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DISSERTATION ABSTRACT
Michelle Jean Muth
Doctor of Philosophy
Department of Earth Sciences
September 2021

Title: Sulfur Cycling in the Southern Cascade Arc: Implications for the Sulfur Content,
Metal Content, and Oxidation State of Arc Magmas

The behavior of sulfur (S) in volcanic arcs is of fundamental importance to a wide
range of geologically and societally relevant processes. Despite this, the influence of
subduction on the sulfur content of primitive arc magmas is poorly understood. This is
partially because sulfur behavior in arc magmas is challenging to characterize; sulfur is
present in two different valence states within silicate melts, and partitions into multiple
phases (sulfide, anhydrite, silicate melt, gas). In this work, | address these challenges
through the study of high-Mg melt inclusions. The first portion of this dissertation carries
out a detailed investigation on the behavior of sulfur within six mafic cinder cones in the
southern Cascade Arc. This investigation focuses on the close connections between magma
sulfur content, oxidation state, and metal content. Comparisons of §%S, S and Fe valence
state, and melt S content measured within the same suite of inclusions demonstrate that the
influence of oxidized slab-derived sulfur in the sub-arc mantle is linked to increases in the
oxidation state of arc magmas. In the second portion of this work, applying this framework
to metal concentrations in Lassen magmas shows that Pb is dominantly derived from the
subducting slab, whereas Mo, Zn, W, and Sn show no clear subduction-related
enrichments. Variations in Cu contents between cinder cones are controlled by a
combination of ambient mantle heterogeneity and modern subduction influence. In the
third portion of this dissertation, | consider arc magma sulfur behavior in a global context
through a compilation of published melt inclusion data spanning 115 volcanoes and 29 arc
segments. Correlations between S and Cl in these melt inclusions indicate that S is partially
derived from the subducting slab. Using models of sulfur content at sulfide saturation, I

show that 90% of arc magmas have sulfur contents requiring conditions more oxidizing



than the QFM (quartz-fayalite-magnetite) buffer. Collectively, these three chapters
demonstrate that subduction strongly influences the sulfur content of arc magmas, and that
the transfer of sulfur from the subducting slab into the mantle source of arc magmas can
be an important control on both the oxidation state and metal content of primitive arc

magmas. This dissertation includes previously published and unpublished co-authored
material.
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CHAPTER I
INTRODUCTION

The movement of sulfur through subduction zones is of fundamental importance
to a wide range of geologically and societally relevant processes. In Earth’s crust, the
behavior of sulfur in arc magmas determines the fate of many ore-forming metals. At
active volcanoes, the outgassing of sulfur has both regional and global climate impacts
and is an important tool for monitoring volcanic activity. In the mantle wedge beneath
volcanic arcs, the flux of sulfur from the down-going plate into the mantle wedge within
subduction zones has the potential to affect the redox evolution of arc magmas and
Earth’s mantle. Because there is controversy concerning the origins of arc magma
oxidations state, understanding the effect of subduction on the behavior of sulfur in arc
magmas, and how these processes influence the oxidation state and metal content of arc
magmas, is essential.

Because it is present in silicate melts in two different valence states, S¢* and S?,
the behavior of sulfur in arc magmas is complex. Depending on magmatic conditions,
sulfur can partition into a combination of sulfide phases, anhydrite, gas, and silicate melt.
Despite this complexity, there are clear lines of evidence that suggest subduction may
strongly influence the behavior of sulfur. Sulfur in arc magmas is commonly present in
higher concentrations and isotopically heavy compared to mid-ocean ridge basalts
(MORB), which suggests sulfur in arcs may be partially derived from the subducting
slab. Arc magmas are also more oxidized than MORB, and measurements of Fe3*/ ZFe in
arc glasses suggest this oxidized signature is linked to the influence of slab-derived
materials. This elevated oxidation state strongly influences the behavior of sulfur in
magmas, and slab-derived S®* has the potential to be a powerful oxidizing agent in the
mantle wedge.

However, many uncertainties remain around the origins and behavior of sulfur in
arc magmas. For example, although these observations suggest large differences in the
behavior of sulfur between arcs and mid-ocean ridges, chalcophile elements such as Cu
are commonly present in similar concentrations in primitive arc magmas and in MORB.

Additionally, although sulfur concentrations and isotopes in arc magmas are consistent



with the influence of sulfur derived from the subducting slab, the source of sulfur within
the subducting slab, as well as the oxidation state of the sulfur released during slab
melting or dehydration, is debated. These complications suggest that sulfur in arc
magmas may be influenced by a range of subduction-related processes.

This dissertation uses the geochemistry of silicate melt inclusions hosted in high-
Mg olivine to tease apart these processes. The crystal hosts of melt inclusions shield them
from late-stage and eruptive magmatic processes, and allow us to characterize the
composition of primitive, relatively undegassed silicate melts. The central goal that ties
each chapter together within this dissertation is to understand how slab-derived materials
influence the sulfur content, oxidation state, and metal content of arc magmas.

In Chapter Il, I use measurements of 534S, S and Fe valence state, and sulfur
concentrations within olivine-hosted melt inclusions from mafic cinder cones in the
southern Cascade Arc to trace the origins and behavior of sulfur within arc magmas.
These measurements are compared to estimates for the sulfur isotopic composition of the
downgoing plate at Lassen, and with combined mantle melting and S-Fe redox
equilibrium models. I use these comparisons to show that Lassen magma sulfur contents
are influenced by the transfer of oxidized, isotopically heavy sulfur from the subducting
plate. Models developed here show that this slab-derived sulfate can drive increases in
the oxidation state of arc magmas. However, an extremely sulfur-rich slab material or a
more complex, multistage process of oxidation is required.

In Chapter I11, I build on insights from Chapter Il to understand the behavior of
ore-forming metals in subduction zones. | measure the abundance of Cu, Mo, Zn, Pb, W,
and Sn in melt inclusions to understand how arc magma metal contents are influenced by
sulfur-rich slab-derived material. | find that the Mo, Zn, and Sn contents of Lassen
magmas are similar to MORB and are relatively unaffected by subduction, whereas slab
melts enrich Lassen cinder cone magmas in Pb. The Cu contents of Lassen magmas are
broadly similar to MORB but differ from one cinder cone to another. | develop mantle
melting models to compare to constraints inferred from melt inclusion 534S, S, and S and
Fe valance state and show that Lassen Cu contents are controlled by a combination of
ambient mantle heterogeneity and subduction-related mass transfer of sulfur into the

mantle wedge.



In Chapter 1V, | expand the scope of study to consider the behavior of sulfur in
primitive arc magmas globally. I compiled published melt inclusion data from 29 arc
segments, together with new data from the Cascades to determine the key controls on
primitive arc magma S contents, including the role of mantle oxidation state. | find that
sulfur in arc magmas is partially derived from the subducting plate. Using models of
sulfur content at sulfide saturation, | find that most arc magmas have S contents requiring
oxygen fugacity higher than that of MORB. These findings, along with the conclusions
from my work on the southern Cascades, demonstrate that the mantle source for arc
magmas in oxidized, and that sulfur cycling in arcs is closely linked to the oxidized

nature of arc magmas.



CHAPTER I

SLAB-DERIVED SULFATE GENERATES OXIDIZED BASALTIC MAGMAS
IN THE SOUTHERN CASCADE ARC

This chapter has been published in Geology as of June 2021. | am lead author on
the paper, which involved sample preparation, analysis, synthesis of all data, modeling
and writing the manuscript. Paul Wallace (University of Oregon) assisted with data

interpretation and feedback on manuscript drafts.

1. Introduction

Over long timescales, recycling of redox-sensitive sulfur (S) in subduction zones
is likely a key control on the oxidation state of Earth’s mantle (Evans 2012). The redox
state of arc magmas also strongly affects their chemical evolution and the creation of
porphyry ore deposits (Richards, 2015). In arc magmas S is present both as sulfide (S%),
the dominant species in mid-ocean ridge basalt (MORB), and as the oxidized species
sulfate (S®*). Trace element systematics suggest that arc magmas become oxidized and
S¢*-dominated during differentiation (Lee et al., 2010; Tang et al., 2018). In contrast, data
from mantle xenoliths and from redox state measured in silicate glasses (Kelley and
Cottrell, 2009; Brounce et al., 2014; Bénard et al., 2018; Birner et al., 2017) suggest
oxidized magmas form when oxidized materials from the downgoing slab rise into the
sub-arc mantle wedge.

Independent of this debate, 5**S values measured in arc glasses and volcanic gases
suggest that some S is derived from seawater sulfate released during slab dehydration
(Altetal., 1993; Bénard et al., 2018). Although mantle melts contain much less S than
Fe, one mole of slab-derived S8 can potentially oxidize 8 moles of Fe?*. Whether this
S8*-driven oxidation occurs in arcs is difficult to test because it requires integrating the
mass transfer of S and electron budget of S and Fe into models of magma formation.

Olivine-hosted melt inclusions (MI) provide a means to study melts minimally
affected by degassing. We measured the composition of MI hosted in Mg-rich olivine
from tephra of six mafic cinder cones in Lassen Volcanic Area, CA. This region has

hundreds of mafic vents that have been variably influenced by slab-derived material in
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their mantle source (Borg et al., 1997). Lassen sits at the southern end of the Cascadia
subduction zone, which has a hotter thermal structure than most arcs (Syracuse et al.,
2010). H20 in Lassen magmas is likely derived from dehydration of hydrated mantle
lithosphere in the subducting Gorda microplate, with the released fluid fluxing into
overlying oceanic crust where it induces slab melting (Walowski et al., 2015, 2016). Here
we build on this framework, constraining the mass balance and source of S in Lassen
magmas using microanalysis of §*4S, S, and Sr/Nd in the same MI for which we constrain
electron balance using S%*/3'S and Fe®*/> Fe values measured via XANES spectroscopy

(see Supplementary Text for details of all analytical methods).

2. Slab-derived sulfur

Arc magmas commonly contain more S than MORB, regardless of subducted
plate thermal structure (Fig. 1). After corrections for post-entrapment crystallization
average MI S contents for Lassen cinder cones range from 990 + 160 ppm (cinder cone
BBL), similar to primitive MORB values, to 1,960 + 470 ppm (cinder cone BRM).
Within each cone M1 do not show signs of S degassing (Fig. DR 4b, DR12). To compare
conditions of melting that generated magmas at each cone, we calculate primary magma
compositions through olivine addition back to equilibrium with Fogo olivine. Primary
magma S contents thus calculated range from 790 to 1,940 ppm (Fig. DR12, see Supp.
Text).

To assess the influence of slab-derived S on Lassen primary magma S contents,
we compare S/Dy to Sr/Nd. Sr and Nd, and S and Dy, respectively, have similar
incompatibility during mantle melting in the presence of immiscible sulfides and during
olivine-only fractional crystallization (Saal et al., 2002, Walowski et al., 2016). This
means increases in Sr and/or S relative to Nd and Dy can indicate addition of slab
material to the mantle source. Increases in S/Dy can also indicate more oxidized melting

conditions, which increase the maximum S content of sulfide-saturated melts.
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Figure 1. Calculated primary magma S concentrations for arc volcanoes compared to
slab thermal parameter (Syracuse et al., 2010; Ruscitto et al., 2012). Primary MORB S
reference values (Ding and Dasgupta, 2017) shown for comparison.

S/Dy correlates with Sr/Nd at Lassen (Fig. 2d). If we make a simplifying
assumption that relationships between S/Dy and Sr/Nd are linear, a regression including
an averaged value for MORB data yields R?= 0.69, p-value = 0.02. We note that cinder
cone BRVB is an outlier within this correlation and attribute this to pre-existing
enrichments in Nd within the sub-arc mantle prior to modern subduction (see Supp. Text,
Fig. DR14, DR15). Correlations with Sr rather than Sr/Nd are stronger, with no outliers
(Fig. DR14), but we have chosen to retain Sr/Nd for modeling slab additions beneath
Lassen for consistency with previous work (e.g. Walowski et al., 2016) and to reduce
complications related to mantle melt fraction in our interpretations.

Correlations in Figures 2 and DR14 require variable slab addition of S to the
mantle source and/or a variably oxidized mantle. With regard to the latter, MORB-source
mantle that becomes oxidized without S addition does not contain enough S to generate
the high S magmas at Lassen (Fig. DR13). An alternative is that magmas at each cinder
cone become variably oxidized and S-enriched during deep crustal differentiation.
Theoretically, melt Fe3* enrichment caused by magma recharge and garnet crystallization

could increase S®*/>'S and cause assimilation of sulfide cumulates in the lower crust (e.g.
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Lee and Tang, 2020). However, Lassen cinder cones are fed by small, short-lived crustal
magmatic systems, and high-Mg M1 used here formed during early crystallization.
Lassen magmas also do not show the strong HREE depletions expected from significant
garnet fractionation (Walowski et al., 2016).
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Figure 2. Primary magma compositions for the Lassen region based on melt inclusion
data (large symbols) compared to model melt compositions (small circles). Error bars in
(b) and (c) represent standard error of the mean. Each set of colored circles represents one
modeled scenario, and each individual circle represents the modeled melt at peak mantle
wedge temperature, calculated for a specific melt:rock ratio, as labelled in panel a.
‘Normal Mantle’ and ‘Prior Oxidation’ models have the same values in ¢ and d. See text
and Figure DR3 for model details. Small crosses are oxygen fugacity estimates using
spinel-olivine oxybarometry for other Lassen cinder cones (Clynne and Borg, 1997,
Ballhaus et al., 1991). MORB compositions (Table DR13) shown in gray density
contours for comparison.

We therefore interpret correlations between S/Dy and Sr/Nd (Fig. 2d) to indicate
that a large portion of S in Lassen magmas is sourced from the subducting slab. H20 and

Cl in Lassen magmas show similar patterns, indicating that S, Cl, and H20 are all sourced



primarily from the downgoing plate (Fig. DR16, Walowski et al., 2016), consistent with
volatiles in arcs globally (Ruscitto et al., 2012).

3. Sulfur isotopes

Because S/Dy can vary as a function of oxidation state during mantle melting, S
isotope ratios (3%*S) measured in M1 provide an essential additional constraint on slab-to-
mantle mass transfer of S. 534S values for Lassen magmas (1.8 + 0.7 %o t0 5.2 = 0.3 %o)
correlate with Sr/Nd in a similar way to S/Dy (R?= 0.68, p-value = 0.04; Fig. 2c). This
requires variable addition of high-33S sulfur into a MORB-like mantle source (534S = 0.6
%o; see Supp. Text). To compare &3S in Lassen magmas to §3S in slab lithologies, we
calculate bulk &3S in the downgoing slab at Lassen using constraints from geophysical
data and drill cores (Fig. 3, see Supp. Text). Our estimate includes sediments, volcanic
and gabbroic sections of altered oceanic crust (AOC) and 2 km of partially hydrated
lithospheric mantle. Bulk &3S estimated for the slab beneath Lassen is -6.7+2.9 %o, with
uncertainty based on S content in each section. Sediment contribution to the slab-derived
component in Lassen magmas is small (Walowski et al., 2016). If we exclude sediment,
bulk slab §%*S is 1.1£0.5 %o, still lower than &3S in the most S-rich Lassen cinder cone
(8%*S = 5.2 %o) and indistinguishable from MORB (534S = 0.6 %o).

Elevated §3S in Lassen magmas relative to estimates for the bulk downgoing slab
(Figs. 2, 3) could be most readily explained if seawater sulfate in downgoing hydrated
lithospheric mantle or AOC is transported into the sub-arc mantle more effectively than
sulfur from primary sulfides in downgoing AOC. Heterogeneity in sulfide §3*S within
exhumed high-pressure rocks suggest sulfides do not equilibrate efficiently at slab
surface temperatures (Walters et al., 2019). If this is the case, then §%*S-enriched fluids
from hydrated lithospheric mantle (e.g. Alt et al., 2012) that flush overlying oceanic crust
and cause partial melting would have a disproportionate effect on slab melt §S.
Alternatively, if equilibrium conditions prevail, slab sulfur may inherit high 534S from
isotopic fractionation during slab melting. An S¢* dominated slab melt in equilibrium
with MORB-like sulfides (534S = 0 %o) would have §%S = 5.7-6.9 %0 (Miyoshi et al.,
1984) at 750-850 °C (Walowski et al., 2015), whereas an S* dominated slab would
undergo little fractionation. For partial melt of oceanic crust to be dominated by S¢*
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requires that fluids derived from underlying hydrated mantle lithosphere are relatively
oxidized (e.g. Debret and Sverjensky, 2017; Maurice et al., 2020, Evans and Frost, 2021).
Therefore, while assumptions about equilibrium or non-equilibrium §3*S behavior in
AOC have different implications for the precise source of slab S, both indicate the release

of oxidized, S®* dominated melt from the slab into the mantle wedge.
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Figure 3. 5**S values for arc volcanoes, drill cores, exhumed rocks, and slab-fluid/melt
models (Table DR11). Symbols show average, upper and lower quartiles for each data
set. All data are for whole rock S unless otherwise specified. Arc extrusive rocks (‘Arc
Magmas’) include basalt and basaltic andesite compositions. Average MORB §**S and
the upper and lower quartile of Lassen MI §3*S shown for comparison.

534S values of Lassen Ml are similar to §3*S measured at arcs globally (Fig. 3).
High temperature gases, low-S submarine glasses, and degassed scoria samples all have
534S similar to the minimally degassed MI measured here. This suggests that degassing at

arcs has a relatively small effect on melt 534S values. Considering the wide range of



sediment §3*S compositions (Fig. 3), slab temperatures (Syracuse et al., 2010), and slab-
material fluxes (Ruscitto et al., 2012) estimated for arcs, similarities in §**S of magmas
from different arcs suggest that the addition of slab-derived, oxidized S to the sub-arc

mantle at Lassen is common to other subduction zones.

4. Influence of slab-derived sulfur on the oxidation state of Lassen magmas

Lassen primary magma oxygen fugacities (foz), calculated from Fe3*/Y Fe
measured in MI, range from QFM+0.8 to QFM+2.0 (Fig. 2a; see Supp. Text). Like S and
534S, foz correlates with Sr/Nd (R?= 0.61, p-value = 0.04 for AQFM, R?= 0.68, p-value =
0.02 for S8*/3°S), suggesting that slab-derived S®* has a causal link to oxidized magmas.
Both Fe3*/Y Fe and S8*/3'S are elevated relative to MORB. This requires that as slab-
derived, hydrous, silicic melt causes flux melting of the mantle wedge (Walowski et al.,
2015), a portion of slab-derived S%* is reduced to oxidize Fe?*, as there is an equilibrium
relationship between melt Fe3*/Y Fe and S®*/3'S involving redox exchange between S and
Fe (e.g. Nash et al., 2019). Therefore, to assess whether slab-derived S®* causes arc
magmas to be more oxidized than MORB, the coupled redox budget of S and Fe must be
considered.

To model the redox budget, we combine pMELTS melting models (Ghiorso et al.,
2002), redox equilibrium between S and Fe, and electron balance calculations. This
model (see Supp. Text for details) approximates the reaction and transport of silicic,
hydrous slab melts rising into the inverted thermal gradient of the mantle wedge (Sisson
and Kelemen, 2018). Coupled redox balance calculations track changes in Fe3*/> Fe and
S%*/5'S during reactions of S¢*-rich slab-derived melts with more reduced mantle
peridotite. Importantly, the coupled redox balance shows that slab S&* is much less
effective at generating oxidized basaltic magmas than predicted when only the
relationship between fo2 and S¢*/3'S is considered (Klimm et al., 2012).

In our initial model, we assume a slab melt with 1,500 ppm S®* based on a 950°C,
3 GPa partial melting experiment of oxidized, fluid-saturated, S-rich basalt (Jégo and
Dasgupta, 2014), and initial mantle peridotite S?* content of 150 ppm based on MORB-
source mantle (Ding and Dasgupta, 2017). In this scenario, slab S®* drives clear increases

in the fo2 and S*/3’S of mantle melts but does not predict Lassen foz, S/Dy, or S¢*/3'S
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values (green curve, Fig. 2). Given this result, we also modeled the same scenario but
assumed 10,000 ppm S&* in slab melt. This model overestimates the S content of Lassen
magmas but reproduces all but the highest Lassen foz and S%*/3°S values (blue curve in
Fig. 2). Given that this modeling approach seems to require unreasonably high slab melt
S%* concentrations, we explored three more complex model scenarios.

In the first more complex scenario, melts remain saturated in an immiscible
sulfide phase as they react with peridotite. This model scenario creates more oxidizing
melts but requires very S-rich slab melt (8,000 ppm) to reproduce the highest foz and
S8*/3'S values (purple curve in Fig. 2). The second more complex scenario is that the sub-
arc mantle experienced S extraction during previous melting events. However, if we
assume 1,500 ppm S8 in slab melt and 0 ppm S? in mantle peridotite, the model cannot
reproduce higher fo2 and S/Dy values or the correlation between Sr/Nd and &3S (orange
curve in Fig. 2). The third more complex scenario is that the sub-arc mantle experienced
multiple stages of oxidation, consistent with oxygen isotope data for Lassen magmas
(Underwood and Clynne, 2017) and other arcs (Auer et al., 2009). This model fails to
reproduce the entire range of Lassen compositions with a single, uniform period of prior
oxidation (pink curve in Fig. 3), indicating that a more localized and/or multi-stage
process is required.

Models developed here show that transfer of slab-derived sulfate to the mantle
wedge has a clear effect on the fo2 of arc magmas and requires slab melts with 534S = 5.2-
9.5 %o to match measured &3S values (Figs. 2, 3, 4). These models highlight the
importance of resolving sensitivity of S and Fe redox exchange to pressure, temperature,
melt composition, including dissolved H20, and potential quenching effects (e.g.
Matjuschkin et al., 2016; O’Neill, 2021). While these uncertainties are unlikely to alter
bulk electron exchange in our models significantly compared to the overall effect of S6*
addition, they limit how modelling outcomes considered here can be included in models

of S behavior during mantle melting.
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Figure 4. Conceptual model for the generation of sulfur-rich oxidized magmas in the
Southern Cascades arc. High 6%*S seawater sulfate (e.g. Alt et al., 2012) becomes
incorporated into altered oceanic crust (subdivided into upper crust with volcanic
rocks/sheeted dikes, and lower crust with gabbros) and hydrated mantle lithosphere
during hydrothermal activity near the ridge crest and later faulting of oceanic crust. When
the hydrated mantle lithosphere dehydrates, oxidized fluids rise into overlying oceanic
crust, generating high 634S, sulfate-dominated, hydrous slab melts. These slab melts rise
up through the inverted thermal gradient of the mantle wedge, reacting with mantle
peridotite to form oxidized, S-rich, high §**S basaltic magmas.
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A striking feature of our data set is that Lassen magma &3S and fo2 values are
similar to those measured in the Marianas (Fig. DR6, Alt et al., 1993; Brounce et al.,
2014) and other arcs globally (Fig. 3, Cottrell et al., 2020) even though the Cascade arc is
a near global endmember in terms of young slab age and temperature, which strongly
affect slab dehydration and melting (Walowski et al., 2015). This shared similarity in
84S and fo2 points to a common source of S, either sulfate derived from hydrated mantle
lithosphere or AOC-hosted sulfides oxidized by fluids rising up from the hydrated mantle
lithosphere, or both (Fig. 4). Our results show that transfer of slab-derived S®* into sub-
arc mantle above subducted plates can explain both elevated §34S values and fo2 of
basaltic arc magmas globally.

5. Bridge

In the preceding chapter (I1), I used measurements of §*S , S and Fe valence
state, and S contents in olivine-hosted melt inclusions to demonstrate the influence of
oxidizing, isotopically heavy, slab-derived sulfur in increasing the S content and
oxidation state of Lassen magmas. In chapter Ill, I combine these insights with
measurements of ore-forming metal concentrations (Cu, Zn, Mo, Pb, W, Sn) in the same
set of melt inclusions, in order to understand how variations in mantle sulfur content,
mantle oxidation state, ambient mantle heterogeneity, and modern subduction all

influence the metal content of Lassen magmas.
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CHAPTER 111

THE INFLUENCE OF SLAB-DERIVED SULFUR ON THE METAL
CONTENTS OF MAGMAS IN THE SOUTHERN CASCADE ARC

This chapter is in preparation for submission to Earth and Planetary Science
Letters. | am lead author on the paper, which involved sample preparation, analysis,
synthesis of all data, modeling and writing the manuscript. Paul Wallace (University of

Oregon) assisted with data interpretation and feedback on manuscript drafts.

1.0 Introduction

The behavior of Cu in subduction zones is critical to the formation of porphyry Cu
deposits (Sillitoe, 2010; Wilkinson, 2013; Richards, 2015; Lee and Tang, 2020), which
contain ~60% of the world’s copper reserves (John et al., 2010). Most porphyry deposits
are found within groups of porphyry stocks formed by fluids exsolved from crystallizing
intermediate to felsic calc-alkaline magmas (John et al., 2010; Sillitoe, 2010). They are
usually emplaced in the shallow crust, which means their deeper magmatic plumbing
system is not simultaneously exposed at the Earth’s surface. However, distinct geochemical
characteristics shared among fertile deposits (Loucks, 2014) and the commonly observed
spatial and temporal association of fertile deposits (Sillitoe, 2010) suggests that more deep-
seated magmatic processes may influence their formation. The geochemistry of mantle-
derived magmas may affect ore-forming processes by either ‘setting the stage’ for how arc
plutons evolve (e.g. Chiaradia 2020), or by recharging more evolved magma bodies from
below (Audétat and Pettke, 2006; Chambefort et al., 2008; Cao et al., 2018a, 2018b; Li et
al., 2019). There is also evidence to suggest that hydrous, Cu-sulfide-bearing cumulates
from prior magmatism can be remobilized in late stage and/or post subduction settings
(Richards, 2009; Lee and Tang, 2020).

While there are several features of mafic magmas that can affect the formation of
porphyry Cu deposits, the importance of each is debated (Wilkinson, 2013; Richards, 2015;
Rezeau and Jagoutz, 2020). Mass balance considerations suggest that arc magmas do not
require atypical enrichments in Cu to form deposits (Cline and Bodnar, 1991). However,

the extent to which unusually Cu-enriched magmas affect the Cu content of porphyry
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deposits (e.g. Core et al., 2006), and the extent to which the early saturation of Cu-bearing
sulfides affects magma fertility (e.g. Du and Audétat, 2020) is debated. Likewise, it is
unclear to what extent magma sulfate content (Chambefort et al., 2008; Hutchinson and
Dilles, 2019), oxidation state (Grondahl and Zajacz, 2017), H20 content (Chiaradia 2020;
Rezeau and Jagoutz, 2020), and magma emplacement rate (Korges et al., 2020) influence
the formation of porphyry deposits. Importantly, in arc settings these factors likely co-vary.
Therefore, to tie our knowledge of arc magma petrogenesis into the formation of porphyry
ore deposits, variations in arc magma Cu content need to be understood in the context of
other key compositional features.

The Cu contents of arc magmas are broadly similar to MORB (Lee et al., 2012;
Rezeau and Jagoutz, 2020; Barber et al., 2021), but studies at individual arcs show the Cu
content of primitive magmas vary (De Hoog et al., 2001; Timm et al., 2012; Jenner et al.,
2012; Mironov and Portnyagin, 2018; Leath, 2019), even within a single arc segment
(Jenner et al., 2012; Leath, 2019). The behavior of Cu has the potential to vary widely
between arcs because its behavior is sensitive to the stability of Cu-bearing sulfide
phases. The melt sulfur content at which magmas become saturated in these sulfides,
commonly referred to as the total dissolved sulfur content at sulfide saturation (SCSST),
IS sensitive to melt oxygen fugacity, which affects the proportion of sulfur in silicate
melts as S8 relative to S> (Jugo et al., 2010). Whereas calculated oxygen fugacity using
measured Fe3*/> Fe in arc glasses (Kelley and Cottrell, 2009; Brounce et al., 2014), direct
measurements of S8*/>'S in melt inclusions (Muth and Wallace, 2021), and elevated S
contents in magmas (Ruscitto et al., 2012; Wallace and Edmonds, 2011) all demonstrate
that some S is present as S®* in arc magmas, the effects of pressure, temperature, and
composition on silicate melt S¢*/3'S are unclear (Matjuschkin et al., 2016; Nash et al.,
2019; O’Neill, 2021).

In arc magmas, Cu behavior during early crystallization varies. In more strongly
tholeiitic magmas, either in arcs or back-arcs, Cu commonly behaves incompatibly
during the first stages of crystallization (Jenner et al., 2010; Keith et al., 2017; Rezeau
and Jagoutz, 2020). In these magmas, the eventual precipitation of phases like magnetite
may reduce the melt FeO content and/or melt fo2 via Fe3* sequestration. These decreases

in melt fo2 and/or FeO lower SCSST, which can cause the silicate melt to become
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saturated in sulfides. These sulfide saturation in turn causes Cu to switch to compatible
behavior (Jenner et al., 2010, 2012, 2015; Valetich et al., 2019). In contrast, in many
calc-alkaline arc magmas Cu behaves compatibly during most of crystallization. This
compatible behavior is caused by an overall Fe-depletion trend in calc-alkaline magmas,
which drives melts towards lower SCSST and therefore towards higher proportions of
precipitated sulfides (Rezeau and Jagoutz, 2020). However, the importance of specific
crystallizing phases such as amphibole (Barber et al., 2021), and garnet (Lee and Tang,
2020) in driving this Fe-depletion trend and associated decreases in SCSST is debated.
Others have additionally proposed that early magnetite crystallization in calc-alkaline
magmas can decrease both melt foz and melt FeO content, drastically decreasing melt
SCSST in a manner similar to that proposed for more tholeiitic magmas (Chiaradia,
2013).

The variable influence of slab-derived material in the source regions for
individual mafic cinder cones in the Lassen region makes it an ideal location to test how
subduction influences the Cu content of mafic arc magmas. Previous work used
geodynamic modelling and isotope, volatile and trace element systematics to demonstrate
that the presence of slab-derived material in the sub-arc mantle beneath Lassen drives
differences in the H20 content and Cl content of primitive arc magmas (Walowski et al.,
2015, 2016). Similarly, direct measurements of 534S and S and Fe valence state in melt
inclusions show that this subduction influence also increases the S content and oxidation
state of primitive magmas (Muth and Wallace, 2021). Here we report the metal contents
of Lassen melt inclusions from the same set of samples, combining the prior constraints
with new melt inclusion data to investigate how subduction zone processes affect the

behavior of Cu and other metals (Pb, Zn, Mo, Sn, W) in the Lassen region.
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Figure 1. (Top) Map of the southern portion of the Cascade Arc, where major peaks are
highlighted with red triangles. (Bottom) Map of the Lassen region showing the location
of the cinder cones sampled for this study (large colored symbols), Lassen Peak (black
star), and previously sampled vents (small black crosses).

2.0 Geologic Setting

The Lassen region is located in the southern end of the Cascade Arc. The Gorda
micro-plate subducting at the trench is relatively young (Fig. 1, 6-9 Ma, Wilson, 2002),
and the subducting slab beneath Lassen is hotter than most arcs (Syracuse et al., 2010;
Walowski et al., 2015). The southern Cascades contains numerous mafic vents in
addition to four more evolved silicic edifices, including Lassen Peak (Guffanti et al.,
1990). While volcanism in the region is driven primarily by subduction, the local tectonic
environment also has an influence. The Basin and Range province to the east of Lassen
impinges on the Lassen area and likely exerts some control on vent locations (Guffanti et
al., 1990). Lassen is underlain by a combination of Cenozoic volcanic rocks, Sierra
Nevada intrusions (Berge and Stauber, 1987; Blakely et al., 1997), and accreted terranes

(Dickinsin, 2008). Trace element and isotope systematics (Borg et al., 1997, 2002;
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Walowski et al., 2016; Mullen et al., 2017; Underwood and Clynne, 2017) in addition to
evidence from Cr-spinel compositions (Borg et al., 2002) and magma volatile contents
(Walowski et al., 2015, 2016; Muth and Wallace, 2021) are all consistent with the
combined effects of prior mantle heterogeneity and modern subduction influence on

mafic magma compositions in the region.

3.0 Methods
3.1 Analytical approach

Olivine-hosted melt inclusions from the tephra of each cinder cone were selected
for analysis. The tephra samples used here were a combination of tephra samples used in
the study of Walowski et al. (2016) and newly collected samples from sampling locations
nearby the original location. These newly collected tephra samples are labeled with the
prefix “MM-L17” in supplemental tables. Inclusions that contained quench or daughter
crystals, were intersected by cracks in the host crystal prior to sectioning (some
inclusions developed cracks during preparation) or contained anomalously large or
multiple vapor bubbles were not selected. Some inclusions contain a small (~2-10 pum)
immiscible sulfide bleb, which likely formed post-entrapment, or a co-trapped spinel
crystal.

Melt inclusions were analyzed on a Thermo-Nicolet Nexus 670 FT-IR
spectrometer interfaced with a Contiuum IR microscope. H20 concentrations were
calculated from IR peak absorbance values using the Beer-Lambert Law. Doubly
intersected melt inclusion wafers were prepared to be very thin to avoid host
contamination during Fe XANES analysis (Muth and Wallace, 2021). Because of this,
the CO3? doublet normally used to quantify CO2 concentration in basaltic glasses could
not be deconvolved from interference fringes and therefore was not used. H20
concentration was determined using the 3570 cm™ OH- peak with absorption coefficient ¢
= 63 from Dixon et al. (1995). Thickness was determined using the interference fringe
method (e.g. Wysoczanski and Tani, 2006) calculated using the Spectragryph software
package (Menges, 2020). Hydrous densities were determined by iteration between

calculated glass densities (Luhr, 2001) and Beer-Lambert calculations.
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Most electron microprobe analyses (EPMA) were conducted using a Cameca SX-
100 equipped with five wavelength dispersive spectrometers in the CAMCOR facility at
the University of Oregon with a 15 kV accelerating voltage. A subset of olivine analyses
were conducted on a JXA-8530FPlus HyperProbe Electron Probe Microanalyzer at the
Smithsonian Institution with a 15 kV accelerating voltage. Analytical conditions varied
slightly between sessions. Sample current, beam size, and counting times used during
each session are given in Muth and Wallace (2021). Effects of element migration in
glasses were corrected by performing linear regressions to time zero on Na, K, Al, and Si
counts (Hanson et al., 1996; Morgan and London, 1996, 2005). Individual analyses for
both olivine and glass are averages of 3-5 analyzed spots. S Ka peak positions used for
sulfur analyses were determined based on average S®*/=S measured by XANES for each
cinder cone and the relative offset between S Ka peak locations determined for troilite
and anhydrite standards.

Melt inclusions and host olivines were analyzed for a suite of trace elements using
Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICPMS) during two
different sessions. During the first session in June 2017, melt inclusions were analyzed on
the Photon Machines Analyte G2 135 nm ArF “fast” excimer laser system at Oregon
State University, using a 40 um or 50 um diameter spot size with a 5 Hz pulse rate.
Measured trace element concentrations were determined by reference to GSE-1G glass as
a calibration standard and using “*Ca as an internal standard. BHVO-2G, BCR-2G, and
GSD-1G glasses were also analyzed to monitor accuracy and precision. During the
second session in February 2020, melt inclusions and host olivine were analyzed on a
Thermo Scientific iICAP RQ and Photon Machines Analyte G2 193 nm ArF excimer laser
at Oregon State University, using a 30 um, 40 um or 50 pm diameter spot size with a 15
Hz pulse rate. Measured trace element concentrations were determined by reference to
NIST 612 glass as a calibration standard for most elements (see below) using 3Ca as an
internal standard for glass analyses, and 2°Si as an internal standard for olivine analyses.
BCR-2G, GSD-1G, and BIR-1G glasses were also analyzed to monitor accuracy and
precision.

Comparisons between measured and reference values (Jochum et al., 2007) on

external check standards are shown in Supplementary Figure 1 for analyzed metals. Zn
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and Pb analyses processed using NIST 612 as a reference standard yielded high
concentrations relative to reference values. For these elements BIR-1G was chosen as the
reference standard instead. Time-resolved ablation patterns were checked carefully for
spikes indicating the ablation of metal-bearing daughter phases within inclusions, and any
spikes were screened from processing. Dy concentrations measured during the 2017
session were scattered, with large uncertainties, and were excluded from the data
presented here. During the 2017 session, a subset of analyses intersected melt inclusion
vapor bubbles. During the 2020 session, higher sensitivity enabled us to choose ablation

spots that avoided the ablation of vapor bubbles.

3.2 Primary magma estimates

To estimate primary melt composition at Lassen, the compositions of a subset of
melt inclusions above a specified MgO content from each cone were averaged and used
to calculate reverse olivine crystallization until each composition was in equilibrium with
Fogo. The MgO content used at each cinder cone was determined using MgO and Al203
bivariate plots, to avoid including melt inclusions whose compositions may have been
affected by plagioclase fractionation before entrapment. For most inclusions, an MgO
cutoff value was used to select the most primitive inclusions while still retaining enough
inclusion compositions for a representative compositional average. For some cinder
cones, there is scatter in the Al2O3 content in more evolved inclusions, which may
represent variable plagioclase fractionation. In these cases, the MgO content was chosen
so that these more scattered compositions were avoided. The average high-Mg
compositions calculated for each cinder cone were used as a starting composition for
reverse crystallization models. All reverse crystallization models were calculated using
Petrolog3 at 5 kbar, using the Danyushevsky (2001) olivine temperature model and the
Toplis (2005) Ka model. The S, Cl, H20, and trace element composition of primary
magmas were calculated by diluting each element by the same amount that K20 was

diluted in the reverse crystallization models.
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Figure 2. PEC-corrected Lassen melt inclusion compositions from current study and
Walowski et al. (2016) from each cinder cone (colored circles) compared to Lassen
whole rock compositions (beige density contour, Clynne et al., 2008) and MELTS
fractional crystallization models. MELTS crystallization models were calculated at 400
MPa using estimated BORG primary magma as the starting composition. All mineral-in
reactions are shown in the top left panel and selected key mineral-in reactions are shown
in each panel.

4.0 Results
4.1 Major and trace elements

Host olivine forsterite contents range from Foso to Foso, with an average of Foss.
Individual melt inclusion analyses were corrected for post-entrapment crystallization
(PEC) and Fe-Mg re-equilibration using Petrolog3 (Danyushevsky and Plechov, 2011).
Bulk rock data for each cinder cone studied here is limited, making it difficult to estimate
initial FeOT content for melt inclusions. To circumvent this, forward models of olivine
crystallization were calculated using Petrolog3 at 5 kbar. Oxygen fugacity conditions are
based on average calculated fo2 from measured Fe**/ ZFe data (Muth and Wallace 2021)
and Hz0 is based on average melt inclusion values. These olivine-only crystallization

models are consistent with whole rock data from other mafic vents at Lassen (e.g. Borg et
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al., 1997), which indicate that high-Mg Lassen magmas crystallize along an Fe-depletion
trend consistent with olivine (+minor Cr-spinel) crystallization, and little to no
contribution from plagioclase, pyroxene, or titanomagnetite crystallization.

For forward olivine crystallization models of each cinder cone, whole rock data
with the highest FeOT content were chosen as starting compositions. For cinder cones
that have little (BBL) or no (BRM) bulk rock data, we used a composition based on
average analyzed melt inclusions from each cinder cone and the 90" percentile value of
measured melt inclusion FeOT concentration. To estimate FeOT concentration of each
melt inclusion prior to Fe-Mg reequilibration, equilibrium olivine forsterite content was
calculated for each melt inclusion composition. The FeOT value from the forward olivine
crystallization model for a given cinder cone that matched this olivine forsterite content
was taken as the initial melt FeOT. We emphasize that the choice of FeOT value for
correcting the melt inclusions from a given cone mainly affects the corrected MgO and
FeOT values and has only a small effect on other major and trace elements.

Melt inclusion compositions were then corrected for PEC and Fe-Mg
reequilibration using Petrolog3, with our estimated initial melt FeOT concentrations as
input values. For the Petrolog calculations, the olivine temperature model used was
Danyushevsky (2001), with Toplis (2005) used for olivine Kq. All reverse olivine
crystallization calculations were performed using foz values calculated from Fe XANES
data as described above for each cinder cone. If melt inclusions did not have measured
H20 contents, average H20 contents from each cinder cone were used. A subset of
inclusions from cinder cone BRM did not show evidence for Fe loss, so we instead
calculated simple reverse olivine crystallization using Petrolog3 to correct for post-
entrapment crystallization. For all inclusions, the S, Cl, and trace element concentrations
for the Petrolog-corrected compositions were calculated by diluting each element’s
analyzed concentration by the same amount that K20 was diluted. For consistency all
measured melt inclusion compositions reported in (Walowski et al., 2016) have been
corrected for PEC-and Fe-Mg re-equilibration in the same manner. For convenience we
refer to all compositions that have been corrected for both PEC and Fe-Mg re-

equilibration as ‘PEC-corrected’.
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Corrected melt inclusion compositions have 48-53 wt. % SiOz, 6-11 wt. % MgO,
and 0.18 — 1.11 wt. % K20. Melt inclusion compositions are similar to the major element
compositions of whole rock analyses from other vents in the region but only overlap with
the most primitive whole rock compositions (Fig. 2). K20 contents in high MgO
inclusions vary widely among cinder cones. Cinder cones BAS-44, BPPC, and BRVB
contain a relatively restricted set of compositions, while cinder cones BORG, BRM, and
BBL contain a range of compositions (Fig. 2, 3). Cinder cone BORG shows large
increases in Al203, K20, and decreases in CaO with decreasing MgO. Cinder cone BBL
shows relatively steady Al2O3 contents, strong increases in K20 and TiO2, and decreasing

CaO with decreasing MgO.
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Figure 3. PEC-corrected Lassen melt inclusion compositions from current study and
Walowski et al. (2016) from each cinder cone (colored circles) compared to MORB
glasses (gray circles, Jenner et al., 2012). Each symbol represents one analyzed inclusion.
Fractional crystallization models assuming 0 to 30 % crystallization shown for olivine
(solid line), 20 % olivine and 80 % amphibole (short dashed line), and 90 % olivine and
10 % garnet (long dashed line). Thin blue lines show mixing calculations between a
representative Lassen primitive magma composition and measured samples of northern
Sierra Nevada batholith (Cecil et al., 2012). Thick line shows mixing calculated with the
averaged composition of all samples. Tick marks represent 10 % mixing intervals.
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4.2 Volatile elements

Lassen melt inclusions contain an average S content of 1400 £+ 600 ppm, similar
to the range of values measured in melt inclusions from Central Oregon (Ruscitto et al.,
2010). H20, ClI, and S co-vary among cinder cones as demonstrated in previous work at

Lassen (Walowski et al., 2016; Muth and Wallace, 2021).
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Figure 4. Lassen melt inclusion compositions from current study and Walowski et al.

(2016) from each cinder cone. Error bars represent propagated analytical standard error.

MORB glass compositions (gray circles, Jenner et al., 2012) shown for comparison.
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Figure 5. Average analyzed Cu contents in melt inclusions from each cinder cone plotted
against K20. Error bars represent 2c standard deviation from calculated average. Beige
circles are whole rock analyses from primitive (MgO > 8 wt. %) Lassen samples (Clynne
et al., 2008). Blue circles are median compositions of primitive whole rock analyses from
arcs globally (Barber et al., 2021) binned by 0.05 wt. % K20 increments. Shaded regions
represent upper and lower quartiles within each bin.

4.3 Metal contents

PEC-corrected Cu concentrations of Lassen melt inclusions vary from 4 to 324
ppm, with an average concentration of 92 ppm (Fig. S2). Zn concentrations vary from 40
to 199 ppm with an average of 77 ppm. Mo concentrations vary from 0.15 to 1.20 ppm
with an average of 0.53 ppm. W concentrations range from 0.04 to 0.40 ppm, with an
average of 0.10 ppm. Pb concentrations range from 1.0 to 6.7 ppm, with an average of 3.4
ppm. The concentrations of most metals are similar or only slightly elevated compared to
those of MORB (Fig. 4). In contrast, Pb shows clear elevations relative to MORB in all
cinder cones. Cu contents measured in melt inclusions are consistent with primitive

Lassen whole rock data, except for cinder cones BPPC and BRVB where Cu contents are
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slightly lower. Whole rock data and inclusion compositions from Lassen show a wide
range of Cu contents at low K20 content, and an inverse correlation between Cu and K20
(Fig. 5).

Roughly 25% of melt inclusions contain a visible sulfide bleb ranging from 2-12
um in diameter, typically less than 0.1 volume % of the MI. These sulfide blebs are
quenched immiscible sulfide liquids (e.g. Patten et al., 2012). They are most common in
cinder cones BRVB and BBL but are present in all cinder cones except for BRM and
BPPC. They are found most commonly in inclusions with relatively low analyzed FeOT
(Fig. 6). Olivine phenocrysts occasionally contain sulfide inclusions or melt inclusions
dominated by large, obviously co-trapped sulfide blebs. However, these olivine-hosted
sulfide inclusions are rare and have only been observed in cinder cone BORG and
BRVB. It therefore seems most probable that the small sulfide blebs formed after
entrapment during simultaneous cooling, Fe-loss caused by Fe-Mg re-equilibration, and
PEC-driven S enrichment.

Although the quenched sulfide liquids make up only a small proportion of the
inclusion volume, they can host a large proportion of the inclusion Cu. Depending on
inclusion size and initial Cu content, a 5-10 um diameter sulfide bleb formed after
entrapment can easily extract over 100 ppm Cu from the co-existing melt (Fig. S3).
Nevertheless, there are no clear depletions in Cu within inclusions that contain sulfide
and no relationship between analyzed melt inclusion FeOT content and Cu content (Fig.
S4), as would be expected if sulfides grew and sequestered Cu during Fe-loss from the
inclusion. This suggests that some other mechanism is at play in controlling the Cu
content of melt inclusions. At temperatures relevant to melt inclusion storage (1100 °C),
Cu can diffuse through olivine host crystals on the timescales of months to years (Audétat
et al., 2018). Lassen melt inclusions show a clear inverse correlation between analyzed
FeOT and olivine host forsterite content (Fig. S5), which indicates near complete
inclusion Fe-Mg equilibration with the olivine host (‘Trend 1° of Danyushevsky et al.,
2000). This Fe-Mg equilibration process also requires months to several years for melt
inclusions of the size analyzed here (Danyushevsky et al., 2000). Therefore, it is likely
that melt inclusion Cu contents have diffusively re-equilibrated with the external melt

during Fe-Mg re-equilibration and the formation of daughter sulfide liquids. The SCSST
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values of melt inclusions are unlikely to have changed drastically during final ascent and
eruption, and Cu diffuses through olivine too slowly to respond to any potential changes
in external melt Cu content during ascent and eruption (Audétat et al., 2018). We
therefore take analyzed melt inclusion Cu values as representative of the stored melt prior

to eruption.
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Figure 6. Analyzed S and FeOT contents of Lassen melt inclusions that have available
petrographic data. Light symbols are melt inclusions without sulfides, and dark symbols
are inclusions with sulfides. Lines from each symbol show the S and FeOT content of the
inclusion composition corrected for PEC and Fe-Mg re-equilibration. Colored curves
represent SCSST calculated using the model of Smythe et al. (2017), with the H20
dependence of Liu et al. (2021) and the oxygen fugacity dependence of Jugo et al. (2010).
For each cinder cone SCSST was calculated using the average melt inclusion
composition, average calculated storage temperature (Sugawara 2000), average oxygen
fugacity calculated via measured Fe3*/> Fe within melt inclusions from each cinder cone,
and pressure estimates based on melt inclusion H20 and CO2 barometry of BORG and
BRVB (Aster et al., 2016). Short, dashed lines represent SCSST calculated using + one
standard deviation of average oxygen fugacity at each cinder cone, and long, dashed lines
represent SCSST calculated using + 50 °C.

Cu contents of host olivine phenocrysts are similar to estimates based on the
olivine partitioning model of Portnyagin et al. (2017, Fig. S2). However, melt inclusions
from BRVB and BRM both show a large range of melt Cu contents at a relatively

constant olivine Cu content, forming an upper limit near values based on the partitioning
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model of Portnyagin et al. (2017). These patterns raise the question of whether post-
entrapment processes have taken M1 out of equilibrium with their olivine host. One post-
entrapment mechanism that can affect measured glass Cu concentrations is rapid changes
to the stability of sulfides in the inclusion. Sulfide stability can decrease with decreasing
melt H20, temperature, or foz (Jugo et al., 2010; Smythe et al., 2017; Liu et al., 2021). Cu
also becomes more compatible in sulfide with decreasing temperatures (Kiseeva and
Wood, 2015). Each of these properties can equilibrate rapidly in olivine (Portnyagin et
al., 2008; Gaetani et al., 2012; Humphreys et al., in review). Therefore, rapid
equilibration of a melt inclusion with an external melt that is cooling, losing H20, or
changing foz can redistribute Cu between melt and sulfide before melt Cu content re-
equilibrates with host olivine and external melt. Many of the inclusions with high Cu
contents relative to their olivine hosts have anomalous trace element compositions that
suggest the influence of crustal assimilation, as discussed in the next section, indicating
that some more complex pre- or post-entrapment processes may be influencing their Cu
contents. These anomalous inclusions are not included in primary magma calculations
and their metal contents are not shown in main text figures. A portion of inclusions in
BRVB contain a sulfide, and D/H measured in melt inclusions from BRVB show clear
evidence for partial H* diffusive reequilibration (Walowski et al., 2015). This rapid
decrease in silicate melt H20 and associated decrease in SCCST may explain the array
toward low Cu values in BRVB inclusions.

However, post-entrapment changes in sulfide stability cannot explain changes in
BRM melt inclusion Cu contents, which trend toward lower melt Cu values but do not
contain any visible sulfide blebs. An alternative explanation is that Cu partitioned into the
inclusion vapor bubble, because vapor bubbles can change in composition over very short
timescales due to diffusive H* loss from the MI. Cu vapor bubble partitioning has been
documented in quartz-hosted inclusions (e.g. Lowenstern et al., 1991) although
experiments in intermediate magmas at oxidizing conditions suggest Cu vapor
partitioning is minimal in more mafic magmas (Zajacz et al., 2012). Melt inclusions from
BRM do not contain visible precipitates on bubble walls (e.g. Kamenetsky and
Kamenetsky, 2010; Wieser et al., 2020) and Cu contents do not correlate with melt H20
contents, Cl contents, S contents, vapor bubble diameters, or inclusion diameters. Laser
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ablation analyses that intersected vapor bubbles similarly do not show Cu spikes
indicating the ablation of Cu-bearing precipitates. We cannot definitively rule out vapor
bubble Cu partitioning based on these observations alone, however we note that the
general patterns in Cu concentrations among cinder cones are consistent between melt

inclusion and host olivine.

5.0 Discussion
5.1 Compositional variations at individual cinder cones

Although melt inclusion compositions at Lassen cinder cones are generally
consistent with the olivine-dominated fractionation trends of high-Mg whole rock data,
individual cinder cones show a range of behavior (Fig. 2). Here we focus on BORG and
BBL, which show the most coherent major and trace element trends, and we use
estimated BORG primary magma as a starting composition to model fractional
crystallization paths using Rhyolite MELTS (Gualda et al., 2012), for comparison with
Lassen melt inclusion and whole rock data. BORG melt inclusion Al2Os and TiO2
contents increase over the crystallization interval, indicating little to no crystallization of
plagioclase or titanomagnetite. CaO in more evolved inclusions decreases with
decreasing MgO content, indicating the influence of clinopyroxene. Rhyolite MELTS
models run at 400 MPa, 3 wt. % H20, and at QFM +1 provide an adequate fit to most
melt inclusion data, except for clinopyroxene stability, which MELTS underpredicts
relative to the natural data set. Decreasing CaO contents may indicate early
clinopyroxene crystallization at depth, which has been reproduced experimentally in
hydrous basaltic compositions at 700-900 MPa (Blatter et al., 2013). MELTS predicts an
increase in spinel Al content at ~8 wt. % MgO which moderates the melt Al2Os increases
relative to olivine only crystallization. However, BORG melt inclusions show a stronger
increase in Al203 content than predicted by MELTS, despite good agreement with
incompatible elements K20 and TiO2, suggesting that any crystallizing spinel phase was
closer to chromite in composition.

BBL shows moderate increases in Al20s with decreasing MgO. However, there is
also scatter to low Al203 values, suggesting plagioclase crystallization. This early

precipitation of plagioclase is not reproducible in MELTS even varying pressure down to
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200 MPa and H20 content down to 0.1 %. Similar to clinopyroxene, periods of high-
pressure storage may drive earlier plagioclase crystallization (Villiger et al., 2004).
However, although strong increases in K20 and TiO2 at BBL with decreasing MgO are
broadly consistent with plagioclase crystallization, these increases require extremely high
(~50-70 %) degrees of crystallization.

Inclusions from cinder cones BAS-44, BRVB, BRM and BPPC do not span
enough of a compositional range to identify clear patterns. Cinder cones BAS-44 and
BPPC are both consistent with a low-K parent magma, whereas BRVB and BRM are
more enriched in K20 and TiO:s.

Early crystallization of clinopyroxene and plagioclase may signal the influence of
high-pressure differentiation, consistent with high (~700 MPa) pressure fractionation
observed in high Mg basaltic andesites in the same region (Hollyday et al., 2020),
although melt inclusion thermobarometry on inclusions from BORG and BRVB indicate
most melt inclusions from these cinder cones have more shallow entrapment depths
(Aster et al., 2016). Inclusions from some cinder cones show slight TiO2 depletions

relative to K20, although this may be due to fractionation during mantle melting (Fig. 7).
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Figure 7. PEC-corrected Lassen melt inclusion compositions from each cinder cone.
Inclusion compositions from Walowski et al. (2016) shown in gray outlined symbols.
Each symbol represents one analyzed inclusion.

The trace element systematics at Lassen cinder cones are variable (Fig. 8), and
some (BBL) show a large range in trace element concentrations (Fig. 3). Some cinder
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cones are elevated in Dy/Yb compared to MORB (Fig. 9), which suggests that garnet
fractionation may have played some part in petrogenesis, consistent with previous work
demonstrating that that HREE trends are likely inherited from garnet-present slab melting
(Walowski et al. 2016). Generating HREE trends via garnet or amphibole crystallization
requires unrealistically high (> 50 %) degrees of crystallization and cannot consistently
reproduce fractionation between different HREE elements. Lack of garnet or amphibole
crystallization is consistent with phase stability considerations. Melt inclusion entrapment
temperature estimates based on the thermometer of Sugawara (2000) range from 1089 to
1256 °C, with an average of 1178°C. In contrast, even at high (> 400 MPa) pressures
amphibole is not stable above 1050 °C (Krawczynski et al., 2012; Blatter et al., 2013;
Nandedkar et al., 2014; Waters et al., 2020). In magmas with modest H20 contents like
those at Lassen (Walowski et al., 2015, 2016), amphibole stability will be shifted toward
even lower temperatures. H20 enhances the thermal stability of garnet, but garnet has not
been observed at pressures relevant to crystallization in experiments above ~1050 °C
(Mintener and Ulmer, 2006; Alonso-Perez et al., 2009; Ulmer et al., 2018).

To assess the impact of crustal assimilation we calculate mixing between Lassen
cinder cones and measured northern Sierra Nevada granite compositions, as assimilation
of northern Sierra Nevada granite exerts a major control on the composition of lavas and
tephra at Cinder Cone, near Mount Lassen (Walowski et al., 2019). The majority of melt
inclusions studied here show no evidence for crustal assimilation. However, a more
evolved set of inclusions in cinder cone BORG show enrichment in Ba and Pb and
depletions in Sc and Nb that are consistent with ~10 % assimilation of granitic host rock
(Fig. 7). These high Ba, low Nb inclusions also have Cu contents that are anomalously
high compared to other melt inclusions and the whole rock record. (Fig. S6). Because this
work focuses on the generation and early crystallization of mantle-derived melts, these
anomalous compositions are excluded from calculations of primary magma estimates and

their metal contents are not included in main text figures.

5.2 Mantle melting beneath the Lassen region
Comparisons between calculated primary melt compositions at each cinder cone

(see Methods) and mantle melting models show that cinder cones at Lassen require
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enriched ambient mantle sources relative to depleted MORB-source mantle (DMM, Fig.
8). Here we define the ambient mantle composition as the composition of the mantle
prior to modern subduction (Turner et al., 2017). For trace elements that are dominated
by mantle rather than slab contributions (e.g. Pearce and Peate, 1995), primary melts are
reproduced by ambient mantle source compositions intermediate between DMM and the
average enriched mantle source estimated for the central Oregon Cascades (Ruscitto et
al., 2010). The latter enriched mantle source is similar in composition to the mantle
sources of ocean island basalts (OIB) and is therefore referred to as ‘OIB-like’. This is
consistent with spinel compositions (Clynne and Borg, 1997), trace elements (Borg et al.,
1997), and isotope systematics (Underwood and Clynne, 2017; Borg et al., 2002;
Walowski et al., 2016), which indicate Lassen magmas formed from a mantle source
affected by variable degrees of depletion/enrichment. We follow the approach of Borg et
al. (1997) and model the ambient mantle source for Lassen cinder cones using mixtures
of MORB-source mantle (DMM; Workman and Hart, 2005) and an enriched OIB-like
mantle source (Ruscitto et al., 2010). Batch melting is calculated using mineral modal
proportions as described in Walowski et al. (2016) and mineral melt partition coefficients
as described in Venugopal et al. (2020). We find that two distinct mantle compositions
calculated using DMM mixed with 15% and 70% of OIB-like mantle reproduces the
range of Lassen primary magmas well. Primary magmas for cinder cones BBL, BORG,
BAS-44, and BPPC are all reproduced well by melting of a 15% OIB-like source mantle,
while BRM and BRVB require a 70% OIB-like source mantle.

We conclude that the variations in incompatible element concentrations and
HREE systematics in Lassen magmas that cannot be reproduced by crystallization (Fig.
3) instead represent variable partial melting of a heterogeneous ambient mantle (Fig. 8,
9). This is consistent with melt inclusions suites in MORB (Sobolev and Shimizu, 1993;
Schiano, 2003; Laubier et al., 2007), Iceland (MacLennan 2008), and arcs (Iveson et al.,
2021) that show melt inclusions may capture melts representing more variable melt
batches prior to later mixing and homogenization. Lassen melt inclusions from each
cinder cone studied here overlap with measured trace element and isotope whole rock
compositions measured in the same cinder cone (Walowski et al., 2015). This overlap is

consistent with the mixing and homogenization of small magma batches generated via
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variable melt fractions and from variable mantle sources to form the pre-eruptive magmas
at each cone. We note however that because Cu in olivine-hosted melt inclusions can
diffusively equilibrate with the surrounding melt on the timescales of months to years
(Audétat et al., 2018), inclusion Cu contents may not capture this pre-mixing variation.
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Figure 8. Calculated Lassen primary magma compositions compared to batch melting
models of an OIB-like enriched mantle composition (light purple), DMM (dark green)
and two intermediate mantle compositions (70 % enriched mantle, light blue; 15 %
enriched mantle, dark blue). Labeled tick marks represent modeled melt fraction. Mantle
compositions are described in detail in the text.
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Figure 9. Lassen melt inclusion compositions from the current study and Walowski et al.
(2016) from each cinder cone. Each symbol represents one analyzed inclusion. Black
lines show 5 to 30 % batch melting of two distinct mantle compositions as described in
the text, and each tick mark represents 5 % melt increments. MORB glasses shown for
comparison in gray circles (Jenner et al., 2012).
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Separate from ambient mantle heterogeneity, there is a modern subduction
influence at Lassen shown most clearly through variation in the Sr content of primary
magmas (Fig. 10, 11; Borg et al., 1997, 2002; Walowski et al., 2016). The combined
effects of ambient mantle heterogeneity and modern subduction-component addition are
consistent with observations in other continental arc regions (e.g. Iveson et al., 2021,
Turner et al., 2017). The influence of modern subduction in the mantle source of each
cinder cone drives increases in the H20, Cl, S content and oxidation state of Lassen
primary magmas (Fig. 11; Walowski et al., 2015, 2016; Muth and Wallace, 2021).
Combined melting and Fe-S redox equillibrium calculations suggest this enrichment in S
and oxidation state may require a more complex, multi-stage process, consistent with the

presence of ambient mantle heterogeneities (Muth and Wallace, 2021).
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Figure 10. Lassen melt inclusion compositions from Walowski et al. (2016) and current
study from each cinder cone. Each symbol represents one analyzed inclusion. MORB
glasses (gray circles, Jenner et al., 2012) shown for comparison.
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Figure 11. PEC-corrected Sr concentrations in Lassen melt inclusions plotted against
oxygen fugacity values, S¢*/3’S values, §%4S and S/Dy as reported in Muth and Wallace
(2021). Each symbol represents one analyzed inclusion.

5.3 Sulfide stability during mantle melting and early crustal storage

Whereas REE concentrations in Lassen primary magmas can be estimated using

reverse olivine crystallization calculations alone, estimating the concentration of

chalcophile elements in primary magmas also depends closely on the stability of sulfide

during mantle melting and early crustal storage. There is a demonstrated inverse pressure

effect on SCSST, which means that sulfide-saturated melts that ascend from the mantle

into the crust can become sulfide-undersaturated if ascent is close to adiabatic

(Mavrogenes and O’Neill 1999). However, this pressure effect is offset to some extent by

decreasing temperature and changing melt composition, both of which decrease SCSS™

(Smythe et al., 2017). To assess whether mantle melts precipitated sulfides between

mantle melting and melt inclusion entrapment, we compare conditions of mantle melting

and melt inclusion entrapment to SCSS™ models calculated at QFM, using the average

PEC-corrected inclusion compositions and primary melt compositions of cinder cone

BORG as an example (Fig. 12). We choose to calculate values at QFM to provide a
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simple comparison between P-T conditions but note that magmas beneath most cinder
cones at Lassen are more oxidized and would therefore have a higher calculated SCSST.
To calculate SCSST, we combine the model of Smythe et al. (2017) with the H20
dependence described in Liu et al. (2021), as well as the oxygen fugacity dependence
described in Jugo et al. (2010). We assume sulfide liquid XFeS = 0.85 based on the
composition of quenched sulfide liquids measured in basalts and basaltic andesites from
Ecuador (Georgatou et al., 2018) and consistent with magmatic sulfides in igneous rocks
within the New Hebrides, Tonga, and Kermadec arc segments (Keith et al., 2017). BORG
parental melts could have precipitated 100-200 ppm S between segregation of the melt
from the last-equilibrated mantle source and melt inclusion entrapment in the crust,
corresponding to ~130 ppm Cu sequestration in sulfide depending on the initial melt S
and Cu content (Kiseeva and Wood, 2015). However, this is a maximum estimate- in
Lassen magmas, which contain a significant proportion of melt S8, the effect of pressure
on S-Fe redox equilibrium may outweigh the temperature and compositional effects on
SCSS (Matjuschkin et al., 2016; Rezeau and Jagoutz, 2020).

To assess how close Lassen magmas were to sulfide saturation during early
crystallization and melt inclusion entrapment, we compare petrographic observations of
melt inclusions, SCSST models, and analyzed melt inclusion S contents. Approximately
25% of the melt inclusions studied here contain small, quenched sulfide liquids that likely
formed in the inclusions after entrapment. These co-existing sulfide and silicate liquids
are a useful natural experiment, as they represent a natural, sulfide-saturated silicate melt
that we can accurately characterize using analyzed glass compositions. To take advantage
of this, we calculate SCSST using the model formulation as described above, again
assuming sulfide liquid XFeS = 0.85 (Georgatou et al, 2018). S concentrations measured
in melt inclusions containing quenched sulfides agree well with predicted SCSST values
(Fig. 6). This good agreement adds confidence that our chosen SCSS™ model performs

well for Lassen magmas at crustal conditions.
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Figure 12. Estimated conditions of Lassen magmas during last melt equilibration in the
mantle (green stars) and melt inclusion entrapment (orange stars). Symbols with thick
outlines represent P-T estimates for inclusions from BORG, while thin outlined symbols
represent P-T estimates for inclusions from other cinder cones. Pressures of entrapment
were calculated using the VesiCal thermodynamic engine (lacovino et al., in press) and
the MagmaSat solubility model (Ghiorso and Gualda, 2015) based on corrected melt
inclusion H20 and CO: values reported in Aster et al. (2016) from cinder cones BORG
and BRVB. Temperature of entrapment calculated via the hydrous thermometer of
Sugawara (2000). Pressure and temperature of mantle melt equilibration for Lassen
primary magmas calculated via the thermobarometer of Lee et al. (2009). Green contours
show calculated SCSST values in ppm based on estimated BORG primary magma
composition as described in the text. Orange contours show calculated SCSST using the
same model with average PEC-corrected melt inclusion compositions from BORG.

Sulfides within melt inclusions indicate that mafic magmas at Lassen were near or
at sulfide saturation during early crystallization and melt inclusion entrapment. To assess
how far entrapped melts were from sulfide saturation, we compare melt inclusion
compositions that have been corrected for PEC and Fe-Mg reequilibration to the same
SCSST models described above (Fig. 6). Offsets between analyzed and corrected melt
inclusion compositions illustrate the combined effect of S enrichment and Fe-loss that
occurs during PEC and Fe-Mg re-equilibration. Comparisons between analyzed and
corrected compositions show that many sulfides within inclusions could have formed

during melt inclusion cooling, S enrichment and Fe loss. Differences in SCSST between
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analyzed and corrected compositions represent the maximum distance from sulfide
saturation for entrapped silicate melts.

To add another constraint on the distance from sulfide saturation for entrapped
silicate melts, we use the measured diameter of quenched sulfide liquids and host melt
inclusions to estimate the relative volume of the sulfide and the total inclusion. We make
the simplifying assumption that the sulfide liquid and melt inclusion are both a perfect
sphere and use the density of each phase (Mungall and Su, 2005), the analyzed sulfur
content of the glass, and the stoichiometric S content of a simple sulfide liquid (FeS) to
calculate the amount of sulfur hosted in the sulfide.

For melt inclusions from BAS-44, the difference between calculated SCSST at
average entrapment conditions (1516 ppm) and average calculated SCSST for low FeO™
analyzed compositions (1271 ppm) is 245 ppm. This means that if the melts were sulfide
saturated on entrapment, all changes in melt S content during post-entrapment processes
would be accommodated by a sulfide phase, and sulfides would contain ~245 ppm S.
Mass balance calculations based on measured sulfide and melt inclusion diameters
indicate that sulfides hold 165 + 43 ppm S, where uncertainty is the standard deviation of
the calculated average. This comparison suggests that melts at BAS-44 were
approximately 80 ppm S away from sulfide saturation upon entrapment.

Sulfide sizes are more variable in BBL, with an average of 199 + 160 ppm S, so
we take two melt inclusions, BBL-5 44 and BBL-5 47, with low analyzed FeOT and
similar analyzed S concentration as examples. The sulfide in BBL-5 47 contains 26 ppm
S, and the sulfide in BBL-5 44 contains 250 ppm. In comparison, the average difference
between calculated SCSST at entrapment (1372 ppm) and calculated SCSST for analyzed
compositions (1137 ppm) is 235 ppm. This suggests that one inclusion was ~200 ppm S
away from sulfide saturation upon entrapment, while the other was likely sulfide
saturated. Variations in S content are consistent with the wide range of trace element
compositions at BBL (Fig. 3).

One inclusion from cinder cone BRVB contains a large sulfide bleb with an
estimated 1052 ppm S, far more sulfur than can be sequestered by typical post-
entrapment processes as detailed above. The combined glass and sulfide S content is also

much higher than S contents of other melt inclusions from BRVB. These observations
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indicate that this was likely a primary sulfide that was co-trapped with silicate melt when
the melt inclusion formed. No other large sulfides are observed in olivine from BRVB, in
melt inclusions or hosted directly in olivine. The average difference between calculated
SCSST at entrapment (1400 ppm) and calculated SCSST for analyzed compositions in low
FeOT inclusions (1274 ppm) at BRVB is 126 ppm. However, D/H ratios in melt
inclusions from BRVB show clear evidence for diffusive loss of up to 2 wt. % H20
(Walowski et al., 2015). Melt inclusions from BRVB with sulfides contain an average
analyzed H20 content of 0.6 wt. %, whereas melt inclusions without sulfides contain an
average analyzed H20 content of 2.0 wt. %. This difference in H20 content corresponds
to a 194 ppm S shift in SCSST. Taking this H20 difference into account, an updated
SCSST value for entrapment is 1594 ppm, and the difference between SCSST calculated
for entrapment and analyzed compositions is 326 ppm S. Sulfides in BRVB inclusions
contain 135 £ 77 ppm S, which suggests BRVB melt inclusions were ~190 ppm S away
from sulfide saturation during entrapment.

The other three Lassen cinder cones (BORG, BRM, BPPC) were likely further
away from sulfide saturation during entrapment. At BORG, the two inclusions containing
sulfides have anomalous compositions likely affected by crustal assimilation (Fig. S4,
S6). Sulfur contents from most other BORG inclusions are below predicted SCSST values
and do not contain visible sulfides (Fig. 6), which suggests that BORG magmas were not
close to sulfide saturation upon entrapment. Melt inclusions from BRM and BPPC have S
contents below predicted SCSST values and inclusions also do not contain sulfides.

Collectively, these observations suggest Lassen magmas at BBL, BRVB, and
BAS-44 were within 200-300 ppm S of SCSST during entrapment, and inclusions from
cinder cones BORG, BRM, BPPC were more strongly sulfide undersaturated.
Comparisons between sulfide sizes and SCSS™ models in BBL, BRVB, and BAS-44
suggest that most inclusions from these cinder cones were sulfide undersaturated upon
entrapment, except for a small subset of larger inclusion-hosted sulfides in cinder cones
BBL and BRVB. A period of early, sulfide-undersaturated, olivine-dominated
crystallization is consistent with an inventory of sulfides hosted in arc basalt and basaltic

andesites in Ecuador, where sulfide inclusions were found within host phenocrysts in a
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wide variety of volcanic rocks spanning basalts to andesites, except for mafic volcanic

rocks containing only olivine phenocrysts (Georgatou et al, 2018).

5.4 Metal contents of Lassen magmas

Most metal concentrations show limited or small (Sn, W, Zn) evidence for
mobility except for Pb, which shows clear elevations relative to MORB (Fig. 3,4,13).
This pattern of limited metal mobility of Sn, W, and Mo, and high mobility of Pb is
consistent with the work of Noll et al. (1996) comparing metal contents in several arcs
globally, where it is suggested that complexing with reduced agqueous species such as H2S
and OH" may enhance Pb mobility in slab-derived fluids. Measured Pb contents in meta-
basalts from exhumed slabs also suggest that most Pb is hosted in silicate minerals and is
therefore relatively insensitive to sulfide stability (Walters et al., 2021), making it more
likely to be removed from the slab during periods of dehydration and/or slab melting.
Since the study of Noll et al. (1996) the resolution of Mo and W measurements have
improved, and Mo and W enrichments have been found in some arc magmas with high
sediment influence (Konig et al., 2008, 2010). This mobility may depend on the
composition of slab fluids (Kdnig et al., 2008; Bali et al., 2012) and/or the stability of
rutile within the slab (Bali et al., 2012). Although measured concentrations of metals in
exhumed meta-basalts suggest Zn may be expelled into the sub-arc mantle (Walters et al.,
2021), Zn is not enriched in Lassen magmas. This inconsistency may be due to
sequestration of Zn in the lower oceanic crust (Jenner, 2017) or low solubility in slab-
derived fluids (Kogiso et al., 1997), although Zn mobility may be higher in slab-derived
melts (Canil et al., 2017).

Measurements of Cu concentrations in exhumed meta-basalts suggest that most, if
not all slab Cu is hosted in sulfides in contrast to Pb which is hosted dominantly in
silicates (Walters et al., 2021), and would be completely released during sulfide
destabilization during slab dehydration or melting. Trace element systematics in the
Mariana back-arc suggest Cu is partially derived from the subducting slab (Stolper and
Newman 1994). Cu mobility is not necessarily inconsistent with the lack of clear
correlations between magma Cu and Sr at Lassen, because mantle sulfide saturation may

mask small mantle Cu enrichments. However, a lack of slab-derived Cu enrichment is
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consistent with Cu contents measured in mantle xenoliths, which are rarely elevated
relative to the primitive upper mantle (Lorand and Luguet, 2016), even for xenoliths that
are strongly metasomatized (Luhr and Aranda-Gomez, 1997). Cu isotope ratios measured
in arc basalts also do not show evidence for metasomatic Cu enrichments related to slab-
derived fluids (Wang et al., 2019). These observations suggest that either slab-derived
fluids and melts are not efficient carriers of Cu compared to the relatively high Cu (20-30
ppm) content of mantle peridotite, or that sulfide is present as a residual phase in altered
oceanic crust during slab dehydration and melting, consistent with thermodynamic
models of the Cascadia subducting slab (Walters et al., 2020). We note that the presence
of sulfide in the subducting slab does not preclude the presence of S8*-rich slab melts
(e.g. Jugo et al., 2010).
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Figure 13. Lassen melt inclusion compositions from Walowski et al. (2016) and current
study from each cinder cone. Error bars represent propagated analytical standard error.
MORB glasses (gray circles, Jenner et al., 2012) shown for comparison.
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5.5 The effect of subduction on Lassen primary magma Cu

Lassen magmas show clear variations in Cu but do not show straightforward
relationships with trace element indicators of mantle enrichment or slab-derived
components (Fig. 3, 14). This suggests a more complex mantle melting scenario during
which the behavior of Cu is moderated by an immiscible sulfide phase (Lee et al., 2012)
regardless of the extent of depletion or enrichment of the mantle wedge. This decoupled
behavior between Cu and other trace elements has been documented in MORB (Sun et
al., 2020) and ocean island basalts (Wieser et al., 2020). Sulfide stability during melting
depends heavily on the oxidation state of the mantle and the amount of sulfur present.
Both of these parameters are influenced by the addition of slab-derived materials at
Lassen (Fig. 11).

To assess how variations in mantle Cu, S and fo2 moderate the Cu content of
Lassen magmas, we model the stability of sulfide during aggregate near fractional
melting using the framework of Lee et al. (2012) and Sun et al. (2020). To calculate the
proportion of sulfide present we calculate SCSST for each estimated primary melt using
the model of Smythe et al. (2017) with the H20 dependence described in Liu et al. (2021)
in combination with the oxygen fugacity dependence described in Jugo et al. (2010). All
models are calculated at 1.6 GPa and 1300 °C, consistent with estimates for conditions of
last mantle melt re-equillibration for Lassen magmas (Fig. 12). This is the same model
formulation used to calculate sulfide saturation during crustal storage (Fig. 6). We use the
mineral-melt partition coefficients of Sun et al. (2020) for Cu and the partition
coefficients reported in Venugopal et al. (2020) for Y, combined with mantle mineral
modal proportions from Walowski et al. (2016). Consistent with the Lassen mantle
heterogeneity discussed previously, we use a moderately enriched composition to
calculate cinder cone BRM and BRVB and a slightly enriched mantle source to calculate
the source for all other cinder cones. See mantle melting discussion above for detailed
mantle source descriptions. Sulfide liquid — silicate melt Cu partitioning is calculated
using the average temperature and composition of Lassen primary magmas and the model
of Kiseeva and Wood (2015).

For each cinder cone, minimization schemes were run to find the best model fit to

Cu and Y primary magma concentrations for a range of assumed mantle fo2 and mantle
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Cu contents, while varying mantle S content (Fig. S7-S12). This modelling approach
allows us to generate an array of combinations of mantle foz, mantle Cu, and mantle S
contents that can reproduce Cu and Y primary magma values for each cinder cone. We
can compare these model outputs to a series of external constraints to determine which
model combinations are most realistic.

The first external constraint is the estimated sulfur contents of primary melts.
Primary melt sulfur content helps constrain both mantle S content and mantle fo2, because
calculated SCSST varies solely as a function of mantle fo2 within models for a given
cinder cone. The second external constraint is primary magma oxygen fugacity calculated
from measured Fe**/> Fe (Muth and Wallace, 2021). For the third constraint, we assume
that the mantle source beneath each cinder cone is similar to estimates for the Cu content
of MORB-source mantle (30 ppm Cu; Wang and Becker, 2015; Salters and Stracke,
2014) and that slab-derived Cu is negligible. The fourth constraint uses sulfur isotope
ratios (5%*S) measured in the same suite of inclusions (Muth and Wallace 2021) to
estimate the relative amount of slab-derived sulfur present beneath each of the other
cinder cones. First, we use the best fit mantle S content at BBL and an assumed initial
mantle S content of 170 ppm (Saal et al., 2002; Ding and Dasgupta, 2017; Sun et al.,
2020) and 8%*S = 0.6 %0 based on MORB source mantle (Muth and Wallace, 2021) to
calculate slab melt %S = 9.5 %o. This value is consistent with previous estimates of slab
melt 534S based on more detailed mantle melting calculations (Muth and Wallace, 2021).
We then use this slab melt 534S value and the same pre-subduction source to calculate the
mantle sulfur content beneath each other cinder cone. Cinder cone BAS-44 melt
inclusions have no measured 84S values, and so melt §3*S was approximated using a

linear regression between 534S and primary magma S in other cinder cones.
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Figure 14. (Right) Modeled Cu behavior during mantle melting compared to calculated
Lassen primary magma compositions. Tick marks represent melt fractions from 5 to 40 %
in 5 % increments. Gray dots are primitive mid-ocean ridge basalt compositions (Jenner
et al., 2012). (Left) Model input parameters (open symbols) compared to external
constraints based on literature and melt inclusion data (filled symbols). See text for
details.

Figure 14 shows model outputs for the series of models that best match external
constraints. A mantle source with Cu contents similar to MORB-source mantle and
variably increasing mantle S and fo2 contents can reproduce observed Lassen melt Cu
contents for all cinder cones except for BPPC. Mantle S contents inferred from melt 534S
are in good agreement for cinder cones BBL, BAS-44, and BORG. Mantle S contents
inferred from &3S for cinder cones BRVB and BRM are systematically lower than
mantle S content required to match measured Cu contents. This may be due to
uncertainty in the Y content of the enriched mantle source for BRVB and BRM, which
affects melt fraction estimates, or may indicate some heterogeneity in initial mantle §3S
prior to modern subduction influence. Both scenarios are consistent with the influence of

some prior metasomatism and/or sediment addition (Fig. 8, 9). Despite this offset, there is
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good agreement in the relative difference in model inputs and inferred values of mantle S
content between BRM and BRVB.

Although models can reproduce co-variations between mantle source fo2 and
mantle S content calculated using melt inclusion compositions, Lassen primary magma S
contents based on melt inclusion data require fo2 conditions that are systematically lower
than primary magma fo2 calculated from melt inclusion Fe3*/ Y Fe. The SCSST vs. relative
fo2 calibration we use is based on 200 MPa experiments on hydrous basalt compositions
and performs well when predicting SCSST at entrapment conditions based on measured
melt inclusion Fe®*/ > Fe (Fig. 6). Therefore, this offset at melting pressures (~1.6 GPa)
required by the model results described above suggests that the SCSST vs. relative foz
relationship shifts towards lower SCSST values at a given fo2 as pressure increases. This
is consistent with experiments on hydrous trachyandesite melts (Matjuschkin et al.,
2016), although the offset shown here is smaller than the predicted offset based on their
experiments, suggesting that composition and/or temperature may also play a role in
driving SCSST vs. relative fo2 relationships.

In contrast to the other five cinder cones, BPPC magmas require a mantle source
with either a high sulfur concentration, which keeps a high proportion of sulfide stable, or
a mantle Cu content distinctly lower than that of MORB. Based on 34S comparisons,
BPPC mantle S content is unlikely to be unusually high compared to other cinder cones.
This conclusion is consistent with the depleted mantle source at BPPC inferred from
Nb/Y values (Fig. 8, 9), and with its moderate Sr/Y values (Fig. 13), volatile contents and
measured oxidation state (Fig. 11; Walowski et al., 2016; Muth and Wallace, 2021). A
more likely scenario is that the mantle source of BPPC is depleted in Cu relative to
MORB source mantle. This is consistent with previous work at Lassen which suggests
that the mantle source beneath the forearc regions has been affected by prior melt
extraction (Borg et al., 1997, 2002; Clynne and Borg, 1997). BPPC is located more
towards the forearc than the other cones studied here, within a region noted for its low-K
magmas (Bullen and Clynne, 1990).

Low Cu magmas have been observed in other regions of the Cascade Arc. For
example, LKOT-like Park Butte basalts erupted from a vent on the flanks of Mt. Baker

have substantially lower Cu contents than basalts from other vents in the region (Moore
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and DeBari, 2012). More generally, boninites commonly have extremely low Cu contents
compared to typical arc magmas (Hamlyn et al., 1985), and high magnesium andesites
have Cu contents systematically lower than that of most arc calc-alkaline basalts and
basaltic andesites (Rezeau and Jagoutz, 2020). Submarine glasses sampled from the
Havre Trough and Kermadec arc vary widely in their Cu contents in ways that broadly
co-vary with indicators of mantle source fertility in addition to subduction influence,
where glasses with the lowest Cu contents are sourced from the most depleted mantle
(Leath, 2019).

Although more primitive (MgO > 8 wt. %) whole rock samples at Lassen have
higher Cu concentrations than BPPC (Fig. 5), scatter towards low Cu values in low K
compositions suggest there are some mafic vents at Lassen that are sourced from low-Cu
depleted mantle. Interestingly, aside from a subset of low-K, low-Cu compositions
similar to BPPC, both melt inclusion and whole rock data show a negative correlation
between Cu and K20 that spans too large a range to be explained by crystallization alone.
This inverse correlation is consistent with the modeling above, where high-K magmas
strongly influenced by subduction have higher proportions of sulfide present during
mantle melting and therefore retain more Cu in peridotite residue. This mantle Cu
sequestration occurs despite increases in melt S content and oxygen fugacity (Fig. 11),
because mass addition of sulfur to the mantle wedge outweighs increases in mantle
oxidation state. Primitive (MgO > 8 wt. %) whole rock compositions from arcs globally
(Barber et al., 2021) likewise show a general inverse relationship between Cu and K20,
with scatter towards low Cu contents at low K20. This consistency between Lassen and
global arc Cu trends suggests that decreases in melt Cu caused by the addition of slab-

derived sulfur to the sub-arc mantle may be a common occurrence within other arcs.

6.0 Conclusions

The Cu and Pb contents of Lassen magmas are influenced by a combination of
ambient mantle heterogeneity and modern subduction influence, whereas Mo, Zn, Sn and
W concentrations are similar to or only slightly elevated compared to MORB and show
no systematic variations. Pb is strongly elevated relative to MORB in Lassen magmas

and increases with the addition of slab-derived material to the sub-arc mantle. In contrast,
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Cu responds to subduction influence indirectly via changes in sulfide stability, such that
mantle sources with larger proportions of slab-derived sulfur generate primary melts with
lower melt Cu contents. Cinder cone BPPC has low Cu contents relative to most mafic
vents in the Lassen region due to prior extraction of Cu from the mantle source combined
with the addition of slab-derived sulfur. The inverse relationship between mantle
enrichment by subduction process and primitive magma Cu contents, as well as
variations in the Cu content of magmas from more depleted source regions, is also
reflected in the whole rock record at Lassen and in many arc rocks globally. These
patterns demonstrate that (1) ambient mantle heterogeneity, (2) variations in the
proportions of slab-derived sulfur delivered to the mantle, and (3) consequent effects on
mantle oxygen fugacity during melting can influence the Cu content of primary arc

magmas.

7.0 Bridge
In the previous Chapter (I11), I investigated controls on the metal content of arc

magmas in the southern Cascade Arc using measured concentrations of Cu, Zn, Mo, Pb,
W, and Sn and combined this new data set with constraints on mantle sulfur content and
oxidation state from Chapter II. In Chapter IV, | consider processes discussed in Chapters
I and 111 from a global perspective by compiling a data set of published melt inclusion
compositions from 29 arcs segments, investigating the relationships between arc magma

sulfur content, arc magma oxidation state, and the influence of slab-derived materials.
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CHAPTER IV

INSIGHTS INTO VOLATILE CYCLING AND ARC MAGMA OXIDATION
STATE FROM GLOBAL SULFUR TRENDS

This chapter is planned for submission to Earth and Planetary Science Letters. |
am lead author on the paper, which involved sample preparation, analysis, synthesis of all
data, modeling and writing the manuscript. Paul Wallace (University of Oregon) assisted

with data interpretation and feedback on manuscript drafts.

1.0 Introduction

The sulfur concentration in arc magmas is an integrated result of processes
occurring at depth, including slab devolatilization, mantle melting, crystallization, and
degassing (Wallace and Edmonds, 2011). These processes are all closely linked to each
other such that the dynamics of mantle melting likely affect the behavior of sulfur during
storage and evolution within the crust (Lee et al., 2012; Richards, 2015). Globally, many
arc magmas have S contents that are elevated relative to mid-ocean ridge basalts
(MORB), which suggests that subduction processes play an important role in controlling
the S content of arc magmas. However, the precise connection between subduction and
elevated sulfur contents is unclear.

Sulfur enters subduction zones via the subducting plate and is present in seafloor
sediments, primary MORB sulfides, hydrothermally altered ocean crust (Alt, 1995; Li et
al., 2020; Walters et al., 2019), and serpentinized lithospheric mantle (Alt et al., 2013;
Debret et al., 2017). Sulfur is also likely present in sub-arc mantle wedge peridotite prior
to subduction in the form of sulfide phases, similar to MORB-source mantle. The
pathways that slab sulfur takes between subduction and eruption at volcanic arcs can
affect which phases sulfur enters (silicate melt, sulfides, vapor) and the valence state of
sulfur (5%, S**, S8*). These differences in sulfur behavior affect the fate of many ore-
forming metals (Jenner et al., 2012; Lee et al., 2012; Richards, 2015), the long-term
redox budget of Earth’s mantle (Evans and Tomkins, 2011; Brounce et al., 2019), and the

sulfur degassing that is commonly used to monitor volcanic activity (Fiege et al., 2014).
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During interactions between materials derived from the subducting slab and
peridotite in the mantle wedge, the sulfur contents of mantle melts are sensitive to three
key factors. One is the sulfur content of the mantle source prior to any input from slab-
derived materials. The mantle source beneath arcs is variable in isotopic and trace
element composition, ranging from variably depleted MORB-like mantle sources to those
more similar to the source of ocean island basalts (Iveson et al., 2021; Turner et al.,
2017). The processes that formed these ambient mantle heterogeneities likely also created
variations in the sulfur content of the sub-arc mantle. The second is the mass addition of
slab-derived material into the mantle source of arc magmas. Experimental evidence
suggests that slab-derived melts and fluids can transfer significant amounts of sulfur into
the mantle wedge (Jégo and Dasgupta, 2014), consistent with high S contents found in
inclusions within ultra-high-pressure eclogite-facies metamorphic suites (Ferrando et al.,
2005). The third factor is mantle oxidation state. Globally, arc magmas are oxidized
relative to mid-ocean ridge basalts, and measured Fe*/> Fe in silicate glasses (Brounce et
al., 2014; Kelley and Cottrell, 2009) suggest that the mantle source for arc magmas is
oxidized via the input of slab-derived materials in the mantle wedge. Variations in the
oxidation state of the mantle wedge have the potential to change the solubility of sulfur in
silicate melts during mantle melting, driving enrichments in the sulfur contents of
primary magmas (Jugo et al., 2010; Muth and Wallace, 2021). Importantly, these three
factors do not necessarily vary independently of each other. Combined geochemical and
geodynamic models predict the transport of oxidized sulfur into the mantle wedge as
slab-derived melts (Canil and Fellows, 2017) or fluids (Tomkins and Evans, 2015;
Walters et al., 2020) at sub-arc depths, although these predictions require that the
subducting slab is sufficiently oxidized (Evans and Frost, 2021; Li et al., 2020). This
oxidized sulfur can increase the oxygen fugacity of the mantle wedge and the melts that
form within it (Muth and Wallace 2021).

The challenge is to unravel how strongly these three factors, mantle
heterogeneity, slab-derived sulfur, mantle oxidation state, influence the sulfur content of
arc magmas. A major obstacle to doing this is that sulfur, like other volatile elements, is
lost to the gas phase during the shallow storage and eruption of arc magmas. There are

several ways to work around this challenge. One method is to use the partitioning
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behavior of chalcophile elements such as Cu to track the behavior of sulfur indirectly
(Lee etal., 2012; Jenner et al., 2012; Barber et al., 2021). This approach has the
advantage of relying less on finding undegassed arc samples and can be sensitive to
subtle changes in sulfide phase behavior. However, whereas this method is extremely
sensitive to the stability of sulfides, it cannot directly constrain the amount of sulfur
dissolved in silicate melts. Similarly, although sulfur isotopes measured in submarine
glasses, volcanic gas, and whole rock samples provide valuable information about the
sources of sulfur in subduction zones, S contents in most of these samples have been
affected by partial or complete degassing (Alt et al., 1993; J. C.M. De Hoog et al., 2001;
Kagoshima et al., 2015).

Melt inclusion data allows for a direct determination of sulfur concentration in arc
magmas, making it an excellent complement to other approaches. Melt inclusions are
tiny, quenched parcels of minimally degassed silicate melts. Measuring the sulfur content
and major element compositions of melt inclusions allows us to estimate the sulfur
content of primitive arc magmas directly. In this study, we combine measured sulfur
contents of melt inclusions with trace elements and major elements to constrain the sulfur
content of the mantle source for subduction zone magmas, the characteristics of slab-
derived sulfur in arc magmas, and the oxidation state of the mantle source needed to
generate the sulfur content observed at each arc. To investigate the global-scale controls
on arc magmatic sulfur, we compiled published melt inclusion data sets from 115

volcanoes within 29 subduction zone segments.

2.0 Methods

The goal of this effort was to compile the compositions of melt inclusions from
the most primitive, least-degassed arc magmas. To this end, we only used olivine-hosted
melt inclusions (M1), because olivine is the liquidus phase (+Cr-spinel) in most arc
magmas. To take advantage of all available data and assess a full range of subduction-
related processes we include arc front and non-arc front volcanoes, but we exclude
volcanoes that do not show a clear subduction-related signature (e.g. elevated volatile
contents, light rare earth element enrichment). We used inclusion compositions where

either negligible evidence for post-entrapment crystallization (PEC) and Fe-Mg re-
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equilibration were found, or compositions that had been screened and/or corrected for
both processes by the original authors. However, there are several sources of uncertainty
that affect the interpretations of melt inclusion S data even in early-trapped inclusions.
Uncertainties in the data presented here and the steps we took to mitigate them are
described below. We also highlight that although primitive melt S contents inferred from
melt inclusions can carry uncertainties, each complication would skew our compiled data
set toward lower S values. In other words, despite uncertainties in analysis and
interpretation of melt inclusion S contents, our data set provides a robust lower limit to
primitive melt S contents.

Most S concentrations reported in the compiled data set were measured using
electron probe micro-analysis (EPMA). The accuracy of such measurements depends on
knowledge of the oxidation state of sulfur in the silicate glass. The position of the S Ka
peak used to measure sulfur concentration shifts according to the oxidation state of S in
silicate glasses, and in arc glasses this means that the S Ka peak is commonly different
than those for commonly used standards like barite, pyrite, or pyrrhotite (Carroll and
Rutherford, 1988; Wallace and Carmichael, 1994). Failure to place the spectrometer
position correctly results in measured S concentrations that are typically up to 10-15%
too low, and the error can be higher depending on the instrument setup (Muth et al., in
prep).

Another process that could affect interpretations of published S data is post-
entrapment partitioning of S into a vapor or sulfide phase. Sulfur-bearing precipitates
have sometimes been observed in the vapor bubbles of melt inclusions (e.g. Schiavi et al.,
2020; Venugopal et al., 2020; Wieser et al., 2020; Kamenetsky and Kamenetsky, 2010).
However, S concentrations measured in homogenized arc melt inclusions from Seguam
and Fuego are indistinguishable from pre-homogenized measured S concentrations
(Rasmussen et al., 2020). This comparison suggests that S partitioning into melt inclusion
vapor bubbles during post entrapment processes is small, and that most measured glass S
contents are representative of the silicate melt during inclusion entrapment. Quenched
immiscible sulfide liquids are also occasionally found in melt inclusions. These sulfide
blebs likely form due to Fe-Mg reequilibration after melt inclusion entrapment. Sulfides

are more likely to form in high Mg inclusions, which commonly undergo larger extents
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of PEC and Fe-Mg reequilibration relative to more evolved inclusions (Danyushevsky et
al., 2000).

To minimize bias in the melt inclusion data from degassing or sulfide
precipitation, we only use samples with S/K20 ratios in the upper quartile within each
volcano. The S/K20 ratio has been shown to be a valuable tracer of S loss during
crystallization (e.g. Johnson et al., 2010; Spilliaert et al., 2006), and is sensitive to both S
sequestration in sulfides and in a vapor phase.

To consider the behavior of sulfur during mantle melting and to make direct
comparisons between melt inclusions trapped during different stages of crystallization,
we calculate a primary magma composition for each volcano within each arc segment.
For each inclusion from the upper quartile of S/K20 values at each volcano, we use
reverse crystallization models to calculate melts in equilibrium with Fogo olivine (Fig.
S2). If the H20 contents of melt inclusions are not reported, we use the average H20
content of other melt inclusions from the same volcano, or if this information is not
available, from the same arc segment. We make the additional assumption that olivine
has dominated the crystallization behavior at each volcano. This is consistent with the
lack of any clear Al203 depletions in the data set from each volcano, although some more
evolved inclusions show scattered Al2Os trends that may indicate some influence of
plagioclase fractionation. We calculate reverse olivine crystallization with the program
Petrolog3, using the model of Danyushevsky (2001) for olivine crystallization
temperature and the model of Toplis (2005) to calculate olivine Kq values. Both models
are chosen because they account for the effect of dissolved H20 in the melt. We assume a
constant Fe3*/> Fe = 0.2, based on estimates of Fe®*/> Fe in primary magmas at arcs
(Muth and Wallace, 2021, Brounce et al., 2014).

Melt H20 concentration and melt Fe3*/> Fe both affect modeled olivine-melt
partitioning behavior. The effect of H20 is relatively small. Taking Fuego MI 127-1 as an
example, varying initial melt inclusion H20 concentration from 1 to 5 wt. % results in a
shift from 27.1 to 27.7 % reverse crystallization to obtain compositions in equilibrium
with olivine Foso. Varying Fe3*/3 Fe from 0.15 (close to MORB values) to 0.25 (roughly
the upper limit of Fe3*/Y Fe estimates for primary arc compositions) results in a shift from

29.2 to 24.1 % crystallization. We therefore take our crystallization calculations as
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accurate to ~5 % absolute crystallization, although there is likely some additional
uncertainty caused by small proportions of plagioclase or clinopyroxene crystallization in
more evolved compositions. There is a subset of inclusions with high FeOT
concentrations that result in high MgO (> 18 wt. %) primary magmas. It may be that
these compositions were significantly affected by the crystallization of phases other than
olivine such as plagioclase or clinopyroxene. Alternatively, these may be compositions
that formed in equilibrium with a more refractory mantle residue (Fig. S2; Parman and
Grove, 2004; Schmidt and Jagoutz, 2017).

To calculate the S, CI, and trace element composition of each inclusion, we
assume that each behaves as a perfectly incompatible element, and we dilute each
according to the percent K20 dilution from the calculations above (Fig. S2). Because
magmas may undergo some degree of sulfide precipitation and/or sulfur degassing prior
to inclusion entrapment, we again emphasize that the primary magma S contents
calculated here are minimum estimates.

The thermal parameter (® = t*v*sin 0), where t is age, v is speed, and 0 is angle,
is traditionally used as an indicator of slab temperature. Slab thermal parameter values for
each arc segment were taken from Syracuse et al. (2010). We note that the Aeolian
Islands are included within the Calabria arc segment.

3.0 Results

The final filtered data set contains data from 659 melt inclusions. The data set
spans 29 arc segments and 115 volcanoes. Most inclusions are low to medium-K calc-
alkaline basalts (Fig. 1). Average PEC-corrected MI sulfur contents for each arc segment
range from 594 + 241 ppm (Mariana Forearc) to 5,022 + 795 ppm (Ecuador; Fig. 2).
Average calculated primary magma sulfur contents calculated for each arc range from
466 + 220 ppm to 4,264 + 819 ppm. Arcs where the subducted plate has a higher thermal
parameter (colder slabs) generally have thinner (oceanic) overlying crust (Fig. 3),
whereas arcs with lower thermal parameter (hotter slab) generally have thicker
(continental) overlying crust. This association means that variations in arc geochemistry
attributed to slab temperature may instead be caused by crustal thickness, and that the

reverse may also occur. Sulfur contents are elevated relative to those measured in mid-
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ocean ridge basalts, across a range of both host olivine forsterite content (Fig. 2) and

subduction zone slab thermal parameter (Fig. 4).
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Figure 1. PEC-corrected compositions of compiled melt inclusions. Each symbol
represents one melt inclusion. Each symbol type represents one subduction zone segment.
Compositional boundaries after Vigoroux et al. (2008).
4.0 Discussion
4.1 Controls on the sulfur contents of arc magmas

There are three key potential controls on the sulfur content of primary arc
magmas. The first is the composition of the mantle source prior to modern subduction. If
sulfur is added or removed from the mantle source during previous melt/fluid infiltration
or melt extraction, this can influence the sulfur content of magmas generated during
modern subduction. The second factor is the addition of slab-derived sulfur to the sub-arc
mantle source, which increases the sulfur content of the mantle source during melting.
The third factor is sulfide saturation. If the mantle is saturated in sulfide during melting,
this will limit the sulfur content of the melt at the total dissolved sulfur content at sulfide
saturation (SCSST). Because SCSST is strongly controlled by foz, the sulfur content of arc

magmas is likely to be sensitive to the oxidation state during mantle wedge melting.
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Figure 2. PEC-corrected compositions of compiled melt inclusions plotted as a function
of host olivine forsterite content. Each symbol represents one melt inclusion. Each
symbol type represents one subduction zone segment. Shaded field represents MORB
data (Jenner et al., 2012).

A first step towards investigating the importance of each control is to determine
whether primary magmas require elevated sulfur contents in their mantle source. This is a
complex question because the "source” is likely a hybrid of mantle wedge peridotite and
slab components, and the latter could be introduced either at some earlier time
(metasomatism) or in conjunction with and as the causative force for mantle wedge
melting. As a first step, we use simple batch melting models to calculate the minimum
mantle sulfur content required to generate primary melt sulfur concentrations. As a
simplifying assumption we assume that the mantle is sulfide free. We use partition
coefficients from Callegaro et al. (2020) with mineral modal proportions approximating
those of spinel Iherzolite (O1:53, Opx:30, Cpx:12, Sp:5). We assume a melt fraction of
15%, consistent with melt fraction estimates for arcs based on trace element

concentrations (Pearce and Parkinson, 1993; Till, 2017). This calculation shows that arc
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magmas require mantle source sulfur contents ranging from 31 to 1011 ppm S (Fig. S3).
Varying melt fraction to 10 and 20 % shifts this range to 21-676 ppm S and 40-1345 ppm
S, respectively. In contrast, estimates for MORB-source mantle range from 100-300 ppm
S (Ding and Dasgupta, 2017; Saal et al., 2002; Sun et al., 2020). Importantly this
calculation is a minimum estimate because sulfur may behave more compatibly during
sulfide-saturated mantle melting. These calculations therefore indicate that any model
used to explain the S contents of arc magmas globally must involve source (mantle plus
slab component) sulfur contents that are higher in many cases than those in the MORB
source. In the following sections, we discuss the effects of mantle wedge composition,
addition of slab components, and mantle oxidation state in controlling the sulfur content

of primary arc magmas.
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Figure 3. Comparisons between average crustal thickness and slab thermal parameter for
each subduction zone segment. Boxes bound the upper and lower quartile of a given bin,
red bars are the median value, and thin lines are the range of values.
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Figure 4. Primary magma compositions of volcanoes plotted as a function of slab
thermal parameter (®). Symbols as in Figure 1. Small symbols represent compositions
calculated using only one melt inclusion. Error bars represent uncertainty in primary
magma compositions, calculated using the standard deviation for each volcano data set.
Gray bar represents primary MORB reference values (Ding and Dasgupta 2017).

4.1.1 Mantle source

One important control on arc magma S contents is the initial S budget of the
mantle prior to modern subduction influence. It has been estimated that the S contents of
E-DMM and D-DMM (enriched and depleted mantle, respectively, compared to average
depleted MORB mantle) vary from 165 to 100 ppm (Shimizu et al., 2016). Ocean island
basalt (OIB) sulfur and copper systematics suggest the sulfur content of OIB mantle
sources are variable (Ding and Dasgupta, 2018). Many arc magmas in continental arcs
show evidence for the influence of an enriched component in the mantle wedge (Gémez
Tuena et al., 2003; Heydolph et al., 2012; lveson et al., 2021; Johnson et al., 2009;
Leeman et al., 1990), perhaps due to the incorporation of components of subcontinental

lithospheric mantle within the asthenospheric mantle source (Turner et al., 2017). In
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contrast, the mantle sources for island arcs are commonly more depleted than those of
continental arcs, and in some cases are even more depleted than DMM (Ewart and
Hawkesworth, 1987; Hochstaedter et al., 2000; Woodhead et al., 1993; Pearce and Peate,
1995).

Because S is dominantly hosted in sulfide phases in mantle peridotite and not in
silicate minerals (Callegaro et al., 2020), mantle S concentration may become decoupled
from rare earth element (REE) enrichment/depletion trends. In extreme cases, chalcophile
element depletions have been linked to melt percolation events with high melt/rock ratios
that destabilize mantle sulfides (Ackerman et al., 2009; Biichl et al., 2002; Lee, 2002;
Lorand and Luguet, 2016), sometimes despite associated REE enrichment (Ackerman et
al., 2009). However, mantle peridotites generally show positive correlations between
peridotite fertility indices (such as Al203) and S and Cu concentrations, suggesting that
the sulfur content of peridotites is dominantly controlled by previous melting events
(Lorand and Luguet, 2016; Wang and Becker, 2015).

To investigate whether variations in arc magma sulfur content are related to
heterogeneity in the sub-arc mantle source prior to modern subduction influence, we
compare Nb/Y to S/Dy (Fig. 5). High S/Dy values indicate increases in the S content of
magmas due to higher concentrations of S in the mantle source and/or more oxidized
melting conditions (Muth and Wallace, 2021, Saal et al., 2002). S/Dy ratios in arc
magmas are almost all higher than MORB, whereas Nb/Y contents of arc magmas, which
indicate the extent of depletion or enrichment of the source, span the range of values
observed in MORB. Consistent with previous work as discussed above, intraoceanic arcs,
which tend to overlie colder subducting slabs, commonly have more depleted mantle
sources, whereas continental arcs, which tend to overlie hotter subducting slabs,
commonly have more enriched mantle sources. Arc magmas show no systematic
variations between S/Dy and Nb/Y, indicating that S enrichment in arc magmas is not
dominantly controlled by prior enrichment or depletion of the mantle source. Chlorine
and H20 show stronger enrichments in colder-slab arcs, suggesting that ambient mantle
heterogeneity may have a moderate effect on Cl and H20 contents in arcs. However, it

may be that this link is due to the overall association between cold-slab arcs and the more
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depleted mantle common in island arcs, such that the effect of added slab components on

magmatic Cl and H20 contents is more pronounced (Fig. 3; Ruscitto et al., 2012).
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Figure 5. PEC-corrected melt inclusion compositions of volcanoes within each arc. Each
symbol represents one analyzed inclusion. Symbols as in Figure 1. Small gray symbols
are MORB compositions (Jenner et al., 2012, Shimizu et al., 2016). MORB ClI contents
were filtered to exclude those affected by seawater assimilation (CI/K < 0.08). Three
batch melting curves are shown for comparison. The first is based on DMM (Workman
and Hart 2005) for trace elements and Pacific Upper Plate source (Shimizu et al., 2016)
for volatile elements. The second is based on DMM for trace elements with the addition
of 154 ppm S, 45 ppm Cl, and 1809 ppm H20 in the mantle source. The third is an
enriched, OIB-like mantle source composition based on the inferred composition of
enriched mantle in the Central Oregon portion of the Cascade arc (Ruscitto et al., 2010)
and volatile contents based on the same volatile-enriched DMM mantle source used for
the second curve described above. Tick marks on each model curve represent percent
melt fraction.
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4.1.2 Slab derived materials

The lack of any clear relationships between S/Dy and proxies for mantle
enrichment ore depletion in arc magmas suggests that pre-subduction mantle source
composition is not the dominant control on arc magma sulfur contents. Here we consider
whether the mass transfer of sulfur from the subducting slab into the overlying mantle
wedge is a strong control on the sulfur content of arc magmas. There is evidence for slab-
derived mass transfer of sulfur in the heavy sulfur isotope ratios commonly measured in
arc glasses and volcanic gases (Alt et al., 1993; Bénard et al., 2018; Gurenko, 2021; Muth
and Wallace, 2021), which suggest the input of isotopically heavy seawater-derived
sulfur in the sulfur budget of arc magmas. Experiments and thermodynamic models also
indicate that slab-derived melts and fluids can release and carry a significant amount of
sulfur (Jégo and Dasgupta, 2014; Tomkins and Evans 2015; Walters et al., 2020).
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Figure 6. S and ClI contents of primary magma compositions of volcanoes within each
arc. Symbols as in Figure 1. Small symbols represent compositions calculated using only
one melt inclusion. Error bars represent uncertainty in primary magma compositions,
calculated using the standard error of the mean for each volcano data set. Small gray
symbols are unaltered (CI/K < 0.08) MORB compositions (Jenner et al., 2012). Thin lines
are 1:1 and 3:1 ratio shown for comparison.
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One way to assess the mass transfer of S is by comparing S to Cl. Chlorine is
elevated in arc magmas relative to MORB and is derived from the subducting slab
(Ruscitto et al., 2012). This comparison is valuable because chlorine is very soluble in
basaltic melts and degasses strongly only at relatively low (<100 MPa) pressure (Thomas
and Wood, 2021; Webster et al., 2015), in contrast to sulfur, which may be lost to
degassing or to sulfide formation, especially in more evolved magmas. Chlorine also has
straightforward melting behavior in the mantle, and enrichments in chlorine have been
demonstrably linked to slab inputs beneath arcs (Barnes et al., 2009; Ruscitto et al., 2012)
and back-arcs (Kent and Elliot, 2002). Primary magma S and CI estimates for arc
magmas correlate both within and across arcs in a roughly 1:1 ratio with an upper limit of
3:1, although there is considerable scatter. If we assume that both elements behave
incompatibly during mantle melting, this suggests that the sulfur and chlorine contents of
slab-derived melts or fluids are of the same order of magnitude beneath the majority of
arcs. This is broadly consistent with slab melting experiments focusing on both sulfur and
chlorine (Jégo and Dasgupta, 2014; Van den Bleeken and Koga, 2015), and estimates for
the chlorine and sulfur content of slab-derived aqueous fluids (Jégo and Dasgupta, 2014;
Wallace, 2005). Many of the volcanoes with high CI/S relative to other volcanoes have
atypical melt compositions; high-Mg andesites (Mt. Shasta), nepheline normative
(Pufialica), or high-K to shoshonitic (Apaxtepec, Procida Island, Ustica, Aoba Island). In
these cases, prior metasomatism in the mantle (Vigouroux et al., 2008), or unusually
large proportions of slab-derived materials (Kelemen et al., 2003) may create mantle
sources with higher concentrations of chlorine.

To study the relationship between slab-derived materials and magma S contents
more directly, we compare the ratio S/Dy to Sr/Y as an indicator of slab-derived material
(Fig. 7). For these global comparisons we do not include volcanoes from the Calabria
segment, because atypical geodynamic interactions in that region complicate the
interpretation of trace element data (De Astis et al., 2003; Faccenna et al., 2005).
Although there is considerable scatter, the relationship between S and Cl, and S/Dy and
Sr/Y, show some variation with differences in slab temperature.
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Figure 7. Average primary magma composition for volcanoes from each arc shown for
cold arcs (@ > 40, left), intermediate temperature arcs (1 < ® < 40, middle), and warm
arcs (@ < 1, right). Error bars represent uncertainty in primary magma compositions,
calculated using the standard error of the mean for each volcano data set. Symbols as in
Figure 1.

Inverse modelling of arc magma compositions suggests that global variations in
slab-derived volatiles in arc magmas are strongly influenced by the temperature of the
subducting slab (Ruscitto et al., 2012). At 6-14 kbar, anhydrite-saturated fluids contain
higher sulfur contents at higher temperature (Newton and Manning, 2005). The same
relationship has been observed in experiments on slab-derived melts, although it is not
clear whether this effect holds in slab-derived fluids (Jégo and Dasgupta, 2014). Despite
these observations, the highest primary magma S contents are in intermediate slab-
temperature arcs, not the hottest arcs. It may be that these subduction zones represent a
thermal ‘sweet spot’, where aqueous fluids, which can dissolve more sulfur than slab
melts (Ferrando et al., 2005; Jégo and Dasgupta, 2014), are released simultaneously with
slab melts into the mantle wedge. Sulfur speciation may also play a role in driving these
differences. Slab dehydration models that incorporate sulfur predict a release of oxidized
sulfur during the blueschist to eclogite transition (Tomkins and Evans, 2015; Walters et

al., 2020). For arcs with hotter subducted plates, the oceanic crust beneath the arc has
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likely already been affected by the shallower release of oxidized sulfur (e.g. Walowski et
al., 2015) and as a result release sulfur that is more reduced. These differences in sulfur
oxidation state may change the solubility of sulfur in slab melts and fluids and may also

affect how much sulfur mantle melts can hold, as discussed in more detail below.

4.1.3 Oxygen fugacity

In addition to the mass transfer of S into the mantle wedge, S/Dy is sensitive to
the oxidation state of the mantle wedge during melting, because the total dissolved S
content at sulfide saturation (SCSST) is extremely sensitive to fo2 (Jugo et al., 2010). We
can quantify this relationship by calculating a minimum foz for magmas using the
measured S contents in melt inclusions. At reducing conditions, the SCSST is controlled
mainly by temperature, pressure, melt FeO and H20 content, and sulfide composition
(Fortin et al., 2015; Liu et al., 2021; Smythe et al., 2017). However, at oxidizing
conditions, where S®* becomes stable, fo2 is commonly a dominant control (Jugo et al.,
2010). The mantle wedge sources for arc magmas have a specific ratio of Fe3* to Fe?*,
which correspond to certain foz values. This ratio and corresponding foz value in the
mantle wedge beneath each arc depends on the composition of the mantle source prior to
subduction influence, and the composition of the slab components added. To model the
effect of variable fo on SCSST, we combine existing models of SCSST for reducing
conditions (Smythe et al., 2017), with the H20 effect described in Liu et al. (2021), and
with an fo2 dependence based on experimental data (Fig. 8; Jugo et al., 2010).

This combined model is used to calculate the fo2 of each melt inclusion
composition assuming the melt is sulfide saturated. We calculate the pre-eruptive
temperature of melt inclusions using the model of Danyushevsky (2001) and assume 500
MPa pressure. For H20 content we use either measured H20 values or average values
from the same volcano if melt inclusion H20 was not measured. We assume Xres = 0.85
in the sulfide phase, consistent with the measured compositions of magmatic sulfides in
arc rocks (Georgatou et al., 2018; Keith et al., 2017). The 68% confidence interval of the
modelled fo2 based on these model assumptions was calculated using a Monte Carlo
approach for n = 10,000 iterations. Input parameters were randomly generated assuming a

normal distribution and a specified one standard deviation(c), where ot =100 °, op = 0.1
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GPa, oH20 = 0.5 wt. %, oxres = 0.1, o6s= 15 %, and 6 = 5 % for all other melt oxides. The
resulting error distribution was also propagated through the mean estimate for each

volcano using the Monte Carlo approach for n = 10,000 iterations.
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Figure 8. Sulfur solubility - oxygen fugacity relationship used to calculate the minimum
oxygen fugacity of melt inclusion sulfur contents (Jugo et al. 2010). Sulfur content at
sulfide and anhydrite saturation is based on the experiments of Jugo et al. (2005).
Measured sulfur content of experimental glasses created with variable melt compositions,
pressures and temperatures shown for comparison (Jugo et al., 2005, Matjuschkin et al.,
2016, Botcharnikov et al. 2011, Carroll and Rutherford 1987). Thick black outlined
symbols are experiments saturated in a sulfide phase.

The results of these calculations show that 90% of arc volcanoes require
conditions more oxidizing than QFM (Quartz-Fayalite-Magnetite; Fig. 9, S4). Minimum
fo2 estimates calculated via this approach are consistent with fo2 calculated using
measured Fe®*/ZFe in melt inclusions (Fig. S5). Degassing, assimilation, and the
crystallization of Fe?*-rich phases can all theoretically change the fo2 of magmas after
mantle melting and before inclusion entrapment. However, typical arc magma
crystallization models indicate that fractional crystallization drives only modest increases

in magma foz, and there is little experimental or natural data to suggest that degassing at
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depth drives large increases in magma foz at arcs (Kelley and Cottrell, 2012). Although
garnet crystallization or more complex magma recharge scenarios can theoretically drive
increases in Fe®*, this Fe3* increase requires protracted periods of crystallization that are
inconsistent with the high S contents of high-Mg inclusions in the global data
compilation (Fig. 2). Assimilation of oxidized crustal material (anhydrite-rich veins or
hydrothermally altered rocks) could simultaneously cause both local enrichment of sulfur
and magma oxidation (e.g. Kamenetsky et al., 2017), but it is unlikely this process would
occur in the majority of high-Mg melt compositions represented by melt inclusions in the
global dataset.
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Figure 9. Mean minimum oxygen fugacity of magmas beneath volcanoes calculated
using PEC-corrected melt inclusion sulfur contents. Error bars represent propagated
uncertainty as described in the text. Symbols as in Figure 1. Oxygen fugacity of MORB
shown for comparison in gray bar (Cottrell et al., 2011, Zhang et al., 2018).

4.2 Slab-derived sulfur and arc magma fo2
The relatively consistent range in arc magma S contents may also be linked to the
broadly consistent foz across arcs (Fig. 10; Cottrell et al., 2020). The relationship between

magma S content and foz holds true even when comparing S/Dy (Fig. 10), which during
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sulfide-saturated melting does not vary strongly with melt fraction. The observed
correlation between Nb/Y and foz therefore suggests that the addition of S-rich slab-
derived material is linked to increased foz. This is consistent with evidence that elevated
magma oxidation state is directly linked to slab-derived material in the Mariana Arc
(Brounce et al., 2014; Kelley and Cottrell, 2012, 2009), and that slab-derived S®* in the
Cascade Arc is linked to elevated magma fo2 (Muth and Wallace, 2021).
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Figure 10. Average calculated minimum foz based on measured sulfur contents in melt
inclusions, plotted as a function of primary magma S/Dy for volcanos from each arc
segment. Symbols as in Figure 1.

Slab-derived S®* can be an effective oxidizing agent in the mantle wedge, but its
effect is muted to some extent because of the high concentrations of Fe?* in mantle
wedge peridotite. To test how equilibrium between S and Fe redox state affects the
relationship between slab-derived S®* and arc magma foz, we do a simple calculation of
S%* addition into a basaltic melt with the composition of N-MORB (Gale et al., 2013),
using a modified version of the S-Fe redox equilibrium model of Nash et al. (2019) as
described in Muth and Wallace (2021). This titration calculation tracks both the mass
balance of S and Fe and the redox exchange between S and Fe. After the first ~1,500 ppm
S%* addition to a MORB-like mantle melt, during which the melt becomes increasingly
S*-dominated, the S-Fe equilibrium shifts less drastically in response to further S&*
addition. This smaller shift means that S®* addition becomes less efficient at increasing

melt Fe3*/ZFe (Fig. 11). A more realistic calculation can be achieved by combining these
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types of redox equilibrium calculations with MELTS-based mantle melting models (Muth
and Wallace 2021). The results of such model calculations show the same drop-off is
present (Figure 11; Muth and Wallace 2021). This waning effect of S¢* addition could
explain why fo2 values across arcs cover a broadly similar range, despite a wide range of

slab thermal conditions and primary magma S contents (Fig. 4, 9).
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Figure 11. (Top) Mean minimum foz calculated for the magmas at each volcano shown
as a function of primary magma S content. The black line shows the effect of S°* titration
into N-MORB composition at 1150 °C. (Bottom) Calculated oxygen fugacity of mantle
melts at peak mantle wedge temperature with variable proportions of slab melt containing
1,500 (circles) or 10,000 (squares) ppm S.

4.3 Slab-derived sulfur and porphyry Cu deposits
The behavior of sulfur and its close relationship to foz is important to the
formation of porphyry ore deposits. There has been some debate as to whether high
LREE/HREE ratios of volcanic rocks from ore-forming magmas stem from variations in
primary magma composition or from crustal storage (Barber et al., 2021; Lee and Tang,
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2020; Mungall, 2002). Previous work has used the association of adakite-like (e.g. high
Sr/Y, high La/Yb) signatures and fertile deposits to argue for slab-derived melts in arc
magmas as a key driver of fertile ore deposits (Mungall, 2002), primarily due to the
capacity of slab melts to carry Fe3* into the mantle wedge. Muth and Wallace (2021)
show that slab-derived melts can influence mantle melt foz, but that it is likely the
transport of S8*, not Fe3*, that drives most of this change, given that slab melts are likely
relatively Fe-poor and andesitic to dacitic in composition (e.g. Jégo and Dasgupta 2014).
High LREE/HREE ratios within ore-forming magmas may also be due to fractionation of
amphibole, and possibly phases such as garnet and titanite (Richards and Kerrich, 2007).
It is uncertain which of these two processes is the dominant driver of the association
between ore deposits and high LREE/HREE ratios associated with fertile Cu deposits.

Here we revisit the connection between slab melts and porphyry Cu deposits.
Correlations between Sr/Y and S/Dy suggest that ‘adakite-like’ magmas are more
oxidized and sulfur rich. The highest Sr/Y and S/Dy magma in the data compilation is a
high-Mg andesite from Mt. Shasta, which has been interpreted as forming by high
degrees of melting of a depleted mantle wedge caused by addition of slab-derived fluids
(Grove et al., 2003; Ruscitto et al., 2010). Models of formation of high-Mg andesites in
other regions likewise usually require high proportions of slab-derived materials
(Kelemen et al., 2003; Yogodzinski et al., 2014). Interestingly, high-Mg andesites have
relatively low Cu contents compared to many arc magmas, which has been previously
attributed to sulfide sequestration during melt transport in a depleted mantle (Rezeau and
Jagoutz, 2020). Another explanation based on the high S/Dy contents of these magmas is
that these magmas contain a higher proportion of sulfur-rich, slab-derived melts than
typical calc-alkaline basalts. As shown in the previous section, due to Fe-S redox
equilibrium, the efficiency of slab-derived sulfate in oxidizing mantle melts may drop off
significantly after the range of S and fo2 typical of many primitive arc basalts. Therefore,
even if slab-derived S is present as S, increasing slab-derived S addition to the mantle
may still stabilize more sulfide in the mantle wedge. These sulfides may then sequester
more Cu and drive depletions in the Cu content of arc magmas.

Although high-Mg andesites may have low Cu contents compared to more typical

arc basalts, they commonly are relatively rich in S and Cl and have S/Dy concentrations
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indicative of an oxidized, S-rich mantle source. High-S, oxidized magmas may be more
likely to precipitate anhydrite during crustal storage, providing an easily remobilized
source of sulfur for more shallow crustal magmas during periods of magma recharge
(Chambefort et al., 2008; Hutchinson and Dilles, 2019). Although high-Mg andesites are
uncommon as volcanic rocks at the surface, it may be that these magmas and their
differentiates make up a greater proportion of plutons at depth (Kelemen et al., 2003).
Crystallization within the crust can be another way to produce the HREE
depletions observed in association with many porphyry Cu deposits. While the high Sr/Y
melt inclusions studied here formed relatively early during crystallization, source plutons
for porphyry deposits are commonly intermediate to felsic in composition and have
therefore likely undergone a substantial amount of hornblende, garnet, and/or accessory
phase (e.g. titanite) crystallization (Richards, 2011). However, although hornblende
crystallization is a viable explanation for the genetic relationship with HREE depleted
magmas and ore deposits, typical arc magmas, even those that contain hornblende,
commonly do not show the strong HREE depletions that are found in magmas associated
with ore deposits (e.g. Bachmann et al., 2005). In contrast, high-Sr/Y, high-Mg andesites
may contain more H20 and be more likely to stall and precipitate large amounts of
hornblende in the crust, which would reinforce pre-existing HREE depletion. High
pressure experiments also suggest that high-Mg andesites at high pressure crystallize a
greater proportion of amphibole than high-Mg basalts (Ulmer et al., 2018). High-Mg
andesites may therefore reconcile evidence for extensive amphibole crystallization in ore-
forming magmas (Barber et al., 2021) with the scarcity of amphibole directly observed in

calc-alkaline basalts.

4.4 Slab-derived sulfur and sulfur degassing

The mass addition of sulfur to the sub-arc mantle and the oxidizing potential of
slab-derived sulfate can drive increases in the bulk S content, foz, and S/H20 ratio of
mantle melts that feed eruptible magma bodies. These parameters also strongly influence
the amount of sulfur that partitions into the vapor phase during magma storage in the
crust (Burgisser and Scaillet, 2007; Scaillet and Pichavant, 2005), which is an important

consideration for the prediction and interpretation of volcanic gas fluxes (Aiuppa et al.,
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2019; Shinohara, 2008; Wallace and Edmonds, 2011). The results of this work show, for
example, that although the S content and fo2 of primitive arc magmas are broadly
consistent, intermediate temperature arcs tend to have magmas that extend to higher S
contents.

The findings of our study also highlight that the cycling of sulfur is a function of
both slab-derived sulfur mass transfer and elevated mantle fo2, and that these two factors
are likely linked (e.g., Muth and Wallace, 2021; Walters et al., 2020; Brounce et al.,
2014). If the sub-arc mantle is sulfide saturated, S may be somewhat decoupled from the
cycling of other incompatible elements from the slab to the surface, including other
volatiles such as CO2 and CI (Aiuppa et al., 2019; Robidoux et al., 2017). In this case,
interpretations of S contents in arc magmas and models for crustal degassing require
considerations of both the sulfur content and oxidation state of the sub-arc mantle source.
However, as shown here, correlations between S and ClI (Fig. 6), and fozand S/Dy (Fig.
10), suggest foz, primitive magma S and primitive magma CI concentrations will broadly

Co-vary between most arcs.

5.0 Conclusions

We have compiled olivine-hosted melt inclusion compositional data from 29
subduction zone segments and 115 volcanoes and have used this data to estimate primary
magma sulfur contents at each volcano. We find that S concentrations in primary magmas
from each arc range from 466 + 220 ppm to 4,264 + 819 ppm. Melt S/Dy does not
correlate with indicators of mantle enrichment such as Nb/Y, showing that the
enrichment or depletion of the mantle source before the addition of subduction-derived
components is not a strong control on magma S concentration. Instead, S/Dy correlates
with proxies for slab-derived components such as Sr/Y. We conclude from these
observations that addition of slab-derived sulfur plays an important role in determining
the S contents of arc magmas, consistent with correlations between primary magma S and
Cl content.

To quantify the role of oxygen fugacity in controlling arc magma S
concentrations, we calculate the minimum foz needed during melting to match the sulfur

contents of primary magmas from each volcano. We find that 90% of primary arc
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magmas require foz greater than QFM, and the data require minimum relative foz values
up to QFM + 1.4. Correlations between S/Dy and relative foz suggest slab-derived S and
foz2 are related. This link has implications for processes such as porphyry ore deposit
formation and volcanic degassing. In magmas associated with porphyry Cu deposits, high
Sr/Y ratios may signal high-S, oxidizing magmas. These magmas may be related to high-
Mg andesites that erupt less commonly than high-Mg basalts but are more likely
abundant as intrusive rocks and may therefore explain the high Sr/Y signature of magma
bodies associated with porphyry deposits compared to most arc volcanic rocks. During
magma storage in the crust, the degassing behavior of S and its relationship to other slab-
derived volatiles depends on how the mass transfer of sulfur into the mantle is tied to the
foz, Cl, and H20 content of primary magmas. These applications demonstrate that
variations in the behavior of slab-derived sulfur and its close connection to magma

oxidation state is an important consideration for a range of arc magmatic processes.
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CHAPTER V

DISSERTATION SUMMARY

This dissertation examines the origins and behavior of sulfur in volcanic arcs.
Using the measured compositions of olivine-hosted melt inclusions, I investigate how the
transfer of sulfur from the subducting plate into the mantle source for arc magmas
influences the sulfur content, metal content, and oxidation state of arc magmas. In
Chapters Il and 111, I combine measurements of major element and trace element
composition, S isotope ratios, S and Fe valence state, and ore-forming metal
concentrations to build a detailed and self-consistent model of sulfur behavior in the
southern Cascade Arc. In Chapter 1V, | expand my geographic consideration of the same
topics, and use published melt inclusion compositions to examine the causes and
implications of sulfur in magmas in subduction zones globally.

In Chapter Il correlations between magma sulfur contents, sulfur isotope ratios,
and magma oxidation state demonstrate that sulfur in the southern Cascade Arc is
partially derived from the subducting slab. Using comparisons between sulfur isotope
ratios of subducting lithologies and those measured in Lassen inclusions I show that slab-
derived sulfur is oxidized. I then use a combined mantle melting and electron budget
calculation to show that oxidized, slab-derived sulfur can generate the elevated sulfur
contents observed in arc magmas, but that this requires either extremely S-rich slab melts,
or a multi-stage process of oxidation.

In Chapter I11, I apply insights gained within Chapter 11 to investigate the
behavior of ore-forming metals within the southern Cascade Arc. | show that Mo, Sn, Zn,
and W are relatively unaffected by the influence of slab-derived materials, whereas Pb is
strongly enriched in arc magmas via the mass transfer of Pb from the subducting slab. |
compare mantle melting models of Cu behavior to external constraints on mantle S
content and mantle oxidation state to show that Lassen magma Cu contents are controlled
by a combination of ambient mantle heterogeneity and modern subduction influence.

In Chapter IV, | use the framework developed within Chapter 11 and 111 to
consider the behavior of sulfur in arc magmas globally. | use a compilation of olivine-

hosted melt inclusions from 29 arc segments to characterize the S contents of primitive
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magmas from 115 volcanoes. | use comparisons between S and slab-derived elements
such as Cl and Sr to show that S in arc magmas is partially sourced from the subducting
slab. I also compare primitive S contents at arc volcanoes to oxygen fugacity-dependent
sulfur solubility models and find that 90% of arc magmas require conditions more

oxidizing than QFM.
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APPENDICES

APPENDIX A
CHAPTER Il SUPPLEMENTARY INFORMATION AND FIGURES

Appendix A Supplementary Text

Analytical methods

Olivine-hosted melt inclusions from the tephra of each cinder cone were selected
for analysis. Inclusions that contained quench or daughter crystals, were intersected by
cracks in the host crystal prior to sectioning (some inclusions developed cracks during
preparation) or contained anomalously large or multiple vapor bubbles were not selected.
Some inclusions contain a small (~3-5 um) immiscible sulfide bleb or a co-trapped spinel
crystal. Inclusions that contained a sulfide bleb were not selected for SIMS analysis.
Representative photomicrographs are shown in Figure S1, and inclusion petrographic
data is provided in Supplementary Table S1.

Melt inclusions were analyzed on a Thermo-Nicolet Nexus 670 FT-IR
spectrometer interfaced with a Contiuum IR microscope. H20 concentrations were
calculated from IR peak absorbance values using the Beer-Lambert Law. Doubly
polished melt inclusion wafers were prepared to be very thin to avoid host contamination
during Fe XANES analysis. Because of this, the CO3z? doublet normally used to quantify
CO:z2 in basaltic glasses could not be deconvolved from interference fringes and therefore
was not used. H20 concentration was determined using the 3570 cm™* OH- peak with
absorption coefficient € = 63 from Dixon et al. (1995). Thickness was determined using
the interference fringe method (e.g. Wysoczanski and Tani, 2006) calculated using the
Spectragryph software package (Menges, 2020). Hydrous densities were determined by
iteration between calculated glass densities (Luhr, 2001) and Beer-Lambert calculations.

S%*/xS and Fe®*/ZFe values were calculated using S and Fe XANES spectra
acquired at the Advanced Photon Source (APS) at Argonne National Laboratory. Fe
XANES measurements were made in fluorescence mode at APS on December 7-9, 2018
and June 14-17, 2019, using an incident photon flux of ~3 x 10° photons/s and 10x10 um
spot. To identify and correct for beam-induced oxidation (Cottrell et al., 2018), multiple
rapid pre-edge scans (82s in length) were taken over the energy range 7092-7144 eV
before a longer full energy range scan (352s) from 7012-7355 eV. The pre-edge scans
were fit following the peak-fitting convention of Cottrell et al. (2009) using the Larch
XAS viewer software package (Newville, 2013). Linear regressions to time zero of
centroid values for consecutive rapid pre-edge scans were calculated for each sample, and
each calculated value at time zero was taken as the corrected centroid value. The average
1 standard error of fit for corrected centroid value in each rapid scan is 0.03 eV. The
average 1 standard error of regression for corrected centroid values is 0.04 eV. These
corrected centroid values were then used to calculate Fe**/ZFe using the calibration of
Zhang et al. (2018). An example of this regression is shown in Figure S2. Full details and
discussion of this correction approach are described in Lerner et al. (in review).
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The energy offset between our basaltic glass measurements and those used in the
Fe XANES calibration of Cottrell et al. (2009) was determined by comparing the Fe pre-
edge centroid position of basaltic reference glass LW_0 (Cottrell et al., 2009, 2018;
Zhang et al., 2018) from the Smithsonian Institution. The split of LW _0 glass analyzed
here is embedded in the mount NMNH 118279/IGSN NHB007V 34, and is the same
specimen as found in the mount with catalog number NMNH 117393/IGSN NHB0073V8
(both available by request from the Smithsonian Institution). The pre-edge centroid
position of LW_0 was measured by Cottrell et al. (2009) to have an energy of 7112.30 eV
using the beamline configuration they described at the National Synchrotron Light
Source (Brookhaven National Laboratory), whereas the pre-edge centroid position of
LW_0 measured during our Fe XANES session was 7111.98 eV. Therefore when
calculating Fe valences of basaltic glasses, energy shifts of +0.32 eV were applied to Fe
pre-edge centroid positions to provide consistency with centroid values measured for
LW _0 in Cottrell et al. (2009).

S XANES measurements were conducted on October 18-20, 2019. Incident beam
flux ranged from ~1x10° to 4x10%° photons/sec for S XANES analyses. To avoid the
ingrowth of S** during beam exposure (Wilke et al., 2008), we used a 50x50 um or 20x20
um defocused beam, and used an analysis time of 0.5 seconds per step bin for rapid scans
over the 2437-2622 eV energy range with total durations of 154 seconds. Analyses using
a 50x50 um beam induced very little S** ingrowth but often the beam was too large to
analyze inclusions without some crystal host in the beam path. Partitioning data
(Callegaro et al., 2020) and analyses on host crystals indicate the S content of olivine is
negligible compared to the S content of S-rich (>500 ppm S) melt inclusions. Therefore,
we used a 50x50 um beam to analyze most inclusions, despite some small overlap with
the olivine host. However, for smaller inclusions, where a 50x50 um beam would have
intersected a significant amount of olivine, weakening the signal from the glass, a 20x20
um beam was used. In these cases, we observed a small ingrowth of S** that was
corrected using the approach and correction factor described in Lerner et al. (in review).
The applied correction in these samples is always 10 % or less (Supplementary Table
S5). In many analyses, the 50x50 um beam used for S XANES analyses overlapped with
the 10x10 um area affected by previous Fe XANES analyses. However, within these
analyses, we do not observe any evidence for beam damage such as ingrowth of S** glass
species (e.g. Wilke et al., 2008). S*/=S was quantified using the fitting method and
calibration detailed in Lerner et al. (in review). Detailed information about both
measurement setup and correction procedures used for S and Fe XANES are presented in
Lerner et al. (in review).

Most electron microprobe analyses (EPMA) were conducted using a Cameca SX-
100 equipped with five wavelength dispersive spectrometers in the CAMCOR facility at
the University of Oregon with a 15 kV accelerating voltage. A subset of olivine analyses
were conducted on a JXA-8530FPIlus HyperProbe Electron Probe Microanalyzer at the
Smithsonian Institution with a 15 kV accelerating voltage. Analytical conditions varied
slightly between sessions. See Table S8 for sample current, beam size, and counting
times used during each session. Effects of element migration were corrected by
performing linear regressions to time zero on Na, K, Al, and Si counts (Hanson et al.,
1996; Morgan and London, 1996, 2005). Individual analyses for both olivine and glass
are averages of 3-5 analyzed spots.
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Analyses of %S and %S in individual melt inclusions were performed on a
CAMECA IMS 1280 ion probe at the Northeast National lon Microprobe Facility at
Woods Hole Oceanographic Institution over a five day period in November 2019. The
analyses were carried out using 10 kV 13Cs* primary beam of 0.3 nA current. The beam
was rastered across a 20x20 pm area for a pre-sputtering period of 60 seconds, then
rastered across a 10x10 um area for analysis. Count times were 4s for 32S and 10s for 34S.
Wait times were 2s for 32S and 3*S. Standards were run at the beginning of the analytical
week-long session. VG-2 MORB glass was also embedded in each mount and was used
as an internal run standard. No instrument drift was detected over the course of the
session. We used several external standards to calculate instrument mass fractionation
(IMF), encompassing a range of S¢*/3'S and H20 contents. Compositional information
and reference values for each standard are reported in Table S7. Comparisons between
reference values and measured values for all external calibration standard glasses are
shown in Figure S3.

Melt inclusions were analyzed for a suite of trace elements using Laser Ablation
Inductively Coupled Mass Spectrometry (LA-ICPMS) during two different sessions.
During the first session in June 2017, melt inclusions were analyzed on the Photon
Machines Analyte G2 135 nm ArF “fast” excimer laser system at Oregon State
University, using a 40 um or 50 pm diameter spot size with a 5 Hz pulse rate. Measured
trace element concentrations were determined by reference to GSE-1G glass as a
calibration standard and using “3Ca as an internal standard. BHVO-2G, BCR-2G, and
GSD-1G glasses were also analyzed to monitor accuracy and precision. During the
second session in February 2020, melt inclusions were analyzed on a Thermo Scientific
ICAP RQ and Photon Machines Analyte G2 193 nm ArF excimer laser at Oregon State
University, using a 30 um, 40 um or 50 um diameter spot size with a 15 Hz pulse rate.
Measured trace element concentrations were determined by reference to NIST 612 glass
as a calibration standard and using “3Ca as an internal standard. BCR-2G, GSD-1G, and
BIR-1G glasses were also analyzed to monitor accuracy and precision.

Post-entrapment crystallization and Fe-Mg diffusive reequilibration corrections

Individual melt inclusion analyses were corrected for post-entrapment
crystallization (PEC) and Fe-Mg re-equilibration using Petrolog3 (Danyushevsky and
Plechov, 2011). Bulk rock data for each cinder cone studied here is limited, making it
difficult to estimate initial FeOT content for melt inclusions. To circumvent this, forward
models of olivine crystallization were calculated using Petrolog3 at 5 kbar. Detailed
model inputs are listed in Table S9. Oxygen fugacity conditions are based on average
calculated fo2 from Fe XANES data (Table S5), and H20 is based on average melt
inclusion values. These olivine-only crystallization models are consistent with whole
rock data from other mafic vents at Lassen (e.g. Borg 1997), which indicate that high-Mg
Lassen magmas crystallize along an Fe-depletion trend consistent with olivine (+minor
Cr-spinel) crystallization, and little to no contribution from plagioclase, pyroxene, or
titanomagnetite crystallization.

For forward olivine crystallization models of each cinder cone, whole rock data
with the highest FeOT content were chosen as starting compositions. For cinder cones
that have little (BBL) or no (BRM) bulk rock data, we used a composition based on

76



average analyzed melt inclusions (MI) from each cinder cone and the 90" percentile
value of measured MI FeOT concentration. To estimate FeOT concentration of each melt
inclusion prior to Fe-Mg reequilibration, equilibrium olivine forsterite content was
calculated for each M1 composition. The FeOT value from the forward olivine
crystallization model for a given cinder cone that matched this olivine forsterite content
was taken as the initial melt FeOT. We emphasize that the choice of FeOT value for
correcting the melt inclusions from a given cone mainly affects the corrected MgO and
FeOT values and has only a small effect on other major and trace elements.

Melt inclusion compositions were then corrected for PEC and Fe-Mg
reequilibration using Petrolog3, with our estimated initial melt FeOT concentrations as
input values. For the Petrolog calculations, the olivine temperature model used was
Danyushevsky (2001), with Toplis used (2005) for olivine Kq. All reverse olivine
crystallization calculations were performed using foz values from Fe XANES data as
described above for each cinder cone. If melt inclusions did not have measured H20
contents, average H20 contents from each cinder cone were used, as listed in Table S9. A
subset of inclusions from cinder cone BBL did not show evidence for Fe loss, so we
instead calculated simple reverse olivine crystallization using Petrolog3 to correct for
post-entrapment crystallization. For all inclusions, the S, ClI, and trace element
concentrations for the Petrolog-corrected compositions were calculated by diluting each
element’s analyzed concentration by the same amount that K20 was diluted.

We do not see any systematic changes in Fe3*/ZFe measured in melt inclusions as
a function of H20 concentration (which varies as a result of post-entrapment diffusive
loss), consistent with experimental results (Gaetani et al., 2012), natural datasets (Hartley
etal., 2017), and calculations of available redox pairs (Danyuschevksy et al., 2002) that
suggest rapid reequilibration of melt inclusion redox state with external melt even during
post-entrapment diffusive H loss (Figure S4d). For this reason, we assume that redox
reequilibration is more rapid than post-entrapment crystallization and therefore do not
change melt Fe3*/ZFe during PEC corrections.

Primary magma estimates

See Ruscitto et al. (2012) for a detailed description of primary magma estimates at
arc segments other than Lassen. Primary magma estimates based on melt inclusion data
showing obvious S degassing signals (e.g. decreasing S with increasing K20) have been
removed from the original compilation.

To estimate primary melt composition at Lassen, the composition of a subset of
melt inclusions above a specified MgO content were averaged and used to calculate
reverse olivine crystallization until each composition was in equilibrium with Fogo. The
MgO content used at each cinder cone was determined using MgO and Al203 bivariate
plots, to avoid including melt inclusions whose compositions may have been affected by
plagioclase fractionation before entrapment. For most inclusions, an MgO cutoff value
was used in order to select the most primitive inclusions while still retaining enough
inclusion compositions for a representative compositional average. Within some cinder
cones, there is some scatter in the Al203 content in more evolved inclusions, suggesting
the potential influence of plagioclase fractionation. In these cases, the MgO content was
chosen so that these more scattered compositions were avoided. The average high-Mg
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compositions calculated for each cinder cone were used as a starting composition for
reverse crystallization models. All reverse crystallization models were calculated using
Petrolog3 at 5 kbar, using the Danyushevsky (2001) olivine temperature model and the
Toplis (2005) Ka model. Specific conditions used for models of each cinder cone are
listed in Table S9. The S, Cl, H20, and trace element composition of primary magmas
were calculated by diluting each element by the same amount that KO was diluted in the
reverse crystallization models.

The average measured Fe3*/ Y Fe in melt inclusions from each cinder cone is
taken as the primary magma Fe3*/ > Fe for that cinder cone. This average and average
S%*/ 'S are calculated only with XANES data that has major element concentrations
measured in the same inclusion, with the exception of BAS-44 inclusions which have
limited associated XANES data. We take this simplified approach to avoid introducing
uncertainties in the behavior of magma oxygen fugacity during early crystallization
because the magmas are in a range of AQFM values where oxidation of S to S¢* would
likely play a role in moderating any increase in Fe3* as a result of olivine-only
crystallization. Because the data studied here were measured in relatively high Mg
inclusions, the choice of assumption about melt Fe**/ >'Fe evolution during early olivine-
only crystallization would change primary magma Fe3*/ > Fe values by ~0.03 at the most.
These Fe®*/ > Fe values and melt compositions were used to calculate primary melt fo2
relative to the QFM buffer using the calibration of Kress and Carmichael (1991) and
Frost (1991) at 1.6 GPa, 1400 °C. Calculated primary magma compositions for each
cinder cone are provided in Table S6.

Slab sulfur $°*S budget

To estimate the bulk 634S value of the subducted oceanic lithosphere beneath the
Lassen region, we divide the downgoing plate into three sections; sediments, altered
oceanic crust (AOC), and hydrated mantle lithosphere. In oceanic sediments, §3S values
depend heavily on the variable influence of microbially-mediated sulfur reduction
(Jorgensen et al., 2019). The bacteria communities that drive sulfur reduction need
nutrient-rich water to thrive. For this reason, sediments in ocean basins may experience
little sulfur reduction and remain S®* dominated and isotopically heavy. Cascadia, in
contrast, is located on the coast of a continent in a bacterially productive area. Therefore,
the sediments are isotopically light and S* dominated (Fig. 3), although a large
proportion of this S is often re-oxidized during continued microbial activity. For
sediment sulfur budget estimates, thickness values are taken from Gorda plate sediment
thickness calculated from seismic data (Gulick et al., 2002), and 534S values are taken
from bulk 5%*S measured at the Cascadia margin (Turner et al., 2018). Although these
5%*S measurements are only made in shallow (< 20 mbsf) sediments, the nutrient-rich
Cascadia margin likely creates similar microbial environments through the length of the
sediment package (Jgrgensen et al., 2019). We therefore take these measurements as
representative values.

Sulfur in altered oceanic crust (AOC) includes primary sulfides inherited from
crustal formation and sulfur deposited during hydrothermal alteration. Hydrothermal
circulation, which affects the upper oceanic crust much more strongly than lower crust,
alters pre-existing sulfides and deposits seawater sulfate as anhydrite with the isotopically
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heavy §3S of seawater (Alt, 1995). It is uncertain whether this anhydrite remains in the
slab until sub-arc slab dehydration (Tomkins and Evans, 2015) or is removed from the
slab during the earliest stages of subduction and porewater exsolution (Walters et al.,
2019). The composition of AOC used to calculate bulk §**S is based on Ocean Drilling
Program drill cores Hole 504B in the eastern Pacific for the volcanic section and 735B
from the Indian Ocean for the gabbroic section (Alt, 1995). Ridge spreading rate,
eruption style, plate age, and sediment deposition rate can all influence the sulfur content
and bulk §*S of AOC (Alt et al., 2010; Alt and Shanks, 2011). Drill core from Hole
1256D (15 Ma), for example, contains older AOC more heavily influenced by low
temperature alteration on ridge flanks than core from Hole 504B (5.9 Ma). This alteration
and associated microbial sulfate reduction shifted the bulk 534S of the analyzed 800 m
section to -6 %o (Alt and Shanks, 2011). The oceanic crust that subducted beneath the
Lassen region may also have been affected by microbial sulfate reduction and therefore
have been shifted toward more negative 534S values relative to Hole 504B. However,
because the age of the crust subducting beneath Lassen (6-9 Ma, Wilson, 2002) is
comparable to the age of crust at Hole 504B we take measured values at 504B as the
most applicable values for Lassen. We additionally note that basalts in 3.5 Ma ocean
crust on the eastern flank of the Juan de Fuca ridge have an average §**S similar to that of
Hole 504B (-2.8%o, Ono et. al, 2012), which also suggests that 504B is a suitable analog.
The lithosphere underlying oceanic crust can become serpentinized near the ridge
axis during high temperature alteration as fluid circulates near igneous bodies or by low
temperature alteration during shearing and faulting on ridge flanks (Alt et al., 2013;
Rouméjon and Cannat, 2014). In Cascadia and many modern subduction zones, the
downgoing plates are generated at intermediate and fast-spreading ridges, where these
processes play a smaller role (e.g., Schwarzenbach et al., 2016). The underlying mantle
lithosphere can also become serpentinized during slab bending and faulting outboard of
the subduction zone, where seawater penetrates through the oceanic crust and hydrates
the underlying lithosphere, incorporating seawater sulfate (Alt et al., 2013). S®* in
serpentinite may be hosted directly in the structure of serpentine (Debret et al., 2017).
Offshore of Lassen, the crust of the Gorda microplate is young and warm and is
overlain by a thick sediment package. All of these factors likely limit the extent of
serpentinization, as shown at the nearby Juan de Fuca plate (Canales et al., 2017). Unlike
the Juan de Fuca plate, however, the Gorda microplate is extensively faulted which may
lead to more serpentinization, though whether the subducted portion of the plate that is
now beneath the Lassen region experienced such faulting is not known (Wilson, 2002).
Calculations of H20 cycling in the Lassen region indicate that only a modest amount of
lithosphere hydration is needed to generate observed H20 contents in Lassen magmas
(Walowski et al., 2015). This modest hydration may be difficult to detect using seismic
data. To constrain the S content and §3S value of serpentinized subducted lithosphere
that is beneath the Lassen region, we use Hess Deep as an analog (Alt et al., 2013).
Estimates for extent of serpentinization at Hess Deep are ~10 wt. %, similar to estimates
for the mantle lithosphere beneath Lassen (~15 wt. %; Walowski et al., 2015). Hess Deep
and other serpentinites often contain a high proportion of S8 despite containing no
visible anhydrite, consistent with the incorporation of S8 into the mineral structure of
serpentine (Debret et al., 2017). Based on Walowski et al. (2015) we assume a 2-km
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section of partially hydrated mantle lithosphere. See Table S12 for compiled S content
and &3S values used to calculate the composition of the bulk slab beneath Lassen.

Modeling of slab-derived melt interactions with peridotite in the mantle wedge

This model is intended to approximate hydrous melting in the mantle (the
“double” flux- melting model of Walowski et al., (2015, 2016)), wherein a hydrous slab-
derived melt percolates up through the inverted thermal gradient of the mantle wedge,
equilibrating with mantle peridotite as it rises. To start, a S®* dominated slab melt
equilibrates with the mantle wedge at a specified melt:rock ratio. This equilibrated melt
then rises and equilibrates with fresh peridotite along a specified sub-arc mantle P-T path.
We describe here the base model used in this paper (‘Normal Mantle’), then describe
variations on the model as discussed in the main text. The model begins by using
PMELTS models (Ghiorso et al., 2002; Antoschechkina and Ghiorso, 2018) to calculate
equilibrium between a hydrous slab melt and mantle peridotite at a specified temperature
and pressure above the slab interface and a specified starting melt:rock ratio. Slab melt
major element composition is the average melt composition from 2.8 GPa MORB partial
melting experiments (Sisson and Kelemen, 2018) and contain 5 wt. % H20. Mantle
peridotite is a partially depleted source comprised of 60% spinel lherzolite (Bulk DMM,;
Workman and Hart, 2005) and 40% harzburgite (Falloon and Danyushevsky, 2000). At
Lassen, spinel compositions (Clynne and Borg, 1997), whole rock trace element
compositions (Borg et al., 1997, 2002), and measured volatile contents (Walowski et al.,
2016) are all consistent with the variable influence of slab-derived materials in the mantle
source of each cinder cone. To approximate this process, models are run using melt:rock
ratios ranging from 0.03:0.97 to 0.3:0.7. Because pMELTS calibration data is limited at
oxidizing conditions relevant to arcs, we calculate all melting phase equilibria at QFM
instead.

After phase equilibrium and equilibrated major element melt composition are
calculated in pMELTS, melt trace element concentrations are calculated using specified
mineral-melt partition coefficients and using mineral modal proportions as described in
Walowski et al. (2016). S¢*, S, and Fe®* are all treated as trace elements, whereas melt
Fe?* is calculated from mass balance using pMELTS melt FeOT output. Trace element
composition for initial source mantle is taken from DMM (Workman and Hart, 2005).
Mantle peridotite Fe2O3 content is taken as 0.3 wt. %, consistent with previous estimates
for the MORB source mantle (Canil et al., 1994; Cottrell and Kelley, 2011). Mantle
peridotite S content is 150 ppm, based on previous estimates for the MORB mantle
source (Saal et al., 2002; Ding and Dasgupta, 2017). Unless otherwise specified we
assume all mantle peridotite S is present as S%. Slab melt trace element composition was
calculated following the methods of Walowski et al. (2016), calculating a 5% partial melt
of Gorda MORB (Davis et al., 2008) via batch melting using 900 °C, 4 GPa partition
coefficients from Kessel et al. (2005). Slab melt Fe3*/ > Fe was calculated using the
calibration of Kress and Carmichael (1991) at QFM+2. We assume 1,500 ppm S in the
slab melt based on experiments of fluid-saturated, anhydrite-saturated MORB partial
melting at 950 °C and 3 GPa (Jégo and Dasgupta, 2014). Trace element compositions of
the slab melt and the mantle peridotite are mixed according to the specified melt:rock
ratio to calculate the mantle source composition.

80



Equilibrium melt trace element compositions are then calculated via batch melting
equations, using trace element partition coefficients from Eiler et al. (2000) for Sr, Nd,
and Dy and from Callegaro et al. (2020) for S. We assume bulk D203 = 0.2, This value
is the upper end of the range estimated based on xenolith data (Canil et al., 1994) and is
consistent with experimental estimates (Mallmann and O’Neill, 2009). We do not take
into account changes in Fe3* partitioning during mantle melting (e.g. Davis and Cottrell,
2018), but note that these uncertainties are secondary relative to the effect of S&* addition
(Fig. S5).

Once the melt composition is calculated, we calculate the relative proportion of
S8, S, Fe?* and Fe®* using an equilibrium relationship modified from O’Neill (2021)
and Nash et al. (2019). This step is critical to the model, as models that assume all S5+ is
reduced to oxidize Fe?* (Klimm et al., 2012) can overestimate the oxidizing effect of S°*
on Fe**/ Y Fe and calculated fo2. However, we recognize that our modeling approach is
still an oversimplification, because our results do not maintain redox equilibrium between
the melt and the surrounding peridotite during each equilibration step. Rather, our
approach seeks to approximate a reactive transport process (e.g., Sisson and Kelemen,
2018) in which basaltic melt components from the peridotite are “titrated” into a slab-
derived melt that interacts with peridotite as it rises upwards through the inverted
temperature gradient in the mantle wedge.

Current models for the redox equilibrium relationship between Fe and S species
(Nash et al., 2019; O’Neill, 2021) have focused on the effect of temperature, but at
present, the separate effects of temperature, pressure, and melt H20 content are poorly
constrained by experimental data. The limited experimental data available suggest that
increasing pressure shifts melts to lower S/ 'S at a constant relative fo> (Matjuschkin et
al., 2016), consistent with thermodynamic analysis (Moretti and Baker, 2008). Given
current uncertainties, we adopted the temperature dependence of reaction for the Fe-S
redox equilibrium from O’Neill (2021) based on 1 bar data, but we empirically adjusted
the constant in the expression for log K of reaction such that the resulting equation fits
our measured S¢/'S and Fe®**/Y Fe values for Lassen melt inclusions and similar data for
MORB glasses and comes closer to predicting the 200 MPa, 1050°C experimental data of
Jugo (2010) on hydrous basaltic compositions (Fig. S6). The equation calculated in this
manner is log K = -2863/T + 7.2 for the reaction 8Fe3* + S = S* + 8Fe?*. This is the
relationship that we used to calculate melt S¢*/ 'S and Fe®*/ Y Fe at each model step. A
simplified calculation demonstrating this relationship for an initially dacitic slab melt that
has mantle-derived basaltic melt added is shown in Figure S7.

In each model step, melt 534S is calculated via mass balance between the
ascending melt and mantle peridotite. We assume initial mantle peridotite 534S = 0.6 %o
based on the average of previously measured MORB %S values (Kanehira et al., 1973;
Sakai et al., 1982; Chaussidon et al., 1991; Alt et al., 1993). We use model outputs to
constrain 8**S of the initial slab-derived melt by modifying the slab §3*S mixing
endmember value to provide a best fit to the data set for Lassen primary melt
compositions.

We note that there has been debate about the correct MORB §34S value (Labidi et
al., 2012). Some authors argue that many basaltic glass 6**S values that were measured
using the Kiba reagent for extraction are inaccurate, and they propose that mean 84S of
MORB is -0.91 £ 0.50 %o, ~1-2 %0 lower than many previous estimates made using the
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Kiba method. The majority of the calibration glasses used in our SIMS calibration were
measured using the Kiba method and are consistent with MORB values of %S = 0.6 %o.
Calculated sulfur isotope SIMS instrument mass fractionation values during our
analytical session are consistent between standards (Fig. S3). This indicates that the Kiba
reagent yields consistent results across different samples and suggests complete sulfur
extraction from glasses, as reported in other calibrations (Fiege et al., 2014). This means
that changes to the reference values of our calibration standards would change the
calculated 8**S in our melt inclusions by a fixed amount across all samples but would not
change comparisons between them. We additionally note that analyses of MORB glass
VG-2, used as a secondary standard during our SIMS run, yield §**S = 0.6 + 0.1%o,
consistent with values of MORB measured via Kiba extraction. We therefore also use
MORB %S values measured using the Kiba reagent in our modelling and discussion to
maintain internal consistency. However, we provide our raw measured 3*S/%?S values
(Table S4) for authors who may wish to re-process our data set using alternative §34S
values for our chosen calibration standards.

After calculating the mantle-equilibrated major and trace element composition of
the melt, and its S-Fe redox and §%*S values at a given model step, that melt is extracted
and re-equilibrated with fresh mantle peridotite using the same specified melt:rock ratio
at a different pressure and temperature as in Sisson and Kelemen (2018). This repeated
melt/peridotite equilibration and melt extraction continues in 0.2 GPa increments along a
hypothetical P-T path up through the mantle wedge. The pressures for the P-T path are
based on a geodynamic model of the Lassen area (Walowski et al., 2015) and mantle
wedge P-T paths used in Sisson and Kelemen (2018), tuned to match major element
compositions of Lassen primary magmas (Fig. S5). We note that in each model, peak P-T
conditions are ~50°C hotter than the estimated temperature of last equilibration
calculated via thermobarometry (Walowski et al., 2016; Till, 2017), but that this is
consistent with the well documented overstabilization of clinopyroxene in pMELTS in
comparison to experiments (Ghiorso et al., 2002). See Table S10 for a summary of all
base model inputs and Figures S5,8,9 for representative model outputs. In addition to
models based on the assumptions detailed above, we modeled several variations, as
detailed below and shown schematically in Figure S10.

We note that this melting model does not account for pre-existing trace element
heterogeneity in the mantle wedge, although mantle enrichments in trace elements such
as Rb, Ba, K, and Cs unrelated to modern subduction influence have been documented at
Lassen. This enrichment is more prevalent toward the back-arc and may be due to prior
terrane accretion or bulk sediment addition (Walowski et al., 2016, Borg et al., 1997).
Cinder cone BRVB, located more towards the back-arc relative to other cones studied
here, shows clear elevations in Nd relative to Sr (Fig. S15), that are consistent with this
prior enrichment. These enrichments complicate interpretations of Sr/Nd in BRVB
primary magmas (Fig. 2). Simple comparisons against Sr yield relationships that are more
consistent across all cinder cones, including BRVB (Fig. S14). However, within melting
models, Sr concentrations are sensitive to melt fraction in addition to slab melt addition.
Therefore, although we compare models to Sr/Nd values, we note that Sr/Nd values in
BRVB primary magmas likely underestimate the degree of slab melt addition relative to
other cinder cones.
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Model Cases

Normal mantle

As described above, in this scenario we combine constraints from MORB-source
mantle estimates and from slab partial melting experiments. We assume 1,500 ppm S8*in
the slab melt and assume 150 ppm S?- and 0.3 wt. % Fe20z in the mantle source.

No S in slab melt

To test our model assumptions in a simplified case, we calculate melting
assuming 0 ppm sulfur in the slab melt. This base model can reproduce MORB S and Fe
data fairly well, though it should be noted that the major element composition and
dissolved H20 of the model melts differ from MORB because of the slab melt
contribution. In calculations that assume a high slab melt:peridotite ratio (i.e. more slab-
derived H20 in the mantle wedge), high melt fractions dilute melt Fe3* and lead to
slightly lower S*/5°S and AQFM values than are found in MORB. This model is shown
in Figure S11.

High S in slab melt

In this scenario we increase the amount of S¢* in the melt from 1,500 ppm S®* to
10,000 ppm S8*. This is much higher than values found in relevant experimental melts
(Jégo and Dasgupta, 2014), but we note that slab melting experiments that constrain
anhydrite-saturated slab partial melting are limited. These models also do not consider
high temperature aqueous or super-critical slab-derived fluids, which can contain
substantially higher S concentrations than slab melts (Jégo and Dasgupta, 2014; Ferrando
et al., 2005) but may be present in different proportions relative to mantle peridotite
during melting than the slab melts considered here.

High S in slab melt (melts precipitate sulfide that is sequestered in mantle)

In this scenario we increase the amount of S* in the melt from 1,500 ppm S®* to
8,000 ppm S°* and assume that all melts are sulfide saturated. This is consistent with
evidence from arc copper systematics (Lee et al., 2012) that many arc magmas are
sulfide-saturated during mantle melting. To calculate this effect of immiscible sulfide
saturation on melt redox state, we calculate the sulfur content at sulfide saturation (SCSS)
at each model step, then remove the excess dissolved sulfur from the melt into a separate
sulfide reservoir that remains in the mantle as a residual phase.

To calculate SCSS, we assume that all Lassen magmas are sulfide saturated
during mantle melting and that primary magma S contents reflect the SCSS of mantle
melting conditions. To this end, we create an empirical SCSS model using a linear
regression of Lassen primary magma sulfur content and relative fo2. To account for the
effect of sulfide sequestration in the redox balance calculations, we calculate the amount
of sulfur hosted in sulfide at each equilibration step by subtracting calculated SCSS from
the modeled melt S content. This excess sulfur is then subtracted from the total S of the
melt, and S-Fe redox equilibrium is recalculated, assuming that the subtracted S is no
longer in contact with the melt. As the melt ascends along the P-T path, the continuous
removal of S?- from the silicate melt becomes an electron sink, producing higher melt
S%*/¥'S and Fe**/3 Fe at a given model step than models with no sulfide removal.
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Prior mantle S depletion

We consider here the case where prior metasomatism and/or melt extraction has
completely stripped the mantle peridotite of S%, so that any S®* addition into the mantle
would oxidize magmas more efficiently. Relationships between depleted mantle source
regions and more oxidized magmas have been proposed previously in the Cascade arc
(Rowe et al., 2009), and are consistent with evidence from chromian spinel compositions,
which suggest that the Lassen region has a variably depleted mantle source (Clynne and
Borg, 1997). In this scenario, mantle peridotite S content is O ppm. Peridotite xenoliths
entrained in continental alkaline basalts are often depleted in S relative to orogenic
peridotites, and many researchers attribute this depletion to prior melt extraction events
(e.g., Lorand and Luguet, 2016). Although this process likely involves a complex
interplay between melt extraction and the saturation of immiscible sulfides during melt
transport, here we model the extreme case as a point of comparison, assuming all sulfur
has been completely removed before we introduce the slab melt, as in the other models
above.

Prior mantle oxidation (metasomatism or melt infiltration)

We consider here the case where prior metasomatism or melt infiltration has
oxidized the mantle by enriching it in Fe3*. The southern Cascades arc is built on a region
with a complex history of terrane accretion, and the modern arc may inherit some
enrichments related to these accretion events, prior metasomatism, and/or the effects of
Sierra Nevada magmatism. To consider this case, we assume 1.2 wt. % Fe20s3 in the
mantle source, based on the Fe®* content needed to reproduce Fe3*/> Fe and S*/3'S
values in cinder cone BRM, which has the most oxidized primary magma. It is likely that
the mantle S content and S®*/>'S would also have been modified during prior
metasomatism, but we have ignored this for simplicity and to model an endmember case
of more oxidized mantle.
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Appendix A Supplementary Fiqures

BAS-44-2 4

BBL-5 31

Figure S1. Photomicrographs of representative melt inclusions. Labels denote the name
of each cinder cone and melt inclusion number. Each inclusion shown contains a vapor
bubble, and inclusion BBL-5 31 contains a small sulfide bleb. Note that cracks
intersecting the inclusions shown here formed during sample preparation and were not

present during sample selection.
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Figure S2. Fe Ka pre-edge centroid positions calculated from repeated rapid scans of
natural melt inclusions. Circles represent the centroid values calculated from one pre-
edge scan. Error bars represent +1 standard error for individual centroid fits. Colored
lines are linear regressions through measured centroid values from 82 to 362 s. Diamonds
att = 0 s are the intercept of each linear regression to the centroid time series and are
taken to be the beam damage-corrected initial centroid position. Error bars on corrected
initial centroid positions represent £1 SE of the time series linear regression. Gray bands
show =1 standard deviation non-simultaneous prediction bounds for the linear fit function
calculated using a Monte Carlo approach. Figure adapted from Lerner et al. (in review).
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Figure S3. Measured and known glass standard 34S/32S values used to calculate
instrument mass fractionation (IMF) during the 2019 sulfur SIMS session at Woods Hole
Oceanographic Institution. IMF was calculated for individual analyses using the known
and measured 34S/32S values of each calibration standard. The average calculated IMF
from analyses on standards was used to calculate 3S/%%S values of each unknown. This
average calculated IMF is shown as a black line. See Tables S4 and S7 for the SIMS full

data set and detailed information on standards.
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Figure S4. PEC-corrected melt inclusion compositions calculated for inclusions at each
cinder cone. Each symbol represents one analyzed inclusion. Symbols with gray outlines
represent data from Walowski et al. (2016).
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Figure S5. Model output for a ‘Normal Mantle’ melting case, assuming a melt:rock ratio
of 0.2:0.8 during each melt extraction step at successively lower pressure. Tick marks in
left panel are labeled with equilibrium melt fraction at each step. Gray error envelope

shows melt compositions modeled using D202 = 0.05 and D"¢2°3 = 0.5 for comparison.
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Figure S6. Measured S®*/Y'S and Fe®*/Y Fe in Lassen melt inclusions (symbols),
compared to Fe3*/> Fe values measured in melt inclusions and submarine glasses from
the Mariana Arc (Brounce et al., 2014). Reported Mariana Fe**/3 Fe values have been
recalculated using the updated Fe XANES calibration of (Zhang et al., 2018, Brounce,
M., Written Comm., 2021). Average uncertainty for Lassen data shown in lower right.
Measured MORB values in gray contoured area are shown for comparison (Wallace and
Carmichael, 1994; Jugo et al., 2010; Zhang et al., 2018; Lerner et al., in review). Curves
show several modeled S-Fe redox relationships. The model of Jugo et al. (2010) is
calculated for average Lassen analyzed melt inclusion compositions. The three curves
calculated for 1150 °C are for (1) the relationship from this study as discussed previously,
(2) the weighted 1 bar model from O’Neill (2021), and (3) the much more strongly
temperature dependent model of Nash et al. (2019). Shown for comparison is the
experimental calibration for basaltic compositions at 200 MPa, 1050°C from Jugo et al.
(2010) and a calculated curve at 1300°C from Nash et al. (2019).
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Figure S7. Variations in silicate melt Fe3*/> Fe (a) and S®*/3'S (b) during the addition of
primary mantle melt containing 1,000 ppm (solid line) or 0 ppm S (dashed line) into 100
g of a dacitic slab melt containing 3,000 ppm S8*. Results are plotted as a function of
melt total sulfur content. Circles mark each 100 g increment of primary melt addition.
Sulfur and iron redox equilibria calculated at 1400 °C using the model of O’Neill (2021)
modified as described in the Supplementary Text. Range of Lassen primary magma
compositions are highlighted in red for comparison. The addition of S8* to the primary
mantle melt creates clear increases in Fe®*/Y Fe and S®/3’'S. However, this S®* addition
cannot reproduce the full range of primary magma Fe®*/3 Fe at Lassen.
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Figure S8. Mantle-equilibrated melt compositions for a ‘Normal Mantle” model case.

Each curve represents one melting model assuming a separate melt:rock ratio, varying
from 0.03:0.97 (light green) to 0.3:0.7 (dark green). Maximum temperature of each run

(1400 °C, 1.6 GPa) marked with colored circles, as in Figure 2.
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Figure S9. Mantle-equilibrated melt compositions for a ‘Normal Mantle’ melting case,
assuming a melt:rock ratio of 0.2:0.8 during each melt extraction step at successively
lower pressure. Pressure and temperature of equilibration is marked for each model step.
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Figure S11. Primary magma compositions at cinder cones in the Lassen region (large
symbols) compared to model melt compositions assuming 0 ppm S in the slab melt (small
colored circles), 150 ppm S in the mantle source, and sulfur content at sulfide saturation
(SCSS) values of 800 and 1,000 ppm. The change in slope for the SCSS = 1,000 ppm
curve marks the point where mantle melts become sulfide undersaturated because of high
melt fractions. If the mantle source concentration is increased to 250 ppm, sulfide
undersaturation does not occur even at high melt fractions. Each set of gray circles
represents one modeled scenario, and each individual circle represents the modeled melt
at peak mantle wedge temperature, calculated for a specific melt:rock ratio.
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Figure S12. Sulfur concentrations in individual silicate melt inclusions (small symbols)
from six cinder cones in Lassen Volcanic area, corrected for post-entrapment
crystallization and Fe-Mg reequilibration, plotted against the forsterite content of their
olivine hosts. Light colored symbols represent values from previous studies (Walowski et
al., 2016). Large symbols show the composition of primary magmas estimated for each
cinder cone. Gray lines show reverse crystallization calculations used to estimate each
primary magma composition. MORB sulfur data (Jenner and O’Neill, 2012) plotted as a
function of calculated equilibrium olivine forsterite content (Toplis, 2005) shown for
comparison in gray density contours. Average sulfur concentrations vary between cinder
cones. Only a few melt inclusions show low S values that might result from degassing-
related sulfur loss before inclusion entrapment.
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Figure S13. Melt S and S/Dy calculated using batch melting models. Black lines show
melt S or S/Dy calculated as a function of mantle source S content, assuming: (1) 15%
partial melting, (2) all sulfur is dissolved in the silicate melt due to high melt S¢*/3'S, and
(3) no immiscible sulfide phases are present. Bulk partition coefficients for S and Dy are
the same as those used in Lassen mantle melting models. Gray field represents MORB S
and S/Dy (Jenner and O’Neill, 2012) filtered for primitive melt compositions
(equilibrium olivine Fo > 0.85). Red field shows the range of Lassen primary magma
values. Mantle melting cannot reproduce the entire range of S and S/Dy values observed
in Lassen primary magmas using MORB-source values (e.g. 111-170 ppm S, Saal et al.,
2002) for mantle source sulfur content.
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Figure S14. PEC-corrected melt inclusion Sr concentrations plotted against (a) melt
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measured S/Dy. Each symbol represents one analyzed inclusion. Oxygen fugacity
calculated using analyzed melt inclusion compositions at 400 MPa, 1150 °C.
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slab-derived materials.

105



6000 .
@ BORG
B BBL
BRM Q
@ 4000. BPPC Degassing
Q X BAS-44
O, @ BRVB
T 2000} A.
0 _Iﬂ* - : @
0 20 40 60 80
Sr/Nd
1000 6
800}
& 600}
s S
%) O
400} O * A
200} a
0 i i i i
20 40 60 80
Sr/Nd

600

400

Cl/Nb

200

20

40 60
Sr/Nd

80

1000 ¢

800

600 f

S/Dy

400

200t

200 400
CI/Nb

600

Figure S16. Calculated primary magma compositions for each cinder cone at Lassen. For
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Table S1. Analyzed Major element and trace clement melt inclusion data. Major elements values and standard deviation calculated from the average of 3-5 analysis spots. H,O uncertainty represents

propogated error calculated with standard devation of 2-4 sample thickness and absorbance peak height measurements. Trace elements measured via LA-ICPMS. Uncertainty represents standard error

including in calibration standard. Major clements, S, Cl, and H0 reported in wt. %. Trace elements reported in ppm.
Minimom  Maxmimam Voporbubble e
Cc‘: TephSample  Inclusion  Inclusion  Inclusion Width VP Dimsca® O‘:A‘I‘;" s“',:'l’f"' Anlyzd  SiO;  1sd TiO;  1sd A0,  1sd  FO'  1sd
Widih (gum) (um) bubble (um) ’ ’ EPMA
BAS44 BAS442 T ) E) v 2 o b 7318 4847 026 08 003 1763 006 785 016
BAS44 BAS442 10 % 40 yes 8 o ys  IAUIS 4814 052 101 004 1825 005 831 021
BAS44 BAS442 2 0 9 v 19 yes yo T3S 483 L6 101 003 1758 046 714 03l
BAS44 BAS442 4 ™ 8 yes n v y 72918 4886 041 104 003 1826 029 715 04S
BAS44 BAS442 s 58 % yes n o yo 728 4749 234 098 001 17268 012 761 019
BAS44 BAS442 6 & 9% e 19 yes ys 2318 425 023 102 007 1845 OS2 068 046
BAS44 BAS442 7. 3 % "o ne. no bo 72318 4986 083 094 007 168 020 845 021
BAS44 BAS442 ™ 46 8 no e o po 728 4832 208 099 002 1680 012 83 021
BBL  BBLS 1" 137 163 ye 2 yes nro 60217 4197 004 122 000 1700 016 99 008
BBL  BBLS 14 106 109 ¥ n nr. nr 60217 4841 031 168 005 1614 021 940 007
BBL  BBLS 15 s 6l e ar. ar ar 61217 4866 014 150 003 IST1 007 1048 010
BEL  BBLS 17 4 % yes 12 ar ne 6217 4800 017 109 003 1834 018 746 014
BBL  BBLS 18 51 6 e nr ne SI2I7 4875 006 149 002 1607 029 97 OIS
BBL  BBLS 19 103 # ¥ 7 61217 4171 005 LIS 003 1837 04 771 010
BBL  BBLS 20 2] 5 yes 19 61217 4197 024 129 003 1764 06 951 010
BBL  BBLS 214 0 6l yes n r. 61217 041 144 004 1723 03 89 006
BBL  BBLS 28 2 3 e o ar S 020 149 001 1766 041 92 ol
BBL  BBLS n ss % yo 10 yes ys 61217 4811 024 LIS 004 1800 043 793 oIS
BEL  BBLS 3 n2 n e 18 a ne 6A2I7 4806 04 133 002 1723 027 885 006
BBL  BBLS 30 I s nr 10 r nr o SI217 4902 025 117 004 1707 01S 903 010
BBL  BBLS 3 5 58 yos 2 o ys 7318 499 089 123 005 1594 017 856 022
BEL  BBLS n m u o nr no bo 73118 4993 068 127 010 1676 040 923 030
BBL  BBLS 3 0 n v 18 no po 7208 4922 083 129 003 1675 002 961 042
BBL  BBLS M eo 0 yos e no ys A8 SL67 LS 112 002 1542 008 914 019
BEL  BBLS “ s 9 no . o no 1A 4959 031 125 004 1666 031 949 042
BBL BBL-S “ 46 50 no nr yo yes 111419 48.50 0.39 098 0.04 18.78 0.16 793 0.39
BBL  BBLS % 57 8 v ” yes po  MA4I9 488 037 LIS 000 1754 001 79 018
BBL  BBLS a7 1356 199 yes 30 yes ye  LA419 4902 027 094 002 1890 050 771 08
BBL  BBLS n 8 124 o n no bo 1AM 4942 027 117 003 IS14 009 9 021
BBL  BBLS 3 W 8 ye 7 nr ne 6I2I7 4813 03 L4 006 ISS3 035 720 o1
BBL  BBLS 4 & ) ye 18 e ys  6I2I7 485 06l 120 009 1894 042 701 0N
BBL  BBLS s “ @2 nr n nr ae 61217 4859 081 139 003 1613 040 1150 020
BEL  BBLS 6 97 108 yes n ar nr 6n217 4858 046 137 002 1641 020 939 0M4
BBL  BBLS 7 “ ® e e r ne 61217 4764 039 113 004 1803 021 742 004
BORG  BORG-1 2 148 199 ye 0 r ar @s17 4768 038 077 000 2018 029 87T 00
BORG BORG-1 3 8 w yes 2 ar ar @17 4828 01S 091 004 2089 023 77 013
BORG BORG-1 s 207 26 yes 6l e yes @17 4735 046 073 003 2083 024 815 006
BORG  BORG-1 9 154 17 yos 4 yeu nr @17 4905 071 091 002 2043 028 597 009
BORG  BORG-1 10 182 92 yeu 7 ar e @517 498 028 09 003 2013 06 760 010
BORG BORG-1 1" 8 % Yo 25 nr ar @17 5059 001 09 002 245 02 67 OIS
BORG BORG-1 12 0 9 yes 3 ne. e @17 4970 033 085 004 2027 042 849 01l
BORG  BORG-1 13 n ] yes 8 . e @s17 4728 005 009 003 2097 053 9% 008
BORG  BORG-1 14 108 2 ¥ 3 nr ar @s17 4867 061 075 003 199 021 67 OIS
BORG BORG-1 1s 105 128 ye » nr. nr @17 S0& 029 098 003 1943 06 908 ol
BORG  BORG-1 18 M 14 yes 15 yes e @17 4657 LI3 008 000 2300 0d8 £33 019
BORG  BORG-1 19 101 ¥4 yes 2 e ar @s17 4965 124 091 001 16 4 on
BORG  BORG-1 2 103 131 e ar ar @17 4881 023 099 00l 0 7% 016
BORG BORG-1 2 166 It yes a ar e@s17 4803 0713 0% oo 066 66  0x
BORG  BORG-1 n s 192 yes 2 e @17 4725 006 091 004 1962 020 623 007
BORG  BORG-1 n 132 139 nr e e @s17 4813 L3 084 005 2030 261 820 103
BORG  BORG-1 2 159 178 yos W0 e @517 467 018 083 002 1977 082 78 0N
BORG BORG-1 2 9 145 yes 3 e @17 4906 002 078 004 1983 027 A1 004
BORG  BORG-1 3 " 192 ye ne po 14419 4887 045 096 001 1S3 02 8SI 036
BORG  BORG-1 3 7 108 Yo 0 po 7318 4901 1S6 O8I 003 1797 006 775 040
BORG BORG-1 » 154 175 yo @ ys 72318 4787 092 0% 001 1750 017 817 042
BORG BORG-l 38 19 156 yes o yo 7218 4849 LS2 087 001 1791 013 81 020
BORG  BORG-1 40 108 106 ye 2 po 1A419 4846 049 085 007  I86S 084 K19 050
BORG  BORG- 2 2 157 yo Y po 1419 4795 038 080 002 1791 020 734 017
BORG  BORG-1 a 156 182 yes 36 mo 14419 4895 018 085 001 1820 02 810 037
BORG  BORG-1 “ 120 124 v » po 14419 4899 030 085 001 1886 009 753 020
BORG  BORG-1 4 ) 103 yes 2 b0 1AM 4839 019 095 004 IR 097 858 040
BORG MM-LITBORGH 1 0 95 ye 2 b0 1AM 4847 037 068 002 83 001 685 04l
BORG MM-LITBORGH 2 128 146 yo 2 b 1419 4651 0SS 004 001 2002 029 805 025
BPPC  MM-LITBPPC4 13 o8 50 yes 2 P IA49 4961 042 077 002 17208 043 723 031
BPPC  MM-LIZBPPCA 14 59 n ye " b0 1419 5045 050 079 004 127 024 683 016
BPPC  MM-LITBPPCA 15 8 91 ye 9 po A9 025 038 073 001 167 001 665 03§
BPPC  MM-LITBPPCA 2 w n yes ne po 738 4873 1S3 077 001 1745 012 613 010
BPPC  MM-LIZBPPC4 3 n 81 yos 2 ys 7218 S050 L3S 080 002 1682 001 702 013
BPPC  MMLIZBPPC4 4 68 2 yes It po 73118 4899 031 083 000 1748 036 656 027
BPPC  MMLITBPPCA S 0 59 ye 2 po 7318 006 L6l 078 002 1767 021 675 016
BRM  BRM-1 14 M a8 ¥ 2 ar @517 4946 ENA 106 ENA 2025 ENA S8 ENA
BRM  BRM-1 16 50 120 yes “ nr @sA7 S046 008 107 003 1927 0S4 5% 0@
BRM  BRM:1 1 6 109 yo n r ar @s17 005 042 098 001 1895 0S8 S8 007
BRM  BRM-1 18 » 2 yos 2 e nr. @17 478 028 114 004 1950 074 SM on2
BRM  BRM-1 19 st st yes 2 r ar. @17 4999 04S 104 003 1977 028 69 006
BRM  BRM-1 2 57 6 vy n ar ar. @517 4985 063 103 001 1948 02 600 025
BRM  BRM-1 n n ae e ne r @517 487 021 LIS 003 1843 031 41 0@
BRM  BRM:1 2 58 ) yes 19 e @17 SSS2 037 197 008 1440 016 667 003
BRM  BRM-1 28 66 8 yos 2 o . @17 489 020 10S 005 2001 036  36S 040
BRM  BRM-1 0 0 126 yo ) o po 73118 S128 140 084 000 1824 013 607 025
BRM  BRM-1 u 57 © yes 2 yeu mo 728 4952 067 100 001 030 625  0n
BRM  BRM-| 3 “ 5 o nr you b0 72318 4822 002 098 001 004 524 o2
BRM  BRM-1 % s " yes " o v 738 SL28 L4 106 00l 008 459 00l
BRM  BRM-1 3 3 % ¥ 15 ye b0 738 SLM4 141 097 004 016 5% 04l
BRM  BRM-1 W » @ yos 16 ys b 72318 4954 040 104 001 02 5@ 00
BRM  BRM-1 4 56 104 yes 2 yes b0 73118 4906 083 085 002 o2 s41 0
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Table S1. (continued)

) Minimum _ Maxmimum Vaporbubble Date
"C': TepbaSample  Inclusion  Inclusion  Inclusion Width bl’m Dt "":‘," s“‘)‘:‘l‘:"’ Amalyzd  Si0;  1sd T,  Isd A0,  1sd  FO'  Isd
Width (jum | _ Lym) EPMA
BRM BRM-1 2 55 62 yos 21 yes nr. wsn7 50.23 0,03 103 0.04 19.97 029 5.46 0.16
BRM  BRM-I 3 81 103 yes N yes nr wsn7 50.41 034 103 0.02 19.94 047 574 0.1
BRM  BRM-1 s 49 n yes 9 yes nr “sn7 4892 0.51 L1 0.03 19.90 0.62 54 0.09
BRM BRM-1 6 42 4 yes 20 nr. nr 57 48.37 031 104 0.03 2029 L4 691 028
BRM BRM-1 7 45 67 nr nr nr nr “sn7 9.79 0.72 L7 on 20,03 102 649 0.59
BRM  BRM-I 8 50 68 yes 20 nr nr. 57 49.12 0.19 .21 0.02 20.76 039 5 0.2
BRM  MM-LIT-BRM2 ! n % yes 2 ye po 7238 486 053 082 004 2004 010 49 004
BRM MM-LI7-BRM-2 10 70 84 yes. 30 yes nr 2318 4862 140 121 0.12 20.64 0.07 S48 027
BRM  MM-L17-BRM-2 13 65 " yos 33 nr. nr 72318 4887 107 L3 0.08 2024 0.06 52 0.07
BRM  MM-L17-BRM-2 14 43 o4 yes 8 yes nr 72318 49.26 1.81 085 0.02 19.96 0.08 533 0.16
BRM MM-L17-BRM-2 16 38 2 nr nr nr nr 72318 4542 0.76 087 0.08 19.78 032 491 024
BRM  MM-LI17-BRM-2 17 4“4 81 yes 20 yes nr 72318 48.87 L 0.85 0.01 2042 021 5.30 022
BRM  MM-L17-BRM-2 18 80 87 yes. 2 yes nr. 72318 50.10 0.76 0.96 0.04 20.68 0.09 5.36 0.16
BRM  MM-L17-BRM-2 24 ” 133 yes 4 no no 11419 49.55 0.36 1.00 0.03 19.60 0.17 6.61 0.28
BRM MM-LI7-BRM-2 28 70 144 yes. 38 no no 111419 48.86 028 1.08 0.04 2048 037 549 014
BRM  MM-LI17-BRM-2 26 81 109 yes. 41 yes no 111419 9.27 033 107 0.03 2126 034 518 03
BRM MM-L17-BRM-2 29 n 100 yos. 34 yes no 111419 49.98 043 087 0.02 20.46 0.17 4.8 0.4
BRM MM-LI17-BRM-2 3 2 us yes 36 yes no 1149 49.30 017 085 0.02 19.98 049 520 037
BRM  MM-LIZBRM2 2 o 0 Yo % o P 14419 4905 008 089 003 2071 0% S60 012
BRM  MM-LI17-BRM-2 8 76 288 ye 50 Yo no 72318 46.63 L2 L 0.00 2018 0.19 5.61 013
BRVB  MM-L17-BRVB-2 10 80 £ yes ne yes no 11419 48.59 0.32 136 0.02 17.02 0.55 889 0.28
BRVB MM-LI7-BRVB-2 2 7 70 yes " no yes nhane 4948 0.19 L9 0.02 17.28 0.30 764 004
BRVB  MM-LI7-BRVB-2 K S5 66 yes 9 no yes 111419 4827 0.52 149 0.01 19.09 026 32 on
BRVB  MM-LI7-BRVB-2 6 ss 62 yes nr no yes 11419 4897 051 097 0.02 18.57 038 7.26 032
BRVB  MM-LI7-BRVB-2 7 21 ol yes. 70 no no 11419 an 0.57 149 0.01 18.52 022 872 047
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Table S1. (continued)

Olivine

(g: Tephra Sample  Inclusion  MnO 1sd MgO 1s.d C0 1s.d NayO 1s. d K:0 s d P04 1s.d s Isd l Is.d H,0 Is.d  Host Fo
%

BAS-44 BAS442 1 0.12 0.02 794 0.08 1.61 0.08 264 0.08 0.28 0.03 0.14 0.02 012 0.01 0.03 0.00 0.76 0.01 £7.09
BAS44 BAS44.2 10 015 0.01 7.16 021 1083 008 287 013 041 0.04 019 0.00 0.03 0.00 0.04 0.00 na na £7.70
BAS44 BAS442 2 014 0.01 782 0.08 n 04 293 012 0.28 0.03 018 0.02 LAR) 0.01 0.04 0.00 144 0.9 87.55
BAS44 BAS442 4 013 0.01 6.84 090 1.42 0.3 291 041 0.28 0.04 0.20 0.04 012 0.00 0.04 0.00 L4 0.03 87.33
BAS-44 BAS-4:2 $ 012 0.01 .57 o8 nia 013 27 012 0.28 0.02 017 0.00 0.12 0.00 0.04 0.00 .27 0.01 £7.09
BAS44 BAS442 6 014 0.02 743 L3 1.4 0.10 an 0.2% 030 0.01 017 0.02 012 0.01 0.05 0.00 1.25 0.03 £7.68
BAS-44 BAS442 Ta 0.16 0.00 m 0.10 10.79 0.10 276 013 034 0.03 0.16 0.04 on 0.01 0.04 0.00 0.5 072 87.06
BAS44 BAS44-2 ™ 0.1s 0.01 7.66 0.04 10.64 0.12 287 017 0.36 0.02 017 0.01 on 0.00 0.04 0.00 na na £6.70
BBL BBL-S n 018 0.01 6.56 0.0 223 0.01 358 0.09 on 0.00 028 0.02 010 0.00 003 0.00 na na 8237
BBL BBLS 10) 015 0.01 6.60 002 830 0.69 435 009 0.83 0.01 0.34 002 010 0.00 003 0.00 na na nn
BBL BBL-S 15 018 0.02 6.67 0.19 829 079 38 o.10 0.65 0.06 o3 0.02 011 0.00 0.03 0.00 na na £2.53
BBL BBL-S 17 012 0.0l 6.73 0.07 1097 012 329 0.06 033 0.02 014 0.00 0.09 0.00 0.02 0.00 na na 8791
BBL  BBLS 18 018 0.00 6.75 0.05 876 0.05 388 014 0.76 0.02 0.30 001 010 0.00 0.03 0.00 na na 8316
BBL BBLS 19 LAR) 0.01 695 0.01 9.86 081 a2 013 033 0.00 0.19 0.02 0.08 0.00 0.02 0.00 na na 86.28
BBL BBL-S 20 LAY 0.01 6.52 0.03 913 0.70 346 0.16 0.64 0.03 029 0.02 0.09 0.00 0.03 0.00 na na 83.25
BBL BBL-S 21A 018 0.02 6.82 032 89 0.84 R 0.09 0.61 0.01 0.28 0.02 0.09 0.00 0.02 0.00 na na £4.96
BBL BBL-S 218 015 0.01 6.69 034 9.25 0.64 381 018 0.60 0.01 031 0.02 0w 0.00 0.03 0.00 noa na £4.96
BBL BBL-S 2 012 0.01 621 036 1108 0.08 an 0.0l 030 0.00 015 0.00 0.09 0.00 0.02 0.01 na na £6.42
BBL BBL-S 2 015 0.02 L) 0.04 9.95 0.08 345 0.05 0.50 0.02 022 0.01 o.10 0.00 0.02 0.00 na na 8442
BBL BBL-S 30 017 0.01 625 0.07 9.54 018 34 014 on 0.08 031 0.03 012 001 0,05 0.00 na na 85.51
BBL BBL-S 31 016 0.01 6.76 0.08 9.95 018 340 0.08 0.5 0.04 022 0.02 012 0.01 0.04 0.00 115 0.03 £3.94
BBL  BBLS 32 017 0.02 549 052 9.81 0.05 362 0.26 0.62 0.03 028 0.02 013 0.01 0.04 0.00 1.24 on 837
BBL BBL-S n 017 0.0l 6.03 0.15 9.21 017 ) o 072 o.10 033 0.03 015 0.01 004 0.00 1.23 on 83.08
BBL BBL-S 34 016 0.0 632 01s 1038 014 339 019 047 0.02 o 0.01 012 0.00 0.03 0.00 121 003 £3.57
BBL BBL-S 43 019 0.00 712 0.04 881 0.07 356 027 079 0.04 028 0.02 on 0.00 0.04 0.00 097 0.00 £3.61
BBL BBL-S “ 0.14 0.00 726 0.06 1103 013 278 0.10 028 0.00 o1 0.01 0.09 0.00 002 0.00 1.02 0.08 86.16
BBL BBL-S 46 017 0.00 7.03 0.00 wun 0.06 326 0.29 0.64 0.02 028 0.00 0.10 0.00 0.03 0.00 L7 0.00 85.01
BBL BBL-S 47 014 0.00 774 0.08 128 0.02 29 023 026 0.02 o.10 0.02 0.09 0.00 002 0.01 1.03 0.06 8724
BBL  BBLS o 018 0.00 6.06 020 9.58 0.08 338 0.19 0.77 0.02 0.28 001 0.10 0.00 0.03 0.00 0.64 0.01 82.56
BBL BBL-S 3 0.13 0.01 617 0.1s 1097 0.76 33 0.04 0.27 0.01 0.16 0.03 0.09 0.00 0.01 0.00 na na 87.10
BBL BBL-S 4 013 0.02 838 061 11.58 0.09 329 038 031 0.04 018 0.01 0.08 0.00 0.02 0.00 na na £7.08
BBL BBLS s 018 0.04 6.16 on 825 on in 04 0.79 0.04 0.30 0.03 o.10 0.00 0.03 0.00 na na 80.43
BBL  BBLS 6 o.16 0.02 594 0 1024 009 378 0.02 0.52 0.02 023 0.01 0.10 0.00 0.02 0.00 noa na 84.37
BBL BBL-S 7 013 0.0l 7.02 0.20 11.30 0.03 30 0.08 023 0.02 012 0.00 0.09 0.00 0.01 0.00 na na 87.59
BORG  BORG-1 2 014 0.01 6.59 0.07 9.15 0.76 3857 0.09 051 0.02 0.08 0.0 0.10 0.00 0.05 0.00 na na 8338
BORG  BORG-1 3 012 0.01 5.50 031 9.63 0.79 407 0.08 0.54 0.02 0.08 0.02 0.09 0.00 0.05 0.00 na na 3.1
BORG  BORG-1 s 0.1s 0.02 671 0.08 891 07 4.0 012 0.53 0.02 013 0.02 0.12 0.00 0.04 0.00 na na 84.19
BORG  BORG-1 9 0.09 001 539 007 na 018 354 0.03 0.62 0.04 on 0.01 012 0.00 007 0.01 na na £8.29
BORG  BORG-1 10 014 0.02 523 040 9 004 435 031 0.63 003 on 0.00 0.09 0.00 004 0.00 na na £3.88
BORG  BORG-1 n o.10 0.01 315 0.05 1029 0.02 s 016 0.63 0.03 on 0.01 014 0.00 0.04 0.00 na na 8518
BORG  BORG-1 2 LA 0.00 5.52 047 873 0 4 0.24 0.57 0.02 on 0.02 012 0.00 0.04 0.00 noa noa 84.25
BORG  BORG-1 3 0.16 0.00 846 0.03 10.56 084 134 0.08 0.06 0.00 0.02 0.03 0.0l 0.00 0.00 0.00 na na 85.19
BORG  BORG-1 4 on 0.01 6.50 037 1097 0.08 39 007 0.51 0.02 0.07 0.00 0.10 0.00 0.05 0.00 na na £7.64
BORG BORG-1 15 013 0.01 6.11 044 8.9 028 451 017 0.59 0.04 012 0.02 013 0.01 0.05 0.00 na na 81.93
BORG  BORG-1 18 01s 0.01 38 0.03 1246 023 148 o010 0.08 0.00 0.00 001 0.00 0.00 0.00 0.00 noa noa £3.34
BORG  BORG-1 9 LAR) 0.0 782 032 10.01 03 449 0.40 0.60 0.03 0.08 0.01 o010 0.00 0.05 0.00 na na 8572
BORG  BORG-1 20 013 0.01 4 0.09 927 012 466 0 0.56 001 on 0.01 012 0.00 004 0.00 na na 85.75
BORG BORG-1 21 o.10 0.02 5.57 0.63 1045 0.03 3s3 018 0.56 0.05 0.08 0.01 0.09 0.00 0.04 0.00 na na 86.41
BORG  BORG-1 2 o1 0.02 6.01 014 1146 on s 017 0.58 0.02 o1 0.02 o 0.00 0.06 0.00 noa na 88.57
BORG  BORG-1 2 0.12 0.02 647 346 9.51 108 3.9% 0.44 0.56 0.05 0.09 0.01 0.09 0.01 0,05 0.01 na na 8333
BORG BORG-1 24 013 0.01 687 0.26 927 0.09 R 0.19 0.56 0.02 o.10 0.00 0.09 0.00 0.04 0.00 na na 8418
BORG  BORG-1 25 0.2 0.00 6.82 021 1136 0.09 295 0.02 0.50 0.02 0.07 0.00 0.10 0.00 0.06 0.00 na na 87.54
BORG  BORG-I 3 LAE) 0.00 .02 0.06 845 0.03 284 014 0.63 0.04 015 0.01 015 0.00 0.06 0.00 246 0.09 8397
BORG  BORG-1 3 013 0.00 5.56 023 8.87 0.01 330 012 0.5 0.07 016 002 01x 0.00 0.05 0.00 na na £3.29
BORG  BORG-1 g LAE) 0.02 621 036 870 0.0 337 022 051 0.03 0.16 0.01 017 0.01 0.05 0.00 294 0.06 £2.75
BORG  BORG-1 38 014 0.01 6.75 0.09 883 on EAL) 017 0.53 0.01 0.14 0.04 017 0.00 0.05 0.00 RX) 0.00 84.23
BORG  BORG-1 40 04 0.01 6.10 118 915 010 29 036 0.59 0.07 012 0.00 012 0.01 0.06 0.00 2n 0.03 £3.33
BORG  BORG-1 a2 013 0.00 719 o.10 942 0.09 3.00 016 0.54 0.05 o.10 0.01 o 0.00 0.05 0.00 289 039 £5.29
BORG BORG-1 9 0.14 o0.01 127 0.03 852 0.01 315 027 0.51 0.01 o 0.01 015 0.00 0.06 0.00 1.67 0.01 83.98
BORG  BORG-1 4“4 014 0.01 375 0.01 9.48 0.04 kX 1) 0.06 0.57 0.02 10 0.00 0.15 0.00 0.08 0.00 298 0.0 .70
BORG  BORG-1 45 015 0.00 598 L8 896 0.06 339 033 057 0.05 012 0.02 02 0.01 0.05 0.00 0.82 143 £3.23
BORG  MM-LI17-BORG-1 1 0 0.01 6.86 020 10.93 0.08 246 014 0.51 0.08 0.08 0.01 0.14 0.00 0.06 0.00 260 0.08 £5.82
BORG  MM-L17-BORG-1 2 0.16 0.01 785 0.08 1189 0.04 Lot 0.19 0.05 o001 0.00 0.01 0.00 0.00 0.00 0.00 1.07 1.85 86.37
BPPC  MM-LI7-BPPC4 3 014 0.00 794 0.08 10.79 0.04 25 013 0.3 0.03 0.09 0.01 010 0.00 0.04 0.00 223 012 £7.50
BPPC  MM-LI7-BPPC4 " 014 0.01 7.04 o8 11.06 0.07 254 035 0.35 0.01 0.0% 0.01 012 0.01 0.04 0.00 223 0.07 87.24
BPPC  MM-LI7-BPPC4 15 0.14 0.01 1.5 0.15 11.03 0.08 244 017 031 0.01 0.09 0.01 0.10 0.00 0.04 0.00 1.87 0.10 87.35
BPPC  MM-LI7-BPPC4 2 0.12 0.01 6.28 0.28 11.84 013 256 0.03 028 0.01 on 0.01 on 0.00 0.06 0.00 na na £7.60
BPPC  MM-LI7-BPPC4 3 014 0.01 743 0.20 1no? ol 256 0.04 033 0.01 012 0.01 010 0.01 0.08 0.00 267 001 87.31
BPPC  MM-LI7-BPPC4 4 o010 0.01 672 0.30 1.03 0.09 2 o010 033 0.01 013 o001 012 0.00 0.06 0.00 235 0.05 .77
BPPC  MM-LI7-BPPC4 s 0.14 0.02 5.76 012 11.89 0.09 2.65 0.09 027 0.04 0.09 0.01 0.12 0.01 0.07 0.00 1.34 na £7.86
BRM  BRM-1 4 0.08 ENA 429 ENA 118 ENA 439 ENA 0.76 ENA 0.26 #NA 024 ENA 034 NA na na 8845
BRM  BRM-1 16 0.08 0.01 479 0.04 1031 0.09 464 018 070 0.02 022 001 018 0.00 027 0.00 na na 8834
BRM  BRM-I 17 0.08 0.01 548 0.19 9.85 0.08 469 019 0.64 0.03 0.19 0.01 017 0.00 025 0.00 na na £8.29
BRM  BRM-1 18 0.09 0.01 528 0.05 1031 0.10 430 023 0.98 0.04 031 0.00 021 0.00 027 0.00 na na 88.93
BRM  BRM-| 19 0.09 0.02 4.66 0.03 854 0n 436 012 0.89 0.06 023 0.02 014 0.00 0.2s 0.01 na na 86.61
BRM  BRM-I 2 0.09 0.00 3 039 10.50 0.08 s 021 0.62 0.07 o 0.02 0.19 0.00 022 0.00 na noa £7.93
BRM  BRM-1 23 o.10 0.00 151 on 9.55 0.86 458 0.19 0.86 0.02 0.30 0.03 017 0.00 03 0.00 na na 84.73
BRM  BRM-1 24 0.09 0.02 378 0.08 721 0.02 437 0.04 1.81 0.04 048 0.01 0.08 0.00 0.36 0.01 noa na 86.70
BRM  BRM-1 25 0.09 0.02 6.45 034 10.68 0.04 488 0.01 0.64 0.04 024 0.01 021 0.01 032 0.00 na na 88.39
BRM  BRM-1 30 .10 0.02 49 033 882 0.06 395 0.09 0.67 0.05 0.20 0.02 019 0.00 0.30 0.00 ENE) 0.06 86.16
BRM  BRM-1 34 0.09 0.01 412 015 10.83 014 4.50 016 0.04 0.26 0.02 027 0.00 033 0.00 236 0.19 87.51
BRM  BRM-I 35 0.07 o0.01 4.6 021 1031 0.06 432 0.09 0.00 0.28 0.01 0.26 0.00 038 0.00 na na 88.61
BRM  BRM-| 36 0.06 0.02 439 00l nn 0.0 4.08 038 0.81 0.00 030 0.03 0.26 0.00 04 0.00 0.58 0.00 88.40
BRM  BRM-1 9 0.09 0.01 4.08 015 9.9% 0.06 4.05 on 081 0.02 027 0.02 022 0.01 032 0.01 3.85 0.05 8817
BRM  BRM-1 40 0.07 0.02 39 0.36 10.84 0.19 389 0.07 0.82 0.02 0.31 0.01 027 0.00 034 0.00 na na 87.62
BRM  BRM-I 41 0.08 0.02 sn 021 113 0.19 LX) 0.23 087 0.08 0.19 0.01 023 0.01 032 0.01 208 0.06 £7.79
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Table S1. (continued)

Cinder Olivine
Cone Tephra Sample  Inclusion  MnO 1sd MgO s d Ca0 Is.d Nay,O Is.d Is.d 1sd s 1sd (&) Is.d Isd Hnu’l‘Fo
BRM  BRM-I 2 0.07 0.02 355 024 1.62 0.90 an 0.0 0.63 0.03 02 0.02 018 0.00 027 0.00 na na £9.02
BRM  BRM-1 3 0.08 0.00 449 0.03 10.35 0.07 4% 0.08 on 0.01 021 0.01 017 0.00 027 0.01 na na £7.64
BRM  BRM-I s 0.07 0.01 442 0.12 1084 0.04 4.62 0.09 0.78 0.02 028 0.01 020 0.00 031 0.00 na na 88,74
BRM  BRM-| 6 0.07 0.02 388 04 10.86 0.86 421 018 0.60 0.03 0.24 0.03 017 0.00 0 0.00 na na .
BRM  BRM-1 7 on 0.02 361 0.9 10.79 03 4.51 0.46 0.79 0.08 027 0.01 017 0.00 0 0.01 na na 86.57
BRM  BRM-I L] 0.07 0.01 282 0.36 9.89 0.68 507 0.07 0.98 0.14 027 0.02 023 0.01 033 0.00 na na 88.66
BRM  MM-LI7-BRM-2 1 0.07 0.01 17 0.08 11.50 0.05 4.06 018 0.56 0.04 0.19 0.01 024 0.01 038 0.00 0.98 0.00 £9.64
BRM  MM-LI7-BRM-2 10 0.08 0.01 14 0.02 1085 0.07 450 023 0.86 0.02 0.31 0.04 0.30 0.00 026 0.00 0.89 0.03 87.27
BRM  MM-LI7-BRM-2 13 0.09 0.01 474 0.06 1092 015 463 o.le 083 0.04 037 0.02 0.29 0.00 034 0.00 na na £8.62
BRM  MM-LI7-BRM-2 4 0.07 o001 4.6 0.03 ns? 0.08 430 0.01 0.69 0.02 0.20 0.02 024 0.00 0.30 0.00 0.89 001 88.40
BRM  MM-LI7-BRM-2 16 0.09 0.03 393 0.07 1nas 0.02 394 021 0.59 0.03 0.25 0.01 025 0.00 027 0.00 243 (811 $9.04
BRM  MM-LI7-BRM-2 17 0.09 0.02 457 012 1214 on EE 2 043 0.56 0.03 0.21 0.02 020 0.01 029 0.00 070 0.04 8898
BRM  MM-LI7-BRM-2 18 0.09 0.02 342 025 10.77 017 419 0.15 0.83 0.06 023 0.03 0.19 0.00 0.26 0.00 on 0.03 88.65
BRM  MM-LI7-BRM-2 24 o.10 0.01 27 0.08 10.58 0.03 387 0.31 0.92 0.04 0.26 0.00 0.23 0.01 024 0.00 128 0.01 £6.55
BRM  MM-LI7-BRM-2 28 0.08 0.01 5.05 o010 1082 0.04 4.0 013 0.81 0.04 027 0.01 0.2s 0.00 033 0.01 0.66 004 £7.89
BRM  MM-LI7-BRM-2 26 0.08 0.00 488 0.07 10.98 0.06 425 o.16 0.87 0.09 0.28 0.00 0.26 0.00 0.35 0.0 0.87 0.0 £8.92
BRM  MM-LI17-BRM-2 2 0.07 0.00 5.00 0.03 11.40 0.03 4.05 024 072 0.01 018 0.01 022 0.00 028 0.00 0.33 0.01 89.51
BRM  MM-LI7-BRM-2 3 0.08 0.00 5.5 0.20 11.60 0.04 367 0.28 0.56 0.03 017 0.01 023 0.00 028 0.00 0.34 0.60 90.49
BRM  MM-LI7-BRM-2 2 0.09 0.01 49 0.08 1.9 0.05 380 0.09 0.58% 0.03 0.20 0.01 022 0.00 027 0.00 0.84 0.05 £8.42
BRM  MM-LI7-BRM-2 8 0.08 0.00 479 0.00 129 0.03 43 022 0.78 0.10 0.33 0.03 038 0.01 037 0.00 430 on £9.06
BRVB  MM-LI17-BRVB-2 10 0.15 0.00 6.95 0.06 941 0.02 2% 023 102 0.03 028 0.00 017 0.00 0.05 0.00 197 0.01 83.46
BRVE  MM-LI7-BRVB-2 2 LA 001 697 0.16 10.20 on 257 0.08 057 0.02 015 0.00 017 0.01 002 0.00 0.61 1.06 85.50
BRVB  MM-LI7-BRVB-2 4 015 001 n 0.05 10.67 0.03 354 o.10 097 0.03 033 0.01 013 0.00 005 0.00 032 0ol 84.09
BRVB  MM-LI7-BRVB-2 6 0.14 0.00 7.61 0.03 1098 0.01 301 0.09 0.36 0.03 0.16 0.00 0.13 0.00 0.03 0.00 073 0.06 85.11
BRVB  MM-LI7-BRVB-2 7 o1s 0.00 592 o.10 10.06 014 3857 018 L2 0.02 033 0.01 0.20 0.01 0.07 0.00 1.92 0.05 83.66
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Table S1. (continued)

Cc‘: TephraSample  Inclusion  Li se B se se se v se Rb se St se Y se 7 se No se
BAS-4 BAS-42 [ ma mna ma na mAa MA MmAa AA M& M3 MA  MA  RA NBA MR BA DA Ba
BAS44 BAS442 10 na  na ma mna ma WA ma WA M& NA  AA  MmA  AA  Nna MR A&  na  na
BAS44 BAS<42 2 ma  ma  ma  na 3036 301 19685 2782 aa  na  40L19 1074 1836 108 IS8 S6l 28 02
BAS44 BAS442 4 ma  ma  ona  ona 38 320 2242 665  ma  na 43087 560 1876 106 7988 443 333 028
BAS-4 BAS-42 5 ma oma oma ona S8 370 21450 405 ma  ona  MS71 282 2110 L14 385 459 346 028
BAS44 BAS442 6 na  ma  na na  na : ma ma ma  Ama  Mna  ma  na  na  ma  AmA  na na
BAS<44 BAS-44:2 7 ma  ma  ona  ona 359 359 21063 448 na  ona 43260 600 1992 108 145 447 297 024
BAS44 BAS442 ™ ma  ma  na  na  na X ma ma  ma  Ma  ma  ma  na  nAa  Ra  ma  na o ona
BBL  BBLS 1 1087 189 37 138 3877 147 21281 1113 1L71 025 40510 629 U850 160 10183 747 576 0SS
BBL  BBLS 14 841 LIS e LI6 4248 169 25553 1357 1327 035 30508 862 3087 229 13278 1036 643 066
BBL  BBLS 15 1047 152 498 186 SI28 273 3108 1722 1292 037 36362 838 3009 246 1386 1147 645 064
BBL  BBLS 17 9.65 140 226 099 S525 231 33921 1882 672 028 43246 1074 3397 262 10660 831 266 034
BBL  BBLS 18 1021 146 305 120 4473 183 23041 1218 1217 022 3615 5SS 2503 231 12399 940 644 062
BBL  BBLS 9 730 104 037 038 3138 L3 20876 1130 022 26544 530 2122 160 7549 560 245 027
BBL  BBLS 20 170 190 440 170 4780 260 30170 1640 030 46030 990 2380 230 12300 1080 650 070
BBL  BBLS A 980 12 e 148 4621 289 121 1826 056 38244 1032 2475 296 10926 1138 589 06]
BBL  BBLS 28 9m 153 e 143 49 242 29984 152 031 3249 1700 379 272 12069 128 589 05K
BBL  BBLS 2 ma ma  ma  ma  ma  ma  na  na mna ma  ma  Ama  na  ma ma  na  na
BBL  BBLS 23 1048 LSS 280 107 4095 184 29340 1825 020 31382 623 2444 L85 9160 691 an 041
BBL  BBLS 30 1506 236 451 239 4103 170 194712 36l 40372 949 2821 247 1237 1520 644 0K
BBL  BBLS 3 ma  ma  ona  ona 3965 389 WIS 469 Z 29043 418 2595 146 9476 S92 429 034
BBL  BBLS 2 na  ma  na ona 3817 375 1968 372 na 3901 252 2467 LM 10708 58 590 045
BBL  BBLS 33 na o oma oma oA 3974 390 22076 454 na o M496 281 2722 1LS2 12564 700 7.04

BBL  BBLS 34 na ma  ma  na  ma  Ama  ma  na na  na  na  na na na na

BBL  BBLS 4 na  ma  ma ona 3802 37 196 217 na 3200 644 2401 131 18a 7.06

BBL  BBLS 4 na  ma  ma ona N3 312 20212 372 na 26748 331 2087 L9 M7 226

BBL  BBLS 6 na oma oma ona 300 36 21952 626 na o 328 606 2339 129 109.60 664

BBL  BBLS 47 na  ma  oma ona 359 358 20401 264 na 2625 159 2036 L0S 6232 191

BBL  BBLS 49 na  ma  na  ona 35852 356 2875 389 na 41617 270 2265 120 1179 691

BBL  BBLS 3 ma ma  ma  na  ma  ma  na  na na  ma  ma  ma  na na na

BBL  BBLS 4 ma  ma  ma  na  na A& Aa  na na  na  na  na  na na na

BBL  BBLS 5 na ma ma  na  ma  ma  ma  na na ma  na  na  na  na na

BBL  BBLS 6 1075 L8 272 LI 29 L6 27114 1602 023 3715 486 2430 194 10095 442

BBL  BBLS 7 140 L0 240 140 5080 220 37560 19.50 020 3629 770 2780 260 9200 310

BORG  BORG- 2 na  ma  ma  ma  ma  Ama  na  na na ma  ma  na  na na na

BORG  BORG- 3 na na  na  na  na na  na ma ma  na  na  na  na na

BORG  BORG- 8 na ma  ma  ma  ma  ma  na  na na ma  ma  mna  na  na na  na
BORG  BORG-1 9 mna  ma  ma  na  ma  ma  na  ona na  na  ma  na  na na na  na
BORG  BORG- 10 na  ma  na  na  na na  na na  Aaa  ma  Ana  na  na na ona
BORG  BORG- 1 680 100 470 180 3340 26120 1380 040 71570 1450 1490 120 6140 25 030
BORG BORG-1 12 632 106 574 226 3920 27890 1447 021 76081 1613 1740 140 7048 264 027
BORG  BORG-1 13 na  na  aa na  na na  na na  ma  ma  mna  na ona na  na
BORG  BORG- 14 699 101 268 107 3508 26870 1748 010 48796 794 1297 100 5339 200 020
BORG BORG- 15 £00 110 670 250 3020 25430 1490 040 60420 1080 1270 100  61.80 260 030
BORG  BORG-1 18 ma  ma  na  na na na  ona na  ma  ma  na  na na na  na
BORG BORG-1 9 7.40 L0 380 140 3540 25320 1450 010  $360 1070 1440 LI0 SL90 230 020
BORG  BORG- 20 720 100 490 150 3070 24380 1560 020 64040 940 1240 LI0 SL10 25 030
BORG BORG-l 2 547 078 265 103 3200 193 25248 1438 018 50841 K71 1243 0% SLI9 200 020
BORG  BORG-l 658 098 419 165 3754 149 27187 1543 012 46793 820 A1 LIS 6947 306 031
BORG  BORG-l 23 ma ma  ma  mna  ma  ma  na  na na  ma  ma  ma  na  na na  na
BORG  BORG- u 835 120 417 191 3855 194 30775 1589 029 66456 1676 1722 1S3 7245 ERA % o
BORG BORG-1 25 142 182 420 L7 8392 240 42098 2193 030 69496 2680 1844 139 8354 361 041
BORG  BORG-I 3 ma  ma  ona  ona 2021 287 20834 36l na S731 419 1307 069 6269 021
BORG  BORG- 35 na  oma  oma ona 220 279 21927 28 na 61122 SIS 1335 0712 S6ed 0.19
BORG  BORG- 37 na oma ona ona 2664 263 21822 2245 na S9821  3S7T 1356 074 693 322 020
BORG  BORG-1 3% na  ma  na na 2759 18759 370 na 57575 731 1309 07T 5041 283 0.17
BORG  BORG-1 40 na  ma  oma ona 2965 292 2Ll6 277 na 50263 K38 1332 078 s8I 336 024
BORG  BORG- % na  ma  oma  ona 298 293 2156 283 na S0903  S6 1308 071 558 299 023
BORG  BORG- 4 na  ma  ona ona 2647 250 18492 19 na  S775 525 1292 068 S217 279 0.16
BORG  BORG-l 4 na  ma  ma  ona 322 316 2918 382 na S9434 1620 1535 084 669 303 0.18
BORG  BORG-1 45 na  na na  ona 279 291 22305 249 na S438 709 1353 094 S799 322 324 024
BORG MM-LIZ-BORG-l | na  ma  ma  ona 342 313 10989 138 na 45079 4N 1214 079 S046 271 200 o7
BORG MM-LIT-BORG-l 2 na  ma  oma  ona 2794 275 12647 1302 na 58652 4m 124 008 L7 010 007 001
BPPC  MM-LIZ-BPPC4 13 na oma  ona ona 3439 339 22941 2358 na 4371 450 1566 083 5940 321 183 04
BPPC  MMLIZ-BPPC4 14 na  nma  ona  ona 328 33 25351 2624 noa 46315 K03 1542 107 5727 356 193 016
BPPC  MM.LIZ-BPPC4 15 na  ma  ma ona IS 326 226 228 noa 46374 1034 1533 086 SS68 323 159 014
BPPC  MM-LIT-BPPC4 2 na  ma  na  ona 3352 33 20858 391 na 45954 1221 1627 090  S442 A4 47 o2
BPPC  MMLIZ-BPPC4 3 na  ma  ma  na  na na  ona na  ma  na  na  na na ma  na  na
BPPC  MMLIZ-BPPC4 4 na  na na  na na 3 na  na na na na  na  na na ma  na  na
BPPC  MMLIT-BPPC4  § ma  ma  na  na 3880 38 2267 S22 na 5241 484 1780 099 5790 312 2 o2
BRM  BRM-1 14 na  ma  ma  na  ma  ma  na  na na  ma  ma  ma  na ma  ma  na  na
BRM  BRM-1 16 na  ma  ma  na  ma A ma  na na  ma  na na  ona na ma  na  na
BRM  BRM-1 1”7 7.67 L2 ass 170 3170 186 29284 1468 045 172019 4282 1675 140 11926 918 583 058
BRM  BRM-I 18 na ma  na  na  mna  ma  na  na na  ma  ma  ma  na  na  ma  na  na
BRM  BRM-I 19 535 L2 an L7 2818 156 22481 1442 063 136267 4884 1341 110 11534 959 574 0S8
BRM  BRM-I 2 918 13 300 126 3087 163 34569 2265 028 203502 SSIS 1421 L1l 12625 936 48 053
BRM  BRM-1 23 ma  ma  ma  na  ma  ma  na  na ma ma  ma  Ama  na  ma  ma  na  na
BRM  BRM-I 24 1860 280 800 300 3000 160 35000 17.50 040 73440 1810 2070 LSO 17550 1310 1280 130
BRM  BRM-1 25 £50 130 300 120 3200 150 25050  17.60 020 159540 2870 1310 100 10450 430 050
BRM  BRM-I 30 na  ma  ona  ona 2343 230 17733 386 na 116096  $58 1280 071 9089 42 03
BRM  BRM-1 34 na  ma  na na 2494 19618 S0 na 136401 1999 1385 077 10660 5.06

BRM  BRM-1 35 na  ma  na  na  na na  na na  ma  na ma  na na na

BRM  BRM-1 36 na ma  na  na  na na  na na na na na  na na na

BRM  BRM-1 39 na ma  ma  na  na na ona na  ma  aa  na  na  na na

BRM  BRM-1 40 na  ma  na  na  na na  ona ma ma  ma  ma  na  ma  ma  na

BRM  BRM-I 4 na  oma ona oA 2539 249 20059 363 na 17364 1026 1218 065 8092 437 424 033
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Table S1. (continued)

"(!: TobaSmmple  Incdusion L e B se s se v se Rb o s se Y se 7 se Nb se
BRM BRM-1 2 na na na noa na na na na na na na na na na na na na na
BRM  BRM-I 3 na na na na na noa na na na na na na na na na na na na
BRM  BRM-1 S 0208 22 135 076 3116 195 30897 1708 1625 071 209084 10081 1631 136 14521 193 1046 119
BRM BRM-1 6 L00 1.50 1.50 150 2280 170 195.00 1210 5.7 0.40 878.30 41.20 8.30 0.80 61.60 520 2,60 0.40
BRM  BRM-I 7 12.50 1% 250 L0 3390 220 358.20 25.00 16.00 0.80 224310 14990 19.30 L70 162.80 16.00 11.20 130
BRM  BRM-1 8 8.50 L7 6.40 310 40.40 2.00 318.20 17.50 16.60 0.7 2086.80 65.50 17.40 1.50 133.70 10.50 9.50 0.90
BRM  MM-LITBRM2 1 na  ma  ma  na 263 2145 406 na na 125165 790 1192 069 8005 447 364 028
BRM MM-LI7-BRM-2 10 a na na na na na na na na na na na na na na na na
BRM  MM-L17-BRM-2 3 noa na na na na na na na na noa na na na na na na na
BRM  MM-L17-BRM-2 14 noa na na noa na na na noa na na na na na na na na na
BRM  MM-LI7-BRM-2 16 noa na na noa na na na na na na na na na na na na na
BRM MMLIZBRM2 17 na ma ma ma  ma ma  ma ma ma Ma  ma  ma  na  ma  ma  ma  ma  na
BRM  MM-L17-BRM-2 18 noa na na na 24.65 242 198.88 357 na na 1250.41 31 1423 0.77 96.59 523 5.57 043
BRM  MM-L17-BRM-2 24 noa na na na 26.88 2.63 188,38 208 na na 1158.90 10.80 nn”n 0.69 98,46 520 m 059
BRM  MM-LI17-BRM-2 25 noa na na noa 287 226 194,46 b& na na 1431.35 1997 na 0.67 108.07 s £13 06!
BRM  MMLIZBRM2 26 na  ma  ma  na 200 220 18430 192  na  na ISR 1104 1261 069 1305 623 KS6 068
BRM MM-L17-BRM-2 29 na na na noa 2380 24 202.09 4.08 na na 1304.03 1465 nn on 91.04 489 445 035
BRM MM-LI17-BRM-2 3 na na na na 2675 2.66 199.29 258 noa na 1181.07 13.93 1.4 0.64 74.60 434 428 034
BRM  MM-LIZBRM2 32 na  ma  ma  na 254 251 20709 375 na  na 12000 1373 142 068 07 439 442 0¥
BRM MMLIZBRM2 8 na  ma  ma  ma 200 225 I17L43 335 ma  na  IS602 2230 1290 070 14042 758 3% 029
BRVB  MM-L17-BRVB-2 10 na na na na 2.2 2.86 25191 2591 na na 462.66 4.65 18.96 Lol 105.84 5.63 8.26 0.63
BRVB MM-LI7-BRVB-2 2 na na na na 36.51 3.60 276.10 28.40 na na 383.35 ERE) 2499 139 8891 514 363 028
BRVB  MM-LI7-BRVB-2 4 na na na na 3148 310 24294 24 na na 51431 364 2159 L7 120,06 639 o 0.69
BRVB  MM-LI7-BRVB-2 6 noa na na noa 2883 288 29218 3048 na na 591.87 9.60 2298 .27 129.06 .72 10.02 0.80
BRVB  MM-LI7-BRVB-2 7 noa na na na 3537 35 308.06 3168 na na §73.24 5.59 2419 133 134.90 147 938 077
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Table S1. (continued)

Cc‘: Tephra Sample "":’“’ Ba se L se ce se Nd se sm se Dy se b se P se
BAS44 BAS442 T ®ns mna na ma ma ma ma ms na na nmna  na  nmna na  na  nma
BAS44 BAS442 0 na ma na ma  ma  ma ma  ma  ma  ma  na  ma  na  ma  ma  nma
BAS44 BAS442 2 1447 191 788 020 2008 087 1295 030 295 008 340 0I5 240 OIS 226 009
BAS44 BAS442 4 1s24 268 77 019 2120 067 1308 035 343 015 348 009 233 019 191 003
BAS44 BAS442 S 1641 23 R3S 018 2193 043 1335 030 331 010 3 045 222 015 208 007
BAS44 BAS442 6 mna ma ma  ma  ma  ma  ma  ma  ma  na  nmna  ma  na  na  ma  na
BAS44 BAS442 7 420 342 827 015 209 055 1279 046 330 019 364 014 229 0l 27 008
BAS44 BAS442 ® ma ma  ma  ma  ma  ma  ma  ma  ma  na  ma  ma  ma  ma  ma  na
BBL  BBLS I 34 sS4 109 022 2795 0&  1s67 03 375 020 302 02 243 013 383 019
BBL  BBLS 14 367 B6S 1236 036 3000 075 1S58 065 426 011 $93 045 330 03 369 oM
BBL  BBLS IS 3691 1041 1267 030 3082 060 195 051 446 014 S6l 023 360 041 368 021
BEL  BBLS 17 19065 SS1 669 032 1903 086 1550 0S4 394 039 596 0S5 359 024 200 019
BBL  BBLS 18 3936 639 1194 046 3087 082 187 059 530 0S4 491 025 262 02 30 024
BBL  BBLS 19 12548 245 540 008 1361 043 950 045 272 021 38 015 1% 017 13 007
BBL  BBLS 20 3500 1310 1230 040 3220 070 IS8 090 390 030 390 040 240 030 540 040
BBL  BBLS A 31063 1130 1249 083 2892 087 1702 069 367 033 49 039 328 02 429 026
BBL  BBLS 2B 208 1292 1070 0S8 3059 067 1529 202 451 024 537 03 2% 040 372 024
BBL  BBLS 2 ms ma nma  ma  ma  ma  ma  ma  Ma  ma  ma  ma  ma  ma  ma  ma
BEL  BBLS 3297 436 K19 018 2336 133 1408 042 325 012 35 030 203 024 29 011
BBL  BBLS 30 3903 901 1342 036 3816 O8I 1676  1S1 503 040 659 045 394 014 463 03
BBL  BBLS 3 2893 420 835 017 2099 056 I3S 053 295 040 443 016 302 016 312 007
BEL  BBLS 2 M9 ST 1028 020 2503 044 ISE2 040 408 01l 448 01 282 o1l 37 00
BBL  BBLS 3 3928 S99 1275 024 3031 060 IS5 044 433 013 465 020 292 02 46l 010
BBL  BBLS 4 ma ma ma ma ma ma ma ma  ma  na  ma  ma  na  na  ma  na
BEL  BBLS 43 120 S6S 1204 027 2994 049 1797 025 424 043 470 014 293 014 490 014
BBL  BBLS 4“4 LSS 260 479 000 1255 028 827 035 237 04 & 014 200 014 141 ol
BBL  BBLS 46 29218 540 1096 018 2631 043 1S72 023 408 009 394 013 299 013 41 009
BBL  BBLS 47 10841 26 404 008 1083 035 RS§ 021 226 009 383 015 233 015 146 006
BBL  BBLS 49 3950 660 1214 024 3006 051 1728 083 418 008 420 013 259 013 459 016
BBL  BBLS 3 ma ma ma  ma  ma  mMa  ma  ma A ma  ma  ma  ma  ma  ma  ma
BBL  BBLS 4 mna ma nma  ma ma ma  ma ma  Ma  nma  ma ma  na  ma  ma  na
BBL  BBLS $ ma ma nma ma ma  ma ma ma na  ma  ma  ma  ma  na  ma  na
BEL  BBLS 6 2855 447 &7 02 2354 073 1366 050 344 031 423 020 219 014 294 0IS
BBL  BBLS 7 1519 540 620 040 1650 040 1150 070 240 050 520 080 360 040 L6 020
BORG  BORG-1 2 aa ma ma ma ma ma ma ma ma  Ama  ma  ma  ma  ma  ma  na
BORG BORG-1 3 ma ma ma ma ma ma ma ma mna  ma  ma  ma  ma  ma  ma  ma
BORG BORG-1 $ ma ma  ma  ma  ma  ma  ma  ma  ma  na  ma  ma  na  na  ma  na
BORG  BORG-1 9 ma ma ma  ma  ma ma  ma  ma  ma  na  ma  ma  na  na  ma  na
BORG  BORG-1 0 na ma ma ma ma ma ma  ma  nma  na  ma  ma  na  ma  ma  ma
BORG BORG-1 12200 S0 900 020 I$70 0% 1120 02 270 030 320 020 130 030 460 020
BORG BORG-1 12 29827 83 966 039 2027 036 I8 099 219 014 271 021 215 049 468 024
BORG  BORG-1 3 ma ma  ma  ma  ma  ma  ma  Ma  ma  ma  Ma na  na  ma  ma  ma
BORG  BORG-1 1415617 35S 491 009 1301 048 76 023 206 009 226 Ol 14 010 246 018
BORG BORG-1 IS 28450 450 840 020 209 070 1240 020 230 030 260 010 L0 010  $30 030
BORG  BORG-1 8 ma ma ma ma M  ma ma  ma  ma  ma  ma  ma  na  na  na  na
BORG  BORG-1 19 15200 340 S50 000 1470 050 920 040 230 010 27 020 120 020 310 010
BORG  BORG-1 20 25810 450 740 020 1750 060 109 020 260 020 230 020 100 010 440 040
BORG BORG-1 20 16402 481 S02 02 128 031 820 021 18 01l 23 0l 106 009 215 008
BORG  BORG-1 2 1461 302 646 009 1657 0S8 1037 020 281 031 290 018 L7 007 282 ol
BORG  BORG-1 2 wa ma ma  ma ma ma  ma  ma  ma  na  ma  ma  ma  ma  ma  ma
BORG BORG-1 24 25707 784 781 027 IRSE 025 1213 048 226 060 294 026 IS 029 32 0I5
BORG  BORG-1 25 2297 781 886 024 2108 040 1288 140 414 029 33 023 228 023 342 02
BORG  BORG-1 3 8L SS6 K09 043 IS 038 1182 007 260 011 268 007 148 007 469 002
BORG  BORG-1 35 2306 465 KOS 015 1804 020 1147 030 268 010 260 01l 14 01 459 0N
BORG BORG-1 3 2776 436 809 015 1857 032 1143 020 284 012 251 007 153 007 442 02
BORG  BORG-1 3 24001 38 732 013 1626 029 1049 019 255 008 250 007 139 007 418 003
BORG  BORG-1 40 19020 335 606 011 1430 037 867 043 284 009 256 008 136 008 28 006
BORG BORG-l @ 1e1s 349 S57 008 I3SS 020 870 003 232 005 283 006 L3 006 258 005
BORG BORG-1 43 2041 37 651 012 1505 02 945 023 251 005 243 005 L3 005 430 010
BORG  BORG-1 4 219 445 664 015 1504 024 1040 005 266 OI8 289 002 LSS 042 408 o011
BORG  BORG-1 45 19888 S31 662 014 1602 032 1073 034 296 015 244 008 149 008 301 009
BORG MMLITBORGI 1 13756 243 46 017 19 02 27 03 202 012 28 0N e 01l 212 00§
BORG MMLIZBORG 2 2034 044 041 001 091 003 043 004 Ol 000 012 001 029 00l 02 002
BPPC  MM-LIZBPPC4 13 12210 188 S75 009 1426 021 895 046 227 01l 301 009 17 009 216 010
BPPC  MM-LIZBPPC4 14 12275 207 S76 003 1498 031 906 006 260 018 329 012 193 012 213 006
BPPC MMLIZBPPCA 1S 11246 222 S48 002 1380 03¢ 83 oM 237 0l 307 0N 204 01l 177 036
BPPC MM-LIZBPPCA 2 SLI0 164 489 000 1291 026 K18 028 227 015 293 013 160 013 169 003
BPPC MM-LI7BPPC4 3  ma  ma  ma  ma  ma  ma  ma  ma  na  ma  ma  ma  ma  na  ma  na
BPPC MMLI7BPPC4 4 na ma nmna ma ma ma ma ma ma  na ma  ma  na  na  na  na
BPPC MMLIZBPPCA 5 7858 L7726 001 1438 031 907 038 224 007 299 010 205 010 21 010
BRM  BRM-1 4 ma ma ma ma ma  ma ma  ma  ma  ma  mAa  ma  na  ma  ma  ma
BRM  BRM-1 6 ma na  na  ma  ma  ma  ma  ma  ma  na  ma  ma  ma  ma  ma  na
BRM  BRM-1 17 31015 989 2002 033 4564 090 2004  LI9 307 017 303 046 LI} 008 557 023
BRM  BRM-1 8 na ma  ma  ma  ma  ma  ma A& ma ma  ma  ma  ma  na  ma  na
BRM  BRM-1 19 37 1226 1744 070 3900 149 2073 091 433 030 280 032  10S 023 68 05
BRM  BRM-1 2 3330 128 2L78 069 487 25 23M 169 417 035 22 016 035 048 SS3 037
BRM  BRM-1 2 na ma nma ma ma ma ma  ma ma na  ma ma  na  ma  ma  na
BRM  BRM-1 24 5700 1550 2970 050 6570 100 370 09 600 030 430 020 230 010 9350 040
BRM  BRM-1 25 21920 650 1630 020 4070 120 1970 060 49 050 270 030 0% 010 440 030
BRM  BRM-1 30 26499 446 IS28 027 M4 08  ISST 032 33 009 238 005 133 004 SI6 009
BRM  BRM-1 M 29793 S12 1212 034 4028 082 2146 046 349 010 250 o1l 16l 010 634 014
BRM  BRM-1 % ma ma ma  ma  ma  ma  ma  ma  ma  ma  ma  ma  na  ma  ma  na
BRM  BRM-1 % ma ma ma  ma ma ma  ma  ma  ma  na  ma  ma  ma  na  ma  ma
BRM  BRM-1 ¥ na ma ma ma ma ma ma ma ma A  ma  ma  ma  ma  ma  ma
BRM  BRM-1 © na nmna mna ma ma ma ma ma ma ma ma ma  ma na  ma  ma
BRM  BRM-1 41 1026 277 1303 023 3061 057 1653 029 321 018 242 008 132 006 349 006
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Table S1. (continued)

"(!: Tephea Sample "‘":‘"’ Ba se La se ce se Nd se sm se Dy se Yo se P se
BRM BRM-1 2 na na na na na na na na na na na na na na na na
BRM  BRM-I 3 na na noa na na na na na na na noa na na na na na
BRM  BRM-1 s 360.84 19.99 25.10 150 60.16 3,06 2643 L 4an 078 258 037 1.62 014 6.56 044
BRM  BRM-1 6 12520 680 1070 070 2630 120 1230 0% 300 030 140 020 140 040 310 030
BRM  BRM-I 7 419.30 22.10 2830 1.90 63.70 3.80 27.10 1.50 420 0.30 4.10 0.20 1.9 0.20 7.20 0.40
BRM  BRM-1 5 369.20 12.80 25.80 0.50 59.40 1.60 30.00 1.60 4.70 0.50 240 0.10 130 0.10 6.850 040
BRM  MM-LITBRM2 1 16083 292 1294 027 313 082 l6ls 035 305 012 249 006 149 006 421 028
BRM MM-LI7-BRM-2 10 na na na na na na na na na na na na na na na na
BRM  MM-L17-BRM-2 13 na na noa na na na na na na na noa na noa na na noa
BRM  MM-L17-BRM-2 14 noa na noa na na na na na noa na noa na noa na na na
BRM MMLI7BRM2 16 na ma na ma ma mAa ma ma  ma Ra  ma ma  ma  ma  Ama  ma
BRM MMLIZBRM2 17 ma ma ma ma A& ma ma  ma  ma Ra ma  ma  ma  na  ma  ma
BRM  MM-L17-BRM-2 18 32258 6.31 17.46 0.37 40.23 074 19.75 o4 3.68 013 27 0.09 17§ 0.09 649 0.09
BRM  MM-L17-BRM-2 % 318.52 540 1597 0.30 3801 0.61 19.10 0.40 361 o011 2% 0.06 .27 0.06 5.08 o.n
BRM  MM-LI17-BRM-2 2 273.93 47 18.32 033 4389 0% 2208 033 3186 0.08 260 0.06 123 0,06 5.26 010
BRM  MM-LI17-BRM-2 26 277.89 475 19.35 0.31 46.07 074 29 0.36 4.00 0.07 258 o L9 o 52 0.09
BRM MM-L17-BRM-2 29 233.81 447 15.25 028 36.31 0.69 18.24 0.36 3.5 0.15 241 0.06 138 0.06 495 0.08
BRM MM-LI17-BRM-2 3 153.97 245 1.8 0.37 2967 043 15.22 028 30 018 223 o 1.24 on 3.26 0,06
BRM MM-LI7-BRM-2 2 166.20 3.06 1296 021 iR 049 1594 037 i 0.07 207 010 138 0.10 345 0,08
BRM  MM-LI17-BRM-2 s 283.10 7.45 2404 0.65 60.37 1.62 30.86 0.88 535 013 284 0.10 L 0.10 5.58 015
BRVB  MM-L17-BRVB-2 10 38898 6.94 14.39 023 3460 0.59 19.71 0.49 44 0.16 3.86 0.07 214 0.07 430 0.09
BRVE  MM-LI7-BRVB-2 2 21890 s 7.32 012 ”n 029 1238 028 5 013 446 010 289 o.10 348 0,08
BRVB  MM-LI7-BRVB-2 Rl 402.25 627 1527 024 3657 053 21.80 04 an 02 419 0.09 218 0.09 386 0.14
BRVB  MM-LI7-BRVB-2 6 49879 13.85 18.00 0.46 an 1.52 25.86 0.63 617 0.4s a3 021 221 021 464 017
BRVB  MM-LI7-BRVB-2 ;g 467.12 876 1824 0.48 4015 0.61 2514 0.67 5.00 029 481 021 2 021 564 029

0. a = not analyaxt
n.r. = not recorded

*many bubble diameters reported here have been measured on intersected inclusions and are a minimum value
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Table S2. Corrected major element and trace element melt inclusion data. Major element compositions and trace element
concentrations have been corrected for post entrapment crystallization and Fe-Mg reequlibration. Major elements, S, Cl,
and H20 reported in wt. %. Trace elements reported in ppm.

_Cinder Cone_ Tephra Sample Melt Inclusion  SiO, TiO, Al,O4 FeO' MnO MgO

BAS-44 BAS-44-2 1 49.16 0.83 17.39 8.94 0.12 8.97
BAS-44 BAS-44-2 10 48.79 0.97 17.53 9.08 0.14 9.68
BAS-44 BAS-44-2 2 49.06 0.97 16.96 9.09 0.13 9.57
BAS-44 BAS-44-2 4 49.19 0.98 17.23 9.02 0.12 9.33
BAS-44 BAS-44-2 5 48.84 0.97 17.49 8.98 0.12 9.01
BAS-44 BAS-44-2 6 48.11 0.98 17.72 9.04 0.13 9.44
BAS-44 BAS-44-2 Ta 50.31 0.92 16.54 8.95 0.16 9.22
BAS-44 BAS-44-2 7b 49.76 1.00 16.92 8.99 0.15 8.89
BBL BBL-5 11 49.52 1.22 17.32 10.15 0.20 7.51
BBL BBL-5 14 49.98 1.72 16.25 10.10 0.20 7.82
BBL BBL-5 15 50.58 1.54 16.17 10.18 0.21 7.84
BBL BBL-5 17 48.02 0.97 16.07 10.51 0.09 11.43
BBL BBL-5 18 50.02 1.50 16.15 10.22 0.20 8.07
BBL BBL-5 19 48.55 1.03 17.23 10.36 0.09 10.00
BBL BBL-5 20 49.34 1.30 17.61 10.10 0.20 7.93
BBL BBL-5 21A 49.24 1.36 16.68 10.26 0.10 9.08
BBL BBL-5 21B 48.87 1.44 16.94 10.26 0.19 9.00
BBL BBL-5 22 48.57 1.10 16.47 10.39 0.09 10.02
BBL BBL-5 23 49.20 1.27 16.83 10.22 0.10 8.59
BBL BBL-5 3 48.32 0.98 16.48 10.41 0.09 10.63
BBL BBL-5 30 49.57 1.12 16.11 10.38 0.19 9.61
BBL BBL-5 31 50.72 1.16 15.43 10.20 0.19 8.51
BBL BBL-5 32 50.43 1.24 15.99 10.18 0.19 8.36
BBL BBL-5 33 50.22 1.27 16.38 10.23 0.20 8.06
BBL BBL-5 34 51.74 1.05 14.70 10.18 0.19 8.39
BBL BBL-5 4 48.29 1.04 16.38 10.40 0.09 10.54
BBL BBL-5 43 50.24 1.18 16.43 10.25 0.20 8.42
BBL BBL-5 44 48.36 0.92 17.37 10.35 0.09 9.79
BBL BBL-5 46 49.32 1.14 16.62 10.31 0.19 9.12
BBL BBL-5 47 48.04 0.80 16.87 10.40 0.09 10.68
BBL BBL-5 49 49.60 1.17 17.66 10.06 0.20 7.55
BBL BBL-5 5 50.69 1.48 17.03 10.02 0.21 6.82
BBL BBL-5 6 49.61 1.36 15.88 10.19 0.19 8.54
BBL BBL-5 7 47.99 0.99 16.23 10.45 0.09 11.00
BORG BORG-1 10 49.71 0.86 19.18 8.85 0.13 7.03
BORG BORG-1 11 48.86 0.78 19.45 8.97 0.09 7.70
BORG BORG-1 12 49.78 0.82 19.55 8.91 0.13 7.40
BORG BORG-1 13 48.45 0.09 22.04 8.97 0.17 7.69
BORG BORG-1 14 48.52 0.69 18.28 9.24 0.10 9.53
BORG BORG-1 15 50.42 0.98 19.41 8.61 0.13 6.16
BORG BORG-1 18 48.10 0.08 22.81 8.69 0.15 6.35
BORG BORG-1 19 48.14 0.83 19.94 9.01 0.12 7.95
BORG BORG-1 2 48.97 0.79 20.81 8.75 0.14 6.66
BORG BORG-1 20 48.68 0.91 19.30 9.13 0.12 8.22
BORG BORG-1 21 48.22 0.74 19.67 9.11 0.09 8.49
BORG BORG-1 22 47.74 0.82 17.68 9.33 0.10 10.24
BORG BORG-1 23 48.82 0.85 20.51 8.73 0.12 6.55
BORG BORG-1 24 49.35 0.83 19.78 8.87 0.13 7.18
BORG BORG-1 25 48.57 0.72 18.19 9.22 0.11 9.40
BORG BORG-1 3 48.77 0.89 20.40 8.86 0.12 6.84
BORG BORG-1 31 50.94 1.00 18.89 8.88 0.16 7.34
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Table S2. (continued)

Cinder Cone _ Tephra Sample Melt Inclusion  SiO, TiO, Al,O4 FeO' MnO MgO

BORG BORG-1 35 51.37 0.82 18.24 8.96 0.13 7.09
BORG BORG-1 37 50.92 0.85 18.90 8.79 0.14 6.66
BORG BORG-1 38 50.69 0.90 18.49 8.96 0.14 7.49
BORG BORG-1 40 50.58 0.88 19.27 8.82 0.14 6.87
BORG BORG-1 42 50.17 0.82 18.32 9.04 0.13 8.01
BORG BORG-1 43 50.94 0.89 19.00 8.78 0.15 7.20
BORG BORG-1 44 51.25 0.84 18.69 8.76 0.14 6.62
BORG BORG-1 45 50.47 0.99 19.48 8.60 0.16 6.56
BORG BORG-1 8 48.24 0.73 20.96 8.94 0.15 7.14
BORG BORG-1 9 48.08 0.79 17.66 9.28 0.08 9.97
BORG MM-L17-BORG-1 1 49.90 0.67 18.12 9.03 0.13 8.13
BORG MM-L17-BORG-1 2 48.46 0.04 20.87 8.91 0.17 8.12
BPPC MM-L17-BPPC-4 13 51.31 0.79 17.49 7.58 0.14 8.43
BPPC MM-L17-BPPC-4 14 51.34 0.79 17.74 7.57 0.14 8.26
BPPC MM-L17-BPPC-4 15 51.95 0.74 17.03 7.56 0.14 8.33
BPPC MM-L17-BPPC-4 2 50.84 0.77 17.44 7.57 0.12 8.33
BPPC MM-L17-BPPC-4 3 52.66 0.86 17.72 7.22 0.15 6.13
BPPC MM-L17-BPPC-4 4 50.90 0.83 17.49 7.63 0.10 8.65
BPPC MM-L17-BPPC-4 5 51.22 0.76 17.16 7.54 0.14 8.52
BRM BRM-1 14 49.25 0.98 18.66 7.49 0.07 7.72
BRM BRM-1 16 50.37 0.99 17.91 7.54 0.07 7.94
BRM BRM-1 17 50.47 0.93 18.02 7.54 0.08 7.96
BRM BRM-1 18 48.85 1.09 18.61 7.59 0.09 8.17
BRM BRM-1 19 50.94 1.01 19.26 7.51 0.09 7.15
BRM BRM-1 2 49.87 0.92 17.86 7.57 0.06 8.30
BRM BRM-1 22 49.99 0.96 18.12 7.49 0.08 7.48
BRM BRM-1 23 50.25 1.20 19.23 7.22 0.10 5.63
BRM BRM-1 24 56.73 1.96 14.31 7.19 0.09 5.55
BRM BRM-1 25 48.96 0.99 18.87 7.49 0.08 7.63
BRM BRM-1 3 50.22 0.96 18.57 7.47 0.07 7.39
BRM BRM-1 30 52.59 0.82 17.80 7.65 0.10 7.27
BRM BRM-1 34 49.57 0.94 18.80 7.50 0.08 7.21
BRM BRM-1 35 49.56 0.93 18.33 7.61 0.07 8.08
BRM BRM-1 36 50.63 0.96 17.68 7.48 0.05 7.90
BRM BRM-1 39 51.40 0.89 17.15 7.7 0.08 8.39
BRM BRM-1 40 50.03 0.97 18.75 7.46 0.07 7.31
BRM BRM-1 41 50.56 0.83 18.15 7.52 0.08 7.48
BRM BRM-1 5 49.17 1.08 18.35 7.60 0.06 8.04
BRM BRM-1 6 49.23 0.99 19.40 7.45 0.07 7.23
BRM BRM-1 7 49.97 1.11 18.93 7.42 0.10 6.60
BRM BRM-1 8 49.37 1.09 18.69 7.56 0.06 8.15
BRM MM-L17-BRM-2 1 48.96 0.76 18.46 7.54 0.06 8.64
BRM MM-L17-BRM-2 10 49.23 1.14 19.36 7.36 0.08 6.83
BRM MM-L17-BRM-2 13 48.82 1.04 18.70 7.51 0.08 7.80
BRM MM-L17-BRM-2 14 49.46 0.79 18.61 7.50 0.07 7.65
BRM MM-L17-BRM-2 16 49.56 0.80 18.22 7.63 0.08 8.45
BRM MM-L17-BRM-2 17 48.96 0.78 18.85 7.47 0.08 7.93
BRM MM-L17-BRM-2 18 49.99 0.86 18.62 7.52 0.08 8.10
BRM MM-L17-BRM-2 24 50.01 0.98 19.25 7.33 0.10 6.51
BRM MM-L17-BRM-2 25 49.14 1.02 19.44 7.41 0.08 7.26
BRM MM-L17-BRM-2 26 48.65 0.97 19.34 7.48 0.07 8.03
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Table S2. (continued)

Cinder Cone _ Tephra Sample  Melt Inclusion _ SiO, TiO,  ALO; EeO" MnO MgO
BRM MM-L17-BRM-2 29 4937 078 1837 7.60 0.06 8.70
BRM MM-L17-BRM-2 31 4920 077 1818 7.40 0.07 9.36
BRM MM-L17-BRM-2 32 48.91 0.83 1925 753 0.08 7.61
BRM MM-L17-BRM-2 8 47.67 1.05 19.07  7.52 0.08 8.11
BRVB MM-L17-BRVB-2 10 50.18 1.40 1754 9.8 0.15 7.28
BRVB MM-L17-BRVB-2 2 50.56 117 1694  9.29 0.13 8.49
BRVB MM-L17-BRVB-2 4 48.47 1.45 1857 9.02 0.15 7.09
BRVB MM-L17-BRVB-2 6 4922 095 18.21 9.20 0.14 7.89
BRVB MM-L17-BRVB-2 7 48.51 1.48 1842 9.13 0.15 7.06
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Table S2. (continued)

Cinder Cone _ Tephra Sample Melt Inclusion _ CaO Na,O K,O P,0s Cl H,O

BAS-44 BAS-44-2 1 11.45 2.60 0.25 0.14 0.12 0.03 0.77
BAS-44 BAS-44-2 10 10.40 2.76 0.39 0.18 0.03 0.04 n. a.
BAS-44 BAS-44-2 2 10.78 2.83 0.27 0.17 0.12 0.04 1.47
BAS-44 BAS-44-2 4 10.77 2:95 0.26 0.19 0.11 0.04 1.16
BAS-44 BAS-44-2 5 11.22 2.76 0.28 0.17 0.12 0.04 1.31
BAS-44 BAS-44-2 6 10.96 3.00 0.29 0.16 0.12 0.04 .27
BAS-44 BAS-44-2 Ta 10.57 2.70 0.33 0.16 0.10 0.04 n. a.
BAS-44 BAS-44-2 7b 10.71 2.89 0.36 0.17 0.10 0.04 n a
BBL BBL-5 11 9.37 3.67 0.71 0.31 0.10 0.03 n. a
BBL BBL-5 14 8.38 4.44 0.81 0.30 0.10 0.03 n. a.
BBL BBL-5 15 8.55 3.91 0.72 0.31 0.11 0.03 n. a
BBL BBL-5 17 9.66 2.90 0.26 0.09 0.08 0.02 n. a.
BBL BBL-5 18 8.83 3.91 0.80 0.30 0.10 0.03 n. a.
BBL BBL-5 19 9.27 3.00 0.28 0.19 0.08 0.02 n. a.
BBL BBL-5 20 9.11 3.50 0.60 0.30 0.09 0.03 n. a
BBL BBL-5 21A 8.73 3.68 0.58 0.29 0.09 0.02 n. a.
BBL BBL-5 21B 8.81 3.64 0.57 0.29 0.09 0.03 n. a
BBL BBL-5 22 10.16 2.84 0.27 0.09 0.08 0.02 n. a.
BBL BBL-5 23 9.78 3.33 0.49 0.20 0.09 0.02 n. a.
BBL BBL-5 3 9.80 2.85 0.27 0.18 0.08 0.01 n. a.
BBL BBL-5 30 8.90 3.18 0.66 0.28 0.11 0.04 n. a.
BBL BBL-5 31 9.61 3.40 0.58 0.19 0.12 0.04 1.10
BBL BBL-5 32 9.33 3.43 0.57 0.29 0.13 0.03 1.16
BBL BBL-5 33 9.02 3.63 0.69 0.29 0.14 0.04 1.19
BBL BBL-5 34 9.83 3.25 0.48 0.19 0.12 0.03 1.15
BBL BBL-5 4 10.06 2.86 0.26 0.09 0.07 0.01 n. a
BBL BBL-5 43 8.66 3.54 0.79 0.30 0.11 0.04 0.94
BBL BBL-5 44 10.16 2.59 0.28 0.09 0.09 0.02 0.94
BBL BBL-5 46 9.31 3.13 0.57 0.28 0.09 0.03 1.09
BBL BBL-5 47 10.08 2.68 0.27 0.09 0.08 0.02 0.92
BBL BBL-5 49 9.37 3.32 0.78 0.29 0.10 0.03 0.62
BBL BBL-5 5 8.67 3.91 0.85 0.32 0.11 0.04 n. a.
BBL BBL-5 6 9.88 3.68 0.48 0.19 0.10 0.02 n a.
BBL BBL-5 7 10.19 2.79 0.18 0.09 0.08 0.01 n. a
BORG BORG-1 10 9.25 4.15 0.60 0.10 0.09 0.04 n. a
BORG BORG-1 11 8.92 4.43 0.55 0.10 0.13 0.04 n. a.
BORG BORG-1 12 8.42 4.18 0.55 0.11 0.11 0.04 n a.
BORG BORG-1 13 11.10 1.41 0.06 0.00 0.01 0.00 n. a.
BORG BORG-1 14 10.05 2.92 0.47 0.06 0.09 0.05 n a.
BORG BORG-1 15 8.89 4.51 0.59 0.12 0.13 0.05 n. a.
BORG BORG-1 18 12.31 1.46 0.05 0.00 0.00 0.00 n. a
BORG BORG-1 19 9.14 4.10 0.55 0.07 0.10 0.05 n. a.
BORG BORG-1 2 9.44 3.68 0.53 0.08 0.10 0.05 n. a
BORG BORG-1 20 8.56 4.30 0.52 0.10 0.12 0.04 n. a.
BORG BORG-1 21 9.69 3.27 0.52 0.07 0.09 0.04 n. a.
BORG BORG-1 22 10.33 2.98 0.52 0.10 0.10 0.06 n. a.
BORG BORG-1 23 9.61 4.02 0.57 0.09 0.09 0.05 n. a
BORG BORG-1 24 9.28 3.79 0.56 0.10 0.09 0.04 n. a
BORG BORG-1 25 10.42 2.71 0.46 0.06 0.10 0.05 n. a
BORG BORG-1 3 9.40 3.97 0.53 0.08 0.09 0.05 n. a.
BORG BORG-1 31 8.80 2.96 0.66 0.16 0.15 0.06 2.56
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Table S2. (continued)

Cinder Cone _ Tephra Sample Melt Inclusion _ CaO Na,O K,O P,0s H,0

BORG BORG-1 35 9.00 3.44 0.56 0.16 0.17 0.05 n a
BORG BORG-1 37 9.24 3.58 0.54 0.17 0.17 0.05 3.12
BORG BORG-1 38 9.12 3.29 0.55 0.14 0.18 0.05 3.12
BORG BORG-1 40 9.44 3.08 0.61 0.12 0.12 0.06 2.81
BORG BORG-1 42 9.63 3.07 0.55 0.10 0.11 0.05 2.96
BORG BORG-1 43 8.89 3.29 0.53 0.11 0.15 0.06 1.74
BORG BORG-1 44 9.39 3.44 0.57 0.10 0.14 0.05 2.95
BORG BORG-1 45 9.32 3.53 0.59 0.13 0.12 0.05 0.85
BORG BORG-1 8 8.97 4.05 0.53 0.13 0.12 0.04 n. a
BORG BORG-I1 9 10.29 3.06 0.54 0.10 0.11 0.06 n. a.
BORG MM-L17-BORG-1 1 10.82 2.43 0.50 0.08 0.13 0.05 2.57
BORG MM-L17-BORG-1 2 12.33 1.05 0.05 0.00 0.00 0.00 1.11
BPPC MM-L17-BPPC-4 13 11.08 2.58 0.36 0.09 0.10 0.04 2.26
BPPC MM-L17-BPPC-4 14 11.04 2.53 0.35 0.08 0.11 0.04 2.24
BPPC MM-L17-BPPC4 15 11.22 2.48 0.32 0.09 0.10 0.04 1.91
BPPC MM-L17-BPPC-4 2 11.84 2.56 0.25 0.11 0.11 0.06 n. a.
BPPC MM-L17-BPPC-4 3 11.87 2.75 0.35 0.13 0.10 0.05 2.69
BPPC MM-L17-BPPC-4 4 11.04 2.73 0.33 0.13 0.11 0.06 2.41
BPPC MM-L17-BPPC-4 5 11.55 2.57 0.26 0.09 0.11 0.07 1.37
BRM BRM-1 14 10.30 4.05 0.70 0.24 0.22 0.31 n. a.
BRM BRM-1 16 9.58 4.31 0.65 0.20 0.16 0.25 n. a
BRM BRM-1 17 9.37 4.46 0.61 0.18 0.16 0.24 n. a
BRM BRM-1 18 9.84 4.10 0.94 0.30 0.19 0.25 n. a
BRM BRM-1 19 8.32 4.25 0.87 0.22 0.14 0.24 n. a.
BRM BRM-1 2 10.39 3.86 0.56 0.20 0.16 0.24 n. a
BRM BRM-1 22 9.77 4.90 0.58 0.20 0.17 0.26 n. a
BRM BRM-1 23 9.97 4.78 0.90 0.31 0.18 0.23 n. a
BRM BRM-1 24 7.16 4.34 1.80 0.48 0.05 0.35 n. a
BRM BRM-1 25 10.07 4.57 0.60 0.23 0.19 0.30 n. a
BRM BRM-1 3 9.64 4.41 0.66 0.20 0.16 0.25 n a.
BRM BRM-1 30 8.61 3.85 0.65 0.20 0.18 0.29 3.05
BRM BRM-1 34 10.14 4.21 0.75 0.24 0.25 0.31 2.21
BRM BRM-1 35 9.77 4.09 0.74 0.26 0.24 0.32 n. a.
BRM BRM-1 36 10.03 3.68 0.73 0.27 0.23 0.36 0.52
BRM BRM-1 39 9.17 3.72 0.74 0.25 0.20 0.29 3.54
BRM BRM-1 40 10.16 3.64 0.77 0.29 0.25 0.31 n. a.
BRM BRM-1 41 10.81 3.32 0.55 0.19 0.22 0.30 1.99
BRM BRM-1 5 10.00 4.26 0.72 0.26 0.18 0.28 n. a.
BRM BRM-1 6 10.38 4.03 0.57 0.23 0.16 0.25 n a.
BRM BRM-1 7 10.20 4.26 0.75 0.26 0.16 0.26 n. a.
BRM BRM-1 8 8.90 4.56 0.88 0.24 0.20 0.29 n a.
BRM MM-L17-BRM-2 1 10.60 3.74 0.52 0.17 0.21 0.34 0.90
BRM MM-L17-BRM-2 10 10.18 4.22 0.81 0.29 0.27 0.24 0.83
BRM MM-L17-BRM-2 13 10.09 4.28 0.77 0.34 0.26 0.31 n. a.
BRM MM-L17-BRM-2 14 10.60 4.01 0.64 0.19 0.22 0.27 0.83
BRM MM-L17-BRM-2 16 10.38 3.63 0.54 0.23 0.22 0.24 2.24
BRM MM-L17-BRM-2 17 11.21 3.54 0.52 0.19 0.18 0.26 0.65
BRM MM-L17-BRM-2 18 9.70 3.77 0.75 0.21 0.16 0.23 0.64
BRM MM-L17-BRM-2 24 10.39 3.80 0.90 0.26 0.23 0.23 1.23
BRM MM-L17-BRM-2 25 10.27 3.82 0.77 0.26 0.23 0.31 0.63
BRM MM-L17-BRM-2 26 9.99 3.87 0.79 0.26 0.24 0.32 0.79
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Table S2. (continued)

Cinder Cone _ Tephra Sample Melt Inclusion  CaO Na,O K,0 P,0s H,0

BRM MM-L17-BRM-2 29 10.23 3.64 0.65 0.16 0.19 0.24 0.30
BRM MM-L17-BRM-2 31 10.55 3.34 0.51 0.16 0.21 0.25 0.31
BRM MM-L17-BRM-2 32 11.09 3.53 0.54 0.19 0.20 0.25 0.78
BRM MM-L17-BRM-2 8 10.67 4.09 0.71 0.31 0.36 0.35 4.06
BRVB MM-L17-BRVB-2 10 9.70 2.99 1.05 0.29 0.17 0.05 2.03
BRVB MM-L17-BRVB-2 2 10.02 2.52 0.56 0.15 0.16 0.02 0.60
BRVB MM-L17-BRVB-2 4 10.38 3.44 0.94 0.32 0.12 0.05 0.31
BRVB MM-L17-BRVB-2 6 10.77 2.95 0.35 0.16 0.12 0.03 0.72
BRVB MM-L17-BRVB-2 7 10.00 3.55 1.11 0.33 0.20 0.07 1.91
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Table S2. (continued)

Cinder Cone  Tephra SamEle Melt Mion % olivi;\e «Fo Oliviﬂe Li Sc Rb

BAS-44 BAS-44-2 1 3.4 87.1 n a n. a n. a n a n. a
BAS-44 BAS-44-2 10 6.7 87.7 n. a n. a n. a. n. a n. a.
BAS-44 BAS-44-2 2 6.3 87.5 n a n a 28.34 183.72 n. a.
BAS-44 BAS-44-2 4 8.3 87.3 n a n a 29.19 203.69 n. a.
BAS-44 BAS-44-2 5 4.4 87.1 n a n a 35.75 204.07 n. a
BAS-44 BAS-44-2 6 6.3 87.7 n a n. a n. a. n. a n a.
BAS-44 BAS-44-2 7a 3.8 87.1 n a n. a 34.54 202.67 n. a.
BAS-44 BAS-44-2 7b 2.8 86.7 n a n. a n. a n a n a
BBL BBL-5 11 1.6 82.4 10.70 3.65 35.22 209.24 11.53
BBL BBL-5 14 2/9 82.8 8.16 293 41.24 248.06 12.88
BBL BBL-5 15 1.1 82.5 10.39 4.92 50.92 308.91 12.83
BBL BBL-5 17 16.6 87.9 8.21 1.92 46.98 288.38 571
BBL BBL-5 18 3.0 83.2 9.91 2.96 43.41 223.63 11.81
BBL BBL-5 19 10.6 86.3 6.55 0.33 28.14 184.52 4.05
BBL BBL-5 20 34 83.3 11.32 4.26 46.24 291.86 12.96
BBL BBL-5 21A 6.6 85.0 9.18 3.39 43.28 319.54 11.57
BBL BBL-5 21B 6.7 85.0 8.71 3.39 41.94 280.08 9.87
BBL BBL-5 22 12.7 86.4 n a n a n a n a n. a
BBL BBL-5 23 5.6 84.4 9.88 2.64 38.63 276.78 7.73
BBL BBL-5 3 15.6 87.1 n a n a n a n a n a
BBL BBL-5 30 9.7 85.5 13.78 4.10 37.29 317.54 11.53
BBL BBL-5 31 58 83.9 n a n. a. 37.31 215.27 n. a.
BBL BBL-5 32 7.8 83.7 n a n a 35.35 184.93 n. a.
BBL BBL-5 33 5.1 83.1 n a n. a 37.85 210.22 n a
BBL BBL-5 34 6.3 83.6 n a n a n. a n a n. a
BBL BBL-5 4 18.2 87.1 n. a n a n. a n a n. a
BBL BBL-5 43 3.7 83.6 n a n a 36.61 192.25 n. a.
BBL BBL-5 44 9.6 86.2 n. a n. a 28.37 182.78 n a
BBL BBL-5 46 8.0 85.0 n. a n a 34.04 201.95 n. a
BBL BBL-5 47 11.9 87.2 n a n a 31.79 180.21 n. a
BBL BBL-5 49 3.6 82.6 n. a n a 34.28 211.12 n. a.
BBL BBL-5 5 1.8 80.4 n a n a n. a n a n. a.
BBL BBL-5 6 6.8 84.4 10.06 2.54 40.21 253.63 7.45
BBL BBL-5 7 14.3 87.6 9.85 2.07 43.90 324.55 3.72
BORG BORG-1 10 5.7 83.9 n a n a n a n a n. a
BORG BORG-1 11 14.0 85.2 5.92 4.09 29.09 227.48 8.10
BORG BORG-1 12 4.7 84.2 6.02 5.48 37.39 265.97 8.59
BORG BORG-1 13 29 85.2 n a n a n a n a n a
BORG BORG-1 14 10.6 87.6 6.26 2.40 31.51 240.67 4.45
BORG BORG-1 15 0.4 81.9 8.06 6.75 30.41 256.08 9.47
BORG BORG-1 18 5.4 83.3 n a n a n a n a. n a
BORG BORG-1 19 73 85.7 6.75 3.47 32.31 231.13 4.66
BORG BORG-1 2 0.5 83.4 n. a n a n. a. n. a n. a
BORG BORG-1 20 9.6 85.7 6.55 4.46 27.93 221.80 7.37
BORG BORG-1 21 9.9 86.4 4.94 2.40 28.99 228.13 4.51
BORG BORG-1 22 14.2 88.6 5.69 3.63 32.50 235.15 5.38
BORG BORG-1 23 0.5 83.3 n a n a n. a n a n. a
BORG BORG-1 24 1.6 84.2 8.19 4.09 37.79 301.66 7.99
BORG BORG-1 25 9.2 87.5 10.38 3.82 48.98 390.65 7.39
BORG BORG-1 3 4.2 83.7 n a n a n a n a n. a.
BORG BORG-1 31 0.1 84.0 n a n. a 29.17 205.02 n. a
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Table S2. (continued)

ﬂder Cone  Tephra SamEle Melt Mion % olivi;\e «Fo Oliviﬂe Li Sc \' Rb
BORG BORG-1 35 3.9 83.3 n a n. a 27.06 210.36 n. a
BORG BORG-1 37 0.2 82.7 n a n a. 26.53 217.39 n. a.
BORG BORG-1 38 1.6 84.2 n a n a 27.13 184.46 n. a.
BORG BORG-1 40 1.5 83.3 n a n a 29.20 207.99 n. a.
BORG BORG-1 42 2.8 85.3 n a n a 28.88 208.67 n. a
BORG BORG-1 43 0.4 84.0 n. a n a 26.52 185.27 n. a.
BORG BORG-1 44 7.1 82.7 n a n. a 30.06 213.98 n. a.
BORG BORG-1 45 0.3 83.2 n. a n a 27.91 222.67 n a
BORG BORG-1 8 1.5 84.2 n a n a n a n a. n. a.
BORG BORG-1 9 16.0 88.3 n. a n. a. n. a n. a n a
BORG MM-L17-BORG-1 1 5.0 85.8 n. a n a 29.73 103.97 n. a
BORG MM-L17-BORG-1 2 0.5 86.4 n. a n a 27.40 124.03 n. a
BPPC MM-L17-BPPC-4 13 0.7 87.5 n a n a 34.20 229.41 n. a.
BPPC MM-L17-BPPC-4 14 3.1 87.2 n a n. a 31.87 253.51 n. a.
BPPC MM-L17-BPPC-4 15 2.1 87.3 n a n a 32.41 222.63 n. a
BPPC MM-L17-BPPC-4 2 5.5 87.6 n. a n a 31:71 218.58 n. a.
BPPC MM-L17-BPPC-4 3 35 87.3 n a n a n a n a n. a
BPPC MM-L17-BPPC-4 4 4.8 87.8 n. a n. a n a n a n. a
BPPC MM-L17-BPPC-4 5 6.8 87.9 n a n a 36.28 226.76 n. a
BRM BRM-1 14 9.9 88.4 n a n a n a n a n a
BRM BRM-1 16 9.2 88.3 n a n a. n. a n. a n a
BRM BRM-1 17 7.6 88.3 7.09 4.20 29.31 270.76 9.35
BRM BRM-1 18 8.5 88.9 n a n a. n a n. a. n. a.
BRM BRM-1 19 5.8 86.6 5.06 3.94 26.65 212.64 14.46
BRM BRM-1 2 13.7 89.0 n a n a n. a n a n. a
BRM BRM-1 22 9.7 87.9 8.33 273 28.02 313.76 8.12
BRM BRM-1 23 1.5 84.7 n. a n a n. a n. a n. a.
BRM BRM-1 24 4.0 86.7 17.87 7.69 28.83 336.35 22.10
BRM BRM-1 25 7.4 88.4 8.07 2.75 29.35 229.72 6.97
BRM BRM-1 3 8.7 87.6 n a n. a n. a n a n a
BRM BRM-1 30 6.6 86.2 n.d. n.d. 21.88 165.62 0.00
BRM BRM-1 34 8.4 87.5 n.d. n.d. 22.92 180.24 0.00
BRM BRM-1 35 10.4 88.6 n a n a n a n a. n a
BRM BRM-1 36 12.0 88.4 n a n. a n. a. n. a. n. a.
BRM BRM-1 39 11.8 88.2 n a n a n a n a n. a
BRM BRM-1 40 9.7 87.6 n. a n a n. a. n. a n a.
BRM BRM-1 41 7.3 87.8 n.d. n.d. 23.53 185.93 0.00
BRM BRM-1 5 11.0 88.7 10.76 1.57 27.87 276.33 14.56
BRM BRM-1 6 7.8 87.8 7.41 1.39 21.12 180.64 5.28
BRM BRM-1 7 7.7 86.6 11.57 2.31 31.39 331.65 14.81
BRM BRM-1 8 14.4 88.7 7.39 5.56 35.12 276.64 14.43
BRM MM-L17-BRM-2 1 11.3 89.6 n. a n a 23.41 188.00 n. a
BRM MM-L17-BRM-2 10 9.8 87.3 n. a n a n. a. n. a n. a
BRM MM-L17-BRM-2 13 9.9 88.6 n a n a n. a. n. a. n. a.
BRM MM-L17-BRM-2 14 9.6 88.4 n a n a n. a n. a n. a.
BRM MM-L17-BRM-2 16 13.4 89.0 n a n. a n. a n. a. n. a
BRM MM-L17-BRM-2 17 10.5 89.0 n a n a n. a n a n. a
BRM MM-L17-BRM-2 18 13.6 88.7 n a n a 21.55 173.87 n. a
BRM MM-L17-BRM-2 24 34 86.6 n. a n a 25.95 181.85 n. a
BRM MM-L17-BRM-2 25 7.3 87.9 n a n a 21.19 180.14 n. a.
BRM MM-L17-BRM-2 26 10.4 88.9 n a n. a 19.82 165.40 n. a.
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Table S2. (continued)

Cinder Cone  Tephra Sample Melt Mion % olivi;le «Fo Oliviﬁe Li Sc \'

BRM MM-L17-BRM-2 29 12.5 89.5 n a n. a 20.95 177.86 n. a.
BRM MM-L17-BRM-2 31 1.9 90.5 n a n a. 23.68 176.41 n. a.
BRM MM-L17-BRM-2 32 8.6 88.4 n a n a 23.23 198.23 n. a
BRM MM-L17-BRM-2 8 9.4 89.1 n a n a 20.83 155.72 n. a
BRVB MM-L17-BRVB-2 10 0.2 83.5 n a. n. a. 29.17 251.43 n. a
BRVB MM-L17-BRVB-2 2 5.2 85.5 n. a n a 34.53 261.08 n. a
BRVB MM-L17-BRVB-2 4 4.0 84.1 n. a. n. a 30.25 233.51 n. a.
BRVB MM-L17-BRVB-2 6 3.1 85.1 n a n. a 27.80 281.74 n. a.
BRVB MM-L17-BRVB-2 7 2.7 83.7 n. a. n. a 34.42 299.84 n. a.
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Table S2. (continued)

Cinder Cone  Tephra SamEle Melt Mion Sr Zr Nb Sn Ba

BAS-44 BAS-44-2 1 n. a n a n a n. a n. a n a n. a

BAS-44 BAS-44-2 10 n. a. n a n. a n. a n. a. n. a n. a.

BAS-44 BAS-44-2 2 374.44 17.13 70.75 2.65 23.46 106.84 7.35

BAS-44 BAS-44-2 4 394.59 17.18 73.15 3.05 1.15 105.53 7.12

BAS-44 BAS-44-2 5 424.04 20.08 79.77 3.29 1.48 129.78 7.94
BAS-44 BAS-44-2 6 n. a n a n a n. a n. a. n. a n a.

BAS-44 BAS-44-2 7a 416.25 19.16 78.37 2.85 1.22 138.75 7.96
BAS-44 BAS-44-2 7b n. a n a n a n a n. a n a n a

BBL BBL-5 11 398.86 18.21 99.96 5.67 0.79 309.97 10.79
BBL BBL-5 14 296.26 29.96 133.76 6.24 1.28 326.88 12.00
BBL BBL-5 15 361.09 29.98 132.93 6.41 1.12 334.56 12.58
BBL BBL-5 17 367.66 28.88 90.62 2.26 1.24 162.08 5.69
BBL BBL-5 18 316.55 24.39 120.34 6.25 0.97 319.68 11.59
BBL BBL-5 19 238.04 19.03 67.70 2.20 0.57 112.53 4.85

BBL BBL-5 20 445.28 23.02 118.99 6.29 15.48 338.58 11.90
BBL BBL-5 21A 358.14 23.18 102.32 5.52 1.11 290.90 11.70
BBL BBL-5 21B 303.55 22.23 112.73 5.50 0.99 269.09 9.99
BBL BBL-5 22 n. a n a n. a n a n a n a n. a

BBL BBL-5 23 295.77 23.05 86.41 3.88 0.89 207.27 7.73

BBL BBL-5 3 n a n a n a n a n a n a n a

BBL BBL-5 30 366.92 25.64 111.21 5.85 0.99 308.12 12.20
BBL BBL-5 31 273.31 24.42 89.18 4.04 1.41 206.03 7.85

BBL BBL-5 32 304.70 22.84 99.17 5.46 1.30 253.72 9.52

BBL BBL-5 33 328.49 25.92 119.64 6.70 1.63 332.60 12.14
BBL BBL-5 34 n. a n a n a n a n. a n a n. a

BBL BBL-5 4 n. a n. a n. a n a n. a n a n. a

BBL BBL-5 43 329.39 23.12 114.08 6.80 1.49 328.53 11.59
BBL BBL-5 44 241.88 18.87 58.52 2.04 1.19 107.22 433

BBL BBL-5 46 324.58 21.51 100.82 6.11 1.54 268.79 10.09
BBL BBL-5 47 231.95 17.98 55.05 1.68 0.96 95.76 3.57
BBL BBL-5 49 401.66 21.86 113.84 6.67 2.81 318.01 11.72
BBL BBL-5 5 n. a n. a n a n a n. a n a n. a

BBL BBL-5 6 296.67 22.73 94.43 4.14 0.81 213.79 8.21

BBL BBL-5 7 313.57 24.02 79.50 2.68 0.69 131.25 5.36
BORG BORG-1 10 n. a n a n a n a n a n a n. a

BORG BORG-1 11 623.31 12.98 53.47 2.18 0.44 245.69 7.84
BORG BORG-1 12 725.55 16.59 67.21 2,52 0.45 284.44 9.21

BORG BORG-1 13 n a n a n a n a n a n a n a

BORG BORG-1 14 437.05 11.62 47.82 1.86 0.43 139.88 4.40
BORG BORG-1 15 608.44 12.79 62.23 2.62 0.60 286.50 8.46
BORG BORG-1 18 n a n a n a n a n a n a. n a

BORG BORG-1 19 487.08 13.14 47.38 2.10 0.46 166.13 5.29
BORG BORG-1 2 n a n a n. a n a n. a. n a n. a

BORG BORG-1 20 582.60 11.28 48.31 227 0.64 234.81 6.73

BORG BORG-1 21 459.39 11.23 46.25 1.87 0.40 148.20 4.53

BORG BORG-1 22 405.17 12.22 60.15 2.65 0.48 133.87 5.59
BORG BORG-1 23 n. a n. a n a n a n. a n a n. a

BORG BORG-1 24 651.41 16.88 71.02 3.66 0.62 251.98 7.66
BORG BORG-1 25 631.40 16.76 75.90 3.28 0.58 202.58 8.05

BORG BORG-1 3 n. a n. a n a n a n a n a n. a.

BORG BORG-1 31 546.46 13.05 62.59 2.74 0.89 280.70 8.08
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Table S2. (continued)

ﬂder Cone  Tephra SamEle Melt Mion Sr Zr Nb Ba La
BORG BORG-1 35 586.38 12.80 54.34 245 1.04 254.29 7.76
BORG BORG-1 37 595.94 13.51 56.71 2.58 1.09 266.74 8.06
BORG BORG-1 38 566.15 12.87 49.57 2.20 1.05 236.11 7.19
BORG BORG-1 40 495.10 13.12 57.24 3.07 1.16 187.35 5.97
BORG BORG-1 42 492.49 12.65 54.04 2.88 0.99 170.43 5.39
BORG BORG-1 43 548.80 12.95 52.27 2.15 1.07 230.85 6.53
BORG BORG-1 44 554.92 14.33 52.93 1.94 1.02 215.86 6.20
BORG BORG-1 45 503.53 13.51 57.89 3.23 0.96 198.54 6.60
BORG BORG-1 8 n. a n a n a n a n a n a. n. a.
BORG BORG-1 9 n. a n a n. a n. a n. a n. a n a
BORG MM-L17-BORG-1 1 426.52 11.48 47.75 1.98 0.92 130.15 4.43
BORG MM-L17-BORG-1 2 575.24 1.22 1.54 0.07 0.32 19.94 0.40
BPPC MM-L17-BPPC-4 13 421.32 15.57 59.07 1.82 0.99 121.41 5.72
BPPC MM-L17-BPPC-4 14 448.67 14.94 55.48 1.87 1.01 118.92 5.58
BPPC MM-L17-BPPC-4 15 453.50 14.99 54.45 1.56 0.80 109.98 5.35
BPPC MM-L17-BPPC-4 2 434.70 15.39 51.47 1.39 0.99 76.72 4.63
BPPC MM-L17-BPPC-4 3 n. a n a n a n a n a n a n. a
BPPC MM-L17-BPPC-4 4 n. a. n a n. a n. a n a n a n. a
BPPC MM-L17-BPPC-4 5 488.46 16.65 54.14 1.32 1.06 73.47 4.92
BRM BRM-1 14 n. a n. a n a n a n a n a n a
BRM BRM-1 16 n. a n a n a n a n a n. a n. a
BRM BRM-1 17 1590.51 15.49 110.27 5.39 1.04 286.77 18.61
BRM BRM-1 18 n. a. n a n a n a n a n. a. n. a.
BRM BRM-1 19 1288.89 12.68 109.10 5.43 0.62 294.84 16.50
BRM BRM-1 2 n. a n a n a n a n. a n a n. a
BRM BRM-1 22 1937.83 12.90 114.59 4.41 0.69 284.36 19.77
BRM BRM-1 23 n. a n a n. a n a n a n a. n. a
BRM BRM-1 24 705.76 19.89 168.65 12.30 1.25 551.61 28.54
BRM BRM-1 25 1463.06 12.01 95.83 3.94 0.83 201.02 14.95
BRM BRM-1 3 n a n a n a n. a n. a n a n a
BRM BRM-1 30 1084.25 11.95 84.89 3.99 1.03 247.48 14.27
BRM BRM-1 34 1253.28 12.73 97.94 4.65 1.32 273.72 16.28
BRM BRM-1 35 n a n a n a n a n a n a. n a
BRM BRM-1 36 n. a n a n. a n. a. n. a. n. a. n. a.
BRM BRM-1 39 n. a n a n a n a n a n a n. a
BRM BRM-1 40 n. a. n a n. a n a n. a. n. a n a.
BRM BRM-1 41 1087.81 11.29 75.00 3.93 0.95 157.81 12.08
BRM BRM-1 5 1877.70 14.59 129.87 9.36 0.91 322.72 22.45
BRM BRM-1 6 813.61 7.69 57.06 241 0.46 115.98 9.91
BRM BRM-1 7 2076.84 18.33 150.73 10.37 1.30 388.22 26.20
BRM BRM-1 8 1814.25 15.13 116.24 8.26 1.22 320.98 22.43
BRM MM-L17-BRM-2 1 1112.82 10.60 71.17 3.23 1.45 142.99 11.51
BRM MM-L17-BRM-2 10 n. a n a n. a n a n. a. n a n a
BRM MM-L17-BRM-2 13 n. a n a n a n a n. a n. a. n. a.
BRM MM-L17-BRM-2 14 n a n. a n. a n a n. a n. a n. a
BRM MM-L17-BRM-2 16 n. a n. a n a n. a n. a n. a. n. a
BRM MM-L17-BRM-2 17 n. a n. a n a n a n. a n a n. a
BRM MM-L17-BRM-2 18 1093.19 12.44 84.44 4.87 1.12 282.02 15.27
BRM MM-L17-BRM-2 24 1118.89 12.33 95.07 7.46 1.13 307.53 15.42
BRM MM-L17-BRM-2 25 1325.90 11.31 100.11 7.54 1.20 253.75 16.97
BRM MM-L17-BRM-2 26 1398.14 11.33 101.46 7.68 1.20 249.41 17.37
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Table S2. (continued)

Cinder Cone  Tephra Sample Melt Mion Sr Y Zr Nb Sn Ba La

BRM MM-L17-BRM-2 29 1147.69 11.54 80.12 3.92 1.26 205.78 13.42
BRM MM-L17-BRM-2 31 1045.50 10.12 66.03 3.79 1.12 136.30 10.46
BRM MM-L17-BRM-2 32 1120.39 10.43 73.77 4.04 0.87 151.76 11.83
BRM MM-L17-BRM-2 8 1403.44 11.72 127.55 3.39 2.95 257.16 21.84
BRVB MM-L17-BRVB-2 10 461.76 18.92 105.64 8.24 1.53 388.23 14.36
BRVB MM-L17-BRVB-2 2 362.48 23.63 84.07 3.44 1.36 206.99 6.93
BRVB MM-L17-BRVB-2 4 494.35 20.75 115.40 8.76 1.63 386.63 14.67
BRVB MM-L17-BRVB-2 6 570.73 22.16 124.45 9.67 1.77 480.98 17.36
BRVB MM-L17-BRVB-2 7 557.94 23.54 131.30 9.13 2.68 454.66 17.76
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Table S2. (continued)

ﬂder Cone  Tephra SamEle Melt Mion Ce Nd Sm Dy Yb Pb

BAS-44 BAS-44-2 1 n. a n a n a n. a n. a n a
BAS-44 BAS-44-2 10 n. a. n a n. a n. a n. a. n. a
BAS-44 BAS-44-2 2 19.68 12.08 2.75 3.17 224 n a
BAS-44 BAS-44-2 4 19.42 11.98 3.14 3.19 2.14 1.75
BAS-44 BAS-44-2 5 20.86 12.71 3.15 3.60 2.11 1.98
BAS-44 BAS-44-2 6 n. a. n a n a n. a n. a n. a
BAS-44 BAS-44-2 7a 20.20 12.31 3.18 3.50 221 2.61
BAS-44 BAS-44-2 7b n. a n a n. a n a n. a n. a.
BBL BBL-5 11 27.52 15.43 3.69 297 2.39 3.77
BBL BBL-5 14 29.22 18.04 4.14 5.75 3.20 3.58
BBL BBL-5 15 30.60 19.40 4.41 5.57 3.57 3.65
BBL BBL-5 17 16.26 13.18 3.35 5.07 3.05 1.70
BBL BBL-5 18 29.96 18.19 5.14 4.76 2.54 3.59
BBL BBL-5 19 12.21 8.60 2.44 3.44 1.76 1.19
BBL BBL-5 20 31.15 18.19 3.77 .77 2.32 5.22
BBL BBL-5 21A 27.08 16.03 3.44 4.65 3.04 4.02
BBL BBL-5 21B 28.57 14.28 4.21 5.02 2.67 3.47
BBL BBL-5 22 n. a n a n a n a n a n a
BBL BBL-5 23 22.04 13.28 3.06 3.30 1.92 2.79
BBL BBL-5 3 n a n a n a n a n a n a
BBL BBL-5 30 31.95 15.23 4.57 5.99 3.58 4.21
BBL BBL-5 31 19.75 12.73 2.78 4.17 2.84 2.94
BBL BBL-5 32 23.27 14.65 3.78 4.15 2.61 3.44
BBL BBL-5 33 28.86 17.66 4.12 4.43 2.78 4.39
BBL BBL-5 34 n. a n a n a n a n. a n a
BBL BBL-5 4 n. a n. a n. a n a n. a n a
BBL BBL-5 43 28.83 17.30 4.08 4.53 2.82 4.72
BBL BBL-5 44 11.35 7.48 2.15 3.27 1.87 1.28
BBL BBL-5 46 24.20 14.46 3.75 3.63 2.75 3.78
BBL BBL-5 47 9.57 7.58 2.00 3.12 2.06 1.29
BBL BBL-5 49 29.01 16.68 4.03 4.05 2.50 4.43
BBL BBL-5 5 n. a n. a n a n a n. a n a
BBL BBL-5 6 22.02 12.78 3.22 3.95 2.05 2.75
BBL BBL-5 7 14.52 9.94 2.07 4.49 3.11 1.38
BORG BORG-1 10 n. a n a n a n a n a n a
BORG BORG-1 11 16.29 9.75 2.35 2.79 1.13 4.01
BORG BORG-1 12 19.33 11.23 2.09 2.58 2.05 4.43
BORG BORG-1 13 n a n a n a n a n a n a
BORG BORG-1 14 11.65 6.88 1.84 2.03 0.93 221
BORG BORG-1 15 21.05 12.49 2.32 2.62 1.11 5.34
BORG BORG-1 18 n a n a n a n a n a n a.
BORG BORG-1 19 13.42 8.40 2.10 2.46 1.10 2.83
BORG BORG-1 2 n a n a n. a n a n. a. n a
BORG BORG-1 20 16.19 9.92 237 2.09 0.91 4.00
BORG BORG-1 21 11.59 7.41 1.66 2.14 0.96 1.94
BORG BORG-1 22 14.35 8.98 2.17 2,51 1.54 2.18
BORG BORG-1 23 n. a n. a n a n a n. a n a
BORG BORG-1 24 18.51 11.89 221 2.88 1.77 3.21
BORG BORG-1 25 19.15 11.70 3.76 3.06 2.07 3.11
BORG BORG-1 3 n. a n. a n a n a n a n a
BORG BORG-1 31 18.33 11.50 2.60 2.68 1.48 4.68
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Table S2. (continued)

Cinder Cone  Tephra SamEle Melt Mion Ce Nd Sm

BORG BORG-1 35 17.31 11.00 2.57 2.50 1.37 4.40
BORG BORG-1 37 18.50 11.38 2.83 2.50 1.53 4.40
BORG BORG-1 38 15.99 10.31 2.51 2.46 1.37 4.11
BORG BORG-1 40 14.08 8.54 2.50 2,52 1.34 2.82
BORG BORG-1 42 13.11 8.42 2.25 245 1.33 2.49
BORG BORG-1 43 15.08 9.47 2.52 2.43 1.34 4.30
BORG BORG-1 44 14.04 9.71 2.49 2.70 1.47 3.81
BORG BORG-1 45 15.99 10.71 2.96 2.44 1.48 3.00
BORG BORG-1 8 n. a n a n a n a n a n a.
BORG BORG-1 9 n. a n a n a n. a n a n a
BORG MM-L17-BORG-1 1 10.78 7.32 1.91 2.40 1.55 2.01
BORG MM-L17-BORG-1 2 0.89 0.42 0.11 0.12 0.29 n. a
BPPC MM-L17-BPPC-4 13 14.18 8.90 2.26 3.00 1.74 2.14
BPPC MM-L17-BPPC-4 14 14.51 8.87 2.54 3.19 1.87 2.07
BPPC MM-L17-BPPC-4 15 13.50 8.19 2:32 3.00 1.99 1.73
BPPC MM-L17-BPPC-4 2 12.21 7.74 2.15 2.77 1.51 1.60
BPPC MM-L17-BPPC-4 3 n. a n. a n a n a n a n a
BPPC MM-L17-BPPC-4 4 n. a n a n. a n. a n a n a
BPPC MM-L17-BPPC-4 5 13.44 8.48 2.09 2.80 1.92 1.97
BRM BRM-1 14 n a n a n a n a n a n a
BRM BRM-1 16 n. a n a n a n a n a n a
BRM BRM-1 17 42.20 18.53 2.84 2.80 1.05 5.15
BRM BRM-1 18 n. a n a n a n a n. a n a
BRM BRM-1 19 36.99 19.61 4.10 2.65 0.99 6.49
BRM BRM-1 2 n. a n a n a n a n. a. n a
BRM BRM-1 22 44.23 21.53 3.79 2.11 0.31 5.02
BRM BRM-1 23 n. a. n a n. a n a n a n a.
BRM BRM-1 24 63.14 33.35 577 4.13 221 9.42
BRM BRM-1 25 37.32 18.07 4.49 2.48 0.64 4.04
BRM BRM-1 3 n. a n a n a n. a n. a n a
BRM BRM-1 30 32.63 17.34 3.11 222 1.24 4.82
BRM BRM-1 34 37.00 19.72 3.21 2.57 1.48 5.82
BRM BRM-1 35 n a n a n a n a n a n a.
BRM BRM-1 36 n. a n a n a n. a n. a. n. a.
BRM BRM-1 39 n. a n a n a n a n a n a
BRM BRM-1 40 n. a. n a n. a n a n. a. n. a
BRM BRM-1 41 28.37 15.32 2.98 225 1.22 3.23
BRM BRM-1 5 53.81 23.64 4.21 2.28 1.45 5.87
BRM BRM-1 6 24.36 11.39 2.78 1.30 1.30 2.87
BRM BRM-1 7 58.98 25.09 3.89 3.80 1.76 6.67
BRM BRM-1 8 51.64 26.08 4.09 2.09 1.13 5.91
BRM MM-L17-BRM-2 1 27.87 14.38 271 222 1.32 3.74
BRM MM-L17-BRM-2 10 n a n a n. a n a n. a. n a
BRM MM-L17-BRM-2 13 n. a n a n a n a n. a. n a
BRM MM-L17-BRM-2 14 n a n. a n a n a n. a n. a
BRM MM-L17-BRM-2 16 n. a n. a n a n. a n. a n. a.
BRM MM-L17-BRM-2 17 n. a n. a n a n a n. a n a
BRM MM-L17-BRM-2 18 35.17 17.27 3.21 2.44 1.53 5.68
BRM MM-L17-BRM-2 24 36.70 18.44 3.49 2.42 1.23 4.88
BRM MM-L17-BRM-2 25 40.66 20.45 3.58 2.41 1.14 4.87
BRM MM-L17-BRM-2 26 41.35 20.56 3.59 2.29 1.06 4.68
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Table S2. (continued)

Cinder Cone  Tephra Sample Melt Mion Ce Nd Sm Dy

BRM MM-L17-BRM-2 29 31.96 16.05 3.16 2.12 1.21 4.36
BRM MM-L17-BRM-2 31 26.27 13.47 2.66 1.97 1.10 2.89
BRM MM-L17-BRM-2 32 29.02 14.56 2.85 1.89 1.26 3.15
BRM MM-L17-BRM-2 8 54.83 28.04 4.86 2.58 1.01 5.07
BRVB MM-L17-BRVB-2 10 34.53 19.68 4.13 3.86 2.14 4.30
BRVB MM-L17-BRVB-2 2 16.74 11.70 3.32 4.22 273 3.26
BRVB MM-L17-BRVB-2 4 35.15 20.96 4.55 4.03 2.10 3.71
BRVB MM-L17-BRVB-2 6 42.17 24.93 5.95 4.16 2.13 4.48
BRVB MM-L17-BRVB-2 7 39.07 24.46 4.87 4.69 2.66 5.49

n. a. = not analyzed
n. d. = not detected
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Table S3. Major element data for melt inclusion olivine hosts analyzed via EPMA. Values reported in wt. %. Values and standard
deviation calculated from the average of 3-5 analysis spots.

Cinder Cone  Tephra Sample Inclusion Date Analyzed SiO, ls.d. Al,O4 1s.d. FgoT 1s.d.

BAS-44 BAS-44-2 1 8/1/18 40.29 0.31 0.03 0.01 12.02 0.07
BAS-44 BAS-44-2 10 8/1/18 39.93 0.49 0.04 0.00 11.69 0.09
BAS-44 BAS-44-2 2 8/1/18 40.97 0.50 0.05 0.00 11.28 0.08
BAS-44 BAS-44-2 4 8/1/18 38.34 0.27 0.05 0.00 11.82 0.14
BAS-44 BAS-44-2 5 7/25/18 41.08 0.40 0.04 0.00 12.54 0.09
BAS-44 BAS-44-2 6 7/25/18 38.23 0.24 0.04 0.00 11.84 0.12
BAS-44 BAS-44-2 7a 7/25/18 40.26 0.63 0.04 0.00 12.33 0.22
BAS-44 BAS-44-2 7b 8/1/18 41.02 0.26 0.04 0.00 12.64 0.17
BBL BBL-5 11 6/12/17 39.13 0.18 0.02 0.00 16.03 0.29
BBL BBL-5 14 6/12/17 39.62 0.22 0.02 0.00 15.89 0.33
BBL BBL-5 15 6/12/17 39.76 0.44 0.02 0.00 16.07 0.42
BBL BBL-5 17 11/26/18 40.51 0.23 0.07 0.02 11.77 0.18
BBL BBL-5 18 11/26/18 38.66 0.28 0.06 0.01 15.75 0.08
BBL BBL-5 19 11/26/18 39.34 0.36 0.08 0.02 12.77 0.40
BBL BBL-5 20 11/26/18 39.70 0.26 0.04 0.02 15.74 0.30
BBL BBL-5 21A 11/26/18 39.36 0.21 0.05 0.01 14.12 0.16
BBL BBL-5 21B 11/26/18 39.36 0.21 0.05 0.01 14.12 0.16
BBL BBL-5 22 11/26/18 40.15 0.38 0.06 0.01 12.90 0.51
BBL BBL-5 23 11/26/18 39.69 0.57 0.04 0.02 14.73 0.27
BBL BBL-5 30 11/26/18 39.57 0.58 0.05 0.02 13.71 0.21
BBL BBL-5 30b 8/1/18 38.80 0.07 0.03 0.00 15.57 0.14
BBL BBL-5 31 8/1/18 39.52 0.55 0.04 0.00 14.70 0.12
BBL BBL-5 32 8/1/18 39.21 0.22 0.04 0.00 14.62 0.10
BBL BBL-5 33 7/25/18 38.26 0.66 0.02 0.00 15.68 0.24
BBL BBL-5 34 8/1/18 40.60 0.64 0.03 0.00 14.91 0.27
BBL BBL-5 43 2/12/20 39.75 0.15 n a. n. a. 15.49 0.82
BBL BBL-5 44 2/12/20 40.11 0.10 n. a. n. a. 13.19 0.18
BBL BBL-5 46 2/12/20 39.75 0.07 n. a. n. a. 14.16 0.06
BBL BBL-5 47 2/12/20 40.17 0.06 n. a. n. a. 12.21 0.10
BBL BBL-5 49 2/12/20 39.61 0.06 n. a. n. a. 16.41 0.14
BBL BBL-5 3 11/26/18 40.63 0.45 0.07 0.02 12.41 0.66
BBL BBL-5 4 11/26/18 40.25 0.14 0.06 0.03 12.38 0.30
BBL BBL-5 5 11/26/18 38.82 0.35 0.03 0.02 18.12 0.55
BBL BBL-5 6 11/26/18 40.40 0.24 0.07 0.02 14.96 0.31
BBL BBL-5 7 6/12/17 40.15 0.19 0.05 0.00 11.41 0.39
BORG BORG-1 2 6/5/17 40.09 0.37 0.03 0.01 15.72 0.11
BORG BORG-1 3 6/5/17 40.65 0.41 0.03 0.00 15.31 0.27
BORG BORG-1 8 6/5/17 40.20 0.32 0.03 0.00 14.86 0.31
BORG BORG-1 9 6/5/17 40.63 0.34 0.03 0.00 10.90 0.25
BORG BORG-1 10 6/5/17 41.23 0.18 0.02 0.00 15.25 0.19
BORG BORG-1 11 6/5/17 40.93 0.36 0.02 0.01 14.21 0.92
BORG BORG-1 12 6/5/17 40.77 0.35 0.03 0.00 14.65 0.68
BORG BORG-1 13 6/5/17 41.72 0.19 0.02 0.01 14.36 1.11
BORG BORG-1 14 6/5/17 40.40 0.31 0.03 0.00 11.62 0.28
BORG BORG-1 15 6/5/17 40.53 0.31 0.02 0.00 17.13 0.33
BORG BORG-1 18 6/5/17 39.24 0.52 0.02 0.01 15.36 0.82
BORG BORG-1 19 6/5/17 40.57 0.22 0.02 0.01 13.45 1.11
BORG BORG-1 20 6/5/17 40.25 0.28 0.03 0.01 13.24 1.87
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Table S3. (continued)

Cinder Cone  Tephra Sample Inclusion Date Analyzed SiO, 1s.d. Al, O, 1s.d. FeO' 1s.d.

BORG BORG-1 21 6/5/17 38.72 1.29 0.03 0.00 12.59 0.24
BORG BORG-1 22 6/5/17 40.16 0.34 0.02 0.00 10.71 0.36
BORG BORG-1 23 6/5/17 39.65 0.52 0.03 0.01 15.45 0.24
BORG BORG-1 24 6/5/17 39.79 0.50 0.03 0.00 14.95 0.70
BORG BORG-1 25 6/5/17 40.36 0.57 0.02 0.01 11.86 0.27
BORG BORG-1 31 2/12/20 39.72 0.07 n. a. n. a. 15.13 0.06
BORG BORG-1 35 8/1/18 39.11 0.85 0.02 0.00 15.56 0.19
BORG BORG-1 37 8/1/18 39.59 0.93 0.02 0.00 16.17 0.14
BORG BORG-1 38 7/25/18 39.66 0.32 0.02 0.00 14.82 0.29
BORG BORG-1 40 2/12/20 39.57 0.03 n. a. n. a. 15.74 0.15
BORG BORG-1 42 2/12/20 40.02 n. a. n. a. n. a 14.05 n. a.
BORG BORG-1 43 2/12/20 39.60 0.22 n. a. n. a. 15.19 0.10
BORG BORG-1 44 2/12/20 38.04 2.94 n. a. n. a. 16.15 0.17
BORG BORG-1 45 2/12/20 39.44 0.37 n. a. n. a. 15.79 0.36
BORG MM-L17-BORG-1 1 2/12/20 40.17 0.26 n. a. n. a. 13.53 0.45
BORG MM-L17-BORG-1 2 2/12/20 40.30 0.17 n. a. n. a. 13.06 1.47
BPPC MM-L17-BPPC-4 13 2/12/20 40.60 0.09 n. a. n. a. 12.10 0.11
BPPC MM-L17-BPPC-4 14 2/12/20 39.78 1.02 n. a. n. a. 12.24 0.15
BPPC MM-L17-BPPC-4 15 2/12/20 40.62 0.06 n. a. n. a. 12.22 0.10
BPPC MM-L17-BPPC-4 2 7/25/18 40.67 0.43 0.03 0.00 11.44 0.12
BPPC MM-L17-BPPC-4 3 8/1/18 40.53 0.56 0.03 0.00 11.76 0.16
BPPC MM-L17-BPPC-4 4 8/1/18 40.37 0.92 0.03 0.01 11.56 0.11
BPPC MM-L17-BPPC-4 5 8/1/18 38.53 1.61 0.03 0.00 11.34 0.19
BRM BRM-1 14 11/26/18 41.10 0.40 0.02 0.01 11.46 0.13
BRM BRM-1 16 11/26/18 41.24 0.44 0.02 0.01 11.59 0.30
BRM BRM-1 17 11/26/18 40.87 0.36 0.03 0.01 11.45 0.36
BRM BRM-1 18 11/26/18 40.93 0.70 0.02 0.01 10.95 0.07
BRM BRM-1 19 11/26/18 40.74 0.42 0.07 0.02 13.21 1.13
BRM BRM-1 22 11/26/18 41.53 6.44 0.07 0.02 11.74 3.43
BRM BRM-1 23 11/26/18 39.88 0.68 0.07 0.02 14.80 0.91
BRM BRM-1 24 11/26/18 40.38 0.28 0.07 0.02 12.93 0.37
BRM BRM-1 25 11/26/18 40.67 0.35 0.07 0.02 11.49 0.07
BRM BRM-1 30 8/1/18 40.01 0.68 0.00 0.00 13.01 0.30
BRM BRM-1 34 7/25/18 40.47 0.47 0.01 0.00 12.23 0.13
BRM BRM-1 35 7/25/18 39.04 0.26 n a. n. a. 10.77 0.12
BRM BRM-1 36 8/1/18 40.30 0.39 0.01 0.00 10.72 0.05
BRM BRM-1 39 8/1/18 41.24 0.27 0.01 0.00 10.97 0.07
BRM BRM-1 40 7/25/18 40.33 0.49 0.01 0.00 11.66 0.06
BRM BRM-1 41 8/1/18 40.81 0.40 0.01 0.00 10.82 0.25
BRM BRM-1 2 11/26/18 41.25 0.07 0.07 0.02 10.81 0.21
BRM BRM-1 3 11/26/18 40.45 0.45 0.07 0.02 12.15 0.36
BRM BRM-1 5 11/26/18 40.88 0.33 0.07 0.02 11.07 0.85
BRM BRM-1 6 11/26/18 40.95 0.35 0.07 0.02 11.96 1.45
BRM BRM-1 7 11/26/18 39.71 0.16 0.07 0.02 13.14 0.76
BRM BRM-1 8 11/26/18 41.02 0.33 0.07 0.02 11.33 0.02
BRM MM-L17-BRM-2 1 8/1/18 40.20 0.85 n. a. n. a. 9.76 0.23
BRM MM-L17-BRM-2 10 7/25/18 39.43 0.41 0.01 0.00 12.01 0.04
BRM MM-L17-BRM-2 13 7/25/18 39.10 0.82 0.00 0.00 10.81 0.14
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Table S3. (continued)

Cinder Cone  Tephra Sample Inclusion Date Analyzed SiO, ls.d. Al,Oy 1s.d FgoT 1s.d.

BRM MM-L17-BRM-2 14 7/25/18 39.02 0.13 0.00 0.00 10.79 0.28
BRM MM-L17-BRM-2 16 8/1/18 41.36 0.40 n. a n. a. 10.30 0.03
BRM MM-L17-BRM-2 17 7/25/18 39.47 0.46 0.00 0.00 10.51 0.39
BRM MM-L17-BRM-2 18 7/25/18 39.54 0.44 0.00 0.00 10.71 0.10
BRM MM-L17-BRM-2 24 2/12/20 41.44 0.19 n a. n. a. 12.71 0.30
BRM MM-L17-BRM-2 25 2/12/20 40.38 0.18 n. a. n. a. 11.61 0.65
BRM MM-L17-BRM-2 26 2/12/20 41.47 0.06 n. a. n. a. 10.40 0.17
BRM MM-L17-BRM-2 29 2/12/20 41.92 0.33 n. a. n. a. 9.87 0.09
BRM MM-L17-BRM-2 31 2/12/20 41.05 0.09 n. a. n. a. 9.30 0.04
BRM MM-L17-BRM-2 32 2/12/20 41.77 0.20 n. a. n. a. 10.85 0.43
BRM MM-L17-BRM-2 8 7/25/18 38.91 0.11 0.00 0.00 10.32 0.08
BRVB MM-L17-BRVB-2 10 2/12/20 39.68 0.12 n. a. n. a 15.61 0.12
BRVB MM-L17-BRVB-2 2 2/12/20 39.96 0.04 n. a. n. a. 13.81 0.23
BRVB MM-L17-BRVB-2 4 2/12/20 39.79 0.04 n. a. n. a. 15.11 0.17
BRVB MM-L17-BRVB-2 6 2/12/20 39.99 0.04 n. a. n. a. 14.16 0.12
BRVB MM-L17-BRVB-2 7 2/12/20 41.12 0.40 n. a. n. a. 15.45 0.20
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Table S3. (continued)

Cinder Cone  Tephra Sample Inclusion ~ MnO 1.5.:d: MgO 1s.d. Ca0O 1s.d.

BAS-44 BAS-44-2 1 0.19 0.00 45.50 0.14 0.22 0.01
BAS-44 BAS-44-2 10 0.18 0.01 46.78 0.31 0.22 0.00
BAS-44 BAS-44-2 2 0.17 0.01 44.48 0.26 0.21 0.01
BAS-44 BAS-44-2 4 0.18 0.02 45.70 0.12 0.21 0.00
BAS-44 BAS-44-2 5 0.18 0.02 47.44 0.37 0.22 0.00
BAS-44 BAS-44-2 6 0.18 0.01 47.28 0.20 0.22 0.00
BAS-44 BAS-44-2 Ta 0.18 0.00 46.57 0.44 0.22 0.00
BAS-44 BAS-44-2 7b 0.20 0.01 46.24 0.50 0.23 0.00
BBL BBL-5 11 0.27 0.01 42.00 0.31 0.18 0.01
BBL BBL-5 14 0.28 0.00 42.82 0.17 0.21 0.00
BBL BBL-5 15 0.27 0.01 42.59 0.46 0.22 0.01
BBL BBL-5 17 0.19 0.00 48.00 0.93 0.24 0.00
BBL BBL-5 18 0.27 0.01 43.62 0.45 0.20 0.01
BBL BBL-5 19 0.21 0.02 45.04 1.10 0.23 0.00
BBL BBL-5 20 0.27 0.01 43.90 1.20 0.22 0.00
BBL BBL-5 21A 0.24 0.01 44.76 0.32 0.24 0.00
BBL BBL-5 21B 0.24 0.01 44.76 0.32 0.24 0.00
BBL BBL-5 22 0.21 0.01 46.05 0.28 0.22 0.00
BBL BBL-5 23 0.25 0.01 44.78 0.88 0.22 0.00
BBL BBL-5 30 0.23 0.02 45.40 0.58 0.22 0.01
BBL BBL-5 30b 0.24 0.02 43.25 0.24 0.20 0.01
BBL BBL-5 31 0.24 0.01 43.08 0.63 0.23 0.00
BBL BBL-5 32 0.23 0.01 42.15 0.55 0.23 0.00
BBL BBL-5 33 0.25 0.01 43.20 0.33 0.22 0.01
BBL BBL-5 34 0.25 0.01 42.55 0.56 0.23 0.01
BBL BBL-5 43 n. a n. a 44.35 0.62 n. a n. a
BBL BBL-5 44 n. a n. a 46.07 0.51 n. a. n a
BBL BBL-5 46 n. a n. a 45.04 0.23 n. a. n. a
BBL BBL-5 47 n. a n. a 46.83 0.21 n a n a
BBL BBL-5 49 n. a n. a 43.57 0.15 n a. n a
BBL BBL-5 3 0.19 0.00 46.99 0.64 0.23 0.00
BBL BBL-5 4 0.20 0.01 46.81 0.25 0.22 0.00
BBL BBL-5 5 0.32 0.01 41.76 0.73 0.22 0.00
BBL BBL-5 6 0.24 0.00 45.29 0.75 0.23 0.00
BBL BBL-5 7 0.18 0.01 45.19 0.58 0.22 0.00
BORG BORG-1 2 0.21 0.01 44.24 1.23 0.15 0.01
BORG BORG-1 3 0.20 0.01 44.15 0.23 0.15 0.00
BORG BORG-1 8 0.20 0.01 44.38 0.41 0.14 0.01
BORG BORG-1 9 0.15 0.01 46.09 0.60 0.16 0.00
BORG BORG-1 10 0.21 0.00 44.51 0.25 0.14 0.01
BORG BORG-1 11 0.19 0.01 45.79 0.12 0.14 0.01
BORG BORG-1 12 0.20 0.01 43.93 0.63 0.14 0.01
BORG BORG-1 13 0.19 0.01 46.36 1.39 0.15 0.01
BORG BORG-1 14 0.16 0.00 46.22 0.21 0.15 0.00
BORG BORG-1 15 0.22 0.01 43.56 0.44 0.13 0.00
BORG BORG-1 18 0.21 0.01 43.12 0.85 0.14 0.00
BORG BORG-1 19 0.19 0.01 45.29 0.30 0.15 0.00
BORG BORG-1 20 0.19 0.02 44.66 1.05 0.14 0.01
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Table S3. (continued)

Cinder Cone  Tephra Sample Inclusion ~ MnO ls. d. MgO 1s.d. Ca0O 1s.d.

BORG BORG-1 21 0.17 0.01 44.88 1.08 0.14 0.02
BORG BORG-1 22 0.16 0.00 46.57 0.31 0.16 0.00
BORG BORG-1 23 0.21 0.01 43.34 0.49 0.13 0.01
BORG BORG-1 24 0.20 0.01 44.62 0.55 0.14 0.00
BORG BORG-1 25 0.16 0.01 46.74 0.39 0.16 0.00
BORG BORG-1 31 n a n. a 44.47 0.05 n. a. n a
BORG BORG-1 35 0.21 0.01 43.53 0.44 0.14 0.00
BORG BORG-1 37 0.22 0.01 43.50 0.31 0.14 0.00
BORG BORG-1 38 0.20 0.02 44.40 0.19 0.14 0.00
BORG BORG-1 40 n. a n. a 44.15 0.11 n. a n. a.
BORG BORG-1 42 n. a. n. a. 45.70 n. a n. a. n a.
BORG BORG-1 43 n. a. n. a 44.67 0.06 nid n. a.
BORG BORG-1 44 n. a. n. a. 43.32 0.88 n. a. n. a
BORG BORG-1 45 n. a. n. a. 43.96 0.29 n a. n a.
BORG MM-L17-BORG-1 1 n. a n. a 45.92 0.81 n a n a
BORG MM-L17-BORG-1 2 n. a n. a 46.41 1.35 n. a n. a
BPPC MM-L17-BPPC-4 13 n. a. n. a. 47.50 0.14 n a. n. a.
BPPC MM-L17-BPPC-4 14 n. a n. a 46.93 0.32 n. a. n a
BPPC MM-L17-BPPC-4 15 n. a. n. a. 47.34 0.15 n. a. n a.
BPPC MM-L17-BPPC-4 2 0.18 0.01 45.37 0.29 0.20 0.00
BPPC MM-L17-BPPC-4 3 0.18 0.01 45.41 0.42 0.20 0.00
BPPC MM-L17-BPPC-4 4 0.19 0.00 46.54 0.39 0.20 0.01
BPPC MM-L17-BPPC-4 5 0.18 0.01 46.02 0.79 0.20 0.01
BRM BRM-1 14 0.16 0.01 49.22 1.01 0.11 0.00
BRM BRM-1 16 0.17 0.00 49.26 0.25 0.10 0.00
BRM BRM-1 17 0.16 0.01 48.44 0.40 0.11 0.00
BRM BRM-1 18 0.15 0.01 49.35 0.75 0.11 0.00
BRM BRM-1 19 0.20 0.02 47.93 1.18 0.12 0.01
BRM BRM-1 22 0.17 0.41 48.01 6.93 0.10 0.32
BRM BRM-1 23 0.21 0.02 46.07 1.04 0.12 0.02
BRM BRM-1 24 0.19 0.01 47.25 1.16 0.12 0.00
BRM BRM-1 25 0.16 0.01 49.07 0.47 0.10 0.00
BRM BRM-1 30 0.17 0.00 45.40 0.14 0.06 0.01
BRM BRM-1 34 0.17 0.01 48.05 0.43 0.10 0.00
BRM BRM-1 35 0.16 0.00 47.03 0.15 0.08 0.01
BRM BRM-1 36 0.15 0.02 45.84 0.38 0.11 0.00
BRM BRM-1 39 0.15 0.01 45.88 0.26 0.11 0.00
BRM BRM-1 40 0.16 0.01 46.27 0.34 0.11 0.00
BRM BRM-1 41 0.16 0.01 43.65 0.13 0.12 0.00
BRM BRM-1 2 0.16 0.00 49.15 0.36 0.12 0.00
BRM BRM-1 3 0.18 0.01 48.33 1.45 0.14 0.01
BRM BRM-1 5 0.16 0.02 48.91 1.01 0.10 0.00
BRM BRM-1 6 0.18 0.02 48.16 0.60 0.11 0.01
BRM BRM-1 7 0.21 0.01 47.51 0.75 0.08 0.04
BRM BRM-1 8 0.16 0.00 49.68 0.72 0.11 0.00
BRM MM-L17-BRM-2 1 0.14 0.01 47.40 0.38 0.12 0.01
BRM MM-L17-BRM-2 10 0.16 0.01 46.18 0.11 0.11 0.00
BRM MM-L17-BRM-2 13 0.13 0.01 47.25 0.34 0.10 0.00
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Table S3. (continued)

Cinder Cone  Tephra Sample Inclusion ~ MnO 1.5.:d: MgO 1s.d. Ca0O 1s.d.

BRM MM-L17-BRM-2 14 0.13 0.01 46.13 0.43 0.11 0.00
BRM MM-L17-BRM-2 16 0.14 0.01 46.92 0.13 0.10 0.00
BRM MM-L17-BRM-2 17 0.14 0.00 47.64 0.28 0.11 0.01
BRM MM-L17-BRM-2 18 0.14 0.00 46.96 0.30 0.10 0.00
BRM MM-L17-BRM-2 24 n. a n. a 45.90 0.20 n. a n. a
BRM MM-L17-BRM-2 25 n. a n. a 47.25 0.73 n. a. n a
BRM MM-L17-BRM-2 26 n. a n a 46.82 0.11 n. a n a
BRM MM-L17-BRM-2 29 n. a n. a 47.24 0.27 n. a n a
BRM MM-L17-BRM-2 31 n. a. n. a 49.68 0.13 n a n a
BRM MM-L17-BRM-2 32 n. a. n. a. 46.47 0.36 n. a. n. a.
BRM MM-L17-BRM-2 8 0.13 0.00 47.13 0.34 0.09 0.01
BRVB MM-L17-BRVB-2 10 n. a. n. a 44.19 0.12 n. a n a
BRVB MM-L17-BRVB-2 2 n. a. n. a. 45.67 0.03 n. a. n. a
BRVB MM-L17-BRVB-2 - n. a. n. a. 44.81 0.02 n. a. n. a
BRVB MM-L17-BRVB-2 6 n. a n. a 45.42 0.09 n. a n a
BRVB MM-L17-BRVB-2 7 n. a. n. a 44.36 0.44 n. a n a.

n. a. = not analyzed

135



Table S4a. Measured **S/*”S values on  standards and calculated o for Mass Fractionation (IMF) during sulfur SIMS. Each analysis was
taken on one analysis point. All reported values have been corrected for deadtime and 32S/34S midpoint calculations.

Analysis Analysis Date Measured ~°S/™*S | RSE Calculated a (IMF) __ Known ~'S/™°S
892-1@.asc 11/19/19 4.4370E-02 5.57E-04 1.0040 4.4195E-02
892-1@2.asc 11/19/19 4.4379E-02 4.75E-04 10042 4.4195E-02
892-1@3.asc 11/19/19 4.4359E-02 4.46E-04 1.0037 4.4195E-02
892-1@4.asc 11/19/19 4.4407E-02 4.73E-04 1.0048 4.4195E-02
892-1@5.asc 11/19/19 4.4372E-02 4.30E-04 1.0040 4.4195E-02
892-1@6.asc 11/19/19 4.4364E-02 4.31E04 1.0038 4.4195E-02
892-1@7.asc 11/19/19 4.4361E-02 3.86E-04 1.0038 4.4195E-02
892-1@8.asc 11/19/19 4.4318E-02 4.63E-04 1.0028 4.4195E-02
892-1@9.asc 11/19/19 4.4343E-02 4.74E-04 1.0034 4.4195E-02
892-1@10.asc 11/19/19 4.4405E-02 4.40E-04 1.0048 4.4195E-02
892-1@]11.asc 11/19/19 4.4419E-02 4.10E-04 1.0051 4.4195E-02
892-1@12.a5¢ 11/19/19 4.4388E-02 4.81E-04 10044 4.4195E-02
892-1@]13.asc 11/19/19 4.4362E-02 5.58E-04 1.0038 4.4195E-02
892-1@14.ase 11/19/19 4.4384E-02 5.61E-04 1.0043 4.4195E-02
892-1@]15.asc 11/19/19 4.4386E-02 4.53E-04 1.0043 4.4195E-02

5194-1@16.as¢ 11/19/19 4.4290E-02 5.52E-04 1.0031 4.4155E-02
5194-1@17.asc 11/19/19 4.4298E-02 4.82E-04 1.0032 4.4155E-02
5194-1@18.as¢ 11/19/19 4.4312E-02 4.44E-04 1.0036 4.4155E-02
5194-1@19.asc 11/19/19 4.4286E-02 4.89E-04 1.0030 4.4155E-02
519-4-1@20.as¢ 11/19/19 4.4314E-02 4.77E-04 1.0036 4.4155E-02
519-4-1@21.asc 11/19/19 4.4350E-02 5.09E-04 10044 4.4155E-02
519-4-1@22.a5¢ 11/19/19 4.4254E-02 4.26E-04 1.0022 4.4155E-02
519-4-1@23.asc 11/19/19 4.4217E-02 5.48E-04 1.0014 4.4155E-02
519-4-1@24.asc 11/19/19 4.4289E-02 4.50E-04 1.0030 4.4155E-02
519-4-1@25.asc 11/19/19 4.4325E-02 4.74E-04 1.0039 4.4155E-02
892-1@26.as¢ 11/19/19 4.4352E-02 3.85E-04 10036 4.4195E-02
892-1@27.asc 11/19/19 4.4352E-02 3.96E-04 10036 4.4195E-02
ET10A@28.a5¢ 11/19/19 4.3995E-02 4.12E-04 1.0015 4.3930E-02
ET10A@29.asc 11/19/19 4.3986E-02 4.17E-04 1.0013 4.3930E-02
ET10A@30.a5¢ 11/19/19 4.3995E-02 4.09E-04 1.0015 4.3930E-02
ET10A@31.asc 11/19/19 4.4014E-02 5.44E-04 1.0019 4.3930E-02
ETI0A@32.a5¢ 11/19/19 4.3988E-02 4.07E-04 1.0013 4.3930E-02
ET10A@33.as¢ 11/19/19 4.4026E-02 4.57E-04 1.0022 4.3930-02
ETI0A@34.asc 11/19/19 4.3951E-02 4.88E-04 10005 4.3930E-02
ET10A@35.asc 11/19/19 4.4021E-02 4.51E-04 1.0021 4.3930E-02
ET10A@36.asc 11/19/19 4.4009E-02 3.31E-04 1.0018 4.3930E-02
ET10A@37.asc 11/19/19 4.3999E-02 3.30E-04 1.0016 4.3930E-02
892-1@38.as¢ 11/19/19 4.4342E-02 4.78E-04 10033 4.4195E-02
892-1@39.asc 11/19/19 4.4331E-02 5.00E-04 1.0031 4.4195E-02
ET13D@40.asc 11/19/19 4.4097E-02 4.34E-04 1.0012 4.4045E-02
ET13D@41.asc 11/19/19 4.4103E-02 4.13E-04 1.0013 4.4045E-02
ET13D@42.asc 11/19/19 4.4134E-02 4.20E-04 1.0020 4.4045E-02
ET13D@43.asc 11/19/19 4.4173E-02 4.55E-04 1.0029 4.4045E-02
ET13D@44.asc 11/19/19 4.4166E-02 4.07E-04 1.0028 4.4045E-02
ET13D@45.a5c 11/19/19 4.4136E-02 5.39E-04 1.0021 4.4045E-02
ET13D@46.asc 11/19/19 4.4158E-02 4.66E-04 1.0026 4.4045E-02
ET13D@47.as¢ 11/20119 4.4163E-02 4.70E-04 1.0027 4.4045E-02
ET13D@48.asc 11/20/19 4.4185E-02 3.81E-04 1.0032 4.4045E-02
ET13D@49.as¢ 11/20/19 4.4146E-02 5.12E-04 1.0023 4.4045E-02
892-1@s0.asc 11/20/19 4.4341E-02 5.06E-04 1.0033 4.4195E-02
892-1@51.ase 11/20119 4.4395E-02 4.45E-04 1.0045 4.4195E-02
JDF46N@s2.as¢ 11/20/19 4.4308E-02 5.79E-04 1.0020 4.4221E-02
JDF46N@s3.asc 11/20/19 4.4343E-02 4.18E-04 1.0028 4.4221E-02
IDF46N@s4.asc 11/20/19 4.4376E-02 6.41E-04 1.0035 4.4221E-02
JDF46N@sS.asc 1120119 4.4313E-02 4.73E-04 1.0021 4.4221E-02
IDF46N@s6.asc 11/20/19 4.4372E-02 4.29E-04 1.0034 4.4221E-02
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Table S4a. (continued)

Analysis Analysis Date Measured ~°S/™*S | RSE Calculated a (IMF) __ Known ~'S/™°S
JDF46N@s7.asc 11/20/19 4.4372E-02 5.37E-04 1.0034 4.4221E-02
IDF46N@38.asc 1112019 4.4348E-02 5.88E-04 10029 4.4221E-02
JDF46N@59.asc 11/20/19 4.4329E-02 4.21E-04 1.0024 4.4221E-02
IDF46N@60.asc 11/20/19 4.4308E-02 4.86E-04 10020 4.4221E-02
JDF46N@61.asc 11/20/19 4.4389E-02 4.81E-04 1.0038 4.4221E-02

892-1@62.asc 11/20119 4.4318E-02 5.43E-04 1.0028 4.4195E-02
892-1@63.asc 11/20/19 4.4364E-02 4.33E-04 1.0038 4.4195E-02
BCR2_10@64.asc 11/20/19 4.4820E-02 3.86E-04 1.0026 4.4704E-02
BCR2_10@65.asc 11/20/19 4.4825E-02 3.91E-04 1.0027 4.4704E-02
BCR2_10@66.asc 11/20/19 4.4817E-02 4.08E-04 1.0025 4.4704E-02
BCR2_10@67.asc 11/20/19 4.4787E-02 4.09E-04 1.0019 4.4704E-02
BCR2_10@68.asc 11/20/19 4.4798E-02 4.27E-04 1.0021 4.4704E-02
BCR2_10@69.asc 11/20/19 4.4820E-02 3.57E-04 1.0026 4.4704E-02
BCR2_10@70.asc 11/20/19 4.4827E-02 3.93E-04 1.0028 4.4704E-02
BCR2_10@71.asc 11/20/19 4.4801E-02 3.28E-04 1.0022 4.4704E-02
BCR2_10@72.asc 11/20/19 4.4841E-02 3.15E-04 1.0031 4.4704E-02
BCR2_10@73.asc 112019 4.4847E-02 3.36E-04 10032 4.4704E-02
892-1@74.ase 11/20/19 4.4340E-02 4.07E-04 1.0033 4.4195E-02
892-1@75.as¢ 1112019 4.4352E-02 3.62E-04 1.0036 4.4195E-02
892-1@76.as¢ 11/20/19 4.4304E-02 5.34E-04 1.0025 4.4195E-02
892-1@77.asc 11120119 4.4323E-02 5.17E-04 10029 4.4195E-02
892-1@78.ase 11/20/19 4.4377E-02 4.78E-04 1.0041 4.4195E-02
892-1@79.asc 11/20/19 4.4370E-02 4.78E-04 1.0040 4.4195E-02
519-4-1@80.asc 11720119 4.4290E-02 6.68E-04 1.0031 4.4155E-02
519-4-1@83.asc 11/20/19 4.4251E-02 8.20E-04 1.0022 4.4155E-02
519-4-1@84.asc 11/20/19 4.4241E-02 5.22E-04 1.0019 4.4155E-02
ET10A@85.asc 11120119 4.3988E-02 3.96E-04 1.0013 4.3930E-02
ET10A@86.a5¢ 11/20/19 4.3976E-02 4.33E-04 1.0011 4.3930E-02
892-1@87.asc 11/20/19 4.4345E-02 5.32E-04 10034 4.4195E-02
ET10A@87.as¢ 11/20/19 4.3983E-02 3.34E-04 1.0012 4.3930E-02
892-1@88.asc 11/20/19 4.4372E-02 4.03E-04 10040 4.4195E-02
892-1_S-isol@89.asc 11120/19 4.4358E-02 4.34E-04 10037 4.4195E-02
892-1_S-isol@90.asc 11720119 4.4306E-02 4.76E-04 1.0025 4.4195E-02
892-1_S-isol@91.asc 1112019 4.4316E-02 4.95E-04 10027 4.4195E-02
892-1_S-isol @92.asc 11/20/19 4.4273E-02 4.27E-04 1.0018 4.4195E-02
892-1_S-isol @93.asc 11720119 4.4378E-02 3.22E-04 10041 4.4195E-02
892-1_S-isol@94.asc 11/20/19 4.4315E-02 4.47E-04 1.0027 4.4195E-02
NBS621@94.asc 11720119 4.4640E-02 8.81E-04 10026 4.4525E-02
NBS621@95.as¢ 11/20/19 4.4675E-02 6.02E-04 1.0034 4.4525E-02
NBS621@96.asc 11/20/19 4.4628E-02 5.51E-04 1.0023 4.4525E-02
NBS621@97.as¢ 11/20/19 4.4661E-02 6.29E-04 1.0031 4.4525E-02
NBS621@98.ase 11/20/19 4.4667E-02 5.23E-04 1.0032 4.4525E-02
892-1_S-isol @99.asc 11/20/19 4.4323E-02 4.43E-04 1.0029 4.4195E-02
892-1_S-isol@100.asc 11/20/19 4.4291E-02 4.14E-04 1.0022 4.4195E-02
NBS620@101.ase 11/20/19 4.4610E-02 3.06E-04 1.0024 4.4503E-02
NBS620@102.as¢ 11/20/19 4.4595E-02 4.13E-04 1.0021 4.4503E-02
NBS620@103.asc 11/20/19 4.4614E-02 5.62E-04 1.0025 4.4503E-02
NBS620@104.asc 11/20/19 4.4598E-02 2.53E-04 1.0021 4.4503E-02
NBS620@105.asc 11/20/19 4.4595E-02 3.14E-04 1.0021 4.4503E-02
Run144@108.asc 11/20/19 4.5181E-02 2.81E-04 1.0045 4.4981E-02
Runl44@109.asc 11/20119 4.5188E-02 4.37E-04 1.0046 4.4981E-02
Run144@110.asc 11/20/19 4.5174E-02 3.06E-04 1.0043 4.4981E-02
Runl44@1 1 1.ase 11/20/19 4.5174E-02 3.10E-04 1.0043 4.4981E-02
Runl4d@! 12.asc 11/20/19 4.5204E-02 2.43E-04 1.0050 4.4981E-02
892-1_isol@113.asc 1120119 4.4316E-02 4.83E-04 1.0027 4.4195E-02
892-1_isol@114.asc 11/20/19 4.4318E-02 4.42E-04 1.0028 4.4195E-02
892-1_isol @120.asc 1112019 4.4314E-02 4.93E-04 1.0027 4.4195E-02
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Table S4a. (continued)

Analysis Analysis Date Measured **S/™'S | RSE Calculated a (IMF) __ Known ~'S/™°S
892-1_isol @121.asc 11/2019 4.4300E-02 4.70E-04 1.0024 4.4195E-02
JDF46N_isol@122.as¢ 11/2019 4.4327E-02 3.42E-04 1.0024 4.4221E-02
JDF46N_isol@123.asc 11/20/19 4.4338E-02 2.82E-04 1.0026 4.4221E-02
JDF46N_isol @124.asc 11/2019 4.4352E-02 3.47E-04 1.0030 4.4221E02
JDF46N_isol@125.asc 11/20/19 4.4329E-02 4.23E-04 1.0024 4.4221E-02
JDF46N_isol @126.asc 11/2019 4.4334E-02 2.88E-04 1.0026 4.4221E02
892-1_isol@127.asc 11721119 4.4325E-02 4.47E-04 1.0029 4.4195E-02
892-1_isol@128.asc 1172119 4.4316E-02 3.43E-04 1.0027 4.4195E-02
83XXA@129.asc 11/21/19 4.5003E-02 4.63E-04 1.0026 4.4888E-02
8IXXA@130.a5¢ 172119 4.4995E-02 4.02E-04 1.0024 4.4888E-02
83XXA@]131.asc 11/21/19 4.4934E-02 3.52E-04 1.0010 4.4888E-02
8IXXA@132.a5¢ 172119 4.4992E-02 4.56E-04 1.0023 4.4888E-02
83XXA@133.asc 11/21/19 4.4991E-02 3.93E-04 1.0023 4.4888E-02
892-1_isol @134.asc 1172119 4.4298E-02 3.19E-04 1.0023 4.4195E-02
892-1_isol@135.asc 11/21/19 4.4260E-02 4.19E-04 1.0015 4.4195E-02
892-1_Sisol @136.as¢ 1172119 4.4285E-02 4.28E-04 1.0020 4.4195E-02
892-1_Sisol@137.asc 1121119 4.4286E-02 4.25E-04 1.0021 4.4195E-02
892-1_Sisol @138.asc 1172119 4.4325E-02 4.09E-04 1.0029 4.4195E-02
892-1_Sisol@]139.asc 1121719 4.4281E-02 4.08E-04 1.0020 4.4195E-02
892-1_Sisol @140.asc 1172119 4.4330E-02 5.11E-04 1.0031 4.4195E-02
5194-1_Siso2_400pA@322.asc 11/24/19 4.4322E-02 4.92E-04 1.0038 4.4155E-02
5194-1_Siso2_400pA@323.as¢ 11/24/19 4.4259E-02 3.95E-04 1.0024 4.4155E-02
5194-1_Siso2_400pA@324.a5¢ 11/24/19 4.4315E-02 4.54E-04 1.0036 4.4155E-02
5194-1_Siso2_400pA@325.asc 1172419 4.4300E-02 4.33E-04 1.0033 4.4155E-02
5194-1_Siso2_400pA@326.asc 11/24/19 4.4311E02 3.77E-04 1.0035 4.4155E-02
5194-1_Siso2_400pA@332.a5¢ 11/24/19 4.4255E-02 3.95E-04 1.0023 4.4155E-02
5194-1_Siso2_400pA@333.asc 11/24/19 4.4275E02 5.04E-04 1.0027 4.4155E-02
5194-1_Siso2_400pA@334.asc 11/2419 4.4253E-02 4.01E-04 1.0022 4.4155E-02
5194-1_Siso2_400pA@335.asc 11/24/19 4.4294E-02 3.99E-04 1.0031 4.4155E-02
5194-1_Siso2_400pA@336.asc 11/24119 4.4285E-02 4.65E-04 1.0029 4.4155E-02
892-1_Siso2@342.as¢ 11/24/19 4.4339E-02 6.30E-04 1.0033 4.4195E-02
892-1_Siso2@343.as¢ 11/2419 4.4320E-02 5.51E-04 1.0028 4.4195E-02
892-1_Siso2@344.asc 11/24/19 4.4306E-02 4.87E-04 1.0025 4.4195E-02
892-1_Siso2@345.asc 11/24/19 4.4288E-02 4.82E-04 1.0021 4.4195E-02
892-1_Siso2@346.asc 11/24/19 4.4318E-02 5.69E-04 1.0028 4.4195E-02
IDF46N_Siso2@352.as¢ 11/24/19 4.4321E02 3.93E-04 1.0023 4.4221E02
JDF46N_Siso2@353.asc 11/24/19 4.4331E02 4.37E-04 1.0025 4.4221E02
IDF46N_Siso2@354.ase 11/24/19 4.4367E-02 3.14E-04 1.0033 4.4221E-02
JDF46N_Siso2@355.ase 11/24/19 4.4205E-02 3.71E-04 1.0017 4.4221E02
JDF46N_Siso2@356.asc 11/24/19 4.4345E-02 4.12E-04 1.0028 4.4221E02
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Table Sdb. Measured and calculated **S/**S values on unkowns. Each analysis was taken on one point. All reported values have been corrected for deadtime and 325/34S midpoint calculations. 534S values calculated
relative to Vienna-Canyon Diablo Troilite (34S/32S = 0.04416375)

Analysis Sample Name is Dte __ Measured "S/'S RSE @ (IMF) a2 Sample SIS 5YS (%) In
VG2_LI-2@1 47 we 1121719 T6E0 TOISGEDT 10028 000086 4.4138E-02 06 12
VG-2_LI2@149.asc 112119 4.4289E.02 36520604 10028 000086  4.4164E02 0.0 L1

LI2@150.asc 12119 44337602 44193E04 10028 000086  4.4212E02 11 12

112119 44302602 34ST6E04 10028 000086  4.4177E02 03 1

12119 44307602 2502E04 10028 0.00086  4.4182E02 0.4 1.0

12119 4.4303E-02 IIBEG 10028 0.00086  4.4178E-02 03 Ll

112119 4.4299E-02 3497E04 10028 000086 4.4174E-02 02 12

VG2 L@ $9.asc 12119 4.4295E-02 39879E04  1.0028 000086  4.4170E02 0.1 12
VG2 LI @160.as¢ 12119 4.4366E-02 48604E-04 10028 0.00086  4.4240E-02 1.7 13
BBL-5_46@161.asc 112119 4.4329E-02 84970E04  1.0028 00008 4.4204E-02 09 1.9
BBL-S 43@l62.a5¢ 112119 4.4375E-02 S.2976E04 10028 0.00086  4.4249E-02 1.9 1.4
MM-L17-BRM-2 25@163.asc MM-LI7-BRM-2 25 12119 4.4511E-02 23809E04 10028 000086 4.4385E-02 5.0 10
BBL-S 42@164.asc BBL-5 42 12119 44377602 49529E04 10028 000086 4.4251E-02 20 13
MM-L17-BRM-2 29@165.asc MM-L17-BRM-2 29 112119 4.4525E-02 21499E04 10028 000086  4.4399E-02 53 10
VG2 LI @1 68.asc VG2_L 12119 4.4324E02 SISME04 10028 000086 4.4199E-02 0.8 14
VG2 LI @169.asc VG2_LI 112119 44372602 37969E04 10028 000086 4.4246E-02 19 1
BBL-S 44@170.asc BBL'S 44 112119 4.4350E-02 7334E04 10028 000086  4.4225E-02 1.4 17
BBL-S_49@17).asc BBL-S 49 12119 44423E02 26756E04 10028 0.00086  4.4207E-02 30 10
MM-LI7-BRM-2 32@172.as¢ MM-L17-BRM-2 32 12119 4.4496E-02 26760E04 10028 0.00086  4.4370E02 a7 10
MM-L17-BRM-2 24@174.asc MM-LI7-BRM-2 24 12119 44538602 22450E04 10028 000086  4.4412E02 56 L0
VG2_LH@175.a5¢ VG2_LII 12119 4.4314E02 41014E04 10028 0.00086  4.4189E-02 0.6 12
VG2 LI @1 76.as5¢ VG-2_LI 112119 4.4333E02 I6I39E04 10028 000086 4.4208E-02 1.0 1
MM-L17-BRM-2 31@177.asc MM-L17-BRM-2 31 112219 44S1SE02 2963204 1.0028 000086  4.4392E-02 52 10
MM-L17-BRM-2 26 181.asc MM-L17-BRM-2 26 112219 4.4530E-02 32U8BE04 10028 00008  4.4404E-02 54 L1
BORG-1_43@184.05¢ BORG-1 43 1122119 4.4530E-02 36068E-04 10028 0.00086  4.4404E-02 54 1
VG2 LI-I@185.asc VG2 LI 12219 44382602 438BEOS 10028 0.00086  4.4256E-02 21 12
VG2 LI @186.a5¢ VG2 L 12219 4.4338E-02 4708E-04 10028 00008 4.4213E-02 L1 13
VG2 LI @188.a5¢ VG2 LI 1122119 44317602 43102E04 10028 000086  4.4192E-02 06 12
BBL-S 47@189.asc BBLSS 47 112219 44353602 60135E04  1.0028 0.00086  4.4228E-02 1.4 15
BORG-1_44@190.as¢ BORG-1 44 12219 44517602 36497E04 10028 0.00086  4.4391E02 51 L1
BORG-1_42@191.3sc BORG-1 42 12219 44474E-02 S2439E04 10028 0.00086  4.4348E-02 42 1.4
BORG-1 31@192.as¢ BORG-1 31 12219 444S3E02 65812E04 10028 0.00086  4.4357E-02 44 L6
BORG-1_40@193.s¢ BORG-1 40 122119 44470602 41928E04 10028 0.00086  4.4344E-02 a1 12
VG2_LII@194.25¢ VG2 LI 12219 44314602 32962604 1.0028 0.00086  4.4189E02 0.6 1

VG2 LII@195.asc VG2 LI 112219 44329602 3A795E04 10028 0.00086  4.4204E-02 09 11
VG2 LI @196.25¢ VG2 LI 112219 4.4339E-02 36S01E04  1.0028 000086  4.4214E-02 1l 1
VG2 L1-2@200.35¢ VG2_LI2 112219 4.4325E-02 3206604 1.0028 00008 4.4200E-02 0.8 Ll
VG2_LI-2@201asc VG2_LI2 12219 443N2E02 3.0234E04 10028 000086  4.4246E-02 1.9 1.0
VG2 LI-2@203.a5¢ VG2_LI2 12219 44310602 3ISTOE04 10028 000086  4.4185E02 05 Ll
MM-LI7-BPPC-4_13@204.asc MM-LI7-BPPC4 13 112219 44441E02 IR/TEO4 10028 0.00086  4.4315E-02 34 I
MM-L17-BPPC4_14@205.asc MM-LI7-BPPC-4 14 12219 44458602 33STE0S 10028 0.00086  4.4332E-02 38 L1
MM-LI7-BPPC-4_12@206.asc MM-LI7-BPPC-4 12 12219 4.4458E-02 41S79E04  1.0028 000086 4.4332E-02 38 12
MM-L17-BPPC4_15@207.asc MM-LI7-BPPC-4 15 112219 4443402 43680E04 10028 0.00086  4.4308E-02 33 12
VG-2_LI-@209.a5c VG2 LI 12219 44334E-02 34667E04 10028 0.00086  4.4209E-02 1.0 1
VG2 LI @210.asc VG2_LI 12219 44288602 SATI6E04 10028 0.00086  4.4163E-02 0.0 13
BRVB-2 6@21l.asc BRVB-2 6 12219 44481E02 468T2E04 10028 0.00086  4.435SE-02 43 13
BRVB-2 7@212.sc BRVB-2 7 12219 4.4468E-02 2626604  1.0028 0.00086  4.4342E-02 40 10
BRVB-2_4@213.asc BRVB-2 4 122119 4.4487E-02 J0474E04 10028 0.00086  4.4361E02 45 10
BRVB-2 2@214.as¢ BRVB-2 2 12219 4.4444E-02 24673E04  1.0028 000086  4.4318E02 35 10
VG-2_LI@215.asc VG2 LI 12219 44314602 43725E04  1.0028 000086 4.4189E02 0.6 12
VG2 LI @216.asc VG2 LI 12219 4.4346E-02 4ME0 10028 000086 442201E02 13 12
VG2 LI @217.35¢ VG2_LI 112219 4.4300E-02 A780E04 10028 0.0008  4.4175E-02 02 13
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Table SS. Sulfur and iron speciation calculated via S-and Fe-XANES. Reported controid value adjusted for use with Zhang 2018 Fe-XANES calibration. See methods for details. A QFM and log (f02) calculated
via Kress and Cammichacl 1991 and Frost 1991 using melt inclusion EPMA data for major cloments at 400 Mpa, 1150 °C. Oxygen fugacity is not calculated for melt inclusions without compositional data. See
Lomer et al., in review for S- and Fe-XANES calibration details.

S XANES Fe XANES

Cinder Cone. Sample Inglusion 1S [ [ S"/ZS % Comution Centroid (6V) _Cemroidse  Fe'/FFe  Fe''/yFese  log () AQFM

BAS44 BAS442 1 7.35 0.42 124 041 341 na wa Wi na na na
BAS44 BAS442 " 414 001 9.0 032 024 71236 0.0 017 0.02 - -

BAS44 BAS442 13 598 0.08 1006 038 084 71229 0.05 01s 0.02 c s

BAS44 BAS44:2 2 9.56 024 706 059 1.05 na an na na na na
BAS44 BAS44.2 6 1nn 017 767 0.60 0.60 na aa ne na na na
BAS44 BAS44.2 7 na na na  na na 71241 0.05 019 0.02 7.89 0.63
BBL BBL-S 30 na na na na na 712,46 003 021 001 .69 0.90
BBL BBLS 30b 5.06 027 32 06 200 n e e na na na
BBL BBLS 31 354 0.00 466 04 0.00 na an ae na na na
BBL BBLS 32 27.03 0.00 1219 069 0.00 71233 0.05 016 0.02 553 0.06
BBL BBL-S 3 937 0.00 013 099 0.00 711246 0.04 021 001 .68 091
BBL BBLS 34 14.99 000 2535 037 0.00 71239 0.05 018 0.02 £19 0.40
BBL BBLS 35 na na na na na 71234 001 0.16 0.01 - -

BBL BBLS 40 nn 0.00 1532 044 0.00 711240 001 019 0.01 na aa
BBL BBLS 41 na na na  na na 711238 0.06 018 0.02 - -

BBL BBLS %2 3.93 029 911 032 5.00 71233 007 0.16 0.02 -

BBL BBLS a 24 0.08 765 025 243 7237 0.02 017 001 039
BBL BBL-S “ 424 013 856 034 2,08 71228 0.03 014 0.01 .15
BBL BBL-S 4s 320 004 721 03 0.96 71236 0.03 017 001 :

BBL BBLS 46 347 0.63 573 04 10.58 71234 0.07 0.16 0.03 0.19
BBL BBL-S a1 426 0.03 835 034 044 71233 0.04 0.16 0.02 0.13
BBL BBLS 49 3.00 0.00 730 029 0.02 M242 0.04 019 0.02 072
BORG BORG-1 30 10.02 288 719 066 10.19 7112.69 0.08 031 0.04 . .

BORG BORG-I 31 10,52 303 696 068 976 71261 0.06 028 0.03 490 169
BORG BORG-1 32 na na na  na na 711260 0.04 027 0.02 - -

BORG BORG-1 35 1252 0.49 21 087 054 712,40 0.03 0.19 001 7,99 0.59
BORG BORG-1 3 1414 038 183 090 030 711250 0.02 03 0.01 241 L8
BORG BORG-I 38 na na na  na na 71242 0.02 020 0.01 783 076
BORG BORG-1 40 1551 124 156 092 0.6% 71248 001 02 001 .66 093
BORG BORG-I 4 na na na  na na 71247 0.10 022 0.04 ” .

BORG BORG-1 2 1023 031 148 088 038 71238 0.06 018 0.02 S04 045
BORG BORG-1 i 24.69 0.09 0.00 101 0.00 71243 0.05 020 0.02 278 084
BORG BORG-1 a 19.83 0.62 125 095 018 711249 0.01 02 0.01 257 102
BORG BORG-1 45 1571 044 0.00 101 0.00 7112.50 002 0 001 .39 120
BORG MM-.LI7BORG2 | 1532 037 ENE} 084 0.40 na na na na na na
BORG MM.LIZBORG2 2 14.45 0.40 201 089 033 na o s na na na
BORG MM.LIZ.BORG2 2009 1.08 013 1.00 003 na na na na na na
BRM BRM-1 34 2826 247 0.00 101 0.00 7112.66 0.05 0.30 0.02 6.6 198
BRM BRM-1 35 1388 0.06 0.00 101 0.00 na na na na na na
BRM BRM-I 39 1373 09% 1708 047 383 na P e na na na
BRM BRM-1 4 547 247 0.00 101 0.00 aa na na na n

BRM MM-LI7-BRM-2 14 16.25 077 0.00 101 0.00 na ne na na na
BRM MM-LI7-BRM-2 ” 692 123 200 081 3.82 na na na na na
BRM MM-LI7-BRM-2 18 1530 0.89 0.00 101 0.00 P ne na na na
BRM MMLI7-BRM-2 23 13,89 076 0.00 101 0.00 na ne na na na
BRM MM-LI7-BRM-2 24 17.50 030 000 101 0.00 0.02 028 0.01 7.08 151
BRM MM-LI7-BRM-2 25 16.57 092 0.00 101 0.00 0.06 029 0.03 7,06 153
BRM MM-LI7-BRM-2 26 1324 1.03 0.00 101 0.00 0.03 027 001 .28 132
BRM MM-LI7-BRM-2 4 1428 083 0.00 101 0.00 001 027 0.01 - -

BRM MM-LI7-BRM-2 29 1541 095 0.00 101 0.00 003 026 001 743 116
BRM MM-LI7-BRM-2 31 1219 070 023 0.9 0.10 0.02 028 0.01 7.09 1.50
BRM MM-L17-BRM2 2 1418 082 0.04 Lol 0.01 0.05 027 002 2123 1.36
BRM MM-LI7-BRM-2 8 2146 060 000 1ot 0.00 na na na na na
BPPC MM-.LI7ZBPPC4 10 227 028 st 067 130 0.06 0.17 0.02 . 5

BPPC MMLIZBPPCA 11 1248 124 243 086 150 001 017 001 - -

BPPC MM-LI7-BPPC4 12 454 0.46 4.05 0.56 458 0.05 021 0.02 - -

BPPC MM-LI7ZBPPC4 13 4.07 0.49 285 062 467 001 0.16 0.00 £51 0.08
BPPC MMLIZBPPC4 M 5.65 0.67 436 060 488 0.08 018 0.02 £12 047
BPPC MMLIZBPPCA 1S 408 031 259 064 283 0.05 017 0.02 834 028
BPPC MM.LIZBPPCA 28 481 058 291 0.66 399 na as e na na na
BPPC MM.LIZBPPC4  2b 7.65 074 035 097 039 na aa e na na na
BPPC MMLIZBPPC4  § 16.15 1.03 079 09 028 na na na na na na
BRVB MM-LI7Z-BRVB2 26 6.20 041 117 086 098 711245 0.02 021 0.01 7.70 089
BRVB MMLIZBRVB2 | 845 094 669 059 465 711233 001 0.16 0.00 - -

BRVB MM-LIZBRVB2 10 1241 043 214 086 050 711238 0.05 018 0.02 8,09 0.50
BRVB MMLIZBRVB2 2 783 067 19 om 158 7248 0.02 on 001 270 059
BRVB MM-LIZBRVB2 4 na na na  na na 7241 0.06 019 0.02 £.07 052
BRVB MM.LIZBRVB2 S8 11,40 087 307 081 153 7247 0.03 021 001 - :

BRVB MM-LI7ZBRVB2 b 1295 093 349 081 144 na an o na na na
BRVB MM.LIZBRVB2 6 569 064 306 068 368 71250 0.03 03 001 -7.50 109
BRVB MM.LIZBRVB2 7 672 038 301 on 169 71241 0.03 0.19 0.01 £.08 084
BRVB MM-LI7Z-BRVB2 9 9.58 029 144 0388 036 7242 0.05 0.19 0.02 - -

s.¢. = standard emor
0 a = not analyzed
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Table S6. Calculated Lassen primary magma compositions. A QFM calculated via Kress and Carmichael 1991 and Frost 1991 using
primary magma compositions at 1400 °C, 1.6 Gpa. Major elements, S, CI, and H20 reported in wt. %. Trace elements reported in
ppm.

Cinder Cone BORG BBL BRM BRVB BPPC BAS-44
A QFM 1.42 0.95 1.95 1.18 0.78 0.75
Fe’ '/ Fe 0.22 0.17 0.28 0.20 0.17 0.17
s%/xs 0.88 0.41 1.00 0.74 0.58 0.46
8%s 4.65 1.78 5.16 4.09 3.58 n.a.
Si0, 49.02 47.80 49.58 49.45 50.72 48.10
TiO, 0.67 0.92 0.90 1.24 0.75 0.88
AlO4 16.51 14.78 17.78 14.72 15.89 15.45
FeO" 9.01 10.45 7.65 9.74 7.79 9.11
MnO 0.10 0.10 0.08 0.12 0.12 0.12
MgO 12.01 14.09 9.25 13.35 11.10 12.44
Ca0 9.42 8.66 9.59 8.48 10.49 9.78
Na,0 2.57 2.64 3.82 2.90 2.54 2.53
K,O 0.45 0.31 0.67 0.88 0.30 0.27
P,0s 0.09 0.15 0.22 0.26 0.15 0.15
S 0.10 0.08 0.19 0.14 0.10 0.10
cl 0.05 0.02 0.26 0.04 0.04 0.03
H,0 2.50 0.88 1.47 1.26 1.99 1.02
Li 4.9 7.6 8.1 9.6 6.1 5.2
B 2.8 22 2.9 19.4 22 2.3
Sc 31.4 33.0 23.2 26.9 31.6 347
v 230.8 219.9 207.2 219.3 203.1 200.0
Rb 53 5.7 10.4 18.0 45 45
Sr 440.6 252.2 1237.3 395.5 398.6 361.9
Y 11.0 19.1 11.4 16.7 14.3 16.7
Zr 46.5 72.0 89.8 90.9 51.9 69.5
Nb 2.0 3.0 4.8 6.2 1.3 2.5
Ba 139.9 153.0 228.3 321.4 94.4 105.0
La 4.8 6.0 15.1 12.0 48 6.7
Ce 11.8 15.6 35.7 28.9 12.1 17.8
Nd 15 9.7 17.9 16.8 7.8 11.0
Sm 1.9 2.6 3.2 3.7 2.1 2.6
Dy 2.1 3.6 2.1 3.3 25 2.8
Yb 1.2 2.3 1.1 1.8 1.6 1.9
Pb 2.2 1.9 4.5 3.5 1.6 1.5

n.a. = not analyzed.
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Table $7. used Mass Fraction (IMF) during November 2019 sulfur SIMS analytical session.

Glass Standand Description 878 (%) 'S S (ppm) S*3S O (Wt %) References
ETI0A Enta basalt 53 4.393E-02 wa na wa )
ETI013D Enta basalt 27 4.404E-02 wa na wa 4
£92-1 MORB glass 07 4419602 1606 0.06 ~0 .3y
ALVS19-4-1 MORB glass 0.2 4415E-02 965 na wa 4.4)
JDF46N MORB glass 13 4422602 n21 0.08 087* .23
NIST620 synthetic high-Si glass 7.68 4.450E-02 n2 1 0.18% n.s1
NIST621 synthetic high-Si glass 818 4453602 s 1 020% 1.5)
BCR2-10 Columbia River basalt 1223 4470E-02 wa na wa 0]
ETS3XXA Synthetic Etna basalt glass 164 448902 822 -0 091% U]
Run #144 Synthetic andesite glass (Anhydrite bearing) 185 4.498E-02 1830 e 3.85 .5)

* Estimatod via H,0 by difference based on reported EPMA data

** Reported as S6+/ES = 0 in Fiege 2014. However, this glass is indicating that it is as confirmed by with C. Mandeville
wa= information unkown

[1] Ficge, A, Holtz, F., Shimizu, N., Mandeville, C. W.. Behrens, ., & Knipping. J. L. (2014). Sulfur isotope ion between fluid and i An study. ica ct €
Aca, 142, 501-521.

(2] Black, B. A., Hauri, E. H., Elkins-Tanton, L. T., & Brown, S. M. (2014). Sulfur isotopic evidence for sources of volatiles in Siberian Traps magmas. Earth and Planctary Science Letters, 394, 58-69.

[3) Gurenko, A. A.. Belousov, A. B., Kamenctsky, V. .. & Zelenski, M. E. (2018). Origin of volatiles emitted by Plinian mafic enptions of the Chikurachki volcano, Kurile arc, Russia: Trace element, boron nd
sulphur isotope constraints. Chemical Geology, 478, 131-147.
4] Intemal WHO! measurements.

[51C. Mandeville personal communication
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Table S8, Analytical conditions usad for EPMA. Values in parentheses indicate off-pesk counting times. Elements with no listed off-pesk times were cormected via MAN comections.

Elemont Na St Ca K Al Fe Mg 1 I S Mn P Ni Cr

Count Time (s) S0 60 80 20 20y 160 160 60 100 25) 100 25) 100 25) 3008 100 25) noa na

Jume 2017 Glass Cument (nA) 20 2 2 20 0 2 20 0 0 0 20 0 na na
Beam Size (10 pm) 10 10 10 10 10 10 10 10 10 10 10 10 10 10

P——. Count Time (5) na 0 120 na 160 W0 120 na na na 120015) na 50(10) na

peinh Curment (1A) na 30 na 0 30 30 na na na 0 na 30 na
Beam Size (10 pm) Ll L o o o o L 0 o o o o 0 o

ineiih Count Time (s) 30 15 16 () 0 1 150 0 (40) @08 50 40) 40010 166) na N
g Curmcnt (nA) 10 10 0 10 10 10 0 0 50 0 0 0 na na
Besm Size (10 pm) s s s s s s s s s s s s s s
August 2018 Count Time (s) na 120 %0 (16) na na 120 150 na 60 (10) na noa na 60(12) 100 (16)

Olivine Cument (nA) na 30 30 na na 30 30 na 30 na noa na 30 30
Beam Size (10 pm) Ll o L] o o o o 0 o 0 0 0 0 o

Count Time (s) na 30 80 noa 30 30 9% na na 45015 noa 60 (15) na

Nevamve 2018 Cument (nA) na 30 0 na 0 30 0 na 30 na 30 na
Beam Size (10 pm) 0 o L} o o L] L o o o 0 o

Count Time (5) w 0 w0 206 0 3 % 0008 20005 508 20005 na na

"‘""::_m" Cument (1A) 10 10 0 10 10 10 s0 50 50 0 0 na na
Beam Size (10 pm) 10 10 10 10 10 10 10 10 10 10 0 10 10

Count Time (s) na 30 80 noa na 30 9% noa na 4505 noa na na

N‘"::‘,'_m” Cument (nA) 0 0 30 0 0 30 0 0 0 30 0 30 0
Beam Size (10 pm) 0 o o o o 0 o L) o o o 0 o

Count Time (5) na 20(10) na na na 20(10) 20(10) na na na na na 20(10) na

’mi’m Curment (aA) na 40 na na na 0 0 2 na na na na 40 na
Beam Size (10 pm) L} o 0 o o L] o 0 o o o o 0 o

B &= not analyzed
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Table $9. Model input paramters used to comect for PEC and Fe-Mg re-equillibration in melt inclusions, and to calculate reverse olivine crystallization for primary magma estimates. See supplementary text for details.

PEC and F = s Jati
Model conditions for forward olivine crystalization model
Cinder Cone H,0 (Wt %) fo (A QFM)

BRM 1.52 L5
BORG 3.04 0.9
BAS-44 113 0.4
BRVB 1.68 0.5
BPPC 222 0.2
Starting composition for forward olivine crystalization model in cinder cone BRM and BBL (wt. %).
Cindercone  SiO; TiO, ALOy FeO' MnO MgO Ca0 Na,O K0 P,0¢ H.0
BRM 50.00 0.90 19.00 7.84 0.10 10.00 9.00 4.00 0.70 030 1.52
BBL 49.00 1.40 15.00 10.57 0.17 1050 9.00 3.50 0.70 0.30 121
Primary magma composition calculations
Model conditions for reverse olivine cr ization model, and MgO content used to calculated average melt inclusion compositions for each cinder cone
Cinder Cone H,0 content fo; (A QFM MgO cut-off (wt. %)
BRM 1.52 L5 7.00
BORG 3.04 09 8.00
BAS-44 113 04 8.90
BRVB 1.68 0.5 7.10
BPPC 222 0.2 790
BBL 1.21 0.2 9.00

144



Table S10. Initial conditions used for mantle melting model in ‘Normal Mantle' melting scenario.

Mantle Melting Source Composition

Element
Si0; (Wt. %)
TiO; (Wt. %)
ALO; (wt. %)
Cr0; (wt. %)
FeO (wt. %)
Fe;05 (wt. %)
MnO (wt. %)
MgO (wt. %)
NiO (wt. %)
Ca0 (wt. %)
Na,O (wt. %)
K,O (wt. %)
H,0 (wt. %)

S (ppm)
S™ (ppm)
La (ppm)
Ce (ppm)
Nd (ppm)
Sm (ppm)
Eu (ppm)
Gd (ppm)
Dy (ppm)
Er (ppm)
Yb (ppm)
Ba (ppm)
Th (ppm)
Y (ppm)
Hf (ppm)
U (ppm)
Pb (ppm)
Rb (ppm)
Sr(ppm)

Slab Melt
54.90
0.18
9.77
0.00
0.32
0.26
0.01
0.11
0.00
1.13
542
0.83
5.00
1500
0
29.56
46.53
14.02
1.29
0.25
0.44
0.16
0.05
0.04
259.44
1.01
1.13
1.30
0.34
548
30.69
1321.66

Mantle Peridotite
45.67
0.11
232
0.57
6.28
0.30
0.14

Element
La
Ce
Nd
Sm
Ba
Th
U
Pb
Sr
Zr
Dy
SM

2

Fe'”

Mineral-Melt Partition Coefficients

Clinopyroxene Orthopyroxene

0.054
0.09
0.15
0.25

0.00068

0.013

0.0038

0.008
0.13

0.123

0.4
0.017
0.025

0.2
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0.00005
0.00015
0.0005
0.0015
0.0001
0.0001
0.0002
0.008
0.0005
0.014
0.008
0.002
0.007
0.2

Olivine
0.00003
0.0001
0.0004
0.001
0.0003
0.00005
0.00002
0.008
0.0015
0.0007
0.001
0.001
0.001
0.2

P (Gpa)
22
21
20
1.8
1.6
1.4
1.2

P-T Path
T(°C)
1100
1250
1300
1380
1400
1390
1370



Table §11. Compiltion of sulfur scfopes from litcrature shown in Figure 2.
o o

Cicsion Tipe 58 (%) Cittioa Location Tipe A0S () Citation Location A0S ()
Taran 1995 29 Bonard 2018 Kamchatka (xemoli Arc Magma. 55 Tumer 2018 Accrebonary Wedg Scdiments 339
Tarun 1995 59 Benard 2019 Kamchatka (xenolil Arc Magma 101 Tumer 2018 Accretionary Wedg Sediments 309
Taran 1995 36 Bonand 2020 Kanchatka (xenoli Arc Magma 9l Tumer 2018 Accretionary Weds Sediments 29
Tacan 1995 64 Benard 2021 Kamchatka (xenoli Arc Magma 100 Tumer 2018 Accretionary Wedg Sediments
Williams 1990 0% Bonard 2022 Kamchatka (xenolit Arc Magma 1o Tumer 2018 Accretionary Weds Sediments
Wilkisms 1990 08 Benard 2023 Kanchatka (xenolii Arc Magma. 88 Tumer 2018 Acerctionary Weds Sediments
Willizms 1990 18 Benard 2024 Kamchatka (xenolil Arc Magma. 70 Tumer2018  Accretionary Wedg Sediments
Wilisms 1990 29 Al 1993 Iu-Marisna  Arc Magma, 15 Tumer 2018 Aceretionary Weds Sediments
Wilkisens 1990 33 Al1993 la-Marisa  Arc Magma X} Tumer 2018 Accretionary Weds
Goff 1998 3 Al 1993 lawMarima  ArcMagma 58 Tumer 2018 Accretiomary Weds Sediments
Goft 1998 27 Al 1993 ta-Mariana  Arc Magma ol Tumer 2018 W Sediments
Golf 199% 30 Al1993 la-Mariana  Arc Magma 40 Tumer 2018 Accrctionary Weds Sediments
Goff 1998 35 Al 1993 tuMarisma  Arc Magma 40 Turmer 2018 Weds Sediments
Goff 199% 27 Bouvier 2008 LesserAntilks  Arc Magma 3 Tumer 2018 Accretomary Weds Sediments
Goff 1998 23 Bouvicr 2008 LesscrAntilks  Arc Magma 25 Tumer 2018 Acerctionary Weds Sediments
Goff 1998 15 Bouvir 2008 LesserAntills  Arc Magma 23 Tumer 2018 Acerctonary We
Goff 199% 25 Bouwvier 2008 Lesser Antilks  Arc Magma 25 Tumer 2018 Accretionary Wedg Sediments
Goff 1998 30 Bowvicr 2008 Losscr Antilks  Arc Magma 12 Tumer 2018 Accretionary Wods Sediments
Goff 1998 65 Bouvicr 2008 Lesser Antills  Arc Magma 70 Tumer 2018 Accretionary Weds Sediments
Goff 1998 39 Bouvir 2008 Lesser Antills  Arc Magma 90 Tumer 2018 Accretionary Weds Sediments
Golf 1998 34 Bouwvicr 2008 Lesscr Antills  Arc Magma 48 Tumer 2018 Acerctionary Wedy Sediments
Goff 1998 29 Bouvir 2008 LesserAmils  Arc Magma 0s Tumer 2018 Acerctionary We
Goff 1998 23 Bouvicr 2008 Lesser Antilles  Arc Magma 15 Tumer 2018 Accretionary Weds Sediments
Goff 1998 37 Boovicr 2008 LesserAmtilks At Magma i Tumer 2018 Aceretionary Wods Sediments
Goff 1998 42 Bouvicr 2008 LesserAntills  Arc Magma 08 Tumcr 2018 Accretionary Weds Sediments
Goff 1998 23 Bouvics 2008 LesserAmtilles  Arc Magma 21 Tumer 2018 Weds Sediments
Goff 199% st Boovier 2008 Lessr Antilks At Magma 28 Tumer 2018 Accretionary Wedy Sediments
Goff 1998 38 Bouvicr 2008 Are Magma 33 Tumee 2018 Accretionary Weds Sediments
Goff 1998 3 Bouvicr 2008 Lesser Antills  Arc Magma a3 Tumer 2018 Accretionary Wods Sediments
Goff 1998 38 Boovier 2008 Lesser Amtilks At Magma 2 Tumer 2008 Accretiomary Wedy Sediments
Goff 1998 33 Bowvier 2008 Lesser Antilks  Arc Magma 45 Tumer 2018 Accretiomary Wedg Sediments
Goff 1998 32 Bouvicr 2008 Lesser Antills  Arc Magma 19 Tumer 2018 Accretionary Weds Sediments
Goff 1998 50 Boavier 2008 LesserAmilks  Arc Magma 17 Tumer 2018 Accretionary Wds Sediments
Golf 1998 s4 Bouvicr 2008 Lesser Antilks  Arc Magma 21 Tumer 2018 Accrctionary Weds Sediments
Goff 1998 49 Bouvicr 2008 Lesser Antilles  Arc Magma 3 Tumer 2018 Accretiomary Weds Sediments
Goff 199% 32 Boovier 2008 Lesser Amtilks  Arc Magma 29 Tumes 2018 Accretionary Weds Sediments
Goff 1998 34 Bouvier 2008 Lesscr Amtilks  Arc Magma 30 Tumer 2018 Acerctionary Wedg Sediments
Goff 1998 34 Bouvicr 2008 Lesser Antills  Arc Magma 19 Tumer 2018 Wedg S
Goff 1998 32 Bouvicr 2008 Lesser Antilks  Arc Magma 55 Tumer 2018 Accretionary Weds Sediments
Goff 1998 40 Bowvicr 2008 LosscrAntilks  Arc Magma 49 Tumer 2018 Accrctionary Weds Sediments
Goff 1998 29 Bouvicr 2008 Lesser Antilks  Arc Magma 49 Tumer 2018 Accrebonary Wedg Sediments
Goff 1998 32 Bouvicr 2008 Lesser Antills  Arc Magma 37 Turmer 2018 Wedg Sediments
Goff 1998 38 Bowvier 2008 LesserAntilks  Arc Magma 30 Tumer 2018 Acorctiomary Wedg Sediments
Goff 1998 33 i 2008 LesserAntills  Arc Magma 27 Tumer 2018 Accretionary Wedg Scdiments
Goff 1993 34 Bouvier 2008 Lesser Antilks  Arc Magma 44 Tumer 2018 Accreionary Wedg Sediments
Goff 1998 28 Boovicr 2008 LesserAntilks  Arc Magma 46 Tumer 2018 Accretionary Weds Sediments
Goff 1998 23 Bouvicr 2008 Lesser Antilks  Arc Magma 33 Tumer 2018 Accretionary Weds Sediments
Goff 199% 27 Bouvics 2008 Lesser Antilles  Asc Magma 16 Tumer 2018 Aceretionary Weds Sediments
Goff 1998 21 Bowvier 2008 LessrAntilks At Magma 18 Tumer 2018 Accretionary Weds Sediments
Mather 2008 $6 Bouvir 2008 Lesser Are Magma 23 Wang 2008 Accretionary Wod
Mather 2008 54 Ucda 1984 RyskyuAre  Arc Magma 40 Wang 2008 Accretionary Wedg Sediments
Mather 2008 68 Ucda 1984 RyskyuAre  Arc Magma 40 Wang 2008 Accretionary Weds Sediments
Mather 2008 66 DeHoog 2001 Indonesia Atc Magma 41 Wang 2008 Accretionary Weds Sediments
Mather 2008 109 DeHoog 2001 Indonesia Arc Magma 45 Wang 2008 Weds Sediments
Masher 2008 65 DeHoog 2001 Indonesia Arc Magma 34 Wang 2008 Acoretionary Wedy Sediments
Mather 2008 49 DeHoog 2001 Indonesia Are Magma s2 Wang 2008 Accretionary Wedg Sediments
Mather 2008 7 DeHoog 2001 Indonesia Ate Magma a8 Wang 2008 Accretionary Weds Sediments
Mather 2008 7 DeHoog 2001 Indonesia Are Magma 42 Wang 2008 Accretionary Weds Sediments
Mather 2008 79 Delloog 2001 Indonesia v 58 Wang 2008 Accretionary W
Mather 2008 74 DeHoog 2001 Indonesia Asc Magma 35 Wang 2008 Accretionary Wedg Sediments
Mather 2008 73 DeHoog 2001 Indonesia Are Magma 28 Wang 2008 Acretionary Wedg Sediments
Mather 2008 58 DeHoog 2001 Indonesia Are Magma 44 Wang 2008 Accretionary Weds Sedis
Mather 2008 51 DeHoog 2001 Indonesia Arc Magma 20 Wang 2008 Accretionary Weds S
Mather 2008 60 DeHoog 2001 Indonesia Are Magma 52 Wang 2008 Accretionary Weds Sediments
Mather 2008 EX] DeHoog 2001 Indonesia Arc Magma 250 Wang 2008 Accrctionary W
Mather 2008 85 DeHoog 2001 Indonesia Are Magma 200 Wang 2008 Aceretomary Weds Sediments
Mather 2008 55 DeHoog 2001 Indonesia Ate Magma 60 Wang 2008 Accretionary Wedg Sediments
Mather 2008 62 DeHoog 2001 Indonesia Are Magma 68 Wang 2008 Accretionary Weds Sediments
Mather 2008 62 DeHoog 2001 Indonesia Atc Magma 43 Wang 2008 Accretionary Weds Sediments
Mather 2008 5% DeHoog 2001 Indonesia Are Magma 17 Wang 2008 Accretionary Weds Sediments
Mather 2008 6l DeHoog 2001 Indonesia Ase Magma 38 Wang 2008 Accretionary Wedy Sediments
Mather 2008 68 DeHoog 2001 Indonesia Arc Magma 78 Wang 2008 Accrctionary Weds Sediments
Mather 2008 7.5 DeHoog 2001 Indonesia Are Magma 68 Wang 2008 Accretionary Wedg Sediments
Mather 2008 59 DeHoog 2001 Indonesia Arc Magma 49 Wang 2008 Acerctionary Wedy Sediments
Mather 2008 59 DeHoog 2001 Indoncsia Arc Magma 60 Wang 2008 Accretionary Weds Sediments
Mather 2008 63 DeHoog 2001 Indonesia Arc Magma 59 Wang 2008 Accretionary Weds Sediments
Mather 2008 60 DeHoog 2001 Indonesia Ate Magma 47 Wang 2008 Acerctionary Weds Sediments
Mather 2008 66 Gurenko 2018 Kamchatka Are Magma 67 Wang 2008 Accretionary Weds Sediments
Mather 2008 75 Gurenko 2018 Kamchatka Ate Magma 69 Wang 2008 Accretionary Weds Sediments
Mather 2008 62 Gurenko 2018 Kamchatka Are Magma 101 Wang 2008 Accretionary Wed Sediments
Mather 2008 s0 Gurenko 2018 Kamchatka Atc Magma 67 Wang 2008 Accretionary Weds.
Mather 2008 63 Gurenko 2018 Kamchatka Arc Magma 42 Wang 2008 Accretionary Wedg Sediments
Mather 2008 78 Gurenko 2018 Kamchatka Are Magma 70 Wang 2008 Accretionary Weds
Mather 2008 50 Gurenko 2018 Kamchatka Arc Magma 58 Wang 2008 Accrctionary Weds Sediments
Mather 2008 49 Gurenko 2018 Kamchatka Arc Magma 16 Wang 2008 Accretionary Weds
Masher 2008 100 Gurenko 2018 Kamchatka Are Magma 66 Wang 2008 Accretionary Wods Sediments
Mather 2008 46 Gurenko 2018 Kamchatka Arc Magma 76 Wang 2003 Accrctionary Weds Sediments
Mather 2008 50 Gurenko 2018 Kamchatha Are Magma 6l Wang 2008 Weds Sediments
Mather 2008 50 Gurenko 2018 Kanchatka Are Magma 37 Wang 2008 Weds Sediments
Mather 2008 47 Gurenko 2018 Kamchatka At Magma 44 Wang 2008 Accretionary Weds Sediments
Mather 2008 a9 Gurenko 2018 Kamchatka Arc Magma 123 Wang 2008 Weds Sediments
Mather 2008 58 Gurenko 2018 Kamchatka Are Magma 69 Wang 2008 Acereionary Weds Sediments
Mather 2008 65 Usda 1984 Japan Atc Magma 48 Wang 2008 Accretionary Wods Scdiments
Mather 2008 69 Ucds 1984 Jopan Are Magma a2 Wang 2008 Accretionary Wed; Sediments
Mather 2008 72 Usda 1984 Japan Are Magma 50 Wang 2008 Accretionary W
Mather 2008 49 Ucda 1984 Japan Arc Magima 00 Wang 2008 Accretonary Weds Sediments
Mather 2008 41 Ucda 1984 Jspan Arc Magma 86 Wang 2008 Accretionary Weds Sediments
Mather 2008 1 Usda 1984 Jspan Are Magma 19 Wang 2008 Weds
Mather 2008 59 Usda 1984 Japan Arc Magma 41 Wang 2008 Accrtionary Weds Sediments
Mather 2008 68 Ucda 1984 Jspan Arc Magma 47 Wang 2008 Accretionary Wed; Sediments
Mather 2008 50 Usda 1984 Japan Ase Magma 44 Wang 2008 Acsretionary Wedg
Mather 2008 69 Ucda 1984 Japan Are Magma 59 Wang 2008 Accretionary Weds Sediments
Mather 2008 sS4 Ucda 1984 Japan 16 Wang 2008 Accretionary Weds Sediments
Mather 2008 53 Ucda 1984 baMariana  Arc Magma 53 Wang 2008 Weds Sediments
Mather 2008 e Ucda 1984 la-Mariana  Arc Magma 27 Wang 2008 Accretionary Weds Sediments
Mather 2008 95 Ucds 1984 la-Marisna  Arc Magma $6 Wang 2008 Accretionary Weds Sediments
Mather 2008 62 Ucda 1984 Japan Are Magma 07 Wang 2008 Accretionary Weds Sediments
Masher 2008 7.0 Ueda 1984 Japan Are Magma 19 Wang 2008 Accretionary Wedy Sediments
Mather 2008 63 Ucda 1984 Jspan Arc Magma 23 Wang 2008 Weds Sediments
Mather 2008 69 Sasaki 1979 Japan, Granitod  Intrusive 12 Wang 2008 Wedg Sediments
Mather 2008 78 Sasaki 1979 Japan, Granitoid  Intrusive 44 Wang 2008 Accretionary Weds Sediments
Mather 2008 77 Swaki 1979 Japan. Gramitodd  Intnusive 53 Wang 2008 Accretionary Wods Sediments
Mather 2008 70 Sasaki 1979 Jspan, Grantoid  lntnusive a8 Wang 2008 Accretionary Weds Sediments
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Table S11. (continucd)

Locuion Tope 55 (%) Cutsticn. Location Tpe A8 () Cutstion Loction Type S5 ()
Central Amenica Gas. 65 Sasaki 1979 Japan, Grantod  Intnasive 39 Wang 2008 Accretionary Weds Sediments 256
Conral America  Gas 56 Sasaki 1979 Japan, Granitoid  Intrusive 63 Wang 2008 Accresionary Weds Sediments 254
Central America  Gas. 76 Sasaki 1979 Japan, Granitoid  Intnusive 60 Wang 2008 Accretionary Weds Scdiments 234
Central America Gas. 0 Swaki1979  Japan, Granitod  Intrusive 9.1 Wang 2008 Accretionary Weds Sediments 210
Central America  Gas 70 Sasaki 1979 Japan, Granitoid  Intrusive 57 Wang 2008 Accretionary Weds Sediments -199
Central America Gas. 6% Swsaki 1979 Japan. Granitoid  Intrusive 47 Wang 2008 Accretionary Wods Sediments 179
Central America Gas. 1" Sasaki19%9  Jspan, Granitoid  Intrusive 0s Wang 2008 Accretionary Weds Sediments 162
Ceontral America G 58 Sasaki 1979 Japan, Granitoid  Intrusive 258 Wang 2008 Acsretionary Weds Sediments -156
Central America  Gas 69 Susaki 1979 Japan, Granitoid  Intnsive 10 Wang 2008 Acretionary Weds Scdiments 140
Central America  Gas 79 Sasaki 1979 Japan, Grantoud  lntrusive 23 Wang 2008 Accretionary Wedg Sediments 104
Contral America Gas. 87 Sasaki 1979 Japan, Granitoid  Innasive 22 Wang 2008 Accretionary Weds Sediments 78
Contral America  Gas. 67 Swaki19%9  Japan. Granioid  Intrusive 27 Wang 2008 Accrctionary Weds Sediments 14
Central America  Gas. 103 Sasaki 1979 Japan, Granitoid  Intrusive 43 Wang 2008 Accretionary Weds Sediments %9
Central America  Gias 42 Sasaki 1979 Japan, Granitoid  Intrusive 67 Wang 2008 Accretionary Weds Sediments 53
Central Amevica  Gas 68 Ishibhara 1989 Sicrra Nevada, Gra Intnsive 1.6 Wang 2008 Accretionary Wody Sediments -3
Central America  Gas 68 Ishihara 1989 Sicrra Nevads, Gra Intrusive 40 Wang 2008 Accretonary Wedg Sediments 29
New Zealnd  Gas 30 Ishibara 1989 Sicrra Nevada, Gra Intrusive 36 Wang 2008 Accretionary Weds Sediments 27
New Zealand Gas 50 Ishibara 1989 Sicrra Nevada, Gra Intusive 23 Wang 2008 Accretionary Wod Sediments 46
New Zealnd — Gas 20 Ishihara 1989 Sicrra Nevada, Gra Iotnsive 29 Wang 2008 Aceretionary Weds Sediments 62
New Zealand  Gas 60 Lec 2018 Sicrra Nevada, Pyr Intnasive 0s Wang 2008 Accretionary Weds Sediments 126
New Zealand  Gas 40 Lee 2018 Sicera Nevada, Py Intrusive 12 Wang 2008 Accretionary Weds Sediments 210
New Zealnd — Gas 44 Lec 2018 Sicera Nevads, Pyr Intrusive 17 Wang 2008 Accrctionary Wedg Sediments 288
New Zealand  Gas 29 Lee 2018 Sicrma Nevads, Pyr Intnusive 10 Wang 2008 Accretionary Weds Sediments 356
New Zealnd ~ Gas 36 Lec 2018 Sicma Nevada, Pyr Intrusive 04 Wang 2008 Accretionary Wody Sediments 326
New Zealnd  Gas 10 Lee 2018 Sicrra Novads, Pyr Intnsive 0.1 Wang 2008 Accretionary Weds Sediments 316
New Zealnd  Gas 40 Lee 2018 Sierra Nevada, Py Intrusive 22 Wang 2008 Accretionary Weds Sediments 301
Mexico Gas 36 Lec 2018 Sicrra Nevada, Py Intusive 45 Wang 2008 Accretionary Weds Sediments 26
Mexico Gas 29 Lee 2018 Sicrva Nevads. Pyt Intnusive 32 Wang 2008 Accretionary Weds Sediments 194
Mexico Gas 38 Lec 2018 Sserra Nevads, Pyr Intrusive 20 Wang 2008 Accretionary Weds Sediments 128
Central America  Gas. st Lec 2018 Sicrra Nevda, Py Intrusive 28 Wang 2008 Acsretionary Weds Sediments 99
Contral America Gas 43 Wang 2008 Accretionary Weds Sediments 11
Central America Gas. 45 Wang 2008 Accretionary Wedg Sediments 65
Conral America Gas st Wang 2008 Accretionary Weds Sediments 58
Contral America  Gas. 54 Wang 2008 Accretionary Weds Sediments 51
Central America  Gas 47 Wang 2008 Accretonary Weds Sediments 44
Central America  Gas 45 Wang 2008 Accretionary Weds Sediments 39
Kurils Gas. 29 Wang 2008 Accretonary Weds Sediments -15
Kuils Gas 59 Wang 2008 Accretonary Weds Sediments 06
Kurils Gas 36 Wang 2008 Accretionary Weds Sediments 06
Kurils G 64 Wang 2008 Accretionary Weds Sediments 06
Mexico Gas 36 Wang 2008 Accretonary Wedg Sediments [
Mexico Gas 29 Wang 2008 Accretionary Wedg Sediments 18
Mexico Gas 38 Wang 2008 Accretionary Weds Sediments 28
Indonesia Gas 58 Wang 2008 Accretionary Wed Sediments 58
Indonesia Gas 49 Wang 2008 Accretionary Weds Sediments 7.0
Indonesia Gas 16 Wang 2008 Accrctionary Weds Sediments 82
Indonesia Gas 22 Wang 2008 Accretionary Weds Sediments 103

Gas 6% Wang 2008 Acsretionary Wedg Sediments 120

Kamchatka Gas 7.8 Wang 2008 Accretionary Weds Sediments 159
Kamchatka Gas 25 Wang 2008 Accretionary Wods Sediments 123
Japan Gas 52 Wang 2008 Accretionary Weds Sediments 173
Japan Gas. 34 Wang 2008 Accretionary Weds Sediments 19.5
Japan Gas 74 Wang 2008 Accretionary Weds Sediments 24
Japan Gas 56 Wang 2008 Accretionary Weds Sediments 237
Japan Gas. 47 Wang 2008 Accrenonary Wedy Sediments 23
Japan Gas 32 Wang 2008 Accretionary Weds Sediments 351
Japan. Gas a4 Wang 2008 Accretionary Wed Sediments 286
Japan Gas 38 Wang 2008 Accretionary Weds Sediments 286
Japan Gas 32 Wang 2008 Accreionary Weds Scdiments 281
Japan. Gas 49 Wang 2008 Accretionary Weds Sediments 233
Japan Gas 30 Wang 2008 Accretionary Weds Sediments 221
Japan Gas 50 Wang 2008 Acsretionary Weds Sediments 196
Japan Gas 57 Wang 2008 Accretionary Wedg Sediments 196
Japan Gas 79 Wang 2008 Wedg Sediments 167
Japan Gas 49 Wang 2008 Accrctionary Wedg Sediments -160
Japan Gas 46 Wang 2008 Wedg Sediments 158
Japan Gas 45 Wang 2008 Accretionary Wedg Sediments -120
Japan Gas 0.1 Wang 2008 Accretionary Weds Sediments -109
Japan Gas 30 Wang 2008 Accretionary Weds Sediments -102
Japan. Gas 47 Wang 2008 Accretionary Weds Sediments 93
Japan Gas 44 Wang 2008 Accretionary Wods Sediments 41
Japan Gas 57 Wang 2008 Acerctionary Weds Scdiments 32
Japan Gas 106 Wang 2008 Accretionary Weds Sediments 06
Japan Gas 103 Wang 2008 Accretonary Weds Sediments 27
Japan. Gas 9% Wang 2008 Accrctionary Weds Sediments 38
Japan Gas 10.1 Wang 2008 Accretionary Weds Sediments 44
Japan Gas 109 Wang 2008 Aceretionary Wods Scdiments 46
Japan Gas 97 Wang 2008 Accretionary Weds Sediments 56
Japan Gas 60 Wang 2008 Accretonary Weds Sediments 56
Japan Gas 132 Wing 2008 Accretionary Weds Sediments 59
Japan Gas 135 Wang 2008 Aceretionary We 79
Japan. Gas 121 Wang 2008 Accretionary Wedg Sediments 133
Japan Gas " Wang 2008 Accretionary Weds Sediments 141
Japan Gas 125 Wang 2008 Acerctionary Weds Sediments 142
Japan Gas 45 Wang 2008 Accretionary Weds Sediments 147
Japan Gas 56 Wang 2008 Accretionary Weds Sediments 166
Japan, Gas 69 Wang 2003 Accrctionary Weds Sediments 168
Jpan Gas 22 Wang 2008 Accretonary Weds Sediments 23
Japan Gas 45 Wang 2008 Accretionary Wedg Sediments 21
Japan Gas 44 Wang 2008 Accretionary Weds Sediments 256
Kamchatka Gas sS4 Wang 2008 Accretionary Weds Sediments 323
Kamchatka Gas 73 Wang 2008 Accretionary Weds Sediments 310
Wang 2008 Accretionary Weds Sediments 250
Wang 2008 Accretonary Wedg Sediments 230
Wang 2008 Accretionary Weds Sediments 218

Wang 2008 Accretonary Wedy Sediments =151

Wang 2008 Accretionary Weds Scdiments 42

Wang 2008 Accretionary Weds Sediments 9.1

Wang 2008 Accretionary Weds Scdiments 308
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Table S11. (continued)

Cistion Type 575 (Ra) [y Location Cataticn Locstion. Tape 378 (%)
Al 1992 Manana Basn Seduments. 120 Alford 2011 Gabbro AOC Al2013 Low Temperature ! Serpentinite -168
Canfickd 2009 Sadimentary Pyrite Sediments -1 Alford 2011 Gabhro AOC Al2013 Low Temperature ¢ Serpentinite -6
Canficld 2009 Scdimentary Pyrite 174 Alford 2011 Gabbro AOC Al2013 Low Temperature ¢ Serpentinite =202
Canficld 2009 Sodimentary Pyrite Sediments 160 Alford 2011 Gabbro A0C Al2013 Low Temperature ¢ Scrpentinite 90
Canficld 2008 Sedimentary Pyrise Sediments 300 Alford 2011 Gabbro AOC Ak2013 High Temperature | Scrpentinite 30
Canficld 2009 Sodimentary Pyritc Scdiments. -13.0 Alford 2011 Gabbro AOC Al2013 High Temperatuse : Serpentinite 74
Canficld 2009 Sodimentary Pyrite Sedmments 234 Alford 2011 Gabbro AOC Al 2013 High Temperature : Serpentinite 57
Canficld 2009 Sedimentary Pyrise Sediments 03 Alford 2011 Gabbro AOC Al2013 High Temperature  Serpentinite 58
Canficld 2009 Sedimentary Pyrise 285 Alford 2011 Gabbro AOC Al 2013 High Tenperatuse : Serpentinite 16
Canficld 2009 Sedumentary Pynte Sedments. -35.0 Alford 2011 Gabbro AOC Ak2013 Serp. (H Scrpentinite 107
Canficld 2009 Sedimentary Pyrite Sediments 420 Alford 2011 Gabbro AOC Ak2013 Exhumed Serp. (H Serpentinite 55
Canficld 2009 Sodimentary Pyrite Sedmcnts -140 Alford 2011 Gabbro AOC Al 2013 Exhumed Scrp. (H Serpentinite 44
Canficld 2009 Sedimentary Pyrite Sedments <240 Alford 2011 Gabbro AOC Ak2013 Low Temperature ! Scrpentinite 15
Canfickd 2009 Sedimentary Pyrite Sediments 425 Alford 2011 Gabbro AOC Al2013 Low Temperature § Serpentinite 5
Canficld 2009 Sodimentary Pyrise 20 Alford 2011 Gabbro. AOC Ak2013 Low Temperatuee ¢ Serpentinite -85
Canficld 2009 Scdimentary Pyrite Sedments 9.5 Alford 2011 Gabbro AOC Al2013 Low Temperature ¢ Serpentinite 151
Canficld 2009 Sedumentary Pyrite Seduments =200 Alford 2011 Gabbro. AOC Ak2013 High Temperature : Serpentinite 69
Canficld 2009 Sadimentary Pyrite Sediments -10.0 Alford 2011 Gabbro AOC Al2013 High Temperature | 1
Canficld 2009 Sedimentary Pyrise 300 Al 1991 Gabbro AOC Al 2013 High Temperature : Serpentinite a5
Canficld 2009 Sodimentary Pyrite 50 Ak 1991 Gabbro AOC Ak2013 High Temperature | 90
Canficld 2009 Scdimentary Pyrite Seduments -35.0 Al 1991 Gabbro AOC Ak 2013 High Temperature | Serpentinite 44
Canficld 2009 Scdimentary Pyrisc Sediments. 170 Ak 1991 Gabbro AOC Al 2013 Exhumed Serp. (H Serpentinite 03
Canficld 2009 Scdimentary Pyrite Sedmsents <240 Ak 1991 Gabbro AOC Ak2013 Exhumed Serp. (H Scrpentinite 50
Canfickd 2009 Sedimentary Pyrise =210 Al 1991 Gabbro AOC Al 2013 Exbumed Scrp. (H Serpentinite 12
Canficld 2009 Sodimentary Pyritc Sedmcnts <120 Al 1991 Gabbro AOC Al2012a Exhumed Serp. (H Serpentinite 28
Canficld 2009 Scdimentary Pyrite 383 Al 1991 Gabbro AOC Ak2012a Exbumed Scrp. (H Serpentinite 97
Canficld 2009 Sedimentary Pyrise Sediments 310 Ak 1991 Gabbro AOC Al2012a Exhumed Serp. (H Serpentinite 87
Canficld 2009 Scdimentary Pyritc Sedments -31.0 Al 1991 Gabbro AOC Al2012a Exhumed Serp. (H Serpentinite 56
Canficld 2009 Scdumentary Pynite S, 229 Al 1991 Gabbro A Al20122 Exhumed Serp. (H Scrpentinite a9
Canfickd 2009 Sodimentary Pyrite Sediments 460 Waliers 2019 Gabbro Sulfides (F AOC Al 20122 Exbumed Serp. (H Serpentinite 73
Canficld 2009 Sodimentary Pyrite Scdments 2374 Al 1989 Dike Sulfides. East AOC Al2012a Exhumed Serp. (H Serpentinite <70
Canficld 2009 Sodimentary Pynte Sedmments. 435 Al 1989 Dike Sulfides, East AOC Al2012a Exhumed Serp. (H Serpentinite 35
Canficld 2009 Sedimentary Pyrite Sediments =359 Al 1989 Dike Sulfides, Fast AOC Al2012a Exhumed Serp. (H Serpentinite 27
Canficld 2009 Scdimentary Pyrisc =383 Al 1989 Dike Sulfides, East AOC Al2012a Exbumed Serp. (H Serpentinite 62
Canficld 2009 Sodimentary Pyrite Sedmsents 346 Al 1989 Dike Sulfides, East AOC Al 20126 Exhumed Serp. (H Serpentinite 143
Canficld 2009 Sedimentary Pyrite § -379 Al 1989 Dike Sulfides, Fast AOC Al 20126 Exhumed Serp. (H Scrpentinite ns
Canficld 2009 Scdimentary Pyrite Sediments 247 Al 1989 Dike Sulfides. East AOC Al 20126 Exhumed Serp. (H Serpentinite 96
Canficld 2009 Scdimentary Pyrite Scdments 289 Al 1989 Dike Sulfides, East AOC Al2012b Exhumed Serp. (H Scrpentinite 7%
Canficld 2009 Sedimentary Pyrite Sediments 403 Al 1989 Dike Sulfides, Fast AOC Schwarzenhach 20 Exhumed Serp. (H Serpentinite 5
Canficld 2009 Scdimentary Pyrite Se -43.0 Al 1989 Dike Sulfides. East AOC Schwarzenbach 20 Serp. (H -6
Canficld 2009 Sodimentary Pyrite S, 302 Al 1989 Dike Sulfides, East AOC 20 Exhumed Serp. (H Serpentinite 129
Canficld 2009 Sedimentary Pyrise Sedmments 318 Al 1989 Dike Sulfides, East AOC 20 Exbumed Serp. (H 30
Canfichd 2009 Scdimentary Pyrite Seduments 50 Al 1989 Dike Sulfides, East AOC Schwarzenbach 20 Exbumed Serp. (H Serpentinite 200
Canficld 2009 Scdimentary Pyrite Sediments 2200 Al 1989 Dike Sulfides, East AOC 20 Exhumed Serp. (H ini 195
Canficld 2009 Sodumentary Pynite Seduments. <180 Al 1989 Dike Sulfides, East AOC Li 2020 Exbumed Serp. (H Scrpentinite 36
Canficld 2009 Scdimentary Pyrite -34.0 Al 1989 Dike Sulfides. East AOC Li2020 Exbumed Serp. (H 120
Canficld 2009 Scdimentary Pyrise Sediments 180 Al 1989 Dike Sulfides, East AOC 12020 Exhumed Serp. (H Scrpentinite 51
Canficld 2009 Sedimentary Pyrite Sedments 2230 Al 1989 Dike Sulfides, East AOC Schwarzenbach 20 Exhumed Serp. (H Scrpentinite 162
Canficld 2009 Scdimentary Pyrite Sediments -28.0 Al 1989 Dike Sulfides. East AOC Schwarzenbach 20 Exhumed Serp. (H Serpentinite 187
Canficld 2009 Scdimentary Pyrite 406 Al 1989 Dike Sulfides. East AOC Schwarzenbach 20 Exbumed Serp. (H Scrpentinite 208
Canficld 2009 Scdimentary Pyrite Seduments =360 Al 1989 Dike Sulfides, East AOC Schwarzenbach 20 Exhumed Serp. (H Serpentinite 19
Canficld 2009 Scdimentary Pyrise 420 Al 1989 Dike Sulfides, East AOC 20 Exbumed Serp. (H inif 201
Canficld 2009 Sedimentary Pyrite Sedments <200 Al 1989 Dike Sulfides. East AOC 20 Exhumed Serp. (H 151
Canficld 2009 Sedimentary Pyrite Sedments 217 Al 1989 Dike Sulfides, East AOC Crosskey 2018 Exhumed Serp. Su Serpentinite 23
Canficki 2009 Sadimentary Pyrite Sediments -504 Al 1989 Dike Sulfides, East AOC Crossky 2018 Exbumed Scrp. Su Serpentinite 93
Canficld 2009 Sedimentary Pyrise 416 Al 1989 Dike Sulfides, East AOC Crossky 2018 Serp. Su Scrpentinite 38
Canficld 2009 Sodimentary Pyrite Sedmments 537 Al 1989 Dike Sulfides, East AOC Crossley 2018 Exhumed Serp. Su Scrpentinite 43
Canficld 2009 Sedimentary Pyrite Sediments 369 Al 1989 Dike Sulfides, East AOC 76
Canficld 2009 Scdimentary Pyritc Scdiments 504 Alt 1989 Dike Sulfides. East AOC 54
Canficld 2009 Sodunentary Pyrite Sedments 20 Al 1989 Dike Sulfides, East AOC 63
Canficld 2009 Sedimentary Pyrise Sedaments. 3% Al 1989 Dike Sulfides. Fast AOC 67
Canficld 2009 Scdimentary Pyrite Sediments =330 Al 1989 Dike Sulfides, East AOC 59
Canficld 2009 Sedunentary Pynte -ALo AR 1989 Dike Sulfides, East AOC 39
Canficld 2009 Sedimentary Pyrite Sediments -46.0 Al 1989 Dike Sulfides. Fast AOC 104
Canfickd 2009 Sodimentary Pyrite Sedumcots -51.0 Al 1989 Dike Sulfides, East AOC 68
Canficld 2009 Sedimentary Pyrite -0 Ale 1989 Dike Sulfides, East AOC 62
Canficld 2009 Sedimentary Pyrite Sedments -190 Al 1989 Transiton Zone Su AOC 87
Canficld 2009 Scdimentary Pyrite Sediments 372 Al 1989 Transition Zone Su AOC 88
Canfield 2009 Sedimentary Pyrise Sediments. 481 Al 1989 Transition Zone Su AOC 94
Canficld 2009 Sedimentary Pyrite Sediments -329 Al 1989 Transition Zone Su AOC 38
Canficld 2009 Sadimentary Pyrite Sediments -47.7 Al 1989 Transiton Zone Su AOC 50
Canficld 2009 Scdimentary Pyrite -46.3 Al 1989 Transition Zone Su AOC 44
Canficld 2009 Sedimentary Sedsments -49.0 Ak 1989 Transiton Zone Su AOC 10
Canficld 2009 Scdimentary Pyrite Seduments 418 Al 1989 Transition Zone Su AOC 58
Canficld 2009 Scdimentary Pyrite Scdments 488 Al 1989 Transiton Zone Su AOC 79
Canficld 2009 Scdimentary Pyrite Sedmsents <376 Al 1989 Transition Zone Su AOC 92
Canfickd 2009 Scdimentary Pyrite 483 Al 1989 Transition Zone Su AOC 39
Canficld 2009 Sedimentary Pyrite Scdments 403 Al 1989 Transition Zone Su AOC 73
Canficld 2009 Sedimentary Pyrite 493 Al 1989 Tramsition Zone Su AOC 34
Canficld 2009 Sedimentary Pyrise Sediments. 28 Al 1989 Transition Zone Su AOC 82
Canficld 2009 Scdimentary Pyrite Sediments 371 Al 1989 Transition Zone Su AOC 79
Canficld 2009 Sodimentary Pynise <370 Al 1989 Transiton Zone Su AOC s
Canficld 2009 Sedimentary Pyrite Seduments 480 Al 1989 Transition Zone Su AOC 8%
Canficld 2009 Sodimentary Pyrite Scdments 294 Al 1989 Transition Zone Su AOC 65
Canficld 2009 Sodimentary Pynte Seduments. 321 Ak 1989 Transiton Zone Su AOC 75
Canficld 2009 Sedimentary Pyrite Sediments -15.0 Al 1989 Transition Zone Su AOC 76
Canficld 2009 Saimentary Pyritc 250 Al 1989 Transition Zone Su AOC 18
Canficld 2009 Sodimentary Pyrite Scdments. 265 Al 1989 Transition Zone Su AOC 65
Canficld 2009 Sedimentary Pyrite =370 Al 1989 Transition Zone Su AOC $4
Canficld 2009 Sodimentary Pyrite Sediments -35.0 Al 1989 Transiton Zone Su AOC 78
Canficld 2009 Scdimentary Pyrite Sedments 55 Al 1989 Transition Zone Su AOC 60
Canficld 2009 Sedimentary Pyrite Sediments 238 Al 1989 Transition Zone Su AOC 2
Canficld 2009 Scdimentary Pyrite Se -24.0 Al 1989 Transition Zone Su AOC 59
Canficld 2009 Sodimentary Pyrise <280 Al 1989 Transition Zone Su AOC 50
Canficld 2009 Sedimentary Pyrise Seduments =200 Al 1989 Pillow Sulfides, E: AOC 33
Canfickd 2009 Scdimentary Pyrite Sedsments 400 Al 1989 Pillow Sulfides, E: AOC 59
Canficld 2009 Sedimentary Pyrite <138 Al 1989 Pillow Sulfides, E: AOC 74
Canficld 2009 Sedimentary Pyrite Sediments 280 Al 1989 Anhydrite, Eastem AOC 31
Canficld 2009 Scdimentary Pyrite 208 Al 1989 Anhydrite, Eastern AOC 30
Canficld 2009 Scdimentary Pyrite Sediments 186 Al 1989 Anhydrite, Eastern AOC 69
Canficld 2009 Sedimentary Pyrite Sedmments. 317 Al 1989 Ashydrite, Eastern AOC 127
Canficld 2009 Scdimentary Pyrite Sediments -0 Teagle 1998 Anhydrite, Eastern AOC 151
Canficld 2009 Sedimentary Pyrise 416 Teagle 1998 Ashydrite, Esstern AOC 103
Canficld 2009 Scdimentary Pyrise Sedumcnts <208 Teagle 1998 Ashydrite, Eastern AOC 81
Canficld 2009 Scdimentary Pyrise Sediments. 364 Teaghe 1998 Ashydrite, Eastem AOC 78
Canfickd 2009 Sodimentary Pyrite Scdiments 337 Teagle 1998 Ashydrite, Esstern AOC 12
Canficld 2009 Sedimentary Pyrite Sediments 451 Teagle 1998 Ashydrite, Eastern AOC 105
Canficki 2009 Sedimentary Pyrise Sediments. 487 Teagle 1998 Anhydrite, Eastern AOC 73
Canficld 2009 Sedimentary Pyrise 493 Teagle 1998 Anhydrite, Easters AOC 102
Canficld 2009 Sedimentary Pyrise Scdiments 493 Teagle 1998 Ashydsite, Eastern AOC 40
Canficld 2009 Sedimentary Pyrite Sediments 496 Teagle 1998 Anhyidrite, Fastern AOC 45
Conficld 2009  Sedimentary Pyrite Scdiments 333 Teagle 1998 Ashydritc, Eastern AOC 43
Canficld 2009 Sedumentary Pynite Sedmnents. 391 Ak2011 Lavas, Cocos Plale AOC 51
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Table $11. (contnmed)

[T —
Confiehd 2007 Scdunestiry Pyrite Sedments
Canficid 2009 Scdimentary Pyrite Sediments.
Confickd 2009 Scdimecetary Pyrie Sodiments
Conficid 2009 Scdimentary Pyrite Sediments
Canfickd 2009 Scdimestary Pyrite Sediments
Confickd 2000 Scdimentary Pyrite Sediments
Conficid 2009 Sodimestary Pyrite Sediments
Confickd 2009 Scdimestary Pyrite Sedimerts
Canfickd 2009 Pyvite Sediments
Li2e20 Metascditmonts (Hi Sediments
Li2e20 Metasediencats (Hi Sediments

Schwarnenbach 20 Meubasites (High AOC
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Mid Atlmtic Ridge MORR
Famous. MORB
Galapagos MORB
JumdeFua  MORB
Pacific Antirctica r MORE
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Table S12. Values used to calculate the 5°*S in the subducting slab at Lassen. See supplementary
discussion for details and references.

Section Lithology Thickness (m) S (ppm) 8>S (%)
Sediment Sediment 1,500 6,063 + 2448 -11.1
Upper Volcanic (Red Halo) 81 180+ 70 -1.8
Upper Volcanic (Dark Gray) 219 460 = 340 -1.8
Lower Volcanic 300 620 + 320 -1.9
Pyrite Veins 0.003 360,000 -2.5
Transition Zone (Mineralized) 20 9,740 + 6,900 3
Transition Zone (Transition) 180 3,150 + 4,300 3
Transition Zone (Pyrite Veins) 0.19 360,000 32
AOC Upper Dikes (dark gray) 415 660 + 320 0.6
Upper Dikes (light gray) 85 410 + 240 0.6
Upper Dikes (Pyrite Veins) 0.009 360,000 0
Anhydrite 0.21 236,000 21
Lower dikes (dark gray) 450 660 + 340 2
Lower dikes (light gray) 50 240 + 360 23
Lower Dikes (pyrite veins) 0.005 360,000 0.9
Plutonic Section (Altered Gabbro) 500 230+ 190 0.4
Plutonic Section (Gabbro) 4,700 620 + 180 0.1
Lithosphere Hydrated Lithosphere 2,000 150 + 50 4.9
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Table S14. Sampling locations used for each
Lassen cinder cone.

Cinder Cone Lattitude Longitude

BBL 40.584311 -121.617219
BORG 40.659719  -121.239039
BRM 40.574569 -121.588161
BPPC 40.328761 -121.913489
BAS-44 40.630911  -121.344839
BRVB 40.530200 -121.075469
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Figure S1. Analyzed concentrations of metals in glass standards via LA-ICPMS plotted
against reference value (GEOREM, Jochum et al., 2007). Each symbol shape represents a
distinct measured standard, and each symbol color represents a reference standard. 1:1
line shown for comparison.
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Figure S2. Analyzed Cu concentrations in melt inclusion and olivine hosts. Each symbol
represents analysis on one melt inclusion. Error bars represent standard error. Olivine-
Melt partitioning relationships from Sun et al. (2020), Le Roux et al. (2015), and
Portnyagin et al. (2017) shown for comparison. Shaded regions beneath each line
represent the reported one standard deviation for each partition coefficient.
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Figure S3. Calculated total Cu in a combined sulfide and silicate melt inclusion, plotted
as a function of sulfide (sf) diameter. Thick lines show calculated Cu assuming a 70 um
diameter inclusion, and shaded regions show + 10 um diameter. Red line shows sulfide
liquid (DCu = 1659; Kiseeva 2015 ) and blue line shows monosulfide solid solution
(DCu =531; Li and Audetat 2021) calculated assuming 1100 °C, and silicate melt
containing 8 wt. % FeO, 80 ppm Cu, and 100 ppm Ni.
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Figure S4. Analyzed melt inclusion compositions from each cinder cone. Symbols with
red outlines show those that are affected by crustal assimilation and screened from
primary magma calculations. Right panel shows melt inclusions with available

petrographic data, where light symbols are inclusions that do not contain a sulfide, and
dark symbols are inclusions that contain a sulfide.
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Figure S5. Analyzed melt inclusion compositions from each cinder cone plotted against
host olivine forsterite content.
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Figure S6. PEC-corrected melt inclusion compositions from each cinder cone. Symbols
with red outlines show those affected by crustal assimilation and screened from primary
magma calculations. Beige symbols show primitive (MgO > 8 wt. %) Lassen whole rock

compositions.
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Figure S7. Mantle melting models at variable mantle fo. (QFM to QFM + 2 in increments
of 0.5 log units) and variable initial mantle Cu content (1 to 40 ppm in incremements of 1
ppm). Only models that can reproduce the estimated primary melt Cu and Y contents of
cinder cone BORG are shown. (Left) External constraints on mantle melting conditions
for cinder cone BORG shown in filled symbols. Parameters used for each model shown
in open symbols, where each data point corresponds to one model curve in the right
panel. (Right) Primary melt compositions of cinder cone BORG (filled symbol)
compared to modeled melt compositions during near aggregate fractional melting.
Primitive MORB glasses shown in comparison in gray circles (Jenner et al., 2012). See
main text for details.
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Figure S8. Mantle melting models at variable mantle fO2 (QFM to QFM + 2 in
increments of 0.5 log units) and variable initial mantle Cu content (1 to 40 ppm in
incremements of 1 ppm). Only models that can reproduce the estimated primary melt Cu
and Y contents of cinder cone BPPC are shown. (Left) External constraints on mantle
melting conditions for cinder cone BPPC shown in filled symbols. Parameters used for
each model shown in open symbols, where each data point corresponds to one model
curve in the right panel. (Right) Primary melt compositions of cinder cone BPPC (filled
symbol) compared to modeled melt compositions during near aggregate fractional
melting. Primitive MORB glasses shown in comparison in gray circles (Jenner et al.,
2012). See main text for details.
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Figure S9. Mantle melting models at variable mantle fO2 (QFM to QFM + 2 in
increments of 0.5 log units) and variable initial mantle Cu content (1 to 40 ppm in
incremements of 1 ppm). Only models that can reproduce the estimated primary melt Cu
and Y contents of cinder cone BRM are shown. (Left) External constraints on mantle
melting conditions for cinder cone BRM shown in filled symbols. Parameters used for
each model shown in open symbols, where each data point corresponds to one model
curve in the right panel. (Right) Primary melt compositions of cinder cone BRM (filled
symbol) compared to modeled melt compositions during near aggregate fractional
melting. Primitive MORB glasses shown in comparison in gray circles (Jenner et al.,
2012). See main text for details.
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Figure S10. Mantle melting models at variable mantle fO2 (QFM to QFM + 2 in
increments of 0.5 log units) and variable initial mantle Cu content (1 to 40 ppm in
incremements of 1 ppm). Only models that can reproduce the estimated primary melt Cu
and Y contents of cinder cone BRVB are shown. (Left) External constraints on mantle
melting conditions for cinder cone BRVB shown in filled symbols. Parameters used for
each model shown in open symbols, where each data point corresponds to one model
curve in the right panel. (Right) Primary melt compositions of cinder cone BRVB (filled
symbol) compared to modeled melt compositions during near aggregate fractional
melting. Primitive MORB glasses shown in comparison in gray circles (Jenner et al.,
2012). See main text for details.
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Figure S11. Mantle melting models at variable mantle fO2 (QFM to QFM + 2 in
increments of 0.5 log units) and variable initial mantle Cu content (1 to 40 ppm in
incremements of 1 ppm). Only models that can reproduce the estimated primary melt Cu
and Y contents of cinder cone BBL are shown. (Left) External constraints on mantle
melting conditions for cinder cone BBL shown in filled symbols. Parameters used for
each model shown in open symbols, where each data point corresponds to one model
curve in the right panel. (Right) Primary melt compositions of cinder cone BBL (filled
symbol) compared to modeled melt compositions during near aggregate fractional
melting. Primitive MORB glasses shown in comparison in gray circles (Jenner et al.,
2012). See main text for details.
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Figure S12. Mantle melting models at variable mantle fO2 (QFM to QFM + 2 in
increments of 0.5 log units) and variable initial mantle Cu content (1 to 40 ppm in
incremements of 1 ppm). Only models that can reproduce the estimated primary melt Cu
and Y contents of cinder cone BAS-44 are shown. (Left) External constraints on mantle
melting conditions for cinder cone BAS-44 shown in filled symbols. Parameters used for
each model shown in open symbols, where each data point corresponds to one model
curve in the right panel. (Right) Primary melt compositions of cinder cone BAS-44 (filled
symbol) compared to modeled melt compositions during near aggregate fractional
melting. Primitive MORB glasses shown in comparison in gray circles (Jenner et al.,
2012). See main text for details.
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Table $1 Major clements vahues and standard deviation calculated from the average of 3-5 analysis spots. H.O uncortainty representy propogated error
LA-ICPMS.

standard. Major clements. S, CL and H;0 reported i wi. %% Trace clements reported in ppm.
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Table S1. (continued)

Tephea Sample  Inchusion 1sd MO 1sd G0 1sd NaO I1xd KO Isd PO, 1hd O 1sd HO
BAS-44.2 001 003 000
BAS-442 000 004 000
BAS-442 001 004 000
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BORG-1 o000 008 000
BORG-1 000 006 000
BORG-1 o000 008 000
BORG-1 o 005 000
MM-LI7-BORG-1 000 006 000
MM-LI7-BPPCA 000 004 000
MM-LIT-BPPCA o0 o 000
MM-LI7-BPPCA 000 004 000
MM.LI7.BPPCA 000 006 000
MM-LI7-BPPC4 001 005 000
MM-LI7-BPPCA 000 006 000
MM-LI7-BPPCA 001 007 000
BRM-1 na  0M na
BRM-1 000 027 000
BRM-1 000 025 000
BRM-1 000 o o
BRM-1 000 026 00l
BRM-1 000 029 000
BRM-1 000 03 000
BRM-1 000 036 ool
BRM1 001 032 00
BRM-1 000 030 000
BRM-1 000 031 000
BRM-1 o000 035 000
BRM-1 000 041 000
BRM.1 001 03 o0l
BRM-1 000 03 000
BRM-| Ll on 00l
BRM-1 000 027 000
BRM-1 000 027 00l
BRM-1 000 o3 000
BRM-1 000 027 00
BRM-1 Ll o o0
BRM-1 oo 033 000
MM-LI7-BRM-2 001 038 00
MM-LI7-BRM-2 000 026 000
MM-LI7-BRM-2 000 034 00
MM-LI7-BRM-2 000 030 00
MM-LI7-BRM-2 000 027 000
MM.LI7.BRM.2 001 029 00
MM-LI7-BRM-2 000 026 000
MM-LI7-BRM-2 001 024 0w
MM-LI7-BRM-2 000 03 00l
MM-LI7-BRM-2 000 035 00l
MM-LI7-BRM-2 000 02X 000
MM-LI7-BRM-2 000 02 00
MM-LI7-BRM-2 000 027 000
MM-LI7-BRM-2 o0 037 000
MM-LI7-BRVB-2 000 005 000
MM-LI7-BRVB-2 001 002 00
MM-LIT-BRVB.2 000 005 0.00
MM-LI7-BRVB-2 000 003 00
MM-LI7-BRVB-2 001 007 0
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Table $1. (continued)

CnderCone  TephraSample  Iachsion B3 se L ose Ce  se Nd

BAS-44 BAS-44.2 1 na  na
BAS-44 BAS-442 10 na  na
BAS-44 BAS-44.2 2 30 0
BAS-44 BAS-44.2 4 34 019
BAS-44 BAS-442 5 oS
BAS-44 BAS-44.2 6 na  nma
BAS-44 BAS-442 7 3t 0
BAS-44 BAS-442 ™ na  ma
BBL BBL-S " 2 o
BBL BBL-S 14 593 048
BBL BBL-S 15 561 o
BBL BBL-S 17 59 084
BBL BBL:S Is 491 02
BBL BBLS 19 s 08
BBL BBL-S 20 1% o4
BBL BBL-S 204 4% 0
BBL BBL-S 28 531 o
BBL BBL-S 2 na  na
BBL BBL-S 23 is 030
BBL BBL-S 659 048
BBL BBL-S 3 443 06
BBL BBL-S 2 4 on
BBL BBL-S 3 465 020
BBL BBL-S u na  na
BBL BBL-S a 4% o
BBL BBL-S a“ 3 oM
BBL BBL-S a6 9 o
BBL BBLS ar 38 oS
BBL BBL-S 9 420 o
BBL BBL-S 3 na  ma
BBL BBL-S 4 na  na
BBL BBL-S s na  na
BBL BBL-S 3 a3 0
BBL BBL-S 7 520 om0
BORG BORG-1 2 na  na
BORG BORG-1 3 na  ma
BORG BORG-1 3 na  na
BORG BORG- 9 na  na
BORG BORG-1 10 T
BORG BORG-1 n 320 020
BORG BORG-1 12 an en
BORG BORG-1 " 226 onl
BORG BORG-1 18 260 010
BORG BORG-1 19 27 020
BORG BORG-1 20 230 020
BORG BORG-1 2 259 o
BORG BORG-1 2 29  ous
BORG BORG-| 2 na  na
BORG BORG-1 4 294 026
BORG BORG-1 28 337 on
BORG BORG-1 3 268 007
BORG BORG-1 38 260 ol
BORG BORG-1 n 251 007
BORG BORG-1 3x 2%  om
BORG BORG-1 0 256 008
BORG BORG-1 a 28 006
BORG BORG-1 a 243 008
BORG BORG-1 @ o2
BORG BORG-| as 244 o
BORG MM-LI7-BORG-1 1 29 on
BPPC MM.LIT-BPPCA 5] w0 0w
BPPC MM-LIT-BPPCA " 39 o2
BPPC MM-LI7-BPPCA 15 307 on
BPPC MM.LI7-BPPCA 2 293 o
BPPC MM-LIT-BPPCA 3 na na
BPPC MM-LI7-BPPCA 4 na  na
BPPC MM-LI7-BPPC4 s 29 ol
BRM BRM-1 " na na
BRM BRM- 16 na  na
BRM BRM-1 " 303 046
BRM BRM- I8 na  ma
BRM BRM-1 19 250  on
BRM BRM-1 2 232 o
BRM BRM-1 3 na  na
BRM BRM-1 4 430 020
BRM BRM-1 3 270 030
BRM BRM-1 30 23 s
BRM BRM-1 it 2%  on
BRM BRM-1 35 na  na
BRM BRM-1 36 na  na
BRM BRM-1 9 na  na
BRM BRM-1 4 na  na
BRM BRM-1 4 24 oos
BRM BRM-1 2 na  na
BRM BRM-1 3 na na
BRM BRM. s 285 0y
BRM BRM-1 6 140 020
BRM BRM- 7 410 020
BRM BRM-1 5 240 010
BRM MM.LIT-BRM-2 1 249 006
BRM MM-LI7-BRM-2 10 na  na
BRM MM.LI7-BRM-2 13 na  na
BRM MM.LIT-BRM-2 " na na
BRM MM-L17-BRM-2 16 na na
BRM MM.LI7-BRM-2 7 na  na
BRM MM-LIT-BRM-2 I8 2 0w
BRM MM-LI7-BRM-2 4 25 008
BRM MM-LI7-BRM-2 ] 260 006
BRM MM-LI7-BRM-2 26 258 ol
BRM MM-LI7-BRM-2 2 241 006
BRM MM-LIT-BRM-2 31 23 on
BRM MM-LI7-BRM-2 32 200 00
BRM MM.LI7-BRM-2 5 28 00
BRVE MM-LI7T-BRVE-2 10 3% 007
BRVE MM-LI7-BRVE-2 2 44 010
BRVE MM.LI7-BRVB-2 4 a9 0m
BRVE MM.LIT-BRVB-2 3 a3 en
BRVE MM-LIT-BRVB-2 7 a8 o
2 = not analyzed

.= not recordod.

¥ nd alue
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Table S2. Corrected major element and trace element melt inclusion data. Major clement compositions and trace element

concentrations have been corrected for post and Fe-Mg Major elements, S, CI,

and H20 reported in wt. %. Trace elements reported in ppm.

Cinder Cone ___ Tephra Sample Melt Incl_SiOp Ti0;  ALOs EcQT  MnO MgO  CaO N0 K20 P05 Cl 10
BAS44 BAS44-2 1 49.16 083 17.39 894 012 897 1145 260 0.25 0.14 0.12 0.03 0.77
BAS44 BAS44-2 10 48.79 0.97 1753 9.08 0.14 9.68 1040 276 0.39 0.18 0.03 0.04 n.a.
BAS44 BAS44-2 4 49.06 0.97 16.96 9.09 013 9.57 10.78 283 027 017 0.12 0.04 147
BAS44 BAS44-2 4 49.19 0.98 17.23 9.02 012 933 10.77 275 0.26 0.19 0.1 0.04 1.16
BAS44 BAS44-2 5 48.84 097 17.49 898 0.12 9.01 1.22 276 0.28 017 0.12 0.04 131
BAS44 BAS44-2 6 4811 0.98 17.72 9.04 013 944 10.96 3.00 029 0.16 0.12 0.04 127
BAS44 BAS-44-2 7a 50.31 092 16.54 8.95 0.16 922 1057 270 033 0.16 0.10 0.04 n.a.
BAS44 BAS44-2 7 49.76 1.00 16.92 8.99 0.15 889 10.71 289 0.36 0.17 0.10 0.04 n.a.
BBL BBL-S 1" 49.52 122 1732 1015 0.20 751 9.37 367 0.71 0.31 0.10 0.03 n.a.
BBL BBL-S 14 49.98 172 1625 10.10 0.20 782 8.38 444 0.81 0.30 0.10 0.03 n.a.
BBL BBLS 15 50.58 154 16.17 1018 0.21 7.84 8.55 391 0.72 0.31 0.1 0.03 n.a.
BBL BBL-S 17 48.02 097 1607 1051 0.09 1143 9.66 290 0.26 0.09 0.08 0.02 n.a.
BBL BBL-S 18 50.02 1.50 16.15 1022 0.20 8.07 8.83 391 0.80 0.30 0.10 0.03 n.a.
BBL BBL-S 19 48.55 1.03 1723 1036 0.09 10.00 927 3.00 0.28 0.19 0.08 0.02 n.a.
BBL BBL-S 20 49.34 1.30 1761 10.10 0.20 793 9.1 3.50 0.60 0.30 0.09 0.03 n.a.
BBL BBLS 21A 4924 1.36 1668 10.26 0.10 9.08 8.73 368 0.58 0.29 0.09 0.02 n.a.
BBL BBLS 21B 4887 144 1694 1026 0.19 9.00 8.81 364 0.57 0.29 0.09 0.03 n.a.
BBL BBL-S 22 4857 1.10 1647 1039 0.09 1002 10.16 284 027 0.09 0.08 0.02 n.a.
BBL BBL-5 23 49.20 127 16.83  10.22 0.10 8.59 9.78 3.33 049 0.20 0.09 0.02 n.a.
BBL BBL-S 3 48.32 0.98 1648 1041 0.09 1063 9.80 285 027 0.18 0.08 0.01 n.a.
BBL BBLS 30 4957 112 16.11 1038 019 961 8.90 3.18 0.66 0.28 0.1 0.04 n.a.
BBL BBL-S 31 50.72 1.16 1543 1020 0.19 851 961 340 0.58 0.19 0.12 0.04 1.10
BBL BBL-S 32 5043 124 1599 1018 0.19 8.36 9.33 343 0.57 029 0.13 0.03 1.16
BBL BBL-S 33 50.22 127 1638 1023 0.20 8.06 9.02 363 0.69 0.29 0.14 0.04 1.19
BBL BBL-S 34 51.74 1.05 1470 1018 0.19 8.39 9.83 3.25 048 0.19 0.12 0.03 1.15
BBL BBL-S 4 4829 1.04 1638 1040 0.09 1054  10.06 286 0.26 0.09 0.07 0.01 n.a.
BBL BBL-S 43 50.24 118 1643 1025 0.20 842 8.66 354 0.79 0.30 0.1 0.04 0.94
BBL BBL-S 44 48.36 0.92 1737 1035 0.09 9.79 10.16 259 0.28 0.09 0.09 0.02 0.94
BBL BBL-S 46 4932 114 1662 10.31 0.19 9.12 9.31 3.13 057 0.28 0.09 0.03 1.09
BBL BBL-5 47 48.04 0.80 16.87 1040 0.09 1068  10.08 268 027 0.09 0.08 0.02 092
BBL BBLS 49 4960 117 1766 1006 020 755 937 332 078 029 010 003 062
BBL BBLS 5 50.69 148 1703 10.02 0.21 6.82 867 391 0.85 0.32 0.1 0.04 n.a.
BBL BBL-S 6 4961 1.36 1588 1019 0.19 8.54 9.88 368 048 0.19 0.10 0.02 n.a.
BBL BBLS 7 47.99 0.99 1623 1045 0.09 1.00 1019 279 0.18 0.09 0.08 0.01 n.a.
BORG BORG-1 10 4971 0.86 19.18 885 013 7.03 9.25 415 0.60 0.10 0.09 0.04 n.a.
BORG BORG-1 1 48.86 0.78 19.45 897 0.09 7.70 8.92 443 0.55 0.10 0.13 0.04 n.a.
BORG BORG-1 12 49.78 0.82 19.55 891 013 740 842 4.18 0.55 0.1 0.1 0.04 n.a.
BORG BORG-1 14 48.52 0.69 18.28 924 0.10 9.53 10.05 292 047 0.06 0.09 0.05 n.a.
BORG BORG-1 15 5042 0.98 1941 861 013 6.16 8.89 4.51 0.59 0.12 0.13 0.05 n.a.
BORG BORG-1 19 48.14 083 19.94 9.01 0.12 795 9.14 4.10 0.55 0.07 0.10 0.05 n.a.
BORG BORG-1 2 4897 0.79 20.81 8.75 0.14 6.66 944 368 0.53 0.08 0.10 0.05 n.a.
BORG BORG-1 20 48.68 091 19.30 9.13 012 822 8.56 4.30 0.52 0.10 0.12 0.04 n.a.
BORG BORG-1 21 4822 0.74 19.67 9.1 0.09 849 9.69 327 0.52 0.07 0.09 0.04 n.a.
BORG BORG-1 22 47.74 0.82 17.68 9.33 0.10 1024 1033 298 0.52 0.10 0.10 0.06 n.a.
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Table S2. (continued)

Cinder Cone Tephra Sample

383333325333593323333233332333333332333333; 3333 338000388888888388

Melt Incl_SiOp Ti0;  ALOs EcQT  MnO MgO  CaO N0 KO POs s Cl 10
BORG-1 23 4882 08 2051 873 012 655 961 402 057 009 009 005 na
BORG-1 24 4935 083 1978 88 013 718 928 379 056 010 009 004 n.a
BORG-1 25 4857 072 1819 922 011 940 1042 271 046 006 010 005 n.a
BORG-1 3 4877 089 2040 88 012 684 940 397 053 008 009 005 na
BORG-1 31 5094 100 1889 888 016 734 880 296 066 016 015 006 256
BORG-1 35 5137 08 1824 8% 013 709 900 344 05 016 017 005 na
BORG-1 37 5092 08 1890 879 014 666 924 35 054 017 017 005 312
BORG-1 38 5069 090 1849 896 014 749 912 329 055 014 018 005 312
BORG1 40 5058 08 1927 88 014 687 944 308 061 012 012 006 281
BORG-1 42 5017 08 1832 904 013 801 963 307 055 010 011 005 296
BORG-1 43 5094 089 1900 878 015 720 88 329 053 011 015 006 174
BORG-1 4 5125 084 1869 876 014 662 939 344 057 010 014 005 295
BORG-1 45 5047 099 1948 860 016 656 932 353 059 013 012 005 085
BORG-1 8 4824 073 209% 894 015 714 897 405 053 013 012 004 na
BORG-1 9 4808 079 1766 928 008 997 1029 306 054 010 011 006 n.a
MM-L17-BORG-1 1 4990 067 1812 903 013 813 1082 243 050 008 013 005 257
MM-L17-BPPC4 13 5131 079 1749 758 014 843 1108 258 036 009 010 004 226
MM-L17-BPPC4 14 5134 079 1774 757 014 826 1104 253 035 008 011 004 224
MM-L17-BPPC4 15 5195 074 1703 75 014 833 1122 248 032 009 010 004 191
MM-L17-BPPC4 2 5084 077 1744 757 012 833 1184 25 025 011 011 006 n.a
MM-L17-BPPC4 3 5266 08 1772 722 015 613 1187 275 035 013 010 005 269
MM-L17-BPPC4 4 5090 083 1749 763 010 865 1104 273 033 013 011 006 241
MM-L17-BPPC4 5 5122 076 1716 754 014 852 1155 257 026 009 011 007 137
BRM-1 14 4925 098 1866 749 007 772 1030 405 070 024 022 031 na
BRM-1 16 5037 099 1791 754 007 794 958 431 065 020 016 025 na
BRM-1 17 5047 093 1802 754 008 796 937 446 061 018 016 024 n.a
BRM-1 18 4885 109 1861 759 009 817 984 410 094 030 019 025 na
BRM-1 19 5094 101 1926 751 009 715 832 425 087 022 014 024 na
BRM-1 2 4987 092 178 757 006 830 1039 38 056 020 016 024 n.a
BRM-1 22 4999 096 1812 749 008 748 977 490 058 020 017 026 n.a
BRM-1 23 5025 120 1923 722 010 563 997 478 09 031 018 023 na
BRM-1 24 5673 196 1431 719 009 555 716 434 18 048 005 035 n.a
BRM-1 25 489 099 1887 749 008 763 1007 457 060 023 019 030 na
BRM-1 3 5022 09 1857 747 007 739 964 441 066 020 016 025 na
BRM-1 30 5259 08 1780 765 010 727 861 38 065 020 018 029 305
BRM-1 34 4957 094 1880 750 008 721 1014 421 075 024 025 031 221
BRM-1 35 495 093 1833 761 007 808 977 409 074 026 024 032 na
BRM-1 36 5063 09 1768 748 005 790 1003 368 073 027 023 036 052
BRM-1 39 5140 08 1745 771 008 839 917 372 074 025 020 029 354
BRM-1 40 5003 097 1875 746 007 731 1016 364 077 029 025 031 na
BRM-1 4 5056 08 1815 752 008 748 1081 332 055 019 022 030 199
BRM-1 5 4917 108 1835 760 006 804 1000 426 072 026 018 028 na
BRM-1 6 4923 099 1940 745 007 723 1038 403 057 023 016 025 n.a
BRM-1 7 4997 111 1893 742 010 660 1020 426 075 026 016 026 na
BRM-1 8 4937 109 1869 756 006 815 890 45 08 024 020 029 na
MM-L17-BRM-2 1 4896 076 1846 754 006 864 1060 374 052 017 021 034 090
MM-L17-BRM-2 10 4923 114 1936 736 008 683 1018 422 081 029 027 024 083
MM-L17-BRM-2 13 488 104 1870 751 008 780 1009 428 077 034 026 031 na
MM-L17-BRM-2 14 4946 079 1861 750 007 765 1060 401 064 019 022 027 083
MM-L17-BRM-2 16 4956 080 1822 763 008 845 1038 363 054 023 02 024 224
MM-L17-BRM-2 177 4896 078 188 747 008 793 1121 354 052 019 018 026 065
MM-L17-BRM-2 18 4999 08 1862 752 008 810 970 377 075 021 016 023 064
MM-L17-BRM-2 24 5001 098 1925 733 010 651 1033 380 090 026 023 023 123
MM-L17-BRM-2 25 4914 102 1944 741 008 726 1027 38 077 026 023 031 063
MM-L17-BRM-2 26 4865 097 1934 748 007 803 999 387 079 026 024 032 079
MM-L17-BRM-2 29 4937 078 1837 760 006 870 1023 364 065 016 019 024 030
MM-L17-BRM-2 31 4920 077 1818 740 007 936 1055 334 051 016 021 025 031
MM-L17-BRM-2 32 4891 08 1925 753 008 761 109 35 054 019 020 025 078
MM-L17-BRM-2 8 4767 105 1907 752 008 811 1067 409 071 031 036 035 406
MM-L17-BRVB-2 10 5018 140 1754 918 015 728 970 299 105 029 017 005 203
MM-L17-BRVB-2 2 5056 117 1694 929 013 849 1002 252 05 015 016 002 060
MM-L17-BRVB-2 4 4847 145 1857 902 015 709 1038 344 094 032 012 005 031
MM-L17-BRVB-2 6 4922 095 1821 920 014 78 1077 295 035 016 012 003 072
MM-L17-BRVB-2 7 4851 148 1842 913 015 706 1000 355 111 033 020 007 191
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Table S2. (continued)

Cinder Cone Tephra Sample Melt Incl % olivine « Fo Olivine Li B Sc V Rb Sr Y: Zr Nb Sn Ba
BAS44 BAS44-2 1 34 871 n.a. n.a. n.a n.a. n.a n.a n.a. n.a. n.a. n.a. n.a.
BAS44 BAS44-2 10 6.7 877 n.a n.a. n.a n.a. n.a. n.a n.a n.a. n.a. n.a. n.a.
BAS44 BAS44-2 4 6.3 875 n.a. na 2834 18372 n.a. 37444 1713 7075 265 2346 10684
BAS44 BAS-44-2 4 83 87.3 n.a. na 2919 20369 n.a 39459 1718 7315 3.05 115 10553
BAS44 BAS-44-2 5 44 87.1 n.a. na 3575 20407 n.a 42404 2008 7977 329 148 12978
BAS44 BAS44-2 6 6.3 87.7 n.a n.a. n.a. n.a. n.a n.a n.a. n.a. n.a. n.a. n.a.
BAS44 BAS44-2 7a 38 87.1 n.a. na 3454 20267 n.a. 41625 1916 7837 285 122 13875
BAS44 BAS44-2 7> 28 86.7 n.a. n.a. n.a. n.a. n.a. n.a n.a. n.a. n.a. n.a. n.a.
BBL BBL-S 1 16 824 1070 365 3522 20924 1153 39886 1821 9996 567 079 30997
BBL BBL-S 14 29 8238 8.16 293 4124 24806 1288 29626 2996 13376 624 128 32688
BBL BBLS 15 11 825 1039 492 5092 30891 1283 36109 2998 13293 641 112 33456
BBL BBL-S 17 16.6 879 821 192 4698 28838 571 36766 2888 9062 226 124 16208
BBL BBL-S 18 30 832 991 296 4341 22363 1181 31655 2439 12034 625 097 31968
BBL BBL-5 19 106 86.3 6.55 033 2814 18452 405 23804 1903 6770 220 057 11253
BBL BBLS 20 34 833 1132 426 4624 29186 1296 44528 2302 11899 629 1548 33858
BBL BBLS 21A 6.6 85.0 9.18 339 4328 31954 1157 35814 2318 10232 552 111 290.90

BBL BBL-S 218 6.7 85.0 871 339 4194 28008 987 30355 2223 11273 550 099 269.09
BBL BBL-5 2 127 86.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

BBL BBL-S 23 56 844 9.88 264 3863 27678 7.73 29577 2305 8641 3.88 089 207.27
BBL BBL-S 3 156 87.1 n.a. n.a n.a. n.a. n.a. n.a n.a n.a. n.a. n.a. n.a.

BBL BBL-5 30 97 855 1378 410 3729 31754 1153 36692 2564 11121 585 099 30812
BBL BBL-S 31 58 839 n.a. na 3731 21527 na 27331 2442 8918 404 141 206.03
BBL BBL-S 32 78 837 n.a. na 3535 18493 n.a 30470 2284 9917 546 130 25372
BBL BBLS 33 5.1 831 n.a. na 378 21022 n.a 32849 2592 11964 6.70 163 33260
BBL BBL-S 34 6.3 836 n.a n.a n.a. n.a. n.a na n.a. n.a. n.a. n.a. n.a.

BBL BBL-5 4 182 871 n.a. n.a. n.a. n.a. n.a. n.a n.a. n.a. n.a. n.a. n.a.

BBL BBL-5 43 37 836 n.a. n.a. 3661 19225 n.a. 32939 2312 11408 6380 149 32853
BBL BBLS 44 96 86.2 n.a. n.a. 2837 18278 n.a. 24188 1887 5852 204 119 107.22
BBL BBL-S 46 8.0 85.0 n.a. na 3404 20195 na 32458 2151 10082 6.1 154 26879
BBL BBL-5 47 1.9 87.2 n.a. na 3179 18021 n.a. 23195 1798 5505 168 096 9576
BBL BBLS 49 36 826 n.a. na 3428 21112 n.a 40166 2186 11384 667 281 31801
BBL BBLS 5 18 804 n.a. n.a n.a. n.a. na na n.a n.a. n.a. n.a. n.a

BBL BBL-5 6 6.8 844 1006 254 4021 25363 745 29667 2273 9443 414 081 21379
BBL BBLS 7 143 876 9.85 207 4390 32455 372 31357 2402 7950 268 069 13125
BORG BORG-1 10 57 839 n.a. n.a. n.a n.a. n.a n.a n.a. n.a. n.a n.a. n.a.

BORG BORG-1 1 140 852 592 409 2909 22748 810 62331 1298 5347 218 044 24569
BORG BORG-1 12 47 842 6.02 548 3739 26597 859 72555 1659 6721 252 045 28444
BORG BORG-1 14 106 876 6.26 240 3151 24067 445 43705 1162 4782 186 043 139.88
BORG BORG-1 15 04 819 8.06 675 3041 25608 947 60844 1279 6223 262 060 28650
BORG BORG-1 19 73 85.7 6.75 347 3231 23113 466 487.08 1314 4738 210 046 166.13
BORG BORG-1 2 05 834 n.a. n.a. n.a n.a. n.a na n.a n.a. n.a. n.a. n.a.

BORG BORG-1 20 96 857 6.55 446 2793 22180 737 58260 1128 4831 227 064 23481
BORG BORG-1 21 9.9 864 494 240 2899 22813 451 45939 1123 4625 187 040 14820
BORG BORG-1 22 142 886 569 363 3250 23515 538 40517 1222 6015 265 048 13387
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Table S2. (continued)

Cinder Cone Tephra Sample

383333325333593323333233332333333332333333; 3333 338000388888888388

BORG-1

BORG-1

BORG-1

BORG-1

BORG-1

BORG-1

BORG-1

BORG-1

BORG-1

BORG-1

BORG-1

BORG-1

BORG-1

BORG-1

BORG-1
MM-L17-BORG-1
MM-L17-BPPC4
MM-L17-BPPC4
MM-L17-BPPC4
MM-L17-BPPC4
MM-L17-BPPC4
MM-L17-BPPC4
MM-L17-BPPC4
BRM-1

BRM-1

BRM-1

BRM-1

BRM-1

BRM-1

BRM-1

BRM-1

BRM-1

BRM-1

BRM-1

BRM-1

BRM-1

BRM-1

BRM-1

BRM-1

BRM-1

BRM-1

BRM-1

BRM-1

BRM-1

BRM-1
MM-L17-BRM-2
MM-L17-BRM-2
MM-L17-BRM-2
MM-L17-BRM-2
MM-L17-BRM-2
MM-L17-BRM-2
MM-L17-BRM-2
MM-L17-BRM-2
MM-L17-BRM-2
MM-L17-BRM-2
MM-L17-BRM-2
MM-L17-BRM-2
MM-L17-BRM-2
MM-L17-BRM-2
MM-L17-BRVB-2
MM-L17-BRVB-2
MM-L17-BRVB-2
MM-L17-BRVB-2
MM-L17-BRVB-2

23
24
25
3

—oexoHRERE8YERR

05
16
92
42
0.1
39
02
16
15
28
04
71
03
15
16.0
50
07
31
21
55
35
48
6.8
99
92
76
85
58
137
97
15
4.0
74
87
6.6
84
104
120
18
97
73
1.0
78
77
144
13
98
99
96
134
105
136
34
73
104
125
19
86
94
02
52
4.0
31
27

Melt Incl % olivine ¢ Fo Olivine Li

833
842
875
837
84.0
833
827
842
833
853
84.0
827
832
842
883
858
875
872
87.3
876
87.3
87.8
879
884
883
883
889
86.6
89.0
879
847
86.7
884
876
86.2
875
886
884
882
876
87.8
887
87.8
86.6
887
896
87.3
886
884
89.0
89.0
887
86.6
879
889
89.5
90.5
884
89.1
835
855
84.1
85.1
837

Sc v Rb St Zr Nb Sn Ba
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a n.a. n.a. n.a.
8.19 409 3779 30166 799 65141 1688 7102 366 062 25198
1038 382 4898 39065 739 63140 1676 7590 328 058 20258
n.a. n.a. n.a. n.a n.a n.a. n.a na n.a. n.a. n.a.
n.a. na 2917 20502 n.a 54646 1305 6259 274 089  280.70
n.a. na 2706 21036 n.a 58638 1280 5434 245 104 25429
n.a. n.a. 2653 21739 n.a. 59594 1351 56.71 258 109 26674
n.a. n.a. 2713 18446 n.a. 56615 1287 4957 220 105 236.11
n.a. na 2920 20799 n.a 49510 1312 5724 307 116 187.35
n.a n.a 2888 20867 n.a. 49249 1265 5404 288 099 17043
n.a. n.a 2652 18527 n.a. 54880 1295 5227 215 1.07 23085
n.a. na 3006 21398 na 55492 1433 5293 194 102 21586
n.a. na 2791 2267 n.a 50353 1351 5789 323 096 19854
n.a. n.a. n.a n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
n.a. n.a. n.a. n.a. n.a. n.a n.a. n.a. n.a. n.a. n.a.
n.a n.a. 2973 10397 n.a. 42652 1148 4775 198 092 13015
n.a. n.a. 3420 22941 n.a. 42132 1557 59.07 1.82 099 12141
n.a. na 3187 25351 n.a 44867 1494 5548 187 101 11892
n.a. na 3241 22263 na 45350 1499 5445 156 0.80 109.98
n.a. na 3171 21858 n.a. 43470 1539 5147 139 099 7672
n.a. n.a. n.a n.a n.a n.a n.a n.a n.a. n.a. n.a
n.a. n.a. n.a n.a. n.a. n.a. n.a n.a. n.a. n.a. n.a.
n.a. na 3628 22676 n.a 48846 1665 5414 132 106 7347
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
n.a n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
7.09 420 2931 27076 935 159051 1549 11027 539 104 28677
n.a. n.a. n.a. n.a. n.a. n.a n.a. n.a. n.a. n.a. n.a.
5.06 394 2665 21264 1446 128889 1268 109.10 543 062 29484
n.a n.a. n.a n.a n.a. n.a. n.a. n.a. n.a. n.a. n.a.
833 273 2802 31376 812 193783 1290 11459 441 069 28436
n.a. n.a. n.a. n.a. n.a. n.a n.a. n.a. n.a. n.a. n.a.
1787 769 2883 33635 2210 70576 1989 16865 1230 125 55161
8.07 275 2035 22972 697 146306 1201 9583 394 083 201.02
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
nd. nd. 2188 16562 000 108425 1195 8489 399 103 24748
nd. nd. 2292 18024 000 125328 1273 9794 465 132 27372
n.a. n.a. n.a. n.a. n.a. n.a n.a. n.a. n.a. n.a. n.a.
n.a. n.a. n.a. n.a. n.a n.a. n.a. n.a. n.a. n.a. n.a.
n.a. n.a. n.a n.a. n.a. n.a n.a. n.a. n.a. n.a. n.a.
n.a. n.a. n.a. n.a. n.a n.a n.a. n.a. n.a. n.a. n.a.
nd. nd. 2353 18593 0.00 108781 1129 7500 393 095 157.81
1076 157 2787 27633 1456 187770 1459 12987 9.36 091 32272
741 139 2112 18064 528 81361 769 5706 241 046 11598
157 231 3139 33165 1481 207684 1833 15073 1037 130 38822
7.39 556 3512 27664 1443 181425 1513 11624 826 122 32098
n.a. na 2341 18800 n.a. 111282 1060 7117 323 145 14299
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
n.a n.a. n.a. n.a. na n.a n.a. n.a. n.a. n.a. n.a.
n.a. n.a. n.a. n.a. n.a. n.a. n.a n.a n.a. n.a. n.a.
n.a. n.a. n.a. n.a. n.a. n.a. n.a n.a. n.a. n.a. n.a.
n.a. na 2155 17387 n.a 109319 1244 8444 487 112 28202
n.a. na 2595 18185 n.a 111889 1233 9507 746 113 30753
n.a. na 2119 18014 n.a 132580 1131 10011 754 120 25375
n.a. na 1982 16540 n.a. 139814 1133 10146 768 120 24941
n.a. na 2095 17786 n.a. 114769 1154 8012 392 126 20578
n.a. na 2368 17641 n.a. 104550 1012 66.03 3.79 112 13630
n.a. na 2323 19823 n.a. 112039 1043 7377 4.04 087 151.76
n.a na 2083 15572 n.a. 140344 1172 12755 3.39 295 257.16
n.a. na 2917 25143 n.a 46176 1892 10564 824 153 38823
n.a. n.a. 3453 26108 n.a 36248 2363 8407 344 136 20699
n.a. na 3025 23351 na 49435 2075 11540 876 163 38663
n.a. na 2780 28174 n.a 57073 2216 12445 967 177 48098
n.a. na 3442 29984 na 55794 2354 13130 913 268 45466
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Table S2. (continued)

Cinder Cone Tephra Sample Melt Incl La Ce Nd Sm Dy Yb Pb Cu Zn Mo Sn

BAS44 BAS44-2 1 n.a. n.a. n.a. n.a. n.a. n.a. n.a na na na na na.
BAS44 BAS44-2 10 n.a. n.a. n.a n.a. n.a n.a. n.a. na. n.a na na. na
BAS44 BAS44-2 2 735 1968 1208 275 317 224 n.a. 75.48 na. 0.98 na. na.
BAS44 BAS-44-2 4 712 1942 1198 314 3.19 214 175 7319 7763 0.96 na 0.08
BAS44 BAS-44-2 5 794 208 1271 315 3.60 21 198 6694 6636 0.34 148 0.07
BAS44 BAS44-2 6 n.a. n.a. n.a. n.a. n.a. n.a. n.a na n.a. n.a. na na
BAS44 BAS-44-2 7a 796 2020 1231 318 3.50 221 261 10671 7490 0.50 122 0.13
BAS44 BAS44-2 7b n.a. n.a. n.a. n.a. n.a. n.a. n.a. na n.a. n.a. na n.a
BBL BBL-S 1" 1079 2752 1543 369 297 239 3.77 8407 10921 049 0.79 n.a
BBL BBL-S 14 1200 2922 1804 414 575 320 358 71.30 7454 0.51 1.28 na.
BBL BBL-S 15 1258 3060 1940 441 557 357 365 12011 10972 073 1.12 n.a
BBL BBLS 17 569 1626 1318 335 5.07 3.05 170 14023 8282 0.15 124 n.a.
BBL BBL-5 18 1159 2996 1819 514 476 254 359 6740 8800 0.78 0.97 na.
BBL BBL-5 19 485 1221 860 244 344 176 119 6726 6254 0.32 057 n.a.
BBL BBLS 20 190 3115 1819 377 377 232 522 10941 13862 068 1548 n.a.
BBL BBLS 21A 1170 2708 1603 344 465 3.04 402 11949 11107 087 1.1 na
BBL BBLS 21B 999 2857 1428 421 5.02 267 347 8291  116.04 0.57 0.99 na.
BBL BBL-5 2 n.a. n.a n.a. n.a. n.a. n.a. n.a. na n.a n.a na n.a
BBL BBL-S 23 773 204 1328 3.06 3.30 192 279 10518  96.34 0.50 0.89 n.a
BBL BBL-S 3 n.a. n.a. n.a. n.a n.a. n.a. n.a. na. na na na. na
BBL BBL-5 30 1220 3195 1523 457 599 358 421 8923 7887 0.73 1.35 0.18
BBL BBL-S 31 785 1975 1273 278 417 284 294 7922 7074 063 141 0.11
BBL BBL-S 32 952 2327 1465 378 415 261 344 7018 7501 0.59 1.30 0.19
BBL BBLS 33 1214 2886 1766 4.12 443 278 439 16876 7528 0.83 1.63 020
BBL BBL-S 34 n.a. n.a. n.a. n.a. n.a. n.a. n.a. na n.a. n.a. na na
BBL BBL-S 4 n.a n.a. n.a. n.a n.a. n.a. n.a. na n.a n.a. na na
BBL BBL-S 43 1159 2883 1730 408 453 282 472 10275 7999 097 149 0.16
BBL BBLS 44 433 11.35 748 215 327 187 128 7518 63.17 0.31 1.19 0.05
BBL BBL-S 46 1009 2420 1446 375 363 275 3.78 98.18 77.96 072 154 0.18
BBL BBL-5 47 357 9.57 758 200 3.12 206 129 7443 5982 020 0.96 0.04
BBL BBLS 49 1172 2901 1668 403 4.05 250 443 6554 9539 0.80 281 0.22
BBL BBLS 5 n.a. n.a. n.a n.a n.a. n.a. na na na na na. na.
BBL BBL-5 6 821 2202 1278 322 395 205 275 8421 9742 046 0.81 na.
BBL BBLS 7 536 1452 994 207 449 3 138 11432 10974 #VALUE! 069 na
BORG BORG-1 10 n.a. n.a. n.a. n.a. n.a. n.a. n.a na n.a. n.a. na na
BORG BORG-1 1 784 1629 975 235 279 113 401 11365 6863 052 0.44 na
BORG BORG-1 12 921 1933 1123 209 258 205 443 15949 9985 0.15 045 na
BORG BORG-1 14 440 1165 688 184 203 093 221 9239 6434 0.30 043 n.a
BORG BORG-1 15 846 2105 1249 232 262 1.1 534 32426 12276 030 0.60 n.a.
BORG BORG-1 19 529 1342 840 210 246 1.10 283 10588 7339 037 0.46 na.
BORG BORG-1 2 n.a. n.a. n.a. n.a. n.a n.a. n.a na na na na na
BORG BORG-1 20 673 1619 992 237 209 091 400 25355  84.06 0.36 064 n.a.
BORG BORG-1 21 453 1159 741 166 214 096 194 o764 69388 0.31 0.40 na.
BORG BORG-1 22 559 1435 898 217 251 154 218 8733 5648 028 048 na.
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Table S2. (continued)

Cinder Cone Tephra Sample Melt Incl La Ce Nd Sm Dy Yb Pb Cu Zn Mo

BORG BORG-1 23 n.a. n.a. n.a n.a. n.a. n.a. n.a na na na na na.
BORG BORG-1 24 766 1851 1189 221 288 177 321 12831 10020 025 062 na.
BORG BORG-1 25 805 1915 1.70 376 3.06 207 311 14677 10382 060 0.58 na.
BORG BORG-1 3 n.a. n.a. n.a n.a. n.a. n.a. n.a na n.a. na na na
BORG BORG-1 31 808 1833 1150 260 268 148 468 16999 8625 0.54 0.89 0.08
BORG BORG-1 35 776 1731 11.00 257 2.50 137 440 24427 7835 045 1.04 0.10
BORG BORG-1 37 806 1850 11.38 283 250 153 440 25984 8803 0.55 1.09 0.1
BORG BORG-1 38 719 1599 1031 251 246 1.37 411 29655 7344 043 1.05 0.10
BORG BORG-1 40 597 1408 854 250 252 134 282 9163 8377 0.40 1.16 0.10
BORG BORG-1 42 539 1311 842 225 245 133 249 9515 7240 044 0.99 0.07
BORG BORG-1 43 653 1508 947 252 243 134 430 28159 9094 046 1.07 0.09
BORG BORG-1 44 620 1404 971 249 270 147 381 17737 8461 043 1.02 0.08
BORG BORG-1 45 660 1599 1071 296 244 148 3.00 8317 9639 053 0.96 0.07
BORG BORG-1 8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. na n.a na na na
BORG BORG-1 9 n.a. n.a. n.a. n.a. n.a. n.a. n.a. na. na na na na.
BORG MM-L17-BORG-1 1 443 1078 732 191 240 1.55 201 7829 na 0.38 0.92 0.05
BPPC MM-L17-BPPC4 13 572 1418 890 226 3.00 174 214 2599 6955 045 0.99 0.07
BPPC MM-L17-BPPC4 14 558 1451 887 254 3.19 187 207 2425  60.08 031 1.01 0.08
BPPC MM-L17-BPPC4 15 535 13.50 8.19 232 3.00 199 173 2337 67.71 0.30 0.80 0.09
BPPC MM-L17-BPPC4 2 463 1221 774 215 277 151 1.60 2747 5095 027 0.99 0.14
BPPC MM-L17-BPPC4 3 n.a. n.a. n.a n.a. n.a n.a. n.a na 67.32 na na na
BPPC MM-L17-BPPC4 4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. na 56.08 na na na.
BPPC MM-L17-BPPC4 5 492 1344 848 209 280 192 197 2980 8784 020 1.06 n.a.
BRM BRM-1 14 n.a. n.a. n.a. n.a. n.a. n.a. n.a. na n.a. n.a. na na
BRM BRM-1 16 n.a. n.a. n.a. n.a. n.a. n.a. n.a. na n.a. n.a. na na
BRM BRM-1 17 1861 4220 1853 284 280 1.05 5.15 36.71 7754 0.04 1.04 na.
BRM BRM-1 18 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a na n.a
BRM BRM-1 19 1650 3699 1961 4.10 265 0.99 6.49 1492 6621 0.63 0.62 n.a.
BRM BRM-1 2 n.a. n.a. n.a. n.a. n.a. n.a. n.a na n.a. na na na
BRM BRM-1 22 1977 4423 2153 379 21 0.31 502 6788 8220 052 0.69 na.
BRM BRM-1 23 n.a n.a. n.a. n.a. n.a. n.a. n.a. na n.a n.a. na n.a
BRM BRM-1 24 2854 6314 3335 577 413 221 942 na n.a. n.a na na
BRM BRM-1 25 1495 3732 1807 449 248 064 4.04 1412 9748 037 0.83 na.
BRM BRM-1 3 n.a. n.a n.a n.a n.a. n.a. n.a. na n.a. n.a. na na
BRM BRM-1 30 1427 3263 1734 311 222 124 482 658 5731 049 1.03 0.16
BRM BRM-1 34 1628 3700 1972 321 257 148 582 5146 5095 0.52 132 029
BRM BRM-1 35 n.a. n.a. n.a. n.a. n.a. n.a. n.a na n.a. n.a na na
BRM BRM-1 36 n.a. n.a. n.a. n.a. n.a. n.a. n.a. na n.a. n.a na n.a
BRM BRM-1 39 n.a. n.a. n.a. n.a. n.a n.a. n.a na. na. na na. na.
BRM BRM-1 40 n.a. n.a. n.a. n.a. n.a. n.a. n.a. na n.a. n.a. n.a. n.a
BRM BRM-1 41 1208 2837 1532 298 225 122 323 4.04 4765 0.38 0.95 0.07
BRM BRM-1 5 2245 5381 2364 421 228 145 587 1478 7538 061 0.91 n.a.
BRM BRM-1 6 991 2436 1139 278 1.30 1.30 287 4928 19889 037 046 na.
BRM BRM-1 7 2620 5898 2509 389 3.80 1.76 6.67 2054  87.03 0.74 1.30 na.
BRM BRM-1 8 2243 5164 2608 4.09 209 113 591 7494 7885 061 122 na.
BRM MM-L17-BRM-2 1 151 2787 1438 271 222 1.32 374 8156 3971 na 145 013
BRM MM-L17-BRM-2 10 n.a. n.a. n.a. n.a n.a n.a. n.a. na. n.a na na n.a.
BRM MM-L17-BRM-2 13 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a n.a. na na n.a
BRM MM-L17-BRM-2 14 n.a. n.a. n.a n.a. n.a. n.a. na na na na na na.
BRM MM-L17-BRM-2 16 n.a. n.a. n.a. n.a. n.a. n.a. na na. na na na. na.
BRM MM-L17-BRM-2 17 n.a. n.a. n.a. n.a. n.a. n.a. n.a. na na na na na.
BRM MM-L17-BRM-2 18 1627 3517 1727 321 244 153 568 3397  46.11 0.50 112 0.23
BRM MM-L17-BRM-2 24 1542 3670 1844 349 242 123 4.88 64.11 62.87 0.75 113 0.19
BRM MM-L17-BRM-2 25 1697 4066 2045 358 241 114 487 2245 5446 061 1.20 0.18
BRM MM-L17-BRM-2 26 1737 4135 2056 359 229 1.06 468 2578 4038 na 1.20 017
BRM MM-L17-BRM-2 29 1342 3196 1605 3.16 212 121 4.36 6263 4259 0.54 1.26 0.16
BRM MM-L17-BRM-2 31 1046 2627 1347 266 197 1.10 289 3362 4777 042 1.12 0.09
BRM MM-L17-BRM-2 32 1183 2902 1456 285 1.89 1.26 3.15 4.49 48.82 0.36 0.87 0.08
BRM MM-L17-BRM-2 8 2184 5483 2804 4.86 258 1.01 5.07 159.91 54.83 071 295 0.08
BRVB MM-L17-BRVB-2 10 1436 3453 1968 413 3.86 214 430 2365 95.66 0.89 1.53 0.26
BRVB MM-L17-BRVB-2 2 6.93 1674 11.70 332 422 273 3.26 65.06 72.80 0.36 1.36 0.09
BRVB MM-L17-BRVB-2 4 1467 3515 2096 455 403 210 371 9.35 86.98 0.84 1.63 0.31
BRVB MM-L17-BRVB-2 6 1736 4217 2493 595 416 213 448 1352 8867 120 177 026
BRVB MM-L17-BRVB-2 7 1776 3907 2446 487 469 266 549 6479 9859 1.07 268 043
n. a. =not analyzed

n. d. = not detected
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Table $3. Major element data for melt inclusion olivine hosts analyzed via EPMA, Values reported in wt. %. Values and standard
deviation calculated from the average of 3-5 analysis spots. Cu measured via LA-ICPMS. Values Reported in ppm. Uncertainty
represents standard crvor, including uncertainty in calibration standard

Cinder Cone Tephra Sample Inclusion  Date Analyzd  Si0;  Is.d ALO;  1s.d FeO' s d MO 1s.d MgO s d €0 Isd  Cu 1sd

BAS-44 BAS-44-2 1 81/18 4029 031 0.03 0.01 12.02 0.07 0.19 0.00 45.50 0.14 022 0.01 n a. na
BAS-44 BAS-44-2 10 {118 39.93 0.49 0.04 0.00 11.69 0.09 0.18 0.01 46.78 0.31 022 0.00 n. a. n.a
BAS-44 BAS-44-2 2 8118 4097 0.50 0.05 0.00 11.28 0.08 0.17 0.01 4448 0.26 021 0.01 37 03
BAS-44 BAS-44-2 4 8/1/18 3834 027 0.05 0.00 11.82 0.14 0.18 0.02 45.70 0.12 021 0.00 3.0 03
BAS-44 BAS-44-2 5 72518 41.08 0.40 0.04 0.00 1254 0.09 0.18 0.02 47.44 0.37 0.22 0.00 3.1 03
BAS-44 BAS-44-2 6 72518 3823 024 0.04 0.00 11.84 0.12 0.18 0.01 4728 0.20 022 0.00 28 02
BAS-44 BAS-44-2 Ta 72518 40.26 0.63 0.04 0.00 1233 022 0.18 0.00 46.57 0.44 022 0.00 na na
BAS-44 BAS-44-2 b 818 41.02 0.26 0.04 0.00 12.64 0.17 0.20 0.01 46.24 0.50 023 0.00 na n.a
BBL BBL-5 11 6/1217 39.3 018 0.02 000 1603 029 027 001 4200 031 0.18 0.01 n.a n.a.
BBL BBL-5 14 6/12/17 39.62 0.22 0.02 0.00 15.89 0.33 0.28 0.00 4282 0.17 021 0.00 n. a. n.a
BBL BBL-5 15 6/12/17 3976 044 0.02 000 1607 042 027 001 4259 046 0.22 0.01 n.a. n.a
BBL BBL-5 17 11226/18 4051 023 0.07 0.02 1.77 0.18 0.19 0.00 48.00 0.93 024 0.00 n a na
BBL BBL-5 18 1126/18 3866 028 0.06 0.01 1575 0.08 027 001 4362 045 0.20 0.01 n.a. n.a.
BBL BBL-5 19 1126/18 39.34 0.36 0.08 0.02 1277 0.40 0.21 0.02 45.04 1.10 023 0.00 n.a n.a.
BBL BBL-5 20 1126118 3970 026 0.04 002 1574 030 027 001 4390 120 022 0.00 n.a. n.a.
BBL BBL-5 21A 11226/18 39.36 021 0.05 0.01 14.12 0.16 024 0.01 44.76 0.32 024 0.00 n a n a
BBL BBL-5 21B 11226/18 3936 021 0.05 0.01 1412 016 0.24 001 4476 032 0.24 0.00 n.a. n.a
BBL BBL-5 2 1126/18 40.15 0.38 0.06 0.01 12.90 0.51 0.21 0.01 46.05 0.28 022 0.00 n a n a
BBL BBL-5 23 1126/18 39.69 057 0.04 002 1473 027 025 001 4478 088 0.22 0.00 n.a na
BBL BBL-5 30 1126/18 39.57 0.58 0.05 0.02 13.71 021 0.23 0.02 45.40 0.58 022 0.01 na n.a
BBL BBL-5 30b 8118 38.80 0.07 0.03 0.00 15.57 0.14 0.24 0.02 43.25 0.24 0.20 0.01 3.0 0.2
BBL BBL-5 31 8118 39.52 0.55 0.04 0.00 14.70 0.12 0.24 0.01 43.08 0.63 023 0.00 28 0.2
BBL BBL-5 32 8118 3921 022 0.04 0.00 14.62 0.10 023 0.01 4215 0.55 023 0.00 32 0.3
BBL BBL-5 33 72518 38.26 0.66 0.02 0.00 15.68 024 025 0.01 43.20 033 022 0.01 29 02
BBL BBL-5 34 8/18 40.60 0.64 0.03 0.00 1491 027 025 0.01 4255 0.56 023 0.01 n. a. n a
BBL BBL-5 43 211220 3975 015 n.a n.a 1549 082 n.a n.a 4435 062 n.a n.a 3.56 122
BBL BBL-5 44 212220 4011 010 n.a na 1319 048 n.a n.a 4607 051 n.a n.a 256 0.21
BBL BBL-5 46 21220 3975 007 n.a n.a 1416 0.06 n.a. n.a. 4504 023 n.a na 38 031
BBL BBL-5 47 212220 40.17  0.06 n.a na 1221 010 n.a. n. a. 4683 021 n.a. n.a. 268 022
BBL BBL-5 49 21220 39.61 0.06 n.a n.a 16.41 0.14 n.a n.a. 4357 015 n.a n.a. 27 0.22
BBL BBL-5 3 1126/18 40.63 045 0.07 0.02 1241 0.66 0.19 0.00 46.99 0.64 023 0.00 n.a. n.a.
BBL BBL-5 4 1126118 4025 014 0.06 0.03 1238 030 0.20 001 4681 025 022 0.00 n.a na
BBL BBL-5 5 11226/18 38.82 0.35 0.03 0.02 18.12 0.55 0.32 0.01 41.76 0.73 022 0.00 n. a n.a
BBL BBL-5 6 11226/18 40.40 024 0.07 0.02 14.96 0.31 0.24 0.00 4529 0.75 023 0.00 n.a n.a.
BBL BBL-5 2 6/1217 4015 0.19 0.05 000 1141 039 0.18 001 4519 058 0.22 0.00 n.a. n.a
BORG BORG-1 2 6/5/17 40.09 0.37 0.03 0.01 15.72 0.11 021 0.01 4424 1.23 0.15 0.01 na na
BORG BORG-1 3 6/517 4065 041 0.03 000 1531 027 0.20 001 4415 023 0.15 0.00 n.a na
BORG BORG-1 8 6/5117 40.20 032 0.03 0.00 14.86 031 0.20 0.01 4438 0.41 0.14 0.01 na n.a
BORG BORG-1 9 6/5/17 40.63 0.34 0.03 0.00 10.90 0.25 0.15 0.01 46.09 0.60 0.16 0.00 n.a. na
BORG BORG-1 10 6/5/17 41.23 0.18 0.02 0.00 15.25 0.19 0.21 0.00 4451 0.25 0.14 0.01 n. a. n.a
BORG BORG-1 1 6/5/17 4093 036 0.02 0.01 1421 092 0.19 0.01 45.79 0.12 0.14 0.01 na n.a
BORG BORG-1 12 6/5/17 40.77 0.35 0.03 0.00 14.65 0.68 0.20 0.01 43.93 0.63 0.14 0.01 n a n.a
BORG BORG-1 13 6/5/17 41.72 0.19 0.02 0.01 14.36 L1 0.19 0.01 46.36 1.39 0.15 0.01 na na
BORG BORG-1 14 6517 4040 031 0.03 000 1162 028 0.16 000 4622 021 0.15 0.00 n.a. na
BORG BORG-1 15 6/5/17 40.53 0.31 0.02 0.00 17.13 0.33 0.22 0.01 43.56 0.44 0.13 0.00 n.a. n.a
BORG BORG-1 18 6/517 3924 052 0.02 0.01 1536 0.82 021 001 4312 085 0.14 0.00 n.a. na
BORG BORG-1 19 6/5/17 40.57 022 0.02 0.01 13.45 L1 0.19 0.01 45.29 0.30 0.15 0.00 na. na.
BORG BORG-1 20 6/517 4025 028 0.03 0.01 1324 187 0.19 002 4466  1.05 0.14 0.01 na. na.
BORG BORG-1 21 6/5/17 38.72 129 0.03 0.00 12.59 0.24 0.17 0.01 44.88 1.08 0.14 0.02 na n.a.
BORG BORG-1 22 6/5/17 40.16 034 0.02 000 1071 036 0.16 000 4657 031 0.16 0.00 n.a. n.a
BORG BORG-1 23 6517 39.65 0.52 0.03 0.01 15.45 0.24 021 0.01 43.34 049 0.13 0.01 n.a na
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Table S3. (continued)

Cinder Cone Tephra Sample Inclusion  Date Analyzd  Si0;  Is.d  ALO;  1s.d FeO' s d MO 1s.d MgO s d I1s.d Cu 1sd
BORG BORG-1 24 6/5/17 39.79 0.50 0.03 0.00 14.95 0.70 0.20 0.01 44.62 0.55 0.00 n a. na
BORG BORG-1 25 6/5/17 40.36 0.57 0.02 0.01 11.86 0.27 0.16 0.01 46.74 0.39 0.00 na. n a
BORG BORG-1 31 212220 3972 007 n.a na 1513 0.06 na n.a 4447 005 n.a 246 0.21
BORG BORG-1 35 8/1/18 39.11 0.85 0.02 0.00 15.56 0.19 0.21 0.01 4353 0.44 0.00 38 03
BORG BORG-1 37 8118 39.59 0.93 0.02 0.00 16.17 0.14 0.22 0.01 43.50 0.31 0.00 4.1 03
BORG BORG-1 38 72518 39.66 032 0.02 0.00 14.82 0.29 0.20 0.02 44.40 0.19 0.00 29 02
BORG BORG-1 40 212220 3957 0.03 na n.a 1574 015 n.a n.a. 415 01 n.a 2.56 0.21
BORG BORG-1 42 21220 4002 na n.a. na 1405  na n.a n.a 4570 n.a n.a na n.a
BORG BORG-1 43 212120 3960 022 n.a. n.a. 1519 0.10 n.a na 4467  0.06 n.a 314 0.26
BORG BORG-1 44 212120 38.04 294 n.a, na 16.15 0.17 na n a 4332 0.88 n.a, 259 022
BORG BORG-1 45 212120 3944 037 n.a n.a 1579 036 n.a na 4396 029 n.a. 241 021
BORG MM-L17-BORG-1 1 2/12120 40.17 0.26 na na 13.53 045 na n a 45.92 0.81 na 293 0.25
BORG MM-L17-BORG-1 2 21220 4030 017 n.a n.a 13.06 1.47 n.a n.a 46.41 1.35 n.a n.a. n.a
BPPC MM-L17-BPPC-4 13 212120 40.60 0.09 na na 12.10 0.11 na n.a 47.50 0.14 n.a 1.23 0.12
BPPC MM-L17-BPPC-4 14 2712220 3978 1.02 n.a. n.a 1224 015 n.a n.a 4693 032 n.a. 0.68 0.06
BPPC MM-L17-BPPC-4 15 2/1220 40.62 0.06 n.a na 1222 0.10 n a na 47.34 0.15 n.a 074 0.06
BPPC MM-LI17-BPPC-4 2 518 4067 043 0.03 000 1144 0.2 0.18 001 4537 029 0.00 0.7 0.1
BPPC MM-L17-BPPC-4 3 81718 40.53 0.56 0.03 0.00 11.76 0.16 0.18 0.01 4541 042 0.00 0.76 0.06
BPPC MM-LI17-BPPC-4 4 s 4037 092 0.03 0.01 1156 011 0.19 000 4654 039 0.01 0.7 0.1
BPPC MM-L17-BPPC-4 5 81718 38.53 1.61 0.03 0.00 11.34 0.19 0.18 0.01 46.02 0.79 0.01 07 0.1
BRM BRM-1 14 1126/18 4110 040 0.02 0.01 1146 0.3 0.16 001 4922 101 0.00 na n.a
BRM BRM-1 16 1126/18 41.24 044 0.02 0.01 11.59 0.30 0.17 0.00 49.26 0.25 0.00 n a na
BRM BRM-1 17 11226/18 40.87 0.36 0.03 0.01 1145 0.36 0.16 0.01 4844 0.40 0.00 na na
BRM BRM-1 18 1126/18 4093 0.70 0.02 0.01 1095 0.07 0.15 0.01 49.35 0.75 0.00 na n.a
BRM BRM-1 19 1126/18 40.74 042 0.07 0.02 13.21 113 0.20 0.02 47.93 118 0.01 n a n.a
BRM BRM-1 2 1126/18 41.53 6.44 0.07 0.02 11.74 343 0.17 0.41 48.01 6.93 032 n a. na
BRM BRM-1 23 1126/18 39.88 0.68 0.07 0.02 14.80 0.91 021 0.02 46.07 1.04 0.02 n. a na
BRM BRM-1 24 11226/18 40.38 028 0.07 0.02 1293 037 0.19 0.01 4725 1.16 0.00 n.a. n.a
BRM BRM-1 25 11226/18 40.67 0.35 0.07 0.02 11.49 0.07 0.16 0.01 49.07 047 0.00 n. a na
BRM BRM-1 30 8118 40.01 0.68 0.00 0.00 13.01 0.30 0.17 0.00 4540 0.14 0.01 1.92 0.16
BRM BRM-1 34 72518 4047 0.47 0.01 0.00 1223 0.13 0.17 0.01 48.05 043 0.00 2.06 0.17
BRM BRM-1 35 2518 39.04 026 n.a. n.a 1077 0.2 0.16 0.00 4703 0.5 0.01 n.a na
BRM BRM-1 36 8118 40.30 0.39 0.01 0.00 10.72 0.05 0.15 0.02 4584 0.38 0.00 n. a n.a
BRM BRM-1 39 8118 41.24 0.27 0.01 0.00 10.97 0.07 0.15 0.01 45.88 0.26 0.00 n.a n.a.
BRM BRM-1 40 72518 40.33 0.49 0.01 0.00 11.66 0.06 0.16 0.01 46.27 0.34 0.00 n. a na
BRM BRM-1 41 818 40.81 0.40 0.01 0.00 10.82 0.25 0.16 0.01 43.65 0.13 0.00 2.1 02
BRM BRM-1 2 1126/18 41.25 0.07 0.07 0.02 10.81 021 0.16 0.00 49.15 0.36 0.00 n.a n.a
BRM BRM-1 3 1126/18 4045 045 0.07 0.02 12.15 0.36 0.18 0.01 4833 1.45 0.01 na n.a
BRM BRM-1 5 11226/18 40.88 033 0.07 0.02 11.07 0.85 0.16 0.02 4891 1.01 0.00 n.a. n.a.
BRM BRM-1 6 11226/18 40.95 035 0.07 0.02 11.96 1.45 0.18 0.02 48.16 0.60 0.01 n. a. n.a
BRM BRM-1 7 11226/18 39.71 0.16 0.07 0.02 13.14 0.76 021 0.01 47.51 0.75 0.04 na n.a
BRM BRM-1 8 11226/18 41.02 033 0.07 0.02 1133 0.02 0.16 0.00 49.68 0.72 0.00 n a n.a
BRM MM-L17-BRM-2 1 8/1/18 40.20 0.85 na na 9.76 023 0.14 0.01 47.40 0.38 0.01 2.6 0.2
BRM MM-LI17-BRM-2 10 722518 3943 041 0.01 000 1201 0.04 0.16 001 4618 011 0.00 n.a. na
BRM MM-L17-BRM-2 13 72518 39.10 0.82 0.00 0.00 10.81 0.14 0.13 0.01 4725 034 0.00 n.a. n.a
BRM MM-LI17-BRM-2 14 2518 39.02 013 0.00 000 1079 028 0.13 001 4613 043 0.00 n.a. na
BRM MM-L17-BRM-2 16 8118 41.36 0.40 n.a na 10.30 0.03 0.14 0.01 46.92 0.13 0.00 na. na.
BRM MM-LI17-BRM-2 17 518 3947 046 0.00 000 1051 039 0.14 0.00 4764 028 0.01 n.a. n.a.
BRM MM-L17-BRM-2 18 72518 3954 0.44 0.00 0.00 10.71 0.10 0.14 0.00 46.96 0.30 0.00 1.9 02
BRM MM-L17-BRM-2 24 212220 4144 019 n.a n.a 1271 030 n.a na 4590 020 n.a 1.99 0.16
BRM MM-L17-BRM-2 25 2/12220 40.38 0.18 n.a na 1161 0.65 n.a n.a 47.25 0.73 n.a 2.00 0.17
BRM MM-LI17-BRM-2 26 212120 4147 0.06 n.a na 1040 017 n.a n.a 4682 0.1 n.a 1.84 0.16
BRM MM-L17-BRM-2 29 21220 41.92 033 n.a n a 9.87 0.09 na na 47.24 027 na 1.97 0.16
BRM MM-LI7-BRM-2 31 212120 4105 0.09 n.a n.a 9.30 0.04 n.a na 4968 0.3 n.a 1.97 0.16
BRM MM-L17-BRM-2 32 21220 41.77 0.20 n.a n. a 10.85 043 na n a 4647 0.36 na n a n a
BRM MM-LI17-BRM-2 8 72518 3891 011 0.00 000 1032 0.08 0.13 0.00 4713 034 0.01 1.6 0.1
BRVB MM-L17-BRVB-2 10 21220 39.68 0.12 n.a n a 15.61 0.12 na n a 44.19 0.12 n.a 179 0.15
BRVB MM-L17-BRVB-2 2 2/12120 3996  0.04 n.a na 13.81 0.23 n.a n.a 45.67 0.03 n.a 2.06 0.17
BRVB MM-LI17-BRVB-2 4 212120 39.79 0.04 na na 15.11 0.17 na n a 44.81 0.02 na 1.86 0.15
BRVB MM-L17-BRVB-2 6 212120 3999 0.04 n.a. n.a. 1416 012 n.a na 4542 0.09 n.a 1.62 0.14
BRVB MM-L17-BRVB-2 7 2/12120 41.12 0.40 na na 1545 0.20 n.a n a 44.36 0.44 n a 4.04 0.35

n. a. = not analyzed
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Appendix C Supplementary Figures
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Figure S1. PEC-corrected compositions of compiled melt inclusions. Each symbol

represents one melt inclusion. Each symbol type represents one subduction zone segment.
MORB data shown in gray shaded region (Jenner et al., 2012).
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Figure S2. Reverse crystallization calculations for all inclusions within the global
compilation. Black lines show reverse olivine crystallization paths. Yellow circles are arc
primitive lavas for comparison (Schmidt and Jagoutz 2017).

179



Tonga 5 Northern Kurile a0 Mariana , __Mariana Forearc s Calabria

4 2 20 1 4
1
2 1 10 2
0 0 ] 1] 0
0 500 1000 0 500 1000 0 500 1000 Q 500 1000 0 500 1000
Southern Kermadec Kamchatka Izu-Bonin Arc 5 Central Aleutians East Aleutians

o nm s oo
o & 85 B8
=) o =5
;

o -

o n & o

I

0 500 1000 0 500 1000 0 500 1000 0 500 1000 0 500 1000
Vi t NSVZ Alaska Aegean TSVZ
3 1 4 6 6
2 4 4
0.5 2 — 1
1 il il ull
0 0 0 - 0 0
0 500 1000 0 500 1000 0 500 1000 0 500 1000 0 500 1000
30 Nicaragua 150 csvz g Costa Rica é:‘outhem Lesser Antilles 1c|Guatamala. El Salvador
20 100 4 2
5
10 50 2 1
1] o ] —l 4] ]
0 500 1000 0 500 1000 0 500 1000 0 500 1000 0 500 1000
MGVF Ssvz Ecuador TMVB Central Cascades

100

50

(=] (5] o o
=1 1
=]

o = m w

o rmoeE @

[=] [~] S

(=]

1000 o 500 1000 ] 500 1000 ] 500

o
=]
=]

[y 500 10 500
Southern Cascades Campanian

o (4] I_:; a
- [5]
o o k=]

=]

500 1000

o

500 1000

Figure S3. Minimum mantle sulfur content needed to generate primary magma sulfur
concentrations for volcanoes within each arc, assuming melt fraction F = 0.15. Horizontal
axis represents S content in ppm, and vertical axis represents number of inclusions. Gray
bands show MORB source estimates for comparison (Ding and Dasgupta 2017, Saal et
al., 2002).
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Figure S5. Average calculated minimum fo2 based on measured sulfur contents in melt
inclusions, plotted as a function of foz calculated from measured Fe®*/Y Fe using analyzed
melt inclusion compositions at 400 MPa, 1150 °C. Red squares are inclusions from the
southern Cascade arc (Muth and Wallace, 2021) and blue circles are inclusions from the
Mariana arc (Brounce et al., 2014). Mariana arc Fe3*/> Fe values have been recalculated
based on the updated calibration of Zhang et al. (2018).
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