
1.  Introduction
The Payenia volcanic province (34–38°S) is a Pliocene-Quaternary volcanic region of predominantly basaltic 
composition in the foreland region of the southern Mendoza and northern Neuquén provinces of western Argen-
tina. It represents the northernmost extent of back-arc volcanism in the Andean Southern Volcanic Zone (SVZ). 
Payenia comprises over 800 monogenetic cinder cones, shield volcanoes (e.g., Payùn Matrù), and stratovolcanoes 
(e.g., Nevado and Tromen) covering roughly 40,000 km2 with an estimated volcanic volume of about 8,387 km3 
that is younger than 5 Ma, with most of the volcanic activity having taken place in the last ∼2 Ma (Bertotto 
et  al., 2006; Figure 1). Payenia extends from 50 to 300 km behind the volcanic front (VF), which traces the 
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convergent margin between the eastwardly subducting Nazca plate and the South American Plate (∼66 mm/year, 
∼ā77° convergence angle; Angermann et al., 1999).

The Payenia volcanic province consists of seven volcanic fields: Diamante, Nevado, Llancanelo, Payùn Matrù, 
Río Colorado, Tromen-Buta Ranquil, and Auca Mahuida. This province also contains several high-K calc-alkaline 

Figure 1.  (a) Tectonic map of the Nazca-South America plates showing mid-ocean ridges (red lines), fracture zones (black 
lines), and subduction zones (orange lines with triangles). The black square marks the region displayed in part (b). Velocity 
and convergence direction of the Nazca-South American plates taken from Kendrick et al. (2003). Abbreviations: CR: Chile 
Ridge, EPR: East Pacific Rise, MAR: Mid-Atlantic Ridge, SVZ: Southern Volcanic Zone, and VF: Volcanic Front of the 
SVZ. (b). Simplified geologic map of the Payenia volcanic province, with locations of samples presented in this work. Note 
that the Payún Matrú volcanic field extends to the west and southeast of the Payún Matrú volcano and the Buta Ranquil area 
is smaller than the symbol size.
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stratovolcanoes and alkaline shield volcanoes fed by shallow magmatic chambers: the Pleisto-Holocene Payún 
Matrú shield volcano, the Plio-Pleistocene Cerro Nevado, Domuyo, Tromen volcanoes, the Pleistocene Auca Ma-
huida basaltic shield, and the Miocene Chachahuén volcano (Figure 1; Ramos & Folguera, 2011 and references 
therein).

Payenia occupies a region of South America formed by Paleozoic accretion of mid-late Mesoproterozoic terranes 
(Chilenia and Cuyania) during the amalgamation of Gondwana (Ramos,  2004,  2010 and references therein). 
The Mesozoic breakup of Gondwana and formation of the Atlantic Ocean is associated with a period of conti-
nental extension that formed sedimentary basins in the east and compression responsible for the proto-Andes in 
the west. Toward its northern extent, Payenia covers a partially deformed sedimentary basin characterized by a 
1000-m-thick undifferentiated Cenozoic sequence and toward its southern extent it covers upper Cretaceous to 
lower Paleogene sediments of the Neuquén basin (Folguera et al., 2009; Kay, Burns, et al., 2006). The northern 
and eastern extent of Payenia, which includes the Nevado and Diamante volcanic fields (Figure 1), sits on top of 
the San Rafael Block, which represents an uplifted portion of the Mesoproterozoic Cuyania terrane, as well as the 
fold and thrust belt of the Andean Principal Cordillera foothills. Western and southern Payenia sits on Cenozoic 
sediments and poorly exposed Mesoproterozoic basement (Cingolani, Basei et al., 2017; Ramos, 2004, 2010 and 
references therein).

The mid-late Miocene period represents an important time of deformation of the Payenia province. It is char-
acterized by crustal thickening, uplift of the San Rafael Block and the eastward expansion and migration of the 
volcanic arc, and formation of high-K calc-alkaline stratovolcanoes. These observations have been interpreted as 
a transient episode of shallow subduction of the Nazca slab (Kay et al., 2004, Kay, Burns et al., 2006, Kay, Man-
cilla, & Copeland, 2006). The onset of Payenia basaltic volcanism and subsequent period of extension, which is 
evidenced by normal faulting of the Late Miocene uplifted peneplain of the San Rafael Block, are associated with 
the steepening of the subducted slab (Ramos & Folguera, 2011 and references therein).

Previous investigations into the source of Payenia alkaline basalts noted their large compositional variation, rang-
ing from typical arc to intraplate magmatism (Germa et al., 2010; Gudnason et al., 2012; Hernando et al., 2014; 
Jacques et al., 2013; Kay, Burns et al., 2006, 2013; Pallares et al., 2016; Stern et al., 1990; Søager & Holm, 2013; 
Søager et al., 2013, Søager, Holm & Thirlwall, 2015). Although the chemical diversity of the Payenia basalts 
has been characterized previously, the processes and sources responsible for such variation remain controversial. 
Stern et al. (1990) categorized the chemical diversity of Patagonia back-arc magmatism, including the Payenia 
province, into two main groups named "transitional" and "cratonic" basalts. Transitional basalts are back-arc lavas 
that, relative to VF basalts, have similar radiogenic isotopes but less dramatic enrichments in large-ion lithophile 
elements (LILEs) relative to high-field-strength elements (HFSEs) contents. In contrast, cratonic basalts have 
incompatible trace element and radiogenic isotopic compositions significantly different from the VF lavas, but 
within the compositional range of oceanic island basalts. Stern et al. (1990) also noted that transitional basalts 
erupted closer to the VF, whereas cratonic basalts erupted farther to the east, indicating a weakening of the arc 
signature away from the VF. Transitional back-arc basalts are considered representative of the melting of the 
mantle wedge with a weaker slab-derived fluid/melt flux than beneath the VF, whereas cratonic basalts repre-
sent lower-degree melts of heterogeneous asthenosphere unaffected by subduction processes. Although variable 
involvement of metasomatized sub-continental lithospheric mantle (SCLM) has been considered likely in both 
"transitional" and "cratonic" basalts, its role in the composition of these lavas has not been clearly defined.

More recent studies have not provided a clearer picture of the processes and sources responsible for the chemical 
diversity of Payenia lavas. The most accepted process behind the triggering of Payenia volcanism is extension due 
to trench roll-back following steepening of a flat slab that existed in the middle to late Miocene (Kay et al., 2004, 
Kay, Burns et al., 2006, Kay, Mancilla, & Copeland, 2006). However, to explain the large compositional range of 
Payenia lavas, different studies have invoked different sources of the volcanism. Among the most commonly cited 
sources are mixed peridotite-pyroxenite asthenosphere within the mantle wedge beneath Payenia that was varia-
bly affected by subduction process (Søager & Holm, 2013; Søager et al., 2013, Søager, Holm, & Thirlwall, 2015, 
Søager, Portnyagin et  al.,  2015) and the heating and melting of a previously metasomatized sub-continental 
lithospheric mantle (SCLM; Jacques et al., 2013; Kay et al., 2013; Søager et al., 2018). Although the Payenia 
basalts can be explained by a heterogeneous peridotite-pyroxenite asthenosphere mantle wedge variably affected 
by subduction processes, such a process cannot explain the geographic distribution of lava compositions across 
the different volcanic fields. Therefore, other processes or sources must be considered to explain this occurrence.
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Here, we report new whole-rock major and trace element concentrations, Sr, Nd, Hf, and Pb isotopes, and olivine 
phenocryst δ18O values of 35 basaltic lavas sampled from the Payenia volcanic province to better define the sourc-
es of the mafic volcanism and their geographic distribution. Lavas were preferentially sampled from smaller, 
monogenetic eruptive centers in contrast to material erupted from large stratovolcanoes because they are relative-
ly primitive (i.e., higher MgO contents), and are not associated with large magma chambers, meaning they are 
minimally affected by crustal contamination and shallow-level processes and provide more faithful information 
on the "primary" compositional variation than stratovolcano eruptive products. The geochemical signatures of the 
sampled lavas bear a close resemblance to those found in metasomatized mantle xenoliths from the Patagonian 
back-arc, leading us to recognize that the melting of the SCLM represents a viable control on the distribution 
and compositional variation of mafic volcanism within Payenia. We test this hypothesis with a forward model 
that considers mantle wedge basalts modified by melts generated from previously metasomatized SCLM; such a 
model reproduces the geochemical traits of Payenia lavas.

2.  Methods
We analyzed whole-rock powders for major and trace element concentrations and Sr, Nd, Pb, and Hf isotopes, and 
olivine phenocrysts for oxygen isotope ratios (Table S1). Whole-rock major element oxide (SiO2, TiO2, Al2O3, 
FeOT, CaO, MgO, MnO, K2O, Na2O, and P2O5) and some trace element (Cr, V, Ni, Zn, and Ga) concentrations 
were measured by X-ray fluorescence (XRF) spectrometry using a Siemens XRF spectrometer at the University 
of Massachusetts, Amherst, except for samples MEN-026 and VEJ-041. Average precision in most major ele-
ments yielded <1.5% RSD (2σ) for duplicated sample analyses. V, Zn, Ga, Ni, and Cr concentrations yield 2σ 
average standard deviations of 1.8%, 1%, 3.8%, 7%, and 2.6%, respectively. The large error in Ni indicates the 
effect of inhomogeneity of the sample aliquots.

For samples MEN-026 and VEJ-041, XRF analyses of the same set of major and trace elements were performed 
at the Peter Hooper GeoAnalytical Lab, Washington State University (WSU) by a ThermoARL Advant'XP + se-
quential XRF spectrometer. Sample preparation, analytical procedure, accuracy, and precision are detailed in 
Johnson et al. (1999). To monitor instrumental drift, analyses of GSP2, BCR-1, and AGV-2 standards were per-
formed every 24–48 hr, with a precision of 0.2%–1% 2σ RSD. Analyses of 5 sets of duplicate beads of whole-rock 
sample powders yielded a reproducibility of <2% 2σ RSD for all major elements except MnO (<2.2%) and MgO 
(<2.5%). V, Zn, Ga, Ni, and Cr concentrations from these duplicate beads yield 2σ average standard deviations of 
1.1%, 2.8%, 8.8%, 3.4%, and 0.4%, respectively.

For all samples, the remaining trace elements (Sc, Rb, Sr, Y, Zr, Nb, Cs, REE, Th, U, Hf, Ta, and Pb) were meas-
ured on Li-tetraborate fused beads by inductively coupled plasma-mass spectrometry (ICP-MS) using an Agilent 
7700 quadrupole mass spectrometer at WSU. Reproducibility over the course of the analyses was assessed by 
repeatedly measuring the compositions of an international rock standard (BCR-2, n = 54), an in-house standard 
(TED, n = 33) as unknowns among the samples. Precision yielded <5% RSD (2σ) for most elements except for Pb 
in BCR-2 (<8%) and Cs in TED (<12%). In addition to monitoring trace element reproducibility with the BCR-2 
and TED standards, trace element concentrations of an alkaline basalt sample from the Nevado volcanic field 
were measured five times during the course of the analyses, yielding <6% RSD (2σ) for most elements except for 
Pb (<28%) and Sc (<8%).

Sr, Nd, Hf, and Pb isotopic compositions were measured on a Thermo Scientific Neptune Plus MC-ICP-MS 
at the Mass Spectrometer Analytical Facility, Brown University. Sr, Nd, and Hf were introduced in the plasma 
using a PFA nebulizer with a flow rate of ∼70 μL/min coupled with a glass spray chamber, while Pb was intro-
duced with an APEX-IR introduction system to enhance the sensitivity. The mass spectrometer was equipped 
with an H-skimmer cone and H-sampler cone. The baseline measurement was taken at −0.5  amu. 87Sr/86Sr, 
143Nd/144Nd, and 176Hf/177Hf ratios were corrected for instrumental mass fractionation using an 88Sr/86Sr = 0.1194, 
146Nd/144Nd = 0.7219, and 179Hf/177Hf = 0.7325, respectively, with an exponential law. Pb solution was spiked 
with NBS SRM-997 Tl standard prior to the analysis with a Pb/Tl = 4 to correct for the mass fractionation using an 
exponential law with 203Tl/205Tl = 0.418922. Sr, Nd, and Hf were measured at 200 ppb concentration whereas Pb 
was measured at 75 ppb concentration level. 87Sr/86Sr, 143Nd/144Nd, and 176Hf/177Hf ratios of samples are reported 
relative to the NBS SRM 987 standard with 87Sr/86Sr = 0.71024, the JNd-i standard with 143Nd/144Nd = 0.512115, 
and the JMC-475 standard with 176Hf/177Hf = 0.282160, respectively. 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb 
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ratios are reported relative to the NBS 981 standard with 206Pb/204Pb = 16.9356, 207Pb/204Pb = 15.4891, and 
208Pb/204Pb = 36.7006 (Todt et al., 1996). The internal precision is 5–10 ppm for Sr and Nd, 20–45 ppm for Pb, 
and 20–30 ppm for Hf, while the external precision over the course of two years is 27 ppm for Sr (2σ, n = 75), 
29 ppm for Nd (2σ, n = 104), 39 ppm for Hf (2σ, n = 89), and 100 ppm for Pb isotopes (2σ, n = 75). Procedure 
blanks were <50 pg for Sr and Pb and <30 pg for Nd and Hf. The USGS reference material BCR-2 and BIR-1 
were processed during the sample preparation and measured with the same instrument set up, data for both are 
consistent with the range reported in GeoRem database.

Oxygen isotope analyses of olivine phenocrysts were measured by the infrared-laser fluorination technique at 
Yale University, using previously described methods (Eiler et al., 1996). During analysis, measurements of stand-
ards UWG (Gore Mountain garnet from New York) and KHX-1 (Kilbourne Hole olivine from New Mexico) were 
interspersed with measurements of unknown samples. Results for the standards are UWG-2 = 5.77 ± 0.14‰ 
(n = 16) and KHX-1 = 5.20 ± 0.13‰ (n = 38), which are within the analytical uncertainty of accepted values of 
UWG (5.80‰) and KHX-1 (5.25‰; Eiler, Crawford et al., 2000, Eiler, Schiano et al., 2000; Valley et al., 1995; 
Wang et al., 2011). All standard deviations refer to 1σ of long-term reproducibility of raw measurements. All 
δ18O values for unknown samples on a given day were corrected by the difference between measured and ac-
cepted values for standards on that day. Standard deviations typically were <0.1‰ for samples with duplicated 
measurements.

Additional details concerning petrography, melt-olivine equilibrium, sample preparation, and analytical methods 
can be found in the Supporting Information S1.

3.  Results
Hereafter, we refer to three areas of the Payenia volcanic province (Figure 1). The Buta Ranquil area represents 
the small eruptive centers at the Buta Ranquil locality and the Tromen stratovolcano. The south-central area is 
comprised of the Llancanelo, Payún Matrú, Auca Mahuida, and Río Colorado volcanic fields (data from the Auca 
Mahuida volcanic field are only represented by previously published studies). The Nevado area contains the Ne-
vado volcanic field, Diamante volcanic field, and back-arc stratovolcanoes Cerro Nevado and Cerro Diamante.

3.1.  Major and Trace Element Concentrations

Major and trace element concentrations are reported in Table S1. Most of the samples range from alkali basalt 
to trachybasalts with two samples from the Buta Ranquil region ranging to basaltic trachyandesite (Figure 2). 
All but six samples in this study are nepheline-normative according to the CIPW norm classification, while two 
from the Nevado and four from the Buta Ranquil areas are hypersthene-normative (Table S1). MgO and SiO2 
concentrations for the samples vary from 5 to 12 wt.% and from 46.0 to 52.5 wt.%, respectively, except for the 
hy-normative basaltic trachyandesite sample 27–5, taken from a flow on the northeastern flank of the Tromen 
volcano, which has 55.4 wt.% SiO2 (Figure 3). The observed compositional range resembles what was previously 
reported for Payenia samples (Hernando et al., 2014; Jacques et al., 2013; Søager et al., 2013). Relative to lavas 
from the VF at the same latitude, the lavas from the Payenia volcanic province range to lower SiO2, Al2O3, higher 
FeOT, CaO, TiO2, P2O5, Na2O, and K2O at a given MgO content (Figure 3).

A comparison of lavas from the different areas within Payenia show that Nevado area lavas have on average high-
er MgO contents than those of Buta Ranquil and south-central basalts. Sample 27–5, from the Tromen volcano, 
exhibits major element concentrations like those of the VF lavas. Other Buta Ranquil lavas span a range in major 
element concentrations between Tromen and south-central lavas.

Trace element patterns of lavas from the Nevado and Buta Ranquil areas share similarities with VF lavas not 
significantly affected by crystal fractionation (Figures 4a and 4b); they have a typical arc signature (high LILE/
HFSE ratios), but with higher concentrations of incompatible trace elements and relatively smaller Nb, Ta, and Ti 
negative anomalies in primitive mantle normalized diagrams (i.e., the "transitional" lavas of Stern et al., 1990). 
The trace elements of south-central lavas lack or have a minimal arc signature (Figure 4c); their trace element 
patterns more closely resemble those of intraplate basalts, which lack depletions in Nb, Ta, and Ti relative to 
elements of similar incompatibility during mantle melting (i.e., the "cratonic" lavas of Stern et al., 1990).
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3.2.  Sr-Nd-Pb-Hf Isotopes of Whole-Rock Powders

Newly obtained Sr-Nd-Pb-Hf isotope ratios are reported in Table S1 and Figure 5. Our data cover a similar range 
to what has been previously reported for Payenia lava samples (Holm et al., 2014, 2016; Jacques et al., 2013; 
Kay, Burns et al., 2006, 2013; Saal, 1994; Søager & Holm, 2013; Søager et al., 2013, Søager, Holm, & Thirl-
wall, 2015). The 87Sr/86Sr and 143Nd/144Nd ratios for Payenia lavas are negatively correlated (Figures 5a and 5b) 
and overlap with values reported for VF lavas (Davidson et al., 1987; Harmon et al., 1984; Hickey et al., 1986; 
Hildreth & Moorbath, 1988; Tormey et al., 1995). Both Payenia and VF lavas have 87Sr/86Sr and 143Nd/144Nd ra-
tios within the range reported for the Discovery and Shona segments of the southern Mid-Atlantic Ridge (MAR), 
similar to higher 143Nd/144Nd and lower 87Sr/86Sr values than those of Chile Trench sediments, and significantly 
lower 143Nd/144Nd and 87Sr/86Sr values than the Nazca metalliferous sediments. East Pacific Rise (EPR) MORBs 
(Gale et al., 2013) yield significantly higher 143Nd/144Nd and lower 87Sr/86Sr values than those for Andean volcan-
ics. Metamorphic and magmatic basement rocks from the regions surrounding Payenia have significantly lower 
143Nd/144Nd values and most have significantly higher 87Sr/86Sr values than Payenia lavas.

176Hf/177Hf versus 143Nd/144Nd values are positively correlated (Figure 5c), however, Payenia lavas generally have 
lower 176Hf/177Hf at similar 143Nd/144Nd values than those of VF lavas and trench sediments. Payenia lavas display 
a range in 176Hf/177Hf ratios that extend from values similar to the mantle array (Chauvel et al., 2008) to values 
below the array (i.e., ΔεHf < 0). Most Payenia lavas have Nd and Hf isotope values distinct from the Discovery- 
and Shona-influenced MAR MORBs. EPR MORBs yield higher 143Nd/144Nd and 176Hf/177Hf ratios than Andean 
volcanics. The two hypersthene-normative Nevado area samples have lower 143Nd/144Nd and 176Hf/177Hf and 
higher 86Sr/87Sr values than the nepheline-normative samples from the same area. In contrast, in the Buta Ranquil 
area, the hypersthene-normative samples have higher 143Nd/144Nd and 176Hf/177Hf and lower 86Sr/87Sr values than 
the nepheline-normative ones. These distinctions in isotope ratios suggest that the processes responsible for hy-
persthene-normative lavas in the Nevado area might differ from those in the Buta Ranquil region.

Figure 2.  Total alkali versus silica diagram (TAS, Le Bas et al., 1986) of Payenia and VF samples, using the same 
symbols as in Figure 1. Black dashed line separates the alkaline (above the line) from the subalkaline fields (MacDonald & 
Katsura, 1964). Payenia literature data (smaller semitransparent symbols) from Germa et al. (2010); Gudnason et al. (2012); 
Hernando et al. (2014); Jacques et al. (2013); Kay, Burns, et al. (2006); Kay et al. (2013); Pallares et al. (2016); Søager 
and Holm (2013); Søager et al. (2013); Søager, Holm, and Thirlwall, 2015. VF literature data from Davidson et al. (1988); 
Dungan et al. (2001); Ferguson et al. (1992); Holm et al. (2014); Jacques et al. (2013); Rodríguez et al. (2007); Ruprecht 
et al. (2012); Sellés et al. (2004); Tormey et al. (1995).
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Pb isotopes for Payenia volcanic province and VF lavas show strong positive correlations that span a range of 
values between those for Discovery-Shona MAR MORBs and for Chile Trench sediments (Figures 5d–5g). The 
south-central lavas have the least radiogenic Pb compositions in Payenia, which overlap with the range of isotope 
values of Discovery-Shona MAR MORBs. The Nevado and Buta Ranquil area lavas span a range in 206Pb/204Pb 
values between those of south-central lavas and VF lavas influenced by trench sediment. Paleozoic to Cenozoic 
basement rocks that occur at latitudes 36-41°S generally exhibit higher 207Pb/204Pb and 208Pb/204Pb values at a 

Figure 3.  Major element concentrations versus MgO of Payenia and VF samples reported in this study and the literature. Symbols and literature data are the same as in 
Figure 2.
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Figure 4.  Primitive mantle-normalized trace element concentrations of representative high-MgO Payenia and volcanic front 
lavas. Sample CL196 is representative of the VF from Jacques et al. (2013). Normalization values from McDonough and 
Sun (1995).
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given 206Pb/204Pb value relative to those of Payenia, VF, and trench sediment samples. Mesoproterozoic base-
ment rocks from the San Rafael Block and the Andean Precordillera occur at significantly lower 206Pb/204Pb, 
207Pb/204Pb, and 208Pb/204Pb values than Payenia samples, except for one crustal xenolith sample from the Precor-
dillera, which has higher 206Pb/204Pb but significantly lower Δ7/4 and Δ8/4 values (Figures 5d and 5f). Among the 
Payenia groups, Nevado area lavas have relatively low Δ8/4 values, defining a trend distinct from the one defined 
by Buta Ranquil and south-central samples, which exhibit intermediate and high Δ8/4 values, respectively (Fig-
ures 5e and 5g). EPR MORB samples occur along the Northern Hemisphere Reference Line (Hart, 1984), which 
has significantly lower 207Pb/204Pb and 208Pb/204Pb values at a given 206Pb/204Pb value than the Payenia samples.

3.3.  Oxygen Isotopes of Olivine Phenocrysts

The δ18O values of olivine phenocrysts from Payenia lavas range from 4.84 to 5.39‰ (Table S1). This δ18Oolivine 
range extends from normal mantle values (5.0–5.4‰; Eiler, 2001; Mattey et al., 1994) to lower values, which 
are also lower than those previously reported for Payenia (5.02–5.42‰; Jacques et al., 2013). Figure 6 demon-
strates the relationship between the sampling locations of the Payenia lavas and δ18Oolivine values: the lowest 
δ18Oolivine values in Payenia occur in the Buta Ranquil samples (4.84–5.01‰), intermediate δ18Oolivine values in 
the south-central samples (4.97–5.27‰), and the highest δ18Oolivine values in the Nevado samples (5.23–5.39‰). 
Although the δ18Oolivine values of VF lavas span a similar range (4.88–5.52‰, Jacques et al., 2013), they lack 
a clear trend in the spatial distribution of δ18Oolivine variation. VF samples identified by Jacques et al. (2013) as 
material erupted from isolated satellite cones do not represent endmember δ18Oolivine values.

4.  Discussion
Isotopes and trace element compositions of our samples indicate that the source of the south-central area lavas 
was less influenced by subduction-related processes than those of Nevado and Buta Ranquil area lavas, consistent 
with previous reports that identify heterogeneous sources for Payenia (e.g., Jacques et al., 2013; Kay et al., 2013; 
Søager et al., 2013). Importantly, Payenia lavas do not display a clear link between the strength of the arc geo-
chemical signature and distance from the VF; namely, Nevado lavas have the strongest trace element arc signature 
and erupted farther away from the VF. The potential causes controlling compositional variability in Payenia lavas 
are discussed below.

4.1.  The Potential Influence of Magma Differentiation and Crustal Contamination on Nevado and 
South-Central Lavas

Nevado and south-central lavas exhibit clear trends in major and compatible trace element (Ni and Cr) concentra-
tions indicative of olivine ± clinopyroxene fractional crystallization (Figure 7; e.g., increasing SiO2, Al2O3, TiO2 
K2O, and Na2O and slightly decreasing CaO and FeO and initially constant but then decreasing CaO/Al2O3 ratios 
with decreasing MgO, Ni, and Cr). By considering samples within each region that share similar isotopic contents 
but variable MgO concentrations, we evaluated the extent of crystal fractionation using alphaMELTS (Asimow 
et al., 2004; Smith & Asimow, 2005). Modeled liquid lines of descent (LLDs) were calculated using high-Mg#, 
high-Ni Payenia lava compositions as a parent melt for each group at crustal pressures of 3 kbars and initial water 
contents of 2 wt. % and 0.5 wt.% for the Nevado and south-central sample groups, respectively (Figure 7). Model 
results reproduce the major element trends defined by the samples. Both LLDs crystallize olivine and then clino-
pyroxene within the range of MgO concentrations of the samples in this study. Additional LLD modeling details 
are presented in the Supporting Information S1.

Figure 5.  (a) and (b) 87Sr/86Sr versus 143Nd/144Nd, (c) 176Hf/177Hf versus 143Nd/144Nd, (d) and (e) 207Pb/204Pb versus 206Pb/204Pb, and (f) and (g) 208Pb/204Pb versus 
206Pb/204Pb. Error bars are 2σ standard deviation external reproducibility. For Pb isotopes, error bars are smaller than symbol size. Chile Trench sediments are from 
Lucassen et al. (2010) and Jacques et al. (2013). Nazca metalliferous sediment data from Dekov et al. (2010). EPR MORB data taken from the compilation of 
Gale et al. (2013). MORB data from the Discovery and Shona segments of the southern Mid-Atlantic Ridge (MAR) taken from Douglass et al. (1999) and Andres 
et al. (2002). Mesoproterozoic San Rafael Block basement values from (Cingolani, Basei et al., 2017). Mesoproterozoic Andean Precordillera basement values from Kay 
et al. (1996). Paleozoic to Cenozoic Andean basement (36–41°S) from Lucassen et al. (2004). Symbols and literature sources for VF and Payenia samples are the same 
as in Figure 2. Northern Hemisphere Reference Line (NHRL, gray dashed line) in the Pb-Pb plots from Hart (1984). The green line representing the mantle array in the 
Hf-Nd plot from Chauvel et al. (2008).
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Crustal contamination may have played a role in the geochemical variation observed in the Payenia lavas (Søager 
et al., 2013), but we cannot thoroughly evaluate its importance due to the limited number of Phanerozoic and 
Proterozoic crustal samples analyzed and the large isotopic variation they define (Abre et al., 2017; Cingolani, 
Basei, et al., 2017, Cingolani, Llambias, Basei et al., 2017, Cingolani, Llambias, Chemale et al., 2017).

Although we cannot disprove that crustal contamination plays some role in the composition of some Payenia 
lavas, we can state that crustal contamination is not the main process defining their isotopic variation. We base 
this assertion on the following findings: (a) The Sr, Nd, and Pb isotopic composition of Mesoproterozoic, Pale-
ozoic, and Mesozoic metamorphic and intrusive rocks do not define an end-member component that can be 

Figure 6.  δ18Oolivine values of Payenia and VF lavas versus latitude and longitude of sample localities. Error bars are 1σ 
standard deviation. Smaller and semi-transparent symbols from Jacques et al. (2013).
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responsible for the isotopic variation of the Payenia lavas (Jacques et  al.,  2013; Figures  5a, 5d, and  5f). (b) 
Payenia and VF lavas share the same range in Sr and Nd isotopes (Figure 5b) but erupted on different accreted 
terranes (Ramos, 2009), indicating that the basement did not control the isotopic composition of the lavas (Kay 
et al., 2013). (c) The variation in Pb isotopes of the Payenia and the VF lavas is delimited by two main compo-
nents: one at high 206Pb/204Pb, defined by the composition of the trench sediments, and another at low 206Pb/204Pb, 
which is closer to the composition of the Discovery-Shona MAR MORBs. Both components have Pb isotopes 
quite different from Mesoproterozoic, Paleozoic, and Mesozoic crustal rocks (Figures 5d and 5f). (d) Most Pay-
enia samples have δ18Oolivine values within or below the range for normal mantle olivine and have MgO >6 wt.%, 
indicative of their mantle-derived character.

In accordance with the mantle-derived character of oxygen isotopes of olivine phenocrysts from Payenia lavas, 
Pb isotopes of potential crustal contaminants do not represent a viable endmember component in the Payenia 
lava source. Mesoproterozoic crustal rocks beneath Payenia from the San Rafael Block and from the nearby An-
dean Precordillera have low 143Nd/144Nd and 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, Δ8/4, Δ7/4, and 208Pb*/206Pb* 

Figure 7.  Compositional variations of Payenia lavas compared with modeled liquid lines of descent (LLDs) of primitive Payenia basalts. Bold lines represent the LLDs 
that were calculated using primitive melt compositions from the Nevado (blue) and south-central (red) areas. Bold red circles and blue squares each represent a subset 
of samples from the Nevado and south-central areas, respectively, that were chosen due to the similarity of their Pb, Sr, and Nd isotope ratios to those of the samples 
used as the starting compositions. Faded symbols represent sample compositions reported in this work. Small symbols represent literature data. Note that starting 
compositions, which are indicated in the SiO2 versus MgO plot, are slightly offset from LLDs due to the consideration of parent melt H2O concentration. Dashed lines 
represent the MgO values at which the stated mineral phases appear along the LLD of the same color. More details about LLD modeling are found in the Supporting 
Information S1.
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(Figure 8; Cingolani, Basei, et al., 2017; Kay et al., 1996). Therefore, Mesoproterozoic crust could be considered 
a possible contaminant in some Nevado lavas with low Nd and Pb isotopes. Nevertheless, when we compare 
the linear trend defined by the Payenia lavas in Pb-Pb isotope diagrams to those of the Mesoproterozoic crustal 
rocks, the Payenia lavas require a higher Δ7/4 and Δ8/4 endmember than the observed values of the crustal 
rocks. Moreover, Payenia lavas define an array in 208Pb*/206Pb* versus 143Nd/144Nd that does not trend toward the 
isotopic composition of Mesoproterozoic crustal samples (Figure 8). Only three Nevado samples (16–4, 16–5, 
and 19–7) and some literature data plot displaced from the Payenia trend in the direction of the Mesoproterozoic 
crust. In particular, samples 16–4 and 16–5 are hy-normative and have distinctively high SiO2, low CaO, K2O, 
MgO, and P2O5 contents, low Mg#, low 176Hf/177Hf, 143Nd/144Nd, Δ8/4, Δ7/4, and high 87Sr/86Sr isotope values 
when compared to other Nevado samples. These traits suggest that these two lavas represent the clearest evidence 
of contamination with crustal material, whereas sample 19-7 has evidence of this contamination on the basis of 
its isotopic composition. Although more isotope data of the San Rafael Block basement are required to further 
evaluate the influence of continental crust, current observations indicate that crustal contamination was not the 
dominant factor controlling the composition of the Payenia lavas.

4.2.  Compositional Variations in the Buta Ranquil Region Lavas

Buta Ranquil lavas exhibit distinctive compositional traits, such as a change in major elements from ne-norma-
tive, as exhibited by south-central lavas, to hy-normative lavas from the Tromen stratovolcano (Figure 3). These 
changes are associated with a noticeable increase in LILE/HFSE ratios (arc signature) coupled with an increase 
in Sr and Pb isotope ratios and a decrease in Nd and Hf isotope ratios (Figures 4b and 5). The δ18Oolivine of all 
Buta Ranquil samples are the lowest values measured in Payenia lavas, below the normal mantle olivine range. 
These characteristics signify a distinct petrologic history from other Payenia lavas. Because Buta Ranquil lavas 
are spatially and compositionally related to the Tromen stratovolcano, we evaluate the potential role that Tromen 
lavas might have had on the Buta Ranquil lava compositions.

Among Buta Ranquil samples, major element concentrations vary systematically along linear trends between the 
relatively evolved Tromen hy-normative basaltic trachyandesite sample 27–5 and the more primitive ne-norma-
tive Buta Ranquil basalt sample 27–4 (Figures 2 and 3). These two samples also represent the two endmember 
trace element compositions from this area; the hy-normative endmember has the strongest arc signature, whereas 
the ne-normative endmember has the weakest arc signature with composition akin to those of basalts from the 
south-central area (Figure 4b). The compositional variation of the Buta Ranquil volcanic field lavas, especially 
those that are hy-normative basalt, can be explained by the mixing of 20%–40% of the hy-normative Tromen 
lava 27–5 with 80%–60% of the ne-normative Buta Ranquil basalt 27–4, respectively (Figure 9a). This clearly 

Figure 8.  208Pb*/206Pb* versus 143Nd/144Nd of Payenia and VF samples and concentration-weighted average isotopic composition of the Mesoproterozoic crust of La 
Ventana Formation in the San Rafael Block (Cingolani, Basei et al., 2017) and Precordilleran basement xenoliths (Kay et al., 1996) Payenia, VF, and Mesoproterozoic 
crust symbols are the same as in Figure 5. Panel b has the same bounds as the gray dashed box in panel a.
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indicates mixing between lavas from the Tromen stratovolcano with basalts from the associated monogenetic 
cones of the Buta Ranquil volcanic field.

This mixing trend is also reflected in the radiogenic isotopes of the Buta Ranquil lavas. This is clearly exempli-
fied in Pb-Pb isotope diagrams, where the samples define linear trends with Tromen lava 27-5 having the highest 
Pb isotope ratios in the area and Buta Ranquil basalt 27–4 the lowest (Figures 5e and 5g). Furthermore, sample 
27-4 has Pb isotope values approach those of the ne-normative south-central area lavas. The same is observed, 
although less well-defined, among Sr, Nd, and Hf isotopes (Figures 5b and 5c).

The low δ18Oolivine value of the Tromen sample 27-5 seems to control the δ18Oolivine of the Buta Ranquil hy-nor-
mative basalts generated during magma mixing with Buta Ranquil basalt 27–4, which has δ18Oolivine values within 
the range of the ne-normative south-central area lavas (Figure 9b). We deem the most likely cause for the low 
δ18Oolivine in the Tromen lavas is either progressive, closed-system fractional crystallization, similar to the model 
presented by Bucholz et al. (2017), or the addition of material that was hydrothermally altered by meteoric waters 
(e.g., Wang & Eiler, 2008; Watts et al., 2019), or a combination of both processes. Furthermore, low δ18Oolivine 

Figure 9.  (a) Primitive mantle-normalized trace element diagram showing Buta Ranquil (BR) area lavas compared with 
mixing calculations between BR sample 27–4 (∼1% nepheline normative) and the basaltic trachyandesite sample 27–5 from 
Tromen (∼16% hypersthene normative). Samples 27–1 and 27–2 can be explained as a mixture consisting of 20% hy-norm 
lava 27%–5% and 80% ne-norm lava 27–4, whereas sample 27–3 requires a 40–60 mixture of these respective components. 
Primitive mantle values from McDonough and Sun (1995). (b) Zr/Sm versus δ18Oolivine and (c) Zr/Sm versus SiO2. SVZ VF 
lava compositions from Turner et al. (2016). Red inverted triangles represent evolved (MgO <4 wt.%) lavas from the Payún 
Liso, Payún Matrú, and Auca Mahuida volcanoes (Espanon et al., 2014; Germa et al., 2010; Hernando et al., 2014; Kay 
et al., 2013; Pallares et al., 2016; Søager et al., 2013). Other symbols same as in Figure 2.
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values of Tromen basaltic trachyandesite 27–5 are associated with a high Zr/Sm ratio, quite different from those 
of the more primitive Payenia lavas (Figure 9b; Zr/Sm = 42, for sample 27–5 vs. Zr/Sm = 19–32 for Nevado and 
south-central area samples). The covariations in Zr/Sm ratios with SiO2 contents in Payenia basalts and Payún 
Matrú, Auca Mahuida, and VF lavas suggest that the effect of magmatic differentiation is responsible for the 
high Zr/Sm ratios (Figure 9c). This is consistent with fractional crystallization of phases such as amphibole and 
clinopyroxene ± accessory phases (apatite, titanite, and allanite) with mineral-melt partition coefficients higher 
for Sm than Zr (Pilet et al., 2011); separation of those phases will increase the Zr/Sm ratio of the residual melt 
during progressive crystal fractionation. The difference in the Zr/Sm-SiO2 trend defined by the VF lavas versus 
the trend defined by samples from the back arc Auca Mahuida and Payun Matru shield volcanoes is likely con-
trolled by the effect of temperature, pressure, and water content of melts undergoing crystal fractionation (Lee & 
Bachmann, 2014).

In summary, in addition to the clear evidence for mixing in the Buta Ranquil-Tromen magmatic systems, crys-
tal-liquid segregation also appears to be an important process in generating some of the observed major and trace 
element trends and low δ18Oolivine observed in lavas from this location. The δ18Oolivine of the ne-normative Buta 
Ranquil basalt 27–4 will be evaluated together with the south-central and Nevado lavas in the following section.

4.3.  The Geochemical Variability of Nevado and South-Central Lavas

The variation in radiogenic and oxygen isotopes of Payenia and VF lavas demonstrates that neither closed system 
fractional crystallization nor variable melting extent of a homogeneous source is responsible for the geochemical 
signatures present in these lavas. The Payenia and VF lavas cover a range in Hf isotopes and δ18Oolivine values that 
define two perpendicular trends (Figure 10a): one trend extends across the sample areas, with increasing values 
of 176Hf/177Hf and δ18Oolivine from the south-central to the Nevado to the VF, and the other trend occurs within 
each area, delineated by subparallel arrays in which the lowest 176Hf/177Hf have the highest δ18Oolivine values. VF 
samples appear to form part of both trends, suggesting that the processes acting in the back-arc also affect the VF. 
Similar but less well-defined trends can be observed between δ18Oolivine and Nd isotope ratios, but Pb and Sr iso-
topes do not show clear trends with δ18Oolivine. Furthermore, Payenia and VF lavas seem to define three different 
end-members in ΔεHf versus Δ8/4 (Figure 10b) one having high Δ8/4 and positive ΔεHf typical of the VF lavas 
and trench sediments, a second with high Δ8/4 and negative ΔεHf characteristic of south-central basalts, and a 
third with relatively low Δ8/4 and negative ΔεHf representing the Nevado lavas. Note that the three Nevado lavas 
with possible evidence for crustal interaction plot at distinctly lower Δ8/4 values than other Nevado samples.

Figure 10.  (a) 176Hf/177Hf vs. δ18Oolivine and (b) ΔεHf versus Δ8/4 of Payenia and VF lavas and trench sediments. Dashed arrows indicate the inferred causes of the 
compositional trends discussed in Section 4.3. of the text. Symbols are the same as in Figure 5.
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4.3.1.  The Influence of the Slab-Derived Inputs

Nevado and south-central lavas have geochemical characteristics that resemble those of the VF samples, not only 
in their Sr and Nd isotope ratios (Figure 5b), but also in trace element ratios indicative of slab derived material 
(fluid/melt), such as high LILE/HFSE ratios and positive Pb and Sr anomalies in primitive mantle-normalized 
trace element patterns (Figure 4). Nevado area lavas have higher LILE/HFSE ratios than south-central basalts, 
with a subset of the latter group exhibiting small negative Nb-Ta and Ti anomalies, suggesting that the south-cen-
tral lava source was influenced by subduction inputs to a much lesser extent than the Nevado lava source. As has 
been previously argued for back-arc settings of the SVZ, Mexico and the Cascades (Johnson et al., 2009; Rowe 
et al., 2009; Stern et al., 1990), Payenia basalts may reflect a decrease in the slab flux component and associated 
extent of mantle melting relative to VF volcanics. However, the Nevado area basalts with a relatively strong arc 
signature erupted farther east, and thus farther from the VF, than the south-central lavas (Figure 1). This spatial 
distribution of lavas with arc signature is inconsistent with a decrease of subduction-derived inputs with increas-
ing distance from the trench. Some process other than the simple decrease of slab flux toward the back-arc region 
may be responsible for the compositional variation of the Nevado and south-central lavas. In addition, VF lavas 
have higher 176Hf/177Hf at similar 143Nd/144Nd values compared to Payenia lavas (Figure 5c). This distinction 
highlights the important contribution of recycled trench sediments, which has higher 176Hf/177Hf values at a given 
143Nd/144Nd than the mantle array, to the source of the VF lavas. This is confirmed by the similar Pb isotopes of 
VF lavas and trench sediments (Figures 5d–5g). Furthermore, Pb isotopes of Payenia lavas indicate that two-com-
ponent mixing with a continuous decrease in slab-component input from the VF to Nevado to south-central re-
gion samples would not work. Pb isotopes of the Nevado and south-central samples define a linear trend from the 
VF lavas influenced by trench sediments to two other source components that points to different 207Pb/204Pb and 
208Pb/204Pb values at similar 206Pb/204Pb (Figures 5e, 5g, and 10b). Therefore, given their compositional variation 
and spatial distribution, Payenia lavas cannot be simply explained by melting of a homogeneous mantle affected 
by variable input from the subducting slab.

Direct melting of the subducted oceanic crust is also an unlikely hypothesis because the isotopic composition of 
the VF and Payenia samples indicates the presence of a more enriched mantle composition than EPR MORB (Fig-
ure 5). Furthermore, a combined source of EPR MORB ± Chile Trench sediments would have higher 176Hf/177Hf 
at similar 143Nd/144Nd relative to Payenia basalts (Figure 5c), indicating that this potential source is not respon-
sible for the negative ΔεHf values of Payenia lavas. Melts of subducted sediments and/or the upper oceanic crust 
would also be expected to inherit an enrichment in 18O relative to normal mantle (Gregory & Taylor, 1981), but 
Payenia lavas have δ18Oolivine values within or lower than mantle values. Therefore, melts of the subducted Nazca 
slab and/or overlying sediment are not expected to be the direct source of the Payenia lava compositions.

4.3.2.  Compositional Heterogeneity in the Sub-Payenia Mantle: Asthenospheric Versus Lithospheric 
Sources

The observed isotopic and trace element systematics of the south-central, Nevado, and VF lavas reveal the chang-
es in the source composition from the Payenia area to the VF region. This change is characterized by a progressive 
increase in δ18Oolivine, ΔεHf (i.e., 177Hf/176Hf controlling the ΔεHf), 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, and trace 
element indicators of arc signature (LILE/HFSE) from the south-central area to the Nevado area to the VF (Fig-
ure 10). The large compositional variability in the VF lavas, overlapping with the range in δ18Oolivine, 143Nd/144Nd 
and 87Sr/86Sr of Payenia basalts (Figures 5b and 6), is a sign that the processes acting in the back-arc also occur in 
the VF. A second-order trend is observed within each area: among each group of VF, Nevado, and south-central 
lavas, 143Nd/144Nd, 177Hf/176Hf, and ΔεHf exhibit a weak correlation with δ18Oolivine, suggesting that at least one 
source component, present in the VF and Payenia, has relatively high δ18Oolivine and low radiogenic Nd and Hf 
and low ΔεHf (Figure 10).

The geochemical variations observed in the VF, Nevado, and south-central lavas imply at least three composition-
al end-members: one having trace element ratios with very strong arc signature (e.g., high Ba/Nb, U/Nb, Pb/Ce), 
intermediate to high δ18Oolivine and Δ8/4, and ΔεHf ≥ 0, which are characteristics of the VF lavas; a second with 
trace element ratios with minimal to no arc signature, low δ18Oolivine values, negative ΔεHf, and high Δ8/4, which 
are characteristics of south-central basalts; and a third with intermediate arc trace element signature and δ18Ooli-

vine values, negative ΔεHf and low Δ8/4, which are characteristics of the Nevado lavas (Figures 10 and 11). The 
first component represents an asthenospheric source that was partially affected by slab-derived inputs (recycled 
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Figure 11.  δ18Oolivine values versus isotopes, incompatible trace element ratios and Mg# (molar [MgO/(MgO + FeO)]) for Payenia and VF lava samples and results of 
the modeled melt compositions. Red lines represent modeled melt compositions from EDMM-type metasomatized SCLM and blue lines represent melts from arc-type 
metasomatized SCLM. Lines bounded by hexagons and those bounded by stars represent melts of SCLM cumulate and metasomatized harzburgite, respectively. Empty 
stars and hexagons represent melt compositions at 1100°C and filled stars and hexagons are melt compositions at 1300°C. Gray squares represent the modeled melt 
mixtures between SCLM melts, and the black X represents the mantle wedge melt composition. Other symbols same as in Figure 2.
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sediments and fluids). In contrast, the other two source components, with their negative ΔεHf and variable (high 
and low) Δ8/4 values, cannot be easily explained by heterogeneities in the asthenosphere.

Previous studies argue that the south-central lavas exhibit trace element and radiogenic isotopes akin to EM-1 
type ocean island basalts (i.e., Discovery- and Shona-influenced MAR MORB; Dyhr, Holm, & Llambías, 2013; 
Dyhr, Holm, Llambías, et al., 2013; Jacques et al., 2013; Kay & Copeland, 2006; Kay et al., 2013; Søager & 
Holm, 2013; Søager et al., 2013), where the EM-1 source constitutes a peridotite-pyroxenite mixture of ascending 
asthenospheric mantle (Søager & Holm, 2013; Søager, Portnyagin et al., 2015). However, Hf and Nd isotopes 
(Figure 5b) and trace element ratio systematics (Figures 12a–12c) reveal that the south-central lava compositions 
diverge from those of the EM-1 basalts, as well as from all other endmember MORB and OIB compositions. 
The south-central lavas display trace element ratio variations in Figure 12 that are not expected to result from 
varying degrees of melting, because each ratio pairs trace elements that partition similarly during mantle melting. 
Additionally, neither slab-derived nor continental crust-derived inputs would account for the compositions of the 
south-central lavas.

In contrast, the trace element compositions of silicate glasses in peridotite xenoliths from Patagonia (Aliani 
et al., 2009; Laurora et al., 2001; Scambelluri et al., 2009), in particular the high-Ti melt pockets and veins re-
ported by Laurora et al. (2001), have distinctively high Ba/Th, K/La, and low U/Nb ratios (Figures 12a and 12b). 
Therefore, they represent a viable endmember in the trends displayed by south-central lavas and suggest that the 
metasomatized SCLM played an important role in the generation of Payenia and possibly VF melts, as has been 
previously proposed to explain the trace element and isotopic compositions of small eruptive centers adjacent to 
the Villarica volcano in the central SVZ (Hickey-Vargas, Sun, & Holbik, 2016).

Metasomatic enrichment of the SCLM can be caused by low-degree asthenospheric melts, affected or not by 
subduction processes, which percolate through the SCLM and may precipitate veins of cumulates consisting of 
anhydrous (e.g., clinopyroxene, garnet, and olivine) and hydrous (e.g., amphibole, phlogopite) mineral phas-
es (Foley, 1992) or may react with the SCLM peridotites to produce pyroxenites (Kilian & Stern, 2002; Pilet 
et al., 2011; Wang et al., 2008 and references therein). Alkaline basalts from Patagonia bear modally metaso-
matized mantle xenoliths containing amphibole, phlogopite, and apatite (Aliani et al., 2009; Bjerg et al., 2005; 
Kilian & Stern, 2002; Laurora et al., 2001; Scambelluri et al., 2009; Stern et al., 1999; Wang et al., 2008). The 
presence of a phlogopite (+/-amphibole)-bearing veined cumulate melt was also proposed by Søager et al. (2018) 
for the Payenia lavas based on major and trace element compositions of olivine-hosted melt inclusions. Mode-
ling and experimental studies have shown that the melting of veined cumulates yields major and trace element 
compositions resembling alkaline lavas from oceanic and continental settings (Condamine & Médard, 2014; Pilet 
et al., 2008, 2011; Sorbadere et al., 2013).

In light of our observations, we test the possibility that the Nevado and south-central lava compositions can be 
accounted for by the contribution of two endmembers sourced in the SCLM: one representing SCLM that in-
teracted with a subduction-related parent melt (an “arc-type” component) typical of the Nevado area lavas and 
another representing SCLM that interacted with a parent melt from ambient upwelling asthenosphere (a trace 
element enriched MORB mantle source with isotopes equivalent to those of the Discovery- and Shona-type 
basalts). Because the Payenia melts have Hf and Nd isotopes and trace elements ratios that differ from the VF-, 
Discovery- and Shona-type basalts (Figures 5c and 12a–12c), Payenia melts were not derived directly from a 
Discovery- and Shona-type mantle variably affected by slab derived fluid/melt. We propose that the lavas were 
partially derived from the lithospheric mantle metasomatized by "arc-type" and “EDMM-type” basalts some time 
before the present (e.g., 100 ± 50 Ma). In the following sections, we describe and discuss a forward model cal-
culation that simulates the melting of a metasomatized SCLM, their mixing with mantle wedge melts, and their 
compositional resemblance to Payenia lavas.

4.4.  Modeling SCLM Metasomatism With Cumulate Formation and Subsequent Melting

We test the hypothesis that Nevado and south-central lavas represent mixing of melts originating from the mantle 
wedge and the metasomatized SCLM beneath Payenia (Figure 13). Our forward model is consistent with Payenia 
lava compositions resulting from the melting of cumulates and metasomatized harzburgite in the SCLM and sub-
sequent mixing of these melts with asthenospheric mantle wedge melt. Given the lack of correlation between a 
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decrease in arc signature and distance to the VF for the Payenia lavas, we assume two different types of cumulate 
compositions in the SCLM: one type was influenced by asthenospheric melts generated from an EDMM source 
(Discovery-Shona MORB source), which is more closely associated with the south-central lavas, and another 
that was influenced by melts generated from the mantle-wedge during subduction zone processes, which is more 
closely associated with the Nevado lavas.

Model steps and parameters are detailed in Table 1 and Figure 13.

Figure 12.  Relations between incompatible trace elements Ba/Th versus U/Nb, K/La versus Nb/La, and Sr/Nd versus P/Nd for VF and Payenia samples with MgO 
>5 wt.%. The left column of plots compare Payenia lava compositions with average compositions of upper and lower continental crust (Rudnick & Gao, 2014), VF 
lavas, Chile Trench sediments, Nazca Plate metalliferous sediments, Discovery- and Shona-type MORBs (compiled from PetDB), other MORBs and OIBs (also from 
PetDB), and glasses from Patagonian peridotite xenoliths (Aliani et al., 2009; Laurora et al., 2001; Scambelluri et al., 2009). Symbols and lines for model results same 
as in Figure 11. Note that xenolith glass data is lacking for Sr/Nd versus P/Nd, and that in panels d, e, and f, most modeled melts of metasomatized harzburgite exhibit 
compositional variations smaller than the size of the corresponding symbol.

Figure 13.  Cartoon conceptualization of the forward model presented in this study. Numbered steps same as in Table 1. 
Figure modified from Pilet et al. (2011).
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Step no. Step description Step details

0 General model details •	 �All simulations of melting and crystallization were performed in pHMELTS, using the 
alphaMELTS interface.a

•	 �All mineral-melt partition coefficients were from previous estimates for phases typically 
involved in mantle melting and melt crystallization.b

•	 �All calculations of oxygen isotope fractionation between melt and mineral phases were 
performed based on a previously published approach.c

1 Starting composition of EDMM- and arc-type 
asthenospheric mantle sources

•	 �Major element concentrations for both types of mantle sources were from previous estimates 
of DMM.d

•	 �For the EDMM-type asthenosphere, trace element concentrations were taken from previous 
estimates.e The H2O concentration for EDMM-type asthenosphere are based on previous 
estimates of EDMM water contents.f Radiogenic isotopes are representative values for 
Discovery-Shona MAR MORBs.g

•	 �For the arc-type asthenosphere, trace element concentrations were calculated using the 
composition of a primitive (Mg# = 0.70) alkaline lava sample CL196 with strong arc trace 
element signature, which erupted from a small cone near the Cerro Azul stratovolcano in the 
VF.h We derived its mantle source composition assuming the sample represents 5% batch 
melting of a garnet peridotite. The assumed H2O concentration of 1,500 ppm for the mantle 
wedge is based on previous estimates of SVZ mantle wedge H2O contents.i Radiogenic 
isotopes of the arc-type asthenosphere are representative values for VF lavas.j

2 Generation of asthenospheric melt •	 �Melts generated from both asthenospheric mantles (affected and not affected by subduction) 
produced metasomatism SCLM that was assumed to occur 50–150 Ma.

•	 �EDMM-type asthenosphere melting was modeled isobarically (at 2.5 GPa) up to F = 1% 
before entering the SCLM, consistent with a low-degree melt metasomatizing agent.k The 
δ18O of the melt was assumed to be 5.7‰, a value in equilibrium with normal mantle olivine.l

•	 �Arc-type asthenosphere melting was modeled isobarically (at 2.5 GPa) up to F = 3% before 
entering the SCLM. The δ18O of the melt is assumed to be 6.2 ‰, an average value for mafic 
SVZ lavas.m

3 Formation of crystal cumulates and metasomatized 
harzburgite in the SCLM

•	 �Fractional crystallization of both types of asthenospheric melts were calculated under isobaric 
conditions at P = 1.5 GPa and until T = 900°C, reflective of the equilibration pressures and 
temperatures recorded by nearby mantle xenoliths.n

•	 �The residual melt that remained after the formation of the mafic cumulates was assumed 
to interact with a trace element-free harzburgite (20% orthopyroxene, 80% olivine). These 
compositions were mixed in a 95:5 ratio of harzburgite to residual melt, producing the 
composition and mineralogy of the modeled metasomatized harzburgite in alphaMELTS.

•	 �Rb, Sr, Sm, Nd, Lu, Hf, U, Th, and Pb concentrations of the mafic SCLM cumulates and 
metasomatized harzburgite are used to estimate their present-day isotope values given that 
isotopic ingrowth would have started at 50–150 Ma.

4 Melting of cumulates and harzburgite •	 �Melting of the EDMM-type and arc-type metasomatized SCLM is considered in two different 
lithologies: the mafic cumulate and the metasomatized harzburgite. The model assumes 
for both lithologies that melting occurs isobarically at 1.5 GPa within a temperature range 
of 1100°-1300°C, an approximation of the temperature range previously constrained by 
compositions of olivine-hosted melt inclusions from Payenia.o

5 Mixing of melt from present day mantle wedge and 
metasomatized SCLM

•	 �To approximate the composition of the melt from the present-day mantle wedge beneath 
Payenia we averaged the composition of four Nevado lavas with the highest Mg# (0.70–0.75) 
and ΔεHf closest to 0.

•	 �The different melts are mixed in 2000 randomized combinations. For each of these iterations, 
mixing occurs in three steps:

�i	� The duration of isotopic ingrowth of Pb, Sr, Nd, and Hf isotopes in the crystal cumulate and 
metasomatized harzburgite of EDMM- and arc-type metasomatized SCLM was randomly 
selected between 50 and 150 m.y. The resultant isotopes of these SCLM sources became the 
values for the melts used in the subsequent mixing calculations.

Table 1 
Outline of Model Inputs and Procedures



4.4.1.  Model Results

Modeled compositions of the arc- and EDMM-type asthenosphere sources, metasomatic melts, metasomatized 
SCLM by vein cumulate and residual melt, as well as melts from the mantle wedge, SCLM cumulates, and 
metasomatized harzburgite are presented in Table S2. The mineral assemblage of the cumulate formed in the 
lithosphere consisted of 38 wt.% olivine, 35% clinopyroxene, 18% hornblende, 8% phlogopite, and 1% spinel for 
the EDMM-type melt and of 31% olivine, 40% clinopyroxene, 10% hornblende, 18% phlogopite, and 1% spinel 
for the arc-type melt.

Modeled major element contents are compared to Payenia lava compositions in Figure 14. Melt mixture con-
centrations match those of the Payenia lavas except for the CaO and Na2O (Figure 14), for which the model 
produced relatively high and low concentrations, respectively. This discrepancy is most likely attributed to the 
limited compositional variability of amphibole and biotite when they occur as melting and crystallizing phases in 
alphaMELTS. Major element systematics of the Payenia lavas and modeled melt mixtures also resemble results 
from experimental studies of mafic cumulates, which represent cumulate assemblages of olivine, clinopyroxene, 
and amphibole that were mixed with peridotite and melted at 1 GPa (Sorbadere et al., 2013). We also note that 
the modeled melts derived from metasomatized harzburgite and cumulates have SiO2 concentrations higher 
and lower than values for Payenia lavas, respectively (Figure 14). The SiO2-rich nature of harzburgite-derived 
melts and the SiO2-poor nature of the modeled and experimental melts derived solely from SCLM cumulate is 
consistent with the observation that intraplate alkali magmas range in composition from silica-undersaturated 
nephelinites to alkali basalts. Silica enrichment by ∼4–5 wt.% has been demonstrated by melts experimentally 
produced from a hornblendite-peridotite sandwich experiments versus melts from a hornblendite-only source 
(Pilet et al., 2008).

The modeled cumulate-derived melts have Mg# = 0.52–0.67, which covers the lowest Mg# values of Payenia 
lavas, whereas the metasomatized-harzburgite-derived melts have Mg# = 0.74–0.77, a range that exceeds that 
of Payenia Mg# values (Figures 11f). Furthermore, the highest and lowest Payenia δ18Oolivine values closely re-
semble values from the EDMM-type and arc-type cumulate-derived melts, respectively, whereas both types of 
the metasomatized-harzburgite-derived melts have δ18Oolivine values close to the mantle average of 5.2‰. These 
covariations in Mg# and δ18Oolivine of the modeled melts reproduce the trends displayed by Payenia lavas for these 
parameters.

Trace element concentrations and patterns in primitive mantle normalized and isotope ratios of the modeled melt 
mixtures resemble those of south-central and Nevado samples (Figures 11, 12, 15, and 16). The modeled melts 
from the EDMM-metasomatized SCLM reproduce the distinctive trace element patterns, low radiogenic Pb, 
176Hf/177Hf, and δ18Oolivine values exhibited by south-central lavas, whereas the melts from Arc-metasomatized 
SCLM melts reproduce the trace element arc signature, the δ18Oolivine values and the low 176Hf/177Hf val-
ues exhibited by the Nevado lavas. Additionally, the trace element characteristics of melts from EDMM- 
metasomatized SCLM resemble those of Patagonian melt pockets in their high Ba/Th, K/La, Nb/La, Sr/Nd, 
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Table 1 
Continued

Step no. Step description Step details

�ii	� Randomly determined proportions of cumulate-derived melt and metasomatized harzburgite-
derived melt were mixed within the modeled EDMM-type SCLM, and the same was done 
for the arc-type SCLM. The only constraint in this mixing calculation was that melts of 
metasomatized harzburgite represent no more than 80% of this mixture.

�iii	� The two hybrid melts from each SCLM member and the mantle-wedge-derived melt were 
then mixed in randomly determined proportions.

aAsimow et al. (2004); Smith and Asimow (2005). bPilet et al. (2011). cBucholz et al. (2017); see Supporting Information S1. dWorkman and Hart (2005). eWorkman 
and Hart (2005) and Salters and Stracke (2004). fDixon et al. (2002); Shimizu et al. (2016). gAndres et al. (2002); Douglass et al. (1999). hJacques et al. (2013). iWeller 
and Stern (2018). jSee VF references mentioned in the caption of Figure 2. kPilet et al. (2011). lEiler (2001); Mattey et al. (1994). mHickey-Vargas, Holbik, et al. (2016). 
nBertotto et al. (2013). oSøager, Portnyagin et al. (2015).
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Figure 14.  Major element concentrations of modeled melts compared with Payenia samples. Sample and model symbols same as in Figure 11. Black lines represent 
experimental glass compositions reported by Sorbadere et al. (2013), which were generated from melting mixtures of OCA (olivine-amphibole clinopyroxenite) KLB-1 
(peridotite) at 1 GPa in proportions of 50% OCA and 50% KLB-1 (solid lines) and 75% OCA and 25% KLB-1 (dashed lines).
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P/Nd, and low U/Nb (Figures 12d–12f), which demonstrates that the geochemical signature of Payenia lavas 
was largely inherited from a metasomatized SCLM source similar in composition to the Patagonian xenoliths 
melt pockets. The negative Pb anomalies seen in some south-central lava trace element patterns are not con-
sistently reproduced by the modeled lavas (Figure 15b). This discrepancy may be because sulfides, which are 
present in SCLM xenoliths and would be enriched in Pb, were not included as a potential phase in the modeling 
calculations.

Melts from EDMM-metasomatized SCLM reproduce the relatively low δ18Oolivine values of south-central lavas 
because of mineral-melt oxygen isotope fractionation. This effect has been overlooked as a potential mechanism 
for lowering the δ18Oolivine values of basaltic magmas. Instead, previous studies have attributed low-δ18Oolivine 
values measured in subduction-related basalts to the contribution of low-δ18O fluids released from the deep 
portions of the subducting slab that underwent high-temperature (>350°C) hydrothermal alteration prior to sub-
duction (Eiler et al., 2005; Martin et al., 2011). While this hypothesis may explain the low δ18Oolivine values we 
measured, our model does not rely on inputs from the subducting slab to yield δ18Oolivine values as low as ∼4.9‰. 
In our model calculations, the fractionation factors of oxygen isotopes between the clinopyroxene and amphibole 
forming the vein-cumulate and asthenospheric melt are both about −0.6‰, as averaged across the temperature 
range of the modeled SCLM metasomatism. Mineral-melt fractionation factors during both crystallization and 
melting are determined using the temperature, melt fraction, mineral assemblage, and melt composition outputs 
from alphaMELTS. When clinopyroxene and amphibole melt, they impart lower δ18O values to the melts. Our 
model demonstrates that the mineral phases involved in the metasomatism of the SCLM during veined cumulate 
formation can significantly influence the oxygen isotopes of the mafic melts generated during melting of the 
metasomatized SCLM, even though the melt responsible for the metasomatism had oxygen isotopes within the 
normal range of the MORB source.

The radiogenic isotope ingrowth trends of EDMM- and arc-type metasomatized SCLM show that an isotopic 
ingrowth duration of 50–150 m.y. matches or exceeds the most negative ΔεHf values of Payenia lavas (Figure 16, 
Table S3). These results suggest that the dominant period of metasomatism in the SCLM source of the Payenia 
lavas occurred at 50–150 Ma.

We acknowledge that these results represent a simplification of the generation and evolution of SCLM-derived 
melts. Nonetheless, the mineral assemblages of cumulates from both endmembers resemble those determined 
from geochemical modeling, experiments, and petrological observations of lithospheric veined cumulates (Pilet 
et al., 2011 and references therein).

4.4.2.  Implications of Model Results

When considering causes for the melting of the SCLM responsible for the Payenia lava compositions, the 
simplest explanation involves tectonic extension, lithospheric thinning, and heating from upwelling as-
thenosphere. A likely cause for this process is the inflow of hot asthenosphere beneath Payenia during the  
Pliocene-Quaternary episode of slab steepening and regional extension (Kay, Burns, et al., 2006; Ramos & 
Folguera, 2011). Geophysical observations show that in the present-day mantle beneath Payenia, an anoma-
lous low seismic velocity and high electrical conductivity currently occupies the shallow asthenosphere (Burd 
et al., 2014; Gilbert et al., 2006), which may signify a thermal anomaly responsible for the heating and melting 
of the SCLM.

We must also address the 50–150 million years of isotopic ingrowth needed to reproduce the trends in the radio-
genic isotopes of the Payenia lavas. This period follows the ∼180 Ma initiation of the breakup of the Gondwana 
supercontinent, at which time South America rifted from Africa, opening the South Atlantic Ocean (Franzese 
et al., 2003; Ramos, 1999, 2005). During the same period, along the western margin of South America, sub-
duction of the proto-Pacific plate had initiated arc magmatism (Gordon & Ort, 1993; Haller & Lapido, 1980; 
Lizuain, 1999). These two tectonic events would generate mantle melts associated with both rifting-related 
adiabatic decompression and subduction processes. The compositional variation expected from this variety 
of mantle melts agrees with the occurrence of the arc-type and EDMM-type metasomatic agents in the model 
presented.
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a) Nevado lavas (10.17-11.76 wt.% MgO)
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Figure 15.  Primitive mantle-normalized trace element diagram displaying model results vs. representative Payenia sample compositions. (a) Blue lines represent selected 
samples from the Nevado area and (b) red lines represent samples from the south-central area. Gray lines represent 2000 random mixtures between the asthenospheric 
melt, the modeled melts of the EDMM-type SCLM source, and the modeled melts of the arc-type SCLM source. Thin black lines are selected modeled melt mixtures that 
resemble representative Payenia melt compositions. (c) Trace element patterns for modeled asthenospheric melt (solid lines) and SCLM cumulate (dashed lines).
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Although we highlight the compositional similarity between Payenia lavas and melt pocket-bearing mantle 
xenoliths from Patagonia, the mantle xenoliths that do occur in the eastern margin of Payenia at the Agua 
Poca locality lack the hydrous metasomatic phases that we predict in our model (Bertotto et al., 2013). Unfor-
tunately, there are very few localities with mantle xenoliths and they tend to be far removed to the east of the 
regions affected by subduction processes. Metasomatized xenoliths with and without hydrous phases have been 
observed in Patagonia south of Payenia (e.g., Bjerg et al., 2005; Dantas et al., 2009; Jalowitzki et al., 2017; 
Rivalenti et al., 2007). The lack of hydrous cumulates may result from melting of the SCLM to such a degree 
that the hydrous phases were consumed, as has been suggested for mantle xenoliths from Australia (Yaxley & 
Kamenetsky, 1999), and the glass veins found in the Agua Poca xenoliths may have compositions that exhibit 
this hydrous cumulate signature without hydrous phases present. The lack of mantle xenoliths underscores the 
importance of using basalt samples to identify and characterize the signal of SCLM in continental subduction 
magmatism.

An important link may exist between melt percolation, crystallization, and metasomatism of the SCLM and 
the oxygen isotope signature of alkali basalts produced during melting of the SCLM. Specifically, contri-
butions from the metasomatized lithospheric mantle may lower δ18O values in mafic melt, warranting a 
reconsideration of low-δ18O values previously observed in lavas that have the lithospheric mantle as a source. 
Multiple localities outside of Payenia have yielded geochemical observations that are compatible with the 
implications of our model results. Metasomatized lherzolite and pyroxenite xenoliths from the Colorado 
Plateau yield pyroxene δ18O values that are on average about 0.5‰ lower than typical peridotite values of 
5.5 and 5.7‰ for clinopyroxene and orthopyroxene, respectively (Perkins et al., 2006). The Horoman peri-
dotite massif of northern Japan shows evidence of melt metasomatism yielding whole-rock δ18O values of 
5.0–5.7‰ (Ranaweera et al., 2018), a range lower than the low end of typical peridotite values (5.5 ± 0.2‰; 
Eiler, 2001). Olivine and orthopyroxene grains in metasomatized polymict xenoliths from the Kaapvaal cra-
ton yield δ18O values over 1‰ lower than those measured from of Kaapvaal peridotite xenoliths, whose 
δ18O values are representative of the “average mantle” range (Zhang et  al.,  2000). As is demonstrated in 
our model, mineral phases such as amphibole and clinopyroxene, which occur in metasomatized SCLM, 
retain lighter oxygen isotopes relative to the crystallizing melt at temperatures typical of the SCLM. When 
compared to δ18Oolivine values from other continental arc settings, Payenia lavas display a smaller range in 
δ18Oolivine, lacking δ18Oolivine values above mantle values, as is observed in basalts from the VF of Kamchatka 
(4.5–7.4‰; Bindeman et al., 2004; Auer et al., 2009), VF and back-arc volcanoes in Central America (δ18Ooli-

vine = 4.6–5.7‰; Eiler et al., 2005), and arc volcanoes located at variable distances from the trench in Mexico 
(δ18Oolivine = 5.3–6.6‰; Johnson et al., 2009; Straub et al., 2015), and the Cascades (δ18Oolivine = 4.7–6.1‰; 
Martin et al., 2011). Our model results demonstrate that relatively light oxygen isotopes in mafic volcanism 
in continental back-arc and continental intraplate settings can be inherited from SCLM that received little to 
no input from low-18O melts.

5.  Conclusions
The main conclusions are as follows:

1.	 �Although we cannot disprove that crustal contamination played some role in the composition of some Payenia 
lavas, current observations indicate that crustal contamination was not the dominant factor controlling the 
composition of the Payenia lavas.

2.	 �Major trace element and isotopes systematics demonstrate that the Buta Ranquil area lavas display a composi-
tional range caused by mixing of 60%–80% of melt resembling the south-central lavas with 20%–40% of lavas 
from the Tromen stratovolcano.

Figure 16.  Modeled isotopic ingrowth estimates in comparison to natural samples from Payenia. Lines represent the isotopic evolution of the arc- (blue) 
and EDMM-type (red) asthenosphere mantle (open squares), from which the melts that metasomatize the SCLM originate. SCLM cumulate (open stars) and 
metasomatized harzburgite (open hexagons) represent the modeled present-day isotope ratios for SCLM cumulate and metasomatize harzburgites, respectively, 
after experiencing 50 and 150 million years of isotopic ingrowth. Age labels next to the squares represent the time at which isotopic ingrowth in the SCLM 
commenced. Gray squares represent the modeled present-day mixtures between SCLM melts, which inherit the cumulate and metasomatized harzburgite isotope 
ratios, and the estimated mantle wedge melt (black X). Panel f has the same bounds as the gray dashed box in panel e. Symbols for VF lavas, Chile trench 
sediments, Nazca Plate metalliferous sediments, MORB samples from the Shona and Discovery MAR segments, and the mantle Hf-Nd isotope array are the same 
as in Figure 5.
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3.	 �The major and trace element concentrations and isotope ratios presented in this study suggest that the SCLM 
metasomatized 50–150 Ma by two different types of melts: one generated from an Discovery-Shona MORB 
source and another that was influenced by melts generated from the mantle-wedge during subduction zone 
processes have played a significant role in the composition of Payena lavas. Model results suggest that the 
SCLM metasomatism is linked to two Mesozoic events: the breakup of Gondwana and the development the 
proto-Pacific convergent margin in northern Patagonia. The subsequent melting of the metasomatized SCLM 
would have been caused by thinning and heating experienced beneath Payenia during post-Miocene changes 
in subduction geometry.

4.	 �The composition of lavas affected by metasomatized SCLM underscores the possibility that arc basalts can 
acquire low δ18Oolivine values not only from 18O-depleted fluids released from the downgoing slab, but also 
from the oxygen isotope fractionations that occur during fractional crystallization of melts and formation 
vein-cumulate in SCLM.

5.	 �The SCLM signal recorded in Payenia lavas demonstrates the potential for basaltic back-arc lavas to elucidate 
the origins and timing of fluxes traveling from the convecting mantle into the lithospheric mantle.

Data Availability Statement
The geochemical data used for this research are archived at the public domain repository OSF: https://osf.
io/9jes6/?view_only=bbf6bad300bf493897547d0b8675cecf.
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