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Nevado de Longaví volcano (NLV), in the Southern-Central Chilean Andes, has erupted during the Holocene magmas with compositions that are in several ways atypical for the region. These characteristics include elevated La/Yb ratios in evolved magmas, in an area of only moderately thick crust, coupled with low concentrations of K, Th, and other incompatible elements and elevated ratios of fluid-mobile (B, Cs, Li, Sb) to fluid-immobile elements. Samples have an unusual mafic mineralogy dominated by amphibole. The petrology of the Holocene products of NLV have been related to the influence of an oceanic transform fault (Mocha Fracture Zone; MFZ) that supplies the mantle wedge with unusually high amounts of fluids via dehydration of serpentinite bodies hosted by the subducted oceanic lithosphere. Because the trace of this transform fault is oblique to the convergence vector, its position along the arc has varied through time, as has the magnitude of its influence on the nature of the magmas erupted at NLV. The whole-rock and mineral chemistry of volcanic products from NLV, tied to a simplified stratigraphy, documents the secular changes in the magmatic system as the oceanic fault approached its current position. Magmas erupted ∼1–0.6 Ma are relatively low in water (as inferred from mineralogy and chemical proxies) and reduced (NNO-1 to NNO+0.5), and are similar to compositions found in neighboring volcanoes. From 0.25 Ma to the present, magmas are water-rich and oxidized (NNO-0.5 to NNO+1.7). In the intervening 0.6–0.25 Ma, mafic magmatism acquired a transient crustal component, which we identify as subducted sediment melts, on the basis of radiogenic isotopes and Pb, Th, and U abundances. Fluids released from serpentinite in the fracture zone were rich in Li, B, Sb, Cs and Ba, but not in K, Th, U and Sr. The fluid addition led to enhanced melting, particularly hydrous magmas that stabilized amphibole early during fractionation, higher oxygen fugacities, and distinctive chemical compositions.
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1 INTRODUCTION


Subduction-related magmatism involves multiple geological reservoirs, which successively add elemental and isotopic contributions to the diverse geochemical signatures of magmas that reach the Earth’s surface. Subducted oceanic lithosphere, composed of altered oceanic crust, variably hydrated mantle, and sediments, releases water-rich fluids during prograde metamorphic reactions and may partially melt with increasing pressure and temperature. The upward migration of these water-rich phases leads to metasomatic modifications of the asthenospheric mantle wedge, and in sufficient quantities may trigger partial melting of mantle peridotite. Primitive magmas that include mantle- and slab-derived contributions are subsequently further modified as they ascend, crystallize, and interact with lithologies in the overriding plate. Individual components or processes may be identifiable on the basis of distinctive isotopic or elemental features in the erupted magmas, but our ability to resolve the details of magma genesis is hampered by limited knowledge of the compositions of deep reservoirs.

One potential water reservoir is serpentinite formed by hydration of oceanic mantle lithosphere, through permeability pathways in the crust such as fracture zones and normal faults developed during bending of the plate at the trench (Ranero et al., 2003; Moscoso and Contreras-Reyes, 2012; Manea et al., 2014). The influence of fracture zone subduction on the nature of magma composition has not been thoroughly studied. Grove et al. (2002) suggested that serpentinites hosted in the Blanco fracture zone subducting beneath Mt. Shasta volcano in the Cascades arc might account for the isotopic character of the highly hydrous lavas. For the Aleutian arc, Singer et al. (1996), Jicha et al. (2004), and Singer et al. (2007) documented the trace element and isotopic characteristics of Seguam volcano, which is located above the Amlia fracture zone. In the Mexican volcanic belt, Manea and Manea (2008) have shown that the geophysical signature of a serpentinized fracture zone (the Tehuantepec FZ) can be traced beneath the continental plate and to project beneath El Chichón volcano, another strange adakitic center. Whalen et al. (2003) speculated that the Th-depleted signature of a ∼3 Ga arc-related intrusive complex was a consequence of a localized source of serpentine-derived fluids, probably related to a subducting fracture zone.

In this contribution we examine the case of Nevado de Longaví volcano (NLV) in the Southern Volcanic Zone of the Andes (SVZ), which is currently located above the projection of the oceanic Mocha Fracture Zone (MFZ). We examine the changing local magma generation conditions as the MFZ approaches its current position in the framework of a simplified stratigraphy supported by geochronology.




2 GEODYNAMIC SETTING AND SVZ MAGMATISM


The Southern Volcanic Zone (SVZ) of the Andes has developed on the active western margin of the South American plate between the latitudes where the aseismic Juan Fernandez Ridge (33°S) and the actively spreading Chile Rise (46.5°S) are being subducted (Figure 1A). Summit elevations of SVZ frontal arc volcanoes decrease steeply from nearly 6,000 m asl at the northern end (∼33.4°S) to ∼3,500 m asl at 36°S, and elevations decrease to the south of this latitude to only slightly less than 3,000 m at 41°S (Figure 1B). The thickness of the crust underlying the northernmost SVZ centers also decreases from ∼60 to ∼40 km between 33°S and 36°S, due partly to the fact that the northern part of the volcanic front trends obliquely with respect to the Andean axis. Volcanoes at 33–34°S are located on the Andean crest, whereas by 36-37°S the volcanic front is ∼50 km to the west of the continental divide, and to the south of this latitude the volcanic front trends parallel to the cordilleran axis. Crustal thickness beneath the volcanoes decreases less steeply to ∼30 km at 41°S (Hildreth and Moorbath, 1988; Tassara et al., 2006; Tasárová, 2007). The proportion of felsic upper crust also decreases from north to south as indicated by elastic thickness and flexural analysis, which suggest that the rheology of the crust is quartz-dominated in the north, whereas to the south the crust is stiffer, more dominated by plagioclase-rich lithologies (Tassara and Yañez, 2003; Tassara et al., 2006).
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FIGURE 1 | 

(A) Location of Nevado de Longaví volcano in the Andean Southern Volcanic Zone and dip-corrected projection of the Mocha Fracture Zone. NVZ, CVZ, SVZ, and AVZ in inset stand for the Northern, Central, Southern, and Austral Volcanic Zones. NR, JFR and ChR correspond to the Nazca Ridge, Juan Fernandez Ridge, and Chile Rise, respectively. (B) Along-arc variation in summit elevation of arc-front volcanoes of the SVZ. (C) 87Sr/86Sr ratios along the SVZ. (Data from Harmon et al., 1984; López-Escobar et al., 1985; Hickey et al., 1986; Futa and Stern, 1988; Gerlach et al., 1988; Hildreth and Moorbath, 1988; Hickey-Vargas et al., 1989; McMillan et al., 1989; Tormey et al., 1991; López-Escobar et al., 1992; Hilton et al., 1993; Tagiri et al., 1993; López-Escobar et al., 1995a; Tormey et al., 1995; Feeley et al., 1998; Déruelle and López-Escobar, 1999; Costa and Singer, 2002; Jicha et al., 2007).



Systematic variations in the compositions of magmas along the SVZ can be related to changes in the nature of the underlying crust. Volcanoes in the northern part of the SVZ have elevated crustal contributions that have been explained either as the result of lower crustal assimilation (Hildreth and Moorbath, 1988; Figure 1C) or as mantle-source contamination by forearc tectonic erosion (Stern, 1991; Kay et al., 2005). Along-strike variations in the mean extent of mantle melting and average depth of differentiation have also been invoked to account for some of the trace element characteristics of arc magmas along the arc (Tormey et al., 1991), and have more recently been shown to exert the main control on primitive magma variation along the Andean SVZ (Turner et al., 2016; Turner et al., 2017).

Arc magmas are generally less evolved and have generally lower crustal imprint south of 36°S due to both the more refractory nature of the crust and magma ascent facilitated by lithosphere-scale faults. The ∼1,000 km long strike-slip Liquiñe-Ofqui fault zone parallels the arc and controls the emplacement of some volcanoes south of 37°S, where it terminates in the retroarc region (López-Escobar et al., 1995a; Folguera et al., 2004).

Nevado de Longaví volcano (hereafter NLV; 36.2°S) is at an inflection point in terms of regional magmatic and geodynamic gradients. This is due in part to the projection of the oceanic Mocha Fracture Zone (MFZ) in the Nazca plate beneath the arc at this latitude (dip-corrected for 30° subduction angle; Bohm et al., 2002). The MFZ trends obliquely (N60°) to other fracture zones of the Nazca plate (N80°; Valdivia and Chiloé F.Z. in Figure 1), and it is the locus of a ∼5 My age offset in subducting plate age at the trench (Tebbens et al., 1997). The MFZ and the Challenger FZ further north displace crust generated by the Pacific-Farallon spreading center (East Pacific Rise), whereas the fractures to the south were generated at the Antarctic-Nazca spreading center (Chile Ridge; Herron, 1981; Tebbens and Cande, 1997). The MFZ is also oblique to the current convergence vector (∼N78E, ∼8 cm/y; NUVEL-1A model), and thus its intersection with the arc front migrates southwards at a rate of ∼20 km/My.

The presence of the Mocha Fracture Zone beneath NLV has been related to some of the chemical and mineral characteristics of Holocene NLV lavas (Sellés et al., 2004; Rodríguez, 2006; Sellés, 2006; Rodríguez et al., 2007). Serpentinization of the oceanic mantle by circulation of seawater through permeability pathways in the oceanic crust has been observed elsewhere, including oceanic fracture zones such as the MFZ (Peacock, 2001; Hyndman and Peacock, 2003; Whalen et al., 2003; Manea and Manea, 2008). Dehydration of serpentinite bodies hosted in the subducted part of the MFZ has been proposed as a mechanism to flux the asthenospheric mantle with unusually high amounts of fluids to produce wet, high-degree melts from which Holocene NLV dacites are derived (Rodríguez et al., 2007). As the subducted Mocha Fracture Zone is not stationary with respect to the continental margin, its impact on magmatism is also expected to change through time. We document temporal changes in chemical and petrologic characteristics through a sequence of Early Pleistocene to Holocene lavas. Whole-rock and mineral chemistry data are presented in a revised stratigraphic framework calibrated by 40Ar/39Ar ages. We identify and quantify different reservoirs involved in magma generation as the MFZ approached its current location beneath NLV and conclude that the variations in the magmatic signatures through time are consistent with increasing magmatic water contents.




3 VOLCANIC STRATIGRAPHY


Early Pleistocene-Quaternary volcanoes in the NLV area are constructed on volcaniclastic strata of late Oligocene-early Miocene age and middle to late Miocene granitoids. The 2–3 km thick volcaniclastic sequence, known in this area as the Cura-Mallín Formation is composed mainly of andesitic tuffs and breccias, plus subordinate lava flows and continental sedimentary strata of fluvial and lacustrine facies with low-degree burial metamorphism (Muñoz and Niemeyer, 1984; Jordan et al., 2001). These units were deposited in intra-arc extensional basins, and the associated volcanic rocks are isotopically primitive tholeiites with insignificant crustal contamination (Vergara et al., 1999). The Cura-Mallín Formation was folded during Miocene basin inversion and crustal shortening. Batholith-scale granitoid plutons of middle Miocene age intruded to the west of the Quaternary arc, and small late Miocene stocks and plutons crop out in the vicinity of active volcanoes (Muñoz and Niemeyer, 1984). These are biotite and amphibole-bearing quartz-diorites to tonalites plus granodiorites.



3.1 Pre-Longaví Volcanic Rocks (Early Pleistocene)


Unit 0: Early Pleistocene volcanism between 36 and 37°S (whole-rock K-Ar ages of 1.7 ± 0.7, 1.35 ± 0.13, 0.9 ± 0.5 Ma) is regionally mapped as the Cola de Zorro Formation (Muñoz and Niemeyer, 1984). This formation is represented near NLV by a deeply dissected, mainly mafic stratocone complex named Villalobos volcano. The inferred vent is located ∼10–15 km south of the NLV summit, but the northernmost flank remnants are uncomformably overlain by younger lavas from the NLV edifice (Figure 2). A40Ar/39Ar age on groundmass of a lava flow underlying NLV lavas on the SW flank of NLV is 1,015 ± 25 Ka (Supplementary Material S1). Unit 0 lavas are mainly basalts and basaltic andesites (50–55 wt% SiO2), although andesites and more evolved compositions are also present in lower proportions.
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FIGURE 2 | 

(A) Geological sketch of Nevado de Longaví volcano showing the distribution of units discussed in the text (topographic contours every 200 m) and approximate location of dated samples. Right: Schematic stratigraphic column and silica-frequency histograms for analyzed samples from each unit, showing a tendency towards increasingly evolved magmas being erupted with time. Relative ferromagnesian phase abundances (B) also show a tendency of increasing amphibole involvement at the expense of pyroxenes. Note that relative mineral abundance is valid for Unit 4 mafic enclaves and lavas.






3.2 Internal Stratigraphy of Nevado de Longaví Volcano


Nevado de Longaví volcano is a comparatively small, single cone (summit altitude 3,242 m–9 km diameter, ∼20 km3 estimated volume), mainly composed of thick andesitic flows that radiate from the current summit area. There are no large pyroclastic deposits suggestive of caldera-forming eruptions during the history of the volcano, but sector collapse scars are present on the eastern and southwestern slopes of the cone (Figure 2). Deep incisions into the northern and eastern flanks of the volcano expose relatively old sequences of lavas referred to as the Basal Units.



3.2.1 Basal Longaví Units (Units 1 and 2)


Unit 1: Basal unit of the eastern flank: The eastern flank of the volcano appears to have undergone a pre-Holocene structural collapse that created a large topographic bowl which is currently filled by Holocene pyroclastic deposits. A ∼50 m thick sequence consisting mainly of mafic lavas, breccias, and intercalated coarse- and fine-grained volcano-sedimentary deposits is exposed around the southern margin of the collapse scar and in some of the canyons excavated through younger deposits. This sequence is largely buried by Holocene deposits and main cone lavas (dated at ∼260 Ka; see below) immediately south of the collapse depression. A total fusion age of 613 ± 19 Ka (no plateau) was obtained from a basaltic lava flow within this sequence.

All lava samples from this unit are basaltic andesites (52–53 wt% SiO2) with abundant plagioclase, olivine and clinopyroxene, plus lesser orthopyroxene phenocrysts and microphenocrysts. Vitrophyric, prismatically jointed blocks (∼20 cm) of more evolved compositions (55–62 wt% SiO2) were also collected from volcaniclastic breccias. These andesitic fragments contain the same mineral phases as the basalts, but orthopyroxene is more abundant than olivine and clinopyroxene.

Unit 2: Basal unit of the northern flank: This sequence is exposed in deep glacial incisions on the north flank of the volcano. This unit formed a ∼600–700 m high cone with its vent located ∼1,500 m to the north of the current summit that was later almost completely covered by thick Main Cone lavas. The most deeply exposed part of this unit consists of a few thick (>6 m) andesitic to basaltic andesitic flows (53.8–58.4 wt% SiO2) that are overlain by more numerous but thin (1–3 m) basaltic andesitic flows (52–55 wt% SiO2). One andesitic lava flow from the deep section and one overlying basaltic andesitic flow yielded 40Ar/39Ar plateau ages of 264 ± 23 ka and 254 ± 16 Ka respectively (Supplementary Material S1).




3.2.2 Main Cone Andesites (Units 3a and 3b)


The bulk of the edifice consists of thick andesitic flows (55–63% SiO2) that radiate from a vent area coincident with the current topographic summit. Main cone lavas exhibit greater chemical and mineralogical diversity than other units of the volcano, and they are texturally more complex. A useful distinction among main cone lavas is the degree of enrichment in incompatible elements as silica increases. Two divergent differentiation trends in terms of Rb and other incompatible element enrichments are referred to as High-Rb and Low-Rb series (Sellés et al., 2004). This distinction among Main Cone lavas is based on chemical criteria rather than a clear stratigraphic superposition. There is a marked tendency for old lavas in several sections around the volcano to be relatively Rb-enriched. Less enriched lavas, which tend to be stratigraphically higher, generally have higher modal proportions of amphibole. This mineralogical tendency is not sufficiently marked to permit rigorous macroscopic identification of these two compositional series, as modal mineralogy also varies with degree of evolution. Nor are there unambiguous chemical distinctions for some andesitic samples that are chemically intermediate between the most extreme examples of these two trends. Despite the lack of binary mineralogical and chemical shifts from early to late main-cone andesites, these lavas record a progression from early magmatism with dominantly anhydrous minerals to the Holocene amphibole-rich magmas (Figure 2).

Unit 3a: This unit is composed of LILE-enriched andesites with 56–62 wt% SiO2 (which range down to 54 wt% SiO2 when quenched mafic enclaves are considered). An andesite near the east base, overlying clastic beds assigned to Unit 1, yields a plateau age of 259 ± 76 Ka. A second sample from the south flank, underlying relatively low-Rb flows, was dated at 60 ± 13 Ka. These flows form the lower portions of several sections around the volcano where they overlie Unit 2 lavas on the northern flank and Unit 1 on the east.

Unit 3b: Younger andesitic lava flows that form the outer shell of the Main Cone span a major element compositional range comparable to that of Unit 3a (56–62 wt% SiO2), but with lower incompatible element contents. One sample from a section overlying Unit 3a lavas, yields a plateau age of 56 ± 14 Ka, thereby providing an indication that the transition to andesites with relatively low Rb occurred at ∼60 Ka.




3.3.3 Holocene Eruptive Products


Most of the Holocene activity at NLV was concentrated in the summit area and within a preexisting collapse bowl on the eastern flank of the edifice. The Holocene sequence is composed of a dacitic pumice fall deposit (Río Blanco deposits of Rodríguez et al., 2007), followed by a thick andesitic lava (Castillo Andesite). The last eruptive event recorded at NLV consists of near-summit dome extrusion that in large part collapsed to the east forming block-and-ash flow deposits (Lomas Limpias deposits). The pumice fall and block-and-ash deposits were dated at ∼7,600 years B.P. and ∼5,700 years B.P. respectively (Rodríguez, 2006).

Unit 4: Both Holocene dacitic eruptions are similar in mineralogy and chemistry. The products of the early explosive eruption are slightly more evolved and glass-rich than the later dome-forming dacite (65.5 compared to 64–64.5 wt% SiO2). The phenocryst mineralogy of the Rio Blanco and Lomas Limpias dacites is plagioclase, amphibole and orthopyroxene, with lesser Fe-Ti oxides, apatite, and sulfides; clinopyroxene is completely absent.

The Lomas Limpias dacite contains abundant quenched mafic enclaves with a broad range of compositions (53–59 wt% SiO2). These have diktytaxitic textures (Bacon, 1986) with abundant acicular plagioclase and amphibole crystals. Some quenched mafic enclaves have sparse olivine phenocrysts, and rare plagioclase xenocrysts from the host dacite are present. Olivine phenocrysts are always mantled and partly replaced by Mg-hastingsitic amphibole with low TiO2 (Rodríguez, 2006). Otherwise, quench-phases in the mafic enclaves are the same as those in the dacites and their mineral chemistry is similar. Residual glass pockets in the enclaves are rhyolitic in composition (∼75 wt% SiO2), as is the microcrystalline groundmass in the dacite.

A small andesitic lava-dome (60 wt% SiO2) that erupted between the dacitic events has textural and chemical characteristics consistent with mixing of a resident dacitic magma and a mafic recharge component. This hybrid andesite contains minor quenched mafic enclaves that are similar to those in the dacitic lavas.






4 RESULTS: WHOLE-ROCK CHEMISTRY




4.1 Major Elements


Underlying Pleistocene volcanic rocks (Unit 0) are characterized by early Fe and Ti enrichments, and strong MgO, Al2O3, and CaO decreases from mafic to intermediate compositions, whereas K2O and Na2O contents increase sharply with increasing silica (Figure 3). These differentiation trends are typical of the arc tholeiite affinity displayed by Quaternary SVZ volcanoes south of NLV. The overlying Nevado de Longaví volcano is characterized by less steep decreases in MgO, Al2O3 and CaO, as well as less pronounced K2O increases and the absence of early TiO2 enrichments. Maximum Al2O3 contents in mafic NLV lavas are lower than in Unit 0 lavas, but they decrease much less markedly towards andesites. Consequently, NLV dacites and andesites have among the highest Al2O3 contents for SVZ lavas with comparable SiO2 wt%.
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FIGURE 3 | 
Major element (A–D) and Mg# (E) variation of the Pleistocene to Holocene units from Nevado de Longaví volcano. Unit 0 corresponds to the underlying Villalobos volcano. In comparison to Longaví, Al2O3 in Villalobos lavas (as well as MgO and CaO) decreases more abruptly, whereas K2O (and Na2O) increase more steeply with increasing differentiation. Compiled Unit 0 analyses are from Gardeweg (1980), Muñoz and Niemeyer (1984), and Kay et al. (2006).



In addition to differences between NLV and the underlying Unit 0 volcanic rocks, systematic differences can be recognized internally to NLV, from Units 1 to 4. The most noticeable variation is a progressively lower enrichment rate of K2O and other incompatible elements with time (Figure 3). Unit 1 andesites have K2O contents for a given SiO2 that are slightly lower than those of Unit 0 and are similar to other volcanoes of the region, whereas Unit 4 is characterized by the lowest K2O values in the SVZ. Main-cone andesites have intermediate K2O contents (Unit 3b < Unit 3a). The complete dataset of whole-rock data is presented in the Supplementary Material S2.




4.2 Trace Elements


Most incompatible trace elements follow the behavior of K2O in that their rates of enrichment with increasing SiO2 systematically decrease from Unit 0 to Unit 4. This tendency is particularly marked for highly incompatible elements such as Rb, Zr, Th, LREE, Nb, Hf, and U (Figure 4). Differences in incompatible element concentrations are most significant in intermediate and evolved compositions, but for many elements there are noticeable differences among mafic lavas as well. Incompatible element concentrations are also highly variable in evolved compositions of Unit 3a; i.e., factor of two range for Rb in andesites with ∼57–60 wt% SiO2. Exceptions to this general pattern are the high Th, U, and Pb values in mafic lavas of Unit 2. Strontium behaves similarly to Al2O3, with an overall decreasing trend in basal Units 0 to 2, whereas Units 3a, 3b and 4 feature increasing Sr contents up to a SiO2 ∼57 wt%, which then decrease with further differentiation. Y and HREE contents increase with increasing SiO2 in Unit 0, remain relatively constant in Units 1–3, and decrease with increasing differentiation in Unit 4. Similar Y and HREE depletions have not been observed at other SVZ centers. Consequently, the La/Yb ratios of Holocene NLV lavas are higher than those at most other SVZ volcanoes. Only lavas from volcanoes in the northernmost SVZ have higher La/Yb, but unlike NLV they are preferentially enriched in La rather than depleted in HREE.
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FIGURE 4 | 
Trace element variations (A–H) for the different units defined at Nevado de Longaví. A sustained decrease in incompatible element content (for a given SiO2 content) from old to young units is clearly seen in Rb, Nb, Th and U (similar to K2O, Figure 3). Unit 2 lavas have exceptionally high Th, U and Pb contents. Boron shows the opposite tendency of higher contents in younger units. Y decreases with increasing SiO2 in all Longaví units, but increases among Unit 0 lavas.



Incompatible fluid-mobile elements, such as Ba and Pb (but also Na2O, Li, Be, Sb and Cs) show smaller differences among units, whereas boron is systematically higher in younger units, in contrast to the behavior observed in immobile incompatible elements, such as HFSE. Ratios of fluid-mobile to fluid-immobile incompatible elements, such as B/La and Ba/La, remain relatively constant or slightly increase with differentiation within a given unit (Figure 5), but change markedly across units. Units 0–2 have Ba/La and B/La ratios that are 30–70% lower than Unit 4 magmas; Units 3a and 3b are more scattered and distributed between the two extremes.
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FIGURE 5 | 
Selected trace element ratios (A–F) as a function of silica contents for Longaví and Villalobos magmas.



Other ratios of petrogenetic interest further elucidate trends along series and systematic differences among Units (Figure 5). Sr/Y decreases with SiO2 in Unit 0, does not vary significantly in Units 1 and 2, and increases in younger units. Th/La increases slightly within all units, albeit at different starting levels. This highlights the unusual mafic composition of Unit 2, which have significantly higher Th/La than other unit (as well as U/La and Pb/La, not shown). La/Yb ratios remain nearly constant at low values (∼7) for Units 0–2, except for two more evolved prismatically jointed fragments in Unit 1, which are among the highest values of the set, whereas Units 3a, 3b and 4 increase La/Yb as silica increases. Eu/Eu* values decrease with differentiation in Units 0 to 2, decrease only slightly in Unit 3a, and remain essentially constant in Units 3b and 4.




4.3 Isotopes


The analyzed samples define a relatively narrow range of isotopic compositions for SVZ magmas. NLV isotopic values conform to the regional SVZ along-arc trends in the sense that NLV isotopic data straddle the intersection of the fields defined by the volcanic centers north and south of this latitude (Figure 6), with most 87Sr/86Sr values around 0.7040. Strontium isotopic ratios remain relatively constant within the defined units across all silica contents, whereas Nd ratios have greater scatter in Units 0 and 1. Samples from Unit 2 have the most “crustal” isotopic signatures, while samples from Unit 1 have lower 143Nd/144Nd and 87Sr/86Sr Both ratios are within narrow ranges for Units 3a and 4 (0.70392–0.70408 and 0.512749–0.512812). Analytical methods details are provided in the Supplementary Data Sheet S1.


[image: Figure 6]



FIGURE 6 | 
Sr and Nd isotopic composition of Longaví and Villalobos lavas. Fields for other SVZ segments are shown in insert. Analytical error bars are about the size of symbols.







5 RESULTS: MINERAL CHEMISTRY


Several thousand data points were collected in order to fully characterize the mineralogy of selected samples from all units. Here we focus on the mineral-chemistry features that are systematically different among units and which correspond to contrasts in magmatic processes that have operated through time. Only a summary of the most relevant results is presented here; for more details the reader is referred to Sellés (2006) and Rodríguez (2006).

A range of plagioclase compositions from An90 to An03 is recorded in lavas from Villalobos and Longaví volcanoes, with Unit 0 and Unit 1 basalts exhibiting the widest An distributions (Figure 7). Marked modes between An45 to An65 characterize basaltic andesites and andesites from Units 2 and 3, whereas the predominant plagioclase composition in Unit 4 dacites is slightly more sodic (An35 and An55). Unit 4 mafic enclaves have a pronounced mode at An60-65.
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FIGURE 7 | 
Mineral chemistry histograms by unit.



Olivine is commonly present in mafic lavas from units 0–2, and their compositions are widely distributed between Fo60 and Fo85. It is also occasionally found in Unit 3a, it is extremely rare in Unit 3b andesites, and is only present in some Unit 4 mafic enclaves and in hybrid lavas. The narrow range of Mg- and Ni-rich olivine in Unit 4 suggests that olivine only crystallized from mafic liquids, whereas in older magmas it continued to be stable in more evolved compositions.

Most andesites from units 1 to 3 contain both orthopyroxene and clinopyroxene, whereas basalts from Unit 0 contain mostly clinopyroxene. Clinopyroxene is absent from Unit 4 dacites and enclaves. Orthopyroxene in Unit 4 is characterized by relatively low Mg# (67–75) and high Mn contents (typically >0.8, and up to 1.1 wt%). The range of clinopyroxene compositions are similar in all units, although Unit 3b displays limited variability (Mg# 75–85). Unit 3a hosts the most Cr- and Al-rich clinopyroxene analyzed, with values up to 0.9 wt% Cr2O3 and 7.5 wt% Al2O3. A few analyses from Unit 2 also extend to high Cr and Al values, although the vast majority are restricted to Al2O3 < 4 wt% and Cr2O3<0.1 wt%, where most pyroxenes from Units 1 and 3b are concentrated. Clinopyroxene in Unit 0 lavas has relatively high Cr2O3 contents, but Al2O3 is low and comparable to most clinopyroxene analyses from younger units.

Amphibole is the predominant ferromagnesian phase in Holocene NLV dacites and their included enclaves (Unit 4). It is an abundant phase in many main-cone andesitic lavas with SiO2 as low as 57 wt% (Units 3a and 3b). Andesites from the north basal unit (Unit 2) also contain scarce amphibole phenocrysts, but this phase has not been observed in Units 0 and 1, not even in evolved compositions. Amphiboles in NLV lavas define three compositional groups. High-Al amphiboles (Al2O3 > 11 wt%), which classify mostly as Mg-hastingsite (Leake et al., 1997), are common to all amphibole-bearing units (Units 2–4). Mg-hastingsite amphiboles contain appreciable amounts of Cr2O3 (up to 1 wt%) and show a wide variation in Mg# (78-58) with nearly constant tetrahedral Si/Al ratio. Amphiboles of this composition form up to 90 vol% of cumulate-textured xenoliths collected in young NLV lavas (Sellés, 2006). Low-Al amphiboles (Al2O3 < 10 wt%), which classify mostly as Mg-hornblende, have been found exclusively in Unit 4, mostly in dacites but also as late phases in mafic enclaves. They are characterized by a wide variation in tetrahedral Si/Al ratios, which correlate positively with Mg# and negatively with K. A third group with intermediate Al2O3 but higher TiO2 and K2O contents than other groups is represented by variably reacted amphibole crystals that commonly contain euhedral plagioclase and/or opx inclusions. Such Ti-edenites and are found exclusively in Unit 3a lavas in combination with fresh Mg-hastingsite crystals. They are compositionally and texturally similar to post-cumulus amphiboles in some noritic xenoliths from NLV lavas (Sellés, 2006), and we interpret them as xenocrysts resulting from disaggregation of partially molten xenoliths.



5.1 Fe-Ti Oxides


Temperature and fO2 were calculated for coexisting Fe-Ti oxide compositions with the methodology described in Supplementary Material S1. The results are shown in Figure 8A in the form of average values per sample, where individual samples are represented by 1 and up to 54 mineral pairs (detailed analyses are given in Supplementary Material S3). Units 0, 1 and 2 are the least oxidized of the dataset, with fO2 values ranging from 1 log unit below the NNO buffer up to 0.5 units above NNO. Main Cone lavas from Units 3a and 3b cover a range of fO2 values between NNO-0.5 and NNO+1.2 with significant scatter (large numbers of samples were analyzed). Unit 4 magmas exhibit fO2 values between NNO+1.25 and NNO+1.7, which, to our knowledge, are the highest fO2 values reported for this part of the Andes. Magmatic oxidation states at NLV increased by nearly three fO2 log-units during the Quaternary. Changes in redox state were accompanied by increases in fluid-mobile-to-immobile element ratios (Figures 8B,C). The calc-alkaline—tholeiitic index (Hora et al., 2009) also correlates well with oxidation state Figure 8D.
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FIGURE 8 | 
Oxygen fugacity as function of temperatures (A) as estimated by coexisting Fe-Ti oxides. NNO refers to the nickel-nickel oxide buffer. Departures from this buffer in log units (ΔNNO) are plotted against subduction fluid indicators (Ba/La, B/Nb; (B-C)) and the Calc-alkaline/Tholeiitic index (CA/TH) of Hora et al. (2009) (D).







6 DISCUSSION




6.1 Evolved NLV Magmas: An Oddity in the SVZ


Nevado de Longaví magmas exhibit some unique chemical and mineralogical characteristics among SVZ magmas. These are best defined by andesitic and more evolved lavas, which are characterized by a combination of elevated fluid-mobile to fluid-immobile element ratios, low incompatible element concentrations and indications of high-pressure fractionation. Trace element ratios commonly used to trace subduction fluid inputs, such as Ba/La, B/La and Sb/La, are higher in NLV Units 3–4 magmas than in other volcanoes of the SVZ. Basal NLV Units 0–2, on the other hand, have Ba/La, B/La and Sb/La that are similar to the values observed along the arc, consistent with the latitudinal variation trends (Figures 9A–C). Evolved NLV lavas (SiO2 >60 wt%), especially Unit 4, display high La/Yb and Sr/Y ratios that require the participation of garnet as a residual phase (Rodríguez et al., 2007). Some magmas erupted to the north of NLV have similar or higher La/Yb and Sr/Y values, but unlike NLV lavas, these are accompanied by the participation of crustal components as is suggested by high 87Sr/86Sr and overall high incompatible element contents (Figures 1C, 9D,E). Some evolved magmas south of NLV, where crustal assimilation is thought to be less significant, have low incompatible element abundances and less radiogenic 87Sr/86Sr, but most of the magmatic evolution takes place at low pressure, with no garnet participation (e.g., Gerlach et al., 1988; Hickey-Vargas et al., 1989; López-Escobar et al., 1995b). NLV is the sole volcanic system in this portion of the SVZ that has generated evolved magmas with this combination of characteristics (Figure 9F).
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FIGURE 9 | 

(A–E) Fluid-mobile to fluid-immobile element ratios (all compositions), and K2O contents and Sr/Y ratios of evolved magmas (SiO2≥60 wt%) along the SVZ. (F) K2O versus Sr/Y ratios of SVZ magmas with SiO2≥60 wt%.



High abundances of amphibole phenocrysts in NLV lavas are exceptional. Amphibole is the main ferromagnesian phase in Units 4 and 3b, but it also is commonly present in Unit 3a, and less so in Unit 2. No amphibole phenocrysts or relicts have been found in the older Units 0 and 1. Amphibole is also a common phenocryst phase in K2O-rich evolved lavas north of 36°S, (Hildreth and Moorbath, 1988 and references therein), but it is usually subordinate to anhydrous ferromagnesian phases (Ferguson et al., 1992; Feeley et al., 1998; Sruoga et al., 2005). South of NLV, amphibole has only been found in small amounts in evolved lavas from the Mocho-Choshuenco complex, (39.9°S; McMillan et al., 1989), and from the Pleistocene Tronador volcanic complex (41.2°S; Mella et al., 2005). It is inferred to be an important fractionated phase in andesites from Calbuco volcano (41.3°S; López-Escobar et al., 1995b), and is also present in some andesites and dacites south of this latitude (López-Escobar et al., 1993). In none of these known occurrences, with the remarkable exception of Huequi volcano (42.4°S; Watt et al., 2011), is amphibole as abundant as it is at NLV. Rodriguez et al. (2007) modeled the major and trace element evolution of Unit 4 magmas by fractionation of a mineral assemblage wherein amphibole is the main ferromagnesian phase, and this is further supported by the occurrence of amphibole-rich cumulate xenoliths, some of which contain primary interstitial glass.

What specific factors determine that NLV magmas are unlike other SVZ magmas? Our preferred explanation relies on the role of the subducted Mocha Fracture Zone (MFZ) as the source of high amounts of fluid to the subarc mantle. Oceanic fracture zones are pathways for seawater infiltration, which promotes serpentinization of the oceanic lithosphere. Antigorite, which contains ∼10–13 wt% H2O, persists to high pressures and temperatures in subducted slabs, such that it is a candidate for being a contributor of water-rich fluids to arc magma sources in asthenospheric mantle wedges. If indeed the MFZ is responsible for the particularities of NLV magmas, then its impact on magma generation must have varied through time, as the MFZ is not stationary relative to the continental margin. We focus below on changes in petrology and geochemistry of erupted magmas during the temporal evolution of NLV.




6.2 Closed-System Evolution


Major element mass-balance models were fit to the range of mafic to intermediate compositions in each unit in order to approximate the mineral assemblages that could reproduce the observed trends if differentiation was dominated by closed-system crystal extraction. Details of the models run can be found in the Supplementary Material S4. Figure 10 summarizes the calculated mineral assemblages that best reproduce major element trends for each unit. The mineral assemblage calculated here for Unit 4 differs slightly from the one presented by (Rodríguez, et al., 2007) because we have fit the model to the aggregate data trends rather than aiming to match the composition of a particular evolved sample.
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FIGURE 10 | 
Summary of fractionation model based on major elements. Accessory minerals (“Acc”) include the calculated proportions of magnetite, ilmenite and apatite.



Models such as these are simplifications of more complex systems in which mineral proportions and compositions change continuously. The solutions are non-unique, as data scatter allows for some latitude in fitting the model. Such models are not quantitatively rigorous but appear to be sufficiently robust to provide meaningful insights. For example, increasing proportions of amphibole extracted from Unit 2 onwards is (arithmetically) the only way to suppress K2O-enrichments without causing a large decrease in Mg#. Increasing proportions of amphibole are accompanied by decreases in amounts of fractionated plagioclase, which reproduce the slightly higher Al2O3 contents that are typical of NLV magmas (Figure 3).

The shift from anhydrous mineral assemblages for Units 0 and 1 to amphibole-rich associations from Unit 2 onwards is consistent with the observed mineralogy. Olivine is the only major phase that can drive residual liquids to higher silica contents in early units, as both plagioclase and clinopyroxene have SiO2 contents comparable to those of basaltic liquids (∼50 wt%). Olivine proportions in younger units are much lower, and orthopyroxene becomes correspondingly more important. Fractionation of Mg-hastingsitic amphibole (∼43 wt% SiO2) plays a dominant role in raising the SiO2 of residual magmas in these younger units. The change from olivine-to amphibole-driven differentiation is consistent with young andesites having higher Mg#’s than older, less water-rich magmas (Figure 3E).

Fractionation of plagioclase-rich, high-SiO2 assemblages in Unit 0 lavas resulted in limited silica increases plus rapidly increasing alkalis and decreasing MgO and Al2O3 in derivative liquids. These consequences are consistent with the large range of olivine phenocryst compositions recorded in Units 0 and 1. Olivine stability is favored by rapidly increasing K2O because alkalis have the effect of expanding the olivine primary phase volume (Grove and Juster, 1989; Longhi, 1991). In NLV Units 2 through 4, amphibole-driven differentiation rapidly increases the SiO2 contents of derivative liquids, thereby favoring crystallization of orthopyroxene rather than olivine, which is consistent with narrow ranges of Fo-rich olivine compositions.

Limited spinel fractionation (<3 wt%) from Unit 0 lavas is consistent with the observed early iron enrichment, and high-temperature ilmenite is required to limit TiO2. Low proportions of Fe-Ti oxides relative to silicates crystallizing from Unit 0 magmas probably relates to the reduced nature of these magmas (Figure 8) and low magmatic water contents (Sisson and Grove, 1993). Spinel proportions are higher for all NLV units (>5 wt%), consistent with increasing water contents and increasing oxygen fugacity, which also has the effect of increasing the oxide saturation temperatures (Pichavant et al., 2002).

Fractionation of significant amounts of amphibole from NLV magmas contributes to low rates of incompatible element enrichments with SiO2, in part because it lowers bulk silica contents of fractionating mineral assemblages. Also, amphibole more readily accommodates some elements that are highly incompatible with respect to anhydrous phases, thereby increasing bulk partition coefficients and lowering certain elemental enrichments as function of mass fractionation, as exemplified by K2O in Figure 10. Amphibole fractionation is consistent with the high modal abundances of this phase in late NLV lavas, and is corroborated by presumably cogenetic amphibole-rich, cumulate-textured blocks recovered from young lavas (Sellés, 2006; Rodríguez et al., 2007). The high Cr and Mg#’s of some Mg-hastingsites indicate that amphibole is an early phase in the crystallization sequence.

Amphibole in calc-alkaline mafic magmas has been produced experimentally at various pressures under water-rich and water-saturated conditions, either as a liquidus phase or following olivine and augite (Sisson and Grove, 1993; Moore and Carmichael, 1998; Müntener et al., 2001; Pichavant et al., 2002; Grove et al., 2003; Grove et al., 2005). The relationship among experimental amphiboles described by Grove et al. (2005) predicts that the most magnesian amphiboles in NLV (Mg# = 0.78) could have precipitated from mafic magmas with ∼9 wt% H2O.

If the fractionation models advocated here and by Rodríguez et al. (2007) are correct, the minerals that crystallized during the early evolution of Unit 4 magmas have largely disappeared from the nearly aphyric enclave suite. The only surviving phenocryst phase is scarce amphibole-rimmed Fo-rich olivine. The modeled fractionating assemblage requires significant amounts of clinopyroxene and calcic plagioclase that are present in presumably cogenetic amphibole cumulates (Sellés, 2006; Rodríguez et al., 2007), but not in the quenched mafic enclaves or dacites. Physical separation of phenocrysts may have occurred, but another possible mechanism is that these water-rich magmas became superheated upon adiabatic ascent and crossed the water-undersaturated liquidus (Annen et al., 2006). Superheated water-rich magmas will dissolve the solid phases present, and crystallization resumes only after the water-saturated liquidus is attained. At the point that crystallization resumes amphibole is probably the liquidus phase of Unit 4 enclaves, whereas plagioclase crystallization was suppressed due to high water, and thus highly calcic plagioclase did not crystallize again. Andesitic magmas with 10-7 wt% H2O are expected to crystallize amphibole at the water-saturated liquidus (Annen et al., 2006).

Garnet is probably among the early phases that did not survive magma ascent. Amphibole fractionation accounts for part of the HREE depletions in NLV evolved magmas, but the steep Y and HREE depletion patterns of Unit 4 mafic magmas suggest that trace amounts of garnet (<2 wt%) could be involved during the evolution of mafic magma (Rodríguez et al., 2007). Amphibole fractionation cannot produce such a pattern because it would require Y and HREE partition coefficients on the order of ∼7–8 (assuming amphibole makes ∼30–40% of the fractionated assemblage, Figure 10), whereas DY and DHREE for amphibole in basalts are generally <2 (Dalpé and Baker, 2000 and references therein). Further Y and HREE depletion over the range from 57 to 65 wt% SiO2 might not require garnet because amphibole partition coefficients increase in silicic liquids. DY values of about 6-7 would suffice to explain the observed depletion, which are well within the published valued for silicic liquids (Ewart and Griffin, 1994; Sisson, 1994). Garnet can be a stable phase in hydrous mafic and intermediate magmas at crustal pressures p>∼0.8 GPa) as has been experimentally determined (Müntener, et al., 2001; Ulmer and Müntener, 2005; Alonso-Pérez, et al., 2009). This suggests that much of the crystallization of mafic NLV magmas could be taking place in the deep crust (Annen, et al., 2006).

Magmatic evolution seems thus to be primarily the consequence of crystal fractionation, although assimilation of crustal lithologies and magma mixing probably also occurred. The variety of intermediate to evolved magma compositions at NLV is the result of differences in fractionating mineral assemblages and a shift in the composition of the mafic magmas. Both of these effects are consistent with a temporal increase in the water contents of magmas.




6.3 Open-System Processes


Crystal fractionation is probably responsible for many of the distinctive characteristics of NLV lavas. It is unlikely that compositional trends at NLV are related to mixing of silicic crustal melts with mantle-derived basalts, as this would require a silica-rich component with extremely low incompatible element contents. To produce a melt with incompatible element concentrations like those of the Holocene dacites by an acceptably moderate amount of melting (20-5%) would require a source with incompatible element concentrations that were 0.5–0.1 of those in Rudnick and Gao’s (2003) estimated lower crustal composition. Even if a purely crustal origin for evolved NLV magmas seems unlikely, evidence for open-system processes is found in many lavas in the forms of disequilibrium textures, partially molten plutonic xenoliths, and mineral chemistry (Sellés, 2006).

Radiogenic isotopes provide few constraints on intra-crustal evolution because of the lack of isotopic contrast with basement lithologies. Comparisons of incompatible element enrichments in evolved and intermediate lavas relative to mafic magmas provide an alternative approach for detecting crustal contributions. This is illustrated in Figure 11, showing one or two evolved samples from each unit compared to a trace-element model that assumes the mineral proportions and mass fractions presented above (Figure 10), normalized to a mafic sample from the same unit. Details of the modeling process are presented in Supplementary Material S4.
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FIGURE 11 | 
Trace element patterns for natural samples and modeled results.



Modeled trace element compositions do not differ significantly from natural NLV compositions. The largest mismatch is related to the depletion in HREE in Units 3a and younger, which amphibole extraction alone does not seem capable of reproducing. As shown by Rodríguez et al. (2007), small amounts of garnet (∼1%) are required to model this depletion, although it would have negligible impact on the major element budget. Incompatible element enrichments above the modeled compositions, which could indicate open-system inputs such as mixing with crustal partial melts, are modest across NLV Units. Units 0, 1 and 3a do show some departure from predicted patterns, with enrichments in the highly incompatible elements Rb and U, whereas Units 2, 3b and 4 conform to the expected concentrations.

We interpret these patterns as evidence that crustal assimilation plays a relatively minor role in NLV magma evolution, and with a tendency of decreasing influence with time. This tendency of decreasing crustal contamination with time is consistent with magmas being increasingly water-rich and thus colder at crystallization.




6.4 Origin of Mafic Magmas


Intermediate and evolved NLV lavas display a range of compositions that result mainly from fractionation of mineral assemblages that have progressively shifted during the last My from anhydrous (plagioclase dominated) to hydrous (amphibole dominated). These changes in magmatic mineralogy, and associated liquid lines of descent, are consistent with the hypothesis that the MFZ played an increasingly important role as it approaches its current location beneath NLV.

Mafic magmas from Units 0 and 1 that were erupted ∼1,000-600 Ka are considered here as reference compositions; i.e. basalts generated with minimum influence from the MFZ, which at the time was 20-12 km further to the north. The trace element systematics of subsequent NLV mafic magmas record variable contributions from two contrasting components. Unit 2 basalts are broadly similar to Unit 0 and 1 compositions, but are strongly enriched in Pb, U, and Th. Enrichment of these elements over La correlate with increasing 87Sr/86Sr and 206Pb/204Pb and decreasing 143Nd/144Nd (see Figure 12). These parameters do not correlate with silica or Mg# which suggests that they are controlled more by source processes rather than additions during differentiation/assimilation. Intra-crustal assimilation cannot be ruled out on the basis of these observations alone, but we prefer the hypothesis of source modification, presumably via sediment melts, because we see no evident reason to involve a specific intra-crustal reservoir that contaminates Unit 2 magmas but not previous or later magmas sharing the same ascent paths. A scenario where the subducted components change through time, on the other hand, is a likely consequence of the southward migration of the Mocha FZ. Th and La have similarly low bulk partition coefficients in the context of mantle partial melting. Thus, they will not be fractionated by moderate to large extents of fusion, and the high Th/La signature of Unit 2 is most likely to be inherited from a component other than ambient mantle peridotite. Covariations of Th/La and Sr and Nd isotopic compositions indicate that these elements were to some extent provided by a component with high radiogenic Sr and non-radiogenic Nd. Whereas Pb, Sr, and U might be transported in hydrous subduction zone fluids, Th and Nd are more likely to be efficiently transported in silicic melts. Partial melts of sediments, unlike dehydration-reaction fluids, are enriched in Th, U, and Pb relative to LREE and to other fluid mobile elements like Sr and Ba (Johnson and Plank, 1999). Average Th/La ratio of mafic magmas in several arcs correlate with the mean Th/La of locally subducted sediments (Plank, 2005). These considerations suggest that the high Th/La component in Unit 2 basalts is a silicic melt derived from subducted sediments that was added to the mantle wedge.
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FIGURE 12 | 
Mixing models between mantle, sediment, and serpentinite components compared to mafic and intermediate NLV samples (SiO2<60 wt%).



Units 3b and 4, on the contrary, have low Th/La ratios that resemble MORB values (<0.1; Plank, 2005), suggesting that the mantle source for these units was not significantly modified by silicic sediment melts. These young units are characterized overall by low abundances of most incompatible elements, but are substantially enriched in B relative to older units (Figure 4). Boron is a highly fluid-mobile element that is present in very low concentrations in the upper mantle (≤∼0.1 ppm) and the lower crust (<5 ppm) but is enriched in several lithologies in the subducting plate (sediments, altered oceanic crust, serpentinites; cf. Leeman, 1996). Oceanic sediments can contain high B concentrations (∼120 ppm estimated average content for clay-rich pelagic sediments; Leeman, 1996), but as boron is progressively mobilized in fluids liberated during dehydration reactions at shallow depths, contributions of boron from sediments at subarc pressures are diminished (Rüpke et al., 2002). Altered oceanic crust is an important source of elevated B in arc magmas relative to MORBs and OIBs, but the B-inventory is largely dominated by serpentine-derived fluids when deep-seated serpentinitic bodies are present in the oceanic lithosphere (Tenthorey and Hermann, 2004). Other fluid-mobile trace elements are also enriched in the young NLV units relative to older magmas, and they variably correlate with B/La. Ratios such as Cs/La, Li/La, Ba/La, and specially Sb/La show strong positive correlations with B/La and distinguish younger from older units (with a few outlier exceptions; Figure 13). Other commonly used fluid proxies, such as Pb/La, U/Th, and 87Sr/86Sr, although positively correlated with B/La in Units 4 and 3b, do not attain values higher than those in older, apparently dryer units. This indicates that, although the fluid mobility of Pb, U, and Sr is not denied, the fluid component involved has lower concentrations of these elements as compared to other components potentially involved in subduction zone magma genesis. Pb enrichments are significantly higher in magmas with participation of sediment melts than in those dominated by dilute fluids.


[image: Figure 13]



FIGURE 13 | 
Variation of several fluid-mobile to fluid-immobile element ratios compared to B/La (A–F). Sr and Nd isotopes are also shown (G–H).



To model the effect of different fluid components added to the mantle, we have taken the components calculated by Singer et al. (2007) as a starting point. Singer et al. (2007) documented the geochemical characteristics of Seguam volcano, in the Aleutian arc, which lies above the projection of the Amlia Fracture Zone. Seguam mafic magmas have lower concentrations of incompatible elements (including the lowest average Th-contents), higher 87Sr/86Sr, and high fluid-tracer ratios such as B/La, B/Nb, Li/Y, and Cs/La relative to other volcanoes along the arc. These features were modeled as mixing of a modified mantle component and a slab-derived fluid (a mixture of altered oceanic crust and sediment fluids), although Singer et al. (2007) did not specify the participation of serpentinite-derived fluids. This is important, as altered oceanic crust and sediments are components that participate, albeit to varying degrees, all along this and other arcs, whereas serpentinite bodies, especially if associated with fracture zones, exert a highly localized influence.

To approximate the composition of fluids liberated from serpentinitic bodies, we used the fluid/residue partition coefficients experimentally determined by Tenthorey and Hermann (2004), assuming 10% H2O is liberated (coefficients not reported in their Table 1 were estimated from their Figure 4). These coefficients were applied to the bulk serpentinite composition given by Tenthorey and Hermann (2004) in their supplementary table, and the results are presented in Table 1.





TABLE 1 | 
Values used for models shown in Figure 12.
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A mixture of this component and the modified mantle component determined by Singer et al. (2007) adequately reproduces the trend towards high B/La and low Th/La of young NLV units, with up to 1% of the serpentinite fluid component. This mixing of components also explains the variation in Sr isotopic ratios, given that the serpentinites inherit to a great extent the isotopic signature of seawater (Table 1). Unit 2 magmas, on the other hand, follow along a mixing line between a mantle and ∼9% of a sediment melt component (Figure 12). These proportions are however very sensitive to the initial compositions of modified mantle and incoming sediments. The composition of sediments being subducted in this part of the Andes is largely unconstrained, but available data indicate that sediments in the continental shelf are richer in U (3–4 ppm; McManus, 2006) than sediments of the Aleutian trench, consistent with the Chilean Andes being built on continental crust.

An increased flux of slab-derived fluids into the mantle wedge would lead to increasing degrees of melting if other parameters remained constant (notably temperature), because the extent of mantle melting is a strong function of the amount of water present as long as clinopyroxene is not completely consumed (Stolper and Newman, 1994; Hirschmann et al., 1999). Derivation of NLV mafic magmas from progressively higher degree mantle melts is consistent with observed major and trace element characteristics. Hydrous peridotite melts have higher SiO2 contents (on a volatile-free basis) than anhydrous melts at the same P-T conditions (Hirose and Kawamoto, 1995; Gaetani and Grove, 1998), and for a given temperature, increasing degrees of melting produce liquids with increasing SiO2 and decreasing Al2O3 contents (Hirose and Kawamoto, 1995; Hirose, 1997). Such differences in melt composition reflect expansion of the olivine stability field with increasing water (Ulmer, 2001), which leads to a high pyroxene/olivine contribution to silicate liquids during hydrous melting. High SiO2 in the most magnesian Unit 4 mafic enclaves may reflect, in part, a primary feature of the primitive magma from which they are derived rather than early fractionation. High-degree partial melts would also be consistent with the low concentrations of incompatible elements observed in Unit 4 mafic magmas, despite their relatively high silica contents.

A causal link between the MFZ and the chemical peculiarities of NLV magmatism is consistent with the highly localized occurrence of these magmas both in space and time. Holocene dacites from the Tatara-San Pedro Complex (TSPC; Dungan et al., 2001), which also currently lies ∼35 km further to the northeast and above the projection of the MFZ, tend to share, although in a less pronounced way, some of the chemical characteristics of NLV dacites. Moreover, Holocene TSPC dacites are shifted towards higher La/Yb and Sr/Y and lower K2O contents relative to pre-Holocene magmas with the same SiO2 content (Figure 9). Further south, Villarica and Osorno volcanoes, located above the projections of the Valdivia and Chiloe Fracture Zones, respectively (Figure 1), although lacking evolved compositions, tend to have modestly elevated Ba/La and B/La ratios (Figure 9).

The increasingly hydrous nature of magmas produced at NLV correlate with a sustained increase in oxygen fugacity (Figure 8). This association of fluid signature and oxidation state of magmas has been observed in regional comparisons among arcs through different proxies and approximations (Kelley and Cottrell, 2009; Evans et al., 2012; Zhang et al., 2021), although there is little consensus on the nature of the processes that link hydrous fluids to oxidation state. Proposed mechanisms range from direct supply of Fe3+ and other oxidizing agents from the oceanic crust and sediments to the asthenospheric mantle (Mungall, 2002), to H2O dissociation into O2 and H+, with either degassing or capture of the latter into mineral phases, to preferential removal of Fe2+ by fractionating phases. The data collected at NLV does not provide arguments for or against a specific process but constitute a case where the general geodynamic context remains constant while the subduction inputs change over time.

Our model for high Sr/Y magmas at NLV may contribute to the discussion about the origin of an important group of adakite-like magmas: those associated with porphyry Cu deposits. Adakite-like magmas are found in most major porphyry copper deposits, and in many cases, they can be shown to be contemporaneous and causative of the mineralization. These magmas are known to be hydrous and oxidized, have elevated fluid-mobile to fluid-immobile element ratios, although this is often obscured by hydrothermal alteration, and are usually amphibole-bearing (Richards, 2015; Sun et al., 2015). Low incompatible element contents have not, to our knowledge, been described as a distinctive characteristic of porphyry-related magmas in the literature, but our own survey of published data on Andean porphyries indicates that fertile porphyries tend to exhibit relatively low concentrations, similar to those of NLV dacites. Compressive tectonic regimes are commonly cited as an important factor controlling the fertility of magmas by trapping evolving magmas at depth (Loucks, 2021), but the mechanism(s) by which they become hydrated and oxidized are less consensual. We speculate that regional-scale increases in the amount of slab serpentinization result from plate coupling during tectonic events as a result of increased trench outer-rise bending (Ranero, 2004; Contreras-Reyes et al., 2008). Unlike NLV, which responds to a point-like intersection of a structure with the arc axis, regional-scale enhanced serpentinization would result in increased fluid supplies, more or less simultaneously, along an entire arc segment.





7 CONCLUSION


There are systematic variations in the nature of the magmatism in the area of Nevado de Longaví volcano during the Quaternary, from mainly basaltic, tholeiitic, relatively dry and reduced during the early Pleistocene to very hydrous and oxidized during the Holocene. These variations are manifested on major-element differentiation trends, phenocryst assemblages, trace element concentrations, and oxidation state. Units of intermediate age (3a-3b) are intermediate in character, yet the internal trends follow the overall progression. Most of these variations are consistent with magmas becoming progressively more hydrous with time. Young volcanics from NLV are very different from their precursors and distinct from other magmas in the Quaternary arc. We infer that a local factor is controlling the generation of water-rich melts in the asthenosphere, and that this is first manifested during the Quaternary. We argue that the subducted segment of the oceanic Mocha Fracture Zone is a potentially efficient water supplier to the magmatic source region.

The 1 Ma to present sequence of volcanic rocks studied records a long-term change in the nature of the magmas erupted in the area. This change is recorded in the whole-rock composition of mafic to evolved magmas as well as in the chemistry of the mineral phases present in them. The oldest rocks studied (Villalobos volcano), which are relatively water-poor and reduced, fall within the regional along-arc variation trends represented by most SVZ volcanic centers. Conversely, the youngest erupted rocks are water-rich and oxidized magmas that do not conform to regional trends. The passage from “normal” to “anomalous” magma compositions appears to have been transitional as is attested by units with intermediate ages.

The evolution towards intermediate and evolved magmas is dominated by crystal fractionation of solid assemblages that include increasing amounts of amphibole and lesser proportions of plagioclase with decreasing age, in agreement with the observed phase proportions. Trace element enrichments indicative of open-system processes such as crustal assimilation are more important in old than in young units. Subducted sediments are an important component of one of the early units of NLV.

The observed systematic changes along the stratigraphic section indicate a long-term increase in the proportion of fluid components that fluxed the mantle source. The potentially dominant source of such fluids is serpentinized oceanic mantle within the Mocha Fracture Zone. We conclude that the available data are consistent with an increasingly important role played by fluids from serpentinite dehydration as a consequence of the southward migration of the fracture zone.
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