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The 2012 Havre submarine eruption produced a 1.5 km3 bulk rock volume or 0.52 km3 dense rock equivalent volume of rhyolite emplaced as minor lava flows, a field of sunken seafloor pumice, and a volumetrically dominant pumice raft. This moderately large volume of medium-K (1.4–1.6 wt% K2O) rhyolite pumice is relatively chemically homogeneous (71.5–73.0 wt% SiO2), and no trace element variation or cryptic zoning has been detected despite the textural diversity of pumice material. Radiogenic isotope ratios (87Sr/86Sr 0.703693–0.703744; 206Pb/204Pb 18.7648–18.7781; 208Pb/204Pb 38.587–38.605; 143Nd/144Nd 0.513001–0.513020) demonstrate the Havre rhyolite is sourced from mantle similar to regional eruptive products of the Kermadec arc volcanic front. Providing some further insight into the Havre magmatic system is an abundance of diverse volcanic rock fragments primarily embedded in the banded raft pumice. Embedded rock fragments represent a variety of fresh to hydrothermally altered lavas ranging in composition from basaltic to rhyolitic (50.6–72.3 wt% SiO2) and are likely sourced from varying depths within the volcanic conduit during explosive fragmentation. The diverse embedded volcanic rock fragments, therefore, represent earlier erupted lavas that constructed Havre volcano and are snapshots of the petrogenetic history of Havre. Magnesian augite in basaltic to basaltic andesite embedded rock fragments has a similar compositional range (En55Fs12Wo33 to En39Fs26Wo35) to the previously documented antecrystic clinopyroxene observed in the 2012 rhyolite pumice raft. Herein, we explain how this large volume of chemically homogeneous crystal-poor rhyolite can be generated in an oceanic arc setting based on major and trace element petrogenetic models. Rhyolite-MELTS crystal fractionation models indicate the antecrystic mineral compositions within the Havre pumice of plagioclase (An55–78), and magnesian augites (En53Fs10Wo37 to En40Fs26Wo34) are the primary phases that would crystallize in basaltic to andesitic melt compositions. Modeling indicates that the forerunner basaltic magma must be a relatively dry (∼1 wt% H20) low-K tholeiitic basalt in composition and would require ∼78% crystallization at different pressures to ultimately generate the Havre 2012 rhyolite.
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INTRODUCTION
Submarine silicic volcanism along the Kermadec arc ridge has been associated with explosive eruptions, and some ancient explosive eruptions have produced calderas ranging from 1 to 7 km in diameter that reside in water depths of 200 to >2000 m (e.g., Macauley, West Rota, Healy, Havre: Barker et al., 2012; Rotella et al., 2015; Wright et al., 2006). The Havre 2012 rhyolite eruption is the largest recorded silicic submarine eruption by volume, evacuating an estimated 1.5 km3 of rhyolite magma (Carey et al., 2014), and has recently been demonstrated to also have had an explosive phase (Knafelc et al., 2022). The 2012 Havre rhyolite eruption and the evidence for other rhyolite eruptions of significant volume in the Kermadec Arc place importance on understanding how relatively large volumes of silicic melts are generated and primed to erupt, potentially explosively in a deep-water volcanic arc setting (Rotella et al., 2015; Knafelc et al., 2022).
One of the challenges in understanding the petrogenesis of submarine island arc rhyolite magmas is the general lack of information on the longer-term magmatic systems of island arc volcanoes, where sampling may be restricted to small islands where the volcano has breached the surface (e.g., Raoul, Macauley; Smith et al., 2003a,b; Barker et al., 2012), where dredge surveys and sampling have been undertaken of the summit regions and flanks (Wright et al., 2006), or where products from recent eruptions have been sampled (Havre, Carey et al., 2018; Knafelc et al., 2020; 2022).
Petrogenetic models for rhyolite magma generation are recognized by two end-member mechanisms: 1) extended fractionation of basaltic magma, that may occur over a range of pressures and may involve some crustal assimilation (Bachmann and Bergantz, 2004; Bachmann and Bergantz, 2008; Brophy, 2008; Cashman et al., 2017; Haase et al., 2011; Marxer et al., 2022) or 2) partial melting of igneous arc crust (Deering et al., 2007; Smith and Price, 2006; Smith et al., 2003a; 2003b). Models for the petrogenesis of some Kermadec silicic magmas focus on either partial melting of arc igneous crust (Smith and Price, 2006; Smith et al., 2003a; 2003b) or extended fractionation of basaltic magma, possibly occurring over a range of pressures and with some crustal assimilation (Barker et al., 2013). Partial melting of amphibolite can generate dacite and rhyolite melts at relatively low degrees of melting (10%–15% melting; Brophy, 2008) with a characteristic LREE-depleted signature. With respect to the Havre silicic magmas, their lack of LREE-depleted signatures argues against a petrogenetic model involving amphibolite partial melting. Melting of the basaltic oceanic crust as an amphibole-free source may generate silicic melts. However, the need for large volumes of superheated basalt magmas to generate large volumes of melt from the dry mafic crust is unreasonable (Barker et al., 2013), and a deep crustal hot zone generated by basaltic underplating is more likely required (Annen et al., 2006). Given these limitations in determining what might be appropriate crustal materials and compositions to partially melt, we test the viability of a model that invokes extensive fractional crystallization. We have previously shown that the 2012 Havre medium-K rhyolite can be generated by limited fractional crystallization (7%) from a starting composition represented by a dredged Havre flank dacite (∼67 wt% SiO2; Knafelc et al., 2020). Herein, we explore the idea that this dacite composition is ultimately derived from a basaltic parent.
We present new major and trace element data on the full range of pumice types found in the Havre raft. Knafelc et al. (2020) first reported that a number of distinct pumice types occur in the raft deposits that differ in color, texture, and vesicularity. Further, the entire eruption had both explosive (Knafelc et al., 2022) and effusive phases (Carey et al., 2018; Ikegami et al., 2018; Manga et al., 2018). It, therefore, remains unclear if all the pumice textural variation and different eruption styles have a compositional origin or record more syn-eruptive processes such as degassing and microlite crystallization promoting varied ascent rates and changed eruption styles. Herein, we test using rhyolite-MELTs and trace element crystal fractionation modeling the conditions that would be required to generate the Havre rhyolite by extended fractional crystallization from a basaltic parental composition. Radiogenic isotopic compositions (87Sr/86Sr; 206Pb/204Pb; 208Pb/204Pb; 143Nd/144Nd) were also measured for raft and seafloor pumice and single lava flow to assess any isotopic heterogeneity between the erupted products and the regional eruptive products utilized here in fractionation models. This modeling can constrain the nature of the magmatic and plumbing system and whether multiple levels of magma accumulation and fractionation are required to ultimately produce an eruptive rhyolite magma.
Geologic Setting
The Kermadec Arc is principally controlled by subduction of the relatively old (>80 Ma) oceanic lithosphere of the Pacific plate converging to the NE beneath the Australian plate. The present-day magmatic expression includes both arc magmatism represented by submarine volcanoes located primarily along the Kermadec Ridge and crustal extension forming the Havre Trough back-arc region to the west (Smith and Price, 2006; Figure 1). The Havre Trough back-arc basin is in the early rifting stage of development. The present-day frontal arc (Figure 1) is mostly comprised of submarine volcanoes located along the Kermadec Ridge. The SE flank of Havre volcano merges into the Kermadec Arc ridge to the east (Wright et al., 2006), placing the volcano behind and off-axis to the west relative to the rest of the frontal volcanic arc. As most volcanoes in the Kermadec rear-arc are inactive, Havre and Giggenbach are both classified as active rear arc volcanoes (Gill et al., 2021).
[image: Figure 1]FIGURE 1 | Bathymetric map of the Kermadec subduction system. Havre volcano is denoted by a pink volcano symbol. Location of dredge samples from Hauff et al. (2021) is presented from the back-arc (open triangles), rear-arc (purple-filled triangles), and frontal ridge arc (white-filled boxes). Ridge-arc samples refer to samples dredged off the flank on the Kermadec Arc ridge inferred to be related to primary-arc magmatism. Rear arc samples refer to samples dredged off-axis to the west of primary volcanic arc ridge. Back-arc dredge samples refer to samples dredged from regions related to back-arc extension during the formation of the Havre Trough. Dredge compositions inputted in rhyolite-MELTS models are denoted by stars. The Kermadec frontal arc ridge, where most of the active arc volcanoes are located in the region, is denoted by the white dashed line. The Havre Trough back-arc basin spreading center is outlined by the back dashed line with arrows denoting the spreading direction. Bathymetric data are sourced from GEBCO-15 arc seconds of resolution (Tozer et al., 2019).
Major and trace element data used in crystal fractionation models come from samples collected from the Havre Trough back-arc, Kermadec Arc Ridge, and Rear-Arc from 29 to 32°S (Hauff et al., 2021) and reconnaissance Havre dredge samples (Wright et al., 2006). Basaltic compositions in the region show a depletion of subduction slab influence from east to west and increasing water depth (Gill et al., 2021). Basaltic samples sourced from around the Havre volcano and from the frontal and rear arc generally have a tholeiitic low to medium-K composition (Gill et al., 2021). Havre volcano dredge samples that pre-date the 2012 eruption are primarily dacitic to rhyolitic lava flows, a few basalt-to-basaltic andesite lavas, and dacite to rhyolite pumice samples (Wright et al., 2006). These dredge samples are aphyric to moderately phyric (5%–20% crystals) with a phenocryst assemblage of plagioclase ± pyroxene and display a range of textures from non-vesicular, flow banded to pumiceous lavas (Wright et al., 2006).
The Havre 2012 Eruption
The Havre 2012 eruption is the largest silicic submarine eruption by volume recorded in historical times (Carey et al., 2014). The eruption produced a sizable bulk rock volume of 1.5 km3 of rhyolite magma, where 80% (∼1.2 km3) of the erupted volume produced a pumice raft, and the remaining 20% (∼0.3 km3) formed lavas (0.21 km3 dense rock volume; Carey et al., 2018) and deposits of pumice and >30 km2 dm-thick ash layer (∼0.7% bulk eruptive volume) on the volcano summit 900 m below sea level (Carey et al., 2018; Ikegami et al., 2018; Murch et al., 2019b; Mitchell et al., 2019; Murch et al., 2019a). The Havre raft and seafloor pumice have an averaged bulk density and dense rock equivalent density of 550 kg m−3 and 2350 kg m−3, respectively (Carey et al., 2018). The dense rock equivalent (DRE) volume of all eruption products (i.e., the combined volume of the pumice raft, seafloor pumice, lava flows, and ash deposits) is 0.52 km3 after removing the void space in the pumiceous eruptive products (raft and seafloor pumice).
The Havre 2012 eruption was initially recognized by a massive pumice raft on the ocean surface (Carey et al., 2014; Jutzeler et al., 2014). Pumice rafts are often associated with explosive submarine eruptions (Bryan et al., 2004; Bryan et al., 2012), and similarly, the Havre 2012 pumice was initially interpreted to have been produced by an explosive submarine eruption (Carey et al., 2014). An expedition to the Havre volcano in 2015 identified numerous new lava flows/domes, a field of giant seafloor pumice and ash at the volcanic summit of 900 mbsl (Carey et al., 2018, Ikegami et al., 2018, Murch et al., 2019a, b; Mitchell et al., 2019) that post-date previous observations of the Havre volcano (Wright et al., 2006). The lava flows and domes were clear indicators of an effusive phase for the Havre 2012 eruption. The similarity of appearance and chemical composition between the seafloor and raft pumice allowed for the assumption that these erupted products were produced contemporaneously, where their fate of floating to form the raft or sinking to the seafloor was attributed to the ability of a clast to retain enough isolated porosity to float (Manga et al., 2018). An effusive exit velocity of approximately 14 ms−1 was estimated to produce the pumice raft based on magma ascent models inputting seafloor pumice properties (Manga et al., 2018). However, more recent work has shown that when only utilizing seafloor pumice properties, eruption rates of the associated pumice rafts could be considerably underestimated (Knafelc et al., 2020; Mitchell et al., 2021; Knafelc et al., 2022). Most recently, the Havre 2012 eruption model has been expanded to include a short-lived, violent explosive eruption, capable of ejecting hot pyroclasts through the 900 m water column into the atmosphere, which then air-cooled to be deposited at the ocean surface, producing the pumice raft (Knafelc et al., 2022).
METHODS
This study utilizes regional geochemical and isotopic data (Wright et al., 2006; Hauff et al., 2021) from south of ∼29–32°S in the Kermadec-subduction zone system to assess the petrogenesis of the Havre 2012 rhyolite (∼31°S). Major and trace element data used in crystal fractionation models come from samples collected from the Havre Trough, Kermadec Arc Ridge, and Rear-Arc volcanoes from 29 to 32°S (Hauff et al., 2021) and reconnaissance Havre dredge samples (Wright et al., 2006).
Sample Collection, XRF, and EPMA
Pumice collection, desalination of pumice samples prior to all chemical analysis, XRF whole-rock composition, and electron microprobe analysis (EMPA) of clinopyroxene within embedded rock fragments follow the methods presented in Knafelc et al. (2020). In order to desalinate the pumice samples prior to any bulk analysis (XRF & Solution ICP-MS), the pumice was crushed to roughly 1 mm in size fragments and placed in a forced convection hot bath (∼50°C) of DI water for 2–3 weeks with the water replaced daily (further details described in Knafelc et al., 2020). Major and trace element data are presented for all types of pumice in the Havre 2012 pumice raft, a fraction of which were presented in Knafelc et al. (2020).
Five embedded rock fragments were analyzed for major (XRF) and trace elements (ICP-MS-Dissolution). Embedded rock fragments were analyzed if there was enough material for both XRF analysis (∼0.1 g; LOI’s not conducted due to limited material) and solution ICP-MS (∼0.1 g) following thin section preparation. These samples were powdered using an agate mill, and only the interiors of the sample were crushed to assure no pumice glass contaminated the lithic fragment compositions. However, due to their small sizes, there is greater potential for these analyses to not truly represent the bulk composition of these rock fragments as skewed crystal to groundmass ratios could be distorting the overall composition.
ICP-MS-Dissolution Trace Element Acquisition
Trace element data were collected on 21 Havre 2012 raft pumice samples and the five embedded rock fragments contained in the Havre raft pumice.
Trace element data were obtained at the School of Earth and Atmospheric Sciences at QUT. Approximately 100 mg aliquots of powder from samples and geological reference materials were digested in screw-cap Savillex Teflon® beakers using HF-HNO3 (3:1) on a hotplate at 150°C for 72 h. Sample conversion with HCl and HNO3 followed before the residue was taken into a stock solution of ∼20% HNO3 with a gravimetric dilution factor of 1:100 (powder: solution). For analysis, a small (1.4 ml) aliquot was prepared gravimetrically with a dilution factor of 1:3800–5200 and 1:5000–6000 for Havre pumice samples and embedded rock fragments, respectively, in a 2% HNO3 solution mixed element/enriched isotope internal standard (6Li, 84Sr, Rh, Re, Bi, 235U) for analysis. Samples were injected by a syringe-driven autosampler (Cetac MVX-7100) into a tandem quadrupole-inductively coupled plasma-mass spectrometer (T-ICP-MS; Agilent 8900) at an uptake rate of ∼100 μl/min.
Data were collected in no-gas mode and with oxide and dimer correction strategies adapted from Eggins et al. (1997), as explained in more detail in Ulrich et al. (2010). Final calibration of corrected signal intensities used the preferred composition of the USGS reference material USGS W-2a listed in Supplementary Data S1 (see Kamber, 2009).
Reference materials were analyzed alongside unknowns for quality assurance. The mean concentrations of rock reference materials for the Havre pumice sample (USGS-W2 & JGS JB-2) and embedded rock fragments (USGS BIR-1 & JGS JB-2) from this study are reported alongside sample data in Supplementary Data S1. The internal precision for most trace analyses was <2%, and accuracy, estimated from repeat measurements of reference materials (relative to the values in Kamber, 2009) over the duration of the study, was better than 2% for most elements and better than 5% for less homogenously distributed metals (Kamber and Gladu, 2009).
LA-ICP-MS-Clinopyroxene
In situ trace element analysis of clinopyroxene in embedded rock fragments was carried out in July 2021 at the Central Analytical Research Facility at the Queensland University of Technology on the Agilent 7900 ICP-MS, coupled with Teledyne-Analyte Excite +, 193 nm Excimer ATL Laser Ablation system. Ablations were performed in He with a flow rate of 600 ml min−1. Analysis used a laser fluence of 2.26 J cm−2, an ablation time of 30 s, and a spot size of 40 µm. Trace element analysis was standardized to a primary and secondary glass standard of BCR2 and NIST612 and augite calcium concentrations previously obtained by electron microprobe (Ca wt% ∼14.0 wt%) as an internal standard. Results are standardized utilizing the Iolite software (Woodhead et al., 2007; Paton et al., 2011). Accuracy and precision were monitored using secondary glass standards of NIST612 and BHVO-2G (http://georem.mpch-mainz.gwdg.de). Precision is better than 1%–6.5%, and accuracy is better than 6.5% for REE analysis (Supplementary Data S1). Accuracy for Ca is 11.2% and 4.7% on BHOV-2G and NIST612, respectively.
MC-ICP-MS-Radiogenic Isotopes
Radiogenic isotopes were analyzed for three raft pumice samples (two white and one banded), one seafloor pumice sample, and one groundmass glass from one of the seafloor lava flows (e.g., HVR-009; Ikegami et al., 2018) at the University of Florida, where approximately 50 mg of fresh, phenocryst-free glasses/pumices were handpicked using a binocular microscope. In order to remove seawater and sediment contamination, all samples were ultrasonically cleaned in DI water for 30 min and rinsed. Pumices were crushed and leached for 30 min in 2 N HCl, pipetted off and followed with DI rinsing. The rhyolite glass was leached and rinsed in 2 N HCl and then DI water. Sample dissolution procedures are described in detail in Anderson et al. (2021), and the Pb, Sr, and Nd chemical separation methods are detailed in Goss et al. (2010). Isotopic ratios were measured using a Nu-Plasma HR multicollector MC-ICP-MS using the methods described in Anderson et al. (2021) and Goss et al. (2010). To monitor instrument drift and ensure data quality, standards NBS-981, NBS-987, and JNDi-1 were run every five to six samples for Pb, Sr, and Nd, respectively. The reported 87Sr/86Sr ratios are relative to NBS 987 87Sr/86Sr = 0.71024 (±0.00003, 2σ). The reported Nd isotopic compositions are relative to JNdi-1 143Nd/144Nd = 0.512115 (±0.000017, 2σ), or εNd = −10.2 (±0.3, 2σ). The Pb isotope data are relative to the following NBS 981 values: 206Pb/204Pb = 16.937 (±0.004, 2σ), 207Pb/204Pb = 15.490 (±0.004, 2σ), 208Pb/204Pb = 36.695 (±0.009, 2σ).
RESULTS
Pumice Raft Characterization
The Havre 2012 pumice raft contains an apparent diversity of material based on the color and texture of pumice clasts (Knafelc et al., 2020, 2022; Mitchell et al., 2021). As first reported by Knafelc et al. (2020), five different pumice types have been identified in deposits from the pumice raft found across the SW Pacific (see Supplementary figure S1 in Knafelc et al., 2020) and can initially be distinguished on color and texture, ordered here in relative abundance: 1) white, 2) banded white-grey, 3) pink, 4) grey, and 5) brown. Despite the color and textural variation, the mineralogy remains consistent across the pumice types. The phenocryst/microphenocryst assemblage consists of plagioclase, orthopyroxene (enstatite), clinopyroxene (augite), and Fe-Ti oxides (titanomagnetite, ilmenite), with plagioclase being the dominant phenocryst phase (Knafelc et al., 2020). The characteristics of these pumice types are briefly summarized in Supplementary Material S1.
Embedded Rock Fragments
Embedded rock fragments are virtually unique to the raft banded pumice (see also Mitchell et al., 2021). Readily observable angular rock fragments are lapilli-sized (4–10 mm), but some are <2 mm in size (Figure 2). A single pumice clast can contain one or several rock fragments; at least five rock fragments have been observed in one pumice clast. Rock fragment size tends to correlate with pumice clast size, with the largest embedded rock fragments observed in the larger pumice clasts. Rock fragments are typically fine-grained and dark grey in color. More than 68 embedded rock fragments collected from multiple banded and white raft pumice clasts have been examined petrographically.
[image: Figure 2]FIGURE 2 | Photographs of embedded rock fragments in the Havre 2012 pumice. (A–C) Representative photographs of embedded rock fragments within the 2012 pumice raft. Note that the black scale bar in each panel is equal to 1 cm.
Embedded rock fragments are separated here into four groups based on texture, crystallinity, and mineral assemblages and are briefly summarized below. The phenocryst mineralogy is similar between the groups, but olivine and orthopyroxene have not been observed in any fragment. This has revealed that the embedded lithic clasts in the Havre raft pumice are lithologically diverse based on their distinct textures and mineral assemblages (Figure 3). All fragments are volcanic (i.e., lavas), and each lithic fragment group defined here contains samples with signs of varying degrees of hydrothermal alteration (i.e., devitrified glass and alteration minerals including clays and epidote). No plutonic or pyroclastic rock fragments have so far been observed.
[image: Figure 3]FIGURE 3 | Textural diversity of Embedded rock fragments within the Havre 2012 pumice raft. (A–F) Photomicrographs of rock fragments macro textures (A,G) denoting primary phenocryst phases and (G–L) groundmass textures correlating to the image in the left-hand column. (A,G,B,H) Group 1 Rock fragments display porphyritic textures and hypocrystalline groundmasses of variable mineral assemblages. (A,G) Example of a group 1 rock fragments containing plagioclase phenocrysts set in a clinopyroxene-rich groundmass ± plagioclase and Fe-Ti oxides. (B,H) Example of a Group 1 rock fragment containing phenocrysts of plagioclase and clinopyroxene set in a groundmass that is plagioclase-rich ± clinopyroxene. (C,I) Group 2 lithic example with plagioclase microproporphyritic texture in a hypocrystalline plagioclase groundmass. (D,J) Group 3 rock fragments are vesiculated plagioclase-clinopyroxene phyric with a hypohyaline groundmass similar to Havre 2012 lava flows. (E,K,F,L) Group 4 rock fragments resemble lava flows with varying degrees of trachytic plagioclase microlite textures ranging to hyalopilitic plagioclase +/- clinopyroxene (LF-1, LF-2). All panels are cross polarized light photomicrographs with scale bars equal to 1 mm. CPX and Plag refer to clinopyroxene and plagioclase, respectively.
Group 1 embedded rock fragments contain a phenocrystic assemblage of plagioclase ± clinopyroxene set in a hypocrystalline groundmass with varying proportions of clinopyroxene and plagioclase ± magnetite. Some rock fragments contain plagioclase phenocrysts with a groundmass dominated by clinopyroxene with minor proportions of plagioclase and magnetite (Figures 3A,G). In comparison, some rock fragments contain plagioclase and clinopyroxene phenocrysts set in a clinopyroxene-rich groundmass ± plagioclase (Figures 3B,H). The mineral assemblages suggest these rock fragments range in composition from basaltic andesite to andesite. Saussuritized plagioclase and clay alteration of clinopyroxene are common in the hydrothermally altered samples. Clinopyroxene is commonly subhederal to anhedral with clear resorbed rims, skeletal textures, and some hourglass zoning in both phenocryst and groundmass crystals.
Group 2 rock fragments have plagioclase microphenocrysts set in a hypocrystalline groundmass with a subtle alignment of plagioclase microlites producing a subtrachytic texture (Figures 3C,I). These lithic clasts present dark brown to black glass colors in plane light. Some Group 2 samples contain vesicles, or show evidence of plagioclase hydrothermally altering to clays. The plagioclase-rich characteristic of these rock fragments set in a dark-colored glass is characteristic of basaltic to basaltic-andesitic composition lava flows.
Group 3 comprises rock fragments that resemble the Havre 2012 rhyolite lava flows (Ikegami et al., 2018) with plagioclase and clinopyroxene phenocrysts set in a hypocrystalline glassy groundmass containing slightly oblate and elongated vesicles indicating flow (Figures 3D,J; vesicularity ∼20%–30%). Embedded rock fragments of this type present variable alteration, most notable by varying degrees of devitrified glass and quartz-filled amygdules.
Group 4 rock fragments are aphyric and contain plagioclase microlites with trachytic textures ranging to hyalopilitic plagioclase ± clinopyroxene (Figures 3E,F,K,L) characteristic of intermediate composition lavas. Some Group 4 rock fragments show weak signs of devitrification of a brown cloudy interstitial glass associated with sieve-textured plagioclase rims. Some samples also contain quartz-filled amygdules.
Geochemical Analyses
Data Integrity
Subtle Na concentration differences and Sr variability in otherwise isotopically homogenous pumice samples are likely due to the decrease in the effectiveness of the desalination method for microvesicular and/or pumiceous samples with greater apparent isolated porosity (i.e., banded, grey, and bread crusted raft pumice). This is evident for these microvesicular samples with much larger LOI (∼2.1–3.6 wt%) compared to the more vesicular white and pink raft pumice (LOI = 1.3 wt%).
Embedded rock fragments were only analyzed if there was enough material for XRF and ICP-MS-dissolution after thin section preparation. Due to the small size of the lithic fragment samples (0.1 g per analysis type), their geochemical analysis appears to be distorted by large clusters of phenocrysts in some samples. This is evident as embedded rock fragments show relatively enriched Al, Ca, and Fe/Mg ratios and reduced Na contents (Table 1) compared to regional samples with similar silica contents (Figures 4A–C). These elements would notably be skewed by the presence of either plagioclase (Ca and Al), clinopyroxene (Ca, Mg, and Fe), or hydrothermal alteration (Na), which are all observed in these embedded rock fragments (Figure 2 and Supplementary Figure S1). Therefore, the data presented here for embedded rock fragments are used for basic characterization and are not used in the stepwise crystal fractionation models. However, the lithic fragment data still provide some insight into the chemical evolution of the Havre volcanic plumbing system and their relation to the regional data set of Hauff et al. (2021) that is utilized here in crystal fractionation models.
TABLE 1 | Major (XRF; weight percent oxide normalized to anhydrous) and trace element (ICP-MS dissolution; ppm) compositions of the diversity of Havre 2012 Pumice raft types and embedded rock fragments.
[image: Table 1][image: Figure 4]FIGURE 4 | Volcanic rock classification diagrams. (A) Total alkalis (Na2O + K2O wt%) versus SiO2 wt% (TAS) diagram from Le Maitre (1989). (B) SiO2 versus K2O with lines separating low-K, medium-K, and high-K boundaries (Gill, 1981). Note that the Havre 2012 eruptive products sit just above the low-K boundary near other rhyolites (e.g., Healy and Macauley) from the Kermadec Arc. The blue box outlines the area shown in panel (D). (C) FeO/MgO versus SiO2 where FeO is total Fe. The black line (SiO2 = 6.4*(FeO/MgO) + 42.8) represents the boundary for calc-alkaline and tholeiitic melts following the classification scheme of Miyashiro (1974). Note that the Havre rhyolite products cannot be discriminated as either tholeiitic or calc-alkaline. Data presented here collected as a part of this study are shown as filled squares, with other data from the Havre eruption are plotted as filled upside-down triangles from the Havre 2012 seafloor pumice (red; Mitchell et al., 2019) and dredge samples that pre-dated the Havre 2012 eruption (gold; Wright et al., 2006). Additional dredge samples collected between ∼29 and 32°S from the Havre Trough back-arc and rear end arc and Kermadec Ridge are shown here as open triangles sourced from Haueff et al. (2021); https://doi.org/10.26022/IEDA/111723). To compare other volcanic products produced in the Kermadec Arc, we present whole-rock chemistry from Hinepuia, Putoto, Hinetapeka, and Raoul from Timm et al. (2012) and Macauley, Brothers, and Healy volcanoes from Barker et al. (2013). (D) SiO2 versus K2O zoomed in on the rhyolite field of Havre eruptive products.
Havre 2012 Whole-Pumice Major and Trace Element Composition
Major element compositions are reported in Table 1, which combines the major element data reported by Knafelc et al. (2020) with additional results of major element analyses of Havre raft pumice. In addition, trace element results are reported for all samples (Supplementary Data S1). For the Havre 2012 eruption, 21 pumice raft samples have been analyzed, of which eight analyses are of white pumice (2 of which are pink), five banded pumice, two grey pumice, and six bread-crusted grey-to-brown pumice samples. Importantly, previous studies that reported compositions from the Havre 2012 eruption focused mainly on the seafloor deposits of giant pumice (Manga et al., 2018; Mitchell et al., 2019) and lava flows (Carey et al., 2018), whereas only white Havre pumice has been captured in full (major and trace elements) for the Havre pumice raft (Reagan et al., 2017).
Herein, we compare the Havre 2012 pumice raft whole-rock compositions (Figure 4) to the rock fragments embedded in banded raft pumice, seafloor pumice (Mitchell et al., 2019), lava flows/domes (Carey et al., 2018), and pre-eruption dredge samples (Wright et al., 2006). All Havre 2012 raft pumices analyzed here are medium-K rhyolites (Figures 4A,B; Knafelc et al., 2020) and have medium-FeO/MgO (FeO/MgO = 4.79 ± 0.28; Figure 4C). There are no apparent compositional differences between the visually diverse pumice types (Figure 4D). The Havre pumice raft, seafloor pumice, and lava flows group together at 72–73.5 wt% SiO2, with only a small population of lava flows (Carey et al., 2018) that group at ∼71–71.5 wt% SiO2 (Figure 4D). Some seafloor and lava flows have subtly higher K contents than the raft pumice (Figure 4D). The 2012 Havre rhyolite is most closely related to the Healy rhyolite (Barker et al., 2012, 2013) in comparison to the other volcanic products presented here but is slightly more silicic and enriched in alkalis and Mg.
Both trace and major element compositions demonstrate that the Havre pumice is remarkably homogeneous with no systematic or cryptic changes among eruptive products (Figure 5). The homogeneity in major and trace elements in the Havre 2012 pumice implies that differences in the appearance of the pumice types are not related to magma composition. Except for Sr, the Havre 2012 rhyolite is enriched in fluid-mobile large ion lithophile elements (LILE: Cs, Rb, Ba, U, K). In comparison, the fluid-immobile, high field strength elements of Hf and Zr are only slightly enriched, whereas Ti and Nb are notably depleted (Figure 5B). The Havre pumice is LREE-enriched with LaCh/SmCh = 1.38 and has an Eu/Eu* = 0.74 (Eu/Eu* = EuCh/(SmCh x GdCh)0.5; McLennan, 1989).
[image: Figure 5]FIGURE 5 | Trace element spider diagrams of Havre 2012 pumice raft and embedded rock fragments. (A) Rare earth element spider diagram normalized to chondrite (McDonough at al., 1985). (B) Multi-element spider diagram normalized to N-MORB (Sun & McDonough, 1989).
Embedded Rock Fragments
Major and trace element compositions are presented here for five embedded rock fragment samples. Due to the small mass of material available for analysis, sampling of larger crystals or alteration products could result in inaccurate whole-rock compositions of these embedded rock fragments. Therefore, we provide a more detailed petrographic description of these rock fragments in Supplementary Figure S1. Embedded rock fragments range in composition from basalt to rhyolite but with no analyzed dacite compositions (Supplementary Figure S1F). RF-1 and RF-2 are andesitic in composition consistent with the plagioclase-rich groundmass and the absence of larger phenocrysts similar to Group 4 embedded rock fragments (Figures 3E,F,K,L). However, RF-2 is altered with plagioclase altering to epidote group minerals and has an anomalously high FeO/MgO ratio compared to other samples with similar SiO2 concentrations from the Havre Trough (Table 1 and Figure 4C). RF-3 is basaltic andesite in composition with mineral assemblages and textures consistent with Group 1 embedded rock fragments (Figures 3A,G). RF-3 presents anomalously high Al2O3 and CaO contents compared to regional basaltic andesites, but in general clusters with other Kermadec arc ridge basaltic andesites in composition (Figures 4A–C). One rock fragment (RF-5) has a rhyolitic composition that closely resembles the Havre 2012 rhyolite (Figures 4A–D) composition; this rock fragment contains a similar micro-porphyritic groundmass to Group 2 embedded rock fragments, with phenocrysts of plagioclase and clinopyroxene.
Embedded rock fragments generally follow the same trend as the Havre pumice in LILE and HFSE element abundances on spider diagrams but are slightly more depleted overall. Lithic fragment REE patterns for a rhyolite lithic fragment are parallel to the Havre pumice but with more depleted concentrations. Variable Eu/Eu* ranging from 0.77 to 1.2 attests to differences in plagioclase abundance between the pumice and rock fragments (Figure 5A).
Augite Compositions in Embedded Rock Fragments
Single augite crystals in the Havre 2012 rhyolite pumice are interpreted to be antecrystic crystal cargo inherited from a crystal mush zone or earlier magma bodies based on augite crystallizing at temperatures much below pre-eruptive temperatures and these augites are in disequilibriumm with the host rhyolitic glass (Knafelc et al., 2020). Importantly, this could suggest that these antecrysts represent an earlier crystallization stage from a melt parental to the 2012 rhyolite. Similarly, augite is frequently observed in basaltic andesite Group 1 embedded rock fragments as phenocryst and groundmass phases. Here, we report the augite major and trace element compositions within Group 1 embedded rock fragments (Supplementary Excel File S1). Analysis of the augite compositions in the rock fragments provides a test for the provenance of the antecrystic augite in the 2012 pumice.
Clinopyroxene is observed in Group 1 embedded rock fragments as larger euhedral to subhedral phenocrysts with minor normal zoning (Figures 6A,B). Clinopyroxene also occurs as abundant subhedral groundmass microlites to microphenocrysts (Figures 6C–E) and displays a variety of textures, including resorption to skeletal textures (Figures 6C,D), sector zoning (Figure 6E), and complex oscillatory zoning (Figure 6F). End-member compositions (i.e., Wo, En, and Fs) have been calculated using the Lindsley and Anderson (1983) projection scheme that accounts for minor constituents. Clinopyroxenes have a range of compositions from En55Fs12Wo33 to En39Fs26Wo35 (Figure 6G and Supplementary Excel File S1). Group 1 augite compositions overlap the magnesian augite antecrystic population within the Havre 2012 rhyolite pumice raft (Figure 6G; Knafelc et al., 2020). In addition, the Havre magnesian augite is notably similar in composition to magnesian augite in the Sandy Bay Tephra rhyolite (Smith et al., 2003a) and augite included in pumice as antecrysts and within inclusions from Raoul, Macauley, and Healy (Barker et al., 2013). Rare earth element patterns for these augites are light rare-earth depleted relative to medium and heavy rare earth elements (Figure 6H). The trace element pattern is similar to that of the magnesian augite at Macauley and Healy (Barker et al., 2013), displaying increased Cr values with lower REE concentrations indicative of high-temperature crystallization during early crystallization or following a mafic recharge event.
[image: Figure 6]FIGURE 6 | Group 1 embedded rock fragments compared to Havre 2012 pumice. (A–F) Backscattered electron (BSE) images of clinopyroxene within Group 1 embedded rock fragments showing (A,B) larger phenocrysts with subtle normal zoning, (C,D) subhedral clinopyroxene microphenocryst with resorbed rims, (E) clinopyroxene with sector/hourglass zoning, and (F) clinopyroxene with oscillatory zoning. (G) Pyroxene quadrilateral diagram comparing the compositions of Havre rhyolite pumice antecrystic clinopyroxene from Knafelc et al. (2020) to clinopyroxene within Group 1 rock fragments (projection scheme of Lindsley and Andersen (1983). (H) REE contents of clinopyroxenes in rock fragments normalized to chondrite (McDonough et al., 1985).
Pb, Sr, and Nd Isotopes
Radiogenic isotopes which are unchanged during mantle melting and fractional crystallization are examined to assess the role of assimilation of any old and radiogenic crustal material that would have an isotopic distinction from a mantle source to generate this relatively large volume of rhyolite. First, the Pb, Sr, and Nd isotopic ratios of the Havre pumice (raft and seafloor) are remarkably similar to the Havre lava HVR-0009 (Table 2), regardless of their wide dispersal in the raft, consistent with these pumices and lava flows originating from the same magmatic system (Figure 7).
TABLE 2 | Pb, Sr, and Nd isotope ratios of three raft and one seafloor pumice samples (*) and a single 2012 Havre lava glass (**), with the respective uncertainties (2 sd) reported.
[image: Table 2][image: Figure 7]FIGURE 7 | Radiogenic isotope ratios (Pb, Sr, and Nd) of four Havre pumice and one Havre lava (triangles) compared with regional data (blue squares) for Kermadec Ridge, Havre Trough, Colville Ridge, and Hikurangi Plateau (Barker et al., 2013; Timm et al., 2014; Hauff et al., 2021). Havre lavas are outlined with a dashed red line. The orange square (DR-128–1) represents the isotopic composition of the parental basalt used for rhyolite-MELTS models. The pumice isotope ratios are identical to the Havre lava sample except for one pumice sample with a slightly elevated Sr ratio, consistent with seawater contamination. Local estimates of sediment melt (red circle), Havre Trough mantle (purple circle) from Haase et al. (2002), and average Pacific mid-ocean ridge basalts (green circle) from White et al. (1987) are also shown. The measured ratios from this study closely resemble mantle-derived basalts characteristic of the mantle in this region and do not suggest the assimilation of continental crust.
Second, the addition of a continental crust component would likely drive the 87Sr/86Sr, 206Pb/204Pb, and 208Pb/204Pb ratios up and the Nd isotopic ratios down (McCulloch et al., 1994; Plank and Langmuir, 1998). Only one pumice possesses slightly elevated 87Sr/86Sr (0.703962 ± 0.000011) relative to the other samples paired with identical Pb and Nd ratios, indicating that possible seawater contamination remained after cleaning the pumice (Figure 7). The rest of the samples are nearly indistinguishable with low Sr ratios (87Sr/86Sr 0.703693–0.703744), low Pb ratios (206Pb/204Pb 18.7648–18.7781 and 208Pb/204Pb 38.587–38.605), and elevated Nd ratios (143Nd/144Nd 0.513001–0.513020) relative to continental crust and instead are isotopically similar to typical mantle-derived basalts regional to Havre volcano (Figure 7; McCulloch et al., 1994; Barker et al., 2013; Timm et al., 2014; Hauff et al., 2021; Gill et al., 2021). In addition, the 2012 Havre samples, such as other Kermadec arc eruptive products (Barker et al., 2013; Timm et al., 2104), display little signs of contamination from radiogenic crust or sediment-produced melts. Based on these observations, the following petrogenetic models evaluate the extent and conditions of crystal fractionation required to produce the homogeneous, mantle-like Havre radiogenic isotope ratios starting with a parental basalt sourced from the Kermadec Arc ridge with a similar mantle signature to dredge samples regional to Havre volcano (i.e., within 50–60 km or 0.5° latitude).
Rhyolite-MELTS Models
Here, we investigate the extent of crystal fractionation needed to produce the Havre 2012 rhyolite. The primary question is, what conditions are required for fractionation to successfully reproduce the medium-K Havre 2012 rhyolite? Fractionation would likely be stepwise and polybaric (e.g., Marxer et al., 2022) and first require fractionation to produce an intermediate andesite composition from a parental arc basalt that then fractionates to generate dacitic compositions, as reported at Havre (Wright et al., 2006). Previous modeling has indicated that only limited further fractionation (7%–14%) of the Havre dredge dacite composition (Wright et al., 2006) is required to produce the Havre 2012 rhyolite (Knafelc et al., 2020).
Rhyolite-MELTS models are used to test crystal fractionation as a mechanism for generating the rhyolite (Figures 8–10). One issue at Havre is relating the 2012 rhyolite to the small sample set of the Havre edifice to identify a potential basaltic parental composition. From Havre volcano, only a single basaltic sample was dredged prior to the 2012 eruption (i.e., 46–03; Wright et al., 2006). Rhyolite-MELTS models that utilize this Havre dredged basalt composition as a parental melt become too enriched in alkalis to replicate the 2012 rhyolite liquid composition even after only small degrees of crystallization (∼7%). In the absence of a reliable basalt parental melt composition, specifically from the Havre volcano, a low-K tholeiitic basalt composition dredged in the region of Havre Volcano (Figure 1; DR-128-5; Hauff et al., 2021) is used as a parental composition. In addition, the parental basaltic composition used in rhyolite-MELTS models is isotopically similar (Gill et al., 2021) to the 2012 rhyolite and falls within the field of isotopic signatures from dredged samples from the region surrounding Havre volcano (i.e., within 50–60 km or 0.5° latitude from Havre). In combination, this provides confidence that this parental basalt had evolved from a similar source and was not strongly affected by any external contributions (Figure 7). Crystallization of this dry low-K-tholeiite basalt in rhyolite-MELTS models results in a liquid evolution that follows a medium pressure tholeiitic crystallization trend (Kuno, 1959) that leads to the flank dacite composition and then the erupted medium-K rhyolite composition on an AFM diagram (Figure 10). Collectively, these major and trace element models put possible constraints on the parental basalt composition, the conditions of potential storage zones through the crust (i.e., pressure/depth, temperature, and water content), and the sequence and extent of crystal fractionation required to generate the erupted rhyolite.
[image: Figure 8]FIGURE 8 | Rare earth element (REE) reverse-calculated crystal fractionation models. (A) Reverse-calculated REE plots generated by reverse crystal fractionation modeling from an average Havre 2012 rhyolite trace element pattern (black solid line). Liquids for each calculated REE pattern (dashed lines) are generated by utilizing the mineral assemblage and proportions of each phase calculated in rhyolite-MELTS models incrementally from Havre 2012 rhyolite to Havre flank dacite to andesite to basaltic andesite to basalt compositions (Table 3). The percent of crystallization calculated in each step of the models is denoted by X%, and the REE patterns then correspond to the liquid (F) remaining for each rhyolite-MELTS modeling step. The resulting basalt calculated REE pattern is then compared to arc basalts from the regional data set (solid light blue lines; Hauff et al., 2021). (B) Calculated basaltic melt REE pattern (pink dashed lines) compared to the REE patterns of regional basalts and reverse-calculated basalt from the panel. The magnesium augite core REE patterns (solid purple lines) are utilized to calculate the REE patterns (dashed pink lines) of a basaltic melt; these magnesian augites would have crystallized from based on calculations from Sun and Liang (2012). All REE plots are normalized to chondrite (McDonough & Sun, 1985).
Modeling Conditions
The initial compositions and conditions of rhyolite-MELTS (Gualda et al., 2012; Ghiorso and Gualda, 2015) crystal fractionation models are presented in Table 3. We conducted rhyolite-MELTS models in three runs from the basaltic parent to basaltic andesite (DR126-1; Hauff et al., 2021) to andesite (DR-64-13: Hauff et al., 2021) to the flank dacite (HVR47-03; Wright et al., 2006). Knafelc et al. (2020) demonstrated a small degree of crystal fractionation (F < 0.15) of the Havre dacite melt composition (Wright et al., 2006) cooling from 950°C to a pre-eruptive temperature of 890 ± 27°C at 2–3 kbar and initial 4 wt% H2O can generate the rhyolite liquid and autocrystic mineral assemblage. A water-saturated melt is produced allowing for vesiculation and explosive eruption to produce the large volume pumice raft. The models presented here were constrained to pre-eruptive conditions of the eruption based on autocrystic mineral chemistry barometers and geothermometers (Knafelc et al., 2020). Initial models are constrained to upper limits of the pressure of 5 kbar based on geophysical seismic models from multiple transects across the Kermadec arc ridge and back-arc, placing the crust-mantle boundary at Havre volcano at 12–15 km (Bassett et al., 2016). Therefore, crystal fractionation models are required to reach the parental dacite composition from more parental mafic melts at pressures of approximately 3–5 kbar, with residual water contents not greater than 4.0 wt%, and temperatures not higher than 950°–930°C. The calculated water content of the resulting liquid following each step of modeling is utilized as the initial water concentration for the subsequent initial water concentrations in the models. To further verify the accuracy of our models, we compare rhyolite-MELTS calculated liquid compositions with the raft pumice and regional data set (Hauff et al., 2021). We also compare rhyolite-MELTS calculated mineral compositions to natural compositions and antecrystic populations of clinopyroxene and plagioclase (An >55) and autocrystic populations of orthopyroxene (Knafelc et al., 2020).
TABLE 3 | Initial compositions and conditions of Rhyolite-MELTS models and resulting proportion of mineral phases fractionated normalized to 100 for use in trace element models. CPX, OPX, and plag are abbreviated for clinopyroxene, orthopyroxene and plagioclase, respectively.
[image: Table 3]Crystallization Sequence
Rhyolite-MELTS calculated crystallization sequence incorporates multiple steps of crystal fractionation at progressively decreasing pressures (5–3 kb), increasing water concentrations (1–4 wt%), and increased oxygen fugacities (QFM to NNO +0.4) from a parental basalt sampled in the Havre volcano region (Figures 1, 7) that ultimately can produce a compositionally similar liquid to the flank dacite (Wright et al., 2006). In basaltic models ranging from ∼1200 to 1100°C, magnesian augite (initial composition ∼ En53Fs10Wo37) and pigeonite are the first crystallizing phases, followed by plagioclase (An∼87). Approximately 55%–58% crystallization, dependent on pressure (5–3 kb), is required to generate a regional basaltic andesite composition melt and a gabbroic crystal cumulate at depth. In basaltic andesite models, continued crystallization of augite, pigeonite, and plagioclase with the addition of magnetite late in the sequence results in andesite liquid compositions such as those found in the regional data set after approximately 30%–34% crystallization dependent on pressure (4–3 kb) from 1100°C to 1020°C. In these basaltic andesite models, a shift in augite composition occurs where Mg content significantly reduces with decreasing temperature (Figure 9). Augite is no longer crystallized from andesitic melts. In andesite models, 23% to 13% crystallization of plagioclase, orthopyroxene, and magnetite over a temperature range of 1,020°C to 950°C is required to generate the Havre flank dacite liquid composition in 3.5 and 2 kbar pressure models, respectively.
[image: Figure 9]FIGURE 9 | Mineral chemistry comparison of measured Havre 2012 antecryst and rock fragment minerals versus rhyolite-MELTS calculated (A) clinopyroxene, orthopyroxene, and (B) plagioclase. (A) Rhyolite-MELTS model compositions are presented as closed diamonds with the color denoting the variable pressures of runs conducted for each step in crystal fractionation, where other initial conditions are presented in Table 3. Fields of color represent the measured populations of Havre clinopyroxene, with the purple field consisting of high-Mg clinopyroxene primarily observed in the Havre embedded rock fragments and Havre rhyolite, a green field of low-Mg clinopyroxene identified as antecrystic in the Havre 2012 rhyolite, and a blue field representing autocrystic orthopyroxene in the Havre 2012 rhyolite. (B) Box and whisker plots comparing the anorthite content of measured Havre (left of dashed black line) to the rhyolite-MELTS calculated plagioclase mineral chemistry (right of black dashed line). Havre 2012 plagioclase antecrystic cores (An55–79) and autocrystic rims (An34–55) are represented by the yellow and black fields, respectively. These natural ranges of plagioclase compositions are then compared to the calculated anorthite content from MELTS models. MELTS models are plotted in the same color as in panel (A) for the same model conditions. Note that high An content plagioclase is calculated primarily in basaltic to basaltic andesite models and autocrystic compositions are not produced until late in the andesite to dacite models.
Trace Element Models
Mineral assemblages and their respective proportions determined by rhyolite-MELTS (Table 3) are used to incrementally reverse-calculate a possible rare earth element (REE) pattern for a parental basalt from the Havre 2012 rhyolite through pure Rayleigh crystal fractionation (Figure 8A). Trace element composition of Havre 2012 rhyolite attests to the homogeneity of the erupted pumice raft (Figure 6), and, therefore, the average white raft pumice REE pattern is the initial composition used for reverse liquid quantifications. In the models, the degree of crystallization required to back-calculate from rhyolite to basalt, as well as in these early steps of crystallization (i.e., the steps from rhyolite to basaltic andesite), decreases. The resulting REE patterns remain parallel to the Havre 2012 rhyolite, whereas each element becomes more depleted while reducing the Eu anomaly in each step. The largest jump in crystallization from basaltic andesite to basalt (approximately 55% crystallization) flattens the REE pattern and eliminates the Eu anomaly, resulting in a similar pattern to some regional arc basalts (Hauff et al., 2021).
This reverse-calculated basalt REE pattern is then compared to calculated basaltic melt REE patterns (Sun and Liang, 2012) that could have crystallized the magnesian augite documented in rock fragment Group 1 (Figure 8B). The resulting REE patterns are determined from partition coefficients (Kds) calculated from magnesian augite cores’ major element composition (Sun & Liang, 2012), assuming a temperature of 1230°C and 1 wt% H20 (i.e., conditions an En53Fs10Wo37 clinopyroxene first crystallizes in rhyolite-MELTS basaltic models). The calculated REE pattern for the augite calculated basaltic melts compare well with the regional basalts and are slightly more enriched than the reverse-calculated basalts. This result provides some confidence: 1) magnesian augites found in embedded rock fragments were initially crystallizing from a parental mafic melt and 2) assuming a fractionation origin, the parental basalt of the Havre 2012 rhyolite is likely similar in composition to the regional basalts with similarly flat REE patterns.
DISCUSSION
Chemical Homogeneity of the 2012 Havre Rhyolite Magma
A relatively chemically homogenous rhyolite magma body erupted during most of the Havre 2012 eruption (i.e., seafloor and pumice raft-producing phase of eruption). Only subtle chemical differences in major elements are resolvable between raft pumice, seafloor pumice, and late-stage lava flows (Figure 4 and Table 1). However, a cluster of lavas contains subtly lower silica contents relative to the pumice deposits and other lavas (Carey et al., 2018; Figure 4D). This population includes lava flows A-E that represent 0.05 km3 (i.e., 10% of the total dense rock volume erupted) of rhyolite interpreted to have erupted months before the raft and seafloor pumice (Carey et al., 2018; Ikegami et al., 2018). Assuming the raft and seafloor pumice have erupted contemporaneously, the transition to an explosive eruption to produce the raft and seafloor pumice is unrelated to changes in bulk composition. This is evident through the whole-rock (major and trace element) homogeneity of the pumice deposits (Figures 4D, 5A). Furthermore, the explosive eruption is triggered by spontaneous nanolite nucleation, resulting in increased viscosity, and enhanced volatile exsolution for material erupted to make the pumice raft (Knafelc et al., 2022), whereas seafloor pumice represents material absent of nanolites, and likely water quenched on the margins of the explosive eruption column. The change in eruption style from pumice raft production during an explosive phase to effusive producing later stage lava flows/domes (lava flows F-P) with a similar composition to the Havre pumice, most likely during the terminal phases of the eruption (Carey et al., 2018; Ikegami et al., 2018) is therefore not related to a change in magma composition (Figure 4D). A possible explanation for the subtle increase in silica content in the raft, seafloor, and lava flows/domes F-P is that these melts continued to crystallize, following emplacement of the earlier lower silica lava flows but prior to the main phase of explosivity.
The textural diversity of pumice types observed in the raft also does not record primary compositional variation. The visual and textural characteristics of the brown pumice type (dark color, lower vesicularity) could be used to interpret a more mafic composition, but this is not the case and suggests that variation in gas contents/degassing history is an important control on pumice textures (Rotella et al., 2014; Shea, 2017). Further study is required to confirm if the diversity of textures in the pumice raft reflects fluctuations in degassing rates resulting in a transition from an explosive to an effusive phase of eruption (e.g., Cordon Caulle 2012; Paisley et al., 2019).
We have shown no isotopic variation exists among Havre eruptive products (i.e., raft pumice, seafloor pumice, and lava flows), and they are isotopically similar to regional basalts in the Kermadec Arc Ridge (Figure 7). Therefore, the Havre 2012 rhyolite is interpreted here to be sourced from a relatively similar mantle as other eruptive products with similar isotopic ratios from the Kermadec Arc that have a range of compositions from basaltic andesite (e.g., Macauley island; Smith et al., 2003b) to rhyolite (e.g., Sandy Bay Tephra, Raoul and Healy; Smith et al., 2003a; Barker et al., 2013). This indicates no radiogenic crustal materials have been involved in rhyolite petrogenesis either through partial melting or assimilation-crystal fractionation (e.g., Timm et al., 2014).
Subsurface Sampling of the Havre Volcano
In this study, we take advantage of the 2012 eruption products to provide further insight into the magmatic system of the Havre volcano. A new observation reported here is that embedded lapilli-sized rock fragments are a common feature of the banded pumice, an abundant pumice type produced in the eruption and found in both the raft and on the seafloor deposits (Carey et al., 2018; Knafelc et al., 2020). Rock fragments are a characteristic feature of pyroclastic deposits produced by subaerial explosive eruptions reflecting excavation of wall rock from the conduit at the fragmentation depth (Suzuki-Kamata et al., 1993; Bryan et al., 2000). During an explosive eruption, the fragmentation depth can change (Dufek et al., 2012; Rotella et al., 2015). Therefore, the subsurface stratigraphy of the volcano can be sampled (Bryan et al., 2000; Suzuki-Kamata et al., 1993). A diversity of rock types is expected when explosive magma fragmentation occurs at depth in the conduit. If the embedded rock fragments represent a subsurface sampling of the conduit, then they provide snapshots of the older and deeper/buried parts of the Havre volcano and give insight into the longer-term magmatic system of the volcano. At present, sampling of Havre is restricted to the 2012 eruption and the few dredge samples collected in 2006 (Wright et al., 2006; see Figure 1 in Knafelc et al., 2020).
Explosive eruptions and the rock fragment material they produce provide a useful tool to constrain the subsurface lithologies in the vent region of volcanoes. Distinct rock fragments and where independent geological constraints exist can be used to constrain vent location (Suzuki-Kamata et al., 1993; Wolff et al., 1999; Bryan et al., 2000; Torres-Hernández et al., 2006). The embedded rock fragments in the Havre banded pumice show significant lithological variety (e.g., basaltic to rhyolitic lavas) and variations in the degree of alteration (fresh to hydrothermally altered), providing for the first time sampling of the inner parts of the Havre volcano (Figures 2, 3). The fresh, unaltered embedded rock fragments are interpreted to be shallow-derived, and the similarity of the Group 3 rock fragments to the 2012 rhyolite lava flows suggests similar rhyolite lavas may exist at the summit of Havre. Mafic blebs and inclusions observed in other Kermadec arc pumices (e.g., Raoul, Macauley, and Healy; Barker et al., 2013) record evidence of mafic recharge and/or magma mixing events. The rock fragments in the Havre pumice are angular, suggesting rock fragments are solidified before entrainment into the 2012 rhyolite. Therefore, the basaltic to dacitic rock fragment groups (Groups 1, 3, and 4) are interpreted to be older lavas that constructed the Havre edifice. Furthermore, the occurrence of both altered and unaltered rock fragments indicates the entrainment of rock material from different levels within the conduit. The embedded rock fragments are interpreted to reflect the explosive erosion of wall rock (Suzuki-Kamata et al., 1993; Bryan et al., 2000) at the fragmentation level in the conduit in response to magmatic volatile-driven magma fragmentation.
Comparison of Modelled Rhyolite-MELTS and Observed Mineral Assemblages and Compositions at Havre
Clinopyroxene
The same magnesian augite compositions determined by rhyolite-MELTS crystal fractionation models (Figure 8A) are similar to those in Group 1 embedded rock fragments and the Havre pumice augite antecryst population (Knafelc et al., 2020; Figure 5G). Magnesian augite is calculated to crystallize from a melt that is basaltic to basaltic andesite in composition. The crystallization of magnesian augite occurs at temperatures of 1,230–1,190 to 1,100°C with initial crystallization temperatures varying dependent on pressures from 3 to 5 kbars (Figure 9A). Low-Mg augite antecryst compositions in the 2012 Havre pumice are produced in models that start with an initial basaltic andesite composition at NNO, 2.5 wt% H2O from 1,100 to 1,020°C from 4 to 5 kbars. In lower pressure models (3.5–2 kb) of parental andesite composition, no clinopyroxene is crystallized. In higher pressure models, pigeonite is crystallized but is only rarely observed in the Havre 2012 rhyolite pumice (Figure 6G). The appearance of pigeonite in models could be due to some limitation of rhyolite-MELTS models at higher pressure or equilibration of pigeonite to orthopyroxene upon further cooling and increased oxygen fugacity (Grove and Juster, 1989). The latter explanation is preferred as Knafelc et al. (2020) observed a few pigeonite compositions occurring as resorbed cores in autocrystic orthopyroxene in the Havre 2012 rhyolite.
Orthopyroxene
In all models, orthopyroxene is the last phase to crystallize beginning at 1,000–1,010°C, and their calculated compositions overlap the natural compositional range of orthopyroxene from En39Fs23Wo37 to En54Fs6Wo40 found in the Havre pumice (Knafelc et al., 2020) and at crystallization temperatures of 950°–900°C (Figure 9A). At higher pressures in basaltic models, orthopyroxene only crystallizes at the 1,010–1,000°C temperature increment and is preferential to a pigeonite phase of similar Mg# (60–62). In our best fit models, orthopyroxene is only crystallized in models once the liquid has evolved to melt compositions >64 wt% SiO2. Therefore, orthopyroxene is still a reliable autocrystic phase to constrain pre-eruptive temperatures of the Havre 2012 eruption as the models only crystallize the natural compositions close to pre-eruptive temperatures (890 ± 27°C) determined by opx-liquid geothermometry (Knafelc et al., 2020).
Plagioclase
Plagioclase crystallizes in all rhyolite-MELTS models from 1,230°C, and crystallization of this phase is suppressed in models outside the conditions presented here with increased pressures, reduced oxygen fugacities, and increased water concentrations. In the Havre raft pumice, plagioclase compositions range from An79 to An37, with antecrystic cores showing disequilibrium textures for populations with An55–An79 (Knafelc et al., 2020). The most mafic antecrystic plagioclase populations in the Havre raft pumice are first crystallized at 1,200°C in models from a parental basalt at high pressures (5 kbars), and the more abundant antecrystic plagioclase compositions are observed to be crystallizing from basaltic andesites (1,080–1,020°C) and andesitic rhyolite-MELTS models at temperatures above the 890 ± 27°C pre-eruptive temperatures (Figure 9B). In andesite models at 3.5 and 2 kbars, Havre 2012 autocrystic plagioclase compositions begin to crystallize at 950 and 930°C, respectively.
Liquid Compositions
Liquid lines of descent calculated for each model shown on an AFM diagram suggest a medium pressure tholeiitic crystallization trend is most likely to produce the Havre flank dacite composition (Figure 9; Yellow Star) after reaching 950°C (Table 3). Rhyolite-MELTS models closely replicate most major element oxides with increasing SiO2 wt% concentrations following a crystallization trend to approximate the Havre flank dacite (Figure 10). Small discrepancies do appear with greater CaO wt% measured and lower alkali elements (Na2O and K2O) calculated in models compared to the actual composition of Havre dacite. The greatest differences in major element composition occur in intermediate composition models. This could be due to fewer constraints in phase equilibrium collaborations at these compositions and conditions in rhyolite-MELTS models (Gualda et al., 2012; Ghiorso and Gualda, 2015).
[image: Figure 10]FIGURE 10 | Rhyolite-MELTS calculated liquids versus natural Kermadec arc compositions. Rhyolite-MELTS models calculated liquid lines of descent compared to measured whole-rock compositions of the Havre 2012 pumice and regional data sets. Rhyolite-MELTS models are presented as closed diamonds with the color denoting the variable pressures of runs conducted for each step in crystal fractionation, where other initial conditions are presented in Table 3. Initial compositions of each step of crystallization are presented by stars (i.e., basalt = blue, basaltic andesite = red, andesite = green, and the resulting Havre Flank Dacite = yellow) with pink text denoting the initial temperature of each model. Additional dredge samples collected between ∼29 and 32°S latitude from the Havre Trough back-arc and rear-end-arc and Kermadec Ridge Arc are presented here as open triangles derived from Hauff et al. (2021):https://doi.org/10.26022/IEDA/111723.
Implications for Havre Magmatic System
Fractionating Conditions
Here, we show the conditions and extent of fractional crystallization that could theoretically produce the Havre 2012 medium-K rhyolite from a low-K tholeiitic basalt. Rhyolite-MELTS modeling reveals key requirements for generating rhyolite: 1) the basaltic parental melt must be genetically related to other Kermadec Arc ridge basalts; 2) the basaltic parental magma follows a medium pressure tholeiitic crystallization trend that involves no early crystallization of olivine and a late appearance of magnetite; 3) crystallization occurs at relatively low pressures (<5–2 kbar; 4) the parental basalt initially contains a small about of volatiles (∼1 wt% H2O), consistent with an absence of hydrous mineralogy (i.e., amphiboles) in the 2012 rhyolite and embedded rock fragments; 5) crystallization occurs in a step-wise/polybaric manner implying that progressively evolved melts must be stored at progressively shallower depths (9–15 km); and 6) oxygen fugacities of the melt are required to increase from the parental basalt to erupted rhyolite (QFM- NNO +0.4).
Volume Considerations
The current paradigm for the generation of large batches of eruptive rhyolites through crystal fractionation involves magmatic systems dominated by crystal mush zones with silica-rich interstitial melts being extracted into a shallow magma body (Cashman et al., 2017). In order to generate larger volumes of crystal-poor silica-rich melts, it is thought that a parental basalt melt that undergoes 70%–80% crystallization must be 2.5–5 times greater in volume than the resulting evolved melt (Barker et al., 2013). Here, rhyolite-MELTS models suggest the extent of fractionation needed to crystallize in batches from basalt to basaltic andesite to andesite to dacite to rhyolite is roughly 55%, 29%, 22%, and 13%, respectively. In an end-member scenario where the total volume of parental basalt is stored in the magmatic plumbing system, we can then back-calculate a normalized crystallization proportion for each step of rhyolite-MELTS modeling. The normalized total extent of crystallization is then 78% from parental basalt to reach the Havre 2012 rhyolite composition, with crystallization proportions incrementally decreasing from basalt to basaltic andesite (∼55%) to andesite (∼13%) to dacite (7%) to rhyolite (3%). Therefore, to produce a 0.52 km3 DRE volume of poor crystal rhyolite, up to approximately 2.6 km3 of parental basalt magma (i.e., five times the volume of erupted rhyolite) is required to crystallize 78% to generate a rhyolite melt. This estimated volume of parental basalt could easily be stored in a vertical arrangement at several separate depths over the crustal thickness of 12–15 km beneath Havre volcano.
Havre Magmatic System
With these constraints in place at Havre, a potentially vertically extensive magmatic system (Figure 11) that spans 2–5 kb of pressure (6–15 km depth) may exist beneath Havre to generate a large volume of rhyolite by fractional crystallization. The magmatic plumbing system would be comprised of closely packed magmatic lenses or sills recording multiple stages of crystallization from which melt is extracted (Cashman et al., 2017; Marxer et al., 2022). Hourglass zoning of augite in the 2012 pumice (Knafelc et al., 2020) and some of the embedded rock fragments is a record of these crystals experiencing low degrees of undercooling due to either gradual recharge of parental basalt and/or slow magma ascent (Ubide et al., 2019) and then storage at varying depths in the magmatic plumbing system under Havre volcano. This model allows for more efficient density-driven melt extraction as each magmatic body is less likely to reach a packing threshold of ∼50% or greater crystallinity, which is thought to prohibit interstitial melt extraction; such melt extraction over this crystallinity would require compaction, gas filter pressing, or external tectonic forces (Christopher et al., 2015).
[image: Figure 11]FIGURE 11 | Havre volcano magmatic plumbing system. This schematic section of the Havre magmatic plumbing system is scaled at depths and lithostatic pressure (determined by the density of average oceanic crust ∼2.9 g cm−3; Ridolfi et al., 2010). Crystallization and melt evolution from basalt to rhyolite progresses down pressure represented by stalling multiple magmatic lenses shown by multicolor gradients correlating to compositions and pressures from the rhyolite-MELTS model (basalt = blue; basaltic andesites = red to pink; andesite = green, dacite = pink to orange). Bar graphs depict the normalized proportion of minerals crystallized in each stepwise rhyolite-MELTS model from Table 3. The multicolor bar to the right represents the temperature of the melt in the magmatic system correlating with pressure from the calculated liquidus (∼1,250°C, 5 kbar) to the pre-eruptive magmatic conditions for the 2012 eruption (∼890°C, 2–3 kbar; Knafelc et al., 2020). To the right, the bracketed tie lines denote the range of temperatures at which each mineral phase crystallizes out in rhyolite-MELTS models (crystallization sequence goes from left to right). CPX is abbreviated for clinopyroxene.
Repeated episodes of polybaric crystallization and melt segregation can produce a volcanic edifice comprised of basaltic to rhyolitic composition lavas, as sampled here by the diversity of embedded rock fragments entrained into the banded raft pumice. A range of compositions is also observed in the pre-eruption dredge samples from basalt to rhyolite (Wright et al., 2006). The range in conditions (i.e., temperature, pressure, oxygen fugacity, and water contents) helps identify the deep-seated basaltic to andesite magma lenses as a source of antecrysts observed in the Havre pumice and older lavas, including magnesian augite and anorthite-rich plagioclase (Figure 9). Using the combined proportions of minerals crystallized in each step of rhyolite-MELTS models, the normalized proportions of minerals based on 78% crystallization from greatest to least is augite (55.7%), plagioclase (37.8%), magnetite (4.4%), and orthopyroxene (2.2%). Ultimately, petrogenetic major and trace element models and radiogenic isotope ratios, coupled with information from lithic clasts, provide a sampling of the longer-term magmatic system and suggest the erupted Havre 2012 rhyolite can be produced by extraction of a dacitic melt generated primarily by high-temperature crystallization of magnesian augite (En53-48), anorthite rich plagioclase (An55-79), and magnetite.
CONCLUSION
The Havre 2012 eruption evacuated a homogeneous body of medium-K rhyolite magma. There is little compositional variation detected between the raft pumice produced by the explosive eruption (Knafelc et al., 2022) and the seafloor pumice deposits (Figure 4). However, lavas produced by effusive eruptive phases thought to be prior to pumice generation (Carey et al., 2018; Manga et al., 2018) have subtly lower silica contents (∼71.5 wt% SiO2) when compared to the rest of the eruption products (72.0–73.0 wt% SiO2; Figure 4D). Despite five different raft pumice types, differences in appearance are textural (i.e., vesicle or microlite concentrations) rather than compositional and need further explanation that likely involves variable degassing and decompression trajectories during eruption (Mitchell et al., 2019; Knafelc et al., 2022). Embedded rock fragments are abundant in the banded raft pumice, rare in white pumice, and not observed in the other raft pumice types. A range of rock types are present, ranging from basaltic to rhyolitic lavas that range from being fresh to hydrothermally altered (Figures 2, 3 and Supplementary Figure S1). Based on this diversity, rock fragments are interpreted to be relatively shallow and derived by explosive erosion of the volcanic summit or conduit wall at varying fragmentation levels. These rock fragments provide the first indications of what comprises the interior of the Havre edifice and the range of magma compositions that erupted at Havre. Pb, Sr, and Nd isotopic homogeneity rules out the likelihood of rhyolite generation from partial melting of an external mantle (i.e., back-arc basin origins) or continental crust source (Figure 7). Rhyolite-MELTS models show that a fractional crystallization origin is possible by repeated episodes of polybaric crystallization and melt extraction to form magma stalled at progressively shallower levels in the Havre magmatic system (Figure 11). A parental dacite to the Havre rhyolite can be generated by high-temperature crystallization of magnesian augite clinopyroxene (En53-48), anorthite-rich plagioclase (An55-79), and magnetite over a range of pressures (2–5 kbar or 6–15 km) and oxygen fugacities (QFM-NNO). REE concentrations of regional basalts assumed to be a reasonable parental magma candidates to the Havre 2012 rhyolite are consistent with reverse-calculated REE patterns (Figure 8). Collectively, petrogenic major and trace element crystal fractionation models (rhyolite-MELTS) suggest extensive crystal fractionation (78%) of a ∼2.6 km3 body of dry low-K tholeiitic basalt sourced from the frontal Kermadec arc would be required to produce the 0.52 km3 of erupted rhyolite during the Havre 2012 rhyolite submarine eruption.
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Pb, Sr, and Nd isotope ratios were measured using a Nu-Plasma HR multicollector (MC) ICP-MS at the University of Florida using methods described in the text in Anderson et al. (2021)
and Goss et al. (2010). Standards NBS-981, NBS-987, and JNdi-1 were run every five to six samples for Pb, Sr. and Nd, respectively.





OPS/xhtml/nav.xhtml
Contents

		Cover

		Petrogenesis of Havre Volcano in the Kermadec Arc: 2012 Eruption of a Chemically Homogeneous Rhyolite		Introduction		Geologic Setting

		The Havre 2012 Eruption





		Methods		Sample Collection, XRF, and EPMA

		ICP-MS-Dissolution Trace Element Acquisition

		LA-ICP-MS-Clinopyroxene

		MC-ICP-MS-Radiogenic Isotopes





		Results		Pumice Raft Characterization

		Embedded Rock Fragments

		Geochemical Analyses

		Havre 2012 Whole-Pumice Major and Trace Element Composition

		Embedded Rock Fragments

		Augite Compositions in Embedded Rock Fragments

		Pb, Sr, and Nd Isotopes

		Rhyolite-MELTS Models

		Modeling Conditions

		Crystallization Sequence

		Trace Element Models





		Discussion		Chemical Homogeneity of the 2012 Havre Rhyolite Magma

		Subsurface Sampling of the Havre Volcano

		Comparison of Modelled Rhyolite-MELTS and Observed Mineral Assemblages and Compositions at Havre

		Implications for Havre Magmatic System

		Volume Considerations

		Havre Magmatic System





		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/feart-10-886897-t001.jpg
Sample White pumice Banded pumice Grey pumice Bread crusted Embedded rock fragments
type

wt.% WP-1-FB Ave. BP-5-MB Ave. GP-2-BB Ave. BC-2-MB Ave. RF-1 RF-2 RF-3 RF-4 RF-5
=6 =5 =2 =6
SO, 72.35 72.49 7237 72.42 73.03 73.03 72.54 7263 58.73 59.72 52.20 50.57 72.32
TiO, 0.47 0.46 0.47 0.47 0.48 0.48 0.44 0.45 113 1.06 0.60 11 0.45
Al,O5 14.02 13.95 13.87 13.76 13.75 13.75 13.86 13.79 15.47 15.40 1817 19.10 14.19
FeO(M) 3.02 299 293 297 295 295 287 2.89 10.19 12.34 7.79 12.39 265
MnO 0.11 0.12 0.11 0.11 0.12 0.12 0.11 o1 0.20 0.00 0.13 0.23 o1
MgO 0.64 0.65 0.61 0.64 0.57 0.57 0.63 0.59 3.14 117 6.26 991 0.83
Ca0 276 259 252 2.54 252 2.52 243 247 5.63 5.02 12.07 253 2.40
Na;O 5.09 521 5.58 5.53 5.05 5.05 5.55 5.50 407 428 235 3.87 5.52
K0 1.45 1.46 1.46 1.47 1.46 1.46 1.49 1.49 1.14 0.83 0.35 017 1.46
P05 0.08 0.09 0.08 0.08 0.08 0.08 0.08 0.08 0.30 017 0.07 o1 0.08
LOI 0.99 1.32 259 2.08 243 243 3.50 3.58 - - - - -
Total 99.4 100.2 100.4 99.8 985 99.1 100.1 99.6 99.9 99.8 99.8 99.9 99.4
Rb (ppm) 29.8 30.2 28.6 29.2 294 29.8 28.7 29.3 145 8.1 8.7 29 18.8
Sr 139 138 137 136 138 137 140 133 204 133 170 120 109
Y 42 43 41 41 43 43 42 42 29 18 14 13 31
Zr 185 188 180 182 190 189 183 186 76 48 42 49 135
Nb 23 24 25 23 b5 4 25 23 23 14 08 20 08 18
Mo 15 15 14 15 15 15 15 16 1.1 : 1.3 1.2 % |
Cs 1.4 14 13 13 14 1.4 14 14 0.1 02 0.4 0.1 0.2
Ba 447 452 430 441 443 448 454 455 342 204 17 39 367
La 125 127 128 125 123 126 126 127 6.4 43 36 31 9.8
Ce 31 32 32 31 31 31 32 32 16 1 9 8 25
Pr 47 47 47 46 46 46 46 46 26 i 1.4 1.2 36
Nd 21 22 21 21 21 21 21 21 13 8 7 6 16
Sm 5.7 58 56 5.6 56 5.7 5.7 67 39 25 20 18 43
Eu 15 15 14 15 15 1.5 15 15 13 11 0.7 08 : 73
Gd 6.4 6.5 6.2 6.3 6.4 6.4 6.4 6.4 48 30 24 22 48
To 55 k% 14 13 fin ) 19 11 0.8 05 0.4 0.4 08
Dy 7.2 iz 6.9 7.0 72 72 b | 71 52 33 26 24 53
Ho 16 16 15 16 16 1.6 16 16 1.1 07 0.6 05 12
Er 48 48 46 47 49 48 47 47 33 21 1.6 15 36
Tm 0.8 08 0.7 0.7 08 0.8 0.7 0.7 0.5 03 0.3 0.2 0.6
Yb 5.0 50 48 49 5.0 5.0 49 5.0 32 20 1.6 14 37
Lu 0.8 08 0.7 0.8 08 0.8 08 08 05 03 0.2 0.2 06
Hf 5.0 5.1 49 50 52 5.1 5.0 5.0 e 14 18 14 38
Ll 0.2 0.2 0.2 0.2 02 0.2 0.2 0.2 0.1 0.1 0.0 0.0 0.1
Pb 7.0 = 6.2 6.3 6.4 6.4 6.2 6.6 23 27 1.9 57 34
Th 27 28 31 238 27 27 26 26 13 07 0.7 0.7 21
v) 0.9 09 09 0.9 1.0 1.0 09 09 04 03 0.2 0.2 0.7
P 385 387 369 370 366 361 376 365 1,265 602 330 561 268
Ti 2,722 2,741 2,524 2,666 2,771 2,734 2,627 2,658 5,847 3,955 3,257 5,389 1,866
Sn 42 6.1 17 22 18 1.8 18 22 1.2 09 18 ;54 14
Sb 0.1 01 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Cd 0.1 % 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.0 0.1 0.1 0.0

One example of each Havre 2012 pumice type and the average composition of each type is represented here. Complete set of the major and trace element data is presented in
Supplementary Excel File S1. FeOT is recalculated from Fe203.
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Compositions noted (1) were sourced from Hauff et al. (2021) and modeled to generate the (2) Havre Flank dacite (Wright et al,, 2006). The results of hyolite-MELTS models from the Havre
flank dacite are presented in Knafelc et al. (2020).
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