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Abstract

Iron plays a central role in both setting and recording magma redox states, which
are commonly expressed as oxygen fugacity (fo,) deviations away from known equilibria
such as fayalite-magnetite-quartz (FMQ). Magmas erupted in different settings are often
characterised by different fo, conditions, with the fo, conditions experienced by ocean
island basalts (OIBs) being especially variable and difficult to determine. Current tools
for estimating magmatic fo, conditions are subject to diverse limitations and can rarely
be applied across a wide range of sample types. This makes it challenging to draw con-
clusions about the nature and origins of fo, variability within and between magmatic
systems. Recent work has demonstrated how analysing clinopyroxene crystals containing
Fe?t and Fe3t could potentially offer a new way to investigate variability in both Fe va-
lence (i.e., Fe?* /Y Fe, where YFe = Fe?* + Fe?") and fo, conditions within and between
magmas. However, relating clinopyroxene Fe3* /Y Fe contents to magmatic fo, condi-
tions is challenging because of the steric effects imposed by the structure of clinopyroxene
crystals. Given the current paucity of experimental observations capable of separating
steric controls over clinopyroxene Fe3* /Y Fe contents from those imposed by magmatic
fo, conditions, we report the results of pseudosection modelling performed with recently
developed thermodynamic models that allow us to parameterise sample-wise relationships
between clinopyroxene Fe3* /Y Fe contents and magmatic fo, conditions. By combining
pseudosection modelling results with observations from natural samples, we estimate pre-
eruptive fo, conditions of FMQ to FMQ+0.6 for two tholeiitic basalts from Iceland and
FMQ+1.1 for a trachybasaltic-to-tephritic sample from Pico Island in the Azores. The
former two values are consistent with previous estimates from Icelandic samples suggest-
ing magmatic evolution under conditions slightly more oxidising than mid-ocean ridge
basalts. The latter value is slightly more reducing than many estimates from systems that
are geochemically similar to the Azores, suggesting that the values we calculate may have
been compromised by reductive SOy degassing. Although further experimental work is
required to refine thermodynamic models of clinopyroxene behaviour, especially in alka-
lic systems, our results nonetheless highlight how integrating thermodynamic models and

natural observations can provide new insights into magma redox.

Introduction

Iron is the most abundant multivalent element in terrestrial magmas and thus plays a
central role in both setting and recording magma redox (Frost, 1991); all else being equal,

the higher the ferric-to-total Fe (i.e., Fe?* /Y Fe) content of a magma, the more oxidising

2



35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

it will be. In turn, magma redox, which is generally expressed in terms of oxygen fugacity
(fo,), affects phase equilibria, volatile solubilities, magma evolution trajectories and the
composition of volcanic gas emissions (e.g., Toplis & Carroll, 1995; Burgisser & Scaillet,
2007; Jugo, 2009; Feig et al., 2010; Hughes et al., 2023). Understanding how magmatic fo,
varies in space and time is therefore central to understanding processes that range from the
formation of ore deposits to the maintenance of planetary habitability (e.g., Holland, 2002;
Evans & Tomkins, 2011). Observations made over several decades suggest that arc basalts
typically evolve under more oxidising conditions than mid-ocean ridge basalts (MORBs;
Wood et al., 1990; Carmichael, 1991; Cottrell et al., 2022). That is, MORBs are thought
to evolve under fo, conditions close to fayalite-magnetite-quartz (~FMQ) equilibrium,
while arc basalts are thought to evolve under fo, conditions approximately one log unit
above FMQ equilibrium (FMQ+1), even though the ultimate cause(s) of this ridge-arc di-
chotomy remain contested (Gaetani, 2016; Brounce et al., 2019; Evans & Tombkins, 2022).
In contrast, ocean island basalts (OIBs) present a more complex picture, with observations
from the Canary Islands and Mount Erebus indicating OIB evolution under fo, condi-
tions two log units or more above FMQ equilibrium (>FMQ-+2; Moussallam et al., 2014,
2019; Taracsék et al., 2022; Nicklas et al., 2022b), observations from Réunion indicating
OIB evolution under fo, conditions at or even below FMQ equilibrium (<FMQ; Brounce
et al., 2022; Nicklas et al., 2022a) and observations from other settings including Iceland
and Hawaii indicating OIB evolution under conditions between these extremes (Brounce
et al., 2017; Helz et al., 2017; Hartley et al., 2017). Compositional differences between
different mantle end-members have been invoked as a potential explanation for the appar-
ent variability in OIB fo, conditions, with EM-I, EM-II and HIMU sources thought to be
especially oxidised (Brounce et al., 2022). However, generating the internally consistent
datasets needed to study magma redox variability systematically is challenging because
different oxybarometers with different uncertainties and limitations (e.g., glass Fe3* /Y Fe
contents, magnetite-ilmenite pairs, spinel compositions and olivine V contents) have been
applied in separate settings over recent decades (e.g., Cottrell et al., 2022). This status
quo arises because different OIBs contain distinct phase assemblages and are subject to
unique magmatic and secondary processes that make it difficult to apply any individual
oxybarometer across a wide range of samples. For example, both pristine mantle-derived
glasses and equilibrium magnetite-ilmenite pairs are rare in many OIB settings. A different
approach for estimating magma redox conditions based on widely occurring and chemi-
cally robust phases would thus be highly valuable tool for interrogating redox variability
in OIB settings.

Clinopyroxene is a major constituent of magmas erupted across all tectonic settings.
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Depending on the prevailing conditions, clinopyroxene, which has the formula M2(R?)
M1(R?*)T2(2R**)Og (where R is a metal cation, M2 is a distorted octahedral site, M1
is a regular octahedral site and T is a tetrahedral site), can contain significant quan-
tities of both Fe?™ and Fe?* (Morimoto et al., 1988). For example, Fe3t is typically
incorporated into augitic clinopyroxene crystals (Ca(Mg,Fe?t)SiyOg) via Tschermak-type
substitutions—M1(R2T)T(R*)-M1(R3)T(R?**)—such as (Mg,Fe?")Si-Fe3t Al (Luth &
Canil, 1993; Neave et al., 2019a; Chicchi et al., 2023). It follows that clinopyroxene
Fe3* /Y Fe contents should reflect magma Fe3* /Y Fe contents (steric constraints and dif-
fusive overprinting notwithstanding), and may hence offer a new way to investigate fo,
variations within and between magmatic systems. However, determining clinopyroxene
Fe3* /Y Fe contents accurately and precisely has traditionally proven challenging, with un-
favourable assessments of stoichiometric approaches meaning that Mdssbauer spectroscopy
has generally been deemed necessary to estimate clinopyroxene Fe3* /Y Fe contents with
sufficient rigour to address geological problems (McGuire et al., 1989; Canil & O’Neill,
1996; Sobolev et al., 1999). Fortunately, Neave et al. (2024a) recently demonstrated that
the Fe3* /Y Fe content of magmatic clinopyroxene crystals containing moderate amounts
of Fe (i.e., more than a few wt.% FeO”, where FeO” is total Fe expressed as FeO) can be
estimated from stoichiometric constraints as long as electron probe microanalysis (EPMA)
is carried out with sufficient care. Thus, Neave et al. (2024b) subsequently demonstrated
that clinopyroxene crystals from OIBs erupted in Iceland and the Azores contain appre-
ciable quantities of Fe?* (up to ~4 wt.% when expressed as FeoO3) that correspond to
Fe3t /Y Fe contents up to ~0.4. By evaluating Fe?t-Mg exchange equilibria using ex-
perimentally derived KICDP,);?T—Mg values of ~0.24 (Pilet et al., 2010; Salazar-Naranjo &
Vlach, 2023), they observed that mean clinopyroxene compositions unaffected by reductive
SO2 degassing recorded fo, conditions of ~FMQ-+1 in tholeiitic basalts from Iceland and
~FMQ-+2.5 in alkali basalts from the Azores, in line with published observations from
compositionally similar systems (e.g., Hartley et al., 2017; Moussallam et al., 2019). How-
ever, steric constraints imposed by clinopyroxene crystal structures mean that relationships
between clinopyroxene Fe?* /S Fe content and fo, conditions are more complex than rela-
tionships between glass Fe? /YFe contents and fo, conditions. Given the current paucity
of experimental products equilibrated at a range of fo, conditions and measured with suf-
ficient precision to robustly estimate clinopyroxene Fe3* /Y Fe contents by stoichiometry, a
different approach is needed to relate magmatic fo, conditions to clinopyroxene Fe3* /Y Fe
contents.

Thermodynamic models provide key tools for extrapolating phase equilibria relations

into pressure-temperature-bulk composition (P-7-X) conditions that are yet to be ex-
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perimentally studied in detail and thus offer considerable untapped potential for inter-
preting crystal records of magmatic fo, conditions. The calculation of pseudosections
that describe equilibrium phase relations for a given bulk composition is a well established
approach for understanding the petrogenesis of metamorphic rocks (Powell & Holland,
2008). Recent work on expanding calibration ranges of composition-dependent equations
of state (z-eos) for the melt phase, alongside continued development of solid phase z-
eos, now means that pseudosections can be calculated for igneous systems that range
in composition from ultramafic to felsic (e.g., Jennings & Holland, 2015; Green et al.,
2016; Holland et al., 2018; Tomlinson & Holland, 2021). A recent expansion of z-eos into
alkaline-silicate systems via extending the calibration ranges of existing models and cali-
brating new models for key phases in alkali-rich systems (e.g., nepheline) also means that
a wide spectrum of silica-undersaturated (i.e., nepheline-normative) OIBs can be modelled
(Weller et al., 2024). Moreover, the development of a new Gibbs free energy minimisation
algorithm, known as MAGEMin, has drastically reduced the time required to calculate
pseudosections by employing single-point calculation parallelisation (Riel et al., 2022). It
is thus now feasible to use pseudosection modelling to explicitly account for steric con-
trols over clinopyroxene compositions, enabling clinopyroxene Fe3' /Y Fe contents to be
directly related to magmatic fo, conditions by calculating pseudosections at a range of
bulk Fe3"/YFe contents (referred to here as Xp.s+ values) on a sample-by-sample ba-
sis. Furthermore, taking an equilibrium thermodynamics approach also allows for kinetic
controls over clinopyroxene compositions to be identified and excluded when interpreting
natural datasets (cf., Mollo et al., 2013; Neave et al., 2019a; Ubide et al., 2019; MacDonald
et al., 2023).

Here we present the results of pseudosection modelling performed on four OIB bulk
compositions, two from Iceland and two from the Azores, for which high-precision anal-

yses of clinopyroxene crystals were recently published (Neave et al., 2024b). Our results

cpx—liq and chxfliq

Fodt D Fe2+ Mg values, though also highlight

allow us to estimate equilibrium D
the challenges associated with describing Fe?* exchange behaviour with simple partition
coefficients as well as our still poor understanding of Fe?T-Mg exchange between clinopy-
roxene and magmatic liquids. They nevertheless enable us to demonstrate that differences
in clinopyroxene Fe?* /Y Fe contents partly reflect differences in bulk composition as well as

differences in prevailing fo, conditions, with our compositions from the Azores recording

magmatic evolution under more oxidising conditions than those from Iceland.
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Modelling approach

In order to disentangle the effects of 7', X and fo, on clinopyroxene Fe3* /S Fe contents,
we performed T-Xp, s+ pseudosection modelling on four OIB bulk compositions thought to
have evolved under different fo, conditions but relatively well known P conditions (Neave
et al., 2024b). By calculating isobaric pseudosections at a range of T—-Xp.s+ conditions,
we can explore the sensitivity of clinopyroxene Fe?* /S Fe contents to fo, and implicitly
account for steric controls over clinopyroxene compositions. Of the OIB samples investi-
gated by Neave et al. (2024b), we focus here on two tholeiitic samples from Iceland (one
tephra sample from the Holuhraun eruption and one lava sample from the Laki eruption)
and two alkalic samples from Pico Island in the Azores (one alkali basalt lava sample (PI-
011) and one trachybasaltic-to-tephritic tephra sample (PI-041); Fig 1). These samples
likely formed under a range of fo, conditions (potentially ~FMQ+1 to ~FMQ+2.5; Neave
et al., 2024b) characteristic of global OIBs (e.g., Brounce et al., 2017; Hartley et al., 2017,
Moussallam et al., 2019; Taracsak et al., 2022). They also span a range of alkali contents
and degrees of evolution, with our sample from the Holuhraun eruption and sample PI-011
from Pico being relatively primitive (high Mg# values, where Mg# = Mg/(Mg+Fe?") on
a molar basis), and our sample from the Laki eruption and sample PI-041 from Pico being
relatively evolved (low Mg# values). In the case of the Holuhraun eruption we augmented
the high-precision EPMA dataset reported by Neave et al. (2024b) with a lower precision
but nevertheless modern and voluminous dataset reported by Halldorsson et al. (2018).
Model bulk compositions used as inputs for the pseudosection calculations were based
on the compositions provided in Table 1. Bulk compositions for the Holuhraun and Laki
eruptions reflect mean whole-rock compositions reported by Halldorsson et al. (2018) and
Passmore et al. (2012), respectively; bulk compositions for samples PI-011 and PI-041 from
Pico were taken from the whole-rock compositions reported by van Gerve et al. (2024).
We calculated pseudosections from whole-rock compositions rather than matrix glass com-
positions because our ultimate aim is to estimate magmatic fo, conditions from clinopy-
roxene crystals grown from carrier liquids now represented by matrix glasses. As such,
if we calculated pseudosections from matrix glass compositions, then modelled clinopy-
roxene compositions could never correspond directly to measured clinopyroxene compo-
sitions. Nevertheless, this approach assumes that modelled whole-rock compositions are
simple mixtures of quenched matrix glasses and their equilibrium crystal assemblages.
We therefore initially assume that our whole-rock compositions reflect true magmatic lig-
uids and are unaffected by crystal accumulation processes (cf., Neave et al., 2014; Ubide

et al., 2014). This assumption has been broadly verified for the Holuhraun eruption whose
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products contain little accumulated or antecrystic material (Halldorsson et al., 2018). In
contrast, the products of the Laki eruption appear to contain some crystals entrained from
mushes (Passmore et al., 2012; Neave et al., 2013). However, the mean crystal content
of the Laki lava is modest (~12 vol.%), meaning that any effects of crystal accumulation
on our pseudosection calculations will be comparably minor. The impacts of potential
crystal accumulation on PI-011 and PI-041 are less well understood, though van Gerve
et al. (2024) noted that many of their samples from Pico contain abundant olivine and
clinopyroxene macrocrysts, and that whole-rock compositions containing >10 wt.% MgO
may have accumulated mafic minerals (e.g., Ubide et al., 2022). As such, the whole-rock
composition for PI-011 may have experienced accumulation. In a subsequent section we
describe the approach used to verify equilibrium between our modelled compositions and
natural compositions from Neave et al. (2024b) and avoid misinterpretations arising from
basing assumptions on unrealistic magma compositions.

Pseudosections were calculated using THERMOCALC v3.51s (Powell et al., 1998) with
version 6.36 of the Holland & Powell (2011) thermodynamic dataset, as described by
Weller et al. (2024). Pseudosection topologies were verified by initial calculations per-
formed with MAGEMin (Riel et al., 2022). Calculations were performed in the anhydrous
nine-component NagO—-CaO-Ky0-FeO-MgO-Al;03-Si02-Ti09—Fes03 (NCKFMASTO)
model system using x-eos models from Weller et al. (2024) for all phases except feldspar
(Holland et al., 2022), olivine (Holland et al., 2018) and spinel (Tomlinson & Holland,
2021). To explore the general effects of HoO on phase relations and compositions in light
of the results obtained with the anhydrous modelling desvribed above, we also performed
targeted modelling on the sub-alkaline Holuhraun bulk compositions in a hydrous sys-
tem (NapO-CaO-KoO-FeO-MgO-Aly;03-Si09—H2O-TiO9—Fea03; NCKFMASHTO) us-
ing the hydrous granitic to ultramafic melt z-eos model described in (Holland et al., 2018)
in place of the extended alkali melt model of Weller et al. (2024). The latter melt model
was calibrated using the same constraints as Holland et al. (2018) so outputs between the
two models are comparable; both models are required as no single model can currently be
used for both alkaline and hydrous compositions. Model inputs (expressed on a molar ba-
sis) are provided in Table 2. Components outside the model system (i.e., MnO and P50s)
are ignored when converting to the model system. We chose not to perform an apatite
correction to CaO concentrations based on P2Oj5 contents (Weller et al., 2013) because we
are investigating systems at temperatures at which apatite not stable (Watson, 1979). As
discussed by Weller et al. (2024), fo, is internally buffered in natural systems by the phase
assemblage present, which contrasts with the external buffering than can be imposed on

experimental systems. To provide a common frame of reference, internally buffered fo,



211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

conditions can be expressed relative to any given equilibria; here we report fo, conditions
as log-unit deviations from FMQ equilibrium. This calculation was achieved by determin-
ing equilibria between model end-members that involve O, such as 4hmL + 2/3q3L =
fa2l. + O2. Go, and log(fo,) with respect to FMQ were then calculated from the Holland
& Powell (2011) dataset. All mineral name abbreviations follow the guidelines provided
in Weller et al. (2024).

All pseudosections were calculated from superliquidus to solidus temperatures (typi-
cally 950-1250 °C) and with initial X s+ values ranging from 0.0 to 0.4 that encompass
the range of liquid Fe?* /Y Fe conditions reported from global OIB systems (Moussallam
et al., 2019; Brounce et al., 2022; Cottrell et al., 2022). Calculations on our tholeiitic bulk
compositions from Holuhraun and Laki were performed at 300 MPa based on thermobaro-
metric estimates of pre-eruptive magma storage conditions that lie in the 200-400 MPa
range (Neave et al., 2013; Neave & Putirka, 2017; Halldorsson et al., 2018). Conversely,
calculations on our alkalic bulk compositions from Pico were performed at 500 MPa based
on estimated magma storage conditions beneath the island as a whole (van Gerve et al.,
2024). Although magmas are often stored and processed at a range of pressures prior
to eruption, we focus primarily on evaluating the composition of clinopyroxene crystals
in equilibrium with erupted liquids, and as such do not consider the phase relations of
parental magmas feasibly stored at greater pressures. Moreover, the effects of modest
discrepancies between real and modelled storage pressures (perhaps on the order of 100
MPa) are unlikely to resolvable given the similar size of uncertainties in pseudosection

calculations (Palin et al., 2016; Weller et al., 2024).

Modelling results

Pseudosections

Isobaric T Xy, 3+ pseudosections calculated for our four bulk compositions are shown in
Fig. 2, with equivalent diagrams contoured for fo, shown in Fig. 3. Pseudosections cal-
culated for bulk compositions from the Holuhraun and Laki eruptions (Figs. 2A and 2B,
respectively) show similar topologies, consistent with these eruptions both being tholeiitic
basalts from Iceland’s axial rift. Clinopyroxene is the liquidus phase for both composi-
tions across the full range of modelled X 3+ values, followed by plagioclase. This result is
consistent with the prevalence of these phases in natural samples and the fact that both
compositions are at least somewhat evolved (6.8 and 5.8 wt.% MgO respectively), such

that the amount of olivine expected to crystallise from these compositions is low or negli-
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gible (Neave et al., 2019b); much of the olivine in natural samples may represent crystals
inherited from parental magmas that have experienced varying degrees of diffusive re-
equilibration. Olivine does occur below the liquidus in both pseudosections at low Xy s+
(<0.11 and <0.02 for Holuhraun and Laki, respectively), but is generally replaced by or-
thopyroxene (+pigeonite) at higher Xps+. Indeed, orthopyroxene (and pigeonite) may
incorporated as disequilibrium Ca-poor components within augitic clinopyroxene crystals
in natural samples since discrete orthopyroxene (or pigeonite) crystals are not observed
in the products of either the Holuhraun or Laki eruptions; augitic clinopyroxene is also
modally dominant over orthopyroxene and pigeonite in the results of pseudosection calcu-
lations (Figs. 4-7). The main difference between the Holuhraun and Laki pseudosections
is that the former is characterised by a higher liquidus temperature (1190 versus 1160
°C), consistent with Holuhraun being more primitive. At lower temperatures, ilmenite
and magnetite both occur, with their respective stabilities controlled by Xp.s+ (ilmenite
more stable at low X s+ and magnetite more stable at high Xy s+; Shepherd et al., 2022).
Finally, quartz is stable just above the solidus at somewhat elevated Xy, s+ in both com-
positions, consistent with their compositions being silica saturated.

Pseudosections calculated for samples PI-011 and PI-041 from Pico in the Azores (Figs.
2C and 2D, respectively) show differences in topology both with respect to each other and
with respect to the pseudosections calculated for Icelandic tholeiites. Olivine is the lig-
uidus phase for PI-011 at a relatively elevated temperature of ~1245-1285 °C depending
on Xps+. The high temperature at which olivine is stabilised suggests that the bulk com-
position of PI-011 has been affected by the accumulation of mafic phases. As expected
for an alkali basalt evolving at moderately high pressures (500 MPa), clinopyroxene is the
next stable phase, followed by plagioclase; orthopyroxene is only stable at relatively high

XF

.3+ values (>0.35). Consistent with sample petrography, magnetite and ilmenite occur

at lower temperatures. Leucite is a near-solidus phase at all values of Xy 3+ modelled, and
nepheline is present at low Xps+ (<0.05), in line with the bulk composition being silica
undersaturated. In contrast, plagioclase is the liquidus phase for PI-041, with olivine (at
Xpe3+ < 0.25) or orthopyroxene (at Xp 3+ > 0.25) and then clinopyroxene joining within a
~50 °C interval. The occurrence of plagioclase as the liquidus phase is unexpected for an
alkalic bulk composition (PI-041 is trachybasaltic-to-tephritic in composition); we specu-
late that our current inability to model hydrous alkalic systems may account for this result
(though plagioclase accumulation could also play a role). Specifically, the HoO content
of mafic alkaline magmas from Pico reaches up to ~1.5 wt.% (van Gerve et al., 2024), a
H>O content capable of depressing the plagioclase liquidus by as much as 80 °C in tholei-

itic systems (Almeev et al., 2012). Indeed, illustrative pseudosection modelling performed
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on the tholeiitic Holuhraun bulk composition with the HsO-sensitive x-eos melt model
from Holland et al. (2018) at a fixed Xps+ of 0.15 and HoO contents of 0-2 wt.% Hp0
demonstrate that increasing magma H2O contents reduces plagioclase stability more than
it reduces clinopyroxene stability (Supplementary Fig. 1). Two pigeonite solvii appear
below the clinopyroxene liquidus, though, as for our tholeiitic compositions, we suggest in
nature kinetic effects mean that these compositions are likely to be incorporated as low-Ca
components within natural crystals; the modal abundance of pigeonite in these regions is
also trivial when compared with that of augitic clinopyroxene. Ilmenite and magnetite
show broadly similar behaviours to those modelled for PI-011. Potassium feldspar occurs
near the liquidus at all Xy s+ values modelled, and leucite occurs at low Xy s+ values

(<0.09).

Phase proportions, phase compositions, exchange reactions
and oxygen fugacity conditions

Phase proportions, phase compositions, partitioning behaviours and fo, conditions of
T Xpgs+ slices through our calculated pseudosections are shown in Figs. 4-7 for modal
proportions of liquid that range from 1 to 0.4. These T-Xp 3+ slices focus on near-liquidus
phase relations because the ultimate aim of our study is to use pseudosection calculations
to estimate magmatic fo, conditions from natural clinopyroxene compositions, with equi-
librium clinopyroxene compositions most likely to have formed from liquids only slightly
more evolved than the modelled bulk systems. In other words, we assume that equilibrium
in our natural samples is most likely to be reflected by the near-liquidus phase relations in
our model systems. Furthermore, by focusing on near-liquidus compositions we avoid intro-
ducing additional complications associated with using equilibrium calculations to interpret
natural systems evolving by fractional crystallisation as differences between equilibrium
and fractional systems are modest or negligible at high liquid proportions (Neave et al.,
2019b). Given that our alkalic samples are expected to have evolved under slightly higher
fo, conditions than our tholeiitic bulk compositions (Hartley et al., 2017; Bali et al., 2018;
Moussallam et al., 2019; Brounce et al., 2022; Neave et al., 2024b), we present T—Xp 3+
slices at Xp 3+ = 0.15, 0.25 and 0.35 for the former and 0.10, 0.15 and 0.20 for the latter.
These slices correspond to fo, conditions of ~FMQ+0.1, ~FMQ+1.3 and ~FMQ+2.0,
and ~FMQ—0.5, ~FMQ+0.3 and ~FMQ+0.8, respectively (Fig. 3).

Equilibrium phase proportions evolve similarly as functions of decreasing temperature
at fixed Xy s+ values in both tholeiitic bulk compositions (e.g., Figs. 4A and 5A), with

crystal stabilities in the relatively evolved Laki composition offset to lower temperatures

10
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than those in the relatively primitive Holuhraun composition. Clinopyroxene and plagio-
clase modally dominate the solid assemblage at modal proportions of liquid >0.4, with
clinopyroxene being slightly more abundant than plagioclase; modally minor combinations
of orthopyroxene, magnetite and /or ilmenite are stable at lower temperatures when modal
proportions of liquid proportions decrease below ~0.6. Clinopyroxene and plagioclase
compositions evolve from high Mg# values and high anorthite contents (An, where An
= Ca/(Ca+Na) on a molar basis) towards lower Mg# values and lower An contents with
decreasing temperature, respectively. Liquid Fe3* /Y Fe contents increase slightly with de-
creasing temperature (by ~0.05 over a 100 °C interval), while clinopyroxene Fe3* /S Fe
contents decrease somewhat (by 0.05-0.10 over a similar interval). This divergence in

liquid and clinopyroxene Fe3T /Y Fe contents reflects the relative incompatibility of Fe3*,

Dcpx—liq

Feb values decreasing from ~0.6 at the liquidus to ~0.4 at 1150 °C in

with equilibrium
both tholeiitic systems. These values are consistent with a value of 0.45340.158 reported
from (near-)CMAS experiments containing trace Fe (Mallmann & O’Neill, 2009), as well

as values estimated from natural clinopyroxene-liquid equilibria in a suite of OIBs that in-

chx—liq

D Fe2+ Mg values

cludes the samples considered here (Neave et al., 2024b). Equilibrium
lie in the range 0.23-0.27, and increase slightly with decreasing temperature. While this
temperature dependency is captured in the K gf’;‘FEng model of Putirka (2008), we note
that the K g);;lf_Mg values we calculate here (0.23-0.27) are lower than the K %f;}gq_Mg
values estimated from this model (~0.29 at 1250 °C to ~0.27 at 1150 °C). Our calculations
thus corroborate recent suggestions by Neave et al. (2024b) that true K CDIT)I;;;iqug values
may lie much closer to those estimated from experiments on mafic alkaline magmas and
calc-alkaline basalts (0.24-0.26; Sisson & Grove, 1993; Pilet et al., 2010; Salazar-Naranjo
& Vlach, 2023) than the global fit presented by Putirka (2008), at least for our tholeiitic
bulk compositions.

Variations in Xy, s+ from 0.10 to 0.20 do not significantly affect equilibrium phase pro-
portions calculated for our tholeiitic bulk compositions beyond enhancing the stability of
olivine at lower Xp.s+ and orthopyroxene at higher Xy s+ (e.g., Figs. 4A and 5A versus
4C and 5C). In contrast, phase compositions are affected by changes in Xp.3+, with lig-
uid Mg#, liquid Fe?* /SFe, clinopyroxene Mg#, and clinopyroxene Fe3T /X Fe correlating
positively with Xp.s+. Despite this, D;‘ZX 9 ond K CDIi)I;g;iq_Mg values remain broadly con-
stant at a range of Xy s+. In line with parameterisations describing fo, as a function of
silicate liquid composition (Kress & Carmichael, 1991; Borisov et al., 2018), Xp.3+ and lig-
uid Fe3T /X Fe are closely related to fo, across the T X3+ conditions investigated, with

Xpes+ = 0.1 and 0.2 corresponding to fo, conditions of ~FMQ—0.5 and ~FMQ+1.0,
respectively (Figs. 3A and 3B).
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Equilibrium phase proportions calculated for our alkali basalt bulk composition (PI-
011) differ from those calculated for our two tholeiitic bulk compositions in that olivine is
the liquidus phase and remains stable to low liquid proportions at a range of Xps+ (Fig.
6), consistent with PI-011 having accumulated mafic phases. Clinopyroxene stability is
also enhanced at any given Xy s+ with respect to plagioclase when compared with the two
tholeiitic compositions; clinopyroxene joins the crystallising assemblage at temperatures
~40 °C higher than plagioclase in PI-011 but at similar temperatures in the tholeiitic
compositions. As for the tholeiitic compositions, clinopyroxene Mg# values, plagioclase
An contents and olivine forsterite (Fo, where Fo = Mg/(Mg+Fe?*) on a molar basis)
contents decrease steadily with decreasing temperature. Modest (~0.05) increases and
decreases in liquid and clinopyroxene Fe3* /Y Fe contents, respectively, with decreasing
temperature (from >1200 °C to 1120 °C) are of similar magnitudes to those observed in
tholeiitic bulk compositions. Above ~1160 °C, the Fe3* /S Fe content of clinopyroxene is
slightly higher than that of liquid, while below ~1160 °C liquid has a higher Fe3* /Y Fe
content than clinopyroxene. This crossover in Fe?* /Y Fe contents can be explained by the

incompatibility of Fe3T in the crystallising assemblage, including within clinopyroxene,

cpx—liq
Fed3t

cpx—liq

values are estimated to lie between 0.6 and 0.8; D5,

for which equilibrium D
values increase slightly with decreasing temperature before reaching maxima at ~1175
°C, below which they decrease. These values are slightly higher than those calculated for
our tholeiitic compositions but are still comparable with the (limited) estimates available
from compositionally diverse natural and experimental systems (Mallmann & O’Neill,
2009; Davis & Cottrell, 2021; Neave et al., 2024b). Equilibrium KODI’}E&_Mg values show
expected increases from ~0.3 at 1250 °C to ~0.4 at 1100 °C (Toplis, 2005; Saper et al.,
2022). Equilibrium K CDITE;iqug trends mirror those in K ODI,}leingngv increasing from 0.26—
0.27 at the clinopyroxene liquidus to 0.30-0.35 at 1100 °C. Although values of 0.30-0.35 at
1100 °C are much higher than those reported from experiments on mafic alkaline systems
(0.24-0.25; Pilet et al., 2010; Salazar-Naranjo & Vlach, 2023), values of 0.26-0.27 at 1200

°C—=closer to the temperatures at which the experiments of Salazar-Naranjo & Vlach

(2023) were performed—are not substantially different. Regardless, temperature appears

cpx—liq

D Fe2+—Mg values in alkalic systems than tholeiitic

to have a stronger influence over K
systems.

As for our tholeiitic bulk compositions, variations in Xy s+ have only a limited impact
on equilibrium phase proportions in PI-011 at high liquid proportions that is primarily
reflected by a reduction in modal olivine as Xps+ increases. Phase compositions do

however shift as a function of Xp.s+, with increases in Xy s+ from 0.15 to 0.35 leading to

modest increases in Mg# and Fo of a few mol.% and substantial increases in liquid and
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clinopyroxene Fe3t /S Fe contents of ~0.2. Regardless, D;Eg:hq and K CDp”;j;iq_Mg values
vary only slightly with Xps+. In parallel with our tholeiitic bulk compositions, Xp,s+
and liquid Fe?* /SFe content are closely related to fo,, with Xpes+ = 0.15 and 0.35
corresponding to fo, conditions of ~FMQ+0.5 and ~FMQ+-2.0, respectively (Fig. 3C).

Pseudosection calculations return notably different equilibrium phase proportions for
our trachybasaltic-to-tephritic bulk composition (PI-041; Fig. 7) than for the alkali basalt
bulk composition discussed above (PI-011). Unexpectedly for an alkalic bulk compo-
sition, plagioclase is both the liquidus phase and modally dominant, likely because we
used anhydrous models to perform calculations on a moderately hydrous natural system.
Some degree of plagioclase accumulation may also have affected the bulk composition.
Clinopyroxene is the next-most abundant mineral phase at most temperatures, with the
olivine and orthopyroxene being relatively more abundant at low and high Xy s+, respec-
tively. Ilmenite is typically stable below ~1140 °C. Plagioclase An, clinopyroxene Mg#
and olivine Fo decrease as functions of temperature at similar rates in PI-041 to in PI-011
and the tholeiitic bulk compositions. However, in contrast with the other bulk composi-
tions, trajectories of liquid and clinopyroxene Fe3* /Y Fe content evolution with decreasing
temperature differ greatly at different values of Xps+. Over the interval ~1150 °C to
1100 °C, both liquid and clinopyroxene Fe3T /¥ Fe contents increase by ~0.05 at Xpest+ =
0.15, stay broadly constant at Xy s+ = 0.25 and diverge at Xps+ — 0.35, whereby liquid
Fe3t /Y Fe decreases very slightly and clinopyroxene Fe3T /Y Fe decreases by ~0.1. These

cpx—liq

differences in Fe?* /S Fe systematics are reflected in differences in equilibrium Dy val-
ues at different Xpa+: D;i?;hq values are low at Xpa+ = 0.15 (~0.25-0.50) and increase

with decreasing temperature but remain broadly constant with decreasing temperature
at ~0.5 and ~0.6 at Xy s+ = 0.25 and Xy s+ = 0.35, respectively. Although calculated

K %I;E§+_Mg and K (S)EQIP_Mg values are high (0.35-0.40 and 0.30-0.35, respectively), they

are consistent with values calculated at lower temperatures for PI-011, in line with the

cpx—liq
D,Fe2+—Mg
cpx—liq
Fe3t+

relatively evolved composition of PI-041 (cf. Toplis, 2005). However, K values

show a similar dependence on Xy s+ with decreasing temperature to D values, with

K gj);;;fl—Mg decreasing with decreasing temperature at Xy s+ = 0.15, but increasing with
decreasing temperature at Xps+ — 0.35. Regardless, more work is required to understand

cpx—liq
KD,F62+ —Mg

observations of Salazar-Naranjo & Vlach (2023) that imply K %p’;;ghf_Mg values of ~0.25 in

systematics in alkalic magmas given the discord between the experimental

anhydrous tephritic compositions under graphite-saturated (i.e., reducing) conditions and
our modelling results that imply higher values of > 0.3 under more naturally relevant fo,
conditions at or above FMQ. Calculations performed at equivalent Xp s+ values return

slightly more reducing fo, conditions for PI-041 than PI-011, with X s+ = 0.15 corre-
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sponding to fo, conditions evolving from ~FMQ to ~FMQ+0.5 as temperature decreases
from 1200 °C to 1100 °C, and Xy s+ = 0.35 corresponding to fo, conditions evolving from
~FMQ+2.0 to ~FMQ-+1.5 (Fig. 3D).

The evolution of modelled liquid compositions

The evolution trajectories of modelled liquid compositions (i.e., liquid lines of descent)
as functions of X+ are shown in Fig. 8. Liquid lines of descent are shown for modal
proportions of liquid that range from 1 to 0.4 (Figs. 4-7), below which differences between
fractional and equilibrium crystallisation become increasingly significant (Neave et al.,
2019a). Overall, our tholeiitic and alkalic bulk compositions show two different styles of
liquid evolution. Tholeiitic compositions are defined by no initial change in SiO, and
modest increases in alkalis from low initial concentrations (K2O) < 0.5 wt.%) as Mg# and
temperature decrease (Figs. 8A and 8B); our Laki composition shows a sudden increase
in SiOs at lower temperatures that is associated with the stabilisation of ilmenite. In
contrast, alkalic compositions are defined by slight increases in SiO9 coupled with more
substantial increases in alkalis from higher initial concentrations (KoO > 1 wt.%). Beyond
shifting Mg# to higher values, increasing Xp.s+ does not have a significant impact on the
evolution of SiO9 in our modelled compositions.

Variation in Xps+ has a significant impact on the Fe valance systematics of our mod-
elled liquid compositions, which also manifests as differences in modelled fo, conditions
(Figs. 3 and 8C-8F). As anticipated, increasing Xy s+ decreases liquid FeO contents and
increases liquid FeoOg3 contents. Liquid lines of descent for compositions from the tholeiitic
Holuhraun and Laki eruptions broadly overlap. While crystallisation drives up the FeO
and FepO3 content of our modelled tholeiitic liquids, liquid Fe3* /YFe contents increase
slightly, suggesting that FeoOg is only marginally more incompatible than FeO during mag-
matic differentiation. Notably, estimated fo, conditions remain broadly constant during
the evolution of our modelled liquids.

Crystallisation exerts a broadly similar effect on liquid compositions during the evo-
lution of our alkali basalt composition (PI-011) as during the evolution of our tholeiitic
compositions. Namely, both FeO and Fe;O3 increase down to 1100 °C regardless of Xps+,
with liquid Fe?* /Y Fe increasing slightly and estimated fo, conditions remaining largely
stable. Overall, liquid Fe3* /X Fe contents increase slightly more for any given drop in tem-
perature than they do for the tholeiitic compositions, suggesting that FesOs is relatively
more incompatible with respect to FeO in alkalic systems than in tholeiitic systems. A

sudden drop in liquid FepO3 and Fe?t /YFe at high Xpe3+ (0.35) and low temperatures
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can be attributed to the stabilisation of magnetite (Fig. 2C).

In terms of Fe3T /Y Fe contents, calculated liquid lines of descent are more variable for
our trachybasaltic-to-tephritic composition (PI-041) than for our alkali basalt composition
(PI-011). At low X3+ values of 0.15, liquid Fe3* /Y Fe contents increase similarly to how
they do during the crystallisation of PI-011. Conversely, at high Xp s+ values of 0.35,
liquid Fe?* /Y Fe contents decrease. Variations in Xpe3+ thus have a significant effect on
the evolution trajectory of trachybasaltic-to-tephritic magmas like PI-041, likely driven by
a trade-off between olivine crystallisation at low Xps+ and magnetite crystallisation at
high Xps+ (Fig. 2D), though differences in clinopyroxene compositions may also play a

role.

Modelled clinopyroxene compositions

The evolution trajectories of modelled clinopyroxene compositions (i.e., crystal lines of de-
scent) as functions of Xp s+ are shown in Fig. 9. As for liquid lines of descent, crystal lines
of descent are shown for modal proportions of liquid that range from 1 to 0.4. Modelled
clinopyroxene compositions are compared with published clinopyroxene compositions from
Neave et al. (2024b) that were obtained with an EPMA method optimised to return precise
clinopyroxene Fe3* /Y Fe contents. These measurements are augmented with an extensive
clinopyroxene dataset from Halldérsson et al. (2018) in the case of the Holuhraun eruption,
partly because the clinopyroxene compositions reported for this eruption by Neave et al.
(2024b) may have been affected by reductive SO2 degassing.

Modelled clinopyroxene compositions broadly reproduce the mean Mg#—-CaO-Aly03
compositions of clinopyroxene crystals from our tholeiitic bulk compositions (Figs. 9A and
9B). Much of the variability in natural clinopyroxene CaO and AlsO3 compositions may
thus reflect kinetic processes associated with a combination of disequilibrium crystalli-
sation and sector zone development (Neave et al., 2019a; Ubide et al., 2019; MacDonald
et al., 2023). Importantly, the close correspondence between modelled and natural clinopy-
roxene compositions suggests that the xz-eos models effectively predict the distribution of
quadrilateral and non-quadrilateral components in clinopyroxene crystals from tholeiitic
systems. Although Xy, s+ has only a minimal effect on modelled clinopyroxene CaO and
AloO3 contents it has, unsurprisingly, a major effect on modelled clinopyroxene FeoO3 and
Fe3t /Y Fe contents (Figs. 9C and 9D), with mean FesO3 and Fe? /Y Fe contents from
Holuhraun and Laki best reflected by trends at Xp.s+ ~ 0.15; some measured clinopyrox-
ene compositions are considerably more enriched in Fe3* than our modelled compositions,

though these likely record disequilibrium crystallisation (Neave et al., 2024b).
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Modelled clinopyroxene compositions roughly reproduce the Mg#—-AloO3 systematics
of clinopyroxene crystals from our alkalic bulk compositions (Fig. 9B). However, in con-
trast with modelled compositions from our tholeiitic bulk compositions, modelled clinopy-
roxene compositions from our alkalic bulk compositions significantly underestimate ob-
served CaO contents (Fig. 9A). While the offset is merely appreciable for the relatively
primitive PI-011 bulk composition (natural crystals contain ~22 wt.% CaO and mod-
elled crystals contain ~17-20 wt.%), it is very significant for the relatively evolved PI-041
bulk composition (natural crystals contain ~22 wt.% CaO while modelled crystals con-
tain ~10-18 wt.%). These observations suggest that while the xz-eos models seem able
to reproduce the abundance of Al-bearing non-quadrilateral components (including Ca-
Tschermak’s component, Esseneite and jadeite; CaTs, Es and Jd) they underestimate the
abundance of Ca-rich diopside (Di) and hedenbergite (Hd) components with respect to
Ca-poor enstatite (En) and ferrosilite (Fs) components. The most likely explanation for
this apparently poor model performance is that modelled liquids and clinopyroxenes are
depleted in CaO with respect to what is observed in natural samples because Ca-rich pla-
gioclase is stabilised at higher temperatures in our anhydrous models than in moderately
hydrous natural systems, which feature estimated HoO contents up to ~1.5 wt% (van
Gerve et al., 2024). We tested the plausibility of this explanation by calculating a pseu-
dosection with HoO varying from 0 to 2 wt.% for the sub-alkaline Holuhraun composition
(Supplementary Fig. 1). While HoO-bearing alkalic melts cannot currently be modelled,
precluding examination of the alkalic Pico compositions, our illustrative calculations on
a tholeiitic composition demonstrate that the CaO content of near-liquidus clinopyroxene
crystals increases with increasing magmatic HoO (Fig. 10). That is, for any given modal
proportion of clinopyroxene, the CaO content of clinopyroxene crystals increases with in-
creasing magmatic HoO and concomitant decreases in the modal proportion of plagioclase.
It is reasonable to consider this model result would also extend to alkalic systems, such
that the proposed explanation is plausible. Current clinopyroxene x-eos models may also
perform poorly in mafic alkaline systems, because of the relative paucity of experimental
observations against which to calibrate such models (cf., Molendijk et al., 2023). It is
nonetheless important to note that the discrepancy between high CaO in natural crys-
tals and low CaO in modelled crystal compositions cannot be explained by models being
calculated in an equilibrium paradigm and natural crystals growing under disequilibrium
conditions—at high degrees of disequilibrium, clinopyroxene crystals incorporate Ca-poor
En and Fs at the expense of Ca-rich Di and Hd, creating an opposite trend from what we
observe (Mollo et al., 2010; Masotta et al., 2019). Encouragingly, modelled clinopyroxene
Fes03 and Fe3t /Y Fe contents (Figs. 9C and 9D) broadly overlap with those observed
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in natural crystals. Specifically, most natural crystals from PI-011 lie between the Xp.s+
= 0.15 and Xp s+ — 0.25 trends while most natural crystals from PI-041 lie towards the
Xpe3+ = 0.35 trend. As for CaO, correspondences in FeoO3 and Fe3* /Y Fe contents be-

tween natural and modelled crystals in PI-041 get worse as Xy, s+ decreases.

Application to natural systems

Insights into iron-magnesium exchange equilibria

ol—liq

D,Fe2+—Mg val-

Olivine-liquid equilibria are often summarised and evaluated in terms of K
ues that canonically lie close to 0.3 in basaltic systems (Ford et al., 1983) but nonetheless
depend on temperature and melt composition in ways described by diverse parameteri-
sations (e.g., Toplis, 2005; Blundy et al., 2020; Saper et al., 2022). Despite their poten-
tial utility, similarly comprehensive models are currently unavailable for the evaluation
of clinopyroxene-liquid equilibria, likely because of the challenges traditionally associated
with determining clinopyroxene Fe3* /S Fe contents (Neave et al., 2024b); the parameter-
isations of Wood & Blundy (1997) and Putirka (2008) consider total Fe (i.e., Kgf’g‘FEng

rather than K g”;gglf_Mg values) and are thus associated with large uncertainties. In their

recent evaluation of clinopyroxene-liquid equilibria in natural systems, Neave et al. (2024b)

—liq

Fet Mg values in oceanic basalts may lie closer to values of 0.24-0.26

argued that true K%l
derived from experiments on mafic alkaline and calc-alkaline magmas (Sisson & Grove,
1993; Pilet et al., 2010; Salazar-Naranjo & Vlach, 2023) than values of ~0.28 estimated

from Equation 35 of Putirka (2008). In the absence of targeted experiments, the results of

cpx—liq

D Fe2+ Mg values

our pseudosection modelling provides us with independent insights into K
across a range of primitive magma compositions.

In the regions of our pseudosections where olivine is stable, K g}gg{_Mg values range
from ~0.32 at 1250 °C to ~0.40 at 1100 °C (Figs. 2C and 2D), in line with the con-

volved effects of temperature and melt composition on K g}lei&_Mg (Toplis, 2005; Saper
et al., 2022); the effect of Xps+ on K g}gg{_Mg appears minimal. As described above,

K (S_Fg§+_Mg values vary between tholeiitic and alkalic bulk compositions, and in the case

of the latter also vary as a function of Xpa+ (Figs. 2C and 2D).

cpx—liq

D Fe2+— Mg values increase from ~0.23 at 1190 °C

In our tholeiitic bulk compositions, K

to ~0.27 at 1100 °C. Thus, K CDPEQIP_Mg values follow the same trend of increasing with de-

ceasing temperature as K %ljFl;;ﬂ_Mg values, albeit offset to lower values. Our pseudosection
modelling also substantiates the inferences of Neave et al. (2024b) that true K g”;}lif
,re 7Mg

values in tholeiitic systems (at ~1100 °C) lie closer to the 0.24-0.26 values reported by
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Sisson & Grove (1993), Pilet et al. (2010) and Salazar-Naranjo & Vlach (2023) than those
of ~0.28 calculated with Equation 35 of Putirka (2008), though values of 0.24-0.26 are
still within the considerable +0.08(1c) uncertainty of values calculated with the latter
(0.27-0.29). It is also notable that these experimentally derived values were obtained from
mafic alkaline and calc-alkaline systems; targeted experiments on tholeiitic systems are

urgently required.

cpx—liq

D Fe2+— Mg values increase from ~0.26-0.28 at 1200

In our alkalic bulk compositions, K
°C to ~0.30-0.35 at 1100 °C, with lower values in each range being associated with lower
Xpe3+ values of 0.15 and higher values with higher X s+ values of 0.35. Different, complex

behaviour is observed in PI-041 at low Xy s+, likely as a consequence of the strong effect

cpx—liq

D Fe2+— Mg values

of X3+ on modelled clinopyroxene compositions (Fig. 9). Regardless, K
calculated for our alkalic bulk compositions (0.26-0.35) are appreciably higher than those
calculated for our tholeiitic systems (0.23-0.27), especially at low temperatures. They are
also, for the most part, lower than the K gj}é}leiq_Mg values obtained with Equation 35 of

Putirka (2008). Paradoxically, K g)f};;lffMg values from experiments on alkalic systems ap-

JEPE— liq

pear to fit D Fe2+ M

o values calculated for tholeiitic systems better than those calculated
for alkalic systems (~0.24-0.25 versus ~0.26-0.35; Pilet et al., 2010; Salazar-Naranjo &
Vlach, 2023). However, we believe that sensitivity of K gﬁ;g;iffMg values to variations in
Xpes+ may provide an explanation. The experiments reported by Pilet et al. (2010) and
Salazar-Naranjo & Vlach (2023) were largely performed in graphite-saturated conditions
fixed at or below ~FMQ—1.5, conditions considerably more reducing, and commensu-
rately poorer in Fe3T, than those likely to apply in natural systems (FMQ+1 to FMQ+2
or more; Moussallam et al., 2019). In light of this, we revisit the inferences made by Neave
et al. (2024b) concerning using clinopyroxene-liquid equilibria to estimate magmatic fo,

conditions in a following section, albeit with the caveat that the xz-eos models used may

be incompletely calibrated for the compositions investigated.

Insights into ferric iron partitioning

cpx—liq

e values in magmatic systems. Experimen-

There are currently very few estimates of D
tal observations are limited to those from Martian meteorites under reducing conditions
(McCanta et al., 2004), simple systems containing only trace Fe (Mallmann & O’Neill,
2009) and peridotitic systems at high pressure (Davis & Cottrell, 2021). As part of their
evaluation of clinopyroxene-liquid equilibria in natural ocean island basalts, Neave et al.
(2024a) described apparent D;Ef):hq values spanning the range 0.2-1.0. However, they

argued that the range they observed largely reflected kinetic processes, with much Fe?+
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variability arising from a combination of disequilibrium crystallisation and sector zone de-
velopment generating correlated variability in Al, Ti and Fe?*. That is, they inferred that

Al, and VAl in particular, placed steric constraints on the incorporation of Fe*t, even

cpx—liq

pest  values

if such relationships were only evident because of kinetics, such that true D

may instead lie close to their estimated means (~0.6).

Dcpx—liq

Fed values obtained from our pseudosection modelling are presented

Estimates of

in Fig. 11. Overall, estimated D;Zi,f 4 values are remarkably consistent across wide ranges

cpx—liq

pes+  values cal-

of Xpgs+, bulk composition and clinopyroxene composition. Namely, D

culated for our Holuhraun, Laki and PI-011 bulk compositions define a rough trend with

Dcpx—liq

Fed+ values decreasing from ~0.7 in Mg# = 0.85 clinopyroxene crystals to ~0.5 in

Mg# = 0.65 clinopyroxene crystals. At high Xps+, PI-041 returns D;;z);th values con-

sistent with the other compositions, though these deviate to lower DE’5, 9 values (<0.4)
at lower Xy, s+, in line with the distinctive clinopyroxene compositions calculated under
these conditions (Fig. 9). Our pseudosection modelling thus suggests that clinopyroxene
Al and "V Al contents exert little to no control over equilibrium D3y 9 values (Figs. 11C
and 11D), reinforcing the suggestion of Neave et al. (2024b) that equilibrium (as opposed
to kinetically controlled) D;Z?Ihq values are close to 0.6. Values of 0.453+0.158(1c) and
0.78+0.30(10) reported by Mallmann & O’Neill (2009) and Davis & Cottrell (2021), re-
spectively, are thus broadly representative of basaltic systems. These results also show the

importance of considering kinetics when evaluating Fe3T partitioning into clinopyroxene

cpx—liq

crystals. Nevertheless, that D5,

values vary between different bulk and clinopyroxene
compositions confirms that melt Fe?* /S Fe contents and thence fo, conditions cannot be
recovered by assuming that Fe3T partitioning is Henrian, which is unsurprising given the

fact that Fe3* is a major rather than trace constituent of magmatic clinopyroxene crystals

(McGuire et al., 1989; Neave et al., 2024b).

Estimating magma redox conditions

The Fe?* /YFe content of volcanic of glasses can be related to fo, conditions via (P-
)T—X-dependent parameterisations because the amorphous structure of melts (and thus
glasses) place no steric constraints on their Fe3* /S Fe contents. In contrast, clinopyrox-
ene Fe3T /Y Fe contents depend on the structure of the clinopyroxene crystals as well as
their composition and prevailing fo, conditions, preventing the simple parameterisation
of fo, as a function of clinopyroxene compositions and Fe?* /Y Fe contents. However, by
calculating pseudosections for specific bulk compositions, it is possible to generate bespoke

parameterisations that can relate equilibrium clinopyroxene Fe3* /¥ Fe contents to fo, con-
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ditions on a sample-by-sample basis, circumventing the need to account for steric controls
over the relative incorporation of Fe?t and Fe3T; steric effects are implicitly accounted for
in the thermodynamic models.

Relationships between modelled clinopyroxene Fe?* /Y Fe contents and fo, expressed
as log unit deviations from FMQ (AFMQ) are shown in Fig. 12A. To ensure that mod-
elled clinopyroxene compositions feasibly reflect measured compositions of natural crystals,
we only considered near-liquidus compositions from regions of the pseudosections associ-
ated with <5% modal clinopyroxene. Importantly, fo, does not vary much at any given
Fe3t /Y Fe content for near-liquidus clinopyroxene crystals in any given bulk composition.
However, it is striking that fo, can vary by a log unit or more at a fixed clinopyroxene
Fe3* /Y Fe content between different bulk compositions (Fig. 12A; Weller et al., 2024). In
general, the more evolved the bulk composition, the higher the fo, at any fixed clinopy-
roxene Fe3t /Y Fe content, though it is notable that the topology of the clinopyroxene
Fe3t /Y Fe-fo, relationship is substantially different for PI-041 than for the other three
bulk compositions, reflecting the greater range in modelled clinopyroxene compositions
generated as a function Xps+ for this composition (Fig. 9). Results from PI-041 are nev-
ertheless broadly coherent with those from the other bulk compositions when clinopyroxene
Fe3* /Y Fe contents exceed ~0.1, which encompasses the majority of natural compositions
(Fig. 9D).

By parameterising relationships between fo, conditions and clinopyroxene Fe3* /Y Fe
contents with the polynomial fits shown in Fig. 12A, we estimated magmatic fo, condi-
tions from clinopyroxene Fe3* /S Fe contents on a composition-by-composition basis. We
stress that these fits are specific to the pseudosections from which they were derived (i.e.,
the specific combination of bulk composition and z-eos models used) and cannot be used to
relate clinopyroxene Fe?* /Y Fe contents to fo, conditions more generally. Natural clinopy-
roxene compositions were first filtered for equilibrium with liquid compositions calculated
from the pseudosection modelling. We did this by identifying natural clinopyroxene com-
positions feasibly in equilibrium with modelled liquid compositions in equilibrium with

the clinopyroxene compositions shown in Fig. 12A. We achieved this by excluding natural

cpx—liq

D Fe?+— Mg values deviating by more than 0.03

clinopyroxene compositions that returned K
when paired with any given modelled liquid at any given Xy, s+. This step ensured that the
parameterisations shown in Fig. 12A were only applied to natural clinopyroxene composi-
tions that could have feasibly grown from the liquids produced by our pseudosection mod-
elling. We used a threshold of 4+0.03 for selecting equilibrium clinopyroxene-liquid pairs

because it is conservative with respect to uncertainties in analogous but well understood

KOD1}§§+_Mg values (£0.02; Toplis, 2005; Blundy et al., 2020). This uncertainty of +0.03 is
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significantly lower the +0.08(10) uncertainty associated with K %’g}léq_Mg values calculated

with Equation 35 Putirka (2008) that are compromised by ignoring the presence of Fe3;

chx—liq

cpx—liq
D,Fe2t —Mg K

we posit that values should be more precisely quantifiable than K SFe—Mg

values when both clinopyroxene and liquid Fe?* /S Fe contents are known. We also suggest
K gg}gng has been repeatedly identified as a poor discriminator of clinopyroxene-liquid
equilibrium with respect to, for example, DiHd and EnFs component equilibria at least

in part because of the uncertainties inherent with not evaluating the role of Fe?* (Mollo

et al., 2013; Wieser et al., 2023; MacDonald et al., 2023). Importantly, the results of our

KPx— liq

pseudosection modelling also highlight that K Fe2+— Mg

values depend not only on tem-

cpx—liq

perature as described by Putirka (2008), but also on bulk composition, with K D Fe+ Mg

values associated with alkalic bulk compositions being appreciably higher than those as-

chx—liq

D Fe2+— Mg values used to evaluate

sociated with tholeiitic bulk compositions. Thus, the

equilibrium need to be tailored to the P-T—X conditions of interest. Nevertheless, we

cpx—liq

D Fe2+—Mg value of 0.25 based on experimental observations

note that imposing a fixed K
from Salazar-Naranjo & Vlach (2023) does not change our results significantly: eventual
estimates of fp, for our alkalic samples increase by ~0.2 while those for our tholeiitic
samples remain unchanged.

After filtering for equilibrium, fo, conditions were inferred from natural clinopyroxene
compositions on a composition-by-composition basis using the relevant parameterisation
shown in Fig. 12A. Estimated fo, conditions are shown in Fig. 12B. Because the fitted
relationships between fo, and clinopyroxene Fe3* /Y Fe are decidedly non-linear, we report
our results as median fo, conditions and interquartile ranges (IQRs). We also report the
evaluations of Fe?t-Mg equilibrium used to filter natural clinopyroxene compositions in
Figs. 12C-12F. Equilibrium clinopyroxene-liquid pairs were found for both of the tholeiitic
systems investigated (Holuhraun and Laki; Figs. 12C-12E), while equilibrium pairs were
only found for one of the alkalic systems considered (PI-041; Fig. 12F); no equilibrium
pairs were identified for PI-011, likely because this composition has accumulated mafic

Sye cpx—liq
phases. Equilibrium K D Fe2+ Mg

values were estimated to lie close to 0.24 for the tholeiitic
compositions and close to 0.30 for the alkalic composition (PI-041).

Clinopyroxene compositions from the Holuhraun eruption reported by Neave et al.
(2024b) return a median fo, of FMQ—1.2 (IQR = FMQ-1.4 to FMQ—0.9; Fig. 12B).
These values suggest a reducing environment with respect to those derived from melt

S systematics that favour more oxidising pre-eruptive fo, conditions of FMQ+0.5 (Bali

et al., 2018). Nevertheless, these values agree with the observations of Neave et al. (2024b),

cpx—liq

largely on account on being based on similar K D Fe+ Mg

values. We thus agree the sug-

gestion of Neave et al. (2024b) that the small, tephra-hosted crystals they measured grew
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from liquids that had experienced syn-eruptive reduction as a result of SOy degassing (e.g.,
Moussallam et al., 2016). As such we suggest that the clinopyroxene Fe?* /S Fe content of
these crystals reflects a true fo,, but that this fo, corresponds to a brief snapshot in the
late-stage evolution of the system rather than the fo, conditions that prevailed at depth.
In contrast, clinopyroxene compositions reported by Halldorsson et al. (2018) return a
median fo, of FMQ (IQR = FMQ—-0.8 to FMQ+0.4; Fig. 12B), comfortably within
uncertainty of the ~FMQ-+0.5 value estimated by (Bali et al., 2018), and in line with
recalculated values for the Reykjanes Ridge (FMQ—0.3 to FMQ; Shorttle, 2015; Novella
et al., 2020). We speculate that the tail to more reducing conditions may reflect simi-
lar degassing processes to those inferred from the compositions reported by Neave et al.
(2024b).

Clinopyroxene compositions from the Laki eruption reported by Neave et al. (2024b)
return a median fo, of FMQ+0.6 (IQR = FMQ+0.3 to FMQ-+1.2; Fig. 12B). These values
are wholly consistent with pre-eruptive fo, conditions estimated from Fe-XANES spec-
troscopy performed on olivine-hosted melt inclusions (~FMQ-+0.7; Hartley et al., 2017).
Overall, our findings from the Laki eruption suggest that clinopyroxene Fe3* /X Fe contents
derived from crystals or crystal zones that formed shortly before eruption but before any
significant SO2 degassing can provide faithful records of magmatic fo, conditions, at least
for tholeiitic compositions.

Clinopyroxene compositions in sample PI-041 from Pico reported by Neave et al.
(2024b) return a median fo, of FMQ+1.1 (IQR = FMQ+0.6 to FMQ+1.6; Fig. 12B).
While these fo, conditions are relatively oxidised when compared with those from MORBs
that hover around FMQ (e.g., Cottrell et al., 2022) they are relatively reduced when
compared with those estimated for many OIBs, including those with similar geochemical
affinities to the Azores (>FMQ+2; Moussallam et al., 2019; Taracsak et al., 2022; Nick-
las et al., 2022b). These conditions also contrast with those recently suggested by Neave
et al. (2024b) based on the same clinopyroxene compositions we discuss here (>FMQ+2.5).
Neave et al. (2024b) based their fo, estimation on the assumption that K g’;;iq_Mg values
in mafic alkali magmas are not only similar to those in tholeiitic magmas but also to those
inferred from experiments on mafic alkali magmas (Pilet et al., 2010; Salazar-Naranjo &

Vlach, 2023) and thus lie close to 0.24. As discussed above, our pseudosection modelling

cpx—liq

instead suggests that K D Fe+ Mg

values in moderately oxidising alkalic bulk composi-
tions (i.e., natural systems rather than graphite-buffered experimental systems) could be
much higher, with equilibrium clinopyroxene-liquid pairs in trachybasaltic-to-tephritic PI-

041 being associated with K g”;;zlifl_Mg values around 0.30. However, filtering equilibrium
cpx—liq

D Fe2+— Mg value of 0.24 from Salazar-Naranjo &

clinopyroxene compositions with a fixed K
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Vlach (2023) only increases median fo, estimates to FMQ+1.3 from FMQ+1.1, implying

cpx—liq

that vagaries in true K D Fe2+— Mg

values cannot account for the apparently low fo, condi-
tions we estimate for our PI-041. Conversely, we suggest that syn-eruptive SOo degassing
may have reduced natural PI-041 liquids in a similar way to how it affected the Holuhraun
liquids discussed above. For example, most of the equilibrium pairs we identify are associ-
ated with lower Mg# clinopyroxene compositions and lower Fe3* /Y Fe contents (Fig. 12).
The corollary to this is that the higher Mg# clinopyroxene compositions for which we do
not find equilibrium pairs may reflect crystallisation under disequilibrium conditions (e.g.,
Ubide et al., 2019; Di Fiore et al., 2021), an inference consistent with their location within
rapidly grown microcrysts rather than macrocryst rims (Fig. 12D; Neave et al., 2024b).
Moreover, our pseudosection modelling approach can only recover fo, conditions during
the last equilibration between liquid and clinopyroxene compositions within the modelled
bulk composition. While macrocryst cores may have grown under more oxidising condi-
tions prior to the formation of rims and microcrysts, our current approach cannot recover
earlier equilibration events such as these. Indeed, comparisons with the parameterisation
for the relatively primitive PI-011 composition suggest that clinopyroxene core Fe3t /Y Fe

contents of ~0.3 could potentially indicate fo, conditions close to FMQ+2 (Fig. 12A).

Caveats and future directions

Our results suggest that pseudosection modelling can, in principle, provide new ways to
relate phase compositions, and clinopyroxene Fe3t /Y Fe contents in particular, to mag-
matic fo, conditions. Moreover, they highlight the sensitivity of relationships between

clinopyroxene Fe3* /X Fe contents and fo, conditions to P-T-X conditions. They also un-

cpx—liq

D Fe2+ Mg values

derline how criteria used to identify mineral-liquid equilibrium such as K
are also closely tied to P-T—X conditions, with K g?;;f_Mg potentially being higher than
suggested in alkalic bulk compositions, at least under some circumstances. Nonetheless,
there are some important caveats to our approach that reveal directions for future work.
Our first and most important caveat is that the effective application of our approach
still depends on understanding the petrographic and petrological contexts of the clinopy-
roxene analyses being used to estimate fo, conditions. For example, the two suites of
clinopyroxene compositions we consider from the Holuhraun eruption return median fo,
conditions more than a log unit apart. While this discrepancy might initially be ascribed
to poor model performance or poor analyses in one or both of the datasets, further inves-

tigation shows how it can be reconciled when the histories of different clinopyroxene suites

are taken into account; small tephra-hosted clinopyroxene crystals analysed by Neave
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et al. (2024b) grew after some degree of reductive SO9 degassing, while larger and mostly
lava-hosted crystals analysed by Halldorsson et al. (2018) formed prior to reductive SOq
degassing. Likewise, the failure to identify any equilibrium clinopyroxene-liquid pairs from
PI-011 can be explained by its bulk composition incorporating accumulated mafic minerals
and thus not constituting a true magmatic liquid. Degassing may have also played an im-
portant role creating the only moderately oxidising fo, conditions recorded by equilibrium
clinopyroxene crystals in PI-041.

A further key caveat associated with thermodynamic modelling of any kind concerns
whether the models being used are sufficiently well calibrated under the conditions of in-
terest. While thermodynamic models have some predictive power beyond their immediate
calibration ranges, their performance is still compromised in systems that have seen lit-
tle experimental investigation. The expansion of benchmarked z-eos liquid models into
basaltic and then alkaline compositional fields provides encouragement that our pseudo-
section models are sufficiently well founded (Green et al., 2016; Weller et al., 2024). The
offset between natural and modelled clinopyroxene compositions in our alkalic bulk com-
positions is nevertheless striking, especially in terms of the apparent underestimation of
CaO, and thus DiHd component, contents (Fig. 9A). Although overestimating the pla-
gioclase stability due to the anhydrous model system being compared with a moderately
hydrous natural system is probably a key cause of this discrepancy, the relative paucity of
well-characterised clinopyroxene compositions in a range of alkalic experimental systems
against which to benchmark clinopyroxene z-eos models provided by Weller et al. (2024)
(that reflect an evolution of the models presented by Green et al. (2012), Jennings &
Holland (2015) and Holland et al. (2018)) may also play an important role. In contrast,
modelled clinopyroxene compositions do a good job of reproducing natural compositions
in our tholeiitic systems, reflecting the greater abundance of experimental observations
in this compositional space with which to calibrate and benchmark models (e.g., Holland
et al., 2018).

Our modelling does not account for the presence of magmatic HoO due to the current
absence of z-eos models for hydrous alkaline systems, which is a key target for future model
development (Weller et al., 2024). It is nevertheless important to note that ignoring HoO
is likely to have the biggest impact on the pseudosections calculated for our alkalic bulk
compositions that contain up to ~1.5 wt.% (van Gerve et al., 2024), though tholeiitic bulk
compositions still contain non-negligible HoO contents up to ~0.7 wt.% (Hartley et al.,
2014). The main impact of modelling moderately hydrous systems with an anhydrous
model is that the stability of plagioclase will likely be overestimated (Almeev et al., 2012).

This is probably why clinopyroxene CaO contents are strongly underestimated in our
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models of alkalic systems where the crystallisation of CaO-rich plagioclase is often observed
to be suppressed with respect to clinopyroxene crystallisation in hydrous natural systems,
as demonstrated by illustrative calculations using HsO sensitive models in a tholeiitic
system (Fig 10).

Our magma redox estimates obtained via pseudosection modelling are variably robust.
Pre-eruptive fo, estimates of FMQ for the Holuhraun eruption to FMQ-0.7 for the Laki
eruption agree with prior estimates and are based on models that reproduce natural com-
positions well. In contrast, a pre-eruptive fo, estimate of FMQ+1.1 for sample PI-041
from Pico is less oxidising than expected based on prior observations (Neave et al., 2024b).
It is also based on models that do not fully reproduce natural compositions, though is also
likely to compromised by syn-eruptive reductive degassing of SOs. Regardless, our esti-
mates of magmatic fo, conditions from the Azores are less certain than those from Iceland.
Future work in two key areas should improve our ability to estimate fo, conditions from
clinopyroxene crystals in alkalic systems. Firstly, incorporating HoO into pseudosection
modelling of alkalic systems will address outstanding uncertainties around the impact
of over-stabilising plagioclase on equilibrium clinopyroxene compositions. Secondly, per-
forming new, targetted experiments will allow us to explore how variations in Xps+ affect
clinopyroxene-liquid equilibria and clinopyroxene Fe3*/YFe contents in a range of OIB

compositions.

Conclusions

By performing pseudosection modelling we parameterised relationships between clinopy-
roxene Fe3* /Y Fe contents and fo, conditions for bulk compositions associated with four
natural OIB samples from Iceland and the Azores. Using these parameterisations and
newly gained insights into Fe?*—Mg exchange equilibria between clinopyroxene crystals
and their host liquids we estimated magmatic fo, conditions from clinopyroxene Fe3* /S Fe
contents in the natural samples. Clinopyroxene crystals in tholeiitic basalts from Iceland
record magmatic fo, conditions of ~FMQ to ~FMQ-+0.6 that are wholly consistent with
previously reported values from the samples in question and, in line with prior assessments
(e.g., Shorttle, 2015; Hartley et al., 2017; Bali et al., 2018; Neave et al., 2024b), confirming
that Icelandic tholeiites evolve under fo, conditions similar to or very slightly more oxi-
dised than those experienced by MORBs (Cottrell et al., 2022). Importantly, some small
tephra-hosted crystals from the Holuhraun eruption record considerably more reducing
conditions of FMQ—1.2 indicating that even mineral-based archives of magma redox con-

ditions can be compromised by late stage reduction by SOs degassing. Clinopyroxene
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crystals in trachybasalt-to-tephrite from Pico Island in the Azores record more oxidising
conditions of ~FMQ+1.1, qualitatively consistent with relatively oxidising conditions re-
ported from OIBs containing recycled material in their mantle sources, but nonetheless
significantly less oxidising than the most oxidised conditions reported from largely anal-
ogous systems like the Canary Islands (Moussallam et al., 2019; Brounce et al., 2022).
Importantly, these values are much less than the FMQ+2.5 recently reported from the
same samples by Neave et al. (2024b), though it is also likely that they have been com-
promised reductive SO2 degassing on liquid compositions — the FMQ+1.1 for Pico should
be viewed as a minimum rather than a maximum.

Overall, our findings show that pseudosection modelling can successfully provide a way
to circumvent challenges imposed by steric effects when relating clinopyroxene Fe3* /X Fe
contents with magmatic fo, conditions. However, further work is required to calibrate
and benchmark clinopyroxene z-eos models in the composition space occupied by mafic
alkaline magmas, something than can only realistically be attempted following a targeted
experimental campaign to this end. Regardless, expanding recently developed z-eos models
into hydrous alkalic systems will likely lead to improvements in model performance in
moderately hydrous OIB settings like the Azores. When combined with the increasing
ease of calculating pseudosections in MAGEMin Riel et al. (2022) these developments will
continue to enhance our ability to integrate thermodynamic modelling with observations

from natural samples to investigate the redox evolution of magmatic systems.
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Table 1: Whole-rock data (wt.%) from our target systems. Data sources: Holuhraun—mean
whole-rock composition from Halldérsson et al. (2018); Laki—mean whole-rock composition

from Passmore et al. (2012); PI-011 and PI-041—Pico whole-rock compositions from van Gerve
et al. (2024).

Holuhraun Laki Pico - PI-011 Pico - PI-041

5104 20.00 50.28 48.86 46.29
TiO, 1.88  2.75 2.35 3.5
Al, O3 13.79 13.74 13.81 17.19
FeOT 12.35 13.42 9.83 10.99
MnO 021 0.22 0.17 0.17
MgO 6.82 5.78 10.24 6.22
CaO 12.01 1041 10.45 9.44
Nay,O 244 2.69 2.87 2.70
K5O 0.20 0.42 1.22 1.08
P,05 0.17 0.29 0.47 0.61

Table 2: THERMOCALC inputs (expressed on a molar basis). FeO? = total FeO. THERMO-
CALC treats Fe,O3 as 2FeO + O. Therefore, Xps+ = 20/FeO? and Mg# = MgO/(MgO +
FeOT - 20). PI = peralkaline index = (NayO + K,0)/Al,O3.

Sample Si0y, TiOy AlLO3; CaO MgO FeOT K,O NayO O Xpes+ Mg# PI

Holuhraun 5241 148 8.52 1349 10.66 10.83 0.13 248 0.00 0.00 050 0.31
Holuhraun 5241 148 8.52 1349 10.66 10.83 0.13 248 2.71 0.50 0.66 0.31
Laki 53.31  2.19 8.58 11.83 9.14 119 0.28 2.76 0.00 0.00 043 0.35
Laki 53.31  2.19 8.58 11.83 9.14 11.9 0.28 2,76 2.98 0.50 0.61 0.35
Pico - PI-011 50.37  1.82 839 11.54 15.74 8.47  0.80 2.87 0.00 0.00 0.65 0.44
Pico - PI-011 50.37  1.82 839 11.54 15.74 8.47 0.80 2.87 212 0.50 079 0.44
Pico - PI-041 50.88 294 11.13 11.12 10.19 10.1  0.76 2.88 0.00 0.00 0.50 0.33
Pico - PI-041 50.88 294 11.13 11.12 10.19 10.1  0.76 2.88 2.53 0.50  0.67 0.33
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Figure 1: (A) Map of the North Atlantic region encompassing sample locations in Iceland
and the Azores. (B) Map of Iceland showing sample locations. Laki is represented by basalt
lava sample LAK-04 described by Passmore et al. (2012) and Neave et al. (2013). Holuhraun
is represented by a tephra sample equivalent to sample H14 described by Halldorsson et al.
(2018) and literature data from across lava flow reported by Halldorsson et al. (2018). (C) Map
of part of the Azores archipelago showing sample locations on Pico Island (van Gerve et al.,
2024). PI-011 is a lava sample and PI-041 is a tephra sample.
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Figure 2: Pseudosections calculated from whole-rock compositions documented in Table 1.
Pseudosections were calculated at fixed pressures, superliquidus to solidus temperatures and
Xpes+ values (i.e., bulk Fe?*/SFe contents) varying between 0 and 0.4. Vertical dashed lines
show the Xpgs+ values for which further parameters are plotted in Figs. 4-7. (A) Pseudosection
calculated at 300 MPa for the mean Holuhraun whole-rock composition reported by Halldérsson
et al. (2018). (B) Pseudosection calculated at 300 MPa for the mean Laki whole-rock compo-
sition reported by Passmore et al. (2012). (C) and (D) Pseudosection calculated at 500 MPa
for the whole-rock compositions of samples PI-011 and PI-041 from Pico island in the Azores
reported by van Gerve et al. (2024).
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Figure 4: Plots summarising phase proportions, phase compositions, Fe(-Mg) partitioning and
oxygen fugacity (fo,) systematics calculated for our Holuhraun composition at a range of X+
values. Results from slices at X3+ values of 0.1, 0.15 and 0.2 are shown in (A), (B) and (C)

respectively.
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Figure 5: Plots summarising phase proportions, phase compositions, Fe(-Mg) partitioning and
oxygen fugacity (fo,) systematics calculated for our Laki composition at a range of Xps+
values. Results from slices at X3+ values of 0.1, 0.15 and 0.2 are shown in (A), (B) and (C)
respectively.
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Figure 6: Plots summarising phase proportions, phase compositions, Fe(-Mg) partitioning and
oxygen fugacity (fo,) systematics calculated for composition PI-011 from Pico at a range of
values contents. Results from slices at Xps+ values of 0.15, 0.25 and 0.35 are shown in (A),
(B) and (C) respectively.
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Figure 7: Plots summarising phase proportions, phase compositions, Fe(-Mg) partitioning and
oxygen fugacity (fo,) systematics calculated for composition PI-041 from Pico at a range of
Xpe3+ values. Results from slices at Xps+ values of 0.15, 0.25 and 0.35 are shown in (A), (B)
and (C) respectively.
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Figure 8: Plots summarising evolution trajectories of modelled liquid compositions (i.e., liquid
lines of descent) from superliquidus conditions to a liquid modal proportion of ~0.4 at a range
of Xpes+ values. Circles show bulk compositions (i.e., superliquidus compositions). Panels show
liquid Mg# (Mg/(Mg+Fe?") on a molar basis) versus (A) liquid total alkalis (Na,O + K,0),
(B) liquid K,0, (C) liquid FeO, (D) liquid Fe;O3, (E) liquid Fe*T /YFe and (F) oxygen fugacity
(fo,) expressed as log unit deviations from fayalite-magnetite-quartz equilibrium (AFMQ).
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Figure 9: Plots summarising evolution trajectories of modelled clinopyroxene compositions (i.e.,
crystal lines of descent) from the clinopyroxene liquidus to a liquid modal proportion of ~0.4 at a
range of X s+ values. Circles show liquidus clinopyroxene compositions. Natural compositions
from Halldérsson et al. (2018) and Neave et al. (2024b) are shown. Data from Halldorsson et al.
(2018)—H18—are less precise than those from Neave et al. (2024b) but cover a much greater
diversity of eruption products and are generally from larger clinopyroxene crystals. Panels
show clinopyroxene Mg# (Mg/(Mg+Fe?") on a molar basis) versus (A) clinopyroxene CaO,
(B) clinopyroxene Al,O3, (C) clinopyroxene Fe;O3 and (D) clinopyroxene Fe3t /Y Fe.
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Figure 10: Plots showing the effect of magmatic HyO on plagioclase and clinopyroxene equilibria
calculated for our Holuhraun composition at a fixed X3+ of 0.15 and magma HsO contents
of 0 to 2 wt.%. (A) Plagioclase modal proportion as a function of temperature and magma
H50O content; as the magma HyO content increases at any given temperature, the stability
of plagioclase decreases. (B) Clinopyroxene CaO contents as a function of temperature and
magma HsO content; at any given temperature, the CaO content of clinopyroxene increases
with increasing magma HyO content. (C and D) Clinopyroxene CaO contents as a function of
clinopyroxene modal proportion, magma HyO content and (C) temperature and (D) plagioclase
modal proportion (D); at any given modal proportion of clinopyroxene, the CaO content of
clinopyroxene increases and the equilibrium model proportion of plagioclase decreases as magma
H,O content increases.
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Figure 11: Plots summarising D%‘e’;‘ggq values calculated from thermodynamic models (from
the clinopyroxene liquidus to a liquid modal proportion of ~0.4) and natural observations
as functions of clinopyroxene compositions. Circles show values at the clinopyroxene liquidus.
Panels show D%I:;(_)Sq values as functions of (A) clinopyroxene Mg# (Mg/(Mg+Fe*™) on a molar

basis), (B) clinopyroxene Al,Os, (C) clinopyroxene VAl and (D) clinopyroxene Fe3* /Y Fe.
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Figure 12: Plots summarising magmatic oxygen fugacity (fo,) conditions estimated from nat-
ural clinopyroxene Fe3* /S Fe contents using relationships between clinopyroxene Fe* /Y Fe and
fo, parameterised from calculated near-liquidus clinopyroxene compositions; clinopyroxene is
considered to be near-liquidus when it makes up <5 modal % of the system). Oxygen fugacity
conditions are expressed as log-unit deviations from the fayalite-magnetite-quartz equilibrium
(AFMQ). Natural clinopyroxene compositions from Halldérsson et al. (2018) and Neave et al.
(2024b) were filtered to return K %i’;;lif_Mg values within 0.03 of values calculated using the
bulk as the liquid composition (typically 0.24 for tholeiitic compositions from Holuhraun and
Laki and 0.30 for alkali compositions from Pico). No fits were found for clinopyroxene crystals
in sample PI-011 from Pico, likely because the bulk composition has accumulated olivine; the
other modelled compositions were matrix glasses. Clinopyroxene crystals from the Holuhraun
and Laki lava return median fo, conditions of AFMQ to AFMQ+0.7 that are within half a
log unit of published values for these eruptions (Bali et al., 2018; Hartley et al., 2017); small
clinopyroxene crystals from a tephra sample return more reducing conditions of AFMQ—1 po-
tentially indicative of crystallisation after appreciable reductive SO, degassing. Clinopyroxene
crystals in sample PI-041 from Pico return median fo, conditions of AFMQ+1.1, lower than
values for similar compositions erupted at other ocean islands (Moussallam et al., 2019) and
estimated from olivine-liquid equilibrium (Neave et al., 2024b), and thus feasibly compromised
by reductive SO, degassing.
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