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[11 Post—20 Ma magmatism in the Central Andes is either localized in the magmatic arc or
distributed east of it, on the Altiplano-Puna Plateau. Here there is a distinct concentration
of magmatic centers on NW-SE trending lineaments, such as the Calama—Olacapato—
El Toro (COT), that extends into the Eastern Cordillera to the east of the Puna.
Understanding the possible genetic relationship between prominent structures and
magmatic centers on these lineaments is important to elucidate the tectonomagmatic
evolution of the Central Andes. We investigated the back-arc area of the COT using
remote sensing, geological, structural, and petrochemical data. Our study demonstrates
that this portion of the COT consists of NW-SE striking faults, formed under overall
left-lateral transtension that decreases in activity toward the COT termini. Deformation
on the COT occurred during and after activity of prominent N—S striking transpressive
fault systems and is coeval with magmatism, which is focused on the central COT.

The most evolved magmatic rocks, with an upper crustal imprint, are exposed on the
central COT, whereas more primitive, mantle-derived mafic to moderately evolved
magmatic rocks, are found toward the COT termini. This points to a genetic relationship
between upper crustal deformation and magmatic activity that led to enhanced magma
storage in the central COT. COT magmas may result either from slab steepening or

episodic delamination of the asthenospheric mantle.
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characteristics of the back-arc portion of the Calama—Olacapato—El Toro Fault Zone, Central Andes, Tectonics, 30, TC3005,

doi:10.1029/2010TC002854.

1. Introduction

[2] The study of the influence of tectonic structures on the
transport, emplacement and eruption of arc magmas is
important to understand tectonomagmatic processes in con-
vergent tectonic settings. However, our knowledge of struc-
tures in magmatic arcs is frequently incomplete, as these are
often obscured by volcanic rocks, and inadequate, because of
the structural variability of magmatic arcs. Depending on the
tectonic boundary conditions, magmatic arcs may be char-
acterized by compressional, extensional or strike-slip struc-
tures, which have variable influence on magmatic activity
[Cole, 1990; Corti et al., 2005; Galland et al., 2007]. In
addition, the relationships between arc magmatism and the
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tectonic setting of the converging plates, in terms of erupted
volumes and deformation rates, do not always follow
expected trends [Schurr et al., 2003; Acocella and Funiciello,
2010]. Thus, understanding how the structural style of an arc
controls ascent, emplacement and composition of magma is
a challenging task [White et al., 2006] and requires an inte-
grated scientific approach.

[3] Most of the current information on the tectonomag-
matic relationships in arcs is derived from specific locations,
such as New Zealand [Wilson, 1996; Spinks et al., 2005],
NE Japan [Sato, 1994; Acocella et al., 2008], Mexico
[Tibaldi, 1992; Alaniz-Alvarez et al., 1998] and the Central
Andes [Riller et al., 2001; De Silva et al., 2006]. In par-
ticular, back-arc magmatism in the Central Andes is largely
focused in five regularly spaced NW—-SE trending transverse
magmatic belts [Salfity, 1985; Viramonte and Petrinovic,
1990; Trumbull et al., 2006, and references therein].
These belts have been largely recognized from the align-
ment of magmatic centers and the presence of lincaments
identified from remote sensing analyses [4llmendinger
et al., 1983; Chernicoff et al., 2002; Matteini et al., 2002].
Tectonic models suggest a predominant left-lateral motion
on the faults [Allmendinger et al., 1983] that can be explained
by an along-strike gradient in transverse shortening in the
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Central Andes [Riller et al, 2001]. However, only few
structural studies have addressed the tectonomagmatic rela-
tionship [e.g., Riller et al., 2001; Richards and Villeneuve,
2002; Ramelow et al., 2006; Petrinovic et al., 2006] and
seismicity [Schurr et al., 1999] of transverse volcanic belts in
detail to date. Therefore, it is uncertain whether mapped
lineaments correspond to fault zones and to what extent
structural discontinuities assist transport and eruption of
magmas in these zones. Thus, examination of structural and
magmatic characteristics of transverse volcanic zones is
expected to provide information on the cause for the presence
of volcanic rocks as far as hundreds of kilometers east of
the magmatic arc.

[4] This study provides a detailed structural analysis of
the back-arc portion of the most prominent transverse vol-
canic belt of Central Andes, which corresponds spatially to
the Calama—Olacapato—El Toro (COT) Fault Zone (referred
to as back-arc COT, onward; Figure 1). Specifically, we
explore the relationships between tectonic and magmatic
activity in this zone. Notably, deformation on the COT is
assessed with regard to its possible influence on the distri-
bution of magmatic centers, as well as the generation,
transport and storage of respective magmas. In this context,
we also discuss tectonic scenarios involving crust and
mantle dynamics in the back-arc COT.

2. Tectonic and Geological Setting of the COT

[s] The Central Andes are dominated by the ~4000 m
high Altiplano-Puna Plateau, which is bounded by the
Miocene to Recent magmatic arc to the west, and the Eastern
Cordillera and Subandean foreland fold-and-thrust belt
to the east (Figure 1). The plateau formed chiefly by E-W
crustal shortening [e.g., Isacks, 1988; Allmendinger et al.,
1997; Kley and Monaldi, 1998; Elger et al., 2005], which
led to the development of internally drained, contractional
sedimentary basins [Kraemer et al., 1999; Riller and
Oncken, 2003; Sobel et al., 2003]. Shortening and associ-
ated basin formation in the plateau area commenced during the
Eocene-Oligocene [Jordan and Alonso, 1987; Allmendinger
et al., 1997; Kraemer et al., 1999; Oncken et al., 2006] and
continued in Quaternary times in the Eastern Cordillera
and Subandean foreland [Marrett et al., 1994; Marrett and
Strecker, 2000]. In the Puna, compressive deformation is
distributed, whereas localized basement-involved folding
and thrusting is more typical for the Eastern Cordillera
[Kley, 1996].

[6] Kinematic regimes in the Puna and Eastern Cordillera
are characterized by NW—SE and NE-SW shortening direc-
tions, inferred from small-scale faults [Marrett et al., 1994].
These shortening directions were attributed to deformation
increments operating during the Miocene and Pliocene and
during the Pliocene to Recent times, respectively [Marrett
et al., 1994; Cladouhos et al., 1994]. The change in the
shortening directions has been related to the change in the
direction and rate of absolute motion of the South American
Plate [Marrett and Strecker, 2000]. Alternatively, the varia-
tion in the shortening directions can be explained by the
variation in the orientation and kinematics of prominent fault
zones, and, as a consequence, of orogen-parallel extension
[Riller and Oncken, 2003; Maffione et al., 2009]. Neogene
deformation in the plateau area is characterized by orogen-
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parallel extension and overall southward and eastward
propagation [Riller and Oncken, 2003; Deeken et al., 2006].
This is possibly induced by middle to lower crustal orogen-
parallel channel flow in the southern Central Andes [Hindle
et al., 2005; Ouimet and Cook, 2010].

[7] NW-SE striking lineaments, such as the COT, appear
as first-order fault zones of the Altiplano-Puna Plateau
(Figure 1) [Salfity, 1985]. These fault zones are associated
with Neogene magmatic centers, collectively known as
transverse magmatic belts [ Viramonte et al., 1984; Viramonte
and Petrinovic, 1990; Matteini et al., 2002]. Their basement,
in the Puna and Eastern Cordillera, consists mainly of low-
grade metamorphic rocks of the Late Neoproterozoic to Early
Cambrian Puncoviscana Formation [Turner, 1964], and
Ordovician metamorphic rock and syntectonic granites
[Hongn and Riller, 2007; Ramos, 2008, and references
therein]. These rocks are unconformably overlain by Creta-
ceous and Tertiary sedimentary rocks of the Salta Group,
which formed during a phase of continental rifting prior to
Andean orogenesis [Salfity and Marquillas, 1994].

[8] The back-arc COT consists of approximately 21 major
and highly different magmatic centers, including explosive
vents, calderas, composite stratovolcanoes, monogenetic
cones, lava domes and plutons that have been active since
Miocene times (Figure 2). In the back-arc portion of the
COT, next to the Miocene-Quaternary volcanic arc, volca-
nic activity consists of the geometrically aligned, closely
spaced andesitic-dacitic stratovolcanoes of Rincon, Tul-Tul,
Del Medio and Pocitos [Koukharsky and Munizaga, 1990;
Matteini, 2001; Matteini et al., 2002]. In its central sector,
COT includes the Quevar and Aguas Calientes calderas, that
erupted voluminous silicic ignimbrites and tephra, individ-
ual phreatoplinian vents, such as Tocomar and Ramadas,
and Quaternary mafic effusive centers, i.e., Tuzgle, Negro
de Chorrillos and San Jeronimo [Schreiber and Schwab,
1991; Deruelle, 1991; Coira and Kay, 1993; Goddard
et al., 1999; Petrinovic, 1999; Petrinovic et al., 2005, 2006,
2010]. To the east, close to the Eastern Cordillera, COT
includes the partially dissected andesitic-dacitic Chimpa
stratovolcano [4rnosio, 2002] and the Negra Muerta volcanic
complex. The latter includes a caldera-forming event, fol-
lowed by lava flows, rhyodacitic dykes and domes
[Petrinovic et al., 1999, 2005; Ramelow et al., 2006]. In this
sector, dacitic domes, notably El Morro, Organullo and
Rupasca, have also been recognized [ Viramonte et al., 1984;
Blasco et al., 1996; Petrinovic et al., 1999; Arnosio et al.,
2005]. The easternmost magmatic centers of the COT are
found in the Eastern Cordillera and include middle Miocene
intrusions, such as Las Burras and Acay, that were eroded
during exhumation of the Cordillera, andesitic-dacitic lava
domes and flows of the Almagro and young mafic effusive
centers of the Los Gemelos and El Saladillo centers
[Krallmann, 1994; Hongn et al., 2002; Matteini et al., 2002;
Haschke et al., 2005; Gioncada et al., 2006; Guzman et al.,
2006; Mazzuoli et al., 2008; Vezzoli et al., 2009].

[9] During the Neogene, the COT accomplished approx-
imately 20 km of left-lateral displacement [Al/lmendinger
et al, 1983]. In addition to the lateral displacement, the
COT is also locally characterized by a component of N—S
extension [Riller et al., 2001; Petrinovic and Colombo
Piriol, 2006]. Overall left-lateral transtension may have
facilitated the ascent of magma [Mazzuoli et al., 2008] and
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Figure 1. (a) Structure of the Central Andes, highlighting the back-arc area, characterized by several
~NW-SE trending lineaments associated with magmatic activity (dashed lines). These include the
Lipez-Coranzuli (LC), Calama—Olacapato—El Toro (COT), Archibarca-Galan (AG), Culumpaja—
Farallon Negro (CF), and Ojos del Salado (OS). (b) Simplified geological map, and related main structural
units and regional faults, of the back-arc part of the COT, from the current volcanic arc to the Eastern
Cordillera (location shown by dashed rectangle in Figure 1a). SAC, San Antonio de los Cobres; Sa, Salta;

Ju, Jujuy.

caldera formation [Riller et al., 2001; Caffe et al., 2002;
Chernicoff et al., 2002; Matteini et al., 2002; Ramelow et al.,
2006; Petrinovic et al., 2005, 2006], but this kinematic
regime remains to be ascertained for the COT.

3. Results

3.1. Remote Sensing Analysis

[10] Acquisition of original remote sensing data and a
compilation of known fault zones allows us to define the
first-order, largest structural elements of the back-arc part of
the COT, from the volcanic arc to the Eastern Cordillera
(Figure 2). Remote sensing data are obtained from satellite
images (available at http://earth.google.com/intl/it, with a
mean resolution of a few tens of meters) and digital eleva-
tion models (DEM) (available at http://www.geomapapp.
org, with a resolution of 90 m). Satellite images and DEMs
were used to identify, map and characterize fault zones, in
terms of strike and length.

[11] Lineaments in the back-arc COT trend N-S, i.e.,
parallel to the regional structural grain of the area, and NW—
SE (Figure 2). Lengths of individual NW-SE trending
lineaments are up to several tens of kilometers and are most
prominent in the central part of the study area, i.c., west of

San Antonio de los Cobres (Figure 2). These NW-SE
trending lineaments progressively decrease in spatial density
and length toward the northeast and southwest. In the
western COT, the lineaments are rare, and here the presence
of NW-SE trending systems may be evident by the align-
ment of the Tul-Tul, Del Medio and Pocitos volcanoes
(Figure 2). In many cases, as to the south of the San Antonio
de los Cobres area, the NW-SE trending lineaments cross-
cut the N-S trending ones; in other cases, as in the central
part of the area, N-S trending lineaments merge with NW—
SE trending ones, forming sigmoidal lineament patterns
(Figure 2).

[12] A compilation of fault zones from published geo-
logical maps [Hongn and Seggiaro, 2001; Marrett et al.,
1994; Blasco et al., 1996] shows the pervasive presence
of N-S trending regional fault systems, with either reverse
or normal sense of displacement (Figure 2). However, NW—
SE trending faults have also been identified, largely in the
central part of the studied area, where their length and
spatial density is maximal, and generally coincide spatially
with the NW-SE trending lineaments. The kinematics of
NW-SE striking faults is not well known, but sometimes
reported as left-lateral transtensive [Marrett et al., 1994, and
references therein]. Their activity dates broadly to the

3 0f 19



ACOCELLA ET AL.: TECTONOMAGMATIC FEATURES OF COT TC3005

TC3005

*S[1eIdp JIoYINy J0J
X9} 990G SISAJBUE [EINIONLS JO SIS A} JO UONBIO] Y} 0} JJAI s1oquuiny] “pajtodar os[e are (sdewr 9[qe[IeA. UO UMOYS S ‘Pl Ur)
syrney Jolewr oy pue ‘sdewr ajr[ares woy A[qISIA os[e ‘(an[q ur) syuauresur] Jofew JY ], ‘010, [-0ISeWy “TV ‘seung seT ‘g
‘so[owan) so ‘D7 ‘ofiperes 14 ‘SH ‘eosedny ‘Y ‘edwy) ‘HYO sepewrey VY (Aeoy OV ‘eHony BISON AN o[nuediQ
—OLO [d ‘ONA ‘sauare)) sendy Qv (So[[LIoy)) 9p 0IZoN ‘DN OWIU0Iof UeS ‘rS 9[3znJ, ‘7] ‘Iewod0], ‘Ol ‘oloynzy
‘7v ‘reaan) ‘N s0300d ‘0d O [ ‘AN ‘ML-L ‘NI ‘uooury ‘T "(so[Suern pai) s1ojuao Jofewr [z Jo A1anoe ay)
M pajerdosse s)sodop onewdeur 9} JO SAINJeI UreU ) pue Jud)xd oY) Suntodar ‘1O d1e-3o.q 9y) Jo INAJ °T 2In31g

Hne4 / Jajuso onewbep W._ 300}s SIS

oued|on0jel)S

Heseq
‘91ju89 aAIsny3g

a}oep-eysepue a)ljoAys ‘aus0
‘MOJj pUB BWOP BAET onewbewoiealyd

uswiaInsesw
_M_:“os_“w joeyg 04  juswesur / e |L Plel equiub)|

4 of 19



ACOCELLA ET AL.: TECTONOMAGMATIC FEATURES OF COT TC3005

TC3005

‘[w861] 70 12 21uowmary y [6661] v 12 21aournag 9 [0861] 4210nby p {[9007] v 12 Mojowwy 0 [0107] v 12 d1nouLyag ‘q {[8007] I 12 1yonzzvpy ‘e SMO[[0} St I SOURIYNY
"BJep JUSIdIFNSuL
Juasadar s[[99 Jue[g "UONBWLIOJOP OY} JUNSOY SYI0I Ay} JO (9OUDIOJOI PAJRIOOSSE (M) S}un 9130[093 pue ‘A3ojoyy ‘05 dy smoys os[e d[qe} Y], */ 2InJ1 ul pajtodar sI soxe dy) Jo uonezIensiA “(S[rejop 1oy
1X9) 393S) $INBJ 7 < YIM SI)IS JUSWAINSLIW ) J0J SPOYIAW SISATRUR OTWERUAD OLISWNU PUB ‘UOISIOAUI 11D ‘] -4 Y} SUISn paureiqo se ‘saxe urens pue ssans ay) Jo (dip pue a311s) UONLIUSLIO Y SISI] 3[qe) YL,

[B)USUIUOD ATEJUSWIPaS snoodeIerd> VAN z 880 SE/ILT  ¥S/SOT  L0/900 S 8€°0  O1/19T 9¥/100 TH/TOT 9T/L9T  L¥/IST  SO/€00 €1 OL
() snup) dnse[P0IA] Sepeuey BN 8> 1I-d SE/EIT  1S/0L0  SIBIE € 69
(2 ‘p) syun onseooIAd rewodo], BN S0-S 1> VAN 9 780  SO/SEE  8P/OFT THOLO 8 0T0  $0/9T0 60/S6T 08/0¥1 +1/STE  65/00T €T/890 ST L9
susodop [eran[[e [euounuo)) BN 7> VaN 0 70 91/2ST  T0/190  +L/9T€ T 680  €9/760 SI/FIT TTOIE FIOST  60/9S0 TLWIE S 99
UOHBULIO] BUROSIAOOUN] o10zodfed> VAN z LTO  01/001 +0/161  6L/20€ ¥ 90 €E911  SH9¥T LTLOO TI/LLO  €1/TL1  S9/SLT TI 79
(0) eAe| oysopue epeNy eIZON BN €'L> ‘SsIAUL G 1€0  80/20T vIAM6T  vLISYE ¥ TTO LO/60T  TO/8T0  T8/OLT LO/SOT  TE/E61  S9/900 +¥T 19
(q) opquirudr rewere], BN 01> VAN 0 9v'0  LO/SIT TINOIT 9L/6SE 0 8T0  ¥IKOE  61/60T 99/690 90/LIT OI/LOT LL/SSE S 6§
UONEULIO,{ BUEDSIA0IUN 010209Ed> 1I-d 01/LT0  LS/18T 1g/€Tl €SS
UONEBULIO,| BUEOSIAOOUNY o10ZOd[Ed>  SIOAU] I 6L'0  T9/6vE  61/81T 0T/OTI 1 0L'0  OL/6YT S1/8T0 €I/ITL  L8/OTE 8OMHFE  10/9ST S ¥S
(dno1p ®y[es) UonEULIO S)LIOOBX WP  SNOVBRID> VAN I €8°0  6E/SIT  SEOPT  TESSE 0 §S°0  LL/6ET 60/601 OI/LTI0 T¢/TIIT  61/S1T th/SEE 9 €S
(dno1p ejeS) UONEULIO] A)EIOOEA ‘WHPAS  SNOAOEOID>  I-d 65/28C  91/1¥0  0T/9¢1 T  0S
UOIBULIO BUBISIAOOUNG o10zodled> VAN I 990 TO/LET ¥E/LVO  9S/8TT 9 060 0/68T 0V/TTO  6v/H61  10/6T€  LL/TOS  S1/6TC ¥1 8
(v) oue1s seung se] e p1> VAN z 960 TO/SST  6L/LST T1/S90 L 610 $9/291  +T/600 O1/FLT  SO/9EE  SLI6ET  #0/690 LI St
(&) 1oquisw ¢ o1y ‘seAe] BN LbL> VAN 0 990 $0/910 61/L01 1LLT 1 €00 60/bSE  61/19T  69/801  €0/0T0 1€/10€  99/460 TI  9¢
UOTJBULIO,{ EUEDSIA0OUN o10zodled> VAN 4 SL'O  TO/SOE  LL/TKVO  TIHIT S $8°0  S0/69T LE/TO0  €S/TLT  YO/STE  19/650 €TAHTT ST 0F
UOLBULIO,] BUBISIAOOUN o0zoded> VAN z LY0  SO/IST  €0/090 +8/86T ¥ LEO  T0/901 TO/961  88/9S€  €I/191  8S/9%0 L/LET LI 9T
(e) 10quIsw drUED[OA SEASN) SB] BN 11> VAN 0 €5°0  10/8L0 90/8Y€  ¥S/HLL 0 S0 €E/0SO  YE/S6T  6E/TLT  00/6L0  60/6vE  ¥8/081 S tT
(e) onuesd seung se] e P> VaN 8 €40 10/900 L9/860 €T/SLT 01 6v'0  €0/L8T  ¥9/160 9T/6LT TO/I6T  SLVOL  61/8LT ST €T
UOBULIO, BUBDSIAODUNJ o10Zoded>  SPAU]  [] 88°0  I1/19T €O/ILT  8L/890 6 €00  8L/T01  €0/8SE€  11/89T I11/SST  TS/LSE €8/LST 1T TT
UOTJBULIO,{ EUEDSIA0OUNG o10zodfed> VAN 8 980 T0/9T0 91/96T ¥LATI 6 80  €0/0KT  S0/0SO  ¥8/6ST TO/IE0  60/LYPT  99/09C 1€ 1T
(®) onueid seung se] e p1> VAN I L90  €1/881 0€/S8T LS/8LO T 790 90/€Tl  T0/EE0  ¥8/€6T 60/681 TH/68T SH/ELO 6 Pl
UOHBULIO] BUROSIAOOUN] o10z0dfed> VAN 0 €0 €T66T  LI/SST  L1/9E0 1 S0 LL/6LO TI/OLT #0/S8T  0T/10€  89/6¥1 TI/9€0 01  OI
QU o150[09D o3y XeN  POURN AAN (urens)y €Y 44 IY  AAN (ssems)y €0 o 10 L q d N s
SISA[euy JIWeuA(q OLIWNN POYISIA UOISIOAU]T 10311 POUyIN 1-d

Jered dis e o jo siskfeuy [ dlqe

50f 19



TC3005

ACOCELLA ET AL.: TECTONOMAGMATIC FEATURES OF COT

TC3005

Figure 3. Collected structural field data set relative to the back-arc COT. The data are plotted on lower
hemisphere equal-area projections according to respective sites (numbered; for location see Figure 2);
solid lines, faults; dashed lines, joints; arrows within the plots represent sense of movement, as inferred

from striations.

Neogene, as they mostly affect sedimentary deposits of this
age [Blasco et al., 1996].

[13] The spatial congruence, in location and orientation,
of lineaments inferred from remote sensing with faults evi-
dent from geological maps suggests that a significant por-
tion of the lineaments formed by faulting. Moreover, many
magmatic centers are aligned in correspondence with NW—
SE and N-S trending lineaments and faults. The congruence
of remotely sensed and mapped faults also shows that the
NW-SE systems are more abundant and prominent, in terms
of spatial density and length, in the central COT area (Figure 2).
Here, the COT reaches its maximum width of approximately
50 km, and narrows toward its eastern and western termini
(reaching a width of ~20 km and < 10 km, respectively).

3.2. Structural Analysis

[14] Structural field data were collected mainly on the
major NW—SE and N-S trending fault systems of the back-
arc COT, in order to better characterize their geometry,
kinematics, principal paleostress directions and relative age.
The data include faults and, subordinately, extension frac-
tures (Figure 3). Identification and measurement of slick-
enlines on fault surfaces allowed us to constrain the fault
kinematics. The slickenlines consist of striations, sometimes

associated with mineral fibers. The sense of slip on the faults
was also determined by the orientation of microscale and
mesoscale indicators, such as stylolites, extension fractures,
Riedel shears, steps and chatter marks. Our structural analysis
includes also data by Acocella et al. [2007] and Mazzuoli
et al. [2008].

[15] Deformed lithologies include metasedimentary, sed-
imentary (marine and continental), intrusive and volcanic
(lavas and pyroclastites) deposits (Table 1). The age of
the rocks affected by brittle deformation ranges from the
Precambrian metasedimentary Puncoviscana Formation to
Quaternary alluvial deposits (Table 1) and allows us to
estimate the maximum age of brittle deformation for various
locations (Figure 2). Hence, maximum deformation ages
vary from Paleozoic to Quaternary, but minimum ages could
not be determined.

[16] In general, extension fractures and faults of the back-
arc COT strike mostly NW—SE and N-S and dip to the east
(Figures 3 and 4a). However, the separation of extension
fractures and faults shows that the former exclusively have a
NW-SE to E-W trend (Figures 4c and 4d). The extension
fractures and faults usually have a high angle to subvertical
dip (Figure 4b). Therefore, the strike of the main structures
observed in the field (Figure 4) is broadly consistent with
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Figure 4. Geometric characteristics of all faults recorded from the back-arc COT. (a) Strike and (b) dip
of extension fractures and faults. (c) Strike of faults and (d) extension fractures.

that obtained from remote sensing and published geological
maps (Figure 2).

[17] Fault crosscutting relationships at 7 sites show that
the N-S trending faults are older than the NW-SE trending
faults, whereas the opposite has been observed at 2 sites.
These relationships, as well as the above mentioned coeval
development of the ~N—S and ~NW-SE trending lineaments
show that (1) some COT-parallel structures postdate the
activity of the ~N=S trending regional structures and (2) other
COT-parallel and ~N-S regional fault systems are coeval.

[18] The geometric and kinematic features of the COT-
parallel faults and extension fractures have been further
investigated (Figure 5). The back-arc COT lineaments are
characterized by an overall N60°W trend (Figure 2); in order
not to exclude from our analysis any fault potentially related to
the COT, even though with a slightly different strike, we
have considered all fractures striking between N20°W and
N100°W, that is N60°W = 40°. All faults included within this
wide range show a preferred strike, peaking at ~N50°W.
Conversely, the extension fractures show two main clusters,
coinciding with a ~N50°W strike and, subordinately, an
~E-W one (Figures 5a and 5b). The dip of faults and
extension fractures varies from high angle to subvertical and is
consistent with that of the entire fracture population (Figure 3).
The slip of the faults is expressed through the pitch angle
of the slickenlines, which ranges from 0° to 180° and corre-
sponds to pure strike-slip motions, whereas pitches of 90°
correspond to pure dip-slip motions. The pitch distribution has
been reported, in Figure 5d-5f as a function of the displace-

ment, as estimated from marker offsets. Large faults have
displacements > 10 m, medium faults have displacements
between 1 and 10 m, and minor faults have displacements
< 1 m. Independently of the considered range of fault dis-
placements, COT-parallel structures have a wide kinematic
variability, ranging from dip slip to strike slip. However, a
predominance of transtensive motions can be derived from the
three displacement domains (Figures 5d-5f). More specifi-
cally, the observed dip-slip component is normal at 40 faults,
whereas it is reverse at 4 faults. The strike-slip component is
left lateral at 62 faults, whereas it is right lateral at 14 faults.

[19] The spacing of the COT-parallel faults varies con-
siderably and appears to correlate with their displacement
magnitudes. On the one side, major fault zones, with dis-
placement of several tens of meters at least are associated
with cataclasite, and found within less frequent but narrower
(less than a few tens of meters wide) zones of deformation.
An example in Figure 6a shows a NW-SE trending area
characterized by pervasive cataclasite, in which relicts of
COT-parallel faults are found. As the amount of cataclasite
and fracturing decrease away toward the NE and SW sides,
the area shown in Figure 6a represents the core of a major
damage zone associated with COT-parallel faults, similar to
what is observed elsewhere [Gudmundsson et al., 2010].
These cataclasite zones usually have a distinct geomorpho-
logic expression, such as the presence of fault scarps, evi-
dent at site 21 (Figures 2 and 3). On the other hand, minor
fault zones, where each fault has a displacement of a very
few tens of cm, consist of regularly spaced (a few meters)
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Figure 5. Geometric and kinematic features of the ~\NW-SE (striking between N20°W and N100°W)
extension fractures and faults. Strike of (a) extension fractures and (b) faults. (c) Dip of faults. (d—f) Dis-
tribution of fault pitch as a function of the displacement on the fault (see text for details).

fault segments, forming a tens of meters wide fault zone,
without any evident geomorphic expression, as observed at
site 26 (Figure 6b). The motion of these minor fault zones
also points to overall transtension.

3.3. Fault Slip Analysis

[20] In order to further determine the kinematic regime,
notably local shortening and extension directions, of the
back-arc COT, the orientation of small-scale faults and
associated sense of slip was measured at 23 sites (Table 1;
see also auxiliary material)." The sense of slip on the faults
was inferred from the orientation and geometry of stylolites,
dilation fractures, Riedel shears, steps in mineral fibers
and chatter marks. The fault population consists chiefly
of ~\NW-SE striking sinistral and normal faults, ~N-S striking

'Auxiliary materials are available at ftp://ftp.agu.org/apend/tc/
2010TC002854.

dextral, dextral oblique and reverse faults, as well as ~\NE-SW
striking normal and oblique normal faults (Figure 7). NW—SE
striking sinistral and (oblique) normal faults are more preva-
lent at sites from within the central COT corridor (delimited
by yellow stippled lines in Figure 8). Conversely, strike-slip
and reverse faults are more developed outside the central COT
corridor (Figure 7).

[21] For each fault population per site, the principal strain
and paleostress directions were calculated (Table 1) using
the P-T method [Turner, 1953], the direct inversion method
[Angelier and Goguel, 1979] and the Numeric Dynamic
Analysis (NDA) [Spang, 1972]. These methods adhere to
the Mohr-Coulomb Ceriterion for brittle fracturing. The P-T
method and NDA result in rudimentary strain tensors, i.e.,
directions of the three principal reciprocal strains (A; > A\, >
A3) and the strain ratio (Rgyain). For these methods, we
assumed that the angle between A; and the maximum
resolved shear strain, generally believed to be parallel to the
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NE

Figure 6. Field examples of (a) major and (b) minor COT-parallel fault zones, characterized by a more
focused and pervasive (site 21; Figure 3) and a broader less intense area of deformation (site 26; Figure 3),
respectively. In particular, Figure 6a shows a NW-SE trending area characterized by pervasive cataclasite,

in which relicts of COT-parallel faults are found.

mineral lineations on the shear faults, is 30°, which is within
the limits of experimentally obtained values for this angle
[Byerlee, 1968]. The direct inversion method provides sol-
utions in terms of rudimentary paleostress tensors, notably
the directions of principal paleostress axes (o7 > 0, > 03)
and the stress ratio (Rgyess). In addition, the direct inversion
method and NDA give the number of fault planes whose
measured slip senses are opposite to the ones predicted by a
particular solution (indicated as “negative expected value”
nev in Table 1). For further assumptions each method relies
on, see reviews by Twiss and Unruh [1998] and Sperner
and Zweigel [2010].

[22] The direct inversion method and NDA require at least
four independent fault orientations per site. As four sites
contained less than four faults (Figure 3), 19 sites were used
for brittle fault analysis to constrain the shortening and
extension directions of the back-arc COT (Table 1 and
Figures 7 and 8). The choice of which method was used for
a given fault population was based on the nev (Table 1) and
the best fit of principal axes orientations with respect to fault
orientation and slip sense (Figure 8). We found that short-
ening and extension directions of most brittle fault pop-
ulations from COT were best represented by the NDA,
whereby the P-T method resulted in similar paleostrain
solutions (Table 1). Only for three sites the direct inversion
method was preferred over the NDA. We, therefore, inter-
pret the brittle fault populations of the back-arc COT in
terms of paleostrain.

[23] Principal shortening and extension axes projected to
map view show a distinct spatial pattern within the back-arc
COT (Figure 8). Fault populations away from the central

corridor of COT are spatially associated with lower-order
(smaller in dimension), ~N-S or ~NW-SE striking reverse
faults or may be related to the formation of the Negra
Muerta caldera (sites 61 and 62). Away from this central
corridor, shortening directions are oriented crudely ~N-S
and extension directions are oriented ~ESE-WNW. The
average strain ratio for these fault populations is 0.56
(Table 1), suggesting plain strain conditions. Shortening
directions change progressively in orientation from north-
erly toward ~ESE-WNW with proximity to the central COT
corridor (i.e., sites 10, 48 and 45 north of the corridor, and
sites 70 and 53, south of the corridor). Within the central
COT corridor, shortening directions are vertical and stretch-
ing directions are oriented crudely N-S (see diagram dis-
playing COT A;— and A; axes in Figure 7). Here, faults are
spatially associated with lower-order faults striking ~WNW-—
ESE, i.e., parallel to the overall strike of the COT. The average
strain ratio is 0.7 (Table 1), indicating that axial extension is
more prevalent within the central COT. The obliquity between
calculated shortening directions and lower-order faults points
to a sinistral component of displacement on these faults.
Vertical shortening and sinistral displacement amount to
sinistral transtension within the central COT corridor.

4. Age and Composition of COT Magmatic
Rocks: An Overview of Existing Data

[24] In the last decade, several studies focused on the
evolution of the Miocene and younger back-arc magmatism
in the Central Andes, notably with regard to the transverse
volcanic belts (e.g., see references in the works by Trumbull
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Figure 7. Structural data and related strain and stress axes for individual sites (for location of sites see
Figure 2) characterized by fault slip analysis, with > 4 faults per site. The data are plotted on lower
hemisphere equal-area projections. Quantities of the rudimentary strain and stress tensors are listed in

Table 1.

et al. [2006] and Mazzuoli et al. [2008]). In this section, we
consider these studies to provide an overview of the main
compositional and age variation for the COT magmatic
rocks (Figure 9a).

[25] As a general consideration, the magmatic rocks along
the back-arc COT are compositionally diverse, ranging in
silica from 51 to 75 wt % (Figure 9b and Table 2) and

include mafic rocks with different affinity (basaltic andesites
and shoshonites; Table 2). Most volcanic deposits on the
COT are andesites and dacites. Approximately 650 km® of
mainly dacitic magma are estimated to have been erupted
from the Aguas Calientes center alone [Petrinovic et al.,
2010]. Rhyolites are represented by some phreatomag-
matic tuffs and lavas in the central sector of the back-arc
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Figure 8. Map view of the distribution of the orientation of the P and T axes derived from the structural
analysis along the back-arc COT. The corridor corresponding to the central portion of the COT is delineated

by dashed lines.

belt (Ramadas and Tocomar [Viramonte et al., 1984;
Petrinovic and Colombo Piniol, 2006]). Mafic rocks are
represented by basaltic andesites in the western sector (Tul-
Tul [Matteini et al., 2002]) and eastern sector (Chimpa
[Arnosio, 2010]; Almagro [Mazzuoli et al., 2008]) and by
shoshonites of 0.7-0.03 Ma monogenetic centers in the
central and eastern sector of the back-arc (San Jeronimo,
Negro de Chorrillos, Los Gemelos and EI Saladillo
[Deruelle, 1991; Schreiber and Schwab, 1991; Guzman
et al., 2006]).

[26] Available age data (see references in Table 2) show
that magmatic activity on the back-arc COT occurred almost
uninterruptedly between 17.15 and 5.3 Ma, starting in the
central and eastern sectors, and affecting the entire back-arc
COT between ~12 and 5.3 Ma, with a peak at 12-8 Ma
(Figure 9¢c). A gap in the volcanic activity between 5.3
and 1.5 Ma (Tocomar [Aquater, 1980]) was followed
by volcanism in the central Puna and Eastern Cordillera
(Figure 9c). Mafic magmas were erupted at 12, 7-5 and
< 1.5 Ma (Figure 9d).

[27] There is no apparent trend in age or composition for
the magmatic products transverse to the strike of the COT.
However, the overall composition of the magmatic products
older than 5.3 Ma as a function of their location along the
back-arc COT allows us to distinguish four main groups
(groups A, B, C, D in Table 2 and Figure 9). These groups
correspond to the main morphostructural regions of the
COT, i.e., Western Puna, Central Puna, Eastern Puna and
Eastern Cordillera (Figure 9a). The composition of the
rocks of the four groups lacks a clear subduction imprint
(Ba/Nb < 40; Figure 9¢), and indicates that different mantle

and crustal domains were involved in magma generation,
evident by the following points.

[28] 1. In the Western Puna, immediately behind the arc,
group A basaltic-andesitic to dacitic magmas (Table 2 and
Figure 9) formed the stratovolcanoes Tul-Tul, Del Medio
and Pocitos. Volcanic rocks of these magmatic centers show
particularly high Ba/Rb, Sr/Y and La/Yb ratios (Table 2)
and have been interpreted as being derived from magmas
generated by partial melting of a garnet-bearing lower
crustal source and differentiated by MASH processes
(melting-assimilation-storage-homogenization [Matteini
et al., 2002]), at the base of a thickened crust.

[29] 2. In the Central Puna, group B andesite and dacite
magmas (Table 2 and Figure 9) erupted mainly as ignim-
brites (Aguas Calientes center [Petrinovic et al., 1999,
2010]). These centers show a peraluminous character (molar
Al,04/CaO+Na,O+K,0 > 1) and high ¥’St/*°Sr, suggesting
the involvement of the upper crust in the genesis of these
magmas (Figures 9f and 9g).

[30] 3. In the Eastern Puna, group C andesitic rocks
(Table 2 and Figure 9) produced stratovolcanoes, lava flows,
domes and silicic ignimbrites. These products derive by
mantle sources mixed with crustal melts [Petrinovic et al.,
1999, 2005; Arnosio, 2010].

[31] 4. In the Eastern Cordillera, group D andesitic mag-
mas (Table 2 and Figure 9) were emplaced at 14-12 Ma
(Las Burras). They show low Ba/Nb and La/Ta and rela-
tively high Nb and low ®*’Sr/*®Sr ratios, and formed by
differentiation of magmas from a low *’Sr/*®Sr lithospheric
mantle that was rich in K, Rb, Th, with negligible crustal
interaction [Mazzuoli et al., 2008]. Conversely, the magmas
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Table 2. Synthesis of the Main Volcanological, Petrological, Geochemical, and Age Data on the Magmatic Rocks of the Back-Arc COT*
magmatic Centers Field Characteristics SiO, Range
Group Location and Age® (Ma) and Rock Type (wt %) Sr/Y Main Petrogenetic Models
A Western Puna 1, Rincon (11.7); basaltic andesite to 55-64 25-80  melting of garnet-bearing
2, Tul Tul (8.1-7.3); dacite stratovolcanoes lower crust (MASH)
3, Del Medio (5.7);
4, Pocitos (8.3)
B Central Puna 5, Quevar (10, 8.6-7.5); andesite stratovolcanoes, 61-67 10-30 upper crust melting,
6, Azufrero (8.0); andesite to dacite ignimbrite shallow AFC
11, Aguas Calientes blankets, calderas
(17.15-10.3)
C Eastern Puna 12, El Morro—Organullo (13-6); basaltic andesite to 52-74 15-50 shallow fractional
13, Negra Muerta (9-7.3); dacite lava domes and crystallization and mixing
14, Acay monzonite (13); flows and stratovolcanoes, of mantle- and crust-
15, Ramadas (8.5); dacite ignimbrite blankets, derived melts
16, Chimpa (12); rhyolite phreatomagmatic
17, Rupasca (11.4) centers, calderas
D Eastern Cordillera 20, Las Burras-Pancho basaltic andesite to 52-66 15-25 melting of lithospheric
Arias (15-12); dacite lava domes and flows, mantle sources, with a
21, Almagro (11-6) cinder cones, intrusives major change at 11 Ma,
and moderate FC and AFC
E Central Puna 7, Tocomar (1.5-0.55); rhyolite phreatomagmatic 52-73 31-36 rhyolite, upper crust
8, Tuzgle (0.5); centers, shoshonite to latite melting; shoshonite,
9, San Jeronimo (0.78); effusive monogenetic centers low % partial melting
10, Negro de Chorrillos (0.45) of metasomatized
lithospheric mantle
E Eastern Cordillera 18, El Saladillo (<1); shoshonite effusive 51-54 2845 low % partial melting

19, Los Gemelos (0.035)

monogenetic centers

of metasomatized
lithospheric mantle

“MASH, mixing-assimilation-storage-homogenization; FC, fractional crystallization; AFC, fractional crystallization and concomitant crustal assimilation.
PError on ages between = 0.2 and = 0.9, except Quevar: 10 £ 2 Ma. References for group A: 1, Gardeweg and Ramirez [1987]; 2, 3, and 4, Koukharsky
and Munizaga [1990] and Matteini et al. [2002]. References for group B: 5 and 6, Olson and Gilzean [1987] and Petrinovic et al. [1999]; 11, Petrinovic
et al. [2010, and references therein]. References for group C: 12, Petrinovic et al. [1999] and Arnosio et al. [2005]; 13, Riller et al. [2001] and Petrinovic
et al. [2005]; 14, Haschke et al. [2005]; 15, Viramonte et al. [1984]; 16, Arnosio [2010]; 17, Petrinovic et al. [1999]. References for group D: 20 and 21,
Sillitoe [1977], Hongn et al. [2002], and Mazzuoli et al. [2008]. References for group E: 7, Aquater [1980] and Petrinovic et al. [1999, 2006]; 8, Coira and

Paris [1981], and Coira and Kay [1993]; 9 and 10, Aquater [1980], Deruelle [1991], and Kay et al. [1994]; 18 and 19, Guzman et al. [2006].

erupted after 12 Ma (Almagro) have relatively high
87Sr/%Sr (Figure 9g), despite an even more mafic compo-
sition. These magmas require an isotopically enriched,
lithospheric mantle source [Mazzuoli et al., 2008]. Appar-
ently, the crust plays a minor role on magma generation in
this back-arc sector during activity of the COT.

[32] Post 1.5 Ma volcanic activity differs from the previ-
ous activity. This younger volcanism occurs both in the
Central Puna and Eastern Cordillera and forms an additional
volcanic group, i.e., group E (Table 2 and Figure 9). This
group includes (1) lavas with shoshonitic affinity, erupted
from monogenetic centers [Deruelle, 1991; Schreiber and
Schwab, 1991; Petrinovic et al., 2006], (2) high-K ande-
sites and shoshonites of the Tuzgle volcano [Coira and Kay,
1993] and (3) the rhyolitic, peraluminous tuffs of the
Tocomar volcanic center. The shoshonitic rocks show 7—4 wt
% MgO in the Central Puna (San Jeronimo and Negro
de Chorrillos) and 9-7 wt % MgO in the Eastern Cordillera
(Los Gemelos and El Saladillo; Figure 9d), a high content in
compatible elements, high Ba/Nb (Figure 9¢) and Sr isotopic
ratios of 0.7064-0.7077 (Figure 9g). The generation of
magmas with these chemical characteristics requires little
partial melting of a metasomatized, garnet-bearing litho-
spheric mantle source [Deruelle, 1991; Kay et al., 1994;
Petrinovic et al., 2005; Guzmdan et al., 2006]. Therefore, the
eruption of the post—1.5 Ma shoshonites represents a three-
fold novelty, as (1) shoshonitic magmas were erupted first
on the COT, (2) monogenetic centers occurred for the first

time along the COT (Table 2), and (3) the same type of
activity occurs both in the Puna and Eastern Cordillera, in
contrast with the pre-5 Ma distinction in groups.

5. Discussion

5.1. Interpretation of the Remote Sensing, Geological,
and Structural Data

[33] The distribution of the lineaments and the major
known fault systems on the back-arc COT shows an overall
good spatial correlation, in terms of location and orientation,
suggesting that most of the lineaments are due to faulting
(Figure 2). Most faults trend ~N-S and ~NW-SE, with
the latter ones occurring in the central portion of the COT
and spatially associated with volcanic centers (Figure 2).
Moreover, the geometric continuity between part of the
~N-S and ~NW-SE fault systems (Figure 2) suggests that
part of these faults are coeval. These relationships are
supported by the structural field data. Specifically, fault
crosscutting relationships show that ~N—-S and ~NW-SE
systems are in part coeval, even though a significant part
of the ~NW-SE systems postdate the ~N-S trending
regional structures. Also, the age of the sedimentary and
volcanic deposits, which are affected by the ~NW-SE
striking faults, points to significant late Neogene to Qua-
ternary tectonic activity (Table 1). Quaternary activity of
the COT is consistent with seismicity in this area, indi-
cating left-lateral motion on the COT [Schurr et al.,
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1999]. Shortening in the Puna, as due to the activity of
~N-S trending reverse faults, terminated mostly prior to
~10 Ma [Cladouhos et al., 1994; Coutand et al., 2001,
and references therein; Miiller et al., 2002], while shorten-
ing in the Eastern Cordillera is ongoing [Marrett et al., 1994;
Marrett and Strecker, 2000]. These considerations suggest
that structures of the back-arc COT have been active from
the Miocene to the Present. This age interval is broadly
consistent with that of magmatic activity along the back-arc
COT (Figure 9), pointing to a genetic relationship between
magmatism and deformation.

[34] The ~NW-SE trending COT faults dip steeply and
adhere to an overall transtensive kinematic regime (Figures 5
and 7). Therefore, the kinematics of the back-arc COT,
as defined in this study, suggests that the other NW—SE
trending structures in the Central Andes (Figure 1) are also
characterized by left-lateral transtension.

[35] If we consider our structural data to be representative
of the entire back-arc COT, they may allow us to make the
following points.

[36] 1. The back-arc COT, in addition to a magmatic and
geomorphologic characterization, has a structural expres-
sion, which corresponds to a major left-lateral transtensive
fault zone. This supports previous tectonic models and
structural results on individual portions of the COT [Riller
et al., 2001; Ramelow et al., 2006; Petrinovic et al., 2006].

[37] 2. The likely Miocene to Quaternary activity of the
COT structures crudely overlaps in time with the Miocene to
Quaternary activity of the magmatic centers. As it will be
discussed in section 5.2, the observed transtensive motion
along the COT may provide favorable conditions for the rise
and emplacement of magma.

5.2. Structural Control on Magmatism of the COT

[38] Strike-slip and transtensive fault kinematics are
responsible for localized areas of horizontal extension
(forming pull-apart basins, tension gashes, releasing bends),
which may provide the space required for the storage and
transport of magma [e.g., Bellier et al., 1999; Lavenu and
Cembrano, 1999; Garcia Palomo et al., 2004, and refer-
ences therein]. Strike-slip and extensional structures at the
surface require equivalent kinematic regimes at depth in the
crust, evident by the syntectonic emplacement of plutons,
constituting the magma chambers of arc volcanoes [e.g.,
Morand, 1992; Moreau et al., 1994; Vigneresse, 1995;
Castro and Fernandez, 1998; Gibbons and Moreno, 2002;
Wagner et al., 2006]. Therefore, strike-slip and transtensive
structures may well control magma transport and emplace-
ment in arcs at shallower and deeper crustal levels.

[39] The importance of local extension for localizing
magmatism along the COT is supported by our structural
field evidence, indicating that orogen-parallel extension is
focused in the central COT corridor (Figure 8). Also, the
tectonomagmatic relationships described above apply to the
21 main magmatic centers of the COT (Figures 2 and 9).
Information on the structural control is available for 13
magmatic centers, 9 of which are located in the Puna and
4 in the Eastern Cordillera. Studies on the 9 centers in the
Puna (Tul-Tul, Del Medio, Pocitos, Tocomar, Negro de
Chorillos, San Jeronimo, Aguas Calientes, Negra Muerta
and Chimpa; Figure 2) suggest that magmatism was con-
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trolled by the activity of COT-parallel faults and/or related
extensional structures [Petrinovic, 1999; Riller et al., 2001;
Arnosio, 2002; Matteini et al., 2002; Ramelow et al., 2006;
Petrinovic et al., 2005, 2006, 2010; Petrinovic and Colombo
Piriol, 2006]. Conversely, the development of the 4 centers
in the Eastern Cordillera (El Saladillo, Los Gemelos, Las
Burras, Almagro) appears to be also controlled by the activity
of N-S trending transpressive faults [Guzmdan et al., 2006;
Acocella et al., 2007, Mazzuoli et al., 2008]. Therefore,
activity of magmatic centers located on the Puna may be
chiefly controlled by COT-related structures, whereas the
activity of the centers within the Eastern Cordillera is also
controlled by the ~N-S fault systems. This behavior reflects
likely the deep structure of crust underlying the Puna and
the Eastern Cordillera. In particular, the Puna is characterized
by a relatively lower spatial density of ~N-S trending
regional faults, whereas the Eastern Cordillera appears per-
vasively controlled by the ~N-S striking faults, accom-
plishing basement-involved thrusting and significantly larger
shortening magnitudes than the Puna [Kley and Monaldi,
2002; Miiller et al., 2002; Acocella et al., 2007, and refer-
ences therein]. Independently of these morphotectonic
domains, strike-slip faults (NW-SE striking transtension
zones and, subordinately, ~N—S striking transpressive fault
zones), seem to provide ideal conditions for localizing
magmatism along the COT.

[40] In broader terms, our data from the back-arc COT
show that there is a spatial correlation between the fre-
quency of the lineaments and faults (calculated from
Figure 2 and shown in Figure 10b) and the areal distribution
(in km?) of the magmatic deposits (calculated from Figure 2
and shown in Figure 10c), with a peak in the central part.
Specifically, the central portion of the COT is the widest;
to the east and to the west, the spatial density and length
of faults decrease significantly (Figure 10). If we consider
the areal distribution of the magmatic deposits as indicative
of their volume, this correspondence implies that most of
the magma was erupted in the tectonically more developed
central portion of the back-arc COT.

[41] A correlation between the overall geometry of the
COT and the composition of its magmatic rocks is also
apparent from our data. Geochemical data from the 17-5 Ma
COT magmatic centers show a marked difference in com-
position between the magmas spatially associated with the
central part of the COT and those found toward its eastern
and western extremities (Table 2 and Figures 9 and 10). The
latter include mantle-derived magmas that are moderately
differentiated in crustal reservoirs. Conversely, magmatic
rocks from the central COT are mostly derived from evolved
magmas (dacite-ryholite), with a clear component from
upper crust melting (Table 2 and Figure 10d, continuous
lines). A similar trend, although with lower volumes of
erupted magmas, is also shown by the volcanic activity in
the last 1.5 Ma (Figure 10d, dashed lines): rhyolites and
high-K andesites accompany shoshonites in the central
back-arc COT, while only shoshonites occur in the Eastern
Cordillera. It is also noteworthy that, in agreement with this
evidence, post—1.5 Ma shoshonites in the Central Puna show
a moderate degree of differentiation by fractional crystalli-
zation during magma ascent in the crust, whereas shosho-
nites in the Eastern Cordillera show more primitive chemical
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Figure 10. Summary of the main tectonomagmatic features of the back-arc part of the COT. (a) Sketch
reporting the location (triangles) and extent (in gray) of the main magmatic centers and the main linea-
ments and faults (from Figure 2). The simplified kinematics of the COT systems, consisting of left-
lateral transtension with an orogen-parallel extension, is also highlighted. (b) Frequency distribution of the
main lineaments and faults (from Figure 2, here calculated with a sampling frequency of 20 km) as a
function of along-COT distance (see trace of profile in Figure 10a). (c) Areal distribution (in km?) of the
magmatic deposits as a function of along-COT distance (calculated with the same sampling frequency of
20 km as in Figure 10b). The mean error is < 20%. (d) SiO» wt % and *’Sr/*’Sr ratio of the magmatic
products as a function of along-COT distance from arc (see trace of profile in Figure 10a); vertical lines
indicate the range of values for each magmatic center. The groups A to E of Figure 9 are also highlighted.
In general, the most fractured central part of the COT shows the highest SiO, and *’Sr/*®Sr values, sug-
gesting an important role of the COT structures on enhancing magmatism at crustal levels. See text for
further details.

15 of 19

TC3005



TC3005

characteristics (e.g., Cr < 100 ppm, 74 wt % MgO, against
Cr > 400 ppm, 9-7 wt % MgO [Deruelle, 1991; Guzman
et al., 2006]). We propose that the magmas from the cen-
tral COT are related to a more permeable, possibly tecton-
ically dilated, zone [e.g., Gudmundsson, 2000], providing
space for the storage of magma in the crust and allowing for
its differentiation and enhancing interaction with crustal
melts. This can also account for the presence of collapse
calderas, which are the surface expression of large and long-
lived magmatic centers, in the central COT. Conversely,
at the western and eastern back-arc COT, the contribution
of the upper crust to magma petrogenesis is limited. This
points to a diminished capacity of magma storage in the
upper crust, possibly resulting from a lower permeability
brought about by lower magnitudes of horizontal exten-
sion (dilation).

[42] Volcanic rocks from the area between the Central
Puna and Eastern Cordillera (group C rocks; Figure 9)
show characteristics of both evolved and primitive magma
sources. The continental crust seems to be the main source
for the magmas in the Central Puna, whereas the lithospheric
mantle seems to be the dominant source for the magmas in
the Eastern Cordillera. Accordingly, the Negra Muerta
volcanic complex (group C rocks; Figure 9), lies in an
intermediate position, with respective magmatic character-
istics, i.e., mantle- and crust-derived magmas.

[43] Post—1.5 Ma magmatism, such as in the Tocomar
area, is also bimodal and corroborates, at a local scale, our
hypothesis of dilation-controlled magmatic characteristics.
The Tocomar rhyolitic magmas are related to normal faults,
suggesting storage at shallow crustal level. By contrast,
shoshonitic magmas at San Jeronimo are associated with
strike-slip faults, pointing to rapid magma ascent from the
base of the crust [Petrinovic et al., 2006].

[44] In summary, the diagrams in Figure 10 suggest that
the tectonically more developed (Figure 10b) central part of
the back-arc COT was associated with the eruption of large
magma volumes (Figure 10c) and corresponds to large
volumes of magma stored in the crust (Figure 10d). Similar
relationships, between magma volumes and composition
and horizontal extension of crust, have been previously
suggested for convergent and divergent plate boundaries.
For example, at the Peruvian convergent margin, magma
storage has been attributed to larger magnitudes of hori-
zontal extension [Grocott et al., 1994; McNulty et al., 1998].
Similarly, the southern Main Ethiopian Rift, which features
lower horizontal extension magnitudes, is dominated by
mafic volcanic rocks, whereas the central Rift, which is
characterized by larger magnitudes of extension, shows
widespread bimodal volcanism, with felsic magmas from
crustal reservoirs [Hayward and Ebinger, 1996; Ebinger
and Casey, 2001; Corti, 2009].

5.3. The Availability of Magma at Depth

[45] In this study we offer an explanation for the structural
influence on magmatic activity along the COT, as related to
transtensive tectonism. We also briefly address the source
of magma at depth below the COT and located at distances
of nearly 300 km to the east of the active volcanic arc.

[46] The genesis of magma to explain pre—12 Ma back-arc
magmatism has been attributed to steepening of the sub-
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ducting slab [Isacks, 1988; Kay et al., 1999] and thus
replacement of the slab by asthenosphere. This change in
thermal regime may well have provided the initial sources
for the mantle- and crust-derived melts at the central COT.
Subsequent back-arc magmatism, however, occurred during
lithospheric thickening. In this framework, delamination of
the thickened and weakened lithospheric lid has been
repeatedly invoked to explain the local rise of hotter
asthenosphere and magma production in the back arc of
Central Andes [Kay and Kay, 1993; Yuan et al., 2002].
Delamination of lithospheric mantle may explain the initi-
ation and termination of magmatic pulses in other back-arc
settings, such as the Sierra Nevada [Elkins-Tanton and
Grove, 2003]. In the Central Andes, delamination was first
suggested for the most recent (<2 Ma) back-arc magmatism
in the Puna Plateau [e.g., Kay et al., 1994]. However, recent
age determinations of back-arc magmatic products indicate
that the magmatic pulse which may be linked to delamina-
tion in the southern Puna, at 26°S, had its peak at about
5 Ma [Risse et al., 2008; Gioncada et al., 2010]. In addi-
tion, other studies have recently suggested that delamina-
tion may have been the cause for magma generation below
the Altiplano-Puna Volcanic Complex, immediately to the
north of the COT, during 12—10 Ma [McQuarrie et al., 2005;
De Silva et al., 2006]. These repeated magmatic events in
contiguous portions of the Central Andes suggest the occur-
rence of episodic, or piecemeal-type, delamination processes
[McQuarrie et al., 2005], of which the currently detached
lithosphere slab below the Puna [Schurr et al., 2006] is
probably the last episode.

[47] As far as the possible effects of any delamination on
the COT magmatic belt are concerned, our overview high-
lights at least two main periods which require changes in the
mantle melting regions, which may be consistent with the
previously proposed piecemeal lithospheric delamination.
The first period, at 12—11 Ma, is characterized by the abrupt
change in the mantle-derived magma composition with the
Almagro volcanic rocks, in the Eastern Cordillera [Mazzuoli
et al., 2008]. This event coincides with the peak of ignim-
brite activity in the central COT sector and the spreading of
magmatic activity to the entire COT belt (Figure 9), sug-
gesting intense magma generation in the back arc and a
connection with the ~12 Ma Altiplano-Puna ignimbrite
flare-up [McQuarrie et al., 2005]. The second period is
younger than 1.5 Ma and associated with the eruption of
shoshonitic magmas that may well be related to the latest
delamination pulse, also imaged by tomographic data [Kay
et al., 1994; Schurr et al., 2006].

[48] It appears that the occurrence of magmatism in the
back arc of the Central Andes may have been related to
different processes, acting at different times and scales. At
the regional scale, previous studies suggest that the avail-
ability of magma below the back arc of Central Andes may
be related to slab steepening, during early middle Miocene
[Isacks, 1988; Kay et al., 1999] and, most likely, delami-
nation, during middle Miocene to Quaternary, responsible for
the repeated waxing and waning magma generation pulses
[McQuarrie et al., 2005; Risse et al., 2008; Mazzuoli et al.,
2008]. Once the magma was generated, its rise and any
storage in the crust occurred by means of ~NNW-SE trending
transtensive structures. Occasionally, as in the Eastern Cor-
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dillera, ~N-S trending transpressive regional systems may
have further enhanced the rise and emplacement of magma
[Guzman et al., 2006; Mazzuoli et al., 2008].

6. Conclusions

[49] This study allows for highlighting the following points.

[50] 1. Our structural data demonstrate that the back-arc
COT consists of subparallel ~\NW-SE trending fault sys-
tems, with an overall left-lateral transtensive motion. COT
faults formed in Miocene to Quaternary times, are partly
coeval with magmatism, and partly postdate the activity of
N-S striking faults. Transtensive structures create areas of
localized extension and provide favorable conditions for the
ascent and storage of magma.

[51] 2. COT magmatism on the Puna appears to be con-
trolled by ~NW-SE trending structures, whereas magma-
tism in the Eastern Cordillera is also controlled by the
activity of the N—S regional structures.

[52] 3. The most evolved magmas, with a clear crustal
component, were erupted along the central part of the back-
arc COT, where upper crustal faults display higher spatial
density. Mantle-derived mafic rocks, and primitive pro-
ducts, however, seem to have been directly fed by the
mantle and are mainly found toward the COT termini, where
faults are less prevalent. The central COT is also charac-
terized by the largest erupted magma volumes. This implies
larger magma production rates and suggests that larger
dilation magnitudes of the central COT favor the ascent of
magma and the formation of crustal reservoirs.

[53] 4. The occurrence of magmatism in the back arc of the
Central Andes seems related to different processes, acting at
different scales and levels. According to previous studies, at
the regional scale, magma generation may be largely related
to episodic lithospheric delamination. In the last 17 Ma,
during the formation of the COT magmatic belt, we highlight
two periods, at 12-11 Ma and < 1.5 Ma, which may be
related to important changes at the lithospheric scale.
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