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ABSTRACT

Where and how arc magmas are generated and differentiated are still debated and these questions
are investigated in the context of part of the Andean arc (Chilean Southern Volcanic Zone) where
the continental crust is thin. Results are presented for the La Picada stratovolcano (41°S) that
belongs to the Central Southern Volcanic Zone (CSVZ) (38°S-41-5°S, Chile) which results from the
subduction of the Nazca plate beneath the western margin of the South American continent. Forty-
seven representative samples collected from different units of the volcano define a differentiation
trend from basalt to basaltic andesite and dacite (50-9 to 65-6 wt % SiO,). This trend straddles the
tholeiitic and calc-alkaline fields and displays a conspicuous compositional Daly Gap between 57-0
and 62.7wt % SiO,. Interstitial, mostly dacitic, glass pockets extend the trend to 76:0wt % SiO,.
Mineral compositions and geochemical data indicate that differentiation from the basaltic parent
magmas to the dacites occurred in the upper crust (~0-2 GPa) with no sign of an intermediate frac-
tionation stage in the lower crust. However, we have currently no precise constraint on the depth
of differentiation from the primary magmas to the basaltic parent magmas. Stalling of the basaltic
parent magmas in the upper crust could have been controlled by the occurrence of a major crustal
discontinuity, by vapor saturation that induced volatile exsolution resulting in an increase of melt
viscosity, or by both processes acting concomitantly. The observed Daly Gap thus results from
upper crustal magmatic processes. Samples from both sides of the Daly Gap show contrasting tex-
tures: basalts and basaltic andesites, found as lavas, are rich in macrocrysts, whereas dacites, only
observed in crosscutting dykes, are very poor in macrocrysts. Moreover, modelling of the fractional
crystallization process indicates a total fractionation of 43% to reach the most evolved basaltic
andesites. The Daly Gap is thus interpreted as resulting from critical crystallinity that was reached
in the basaltic andesites within the main storage region, precluding eruption of more evolved lavas.
Some interstitial dacitic melt was extracted from the crystal mush and emplaced as dykes, possibly
connected to small dacitic domes, now eroded away. In addition to the overall differentiation trend,
the basalts to basaltic andesites display variable MgO, Cr and Ni contents at a given SiO,. Crystal
accumulation and high pressure fractionation fail to predict this geochemical variability which is
interpreted as resulting from variable extents of fractional crystallization. Geothermobarometry
using recalculated primary magmas indicates last equilibration at about 1-3-1-5 GPa and at a tem-
perature higher than the anhydrous peridotite solidus, pointing to a potential role of decompres-
sion melting. However, because the basalts are enriched in slab components and H,O compared to
N-MORB, wet melting is highly likely.
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INTRODUCTION

The depth and detailed mechanisms of arc magma gen-
eration and differentiation are long standing debates
that are crucial to the Earth Sciences as, at least since
the Proterozoic, the continental crust is mainly built at
subduction zones. The thickness of the crust seems to
play a determining role. It influences the thermal struc-
ture of the mantle wedge and thus the compositional
variability of primary arc magmas (Plank & Langmuir,
1988; Turner & Langmuir, 2015a, 2015b; Turner et al.,
2016; Chin et al., 2018). It also controls magmatic differ-
entiation processes and according to Farner & Lee
(2017) average arc magmas are more evolved, enriched
in incompatible elements and more oxidized when the
crust is thick. Finally, it determines the depth of magma
differentiation; a thicker continental crust appears to
promote deep crustal differentiation. It is currently
acknowledged that during their transit through the
crust, magmas probably stall and are stored at various
depths within protracted or transient reservoirs. Yet
constraining the location of prolonged storage sites is
challenging. The recognition that the crust-mantle
boundary could act as a density filter and induce the
stalling of basaltic magmas has prompted several
authors to favor deep fractionation (e.g. Annen et al.,
2015, 2006), a process that is indeed supported by the
occurrence of lower crustal mafic and ultramafic cumu-
lates in some arc sections (e.g. Searle et al., 1999).
However, petrological and geochemical arguments
question this model and point to the shallow crust as
the main site of differentiation (e.g. Turner & Langmuir,
2015a; Adam et al., 2016). A striking characteristic of arc
magmas is the abundance of andesitic rocks (e.g.
Worner et al., 2018), but the relative paucity of true an-
desitic liquids (Daly Gap) (e.g. Reubi & Blundy, 2009)
compared to mafic and silicic endmembers. Several
processes that have been proposed to take into account
this compositional bimodality take place in the lower
crust (Reubi & Blundy, 2009; Melekhova et al., 2013)
and, accordingly, andesitic rocks are interpreted as
resulting from mingling/mixing between the two end-
members in shallow magmatic reservoirs. Lower crust-
al differentiation would thus be essential in producing
the Daly Gap.

In this study, we focus on the central part of the
Chilean Southern Volcanic Zone (SVZ) where the geo-
chemical trends of several volcanoes, including La
Picada and Osorno (Fig. 1), display a compositional
(Daly) gap between dominant basaltic andesites and
minor dacites. In this part of the Andean arc, the contin-
ental crust is thin (=30km) and its permeability is
enhanced by a major regional structure, the Liquine-
Ofqui Fault Zone, that likely facilitates magma ascent
(Hickey-Vargas et al., 2016a) (Fig. 1) suggesting that

most of the differentiation could have taken place in the
upper crust. The SVZ has been the subject of numerous
studies that have mostly emphasized along arc regional
trends in the eruptive products (Lopez-Escobar, 1984),
correlating with geochemical trends (Deruelle et al.,
1983; Hickey et al., 1984; Lopez-Escobar, 1984; Stern
et al., 1984; Hickey et al., 1986; Hildreth & Moorbath,
1988; Morris et al., 1990; Tormey et al, 1991;
Sigmarsson et al., 2002; Jacques et al., 2013; Hickey-
Vargas et al., 2016a) and were focused on the potential
sources of the magmas. Specific volcanoes of the SVZ
have also been investigated (e.g. Lopez-Escobar et al.,
1981; Lopez-Escobar et al., 1995; Kratzmann et al., 2010;
Reubi et al., 2011; Ruprecht et al., 2012; Bouvet De
Maisonneuve et al., 2013; Higgins et al., 2015; Hickey-
Vargas et al., 2016b; Ruth et al., 2016). However, despite
this abundant research, few detailed petrological stud-
ies (e.g. Ruprecht et al., 2012; Watt et al., 2013) that take
into account the whole life cycle of a volcano and con-
strain the sites and conditions of mantle melting and
magma differentiation have been undertaken in this
part of the arc. In this study, our aims are thus : (1) to
provide new detailed geochemical and mineralogical
data, as well as new *°Ar—>°Ar (hereafter Ar-Ar) ages on
a collection of samples from La Picada; (2) to constrain
the magma storage conditions and processes of
magma differentiation under La Picada; and (3) to place
additional constraints on mantle melting in this part of
the arc.

THE SOUTHERN VOLCANIC ZONE OF THE
ANDEAN ARC AND LA PICADAVOLCANO

The Andean arc results from the subduction of the
Cocos, Nazca and Antarctica plates under the South
American plate. It has been subdivided in several vol-
canic zones, namely the North (10°N-5°S), Central (5°S—
33:5°S), Southern (33-5°S-46-5°S) and Austral (46-5°S—
56°S) zones, separated by volcanic gaps (Fig. 1a inset)
(Stern, 2004). In the Chilean Andes, the Southern
Volcanic Zone (SVZ) stretches from 33-5° to 46-5°S, its
northern and southern limits corresponding to subduc-
tion of, respectively, the Juan Fernandez Ridge and the
Chile Rise that separates the Nazca and Antarctic plates
(Stern, 2004) (Fig. 1a). The SVZ has itself been subdi-
vided into northern (NSVZ: 33°S-34.5°S), transitional
(TSVZ: 34.5°S-37°S), central (CSVZ: 37°S-41-5°S) and
southern (SSVZ: 41.5°S-46°S) zones by Lopez-Escobar
& Moreno (1994) and Lopez-Escobar et al. (1995).
Recently, Hickey-Vargas et al. (2016b) proposed to
move the northern limit of the CSVZ from 37°S to 38°S,
this new limit corresponding to the northern extremitity
of an important intra-arc, transpressional dextral strike-
slip structure, the 1200km-long Liquine-Ofqui fault
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Fig. 1. Location of the La Picada volcano. (a) Global multi-resolution topography (GMRT) map of the Andean Southern Volcanic
Zone (SVZ) showing the position of La Picada (Pic), merging with that of Osorno (Os), among the chain of active volcanoes. Also
shown are the Palena (P), Minchinmavida (M), Apagado (Ap), Hornopiren (H), Calbuco (CL) and Puntiagudo—-Cordon Cenizos (Pu)
volcanoes. Cordon-Cenizos is a chain of scoria cones and stratovolcanoes extending to the NE of Puntiagudo. Volcanoes discussed
in this study are shown with red trinagles, others with yellow triangles. NSVZ, TSVZ, CSVZ and SSVZ designate the different seg-
ments of the SVZ, respectively the Northern, Transitional, Central and Southern SVZ (after Lopez-Escobar et al., 1995; Hickey-
Vargas et al., 2016b). LOFZ is the Liquine-Ofqui Fault Zone (after Cembrano & Lara, 2009). The Juan Fernandez Ridge (JFR) and
Chile Rise (CR) are also indicated. The inset map shows subdivision of the Andean arc into North, Central, Southern and Austral
Volcanic Zones (NVZ, CVZ, SVZ and AVZ, respectively). Maps constructed using GeoMapApp. (b) Photograph, taken to the northeast,
showing the position of La Picada (Pic) close to the northern flank of Osorno (Os), with Puntiagudo (Pu) in the background. (c) Google

Earth image displaying the Osorno-La Picada-Puntiagudo small chain oblique to the main volcanic arc and oriented at N45°E.

zone (LOFZ) extending from 38° to 47°S (Cembrano
et al., 1996), to which the SSVZ is related (Fig. 1a). At
38°S, the composition of the basement also changes
from Meso-Cenozoic volcano-sedimentary rocks in the
north to Meso-Cenozoic plutonic rocks of the
Patagonian Batholith in the south (Cembrano & Lara,
2009). The convergence between the Nazca plate and
South America is slightly oblique to the trench direction
(~26° at 40°S; Jarrard, 1986) and occurs at a rate of
66 mm/y (Angermann et al., 1999). At Osorno (41-1°S),
the normal component of plate convergence rate is
72-1mm/y (Syracuse & Abers, 2006). In the SVZ, the
thickness of the continental crust under the arc, i.e. the
depth of the Moho, varies from 50 km in the north to
about 30km in the south (Assumpcao et al., 2013;

Hickey-Vargas et al., 2016b), with a value of 32km at a
latitude of 39-5°S (Syracuse et al., 2010). According to
Syracuse & Abers (2006), at Osorno, the volcano-slab
distance is 72km, the volcano-trench distance perpen-
dicular to the slab strike is 220 km and the average dip
of the slab is 39°.

La Picada together with Osorno, Puntiagudo and
Cordoén Cenizos define a small chain that is oriented at
N45°E, oblique to the main volcanic arc (Fig. 1a—c).
Available K-Ar and Ar-Ar ages indicate that the history
of this oblique chain started at about 500 ky ago, before
the onset of Osorno at 300 ky, and lasted until 60 ky cor-
responding to the ultimate building phase of Osorno
(Moreno et al., 2010). La Picada is located about 6 km to
the north-east of the Osorno volcano summit. It is older
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Fig. 2. Photograph of a composite dyke from the southern flank of La Picada (hammer for scale). The inner body (dyke 2) and outer

portions (dyke 1) result from dyke-in-dyke intrusion.

than Osorno and thus recorded the early activity of the
Osorno-Puntiagudo-Cordén Cenizos chain. It has not
erupted in historical time, whereas Osorno last erupted
in 1830. La Picada is now extinct, but its geochemistry
and close proximity to Osorno indicate possible inter-
action of the plumbing systems of the two volcanoes
during the early stages of Osorno (Moreno et al., 2010;
Biggs et al., 2016). It has been deeply eroded by the
Santa Maria and Llanquihue glaciations (58000 to
14200y BP; Porter, 1981). The flanks of La Picada ex-
pose a series of intercalated 5-15 m thick units made of
basaltic lavas and breccias, that are cut by numerous
subvertical dykes (Moreno et al., 2010). These dykes are
well exposed on the southern flank of La Picada that
faces Osorno. It will be shown that these dykes are
mostly dacitic and were probably located below small
dacitic domes, now eroded away, similar to the two
domes that have been mapped on the southern and
western flanks of Osorno (Moreno et al., 2010). At least
two generations of dykes have been observed on the
southern flank as illustrated in Fig. 2, where an inner
dyke, referred to as dyke 2, displays conspicuous chilled
margins at the contact with an outer dyke, called dyke 1,
indicating that dyke 2 was emplaced after dyke 1, within
the same weakness zone (dyke-in-dyke intrusion). Dark
black pyroclastic deposits are rather abundant in some
parts of La Picada and were most probably emplaced
during the last eruption of Osorno. They were thus not
considered in this study. Blocks of gabbroic rocks are
frequent and are interpreted as fragments from the plu-
tonic basement.

SAMPLE COLLECTION

Samples were collected during three field seasons
(2013, 2014, 2015) that focused on the La Picada,

Osorno and Calbuco volcanoes. La Picada samples
comprise 30 lavas, 13 samples from the dykes and 4
gabbroic fragments, hence a total of 47. Samples PIC39,
40, 47 and 48 were collected from dyke 2, whereas sam-
ples PIC38, 42 and 49 are from dyke 1. Sample PIC41
was collected just at the contact between the inner and
outer dykes and was initially considered as part of dyke
1 but its trace elements content clearly indicate that it
belongs to dyke 2 (see below). PIC51 and 52 were
sampled from a non-composite dyke and grouped with
dyke 1. Samples PIC05, 06, 30, 31, 34 and 35 are from
homogeneous blocks within the breccias. The location
of each sample (latitude, longitude) is reported in
Table 1.

Crystal terminology

Detailed observations, geochemical data and quantifi-
cation of crystal textures in volcanic rocks have
revealed the occurrence of multiple crystal populations
(e.g. Davidson et al., 2007). This has prompted the use
of several terms (phenocrysts, xenocrysts, antecrysts
and microlites) that are genetic (e.g. Jerram & Martin,
2008). More particularly, the term phenocryst has
evolved from a descriptive meaning, large crystals in a
finer grained matrix, to a genetic one, as for many pet-
rologists it designates a crystal in equilibrium with the
magma (e.g. Jerram & Martin, 2008). Here, we will fol-
low the terminology recently adopted by several
authors (e.g. Neave et al, 2014) and use the non-
genetic terms macrocrysts and microlites to refer to
crystals with a long axis length respectively larger and
smaller than 150 microns. The prefix « macro » does
not mean that the crystals are significantly large, as in
the La Picada lavas macrocrysts have a maximum long
axis of 2 mm.
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Table 2: Ar-Ar dating results and irradiation parameters

Sample PICO4 PIC06 PICO7 PIC09
Material WR WR WR WR
Steps 1-4(4) 1-5(5) 2-6(5) 1-4(4)
Irradiation parameter 6-09E-05 6-00E-05 5-96E-05 5-96E-05
Spectrum %39Ar 100 100 7574 100
Age * 1.96c 304 =95 250-3 + 60-9 451.8 + 254 478-1 + 92.3
MSWD (P) 2.7712(0-0400) 0-8495(0-4935) 6-8854(0-0000) 9-6533(0-0000)
TGA = 1.96c 344.2 + 125.3 236-3 +92:3 671-4 + 80-4 4285 + 104-2
K/Ca = 1.96c 0-1586 *+ 0-0021 0-0863 * 0-0009 0-1803 *+ 0-0012 0-1084 * 0-0012
Inverse Isochron Age = 1.96c 236 = 101 2217 =70 361-1 = 45.1 557-9 = 1279
MSWD (P) 1-9200(0-0000) 0-5087(0-0000) 1.7997(0-0000) 14-2602(0-0000)
Trapped “°Ar/*®Ar 3017313 +£2.9248  299-6557 = 1-4724  306-2943 + 3.2306  296-3933 + 3-9705
Spread (%) 17-6 15-6 92 5.4
Normal Isochron Age * 1.96c 218 = 60 220 * 36-2 360 = 23-264 546 = 87-9
MSWD (P) 2124 (0-0) 0-519 (0-669) 1-722 (0-160) 1428 (0-0)
Trapped “CAr/*®Ar 301-925 + 2-96 299-670 + 1-47 306-287 + 3-23 296-304 + 4-00
Sample PIC11_1 PIC11_3 PIC12
Material Plag Plag WR
Steps 4-5(2) 1-15(15) 3-9(5)
Irradiation parameter 6-14E-05 6-14E-05 6-24E-05
Spectrum %39Ar 4663 100 35.43
Age = 1.96c 13.98 = 0-179 25.477 = 0-14 166-1 = 27-6
MSWD (P) 84583 (-) 2181-7907(0-0000) 2-4144(0-0466)
TGA = 1.966 34.398 *+ 0-257 45.063 * 0-247 206-9 + 20-1
K/Ca = 1.96c 0-3427 + 0-0032 0-1606 = 0-0010 0-4058 * 0-0036
Inverse Isochron Age * 1.96c 9.551 + 0-885 1197 = 0-126 158 + 27.8
MSWD (P) - 1545.0935(0-0000) 1-9278(0-0000)
Trapped “°Ar/*®Ar 320.9270 + 4.3654 3747601 + 0-7379 300-0685 + 1-4224
Spread (%) 4.6 26-6 26-3
Normal Isochron Age * 1.96c 9-551 + 0-452 8-348 = 0-108 152 + 14-4
MSWD (P) 1296-773 (0-0) 1-87 (0-132)

Trapped “°Ar/%Ar

320.927 + 4.37

372.874 = 072 300127 = 142

Steps, number of steps releasing sufficient gas to define a plateau in the incremental step-heating method with n as number of
steps used to fit the isochron. %>°Ar, percentage of the total **Ar released during the incremental step-heating method. Age,
expressed in ky except for PIC11 (Ma). 1-96c, 95% confidence level. MSWD, mean square weighted deviation. P, probability of fit.
TGA, total gas age, in ky except for PIC11 (Ma). Spread, deviation from the fitted isochron. Bold font, best estimated accepted age.

Corrections factors for Ca and K interferences are reported:
- (*Ar/7Ar)Ca = (6-1062 + 0-1859) * 10-4.

- (*5Ar/7Ar)Ca = (2-619 = 0-14) * 10-4.

- (*°Ar/A°Ar)K = (5-065746 = 3-509317) * 10-2.

ANALYTICAL METHODS

Ar-Ar ages

Six samples were dated using the Ar-Ar method to
complement existing data (Moreno et al., 2010): basalts
PICO4 and PIC06 and basaltic andesites PIC07, PIC09,
PIC11 and PIC12. Fragments of the bulk-rocks were
crushed and the coarse grain fraction (0-5-1mm) was
retained while finer fractions were discarded. The
groundmass was separated from macrocrysts (e.g.
altered grains, glass, olivine and pyroxene macrocrysts)
under a binocular microscope and washed in a solution
of 5% HNO; to remove alteration products before
repeated rinses with de-ionized water to remove traces
of HNOs. Approximately 500 mg of clean matrix was
wrapped in aluminium foil and irradiated in the nuclear
reactor at the Institutt for the Energiteknikk (Kjeller,
Norway) for 4 hours with an integrated flux of 1-32x10"®
neutrons/cm2.s. The sanidine from Alder Creek (ACS)
having an age of 1-206 = 0-002 Ma (Renne et al., 2010)
was selected as a monitor mineral to constrain and

interpolate the irradiation parameters essential in the
radiometric dating equation. For irradiation each sam-
ple was bracketed by two aliquots of the monitor min-
eral. Samples and standards were loaded in an
aluminium holder and placed in an ultrahigh vacuum
extraction line. Samples and standards were degassed
incrementally using a CO, laser probe (L = 10600 nm)
and the gas analysed isotopically using a MAP215-50
noble gas mass spectrometer (Geological Survey of
Norway (NGU), Trondheim). Due to the anticipated
young age and potassium-poor nature of the samples,
cautious monitoring of the mass discrimination of the
mass spectrometer (via calibration air shots measure-
ment prior to each sample) and volume reduction of the
extraction line system were carried out in order to
measure the small volume of radiogenic Ar. Corrections
for irradiation induced excess Ar from calcium and po-
tassium interferences were applied. Correction factors,
irradiation parameters, number of incremental heating
steps and age results are shown in Table 2.
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Table 3: Raw point counting data and mass fractions for samples of La Picada
Raw counts Mass fractions (%)

Type Sample# gm plg ol cpx opx mgt ves gm plg ol cpX  opx mgt  macro
High MgO  PIC50* 1216 301 81 19 1 10 742 183 60 14 0-0 0-1 258
High MgO  PIC06 658 194 58 566 713 210 77 0-0 0-0 0-0 287
High MgO  PIC33* 930 456 5 148 2 592 290 04 0-0 11 02 40-8
Low MgO PIC37 814 543 53 10 115 568 379 45 0-8 0-0 0-0 432
Low MgO PIC24* 1021 195 4 4 340 833 159 04 0-4 0-0 0-0 16-7
Low MgO PIC31* 599 560 76 26 308 467 437 72 24 0-0 0-0 533
Low MgO PIC35 994 537 48 5 9 623 337 37 0-4 0-0 0-0 377
Int MgO PIC12 1111 354 5 1 37 733 233 04 0-1 2.9 0-0 26-7
Int MgO PIC09* 1121 421 49 1 1 19 699 262 37 0-1 0-1 0-0 30-1
Int MgO PIC03 938 445 23 10 35 63 641 304 19 0-8 28 0-0 359
Int MgO PIC34* 950 454 10 14 6 122 660 315 08 12 05 0-0 34.0

gm, groundmass ; plg, plagioclase ; ol, olivine ; cpx, clinopyroxene ; opx, orthopyroxene ; mgt, Ti-magnetite ; ves, vesicle ; macro,

macrocryst.
*Samples counted three times.

Mineral chemistry

The major element composition of minerals and glasses
in the La Picada samples was measured with a CAMECA
SX100 electron microprobe at the University of
Hannover, using an accelerating voltage of 15kV. Mineral
analyses were performed with a focused beam (1pum)
and a beam current of 5 nA. Each element was measured
for 15-20s. For the glass analyses, the beam current was
set at 8nA and the beam was defocused to 5 um. The fol-
lowing standards were used: albite for Na, orthoclase for
K, wollastonite for Si and Ca, TiO, for Ti, Fe,O3 for Fe,
MgO for Mg, and Mn30, for Mn. Raw data were corrected
with the CATZAF program. In order to detect the possible
occurrence of different crystal populations, profiles
across grains or from rims to cores were realized in oliv-
ine (873 analyses: Supplementary Data Table S1; supple-
mentary data are available for downloading at http://
www.petrology.oxfordjournals.org), plagioclase (2904
analyses: Supplementary Data Table S2), orthopyroxene
(258 analyses: Supplementary Data Table S3) and clino-
pyroxenes (607 analyses: Supplementary Data Table S3)
in a series of samples (PIC01, 02, 03, 04, 06, 07, 08, 10, 12,
19, 24, 30, 31, 33, 34, 35, 36, 37, 41, 43, 44, 48, 50) repre-
sentative of the different facies of the volcano.
Titanomagnetite was also analysed in 10 samples (PIC02,
12, 14, 15, 24, 32, 33, 38, 48, 50: Supplementary Data
Table S4), together with ilmenite (PIC02, 03, 12, 15, 24, 32:
Supplementary Data Table S4) that occurs as small exo-
lution lamellae in Ti-magnetite, whereas chromite inclu-
sions were analysed in the olivine of sample PIC50. Glass
composition (Supplementary Data Table S5) was meas-
ured in a few basalts (PIC31, 50), basaltic andesites
(PICO7, 10, 14) and dacites (PIC39, 41). In the basalts and
basaltic andesites, glass occurs in very small interstitial
pockets that locally contain microlites of Fe-Ti oxides and
possibly plagioclase. Contrarily, the dacites are poor in
macrocrysts enabling analyses of microlite-free glass.

Whole-rock chemistry
Forty-seven samples were crushed with a hammer and
then ground in agate mortar with a Fritsch pulverisette

planetary mill. Major elements were measured by X-ray
fluorescence at the University of Liege. An ARL 9400 XP
spectrometer was used for samples PICO1 to PIC13 and
a Thermofisher PERFORM'X for the rest of the samples.
Both spectrometers were equipped with a Rh tube. The
major elements were measured on fused glass discs
that were prepared with 0-35g of rock powder, previ-
ously dried at 1000°C for two hours in the oven, and lith-
ium- and tetra-borate. Calibration curves were
calculated by measuring a series of 47-66 international
standards that are mostly rock samples (basalts to gran-
ites, syenites, ultramafic rocks, sedimentary rocks) but
also include a few minerals and two soils. Repeated
analyses of external standards, not included in the cali-
bration curves, indicate that the accuracy is better than
+3-5% for all major elements, except for TiO, (=4-9%),
Na,O (+12:4%) and P,05 (+10-3%). The 1c analytical
precision is better than 1% for all major elements, ex-
cept for Na,O (+=1-3%) and P,0s5 (£3-2%). A Thermo
Scientific X-Series 2 ICP-MS (MRAC Tervuren, Belgium)
equipped with a collision cell was used to analyse trace
elements in samples that were put into solution by al-
kali fusion. Calibration was performed with internation-
al standards prepared in the same way as the rock
samples, as well as with standard solutions prepared
with element solutions. Accuracy and precision were
estimated by repeated analyses of 12 standards and
range between 2.0 and 5-7% and between 15 and 5-:2%,
respectively (one sigma) (Navez, 1995). Results are
shown in Table 1.

Point counting

The proportions of macrocrysts, vesicles and matrix
were determined by point counting with a PELCON
Automatic Point Counter for 12 samples ranging from
basalt to basaltic andesite. Steps of 0-5 mm were used
along the x- and y-axes, giving about 1500 points per
sample. Vesicles, macrocrysts of plagioclase, olivine,
orthopyroxene, clinopyroxene and Ti-magnetite were
counted. Crystals smaller than 100 microns were con-
sidered as groundmass. The mass proportions of
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Fig. 3. Geochemical classification diagrams. (a) TAS diagram (dashed line is the limit of Irvine & Baragar (1971) between alkaline
and subalkaline fields). (b) AFM diagram with the limit of Irvine & Baragar (197 1) between tholeiitic and calc-alkaline fields. (c) K,O
vs SiO, diagram (limits between fields from Peccerillo & Taylor (1976)). See Major Elements section for the definition of High-,
Low-, Int-MgO. Analyses recalculated to 100% on a volatile free basis with total Fe as FeO,.

crystals on a vesicle-free basis were obtained by consid-
ering the following densities: 2:7 g/cm® for plagioclase
and groundmass, 3-3g/cm® for olivine, 3-2g/cm® for
pyroxenes and 5-0 g/cm? for Ti-magnetite. Variation of
density due to the compositional evolution of the solid
solutions influences the calculated mass proportions,
but the error on the reproducibility of the point counting
is much higher (Table 3) and constant densities have
thus been considered. The proportion of macrocrysts
ranges from 28-7% to 54-4%. Plagioclase displays the
highest proportion within the macrocrysts, from 68% to
99%.

PETROGRAPHY, MINERAL CHEMISTRY AND
PHASE PROPORTIONS

La Picada samples range from basalts (PIC04, 5, 6, 30,
31, 37, 43, 50) to dacites (38, 39, 40, 41, 42, 47, 48, 49, 51,
52), basaltic andesites being dominant (PIC01, 2, 3, 7, 8,
9,10, 12, 13, 14, 15, 18, 19, 21, 24, 32, 33, 34, 35, 36, 44)
and andesites conspicuously absent (see TAS diagram
in Fig. 3). The dacites were all collected from dykes

crosscutting the southern flank. The textures are mostly
microlitic porphyric, hyalopilitic or trachytic. All sam-
ples contain macrocrysts of plagioclase except PIC04 in
which olivine is the sole macrocryst (Fig. 4a).

Basalts and basaltic andesites

Basalts and basaltic andesites are variably vesicular (up
to 40%) and display changing proportions (18-54vol.
%) of plagioclase, olivine and pyroxene macrocrysts
dispersed in a groundmass that is usually microcrystal-
line. Glomerocrysts are nearly ubiquitous and are domi-
nated by plagioclase grains showing either a shape-
preferred or a random orientation. Plagioclase, up to
2mm long and 600um large, ranges in composition
from Ang, (basalts)/Angz (basaltic andesites) in the
cores to Anzg (basalts)/An,g (basaltic andesites) in the
rims. Compositional histograms display corresponding
peaks at about Angs (basalts)/Ang,_g9 (basaltic ande-
sites) and Angs (basalts)/Angy (basaltic andesites)
(Fig. 5a). Typical core-rim compositional profiles display
a core surrounded by a zone of decreasing anorthite
content followed by a rim that usually has a constant
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Fig. 4. Photomicrographs of selected samples, taken in transmitted light. (a) Olivine macrocrysts in basalt PIC04 (crossed nicols).
(b) Zoned plagioclase macrocrysts in basaltic andesite PIC13 (note the abundance of inclusions) (parallel nicols). (c) Orthopyroxene
corona around olivine macrocryst in basaltic andesite PIC33 (parallel nicols). (d) Sparse population of plagioclase macrocrysts in
the PIC52 dacite (note the low abundance of inclusions, the slight zoning and the shape-preferred orientation) (crossed nicols).

composition (Fig. 6). Plagioclase shows a large range of
textures depending on the amount and location of inclu-
sions in the grains (Fig. 4b). Partly to totally recrystallized
melt inclusions may be present throughout the crystal or
concentrated in concentric zones or in the core. The min-
eralogy of the ferromagnesian macrocrysts varies with
the whole-rock composition. In the basalts (up to 52-50%
SiO,, PIC 35), olivine (Fogg g5, Fig. 5a), up to 2mm-long
and 1.5mm-large, is the dominant ferromagnesian min-
eral and is accompanied by some augite (Mg# = 71-6—
57-7: Fig. 5a, b), up to 700-um long and 400-um large.
Augite is locally surrounded by pigeonite that also occurs
in the groundmass. Olivine is usually idiomorphic and
contains small inclusions of dark brown chromite in sev-
eral basaltic samples (PIC04, 06, 50). Titanomagnetite has
not been observed as a macrocryst in the basalts, but is
abundant as microlites (Uvspgs). In the basaltic andesites
(from 52-52% to 56-35% SiO,), olivine (Fogg_s51: Fig. 5a) is
accompanied by orthopyroxene (Mg# = 74.2-59.2:
Fig. ba, b) and augite (Mg# = 82-8-64-7: Fig. 5a, b). Here
too, augite is locally surrounded by pigeonite also occur-
ring as microlites in the groundmass. Olivine usually
occurs as isolated grains displaying varying transform-
ation into iddingsite that grew preferentially from the rim
of the grains and along microfractures. A thin rim of

opaque grains surrounding olivine is nearly ubiquitous.
Orthopyroxene and clinopyroxene also occur as idiomor-
phic grains. Locally orthopyroxene is surrounded by a rim
of pigeonite. In about half of the basaltic andesites, titano-
magnetite, locally displaying exsolution lamellae of iimen-
ite, occurs as microlites ranging from 50 to 100 um. In
several glomerocrysts, crystals of olivine are surrounded
by coronae of orthopyroxene grains, suggestive of a peri-
tectic reaction between olivine and the liquid (Fig. 4c).
Contrary to basalts and basaltic andesites, dacites
display few plagioclase, pyroxene and titanomagnetite
macrocrysts dispersed in a crypto- to microcrystalline
groundmass in which some microlites of plagioclase
usually define a trachytic texture (Fig. 4d). Plagioclase
(Ange to Angg) has usually a high aspect ratio, up to
1.5 mm-long and 500-um large, but more equant grains
are locally observed. In striking contrast with what is
seen in the basalts and basaltic andesites, plagioclase
has few to no inclusions and displays less complex zon-
ing patterns (Fig. 4d). Olivine is absent, whereas idio-
morphic orthopyroxene (Mg# = 63.0: Fig. 5a, b), up to
1Tmm-long and 250-um large, together with augite (Mg#
= 72-2-60-3; Fig. 5a, b), up to 500-um long and 250-pm
large, occur in nearly equal abundances. Augite is fre-
quently twinned and equant grains of titanomagnetite
are larger, about 125 um, than in the basaltic andesites.
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Fig. 5. (a) Summary of macrocryst compositions in the basalts, basaltic andesites and dacites determined by electron probe micro-
analysis. %An = Ca*100/(Ca+Na) in moles of cations, Mg# = 100*Mg/(Fe+Mg) in moles of cations and Fe is total Fe, n is number of
analyses. (b) Pyroxene Mg# in the basalts, basaltic andesites and dacites. Mean is the average Mg# for the number n of analyses.

Amphibole is lacking in the whole series of La Picada
samples. The petrographic observations suggest that
olivine appears first on the liquidus, either together with
plagioclase or shortly followed by it. After some differ-
entiation, clinopyroxene crystallizes and olivine reacts
to form orthopyroxene. Titanomagnetite is a late phase.

Rhodes diagrams (Fig. 7) show that the cores of oliv-
ine in the basalts and basaltic andesites (K/*™ =
0-30 = 0-03; Roeder & Emslie, 1970) and of augite in the
basaltic andesites (K/°™9 = 0-27 + 0-03 : Putirka, 2008)
are in equilibrium with the whole rock. The ng_Mg pro-
posed by Putirka (2008) for clinopyroxene-melt equili-
bria is appropriate here as experimental data
performed on starting compositions similar to the par-
ent magmas of La Picada and with variable H,O con-
tents (0 to 8:98wt %; Draper & Johnston, 1992; Blatter
et al., 2013; Andujar et al., 2015) give an average K/° "9
= 0-26 = 0-04. In the dacites, the clinopyroxene macro-
crysts are scarce and of small size (up to 500 pm).
Available data indicate that their Mg# (0-68 to 0-72) is

generally too high to be in equilibrium with the WR
(Mg# = 0-.60), but is appropriate for clinopyroxenes in
equilibrium with the most evolved basaltic andesite
(Fig. 7). However, three analyses performed on the rims
of clinopyroxenes from sample PIC48 have a lower Mg
# (0-60 to 0-62) that is in equilibrium with the whole rock
(Fig. 5b, Supplementary Data Table S3). An equilibrium
test was not performed for plagioclase because the
composition of this mineral depends on several param-
eters (magma composition, temperature, pressure and
H,O content; e.g. Waters & Lange, 2015). We however
note An rich plagioclase cores (Angz) in the basaltic
andesites, suggesting equilibrium with the whole-rock
(see thermobarometry section below). Moreover,
plagioclase rims from the basaltic andesites have over-
lapping compositions with plagioclase from the dacites
(Fig. ba). As will be shown below, the dacitic compos-
ition (dyke 1) can be produced by fractional crystalliza-
tion from the basalts and basaltic andesites and we
interpret the normal zoning of the plagioclase as

020z Aenuep g1 uo Jasn abal jo Austanlun Ag L E£ESZYS/206/S/09/0esqe-0[01e/ABojosjod/woo dnorolwapese)/:sdiy Wwod) papeojumoq



Journal of Petrology, 2019, Vol. 60, No. 5

919

(b) TTTTTTTT T T I T T T T T T T T T T T T I T TTITTTITTTTTT 7 TTTTTTTT T T I T T T T T T T T T I I T I T I T ITTITTTT
3 Basalts ] ¢|_Basalts N
Augite n = 84 Pigeonite n =11
Mean = 76.3 5 Mean =63.5 .
- 20l 4 s Pyroxenes
g g 4 .
(] [} )
s 2 3| | Composition
= 10l 1 = L0 _
1| i
Olllllllllllllllllll-rlll | 0 IIIIIIIIIIIIIIIII|-| I|-|IIIIIIIIIIIII
120l Bas. andesites ] - Bas. andesites ) 10|~ Bas. andesites a
20l Augiten=476 N 8 |-Pigeonite n = 27 — Lol OPXn =253 8
[ Mean=76.5 1 L Mean=63.4 ¢ 1 . F Mean=707 g
2 100 4 T¢L | %100 ]
c M < S
9] B 7 g g B 7
g_ 80— — o o 1 o 80— —
o 41 9 2+ E
&L 60| - 4 1 % e} —
a0~ ] i i sl ]
L _ 2 - — L i
20— — | | 20 —
O_IIIIIIIIIIIIIIIIIIIIII—I IIIIIII_ LiLii ittty LiLiiiiiill O_|||||||||||||||||||_|—|_| |||||||||||_
B ] 20 30 40 50 60 70 80 90 100
18— DaC|'tes ] Mgt - Dacites 1
N3 :\/;galnte 28=825 E T o= 6o |
141 =68. — -
- ] - Mean =63.0
o [ . — 2 r i 1
() - - ° (]
g - . La Picada 5 o .
2 sl ] T L i
61— _
L . 21— —
41— —
2 H . L ]
O_IIIIIIIIIIIIIIII||| 1 ||||||||||||_ OIIIIIIIIIIIIIIIIIIII INENENENENERER NN N}
20 30 40 50 60 70 80 90 100 20 30 40 50 60 70 80 90 100
Mg# Mg#
Fig. 5. Continued.
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crystal mush, the plagioclase rims being in equilibrium
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RESULTS

Whole-rock and glass chemistry

Rock classification

As already noted, whole-rock samples range from
basalts to dacites with dominant basaltic andesites
(Fig. 3a). The conspicuous absence of andesites results
in a compositional (Daly) gap between 56-96 wt % SiO,

Distance (um)

Fig. 6. Plagioclase grain from PIC31 showing a typical compos-
itional profile from core to rim. %An = Ca*100/(Ca-+Na) in
moles of cations.

(PIC33) and 62-74wt % SiO, (PIC49), in striking contrast
with what is observed in the Central Andes where lavas
of andesitic composition are dominant (Woérner et al.,
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Fig. 7. Rhodes diagrams plotting the Mg# of the whole-rocks
(WR) vs the Mg# of (a) olivine and (b) augite. Curves were cal-
culated with a K59 of 0.3 for olivine (Roeder & Emslie, 1970)
and 0-27 for augite (Putirka, 2008). Microprobe profiles display-
ing a clear compositional difference between the core and the
rim were selected. Indeed, a profile with a nearly constant com-
position could represent only one zone of a zoned crystal be-
cause of a cutting effect. The central black curve was calculated
with the equilibrium ng"v’g and the light grey curves were cal-
culated with error bounds of 0-03 for K5 9. FeO, was used in
the calculations.

2018). One of the least differentiated basalt samples
(PIC 50) has been collected from a dyke (Fig. 3a). The La
Picada trend is at the boundary between the tholeiitic
and calc-alkaline fields (Irvine & Baragar, 1971) (Fig. 3b)
and at the boundary between the low-K tholeiite and
calc-alkaline fields, except for some dacites that are
higher in K,O and thus plot in the calc-alkaline field
(Peccerillo & Taylor, 1976) (Fig. 3c). The least differenti-
ated compositions are tholeiitic basalts. Interstitial glass
pockets are dacitic in the dacites, but with higher SiO,
than the whole-rocks and dacitic to rhyolitic in the
basalts and basaltic andesites, with the exception of
one andesitic glass analysed in a basalt. The compos-
ition of the glass pockets in the basalts and basaltic
andesites is rather scattered, particularly for FeOy, TiO,
and Al,Os. This scatter is probably due to their very
small size and to the presence of some microcrystals of
oxides and/or plagioclase as the electron microprobe
beam was defocused during their analysis. The com-
position of these glass pockets should be different from
the composition of the interstitial liquid of the basaltic
to basaltic andesitic crystal mush as most microlites

crystallized during final magma ascent to the surface
(e.g. Erdmann et al., 2016). We have calculated the com-
position of such an interstitial melt for sample PIC33 by
subtracting the composition of the macrocryst assem-
blage from the composition of the bulk-rock. In this cal-
culation, we used the proportions of macrocrysts
measured by point counting. The composition of the
macrocrysts was taken as the average of all analyses of
each mineral present in sample PIC33. Sample PIC33
was selected because it is the most evolved basaltic an-
desite, analyses are available for all macrocrysts and
the proportions of macrocrysts were measured three
times, the average being used in the calculation. The
calculated matrix is andesitic, similar to the andesitic
glass pocket analysed in a basalt and slightly less differ-
entiated than the dacites from the glass pockets and the
dykes (Supplementary Data Fig. S6).

Major elements

In Harker diagrams (Fig. 8 and Supplementary Data Fig.
S6, Table 1), MgO, FeO, and CaO decrease with increas-
ing SiO, whereas K,O and P,Os increase, but only
slightly for P,Os. TiO, is relatively constant with differ-
entiation, whereas Al,O3 is at first constant and then
decreases with increasing SiO, in the dacites.
Contrarily, Na,O first increases and then remains con-
stant in the dacites. In the MgO-SiO, diagram, basalts
and basaltic andesites display variable MgO contents
for a given value of SiO,. We have thus discriminated
these samples as High-MgO and Low-MgO, as well as
Intermediate (Int)-MgO™ and Intermediate (Int)-MgO™ for
MgO contents plotting between the High- and Low-
MgO samples, the Int-MgO* samples having slightly
higher MgO contents than the Int-MgO™ samples. Low-
MgO samples are also higher in Al,O3 than the High-
MgO samples. These differences are indeed due to vari-
able MgO contents and not to variable SiO, contents as
they are observed in all major elements variation dia-
grams when MgO is used as a differentiation index.

Trace elements

Ni and Cr strongly decrease with increasing SiO, (Fig. 9,
Table 1) and to a lesser extent, Sc, V and Co, whereas
Zn and Ga are rather constant (not shown). Rb, Ba, Cs
(not shown) and High Field Strength elements (HFSE)
(Zr, Hf, Nb, Ta, U, Th, Y, REE) are incompatible, whereas
Sr remains first constant but is lower in the dacites. The
Pb data (not shown) display a rather constant trend in
the basalts and basaltic andesites and then a strong in-
crease in the dacites. LREE are slightly fractionated with
(La/Yb)y overlapping among the High-MgO to Low-
MgO samples and displaying a restricted range from
2-44 in the least differentiated sample (PIC50) to 3-67 in
the most evolved dacite (PIC41) (Fig. 10; Table 1). There
is a slightly negative to virtually absent Eu anomaly in
the basalts and basaltic andesites ((Eu/Eu*)y = 0-87 to
1.06) and a slightly more negative one in the dacites
((Eu/Eu*)n = 0-60 to 0-85) (Table 3). N-MORB normalized
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Fig. 8. Harker diagrams showing the major element composition of the La Picada lavas and dykes as well as the Osorno (Moreno
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the Moreno et al. (2010) samples (L) and the Ar-Ar ages in ka (Moreno et al. (2010) and this study). Analyses recalculated to 100%

on a volatile free basis with total Fe as FeO;.

trace element patterns (Fig. 10) are typical of arc mag-
mas with strong enrichments in LILE (Rb, Cs, Ba), as
well as in Th and U, negative anomalies in Nb and Ta
that display similar contents to N-MORB and positive

anomalies in Pb, as well as in Sr, for the basalts and
basaltic andesites. We observe differences in the trace
element composition of dacitic samples from dykes 1
and 2: compared to the former, the latter are enriched in
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Rb, Ba, Cs, Pb and HFSE (Fig. 9) and display a more pro-
nounced Eu negative anomaly (Eu/Eu* = 0-60 to 0-67,
with an average of 0-64 vs 0-81 to 0-87, with an average
of 0-84) (Fig. 10). These differences cannot be attributed
to analytical uncertainties, as they were verified
with XRF analyses for a few elements (Rb, Sr, Y, Zr, Zn,
Ni, Pb).

High-, Low- and Int-MgO samples display overlap-
ping trace element compositions, except for Cr and Ni

that are distinctly higher in the High-MgO samples than
in the Low-MgO samples. Samples PIC14 and 15 (Int-
MgO") are conspicuously rich in Sr, Th and U. This ob-
servation has been tested by replicating the ICP-MS
analyses on several aliquots (three for PIC14 and two
for PIC15; averages are shown in Fig. 9). The trace elem-
ent compositions can be compared to data for Chile
trench sediments (Lucassen et al, 2010; Plank, 2014)
and to the South Atlantic MORB field (Fig. 11). Indeed,
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dacites.

according to Husson et al. (2012) who modelled the
flow of the South Atlantic mantle under the South
American continent, this part of the mantle is convect-
ing westward under the Andes and above the subduct-
ing Nazca plate. Moreover, Jacques et al. (2013)
showed that the mantle source of the back-arc volcanic
rocks of the TSVZ has a South Atlantic affinity. In the
Nb/Yb vs Th/Yb diagram of Pearce & Peate (1995)
(Fig. 11a), the La Picada samples have higher Th/Yb
ratios than MORB, but lower than the Chile trench sedi-
ments. In the La/Sm vs Ba/Th plot of Elliott (2003)
(Fig. 11b), they overlap in composition with South
Atlantic MORB and are stretched towards the field of

the Chile trench sediments. They display higher (Ba/
Nb)n, (La/Nb)y and (Sr/Nb)y ratios than South Atlantic
MORB (Fig. 11c, d), but show no enrichment in Ba/Th
(Fig. 11b). Finally, the La Picada samples and the Chile
trench sediments have partly overlapping compositions
in the (Nb/U)y vs (Ce/Pb)y diagram (Fig. 11e). The Low-
and High-MgO basalts have overlapping normalized
trace element patterns, particularly for the elements
that track the slab components (Th, La, K, Pb, U, Sr)
(Fig. 11f), but the High-MgO samples have a slightly
higher (Ba/Nb)y (Fig. 11¢) than the Low-MgO samples,
and several High-MgO samples have a higher (Sr/Nb)y
ratio (Fig. 11d) and a lower (Ce/Pb)y ratio (Fig. 11e) than
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Fig. 11. Trace element composition of the La Picada lavas, compared with selected occurrences from elsewhere. (a) Th/Yb vs Nb /
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normalized to N-MORB of Sun & McDonough (1989) (note that the comparison concerns here only the composition of the basaltic

parent magmas).

the Low-MgO samples. However, when all samples are
taken into account, their variable ratios of incompatible
elements overlap.

ARrR-AR ages
Samples PIC04 and PIC06 display, respectively, four
and five continuous steps with 100% of degassed °Ar.

The best estimated ages are calculated with a normal
isochron giving an age of 218 = 60ka for PIC04 and of
220 + 36 ka for PIC06 (Figs 12a and b). No plateau ages
were obtained for PIC07, PICO9 and PIC12; however
good estimated ages were calculated with a normal iso-
chron (360 + 23 ka for PIC07, 546 = 88ka for PIC09 and
152 = 14 ka for PIC12: Fig. 12c-e). PICOQ7 yields a trapped
Ar/Ar ratio that does not overlap with the atmospheric
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Fig. 12. Age spectra and isochrons showing Ar/Ar experimental results for samples (a) PIC04, (b) PICO06, (c) PICO7, (d) PICQ9, (e)

PIC12. Data are given in Table 2.

composition, suggesting a contribution from an excess
Ar component. No satisfactory plateau age could be
obtained for PIC11, a gabbroic block, and the best age
estimation is given by the inverse isochron
(9-5512 = 0-89 Ma). Moreover, the composition of the
trapped Ar/Ar does not overlap with the atmospheric
composition, suggesting a significant amount of excess
Ar. Reliable age criteria given by McDougall & Harrison
(1999) are not always fully met due to the low K content
and young age of the samples. Only PIC06 meets all cri-
teria and, therefore, other ages must be cautiously con-
sidered although they remain meaningful. These new
ages combined with previous results (Moreno et al.,
2010) indicate a continuous eruptive history at La
Picada from about 546 ka (this study) to 60ka (Moreno
et al., 2010). This activity was overlapping with that of
Osorno (198ka (Moreno et al.,, 2010) to present) and
Calbuco (342ka (Sellés & Moreno, 2011) to present),
starting, however, significantly earlier. La Picada thus
recorded the early magmatic history of the Osorno-
Puntiagudo—-Cordén Cenizos active volcanic chain.
There is no clear correlation between the age of the La
Picada samples and their MgO content (Fig. 8). For ex-
ample, samples PIC09 and PIC12 which are both Int-

MgO™ were respectively dated at 546 +88ka and
152 += 14 ka, thus covering nearly the whole period of ac-
tivity at La Picada. The approximate age of 9-55Ma
obtained for the gabbroic fragment (PIC11) confirms
that it belongs to the Miocene plutonic rocks forming
the basement of the volcanoes in the area (Lambert &
Wyllie, 1972).

Thermobarometry

A collection of geothermobarometers was used to esti-
mate the depth (P) and the conditions (T, fO,, H,0) of
differentiation from the basalts to the basaltic andesites
and dacites.

The composition of clinopyroxene in equilibrium
with the melt is dependent on pressure and can thus be
used as a geobarometer, as proposed by Putirka (2008)
(equation 32a). An improved version of this geobarome-
ter (SEE = = 0-14 GPa) was recently proposed by Neave
& Putirka (2017) and can be applied to hydrous and an-
hydrous systems when temperature is above 1100°C
and logfO, lower than QFM+1 (see below). We
selected clinopyroxene compositions that are in equilib-
rium with the whole-rock: K;*™" = 0.27 +0.03 and
(Din)predicted — (DiHd)opserved < |0-05/(Neave & Putirka,
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with the Neave & Putirka (2017) clinopyroxene-melt geobarom-
eter for the Int-MgO™ and Int-MgO™ basaltic andesites (n, num-
ber of analyses).

2017). This appeared to be true for several basaltic
andesites (PIC02, 07, 08, 12 and 44) (Supplementary
Data Table S7). Results indicate an average of
0-19 = 0-07 GPa when considering all analyses, of
0-18 = 0-08 GPa for the Int-MgO™" samples (PIC12 and

Plag P|ag

Plag+Cpx

Oliv

@ basalts
A basaltic andesites
¢ dacites dykel

{) dacites dyke2

Opx+Cpx

0.5 Oliv 0.5 Qtz

Fig. 14. Compositions of the La Picada whole-rock samples in
the pseudoternary projection Olivine (Oliv)-Plagioclase (Plag)-
Quartz (Qtz) projected from Clinopyroxene. Only the upper half
of the triangle is shown (from 50% Oliv—50% Qtz to 100% Plag).
The phase boundaries are those experimentally constrained by
Grove et al. (2003) at 0-2 GPa and NNO for primitive arc mag-
mas from the Cascades. Arrows indicate liquid evolution with
decreasing temperature.

44) and of 0-21 £0-06 GPa for the Int-MgO™ samples
(PIC02, 07, 08). Standard deviations of our results are
given as the errors, as the pressure distribution prob-
ably reflects the uncertainty of the model (Neave &
Putirka, 2017). These standard deviations are slightly
lower that the SEE of 0-14 GPa given by Neave & Putirka
(2017). The frequency distributions (Fig. 13) display
overlapping maxima (0-18 to 0-26 GPa for the Int MgO™;
0-18 to 0-28 GPa for the Int MgO") and except for a few
analyses, pressures are below 0-3 GPa. Using a density
of 2700 kg/m?® for the upper crust (Tassara et al., 2006),
the pressures of 0.18 = 0-08 to 0-28 = 0-06 GPa translate
into depths of 6:8 = 3km to 10-6 = 2-3km. Interestingly,
this range of depths corresponds to the intracrustal dis-
continuity separating the upper and lower continental
crust in this part of the Andean arc (Tassara et al., 2006;
Tassara & Echaurren, 2012). A low pressure of differen-
tiation is supported by phase equilibria as the basaltic
andesites and dacites of La Picada respectively plot
close to the 0-2GPa clinopyroxene-saturated olivine—
plagioclase and orthopyroxene—plagioclase boundaries
of Grove et al. (2003) (Fig. 14). It also agrees with the
results of Turner & Langmuir (2015a) and Adam et al.
(2016) and with the pre-eruptive conditions (0-2 GPa) ex-
perimentally constrained for the dacite of the San Pedro
volcano (36°S SVZ) (Costa et al., 2004). We thus con-
clude that differentiation from the basalts to the basaltic
andesites and dacites dominantly took place in the
upper crust.

Following the procedure proposed by Mandler et al.
(2014), we first estimated the temperature and the H,O
content of the magma by combining empirical ther-
mometers that are either independent or dependent on
the H,O content of the melt (Putirka, 2008). The former
only depend on the melt composition (equations 13 and
16 from Putirka (2008)) whereas the latter either depend
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Table 4: Temperature and %H,0 estimates for a range of upper
crustal pressures using the Mandler et al. (2014) test

Table 5: Calculated % H,O contents using the Waters and
Lange (2015) hygrometer

Sample# P (GPa) T (°C) (=10) %H20 (+0-3) Sample # % An (cores) T(°C) % H,0 (+0-35)
PIC30 01 1137 11 PIC30 09 1160 2.6
Low MgO 02 1141 1-0 Low MgO 1150 27
03 1145 1.0 1140 2.9
0-4 1149 09 1130 3.0
PIC31 01 1142 11 1120 36
Low MgO 0-2 1146 11 0.8 1160 2.3
03 1150 1.0
1150 25
0-4 1154 09 1140 2.6
PIC43 01 1145 1.5 1130 2.8
Int MgO+ 0-2 1149 15 1120 36
0-3 1153 1-3
04 1157 1.2 PIC31 09 1160 25
PICO6 0-1 1163 15 Low MgO 1150 2.7
High MgO 02 1167 1.4 1140 28
03 1171 14 1130 2.9
0-4 1175 13 1120 31
PIC50 0-1 1171 12 08 1160 2.3
High MgO 02 1175 11 1150 2.4
03 1181 1-0 1140 2.6
0-4 1183 09 1130 2.7
1120 2.8
PIC43 09 1170 19
N ) Int MgO-+ 1160 2.0
on the composition of the melt (equations 14 and 15 of 1150 2.2
Putirka (2008)) or on the olivine-melt equilibrium (equa- 1140 2:3
tions 22 and 21 of Putirka (2008)). We used a Kp (Fe- 1130 2:5
Mg)°"""@ = 0.30 = 0-03 (Roeder & Emslie, 1970) as a test 08 1170 1.7
A . . . . 1160 1.8
of equilibrium. The equations involving plagioclase 1150 1.9
were not considered at this stage because, as already 1140 21
stated above, its composition is controlled by several 1130 2:2
parameters thus precluding a simple equilibrium test. PIC06 09 1190 11
The temperature calculated with the H,O-dependent  High MgO 1180 13
e s . . 1170 14
equilibria strongly varies with the water content, that 1160 15
we allowed to increase from 0 to 4%, whereas the tem- 1150 1.7
perature of the no-H,0 term equilibria is nearly constant 08 1190 09
(a small change in the melt composition produced by 1180 1.0
the addition of an increasing amount of H,O induces a Hég 1%
slight temperature variation). A maximum of 4wt % 1150 1.4
H,0 was conS|d.ered based on the e.lbsence .of amphi- 559 0.9 1190 15
bole in all La Picada samples. The intersection of the High MgO 1180 16
two groups of thermometers provides an estimation of 1170 18
the H,O content of the magma. In the case of the Hgg ;g
Calbuco volcano (Montalbano et al., 2017), the H,O con- 08 1190 13
tents derived from the Mandler test and measured in ’ 1180 1:4
olivine-hosted melt inclusions agree, suggesting that 1170 15
this test provides robust information. Calculations were 1168 1-;
115 1

performed at different pressures (0-1, 0-2, 0-3 and
0-4GPa) for the High-MgO (PIC06, PIC50), Int-MgO™
(PIC43) and Low-MgO (PIC30, PIC31) basaltic parent
magmas (Table 4 and Supplementary Data Table S8). In
these calculations, the bulk-rock compositions of the
basalts were interpreted as representative of liquid
compositions as they are in equilibrium with the cores
of the olivine (Fig. 7). Total FeO was used, as the effect
of the Fe**/Fe?" ratio is negligable on temperature cal-
culated with the olivine thermometers. Indeed, nearly
identical temperatures and wt % H,O were obtained for
basalt PIC43 when considering total FeO or a FeO frac-
tion of 0-9, appropriate for oxygen fugacities between
FMQ and NNO (Putirka, 2008) (see Supplementary Data

P, 0-2 GPa, plagioclase core composition (% An).

Table S8). Results indicate a liquidus temperature range
of about 1140 to 1180°C (= 10°C) and an H,O content
varying from 1.0 to 15wt % (= 0-3wt %) at 0-2GPa
among the different basalts. This temperature range is
in agreement with experimental data performed on
starting compositions similar to the La Picada basalts
(Draper & Johnston, 1992; Hamada & Fuijii, 2008; Blatter
et al., 2013; Nandedkar et al., 2014). The plagioclase hy-
grometer proposed by Waters & Lange (2015) was then
used to further constrain the water content of the
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magma given that its standard error estimate (SEE) is
0-35wt % H,0. As this hygrometer depends strongly on
temperature and plagioclase composition, but only
slightly on pressure, the H,O content was calculated at
0-2 GPa using, for each basalt, the temperature obtained
with the procedure of Mandler et al. (2014) at this pres-
sure and the range of compositions measured in the
plagioclase cores of the basalts (X5, = 09 to 0-8)
(Fig. ba; Table 5). The choice of the plagioclase core
composition is supported by two observations made
for olivine. Firstly, the Fo-rich cores are in equilibrium
with the bulk-rock composition and secondly, olivine
has a higher Fo content in the High-MgO samples com-
pared to the olivine of the Low-MgO samples (Fig. 7).
Calculated H,0 contents are higher than the estimations
from the Mandler et al. (2014) test, except for PIC06, and
suggest a slight difference between the High-MgO (0-9-
1-8wt % H,0) and Low-MgO basalts (2:3-3-1wt % H50).
Given the SEE of the plagioclase hygrometer (+ 0-35wt
% H,0), this increase seems to be significant, but small.
In the following, we use the H,O content calculated with
Angy and the upper temperature of the Mandler et al.
(2014) test: 2.5wt % (Low-MgO), 1-5wt % (Int-MgO+),
1-1wt % (High MgO). These water contents are lower
than or at the lower limit of the 2-6wt % H,O range
obtained for mafic arc magmas in a series of volcanic
arcs (Cascades, Aleutians, Mexico, Marianas,
Kamchatka, Tonga, Centam; Plank et al., 2013) but are
in agreement with the observed mineralogy. The ab-
sence of amphibole indeed indicates an H,O content
lower than 4-6wt % in the differentiated facies (e.g.
Sisson & Grove, 1993; Andujar et al., 2015) translating
into a maximum of 1.6 to 2.4wt % H,O in the parent
magmas if 60% differentiation (fraction of residual li-
quid = 0.4) is considered (see below). They are also
concordant with results from Watt et al. (2013) who
measured water contents between 1.3 and 2.1wt % in
olivine-hosted melt inclusions from several volcanoes
of the SVZ (Hornopiren, South Michinmavida and
Palena) (Fig. 1). We have no precise constraints on the
CO, content of the La Picada magmas as pyroclasts un-
equivocally belonging to this volcano and carrying oliv-
ine with glassy melt inclusions were not recognized in
the field. However, the highest CO, content reported by
Watt et al. (2013) for their set of melt inclusions is
1238 ppm. The pressure of volatile saturation was thus
estimated with the VolatileCalc_2.0 model of Newman
& Lowenstern (2002) using an H,O and CO, content of
respectively 1-1 to 2.5wt % and 1200 ppm and a tem-
perature range of 1140-1180°C. Results indicate that
under these conditions the La Picada magmas were
volatile saturated at 0-25-0-3 GPa. Volatiles exsolution
increases the viscosity of the magma as it promotes the
polymerization of the melt structure and crystallization.
However, it should also reduce the bulk density of the
resultant vesicular magma. Consequently, if volatile ex-
solution indeed favored the stalling of the magma at
about 0-2GPa (Plank et al., 2013), it suggests that the
proportion of bubbles in the magma was never large

and/or that the density contrast between fluid and melt
was lower at that depth. As mentioned above, the pres-
ence of the intracrustal discontinuity at this pressure
range is also a likely controlling factor and it is possible
that volatile exsolution and crustal structure played a
role concomitantly.

The oxygen fugacity was estimated with the tem-
perature derived from the thermometers used in the
Mandler et al. (2014) test and the composition of titano-
magnetite. Estimates range from QFM +0-5 (PIC14 at
1098°C, PIC50 at 1175°C) to QFM+0-2 (PIC33 at
1067°C). Andujar et al. (2015) experimentally studied
the Balos basalt from Santorini that is very close in
composition to our sample PIC50. Using their experi-
mental results, these authors derived an empirical
equation giving the forsterite content of the olivine as a
function of temperature, H,O content of the melt and
oxygen fugacity: Fo (mol %) = 0-1037 x T (°C) + 1-7638 x
H20mer (Wt %) + 3-:0234 x ANNO - 38-63. Considering
the composition of olivine in PIC50 (FOgs), a temperature
of 1175°C derived from the Mandler et al. (2014) test
and an H,0 content varying from 1-1 to 1.8 wt %, the cal-
culated oxygen fugacity is NNO-0-1 to NNO-0-5 corre-
sponding to QFM+0-8 and QFM + 0-40, respectively.
These values overlap with those derived with the titano-
magnetite composition and agree with the oxygen fuga-
city generally obtained for basalts that straddle the
tholeiitic-calc-alkaline boundary (Sisson et al., 2005). In
the following, we will consider an oxygen fugacity of
QFM + 0-5, close to NNO.

DISCUSSION

Geochemical variability at La Picada

As detailed above, basalts and basaltic andesites at La
Picada display variable MgO, Al,03, Cr and Ni contents
at a given SiO, content, justifying the distinction be-
tween High-, Low- and Int-MgO samples (Figs 8 and 9).
In the following, we discuss three processes that could
potentially explain this observation: (1) preferential en-
trainment of plagioclase or ferromagnesian macro-
crysts from the magma storage region’s crystal mush,
inducing lower MgO, Cr, Ni and higher Al,O3 contents
in the Low-MgO samples; (2) differentiation of the same
parent magma at different pressures, as higher pres-
sure respectively expands and decreases the stability
fields of clinopyroxene and plagioclase, thus inducing
lower MgO (Yoder, 1976); and (3) variable extent of frac-
tional crystallization of the same parent magma.
Entrainment of macrocrysts is probably not a reason-
able assumption as it would produce more scattered
data. It has nonetheless been tested quantitatively as
the relative proportions of plagioclase and ferromagne-
sian minerals are slightly higher in the Low-MgO sam-
ples than in the High-MgO samples (Fig. 15). We have
thus verified if adding 5 to 10% plagioclase to the com-
position of the High-MgO basalt could reproduce the
composition of the Low-MgO basalt. Results are pre-
sented in Table 6a. The trace element content of
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Fig. 15. Relative proportions of macrocrysts and matrix (a) and
of macrocrysts (b) in the basalts and basaltic andesites as
obtained from point counting. The two lines joining the
« Matrix » corner with the Ol+Cpx+0Opx+0x-Plagio segment
in (a) indicate a slightly higher proportion of plagioclase in the
Low-MgO samples.

plagioclase in equilibrium with the High-MgO basalt
was calculated using the trace element content of basalt
PIC50 (High-MgO) and appropriate partition coefficients
(see Table 10 below). Eu and Sr are commonly used as
a test for plagioclase accumulation because plagioclase
preferentially incorporates these elements. However,
we note that, as the calculated Eu and Sr contents of
plagioclase are respectively low and moderate
(Table 6a), loading the High-MgO basalt with plagio-
clase does not have much effect on the resulting Eu and
Sr contents of the magma. Consequently, the similar Sr
(Fig. 9) and REE (Fig. 10) patterns of the High- and Low-
MgO samples does not necessarily preclude plagio-
clase accumulation. Contrarily, results clearly indicate
that FeO,, MnO, Cr and Ni are too high in the calculated
composition compared to the Low-MgO samples.
Consequently, even if some plagioclase accumulation
may have occurred in the Low-MgO samples, as sug-
gested by their higher proportion of plagioclase, this
process cannot take into account the geochemical vari-
ability at La Picada. We have also tested the possibility

that different entrainment of olivine and clinopyroxene
produced the variable MgO, Al,O3, Cr and Ni contents
(titanomagnetite was not considered as it is not present
as a macrocryst in the basalts and basaltic andesites).
As Ni is preferentially incorporated in olivine and clino-
pyroxene, whereas Cr substitutes in clinopyroxene,
these trace elements were used to calculate the amount
of olivine and clinopyroxene that must be added to the
composition of the Low-MgO basalt in order to obtain
the observed Ni and Cr contents of the High-MgO bas-
alt. These calculated proportions were then used to test
if they can explain the different MgO and Al,O3 contents
of the Low- and High-MgO samples. Results indicate
that the calculated proportions of olivine (6%) and clino-
pyroxene (18%) added to the Low-MgO basalt fail to re-
produce the observed MgO and Al,O3; contents of the
High-MgO basalt (Table 6b). Preferential entrainment of
macrocrysts cannot thus be retained as an explanation
for the compositional diversity at a given SiO,. The
higher Fo content of olivine cores in the High-MgO sam-
ples, indicating equilibrium with a more magnesian
melt, supports this conclusion. It is also worth noting
that the high mass proportions of plagioclase in the La
Picada lavas (Fig. 15) are very similar to the relative
abundances of plagioclase and olivine (Plagyg : Olsg)
typically observed in the cumulus assemblages of
many mafic layered intrusions (e.g. Rhum intrusion,
Brown (1956); Kiglapait intrusion, Morse (1979); Sept
lles Layered Intrusion, Namur et al. (2011)) and calcu-
lated from experimental data (e.g. Grove & Baker, 1984;
Toplis & Carroll, 1995).

Several experimental studies (e.g. Draper &
Johnston, 1992; Miintener et al., 2001; Grove et al.,
2003) have demonstrated that with increasing pressure,
the stability field of clinopyroxene and plagioclase re-
spectively expands and decreases. Moreover, at high
pressure, garnet becomes stable. Here, we focus on the
experiments of Draper & Johnston (1992) (1atm, 1, 1-2,
1-5, 2 GPa; anhydrous conditions) because their starting
composition is very close to the La Picada basalts. Their
dataset indicate that the composition of the liquids
becomes increasingly enriched in Na,O and K,O and
depleted in CaO with increasing pressure. The different
samples of La Picada overlap for these three elements
(Fig. 8) and are similar to the 1 atm liquid line of descent
of Draper & Johnston (1992). Moreover, the experimen-
tal fractionation trend obtained at 0-4 GPa by Blatter
et al. (2013) on a starting composition very close to the
parent magma of La Picada, except that it is slightly
higher in P,Os, Na,O and TiO, and slightly lower in
Al,O3 and CaO, also reproduces the trend observed in
this study (Fig. 16). These upper crustal pressures are
also in agreement with results obtained with the cpx-
melt geobarometer. Thus fractionation at significantly
different pressures cannot predict the geochemical vari-
ability. We have further tested the hypothesis of frac-
tionation at slightly different pressures, between 0-2
and 0-4 GPa, by simulating the fractional crystallization
of the PIC50 basalt (High-MgO) with the Rhyolite-Melts
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Table 6a: Test of macrocrysts (plag) preferential entrainment

PIC50 Plagioclase Lig High-MgO + Lig High MgO + PIC30 PIC31

High-MgO composition 10% plagio 5% plagio Low-MgO Low-MgO
SiO, 51-11 4876 50-88 51.00 50-61 50-18
TiO, 0-84 0-05 076 0-80 0-97 0-98
Al,03 17-99 3217 19-40 18-69 18-68 18-87
FeOt 861 0-80 7-83 822 894 9-02
MnO 0-15 0-00 0-14 0-14 0-17 0-17
MgO 7-65 0-00 6-88 7-27 6-31 6-51
CaO 11-08 16-28 11-60 11-34 11-33 1117
Na,O 217 2.55 221 219 2:44 2.51
K,0 0-29 0-07 0-27 0-28 0-42 0-46
P,05 0-10 0-00 0-09 0-10 013 014
Total 100-00 100-68 100-07 100-03 100-00 100-00
Sc 29 12 26 28 35 30
Y 220 6-6 199 210 238 236
Cr 232 9 209 221 107 112
Co 37 33 33 35 34 33
Ni 99 12 90 95 45 45
Zn 60 10-2 55 57 74 70
Rb 5.6 01 51 5.4 10 10
Sr 398 676 426 412 449 436
Ba 110 26 102 106 171 150
Ce 13 1 12 13 15 15
Eu 09 02 09 09 12 1.0
Sm 2.7 01 25 2.6 33 2.9
Yb 18 0-0 16 17 21 19

The test is made for the accumulation of 10% to 5% of plagioclase in the High-MgO basalt represented by sample PIC50 to produce
the composition of the Low-MgO basalts represented by samples PIC30 and PIC31. The major element composition of plagioclase
is the average of 127 analyses (core, mantle, rim) of plagioclase from PIC50. The trace element composition was calculated with the
partition coefficients of Table 10 (see below) and the trace element composition of PIC50. See text for explanation.

algorithm (Ghiorso & Gualda, 2015; Gualda et al., 2012)
at an oxygen fugacity of NNO and with 1-5wt % H,0 in
the starting composition. Results are illustrated in
Fig. 16. MgO is indeed lower at 0-4 GPa and reaches the
Low-MgO basalts after some fractionation of olivine
and plagioclase, but at a higher SiO,. Also, the 0-2 GPa
trend is much lower in Al,O3 than the High-MgO sam-
ples. Finally, the 0-4 GPa trend is respectively much
lower and much higher in CaO and in Na,O than the
Low-MgO samples because of clinopyroxene fraction-
ation. In conclusion, fractionation at different pressures
does not appear plausible, especially because the differ-
ent trends of La Picada should have different Na,O con-
tents as this element is strongly influenced by the
decreasing stability field of plagioclase with pressure
(Fig. 8).

When using a perfectly incompatible element such
as Zr as the differentiation index (Supplementary Data
Fig. S9), the La Picada samples define a continuous
trend of decreasing MgO, Ni and Cr with increasing Zr,
suggesting that differentiation can explain the occur-
rence of the High- and Low-MgO basalts. A fractional
crystallization model (see below, Supplementary Data
Fig. S9) indeed perfectly fits the Ni-Zr data.
Interestingly, when incompatible elements such as Rb,
La or Ba are used as the differentiation index, the data
are more scattered, perhaps because these elements
are variably contributed by the slab component among
the La Picada samples, whereas Zr is a ‘conservative’
element (Pearce & Peate, 1995) (Fig.11). We thus

conclude that the High- and Low-MgO basalts result
from a different extent of fractionation.

Mantle melting conditions under La Picada

The mantle melting conditions under La Picada were
estimated with the Lee et al. (2009) and Putirka (2008)
(equations 42, 13 and 14) geothermobarometers and
the approach of Kelley et al. (2006) and Kelley et al.
(2010). The Lee et al. (2009) and Putirka (2008) (equa-
tion 42) geothermobarometers are based on the equilib-
rium between a basaltic melt, olivine and
orthopyroxene. They are thus appropriate here as pri-
mary basalts equilibrate with these minerals in their
mantle source. The representative composition of the
parent magmas was calculated as the average compos-
ition of samples PIC04, 05 and 06 for the High-MgO
basalts and of samples PIC30 and PIC31 for the Low-
MgO basalts. The High-MgO sample PIC50 was also
selected. Their Mg# lower than 0.7 (e.g. Grove et al.,
2012) (0-6 for the High-MgO, 0-56 for the Low-MgO, 0-61
for PIC50) and Cr (202 for the High-MgO, 110 for the
Low-MgO, 232 for PIC50) and Ni (71 for the High-MgO,
45 for the Low-MgO, 99 for PIC50) contents respectively
lower than 232 ppm and 99 ppm preclude them to be
primary magmas in equilibrium with a mantle source
(>1000 ppm Cr, 400-500 ppm Ni). In order to estimate
the temperature and pressure of last equilibration with
the mantle source using the Lee et al. (2009) and Putirka
(2008) (equations 42, 13 and 14) geothermobarometers,
we have thus corrected the composition of the parent
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Table 6b: Test of macrocrysts (ol, cpx) preferential entrainment
Ni (ppm) Cr (ppm)
High-MgO basalt (PIC05-06) 70 202
Low-MgO basalt (PIC37) 29 68
Olivine in equilibrium with PIC37 435
Clinopyroxene in equilibrium with PIC37 120 816
(Ni)High-MgO = (Ni)Low-MgO- Xliq + (Ni)ol-xol + (Ni)cpx- chx-
(Cr)High—Mgo = (Cr)Low—MgO- Xliq + (Cr)cpx- chx-
Xliq + Xol + chx =1
—> Xo1 = 0.06 and X, = 0-18.
Al;03 (%) Al,03 (%)
Observed Calculated
High-MgO basalt (PIC05-06) 1772 1523
Olivine 0-00
Clinopyroxene 2.01
MgO (%) MgO (%)
Observed Calculated
High-MgO basalt (PIC05-06) 7-42 9-15
Olivine 38-00
Clinopyroxene 16-50

The following partition coefficients were used to calculate the Ni and Cr contents in olivine and clinopyroxene: DNi (ol/melt) = 15
(Kinzler et al. (1990)); DNi (cpx/melt) = 4-13; DCr (cpx/melt) = 12 (Norman et al., 2005). The Al,03 and MgO contents of olivine and
clinopyroxene correspond to the core compositions in equilibrium with the WR. The Al,03 and MgO contents of the High-MgO bas-
alt were calculated using the proportions of liquid, olivine and clinopyroxene deduced from the trace elements. The whole rocks
(matrix -+ macrocrysts) are considered as the liquid in these calculations and the test is made for additional olivine and clinopyrox-

ene added to the Low-MgO basalt.

magmas in the following way. The experimental data of
Draper & Johnston (1992) used sample ID-16, a primary
magma from the Aleutian arc (Grove et al., 2012), as a
starting composition. At 1atm, after 20-6% crystalliza-
tion of a troctolitic cumulate (53-:40% olivine + 46:60%
plagioclase) from this sample, the residual liquid is very
close in composition to the La Picada basalts. We have
thus added 20-6% of this cumulate to the composition
of the La Picada parent magmas using olivine (Fogg)
and plagioclase (Angg for the High-MgO, Ang, for the
Low-MgO, Ang, for PIC50) core compositions in order to
reach the composition of a liquid in equilibrium with
olivine only. Two percent of olivine (Fogg from Draper &
Johnston, 1992) were then added to obtain the compos-
ition of near primary magmas with MgO contents rang-
ing from 10-68wt % to 11-73wt % appropriate for the
use of the Lee et al. (2009) geothermobarometer
(Table 7). Their H,O content (0-9 to 2-0 wt %) was calcu-
lated using results obtained with the Waters & Lange
(2015) hygrometer on the basalts and taking into ac-
count the added cumulates (Table 7). They represent
minimum values if the basaltic parent magmas reached
vapor saturation and started degassing at a slightly
higher pressure than 0-2 GPa. This correction procedure
relies on the hypothesis that the differentiation of the
near primary magma to the basaltic parent magma took
place in the upper crust as the 1atm experimental data
were used. However, as this part of the differentiation
could have taken place close to the Moho, we have
tested the same procedure using the experimental data-
set of Miintener et al. (2001) where the phase equilibria
of primary arc magmas were studied at 1-2 GPa, condi-
tions corresponding to the arc lower crust. Adding
16-5% of their B736 cumulate (52-12% olivine + 46-06%

cpx + 1-82% opx) to the composition of the PIC50 basalt
results in calculated pressure and temperature that are
within errors of those deduced with the above proced-
ure. We acknowledge that this procedure represents a
significant correction, however, we think that the close
compositional similarity between the La Picada samples
and the experimental melts provides some robustness
to these calculations. The composition of primary mag-
mas in equilibrium with olivine Fogg was then obtained
by incremental addition of olivine to the compositions
of the near primary magmas using the Lee et al. (2009)
algorithm. Their MgO content ranges from 12-37 to
13.:02wt % (Table 7), they are thus close to picritic com-
positions. Temperatures (1321°C to 1341°C) and pres-
sures (1-2 to 1-4 GPa) calculated with the Lee et al.
(2009) geothermobarometer overlap within uncertain-
ties for the different samples (= 50°C, *= 0-2GPa)
(Table 7). Temperatures and pressures obtained with
equations 13 (1320°C to 1337°C), 14 (1315°C to 1329°C)
and 42 (1-2 to 1-4GPa) of Putirka (2008) agree within
errors (= 51/71°C, = 0-3GPa) with those derived from
the Lee et al. (2009) geothermobarometer (Table 7).
These P-T conditions are higher than the dry peridotite
solidus of Hirschmann (2000), suggesting that adiabatic
decompression melting could have taken place
(Fig. 17a). However this does not preclude flux melting, as
the basaltic parent magmas at La Picada are clearly
enriched in slab-derived components compared to MORB
(Fig. 11). Pand T obtained for La Picada overlap with those
calculated by Watt et al. (2013) for volcanic centers
(Hornopiren, Apagado, Palena, South Minchinmavida)
located further south in the Andean arc, using the compos-
ition of olivine-hosted melt inclusions corrected for post
entrapment crystallization and fractionation (Fig. 17a).
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Table 7: Pressure and temperature of last equilibration in the mantle

Type High-MgO High-MgO Low-MgO
Samples PIC04 05 06 PIC50 PIC30 31
Composition of the Si02 49-41 48.37 47-64
Calculated near primary magmas used TiO2 0-67 0-65 0-74
in the Lee et al. (2009) Al203 16-82 16-98 17-50
geothermobarometer FeOt 8-47 8-37 8-56
MnO 0.15 0-14 0.15
MgO 11-62 11.73 10-68
CaO 933 10-25 10-34
Na20 219 2.05 1-98
K20 0-39 0-23 0-34
P205 0-09 0-08 0-10
H20 0-86 1-16 1.96
Total 100 100 100
Composition of the primary magmas Si02 49.29 48-15 47.32
calculated with the TiO2 0-66 0-63 0.70
Lee et al. (2009) algorithm Al203 16-50 16-41 16-58
FeOt 8:51 8.44 8.67
MnO 015 013 015
MgO 12.37 13-02 12.73
CaO 916 991 9-80
Na20 214 1.98 1.87
K20 0-38 0-22 0-32
H20 0-85 112 1.86
Total 100 100 100
Putirka (2008) Eq.14 T=*51°C 1319 1329 1315
Putirka (2008) Eq. 42 P + 0-3 GPa 12 14 14
Putirka (2008) Eq.13 T=x71°C 1320 1337 1329
Putirka (2008) Eq. 42 P + 0-3 GPa 12 1.4 14
Geothermobarometer T =50°C 1323 1341 1321
Lee et al. (2009) P + 0-2 GPa 12 1-4 14
Mantle melting High Ti F (= 0-03) 0-22 0-19 0-16
Kelley et al. (2010) CH20 (* 0:10%) 02 0-2 03
Mantle melting Constant Ti F (+ 0-03) 0-17 0-18 0-15
Kelley et al. (2010) CH20 (% 0-10%) 0-2 0-2 03

For the High- and Low-MgO samples, the composition of the basalts used in the calculations is the average composition of the sam-
ples given in the second row. In order to use the Lee et al. (2009) geothermobarometer, the composition of the near primary mag-
mas was first calculated by taking into account fractionation of olivine+plagioclase and then of olivine alone. The H,0 content of
the near primary magmas was recalculated considering H,O as an incompatible component and an initial H,O content of 2-5wt %
for the Low-MgO basalt, 1-5wt % for PIC50 and 1-1wt % for the High-MgO basalt. The composition of the primary magmas, in equi-
librium with olivine Fogg, was calculated with the Lee et al. (2009) algorithm by incremental addition of olivine only. The tempera-
ture and pressure of last equilibration in the mantle were calculated with the Lee et al. (2009) and Putirka (2008)
geothermobarometers. The amount of mantle partial melting (F) and the H,O content of the mantle source (CH,0) were calculated
with the procedure of Kelley et al. (2010) for high (calculated from TiO,/Y) and low (constant 0-133 wt %) TiO, content in the mantle

source. See text for explanation.

The extent of mantle melting (F) and the H,O content
of the mantle source (CJ,, ) can be constrained with a
batch melting equation including the TiO, content of
the primary magmas (C'Il'iOZ) and estimations of Doz
(0-04: Kelley et al., 2006) and CY%,, (TiO, concentration
of the mantle source) following the methodology pro-
posed by Kelley et al. (2006) and Kelley et al. (2010)

co
Tio2 , —Drio2
F— N %e ]

(17DTiOZ)
the recognition that, as a ‘conservative’ element (Pearce
& Peate, 1995), TiO, in the arc melts is solely contrib-
uted by the mantle source and is immobile in the slab
component (Kelley et al., 2010). The main unknown is
C%,, - It was estimated in two ways. Firstly, we consid-
ered a constant TiO, content of 0-133wt % (Salters &
Stracke, 2004). Secondly, we followed the procedure of

. This approach is based on

Kelley et al. (2006) that uses the TiO,/Y of MORB.
Because these two elements have similar partition coef-
ficients during mantle melting beneath ridges, this ratio
shows limited variation in MORB (0-04-0-05: Kelley
et al., 2006) and Kelley et al. (2006) considered that
higher TiO,/Y in enriched mantle sources is solely due
to enrichment in TiO, thus enabling the calculation of

Ti92) sample . Ti02\ :
Chor (Chon = 7(@)),” Tne CoMM with (Ti¢2)in MORB =

0-04 and C%’(‘)”Q/’zo-133>. The extent of melting (F)

can then be used in the batch melting equation to de-
rive the H,O content of the mantle source knowing the
H,O content of the primary magmas and Dy,0 (0-01:
Kelley et al., 2006). F values derived with a constant
TiO, (0-15 to 0-18 : Table 7) are not significantly lower
than those derived with the calculated TiO, (0-16 to
0-22). The F values of the different samples overlap
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Fig. 16. Comparison of the La Picada trends with the experi-
mental melts of Draper & Johnston (1992), Blatter et al. (2013)
and Andujar et al. (2015) and with the simulations of Rhyolite-
MELTS v.1.2.0 (Ghiorso & Gualda, 2015; Gualda et al., 2012) for
the basalt PIC50. Analyses recalculated to 100% on a volatile
free basis with total Fe as FeO;.

within errors (= 0-03) (Kelley et al., 2010) (Table 7,
Fig. 17b). However, their restricted range combined
with the variable (La/Yb)y ratios (Fig. 11d) point to a
possible variation of the extent of mantle partial melting
among the samples.

Given the uncertainty on Cl,, (= 0-10 %) (Kelley
et al., 2010), the H,O content of the mantle source
seems to overlap for the different samples of La Picada
(0-2 to 0-3wt % H,O for the constant and calculated
C%,, : Table 7, Fig. 17b). Our results agree with those
obtained by Watt et al. (2013) for the SVZ (CY,, = 0-2-
0-6wt % H,0) and by Portnyagin et al. (2007) for the
Kamchatkan arc magmas (CP,, = 0-1-0-4wt % H,0).
Estimates of slab-surface temperatures with Ce and K
geothermometry (Cooper et al., 2012; Plank et al., 2009)
range from 791 to 920°C (Table 8) and are above the
wet-sediment solidus (700°C at about 3 GPa for a pelitic
sediment (Hermann & Spandler, 2008); 750°C for a bas-
altic composition (Lambert & Wyllie, 1972)) suggesting
a melt-dominated flux in agreement with trace element
data (low Ba/Th; Fig. 11b). A similar temperature
(870°C) was obtained by Watt et al. (2013) for the
Hornopiren—-Apagado—-Palena—-South Minchinmavida
rear arc volcanoes.

We currently have no precise constraints on where
the differentiation from the primary magmas to the bas-
altic parent magmas took place. Nonetheless, we note
that given their calculated MgO (12-37 to 13-02wt %)
and H,0 (1 to 2wt %, Table 7) contents, these primary
magmas could have fractionated close to the boundary
between the lower and upper crust according to Putirka
(2017) (their Fig. 3). Moreover, as garnet replaces
plagioclase at high pressure and incorporates HREE
and Y but not Sr (e.g. Chapman et al., 2015), the low
Lan/Yby (1-47 to 2-49, Table 1) and Sr/Y (18 to 27,
Table 1) ratios of the basaltic parent magmas do not
support high pressure fractionation. The occurrence of
picritic lavas at the surface of Apagado (Watt et al.,
2013) corroborates this hypothesis and even indicates
that these highly magnesian magmas can eventually
ascend to the upper crust without differentiation.
However, given their high density, their fractionation at
deeper levels cannot be completely ruled out.

The combination of all geothermobarometric data
can be used to draw a schematic sketch of the subduc-
tion zone under La Picada, illustrating the estimated lo-
cation of sub-arc magmatic processes that determine
the composition of the magmas (Fig. 18).

Magma differentiation processes

A striking characteristic of the La Picada trends is the
occurrence of a Daly Gap. In the following we discuss
first the differentiation processes that produced the
geochemical variability from basalts to basaltic ande-
sites and then the possible causes of this Daly Gap. As
shown in Fig. 16, the La Picada trend overlaps with ex-
perimental melts and trends calculated with Rhyolite-
Melts (Ghiorso & Gualda, 2015; Gualda et al., 2012) at
0-2 GPa, suggesting that even if some plagioclase accu-
mulation may have occurred and in contrast with the
textural complexity of the basaltic andesites (Fig. 4), the
whole-rock trend can be considered as representative
of a liquid line of descent, a paradox already
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Table 8: Estimated slab surface temperature beneath La Picada

High MgO High MgO Low MgO
PIC04 05 06 PIC50 PIC30 31
H,0 in parent magmas (%) 11 1.5 25
H,0 in primary magmas (%) 0-86 117 1.95
Ce in parent magmas (ppm) 12 13 15
Ce in primary magmas (ppm) 10 10 12
K,0* in parent magmas (%) 0-50 0-29 0-35
K2O0* in primary magmas (%) 0-39 0-23 0-27
T(H,O/Ce) (°C)" 920 898 862
T(K,0/H,0) (°C)* 9 825 791

*Values for total recalculated at 100%.

"Temperature of the slab surface estimated with the Plank et al. (2009) geothermometers. The formula for the K,0/H,0 thermom-
eter is the corrected one proposed by Watt et al. (2013) (K,0/H,0 = 6 x 10° exp(0-0098T)).
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Fig. 17. Estimation of the mantle melting conditions. (a) Pressure and temperature of last equilibration derived with the Lee et al.
(2009) geothermobarometer for the recalculated primary magmas (same symbols as in Fig. 15) and compared with the dry perido-
tite solidus of Hirschmann (2000). Errors bars as given by Lee et al. (2009). Results from Watt et al. (2013) are shown for comparison
(see Fig. 1 for the location of Apagado, Hornopiren, Palena an Minchinmavida volcanic centers). (b) Melt fraction (F) vs calculated
H,0 concentration (in wt %) in the mantle source (Cy0) following (Kelley et al., 2010) for high (calculated from TiO,/Y) and low TiO,
(constant 0-133 wt %) contents in the mantle source. The calculated hydrous melting relationships for the different primary magmas

are shown as solid curves.

emphasized by Cashman & Blundy (2013). As shown
above, clinopyroxenes in equilibrium with the bulk-rock
indicate that the differentiation processes took place in
the upper crust.

Fractional crystallization versus mixing

Magma mixing and fractional crystallization are the
most plausible processes that could produce the chem-
ical diversity between the basalts and the basaltic ande-
sites. It is possible that some contamination occurred in
the main magma storage region as gabbroic fragments
such as sample PIC11 dated at 9 Ma, have locally been
observed. However, these gabbros have overlapping
compositions with the La Picada lavas for most major
and trace elements (Supplementary Data Fig. S6).
Consequently, their assimilation, if it indeed occurred,
has probably not significantly affected the composition
of the lavas. Isotopic data are not available for the La
Picada samples, but here too the gabbroic fragments
and the lavas are likely to have overlapping isotopic
ratios (Dungan & Davidson, 2004).

Discrimination between mixing and fractional crys-
tallization is hampered by the restricted compositional
range from basalt to basaltic andesite (about 5wt %
SiO,) as curved trends produced by fractional crystal-
lization are usually developed within a much larger
range. A potential mixing process has been tested with
samples PIC43 (51-27 wt % SiO,) and PIC44 (56-23 wt %
Si0,), representing respectively the mafic and silicic
endmembers, whereas PIC13 (53-72wt % SiO,) was
considered as possibly resulting from the mixing be-
tween these two endmembers. These three samples
were chosen because they are aligned in most variation
diagrams. The mixing process was tested with the
Fourcade & Allégre (1981) method:

C‘im‘ - Ca

X= -G

where X is the fraction of the mafic endmember, C, and
Cp, are respectively the composition of the silicic and
mafic endmembers and C;,; is the composition of the
mixed facies. If a mixing process did occur, X should
have a value between 0 and 1 and should be the same
for all major and trace elements. In the case of the
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Table 9: Results of least squares regression modelling

STEP1 STEP2

L0 =PIC43 L1=PIC34 L1 calculated LO =PIC34 L1 =PIC44 L1 calculated
SiO, 51.27 54-81 54.-80 54-81 56-23 56-22
TiO, 0-96 111 1.04 1-11 0.98 113
Al,O3 18-14 18-43 18-43 18-43 19-20 19-20
FeOt 901 8-10 811 810 7-39 7-37
MnO 0-16 0.15 0.17 0-15 013 0-14
MgO 6-64 4.02 4.03 4.02 2-89 2.93
CaO 10-37 8.93 8.95 893 853 8:54
Na,O 2.82 343 3.62 343 361 374
K,0 0-45 0.78 0.66 078 0-85 091
P,0s 0-18 0-24 0-27 0-24 017 0-28
Phase compositions and proportions (weight %) in the subtracted cumulates.
Plag Angg 49.7 Angs 416
Ol F078 199 -
Cpx Mg#78 24.0 Mg#72 28-8
Opx - Mg#74 219
Usp* Mgt;,Uspag 6-4 Mgt;,Uspas 77
zr? 0026 0-041
F' 0-67 0-85
F total 0-57
(1-F) total 0-43

*Composition of a spinel calculated with Rhyolite-Melt (PIC43, NNO, 2 wt % H,0, T=1035°C).

"Proportion of residual liquid calculated at each step.

At step 1, plagioclase as well as olivine compositions are from PIC43 and clinopyroxene composition is from PIC36. At step2,
plagioclase and orthopyroxene compositions are from PIC 34 whereas clinopyroxene composition is from PIC44.
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Fig. 18. Schematic sketch of the subduction geometry beneath
La Picada illustrating the estimated depth of last equilibration
of the primary magma and the location of the main magma
storage region. Depth of the intracrustal discontinuity (ICD)
separating the upper and lower continental crust from Tassara
et al. (2006), Moho depth, volcano-trench distance and vol-
cano-slab distance from Syracuse & Abers (2006) (data for
Osorno), schematic mantle isotherms (blue dotted lines) from
Wada & Wang (2009). Question marks indicate the possible lo-
cation of differentiation from the primary magmas to the bas-
altic parent magmas close to the Moho. Scale of the volcano is
exaggerated for graphic purposes.

selected samples, Fig. 19a, b shows that most elements
plot on the same line in the Cj,; — C; vs Cp, — C, diagram
with a plausible value of 0-63 for X. However, several
elements (Rb, Zr, Cu, Ni, Sr, Ba, Ce, Pb, Co, Sc, Ga, Y,
SiO,) do not plot on the same line indicating that a mix-
ing process cannot take into account the complete data-
set. If we consider the full differentiation trend from the
basalts to the dacites, mixing between a dacite and a
basalt to produce a basaltic andesitic composition
appears plausible as a few samples plot slightly out of

the curved trend shown in the Zr vs Ni diagram
(Supplementary Data Fig. S9). However, here too, we
note that a mixing process fails to predict all the major
and trace element data (Fig. 19¢, d). As mentioned
above, the larger scatter observed in the Rb vs Ni, La vs
Ni and Ba vs Ni diagrams (Supplementary Data Fig. S9)
is interpreted as resulting from parent magmas with
slightly variable incompatible elements ratios among
the La Picada samples (Fig. 11). This could be due to
variable mantle source composition (variable contribu-
tion of the slab component ?) or to slightly variable
extents of mantle partial melting.

Fractional crystallization is supported by several
observations. In variation diagrams using two incom-
patible elements, Ta and Rb as well as Ta and Th
(Fig. 20a, b), samples are slightly scattered but define
linear trends passing through the origin. In log (Ni)-log
(Rb) and log (Y)-log (Rb) diagrams (Fig. 20 c, d), samples
are also slightly scattered, but define linear trends in
agreement with the Rayleigh distillation law. Finally, in
Zr vs Ni and Zr vs Cr diagrams (Supplementary Data
Fig. S9), if the dyke 1 dacites are included, samples de-
fine a curved trend with a rapid depletion in Ni and Cr.
On the other hand, the experimental melts of Draper &
Johnston (1992) at 1atm overlap with the La Picada
trend providing additional support for a fractional crys-
tallization process.

Modelling of the fractional crystallization process

The fractional crystallization process was modelled in
two steps, using the least square regression method on
basalts and basaltic andesites. Subtraction of a
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gabbroic cumulate from the basaltic parent magma
(PIC43) drives the liquid to the composition of a basaltic
andesite (PIC34) after 33% fractionation (Table 9). In a
second step, separation of a gabbronoritic cumulate
produces a residual liquid with the composition of the
most evolved basaltic andesite (PIC44) after 15% frac-
tionation. The total fractionation is 43%.

Results from the least square regression model, i.e.
fraction of residual liquid and proportions of phases in
the cumulates at each step, can be tested using the
trace element composition and the calculated bulk parti-
tion coefficients in the Rayleigh distillation law :

CL= Cy.FPV

where Cy and C_ are, respectively, the concentration of
the trace element in the parent magma and in the re-
sidual liquid, F is the fraction of residual liquid and D is
the bulk partition coefficient of the trace element;
D=X X; .D; where X; is the mass fraction of a given
mineral in the cumulates and D; is the partition coeffi-
cient of trace element i between this mineral and the li-
quid. Partition coefficients that were used in this test are
given in Table 10. The calculated trace element compos-
ition of the residual liquids (Table 11) compares very
well with the observed ones, especially for transition

elements that are compatible during differentiation. The
REE are not well reproduced in the second step as the
calculated contents are higher than the observed ones.
Samples PIC43 and PIC34 selected in the first step have
higher REE contents than most other samples of the Int-
MgO trend, including the most evolved sample (PIC44).
For example, PIC43 (51-27 wt % SiO,) has 20-1ppm Ce
compared to 13-2 ppm in sample PIC09 that has a com-
parable SiO, content (52-68 wt % SiO,). If 13 ppm of Ce
are considered in the parent magma at step 1, the calcu-
lated residual liquid has 19 ppm Ce; using this value as
the starting composition at step 2, the calculated re-
sidual liquid has 22 ppm Ce that closely matches the
21ppm Ce in PIC44.

Origin of the dacites and of the Daly Gap

As previously mentioned, two groups of dacites dis-
playing similar mineralogy (few macrocrysts of plagio-
clase, orthopyroxene and clinopyroxene in a glassy
matrix; Fig. 4), have been distinguished based on their
trace elements content. In Harker diagrams with HFSE
(Zr, Hf, Nb, Ta, Th, U, Y, TR) and LILE (Rb, Ba, Cs), dyke
2 dacites plot above the main trend. However, both
groups of dacites can be extrapolated from the basalts-
basaltic andesites trend for major and transition
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elements (Sc, Cr, V, Cr, Ni, Co, Zn), as well as for Ga.
When pairs of incompatible elements are plotted, dyke
1 dacites are aligned with the basalts and basaltic ande-
sites (Fig. 20a, b) whereas dyke 2 dacites define a dis-
tinct group except for Th and Rb (Fig. 9). Dyke 2 dacites
are indeed two times more enriched than dyke 1 dacites
in both Rb and Th, resulting in a constant Rb/Th ratio in
all samples from La Picada. The incompatible trace ele-
ments composition thus indicate that dyke 1 dacites
could be produced by fractional crystallization from the
basalts of La Picada, but not dyke 2 dacites. As the
dacites from the nearby Calbuco and Osorno volcanoes
are compositionally similar to the dyke 1 dacites (Figs 8
and 9), in the current state of knowledge, the dyke 2
dacites cannot be linked to these volcanoes. Lopez-
Escobar et al. (1995) reported that some mafic facies
belonging to small volcanic centers located east of La
Picada, Osorno and Calbuco on the Liquine-Ofqui Fault
zone and referred to as the Minor Eruptive Centers
(MEC) are characterized by higher Ba, Sr, Zr, Nb than
the major volcanoes of this area (Supplementary Data
Fig. S6). It is thus possible that the dyke 2 dacites could
be correlated with these mafic facies.

The initial recognition by Bunsen (1851) and Daly
(1914) of a compositional Daly Gap giving rise to bi-
modal mafic-silicic suites was later confirmed in many
calc-alkaline, alkaline and tholeiitic magmatic suites and
more recently, Reubi & Blundy (2009) pointed out that

in arc magmas, melt inclusions indeed display a bi-
modal distribution of composition with a significantly
low amount of andesitic melts. Several processes, not
mutually exclusive, have been proposed to predict the
occurrence of a Daly Gap: partial melting of country
rocks induced by the emplacement of mafic magmas
and producing the silicic compositions (e.g. Chayes,
1963); a non uniform compositional distribution of dif-
ferentiated melts during lower crustal differentiation
(Melekhova et al., 2013); bimodality of melts ascending
from the lower crust (Reubi & Blundy, 2009); rapid vari-
ation in the liquid composition for small temperature
decrease, resulting in a small amount of intermediate
liquids (Grove & Donnelly-Nolan, 1986); the existence
of an immiscibility field along the liquid line of descent
(e.g. Charlier & Grove, 2012); and finally a physical con-
trol that inihibits the eruption of intermediate composi-
tions (e.g. Brophy, 1991). In the following, we will
successively discuss the adequacy of these processes
at La Picada.

The dyke 1 dacites and the glass pockets analysed in
the basalts and basaltic andesites have overlapping
major element composition (Supplementary Data Fig.
S6). Moreover, the dyke 1 dacites are aligned with the
basalt and basaltic andesite trend passing through the
origin in X-Y plots using two incompatible elements
and they define the end point of a curved trend in the
Ni-Zr and Cr-Zr diagrams (Supplementary Data Fig.
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Table 10: Partition coefficients for trace element modelling

Plagioclase Olivine Orthopyroxene Clinopyroxene Ti-mgt
SC 0_0411) 0-18 (8) 1.29 7) 4 (13) 1.7 (19)
\Y 0‘0312) 0‘096(9) 05 (7) 1.4 (14) 15‘8(14)
CO 0_0913) 5.2 7) 2.48 7) .95 (7) 7.4 (20)
Zn 0.17(4) 1'8(10) 2'6(11) 0'25(15) 15.5 (4)
Rb 0-01 (3) 0-01 (10) 0-01 (12) 0-01 (16) 0-01 (4)
Sr 1.7/2-:36 © 0-0005 " 0-0021 7" 0-16 "7 0-01¥
Ba 0-24/0-31 @ 0-004 19 0.01"" 0-0058 17! 01"
Ce 0-048/0-045 © 0-0001 1 0.01 ™ 0-22/0-19 11® 0-02 2V
Eu 0-226 (7) 0-004 (10) 0-06 (11) 072 (18) 0-02 21)
Sm 0-024/0-020 ‘© 0.003 1 0.05 ‘™ 0-64 1® 0-02 2V
Yb 0-003/0-002 ® 0-049 19 0.23 1M 0-70/0-76 \'® 0.02 2V

(1) Aigner-Torres et al. (2007); (2) Dunn & Sen (1994); (3) Bédard (2006); (4) Ewart & Griffin (1994); (5) Blundy & Wood (1991); (6)
Blundy & Wood (2003) (Lattice Strain Model (LSM) with Dy from Aigner-Torres et al. (2007); (7) Laubier et al. (2014); (8) Beattie
(1994); (9) Gaetani & Grove (1997); (10) Bédard (2005) use of Do, E3" and ry in the LSM except for Zn, Rb, Ba for which the empirical
regressions were used; (11) Bédard (2007) LSM for the REE, empirical regressions for the other elements; (12) Bacon & Druitt
(1988); (13) Gallahan & Nielsen (1992); (14) Toplis & Corgne (2002); (15) Adam & Green (2006); (16) Bédard (2014); (17) Hauri et al.
(1994); (18) Wood & Blundy (1997) LSM; (19) Luhr & Carmichael (1980); (20) Dostal et al. (1983); (21) Lemarchand et al. (1987);

X/X, values used respectively for Step1 and Step2.

Table 11: Test of the least squares model with trace elements

Step1 Step 2

El L0 = PIC43 L1 =PIC34 D bulk L1 calculated LO = PIC34 L1 ="PIC44 D bulk L1 calculated
Sc 32 29 112 31 29 26 1-59 26

Vv 251 233 1-39 215 233 203 174 207
Co 37 24 1.78 27 24 19 1-42 22
Zn 87 74 1-50 71 74 69 1-90 64
Rb 919 19 0-01 14 19 27 0-01 23
Sr 436 396 0-88 457 396 377 1.03 395

Ba 186 252 013 266 252 223 0-14 290
Ce 20 28 0-08 29 28 21 0-08 32
Eu 1-05 1-25 0-29 14 1.25 1.05 0-32 1-40
Sm 311 4.21 0-17 4.4 4.21 3-33 0-21 4.78
Yb 1-87 2.71 018 26 2.71 217 0-27 3.05

S9). These observations indicate that the composition
of the dyke 1 dacites can be predicted by fractional crys-
tallization from the basaltic andesites and do not sup-
port their origin by partial melting of the crust. As
already mentioned, there is no indication that this frac-
tionation process occurred in the lower crust because
the Na,O and K,O content of the dyke 1 dacites is lower
than the experimental high pressure trends (e.g. Draper
& Johnston, 1992). Moreover, the macrocryst composi-
tions show no sign of high pressure fractionation
(Fig. 13). This implies that the Daly Gap was produced
during upper crustal differentiation.

A small amount of intermediate liquids produced
during fractionation of assemblages having a nearly flat
liquidus slope in temperature—-composition space, such
as the opx—cpx—plag-magnetite assemblage of step 2 at
La Picada (Table 9), was initially proposed by Grove &
Donnelly-Nolan (1986) to explain the Daly Gap and is in-
deed plausible here. Two lines of evidence indicate that
fractionation of the La Picada parent magma can pro-
duce andesitic melts. Firstly, one of the glass pockets
analysed in the basalt PIC50, as well as the calculated
composition of the basaltic andesite PIC33 matrix, is

andesitic (Supplementary Data Fig. S6). Secondly, in
the experimental datasets of Blatter et al. (2013) and
Andujar et al. (2015) performed on starting composi-
tions that are relevant here, two melts are andesitic
(Fig. 16).

Textural, mineralogical and geochemical data sug-
gest that a physical control combining critical crystallin-
ity and melt segregation might have produced the
observed Daly Gap. The dacites, that were only
observed in dykes, are very poor in macrocrysts of
minor clinopyroxene and dominant plagioclase, with no
or rare inclusions and only slight zoning (Fig. 4d). On
the contrary, the basaltic andesites are very rich in crys-
tals dominated by plagioclase, but displaying complex
zoning and inclusions patterns (Fig. 4b). The fractional
crystallization model indicates that the liquid reaches
the composition of the most evolved basaltic andesite
when the proportion of crystals is 43%. This represents
a minimum value as the parent magma may have been
slightly more primitive than our least differentiated
sample. This result agrees very well with experimental
data, as in run 2380 of Blatter et al. (2013) where the
proportion of crystals is 48% with a differentiation
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degree (54-3wt % SiO,) similar to the most evolved bas-
altic andesite (56-9wt % SiO,) and a H,O content (3%)
identical to that deduced for the residual liquid of La
Picada. Interestingly, the proportion of crystals is 43%
in PIC33 (56-:96 wt % SiO,), which corresponds to the
value at which crystals start to form a connecting net-
work (critical crystallinity). Marsh (1981) indeed sug-
gested that critical crystallinity is reached when the
proportion of crystals is 50-60%, in agreement with the
rigid percolation threshold of about 55% crystals later
proposed by Vigneresse et al. (1996) for the segregation
of felsic magma. Moreover, Philpotts et al. (1998)
showed that when the proportion of plagioclase crystals
is high, critical crystallinity is reached at about 35%
crystals. We thus suggest that when the composition of
the magma (bulk-rock) reached the composition of the
most evolved basaltic andesite, the proportion of crys-
tals was high enough for the magma to behave like a
solid, precluding its eruption and thus producing the
Daly Gap. As already mentioned, the glass pockets rep-
resent melt compositions that are slightly more differ-
entiated than the interstitial melt (matrix) that was
initially present in the crystal mush because of microlite
crystallization during final magma ascent. The calcu-
lated matrix of the most evolved basaltic andesite PIC33
is indeed andesitic compared to the dacitic glass pock-
ets analysed in the basaltic andesites PIC07, PIC10,
PIC14. However, because the magmas having a com-
position corresponding to the critical crystallinity
threshold did not erupt and were probably slightly
more differentiated than the most evolved basaltic an-
desite that we sampled, we suggest that their interstitial
melts were probably close to a dacitic composition
similar to the glass pockets. As these overlap in com-
position with the dacitic dykes (Supplementary Data
Fig. S6), we further propose that the interstitial melt (or
a fraction of it) was extracted from the crystal mush, col-
lected and emplaced as dykes. Such a situation is simi-
lar to what has been described for crystal-rich dacitic
ignimbrites and their associated crystal-poor rhyolitic
facies (e.g. Bachmann et al., 2002; Cashman & Blundy,
2000) except that at La Picada, the volume of extracted
melt was probably much lower (only two small dacitic
domes have been mapped on the nearby Osorno vol-
cano). Consequently, according to this hypothesis, the
observed compositional gap would simply result from
the subtraction of the crystal load from the basaltic an-
desitic magma and will be more visible for elements
that are enriched in the crystals. Separation of a crystal
matrix rich in plagioclase from the basaltic andesitic
magma produces a significant compositional gap in
SiO,, Ca0, Al,O3 and Na,O (Supplementary Data Fig.
S$10). Similarly, because the crystal matrix contains Ti-
magnetite, the gap is also significant in TiO, and V.
Contrarily, there is no Daly Gap for Ni because its con-
tent is close to zero when the magma reaches the com-
position of the basaltic andesite. For incompatible
elements such as the REE, there is a small gap with a
slightly higher content in the dacitic melts because their

concentration in the crystals is very low. Using a quanti-
tative approach, Bachmann & Bergantz (2004) proposed
that in a crystal mush where critical crystallinity has
been reached, extraction from the crystal mush by
upward percolation of a buoyant dacitic melt can be
produced by a combination of three mechanisms: com-
paction if the crystal mush was thick enough (Holness
et al., 2017; McKenzie, 2011); micro-settling (melt expul-
sion resulting from textural adjustments of the grains);
and hindered settling (settling in a dense suspension).
However, Holness (2018) recently questioned the viabil-
ity of these melt segregation processes. Gas-driven fil-
ter pressing and filter pressing can also potentially
segregate the melt from the crystal network. Gas-driven
filter pressing occurs because of the increasing pres-
sure due to second boiling and the release of this pres-
sure by extraction of the melt from the mush (Sisson &
Bacon, 1999). As shown above, the pressure of volatile
saturation can be estimated at about 0.25 to 0.3 GPa,
suggesting that the magmas were volatile saturated in
the main storage region. Gas-driven filter pressing is
thus plausible. Filter pressing happens when the
magma is squeezed under an external force, possibly
resulting from a modification in regional stress. Control
by regional stress is possible in the area of La Picada as
Cembrano & Lara (2009) showed that in the NE-SW
striking chain of Osorno (and nearby La Picada-
Puntiagudo—Cordon Cenizos), the morphology and spa-
tial distribution of the volcanoes is partly controlled by
transpressional tectonics that dominates between 34°
to 46° S with a major transpressional dextral strike-slip
structure, the 1200km long Liquine-Ofqui Fault zone
stretching from 38° to 47°S (Cembrano & Lara, 2009).

CONCLUSIONS

Fractional crystallization at low pressure is the domin-
ant process that produced the differentiation from the
parent tholeiitic basalts to the dacites at La Picada. We
argue that the conspicuous compositional (Daly) gap
that separates the most evolved basaltic andesites from
the dacites was produced because critical crystallinity
was reached at the composition of the most evolved
basaltic andesites, preventing eruption of more differ-
entiated lavas. The dacitic interstitial melt produced by
differentiation from the basaltic andesites was then seg-
regated from the crystal mush and emplaced as dykes
that possibly evacuated the dacites as small domes.
Moreover, it seems that the basalts and basaltic ande-
sites mainly transported their own crystals. The com-
position of the recalculated primary magmas indicates
last equilibration in the upper mantle and above the dry
peridotite solidus suggesting that a component of de-
compression melting could have taken place. However,
because the basalts are enriched in slab components
and H,0 (1-1-2-5wt % H,0 in the basalts, about 1-2wt
% H,0 in the calculated primary magmas) compared to
N-MORB, wet melting is highly likely. As no trace of
high pressure fractionation was detected in mineral
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composition and whole-rock geochemistry, it can be
concluded that the basaltic parent magmas differenti-
ated at a depth apparently corresponding to both the
site of an intracrustal discontinuity and the level of fluid
saturation. There is currently no direct constraint on the
depth of differentiation from the primary (12.3 to
13-02wt % MgO) to the parental magmas, but as the for-
mer are not strictly picritic they could have differenti-
ated in the lower or upper crust. As already pointed out
by Hickey-Vargas et al. (2016b), the rapid magma ascent
was probably facilitated by the presence of the Liquine—
Ofqui Fault zone. Insights from La Picada thus stress the
potential role of crustal structure on arc magma
processes.
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