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Abstract: To better understandthe origin of acrossstrike K,O enrichmentsin silicic
volcanicrocksfrom the AndeanCentralVolcanic Zone,we comparegeochemicatlatafor
Quaternaryvolcanic rocks eruptedfrom three well-characterizedcompositevolcanoes
situatedalonga southeasstriking transectetween21®° and22° S latitude (Aucanquilcha,
Ollagie, and Uturuncu).At a given SiO, content lavas eruptedwith increasingdistance
from the arcfront displaysystematicallyhigherK,O, Rb, Th, Y, REEandHFSE contents;
Rb/Sr ratios; and Sr isotopic ratios. In contrast,the lavas display systematicallylower
Al,03, N&O, Sr,andBa contentsBala, Ba/Zr, K/Rb, andSr/Y ratios;Nd isotopicratios;
andmorenegativeEu anomaliesowardthe east We suggesthatsilicic magmasalongthe
arc front reflect melting of relatively young, mafic compositionamphibolitic sourcerocks
and that the mid- to deepcrust becomesincreasingly older with a more felsic bulk
compositionin which residualmineralogiesare progressivelymore feldsparrich toward
the east.Collectively,thesedatasuggesthe continentalcrustbecomestronglyhybridized
beneatHhrontal arclocalitiesdueto protractedntrusionof primary, mantlederivedbasaltic



Geoscienceg013 3 634

magmaswith a diminishing effect behind the arc front becauseof smaller degreesof
mantlepartial melting andprimary melt generation.

Keywords: acrossstrike geochemicalvariation; Central Volcanic Zone; Aucanquilcha;
Ollagie; Uturuncu

1. Introduction

Continentalarcvolcanoegepresena dramaticsurfaceexpressiorof oneof the mostsignificantand
fundamentalbhenomenan global tectonics:subductionof an oceanicplate beneatha more buoyant
continentalplate. The subductionof an oceanicplate resultsin recycling of crustalmaterialinto the
convectingmantle,partial melting, and primary basaltproduction.Moreover,during passagehrough
thick continentalcrust,subductioreonemagmasnay substantiallydifferentate andmelt crustalrocks
giving rise to the greatdiversity of igneouslithologies characteristicof Earth. Theseare important
processeshat mustbe understoodn detailin orderto interpretthe long-term evolutionof subduction
zonesystemsn Earthandthe generatiorof continentalkrust.

Although exceptionsexist, one of the mostremarkabldeaturesof arc magmatisms the systematic
increasdn the contentsof K,O andotherincompatibletraceelementsn volcanicrocks eruptedwith
increasingvertical distanceto the Benioff zone[11 4]. Understandinghe significanceof thesetrends
haslong beena major objectiveof petrologistsdue to the broaderimplicationsfor regionaltectonic
complexities and magma generationprocesses,n addition to advancing understandingof arc
magmatism.Despitedecadeof intensestudy, the origins of acrossstrike geochemicalariationsin
intra-oceanicarcs are still vigorously debated;they are considerablyless understoodn continental
arcs.As emphasizedby Dickinson[5], interpretingthe origin of thesevariationsis inherentlydifficult
in continentalarcsdueto the scarcityof primary, or nearprimary basaltsandthe complicatingeffects
of crustalcontaminationFor thesereasonsnostof the betterstudiedexamplesarefrom arcsunderlain
by relatively thin and, or, young continental crust where the potential for contaminationis
reduced3,6i 19].

Much hasbeenlearnedaboutarc magmatismsince publicationof Gillés [2] classicbook on the
subject,althoughmuchremainsto be learned.Becauseof its exceptionallythick continentalcrustand
numerouswell preservedvolcanic centers,the Central Volcanic Zone (CVZ) presentsa unique
opportunity to advanceunderstandingof fundamentalproblemssuch as how silicic magmasare
generatedn continentalarcs,how the continentalcrustmay modify the compositionsof primary arc
magmasdn spaceandtime [7,17,20 22], and how arc magmasmay, in turn, spatially andtemporally
modify the compositionof the crustthroughwhich thesemagmasascendanddifferentiate[23i 27].

In this study we examineand interpretacrossarc geochemicakrendsof <1 Ma silicic volcanic
rocks (andesitego dacites)eruptedfrom threecompositevolcanoesn the AndeanCentralVolcanic
Zone (CVZ) of northernChile and southwestBolivia (21°122° S latitude; Figure 1) and use this
information to shedlight on how the continentalcrust may influence acrossarc trendsin magma
chemistry. Associatedwith active eastwardsubductionof the oceanic Nazca plate beneaththe
continentalSouthAmericanplate,the CVZ representsain endmemberin subductionzonesystemson
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Earth becausethe continental crust is thicker (70i 80 km) than at any other convergentmargin
setting[28i 35]. The centersexaminedin this study were selectedbecauseof the young and limited
rangein ages(<1l Ma), quality and availability of comprehensivelatasets(including isotopic data),
andsimilarity in eruptivehistories(i.e., effusive eruptionsfrom andesiticto daciticcompositecones).
In addition, we selectedcentersthat spanthe rangeof volcanic activity in the arc, but showa small
N-S coveragearea in order to minimize potential alongarc variations in magma sourcesand
processesOther volcanic centersare presentwithin the study areathat fit some of the above
mentionedcriteria, but no other centerswere identified that fit all three of the controls. These
restrictionsallow for a more focusedexaminationrelative to largerregionalstudies(i.e., [22,36,37).

Previousregionalscalestudiesof magmatismn the southernAltiplano region documentedeastward
increasesin K,O and related incompatible trace elements virtually identical to acrossstrike

geochemicalrends observedat many oceanicisland arcs and continentalarcs constructedon thin
crust[38i 45].

Figure 1. Map showinglocation of AndeanCentralVolcanic Zone (CVZ). Shadedarea
showsthe region where crustal thicknessexceeds60 km [30,32,33,46] stippled region
illustratesdistribution of Quaternaryolcanicrocks Modified from Feeleyand Hacker[47].

Redbox highlightstheregionillustratedin Figure2.
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Figure 2. Simplified geologic map of the southernAltiplano and surroundingregion
(modified from Sparkset al. [48]). Only potentially active volcanoesas defined by
de Silva andFrancis[49] andvolcanoesn the southernAltiplano areillustrated.Labeled
volcaniccentersarethoseconsideredn this studydueto the quality of datasetsavailable
for othervolcanic centerswithin the study area.The thick dashedine trendingNW-SE
acrossthe Bolivian-Argentineborderis interpretedirom Allmendingeret al. [28] andis
consideredio be the generalboundarybetweenthe Bolivian Altiplano (north) and the
ArgentinePuna(south)
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2. Background: Tectonic and GeologicSetting
2.1 RegionalSetting

The Andes are generally consideredthe classic exampleof a modern Cordilleran type orogen
formed by long-term subductionof oceaniclithospherebeneathcontinentallithosphere.The central
Andes,in particular,representhe type locality for this procesowing to the greatwidth of the orogen
and immensecrustal thicknesss (up to 70i 80 km; [29]) and high elevations(~4i 6 km; [50]) that
occurover vastareas(Figure 1). The regioncomposesne of the youngestand largestactive silicic
volcanicprovinceson Earthwith recentcalderaformation. It containsover 20 calderasandnumerous
ignimbrites(largeashflow sheets)essthan10 Ma aswell asanestimatedb0 activeor recentlyactive
compositevolcanoeg51i 53].

The moderncentralAndesat 21 22° S latitude aredivided into threenorth- to north-weststriking
geologicaland upper crustal provinces.From west to easttheseare (1) the WesternCordillera: an
activevolcanicarc boundedon the westby a westwarddipping monocline;(2) the Altiplano: a broad,
elevatedplateau (>3800 m) where undeformedlate-Miocene and younger volcanic rocks overlie
variably folded and faulted mid-Miocene and older sedimentaryand volcanic rocks; and (3) the
EasternCordillera: a major eastvergingthrustcomplexinvolving Paleozoido Mesozoicsedimentary
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and metamorphiaocks. The largestvolumesof intermediatecompositionlavasat 21°1 22° S latitude
eruptedirom compositevolcanoeghatform the peaksof the WesternCordillera.BakerandFrancis[53]
estimatedthat the WesternCordillera contains~3000 km® of theselavas between21° and 22° S
latitude Lavasassociatedvith compositevolcanoesextendfor ~200km eastwardonto the Altiplano,
althoughvolumesdecreassharplyto <800km? [53].

The youngestrocksin the southernAltiplano regionof the CVZ were eruptedfollowing relatively
recentchangesn the subductionhistory of the CVZ. Thesechangesare relatedto breakupof the
Farallonplateinto the Cocosandthe Nazcaplates,which increasedhe rate of subductionbeneatithe
SouthAmericanplate[16,54 56]. Betweenl5® and28° S latitudethe presentday subductionangleof
~30° allows for an expressionof magmatismthat is absentfrom 2° to 15° S wherethe subduction
angleis betweerb® and10° [57]. Uplift of the Altiplano andthickeningof the CVZ crustarebelieved
to berelated,in part,to the recentsteepeningf the subductingslab[16,58,59] In this studywe focus
on compositionalariationsof rockson andbehindthe Quaternaryarcfront that eruptedafter the last
majorepisodeof regionalcrustalthickeningandshorteningn theregion.

2.2 Individual VolcanicCenters

Aucanquilchais a long lived (11 Ma) volcanic complexlocatedon the volcanicfront in northern
Chile (Figures 1 and 2; [27]). The AucanquilchaVolcanic Complex consistsof 4 distinct volcanic
groups:the AlconchaGroup(11to 8 Ma), the GordoGroup (6 to 4 Ma), the PolanGroup(~4 to 2 Ma),
andVolc&a Aucanquilcha(<1 Ma; [27,60). Therearelong hiatusesdbetweenthe Aconchaand Gordo
Groupsandbetweerthe PolanGroupandVolcd AucanquilchaThis paperfocusesxclusivelyonthe
eruptiveproductsof Volca Aucanquilcha.

Eruptive productsfrom Volcda Aucanquilcharangein agefrom 1.04 to 0.24 Ma [60]. Volcéa
Aucanquilchaexperiencedfour stagesof growth as defined by Klemetti and Grunder [60]: the
Azufrera,Rodado,CumbreNegraand Angulo stagesThesestagesare not uniquelydistinguishedon
the basisof location or time, and all are dominantly dacitic in composition.Eruptive units of the
Azufrerastage(1.04to 0.94 Ma) makeup the main edifice of the volcano[60]. Theseunitsaremainly
blocky two-amphibole(with the exceptionof the RodadoStage)plus biotite daciticlavaflows [60,61]
Nearly all lavascontainundercooledasalticandesiticto andesiticmagmaticinclusionsthat compose
1%i 10% of thetotal volumeof thelavas[27,60]

Volca Ollagie straddleghe Bolivia-Chile borderapproxmately 25 km to the eastof the arc front
(Figures 1 and 2; [41]). It is a compositevolcanowith no Holoceneeruptions[62]. Feeleyet al. [63]
describedour eruptiveseries(Vinta Loma, ChascaOrkho, La Celosaandpostcollapse)anda debris
avalanchalepositresultingfrom sectorcollapseof the westernflank of the volcano.Theseserieswere
subsequentlysubdivided into ten sequencesby Wdaner et al. [64], Clavero et al. [65], and
Vezzolietal. [66].

Ollagie was primarily active betweenl.2 Ma and 130 ka. Currently the volcano showssigns of
activity through active degassingof fumarolesthat vent from a young dacitic dome on the upper
westernflank [63,65] Compositionof eruptiveproductsrangefrom basalticandesiticto dacitic lava
flows anddomescoveringan estimatedareaof ~230km? with a volume of ~85km®[63]. In addition,
basalticandesiticto andesiticmagmaticinclusionsarepresenin varying proportionsin nearlyall lava
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flows, althoughthey are more abundantin younger units. The volcanois built upon 8 to 5 Ma
ignimbrite deposit447].

CerroUturuncuis anandesiticto mainly dacitic compositevolcanolocatedin the southernrAltiplano
regionof the CVZ in southwesBolivia, approximatelyl20km eastof thearcfront (Figures 1 and2; [48]).
The volcanowas primarily active between890 and 271 ka. Eruptive productsdefine two seriesas
describedby Sparkset al. [48]. Thefirst seriesis more extensiveolder materialrangingfrom 890 to
549 ka. Theseflows and domesrest directly on approximately5 Ma ignimbrites[49]. The second
seriesconsistsof youngerflows coveringabout10 km?, mostly locatedon the upperflanks of the
edifice. Theseflows rangefrom 427to 271 ka andarebuilt uponthefirst seriesflows anddomeg48].
Most flows and domessampledby Sparkset al. [48] andin this study containundercoolecandesitic
magmatianclusionsthatcomposeno morethana few volumepercentof the hostrocks.In manyolder
rocksmagmaticinclusionsarerare [48]. This relationshipis similar to thatseenat Aucanquilchg60]
andOllagie [63] wheremagmatidnclusionsaretypically moreabundantn youngeravas.

3. Methods

New whole rock analysesfor Uturuncu rocks were performedat WashingtonState University,
Pullman.Major andtrace elementanalyseson 121 sampleswere performedby X-ray Fluorescence
Spectrometry(XRF) on a ThermoARL AdvantXP+ automatedsequentialwavelengthspectrometer
(ThermoARL, Waltham, MA, USA) Methods and errors for the XRF analysesare describedin
Johnsonet al. [67]. 65 distinct geochemicalsampleswere further analyzedfor trace elements,
including therareearthelementspy Inductively CoupledPlasmaVassSpectrometryICP-MS) on an
Agilent Technologies’700ICP-MS (Agilent TechnologiesConesus, NYUSA). Methodsanderrors
for traceelementanalysesredetailedin Jarvis[68].

Whole rock Nd and Sr isotopic analyseson 30 sampleswere acquiredby Thermallonization Mass
Spectrometry(TIMS) on a VG Sector54 (VG, Santa Clara, CA, USAxnd analyzedby five Faraday
collectorsin dynamicmodeat New Mexico StateUniversity, Las CrucesCalibrationof 8'Srf°Sr ratios
wascalculatedusingthe ®°SrP®Sr ratio analyzedat 3.0V aimingintensityandnormalizedto 0.1194using
NBS 987 Standard0.710298+ 0.000A.0) to monitor the precisionof the analysesSr wasisolatedusing
Sr-Specresincolumnchromatographyy the methoddescribedn RamosandReid[69]. Nd wasseparated
using REE resin column chromatographyusing the digested split of prepared sample for Sr
chromatographyNd isotopeswere normalizedto **Nd/A*Nd = 0.7219 and resultsfor JNDi-1 were
10NdA*Nd = 0.512137+ 0.000009for five analyses.Pb isotopeswere separatedrom the same
digestedsamplesusedfor SrandNd isotoperatios.Pbseparationsised~2 mL of anionexchangeesin
in a high-aspectratio glasscolumnwith an eluentof 1IN HBr and 7N HNOjs. Purified sampleswvere
thendriedandre-dissolvedin 1 mL of 2% HNO; containing0.01ppmTIl. Samplesvereanalyzedona
ThermoFinnigarNeptunemulti-collector ICP-MS (ThermoFinniganWaltham, MA, USA)equipped
with nine Faradaycollectorsandanion counter.The standardNBS 981 (*®Pb/**Pb & 36.662+ 0.002,
2Ppf2%Ph & 15.462+ 0.001,%°Pb/*Pb & 16.928+ 0.001)wasusedfor accuracycorrectionsandto
monitor precision of the analyses.The values measuredfor NBS 981 were within the error of
publishedratios for NBS 981 [70] and thereforecorrectionswere not appliedto unknown sample
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ratios Giventheyoungagesof all rocksexaminedn this study,no agecorrectionsnvereperformedfor
theradiogenidsotopedata.

U0 valueswere determinedfor 30 Uturuncusamplesby the laserfluorination methoddescribed
by Takeuchiand Larsen[71] at Washington State University, Pullman. Quartz and plagioclase
phenocrystseparateswere analyzedtwice to insure reproducibility. The standardUWG-2 was
measuredvith a differenceof 0.2a from the publishedvalueof 5 . 8 Pr72] Dataareillustratedin
figuresand presentedn Table 1 in permil using standarddelta notationrelative to Vienna Standard
MeanOceanWater(VSMOW).

Table 1. Representativaewwholerock sampledrom CerroUturuncu.

Sample DM10A DM58A2 GSM17 GSM29 GSM-50

SiO, 65.55 62.30 66.59 63.65 64.84
TiO, 1.08 1.13 1.00 0.99 1.08
Al,O3 16.16 17.19 15.84 16.11 16.25
FeO* 4.81 5.73 4.47 5.24 4.93
MnO 0.07 0.09 0.06 0.07 0.07
MgO 1.87 2.60 1.61 3.07 2.11
CaO 414 4.95 3.64 4.69 4.11
Na,0O 2.37 2.21 2.41 2.23 2.29
K20 3.70 3.49 411 3.67 4.01
P,Os 0.25 0.30 0.28 0.28 0.32
LOI (%) 0.99 0.43 0.53 0.51 0.95
Sum 100.00 100.00 100.00 100.00 100.00
La 53 59 69 61 70
Ce 109 118 140 120 141
Pr 13 14 17 15 17
Nd 50 53 61 54 62
Sm 10 10 11 10 11
Eu 1.80 1.98 1.89 1.90 1.97
Gd 7.68 8.23 8.10 7.79 8.36
Tb 1.11 1.25 111 1.10 1.18
Dy 5.89 6.96 5.65 5.74 6.07
Ho 1.03 131 0.93 1.03 1.04
Er 2.44 3.29 2.18 2.63 2.40
m 0.33 0.45 0.29 0.37 0.31
Yb 1.90 2.72 1.64 2.25 1.76
Lu 0.27 0.40 0.24 0.33 0.25
Ba 686 776 850 814 866
Th 19 19 25 20 25
Nb 18 21 19 19 22
Y 27 33 25 27 27
Hf 6.6 6.4 7.3 6.4 7.3
Ta 14 15 14 1.3 15
Rb 167 146 193 161 184
Sr 305 474 338 391 388
Zr 250 241 277 230 276

Note Total FereportedasFeO*.
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4. Results
4.1 Summarnyof Petrologyand PetrogenetidProcessesit 21°1 22° SLatitude

Rocksfrom all three centersare porphyritic with 30% to 60% by volume phenocrystqaverage
~40%).Plagioclasas the mostabundanphenocrysphasen all samplesaccountingfor 50% to 75%
of the mineral assemblagén many of the samples Other phenocrystphasesare presentin variable
amounts and include orthopyroxene,clinopyroxene, amphibole, biotite, quartz, magnetite, and
ilmenite. In general phenocrysassemblageare similar for rocksfrom the threecenters exceptthat
amphiboleandclinopyroxenearetypically moreabundantn youngrocksfrom Aucanquilchawhereas
biotite is progressivelymoreabundantn youngrocksfrom Ollagie andUturuncu.The latter probably
reflectsthe higherK,0 contentsof Ollagie andUturuncurocksrelativeto rocksfrom Aucanquilcha

Petrographisimilarities suchasthosedescribedaboveandthe presencef undercooledmagmatic
inclusionsthatareslightly moremafic thanthe hostlavas,suggesthat Uturuncumagmasexperienced
similar petrogenetiqorocesseso magmaseruptedat Ollagie and Aucanquilcha.Specifically, recent
geochemicalmodeling of Uturuncu rocks suggeststhat the magmaswere producedby complex
processe#volving magmamixing and mingling with more mafic magmadollowing assimilationof
crustal rocks coupledwith fractional crystallization (AFC) in multiple reservoirswithin both the
mid-deepandshallowcrust[73,74] Thisis consistentvith the work of Sparkset al. [48] who, onthe
basisof geochemicaland petrologic data, concludedthat dacitic magmasat Uturuncu formed by
fractional crystallization of andesiteforming norite cumulatesand involving partial melting and
assimilation of the continental crust. Furthermore,phenocrystcompositionsand zoning patterns
indicatethat more detailedcompositionalvariationsof the dacitesreflect magmamixing with silicic
andesiteat shallow crustallevels. The latter conclusionis supportedby geophysicalevidencethat
indicatesmagmaaccumulatiorandseismicityclustersat seaevel beneatiUturuncu(6 km depth;[75i 77]).

The petrologicmodelfor Uturuncurocks[48,73,74]is nearlyidenticalto thoseproposedy Feeley
and Davidson [25] and Feeley and Hacker [47] for production of magmasat Ollagie and
Klemetti and Grunder[60] and Walker et al. [78] for productionof magmasat AucanquilchaThese
authorsarguethat magmamixing with a componentof mid-deepcrustal AFC were responsiblefor
producingthe rock compositionsobservedat thesetwo centers.Therefore,mid-deepcrustalAFC is
consideredhedominantprocessn producingthe daciticrockseruptedat the threecenterdollowed by
mixing and mingling with more mafic melts and undercooledinclusions, respectively,in shallow
reservoirsto producerockslower in SiO, contents.The mostsilicic rockseruptedat the threecenters
are thus all consideredto contain a significant crustal componentderived from melting and
assimilationof mid-deepcrustallocal basemenilithologies.

4.2 AcrossArc GeochemicaVariations

In this sectionwe describeacrossarc geochemicabnd isotopic variationsof silicic volcanic rocks
(i.e., >60wt % SiO,) eruptedrom thethreecentersWe focuson silicic rocksbecausenoremafic rocks
aregenerallyrareor non-existentat the threecentersandthessilicic rocksbetterrecordthe compositions
of crustalrocksthroughwhich the magmasascende@ndinteractedDatafor magmaseruptedat Ollagie
and Aucanquilchaare in Feeleyand Davidson[25], Feeleyand Hacker[47], Feeleyand Sharp[26],
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Mattoli et al. [79], Grunderet al. [27], Klemetti and Grunder[60], and Vezzoli et al. [66]. New whole
rock and isotopic data are illustrated in this paperfor Uturuncu rocks with representativeanalyses
presentedin Tables 1i 3. A complete datasetfor new analysesis available in the supplementary
information.Additional majorandtraceelemenidatafor Uturuncurocksarein Sparksetal. [48].

Table 2. Representativaewwholerock traceelementatiosfrom CerroUturuncu.

Sample DM10A DM58A2 GSM17 GSM29 GSM-50

K:O+NaO  5.99 5.68 6.46 5.87 6.20
Rb/Sr 0.55 0.31 0.57 0.41 0.47
Sty 11.48 1425 1359  14.48 14.54
CelY 4.09 3.56 5.63 4.43 5.29

CelYDb 57.24 4343 8538 5323  80.06
Ba/La 12.91 1327 1234  13.34 12.37
Ba/zr 2.75 3.22 3.07 3.53 3.13
K/Rb 184.42 19917 176,59 189.74  180.83
Nb/zr 0.07 0.09 0.07 0.08 0.08
Dy/Dy* 0.81 0.73 0.80 0.68 0.81
Dy/Yby 2.01 1.66 2.24 1.66 2.23
La/Yby 18.87  14.47 2836  18.29 26.75
EuAnomaly  0.57 0.58 0.56 0.58 0.63

Note: Dy/Dy* = Dyy/(Lay"*2Yby”™3.

Table 3. Representativaewwholerock Sr, Nd, Pbwhole rock isotopicratiosand*%0/*°0
ratiosfrom mineralseparatefrom CerroUturuncu.

Sample  DM10A DM58A2 GSM17 GSM29 GSM-50
8Srfsr 0.71457 0.711294 0.71385 0.71141 0.71247
NdMNd - 051215 0.512179 0.51214 0.51223 0.51216
2081201, 38.94 38.92 38.94 38.9 38.93

20720 15.65 15.65 15.65  15.65 15.64
20020 18.87 18.84 18.84  18.84 18.86
u%0-QTZ 7.26 8.95 i 7.60 7.98
{°0-PLG i 9.32 i i 8.75

Notes: i"*0-QTZ representsnineral separateanalysef quartzphenocrystsii®0-PLG representsnineral
separat@nalyse®f plagioclasephenocrysts.

Volcanic rocks at Aucanquilcha, Ollagie, and Uturuncu are highK, calcalkaline
andesites/trachyandesiteend dacites/trachytestogeher with less abundant basaltic andesites
(Figure3). Total alkali concentration®f rocksfrom AucanquilchaandOllagie with 61 68 wt % SiO,
are restricted, ranging from 5.1 to 7.9 wt %, such that they plot along the border of the
andesitedacitetrachytetrachyandesitdields (Figure 3; [27,60]). Ollagie also containsa few rocks
thatplot in thetrachyteandtrachyandesitéields, but thesearerare (Figure 3; [23,25)). Silicic rocksat
Uturuncuwith SiO, contentsfrom 61 to 68 wt % havelower total alkali concentration®f 5.5 6.7 wt %
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(as a result of low NaO concentrations;see below); classifying them as andesiticto dacitic
(Figures3; [23,25,48).

Figure 3. Total alkalis vs. SiO, contents and classification of silicic rocks from
AucanquilchaQllagie andUturuncu[80].
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Systematicdifferencesexist in the major and trace elementcompositionsof rocks eruptedwith
increasingdistancefrom thearcfront. At agiven SiO, contentK,0, FeO,P,0s, andTiO, concentrations
increase toward the east, particularly in the most silicic composition rocks, with the highest
concentrationsn rocks at Uturuncu (Figure 4). In contrast,contentsof CaO, Al,Os, and, particularly,
NaO, decreasén concentratiortowardthe east,with very low concentrationsf the latterin Uturuncu
rocks(Figure4). In moredetail, trendsfor P,Os and TiO, decreasavith increasingSiO, for lavasfrom
AucanquilchaandOllagie, whereagheyincreasewith increasingSiO; for lavasfrom Uturuncu.

At a given SiO, content,all traceelementsanalyzedincreasen rocks eruptedprogressivelytoward
the eastwith the exceptionof Sr and Ba (Figure 5). In contrast,Sr (and to a lesserdegree,Ba)
concentrationslecreaseowardthe eastat a given SiO, concentratior(Figure5). Chondritenormalized
REE patternsfor rocks from Aucanquilchaand Ollagie havesimilar slopes,althoughOllagie rocks
havehigherconcentration®f REE comparedo Aucanquilcha(Figure6). In contrast,UturuncuREE
patterns have steeperslopes for middle to heavy REE comparedto patternsfor Ollagie or
Aucanquilcharocks and higher concentrationgFigure 6). In theseregards,with increasingSiO,
contents(La/Yb), (whenfino refersto chondritenormalizedvalues)ratiosincreasefor rocksfrom all
centersand broadly overlap (althoughthe mostsilicic rocks from Uturuncuhavethe highestratios;
Figure7). In contrastwith increasingSiO, concentrationgyendsfor (Dy/Yb), ratiosarevariable:they
decreasén Aucanquilcharocks,areroughly constanfor the Ollagie suite,andincreaseor Uturuncu
rocks (Figure 7). Furthermorenegligible Eu anomaliesare observedn REE patternsfor rocks from
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Aucanquilcha (0.8/0.85) compared to small negative Eu anomalies in Ollagie rocks
(0.611 0.88; ratios close to one are consideredsmall). Relatively large negative Eu anomalies
(0.49 0.69)areobservedor all Uturuncurocks(Figures 6 and7; Table?2).

Figure 4. Major elementdiagramsfor volcanic rocks from Aucanquilcha,Ollagie and
Uturuncurocksvs. SiO,.

4 Aucanquilcha
5.0 7 -
* Ollagiie
o Uturuncu
o o
o Og =] 6
4.0 o oo 299 of o
o o . .
o g, oPhw & ¢ s .
0gog & F ** o o o
= Dmn % - oo .o * 5 -3 4 OHL e 4
=] DO * rT‘a A E’E%Gn ol b,
3.0 4 e .. o a ¢ II'UDJ‘QEED &t
., . .AAA%A A a @D 0 400 a0
e ¢ Anpth 4 ﬁ‘i‘un%'qu a g N
A o
. v, =" o” B
K,0 ve & °
2 Ca0 .
2.0 3 - &
6 o
a a .5 o
A A
43 . . A% Y A o
a
- . . AT b by, 0.'35 . " @ o O DU% a
%o’ ¢ . LIRS S 55 14 o * 0o m 5% o
. . . . » E&gl{‘ Og oB o ©
3.5 * . [FR4]
. * . DIPD%J %% —
o .
1 A ® o o th o
4.5 Aé%“j b go
A
2.5 o o a a o8
. o mo . .0 ad B
o oo a o *
B0 o EEDDDDDDQ'DIIE lﬁlﬂgu % a 35 - A ae,
o” o9 oD o A a
o
Na,0 FeO
1.5 + 2.5
o
0.4
u. *« D o A
17 o
o o * o a AA
* o (=2 * & B ° (u] ﬁ *
0.3 oo a o DDDDD@DD EEDD ] =] * * Q.Oo * Eﬁ 8 A w4
o @Bﬂﬂu@‘j of -fo o_o ® o 84 4 a A
- o & od wH o a . oo e %D o a
ot *o e 0 o o og ¥ og
LR LI A 16 h o, fer ‘ib O
s % o o o
0.2 - S Yol SR LI g[ﬂj o
¢ a aa Lo Aﬂ”.o .-:. o oo o . * -
P,0; A Al 0,4
0.1 15 -
o o o a o
Ooo
1.2 oo 8
4 F8 oot ‘8, ot & o
: Po BT o, o
o o fas] DE] o o op
4 O o 1 - o g o o o o
. ooo . - g
3 s - o MY . =
. o
My oD L90 0.8 *® o Tog
Opre,
’utgﬁ 5, o Sa o ¢ ’Aﬁ“ Anc';
2 ., o O @ a o, e
o ﬂigdh o, &2 06 * a ®© 4 A..A%
A
OD A0 %PE 2 a b - A
Mgo " - TiO,
14 04 - T
60 62 64 66 68 60 62 64 66 68
sio, Sio




Geoscienceg013 3 644

Figure 5. Plots of seleced trace elementcompositionsof Aucanquilcha,Ollagie, and
Uturuncurocksvs. SiO..



