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Glassy, plagioclase phenocryst-free, ~7-3 Ma, andesitic lavas
erupted at the southern end of the Andean Central Volcanic Lone
(CVZ) at 27-28-5°S are argued to contain a component from con-
tnental crust that was incorporated into the sub-arc mantle in a
major pulse of fore-arc subduction erosion that removed ~50 km of
Jore-arc. The 7-3 Ma amphibole-bearing Pircas Negras (54—64%
S$10,) and ~7-7 Ma pyroxene-bearing Dos Hermanos lavas erupted
as the frontal arc was displaced some 50 km eastward over a develop-
ing bend in the Wadati—Benioff zone at the northern margin of the
Chilean—Pampean flat-slab region. Theiwr chemistry differs from
that of older Miocene and younger CVZ arc lavas in the region in
having more pronounced high field strength element (La/Ta = 40—
100; Ba/Ta=3800-2400) and heavy rare earth element (Sm/
Yb~4-9) depletions and an extreme adakitic-like character
(~600—1400 ppm Sr; Sr/Yb ~ 400—1350). They also differ from
older Miocene lavas in having higher “S1/"°Sr and lower
NI/ NA at the same wt % Si0s while still showing trends
with increasing wt %o St0 that are best attributed to contamination
in the ~65-70 km thick crust. Overall, the trace element and isotopic
Seatures of the Pircas Negras lavas are consistent with modeling
that attributes differences from older and younger lavas to enrich-
ment of the arc mantle wedge by partial melts of tectonically eroded
Jore-arc crust, with the modeled eroded component being an outcrop
and  geophysically constrained mixture of 80-90%  Jurassic
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mafic magmatic rocks and 10-20% silicic Paleozoic crust. An ada-
kitic-type partial melt of this eroded crust generated at >2 GPa,
reacted with mantle peridotite, can explain the high Mg#£ values
(50-61) and Cr (100-350 ppm) and Ni (40—70 ppm) contents in
some 5—3 Ma Pircas Negras lavas. Pre-eruption temperatures over
1060°C, calculated from mineral thermometry and the MELTS pro-
gram, permit these magmas to subsequently melt and react with
overlying eclogitic crust. Magma storage in this thick crust then led
to amphibole crystallization and suppression of plagioclase fraction-
ation. Quartz and feldspar xenocrysts were acquired from locally
pooled mid-crustal magmas and the silicic upper crustal basement
during final rapid ascent to the surface. Given a constant arc—
trench gap of 300 km over the last 10 Myr, ~198 /fm‘gMyr Tkm !
of fore-arc crust needs to be removed by subduction erosion at §-3
Ma to account for the material balance of the fore-arc crust.

KEY WORDS: adakite; active continental margin; fore-arc subduction
erosion; Andean arc; flat-slab subduction; geochemuistry

INTRODUCTION

The presence of arc geochemical signatures in compos-
itional  estimates of average continental  crust
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(e.g. Rudnick & Fountain, 1995) suggests an important role
for arc magmas in generating continental crust in the
same place that sediments subduct and fore-arc subduction
erosion occurs (e.g. von Huene & Scholl, 1991; Stern, 2011).
A still unresolved question is the fate of subducted fore-arc
eroded crust in these regions. Fore-arc subduction erosion
processes are considered to be particularly significant
along the Andean margin (e.g. von Huene & Scholl, 1991),
which is the region where the process was initially sug-
gested by Rutland (1971) to explain the stepwise eastern
displacements of the Jurassic to present arc magmatic
fronts. Among the most important Neogene arc front dis-
placements are those on the margins of the Chilean—
Pampean flat-slab region that runs between latitude 28°
and 33°S (Fig. 1). It was in this area that Stern (1991)
argued that chemical trends in young arc volcanic rocks
could be explained as well by mantle source contamin-
ation owing to subduction of sediments and fore-arc crust
as by MASH (melting, assimilation, storage and homogen-
ization) processes in the crust, which were specifically ela-
borated by Hildreth & Moorbath (1988) along the
Southern Volcanic Zone arc (SVZ) south of 33°S (Fig. 1).
Kay et al. (2005) used transient steep rare earth element
(REE) patterns and changing isotopic ratios in <25 Ma
volcanic rocks at 33-34°S to explicitly argue for a combin-
ation of MASH and pulses of enhanced fore-arc subduc-
tion erosion to explain chemical trends in magmas
erupted as the arc front was displaced ~35km to the east
at ~19-16 Ma, and another ~50 km to the east at ~8-3
Ma. As the crust under the arc and fore-arc is compos-
itionally similar in this region, the proportions contributed
by each process are difficult to constrain. Kay &
Mpodozis (2002) and Goss & Kay (2009) argued for sub-
ducted fore-arc components also playing a role in shaping
the chemistry of andesitic volcanic rocks with high Mg#f
values and adakitic-like depleted heavy REE (HREE) pat-
terns and high Sr concentrations, which erupted north of
the flat-slab at 28-26-5°S as the arc front was displaced
~40-50 km eastward at ~8-3 Ma (Figs 1 and 2). As in
the northern SVZ to the south, a complicating factor is
that mantle-generated magmas need to pass through an
~65-70 km thick crust (e.g. McGlashan et al., 2008). As a
consequence, the discussion on the contribution of fore-
arc subducted eroded components in Andean arc magma
sources continues, with some researchers maintaining that
contamination in the underlying crust can adequately
explain almost all of the trends in Andean arc magmas
(e.g. Mamani et al., 2010).

In this study, we present new K/Ar ages, mineral com-
positions, whole-rock major and trace element data, and
Sr, Nd, Pb and O isotopic data for ~9-2 Ma basaltic an-
desitic to dacitic lavas that erupted between 27 and 28-5°S
in the general period during which the arc front shifted
~50km eastward and the subducting slab shallowed to

the south forming the modern flat-slab. The origins of
these lavas are considered in view of their tectonic setting,
published experimental data and new petrological and
isotopic data and modeling. These lavas include a suite of
distinctive glassy high-Mg hornblende-bearing andesites
known as the Pircas Negras lavas (Kay et al., 1991), which
are characterized by steep REE patterns, extreme high
field strength element (HFSE) depletion, and high Sr, Ni,
and Cr contents. We conclude that these andesites contain
melts of fore-arc subduction-eroded crust that reacted
with the sub-arc mantle wedge to form magmas that were
subsequently contaminated in the thick crust as they rose
to the surface. This model is complementary to proposals
relating pulses of high-Mg adakitic volcanism at times of
arc displacement on thin continental (Kay et al., 2005;
Goss & Kay, 2006) or oceanic (Kay, 2006) crust to acceler-
ated incorporation of fore-arc eroded crust into the
mantle source. The model is also compatible with a role
for fore-arc crust in the genesis of Cretaceous to Miocene
Andean lavas erupted at times of arc migration that re-
searchers such as Haschke et al. (2002) have attributed to
cycles of crustal thickening and thinning, and Mamani
et al. (2010) to differentiation at different crustal levels.

GEOLOGICAL AND TECTONIC
SETTING

The ~9-2 Ma volcanic rocks examined here erupted be-
tween 27 and 28:5°S along the western margin of the
Puna Plateau in the transition zone between the modern
Chilean—Pampean flat-slab and the Central Volcanic
Zone arc (CVZ) (Figs 1 and 2). To the north, the Nazca
plate is subducting at an angle of ~30° below the Puna,
whereas to the south, a near-horizontal segment lies at a
depth of 100km (Cahill & Isacks, 1992; Mulcahy, 2012;
Fig. 1). These lavas erupted over the part of the Wadati—
Benioff zone where the depth contours bend to the east
under the Incapillo volcanic complex (Goss et al., 2009,
2011), which is the southernmost center with post-Pliocene
activity until reaching Volcan Tupungato in the northern-
most SVZ near 33°S (Fig. 1). Relative to the slab contours
published by Mulcahy (2012), current Wadati—Benioff zone
depths are ~100—115 km under these flows and the 266
Ma Maricunga Belt arc to the west, ~115km below the
Incapillo complex and ~125 km under the southern CVZ.
On the basis of depth phase precursors (McGlashan et al.,
2008) and receiver functions (Bianchi et al., 2013), crustal
thicknesses under the region are ~65—75 km.

The basement in the region is considered to include
Grenville age crust (~11 Ga) with Late Proterozoic
gneisses and deformed granites and early Paleozoic mag-
matic and sedimentary rocks exposed east of the Incapillo
caldera (Fig. 1). Devonian to Permian sedimentary and vol-
canic units, including the rhyolites and granites of the late
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Fig. 1. Shuttle Radar Topography Mission (SRTM) digital elevation image showing the main morphotectonic features of the Central Andes.
The Nazca plate convergence direction is the integrated NUVEL-1 rate from DeMets et al. (1990). Bold continuous lines show contours of the
subducting Nazca plate with depths in kilometers to the Wadati—Benioff zone as modified by Mulcahy ez al. (2010) and Mulcahy (2012) from
Cahill & Isacks (1992). Small circles show late Miocene to Recent volcanic centers of the Andean Central Volcanic Zone (CVZ) and Southern
Volcanic Zone (SVZ). Shaded rectangle shows the position of the early to late Miocene Maricunga Belt volcanic arc (Kay et al., 1994, 2013;
Mpodozis et al., 1995). White tipped arrows point to the Ojos del Salado volcanic and Incapillo caldera complex regions in the CVZ and
the Tupungato volcanic center in the SVZ. The box shows the general region of the Dos Hermanos and Pircas Negras adakitic andesites and
the location of the Thematic Mapper (TM) images in Fig. 2.

Paleozoic Choiyoi group, are widespread to the west (e.g.  the younger arc region magmatic rocks in the region prob-
Mpodozis & Kay, 1992; Mpodozis e/ al., 1997; Rubiolo  ably form parts of the deep crust.

et al., 2002; Martina ef al., 2009; Figs 2 and 3). Mafic com- Arc volcanism associated with the modern Andean cycle
plements to these Choiyoi granitic and rhyolitic units and  in this region began with the late Oligocene breakup of
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Fig. 2. Thematic Mapper (TM) images showing regional context of the volcanic rocks discussed in the text. Geographical names are in italics,
volcanic center names are in black on white labels and triangles are peaks. (a) shows the area of ~9-7 Ma pre-migration, 7-3 Ma syn-migration
and 3-2 Ma volcanic center maps in Fig. 3a—c; (b) shows the localities of the 24 Ma Segerstrom lavas, 7-5 Ma Valle Ancho mafic lavas and
the Pircas Negras-like 44 Ma Rodrigo andesitic flows that are not shown in Fig. 3, and the southern CVZ volcanic centers. White circles in
(b) are sample localities, and K/Ar ages in the region from Table 2. The difference in scale of (a) and (b) should be noted. Further details
have been given by Kay et al. (1994, 2008, 2013) Mpodozis et al. (1995, 1996, 1997) and Mpodozis & Kay (2009).
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Fig. 3. Maps of the region of the TM image in Fig. 2a showing (a) 9—
7 Ma pre-migration, (b) 7-3 Ma syn-migration, and (c) 3-2 Ma
post-migration volcanic centers. The ~9-2 Ma Dos Hermanos and
Pircas Negras volcanic group centers featured in this study are as indi-
cated in the legend. Other latest Miocene to Pliocene dacitic to rhyo-
dacitic centers are shown by grey shaded areas, with 7-3 Ma centers
in (b) and Plio-Pleistocene arc centers in (c). K/Ar ages are as in Fig.
2 and the text; dots are sample localities and triangles are peaks.
Base map is from Argentine and Chilean geological maps
(SERNAGEOMIN, 2003) with additional mapping by the authors.
Dashed line is an international highway.
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Fig. 3. Continued.

the Farallon plate that led to the onset of rapid, near
normal convergence between the Nazca and South Ameri-
can plates (e.g. Pardo-Casas & Molnar, 1987; Somoza,
1998). The convergence rate slowed through the Miocene
as the Puna—Altiplano plateau uplifted with the Nazca
plate subducting at an average rate of 84 mm a~' over the
last 3 Myr at an azimuthal direction of 075°N (DeMets
et al., 1990). The subducting slab between 28 and 33°S shal-
lowed significantly after ~10 Ma as the Juan Fernandez
Ridge on the Nazca plate began subducting at a near
normal angle to the Chilean margin (Yanez et al., 2001),
reaching its present configuration by 5-3 Ma (e.g. Kay &
Abbruzzi, 1996).

The volcanism that initiated in the Maricunga Belt arc
(Figs 1-3) at ~26 Ma persisted until ~6 Ma when the arc
front was displaced eastward (Kay et al, 1994, 2013;
Mpodozis et al., 1995; Kay and Coira, 2009). The oldest
units are 26-22 Ma dacitic ignimbrites (Tilito Formation)
and 21-18 Ma mafic lavas (Escabroso Formation) that
probably erupted through an ~40-45km thick crust over
a moderately dipping slab (Fig. 3a; see Kay & Mpodozis,
2002). Their eruption was followed by a pulse of contrac-
tional deformation during a near regional magmatic lull
at ~18-17 Ma. Volcanism resumed at large, mostly andes-
itic, stratovolcanic complexes such as the 16-14 Ma
Jotabeche Norte and La Laguna and the 15-13 Ma
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Cadillal-Yeguas Heladas centers (Fig. 2a; Kay et al., 1991,
1994; McKee et al., 1994; Mpodozis et al., 1995) and contin-
ued with emplacement of 13—-10 Ma Au—Cu-bearing por-
phyries (Vila & Sillitoe, 1991; Mpodozis et al., 1995). The
final period of volcanism was concentrated in the ~11-7
Ma Copiap6 dacitic complex and terminated with the em-
placement of ~8-6 Ma rhyodacitic ignimbrites that
erupted from the Jotabeche caldera. Crustal thicknesses
under the Maricunga Belt are considered to have exceeded
60 km by ~10 Ma (e.g. Kay et al., 1994).

As shown in Fig. 3a—c, the Dos Hermanos and Pircas
Negras basaltic andesitic to andesitic lavas began erupting
east of the Maricunga Belt after ~9 Ma as the volume of
frontal arc volcanism decreased, and the ~50 km eastward
displacement of the frontal arc recorded by the Bonete
Chico (52-3-5 Ma), Pissis (6-5-3:0 Ma) and Veladero
(5-6-3-6 Ma) dacitic complexes began (Kay & Mpodozis,
2002; Goss et al., 2009; Fig. 3b). Arc migration ended with
the establishment of the CVZ arc in which the centers
north of the Valle Ancho have been erupting basaltic an-
desitic to dacitic lavas for the last 2-3 Myr (Mpodozis
et al., 1996; Kay et al., 2008, 2013). South of the Valle
Ancho, the southern CVZ Incapillo complex last erupted
at 0-5 Ma (Figs 1, 2 and 3c; Goss ¢t al., 2009).

Ages and distribution of the 9-2 Ma Dos
Hermanos and Pircas Negras Lavas

The region between the Maricunga Belt and CVZ arc
from 27 to 28-5°S where the Dos Hermanos and Pircas
Negras and other volcanic rocks featured here crop out is
shown in the Thematic Mapper ('TM) satellite images in
Fig. 2. The distribution of the 9-2 Ma volcanic rocks in
the region of Fig. 2a, which erupted as the Maricunga
Belt arc terminated and the CVZ stabilized, are shown on
maps of 9-7 Ma pre-migration, 7-3 Ma syn-migration
and 3-2 Ma post-migration volcanic rocks in Fig. 3a—c.
The localities and ages of other volcanic rocks featured in
this study are indicated on the TM image in Fig. 2b. The
locations, rock types and the mineralogy of all of the sam-
ples are given in Table 1. The ages shown on the maps are
largely K/Ar ages, for which the analytical data are
reported inTable 2.

The map in Fig. 3a shows the 9-7 Ma pre-arc migration
volcanic rocks that erupted in the back-arc as activity at
the Maricunga Belt front was ebbing (McKee et al., 1994;
Mpodozis et al., 1995). The oldest rocks of this group are
the isolated Los Aparejos basaltic andesitic flows in the
castern Valle Ancho in Argentina that have K/Ar ages of
9-5£0-5 and 91 £0-6 Ma (Mpodozis et al., 1997). Others
are the Dos Hermanos mafic andesites just south of the
Valle Ancho, one of which has a K/Ar age of 77 +£0-4
Ma; the ~8 Ma Redondo lavas at the base of Dos
Hermanos volcano; and an isolated Pircas Negras-like
flow along the Rio Comecaballos with a K/Ar age of
87404 Ma.

The map in Fig. 3b shows the 7-3 Ma syn-migration vol-
canic rocks, which include the most voluminous flows that
erupted between the mostly extinct Maricunga Belt arc
and the modern CVZ. This group includes the broad suite
of generally glassy, plagioclase-phenocryst-free lavas,
which form most of the Pircas Negras group (Kay et al.,
1991; Mpodozis et al., 1995). The westernmost and oldest of
these include andesitic flows located to the east of the ~15
Ma Cadillal center, of which one has a K/Ar age of
6:7+0-9 Ma, and flows between the Jotabeche caldera
and Laguna Negro Francisco, where one has a K/Ar age
of 5-6 £2-5 Ma. Other flows in this region are the dark,
glassy, amphibole-bearing lavas near and south of the
Paso Pircas Negras region, two of which have K/Ar ages
of 52+09 and 4-2+£0-5 Ma. Dacitic flows with Pircas
Negras-like characteristics, one of which has a K/Ar age
of 6:24+0-9 Ma, also occur along faults in the Rio La
Gallina valley, where one has a K/Ar age of 6-2£0-9 Ma.
The most voluminous of the Pircas Negras flows occur in
a north—south belt to the east in Argentina, which extends
for ~80km in a topographic depression occupied by the
Rio Salado (Fig. 2b). Flows in the valley can be over 10 m
thick and probably come from the Sierra de Veladero
region; one has a **Ar/*’Ar age of 3-968 +0-192 Ma (Goss
et al., 2009). Other flows occur near the junction of the
Rio Blanco with the Rio Salado, where one has a K/Ar
age of 47£0-5 Ma. The easternmost flows are found on
the flanks of the 5-2—-3-2 Ma Cerro Bonete Chico dacitic
volcanic center, where two have K/Ar ages of 5-2+0-6
and 4-0+0-2 Ma. Other isolated and undated Pircas
Negras-like flows occur around Laguna Brava.

Less voluminous Pircas Negras flows to the north
(Fig. 2b) include a 5:6 £0-3 Ma dacitic flow between the
Rio Lajitas and Barros Negros, andesitic and dacitic lavas
on the flanks of Volcan Los Patos, a basaltic andesite flow
west of Nevado Tres Cruces and glassy andesitic flows at
the 4-4+0-6 Ma Rodrigo center (Mpodozis et al., 1996).
The basaltic andesite flows in the Valle Ancho with K/Ar
ages of 56403 to 5-8£0-7 Ma are mineralogically and
chemically distinct from the Pircas Negras flows (e.g. Kay
et al., 1994). The map in Fig. 3¢ shows the less voluminous
post-migration Pircas Negras flows (Fig. 2c), which
are concentrated along the northern extent of the Rio
Salado valley. One of these flows yielded a K/Ar age of
19+£0-2 Ma.

MINERALOGICAL, CHEMICAL
AND ISOTOPIC
CHARACTERISTICS

Analytical methods

New major element mineral and whole-rock major elem-
ent, trace element and Sr, Nd, Pb and O isotopic data pre-
sented in Tables 3—5 and Supplementary Data Electronic
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Table I: Pircas Negras region basaltic and andesitic samples

Sample Unit/location Principal wt % La/Yb  Sm/Yb La/Ta Lat. Long. Altitude  Data source
mineralogy Si0, (°s) ("W) (m)

Early Miocene Escabroso Formation andesites (~21-18 Ma)

C0291 Rio de la Sal plag, cpx 6056 158 34 40-3 28-804 69631 4505 Appendix 8
C0292 Rio de la Sal plag, cpx 5833 100 21 386 28771 69638 4945 Appendix 8
C0293 Rio de la Sal plag, cpx, ol 6067 224 4-8 42-6 28776 69634 4364 Appendix 8
C0294 Rio de la Sal plag, cpx 61-02 163 30 46-9 28787 69630 4772 Appendix 8
C029%5 Rio de la Sal plag, cpx 55-94 9:0 2:2 423 28868 69641 4162 Appendix 8
C0296 Rio de la Sal plag, cpx 6055 107 2:4 435 28869  69-647 4264 Appendix 8
C0297 Rio de la Sal plag, cpx 6027 138 30 389 28-887  69-646 3997 Appendix 8
C0O300 Rio de la Sal plag, cpx, ol 54-563 90 12 3956 28867 69570 4278 Appendix 8
C0335 West Pircas Negras  plag, cpx 5941 109 2:4 391 27963  69-341 3460 Appendix 8
C0446 West Pircas Negras  plag, cpx 56:82 117 2:6 356 27938  69-359 3350 Appendix 8
C0264 Macho Muerto plag, cpx 59-32 12:0 2:5 319 28637 69513 4384 Appendix 8
Pre-migration volcanic group (~9-7 Ma)

C0428 Dos Hermanos cpx, glassy 5895 605 88 1011 27626  69-080 4563 Goss & Kay, 2009
CC81 Dos Hermanos cpx, glassy 57-34 573 81 915 27615  69-065 4991 Table 4

CC82 Dos Hermanos cpx, glassy 56:08 574 80 951 27620  69:073 4840 Goss & Kay, 2009
CC83 Dos Hermanos cpx, glassy 5824 612 8:6 94-3 27-623  69-073 4837 Goss & Kay, 2009
CC94 Redonda amp, cpx 6341 644 86 64-7 27491  69-039 4488 Table 4

PN406 Comecaballos amp 64-15 576 83 995 28117 69326 4170 Kay et al., 1991
C0o72 Los Aparejos ol 5274 215 38 55-3 27660 68336 4455 Table 4

C024 Los Aparejos cpx, ol, plag 53256 170 33 554 27-629  68:339 4547 Table 4
Syn-migration Pircas Negras volcanic group (~7-3 Ma)

cCc17 La Gallina amp, cpx 5839 418 59 63-4 27733 69196 5014 Table 4

CC11 La Gallina amp, cpx 59-:05 335 51 54-6 27599 69174 4400 Appendix 7

CC15 Cerro Casale amp, cpx 59-96 - - - 27-825 69288 4129 Appendix 7
C0415 Cerro Casale amp, cpx 60-94 483 80 761 27819 69285 4157 Table 4

C0O416 Cerro Casale amp, cpx, xeno 5891 364 77 49-4 27864 69269 3579 Table 4

C0427 Rio Gallina amp, cpx, Xeno 59-25 339 59 635 27773 691656 4695 Goss & Kay, 2009
PN556 Cerro Casale amp, cpx 61-:06 491 79 728 27815 69298 4139 Kay et al., 1991
AC619A Rio Gallina amp, cpx 61-44 - - - 27-825 69256 3920 Appendix 7
AC623A  Rio Gallina amp, cpx 60-56 - - - 27788 69203 4233 Appendix 7
AC624A  Rio Gallina amp, cpx 6015 - - - 27789 69206 4332 Appendix 7
AC625A Rio Gallina amp, cpx 61-08 - - - 27792 69206 4321 Appendix 7
AC626P  Rio Gallina amp, cpx 60-22 - - - 27795 69209 4252 Table 4

C0O412 Pircas Negras amp, cpx, ol, opx 57-38 264 4-6 58-3 28069 69300 4179 Table 4

C0413 Pircas Negras amp, cpx, ol 5894 300 52 60-2 28:063  69-307 4042 Table 4

C0414 Pircas Negras amp, cpx 6197 385 62 674 28:010 69297 3976 Table 4

PN408 Pircas Negras amp, cpx, ol 5764 255 4-2 616 28:069 69289 4145 Kay et al., 1991
PN409 Pircas Negras amp, cpx, ol 5736 276 47 56-3 28:069 69289 4133 Kay et al., 1991
C0163 Rio Salado amp, cpx 62:76 475 7-8 729 28:043 69162 4275 Goss & Kay, 2009
CO170 Lower Rio Salado amp, cpx 5740 234 50 47-4 28388  69-128 3799 Goss & Kay, 2009
C0172 Lower Rio Salado amp, cpx 56:78 186 4-3 392 28:304 69209 3629 Appendix 7
C0173 Lower Rio Salado amp, cpx 58-89 210 4-4 454 28235 69188 3905 Table 4

CO175 Rio Pefias Negras amp, cpx 60-57 509 79 59-9 28113 69208 4069 Table 4

CO176 Rio Salado amp, cpx, plag 6340 314 47 68-9 28-101 69-156 4033 Table 4

(continued)
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Table I: Continued

Sample Unit/location Principal wt % La/Yb  Sm/Yb La/Ta Lat. Long. Altitude  Data source
mineralogy Si0, (°S) ("W) (m)

Syn-migration Pircas Negras volcanic group (~7-3 Ma)

C0309 Pastillos amp, cpx 6171 472 81 56-8 28101 69215 4176 Goss & Kay, 2009

C0310 Rio Salado amp, cpx 5910 440 79 53-8 28114 69184 4119 Goss & Kay, 2009

C0327 Rio Salado amp, cpx 61:68 407 7:0 65-1 28430 69-309 3890 Goss & Kay, 2009

C0329 Rio Salado amp, cpx 59-:00 306 52 61-6 28398  69-160 3705 Goss & Kay, 2009

C0331 Pastillos amp, cpx 6148 400 66 62-8 28409  69-104 4004 Goss & Kay, 2009

C0332 Pastillos amp, cpx 59-:33 348 59 639 28416  69-043 3989 Goss & Kay, 2009

CO504 Rio Salado amp, cpx, Xxeno 6020 384 67 606 27952 69119 4450 Goss & Kay, 2009

CO0507 Incapillo region amp, cpx, plag 63:04 415 6-3 70-1 27939  69-051 4747 Table 4

CO159 Laguna Brava amp, cpx, ol 62-21 331 55 533 28268 68874 4449 Table 4

CO160 Laguna Brava amp, cpx, ol 59-21 221 34 428 28:309 68:804 4283 Table 4

Cco161 Laguna Brava amp, plag 63:80 430 66 70-5 28-:274 68746 4131 Table 4

C0333 Laguna Brava amp, cpx, ol 6195 409 64 622 28405 68927 4436 Table 4

C0502 Laguna Brava amp, cpx 6326 468 7-3 66-9 28220  69-021 4360 Table 4

CO144 Bonete Chico amp, cpx 5820 370 67 49-9 28219 68654 4286 Goss & Kay, 2009

CO145 Bonete Chico amp, cpx 62:74 494 84 68-2 28196 68634 4112 Goss & Kay, 2009

CO146 Bonete Chico amp, cpx 5745 215 43 475 28136 68697 4751 Goss & Kay, 2009

C0324 Bonete Chico ol, cpx, plag, amp, opx 59-11 295 51 356 27995 68:808 5127 Goss & Kay, 2009

CC252 Los Patos amp, cpx 6356 303 51 424 27251 68:792 4537 Table 4

CC254 Los Patos amp, cpx 57-11 26-2 4-6 526 27-278 68784 4899 Table 4

CC270 Rio Barros Negros amp, cpx 63:88 568 84 68-2 27-296 68959 4418 Table 4

CcC271 Rio Lajitas amp, cpx 6477 563 76 753 27-284 69938 4709 Table 4

CC104 Valle Ancho amp, cpx - - - - 27-339 68987 4235 Age only

CC279 El Domo amp, cpx, Xxeno 5973 444 64 606 27045 68:895 4410 Table 4

CC101 Valle Ancho cpx, ol 55-47 16-2 37 44-0 27-359 68924 4697 Table 4

CC102 Valle Ancho cpx, ol 5548 182 41 426 27-353 68927 4678 Appendix 7

CC262 Valle Ancho cpx, ol 54-96 181 42 386 27-347 68954 4535 Table 4

CC29a Rodrigo cpX, Opx 62:90 487 71 82:2 26989 68766 4753 Table 4

CC296b Rodrigo cpX, Opx ~62-9 465 74 70-0 26989 68766 4753 Appendix 7

CC297 Rodrigo CpX, 0opx 60-91 47-6 65 872 26989 68766 4753 Table 4

Post-migration Pircas Negras volcanic group (<3 Ma)

C0O179 Rio Salado amp, plag 6333 548 83 766 27-904 69093 4634 Goss & Kay, 2009

C0o177 Rio Salado amp, cpx 6190 575 91 811 28-:001 69-168 4506 Table 4

C0312 Rio Salado amp, cpx 60-89 509 81 77-9 27-993  69-148 4555 Table 4

C0313 Rio Salado amp, cpx 62:23 505 7-8 802 27908  69-094 4623 Table 4

Amp, amphibole; plag, plagioclase; cpx, clinopyroxene; opx,

Appendices 1-8 (available for downloading at http://www.
petrology.oxfordjournals.org) for the ~9-2 Ma volcanic
rocks discussed here as well as comparative 21-18 Ma
Maricunga Belt volcanic rocks complement datasets of
Kay et al. (1991, 1994, 1999), Mpodozis et al. (1995), Tittler
(1995) and Goss & Kay (2009). A complete description of
the major and trace element analytical methods has been
given in Appendix 1 of Goss & Kay (2009). Major element
analyses of minerals and glasses made from whole-rock

orthopyroxene; ol, olivine; xeno, xenolith.

powders in an Ar atmosphere were performed on a JEOL
electron microprobe at the Cornell Center for Materials
Research using standards from the Smithsonian Institute
(e.g. Jarosewich et al., 1980) as described in Table 3 and
Supplementary Data Electronic Appendices 1-8. Other
whole-rock major element analyses were performed at
the Chilean Geological Survey (SERNAGEOMIN) as
described by Kay et al. (1999). Trace element compositions
were determined by instrumental neutron activation

2200

220z 1snbny 9| uo 1senb Aq G1L68EYL/E61 /L LITS/eI0mIe/ABOj018d/W00 dno-olwepeoe//:sdiy Woli pepeojumoq


http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egt044/-/DC1
http://www.petrology.oxfordjournals.org
http://www.petrology.oxfordjournals.org
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egt044/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egt044/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egt044/-/DC1

GOSS et al. FORE-ARC SUBDUCTION EROSION

Table 2: Whole-rock E/Ar ages for Pircas Negras region samples

Sample Location wt % K “Opr % Ar atm. Age (Ma) +
Eastern Valle Ancho

C024 Los Aparejos 1-321 0-047 62 91 06
C072 Los Aparejos 1-315 0-488 59 95 05
Dos Hermanos

CC84 Dos Hermanos 2067 0618 54 77 0-4
Jotabeche, Gallina, Comecaballos

AC407 Comecaballos 2410 0-814 56 87 0-4
CC15 Cerro Maranceles 1-983 0-520 85 67 09
AC624 Pircas Negras-Gallina 1711 0-416 84 6-2 09
Ccce7 Pircas Negras-Gallina 2169 0-457 75 54 05
ccn Pircas Negras 1780 0-388 96 56 25
Paso Pircas Negras

C0413 Pircas Negras 1-956 0-350 78 4-6 04
CO414 Pircas Negras 2187 0-356 81 4-2 05
AC409* Pircas Negras 1-699 0-345 87 52 09
Southern Rio Salado-Rio Macho Muerto

CO144+ Pircas Negras 1737 0-331 93 5-0 16
CO145 Pircas Negras 2-450 0-379 49 4-0 02
CO146 Pircas Negras 1722 0-349 83 52 0-6
Northern Rio Salado

C0o170 Pircas Negras 1-633 0-300 74 47 05
CO179 Pircas Negras 2-350 0:178 82 19 02
Los Patos, Valle Ancho, Tres Cruces

CC270 Pircas Negras Barros Negros 2-360 05612 41 56 0-3
CC104 western Valle Ancho 2:097 0432 67 53 0-4
Ccc101 Valle Ancho cone 1-300 0-295 84 58 07
CC262 Valle Ancho flow 1-336 0-294 56 56 03
CC296 Rodrigo 2:495 0-430 87 4-4 06

*From Kay et al. (1991).
tAverage of two analyses.
Ages measured at the SERNAGEOMIN geochronology laboratory in Santiago, Chile.

analysis (INAA) and inductively coupled plasma mass
spectrometry (ICP-MS) at Cornell University with supple-
mentary analyses on samples analyzed by INAA and
atomic absorption at the SERNAGEOMIN in Chile.
F7Sr /081, " Nd/"**Nd and some Pb isotopic analyses were
performed by thermal ionization mass spectrometry on a
VG Sector 54 system in the Keck Isotope Laboratory at
Cornell University. Additional Pb isotopic data were ob-
tained on a Nu-Plasma multi-collector ICP-MS system at
the University of Florida. Multiple run values for stand-
ards are 0-7102957 for ¥Sr/*Sr on NBS987 and 05121436
(n=28) and 0-5118496 (n=13) for "“Nd/"**Nd on Ames
and La Jolla respectively. Pb isotopic data are relative
to NBS standard values of 2°°Pb/***Pb=16-937,
27ph2*Ph =15491 and ***Pb/**Pb =36-695. Oxygen

isotope compositions of olivine and quartz grains were
analyzed in the ArF laser fluorination laboratory at the
Universitat Gottingen in collaboration with Gerhard
Worner, as described by Kay et al. (2011). Analyses were
corrected to UWG-2 garnet standard (8'®0 =57) with
the secondary Doerndrop quartz standard yielding mean
values of §'%0 =12:32 +0-47%o (n=3) and §"°0 =12:65 +
0-45%o0 (n=3). In-run machine error is estimated at
£0-2%0 with an analytical precision of 0-2—0-5%o.

Petrography and mineral chemistry

The Pircas Negras, Dos Hermanos, and Valle Ancho lava
flows are all characterized by a lack of plagioclase pheno-
crysts, but differ in their mafic phenocryst content. In
detail, the Pircas Negras andesites are dark glassy lavas
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Table 3: Representative amphibole, olivine, clinopyroxene and orthopyroxene analyses from selected Pircas Negras region
samples
Amphibole Olivine

Type: core rim core rim core rim core core core rim core rim core
Sample: C0309 C0309 C0427 C0427 C0324 C0324 C0412 C0412 CC101 CC101 C0324 C0324 C0412
Si0, 40-98 42:29 4324 4359 43-64 4261 42-86 42:89 3921 3755 3931 3818 39:16
TiO, 292 274 2:09 2:26 2:24 304 190 2:08 0-02 0-03 0-01 0-02 0-05
Al,O3 13-36 12:04 11-59 11-15 12:68 1217 12:65 12:48 0-05 0-02 0-00 0-05 0-05
FeO 13-08 10-96 7-75 832 918 1017 7-85 877 16-19 2686 16-20 2366 17-34
MnO 0-13 0-10 0-09 0-09 0-12 0-06 0-13 0-14 0-23 0-45 0-24 0-44 0-36
MgO 1260 14-85 16-562 16-80 15-97 1573 1671 1658 44-05 3519 44-64 38-05 42-78
Ca0 1115 1141 11-04 1121 11-18 1212 1172 11-48 0-11 0-18 0-11 011 0-18
Na,0 270 260 2:58 249 2:40 256 2:48 2:46 - - - - -
K20 0-78 078 071 065 071 059 0-68 077 - - - - -
Cr,03 0-01 0-03 072 0-18 0-17 0-09 0-95 022 - - - - -
Total 97-72 97-80 96-34 96-76 98-29 99-13 97-94 97-87 99-88 100-27 100-50 100-50 99-92
Fo-content 82:9 70-0 831 741 815

Clinopyroxene

Dos Hermanos Valle Ancho
Type: core rim core rim core rim cumulate core quartz rim quartz rim
Sample: CC81 CC81 C0428 C0428 CC101 Ccc101 C0O309 C0O309 C0O309 C0427
SiO, 50-76 50-98 50-11 50-34 51-70 4752 52:47 50-95 53-30 52-89
TiO, 0-90 073 0-76 0-74 0-563 171 0-40 0-67 0-19 0-25
Al,O3 4-27 308 451 3-24 214 5-65 2:47 4-59 0-24 0-88
FeO 6-80 6-09 675 6-82 6-57 9-98 716 7-58 851 8-02
MnO 0-10 0-12 013 0-17 0-15 0-23 013 0-11 0-26 0-25
MgO 14-97 15-41 14-54 15-50 16-56 13:62 16:13 1478 14-80 15-34
Ca0 21-64 22-49 22:30 22-69 20-98 20-00 20-32 20-76 22:04 21-10
Na,0 0-60 0-43 0-67 0-43 0-22 0-40 0-59 078 0-35 0-38
Cr,03 0-31 0-40 0-58 0-07 0-24 0-10 0-28 0-26 0-01 0-00
Total 100-37 99-73 100-35 100-00 99-08 99-12 99-95 100-47 99-69 99-11
En 51-8 52-1 53-9 55-9 521 505 50-9 51-9 43-3 45-6
Fs 81 60 59 39 83 137 96 95 121 116
Wo 401 41-8 40-2 401 396 358 395 386 447 428

Clinopyroxene Orthopyroxene

Syn-migration Pircas Negras Syn-migration Pircas Negras
Type: core rim cum core core core rim core rim olivine rim
Sample: C0412 C0412 C0412 C0324 C0324 C0412 C0412 C0324 C0324 C0324
SiO, 52:36 51-94 52-99 50-97 51-39 54-11 5371 52-88 52-87 53-85
TiO, 0-43 0-74 0-18 0-50 0-41 0-19 0-22 0-17 0-18 0-41
Al,O3 329 113 092 328 315 3-:06 289 118 119 1-10
FeO 5-82 8-65 867 10-85 10-40 10-63 10-65 2116 2124 17-00
MnO 0-17 0-35 0-19 0-32 0-26 0-23 0-20 0-55 0-563 0-49
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Table 3: Continued

FORE-ARC SUBDUCTION EROSION

Clinopyroxene

Syn-migration Pircas Negras

Orthopyroxene

Syn-migration Pircas Negras

Type: core rim cum core core core rim core rim olivine rim
Sample: C0412 C0412 C0412 C0324 C0324 C0412 C0412 C0324 C0324 C0324
MgO 16-66 15-90 1555 1317 13-66 30-22 29-27 23-00 22-90 26-19
Ca0 21-15 20-47 2115 20-03 20-14 112 1-64 1-35 129 1-58
Na,0 0-50 0-46 0-54 0-85 0-85 0-04 0-04 0-05 0-02 0-03
Cry03 0-23 0-00 0-02 0-05 0-14 070 053 0-01 0-03 0-04
Total 100-60 99-63 100-20 100-00 100-41 100-29 99-14 100-38 100-26 100-70
En 54-2 505 481 451 465 22 33 28 26 32
Fs 68 10-1 104 15-4 142 835 816 6556 65-1 72-9
Wo 390 394 4156 395 393 14-2 15-2 317 32:3 24-0

with ~10-30% phenocrysts, the majority of which are aci-
cular oxy-amphibole (Fig. 4a—c). Scattered clinopyroxene
phenocrysts and olivine clots also occur (Fig. 4c and d),
and rare resorbed orthopyroxene phenocrysts are present
in a few samples. Plagioclase microlites, rhombic Fe—Ti
oxide phases and translucent glass are found in the crypto-
crystalline groundmass. Magnetite is present as small
(<0:'lmm) equant rhombs or as inclusions in silicate
phases, and ilmenite as single grains or in contact with
magnetite (Fig. 5). Accessory phases are apatite, zircon
and chromite. Plagioclase xenocrysts and highly fractured
resorbed quartz xenocrysts rimmed by coronas of radiat-
ing acicular clinopyroxene microlaths are also present
(Fig. 4b). Lithic clasts composed of highly resorbed albite
and quartz grains occur in Pircas Negras syn-migration
andesite CO415 (61 % SiOy). The Dos Hermanos andesites
differ in having clinopyroxene as their only phenocryst
(Fig. 4d), whereas the Valle Ancho basaltic andesites con-
tain both olivine and clinopyroxene phenocrysts.
Amphibole is the dominant phenocryst (85-100%) in
the Pircas Negras andesites, where it typically occurs as
euhedral grains (0-1-4mm) with thick opaque reaction
rims (Fig. 4a). Glomeroporphyritic cumulate clots are pre-
sent in a few samples. Most analyzed grains (Table 3;
Supplementary Data Electronic Appendix 1) have pargasi-
tic magnesiohastingite compositions with (Ca+ Na) >
100 and Na<0-50 (classification of Leake et al., 1997). A
few have tschermakitic compositions with Na + K <0-5.
Overall, Mg#£ values vary from 0-62 to 0-80.
Clinopyroxene grains occur in about 60% of the Pircas
Negras andesites and all of the Dos Hermanos and Valle
Ancho lavas. Compositions of analyzed grains are listed
in Table 3 and Supplementary Data Electronic Appendix
2. Where clinopyroxene is present in the Pircas Negras an-
desites it forms less than 5% of the phenocrysts (Fig. 5c¢)

and can also occur as subhedral to anhedral (<lmm)
grains in crystal clots surrounded by euhedral hornblende
laths. Most compositions in the analyzed syn-migration an-
desites are in the range Engy 55Fs5 16Wosg 40 (Fig. 6a and
b). The slightly more En-rich (55-57) phenocryst cores in
andesite CO412 occur with rim and clot compositions
(Eng; 49Fs10-190Wo40 49) similar to the core, rim and clot
compositions in andesites CO309 and CO412. Overall,
the most Wo-rich (43-45) compositions are in rims and
clots in andesite CO309, and the most Fs-rich (~16) in
phenocrysts in andesite CO324. The <lmm tabular nor-
mally zoned clinopyroxene phenocrysts within the crypto-
crystalline glassy matrix of the Dos Hermanos andesites
(Fig. 4d) have compositions that overlap those of the more
En-rich Pircas Negras clinopyroxene grains (Enyg 56Fss 11
Wos; 495 Fig. 6¢). The clinopyroxene phenocrysts (Fig. 6¢;
CCI01) in the Valle Ancho lavas have core compositions
overlapping those in the Dos Hermanos and Pircas
Negras andesites with rims that reach Fsjo 15 and Wosg 3.

Rare orthopyroxene occurs in some syn-migration
Pircas Negras andesites as <Imm subhedral phenocrysts
and as aggregate rims on subhedral olivine grains.
Compositions are Engs g4 and Eng; g respectively in
phenocrysts in andesites CO412, and CO324, and Eng,
and En;; in aggregate rims in andesite CO324 (Table 3;
Supplementary Data Electronic Appendix 3; Fig. 6a). The
presence or absence of orthopyroxene, like olivine, does
not correlate with bulk-rock wt % SiO..

Olivine occurs as aggregates of ~10-20 anhedral olivine
grains in some Pircas Negras andesites (Fig. 4c) and as
phenocrysts in the Valle Ancho basaltic andesites. The
compositions of the analyzed grains are reported in
Table 3 and Supplementary Data Electronic Appendix 4.
The cumulate grains in Pircas Negras andesite CO324
have Fosg g3 cores and Foz 79 rims (Fig 6a). Olivine
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Table 4: Representative and new major and trace element analyses for Pircas Negras region samples

(~27-28°8 latitude)

Pre-migration Basaltic andesites Syn-migration Pircas Negras
Los Aparejos Dos Hermanos Redonda Valle Ancho Jotabeche-Rio La Gallina

Sample: C0o72 C0O24* C0428* CC81* CC94 Ccc101 CC262 Cc17t C0O415 Co416*
SiO, 52-64 53-25 58-95 57-34 63-41 55-47 54-96 58-39 60-94 5891
TiO, 1-09 1-04 115 1-05 0-88 121 128 0-93 0-93 115
Al,O3 15-23 15-33 16-80 17-66 17-08 16-46 16-569 17-81 16-47 1751
Fe,03 369 3-38 3-40 - 367 - - - 2:58 -
FeO 393 476 1-63 - 0-66 - - - 157 -
FeOotal 725 7-80 4-69 552 396 731 7-44 560 389 514
MnO 0-13 0-13 0-09 0-09 0-05 0-13 012 0-09 0-06 0-09
MgO 864 837 318 303 192 570 510 351 2:66 277
Ca0 847 802 650 6:37 4-03 7-55 796 6-00 6-69 6-86
Na,O 3-49 3-36 4-50 4-62 4-58 3-39 375 442 450 4-80
K,0 177 168 2:86 261 305 158 1-60 2:34 283 218
P,05 0-28 0-24 0-40 0-45 028 0-29 028 0-40 0-31 0-57
Total 9899 99-22 99-12 9874 99-24 99-09 99-08 99-49 99-28 99-98
Mg# 68-0 657 54-7 495 46-3 582 55-0 46-3 54-9 49-0
La 32:0 285 62:8 57-6 416 239 24-2 422 431 304
Ce 65-3 63-0 104-8 1167 799 525 54-8 845 87-3 61-2
Pr - 7-88 14-87 13:63 946 6-47 677 - - 8:30
Nd 319 312 56-1 51-1 340 26-3 277 378 46-1 329
Sm 558 573 864 7-86 547 544 568 5-99 7-15 6-11
Eu 1-50 161 2:31 224 147 173 1-81 1-63 164 1-81
Gd - 45 5-1 45 34 47 47 - - 44
Tb 0-56 0-67 0-62 061 038 0-62 061 0-56 0-46 0-50
Dy - 37 29 29 17 33 32 - - 23
Ho - 0-74 0-50 051 026 0-59 0-55 - - 0-36
Er - 191 118 119 077 1-64 151 - - 0-98
Tm - 0-298 0-170 0174 0-100 0-216 0197 - - 0-124
Yb 15 17 10 10 07 14 13 10 09 0-8
Lu 0-223 0-250 0-134 0-140 0-095 0-205 0185 0-137 0-112 0-114
Y 18:0 199 137 14-4 95 183 168 110 90 119
Rb 32 31 64 66 79 35 35 55 49 55
Sr 897 767 1402 1278 793 612 672 740 1016 850

Ba 744 624 1231 1156 1034 555 588 854 1312 810
Pb 90 83 130 146 138 71 66 70 90 89
Cs 0-4 09 10 20 16 13 09 15 07 19
U 0-90 0-85 1-26 141 129 077 077 123 118 111
Th 35 41 10-1 87 82 30 29 64 53 38
Zr 133 185 256 219 223 190 192 231 239 231
Hf 37 40 53 58 56 47 48 53 56 55
Nb 80 102 127 129 99 99 10-3 12:0 90 12:0
Ta 0-58 0-56 0-66 072 0-58 0-60 0-60 0-67 0-57 073
Sc 237 22:2 93 95 72 230 185 125 10-0 84
Cr 632 575 55 57 17 196 188 46 72 46

Ni 228 175 26 20 9 46 49 26 24 23
Co 40 37 17 16 9 26 25 19 15 12
Cu 51 45 - 22 22 13 30 24 92 -
Zn 86 920 - 88 89 81 96 92 107 -
\% 191 169 121 115 92 21 203 121 25 102

(continued)
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Table 4: Continued

FORE-ARC SUBDUCTION EROSION

Syn-migration Pircas Negras

Paso Pircas Negras Rio Salado Laguna Brava
Sample: C0412*% C0413 C0414 C0O173 CO175 C0O176 CO507* CO159 C0O160 CO161
Si0, 57-38 58-94 61-97 58-89 60-57 63-40 63-04 62:21 59-21 63-80
TiO, 1-01 0-96 0-85 091 093 0-68 091 098 0-78 0-95
Al,04 18:02 17:32 16-82 16-36 16-67 16-11 16-54 16-23 15-83 16-08
Fe,03 2:15 2:27 1-62 276 314 2:85 - 2:57 2:89 1-98
FeO 338 4-63 2:47 347 214 1-91 - 2-82 2:67 2-87
FeOrotal 531 667 384 5:95 4-96 4-48 4-67 513 528 4-65
MnO 0-10 0-09 0-08 0-10 0-08 0-08 008 0-08 0-09 0-06
MgO 471 367 2:69 411 2:55 2:34 2:35 2:37 4-33 2:03
Ca0 648 6:10 519 6:34 574 477 5:08 4-83 603 397
Na,0 4-02 405 422 407 4-68 417 410 4-26 378 4-24
K20 2:32 2:66 2:93 2:09 2:30 2:88 2:89 2:67 2:32 2:90
P20s 027 026 024 026 0-37 017 0-35 025 0-24 029
Total 99-63 10073 98-82 99-08 98-86 99-09 100-00 99-01 97-90 98-98
Mg# 61-2 49:50 55-5 55-2 47-8 482 47-3 452 59-4 437
La 36-7 43-0 42:2 25-7 41-8 387 46-8 41-8 325 47-4
Ce 70-1 88-3 89-5 56-1 86-4 70-9 897 91-6 69-5 99-3
Pr 925 - - - - - 10-90 - - -
Nd 357 472 42:0 287 377 32:7 411 366 32:3 43-3
Sm 646 7-46 678 541 648 578 7:07 6:98 4-93 728
Eu 1-87 1-78 1-64 1-47 1-68 1-21 1-85 1-69 1-42 1-70
Gd 49 - - - - - 47 - - -
Tb 0-60 0-65 056 0-60 052 054 058 067 0-91 057
Dy 31 - - - - - 28 - - -
Ho 055 - - - - - 0-47 - - -
Er 1-64 - - - - - 1-32 - - -
Tm 0-202 - - - - - 0173 - - -
Yb 13 14 11 12 08 1-2 11 13 15 11
Lu 0:196 0-193 0:-149 0:169 0:110 0-164 0-163 0179 0214 0152
Y 172 14-0 110 150 110 140 15-3 17-0 17:0 14-0
Rb 47 52 57 54 56 95 81 80 77 74
Sr 912 995 705 626 897 737 901 665 699 732
Ba 791 1139 1156 700 1002 925 952 852 727 1025
Pb 80 90 10-0 80 80 130 11-3 11-0 9:0 12:0
Cs 11 17 17 25 17 1-9 20 21 40 1-8
u 1-06 1-44 1-67 0-86 1-50 2:29 1-44 1-87 2:68 1-47
Th 51 70 73 33 52 92 92 78 60 75
Zr 229 247 259 201 249 215 253 222 291
Hf 53 58 61 49 58 50 59 71 52 69
Nb 112 90 90 10-0 12:0 90 121 12:0 10-0 11-0
Ta 0-64 072 0-63 057 070 056 0-67 079 0-76 067
Sc 15-9 14-0 90 16-1 82 107 94 91 143 77
Cr 141 100 57 160 61 29 30 38 207 42
Ni 82 18 25 46 24 10 14 13 63 20
Co 20 18 13 21 14 12 n 12 18 12
Cu 95 95 95 32 30 17 - 16 31 20
Zn 127 127 94 85 89 70 - 90 80 92
\Y 142 29 24 148 107 17 101 107 124 100
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Table 4: Continued

Syn-migration Pircas Negras Post-migration Pircas Negras

Laguna Brava Los Patos-Valle Ancho Rodrigo Upper Rio Salado
Sample: C0333* C0502 CC252 CC254 cca71 CC279 CC296a* CC297 C0177 C0312*
SiO, 63-80 63-26 63-56 57-11 64-77 59-73 62-90 60-91 61-90 60-89
TiO, 0-95 092 0-88 11 0-73 078 0-74 0-79 0-89 1-00
Al,O3 16-08 16-43 15-64 16-42 16-19 1551 15-97 16-32 16-82 16-45
Fe,03 198 - - - - - - - 2:20 -
FeO 2:87 - - - - - - - 2:37 -
FeOsoral 4-65 429 4-66 6-54 397 47 41 4-23 4-35 491
MnO 0-06 004 008 012 0-05 0-09 0-08 0-07 0-06 0-08
MgO 203 2:24 2:25 420 232 334 216 2:45 192 2:43
Ca0 397 4-87 5-05 7-46 3-96 6-76 47 514 473 587
Na,O 424 4-64 4-03 401 428 396 4-28 4-23 4-67 5-06
K20 290 293 27 198 337 2-45 310 3-08 2:90 2:90
P05 0-29 0-35 0-26 0-32 0-22 0-26 0-25 0-24 0-30 0-35
Total 98-98 99-97 99-12 99-27 99-86 97-59 98-30 97-46 98-55 99-93
Mg# 437 483 46-3 53-4 51-0 55-8 48-4 50-8 44-0 46-9
La 36-2 422 382 351 42:6 46-9 368 395 461 405
Ce 837 94-2 784 67-6 87-2 89-7 80-8 72:6 92:8 912
Pr 9-87 - - - - - 9-65 - - 11-06
Nd 371 44-3 352 342 354 393 357 326 432 418
Sm 6-26 6-60 6-42 612 573 671 5-89 542 7-27 6-95
Eu 161 182 136 161 133 147 150 124 142 178
Gd 38 - - - - - 35 41
Tb 0-52 057 0-50 0-65 0-32 054 0-47 0-45 0-47 0-54
Dy 25 - - - - - 23 - - 25
Ho 0-44 - - - - - 0-39 - - 0-43
Er 107 - - - - - 0-94 - - 1-00
Tm 0-159 - - - - - 0-136 - - 0-145
Yb 0-9 09 13 13 0-8 11 08 08 08 08
Lu 0-134 0-108 0-151 0-181 0-094 0-132 0-110 0-100 0-109 0-116
Y 131 - - - 80 - 114 - 110 116
Rb 87 - 104 46 116 80 93 74 65 68
Sr 831 773 540 778 458 875 821 657 824 863
Ba 998 1081 757 759 1029 737 958 901 1033 984
Pb 15-5 12:0 6-0 13-0 90 112 7-0 10-0 116
Cs 33 19 35 07 33 47 13 13 10 12
U 164 124 358 1-03 2:44 351 137 149 132 113
Th 80 62 150 54 14-0 110 110 86 72 78
Zr 305 - 197 172 218 154 286 213 289 350
Hf 62 67 59 51 56 52 58 55 68 73
Nb 15 - 94 99 70 91 92 6-9 10-0 10-9
Ta 0-68 063 0-90 067 0-57 077 0-53 0-45 0-57 0-60
Sc 78 73 - 177 79 12:3 84 7-6 65 70
Cr 39 38 39 100 31 97 70 53 25 29
Ni 16 16 17 32 1" 37 20 16 9 23
Co " " 13 22 12 17 12 1 10 1"
Cu - 17 29 19 26 19 18 16 -
Zn - 93 94 65 83 93 78 85 -
\Y 88 - 108 157 97 113 98 59 89 94

*Analyses from Goss & Kay (2009).

TPartial analyses from Kay et al. (1994).

Cu and Zn were analyzed at Chilean Geological Survery (SERNAGEOMIN) [see Kay et al. (1999) for
analytical techniques].
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FORE-ARC SUBDUCTION EROSION

Table 5: Sr, Nd, Pb and O isotopic analyses for Pircas Negras Region samples (~27-28°S latitude)

Sample Unit Age &75r/%sr  MNd/'™Nd  2°Pb/?Pb 27Pb/?Pb  2%®Ph/XPb  §'80,, 3'%0,,
C0412 Pircas Negras ~5 0-705767 0-512501 18:650 15611 38654

Ccc17 Pircas Negras 57+05 0-705569 0-512513 18-640 15-600 38578

AC(PN)409* Pircas Negras 52+09 0705799 0-512489

AC(PN)406* Pircas Negras ~8-8 0-706403 0-512478

C0427 Pircas Negras ~6 0-705560 0-512503 18:644 15616 38627 +8:35+02
CO179 Pircas Negras 19+02 0706255 0512426 18:663 15612 38698

C0309 Pircas Negras ~5 0-705565 0-512505 18:631 15611 38603

C0310 Pircas Negras ~5 0-705713 0512477

C0324 Pircas Negras ~5 0-706193 0-512451 18-726 15617 38731 +6:2+0-2
C0332 Pircas Negras ~5 0-706406 0-512428

CO0507 Pircas Negras ~4 18:675 15615 38704

C0428 Dos Hermanos ~8 0-705738 0-512467

Ccc81 Dos Hermanos 77+£04 0-705871 0-512491 18-640 15610 38612

cecan Pircas Negras ~5-6 0-706415 0512431 18-680 15-620 38:761

CC296a Rodrigo 44+06 0706278 0-512396 18:656 15-610 38:709

CC297 Rodrigo ~4-4 0-706273

CCo1 Valle Ancho 58+07 0705667 0512478 +62+02
CC262 Valle Ancho 56+03 0705943 0-512493 18-680 15-610 38619

C024 Los Aparejos 91+06 0706229 0-512477 18688 15613 38-588

CO0446 Escabroso ~21 0-705053 0-512597

C0335 Escabroso ~21 0-704948 0-512609

C0292 Escabroso ~21 0-704784 0-512584

C0264 Escabroso 21-9+08 0-704857 0-5612625

Pb analyses in italics were carried out at the University of Florida, others at Cornell University.

*Analyses from Kay et al. (1991).

grains in the Valle Ancho lavas, which constitute less than
10% of the phenocrysts, have cores in the range Fogs 73
and rims of Fozy 46 (Fig. 6¢).

Groundmass microlites or microphenocrysts (<0-5 mm)
and larger subhedral to anhedral xenocrysts (1-10 mm)
are the primary plagioclase grains in the Pircas Negras
and Dos Hermanos andesites. The compositions of the
analyzed grains are given in Supplementary Data
Electronic Appendix 5 and plotted in Fig. 7. Most micro-
lites in the Pircas Negras andesites have compositions of
Anyg g5 and show little zoning; a few are less than Any,,.
Microlites from andesite CO412 have the highest average
An contents (Ang) and those from andesite CO309 the
lowest (Anjsz). The microlites in the Dos Hermanos andes-
ites exhibit a wider range (Anj;_sg), whereas those in the
Valle Ancho basaltic andesite are Anyg_5. A single zoned
phenocryst (Angs66) in Dos Hermanos andesite CC81
compositionally overlaps the Pircas Negras microlites. The
xenocrystic plagioclase grains in the Pircas Negras andes-
ites display extensive resorption, reverse zoning and sieve
textures. The compositions of their cores are more albitic

(Angs—4)) than the microphenocrysts, whereas the compos-
itions of their rims overlap (Angg 49). Only in syn-migra-
tion Pircas Negras andesite (CO324) do the xenocrysts
exceed 5% of the total crystal population.

Calculated temperatures and fO,

Pre-eruptive crystallization temperatures for Pircas Negras
andesites CO412 and CO324 were investigated using coex-
isting pyroxene (Lindsley, 1983) and magnetite—ilmenite
(Andersen & Lindsley, 1988) phase equilibria. The tem-
peratures were calculated using the algorithms in the
QUILF95 program (Anderson ef al., 1993).

Following Lindsley (1983), coexisting pyroxene tempera-
tures were calculated from Wo-Fs—En end-members in
pyroxenes considered to be in equilibrium after correcting
for non-quadrilateral components (Fig. 6a; Supplementary
Data Electronic Appendices 2, 3 and 9). A preferred tem-
perature range of 1064 £72°C to 1074 £50°C for andesite
CO412 is based on average orthopyroxene (CO412-l;
Table 3) and clinopyroxene phenocryst compositions in
grains showing similar extents of resorption and

2207

220z 1snbny 9| uo 1senb Aq G1L68EYL/E61 /L LITS/eI0mIe/ABOj018d/W00 dno-olwepeoe//:sdiy Woli pepeojumoq


http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egt044/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egt044/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egt044/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egt044/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egt044/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egt044/-/DC1

JOURNAL OF PETROLOGY VOLUME 54 | NUMBER Il NOVEMBER 2013

4 (b) Pircas Negras - CO427k

Fig. 4. Photomicrographs: (a) oxidized magnesiohastingitic amphibole (hbl) in ~5-2 Ma Paso Pircas Negros syn-migration andesite CO414;
(b) resorbed quartz xenocryst (qz) with clinopyroxene (cpx) reaction corona in ~6-2 Ma Rio Gallina region syn-migration Pircas Negras an-
desite CO427; (c) glomeroporphyritic olivine (ol) clot in ~5 Ma Rio Veladero region syn-migration Pircas Negras andesite CO324; (d) clino-
pyroxene in 7-7 Ma Dos Hermanos andesite CO428. Mineral compositions are from Tables 3 and Electronic Appendix Tables 1-6.

disequilibrium with the groundmass. Combining clinopyr-
oxene rim and orthopyroxene compositions results in
higher temperatures with larger errors (1072—1082 £ 57—
92°C). Calculating a temperature for andesite CO324 is
complicated by the bimodal orthopyroxene compositions,
reversely zoned clinopyroxene phenocrysts, and petro-
graphic evidence for disequilibrium. Pairing high-Mg
orthopyroxene rims on olivine phenocrysts (CO324-2;
Table 3) with clinopyroxene phenocrysts gives tempera-
tures of 1067-1069 £50°C,, which are consistent with
those from andesite CO412. Other combinations of ortho-
pyroxene and clinopyroxene cores yield temperatures of
954-977 £50-57°C (see Fig. 6a).

In-contact pairs of magnetite and ilmenite grains (Fig. 5;
Supplementary Data Electronic Appendices 6 and 10)
were used to calculate pre-eruptive fO, and temperature
using the program of Andersen et al. (1993). A single
in-contact magnetite—ilmenite pair in andesite CO412
yielded a temperature of 880 £23-41°C at an fOy of ~2:5
log units above the quartz—fayalite-magnetite (QFM)
buffer. In-contact pairs in andesite CO324 yielded tem-
peratures ranging from 788 £10°C to 900 £ 31°C.

Whole-rock major and trace element
variations

The Pircas Negras and Dos Hermanos lavas contain
5664 wt % SiOg with Mg## values of 3661 (Table 4;
Supplementary Data Electronic Appendix 7; Fig. 8a—h),
with the most mafic samples (57-59 wt % SiOy) occurring
near Paso Pircas Negras and in the southern Rio Salado
region, and the most silicic (62-64wt % SiOy) in the
northern Rio Salado valley and near the Los Patos strato-
volcano (Figs 2b and 3). On the basis of the wt % K,O—
Si10, diagram of Le Maitre et al. (1989), the Pircas Negras
lavas are high- to medium-K andesites and dacites and the
Dos Hermanos lavas are high-K andesites (Fig. 8a). On
variation diagrams versus wt % SiO,, the data generally
define linear trends in wt % CaO, MgO and total Fe as
FeO* (Fig. 8c—e) and wt % TiOy (Fig. 8f) from 0-62 to
13%. Their wt % NayO (3:8-5-5, Fig. 8g) extends to not-
ably high values at variable wt % Al,Os (15-18%,
Fig. 8h). Overall, the Dos Hermanos lavas have higher wt
% KyO and NayO and lower wt % CaO at the same wt
% Si109. The ~9 Ma Los Aparejos (~53wt % SiOo,
Mg#t =66-68) and ~5 Ma Valle Ancho (~57 wt % SiO,
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e

-

Fig. 5. Electron microprobe backscatter electron images of in-contact magnetite—ilmenite grains in syn-migration Pircas Negras mafic andes-
ites CO324 (59-1% wt % SiOg) and CO412 (574% wt % SiOy) (see Table 1). Circles indicate analyzed points. Mineral analyses are given in
Electronic Appendix 6. Calculated pre-eruptive temperatures are discussed in text and shown in Electronic Appendix 10.

Mg# = 55-58) lavas have lower wt % NayO (3-3-3-8) and
KyO (15-17). In comparison, the older 21-18 Ma
Escabroso Formation and 16—-13 Ma southern Maricunga
Belt lavas are marked by lower wt % K,O, Na,O, TiO,
and MgO at higher wt % AlyO5 (Supplementary Data

Electronic Appendix 8; Kay et al., 1991, 1994; Mpodozis
et al., 1995).

As discussed by Goss & Kay (2009), the Pircas Negras
and Dos Hermanos lavas have trace element features that
distinguish them from most central Andean andesites.
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Fig. 6. Compositional variation of pyroxene and olivine (data from
Table 3 and Electronic Appendices 2—4). Pyroxene cation totals are
corrected for Fe?"/Fe® using the method of Droop (1987). End-
member compositions are En (MgSiOs), Fs (FeSiO;) and Wo
(CaSiOg) for pyroxene, and Fo (MgySiOy4) and Fa (FeySiOy) for oliv-
ine (base of diagrams). Filled symbols are cores and clots; open sym-
bols are rims. Analyzed samples: (a) syn-migration Pircas Negras
CO324 (~5 Ma Veladero) and CO412 (5-2 Ma Paso Pircas Negras);
tie-lines connect pyroxene pairs used in calculating two-pyroxene
equilibration temperatures discussed in the text and reported in
Electronic Appendix 7; (b) Pircas Negras samples CO427 (~6 Ma
La Gallina) and CO309 (~4 Ma Barrancas Blancas); (c¢) Dos
Hermanos samples CO428 and CC8l and Valle Ancho basaltic andes-
ite CCI0L.

One of these features is their steep REE patterns, which ex-
hibit high degrees of HREE depletion (Figs 9-11). In
detail, La/Yb (15-55), La/Sm (4:5-7-5) and Sm/Yb
(4-2-8-4) ratios in the Pircas Negras lavas are lower than
those in the Dos Hermanos—Redondo lavas (La/Sm=
7-7-5; Sm/Yb =8-9; Fig. lla and b). Dy/Yb ratios, which
capture the concave-upward curvature of the REE pattern

associated with residual amphibole, are generally lower at
a given wt % SiOy in the amphibole-bearing Pircas
Negras (2:2-3-1) than in the amphibole-free Dos
Hermanos lavas (2-:9-3-1). In comparison, the Valle Ancho
basaltic andesites have the lowest La/Sm, Sm/Yb and Dy/
Yb (2:18-3-5) ratios (Fig. 1la and b). Eu anomalies are gen-
erally small (average Eu/Eu* ~19, range 0-88—-1:10; I'ig.
9a) in the Pircas Negras andesites, whereas those in
the Dos Hermanos lavas are slightly positive (106—1-11;
Fig. 9c).

Other features of the Pircas Negras and Dos Hermanos
lavas are their pronounced arc-like large ion lithophile
element (LILE) enrichment and high field strength elem-
ent (HFSE) depletion as seen in mid-ocean ridge basalt
(MORB)-normalized trace element patterns (Figs 9 and
10) and plots of La/Ta (>40) versus La/Yb and Ba/Ta
(Fig. 1lc and d). The Dos Hermanos lavas have the highest
LILE concentrations and the largest HFSE depletion (La/
Ta >80), and the Valle Ancho basaltic andesites the lowest
HFSE depletion (La/Ta =39-41). The 3-2 Ma Rio Salado
andesites show the most LILE enrichment and HFSE de-
pletion (75-80) among the Pircas Negras lavas. All of the
lavas have Nb/Ta ratios >16 with the highest ratios
(18-20) in the Dos Hermanos andesites (Goss & Kay,
2009). Other common features are positive Pb anomalies
(7-17ppm Pb) in MORB-normalized trace element
patterns (Figs 9b, 9 and 10b).

Trace element differences between the ~9-2 Ma lavas
and older Maricunga Belt and younger CVZ (e.g. Cerro
Peinado, Falso Azufre, San IFrancisco; Mpodozis et al.,
1996; Kay & Mpodozis, 2002) lavas are highlighted in
Figs 9, 11 and 12. In comparison, both the 21-18 Ma
Escabroso Formation and <3 Ma CVZ andesites have
lower Sm/Yb and La/Yb ratios indicating flatter REE pat-
terns, lower HFSE depletion and lower Sr/Yb ratios.
Among these, the 21-18 Ma Escabroso Formation andes-
ites have the flattest REE patterns (La/Yb=8-10; Sm/
Yb=2-2-2-6) and lowest ppm Ni and Cr, and the CVZ
lavas the most light REE (LREE) enrichment (La/Sm to
6-5) and highest ppm Cr (30) and Ni (40). The 16-13 Ma
Maricunga Belt lavas have La/Yb, Sm/Yb and Sr/Yb
ratios and Sr, Ni and Cr contents that overlap the lower
ranges in the Pircas Negras and Dos Hermanos lavas. The
La/Ta (>42) ratios of the Pircas Negras and Dos
Hermanos lavas are uniformly much higher than in the
21-18 Ma or CVZ lavas.

In detail, the pre-, syn- and post-migration groups have
distinctive characteristics. The pre-migration (77 Ma Dos
Hermanos, 8:8 Ma Comecaballos, ~8 Ma Redondo)
andesites are characterized by very steep REE patterns
(La/Yb =58-64), and high La/Ta ratios (92—-101) that fall
off trends for the syn-migration 7-3 Ma lavas (Fig. 11).
The steep REE patterns are largely due to very steep
HREE patterns (Sm/Yb =8-0-8:8), and the strong HFSE
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Fig. 7. Triangular plot of Ab (NaAlSi;Og), An (CaAl;SiyOg) and Or (KAISi;Og) compositions for plagioclase microlites or microphenocrysts
and xenocrysts in Pircas Negras syn-migration andesites, a single phenocryst-like plagioclase and microlites or microphenocrysts in pre-migra-
tion Dos Hermanos andesites and microlites or microphenocrysts in the Valle Ancho mafic andesite. Filled symbols are cores; open symbols

are rims; xenocrysts are shaded. Data are from Electronic Appendix 5.

depletion (Ba/Ta =1800-2400) and extreme LREE enrich-
ment are coupled with lower Ba/La ratios (19-24) than in
most Pircas Negras andesites (Fig. 1lb). The Dos
Hermanos andesites are notable for having the highest Sr
concentrations (1220-1436 ppm) and Sr/Yb ratios (1216—
1302), with those of the Comecaballos lava (800 ppm Sr;
Sr/Yb =1011) also being very high (Fig. 12a and b). Cr is
<100 ppm and Ni is <25 ppm in all of these lavas (Fig. 12¢
and d). In comparison, the more mafic ~9 Ma Los
Aparejos lavas have flatter REE patterns (La/Yb =17-22;
Sm/Yb =3-3-3-8), less HFSE depletion (La/Ta=>55; Ba/
Ta=1126-1285) and lower Sr (720-897 ppm) and higher
Cr (632-672 ppm) and Ni (174-228 ppm) concentrations.
The 7-3 Ma syn-migration Pircas Negras andesites
show a wide variability in REE patterns (La/Yb =19-57),
degree of HFSE depletion (La/Ta=36-76) and range of
Sr (460-1050 ppm), Cr and Ni concentrations and Sr/Yb
ratios. Their REE variability is largely attributable to the
HREE, with Sm/Yb ratios ranging from 4 to 8. Cr and
Ni concentrations reach 250 ppm and 60 ppm respectively
in the 5-3 Ma Paso Pircas Negras and Rio Salado lavas,
with the highest values correlating with the lowest Sm/Yb
ratios. Similar high Cr and Ni concentrations are absent

in the pre- and post-migration lavas, which have higher
Sm/Yb ratios. The mafic Valle Ancho lavas are most like
the Los Aparejos lavas in showing less LREE enrichment,
and higher Cr (195—201 ppm) and Ni (46—59 ppm) concen-
trations, and in lacking very high Sr (477-593 ppm)
concentrations and Sr/Yb ratios (333-426). In contrast, the
3—2 Ma post-migration Pircas Negras lavas have trace elem-
ent signatures broadly similar to those of the pre-migration
andesites. These signatures include higher La/Yb ratios (51—
58) at a given wt % SiOy, higher Sm/Yb (7:8-9-1) and La/
Ta (77-81) ratios, and lower maximum Cr (3-28 ppm) and
Ni (9-10 ppm) concentrations than the 7-3 Ma syn-migra-
tion andesites. Their Sr (824—892 ppm) concentrations and
Sr/Yb ratios (913—1040) are like those in the 7-3 Ma lavas.

Nd-Sr—Pb isotopic ratios

A temporal trend to higher ¥Sr/"®Sr and lower
"Nd/**Nd ratios in mafic to silicic lavas erupted during
and after, compared with before, the eastward displace-
ment of the arc front is superimposed on an enrichment
trend with increasing wt % SiOy in Fig. 13 (data and refer-
ences are given in Table 5). In detail, ’Sr/*®Sr ratios in the
Dos Hermanos—Pircas Negras andesites (0-7055—0-7065)
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Fig 8. Harker variation diagrams comparing trends for ~24 Ma Segerstrom back-arc basalts, 21-18 Ma and 16-13 Ma Maricunga Belt basaltic
andesite lavas; ~9 Ma Los Aparejos basaltic andesite; Dos Hermanos andesites; Pircas Negras andesites to dacites; Valle Ancho basaltic andes-
ites; and southern CVZ Incahuasi and San Francisco mafic volcanic rocks. Low-, medium- and high-K boundaries in (a) are from Le Maitre
et al. (1989). Data are from Table 4, Electronic Appendices 7 and 8, Kay et al. (1991, 1994, and 1999), Mpodozis et al. (1995, 1996, 1997), Goss &
Kay (2009) and Mpodozis & Kay (2009).

are higher than those in the 21-18 Ma Escabroso
(0-7047—-0-7051), 16—13 Ma southern Maricunga and 8-7
Ma Jotabeche volcanic rocks (~0-7045-0-7055) at the
same wt % SiOg (Fig. 13a). The ratios in the 6-3 Ma

2212

volcanic rocks near Cerro Bonete and the <3 Ma southern
CVZ and Incapillo caldera rocks (Goss et al., 2011) fall on
the Pircas Negras trend, as do those of the Valle Ancho
lavas (0:7057—0-7059). The ¥Sr/*°Sr of the ~9 Ma Los
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Aparejos basaltic andesite (0-7062) is also on the enriched
side. The plot of ¥Sr/*Sr versus ppm Sr (Fig. 13b) shows
a similar pattern, with the Dos Hermanos lavas having
¥8r/*°Sr similar to the Pircas Negras lavas but at signifi-
cantly higher ppm Sr (1200-1400). The ¥’Sr/*®Sr versus
"Nd/**Nd plot in Fig. 13¢ shows a correlative general
decrease in "Nd/"*'Nd in volcanic rocks erupted after
frontal arc migration, with "*Nd/"*Nd compositions in
the Dos Hermanos, Pircas Negras, Bonete region and
CVZ lavas being higher than those in the 21-18 Ma
Escabroso and 16—-13 Ma southern Maricunga lavas, and

1000
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overlapping with those of the 8-7 Ma Jotabeche volcanic
rocks. The ¥Sr/*®Sr and ™ Nd/**Nd ratios of the Valle
Ancho and Los Aparejos lavas fall within the field of the
Pircas Negras lavas.

The *Pb/***Pb (18:63-18:72), *’Pb/***Pb (15-60-15-62)
and ""Pb/***Pb (38-56-38:76) ratios of the Los Aparejos,
Pircas Negras, Dos Hermanos and Valle Ancho lavas
(Table 6) generally fall within or near the values of
Chilean—Pampean flat-slab arc region and southern CVZ
volcanic rocks (Fig. 14) and differ from those of <2 Ma
CVZ lavas and Miocene volcanic rocks further east in the
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Fig. 9. Cl chondrite-normalized (McDonough & Sun, 1995) REE and MORB-normalized (Sun & McDonough, 1989) extended trace element
patterns for representative syn-migration Pircas Negras andesites (a and b) and comparative ~24 Ma Segerstrom basalts, ~9 Ma Los
Aparejos basaltic andesites, ~7-7 Ma Dos Hermanos andesites, ~5-5 Ma Valle Ancho basaltic andesites and <2 Ma CVZ Incahuasi and San
Francisco mafic lavas (c and d). Data are fromTable 4, Kay et al. (1999) and Goss & Kay (2009).

(continued)
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Fig. 9. Continued.

Precordillera and Sierras Pampeanas of the Chilean—
Pampean flat-slab.

Oxygen isotope data in'lTable 5 show that olivine pheno-
crysts in Valle Ancho basaltic andesite CCI0I and syn-mi-
gration Pircas Negras andesite CO324 have near mantle
8'®0 values of +6-240-2%0 and that a quartz xenocryst
in syn-migration Pircas Negras andesite CO427 has a crus-
tal-like 3O value of 48-35 3 0-2%o.

DISCUSSION

The eruption of the Dos Hermanos and Pircas Negras an-
desites before, during and after the migration of the frontal

arc permits an evaluation of their petrological, geochem-
ical and isotopic characteristics relative to hypotheses for
the origin of high-Mg andesites. Importantly, these andes-
ites fall within the realm of magmatic rocks commonly
called adakites with regard to their high La/Yb, Sm/Yb
and Sr/Yb ratios and Sr concentrations; however, they
have Sr and Nd isotopic ratios that are more enriched
than those used in most adakite definitions. Below, we
refer to them as adakite-like high-Mg andesites and com-
pare them with other andesites to develop a model in
which their distinctive characteristics are derived from
components associated with fore-arc subduction erosion
and evolution in a 65—70 km thick crust.
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Fig. 10. Chondrite-normalized REE (a) and MORB-normalized trace element (b) diagrams showing fields for pre-migration Dos Hermanos
group, syn-migration Pircas Negras and Valle Ancho, and post-migration Pircas Negras volcanic rocks relative to ICP-MS compositions of
3:8 GPa experimental melts of a basaltic amphibolite (AB-1) reacted with depleted (circles) and primitive fertile (diamonds) mantle from
Rapp et al. (1999). The range for Mt. Shasta andesitic andesites (light gray field) in the Cascades from Grove et al. (2002) and the Pircas
Negras type Cerro Rodrigo andesite (open circles) are shown for comparison.

Petrogenesis of the Pircas Negras and Dos
Hermanos lavas: source and tectonic
considerations

Extreme HREE depletion (Sm/Yb =4-9) like that seen in
the adakite-like Dos Hermanos and Pircas Negras high-
Mg andesites has been explained by partitioning of
HREE into residual garnet (e.g. Gromet & Silver, 1987);
their coupled lack of plagioclase phenocrysts, negligible
Eu anomalies, and high wt % NayO and high ppm Sr
concentrations have been attributed to melting in the

garnet-in feldspar-out (garnet pyroxenite) stability field
at pressures above 13GPa (deeper than 40-45km).
Supporting evidence for these statements comes from ex-
periments showing that amphibole melting reactions
above the garnet-in phase boundary at 12 GPa (e.g. Wolf
& Wyllie, 1994) can produce garnet granulite-like residues
(Sen & Dunn, 1994; Rapp & Watson, 1993), that basaltic
to andesitic melts in equilibrium with rutile-bearing eclogi-
tic residues can form from 10-50% partial melting of bas-
altic eclogite at 1250-1335°C and 2—3 GPa (Pertermann &
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Hirschmann, 2003), and that ~20-40% vapor-absent par-
tial melting of olivine-normative, tholeiitic amphibolite
can produce andesitic magmas in equilibrium with re-
sidual eclogite and garnet granulite at 12-3-2 GPa (Rapp
& Watson, 1995). Other experiments also show that plagio-
clase is unstable in (1) anhydrous basaltic melts at pressures
above 12 GPa (e.g. Green & Ringwood, 1968), (2) hydrous
gabbroic melts with >3 wt % HyO at 900-1100°C and
15 GPa (Huang & Wyllie, 1986), (3) basaltic andesites
with 2:0-5-5wt % HyO at 1050°C above 13 GPa, (4) an-
desites with 3-5-4-5wt % HyO above 10 GPa at 1050°C
(Moore & Carmichael, 1998) and (5) high-Mg basaltic

andesites with >3 wt % at 12GPa in equilibrium with
amphibole and garnet (Mintener ez al., 2001).

The question is then the nature of the mafic source that
produces the Pircas Negras—Dos Hermanos magmas. Of
the possibilities, significant melting of the subducting
Nazca plate is discarded as the subducting slab is too old
(~50 Ma; Yanez et al., 2001) and cold, and the Pircas
Negras—Dos Hermanos andesites do not have MORB-like
isotopic compositions (Fig. 13). The remaining possibilities
include garnet fractionation from basaltic magmas at high
pressure, melting of thickened lower crust and melting of
subducted fore-arc eroded components at high pressures.
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Fig. 11. Variation of selected trace element ratios: (a) La/Yb vs wt % SiO,, (b) La/Sm vs Sm/Yb, (c¢) La/Yb vs La/Ta, and (d) Ba/Ta vs La/Ta
for ~9-2 Ma Pircas Negras and Dos Hermanos and related volcanic rocks compared with 26-0 Ma lavas from the region between ~27 and
28-5°S. Numbers in fields are ages in Ma. Data for pre-migration ~9-7-5 Ma (Dos Hermanos, Redonda, Comecaballos) lavas, syn-migration
Pircas Negras and Valle Ancho lavas (7-3 Ma), and post-migration Pircas Negros lavas (3—2 Ma) are from Table 4, Goss & Kay (2009) and
Mpodozis & Kay (2009). Data for 21-18 Ma Escabroso and 16-12 Ma Jotabeche Norte, La Laguna and Cadillal-Yeguas Heladas andesites
from the Maricunga Belt are from Table 4, Electronic Appendix 8, Kay et al. (1991, 1994, 1999), Mpodozis et al. (1995) and Tittler (1995); for
~24 Ma Segerstrom basalts data are from Kay et al. (1999); and for CVZ volcanic rocks (Peinado, Falso Azufre, Las Grutas, San Francisco,
Incahuasi) data are from Mpodozis et al. (1996) and Kay et al. (1999, 2013).

(continued)
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Fig. 11. Continued.

Garnet fractionation

Garnet fractionation from mafic magmas with flat HREE
patterns at pressures above 0-8 GPa has been proposed by
Macpherson et al. (2006) as a mechanism to generate the
Philippine arc Surigao high-Mg adakites (Sr/Y = 50-150;
Sm/Yb =4-7). Those workers have suggested that these
magmas reflect 30-50% fractionation of an assemblage
containing ~12% garnet, based on high-pressure experi-
ments with 5-10wt % HyO that yielded 5-15% garnet
fractionation from basaltic (Mintener et al., 2001) and an-
desitic (Ulmer et al,, 2003; Alonso-Perez et al., 2004)
magmas. Although garnet fractionation could be a factor
in the evolution of the Pircas Negras—Dos Hermanos
magmas, such a mechanism cannot explain Sm/Yb ratios
up to nine as shown by a simple model (Supplementary
Data Electronic Appendix 11) starting with a Los
Aparejos-type  mafic  andesite lava, experimental

constraints from Miintener et al. (2001) and distribution co-
efficients from Martin (1987). In the model, the Sm/Yb
ratio reaches 6-2 at 53% fractionation with ~14% garnet
as the melt runs out of MgO (<0-2wt %) and becomes
too KyO-rich (>3:6 wt %). A similar problem arises start-
ing with compositions like those of the mafic lavas from
the southern CVZ Incahuasi and San Irancisco volcanoes
(Figs 8,9 and 11-14; Kay et al., 1999). Melting of a depleted
mantle-derived magma like that used by Macpherson et al.
(2006) also fails to explain the isotopic signatures of the
Pircas Negras and Dos Hermanos lavas (Figs 13 and 14).

Lower crustal melts

Eclogitic lower crust has frequently been proposed to play
a major role in producing Andean adakite-like volcanic
rocks (e.g. Kay et al., 1987, 1991; Hildreth & Moorbath,
1988; Petford & Atherton, 1996; Mamani et al., 2010).
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Melting models of eclogitic crust involving ponding of
mantle-derived magmas in deep crustal ‘hot zones’
(Annen et al., 2006) conceptually resemble the basaltic
melting experiments at 2-2:5GPa of Rapp & Watson
(1995). The 65—70 km thick crust (McGlashan et al., 2008)
below the Dos Hermanos—Pircas Negras volcanic fields
allows mafic eclogite and garnet-granulite rocks to play a
role in generating their adakitic signatures. Kay et al.
(1991) used this reasoning in modeling the lavas from the
Paso Pircas Negras as 10-22% partial melts of basaltic
two-pyroxene garnet granulites with the heat derived
from arc basaltic magmas ponded in the lower crust.
Melting of this crust, which was argued to be have evolved
from dehydration of amphibolite residues and to have
been thickened by westward crustal flow in response to
Miocene crustal shortening, provided an explanation for
higher #Sr/*Sr ratios at similar wt % SiO, and ppm Sr

in the Pircas Negras lavas compared with the older andes-
ites (Fig. 13a and b). The occurrence of quartz and plagio-
clase xenocrysts has been used as evidence for increased
crustal involvement. Similarly, Goss & Kay (2009) used a
rutile-garnet-bearing mafic lower crust in modeling the
extreme HREE depletion, high ppm Sr, low ppm Cr and
Ni, and high Nb/Ta ratios of the Dos Hermanos pre-
migration lavas.

Kay et al. (1991,1994, 2013) argued that crustal thickening
had taken place in this segment of the Andes by 11-10
Ma, on the basis of the steep REE patterns in the
Maricunga Belt volcanic rocks (Fig. 10). Other evidence
for crustal thickening and uplift by this time comes from
the development of internal drainage in the Puna by the
middle Miocene (e.g. Vandervoort et al., 1995; Carrapa
et al., 2005), termination of Atacama gravel deposition to
the west by 10 Ma (e.g. Nalpas et al., 2008) and very high
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Fig. 12. Variation of Sr/Yb vs ppm Sr (a) and Yb (b), and Sm/Yb vs ppm Cr (c) and Ni (d) for the same samples as in Fig. 11. Cr and Ni for the

~9 Ma Los Aparejos mafic andesites and <2 Ma Incahuasi, and San Francisco CVZ basalts (Kay et al., 1999) plot off scale as indicated.
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Sm/Yb ratios in 9-8 Ma southern Puna back-arc lavas (e.g.
Richards et al., 2006). The lack of high Sm/Yb ratios in
southern CVZ lavas erupted through a 65-70 km thick
crust can be attributed to a less contractional tectonic
regime after 3 Ma leading to little magma storage in the
lower crust.

Subduction erosion

The concept of subduction erosion was proposed for the
Central Andes by Rutland (1971) and Ziegler et al. (1971),
who noted that (1) Jurassic arc rocks form most of the
modern Coastal Cordillera, (2) Mesozoic accretionary
complexes are absent, (3) Paleozoic metamorphic units
truncate at the coast at ~34°S and (4) the volcanic arc
has periodically stepped eastward since the Mesozoic.
They proposed that up to 200 km of the fore-arc has been
removed and subducted since the Jurassic. Additional evi-
dence now used for detecting eroding margins includes
fore-arc normal faults and subsidence, over-steepened

5 6 7 8 9 10

fore-arc prisms, subducted seamount scars and seismic
images of detached upper-plate crust at the plate interface
(e.g. von Huene et al., 1997, 2004; Ranero & von Huene,
2000; Vannucchi et al., 2001; Laursen et al., 2002). As fore-
arc subduction erosion processes are favored at continental
arc margins with high convergence rates (>6cm a™') and
trenches devoid of terrigenous sediments (e.g. von Huene
& Scholl, 1991; Clift & Vannucchi, 2004), the transition
from a semi-arid to a hyper-arid climate in the Atacama
desert by ~16 Ma (Rech et al., 2006) and the development
of internal drainage in the Puna by ~15 Ma (Vandervoort
et al., 1995) favor such a process on the northern margin of
the flat-slab. Fore-arc subduction erosion further provides
a way to generate adakitic magmas in arcs with old sub-
ducting slabs and where the crust is too thin to stabilize
garnet (Kay, 1978, 2006; Goss & Kay, 2006).

Geochemical and tectonic considerations have also been
used in calling upon partial melting of crust removed by
fore-arc subduction erosion to play a role in the genesis of
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Fig. 13. Variation of ¥Sr™®®Sr ratios vs (a) wt % SiOs, (b) ppm Srand (c) "*Nd/**Nd for 9-2 Ma Dos Hermanos, Pircas Negras and related
volcanic rocks (Table 5) compared with data for ~24 Ma Segerstrom lavas (Kay et al., 1999), 21-18 Ma Escabroso andesites (Table 5), 16-13
Ma Maricunga Belt arc Jotabeche Norte, La Laguna and Cadillal-Yeguas Heladas andesites, and 8—7 Ma Maricunga Belt Jotabeche complex
volcanic rocks (Kay ez al., 1991, 1994, 1999; McKee ¢t al., 1994), Bonete—Incapillo volcanic rocks (Goss et al., 2009, 2011) and southern CVZ lavas

(Mpodozis et al., 1996; Kay et al., 1999).
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Fig. 14. Variation of 206ph 20 Ph vs (a) 2P/ *Pb and (b) ***Pb/***Pb for ~9-2 Ma Dos Hermanos, Pircas Negras and related volcanic rocks
compared with fields for volcanic rocks from the Chilean—Pampean flat-slab and southern CVZ, Precordillera and Sierras Pampeanas (Kay
& Gordillo, 1994; Kay & Abbruzzi, 1996; Kay e/ al., 1999; and references therein). Crosses in the Mesozoic Volcanic and Intrusive field, large
open diamond and large triangle are for present-day ratios in Coastal Cordillera fore-arc rocks (Lucassen & Thirlwall, 1998; Lucassen et al.,
2002), average of ratios in Jurassic gabbros of Lucassen et al. (2002) and average central Andean Paleozoic crust of Lucassen et al. (2001), respect-
ively. Field for Late Paleozoic Choiyoi granite—rhyolite samples is from Moscoso et al. (1993). NHRL is the Northern Hemisphere Reference
Line from Zindler & Hart (1986). The dashed reactangle is the region shown in Fig. 15.

magmas erupted as the arc front migrated on the margins
of the flat-slab region (e.g. Kay & Mpodozis, 2002; Kay
et al., 2005; Litvak et al., 2007; Stern et al., 2011). These obser-
vations include temporal changes in isotopic compositions
and very high Sm/Yb ratios in magmas erupted at times
of frontal arc migration (e.g. Kay & Mpodozis, 2002; Kay
et al., 2005). These features parallel the high Sm/Yb and

Sr/Y ratios seen in the Pircas Negras region during migra-
tion of the arc front (Figs 10 and 11), and the change to
higher #Sr/*Sr and lower "*Nd/"**Nd ratios at the same
wt % SiOy compared with older Maricunga Belt lavas
(Fig. 13). Alternative explanations of introducing radio-
genic crust into the magma source as the crust thickened
by westward (Kay et al., 1991) or along-arc (e.g. Yang et al.,
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2003) crustal flow provide no explanation for the high
Mg# values, high ppm Ni and Cr, or near mantle 8O
values in olivine in the 5-3 Ma syn-migration Pircas
Negras lavas. Given that the only subducted sediment com-
ponent after the late Miocene in this region is essentially
pelagic and that subduction has been a continuous process
since long before arc migration at 8-3 Ma, the only ways
to introduce radiogenic crust into the mantle source are
by fore-arc subduction erosion or delamination (e.g. Kay
& Kay, 1993). Fore-arc subduction erosion is also the best
way to explain the higher ¥Sr/*Sr ratios (Fig. 12) at
mantle §'%0 values in the <2 Ma CVZ basalts compared
with the ~24 Ma Segerstrom basalts (Kay et al., 1999;
Kay, 2006).

HFSE depletion, Cr and Ni concentrations
and temperature considerations

A role for fore-arc subduction erosion followed by contam-
ination in the overlying thick crust is further supported by
HFSE depletion, Cr and Ni concentrations, and thermal
considerations in the Pircas Negras andesites.

Origin of HESE depletion

The marked HFSE depletion (Figs 9, 10 and 12) in the
Pircas Negras and Dos Hermanos andesites (La/Ta ~40—
100) compared with that in the older Maricunga Belt and
younger CVZ andesites (La/Ta ~25-40) requires changing
conditions in the magma source that coincide with redu-
cing the asthenospheric wedge volume and increasing
fluid pressures as the arc front migrated eastward. In gen-
eral, marked Ta—Nb depletion relative to the LILE and
LREE is attributed to melt equilibration with HFSE-bear-
ing phases in oxidized mafic eclogitic-amphibolitic sources
(e.g. Green & Pearson, 1986) and/or to immobility of the
HFSE relative to the LILE and LREE in slab-derived
fluids (e.g. McCulloch & Gamble, 1991). Goss & Kay
(2009) argued that a contrast between the near-chondritic
Nb/Ta ratios (~18-20) in the pre-migration Dos
Hermanos lavas and the dominantly sub-chondritic ratios
(~11—-18) observed in the <6 Ma syn-migration Pircas
Negras lavas required a role for HFSE-bearing phases, as
slab-derived fluids cannot sufficiently fractionate Nb from
Ta (e.g. Schmidt et al., 2004). The high La/Ta (90-100)
and lower Ba/La (18-25) ratios (Fig. 10c and d) in the pre-
migration Dos Hermanos andesites were argued to fit
with an amphibole-poor, rutile-bearing eclogitic residue,
whereas the lower Nb/Ta ratios (16-18) of the syn-migra-
tion Pircas Negras lavas were related to incorporation of
anatectic melts of a hydrous amphibole-bearing source.
Further, Goss et al. (2011) attributed high La/Ta ratios in
5-3 Ma Incapillo rhyodacitic domes to high slab fluid con-
centrations in magmas generated above the shallowing
slab. Support for a similar model for the Pircas Negras
lavas comes from their amphibole-rich, feldspar-free

phenocryst assemblage and calculated fOy of ~1-3 log
units above QFM.

Origin of high Mg#t, Cr and Ni

Another important issue is the origin of the high Mg#
and Cr and Ni contents in the syn-migration 5-3 Ma
Pircas Negras andesites (Figs 8b and 12¢, d). These rela-
tively high values strongly suggest a more significant sub-
arc mantle component in these lavas than do the lower
values in the pre- and post-migration lavas. The general
correlation of low Cr and Ni contents with high Sm/Yb
ratios in the Pircas Negras lavas (Fig. 12¢ and d) shows
that these high Cr and Ni contents are not linked to the
same process that produced the HREE depletion. In this
way, the 5-3 Ma Pircas Negras lavas are more like high-
Mg#t (53-56) experimentally produced adakitic melts
created by reacting low-Mg adakitic melts with depleted
peridotite (Fig. 10), leaving behind a garnet—orthopyrox-
ene-bearing residue, than they are to low-Mg#f (37-44)
adakites produced at 3-2 GPa by melting a basaltic source
(Rapp & Watson, 1995; Rapp et al., 1999). In comparison,
the Mg#£ values of the Pircas Negras lavas are lower than
those of western Aleutian (Mg# =70-72; Yogodzinski
et al., 1995) and Setouchi (Mg# =67-76; Tatsumi &
Ishizaka, 1982) andesites modeled as melts of mantle meta-
somatized by adakitic melts, and their REE patterns are
much steeper than those of Mt Shasta high-Mg andesites
(Fig. 10) modeled as melts of a hydrated mantle wedge
equilibrated with overlying depleted mantle residues

(Grove et al., 2002).

Thermal considerations

Thermal conditions for the petrogenesis of the syn-migra-
tion Pircas Negras andesites are also in accord with contri-
butions from subducted eroded components. Calculated
temperatures for Pircas Negras syn-migration andesites
CO412 and CO324 (Table 3, Appendix 7) provide con-
straints for unraveling their thermal history; coexisting
pyroxenes yield temperatures of ~1059-1068°C that are
near the andesite liquidus at 5wt % HyO (Green, 1982)
and just above the upper stability limits of amphibole at
~1050°C (e.g. Davidson et al., 2007). These temperatures
agree with isobaric equilibrium crystallization models at
2 units above FMQ) from the MELTS program (Ghiorso
& Sack, 1995; Asimow & Ghiorso, 1998) that saturate both
pyroxenes in compositions such as CO412 and CO324 at
1089-1097°C with 5wt % HyO and at 1063—1071°C with
7wt % HyO. In contrast, orthopyroxene is not saturated
under the same conditions when orthopyroxene-free
Pircas Negras compositions (e.g. CO309, CO3l0) are
used. These models permit the highly resorbed Pircas
Negras orthopyroxene phenocrysts to be early formed
phases that destabilized as magma temperatures and pres-
sures decreased.
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Experimental work on the crystallization sequence of a
Mt. Shasta basaltic andesite at NNO (the nickel-nickel
oxide buffer) and PH,O =Ptotal by Grove et al. (2003)
shows that pargasitic amphibole (Mg# =0-80) can be a
dominant phenocryst at 1065°C and 0-8 GPa in equilib-
rium with clinopyroxene, orthopyroxene and an andesite
melt (572wt % SiOg; 17-1wt % Al,Og; 49wt % MgO),
whereas above 1077°Ci olivine and clinopyroxene are the
only phenocrysts and below 1054°C amphibole replaces
orthopyroxene. The crystallization sequence, pre-eruptive
temperature, mineral compositions and modal assem-
blages in this and other Mt. Shasta experiments permit
the Pircas Negras amphiboles to have crystallized from
water-rich adakitic melts at pressures greater than
0-8 GPa at ~1060°C. The lack of plagioclase phenocrysts
and the glassy textures of the Pircas Negras andesites are
consistent with high pre-eruptive water contents.

The calculated pre-eruptive temperatures above are
~50-80°C below those expected to generate hybridized
high-Mg## (>55) adakitic melts in equilibrium with eclog-
ite (1100-1150°C; Rapp et al., 2007, 2010). According to
Rapp et al., mantle temperatures are generally 100-200°C
higher than the adakite solidus (~850-1000°C) and rising
low-Mg# primary adakitic melts must entrain thermal
energy to prevent complete back-reaction with the mantle.
However, the Pircas Negras andesites erupted as the slab
shallowed and wedge temperatures may have been cooler
owing to the loss of wedge volume. Within a cooler wedge
(<1100°C), higher melt:rock ratios (>I1) are needed to gen-
erate ‘hybridized’ high-Mg andesites that retain adakitic
trace element signatures (Kelemen et al., 1998). This
observation is consistent with a general lack of orthopyrox-
ene in the Pircas Negras andesites, with the rare resorbed
grains being explained as either ‘metasomatic’ orthopyrox-
ene at low melt:rock ratios (Rapp et al., 1999) or as early
liquidus phases that became unstable at lower pressures
and temperatures.

The Pircas Negras andesite (CO324) at Veladero is dis-
tinctive in showing evidence for a lower temperature his-
tory, based on two-pyroxene phenocryst (~950-980°C)
and magnetite—ilmenite (~790-900°C) temperatures, fol-
lowed by secondary injection of hotter magma, based on
temperatures from orthopyroxene rims on resorbed olivine
coupled with nearby clinopyroxene (~1065°C). This com-
plex evolution fits with evidence for magma mixing from
cuhedral skeletal relict amphibole replaced by clinopyrox-
ene, reversely zoned plagioclase xenocrysts and Ang
plagioclase microlites.

A subduction erosion model: isotopic and
trace element models

The discussion above shows that many of the features of
the syn-migration Pircas Negras lavas are compatible with
subduction eroded fore-arc components playing a role in
their source. Detecting the presence of this subducted

FORE-ARC SUBDUCTION EROSION

crust depends on knowing the composition of the fore-arc.
To this end, the fore-arc in Chile between 30° and 22°S is
largely composed of Jurassic basaltic to andesitic arc lavas
(La Negra and Punta del Cobre Fms; Pichowiak et al.,
1990; Lucassen & Thirlwall, 1998; Lucassen et al., 2002),
late Paleozoic and Jurassic plutons, and low-grade Paleo-
zoic turbidite-mélange sediments (Bell, 1987, Dallmeyer
et al., 1996; Godoy & Lara, 1998; Mathews et al., 2006). Zir-
cons with ages of ~1760 Ma in these sequences suggest an
underlying Proterozoic basement (Gelcich et al., 2005).
Geophysical evidence supports a fast (V,=67-7-7km s
and dense (2:9-3-05gcm ™) fore-arc crust dominantly
composed of mafic rocks (>85%) from 21° to 26°S
(Wigger et al., 1994; Scheuber & Geise, 1999; Schmitz
et al., 1999; Lucassen et al., 2001; Prezzi et al., 2009); a
trench-parallel gravity profile indicates that this dense
crust extends southward to at least 33°S (Gotze et al.,
1994; Tassara et al., 2006). Structurally, such a fore-arc will
behave as a rigid block analogous to the ophiolitic fore-
arc in Central America (e.g. Christeson ef al., 1999), where
accelerated subduction erosion is argued to have been
taking place since the collision of the Cocos Ridge at ~5
Ma (Vannucchi et al., 2003).

Isotopic models

An isotopic test of the hypothesis that subducted mafic
Chilean fore-arc crust contaminated the mantle wedge
during the migration of the arc front is presented in terms
of a two-stage Nd, Sr and Pb simple isotopic mixing
model in Fig. 15. The eroded crust is represented by a mix-
ture of mafic and silicic end-members. An averaged com-
position of Jurassic gabbroic and meta-igneous rocks from
the Coastal Cordillera [data from Lucassen et al. (2002)]
is used as a proxy for the mafic end-member. The average
composition of Central Andean Paleozoic rocks (Lucassen
et al., 2001), which is similar to average upper crust and
Paleozoic crustal compositions employed in fore-arc
mixing models by Stern (1991) and Kay et al. (2005), is
used for the silicic end-member. Pelagic sediments are
ignored. The pre-migration mantle composition is based
on the isotopic composition of the ~24 Ma Segerstrom
basalt (¥Sr/*°Sr =0-703309, eNd = 4657, **°Pb/***Pb=
18:23, 2"Pb/***Pb =15-59, 2*®*Pb/***Pb = 38-08; Kay et al.,
1999) with Sr (50 ppm) and Nd (3 ppm) concentrations
based on Patagonian metasomatized spinel peridotite
mantle xenoliths (Gorring & Kay, 2000) and the mantle
Pb content (0-175 ppm) from Hofmann (1988).

Mixtures between the mafic and silicic end-members
generate bulk fore-arc components with isotopic ratios
that plot as the points on the continuous lines in Fig. 15.
The best matches for the Pircas Negras lavas have ~80—
90% of their Sr and Nd coming from a fore-arc partial
melt (54-55% Si109) with 80-90% Jurassic gabbro
(Fig. 15a), a combination that works well with a fore-arc
dominantly composed of mafic rocks. The dashed lines
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Fig. 15. Isotope variation diagrams showing the two-stage isotopic mixing model for the origin of the Dos Hermanos and Pircas Negras-like
high-Mg andesites and related lavas discussed in the text. Fields and data sources for samples are the same as in Figs 11-14. (a) Stage I: continu-
ous black line is mixing curve for mafic Jurassic gabbro and silicic average Paleozoic crustal fore-arc end-members; large circles represent mix-
tures with ratios of 91, 8-5:1'5 and 8:2. The mafic Jurassic gabbroic end-member is based on averaged analyses from Lucassen ef al. (2002) and

has 526wt % SiOs, 319ppm Sr, 2:06 ppm Nd, 122ppm Pb, ¥Sr/*°Sr =0-703309, eNd =46-57, **°Pb/***Pb=18-23, *”’Pb/***Pb=15-59

(continued)
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show mixing of the mafic and silicic fore-arc melt combin-
ations at ratios of 91, 8:5:1'5 and 8:2 with the pre-migration
mantle. The resultant hybrid mantle melt has up to 40%
of its final Sr and Nd content coming from the pre-migra-
tion mantle.

Applying the same model to Pb isotopes (Fig. 15b and c)
shows that the Pircas Negras andesites plot at much lower
percentages of Pb (<10%) than the fore-arc mixtures. The
fact that the model does not work is not surprising, as Pb
isotopes in Andean magmas generally correlate with those
in the underlying crust (e.g. Aitcheson et al., 1995
Mamani et al., 2008). In this sense, buffering of Pb by the
underlying Late Paleozoic granite—rhyolite basement
(Fig. 15¢; Moscoso et al., 1993) moves ratios of “’°Ph/***Ph
and 2O7Pb/204Pb to lower values and 208Pb/Q(MPb to higher
values as required. The CVZ mafic lavas fall off these
Pb—Pb mixing lines, suggesting a different crustal contam-
inant (Kay et al., 2013). Changes in Nd and Sr isotope com-
positions in the overlying crust are considered secondary,
as the ’Sr/*°Sr (~0-7056) and eNd (~ —3-25) values of the
nearby 8-6 Ma Jotabeche ignimbrites (69 wt % SiOy)
overlap those of the Pircas Negras lavas (Fig. 13a and c).

Trace element considerations

Batch melting models of Goss & Kay (2009) show that
high-pressure (15-3-0 GPa) partial melts of basaltic eclog-
ite can generate the Nb/Ta ratios and REE patterns of the
Dos Hermanos and Pircas Negras lavas, starting from an
average fore-arc Jurassic basalt composition [data from
Lucassen et al. (2006)]. The near-chondritic Nb/Ta ratios
(21), ~1200 ppm Sr, steep REE patterns (La/Yb=72) and
high Sr/Yb ratios of the Dos Hermanos lavas are best
matched by 20-25% partial melts of an eclogite with 53%
garnet, 46% clinopyroxene and 1% rutile based on phase
proportions in experiments on alkali-rich basalt at
2-2 GPa and 1050°C (Rapp & Watson, 1995). Interactions
with the isotopically similar ~8-6 Ma Jotabeche magmas
in the mid-crust provide a source for the feldspar and
quartz xenocrysts (Kay et al.,1994). Goss & Kay (2009) fur-
ther modeled the high-Cr and -Ni, amphibole-bearing
Pircas Negras lavas with lower La/Ta, Sm/Yb and Nb/Ta
ratios as mixtures of 1040 parts of Dos Hermanos type
melts with 60-90 parts of 10-20% partial melts of garnet
amphibolite (25% garnet, 25% cpx, 50% amp) or amphi-
bole-bearing eclogite (38% garnet, 37% cpx, 25% amp).
The phase proportions for the eclogite and amphibolite

FORE-ARC SUBDUCTION EROSION

come from adding 15% and 40% amphibole respectively
to the residue of the 16 GPa experiments of Rapp &
Watson (1995).

In contrast, Mamani ez al. (2010) argued that REE pat-
terns like those of the Dos Hermanos and Pircas Negras
lavas can be explained by mixing between a <20% partial
melt of mafic amphibole-bearing eclogite (10% amp, 40%
garnet, 50% cpx), with La/Yb>450 and Sm/Yb>24,
and a mantle-derived basalt. They argued that unreason-
able amounts of melting (>75%) are required to produce
these magmas by partial melting alone. In comparison,
their models wuse higher distribution coefficients
(Rollinson, 1993), lower initial REE concentrations and
less residual amphibole than the models of Goss & Kay
(2009), in which the distribution coefficients for garnet
and clinopyroxene are from Klemme e al. (2002) and
Green et al. (2000) and those for amphibole are from
Brenan et al. (1995) and Tiepolo et al. (2000).

On the basis of a compilation of Peruvian data, Mamani
et al. (2010) further argued for a delay between crustal
thickening and when steep REE patterns reflecting related
high-pressure residues appear in the erupted magmas.
The same case might be made for the ~7-2 Ma Pircas
Negras lavas, as the presence of thick crust under the
Maricunga Belt is reflected by steep REE patterns in the
volcanic rocks of the Copiapé center by ~11 Ma (Kay
et al., 1994). However, instead of a delay, we propose that
the very steep REE patterns in the ~7-2 Ma Pircas
Negras lavas and return to shallower patterns in the <2
Ma CVZ lavas reflect flooding of the mantle wedge
by malfic fore-arc crust fragments during a period of accel-
erated fore-arc crustal erosion that took place from ~7
to 3 Ma.

In an earlier study, Haschke et al. (2002) explained tem-
poral trends in increasing La/Yb and ¥Sr/**Sr and
decreasing "Nd/"*Nd in eastward steps of the Jurassic to
Miocene arc fronts between 20° and 26°S as being due to
alternating crustal thickening and thinning. Mathews &
Cornejo (2004) used a similar explanation for changes in
REE slopes in successive arc fronts at 26-27°S. Both used
data from the Maricunga Belt (e.g. Kay et al., 1994), which
show that the steepest REE slopes and most enriched iso-
topic ratios appear in the late Miocene. In a discussion of
the Haschke et al. (2002) model, Mamani e/ al. (2010)
argued that the fluctuating REE patterns reflect magma
evolution at distinct crustal levels; they emphasized that

Fig. 15. Continued

and 2°Ph/***Ph = 38-08. The silicic end-member is the average central Andean Paleozoic upper crust from Lucassen e/ al. (20012 and has 68-3 wt

% SiOo 189ppm  Sr, 24-3ppm Nd, 16ppm Pb, ¥Sr/*Sr=0-732064, eNd=-872, *°Pb/*'Pb=18-95 *"Ph/*

Pb=1569 and

208ph 29 Ph = 3890 (b) Stage 2 dashed lines show contamination models for pre-migration mantle represented by mixing of ~24 Ma
Segerstrom basalt (Kay et al., 1999) with the fore-arc mixtures from Stage One. Dashes represent 10% mixing intervals. Empty outlined fields
in (b) and (c) are isotopic ranges for Pb mixtures given the same proportions as those for Nd and Sr. As discussed in the text, buffering of Pb
concentrations by the  situ late Paleozoic Choiyoi crustal basement is suggested to be responsible for the deviation from the model. Dark
arrows point toward the isotopic field for Choiyoi granites and rhyolites (see Fig. 14).
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although migration of the frontal arc has occurred repeat-
edly in the Mesozoic and Tertiary, the most significant iso-
topic enrichment is associated with extreme crustal
thickening in the last 3020 Myr. Although this is the
case, Mamani ¢t al. offered no explanation of why the stee-
pest REE patterns occur at times of arc migration, why
the most enriched isotopic trends correlate with the stee-
pest REE patterns, why high Cr and Ni contents occur in
high-Mg## andesites, or why elsewhere along the Pacific
margin steep REE patterns occur in arc lavas erupted
through thin crust over old subducting slabs (e.g.
Aleutians; Kay, 2006; see also Goss & Kay, 2006).

On a regional scale, Rogers & Hawkesworth (1989) pro-
posed that eastward isotopic enrichment patterns in
Andean Mesozoic to Neogene mafic lavas reflect contamin-
ation of mantle-derived magmas by a progressively more
enriched lithosphere to the east. Stern (1991) used the
same data to argue for mantle source enrichment by sub-
ducted sediments and fore-arc crust, and Kay et al. (1999)
used Neogene mantle source enrichment to explain iso-
topic enrichment in <2 Ma CVZ compared with ~24 Ma
Segerstrom basalts. Mamani et al. (2010) allowed a small
amount of subducted crust (~1%) and fluid from the sub-
ducted slab in the mantle source, but pointed to Rb/Cs
ratios increasing in concert with isotopic ratios as the
crust thickens to support contamination within the contin-
ental crust. However, the observation that Rb/Cs ratios in
Pircas Negras lavas are high in even the most Mg-, Cr-
and Ni-rich lavas, and do not increase with wt % SiO,,
supports crustal contamination in the mantle source as
well as the crust.

Thus, contamination of the mantle wedge with domin-
antly mafic crust removed by fore-arc subduction erosion
can help to explain both the spatial and temporal geo-
chemical variations in the Pircas Negras lavas between
27°S and 28°S. The transient increase in Sm/Yb during
the peak of frontal arc migration is consistent with an
ephemeral high-pressure mafic crustal source flooding the
sub-arc mantle. Partial melts of eclogitized fore-arc crust
in the mantle wedge reacting with peridotite provide an
explanation for elevated Cr and Ni contents in the high-
Mg#f 5-3 Ma Pircas Negras andesites.

Subduction erosion rates, fluxes, arc
migration and melting dynamics

A mass-balance model for fore-arc subduction erosion and
migration of the arc front for the Pircas Negras region is
shown in the trench-normal pre-, syn- and post-migration
cross-sections in Fig. 16a—c. The Wadati-Benioff shape is
based on a profile near 28°S from Pardo et al. (2002) and
the Benioff zone contours of Mulcahy (2012). The modern
crustal thickness is from McGlashan et al. (2008). In
accord with frontal arc displacement owing to fore-arc
subduction erosion, the eastward motion of the arc front
is equated with fore-arc subduction erosion. Given

~50 km of arc displacement from 8 to 3 Ma and the obser-
vation that the modern arc—trench gap is ~300 km along
most of the Andean margin, the trench is placed ~50 km
west of its present position at 8 Ma. A geometric restor-
ation of this profile requires a loss of ~992 km® of fore-arc
per kilometer of arc length, which is equivalent to a rate
of ~198 km® Myr'km ™" from 8 to 3 Ma.

This estimated fore-arc subduction erosion rate can be
compared with estimates of long- and short-term rates for
the Chilean margin. Long-term estimates since the
Jurassic range from 35 to 50 km® Myr~'km ™" with accom-
modations for episodic accelerations owing to changes in
convergence parameters or subduction of bathymetric fea-
tures (von Huene & Scholl, 1991; Scheuber, 1994). Short-
term estimates range from 72 to 135 km® Myr~'km ™" (von
Huene et al., 1999; von Huene & Ranero, 2003; Clift &
Vannucchi, 2004) with Laursen et al. (2002) arguing for an
average rate of 3—4km Myr ™' over the last 10 Myr near
the Juan Fernandez Ridge at 34°S (Fig. 1). Clift & Hartley
(2007) proposed an average rate of 13km®Myr'km™'
over the last 20 Myr for the Chile-Peru margin based on
sea-level depth to basement reconstructions and an esti-
mated 35km of trench retreat near 23-24°S (von Huene
& Ranero, 2003). This rate is consistent with the relatively
stationary arc front north of 26°S, but not with the rate
inferred here from the 8-3 Ma migration of the arc front
at 27-28°S or the nearly equivalent rate near 34°S (Kay
et al., 2005). A higher rate at this time around the
Chilean—Pampean flat-slab is in accord with the marine
sediment studies of Encinas & Finger (2007) and their pro-
posal for a slowdown in sedimentation rate at ~4-2 Ma,
which is in good agreement with stabilization of the south-
ern CVZ arc front at this time.

A logical explanation for an accelerated fore-arc subduc-
tion erosion rate on the northern margin of the flat-slab
region is the passage of the bend in the Juan Fernandez
Ridge on the subducting Nazca plate, as the angle of im-
pingement changed from highly oblique to essentially
trench normal at ~10 Ma near 30-32°S (Yafiez et al.,
2001). The revisions to the shape of the Wadati—Benioff
zone in the studies by Mulcahy et al. (2010) and Mulcahy
(2012) show that the subducting slab curves eastward
(Fig. 1) under the area of the Pircas Negras region near
the Incapillo caldera, where the last Pleistocene arc activ-
ity occurred at the southern end of the CVZ at ~0-5 Ma
(Goss et al., 2009). This timing also fits well with maximum
flattening of the flat-slab after 10 Ma and particularly
from ~8 to 3 Ma (e.g Kay & Abbruzzi, 1996; Kay &
Mpodozis, 2002).

A final consideration is the mantle wedge temperature
needed to produce the melting of the subducted eroded
crust to create the Pircas Negras magmas. Various mechan-
isms have been proposed to induce fluid-saturated conduct-
ive heating of fore-arc crust as it is transported through
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Fig. 16. Schematic near-trench to back-arc cross-section at about 28-5-27°S showing major tectonomagmatic features and processes before,
during and after late Miocene to Pliocene arc front migration. Sections assume a nearly constant 300 km arc—trench gap. Volcanic centers in
each period are shown schematically by triangles. (a) Modern tectonic setting, with the topography exaggerated 10 times. The crust below
~45 km depth is shaded to emphasize the stability field of eclogite in mafic compositions. The shape of the subducted Nazca plate is based on
the configuration in transect Sl of Pardo et al. (2002) and is consistent with the Wadati—Benioff zone contours shown in Fig. 1. The crustal

(continued)
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the subduction channel into the mantle wedge. At 3 GPa,
the melting point of mafic eclogite is ~740°C (Hacker
et al., 2003), which is significantly lower than that of the
mantle, but higher than isoviscous modeled slab—mantle
interface temperatures at 100 km (Peacock et al., 1994). As
pointed out by Kelemen et al. (2003), eroded basal fore-arc
crust should melt before the slab as initial temperatures
at the base of the eroded crust are higher than at the top
of the slab. Those researchers demonstrated that small
density differences (50-150kgm ™) at low strain rates
(~10-14) in a 1km thick lens of eclogitized crust could
induce diapirs to rise into the overlying mantle peridotite.
A mixture of eclogitic fore-arc crust composed of 15% sili-
cic (31gem™?; Richardson & England, 1979) and 85%
mafic (3-4 gem ™) crust would be neutrally buoyant in a
peridotitic mantle (3-35gcm ™). Mantle corner flow and
rising slab-derived fluids would help to sweep eroded fore-
arc crust into hotter regions of the wedge where fluid-satu-
rated melting would occur.

CONCLUSIONS

The ~7-7 Ma Dos Hermanos and 7-2 Ma Pircas Negras
adakitic andesites are a chemically and petrographically
distinct suite of lavas that erupted as the Andean arc front
was displaced ~40-50km eastward on the northern
margin of the shallowing Chilean—Pampean flat-slab at
27-28:5°S as the aseismic Juan Fernandez Ridge on the
subducting Nazca plate was entering the trench. The dis-
tinctive features of these lavas are compatible with fore-
arc crust removed by fore-arc subduction erosion being
incorporated into their mantle source area, with the result-
ing magmas then passing through an ~65-70 km thick
overlying crust in which interaction with that crust
occurred. Important observations are as follows.

(I) The Dos Hermanos and Pircas Negras lavas occur in
an ~50 km wide east-west band located between the
arc front of the ~26-6 Ma Maricunga Belt arc to the
west and the <3 Ma CVZ arc front to the east.

(2) Most of the Pircas Negras lavas (Mg# 36-6l) are
glassy andesites containing amphibole, sparse clino-

resorbed

pyroxene and  rare orthopyroxene

phenocrysts, olivine clusters, and plagioclase and
quartz xenocrysts with clinopyroxene reaction rims,
whereas the Dos Hermanos lavas (Mg# =48-55)
contain clinopyroxene as their only phenocryst. All
are adakitic-like lavas with pronounced HREE deple-
tion (Sm/Yb =4-8) and high Sr/Y ratios that require
equilibration with a plagioclase-free, garnet-bearing
residue, and all have marked HIFSE depletions, indi-
cating interaction with slab components. These fea-
tures are much more extreme than in pre-migration
26—10 Ma Maricunga Belt and post-migration <3
Ma CVZ arc andesites.

The high Cr and Ni contents, resorbed orthopyroxene
phenocrysts and calculated pre-eruption temperatures
(>1060°C) in some 5-3 Ma high-Mg## Pircas Negras
high-Mg andesites are consistent with an origin like
that of adakitic andesites produced by experimentally
reacting basalt with peridotite at pressures above
12 GPa (e.g. Rapp & Watson, 1995; Rapp ez al., 2007).
Higher 5SrB5Sr and lower "™Nd/**Nd ratios in the
Pircas Negras lavas than in older Maricunga Belt
lavas at the same wt % SiOy are best explained by
mantle source contamination by radiogenic fore-arc
crust introduced into the sub-arc mantle by fore-arc
subduction erosion. A major role for subducted terri-
genous sediments can be excluded as these sediments
generally ceased to enter the trench by 9 Ma and the
pelagic sediment contribution was constant from the
west. A correlation of increasing ¥’Sr/*Sr and
decreasing "Nd/"**Nd ratios from an enriched base
level with increasing §'?O in the same samples reflects
subsequent contamination in the thick crust.

Isotopic modeling shows that many of the key features
of the Pircas Negras andesites are consistent with
reacting adakitic melts of Chilean margin subducted
fore-arc crust, whose composition is constrained by
outcrop and geophysical data, with mantle peridotite.
'To match the Pircas Negras andesites, these adakite-
like melts need to be mixtures of 80-90% Jurassic
gabbro and 10-20% radiogenic Paleozoic crust that
acquire an additional 10-40% of their Nd and Sr
(ppm) from the surrounding mantle peridotite. The

Fig. 16. Continued

thickness is based on McGlashan ez al. (2008) and Bianchi et al. (2013). The extent of dense mafic Mesozoic arc crust shown in (b) and (c) is
inferred from surface mapping (SERNAGEOMIN, 2003) and regional geophysical studies of the northern Chilean fore-arc (Wigger et al.,
1994; Schmitz et al., 1999; Lucassen et al., 2001; Tassara et al., 2006; Prezzi et al., 2009). (b) Tectonic setting during arc migration, with the horizon-
tal arrow indicating the ~50 km of frontal arc migration from the ~26—6 Ma Maricunga Belt to the <3 Ma CVZ arc front (e.g. Bonete
Chico, Pissis, Veladero). Slivers of fore-arc material composed of 80-90% mafic Mesozoic crust and 10-20% Paleozoic crust are shown being
removed from the base of the overriding crust at the time of arc migration. The removed fore-arc crust is then transported into the sub-arc
mantle wedge, where flux melting and reaction with mantle peridotite generates the 7-3 Ma syn-migration high-Mg adakite-like Pircas
Negras andesites. Rapid eruption to the surface is preceded by storage and assimilation in the lower crust. (c¢) The restored pre-arc migration
cross section at 9—7 Ma with the paleo-coastline and trench located some 50 km to the west of the modern arc front. The wedge near the coast
shows the 992 km? of material needed to restore the fore-arc to its position before removal by fore-arc subduction erosion between 8 and 3 Ma
(rate of ~198 km® l\lyrflkmfl). The positions of the Middle to Late Jurassic (J,,1); Late Jurassic to Middle Cretaceous (J;-K,,), Middle to
Late Cretaceous (K, ), Paleocene to middle Oligocene (P—O,,) and Late Oligocene to Miocene (O—M, Maricunga Belt) volcanic rocks in
section (a) show the pre-Miocene migration of the arc based on the geological map of Chile (SERNAGEOMIN, 2003).
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same modeling shows that Pb isotopic ratios are more
controlled by the crust, through which the magmas
rise and which contains a large Late Paleozoic gran-
ite—rhyolite component.

(6) The ~40-50km eastward displacement of the arc
front coincides with a period of rapid fore-arc subduc-
tion erosion during which fore-arc crust flooded the
sub-arc mantle wedge. This led to high-pressure melt-
ing in the subduction channel and mantle wedge,
generating adakitic melts that reacted with the sur-
rounding peridotite. The resulting hydrous magmas
crystallized pargasitic amphibole near the base of the
>60 km thick crust before rapidly ascending to the
surface and erupting as the Pircas Negras andesites.
Given a constant arc—trench gap for the last 25 Myr,
a schematic cross-section based on geophysical con-
straints requires ~198 km® Myr~'km ™" of crustal ma-
terial to be removed by fore-arc subduction erosion
from the fore-arc on the northern margin of the
Chilean—Pampean flat-slab between 8 and 3 Ma.

(7) In summary, the features of the Dos Hermanos and
Pircas Negras lavas can be explained by migration of
the arc front during a period of accelerated fore-arc
subduction erosion as rapid shallowing of the Nazca
plate produced the present-day flat-slab region to the
south. The extreme HREE depletion and low Mg, Cr
and Ni concentrations of the 9-7 Ma Dos Hermanos,
Comecaballos and Redondo lavas erupted during the
last stages of the evolution of the Maricunga Belt arc
can be largely linked to partial melting of eclogitic
crust produced in association with ponded mantle-
derived arc magmas such as the ~9 Ma back-arc Los
Aparejos lavas. The switch from oblique to near
trench-normal subduction of the Juan Fernandez
Ridge (Yafiez et al., 2001) produced a period of in-
stability, in which the arc front was displaced east-
wards from the Maricunga Belt to the CVZ arc. The
~7-3 Ma syn-migration Pircas Negras adakite-like
andesites, which erupted at this time, contain partial
melt components from the dominantly mafic fore-arc
crust that reacted with the overlying mantle wedge to
generate magmas with elevated Cr, Ni and Mg#
values that contain corroded orthopyroxene.
Subsequent storage at lower levels of the thick crust
suppressed plagioclase and facilitated amphibole crys-
tallization and crustal assimilation. Quartz and
plagioclase xenocrysts were incorporated from locally
pooled silicic magmas in the mid-crust and the base-
ment during final ascent. The last Pircas Negras lavas
erupted at 3-2 Ma as the CVZ arc stabilized have a

dominantly lower-crustal eclogitic contaminant.

Fore-arc subduction erosion has been shown to be a po-
tentially important process in shaping arc magmas,

FORE-ARC SUBDUCTION EROSION

particularly during periods of arc instability when fore-
arc crust floods the mantle wedge. The signature of this
fore-arc crust is detectable in the arc lavas at this time
and is potentially a transiently important component in
arc magmas. The fore-arc component not involved in pro-
ducing these magmas is a potentially important factor in
enriching the back-arc mantle.
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