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 Within the Central Andes (27º-28.5º S) and in southeastern Central America 

(7º-11º N), discrete episodes of late Miocene-Pliocene frontal arc migration were 

accompanied by backarc slab shallowing and increased rates of forearc subduction 

erosion.  Arc lavas erupting during and following these short-lived periods exhibit 

adakitic geochemical signatures indicative of high-pressure melting of mafic crust 

(i.e., steep REE patterns and elevated Sr concentrations).  Geochemical and petrologic 

data from these lavas are used to address fundamental questions regarding the genesis 

of adakitic magmas spatially and temporally associated with arc migration.    

 Along both margins, enrichment in radiogenic isotopic ratios in late Miocene-

Pliocene adakitic lavas compared to early-mid Miocene and Quaternary arc lavas 

cannot be attributed to melting of subducted oceanic crust or pelagic sediments.  

Instead, these trends are better explained by partial melting of mafic forearc crust 

transported to mantle depths during times of accelerated forearc subduction erosion.  

Mass balance calculations and isotopic modeling results agree with compositional 

estimates of the Central American and Chilean forearc and indicate that mantle 

contamination by eroded forearc crust is an inevitable and observable process.  In arcs 

with thick crust such as the central Andes (> 60 km), partial melting of garnet-bearing 

lower crust contributes to the adakitic signature of lavas erupting during frontal arc 

migration.  Strong HFSE-depletion characteristic of the Central Andean adakites is 

attributed to HFSE-bearing residual phases in equilibrium with the melt.  Geochemical 



 

trends and near-chondritic Nb/Ta ratios support a change from a rutile-bearing eclogite 

to a garnet-bearing amphibolite residue consistent with cooler more-hydrous 

conditions that evolved over the shallowing slab during the late Miocene.   

 As magmatism diminished along the arc, rising adakitic magmas unreplenished 

by mantle-derived or lower crustal melts stalled within the Andean upper crust.  Here, 

crustal assimilation and fractional crystallization subdued the primary adakitic 

signature and enriched the isotopic composition of the perched magma.  After a 3-1 

Ma period of effusive dome eruptions, rapid magma mixing caused the stalled system 

to explode at ~ 0.51 Ma.  The resultant Incapillo Caldera and Ignimbrite mark the 

youngest volcanic event within the currently amagmatic flatslab segment of the 

Central Andes.   
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INTRODUCTION  

CHEMICAL GEODYNAMICS IN UNSTABLE ARC SETTINGS 

 

I. INTRODUCTION 

Chemical geodynamics involves understanding margin-wide tectonic processes 

using temporal and spatial variations in geochemical signatures (e.g., Allégre, 1982; 

Zindler and Hart, 1986).  Specific to convergent margins, the only way to trace crustal 

material once exposed at the Earth’s surface completely through the plate tectonic 

cycle is to identify and quantify its chemical components in magmas and/or 

hydrothermal systems.  A multidisciplinary systems approach is key to interpreting 

these signatures, as chemical variability in arc magmas is the result of complex 

interactions between tectonic and surficial processes.  Geochemistry and petrology 

record information about tectonomagmatic processes, source compositions, and 

physical conditions at sub-arc depths.  Field observations combined with remote 

sensing techniques provide important spatial and time-dependant constraints on 

petrologic and geochemical data.  Geophysical imaging yields critical information 

regarding arc structure including convergence rates, the shape of the Wadati-Benioff 

zone, and magma chamber depths and gives basic information on the composition of 

potential sources to arc magmas including upper and lower crust, forearc units, and 

subducted sediments.  Chemical geodynamics provides the compositional link between 

tectonic, magmatic, and surficial processes in order to generate whole system models 

of arc petrogenesis.  

The main objective of this work is to use the chemical and petrologic variability 

measured in arc lavas from two non-accreting convergent margins to examine 

large-scale processes affecting the crust and mantle over changing tectonic conditions.  

The spatial and temporal focus of the four included studies is confined to ephemeral 
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periods of tectonic disturbance in unstable arc systems.  This research is directed 

towards the eastern Pacific margin, specifically southern Central America and the 

central Andes of Argentina and Chile between 27º-28.5º S latitude.  At unsystematic 

times and locations along these margins, short-lived periods (~ 5 Ma) of shallow 

subduction, ridge collision, and increased forearc subduction erosion have disrupted 

the once stable arc system causing not only a landward migration of the volcanic front, 

but also an observable change in the chemical and petrologic character of mafic, 

intermediate, and evolved lavas.   

Chemical data presented in this work include over 100 new major element, ~ 90 

trace element, and ~ 50 isotopic analyses on mafic and felsic lavas from the central 

Andes.  Additionally, over 200 in situ major element microprobe analyses on mineral 

phenocrysts from intermediate lavas are reported and are used to calculate magma 

equilibration temperatures.  New geochronological data, both K-Ar and 40Ar/39Ar, are 

presented and interpreted with existing age data to understand the temporal evolution 

of the magmatic systems.  Finally, petrogenetic models for Andean and Central 

American arc magmas, constrained by new and previously published data, explain the 

observed spatial and temporal geochemical trends.  

 

II. CONVERGENT MARGIN GEOCHEMISTRY 

 Convergent margins occur at subduction zones where one lithospheric plate 

sinks below another (Isacks et al., 1968) and fluid mass is transferred from the 

downgoing oceanic plate to the overlying mantle wedge (Figure 0.1).  Partial melting 

of the mantle, caused by the depression of the mantle solidus brought on by the flux of 

these hydrous slab-derived fluids (e.g., Ringwood, 1972;  Nicholls and Ringwood, 

1973; Tatsumi et al., 1986; Peacock, 1990; Poli and Schmidt, 1995), results in the 

formation of an arcuate chain of steep-sided stratovolcanoes known as a volcanic arc.   
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Figure 0.1 Schematic cartoon of a continental subduction zone showing the 

subduction channel composed of subducted sediments and eroded 
forearc crust, the zone of slab dehydration in response to metamorphic 
reactions, and the region of flux melting within the asthenospheric 
mantle wedge (modified after Wyllie, 1984). LILE are fluid mobile and 
carried with the slab-derived fluids.  Non-mobile elements such as the 
HFSE, REE, and U and Th are retained within the slab giving arc lavas 
their characteristic geochemical signature.  
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 Incompatible trace element compositions of arc-derived lavas provide strong 

evidence for fluid transport from the subducting slab to the mantle wedge (e.g., Kay, 

1980; Pearce et al., 1995; Elliott et al., 1997; Pearce, 2003).  Figure 0.1 shows that the 

sub-arc mantle is enriched in large ionic lithophile elements (LILE) including Ba, Rb, 

K, and Pb carried by slab-derived fluids released during dehydration metamorphic 

reactions within the subducted slab (Figure 0.1; Tatsumi et al., 1986; Hawkesworth et 

al., 1991).  These elements may also be transferred to the overlying mantle wedge 

through leaching of and/or flux melting of pelagic and terrigeneous sediments 

subducted to sub-arc depths (e.g., White and Dupré, 1986; Ben Othman et al., 1989;  

White, 1989; Plank and Langmuir, 1993; Plank and Langmuir, 1998).  Other elements, 

particularly the high field strength elements (HFSE: Nb, Ta, Hf, and Zr), Th, and the 

rare earth elements (REE), are far less soluble in fluid phases and are therefore less 

easily transported from slab to mantle (Figure 0.1; Brenan et al., 1995b; Pearce et al., 

2002).  The HFSE are also compatible in oxide phases, such as rutile and sphene, that 

are stable in the hydrous eclogitic crust of the subducting slab (Ryerson and Watson, 

1987; Stalder et al., 1998; Foley et al., 2000; Walker et al., 2001; Schmidt et al., 2004; 

Audetat and Keppler, 2005).  Arc magmas are uniformly depleted in these elements 

with respect to the mobile LILE and it is this principle difference in compatibility that 

gives arc magmas their distinctive geochemical signature.  

 In continental convergent margins, where oceanic crust subducts below 

continental crust, such as in the Andes or Cascadia (Figure 0.1), the arc geochemical 

signature is complicated by the assimilation of lower and upper crustal components 

into primary arc magmas (e.g., Kay et al., 1987; Hildreth and Moorbath, 1988).  

Deciphering purely mantle-source versus in situ crustal contamination in continental 

arc magmas relies heavily on radiogenic and stable isotopic trends in the most-mafic of 

all erupted lavas (Magaritz et al., 1978; James, 1981; Stern, 1991; Harmon and Hoefs, 
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1995; Davidson, 1996; Kay et al., 2005).  Moreover, in arc settings with exceptionally 

thick crust (> 45 km), anatexis of mafic amphibolitic or eclogitic lower crust by 

underplating of mantle-derived melts generates andesitic to dacitic melts in equilibrium 

with a plagioclase-poor garnet-bearing residue (Kay et al., 1991; Rapp et al., 1991; 

Atherton and Petford, 1993).  These melts exhibit an “adakitic” geochemical signature 

characterized by strong HREE depletion (Yb ≤ 1.9 ppm; Y ≤ 18 ppm; La/Yb > 20) and 

high Sr concentrations (> 400 ppm; Sr/Y >20-40) that are similar to magmas derived 

from melting of young (< 5 Ma) eclogitized oceanic crust (Defant and Drummond, 

1990; Kay et al., 1993).    

 

III ACCRETING VS. NON-ACCRETING MARGINS 

  Fluxes of crustal material transported to mantle source regions of subduction 

zones depend largely on the structural geometry of the margin.  Various authors have 

classified convergent margins into two types, accretionary (non-erosive) and non-

accretionary (erosive), based on the geology of forearc units and the net rates of crustal 

growth or erosion along the forearc (Figure 0.2; von Huene and Scholl, 1991; 1993; 

Clift and Vannucchi, 2004).  The main process that adds crustal mass to a forearc 

margin is subduction accretion, or the tectonic scraping of lower plate sediments 

(pelagic and terrigeneous) and slivers of oceanic crust into an accretionary prism 

(Figure 0.1).   Subduction erosion, which is defined as the tectonic removal of upper 

plate crust and mantle, and sediment subduction are the dominant crustal recycling 

processes operating along convergent margins.  Subducted crustal material is 

transported to the mantle as a viscous non-Newtonian fluid via a thin shear zone known 

as a subduction channel between the two plates (Figure 0.1; Cloos and Shreve, 1988).  

 At accretionary margins, such as Cascadia in the northwestern United States, 

the rate of sediment accretion is greater than the combined rates of sediment 
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subduction and subduction erosion.  A net addition of crustal material results in the 

formation of an accretionary prism that progressively thickens, widens, and migrates 

seaward over time.  In contrast, non-accretionary margins, such as the Central Andes 

and southern Central America, are characterized by a net crustal loss governed by 

faster rates of sediment subduction and subduction erosion.  These margins generally 

lack an accretionary prism and exhibit a landward migration of the trench axis as 

forearc material is eroded away from below.  The forearc of non-accreting margins is 

often composed of dense crystalline crustal basement of the overriding plate (von 

Huene and Scholl, 1991; 1993; Clift and Vannucchi, 2004).  

 

 
 
Figure 0.2 Map of the 15 major tectonic plates of the Earth’s lithosphere (modified 

from USGS public domain image Tectonic_Plates.png).  Black lines 
show divergent and transform plate boundaries. Thick colored lines 
show convergent plate boundaries presently characterized by net 
accretion (blue lines) and net erosion (yellow lines) (von Huene and 
Scholl, 1993).   
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IV TECTONIC DISTURBANCE AND ARC INSTABILITY 

 The subduction factory concept compares the net fluxes into and out of a 

convergent margin to a well-managed factory (Tatsumi and Kogiso, 2002; Hacker et 

al., 2003a; 2003b; Stern et al., 2006).  The factory recycles raw materials from the sea 

floor and mantle to generate final products on the surface of the Earth in the form of 

arc magmas, hydrothermal fluids, and volcanic gases.  Approximately 20 million years 

after “opening for business”, the factory generally runs under equilibrium conditions 

with its crustal and mantle inputs more or less balancing its magmatic outputs (Cloos 

and Shreve, 1988).  During these stable periods, fluid transfer causes mantle flux 

melting and arc lavas erupt onto the surface.  These stable arc lavas are not the prime 

focus of these papers, though they provide a geochemical baseline to which all other 

lavas can be compared.  Regardless of their accretionary or non-accretionary status, 

most arc segments worldwide operate under quasi-equilibrium conditions.  Along-arc 

geochemical discrepancies are typically time-independent and explained by spatial 

variations in mantle and crustal sources.  For example, the north to south along-arc 

enrichment in radiogenic Pb isotopes from Lesser Antilles arc lavas neatly corresponds 

to a spatially-variant sediment source from dominantly pelagic sediment in the north to 

terrigeneous Guiana Highlands-derived sediment to the south (White and Dupré, 

1986).  Similarly, the sharp increase towards more radiogenic Sr and Nd isotope ratios 

in Guatemalan arc lavas, compared to the rest of the Central American arc, is explained 

by the unique presence of older granitic and metamorphic crustal basement below 

northwestern Central America (Feigenson and Carr, 1986; Feigenson et al., 2004).  

Chemical heterogeneity in these arc systems is due to spatial differences in source 

composition and not to source changes brought on by a sudden or localized shift in 

tectonic setting.   
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 At the subduction factory, various problems can have a short-term effect on the 

quality and composition of the final product.  These temporally and spatially restricted 

episodes of tectonic disturbance result in instability within the arc system.  The driving 

forces controlling arc instability are largely unknown, but their effects on non-

accretionary margins are often evidenced by shallowing of the subducted slab, thinning 

of the asthenospheric wedge, landward migration of the frontal volcanic arc, and an 

increase in the rate of forearc subduction erosion.  The papers included in this thesis 

address the ephemeral geochemical response to transient periods of arc instability 

associated with these tectonic processes. 

 

Slab shallowing 

 The stable dip angle of oceanic lithosphere subducting below either oceanic or 

continental lithosphere is largely governed by the transferal of stress to the lower plate 

by upper plate processes.  Lallemand et al. (2005) showed that for 159 transects across 

both accreting and non-accreting subduction zones not perturbed by recent collisions of 

aseismic ridges or oceanic plateaus, slab dip best corresponds to the net stress regime 

(extensional vs. compressional) and tectonic setting (oceanic vs. continental).  Steeply-

dipping slabs are found in oceanic arcs characterized by active back-arc spreading and 

a net extensional stress regime in the overriding plate.  Shallower slab dips correspond 

to continental arcs characterized by back-arc shortening and a net compressional stress 

regime.  Previous models relied on the inverse correlation between slab age and 

thermal buoyancy, such that hotter more-buoyant young lithosphere should exhibit a 

shallower dip than colder old lithosphere (Stevenson and Turner, 1977; Tovish et al., 

1978; Wortel and Vlaar, 1978; Sacks, 1983; Cloos, 1993).  However, recent studies 

show that worldwide there is no evident correlation between slab dip angle and the age 

of subducting lithosphere (Cruciani et al., 2005; Lallemand et al., 2005).  
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 The subduction of a bathymetric ridge or oceanic plateau can alter the 

equilibrium stress regime between upper and lower plates and can incite a transient 

period of slab shallowing (Gutscher et al., 2000b; Yañez et al., 2001; Gutscher, 2002).  

In the case of the Andean margin between 0º-10º S (Peruvian flatslab) and 28º-33º S 

(Chilean-Pampean flatslab), geophysical imaging of the Benioff zone indicates 

horizontal Nazca plate slab geometries extending eastward from the arc front into the 

backarc (Barazangi and Isacks, 1976; Cahill and Isacks, 1992; Pardo et al., 2002).  

Both of these Andean flatslab segments spatially and temporally correspond to the 

subduction of aseismic ridges (Nazca Ridge-Peru flatslab and Juan Fernandez Ridge-

Chile flatslab).  Geophysical contouring of the subducting Nazca plate has revealed the 

seismic outline of these subducted ridges (Gutscher et al., 2000b; Pardo et al., 2003).  

Further north, the collision of the Cocos ridge with the Central American margin at 

~ 5 Ma (Kolarsky et al., 1995; Protti et al., 1995) likely caused the shallowing of the 

Cocos plate and simultaneous uplift of the Cordillera de Talamanca, the highest 

mountain range in Central America.  In fact, of the 10 largest flatslab regions 

worldwide, 9 are related to the collision of a ridge or accreted terrane (Gutscher et al., 

2000b and references therein).    

 The geochemical response in arc lavas along shallowing subduction zones is a 

theme carried throughout these papers.  Both locations examined in this work are 

situated at the transitional edges of currently amagmatic arc segments characterized by 

shallow (southern Costa Rica to central Panama) or flat (central Andes) subduction.    

Adakitic lavas occur in most flatslab locations worldwide, suggesting a causal link 

between ridge collision, slab shallowing, arc migration, and adakitic magmatism 

(Gutscher et al., 2000a).  In southern Central America and the Central Andes however, 

extreme adakitic signatures (La/Yb ≤ 80; Sr ≤ 1400 ppm) in lavas erupting during a late 

Miocene period of arc instability strongly contrast with non- or mildly-adakitic lavas 
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(La/Yb ≤ 25; Sr < 500 ppm) erupting before and after the period of instability.  The 

transient appearance of these extreme signatures is assessed with respect to temporal 

and spatial changes in tectonic setting. 

 

Increased rate of forearc subduction erosion 

 Subduction erosion, including both frontal and basal subduction erosion, is the 

dominant process of crustal recycling worldwide (von Huene and Scholl, 1991; 1993; 

Clift and Vannucchi, 2004; von Huene et al., 2004).  Frontal erosion involves 

destruction of crustal material at the toe of the forearc trench slope, whereas basal 

erosion constitutes removal of the underside of upper plate forearc (von Huene and 

Lallemand, 1990).  Of the 1.6 km3/year total flux of crustal and pelagic detritus 

subducted globally, only ~ 0.7 km3/year was derived from subducted sediments and the 

rest, ~ 0.9 km3/year, from subduction erosion (von Huene and Scholl, 1991; Rea and 

Ruff, 1996; Plank and Langmuir, 1998).  Under stable conditions at non-accreting 

margins, subduction erosion rates approximate ~ 30 km3/m.y. per kilometer along the 

margin (von Huene and Scholl, 1991; 1993).    

 The removal and transport of overriding plate forearc crust and mantle is 

heightened during periods of arc instability at non-accreting margins as evidenced by 

micropaleontologic, bathymetric, and geophysical studies of the Central American and 

Andean forearcs.  At sediment-starved trenches, such as along the coast of northern 

Chile (Schweller et al., 1981), lower-plate extensional horst and graben structures 

abrade upper plate forearc crust weakened by hydrothermal fluid penetration.   These 

grabens are subsequently filled with collapsing eroded forearc material transported to 

depth within the subduction channel (von Huene and Ranero, 2003; von Huene et al., 

2004).  Geophysically-imaged scars and grabens in outer forearc units are evidence for 

the erosive forces of colliding aseismic seamounts, ridges, and plateaus (von Huene et 
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al., 1997; Ranero and von Huene, 2000; Laursen et al., 2002).  Vannucchi et al. (2003) 

estimated faster short-term rates of subduction erosion over the last 6 m.y. along the 

Central American margin (107-123 km3/m.y./km).  For northern Chile, a similar 

short-term subduction erosion rate (72 to 94 km3/m.y./km) is calculated for the last 10 

m.y. (von Huene et al., 1999).  Figure 0.3 shows that during these short-lived periods, 

eroded forearc material constituted 86-91 % of the total subducted volume along these 

two convergent margins (Clift and Vannucchi, 2004).   

 

 
 

Figure 0.3 Schematic representation of subducted volumes of eroded forearc vs. 
sediment (including pelagic and terrigeneous) for the non-accretionary 
North Chile and Costa Rica convergent margins (Clift and Vannucchi, 
2004).  Rates calculated by these authors are based on subducted 
sediment volume and trench retreat rates over the last 10 m.y. 
(Vannucchi et al., 2001; Laursen et al., 2002).    

 

 Along the eastern Pacific, transient periods of accelerated forearc subduction 

erosion are contemporaneous with episodes of arc instability and the simultaneous 

arrival of anomalous trace element and isotopic signatures in erupted arc lavas.  

Despite the understanding of subduction erosion as a primary crustal recycling process, 

eroded forearc crust has largely been ignored by the arc geochemical community.  Of 

the hundreds of geochemical papers written regarding the involvement of subducted 
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sediment in arc lava petrogenesis, only a handful consider tectonically-eroded crust as 

a potential source contaminant (e.g., Stern, 1991; Kay et al., 2005).  For both southern 

Central America and the northern flatslab transition zone of the central Andes 

(27º-28.5º S), the sudden increase in eroded forearc material delivered to the sub-arc 

mantle wedge during a late Miocene period of tectonic instability is apparent in the 

geochemical signatures of temporally-coincident erupted arc lavas.  In this thesis, the 

geochemical consequence of this subducted forearc material is considered through 

isotopic mixing models and elemental mass balance.    

 

Arc migration 

 An active volcanic arc along a convergent margin marks the surficial 

expression of magmatic processes operating at mantle depths.  The equilibrium 

distance of the arc-trench gap depends largely on the subduction angle and the net 

crustal growth rate along the margin.  In the same way that the position of a barrier 

island responds to changes in sea-level rise, the position of the active volcanic arc front 

can migrate trench-ward or landward from its stable position in response to changing 

tectonic parameters.  In this sense, arc migration is the most observable response to 

tectonic disturbance and arc instability.   

 In non-accreting margins near the edges of shallowing slabs, deciphering the 

underlying forces that drive arc migration is enigmatic and requires synthesis of 

geophysical and volcanological data.  Within the northern and southern margins of the 

Chilean flatslab region, abrupt ~ 30-50 km landward translations of the arc front over 

short time scales (1-2 Ma) are difficult to attribute to the gradual shallowing of the 

subducted Nazca slab.  Moreover, the dip of the Nazca plate below the Andean forearc 

and the arc-trench gap (~ 300 km) are relatively uniform along the entire length of the 

Andean margin (Cahill and Isacks, 1992) with virtually all of the shallowing occurring 
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behind the volcanic front in the backarc.  As shown in Figure 0.4 and applied to the 

southern Andes by Kay et al. (2005), a retreating trench and forearc caused by a pulse 

of rapid forearc subduction erosion generates a corresponding jump in the position of 

the active magmatic arc.  In this way, the subduction zone dynamically responds to 

tectonically-driven changes in its structural geometry in order to re-establish tectonic 

equilibrium.      

 

 
 
Figure 0.4 Schematic cartoon from Lallemand (1995) showing arc geometries 

before (dashed outlines) and after (solid lines) frontal arc migration and 
subduction erosion.  Upper plate is fixed so that lateral slab migration 
controls trench and arc retreat.  The three ubiquitous signs of an 
actively eroding margin are shown: volcanic arc retreat, trench retreat, 
and forearc margin subsidence.  

 

 One of the principle aims of this work is to understand the anomalous 

geochemical changes in intermediate and evolved lavas erupting within migrating 

volcanic arcs and to link these changes to processes operating within the sub-arc crust 

and mantle.  For the margins considered in these studies, the transient arrival of an 
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adakitic geochemical signature coupled with discrete changes in the isotopic character 

of the erupted lavas occurs contemporaneous with episodic landward migration of the 

frontal arc.  New geochronological data presented in this thesis show that the 

composition of arc lavas evolve with respect to space and time in response to varying 

tectonic forces.   

  

V SUBMITTED MANUSCRIPTS  

 The following outlines the objectives for the four manuscripts included in this 

thesis regarding arc instability and petrogenesis along the eastern Pacific margin.  

 

Chapter 1   Steep REE patterns and enriched Pb isotopes in southern Central 

American arc magmas: Evidence for forearc subduction erosion?   

Authors:  A. R. Goss and S. M. Kay 

 

 The main objective of this paper is to examine published trace element and 

isotopic data from Central American arc lavas in order to evaluate the sources and 

fluxes involved in magma genesis within a spatial and temporal context. The 

heterogeneous along-arc Pb isotopic signal of exposed Cretaceous-Paleogene forearc 

ophiolites is traced through the subduction zone and into the mantle source of the 

erupted arc lavas.  Through isotopic mixing models and mass balance calculations, the 

~ 5 Ma arrival of an enriched Pb isotopic signal in southern Central American arc 

lavas coincident with the appearance of adakitic geochemical signatures is explained 

by an increased flux of mafic forearc delivered to the sub-arc mantle.  This study, 

which was published in Geochemistry, Geophysics, and Geosystems (G3) in May 

2006, provides direct isotopic evidence of subduction erosion processes influencing 

the geochemical composition of Central American arc lavas (Goss and Kay, 2006a).         
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Chapter 2 Central Andean adakites from the northern edge of the Chilean 

flatslab (27-28.5º S) associated with arc migration and forearc 

subduction erosion  

Authors:  A. R. Goss,  S. M. Kay, and C. Mpodozis 

 

 The sources and magmatic evolution of high-Mg andesites from the northern 

margin of the Chilean flatslab (27-28.5º S) constitutes the focus of this paper in which 

over 50 new major and trace element analyses are presented.  These glassy amphibole-

dominated andesites, known as the Pircas Negras, track the broadening of the Andean 

arc at this latitude during a 7-3 Ma period of arc migration and tectonic disturbance.  

Transient adakitic geochemical signatures in these lavas combined with a shift toward 

more radiogenic Sr and Nd isotopic ratios contrast with neighboring arc lavas that 

erupted both before and after the period of instability.  Mineral chemistry data support 

hypotheses from major and trace elements that these magmas were anomalously hot 

and record involvement of mantle sources in precursor melts.  Through trace element 

and isotopic modeling, the petrogenesis of the Pircas Negras high-Mg andesites is 

considered with respect to experimental data and known models for adakitic 

magmatism.  These results show that Pircas Negras magmatism records evidence for 

high-pressure melting in equilibrium with garnet-bearing in situ lower crust as well as 

a transient mantle-source contaminant derived from eroded mafic forearc.   

Considering a constant arc-trench gap during the late Miocene, the mass flux of 

eroded forearc crust is estimated.  Lastly, a regional model for Andean petrogenesis 

during the late Miocene period of tectonic instability is presented.  This manuscript 

will be submitted to the Journal of Petrology.  
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Chapter 3 Extreme High Field Strength element (HFSE) depletion and near-

chondritic Nb/Ta ratios in Central Andean adakite-like lavas 

(~ 28° S, ~ 68° W) 

Authors:  A. R. Goss and S. M. Kay  

 

 This paper examines new ICP-MS high-field strength element data for the late 

Miocene Pircas Negras lavas in order to explain exceptionally strong HFSE-depletion 

evident in these lavas.  The main motivation for this project was to identify the fluid or 

crystal phase stable in the high-pressure source of the Pircas Negras high-Mg 

andesites responsible for the strong HFSE anomalies.  These new data indicate a range 

of chondritic Nb/Ta ratios in 8-6 Ma Pircas Negras lavas that contrast with 

subchondritic ratios in younger 6-2 Ma Pircas Negras lavas.  Chondritic and 

superchondritic Nb/Ta ratios are exceptionally rare in arc lavas worldwide and in 

crustal rocks in general.  Examining these results with respect to experimentally 

determined HFSE partitioning behavior and existing eclogite melting models suggest a 

change from rutile-controlled to amphibole-controlled HFSE compositions in the high-

pressure mineral residues in equilibrium with Pircas Negras adakitic magma.  This 

change in residual mineral assemblage is temporally consistent with the inception of 

arc migration and slab shallowing along the northern flatslab transition zone and is 

best explained by a cooler and more-hydrated lower crust and mantle within an 

unstable arc setting.  This manuscript will be submitted to Earth and Planetary Science 

Letters.  
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Chapter 4 The Incapillo Caldera (~ 28º S): A stranded magma chamber over a 

dying Andean arc 

Authors:  A. R. Goss, S. M. Kay, C. Mpodozis, and B. S. Singer 

 

 The effect of arc instability on evolved magmas, with regard to eruptive style, 

size, and geochemistry is the main focus of this paper.  Through field mapping and 

geochronology on erupted ignimbrites and domes, an eruptive model for the Incapillo 

Caldera and Dome Complex is presented.  Based on new 40Ar/39Ar ages as young as 

0.51 Ma, the Incapillo ignimbrite marks the youngest eruptive event for ~ 700 km 

along the presently amagmatic flatslab section of the Andean cordillera.  These lavas 

represent the final melts to reach the surface as magma production in the volcanic arc 

waned in response to backarc slab shallowing.  Using high-resolution digital 

topography, the erupted volumes of Incapillo dome and ignimbritic material are 

calculated.  Over 30 major and trace element analyses combined with ~ 20 Sr, Nd, and 

Pb isotopic ratios shed new light on the sources involved in Incapillo magma genesis.  

Based on the subdued adakitic signatures in Incapillo melts, precursor magmas were 

likely similar to the Pircas Negras andesites and originated as partial melts of eclogitic 

or garnet amphibolitic lower crust.  Energy-constrained assimilation-fractional 

crystallization (AFC) modeling reveals that upper crustal processes altered the 

composition of these precursor melts as they lost contact with the mantle and stalled at 

shallow crustal depths.  In contrast to the large explosive caldera complexes of the 

Puna and Altiplano that erupted over a steepening slab between 11 and 4 Ma, Incapillo 

defines the model of a dominantly effusive siliceous system evolving over a 

shallowing slab and cooling mantle.   
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CHAPTER 1 

STEEP REE PATTERNS AND ENRICHED PB ISOTOPES IN SOUTHERN 

CENTRAL AMERICAN ARC MAGMAS: EVIDENCE FOR SUBDUCTION 

EROSION? 

 

ABSTRACT 

 The appearance of adakitic magmas with steep REE patterns in southern Costa 

Rica and Panama at ca. 4 Ma coincides with the collision of the Cocos Ridge and the 

inception of slab shallowing along the margin.  Distinctly higher 206Pb/204Pb and 
208Pb/204Pb ratios in these adakitic lavas than in older Miocene lavas suggest that 

components enriched in radiogenic Pb also entered the mantle magma source at ca. 

4 Ma.  Published Pb-isotopic data for Central American arc lavas show that a similar 

radiogenic component is not present in lavas further north, and that maxima in post-

Miocene 206Pb/204Pb and 208Pb/204Pb ratios occur in central Costa Rica and western 

Panama.  Cretaceous and early Tertiary ophiolites in the forearc, whose origins have 

been linked to the Galápagos hotspot, show a similar spatial pattern in Pb isotopic 

ratios.  The incorporation of ophiolitic forearc crust into the mantle wedge by forearc 

subduction erosion can explain the along-arc spatial and temporal pattern of Pb-

isotopic ratios in southern Central American arc lavas.  Partial melting of crust 

removed from the base of the forearc and subjected to high pressure metamorphism in 

the subduction channel provides an explanation for the steep adakitic REE patterns in 

some Costa Rican and Panamanian lavas. 

 

I INTRODUCTION 

 Identifying chemical evidence for forearc subduction erosion in arc magmas 

requires tracing missing forearc continental lithosphere down the subduction channel 
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and into the melt zone of arc magmas.  Recognizing the effects of forearc crust is 

usually problematic as subducted sediment, mantle heterogeneities, and contaminants 

incorporated into melts ascending through the crust can severely dilute chemical 

signals from tectonically-eroded forearc crust introduced into the mantle source. 

 Radiogenic isotopic ratios can be particularly useful tracers of magma sources 

as they are not fractionated by magmatic processes.  High Pb concentrations in the 

crust, the relative mobility of Pb in slab-derived fluids, and large isotopic differences 

between possible sources make Pb isotopes the best potential tracer for forearc 

material removed by subduction erosion.  Parallels in along-arc differences in Pb 

isotopic ratios in southern Central American frontal arc lavas and Cretaceous/Tertiary 

forearc ophiolites make this part of the Central American arc an ideal region to 

investigate and test the role of subducted forearc crust in arc magma genesis.  

 Adakites, or andesites with steep REE patterns (SiO2 > 56 wt %, Al203 > 15 wt 

%, La/Yb > 20) and elevated Sr contents (> 400 ppm, Sr/Y > 20), are sensitive 

indicators of high pressure crustal melting of mafic protoliths (e.g., Defant and 

Drummond, 1990).  When adakites erupt along arcs where the subducting slab is too 

old to melt and crustal thicknesses are insufficient to permit garnet-bearing lower 

crustal residues, subducted forearc crust must be considered as a possible contaminant 

in the mantle source (Stern, 1991; Kay and Mpodozis, 2002; Kay et al., 2005).  The 

spatial and temporal distribution of Costa Rican and Panamanian adakites provides yet 

another constraint in elucidating the role of subduction erosion along the southern 

Central American margin. 

 

II TECTONIC SETTING 

 Miocene to Holocene calc-alkaline arc volcanism along the Central American 

margin (Figure 1.1) is attributed to the subduction of the Cocos and Nazca plates 

 19



 

beneath the Caribbean plate (Carr, 1984; de Boer et al., 1991).  This volcanism began 

after the breakup of the Farallon plate (Hey, 1977) with initiation of the Costa Rican 

volcanic arc at 23 Ma (Seyfried et al., 1991).  The NW-SE trending active volcanic arc 

stretches 1200 km from western Guatemala to central Panama.  Sub-arc crustal 

thicknesses decrease from 48 km in western Guatemala to 32 km in Nicaragua and 

increase again to 32-40 km in Costa Rica (Carr et al., 1990; Sallarès et al., 1999).  

Gravity data suggest a Moho depth of < 30 km under Panama (Mickus, 2003).  Along 

the margin, fast nearly-orthogonal subduction of the Cocos plate under Costa Rica 

(Figure 1.1; 8.8 cm/yr at 032°) contrasts with slower oblique convergence of the 

Nazca plate (3.7 cm/yr at 070°) under western Panama (DeMets, 2001).   

Earthquake hypocenter depths that define the Wadati-Benioff zone show a 

progressive change in subduction angle from 60º beneath Guatemala to less than 30º 

under central Costa Rica (Protti et al., 1995).  Below the Cordillera de Talamanca and 

into central Panama, the Wadati-Benioff zone is unconstrained by intraplate seismicity 

and can only be traced 100 km east of the trench where the depth is less than 50 km.  

The lack of deep earthquakes in this region has been explained by Protti et al. (1995) 

as younger hotter crust (< 15 Ma) subducting below southern Costa Rica and Panama 

reaches the brittle-ductile transition at shallower depths than older crust subducting to 

the north.  Protti et al. (1995) argue that the slab shallows and follows a sub-horizontal 

(~ 10º) path under the base of the Caribbean plate below Panama.  Uplift of the 

Cordillera de Talamanca and progressive slab shallowing have been attributed to the 

subduction of the aseismic Cocos Ridge that collided with southern Costa Rica at 

< 5 Ma (Kolarsky et al., 1995).  Contemporaneous with ridge collision, the onset of 

low-angle subduction is thought to have caused 40 to 50 kms of northeastward arc 

migration in central Costa Rica (Alvarado et al., 1993; Marshall et al., 2003).  

Alternatively, the opening of an asthenospheric slab window below western Panama 
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between 10-6 Ma, formed by the subduction of an extinct arm of the Cocos-Nazca 

spreading ridge and Panama Fracture Zone, has been proposed to explain the lack of 

intraplate seismicity and the appearance of late Miocene backarc alkalic volcanism 

(Johnston and Thorkelson, 1997).   

 

 
 
Figure 1.1 Map of Central America showing major tectonic features.  Black 

triangles show positions of frontal arc volcanoes with open triangles 
marking locations of adakitic magmatism (de Boer et al., 1991; Defant 
et al., 1991a; 1991b; Feigenson et al., 2004).  Gray circles show sites of 
pre-Quaternary backarc lavas (Abratis and Wörner, 2001; Feigenson et 
al., 2004).  Volcanic centers mentioned in the text are: Nejapa (NE), 
Arenal (AR), Platanar (PL), Laguna del Pato Frontal Cone (LP), La 
Yeguada (LY), El Valle (EL), Providencia back arc lavas (PROV), 
Bribri back arc lavas (BR).  Deep Sea Drilling Program sites (DSDP) 
are marked with +’s (495, Cocos Plate sediments; 158, Cocos Ridge; 
084, Cocos Plate. 155, Coiba Ridge).  Shaded colored regions identify 
outcrop locations of Cretaceous/Tertiary forearc igneous complexes.  
Stippled region shows the regional extent of the Cordillera de 
Talamanca.  PFZ = Panama Fracture Zone. Convergence rates and 
directions from DeMets (2001) 
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Figure 1.2 Map of southeastern Costa Rica and western Panama revised from 

Defant et al. (1991a).  Geographic exposures of forearc ophiolite 
complexes (Osa, Burica, Golfito, Coiba Island, Soná, and Azuero) are 
shown by solid red fields.  Shaded grey fields represent major volcanic 
centers of the Quaternary volcanic arc of Panama and Cordillera de 
Talamanca.  Smaller cones and domes are shown in white.  Locations 
of adakitic lavas (open triangles) are grouped in blue rectangles (Defant 
et al., 1991a; 1991b; 1992; de Boer et al., 1995; Abratis and Wörner, 
2001).  In general, the adakitic magmas erupted behind large exposures 
of forearc ophiolite.   

 

 The Costa Rican forearc is dominantly composed of the late Cretaceous 

(60-100 Ma) Nicoya Complex ophiolite belt (sensu lato) that extends from the 

northernmost Santa Elena Peninsula to the Burica Peninsula in the south (Figure 1.1).  

Hauff et al. (2000b) have shown that the obducted basalts and gabbros in the forearc 

have chemical characteristics similar to the Caribbean Large Igneous Province (CLIP) 

that forms the basement of the southern Caribbean Sea and interpret them as accreted 

segments of Caribbean crust.  As shown in Figure 1.2, obducted ophiolite further 

south is exposed on the peninsulas along the southwestern Panamanian coast, with the 
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most voluminous outcrops on the Azuero and Soná Peninsulas.  As in the Costa Rican 

forearc, 40Ar/39Ar ages and isotopic ratios indicate that Panamanian forearc ophiolites 

are accreted segments of the Caribbean igneous province (Hoernle et al., 2002).  

Though the ophiolite is not exposed in the forearc north of the Santa Elena Peninsula, 

basic and ultrabasic Cretaceous basement rocks were recovered in DSDP Leg 84 cores 

from the forearc offshore Guatemala/El Salvador (von Huene et al., 1985).   

 

III GEOCHEMICAL TRENDS 

The along-arc trace element and Pb isotopic variations in Miocene to Holocene 

Central American lavas (Defant et al., 1991a; 1991b; Abratis and Wörner, 2001; 

Feigenson et al., 2004) and variations in Pb isotopic ratios in Cretaceous and Tertiary 

Nicoya Complex forearc ophiolites (Hauff et al., 2000b; Hoernle et al., 2002) are 

outlined below.  Spatial and temporal relationships in these data are used to examine 

the role of tectonically-eroded forearc crust in the evolution of Central American arc 

magmas.   

 

Central American Arc and Backarc Magmas 

 Arc magmas erupting along the Central American volcanic front have been 

interpreted to contain components from several types of mantle sources.  Isotopic and 

trace element signatures in frontal arc lavas from Guatemala to El Salvador have been 

associated with a depleted mantle source that has been modified by slab-related 

mobile element-enriched fluids (Feigenson and Carr, 1986; Carr et al., 1990). 

Comparatively higher Ba/La (80-120) and lower La/Yb (2-4) ratios in western 

Nicaraguan lavas have been attributed to an increased slab-derived fluid flux resulting 

in higher degrees of melting (Carr et al., 1990).  In contrast, arc rocks in Costa Rica 

with high La/Yb (20-35) and low Ba/La (15-50) ratios have been associated with low 

 23



 

degrees of melting of an enriched mantle source (Carr et al., 1990).  Alkaline backarc 

centers in Costa Rica with a subdued arc signature (Bribri lavas, Ba/La=13-19, La/Ta 

=24-29) and elevated Nb/Zr (0.17-0.24) ratios have been associated with an enriched 

OIB source that entered the backarc mantle after 6 Ma (Abratis and Wörner, 2001).   

 Arc volcanic rocks in the Cordillera de Talamanca and in west-central Panama 

with ages of < 4 Ma are chemically distinct from lavas to the north in having steeper 

REE patterns (Figure 1.3; La/Yb = 20-90, Sm/Yb = 2-10) and Sr/Yb ratios > 700.  

These adakitic signatures became dominant after 2.5 Ma and are absent in the older 

Miocene volcanic rocks from the same region (Defant et al., 1991a; 1991b; de Boer et 

al., 1995).  Panamanian adakites have higher La/Yb than lavas classified as adakites in 

the Aleutians (La/Yb = 30-57; Kay, 1978; Yogodzinski et al., 1994), Japan (La/Yb = 

15-23; Shimoda et al., 1998), the Cascades (La/Yb = 8-13; Grove et al., 2002), the 

Austral Andes (La/Yb = 30-35; Kay et al., 1993; Stern and Killian, 1996) and 

Kamchatka (La/Yb = 4-7; Kepezhinskas et al., 1997).  Their high ratios are like those 

in the Central Andes that have been related to thickened crust and forearc subduction 

erosion (Kay and Mpodozis, 2002; Kay et al., 2005; Goss and Kay, 2006b). 

 Pb-isotopic data for lavas along the entire arc (Figure 1.4a) show that an 

enriched mantle source component with HIMU-like tendencies (high-μ where 

μ = 238U/204Pb) is present in arc lavas from central Costa Rica and Panama (Abratis 

and Wörner, 2001; Feigenson et al., 2004).  These lavas have 206Pb/204Pb and 
208Pb/204Pb ratios greater than 18.7 and 38.3 respectively, whereas volcanic front lavas 

north of central Costa Rica have 206Pb/204Pb <18.7 and 208Pb/204Pb < 38.3 (Feigenson 

et al., 2004).  A distinct temporal change to a similar enriched source is seen in the 

Cordillera de Talamanca where older Miocene volcanic rocks have lower 206Pb/204Pb 

and 208Pb/204Pb ratios  (< 18.7 and < 38.6) than < 4 Ma adakitic lavas (> 19.0 and 

> 38.7) (Abratis and Wörner, 2001).  As discussed by Feigenson et al. (2004), an 
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exception to this is the 14 Ma frontal cone lava from Laguna del Pato in Panama  

(Figure 1.2) with a 206Pb/204Pb ratio of 19.15.  These authors further note that 

pre-Quaternary backarc lavas (Figure 1.1) in eastern Costa Rica have a greater 

involvement of a radiogenic Pb component than those to the north in Nicaragua and 

Honduras.   

 

 
 
Figure 1.3 Graphs showing (A) La/Yb ratio vs. SiO2 concentration and (B) La/Sm 

vs. Sm/Yb ratios for lavas from southern Costa Rica (Cordillera de 
Talamanca) and west-central Panama (El Valle and La Yeguada).  Data 
are from Defant et al. (1991a; 1991b) and de Boer et al. (1995).  Shaded 
symbols are > 4 Ma lavas.  Open symbols are < 4 Ma adakitic lavas. 
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Figure 1.4 Graphs of 206Pb/204Pb vs. 208Pb/204Pb for (A) Central American volcanic 

front lavas and (B) Cretaceous/Tertiary forearc complexes.  Data for 
volcanic arc lavas from Feigenson et al. (2004) and Abratis and Wörner 
(2001).  Shaded triangles mark > 4 Ma Talamancan lavas while open 
triangles show data from < 4 Ma Talamancan adakites.  Data for 
forearc complexes from Hauff et al. (2000b) and Hoernle et al., (2002).  
Isotopic data for DSDP site 495 sediments and granitic basement are 
from Feigenson et al. (2004).  Fields for Cocos Ridge, Coiba Ridge, 
Cocos Plate, and Costa Rican seamounts from Hauff et al. (2000b), 
Werner et al. (2003), Hoernle et al. (2000), and Harpp et al. (2005).  
Plotted values have not been age corrected and therefore reflect 
measured ratios.  NHRL refers to Northern Hemisphere Reference Line 
(Zindler and Hart, 1986).   
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Cretaceous/Tertiary Nicoya Complex basement 

 A study of the ophiolitic Nicoya Complex terrane in Costa Rica by Hauff et al. 

(2000b) shows along-margin isotopic differences exist within the forearc rocks.  As 

shown in Figure 1.4b, the lowest Pb isotopic ratios occur in the 120 Ma layered 

gabbros and pillow basalts from the northernmost ophiolite complex on the Santa 

Elena Peninsula.  Based on depletions in high field strength elements (Nb and Ta) and 

high degrees of serpentinization, Hauff et al. (2000b) interpreted Santa Elena Units II, 

III, and IV as uplifted segments of an allochthonous subduction zone mantle wedge. 

The volumetrically minor Santa Elena Unit I has OIB-type trace element 

characteristics and more radiogenic Pb isotopes and thus is interpreted as an accreted 

off-axis seamount (Frisch et al., 1992; Hauff et al., 2000b).  Pb isotopic ratios in 95-75 

Ma ophiolites from the Nicoya, Herradura, Golfito, and Burica complexes are 

isotopically similar to Caribbean plate lavas and are interpreted as early magmas 

erupted from the Galápagos hotspot (Hauff et al., 2000b).  The distinctive Sr, Nd, and 

Pb initial isotopic ratios in the 89 Ma Tortugal alkaline tholeiites suggest they formed 

from another source within the CLIP.  Among younger (65-59 Ma) ophiolites, those 

from the Quepos Peninsula are more radiogenic than those from the Osa Peninsula.  

These ophiolites are interpreted as originating from an ocean-island volcano and/or 

bathymetric ridge formed over the paleo-Galápagos hotspot (Hauff et al., 2000b).   

Further south, the 51-29 Ma Azuero and 71 Ma Soná complexes are among the most 

radiogenic forearc ophiolites in Central America (Hoernle et al., 2002).  

 

Potential Slab and Crustal Sources 

Other potential source components in Central American arc lavas are 

subducting Cocos and Nazca plate basalts, pelagic and hemipelagic sediments, the 

Cocos and other bathymetric ridges, alkaline seamounts, granitic and metamorphic 
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basement, and mafic lower crust.  As seen in Figure 1.4a, all of these sources have 

distinctive isotopic signatures.   

(1) MORB-like tholeiitic lavas dredged from the Cocos and Nazca plates have 

significantly less radiogenic Pb isotopic ratios (206Pb/204Pb=18.52-18.59;  
208Pb/204Pb=38.07-38.13) than Central American arc lavas and forearc ophiolites 

(Hauff et al., 2000b; Werner et al., 2003).   

(2) Pelagic and hemipelagic sediments from DSDP drill site 495 on the Cocos 

plate offshore Guatemala have low 206Pb/204Pb (18.47-18.78) and high 87Sr/86Sr 

(0.7076-0.7086) ratios (Feigenson et al., 2004).   

(3) Tholeiitic lavas from the bathymetric Cocos and Coiba Ridges (Hauff et al., 

2000b; Hoernle et al., 2000; Werner et al., 2003; Harpp et al., 2005) as well from 

Cocos Island (Castillo et al., 1988) have low 87Sr/86Sr (0.7029-0.7035), high εNd (+6 

to +8), and radiogenic Pb isotopic ratios (206Pb/204Pb = 18.85-19.66;  208Pb/204Pb = 

38.33-39.38).  Their isotopic ratios are similar to those of lavas erupted within the 

central and southern Galápagos hotspot domains (White et al., 1993; Hoernle et al., 

2002).  

 (4) Seamounts and conical cones northwest of the Cocos Ridge are 

dominantly alkaline lavas (hawaiites to trachytes) with slightly more radiogenic Sr and 

Pb isotopic ratios (87Sr/86Sr = 0.7032-0.7045; 206Pb/204Pb = 19.03-19.91; 208Pb/204Pb = 

38.89-39.60) and lower εNd (+2.3 to +6.6) values than lavas from the Cocos and 

Coiba ridges.  They are distinctly enriched in incompatible trace elements (Ba = 

440-620 ppm, Sr = 474-675 ppm, Th = 3.77-6.20 ppm) and have steeper REE patterns 

(La/Yb = 6-21) than Cocos/Nazca oceanic crust (Ba = 3-25 ppm, Sr = 45-118, Th = 

0.08-0.29; La/Yb < 1) or Cocos/Coiba ridge lavas (Ba = 30-50 ppm, Sr = 142-222, 

Th = 0.52-1.72; La/Yb < 6) (Hauff et al., 2000b; Hoernle et al., 2000; Werner et al., 

2003; Harpp et al., 2005). 
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 (5) Guatemalan granitic and metamorphic basement rocks have 206Pb/204Pb 

values of 18.69-18.78 and 19.13-19.32 respectively (Feigenson et al., 2004).   

(6) Noritic and gabbroic crustal xenoliths from Volcán El Valle in Panama and 

Volcán Arenal in Costa Rica (Cigolini et al., 1991; Defant et al., 1991a; Cigolini, 

1998) have trace element characteristics generally like those of the Nicoya Complex 

ophiolites.  Their significantly higher Sr (350-700 ppm) and Ba (~ 140 ppm for 

Arenal; 380-400 ppm for El Valle) concentrations could be due to excess plagioclase.  

No Pb-isotopic data exist for Costa Rican mafic crustal xenoliths.  

  

IV EVIDENCE FOR FOREARC SUBDUCTION EROSION 

 Subduction erosion, or the removal and transport to depth of forearc crustal 

and mantle lithosphere, has been argued to be a major process in shaping the non-

accretionary Central American margin (von Huene and Scholl, 1991; Ranero and von 

Huene, 2000).  Based on the 3-5 km subsidence of outer forearc basinal sediments and 

the presence of a margin-wide seismic reflector marking the base of slope sediment 

along the Nicoya shelf (Meschede et al., 1999a), Vannucchi et al. (2001) estimated a 

loss of ~ 560-600 km3km-1 of the Costa Rican margin via subduction erosion over the 

last 17 Ma.  The equivalent erosion rate of 34-36 km3m.y.-1km-1 is similar to rates 

estimated for the Chilean margin by von Huene and Scholl (1991).  Accelerated 

subduction erosion along the Costa Rican margin during the last 5-6 Ma is supported 

by sediment drilling records that indicate a dramatic landward shift in the coastline 

coincident with a 40 to 50 km NE-migration of the arc volcanic front (Alvarado et al., 

1993; Meschede et al., 1999a).  Vannucchi et al. (2003) used these data to argue for a 

subduction erosion rate of 107-123 km3m.y.-1km-1 over the last 5-6 Ma.  The observed 

uplift of innermost Costa Rican forearc units (Gardner et al., 1992; Marshall and 

Anderson, 1995; Fisher et al., 1998) is consistent with models of margins affected by 
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subduction erosion and likely reflects the topographic effects of subducted seamounts, 

serpentinization, and/or sediment underplating (Lallemand, 1995; Meschede et al., 

1999a).  Clift and Vannucchi (2004) estimated the total proportions of eroded forearc 

and incoming sediments subducted below Costa Rica in the last 6 Ma.  Over this 

period, they calculated that eroded forearc composed c.a. 86 % of this subducted 

material.  In Central Panama,  c.a. 120 km of apparent arc migration (~ 2.7 mm/yr) 

since the Eocene has been attributed to subduction erosion (Lissinna et al., 2002).  To 

the north, progressive subsidence of the Guatemalan forearc began at 19 Ma with an 

average subduction erosion rate of 11.3-13.1 km3m.y.-1km-1; approximately 1/3 the 

long-term rate estimated for Costa Rica (Vannucchi et al., 2004).  

 Other support for subduction erosion along the Central American margin 

comes from seismic reflection images presented by Ranero and von Huene (2000).  

Evidence includes forearc normal faulting, subduction of 10-15 km long by 1.5-2.0 km 

wide “mega-lenses” from the upper plate, and 0.5-0.7 km wide scars in the continental 

slope where seamounts were subducted.  Though seamount subduction along 

convergent margins accelerates removal of upper-plate material, high-resolution 

bathymetric studies have shown that subduction erosion also occurs when normal 

“unperturbed” oceanic crust is subducted (Meschede et al., 1999a; Ranero and von 

Huene, 2000). 

 Geophysical studies (von Huene and Flueh, 1994; Ye et al., 1996; Christeson 

et al., 1999) combined with ODP/DSDP drilling (Aubouin et al., 1985; von Huene et 

al., 1985; Vannucchi et al., 2001) reveal that the Central American forearc basement is 

likely composed of the seaward extension of the Nicoya complex and that collapsing 

forearc basement dominates the subducted material (Meschede et al., 1999a).  

Mélange exposed on the Osa Peninsula in southern Costa Rica contains tectonized 

blocks of late Cretaceous to early Tertiary basalt that have been to depths of 10-15 km 
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and temperatures near 200 °C (Meschede et al., 1999b).  These authors interpret this 

low-grade metamorphic sequence as an exhumed Miocene-Pliocene subduction 

channel that transported upper plate ophiolitic material into the subduction zone.  In 

their model, the collision of the Cocos Ridge with the Middle American trench at 

~ 4 Ma could have increased the amount of forearc material eroded from the 

overriding plate and led to thickening of the mélange in the subduction channel.  

 Chemical data provide additional evidence for subduction erosion along the 

southern Central American margin.  Morris et al. (2002) argued that much lower 

concentrations of 10Be (a cosmogenic isotope prevalent in young pelagic sediments; 

1.5 m.y. half-life) in Costa Rican compared to Nicaraguan lavas required either 

sediment underplating or dilution of the subducted sediment component in the mantle 

wedge by eroded forearc basement.  Clift et al. (2005) used spikes in Li/Y and B/Be 

ratios in analyses of < 2.5 Ma airfall tephra from ODP Legs 170 and 205 offshore 

Costa Rica to identify periods of enhanced subduction flux along the margin.  High 

εNd, δ7Li, and La/Yb ratios during some of these periods were thought to reflect 

subduction erosion and assimilation of Nicoya Complex basement into the source of 

central Costa Rican arc magmas.  Elsewhere, Kay and Mpodozis (2002) and Kay et al. 

(2005) have suggested that spikes in La/Yb and La/Ta ratios in Central Andean 

Neogene lavas reflect episodic crustal contamination of the sub-arc mantle by 

subduction erosion during periods of heightened arc migration.  

 

V DISCUSSION  

 Evidence for the incorporation of forearc crust into the mantle wedge by 

subduction erosion comes from Pb isotopic and trace element characteristics of 

magmas erupted along the Central American arc.  Multi-component Pb-isotopic 

modeling combined with Pb mass balance calculations presented below support the 
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hypothesis that tectonically-eroded forearc crust is a potential source in Central 

American arc magma genesis.  Furthermore, the spatial and temporal pattern of 

erupted adakites with enriched Pb-isotopes substantiates a model of subduction 

erosion and high-pressure melting of forearc ophiolitic crust.   

 

Previous Models for Enriched Pb Isotopic Signatures in Central American Lavas 

  The correlation between enriched Pb isotopic ratios and adakitic magmatism 

in southeastern Costa Rica was first addressed by Abratis and Wörner (2001).  These 

authors showed that the 206Pb/204Pb ratios of adakitic lavas within the Cordillera de 

Talamanca are too high to be explained by melting of subducted MORB crust of the 

Cocos plate as initially proposed by de Boer et al. (1995).  Using thermal 

considerations, they argued that the bulk of the colliding Galápagos-derived Cocos 

Ridge was too old (15 Ma) and subducting at too fast a rate (7-9 cm/yr) to melt.  As an 

alternative, they proposed that Talamancan adakitic magmas formed when the slab 

window proposed by Johnston and Thorkelson (1997) opened from 10 to 6 Ma below 

western Panama allowing upwelling asthenosphere to melt the leading edges of the 

Cocos Ridge.  The model however fails to explain why: (1) lavas with similarly high 
206Pb/204Pb ratios erupted far from the proposed slab window in north-central Costa 

Rica (ex. Volcán Platanar), (2) lavas with high 206Pb/204Pb ratios (19.15) erupted at the 

Laguna del Pato center in Panama at 14 Ma before the slab window opened 

(Figure 1.2) (Defant et al., 1992; Feigenson et al., 2004), and (3) pre-slab window 

(> 10 Ma) calc-alkaline and tholeiitic Talamancan lavas have elevated 206Pb/204Pb and 
208Pb/204Pb ratios with respect Central American arc lavas north of central Costa Rica.   

 Recently, Feigenson et al. (2004) used Sr, Nd, and Pb isotopic data to show 

that the majority of Central American volcanic front lavas, including those with 

elevated 206Pb/204Pb ratios, show little contamination from passage through the crust.  
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Based on the non-radiogenic character of the Pb in pelagic sediments, they ruled out 

subducted sediment as the source of the high 206Pb/204Pb ratios in the arc lavas.  They 

further argued that backarc magmas with the elevated 206Pb/204Pb ratios required the 

enriched Galápagos-like source to be a primary feature of the ambient mantle.  In their 

model, they used granitic and metamorphic Guatemalan crust to represent the average 

crust below Central America.  Alternatively, mafic CLIP crust could extend below 

southern Central America and be the source of the enriched Pb. 

 

Pb Isotopic Evidence for Subduction Erosion in Central American Arc Magmas 

 A source with enriched Pb isotopes not thoroughly considered in previous 

models is the Cretaceous/Tertiary Nicoya Complex ophiolites in the forearc.  Figure 

1.5 shows that the measured 206Pb/204Pb and 208Pb/204Pb ratios in recently erupted 

lavas along the Central American arc have a striking similarity to those of the Costa 

Rican and Panamanian forearc ophiolites.  A way to explain this similarity is that the 

Pb signatures in the arc front lavas reflect assimilation of mafic forearc crust into the 

mantle wedge by subduction erosion (Goss et al., 2003; Nichols et al., 2003).  In 

detail, central Costa Rican arc lavas generally have elevated Pb isotopic ratios that fall 

within the range of those for the Nicoya, Tortugal, and Herradura ophiolites.   

 The slightly lower Pb isotopic ratios in the Talamancan lavas can be explained 

by contamination of their mantle source by Osa/Burica/Golfito-type ophiolitic 

basement.  Lavas with higher 206Pb/204Pb and 208Pb/204Pb from western Panama could 

reflect assimilation of the Burica and Golfito forearc complexes.  In central Panama, 

Tertiary mafic lavas from the Azuero Peninsula have Pb isotopic ratios similar to the 

adakites (El Valle and La Yeguada) that erupted directly behind this large exposure of 

forearc ophiolite.  Though the Soná Peninsula ophiolite has more radiogenic Pb than 
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the central Panamanian adakites, dilution of this enriched forearc material within the 

sub-arc mantle could produce Pb isotopic ratios similar to the adakites. 

 

 
 
Figure 1.5 Graphs of (A) 206Pb/204Pb ratios and  (B) 208Pb/204Pb ratios vs. latitude 

for Central American frontal arc lavas (data points) and 
Cretaceous/Tertiary forearc ophiolites (shaded fields).  Data are from 
the same sources as in Figure 1.4 and reflect measured isotopic ratios. 
Latitudes for the Costa Rican and Panamanian forearc complexes have 
been projected under the active volcanic arc using convergence 
azimuths of 032° and 070° respectively. 

 34



 

 
 
Figure 1.6 Graphs of measured 206Pb/204Pb ratios vs. (A) Th/U and (B) Nd/Pb 

ratios for Costa Rican (blue diamonds) and Panamanian (open squares) 
forearc ophiolites showing the negligible geochemical effects of 
hydrothermal alteration.  Data are from Hauff et al. (2000b).  Value for 
MORB (24 ± 5) from (Rehkaemper and Hofmann, 1997). 

  

 The effects of U6+ and Pb mobility during Miocene to Recent subduction-

related hydrothermal alteration of the Nicoya Complex ophiolites was investigated by 

Hauff et al. (2000a).  They showed that most Cretaceous ophiolitic lavas had Th/U 

ratios near 3.05 (R2=0.99) and that the lavas with the lowest Th/U ratio (indicative of 

U-enrichment) generally have the lowest 206Pb/204Pb ratios (Santa Elena) 

(Figure 1.6a).  Hauff et al. (2000a) further demonstrated that most Nicoya ophiolites 
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have Nd/Pb ratios similar to MORB (24 ± 5).  By assuming both Nd and Pb are 

relatively incompatible in the dry mantle and that Pb is more mobile than Nd in 

hydrothermal fluids, they reasoned that only the few Nicoya lavas with extreme Pb 

isotopic ratios reflect Pb-loss or U-enrichment related to hydrothermal alteration.  

However, these authors note that initial Pb-isotopic ratios indicate that the majority of 

this alteration occurred immediately after eruption and that the effects of post-Miocene 

subduction-related alteration are negligible.   

 

Chemical and Isotopic Modeling 

 A 3-component Pb isotopic model in Figure 1.7 shows that the source of Costa 

Rican arc lavas with enriched Pb isotopes (i.e., Platanar, Arenal, Barva, and Irazú) 

must involve a component with high 206Pb/204Pb and 208Pb/204Pb ratios like the Nicoya 

complex forearc lavas.  The trace element and isotopic compositions of the three 

components considered in the model are shown in Table 1.1 and discussed below.   

 The first modeled component is the ambient enriched mantle below central 

Costa Rica. The Pb isotopic ratios (206Pb/204Pb = 19.05; 208Pb/204Pb = 38.58) used for 

this component are from the most radiogenic backarc lava found at La Providencia 

island (Feigenson et al., 2004).  The isotopic ratios of this lava are likely to be close to 

the pristine enriched mantle based on its location far from the trench and eruption 

through purely oceanic crust (Figure 1.1).  As Pb and Th concentrations in the 

enriched mantle (EM) are poorly constrained, the modeled concentrations of these 

elements are calculated from the Pb and Th concentrations in MORB (Hofmann, 

1988), depleted mantle (DM; Salters and Stracke, 2004), and average Galápagos 

tholeiitic basalts (Pb = 3.00; Th = 1.88; Geist et al., 2002).  Assuming similar degrees 

of mantle partial melting for MORB and Galápagos basalts, Pb and Th concentrations 

in the enriched Galápagos-like mantle below Costa Rica are estimated to be 0.15 ppm 
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and 0.14 ppm respectively.  Calculated Pb values are consistent with Pb 

concentrations reported by McDonough and Sun (1995) for pyrolitic mantle 

(Pbpy = 0.15 ppm), whereas Th concentrations are somewhat higher (Thpy = 0.079).   

 The second modeled component is subducted pelagic and hemipelagic 

sediments.  The trace element and isotopic composition of this component is based on 

analyses of sediments drilled at DSDP Site 495 (shown in Figure 1.1) (Pb = 7.36 ppm; 

Th = 0.93 ppm; 206Pb/204Pb = 18.58; 208Pb/204Pb = 38.37; Plank and Langmuir, 1998; 

Feigenson et al., 2004).    

 The third modeled component is the forearc ophiolites removed via subduction 

erosion.  An average of trace element and Pb isotopic values from the Nicoya 

ophiolites (Pb = 0.27 ppm; Th = 0.30 ppm; 206Pb/204Pb = 19.28; 208Pb/204Pb = 38.95) 

are used for this component as this is the largest forearc ophiolite complex and is 

situated directly outboard of the enriched Costa Rican arc lavas.  

 The resultant mixing model shown in Figure 1.7 illustrates that the enriched Pb 

isotopes in the Costa Rican lavas cannot be explained by mixing of enriched mantle 

and sediments alone.  A source enriched in both 206Pb and 208Pb like the forearc 

ophiolites and/or mafic Galápagos-derived CLIP basement that likely underlies the 

volcanic arc is needed.  The calculations show that subducted sediments can contribute 

no more than ~ 1-2 % of the mass of Pb in the Costa Rican arc lavas and that the lavas 

with the most enriched isotopic signature could be dominated (95 %) by forearc Pb.  If 

the most radiogenic Nicoya samples are used in Figure 1.7 as the forearc component 

(206Pb/204Pb = 19.85 and 208Pb/204Pb = 39.85) rather than the averaged value, the entire 

range of Pb values in Costa Rican lavas can be modeled by variable mixtures of  

~ 1-2 % sediments,  0-60 % forearc material, and 0-99 % ambient mantle.   
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Figure 1.7 Graph of 206Pb/204Pb vs. 208Pb/204Pb ratios showing results of 3-
component Pb isotope mixing model of enriched Costa Rican arc lavas. 
Chemical and isotopic values for various sources include: (1) enriched 
mantle (blue square) represented by the most enriched La Providencia 
backarc basalts (Feigenson et al., 2004), (2) subduction erosion 
component (red circle) estimated by the average of Nicoya complex 
forearc ophiolites (Hauff et al., 2000b), and (3) subducted sediments 
(yellow triangle) from DSDP Site 495 sediments (Plank and Langmuir, 
1998; Feigenson et al., 2004).  Costa Rican arc lavas with enriched Pb-
isotopic signatures (Platanar, Arenal, Barva, and Irazú) are shown with 
black crosses and grouped within the grey field.  Calculated mixing 
lines are for 1 %, 3 %, and 5 % mixing of DSDP 495 sediments.  
Numbers and ticks show mixing between enriched mantle and forearc 
components. 

 

 

 

 



  

 

 

 

Table 1.1
Input parameters for the Pb-isotope mixing model of enriched Costa Rican Arc lavas

Xtotal Pb (ppm) Th (ppm) 206Pb/204Pb 208Pb/204Pb

Eroded Forearca 0-1.0 0.27 0.31 19.28 38.95
Ambient Mantleb 0-1.0 0.15 0.14 19.05 38.58
Pelagic Sedimentsc < 0.05 7.36 0.93 18.58 38.37
Total 1.0  

aForearc ophiolite (average of Nicoya ophiolitic complex samples (Hauff et al., 2000b)) 
bAmbient mantle represented by the most radiogenic of analyzed La Providencia backarc lavas (Feigenson et 
al., 2004) 
cDSDP 495 sediment (Plank and Langmuir, 1998; Feigenson et al., 2004) 
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  Subducted alkaline seamounts like those of the Costa Rican seamount 

province west of the Cocos Ridge are another potential source with elevated 
206Pb/204Pb ratios (Figure 1.1).  Whereas this province has enriched Pb isotopes 

(Hoernle et al., 2000; Werner et al., 2003), it is unlikely that flux melting of spatially-

limited bathymetric features is the source of radiogenic Pb in central Costa Rican lavas 

(e.g., Volcán Platanar).  A hydrous melting model (10 % H20, 1200 ˚C, 3 GPa, 

cpx/garnet at 50/50 modal composition, partition coefficients from Green et al. (2000)) 

of the Costa Rican seamounts generates highly alkaline melts with extremely steep 

REE patterns (La/Yb = ~ 330 and ~ 52 for 10 % and 50 % melt respectively) and 

super-enrichment in incompatible element concentrations (Ba and Sr = ~ 1100 ppm 

for 50 % melt).  These modeled melts are unlike the arc lavas from central Costa Rica 

(La/Yb < 35, Sr = 300-900 ppm; Carr et al., 1990; Cigolini, 1998) and therefore 

cannot be the source of these magmas.   

  

Forward Mass Balance 

 The relatively low concentrations of Pb (typically < 1 ppm) in forearc 

ophiolites raises the question as to if there is enough Pb transported into the mantle via 

forearc subduction erosion to control the Pb isotopic ratio of the erupted arc lavas.  

The forward mass balance model for the Costa Rican arc shown in Table 1.2 and 

discussed below demonstrates that the total amount of forearc Pb subducted 

approaches the total mass of Pb erupted.   

 The calculation of the input flux illustrates that over half (61-65 %) of the mass 

of crustal Pb delivered to the arc wedge could be from forearc subduction erosion.  

Using the subduction erosion flux of 107-123 km3my-1km-1 for the last 6 Ma from 

Vannucchi et al. (2003), an average forearc ophiolite Pb concentration of 0.50 ppm 

(Hauff et al., 2000b), and a crustal density of 2.95 g/cm3; the amount of forearc Pb 
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subducted into the sub-arc mantle in the last 6 Ma ranges from 9.5 x1011 to 11.1 x1011 

g/km.  In comparison, using a sediment delivery rate of 16.9 km3m.y.-1km-1 (Clift and 

Vannucchi, 2004), an average Pb concentration of 7.36 ppm in hemipelagic mud and 

pelagic carbonates from DSDP Site 495, an average sediment density of 1.62 g/cm3,  

and an average pore water content of 48.69 wt % (Plank and Langmuir, 1998), the 

amount of sediment-derived Pb is estimated to be 5.9 x1011 g/km.  It is important to 

note that the isotopic mixing model discussed above (Figure 1.7) clearly shows that 

the proportion of sediment-derived Pb in the Pb budget is negligible.  The total Pb 

input in the last 6 Ma along the Costa Rican margin is then approximately 

15.0-17.0 x1011 g/km.  

The calculation of the outgoing Pb flux assumes an average Costa Rican arc 

magma production rate of 108 km3m.y.-1km-1 (Clift and Vannucchi, 2004) for the same 

6 Ma period and a basalt density of 2.90 g/cm3.  Given a Pb concentration of 1 ppm 

for an undifferentiated magma in equilibrium with enriched Central American mantle, 

the Pb output flux would be 18.8 x1011 g/km.  The Pb concentration of the 

undifferentiated magma is slightly less than that reported for a suite of mafic arc 

basalts from Nejapa Volcano in Nicaragua (Pb = 1.23-1.34 ppm; SiO2 < 48 %; MgO 

9-11 %; FeO 11.28-11.53 %; Cr > 300 ppm, Ni > 140 ppm; Walker, 1984; Walker et 

al., 2001).  Only 10-18 % of the calculated output Pb is unaccounted for by sediment 

subduction and forearc subduction erosion processes.  When compared to the input 

fluxes, over half (~ 50-55 %) of the Pb recycled to the Costa Rican crust via 

subduction zone volcanism during the last 6 Ma can be explained by Pb added to the 

mantle wedge from subducted forearc ophiolite. 

Compared to the isotopic model, the forward mass balance appears to 

overestimate the proportions of sediment mixed into the Costa Rican magma source 

(30 % of total output Pb).  The mass of sediment calculated from the forward model 
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reflects a maximum of sediment delivered to the trench as constrained by erosion rates 

and subduction fluxes.  This value is limited by the Pb isotopic model that shows no 

more than 1-2 % sediment is mixed into the source of the Costa Rican arc lavas.  

Therefore, the bulk of these sediments must be underplated beneath the lower slope of 

the Costa Rican forearc and are ultimately not delivered to the mantle source.  Morris 

et al. (2002) arrived at the same conclusion in explaining the lower 10Be concentration 

in Costa Rican lavas than in Nicaraguan lavas to the north.  Additional evidence for 

sediment underplating below Costa Rica comes from seismic reflection data showing 

thrust ramps and changes in stratigraphic level of the basal detachment (Shipley et al., 

1992).  Alternatively, sediments subducting below Costa Rica could contain more 

radiogenic Pb than those subducting below Guatemala, though no isotopic data yet 

exists for these sediments. 

Considering that subduction erosion may transport hydrothermally-altered 

segments of the lower forearc wedge into the subduction zone, average Pb 

concentrations of fresh Nicoya complex lavas (Hauff et al., 2000b) may not accurately 

reflect the Pb concentration of tectonically-transported Nicoya complex chloritized 

basalts and serpentines.  To explore this potential problem, a Th mass balance is 

shown in Table 1.2 in addition to the Pb balance.  Since Th is virtually immobile in 

aqueous fluids, the average Th concentration in altered Nicoya basalts should reflect 

that of the unaltered Nicoya parent (0.36 ppm; Hauff et al., 2000b).  Using the same 

boundary conditions as in the Pb mass balance, the total Th input is 8.61 x 1011 g/km 

(7.9 x 1011 g/km from subduction erosion and 0.74 x 1011 g/km from subducted 

sediments) and the total magmatic output is 5.4 x 1011 g/km.  As with Pb, mass 

balance shows that Th in the mantle is dominated by Th delivered to the wedge via 

subduction erosion.   



 

 

Pb and Th forward mass balance model for Costa Rican arc lavas

INPUT FLUXES Elementa Erosion Fluxd Periode Erosion Flux Densityf Erosion Flux Element Flux
Subduction Erosion ppm km3/my km m.y. km3/km g/cm3 g/km g/km % of Input % of Output

Pb 0.5 123 6 738 2.95 2.18E+18 1.11E+12 65 59
Th 0.36 123 6 738 2.95 2.18E+18 7.86E+11 91 140

Elementb Sediment Fluxd Periode Sediment Flux Densityf Sediment Flux Element Flux
Sediment ppm (wet) km3/my km m.y. km3/km g/cm3 g/km g/km % of Input % of Output

Pb 3.58 16.9 6 101.4 1.62 1.64E+17 5.89E+11 35 31
Th 0.45 16.9 6 101.4 1.62 1.64E+17 7.40E+10 9 13

Total input g/km
Pb 1.68E+12
Th 8.61E+11

OUTPUT FLUXES Elementc
Magma 

Productivityd Periode
Magma 

Productivity  Densityf Magma Flux Element Flux

Mantle-derived basalt ppm km3/m.y./km m.y. km3/km g/cm3 g/km g/km
Pb 1.0 108 6 648 2.9 1.88E+18 1.88E+12
Th 0.3 108 6 648 2.9 1.88E+18 5.64E+11

Table 1.2

 
aTrace element concentrations for forearc ophiolites are averages of concentrations reported by Hauff et al. (2000b). 
bDry sediment trace element concentrations are from DSDP Site 495 (Carr et al., 1990; Plank and Langmuir, 1998) and wet sediment concentrations 
are calculated using 48.69 % H2O (Plank and Langmuir, 1998). 
cMantle-derived melt elemental concentrations are similar to average of Nejapa (Nicaragua) basalts (Walker, 1984). 
dEstimates for subduction erosion flux from Vannucchi et al. (2003).  Sediment flux and magmatic productivity are from Clift and Vannucchi (2004). 
eVannucchi et al. (2003) report an enhanced subduction erosion rate over the last 6 Ma. 
fDensities for subducted sediments from Plank and Langmuir (1998).  Slightly higher densities in forearc lavas compared to basalt (2.90 g/cm3) reflect 
the presence of ultramafic lavas within the Nicoya complex. 
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The Pb and Th balance above is consistent with the proportions of Nicoya 

complex basement (30 to 80 %) relative to subducted sediment mixed into the parental 

melt of Costa Rican arc lavas estimated by Clift et al. (2005).  During transient periods 

of heightened subduction erosion, Clift et al. (2005) estimate that over 80 % of the 

downgoing material above the subducted plate comes from forearc basement.  At these 

times, the flux of forearc Pb and Th into the melt zone would potentially dominate the 

Pb and Th budget within the mantle wedge.  The output Pb not accounted for by 

subduction of mafic forearc material or pelagic sediments (10-18 %) could be from the 

ambient mantle and/or the in situ crust.  In sum, despite low Pb and Th concentrations 

in forearc ophiolites, a continual flux of forearc basement into the sub-arc mantle is a 

possible mechanism for changing the Pb-isotopic signature of the southern Central 

American mantle source. 

 

 Adakite Genesis and Subduction Erosion 

The adakitic trace element signatures in some southern Costa Rica/Panama arc 

volcanic rocks can be also be explained by introduction of mafic forearc crust into the 

mantle wedge by subduction erosion.  To generate the characteristic steep REE 

patterns of adakitic lavas, heavy REE need to preferentially partition into garnet in a 

high-pressure feldspar-poor residual mineral assemblage, leaving the magma depleted 

in these elements and enriched in Sr.  Some adakites, like those in the southernmost 

Andes are possible slab melts (Kay et al., 1993; Stern and Killian, 1996), but most 

adakites are unlikely to originate in this way.  In the central Andes and regions with a 

thickened crust, the adakitic signature can be explained as garnet becomes stable in 

mafic compositions at crustal depths >50 km (e.g., Kay et al., 1987; Hildreth and 

Moorbath, 1988).  In the absence of a thick crust, such as in southern Central America, 

transport of forearc crust into the mantle wedge during periods of increased 
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subduction erosion can explain the transient existence of adakites as argued for the 

south central Andes by Kay and Mpodozis (2002) and Kay et al. (2005).   

 All previous models for Central American adakites are in some way related to 

slab melting.  Most recently, Bindeman et al. (2005) used oxygen isotopic data to 

argue against a slab melting model that relies on top-down conductive heating of the 

subducting Cocos and Nazca slabs.  They show that the Panamanian adakites 

(δ18Oolivine = 5.08- 5.88 ‰; δ18Oparental melts = 6.36-6.95 ‰) cannot solely be derived 

from melting of the upper 1-2 km of subducting slab and sediments (δ18O = 7-15 ‰) 

or the hydrothermally-altered lower oceanic crust and peridotite of the slab interior 

(δ18O = 0-6 ‰).  As an alternative, they propose melting of a mixture of upper oceanic 

crust with high δ18O and the slab interior with low δ18O slab to produce a final value 

slightly greater than MORB.  They recognize that this is only possible if the slab is 

delaminated or torn.  Earlier, Abratis (1998) proposed slab-window induced melting at 

various depths within the altered Cocos Ridge edge to explain slightly higher δ18O 

values in the Talamancan adakites (δ18Oparental melts = 6.77-7.23 ‰).   

 The oxygen isotope data from < 4 Ma adakites can also be explained in terms 

of forearc subduction erosion.  As no oxygen isotope data exists for the Nicoya 

complex and its equivalents in Costa Rica and Panama, the argument below comes 

from whole rock oxygen isotope data from a 7000 m thick profile of Samail ophiolite 

in Oman (Gregory and Taylor, 1981; Bosch et al., 2004).   These values range from 

δ18O values of 7.5-12 ‰ for the top 1 km of hydrothermally-altered upper crust to as 

low as 4 ‰ for the gabbroic lower crustal section yielding a depth-integrated average 

similar to MORB (δ18O = 5.7 ± 0.2).  If the obducted Panamanian forearc complexes 

have an oxygen isotope profile like the Samail ophiolite, then melting of eroded upper 

and lower segments of forearc mafic complexes could explain the MORB-like δ18O 

character of the Panamanian adakites.  The higher δ18O in the Talamancan adakites 
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could reflect melting of a more altered segment of oceanic forearc crust related to 

underthrusting of the Cocos Ridge.  A similar argument can be used to explain 

MORB-like δ7Li (+1.4 to +4.2) values in the Panamanian adakites that are inconsistent 

with melting of the upper 1 km of ocean crust that has substantially interacted with 

seawater (δ7Li = +32) (Tomascak et al., 2000).   

Recent support for slab melting in Central America has come from new 

thermal modeling of the Costa Rican subduction zone by Peacock et al. (2005).   

Using an olivine-mantle wedge rheology at 3 GPa, these authors calculate slab-mantle 

interface temperatures of 805 °C for Nicaragua, 791 °C for NW Costa Rica, 804 °C 

for Central Costa Rica, and 818 °C for SE Costa Rica.  These temperatures are 

150-180 °C higher than slab-mantle interface temperatures they calculated using an 

isoviscous mantle rheology.  On the basis of the higher temperatures, Peacock et al. 

(2005) argue that the uppermost 500 m of the subducting slab in central to 

southeastern Costa Rica could undergo substantial anhydrous partial melting at depths 

of ~ 100 km.  Such a slab melting model leaves a number of observations from the 

Central American arc unexplained.  These include: 1) a lack of lavas from central 

Costa Rica with adakitic geochemical signatures, 2) the sudden appearance of adakitic 

volcanism at < 4 Ma in southeastern Costa Rican and south central Panama, and 3) 

isotopic evidence [206Pb/204Pb (Abratis and Wörner, 2001); δ18O; (Bindeman et al., 

2005), and δ7Li  (Tomascak et al., 2000)] at odds with a conductive top-down slab 

heating model for the adakites.   

The alternative to a slab melting model to explain the Central American 

adakites is that the source region of these magmas includes forearc material that has 

been removed by subduction erosion and subjected to eclogite facies metamorphism.  

Modeling of the enriched Pb isotopic signatures in the Talamancan adakites 

(Figure 1.4) supports this model.  Using the same modeling technique as for the 
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enriched Costa Rican arc lavas, a mixing model for the Talamancan adakites is shown 

in Table 1.3.  A mixture of Pb derived from 95 % forearc ophiolite, 4.5 % ambient 

mantle, and 0.5 % DSDP sediment generates Pb-isotopic ratios that match those of the 

Talamancan adakites.   

 

 

Table 1.3

Xtotal
Pb 

(ppm)
Th 

(ppm)
% Pb of 

Total
% Th of 

Total
206Pb/204Pb 208Pb/204Pb

Eroded Forearca 0.95 0.50 0.36 0.916 1.287 19.20 38.85
Ambient Mantleb 0.045 0.15 0.14 0.013 0.024 19.31 38.73
Pelagic Sedimentsc 0.005 7.36 0.93 0.071 0.017 18.58 38.37
Total 1.00

206Pb/204Pb 208Pb/204Pb
Modeled output 19.16 38.81
Average of Talamancan adakitesd 19.16 38.83

Multi-component Pb-isotope mixing model of Talamancan adakites

 
aForearc ophiolite (average of Burica, Golfito, Osa, and Quepos ophiolitic complexes (Hauff et al., 
2000b)) 
bAmbient mantle represented by Bribri backarc lavas (Abratis and Wörner, 2001) 
cDSDP 495 sediment (Plank and Langmuir, 1998; Feigenson et al., 2004) 
d Average of Pb isotopic ratios from Talamancan adakites (Abratis and Wörner, 2001)  
 

Subduction Erosion Model 

 The general model for incorporating forearc crust from subduction erosion into 

the mantle source of Central America is shown in Figure 1.8a.  The model, which is 

based on that of von Huene et al. (2004), invokes collapse and accommodation of 

upper plate material into trench-parallel grabens formed by plate bending stresses and 

subsequent normal faulting.  This smoothes the slab-mantle interface and creates a 

subduction channel décollement approximately 1 km above the grabens.  Eroded 

forearc crust transported to mantle depths in the channel would stabilize garnet as the 
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Figure 1.8 (A) Schematic illustration showing the general model of subduction 

erosion adapted from von Huene et al. (2004) for the southeastern 
Costa Rican forearc.  The active thrust interface progressively migrates 
upwards as hydro-fracturing disaggregates and transports collapsing 
forearc basement down into the subduction channel.  Ultimately, 
forearc material moves into the melt zone of the asthenospheric mantle 
wedge within the subduction channel décollement. 

 
(B) Cartoon showing a transect across the Central American arc 
through the Osa Peninsula and Cordillera de Talamanca during the 
Pliocene (~ 4 Ma).  Cocos plate subduction geometry is based on 
seismic imaging of Wadati-Benioff zone (Protti et al., 1995) and 
forearc (< 50 km depth) (Sallarès et al., 2001).  Subduction velocity 
from DeMets (2001) and Cocos plate lithospheric thickness (35 km 
depth at 1300 ºC isotherm) obtained from half-space cooling of 10 Ma 
slab.  Slab-surface temperatures given from Peacock et al. (2005) using 
an isoviscous mantle wedge rheology model.  Subduction channel 
model adapted from Cloos and Shreve (1988).  The hatched forearc 
area represents the calculated amount of forearc eroded in the last 6 Ma 
(~ 50 km arc retreat) (Alvarado et al., 1993; Meschede et al., 1999a; 
Vannucchi et al., 2003).  Crustal geology adapted from Kolarsky et al. 
(1995).  Inset schematic of forearc material transported into hotter 
overriding asthenospheric mantle wedge modified from von Huene et 
al. (2004).   

 
 
 
 
 
 
 
 
 
 
 

 48



 

 
 
 
 

 
 

 

 49



 

crust is subjected to eclogite-facies metamorphism.  Forearc material will partially 

melt as it enters the sub-arc asthenosphere thus contaminating the mantle source below 

Costa Rica and Panama (Figure 1.8b).  In a manner similar to that suggested for the 

central Andes (Kay et al., 2005), the increase in subduction erosion rate during the last 

6 Ma along the Central American margin could have overloaded the mantle wedge 

with this forearc material.  Low degrees of partial melt from this source would 

dominate the adakitic lavas that reached the surface along the arc during this period.  

This model provides an alternative mechanism to explain the < 4 Ma episode of 

adakitic magmatism in the Cordillera de Talamanca and throughout west-central 

Panama. 

 

Constraints and Limitations  

 Although the proposed subduction erosion model is a viable alternative to 

previous models, the source of the enriched Pb in the Central American lavas cannot 

be definitively constrained as the mantle, lower crust, and eroded forearc could all 

have similar Pb isotopic signatures.   

 Backarc lavas with elevated Pb-isotopic ratios and OIB-like geochemical 

characteristics in southern Central American arc lavas clearly show the presence of an 

enriched mantle below Costa Rica.  While Pb-isotopic modeling indicates that the 

enriched Costa Rican arc lavas require a source similar to forearc ophiolites, the 

subduction erosion model does not explain the enriched Pb isotopic ratios in the 

backarc lavas.  As suggested by Feigenson et al. (2004), a viable alternative is that 

plums of Galápagos mantle with Pb isotopic ratios similar to the forearc ophiolites 

exist below the southern Central American arc.  These authors note a general 

correlation between the isotopic heterogeneity of the Central American subarc mantle 

to the isotopic provinces of the Galápagos hotspot.  Melting of enriched mantle plums 
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via subduction-fluid fluxing or from back-arc upwelling could also explain the 

enriched isotopic ratios in both arc and backarc lavas. However, this model offers no 

explanation for < 4 Ma arrival of adakitic magmatism with enriched Pb isotopic 

signatures.     

 Geophysical and chemical data indicate that mafic Caribbean oceanic crust 

extends below the Costa Rican volcanic front (Sallarès et al., 1999; Hoernle et al., 

2004).  Assimilation of this lower-crust could impart Galápagos-like Pb isotopic 

signatures on the central Costa Rican lavas while producing the observed flat REE 

patterns and low Sr contents characteristic of the enriched Costa Rican arc lavas.  

Simply stated, the Pb-isotopic signature of lower crustal contamination may be 

indistinguishable from source contamination by forearc ophiolites.  In contrast, 

contamination by this lower crust alone cannot explain the temporal shift to higher 

La/Yb and Sr/Y ratios in < 4 Ma Talamancan and Panamanian adakites.  The 

appearance of adakites at 4 Ma with elevated 206Pb/204Pb and 208Pb/204Pb ratios 

suggests the Pb-isotopic signatures in volcanic front lavas are not controlled by pre-

established mantle heterogeneities or the in situ crust but are better explained by a 

post-Miocene increase in subduction erosion rate.  

 

VI CONCLUSIONS 

 Given the thin crust and low 206Pb/204Pb and 208Pb/204Pb ratios of subducted 

Cocos plate basalts, transient adakitic geochemical signatures in southern Central 

American lavas are best explained by partial melting of tectonically-eroded forearc 

crust incorporated into the mantle wedge.  Along-arc variations in Pb isotopic ratios 

correspond to isotopic patterns in Cretaceous and Tertiary ophiolites obducted onto the 

forearc of the southern Central American margin.  Pb isotopic signatures in modern 

volcanic front lavas indicate source contamination with an enriched mantle component 
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likely derived from the Galápagos hotspot plume.  A potential radiogenic Galápagos-

like source that spans the entire along-arc length of erupted magmas with elevated 
206Pb/204Pb and 208Pb/204Pb ratios is the mafic forearc basement.  Isotopic modeling of 

Costa Rican calc-alkaline arc lavas and < 4 Ma adakites with enriched Pb-isotopic 

signatures supports a subduction erosion source for the radiogenic Pb.  Using 

established rates of subduction erosion along the Central American margin, mass 

balance calculations confirm that enough radiogenic forearc Pb has been transported 

into the mantle wedge in the past 6 Ma to sufficiently alter the isotopic character of the 

sub-arc mantle.   
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CHAPTER 2 

CENTRAL ANDEAN ADAKITES FROM THE NORTHERN EDGE OF THE 

CHILEAN FLATSLAB (27-28.5º S) ASSOCIATED WITH ARC MIGRATION 

AND FOREARC SUBDUCTION EROSION 

 

ABSTRACT 

 Along the northern edge of the Chilean flatslab region (27º-28.5° S) in the 

Central Andes, the Pircas Negras (7-2 Ma) and Dos Hermanos (~ 7.7 Ma) andesites 

define a suite of glassy plagioclase phenocryst-free lavas that erupted spatially and 

temporally coincident with ~ 50 km of eastward frontal arc migration.  These lavas are 

distinguished from early-middle Miocene and Quaternary andesites at the same 

latitude by greater HFSE depletion (La/Ta = 40-100; Ba/Ta=800-2400) and a 

pronounced adakitic character (La/Yb = 25-60; Sm/Yb = 5-9; Sr = 600-1400 ppm; 

Sr/Yb = 400-1300).  During the height of arc migration, 5 to 3 Ma Pircas Negras lavas 

exhibit high-Mg numbers (Mg # = 50-61) and elevated Cr and Ni concentrations (Cr = 

100-250 ppm; Ni = 40-70 ppm).  More radiogenic 87Sr/86Sr ratios in the Pircas Negras 

andesites (0.7055-0.7065) compared to early-middle Miocene andesites (0.7048-

0.7054) parallel a similar trend in Neogene mantle-derived southern CVZ basalts.  

These geochemical trends are best explained by contamination of the sub-arc mantle 

with crustal material eroded from the Chilean forearc followed by interaction of 

mantle-derived magmas with thickened continental crust.  An isotopic mixing model 

shows that the contamination of the mantle wedge can be explained by partial melting 

of tectonically-eroded forearc material composed of 80-90 % Jurassic arc gabbros and 

cumulates and 10-20 % sialic Paleozoic crust.   Mixing percentages are consistent with 

compositional estimates of the Chilean forearc from field and geophysical data.  

Adakitic melts generated at high pressures (> 2 GPa) in the mantle wedge reacted with 
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mantle peridotite to produce high Mg #s and Cr and Ni concentrations.  Pyroxene 

mineral equilibria and modeling using MELTS indicate that the Pircas Negras magmas 

had pre-eruptive temperatures of 1040-1080 ºC.  These hybridized adakitic melts then 

mixed with melts largely derived from anatexis of in situ eclogitic lower crust.  

Assuming a constant arc-trench gap over the last 8 Ma, ~ 124 km3/m.y./km of crustal 

material needs to have been removed from the forearc to account for the late Miocene 

frontal arc migration.  This material was thus available to contaminate the mantle 

wedge. 

 

I INTRODUCTION 

 Continental subduction zones represent the only tectonic setting where 

continental crust is concurrently produced and consumed through the same tectonic 

process.  The presence of an arc signature (low HFSE, elevated LREE and LILE) in 

bulk estimates of average continental crust (e.g., Rudnick and Fountain, 1995) 

suggests an important role for arc volcanism in generating primary continental crust, 

with lesser percentages from basaltic underplating and accreted oceanic crust 

(Rudnick, 1995).  Moreover, the similarity of these estimates to compositions of 

high-Mg andesites, many with adakitic geochemical signatures, has led some authors 

to propose high pressure anatexis of mafic oceanic crust as a significant mechanism 

for crustal growth (Kelemen et al., 2003a).  Processes responsible for the destruction 

of continental crust at convergent margins are less understood with lower crustal 

delamination (Kay and Kay, 1991; 1993; Jull and Kelemen, 2001), subduction of 

terrigeneous sediments (e.g., Armstrong, 1968; Kay et al., 1978; White and Dupré, 

1986; Plank and Langmuir, 1998), and forearc subduction erosion (e.g., von Huene 

and Scholl, 1991; Ranero and von Huene, 2000; von Huene et al., 2004) as the 

dominant mechanisms.  Tectonic processes controlling the destruction of the 
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continental crust have largely been decoupled from creation of new crust, with net 

crustal growth (or loss) a composite function of two independently operating 

processes.    

 A model of high-Mg adakite genesis (Mg #s 50-60) linked directly to 

accelerated forearc subduction erosion along the Andean margin provides a co-genetic 

relationship between generation and destruction of continental crust along convergent 

margins.  Forearc margins characterized by net erosion such as the Central Andes 

(e.g., von Huene et al., 1999; von Huene and Ranero, 2003) and southern Central 

America (e.g., Vannucchi et al., 2001) may represent locations of large-scale crustal 

recycling as eroded forearc material is reprocessed as high-Mg andesite within the 

mantle wedge.  At arcs worldwide, high-Mg adakites are rare and volumetrically 

minor components of the total magma erupted, leading to the conclusion that either 

small volumes of high-Mg magma are produced in or near the mantle wedge or that 

significant upper crustal processes (i.e., fractional crystallization and/or crustal 

assimilation) overprint the primary high-Mg adakitic signature.     

 In this paper, we present major and trace element analyses, isotopic data, and 

mineral chemistry for late Miocene to Pliocene adakitic andesites from the northern 

transition zone of the Chilean flatslab of the central Andes (Figure 2.1; 27º-28.5º S).  

These glassy hornblende phenocryst-dominated andesites erupted coincident with the 

eastward migration of the frontal arc between 7-4 Ma (Kay et al., 1999; Kay and 

Mpodozis, 2002; Goss et al., Chapter 4).  The transient eruption of Andean high-Mg 

andesites with steep REE patterns, extreme HFSE depletion, and elevated Sr, Ni, and 

Cr contents is interpreted in the context of experimental data and models of adakite 

genesis.  Mafic crust eroded from the forearc during short-lived periods of arc 

instability can explain the rapid frontal late Miocene arc migration along this section 

of the Andean margin.  Isotopic modeling of mafic lavas shows that partial melting of 
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Figure 2.1 SRTM digital elevation model of the Central Andes showing main 
morphotectonic features.  Nazca plate convergence direction is the 
long-term integrated NUVEL-1 rate from DeMets et al. (1990).  Dark 
solid lines show contours of the subducting Nazca plate (Cahill and 
Isacks, 1992) with depths in kilometers to the Wadati-Benioff zone.  
Small yellow circles show late Miocene to Recent volcanic centers of 
the Andean Central (CVZ) and Southern (SVZ) Volcanic Zones.  The 
blue box gives the approximate position of the early to late Miocene 
Maricunga belt volcanic arc (Kay et al., 1994b; Mpodozis et al., 1995). 
C = Volcán Copiapó (11-8 Ma).  Open red boxes show (1) the general 
spatial extent of Pircas Negras adakitic andesites (Figure 2.2) and (2) 
the Ojos del Salado region of the southernmost CVZ (Figure 2.4).   
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eroded forearc material in the sub-arc mantle can explain the temporal nature of the 

adakitic trend and the progressive isotopic enrichment of Neogene mantle-derived 

basalts from the southernmost central volcanic zone (CVZ).  This model is analogous 

to that presented for other temporally-restricted pulses of adakitic volcanism in erosive 

margins such as in the southern Andes (Kay et al., 2005) and in southeast Central 

America (Goss and Kay, 2006a).  

  

II GEOLOGICAL SETTING 

Andean tectonics 

 The Andean Cordillera is the type example of an orogenic mountain belt 

formed from the subduction of an oceanic plate below a continental margin 

(Figure 2.1).  Beginning in the early-mid Jurassic, subduction of Pacific (Farallon) 

oceanic crust below the western Gondwana margin resulted in the formation of 

intrusive and extrusive arc sequences that now comprise much of the Coastal 

Cordillera along the Chilean forearc (Mpodozis and Ramos, 1989).  Along the central 

and southern Andes (21º-40º S), progressive stages of Mesozoic volcanism migrated 

into the foreland with arc sequences becoming younger to the east (e.g., Mpodozis and 

Ramos, 1989).  The deformation, uplift, crustal thickening, and magmatism associated 

with the modern Andes commenced in the late Oligocene with the breakup of the 

Farallon plate into the Nazca and Cocos plates (Pilger, 1984; Pardo-Casas and Molnar, 

1987).  This major kinematic reorganization at ~ 26 Ma resulted in accelerated 

subduction of the Nazca plate, a 40º change in convergence direction (Pardo-Casas 

and Molnar, 1987; Somoza, 1998), and re-initiation of arc magmatism along the 

margin.  During the late Miocene, convergence slowed (Somoza, 1998), rapid uplift of 

the Puna-Altiplano plateau ensued (e.g., Isacks, 1988; Kay et al., 1999; Garzione et al., 
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2006), and Laramide-style structural deformation spread deeper into the Andean 

foreland (Jordan et al., 1983).  

 Global plate motion models indicate that over the last 3 m.y. the Nazca plate 

has subducted below South America at an average rate of 84 mm/a at an azimuthal 

convergence direction of 075º N (DeMets et al., 1990).  Below the Puna-Altiplano 

plateau (Figure 2.1; 20º-25º S), the Nazca plate is subducting at ~ 30º.  To the south, 

the subducting plate gradually shallows in the backarc resulting in near-horizontal 

subduction at 100-125 km depth below the Argentine Precordillera and Sierras 

Pampeanas (Barazangi and Isacks, 1976; Cahill and Isacks, 1992).  The Chilean 

flatslab region (28º-33º S; Figure 2.1) corresponds to a 500 km wide zone of intense 

crustal seismicity (Smalley and Isacks, 1990; Pardo et al., 2002), thick-skinned 

deformation with basement uplifts (Jordan et al., 1983), and a ~ 700 km gap in active 

arc volcanism along the margin extending from Ojos del Salado (26º S), the 

southernmost active volcanic center of the Central Volcanic Zone (CVZ), to 

Tupungatito (33º S), the northernmost active center of the Southern Volcanic Zone 

(SVZ).     

 The extent of Pircas Negras andesitic volcanism within the northern flatslab 

transition zone between 27º-28.5º S is shown on Figure 2.1.  Late Miocene to Pliocene 

eruptions of the Pircas Negras andesites marked the terminal stages of mafic 

volcanism within the southernmost CVZ.    

 

Crustal structure and composition 

 The thickness of the crust below the northern flatslab transition zone has a 

profound impact on the petrogenesis of the Pircas Negras andesites.  The crustal 

structure of the Central Andes is a product of Neogene crustal shortening and 

structural thickening with known crustal thicknesses below the Puna ranging from 
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42-67 km (James, 1971; Isacks, 1988; Yuan et al., 2002; Heit, 2005).  South of the 

transition zone, crustal thicknesses across the flat slab region at ~ 30º S (Figure 2.1; 

Fromm et al., 2004) reach a maximum of 62 km below the Frontal Cordillera.  In the 

transition region between the southernmost Puna and the northern flatslab (25º to 

30º S), there are few constraints on crustal thickness or composition.  McGlashan et al. 

(2007), using depth phase precursors (pmP-phase), calculated a crustal thickness of 

70 km at 28º S in the region of Pircas Negras volcanism.    

 There is limited outcrop of basement rocks within the region of Pircas Negras 

volcanism and no lower crustal or mantle xenoliths have been reported.  Late 

Proterozoic gneisses and schists exposed east of the region in the Sierras de Toro 

Negro extend as far west as Las Tamberias near Cerro Bonete Chico (Figures 2.1 and 

2.2; Caminos and Fauqué, 2000).  East of Bonete Chico, deformed Carboniferous-

Permian sedimentary units overlay Proterozoic metamorphic sequences.  The Choiyoi 

Permo-Triassic granite-rhyolite province that extends from 21º S to 42º S (e.g., 

Mpodozis and Kay, 1992) is exposed south of Quebrada Veladero and all along the 

western side of the Rio Salado/Macho Muerto (Figure 2.2a).  Kay et al. (1989) 

interpreted these rocks to record a large-scale crustal melting event associated with 

massive basaltic underplating following the break-up of Gondwana.  Figure 2.3a 

shows an outcrop of Pircas Negras andesite at Paso Pircas Negras (location on Figure 

2.2a) that intruded through and erupted on top of Choiyoi complex units.  Like much 

of the Central Andes, Grenvillian age (~ 1.1 Ga) lower crust capped by a thick felsic 

Paleozoic and Permo-Triassic (Choiyoi) upper crust likely defines the structure of the 

crustal basement underlying the Pircas Negras andesites.   
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Figure 2.2 (A) Thematic Mapper satellite imagery of the Andean northern flat slab 

transition zone (27º-28.5° S) south of the Valle Ancho showing major 
volcanic centers.  Dashed line shows international road through the Paso 
Pircas Negras.   

 
 (B) Map showing volcanic centers erupting during the 9-7 Ma 

pre-migration stage.  Dos Hermanos and Pircas Negras-like lavas are 
mapped in dark grey.  Ages are given in Table 2.2.   

 
 (C) Map showing volcanic centers erupting during the 7-3 Ma syn-

migration stage.  Pircas Negras lavas are mapped in dark grey.  Ages are 
given in Table 2.2.  Dacites and rhyolites of the late Maricunga belt 
(e.g., Jotabeche) and late Miocene-Pliocene arc (e.g., Pissis, Bonete, and 
Veladero) are mapped in white. 

 
 (D) Map showing volcanic centers erupting during the 3-2 Ma 

post-migration stage.  Pircas Negras lavas are mapped in dark grey.  Ages 
are given in Table 2.2.  Ignimbrites and domes of the 3-1 Ma Incapillo 
volcanic complex (Goss et al., Chapter 4) are mapped in white. 
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Figure 2.2 (continued) 
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Figure 2.2 (continued) 
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Figure 2.2 (continued) 
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Figure 2.3 A) Photo looking west from the Paso Pircas Negras showing a 4.2 Ma 

Pircas Negras flow (CO 413 and CO 414 in Table 2.1) directly 
overlying Permo-Triassic Choiyoi rhyolite. 

 
B) Photo looking east across the upper Rio Salado.  Fluvial Miocene 
conglomerates and coarse sandstones are unconformably overlain by 
the 6 Ma Jotabeche ignimbrite, which is overlain by 1.9 Ma Pircas 
Negras flows.  These Pircas Negras flows are capped to the north by 
rhyodacitic domes of the Incapillo volcanic complex. 
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III EVIDENCE FOR LATE MIOCENE ARC MIGRATION  

 The magmatic history of the northern flatslab region records a late Miocene 

episode of frontal arc migration that was contemporaneous with the peak of crustal 

thickening and slab shallowing.  At this latitude, arc volcanism initiated within the 

Maricunga belt (Figure 2.1) following the breakup of the Farallon plate at ~ 26 Ma 

(Pardo-Casas and Molnar, 1987) and persisted until the late Miocene (~ 6 Ma).  The 

Neogene magmatic history of the Maricunga belt has been discussed by Kay et al. 

(1994b) and Mpodozis et al. (1995).  Based on geochemical characteristics, these 

authors proposed that early Miocene Maricunga belt lavas erupted over a moderately-

dipping slab and through a  ~ 35-45 km thick crust.  Further south in the flat slab 

region, rhyodacitic ignimbrites of the Tilito Formation (27-20 Ma) were 

unconformably overlain by the mafic Escabroso Formation (21-18 Ma) basaltic 

andesites (Figure 2.2a; Maksaev et al., 1984; Kay et al., 1987; 1991; 1994b; Mpodozis 

et al., 1995; Martin et al., 1997).  These two formations collectively constitute the 

Doña Ana Group.  A period of contractional deformation and crustal thickening 

accompanied a regional lull in arc magmatism between 20-18 Ma.   

  Within the Maricunga belt, a second phase of arc magmatism occurred 

between 17-12 Ma with the eruption of large stratovolcanic complexes.  This 

magmatic episode was contemporaneous with a period of crustal thickening and 

terminated with the emplacement of gold porphyry deposits.  During the late Miocene 

(11-7 Ma), magmatism was concentrated in the southern Maricunga belt at the 

Copiapó stratovolcanic complex (Figure 2.1). Volcanic activity in the Maricunga belt 

terminated at ~ 6 Ma with the eruption of the rhyodacitic Jotabeche caldera complex 

and ignimbrite (Figures 2.2c and 2.3b).  Trace element indicators suggest crustal 

thicknesses > 60 km below Jotabeche during the late-Miocene.  The first Pircas 
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Negras lavas erupted at ~ 8 Ma within the terminating Maricunga arc south of the 

Jotabeche complex.  

 Following the cessation of Maricunga belt magmatism at ~ 6 Ma, the arc front 

was displaced ~ 50 km to the east with the eruption of the Bonete Chico (5.2-3.5 Ma), 

Pissis (6.5-3.0 Ma), and Veladero (5.6-3.6 Ma) dacitic volcanic centers (Figure 2.2c; 

Kay and Mpodozis, 2000).  Surrounded by these stratovolcanic centers, the explosive 

Incapillo caldera and dome field (~ 3.0-0.5 Ma) marked the termination of Plio-

Pleistocene arc volcanism at this latitude (Figure 2.2d; Kay and Mpodozis, 2000; Goss 

et al., Chapter 4).  The spatial and temporal relationship between the Pircas Negras 

andesites and the migrating late Miocene-Pliocene arc is outlined below.  A list of all 

sampled locations with available K-Ar ages is presented in Tables 2.1 and 2.2.  

  

IV AGE AND GEOGRAPHICAL DISTRIBUTION OF NORTHERN 

FLATSLAB REGION MAFIC LAVAS 

 The earliest Neogene andesites from the northern flatslab region are 21-18 Ma 

flows from the Escabroso Formation that define the early Miocene arc.  Escabroso 

units are found within and immediately west of Paso Pircas Negras, along the Rio 

Macho Muerto in Argentina (Figure 2.2b), and further to the south along the Rio del 

La Sal into the flatslab region.  They are absent from the magmatic record east of the 

Rio Salado.  Mafic volcanism persisted in the southern Maricunga belt during the 

middle Miocene with the eruption of hornblende- and pyroxene-bearing andesites 

from the Jotabeche Norte (18-16 Ma; Kay et al., 1994b; McKee et al., 1994) and La 

Laguna (15-14 Ma; Kay et al., 1994b) stratovolcanic centers (Figure 2.2a).  South of 

Jotabeche Norte, hornblende-bearing andesites of the Cadillal-Yeguas Heladas 

complex erupted as elongated domes and lava flows between 15-13 Ma. 
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Sampled Neogene basalts and andesites from the northern flatslab transition zone (~27º-28.5º)
sample 21-18 Ma Dona Ana type lat (DD) lon (DD) elev (m)

CO 291 Escabroso A 28.804 69.631 4505 Rio de la Sal
CO 292 Escabroso A 28.771 69.638 4945 Rio de la Sal
CO 293 Escabroso A 28.776 69.634 4864 Rio de la Sal
CO 294 Escabroso A 28.787 69.630 4772 Rio de la Sal
CO 295 Escabroso BA 28.868 69.641 4162 Rio de la Sal
CO 296 Escabroso A 28.869 69.647 4264 Rio de la Sal
CO 297 Escabroso A 28.887 69.646 3997 Rio de la Sal
CO 300 Escabroso BA 28.867 69.570 4278 east side Rio de La Sal
CO 335 Escabroso A 27.963 69.341 3460 near Paso Pircas Negras
CO 446 Escabroso BA 27.938 69.359 3350 near Paso Pircas Negras
CO 264 Escabroso A 28.537 69.513 4384 Rio Macho Muerto

Pre-Migraton type lat (DD) lon (DD) elev (m)
CO 428 Dos Hermanos A 27.626 69.080 4563 minor lower flow
CC 81c Dos Hermanos A 27.615 69.065 4991 upper flow
CC 82c Dos Hermanos A 27.620 69.073 4840 upper flow
CC 83c Dos Hermanos A 27.623 69.073 4837 upper flow
CC 94a Redonda D 27.491 69.039 4488 base of Dos Hermanos
AC 406b Pircas Nergras D 28.117 69.326 4170 Rio Comecaballos
CO 72 Los Aparejos B 27.660 68.336 4455 W of Portuzuelo La Coipa
CO 24 Los Aparejos B 27.629 68.339 4547 NE of Laguna Los Aparejos

Syn-Migration type lat (DD) lon (DD) elev (m)
Jotabeche/Gallina

CC 17a Pircas Negras A 27.733 69.196 5014 La Gallina dome
CC 11a Pircas Negras A 27.599 69.174 4400 La Gallina dome
CC 15 Pircas Negras A 27.825 69.288 4129 at Casale mine, lower
CO 415 Pircas Negras A 27.819 69.285 4157 at Casale mine, upper
CO 416 Pircas Negras A 27.864 69.269 3579 along road to Casale
CO 427 Pircas Negras A 27.773 69.165 4695 Rio Gallina, SE of Jotabeche
AC 556b Pircas Negras A 27.815 69.298 4139 at Casale mine, upper
AC 619A Pircas Negras A 27.825 69.256 3920 along road to Casale
AC 623A Pircas Negras A 27.788 69.203 4233 Rio Gallina ridge
AC 624A Pircas Negras A 27.789 69.206 4332 Rio Gallina ridge
AC 625A Pircas Negras A 27.792 69.206 4321 Rio Gallina ridge
AC 626P Pircas Negras A 27.795 69.209 4252 Rio Gallina ridge

Paso Pircas Negras
CO412 Pircas Negras A 28.069 69.300 4179 at border near lake
CO413 Pircas Negras A 28.063 69.307 4042 at border along pass
CO414 Pircas Negras A 28.010 69.297 3976 on ridge north of pass
AC 408b Pircas Negras A 28.069 69.289 4145 at border along pass
AC 409b Pircas Negras A 28.069 69.289 4133 at border along pass

Table 2.1

location

location

location

 
   aKay et al., (1994b); bKay et al., (1991); cTittler, (1995) 
   B = basalt; BA = basaltic andesite; A = andesite, D = dacite 
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Sampled Neogene basalts and andesites from the northern flatslab transition zone (~27º-28.5º)
Syn-Migration (continued) type lat (DD) lon (DD) elev (m)

Lower Rio Salado & Pastillos
CO 163 Pircas Negras A 28.043 69.162 4275 east side Rio Salado
CO 170 Pircas Negras A 28.388 69.128 3799 lower Rio Salado at Pastillos
CO 172 Pircas Negras A 28.304 69.209 3629 lower Rio Salado
CO 173 Pircas Negras A 28.235 69.188 3905 lower Rio Salado
CO 175 Pircas Negras A 28.113 69.208 4069 Rio Peñas Negras
CO 176 Pircas Negras D 28.101 69.156 4033 east side Rio Salado
CO 309 Pircas Negras A 28.101 69.215 4176 near refugio on road
CO 310 Pircas Negras A 28.114 69.184 4119 east side Rio Salado
CO 327 Pircas Negras A 28.430 69.309 3890 east side lower  Rio Salado
CO 329 Pircas Negras A 28.398 69.160 3705 lowermost Rio Salado
CO 331 Pircas Negras A 28.409 69.104 4004 near refugio Pastillos
CO 332 Pircas Negras A 28.416 69.043 3989 east of Pastillos north of road
CO 504 Pircas Negras A 27.952 69.119 4450 upper Rio Salado
CO 507 Pircas Negras D 27.939 69.051 4747 below western Incapillo dome

Laguna Brava
CO 159 Pircas Negras A 28.268 68.874 4449 NW of Laguna Brava
CO 160 Pircas Negras A 28.309 68.804 4283 east shore of Laguna Brava
CO 161 Pircas Negras D 28.274 68.746 4131 Laguna Mulas Muertas
CO 333 Pircas Negras A 28.405 68.927 4436 south shore of Laguna Brava
CO 501a Pircas Negras BA 28.242 68.789 4453 north of Laguna Brava
CO 502 Pircas Negras D 28.220 69.021 4360 Barrancas Blancas

Bonete Chico
CO 144 Pircas Negras A 28.219 68.654 4286 NE of Laguna Mulas Muertas
CO 145 Pircas Negras A 28.196 68.634 4112 NE of Laguna Mulas Muertas
CO 146 Pircas Negras A 28.136 68.697 4751 SE of Cerro Bonete Chico
CO 324 Pircas Negras A 27.995 68.808 5127 Quebrada Veladero

Valle Ancho/Los Patos
CC 252 Pircas Negras D 27.251 68.792 4537 Los Patos
CC 254 Pircas Negras A 27.278 68.784 4899 Los Patos
CC 270c Pircas Negras D 27.296 68.959 4418 Rio Barros Negros
CC 271c Pircas Negras D 27.284 69.938 4709 Rio Lajitas
CC 279 El Domo A 27.045 68.895 4410 east of Tres Cruzes
CC 101c Valle Ancho cone BA 27.359 68.924 4697 south of Cerro Lajitas
CC 102c Valle Ancho cone BA 27.353 68.927 4678 south of Cerro Lajitas
CC 262c Valle Ancho cone BA 27.347 68.954 4535 south of Cerro Lajitas

Rodrigo
CC 296a V. Rodrigo D 26.989 68.766 4753 north of Tres Cruzes
CC 296b V. Rodrigo D 26.989 68.766 4753 north of Tres Cruzes
CC 297 V. Rodrigo A 26.989 68.766 4753 north of Tres Cruzes

Post-Migration type lat (DD) lon (DD) elev (m)
CO 179 Pircas Negras D 27.904 69.093 4634 upper Rio Salado
CO 177 Pircas Negras A 28.001 69.168 4506 upper Rio Salado
CO 312 Pircas Negras A 27.993 69.148 4555 upper Rio Salado
CO 313 Pircas Negras A 27.908 69.094 4623 upper Rio Salado

Table 2.1 (continued)

location

location
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Table 2.2
K-Ar ages for mafic lavas from the northern flatslab transition zone (~27º-28.5º)

sample location % K Ar40 % Ar atm age ± type
Paso Pircas Negras/Comecaballos

CO 413 P. Negras 1.956 0.350 78 4.6 ± 0.4 WR
CO 414 P. Negras 2.187 0.356 81 4.2 ± 0.5 WR
AC 409a P. Negras 1.699 0.345 87 5.2 ± 0.9 WR
AC 407 P. Negras 2.410 0.814 56 8.7 ± 0.4 WR

Jotabeche/Gallina 
CC 17a P. Negras 5.7 ± 0.5 WR
CC 11 P. Negras 1.780 0.388 96 5.6 ± 2.5 WR
CC 15 C. Maranceles 1.983 0.520 85 6.7 ± 0.9 WR
AC 624 P. Negras-Gallina 1.711 0.416 84 6.2 ± 0.9 WR

Los Patos/Valle Ancho
CC 270b P. Negras Barros Neg. 2.360 0.512 41 5.6 ± 0.3 WR
CC 101b Valle Ancho Cone 1.300 0.295 84 5.8 ± 0.7 WR
CC 262b Valle Ancho 1.336 0.294 56 5.6 ± 0.3 WR
CO-24 Los Aparejos 1.321 0.047 62 9.1 ± 0.6 WR
CO-72 Los Aparejos 1.315 0.488 59 9.5 ± 0.5 WR
CC 296 Rodrigo 2.495 0.430 87 4.4 ± 0.6 WR

Rio Salado
CO 170 P. Negras 1.633 0.300 74 4.7 ± 0.5 WR
CO 179 P. Negras 2.350 0.178 82 1.9 ± 0.2 WR

Hombre Muerto/Mulas Muertas
CO 144* Eastern Pircas Negras 1.737 0.331 93 5.0 ± 1.6 WR
CO 145 Eastern Pircas Negras 2.450 0.379 49 4.0 ± 0.2 WR
CO 146 Eastern Pircas Negras 1.722 0.349 83 5.2 ± 0.6 WR

Dos Hermanos
CC 84b Dos Hermanos 2.067 0.618 54 7.7 ± 0.4 WR  

Ages obtained at the SERNAGEOMIN geochronology lab (Santiago, Chile) 
WR = whole rock analysis; *Average of two analyses 
aKay et al. (1994b),  bTittler, (1995) 

 

  By the late Miocene, basalts and andesites from the northern flatslab region 

erupted contemporaneously with the migrating dacitic frontal arc and define the zone 

of active magmatism during the 7-3 Ma period of arc transition.  Eruption of these 

mafic lavas can be divided into pre-, syn-, and post-migration periods corresponding 

to 9-7 Ma, 7-3 Ma, and 3-2 Ma respectively.  
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Pre-migration (9-7 Ma) 

 Isolated late Miocene mafic lavas along the Valle Ancho (Figure 2.2b) erupted 

in the waning Maricunga backarc between 9-7 Ma and are the first magmatic 

indication of the ensuing period of arc migration.  The oldest of these lavas are the Los 

Aparejos backarc basaltic andesites that erupted between 9.5-9.1 ± 0.6 Ma near 

Laguna Verde in the eastern Valle Ancho (Mpodozis et al., 1997).  Further to the west 

are the 7.7 ± 0.4 Ma Dos Hermanos mafic andesites that erupted near the headwaters 

of the Rio Salado.  Both lower (CC 81-83 in Table 2.1;  Kay et al., 1999) and upper 

(CO 428 in Table 2.1) units from this center are considered in this work.  Slightly 

more evolved are lavas from the ~ 8 Ma Redonda center that erupted at the base of the 

Dos Hermanos.  The oldest dated Pircas Negras-like lava is from an isolated flow in 

the Rio Comecaballos valley south of Paso Pircas Negras (8.7 ± 0.4 Ma, age on AC 

407 in Table 2.1, same flow as AC 406). 

 

Syn-migration (7-3 Ma) 

 Pircas Negras andesites with ages of 7 to 3 Ma are the dominant syn-migration 

mafic volcanic sequence in the region.  They include a broad suite of late Miocene-

Pliocene adakitic lavas that erupted between the Maricunga belt and the late 

Miocene/Pliocene dacitic arc centers to the east (Kay et al., 1991; Mpodozis et al., 

1995).  The Pircas Negras andesites were first described by Mpodozis et al. (1988) 

near the Paso Pircas Negras within the Rio Comecaballos valley.  Over 60 samples 

assigned to the Pircas Negras group (Figure 2.2c) are described below by region: (1) 

Gallina/Jotabeche, (2) Paso Pircas Negras, (3) Rio Salado valley, (4) Laguna Brava, 

(5) Bonete Chico, (6) and Los Patos/Valle Ancho (Figure 2.4).  These andesites all 

exhibit chemical and petrographic characteristics similar to the older Pircas Negras 
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lavas including glassy textures, plagioclase-poor modal abundances dominated by 

hornblende, and adakitic geochemical signatures. 

 

Gallina-Jotabeche  

 Some of the earliest Pircas Negras flows erupted during the terminal 

pyroclastic eruption of Jotabeche at 6.0 ± 0.7 Ma (McKee et al., 1994; Mpodozis et al., 

1995) that marked the end of Maricunga belt magmatism (Kay et al., 1994b).  These 

flows are exposed at Cerro Casale along the Rio Nevado south of the Jotabeche center 

and the Aldebarán mining prospect (Figure 2.2c).  They are dated at 6.7 ± 0.9 Ma 

(Table 2.2).  Dacitic flows outcrop along the La Gallina fault south of Cerro de la 

Gallina and define a magmatic pulse at 6.2 ± 0.9 (Kay et al., 1994b; Mpodozis et al., 

1995).  North of Jotabeche, a series of younger Pircas Negras andesitic flows with 

ages of 5.7 ± 0.5 and 5.6 ± 2.5 Ma extend toward Lago Negro Francisco (Kay et al., 

1994b). 

 

Paso Pircas Negras 

 Late Miocene-Pliocene Pircas Negras andesites erupted between 5.2 ± 0.9 and 

4.2 ± 0.5 Ma within the Paso Pircas Negras and along the Rio Pircas Negras (Figure 

2.2c; Mpodozis et al., 1988; Kay et al., 1991).  These dark glassy lava flows cap older 

Miocene sediments, early Miocene andesites of the Doña Ana Formation (Escabroso 

member), and Permo-Triassic Choiyoi granitoids (Figure 2.2b).  Considering the 

oldest Pircas Negras lavas from the Rio Comecaballos at 8.7 Ma, a general age 

progression from south (older) to north (younger) characterizes the temporal spread of 

Pircas Negras lavas along the Chile-Argentina border. 
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Figure 2.4 Thematic Mapper imagery of the southernmost Andean CVZ north of 

the Valle Ancho showing major volcanic centers.  Sample locations are 
for Pircas Negras-like andesites and dacites and Valle Ancho basaltic 
andesites (CC 101-2 and CC 262).  Ages are given in Table 2.2.   
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 Lower Rio Salado & Pastillos 

 The most voluminous Pircas Negras lava flows are located in the valley of the 

Rio Salado, which runs north-south for ~ 80 km between the Sierras de Veladero to 

the east and the Maricunga belt to the west.  Within the Rio Salado (Figure 2.2c), the 

late Miocene sequence is exposed due to post-Miocene fluvial erosion.  Pircas Negras 

flows unconformably overlay the Jotabeche ignimbrite, which itself caps mid-Miocene 

sandstones and conglomerates composed of clasts of Permo-Triassic Choiyoi granite 

and rhyolite (Figure 2.3b).  These flows originate from within the Sierras de Veladero 

massif, ~ 5-10 km to the northeast, and reach thicknesses > 10 m along the Rio Salado 

canyon (Figure 2.2c).  One of these flows has a 40Ar/39Ar age of 3.968 ± 0.192 (Goss 

et al., Chapter 4) and is overlain by ~ 2.5 Ma rhyodacitic domes associated with the 

Incapillo Caldera and Dome Complex.  From the Rio Salado, a continuous chain of 

Pircas Negras lavas extends eastward past Barrancas Blancas towards Laguna Brava 

(Figure 2.2c). 

  The southernmost exposure of Pircas Negras andesites is near the confluence 

of the Rio Macho Muerto with the Rio Salado (Figure 2.2c).  These lavas are K-Ar 

dated at 4.7 ± 0.5 Ma (Table 2.2) and overlay early Miocene Tilito ignimbrites 

(22-24 Ma) and/or mid-Miocene sedimentary units. A similar temporal sequence of 

younging Pircas Negras volcanism to the north parallels the sequence to the west 

within the Paso Pircas Negras and Jotabeche regions.    

 

Laguna Brava 

  Isolated Pircas Negras-like flows erupted around Laguna Brava (Figure 2.2c), 

though K-Ar dating of the largest complex reveals that the some of these flows 

pre-date the main Pircas Negras magmatic event (i.e., sample CO 159, ~ 12.6 Ma).  

However, some of the undated lavas from this region exhibit chemical and 
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petrographic characteristic similar to those from the Pircas Negras andesites further 

west and are therefore considered part of the Pircas Negras sequence.  

 

Bonete Chico 

 The easternmost Pircas Negras lavas erupted contemporaneous with and on the 

flanks of the dacitic Cerro Bonete Chico center (5.6 ± 0.6 to 3.5 ± 0.1 Ma; Kay and 

Mpodozis, 2000) north of Laguna Mulas Muertas near Cerro Estanzuela (Figure 2.2c).  

These andesitic flows have K-Ar ages between 5.2 ± 0.6 and 4.0 ± 0.2 and are overlain 

by Miocene breccias and sediments.  A Pircas Negras-like andesitic lava from the 

upper Rio Veladero (CO 324) on the western flank of Bonete Chico shares many 

geochemical and petrographic characteristics of the Pircas Negras suite and is capped 

by ~ 0.51 Ma Incapillo ignimbrite deposits  (Goss et al., Chapter 4).  

 

Valle Ancho 

 The 5.8 ± 0.7 Ma Valle Ancho basaltic andesites (CC 101-2 and CC 262) 

erupted at the northwestern end of the Valle Ancho and have been described by Kay et 

al. (1994b), Mpodozis et al. (1995) and Tittler (1995).  Though these basaltic andesites 

erupted during the peak of frontal arc migration, they are petrographically and 

geochemically distinct from the Pircas Negras andesites.  Also in the western Valle 

Ancho, Pircas Negras-like dacitic lava flows dated at 5.6 ± 0.3 Ma erupted between 

the Rio Lajitas and Rio Barros Negros in the western Valle Ancho (Figure 2.4; Tittler, 

1995).  To the east, andesitic (CC 254) and dacitic (CC 252) lavas with characteristics 

similar to the Pircas Negras suite erupted on the north flank of Volcán Los Patos 

(Figure 2.4; CO 254).  Late Miocene mafic volcanism in the Ojos del Salado region 

with chemical affinities similar to the Pircas Negras lavas include a basaltic andesite 
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cone west of Tres Cruces (CC 279) and the 4.4 ± 0.6 Ma Rodrigo andesitic center 

north of Tres Cruces (CC 296-7; Figure 2.4). 

 

Post-Migration (3-2 Ma) 

 Following the main syn-migration pulse of Pircas Negras volcanism between 

7-3 Ma, mafic magmatism waned and became localized in the upper Rio Salado 

(shown by a box in Figure 2.2d).  The youngest and northernmost Pircas Negras flow 

in the upper Rio Salado (CO 179) has a K-Ar age of 1.9 ± 0.2 Ma.  Flows from this 

post-migration stage stretch ~ 15 km N-S along the upper Rio Salado where they 

overlay late Miocene conglomerates.  In sum, two episodes of mafic Pircas Negras 

volcanism are observed within the Rio Salado: a southern syn-migration pulse at 5-4 

Ma followed by a post-migration pulse further north at ~ 3-2 Ma.   

 

V BULK CHEMISTRY 

We present 62 major and 52 trace element analyses of mafic and intermediate 

arc lavas from the northern transition of the flatslab region (Tables 2.3-2.5) as well as 

Sr, Nd, Pb, O isotopic data on a selected suite of samples (Tables 2.6-2.7).  These data 

compliment published data for Pircas Negras flows near the Paso Pircas Negras (Kay 

et al., 1991) and Jotabeche regions (Kay et al., 1994b; Mpodozis et al., 1995).  A 

description of the analytical methods is presented in Appendix 1.  Major elements for 

both whole rock powders and in situ mineral grains were obtained by electron 

microprobe at Cornell University.  Trace element data are from Instrumental Neutron 

Activation Analysis (INAA) and Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS) at Cornell University and from Atomic Absorption Spectrometry (AAS) at 

the Chilean Geological Survey (SERNAGEOMIN).  Sr and Nd isotopic ratios were 

analyzed with a VG Sector 54© Thermal Ionization Mass Spectrometer (TIMS) at the 

 76



Cornell University Keck Isotope Lab.  Pb isotopic ratios were analyzed at the 

University of Florida on a Nu-Plasma© multi collector (MC) ICP-MS.  Oxygen 

isotopes were analyzed by ArF laser fluorination on select olivine and quartz grains at 

the Universität Göttingen.   

 

Major element data 

 For the Neogene Central Andes in general, arc volcanism has been dominantly 

andesitic to dacitic with scarce eruption of basalts or basaltic andesites.  With the 

exception of a few late Miocene basaltic andesites from the Valle Ancho, the Pircas 

Negras and Dos Hermanos andesites are the most mafic arc lavas to have erupted over 

the northern flatslab transition zone.  Whole rock major element analyses are 

presented in Table 2.3.   

 A range of major element compositions exists within each region of Pircas 

Negras volcanism and spatial patterns are generally not apparent in the data.  The most 

basic Pircas Negras flows are from the Paso Pircas Negras and from the southern Rio 

Salado near Pastillos (SiO2 = 57-59 wt %), whereas the most acidic flows are from the 

upper Rio Salado and at Los Patos (SiO2 = 62-64 wt %).  Pircas Negras lavas define 

linear differentiation trends with respect to FeOt, MgO, and CaO concentrations on 

Si-variation diagrams (blue fields in Figure 2.5). TiO2 concentrations are 0.7-1.3 wt %.  

Na2O concentrations are high compared to typical arc andesites and range between 

3.6-5.3 wt %.  Al2O3 concentrations are between 15-18 wt % and do not correlate with 

SiO2 or Mg number [molar ratio of Mg/(Mg + Fe2+
total Fe)].  Based on the classification 

of Le Maitre et al. (1989), the Pircas Negras are high- to medium-K andesites and 

dacites (Figure 2.5). 

 Mg #s for the Pircas Negras andesites range from 36 to 61 and are plotted 

against SiO2 content in Figure 2.5.  Five samples have Mg # ≥ 58 and sample CO 412 
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from the Paso Pircas Negras has a Mg # = 61.  The Pircas Negras are some of the 

least-evolved andesites from the Central Andes and have similar Mg #s to other 

high-Mg andesites (e.g., Kay, 1978; Kelemen, 1995; Yogodzinski et al., 1995; Grove 

et al., 2002).  In contrast, Pircas Negras andesites from the upper Rio Salado, Los 

Patos, and on the flank of Cerro Bonete Chico, have Mg #s < 50 and SiO2 ≥ 60.  

 Dos Hermanos lavas are more potassic than the Pircas Negras at the same SiO2 

concentration (Figure 2.5; SiO2 = 56-59 wt %; K2O = 2.5-3.0 wt %) and are classified 

as high-K andesites (Figure 2.5).  They have similar CaO (6.3-6.6 wt %), Al2O3 (16.6-

17.6 wt %), TiO2 (1.0-1.2 wt %), and Na2O (4.5-5.0 wt %) concentrations, and slightly 

lower Mg #s (48-55) than the most mafic Pircas Negras lavas. 

 Table 2.4 shows major element analyses for mafic lavas from the Valle Ancho 

along with published data for basalts from the southernmost CVZ.  The ~ 5 Ma Valle 

Ancho (Mg #s of 55-58) and 9 Ma Los Aparejos (Mg #s 66-68) basaltic andesites have 

lower alkali concentrations (Na2O = 3.3-3.8 wt %; K2O = 1.5-1.7 wt %) than the 

Pircas Negras and Dos Hermanos andesites.  The Los Aparejos basaltic andesites have 

MgO concentrations of 8.4-8.7 wt %.  North of the Valle Ancho, the ~ 24 Ma 

Segerstrom and < 2 Ma Incahuasi basalts and San Francisco basaltic andesite from the 

southernmost CVZ define the regional mafic endmember for Neogene volcanism 

(Figure 2.5; Mpodozis et al., 1996; Kay et al., 1999; in prep.).  These lavas have MgO 

concentrations of 9-12 wt % and Mg #s ranging from 63 to 72.  Also plotted on 

Figure 2.5 are the 21-18 Ma Escabroso (Table 2.5) and 18-13 Ma southern Maricunga 

andesites (data from Kay et al., 1991; Kay et al., 1994b; Mpodozis et al., 1995) that 

overlap the Pircas Negras fields with respect to most of the major elements.  These 

older andesites are generally more aluminous (Al2O3 > 17 wt %) and have lower 

Mg #s than Pircas Negras lavas at the same SiO2 content.   

 



Table 2.3
Major and trace element analyses of late Miocene-Pliocene andesites from the northern flatslab transition zone (~27º-28.5º)

Redonda Rio CC
sample CO 428 CC 81c CC 82c CC 83c CC 94a AC 406b CC 17a CC 11a CC 15 CO 415 CO 416

SiO2 58.95 57.34 56.08 58.24 63.41 64.15 58.39 59.05 59.96 60.94 58.91
TiO2 1.15 1.05 1.03 1.08 0.88 0.91 0.93 1.30 1.05 0.93 1.15
Al2O3 16.80 17.66 16.62 17.36 17.08 16.53 17.81 16.60 16.55 16.47 17.51
Fe2O3 3.40 3.67 3.22 3.57 2.58
FeO 1.63 5.52 5.56 5.49 0.66 4.17 5.60 2.82 1.67 1.57 5.14
FeOt 4.69 5.52 5.56 5.49 3.96 4.17 5.60 5.72 4.88 3.89 5.14
MnO 0.09 0.09 0.08 0.12 0.05 0.08 0.09 0.07 0.06 0.06 0.09
MgO 3.18 3.03 3.05 2.88 1.92 1.85 3.51 3.61 2.59 2.66 2.77
CaO 6.50 6.37 6.62 6.34 4.03 4.49 6.00 6.28 5.96 6.69 6.86
Na2O 4.50 4.62 4.69 4.89 4.58 4.71 4.42 4.33 4.60 4.50 4.8
K2O 2.86 2.61 2.58 2.64 3.05 2.80 2.34 1.86 2.58 2.83 2.18
P2O5 0.40 0.45 0.43 0.46 0.28 0.30 0.40 0.35 0.33 0.31 0.57

Total 99.12 98.74 96.74 99.50 99.24 99.99 99.49 99.17 98.56 99.28 99.98
Mg # 54.7 49.5 49.4 48.3 46.3 44.2 52.8 53.0 48.6 54.9 49.0

La 66.8 58.4 59.8 61.5 44.1 45.6 42.2 40.2 43.1 30.8
Ce 128.5 120.0 123.0 128.1 92.3 91.9 84.5 83.6 87.3 68.5
Nd 65.3 55.5 56.2 58.7 38.4 39.2 37.8 36.7 46.1 38.6
Sm 9.68 8.23 8.30 8.60 5.92 6.5 5.99 6.12 7.15 6.50
Eu 2.21 2.16 2.29 2.34 1.58 1.69 1.63 1.73 1.64 1.55
Tb 0.606 0.554 0.607 0.652 0.370 0.509 0.555 0.503 0.463 0.504
Yb 1.103 1.02 1.04 1.00 0.685 0.79 1.01 1.20 0.892 0.846
Lu 0.147 0.137 0.128 0.136 0.101 0.096 0.137 0.148 0.112 0.112
Y 13.7 14 12 12 9.5 11 12 9 11.7
Rb 64.2 66 59 62 79.4 71 55 55 49 59.0
Sr 1436 1243 1330 1221 602 800 740 679 1016 765
Sr* 1402 1278 1500 1400 793 870 944 1063
Ba 1591 1146 1147 1167 1126 1103 854 897 1312 946
Ba* 1231 1156 1100 1100 1034 910 922 825
Pb 13.0 14.6 9 8 13.8 7 6 9 9.1
Cs 0.9 1.7 1.0 0.8 1.9 0.9 1.5 2.2 0.7 1.6

Jotabeche-Gallina RegionDos Hermanos
-------------------------------------Pre-Migration---------------------------------------- --------------------------------Syn-Migration---------------------------------
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Table 2.3 (continued)
Redonda Rio CC

sample CO 428 CC 81c CC 82c CC 83c CC 94a AC 406b CC 17a CC 11a CC 15 CO 415 CO 416
U 1.3 1.4 1.5 1.5 1.5 1.1 1.2 1.3 1.2 1.3
Th 9.2 8.7 8.6 9.1 8.4 6.8 6.4 6.2 5.3 4.0
Zr 256 246 237 251 223 231 236 239 264
Nb 12.7 12.9 12 13 9.9 12 11 9 12.3
Hf 5.4 5.6 5.6 5.9 6.2 6.9 5.3 5.3 5.6 5.3
Ta 0.66 0.64 0.63 0.65 0.68 0.46 0.67 0.74 0.57 0.62
Sc* 9.3 9.5 7.2 10.6 8.4
Sc 9.9 9.9 9.8 9.6 6.5 6.0 12.5 12.7 10 8.1
Cr 52 55 55 50 17 96 46 58 72 47
Cr* 55 57 132 82 17 131 54 61 49
Ni 25 30 23 23 10 15 26 25 24 19
Ni* 26.3 20 22 18 8.8 21 19 19 22.8
Co 17 16 17 17 11 10 19 19 15 12
Co* 17.4 16 9.3 12 13.5
Cu 27 22 23 20 22 24 21 92
Zn 88 86 114 89 92 92 107
V 121 115 118 109 92 121 131 25 108

Rb/Sr 0.05 0.04 0.04 0.10 0.06 0.06 0.05 0.08
Ba/La 23.8 19.6 19.2 19.0 25.5 24.2 20.2 22.3 30.4 30.7
La/Sm 6.9 7.1 7.2 7.1 7.4 7.0 7.0 6.6 6.0 4.7
La/Yb 60.5 57.3 57.4 61.2 64.4 57.6 41.8 33.5 48.3 36.4
Eu/Eu* 0.97 1.09 1.11 1.08 1.13 1.02 1.01 1.10 0.97 0.94
Sm/Yb 8.8 8.1 8.0 8.6 8.6 8.3 5.9 5.1 8.0 7.7
Ba/Th 174 132 134 128 134 162 134 146 247 239
Ba/Ta 2409 1796 1824 1790 1651 2408 1282 1219 2316 1516
La/Ta 101 92 95 94 65 99 63 55 76 49
Th/U 6.8 6.2 5.9 6.1 5.7 6.5 5.2 4.6 4.5 3.1
Sr/Yb 1302 1219 1278 1216 879 1011 733 566 1139 905
Sr/Y 102.4 88.5 125.0 116.7 83.1 79.1 78.7 90.5

Dos Hermanos Jotabeche-Gallina Region
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aKay et al., (1994b), bKay et al., (1991); cTittler, (1995); Major element data from electron microprobe at Cornell University.  Trace elements analyzed by 
INAA at Cornell University following methods outlined in Kay et al., (1987); Other trace elements (Yb, Rb, Sr*, Ba*, Pb, Zr, Nb, Sc*, Cr*, Ni*, Co*, Cu, 
Zn, V) from ICPMS at Cornell University (Appendix 3 for full analyses) or by atomic adsorption at SERNAGEOMIN (italicized) 

 



Table 2.3 (continued)
Major and trace element analyses of late Miocene-Pliocene andesites from the northern flatslab transition zone (~27º-28.5º)

sample CO 427 AC 556b AC 619A AC 623A AC 624A AC 625A AC 626P CO412 CO413 CO414 AC 408b AC 409b

SiO2 59.25 61.06 61.44 60.56 60.15 61.08 60.22 57.38 58.94 61.97 57.54 57.36
TiO2 1.04 1.08 0.88 0.95 0.95 0.93 1.02 1.01 0.96 0.85 0.99 1.01
Al2O3 17.63 16.94 16.37 16.68 16.26 16.53 16.47 18.02 17.32 16.82 16.92 17.22
Fe2O3 2.41 4.36 3.21 5.04 3.94 2.84 2.15 2.27 1.52
FeO 2.13 4.67 0.24 1.80 0.22 1.45 2.40 3.38 4.63 2.47 5.54 5.79
FeOt 4.30 4.67 4.16 4.69 4.75 5.00 4.96 5.31 6.67 3.84 5.54 5.79
MnO 0.09 0.08 0.06 0.08 0.08 0.08 0.08 0.10 0.09 0.08 0.10 0.10
MgO 3.51 2.49 2.12 3.33 3.30 3.32 3.56 4.71 3.67 2.69 4.54 4.56
CaO 5.88 6.12 5.36 5.64 5.96 5.72 5.95 6.48 6.10 5.19 8.10 7.60
Na2O 4.46 4.65 4.61 4.33 4.30 4.27 4.26 4.02 4.05 4.22 3.97 4.10
K2O 2.26 2.52 2.21 2.16 2.14 2.01 2.01 2.32 2.66 2.93 1.98 1.93
P2O5 0.32 0.38 0.27 0.31 0.25 0.24 0.31 0.27 0.26 0.24 0.32 0.33

Total 98.74 99.99 97.48 98.73 98.14 99.18 98.84 99.63 100.73 98.82 100.00 100.00
Mg # 59.3 48.7 47.6 55.9 55.3 54.2 56.2 61.2 49.5 55.5 59.4 58.4

La 35.1 39.7 37.3 43.0 42.2 36.0 37.4
Ce 74.8 80.8 78.2 88.3 89.5 73.8 74.1
Nd 37.5 37.0 42.6 47.2 42.0 29.8 34.9
Sm 6.11 6.4 6.54 7.46 6.78 5.9 6.3
Eu 1.55 1.64 1.58 1.78 1.64 1.65 1.70
Tb 0.545 0.467 0.599 0.653 0.557 0.610 0.640
Yb 1.036 0.81 1.41 1.43 1.10 1.41 1.36
Lu 0.130 0.097 0.183 0.193 0.149 0.180 0.190
Y 13.7 17.2 14 11
Rb 47.1 59 47.0 52 57 51 53
Sr 761 1050 890 995 705 800 830
Sr* 934 912
Ba 925 996 928 1139 1156 711 866
Ba* 840 791
Pb 8.3 8.0 9 10
Cs 1.2 1.2 1 1.7 1.7 1.5 1.8

Paso Pircas Negras
--------------------------------------------------------------------------------------------Syn-Migration-----------------------------------------------------------------------------------------------------

Jotabeche-Gallina Region (continued)
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Table 2.3 (continued)

sample CO 427 GSA 556b AC 619A AC 623A AC 624A AC 625A AC 626P CO412 CO413 CO414 GSA 408b GSA 409b

U 1.0 1.1 1 1.4 1.6 1.4 1.6
Th 4.6 5.1 5.7 7.0 7.3 4.8 5.1
Zr 229 247 259
Nb 11.2 9 9
Hf 5.4 5.6 5.3 5.8 6.1 5.2 5.5
Ta 0.55 0.55 0.64 0.72 0.63 0.59 0.66
Sc* 11.2 16 14.4 10.1
Sc 11.6 9.6 15.9 14 9 16.2 16.8
Cr 74 131 147 100 57 210 247
Cr* 73 141 87 48
Ni 23 21 43 18 25 53 63
Ni* 27.3 47 41 23
Co 15 14 21 18 13 20 21
Co* 14.8 19.6 17 11
Cu 30 33 95 95
Zn 96 94 127 94
V 117 142 29 24

Rb/Sr 0.05 0.05 0.05 0.08
Ba/La 26.3 25.1 24.9 26.5 27.4 19.7 23.1
La/Sm 5.7 6.2 5.7 5.8 6.2 6.1 5.9
La/Yb 33.9 49.1 26.4 30.0 38.5 25.5 27.6
Eu/Eu* 0.96 1.04 0.90 0.91 0.94 1.00 0.97
Sm/Yb 5.9 7.9 4.6 5.2 6.2 4.2 4.7
Ba/Th 200 194 163 164 157 150 170
Ba/Ta 1674 1825 1450 1592 1848 1215 1304
La/Ta 64 73 58 60 67 62 56
Th/U 4.6 4.6 5.7 4.8 4.7 3.4 3.1
Sr/Yb 734 1296 631 695 642 566 612
Sr/Y 68.4 52.9

Jotabeche-Gallina Region (continued) Paso Pircas Negras
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aKay et al., (1994b), bKay et al., (1991); cTittler, (1995); Major element data from electron microprobe at Cornell University.  Trace elements analyzed by 
INAA at Cornell University following methods outlined in Kay et al., (1987); Other trace elements (Yb, Rb, Sr*, Ba*, Pb, Zr, Nb, Sc*, Cr*, Ni*, Co*, Cu, 
Zn, V) from ICPMS at Cornell University (Appendix 3 for full analyses) or by atomic adsorption at SERNAGEOMIN (italicized) 

 



Table 2.3 (continued)
Major and trace element analyses of late Miocene-Pliocene andesites from the northern flatslab transition zone (~27º-28.5º)

sample CO 163 CO 170 CO 172 CO 173 CO 175 CO 176 CO 309 CO 310 CO 327 CO 329 CO 331 CO 332 CO 504 CO 507
SiO2 62.76 57.40 56.78 58.89 60.57 63.40 61.71 59.10 61.68 59.00 61.48 59.33 60.20 63.04
TiO2 0.96 1.03 1.22 0.91 0.93 0.68 0.95 1.00 1.02 1.06 0.95 1.00 0.96 0.91
Al2O3 16.62 16.78 16.23 16.36 16.67 16.11 16.23 16.11 16.69 16.26 16.09 16.00 17.18 16.54
Fe2O3 2.89 3.75 2.76 3.14 2.85
FeO 2.21 6.10 3.73 3.47 2.14 1.91 4.83 5.45 5.00 5.98 4.91 5.65 4.99 4.67
FeOt 4.82 6.10 7.10 5.95 4.96 4.48 4.83 5.45 5.00 5.98 4.91 5.65 4.99 4.67
MnO 0.06 0.10 0.12 0.10 0.08 0.08 0.08 0.09 0.07 0.11 0.10 0.10 0.07 0.08
MgO 2.11 4.77 4.44 4.11 2.55 2.34 2.61 3.24 2.25 4.22 2.58 3.65 3.51 2.35
CaO 4.63 6.58 7.30 6.34 5.74 4.77 6.46 6.67 5.28 5.91 6.07 7.05 5.89 5.08
Na2O 4.82 3.76 4.12 4.07 4.68 4.17 4.52 5.19 5.15 4.50 4.91 4.31 4.44 4.10
K2O 2.48 2.15 1.72 2.09 2.30 2.88 2.51 2.59 2.40 2.36 2.70 2.39 2.37 2.89
P2O5 0.33 0.30 0.35 0.26 0.37 0.17 0.36 0.34 0.38 0.38 0.34 0.36 0.40 0.35

Total 99.58 98.97 99.37 99.08 98.86 99.09 100.25 99.79 99.92 99.78 100.12 99.85 100.00 100.00
Mg # 43.8 58.2 52.7 55.2 47.8 48.2 49.0 51.5 44.5 55.7 48.3 53.6 55.6 47.3

La 45.0 31 29.2 25.7 41.8 38.7 39.1 40.4 43.2 40.5 43.6 44.5 42.0 46.8
Ce 94.6 72.0 61.1 56.1 86.4 70.9 82.2 86.8 90.2 83.3 91.9 95.3 85.2 89.7
Nd 49.8 44.5 35.4 28.7 37.7 32.7 45.7 46.3 36.7 39.3 46.9 47.2 40.9 41.1
Sm 7.41 6.7 6.7 5.4 6.48 5.8 6.74 7.23 7.47 6.88 7.19 7.53 7.3 7.1
Eu 1.70 1.69 1.86 1.47 1.68 1.21 1.61 1.83 1.97 1.83 1.77 1.96 2.11 1.85
Tb 0.562 0.641 0.8 0.6 0.523 0.5 0.485 0.552 0.524 0.597 0.611 0.711 0.61 0.58
Yb 0.95 1.3 1.57 1.2 0.82 1.2 0.83 0.92 1.06 1.32 1.09 1.28 1.09 1.13
Lu 0.127 0.181 0.222 0.169 0.110 0.164 0.120 0.138 0.134 0.169 0.130 0.164 0.157 0.163
Y 13.7 17.3 19 15 11 14 11.0 11 12.1 15.8 13.0 17.6 15.0 15.3
Rb 61.9 48.5 40 54 56 95 60 61 44.1 61.1 78.0 71.3 51.3 81.1
Sr 843 741.8 728.0 625.5 897 736.9 931 1006 873 790 776 881 932 901
Sr* 835 848 735 656 920 738 899 820 990 882 789 991 932 901
Ba 1048 756.9 608.0 699.6 1002 925.1 1057 1155 1142 819 1062 1001 884 952
Ba* 989 744 596 662 931 887 920 918 1016 882 949 968 884 952
Pb 10.4 8.8 6 8 8 13 10.5 10.2 9.3 9.8 12.1 10.6 9.0 11.3
Cs 10.8 1.3 2.5 2.5 1.7 1.9 1.72 2.76 3.56 1.94 1.61 1.61 1.061 1.969

Rio Salado Region
--------------------------------------------------------------------------------------------------Syn-Migration-------------------------------------------------------------------------------------------------------
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Table 2.3 (continued)

sample CO 163 CO 170 CO 172 CO 173 CO 175 CO 176 CO 309 CO 310 CO 327 CO 329 CO 331 CO 332 CO 504 CO 507
U 1.3 1.1 1.0 0.9 1.5 2.3 1.5 1.5 1.2 1.1 1.5 1.5 1.1 1.4
Th 6.1 4.4 3.1 3.3 5.2 9.2 4.9 5.1 5.6 5.3 8.0 7.1 5.8 9.2
Zr 310 250 236 201 249 215 254 253 337 302 300 317 270 253
Nb 13.0 11.9 12.9 10 12 9 12 11 11.5 11.8 11.8 12.5 12.6 12.1
Hf 6.7 5.7 5.3 4.9 5.8 5.0 5.8 6.8 7.4 6.6 6.7 6.5 6.23 5.92
Ta 0.62 0.7 0.7 0.6 0.70 0.6 0.69 0.75 0.66 0.66 0.70 0.70 0.69 0.67
Sc* 11.5 17.8 18 16 8 10 8 8 7.4 13.5 8.5 13.1 11.5 9.4
Sc 15.7 18.7 16.1 8.2 10.7 7.8 9.2 8.3 14.2 9.0 13.3 11.5 9.4
Cr 49 208.8 134.6 159.9 61 29 56 84 46 139 36 130 100 30
Cr* 60 210 129 153 64 31 59 71 42 132 36 131 100 30
Ni 15 61.9 39.3 46.1 24 9.9 23 27 15 41 10 44 36.4 13.8
Ni* 18.5 61.7 33 40 19 5 19 21 17.0 40.7 17.9 64.9 36.4 13.8
Co 11 21.0 23.0 20.9 14 12.4 13 15 11 18 11 17 15.4 11.2
Co* 12.3 21.5 21 17 14 12 13 13 10.7 18.5 11.3 18.3 15.4 11.2
Cu 20 32 31 32 30 17
Zn 91 106 96 85 89 70
V 132 162 166 148 107 117 101 99 95 128 94 136 115 101

Rb/Sr 0.07 0.07 0.05 0.08 0.06 0.13 0.06 0.09
Ba/La 23.3 24.4 20.8 27.3 24.0 23.9 27.0 28.6 26.4 20.2 24.3 22.5 21.0 20.4
La/Sm 6.1 4.6 4.3 4.7 6.5 6.7 5.8 5.6 5.8 5.9 6.1 5.9 5.7 6.6
La/Yb 47.5 23.4 18.6 21.0 50.9 31.4 47.2 44.0 40.7 30.6 40.0 34.8 38.4 41.5
Eu/Eu* 0.91 0.93 0.95 0.95 1.01 0.78 0.97 1.01 1.01 0.96 0.86 0.86 1.35 1.35
Sm/Yb 7.8 5.0 4.3 4.4 7.9 4.7 8.1 7.9 7.0 5.2 6.6 5.9 6.7 6.3
Ba/Th 172 173 194 212 191 100 217 226 203 155 133 141 152 103
Ba/Ta 1700 1157 815 1238 1435 1649 1535 1540 1719 1245 1528 1437 1276 1426
La/Ta 73 47 39 45 60 69 57 54 65 62 63 64 61 70
Th/U 4.7 4.0 3.3 3.9 3.5 4.0 3.3 3.5 4.8 4.7 5.5 4.7 5.5 6.4
Sr/Yb 889 559 464 512 1091 598 1123 1097 822 597 711 688 852 799
Sr/Y 61.0 49.1 38.7 43.7 83.6 52.7 81.8 55.9 60.5 56.3 62.3 59.0

Rio Salado Region
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aKay et al., (1994b), bKay et al., (1991); cTittler, (1995); Major element data from electron microprobe at Cornell University.  Trace elements analyzed by 
INAA at Cornell University following methods outlined in Kay et al., (1987); Other trace elements (Yb, Rb, Sr*, Ba*, Pb, Zr, Nb, Sc*, Cr*, Ni*, Co*, Cu, 
Zn, V) from ICPMS at Cornell University (Appendix 3 for full analyses) or by atomic adsorption at SERNAGEOMIN (italicized) 

 



Table 2.3 (continued)
Major and trace element analyses of late Miocene-Pliocene andesites from the northern flatslab transition zone (~27º-28.5º)

sample CO 159 CO 160 CO 161 CO 333 CO 501a CO 502 CO 144 CO 145 CO 146 CO 324 CC 252 CC 254
SiO2 62.21 59.21 63.80 61.95 53.42 63.26 58.20 62.74 57.45 59.11 63.56 57.11
TiO2 0.98 0.78 0.95 0.90 1.21 0.92 1.03 0.88 1.03 0.85 0.88 1.11
Al2O3 16.23 15.83 16.08 15.86 17.86 16.43 17.27 16.96 16.50 14.65 15.64 16.42
Fe2O3 2.57 2.89 1.98 3.18 2.73
FeO 2.82 2.67 2.87 4.72 9.55 4.29 5.72 1.47 3.89 5.70 4.66 6.54
FeOt 5.13 5.28 4.65 4.72 9.55 4.29 5.72 4.33 6.35 5.70 4.66 6.54
MnO 0.08 0.09 0.06 0.09 0.20 0.04 0.09 0.04 0.10 0.10 0.08 0.12
MgO 2.37 4.33 2.03 2.46 5.97 2.24 3.55 1.36 4.53 3.93 2.25 4.20
CaO 4.83 6.03 3.97 6.09 6.79 4.87 6.10 4.00 6.58 6.14 5.05 7.46
Na2O 4.26 3.78 4.24 5.13 4.28 4.66 4.28 4.62 3.72 5.09 4.03 4.01
K2O 2.67 2.32 2.90 2.77 0.55 2.93 2.39 3.02 2.25 3.48 2.71 1.98
P2O5 0.25 0.24 0.29 0.34 0.16 0.35 0.32 0.30 0.29 0.30 0.26 0.32

Total 99.01 97.90 98.98 100.30 100.00 100.00 98.95 98.25 98.80 99.36 99.12 99.27
Mg # 45.2 59.4 43.7 48.2 52.7 48.3 52.5 35.9 56.0 55.2 46.3 53.4

La 41.8 32.5 47.4 43.2 39.6 42.8 36.2 53.0 38.2 35.1
Ce 91.6 69.5 99.3 89.0 83.8 88.5 75.8 113.9 78.4 67.6
Nd 36.6 32.3 43.3 34.3 44.5 41.8 38.0 48.1 35.2 34.2
Sm 7.0 4.93 7.3 6.79 7.16 7.3 7.2 9.23 6.42 6.12
Eu 1.59 1.42 1.70 1.63 1.77 1.68 1.76 1.91 1.36 1.61
Tb 0.7 0.908 0.6 0.484 0.594 0.5 0.722 0.794 0.501 0.653
Yb 1.3 1.47 1.1 1.06 1.07 0.9 1.7 1.80 1.26 1.34
Lu 0.2 0.214 0.152 0.127 0.146 0.107 0.232 0.344 0.151 0.181
Y 17 17 14 13.1 15.0 11.7 21.5 16
Rb 80 77 74 87.1 43.0 70.1 49.6 138 104 46
Sr 664.5 699 731.8 724 839 805.7 698.7 779 540 778
Sr* 663 736 730 831 935 849 828 588 540 830
Ba 852.3 727 1024.8 1137 954 961.1 706.5 1033 757 759
Ba* 803 716 982 998 885 952 717 720 670 730
Pb 11 9 12 15.5 9.3 11.3 9.4 17.0 12 6
Cs 2.1 4.0 1.8 3.01 1.0 0.7 1.4 7.55 3.5 0.7

Bonete Chico Region
--------------------------------------------------------------------------------------------------Syn-Migration-------------------------------------------------------------------------------------------------------

L. Patos/V. AnchoLaguna Brava Region

 

 85 

 



Table 2.3 (continued)

sample CO 159 CO 160 CO 161 CO 333 CO 501a CO 502 CO 144 CO 145 CO 146 CO 324 CC 252 CC 254
U 1.9 2.7 1.5 2.0 1.1 1.7 1.3 7.4 3.6 1.0
Th 7.8 6.0 7.5 7.3 4.8 7.2 5.0 20.8 15.0 5.4
Zr 222 291 305 263 243 244 239 197 172
Nb 12 10 11 11.5 14.9 12.4 12.9 16 9.4 9.9
Hf 7.1 5.2 6.9 6.7 6.0 6.7 5.8 8.6 5.9 5.1
Ta 0.8 0.76 0.7 0.69 0.79 0.6 0.8 1.49 0.900 0.667
Sc* 9 15 8 7.8 12.1 7.9 17.3 10 8.4
Sc 9.1 14.3 7.7 7.8 12.0 7.6 17.6 14.3 17.7
Cr 38.3 207 41.7 33 91 57.0 201.8 136 39 100
Cr* 37 194 45 39 82 56 201 105 33 101
Ni 12.6 63 19.6 9 35 17.1 60.3 27 17 32
Ni* 6 62 13 16.1 28.8 16.0 59.9 28 12 31
Co 12.0 18 11.7 10 17 8.1 22.7 17 13 22
Co* 12 20 10 10.9 16.1 7.5 21.1 14
Cu 16 31 20 28 15 37 17 29
Zn 90 80 92 107 87 103 93 94
V 107 124 100 88 126 86 146 103 108 157

Rb/Sr 0.12 0.11 0.10 0.05 0.09 0.07 0.23 0.19 0.06
Ba/La 20.4 22.4 21.6 26.3 24.1 22.4 19.5 19.5 19.8 21.6
La/Sm 6.0 6.6 6.5 6.4 5.5 5.9 5.0 5.7 6.0 5.7
La/Yb 33.1 22.1 43.0 40.9 37.0 49.4 21.5 29.5 30.3 26.2
Eu/Eu* 0.84 0.85 0.92 0.90 0.96 0.95 0.89 3.35 1.13 1.13
Sm/Yb 5.5 3.4 6.6 6.4 6.7 8.4 4.3 5.1 5.1 4.6
Ba/Th 109 121 137 156 199 134 142 50 50 140
Ba/Ta 1086 958 1526 1637 1201 1531 928 694 841 1138
La/Ta 53 43 71 62 50 68 48 36 42 53
Th/U 4.2 2.2 5.1 3.7 4.3 4.2 3.7 2.8 4.2 5.3
Sr/Yb 526 476 664 685 783 929 414 433 428 580
Sr/Y 39.0 43.3 52.1 63.6 62.1 72.4 38.4 35.8

L. Patos/V. AnchoLaguna Brava Region Bonete Chico Region
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aKay et al., (1994b), bKay et al., (1991); cTittler, (1995); Major element data from electron microprobe at Cornell University.  Trace elements analyzed by 
INAA at Cornell University following methods outlined in Kay et al., (1987); Other trace elements (Yb, Rb, Sr*, Ba*, Pb, Zr, Nb, Sc*, Cr*, Ni*, Co*, Cu, 
Zn, V) from ICPMS at Cornell University (Appendix 3 for full analyses) or by atomic adsorption at SERNAGEOMIN (italicized). 

 



Table 2.3 (continued)
Major and trace element analyses of andesites from the northern flatslab transition zone (~27º-28.5º)

sample CC 270c CC 271c CC 279 CC 296a CC 296b CC 297 CO 177 C0 179 CO 312 CO 313
SiO2 63.88 64.77 59.73 62.90 62.90 60.91 61.90 63.33 60.89 62.23
TiO2 0.83 0.73 0.78 0.74 0.74 0.79 0.89 0.84 1.00 0.90
Al2O3 15.67 16.19 15.51 15.97 15.97 16.32 16.82 16.62 16.45 16.31
Fe2O3 2.20 2.27
FeO 4.54 3.97 4.71 4.11 4.26 4.23 2.37 1.94 4.91 4.39
FeOt 4.54 3.97 4.71 4.11 4.26 4.23 4.35 3.98 4.91 4.39
MnO 0.10 0.05 0.09 0.08 0.08 0.07 0.06 0.06 0.08 0.07
MgO 1.75 2.32 3.34 2.16 2.16 2.45 1.92 1.81 2.43 2.20
CaO 4.77 3.96 6.76 4.71 4.71 5.14 4.73 4.60 5.87 5.45
Na2O 4.50 4.28 3.96 4.28 4.23 4.23 4.67 4.54 5.06 5.29
K2O 2.92 3.37 2.45 3.10 3.10 3.08 2.90 2.64 2.90 2.83
P2O5 0.24 0.22 0.26 0.25 0.25 0.24 0.30 0.29 0.35 0.33

Total 99.20 99.86 97.59 98.30 98.40 97.46 98.55 98.72 99.94 100.00
Mg # 40.7 51.0 55.8 48.4 47.5 50.8 44.0 44.7 46.9 47.2

La 41.0 42.6 46.9 38.8 40.1 39.5 46.1 45.6 49.4 49.3
Ce 85.8 87.2 89.7 79.9 94.7 72.6 92.8 91.4 103.3 102.8
Nd 36.3 35.4 39.3 32.0 36.3 32.6 43.2 39.9 53.9 55.8
Sm 6.04 5.73 6.71 5.67 5.87 5.42 7.3 6.89 7.90 7.65
Eu 1.46 1.33 1.47 1.28 1.41 1.24 1.42 1.45 1.78 1.70
Tb 0.456 0.315 0.542 0.382 0.460 0.445 0.5 0.482 0.547 0.510
Yb 0.723 0.76 1.056 0.797 0.865 0.829 0.8 0.83 0.97 0.98
Lu 0.093 0.094 0.132 0.096 0.100 0.100 0.109 0.108 0.133 0.153
Y 8 11 11 11.6 11.6
Rb 95 116 80 78 74 65 76 67.9 76.5
Sr 690 458 875 651 681 657 824.4 866 877 892
Sr* 600 605 780 710 680 758 783 863 921
Ba 986 1029 737 905 946 901 1032.5 1092 1252 1386
Ba* 860 820 660 880 830 946 1070 984 1121
Pb 11 13 9 9 7 10 12.1 11.5 12.2
Cs 2.15 3.3 4.67 1.13 1.45 1.35 1.0 1.2 0.99 1.11

---------------------------------Syn-Migration---------------------------------
Rodrigo

--------------------------Post-migration--------------------------
LP/Valle Ancho Upper Rio Salado
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Table 2.3 (continued)

sample CC 270c CC 271c CC 279 CC 296a CC 296b CC 297 CO 177 C0 179 CO 312 CO 313
U 1.95 2.4 3.51 1.54 1.50 1.49 1.3 1.5 1.4 1.6
Th 10.73 14.0 10.98 9.7 9.7 8.6 7.2 7.3 7.9 8.2
Zr 93 218 154 217 213 289 303.8 350 325
Nb 6.9 7 9.1 7.5 6.9 10 11 10.9 11.1
Hf 6.6 5.6 5.2 5.4 5.8 5.5 6.8 6.5 7.8 7.4
Ta 0.6 0.57 0.8 0.5 0.5 0.5 0.6 0.60 0.63 0.61
Sc* 6 6 7.0 6.5
Sc 8.2 7.9 12.3 8.0 9.0 7.6 6.5 6.1 7.7 7.1
Cr 42 31 97 57 65 53 25.3 23 28 25
Cr* 43 30 96 54 54 25 29 29 28
Ni 10 11 37 18 18 16 8.9 9 10 9
Ni* 12 21 46 17 17 2 8 23.2 12.1
Co 14 12 17 11 13 11 10.3 9 12 10
Co* 10 9 11.3 28
Cu 19 19 26 19 18 16
Zn 93 65 83 93 78 85
V 99 97 113 89 59 89 82 94 82

Rb/Sr 0.16 0.19 0.10 0.09
Ba/La 24.0 24.2 15.7 23.3 23.6 22.8 22.4 24.0 25.4 28.1
La/Sm 6.8 7.4 7.0 6.8 6.8 7.3 6.3 6.6 6.3 6.4
La/Yb 56.8 56.3 44.4 48.7 46.4 47.6 57.5 54.8 50.9 50.5
Eu/Eu* 1.13 1.13 1.13 0.94 0.95 0.89 0.82 0.86 0.93 0.92
Sm/Yb 8.4 7.6 6.4 7.1 6.8 6.5 9.1 8.3 8.1 7.8
Ba/Th 92 74 67 93 98 105 142 150 159 170
Ba/Ta 1638 1818 952 1917 1758 1989 1815 1835 1974 2254
La/Ta 68 75 61 82 75 87 81 77 78 80
Th/U 5.5 5.7 3.1 6.3 6.4 5.8 5.5 4.7 5.6 5.2
Sr/Yb 955 606 829 817 788 793 1028 1040 904 913
Sr/Y 75.6 68.9 74.6 79.6

Upper Rio SaladoLP/Valle Ancho Rodrigo
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Table 2.4
Mafic lavas from the Valle Ancho region (~27º-28º)

sample CO 72 CO 24 CC 101c CC 102c CC 262c

SiO2 52.64 53.25 55.47 55.48 54.96
TiO2 1.09 1.04 1.21 1.31 1.28
Al2O3 15.23 15.33 16.46 16.94 16.59
Fe2O3 3.69 3.38
FeO 3.93 4.76 7.31 7.53 7.44
FeOt 7.25 7.80 7.31 7.53 7.44
MnO 0.13 0.13 0.13 0.13 0.12
MgO 8.64 8.37 5.70 5.39 5.10
CaO 8.47 8.02 7.55 7.04 7.96
Na2O 3.49 3.36 3.39 3.78 3.75
K2O 1.77 1.68 1.58 1.50 1.60
P2O5 0.28 0.24 0.29 0.36 0.28

Total 98.99 99.22 99.09 99.46 99.08
Mg # 68.0 65.7 58.2 56.1 55.0

La 32.0 31.1 23.2 24.2 25.1
Ce 65.3 66.4 52.2 54.7 52.6
Nd 31.9 33.2 27.6 27.8 30.6
Sm 5.58 6.02 5.22 5.48 5.80
Eu 1.50 1.58 1.63 1.82 1.62
Tb 0.561 0.672 0.638 0.661 0.653
Yb 1.49 1.83 1.43 1.33 1.39
Lu 0.223 0.252 0.193 0.172 0.186
Y 18 19.9 18.3 16.8
Rb 32 31.5 34.9 32 35.2
Sr 897 720 477 523 593
Sr* 923 767 612 600 672
Ba 744 632 506 482 598
Ba* 724 624 555 500 588
Pb 9 8.3 7.1 2 6.6
Cs 0.4 0.8 1.1 1.2 0.9

Los Aparejos Valle Ancho basaltic andesites
Pre-migration Syn-migration
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Table 2.4 (continued)

sample CO 72 CO 24 CC 101c CC 102c CC 262c

U 0.9 0.9 0.7 0.7 0.8
Th 3.5 3.8 2.6 2.6 2.8
Zr 133 185 190 192
Nb 8 10.2 9.9 10.3
Hf 3.7 4.3 4.5 5.0 4.8
Ta 0.58 0.56 0.53 0.57 0.65
Sc* 25 22.2 23.0 18.5
Sc 23.7 23.9 20.3 19.7 18.4
Cr 632 672 198 201 195
Cr* 519 575 196 187 188
Ni 228 174 46 53 59
Ni* 210 175 46.4 46 49.5
Co 40 39 26 28 27
Co* 36 36.8 26.2 25.4
Cu 51 45 13 28 30
Zn 86 90 81 103 96
V 191 169 211 157 203

Rb/Sr 0.03 0.04 0.06 0.05 0.05
Ba/La 23.3 20.3 21.8 19.9 23.8
La/Sm 5.7 5.2 4.4 4.4 4.3
La/Yb 21.5 17.0 16.2 18.2 18.1
Eu/Eu* -0.08 0.92 1.06 1.13 0.98
Sm/Yb 3.8 3.3 3.7 4.1 4.2
Ba/Th 211 165 192 189 217
Ba/Ta 1285 1126 960 849 918
La/Ta 55 55 44 43 39
Th/U 3.9 4.3 3.8 3.7 3.4
Sr/Yb 604 394 333 393 426
Sr/Y 51.3 38.5 33.5 40.1

Los Aparejos Valle Ancho basaltic andesites
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Data sources and analytical methodologies are the same as in Table 2.3 

 



Table 2.5
Major and trace element analyses of early Miocene Escabroso (Doña Ana) andesites

sample CO 291 CO 292 CO 293 CO 294 CO 295 CO 296 CO 297 CO 300 CO 335 CO 446 CO 264
SiO2 60.56 58.33 60.57 61.02 55.94 60.55 60.27 54.53 59.41 56.82 59.32
TiO2 0.90 0.71 1.01 0.61 1.13 0.79 0.70 0.73 0.85 0.89 0.75
Al2O3 16.92 18.48 17.98 17.04 18.82 17.54 18.11 19.96 18.62 18.38 18.36
Fe2O3 2.30
FeO 5.67 6.50 6.00 4.83 7.51 5.72 5.31 6.47 6.85 3.12 6.11
FeOt 5.67 6.50 6.00 4.83 7.51 5.72 5.31 6.47 6.85 5.18 6.11
MnO 0.14 0.19 0.12 0.16 0.14 0.17 0.15 0.17 0.16 0.13 0.13
MgO 1.96 3.06 2.05 1.78 3.25 2.35 2.10 2.59 3.19 2.83 3.65
CaO 5.48 6.96 5.57 5.83 7.78 5.94 5.48 9.74 5.44 7.83 5.23
Na2O 4.93 3.15 4.80 5.03 3.87 4.09 4.12 3.57 3.72 3.49 3.79
K2O 2.95 1.55 2.09 2.28 1.69 1.82 2.14 1.51 1.55 2.15 1.82
P2O5 0.36 0.28 0.30 0.37 0.24 0.34 0.31 0.24 0.36 0.27 0.26

Total 99.87 99.22 100.51 98.94 100.38 99.32 98.69 99.51 100.16 97.97 99.41
Mg # 38.2 45.7 37.8 39.7 43.6 42.2 41.3 41.7 45.4 49.3 51.6

La 34.3 22.4 30.3 33.1 22.2 22.8 26.2 20.4 22.7 21.6 18.0
Ce 77.0 46.7 67.2 71.0 48.3 51.6 63.4 45.4 48.0 48.0 39.3
Nd 34.4 21.5 34.6 32.4 25.1 23.7 19.1 23.4 18.8 20.7 17.9
Sm 7.30 4.78 6.45 6.01 5.34 5.21 5.62 4.79 5.03 4.71 3.78
Eu 1.78 1.26 1.47 1.41 1.46 1.27 1.45 1.32 1.32 1.218 1.005
Tb 0.923 0.619 0.634 0.685 0.761 0.715 0.778 0.668 0.637 0.610 0.509
Yb 2.17 2.23 1.35 2.03 2.46 2.13 1.90 2.26 2.09 1.843 1.50
Lu 0.316 0.329 0.186 0.277 0.359 0.310 0.293 0.329 0.280 0.295 0.197
Y 18
Rb 46
Sr 548 542 645 604 539 489 540 594 588 575 474
Sr*
Ba 774 353 652 763 447 455 507 409 491 589 561
Ba*
Pb 9
Cs 2.92 1.09 2.17 2.08 3.95 1.67 7.01 2.13 1.80 2 2.0

21-18 Ma Escabroso andesites 
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Table 2.5 (continued)

sample CO 291 CO 292 CO 293 CO 294 CO 295 CO 296 CO 297 CO 300 CO 335 CO 446 CO 264

U 2.0 0.8 1.5 1.5 1.1 1.4 1.5 0.8 1.1 1.2 1.1
Th 7.8 4.2 5.6 5.7 4.4 5.3 5.7 3.8 3.5 4.1 3.9
Zr 153
Nb 8
Hf 7.3 4.3 6.3 6.3 4.9 4.7 6.3 3.9 4.3 4.1 3.6
Ta 0.85 0.58 0.71 0.71 0.53 0.52 0.67 0.52 0.58 0.61 0.56
Sc*
Sc 9.6 13.1 7.5 5.3 19.2 9.6 539.7 15.6 13.9 14 19.8
Cr 2 5 19 2 5 2 2 5 7 9 10
Cr*
Ni 1 6 11 1 5 1 4 6 2 10
Ni*
Co 10 15 14 1 22 11 11 16 17 15 19
Co*
Cu 32
Zn 87
V 135

Rb/Sr
Ba/La 22.6 15.8 21.5 23.1 20.1 19.9 19.3 20.0 21.6 27.3 31.2
La/Sm 4.7 4.7 4.7 5.5 4.2 4.4 4.7 4.3 4.5 4.6 4.8
La/Yb 15.8 10.0 22.4 16.3 9.0 10.7 13.8 9.0 10.9 11.7 12.0
Eu/Eu* 0.82 0.88 0.83 0.82 0.88 0.80 0.84 0.89 0.88 0.86 0.87
Sm/Yb 3.4 2.1 4.8 3.0 2.2 2.4 3.0 1.2 2.4 2.6 2.5
Ba/Th 100 85 117 133 101 86 89 109 138 142 144
Ba/Ta 908 609 917 1082 851 867 752 792 842 970 996
La/Ta 40 39 43 47 42 44 39 40 39 36 32
Th/U 3.9 5.2 3.7 3.9 4.2 3.8 3.8 4.9 3.3 3.4 3.5
Sr/Yb 253 242 477 298 219 229 284 262 282 312 317

21-18 Ma Escabroso andesites 

 
Data sources and analytical methodologies are the same as in Table 2.3 
Additional trace elements for sample CO 446 obtained by atomic adsorption at SERNAGEOMIN (italics) 
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Figure 2.5 Harker diagrams showing differentiation trends for mafic and 

intermediate lavas associated with late Miocene frontal arc migration at 
28º S.  Blue circles = 21-18 Ma Escabroso andesites; white circles = 
18-13 Ma southern Maricunga andesites (data from Kay et al., 1991; 
1994b; Mpodozis et al., 1995); blue diamonds = 9-2 Ma Pircas Negras 
adakites; pink boxes = ~ 8 Ma Dos Hermanos; yellow triangles = ~ 5 
Ma Valle Ancho basaltic andesites; yellow diamonds = 9 Ma Los 
Aparejos basalts.  Open diamonds show values for primitive CVZ 
basalts including ~ 24 Ma Segerstrom and < 2 Ma Incahuasi and San 
Francisco centers (Kay et al., 1999).  K2O classification is from Le 
Maitre et al. (1989).  Data are in Tables 2.3-2.5.  
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Trace element data 

 The Pircas Negras lavas exhibit trace element characteristics that distinguish 

them from most other central and southern Andean andesites.  The ubiquitous trace 

element signatures of the Pircas Negras andesites are their steep REE patterns and 

high degree of HFSE depletion relative to the LREE as shown on chondrite 

normalized REE and MORB-normalized incompatible element diagrams (Figures 2.6 

and 2.7).  The Dos Hermanos andesites exhibit the greatest degree of LREE 

enrichment, yet have HREE depletion trends similar to most Pircas Negras andesites.  

The Valle Ancho basaltic andesites have markedly flatter LREE with HREE that 

overlap the easternmost Pircas-Negras lavas from the Bonete Chico region.  REE 

patterns from the late Miocene Rodrigo center to the north (CO 296a; Mpodozis et al., 

1996) exhibit LREE concentrations characteristic of the majority of Pircas Negras and 

have amongst the greatest extent of MREE and HREE depletion of all analyzed 

samples from the region (Figure 2.7a,b).  Europium anomalies are minimal in most 

Pircas Negras high-Mg andesites and range from 0.88 to 1.10 with an average Eu/Eu* 

= 1.028 (σ = 0.05; n = 24).  Dos Hermanos lavas have slightly positive Eu/Eu* from 

1.06-1.11. 

 All samples exhibit a strong “arc signature” with enriched LILE relative to 

uniformly depleted HFSE (Figures 2.6 and 2.7).  The 5-4 Ma Pircas Negras from the 

Rio Salado display the greatest degree of LILE enrichment relative to MORB, whereas 

backarc Valle Ancho basaltic andesites have the least.  Dos Hermanos lavas have 

LILE concentrations intermediate between these two but have higher Sr 

concentrations.  Similarly, Th and U enrichment is less in the Valle Ancho basaltic 

andesites compared to the Pircas Negras and Dos Hermanos andesites.  All lavas are 

characterized by anomalously high Pb concentrations (7-17 ppm) relative to the 

incompatible element trend.   
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Figure 2.6 (A) C1 Chondrite normalized (McDonough and Sun, 1995) REE 
diagram and (B) MORB-normalized (Sun and McDonough, 1989) 
incompatible element spider diagram showing general ranges for Pircas 
Negras, Dos Hermanos, and Valle Ancho lavas.  Data are from ICP-MS 
(Appendix 3).  Also shown are LA-ICPMS data from Rapp et al. 
(1999) for high-P (3.8 GPa) experimental melts of a basaltic 
amphibolite (AB-1) that reacted with depleted and primitive mantle 

 (circles and diamonds respectively). 



 

 
 
Figure 2.7 (A) C1 Chondrite-normalized (McDonough and Sun, 1995) REE diagrams and (B) MORB-normalized (Sun and 

McDonough, 1989) incompatible element spider diagrams for representative Pircas Negras samples (ICP-MS data in 
Appendix 3).  Shaded fields show REE ranges for high-Mg andesites from Adak (Kay, 1978; Kay and Kay, 1994) 
and dacites from Mt. Shasta in the Cascades (Grove et al., 2002).  Figures 2.7c and 2.7d show similar diagrams for 
representative Dos Hermanos andesites, Valle Ancho and Los Aparejos basaltic andesites, and mantle-derived CVZ 
basalts (Kay et al., 1999).  
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Temporal trace element relationships  

 The trace element signatures that characterize the Pircas Negras and Dos 

Hermanos andesites are a transient feature confined to the late Miocene period of 

rapid frontal arc migration.  These andesites are chemically distinguishable from lavas 

that erupted within a tectonically-stable arc including (1) spatially contiguous early 

Miocene (21-18 Ma) Escabroso and middle Miocene (18-13 Ma) southern Maricunga 

andesites (Kay et al., 1991; 1994b; Mpodozis et al., 1995) and (2) Quaternary 

andesites from the southernmost CVZ near 27º S (e.g., V. Peinado, Falso Azufre, 

Volcán San Francisco; Mpodozis et al., 1996; Kay and Mpodozis, 2000). 

 

Stable arc – early-mid Miocene (21 to 13 Ma) and < 2 Ma CVZ 

 The 21-18 Ma Escabroso andesites exhibit the flattest REE patterns 

(Figures 2.8a and 2.9; La/Yb = 10-22; La/Sm = 4.2-5.9; and Sm/Yb = 2.2-2.6) among 

Neogene lavas from the northern flatslab region and have a HFSE-depletion signature 

like that of the modern Andean CVZ (Figure 2.8; La/Ta = 32-47 and Ba/Ta = 609-

1082).  Sr concentrations and Sr/Yb ratios (Figure 2.10; Sr = 569-645 ppm; Sr/Yb = 

219-477) fall within the range for the modern CVZ arc.  Escabroso andesites have low 

Cr and Ni contents (e.g., Cr = 5-10 ppm; Ni = 2-10 ppm) compared to Pircas Negras 

and modern CVZ andesites (Figures 2.5 and 2.11).   

 Compared to the 21-18 Ma Escabroso andesites, the 18-13 Ma southern 

Maricunga andesites have slightly steeper REE patterns (Figures 2.8a and 2.9; La/Yb 

= 13-26; La/Sm = 5.1-6.0; and Sm/Yb = 2.3-5.2) and a stronger arc signature as 

evidenced by higher Ba/La ratios.  They also have somewhat higher Sr and Cr 

concentrations (Figure 2.10; Sr = 530-820 ppm; Sr/Yb = 480-770; Cr = 3-106 ppm) 

than the Escabroso andesites.    
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Figure 2.8 (A) Graph of La/Ta vs. La/Yb and (B) La/Ta vs. Ba/Ta for mafic and 

intermediate lavas from the northernmost flatslab transition zone 
(~ 27-28.5º S).  Blue = pre-migration andesites (9-7 Ma); yellow = syn-
migration andesites (7-3 Ma); and green = post-migration andesites 
(3-2 Ma).  Data are given in Tables 2.3-2.5.  Mid-Miocene field 
(18-13.5 Ma) includes data from southern Maricunga belt andesites 
(Jotabeche Norte, La Laguna, Cadillal-Yeguas Heladas shown in 
Figure 2.2; Kay et al., 1991; 1994b; Mpodozis et al., 1995).  Field 
labeled “CVZ” is for Quaternary andesites from the Ojos del Salado 
region (Peinado, V. Falso Azufre, Las Grutas, and V. San Francisco; 
data from Mpodozis et al., 1996; Kay et al., 1999).  Data for ~ 24 Ma 
Segerstrom and < 2 Ma CVZ basalts are from Kay et al. (1999).  
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Figure 2.9 Graphs of (A) La/Yb vs. wt % SiO2 and (B) La/Sm vs. Sm/Yb for 
mafic and intermediate lavas from the northern flatslab transition zone 
(~ 27°-28.5º S).  Fields and colors are the same as in Figure 2.8. 
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Figure 2.10 Graphs of (A) Sr (ppm) vs. Sr/Yb and (B) Yb (ppm) vs. Sr/Yb for 
mafic and intermediate lavas from the northern flatslab transition zone 
(~ 27°-28.5º S).  Fields and colors are the same as in Figure 2.8. 
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Figure 2.11 Graphs of (A) Sm/Yb vs. Cr (ppm) and (B) Ni (ppm) for mafic and 

intermediate lavas from the northern flatslab transition zone (~ 27°-
28.5º S).  Fields, symbols, and colors are the same as in Figure 2.8.  
The ~ 9 Ma Los Aparejos and < 2 Ma CVZ basalts (Segerstrom, 
Incahuasi, and San Francisco; Kay et al., 1999) are not plotted and have 
Cr and Ni concentrations of 600-700 ppm and 150-230 ppm 
respectively. 
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 Trace element ratios from Quaternary CVZ andesites are similar to the 

18- 13 Ma southern Maricunga andesites (Figure 2.8a and 2.9; La/Yb = 15-27; 

La/Ta = 25-41; Sm/Yb = 2.9-4.1).  Compared to the Pircas Negras lavas, CVZ 

andesites have more subdued arc signatures (Figure 2.8b; Ba/Ta = 375-730; 

Ba/La = 9-17), lack an adakitic signature (Figure 2.10; Sr < 660 ppm; Sr/Yb < 360), 

and have lower Cr and Ni contents (Figure 2.11; Cr = 3-113 ppm and Ni = 6-57 ppm).   

 

Pre-migration – 9 to 7 Ma 

 The 7.7 Ma Dos Hermanos, 8.8 Ma Pircas Negras, and ~ 8 Ma Redonda 

andesites are chemically distinct from early-mid Miocene andesites and the 7-3 Ma of 

Pircas Negras lavas.  These andesites have very steep REE patterns (La/Yb = 58-64; 

Figure 2.9) and high La/Ta ratios (La/Ta = 92-101; Figure 2.8) that fall off the trends 

defined by the 7-3 Ma Pircas Negras.  Figure 2.9b shows that the steep REE patterns 

characteristic of these andesites are dominantly controlled by extreme HREE depletion 

(Sm/Yb = 8.0-8.8), not LREE enrichment, as La/Sm ratios are similar to modern CVZ 

and slightly greater than the early-mid Miocene andesites.  Despite strong HFSE 

depletion (Ba/Ta = 1800-2400), extreme LREE enrichment in 7.7 Ma Dos Hermanos 

andesites is coupled with Ba/La ratios (19-24) that are lower than most Pircas Negras 

andesites (Figure 2.8b).  

 Pre-migration andesites are clearly differentiated from early-mid Miocene and 

Quaternary CVZ andesites by their high Sr contents and adakitic Sr/Yb ratios 

(Figure 2.10a,b).  The most extreme enrichment is observed in the Dos Hermanos 

andesites, which have higher Sr concentrations than the Pircas Negras (Sr = 

1220-1436 ppm) and a strong adakitic signature (Sr/Yb = 1216-1302).  The 8.8 Ma 

Comecaballos Pircas Negras has similarly high Sr concentrations and Sr/Yb ratios as 
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the Dos Hermanos.  Pre-migration andesites generally have Cr and Ni concentrations 

typical of the Quaternary CVZ (Cr < 100 ppm and Ni < 25 ppm). 

 The 9 Ma Los Aparejos backarc basaltic andesites from the eastern Valle 

Ancho have relatively flat REE patterns (La/Yb = 17-22; La/Sm = 5.2-5.7; Sm/Yb 

= 3.3-3.8), typical arc signatures (La/Ta = 55; Ba/Ta = 1126-1285), elevated Sr 

contents (Sr = 720-897), and high transition metal concentrations (Cr = 632-672 ppm; 

Ni = 174-228 ppm).  

 

Syn-migration - 7 to 3 Ma 

 Most of the Pircas Negras andesites are chemically distinguishable from the 

early-mid Miocene and Quaternary CVZ andesites.  Steep REE patterns (La/Yb = 

19-57) and strong HFSE-depletions (La/Ta = 36-76; Ba/Ta = 700-2300) characterize 

their trace element signatures (Figure 2.8).  They have a strong adakitic geochemical 

signature (Figure 2.10; Sr = 460-1050 ppm; Sr/Yb = 400-1300) that is more subdued 

than that of the pre-migration Dos Hermanos andesites (Figures 2.8a and 2.10).  

Despite a slightly positive correlation between La/Yb and SiO2, the 7-3 Ma Pircas 

Negras andesites fall within the same SiO2 concentration range as the older and 

younger andesites that have distinctly lower La/Yb ratios (Figure 2.9a).  As with the 

pre-migration andesites, the variability in La/Yb ratios is dominantly a function of 

HREE depletion (Sm/Yb = 4.0-8.5).  

 Cr and Ni contents are anomalously enriched (Cr = 15-250 ppm; Ni = 

7-63 ppm) in some syn-migration Pircas Negras andesites compared to andesites that 

erupted before and after the main episode of arc migration (Figure 2.11).  The highest 

concentrations occur in the 5-3 Ma Pircas Negras from the Paso Pircas Negras and Rio 

Salado regions.  As with HREE depletion, high Cr and Ni concentrations are an 

ephemeral feature confined to high-Mg andesitic melts erupting during the peak of 
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frontal arc migration.  A negative correlation exists between the extent of HREE 

depletion (Sm/Yb) and Cr and Ni enrichment.  Syn-migration Pircas Negras andesites 

with intermediate HREE depletion (Sm/Yb = 4-6) and high Cr and Ni concentrations 

contrast with pre-and post-migration andesites with extreme HREE depletion and 

lower Cr and Ni concentrations.    

 The trace element characteristics of the ~ 5 Ma Valle Ancho basaltic andesites 

have been discussed by Tittler (1995).  REE patterns of these lavas exhibit lower 

degrees of LREE enrichment and HREE depletion than most of the Pircas Negras 

andesites and are broadly similar to the 9 Ma Los Aparejos basalts (Figures 2.9 and 

2.10).  They share the high Cr and Ni contents exhibited by some syn-migration Pircas 

Negras high-Mg andesites (Figure 2.11, Cr = 195-201; Ni = 46-59), but lack a strong 

adakitic signature (Figure 2.10; Sr = 477-593 ppm and Sr/Yb = 333-426).   

 

Post-migration – 3 to 2 Ma 

 The 3-2 Ma post-migration Pircas Negras lavas from the upper Rio Salado 

exhibit trace element signatures broadly similar to the pre-migration andesites.  These 

flows, though slightly more evolved than the pre- or syn-migration Pircas Negras, 

have steep REE patterns (Figures 2.8a and 2.9; La/Yb = 51-58 and Sm/Yb = 7.8-9.1) 

and extreme HFSE-depletion (La/Ta = 77-81; Ba/Ta = 1815-2250).  Like the pre-

migration lavas, post-migration upper Rio Salado Pircas Negras flows have low 

(i.e., typical) Cr and Ni contents (Figure 2.11; Cr = 23-28 ppm and Ni = 9-10 ppm) 

like early-mid Miocene and Quaternary CVZ andesites.  These lavas have an adakitic 

character that is similar to that of the 7-3 Ma Pircas Negras andesites (Figure 2.10; 

Sr = 824-892; Sr/Yb = 913-1040).     
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Isotopic data 

 Sr, Nd, and Pb isotopic ratios for selected Pircas Negras and Dos Hermanos 

andesites, 21-18 Ma Escabroso andesites, and Valle Ancho basaltic andesites are 

presented in Tables 2.6 and 2.7 and plotted in Figures 2.12-2.14.   

 A temporal trend towards more enriched ratios in both mafic and intermediate 

lavas erupting during and after the late Miocene period of arc instability is evident 

from the isotopic data.  Figure 2.12a shows that discrete increases in isotopic ratios 

occur in spatially-coincident lavas of similar SiO2 content.  Higher 87Sr/86Sr ratios in 

the Dos Hermanos and Pircas Negras andesites (0.7055–0.7065) contrast with lower 

ratios in 21-18 Ma Escabroso (0.7047-0.7051) and in 18-13 southern Maricunga 

andesites (0.7048-0.7054; Kay et al., 1991; 1994b).  Valle Ancho basaltic andesites 

exhibit high 87Sr/86Sr ratios (0.7057-0.7059; Tittler, 1995) that are broadly similar to 

the majority of Pircas Negras andesites.  The 9 Ma Las Aparejos basaltic andesite has 

the highest 87Sr/86Sr ratio (0.7062) of all analyzed lavas from Valle Ancho.  These 

temporal increases in Sr isotopic ratios are superimposed upon a larger-scale positive 

trend with 87Sr/86Sr and SiO2 content seen in the isotopic data of mafic to silicic 

magmas of the same age (Figure 2.12a).  Similarly, there is a positive correlation 

between 87Sr/86Sr and Sr concentration (Figure 2.12b), though the Dos Hermanos 

andesites fall off this trend towards higher Sr concentrations (1200-1400 ppm).  

  Nd-isotopic data exhibit a negative correlation with 87Sr/86Sr and a similar 

temporal trend towards lower εNd contemporaneous with the migration of the Andean 

volcanic front (Figure 2.14a).  The 21-18 Ma Escabroso (−0.5 to −0.8) and 18-13 Ma 

southern Maricunga andesites (+0.1  to −1.7) have higher εNd values than both the 7-3 

Ma Pircas Negras (−2.6 to −4.1) and the ~ 8 Ma Dos Hermanos (−3.4; Tittler, 1995) 

andesites. Valle Ancho basaltic andesites and the 9 Ma Los Aparejos basalt 

isotopically resemble the Pircas Negras with low εNd (−2.3 to −3.3; Tittler, 1995).  



Table 2.6
Sr, Nd, and Pb isotopic analyses of basalts and andesites from the northern flatslab transition zone (~27º-28.5º)
sample unit age 87Sr/86Sr error 143Nd/144Nd error End 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb
CO 412 Pircas Negras ~ 5 0.7057666 0.0007 0.5125012 0.0010 -2.67 18.650 15.611 38.654
CC 17a Pircas Negras 5.7 ± 0.5 0.7055690 0.0007 0.5125130 0.0014 -2.44 18.640 15.600 38.578
GSA 409b Pircas Negras 5.2 ± 0.9 0.7057990 0.0006 0.5124650 0.0010 -3.37
GSA 406b Pircas Negras ~ 8.8 0.7064030 0.0007 0.5124540 0.0013 -3.59
CO 427 Pircas Negras ~ 6 0.7055601 0.0009 0.5125027 0.0010 -2.64 18.644 15.616 38.627
CO 179 Pircas Negras 1.9 ± 0.2 0.7062547 0.0005 0.5124258 0.0009 -4.14 18.663 15.612 38.698
CO 309 Pircas Negras ~ 5 0.7055645 0.0008 0.5125049 0.0007 -2.60 18.631 15.611 38.603
CO 310 Pircas Negras ~ 5 0.7057134 0.0007 0.5124774 0.0008 -3.13
CO 324 Pircas Negras ~ 5 0.7061927 0.0008 0.5124510 0.0008 -3.65 18.726 15.617 38.731
CO 332 Pircas Negras ~ 5 0.7064063 0.0008 0.5124282 0.0010 -4.09
CO 507 Pircas Negras ~ 4 18.675 15.615 38.704
CO 428 Dos Hermanos ~ 8 0.7057378 0.0010 0.5124673 0.0008 -3.33
CC 81c Dos Hermanos 7.7 ± 0.4 0.7058710 0.0008 0.5124910 0.0009 -2.87 18.640 15.610 38.612
CC 271c Pircas Negras ~ 5.6 0.7064152 0.0008 0.5124310 0.0009 -4.04 18.680 15.620 38.761
CC 296a Rodrigo 4.4 ± 0.6 0.7062780 0.5123960 -4.72 18.656 15.610 38.709
CC 297 Rodrigo ~ 4.4 0.7062728
CC 101c Valle Ancho 5.8 ± 0.7 0.7056670 0.5124780 -3.12
CC 262c Valle Ancho 5.6 ± 0.3 0.7059427 0.0007 0.5124930 0.0012 -2.83 18.680 15.610 38.619
CO 24 Los Aparejos 9.1 ± 0.6 0.7062286 0.0008 0.5124766 0.0022 -3.15 18.688 15.613 38.588
CO 446 Escabroso ~ 21 0.7050527 0.0009 0.5125970 0.0009 -0.80
CO 292 Escabroso ~ 21 0.7047840 0.0007 0.5125840 0.0010 -1.05
CO 264 Escabroso 21.9 ± 0.8 0.7048574 0.0006 0.5126249 0.0009 -0.26
CO 335 Escabroso ~ 21 0.7049475 0.0009 0.5126088 0.0008 -0.57  

aKay et al., (1994b); bKay et al., (1991); cTittler, (1995),  dKay et al., (1999) - Segerstrom Pb values from sample CC 320f 
Isotopic ratios were obtained on a VG sector thermal mass spectrometer at Cornell University and reflect measured values. Sr isotopic ratios were 
normalized to an 86Sr/88Sr ratio of 0.1184. Cornell value for 87Sr/86Sr for NBS 987 is 0.7102957 ± 0.00006 (2 sigma error; n = 40 from 6/2003 to 9/2004), 
143Nd/144Nd for Ames is 0.5121436 ± 0.000028 (2 sigma error; n = 28 from 2/2004 to 5/2004); and 143Nd/144Nd for La Jolla is 0.5118496 ± 0.000015  (n = 
13 from 2/2004 to 4/2004).  Epsilon Nd is based on a CHUR value of 0.512614. Errors for 87Sr/86Sr and 143Nd/144Nd are reported as percent standard error. 
Italicized Pb isotope ratios were obtained via MC-ICPMS at the University of Florida and are relative to reported NBS Pb standard values of 206Pb/204Pb = 
16.937 (+/-0.004), 207Pb/204Pb = 15.491 (+/-0.004), and 208Pb/204Pb = 36.695 (+/-0.009).  Uncertainty on NBS Pb isotopic ratios is 2x standard error. 

 

108 



 
 
Figure 2.12 Graphs of 87Sr/86Sr vs. (A) SiO2 (wt %) and (B) Sr concentration (in 

ppm) for (1) Pircas Negras and Dos Hermanos andesites, (2) basaltic 
andesites from the Valle Ancho, (3) 21-18 Ma Escabroso Formation 
andesites, (4) 24 Ma Segerstrom primitive basalt (Kay et al., 1999), (5) 
mid-Miocene Maricunga belt andesites (Jotabeche Norte, La Laguna, 
Cadillal-Yeguas Heladas; Kay et al., 1991;  1994b; Mpodozis et al., 
1995), (6) < 2 Ma primitive basalts from the southernmost CVZ (Kay 
et al., 1999), and (7) ~ 9 Ma Los Aparejos basaltic andesite.  Data are 
in Table 2.6.  Forearc Mesozoic units (purple crosses) are measured 
values from mafic volcanics and plutons from the Coastal Cordillera 
(Lucassen and Thirlwall, 1998; Lucassen et al., 2002).  Average 
isotopic values of Early to Late Paleozoic metamorphic and magmatic 
rocks between 21º and 27º S are from Lucassen et al. (2001).  
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Figure 2.13 Graphs of 206Pb/204Pb vs. (A) 207Pb/204Pb and (B) 208Pb/204Pb showing 

(1) adakitic andesites (Pircas Negras and Dos Hermanos) from the 
southernmost Andean Puna, (2) a basaltic andesite from the Valle 
Ancho, (3) a ~ 20 Ma Escabroso Formation andesite from the main 
cordillera of the Chilean flatslab-El Indio belt (Kay et al., 1999), (4) 24 
Ma Segerstrom primitive basalt (Kay et al., 1999), (5) < 2 Ma primitive 
basalts from the southernmost CVZ (Kay et al., 1999), and (6) ~ 9 Ma 
Los Aparejos basalt from the Valle Ancho.  Data are in Table 2.6.  
Forearc Mesozoic units (crosses) are measured values from exposed 
mafic volcanics and plutons from the Coastal Cordillera (Lucassen and 
Thirlwall, 1998; Lucassen et al., 2002).  Open diamond and triangle 
show average values of Jurassic forearc gabbros (Lucassen et al., 2002) 
and Paleozoic crust (Lucassen et al., 2001) respectively.  Pb isotopic 
data for Permo-Triassic Choiyoi grano-rhyolite province are from 
Moscoso et al. (1993).  Hatched field shows range of lavas from the 
Chilean flatslab (28º-33º S) and southern CVZ (Kay et al., 1999 and 
references therein). Isotopic data for Precordillera and Sierras 
Pampeanas lavas are shown by striped fields and are from (Kay and 
Abbruzzi, 1996; Kay et al., 1999).  NHRL = Northern Hemisphere 
Reference Line (Zindler and Hart, 1986).  Dashed box shows isotopic 
field shown in Figure 2.14.  
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Figure 2.14 Graphs showing multi-stage isotope mixing model for adakitic 

andesites from the northern flat slab transition zone and mantle-derived 
basalts from the southernmost CVZ.  (A) 87Sr/86Sr vs. εNd (B) 
206Pb/204Pb vs. 207Pb/204Pb and (C) 206Pb/204Pb vs. 208Pb/204Pb for 
samples discussed in Figures 2.12-2.13 and from Table 2.6.  Stage one 
of the model (solid black line) shows possible isotopic concentrations 
of a mixture of mafic Jurassic gabbros and sialic average Paleozoic 
rocks of the Chilean forearc.  Values for Paleozoic crust are from 
Lucassen et al. (2001)  (Sr = 189 ppm, Nd = 24.3 ppm, Pb = 16 ppm, 
87Sr/86Sr = 0.732064, εNd = −8.72; 87Sr/86Sr = 0.732000; εNd = −8.72; 
206Pb/204Pb = 18.95; 207Pb/204Pb = 15.69; 208Pb/204Pb = 38.90) and 
Jurassic gabbros (Sr = 319 ppm, Nd = 2.06 ppm, Pb = 1.22 ppm, 
87Sr/86Sr = 0.703309, εNd = +6.57; 206Pb/204Pb = 18.23; 207Pb/204Pb = 
15.59; 208Pb/204Pb = 38.08) are from Lucassen et al. (2002).  Large 
circles represent mixtures of these two forearc end-members in ratios of 
9:1, 8.5:1.5, and 8:2.  Stage two of the model (dashed lines) involves 
contamination of the pre-migration Andean mantle represented by the 
24 Ma Segerstrom basalt (CC 320c) with forearc material.  Three 
mixing lines, one for each possible forearc contaminant from stage one, 
are shown in dashed lines.  Hatch marks represent 10 % mixing 
intervals.  Open regions in Pb isotope diagrams represent isotopic 
values for the Pircas Negras/Dos Hermanos predicted by Figure 2.14a 
(Sr-Nd) without the effect of Pb isotopic buffering by in situ crustal 
basement (i.e., Choiyoi).  Dark arrow points toward Choiyoi isotopic 
values shown in Figure 2.13.  
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 Pb isotopic ratios from the Pircas Negras and Dos Hermanos andesites overlap 

the general field for Chilean flatslab and southern CVZ lavas (Kay et al., 1999 and 

references therein) and range from 206Pb/204Pb = 18.63-18.72, 207Pb/204Pb = 15.60-

15.62, 208Pb/204Pb = 38.56–38.76 (Figure 2.13a,b).  The Valle Ancho basaltic andesite 

and 9 Ma Los Aparejos basalt, have Pb isotopic ratios that generally agree with those 

of the Pircas Negras and Dos Hermanos andesites.  No Pb isotopic data are available 

for the 21-18 Ma Escabroso or 18-13 Ma southern Maricunga andesites that erupted 

within the northern flatslab transition zone (27º-29º S).  However, a ~ 20 Ma 

Escabroso andesite from the Frontal Cordillera of the flatslab region (~ 29.5º) exhibits 
206Pb/204Pb (18.64) similar to the Pircas Negras, whereas 207Pb/204Pb (15.63) and 
208Pb/204Pb (38.39) are more and less radiogenic respectively than the Pircas Negras 

andesites (Figure 2.14a,b; Kay and Abbruzzi, 1996).   

 Oxygen isotopes on mineral separates from two Pircas Negras andesites and 

from the Valle Ancho basaltic andesite are given in Table 2.7.  Olivines from the Valle 

Ancho basaltic andesite (CC 101) and the upper Veladero Pircas Negras andesite (CO 

324) have near mantle-like oxygen isotopic ratios of δ18Ool = + 6.2 ‰ ± 0.2.  A quartz 

xenocryst from the La Gallina high-Mg Pircas Negras andesite (CO 427) yielded a 

crustal oxygen isotopic value of δ18Oqz = + 8.35 ‰ ± 0.2.   

 
Table 2.7
Oxygen isotopic data for Pircas Negras and Valle Ancho mineral separates 

sample unit age δ18Ool error δ18Oqz error

CO 324 Veladero Pircas Negras ~ 5 6.2 0.2

CO 427 Gallina Pircas Negras ~ 6 7.8
8.9

mean 8.35 0.20

CC 101 Valle Ancho cone 5.8 ± 0.7 6.2 0.2  
Oxygen isotopic data were obtained by ArF laser fluorination at Universität Göttingen.  Individual 
olivine and whole rock analyses were corrected to the UWG-2 garnet standard (δ18O = 5.7).  The 
Doerndrop quartz was run as a secondary standard with mean values of δ18O = 12.32 ± 0.47 ‰ (n = 
3) and δ18O =12.65 ± 0.45 ‰ (n = 3).  In-run machine error is estimated at ± 0.2 ‰ with analytical 
precision of 0.2 - 0.5 ‰.  Reported error for mineral separates is from in-run machine error. 
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VI  PETROGRAPHY AND MINERAL CHEMISTRY 

 The 7-2 Ma Pircas Negras andesites are composed of uniformly 

hypocrystalline and melanocratic glassy lava dominated by acicular porphyritic 

phenocrysts of oxy-amphibole with minor clinopyroxene and olivine in a 

cryptocrystalline groundmass of plagioclase microlites, rhombic Fe-Ti oxide phases, 

and translucent grey glass.  Plagioclase phenocrysts are rare and are completely absent 

in most samples.  Estimated phenocryst abundances in the Pircas Negras lavas range 

from 10 to 30 %.  Representative major element mineral analyses are in Table 2.8 and 

all of the analyses are in Appendices 5 to 10.  

 Amphibole and oxy-amphibole are the dominant mafic phases (85-100 %) in 

the Pircas Negras andesites from the northern transition zone.  They form euhedral 

acicular laths (0.1-4 mm) and basal pyramids (0.1-1 mm) with thick opaque reaction 

rims that occasionally penetrate to the core of the crystal (Figure 2.15a).  Amphiboles 

are typically aligned and rarely form glomeroporphyritic cumulates.  Following the 

classification scheme of Leake et al. (1997), amphiboles from Pircas Negras andesites 

(samples CO 412, CO 427, CO 324, and CO 309) have (Ca+Na)B ≥ 1.00 and NaB 

< 0.50 and are thus sodic-calcic amphiboles.  With the exception of a few 

tschermakitic amphiboles with (Na + K)A < 0.5 from CO 427 and CO 324, the 

majority of the amphiboles are magnesiohastingites (pargasites) (Table 2.8 and 

Figure 2.16).  Compositions define a trend from the most magnesian amphiboles in 

sample CO 427 (Rio de La Gallina;  Mg#amph = 0.66-0.80) to the least magnesian in 

sample CO 309 (Rio Salado; Mg#amph= 0.62-0.72).  Alumina concentrations are 

generally high (Al2O3 = 11.5-13.0 wt %), except for those in sample CO 427 (Al2O3 = 

10.72-12.5 wt %).  A few amphiboles from CO 324 have completely resorbed cores 

while retaining rims that exhibit a skeletal euhedral basal form. 



Table 2.8
Representative major element mineral analyses from selected Pircas Negras and Dos Hermanos andesites

analysis # 83 85 150 152 222 223 3 4 55 56 238 241 272
type c r c r c r c c c r c r c

sample 309-1 309-1 427-7 427-7 324-3 324-3 412-3 412-3 101-1 101-1 324-3 324-3 412-1
SiO2  40.98 42.29 43.24 43.59 43.64 42.61 42.86 42.89 39.21 37.55 39.31 38.18 39.16
TiO2  2.92 2.74 2.09 2.26 2.24 3.04 1.90 2.08 0.02 0.03 0.01 0.02 0.05
Al2O3 13.36 12.04 11.59 11.15 12.68 12.17 12.65 12.48 0.05 0.02 0.00 0.05 0.05
FeO   13.08 10.96 7.75 8.32 9.18 10.17 7.85 8.77 16.19 26.86 16.20 23.66 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   12.60 14.85 16.52 16.80 15.97 15.73 16.71 16.58 44.05 35.19 44.64 38.05 42.78
CaO   11.15 11.41 11.04 11.21 11.18 12.12 11.72 11.48 0.11 0.18 0.11 0.11 0.18
Na2O  2.70 2.60 2.58 2.49 2.40 2.56 2.48 2.46 0.01 0.00 0.00 0.00 0.00
K2O   0.78 0.78 0.71 0.65 0.71 0.59 0.68 0.77 0.00 0.00 0.00 0.00 0.01
Cr2O3 0.01 0.03 0.72 0.18 0.17 0.09 0.95 0.22 0.04 0.00 0.02 0.03 0.01
Total 97.72 97.80 96.34 96.76 98.29 99.13 97.94 97.87 99.92 100.27 100.53 100.53 99.93

Si 6.001 6.112 6.229 6.251 6.169 6.066 6.087 6.094 0.992 0.997 0.988 0.995 0.996
Ti 0.322 0.297 0.227 0.244 0.238 0.325 0.203 0.222 0.000 0.001 0.000 0.000 0.001
Al (iv) 1.999 1.888 1.771 1.749 1.831 1.934 1.913 1.906 0.001 0.001 0.000 0.001 0.001
Al (vi) 0.307 0.162 0.197 0.135 0.280 0.108 0.205 0.183 - - - - -
Fe2+ 0.966 0.606 0.158 0.153 0.204 0.562 0.113 0.104 0.342 0.596 0.341 0.515 0.369
Fe3+ 0.635 0.719 0.776 0.845 0.880 0.649 0.819 0.938 - - - - -
Mn 0.016 0.012 0.011 0.011 0.014 0.007 0.016 0.017 0.005 0.010 0.005 0.010 0.008
Mg 2.752 3.200 3.548 3.591 3.364 3.338 3.538 3.512 1.661 1.393 1.673 1.478 1.622
Ca 1.750 1.768 1.706 1.724 1.694 1.851 1.785 1.749 0.003 0.005 0.003 0.003 0.005
Na(B) 0.250 0.232 0.294 0.276 0.306 0.149 0.215 0.251 0.000 0.000 0.000 0.000 0.000
Na(A) 0.515 0.497 0.426 0.417 0.353 0.558 0.469 0.428 - - - - -
K 0.146 0.144 0.130 0.119 0.129 0.107 0.122 0.140 0.000 0.000 0.000 0.000 0.000
Cr 0.002 0.004 0.083 0.021 0.019 0.010 0.107 0.024 0.001 0.000 0.000 0.001 0.000
Total 15.874 15.889 15.824 15.826 15.783 15.889 15.874 15.891 3.007 3.002 3.011 3.004 3.002

(Na + K)A 0.661 0.641 0.557 0.536 0.481 0.665 0.591 0.567 Fo 82.7 69.7 82.9 73.8 81.2
(Ca + Na)B 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 Fa 17.0 29.8 16.9 25.7 18.4
Mg2+/(Mg2++FeT) 0.632 0.707 0.792 0.783 0.756 0.734 0.791 0.771 Tp 0.2 0.5 0.2 0.5 0.4

----------------------------------------amphibole analyses------------------------------------------ ---------------------olivine analyses---------------------
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All unknown mineral analyses were corrected by deviation from Smithsonian standards JDF and A99 and in-house standard RHA.  Replicated analyses of 
USGS secondary standards are reported in Appendices 5-10 relative to published values by Jarosewich et al. (1980).  Amphiboles, olivines, pyroxenes, and 
plagioclase phenocrysts were calculated on the basis of 23, 4, 6, and 32 oxygens respectively. Cation totals assume all Fe as Fe2+ and the Fe2+/Fe3+ ratio was 
calculated from the cation total following Droop (1987). Na (B) is calculated following Leake et al. (1997) for all amphibole analyses. Olivines: Fo = 
Forsterite; Fa = Fayalite; Tp = Tephroite, Pyroxenes: En = Enstatite; Fs = Ferrosilite; Wo = Wollastonite; Jd = Jadite; FeCaTs = Fe Ca Tschermak calculated 
following Lindsley (1983);  Plagioclase:  An = Anorthite; Ab = Albite  Or = Orthoclase. 

 



Table 2.8 (continued)
Representative major element mineral analyses from selected Pircas Negras and Dos Hermanos andesites

analysis # 31 34 14 16 67 69 97 114 121 137 263 268 9 242 226
type c r c r c r cum c r-qz r-qz c r cum c c

sample 428-2 428-2 81-1 81-1 101-1 101-1 309-1 309-7 309-9 427-1 412-1 412-2 412-4 324-3 324-1
SiO2  50.11 50.34 50.76 50.98 51.70 47.52 52.47 50.95 53.30 52.89 52.36 51.94 52.99 50.97 51.39
TiO2  0.76 0.74 0.90 0.73 0.53 1.71 0.40 0.67 0.19 0.25 0.43 0.74 0.18 0.50 0.41
Al2O3 4.51 3.24 4.27 3.08 2.14 5.65 2.47 4.59 0.24 0.88 3.29 1.13 0.92 3.28 3.15
FeO   6.75 6.82 6.80 6.09 6.57 9.98 7.16 7.58 8.51 8.02 5.82 8.65 8.67 10.85 10.40
MnO   0.13 0.17 0.10 0.12 0.15 0.23 0.13 0.11 0.26 0.25 0.17 0.35 0.19 0.32 0.26
MgO   14.54 15.50 14.97 15.41 16.56 13.52 16.13 14.78 14.80 15.34 16.66 15.90 15.55 13.17 13.66
CaO   22.30 22.69 21.64 22.49 20.98 20.00 20.32 20.76 22.04 21.10 21.15 20.47 21.15 20.03 20.14
Na2O  0.67 0.43 0.60 0.43 0.22 0.40 0.59 0.78 0.35 0.38 0.50 0.46 0.54 0.85 0.85
K2O   0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.02 0.03 0.00 0.00 0.00 0.00 0.00
Cr2O3 0.58 0.07 0.31 0.40 0.24 0.10 0.28 0.26 0.01 0.00 0.23 0.00 0.02 0.05 0.14
Total 100.35 100.02 100.37 99.74 99.08 99.13 99.95 100.47 99.71 99.14 100.60 99.64 100.20 100.00 100.41

Si 1.837 1.849 1.860 1.878 1.914 1.785 1.926 1.864 1.984 1.972 1.900 1.926 1.953 1.900 1.903
Ti 0.021 0.021 0.025 0.020 0.015 0.048 0.011 0.018 0.005 0.007 0.012 0.021 0.005 0.014 0.012
Al (iv) 0.163 0.140 0.140 0.122 0.086 0.215 0.074 0.136 0.011 0.028 0.100 0.049 0.040 0.100 0.097
Al (vi) 0.032 0.000 0.044 0.011 0.008 0.035 0.033 0.062 0.000 0.010 0.041 0.000 0.000 0.044 0.040
Fe2+ 0.088 0.059 0.128 0.097 0.147 0.205 0.167 0.148 0.229 0.217 0.112 0.176 0.184 0.249 0.231
Fe3+ 0.119 0.150 0.080 0.090 0.057 0.109 0.053 0.084 0.036 0.033 0.064 0.092 0.083 0.089 0.091
Mn 0.004 0.005 0.003 0.004 0.005 0.007 0.004 0.004 0.008 0.008 0.005 0.011 0.006 0.010 0.008
Mg 0.795 0.849 0.818 0.846 0.914 0.757 0.883 0.807 0.821 0.852 0.901 0.879 0.855 0.731 0.754
Ca 0.877 0.894 0.850 0.888 0.833 0.806 0.800 0.815 0.880 0.843 0.823 0.814 0.836 0.800 0.800
Na(B) 0.047 0.031 0.043 0.031 0.015 0.029 0.042 0.055 0.025 0.028 0.035 0.033 0.038 0.061 0.061
Na(A) - - - - - - - - - - - - - - -
K 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.000 0.000 0.000 0.000 0.000
Cr 0.017 0.002 0.009 0.012 0.007 0.003 0.008 0.007 0.000 0.000 0.007 0.000 0.001 0.001 0.004
Total 4.040 4.051 4.027 4.030 4.019 4.037 4.018 4.028 4.012 4.011 4.022 4.031 4.028 4.030 4.031

En 53.9 55.9 51.8 52.1 52.1 50.5 50.9 51.9 43.3 45.6 54.2 50.5 48.1 45.1 46.5
Fs 5.9 3.9 8.1 6.0 8.3 13.7 9.6 9.5 12.1 11.6 6.8 10.1 10.4 15.4 14.2
Wo 40.2 40.1 40.1 41.8 39.6 35.8 39.5 38.6 44.7 42.8 39.0 39.4 41.5 39.5 39.3
Ac 0.047 0.031 0.043 0.031 0.015 0.029 0.042 0.055 0.025 0.028 0.035 0.033 0.038 0.061 0.061
FeCaTs 0.072 0.119 0.038 0.059 0.041 0.080 0.011 0.029 0.011 0.006 0.029 0.059 0.044 0.028 0.030
AlCaTs 0.032 0.000 0.044 0.011 0.008 0.035 0.033 0.062 0.000 0.010 0.041 0.000 0.000 0.044 0.040

-----------------------------------------------------------------------------------clinopyroxene analyses------------------------------------------------------------------------------------------------
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Table 2.8 (continued)
Representative major element mineral analyses from selected Pircas Negras and Dos Hermanos andesites

-----------------orthopyroxene analyses----------------- --------------------------------------------plagioclase analyses---------------------------------------------
analysis # 6 8 255 256 211 156 168 195 241 253 219 144 181 205

type c r c r r-oliv r c r c c c xeno-r xeno-c xeno-c
sample 412-1 412-1 324-4 324-4 324-2 324-4 412-1 427-2 309-3 101-2 81-1 324-2 412-9 427-9

SiO2  54.11 53.71 52.88 52.87 53.85 54.16 53.01 54.07 56.03 52.84 53.48 60.48 62.26 61.10
TiO2  0.19 0.22 0.17 0.18 0.41 0.06 0.03 0.05 0.07 0.11 0.05 0.03 0.01 0.00
Al2O3 3.06 2.89 1.18 1.19 1.10 29.45 29.91 29.02 27.45 28.61 29.31 25.04 23.90 25.73
FeO   10.63 10.65 21.16 21.24 17.00 0.62 0.58 0.73 0.75 1.06 0.88 0.40 0.03 0.08
MnO   0.23 0.20 0.55 0.53 0.49 0.00 0.00 0.02 0.01 0.00 0.02 0.00 0.00 0.01
MgO   30.22 29.27 23.00 22.90 26.19 0.04 0.06 0.08 0.04 0.12 0.05 0.02 0.00 0.01
CaO   1.12 1.64 1.35 1.29 1.58 12.01 12.89 11.83 9.62 12.56 11.93 6.33 5.30 6.25
Na2O  0.04 0.04 0.05 0.02 0.03 4.26 4.04 4.58 5.40 4.05 4.35 6.68 7.40 7.03
K2O   0.00 0.00 0.00 0.01 0.01 0.38 0.27 0.27 0.51 0.35 0.40 1.31 1.30 1.06
Cr2O3 0.70 0.53 0.01 0.03 0.04 - - - - - - - - -
Total 100.29 99.14 100.38 100.27 100.72 100.99 100.78 100.66 99.87 99.69 100.46 100.30 100.21 101.26

Si 1.902 1.914 1.951 1.954 1.941 9.719 9.561 9.744 10.116 9.656 9.672 10.768 11.038 10.745
Ti 0.005 0.006 0.005 0.005 0.011 0.008 0.004 0.007 0.009 0.015 0.007 0.004 0.001 0.000
Al (iv) 0.098 0.086 0.049 0.046 0.047 6.229 6.357 6.163 5.840 6.163 6.248 5.253 4.994 5.332
Al (vi) 0.028 0.035 0.002 0.006 0.000 - - - - - - - - -
Fe2+ 0.270 0.291 0.612 0.626 0.463 0.093 0.088 0.111 0.114 0.162 0.133 0.060 0.005 0.012
Fe3+ 0.043 0.026 0.041 0.031 0.050 - - - - - - - - -
Mn 0.007 0.006 0.017 0.017 0.015 0.000 0.000 0.003 0.001 0.000 0.003 0.000 0.000 0.002
Mg 1.583 1.555 1.265 1.262 1.408 0.011 0.017 0.022 0.011 0.031 0.013 0.005 0.000 0.002
Ca 0.042 0.063 0.054 0.051 0.061 2.312 2.493 2.287 1.862 2.462 2.313 1.209 1.007 1.178
Na(B) 0.002 0.003 0.004 0.002 0.002 1.483 1.411 1.599 1.891 1.434 1.524 2.307 2.543 2.398
Na(A) - - - - - - - - - - - - - -
K 0.000 0.000 0.000 0.000 0.001 0.088 0.061 0.061 0.116 0.083 0.093 0.298 0.295 0.237
Cr 0.019 0.015 0.000 0.001 0.001 - - - - - - - - -
Total 4.014 4.009 4.014 4.010 4.017 19.944 19.993 19.997 19.959 20.006 20.005 19.904 19.883 19.906

En 2.2 3.3 2.8 2.6 3.2 An 59.5 62.87 57.94 48.12 61.88 58.86 31.7 26.19 30.90
Fs 83.5 81.5 65.5 65.1 72.9 Ab 38.2 35.59 40.51 48.87 36.04 38.78 60.5 66.15 62.89
Wo 14.2 15.2 31.7 32.3 24.0 Or 2.3 1.54 1.55 3.01 2.07 2.35 7.8 7.66 6.21  
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Figure 2.15 Photomicrographs of Pircas Negras and Dos Hermanos andesites: (A)   
~ 5.2 Ma Paso Pircas Negras (CO 414) showing oxidized 
magnesiohastingitic amphiboles, (B) ~ 6.2 Ma Gallina Pircas Negras 
(CO 427) showing a resorbed quartz xenocryst with a cpx reaction 
corona, (C) glomeroporphyritic clots of olivine in ~ 5 Ma Rio Veladero 
Pircas Negras (sample CO 324), (D) cpx as the only phenocrystic phase 
in 7.7 Ma Dos Hermanos  (sample CO 428).  Major phenocrystic and 
xenocrystic phases are labeled   
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Figure 2.16 Analyses of Pircas Negras amphiboles plotted on the classification 
diagram of Leake et al. (1997).  Pircas Negras samples include: CO 427 
(~ 6 Ma La Gallina), CO 324 (~ 5 Ma Quebrada Veladero), CO 412 
(5.2 Ma Paso Pircas Negras), and CO 309 (~ 4 Ma Barrancas Blancas).  
Representative data are in Table 2.8 and all data are in Appendix 5.  
Cation concentrations have been corrected for Fe2+/Fe3+ following 
Droop (1987) where Fe3+ = 2*X(1-T/S) in which X is the number of 
oxygens per formula unit; T is the ideal number of cations per formula 
unit, and S is the measured cation totals.  
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 Clinopyroxene exists in approximately two-thirds of the sampled Pircas Negras 

lavas, occurring as < 5 % of the total phenocryst population.  The grains are typically 

< 1 mm sub-to-anhedral crystals often found in glomeroporphyritic clots surrounded 

by euhedral hornblende laths. Within the Pircas Negras suite, there is little 

compositional variability between clinopyroxene phenocrysts with most plotting 

between En45-55Fs5-15Wo38-41 on the pyroxene ternary diagram (Table 2.8 and 

Figure 2.17a,b).  Clinopyroxene cores from CO 412 have the lowest Fe-contents 

(< Fs2-9).  These crystals are normally-zoned with Fe-rich rims (< Fs10-11) that are 

compositionally similar to cumulitic clinopyroxenes (En47-49Fs10-12Wo40-42).  Core 

compositions from sample CO 309 overlap the rim and cumulitic clinopyroxenes in 

sample CO 412.  Rims from these clinopyroxenes as well as cores from CO 427 are 

more Fe-rich (Fs10-15).  Reversely zoned clinopyroxenes from CO 324 are distinct from 

the bulk of the Pircas Negras population due to their Fe-rich (Fs13-15) cores and 

compositionally bimodal rims (Fe7-9 and Fe12-13).   

 Clinopyroxene is the only phenocrystic phase in the Dos Hermanos andesites 

and exists as small (< 1 mm) tabular crystals in a cryptocrystalline glassy matrix 

(Figure 2.15d).  Dos Hermanos clinopyroxenes in samples CC 81 and CO 428 are 

normally-zoned and are generally more enstatitic than those in the Pircas Negras 

andesites (En48-54Fs6-10Wo39-43; Figure 2.17c).  They are similar to cpx cores from 

sample CO 412 and cpx rims from CO 324.  Clinopyroxene cores from the Valle 

Ancho basaltic andesite (CC 101) are compositionally similar to those of the Dos 

Hermanos and Pircas Negras, whereas the rims are distinctively more Fe-rich (Fs10-15) 

and have similar enstatite contents as cores from reversely-zoned clinopyroxenes from 

sample CO-324 (Figure 2.17c).   
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Figure 2.17   Pyroxene and olivine analyses of selected Pircas Negras, Dos 

Hermanos, and Valle Ancho samples plotted in the pyroxene ternary 
diagram (at bottom right).  (A) Pircas Negras samples CO 324 (~ 5 Ma 
Quebrada Veladero) and CO 412 (5.2 Ma Paso Pircas Negras) showing 
tie-lines between cpx-opx pairs used to calculate pre-eruptive 
temperatures from two pyroxene geothermometry (Table 2.9),  (B) 
Pircas Negras samples CO 427 (~ 6 Ma La Gallina) and CO 309 
(~ 4 Ma Barrancas Blancas), (C) Dos Hermanos samples CO 428 and 
CC 81 (~ 7.7 Ma).  Also plotted in (C) are mineral data from the Valle 
Ancho basaltic andesites.  Representative analyses are in Table 2.8 and 
all data are in Appendices 6 (cpx), 7 (opx), and 8 (olivines).  Pyroxene 
cation totals have been corrected for Fe2+/Fe3+ (Droop, 1987).  Filled 
and open symbols are cores and rim analyses respectively.  Red open 
symbols represent pyroxene cumulates.  Pyroxene endmember 
compositions are En = Enstatite (MgSi2O3), Fs = Ferrosilite (FeSiO3). 
Vertical axis (Z) is Wo = Wollastonite (CaSiO3).  Olivine endmember 
compositions are Fo = Forsterite (Mg2SiO4), Fa = (Fe2SiO4) and are 
plotted on the lower binary axis (Fo-Fa).    
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 Orthopyroxene exists as a trace phase in only a few samples forming small 

(< 1 mm) subhedral independent phenocrysts.  Two populations of orthopyroxene 

occur (Table 2.8 and Figure 2.17a).  Those in sample CO 412 with high Mg contents 

(> En82-84) contrast with phenocrysts in sample CO 324 with lower Mg (En65-66).  

Sample CO 324 also contains high-Mg orthopyroxene microphenocrysts (En73-91) that 

occur as aggregate rims around subhedral olivine phenocrysts.     

 Olivine phenocrysts are rare in the Pircas Negras andesites but occur in a few 

samples (CO 309; CO 412; CO 413; CO 324) as cumulates of 10-20 anhedral crystals 

(Figure 2.15c).  No correlation exists between whole rock SiO2 content and the 

presence of cumulitic olivine.  Pircas Negras olivines are normally zoned and exhibit a 

narrow compositional range with Fo79-83 cores and Fo74-79 rims (Table 2.8; 

Figure 2.17a).  In contrast to the Pircas Negras, the Valle Ancho basaltic andesites 

contain olivine as an abundant phase (> 10 %).  These olivines exhibit a wider 

compositional range of than Pircas Negras olivines with cores ranging from Fo73-83 

and rims from Fo66-74 (Figure 2.17c). 

 A defining petrographic characteristic of the Pircas Negras andesites is the 

general lack of phenocrystic plagioclase.  However, plagioclase does occur as 

groundmass microlites or microphenocrysts (< 0.5 mm) or as larger sub- to anhedral 

xenocrysts (1-10 mm).  Plagioclase compositions are shown in Table 2.8 and plotted 

in Figure 2.18.  Microphenocrystic plagioclase is generally An48-65 and shows little 

compositional zoning.  A few of the microlites have < An40.  Microlites from andesite 

CO 412 have the highest average An-content (An61; n=18) and those from CO 309 

have the lowest (An57; n=10).  Dos Hermanos microlites exhibit a wider compositional 

range (An17-59) than those in the Pircas Negras or from the Valle Ancho basaltic 

andesite (CC 101; An46-65).  The single plagioclase phenocryst in Dos Hermanos 
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sample CC 81 is highly zoned and compositionally similar to Pircas Negras 

groundmass plagioclase (An46-An66).     

 Xenocrystic plagioclases display extensive resorbtion, reverse zoning, and 

sieve textures indicative of chemical disequilibrium with the Pircas Negras melt.   

Only in the Rio Veladero flow (CO 324) do plagioclase xenocrysts exceed > 5 % of 

the total crystal population.  Cores of the xenocrysts (An26-41) are significantly more 

albitic than plagioclase microphenocrysts, whereas the rims (An28-49) approach the An 

content of the microlitic plagioclase.   

 

 
 
Figure 2.18   Plagioclase analyses of selected Pircas Negras, Dos Hermanos, and 

Valle Ancho lava flows plotted in the An-Ab-Or ternary diagram (only 
Or0-20 is shown).  Pircas Negras samples are the same as in Figure 2.17.  
Data for representative analyses are shown in Table 2.8 and all data are 
given in Appendix 9.  Red symbols represent xenocrystic plagioclase 
compositions. Filled and open symbols represent core and rim 
compositions respectively.  Ab = Albite (NaAlSi3O8), An = Anorthite 
(CaAl2Si2O8), and Or = Orthoclase (KalSi3O8).    

 124



Quartz xenocrysts exist in many Pircas Negras lavas and are evident in hand 

specimen.  These xenocrysts are highly fractured resorbed crystals rimmed by coronas 

of radiating acicular clinopyroxene microlaths (Figure 2.15b).  Lithic agglomerates 

resembling a sandstone or siltstone xenolith composed of randomly-oriented and 

severely-resorbed albite and quartz xenocrysts are also found in a flow from the Paso 

Pircas Negras (CO 415).  Xenocrysts and xenoliths in Pircas Negras lavas provide 

petrographic evidence for assimilation of pre-existing felsic crust.   

 Magnetite is the dominant oxide phase in the Pircas Negras lavas occurring as 

small (< 0.1 mm) equant rhombs within the groundmass or as inclusions within 

silicate phases.  Ilmentite is absent from most flows although it was found in contact 

with magnetite and as an independent phase in a few samples (Appendix 10 and 

Figure 2.19).  One sample, the Rio Veladero Pircas Negras (CO 324), contains 

abundant in-contact ilmenite-magnetite pairs (Figure 2.19).  Other trace phases 

qualitatively identified include apatite, zircon, and chromite.  

 

VII GEOTHERMOMETRY 

 Pre-eruptive crystallization temperatures were calculated from two Pircas 

Negras flows (CO 412 and CO 324) using two pyroxene (Lindsley, 1983) and 

magnetite-ilmenite (Anderson and Lindsley, 1988) phase equilibria (Tables 2.9 and 

2.10).  To calculate Wo-Fs-En endmember compositions (Table 2.8), non-quadrilateral 

components were subtracted from analyses of co-existing cpx and opx phenocrysts 

following Lindsley (1983).  Two pyroxene and magnetite-ilmenite temperatures were 

calculated using the algorithms in the QUILF95 program (Anderson et al., 1993).  

Two-pyroxene temperatures were calculated at 0.5 kbar, 1 kbar, 2 kbar, and 5 kbar due 

to the pressure dependency on pyroxene equilibrium compositions.  For chemically 

pure end-member phases crystallizing in equilibrium, the error of the two-pyroxene 
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and magnetite-ilmenite geothermometers are ± 50 ºC and ± 10 ºC respectively.   

Estimates of pre-eruptive fO2 obtained via magnetite-ilmenite equilibria are presented 

in Table 2.10.  Only in-contact oxide pairs (Figure 2.19) were used to calculate 

temperature and fO2 in order to minimize error due to phase disequilibrium.  

 

 
 

Figure 2.19   Electron microprobe backscatter images of in-contact 
magnetite-ilmenite grains from Pircas Negras andesites (CO 324 and 
CO 412).  Dots show sites of microprobe analyses.  Concentrations and 
calculated pre-eruptive temperatures are in Appendix 10 and Table 2.10 
respectively.   



 
 
 
 

Table 2.9
Two pyroxene geothermometry1 for sample CO 412 calculated with average phenocrystic opx2

cpx analysis # En Fs Wo Tº C ± Tº C ± Tº C ± Tº C ±

cores
412-1 (cpx1) 263 0.542 0.068 0.390 1049 66 1051 67 1054 68 1064 72
412-1 (cpx1) 265 0.506 0.091 0.404 1059 50 1061 50 1064 50 1074 50
412-2 (cpx2) 266 0.528 0.075 0.397 1053 50 1055 50 1058 50 1068 50

rims
412-2 (cpx1) 268 0.505 0.101 0.394 1066 60 1068 60 1071 59 1082 56
412-2 (cpx1) 269 0.493 0.104 0.403 1065 74 1065 76 1068 75 1078 72

cumulates
412-4 (cum1) 9 0.481 0.104 0.415 1058 86 1060 85 1063 84 1072 82
412-5 (cum2) 10 0.491 0.112 0.397 1065 96 1067 96 1070 95 1081 92

2average opx 6-9 0.824 0.149 0.027

CO 412

2 kbar 5 kbar0.5 kbar 1 kbar

CO 412

CO 412
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1Two-pyroxene geothermometry obtained using the QUILF95 program of Anderson et al. (1993).  Clinopyroxene (cpx) endmember composition calculated 
following Lindsley (1983) with reported errors a minimum of ± 50 ºC. 
2Average orthopyroxene (opx) endmember compositions are from average of 2 rim and 2 core analyses of sample 412-1 (opx1) 
 
 
 
 
 
 
 
 
 

 



 

 
 
Table 2.9 (continued)
Two pyroxene geothermometry1 for sample CO 324 calculated with phenocrystic opx2

cpx analysis # En Fs Wo Tº C ± Tº C ± Tº C ± Tº C ±

cores 3

324-3 (cpx1) 242-3 0.451 0.154 0.395 962 50 964 50 967 50 977 50
324-4 (cpx1) 258-9 0.456 0.130 0.414 940 52 942 53 945 54 954 57

average opx core2 254-5 0.657 0.316 0.027

rims
324-4 (cpx1) 260-1 0.452 0.124 0.425 922 54 923 54 926 55 934 58

average opx rim2 256-7 0.651 0.323 0.026

Two pyroxene geothermometry1 for sample CO 324 calculated with opx rims on olivine

En Fs Wo Tº C ± Tº C ± Tº C ± Tº C ±

cores 3

324-1 (cpx1) 225-7 0.467 0.140 0.393 1052 50 1054 50 1057 50 1067 50
324-2 (cpx1) 230-1 0.470 0.140 0.390 1053 50 1055 50 1058 50 1069 50

opx-rims 4 211 0.729 0.240 0.032

CO 324

0.5 kbar 1 kbar 2 kbar 5 kbar

5 kbar0.5 kbar

CO 324

CO 324

1 kbar 2 kbar

 
1Two-pyroxene geothermometry obtained using the QUILF95 program of Anderson et al. (1993).  Clinopyroxene (cpx) endmember composition calculated 
following Lindsley (1983) with reported errors a minimum of ± 50 ºC. 
2Orthopyroxne (opx) core and rim compositions are from average of 2 analyses of 324-4 (opx1) 
3Cpx cores are averages of two analyses 
4Opx-rim endmember composition are from sample 324-2 (opxolrim1) 
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Table 2.10
Two oxide geothermometry1 for  Pircas Negras in contact mt-ilm pairs

CO 412 Tº C ± f O2 ± ΔQMF
Pair 1 Ilm1 (312) Mt1 (314) 880 23 -10.44 0.26 2.47

Ilm1 (313) Mt1 (314) 882 41 -10.41 0.46 2.46

CO 324 Tº C ± f O2 ± ΔQMF
Pair 1 Ilm1 (292) Mt1 (294) 855 45 -11.70 0.45 1.69

Mt1 (295) 860 41 -11.63 0.41 1.65
Ilm1 (293) Mt1 (294) 846 13 -11.93 0.14 1.63

Mt1 (295) 851 10 -11.86 0.09 1.60

Pair 2 Ilm2 (298) Mt2 (296) 855 34 -12.15 0.34 1.21
Mt2 (297) 858 55 -12.11 0.56 1.22
Mt2 (299) 831 32 -12.52 0.33 1.35

Pair 3 Ilm (303) Mt1 (301) 788 10 -13.55 0.03 1.24

Pair 4 Ilm4 (306) Mt1 (#304) 896 51 -11.04 0.50 1.57
Mt1 (#305) 884 10 -11.21 0.07 1.63

Ilm4 (307) Mt1 (#304) 900 31 -11.00 0.30 1.55
Mt1 (#305) 885 12 -11.19 0.12 1.63

Pair 5 Ilm5 (311) Mt1 (#308) 841 25 -12.25 0.26 1.41
Mt1 (#309) 861 27 -11.98 0.27 1.30  

1Two-oxide geothermometry at 1 kbar using the QUILF95 program of Anderson et al. (1993) 
with reported errors a minimum of  ± 10 ºC. 
Full oxide analyses and endmember compositions are in Appendix 10 
Backscatter images of in-contact mt-ilm pairs are shown in Figure 2.19. 

 

 For the 5.2 Ma high-Mg andesite from the Paso Pircas Negras (CO 412), two 

pyroxene temperatures were obtained using the average composition of an opx 

phenocryst (412-1) with analyses of phenocrystic cpx in textural equilibrium with the 

opx.  This approach is satisfactory due to similar opx core and rim compositions 

(Table 2.8; Figure 2.17a).  Equilibrium conditions are satisfied as both cpx and opx 

phenocrysts share similar extents of resorbtion and disequilibrium textures with the 

host melt.  Calculated temperatures using phenocrystic cpx cores range from 1064 ºC 

± 72 to 1074 ºC ± 50 at 5 kb.  Cpx rims and cumulates record slightly higher 

temperatures with higher errors (1072-1082 ºC ± 57-92 ºC) that may reflect 

disequilibrium with the orthopyroxene.  The single in-contact mt-ilm pair from 
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CO 412 yielded a lower temperature of 880-882 ºC ± 23-41 with an fO2 ~ 2.5 log units 

above the quartz-magnetite-fayalite (QMF) buffer at 1 kbar (Table 2.10).   

 Estimation of pre-eruptive temperatures for the ~ 5 Ma Upper Rio Veladero 

Pircas Negras (CO 324) are complicated by bimodal opx compositions (Figure 2.17a), 

reverse zoning in cpx phenocrysts, and petrographic evidence for thermal 

disequilibrium.  Phenocrystic opx and cpx cores that could be in equilibrium record 

temperatures of 954-977 ºC ± 50-57 ºC at 5 kbar.  High-Mg opx rims on olivine 

phenocrysts (324-2) paired with nearby cpx phenocrysts give higher temperatures of 

1067-1069 ºC ± 50 Cº at 5 kbar similar to two-pyroxene temperatures obtained for 

sample CO 412.  In-contact mt-ilm pairs yield cooler temperatures at 1 kbar than the 

two-pyroxene temperatures ranging from 788 ºC ± 10 ºC to 900 ºC ± 31 ºC. 

   

VIII DISCUSSION 

 Trace element, isotopic, and petrologic observations suggest that the genesis of 

the Pircas Negras and Dos Hermanos adakitic melts involved equilibration with garnet 

at depths outside of the plagioclase stability field within or near the sub-arc mantle. 

These lavas are geochemically similar to adakitic andesites from other Pacific margins 

that have been related to high-pressure melting of eclogitic or garnet-amphibolitic 

crust.  The spatially and temporally-confined eruption of the Pircas Negras high-Mg 

andesites during the peak of tectonic instability and arc migration along the Central 

Andean margin permits an evaluation of these lavas against competing hypothesis for 

high-Mg andesite and adakite formation.  

 The ubiquitous geochemical characteristic that distinguishes the Pircas Negras 

and Dos Hermanos andesites from most other Central Andean Neogene calc-alkaline 

andesites are their steep REE patterns, particularly the extreme depletion of the HREE 

with respect to the MREE (high Sm/Yb).  Along with the high-Mg andesites from the 
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Aleutians (Kay, 1978; Kay and Kay, 1994; Yogodzinski et al., 1994; Yogodzinski et 

al., 1995; Kelemen et al., 2003b) and adakitic dacites from Central America (Defant 

and Drummond, 1990; Defant et al., 1991b; de Boer et al., 1995), the Pircas Negras 

and Dos Hermanos record some of the steepest REE patterns from Phanerozoic arc 

lavas on Earth and are similar to those reported for the Archean tonalite-trondhjemite-

dacite suite (TTDs; Martin, 1987; Drummond and Defant, 1990; Martin, 1999).      

 To generate these exceptionally steep REE patterns in andesitic melts, the 

HREE must preferentially partition into garnet in a high-pressure residual mineral 

assemblage, thereby leaving the magma depleted in these elements (e.g. Barker and 

Arth, 1976; Gromet and Silver, 1987).  Lattice strain theory models (Blundy and 

Wood, 1994; van Westrenen et al., 2001) predict effective partitioning (Dgt/melt > 1) of 

isovalent trace elements including the HREE (X3+) into the garnet dodecahedral X-site 

that are consistent with experimentally-obtained partition coefficients for REE 

fractionation into garnet in equilibrium with basaltic (e.g., Green et al., 2000; Klemme 

et al., 2002) and andesitic (Klein et al., 2000) melts.  Experimental evidence indicates 

that eclogitic and garnet granulitic residues are in equilibrium with intermediate 

composition liquids resulting from ~ 20-40 % vapor-absent partial melting of an 

olivine-normative tholeiitic amphibolite at 1.2-3.2 GPa (Rapp and Watson, 1995). 

These authors also show that low-MgO mafic liquids result from 40-60 % melting of 

the same source at 1.2-2.8 GPa.  The amphibole melting reaction above the garnet-in 

phase boundary at >1.2 GPa (Wyllie and Wolf, 1993; Wolf and Wyllie, 1994) 

generates a small amount of water and a garnet residue (Sen and Dunn, 1994; Rapp 

and Watson, 1995).  The residual assemblages reported by these authors are broadly 

similar to lower crustal xenoliths from Australia (Kay and Kay, 1983; Rudnick and 

Taylor, 1991) as well as modal abundances of exposed lower crustal sections of the 

Kohistan arc (Garrido et al., 2006).  Near-solidus 10-50 % partial melting experiments 
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of basaltic eclogites at 1250-1335 ºC and 2-3 GPa generated basaltic to andesitic melts 

with rutile-bearing eclogitic residues (Pertermann and Hirschmann, 2003).   

  The general lack of phenocrystic plagioclase, negligible Eu anomalies, and 

high Na2O and Sr concentrations leads to the conclusion that the Pircas Negras and 

Dos Hermanos lavas formed, ponded, and equilibrated outside of the stability field of 

plagioclase (Kay et al., 1991).  Within the plagioclase crystal lattice, Sr2+ and Eu2+ 

substitute for Ca2+ and significant fractionation of plagioclase will dramatically lower 

both the Sr and Eu concentrations in fractionated melts.  Two factors, increasing 

pressure and water content, can suppress plagioclase fractionation in a basaltic melt.  

At pressures in excess of 1.2 GPa, plagioclase is not stable within an anhydrous 

basaltic melt (Green and Ringwood, 1968; Ito and Kennedy, 1968).  In hydrous arc 

magmas, plagioclase is not stable in gabbroic and tonalitic melts at 900 – 1100 ºC and 

1.5 GPa with H2O > 3 and 7 wt % respectively (Huang and Wyllie, 1986).  In water 

saturated P-T experiments conducted at 1050 ºC (Moore and Carmichael, 1998), 

plagioclase was unstable in a western Mexico basaltic andesite at pressures > 1.3 GPa 

with 2.0-5.5 wt % H2O and in andesite at > 1.0 GPa with 3.5 – 4.5 wt % H2O.  

Similarly, plagioclase was suppressed in water saturated (H2O > 3 wt %) experimental 

melts of Mt. Shasta high-Mg basaltic andesite at 1.2 GPa that simultaneously 

produced residual amphibole and garnet cumulates (Müntener et al., 2001).   

 With respect to the petrogenesis of the Pircas Negras and Dos Hermanos 

andesites, experimental results are consistent with the observed HREE depletion 

indicating these melts equilibrated at depths > 1.3 GPa within the stability field of 

garnet and outside of the field for plagioclase. Assuming crustal densities, these 

pressures correspond to depths of > 40 km within the ~ 70 km thick crust below the 

northernmost flatslab region.  The geochemistry suggests that these lavas did not 

reside in upper crustal magma chambers, but rose from lower crustal depths to the 
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surface sufficiently fast to prevent crystallization of plagioclase.  Furthermore, this is 

consistent with the glassy nature of these lavas compared to most Andean andesites.  

The source of these lavas is best explained by a small percentage melting of an 

eclogitic (cpx + garnet) or garnet-bearing amphibolitic (Kay et al., 1991) mafic source.   

 The strong HFSE depletion in the Pircas Negras andesites (e.g., high Ba/Ta 

and La/Ta) compared to early Miocene and Quaternary CVZ arc andesites 

(Figure 2.8a and b) is testament to the changing physical conditions of the mantle and 

crust during arc migration and slab shallowing.  As discussed by Kay et al. (1994b), 

the increase in LILE in 7-3 Ma Pircas Negras lavas is likely due to an increased 

concentration of slab-derived fluids in these magmas resulting from the dehydration of 

the shallowing Nazca slab and subsequent loss of asthenospheric wedge volume.  This 

interpretation is consistent with the abundance of phenocrystic amphibole with thick 

reaction rims in these lavas, suppression of plagioclase, and fO2 ~ 1-3 log units above 

the QMF buffer.  Moreover, higher Ba/Ta and La/Ta in syn-migration (5-3 Ma) 

rhyodacitic domes associated with the Incapillo Caldera and Dome Complex 

compared to evolved arc and backarc lavas from the CVZ of similar age have been 

attributed to a greater concentration of slab fluids in magmas erupting during the 

height of slab shallowing (Goss et al., Chapter 4).  In contrast, lower Ba/La ratios 

(18-25) and lack of amphibole in the ~ 8 Ma Dos Hermanos are consistent with lower 

slab fluid concentrations resulting from its slightly backarc position and eruption 

before the main pulse of shallowing and migration.    

 Depletion of Ta with respect to the LILE and LREE has been explained either 

by melt equilibration with a HFSE-bearing phase, such as rutile or amphibole, present 

in oxidized eclogitic/amphibolitic mafic crustal sources (Green and Pearson, 1986; 

Foley et al., 2000; Schmidt et al., 2004) or by the immobile nature of the HFSE in 

slab-derived fluids compared to the mobile LILE and LREE (e.g., McCulloch and 
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Gamble, 1991; Pearce and Peate, 1995).  The strong adakitic signature, extreme LILE 

concentrations, and association with a hydrous fluid-fluxed mantle suggests both 

mechanisms can potentially explain the high La/Ta and Ba/Ta in these lavas (Kay et 

al., 1994b).  However, near-chondritic Nb/Ta ratios (17.9-19.9) in pre-migration 

Pircas Negras and Dos Hermanos lavas contrast with dominantly subchondritic Nb/Ta 

ratios (11-18) in < 6 Ma Pircas Negras lavas (Goss and Kay, Chapter 3).  These 

authors concluded that a HFSE-bearing residual phase was responsible for the strong 

Ta depletions observed in these lavas as slab-derived fluids cannot significantly 

fractionate Nb from Ta (Schmidt et al., 2004). 

 High Mg #s combined with elevated Cr and Ni contents attest to the 

involvement of sub-arc mantle or mantle melts in the genesis of the 5-3 Ma Pircas 

Negras adakites (Figure 2.11).   In contrast, somewhat lower Mg #s and transition 

metal contents in pre- and post-migration adakites suggest a reduced mantle 

component in these lavas.  The inverse relationship between Cr and Ni content and 

HREE depletion leads to the interpretation that the garnet signature is largely 

decoupled from mantle contamination processes.  In this sense, the syn-migration 

lavas are unlike the low-Mg adakitic melts (Mg # 37-44) that result from melting a 

basaltic source at 3.2 GPa (Rapp and Watson, 1995; Rapp et al., 1999).  Instead, they 

are more comparable to experimental “hybridized” high-Mg adakitic melts (Mg # 

53-56) generated by reacting low-Mg adakitic melts with 10-20 wt % depleted 

peridotite to produce a Mg-rich garnet and opx residue (Figure 2.6; Rapp et al., 1999).  

This model was initially proposed by Kay (1978) as “adakitic” melt generated from 

anatexis of the subducting Pacific plate back-reacted with the overlying Aleutian 

mantle peridotite to produce the Adak high-Mg andesite.  Both the Pircas Negras 

andesites and experimental high-Mg adakitic melts (Rapp et al., 1999) have similar 

Mg #s as adakites from Mindanao (Mg # 45-60; Sajona et al., 1994) and western 
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Panama (Mg # = 42-63; Defant et al., 1992).  High-magnesian andesites from the 

western Aleutians (Yogodzinski et al., 1994; Yogodzinski et al., 1995) and from the 

Setouchi volcanic belt in Japan (Tatsumi, 1982; Tatsumi and Ishizaka, 1982), have 

higher Mg #s of 70-72 and 67-76 respectively and have been explained by melting of 

mantle metasomatized by adakitic melts.  Other high-Mg andesites and dacites from 

Mt. Shasta in the Cascades are modeled as melts of a hydrated mantle wedge that 

subsequently equilibrated with a shallow depleted mantle residue (Grove et al., 2002).  

These melts however have significantly flatter REE patterns than the Pircas Negras 

and Adak high-Mg andesites (Figure 2.7).    

 

Mineral equilibria and thermal considerations 

  Though the general lack of co-existing pyroxene or oxide phases in the 

majority of Pircas Negras andesites complicates estimation of pre-eruptive 

temperatures, the presence of these phases in two flows (CO 412 and CO 324) permits 

a first-order interpretation of magmatic temperatures.  The two-pyroxene temperatures 

calculated for the Pircas Negras andesites (~ 1059-1068 ºC at 5 kb; Table 2.9) are 

similar to experimentally-determined andesite liquidus temperatures with 5 wt % H2O 

(~ 1050 ºC; Green, 1982).  Moreover, isobaric (5 kb) equilibrium crystallization 

modeling using whole rock analyses of these two Pircas Negras andesites in MELTS 

(Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998) at 5 wt % H2O and fO2 fixed at 

2 + FMQ stabilizes both opx and cpx at temperatures between 1089-1097 ºC.  At 

7 wt % H2O, opx and cpx are simultaneously saturated at temperatures between 

1063-1071 ºC.  The highly resorbed textures of both Pircas Negras opx and cpx are 

attributed to decreased pyroxene stability at lower temperatures and pressures.  These 

MELTS-modeled two-pyroxene temperatures agree with those calculated via chemical 

equilibria on analyzed opx-cpx pairs (Table 2.9).  Of note, at the same modeled 

 135



pressure and fO2 conditions, orthopyroxene could not be saturated from bulk 

compositions of opx-free Pircas Negras (e.g., CO 309, CO 310) and Dos Hermanos 

(CC 81) andesites.   

Calculated pre-eruptive temperatures are ~ 50-80 ºC cooler than temperatures 

expected to generate hybridized high-Mg # (> 55) adakitic melts in equilibrium with 

eclogitic residues (1100-1150 ºC; Rapp et al., 2007).  According to these authors, 

mantle temperatures are generally 100-200 ºC warmer than the adakite solidus 

temperature (~ 850-1000 ºC) and rising low-Mg primary adakitic melts must entrain 

thermal energy to prevent complete back-reaction with the mantle.  However, the 

Pircas Negras erupted during the peak of slab shallowing and sub-arc mantle 

temperatures may reflect the cooling caused by loss of asthenospheric wedge volume 

(Kay et al., 1991).  Within a cooler mantle wedge (< 1100 ºC), higher melt:rock ratios 

(> 1:1) are required to generate “hybridized” high-Mg andesites that retain their 

original adakitic trace element signature (Kelemen et al., 1998).  This observation is 

consistent with the general lack of opx in the majority of Pircas Negras lavas.  The 

rare occurrence of resorbed orthopyroxenes in a few Pircas Negras samples can be 

explained as either “metasomatic” opx at low melt:rock ratios (Rapp et al., 1999) or as 

an early liquidus phase unstable during decompression at lower pressures. 

 Experimental work on the crystallization sequence of a basaltic andesite from 

Mt. Shasta (at NNO with PH2O = Ptotal; Grove et al., 2003) indicates that at 0.8 GPa and 

1065 ºC, pargasitic amphibole (Mg # = 0.80) is the dominant silicate phenocrystic 

phase in equilibrium with cpx, opx, and andesitic melt (SiO2 = 57.2 wt %; Al2O3 = 

17.1 wt %;  MgO = 4.9 wt %).  At higher temperatures (1077 ºC), olivine and cpx are 

the only phenocrystic phases, whereas at lower temperatures (1054 ºC), opx reacts 

with amphibole and disappears from the assemblage.  Based on melt inclusion data 
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and the linear relationship between Mg # in hornblende and H2O content, Grove et al. 

(2003) estimate the pre-eruptive H2O contents in these magmas to be > 10 wt %.   

 The crystallization sequence, pre-eruptive temperatures, mineral compositions, 

and modal assemblage recorded in the high pressure crystallization experiments by 

Grove et al. (2003) are highly similar to those of the Pircas Negras andesites.  Based 

on these experiments, the high-Mg amphiboles that dominate the Pircas Negras 

assemblage may have crystallized at ~ 1060 ºC from water-rich adakitic precursor 

melts ponded at pressures > 0.8 GPa within the Andean crust.  Though no independent 

estimates of pre-eruptive H2O or depth of crystallization exist for the Pircas Negras 

andesites, their glassy texture and strong slab signature are consistent with high 

pre-eruptive water contents.  The thick magnetite rims that typify Pircas Negras 

amphiboles likely resulted from a late-stage oxidation reaction as these hydrous 

adakitic melts rose to the surface through the thick Andean upper crust.  

 Unlike most Pircas Negras lavas, the Rio Veladero flow (CO 324) shows 

evidence for storage at shallower depths in the crust.  Lower temperatures recorded 

with phenocrystic orthopyroxene (~ 950-980 ºC) and mt-ilm pairs (~ 840-900 ºC)  

reflect a cooler magma, though higher temperatures obtained using opx rims around 

resorbed olivines imply secondary injection of a new batch of hotter Pircas Negras 

magma (~ 1060 ºC) into the magma chamber.  This is consistent with other 

petrographic evidence for mixing including the presence of euhedral skeletal relict 

amphiboles replaced by cpx, reversely zoned plagioclase xenocrysts, and plagioclase 

microlites with compositions of An60.  At 5 kb, this injected magma likely had a 

pre-eruptive temperature similar to the two-pyroxene temperature calculated for Pircas 

Negras sample CO 412, between 1064-1081 ºC, which reflects the initial pre-eruptive 

temperature of the Pircas Negras lavas. 
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Petrogenesis of the Pircas Negras and Dos Hermanos adakites 

Based on the available geochemical and petrologic data, we interpret the bulk 

of the 7-3 Ma Pircas Negras lavas to be the result of low-degree melting of a mafic 

crustal source at pressures in excess of 1.2 GPa within the garnet stability field.  Four 

potential mechanisms are evaluated in the context of these interpretations: (1) partial 

melting of the subducted Nazca plate slab, (2) high-pressure fractionation of garnet 

from hydrous mantle-derived basaltic and andesitic melts, (3) partial melting of the 

thick Andean lower crust, and (4) partial melting of forearc crust removed and 

transported to the sub-arc mantle via subduction erosion processes.  

 

Slab melting 

 Melting of subducted eclogitic oceanic crust was proposed by Kay (1978) to 

explain steep REE patterns, high Sr contents (up to 1800 ppm), and non-radiogenic Sr 

and Pb isotopes of a high-Mg andesite from Adak Island in the Aleutian island arc 

(Figure 2.7b).  In an attempt to explain andesites and dacites from western Panama 

with similar geochemical signatures, Defant and Drummond (1990) proposed that 

lavas with these “adakitic” characteristics represented melts of subducted oceanic 

lithosphere.  Standard thermal models suggest that melting of subducted oceanic crust 

can occur only during subduction of very young (< 7 Ma) and cold oceanic lithosphere 

(Peacock et al., 1994), however recent non-isoviscous modeling of the Central 

American subduction zone generated higher slab-mantle interface temperatures that no 

longer preclude melting of older slabs (Peacock et al., 2005).  In the past, several 

geodynamic mechanisms have been proposed to surmount this thermal barrier to slab 

melting such as the introduction of a slab window (Kay et al., 1993; Johnston and 

Thorkelson, 1997; Yogodzinski et al., 2001; Thorkelson and Breitsprecher, 2005) and 

melting of the leading front of a newly subducted slab (Sajona et al., 1994).  Specific 
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to the Andes, lavas with adakitic signatures at Cerro Pampa and other back arc centers 

from the Southern Volcanic Zone (Kay et al., 1993), and Cerro Cook from the Austral 

Volcanic Zone (Stern and Killian, 1996) have been modeled as melts of subducting 

oceanic lithosphere.    

 Arguments against large-scale slab melting as a mechanism to explain adakitic 

geochemical signatures from the central Chilean flatslab were outlined by Kay and 

Mpodozis (2002) and are directly applicable to the genesis of the Pircas Negras 

adakitic andesites.  First, the subducting Nazca plate is ~ 50 Ma old at the Chile 

Trench (Yañez et al., 2001) and is therefore too cold to melt from top-down mantle 

conduction (Peacock et al., 1994).  Second, adakitic lavas occur in a narrow spatial 

and temporal range that corresponds to the region and timing of migration of the 

Andean volcanic front.  These signatures contrast strongly with flatter REE in both 

early- to mid-Miocene and Quaternary CVZ andesites.  If slab melting was a 

important process generating Central Andean magmas, Neogene lavas with strong 

adakitic signatures would be uniformly present along the entire central Andean 

margin.  Lastly, the Sr and Nd isotopic ratios of these adakitic lavas are too evolved 

(87Sr/86Sr > 0.7050; εNd < −2) to be derived from altered oceanic crust interacting 

with overriding mantle.   

 

High-P garnet fractional crystallization 

 Garnet fractionation from basalts at pressures > 0.8 GPa has been proposed as 

a mechanism to generate adakitic magmas from the Surigao peninsula in the 

Philippines (MacPherson et al., 2006).  Experimental work on hydrous (5-10 wt % 

H2O) basaltic (Müntener et al., 2001) and andesitic (Ulmer et al., 2003; Alonso-Perez 

et al., 2004) magmas at these elevated pressures indicate the potential for 5-15 wt % 

garnet fractionation.  MacPherson et al. (2006) used 30-50 % fractionation of a 
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high-pressure mafic assemblage containing ~ 12 % garnet from a mafic andesite with 

flat HREE to model the adakitic signature (Sr/Y = 50-150; Sm/Yb 4-7) in < 1 Ma 

Surigao lavas.   

High-P fractionation of garnet from basaltic precursor melts ponded below or 

within the Andean lower crust is an unrealistic model to produce the exceptional 

HREE depletion of the Pircas Negras and Dos Hermanos adakites.  Table 2.11 shows 

results for a high-pressure fractional crystallization model for a hydrous basalt 

consistent with the experimental assemblage stabilized by Müntener et al. (2001).  

 
Table 2.11
High-P (1.2 GPa) fractional crystallization model of mantle-derived CVZ basalt*

Los Aparejos Incahuasi
CO 24 F = 0.40 F = 0.50 F= 0.53 CC 339 F = 0.40 F = 0.50 F= 0.57

Fg=0.10 Fg=0.13 Fg=0.14 Fg=0.10 Fg=0.13 Fg=0.15

SiO2 53.25 58.27 60.58 61.46 53.08 57.92 60.15 62.34
TiO2 1.04 1.27 1.39 1.43 1.19 1.53 1.69 1.85
Al2O3 15.33 16.70 17.33 17.57 14.81 15.81 16.25 16.69
FeO 7.80 6.38 5.63 5.35 7.40 5.70 4.82 3.96
MnO 0.13 0.12 0.11 0.11 0.15 0.15 0.15 0.15
MgO 8.37 3.56 1.11 0.18 8.99 4.59 2.36 0.18
CaO 8.02 5.47 4.16 3.66 8.36 6.03 4.84 3.68
Na2O 3.36 5.03 5.86 6.17 3.14 4.66 5.40 6.13
K2O 1.68 2.80 3.35 3.56 1.86 3.09 3.71 4.30
P2O5 0.24 0.40 0.48 0.52 0.31 0.52 0.62 0.73
Total 99.22 100.00 100.00 100.00 99.29 100.00 100.00 100.00

La/Sm 5.2 5.8 6.2 6.4 4.4 7.5 8.1 8.6
La/Yb 17.0 30.7 37.3 39.8 16.2 36.3 44.1 51.5
Sm/Yb 3.3 5.3 6.0 6.2 3.7 4.8 5.5 6.0  

*F = percent (%) fractional crystallization of a high-pressure assemblage from a basaltic melt 
composed of cpx, opx, gt, and amphibole in the proportions 45.0:14.6:25.5:14.8 in equilibrium with 
basaltic andesitic melt (SiO2 = 56.7 wt%) at 1.2 GPa (experimental Run B726 from Müntener et al., 
2001).  Distribution coefficients used are from Martin (1987).  Fg reflects % fractional crystallization 
of garnet as part of the high-P fractionating assemblage.  Starting basaltic compositions are from 
samples CO 24 (~ 9 Ma Los Aparejos basalt) and CC 339 (< 2 Ma) Incahuasi basalt (Kay et al., 1999).  
Initial trace element ratios are shown in bold font.  Highest F reported shows the upper limit of 
fractional crystallization due to the exhaustion of available MgO. 
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Using the mantle-derived 9 Ma Los Aparejos and < 2 Ma CVZ Incahuasi basalt (Kay 

et al., 1999) as starting compositions, between 45-85 % fractionation of this 

assemblage (or 11-22 % total garnet) would be required to reproduce the range of 

HREE depletion in the Pircas Negras adakites.  However, fractionation of this mafic 

assemblage is limited by the availability of MgO in the precursor basalts (8.37-8.99 

wt  %) that only permits a maximum of 57 % fractionation (or 15 % total gt).  

Residual magmas would be extremely alkaline (K2O+Na2O > 10 wt %) and highly 

depleted in Mg and Fe (MgO = 0.0-2.3; FeO = 0.0-4.8) as well as Cr and Ni.  

Therefore, we conclude that fractional crystallization of a garnet-bearing mafic 

assemblage from basaltic precursor melts cannot reasonably explain the transient 

adakitic signatures from the northernmost flatslab region associated with frontal arc 

migration.   

 

Melting in situ eclogitic lower crust 

 The extreme crustal thicknesses below the Andean Puna plateau require the 

existence of a mafic eclogitic or garnet-granulitic lower crust that may have 

contributed to the strong adakitic signatures in the Dos Hermanos and Pircas Negras 

lavas.  Melting of this in situ tectonically- and magmatically-thickened crust by 

ponding mantle-derived mafic lavas in deep crustal “hot zones” (e.g., Annen et al., 

2006) is conceptually analogous to basalt melting experiments at 2-2.5 GPa, or 

60-75 km depth (Rapp and Watson, 1995).  Eclogitic lower crust has been proposed as 

the source of adakitic lavas in the Central Andes and similar regions with thick crust 

including Tibet (Wang et al., 2005) and the western US (e.g., Conrey et al., 2001).  In 

the Andes, adakitic lavas from (1) the Chilean flatslab region (Kay et al., 1987; Kay 

and Mpodozis, 2002), (2) the Miocene Maricunga volcanic belt (Kay et al., 1994b; 

Mpodozis et al., 1995), (3) the northernmost SVZ (Hildreth and Moorbath, 1988; Kay 
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et al., 2005), (4) the Cordillera Blanca in Peru (Atherton and Petford, 1993; Petford 

and Atherton, 1996), and (5) in southern Ecuador (Garrison and Davidson, 2003) have 

been attributed to in situ melting of thick eclogitic lower crust under compressional 

stress.  In this context, we attribute the extreme HREE depletion, elevated Sr 

concentrations, lower Mg #s (< 55), and lower Cr and Ni concentrations of the Dos 

Hermanos and pre- and post-migration Pircas Negras (9-7 and 3-2 Ma) to result from 

in situ melting of the eclogitic Andean lower crust.  Moreover, the eruption of these 

lavas temporally brackets the peak of frontal arc migration (7-3 Ma) and the 

coincident pulse of Pircas Negras adakites with higher Mg #s.    

 Kay et al. (1991) modeled three Pircas Negras lavas from the Paso Pircas 

Negras as 10-22 % partial melts of a two-pyroxene garnet-granulite with a primitive 

arc basalt chemistry.  According to their model, basalts accumulating at the 

crust-mantle boundary in the mid-late Miocene dehydrated and heated the lower crust, 

facilitating ductile deformation and rapid crustal thickening (Isacks, 1988).  By the 

late Miocene, a refractory amphibolite residue at the base of the crust reacted to a 

plagioclase-poor garnet granulite, which subsequently melted to form the Pircas 

Negras magmas.  An in situ crustal contamination model is supported by the positive 

correlation between 87Sr/86Sr and both SiO2 and Sr concentrations in spatially 

coincident Neogene andesites from the northern flatslab transition zone 

(Figure 2.12a,b). A similar isotopic trend was discussed by Kay et al. (1991) for 

Neogene andesites from the central flatslab region.  The abundance of quartz and 

plagioclase xenocrysts in the Pircas Negras adakites is petrographic evidence of 

secondary crustal contamination acquired during ascent through the upper crust 

(Figures 2.15 and 2.18).   

 A number of geochemical and tectonic considerations indicate melting of 

eclogitic lower crust may not be the only process involved in the genesis of the syn-
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migration Pircas Negras high-Mg andesites.  The steep REE patterns characteristic of 

these andesites are confined to magmas erupting during the transient unstable period 

of rapid frontal arc migration and are not present in either 18-13 Ma southern 

Maricunga or Quaternary southern CVZ andesites that erupted through a similarly 

thick  (~ 60-70 km) Andean crust (Figure 2.9a,b).  Crustal thickening associated with 

the uplift of the Puna plateau was largely complete by the end of the middle Miocene 

(~ 10 Ma) based on the (1) deposition of thick mid-Miocene Atacama gravels derived 

from the Puna that cease in accumulation by 10 Ma (Cornejo et al., 1993), and (2) 

establishment of disconnected internal drainage systems within the southern Puna 

characterized by thick evaporate deposits by the middle Miocene (Alonso et al., 1991; 

Vandervoort et al., 1995; Carrapa et al., 2005).  Kay et al. (1994b; 2002) attributed the 

change toward steeper La/Yb ratios in 18-13 Ma southern Maricunga Belt andesites 

compared to 21-18 Escabroso andesites (Figures 2.8 and 2.9) to the onset of a 

higher-pressure residual mineralogy in the lower crust associated with this middle 

Miocene period of crustal thickening and plateau uplift.  For the 7-3 Ma Pircas Negras 

andesites and as shown by Kay et al. (2005) for a transect through the northern SVZ  

(~ 34º S), the steepness of the REE pattern in erupted arc lavas is effectively 

decoupled from crustal thickness during tectonically-unstable periods that correspond 

to peak episodes of frontal arc migration.   

In addition to the transient steep REE patterns, an entirely in situ lower crustal 

genesis cannot explain geochemical evidence for mantle involvement evident in 7-3 

Ma Pircas Negras adakites.  Elevated Cr and Ni concentrations inversely correlated 

with Sm/Yb, high Mg #s, and mantle-like olivine δ18O values all signify some degree 

of mantle interaction with the primary adakitic lava.  Isotopic trends, specifically the 

discrete increases in 87Sr/86Sr ratios in Pircas Negras adakites compared to spatially 

contiguous early-middle Miocene (21-13 Ma) andesites (Figure 2.12), also cannot be 
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easily justified by in situ crustal assimilation or by a spatial change in the isotopic 

character of the underlying basement units.  Mantle contamination is strongly 

supported by a similar change towards more radiogenic Sr isotopic ratios in < 2 Ma 

southernmost CVZ basalts (San Francisco and Incahuasi; 87Sr/86Sr = 0.7052-0.7058) 

compared to early Miocene basalts (24 Ma Segerstrom 87Sr/86Sr = 0.7039-0.7042) 

from the same region (Figure 2.12; Kay et al., 1999).  These Neogene basalts have a 

primitive mantle-derived nature with high MgO (9-12 wt %; Figure 2.5), Cr (570-700 

ppm), and Ni (156-250 ppm) concentrations, olivines with Fo88-89 and trace element 

ratios similar to the modern CVZ (Figures 2.7-2.10).  In light of these observations, 

the geochemistry of the 7-3 Ma Pircas Negras lavas reflect contamination of the sub-

arc mantle with crustal material during the peak of arc migration that is partially, but 

not completely, overprinted by in situ crustal anatectic processes.    

  

Subduction erosion 

 Subduction erosion, or the tectonic removal and transport of forearc crust and 

mantle lithosphere (von Huene and Scholl, 1991; von Huene et al., 2004), has been 

proposed as a mechanism to generate adakitic magmas in arc regions with old 

(> 5 Ma) subducting slabs and/or where upper plate crustal thicknesses are too thin 

(< 40 km) to stabilize garnet (Kay et al., 2005; Goss and Kay, 2006a).  This process is 

favored along non-accreting margins worldwide with fast convergence rates (> 6 

cm/yr) and thin sedimentary cover (< 1 km) on the subducting plate (von Huene and 

Scholl, 1991; Clift and Vannucchi, 2004).  Along these margins, overpressurized fluid 

rising from the lower plate hydrofractures the overriding forearc crust causing collapse 

of weakened forearc material into flexure-induced grabens in the subducting slab (von 

Huene and Ranero, 2003; von Huene et al., 2004).  Evidence for subduction erosion at 

non-accreting margins include broad forearc normal faulting and subsidence (von 
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Huene et al., 1997; Ranero and von Huene, 2000; Vannucchi et al., 2001; Laursen et 

al., 2002), over-steepened forearc prism sediments (Lallemand, 1995; Laursen et al., 

2002; von Huene and Ranero, 2003), scars from subducted seamounts (Ranero and 

von Huene, 2000), and imaged “megalenses” of detached upper-plate crustal material 

at the plate interface (Ranero and von Huene, 2000).  In addition to margin 

subsidence, the ubiquitous tectonic-scale changes associated with an actively eroding 

margin include trench retreat and in response, migration of the volcanic arc (e.g., 

Lallemand, 1995).  

 Estimates for the global subduction erosion flux range from ~ 0.6 km3/yr (von 

Huene and Scholl, 1991) to 2 km3/yr (Lallemand et al., 1992).  Combined with another 

~ 0.7 km3/yr of subducting terrigeneous and pelagic sediments (Plank and Langmuir, 

1998), the minimum total flux of recycled crust at subduction zones worldwide is 

~ 1.3 km3/yr.  For the central Andes, the establishment of a hyper-arid climate in the 

Atacama desert between 19-16 Ma (Rech et al., 2006) and the development of 

internally drained basins within the southern Puna by 15 Ma (Vandervoort et al., 1995) 

cut off the supply of continentally-derived sediment to the Chile trench resulting in a 

lack of modern terrigeneous trench sediments north of the Juan Fernandez Ridge at 

~ 33º S (Schweller et al., 1981).  Given a constant flux of pelagic sediment, the 

principle source of continental material delivered to the Andean sub-arc mantle since 

the late Miocene was likely derived from forearc crust removed via subduction erosion 

(Stern, 1991; Stern and Skewes, 1995) or through lower crustal delamination (Kay and 

Kay, 1993; Kay et al., 1994a).   

 The concept of subduction erosion was first proposed for the Central Andes by 

Rutland (1971) and Ziegler (1971) who noted (1) Jurassic arc volcanics and plutons 

compose the majority of the modern Coastal Cordillera, (2) a missing Mesozoic paired 

metamorphic belt associated with this Mesozoic arc, (3) the seaward truncation of late 
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Paleozoic metamorphic units with the coast at ~ 34º S, and (4) the stepwise migration 

of the volcanic arc ~ 250 km to the east since the Jurassic.  These authors proposed as 

much as 200 km of continental crust had been removed from the Andean forearc since 

the Mesozoic via forearc subduction erosion.  Assuming a constant arc trench gap 

during the Miocene, Kay et al. (2005) proposed a minimum of ~ 85 km of forearc loss 

due to subduction erosion along the northern SVZ forearc at ~ 34º S based on the 

eastward migration of arc volcanism and estimates of backarc shortening.   

Long-term average rates for active subduction erosion along the coast of 

northern Chile since the Jurassic range from 35-50 km3/m.y./km (von Huene and 

Scholl, 1991; Scheuber, 1994).  Since the middle Miocene, episodic periods of 

accelerated forearc subduction erosion have been related to changes in convergence 

parameters or by increased subduction of lower-plate bathymetric features (von Huene 

and Scholl, 1991).  Faster “short-term” erosion rates for northern Chile range from 

72 to 135 km3/m.y./km (von Huene et al., 1999; von Huene and Ranero, 2003; Clift 

and Vannucchi, 2004).  North of the Juan Fernandez ridge, rapid average forearc 

retreat during the last 10 Ma has been estimated at 3-4 km/m.y. (Laursen et al., 2002).  

However, by 2 Ma, the net rate of subduction erosion along the northern Chilean coast 

may have slowed as tectonically-eroded forearc material began to underplate and 

uplift forearc units  (Figure 2.20; Clift and Hartley, 2007).   

 The forearc of northern Chile between 30º and 22º S contains abundant mafic 

lavas and plutons from the Jurassic arc that intruded ensialic low-grade turbidite and 

mélange sediments of the Paleozoic Chañaral Epimetamorphic Complex 

(SERNAGEOMIN, 2003).  Mafic rocks from mid-crustal depths within the Jurassic 

arc are exposed along the Mejiones peninsula and within the Coastal Cordillera as far 

south as 36º S (Pichowiak et al., 1990; Lucassen et al., 2002).  The chemistry of these 

units are typical for an island arc that developed over a thin (< 30 km) post-rift crust 
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(Pichowiak et al., 1990; Lucassen and Thirlwall, 1998; Lucassen et al., 2002).  Zircons 

collected from mafic Jurassic (La Negra Formation) lava flows with ages ~ 1760 Ma 

suggest the possibility of a Proterozoic forearc crustal basement below Paleozoic and 

Jurassic units (Gelcich et al., 2005).   

 

 

 
 
 
Figure 2.20   Sea-level-corrected depth-to-basement reconstructions from Clift and 

Hartley (2007) for two Chilean forearc basins from the northernmost 
flatslab region (upper = Caldera Basin ~ 27º S; lower = Carrizalillo 
Basin ~ 29º S).  Vertical bars show the uncertainty in paleowater depth 
estimates at time of deposition.  Shaded vertical region (< 2 Ma) shows 
period of net tectonic uplift and underplating of eroded forearc 
material.  Horizontal bar shows temporal extent of Dos Hermanos and 
Pircas Negras adakitic volcanism along the arc inboard of the two 
sedimentary basins.   
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 Various lines of geophysical evidence agree with surficial observations and 

suggest the forearc below the northern Chilean Coastal Cordillera is principally 

composed of mafic Mesozoic intrusives and cumulates with sialic Paleozoic units 

comprising only a volumetrically minor fraction (< 15 %) (Scheuber, 1994).  Between 

21-26º S, the uniformly fast (Vp 6.7-7.7 km/s) and dense (2.9-3.05 g/cm3) Chilean 

forearc has been explained as the preserved lower crustal sections of the Jurassic arc 

(Scheuber and Geise, 1999; Schmitz et al., 1999; Lucassen et al., 2001; Prezzi et al., 

2005) potentially underlain by slivers of Paleozoic basement (Wigger et al., 1994; 

Scheuber and Geise, 1999).  Though there is little published geophysical data along 

the forearc between 26-30º S, trench-parallel gravity data suggest that anomalously 

dense crustal material dominates the forearc structure as far south as 33º S (Götze et 

al., 1994; Tassara et al., 2006).  In this sense, the forearc of northern Chile behaves as 

a rigid crystalline block similar to the mafic ophiolitic forearc of southern Central 

America (Christeson et al., 1999; Sallarès et al., 1999) that has experienced heightened 

subduction erosion over the last ~ 5 Ma due in part to the collision of the Cocos Ridge 

(Vannucchi et al., 2003).  Forearc material removed from the Andean margin since the 

middle Miocene would likely reflect the lithologies of the modern forearc prism and 

be largely composed of mafic Mesozoic arc intrusives and cumulates with smaller 

percentages of Paleozoic sialic crust. 

 Contamination of the Andean mantle wedge with eroded mafic forearc can 

explain the spatial and temporal geochemical patterns seen in Neogene andesitic lavas 

of the northern flatslab-CVZ transition zone between 27-29º S.  The transient increase 

in the La/Yb and Sm/Yb ratios in Pircas Negras lavas associated with the peak of 

frontal arc migration compared to lower ratios in compositionally-similar andesites 

that erupted before (21-18 Ma Escabroso and 18-13 Ma southern Maricunga andesites) 

and following (Quaternary CVZ andesites) arc migration suggest an ephemeral high-P 
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mafic crustal source.  Accelerated subduction erosion along the northern margin of the 

Chilean flatslab after 8 Ma resulted in the migration of the 24-6 Ma Maricunga arc 

~ 50 km to the east and flooded the sub-arc mantle with mafic crustal material derived 

from the Chilean forearc.  Melting of this eclogitized forearc crust within the 

asthenospheric mantle wedge and reaction of these melts with surrounding mantle 

peridotite can explain the Cr- and Ni-rich high-Mg adakitic signatures characteristic of 

the 5-3 Ma Pircas Negras andesites and is entirely consistent with experimental 

models of mantle-hybridized adakite genesis (Rapp et al., 1999).  These magmas 

subsequently mixed with lower-Mg adakitic melts generated from in situ lower crustal 

melting.  Stored within the middle to lower Andean crust, high pressures (> 0.8 GPa) 

and H2O contents (> 5 wt %) inhibited plagioclase fractionation and facilitated 

crystallization of high-Mg amphibole.  Elsewhere along the Pacific rim, melting of 

tectonically-transported mafic forearc crust during discrete periods of arc migration 

and heightened subduction erosion have been proposed as a mechanism to generate 

transient adakitic signatures in lavas from the Andean SVZ (Stern, 1991; Kay et al., 

2005), southern Central America (Clift et al., 2005; Goss and Kay, 2006a), and the 

Aleutians (Kay, 2006).  

   

Isotopic mixing model 

 In order to test the hypothesis that mafic crust from the Andean forearc has 

contaminated the mantle during periods of heightened frontal arc migration along the 

northern margin of the Chilean flatslab, we present a multi-stage three component 

isotopic mixing model.  The first stage involves determining the isotopic composition 

of a potential forearc contaminant by varying the proportions of Mesozoic and 

Paleozoic crust eroded from the forearc.  The second stage mixes these potential 
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source contaminants with sub-arc mantle to generate the isotopic variability seen in 

mantle-derived basalts from the southernmost Puna.   

 To determine an appropriate forearc contaminant, the average composition of 

La Negra Jurassic gabbros (SiO2 = 52.6; Sr = 319 ppm; Nd = 2.1 ppm; Pb = 1.2 ppm; 
87Sr/86Sr = 0.703309; εNd = 6.57; 206Pb/204Pb = 18.23; 207Pb/204Pb = 15.59; 208Pb/204Pb 

= 38.08) from the Coastal Cordillera (Lucassen et al., 2002) are used to represent the 

mafic forearc endmember.  Intrusive (gabbroic) units were chosen instead of La Negra 

lavas because (1) gabbros are exposed throughout the Jurassic units in the Coastal 

Cordillera, (2) the roots of the Mesozoic arc are likely dominated by intrusive mafic 

bodies analogous to the Sarangar gabbros near the base of the Kohistan arc (Garrido et 

al., 2006), and (3) gravity data suggest densities at the base of the Chilean forearc are 

greater than basalt.  The sialic endmember composition is taken from the average of 

central Andean Paleozoic crust (SiO2 = 68.3; Sr = 189 ppm; Nd = 24.3 ppm; Pb = 16 

ppm; 87Sr/86Sr = 0.732000; εNd = −8.72; 206Pb/204Pb = 18.95; 207Pb/204Pb = 15.69; 
208Pb/204Pb = 38.90; Lucassen et al., 2001).  These values are similar to those used for 

Paleozoic upper crust by Stern (1991) and Kay et al. (2005) in mixing models for SVZ 

lavas and are comparable to the composition of average upper continental crust.  No 

subducted terrigeneous or pelagic sediment is used in the model nor is any Proterozoic 

crust considered.   

 Mixing between Jurassic gabbros and Paleozoic crust generates a forearc 

source contaminant with isotopic ratios that fall along the solid mixing lines shown in 

Figure 2.14.  Partial melting of this subducted and eclogitized forearc crust will 

generate low-Mg adakitic lavas with isotopic compositions also along the mixing line.  

Results from this model show that the Pircas Negras adakites plot along the 87Sr/86Sr 

and εNd mixing line (Figure 2.14a) and that melting a forearc crustal source 

comprised of 80–90 % Jurassic gabbros with 10-20 % Paleozoic silicic rocks can 
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explain their isotopic variability.  These modeled proportions are consistent with 

geological and geophysical interpretations that indicate the northern Chilean forearc is 

dominantly composed (> 85 %) of dense mafic intrusives or cumulates from the 

Mesozoic arc lower crust.    

 Hybridization of low-Mg adakitic-melts of subducted forearc with mantle 

peridotite will similarly contaminate the isotopic composition of the sub-arc mantle.  

The second stage of this model involves mixing between pre-arc migration mantle 

with adakitic melts derived from the mixed forearc contaminants.  The 24 Ma 

Segerstrom basalt is used to model the pre-migration sub-arc mantle (87Sr/86Sr = 

0.703309; εNd = +6.57; 206Pb/204Pb = 18.23; 207Pb/204Pb = 15.59; 208Pb/204Pb = 38.08).  

Mantle trace element concentrations (Sr = 50 ppm; Nd = 3 ppm) used in the model are 

from the average of metasomatized spinel peridotites from southern Patagonia 

(Gorring and Kay, 2000).  Though high compared to estimates of Sr and Nd in both 

depleted mantle (Salters and Stracke, 2004) and primitive mantle (Hofmann, 1988), 

these values maintain the constant Sr/Nd ratio of the primitive mantle (~ 16).  Mantle 

Pb values are estimated at 0.175 ppm (Hofmann, 1988) and are similar to average 

values for Patagonian mantle xenoliths (0.13 ppm).  Three forearc crustal sources with 

Jurassic: Paleozoic ratios of 9:1, 8.5:1.5; and 8:2 are mixed with the late Oligocene 

Segerstrom mantle.  Figure 2.14a shows that 70-95 % of the mantle Sr and Nd could 

have been derived from a forearc source comprised of 80-90 % Jurassic gabbros.  

Therefore, contamination of the Andean mantle with a dominantly basic crustal 

composition (SiO2 = 54-55 wt %) with only 10-20 % Paleozoic by mass can explain 

this isotopic shift towards a more radiogenic mantle.  The source contributions to 

adakitic magmatism reported here are similar to those suggested for Costa Rican and 

Panamanian adakites from a multi-component isotope mixing model of enriched 

mantle, subducted sediment, and mafic forearc ophiolite (Goss and Kay, 2006a).   
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 Applying the same multi-stage mixing model to the Pb-isotopic data reveal that 

the Pircas Negras and Dos Hermanos fall on the Pb-Pb mixing lines (Figure 2.14b 

and c) predicted by Sr-Nd modeling.  However, the Pb model only requires mixing 

< 10 % forearc Pb into the pre-migration mantle, significantly less forearc mass 

required by Sr-Nd modeling.  This discrepancy can be explained by the fact that Pb 

signatures in the Central Andes lavas are generally controlled by the in situ crustal 

basement (e.g., Woerner et al., 1992; Aitcheson et al., 1995) and that buffering of the 

Pb isotopic signature by Permo-Triassic Choiyoi basement (Figure 2.13; Moscoso et 

al., 1993) would push the Pb isotopic signature toward lower 206Pb/204Pb and 
207Pb/204Pb ratios and higher 208Pb/204Pb ratios, exactly the trends evident from the Pb 

isotopic modeling in Figure 2.14.  The Choiyoi grano-rhyolite is a realistic crustal 

contaminant for these lavas as it underlies the entire region (Mpodozis and Kay, 1992) 

and is intruded by Pircas Negras andesites (Figure 2.3a).  Unlike the Pircas Negras 

andesites from the northern flatslab transition zone, the < 2 Ma Incahuasi and San 

Francisco basalts from the southernmost CVZ do not fall on any forearc-mantle Pb-Pb 

mixing lines (Figure 2.14b and c) which may be due to a compositionally different 

crustal basement.  

 Since the Pircas Negras andesites fall very near the mixing line between 

Paleozoic and Jurassic forearc crust, they only require up to 10 % of their Sr and Nd to 

have originated from the pre-migration uncontaminated mantle.  As evidenced by the 

Pb isotope trends, some degree of this Sr and Nd enrichment could have occurred in 

these melts through assimilation of in situ mafic lower and sialic upper crust. 

However, the (1) high Cr and Ni concentrations in some 5-3 Ma Pircas Negras, (2) 

elevated Mg #s, (3) transient association of HREE depletion with periods of frontal arc 

migration, and (4) contemporaneous contamination of the sub-arc mantle with 
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radiogenic crustal material all suggest some component of these melts must have 

originated from high-P melting of a crustal source within the Andean mantle wedge.   

 

Subduction erosion flux 

 To examine the relationship between crustal mass balance, forearc subduction 

erosion, and frontal arc migration, a trench to backarc cross section based on available 

geophysical data through the region of Pircas Negras volcanism at 28º S is shown in 

Figure 2.21a.  However, the current lack of seismic studies of the Andean crust 

between 26ºS and 30ºS limits the geophysical constraints on this schematic cross-

section.  

 The geometry of the subducting slab used for the cross-sectional profile is the 

~ 28º S transect from Pardo et al. (2002) that passes through the region of Pircas 

Negras volcanism. Though oblique to Nazca plate convergence, the profile of the 

Wadati-Benioff zone is broadly similar to the margin parallel geometries of Cahill and 

Isacks (1992) and Comte et al. (2002).  Moho topography follows that defined for the 

flatslab region ~ 200 km south (Fromm et al., 2004), however crustal thicknesses 

below the frontal arc at 28º S were set to 70 km as calculated by McGlashan et al. 

(2007).  Mantle geometry, including the westward extent of the forearc mantle, is 

consistent with gravity and seismic studies of the north Chilean forearc. 

 In unstable tectonic settings, both slab shallowing and forearc subduction 

erosion can produce frontal arc migration.  However, as proposed for the southern 

margin of the Chilean flatslab (Kay et al., 2005), we suggest that the migration of the 

volcanic front along the northern margin of the flatslab was largely driven by erosional 

processes operating along the forearc.  This is because the geometry of the slab 

between the trench and arc is generally constant along the entire Central Andean 

margin with the bulk of shallowing occurring in the backarc (Cahill and Isacks, 1992).  
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Figure 2.21 Schematic cross section of the northern flatslab transition zone (28.5º to 

27º S) showing major tectonomagmatic features.  In both cross 
sections, the arc trench gap is held constant at 300 km.  Lower crust is 
delineated at ~ 45 km, marking the 1.5 GPa the stability field of 
eclogitic garnet.  Pre- and syn-migration volcanism is shown by yellow 
and blue triangles respectively  

 
 (A)  Syn-arc migration cross section between 7-3 Ma.  Shape of the 

subducted Nazca plate is based on crustal transect S1 from Pardo et al. 
(2002) for modern plate geometries.  Topography is exaggerated by 
~ 10x.   Crustal thicknesses are based on those from Fromm et al. 
(2004), McGlashan et al. (2007), Yuan et al. (2002), and Tassara et 
al.(2006).  Extent of dense Mesozoic arc crust is extrapolated from 
outcrop field mapping (SERNAGEOMIN, 2003) and from regional 
geophysical studies of the northern Chilean forearc (Wigger et al., 
1994; Schmitz et al., 1999; Lucassen et al., 2001; Prezzi et al., 2005; 
Tassara et al., 2006).  Position of magmatic units showing the 
progressive landward migration of the volcanic arc from the Mesozoic 
to late Miocene are from the geological map of Chile 
(SERNAGEOMIN, 2003). J = Jurassic; K = Cretaceous, P = Paleocene, 
O = Oligocene, M = Miocene; subscripts refer to early (E), middle (M) 
and late (L).  Thick horizontal arrow shows the ~ 50 km of frontal arc 
migration from the early to late Miocene Maricunga belt (21-6 Ma) 
stratovolcanoes to the late Miocene-Pliocene arc front centers (7-3 Ma; 
Bonete Chico, Pissis, Veladero).  Contemporaneous with this 
migration, slivers of forearc material comprised of 80-90 % mafic 
Mesozoic crust and 10-20 % sialic Paleozoic crust are shown being 
actively removed from the base of the overriding crust, transported to 
the sub-arc mantle wedge, flux melted, and reacted with mantle 
peridotite to generate the 5-3 Ma high-Mg Pircas Negras adakites.  
Storage and assimilation in the lower crust is followed by rapid 
eruption to the surface.  

 
  (B) Pre-arc migration cross section at 9-7 Ma showing the position of 

paleo-coastline and trench at 8 Ma as extrapolated using the ~ 50 km of 
frontal arc migration.  Also shown is the restored ~ 124 km3/m.y./km of 
crustal material removed from the forearc via subduction erosion in the 
last 8 Ma.  Transparent triangles mark the location of the 7-3 Ma Pircas 
Negras showing the late Miocene migration within the Pircas Negras 
suite. Pre-migration andesites (Dos Hermanos, Redonda, and 
Comecaballos Pircas Negras) lack a strong mantle signature and largely 
represent melts of lower crustal eclogite immediately preceding arc 
instability and migration.   
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Considering the ~ 50 km of eastward arc migration between 7 and 3 Ma and the 

relatively constant arc-trench gap along the modern CVZ between 23º-28º (~ 300 km), 

the position of the late Miocene (8-6 Ma) trench likely extended ~ 50 km further to the 

west.  The result of this trench retreat is up to 50 km of forearc material, composed of 

Mesozoic basic and Paleozoic sialic rocks, removed through subduction erosion 

processes acting on the margin since the late Miocene.  Restoring the Chile Trench to 

its pre-migration/pre-erosion position generates a maximum of ~ 992 km3 per 

kilometer of arc length of material eroded over this period, or a rate of 

~ 124 km3/m.y./km over the last 8 Ma.  This estimated erosion rate is similar to the 

short-term tectonic erosion rate calculated by Clift and Vannucchi (2004) for northern 

Chile.  

 

Spatial and temporal model for the genesis of Pircas Negras adakites 

 In the waning stages of Maricunga arc volcanism between 10-6 Ma (Kay et al., 

1994b; Mpodozis et al., 1995), melting of eclogitic Andean lower crust generated the 

9-7 Ma Dos Hermanos, Redonda, and Comecaballos Pircas Negras adakitic andesites 

(Figure 2.21b). This likely resulted from crustal heating by ponded mantle-derived 

basalts, which erupted at ~ 9 Ma far in the backarc at Los Aparejos in the eastern 

Valle Ancho.  An in situ lower crustal genesis explains the extreme depletion in 

HREE, lower concentrations of transition metals, and lower Mg #s characteristic of 

these andesites compared to younger (7-3 Ma) syn-migration Pircas Negras andesites.

 Immediately following the subduction of the NE-trending arm of the Juan 

Fernandez ridge below the southernmost Puna at ~ 8 Ma  (Yañez et al., 2001; Kay and 

Mpodozis, 2002), a period of arc instability commenced along the Andean margin 

manifest by ~ 50 km of eastward frontal arc migration from the Maricunga Belt to the 

late Miocene-Pliocene arc (Figures 2.2 and 2.21a) and backarc shallowing of the 
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subducting Nazca plate.  Tectonic erosion may have been locally accelerated during 

this time by the subduction of the ridge as it collided with the forearc.  Nonetheless, 

the eastward translation of the volcanic front represents the re-establishment of “arc 

equilibrium” following the rapid removal of forearc material via subduction erosion. 

The 7-3 Ma Pircas Negras adakitic lavas confined to this narrow spatial and temporal 

window likely formed from partial melting of a dominantly mafic (~ 80 %) forearc.  

Hydrous adakitic melts of subducted forearc crust would rise into and react with the 

overriding sub-arc mantle wedge thus acquiring their characteristic elevated Cr, Ni, 

and Mg #s.  Early crystallization of opx may record evidence of this mantle-

metasomatism.  Melt storage at crustal depths > 40 km permitted crystallization of 

pargasitic amphibole, suppressed plagioclase, and further assimilated Andean lower 

crust.  Rapid ascent from these depths inhibited plagioclase fractionation and 

incorporated xenocrysts of quartz and plagioclase from upper-crustal magma conduits 

into the Pircas Negras magma.  

 The last pulse of Pircas Negras volcanism erupted in the northern Rio Salado 

between 3-2 Ma and is associated with the waning stage of the Pliocene arc at this 

latitude.  These lavas are geochemically-similar to those immediately preceding 

frontal arc migration and correspondingly reflect a dominantly lower-crustal, as 

opposed to forearc-derived, eclogitic source.   

    

Geodynamics of melting of subducted forearc crust 

 Various mechanisms have been proposed to induce fluid-saturated conductive 

heating of crustal material eroded from the base of the overriding plate forearc as it is 

transported via the subduction channel into the mantle wedge.  At 3 GPa, the melting 

point of mafic eclogite is ~ 740º C (Hacker et al., 2003a), significantly lower than the 

melting temperature of the mantle but higher than isoviscous model-predicted slab-
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mantle interface temperatures at 100 km depth (Peacock et al., 1994).  Kelemen et al. 

(2003a) suggested that eroded forearc material may melt easier than subducted oceanic 

crust.  Given its position at the base of the crust, the initial temperature of forearc crust 

is likely hotter than the top of the subducted oceanic crust and would thus require less 

heat to melt.  These authors demonstrate that for a 1 km thick lens of eclogitized crust, 

small density differences (50-150 kg/m3) at low strain rates (~ 10−14) will generate 

eclogite diapirism into overlying mantle peridotite.  For eroded Andean forearc, a 

mixture of 15 % eclogitic silicic crust with a density of 3.1 g/cm3 (Richardson and 

England, 1979) with 85 % eclogitic mafic crust with a density of 3.4 g/cm3 is neutrally 

buoyant with a peridotitic mantle with a density 3.35 g/cm3.  Mantle corner flow and 

rising slab-derived fluids may sweep this eroded forearc into hotter regions of the 

mantle wedge away from the slab-mantle interface where fluid-saturated melting can 

occur.  By this logic, density and kinematic forces alone acting within the Andean 

mantle could reasonably transport eclogitic forearc crust into hotter overlying regions 

of the mantle wedge.     

 

IX CONCLUSIONS 

 The Pircas Negras and Dos Hermanos adakitic andesites from the 

northernmost margin of the Chilean flatslab between 27º-28.5º S are petrographically 

and chemically distinguishable from most arc lavas that characterize the Cenozoic 

magmatic history of the Andean arc.  We summarize our results as follows: 

 

(1) The main period of Pircas Negras volcanism between 7 and 3 Ma was 

contemporaneous with the late Miocene migration of the southernmost CVZ volcanic 

front and spatially limited to a ~ 50 km-wide N-S trending band between the Miocene 

Maricunga Belt and late Miocene to Pleistocene arc front centers.   A general trend 
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from older Pircas Negras andesites in Chile (7-5.5 Ma) to younger Pircas Negras 

andesites to the east in Argentina (5-4 Ma) is apparent.  The ~ 8 Ma Dos Hermanos 

and 8.8 Ma Pircas Negras predate the main pulse of arc migration.  The youngest 

Pircas Negras andesites erupted between 3-2 Ma in the upper Rio Salado and are 

associated with the termination of arc volcanism in this region.  

 

(2) The Pircas Negras andesites (Mg # 36-61) are glassy plagioclase-poor lavas 

dominated by oxidized high-Mg amphiboles (magnesiohastingite) with minor 

pyroxenes (cpx + rare opx) and olivine in glomeroporphyritc clusters.  Ubiquitous 

quartz xenocrysts with reaction rims of cpx and relict plagioclase xenocrysts reflect 

upper crustal contamination of the Pircas Negras magmas.  Two pyroxene 

geothermometry on two Pircas Negras andesites indicates pre-eruptive temperatures 

between 1060-1080 ºC at 5 kb, though two oxide geothermometry yields cooler 

temperatures of ~ 800-900 ºC in andesites with textural and geochemical evidence for 

storage at shallow crustal depths.  The older Dos Hermanos lavas (Mg # 48-55) lack 

phenocrystic amphibole and contain only cpx as a phenocrystic phase.  

 

(3)  Adakitic trace element signatures (i.e., high La/Yb, Sm/Yb, Sr/Y or Sr/Yb) and 

high degrees of HFSE depletion relative to the LILE and LREE (high Ba/Ta and 

La/Ta ratios) are characteristic of the Dos Hermanos and Pircas Negras andesites.  

This adakitic signature is a transient geochemical feature observed only in lavas that 

are spatially and temporally associated with frontal arc migration and is absent in 

21-18 Ma Escabroso, 18-13 Ma southern Maricunga, and Quaternary southernmost 

CVZ andesites associated with a more stable arc front.  
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(4) Geochemical patterns and predicted temperatures from some 7-3 Ma Pircas 

Negras are similar to those from high-Mg andesitic melts generated in high-pressure 

(> 1.2 GPa) melting experiments of mafic crust that reacted with peridotite.  Reaction 

with peridotite explains the high Cr and Ni concentrations, elevated Mg #s, and 

presence of opx in some of these magmas.  The ~ 8 Ma Dos Hermanos and youngest 

3-2 Ma Pircas Negras andesites exhibit the most extreme trace element patterns, 

however their lower Mg #s and transition metal concentrations suggest minimal 

interaction with mantle peridotite. 

 

(5)  Isotopic ratios for the Pircas Negras and Dos Hermanos andesites show more 

enriched values when compared to early-middle Miocene andesites.  This trend is 

mirrored by a similar temporal change in the isotopic character of primitive basalts 

from the southernmost CVZ (Kay et al., 1999).  Considering the barren nature of the 

Chile trench with respect to terrigeneous sediments, these trends are best explained by 

transient contamination of the sub-arc mantle with a radiogenic eroded forearc crustal 

component.  Discrete increases in isotopic ratios are superimposed upon a broader 

scale in situ crustal contamination trend seen in the isotopic data of mafic to silicic 

magmas of the same age.   

 

(6) Multi-stage isotopic modeling indicates that the Pircas Negras adakitic 

andesites can be explained by partial melting of Andean forearc material containing 

mixtures of 80-90 % mafic Jurassic gabbroic cumulates with 10-20 % radiogenic 

Paleozoic crust.  These percentages are consistent with compositional estimates of the 

Chilean forearc from geophysical data.  Primary adakitic lavas from partial melting of 

eroded forearc subsequently incorporated 0-20 % mantle Sr and Nd upon reaction with 

mantle peridotite.  Similarly, the source contamination evident in  < 2 Ma mantle-
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derived melts from the CVZ can be modeled as 95-70 % Sr and Nd contamination of 

the sub-arc mantle by eroded forearc.  Like most central Andean magmas, Pb isotopic 

ratios in the Pircas Negras are dominated by a crustal basement signature and trend 

toward the Permo-Triassic Choiyoi granite-rhyolite that underlies the region.  

 

(7) Following the subduction of the NE-SW trending arm of the Juan Fernandez 

Ridge below the southernmost Puna at ~ 10-8 Ma, a period of arc instability 

characterized by rapid forearc subduction erosion commenced along the Andean 

margin between 27º-29º S.  In response, the frontal arc migrated ~ 50 km to the east.  

Immediately preceding this arc migration, melting of back-arc lower crustal eclogite 

by ponding mantle-derived basalts generated the Dos Hermanos adakites. Material 

eroded from the forearc margin began to contaminate the mantle wedge around this 

time.  Melting of this forearc crust at high-pressures within the subduction channel or 

the mantle wedge generated adakitic melts that later reacted with surrounding mantle 

peridotite.  Stored in the thick Andean lower crust, these hydrous melts crystallized 

pargasitic amphibole before rapidly ascending to the surface. 

 

(8) Assuming a constant arc-trench gap over the last 8 Ma, a schematic cross-

section of the Andean arc based on available geophysical constraints indicates ~ 124 

km3/m.y./km of crustal material must have been removed from the Andean forearc to 

account for the arc migration. These rates are consistent with other published 

short-term (~ 5-10 Ma) tectonic erosion rates for the Andes and Central America.       
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CHAPTER 3 

EXTREME HIGH FIELD STRENGTH ELEMENT (HFSE) DEPLETION AND 

NEAR-CHONDRITIC NB/TA RATIOS IN CENTRAL ANDEAN ADAKITE-LIKE 

LAVAS  (~ 28° S, ~ 68° W) 

 

ABSTRACT 

 The eruption of andesites with steep REE patterns and high Sr concentrations 

(adakite-like) in the northern Chilean flatslab region of the Central Andes spatially and 

temporally corresponds with the appearance of a marked HFSE (high field strength 

element) depletion in these lavas (La/Ta up to 100).  Known as the Pircas Negras and 

Dos Hermanos andesites, these lavas erupted at the beginning (8-7 Ma), during (6-3 

Ma), and immediately following (3-2 Ma) a period of tectonic instability characterized 

by rapid eastward migration of the frontal arc.  ICP-MS analyses of the HFSE reveal a 

range of chondritic (20-18) to subchondritic (18-11) Nb/Ta ratios in these lavas.  

These data support a change from a rutile-bearing eclogite to a garnet-bearing 

amphibolite residual assemblage in equilibrium with these lavas that is 

contemporaneous with the onset of arc migration and slab shallowing.  Experimentally 

determined partition coefficients for the HFSE rule out melting of eclogitized oceanic 

crust as a viable source for these adakites and show that a high pressure arc-like source 

with higher Nb and Nb/Ta ratios is required.  Potential sources for the Pircas Negras 

and Dos Hermanos andesites include mafic Andean lower crust and/or forearc crust 

transported to the mantle via subduction erosion.   

 

I INTRODUCTION 

 The characteristic depletion of the high field strength elements (HFSE; Nb, Ta, 

Zr, Hf, and Ti) with respect to the large ionic lithophile elements (LILE) and the light 
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rare earth elements (LREE) is a diagnostic feature of subduction-related volcanism.  

This “arc signature” is evident in the negative Nb and Ta anomalies ubiquitous in 

normalized incompatible element spider diagrams of arc magmas.  Although the 

source of the HFSE arc signature is debated, its importance as a tectonic tracer has led 

to the proposal that the continental crust, which has a high-Mg andesitic bulk 

composition with a strong depletion in Nb and Ta, formed largely through 

subduction-related processes (Taylor and McLennan, 1985; Rudnick and Fountain, 

1995).   However, a paradox remains that the vast majority of arc lavas originate from 

flux melting of the mantle wedge via the addition of slab-derived fluids (e.g., Stolper 

and Newman, 1992; Grove et al., 2002) and partial melts of mantle peridotite 

invariably produce magmas with basaltic compositions.  Lower crustal delamination 

of fractionated ultramafic cumulates (Kay and Kay, 1991; Jull and Kelemen, 2001) or 

genesis of primary high-Mg andesites from the interaction of slab melts with depleted 

sub-arc mantle (Kelemen et al., 2003a) have been proposed as potential mechanisms 

responsible for the largely andesitic bulk composition of the continental crust.  The 

refractory and fluid-immobile nature of the HFSE enables the use of these elements in 

deciphering the sources and physical conditions necessary for the genesis of mafic arc-

derived lavas.   

 Two models have been proposed to explain negative HFSE anomalies in arc 

lavas.   The first is based on the general immobility of the HFSE in fluid transfer from 

the subducting oceanic slab to the overlying mantle wedge.  In this model, negative 

HFSE anomalies in arc magmas reflect the composition of the mantle wedge, which is 

itself depleted in the HFSE due to preferential enrichment of highly fluid-mobile LILE 

and LREE (e.g., McCulloch and Gamble, 1991; Pearce and Peate, 1995).  However, 

experimental data at pressures relevant to slab dehydration (2-3 GPa) suggest partial 

mobility of the HFSE in aqueous fluids in the presence of residual titanite (Brenan et 
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al., 1995b; Stalder et al., 1998) or amphibole (Ionov and Hofmann, 1995; Tiepolo et 

al., 2000).  The second model involves a residual Ti-rich phase, such as rutile or 

amphibole, which retains the HFSE during partial melting of subducted oceanic crust 

or mantle peridotite.  The stability of rutile at pressures > 1.4 GPa in residual eclogites 

in equilibrium with basaltic melt is well constrained by experimental work (Green and 

Pearson, 1986; Foley et al., 2000; Schmidt et al., 2004; Xiong et al., 2005).  However, 

a problem remains as rutile is highly soluble in basaltic melts of peridotite and is 

therefore unstable as a residual phase within the mantle wedge (Ryerson and Watson, 

1987).  Alternatively, HFSE could be retained in an ilmenite-geikeilite [MgTiO3] 

phase that is stabilized in mantle peridotite at lower temperatures near the wet mantle 

solidus (Grove et al., 2006).   

 Despite a common valence state (+5) and virtually-identical atomic radii (rNb = 

rTa = 0.064 nm; Shannon, 1976), fractionation between Nb and Ta is observed in both 

experimental (Schmidt et al., 2004) and natural systems (Münker, 1998; Münker et al., 

2004a; 2004b) where rutile or amphibole are present in the source or mineral residue.  

With respect to this fractionation, a global mass imbalance exists with regard to the 

Nb/Ta ratio as virtually all terrestrial chemical reservoirs have subchondritic ratios 

(<19.9 ± 0.6; Münker et al., 2003).  Possible complimentary reservoirs, such as 

depleted mantle and MORB, both have subchondritic Nb/Ta ratios of 15.5 ± 1 

(Jochum, 1997; Rudnick et al., 2000) and 11-16 (Jochum and Hofmann, 1998; Büchl 

et al., 2002; Münker et al., 2003) respectively.  Nb/Ta ratios for bulk upper and lower 

continental crust are even lower ranging from 9-14 (Taylor and McLennan, 1985; 

Rudnick and Fountain, 1995; Barth et al., 2000).  Primitive mantle has an average 

Nb/Ta ratio of 17.5 (Hofmann, 1988) and Nb/Ta ratios of OIB lavas generally range 

from 15-17 (Pfänder et al., 2002).  These ratios suggest that either: (1) the earth is not 

chondritic with respect to the HFSE, (2) depleted mantle and MORB are not 
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complimentary reservoirs to the continental crust, or (3) an additional reservoir with 

superchondritic Nb/Ta (as well as Nb/La and Ti/Zr) exists to satisfy global mass 

balance.  Assuming that the HFSE are perfectly lithophile and that their concentrations 

in bulk silicate earth are chondritic, rutile-bearing eclogite trapped in oceanic crust 

subducted deep into the mantle has been proposed as a sink for the missing terrestrial 

Nb (Rudnick et al., 2000). Alternatively, the similar partitioning behavior of Nb and 

the strongly siderophile element V between liquid metal and silicate liquid suggests 

excess Nb may be stored in the Earth’s core (Wade and Wood, 2001; Schmidt et al., 

2004).   

 In this paper, we present HFSE data on a suite of late Miocene to Pliocene 

“adakitic” andesites from the northernmost Chilean flatslab region (27.5º-28.5º S) 

whose petrogenesis is attributed to melting of eclogitic and/or garnet amphibolitic 

crust (Kay et al., 1991; 1994b; Goss et al., Chapter 2).  These lavas, known as the 

Pircas Negras and Dos Hermanos andesites, exhibit steep REE patterns and high Sr 

concentrations along with some of the most extreme HFSE depletions on Earth (La/Ta 

ratios up to 100).   The temporal and spatial relationship between ephemeral tectonic 

processes acting on the Andean margin during the latest Miocene, adakitic 

geochemical signatures resulting from high-P crustal melting in the presence of garnet, 

and the concurrent appearance of pronounced HFSE anomalies provided the 

motivation for this investigation.  Inter-HFSE systematics are used to evaluate the 

origin of this HFSE depletion and to assess potential residual assemblages in 

equilibrium with these melts.  Unlike many other arc lavas worldwide that have Nb/Ta 

ratios ranging between primitive mantle and continental crust (10-17; Plank and 

White, 1995; Stolz et al., 1996), these adakitic andesites exhibit near-chondritic Nb/Ta 

ratios ranging from 16 to 20.  We evaluate these distinct ratios with respect to 
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experimental data on hydrous eclogitic systems and present a model for their genesis 

within a cooling Andean frontal arc.   

 

II ADAKITES FROM THE NORTHERN TRANSITION OF THE 

CHILEAN FLATSLAB 

 The Pircas Negras andesites define a suite of mafic andesites that erupted in a 

~ 50 km wide E-W band between 27º-28.5º S latitude within the northern transition 

zone of the Chilean flatslab (Figure 3.1).  In the field, these mafic lavas are identified 

as glassy plagioclase-poor andesites dominated by acicular pargasitic oxyhornblende 

phenocrysts with minor ultramafic crystal clots and resorbed xenocrysts of quartz and 

plagioclase.  They erupted during a period of relative tectonic instability between 8-2 

Ma as the frontal arc, defined by > 6500 m high dacitic and rhyodacitic 

stratovolcanoes, migrated ~ 50 km eastward from the Maricunga belt (Kay et al., 

1994b; Mpodozis et al., 1995) to the southernmost extent of the late Miocene-

Pleistocene central Andean arc (Figure 3.1).  This migration occurred during the peak 

of Nazca plate shallowing that formed the Chilean flatslab (28º-33º S) between 10-4 

Ma (Kay et al., 1987; 1991; Kay and Mpodozis, 2002).  The ~ 8 Ma Dos Hermanos 

andesites preceded the migration and erupted from an isolated center some 20 km east 

of the Maricunga belt arc front at the northwestern end of the Valle Ancho (Figure 

3.1).  Like the Pircas Negras, these andesites are glassy and plagioclase-phenocryst 

free, however amphibole is entirely absent as diopside is the only phenocrystic phase.  

 The geochemistry of the Pircas Negras and Dos Hermanos andesites has been 

described  by various authors (Kay et al., 1991; 1994b; Goss et al., Chapter 2).  High 

Mg #s (35-61; average = 54; n = 26) and elevated NaO2 contents (3.7-5.3 wt %) 

distinguish them from 21-18 Ma Escabroso (Doña Ana Group), 18-13 Maricunga belt, 

and Quaternary Central Volcanic Zone (CVZ) andesites.  These high-Mg andesites 
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have an adakitic signature exhibited by strong depletion of the HREE elements 

(Sm/Yb = 4-9) and high Sr concentrations (Pircas Negras = 460-1050 ppm; Dos 

Hermanos = 1220-1430 ppm).  This extreme high-pressure chemical signature is a 

transient feature that is evident only in lavas that erupted at the time of arc migration 

(Kay and Mpodozis, 2002; Goss et al., Chapter 2).  Comparison with experimental 

work (Rapp et al., 1999; 2007) indicates that these adakites likely formed by melting 

of mafic eclogite or garnet amphibolite in (1) the thickened Andean lower crust or (2) 

in mafic forearc rocks transported to the mantle wedge via forearc subduction erosion.  

Isotopic modeling and temporal changes in trace element concentrations suggest that 

lower crustal melting best explains the ~ 8 Ma Dos Hermanos and 3-2 Ma Pircas 

Negras andesites (Figure 3.1) and that a transient pulse of forearc material delivered to 

the mantle during the peak of arc migration provided an additional crustal component 

that contributed to the genesis of the 6-3 Ma high-Mg Pircas Negras andesites (Goss et 

al., Chapter 2).  The effect of secondary in situ crustal contamination in these lavas is 

evident from the ubiquitous presence of quartz and feldspar xenocrysts and by an 

isotopic enrichment trend of increasing 87Sr/86Sr ratios with increasing SiO2 content.  

 The transient adakitic signature in the high-Mg andesites is accompanied by 

strong depletion in the HFSE with respect to both the LILE and LREE (Goss et al., 

Chapter 2).   The bulk of the Pircas Negras andesites exhibit high La/Ta ratios (50-75), 

whereas extreme La/Ta ratios occur in the 8 Ma Dos Hermanos (92-101), 8.8 Ma 

Comecaballos Pircas Negras (99), and 3-2 Ma Pircas Negras lavas (77-81) 

(Figure 3.2).  Similarly, extreme depletion in the HFSE is a transient feature confined 

to the 8-2 Ma period of arc instability as 21-18 Ma Escabroso, 18-13 Maricunga belt, 

and Quaternary CVZ andesites have lower La/Ta ratios (25-55; Figure 3.2).   
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Figure 3.1 (A) Map of the west coast of South America and the Andes Mountains 

showing the main tectonomorphic features (modified from Lamb and 
Davis, 2003).  Dashed lines outline national borders.  Black arrows 
with numbers indicate average convergence rate from DeMets et al. 
(1990).  The geometry of the subducting plate is shown by dark contour 
lines with depths in kilometers (Cahill and Isacks, 1992).  Regions with 
average elevations > 2000 m are outlined in orange.   Triangles mark 
zones of active volcanism.  NVZ = Northern Volcanic Zone; CVZ = 
Central Volcanic Zone; SVZ = Southern Volcanic Zone; AVZ = 
Austral Volcanic Zone.  Yellow box identifies the northern flatslab 
transition zone (27º-28.5º S).   

 
 (B)  Inset of the northern flatslab transition zone showing the eruptive 

extent of Pircas Negras and Dos Hermanos adakites relative to the 
location of the modern CVZ arc, the early-late Miocene Maricunga Belt 
volcanic arc, and the Mesozoic arc.  Relative elevations indicated by 
shades of green to white are from the 90m SRTM Digital elevation 
model.  Dark and light grey fields show the outcrop extent of Jurassic 
and Cretaceous magmatic units respectively (SERNAGEOMIN, 2003).  
The dashed yellow line marks the position of the Maricunga Belt arc 
front with some of the principal centers indicated (Kay et al., 1994b; 
Mpodozis et al., 1995).  Solid yellow line marks the southern extent of 
the modern CVZ.  Sites of Neogene basaltic volcanism in the CVZ are 
shown by white stars.  The dashed yellow line to the south marks the 
late Miocene-Pleistocene arc identified by the Bonete/Incapillo 
stratovolcano complex.  Yellow arrows show ~ 50 km of late Miocene 
frontal arc migration.  Regions of adakitic volcanism include 8-6 Ma 
Pircas Negras and ~ 8 Ma Dos Hermanos lavas (red), 6-3 Ma Pircas 
Negras (yellow), and 3-2 Ma upper Rio Salado Pircas Negras (green).  
Age ranges are in white font (Kay et al., 1994b; Mpodozis et al., 1995; 
Goss et al., Chapter 2).  Black solid star shows the location of the 
crustally-contaminated Quebrada de Veladero Pircas Negras flow 
(sample CO-324). 
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Figure 2.2 Plot of La/Ta versus La/Yb ratios for Pircas Negras and Dos Hermanos adakitic lavas from the northernmost flatslab 

transition zone (27º S-28.5º S).  Samples are grouped according to age and tectonic regime – see chart on the right.  
Pre-migration (red):  ~ 8 Ma Dos Hermanos, 8.8 Ma Pircas Negras, and 7.0-5.5 Ma Pircas Negras lavas from the 
southern end of the Maricunga belt in Chile.  Syn-migration (yellow):  6.0-3 Ma Pircas Negras in Argentina 
associated with the eastward displacement of the main frontal arc.  Post-migration (green): final pulse of Pircas 
Negras volcanism at 3-2 Ma associated with the siliceous Incapillo Caldera and Dome Complex.  Dark grey fields 
identify the Segerstrom (24 Ma), < 2 Ma Incahuasi and San Francisco basaltic lavas.  Fields for late Oligocene/early 
Miocene Escabroso (21-18 Ma), middle Miocene (18-13 Ma) Maricunga, and Quaternary (< 2 Ma) andesites from 
the southernmost CVZ are also shown.  INAA geochemical data and K-Ar ages are from Kay et al. (1987; 1991; 
1994b; 1999; in prep.), Mpodozis et al. (1995), Kay and Mpodozis (2000), and Goss et al. (Chapter 2). 
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III METHODS 

 To test these hypotheses, we obtained HFSE concentrations on a subset of well 

characterized Pircas Negras and Dos Hermanos samples using Inductively-Coupled 

Plasma Mass Spectrometry (ICP-MS) at Cornell University.  Analytical methods are 

outlined in Appendix 1.  USGS standard BCR-2 and an internal standard 

(PAL-Palisades Sill) were treated as unknowns and run as independent secondary 

standards.  Accuracy for the HFSE and REE for these standards is shown in Table 3.1.  

All HFSE are well within the error estimates for BCR-2 obtained by isotope dilution 

MC-ICP-MS (Willbold and Jochum, 2005) with the exception of Ta which is high 

compared to the BCR-2 standard.  Accuracy is estimated on repeated digestions and 

analyses of BCR-2 and is applied to unknown Pircas Negras and Dos Hermanos 

samples.  Precision is based on relative standard deviation (RSD = SD/mean), which is 

generally < 3 % for replicate analyses of the BEN standard during each run.  RSDs for 

unknowns are generally higher with average inter-run RSD values of < 4 % for all 

HFSE.  A repeat digestion and analysis of BCR-2 gives a reproducibility error of < 3 

% for all HFSE.   

 
Table 3.1
Replicate ICP-MS HFSE and REE analyses for USGS and Cornell rock standards

8/9/2004 8/10/2005 8/10/2005 kay white
element (ppm) BCR-2 BCR-2 BCR-2 error (2σ) PAL PAL PAL
Zr 180 185 184 8.5 93.9 88.8 -
Nb 12.3 12.6 12.5 0.4 7.3 6.6 -
Hf 4.66 4.80 4.74 0.1 2.58 2.56 -
Ta 0.78 0.79 0.740 0.019 0.61 0.65 -

La 26.3 24.3 25.0 1.0 10.2 10.5 11.41
Sm 6.8 6.6 6.7 0.3 3.4 3.4 3.67
Yb 3.3 3.3 3.5 0.2 2.0 2.2 2.32

reported

 
Analyses for separate digestions and dilutions of the USGS BCR-2 and internal PAL (Palisades Sill) 
standards.  Reported BCR-2 REE values are from (Govindaraju, 1989; 1994) and HFSE from isotope 
dilution (Willbold and Jochum, 2005).  Reported PAL concentrations are working values from INAA 
(Kay) and thermal ionization isotope dilution REE (White).  With respect to published values, error 
on elemental ratios for analyzed standards are Nb/Ta ± 6.9 %, Nb/La ± 2 %; Zr/Hf ± 1.0 %; La/Ta ± 
5.0 % and Zr/Sm = ± 2.5 %.  
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VI COMPARISON WITH NEUTRON ACTIVATION (INAA) DATA  

 Most analyzed samples had Ta and Hf concentrations that had previously been 

obtained by Neutron Activation (INAA).  Methods are described by Kay et al. (1987) 

and internal standards (PAL, SIT, and WBD-2) run along with the unknown samples 

are reported in Appendix 2.  Additionally, Nb and Zr atomic absorption (AA) data 

were determined by the Chilean Geological Survey (SERNAGEOMIN) on selected 

Pircas Negras samples.  The data from the non-digestive INAA technique provide an 

independent check on the ICP-MS data with regard to the complete digestion of 

HFSE-bearing accessory phases and bulk yield of HFSE concentrations.  No samples 

with SiO2 > 63 wt % are reported here due to systematically low HFSE yields relative 

to INAA, which is interpreted to be due to incomplete digestion of accessory phases.  

Figure 3.3 shows the agreement between INAA and ICP-MS for various trace 

elements including Ta and Hf.   Elements hosted in easily digestible phases with clean 

(no interferences) and strong (high peak to background) INAA peaks such as Cr, Co, 

Sc, Sm, Yb, U and Th exhibit excellent 1:1 correlation between analytical methods.  

This indicates complete digestion of all phases containing transition metals and REEs.  

Correlation of Ta to within analytical error is indicative of full digestion of titanite 

(Tiepolo et al., 2002), ilmenite, and other X4+ cation-bearing mineral phases.   

 In general, a 1:1 relationship between analytical methods exists for Hf 

concentrations except for the sub-set of Pircas Negras samples that have the highest Hf 

and SiO2 concentrations (62-63 wt %; CO 145; CO 313; and CO 332) and evidence 

for the most significant upper crustal contamination as determined by high U, Th, and 

Rb concentrations (sample CO 324; Goss et al., Chapter 2).  On average, these 

samples are ~ 15 % low in Hf concentration compared to the INAA analyses.  Sample 

CO 145 has an independent AA analysis of Zr from the SERNAGEOMIN, which is 

also 15 % low.  Therefore, we interpret low Zr and Hf yields on these samples as 
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incomplete digestion of microphenocrystic zircon.  This analytical discrepancy is 

taken into consideration in the interpretation of the data.  The low-yield samples do 

not exhibit any systematic difference in Zr/Hf ratios when compared to other Pircas 

Negras or Dos Hermanos lavas despite the fact that the two lowest Zr/Hf ratios are 

from low-yield samples (CO 145 and CO 324).  For the majority of samples, the 

measured Zr/Hf ratio is reflective of the original ratio in the rock and digestion 

problems are not a major source of analytical error.      
 

 
 
Figure 3.3 Comparison of INAA and ICP-MS data for various trace elements from 

northern flatslab transition zone basalts and andesites. Filled 
diamonds – SiO2 < 61 wt %; Open diamonds – SiO2 > 61 wt %.  Best 
fit linear regressions through zero are shown by solid lines with slopes 
and R2 values. Ideal correlations (1:1) are shown by dashed lines.  
Crustally-contaminated Rio Veladero Pircas Negras flow is identified 
(CO 324).  The shaded field in the Hf INAA vs. ICP-MS graph shows 
samples with low ICP-MS yields reflective of incomplete digestion of 
X5+ bearing accessory phases.  
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 The combination of digestive and non-digestive analytical methods provides a 

test of the quality of ICP-MS data even after accurate analyses of rock standards have 

been obtained.  By using the well-characterized AGV-1 standard to generate 

calibration curves for the HFSE, we anticipated the Pircas Negras samples would 

digest like AGV-1 given their similar major element compositions.  Without the 

secondary check from the INAA data, digestion problems in samples with higher SiO2 

concentrations would not have been apparent.  ICP-MS Zr and Hf analyses on 

dissolved igneous rocks with SiO2 > 62 wt % should be verified by: (1) an 

independent non-digestive analytical method (i.e., XRF or INAA) or by (2) digestion 

in weak HNO3
− following fusion of a glass bead using an ultra-pure LiBO4 flux.   

 

V RESULTS 

  HFSE concentration data including Nb/Ta and Zr/Hf ratios obtained on the 

Pircas Negras and Dos Hermanos adakites are presented in Table 3.2.  Nb and Zr 

concentrations range from 10-16 ppm and 101-313 ppm respectively and agree with 

Nb and Zr atomic absorption data from the Pircas Negras and Dos Hermanos lavas.  

All samples have Nb/Ta ratios of 16-20 that approach the chondritic value 

(19.9 ± 0.6).  Figure 3.4a shows that these Nb/Ta ratios are distinctly higher than those 

of average MORB, depleted mantle (DM), and continental crust and overlap the 

average Nb/Ta ratio of the primitive mantle (Nb/Ta ~ 17.5; McDonough and Sun, 

1995).  Near-chondritic ratios such as these are uncommon in arc lavas worldwide, 

consistent with the genesis of typical arc magmas from uniformly subchondritic 

sources (i.e., depleted mantle, subducted sediments, upper and lower crust; Stolz et al., 

1996).   Arc rocks with Nb/Ta ratios > 17 are found only in a few modern high-K 

lavas from the Marianas (Elliott et al., 1997) and Sunda arcs (Stolz et al., 1996), as 

well as some high-K arc lavas from the Cambrian Takaka terrane in New Zealand 
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(Münker, 1998).  The high Nb/Ta ratios in these lavas have been attributed to 

contamination of the sub-arc mantle by adakitic melts derived from slab melting.   

 
Table 3.2
HFSE data for mafic lavas from the northern flatslab transition zone of the Central Andes (~ 27º-28.5º) 

INAA INAA
SiO2 Nb σ Ta σ Ta Zr σ Hf σ Hf Nb/Ta Zr/Hf

Dos Hermanos
CC 81 57.3 12.9 0.5 0.72 0.03 0.64 246 8 5.8 0.3 5.6 17.8 42.5
CC 82 56.1 12 - - 0.63 237 - - 5.6 19.1 42.3
CC 83 58.2 13 - - 0.65 251 - - 5.9 19.9 42.7
CO 428 59.0 12.9 0.5 0.66 0.03 0.66 229 4 5.3 0.2 5.4 19.4 43.0

7-6 Ma Pircas Negras
CO 416 58.9 12.4 0.3 0.69 0.02 0.62 236 8 5.5 0.2 5.3 18.1 43.3
CO 4161 58.9 12.0 0.2 0.73 0.03 0.62 231 4 5.5 0.2 5.3 16.4 42.0
CO 427 59.3 11.4 0.3 0.58 0.04 0.55 246 3 5.6 0.3 5.4 19.8 43.9

6-3 Ma Pircas Negras
CC 94 63.4 9.9 0.2 0.58 0.03 0.61 223 4 5.6 0.2 5.6 17.0 40.1
CO 144 58.2 14.9 0.3 0.84 0.06 0.79 263 5 6.0 0.4 6.0 17.7 43.6
CO 145 62.7 12.4 0.2 0.73 0.03 0.63 243 6 6.0 0.3 6.7 16.9 40.3
CO 146 57.5 12.9 0.4 0.76 0.05 0.76 244 4 5.9 0.2 5.8 17.1 41.2
CO 163 62.8 11.7 0.2 - - 0.62 - - - - 6.7 - -
CO 170 57.4 11.9 0.2 0.73 0.03 0.69 250 4 6.0 0.3 6.0 16.3 41.7
CO 309 61.7 12.1 0.6 0.73 0.02 0.69 254 10 5.8 0.2 5.8 16.5 44.0
CO 310 59.1 11.2 0.3 0.71 0.03 0.68 253 8 5.9 0.3 6.1 15.8 42.6
CO 324 59.1 15.7 0.4 1.24 0.05 1.21 239 5 6.0 0.2 7.0 12.6 39.9
CO 327 61.7 11.6 0.2 0.66 0.03 0.66 301 4 6.7 0.2 7.4 17.7 44.7
CO 329 59.0 11.9 0.3 0.67 0.02 0.66 270 5 6.2 0.2 6.6 17.8 43.8
CO 331 61.5 12.0 0.4 0.65 0.02 0.70 269 9 6.2 0.1 6.7 18.5 43.3
CO 332 59.3 12.7 0.4 0.70 0.02 0.70 284 13 6.4 0.2 6.5 18.2 44.3
CO 333 62.0 11.7 0.3 0.68 0.03 0.69 273 2 6.2 0.2 6.7 17.2 43.7
CO 412 57.4 11.2 0.2 0.64 0.03 0.64 229 3 5.3 0.3 5.3 17.5 43.3
CO 504 60.2 12.6 0.2 0.69 0.04 - 270 6 6.2 0.1 - 18.2 43.4
CO 296a 62.9 9.4 0.2 0.53 0.04 0.50 256 12 5.8 0.2 5.7 17.8 43.9

3-2 Ma Pircas Negras
CO 312 60.9 11.1 0.3 0.60 0.04 0.59 313 9 7.3 0.2 7.2 18.5 42.6
CO 313 62.2 11.2 0.2 0.60 0.03 0.61 291 14 6.7 0.2 7.4 18.6 43.5
CO 179 63.3 11.0 0.3 0.65 0.03 0.60 304 8 6.8 0.2 6.5 17.0 44.8
CO 507 60.0 12.1 0.2 0.67 0.04 - 253 3 5.9 0.3 - 18.2 42.7

Basalt and basaltic andesite
CC 262 55.0 10.3 0.2 0.60 0.03 0.65 192 3 4.8 0.2 4.8 17.1 40.4
CO 24 53.3 10.4 0.2 0.56 0.03 0.56 165 2 4.0 0.2 4.3 18.6 41.2

----------ICP-MS---------- ----------ICP-MS----------

 
Sigma values reflect RSD-error from ICP-MS analysis. Complete major and trace element analyses, 
K-Ar ages, and sample locations are from Goss et al. (Chapter 2) and references therein.  INAA values 
are from Tittler (1995), Kay et al. (1991; 1994b; 1999), and Goss et al. (Chapter 2).  SiO2 and HFSE 
concentrations are reported as wt % oxide and ppm respectively.  Italicized Nb and Nb/Ta data are 
from atomic absorption spectroscopy (AA) at the Chilean Geological Survey, Santiago.  1Replicate 
digestion and analysis of sample CO 416.  CO 296a is from V. Rodrigo (Mpodozis et al., 1996).  
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Figure 3.4 Graphs of La/Ta vs. (A) Nb/Ta and (B) Zr/Hf ratios for the Dos 

Hermanos and Pircas Negras adakites.  Fields are as in Figure 3.2.  
Errors bars reflect accuracy of analyzed standards with respect to 
published values (Table 3.1).  All data from ICP-MS (solid symbols).  
Dos Hermanos open squares are for Nb from atomic absorption and Ta 
from INAA.  Chondritic ratios for Nb/Ta and Zr/Hf are shown by the 
grey bar (2003).  Values for depleted mantle (DM, Jochum, 1997; 
Münker et al., 2003 - dark green box); primitive mantle (PM, Hofmann, 
1988 - hatched box); MORB (Büchl et al., 2002; Münker et al., 2003 - 
light green box); upper and lower crust (Taylor and McLennan, 1985; 
Rudnick and Fountain, 1995 - yellow boxes; Barth et al., 2000 - orange 
box); and the missing eclogite reservoir (Rudnick et al., 2000 - grey 
box) are also plotted.  Dashed lines show mixing between ~ 8 Ma Dos 
Hermanos (CO 428) and bulk upper crust.  
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 A general age correlation is evident with ~ 8 Ma Dos Hermanos and 7-6 Ma 

Pircas Negras andesites from the Jotabeche region having the highest Nb/Ta ratios and 

6-2 Ma Pircas Negras andesites having lower ratios closer to primitive mantle.  This 

temporal progression towards lower Nb/Ta is accompanied by a decrease in the 

La/Yb, Sm/Yb, Sr/Yb ratios and a general increase in Cr and Ni concentrations (Goss 

et al., Chapter 2).   Only one Pircas Negras sample exhibits a Nb/Ta ratio close to the 

bulk crustal value (CO 324; Nb/Ta = 12.6).  The low Nb/Ta ratio in this sample is 

similar to the crust-like Nb/Ta ratios (10-12) common in Central Andean dacitic 

ignimbrites (Kay and Coira, in prep.) and is consistent with the high concentrations of 

upper-crust-like trace elements in this sample (Rb = 138 ppm; Cs = 7.38 ppm; Th 

=16.8 ppm; and U = 5.6 ppm; Goss et al., Chapter 2).   

 Like most arc rocks, the Pircas Negras and Dos Hermanos adakites exhibit 

super-chondritic Zr/Hf ratios (> 34.3; Münker et al., 2003) that range from 39.9 to 

44.7 (Figure 3.4b).  These ratios are higher than those in MORB (DMZr/Hf = 35.0; 

Hofmann, 1988; Büchl et al., 2002), primitive mantle (PMZr/Hf = 36.3; Hofmann, 

1988), and bulk upper and lower continental crust (UCZr/Hf = 32.8 and LCZr/Hf = 33.3; 

Taylor and McLennan, 1985; Rudnick and Fountain, 1995).  Unlike Nb/Ta ratios in 

the Pircas Negras and Dos Hermanos adakites, there is no systematic correlation 

between Zr/Hf ratios and eruption age.  

 A weak correlation exists between Nb/Ta and the anomalously high La/Ta 

ratios characteristic of the adakitic andesites that erupted in association with arc 

migration and slab shallowing between 27.5º and 28.5º S (Figure 3.4a).  The ~ 8 Ma 

Dos Hermanos andesites display near-chondritic to chondritic Nb/Ta ratios (17.8-20) 

and show the most extreme HFSE depletion.  The 7-6 Ma Pircas Negras lavas from 

near Cerro Jotabeche in Chile have similarly high Nb/Ta ratios (18.1-19.9) with 

somewhat lower La/Ta ratios than the Dos Hermanos.  During the main pulse of Pircas 
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Negras volcanism at the height of arc migration from 6-3 Ma, Pircas Negras andesites 

exhibit lower Nb/Ta ratios (18.2-15.8) than the earlier lavas.  The 3-2 Ma Pircas 

Negras andesites have nearly-chondritic Nb/Ta ratios (17.0-18.6) and higher La/Ta 

ratios than main suite of Pircas Negras.  In general, there is no correlation between 

Zr/Hf and La/Ta (Figure 3.4b). 

 

VI DISCUSSION 

 The weak correlation between Nb/Ta and La/Ta ratios and the temporal shift 

towards lower Nb/Ta ratios in Pircas Negras lavas erupting over the course of late 

Miocene to Pliocene frontal arc migration is evaluated with respect to (1) varying 

extents of in situ upper crustal contamination, (2) progressive depletion of an enriched 

primitive mantle source, and (3) a change in the HFSE-bearing phase in response to 

changing tectonic parameters.    

Despite xenocrystic and isotopic evidence for in situ crustal contamination of 

the Pircas Negras and Dos Hermanos precursor melts (Goss et al., Chapter 2), it is 

unlikely that assimilation of Andean crust upon ascent controlled the temporal trends 

in the HFSE data.  Support comes from HFSE ratio trends that are not inversely 

correlated with SiO2 content or 87Sr/86Sr ratios as would be expected if a 

mantle-reacted adakitic melt was modified by assimilation of upper crust.  Moreover, 

contamination with continental crust would result in both lower Nb/Ta and Zr/Hf 

ratios.  Except for the crustally-contaminated Rio Veladero Pircas Negras flow (CO 

324) with its lower Nb/Ta and Zr/Hf ratios (~ 12 and ~ 39; Figure 3.4), the HFSE 

ratios of the Pircas Negras do not reflect these crustal contamination trends.  Mixing 

between the Dos Hermanos lavas, with their near-chondritic Nb/Ta and high La/Ta 

ratios, and bulk upper crust will produce contaminated melts with Nb/Ta and Zr/Hf 

ratios significantly lower than those observed in the Pircas Negras lavas (Figure 3.4a).  
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We therefore rule out crustal contamination of the ~ 8 Ma Dos Hermanos lavas as an 

explanation for the HFSE ratios in the 6-2 Ma Pircas Negras andesites.   

 The low solubility of Nb and Ta in slab-derived fluids had led to the 

understanding that Nb/Ta ratios in non-crustally contaminated arc lavas are controlled 

by mantle composition.  For some arc lavas with strong slab-fluid signatures as well as 

mid-ocean ridge basalts (Plank and White, 1995), a positive correlation between 

Nb/Ta ratios and Nb concentrations supports a general mantle-wedge control on the 

HFSE.  Progressive depletion of the mantle wedge via non-modal clinopyroxene 

melting can explain this correlation since Ta is more compatible than Nb in 

clinopyroxene (DNb/DTa is ~ 0.3-0.8; e.g., Hart and Dunn, 1993; Johnson, 1998; 

Lundstrom et al., 1998; Green et al., 2000; Klein et al., 2000).  However, Münker et al. 

(2004b) showed that progressive mantle depletion cannot exhibit a first-order control 

on the Nb/Ta ratios of Kamchatka arc front lavas.  With the exception of a few 

backarc lavas associated with a more enriched mantle in Kamchatka (Sredinny Ridge), 

Nb/Ta in these lavas do not correlate with other trace element ratios indicative of 

mantle depletion (e.g., Zr/Nb and Zr/Hf; Figure 3.5).  These authors conclude that the 

Nb and Ta systematics in Kamchatkan arc lavas must be controlled by a residual 

HFSE-bearing phase rather than progressive depletion of the mantle wedge.   

 The Pircas Negras and Dos Hermanos adakitic andesites exhibit substantially 

higher Nb concentrations (10-15 ppm) than the majority of Kamchatkan and Aleutian 

arc lavas (< 5 ppm) reported by Münker et al. (2004b).  Only the enriched backarc 

Sredinny Ridge lavas and western Aleutian adakites have higher Nb concentrations 

(15-18 ppm).  These samples also have Nb/Ta ratios that partially overlap the fields 

for the Pircas Negras andesites (Figure 3.5).  As with Nb/Ta ratios from central 

Kamchatkan or western Aleutian lavas, the high Nb/Ta ratios of the Pircas Negras and 

Dos Hermanos andesites do not correlate with other trace element ratios indicative of 
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variable mantle depletion (e.g., Zr/Hf, Lu/Hf, or Zr/Nb).  Therefore, it is unlikely that 

the range of Nb/Ta observed in the Andean adakites are related to progressive 

depletion of the sub-arc Andean mantle wedge.   

 

 
 

Figure 3.5 Plot of Zr/Hf versus Nb/Ta ratios for the Dos Hermanos and Pircas 
Negras adakitic lavas.  Colored fields are as in Figure 3.2.  Depletion 
trend is based on the compatibility partitioning order of Nb < Ta < Zr < 
Hf < Lu in mantle minerals (Münker et al., 2004b and references 
therein).  Fields for central Kamchatka andesites, western Aleutian 
adakites, and backarc Sredinny Ridge lavas (Kamchatka) are from 
Münker et al. (2004b).  MORB field is from Münker et al. (2003). 

 

 One possibility to explain the near-chondritic Nb/Ta ratios (> 18) of the Pircas 

Negras and Dos Hermanos andesites is that they reflect the Nb/Ta ratio of the central 

Andean mantle.  Primitive mantle-derived basalts rarely penetrate through the ≥ 60 km 

thick Andean crust without extensive crustal contamination or fractional 

crystallization.  Episodes of delamination and subduction erosion have likely modified 

the chemical composition of the mantle with crustal material (Kay and Kay, 1993; 
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Kay et al., 1994a; Goss et al., Chapter 2).  Despite this, the Quaternary southern CVZ 

Incahuasi and San Francisco primitive basalts near ~ 27º S, some ~ 100 km north of 

the Pircas Negras lavas, provide chemical information about the Andean mantle under 

the southernmost CVZ.  As reported by Kay et al. (1999), these lavas have 9-10 wt % 

MgO, high Cr and Ni contents (Cr = 500-700 ppm; Ni  ~ 200 ppm), and Fo88-89 olivine 

phenocrysts in equilibrium with the melt.  HFSE ICP-MS data for these most-mafic of 

Puna lavas reveal elevated Nb/Ta ratios of 19 to 21 (Kay et al., in prep.).  The 

similarly primitive ~ 24 Ma Segerstrom basalt from the same region exhibits a lower 

Nb/Ta of 17.  Further south within the Valle Ancho, a ~ 9 Ma backarc basalt from near 

Los Aparejos (sample CO 24) also has an elevated Nb/Ta ratio of 18.6 (Table 3.2).  

These data suggest (1) the mantle below the southernmost Puna has Nb/Ta ratios 

outside of the range of MORB  (11-16; Büchl et al., 2002) and OIB (15-17; Pfänder et 

al., 2002) and (2) the Nb/Ta ratio of the mantle underneath the southernmost CVZ 

could have increased since the early Miocene.    

 High Nb/Ta ratios and elevated Nb contents in Sredinny Ridge lavas led 

Münker et al. (2004b) to propose a continental-lithospheric mantle below the 

Kamchatkan backarc.  Beneath the southern Puna (25-28º S), the continental 

lithospheric mantle is considered to be thin with the asthenospheric mantle virtually in 

contact with the overlying MOHO (Whitman et al., 1996).  Delamination during the 

latest Miocene and possible magmatic erosion of the lithospheric mantle lid may have 

contaminated the mantle below the Puna with continental lithospheric material 

resulting in higher Nb/Ta ratios in the Quaternary southern Puna primitive basalts.  A 

similar processes cannot be ruled out as a cause for the near-chondritic Nb/Ta of the 

Pircas Negras and Dos Hermanos lavas that erupted further south within the northern 

flatslab transition zone.  Moreover, temporal changes in mantle HFSE ratios are not 

likely due to a variable flux of sediments delivered to the mantle as the Chile trench 
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north of 32º S is currently void of terrestrial detritus (Schweller et al., 1981) and has 

likely been sediment-starved since the middle Miocene (Cornejo et al., 1993; 

Vandervoort et al., 1995).   

 An alternative mechanism to generate the near-chondritic Nb/Ta ratios in the 

Pircas Negras and Dos Hermanos lavas is that these melts equilibrated with a residual 

HFSE-bearing phase capable of fractionating Nb from Ta.  As proposed by Münker et 

al. (2004b) for Aleutian and Kamchatkan lavas with an adakitic signature, variable 

proportions of residual rutile and/or amphibole in the high-pressure crustal source of 

these melts may be responsible for the range of Nb/Ta ratios.  Here, we apply the trace 

element tests used by Münker et al. (2004b) to the Pircas Negras and Dos Hermanos 

adakitic lavas that have been modeled as high-P melts of either garnet-bearing in situ 

lower crust or from crust eroded from the forearc via subduction erosion (Kay et al., 

1991; Kay and Mpodozis, 2002; Goss et al., Chapter 2).  Unlike the Kamchatkan 

adakites, where a proposed slab tear permits thermal conditions for slab melting 

(Yogodzinski et al., 2001), anatexis of the Eocene-age subducting Nazca plate is not 

likely to be the source of the Pircas Negras/Dos Hermanos adakites due to isotopic and 

thermal considerations (Kay and Mpodozis, 2002).    

 A compilation of HFSE partition coefficients for minerals in garnet 

amphibolite, eclogite, and mantle peridotite (Münker et al., 2004a) and HFSE 

concentrations in these minerals (Foley et al., 2000; Tiepolo et al., 2000; Foley et al., 

2002; Zack et al., 2002) shows that rutile and to a lesser extent low-Mg amphibole are 

the principle phases capable of hosting Nb and Ta.  These residual phases oppositely 

fractionate Nb from Ta in mafic to intermediate lavas (see Figure 3.6).  Melts in 

equilibrium with rutile-bearing eclogite have higher Nb/Ta and lower Nb/La ratios 

than their source as Ta is more, and La is less compatible than Nb in rutile (DNb/DTa < 

1; DNb/DLa > 1; Green and Pearson, 1987; Jenner et al., 1993).  In contrast, melts in 
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equilibrium with garnet amphibolite have lower Nb/Ta and Nb/La ratios than their 

source as Nb is more compatible than both Ta and La in low-Mg amphibole (DNb/DTa 

and DNb/DLa > 1; Tiepolo et al., 2000; Foley et al., 2002).   

 

 
 

Figure 3.6 Plot of Zr/Sm versus (A) Nb/Ta and (B) Nb/La ratios for the Pircas 
Negras and Dos Hermanos adakitic andesites.  Fields are the same as in 
Figure 3.5.  Distribution coefficients and fractionation trends are from 
Münker et al. (2004b and references therein).  Green box shows the 
compositional range for a potential eclogitic source (Rudnick et al., 
2000).  Thick dark arrows show expected crustal contamination trends 
based on bulk upper and lower crustal compositions (Taylor and 
McLennan, 1985; Barth et al., 2000).  Dashed lines on (B) show linear 
trends in the data before (8-6 Ma) and during (6-2 Ma) arc migration.  
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 Due to the greater compatibility of the MREE relative to the HFSE in low-Mg 

amphibole (DNb,Zr/DSm < 1) compared to rutile (DNb,Zr/DSm > 1), plots of Nb/Ta and 

Nb/La versus Zr/Sm ratios (Figure 3.6) can be used to discriminate which residual 

phase is controlling HFSE concentrations in melts of high-pressure mafic crust (Foley 

et al., 2002; Münker et al., 2004b).  According to these authors, a negative correlation 

between Nb/Ta and Zr/Sm ratios indicates both residual rutile and low-Mg amphibole 

are controlling the HFSE budget in the co-existing melt.  A weakly negative trend 

between Nb/Ta and Zr/Sm ratios for the Pircas Negras and Dos Hermanos adakites 

can be seen in Figure 3.6a.  To discriminate between HFSE-bearing residual phases, 

these authors show that a positive correlation between Nb/La and Zr/Sm ratios 

indicates rutile as the dominant residual phase and a negative correlation indicates the 

dominance of low-Mg amphibole.  This is because La is more incompatible than the 

HFSE in both amphibole and rutile (DNb,Zr/DLa > 1).   As is the case for both western 

Aleutian and central Kamchatkan lavas (Münker et al., 2004b), Figure 3.6b shows a 

positive trend between Nb/La and Zr/Sm for the 8 Ma Dos Hermanos and 7-6 Ma 

Pircas Negras adakites that is suggestive of rutile control of the HFSE during this 

period.  In contrast, a weakly negative Nb/La – Zr/Sm trend for the 7-6 Ma, 6-3 Ma, 

and 3-2 Ma Pircas Negras adakites is indicative of a greater role for low-Mg residual 

amphibole (Figure 3.6b).  We interpret these HFSE trends, in addition to the sharp 

increase in Zr/Sm ratios, as evidence for a temporal change towards greater amphibole 

control of the HFSE in the high-pressure residue in equilibrium with the 6-2 Ma Pircas 

Negras magmas.   

 

HFSE response to Andean arc migration 

 The central Andean margin has experienced large-scale tectonic changes 

during the Neogene including rapid uplift and crustal thickening due to ~ 100-300 km 
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of crustal shortening and ductile flow of the lower crust (e.g., Isacks, 1988).  At 8 Ma, 

the Dos Hermanos andesite erupted in the backarc of the waning Maricunga arc to the 

west and is best explained as a low percentage melt of underplated mafic magmas in 

the eclogite facies at the base of the thickened Andean crust (Goss et al., Chapter 2).  

This is consistent with the extreme adakitic signature and lower Mg #s, Cr, and Ni 

concentrations of the Dos Hermanos andesites compared to the 7-4 Ma Pircas Negras 

andesites.  Rutile would likely be the stable titaniferous phase in eclogites at these P-T 

conditions as is consistent with the HFSE trends (see Figures 3.2-3.6).  Lower crustal 

melts in equilibrium with residual rutile-bearing eclogite would generate the high 

Nb/Ta ratios with low Zr/Sm ratios in these lavas.  Ponding of hot (> 1100 ºC) 

mantle-derived back-arc magmas similar to the 9 Ma Los Aparejos basalts within the 

lower crust or at the MOHO is a potential mechanism to generate the Dos Hermanos 

adakitic melt.  At P > 1.5 GPa, amphibole is unstable at temperatures > 1100 ºC 

(Huang and Wyllie, 1986) and is unlikely to be an important residual HFSE-bearing 

phase in the Dos Hermanos source.  Further, relatively dry conditions at the base of 

the backarc crust at 8 Ma is consistent with the lack of phenocrystic amphibole and the 

lower Ba/La ratios in the Dos Hermanos andesites compared to the younger Pircas 

Negras andesites.  All of the geochemical and petrologic evidence point to melting of 

a rutile-bearing eclogitic lower crust by mantle-derived arc magmas as the 

petrogenetic process that formed the Dos Hermanos adakites.   

 A dominantly amphibole-poor rutile-bearing eclogitic source can also explain 

the high La/Ta ratios in the Dos Hermanos compared to the Pircas Negras andesites.  

These extreme ratios result not from differences in HFSE depletion (TaDH = 0.63-0.72 

ppm vs. TaPN = 0.53-0.84 ppm), but in the degree of LREE enrichment (LaDH = 58-66 

ppm vs. LaPN = 29-47 ppm) in these lavas.  Higher LREE concentrations in adakitic 

melts derived from a purely eclogitic (cpx + garnet) as opposed to a garnet-bearing 
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amphibolitic source are explained by the lower compatibility of the LREE in garnet or 

cpx compared to amphibole during high pressure melting of mafic crust (Klein et al., 

1997; 2000; Klemme et al., 2002).  

 The HFSE systematics of the Pircas Negras high-Mg adakites reflect their 

genesis during a transient period of tectonic instability along the central Andean 

margin.  The ~ 50 km of eastward frontal arc migration between 7-3 Ma has been 

related by Kay and Mpodozis (2002) to a period of margin-wide tectonic 

reorganization (Tebbens and Cande, 1997) and subduction of the NE-trending arm of 

the Juan Fernandez Ridge (Yañez et al., 2001), both of which may have resulted in a 

rapid increase in the rate of forearc subduction erosion (> 100 km3/m.y./km).  Along-

strike geophysical imaging (Wigger et al., 1994; Schmitz et al., 1999; Tassara et al., 

2006) and isotopic modeling of the Pircas Negras lavas (Goss et al., Chapter 2) are 

consistent with a forearc contaminant dominantly composed of the mafic intrusive and 

cumulate sections of Mesozoic arc crust (> 80 %) with a minor component of the 

underlying Paleozoic sialic crust (< 20 %), both of which are exposed in the general 

region along the Chilean coast (Figure 3.1; Mpodozis and Ramos, 1989).  Given the 

lack of direct information on composition of the Andean lower crust, HFSE-ratios 

alone are incapable of discriminating between in situ vs. eroded arc crust as a source 

for the Pircas Negras.  

 As proposed by Kay et al. (1987; 1991) and Kay and Mpodozis (2002), the 

ephemeral and dramatic increase in fluid-mobile element ratios (i.e., “slab-derived 

fluid signature”; Ba/Ta or Ba/La) that accompanied the shallowing of the Nazca plate 

could have resulted from higher slab-fluid concentrations in precursor mantle-

hybridized adakitic melts.  Dehydration of the subducting slab into a thinning and 

cooling asthenospheric mantle wedge can account for higher fluid-mobile element 

concentrations in syn-migration lavas.  Moreover, high shear wave speeds (Vs) 

 187



obtained from seismic data across the Chilean flat slab are consistent with the partial 

eclogitization of the Andean lower crust catalyzed by a transient increase in hydrous 

fluids (Gilbert et al., 2006).  These authors propose eroded forearc crust or subducted 

pelagic sediments as a source for the fluid needed to eclogitize the lower crust.  Excess 

water from the dehydrating slab and from subduction erosion may have stabilized 

residual amphibole in the source of the Pircas Negras magmas as evidenced by (1) the 

abundance of oxidized pargasitic (high-Mg) amphibole phenocrysts in Pircas Negras 

andesites and (2) the sharp increase in the “slab-derived fluid signature” in the Pircas 

Negras andesites compared to both early-middle Miocene and modern CVZ andesites 

(Goss et al., Chapter 2).  Experimental evidence shows that the variation in oxygen 

fugacity from  ≤ cobalt-cobalt oxide (CCO) to nickel-nickel oxide (NNO) that may 

accompany an increase in hydrous fluid concentrations would not result in major 

differences in the partitioning of Nb, Ta, and Ti between silicate melt and rutile 

(Schmidt et al., 2004).  Thus, as suggested by temporal trends in Nb/Ta and Nb/La 

ratios, equilibration of these adakitic melts in a wetter transitional arc setting is 

consistent with a change to an amphibole-bearing residue controlling the HFSE.    

 It is unlikely that fractionation of phenocrystic pargasitic amphibole had 

significant control on either the extreme HFSE-depletion or the near-chondritic range 

of Nb/Ta ratios measured in the Pircas Negras adakitic andesites.  HFSE partitioning 

experiments between pargasitic amphiboles and silicate melts have shown that 

DNb/DTa is close to unity and therefore high-Mg amphiboles cannot be responsible for 

inter- or intra-HFSE fractionation (Brenan et al., 1995a; Klein et al., 1997; Hilyard et 

al., 2000; Tiepolo et al., 2000).  However, low-Mg amphiboles (Mg # 0.50-0.65) 

characteristic of amphibolites from subducted oceanic crust (Foley et al., 2002) or arc 

lower crust (Garrido et al., 2006), have DNb/DTa > 1 and are capable of producing 

lower Nb/Ta ratios in melts in equilibrium with these amphiboles.  Within the hydrous 
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cooling conditions that existed during the 7-3 Ma period of arc instability, low-Mg 

amphiboles could have been present in either (1) eroded mafic forearc crust within the 

subduction channel or (2) in situ lower crust below the northern flatslab transition 

zone.  Mafic forearc crust transported to the base of the mantle wedge would remain 

within the stability field of amphibole (< 1100 ºC) due to refrigeration from the 

subducting Nazca plate before being swept into hotter regions of the mantle wedge 

and melted.   

 

Comparison to results from HFSE modeling 

 HFSE modeling results show that melting of mafic crust at high-pressures      

(> 1.5 GPa) provides a mechanism to generate higher Nb/Ta ratios in adakitic lavas.  

A non-modal batch melting model of a rutile-bearing residual MORB eclogite (Nb/Ta 

= 15.5 ± 1.0) produces adakitic melts with Nb/Ta ratios between 16-18 (Figure 3.7; 

Schmidt et al., 2004).  Correspondingly, eclogitic residues in equilibrium with these 

melts have Nb/Ta ratios lower than MORB (11.5-15.5) due to the preferential 

partitioning of Ta in rutile.  Schmidt et al. (2004) show that for melting of MORB 

crust with average TiO2 contents of 1.5 wt %, rutile is exhausted as a residual phase 

after ~ 30 % partial melting.  At lower pressures, ilmenite and titanite replace rutile as 

the residual titaniferous phase in eclogites.  The DNb/DTa for both these phases is less 

than unity and thus would also result in adakitic melts with high Nb/Ta (Green and 

Pearson, 1986; Schmidt et al., 2004).  Also shown on Figure 3.7, modeled melts of 

garnet-free MORB in the amphibolite facies have lower Nb/Ta ratios (11-15) 

consistent with the preferential partitioning of Nb in amphibole.  Therefore, a change 

in residual mineralogy from rutile to amphibole evident from high-pressure melting 

models is entirely consistent with the observed HFSE trends in the Pircas Negras and 

Dos Hermanos lavas.    
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Figure 3.7 Plot of Nb (ppm) vs. Nb/Ta ratios for the ~ 8 Ma Dos Hermanos and 
7-2 Ma Pircas Negras.  Also shown are values for depleted mantle 
(DM, Jochum, 1997; Münker et al., 2003);  primitive mantle (PM, 
Hofmann, 1988); bulk upper crust (Taylor and McLennan, 1985; Barth 
et al., 2000); mean eclogite and the missing silicate reservoir (Rudnick 
et al., 2000).  Thin dashed arrows show batch melt models (F = 0.05-
0.40) from Schmidt et al. (2004) for: (1) rutile-bearing MORB eclogite 
(50:50, gt:cpx) and (2) garnet-free MORB amphibolite.  Bulk TiO2 
contents in MORB vary from 1.6 to 3.0 wt %.  Wider dashed arrow 
points towards lower Nb/Ta ratios for an eclogitic residue in 
equilibrium with modeled melts of eclogitic MORB with 3 wt % TiO2.  
Solid arrows show extrapolated melt concentrations for a rutile-bearing 
eclogite and amphibolite from a mafic arc crustal source (grey box) 
with initial Nb concentrations and Nb/Ta ratios greater than MORB.  

 

Although these slab-melting models generate Nb/Ta ratios greater than 

MORB, such models fail to produce the high Nb concentrations and near-chondritic 

Nb/Ta ratios (> 18-20) of the Dos Hermanos and Pircas Negras adakites (Figure 3.7).   

Moreover, the high Zr/Hf ratios of the Pircas Negras andesites (Zr/Hf = 40-45; 

Figure 3.4b) relative to MORB (Zr/Hf ~ 32-38; Münker et al., 2003) also require that 
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Zr must have fractionated from Hf (Figure 3.4b).  As discussed by Münker et al. 

(2004b), slab-melting processes should not significantly fractionate Zr from Hf due to 

the opposite DZr/DHf  partitioning of cpx and garnet in eclogite (50:50 modal ratio 

cpx:gt).  

Given the geochemical and tectonic arguments against slab melting (Kay and 

Mpodozis, 2002; Goss et al., Chapter 2), anatexis of rutile-bearing eclogitic Nazca 

plate crust cannot be responsible for the near-chondritic Nb/Ta ratios, extreme HFSE-

depletion, or the steep REE patterns in the Pircas Negras or Dos Hermanos adakitic 

lavas.  However, if the Schmidt et al. (2004) melting model is applied to a basaltic arc 

crustal source, such as the ~ 9 Ma Los Aparejos (Table 2) or ~ 24 Ma Segerstrom 

basalt (Kay et al., in prep.) with Nb concentrations and Nb/Ta ratios greater than 

MORB (> 7 ppm and > 15 respectively; Figure 3.7), the result would be an adakitic 

melt with elevated Nb concentrations (> 10 ppm) and higher Nb/Ta ratios (17-19; 

solid arrow labeled “rutile” in Figure 3.7) similar to those of the Dos Hermanos 

adakitic andesites.  In situ mafic lower crust derived from ponded mantle-derived 

basalts or gabbroic cumulates would likely have chemical characteristics similar to 

these Miocene mantle-derived basalts. 

In response to the changing thermal and compositional conditions below the 

arc front during the peak of arc migration and slab shallowing, a switch to an 

amphibole-dominated high-pressure arc-crustal source shown in Figure 3.7 (solid 

arrow labeled “amphibole”) can account for the lower Nb/Ta ratios in the 6-3 Ma 

Pircas Negras relative to the Dos Hermanos.  Mixing of these mantle-hybridized 

adakitic melts derived from amphibolitized forearc with adakitic melts of the in situ 

crust explains the temporal HFSE trends and is consistent with petrogenetic models 

for these lavas based on trace element and isotopic data (Goss et al., Chapter 2).     
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VII CONCLUSIONS 

 The 8-2 Ma Dos Hermanos/Pircas Negras adakitic andesites from the 

northernmost Chilean flatslab region of the Central Andes (27.5º-28.5º S) record some 

of the most-pronounced HFSE-depletion of Phanerozoic arc lavas on Earth (La/Ta 

ratios up to 101).   These lavas erupted before (8 Ma Dos Hermanos and 8-7 Ma Pircas 

Negras), during (6-3 Ma Pircas Negras), and following (3-2 Ma Pircas Negras) a 

period of arc instability characterized by ~ 50 km of eastward frontal arc migration 

and back-arc shallowing of the subducted Nazca plate.  Compared to other arc lavas, 

pre-migration adakites exhibit anomalously-high Nb/Ta ratios (18-20) approaching the 

chondritic value of 19.9 ± 0.6.  Crustal contamination, progressive depletion of an 

enriched mantle, and slab melting cannot explain the HFSE trends in these adakitic 

lavas.  Based on HFSE-partitioning in eclogitic and amphibolitic mineral phases, the 

oldest of these lavas can be explained as partial melts of rutile-bearing eclogites at the 

base of the thick Andean mafic lower crust.  Syn-migration Pircas Negras with 

uniformly lower Nb/Ta ratios (16-18) are better explained by a change to melting of a 

more hydrous amphibolitic source of either subducted forearc or in situ lower crust.  

Comparison of HFSE trends in 8-2 Ma Central Andean adakites to HFSE-models for 

mafic eclogite supports a more hydrated residual source mineralogy during the peak of 

arc instability.  
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CHAPTER 4 

THE INCAPILLO CALDERA AND DOME COMPLEX (~ 28º S): A STRANDED 

MAGMA CHAMBER OVER A DYING ANDEAN ARC 

 

ABSTRACT 

 The Pleistocene Incapillo Caldera and Dome Complex (5570 m) is situated at 

the southern termination of the Andean Central Volcanic Zone (~ 28° S), where the 

more steeply dipping segment of the subducting Nazca plate transitions into the 

Chilean “flatslab” to the south.  The ~ 250 m high walls of the elliptical caldera (6 x 5 

km) are dominantly composed of a homogeneous pumice-rich rhyodacitic ignimbrite 

that radiates up to 15 km from the caldera rim.  Flanking the caldera to the east and 

west are ~ 40 steep-sided rhyodacitic domes that predate the main “caldera-forming” 

ignimbrite.  The morphology of these domes reflects the non-explosive effusive 

eruption of a crystal-rich gas-poor rhyodacitic magma.  A volumetrically-minor debris 

flow composed of abundant pumice, dacites, and lithic clasts is topographically 

confined to a glacial valley south of the caldera and unconformably overlies the 

ignimbrite.  Rafts containing mixed pumice clasts at the distal end of the ignimbrite 

reflect the convective physical condition within the magma chamber immediately 

prior to the pyroclastic eruption.  Including the domes and ignimbrite, the total 

estimated volume of erupted Incapillo magma is ~ 37 km3.  New biotite 40Ar/39Ar ages 

along with existing K-Ar ages reveal that the final eruption of the Incapillo Caldera at 

0.51 ± 0.04 Ma marks the youngest volcanic activity within the ~ 700 km long 

amagmatic flatslab segment of the central Andes (27º to 33.5º S).   

 Distinctive and virtually identical chemical signatures of the domes and 

ignimbrites (SiO2 = 67-71 wt %; La/Yb = 37-54; Ba/La 16-28; La/Ta 30-85; 87Sr/86Sr 

= 0.70638 to 0.70669; εNd = −4.2 to −4.6) indicate that all erupted lavas originated 
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from the same magma chamber and that differentiation effects between units were 

minor.  The strong HREE depletion (Sm/Yb = 6-8) that distinguishes Incapillo 

magmas from the large ignimbrites of the Altiplano-Puna plateau can be explained by 

the extent and degree of partial melting at lower crustal depths (> 40 km) in the 

presence of garnet.  This high-pressure geochemical signature was partially 

overprinted by shallow-level assimilation and fractional crystallization processes.  

Energy-constrained AFC modeling of Sr, Nd, and Pb isotopic ratios suggests that 

incorporation of anatectic upper crustal melts into a fractionated dacitic host best 

explains the petrogenesis of the Incapillo magmas.  The diminution of the sub-arc 

asthenospheric wedge during Nazca plate shallowing left the Incapillo magma 

chamber unreplenished by both mafic mantle-derived and lower crustal melts and thus 

stranded at shallow depths within the thick Andean crust.  Based on its small size, 

effusive eruptive style, and distinctive high-pressure chemical signature, the Incapillo 

Caldera and Dome Complex provides an endmember model for an Andean caldera 

erupting within a waning magmatic arc over a shallowing subduction zone.    

 

I. INTRODUCTION 

 The Central Andes (15º-28º S) is recognized as the type example of a 

continental-margin volcanic arc associated with non-collisional convergent tectonics.  

The eruptive style, size, and composition of explosive silicic volcanism varies along 

the margin and these differences can to a first order be explained by spatial and 

temporal differences in the tectonic setting and crustal composition (Kay et al., 1999).  

During the late Miocene to Pliocene, explosive silicic volcanism has been localized 

within the amalgamated 11 to 4 Ma Altiplano-Puna Volcanic Complex (APVC - 

Figure 4.1; de Silva, 1989b; Coira et al., 1993; Kay et al., 1999; de Silva and Gosnold, 

2007) that straddles the border between Argentina, Chile, and Bolivia.  Additionally, 
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the massive ~ 6.4 to 2.2 Ma Cerro Galán caldera of northwest Argentina erupted in the 

backarc near 26º S east of the southern Central Volcanic Zone (CVZ) (Sparks et al., 

1985; Francis et al., 1989).  Large-scale (> 1000 km3) silicic volcanism within the 

Puna has been attributed to an ignimbrite flare up caused by a rapidly steepening 

Nazca slab, expanding asthenospheric wedge, and massive crustal melting by intruded 

mantle-derived basalt (Kay et al., 1999).  In contrast, smaller (< 50 km3) mid-late 

Miocene ignimbrites exposed near the Salar de Antofalla (SAF - Figure 4.1) at 

25º-26º S have been explained as fractionated andesitic melts that subsequently 

assimilated upper crust (Siebel et al., 2001; Schnurr et al., 2007) 

 Approximately 100 km along the frontal arc further to the south, the Incapillo 

Caldera and Dome Complex is the southernmost ignimbritic caldera of the Central 

Andes (Figure 4.1).  Its small size, high-pressure geochemical signature, characteristic 

eruption of steep-sided rhyodacitic domes, and position along the volcanic front of a 

waning magmatic arc testify to the different processes responsible for siliceous 

magmatism at this latitude compared to the larger centers to the north.  In this paper, 

we investigate the volcanology, geochronology, and petrology of Incapillo magmatic 

units with respect to other siliceous volcanic centers of the Central Andes.  We 

calculate erupted volumes of the Incapillo ignimbrite and dome material, present a 

series of new 40Ar/39Ar fusion ages that compliment existing K-Ar ages (Kay and 

Mpodozis, 2000), and outline an eruption model for the volcanic complex.  The 

petrogenesis of Incapillo magmas is considered using more than 40 major and trace 

element analyses along with Sr, Nd, Pb and O isotopic analyses from the Incapillo 

Caldera and Dome Complex.  
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Figure 4.1 SRTM digital elevation model of the Central Andes showing main 

morphotectonic features.  Nazca plate convergence direction is the 
long-term integrated NUVEL-1 rate from DeMets et al (1990).  Dark 
solid lines show contours of the subducting Nazca plate (Cahill and 
Isacks, 1992) with depths (kms) to the Wadati-Benioff zone.  Solid 
yellow lines show extents of the Central (CVZ) and Southern (SVZ) 
Volcanic Zone volcanic fronts and a black open box gives the position 
of the early to late Miocene Maricunga Belt volcanic arc (Kay et al., 
1994b; Mpodozis et al., 1995).  Tan box shows the study area of the 
Incapillo Caldera and Dome Complex shown in detail in Figure 4.2.  
Shaded area shows the position of the Altiplano-Puna Volcanic 
Complex (APVC; de Silva, 1989b; de Silva and Gosnold, 2007) with 
inset of silicic major centers.  APVC volcanic center abbreviations and 
eruptive ages are: Pu = Purico; Pz = Panizos (7.9-6.7 Ma; Ort, 1993); 
PG = Pastos Grandes; G = Guacha (4.2 Ma; Francis and Baker, 1978; 
de Silva and Francis, 1991); V = Vilama-Coruto (8.5-7.0 Ma; Coira et 
al., 1996; Soler et al., 2007); C = Coranzuli (6.7-6.4 Ma; Seggiaro, 
1994); Pr = Pairique (11 Ma; Coira et al., 1996); P = La Pacana (5.5-4 
Ma; Gardeweg and Ramírez, 1987; Lindsay et al., 2001).  Other centers 
mentioned in the text include Cerro Galán, Ojos del Salado (OS), Tres 
Cruces (T), the ignimbrites from the Salar de Antofalla region (SAF; 
Siebel et al., 2001; Schnurr et al., 2007), Cerro Tupungatito (T), 11-8 
Ma Volcán Copiapó (Cp), the 16-9 Ma Cerro de los Tórtolas-Tambo 
(CdT), and the 6-5 Ma Vallecito-Vacas Heladas (V-VH) ignimbrite.  
The location of the Cordillera Blanca batholith in central Peru is shown 

 in the inset map by a star. 
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II. REGIONAL TECTONICS 

 The Incapillo Caldera and Dome Complex (28º S, 68.8º W) is situated at the 

northernmost margin of the Chilean flatslab where the steeply dipping segment of the 

Nazca plate north of 28º S gradually shallows to near-horizontal at 100 km depths near 

30º S (Figure 4.1; Cahill and Isacks, 1992).  Along the margin, nearly-orthogonal 

subduction of the Nazca plate below South America (075º N) at an average velocity of 

84 mm/a is responsible for the continuous chain of active arc volcanism spanning from 

southern Peru (15º S) to Ojos del Salado in Chile (26º S).  South of Ojos del Salado, 

the Chilean flatslab region is characterized by a 500 km wide zone of increased 

intracrustal seismicity (Smalley and Isacks, 1990; Pardo et al., 2002), Laramide-style 

thick skinned deformation (Jordan et al., 1983), and an amagmatic gap that extends 

~ 700 km to the south to Volcán Tupungatito (33.5º S), the northernmost active 

volcano in the Southern Volcanic Zone (SVZ).  This gap in active volcanism has been 

explained by Barazangi and Isacks (1976) to have resulted from the loss 

asthenospheric wedge volume due to shallowing of the Nazca slab that began after 

~ 18 Ma and reached a maximum between 10 and 5 Ma (Kay et al., 1987; 1991).   

 Crustal thicknesses below the Incapillo Caldera and Dome Complex are 

amongst the thickest for any volcanic margin on Earth.  Using depth phase precursors, 

McGlashan et al (2007) reported a 70 km MOHO depth directly below the Incapillo 

Caldera at 28º S.  This crustal thickness is similar to the 65-75 km thick crust 

estimated for the Altiplano (Figure 4.1; Beck et al., 1996;  Beck and Zandt, 2002; 

Yuan et al., 2002) and somewhat thicker than the 42-67 km thick crust of the Puna 

(Figure 4.1; Yuan et al., 2002) and central flatslab regions (Fromm et al., 2004; 

McGlashan et al., 2007).   
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III. RELATION OF INCAPILLO TO MIOCENE ARC-FRONT CENTERS 

 The late Miocene to Pliocene magmatic history of the northern flatslab 

transition zone is characterized by regional tectonic instability and frontal arc 

migration in tandem with an increased rate of forearc subduction erosion and backarc 

slab shallowing along the margin (Kay and Mpodozis, 2000; 2002).  Late Oligocene to 

late Miocene silicic magmatic activity was concentrated within the Maricunga belt ~ 

50 km west of the Incapillo complex (Figure 4.1; Kay et al., 1994b; Mpodozis et al., 

1995; Goss et al., Chapter 2).  Major silicic centers of the Maricunga belt include the 

27-23 Ma dacitic to rhyodacitic Tilito Formation ignimbrites (Doña Ana Group), the 

15-14 Ma Valle Ancho ignimbrite, the 11-7 Ma Copiapó dacite complex, and the ~ 6 

Ma Nevado de Jotabeche dacitic domes and flows.  The final ignimbritic eruption of 

Nevado de Jotabeche (Kay et al., 1994b; McKee et al., 1994; Mpodozis et al., 1995) 

marked the termination of Maricunga belt volcanism and was contemporaneous with 

the migration of the volcanic front ~ 50 km to the east.  The 6-2 Ma dacitic eruptions 

of Volcán Pissis, Sierras de Veladero, and Bonete Chico define the main axis of the 

latest Miocene-Pliocene arc that largely predates the eruption of the Incapillo complex  

(Figures 4.1 and 4.2, Kay and Mpodozis, 2000).   

 By the late Pliocene, siliceous magmatism persisted to the north near Ojos del 

Salado (Mpodozis et al., 1996; Gardeweg et al., 2000) while at 28º S, large-scale 

dacitic volcanism waned.  The Incapillo Caldera and Dome Complex erupted during 

this post-migration period between 3-0.5 Ma as the last volcanic event for ~ 700 km 

within the currently amagmatic segment along the arc (Kay and Mpodozis, 2000).  

Most of the Incapillo domes and all of the ignimbrites are contained within a 

topographic low between the high peaks of Pissis (6793 m) to the north, Bonete Chico 

(6759 m) to the east, and the Sierras de Veladero (6335 m) to the west (Figures 4.2b 

and 4.3).     
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Figure 4.2 (A) Composite ASTER digital image (15 m resolution) of the 3-0.5 Ma 

Incapillo Caldera and Dome Complex and latest Miocene/Pliocene 
dacitic centers of the northern flatslab transition zone (Bonete Chico, 
Pissis, Sierras de Veladero, and Bonete Grande).   

 
 (B) Geological map of the Incapillo Caldera and Dome Complex 

adapted from Mpodozis (unpublished), Rubiolo et al. (2002), Caminos 
and Fauqué (2000), and Fauqué (2000).  Principle late Miocene to 
Pleistocene volcanic units as well as exposures of the Permo-Triassic 
Choiyoi granite-rhyolite province and quartzite metamorphic basement 
are shown.  Sample locations (Appendix 11) are shown with available 
K-Ar (Table 4.1) and 40Ar/39Ar ages (Table 4.2).  Dome numbers 
correspond to domes used in volume calculations (Table 4.3). 
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Figure 4.2 (continued) 
 

 
 



 

 
 
Figure 4.3 Top: Photograph of the north wall of the 6 x 5 km Incapillo caldera showing principle volcano-structural units.  

Dashed yellow line marks the stratigraphic contact between the 0.87 ± 0.03 Ma pre-caldera dacite (sample CO 516) 
and the overlying 0.51 ± 0.04 Ma Incapillo ignimbrite.  Bottom:  Photograph looking west across the Quebrada de 
Veladero from Cerro Bonete Chico showing main pyroclastic deposits associated with the Incapillo caldera.  Dashed 
yellow line shows the contact between the Incapillo ignimbrite and the lithic-rich overlying Veladero debris flow. 

 Dashed arrows show flow directions of the caldera-forming Incapillo pyroclastic flow.
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IV. CALDERA MORPHOLOGY 

 With a rim altitude of 5500 m, the Incapillo caldera (translated from Quechua 

as “Crown of the Inca”) is the highest explosive caldera in the world (Figures 4.2 and 

4.3) and was first described by Baker (1981) and later by de Silva and Francis (1991) 

from satellite photos as Cerro Bonete.  The well exposed 200-350 meter high walls of 

the 6 x 5 km elliptical caldera are dominantly composed of a homogeneous pumice-

rich layered outflow ignimbrite called the Incapillo ignimbrite.  This ignimbrite 

unconformably overlies a series of altered dacitic lava flows that are exposed along the 

north wall of the caldera (Figure 4.3).  Based on their lower stratigraphic position and 

general northward slope, these flows likely reflect the edifice of a pre-caldera 

stratocone or dome.   Isolated rhyodacitic domes on the north and south rims of the 

caldera show evidence for erosional collapse of the caldera walls.  Based on early 

remote sensing studies, these lava domes were originally thought to be flat topped 

“mesetas” formed by eroded ignimbrite (Baker, 1981; de Silva and Francis, 1991).  A 

similar post-caldera extrusive lava dome within the center of the caldera exhibits 

extensive hydrothermal alteration (Figure 4.3).  Adjacent to this resurgent magmatic 

dome is the Laguna del Corona del Inca, a 2 x 1 km crater lake that is likely the source 

of lacustrine and evaporite deposits that blanket the caldera floor.  Based on thermal 

infrared imaging, the temperature of the crater lake is estimated at ~ 13 ºC and thought 

to be fed by a weakly active hydrothermal system (Markham and Barker, 1986).   

 

V. PRINICIPLE INCAPILLO CALDERA AND DOME COMPLEX 

ERUPTIVE UNITS 

 The major eruptive units associated with the Incapillo Caldera and Dome 

Complex include: (1) the caldera-forming Incapillo outflow ignimbrite, (2) the 

stratigraphically younger and topographically-confined Veladero debris flow, (3) more 
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than 40 flat-topped rhyodacitic domes and associated cumulitic xenoliths, and (4) a 

series of older oxidized domes.  

 

Incapillo Ignimbrite 

 Composing the cliff-like walls of (Figure 4.3) and radiating up to 15 km in all 

directions from the rim of the Incapillo caldera is the Incapillo ignimbrite: a 

homogeneous layered ignimbrite that is the most striking and obvious Incapillo unit 

visible on satellite imagery (Figure 4.2). The ignimbrite is generally 

topographically-confined to the Quebrada de Veladero (Figures 4.2 and 4.3) to the 

south and the valley of an E-W flowing ephemeral river on the southern flank of 

Monte Pissis.  However, a pumice-rich unit from near the headwaters of the Rio 

Salado may also be part of the Incapillo ignimbrite (sample CO 183; Figure 4.2).  

Ignimbrite thicknesses range from a maximum of ~ 250 m within the center of the 

caldera and taper to ~ 10 m at the distal end within the Quebrada de Veladero.  The 

lowermost unit of the ignimbrite is composed of a 5 cm thick welded basal surge.  

This surge deposit is seen where the ignimbrite is undercut by fluvial erosion and 

unconformably caps late Miocene dacitic flows from the Sierras de Veladero 

(Figure 4.4a).   

 The extremely lithic-poor Incapillo ignimbrite is composed of 0.5-1.0 meter 

thick bands of crystal-rich (quartz and plagioclase) and ash-dominated pyroclastic 

flow deposits that alternate with uniform matrix-supported layers of white pumice 

(Figure 4.4c).  Pumice clasts are generally 5-20 cm in diameter, dominated by 

50-60 % translucent devitrified glass, and contain approximately 15-40 % vesicles.  

Pumices contain phenocrysts (< 1 mm crystals) of plagioclase (25-30 %), quartz 

(20-25 %), sanidine (20-25 %), biotite (10-15 %), and hornblende (10-15 %) with 

minor Fe-Ti oxides (~ 5 %), apatite, and titanite.  Within 1 km of the caldera, the 
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ignimbrite becomes completely massive and matrix dominated (Figure 4.4a and c).  

With the exception of the thin basal surge unit, all of the Incapillo ignimbrite flows 

within the Quebrada de Veladero and along the caldera rim are completely unwelded. 

 The largest pumice clasts in the Incapillo ignimbrite occur at the far distal end 

of the flow in the Quebrada de Veladero.  Here, ~ 2 m thick rafts composed of mixed 

pumices that are 5-30 cm in diameter, are interlayered with 1-2 m thick laminated 

white ash flows (Figure 4.4e).  At least 3 separate pumice raft sequences are apparent 

at the distal toe of the ignimbrite.  These pumices are distinct from the white 

homogenous pumices that dominate the Incapillo ignimbrite as they are clearly 

mixtures of two magmas: a fluidized biotite-bearing rhyodacite and a more viscous 

and crystal-rich (sanidine and quartz) rhyolite (Figure 4.4f).   

  

Veladero debris flow 

 The Veladero debris flow, which conformably overlies the Incapillo 

ignimbrite, is spatially confined to the Quebrada de Veladero (Figures 4.2, 4.3a, 4.4a 

and b) and is not exposed at the rim or within the walls of the Incapillo caldera.  Its 

northernmost extent is ~ 5 km south of the caldera rim.  Here, the deposit is 15-25 m 

thick and thins to 10-15 m at its southernmost extent within the Quebrada de Veladero.  

In the field and on satellite imagery (ASTER and Landsat TM), the Veladero debris 

flow is clearly identifiable from the underlying and larger Incapillo ignimbrite by its 

oxidized yellow-orange color, marginal levees, and highly-indurated hummocky 

topography (Figure 4.2).  

 The composition and texture of the Veladero flow is clearly distinct from the 

Incapillo ignimbrite (Figure 4.4d).  It is comprised of clasts of red and grey biotite-

bearing dacite (15-20 %), glassy brown pumice (10-15 %), a highly vesiculated white 

pumice similar to the Incapillo ignimbrite pumice (~ 5-10 %), abundant angular and 
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rounded lithic fragments (5-10 %), and euhedral crystals of quartz (1-5 mm; 5-10 %), 

biotite (0.1-1mm; ~ 5 %), and plagioclase (1-5mm; ~ 5 %).  All clasts are supported 

by a light to moderately cemented ash- and clay-rich matrix (~ 25-30 %).  Matrix 

cementation accommodates the near-vertical erosional cliffs of the Veladero debris 

flow in comparison to the more-shallowly sloping erosional edges of the Incapillo 

ignimbrite (Figure 4.4a).  Except for near the basal contact at the far distal end of the 

flow, where larger pumices and dacites (10-20 cm) form a weakly laminated and 

sheared stratigraphy, the Veladero debris flow is massive, poorly-sorted, and non-

graded.  Based on its restricted spatial extent, cemented texture, heterogeneous lithic-

rich composition, and massive bedding, the Veladero unit likely formed from an 

unconsolidated debris flow or lahar.    

 

Eastern and Western Domes 

 Surrounding the Incapillo caldera are ~ 40 steep-sided rhyodacitic domes that 

are locally referred to as “tortas” (cake-shaped domes).  They erupted in two main 

clusters (see Figures 4.2 and 4.5): a western group within the Sierras de Veladero 

along the upper Rio Salado and an eastern group bounded by Bonete Chico and 

Volcán Pissis.  The western domes unconformably cap Pircas Negras adakitic 

andesites along the length of the Rio Salado (Goss et al., Chapter 2).  A few smaller 

domes erupted on the western and northern rims of the Incapillo caldera.   

 Vertical relief of the domes ranges from 100 to 600 m and many have a multi-

lobate morphology with a ~ 1 km wide apron of eroded dome material.  No basal ash 

layer is evident.  Field observation and ASTER imagery reveal numerous water-filled 

pit craters 20 m in diameter on the summits of the largest of the western domes 

(Figure 4.5b and c).  These explosion craters are surrounded by 10 m high lava spires 

composed of blocky dacite.   
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Figure 4.4 Photographs of pyroclastic deposits associated with the Incapillo 

caldera. (A and B) Contacts between the Incapillo ignimbrite and the 
overlying Veladero debris flow within the Quebrada de Veladero, (C) 
Non-welded and homogeneous pumice-rich Incapillo ignimbrite, (D) 
Cemented lithic- and dacite-rich Veladero debris flow, (E) 2 m thick 
pumice rafts at the distal end of the Incapillo ignimbrite within the 
Quebrada de Veladero, (F) Mixed pumice clast from the upper pumice 
raft shown in Figure 4.4e.  
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Figure 4.5 Images of rhyodacitic domes from the Incapillo Caldera and Dome 

Complex.  (A) ASTER satellite image of the caldera and eastern dome 
field.  5-2 Ma oxidized domes associated with the Pliocene dacitic 
centers (i.e., Bonete, Pissis, and Veladero) are overlain by the younger 
steep-sided Incapillo domes.  (B) Western dome field along the upper 
Rio Salado on the west side of the Sierras de Veladero.  Explosion 
craters/pits dot the summit of the largest and southernmost dome. (C) 
Photograph of an explosion crater surrounded by ~ 10 m high 
rhyodacitic lava spines.   

 

 Incapillo dome lavas are extremely crystal rich (> 60 %) with large plagioclase 

(0.5-12 mm; 40-50 %), quartz (1-8 mm; 30-40 %), biotite (1-3 mm; 10-15 %), 

amphibole (0.2-3 mm; 5-10 %), and titanite (0.2-0.5 mm; 1-3 %) with minor 

abundances of oxides, apatite, and zircon suspended in a translucent cryptocrystalline 

groundmass.  Some alkali feldspar is present (< 5 %) in a few dome lavas.  This 
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phenocrystic assemblage is ubiquitous in the dome lavas associated with the Incapillo 

magmatic system, including those that are 20-25 km west of the caldera along the 

upper Rio Salado (Figures 4.2 and 4.5).  

 Biotite-bearing amphibolite xenoliths that are 0.5-4 cm in diameter occur 

within the western Incapillo dome lavas at sample site CO 512 (Figure 4.6a).  The 

xenoliths have a magmatic texture with prismatic amphiboles (0.5-2 mm) poikilitically 

suspended in large (1-5 mm) optically-continuous plagioclase host crystals (Figure 

4.6b and c).  Many of the amphiboles have a skeletal texture with their cores replaced 

by a cryptocrystalline glassy matrix.   Secondary biotite phenocrysts (0.2-0.8 mm) are 

intergrown and enclosed within the amphiboles.  Point counting indicates phenocryst 

abundances of 70 % (amphibole), 17 % (plagioclase), 7 % (biotite), 3 % glass, 2 % 

magnetite, and 1 % apatite.  

 

Oxidized Domes 

 A suite of older domes erupted on the flanks of Bonete Chico and Sierras de 

Veladero and within the Quebrada de Veladero (Figures 4.2 and 4.5a).  These domes, 

which are identifiable in satellite imagery by their reddish oxidized color, also occur 

north and east of the Incapillo caldera.  Many of the oxidized domes are partially 

covered by younger Incapillo domes.   

 The petrographic features of the older dome lavas are generally similar to the 

Incapillo domes (plag, qz, bio, amp, titanite, oxides). In detail, they contain more 

amphibole (25-50 %) and less quartz (0-25 %) with similar abundances of plagioclase 

(40-70 %).  Despite an oxidized appearance in the field and in satellite imagery, only 

negligible oxidation is observed in thin section.  
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Figure 4.6 (A) Photograph of biotite-bearing amphibolite xenoliths hosted in 

Incapillo dacitic dome lava from the upper Rio Salado region (from 
sample CO 512b within the western dome field). A bulk major element 
analyses of the xenolith is given in Table 4.4 (sample CO 512b); (B+C) 
Photomicrographs of an amphibolite xenolith showing major 
crystalline phases (hb = hornblende; pl = plagioclase, bio = biotite).  
Note secondary intergrowths of biotite within hornblende and a 
poikilitic magmatic texture.  Major element mineral chemistry on 
representative phases are given in Appendix 12.  

 

VI. GEOCHRONOLOGY (K-Ar AND 40Ar/39Ar DATING)  

 Whole rock and biotite K-Ar ages for Incapillo ignimbrite pumices, rhyodacitic 

dome lavas, and dacitic stratovolcanoes were obtained by the Chilean Geological 

Survey (SERNAGEOMIN).  These ages were discussed by Kay and Mpodozis (2000) 

and are presented here with full analytical data in Table 4.1.  K-Ar analytical methods 
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and data reduction procedures are discussed in Mpodozis (1995).  In addition, 
40Ar/39Ar single-crystal fusion ages from selected ignimbrite and dome lava biotites 

were measured at the University of Wisconsin-Madison Rare Gas Chronology 

Laboratory following methods outlined in Singer et al. (2004), Hora et al. (2007), and 

discussed in Appendix 1.  These new 40Ar/39Ar ages provide a tighter control on the 

eruptive chronology of the Incapillo Caldera and Dome Complex and refine the 

magmatic evolution of the southernmost CVZ arc.  

 

K-Ar ages for < 7 Ma evolved lavas from the northern flatslab transition zone (~ 27°-28.5° S)
sample type % K Ar40 % Ar atm age ± type

Incapillo caldera domes
CO 136 rhyodacite 7.139 0.808 84 2.9 ± 0.4 biotite
CO 137 dacite 7.096 0.312 92 1.1 ± 0.4 biotite

Incapillo Ignimbrite
CO 141 pumice 7.049 0.437 91 1.6 ± 0.5 biotite

Older Incapillo oxidized domes
CO 140 dacite 2.296 0.16 98 - - WR
CO 140 dacite 2.296 0.166 96 1.9 ± 0.7 WR*

CO 142 dacite 2.686 0.477 45 4.6 ± 0.2 WR
CO 151 dacite 2.569 0.466 81 4.7 ± 0.5 WR
CO 157 dacite 2.614 0.370 84 3.6 ± 0.5 WR

L. Miocene arc
Pissis
CO 37 dacite 7.240 1.155 73 4.1 ± 0.4 biotite
CO 38 andesite 7.011 1.833 71 6.2 ± 0.5 biotite
CO 39 andesite 2.961 0.487 36 4.2 ± 0.2 WR
CO 180 dacite 2.440 0.307 76 3.2 ± 0.3 WR
CO 182 dacite 2.466 0.444 87 4.6 ± 0.7 WR

Sierras de Veladero
CO 152 dacite 7.255 1.072 93 3.8 ± 1.0 biotite
CO 153 dacite 2.189 0.476 89 5.6 ± 1.0 WR

Bonete Chico
CO 147 dacite 2.615 0.259 83 2.5 ± 0.4 WR
CO 148 dacite 2.789 0.377 35 3.5 ± 0.1 WR
CO 149 dacite 2.055 0.334 51 4.2 ± 0.3 WR

Table 4.1

 
Ages obtained at the SERNAGEOMIN geochronology lab (Santiago, Chile); WR= whole rock 
analysis 
*Average of two repeat analyses 
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Results 

 The results of 94 single-crystal laser fusion 40Ar/39Ar analyses from five 

Incapillo samples are reported in Table 4.2 with age spectra and inverse isochrons 

shown in Figure 4.7.  Dated minerals include (1) biotite from rhyodacitic domes in 

both the eastern (CO 323) and western (CO 508) dome fields, (2) hornblende from a 

Pircas Negras adakitic andesite from the upper Rio Salado (CO 507; Goss et al., 

Chapter 2) that is directly overlain by Incapillo domes, (3) biotite from two Incapillo 

ignimbritic pumices (CO 514 and CO 524) and, (4) biotite from the pre-caldera dacitic 

flow from the north wall of the Incapillo caldera (CO 515).  Final 40Ar/39Ar fusion 

ages are calculated using both a weighted mean average and isochron analysis of 8 to 

26 individual single-crystal laser fusions (see Figure 4.7).  The nearly-identical 

isochron and weighted mean apparent ages suggest minimal to zero excess Ar present 

in the analyzed mineral separates.   

 

Incapillo domes and Pircas Negras adakitic andesite 

  A 40Ar/39Ar age of 1.337 ± 0.129 Ma for the eastern Incapillo dome (CO 323; 

Table 4.2) is consistent with biotite K-Ar ages of 2.9 ± 0.4 Ma to 1.1 ± 0.4 Ma for 

similar domes along and just south of the Incapillo caldera (Table 4.1).  The western 

Incapillo dome has an age of 2.551 ± 0.033 Ma (CO 508) and is younger than the 

Pircas Negras andesite (CO 507) directly below that was dated at 3.968 ± 0.192 Ma.  

These ages show that Incapillo dome eruptions began at ~ 2.5-3.0 Ma on both the 

eastern and western flanks of the Sierras de Veladero and that silicic dome-forming 

eruptions along the upper Rio Salado commenced during the waning stages of Pircas 

Negras magmatism between 4 and 2 Ma (Goss et al., Chapter 2).   

  



 
 
 
 
Table 4.2
40Ar/39Ar  single-crystal laser fusion analyses on mineral separates from Incapillo dome lavas and ignimbritic pumices

Sample Type Mineral MSWD K/Ca MSWD

CO-323 Eastern dome bio 8 of 8 1.355 ± 0.022 0.08 10.264 297.7 ± 15.7 0.08 1.337 ± 0.129

CO-508* Western dome bio 22 of 26 2.554 ± 0.029 0.86 10.492 296.1 ± 2.9 0.90 2.551 ± 0.033

CO-514* Incapillo Ign. bio 21 of 21 0.511 ± 0.018 0.65 12.205 296.2 ± 1.0 0.57 0.505 ± 0.020

CO-524* Incapillo Ign. bio 10 of 11 0.515 ± 0.022 0.32 11.999 296.2 ± 3.4 0.34 0.509 ± 0.037

C0-516* Pre-caldera flow bio 14 of 19 0.881 ± 0.019 0.18 18.991 297.2 ± 3.2 0.10 0.873 ± 0.025

CO-507 Pircas Negras hbde 12 of 12 3.898 ± 0.085 0.41 0.101 292.8 ± 6.8 0.38 3.968 ± 0.192

Age (Ma) ± 2σ

Isochron ages

N1  Age (Ma) ± 2 σ

Weighted Mean ages
40Ar/36Ari ± 2σ

Complete 40Ar/39Ar methods are outlined in Appendix 1.  MSWD - mean square of weighted deviations 
All ages calculated using the decay constants of Steiger and Jäger  (1977) (λ40K = 5.543 x 10-10 yr-1) 
J-value calculated relative to 28.34 Ma for the Taylor Creek rhyolite sanidine 
* Indicates sample that has been subjected to a clean-up step prior to fusion 
1Number of single-crystal fusions included in the age statistics 
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Figure 4.7 40Ar/39Ar age spectra (left column) and inverse isochron (right column) 
diagrams for selected Incapillo dome and pyroclastic units.  Complete 
40Ar/39Ar data is shown in Table 4.2.  Grey squares show each laser 
fusion analysis with 2σ error ellipse.  n = number of analyses of the 
total analyses used in the weighted mean average and isochron age. 
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Incapillo ignimbrite and caldera units 

 With respect to the formation of the Incapillo caldera, the older pre-caldera 

lava flow exposed at the base of the north caldera wall yielded a 40Ar/39Ar age of 

0.873 ± 0.025 Ma (CO 515; Table 4.2).  This is 0.35-0.40 m.y. older than the two 

Incapillo ignimbrite pumices that are dated at 0.505 ± 0.020 Ma (CO 514) and 0.509 ± 

0.037 Ma (CO 524).  These 40Ar/39Ar ages are significantly younger than the 

imprecise 1.6 ± 0.5 Ma K-Ar biotite age given in Table 4.1 for the Incapillo ignimbrite 

(CO 141) and reveal that the Incapillo Caldera and Dome Complex erupted nearly 

contemporaneous with the Ojos del Salado (1.53 ± 0.13 to 0.34 ± 0.19 Ma; Mpodozis 

et al., 1996; Gardeweg et al., 1998) and Tres Cruces (2.1 ± 0.3 to 0.028 ± 0.011 Ma; 

Gardeweg et al., 2000) complexes in the southernmost CVZ (~ 27º S).  Based on these 

ages, the ~ 0.51 Ma Incapillo caldera-forming eruption is the youngest volcanic 

eruption between 27.5º and 33º S in the Central Andes.   

 

Older domes and late Miocene dacitic stratovolcanoes 

 Whole rock and biotite K-Ar ages from oxidized domes on the flanks of 

Bonete Chico and Sierras de Veladero range from 4.7 ± 0.5 Ma to 1.9 ± 0.5 Ma (Table 

4.1) and mainly pre-date the dome eruptions associated with the Incapillo magmatic 

system.  These domes erupted simultaneously with the larger dacitic volcanic centers 

including Pissis (6.2 ± 0.5 to 3.2 ± 0.3 Ma), Sierras de Veladero (5.6 ± 1.0 to 4.2 ± 

0.4), and Bonete Chico (4.2 ± 0.6 to 2.5 ± 0.4 Ma) that reestablished the frontal arc 

~ 50 km to the east during the latest Miocene and Pliocene.    

 

VII CALCULATION OF ERUPTED VOLUME  

 In order to constrain the magnitude of the Incapillo eruptive event, surface-

integrated volumes of eruptive units were calculated using the 90 m resolution SRTM 
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digital elevation model (DEM) for the Central Andes imported into the terrain and 

surface-modeling Surfer® program.  With a known upper and/or lower surface 

elevation, topographically-integrated volumes can be calculated.  This technique is 

more accurate than binning units into perfect geometric shapes (i.e., approximating a 

dome as a cylinder).  For example, the volume of a typical Incapillo dome (e.g., dome 

#10; Figure 4.2b) is substantially overestimated by geometric-binning [where volume 

= basal area (km2)* height (m)] compared to topographic-integration (3.68 km3 vs. 

2.42 km3).  Table 4.3 gives calculated volumes and masses for Incapillo domes, 

ignimbrites, and the post-eruptive Veladero debris flow.   

 
Table 4.3
Estimates of erupted volume for the Incapillo Caldera and Dome complex

Volume (km3) Density (kg/m3) DRE1 (km3) Mass (kg) Method

Caldera 4.3 - - - Topo-integrated

Pyroclastic Deposits

Outflow1 21.9 1675 14.1 3.7E+13 Geometric binning
Inflow1 9.8 1675 6.3 1.1E+13 Geometric binning

Total 31.7 1675 20.4 4.7E+13 Geometric binning

0.7 1950 0.5 1.3E+12 Topo-integrated

 Dome # Volume (km3) Density (kg/m3) DRE1 (km3) Mass (kg) Method
Domes

1 2.16 - - - Topo-integrated
2-3 0.58 - - - Topo-integrated
5 1.77 - - - Topo-integrated
10 2.42 - - - Topo-integrated
22 0.73 - - - Topo-integrated
24-27 0.11 - - - Topo-integrated
28-29 0.11 - - - Topo-integrated
30 0.06 - - - Topo-integrated
31 0.02 - - - Topo-integrated
32-34 0.20 - - - Topo-integrated
36 0.08 - - - Topo-integrated
40 7.80 - - Topo-integrated

Total 16.03 2650 - 4.2E+13 Topo-integrated

Incapillo Ignimbrite

Veladero Debris Flow 2

 
1Average density reflects an ignimbrite composition of 60 % pumice with an averaged measured density 
(δ) of 1022 kg/m3 and 40 % crystalline matrix comprised of quartz (67 %; δ = 2620 kg/m3), albite 
(20 %; δ = 2620 kg/m3), sanidine (5 %; δ = 2520 kg/m3), biotite (5 %; δ = 3090 kg/m3), and hornblende 
(3 %; δ = 3270 kg/m3) consistent with the observed mineral abundances in the ignimbrite. 2Density of 
the Veladero debris flow is calculated from cut and weighed blocks of cemented debris flow material.  
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 Erupted volumes for the largest < 3 Ma Incapillo domes were calculated by 

defining a lower surface specific to each dome and using the digital topography as the 

upper surface.  No correction was made for sloping lower surfaces or for dense rock 

equivalent (DRE).  The largest domes have volumes that range from 1.2 –7.0 km3 with 

a total volume of erupted material of ~ 16 km3.  Converting this volume into mass 

using an average density for rhyodacite (2650 kg/m3) yields 4.2 x 1013 kg of erupted 

Incapillo dome lava.     

 The topographically-integrated volume of the Incapillo caldera was calculated 

by defining the upper surface as the average caldera rim elevation (5400 m) and the 

lower surface as the DEM topography of the caldera floor.  The resultant volume of 

the caldera is 4.3 km3 and is similar to other intermediate-sized collapse calderas such 

as Katmai in Alaska (~ 5 km3;  Hildreth, 1991).  This is a maximum estimate of the 

initial caldera volume as post-eruptive erosion has likely widened the caldera over the 

last 0.5 Ma.  

 Due to its gradually tapering thickness and unknown basal topography, the 

topographically-integrated volume of the Incapillo ignimbrite could not be effectively 

calculated using the DEM.  Instead, the ignimbrite outflow volume was calculated by 

approximating the unit as a 250 m high cone of siliceous material that progressively 

thins to 10 m at a radial distance of 10 km.  This approach gives a total volume of 

26.2 km3.  After subtracting out 4.3 km3 of missing caldera material and correcting for 

vesicularity, the total outflow volume of the Incapillo ignimbrite is ~ 14.1 km3 (DRE).  

Dense rock equivalent (DRE) is based on a calculated density of 1675 kg/m3 for the 

Incapillo ignimbrite, which corresponds to a rhyolitic magma with 35 % vesicularity 

and is consistent with estimated density and vesicularity for the Atana ignimbrite from 

La Pacana caldera in the APVC (Lindsay et al., 2001).   
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 For the Incapillo caldera, the volume of intracaldera tuff (i.e., inflow) is 

difficult to estimate because of the lack of clearly exposed caldera ring faults or 

exposures of sub-caldera floor basement that could help to constrain the basement 

topography and subsidence depth.  Assuming a realistic subsidence depth of 0.5 km3, 

the total ignimbrite inflow volume is estimated at 6.3 km3 DRE.  Combined with the 

outflow, the total volume of the Incapillo ignimbrite is ~ 20 km3 DRE and is a 

minimum estimate as co-ignimbrite ash is not included in the volume total.     

 Lastly, the lithic-rich Veladero debris flow has a topographically-integrated 

volume of ~ 0.7 km3 or ~ 0.5 km3 DRE and a mass of 0.13 x 1013 kg (average density 

= 1959 kg/m3 measured from cemented debris flow blocks). This is an order of 

magnitude smaller than the caldera-forming Incapillo ignimbrite and is consistent with 

its origin as a topographically-confined debris flow.   

 The total erupted volume in DRE for all Incapillo ignimbrites (~ 20 km3) is 

comparable to the 1912 eruption of Katmai, which produced a total of 12 km3 of 

ignimbrite (Hildreth, 1991).  Including the rhyodacitic domes, the total calculated 

volume of all erupted magmas at Incapillo is ~ 37 km3.  Incapillo is far smaller than 

other Central Andean calderas (Figure 4.1) such as Vilama (1400 km3; Soler et al., 

2007), Coranzuli (650 km3; Seggiaro, 1994); Panizos (~ 650 km3; Ort, 1993), La 

Pacana (2500 km3; Lindsay et al., 2001) and Cerro Galán (~ 2000 km3; Sparks et al., 

1985).  However, the Incapillo ignimbrite is similar in size to numerous ignimbrites in 

the Salar de Antofalla (SAF) region of the southern Puna with volumes ranging from 

5-50 km3 (Siebel et al., 2001). 

 

VIII. GEOCHEMISTRY OF INCAPILLO UNITS 

 Incapillo dome lavas and ignimbrite pumices were analyzed for major and 

trace elements following the methods outlined in Kay et al. (1987) and Goss et al. 
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(Chapter 2).  A complete description of analytical methods is given in Appendix 1. 

Juvenile clasts and pumices from the Veladero block and ash flow were not analyzed 

due to oxidation and lithic contamination.  Major elements were obtained by electron 

microprobe at Cornell University.  Error for major elements is 2-5 % for elements with 

concentrations > 1 wt % and ± 10-20 % for elements with < 1 wt %.  In situ major 

element microprobe analyses on xenolith mineral phases were analyzed relative to 

Smithsonian mineral standards.  Trace element data were obtained by Instrumental 

Neutron Activation Analysis (INAA) at Cornell University.  Long term averages for 

internal standards are given in Appendix 2.  For selected samples, non-activating 

elements in INAA or those with either a low signal/noise ratio or peak interference 

(i.e., Rb, Nb, Zr, Y, Pb) were determined by atomic absorption (AA) at the Chilean 

Geological Survey (SERNAGEOMIN).   

 Selected Incapillo dome lavas were analyzed for Sr and Nd isotopes using a 

VG Sector 54 Thermal Ionization Mass Spectrometer (TIMS) in the Keck Isotope Lab 

at Cornell University based on the analytical methods of White and Duncan (1996).  

Pb separations were done at Cornell University using the technique outlined by White 

and Dupré (1986) and analyzed at the University of Florida on a "Nu-Plasma" multi 

collector (MC) ICP-MS (Kamenov et al., 2004).  Nd isotopes on Incapillo ignimbrite 

pumices were analyzed by MC-ICPMS at the University of Florida following methods 

outlined in Kamenov et al. (2007).  Oxygen isotopes were analyzed by ArF laser 

fluorination on selected quartz grains at the Universität Göttingen based on the 

procedures by Fiebig et al. (1999) and were corrected to the average measured value 

of the Gore Mountain garnet (UWG-2; δ18O = 5.7).   
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Major elements 

 Major element compositions for Incapillo dome lava and ignimbrite pumices 

are given in Tables 4.4 and 4.5 and plotted in Figure 4.8.  All Incapillo lavas are 

high-K rhyodacites (SiO2 67-70 wt %) and rhyolites (SiO2 > 70 wt %) based on the 

classification of Le Maitre (1989).  The 4.7-1.9 Ma oxidized domes south of the 

Incapillo caldera are dacites and represent the least evolved of all sampled dome lavas.     

 Incapillo dome lavas and ignimbritic pumices are compositionally similar and 

largely plot in overlapping fields on most major element variation diagrams 

(Figure 4.8).  In detail, Incapillo dome lavas have higher MgO contents (0.5-2.0 wt %) 

than ignimbrite pumices (< 1.3 wt %) at constant SiO2 concentrations due to greater 

crystallinity (> 60 %).  The 0.87 ± 0.03 Ma pre-caldera rhyodacitic flow from the 

north caldera wall is similar to the Incapillo domes.  Major element concentrations are 

generally like those of evolved lavas and pumices from the Puna with Al2O3 = 14-17 

wt %, CaO = 2-5 wt %, and K2O > 2.5 wt %.  TiO2 concentrations range from 0.28-

0.72 wt % in Incapillo units and 0.61-0.83 wt % in the less evolved older domes 

(Tables 4.4 and 4.5).  FeOT, Al2O3, MgO, and CaO concentrations decrease with 

increasing SiO2 content defining linear differentiation trends within all units.  These 

trends become more subdued (FeOT, MgO, and CaO) to non-apparent (Al2O3) when 

only Incapillo domes and ignimbrite pumices are considered. 

 Incapillo domes and ignimbrite pumices are distinct from siliceous magmas 

from the APVC, Cerro Galán, and Salar de Antofalla regions based on Na2O 

concentrations (Figure 4.9a) and the aluminum saturation index (Al/CNK = molar 

Al2O3/(CaO+Na2O+K2O; Figure 4.9b).  Incapillo Na2O contents range from 3.8-5.4 

wt % and are significantly higher than in APVC and Galán ignimbrites at similar SiO2 

and K2O concentrations (geochemical data compilation in Kay and Coira (in prep.)).   

High Na2O contents result in metaluminous magmas (Al/CNK = 0.70-1.05) with 
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Al/CNK ratios that increase with SiO2 content.  Incapillo magmas are more Na-rich 

and metaluminous than virtually all other siliceous magmas from the Central Andes 

(Figure 4.9).   

 

 

 
 
Figure 4.8 Harker diagrams for Incapillo dome lavas (solid symbols) and 

pyroclastic pumices (open symbols - grouped by dashed line).  Data is 
given in Tables 4.4 and 4.5 respectively.  Also shown is the pre-caldera 
flow from the north rim of the Incapillo caldera (large open square).  
K2O classification from Le Maitre et al. (1989).  
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Figure 4.9 Graphs of (A) K2O wt % vs. Na2O wt % and (B) SiO2 wt % vs. 

aluminum saturation index [Al/CNK = molar Al2O3/(CaO+NaO+K2O)] 
(lower) for Incapillo dome lavas and ignimbrite pumices.  Data is in 
Tables 4.4 and 4.5.  Sample markers are the same as in Figure 4.8.  
APVC field includes data from Panizos, Vilama, Sifón, Atana-La 
Pacana, Pairique, Granada, Purico, and Coranzulí centers.  Data 
compilation is from Kay and Coira (in prep.) and from references 
discussed in Figure 4.1.  The field for Cerro Galán represents only the 
2.2 Ma eruption with data from Francis et al (1989) and unpublished 
compilations.  Data for small- to medium-sized ignimbrites from the 
Salar de Antofalla region (SAF) are from Siebel et al. (2001) and 
include < 6 Ma pumices and matrix analyses with SiO2 > 66 wt %.  
Jotabeche data is from Kay et al. (1994b) and Tittler (1995).  Large 
crosses are average compositions of Cordillera Blanca (Peru) 
ignimbrites and granites (Atherton and Petford, 1993).   

 

223



Table 4.4
Major and trace element analyses for Incapillo domes and lava flows

Pre-caldera Xenolith
sample CO 516 CO 512b CO136 CO137 CO317 CO318 CO319 CO139 CO 323 CO 517

SiO2 69.97 48.45 70.00 68.09 67.00 68.27 64.70 67.83 71.03 71.93
TiO2 0.40 1.519 0.30 0.41 0.60 0.66 0.72 0.43 0.41 0.34
Al2O3 14.99 9.32 15.37 14.51 14.85 14.00 14.68 15.40 15.25 14.78
Fe2O3

FeO 2.14 15.09 1.89 2.54 3.24 3.53 3.93 2.44 2.09 1.87
FeOt 2.14 1.89 2.54 3.24 3.53 3.93 2.44 2.09 1.87
MnO 0.05 0.322 0.04 0.05 0.05 0.06 0.09 0.05 0.03 0.05
MgO 0.89 11.58 0.66 1.19 1.39 1.75 2.13 1.26 0.96 0.62
CaO 2.95 9.63 2.28 2.87 3.06 3.26 4.38 2.76 1.78 2.03
Na2O 4.70 1.82 4.38 4.06 5.31 4.30 5.12 4.09 4.02 4.04
K2O 3.77 1.99 4.25 4.14 4.28 3.97 3.99 3.77 4.06 4.23
P2O5 0.14 0.280 0.13 0.17 0.24 0.22 0.26 0.14 0.14 0.11

Total 100.00 100.00 99.30 98.03 100.03 100.01 100.00 98.17 99.77 100.00
Al/K+Na+Ca 0.87 0.41 0.96 0.89 0.78 0.81 0.71 0.97 1.07 0.99

La 33.0 39.1 60.0 55.7 51.8 40.2 34.4
Ce 65.5 78.1 112.2 106.6 106.6 76.0 73.4
Nd 33.1 32.9 51.3 35.1 48.1 28.8 28.9
Sm 5.09 5.7 8.46 7.85 8.46 5.2 5.37
Eu 0.83 1.0 1.28 1.35 1.50 0.9 0.95
Tb 0.318 0.3 0.485 0.376 0.410 0.3 0.323
Yb 0.62 0.8 1.10 1.24 1.25 0.8 0.80
Lu 0.048 0.098 0.125 0.146 0.132 0.068 0.092
Y 8 10 10
Rb 160 147 141
Sr 483 521 797 674 849 553 528
Sr* 525 553 581
Ba 819 801 1426 1171 1366 802 910
Ba* 809 772 850
Pb 23 19 21
Cs 7.69 6.08 11.34 7.43 8.53 7.80 6.71

Eastern DomesIncapillo Caldera Domes
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Table 4.4 (continued)
Major and trace element analyses for Incapillo domes and lava flows

Pre-caldera Xenolith
sample CO 516 CO 512b CO136 CO137 CO317 CO318 CO319 CO139 CO 323 CO 517

U 8.6 6.7 14.5 8.9 9.9 7.4 7.1
Th 16.5 16.3 26.3 21.3 22.7 15.8 17.4
Zr 176 199 184
Nb 11 13 11
Hf 4.6 4.7 7.3 6.7 6.9 4.4 4.6
Ta 0.97 0.8 1.40 1.12 1.22 1.0 0.84
Sc* 3 5 5
Sc 3.0 4.5 5.4 6.6 7.1 4.9 3.6
Cr 1 16 5 22 26 23 5
Cr* 7 22 31
Ni 1 5 0 0 4 8 1
Ni* 2 6 4
Co 3 5.2 5 7 8 5.5 4
Co* 3 7 5
Cu 8 11 9
Zn 60 70 61
V 33 49 49

Rb/Sr 0.33 0.28 0.25 0.00
Ba/La 24.8 20.5 23.8 21.0 26.4 20.0 26.4
La/Sm 6.5 6.8 7.1 7.1 6.1 7.7 6.4
La/Yb 52.9 48.4 54.4 44.7 41.5 51.5 43.1
Eu/Eu* 0.69 0.73 0.66 0.80 0.82 0.81 0.76
Sm/Yb 8.2 7.1 7.7 6.3 6.8 6.7 6.7
Ba/Th 50 49 54 55 60 51 52
Ba/Ta 842 967 1015 1047 1117 767 1080
La/Ta 34 47 43 50 42 38 41
Th/U 1.9 2.4 1.8 2.4 2.3 2.1 2.4
Sr/Yb 775 645 722 542 679 708 662

Eastern DomesIncapillo Caldera Domes

 

225 

Analytical methods are outlined in Appendix 1.  Rb, Y, Pb, Zr, Nb, Cu, Zn, V, Ba*, Sr*, Sc*, Cr*, Ni*, and Co* data (italics) are from atomic 
absorption spectroscopy (AAS) analyzed at SERNAGEOMIN. 

 



 

Table 4.4 (continued)
Major and trace element analyses for Incapillo domes and lava flows

sample CO184 CO314 CO316 CO 505 CO 506 CO 508 CO 509 CO 510 CO 511 CO 513
SiO2 68.31 69.72 68.79 67.79 70.16 70.41 69.08 68.90 66.36 71.74
TiO2 0.49 0.58 0.53 0.58 0.49 0.43 0.53 0.49 0.68 0.41
Al2O3 15.62 13.93 14.35 15.29 14.34 14.83 14.95 15.22 15.65 14.25
Fe2O3 1.92
FeO 0.91 3.00 2.96 3.45 2.56 2.40 2.57 2.38 3.39 2.23
FeOt 2.64 3.00 2.96 3.45 2.56 2.40 2.57 2.38 3.39 2.23
MnO 0.05 0.06 0.05 0.07 0.05 0.04 0.03 0.06 0.06 0.05
MgO 1.03 1.59 1.48 1.54 1.25 1.00 1.53 1.38 2.00 0.93
CaO 2.92 2.46 3.11 3.36 2.76 2.53 2.76 3.56 3.59 2.07
Na2O 4.70 4.76 5.39 4.06 3.87 4.05 4.31 4.19 4.27 3.78
K2O 3.22 4.47 4.18 3.65 4.33 4.21 4.04 3.66 3.78 4.42
P2O5 0.13 0.16 0.20 0.20 0.19 0.11 0.20 0.17 0.24 0.12

Total 99.12 100.72 101.05 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Al/K+Na+Ca 0.95 0.81 0.75 0.91 0.89 0.94 0.91 0.88 0.89 0.97

La 36.2 46.9 42.1
Ce 73.8 92.5 86.2
Nd 30.4 26.0 38.7
Sm 5.22 6.45 6.98
Eu 1.13 1.08 1.13
Tb 0.339 0.481 0.257
Yb 0.77 0.99 1.02
Lu 0.072 0.145 0.113
Y 9
Rb 131
Sr 623 551 616
Sr* 644
Ba 931 888 1165
Ba* 897
Pb 17
Cs 5.6 9.29 8.70

Western  (Rio Salado) Domes
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Table 4.4 (continued)
Major and trace element analyses for Incapillo domes and lava flows

sample CO184 CO314 CO316 CO 505 CO 506 CO 508 CO 509 CO 510 CO 511 CO 513
U 5.4 10.0 10.8
Th 13.9 24.6 22.8
Zr 220
Nb 10
Hf 5.6 5.5 6.2
Ta 0.78 1.09 1.06
Sc* 4 0 0
Sc 4.5 5.2 4.9
Cr 8 16 14
Cr* 14 0 0
Ni 3 0 0
Ni* < 2 0 0
Co 5 6 5
Co* 4
Cu 9
Zn 61
V 48

Rb/Sr 0.21 0.00 0.00
Ba/La 25.7 18.9 27.7
La/Sm 6.9 7.3 6.0
La/Yb 47.3 47.4 41.3
Eu/Eu* 0.91 0.67 0.82
Sm/Yb 6.8 6.5 6.8
Ba/Th 67 36 51
Ba/Ta 1194 813 1103
La/Ta 46 43 40
Th/U 2.6 2.5 2.1
Sr/Yb 813 556 604

Western  (Rio Salado) Domes

Analytical methods are outlined in Appendix 1.  Rb, Y, Pb, Zr, Nb, Cu, Zn, V, Ba*, Sr*, Sc*, Cr*, Ni*, and Co* data (italics) are from atomic 
absorption spectroscopy (AAS) analyzed at SERNAGEOMIN. 
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Table 4.4 (continued)
Major and trace element analyses for Incapillo domes and lava flows

sample CO 322 CO140 CO 518 CO135 CO 525 CO 522 CO142 CO151 CO 157
SiO2 67.94 63.00 67.67 63.50 65.49 68.42 65.50 63.97 64.16
TiO2 0.61 0.70 0.66 0.83 0.74 0.63 0.73 0.74 0.74
Al2O3 15.64 16.40 15.79 16.10 15.96 15.15 16.37 16.31 16.60
Fe2O3 2.01 3.05 2.43
FeO 3.15 3.86 3.12 3.79 3.92 3.07 1.61 1.23 1.79
FeOt 3.15 3.86 3.12 3.79 3.92 3.07 3.42 3.97 3.97
MnO 0.08 0.06 0.05 0.06 0.07 0.04 0.05 0.06 0.06
MgO 1.58 2.21 1.58 2.17 2.02 1.08 1.51 2.08 1.86
CaO 2.49 4.27 3.36 4.20 4.24 3.14 3.61 4.09 3.90
Na2O 4.80 4.50 4.10 4.36 4.14 4.04 4.63 4.46 4.27
K2O 3.65 3.46 3.44 3.45 3.12 4.20 3.37 3.02 3.06
P2O5 0.21 0.26 0.23 0.25 0.30 0.24 0.25 0.20 0.21

Total 100.14 98.72 100.00 98.71 100.00 100.00 99.44 98.90 98.83
Al/K+Na+Ca 0.95 0.87 0.95 0.87 0.89 0.90 0.92 0.91 1.27

La 47.2 41.0 45.3 44.9 41.2 47.7
Ce 97.8 81.9 98.4 93.7 84.5 78.4
Nd 33.8 40.9 40.3 33.8 33.2 43.1
Sm 6.42 5.72 7.6 5.8 5.9 6.81
Eu 1.25 1.29 1.5 1.5 1.5 1.32
Tb 0.303 0.425 0.6 0.5 0.5 0.6
Yb 1.02 0.84 1.2 0.5 0.7 1.03
Lu 0.117 0.120 0.177 0.064 0.095 0.137
Y 10 10 14 9 10 13
Rb 106.9 85 114 96 98 92
Sr 694 759 646 739 765 703
Sr* 665 810 672 723 690 670
Ba 1040 1122 875 1042 937 1120
Ba* 1031 1000 855 1070 871 1070
Pb 14.7 13 13 14 14 13
Cs 4.46 1.44 4.2 1.6 3.1 2.3

Older Oxidized Domes
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Table 4.4 (continued)
Major and trace element analyses for Incapillo domes and lava flows

sample CO 322 CO140 CO 518 CO135 CO 525 CO 522 CO142 CO151 CO 157
U 5.3 1.7 5.5 2.2 2.2 2.0
Th 14.9 8.0 15.3 11.9 8.8 7.9
Zr 164 261 283 270 253 270
Nb 12.1 12 15.5 9 11 10
Hf 5.9 5.9 7.0 6.0 5.9 4.3
Ta 0.72 0.58 1.1 0.54 0.67 0.68
Sc* 8 8 5 7 7
Sc 5.4 7.4 8.1 5.2 7.5 7.7
Cr 15 43 65 24 51 33
Cr* 24 47 63 27 53 41
Ni 1 15 21 10 15 14
Ni* 4.4 12 15 4 12 8
Co 6 10 11.2 8.0 10.3 10
Co* 6 12 11 7 9 8
Cu 14 28 15 15 17
Zn 91 93 90 81 79
V 60 83 93 68 33 81

Rb/Sr 0.15 0.11 0.18 0.13 0.13 0.13
Ba/La 22.0 27.4 19.3 23.2 22.7 23.5
La/Sm 7.4 7.2 6.0 7.7 7.0 7.0
La/Yb 46.1 48.8 38.6 83.7 55.3 46.3
Eu/Eu* 0.91 0.90 0.82 0.99 0.96 0.74
Sm/Yb 6.3 6.8 6.5 10.9 7.9 6.6
Ba/Th 70 139 57 88 106 142
Ba/Ta 1446 1927 811 1944 1398 1646
La/Ta 66 70 42 84 61 70
Th/U 2.8 4.8 2.8 5.5 4.0 3.9
Sr/Yb 678 904 550 1377 1027 682

Older Oxidized Domes

 

229 

Analytical methods are outlined in Appendix 1.  Rb, Y, Pb, Zr, Nb, Cu, Zn, V, Ba*, Sr*, Sc*, Cr*, Ni*, and Co* data 
(italics) are from atomic absorption spectroscopy (AAS) analyzed at SERNAGEOMIN. 

 



 

Table 4.5
Major and trace element analyses for Incapillo ignimbritic pumices

sample CO138 CO320 CO 514 CO141 CO 325 CO 524 CO143 CO 527b CO 527m CO 527f CO183
SiO2 69.50 70.17 69.91 67.03 69.58 71.51 69.14 70.84 67.23 71.11 69.29
TiO2 0.28 0.44 0.40 0.37 0.40 0.38 0.30 0.38 0.52 0.39 0.28
Al2O3 15.10 16.20 14.66 15.32 15.01 14.79 15.36 15.16 16.14 15.02 14.37
Fe2O3 1.75 1.65
FeO 2.17 2.64 2.03 2.06 2.36 2.00 0.18 2.00 3.88 2.05 0.70
FeOt 2.17 2.64 2.03 2.06 2.36 2.00 1.75 2.00 3.88 2.05 2.18
MnO 0.04 0.02 0.04 0.04 0.06 0.08 0.04 0.04 0.07 0.04 0.04
MgO 0.63 0.82 0.79 0.81 0.87 0.70 0.66 0.73 1.29 0.70 0.66
CaO 2.46 2.47 4.42 2.98 2.99 2.55 2.34 2.53 3.74 2.46 2.10
Na2O 4.25 4.81 3.79 4.29 4.79 4.08 4.44 4.25 3.82 4.21 4.27
K2O 3.66 2.93 3.77 3.90 3.81 3.80 4.13 3.96 3.08 3.90 4.43
P2O5 0.13 0.19 0.18 0.16 0.15 0.11 0.15 0.13 0.21 0.12 0.15

Total 98.22 100.67 100.00 96.96 100.00 100.00 98.32 100.00 100.00 100.00 97.77
Al/K+Na+Ca 0.98 1.04 0.80 0.92 0.86 0.96 0.96 0.96 0.98 0.96 0.92

La 44.5 43.5 36.8 40.2 37.4 27.8
Ce 93.5 90.3 74.2 87.2 79.2 65.2
Nd 36.0 34.7 31.9 41.9 31.5 31.0
Sm 6.6 6.25 5.5 6.94 5.4 5.2
Eu 0.9 1.19 0.9 1.18 0.9 0.8
Tb 0.4 0.693 0.3 0.318 0.3 0.4
Yb 0.9 0.95 0.8 0.99 0.7 0.7
Lu 0.048 0.106 0.058 0.122 0.074 0.176
Y 8 8 9 9
Rb 164 142 162 180
Sr 427 607 545 601 505 479
Sr* 520 594 547 481
Ba 714 879 738 890 842 810
Ba* 618 765 786 749
Pb 11 19 20 20
Cs 10.1 8.48 6.4 8.06 7.3 7.8

Incapillo Ignimbrite pumices
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Table 4.5 (continued)
Major and trace element analyses for Incapillo ignimbritic pumices

sample CO138 CO320 CO 514 CO141 CO 325 CO 524 CO143 CO 527b CO 527m CO 527f CO183
U 10.9 6.7 6.7 10.0 7.9 8.8
Th 21.3 19.5 14.1 17.0 16.2 16.4
Zr 170 212 214 187
Nb 11 14 15 15
Hf 5.2 5.6 4.8 5.9 4.8 5.0
Ta 1.1 1.01 0.8 1.05 0.8 0.9
Sc* 3 4 3 3
Sc 3.7 4.6 3.4 4.0 3.1 3.0
Cr 2.5 8 4.1 3 1.8 2.6
Cr* 11 10 6 8
Ni <1 1.69 2.04 0 2.35 1.55
Ni* 8 2 <2 < 2
Co 3.4 4 3.6 4 2.9 2.8
Co* 2 6 4 4
Cu 16 7 11 11
Zn 56 70 63 65
V 27 38 31 30

Rb/Sr 0.38 0.00 0.26 0.00 0.32 0.38
Ba/La 16.0 20.2 20.0 22.2 22.5 29.2
La/Sm 6.7 7.0 6.7 5.8 7.0 5.4
La/Yb 50.6 45.6 48.8 40.8 53.8 37.3
Eu/Eu* 0.63 0.67 0.77 0.80 0.73 0.63
Sm/Yb 7.5 6.6 7.2 7.0 7.7 7.0
Ba/Th 34 45 52 52 52 49
Ba/Ta 665 871 952 851 1002 876
La/Ta 41 43 48 38 45 30
Th/U 2.0 2.9 2.1 1.7 2.0 1.9
Sr/Yb 486 636 722 610 725 644

Incapillo Ignimbrite pumices

Analytical methods are outlined in Appendix 1.  Rb, Y, Pb, Zr, Nb, Cu, Zn, V, Ba*, Sr*, Sc*, Cr*, Ni*, and Co* data (italics) are from atomic 
absorption spectroscopy (AAS) analyzed at SERNAGEOMIN. 
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Trace elements 

 Trace element concentrations and ratios for Incapillo magmas are given in 

Tables 4.4 and 4.5.  Despite their eruption up to ~ 30 km distance from the caldera, all 

Incapillo dome lavas and ignimbritic pumices exhibit remarkably similar trace element 

patterns characterized by steep REE patterns that are extreme for evolved arc lavas 

from the Central Andes.  Like most arc lavas however, Incapillo lavas exhibit strong 

enrichments in the large ionic lithophile elements (LILE) that contrast with large 

negative high field strength element (HFSE) anomalies (Figure 4.10).  Unlike the 

6 Ma Jotabeche lavas, Incapillo ignimbrite pumices and domes have negative Eu 

anomalies (Eu/Eu*) that range from 0.63-0.80 and 0.66-0.91 respectively.  Also shown 

on Figure 4.10, the older oxidized domes (CO 142) have similar trace element patterns 

to the Incapillo lavas although they have lower concentrations of U and Ta, greater 

LREE enrichment, and more subdued Eu/Eu* anomalies (0.74-0.99).  In sum, Incapillo 

magmas are distinct from other large Neogene ignimbrites of the central Andes 

primarily by their strong arc signature, steep REE patterns, and adakitic Sr/Yb ratios.   

 The pronounced arc signature observed in Incapillo magmas is evident in their 

high La/Ta (30-50; Kay and Mpodozis, 2000), Ba/La (16-30), and Ba/Ta (650-1200) 

ratios compared to APVC, Salar de Antofalla region, or Galán ignimbrites 

(Figure 4.11).  These elevated ratios are principally controlled by high concentrations 

of LILE (e.g., Ba = 700-1430 ppm) and LREE (La = 27-60 ppm) relative to the HFSE 

(Ta = 0.78-1.4 ppm).  Exceptionally low HFSE concentrations in the older oxidized 

domes (Ta = 0.54-1.07 ppm) yield high La/Ta (42-84) and Ba/Ta (811-1944) ratios.  

As shown in Figure 4.11, these ratios are like those from other evolved lavas that 

erupted during the height of arc migration including the ~ 6 Ma Jotabeche rhyodacites 

(Ba/Ta = 1500-2000; La/Ta = 40-70; Kay et al., 1994b) and the 5-2 Ma Pircas Negras 

andesites (Ba/Ta = ~ 1500-2250; La/Ta = ~ 50-80; Goss et al., Chapter 2).   
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Figure 4.10 Chondrite-normalized (Masuda et al., 1973) spider diagrams for (A) 

representative Incapillo ignimbrite pumices and dome lavas and (B) ~ 6 
Ma Jotabeche and 2.2 Ma Cerro Galán pumices. Jotabeche and Cerro 
Galán trace element data are from Tittler (1995) and Francis et al. 
(1989) respectively. Age for Cerro Galán is from Sparks et al. (1985).  
Chemical range for all Incapillo ignimbrite pumices (grey stippled) and 
domes (tan) are shown in B.  Note: negative Lu anomalies in Incapillo 
and Jotabeche lavas are due to higher analytical error. 
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Figure 4.11 Plot of La/Ta vs. Ba/Ta for Incapillo dome lavas (Table 4.4) and 

ignimbritic pumices (Table 4.5).  Symbols are the same as in Figure 
4.8.  Also plotted are ~ 6 Ma Jotabeche ignimbrites and rhyodacitic 
lava flows (Tittler, 1995) and 5-2 Ma Pircas Negras adakitic andesites 
from the Rio Salado (Goss et al., Chapter 2).  Data for APVC, Cerro 
Galán, and southern Puna (SAF) ignimbrites are from the same sources 
as in Figure 4.9.   

 

 The steep REE patterns characteristic of Incapillo magmas were discussed by 

Kay and Mpodozis (2000) and are a ubiquitous feature of syn-migration andesites and 

dacites from the northern flatslab region (Kay and Mpodozis, 2002; Goss et al., 

Chapter 2).  Figure 4.12 shows that all Incapillo domes and ignimbritic pumices have 

high La/Yb ratios (37-54) compared to most APVC and SAF magmas, though 

similarly elevated La/Yb ratios have been reported in backarc rhyolitic pumices from 
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the Cerro Galán and Coranzulí ignimbritic centers (see Kay et al., 1999) as well as in 

rhyodacitic domes from the Tres Cruces Massif in the southernmost CVZ (Mpodozis 

et al., 1996; Kay and Mpodozis, 2000).  Even higher La/Yb ratios are reported for the 

~ 6 Ma Jotabeche rhyodacitic domes and ignimbrites (~ 50-75; Kay et al., 1994b).  As 

with the Jotabeche lavas, the steep REE patterns in the Incapillo units are largely 

controlled by HREE depletion, not LREE enrichment (Figures 4.10b and 4.12b).  

Uniformly high Sm/Yb ratios in Incapillo lavas (~ 6-8) are distinct from all APVC 

ignimbrites and trend towards the higher Sm/Yb ratios in Jotabeche (6-10) and Pircas 

Negras (7-9) lavas.   

 Lastly, elevated Sr/Yb ratios (500-850; or Sr/Y = 55-73) in all Incapillo domes 

and ignimbrite pumices contrast with lower ratios in ignimbrites from siliceous centers 

of the Puna-Altiplano plateau (~ 50-400; Figure 4.12c).  These high Sr/Yb ratios are a 

function of both elevated Sr concentration (~ 500-850 ppm) and Yb depletion 

(< 1.25 ppm).  Older oxidized domes exhibit even higher Sr/Yb ratios (550-1350) that 

are similar to Sr/Yb ratios in Jotabeche rhyodacites (~ 950-1850; Kay et al., 1994b) 

and Pircas Negras andesites (~ 850-1050; Goss et al., Chapter 2).  High Sr/Yb ratios 

and low Yb (and Y) concentrations like these are characteristic of Archean and 

Proterozoic tonalite-trondhjemite-dacites (TTD) and modern adakites defined by 

Defant and Drummond (1990).  Within the Central Andes, ignimbrites and 

granodiorites from the Cordillera Blanca above the Peruvian flatslab exhibit TTD-like 

chemical signature (Petford and Atherton, 1996) as do middle to late Miocene 

andesites and dacites from the Main Cordillera above the Chilean flatslab (Figure 4.1; 

Kay et al., 1987; 1991; Kay and Mpodozis, 2002). 
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Figure 4.12 Plots of (A) SiO2 vs. La/Yb (B) Sm/Yb vs. La/Sm and (C) Yb (ppm) 

vs. Sr/Yb for Incapillo pumices and domes.  Symbols and references 
are the same as in Figures 4.8-4.11. 
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Isotopic ratios 

 Sr, Nd, Pb, and O isotopic ratios for Incapillo and older oxidized dome lavas 

are given in Table 4.6 and shown in Figure 4.13.  Isotopic data for 6-2 Ma dacitic 

centers that surround the Incapillo Caldera (i.e., Bonete Chico, Sierras de Veladero, 

and Pissis) are also presented (see Figure 4.2b and Appendix 11 for sample locations) 

as are new isotopic data for rhyodacitic pumices from the ~ 6 Ma Jotabeche ignimbrite 

and early Miocene Tilito ignimbrites from the Doña Ana formation.   

 

Incapillo domes and ignimbrites 

 Incapillo rhyodacitic domes, including those ~ 30 km to the west along the 

upper Rio Salado basin, exhibit generally similar Sr, Nd, and Pb isotopic ratios 

(87Sr/86Sr = 0.70658 to 0.70669; εNd = −4.19 to −4.73; 206Pb/204Pb = 18.73 to 18.75; 
207Pb/204Pb = 15.62 to 15.63; and 208Pb/204Pb = 38.77 to 38.79).  One dome lava (CO 

137) has especially radiogenic Pb isotope ratios (206Pb/204Pb = 18.95 and 208Pb/204Pb = 

38.83) compared to the other analyzed domes.  Isotopic ratios from Incapillo 

ignimbritic pumices are more homogeneous and overlap the fields for the Incapillo 

domes (87Sr/86Sr = 0.70658-0.70659; εNd = −4.31 to −4.56; 206Pb/204Pb = 18.74 to 

18.75; 207Pb/204Pb = 15.63; and 208Pb/204Pb = 38.79 to 38.80).  Quartz phenocrysts 

from a rhyodacitic Incapillo dome yield a crustal δ18O value of 9.12 ± 0.2.  A 4.7 Ma 

oxidized dome from the Quebrada Veladero has a somewhat less radiogenic 87Sr/86Sr 

ratio (0.70639) and a similar εNd value (−4.50) compared to Incapillo dome and 

ignimbrite lavas.  

 

Miocene-Pliocene centers 

 As shown in Figure 4.13, isotopic ratios for the 6-2 Ma dacitic arc centers are 

generally less enriched than those from Incapillo (87Sr/86Sr = 0.70592 to 0.70654; εNd 
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= −3.53 to −4.04; 206Pb/204Pb = 18.66 to 18.72; 207Pb/204Pb = 15.62; and 208Pb/204Pb = 

38.73 to 38.76).  However, a 2.5 Ma Bonete Chico dacitic flow (CO 147) has more 

radiogenic 87Sr/86Sr (0.70732) than any Incapillo or 6-2 Ma dacitic flow.  Rhyodacitic 

pumices from the ~ 6 Ma Jotabeche ignimbrite exhibit lower 87Sr/86Sr isotopic ratios 

and higher εNd values than other late Miocene siliceous lavas in the region (87Sr/86Sr 

= 0.70539 to 0.70562; εNd = −2.47 to −2.55; 206Pb/204Pb = 18.68; 207Pb/204Pb = 15.62; 

and 208Pb/204Pb = 38.70 to 38.77).   The early Miocene Tilito pumices are the least 

enriched all analyzed samples (87Sr/86Sr = 0.70539 to 0.70557; εNd = −0.65 to −1.42).  

Quartz phenocrysts from Bonete Chico dacite and Jotabeche rhyodacitic ignimbrite 

both have crustal δ18O values of 8.93 ± 0.2 and 8.23 ± 0.2 respectively.  

 

APVC and southern Puna ignimbrites 

 Isotopic data for < 10 Ma Puna ignimbrites (Kay et al., 1999 and references 

therein) are significantly more enriched than the Incapillo magmas (87Sr/86Sr = 0.708 

to 0.717; εNd = −8.54 to −12.45; 206Pb/204Pb = 18.8 to 19.05; 207Pb/204Pb = 15.65 to 

15.69; and 208Pb/204Pb = 38.7 to 39.2).  Previous authors have related this isotopic 

signature to contamination by Precambrian basement rocks and Paleozoic juvenile and 

sedimentary crustal units (e.g., Macfarlane et al., 1990; Coira et al., 1993; Aitcheson et 

al., 1995; Tosdal, 1996; Kay et al., 1999).  In contrast to the APVC or Galán 

ignimbrites, small to medium volume ignimbrites from the Salar de Antofalla region 

(Figure 4.1) have less enriched isotopic ratios that are more similar to isotopic ratios 

from Incapillo magmas (87Sr/86Sr = 0.706 to 0.709; εNd = −2.4 to −5.1; 206Pb/204Pb = 

18.7 to 19.0; 207Pb/204Pb = 15.62 to 15.67; and 208Pb/204Pb = 38.7 to 39.0; Siebel et al., 

2001).  



Table 4.6
Sr, Nd, and Pb isotopic analyses for Neogene lavas from the northern flatslab transition zone (~ 27º-28.5º)

sample unit age (Ma) 87Sr/86Sr % S.E. 143Nd/144Nd % S.E. εNd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb δ18Oqz

Incapillo Caldera 
CO 136 Incapillo domes (caldera) 1.1 ± 0.4 0.7066930 0.0008 0.5124143 0.0011 -4.36 - - -
CO 137 Incapillo domes (caldera) 2.9 ± 0.4 0.7065835 0.0013 0.5123983 0.0010 -4.68 18.950 15.631 38.830
CO 317 Incapillo domes (caldera) - 0.7066530 0.0007 0.5124231 0.0008 -4.19 18.751 15.626 38.797 +9.12
CO 316 Incapillo domes (west) - 0.7066673 0.0006 0.5123955 0.0008 -4.73 18.745 15.625 38.785
CO 508 Incapillo domes (west) 2.55 ± 0.03 - - - - - 18.742 15.623 38.777
CO 323 Incapillo domes (east) 1.34 ± 0.13 - - - - - 18.733 15.623 38.772
CO 514* Incapillo ignimbrite 0.51 ± 0.02 0.7065894 0.0009 0.5124050 0.0006 -4.55 18.742 15.627 38.792
CO 524* Incapillo ignimbrite 0.51 ± 0.04 - - 0.5124170 0.0010 -4.31 18.750 15.630 38.806
CO 141* Incapillo ignimbrite 1.6 ± 0.5 0.7065996 0.0009 0.5124040 0.0010 -4.56 - - -
CO 142 Older oxidized dome 4.6 ± 0.2 0.7063884 0.0006 0.5124071 0.0008 -4.50 - - -

6-3 Ma southernmost CVZ
CO 37 Pissis 4.1 ± 0.4 0.7063681 0.0005 0.5124568 0.0010 -3.53 18.683 15.617 38.742
CO 38 Pissis 6.2 ± 0.5 0.7059168 0.0010 - - - - - -
CO 180 Pissis 3.2 ± 0.3 0.7062093 0.0007 0.5124452 0.0009 -3.76 - - -
CO 182 Pissis 4.6 ± 0.7 0.7064560 0.0006 0.5124386 0.0009 -3.89 18.658 15.616 38.734
CO 152 Veladero 3.8 ± 0.4 0.7056832 0.0008 0.5124660 0.0009 -3.36 - - -
CO 147 Bonete Chico 2.5 ± 0.4 0.7073255 0.0007 0.5123832 0.0008 -4.97 - - -
CO 148 Bonete Chico 4.0 ± 0.2 0.7065223 0.0006 - - - 18.709 15.617 38.744
CO 149 Bonete Chico 4.2 ± 0.3 0.7062090 0.0007 0.5124492 0.0007 -3.68 - - -
CO 321 Bonete Chico - 0.7065435 0.0008 0.5124311 0.0009 -4.04 18.719 15.617 38.759 +8.93

Southern Maricunga Belt
CO 311 Jotabeche ignimbrite - 0.7056180 0.0008 0.5125074 0.0008 -2.55 18.680 15.627 38.701
CO 423 Jotabeche ignimbrite 6.7 ± 0.4 0.7053888 0.0006 0.5125112 0.0009 -2.47 - - - +8.23

E. Miocene
CO 265 Tilito ignimbrite 21.9 ± 0.8 0.7055679 0.0009 0.5126048 0.0008 -0.65 - - -
CO 303 Tilito ignimbrite - 0.7053913 0.0009 0.5125651 0.0009 -1.42 - - -
CO 328A Tilito ignimbrite - 0.7055477 0.0007 0.5125964 0.0012 -0.81 - - -  

Isotopic ratios were obtained on a VG sector thermal mass spectrometer at Cornell University and reflect measured values.  Sr isotopic ratios were normalized 
to an 86Sr/88Sr ratio of 0.1194.  Cornell value for 87Sr/86Sr for NBS 987 is 0.7102957 ± 0.00006 (2 sigma error; n = 40 from 6/2003 to 9/2004), 143Nd/144Nd for 
Ames is 0.5121436 ± 0.000028 (2 sigma error; n = 28 from 2/2004 to 5/2004); and 143Nd/144Nd for La Jolla is 0.5118496 ± 0.000015 (n = 13 from 2/2004 to 
4/2004).  Epsilon Nd is based on a CHUR value of 0.512614. Error for 87Sr/86Sr and 143Nd/144Nd analyses are reported as percent standard error.  Nd isotope 
ratios on Incapillo ignimbrite pumices were measured at the University of Florida using MC-ICPMS.  Reported Nd standard values are JNdI = 0.512094 ± 
0.000012 and La Jolla = 0.511850 ± 0.00001which is within analytical error to the long-term Cornell La Jolla value.  Pb isotope ratios were obtained via MC-
ICPMS at the University of Florida and are relative to reported NBS Pb standard values of 206Pb/204Pb = 16.937 (+/-0.004), 207Pb/204Pb = 15.491 (+/-0.004), 
and 208Pb/204Pb = 36.695 (+/-0.009).  Uncertainty on NBS Pb isotopic ratios is 2x standard error.  Oxygen isotope data is corrected to the average measured 
value of the Gore Mountain garnet (UWS-2l δ18O = +5.7).  In-run error (2σ) is estimated at ± 0.2 ‰ and external precision from repeat analyses is 0.2-0.5 ‰. 
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Figure 4.13  (A) Plot of 87Sr/86Sr vs. εNd, (B) 206Pb/204Pb vs. 207Pb/204Pb  and (C)  

206Pb/204Pb vs. 208Pb/204Pb for Incapillo ignimbritic pumices and domes.  
Symbols are the same as in Figures 4.8-4.12.   Also plotted are ~ 6 Ma 
Jotabeche ignimbrites and lava flows (Kay et al., 1994b; Tittler, 1995), 
6-2 Ma dacitic centers (Bonete Chico, Pissis, and Veladero), 5-2 Ma 
Pircas Negras adakitic andesites from the upper Rio Salado (Goss et al., 
Chapter 2), ~ 23 Ma Tilito (Doña Ana) ignimbritic pumices, and 
average isotopic values of central Andean Paleozoic granitoids 
(Becchio et al., 1999; Lucassen et al., 2001).  Mixing lines on Figure 
4.13a correspond to compositional trends defined by EC-AFC 
modeling (Bohrson and Spera, 2001; Spera and Bohrson, 2001) with 
trace element compositions, mixing percentages, r-values, and 
thermodynamic parameters given in Tables 4.7-4.8.  Letters refer to 
average Paleozoic crust (white; A, B, and E ) and bulk upper 
continental crust (grey; C, D, and F) used as potential assimilants in the 
models. Solid mixing lines show melt compositions modeled with the 
amphibolite xenoliths (Fig. 6) as the fractionating assemblage, whereas 
dashed lines show compositions modeled with a more plagioclase-rich 
assemblage.  End-member compositions and bulk Kd values are given 
in Appendices 13 and 14 respectively.  The tick marks on the Pb-Pb 
mixing line in Figures 4.13b and 4.13c are for bulk mixing with 
Paleozoic crust.  The shaded fields along the bulk mixing lines labeled 
“EC-AFC” in Figs. 4.13b and 4.13c show the range of modeled Pb 
isotopic values predicted by EC-AFC modeling.  Grey dashed arrow is 
the best fit mixing line produced by a hypothetical crustal assimilant.  
Pb-isotopic fields for Chilean flatslab & southern CVZ and Sierras 
Pampeanas lavas are shown (Kay and Abbruzzi, 1996; Kay et al., 1999 
and references therein).  Choiyoi fields are from Moscoso et al. (1993).    
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IX. DISCUSSION  

 The Incapillo Caldera and Dome Complex is an example of a < 3 Ma Andean 

siliceous center that erupted during a period of waning arc magmatism following a late 

Miocene episode of localized tectonic disturbance.  As discussed by Goss et al. 

(Chapter 2), this episode was characterized by rapid frontal arc migration, enhanced 

forearc subduction erosion, and shallowing of the subducting slab beneath the backarc. 

These spatial and temporal changes in tectonic setting controlled the eruptive style, 

volume, and geochemical evolution of Incapillo lavas that strongly contrast with the 

large ignimbritic megacalderas of the Central Andes associated with the inception of 

magmatism along the arc front and across the backarc between 11 and 4 Ma (Kay et 

al., 1999).  

  Here, we refine the eruptive sequence of the Incapillo Caldera and Dome 

Complex using the K-Ar and 40Ar/39Ar ages and present a comprehensive eruption 

model based on petrography and mapping from both litho-stratigraphy and digital 

imagery.  Lastly, a petrogenetic model based on the geochemical characteristics of 

Incapillo magmas is presented and is consistent with the temporal and spatial position 

of Incapillo within a dying Andean magmatic arc.   

 

Eruptive Sequence and Model  

 The 40Ar/39Ar data in Table 2 clearly shows that the pumice-rich Incapillo 

ignimbrite was ejected in the final eruptive event associated with the Incapillo 

magmatic system at ~ 0.51 Ma.  The Incapillo eruptive sequence is divided into the 

following three stages shown in Figure 4.14: (1) an initial period of regional effusive 

eruptions of rhyodacitic domes; (2) an episode of intense boiling-over pyroclastic 

eruptions followed by caldera collapse; and (3) a terminal period of post-eruptive 

localized debris flows and resurgent dome eruptions.  
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Figure 4.14 Three stage eruptive model for the formation of the Incapillo Caldera 
and Dome Complex.  Stage one (3-1 Ma) is characterized by effusive 
eruption of compositionally homogeneous rhyodacitic domes. Stage 2 
(0.51 ± 0.2 Ma) represents the pyroclastic eruption of the Incapillo 
magma chamber contemporaneous with caldera subsidence and 
deposition of the Incapillo ignimbrite.  Stage 3 (< 0.51 Ma) is 
characterized by a resurgence of residual dome material, deposition of  
the Veladero debris flow, and erosional widening of the caldera. 
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 Stage 1- Effusive dome eruptions 

 Siliceous magmatism associated with the Incapillo complex began at ~ 3 Ma 

with the effusive eruption of steep-sided domes and coulées along the slopes of Bonete 

Chico and the Sierras de Veladero and persisted until after the pyroclastic eruption that 

formed the Incapillo caldera.  The chemical and petrographic similarity of the domes 

(Figures 4.11-4.13) irrespective of their distance from the Incapillo caldera suggests 

that they were generated in a common magma chamber either directly below the 

caldera or as multiple shallow-chambers fed by a larger and deeper primary chamber.  

This gas-poor viscous rhyodacitic magma likely migrated to the surface laterally via 

now-obscured northwest and northeast trending faults that parallel larger regional 

structural features like the Valle Ancho and Laguna Verde faults to the north (Figure 

4.1; Mpodozis et al., 1997) or through a preexisting network of magma conduits 

formed during the older eruptions of Veladero and Bonete Chico.  Similarly, Baldwin 

and Marrett (2004) proposed that the emplacement of non-explosive dacitic domes 

within the Cordillera de San Buenaventura (27º S; Figure 4.1) was controlled by the 

opening of a releasing bend between regional-scale strike-slip faults. 

 With regard to eruption dynamics of these early domes, degassing and lava 

extrusion occurred contemporaneously via gas-permeable conduits that resulted in the 

characteristic pit craters and lava spines observed on the summits of the largest domes 

(Figure 4.5b and c).  Eichelberger et al. (1986) modeled similar tephra-filled “vent 

funnels” within the Mono-Inyo domes (California, USA) as a means to rapidly 

devolatilize and effusively erupt a highly siliceous magma.  The initial “open-system” 

ash layer reported for Mono-Inyo domes and observed at Cerro Chao and Tocopuri at 

~ 22º S in the Central Andes (de Silva et al., 1994) is not apparent at the base of the 

Incapillo domes.  Instead, the Incapillo domes directly overlay andesitic Pircas Negras 

and dacitic Veladero and Bonete Chico lavas flows.  This observation is further 
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evidence for the purely non-explosive initial magmatic stage of the Incapillo Caldera 

and Dome Complex.   

 

Stage 2 – Pyroclastic eruption and edifice collapse 

 The Incapillo ignimbrite was deposited during the ~ 0.51 ± 0.02 Ma 

pyroclastic eruption that formed the Incapillo caldera and ended the ~ 2 m.y. period of 

effusive Incapillo volcanism.  Exposed along the north wall of the caldera 

(Figure 4.3a), the 0.87 ± 0.03 Ma rhyodacitic lava flow provides evidence for the 

existence of a dome or volcanic center at the location of the Incapillo caldera before 

the explosive eruption.  Given the general lack of lithics in the Incapillo ignimbrite, 

this pre-caldera edifice must have been small and may have been morphologically 

similar to the < 3 Ma Incapillo domes that surround the caldera.  Proximal 

finely-laminated deposits at the base of the ignimbrite indicate that the initial blast 

generated a basal surge that was immediately followed by a series of pumice-rich 

pyroclastic flows.  The Incapillo ignimbrite shares many of the physical characteristics 

of high-grade peralkaline ignimbrites (Freundt, 1998) that have thickness of 10-30 m, 

volumes of ~ 5-20 km3, extend ~ 10-40 km from calderas 3-10 km in diameter, and 

generally lack air fall deposits (Schmincke, 1974; Mahood, 1984).  These type of 

ignimbrites are thought to originate within extensional tectonic settings from caldera 

subsidence-related pyroclastic eruptions that could not support high Plinian eruption 

columns.  Like these ignimbrites, the lack of associated ash fall deposits covering the 

6-2 Ma dacitic centers or any of the < 3 Ma Incapillo domes suggests that the 

explosive ~ 0.51 Ma Incapillo eruption produced a “boiling over cauldron” series of 

pyroclastic flows (e.g., Freundt, 1999) rather than a Plinian cloud that reached 

stratospheric altitudes (> 10 km).  Ground-hugging pyroclastic flows traveled around 

these older centers via topographic lows and built-up the ignimbrite to > 200 m thick 
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around the central vent.  This eruption model is consistent with the presence of fault-

bounded grabens to the north (Figure 4.2; Mpodozis et al., 1997) that suggest Incapillo 

may have erupted within a localized extensional setting.   

 The virtually identical trace element and isotopic characteristics between the 

ignimbrite pumices and 3-1 Ma dome lavas strongly suggest that all Incapillo eruptive 

units originated from the same source. The reasons as to why the Incapillo magma 

chamber suddenly exploded at ~ 0.51 Ma rather than forming another non-explosive 

dome may lie in the basal pumice rafts at the distal end of the ignimbrite.   These 

earliest and most energetic pyroclastic flows reflect the physical condition of the 

magma at the start of the eruption.  The clear mixing textures evident in the distal 

pumice rafts suggest that the explosive eruption that generated the Incapillo ignimbrite 

was likely catalyzed by the mixing of a rhyodacitic magma like the dome lavas (SiO2 

= 67 %; FeO = 3.88 %) with a crystal-rich rhyolitic cap (SiO2 = 71.11 %; FeO = 

2.05 %) (Figure 4.4f; Table 4.5).  Intrusion of a hotter more-basic magma into the base 

of a cooling partially-crystalline acidic magma chamber would lead to vigorous 

thermal convection and super-saturation of volatiles that may ultimately trigger an 

explosive eruption (Sparks et al., 1977; Folch and Marti, 1998).  Alternatively, 

contractive closure (e.g., McNulty et al., 1998; Schmitt, 2001) of the magmatic 

conduits that permitted effusive eruption and passive degassing of Incapillo dome lava 

could also potentially explain the change to explosive volcanism.  However, this 

model cannot explain the clear mixing textures evident in the pumices nor does 

evidence exist to support a post-1 Ma change to a more-compressive tectonic regime.    

 Caldera collapse probably occurred during the terminal stages of the 

pyroclastic eruption exposing the pre-caldera dacite and the 200 m thick ignimbritic 

outflow units that now comprise the walls of the caldera.  Though no clear ring-faults 

are exposed within the interior of the caldera, its symmetrical shape, uniform depth, 
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and steeply sloped walls suggest a “plate-type” (or piston) subsidence mechanism as 

defined by Lipman (1997).  The ring fault associated with caldera subsidence has been 

eroded back into a collapse collar by mass wasting induced scarp-retreat and by 

intracaldera fill burial.   

 

Stage 3-Post-eruptive debris flows and dome resurgence 

 The third and final eruptive stage of the Incapillo Caldera and Dome Complex 

(Figure 4.14) is marked by deposition of the Veladero debris flow and eruption of 

resurgent domes.  The geographical extent of the debris flow is enigmatic as it is only 

found within the Quebrada de Veladero south of the caldera.  Moderate matrix 

cementation of the deposit with clay-sized ash (< 5 μm) suggests the involvement of 

water and transport of the debris flow as a fluidized slurry (e.g., Rodine and Johnson, 

1976).  The source of this water is unknown but could have originated by melting of a 

Pleistocene glacial cap or from a paleo-crater lake. The non-conformable contact 

between the Incapillo ignimbrite and Veladero debris flow (Figure 4.4a and b) 

indicates this depositional event likely occurred after the pyroclastic eruption 

terminated.   

 Continued resurgent dome activity within the Incapillo caldera followed the 

~ 0.51 Ma pyroclastic eruption.  As no radiometric ages exist for the resurgent domes, 

the lag time between caldera collapse and the final dome eruption is unknown.  Given 

that no post-ignimbrite domes exist outside of the caldera walls, these magmas may 

only have ascended to the surface via the main explosive conduit that expulsed the 

Incapillo ignimbrite.  The potentially elevated temperatures of the Incapillo crater lake 

waters (Markham and Barker, 1986) may indicate the presence of an active 

hydrothermal system below Incapillo.  These observations preclude its classification 

as an extinct Andean volcanic center.   
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Sources of Incapillo Magmas 

 The strong geochemical differences between Incapillo and the larger APVC 

and Galán ignimbritic calderas support a fundamentally different model for Incapillo 

petrogenesis with regard to source composition and depth of magma equilibration.   

Central to this model is the initial generation of a high-pressure “adakitic” melt of 

mafic crust, derived from anatexis of either underplated lower-crustal basalt by 

ponded mantle-derived basalts or mafic forearc crust transported to mantle depths via 

forearc subduction erosion.  Unlike the APVC or Galán ignimbrites, which represent 

melts of sialic radiogenic crust that mixed with mantle-derived basalt (e.g.,  Francis et 

al., 1989; Ort, 1993; Kay et al., 1999; Lindsay et al., 2001), Incapillo domes and 

ignimbrites originated from melting of hydrous mafic crust in equilibrium with a 

plagioclase-poor garnet-bearing residue. 

 The high-pressure origin of the Incapillo magmas is evidenced by their 

anomalously steep REE patterns (i.e., La/Yb > 30), in particular the strong depletion 

in the HREE (Sm/Yb > 5), relative to flatter patterns in APVC and southernmost Puna 

siliceous magmas (Figures 4.10 and 4.12a and b).  These steep REE patterns are 

broadly similar to those of the Archean tonalite-trondjhemite-dacite suite (TTDs; 

Martin, 1987; Drummond and Defant, 1990; Martin, 1999).  Though accessory phases 

such as xenotime can significantly fractionate the HREE from co-existing silicate 

melts (e.g., Miller and Mittlefehldt, 1982; Gromet and Silver, 1983; Bea, 1996), the 

strong HREE depletion seen in  8-2 Ma northern flatslab transition zone mafic and 

siliceous magmas has mainly been attributed to garnet in a high-pressure residual 

assemblage (Kay et al., 1994b; Mpodozis et al., 1995; Kay et al., 1999; Kay and 

Mpodozis, 2000; Goss et al., Chapter 2).  Furthermore, the very high Na2O contents, 

low Al/CNK ratios, high Sr concentrations (> 450-800 ppm), and elevated Sr/Yb 

ratios in Incapillo magmas compared to other central Andean ignimbrites indicate the 
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lack of plagioclase as a major residual or early phenocrystic phase.  Plagioclase is 

readily suppressed in hydrous andesitic and tonalitic melts at pressures in excess of 1.5 

GPa (Huang and Wyllie, 1986; Moore and Carmichael, 1998).  These chemical 

signatures are consistent with experimental data that suggest Na-rich adakitic 

granitoids as well as their Archean TTD analogues can be produced by 20-40 % 

partial melting of hydrous olivine-normative metabasalt at 1050-1100 ºC and 1.2-3.2 

GPa in equilibrium with eclogitic and/or garnet granulitic residues (Sen and Dunn, 

1994; Rapp and Watson, 1995).  Elsewhere in the central Andes, strong HREE 

depletion and elevated Sr and Na2O contents in middle to late Miocene Volcán 

Copiapó and Jotabeche dacites from the southern Maricunga Belt (Kay et al., 1994b; 

Mpodozis et al., 1995), middle Miocene Cerro de las Tórtolas dacites from the Chilean 

flatslab region (Kay et al., 1987; 1991; Kay and Mpodozis, 2002), and granites and 

rhyolites from the Cordillera Blanca batholith in Peru (8º-10º S, Figure 4.1; Atherton 

and Petford, 1993; Petford and Atherton, 1996) have been similarly attributed to melt 

equilibration with residual garnet in the absence of plagioclase.  

  Two potential petrogenetic models to produce the Incapillo evolved lavas are 

evaluated with respect to the geochemical data: (1) low degree partial melting of 

eclogitic or amphibolitic mafic lower crust and (2) assimilation and fractional 

crystallization (AFC) of sialic upper crust into a parental Pircas Negras adakitic 

magma.  

 

Partial melting of lower crust  

 The possibility that Incapillo lavas may have originated solely from an 

uncontaminated low-degree partial melt of in situ mafic crust at depths > 45 km is 

supported by previous trace element modeling by Petford and Atherton (1996) on 

compositionally similar Cordillera Blanca (Peru) tonalitic ignimbrites and granitoids.  
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Like the Incapillo magmas, these siliceous magmas have steep REE patterns (La/Yb = 

34-60; Sm/Yb = 7.6-9.0), high Sr (< 600 ppm), and elevated Na-contents 

(3.0-5.5 wt %) and are modeled by these authors as 35 % batch melts of a lower 

crustal garnet amphibolite with a basaltic composition.  Furthermore, ~ 2.5 Ma 

Incapillo domes from the upper Rio Salado directly overlay 3-2 Ma Pircas Negras 

adakitic dacites that have been explained by Goss et al. (Chapter 2) as partial melts of 

in situ garnet-bearing mafic lower crust.  The tectonic changes occurring between 

7-3 Ma may have led to cooler mantle conditions that facilitated a lower degree of 

lower crustal partial melting immediately before the regional termination of 

magmatism at ~ 0.5 Ma.  In light of these thermal changes, Incapillo magmas could 

have formed as an even lower degree partial melt of the same garnet-bearing lower 

crustal source as the 3-2 Ma Pircas Negras.   

 A number of factors however preclude lower crustal melting as the only 

mechanism responsible for generating Incapillo magmas.  First, a smaller percentage 

of partial melting of the same plagioclase-poor eclogitic lower crust modeled for the 

3-2 Ma Pircas Negras andesites would produce siliceous melts with even steeper REE 

patterns, higher Sr and Ba concentrations, and negligible Eu/Eu* anomalies.  These 

geochemical characteristics are seen in ~ 6 Ma Jotabeche and 6-5 Ma Vacas Heladas 

rhyodacitic ignimbrites (Figure 4.1) that have been explained as low degree partial 

melts of mafic lower crust (Kay et al., 1991; 1994b; Mpodozis et al., 1995; Kay and 

Mpodozis, 2002).  However, they are opposite the observed trends from Incapillo 

magmas that have flatter REE patterns, lower Sr and Ba concentrations, and 

prominently negative Eu/Eu* anomalies compared to older Pircas Negras andesites 

and 5-2 Ma oxidized domes.  The shift toward more enriched Sr, Nd, and particularly 

Pb isotopic values compared to late Miocene dacites signify some degree of 

assimilation of isotopically enriched crust.  Lastly, the presence of quartz phenocrysts 
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in Incapillo dome rhyodacites with δ18O = 8.9-9.1 ‰ indicates assimilation of upper 

crustal material that once interacted with low temperature meteoric waters.  This claim 

is based on the fact that δ18O values in quartz > 7.5 ‰ cannot be attained solely by 

mineral fractionation from a mantle-derived magma (Taylor and Sheppard, 1986).  We 

conclude that although Incapillo precursor magmas initially equilibrated at lower 

crustal depths, geochemical considerations strongly suggest that shallow-level 

processes, such as fractional crystallization and upper crustal assimilation, later 

modified the trace element and isotopic nature of these magmas.   

 

Assimilation and fractional crystallization (AFC) 

 Mixing of fractionated Pircas Negras adakitic andesite with anatectic melts of 

older sialic upper crust is an attractive and plausible mechanism to form the Incapillo 

rhyodacites based on a number of qualitative arguments.  First, a suite of Pircas 

Negras andesites erupted just to the south and west of the Incapillo center (Goss et al., 

Chapter 2) and are capped by Incapillo domes and ignimbrites.  Second, the main 

pulse of Pircas Negras volcanism terminated at ~ 2 Ma just as volcanic activity at 

Incapillo commenced.  With respect to the crustal assimilant, the presence of 

Carboniferous sediments and granites/rhyolites of the Paganzo Group exposed in the 

vicinity of Incapillo (Guerrero et al., 1993; Mpodozis et al., 1997; Rubiolo et al., 

2002) supports the presence of a radiogenic Paleozoic basement directly below the 

northern flatslab transition zone.  Moreover, all analyzed lavas from the northern 

flatslab transition zone including Incapillo units fall within Pb isotopic fields defined 

for central Andean Paleozoic basement (Macfarlane et al., 1990).  This strongly 

supports the existence of a regional Paleozoic basement and the involvement of this 

basement in the genesis of Incapillo magmas.  
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 In addition to crustal contamination, various lines of evidence support an 

important role for fractional crystallization in the genesis of Incapillo magmas.  Trace 

element characteristics, namely the lower Sr concentrations and negative Eu/Eu* 

anomalies compared to late Miocene dacites, are strong indicators of shallow-level 

(< 30 km) plagioclase fractionation.  The biotite-bearing amphibolite xenoliths with 

clear magmatic textures hosted in Incapillo dome lavas (Figure 4.6) most likely 

formed as mineral cumulates that fractionated from precursor magmas.  Interstitial 

plagioclase and secondary growth of biotite within the amphiboles are best explained 

as an amphibole-dominated cumulitic mush was entrained by rising melt and rapidly 

crystallized at shallower depths within the upper crust.  Compositionally, the 

pargasitic amphiboles present in the xenoliths (Mg #s 0.61-0.71; Appendix 12) are 

similar to amphiboles that dominate the mineral assemblage of the Pircas Negras 

adakitic andesites (Mg # 0.62-0.80; Goss et al., Chapter 2).  This observation, 

combined with the more extreme adakitic signature in the Pircas Negras andesites 

compared to the Incapillo rhyodacites, suggests these lavas may be genetically related 

through fractionation processes.    

 

Energy-Constrained Assimilation-Fractional Crystallization (EC-AFC) modeling 

 To test the hypothesis that Incapillo lavas are related to adakitic Pircas Negras 

andesites through AFC processes, Energy-Constrained Assimilation Fractional 

Crystallization modeling calculations (EC-AFC; Bohrson and Spera, 2001; Spera and 

Bohrson, 2001) were performed with the results shown in Figure 4.13 and Tables 

4.7-4.8.  This quantitative model based on the classic DePaolo (1981) AFC equations, 

balances mass and heat while tracking compositional changes in the hybrid magmas 

caused by simultaneous crystal fractionation and addition of anatectic melt generated 

by wall rock assimilation.  It has long been understood that for evolved magmatic 
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systems, fractional crystallization and assimilation are not decoupled processes with 

regard to heat-balance and that the latent heat of crystallization released by 

fractionating phases largely contributes to the heat flux required for crustal anatexis.  

(Bowen, 1928; Taylor, 1980; DePaolo, 1981).  The compositional heterogeneity in 

evolved Central Andean lavas has been shown to be the result of combined 

assimilation and fractional crystallization processes (e.g., DePaolo, 1981; Aitcheson 

and Forrest, 1994;  Caffe et al., 2002).  Simple bulk-mixing models that ignore the 

thermal and compositional effect of fractional crystallization are not 

thermodynamically sound (DePaolo, 1981; Spera and Bohrson, 2001) and thus were 

not considered in petrogenetic modeling of Incapillo magmas.       

    For the EC-AFC models, Sr and Nd isotopic ratios of the Incapillo magmas 

were best matched by mixing an intermediate source magma with a sialic assimilant 

and then evaluated by comparing the trace elements of the mixed product with average 

Incapillo compositions.  Endmember compositions used in the models are given in 

Appendix 13.  The initial precursor magma is a ~ 4 Ma Pircas Negras andesite from 

the upper Rio Salado (sample CO 309; 87Sr/86Sr = 0.705564, εNd = −2.6, 206Pb/204Pb = 

18.63, 207Pb/204Pb = 15.61; 208Pb/204Pb = 38.60; Goss et al., Chapter 2).  Both central 

Andean Paleozoic crust and average bulk upper crust were considered as crustal 

assimilants.  Paleozoic upper crust was modeled using the average of late Paleozoic 

granitoids from northern Chile (87Sr/86Sr = 0.732064, εNd = −8.72 , 206Pb/204Pb = 

18.95, 207Pb/204Pb = 15.69; 208Pb/204Pb = 38.90; Lucassen et al., 2001) that are 

chemically similar to Paleozoic units in northwest Argentina (Becchio et al., 1999; 

Coira et al., 1999).  Also considered were more enriched εNd values (−11.45) and 
87Sr/86Sr ratios (0.744177) reported for southern Puna Paleozoic metamorphic rocks 

(Becchio et al., 1999).  Trace element concentrations for average upper crust are from 

Rudnick and Fountain (1995) with isotopic ratios from average Paleozoic.   
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Table 4.7
Initial thermal and chemcial parameters for EC-AFC modeling calculations

[A] [B] [C] [D] [E] [F]
Parent PN (309) PN (309) PN (309) PN (309) PN (309) PN (309)

Assimilant PzG PzG-EP UC UC PzG-EP UC
Frac. Assemblage (f ) xeno xeno xeno xeno pl-xeno pl-xeno

Taº (ºC) 600 600 300 600 600 600
F (remaining liquid) 0.62 0.67 0.60 0.69 0.69 0.71

r (Ma
*/Mc) 0.81 0.67 0.40 0.63 0.63 0.58

87Sr/86Sr parent 0.70556 0.70556 0.70556 0.70556 0.70556 0.70556
Sr parent (ppm) 899 899 899 899 899 899
87Sr/86Sr assimilant 0.73206 0.74418 0.73206 0.73206 0.74418 0.73206
Sr assimilant (ppm) 189 189 350 350 189 350

εNd parent -2.6 -2.6 -2.6 -2.6 -2.6 -2.6
Nd parent (ppm) 38.2 38.2 38.2 38.2 38.2 38.2
εNd assimilant -8.7 -11.5 -8.7 -8.7 -11.5 -8.7
Nd assimilant (ppm) 20.1 20.1 26 26 20.1 26
206Pb/204Pb parent 18.63 18.63 18.63 18.63 18.63 18.63
Pb parent (ppm) 10.5 10.5 10.5 10.5 10.5 10.5
206Pb/204Pb assimilant 18.95 18.95 18.95 18.95 18.95 18.95
Pb assimilant (ppm) 16 16 20 20 16 20

------------------------------------ EC-AFC -------------------------------

 
Endmember concentration data for EC-AFC models are given in Appendix 13.  Parental 
magma compositions are for a ~ 4 Ma Pircas Negras andesite from the upper Rio Salado 
(CO 309; Goss et al., Chapter 2) that largely reflects uncontaminated melt of mafic lower 
crust.  Crustal assimilants used in the models include average central Andean Paleozoic 
granitoids (PzG; models A, B, and E; Becchio et al., 1999; Lucassen et al., 2001; 2002) and 
average bulk upper crust (UC; models C, D, and F; Rudnick and Fountain, 1995).  Average 
bulk upper crust trace elements are paired with isotopic values from average central Andean 
Paleozoic granitoids. More enriched Paleozoic Sr and Nd isotopic values are from a 
~ 500 Ma orthogneiss from El Peñon in the southern Puna (PzG-EP; Becchio et al., 1999).  
All crustal assimilant Pb isotopic values are from Lucassen et al. (2002).  Thermodynamic 
conditions for EC-AFC models are: Temperature of the melt liquidus (Tlm = 1050 ºC); 
initial melt (Tmº = 1050 ºC), assimilant liquidus (Tla= 900 ºC), initial assimilant (Taº = 600 
ºC), and assimilant solidus (Ts= 750 ºC).  Model [C] uses Taº = 300 ºC to replicate cold 
upper crust.  F = fraction of liquid remaining after fractional crystallization and addition of 
anatectic upper crustal melt.  r(Ma*/Mc) = ratio of mass of anatectic melt to mass of 
fractionated cumulates (DePaolo, 1981).  Bulk partition coefficients for fractionating mineral 
assemblage (f) are given in Appendix 14 and are from (1) the modal abundances in the 
biotite-bearing amphibolite xenoliths (xeno; models A-D; shown in Figure 4.6) and (2) from 
a similar shallow-level hypothetical assemblage with greater abundance of plagioclase 
(~ 40 %; models E-F). 
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Table 4.8
Trace element results for EC-AFC chemical models of Incapillo magmas

[A] [B] [C] [D] [E] [F]
f xeno xeno xeno xeno pl-xeno pl-xeno
A PzG PzG-EP UC UC PzG-EP UC
F 0.62 0.67 0.60 0.69 0.69 0.71
r 0.81 0.67 0.40 0.63 0.63 0.58

Sr 527 ± 70 620 ± 121 741 793 864 826 638 673
Rb 162 ± 16 144 ± 12 93 88 84 81 86 79
Pb 17.5 ± 4.1 20 ± 2.6 16.2 15.5 16.8 16.6 15.1 16.1
Ba 812 ± 72 1027 ± 235 1017 1055 1149 1065 1068 1078
La 38.4 ± 6.1 43.9 ± 9.3 46.7 47.1 50.8 47.7 47.5 47.7
Nd 34.5 ± 4.0 35.3 ± 8.4 36.9 38.8 39.3 40.1 41.9 42.8
Sm 6.00 ± 0.73 6.58 ± 1.6 5.9 6.3 5.7 6.3 7.2 7.1
Eu 0.98 ± 0.16 1.14 ± 0.24 1.19 1.24 1.14 1.22 1.36 1.34
Yb 0.84 ± 0.12 0.94 ± 0.21 1.28 1.18 1.03 1.10 1.25 1.17
Hf 5.2 ± 0.5 5.6 ± 1.1 5.8 6.0 6.6 6.1 6.2 6.3
Ta 0.94 ± 0.12 1.04 ± 0.19 1.04 1.04 1.54 1.61 1.07 1.58
Th 17.4 ± 2.5 19.8 ± 4.3 11.4 11.1 10.2 10.2 10.9 9.9

Ba/Ta 869 ± 115 994 ± 143 980 1012 746 661 1003 682
La/Ta 40.8 ± 6.0 42.5 ± 4.6 45.0 45.2 33.0 29.6 44.6 30.2
La/Yb 46.1 ± 6.2 47.2 ± 4.6 36.5 39.9 49.3 43.4 38.0 40.8
Sm/Yb 7.2 ± 0.41 7.0 ± 0.6 4.6 5.4 5.5 5.7 5.8 6.0
Sr/Yb 637 ± 87 670 ± 88 579 672 839 751 510 575

87Sr/86Sr 0.70668 0.70664 0.70669 0.70673 0.70667 0.70674
εNd -4.34 -4.76 -4.01 -4.13 -4.54 -3.95

206Pb/204Pb 18.77 18.75 18.75 18.75 18.74 18.75

EC-AFC 

 -4.19 to -4.73
18.73 to 18.75

Ignimbrite Domes

0.7066 to 0.7067

n =6 n =10

Incapillo magmas

Models A-F correspond to EC-AFC models in presented in Table 4.7.  The average trace element 
abundances and range of isotopic values in Incapillo dome and ignimbrite rhyodacites are given in the 
first two columns for comparison with modeled results.  Error values are 1σ standard deviations. 

 

 Thermodynamic parameters used in our models are similar to those used by  

Bohrson and Spera (2001) with the exception of a lower magma liquidus temperature 

(TºL = 1050 ºC) to account for the andesitic, rather than basaltic (TºL (B+S) = 1280 ºC), 

initial magma composition.  This liquidus temperature is consistent with (1) calculated 

pre-eruptive temperatures for a compositionally-similar Pircas Negras andesite based 

on two pyroxene phase equilibria (1050-1090 ºC; Goss et al., Chapter 2), (2) MELTS-

modeled (Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998) two pyroxene 

saturation temperatures for various Pircas Negras andesite compositions with 7 wt % 
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H2O at 5 kb (1060-1070 ºC; Goss et al., Chapter 2), and (3) the upper thermal stability 

limit of pargasitic amphibole in equilibrium with andesite during hydrous fractional 

crystallization experiments of Mt. Shasta basaltic andesite (1065 ºC; Grove et al., 

2003).  Both cold (Taº = 300 ºC, standard upper crustal case) and hot (Taº 600 ºC; 

case with crustal heating due to magma underplating) ambient upper crustal 

temperatures were modeled.  Hotter temperatures are justified by the presence of 

sustained arc volcanism in the Incapillo region since 6 Ma.  Bulk trace element 

partition coefficients (Kd) for the fractionating mineral assemblage in the model are 

presented in Appendix 14 and were calculated from the mineral proportions in the 

biotite-bearing amphibolite xenoliths.  Also given are bulk Kd’s for assimilated wall 

rock that reflect modal proportions estimated from a least squares mineral fit of sialic 

endmember compositions and are broadly similar to the normative mineralogy of the 

upper continental crust in Taylor and McLennan (1985).   

 The results for the EC-AFC modeling calculations are shown graphically in 

Figure 4.13a and numerically in Table 4.8.  Assimilation of average Paleozoic 

granitoids (Lucassen et al., 2001; Lucassen et al., 2002) and bulk upper continental 

crust (Rudnick and Fountain, 1995) into a fractionated Pircas Negras andesite can 

reproduce the isotopic and trace element trends in the Incapillo lavas.  The best fit to 

the Sr, Nd, and 206Pb isotopic data is attained using the hotter ambient upper crustal 

temperatures at r-values (r = Manatectic melt/Mcumulates) of 0.81 and 0.63 for Paleozoic and 

average upper crust respectively.  These models (A and D) generate melts with trace 

element concentrations within the ranges measured in Incapillo ignimbrites 

(Pb = ~ 16; Ba = ~ 1017-1065; La = 47-48; Nd = 37-40; Sm = ~ 6; Yb = 1.1-1.3; 

Hf ~ 6, all in ppm).  Using the more enriched isotopic values for southern Puna 

Paleozoic crust (model B; Becchio et al., 1999), similar results are obtained with less 

addition of anatectic melt  (r = 0.67).  Modeled Sr concentrations (741-826 ppm) are 
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high for Incapillo lavas (450-740 ppm), but are improved by increasing the abundance 

of plagioclase in the fractionating assemblage to 40 % (638-673 ppm; models E-F), 

consistent with mineral fractionation at shallower depths or lower water contents.  

Trace element ratios in modeled magmas (i.e., Ba/Ta, La/Ta, La/Yb, and Sr/Yb) are 

less extreme than in the Pircas Negras precursor melt and generally agree with ratios 

from the Incapillo dacites (Table 4.8).  Modeled assimilation of a colder upper crust 

(Taº = 300 ºC; model C) yields hybrid magmas with similar trace element and isotopic 

concentrations with a significantly smaller component of assimilated melt (r = 0.40).   

 Though EC-AFC models replicate the trace element and isotopic 

characteristics of Incapillo magmas, they uniformly under-predict concentrations of 

Rb and Th regardless of the fractionating assemblage, crustal endmember, or initial 

thermal conditions.  A potential explanation is that Incapillo melts rising through the 

uppermost crust assimilated Permo-Triassic Choiyoi granite-rhyolite (shown on map 

in Figure 4.2) with high concentrations of these elements (Rb = 160-185 ppm, Th = 

14-18; Mpodozis and Kay, 1992).  Late-stage assimilation of Choiyoi crust into the 

evolving Incapillo magma chamber could also explain the deviation of Incapillo Pb 

isotopes from the Pb-Pb mixing line towards lower 207Pb/204Pb and higher 208Pb/204Pb 

(Figure 4.13b and c).  Goss et al. (Chapter 2) explained similar Pb isotopic trends in 

Quaternary CVZ mantle-derived basalts and 7-3 Ma Pircas Negras andesites by 

buffering of mantle Pb with non-radiogenic Pb from in situ Choiyoi crustal basement 

(206Pb/204Pb < 18.6; 207Pb/204Pb < 15.61; and 208Pb/204Pb < 39.0; Moscoso et al., 1993).  

Alternatively, these trends can be attributed to the large isotopic heterogeneity in 

central Andean Paleozoic Pb (206Pb/204Pb = 18-24; 207Pb/204Pb = 15.6-16.0; 208Pb/204Pb 

= 38-43; Lucassen et al., 1999; 2001).  Based on these models, a hypothetical mixing 

line from the Pircas Negras andesite towards the more evolved 6-2 Ma dacitic centers 

and 3-0.5 Ma Incapillo rhyodacites predicts a radiogenic crustal endmember that (1) 

 257



 

falls within the isotopically heterogeneous Paleozoic field and (2) is consistent with 

other late Miocene to recent lavas from the flatslab and southern CVZ regions (Kay 

and Abbruzzi, 1996; Kay et al., 1999).  

 In sum, our multi-stage model for the genesis of Incapillo ignimbritic and 

dome lavas begins with an adakitic Pircas Negras andesite derived by melting of mafic 

in situ lower crust or eroded forearc crust in equilibrium with garnet-amphibolitic or 

eclogitic residues (Goss et al., Chapter 2).  As predicted by the EC-AFC modeling, 

these melts evolved within the upper crust (10-30 km depth) towards more silicic 

compositions due to the combined effects of low-P fractional crystallization and 

assimilation of sialic Paleozoic crust.  This model is distinct from the large-scale 

crustal melting models proposed for the APVC and Galán ignimbrites (de Silva, 

1989a; Francis et al., 1989; Lindsay et al., 2001) and is similar to that proposed for the 

small to medium volume ignimbrites of the southernmost Puna (25-26.5º S) that have 

been modeled as fractionated melts of contaminated mantle-derived arc magmas 

(Siebel et al., 2001; Schnurr et al., 2007).   

   

Relationship to Tectonic Instability -  Witness to the death of an active Andean arc 

 The Incapillo Caldera and Dome Complex, with its young volcanism and 

potentially present hydrothermal system, exists as the last remaining evidence to a 

once active Andean volcanic arc in this region.  Compared to other ignimbritic 

calderas from the central Andes, its distinctive geochemical composition and small 

size are the direct result of its spatial and temporal position at the end of a 7-3 Ma 

period of arc instability.    

 Geochemical indicators support an ephemeral hydration of the back-arc mantle 

wedge during the peak of late Miocene tectonic instability.  This claim is based on the 

unusually high Ba/Ta and La/Ta ratios in syn-migration (7-3 Ma) andesitic and dacitic 
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lavas from the flatslab and southernmost Puna compared to lower ratios in early to 

middle Miocene lavas (Kay et al., 1987; 1991; Kay and Mpodozis, 2002; Goss et al., 

Chapter 2).  Barium, along with other fluid-mobile large ionic lithophile elements, is 

thought to be efficiently transported to the mantle wedge via slab-derived fluids 

whereas tantalum, a non-fluid mobile high-field strength element, is retained by the 

slab and/or is compatible in oxide phases such as rutile or titanite stable in hydrous 

oxidized crust.  High Ba/Ta and La/Ta ratios are therefore indicative of a strong arc 

signature and have been interpreted as evidence for increased slab fluid concentrations 

in Andean arc magmas at times of shallow subduction and arc migration (e.g., Kay et 

al., 1991; Kay and Mpodozis, 2002; Kay et al., 2006).   

 The geochemical characteristics of the Incapillo dome rhyodacites show that 

by 3 Ma, the unusually strong slab signature characteristic of late Miocene dacites had 

been greatly subdued either by a reduction in slab derived fluids delivered to the 

sub-arc mantle or through dilution as precursor magmas assimilated upper crust.  The 

EC-AFC models that reproduce the lower Ba/Ta and La/Ta ratios in Incapillo magmas 

show that crustal assimilation into an andesitic Pircas Negras precursor melt with 

strong HFSE depletion is a viable petrogenetic mechanism to generate these 

geochemical trends.  Moreover, a reduced slab fluid flux since 3 Ma cannot explain a 

temporal shift to more radiogenic isotopic values, lower Sr/Yb ratios, and the presence 

of a negative Eu/Eu* ratio compared to late Miocene dacitic centers that generally lack 

these characteristics.    

   The following summarizes the 3-0.5 Ma tectonomagmatic model shown in 

Figure 4.15 for the rhyodacitic Incapillo domes and ignimbrites.  The development of 

a cooler mantle wedge below the northern flatslab region during the end of backarc 

slab shallowing (~ 5 Ma) would have led to reduced production of mantle-derived arc 

basalts.  Before magmatism entirely shut off along the margin, anatexis of mafic lower 
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crust by these ponded mantle-derived basalts generated both the older oxidized domes 

and dacitic centers of the latest Miocene-Pliocene arc with strong arc signatures and 

adakitic characteristics.  As cooler conditions prevailed and the flux of adakitic melts 

waned, rising dacitic magma slowed and ultimately stalled within the Andean upper 

crust.   

 

 
 
Figure 4.15 Schematic cross-sectional cartoon across the northern flatslab transition 

zone at 27.9º S showing major tectonomagmatic features associated 
with the Incapillo Caldera and Dome Field.  Lower crust is delineated 
at ~ 45 km, marking the 1.5 GPa stability field of eclogite (garnet + 
cpx).  Shape of the subducted Nazca plate is based on geophysical 
imaging of the modern Wadati-Benioff zone at 27.5º S (Comte et al., 
2002; Pardo et al., 2002).  Dashed plate margins and dark arrows show 
relative back-arc slab shallowing.  Topography is exaggerated by 
~ 10x.  Crustal thicknesses are based on MOHO depths reported by 
Fromm et al. (2004), McGlashan et al. (2007), and Yuan et al. (2002).  
Lower crustal melts similar to the 3-2 Ma Pircas Negras adakites (Goss 
et al., Chapter 2) are shown as the precursor magma to Incapillo 
rhyodacites and rhyolites.  Stored at shallow depths (~ 20-30 km), the 
Incapillo magma chamber partially crystallizes and assimilates sialic 
upper crust.  Eruption of the Incapillo Caldera at 0.51 ± 0.04 Ma 
marked the last eruption for ~ 700 km along the arc within the currently 
amagmatic flatslab segment.    
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 Unlike the latest Miocene-Pliocene magma chambers (i.e., Bonete Chico, 

Pissis, and Veladero) that were continuously recharged by dacitic lower crustal melts, 

the perched Incapillo magma chamber lost thermal and chemical contact with the 

mantle and lower crust.  At shallow depths, fractional crystallization and assimilation 

of sialic upper crust pushed Incapillo magmas towards more evolved compositions, 

diluted the high-P trace element signature, and bestowed the melt with a more-

enriched isotopic signature.  Occasionally, small crystal-rich batches of this volatile-

poor melt leaked out along pre-existing fractures forming the eastern and western 

dome fields.  At ~ 0.51 Ma, a final pulse of dacitic magma intersected the crystal-rich 

rhyolitic magma chamber, catalyzed the “boiling over cauldron” eruption, and 

generated the highly-crystalline Incapillo ignimbrite.  

 The model for the eruption of the Incapillo Caldera and Dome Complex is 

characteristic of waning siliceous volcanism over a shallowing subduction zone.  In 

the Andes, this type of volcanism is characterized by effusive dome-eruptions of 

Na2O-rich magmas with TTD-like geochemical signatures and is preceded by the 

sustained eruption of less evolved adakitic magmas similar to the 8-2 Ma Pircas 

Negras andesites.  A temporally and chemically parallel magmatic sequence is seen 

within the Chilean flatslab region at 30º S, as the last magmatic event at this latitude, 

the 6-5 Ma Vallecito ignimbrite, was similarly preceded by mid-late Miocene adakitic 

andesites of the Cerro de las Tórtolas and Tambo formations (Kay et al., 1991; Kay 

and Mpodozis, 2002).  This waning-magmatism model contrasts with the model for 

siliceous volcanism over a steepening subduction zone (Kay et al., 1999) that is 

dominated by voluminous explosive eruptions (500-3000 km3) of peraluminous 

magmas with flatter REE patterns, diminished arc signatures, and dominantly crustal 

isotopic ratios.   
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X CONCLUSIONS 

 The Incapillo Caldera and Dome Complex, situated within northernmost 

margin of the Chilean flatslab region at 28º S and 68.8º W, is the southernmost 

Quaternary explosive caldera of the Central Andes.  This study marks the first detailed 

investigation of the morphology, petrology, and geochemistry of this center.  The main 

conclusions are summarized below:  

 

(1) The dominant eruptive mechanism of the Incapillo magmatic system was the 

effusive non-explosive eruption of more than 40 crystal-rich steep-sided rhyodacitic 

domes.  The alignments of the domes suggest that magmas ascended along pre-

existing structural weaknesses in the crust that parallel regional faults.  K-Ar and 
40Ar/39Ar dating of the dome lavas indicate effusive eruptions began at ~ 5 Ma during 

the migration of the frontal arc at this latitude and continued until ~ 0.8 Ma.  

 

(2)  The ~ 250 m high walls of the elliptical Incapillo caldera (5 x 6 km) are 

principally composed of a homogeneous pumice-rich and lithic-poor ignimbrite that 

radiates up to 15 km in all directions from the caldera.  Biotites from both proximal 

and distal outflow pumices of the Incapillo ignimbrite yield 40Ar/39Ar ages of 0.51 ± 

0.04 Ma, which date the caldera-forming explosive eruption.  The lack of ash fall 

deposits covering any preexisting domes suggests a “boiling over cauldron” style of 

eruption, where erupted pyroclastic flows followed topographic lows.  

 

(3) Observable evidence for magma mixing in the Incapillo ignimbrite comes from 

pumice rafts at the distal end of the ignimbrite. Large (< 40 cm) compositionally 

mixed pumices record the mixing of a dacitic magma (SiO2 = 67 wt %) into a 
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partially-crystalline rhyolitic host (SiO2 = 71 wt %).  Vigorous thermal convection and 

super-saturation of volatiles caused by mixing catalyzed the explosive eruption.   

 

(4) The final stage of the Incapillo complex was marked by the deposition of a 

lithic-rich debris flow that unconformably overlays the Incapillo ignimbrite.  The 

debris flow likely formed from a lahar following the caldera-forming eruption.  Lastly, 

resurgent domes erupted within the center of the Incapillo caldera.  A potentially 

active hydrothermal system below the Incapillo caldera is evidenced by highly-altered 

resurgent domes and a crater lake with elevated temperatures compared to ambient 

non-volcanic lakes nearby (Markham and Barker, 1986).  

 

(5) Volume estimates indicate over 16 km3 of Incapillo dome material effusively 

erupted before the formation of the Incapillo caldera, which itself has a volume of 

~ 4.3 km3.  The total volume of Incapillo ignimbrite inflow and outflow units 

converted to DRE is estimated at ~ 20 km3.  The debris flow has a DRE volume of 

~ 0.5 km3.  The total volume for the Incapillo Caldera and Dome Complex is 

~ 37 km3, which is similar to the small- to medium-sized ignimbrites (< 50 km3) from 

the southern Puna (Siebel et al., 2001), but far smaller than the huge Altiplano-Puna 

megacalderas with erupted volumes ranging from 650 -2500 km3.  

 

(6) Compositionally, the Incapillo dome lavas and ignimbritic pumices form a 

generally homogenous suite of high-Na rhyodacites and rhyolites with trace elements 

characterized by steep REE patterns (La/Yb 30-45) marked by HREE depletion 

(Sm/Yb = 6-8), high Sr/Yb ratios (500-850), and strong slab-fluid signatures 

(Ba/Ta = 600-1200; La/Ta = 30-50).  Incapillo geochemical signatures are less 

extreme than those from nearby ~ 6 Ma Jotabeche rhyodacites and 5-2 Ma Pircas 
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Negras adakitic andesites.  Like the silicic ignimbrites from the Chilean flatslab (Kay 

et al., 1991), Jotabeche (Kay et al., 1994b; Mpodozis et al., 1995), and the Cordillera 

Blanca (Petford and Atherton, 1996), Incapillo precursor melts initially equilibrated at 

lower crustal depths in the presence of residual garnet.  In comparison, the high-

pressure geochemical signature is less evident in ignimbrites from the Puna-Altiplano 

plateau that have been previously modeled as low-pressure melts of sialic crust by 

intruding mantle-derived basalt (e.g.,  Francis et al., 1989; de Silva, 1991). 

 

(7) Incapillo domes and ignimbritic pumices have Sr, Nd, and Pb isotopic ratios 

(87Sr/86Sr = 0.7065-0.7066; εNd = −4.2 to −4.7; 206Pb/204Pb = 18.73-18.75; 207Pb/204Pb 

= 15.62-15.63; 208Pb/204Pb = 38.77-38.80) that are distinct from other siliceous centers 

from the northernmost flatslab transition zone.  Based on their chemical homogeneity, 

Incapillo domes and ignimbrites most likely originated from the same magma chamber 

and share a common source.  In light of trace element and isotopic trends, Incapillo 

magmas are best explained by the combined effects of low-pressure fractional 

crystallization and upper crustal assimilation that altered the composition of lower 

crustal precursor melts.   

 

(8) The small size, non-explosive eruptive style, and muted high-pressure geochemical 

signature are characteristic features of the Incapillo Caldera and Dome Complex that 

resulted from its eruption over a partially shallowed slab.  In sum, the Incapillo 

Caldera and Dome Complex represents the model of a caldera erupting during the 

waning stages of a dying central Andean arc and contrasts with the “ignimbrite flare-

up” model for the 11-4 Ma Altiplano-Puna calderas that erupted in a waxing arc over a 

steepening slab.  
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APPENDIX 1 

ANALYTICAL METHODS 

  

Major elements 

 Major elements for whole rock powders and in situ mineral grains were 

obtained by electron microprobe at the Cornell University Center for Materials 

Research (CCMR).  Rock samples were cut into ~ 1 cm thick slabs and then polished 

(300 and 450 grit) to remove any metallic residue from the saw blades.  Slabs were 

crushed into small chips and later ground using a corundum-lined (Al2O3) vessel in a 

shatterbox.  Major elements were obtained following methods in Kay et al. (1987) 

using a three-spectrometer JEOL-733 Superprobe© in WDS mode with a beam 

diameter of 30 μm, a 15 kV accelerating voltage, and a 20 nA incident current.  

Microprobe data was reduced using a Tracor-Northern system and Bence-Albee 

matrix corrections (Albee and Ray, 1970).  For each sample, an average of five spot 

analyses were obtained and normalized using correction factors calculated by 

secondary standard analyses.  Smithsonian standards A-99 and JDF (Juan de Fuca 

glass) and internal standard RHA-Z were each analyzed at the beginning, middle, and 

end of each session.  Only fluxed whole rock glasses were normalized to 100.0 wt %.  

Minerals were analyzed in situ using a focused spot beam diameter (~ 1 μm).  Natural 

mineral standards (Kakanui hornblende, P140 olivine, PX-1 clinopyroxene, Johnstown 

hypersthene, Lake County plagioclase; Jarosewich et al., 1980) were additionally run 

as secondary standards during in situ mineral analyses and average mineral standard 

analyses are given in Appendices 5-10.  Error is 2-5 % for major elements with 

concentrations > 1 wt % and ± 10-20 % for elements with < 1 wt %.   
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Trace elements 

 Trace element data were obtained using Instrumental Neutron Activation 

Analysis (INAA) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) at 

the Department of Geological Sciences at Cornell University.  Atomic absorption 

(AAS) data were determined by the Chilean Geological Survey (SERNAGEOMIN).  

ICP-MS and AAS data were used as an independent check of INAA data and to obtain 

high precision data on elements not analyzed by INAA due to either low signal to 

noise ratios or a substantial peak interference by neutron activation (i.e.,  Rb, Nb, Zr, 

Pb).   

 Methodology and standard concentration data for selected trace element 

analyses using INAA are published in Kay et al. (1987).  Sample powder (~ 0.5 g) was 

packed into ultrapure Suprasil® quartz tubing that was pre-cleaned in 6N nitric acid 

(HNO3).  Eleven samples and 3 internal standards (PAL, SIT, and WBD-2) were 

irradiated at Ward Laboratory TRIGA reactor at Cornell University.  All irradiated 

samples were counted at Cornell University on an Ortec intrinsic Ge detector both 6 

and ~ 40 days post-irradiation.  Acceptable in-run statistics were achieved by counting 

for ~ 3-4 hours per sample with standards counted for ~ 12 hours.   Replicate analyses 

of internal standards (Appendix 2) yield analytical precision (2σ) of ± 2-7 % for most 

elements and between ± 8-16 % for U, Sr, Nd, and Ni, especially at lower 

concentrations. 

 ICP-MS data were obtained by digesting ~ 20 mg of sample powder in a 10 ml 

aqua regia and HF acid mixture (6 mL of 7N nitric acid + 2 mL of 7N hydrochloric 

acid + 2 mL of 7N hydrofluoric acid) in Milestone© ETHOS microwave system 

Teflon vessels.  Pressurized digestions were brought to 210 ˚C over 10 minutes and 

held at this temperature for an additional 15 minutes.  Free fluorine ions were 

complexed to tetrafluoroboric acid (HBF4) by adding 10 mL of saturated boric acid 
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(H3BO3) in QD H2O and subsequently refluxing in the microwave for 25 minutes 

under the same P-T conditions (Coedo et al., 1998).  This step inhibits the 

precipitation of complex fluorine compounds of Ca, Mg, Sr, Ba, U, and REE without 

an additional matrix effect and allows the solution to be run through the ICP-MS 

quartz spray-chamber without corrosion.  Digestions were sonicated in a heat bath for 

10 minutes before 10 mL of solution were diluted with 90 mL of QD H2O forming a   

~ 10,000 fold dilution of the original sample powder in a ~ 2 % QD HNO3
- solution.  

Calibration curves were obtained following methodology of Grove et al. (2002) by 

diluting USGS AGV-1 and French (CNRS) BEN solutions with 2% QD HNO3 to 

form 2-, 4-, 10-, and 25-fold dilutions.  Diluted solutions were sonicated for an 

additional ~ 30 minutes immediately preceding analysis.  Thirty-one (31) trace 

elements were analyzed using a high-resolution ThermoFinnegan ELEMENT2 

magnetic sector ICP-MS at Cornell University.  One or two isotopes were chosen of 

each element based on abundance and absence of interferences.  All elements were run 

using both analog and counting mode to ensure no detector saturation.  Except for the 

REE, Cs and Ba, all elements were analyzed in medium resolution. BEN standard 

solution was run repeatedly every 8 samples to correct for instrumental drift.  During 

each run, 1 ppb standard solutions of Ba, La, Ce, Pr, Nd, and Sm were analyzed to 

correct for polyatomic ion oxide interferences on the MREE (Cao et al., 2001).  Both 

an acid and procedural blank were analyzed as unknowns to monitor contamination in 

lab acids and vessels respectively.  The procedural blank was subtracted from the 

concentration totals of unknown samples.  Precision estimates for ICP-MS data 

(Appendix 4) are < 5 % (relative standard deviation = standard deviation/mean) for all 

trace elements measured.  ICP-MS data for replicate digestions of the USGS BCR-2 

rock standard are accurate to within acceptable error for all trace elements except Ta, 

which is ~ 6 % high. 
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Isotopic ratios 

 Sr and Nd isotopes were analyzed with a VG Sector 54 Thermal Ionization 

Mass Spectrometer (TIMS) in the Keck Isotope Lab at Cornell University.  Sample 

preparation and analytical methodology is described by White and Duncan (1996).  A 

~ 50 mg aliquot of sample powder was leached with 1 mL of hot 6N 2QD HCl for one 

hour in 15 mL Savillex teflon vessels and subsequently dissolved overnight using 2 ml 

of HF and ~ 0.1 ml of concentrated perchloric acid (HClO4).  Digestions were dried 

down to liberate SiF6 and twice re-dissolved in 6N HCl to breakdown polyatomic 

fluorides before being dissolved in 1.15 mL of 2.5N HCl and centrifuged for 10 

minutes.  Sr and the REE were separated by elution with 2.5N and 6N HCl through 

AG50W-x12 resin cation exchange columns.  Nd elution was accomplished using 

HDHEP-coated resin and with a 0.16N HCl eluent.  Sr and Nd isotopic ratios were 

normalized to 88Sr/86Sr = 0.1194 and 146Nd/144Nd = 0.7219 respectively.  Average 

isotopic values for Sr standard NBS 987 and Nd standards Ames and La Jolla are 

given in Tables 2.6 and 4.6.  Pb separations were obtained using the technique 

outlined by White and Dupré (1986) at Cornell University and analyzed at the 

University of Florida Nu-Plasma multi collector (MC) ICP-MS using the Tl mass-bias 

normalization technique by Kamenov et al. (2004).  A procedural blank spiked with 

2.3 mg of 208Pb/206Pb solution yielded 0.654 ng of excess Pb.   

 Oxygen isotopes were analyzed by ArF laser fluorination on select olivine and 

quartz mineral grains at the Universität Göttingen following the procedures of Fiebig 

et al. (1999).  Measured values for unknowns were corrected to the average measured 

value for the Gore Mountain garnet standard (UWG-2, δ18O = 5.7).  In run error (2σ) 

is estimated at ± 0.2 ‰.  External precision from repeat analyses averaged ± 0.2-0.5 

per mil.  
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40Ar/39Ar sample preparation methods 

 Dated samples were pre-selected based on hand specimen and thin section 

inspection for no signs of hydrothermal or low-T chloritization between [001] biotite 

cleavage planes.  Biotite (> 0.5 mm) and hornblende phenocrysts (< 0.75 mm) were 

hand picked from coarsely crushed pumice and dome lavas and washed with QD H2O 

to remove micron-scale ash from mineral surfaces.  Using a binocular stereoscope, 

final selection for 40Ar/39Ar dating included only clean independent euhedral 

phenocrysts.  Irradiated aliquots contained between 15-30 biotites and hornblende 

crystals each with a mass of ≤ 2 mg.   

 Before irradiation, a second clean up step involving gentle low power heating 

to remove adsorbed air and water was applied to 4 of the 5 biotite separates.  Mineral 

separates were irradiated at the University of Oregon TRIGA reactor for 20-30 

minutes following the methods of Singer et al. (2004).  Nucleogenic interferences on 
40K and 40Ca were corrected using the constant ratios of (40Ar/39Ar)K = 0.00086, 

(36Ar/37Ar)Ca = 0.000264, and (39Ar/37Ar)Ca = 0.000673 (Singer et al., 2004).  J-values 

were calculated relative to 28.34 Ma for the Taylor Creek rhyolite sanidine (Renne et 

al., 1998).   

 

Laser Fusion Gas Extraction and Mass Spectrometry 

 Irradiated mineral separates were individually fused using a 0.88-6.25 W CO2 

laser with the released gas collected and isotopically analyzed in a MAP 215-50 mass 

spectrometer following procedures outlined in Hora et al. (2007).  During the 

analytical run, mass discrimination consistently ranged 1.0075 ± 0.05 % (1σ) per 

atomic mass unit as monitored by an automated air pipette.  Data was reduced using 

ArArCALC software (Koppers, 2002) and all 40Ar/39Ar ages were calculated using the 

accepted decay constants of Steiger and Jäger (λ40K = 5.543 x 10-10 yr-1; 1977). 



Long term values for internal INAA standards (1997-2002)

Accepted Mean 2σ Accepted Mean 2σ Accepted Mean 2σ 
La 10.52 10.39 0.40 14.61 14.5 0.48 82.9 - -
Ce 23.6 23.8 2.35 32.3 33.5 2.19 158 - -
Nd 13 12.2 3.59 18.3 19.7 4.06 58 - -
Sm 3.42 3.44 0.22 4.68 4.82 0.42 8.23 - -
Eu 1.07 1.02 0.09 1.09 1.00 0.15 2.14 2.21 0.20
Tb 0.67 - - 0.76 0.706 0.07 0.62 0.630 0.20
Yb 2.18 - - 3.42 3.51 0.32 0.61 0.634 0.10
Lu 0.304 - - 0.5 0.513 0.05 0.85 - -
Sr 183 213 38 - - - 620 0.088 0.03
Ba 197 - - 1045 1045 194 1280 646 152
Cs 2.19 2.05 0.17 1.18 1.18 0.12 1.81 1040 180
U 0.497 0.540 0.323 2.77 2.76 0.27 2.35 - -
Th 2.07 1.97 0.203 5.20 5.21 0.61 11 - -
Hf 2.56 2.58 0.165 4.50 4.50 0.30 3.92 - -
Ta 0.65 0.64 0.051 0.53 0.53 0.05 8.3 - -
Sc 37.5 38.1 1.7 9.18 9.18 1.13 20.2 - -
Cr 314 305 14 2 2 3 1910 - -
Ni 88.6 88 6.2 2 2 2 991 - -
Co 53 53 2.4 34 34 2 88 - -
Na2O 2.07 2.07 0.07 5.3 - - 0.11 - -

APPENDIX 2

PAL-889    n=73 SIT-RK5    n=73 WBD2    n=73
Observed Observed Observed
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PAL = Palisades Sill (New York); SIT = Sitkin Island dacite (Aleutian Islands, Alaska); WBD2 = Williams Brook Dike (Ithaca, NY); 
Accepted standard values were determined by analyzing standard powders as unknowns against USGS BCR-1 (Govindaraju, 1989).   
Dashes indicate standard value used to calculate unknown samples and reported values for the other two standards.   INAA analytical 
methods are described in detail in Kay et al., (1987) and in Appendix 1.

 



ICP-MS trace element analyses for basalts and andesites from the northern flatslab transition zone (~27º-28º)
PPN

element (ppm) CO 412 CO 416 CO 427 CC 262 CC 101 CO 24 CO 163 CO 170 CO 179 CO 309
Sc 15.9 8.4 11.2 18.5 23.0 22.2 17.8 6.4 7.7
V 142 102 117 203 211 169 162 82 101
Cr 141 46 73 188 196 575 210 29 59
Co 20 12 15 25 26 37 22 9 13
Ni 82 23 27 49 46 175 62 8 19
Rb 47 55 47 35 35 31 48 76 60
Sr 912 850 934 672 612 767 848 783 899
Y 17 12 14 17 18 20 17 11 11
Zr 229 231 246 192 190 165 250 304 254
Nb 11.2 12.0 11.4 10.3 9.9 10.4 11.9 11.0 12.1
Cs 1.08 1.93 1.40 0.91 1.28 0.91 1.36 1.33 2.05
Ba 791 810 840 588 555 624 744 1070 920
La 36.7 30.4 36.0 24.2 23.9 28.5 45.0 32.9 44.2 39.2
Ce 70.1 61.2 70.9 54.8 52.5 63.0 89.1 72.8 87.9 78.4
Pr 9.2 8.3 8.7 6.8 6.5 7.9 11.0 8.8 10.2 9.9
Nd 35.7 32.9 33.7 27.7 26.3 31.2 41.4 34.7 38.3 38.2
Sm 6.5 6.1 6.0 5.7 5.4 5.7 7.2 6.6 6.3 6.4
Eu 1.87 1.81 1.75 1.81 1.73 1.61 2.01 1.93 1.69 1.84
Gd 4.9 4.4 4.2 4.7 4.7 4.5 5.0 5.0 3.7 4.0
Tb 0.60 0.50 0.51 0.61 0.62 0.67 0.58 0.64 0.50 0.51
Dy 3.1 2.3 2.5 3.2 3.3 3.7 2.7 3.2 2.3 2.4
Ho 0.55 0.36 0.42 0.55 0.59 0.74 0.43 0.56 0.40 0.41
Er 1.54 0.98 1.17 1.51 1.64 1.91 1.14 1.54 0.92 0.97
Tm 0.202 0.124 0.153 0.197 0.216 0.298 0.146 0.204 0.135 0.142
Yb 1.33 0.81 0.99 1.27 1.41 1.73 0.94 1.34 0.79 0.82
Lu 0.196 0.114 0.144 0.185 0.205 0.250 0.135 0.195 0.109 0.116
Hf 5.3 5.5 5.6 4.8 4.7 4.0 6.0 6.8 5.8
Ta 0.64 0.73 0.58 0.60 0.60 0.56 0.73 0.65 0.73
Pb 8.0 8.9 8.3 6.6 7.1 8.3 8.8 12.1 10.5
Th 5.1 3.8 4.5 2.9 3.0 4.1 4.7 7.3 4.8
U 1.05 1.11 0.90 0.77 0.77 0.85 1.02 1.48 1.40

APPENDIX 3

Jotabeche/Gallina Valle Ancho Rio Salado

 

272 

ICP-MS analytical methodologies are described in Appendix 1.  Analyzed standard values are given in Appendix 4. 

 



 

ICP-MS trace element analyses for basalts and andesites from the northern flatslab transition zone (~27º-28º)

element CO 310 CO 312 CO 313 CO 327 CO 329 CO 331 CO 332 CO 504 CO 507 CO 144 CO 145 CO 146
Sc 7.6 7.0 6.5 7.4 13.5 8.5 13.1 11.5 9.4 12.1 7.9 17.3
V 99 94 82 95 128 94 136 115 101 126 86 146
Cr 71 29 28 42 132 36 131 100 30 82 56 201
Co 13 11 10 11 18 11 18 15 11 16 8 21
Ni 21 23 12 17 41 18 65 36 14 29 16 60
Rb 61 68 76 44 61 78 71 51 81 43 70 50
Sr 820 863 921 990 882 789 991 932 901 935 849 828
Y 11 12 12 12 16 13 18 15 15 15 12 22
Zr 253 313 291 301 270 269 284 270 253 263 243 244
Nb 11.2 11.1 11.2 11.6 11.9 12.0 12.7 12.6 12.1 14.9 12.4 12.9
Cs 2.82 1.16 1.34 3.93 2.18 1.77 1.83 1.06 1.97 0.99 0.77 1.28
Ba 918 984 1121 1016 882 949 968 884 952 885 952 717
La 36.4 40.5 42.1 36.4 37.7 43.2 42.7 42.0 46.8 38.6 42.6 35.7
Ce 73.1 91.2 94.9 85.0 82.0 87.0 96.5 85.2 89.7 74.7 81.4 70.9
Pr 9.4 11.1 11.2 10.4 10.2 10.5 11.9 10.7 10.9 9.8 10.3 9.3
Nd 36.2 41.8 41.9 40.1 39.8 39.8 45.8 40.9 41.1 37.9 39.0 36.7
Sm 6.2 6.9 6.9 6.9 7.0 6.8 8.0 7.3 7.1 6.9 6.8 7.0
Eu 1.76 1.78 1.78 1.94 1.89 1.76 2.07 2.11 1.85 2.06 1.90 1.91
Gd 4.0 4.1 4.0 4.3 4.6 4.2 5.1 5.1 4.7 5.2 4.6 5.6
Tb 0.49 0.54 0.52 0.56 0.63 0.56 0.70 0.61 0.58 0.60 0.52 0.72
Dy 2.4 2.5 2.5 2.6 3.2 2.7 3.5 2.9 2.8 2.9 2.4 3.8
Ho 0.40 0.43 0.43 0.45 0.57 0.47 0.62 0.47 0.47 0.47 0.36 0.70
Er 0.92 1.00 1.01 1.07 1.40 1.13 1.52 1.28 1.32 1.25 0.96 1.95
Tm 0.135 0.145 0.146 0.154 0.210 0.169 0.224 0.169 0.173 0.160 0.121 0.262
Yb 0.79 0.84 0.87 0.91 1.23 0.98 1.29 1.09 1.13 1.04 0.77 1.72
Lu 0.112 0.116 0.121 0.127 0.173 0.138 0.182 0.157 0.163 0.149 0.109 0.255
Hf 5.9 7.3 6.7 6.7 6.2 6.2 6.4 6.2 5.9 6.0 6.0 5.9
Ta 0.71 0.60 0.60 0.66 0.67 0.65 0.70 0.69 0.67 0.84 0.73 0.76
Pb 10.2 11.5 12.2 9.3 9.8 12.1 10.6 9.0 11.3 9.3 11.3 9.4
Th 4.5 7.8 8.4 6.2 5.8 8.5 8.0 5.8 9.2 5.1 6.6 5.6
U 1.31 1.13 1.28 1.04 1.03 1.23 1.37 1.05 1.44 1.03 1.35 1.22

EstanzuelaRio Salado (continued)
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ICP-MS analytical methodologies are described in Appendix 1.  Analyzed standard values are given in Appendix 4. 
 

 



 

 

ICP-MS trace element analyses for basalts and andesites from the northern flatslab transition zone
Laguna Brava Redonda Veladero PN Cadillal Rodrigo

element CO 333 CO 428 CC81 CC 94 CO 324 CO 447 CO 296a
Sc 7.8 9.3 9.5 7.2 10.3 10.6 8.4
V 88 121 115 92 103 80 98
Cr 39 55 57 17 105 32 70
Co 11 17 16 9 14 11 12
Ni 16 26 20 9 28 17 20
Rb 87 64 66 79 138 61 93
Sr 831 1402 1278 793 588 616 821
Y 13 14 14 10 16 16 11
Zr 273 229 246 223 239 101 256
Nb 11.7 12.9 12.9 9.9 15.7 10.5 9.4
Cs 3.30 1.03 1.99 1.63 7.83 3.20 1.27
Ba 998 1231 1156 1034 720 602 958
La 36.2 62.8 57.6 41.6 43.8 21.5 36.8
Ce 83.7 104.8 116.7 79.9 85.9 46.2 80.8
Pr 9.9 14.9 13.6 9.5 10.3 5.8 9.6
Nd 37.1 56.1 51.1 34.0 38.1 22.5 35.7
Sm 6.3 8.6 7.9 5.5 6.6 4.3 5.9
Eu 1.61 2.31 2.24 1.47 1.55 1.15 1.50
Gd 3.8 5.1 4.5 3.4 4.4 3.4 3.5
Tb 0.52 0.62 0.61 0.38 0.62 0.51 0.47
Dy 2.5 2.9 2.9 1.7 3.2 2.8 2.3
Ho 0.44 0.50 0.51 0.26 0.57 0.55 0.39
Er 1.07 1.18 1.19 0.77 1.42 1.45 0.94
Tm 0.159 0.170 0.174 0.100 0.217 0.228 0.136
Yb 0.94 0.97 1.00 0.66 1.25 1.35 0.79
Lu 0.134 0.134 0.140 0.095 0.181 0.199 0.110
Hf 6.2 5.3 5.8 5.6 6.0 2.9 5.8
Ta 0.68 0.66 0.72 0.58 1.24 0.73 0.53
Pb 15.5 13.0 14.6 13.8 17.0 10.2 11.2
Th 8.0 10.1 8.7 8.2 16.8 3.8 11.0
U 1.64 1.26 1.41 1.29 5.63 1.08 1.37

Dos Hermanos

 
ICP-MS analytical methodologies are described in Appendix 1.  Analyzed standard values are given in Appendix 4. 
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ICP-MS standard analyses
8_9_04 8_10_05 8_10_05 kay white

element (ppm) BCR-2 BCR-2 BCR-2 error PAL PAL PAL
Sc 32.1 36.5 33 2 41.2 38
V 421 470 416 14 314
Cr 20 25 18 2 299 314
Co 38 37 37 3 49 53
Ni 16 16 12 84 89
Rb 51 47 48 2 30 33.8
Sr 341 341 346 14 173 183 177
Y 37 37 37 2 23 22
Zr 180 185 184 8.5 93.9 88.8
Nb 12.3 12.6 12.50 0.4 7.3 6.6
Cs 1.28 1.18 1.1 0.1 2.05 2.19 2.25
Ba 692 676 683 28 183 188 197
La 26.3 24.3 25.0 1 10.2 10.52 11.41

6 25.5Ce 53.9 52.9 53.0 2 22.0 23.
Pr 7.0 6.6 6.80 0.3 2.9
N

3.41
d 29.5 27.6 28.0 2 12.9 13.

S
0 14.5

m 6.8 6.6 6.70 0.3 3.4 3.4
Eu 1.95 2.01 2.00 0.1 1.15 1.0
G

3.67
7 1.190

d 7.0 7.1 6.8 0.3 4.1
T

4.22
b 1.10 1.06 1.07 0.04 0.64 0.67

D
0.770

y 6.4 6.2 6.35 3.9
Ho 1.33 1.28 1.33

4.37
0.06 0.79

Er 3.61 3.63 3.63 2.28
T

0.909
2.44

m 0.570 0.499 0.54 0.315
Yb 3.29 3.30 3.5 0.2 2.05 2.2
Lu 0.484 0.493 0.51

2.32
0.02 0.303 0.3

H
3 0.362

f 4.7 4.8 4.7 0.1 2.6 2.5
Ta 0.78 0.79 0.740 0.019 0.61 0.65
P

6

b 10.5 10.5 11 2 3.9
T

4.6
h 6.5 6.1 6.2 0.7 2.26 2.07

U 1.62 1.7 1.69 0.19 0.53 0.5

reported

APPENDIX 4

 
Black = USGS certificate values (Govindaraju, 1989; 1994);  italics = Eggins et al. (1997) measured 
values; underlined = USGS information values; HFSE values on BCR-2 are from isotope dilution 
(Willbold and Jochum, 2005);  PAL values are from Kay INAA working values 
and isotope dilution REE values from White. 



 

analysis # 82 83 84 85 86 87 88 89
type c c r r c c c r

sample KNUI-act1 KNUIav2 Meas/Act KNUIav2 Meas/Act 309-1 309-1 309-1 309-1 309-1 309-2 309-2 309-2
SiO2  40.38 40.20 1.00 40.35 1.00 40.20 40.98 42.54 42.29 43.22 41.83 41.94 42.24
TiO2  4.72 4.77 1.01 4.77 1.01 2.82 2.92 2.74 2.74 2.69 2.81 2.69 3.00
Al2O3 14.90 14.77 0.99 14.73 0.99 16.12 13.36 11.79 12.04 11.43 13.01 12.45 12.06
FeO   10.92 10.81 0.99 10.81 0.99 13.16 13.08 11.34 10.96 10.78 11.64 10.98 10.98
MnO   0.09 0.08 0.91 0.09 1.01 0.14 0.13 0.10 0.10 0.12 0.13 0.10 0.14
MgO   12.81 12.66 0.99 12.61 0.98 11.87 12.60 14.77 14.85 15.11 13.40 14.36 14.06
CaO   10.31 10.31 1.00 10.32 1.00 11.15 11.15 11.00 11.41 11.45 11.33 11.57 11.73
Na2O  2.61 2.61 1.00 2.61 1.00 2.70 2.70 2.60 2.60 2.54 2.68 2.57 2.36
K2O   2.05 2.05 1.00 2.05 1.00 0.84 0.78 0.77 0.78 0.76 0.86 0.86 0.69
Cr2O3 0.02 0.01 0.00 0.01 0.00 0.03 0.01 0.06 0.05 0.17
Total 98.79 98.28 98.36 99.01 97.72 97.64 97.80 98.11 97.76 97.57 97.42

Si 5.846 5.859 5.880 5.798 6.001 6.139 6.112 6.218 6.100 6.101 6.164
Ti 0.514 0.523 0.523 0.306 0.322 0.297 0.297 0.291 0.308 0.294 0.329
Al (iv) 2.154 2.141 2.120 2.202 1.999 1.861 1.888 1.782 1.900 1.899 1.836
Al (vi) 0.388 0.396 0.408 0.539 0.307 0.144 0.162 0.156 0.336 0.237 0.237
Fe2+ 0.896 0.961 0.995 0.896 0.966 0.518 0.606 0.632 0.939 0.763 0.883
Fe3+ 0.426 0.356 0.322 0.691 0.635 0.851 0.719 0.665 0.481 0.573 0.457
Mn 0.011 0.010 0.011 0.017 0.016 0.012 0.012 0.015 0.016 0.012 0.018
Mg 2.765 2.751 2.740 2.551 2.752 3.179 3.200 3.241 2.914 3.115 3.058
Ca 1.601 1.611 1.613 1.725 1.750 1.702 1.768 1.766 1.772 1.805 1.836
Na(B) 0.399 0.389 0.387 0.275 0.250 0.298 0.232 0.234 0.228 0.195 0.164
Na(A) 0.333 0.348 0.350 0.481 0.515 0.430 0.497 0.474 0.529 0.530 0.502
K 0.379 0.381 0.381 0.155 0.146 0.141 0.144 0.140 0.160 0.160 0.129
Cr 0.000 0.002 0.001 0.000 0.002 0.000 0.004 0.001 0.007 0.006 0.019
Total 15.636 15.661 15.571 15.641 15.613 15.689 15.690 15.631

(Na + K)A 0.712 0.729 0.731 0.636 0.661 0.571 0.641 0.613 0.689 0.690 0.631
(Ca + Na)B 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Mg2+/(Mg2++FeT) 0.755 0.741 0.734 0.616 0.632 0.699 0.707 0.714 0.672 0.700 0.695
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1Kakanui hornblende values reported by Jarosewich et al. (1980).  2Values obtained for the Kakanui hornblende are composites of 5 spot analyses run before 
and after unknown samples.  All unknowns and KNUI were corrected by deviation from standards JDF and A99.  Cations were calculated on the basis of 23 
oxygens with all Fe as Fe2+. Cation totals were  normalized to (Na+Ca+K)=13 and Na(B) is calculated following Leake et al. (1997);  Fe2+/Fe3+ ratio is 
estimated following Droop (1987);  c = core, r = rim.  

 



 

analysis # 90 91 92 93 94 95 108 109 110 111 115 117
type r c c c r r c c r r r r

sample 309-2 309-3 309-3 309-3 309-3 309-3 309-6 309-6 309-6 309-6 309-7 309-7
SiO2  42.25 42.44 42.93 42.42 41.51 42.37 41.49 41.56 42.48 42.37 42.47 43.13
TiO2  2.89 2.78 2.83 2.90 2.96 2.99 2.86 2.87 2.82 2.91 2.69 2.70
Al2O3 12.20 12.16 12.13 11.93 12.78 11.98 13.04 13.26 11.99 12.03 12.06 11.54
FeO   11.42 10.30 10.46 10.61 12.27 11.19 11.81 12.34 10.98 10.86 11.19 10.90
MnO   0.11 0.06 0.08 0.09 0.13 0.12 0.12 0.13 0.11 0.10 0.13 0.10
MgO   13.83 15.03 14.87 14.65 13.34 14.36 13.95 13.26 14.53 14.39 15.09 15.60
CaO   11.65 11.40 11.37 11.41 11.47 11.74 11.38 11.49 11.33 11.64 10.93 11.00
Na2O  2.37 2.52 2.60 2.51 2.42 2.42 2.70 2.83 2.61 2.49 2.78 2.67
K2O   0.76 0.76 0.75 0.76 0.81 0.69 0.83 0.83 0.72 0.78 0.77 0.71
Cr2O3 0.13 0.06 0.05 0.04 0.03 0.17 0.13 0.08 0.02 0.10 0.00 0.15
Total 97.62 97.52 98.07 97.32 97.71 98.03 98.32 98.65 97.59 97.67 98.12 98.50

Si 6.160 6.131 6.175 6.163 6.058 6.139 6.001 6.030 6.157 6.159 6.089 6.138
Ti 0.317 0.302 0.307 0.317 0.325 0.326 0.311 0.313 0.308 0.318 0.290 0.289
Al (iv) 1.840 1.869 1.825 1.837 1.942 1.861 1.999 1.970 1.843 1.841 1.911 1.862
Al (vi) 0.256 0.202 0.230 0.206 0.256 0.184 0.224 0.298 0.206 0.220 0.127 0.075
Fe2+ 0.911 0.567 0.652 0.700 0.893 0.806 0.730 0.986 0.703 0.821 0.413 0.330
Fe3+ 0.481 0.678 0.607 0.589 0.604 0.549 0.698 0.511 0.628 0.499 0.929 0.967
Mn 0.014 0.007 0.010 0.011 0.016 0.014 0.014 0.016 0.014 0.012 0.016 0.012
Mg 3.006 3.238 3.189 3.173 2.903 3.101 3.009 2.867 3.139 3.118 3.225 3.310
Ca 1.821 1.766 1.753 1.778 1.796 1.824 1.764 1.788 1.761 1.814 1.681 1.679
Na(B) 0.179 0.234 0.247 0.222 0.204 0.176 0.236 0.212 0.239 0.186 0.319 0.321
Na(A) 0.491 0.473 0.478 0.485 0.482 0.505 0.523 0.584 0.496 0.516 0.453 0.417
K 0.141 0.140 0.138 0.141 0.151 0.128 0.154 0.154 0.134 0.145 0.141 0.128
Cr 0.015 0.007 0.005 0.005 0.003 0.019 0.015 0.009 0.002 0.012 0.000 0.017
Total 15.633 15.613 15.616 15.626 15.633 15.633 15.677 15.738 15.629 15.661 15.594 15.545

(Na + K)A 0.633 0.613 0.616 0.626 0.633 0.633 0.677 0.738 0.629 0.661 0.594 0.545
(Ca + Na)B 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Mg2+/(Mg2++FeT) 0.683 0.722 0.717 0.711 0.660 0.696 0.678 0.657 0.702 0.703 0.706 0.718

Major element amphibole analyses from selected Pircas Negras andesites

 

277 

1Kakanui hornblende values reported by Jarosewich et al. (1980).  2Values obtained for the Kakanui hornblende are composites of 5 spot analyses run 
before and after unknown samples.  All unknowns and KNUI were corrected by deviation from standards JDF and A99.  Cations were calculated on the 
basis of 23 oxygens with all Fe as Fe2+. Cation totals were  normalized to (Na+Ca+K) =13 and Na(B) is calculated following Leake et al. (1997);  
Fe2+/Fe3+ ratio is estimated following Droop (1987);  c = core, r = rim.  

 



 

analysis # 124 125 126 127 128 129 130 131 138 139 140 141 146 147
type c c r r c c r r c c r r c c

sample 427-1 427-1 427-1 427-1 427-2 427-2 427-2 427-2 427-3 427-3 427-3 427-3 427-4 427-4
SiO2  43.29 42.86 43.33 42.10 43.76 43.21 43.27 43.21 42.38 41.48 43.37 43.08 43.91 44.27
TiO2  2.36 2.41 2.25 2.62 2.38 2.69 2.66 2.39 2.30 2.50 2.38 2.45 2.26 2.21
Al2O3 11.73 11.90 10.86 11.96 11.20 11.41 11.06 11.36 11.96 12.52 11.26 11.63 11.17 10.72
FeO   8.80 8.77 9.86 11.14 9.56 9.05 9.21 8.57 11.15 12.71 8.58 9.60 9.74 9.24
MnO   0.09 0.10 0.10 0.11 0.07 0.08 0.11 0.10 0.10 0.13 0.08 0.11 0.10 0.10
MgO   16.15 16.09 15.97 15.15 16.04 16.27 16.45 16.65 14.98 13.64 16.70 15.87 16.42 16.70
CaO   10.96 11.09 10.97 11.02 10.95 11.03 11.01 11.30 11.01 10.99 10.98 11.36 10.92 10.81
Na2O  2.59 2.54 2.58 2.73 2.48 2.51 2.49 2.47 2.61 2.64 2.59 2.42 2.66 2.61
K2O   0.65 0.64 0.56 0.53 0.59 0.59 0.57 0.66 0.59 0.57 0.64 0.63 0.57 0.57
Cr2O3 0.04 0.04 0.00 0.04 0.15 0.07 0.00 0.06 0.00 0.00 0.10 0.06 0.00 0.00
Total 96.65 96.44 96.47 97.41 97.18 96.92 96.83 96.77 97.09 97.19 96.69 97.21 97.75 97.24

Si 6.223 6.181 6.262 6.068 6.263 6.198 6.208 6.205 6.125 6.046 6.219 6.192 6.241 6.305
Ti 0.255 0.261 0.244 0.284 0.256 0.290 0.287 0.258 0.250 0.274 0.257 0.265 0.241 0.237
Al (iv) 1.777 1.819 1.738 1.932 1.737 1.802 1.792 1.795 1.875 1.954 1.781 1.808 1.759 1.695
Al (vi) 0.211 0.205 0.111 0.100 0.152 0.127 0.078 0.128 0.162 0.197 0.123 0.163 0.111 0.104
Fe2+ 0.227 0.228 0.277 0.352 0.247 0.196 0.150 0.174 0.390 0.626 0.109 0.336 0.155 0.109
Fe3+ 0.831 0.830 0.915 0.991 0.897 0.889 0.954 0.855 0.958 0.923 0.920 0.817 1.003 0.992
Mn 0.010 0.012 0.012 0.014 0.008 0.010 0.013 0.013 0.012 0.016 0.010 0.013 0.012 0.012
Mg 3.461 3.459 3.441 3.255 3.422 3.480 3.518 3.565 3.228 2.964 3.570 3.399 3.478 3.545
Ca 1.690 1.715 1.700 1.703 1.681 1.697 1.694 1.740 1.707 1.717 1.688 1.751 1.663 1.651
Na(B) 0.310 0.285 0.300 0.297 0.319 0.303 0.306 0.260 0.293 0.283 0.312 0.249 0.337 0.349
Na(A) 0.412 0.424 0.422 0.467 0.370 0.394 0.387 0.428 0.439 0.463 0.408 0.424 0.396 0.371
K 0.119 0.117 0.102 0.098 0.107 0.108 0.105 0.121 0.109 0.105 0.117 0.116 0.104 0.103
Cr 0.005 0.005 0.000 0.004 0.017 0.007 0.000 0.006 0.000 0.000 0.012 0.007 0.000 0.001
Total 15.531 15.541 15.525 15.565 15.478 15.502 15.492 15.549 15.548 15.569 15.525 15.541 15.500 15.474

(Na + K)A 0.531 0.541 0.525 0.565 0.478 0.502 0.492 0.549 0.548 0.569 0.525 0.541 0.500 0.474
(Ca + Na)B 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Mg2+/(Mg2++FeT) 0.766 0.766 0.743 0.708 0.749 0.762 0.761 0.776 0.705 0.657 0.776 0.747 0.750 0.763

Major element amphibole analyses from selected Pircas Negras andesites
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1Kakanui hornblende values reported by Jarosewich et al. (1980).  2Values obtained for the Kakanui hornblende are composites of 5 spot analyses run 
before and after unknown samples.  All unknowns and KNUI were corrected by deviation from standards JDF and A99.  Cations were calculated on the 
basis of 23 oxygens with all Fe as Fe2+. Cation totals were  normalized to (Na+Ca+K) = 13 and Na(B) is calculated following Leake et al. (1997);  Fe2+/Fe3+ 
ratio is estimated following Droop (1987);  c = core, r = rim.  

 



 

analysis # 148 149 150 151 152 153 201 202 203 204 221 222 223
type r r c c r r c c r r c c r

sample 427-4 427-4 427-7 427-7 427-7 427-7 324-1 324-1 324-1 324-1 324-3 324-3 324-3
SiO2  44.25 43.54 43.24 43.40 43.59 43.67 43.16 43.19 43.40 43.38 43.47 43.64 42.61
TiO2  2.37 2.35 2.09 1.97 2.26 2.23 2.49 2.40 2.57 2.47 2.28 2.24 3.04
Al2O3 10.77 10.96 11.59 11.75 11.15 11.08 12.39 12.32 11.85 11.85 12.41 12.68 12.17
FeO   10.29 10.66 7.75 7.58 8.32 7.84 8.95 8.48 8.79 8.97 9.36 9.18 10.17
MnO   0.11 0.12 0.09 0.06 0.09 0.08 0.15 0.11 0.12 0.12 0.11 0.12 0.06
MgO   16.40 16.41 16.52 16.68 16.80 16.76 16.20 16.20 16.20 16.22 15.85 15.97 15.73
CaO   11.06 10.88 11.04 10.87 11.21 11.25 11.28 11.45 11.50 11.34 11.12 11.18 12.12
Na2O  2.69 2.66 2.58 2.61 2.49 2.41 2.65 2.65 2.43 2.50 2.35 2.40 2.56
K2O   0.56 0.56 0.71 0.76 0.65 0.65 0.72 0.70 0.62 0.67 0.70 0.71 0.59
Cr2O3 0.00 0.01 0.72 1.23 0.18 0.23 0.38 0.50 0.25 0.33 0.14 0.17 0.09
Total 98.50 98.15 96.34 96.92 96.76 96.20 98.36 98.00 97.71 97.87 97.79 98.29 99.13

Si 6.262 6.173 6.229 6.203 6.251 6.295 6.120 6.153 6.193 6.180 6.178 6.169 6.066
Ti 0.253 0.250 0.227 0.211 0.244 0.241 0.266 0.257 0.276 0.265 0.244 0.238 0.325
Al (iv) 1.738 1.827 1.771 1.797 1.749 1.705 1.880 1.847 1.807 1.820 1.822 1.831 1.934
Al (vi) 0.058 0.004 0.197 0.183 0.135 0.176 0.189 0.221 0.186 0.170 0.257 0.280 0.108
Fe2+ 0.237 0.081 0.158 0.051 0.153 0.198 0.232 0.313 0.309 0.266 0.213 0.204 0.562
Fe3+ 0.981 1.182 0.776 0.855 0.845 0.747 0.830 0.697 0.740 0.803 0.899 0.880 0.649
Mn 0.013 0.014 0.011 0.007 0.011 0.010 0.018 0.013 0.015 0.014 0.013 0.014 0.007
Mg 3.460 3.468 3.548 3.554 3.591 3.601 3.424 3.442 3.447 3.445 3.358 3.364 3.338
Ca 1.678 1.654 1.706 1.667 1.724 1.739 1.715 1.749 1.759 1.733 1.695 1.694 1.851
Na(B) 0.322 0.346 0.294 0.333 0.276 0.261 0.285 0.251 0.241 0.267 0.305 0.306 0.149
Na(A) 0.415 0.385 0.426 0.391 0.417 0.414 0.444 0.481 0.430 0.425 0.343 0.353 0.558
K 0.102 0.101 0.130 0.139 0.119 0.119 0.129 0.128 0.112 0.123 0.126 0.129 0.107
Cr 0.000 0.001 0.083 0.139 0.021 0.027 0.042 0.056 0.028 0.037 0.016 0.019 0.010
Total 15.517 15.486 15.557 15.530 15.536 15.533 15.573 15.608 15.543 15.547 15.469 15.481 15.665

(Na + K)A 0.517 0.486 0.557 0.530 0.536 0.533 0.573 0.608 0.543 0.547 0.469 0.481 0.665
(Ca + Na)B 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Mg2+/(Mg2++FeT) 0.740 0.733 0.792 0.797 0.783 0.792 0.763 0.773 0.767 0.763 0.751 0.756 0.734

Major element amphibole analyses from selected Pircas Negras andesites

1Kakanui hornblende values reported by Jarosewich et al. (1980).  2Values obtained for the Kakanui hornblende are composites of 5 spot analyses run 
before and after unknown samples.  All unknowns and KNUI were corrected by deviation from standards JDF and A99.  Cations were calculated on the 
basis of 23 oxygens with all Fe as Fe2+. Cation totals were  normalized to (Na+Ca+K) = 13 and Na(B) is calculated following Leake et al. (1997);  Fe2+/Fe3+ 
ratio is estimated following Droop (1987);  c = core, r = rim. 
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analysis # 224 234 235 236 237 250 251 252 253 1 2 3 4
type r c c r r c c r r c c c c

sample 324-3 324-6 324-6 324-6 324-6 324-7 324-7 324-7 324-7 412-3 412-3 412-3 412-3
SiO2  42.49 43.00 43.21 43.17 43.19 42.67 44.29 43.73 42.23 43.30 43.04 42.86 42.89
TiO2  2.63 2.37 2.39 2.46 2.44 2.42 2.17 2.58 2.98 1.82 1.80 1.90 2.08
Al2O3 12.59 12.40 12.22 11.94 12.11 12.98 11.62 11.61 11.98 12.21 12.35 12.65 12.48
FeO   12.09 9.54 9.96 8.54 8.66 10.22 9.02 8.75 10.89 8.40 7.85 7.85 8.77
MnO   0.17 0.16 0.11 0.08 0.09 0.10 0.10 0.11 0.11 0.12 0.12 0.13 0.14
MgO   14.03 15.43 15.64 16.33 16.29 15.22 16.55 16.47 15.38 16.54 16.37 16.71 16.58
CaO   11.78 11.35 11.18 11.53 11.36 10.84 11.07 11.68 11.54 11.71 11.87 11.72 11.48
Na2O  2.34 2.54 2.56 2.63 2.46 2.49 2.56 2.50 2.40 2.61 2.55 2.48 2.46
K2O   0.87 0.75 0.74 0.67 0.66 0.75 0.69 0.64 0.61 0.69 0.73 0.68 0.77
Cr2O3 0.00 0.09 0.05 0.40 0.46 0.03 0.10 0.29 0.02 0.75 0.98 0.95 0.22
Total 98.98 97.63 98.04 97.75 97.71 97.72 98.17 98.35 98.14 98.16 97.67 97.94 97.87

Si 6.105 6.172 6.160 6.170 6.153 6.087 6.259 6.211 6.051 6.156 6.162 6.087 6.094
Ti 0.284 0.256 0.256 0.265 0.262 0.259 0.231 0.275 0.321 0.195 0.194 0.203 0.222
Al (iv) 1.895 1.828 1.840 1.830 1.847 1.913 1.741 1.789 1.949 1.844 1.838 1.913 1.906
Al (vi) 0.236 0.268 0.213 0.181 0.186 0.269 0.193 0.154 0.074 0.202 0.246 0.205 0.183
Fe2+ 0.802 0.446 0.335 0.331 0.216 0.240 0.172 0.349 0.399 0.246 0.334 0.113 0.104
Fe3+ 0.650 0.700 0.852 0.689 0.816 0.979 0.894 0.691 0.906 0.753 0.605 0.819 0.938
Mn 0.021 0.019 0.013 0.009 0.011 0.011 0.012 0.013 0.014 0.015 0.014 0.016 0.017
Mg 3.006 3.301 3.325 3.480 3.459 3.237 3.488 3.487 3.284 3.505 3.495 3.538 3.512
Ca 1.814 1.747 1.709 1.767 1.736 1.659 1.678 1.779 1.773 1.786 1.823 1.785 1.749
Na(B) 0.186 0.253 0.291 0.233 0.264 0.341 0.322 0.221 0.227 0.214 0.177 0.215 0.251
Na(A) 0.466 0.454 0.415 0.496 0.414 0.347 0.379 0.468 0.440 0.504 0.532 0.469 0.428
K 0.160 0.138 0.134 0.123 0.120 0.136 0.124 0.115 0.111 0.125 0.133 0.122 0.140
Cr 0.000 0.010 0.006 0.045 0.052 0.004 0.011 0.032 0.003 0.085 0.111 0.107 0.024
Total 15.626 15.592 15.548 15.619 15.534 15.484 15.504 15.584 15.552 15.630 15.665 15.591 15.567

(Na + K)A 0.626 0.592 0.548 0.619 0.534 0.484 0.504 0.584 0.552 0.630 0.665 0.591 0.567
(Ca + Na)B 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Mg2+/(Mg2++FeT) 0.674 0.742 0.737 0.773 0.770 0.726 0.766 0.770 0.716 0.778 0.788 0.791 0.771

Major element amphibole analyses from selected Pircas Negras andesites

Cations were calculated on the basis of 23 oxygens with all Fe as Fe2+. Cation totals were  normalized to (Na+Ca+K) = 13 and Na(B) is calculated 
following Leake et al. (1997);  Fe2+/Fe3+ ratio is estimated following Droop (1987);  c = core, r = rim. 
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analysis # 27 28 29 30 31 32 33 34
type c c r r c c r r

sample PX1-actual PX1av2 Meas/Act PX1av2 Meas/Act 428-1 428-1 428-1 428-1 428-2 428-2 428-2 428-2
SiO2  53.94 53.99 1.00 54.12 1.00 50.60 51.03 49.06 49.61 50.11 50.81 49.01 50.34
TiO2  0.26 0.24 0.93 0.25 0.97 0.74 0.76 1.21 1.03 0.76 0.66 1.32 0.74
Al2O3 0.66 0.73 1.10 0.63 0.96 4.39 3.19 4.59 4.02 4.51 4.10 4.59 3.24
FeO   2.93 2.98 1.02 3.13 1.07 6.82 6.20 7.84 7.18 6.75 6.92 7.75 6.82
MnO   0.07 0.07 0.95 0.09 1.24 0.16 0.18 0.16 0.14 0.13 0.14 0.14 0.17
MgO   16.93 16.71 0.99 16.61 0.98 14.71 15.63 14.46 14.69 14.54 14.93 14.57 15.50
CaO   24.55 25.32 1.03 25.35 1.03 21.64 22.53 22.06 21.93 22.30 21.59 22.14 22.69
Na2O  0.24 0.29 1.21 0.30 1.26 0.66 0.41 0.42 0.43 0.67 0.67 0.41 0.43
K2O   0.01 0.00 0.14 0.00 0.09 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.01
Cr2O3 0.21 0.20 0.95 0.18 0.86 0.50 0.30 0.07 0.12 0.58 0.36 0.08 0.07
Total 99.80 100.53 100.67 100.22 100.22 99.89 99.18 100.35 100.18 100.01 100.02

Si 1.857 1.869 1.814 1.844 1.837 1.864 1.810 1.849
Ti 0.021 0.021 0.034 0.029 0.021 0.018 0.037 0.021
Al (iv) 0.143 0.131 0.186 0.156 0.163 0.136 0.190 0.140
Al (vi) 0.047 0.007 0.014 0.020 0.032 0.041 0.010 0.000
Fe2+ 0.122 0.088 0.109 0.117 0.088 0.117 0.105 0.059
Fe3+ 0.087 0.102 0.133 0.106 0.119 0.096 0.134 0.150
Mn 0.005 0.005 0.005 0.004 0.004 0.004 0.004 0.005
Mg 0.805 0.854 0.797 0.814 0.795 0.817 0.802 0.849
Ca 0.852 0.885 0.875 0.874 0.877 0.849 0.876 0.894
Na 0.047 0.029 0.030 0.031 0.047 0.048 0.029 0.031
K 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.001
Cr 0.015 0.009 0.002 0.004 0.017 0.010 0.002 0.002
Total 4.029 4.034 4.045 4.036 4.040 4.032 4.045 4.051

En 52.2 53.2 53.4 52.2 53.9 52.6 53.6 55.9
Fs 7.9 5.5 7.3 7.5 5.9 7.5 7.0 3.9
Wo 39.9 41.3 39.3 40.3 40.2 39.9 39.4 40.1

APPENDIX 6
Major element clinopyroxene analyses from selected Pircas Negras, Dos Hermanos, and Valle Ancho lavas
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1PX-1 values reported by Jarosewich et al. (1980).  2Values obtained for PX-1 standard are each composites of 5 spot analyses run before and after 
unknown samples. All unknown samples and PX-1 are corrected by deviation from standards JDF and A99.  Cations are calculated on the basis of 6 
oxygens with all Fe measured as Fe2+.  The Fe2+/Fe3+ ratio is calculated from the cation total following Droop (1987). The En = Enstatite component 
(Mg/Mg+Fe+Ca); Fs = Ferrosilite component (Fe/Mg+Fe+Ca); Wo = Wollastonite component (Ca/Mg+Fe+Ca) are all calculated after subtracting out 
non-quadrilateral components from the cation totals following Lindsley (1983), c = core, r = rim. 

 



 

analysis # 35 36 37 38 39 40 41 42 43 44 45 46 47 48
type c c r r c c r r c c r r c c

sample 428-3 428-3 428-3 428-3 428-4 428-4 428-4 428-4 428-5 428-5 428-5 428-5 428-6 428-6
SiO2  50.21 49.54 48.92 50.19 49.76 49.69 46.83 46.61 51.33 50.55 49.57 49.54 50.34 50.40
TiO2  0.66 0.77 1.14 1.03 0.69 0.87 1.64 1.73 0.42 0.64 0.81 0.81 0.68 0.67
Al2O3 4.28 4.80 4.16 3.72 4.45 4.64 5.98 5.59 2.70 3.99 3.11 3.13 4.30 4.24
FeO   6.81 7.01 7.78 7.05 7.18 7.46 9.37 9.00 6.93 6.64 7.72 7.82 6.72 7.29
MnO   0.18 0.16 0.19 0.17 0.15 0.17 0.16 0.15 0.12 0.17 0.20 0.18 0.12 0.18
MgO   14.94 14.53 14.68 14.93 14.54 14.50 13.30 13.66 15.93 14.89 15.43 15.07 14.93 14.59
CaO   21.72 21.30 22.04 22.37 21.70 21.53 22.04 21.93 21.62 22.16 21.78 22.00 21.50 21.57
Na2O  0.63 0.71 0.41 0.40 0.68 0.67 0.45 0.42 0.54 0.66 0.37 0.33 0.69 0.70
K2O   0.00 0.00 0.03 0.01 0.00 0.00 0.01 0.02 0.00 0.00 0.01 0.02 0.00 0.00
Cr2O3 0.41 0.61 0.00 0.06 0.57 0.21 0.02 0.00 0.24 0.32 0.01 0.03 0.36 0.17
Total 99.83 99.42 99.35 99.91 99.72 99.74 99.80 99.10 99.83 100.00 98.99 98.93 99.63 99.81

Si 1.848 1.833 1.817 1.851 1.837 1.834 1.743 1.745 1.886 1.857 1.844 1.847 1.855 1.858
Ti 0.018 0.021 0.032 0.029 0.019 0.024 0.046 0.049 0.012 0.018 0.023 0.023 0.019 0.019
Al (iv) 0.152 0.167 0.182 0.149 0.163 0.166 0.257 0.246 0.114 0.143 0.136 0.138 0.145 0.142
Al (vi) 0.033 0.042 0.000 0.013 0.030 0.036 0.006 0.000 0.002 0.029 0.000 0.000 0.041 0.042
Fe2+ 0.093 0.101 0.090 0.111 0.096 0.106 0.101 0.083 0.093 0.088 0.081 0.097 0.102 0.117
Fe3+ 0.116 0.116 0.151 0.106 0.126 0.124 0.191 0.199 0.120 0.116 0.158 0.146 0.105 0.108
Mn 0.006 0.005 0.006 0.005 0.005 0.005 0.005 0.005 0.004 0.005 0.006 0.006 0.004 0.006
Mg 0.819 0.801 0.813 0.821 0.800 0.798 0.738 0.762 0.872 0.815 0.855 0.838 0.820 0.802
Ca 0.857 0.845 0.878 0.885 0.859 0.852 0.880 0.880 0.852 0.873 0.869 0.880 0.850 0.852
Na 0.045 0.051 0.030 0.028 0.048 0.048 0.032 0.031 0.038 0.047 0.027 0.024 0.049 0.050
K 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000
Cr 0.012 0.018 0.000 0.002 0.017 0.006 0.000 0.000 0.007 0.009 0.000 0.001 0.010 0.005
Total 4.039 4.039 4.051 4.036 4.042 4.042 4.065 4.067 4.040 4.039 4.054 4.049 4.035 4.036

En 54.5 54.6 54.6 51.9 54.4 53.7 55.1 56.7 54.3 53.6 56.4 54.6 53.8 52.5
Fs 6.2 6.9 6.1 7.0 6.5 7.2 7.5 6.2 5.8 5.8 5.4 6.4 6.7 7.6
Wo 39.3 38.6 39.3 41.0 39.1 39.1 37.4 37.2 40.0 40.6 38.2 39.0 39.5 39.9

Major element clinopyroxene analyses from selected Pircas Negras, Dos Hermanos, and Valle Ancho lavas

1PX-1 values reported by Jarosewich et al. (1980).  2Values obtained for PX-1 standard are each composites of 5 spot analyses run before and after 
unknown samples. All unknown samples and PX-1 are corrected by deviation from standards JDF and A99.  Cations are calculated on the basis of 6 
oxygens with all Fe measured as Fe2+.  The Fe2+/Fe3+ ratio is calculated from the cation total following Droop (1987). The En = Enstatite component 
(Mg/Mg+Fe+Ca); Fs = Ferrosilite component (Fe/Mg+Fe+Ca); Wo = Wollastonite component (Ca/Mg+Fe+Ca) are all calculated after subtracting out 
non-quadrilateral components from the cation totals following Lindsley (1983), c = core, r = rim. 
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analysis # 49 50 51 52 53 13 14 15 16 17 18 19 20 21
type r r c c c c c r r c c r r c

sample 428-6 428-6 428-7 428-7 428-7 81-1 81-1 81-1 81-1 81-2 81-2 81-2 81-2 81-3
SiO2  51.07 51.15 52.67 53.10 53.21 50.83 50.76 51.92 50.98 52.48 52.44 50.47 49.79 52.60
TiO2  0.51 0.50 0.19 0.24 0.22 0.73 0.90 0.64 0.73 0.50 0.48 0.83 0.97 0.34
Al2O3 3.12 2.87 0.75 0.56 0.71 3.88 4.27 3.21 3.08 1.78 2.15 3.77 3.99 3.15
FeO   6.48 6.23 7.84 8.34 7.58 6.75 6.80 6.34 6.09 6.88 7.01 7.16 7.13 6.90
MnO   0.14 0.12 0.14 0.22 0.20 0.13 0.10 0.14 0.12 0.16 0.16 0.16 0.15 0.15
MgO   15.23 15.32 16.07 15.72 15.99 15.26 14.97 15.67 15.41 17.03 16.19 14.97 14.75 15.52
CaO   21.92 21.94 20.75 21.25 21.19 22.16 21.64 22.01 22.49 20.52 21.23 22.27 21.95 20.37
Na2O  0.59 0.59 0.54 0.52 0.52 0.61 0.60 0.48 0.43 0.28 0.38 0.37 0.44 0.77
K2O   0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.02 0.00
Cr2O3 0.16 0.24 0.00 0.03 0.00 0.35 0.31 0.31 0.40 0.13 0.14 0.32 0.12 0.52
Total 99.22 98.97 98.96 99.98 99.62 100.70 100.37 100.74 99.74 99.76 100.18 100.32 99.31 100.32

Si 1.889 1.896 1.958 1.960 1.966 1.854 1.860 1.892 1.878 1.928 1.923 1.855 1.847 1.924
Ti 0.014 0.014 0.005 0.007 0.006 0.020 0.025 0.018 0.020 0.014 0.013 0.023 0.027 0.009
Al (iv) 0.111 0.104 0.033 0.024 0.031 0.146 0.140 0.108 0.122 0.072 0.077 0.145 0.153 0.076
Al (vi) 0.025 0.021 0.000 0.000 0.000 0.020 0.044 0.030 0.011 0.005 0.016 0.018 0.022 0.060
Fe2+ 0.105 0.102 0.164 0.178 0.172 0.087 0.128 0.126 0.097 0.155 0.157 0.121 0.115 0.174
Fe3+ 0.096 0.091 0.080 0.079 0.062 0.119 0.080 0.067 0.090 0.056 0.058 0.099 0.106 0.037
Mn 0.004 0.004 0.004 0.007 0.006 0.004 0.003 0.004 0.004 0.005 0.005 0.005 0.005 0.005
Mg 0.840 0.846 0.890 0.865 0.880 0.830 0.818 0.851 0.846 0.933 0.885 0.820 0.816 0.846
Ca 0.870 0.872 0.827 0.841 0.839 0.866 0.850 0.860 0.888 0.808 0.835 0.878 0.873 0.799
Na 0.042 0.042 0.039 0.037 0.037 0.043 0.043 0.034 0.031 0.020 0.027 0.027 0.032 0.055
K 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000
Cr 0.005 0.007 0.000 0.001 0.000 0.010 0.009 0.009 0.012 0.004 0.004 0.009 0.004 0.015
Total 4.032 4.030 4.027 4.027 4.021 4.040 4.027 4.023 4.030 4.019 4.019 4.033 4.036 4.012

En 52.1 51.9 49.7 48.3 48.0 54.1 51.8 51.3 52.1 52.1 50.5 52.1 52.3 49.1
Fs 6.5 6.3 9.1 9.9 9.4 5.7 8.1 7.6 6.0 8.7 8.9 7.7 7.4 10.1
Wo 41.4 41.9 41.2 41.8 42.6 40.2 40.1 41.1 41.8 39.2 40.6 40.2 40.3 40.8

Major element clinopyroxene analyses from selected Pircas Negras, Dos Hermanos, and Valle Ancho lavas

1PX-1 values reported by Jarosewich et al. (1980).  2Values obtained for PX-1 standard are each composites of 5 spot analyses run before and after 
unknown samples. All unknown samples and PX-1 are corrected by deviation from standards JDF and A99.  Cations are calculated on the basis of 6 
oxygens with all Fe measured as Fe2+.  The Fe2+/Fe3+ ratio is calculated from the cation total following Droop (1987). The En = Enstatite component 
(Mg/Mg+Fe+Ca); Fs = Ferrosilite component (Fe/Mg+Fe+Ca); Wo = Wollastonite component (Ca/Mg+Fe+Ca) are all calculated after subtracting out non-
quadrilateral components from the cation totals following Lindsley (1983), c = core, r = rim. 
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analysis # 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
type c r r c c r r c c r r c c r r

sample 81-3 81-3 81-3 81-4 81-4 81-4 81-4 81-5 81-5 81-5 81-5 81-6 81-6 81-6 81-6
SiO2  52.29 50.28 51.28 51.29 52.08 52.09 47.54 52.57 51.84 52.33 50.91 52.29 51.58 50.80 51.92
TiO2  0.37 0.75 0.60 0.64 0.46 0.50 1.57 0.53 0.61 0.58 0.66 0.62 0.59 0.72 0.55
Al2O3 3.35 4.78 4.11 4.17 2.94 2.32 6.30 1.91 2.22 1.86 3.34 3.81 3.39 4.19 3.70
FeO   6.34 7.47 6.68 6.93 6.73 6.18 9.42 7.03 7.51 6.82 7.68 6.38 6.31 6.78 6.98
MnO   0.12 0.17 0.14 0.14 0.16 0.13 0.21 0.15 0.19 0.17 0.15 0.13 0.14 0.12 0.19
MgO   15.61 14.59 15.12 15.14 15.97 15.76 13.29 16.90 16.50 16.78 15.02 15.19 15.49 15.05 15.55
CaO   21.01 21.36 21.37 21.52 21.18 21.85 21.67 21.39 20.93 20.88 22.36 21.68 21.84 21.38 21.21
Na2O  0.85 0.64 0.65 0.67 0.65 0.36 0.50 0.25 0.27 0.27 0.39 0.63 0.59 0.64 0.64
K2O   0.00 0.01 0.01 0.00 0.00 0.02 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.00
Cr2O3 0.45 0.15 0.31 0.42 0.33 0.17 0.04 0.21 0.06 0.13 0.00 0.39 0.39 0.43 0.37
Total 100.40 100.21 100.28 100.92 100.48 99.38 100.56 100.95 100.12 99.83 100.54 101.12 100.33 100.12 101.10

Si 1.906 1.847 1.877 1.867 1.899 1.925 1.756 1.911 1.903 1.923 1.867 1.899 1.886 1.864 1.886
Ti 0.010 0.021 0.017 0.018 0.013 0.014 0.044 0.015 0.017 0.016 0.018 0.017 0.016 0.020 0.015
Al (iv) 0.094 0.153 0.123 0.133 0.101 0.075 0.244 0.082 0.096 0.077 0.133 0.101 0.114 0.136 0.114
Al (vi) 0.050 0.054 0.055 0.046 0.026 0.026 0.031 0.000 0.000 0.004 0.012 0.062 0.032 0.046 0.044
Fe2+ 0.122 0.130 0.133 0.125 0.119 0.147 0.130 0.136 0.149 0.152 0.123 0.156 0.112 0.125 0.136
Fe3+ 0.071 0.100 0.072 0.086 0.086 0.044 0.160 0.078 0.082 0.058 0.112 0.038 0.081 0.083 0.076
Mn 0.004 0.005 0.004 0.004 0.005 0.004 0.007 0.005 0.006 0.005 0.005 0.004 0.004 0.004 0.006
Mg 0.848 0.799 0.825 0.822 0.868 0.868 0.732 0.916 0.903 0.920 0.822 0.822 0.844 0.823 0.842
Ca 0.821 0.841 0.839 0.840 0.828 0.866 0.858 0.834 0.824 0.823 0.879 0.844 0.856 0.841 0.826
Na 0.060 0.046 0.046 0.047 0.046 0.026 0.036 0.018 0.019 0.020 0.028 0.045 0.042 0.045 0.045
K 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Cr 0.013 0.004 0.009 0.012 0.010 0.005 0.001 0.006 0.002 0.004 0.000 0.011 0.011 0.012 0.011
Total 4.024 4.034 4.024 4.029 4.029 4.015 4.054 4.026 4.027 4.019 4.038 4.013 4.027 4.028 4.025

En 52.1 52.7 51.9 52.5 52.8 49.5 53.6 52.9 52.4 51.6 51.7 48.2 52.2 52.5 52.2
Fs 7.5 8.5 8.4 8.0 7.2 8.4 9.5 7.8 8.7 8.5 7.8 9.1 6.9 8.0 8.5
Wo 40.4 38.8 39.7 39.5 39.9 42.1 36.9 39.2 38.9 39.8 40.5 42.7 40.8 39.5 39.3

Major element clinopyroxene analyses from selected Pircas Negras, Dos Hermanos, and Valle Ancho lavas

1PX-1 values reported by Jarosewich et al. (1980).  2Values obtained for PX-1 standard are each composites of 5 spot analyses run before and after unknown 
samples. All unknown samples and PX-1 are corrected by deviation from standards JDF and A99.  Cations are calculated on the basis of 6 oxygens with all 
Fe measured as Fe2+.  The Fe2+/Fe3+ ratio is calculated from the cation total following Droop (1987). The En = Enstatite component (Mg/Mg+Fe+Ca); Fs = 
Ferrosilite component (Fe/Mg+Fe+Ca); Wo = Wollastonite component (Ca/Mg+Fe+Ca) are all calculated after subtracting out non-quadrilateral components 
from the cation totals following Lindsley (1983), c = core, r = rim. 
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analysis # 66 67 68 69 78 79 80 81 96 97 98 99 100 101
type c c r r c c c r cum cum cum cum cum cum

sample 101-1 101-1 101-1 101-1 101-2 101-2 101-2 101-2 309-1 309-1 309-2 309-2 309-3 309-3
SiO2  51.11 51.70 49.41 47.52 48.27 46.60 49.13 49.75 52.24 52.47 52.12 52.09 50.22 51.70
TiO2  0.58 0.53 1.20 1.71 1.28 1.82 1.33 0.97 0.41 0.40 0.42 0.45 0.67 0.39
Al2O3 2.18 2.14 3.62 5.65 5.60 6.90 3.86 3.40 2.77 2.47 2.78 2.89 5.03 3.06
FeO   6.61 6.57 10.20 9.98 7.54 8.64 9.93 8.25 6.92 7.16 7.77 7.43 9.21 8.43
MnO   0.17 0.15 0.31 0.23 0.14 0.14 0.28 0.22 0.15 0.13 0.16 0.16 0.20 0.20
MgO   16.32 16.56 14.37 13.52 14.09 13.38 14.37 15.27 15.77 16.13 15.46 15.66 14.76 16.02
CaO   21.35 20.98 19.07 20.00 22.19 21.59 19.48 20.83 20.57 20.32 21.27 20.85 19.06 19.33
Na2O  0.21 0.22 0.36 0.40 0.33 0.34 0.35 0.18 0.64 0.59 0.68 0.70 0.91 0.66
K2O   0.01 0.00 0.02 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01
Cr2O3 0.28 0.24 0.03 0.10 0.26 0.18 0.01 0.04 0.25 0.28 0.17 0.19 0.04 0.19
Total 98.83 99.08 98.58 99.13 99.70 99.58 98.75 98.92 99.72 99.95 100.83 100.42 100.10 99.98

Si 1.899 1.914 1.865 1.785 1.789 1.736 1.850 1.859 1.922 1.926 1.901 1.905 1.847 1.900
Ti 0.016 0.015 0.034 0.048 0.036 0.051 0.038 0.027 0.011 0.011 0.012 0.012 0.018 0.011
Al (iv) 0.096 0.086 0.135 0.215 0.211 0.264 0.150 0.141 0.078 0.074 0.099 0.095 0.153 0.100
Al (vi) 0.000 0.008 0.026 0.035 0.034 0.040 0.021 0.008 0.042 0.033 0.021 0.029 0.065 0.032
Fe2+ 0.124 0.147 0.255 0.205 0.112 0.128 0.233 0.167 0.161 0.167 0.139 0.141 0.168 0.171
Fe3+ 0.081 0.057 0.067 0.109 0.121 0.141 0.079 0.091 0.052 0.053 0.097 0.086 0.115 0.089
Mn 0.005 0.005 0.010 0.007 0.004 0.004 0.009 0.007 0.005 0.004 0.005 0.005 0.006 0.006
Mg 0.904 0.914 0.809 0.757 0.779 0.743 0.806 0.851 0.865 0.883 0.841 0.854 0.809 0.878
Ca 0.851 0.833 0.772 0.806 0.882 0.863 0.787 0.834 0.811 0.800 0.832 0.817 0.752 0.762
Na 0.015 0.015 0.026 0.029 0.024 0.024 0.026 0.013 0.046 0.042 0.048 0.050 0.065 0.047
K 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Cr 0.008 0.007 0.001 0.003 0.008 0.005 0.000 0.001 0.007 0.008 0.005 0.006 0.001 0.005
Total 4.027 4.019 4.023 4.037 4.041 4.048 4.027 4.031 4.018 4.018 4.033 4.029 4.039 4.030

En 53.1 52.1 48.3 50.5 53.9 54.3 49.0 51.8 50.5 50.9 51.3 51.6 53.8 53.2
Fs 7.3 8.3 15.2 13.7 7.8 9.4 14.2 10.2 9.4 9.6 8.5 8.5 11.2 10.3
Wo 39.6 39.6 36.5 35.8 38.3 36.3 36.9 38.0 40.1 39.5 40.2 39.8 35.0 36.5

Major element clinopyroxene analyses from selected Pircas Negras, Dos Hermanos, and Valle Ancho lavas

1PX-1 values reported by Jarosewich et al. (1980).  2Values obtained for PX-1 standard are each composites of 5 spot analyses run before and after unknown 
samples. All unknown samples and PX-1 are corrected by deviation from standards JDF and A99.  Cations are calculated on the basis of 6 oxygens with all 
Fe measured as Fe2+.  The Fe2+/Fe3+ ratio is calculated from the cation total following Droop (1987). The En = Enstatite component (Mg/Mg+Fe+Ca); Fs = 
Ferrosilite component (Fe/Mg+Fe+Ca); Wo = Wollastonite component (Ca/Mg+Fe+Ca) are all calculated after subtracting out non-quadrilateral components 
from the cation totals following Lindsley (1983), c = core, r = rim. 
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analysis # 102 103 104 105 106 107 112 113 114 116 121 122 123 134
type cum cum cum cum cum cum c c c r-hbde r-qz r-qz r-qz r-qz

sample 309-4 309-4 309-5 309-5 309-6 309-6 309-7 309-7 309-7 309-8 309-9 309-9 309-9 427-1
SiO2  50.02 50.35 53.11 52.80 51.95 52.13 51.37 50.53 50.95 51.46 53.30 53.11 53.37 54.55
TiO2  0.75 0.81 0.16 0.18 0.37 0.28 0.60 0.71 0.67 0.73 0.19 0.37 0.34 0.15
Al2O3 4.74 4.82 0.31 0.34 1.85 1.07 4.27 4.80 4.59 3.83 0.24 1.65 1.63 0.23
FeO   7.25 7.72 8.92 9.01 7.78 8.41 7.56 8.70 7.58 7.50 8.51 7.59 8.31 8.40
MnO   0.12 0.13 0.21 0.22 0.16 0.17 0.18 0.19 0.11 0.17 0.26 0.27 0.21 0.16
MgO   14.42 14.30 14.97 14.75 14.91 14.97 14.89 14.14 14.78 14.85 14.80 14.73 14.69 14.50
CaO   21.01 21.47 21.94 21.94 22.60 22.31 20.85 20.74 20.76 19.62 22.04 21.03 20.54 21.13
Na2O  0.83 0.82 0.39 0.47 0.42 0.40 0.74 0.87 0.78 0.72 0.35 0.39 0.37 0.34
K2O   0.00 0.00 0.00 0.01 0.01 0.04 0.00 0.01 0.00 0.04 0.02 0.09 0.10 0.02
Cr2O3 0.42 0.27 0.00 0.00 0.04 0.01 0.12 0.05 0.26 0.38 0.01 0.00 0.01 0.00
Total 99.56 100.70 100.01 99.71 100.10 99.79 100.57 100.73 100.47 99.31 99.71 99.23 99.59 99.48

Si 1.848 1.842 1.970 1.965 1.917 1.934 1.878 1.851 1.864 1.908 1.984 1.980 1.986 2.038
Ti 0.021 0.022 0.004 0.005 0.010 0.008 0.016 0.020 0.018 0.020 0.005 0.010 0.010 0.004
Al (iv) 0.152 0.158 0.013 0.015 0.081 0.047 0.122 0.149 0.136 0.092 0.011 0.020 0.014 0.000
Al (vi) 0.054 0.049 0.000 0.000 0.000 0.000 0.062 0.058 0.062 0.076 0.000 0.053 0.058 0.010
Fe2+ 0.120 0.122 0.211 0.201 0.147 0.160 0.156 0.154 0.148 0.216 0.229 0.237 0.259 0.262
Fe3+ 0.105 0.114 0.066 0.079 0.093 0.101 0.076 0.112 0.084 0.017 0.036 0.000 0.000 0.000
Mn 0.004 0.004 0.007 0.007 0.005 0.005 0.006 0.006 0.004 0.005 0.008 0.008 0.007 0.005
Mg 0.794 0.780 0.828 0.818 0.821 0.828 0.812 0.772 0.807 0.821 0.821 0.819 0.815 0.808
Ca 0.832 0.842 0.873 0.876 0.894 0.887 0.817 0.814 0.815 0.780 0.880 0.841 0.820 0.846
Na 0.059 0.058 0.028 0.034 0.030 0.029 0.052 0.061 0.055 0.051 0.025 0.028 0.027 0.025
K 0.000 0.000 0.000 0.000 0.001 0.002 0.000 0.000 0.000 0.002 0.001 0.005 0.005 0.001
Cr 0.012 0.008 0.000 0.000 0.001 0.000 0.003 0.001 0.007 0.011 0.000 0.000 0.000 0.000
Total 4.035 4.039 4.022 4.027 4.031 4.034 4.025 4.038 4.028 4.006 4.012 3.993 3.989 3.977

En 53.0 52.5 45.3 45.6 48.4 48.5 51.2 51.4 51.9 49.0 43.3 45.9 46.0 43.0
Fs 8.0 8.2 11.5 11.2 8.7 9.4 9.8 10.3 9.5 12.9 12.1 13.3 14.6 14.0
Wo 39.0 39.3 43.1 43.2 43.0 42.2 39.0 38.3 38.6 38.1 44.7 40.8 39.4 43.0

Major element clinopyroxene analyses from selected Pircas Negras, Dos Hermanos, and Valle Ancho lavas
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1PX-1 values reported by Jarosewich et al. (1980).  2Values obtained for PX-1 standard are each composites of 5 spot analyses run before and after 
unknown samples. All unknown samples and PX-1 are corrected by deviation from standards JDF and A99.  Cations are calculated on the basis of 6 
oxygens with all Fe measured as Fe2+.  The Fe2+/Fe3+ ratio is calculated from the cation total following Droop (1987). The En = Enstatite component 
(Mg/Mg+Fe+Ca); Fs = Ferrosilite component (Fe/Mg+Fe+Ca); Wo = Wollastonite component (Ca/Mg+Fe+Ca) are all calculated after subtracting out 
non-quadrilateral components from the cation totals following Lindsley (1983), c = core, r = rim. 

 



 

analysis # 135 136 137 143 144 145 262 263 264 265 266 267 268 269 270
type r-qz r-qz r-qz r-qz r-qz r-qz c c c c c c r r c

sample 427-1 427-1 427-1 427-2 427-2 427-2 412-1 412-1 412-1 412-1 412-2 412-2 412-2 412-2 412-3
SiO2  53.78 53.63 52.89 52.79 53.05 52.85 51.98 52.36 51.93 53.49 46.62 45.84 51.94 51.73 50.00
TiO2  0.19 0.43 0.25 0.20 0.23 0.15 0.43 0.43 0.40 0.14 2.26 2.85 0.74 0.81 1.50
Al2O3 0.26 1.24 0.88 0.54 0.26 0.33 3.47 3.29 2.81 2.69 6.56 7.05 1.13 1.28 4.38
FeO   8.54 7.46 8.02 8.35 8.96 7.93 6.22 5.82 5.58 6.38 6.64 6.74 8.65 8.10 6.80
MnO   0.21 0.23 0.25 0.26 0.24 0.28 0.15 0.17 0.14 0.28 0.12 0.13 0.35 0.37 0.19
MgO   14.75 14.27 15.34 15.61 15.19 15.44 16.55 16.66 16.59 16.22 13.63 13.18 15.90 15.85 15.27
CaO   21.06 20.94 21.10 21.17 21.00 21.74 21.21 21.15 21.47 21.48 23.00 22.91 20.47 20.12 21.22
Na2O  0.36 0.36 0.38 0.37 0.44 0.32 0.51 0.50 0.48 0.47 0.67 0.62 0.46 0.48 0.56
K2O   0.01 0.03 0.03 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.02
Cr2O3 0.04 0.01 0.00 0.00 0.00 0.00 0.22 0.23 0.33 0.19 0.16 0.22 0.00 0.01 0.16
Total 99.20 98.60 99.14 99.32 99.40 99.06 100.74 100.60 99.74 101.34 99.65 99.55 99.64 98.77 100.11

Si 2.013 2.018 1.972 1.964 1.978 1.972 1.885 1.900 1.901 1.934 1.725 1.704 1.926 1.932 1.837
Ti 0.005 0.012 0.007 0.006 0.006 0.004 0.012 0.012 0.011 0.004 0.063 0.080 0.021 0.023 0.042
Al (iv) 0.000 0.000 0.028 0.024 0.011 0.015 0.115 0.100 0.099 0.066 0.275 0.296 0.049 0.057 0.163
Al (vi) 0.011 0.055 0.010 0.000 0.000 0.000 0.033 0.041 0.022 0.049 0.011 0.012 0.000 0.000 0.026
Fe2+ 0.267 0.235 0.217 0.196 0.227 0.190 0.101 0.112 0.091 0.157 0.024 0.045 0.176 0.185 0.118
Fe3+ 0.000 0.000 0.033 0.064 0.053 0.057 0.088 0.064 0.080 0.036 0.182 0.164 0.092 0.068 0.090
Mn 0.007 0.007 0.008 0.008 0.008 0.009 0.004 0.005 0.004 0.009 0.004 0.004 0.011 0.012 0.006
Mg 0.823 0.800 0.852 0.866 0.844 0.859 0.895 0.901 0.905 0.874 0.752 0.730 0.879 0.883 0.836
Ca 0.845 0.845 0.843 0.844 0.840 0.870 0.825 0.823 0.843 0.833 0.912 0.913 0.814 0.806 0.836
Na 0.026 0.026 0.028 0.027 0.032 0.023 0.036 0.035 0.034 0.033 0.048 0.045 0.033 0.035 0.040
K 0.001 0.002 0.002 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001
Cr 0.001 0.000 0.000 0.000 0.000 0.000 0.006 0.007 0.010 0.005 0.005 0.006 0.000 0.000 0.005
Total 3.992 3.971 4.011 4.022 4.018 4.019 4.029 4.022 4.027 4.012 4.061 4.055 4.031 4.023 4.030

En 43.1 45.8 45.6 47.6 45.3 46.7 55.3 54.2 54.5 50.6 57.6 55.6 50.5 49.3 52.8
Fs 14.0 13.4 11.6 10.7 12.2 10.3 6.2 6.8 5.5 9.1 1.8 3.5 10.1 10.4 7.5
Wo 42.9 40.8 42.8 41.7 42.5 43.0 38.5 39.0 40.0 40.4 40.6 41.0 39.4 40.3 39.7

Major element clinopyroxene analyses from selected Pircas Negras, Dos Hermanos, and Valle Ancho lavas

1PX-1 values reported by Jarosewich et al. (1980).  2Values obtained for PX-1 standard are each composites of 5 spot analyses run before and after unknown 
samples. All unknown samples and PX-1 are corrected by deviation from standards JDF and A99.  Cations are calculated on the basis of 6 oxygens with all 
Fe measured as Fe2+.  The Fe2+/Fe3+ ratio is calculated from the cation total following Droop (1987). The En = Enstatite component (Mg/Mg+Fe+Ca); Fs = 
Ferrosilite component (Fe/Mg+Fe+Ca); Wo = Wollastonite component (Ca/Mg+Fe+Ca) are all calculated after subtracting out non-quadrilateral components 
from the cation totals following Lindsley (1983), c = core, r = rim. 
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analysis # 271 9 10 11 12 225 226 227 228 229 230 231 232 233
type c cum cum cum cum c c c r r c c r r

sample 412-3 412-4 412-5 412-6 412-7 324-1 324-1 324-1 324-1 324-1 324-2 324-2 324-2 324-2
SiO2  47.66 52.99 53.05 53.80 52.91 51.46 51.39 51.32 51.71 51.76 51.57 51.50 52.51 51.71
TiO2  2.27 0.18 0.17 0.10 0.16 0.41 0.41 0.42 0.57 0.58 0.42 0.43 0.31 0.30
Al2O3 6.37 0.92 1.06 0.47 0.93 3.18 3.15 3.08 2.74 2.70 2.60 2.69 2.39 2.84
FeO   6.99 8.67 9.00 8.59 9.66 10.55 10.40 10.61 7.01 6.78 10.36 10.70 6.61 8.23
MnO   0.16 0.19 0.28 0.24 0.25 0.28 0.26 0.29 0.17 0.15 0.28 0.27 0.24 0.26
MgO   14.14 15.55 15.99 16.60 15.32 13.62 13.66 13.73 16.35 16.31 14.10 14.13 16.26 14.87
CaO   21.71 21.15 20.10 20.07 20.37 20.07 20.14 20.49 21.71 21.75 19.98 20.25 21.21 21.54
Na2O  0.69 0.54 0.54 0.36 0.55 0.87 0.85 0.83 0.35 0.33 0.71 0.71 0.51 0.60
K2O   0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00
Cr2O3 0.12 0.02 0.02 0.02 0.03 0.13 0.14 0.02 0.15 0.14 0.06 0.09 0.12 0.10
Total 100.14 100.20 100.21 100.27 100.19 100.57 100.41 100.78 100.77 100.52 100.08 100.76 100.16 100.45

Si 1.754 1.953 1.953 1.978 1.956 1.903 1.903 1.893 1.883 1.889 1.915 1.901 1.921 1.900
Ti 0.063 0.005 0.005 0.003 0.004 0.011 0.012 0.012 0.016 0.016 0.012 0.012 0.008 0.008
Al (iv) 0.246 0.040 0.046 0.021 0.041 0.097 0.097 0.107 0.117 0.111 0.085 0.099 0.079 0.100
Al (vi) 0.030 0.000 0.000 0.000 0.000 0.041 0.040 0.027 0.001 0.006 0.029 0.018 0.024 0.022
Fe2+ 0.077 0.184 0.200 0.220 0.221 0.235 0.231 0.212 0.108 0.114 0.239 0.225 0.131 0.152
Fe3+ 0.138 0.083 0.077 0.044 0.077 0.092 0.091 0.115 0.106 0.093 0.082 0.106 0.072 0.101
Mn 0.005 0.006 0.009 0.007 0.008 0.009 0.008 0.009 0.005 0.005 0.009 0.009 0.007 0.008
Mg 0.776 0.855 0.877 0.910 0.844 0.751 0.754 0.755 0.888 0.888 0.780 0.777 0.887 0.815
Ca 0.857 0.836 0.794 0.791 0.808 0.796 0.800 0.810 0.848 0.851 0.796 0.801 0.832 0.848
Na 0.049 0.038 0.039 0.026 0.040 0.062 0.061 0.059 0.025 0.023 0.051 0.050 0.036 0.043
K 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
Cr 0.004 0.001 0.000 0.001 0.001 0.004 0.004 0.001 0.004 0.004 0.002 0.003 0.003 0.003
Total 4.047 4.028 4.026 4.015 4.026 4.031 4.031 4.039 4.036 4.031 4.028 4.036 4.024 4.034

En 55.3 48.1 49.1 48.3 47.2 46.3 46.5 47.4 54.1 53.4 46.5 47.5 52.1 50.3
Fs 5.5 10.4 11.2 11.7 12.4 14.5 14.2 13.3 6.6 6.9 14.3 13.7 7.7 9.4
Wo 39.2 41.5 39.7 39.9 40.4 39.2 39.3 39.3 39.3 39.8 39.3 38.8 40.3 40.4

Major element clinopyroxene analyses from selected Pircas Negras, Dos Hermanos, and Valle Ancho lavas
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1PX-1 values reported by Jarosewich et al. (1980).  2Values obtained for PX-1 standard are each composites of 5 spot analyses run before and after 
unknown samples. All unknown samples and PX-1 are corrected by deviation from standards JDF and A99.  Cations are calculated on the basis of 6 
oxygens with all Fe measured as Fe2+.  The Fe2+/Fe3+ ratio is calculated from the cation total following Droop (1987). The En = Enstatite component 
(Mg/Mg+Fe+Ca); Fs = Ferrosilite component (Fe/Mg+Fe+Ca); Wo = Wollastonite component (Ca/Mg+Fe+Ca) are all calculated after subtracting out 
non-quadrilateral components from the cation totals following Lindsley (1983), c = core, r = rim. 

 



 

Major element clinopyroxene analyses from selected lavas
analysis # 242 243 244 245 258 259 260 261

type c c r r c c r r
sample 324-3 324-3 324-3 324-3 324-4 324-4 324-4 324-4

SiO2  50.97 51.00 52.99 52.81 51.42 51.52 52.50 52.79
TiO2  0.50 0.46 0.38 0.37 0.38 0.34 0.26 0.27
Al2O3 3.28 3.34 2.02 2.24 1.96 1.85 0.86 0.87
FeO   10.85 10.67 6.31 6.34 10.32 10.10 8.95 9.48
MnO   0.32 0.31 0.12 0.15 0.30 0.30 0.33 0.33
MgO   13.17 13.41 17.10 16.87 14.08 13.90 14.74 14.73
CaO   20.03 20.08 20.85 20.66 21.08 20.97 21.52 21.62
Na2O  0.85 0.89 0.42 0.42 0.58 0.62 0.39 0.36
K2O   0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02
Cr2O3 0.05 0.03 0.37 0.38 0.03 0.00 0.00 0.03
Total 100.00 100.18 100.56 100.25 100.15 99.60 99.55 100.50

Si 1.900 1.894 1.927 1.928 1.911 1.925 1.958 1.953
Ti 0.014 0.013 0.010 0.010 0.011 0.010 0.007 0.008
Al (iv) 0.100 0.106 0.073 0.072 0.086 0.075 0.038 0.038
Al (vi) 0.044 0.040 0.014 0.024 0.000 0.006 0.000 0.000
Fe2+ 0.249 0.228 0.134 0.146 0.208 0.221 0.219 0.227
Fe3+ 0.089 0.103 0.058 0.048 0.113 0.095 0.060 0.066
Mn 0.010 0.010 0.004 0.005 0.010 0.009 0.010 0.010
Mg 0.731 0.742 0.927 0.918 0.780 0.774 0.819 0.812
Ca 0.800 0.799 0.813 0.809 0.840 0.840 0.860 0.858
Na 0.061 0.064 0.030 0.030 0.042 0.045 0.028 0.026
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
Cr 0.001 0.001 0.011 0.011 0.001 0.000 0.000 0.001
Total 4.030 4.035 4.019 4.016 4.038 4.032 4.020 4.022

En 45.1 46.6 52.8 52.4 46.9 45.6 45.2 45.2
Fs 15.4 14.3 7.6 8.3 12.5 13.0 12.1 12.6
Wo 39.5 39.1 39.5 39.3 40.5 41.4 42.8 42.1  
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1PX-1 values reported by Jarosewich et al. (1980).  2Values obtained for PX-1 standard are 
each composites of 5 spot analyses run before and after unknown samples. All unknown 
samples and PX-1 are corrected by deviation from standards JDF and A99.  Cations are 
calculated on the basis of 6 oxygens with all Fe measured as Fe2+.   

 

 



 

analysis # 205 206 207 208 211 212 213
type c c r r r-oliv r-oliv c

sample JHS-actual JHSav2 Meas/Act JHSav2 Meas/Act 324-1 324-1 324-1 324-1 324-2 324-2 324-3
SiO2  54.09 54.84 1.01 55.16 1.02 53.00 52.92 53.35 53.55 53.85 51.84 53.02
TiO2  0.17 0.10 0.58 0.10 0.56 0.17 0.17 0.20 0.20 0.41 0.41 0.18
Al2O3 1.24 1.02 0.82 1.06 0.85 0.87 0.83 0.94 1.02 1.10 1.50 0.80
FeO   15.22 15.13 0.99 14.93 0.98 22.04 21.57 21.55 20.04 17.00 16.69 21.78
MnO   0.50 0.50 1.00 0.50 1.00 0.87 0.85 0.85 0.80 0.49 0.39 0.92
MgO   26.79 27.57 1.03 27.48 1.03 22.72 22.84 23.15 23.59 26.19 31.68 22.85
CaO   1.52 1.17 0.77 1.15 0.76 1.28 1.34 1.16 1.21 1.58 1.10 1.20
Na2O  0.01 0.01 0.03 0.01 0.04 0.02 0.03 0.02 0.02
K2O   0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00
Cr2O3 0.75 0.68 0.91 0.65 0.87 0.02 0.00 0.01 0.00 0.04 0.00 0.01
Total 100.28 101.01 1.01 101.04 1.01 100.99 100.53 101.27 100.45 100.72 103.65 100.78

Si 1.951 1.955 1.954 1.968 1.941 1.777 1.955
Ti 0.005 0.005 0.006 0.006 0.011 0.011 0.005
Al (iv) 0.038 0.036 0.040 0.032 0.047 0.061 0.035
Al (vi) 0.000 0.000 0.000 0.012 0.000 0.000 0.000
Fe2+ 0.627 0.620 0.617 0.605 0.463 0.112 0.626
Fe3+ 0.052 0.046 0.043 0.011 0.050 0.366 0.046
Mn 0.027 0.026 0.026 0.025 0.015 0.011 0.029
Mg 1.247 1.258 1.264 1.292 1.408 1.619 1.256
Ca 0.050 0.053 0.046 0.048 0.061 0.041 0.047
Na 0.002 0.001 0.003 0.002 0.002 0.002 0.001
K 0.000 0.000 0.001 0.000 0.001 0.001 0.000
Cr 0.001 0.000 0.000 0.000 0.001 0.000 0.000
Total 4.017 4.015 4.014 4.004 4.017 4.126 4.015

En 2.6 2.7 2.4 2.4 3.2 2.3 2.5
Fs 64.8 65.1 65.6 66.4 72.9 91.4 65.1
Wo 32.6 32.1 32.0 31.1 24.0 6.3 32.4

Major element orthopyroxene analyses from selected Pircas Negras andesites
APPENDIX 7
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1Johnstown hypersthene (JSH) values reported by Jarosewich et al. (1980).  2Values obtained for JSH standard are each composites of 5 spot 
analyses run before and after unknown samples.  All unknown samples and JSH are corrected by deviation from standards JDF and A99.  Cations are 
calculated on the basis of 6 oxygens with all Fe measured as Fe2+.  Endmember components are the same as in Appendix 6 and are calculated 
following Lindsley (1983). 

 

 



 

analysis # 214 215 216 254 255 256 257 6 7 8 9
type c r r c c r r c c r r

sample 324-3 324-3 324-3 324-4 324-4 324-4 324-4 412-1 412-1 412-1 412-1
SiO2  52.97 53.57 52.79 52.96 52.88 52.87 52.85 54.11 54.10 53.71 54.19
TiO2  0.18 0.19 0.19 0.19 0.17 0.18 0.19 0.19 0.21 0.22 0.19
Al2O3 0.79 0.97 0.85 1.21 1.18 1.19 1.26 3.06 2.98 2.89 2.75
FeO   21.79 22.38 21.05 21.25 21.16 21.24 21.49 10.63 10.76 10.65 10.97
MnO   0.85 0.89 0.88 0.58 0.55 0.53 0.58 0.23 0.19 0.20 0.22
MgO   22.98 22.88 22.73 23.22 23.00 22.90 22.85 30.22 29.81 29.27 29.72
CaO   1.21 1.20 1.24 1.26 1.35 1.29 1.30 1.12 1.46 1.64 1.27
Na2O  0.02 0.04 0.02 0.03 0.05 0.02 0.04 0.04 0.04 0.04 0.06
K2O   0.00 0.03 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Cr2O3 0.05 0.01 0.03 0.02 0.01 0.03 0.01 0.70 0.57 0.53 0.47
Total 100.85 102.15 99.77 100.71 100.38 100.27 100.57 100.29 100.13 99.14 99.84

Si 1.951 1.951 1.963 1.947 1.951 1.954 1.949 1.902 1.907 1.914 1.917
Ti 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.006 0.006 0.005
Al (iv) 0.034 0.041 0.037 0.052 0.049 0.046 0.051 0.098 0.093 0.086 0.083
Al (vi) 0.000 0.000 0.000 0.000 0.002 0.006 0.003 0.028 0.031 0.035 0.031
Fe2+ 0.618 0.632 0.627 0.608 0.612 0.626 0.622 0.270 0.280 0.291 0.292
Fe3+ 0.053 0.050 0.027 0.045 0.041 0.031 0.040 0.043 0.037 0.026 0.033
Mn 0.027 0.027 0.028 0.018 0.017 0.017 0.018 0.007 0.006 0.006 0.007
Mg 1.261 1.242 1.260 1.273 1.265 1.262 1.256 1.583 1.567 1.555 1.567
Ca 0.048 0.047 0.049 0.050 0.054 0.051 0.051 0.042 0.055 0.063 0.048
Na 0.001 0.003 0.002 0.002 0.004 0.002 0.003 0.002 0.003 0.003 0.004
K 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cr 0.002 0.000 0.001 0.000 0.000 0.001 0.000 0.019 0.016 0.015 0.013
Total 4.018 4.017 4.009 4.015 4.014 4.010 4.013 4.014 4.012 4.009 4.011

En 2.5 2.4 2.6 2.6 2.8 2.6 2.7 2.2 2.9 3.3 2.5
Fs 65.5 64.7 65.1 65.9 65.5 65.1 65.1 83.5 82.4 81.5 82.2
Wo 32.1 32.9 32.4 31.5 31.7 32.3 32.3 14.2 14.7 15.2 15.3

Major element orthopyroxene analyses from selected Pircas Negras andesites
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1Johnstown hypersthene (JSH) values reported by Jarosewich et al. (1980).  2Values obtained for JSH standard are each composites 
of 5 spot analyses run before and after unknown samples.  All unknown samples and JSH are corrected by deviation from 
standards JDF and A99.  Cations are calculated on the basis of 6 oxygens with all Fe measured as Fe2+.  Endmember components 
are the same as in Appendix 6 and are calculated following Lindsley (1983). 

 

 



 

analysis # 54 55 56 57 58 59 60 61
type c c r r c c r r

sample P140-act1 P140av2 Meas/Act P140av2 Meas/Act 101-1 101-1 101-1 101-1 101-2 101-2 101-2 101-2
SiO2  40.85 41.44 1.01 41.23 1.01 39.23 39.21 37.55 37.56 37.79 37.91 36.92 36.93
TiO2  0.00 0.01 0.00 0.02 0.03 0.04 0.00 0.00 0.03 0.02
Al2O3 0.13 0.01 0.07 0.01 0.05 0.04 0.05 0.02 0.03 0.04 0.39 0.05 0.06
FeO   7.17 7.45 1.04 7.28 1.01 16.71 16.19 26.86 25.41 24.32 23.16 27.68 27.48
MnO   0.07 0.10 1.38 0.10 1.40 0.21 0.23 0.45 0.36 0.33 0.32 0.44 0.43
MgO   51.63 50.73 0.98 51.08 0.99 43.99 44.05 35.19 37.11 38.20 38.86 34.39 33.90
CaO   0.01 0.00 0.08 0.11 0.18 0.17 0.09 0.13 0.20 0.18
Na2O  0.02 0.00 0.19 0.00 0.24 0.00 0.01 0.00 0.00 0.00 0.02 0.02 0.00
K2O   0.00 0.00 0.60 0.00 0.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Cr2O3 0.01 0.00 0.04 0.04 0.00 0.03 0.00 0.05 0.02 0.02
Total 99.88 98.28 1.00 99.73 1.00 100.30 99.92 100.27 100.72 100.78 100.83 99.75 99.03

Si 0.991 0.992 0.997 0.986 0.986 0.983 0.991 0.997
Ti 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.000
Al 0.001 0.001 0.001 0.001 0.001 0.012 0.002 0.002
Fe2+ 0.353 0.342 0.596 0.558 0.531 0.502 0.621 0.621
Mn 0.005 0.005 0.010 0.008 0.007 0.007 0.010 0.010
Mg 1.656 1.661 1.393 1.453 1.486 1.502 1.376 1.365
Ca 0.002 0.003 0.005 0.005 0.002 0.004 0.006 0.005
Na 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cr 0.001 0.001 0.000 0.001 0.000 0.001 0.000 0.000
Total 3.008 3.007 3.002 3.012 3.013 3.011 3.008 3.001

Fo 82.3 82.7 69.7 72.0 73.4 74.7 68.6 68.4
Fa 17.5 17.0 29.8 27.6 26.2 25.0 30.9 31.1
Tp 0.2 0.2 0.5 0.4 0.4 0.3 0.5 0.5

APPENDIX 8
Major element olivine analyses from selected Pircas Negras andesites and Valle Ancho basaltic andesites

1P140 values reported by Jarosewich et al. (1980).  2Values obtained for P140 olivine standard are each composites of 5 spot analyses run before and after 
unknown samples.  All unknown samples and P140 are corrected by deviation from standards JDF and A99.  All Fe is shown as Fe2+.  Cations are calculated 
on the basis of 4 oxygens.  Fo = Forsterite content; Fa = Fayalite content; Tp = Tephroite content; c = core, r = rim. 
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analysis # 62 63 64 65 70 71 72 73 74 75 76 77 272
type c c r r c c r r c c r r c

sample 101-3 101-3 101-3 101-3 101-4 101-4 101-4 101-4 101-5 101-5 101-5 101-5 412-1
SiO2  39.10 38.91 37.08 37.23 39.23 39.01 37.45 36.98 39.45 39.85 38.34 37.21 39.16
TiO2  0.02 0.02 0.03 0.03 0.01 0.02 0.04 0.04 0.02 0.00 0.01 0.01 0.05
Al2O3 0.03 0.03 0.04 0.07 0.01 0.05 0.04 0.04 0.01 0.04 0.03 0.02 0.05
FeO   16.37 16.66 26.49 26.45 16.61 15.51 27.73 29.89 16.28 15.85 23.65 27.63 17.34
MnO   0.22 0.23 0.39 0.40 0.22 0.22 0.43 0.45 0.22 0.19 0.32 0.44 0.36
MgO   43.73 43.41 35.55 35.70 43.50 43.30 33.95 32.34 44.33 44.43 37.52 34.04 42.78
CaO   0.10 0.11 0.16 0.19 0.06 0.11 0.20 0.23 0.11 0.11 0.11 0.18 0.18
Na2O  0.00 0.00 0.04 0.00 0.01 0.00 0.03 0.02 0.00 0.01 0.00 0.03 0.00
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.01
Cr2O3 0.01 0.01 0.02 0.04 0.04 0.05 0.00 0.00 0.05 0.02 0.00 0.02 0.01
Total 99.58 99.38 99.80 100.10 99.68 98.28 99.87 100.01 100.47 100.50 99.98 99.59 99.93

Si 0.993 0.992 0.989 0.989 0.996 1.000 1.002 1.000 0.992 0.999 1.003 0.999 0.996
Ti 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001
Al 0.001 0.001 0.001 0.002 0.000 0.002 0.001 0.001 0.000 0.001 0.001 0.001 0.001
Fe2+ 0.348 0.355 0.591 0.588 0.353 0.333 0.621 0.676 0.342 0.332 0.517 0.620 0.369
Mn 0.005 0.005 0.009 0.009 0.005 0.005 0.010 0.010 0.005 0.004 0.007 0.010 0.008
Mg 1.656 1.650 1.413 1.414 1.647 1.655 1.355 1.304 1.662 1.660 1.464 1.363 1.622
Ca 0.003 0.003 0.004 0.005 0.002 0.003 0.006 0.007 0.003 0.003 0.003 0.005 0.005
Na 0.000 0.000 0.002 0.000 0.001 0.000 0.001 0.001 0.000 0.001 0.000 0.002 0.000
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cr 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000
Total 3.006 3.007 3.011 3.009 3.003 2.998 2.997 3.000 3.007 3.001 2.996 3.001 3.002

Fo 82.4 82.1 70.2 70.3 82.2 83.1 68.2 65.5 82.7 83.2 73.6 68.4 81.2
Fa 17.3 17.7 29.3 29.2 17.6 16.7 31.3 34.0 17.0 16.6 26.0 31.1 18.4
Tp 0.2 0.2 0.4 0.4 0.2 0.2 0.5 0.5 0.2 0.2 0.4 0.5 0.4

Major element olivine analyses from selected Pircas Negras andesites and Valle Ancho basaltic andesites

 

293 

1P140 values reported by Jarosewich et al. (1980).  2Values obtained for P140 olivine standard are each composites of 5 spot analyses run before and 
after unknown samples.  All unknown samples and P140 are corrected by deviation from standards JDF and A99.  All Fe is shown as Fe2+.  Cations 
are calculated on the basis of 4 oxygens.  Fo = Forsterite content; Fa = Fayalite content; Tp = Tephroite content; c = core, r = rim. 

 
 
 
 

 



 

analysis # 209 210 217 218 219 220 238 239 240 241 246 247 248 249
type c c c c r r c c r r c c r r

sample 324-1 324-1 324-2 324-2 324-2 324-2 324-3 324-3 324-3 324-3 324-4 324-4 324-4 324-4
SiO2  39.14 39.26 39.15 39.11 38.92 38.64 39.31 39.48 38.65 38.18 39.54 39.48 38.95 38.73
TiO2  0.01 0.01 0.02 0.03 0.00 0.02 0.01 0.00 0.03 0.02 0.02 0.01 0.00 0.04
Al2O3 0.01 0.00 0.00 0.03 0.02 0.01 0.00 0.02 0.05 0.05 0.04 0.01 0.01 0.02
FeO   17.14 17.02 19.26 19.60 20.25 19.91 16.20 16.45 21.94 23.66 16.69 16.62 19.34 20.54
MnO   0.24 0.26 0.29 0.27 0.31 0.29 0.24 0.24 0.43 0.44 0.22 0.25 0.31 0.33
MgO   43.90 43.63 42.63 42.84 41.35 41.64 44.64 44.77 40.20 38.05 44.54 44.41 41.94 41.31
CaO   0.10 0.11 0.10 0.11 0.09 0.08 0.11 0.11 0.08 0.11 0.08 0.09 0.05 0.10
Na2O  0.01 0.02 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr2O3 0.01 0.02 0.01 0.04 0.03 0.01 0.02 0.02 0.03 0.03 0.00 0.01 0.00 0.01
Total 100.56 100.35 101.46 102.03 100.99 100.61 100.53 101.11 101.41 100.53 101.14 100.89 100.61 101.09

Si 0.988 0.993 0.989 0.984 0.992 0.988 0.988 0.988 0.990 0.995 0.990 0.991 0.993 0.988
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001
Al 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.001 0.000 0.000 0.001
Fe2+ 0.362 0.360 0.407 0.412 0.432 0.426 0.341 0.344 0.470 0.515 0.349 0.349 0.412 0.438
Mn 0.005 0.006 0.006 0.006 0.007 0.006 0.005 0.005 0.009 0.010 0.005 0.005 0.007 0.007
Mg 1.653 1.645 1.605 1.607 1.572 1.588 1.673 1.670 1.535 1.478 1.662 1.661 1.594 1.572
Ca 0.003 0.003 0.003 0.003 0.003 0.002 0.003 0.003 0.002 0.003 0.002 0.002 0.001 0.003
Na 0.000 0.001 0.001 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cr 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000
Total 3.012 3.008 3.011 3.015 3.007 3.011 3.011 3.012 3.009 3.004 3.010 3.009 3.007 3.010

Fo 81.8 81.8 79.5 79.3 78.2 78.6 82.9 82.7 76.2 73.8 82.4 82.4 79.2 77.9
Fa 17.9 17.9 20.2 20.4 21.5 21.1 16.9 17.0 23.3 25.7 17.3 17.3 20.5 21.7
Tp 0.2 0.3 0.3 0.3 0.3 0.3 0.2 0.3 0.5 0.5 0.2 0.3 0.3 0.3

Major element olivine analyses from selected Pircas Negras andesites and Valle Ancho basaltic andesites

1P140 values reported by Jarosewich et al. (1980).  2Values obtained for P140 olivine standard are each composites of 5 spot analyses run before and after 
unknown samples.  All unknown samples and P140 are corrected by deviation from standards JDF and A99.  All Fe is shown as Fe2+.  Cations are 
calculated on the basis of 4 oxygens.  Fo = Forsterite content; Fa = Fayalite content; Tp = Tephroite content; c = core, r = rim. 
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analysis # 153 156 134 135 137 142 143 144
type c r xeno-c xeno-c xeno-r xeno-c xeno-c xeno-r

sample LCP-act1 LCPav2 Meas/Act LCPav2 Meas/Act 324-4 324-4 324-1 324-1 324-1 324-2 324-2 324-2
SiO2  51.08 51.08 1.00 51.39 1.01 57.47 54.16 60.43 60.67 59.70 59.91 62.08 60.48
TiO2  0.06 0.04 0.04 0.04 0.06 0.05 0.04 0.10 0.03 0.05 0.03
Al2O3 31.06 31.14 1.00 30.54 0.98 25.97 29.45 26.73 25.82 25.51 24.79 24.74 25.04
FeO   0.51 0.49 0.97 0.45 0.89 0.39 0.62 0.42 0.41 0.60 0.41 0.41 0.40
MnO   0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
MgO   0.22 0.14 0.62 0.15 0.69 0.07 0.04 0.02 0.01 0.05 0.04 0.01 0.02
CaO   13.85 14.05 1.01 13.98 1.01 9.10 12.01 7.91 7.16 7.31 6.54 5.97 6.33
Na2O  3.38 3.46 1.02 3.60 1.06 5.89 4.26 5.76 6.58 4.69 6.47 6.43 6.68
K2O   0.13 0.11 0.12 0.89 0.38 0.83 1.15 3.24 1.17 1.42 1.31
Cr2O3 - - - - - - - - - - -
Total 100.29 100.51 100.28 99.82 100.99 102.16 101.84 101.19 99.36 101.10 100.30

Si 10.368 9.719 10.557 10.657 10.633 10.763 10.923 10.768
Ti 0.005 0.008 0.007 0.005 0.013 0.004 0.007 0.004
Al 5.522 6.229 5.503 5.344 5.356 5.249 5.130 5.253
Fe2+ 0.058 0.093 0.061 0.060 0.089 0.061 0.060 0.060
Mn 0.001 0.000 0.002 0.000 0.000 0.000 0.000 0.000
Mg 0.018 0.011 0.005 0.004 0.014 0.010 0.002 0.005
Ca 1.761 2.312 1.483 1.349 1.396 1.260 1.127 1.209
Na 2.059 1.483 1.950 2.239 1.619 2.254 2.192 2.307
K 0.205 0.088 0.184 0.259 0.735 0.269 0.318 0.298
Cr - - - - - - - -
Total 19.998 19.944 19.751 19.915 19.854 19.870 19.759 19.904

An 43.8 59.5 41.0 35.1 37.2 33.3 31.0 31.7
Ab 51.2 38.2 53.9 58.2 43.2 59.6 60.3 60.5
Or 5.1 2.3 5.1 6.7 19.6 7.1 8.7 7.8

APPENDIX 9
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1LCP values reported by Jarosewich et al. (1980).  2Values obtained for LCP plagioclase standard are each composites of 8 spot analyses run before and after 
unknown samples.  All unknown samples and LCP are corrected by deviation from standards JDF and A99.  All Fe is shown as Fe2+.  Cations are calculated 
on the basis of 32 oxygens.  An =Anorthite content; Ab = Albite content; Or = Orthoclase content; c = core, r = rim. 
 
 
 
 

 



 

analysis # 145 149 157 158 159 160 161 162 163 164 167 168 169
type xeno-r xeno-c xeno-c xeno-c xeno-r xeno-r xeno-c xeno-c xeno-r xeno-r c c r

sample 324-2 324-3 324-5 324-5 324-5 324-5 324-6 324-6 324-6 324-6 412-1 412-1 412-1
SiO2  59.78 60.24 61.25 59.71 58.73 61.37 61.09 61.44 60.22 63.08 52.50 53.01 53.12
TiO2  0.03 0.19 0.03 0.04 0.04 0.04 0.02 0.01 0.02 0.01 0.03 0.03 0.03
Al2O3 25.92 23.80 24.73 25.67 25.98 24.66 24.97 25.05 25.75 24.43 30.30 29.91 29.45
FeO   0.49 0.93 0.41 0.40 0.37 0.43 0.38 0.38 0.40 0.39 0.68 0.58 0.74
MnO   0.00 0.00 0.02 0.03 0.00 0.01 0.00 0.00 0.00 0.01 0.02 0.00 0.00
MgO   0.02 0.09 0.01 0.02 0.01 0.01 0.00 0.00 0.02 0.00 0.04 0.06 0.06
CaO   7.41 7.36 6.21 7.49 7.89 6.14 6.37 6.37 7.31 5.52 13.05 12.89 12.48
Na2O  6.52 4.89 6.93 6.45 6.20 6.76 6.78 6.78 6.52 6.88 4.00 4.04 4.16
K2O   1.01 1.81 1.21 1.03 0.90 1.45 1.28 1.21 1.02 1.53 0.29 0.27 0.34
Cr2O3 - - - - - - - - - - - - -
Total 101.16 99.32 100.81 100.83 100.12 100.86 100.89 101.23 101.25 101.85 100.92 100.78 100.38

Si 10.583 10.858 10.841 10.604 10.510 10.860 10.807 10.822 10.638 11.015 9.474 9.561 9.621
Ti 0.004 0.026 0.005 0.005 0.005 0.006 0.003 0.002 0.002 0.001 0.005 0.004 0.004
Al 5.408 5.055 5.159 5.374 5.480 5.143 5.206 5.200 5.360 5.028 6.443 6.357 6.286
Fe2+ 0.072 0.140 0.061 0.059 0.056 0.063 0.056 0.055 0.059 0.057 0.103 0.088 0.112
Mn 0.000 0.000 0.003 0.004 0.000 0.001 0.000 0.000 0.000 0.001 0.004 0.000 0.001
Mg 0.005 0.024 0.002 0.005 0.004 0.002 0.000 0.000 0.005 0.000 0.012 0.017 0.015
Ca 1.406 1.423 1.179 1.426 1.513 1.164 1.208 1.202 1.385 1.033 2.526 2.493 2.424
Na 2.238 1.708 2.379 2.221 2.150 2.320 2.326 2.316 2.235 2.328 1.401 1.411 1.462
K 0.227 0.417 0.274 0.233 0.205 0.327 0.288 0.272 0.229 0.342 0.066 0.061 0.077
Cr - - - - - - - - - - - - -
Total 19.942 19.651 19.901 19.931 19.922 19.886 19.895 19.870 19.912 19.805 20.033 19.993 20.002

An 36.3 40.1 30.8 36.7 39.1 30.6 31.6 31.7 36.0 27.9 63.3 62.87 61.2
Ab 57.8 48.1 62.1 57.3 55.6 60.9 60.9 61.1 58.1 62.9 35.1 35.59 36.9
Or 5.9 11.7 7.1 6.0 5.3 8.6 7.5 7.2 5.9 9.2 1.7 1.54 2.0

Major element plagioclase analyses from selected Pircas Negras andesites and Valle Ancho basaltic andesites
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1LCP values reported by Jarosewich et al. (1980).  2Values obtained for LCP plagioclase standard are each composites of 8 spot analyses run before 
and after unknown samples.  All unknown samples and LCP are corrected by deviation from standards JDF and A99.  All Fe is shown as Fe2+.  
Cations are calculated on the basis of 32 oxygens.  An =Anorthite content; Ab = Albite content; Or = Orthoclase content; c = core, r = rim. 

 
 
 

 



 

analysis # 170 171 172 173 174 175 176 177 178 179 180 185 186 187
type r c r c r c r c r c r c r c

sample 412-1 412-2 412-2 412-3 412-3 412-4 412-4 412-5 412-5 412-6 412-6 412-7 412-7 412-8
SiO2  53.51 52.13 52.84 54.29 53.30 53.49 54.10 53.31 52.56 53.59 52.74 52.60 53.79 53.72
TiO2  0.05 0.04 0.04 0.04 0.05 0.04 0.04 0.03 0.02 0.04 0.03 0.01 0.04 0.03
Al2O3 29.87 30.44 29.70 29.35 29.70 29.39 28.79 29.37 30.02 29.00 29.04 29.80 29.63 29.81
FeO   0.67 0.74 0.69 0.63 0.78 0.66 0.60 0.68 0.63 0.77 0.82 0.74 0.65 0.70
MnO   0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.03 0.00 0.00 0.01 0.01 0.02 0.00
MgO   0.05 0.02 0.05 0.05 0.04 0.05 0.04 0.05 0.03 0.06 0.05 0.09 0.04 0.03
CaO   12.55 13.24 12.57 12.02 12.40 12.20 11.68 12.27 13.13 12.11 12.48 12.69 12.12 12.29
Na2O  4.15 3.82 4.13 4.53 4.25 4.44 4.54 4.23 3.91 4.31 4.19 3.97 4.42 4.19
K2O   0.29 0.29 0.34 0.39 0.35 0.33 0.39 0.39 0.29 0.37 0.33 0.29 0.39 0.35
Cr2O3 - - - - - - - - - - - - - -
Total 101.15 100.73 100.37 101.29 100.87 100.59 100.18 100.36 100.60 100.24 99.67 100.20 101.10 101.12

Si 9.609 9.432 9.574 9.725 9.607 9.660 9.787 9.651 9.510 9.708 9.629 9.548 9.661 9.643
Ti 0.006 0.005 0.005 0.005 0.006 0.005 0.005 0.004 0.003 0.005 0.003 0.002 0.006 0.003
Al 6.320 6.491 6.343 6.195 6.309 6.254 6.138 6.266 6.401 6.192 6.248 6.374 6.271 6.305
Fe2+ 0.101 0.111 0.104 0.094 0.117 0.100 0.091 0.103 0.095 0.116 0.126 0.112 0.097 0.106
Mn 0.002 0.002 0.000 0.000 0.000 0.000 0.002 0.004 0.000 0.000 0.001 0.001 0.003 0.000
Mg 0.013 0.006 0.013 0.012 0.012 0.013 0.010 0.014 0.008 0.017 0.013 0.025 0.012 0.009
Ca 2.417 2.568 2.443 2.309 2.397 2.362 2.265 2.383 2.548 2.352 2.443 2.470 2.334 2.366
Na 1.445 1.340 1.452 1.575 1.484 1.553 1.593 1.486 1.372 1.515 1.482 1.396 1.540 1.458
K 0.066 0.066 0.079 0.088 0.081 0.075 0.089 0.090 0.067 0.085 0.076 0.066 0.089 0.080
Cr - - - - - - - - - - - - - -
Total 19.980 20.021 20.014 20.004 20.014 20.022 19.980 20.000 20.006 19.990 20.022 19.995 20.013 19.970

An 61.5 64.6 61.5 58.1 60.5 59.2 57.4 60.2 63.9 59.5 61.1 62.8 58.9 60.6
Ab 36.8 33.7 36.5 39.7 37.4 38.9 40.4 37.5 34.4 38.3 37.0 35.5 38.9 37.3
Or 1.7 1.7 2.0 2.2 2.0 1.9 2.3 2.3 1.7 2.1 1.9 1.7 2.2 2.1

Major element plagioclase analyses from selected Pircas Negras andesites and Valle Ancho basaltic andesites

1LCP values reported by Jarosewich et al. (1980).  2Values obtained for LCP plagioclase standard are each composites of 8 spot analyses run before and 
after unknown samples.  All unknown samples and LCP are corrected by deviation from standards JDF and A99.  All Fe is shown as Fe2+.  Cations are 
calculated on the basis of 32 oxygens.  An =Anorthite content; Ab = Albite content; Or = Orthoclase content; c = core, r = rim. 
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analysis # 188 181 182 183 184 189 192 193 195 200 201 202 203
type r xeno-c xeno-c xeno-c xeno-c c c c r c c c c

sample 412-8 412-9 412-9 412-9 412-9 427-1 427-1 427-2 427-2 427-3 427-4 427-5 427-6
SiO2  54.03 62.26 60.11 61.36 62.91 54.57 58.49 53.83 54.07 53.42 54.33 55.39 55.82
TiO2  0.03 0.01 0.02 0.00 0.01 0.05 0.10 0.05 0.05 0.03 0.05 0.08 0.07
Al2O3 29.44 23.90 24.63 25.41 24.01 28.61 25.51 29.26 29.02 29.91 29.60 28.04 27.90
FeO   0.80 0.03 0.00 0.05 0.00 0.78 0.98 0.74 0.73 0.60 0.73 0.77 0.88
MnO   0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00
MgO   0.04 0.00 0.30 0.00 0.00 0.04 0.17 0.07 0.08 0.06 0.05 0.05 0.07
CaO   12.28 5.30 6.84 6.50 5.34 11.33 7.77 12.16 11.83 12.76 12.27 10.62 10.32
Na2O  4.39 7.40 6.88 7.28 7.76 4.72 6.29 4.48 4.58 4.22 4.40 5.17 4.97
K2O   0.35 1.30 0.53 0.65 0.71 0.35 0.64 0.24 0.27 0.23 0.29 0.41 0.44
Cr2O3 - - - - - - - - - - - - -
Total 101.36 100.21 99.31 101.27 100.72 100.44 99.94 100.82 100.66 101.22 101.73 100.53 100.47

Si 9.685 11.038 10.770 10.780 11.063 9.841 10.508 9.693 9.744 9.589 9.693 9.966 10.030
Ti 0.004 0.001 0.002 0.000 0.001 0.006 0.013 0.007 0.007 0.005 0.006 0.010 0.010
Al 6.220 4.994 5.202 5.262 4.976 6.081 5.400 6.210 6.163 6.327 6.224 5.947 5.909
Fe2+ 0.120 0.005 0.000 0.008 0.000 0.117 0.147 0.112 0.111 0.090 0.109 0.116 0.131
Mn 0.001 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.003 0.000 0.001 0.000 0.001
Mg 0.010 0.000 0.081 0.000 0.000 0.011 0.045 0.018 0.022 0.016 0.015 0.013 0.019
Ca 2.360 1.007 1.315 1.224 1.006 2.190 1.496 2.347 2.287 2.456 2.347 2.049 1.989
Na 1.524 2.543 2.391 2.481 2.646 1.649 2.191 1.564 1.599 1.468 1.521 1.803 1.730
K 0.080 0.295 0.122 0.145 0.158 0.081 0.147 0.054 0.061 0.052 0.066 0.095 0.101
Cr - - - - - - - - - - - - -
Total 20.003 19.883 19.883 19.902 19.850 19.977 19.948 20.004 19.997 20.002 19.982 19.999 19.921

An 59.5 26.19 34.35 31.80 26.41 55.87 39.01 59.19 57.94 61.78 59.67 51.92 52.07
Ab 38.5 66.15 62.46 64.44 69.44 42.07 57.15 39.44 40.51 36.92 38.66 45.69 45.28
Or 2.0 7.66 3.18 3.76 4.15 2.06 3.84 1.36 1.55 1.30 1.68 2.40 2.65

Major element plagioclase analyses from selected Pircas Negras andesites and Valle Ancho basaltic andesites
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1LCP values reported by Jarosewich et al. (1980).  2Values obtained for LCP plagioclase standard are each composites of 8 spot analyses run 
before and after unknown samples.  All unknown samples and LCP are corrected by deviation from standards JDF and A99.  All Fe is shown as 
Fe2+.  Cations are calculated on the basis of 32 oxygens.  An =Anorthite content; Ab = Albite content; Or = Orthoclase content; c = core, r = rim. 

 
 
 

 



 

analysis # 207 208 204 205 206 238 240 241 242 245 246 247 248
type c c xeno-c xeno-c xeno-r c c c c c c c c

sample 427-7 427-8 427-9 427-9 427-9 309-1 309-2 309-3 309-4 309-5 309-6 309-7 309-8
SiO2  52.90 52.38 53.51 61.10 56.64 54.81 56.72 56.03 59.66 52.66 54.20 53.07 53.95
TiO2  0.03 0.03 0.02 0.00 0.11 0.04 0.00 0.07 0.09 0.06 0.05 0.05 0.05
Al2O3 29.89 29.81 28.24 25.73 25.26 27.16 26.22 27.45 25.09 29.37 28.33 29.07 28.96
FeO   0.55 0.59 1.56 0.08 1.69 0.61 0.94 0.75 0.85 0.82 0.69 0.68 0.56
MnO   0.00 0.02 0.02 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.02
MgO   0.08 0.07 0.88 0.01 1.17 0.07 0.15 0.04 0.14 0.08 0.08 0.07 0.07
CaO   13.01 12.78 7.51 6.25 9.10 10.32 10.32 9.62 7.45 11.77 11.92 12.37 11.60
Na2O  4.05 4.14 6.06 7.03 4.90 5.22 5.04 5.40 6.29 4.06 4.40 4.32 4.79
K2O   0.16 0.17 0.74 1.06 0.57 0.30 0.01 0.51 0.65 0.28 0.24 0.19 0.23
Cr2O3 - - - - - - - - - - - - -
Total 100.68 99.97 98.53 101.26 99.46 98.53 99.41 99.87 100.21 99.11 99.90 99.83 100.23

Si 9.551 9.527 9.841 10.745 10.290 10.045 10.268 10.116 10.652 9.636 9.830 9.656 9.754
Ti 0.004 0.004 0.003 0.000 0.015 0.006 0.000 0.009 0.013 0.009 0.006 0.007 0.006
Al 6.360 6.390 6.121 5.332 5.408 5.865 5.594 5.840 5.280 6.333 6.054 6.234 6.171
Fe2+ 0.084 0.090 0.239 0.012 0.256 0.094 0.143 0.114 0.127 0.126 0.105 0.104 0.085
Mn 0.001 0.002 0.002 0.002 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.003 0.003
Mg 0.021 0.018 0.240 0.002 0.318 0.019 0.041 0.011 0.037 0.023 0.023 0.020 0.019
Ca 2.518 2.493 1.482 1.178 1.772 2.028 2.004 1.862 1.425 2.309 2.318 2.413 2.250
Na 1.418 1.459 2.160 2.398 1.727 1.854 1.768 1.891 2.176 1.439 1.546 1.522 1.678
K 0.037 0.039 0.174 0.237 0.133 0.071 0.002 0.116 0.149 0.065 0.055 0.044 0.053
Cr - - - - - - - - - - - - -
Total 19.993 20.023 20.263 19.906 19.921 19.980 19.820 19.959 19.858 19.940 19.937 20.003 20.020

An 63.38 62.46 38.83 30.90 48.79 51.30 53.09 48.12 38.01 60.56 59.15 60.63 56.52
Ab 35.69 36.55 56.60 62.89 47.55 46.90 46.85 48.87 58.02 37.75 39.44 38.26 42.16
Or 0.93 0.98 4.56 6.21 3.66 1.80 0.06 3.01 3.97 1.70 1.41 1.11 1.33
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1LCP values reported by Jarosewich et al. (1980).  2Values obtained for LCP plagioclase standard are each composites of 8 spot analyses run before 
and after unknown samples.  All unknown samples and LCP are corrected by deviation from standards JDF and A99.  All Fe is shown as Fe2+.  
Cations are calculated on the basis of 32 oxygens.  An =Anorthite content; Ab = Albite content; Or = Orthoclase content; c = core, r = rim. 

 
 

 



 

analysis # 249 250 251 253 255 256 258 260 209 210 211 212 214
type c c c c c c c c c c c c c

sample 309-9 309-10 101-1 101-2 101-3 101-4 101-6 101-7 428-1 428-2 428-3 428-4 428-5
SiO2  52.97 53.89 56.64 52.84 59.00 51.92 54.90 52.25 63.30 58.03 56.01 64.03 54.90
TiO2  0.04 0.06 0.14 0.11 0.36 0.08 0.15 0.08 0.13 0.10 0.07 0.15 0.08
Al2O3 28.60 28.92 26.33 28.61 25.02 29.23 27.24 29.41 22.30 26.17 27.82 21.39 28.45
FeO   0.61 0.68 0.79 1.06 1.33 0.96 1.01 1.18 0.98 0.93 1.17 1.02 1.26
MnO   0.00 0.01 0.00 0.00 0.02 0.02 0.01 0.00 0.00 0.01 0.02 0.00 0.01
MgO   0.06 0.08 0.13 0.12 0.10 0.11 0.10 0.18 0.01 0.02 0.06 0.01 0.05
CaO   12.30 11.97 9.36 12.56 8.88 13.11 10.80 13.39 3.83 8.81 10.18 3.51 10.98
Na2O  4.31 4.49 5.80 4.05 4.39 3.81 4.42 3.83 6.79 5.98 5.26 7.03 4.87
K2O   0.21 0.21 0.62 0.35 1.23 0.28 0.57 0.26 2.75 0.69 0.53 3.42 0.49
Cr2O3 - - - - - - - - - - - - -
Total 99.09 100.30 99.81 99.69 100.33 99.53 99.18 100.58 100.08 100.73 101.10 100.56 101.10

Si 9.705 9.742 10.243 9.656 10.570 9.518 10.016 9.494 11.285 10.376 10.028 11.400 9.860
Ti 0.005 0.007 0.019 0.015 0.049 0.011 0.020 0.011 0.018 0.013 0.009 0.020 0.011
Al 6.177 6.162 5.611 6.163 5.283 6.315 5.857 6.297 4.685 5.516 5.870 4.489 6.022
Fe2+ 0.093 0.103 0.119 0.162 0.199 0.148 0.154 0.179 0.146 0.139 0.175 0.152 0.190
Mn 0.000 0.001 0.001 0.000 0.003 0.003 0.001 0.000 0.000 0.002 0.002 0.000 0.002
Mg 0.016 0.021 0.034 0.031 0.028 0.031 0.026 0.049 0.003 0.004 0.016 0.003 0.014
Ca 2.417 2.321 1.815 2.462 1.706 2.577 2.113 2.610 0.733 1.690 1.955 0.670 2.114
Na 1.530 1.575 2.035 1.434 1.524 1.355 1.564 1.350 2.346 2.072 1.825 2.426 1.696
K 0.050 0.048 0.143 0.083 0.280 0.066 0.133 0.060 0.624 0.157 0.120 0.776 0.113
Cr - - - - - - - - - - - - -
Total 19.992 19.981 20.021 20.006 19.642 20.023 19.884 20.051 19.840 19.968 20.001 19.936 20.022

An 60.48 58.84 45.46 61.88 48.60 64.46 55.46 64.93 19.79 43.12 50.12 17.30 53.89
Ab 38.27 39.93 50.96 36.04 43.41 33.89 41.05 33.57 63.35 52.87 46.79 62.66 43.24
Or 1.25 1.23 3.57 2.07 7.99 1.66 3.49 1.50 16.86 4.01 3.09 20.04 2.87
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1LCP values reported by Jarosewich et al. (1980).  2Values obtained for LCP plagioclase standard are each composites of 8 spot analyses run before and 
after unknown samples.  All unknown samples and LCP are corrected by deviation from standards JDF and A99.  All Fe is shown as Fe2+.  Cations are 
calculated on the basis of 32 oxygens.  An =Anorthite content; Ab = Albite content; Or = Orthoclase content; c = core, r = rim. 

 
 
 
 

 



 

analysis # 219 221 225 226 228 229 230 231 232 233 234 235 236 237
type c c c c r r c c c c c c r r

sample 81-1 81-2 81-3 81-4 81-Line 1 81-Line 2 81-Line 3 81-Line 4 81-Line 5 81-Line 6 81-Line 7 81-Line 8 81-Line 9 81-Line 10
SiO2  53.48 56.01 60.06 62.00 56.69 52.81 56.16 53.77 51.00 55.89 52.53 54.70 49.61 55.08
TiO2  0.05 0.08 0.13 0.16 0.04 0.02 0.02 0.00 0.01 0.07 0.01 0.02 0.02 0.02
Al2O3 29.31 28.31 24.84 23.19 27.09 29.19 28.03 29.85 29.23 27.66 29.67 28.50 31.09 27.83
FeO   0.88 1.11 1.05 0.99 0.36 0.34 0.35 0.44 0.43 0.74 0.37 0.32 0.35 0.46
MnO   0.02 0.01 0.01 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
MgO   0.05 0.06 0.11 0.14 0.03 0.03 0.04 0.04 0.02 0.08 0.04 0.03 0.03 0.04
CaO   11.93 10.32 6.61 5.11 9.49 11.88 10.29 12.63 12.24 10.43 12.84 11.42 12.85 10.76
Na2O  4.35 5.39 6.07 6.58 5.61 4.55 5.35 4.16 4.15 5.11 4.01 4.43 3.50 4.94
K2O   0.40 0.56 1.40 1.84 0.68 0.40 0.53 0.31 0.37 0.54 0.29 0.38 0.28 0.51
Cr2O3 - - - - - - - - - - - - - -
Total 100.46 101.84 100.28 100.04 99.98 99.23 100.76 101.21 97.44 100.52 99.75 99.81 97.74 99.64

Si 9.672 9.966 10.729 11.063 10.208 9.658 10.051 9.638 9.519 10.048 9.567 9.895 9.234 9.988
Ti 0.007 0.011 0.018 0.022 0.006 0.002 0.003 0.000 0.002 0.009 0.001 0.003 0.003 0.003
Al 6.248 5.935 5.229 4.878 5.747 6.290 5.912 6.307 6.430 5.861 6.367 6.076 6.820 5.946
Fe2+ 0.133 0.165 0.157 0.147 0.054 0.052 0.052 0.066 0.066 0.111 0.056 0.049 0.055 0.070
Mn 0.003 0.001 0.001 0.003 0.000 0.002 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000
Mg 0.013 0.016 0.030 0.038 0.008 0.008 0.010 0.011 0.005 0.021 0.010 0.008 0.009 0.010
Ca 2.313 1.969 1.266 0.978 1.833 2.330 1.974 2.428 2.450 2.011 2.507 2.214 2.565 2.092
Na 1.524 1.860 2.101 2.277 1.958 1.611 1.858 1.446 1.500 1.780 1.416 1.554 1.263 1.736
K 0.093 0.127 0.319 0.419 0.155 0.093 0.120 0.072 0.087 0.124 0.066 0.087 0.066 0.118
Cr - - - - - - - - - - - - - -
Total 20.005 20.049 19.850 19.824 19.969 20.047 19.979 19.967 20.058 19.965 19.990 19.885 20.017 19.963

An 58.86 49.77 34.33 26.62 46.45 57.75 49.95 61.53 60.69 51.36 62.85 57.43 65.87 53.02
Ab 38.78 47.02 57.00 61.96 49.61 39.94 47.01 36.66 37.16 45.47 35.49 40.30 32.44 43.98
Or 2.35 3.21 8.67 11.42 3.94 2.30 3.03 1.81 2.15 3.17 1.67 2.27 1.69 3.00
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1LCP values reported by Jarosewich et al. (1980).  2Values obtained for LCP plagioclase standard are each composites of 8 spot analyses run before and after 
unknown samples.  All unknown samples and LCP are corrected by deviation from standards JDF and A99.  All Fe is shown as Fe2+.  Cations are calculated 
on the basis of 32 oxygens.  An =Anorthite content; Ab = Albite content; Or = Orthoclase content; c = core, r = rim.  Line is for a transect across the only 
plagioclase phenocryst in Dos Hermanos sample CC 81.  
 
 

 



 

analysis # 294 295 292 293 296 297 299 298
type

sample ILM-act1 ILMav2 Meas/Act ILMav2 Meas/Act Mt-1 Mt-1 Ilm-1 Ilm-1 Mt-2 Mt-2 Mt-2 Ilm-2

TiO2  45.71 45.71 n.a. 45.71 n.a. 9.76 10.06 42.21 43.22 12.03 12.21 10.35 41.11
Al2O3 0.04 0.12 1.72 1.74 0.42 0.43 3.76 2.10 3.12 6.25
FeO   46.5 45.7 0.98 45.51 0.98 78.71 78.51 49.58 48.50 74.94 75.92 75.88 44.67
MnO   4.77 4.77 4.77 0.34 0.37 0.42 0.43 0.39 0.38 0.37 0.34
MgO   0.32 0.31 0.98 0.32 1.00 1.66 1.63 2.40 3.14 1.88 2.12 1.65 2.70
Total 97.30 96.57 96.43 95.02 95.71 92.18 95.71 93.00 92.73 91.37 95.06

Ti 0.276 0.284 0.806 0.815 0.335 0.343 0.294 0.762
Al 0.077 0.078 0.013 0.013 0.166 0.094 0.141 0.184
Fe2+ 1.171 1.180 0.705 0.687 1.217 1.211 1.188 0.655
Fe3+ 1.371 1.353 0.376 0.357 1.164 1.221 1.272 0.291
Mn 0.011 0.012 0.009 0.009 0.012 0.012 0.012 0.007
Mg 0.094 0.093 0.092 0.119 0.105 0.119 0.094 0.101
Total 3.000 3.000 2.000 2.000 3.000 3.000 3.000 2.000

ILM 0.788 0.792 0.794
HEM 0.212 0.208 0.206
USP 0.283 0.291 0.361 0.355 0.312
MT 0.717 0.709 0.639 0.645 0.688

APPENDIX 10
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1ILM values reported by Jarosewich et al. (1980).  2Values obtained for the ilmenite standard are each composites of 8 spot analyses run before and after 
unknown samples.  All unknown samples are corrected by deviation from internal magnetite and ilmenite (Ti-only) oxide standards.  Magnetite and 
ilmenite analyses were recalculated on the basis of 3 and 4 oxygens and normalized to 2 and 3 total cations respectively. Fe2+/Fe3+ ratio is calculated from 
the un-normalized cation total with all Fe measured as Fe2+.  Endmembers were calculated following Ghiorso and Carmichael (1981) and include ILM = 
Ilmenite (FeTiO3); HEM = Hematite (Fe2O3); USP = Ulvospinel (Fe2TiO2); MAG = Magnetite (Fe3O4). 

 
 
 
 
 
 

 



 

analysis # 301 303 304 305 306 307 308 309 310 311 314 312 313
type

sample Mt-3 Ilm-3 Mt-4 Mt-4 Ilm-4 Ilm-4 Mt-5 Mt-5 Mt-5 Ilm-5 Mt-1 Ilm-1 Ilm-1

TiO2  9.28 45.63 11.93 10.97 40.96 41.87 10.59 11.65 18.52 42.25 7.16 33.43 33.66
Al2O3 1.84 0.46 4.12 2.48 0.60 0.27 2.20 1.84 3.42 2.67 1.81 0.36 0.34
FeO   78.78 44.23 74.54 76.61 47.61 49.77 77.49 76.37 67.88 45.79 76.06 53.30 54.72
MnO   0.31 0.53 0.32 0.33 0.35 0.35 0.33 0.33 0.37 0.38 0.34 0.32 0.28
MgO   1.56 3.85 1.64 1.94 3.58 2.94 1.79 1.91 1.68 2.98 2.00 3.08 2.76
Total 91.77 94.69 92.55 92.34 93.10 95.21 92.39 92.10 91.87 94.06 87.36 90.49 91.77

Ti 0.264 0.868 0.334 0.309 0.789 0.794 0.298 0.330 0.528 0.803 0.212 0.659 0.657
Al 0.083 0.014 0.183 0.111 0.018 0.008 0.098 0.083 0.155 0.081 0.085 0.011 0.011
Fe2+ 1.164 0.709 1.231 1.189 0.643 0.675 1.186 1.210 1.420 0.681 1.082 0.530 0.542
Fe3+ 1.390 0.251 1.149 1.272 0.404 0.403 1.305 1.258 0.789 0.312 1.491 0.670 0.676
Mn 0.010 0.011 0.010 0.011 0.008 0.008 0.011 0.011 0.012 0.008 0.011 0.007 0.006
Mg 0.089 0.147 0.092 0.110 0.138 0.112 0.101 0.109 0.096 0.114 0.119 0.122 0.108
Total 3.000 2.000 3.000 3.000 2.000 2.000 3.000 3.000 3.000 2.000 3.000 2.000 2.000

ILM 0.849 0.804 0.610 0.614
HEM 0.151 0.196 0.390 0.386
USP 0.271 0.364 0.323 0.758 0.769 0.310 0.340 0.570 0.217
MT 0.729 0.636 0.677 0.242 0.231 0.690 0.660 0.430 0.783

Major element oxide analyses from selected Pircas Negras andesites and Valle Ancho basaltic andesites
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1ILM values reported by Jarosewich et al. (1980).  2Values obtained for the ilmenite standard are each composites of 8 spot analyses run before and after 
unknown samples.  All unknown samples are corrected by deviation from internal magnetite and ilmenite (Ti-only) oxide standards.  Magnetite and ilmenite 
analyses were recalculated on the basis of 3 and 4 oxygens and normalized to 2 and 3 total cations respectively. Fe2+/Fe3+ ratio is calculated from the un-
normalized cation total with all Fe measured as Fe2+.  Endmembers were calculated following Ghiorso and Carmichael (1981) and include ILM = Ilmenite 
(FeTiO3); HEM = Hematite (Fe2O3); USP = Ulvospinel (Fe2TiO2); MAG = Magnetite (Fe3O4). 
 
 
 
 
 
 

 



 

analysis # 320 322 323 324 325 327 328 333 337 338 341 342 343 344 346
type

sample Mt-1 Ilm-1 Ilm-1 Mt-1 Mt-2 Ilm-1 Ilm-2 Ilm-3 Mt-1 Mt-2 Mt-3 Mt-3 Ilm-1 Ilm-1 Ilm-1

TiO2  0.69 17.48 18.37 1.79 1.79 17.32 18.43 16.66 5.86 6.05 6.85 7.22 43.64 49.48 43.91
Al2O3 1.02 2.05 2.80 2.07 1.58 0.42 0.38 0.32 3.64 2.00 1.96 2.52 6.83 1.22 5.11
FeO   80.88 64.97 63.40 81.36 82.10 71.06 69.33 71.59 77.45 78.55 78.23 77.11 33.28 37.13 32.68
MnO   0.05 0.32 0.45 0.74 0.75 0.15 0.19 0.14 0.49 0.46 0.52 0.52 0.10 0.10 0.11
MgO   0.38 1.07 2.13 4.21 4.19 1.33 1.25 1.08 3.70 3.71 3.89 2.99 3.81 4.54 3.34
Total 83.01 85.88 87.15 90.16 90.42 90.28 89.57 89.79 91.14 90.77 91.45 90.35 87.66 92.47 85.15

Ti 0.022 0.359 0.368 0.050 0.050 0.340 0.366 0.329 0.163 0.170 0.191 0.205 0.871 0.961 0.913
Al 0.051 0.067 0.089 0.092 0.070 0.013 0.012 0.010 0.161 0.090 0.087 0.114 0.217 0.038 0.169
Fe2+ 0.996 0.307 0.271 0.789 0.790 0.284 0.311 0.283 0.941 0.945 0.956 1.017 0.715 0.781 0.771
Fe3+ 1.906 1.215 1.176 1.808 1.829 1.307 1.257 1.331 1.513 1.571 1.531 1.477 0.042 0.041 0.004
Mn 0.002 0.007 0.010 0.024 0.024 0.003 0.004 0.003 0.015 0.015 0.017 0.017 0.002 0.002 0.003
Mg 0.024 0.044 0.086 0.237 0.236 0.052 0.050 0.043 0.207 0.210 0.218 0.171 0.153 0.178 0.140
Total 3.000 2.000 2.000 3.000 3.000 2.000 2.000 2.000 3.000 3.000 3.000 3.000 2.000 2.000 2.000

ILM 0.311 0.279 0.298 0.327 0.295 0.1702 0.1714 0.1927 0.2100
HEM 0.689 0.721 0.702 0.673 0.705 0.8298 0.8286 0.8073 0.7900
USP 0.021 0.041 0.040 0.967 0.974 0.997
MT 0.979 0.959 0.960 0.033 0.026 0.003

Major element oxide analyses from selected Pircas Negras andesites and Valle Ancho basaltic andesites

CC 101-pair 1 CO 428-oxide microphenocrysts CC 81-oxide microphenocrysts

1ILM values reported by Jarosewich et al. (1980).  2Values obtained for the ilmenite standard are each composites of 8 spot analyses run before and after 
unknown samples. All unknown samples are corrected by deviation from internal magnetite and ilmenite (Ti-only) oxide standards.  Magnetite and ilmenite 
analyses were recalculated on the basis of 3 and 4 oxygens and normalized to 2 and 3 total cations respectively. Fe2+/Fe3+ ratio is calculated from the un-
normalized cation total with all Fe measured as Fe2+.  Endmembers were calculated following Ghiorso and Carmichael (1981) and include ILM = Ilmenite 
(FeTiO3); HEM = Hematite (Fe2O3); USP = Ulvospinel (Fe2TiO2); MAG = Magnetite (Fe3O4). 
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List of sampled Incapillo volcanic units
Extrusive - domes and lava flows type lat (DD) lon (DD) elev (m) Age (Ma) min
sample Pre-Caldera Unit  (proto-cone)
CO 516 Intra-caldera dacite RD 27.902 68.788 5438 0.87 ± 0.03 bio1 Lower north caldera wall

Incapillo Caldera Domes
CO 136 Incapillo dome R 27.904 68.850 5570 1.1 ± 0.4 bio2 West rim of caldera
CO 137 Incapillo dome RD 27.901 68.858 5498 2.9 ± 0.4 bio2 NE-flank of Veladero
CO 317 Incapillo dome RD 27.904 68.850 5533 West rim of caldera
CO 318 Incapillo dome RD 27.906 68.861 5473 West rim of caldera
CO 319 Incapillo dome D 27.897 68.861 5476 West rim of caldera
CO 139 Incapillo dome RD 27.964 68.822 5234 South of caldera along stream

Eastern Incapillo Domes
CO 323 Eastern Incapillo dome R 27.915 68.769 5605 1.34 ± 0.13 bio1 NW flank of Bonete Chico
CO 517 Eastern Incapillo dome R 27.902 68.788 5420 East rim of caldera

Older Oxidized Domes
CO 322 Eastern Incapillo RD 27.935 68.760 5760 NW flank of Bonete Chico
CO 140 S. Incapillo dome D 27.964 68.822 5186 1.9 ± 0.7 wr2 NE-flank of Veladero
CO 518 S. Incapillo dome RD 27.971 68.801 5198 Q. Veladero - south of Incapillo
CO 135 S. Incapillo dome D 27.922 68.815 5367 Q. Veladero - south of Incapillo
CO 525 S. Incapillo dome RD 28.020 68.837 4976 Q. Veladero - below ignimbrite
CO 522 S. Incapillo dome RD 28.021 68.825 4983 Q. Veladero - south of Incapillo
CO 142 S. Incapillo dome D 28.038 68.848 4863 4.6 ± 0.2 wr2 Q. Veladero - below ignimbrite
CO 151 Fandango dome D 28.148 68.845 4589 4.7 ± 0.5 wr2 Q. Veladero- Fandango
CO 157 Fandango dome D 28.184 68.838 4694 3.6 ± 0.5 wr2 Q. Veladero--Fandango

Western (Rio Salado) Domes
CO 184 Rio Salado dome D 27.831 68.975 4818 Headwaters of Rio Salado
CO 314 Rio Salado dome D 27.916 69.088 4615 West side of Rio Salado
CO 316 Rio Salado dome D 27.911 69.101 4596 West side of Rio Salado
CO 505 Rio Salado dome RD 27.920 69.009 4739 East side of Rio Salado
CO 506 Rio Salado dome R 27.938 69.034 4725 East side of Rio Salado
CO 508 Rio Salado dome R 27.938 69.055 4990 2.55 ± 0.03 bio1 East side of Rio Salado
CO 509 Rio Salado dome RD 27.940 69.054 4766 East side of Rio Salado
CO 510 Rio Salado dome RD 27.890 69.008 4680 East side of Rio Salado
CO 511 Rio Salado dome RD 27.934 69.002 4838 East side of Rio Salado
CO 513 Rio Salado dome R 27.909 68.993 4817 East side of Rio Salado
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type lat (DD) lon (DD) elev (m) Age (Ma) min
Incapillo Ignimbrite

CO 138 Incapillo pumice RD 27.916 68.864 5484 Caldera-southwest rim
CO 320 Incapillo pumice R 27.935 68.851 5410 Caldera - south rim
CO 514 Incapillo pumice RD 27.950 68.821 5200 0.51 ± 0.02 bio1 Caldera - south rim
CO 141 Incapillo pumice RD 27.939 68.860 5186 1.6 ± 0.5 bio2 Q. Veladero - proximal
CO 325 Incapillo pumice RD 28.015 68.829 5044 Q. Veladero - medial
CO 524 Incapillo pumice R 28.024 68.836 4967 0.51 ± 0.04 bio1 Q. Veladero - medial
CO 143 Incapillo pumice RD 28.038 68.848 4863 Q. Veladero - distal 
CO 527 Incapillo pumice R 28.038 68.848 4863 Q. Veladero distal
CO 183 W. Incapillo pumice RD 27.802 69.005 4668 Headwaters of Rio Salado

Veladero Debris Flow
CO 515 Veladero welded ignimbrite - 27.969 68.807 5156 Q. Veladero 
CO 523 Veladero welded ignimbrite - 28.009 68.824 4967 Q. Veladero 
CO 526 Veladero welded ignimbrite - 28.026 68.855 4859 Q. Veladero 

Volcan Pissis
CO 37 Lava flow D 27.730 68.760 5186 4.1 ± 0.4 bio2 North face of Pissis
CO 38 Lava flow A 27.710 68.770 5028 6.2 ± 0.5 bio2 North face of Pissis
CO 39 Lava flow A 27.690 68.780 4959 4.2 ± 0.2 wr2 North face of Pissis
CO 180 Lava flow D 27.756 69.029 4631 3.2 ± 0.3 wr2 West face of Pissis
CO 182 Lava flow D 27.800 68.998 4749 4.6 ± 0.7 wr2 West face of Pissis

Sierras de Veladero
CO 152 Veladero dome D 28.109 68.944 4853 4.2 ± 0.4 bio2 Sierras de Veladero
CO 153 Lava flow D 28.109 68.944 4853 5.6 ± 1.0 wr2 Southeast Veladero
CO 154 Lava flow A 28.090 68.934 5016 wr Southeast Veladero

Bonete Chico
CO 147 Lava flow D 28.140 68.672 4512 2.5 ± 0.4 wr2 Southern Bonete Chico
CO 148 Lava flow D 28.124 68.743 4954 4.0 ± 0.2 wr2 South face of Bonete Chico
CO 149 Lava flow D 28.080 68.754 5088 4.2 ± 0.3 wr2 South face of Bonete Chico
CO 150 Lava flow A 28.130 68.787 4890 - South face of Bonete Chico
CO 321 Lava flow D 27.935 68.760 5760 - North face of Bonete Chico

Ignimbrites and Debris Flows location

Late Miocene- Pliocene Arc

 
1Ar/Ar fusion ages reported in Table 4.2, 2K-Ar ages obtained at SERNAGEOMIN and are presented in Table 4.1, R=rhyolite (SiO2 > 70 wt %); RD = 
rhyodacite (SiO2 = 67-70 wt %); D = dacite (SiO2 = 63-67 wt %), A = andesite (SiO2 = 60-63 wt %). 
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Represenative major element mineral analyses from Incapillo dome xenoliths

analysis # 29 73 90 85 31 61 44 48 77 97
type CO512b CO512b CO512b CO512b CO512b CO512b CO512b CO512b CO512b CO512b

sample r c r r c c c c c c
SiO2  45.24 44.17 47.98 45.64 38.29 38.48 55.38 58.91 56.30 60.91
TiO2  1.48 1.74 1.31 1.53 3.15 2.92 0.01 0.00 0.01 0.02
Al2O3 9.47 11.56 7.35 9.14 14.65 14.83 28.31 26.32 28.35 24.96
FeO   14.05 12.39 14.11 14.75 14.24 11.81 0.21 0.16 0.17 0.23
MnO   0.38 0.31 0.39 0.37 0.20 0.16 0.00 0.00 0.00 0.01
MgO   13.56 13.93 14.28 13.37 17.50 17.91 0.00 0.02 0.01 0.00
CaO   12.09 12.25 12.05 11.96 0.06 0.04 10.25 7.53 10.08 6.03
Na2O  1.68 2.01 1.36 1.69 0.72 0.64 5.35 6.60 5.37 7.18
K2O   0.82 0.78 0.68 0.75 9.26 9.36 0.34 0.55 0.33 0.82
Cr2O3 - - - - - - - - - -
Total 98.77 99.14 99.50 99.20 98.07 96.15 99.85 100.10 100.61 100.16

Si 6.549 6.345 6.851 6.582 2.790 2.840 2.497 2.628 2.515 2.705
Ti 0.161 0.188 0.141 0.166 0.173 0.162 0.000 0.000 0.000 0.001
Al (iv) 1.451 1.655 1.149 1.418 0.210 0.160 1.504 1.384 1.492 1.306
Al (vi) 0.165 0.302 0.089 0.136 1.048 1.129 - - - -
Fe2+ 1.112 0.988 1.095 1.139 0.867 0.728 0.008 0.006 0.006 0.009
Fe3+ 0.589 0.501 0.589 0.640 - - - - - -
Mn 0.046 0.037 0.047 0.045 0.012 0.010 0.000 0.000 0.000 0.000
Mg 2.926 2.983 3.039 2.874 1.900 1.970 0.000 0.001 0.001 0.000
Ca 1.876 1.887 1.845 1.849 0.004 0.003 0.496 0.360 0.483 0.287
Na(B) 0.124 0.113 0.155 0.151 0.102 0.091 0.468 0.571 0.465 0.618
Na(A) 0.346 0.446 0.221 0.323 - - - - - -
K 0.152 0.142 0.124 0.138 0.861 0.881 0.019 0.032 0.019 0.046
Cr - - - - - - - - - -
Total 15.699 15.76 15.54 15.68 7.967 7.975 4.993 4.982 4.981 4.973

(Na + K)A 0.498 0.588 0.344 0.461 - - An 50.5 37.4 49.9 30.2

(Ca + Na)B 2.000 2.000 2.000 2.000 - - Ab 47.6 59.3 48.1 64.9

Mg2+/(Mg2++FeT) 0.632 0.667 0.643 0.618 0.69 0.73 Or 2.0 3.3 1.9 4.9

APPENDIX 12

-----------amphibole analyses---------- --biotite analyses-- ------------plagioclase analyses----------

All unknown mineral analyses were corrected by deviation from Smithsonian standards JDF and A99 and 
in-house standard RHA.  Methods and replicated analyses of USGS secondary standards are reported in 
Appendices 1, 5, and 9 relative to published values by Jarosewich et al. (1980).  Amphiboles, biotites, and 
plagioclase phenocrysts were calculated on the basis of 23, 11, and 32 oxygens respectively.  An = 
Anorthite  Ab = Albite  Or = Orthoclase 
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Endmember compositions used in Incapillo mixing models
source magma
Pircas Negras Average Paleozoic Average UC

CO 309 Pz G UC
SiO2 61.7 68.8 66.0
TiO2 0.95 0.41 0.50
Al2O3 16.2 14.6 15.2
FeOt 4.83 3.82 4.50
MnO 0.08 0.08 0.08
MgO 2.61 1.29 2.20
CaO 6.46 3.02 4.20
Na2O 4.52 3.60 3.90
K2O 2.51 2.83 3.40
P2O5 0.36 0.12 0.40
Total 100.3 98.6 100.4

Sr 899 189 350

APPENDIX 13

-------------crustal assimilants-------------

Rb 60 113 112
Pb 10.5 16.0 20.0
Ba 1057 525 550
La 39.1 23.1 30.0
Nd 38.2 20.1 26.0
Sm 6.7 4.4 4.5
Eu 1.6 1.1 0.9
Yb 0.83 2.31 2.20
Hf 5.8 5.0 5.8
Ta 0.69 0.80 2.20
Th 4.9 11.0 10.7  
Pircas Negras composition is from Goss et al. (Chapter 2).  Major and trace 
element data for Paleozoic is from Lucassen (2001) and bulk upper crust from 
Rudnick and Fountain (1995). Ta concentrations for average Paleozoic are 
calculated from the Nb concentration (15 ppm) using a Nb/Ta ratio of 17.5.   



 

Partition coefficients used in Incapillo EC-AFC mixing models
xenolith1 plag-rich2 Paleozoic3 Av. Upper Crust4

plag amph biotite mag K-spar qz zircon crystal/melt crystal/melt assimilant/melt assimilant/melt
Sr 3.40 0.01 0.52 0.01 5.40 - - 0.73 1.43 2.20 2.17
Rb 0.30 0.40 4.20 0.01 1.75 0.011 - 0.52 0.50 0.77 0.96
Pb 0.27 0.30 5.36 0.10 11.45 - - 0.52 0.52 0.55 0.54
Ba 0.53 0.53 0.10 0.71 2.44 0.011 - 0.50 0.49 2.04 2.22
La 0.18 0.31 3.18 0.66 0.08 0.013 16.9 0.41 0.39 0.45 0.60
Nd 0.09 1.20 2.23 0.93 0.04 0.011 13.3 1.01 0.78 0.32 0.43
Sm 0.06 2.00 1.55 1.20 0.025 0.01 14.1 1.56 1.16 0.25 0.32
Eu 0.75 1.90 0.87 0.91 4.45 0.038 16 1.59 1.35 0.99 1.00
Yb 0.10 2.10 0.54 0.44 0.03 0.011 527 1.57 1.15 0.66 0.68
Hf 0.03 0.54 0.60 0.24 0.03 0.017 3193 0.43 0.32 3.33 3.36
Ta 0.3 0.59 1.34 1.2 0.01 0.006 47 0.52 0.41 0.29 0.343
Th 0.01 0.16 1.22 0.01 0.02 0.006 76.8 0.17 0.14 0.28 0.33

APPENDIX 14
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Modal abundances: 1Xenolith: amph (70 %), plag (20 %), biotite (4 %), magnetite (3 %), glass (2 %); 2Plag-rich assemblage: amph (50 %), 
plag (40 %), biotite (4 %), magnetite (3 %), glass (2 %); 3Paleozoic crust: plag (44%), quartz (30 %), biotite (10%), K-spar (13 %), magnetite 
(2.4 %), zircon (0.1 %); 4Average upper crust: plag (44 %), quartz (27 %), biotite (15 %), K-spar (12 %), magnetite (2.2 %), zircon (0.1 %).   
Partition coefficients are from Mahood and Hildreth (1983), Bacon and Druitt (1988), Ewart and Griffin (1994), and Nash and Crecraft 
(1985).  
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