002). lhis shallowing led to a broaden­
ing and eastward migration of the magmatic are, a reduction in magma 
volume, and the eventual cessation of are magmatism in the late Miocene 
(-6 Ma) (Bissig et al., 2001; Kay et al., 1987; Litvak et al., 2007; Ramos 
et al., 1989). 

3. Cenozolc are magmatism and stratigraphy 

In the southern Central Andes the Cenozoic plutonic and volcanic are 
rocks occur as north-south trending belts which He 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 eastem belt is ofOligocene­
Miocene age, demonstrating an eastward 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 lull in 
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magmatic activity between -39 and 26 Ma (Parada et al., 1988, 2007). In 
order to provide a context for the geochemical data, the Cenozoic are 
stratigraphy for the southern Central Andes is outlined below and in 
Fig.2. 

The Paleocene-Eocene belt is located in the Chilean Principal Cordil­
lera (Fig. 1) and is primarily composed of epizonal plutons which have 
been assembled into the Cogotí Supergroup (Parada et al., 1988). Gran­
itoids ofthe Cogotí Supergroup have K-Ar ages between 67 ± 2 Ma and 
38 ± 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 Paleocene in age. 
Coeval to the Cogotí Supergroup is the extrusive Los Elquinos Formation 
(69.8 ± 0.9 Mato 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 are, mafic, intra-plate volcanism was concurrent with the 
emplacement of the Cogotí Supergroup (Litvak and Poma, 2010). The 
Río Frío 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 southem Central Andes (Parada et al., 
1988), however, sorne are magmatism continued during this time inter­
va1. The Bocatoma Unit has been dated as Eocene to Early OJigocene 
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 Cornejo, 
1988; Nasi et al., 1990). This primarily intrusive unit consists offine 
grained to coarsely porphyritic diorites and granodiorites, and sorne 
andesitic porphyries (Bissig et al., 2001; Maksaev et al .. 1984). A number 

of dacitic and rhyolitic ignimbrites and lava flows located in the Valle 
del Cura regían (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 (Limarino 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 dueto the high levels ofhydro­
thermal alteration evident in these units and new Ar-Ar dating suggests 
these volcanic sequences are Oligocene to Early Miocene in age (Winocur 
eta!., 2015). 

Following the break-up of the Farallón plate and reconfiguration 
of the margin at -25 Ma (I.onsdale, 2005), the extensive Doña Ana 
Group was erupted at and near the are 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 Javas and dacitic to rhyolitic ignimbrites, which 
have been intruded by basic to intermediate dykes; and the Escabroso 
Formation (21-18 Ma), composed ofmedium-K, pyroxene bearing, 
calc-alkaline basaltic and andesitic lavas (Kay et al., 1987, 1991; 
Maksaev et al., 1984; Martin et al., 1997). The TI lito 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 majar unconformity 
(Martin et al., 1995) which has been attributed to a period of deforma­
tion at-20 Ma (Kay and Mpodozis, 2002). 

During the production ofthe calc-alkaline Doña Ana Group at the 
are front, the Las Máquinas basalts were being erupted in the back-arc 
region. These alkaline basalts have been K-Ar dated between 22.8 ± 
1.1 Ma and 22.0 ± 0.8 Ma and their trace element geochemistry sug­
gests they were erupted in an extensional setting with influence from 
the subductingslab (Kay et al., 1991; Litvak et al., 2005). The volcanic 
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Fig. 2 The Cenozoic magma tic are stratigraphy ofthe Principal Cordillera, Frontal Cordillera and PrecordHlera in the southern Central Andes. References are outlincd 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 Tórtolas Formation also appears on either 
side of the current Chilean-Argentinean border (Fig. 1 ). These lavas 
were erupted during the middle Miocene and are primarily composed 
of amphibole bearing, medium- to 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 norn1al 
thickness of crust (30-35 km) anda younger (13-10 Ma) dacitic upper 
sequence. 

The Infiernillo unit (18-15 Ma) is thought to be the subvolcanic 
equivalent ofthe Cerro de Las Tórtolas Formation and is composed of 
high-K calc-alkaline, shallow leve], intermediate intrusives (Kay et al., 
1987) (Fíg. 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 Jntrusives and Tertiary lntrusives (Cardó and 
Díaz, 1999; Cardó et al., 2007). The Miocene Jntrusives which primarily 
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consist of granitoids and have been dated between 22.4 ± 0.1 and 
21.2 ± 0.1 Ma (Llambias et al., 1990). Ages as young as 13.5 ± 7 Ma 
have been obtained for other deposits UICA-MMAJ. 1999) and these 
have also been grouped into the Miocene Intrusives (Cardó et al., 
2007). The Tertiary Intrusives consist of sub-vokanic andesites and 
dacites, and K-Ar dating has given ages of 18.3 ± 2.5 Ma and 17.5 ± 
5 Ma (Cardó and Díaz, 1999; Leveratto, 1976), as well as a younger 
age of8.8 ± 0.3 Ma (Wetten, 2005). 

TI1e Late Miocene, Vacas Heladas Ignimbrites represent the last sig­
nificant volcanic activity in the region with a reported K-Ar age of 
6.0 ± 0.4 Ma (Ramos et al., 1989). These high-K rhyolitic and dacitic 
tufFs lie unconformably over the Oligocene-Miocene sequences and 
have been correlated with the Vallecito Fonnation in Chile, whichyields 
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 southem Central Andean basement 

The basement present in the Principal and Frontal Cordillera's is 
prirnarily composed of Paleozoic marine sedimentary deposits and 
1neta-sediments which have been intruded, and unconformably over­
lain by Late Paleozoic to Mesozoie plutonie eomplexes and volcanic 
deposits (Kay et al., 1989; Martin et al., 1999). In Chile, Late Paleozoie­
Mesozoie plutonic eomplexes range in composition fro1n gabbros to 
granites with two 'super-units' identified aeeording to age: the Late 
Carboniferous-Early Permian, Elqui Complex and the Permian-Early 
Jurassic, lngaguás Superunit (Mpodozis and Cornejo, 1988; Mpodozis 
and Kay, 1990, 1992; Nasi et al., 1990).The Colangüil Batholith is the 
age equivalent in Argentina (e.g., Llambías and Sato, 1990, 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). AII the aforementioned 
Late Paleozoic-Mesozoic plutonie 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 be en identified by various geo­
ehemical studies and through the presence of xenoliths and xenocrystic 
zircon grains in Miocene volcanic rocks ( e.g., Abbruzzi et al., 1993; Janes 
et al., 2015; Kay et al., 1996). It has been suggested that the basementof 
the Precordillera is a rifted fragment of Laurentian crust which was 
accreted onto the western n1argin of Gondwana during the Ordovician 
(e.g., Astini et al., 1995; Kay et al., 1996; Thomas and Astini, 2003; 
Thon1as et al., 2004). although the origin and the exact timing of rifting 
and aceretion remains widely debated ( e.g., Finney, 2007; Keller, 1999; 
Rapela et al .. 1998). 

5. San1ple preparation and analytical methods 

5.1. Sample collection 

Representative samples (based on the published maps and fonna­
tion descriptions of Cardó and Díaz (1999), Cardó et al. (2007), 
Emparan and Pineda (1999), Mpodozis and Cornejo (1988), Nasi et al. 
(1990), Pineda and Emparan (2006), Pineda and Calderón (2008)) 
were collected from each of the major intrusive/extrusive Late Creta­
ceous to Late Miocene are formations ( detailed in Section 3) present 
between 29 and 31 ºS (Figs. 1 and 2). Dueto the eastward rnigration 
and expansion ofthe magmatie are aetivity during this time inteival, 
the sample locations forman W-E transect a cross the Andean Cordillera 

w 
from Chile into Argentina (Fig. 1 ). Late Cretaceous to Late Miocene 
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 proeesses. A number of Late 
Paleozoic-Early Mesozoie basement samples were also eollected in 
order to assess their potential role in the contamination of the Late 
Cretaceous to Late Miocene are magmas. 

52. U-Pb dating 

In orderto obtain zireon grains for U-Pb dating-5 kgof each sample 
was erushed using a tungsten earbide jaw crusher. Zircons were then 
separated from 42 crushed sarnples using a cornbination of density 
and magnetie separation (Seetion 1, Supplementary Material). Individ­
ual zircon grains were hand-picked under a binocular microscope and 
n1ounted in epoxy resin accompanied by zircon Geostandards 91500 
and/or Gj-l. 1ñese 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 ehar­
acterised using a Philips XL30CP Scanning Eleetron Microscope (SEM) 
at the University ofEdinburgh in order to detennine the presenee or 
absence of multiple growth phases, xenocrystie cores, inclusions, and 
cracks. Imaging was earried out in both secondary electron (SE) and 
backscatter eleetron (BSE) modes, and suitable, representative zircons 
and specific locations for analysis were identified. U-Th-Pb analysis 
of zireons was perforrned on a Cameca ims 1270 secondary ion rnass 
spectrometer (SIMS) at the NERC Edinburgh Ion Microprobe Facility 
(EIMF) using analytical procedures similar to those described by Kelly 
et al. (2008). Full details of analytical methods, applied eorrections 
and data reduction are outlined in the Supplementary Material. Subse­
quent to analysis ali analysed zircons were imaged on a SEM in both 
cathodoluminescence (CL) and SE modesto check the exact position 
of analysis, and to ensure the absence of cracks and inclusions at the 
bottorn of the analysis pits (Fig. 3). Data from any problematic analysis 
locations (i.e. cracks present) was rejected. A total of 313 suceessful 
U-Th-Pb analyses were rnade and in most cases at least 8 successful 
analyses of separate zircon grains were made per sarnple. Multiple 
analyses (core and rim) were made on selected zireon grains in order 
to obtain infonnation on growth history and inheritance (Fig. 3). 

5.3. Ar-Ar dati11g 

Due to the lack of rnagmatie zireon in sorne of the more basie to 
intermedia te samples Ar-Ar dating of plagioclase was eondueted on 
two samples (Rjl 1 l l and AM0887). Plagioclase phenocrysts were sep-­
arated from the crushed rock samples using similar mineral separation 
techniques to those used to separate zireon. Plagioclase erystals 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. 

5.4. Whole-rock major, trace and rare eartli element analysis 

Sample blocks weighing -50 g were cleaned and trimmed of any 
weathered surfaces, veins and xenoliths. These blocks were then 
crushed into chips using a tungsten earbide jaw crusher. The chips 
.were also checked to ensure they eontained no signs of alteration, 
veins, xenocrystie and xenolithie material, and then powdered in a 
tungsten earbide TEMA mili to obtain fine, homogeneous powders far 
analysis by X-ray florescenee speetrornetry (XRF) and inductively­
coupled plasma mass speetrometry (ICP-MS). Details are presented in 
Section 4 of the Supplementary Material. 

XRF analyses were earried out in the Sehool of GeoSciences, Univer­
sity of Edinburgh following the analytical methods outlined in Fitton 
and Godard (2004) and Fitton et al. (1998). Major, minor and selected 
trace element (TE) compositions of 56 samples were analysed on a 



174 RE.)onesetal/ Uthos262 (2016) 169-191 

Fig. 3, cathodoluminescence (U) images of represcntative zircon grains from se!ect samples, high!ighting the presence ofinternal growth zoning. inherited cores and the loe<1tion ofS!MS 
anJlysis. The U-Pb a ges are presented as the 2oc;Pbf38U ages for the individual zirron grains and the errors are quoted at the lu leve!. 

Philips PW2404 wavelength-dispersive sequential X-ray spectrometer 
with a 4 kW Rh-anode end-window X-ray tube. Majar element oxide 
totals were generally within ±0.9% of 100% and ha ve been recalculated 
to a 100% volatile free basis. Based on the repeated analysis of an individ­
ual sample prepared and analysed five times the preósion for the majar 
element analysis is determined as always being <l.1% (la) (Table A4, 
Supplementary Material). The accuracy ofthe measurements, based on 
repeated analysis of standard BHV0-1 (basalt) compared to the pub­
Jished values, is <3.5% relative (la) for all majar elements, apart from 
P205 where accuracy is 5.5% relative (la) (Table A2, Supplementary 
Material). Precision for the TE and REE concentrations determined by 
XRF analysis is <4% (la) apart frorn for Ni where the precision is much 
lower. This may be a result of the low concentrations of Ni present in 

the analysed sarnple (average= 2.7 ppm). Precision for Ni, based on 
the repeated analysis ofBHV0-1 (117.5 ppm Ni) gave a precision of 
0.5% (lo) (Table A3, Supplementa¡y Material). A full evaluation ofthe 
accuracy of the TE and REE analysis is presented in Table A3, Supple­
mentary Material, but is generally detern1ined to be better than 10% 
relative (la). 

A subgroup of 39 samples representing ea ch of the major volcanic 
and plutonic formations were selected for REE analysis via ICP-MS. 
Select samples were also analysed for U, Th, Pb and Hf concentrations. 
Sample powders were dissolved using a tri-acid digestion procedure 
and analysis was carried out on an Agilent 7500ce ICP-MS at the Scottish 
Universities Environmental Research Centre (SUERC), East Kilbride. 
Based on the repeated analysis of international standard BCR-2 the 



•. 

RE.]onesetal / Lithos262 (2016) 169-191 175 

precision ofthe analysis is <4% (lu) and the accuracy is <7% relative 
( lu) for ali elements apart from Pb, where precision and accuracy are 
much lower (7.3 and 30.9% respectively) (Table A6, Supplementary 

Material). On this basis the use of Pb in the interpretations will be 
limited. A good agreement has been found between the TE and REE 
concentrations produced by XRF and ICP-MS analysis (Figs. AS-A7, 

Table 1 
The resu[ts ofU-Pb arnl Ar-Ar dating and assigned geological unit ( detennined based on sample location, the new age determinations. and the results of whole rock geochemical analysis ). 
The two sample ages which are displayed in it.ilics arnl undcr!ined are those obtained by Ar-Ar dating of plagioclasc. Sample age calru!ations have been madc using computer program 
150Pl0Tv3.7 (Ludwig, 2008). Thc age rangc (206Pbf38U a ges) ofinheritcd zircon grains/oorcs are also prescntcd whcrc identificd The large unccrtainty on thc U-Pb agc obtained for 
sample M10890 reflects the limited number of zircon grains obt.iined from this sample (Supplementary Material). HO\vever, the U-Pb age is very similar to the Ar-Ar age produccd 
for sample RJ1111 (61.2 ± 1.0 Ma). which is from thc same formation (Los El quinos Fonnation). 

Sample Rock type 

RJ11Al8 Granodiorite 
MQ39 Rhyolite 
RJ11A20 Rhyo\ite 
M10862 Rhyolite 
Af..{0853 Rhyolite 
AM0855 Rhyolite 
AM0856 Rhyolite 
RJ1104 Granite 
Af..10812 Dioritc 
AM0823 Granodiorite 
AM0824 Syeno--diorite 
Af..{0806 Granite 
RJl103 Syeno-diorite 
Mi0826 Granite 
AM0819 Dioritc 
AM0822 Granodiorite 
Af..10814 Diorite 
Af..10815 Granodioritc 
AM0816 Granodiorite 
RJ1101 Granite 
RJ1109 Diorite 
AM0890 Basal tic arnlesite 
Rjtlll Basaltic andesite 
RFl7 Basallic-T rachyandesite 
RJ1105 Diorite 
RJl106 Diorite 
RJ1107 Basalt 
AM0867 Arnlesitc 
AM0866 Andesite 
Af..10870 Trachy-andesitc 
AM0846 Rhyolite 
MQ153 Andesite 
AM0847 Rhyolite 
AM0845 Rhyolite 
AM0860 Da cite 
ZN122 Andesite 
AM0844 Rhyolite 
AM0849 Rhyolite 
RF64 Rhyolitc 
PCl4 Rhyo!itc 
Z27 Da cite 
MQ8 Basa]t 
MQ145 Basalt 
Rjl 1/\5 Rhyolite 
RJ11A10 Granite 
RJ11Alt Granite 
RJ11A14 Granodiorite 
AM0887 Andesite 
1026 Andesitc-Trachyandesite 
51'80 Andesitc 
AM0886 Andesite 
MQ158 Basaltic andcsitc 
AM0871 Basaltic andesitc 
M10872 Da cite 
RF62 Trachyandcsite 
RF6S Andesite 
MQ28 Trachyandesite 
MQ30 Trachyandesite 
RJ11A7 Trachyandesite 
RJ11A17 Da cite 
RJ11A15 Trachydacite 
MQ33 Rhyolite 
0!095 Rhyolite 
MQ32 Rhyolite 
AM0889 Rhyolite 

Age ±2uor 
(Ma) 95%conf. 

280.2 3.S 
269.7 2.6 
269.6 7 
2693 5.Z 
261.0 6 
248.6 5.S 

221.0 4.4 
72.6 0.77 
69.8 0.73 
64.6 0.65 
64,4 0.66 
64.3 0.59 
64.2 0.69 

57.3 1.7 

55.0 1.7 
54.1 0.76 
38.9 0.99 

61.9 9.11 
61.2 !. 

4-0.2 1.2 

35.6 0.78 

26.1 1.6 
25.2 0.26 

24.9 0.32 
24.9 0.4 
24,8 0.37 
24.7 0.28 
24.7 0.43 
24.3 0.7 
23.6 0.21 
23.2 0.3 

22.6 0.33 
22.2 0.23 
21.4 0.29 
20.4 0.31 
19.3 0.3 
18.2 0.28 
18.1 0.37 

17.1 0.63 

11.7 0.21 
9,5 0.18 
9,4 0.18 
6.2 0.19 
6.2 0.3 

Assigned geological unit 

Plutón Tocota (Colangüil Batholith) 
Choiyoi Group 
Choiyo! Group 
Choiyoi Group 
Pastos Blancos Group 
Pastos Blancos Group 
Pastos Blancos Group 
El León Unit {lngagu:is Supergroup) 
Cogotí Supergroup 
Cogotí Supergroup 
Cogotí Supergroup 
Cogotí Supergroup 
Cogotí Supergroup 
Cogotí Supergroup 
CogotíSupergroup 
Cogotí Supergroup 
Cogotí Supergroup 
Cogotf 5upergroup 
Cogotf Supergroup 
Cogotí Supergroup 
Cogotí Supergroup 
Los Elquinos Formation 
Los Elquinos furmation 
Río Frfo Basalts 
Tierras Blancas Caldera 
Tierras Blancas Caldera 
Tierras Blancas Caldera 
Bocatoma Unit 
Bocatoma Unit 
Bocatoma Unit 
Tilito Formation (Lower Doña Ana Group) 
Tilito Fonnation (Lower Doña Ana Group) 
TI lito Formation (Lower Doña Ana Group) 
lílito Formation (Lower Doña Ana Group) 
TI lito Fonnation (Lower Doña Ana Group) 
1füto Fonnation (Lower Doña Ana Group) 
Tilito Formation (Lower Doña Ana Group) 
Tilito Formation (Lower Doña Ana Group) 
lílito Formation (Lower Doña Ana Group) 
TI lito Fonnation (Lower Doña Ana Group) 
TI lito Fonnation (Lower Doña Ana Group) 
las Máquinas Basalts 
las Máquinas BasaHs 
Las Trancas Fonnation 
Miocene Jntrusives 
Miocene lntrusives 
Miocene lntrusives 
Escabroso Forrnation (Upper Doña Ana Group) 
Escabroso Formation {UpperDoña Ana Group) 
Escabroso Formation {Upper Doña Ana Group) 
Escabroso Fonnation (Upper Doña Ana Group) 
Escabroso Formation {Upper Doña Ana Group) 
Escabroso Formation (Upper Doña Ana Group) 
Escabroso Fonnation (Upper Doña Ana Group} 
Cerro de las Tórtolas Formation 
Cerro de las Tórtolas Formation 
UpperCerro de las Tórtolas fonnation 
Upper Cerro de las Tórtolas Fonnation 
Tertiary lntrusives 
Tertiary lntrusives 
Tertiary Jntrusives 
Vacas Heladas lgnimbrites 
Vacas Heladas lgnimbrites 
Vacas Heladas lgnimbrites 
Vacas Heladas lgnimbrites 

Age range (206Pbf38U, Ma (±tu)) 
ofinherited zircon cores/grains 

171.8 (±4.1) 

158.0 {±2.4) 

276.7 (±2.9)-278.S (±2.9) 

241.0 ± 2.7 

388.1 (±5.3) 

257.5 (±2.9)-273.1 (±3.6) 

138.1 (±2.6) 

1068.l (± 10.5)-1249(±10.9) 
239.7 (±3.0)-1066.0(±13.7) 
249.0 (±2.6)-1225.7{±11.7) 
15.1 (±0.2)-255.7 (±2.7) 
256.3 (±3.4)-270.7 (±3.0) 
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Supplementary Material). Therefore, select REE concentrations de­
termined far certain samples by XRF analysis is included alongside 
the REE concentrations determined by ICP-MS. 

6. Results 

Detailed sample infonnation, including a summary ofthe petrology 
of each forn1ation/unit (Table A7), and full results are presented in the 
Supplementary Material. 

6.1. Geochronofogical resu/ts 

The results of U-Pb dating and Ar-Ar dating for individual samples 
are presented in Table 1. In arder to obtain overall U-Pb ages far 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 mixíng line is anchored to the 2º7Pb/2º6Pb ratio for 
modern day common Pb (0.84) (Section 2, Supplementary Material). 
The overall U-Pb ages for these samples are given by the intercept on 
·tie Tera-Wasserburg plot and uncertainties are quoted at the 2u or 
J5% confidence Jevel. 'Iñ.e 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 2a or95% confidence level (Section 2, Supplemen­
tary Material). Far the two samples dated using the Ar-Ar dating 
technique the age detenninations are plateau ages with uncertainties 
quoted at the 2a leve! (Figs. Al and A3, Supplementary Material). Ali 
ofthe plots and age calculations were made using computer progran1 
ISOPLOTv3.7 (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 del Cura region (Frontal Cordillera, Argentina) 
have previously produced Eocene K-Ar ages ranging between 44 ± 2 
and 34 ± 1 Ma, and have been assigned to the Valle del Cura Formation 
(Limarino et al., 1999; Litvak and Poma, 2005). Samples ofthe 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 far 

1e Valle del Cura Formation by Winocur et al. (2015). These authors 
pro pose that the units previously identified as the Valle del Cura Forma­
tion are partof the Doña Ana Group. The U-Pb dating presented by this 
study supports this inference and sorne of the samples of the Valle del 
Cura Formation collected as part of this study have been assigned to 
the Doña Ana Group. Other samples thought to be the Valle del Cura 
Formation have been assigned to the Cerro de las Tórtolas Formation 
dueto 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 ofthe border (Cardó and Díaz, 1999; Cardó et al., 2007). However, 
the U-Pb ages obtained in this study, as well as geochemical evidence, 
suggest these intrusive bodies are not related. U-Pb ages of between 
22.2 ± 0.2 and 20.4 ± 0.3 Ma were obtained far the Miocene Jntrusives 
present in the Llanos del Molle (Llambias et al., 1990) and mapped 
by Cardó 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 ± 0.2 to 9.4 ± 0.2 Ma) were obtained for the Tertiary lntrusives 
which outcrop in the Precordillera. Previously reported K-Ar ages 
far these sub-volcanic andesites and dacites range between 18.3 ± 
2.5 Ma and 17.5 ± 5 Ma (Cardó and Díaz, 1999; Leveratto, 1976), 
perhaps explaining why these deposits have been linked with the 

.. ¡,,, 
Infiernillo Unit. 111e new U-Pb ages presented here are similar to the 
K-Ar age of8.8 ± 03 Ma reported byWetten (2005) far 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 sorne of the K-Ar ages are likely to be unreliable and 
that the Tertiary lntrusives are late Miocene in age and consequently 
distinct from the Infiernillo Unit 

62. Geochemical results 

62.1. Majar ele111e11ts 
The results of majar oxide analysis are presented in Figs. 4 and 5. 

The Late Cretaceous to Late Miocene magmatic rocks primarily have 
medium- to high- K, calc-alkaline compositions. TI1e intrusíve samples 
range from gabbroic to granitic in composition, with SiQz contents rang­
ing between 50.9 and 71.3 wt% (Fig. 4a).111e extrusive samples range 
from basalts to rhyolites with SiQz contents ranging between 49.7 and 
75.3 wt.% (Fig. 4b). Ali samples plot within the sub-alkaline field on 
plots of total alkalis versus silica with the exception of the Paleocene 
Río Frío Basalt, which is alkaline in composition (Fig. 4b). AIJ 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 SiOi contents 
ranging between 68.7 and 76.7 wt% (Fig. 4). 
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Major elements, TiOi, Ah03, F~03, MgO, CaO, and to a lesser extent 
MnO display typical negative correlations with Si02 content (Fig. 5). 
whereas K20 shows a positive correlation (Fig. 5). The plot of P20 5 

versus SiOi content shows a convex trend with a general positive i:orre­
Jation between P20 5 and SiOi content until SiOi reaches-63 wt.%, after 
which a negative correlation is observed (Fig. 5). These overall trends 
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are consistentwith fractional crystallisation (FC) processes, for example 
the increased crystallisation of apatite after -63 wt% Si02. The alkali 
oxides, K20 and Na20 show the weakest correlations with Si02 

(Fig. 5), suggesting that these elements may have been mobilised dur­
ing alteration. The highest variation is observed in samples of the Cogotí 
Supergroup which shows a range of K20 contents between 0.5 to 4.8% 
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Fig.S (continued). 

with a limited increase in Siúi content Values for certain majar element ' 
oxides, obtained far certain samples, also appear to sit away from the 
main data trends. For example, sample PC14 from the Tilito Formation 
appears to have lost ali ofits Na20 and displays higher Caü and Mnü 
contents (Fig. 5). This suggests leaching of Na, potentially from plagio­
clase, and replacement with carbonate minerals; this is confirmed by 
petrographic analysis (Fig. AS, Supplementary Material). Therefore, 
sorne variation in the data away from the main trends displayed on 
the Harker diagrams may be the result of alteration and replacement 
processes. 

622. Trace efements (TE) and rare eartli elements (REE) 
The results oftrace- and rare earth- element analysis are presented 

in Figs. 5 and 6 With the exception of the sample (RF17) of the Rio 
Frío Basalts (Paleocene ), ali samples, including the Las Máquinas 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, e.g., Rb, K, Ba, Sr, Pb) and the light rare earth elements (IREE) 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 
RFl 7 (Río Frío Basalts) has a distinct TE composition, with apparent 

enrichments in P, Nb and Zr. This sample is alsoalkaline in composition 
(Fig. 4b) and is clearly not co-genetic with other Paleocene are forrna­
tions ( e.g., Cogotí Supergroup and Los Elquinos Formation), indicating 
that the Río Fria Basalts may ha ve fonned frorn a distinct mantle source. 

The multi-element plots far ali other samples exhibit prominent 
negative Nb anomalies and positive K and Pb anomalies (Fig. 6). With 
the exception ofthe most mafic sample (MQ8, Las Máquinas Basalts), 
ali samples show negative Ti anomalies and depletions in HREE relative 
to N-MORB (Fig. 6). The Late Oligocene, Las Maquinas Basalts (MQ8) 
shows the least enrichment in the LILE, consistent with emplacement 
in a back-arc setting (e.g., Litvak and Poma, 2010). Samples ofthe Los 
Elquinos Formation (Paleocene), Tierras Blancas Caldera (Eocene) and 
Bocatoma Unit (Early Oligocene) display relatively limited enrichments 
in LILE, with the exception ofSr. These Paleocene-Early Oligocene sarn­
ples, along with samples of the youngest (-13-6 Ma) are formations 
(Upper Cerro de las Tórtolas Formation, Tertiary Jntrusives and Vacas 
Heladas Jgnimbrites ), 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 obselVed with increasing SiC>i content (Fig. 5). In addition, these 
samples display relatively steeply dipping REE pattems with depletions 
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in the HREE, suggesting a change ín the petrogenesis oftheyoungestarc 
magn1as erupted and emplaced in the southern Central Andes (Fig. 6). 

7. Disrus.5ion 

7.1. Temporal variations in the contan1inatio11 of soutlien1 Central Andean 
an:magmas 

lt is clear from many of the TE plots ( e.g., Figs. Sb and 6) that there 
are significantvariations in either the degree of melting or the composi­
tion of the source of the are magmas, or in the leve! of interaction with 
the continental crust, o ver time. How the TE compositions ha ve changed 
over tin1e, 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. 111e Wte Cretaceous to Eocene 
Concentrations ofincompatible, fluid-mobile (e.g., Ba, Pb, U) and 

fluid-immobile ( e.g., Nb, Zr) elements, in the Late Cretaceous-Eocene 
samples of the Cogotí Supergroup, Los Elquinos 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 Si02 content (Fig. 7) suggesting that tY' 
these TE variations are not the result of FC A number of lines of evidence 
support limited interaction of these are magmas with the existing con­
tinental crust; no inherited zircon grains and cores are identified in 
these are rocks (Table 1); 'mantle-like' 0180 values have beco obtained 
forzircons from these samples Uones eta l., 2015); and low 87Srf6Sriso-
tope ratios have been reported for these the Late Cretaceous-Eocene 
magmatic belts (Parada et al., 1988). On this basis it is suggested that 
the observed enrichments in fluid-mobile, incompatible elen1ents 
(e.g., LILE) and depletions in HFSE and HREE reflectprocesses ocruning 
in the source region, rather than resulting from crustal contamination 
and/or differentiation processes. 

Overall the fluid mobilejimmobile TE ratios (e.g., Ba/Nb, U/fh) are 
highly variable for the Late Cretaceous-Eocene are rocks (Fig. 7) sug­
gesting that the source region has been vaóably 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 are 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 ratios 
(e.g., Nb{Zr, Nb/Yb) between the Late Cretaceous and the Late Eocene 
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Flg. 6 (continued), 

tr'ig. 8) could be interpreted asan indication of a decrease in partial 
melting of the mantle over time. This is at odds with the evidence far 
an increase in fluid flux from the slab (e.g., increasing Ba/Nb and U/Th 
(Fig. 8)). Therefore, these elementratios are interpreted as representing 
an increase in the enrichmentof the mande wedge, eitherwith subduc­
tion derived components (e.g., sediments) and/or dueto an influx of 
asthenospheric mande. 

During this time interval magmatism was also occurring in a back­
arc position, east of the rnain volcanic are. These extension-related 
basalts (Río Frío Basalts 55.9 ± 1.9 Ma (Litvak and Page, 2002)) have 
a distinct cornposition to the magmas erupted in the main volcanic 
are. 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 fron1 slab-derived fluids, as suggested by Litvak and 
Poma (2010). 

7.1.2. 111e Late Oligorene to Early Miocene 
After a period of reduced are magmatism between the Mid Eocene 

and the Late Oligocene (Parada et al., 1988, 2007) the Doña Ana Group 
(TI lito and Escabroso Forrnations) was erupted at the are front The sam­
ples of the Tilito Formation (Lower Doña Ana Group) from closer to the 
trench, have quite distinct compositions from those collected farther to 

the east, despite their being of the same age (Late Oligocene). The 
more westerly rhyolitic ignimbrites (AM0844, AM0846 and AM0847) 
are highly evolved (Si02 > 72 wt.%), have high concentrations of Nb 
(> 18 ppm) accounting for high Nb/Zr and Nb/Yb ratios (Figs. 8 and 9). 
The more easterly samples (ZN122 and 227) 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 Forrnation from the Chilean si de of the margin, suggests bulk 
assin1ilation of the P-T basement ( e.g., Beard et al., 2005). It has previ­
ously been suggested that the contamination of the Late Oligocene­
Early Miocene are magmas with P-T aged lower crust accounts far the 
relatively high 87Sr/86Sr ratios (0.705335) of the Doña Ana Group 
(e.g., Kay and Abbruzzi, 1996). Tiie range of inherited zircon ages ob­
tained by this study is within the range of U-Pb ages obtained far 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 TI lito Forrnation ha ve assimilated this crust The sim­
ilar geochemical fea tu res ( e.g., negative Eu, TI and P anomalies, positive Y 
anomalíes, high Nb/Zr ratios) obseived in sarnples 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 n1afic samples erupted farther to the east, providing evidence for 
a more limited interaction between the are magmas and the basen1ent 
farther away from the trench. 

Coeval with the eruption of the Ti lito Formation, the Las Máquinas 
Basalts were emplaced to the east, on the Argentinean sirle ofthe mar­
gin. These basalts have high Nb/Zr (Fig. 9) and Nb/U ratios and lowfluid 
mobile/immobile incompatible element ratios (e.g., Ba/Nb and Pb/Nb) 
(Fig. 7) suggesting a limited iníluence of íluids derived from the 
subducting slab and initially relatively small degrees of partial melting. 
This is consistent with these geological units representing back-arc 
volcanism (Kay and Abbruzzi, 1996; Kay et al., 1991; Litvak and Poma, 
2010). On a plot of Nb/Yb vs. Th/Yb the Las Máquinas Basalt plots 
between the fields for E-MORB and OIB (Fig. 10) suggesting extraction 
of sn1all degree melts from a relatively enriched mantle source. This 
might be expected far a regían of the subcontinental mantle which 
has experienced less parcial melting and melt extraction than the man­
tle situated beneath the main valcanic are. These compositions are also 
similar to those af Holocene al ka Ji basalts and trachy-basalts erupted in 
the back-arc region af the Southern Volcanic Zone (SVZ) Uacques et al., 

2013). These authors suggest that these back-arc basalts are formed 
from the melting of enriched Proterozoic subcontinental lithosphere. 

The Miocene lntrusives, which consist of Early Miocene granitoids 
that cropout on the border between the Frontal Cordillera and the 
Precordillera, are highly enriched in incompatible elements such as 
Rb, Nb, Th, and Ce, which likely reflects their highly evolved nature. 
Ratios of fluid mobile/immobile incompatible element ratios are gener­
ally low, suggesting the limited influence of slab-derived fluids on the 
primary magmas (Figs. 7, 8 and 9). The U-Pb zircon ages presented 
here for the Miocene Intrusives (22.2 ± 0.23 to 20.43 ± 0.31 Ma) over­
lap with the ages obtained far the back-arc Las Máquinas Basalts {K/Ar 
dated between 22.8 ± 1.1 Mato 22.0 ± 0.8 Ma (Kay et al., 1991; 
Litvak et al., 2005)). Like the Las Máquinas Basalts, the relatively high 
Nb/Zr ratios could be indicative of relatively small degree parcial melt­
ing, which would be consistent with their generation relatively far 
away from the trench and therefore overa more dehydrated slab. 

Geochemical modelling suggests that the compositions of the Mio­
cene lntrusives can be generated from the composition of the Las 
Máquinas Basalts, 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 RJ11A14 (Table 1 ). It is difficult to separate the effects 
of FC from AFC processes, as in this case the fractíonating 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 Uones 
et al .. 2015) suggests that the Miocene Intrusives have also interacted 
with an ancient, Grenville-aged basement, which is present in the 
Precordillera. The modelling supports the involven1ent ofthis 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 Máquinas Basalts, have formed through the dif­
ferentiation and interaction ofthese back-arc basaltic melts with the 
pre-existing Andean crust 

The geochemica1 rnodelling also suggests that fractional aystallisation 
of these basaltic melts can account for the cornpositions of the less 
evolved sequences of the TI lito Formation, which outcrop further away 
from the trench (Tilito Forrnation - Argentina) (Fig. 11 ). The more 
evolved compositions el o ser to the tren ch (TI lito Fonnation - Chile) are 
more difficult to generate via FC or AFC processes when using the las 
Máquinas Basalts as a starting composition. This suggests that the 
sequences for the T!lito Forrnation which are closer to the Chilean trench 
rnay be the result of decoupled assimilation and fractional crystallisation 
(i.e. FCA) (Cribb and Barton, 1996) and/or mixing processes involving 
the P-Tbasement (Fig. 11), as suggested bythe presence of inherited zir­
con cores. Altematively they may be derived from a different mantle 
source, which has received a greater influence from subduction related 
components. 

The extrusive rocks of the younger Escabroso Formation (Upper 
Doña Ana Group) and Cerro de Las Tórtolas Formation (Early Miocene) 
are generally more mafic than the Late Oligocene samples of the Ti lito 
Formation and Miocene Jntrusives (Fig. 4) and have lower Nb/Zr and 
Nb/Yb ratios, and higher fluid mobile/immobile incompatible element 
ratios (e.g., Ba/Nb and U/Nb) (Figs. 7, 8 and 9). This suggests a higher 
degree of partial melting of the mantle wedge due to an increase 
in fluids derived from the subducting slab, alongside more limited 
FC and assimilation of the Andean crust During the Early Miocene 
(-18 Ma) thejFR began intersecting the Andean margin in this region 
leading to the initiation of the shallowing of the subducting slab 

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

These Early Miocene formations also lack any zircon inheritance 
(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 sorne radiogenic crustal components 
( e.g., Bissig et al., 2003; janes et al., 2015; Kay and Abbruzzi, 1996; Kay 
et al. 1991). 

7.1.3. 111e Mid to Late Miocene 
During the Mid to Late Miocene the angle at which the Nazca plate 

was subducting shallowed and as a consequence are magmatism 
migrated to the east. During this tim.e interval the Tertiary Intrusives 
were emplaced in the eastern Frontal Cordillera and the Precordillera. 
111ese 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 are magmatic rocks and also found them 
to have the least radiogenic Sr (87Srf6Sr = 0.7032-0.7038) and Pb 
( 206Pb/204Pb = 17.8-17.9, 207Pb/204Pb = 15.48-15.49, 208Pb/""Pb = 
37.4-37.5) isotopic signatures of ali the Cenozoic are magmatic rocks 
in the Pampean flat-slab segment They attribute this to the interaction 
ofthe Miocene are magmas with the distinct, Grenville-aged basement 
present in the Argentinean Precordillera; xenoliths fron1 this basement 
also yield Jow Tu, U and REE concentrations and unradiogenic Pb isoto­
pic ratios (Abbruzzi et al., 1993). This suggestion is supported by the 
identification ofinherited zircon cores of Proterozoic age in ali Tertiary 
lntrusives 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 are magmas in 
comparison to the Grenvillian xenoliths (2º6Pb/204Pb = 17.1-17.8, 
207Pb/204Pb = 15.42-15.49, 208Pb/'04Pb = 36.6-37.4), requires the 
interaction of the magmas with an additional component, which has a 
Pb isotopic composition similar to that with which the Miocene are 
magmas in the Frontal Cordillera have interacted. They proposed 
that this source of radiogenic Pb is derived from the sub-are mantle 
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 ofthis age. Radiogenic Pb isotope values 
( e.g .. 206Pb/'º4Pb = 18.44-18.56, 2º 7Pb/2º 4 Pb = 15.65-15.66, 
2º 8Pb/204Pb = 38.38-38.39 (Lucassen et al., 2002)) have been deter­
mined for the late Palaeozoic Andean crust, and therefore we propase 
that the P-T basement may be the source of the radiogenic Pb. 

In general as the subducting Nazca plate shallowed the volcanic 
front expanded and migrated to the east o ver the course of the Miocene. 
However, the youngest are rocks in the region, the Vacas Heladas Ignim­
brites occur in the Frontal Cordillera. During the same time interval 
magmatism was occurring at the Pocho volcanic field in the Sierra de 
Córdoba, situated directly to the east and 700 km away from the Chile 
trench. The Pocho 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 thatvery little ofthe mantle 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 ofheat and fluíds 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 are 
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 offluid-mobile/immobile incompatible TE (e.g., Ba/Nb, 
Pb/Ce) obtained from the Vacas Heladas Ignimbrites compared to the 
other Mid to Late Miocene are magmas, are also indicative of a high 
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influence of slab-derived fluids on these magmas. These melts have 
subsequently been contaminated with the Late Paleozoic-Early 
Mesozoic basement and the older Cenozoic are rocks, present in the 
upper crust. This is consistent with TE signatures obtained for the 
Vacas Heladas Ignimbrites; relatively high incompatible TE ratios 
(Figs. 7, 8, and 9) could be indicative of either relatively small degree 
partial melts and/or assimilation ofthe continental crust. This is also 
consistent with isotopie evidence; increasing 87Srf6Sr ratios correlate 
with decreasing f.:Nd values between the Late Oligocene and the Late 
Miocene, with the highest 87Sr/86Sr ratios (0.7055) and lowest eNd 
values {-2.0) reported for the Vacas Heladas Ignimbrites, suggesting 
an increase in crustal eontamination 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 are magmatic rocks also have adakitic 
signatures (Fig. 12a). Diagnostic geochemical features of adakites and 
their mode of fonnation remain controversia! (e.g., Castillo, 2012). 
Originally it was proposed that adakites fonned from the partial melting 
of young ( <25 m.y.), basalt crust being subducted beneath volcanic 
ares, where garnet and amphibole are residual phases (Defant and 
Drummond, 1990; Kay, 1978). Subsequently a number of other mecha­
nisms of producing are rocks with adakitic signatures have been 
outlined, including partial melting of a mafic lower crust (e.g., Chung 
et al., 2003; Kay et al., 1991, 2005), and high-pressure fractional 
crystallisation ofhydrous mafic are magmas (e.g., Castillo et al., 1999; 
Macpherson et al., 2006; Rodríguez et al., 2007; Rooney et al., 2011 ). 
To the south ofthe study area (-32 ºS), Reich et al. (2003) propose that 
melting of young, hotspot-derived rocks associated with the JFR has 
resulted in the adakitic signatures of Late Miocene (-10 Ma) intrusions, 
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on the basis of limited crustal thickness {<35 km at 10 Ma) at these 
latitudes, combined with the non-adakitic signatures of more recentare 
rocks. 

In the Pan1pean flat slab segment it is proposed that the adakitic 
signatures are the result of the are 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 interval the thickness ofthe continental crust 
is suggested to have increased to >45 km as a result of crustal shorten­
ing ( e.g., Allmendinger et al., 1990; Kay et al., 1991 ). This increase of 
crustal thickness could ha ve also resulted in the high-pressure fractional 
crystallisation of garnet or amphibole from the mafic are magmas 
( e.g., Davidson et al., 2007; Macpherson et al., 2006). However, the rel­
atively flat trend displayed on a plot of Dy{Yb against Si02 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 pattems. This provides further evidence to 
suggest that the Mid to Late Miocene are magmas were equilibrating 
with high pressure mineral assemblages in the Jower crust. Overall, 
the development of adakitic signatures in the Mid to Late Miocene sug­
gests that o ver the course of the Late Cretaceous to Late Miocene the are 
magmas generated were equilibrating with different residual mineral 
assemblages, with a developrnent from lower pressure assemblages 
(i.e. pyroxene) to higher pressure assemblages (i.e. garnet), likely 
reflecting the significant increase in crustal thickness over time. 

8. The geodynamic evolution of the southern Central Andes 

The new geochronological and geochen1ical 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-Early Eocene (-75-51 Ma) 

During the Late Cretaceous-Early Eocene (-75-51 Ma) the mag­
matic are along the western margin of South America was some­
what different to the compressional Andean are now in existence 
(Fig. 13a). The oblique angle of subduction and the low convergence 
rates between the Farallón and South American plates are thought 
to have caused extension along the n1argin (Charrier et al., 2007; 
Pardo Casas and Molnar, 1987; Somoza, 1998). The Late Cretaceous 
to Early Eocene 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 are 
magmas, emplaced in the Principal and Frontal Cordillera's, fonned in 
a subduction zone setting fron1 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 Oones et al., 2014). TE signatures, such as low overall 
Nb/Zr and Nb/Yb (Figs. 7 and 8), suggest significant partial melting of 
the mantle wedge took place during this tin1e period. Whole-rock rare 
earth element geochemistry ( e.g., l.cl,IYb ratios) suggests the Late Creta­
ceous to Early Eocene mantle-derived melts undeiwent equilibration 
with/fractional crystallisation of a gabbroic assemblage, suggesting 
migration of the are magmas through a crust of normal thickness 
(-30--35 km). A Jack of zircon inheritance, 'mantle-like' oxygen isotope 
values and juvenile initial eHf values obtained far magn1atic zircon 
Oones et al .. 2015), and low initial 87Srf6Sr ratios reported for these 
plutonic belts (Parada et al., 1988), suggests minimal contamination 
by older continental crust. This combined evidence suggests that this 
time period represents a sustained period of upper crustal growth in 
the southem Central Andes (Fig. 13a). 

82. The Early Eocene to Ellrly Oligocene (-50-27 Ma) 

This time period is characterised by a reduction in are magmatism 
anda transition frorn the emplaccment of primarily plutonic belts 
in the Principal Cordillera, to are volcanism further away from the 
subduction zone trench in the Frontal Cordillera (Fig. 13b). During 
the Mid to Late Eocene granitoids and andesitic porphyries were 
emplaced in the Principal Cordillera, a long with a number of intru­
sions related to caldera formation. In the Frontal Cordillera volcanic 
deposits were emplaced (e.g., the Botacoma Unit) and incompatible 
TE ratios ( e.g., Ba/Nb, Nb{lr) suggest these deposits were fonned from 
small degree partial melting ofthe 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 reflect the position of this part of the are further away frorn the 
trench, overa more dehydrated slab (Fíg. 13b). An increase in the influ­
ence of erustally derived material on the compositions of these are 
magmas is also identified between the intrusions emplaced in the 
Principal Cordillera, and the are magmas erupted in the Frontal Cor­
dillera. In particular, the presence of inherited zircon suggests that 
these Frontal Cordillera are magmas assimilated Late Palaeozoic-Early 
Mesozoic basement 

IV 



186 

w 
R.E.]ones et al/ Lithos 262 (2016) 169-191 

Principal Cordillera 

Principal Cordillera 
Volcanic are 

Frontal Cordillera 

...- Volcanic are-+ 

E 

Frontal Cordillera 
Back-arc 

Precordlllera 

f'¡g. 13, Schematiccross sections ofthe southem Centra!Andean margin at approxilltltely 29-31 "S. showingthe geodynamlc evolution ofthe margin from the Late Cret.lceous (-75 Ma) 
(a) through to the Late Miocene (6Ma) (e}. 



RE.]ones et ol / Uthos 262 (2016) 169-191 187 

orthogonal convergence 
at rates of -12 cm/yr ...,. ___ _ 

100 

150 

Principal Cordillera 

Volcanic are 

Frontal Cordillera 

Chile i Argentina 
1 orthogonal convergence 

at rates of -8 ~lyr Upper Cerro de las Tórtolas Formation Precordillera 

100 

150 

Vacas Heladas 
lgnimbrites 

Fig. 13 (conh"nued). 

The poor development of the magmatic are 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 Farallón and 
the SouthAmerican plate (e.g., Pardo Casas and Molnar, 1987: Somoza 
and Ghidella, 2012). The reduction in are magmatism has previously 
been linked with an earlier period of flat-slab subduction a long the 
Central Andean margin (e.g., O'Driscoll et al., 2012). The apparent 
eastward 1nigration of the are during this time interval supports the 
shallowing angle of subduetion, however there is little other evidence 
to support flat-slab subduction during this time interval. Far example, 
La/Yb ratios suggest that the ascending are magmas were equilibrating 
with/fractionating a mineral assemblage which refleets a continental 
crust of normal thickness (-30-35 km), and that these melts were not 
derived from the rnelting of the subducting slab, which might result 
from flat-slab subduction (Gutscher et al., 2000a). 

83. 1l1e Wte Oligocene-Eor/y Miocene (-26-20 Ma) 

After the period of relative rnagmatic quiescence, this time interval is 
associated with adramaticincrease in magmatic activity anda broaden­
ing ofthe n1agmatic are (Charrier et al., 2007 and references therein: 
Pilger, 1984). This has been related to a majar change in plate configu­
ration at-25 Ma involving the break-up ofthe Farallón 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 ml/yr toan average 
of -15 cm/yr (Pardo Casas and Molnar, 1987; Sorno za, 1998; Sorno za and 
Ghidella, 2012). 

In the southern Central Andes, this time period is characterised by 
the eruption of the Tilito Fonnation (Lower Doña Ana Group) in the 
main Andean are, and extension related magmatism in the back-are 
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region (Fig. 13c). TheTilito 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 ofthe are front, both during 
the late stages, and after the eruption of the Tilito Formation. This 
back-arc magmatism involved the eruption of the Las Máquinas Basalts 
(22.8-22.0 Ma (Kayet al., 1991; Litvak et al., 2005)) in the Frontal Cor­
dillera, and the emplacement of high-K granitoids (Miocene Intn1sives, 
22.2-20.4 Ma) alongside dacitic to rhyolitic ignimbrites and lavas (Las 
Trancas Formation, 22.6 Ma), in the Argentinean Precordillera. 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/core·s 
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 to the surface. The gener­
ally more mafic ( andesitic) units of the TI lito Formation, erupted further 
away from the trench, show evidence far a more Jimited interaction 
with the Andean basement. The interaction of ascending mantle­
derived melts with the overlying Andean continental crust is generally 
'·igher in the Late Oligocene to Early 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 ofthe upper Andean continental crust dueto 
both arc-related, and extension-related magmatism. 

8.4. Eorly-Mid Miocene (-19-14 Ma) 

After the apparent reduction in are magmatism between -23 and 
21 Ma, are magmatism at the arc-front was reinitiated with the eruption 
of the basaltic andesite and andesite lavas of the Escabroso Formation 
(Upper Doña Ana Group) and the Cerro de las Tórtolas 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 cornpositions of the Escabroso and Cerro de las 
Tórtolas Forrnations (lower) indicate thearc 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 incompatible TE ratios obtained far 
the Escabroso and Cerro de las Tórtolas 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
_cne. This is supported by boron isotopic compositions and concentra­
tions obtained from melt inclusions Oones et al .. 2014). During this 
time interval subduction of the jfR began along the Andean margin. 
ThejfR has been associated with hydrated and serpentinised oceanic 
lithosphere (Kopp et al., 2004), hence the subduction of this hydrated 
ridge may account far observed increase in the inlluence of slab-derived 
fluids on the melt source region. 

8.5. Mid-úite Miocene (-13-6 Ma) 

During the Mid to Late Miocene the angle of the subducting Nazca 
plate shallowed, causing the migration of are 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 al., 1997). In the Pampean flat-slab segment, are 
rnagmatism during this time interval prirnarily consists of the eruption 
of trachyandesitic to dacitic lavas of the Upper Cerro de las Tórtolas For­
mation in the Frontal Cordillera, and the emplacement of shallow leve!, 
sub-volcanic andesites, dacites and trachydacites in the eastem Frontal 
Cordillera and the Precordillera Subsequent to this, the last significant 
magmatic activity in this region is represented by the eruption of 
small volume, dacitic to rhyolitic ignimbrites, the Vacas Heladas Jgnim­
brites, in the Frontal Cordillera (Fig. 13e). 

Zircon inheritance and the isotopic compositions Uones et al., 2015; 
Kay et al .• 1991) obtained far the Vacas Heladas lgnimbrites suggests 
the involvement of a Grenville-aged basement, the Late Paleozoic­
Early Mesozoic Andean crust, as well as Cenozoic crust in the petrogene­
sis ofthese arc1nagn1as. The interaction ofthese relativelyyoung (-6Ma) 
are magmas, erupted in the Frontal Cordillera, with a Grenville-aged 
basement supports a number of structural models for the southem 
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 
Cordillera as a result of 011stal shortening. 

A principal feature ofthe Mid to Late Miocene are magmatic rocks 
is their adakitic signatures (Fig. 12). These have been interpreted as 
representing the melting and equilibration of are magmas with a high 
pressure mineral assemblage, which includes garnet, 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 
regían and the proposed timing of the rnain 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 lntrusives, emplaced in the Argentinean Precordillera. 
suggests the continental crust must have thickened to >50 km at this 
a cross-are position (western Precordillera), as well as beneath the Frontal 
Cordillera. 

9. COnclusions 

The new age data and TE and REE compositions obtained far Late 
Cretaceous to Late Miocene are magn1atic rocks suggest progressive, 
yet variable contamination of the are magmas over time. TI1is study 
clearly demonstrates the link between the changinggeodynamic 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 are magmas 
present in the Pampean flat-slab segment. 

The TE geochemistry of the Late Cretaceous to Eocene are rocks, 
combined with a lack ofinherited zircon, provides evidence to suggest 
the Late Cretaceous to Late Eocene are magmas had Jittle 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 extensional regime and thinner 
continental crust in existence during this time period. The increased 
enrichment of are magmas during this time interval is proposed to 
be a result of the gradual enrichment of the mantle wedge dueto the 
increased influence of subducting components and/or the influx of 
asthenospheric mantle. 

The 1E and REE compositions of the Late Oligocene (-26 Ma) to Early 
Miocene (-17 Ma), and Late Miocene (-6 Ma) are magmatic rocks 
present in the Frontal Cordillera, combined with the presence of P-T 
inherited zircon cores, provides evidence far the bulk assimilation 
of the P-T basement by these are magmas. The distinct TE signatures 
(specifically lowTh, U and REEconcentrations) obtained fortheTertiary 
Jntrusives (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 are magmas in incompatible TE 
between the !.ate Oligocene (-26 Ma) and the !.ate 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 are magmas with existing continental crust en ro u te 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 estudió un catnpo de lavas basálticas y basandesíticas que se exponen en Puna _A_ustral, en cercanías de la estación ferrovia­
ria Chuculaqui, ubicada al oeste del salar deArizaro en la sierra de Caipe, provincia de Salta. Como resultado se presentan nue­
vos datos químicos y edades de estas volcanitas. De acuerdo con las relaciones de campo y las características petrográficas y 
geoquímicas, se reconocen dos unidades lávicas. La primera, de edad pliocena, está formada por basaltos porfíricos con feno­
cristales de olivina y plagioclasa. La segunda unidad, de edad pleistocena, está constituida por basandesitas porfíricas con fe­
nocristales de plagioclasa, piroxeno y anfíbol. Con esta información se caracterizaron petrológicamente estos afloramientos y 
se modificó su asignación estratigráfica, an1pliando el registro volcánico del Plioceno en esa región. 

Palabras clave: T/oka11is1»0, Plioce110, PleistoreJ10, P1111a 

ABSTRACT 

Pet1v!ogira/Charactnizatio11a11d11e111ages efEstarió11 Chuadaq11i Basalts, So11/hern P1111a, Provi11ce ofSalta 
A basaltic and basan<lesite field is located west of Salar de .r\rizaro on Caipc tange, near the old railroad Chuculaqui Station, 
in Southern Puna, Salta province. Ne\v ages and geochemical data set of these volcanic rocks are presented. Based on their 
petrographic, geochemical characteristics and field relationships, t'\VO lava flow units have bcen recognized. The first one, of 
Pliocene age, is formed by porphyritic basalts with olivine and plagioclase phenocrysts. rrhe second one, of Pleistoccne age, 
is a porphyritic basandesite with plagioclase, pyroxene and amphibole phenocrysts. This information allo\vs the petrologic 
characterization and new stratigraphic assignation of thesc rocks, extending the volcanic record of Pliocene age in this region. 

Kcy-..vords: Voka11is111, P/iore11e, P/eiJ/oce11e, P1111a 

INTRODUCCIÓN 

El volcanismo neógeno y cuaternario de­
sarrollado en la Puna se vincula con la ac­
tividad del margen continental activo y 
los procesos que provocaron acortamien­
to hodzontal con engrosamiento, bajo 
condiciones <lominantemente compresi­
vas. En la Puna salteña durante los últi­
mos 7 :i\·fa ocurrieron episodios distensi­
vos a los que se asocia la efusión de lavas 
fisurales de con1posiciones básicas a in­
termedias, de gran dispersión areal y es­
caso volumen. 
En la sierra de Caipe, ubicada al oeste del 
salar de1\.rizaro en la Puna salteña, al no­
reste de la estación Chuculaqui del ramal 
c-14 del ferrocarril Belgrano, se exponen 

afloramientos predominantemente basál­
ticos, que fueron incluidos por l\Jéndez 
et al (1979) entre sus fenobasaltos y pos­
teriormente denominados como Basaltos 
de Chuculaqui en la Hoja Geológica So­
compa (Zappettini y Blasco 2001). 
Por el grado de preservación de la morfo­
logía de las coladas y las relaciones estra­
tigráficas con las volcanitas de 1\.dzaro, 
Zappettini y Blasco (2001) los asignaron 
al Pleistoceno. 
En esta contribución se completa la in­
formación aportada en publicaciones an­
teriores (&Jaisonnave y Poma 2010) pre­
sentando datos químicos, microanálisis 
cuantitativos de las fases minerales pre­
dominantes y edades obtenidas median­
te dataciones radimétricas. Esta nueva 

información permite caracterizar petro­
lógicamente a las volcanitas estudiadas 
y proponer una nueva ubicación estrati­
gráfica así como interpretar su significa­
do en Ja evolución geológica del sector es­
tudiado. 

METODOLOGÍA 

Un conjunto de muestras frescas y repre­
sentativas de las unidades estudiadas fue­
ron enviadas para su análisis a 1\.ctiva­
tion Laboratories Ltd. de Canadá, donde 
rnediante activación neutrónica y espec­
trometrfa de plasma por emisión, se de­
terminaron tanto los elementos mayori­
tarios como los minoritarios y traza. 
Para los microanálisis cuantitativos de 



detalle en cristales de las fases minerales 
dominantes se utilizó un equipo CA.r..1E­
B1\X SX-50 con 4 espectrómetros, de la 
Universidad de Barcelona, España. Las 
determinaciones se efectuaron con un 
potencial de aceleración de 20 k,r, em­
pleando para las fases minerales una co­
rriente de 15 nA. 

Una de las determinaciones de edad se 
efectuó mediante el método 40Ar/39Ar en 
vidrio en el Laboratorio de Geocronolo­
gía del Servicio Geológico de Canadá, y 
la restante determinación se realizó por 
el método K/1\r en roca total en el La­
boratorio de Geocronología del Servicio 
Nacional de Geología y ~·finería de Chile. 

AFLORAMIENTOS 
ESTUDIADOS 

En las cercanías de la estación ferroviaria 
Chuculaqui (24°45'00"S y 68°03'45"0) 
se extiende un afloramiento Jávico n1ela­
nocrático de unos 6 m de potencia. Los 
espesores fueron medidos en los cortes 
laterales y el afloramiento, que cubre una 
superficie de unos 13 km2 (Fig. 1), se apo­
ya sobre una secuencia volcánica meso­
silícea a ácida de color gris claro verdoso 
que integra el Complejo volcanosedimcn­
tario Quebrada del1\gua, asignada al Oli­
goceno~ :r..1ioceno inferior (Zappettini y 
Blasco 2001). 
Las volcanitas estudiadas forman dos 
unidades lávicas independientes, de es­
pesores sin1ilares (hasta 5-6 metros en su 
fase distal), que constituyen derrames fi­
surales extruídos a partir de una fractura, 
expresión estructural de un lineamien­
to mayor de rumbo aproximadamente 
N-S reconocido por Zappettini y Blas­
co (2001). Estos dos flujos Jávicos se ex­
tienden en direcciones opuestas, la cola­
da más antigua se derrama hacia el oeste y 
la restante hacia el este. Las rocas que for­
man las coladas son de color gris oscuro a 
negro, presentan un relieve suave y se di­
ferencian entre sí por sus características 
mineralógicas y texturales. La colada más 
antigua es de composición basáltica, me­
nos extensa y se encuentra emplazada so­
bre una superficie de relieve relativamen­
te plano, mientras que el flujo lávico más 
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Figura 1: Croquis de ubicación y bosquejo geológico del área estudiada. ~fodi6cado de Zappettini y 
Blasco (2001). 

joven conforma una colada más extendi­
da y de composición basandesítica que 
cubre un sector de topografía accidenta­
da en la cumbre de la sierra de Caipe. 
Las rocas de la colada occidental, la más 
antigua, presentan estructura marcada­
mente vesicular y textura porfírica dada 
por abundantes fenocristales de olivina, 
mientras que las rocas de la colada orien­
tal son escasamente vesiculares y la tex­
tura porfírica está caracterizada por la 

presencia de fcnocristales de piroxeno y 
anfíbol (Fig. 2). En ambas coladas se pre­
servan amígdalas irregulares de hasta 1 
c1n de longitud máxima, con relleno de 
material secundario de color blanco. El 
material piroclástico asociado es escaso. 

Petrografía 
La colada occidental está formada por la­
va en bloques y abarca unos 3 km2

, con 
un espesor de 4 a 5 m. Es de diseño irrc-
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gular y está constituida por fenobasaltos 
de color gds oscuro a negro, que presen­
tan una conspfcua estructura vesicular 
caracterizada por abundantes cavidades 
sub.redondeadas, de 1 a 15 n1m de longi­
tud máxin1a, que le confieren a la roca un 
aspecto pumfceo a escoriáceo. La textura 
porfírica está determinada por fenocris­
tales de olivina (10°/o) y en cantidad su­
bordinada cristales de plagioclasa (So/o} 
distribuidos en una pasta afanítica. Se ob­
servan algunas amígdalas de hasta 1 cm 
de longitud, con relleno de color blan­
quecino, probablen1ente conformado por 
sílice de alta temperatura y zeolitas. En 
sección delgada se observa un gran nú­
mero de vesículas muy pequeñas de di­
seño irregular y que ocupan, aproxima­
damente, el 20°/o del volumen de Ja roca. 
Los fenocristales (15%) están mayorita­
riamente constituidos por olivina fresca 
de hábito euhedral a subhedral y plagio­
clasa en menor proporción. Ésta 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 en una pasta hialopilftica a intersertal, 
integrada, por orden de abundancia, por 
microlitos dispuestos al azar de plagio­
clasa fresca, abundantes gránulos subhe­
drales de clinopiroxeno, frecuentemente 
maclados, cristales de olivina y cristales 
subhedrales de minerales opacos. El con­
junto está amalgamado en una mesosta­
sis de vidrio castaño oscuro. Es común 
observar en la pasta cristales de diseño 
irregular de clinopiroxeno ágrupados en 
glomérulos. 
El segundo flujo lávico es más extendido, 
abarcando una superficie de unos 10 km2• 

Se derran1a hacia el oriente y presenta una 
planta de diseño irregular con unos 6 m 
de espesor reconocido. Está conforma­
do por rocas de color gris oscuro a negro 
en las que se reconoce un arreglo mineral 
más evolucionado, respecto de la colada 
occidental, y escasa proporción de vesí­
culas. La textura es porfírica y está carac­
terizada por fenocristales de plagioclasa, 

piroxeno y más escasos de anfíbol, con 
tamaños entre 1 y 3 mm. ~ .. facroscópica­
mente se reconocen agregados de crista­
les de piroxeno, de formas irregulares y 
hasta 1 cm de largo. 
En sección delgada se observan escasas 
vesículas irregulares y la textura porfíri­
ca está determinada, en orden de abun­
dancia, por fenocristales de plagioclasa 
(50°/o}, clinopiroxeno (30°/o) yortopiroxe­
no (15%) y escasos fenocristales de an­
fíbol (5°/o). La plagioclasa se presenta en 
tablillas frescas, frecuentemente con ma­
cla polisintética y más raramente con zo­
nalidad, sus núcleos tienen composición 
bitownftica (A11¡

6
.
8
J y los bordes corres­

ponden a labradorita (An,2 _ 
6
J. El clinopi­

roxeno es augita (\Vo
36

_.i-
5 

- En.i-s.J, se ob­
serva en gránulos de pequeño tamaño, a 
menudo zonales, mientras que los indi­
viduos de ortopiroxeno, cuya composi­
ción corresponde a enstatita incolora y no 
pleocroica (E~2_81 - \\/o

3
_J, desarrollan 

prismas largos subhedrales. El mineral 
máfico de mayor desarrollo es el anfíbol, 
que forma cristales elongados de hasta 3 
mm, con un conspicuo borde de resor­
ción formado por una orla de minerales 
opacos. Los fenocristales se encuentran 
distribuidos en una mesostasis hialopilí­
tica formada por microlitos de plagiocla­
sa de composición más sódica distribui­
dos al azar, clinopiroxeno y anfíbol, en 
una base de vidrio castaño. 
Una característica remarcable que ex­
hibCn estas volcanitas es la presencia de 
texturas de reacción. Estas texturas se in­
terpretan como consecuencia de la incor­
poración de gránulos de cuar'LO en la la­
va basáltica. Se observan xenocristales de 
cuarzo con diferentes grados de preserva­
ción, desde individuos de vados milíme­
tros rodeados por una delgada película ví­
trea con crecimiento epitáxico 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 vesículas, parcialmente rellenas por 
un material que por sus propiedades ópti­
cas se identificó como cristobalita. 

CARACTERÍSTICAS 
QUÍMICAS 

Las rocas analizadas contienen en base 
anhidra entre 51y55°/o en peso de Si0

2 
y 

entre 3,9 y 4,9o/o de álcalis. El contenido 
de Al

2
0

3 
oscila entre 15,7 y 17o/o. Los da­

tos obtenidos mediante análisis químicos 
se presentan en el cuadro 1. En el diagra­
n1a Ti\S (TotalAlkali vs Silica, Le fvfaitre 
1989) Jas muestras de la colada occidental 
de las volcanitas de Estación Chuculaqui 
se clasifican químicamente como basal­
tos, mientras que las muestras represen­
tativas de la colada oriental se clasifican 
como basandesitas, todas ellas con ten­
denda calcoalcalina normal (Fig. 3). 
AJ graficar los contenidos de álcalis, 
Fe O* y 1Vfg0 en un diagrama 1\F.i\f (Irvi­
ne y Baragar 1971) se observa que las ro­
cas muestran una tendencia evolutiva sin 
enriquecimiento en hierro y con enrique­
cimiento en álcalis, como es esperable en 
rocas de la serie calcoalcaliqa (Fig. 4). 
El diagrama para las concentraciones de 
Jos elementos de las tierras raras (Fig. 5), 
normalizados a condrito según los va­
lores propuestos por Sun (1982), mues­
tra un diseño similar para ambos grupos 
de rocas, aunque las volcanitas de la co­
lada más joven presentan una pendien­
te más empinada con valores para la re­
lación La/Yb entre 13 y 17,8 [(La/Yb) 
N=8,7 a 11,9] mientras que las volcanitas 
correspondientes a la colada basal, tienen 
cocientes La/Yb cercanos a 5 [(La/Yb) 
N=3,3 a 3,8]. Se observa una leve depre­
sión en las tierras raras intermedias y una 
pequeña anomalía de Eu, lo que podría 
sugerir anfíbol y plagioclasa retenidos en 
la fuente. Estas características permiten 
inferir que los fundidos se habrían gene­
rado a presiones relativamente bajas, las 
que en un corto período de tiempo ha­
brían evolucionado hacia condiciones de 
fusión a mayor presión, durante la gene­
ración de los fundidos que dieron origen 
a los Rujos lávicos más jóvenes. 
En un diagrama multielemental norma­
lizado (valores de :i'vIORB de acuerdo con 
Pearce 1983), las muestras representanti­
vas de ambas unidades presentan diseños 
en los que se reconocen características in­
herentes a los fundidos de arco (por ej. 



anomalía negativa de Nb). sin embargo 
en las muestras pertenecientes a la colada 
más joven, si bien perduran las caracte­
rísticas de arco, se hace evidente una im­
pronta de intraplaca (Fig. 6). 

EDAD 

Dadas las diferencias composicionales, 
morfológicas y petrográficas observadas 
en el flujo lávico oriental con respecto a 
la colada occidental, se consideró nece­
sario establecer con precisión la edad de 
esta manifestación eruptiva por lo que se 
efectuaron estudios geocronólogicos en 

muestras representativas de ambas co­
ladas. En el marco del proyecto 1\'1.1\P 
(i\Jultinational 1\ndean Project) del que 
participó el Servicio Geológico i\·Hne­
ro Argentino, se efectuó una datación en 
una volcanita fresca de la colada occiden­
tal obteniéndose una edad 4ºAr/391\r (en 
vidrio) de 3,4 ± 0,1 .i\.Ia, lo que permite 
asignarla al Plioceno (Fig. 7). 
Por otra parte, se analizó una muestra re­
presentativa de la colada oriental utilizan­
do el método K/Ar en roca total en el la­
boratorio de Geocronología dependiente 
del Servicio Nacional de Geología y i\Ii­
nerfa de Chile, obteniéndose una edad de 

Figura 2: a-b) Aspecto del 
afloramiento, a) colada oc­
cidental, b) colada oriental, 
c-d) Fotomicrografías de la 
colada occidental; c) Textura 
porfírica con fenocristales de 
olivina (01), microfenocris­
talcs de plagiodasa (Plg) r 
piroxeno (Px), y abundantes 
yesículas (V); d) Detalle de 
fcnocristal de olivina (01); 
e-f) Fotomicrografías de la 
colada oriental: (e) textura y 

detalle de fcnocristal de an­
fíbol (Anf), (f) Detalle de xc­
nocristal de cuarzo con creci­
miento epitáxico de cristales 
aciculares de piroxeno (Px). 
Fotomicrografías sin anali­
zador interpuesto, excepto c). 

2,1 ± 0,31\'Ia, por lo que este derrame lá­
vico se asigna al Pleistoceno (Cuadro 2). 
Las diferencias observadas entre es­
tas dos unidades se explican entonces, 
al considerar que existió un lapso entre 
las emisiones lávic;as que las originaron, 
ya que una es de edad pliocena y la otra 
pleistocena. 

DISCUSIÓN Y RESULTADOS 

Estos afloramientos fueron incluidos en 
los denominados Basaltos de Chuculaqui 
y Samenta y asignados al Pleistoceno en 
la Hoja Geológica Socompa (Zappettini 
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Figura 3: Diagrama TAS (fotal Akalis yersus 
Silica) para la clasificación guímica de rocas \•o\­
c:ínicas (Le i\faitrc 1989) para las volcanitas eslu­
diadas. 

Figura 4: Diagrama AF!I[ (In·ine y Baragar 1971) 
para las rocas estudiadas. 

.. 

Figura 5: Diagrama de elementos de las Tierras 
Raras normalizados a condrito de acuerdo con los 
Yalores propuestos por Sun (1982). 

y BJasco 2001). En el marco de investi­
gaciones posteriores, i\faisonnave y Po­
ma (2010) con base en el análisis tcxtural, 
la paragénesis mineral y las relaciones de 
catnpo de estos afloramientos, establecie­
ron una edad pliocena para el Rujo lávico 
occidental y otra pleistocena para la co­
lada que se derrama hacia el oriente. Es­
tas edades se confirmaron mediante estu-

F.O' 

Na,<ttK,O 
F.O' 

Figura 6: Diagrama multielemental para los ele­
mentos traza, normalizados respecto del i\lQRB 
definido por Pearce (1983). 
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Figura 7: Datación •0Ar/31Ar en Yidrio de la cola­
da oriental (muestra l3i\f8-2). Edad obtenida: 3,4 
± 0,1 1fa. Alicuotas con edades reproducibles en 
cada etapa, sin CYidcncias de diHupción. 

dios geocronológicos cuyos resultados se 
presentan en esta contribución. 
Los afloramientos estudiados represen­
tan dos eventos independientes. Las di­
ferencias texturales, composicionales y 
en las paragénesls minerales observadas, 
sugieren que los fundidos que originaron 
las rocas de la colada pliocena son menos 
evoluciOnados y habrían tenido un tiem­
po menor de residencia en el reservorio 
magmático, respecto a los fundidos que 
generaron las volcanitas del derrame más 
joven, de edad pleistocena. 
La caracterización petrográfica y química 
de estas rocas indica una rápida evolución 
de los fundidos hacia productos de fusión 
a mayor presión, lo que podrían interpre­
tarse con10 indicativo del aumento en el 
espesor cortical durante el período de ge­
neración de estos magmas. De acuerdo a 

CUADRO 1: .J\nálisis quítnicos de las 
coladas estudiadas. Concentraciones de 
óxidos expresadas en porcentaje en peso 
(p.p.0/o), concentraciones de elementos 
de las Tierras Raras y trazas expresados 
en ppm. 

..§.!º2,_~5~1,~5~8~5~º~·9~8-~5=5,~19~~5=5=,3=2~5=2,~86~ 

IB-~º=·9~7~º=·9~4=2- ~1~·ª=º-~1.6~46 1,161 

~2º3 17,17 16,73 16,77 15.71 15,45 

F~iQ3 10,41 9,91 ~8,~62 __ 9,~5~5-~9,~22~ 

MnO 0, 18 0,181 _0~, 1=2_0~,1=3=5 ~º·~11=8-

MgO __ 6._14 __ 5,98 _4~,1=3-~4,=43~~4=,2=9-

JdQ___JJ,i'L___!l,ª1 - - 7,98 

~a,o 2,45 2,31 3,06 

K,O 1,55 1,48 J,60 

p2~S- 0,21 0,18 0,49 

LOI 0,42 0,39 0,72 

TOTAL 

La 

100,84 

19,8 

98,36 100,27 

18 24,7 

8,28 8,19_ 

2.85 3.26 
1,61 1,51 

0,52 0,52 

0,68 1,14 

100.7 98,33 

37,6 33,8 

Ce 41,8 38,5 52,5 85.7 76,1 

Pr 5,25 _ 4,_9 6.4 11,1 9,81 

Nd 18,6 19 23,7 ____ :)!l,!!___11lJ_ 

Sm 4,5 ___ 4.4 49 8 77 

Eu 1,2 1,23 1,35 2,05 1,9 

Gd 4,6 4,7 4,2 6,6 6,1 

Tb 0,9 0,9 0.7 1 ______ 0,_9_ 

Oy 5,6 5,6 3,8 . 5,4 4,7 

~H~º--~1~2~~1~3 __ -'0.,,8,__1 . O,L 
Er 3,5 3,5 2,1 2,7 2,2 

Tm 0,55 0,56 0,31 0,38 0,3 

Yb 3,5 3,6 1,9 2,4 1,9 

Lu o,5 o,5 0,28 o,33_ _ 0,26 

y ---~º-~ 190 270 230 
_S_r __ 6_65~,0 __ 70_3,0 621,0 1212,0 1231,0 

_R_b ___ 3~1,0 __ 29=,0- _37,0 21,0 21,0 

_B_a __ 3_2~7,_0_3_4=4,_0 482,0 464,0 490,0 

Cs -º=·7 __ 0~,9- _1_,5 ___ _ 
u 1,0 

Th 3,1 

Hf 2,9 

Ta 1,7 

Se 35,5 

Cr 137,0 

Ni 21,0 

1,1 

3,3 

3,0 

0,9 

35,0 

130,0 

1,3 

4,3 

4,3 

0,8 0,8 

3,2 2,9 

6,8 - - _B.O__ 
ll..9_ __ 1~,4-~1.1~ 
20,0 18,0 16,0 

30,0 40,0 50,0 

20,0 

Co __ 33,7 26,0 25,0 24,0 21,0 

Nb 9,0 7,0 11,0 19,0 19,0 

Zr 119,0 109,0 165,0 248,0 229,0 

_C_u __ =37~·º~-4=0~,0~ _7_0,_0_20,0 30,0 
V 274,0 279,0 201,0 233,0 231,0 



los rasgos texturales descriptos, se inter­
preta que los fundidos magtnáticos invo­
lucrados habrían ascendido y enfriado rá­
pidamente, incorporando escaso material 
de roca de caja, y alcanzado la superficie a 
través de estructuras de falla de dirección 
ENE-OSO generadas o reactivadas du­
rante episodios distensivos. 
1-\simismo, la asignación geocronológica 
de estos eventos, pernúte ampliar el re­
gistro de la actividad volcánica en Ja re­
gión estudiada, que habría sido práctica­
mente contfnua a lo largo del Plioceno y 
Pleistoceno, aunque volumétricainente 
menos importante que la intensa activi­
dad magmática que caracterizó al 1Vfiocc­
no. 
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CUADRO 2: Datación K/Ar en roca total de la colada occidental (muestra B:r...f8-5). 
Edad obtenida: 2,1 ± 0,3 Ma. 

BM8·5 

BM8·5 

Roca Total 1,455 0,137 ____ 9_3_ 2,4 ±0,7 

Roca To_ta_l __ 1~,4_5_5_ 0,121 ___ 8_5 ___ 2,~ ±0,3 

Media ponderada de estos dos análisis: 2,1 ±0,3 
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Prcface 

This book analyzcs the tectonic evolution of thc Argentinean and Chilean Andes through four 

sections, the first dealing with the structure of the fore-arc frorn bathyrnetric, gravimetric and 

seismic data; a second section that discusses the Paleozoic evolution of this sector, first sho\ving 

the paleomagnetic behavior of the continent during this perlad and then discussing the different 

hypothesis associated \Vith the accretion of continental slivers and consequent closure of ocean 

basins, producing deformation and metamorphisn1, reconstn1cting the geo1netry of the Early 

Paleozoic orogens and ares across South A1nerican \Vestem sector; the third section analyzes the 

proto-Andean are evolution, sho\ving the paleo111agnetic path of the margin, clues about its early 

are activity, its relation to LIP activity associated \Vith 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 defonnation sectors that lately established next to the 

subduction zone when the south Atlantic ocean started to expand; and finally a fifth section that 

discusses different aspects of the Cenozoic evolution of the Andes and its contemporaneous 

volcanic are, such as develop1nent of shallow subduction settings through time, the role of 

dynan1ic subsidence, opening and closure ofintra- and back-arc basins, etc. 

In detail the first section is composed of three chapters. The first by Contreras Reyes et 

al. analyzes frotn \vide-angle seismic data the structure of the submerged fore-arc as a result of 

the balance behveen sediment accretion and sediment subduction and crustal erosion. Then 

different segments are subdivided that are characterized by dominant frontal erosion or 

accretion and are defined by clirnate conditions, sediment dispersal pattem along the trench and 

subduction of bathymetric highs. The second chapter by Maksymowicz and Tassara analyzes 

the geomet¡y of the submerged frontal prism as a function of basal and poral pressure 

conditions. Those systen1s that are subjected to frontal crustal erosion beco1ne overste.epened 

since these are affected by nonnal faulting that trigger infernal saturation with sea water. 

Additionally, this chapter highlights the role of these morphological variations on seismic 

segn1entation along the subduction zone. The third chapter in this first section belongs to 

Alvarez et al. and analyzes vertical gradients in gravity anon1alies and their relation to co- and 

post-seismic rupture zones of giant earthquakes along the subduction zone and their complex 

intemal stmcture. 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 sho\VS to have an important influencc in the 'vay that n1ptures 

propagate and therefore in seisrnic seg1nentation and their potential. 
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The second section starts with Rapalini et al. chapter that deals with paleo1nagnetic 

reconstn1ctions that describe South American path as part of Gond\vana during the Paleozoic. 

The second chapter by Heredia et al. discusses the cornplex collage of continental slivers that 

have formed the \Vestern Gondwana border that is bcing reconstn1cted on the basis of thc 

recognition of different defom1ational vergences, superÍinposed n1etamorphic and defonnational 

events and recognition of interna! and extemal parts of coHisional orogens. The third chapter by 

Ran1os is a reconstruction of the Early Paleozoic are and consequently the \Vestern border of 

Gondwana, allo\ving identifying subsequent crustal accretions though differential exhu1nation 

levels preserved along the rnargin. 

The third section starts \vith the Oliveros et al. chapter that analyzes rnag1natism in 

northem Chile showing that are activity had already established since the Triassic, a period that 

had been considered devoid of subduction processes in \vestern Gond,vana. A short inag1natic 

lull appeared at the time \vhen the are established nearer the subduction zone, at the titne when 

the crust became less assirnilated by rnantle derived producís. Naipauer et al. discuss this same 

magn1atic stage in Northem Patagonia discussing its relation to the proto-Pacific border and LIP 

activity in the Karoo-Ferrar anomaly, concluding that at these latitudes plu1ne activity 

influenced considerably con1position of near-trench magmatism. 

The fourth section starts with the Iglesia Llanos chapter that i!lustrates from 

paleo1nagnetic data the path of southem Gond,vana and particularly South An1erica in Jurassic 

times \Vhen experiments irnportant latitudinal variations, first displacing to the north, and then 

retuming to southem latitudes. These shift changes together with the opening of the Weddell sea 

at southem Gondwana are the clue to explain in a second chapter by Navarrete et al. within­

plate defonnations in Patagonia. This chapter also describes early deformations through the 

\Vestem border of Patagonia at the titne of South Atlantic opening. These proto-Andean 

deformations are also recorded in northem Chile, lately reactivated during the develop1nent of 

the Neogene Chilean-Patnpean flat subduction zone, as ít is described in a third chapter made by 

Mart!nez et al. Gianni et al. in the fourth chapter identify synorogenic sedimentation in Northem 

Patagonia and southern Central Andes sho\ving 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 chapter by Arriagada analyzes first order inflections ofthe South American subduction 

border using paleomagnetic data, determining their origin as oroclines fonned diachronosly and 

linked to basen1ent heterogeneities associated \vith crustal amalgan1ation in Proterozoic to 

Paleozoic tin1es. Finally in this section, the chapter of Iannelli et al. calculates ancient crustal 
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thicknesses and degrce of influcnce of the subduction slab on arc-related rocks of Paleogene 

age, dctermining that thc Andcan roots produccd during the proto-Andean evolution times were 

practica11y lost during Eocene to Oligocene extensional stages along the Southern Andes. This 

c1ustal stretching could have devcloped in relation to the con1bination of an opening of a slab 

window during mid ocean ridge subduction and trench ro11 back. 

The fifth section starts with the Dávila et al. chapter that quantifies subsidence and 

uplift influenced by the n1antle dynanlics, superimposed to tectonic topography. This chapter 

predicts \Vithin-plate subsidence next to flat subduction settings and discusses subsidcnce 

components in ancient rift systems that cannot be fully explained by thennal decay, such as the 

Triassic rift systems in central Argentina. Additionally this chaptcr analyzes 1nantle upwelling 

component associated \Vith Neopaleozoic regional uplift and glacial activity in southen1 

Gondwana. The second chapter by Lossada et al. is a review centered on the Frontal Cordillera 

uplift constituting the 1najor mountain system developed in central Argentina whose origin \Vas 

thought to be associated with the development of Chilean-Pampean flat subduction zone. 

Thennochronological data show that exhumation of this system is previous to the development 

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 thrnst belt at the Southem Central Andes suggesting that shortenings have been 

son1eho\v underestirnated and that the stn1cture could be considerably 1nore co1nplex than 

previously assumed. The fourth chapter by Encinas et al. discusses subsidence mechanisrns 

associated \Vith the late Oligocene to early Miocene transgressions in Patagonia as part of the 

rifting activity that started in Eocene times and continued 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 

seditnentation. This concludes that an intra-arc basin closure and a shallo\ving 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 1nagmatism associated 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 Callo et al. constitutes a compilation of heat flow 

from wells that illustrate how the Chilean-Pampean flat subduction zone has refrigerated the 

lithosphere, expelling the mantle asthenosphere offthe shallow configuration. 
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Fig. 1 To the left: Main morphostructural provinces in \Vhich the Southem Andes are divided. CC: 
Cordillera de la Costa, DI: Depresión Intermedia, OC: Cordillera de Do1neyko, \VC: Cordillera 
Occidental; PA: Puna; AB: Altiplano Boliviano; EC: Cordillera Oriental; SA: Sierras Subandinas; SS: 
Sistema de Santa Bárbara; FC: Cordillera Frontal; P: Prccordi11era; F: Siste1na de Famatina; SP: Sierras 
Pan1peanas; CV: Valle Central; PC: Cordillera Principal; NE: Engo]famiento Neuquino; SRB: Bloque de 
San Rafael; NPC: Cordillera Norpatagónica; PP: Precordillera Patagónica; NP: Macizo Norpatagónico; 
SPC: Cordillera Surpatagónica; DM: Macizo del Deseado; FGC: Cordillera Fueguina. To the right: Book 
structure (e1npty rectangles indicate areas analyzed in each chapter. 
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Chapter 20 
Thc Late Paleogene to Neogenc volcanic are in the Southern 
Central Andes (28°-37°8) 

Vanesa D. Litvak, Stclla Po1na, Roscmary E. Jones, Lucía Fernándcz Paz, Sofía lannelli, 
Mauro Spagnuolo, Linda A. Kirstein, Andrés Folgucra and Víctor A. Ramos 

Abstrae! Evolution of are magmatism along the Southem Central Andes (-v28º-37ºS) is 

strongly controlled 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 segn1ents. Typical Andean type volcanism \Vas established during 

the late Oligocene to late Miocene in the high Andes (29º30"-30º30"S), with are-related cale­

alkaline volcanism having geochemical signatures that reflect changes in the residual nlineral 

assemblages related to inereased erustal thickness (>50 km). The increase in cmstal thickness 

resulted from increased co1npression along the Southem Central Andean margin due to the 

subduction of the Juan Femandez Ridge, and consequent shallo\ving of the do,vngoing 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 

(35º-37ºS) show an increase in slab-derived components in the middle Miocene to early 

Pliocene times, which also suggests a progressive shallowing of !he subducting slab at these 

latitudes. Ho\vever, trace elements ratios indicate a lo\V to intern1ediate pressure residual 

mineral assemblage and no significant increase in crustal thickness is apparent, unlike further 

north in the Chilean-Pampean flat-slab segment. Although flat slab geometry still prevails in 

this !alter segment, re-steepening ofthe slab during early Pliocene times (-v5-3 Ma) prometed an 

increase of are and back-arc magmatism at these n1ore southerly latitudes of the Southem 

Central Andes. A dynamic link between slab geometry, geochemistry and volcanic activity is 

therefore observed in the Southem Central Andes. 

Keywords Payenia shallo\v subduction, Pampean flat-slab, crustal thickness, geoche1nistry, are 
rnagmatisn1 
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1 Introduction 

Topographic variability along the length of the Andean mountain chain can be linked to the 

changes in the geodynan1ic driving forces, which correlate \Vith the development of are 

magmatism. The gcometry ofthe subducting slab (e.g., slab dip angle) through time is one of 

the n1ajor factors controlling the developmcnt, intensity, n1igration and/or expansion of volcanic 

ares (Kay et al. 1991, 1999; Ramos and Folguera 2005; Litvak et al. 2007). 

The geodynamic setling of the Southern Central Andean margin (-v28º-37ºS) has 

changed significantly through the Cenozoic. In the late Oligocene (-25 Ma) the Farallón plate 

broke up into the Nazca and Cocos plates (see Chapter 14), which resulted 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. 

Ho\vever, in the Southem Central Andes the inters'ection of the Juan Femandez ridge \Vith the 

continental tnargin in the early Miocene resulted in the shallo,ving of the angle at which the 

Nazca plate subducts beneath the South An1erican plate. There are two regions affected by 

Cenozoic shallow and/or tlat subduction in the Southem Central Andes: the prescnt-day 

Chilean-Pa1npean flat-slab seg1nent and the late Miocene Payenia shallo\v 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 are volcanism was developed along both 

of these segments in the late Oligocene. By Miocene times a shallo\v and hence, a more 

co1npressive subduction regin1e commenced, leading to the expansion of the are activity 

towards the retro-are and an increase of defom1ation into the Argentinean foreland. The main 

difference in the evolution of the volcanic are \Vithin these segn1ents is that the crust increased 

in thickness from -30 km to >50 kn1 in the Chilean-Pampean flat-slab segment during the latter 

par! of the Cenozoic (Allmendinger et al. 1990; Fromm et al. 2004; McGlashan et al. 2008; 

Chulick et al. 2013). Moreover, while the flat-slab geometry is still ongoing in the Chilean­

Pampean flat-slab seg1nent, the shallow subduction regime in the Payenia seg1nent prevailed 

only until the beginning of the Pliocene (-v5-3 Ma), when the snbducting slab retumed 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 ofthe Juan Femandez 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 Femández ridge (around 33ºS). 

This review chapter focuses on the lithological and geoche1nical features of are 

volcanism from the late Oligocene to early Pliocene in the Chilean-Pampean flat-slab segment 

and the Payenia shallo\V subduction zone, in arder to detennine the influence of changes in 
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subduction para1neters through time on are rnagmatism. Variations in geochemical signatures 

provide information about the conditions beneath active volcanic ares and thus, are good 

indicators of the changes in the geodynatnic setting of the Southern Central Andean margin. 

28ºS-

NAZCAPLATE 

200km 

40°S-

Late Miocene-Quaternary 
compressional faults 
Main Pliocene to 
Quaternary depocenters 

Fig. 1 Location and inain morphotectonic features ofthe present-day Chilean-Pampean flat-slab segment 
and the partially contcmpornneous late Miocene Paycnia shallow subduction zone. The compr_essive 
regimes associated with both flat and shaHo\v seg1nents are responsible for the uplifting of the Sierras 
Pmnpeanas and San Rafael Block, respectively, in the foreland area. Location of arc·relatcd ccnters aftcr 
Ramos et al. (2002) (modified from Litvak et al. 2015). 

The first and main scientific contributions to understanding the geochemical and 

tectonic evolution ofChilean-Pampean flat-slab are rocks were made by Kay et al. (1987, 1988, 

1991, 1999) and Ramos et al. (1987, 1989), while data on age and petrological features were 

later reported by Bissig et al. (2001, 2003), Litvak et al. (2007), Litvak and Poma (2010, 2014) 

514 

lv 



SIS 

and Jones et al. (2014, 2015, 2016). The Payenia shallow subduction regime was fírst 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. (2013a, b) Ramos et al. (2014) and 

Litvak et al. (2015). 

2 Tcctonic and regional sctting of the Chilean-Pampean flat-slab and Payenia shallo'v 
subduction scgmcnts 

The Chilean-Pampean flat-slab segment, located between "'28-32ºS in the Southem Central 

Andes is co111prised of, in a W-E direction, the Coastal and Principal Cordilleras in Chile and 

the Frontal Cordillera, Precordillera and Sierras Pampeanas of Argentina (Fig. 1) (see Chapters 

11 and 16). While the Payenia shallow subduction zone, between "'34--37ºS, includes part of 

the Central Depression in Chile and the Cordillera Principal of Chile and Argentina, together 

with a lower mountain system to the east known as the San Rafael Block (Fig. 1). The San 

Rafael 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, rnakes the San Rafael Block similar to the Sierras Pampeanas, 'vhich is part of a 

broken foreland, located to the north ofthe San Rafael Block and to the east ofthe Precordillera. 

Formation of the Sierras Pampeanas and the San Rafael Block have been linked to compressive 

regin1es, resulting from the shallowing of the subducting Nazca plate in Miocene times and the 

reactivation ofhigh-angle base1nent faults during Miocene to Quaternary times. 

Since the Triassic the Andean n1argin has been magmatically active at various intervals, 

producing a series of volcanic ares in a setting \vhich 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 Farallón plate (-25 Ma) into the Nazca and Cocos caused an increase in 

convergence rates from -8 cm/yr to -15 crn/yr and a change from oblique to orthogonal 

convergence (Pardo Casas and Molnar 1987; Somoza 1998; Somoza and Ghidella 2012). In the 

Chilean-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 are is the El 

Indio-Valle del Cura belt (-29-30ºS; Fíg. 2), where late Oligocene-early Miocene main volcanic 

are \Vas fonned of dacitic to andesitic pyroclastic and lava flows located in the present-day 

Chile, with associated volcanoclastic deposits primarily located in retro-are extensional basins 

(Figs. 1and2) (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 !he Andean margin by the Early Miocene 

(-20-18 Ma at -30°8) (see Chapters 1 and 3), which led to the shallowing of the angle of 

subduction (Pilger 1981, 1984; Gutscher et al. 2000b; Kay and Mpodozis 2002; Yañez et al. 

2002, 2001; Jones et al. 2014). As a result, the volcanie are ftont migrated into the present-day 

Argentinean Frontal Cordillera, while arc-magmatism broadened and expanded to the east, as 

far as-700 km away ftom the present trench (Kay and Gordillo 1994; Poma et al. 2005, 2014). 

The shallo\v subduction geon1etry caused a reduction in the magma volu1ne erupted within the 

tnain are, \vith cessation of are n1ag1natis1n 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 shallo\v subduction seg1nent is located üun1ediately to the south of the 

Chilean-Pampean flat-slab (Fig. 1 ). This segment is characterized by widespread volcanie 

sequences that cover n1ost of the retro-are region, over 550 km east of the trench in the 

Cenozoie (Bermúdez 1991; Bermúdez 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 et al. (2013a), the 

evolution of the mid to late Cenozoic volcanis1n in the retro-are of the Payenia region, can be 

subdivided into three main episodes. These are differentiated on the basis of their age, 

composition and tectonic setting: i) an early Miocene episode of alkaline volcanis1n (Kay and 

Copeland 2006; Kay et al. 2006b; Dyhr et al. 2013b ); ii) A middle Miocene to early Pliocene 

'are-like' episode (Nullo et al. 2002; Kay et al. 2006a, b; Spagnuolo et al. 2012; Dyhr et al. 

2013a; Litvak et al. 2015); and iii) An episode of late Pliocene-Recent volcanism, with alkali 

basalts displaying typical back-are compositions and variable slab input (Bermúdez et al. 1993; 

Bertotto et al. 2009; Gudnason et al. 2012; S0ager et al. 2013; Remando et al. 2014). The 

second volcanie 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 eastenunost arc-related sequences 

erupted over the present-day Payenia retro-are zone (Kay et al. 2006a, b; Litvak et al. 2015). 

The Andes behveen 34° and 38ºS are formed of hvo east verging mountain systetns: 

firstly, the Malargüe 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 ). Are-related 

volcanism 'vas particularly developed at these latitudes within retro-are and intra-arc basins, 

such as the Abanico and Cura Mallin basins, that were developed during !he Late Oligocene to 

Early Miocene (see Chapter 14), as the westemmost sections of the Malargüe and Agrio fold 

and thrnst belts experienced an episode of extension. These basins contain volcanic and 

volcaniclastic sequences of over 3,000 m in thickness, derived fron1 activity in the main 

volcanic-arc (e.g. Suárez and Emparán 1995; Charrier et al. 2002; Radie et al. 2002; Burns et al. 

2006; Flynn et al. 2008; Kay et al. 2006a, b; Muñoz 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 setting, retro-are 

alkaline, volcanic successions of late Oligocene-early Miocene age accumulated to the east, in 

the region of the southen1 scction of the present-day Payenia retro-are (Rarnos and Barbieri 

1989; Kay et 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-are (Fig. 3) (Kay et al. 2006a, b; 

Ramos et al. 2014; Litvak et al. 2015). Steepening ofthe subducting Nazca plate ("-5-3 Ma) in 

these region resulted in an extensional regitne across the foreland, and the en1placement of 

Quatemary, mafic volcanic sequences that comprise one of the n1ajor volcanic provinces in the 

Andean back-arc (Groeber 1946; Muiloz Bravo et al. 1989; Bermúdez et al. 1993; Ramos and 

Folguera 2005b, 2011; Folguera et al. 2009; Llambías et al. 201 O; Gudnason et al. 2012; S0ager 

et al. 2013; Hernando et al. 2014) 

3 Age, distribution and lithological features of Cenozoic arc-related volcanisrn in Southern 
Central Andes 

3.1 Tite Clti/ea11-Pampea11 jlat-slab segme11t: Valle del Cura a11d Iglesia basi11s 

Arc-related volcanic units are distributed between "-29º30' -30º15'S in the Valle del Cura basin, 

which forms part of !he Cordillera Frontal in the high Andes of Argentina, and in the Valle de 

Iglesia basin, which líes in !he most westerly part ofthe Prccordillera (Fig. 1). These two basins 

are divided by !he Colangilil 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 hydrothennal system that, together 

with the El Indio bel! 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. 

Martín 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 extn1sive basaltic to rhyolitic lavas and tuffs of Paleocene to 

Eocene age (Cogotí 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 volun1etrically restricted, back-arc 

alkaline mafic volcanism (Río Frío 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 

'vas reduced behveen "'39 and 26 Ma in the Southem Central Andes; however, so1ne minar are 

n1agmatism occurred, as represented by small dioritic and granodioritic subvolcanic bodies \vith 
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reported K-Ar ages of 31.1±1.2 and 39.5±1.3 and Ar-Ar of 30.0±1.9 and 35.9±1.2 Ma 

(Bocatoma Unit; Nasi et al. 1990; Martii1 et al. 1995; Bissig et al. 2001). 

LEGEND 
Ephinieral stream Cordillera 

-Permanet stream D Quaternary 
l:sq Lake ~ Miocene to Pliocena sedlmentary rocks 

• Localitles E••íl Pllócene basalts 
lnternatlonal bordar ~ Late Mlocene: Vacas Heladas 

---Uneament lgnlmbrites 
~Reverse fault D Middle to Late Miocena: Cerro 
-Normal Fault de las Tórtolas and Tambo Fms. and ++ Antlcline-Sincllne Infiernillo Unit 
Precordlllera ~ Late Oligocene-Early Miocene: 
D Quaternary Doña Ana Group 
1 Vil Mio.cene volcanic and volcaniclastic B Late Ollgocene-Early Miocene: Las 

rocks (Tertlary and Mlocene lntrusives, Máquinas Bas¡¡lts 
Lom¡¡s del Campanario y Las Trancas 111!11111 Late Paleocene: Río Frío Basalts 
Fms.) . . . . ~ Mesozoic basement 

CJ Miocene to Pllocene sedimentary and llll!ll Permotriassic volcanism basement 
volcaniclastic rocks . B Petmotriasslc granltltes basement 

111!11111 Early-Middle Paleozolc sedimentary ~ Late Paleozolc sedimentary basement 
basement 

Fig. 2 Gcological setting and distribution of arc-like sequences. bet\v~en 29º-30º8 across the F~ontal 
Cordillera and Precordillera, from the Valle del Cura to the Iglesia bas111, ovcr tite present-day Clulean­
Pa1npean flat-slab seg1nent (based on Litvak et al. 2007; Alonso et al. 2011; Litvak and Poma 2014). 
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Extensive are n1agn1atisn1 \Vas developed in the Southem Central Andes in the Late 

Oligocene (-v25 Ma) as a consequence of the tectonic reconfiguration of the South A1nerican 

margin. This volcanistn co1nprises the Dofia Ana Group sequenccs, which crop out in both the 

Chilean and Argentinean side of the margin representing are and retro-are volcanic activity 

respectively (Fig. 2). The older member of the Dofia Ana Group, the Tilito Formation, includes 

rhyolitic and dacitic lavas and ignimbrites associated \Vith minor basalts and andesites \Vith 

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 interbedded \Vith 

volcanic agglomerates and breccias with reported ages between 21 and 18 Ma (Maksaev et al. 

1984; Nasi et al. 1990; Martin et al. 1995; Bissig et al. 2001; Litvak et al. 2005b; Litvak 2009; 

Winocur et al. 2015; Janes et al. 2015, 2016). A major unconfonnity separates both formations 

as the result of a pcriod of deformation around 20 Ma, with a hiatus of volcanic activity of 3 

Myr (Martín et al. 1995). 

The late Oligocene are scqucnces have been affected by varying degrees of phyllic to 

advanced argillic hydrothennal alteration, 'vhich overall comprises biotite-bearing dacitic lavas 

and crystalline and vitreous tuffs associated to the Cerro Doña Ana eruptive center. Early 

Miocene lavas are pyroxene-bearing porphyritic basaltic andesites and andesites, occasionally 

with propylitic alteration. The Doña Ana Group sequences also expanded towards the former 

retro-are, cropping out in the eastern sector of the present Valle del Cura basin (Fig. 2), where 

they includc pyroclastic and volcaniclastic dcposits interbedded with clastic facies interpreted as 

river systems and alluvial fan deposits with associated ash-fall deposits due to the proximity of 

!he magmatic vents (Limarino et al. 1999; Litvak et al. 2009; Winocur et al. 2015). Minor 

alkaline basalt with slab-derived input (Las Máquinas Basalts), exposed in volcanic necks in the 

Valle del Cura region are interpreted as back-arc lavas associated \Vith the late Oligocene-early 

Miocene are activity (Ramos et al. 1989; Kay et al. 1991; Litvak and Poma 2010). 

Arc-magmatism by 1niddle to late Miocene times is represented by the Cerro de las 

Tórtolas Formation, whieh is distributed along the Valle del Cura (Fig. 2), with the Cerro de las 

Tórtolas and Vacas Heladas volcanoes on the Argentinean-Chilean border preserved as partially 

eroded eruptive centers. Two main sections have been recognized in this formation: i) an 

andesitic to basaltic andesitic lower section, which is primarily con1prised of porphyritic 

pyroxene to atnphibole-bearing andesites within plagioclase-rich groundtnass, \Vith reported K­

Ar, Ar-Ar and zircon U/Pb ages between 17 and 14 Ma; and, ii) An andesitie to dacitic upper 

section, \Vith 1uostly porphyritic amphibole-bearing rocks \Vithin hyalopilitic to tryditnite-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 al. 2007; Litvak and Poma 

2014; Janes et al. 2015, 2016). The lower section is widespread and distributed across the 

Chilean-Argentinean border, particularly on the eastem side of the high Andes bet\veen 29° to 
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30ºS, \Vhereas the upper section is restricted to tite highest altitudes, proximal to the Cerro de 

las Tórtolas volcano (Fig. 2). The Miocene lavas are generally subhorizontal, although in sorne 

cases they have been tilted by late Miocene reverse faulting. In contrast to the late Oligocene­

early Miocene are-rocks, the nüddle to late Miocene andesitic lavas are not particularly affected 

by hydrothennal alteration and appear fresh, preserving their primary textures and 1nineral 

assen1blage. Further to the west, on the Chilcan side of the high Andes, a series of high-K calc­

alkaline, shallow leve), intermediate intrusives (Infiernillo Unit, 18-15 Ma) have been 

interpreted as the subvolcanic equivalent of the Cerro de Las Tórtolas Forrnation (Kay et al. 

1987, 1988, 1991; Bissig et al. 2001; Jones et al. 2016). 

A limitcd number of exposures of dacitic crystalline tuffs with reported ages between 12 

to 11 Ma (Tambo Forrnation, after Martin et al. 1995; Litvak et al. 2007) crop out in the 

southem Valle del Cura, but extends mostly to the north, near the Veladero ore deposit. These 

tuffs sho\v distinctive petrographic features such as an1phibole and titanite crystal fragn1ents, 

and have been included as part of the middle to late Miocene volcanic sequences; ho\vever, 

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 diseussion on 

stratigraphy). 

Late Miocene volcanisn1 is volutnetrically restricted in the area, as a consequence ofthe 

shallowing of the Nazca plate since -20-18 Ma. The Vacas Heladas Ignimbrites are comprised 

of homogenous crystalline dacitic tuffs, derived from surge and pyroclastic flows and ash­

deposits, and crop out on the eastem slope of the Vacas Heladas and Cerro de las Tórtolas 

volcanoes (Fig. 2), unconformably overlying Oligocene-Miocene sequences. These rocks 

represent the last significant volcanic activity in the region ofthe Valle del Cura on the Chilean­

Pampean tlat slab segment, with reported K-Ar, Ar-Ar and zircon U-Pb ages between 5.5 ± 0.1 

Mato 6.2 ± 0.19, and have been correlated with the Vallecito Forrnation in Chile (Ramos et al. 

1989; Bissig et al. 2003; Jones et al. 2016). 

Late Paleogene arc-related volcanism expanded into the foreland area associated with 

shallowing of the subduction regime. Andesitic to rhyolitic proximal block-and-ash pyroclastic 

flo\v deposits, ignimbrites, tuffs and nlinor dacitic lava flows, which crop out as N-S thin belts 

in the western Precordillera (Fig. 2), have becn identified as cocval with the Tilito Forrnation 

(Las Trancas Forrnation, Poma et al. 2005, 2014). A zircon U-Pb age of 22.6 ± 0.33 Ma, 

obtained from a rhyolite, confirms the begim1ing 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 recognizcd along the eastem slope of the Colangüil Cordillera, cropping 

out around 30°8 in the Valle del Iglesia (Miocene Intrusives). K-Ar ages between 22 to 13 Ma 

(Llambias et al. 1990; Cardó et al. 2007), and recently produced U-Pb zircon age (22.2 ± 0.23 to 

20.43 ± 0.31 Ma) assign this magmatism to the early Miocene (Jones et al. 2016). 

520 

' 

/¡;, 



521 

Further south (~30º45'S), in the Valle de Iglesia, pyroclastic rocks and dacitic 

subvolcanic bodies were also associated with are volcanis1n during the Miocene. They comprise 

subvolcanic porphyritic amphibole-bearing andesites, ignimbrites, block and ash-deposits and 

n1inor lavas interbedded \Vith epiclastic continental deposits (Tertiary Intrusives unit and Lomas 

del Campanario Fonnation, respectively; Cardó and Díaz 1999; Poma et al. 2014). The age of 

the intrusive equivalents \Vere determined by K-Ar age dating and range bet\veen 18.3 ± 2.5 Ma 

and 17.5 ± 5 Ma (Cardó and Díaz 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 Tite Payenia sltal/01v s11bd11ctio11 seg111e11t: calc~alkaline 111ag111atis111 in tite back~arc 
region 

Late Oligocene-early Miocene 1uain are activity in the Payenia shallow subduction zone is 

represented by the Cura Mallfn Formation, \Vhich developed as part of an intra-are basin \Vith 

pyroclastic and volcaniclastic deposits and minor basaltie 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 rnain volcanic are activity (Trapa Trapa Fonnation; Nie1neyer 

and Muñoz 1983), with reported K-Ar ages from 19 to 12 Ma (Niemeyer and Muñoz 1983; 

Muñoz and Niemeyer 1984; Suárez and Emparan 1995). To !he east, on !he Argentine side, west 

of !he Cordillera del Viento, early to late Mioceno 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 severa] geological units including the Trapa Trapa, Cajón Negro, Quebrada 

Honda and Pichi Neuquén Fonnations (see Kay et al. 2006a and reference therein) (see Chapter 

17). 

However, changes in the geodynamic conditions of the Andean inargin through time, 

and the associated consequences on are volcanis1n are particularly reflected across the present­

day Payenia retro-are. Calc-alkaline products which crop out in the retro-are region represent 

the eastward expansion of are volcanism and have ages ranging from 20 to 4 Ma in the eastem 

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; Spagnuolo et al. 2012; Litvak et al. 

2015; Dyhr et al. 2013a, b; Ramos et al. 2014). 
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Early Miocene volcanisn1 in the present-day Payenia back-arc is associated \Vith 

alkaline n1agmatism. l'he lavas fro1n Sierra de I-luantraico (Fig. 3), in the Neuquén basin, 

provide the first evidence for the influence of the slab on a retro-are position at around 20 Ma 

(Kay and Copeland 2006; Kay et al. 2006b; Dyhr et al. 2013b). 
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Kay and Copcland (2006), Kay et al. (2006a,b), Folguera et al. (2009), Spagnuolo et al. (2012), Dyhr et 
al. (2013a,b) and Ramos et al. (2014)). 

Middle Miocene to 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 thrnst belt in the west, and the San Rafael Block in thc cast (Fig. 3). 

These volcanic sequences can be divided into two rnain volcanic stages in Neogene tin1es, bascd 

on their age distribution. The first stage, from the Middle to late Miocene (l 5 to l O Ma), 

includes the Huincán I and part of the Huincán II andesites, Cerro Negro andesite, Charilehue 

volcanic rocks and ernptive centers located nearby the San Rafael Block (Fig. 3) (Nullo et al. 

2002; Kay and Copeland 2006; Kay et al. 2006a; Spagnuolo et al. 2012; Ramos et al. 2014; 

Litvak et al. 2015;). These latter volcanic.centcrs are mostly preserved as highly eroded 

stratovolcanoes, \Vhose lava flo,vs, pyroclastic deposits and subvolcanic bodies \Vere originally 

named the Cortaderas Formation (Delpino and Bermúdez 1985; Llambías et al. 2010). They 

comprise fresh pyroxene to an1phibole-bearing basalts and basaltic andesites to andesites, with 

plagioclase-rich ground1nass, with interstitial tridymite commonly occurring in the 1nore silica­

rich compositions. 

The second volcanic stage of calc-alkaline volcanism in the back-arc, includes late 

Miocene to early Pliocene (8 to 3.5 Ma) magmas represented by the younger Huincán II 

andesites, Palaoco volcanistn, Chachahuén Volcanic Cotnplex and youngcr San Rafael volcanic 

rocks (Nullo et al. 2002; Kay et al. 2006b; Dyhr et al. 2013a, Ramos et al., 2014; Litvak et al. 

2015). These younger calc-alkalíne andesites from the San Rafael volcanic associations are 

related to the eastemmost volcanic centers in the arca, such as the Nevado-Plateado Volcanic 

Cornplex, \vhich also include alkaline trachytes, trachyandesites and basalts, grouped as the 

Nevado Formation by Bermúdez (1991), and considered to be Pliocenc in age (Quidelleleur et 

al. 2009; Ramos et al. 2014). The Chachahuén Volcanic Complex includes an older sequence 

(Vizcachas 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, \vhile the Late Chachahuén sequence is composed of 

andesitic to dacitic pyroclastic rocks overlain by basaltic to basaltic andesite lava flo\vs, and 

hornblende-rich andesites (6.3 to 4.9 Ma) (Kay et al. 2006b). The andesites and dacites of the 

San Rafael Block volcanism share connnon 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 influenccd by the Chilean­
Pampcan flat-slab regime 
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Overall, the geochemical features for the late Oligocene-late Miocene volcanic rocks cropping 

out in !he high Andes (29º30"-30°30"S) indicate a calc-alkaline affinity with 'arc-likc' 

signatures. Variations in trace element ratios and isotopic signatures indicate changes in residual 

mineral assen1blages over tilne, \\'hich have been linked with crustal thickening due to the 

shallowing ofthe downgoing slab (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-early Miocene Dofia Ana Group is co1nprised of subalkaline rocks, 

v1ith a continuous Si02 \vt.% content ranging from basaltic to rhyolitic compositions. Despite 

large differences in silica content, ali of these volcanic rocks show an arc-type trace element 

pattem on mantle and chondrite nonnalized 1nulti-ele1nent diagrams, e.g. Laffa > 25, as \Vell 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 are magmatism 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 co1npositions, although less evolved and with lo\ver Baffa ratios, have been 

reported for the more eastem volcanic sequences, interbedded with epiclastic and volcanoclastic 

facies as par! of the Doí!a Ana Group retro-are basin infill (Litvak et al. 2007; Winocur et al. 

2015; Jones et al. 2016). The partially éontemporaneous early Miocene mafic volcanism (Las 

Máquinas Basalts) shows a more alkaline-like tendency and scarce slab-input, with the least 

enriclunent in the LILE, consistent \Vith ernplacement in a back-arc setting. Geochemical 

modeling suggests that fractional crystallization of these mafic magmas can produce the less 

evolved sequences ofthe Tillito Fonnation (early Miocene) that also crop out in a more easterly 

position, further away from the Chile trench. However, the more evolved 1nagn1as located in the 

main volcanic are also require the assimilation of the Penno-Triassic basement to produce their 

co1npositions or, alternatively, they could be derived from a different mantle source \Vith a 

greater influence from subducting components (Jones et al. 2016). 

Evidence for cn1stal contributions in the late Oligocene to early Miocene are mag1nas is 

given by their gradual increase in 87Sr/86Sr 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 natnre (Fig. 4) (Kay 

et al. 1991; Litvak and Poma 2010; Litvak y Page 2010; Kay and Abrnzzi 1996). Specific 

evidence for the assimilation of the Perrno-Triassic basement by the Early Miocene silicic 

rnagn1as (Tilito Formation) located in the tnain are on Chilean slope comes fro1n inherited 

zircon core ages (158.0±2.4, 241±2.7 and 388.1 ±5.3 Ma; Jones et al. 2016), and is consistent 

with the relatively high 87Sr/86Sr ratios of the Dofia Ana Group volcanic rocks (Kay and 

Abbruzzi 1996). Ho\vever, the more intennediate and 1nafic units of the Tilito For1nation, 
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located further to the east, sho\v no inherited zircon providing evidcnce for a more linlited 

interaction withfüe local basement (Jones et al. 2015, 2016). 

The first expression of early Miocene arc-related 111agmatism within the Precordillera is 

within the Valle de Iglesia (Miocene Intrusives) (Fig. 4). These magmatic rocks are more 

evolved and enriched in incompatible trace ele1nents. Relatively high Nb/Zr ratios could be 

indicative of a relatively small degree of partial melting, consistent \Vith their general ion further 

away from the trench and therefore overa more dehydrated slab (Joncs et al. 2016). 

Arc-related volcanic activity \Vas \Videspread during the early Miocene and throughout 

middlc to late Miocene times in the location of the present Argentinean-Chilean border (Cerro 

de las Tórtolas and Tambo Fomrntions) (Fig. 2). These lavas have calc-alkaline andesitic to 

dacitic compositions (Fig. 4) with typical arc-type trace element pattems (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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late Miocene arc-1nagmas. Compiled data ca1nc fro1n Bissig et a1. (2003); Jones et al. (2016); Kay et al. 
(J 987, J 988, 1991, 1999); Litvak et al. (2007), Litvak and Poma (2010) and Ramos et al. (1989). 

Overall, the reported Laffa, Baffa, Ba/La for these Miocene 111agrnas 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 secn in nlidd1e to late Miocene magmas, \Vhich have higher fluid 

mobile/immobile 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 !he 

subducting slab, when compared to the late Oligoceno magmas (Litvak et al. 2007; Jorres et al. 

2016). 

Norrnalized REE pattems show evidence for a variable residual mineral assen1blage 

throughout the Mioceno are magma evolution, as also seen in the La/Sm vs. Sm/Yb plots (Fig. 

4). La/Yb values are generally between 5 and 20, however, a main break in La/Yb ratio 

evolution is seen in the intermediate middle to late Miocene are rocks, \Vith the late Miocene 

sho\ving a rernarkable increase in La/Yb ratios. The trace element composition of the early 

Miocene to middle Miocene lavas infer that the residual asse111blage 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 gamet 

to the fractionation of n1iddle to late Miocene magmas could generate the steep and variable 

REE pattems (Kay et al. l 987, 1991 ). 

Overall, the late Miocene are rocks display adakitic signatures (Drummond and Defant 

1990), given by their Si02 > 56%, Al20 3 > 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 

controversia!, there is consensus about the origin of this signal in the Chilean-Pampean flat-slab 

magmas (-v30ºS). The development of the adakitic signature in the late Miocene rocks is 

cxplained by are magmas equilibrating \Vith variable residual mineral assemblages in the lower 

crnst related to increasing pressure conditions (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 early-middle Mioceno, to gamet bearing (higher pressure) by late 

Miocene times, reflecting an increase in cn1stal 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 consisten! 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 crnstal derived components with time (Fig. 

4). 

The Mioceno are magmas (Cerro de las Tórtolas Formation) equilibrated at the base of 

the crust and evolved to\vards intennediate depth 111agma chambers. Equilibrium temperatures 
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for phenocrysts asse1nblages \Vere estirnated using hvo-pyroxene, arnphibole-plagioclase and 

amphibole geothermo1neters and sho\v a consistent temperature range bet\veen 970 to 850ºC; 

\Vhile the equilibrium pressure estitnated fron1 a1nphibo1e compositions for the volcanic suites 

w~s 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 

asse1nblages has becn recorded. 'fhe latest Miocene volcanism (~8-6 Ma, Vacas Heladas 

lgnitnbrites) is similar to the late Miocene intermediate magmas (Fig. 4), corresponding to high­

K silicic rocks \VÍfh arc-like geoche1nical signatures and high ratios of fluid-mobile/irnmobile 

incompatible trace elements (e.g., Ba/Nb, Pb/Ce, Ba/La), providing evidence for the inftuence of 

slab-derived ftuids. Moreover, thcse are magmas appear to havc variably equilibrated 'vith 

higher pressure assernblages, including amphibole, gamet, and lesser a1nounts of plagioclase 

(Fig. 4) (Litvak et al. 2007; Jones et al. 2016). 

The highest 87Sr/86Sr values and lowest ENd within the entire late OligocenelLate 

Miocene are 1nagmas are observed in the Vacas I-Ieladas Ignin1brites rocks (Fig. 4), indicating 

they received the highest crustal contribution. It is suggested that these 1nag1nas represent small 

volu1nes of lower crustal melts, generated duc thc influence of heat and fluids derived fron1 the 

subducting slab (Litvak et al. 2007; Kay et al. 1991; Kay and Abruzzi 1996; Jorres et al. 2016). 

Middle to late Miocene arc-related volcanism is also developed in Argentina on the 

eastem side of the Cordillera del Colanguil, Valle de Iglesia and western Precordillera (Fig. 2, 

Miocene lntrusives unit, Lomas del Catnpanario and Las Trancas Fonnation). These magmatic 

rocks have mainly andestic to dacitic compositions and 'arc-like' Ba/La ratios (Fig. 4). 

Ultimately before cessation ofmagmatism, volcanism migrated almost 700 km to the east ofthe 

Chilean trench, to the Pocho volcanic field in the Sierras Pa1npeanas. 'fhis has been associated 

with the arrival of the shallowly dipping subdueting slab at these latitudes in the Chilean­

Pampean flat-slab segment (Kay and Gordillo 1994). 

5 Variable crustal contributions in late Oligocene to late Mioccne n1agmas over the 
Pampean flat-slab segment based on thc O and Hf isotopic composition of zircon 

Geochemical features of the arc-related Miocene magmatis1n over the Chilean-Parnpean 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 cn1stal contaminants that have 

influenced the trace element and isotopic co1npositions of the are n1agmas 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 assen1blages equilibrating with the magmas at depth. Therefore, the main 
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crustal contributions \Vere reJated to cn1stal assin1ilation during magma ascent through the cn1st. 

On the other hand, geochenlical variations in the Miocene to Pliocenc volcanic suite of the El 

Teniente region, soulh of the Chilean-Pampean flat-slab (-v34°), were explained by subducled 

sediment, along \vith continental cn1st entering the asthenospheric \Vedge frorn forearc 

subduction erosion (Stern and Skewes 2003; Skewes el al. 2002). Kay et al. (2005) concluded 

that both forearc erosion and cn1stal thickening are responsible for the geochenüstry in thc 

Oligocene-Miocene sequence of volcanic rocks at the latitude of the El Teniente deposit and in 

the northen1 SVZ. Moreover, trace element and isotopic ratios ofNeogene andesitic mag1natis1n 

in the Maricunga Belt, at the northem extreme of the Pa1npean flat-slab scgment ("'25.5°-

28.2ºS) were also attributed to magmas evolving under a thickened crusl combined with a peak 

in forearc subduction erosionas the are n1igrated east (Kay et al. 2013). 
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Similarly, cn1stal contributions in the Valle del Cura volcanic rocks have been related to 

both episodes of crustal thickening and increased crustal assimilation, and peaks in forearc 
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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-sih1 analysis of O and 1-If isotopes in zircon con1bined v1ith high 

resolution U-Pb dating show across are variations in age and con1position of thc crustal 

co1nponents that influenced late Oligoccne to late Mioccne arc-volcanisn1 (Jones et al. 2015). 

Late Oligocene to early Miocene volcanic rocks in the n1ain are, located in the Cordillera 

Frontal, show mantle-like S"Oc,;"'"¡ values (+4.8%o (±0.2 (2o)) to +5.8%o (±0.5 (2o))), but less 

radiogenic initial eH:f(zircon) values than would be expected for recent 1nantle-derived n1elts (+1.0 

(±1.1 (2o)) to +4.0 (±0.6 (2o))) cornpared to --+13 (Dhuime et al. 2011). Mixing models suggest 

that these are magmas are derived from the mantle and have assimilated up to "'20% Penno­

Triassic basement (Jones et al. 2015). The same authors report that late Miocene rocks ftom the 

tnain are in the Frontal Cordillera, together with the easten1 sequences fron1 late Oligocene to 

late Miocene times in the present Precordillera, require the assimilation of both the Penno­

Triassic Andean crust and a Grenville-aged basement to produce the higher than rnantle-like 

S180c,;,,00¡ values (+5.5%o (±0.6 (2o) to +7.2%o (±0.4 (2o))) and unradiogenic, initial Hf,,;,,00¡ 

values (-3.9 (±1.0 (2o)) to +1.6 (±4.4 (2o))) (Figure 5). lt is importan! to notice that tite isotopic 

variation correlates 'vith the presence of Permo-Triassic and Grenville inherited zircon ages in 

the late Oligocene to late Miocene magn1atic suites spanning the main Andes and Precordillera 

(Fig. 5). Tite observed isotopic changes appear to be related to their geographic position relativo 

to the Chilean margin and the composition of the underlying base1nents, rather than the san1ple 

age (Fig. 5). Foreare subduetion erosion n1ight be an expected process during evolution of these 

are-magmas. Ilowever, any effect derived frotn subducted continental n1aterial affecting the 

n1elt source region appears to have been overprinted by the assin1Hation of the overlying erust 

en route to the surfaee, as O and Hf isotopie aeross are 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 variability in the isotopie eo1nposition of the 

late Oligocene (-v23 Ma) to late Miocene (-v6 Ma) are magmas, highlighting a period of 

significant crustal assin1ilation. 

6 Gcochcmical signaturcs of back-arc magn1as during middle Miocene to early Pliocene as 

evidence of the Payenia shallow subduction developn1ent 

The geoche111ical evolution of calc-alkaline back-arc 1nagn1as in the present-day retro-are of 

Payenia can be eva1uated according to the t\.vo time intervals that reflect the expansion of are 

magmatism dueto the shallowing ofthe subducting slab: 1) the middle to late Miocene (15-10 

Ma), with volcanic rocks located in the near to middle retro-are position and 2) the latest 

Miocene to early Pliocene (9-3.5 Ma) middle to far retro-are magmatic rocks. 
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Major ele1nent classifications show a range in composition froin 1nid to high-K basaltic 

to dacitic calc-alkaline rocks (Fig. 6). Sorne of the rocks are rhyolitic in con1position, 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 ofthe subducting slab on the 

studied sequences is given by their Baffa, Laffa ratios, \vhich are 'arc-like' regardless of silica 

content (Fig. 6). Normalized trace element pattems, also show depletions in HFSE (e.g., Nb, Ta, 

Zr) relative to LILE (e.g., Rb, Ba, Sr, Pb), suggesting that hydrous fluids coming from the 

subducted slab have enriched the melts in the asthenospheric tnantle \vedge. Ho\vever, sorne 

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 retro-are, 

show lower Si02 vs. FeO/MgO ratios \Vhen compared to the younger sequences \vithin this 

stage (particularly Charilehue samples, -v14 Ma; Spagnuolo et al. 2012), which have a more 

tholeiitic differentiation trend and the lowest Ba/La and La/Ta ratios (Fig. 6). Younger samples, 

within this older stage (Cerro Negro, Huincán I and part of II lavas, and older San Rafael 

volcanic rocks, -vl5-10 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 Palaoco volcanic 

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-are magmas with time. In particular, the 

youngest volcanic rocks within this stage (Early-Late Chachauhén and the younger San Rafael 

rocks), which represent the eastemmost expression ofthe are expansion, show the strongest arc­

related signature \Vhen coinpared \vith 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 middle Miocene to early Pliocene calc­

alkaline back-arc magmas share a flattened overall REE pattern and similar La/Yb and SrnNb 

ratios, regardless of their silica content (Fig. 6). 1-Io\vever, 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/Yb ratios for the arc-related 

retro-are volcanism has been related to a period of back-arc crustal thickening behveen 12 and 

10 Ma under the Neuquén Basin (Kay et al. 2006a, b; Nullo et al. 2002; Baldauf 1997). Despite 

this, ali of the REE ratios are indicative of a low to intermediate pressure residual mineral 

assemblage, such as pyroxene and amphibole, in equilibriun1 with the Late Cenozoic mag1nas, 
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detnonstrating no significant increase in crustal thickness and a gamet-free Io,ver crust (Litvak 

et al. 2015). 
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by La/Sin vs. S1n/Yb ratios; e) Isotopic signatures that show a lin1ited contribution fro1n a crustal 
componcnt .. Co1npilcd data ca1ne fro1n Nullo et al. (2002), Kay et al. (2006a, b), Kay and Copeland 
(2006), Spagnuolo et al. (2012), Dyhr et al. (2013a ,b) and Litvak et al. (2015). 

Lov.'er crustal contanlination \Vas proposed as a plausible 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 silica-rich lavas of the Late Miocene San Rafael Block, these also ha ve Mg# similar to the 

more mafic lavas (Litvak et al. 2015). Kay et al. (2006b) proposed crnstal contamination of the 

silicic samples from the early Miocene intraplate-like sequences \vithin the Chachahuén 

Volcanic Complex (Vizcachas Group). based on \Vhole rock chen1istry and isotope composition. 

Isotopic data from the Miocene intennediate to silicic calc-alkaline retro-are magmas sho\V 
87Sr/86Sr and eNd compositions (Fig. 6) relalively 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 magtnas sho\V an evolving trend with increasing 87Sr/86Sr ratios and 

decreasing ENd values as 'arc-like' signatures also increase. Contamination of the magmas 1nay 

have occurred en route to the surface rather than by the addition of cn1st 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 (Early Palaoco 

andesites) in the present Payenia back-arc. 

7 Tectonic and geodynan1ic hnplications for thc evolution 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-Pampcan flat-slab and Payenia shallow subduction segments, 

provide evidence to refine the geodynamic evolution of the Andean margin in the Southem 

Central Andes (Figs. 7 and 8). 

7.1 Late Oligoce11e-early Mioce11e ( ,.,24_20 Ma) 

A major tectonic reconfiguration ofthe Andean margin occurred in the late Oligocene (o,25 Ma) 

by the brcakup ofthe Farallón plate (see Chapter 14). This resulted in a change in convergence 

to an orthogonal direction at increased rates and a "'30º slab dip geometry (Pardo Casas and 

Molnar 1987; Somoza 1998; Somoza and Ghidella 2012). 

In the present-day Chilean-Patnpean flat-slab region, volcanic are activity during this 

period (o,27-18 Ma) is represented by the calc-alkaline Dofia Ana Group whose parental 

magmas formcd in the asthenospheric mantle wedge and ernpted through a crnst of normal 

thickness (30-35 km) (Fig. 7a, b). These sequences were developed in a subduction-related 
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sctting, \Vith an associated extensional tectonic regitnc, as reflected by the eruption of alkaHne 

basalts in the retro-are al -21 Ma (Las Máquinas basalts; Ramos et al. 1989; Kay et al. 1991). 

Evidence for an extensional reginte is also provided by the synextensional emplace1nent of 

volcaniclastic deposits in the fonner retro-are, exposed in the Valle del Cura basin (Winocur et 

al. 2015). 

The high-K, calc-alkaline silicic magmatism (Tillito Fm.), particularly !hose closer to 

the Chilean trench, have trace elcment signatures and inherited zircon grains/cores that suggest 

assimilation of the Pem10-Triassic base1nent; ho\vever, this assimilation is shown to be 1nore 

limited in the contemporaneous and eastemmost andesitic deposits (Iones et al. 2015) (Fig. 7). 

Furthern1ore, these latter andesitcs sho\v n1ore negativc óllB values (from pyroxene n1elt 

inclusions) relative to the younger Miocene are rocks, which is consistent \vith a greater depth to 

the slab-mantle interface and is potentially related to the \videning of the volcanic are and their 

distal position from the trench (Iones et al. 2014). Emplacement of subvolcanic bodies 

associated \Vith pyroclastic and lava flows in the \Vestern Precordillera (rv22-20 Ma, Miocene 

Intn1sives and Las Trancas Forn1ation) provide evidence for contemporaneousJ although limited, 

volcanic activity in the easternmost sector of the retro-are (Fig. ?a). While volcanic are rnagn1as 

sho\V evidence for interaction with the Permo-Triassic Andean crust, these eastemmost 1nagn1as 

also sho\v contributions fro1n a Grenville-age basement, as suggested by inherited zircon ages 

and Ilf-0 isotopes (Jones et al. 2015, 2016) (Figs. 5 and 7a). 

At the saine titneJ further south in the Payenia segment, the slab dip geometry \vas also 

relatively steeply dipping due to the prevailing Andean tectonic configuration and the main are 

was characterized by volcanic and volcaniclastic activity as part of the infill of the intra-arc 

Cura Mallín basin (Fig. 7c). Bimodal composition and trace element patterns obtained from 

these are rocks reflect magmas evolving through a thin crust in an extensional setting (Kay et al. 

2006a). Mean\vhile, back-arc magrnatism comprises a series of isotopically enriched intraplate, 

OIB-like basaltic flows (Kay and Copeland 2006; Dyhr et al. 2013b). 

7.2 Bar/y to midd/e Miocene (-v19-16 Ma) 

The first evidence of slab influence on the alkaline back-arc n1ag1nas in the present-day Payenia 

region is registered in the early to rniddle Miocene Huantrainco region lavas ("'20-19 Ma; Fig. 

7d). These show depletions in HFSE, higher La/Ta ratios and an excess of fluid-mobile 

ele1nents, indica ti ve of a more hydrous con1ponent, relative to the previously en1pted lavas (Kay 

et al. 2006a; Dyhr et al. 2013a). As explained by these authors, the change in back-arc lava 

co1nposition took place over a short periodJ from 23 to 18 Ma, in response to the initiation of a 

shallo\ver subduction geo1netry, which in tum led to the cessation of extension. 

536 

¡. 
'-"'. 



537 

By the early to middle Miocene (o,19-15 Ma) in the present-day Chilean-Pampean flat­

slab segn1ent, the prevailing extensional regime \Vas also ceasing due to the shallo\ving of the 

do\vngoing slab in response to the subduction of the Juan Fernandez Ridge, which arrived at the 

northem extreme ofthe segment at o,20-18 Ma (Yañez et al. 2001; Jones et al. 2014). Basaltic 

to andesitic lavas of early Mioccnc age (Escabroso Fom1ation) were en1pted along the 1nain are. 

The n1ain arc-volcanic activity includcs 1niddle Miocene andesitic lavas ("'16-14 Ma; Cerro de 

las Tórtolas Fm.) with clearer 'arc-like' signatures and REE ratios which indicate that they 

evolved through a crust ofrelatively normal thickness (30-35 km). The shallowing of the slab 

led to the migration ofthe volcanic front to the east and into present-day Argentina (Fig. 7b). 
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Overall, this period of andesiti~ are volcanism sho\vs evidence for increased influence 

of slab-derived fluids on · the melt source region and a higher degree of partial 1nelting, in 

co1nparison to the late Oligocene. This is indicated by higher 611B values reported from 

Miocene melt inchisions, suggestiiig an increase in the influence of serpentinite-derived fluids 

on the source ofarc magmas aftcr-19.5 Ma (Jones et al. 2014). 

The Pampean and Payenia segments show a spatial continuity (Fig. 1 ), while timing of 

slab shallowing in both segments is contemporaneous. Thus, the collision of the Juan Femandez 

Ridge is likely the cause of the progressive shallowing throughout both segments sincc early to 

nliddle Miocene titnes. 

7.3 Middle lo late Miocene ("'10-15) 

The gradual reduction of the subducted slab angle, in !he present-day Chilean-Pampean flat-slab 

segrnent, led to the migration of are 1nagn1atis1n to the east and the developn1ent of a 

compressional regime, which resulted in the main phase of uplift of the Andean range (Kurtz et 

al. 1997; Gregory-Wodzicki 2000). Are volcanism is represented by the andesitic to dacitic 

lavas and minor dacitic pyroclastic flows (upper Cerro de las Tórtolas and Tambo Fms.) which 

have adakitic signatures, resulting fron1 the equilibration of the melts \Vith a garnet-bearing 

lower crust (Kay et al. 1991; Litvak et al. 2007; Jones et al. 2016). This is consisten! with 

tectonic shortening and an increase of crustal thickness (>50 k1n). In addition, the 

asthenosphcric 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 emplacetnent of shaUow level, subvolcanic andesites and dacites in tite eastem Frontal 

Cordillera and the western Precordillera (Tertiary lntmsives) (Fig. 8a). 

Contemporaneously, are magmatic rocks in the present-day Payenia back-arc region 

show an increase in slab-derived co1nponents at this time. While the main are magmas show no 

significant geochemical differences to !he early Miocene volcanic front (Kay et al. 2006a), 

retro-are magmas fton1 tniddle to late Miocene age ("'15-10 Ma; Charilehue, Cerro Negro, 

lfuincán 1, part of Huincán 11 lavas, older San Rafael volcanic rocks and Palaoco volcanism) 

sho\v a progression fron1 initial tholeiitic to more pronounced calc-alkaline signatures (Kay et 

al. 2006; Dyhr et al. 2013a, b; Litvak et al. 2015). This eastem increase of slab derived 

components present in back-arc magmas is consistent with the progressive shallo\ving of the 

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

7.4 Late Mioce11e to early Plioceue ("'9-4 Ma) 
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As thc subducting Nazca plate continued to shaltow, the volcanic front and arc-related products 

gradually iuigrated 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 Gordillo 1994; Kay and Mpodozis 

2002; Litvak et al. 2007). Minar dacitic volcanism marked the end ofthe main are activity (-v8-

6 Ma; Vacas Heladas Ignimbrites) as the remaining fluids and heat favored the melting of the 

cn1st. 
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Fig. 8 Middle Miocene to early Pliocene geodynamic model and inagmatic evolution ovcr: a-b) The 
present-day Chilcan-Pa1npcan flat-slab segment; c-d) the Payenia shallow subduction zone. PTB: Pcnno­
Triassic basement, GB: Grcnville basement (based on Kay et al. 2006a; Litvak et al. 2007, 2015; 
Spagnuolo et al. 2012; Jones et al. 2016). 
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The 0-I-If zircon isotopic co1npositions, together \vith inherited zircon ages, in these late 

Miocene rocks overlap the values from the 1nagmatic rocks present in the Precordillera (Kay et 

al. 1991; Janes et al. 2015). This provides evidence for the presenee of the Grenville-aged 

basen1ent under theFrontal Cordillera in this sector ofthe Southern Central Andes (Jones et al. 

2015) as a result of increased cornpression and crustal shortening in the latest Miocene, as 

proposed by severa! 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 rrom the Chile trench (Kay and Gordillo 

1994). 

The distribution of late Miocene to early Pliocene arc-related products was also 

progressively expanded to the east in the present-day Payenia back-arc, as consequence of the 

shallowing subduction regime (Fig. 8d). Are expansion continued betwcen 1 O and 4 Ma with the 

extrusion of the back-arc Chachahuén Volcanic Co1nplex 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). After--4 Mano 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 en1ptions \Vith alkaline 

type geochen1ical 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 Pa111pean and Payenia 

segn1ents, could result in the subtle and progressive change in the angle of subduction around 

33ºS (Nacif et al. 2015). A re-steepening of the southern section of the slab might account for 

the different responses and evolutions of the hvo 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 controlled by changes in the 

geomehy and co111position of the subducted slab 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 are, as sho,vn by the geochemical signature of arc-related rocks, \Vhich 

is correlated to the more compressional style of defonnation associated \vith the shallo\ving of 

the slab. Despite sharing this common general evolution, sorne 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 Paycnia segment, as the 
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eastenunost expression of arc-volcanism are located 480-500 knt a\vay fro1n the Chile trench, at 

~36ºS; \Vhile in the Chilean-Parnpean zone, slab influence reaches ahnost 700 km away from 

the trench at ""30ºS. A further and main difference behveen both seg1nents is related to the 

increase in crustal thickness. Late Miocene n1ag1nas en1pted in the main are over the present­

day Chilean-Patnpcan segment sho\v geochernical features in their trace elen1ent compositions, 

which suggest 1nagmas \vere equilibrating at the base of a thickened crust (> 50 km); ho\vever, 

in the Payenia shallow subduction segment the latest Miocene are-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 are and retro-are 

magmatism dudng late Neogene, the prevailing flat-slab geo1netry in the Chilean-Patnpean 

segment defines the current volcanic are gap in Southem Central Andes. 
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GRANITOIDES Y DEFORMACION DURANTE LA OROGENIA TRANSAMAZONIA'NA 

EN TANDILIA, PROVINCIA DE BUENOS AIRES, ARGENTINA 

Ra111os, A.1 y Poma, S.2 

1 IGEBA (UBA-CONICEl) Departamento de Geología, FCEyN-UBA. Buenos Aires.amramos@g/.fce11.uba.ar 
1 IGEBA (UBA-CON!CEl) Departamento de Geología, FCEyN-UBA. Buenos Aires. stel/a@gl.fce11.uba.ar 

El objetivo de este trabajo es destacar la importancia de la deformación en la evolución del basamento cristalino 
de Tandilia, provincia de Buenos Aires, Argentina (Fig.1 ). El basamento está constituido principahnente por 
migmatitas. gneises, esquistos, granitoides1 diques ácidos, pegmatíticos, diques máficos y ultra1náficos y escasos 
mármoles. Estas rocas fueron afectadas por eventos de n1eta1norfis1no y deformación durante distintos pulsos de 
la Orogenia Transan1azoniana (2300-1700 Ma). Fueron reconocidas hnportantes zonas o fajas de cizalla con 
formación de milonitas y ultramilonilas (González Bonorino et al. 1956; Teruggi et al. 1973; Dalla Salda et al. 
1981, 1992 y Frisicale et al. 1999). Gran paiie del basamento cristalino de este extremo sur del cratón del Rio de 
la Plata está cubierto por rocas sedimentarias del Neoproterozoico. Una síntesis completa de la geología fue 
publicada por Dalla Salda et al. (2006) y Cingolani (2011) presentó una actualización del conocimiento 
geológico de Tandilia. El área estudiada co1nprende la zona de las antiguas canteras Villa Mónica1 Sierra Chica, 
Cerro Sotuyo. San Nicolás y Cerro El Peregrino, en los alrededores de la ciudad de Olavarría, región occidental 
de las Sierras de Tandilia. En los fi·cntes de canteras se observan gneises deformados con bandea1niento y pasaje 
transicional a migmatitas y granitoides. Estudios previos de Pankhurst et al. (2003) determinaron edades Sm-Nd 
de 2100-2200 Ma para el e1nplazamiento de granitoides sincolisionales a postorogénicos, con edades modelo 
promedio de 2600 Ma. En un diagrama geoquímico de discriminación tectónica, las composiciones de estas 
rocas se ubican dentro de la zona que corresponde a un ambiente relacionado con subducción, pudiéndose 
establecer una secuencia de eventos que culn1inaron con deformación y anatexis durante la fase colisional y 
postorogénica (Pankhurst et al. 2003). Durante la evolución orogénica, los gneises fueron afectados por 
nletamorfismo de facies anfibolita y granulita asociado con procesos de fusión parcial, acu1nulación y migración 
de fundidos leucocráticos cuarzo-feldespáticos, con progresiva generación de migmatitas y granitoides 
anatécticos (Ramos y Poma, 2013). Los gneises presentan bandeamiento discontinuo, acentuado por diferencias 
de color (rosado a gris verdoso) vinculado con la mineralogía dominante (feldespato alcalino y/o plagioclasa, 
anflbol y biotita). Están atravesados por venas y diques de composición leucogranítica. El espesor de las bandas 
varía desde m1n hasta pocos metros. 
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Las migmatitas son metatexitas, diatexitas con schlieren y estructuras nebulíticas y diatexitas 1nasivas. En las 
1netatexitas se distinguen bandas de leucoso1nas cuarzo-feldespáticos que alternan con delgadas bandas de 
melanosomas con anflbol y biotita y ocasionales relictos de paleosoma, remanentes de la granulita original 
modificada, con piroxeno reemplazado por anflbol y biotita y gran cantidad de nódulos de magnetita (Ramos y 
Poma, 2013). Estos enclaves máficos (restitas) son generalmente elipsoidales, están parcialmente disgregados y 
sus minerales se encuentran dispersos en el leucoso111a. Las diatexitas evolucionan a partir de las n1etatexitas, 
con lentes o parches irregulares y venas de leucosomas cuarzo-feldespáticos; es común el desarrollo de 
estructuras nebulfticas y schlieren con delgadas bandas ricas en anfibol y biotita. Las diatexitas masivas son 
texturahncnte n1ás homogéneas y presentan contactos transicionales con venas y diques de granitoides 
anatécticos leucocráticos de espesores irregulares y co1nposición pro1nedio granodiorítica. Se observan algunos 
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delgados diques discordantes de pegmatitas. A escala microscópica se reconoce una transición ert.tre''textUr·a .-;~'.~,-; 
granoblástica y granosa con texturas de deformación cataclástica, milonitica y blastomilonítica>~.nJarcad.a•(:,;· ·. 
recristalización y retrogresión mineralógica en granulitas y migmatitas. La presencia de texturas milorifffcas · ¡A) 
relícticas y texturas cataclásticas sobreimpuestas a deformaciones y recristalizaciones mineralógicas previas, son 
evidencia de más de un evento de deformación (Ramos y Poma, 2013). 
La zona de estudio está localizada en el extremo occidental de la Mega Cizalla de Azul, faja de cizalla de 
dirección E-O (Frisicale et al. 1999). En las zonas de cizalla se desarrollan estructuras que favorecen la 
infiltración de grandes volúmenes Oe fluidos acuosos que promueven recristalización y metaso1natismo con 
enriquecimiento en silice (Doyle y Cartwright, 2000). El sucesivo pasaje ó retrogresión metamórfica de piroxeno 
a anflbol y a biotita estaría facilitado por la incorporación de fluidos acuosos. Por lo tanto, los relictos de 
piroxeno entre parches de anflbol o biotita son evidencia de la 1nineralogfa previa, hidratada por fluidos 
expulsados durante la cristalización del magma leucogranitico invasivo (Morfin et al., 2013). Por otro lado, 
estudios sobre granitoides archeanos sin o post-tectónicos sugieren que su origen podría ser consecuencia del 
metasomatisn10 asociado con nligración de fluidos en zonas de cizalla (López et al. 2005). 
Existe una transfonnación progresiva desde gneises, n1etatexitas y diatexitas hacia los granitoides. La principal 
diferencia entre las metatexitas y las diatexitas es estructural y la transición entre ambas es consecuencia del 
au1nento en la participación de fundidos leucocráticos. Este aumento en la contribución de fundidos pudo ser 
originado por la mayor circulación de fluidos acuosos a través de zonas de cizalla, dando origen a diatexitas 
1nasivas leucocráticas, sin relictos de estructuras schlieren (\Vhite et al., 2005; Maki et al., 2014 y referencias). 
Estas características estructurales penniten interpretar que la deformación favoreció la segregación y 111igración 
de fundidos durante la evolución orogénica (Toe, et al., 2013). 
Durante la orogenia Transainazoniana los procesos de fusión parcial, aco1npañados por acu1nulación y/o 
1novilidad de fundidos leucocráticos intervinieron en la evolución de 1nign1atitas 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 aflora1nientos preservados de la explotación en canteras y en los que se han distinguido estructuras 
de domos de granitoides que pasan sucesivamente a diatexitas y luego a 111etatexitas en franjas milonitizadas, 
indicando la evolución progresiva entre 1nig111atitas y granitoides en zonas de intensa deformación orogénica. 
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Artículo 2°: : Enviar un ejemplar del informe a la Biblioteca de esta Facultad. 

Artículo 3°: Regístrese, notifíquese a quienes corresponda, elévese al Consejo Superior y 
cumplido, archívese. 

RESOLUCIÓN CD Nº 0 5 6 5 

·'"::'.UI íAR!f) ACAOEMICO 1\0JUl!lO 
Dr. JUAN CARLOS REBOAEDA 

DoCANO 
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