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Abstract

In continental arcs, the exposure of primitive eruptive products at the surface is typically a result of rapid magmatic transfer
through the crust. As a result, the initially primitive magma experiences minimal crustal residence and thus insignificant
differentiation towards more evolved products. This rapid transfer of primitive magma through thickened crust is commonly
recorded from smaller, monogenetic cinder cones. Manantial Pelado (35.5° S) is a long-lived stratocone in the Southern Andean
Volcanic Zone (SVZ) overlying thick continental crust (45-50 km) that produces almost exclusively mafic material. As
Manantial Pelado is surrounded by extensive silicic volcanism, the study of its mafic exposure as a stratocone can be used to
further understand magmatic origins of long-lived volcanic systems. Our study uses textural, geochemical, and geochronological
data from lavas collected from Manantial Pelado to characterize its magmatic petrogenesis, assess the primitive nature, and
explain processes in the crust within the SVZ. A geologic description of the volcano reveals a mostly monotonous eruptive
history of basaltic andesites that are now accessible through glacially carved valleys. New “°Ar/*®Ar dating constrains most of the
volcano’s cone constructing phase to last from ~220 to 190 ka. At ~30 ka, small-volume activity and different petrography of
more intermediate magmas were present reflecting a change in the volcano’s character. A combination of the whole-rock and
mineral-scale data reveals that basaltic andesites at Manantial Pelado are among the most primitive magmas in the thickened crust
of'the SVZ. Evidence for this primitive signature consists of textural and zonation patterns in olivine, the presence of Cr-spinel in
olivine cores, and elevated Fo and Ni content within olivine cores. This data combined with elemental diffusion modeling
provides evidence for a primitive signature for these lavas. Intermediate Fo olivines with uniform core compositions (Fogg_g4)
suggest that basaltic andesites reside in the crust in quasi-closed system environments for extended storage prior to eruption (~
25-6000 years). Diffusive equilibration in those intermediate Fo olivines masks the primitive nature of the magmas. These results
suggest that mafic magmas can have a protracted storage history in the crust that does not significantly alter their primitive bulk
composition before reaching the surface. We argue that these are important processes in understanding the magmatic origin of
long-lived systems and the presence of compositionally homogenous olivines at intermediate Fo content may represent cryptic
evidence for recharge with primitive magmas that experienced prolonged crustal storage.
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Introduction

Mafic magmas contribute heat, mass, and volatile elements to
the crust and feed evolved magma systems. These contributions
sustain the presence of long-lived shallow magma reservoirs
(Grunder 1987; Dungan et al. 2001; Bachmann and Bergantz
2003; Wehrmann et al. 2014a). Mafic input controls and mod-
ulates magma composition, alters the eruptibility and eruptive
behavior of stored magmas, and affects the frequency of erup-
tion (Ruprecht and Bachmann 2010; Turner et al. 2016).
Constraining mafic input is difficult in areas of thickened crust,
such as the Andes, because the mostly elusive lower crust
removes mantle parentage through deep-seated magma mixing,
assimilation, storage, and homogenization (MASH; Hildreth
and Moorbath 1988; Dufek and Bergantz 2005; Annen et al.
2006). The fact that mafic magmas are able to erupt though
regions of thickened crust highlights that mafic pathways can
exist within regions of otherwise extensive silicic volcanism
(Hildreth et al. 2010; Salas et al. 2017; Burns et al. 2019).
While mafic centers play a major role in understanding re-
gional magma genesis, the dearth of such centers in parts of the
Southern Andes where the crust is thickened limit our ability to
refine our models for lower crustal processes and parental com-
positions for nearby evolved systems. Exposed crustal sections
of lower-to-middle crust may reveal some of these processes
(Walker et al. 2015); however, plutons are continuously
overprinted by numerous magmatic events and thus are limited
to the cumulative impact of magmatism. Instead, volcanic de-
posits tap an individual magmatic system at depth and provide
isolated snapshots in time. This can be used to distill specific
magmatic processes and constraints. The most extensive work
on the primitive magmatism in this region of the Andes was
conducted at the Tatara-San Pedro Volcanic Complex (TSPC),
where a detailed reconstruction of the eruptive history revealed
a range of mafic parental magmas (Dungan et al. 2001). A
regional study using whole-rock geochemistry also found only
a few centers that erupt primitive magmas in this region
(Hildreth et al. 2010). In addition, some constraints have been
deduced from mafic enclaves in otherwise silicic eruptions
within the Southern Andes (Ruprecht et al. 2012). More recent-
ly, two tephra studies focused on olivine-bearing small cinder
cones between 34.5° S and 38.0° S (Jacques et al. 2013) and
33° S and 43° S (Wehrmann et al. 2014b), respectively, to
document the geochemical variations across and along the
Southern Andean Volcanic Zone (SVZ; 33° S-46° S). The
latter study used melt inclusions and whole-rock geochemistry
and found that mafic melts can ascend through thick continental
crust without being influenced by crustal assimilation. While
the cinder cone studies targeted mafic compositions, most of
their compositions did not exceed 5.5—6 wt% MgO which is not
considered primitive. Additionally, the focus was primarily on
what the geochemistry can elucidate, drawing little evidence
from petrographic observations. Moreover, the small-volume
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cinder cones have different magma transport and residence
times compared to large stratocones, and therefore provide few-
er constraints on the character of magmas feeding long-lived
silicic systems. By assessing long-lived mafic vents amidst
dominantly silicic centers, we can better understand mid-to-
lower crustal plumbing system dynamics such as how primitive
magmas make it to the surface and how they evolve in the crust.
Here, we combine geochemical and petrographic observations
to infer crustal processes and how primitive magmas are mod-
ified but preserve most of their primitive bulk character.

One location in the SVZ where mafic contribution is domi-
nant is at the Pleistocene stratocone Manantial Pelado (35.5° S,
70.8° W; Fig. 1). Manantial Pelado is a rare location in this part
of the Andes producing near-primitive arc magmas while it sits
atop thickened crust (Hildreth and Drake 1992). Centers sur-
rounding Manantial Pelado are predominantly intermediate-to-
silicic such as the Descabezado Grande—Cerro Azul Volcanic
Complex and Laguna del Maule (Fig. 1b; Hildreth et al. 1984;
Hildreth and Drake 1992; Ruprecht et al. 2012; Andersen et al.
2017). Manantial Pelado is an ideal field site to assess the role
and contribution of mafic magmas because its glacially carved
valleys expose a long eruptive history revealing its dominantly
mafic activity (Hildreth and Drake 1992). Thus, we can use
Manantial Pelado to elucidate the area’s primitive history, deter-
mine a mafic baseline, and address how long-lived mafic systems
operate and are fundamentally different to mafic magmas erupted
at monogenetic cinder cones. In particular, we find that mineral-
scale and textural evidence point towards quasi-closed system
processes combined with evolution in small mush regions that
hide the near-primitive nature of Manantial Pelado magmas.

The paper is divided into two parts. First, we briefly de-
scribe Manantial Pelado, its eruptive style and history, and we
present age constraints for its activity. We then focus on the
petrographic and geochemical diversity and discuss in partic-
ular the magmatic processes that modify the most mafic
magmas in this long-lived stratocone.

Geologic setting

Manantial Pelado sits within the transitional segment of the
SVZ in the Chilean Andes, which is an exemplary continental
arc known for its systematic changes in crustal thickness (Fig.
1; Hildreth and Moorbath 1988). Thick crust (~ 60 km) in the
northern SVZ is the result of compression from ENE-trending
(~080° azimuth) oblique subduction of the Nazca plate be-
neath the South American plate at a rate of ~7-9 cm/year
(Stern 2004). Crustal shortening leads to thickening of the
overriding plate (Ramos et al. 1996; Tassara and Echaurren
2012). Southward, the crust of the SVZ thins to ~30 km
(Hildreth and Moorbath 1988; Stern 2004). On the basis of a
3D density model between 20° S—45° S that resolved the
mantle-crust structure and showed in detail the southward
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Fig. 1 Overview maps of the Manantial Pelado field area. a Inset map of
the Southern Volcanic Zone (SVZ) in Chile broken into four subsequent
sections: North, Transitional, Central, and South SVZ. DG-CA denotes
the Descabezado Grande-Cerro Azul Volcanic Complex that is in close
proximity to Manantial Pelado all within the Transitional SVZ. Blue line:
Linquife-Ofqui Fault Zone (LOFZ) (Cembrano and Lara 2009). Map
modified from Fontijn et al. 2014. b Lower inset map containing the
Manantial Pelado field area and surrounding regional volcanic centers.
Inset abbreviations: MP Manantial Pelado, CC Cerro Colorado, CR Cerro
Rajaduras, DG Descabezado Grande, VQ Volcan Quizapu, CA Cerro
Azul, LR La Resolana, LH Los Hornitos, TSPC Tatara-San Pedro,

crustal thinning (Tassara and Echaurren 2012), Manantial
Pelado sits atop an ~45-50-km-thick arc crust. In addition
to the overall crustal thinning southward, multiple studies
identify smaller volcanic segments within the SVZ based on
chemistry and lateral offset, all of which result in four seg-
ments: The northern (NSVZ), transitional (TSVZ), central
(CSVZ), and southern volcanic zone (SSVZ) (Fig. la;
Loépez-Escobar et al. 1995; Dungan et al. 2001; Tassara and
Echaurren 2012). A major eastward lateral shift at 36° S, just
south of Manantial Pelado, separates the TSVZ from the
CSVZ and may be caused by the Mocha Fracture Zone
projecting underneath the arc (Fig. 1a; Lopez-Escobar et al.
1995; Sellés et al. 2004). The TSVZ that contains Manantial
Pelado is comprised of both andesitic and basaltic andesites
with true basalts generally lacking. Continental crustal
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LdM Laguna del Maule. Imagery was taken from Google Earth. ¢ Map
of Manantial Pelado field area. Black dot with white rim: sample loca-
tions that have undergone bulk-rock analysis. Numbers next to sample
location are the specific sample number (#) followed by *°Ar/*°Ar dates
in ka (ex: sample #—age date). White dot with black rim: volcanic neck
sample location and *°Ar/*°Ar date from SERNAGEOMIN. White lines
indicate flow fronts within the Western valley. Pale blue infill highlights
some of the main glaciated areas. Note that the blue areas not only show
the locations of glaciation but also highlight some of the larger carved
valleys. Imagery was taken from Google Earth

contributions are still evident at these latitudes through Sr
ratios and other geochemical proxies (Grunder 1987;
Jacques et al. 2013).

The change in crustal thickness in the SVZ has been lever-
aged as a natural laboratory for understanding along-arc
chemical compositional variability and crustal contributions
in many previous studies. Systematic southward decreases in
K,0, 5'%0, and ¥7Sr/®°Sr and increases in MgO and
13N/ **Nd suggest decreasing crustal contributions during
magma evolution (Grunder 1987; Hildreth and Moorbath
1988; Stern and Kilian 1996; Rodriguez et al. 2007). These
signatures were used to argue for a MASH zone near the lower
crust-mantle boundary that leads to overprinting of mantle
parentage and the addition of crustal material (Hildreth and
Moorbath 1988). More recently, Turner et al. (2016, 2017)
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explored how much compositional diversity may already be
imparted through magma generation processes in the mantle.
In their model, crustal thickness links directly to the wedge
thermal structure, where a thicker overriding crust results in a
high pressure-low temperature mantle wedge that decreases
the amount of melting and affects chemical compositions
and the resulting mineralogy (Turner et al. 2016).

Locally, the TSVZ around Manantial Pelado is volumetri-
cally dominated by silicic systems, such as the Descabezado
Grande-Cerro Azul (DG-CA) Volcanic Cluster ~ 10 km to SE
of Manantial Pelado (Fig. 1b; Hildreth and Drake 1992;
Ruprecht et al. 2012). Aside from Manantial Pelado, only a
few other mafic-intermediate centers exist in the TSVZ area.
The presumably longer lived systems Cerro Rajaduras and
Cerro Colorado have an extensive eruptive history and may
be similar to Manantial Pelado; however, they have yet to be
studied in detail (Fig. 1b). There are also two short-lived
Holocene cinder cone clusters: La Resolana and Los
Hornitos (Fig. 1b). Some geochemistry has been reported for
both clusters (Ruprecht et al. 2012; Salas et al. 2017), and the
latter contains the most primitive magmas in the SVZ (Salas
etal. 2017). Here, we compare some of our data to this center.

Field relations and stratigraphy at Manantial
Pelado

Our field mapping reveals that the Pleistocene volcanic
stratocone of Manantial Pelado (3046 m) is dominated by

Fig. 2 Field images of

the sampled Western Valley to
highlight the extensive nature of
basaltic andesite flows. Both
images are of the same valley
from different angles. Sampling
line is ~2.5 km
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packages of numerous basaltic andesite lavas that are radially
exposed in glacially carved valleys extending between 4 and
8 km from the eruptive center (Figs. 1, 2, and 3). The north-
eastern sector of the volcano is extensively overprinted by
hydrothermal activity and the southern sector is partially cov-
ered by more recent volcanic activity. In most places, we
observed a centimeter-to-decimeter-thick layer of pumice
from the 1932 Quizapu eruption that covers the edifice and
the surrounding flows (VQ, Fig. 1b; Hildreth and Drake
1992). Near the main edifice, layers of agglutinated and oxi-
dized tephra become more abundant, which we suggest pro-
vides evidence for more explosive activity in Manantial
Pelado’s history. This study focuses on the northwestern to
southwestern sector of Manantial Pelado where individual
spatially extensive flows (~4—8 km in length, 5-10 m thick)
make up thick lava sequences (~ 165 m thick exposed; Figs. 1,
2, and 3), which are separated by top and basal flow breccias.
These sequences show extensive glacial striations on the
sequence-capping lava flows.

In addition to the predominance of lava flows, we observed
multiple NNW-trending dikes cut through the north side of the
volcanic neck (Fig. 1¢). One dike is particularly massive rang-
ing in width from ~ 5-8 m (proximal to the volcanic neck) to
~ 15-30 m (distal), and reaches ~ 600 m in length (Figs. 1c, 3,
and 4; sample: MP-17-29). The dike marks the eastern bound-
ary for this study.

Approximately ~ 1 km NW of Manantial Pelado sits an ~
150-m-high oxidized cinder cone: Cerro Redondo (Figs. 1c
and 3). Field relations suggest that it is younger than the lava

Manantial Pelado

sampled up Western Valley

al
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Fig. 3 Field photo displaying stacks of basaltic andesite lava flows, Cerro Redondo, and the large dike (MP-17-29). PP Planchon-Peteroa

sequences that dominate the northern and western slopes of
Manantial Pelado. Compacted and partially altered tephra de-
posits from Cerro Redondo are partially preserved on nearby
ridges (Fig. 1¢). These tephra deposits (MP-17-26, Fig. 1c) are
separated from the overlying 1932 Quizapu ash by a paleosol
suggesting that significant time had passed after eruptions
from Cerro Redondo and the most recent activity at Quizapu
(Hildreth and Drake 1992). Moreover, the ridges near Cerro
Redondo are covered in sporadic bombs ranging in size from
0.2 to 2 m. Unlike the northern and western slopes of
Manantial Pelado, the southern and southwestern sector is
more complex. Our field mapping revealed a composite de-
positional history including the presence of disconformities
between lava sequences. This complexity seems to be created
by a combination of erosional processes dissecting the land-
scape and lava emplacement from both Manantial Pelado and
Descabezado Grande.

Fig.4 Close-up field photo of the
large dike cutting into the
volcanic neck of Manantial
Pelado. Dike is approximately 5—
8 m wide

Sample collection

A total of 53 samples (49 lavas, two tephra samples, one
volcanic bomb, and one dike sample) were collected through-
out the stratigraphy on the southern and western flanks (Figs.
Ic and 2). Two tephra samples and a volcanic bomb were
collected from Cerro Redondo (MP-17-26; Fig. 1¢). To obtain
constraints on the earliest history of Manantial Pelado, we
sampled a flow (MP-17-25) that is older than one of these
disconformities, and therefore, it may represent the eruptive
character of Manantial Pelado prior to the eruptive phase that
produced the extensive lava flows mostly exposed on the
western slopes. To fully bracket Manantial Pelado’s eruptive
history, we also sampled the prominent basaltic andesite dike
striking NNW through the volcanic neck (MP-17-29)
representing some of the youngest activity (Fig. 1¢). We sam-
pled the massive dike as an age-constraint for the volcanic

Large dike

volcaniclastic

4 MP-17-29
consolidated tephra i
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Table 1 “°Ar/*°Ar dates of aphyric andesite and basaltic andesite. Further geochronology details and figures are provided in Online Resource D1
Sample Number Latitude Longitude Lithology Best age type Best age +lo
MP-17-08 —35.5107 —70.8432 Aphyric andesite Plateau 29.7 2
AA050112-2%* —35.5080 —70.8197 Basaltic andesite Plateau 160 20%%*
MP-17-29 —35.5011 —70.8183 Porphyritic basaltic andesite Plateau 189.4 6.4
MP-17-36 —35.5122 —70.8374 Porphyritic basaltic andesite Plateau 201.6 7.3
MP-17-33MB —35.5137 —70.8456 Porphyritic basaltic andesite Isochron 200.9 26.6
MP-17-09 —35.5107 —70.8434 Porphyritic basaltic andesite Plateau 209.2 72
MP-17-02 —35.5133 —70.8579 Porphyritic basaltic andesite Plateau 219.2 6
MP-17-01 —35.5148 —70.8606 Porphyritic basaltic andesite Plateau 204.4 5.8
MP-17-25 —35.5275 —70.8219 Porphyritic basaltic andesite Plateau 451.2 54

*SERNAGEOMIN volcanic neck sample

*#*Error at 20

center as it cuts through flows on the north side of the volcano
and volcanic neck (Table 1). The disconformable lava (MP-
17-25) was collected on the south side of the volcano and is
distinct both petrographically and at the outcrop-scale. It is
blocky and much thicker (~ 15 m) than most lavas from
Manantial Pelado. While we age-dated the younger dike and
older disconformable lava to bracket the eruptive activity, we
also age-dated the stratigraphy of basaltic andesite flows that
were predominantly erupted and deposited in between the two
end-members. Three distinct lithologies were recognized
while sampling and will be referenced as follows in decreas-
ing abundance: (1) basaltic andesite, (2) aphyric andesite, and
(3) plagioclase andesite. The basaltic andesites are the focus of
this study as they dominate the eruptive history and makeup ~
33 of the 36 sampled flows (Figs. 1, 2, and 3).

Analytical methods
Whole-rock analyses

X-ray fluorescence (XRF) analyses of 19 whole-rock samples
were carried out at the GeoAnalytical Lab at Washington State
University (Pullman, WA, USA) following the analytical pro-
cedure of Johnson et al. (1999) (Online Resource Al).
Inductively coupled plasma mass spectrometry (ICP-MS)
analyses were carried out using their high-resolution single
collector Finnigan Element2 ICP-MS. One duplicate bead
was made to test reproducibility. Unique International Geo
Sample Numbers (IGSN) for the analyzed samples are pro-
vided in Online Resource Al.

Mineral analyses

Mineral chemistry was determined via electron microprobe at
Oregon State University (OSU) and Washington University in
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St. Louis (WUSTL). At OSU, measurements were performed
on a Cameca SX-100 equipped with five wavelength-
dispersive spectrometers (WDS) and energy-dispersive x-ray
spectroscopy (EDS). For OSU microprobe data, a total of
seven samples from Manantial Pelado were analyzed, six were
basaltic andesites to examine temporal evolutionary changes
(two of which were the dike (MP-17-29) and a
disconformable flow (MP-17-25), and one sample was an
aphyric andesite (MP-17-08). For olivine, pyroxene, and pla-
gioclase, we conducted two-point core-rim analyses to esti-
mate zonation and one-point per grain was measured for ox-
ides. Results of electron microprobe analyses from Oregon
State University are reported in Online Resource A2—-A4.

High-precision major and trace element (Na, Mg, Al, Si, P,
S, K, Ca, Ti, Cr, Mn, Fe, Ni, V) analyses were collected at
Washington University in St. Louis using a JEOL JXA-8200
electron microprobe equipped with five WDS, a silicon drift
detector (SDD), and EDS. A total of eight samples were
analyzed—all of which were basaltic andesites. Two-point
core-rim analyses and mineral traverse were performed on
olivine, and one-point analyses were performed on oxides in
addition to collecting ilmenite-magnetite touching oxide pairs.
The results of analyzed olivine, groundmass oxides, and spi-
nel phases from WUSTL are reported in Online Resource A5
and A6.

Olivine Fo zonation profiles were obtained using back-
scattered electron (BSE) gray values calibrated to Fo content
(Online Resource C1-5). A JEOL 7100FT field emission
scanning electron microscope with energy-dispersive x-ray
spectroscopy (SEM-EDS) at the University of Nevada,
Reno, was used to measure Fo content across each olivine
grain (4-9 spots per grain). Those analyses were used to cal-
ibrate BSE gray values to Fo content. Major element point
analyses agree with electron microprobe analyses. Major ele-
ment uncertainties of the calibrated olivine BSE images are
primarily affected by the uncertainties in the spot
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measurements (typically <0.5 mol units) as the calibra-
tion curves have reported R? values >0.99 (Online
Resource C1-5).

Geochronology

Dating of eight samples using the *°Ar/*® Ar method was car-
ried out at the United States Geological Survey (USGS) in
Menlo Park, CA, to constrain the timing and duration of
magmatism at Manantial Pelado. Samples cover the entire
stratigraphy in the studied valleys (Figs. 1 and 2).
Groundmass separates from each sample were prepared for
dating via the *°Ar/*°Ar method. Samples were crushed,
ultrasonicated, and sieved to 200 to 425 pum. Groundmass
was separated from phenocryst phases using a Frantz magnet-
ic separator and careful handpicking under a binocular micro-
scope. Approximately 100 to 150 mg of material was prepared
for each groundmass separate. Groundmass separates were
packaged in Al foil along with Bodie Hills sanidine monitor
minerals (9.7946 +0.0031 Ma, equivalent to Fish Canyon
sanidine at 28.099 +0.013 Ma; Fleck et al. 2019) and encap-
sulated in quartz vials. The quartz vials were wrapped in 0.5-
mm-thick Cd foil to shield samples from thermal neutrons
during irradiation. Samples were irradiated for 1 h in the cen-
tral thimble of the USGS TRIGA reactor in Denver, CO
(Dalrymple et al. 1981) at a power level of 1 MW.
Following irradiation, the samples were rewrapped in
degassed Ta foil prior to analysis. For incremental heating
analysis of groundmass separates, the argon was extracted in
9 to 15 discrete temperature steps using a diode laser attached
to a MAP 216 mass spectrometer at the USGS in Menlo Park,
CA. Temperatures were monitored using an optical pyrome-
ter. Prior to measurement of Ar isotopic composition, ground-
mass separates were degassed at 400 °C until undesirable
gases (e.g., water, nitrogen, and hydrocarbons as measured
by a Granville-Phillips 835 VQM) were reduced to acceptable
levels. For all experiments, extracted Ar was exposed to a 4-A
tungsten filament, 125 K cold finger, and two SAES ST-175
getters (one operated at 300 °C and one at room temperature)
to remove active gasses. *’Ar/*’Ar ages are calculated using
the decay constants recommended by Steiger and Jager
(1977). Uncertainties in reported sanidine *°Ar/*°Ar ages in-
clude propagated uncertainties in counting statistics and J
values. Instrumental mass discrimination was calculated by
repeated measurement of atmospheric argon, assuming
AT % Alatmosphere = 298.56 £0.31 (Lee et al. 2006). See
Calvert and Lanphere (2006) and Fleck et al. (2014) for addi-
tional details regarding analytical techniques, mass spectrom-
eter design, and irradiation procedures.

We also report an age for the volcanic neck produced by
the Chilean Servicio Nacional de Geologia y Mineria
(SERNAGEOMIN; sample: AA050112-2). The “°Ar/*°Ar
geochronological dating was carried out at the Isotope

Geology Laboratory of SERNAGEOMIN on groundmass.
Approximately 1 kg of sample was crushed and sieved to
obtain grain sizes of 100-250 um. Groundmass was separated
from phenocryst phases using an isodynamic Frantz magnetic
separator and heavy liquids, followed by handpicking under
binocular microscope. Samples were mounted on high-purity
Al discs, together with sanidine crystals of Fish Canyon stan-
dard sample (28.02+0.1 Ma; Renne et al. 1998). Samples
were irradiated in a RECH-1 nuclear reactor at CCHEN
(Comision Chilena de Energia Nuclear, La Reina, Santiago)
nuclear reactor facility for 22 h in a Herald-type pool, at
5 MW. Samples inside the reactor were mounted in a stable
and rotating position, surrounded by a Cd shell. The rotating
system was used to obtain a homogeneous J factor for the
various samples across the disk. After irradiation, the samples
were placed on a copper disc with a potassium bromide cover
and mounted in the sample chamber of the sample zone of the
spectrometer, under ultrahigh-vacuum conditions. Samples
were heated by successive power steps induced by a CO, laser
with a maximum energy of 30 W. Every three analytical steps,
blank measurements were made, to correct successive mea-
surements. Noble gases extracted from the sample were sepa-
rated using a cold finger trap and one getter (ST101), operated
at 2.2 A. Purified sample was introduced in the MAP 215-50
mass spectrometer. Isotope contents for masses 36Ar, 37Ar,
3 8Ar, 39Ar, and *°Ar were measured using a high-resolution
electron multiplier, together with baseline measurements for
every heating step. The apparent ages obtained for every
heating step take into account corrections for interference of
isotopes generated during irradiation from K, Ca, and CI. The
criterion for defining a “plateau age” corresponds to three or
more successive steps overlapping with an error at 20 level
and containing > 50% of released 3 Ar (Fleck etal. 1977). The
decay constant for “°K used for calculations is that proposed
by Steiger and Jager (1977). The atmospheric ratio for
4°Ar/36Ara,tm(,sphere is assumed to be 295.5+0.5. It should be
noted that the samples collected for *°Ar/*°Ar geochronolog-
ical dating at the USGS and the sample of the volcanic neck
dated by the SERNAGEOMIN were prepared in different labs
and with slightly different techniques.

Results
Lithologic description

We have grouped Manantial Pelado lavas into three distinct
lithologies: olivine-plagioclase porphyritic basaltic andesite
(referred to as basaltic andesite), nearly aphyric andesite, and
plagioclase andesite (also referred to as evolved andesite).
Majority of the flows on the western flank of the volcano are
basaltic andesite. Higher up on the edifice (and presumably
later in Manantial Pelado’s history; Table 1), aphyric and
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plagioclase-andesites are exposed above the basaltic andesite
lavas, documenting compositional variation within close spa-
tial proximity (Online Resource B2). Aphyric andesites are
always found as isolated flows with a depositional contact
overlying basaltic andesite lavas. Plagioclase andesite lavas
are typically found up sequence from the aphyric andesite.
Neither of these two lithologies have basaltic andesites
emplaced on top of them.

Tephra, presumably from Cerro Redondo, was sampled on
an exposed ridge NW of Manantial Pelado, where we exca-
vated an ~ 1.5-m-thick section (the bottom was not reached).
We identified two distinct layers that alternate between larger
clast sizes (~2-3 cm) to finer clasts (~0.5-1 cm). Our strati-
graphic section was topped with ~5 cm of fine ash presum-
ably from the 1932 Quizapu eruption that was directly under-
lain by a thin (0.5-1 cm) paleosol layer. The following layer
underlying the paleosol was an ~50-cm-thick, crystal-poor,
vesiculated black scoria tephra section with grain sizes rang-
ing from 0.5 to 3 cm (MP-17-26b). The following tephra sec-
tion was ~ 20-cm-thick, crystal-poor, vesiculated black scoria
layer ranging in size from 0.5 to 1 cm (MP-17-26a). The
lowermost layer observed in our stratigraphic section was ~
75 cm thick (bottom not exposed) and of similar size and
composition to MP-17-26b.

Petrographic description

Basaltic andesites are the dominant lithology throughout
Manantial Pelado’s eruptive history. The phase assemblage,
in order of abundance, consists of phenocrysts of calcic-pla-
gioclase, olivine, clinopyroxene, and microphenocrysts and
microlites of mostly orthopyroxene and sodic-plagioclase in
the groundmass (Fig. 5, Online Resource B1). Plagioclase
phenocrysts are euhedral (occasionally subhedral) and range
from 1 to 2 mm in size. Plagioclase zoning patterns and tex-
tures are variable with predominantly normal zonation to oc-
casional reverse zonation. Some grains have sieved cores and/
or growth zones with abundant melt inclusions. Olivine is the
most abundant mafic phase with phenocrysts ranging in size
from 0.5 to 1 mm, but can be as large as 2-3 mm that are
subhedral to euhedral in shape (Fig. 5). Olivine cores are gen-
erally unzoned with spinel inclusions. Olivine rims are nor-
mally zoned and frequently overgrown by narrow
orthopyroxene rims (~ 10 um wide) (Fig. 5). Clinopyroxene
is the least abundant phenocryst phase (1-3 mm) and occa-
sionally forms glomerocrysts with olivine (Fig. 5). The
holocrystalline groundmass (crystals <150 um) consists of
plagioclase, orthopyroxene, pigeonite, and Fe-Ti oxides (pre-
dominantly titanomagnetites) with slight trachytic textures
around large phenocrysts (Fig. 5). We estimate that the
Manantial Pelado basaltic andesites are ~45-55% crystalline
based on image analysis using JMicroVision randomized
point-counting with uncertainties of ~ 5% based on counting

statistics. Crystallinity was estimated for phenocrysts >
100 wm, which excludes microlites, and the lavas are domi-
nated by olivine and plagioclase with subordinate pyroxene
and spinel. Manantial Pelado crystallinity is considered a
maximum estimate as the point-counting included zoned phe-
nocryst rims that could represent late-stage growth.

We have identified a sub-group within the basaltic andesite
lithology termed texturally uncommon basaltic andesites that
tend to be more evolved than the standard basaltic andesite
samples. While the dominant basaltic andesite samples were
sampled up glacially carved valleys in stratigraphic succes-
sion, this sub-group of samples contains a variety of samples:
the oldest end-member flow (MP-17-25), a spindle bomb
(MP-17-26¢) and tephra (MP-17-26a-S1) from Cerro
Redondo, an unusual flow with enclaves of the standard ba-
saltic andesite composition (MP-17-22b-¢), and a flow that
directly overlies the apyhric andesite (where other identified
aphyric andesite is consistently the highest, most recent strat-
igraphic flow; MP-17-09).

The nearly aphyric andesite contains minor, commonly
acicular plagioclase (~1-2%; 1-6 mm; Online Resource
B2). Olivine is rare (« 1%), but when present, it occurs in
clusters of anhedral crystals. Apatite occurs as an accessory
phase. The third lithology, plg-porphyritic andesite, contains
plagioclase (2—4%, < 1-3 mm) and is commonly found above
the aphyric andesite with no contact exposed.

Chronostratigraphy

Dates for seven basaltic andesite lavas and one aphyric andes-
ite lava (MP-17-08) yield Pleistocene ages (Table 1). The two
samples that bracket most of Manantial Pelado’s eruptive his-
tory are the disconformably overlain lava (MP-17-25;451.2 +
5.4 ka) and the major NNE-trending dike (MP-17-29; 189.4 +
6.4 ka). Flows found in stratigraphic succession within the
western valley (Figs. 1 and 2) range in age from ~200 to
219 ka. These flows are also listed in stratigraphic order within
Table 1. Sample MP-17-01 (204.4 +5.8 ka, at 1o error) was
deposited at the very base of the exposed flows, and therefore,
based on field relations, it is the oldest in the sequence. Five of
the lava flows from the western portion of Manantial Pelado
have “°Ar/*’Ar ages within analytical error of each other,
yielding a weighted mean age of 209+£6.3 ka (20;
MSWD = 1.16). This indicates that all of these lavas erupted
over a short time interval < 20 kyr. The aphyric andesite (MP-
17-08) gave an “°Ar/*°Ar age of 29.7+2 ka. The exposed
depositional contact of the dated aphyric andesite overlaying
basaltic andesite initially suggests an abrupt compositional
change; however, the significantly younger age of the aphyric
andesite implies other scenarios are more likely and will be
discussed in more detail later.

The age provided by SERNAGEOMIN for the volcanic
neck is ~ 160 £20 ka (Table 1; Fig. 1c; Sample: AA050112-
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Fig. 6 a Subdivision of 6
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2). It may represent the final activity of the central vent con-
cluding the phase of dominant basaltic andesite eruptions. The
age is consistent by being slightly younger than the dike sam-
ple, but it is significantly older than the aphyric andesites.

Whole-rock data

Bulk-rock compositions of lavas range from 52 to 64 wt%
SiO, and 1 to 7.5 wt% MgO (Online Resource Al). A com-
positional gap separates the basaltic andesite from the andesite
lava (54-61 wt% SiO,; 2—4 wt% MgO; Fig. 6). Basaltic an-
desites are restricted to 4-7.5 wt% MgO, Mg#s5_7o, 30—
85 ppm Ni, where the evolution among the basaltic andesites
is consistent with olivine fractionation and Ni depletion
(Figs. 6 and 7; Mg# calculated on molar basis (Mg/(Mg +
Fe)*100)). At 2 wt% MgO, Ni flattens out while MgO con-
tinues to decrease (Fig. 7). FeO* increases until ~4-5 wt%
MgO and is followed by a decrease due to Fe-oxide

@ Springer
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crystallization. TiO, increases until 4 wt% MgO and begins
to decrease at 2 wt% MgO. Initial enrichment within the ba-
saltic andesite suggests Ti-oxide suppression until 2 wt%
MgO where ilmenite or titanomagnetite start to crystallize
(Online Resource B3). At ~5 wt%, MgO, CaO, and Sc con-
tents drastically decrease indicating clinopyroxene fraction-
ation that could co-crystallize with plagioclase (Online
Resource B3; Gavrilenko et al. 2016). The fact that plagio-
clase and pyroxene potentially join the liquidus is supported
by Al,O3 and Sr plots which show initial enrichment followed
by depletion also at ~5 wt% MgO (Online Resource B3).
Trace element abundances of Manantial Pelado basaltic
andesites display typical subduction zone characteristics
(Fig. 8, Online Resource A1) with enrichment in large ion
lithophile elements (LILE) and depletion in high-field strength
elements (HFSE). The basaltic andesites show no Eu anomaly
(Eu/Eu* ~ 1) and the onset of Sr and Al,O5 depletion through
plagioclase crystallization is only evident for more evolved
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Fig. 7 Ni (ppm) vs MgO (wt%) XRF whole-rock data. Black bracket
indicates primitive composition based on Schmidt and Jagoutz (2017).
Manantial Pelado (MP) data sits at the primitive end-member for regional
SVZ primitive centers aside from Los Hornitos. Globally, MP is near-
primitive yet not fully to the primitive extent of other centers. About 4—
8.5% of olivine fractionation (arrow, see main text for calculation) are
required to change a primitive magma composition (150-250 ppm Ni) to
the observed compositions in Manantial Pelado basaltic andesites. Black
triangle: Manantial Pelado. Dark gray polygon: Mafic data from Tatara-

compositions (Fig. 8, Online Resource B3). The strong deple-
tion of Sr in Fig. 8 point towards plagioclase fractionation
(Drake and Weill 1975; James 1982). Manantial Pelado plots
near other regional (SVZ) and global primitive centers (Online
Resource B4). The more evolved lavas are generally more
enriched with the exception of elements affected by plagio-
clase fractionation (e.g., Sr, Eu; Fig. 8, Online Resource B4,
B5). One aphyric andesite displays P depletion potentially
indicating apatite fractionation (Fig. 8). The evolved andesite
compositions display typical fractionation trends away from
the near-primitive basaltic andesite with some influence from
interaction with crustal rocks or mantle heterogeneity (Figs. 8
and 9; Turner et al. 2017). We observe that the evolved an-
desites are more enriched in more incompatible elements and
have steeper REE patterns than the basaltic andesite (Fig. 8;
Online Resource B4, Online Resource B5). These differences
are small and most pronounced for Rb and Cs (Online
Resource BS), but they indicate that while fractionation of
basaltic andesite is likely the dominant process to produce
the evolved andesites, some interaction with crustal rocks
are likely to contribute to the formation of the evolved andes-
ites. Highly and moderately incompatible trace element ratios
also point towards minimal crustal melting effects (Fig. 9).
Low Rb/Sr and Ba/La favor plagioclase crystallization and
conflict with significant crustal melting (Fig. 9;
Hawkesworth et al. 1982; Conrey et al. 2001). Increased crust-
al melting effects would increase the incorporation of highly

San Pedro (Jweda 2014). Gray dot: regional primitive data (primitive
centers near Laguna del Maule, Laguna del Maule, Nevados de
Longavi, Los Hornitos/Cerro Azul, cones related to TSPC;
Hildreth et al. 2010; Jacques et al. 2013; Wehrmann et al. 2014b). Gray
dot/black rim: Los Homitos (Salas, in review). Squares: global average
primitive arc data (Schmidt and Jagoutz 2017). Light gray—filled square:
calc-alkaline basalts. Light gray—outlined square: calc-alkaline andesite.
Dark gray—filled square: tholeiitic basalt. Dark gray—outlined square: tho-
leiitic andesite

incompatible elements (Rb, Ba) and point towards phases
such as potassium-feldspar (Hawkesworth et al. 1982;
Conrey et al. 2001). We acknowledge the evolved andesite
displays an enriched trend in Fig. 9a, suggesting some crustal
interaction in evolved samples; however, if crustal melting
played a significant role in the basaltic andesite, we would
see positive trends in both Fig. 9 a and b. In fact, Fig. 9b
displays relatively flat-to-negative trends towards the evolved
andesite and away from crustal signatures.

In addition to the differences between the lithological
groups, there is a compositional range within each litho-
logical group. The basaltic andesites display a clear sub-
grouping with the majority of the basaltic andesites being a
tight compositional cluster (denoted by a solid black line in
Fig. 8). These basaltic andesites represent the dominant
material produced in Manantial Pelado’s eruptive history.
Other rare samples were observed in the field and classi-
fied as texturally uncommon basaltic andesite and are
grouped with the basaltic andesites, but they are generally
slightly more evolved (Fig. 8).

Mineral composition
Olivine was analyzed in eight basaltic andesites (Online
Resource AS5) with core and rim compositions ranging Fo_

67-87.6 and Fo_ o 79, respectively. Most olivine cores scatter
around Fogg g4 and Ni content ranges from 195 to 2148 ppm
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Fig. 8 Spider diagram of
Manantial Pelado (ICP-MS data) -
distinguishing differences in li-
thologies. Normalized to primi-
tive mantle (McDonough and Sun
1995). Black solid line: Manantial
Pelado basaltic andesite. Green
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(Online Resource AS5). Olivine-hosted spinel inclusions are
commonly Cr-spinel with the majority having Cr#s,. Cr-
spinel crystallizes early while Cr contents are high and melts
are primitive (Clynne and Borg 1997; Kamenetsky et al.
2001). Pyroxenes were analyzed in six basaltic andesites that
contain mostly clinopyroxene (Mg#_¢3 g3) and occasional
orthopyroxene and pigeonite were observed within the
groundmass (identified qualitatively using SEM).
Additionally, the Cr,O3 content within clinopyroxene (>
0.3-0.4 wt%) is at primitive to near-primitive concentrations
for calc-alkaline clinopyroxene (Conrad and Kay 1984).
Plagioclase (Online Resource A4) phenocrysts are dominated
by calcic cores (An.7s_go), while phenocryst rims and
microlites in the groundmass are more sodic (An_4¢). The
aphyric andesite contained ~ 1-2% phenocrysts with plagio-
clase sodic cores (An._ 43_s4) overlapping the rim compositions
of more primitive samples.

Discussion

Basaltic andesite and their connection to primitive
magmas

The chemical characteristics of Manantial Pelado basaltic an-
desites suggest only minor evolution from primitive arc mag-
ma compositions and can be considered “near-primitive”
when compared regionally and globally with primitive com-
positions. The basaltic andesites consistently plot at the lower
bound of primitive compositions (Figs. 6 and 7) taken from
the global compilation of Schmidt and Jagoutz (2017). A
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regional comparison of Manantial Pelado magmas to volcanic
centers in the SVZ (34° S—41° S, Fig. 10) reveals that
Manantial Pelado compositions are among the most primitive
in the SVZ (excluding cinder cones) with regard to MgO,
Si0,, and Ni (Fig. 10a—c). Here the magma compositions
for each volcanic center are taken from comprehensive studies
of individual volcanoes and along-arc and across-arc compi-
lations (Jacques et al. 2013; Jweda 2014; Turner et al. 2016;
Turner et al. 2017) and from the EarthChem Database (see
references in Fig. 10). Some of these volcanoes are built on
much thinner crust (~36-41° S; Hildreth and Moorbath 1988;
Tassara and Echaurren 2012; Turner et al. 2016) which can
result in diminished crustal interaction.

The role of the thicker crust at the latitude of Manantial
Pelado (35.5° S) and northward remains a highly debated part
of the arc. On the one hand, magma staging in the lower crust
may contaminate any mantle signature through MASH pro-
cesses (Hildreth and Moorbath 1988), while alternatively,
mantle heterogeneities combined with lower degrees of melt-
ing (due to a smaller asthenospheric mantle wedge underneath
the thick crust) may be the principle driver for the signatures in
mafic magmas (Turner et al. 2016). Thirdly, primitive magma
variations may be driven by changes in slab input (Jacques
etal. 2014).

A fundamental change in along-arc variations of the SVZ
for #7Sr/*°Sr occurs between 34 and 36° S. Manantial Pelado
is among a cluster of volcanoes at the southern end of this
transition along with Planchoén-Peteroa, Descabezado
Grande, Tatara-San Pedro, and Longavi. To the north, sub-
stantially elevated ®’Sr/*°Sr isotope compositions exist (up to
8781/%0Sr ~0.7056) compared with a relatively confined



Bull Volcanol (2020) 82:69

Page 130f 24 69

0.4

® MP Basaltic Andesite (a)

0.35 4+ © MP Evolved/Aphyric Andesite

A
0.3 crustal melting

0.25 +

02 +

Rb/Sr

80

0.15 +

0.1 +
0.05 + fractionation and/or
crustal melting
0 } } } t

0 20 40 60 80 100

Rb

v

50

451 4

crustal meltin
40 + ¢

35 +

30 +

Ba/La

25 + ' .. .

20 + @ 9

15 + fractionation and/or

crustal melting

10 t t + t }
100 200 300 400 500 600 700

Ba

Fig.9 Highly and moderately incompatible trace element ratios (ICP-MS
data). a Rb/Sr vs Rb displays minimal crustal melting signatures for the
evolved andesite and relatively low ratios for the basaltic andesite. b Ba/
La vs Ba displays a relatively flat-to-negative trend away from crustal
melting signatures even for evolved andesite

>
»

isotope signature of *’Sr/*°Sr ~0.704 in the south (Hildreth
and Moorbath 1988; Turner et al. 2017). This change may
indicate that crustal effects are coupled nonlinearly with crust-
al thickness. MASH-type processes become inevitable for
continental crust greater than ~50 km with residual basalt
liquids and crustal melts coexisting for thousands of years
(Dufek and Bergantz 2005). For thinner crust, melting and
assimilation are subordinate, while storage and homogeniza-
tion of mantle-derived melts may still overprint crystal and
textural records and mask the presence of primitive magmas
(see below). Manantial Pelado resides at ~45-50-km-thick
crust positioning itself on the boundary between these two
end-member processes.

While whole-rock compositions from Manantial Pelado
cannot completely resolve which mechanism plays a larger
role in arc variation for this transitional segment, incompatible
trace element ratios can provide initial insight. In Fig. 10d, we
place Manantial Pelado in the context of other regional volca-
nic centers that display positive correlations between La/Sm

and Ndg o (Turer et al. 2016). The positive correlation also
reflects along-arc variation as the northern volcanic centers
(PP, MP, DG, TSPC, LV) cluster at the highest extent of the
trend while the southern centers progressively shift towards
lower values (Fig. 10d). This suggests crustal thickness, which
correlates with latitude in the SVZ, can account for along-arc
geochemical variation. As a response to crustal thickening
from south-north, Fig. 10 d highlights the degree of melting
decreases moving northward. This characteristic was used to
argue that thicker crust induces lower degrees of melting due
to a smaller asthenospheric mantle wedge (Turner et al. 2016).
Turner et al. (2016, 2017) suggests that along-arc variations
are dominantly controlled by mantle heterogeneity and degree
of melting with minimal variability resulting from sediment or
slab input. Alternatively, sediment or slab input was
previously argued to be important by Jacques et al. (2014)
on the basis of fluid-mobile elements and isotope composi-
tions. To test whether sediment input may play a fundamental
role in the SVZ, we use the widely used sediment tracer of Th/
Larelative to Sm/La to explore the variability in a mantle plus
altered oceanic crust component (Fig. 10e; Plank 2005).
Recent cores from the Ocean Drilling Program (ODP) oft-
shore the Chilean Andes (ODP 1234, ~36° S; ODP 1232, ~
40° S) were compiled in the global database for subducting
sediments (Plank 2014) and represent an excellent end-
member for the major arc volcanoes of the SVZ (Fig. 10e).
New data from Manantial Pelado display high Th/La and sub-
stantiate a mixing relationship for the arc magmas between
sediment and a mantle plus altered oceanic crust component.
In fact, the high Th/La for Manantial Pelado suggests that
variations from slab input may have been underappreciated
for this region of the SVZ. Furthermore, variations on the
basis of La/Sm (Fig. 10d) are small compared with variations
in Th/La (Fig. 10e), and therefore, mantle heterogeneities may
be subordinate compared with the influences of slab input.
While our data does not resolve the long-standing debate of
primitive magma generation in the Southern Andes, we sug-
gest that isotope data for Manantial Pelado and other mafic
centers (e.g., Cerro Rajaduras, Cerro Colorado) in this transi-
tional segment of critical crustal thickness are needed to un-
ravel the effects of thick crust and potential variations in man-
tle chemistry and slab input.

Thus, we argue that in general, Manantial Pelado basaltic
andesites can be used to explore processes in the SVZ crust
that create the baseline compositions from which other
magmas may have evolved. Unlike most other systems in
the SVZ (mainly further north), Manantial Pelado basaltic
andesites show minimal overprinting by crustal processes,
such as mixing and assimilation, based on major and trace
elements (Hildreth and Moorbath 1988) and preserve much
of the initial compositions prior to their evolution.
Additionally, the high contents of MgO (7.4 wt%), Ni
(86 ppm), and corresponding Mg# up to ~ 68 argue that
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Fig. 10 a—c XRF whole-rock elemental compositions vs latitude pro-
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Pelado (this study) and Tatara-San Pedro data only includes mafic sam-
ples. All data aside from Manantial Pelado came from a combination of
sources including Jacques et al. (2013), Jweda (2014), and Turner et al.
(2016), and a compilation of sources from EarthChem (Bouvet De
Maisonneuve et al. 2012; Costantini et al. 2011; Deruelle 1982; Gerlach
et al. 1988; Hickey-Vargas et al. 1986, 1989, 2002, 2016; Holm et al.
2014; Jacques et al. 2013, 2014; Jicha et al. 2007; Lopez-Escobar et al.
1977, 1981, 1992; Lopez-Escobar et al. 1995; Morgado et al. 2015; Pioli
et al. 2015; Rawson et al. 2015; Ruth et al. 2016; Singer et al. 2008;
Tormey et al. 1991, 1995; Wehrmann et al. 2014a). Latitudinal order:
PP Planchén-Peteroa, MP Manantial Pelado, TSPC Tatara-San Pedro,
LdM Laguna del Maule, LV Longavi, AT Antuco, CQ Callaqui, TH

fractional crystallization is minimal (~< 10%; potential for
olivine accumulation is discussed later). Only the nearby
monogenetic cones of Los Hornitos are distinctly more prim-
itive (Figs. 6 and 7); however, they may not be representative
of the common mantle melt flux into the crust and long-lived
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Tolhuaca, LL Llaima, VR Villarrica, MCh Mocho-Choshuenco, PU
Puyehue, AN Antillanca, OS Osorno. d, e Incompatible trace element
systematics following Turner et al. (2017) to compare Manantial Pelado
with PP, DG (Descabezado Grande), TSPC, and LV. Trace element ratios
highlight transitional cluster for MP, DG, TSPC, and LV. Colored dots
are from Turner et al. (2016) and represent average per volcanic center.
Latitudinal order: PP Planchon-Peteroa, MP Manantial Pelado, DG
Descabezado Grande, TSPC Tatara-San Pedro, LV Longavi. Gray dots:
regional centers from Turner et al. (2016) ranging from 37 to 41° S in
latitudinal order: Antuco, Callaqui, Tolhuaca, Llaima, Villarrica, Mocho-
Choshuenco, Puyehue, Antillanca, Osorno. e This plot excludes Callaqui,
Tolhuaca, and Mocho-Choshuenco due to lack of data for Ndg . Ndg o for
Manantial Pelado data includes averages from 5 to 7 wt% MgO due to
data availability. Diamonds: ODP sediment cores offshore Chilean Andes
(ODP 1234, ~36° S; ODP 1232, ~40° S) represent subducting sediments
(Plank 2014). Beige polygon: ocean floor basalts (OFB) and mid-ocean
ridge basalts (MORB) from Jenner and O'Neill (2012)

silicic systems as they bypass zones of storage and homoge-
nization associated with long-lived centers.

We recognize that the basaltic andesites do not represent
melt compositions in a strict sense as their textures suggest that
significant crystallization occurred. The question is whether the
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crystal cargo remains in suspension, and therefore, whole-rock
compositions represent a good approximation to reconstruct
melt compositions or whether significant fractionation has tak-
en place. While plagioclase phenocrysts are abundant in the
basaltic andesites, the lack of a Eu anomaly and an increase in
Sr with increasing SiO, in whole-rock compositions suggests
that plagioclase fractionation is minimal (Fig. 8, Online
Resource B3). This is further corroborated by the fact that core
plagioclase compositions are calcic (~ An75-89). Moreover,
CaO displays a flat trend while Al,O3 and Sc display enriched
trends for the basaltic andesite lithology, all of which indicates
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no significant pyroxene or spinel fractionation has occurred
(Online Resource B3). Thus, only olivine may have been frac-
tionated, which is recognized in the demonstrable continuous
depletion in MgO and Ni (Figs. 6 and 7). Following the calcu-
lation scheme by Straub et al. (2011) and using the Ni
partitioning from Beattie et al. (1991), we calculate olivine
fractionation between ~4 and 8.5 wt%. This amount of olivine
fractionation can account for Ni depletions from a primitive
magma of ~150-250 ppm (Schmidt and Jagoutz 2017) to
86 ppm as observed in the most primitive basaltic andesites
from Manantial Pelado (7.4 wt%; Fig. 7). We therefore argue
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Fig. 11 Olivine transects displaying flat-core characteristics. Transect terminates at end of crystal rim. Back-scattered electron images with respective
transect line. Flat cores suggest diffusive re-equilibration. Additional transects and images in Online Resource C1-5
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that magmas from Manantial Pelado experienced minimal
amounts of fractionation for most elements and in particular
incompatible elements, and that whole-rock data is a close ap-
proximation to the primitive mantle-derived melts for this part
of the SVZ.

Olivine equilibration during long-lived storage

At first sight, this model where Manantial Pelado basaltic
andesites are near-primitive compositions with minimal crys-
tal fractionation may be inconsistent with the compositions of
the olivine phenocrysts themselves. Fe-Mg partition relation-
ships in olivine would suggest that melts that experienced 4%
loss of olivine would still crystallize high Fo (>~ Fogg) oliv-
ines (e.g., Roeder and Emslie 1970; Straub et al. 2011;
Ruprecht and Plank 2013) and be not far removed from typ-
ical primitive olivine compositions (> 90; Sato 1977; Wallace
and Carmichael 1999; Kamenetsky et al. 2001; Schmidt and
Jagoutz 2017), yet for Manantial Pelado, most olivine cores
do not exceed Fog, (Figs. 11 and 12). We resolve this conun-
drum through the fact that these basaltic andesites are likely
stored in long-lived processing areas of lower-to-mid crustal
conditions where thermal equilibration leads to prolonged
presence of partial melts (Dufek and Bergantz 2005; Annen
et al. 2006). Temperatures are too cold to retain primitive
high-melt fraction magma bodies; instead, crystal-rich mush
systems are thought to emerge and persist for a long time. The
high crystallinity of Manantial Pelado basaltic andesites is
consistent with this model (Fig. 13). It can also explain the
much lower Fo content of these olivines. Any normally zoned
olivine resulting from crystallization in an evolving melt may
equilibrate over time with the reduced melt fraction to lower
Fo compositions (Fig. 12), while primitive plagioclase crystals
remain zoned due to the slow multi-element diffusion of NaSi-
CaAl (Grove et al. 1984).

Manantial Pelado olivine phenocrysts are texturally incon-
sistent with an unmodified growth process from a primitive
liquid. Aside from a few larger glomerocrysts, olivine crystals
are subhedral-euhedral grains (~ 100-200 pum crystal radius)
that display relatively flat cores with weak normal zonation
limited to the outermost rims of crystals (Figs. 5 and 11). Here
we use the term “flat cores” to represent olivine grains that
vary internally in major element composition and AFo of less
than 1 mol%. Furthermore, flat cores comprise > 80% of the
crystal radius from the core to the start of the rim zonation.
Flat cores either require growth in a melt composition buffered
open system (e.g., porous media flow of a large volume of
melt passing through a stagnant crystal network; Kelemen
et al. 1995) or diffusive equilibration in a thermally buffered
system that keeps melt-crystal ratio constant. We disregard
porous media flow as it is important for melt transport in the
mantle where melts are continuously percolating through solid
matrix. In the crust, magma delivery is more episodic (Dufek
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and Bergantz 2005; Annen et al. 2006). Thus, thermal buffer-
ing and diffusive equilibration likely modified those olivines.

While in silicic systems crystal-rich mushes are buffered
internally by the eutectic melt composition (Huber et al.
2009), primitive compositions can only be thermally buffered
in hot crustal conditions. Those may exist in the lower-to-
middle crust where mantle-derived melt emplacement has el-
evated the geotherm (Dufek and Bergantz 2005; Annen et al.
2006). However, these elevated crustal temperatures may only
lead to substantial crustal melting for crust >50 km (Dufek
and Bergantz 2005). For thinner crust, storage and homogeni-
zation may dominate.

In temperature-buffered mush systems, initially normally
zoned olivines will re-equilibrate to homogenous, unzoned oliv-
ines at lower Fo content. Specifically, prolonged residence in a
magmatic mush ultimately leads to diffusive equilibration of
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olivine grains (Costa and Dungan 2005; Oeser et al. 2018). Such
diffusion can produce flat-cored olivine that displays lower Fo
content in the crystal center compared to the Fo content that
originally crystallized. Manantial Pelado lavas contain abundant
flat-cored olivine at intermediate Fo content (Figs. 5 and 11).
Whether these olivines originate from remobilized cumulates
and therefore would be inconsistent with the notion of the
Manantial Pelado basaltic andesites representing minimally mod-
ified primitive magmas, or whether they document the prolonged
equilibration in a primitive mush needs to be answered next.
Manantial Pelado olivines are largely not in equilibrium with
liquid compositions represented by the basaltic andesite lavas.
Bulk-rock compositions have higher Mg# for the expected Fo
relative to equilibrium (Fig. 12; KpViauid = 027-0.3; Roeder
and Emslie 1970; Toplis 2005). Using whole-rock compositions
in this plot assumes that the whole rock is a good approximation
of the melt in equilibrium with the compared olivines. Although
these whole-rock compositions represent approximations of
primitive mantle melts, they do not represent the melt in equi-
librium with the residing olivine crystals. The current melt com-
position in equilibrium with the olivine rims, which is the
holocrystalline matrix, cannot be measured directly in these
lavas. While analyzing the olivine rims or microlites could pro-
vide compositional data, it would provide even more depleted
compositions in Mg because they reflect the eruptive process
and not the late-stage storage. There are two potential explana-
tions for the patterns in Fig. 12. First, commonly, such olivine
compositions at low Fo are argued to represent the addition of
Mg-rich mineral phases such as olivine (Baggerman and Debari
2011). While such crystal accumulation could explain the hori-
zontal displacement from the equilibrium curve, there is no fur-
ther textural or chemical evidence of olivine accumulation ex-
cept for the few glomerocrysts representing a cumulate origin

(Fig. 5). Instead, diffusive equilibration proceeding during crys-
tallization in a mush environment that is thermally and compo-
sitionally buffered also shifts olivine compositions to low Fo
away from the equilibrium curve linked to whole-rock compo-
sitions. As argued before, whole-rock major and trace elements
are not showing signs of significant camulate signatures where
additional olivine phenocrysts are being added. Moreover, oliv-
ine Ni contents in cumulates with minimal melt present are high
at intermediate Fo contents (Oeser et al. 2018) and typically fall
significantly to the left of the general Ni-Fo array of olivine
phenocrysts. Manantial Pelado olivines are not exceptionally
Ni-rich; instead, they tend to be only slightly higher in Ni com-
pared with olivine fractionation, which is consistent with re-
equilibration of cores and rims at intermediate Ni contents.
Thus, for Manantial Pelado lavas, our model considers a com-
positionally restricted and temperature-buffered system that ex-
periences long-term storage. We suspect there may be a family
of primitive magmas that are compositionally very similar mak-
ing it difficult to distinguish mixing or interaction (Ruprecht and
Warmner 2007). This is supported by normal and simple zonation
in plagioclase phenocrysts (Fig. 5). The simplistic zoning argues
for minimal interaction with diverse compositions and supports
long-term storage with similar magmas all prior to rim growth
initiated upon ascent. While interaction between similar primi-
tive magmas may be present, we do not see evidence for any
felsic interactions, thus determining Manantial Pelado to be a
“quasi-closed” system. Therefore, it is open to external heat and
mass from similar primitive magmas that all crystallize to ~55%
and experience storage and homogenization, but is closed to
highly silicic compositions and interaction such as assimilation
and melting of the crust. Potential xenocrysts in Fig. 5 could also
represent cores inherited from surrounding crystal-mush do-
mains that have been incorporated and act as a nucleus for

Fig. 13 Olivine Fo and respective 100 70
crystallinity of Manantial Pelado
basaltic andesite samples in order 90 | Y Typical Mush Crystallinity
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Fig. 14 Manantial Pelado magmatic reservoir schematic. Magmas are
stored at mid-to-lower crustal levels and experience homogenization in
the hypothesized MASH zone. The magmas are stored in multiple
crystal-mush reservoirs of similar compositions where long-term storage
and diffusive equilibration can occur. Late-stage crystallization increases
after glaciation and results in an evolved, crystal-poor melt lens (white

further olivine growth. This interpretation would further provide
evidence that the system is not fully closed. This composition-
ally restricted, temperature-buffered, and long-term storage sys-
tem creates pockets of constant magma composition (Fig. 14).
The Fo content of the corresponding olivine decreases as Fe—
Mg interdiffusion continuously strives towards equilibrium and
produces flat/unzoned homogenous olivine cores. Using the
equilibrium curve, we estimate that potential olivine core com-
positions prior to diffusive equilibration may be as high as ~
Fogy, which is consistent with primitive magma compositions
(Schmidt and Jagoutz 2017; Fig. 12). While Manantial Pelado
olivines re-equilibrate to relatively primitive compositions, they
tend to be at the lower extent of the primitive boundary. It is
worth noting that re-incorporation of any fractionated olivines
(~4-8.5%) has not been taken into account and could elevate
original Fo content to higher values within the range of primitive
compositions. Ultimately, we argue that Manantial Pelado lavas
are not significantly affected by cumulates and instead show
batch equilibration in a mush where olivines become flat-cored
at lower Fo content than normally would be interpreted to be
linked to primitive magma compositions. This also requires that
olivine crystallization proceeds significantly so that remaining
liquid is significantly depleted in Mg relative to its initial Mg
melt content, which is consistent with the high crystallinities in
Manantial Pelado lavas (Fig. 13).
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dashed line). Primarily, homogenized basaltic andesite erupts, but melt
lenses of apyhric andesite erupt later in the center’s lifetime. The storage
in the MASH zone results in homogenized yet still primitive material and
high crystallinity in samples suggests storage in crystal-mush reservoirs.
MP Manantial Pelado, DG Descabezado Grande, VQ Quizapu, CA Cerro
Azul, LH Los Hornitos, TSPC Tatara-San Pedro, LdM Laguna del Maule

While Fe-Mg diffusion can reach the center of an olivine
crystal quickly under magmatic conditions, full equilibration
takes much longer (Dohmen and Chakraborty 2007). Thus,
we need to estimate the amount of time it takes for olivines to
fully equilibrate to flat cores. Fe-Mg diffusion is fast with
diffusivities D ranging between 6.4 x 10~'® and 1.1 x
10" m?/s (Dohmen and Chakraborty 2007) for common pa-
rameters required in our model (assuming common magmatic
temperatures of basaltic andesites: 1000-1100 °C; ANNO +
1, 400-700 MPa, Fogg 99, 100-200-um crystal radius). We
estimate the full equilibration length scale x using a planar-
confined source, infinite reservoir relationship of,

X
Ac(t) = 0.2erf <2\/D_t> (1)
where the concentration gradient in the core Ac is within 1% of
the rim composition (i.e., Fo core < 80.8 for a Fo rim of 80). The
factor 0.2 represents the initial variation between core and outer
core being 10% and the fact that along that 1D profile elements
diffusive from the center to the two opposing crystal rims equally
(Fig. 15). Our model relationship will overestimate the time need-
ed to equilibrate the magma as the model is 1D. An initially zoned
crystal 200400 pm in diameter with a Fo range of 8088 from
rim to core will equilibrate completely (i.e., to within < 1 mol Fo
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Fig. 15 Equilibration length scale for olivine in mid-to-lower crustal
mush conditions. Length scale is estimated assuming an initially zoned
olivine crystal with 10% variation in Fo from core to rim and the equil-
ibration timescale following Eq. 1. Length scale x is given for the case
where the final concentration in the interior of a crystal of radius x is
within 1% of rim concentration. Typical Manantial Pelado flat-cored
olivine (100-200-pm radius) stored in a mafic crustal mush system would
equilibrate as fast as 100 years. Average equilibration timescales are
likely on the order of a few 1000 years. Black rectangle: equilibration
zone for Manantial Pelado olivine

unit) in 25 to 6000 years. This suggests that any normal zoning
developed during magma crystallization can be erased in a mafic
mush in a timeframe where magma and mush conditions do not
change much and temperatures remain high. It also suggests that
flat-cored olivines are not necessary to reflect cumulate involve-
ment but can represent batch equilibration of a quasi-closed
system.

In summary, whole-rock concentrations of Manantial
Pelado basaltic andesites represent near-primitive composi-
tions with a minimal differentiation history in the crust
(Figs. 6, 7, and 10). In fact, Manantial Pelado samples are
among the most primitive magmas in the SVZ with Mg#
ranging between 61 and 68. These lavas are representative
of melts that are still in equilibrium with typical mantle lithol-
ogies (Schmidt and Jagoutz 2017). Importantly, olivine major
element compositions can be misleadingly interpreted to rep-
resent evolved magmas. Diffusive equilibration within olivine
suggests these phenocrysts were once near Fogo. Considered
together with the presence of Cr-spinel inclusions in olivine
cores, these observations suggest that the crystal record is
consistent with the primitive nature of Manantial Pelado lavas

(Fig. 5).
Lithologic relationships
Expanding the discussion to the other lithologies, trace element

systematics suggest that the evolved andesite compositions are
mainly a result of fractionation from the near-primitive basaltic

andesite. Crystal-rich mushes typically reach rheologic lock up
at crystal contents > 60% (Marsh 1988). The reduced mobility
may facilitate the extraction of a more evolved melt lens cap
(Dufek and Bachmann 2010). Such a melt lens may be repre-
sented by the aphyric andesites. Thus, while Manantial Pelado
predominantly generated homogenous basaltic andesite, as a
45-55% crystalline mush is still eruptible, its late-stage activity
may have had an increase in crystallization and slowed con-
vection. This change in behavior could allow for the formation
of an evolved, crystal-poor, melt lens which resulted in the
eruption of the aphyric andesite.

The ages of the near-primitive basaltic andesite compared
with the evolved aphyric andesite reveal that although they
may be genetically related, they occur during different time
periods of Manantial Pelado’s history. Basaltic andesite pre-
dominantly erupted only from ~220 to 190 ka, while the
aphyric andesite are much younger (~30 ka; Table 1). We
suspect these two lithologies are genetically related (Fig. 8)
but are temporally very distinct. One can assume Manantial
Pelado erupted predominantly basaltic andesite, experienced a
period of dormancy, and then erupted a new lithology from
the same original source. A potential cause for this dormancy
coincides with glaciation (Rabassa and Clapperton 1990),
which is consistent with glacial striations found on top of
basaltic andesites. Following that dormancy, we see that
Manantial Pelado went from erupting porphyritic basaltic an-
desite into erupting the efficiently differentiated melt lens of
the basaltic andesite mush to create the aphyric andesite within
~170 ka (Table 1).

Crustal magma assembly

In an area surrounded by active silicic volcanism, further char-
acterization of primitive magmas that could contribute to the
upper crustal systems is crucial in understanding eruption dy-
namics and temporal evolution of volcanic systems. Placing our
results into the context of a SVZ MASH model (Hildreth and
Moorbath 1988), we suggest that magma generation at
Manantial Pelado may have encountered a high mantle-
derived melt flux MASH zone in the mid-to-lower crust
(Fig. 14). Its primitive nature was retained in a quasi-closed
system where mainly storage and homogenization processes
were at play, and effects of melting and assimilation are subor-
dinate (Fig. 14). Manantial Pelado produces a significant
amount of homogenous material throughout its history, and
the main lithologies are near-primitive and do not display
mixing trends with evolved crustal-derived melts. Phenocrysts
do not prove to be foreign, but to fully determine their prove-
nance isotope data is necessary but beyond the scope of this
study. MASH zones may be more complex and require further
investigation to explain how primitive magmas reach the sur-
face without significant crustal contribution as evidenced by
small-volume eruptions at nearby monogenetic cinder cones
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(Salas et al. 2017). We envision that the MASH zone may be
compositionally compartmentalized depending on the frequen-
cy and accumulation of added mantle melt (Dufek and
Bergantz 2005). As a result, some regions in the lower-to-
middle crust experience high input of mantle-derived magma
that shields mush lenses from significant crustal contributions
(Fig. 14). MASH zones have not been imaged in great spatial
detail limiting our ability to identify their internal structure and
recognizing potential pathways for more mantle-like magmas.

The high crystallinity and narrow compositional range of
these lavas point towards processes that reduce compositional
diversity while not fully erasing it. We envision a crystal-
mush storage system for these basaltic andesites (Bachmann
and Bergantz 2004; Hildreth 2004; Schleicher and Bergantz
2017). Manantial Pelado displays crystal-mush storage tex-
tures and compositions with its high crystallinity, mafic com-
position, and rare glomerocryst textures (Figs. 5, 12, and 13).
While there are minor compositional variations between the
lavas, the overall lack of zonation or evolution between flows
(Fig. 13) suggests the storage region never developed and
extracted more evolved magmas potentially due to frequent
disruption of individual mush lenses. The lack of a temporal
trend between samples further corroborates the lack of com-
positional evolution in Manantial Pelado’s eruptive products
and points towards several crystal-mush reservoirs all from a
similar source (Figs. 13 and 14). We refer to them as quasi-
closed system, because they developed only small composi-
tional diversity. This explains the presence of flat cores in the
olivine as prolonged storage that not only just promoted oliv-
ine growth but also re-equilibrated to flat-cored olivines. The
overall homogenous nature of the lavas with slight composi-
tional and textural variation could be explained by multiple
crystal-mush storage systems within the crust that all originat-
ed from the same mantle source (Figs. 13 and 14).

Insight for nearby silicic systems

This study has established that evaluating the primitive extent
of a system requires an analysis of the bulk composition, the
mineralogy and their composition, and the potential
overprinting of the latter during prolonged storage. The pres-
ence of compositionally slightly evolved olivines does not
imply that the bulk magma is evolved and has a complex
assembly history. Instead, diffusive re-equilibration in a prim-
itive bulk system may mask a protracted history that results in
lower Mg flat-cored olivines.

Recent studies have considered magmatic storage to be
transcrustal or polybaric (Hildreth and Moorbath 1988;
Cashman et al. 2017), where an initially primitive and
mantle-sourced magma is injected into the lower crust that
continually feeds successive overlaying reservoirs distributed
through the upper crust. These consecutive reservoirs experi-
ence partial melting of surrounding crust and compositional
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melt evolution through crystallization. This process continues
through its ascent and transfers upward stalling intermittently
at different reservoirs. With an extensive amount of polybaric
reservoirs that all experience intracrustal processing, we
would expect to lose any remnants of the primitive source.
However, at Manantial Pelado, a primitive signature survives;
although as recognized in this study, primitive signatures can
be easily overlooked since we normally assume crystal cargo
with olivine cores of Fog, as evidence for mixing with a mafic,
but significantly differentiated magma. However, our results
highlight that intermediate Fo olivine by itself may not be
sufficient evidence to infer a multi-stage magma evolution.
Instead, if olivine phenocrysts display flat cores, such olivines
could have been affected by diffusive re-equilibration that
obscures their original primitive composition and a more di-
rect link between primitive mantle-derived and evolved
magmas. Thus, it is critical to further assess crystal cargo for
remnants of primitive signatures, especially in the absence of
mafic carrier melts related to these olivines that cannot be
sampled (other than potentially in melt inclusions) once they
hybridize during mixing. As it relates to the DG-CA system
and beyond, a closer look into the crystal cargo of seemingly
intermediate mafic recharge may contain evidence for a prim-
itive source with a lesser extent of mixing and assimilation. If
properly identified, intermediate flat-core olivine dispersed in
silicic magmas can be used to determine mixing with primi-
tive magmas. Ultimately, we could establish a more direct
connection to primitive sources in intermediate-to-felsic sys-
tems through investigation of olivine zonation profiles. We
argue that these are important processes in understanding the
magmatic origin of long-lived systems, and the presence of
compositionally homogenous olivines at intermediate Fo con-
tent may represent cryptic evidence for recharge with primi-
tive magmas that experienced prolonged crustal storage.

Conclusion

A variety of methods and calculations were used to character-
ize the primitive nature and storage processes of Manantial
Pelado. Whole-rock compositions paired with mineral-scale
data provide reservoir constraints and insight into magma
chamber processes. Manantial Pelado’s dominant lithology,
basaltic andesite, yielded a weighted mean age of 209 +
6.3 ka (20; MSWD = 1.16) and all of these lavas erupted over
a short time interval <20 kyr. Additionally, the basaltic an-
desite lavas display near-primitive compositions through pres-
ence of Cr-spinels, elevated Mg#, and Ni content. Manantial
Pelado lavas plot at the lower boundary for global primitive
arcs and are among the most primitive magmas in regional
volcanic centers excluding cinder cones. By constraining the
amount of fractionation and equilibration of the system as well
as noting the textural evidence of flat cores, Manantial Pelado
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proved to be more primitive than initial results suggested due
to diffusive equilibration. Prior to diffusive equilibration, ol-
ivine phenocrysts may have contained up to Foo; cores. After
modeling the timescales of diffusion, we suggest this equili-
bration occurred on the order of several thousand years.
Manantial Pelado fits into some aspects of the MASH model
by experiencing storage and homogenization in the lower
crust sourced from high mantle-derived melt flux and is
followed by long-term residence in multiple crystal-mush res-
ervoirs. We suggest that in our system, the MASH zone is not
effective in providing much melting or assimilation, which
could be related to Manantial Pelado residing in the transition-
al segment of the SVZ. Manantial Pelado is located at the
boundary between geochemical arc variations caused by ef-
fective MASH processes (> 50 km) or variations caused by
mantle heterogeneities in thinner crust. Instead, we envision
Manantial Pelado (at a transitional boundary) to experience
the storage and homogenization aspects of MASH that occur
in pockets within lower crustal storage regions and become
sufficiently isolated from significant crustal input.

There remains a substantial need to characterize and study
long-lived primitive stratocones in the SVZ to reveal the in-
terplay of crustal processes of storage and magma evolution
with changes in magma input from the mantle. With the use of
textural, whole-rock data, mineral data, and geochronology,
we were able to provide insight into one of the few mafic
exposures within the SVZ. Manantial Pelado encountered
long-term storage and proves to be a primitive stratocone ex-
posed at the surface of thickened crust.
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