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Estimating mantle temperature is essential for understanding mantle convection and circulation. One route to constraining mantle
temperature is via petrological observations, from combining estimates of magmatic temperature with models of melt generation.
However, a key factor that has been less emphasised in previous work is the interplay between the temperature of primitive magmas and
the composition of the mantle they are derived from. In practice, both of these are unknown and require simultaneous inference from
the data. Here we report new estimates of magmatic temperatures for 17 ocean islands and a mid-ocean ridge setting (Siqueiros Fracture
Zone) using olivine-spinel thermometry. With the acquired crystallisation temperature estimates, we calculate primary magmatic
temperatures using a reverse fractionation model based on the most forsteritic populations of olivine and then apply a multi-lithological
mantle melting model to invert for mantle potential temperature (Tp). We find that the most forsteritic olivines investigated in this study
have forsterite (Fo) contents between 83.5 and 88.5 and crystallisation temperatures (Tcrys) between 1130°C and 1340°C (£23-43°C).
Calculations using a multi-element diffusion model show that diffusive resetting of olivine Fo content during magma storage may be
prevalent under ocean islands. Considering that the observed maximum Fo contents are several units lower than those of the presumed
primary mantle olivines (Fo > 90), a correction on Teysis required to calculate that of the primary melts and T,. Here we calculate an
olivine-controlled liquid line of descent (LLD) with its one end fixed by the average Fo-Tcys (considering possible diffusive resetting) of
the most forsteritic population at individual islands, and the other end lying on the (unknown) primary olivine Fo and crystallisation
temperature. Mantle potential temperatures calculated from a fixed primary Foo; (=1326-1661°C) show overlap with values reported by
previous studies and are regarded as reliable temperature estimates. Using T, = 1350 (+£12) °C calculated for Siqueiros using the same
approach (but with additional constraints from crustal thickness and magma chemistry), we obtain the plume excess temperature
AT, for ocean islands with high-Fo olivines (Fo > 85) as —23°C to 202°C, which are comparable with results reported by recent seismic
tomography studies and show correlations with plume buoyancy fluxes from the literature (especially at hotspots providing olivines
Fo > 87). We obtain ATp=229-311°C for localities having lower olivine Fo (83-85), which likely indicates an overestimation of plume
temperatures. The petrological approaches in this study can be applied to other ocean islands to constrain mantle temperature and
identify key geophysical and petrological constraints that may contribute to more reliable mantle temperature estimates in future.
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INTRODUCTION

hot, and therefore, buoyant and upwelling regions of mantle (e.g.

Large-scale mantle convection in the Earth is characterised by
cold downwellings at subduction zones and upwellings, which
often manifest as hotspot-fed ocean islands. The key to under-
standing the upwelling of mantle plumes is identifying the origin
of their positive buoyancy that makes them ascend through the
mantle. In this study, we focus on applying petrological methods
to constrain the temperature and lithology of the mantle beneath
ocean islands, which collectively are the key terms defining their
buoyancy.

As the term ‘hotspot’ would imply, ocean islands are settings
that have long been considered to be underlain by anomalously

Morgan, 1971). However, compositional anomalies in the mantle
have also been identified as contributing to magmatism at these
settings (e.g. Asimow & Langmuir, 2003; Sobolev et al., 2005). One
way of accessinginformation on ocean island mantle temperature
is through their magmas, the temperature of which in principle
relates to the temperature of their mantle source regions. A priori,
we typically know neither the composition nor temperature of the
mantle source from which melts are extracted beneath an ocean
island. When applying petrological thermometers to constrain
the thermal properties of the mantle, we therefore, need to con-
sider its compositional characteristics at the same time. Mantle
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temperature affects the relative contributions of mantle litholo-
gles to melt production, as hotter mantle will lead to more melting
of the refractory lithologies it carries during decompression (e.g.
Shorttle et al., 2014), while mantle composition in turn affects the
thermal structure of the melting region, as the depth of solidus
intersection and melt productivity impact the rate of cooling
during decompression (e.g. Phipps Morgan, 2001).

Attempts have been made to combine petrological estimates
of mantle temperature with models of how heat is consumed
during melting of mantle with fusible and refractory components
(e.g. Shorttle et al.,, 2014; Matthews et al., 2016; Wong et al., 2022).
These studies have focused on regions with good constraints on
overall melt production, melt region geometry (regions of domi-
nantly passive plate spreading), the lithologies contributing to the
aggregate melt, and the petrology of the most primitive magmas
entering the volcanic systems. With these combined constraints,
simultaneous estimates of mantle composition (the relative pro-
portion of assumed lithologies) and mantle temperature can be
obtained (e.g. Matthews et al., 2021).

Considering the case of a general ocean island, however, the
constraints on melting, melt composition, and the characteristics
of primitive melts and the mantle source are typically weaker
than for Iceland and mid-ocean ridges (e.g. Matthews et al., 2021).
In the limiting (albeit, common) case, the only available con-
straint might be the petrological estimate of magma temperature
in a moderately evolved melt. In these cases, there are several
important assumptions and steps that must be taken to acquire
an estimate of mantle temperature from a magma temperature.
These steps propagate an uncertainty, and potential degeneracy,
in estimating mantle temperature from petrological temperature
estimates alone (e.g. Matthews et al, 2021), placing important
limitations on our ability to inform models of Earth’s interior
dynamics.

In this study we investigate how precisely mantle plume
temperature can be estimated given only constraints on their
magmatic temperatures. We provide new petrological estimates
of magmatic temperatures from 17 ocean islands (including 15
ocean islands with geochemical data acquired in this study, and
Hawail and Iceland with data reported by previous studies).
These temperature estimates are derived from compositional
measurements of coexisting olivine-spinel pairs using a recently
revised olivine-spinel thermometer. We use a multi-element
diffusion model to evaluate the degree of diffusive resetting
in olivines from this study and take the most forsteritic sub-
populations to estimate the temperature of primary magmas. We
then employ a multi-lithological mantle melting model to identify
the mantle temperatures and lithologies that can produce such
melts. Our results focus on the uncertainties propagated through
the modelling from applying these methods to only partially
characterised systems. The analytical methods, olivine-spinel
thermometry equations, and mantle melting model used in this
study are detailed below.

SAMPLE INFORMATION AND ANALYTICAL
METHODS

Most ocean island samples in this study are from the Harker
collection of the Sedgwick Museum, University of Cambridge,
and collections of the National History Museum in London; the
Galdpagos samples are provided by D. Geist, and one sample
from Piton de la Fournaise, Réunion was reported in Salaiin et al.
(2010). The rocks are mainly basalt/olivine basalt (see sampling
locations and other information in Supplementary Table S1). For

each ocean island, we took at least one rock sample from a
single volcanic system and either crushed the rocks and mounted
the picked olivine single grains in epoxy resins or cut the rocks
to make thin sections for the consequent electron microprobe
analysis.

The ocean island olivine crystals and their spinel inclusions
were analysed in four sessions between June and November 2021,
using a Cameca SX100 electron microprobe at the Department
of Earth Sciences, University of Cambridge. We acquired n=322
and n=246 analyses for olivine and spinel respectively from 124
olivine-spinel pairs (see Supplementary Tables S2 and S3), with
analytical conditions described below.

Olivine crystals were analysed using an accelerating voltage
of 15 kV under two different analytical conditions: a standard
beam current (20 nA) for Mg, Si, Fe and Ti, and a higher beam
current (100 nA) with a longer counting times for other elements
(Al, Ca, P, Cr, Mn, Ni) (see primary standards and counting times
in Supplementary text and Table S4). To acquire high precision
Al measurements for the subsequent thermometric calculations,
Al in olivine was analysed using two spectrometers (with TAP
and LTAP crystals, respectively), with a long acquisition time of
150 seconds on each. Spinel inclusions were analysed using a
voltage of 15 kV and a beam current of 40 nA. About 3 to 5
measurements were conducted on each olivine/spinel crystal.
The positions of measurements in olivine were chosen to be
about 30 to 50 pm away from the spinel inclusion(s) to ensure
that the two phases are likely to have been in thermodynamic
equilibrium at the time of spinel entrapment, while minimising
the interference of Al and Cr in spinel on the analysis of olivine.
Three secondary standards were analysed every 6 to 8 hours in
between the unknowns, including two olivine standards (in-house
San Carlos, and MongOL sh11-2 of Batanova et al., 2019) and one
chromium augite standard (NHNM164905) (see the accuracy and
precision derived from the analysis of secondary standards in
Supplementary Table S4 and Fig. S1). Repeated measurements of
Al,O3 in MongOL (n=153) and San Carlos (n =95) olivines showed
a 1 s.d. precision of 14 ppm (2.9%, relative) and 23 ppm (5.6%,
relative), respectively, whereas the counting statistics indicate an
uncertainty of ~25 ppm in Al, which is propagated to the error in
the calculated Terys.

OLIVINE-SPINEL COMPOSITIONS AND
CRYSTALLISATION TEMPERATURES

Olivine and spinel compositions

The ocean island basalt (OIB) olivines in this study have Fo con-
tents between 78 and 89 and Al concentrations between 140 and
380 ppm (Fig. 1), where Fo and Al contents generally show a
positive correlation, although at some locations a large variation
in Alis seen within a narrow range of Fo content (e.g. Galapagos).
The OIB olivines have a similar average Al content (239 ppm) as
the global OIB olivine in the GEOROC database (n=2524; mean:
229 ppm Al). The Al contents of high-Fo OIB olivines (Fo=_85-
89) mostly overlap with those of similar Fo contents from Iceland
(Matthews et al., 2016; Spice et al., 2016), except that olivines from
Crozet and Azores show Fo-Al contents similar to those from the
Siqueiros Transform (Coogan et al.,, 2014; Matthews et al., 2021)
(Fig. 1). Variations in AlI-Mn-Ni-Ca with Fo contents of olivines in
this study are shown in Supplementary Materials (compilation of
all data in Figs S3 and S4; data for individual islands in Figs S6-
S10; full dataset in Table S2).

The OIB spinel in this study have Cr# of 0.29 to 0.68 and Mg#

of 0.38 to 0.69 (Mg# =%, square brackets denote mole
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Fig. 1. Forsterite (Fo) and Al contents of OIB olivine from this study (ocean islands in the figure legend are sorted in ascending order by their average Fo
content of the most forsteritic sub-population of olivine). Olivine data previously reported for Hawai‘i (Kama‘ehuakanaloa and Kilauea; Matthews

et al,, 2021), Iceland (Matthews et al., 2016; Spice et al., 2016), and Siqueiros (Coogan et al., 2014; Matthews et al., 2021) are plotted as different symbols
filled in white (see legend). A compilation of data for global OIB olivines adopted from GEOROC database are plotted in the inset (see contours). Data
compiled by Sobolev et al. (2007) for MORB and Iceland olivines are shown in shaded areas and contours, respectively in the main plot. Uncertainties in
the measured olivine Fo-Al concentrations are shown in grey error bars (some are smaller than the symbols).

fraction), overlapping with those from Siqueiros (Coogan et al.,
2014; Matthews et al., 2021) and Iceland (Matthews et al.,, 2016;
Spice et al., 2016). The Al-Cr-Fe3* ternary diagram in Fig. 2 shows
that most OIB spinel fall into the compositional range of exper-
imental products that were used to calibrate the thermometer
equations; some contain high Fe**+ similar to that in spinel from
large igneous provinces (LIPs) (Cheng et al., 2020; Heinonen et al.,
2015; Jennings et al., 2019; Spice et al., 2016; Trela et al., 2017; Wu
et al, 2022; Xu & Liu, 2016; Zhang et al,, 2021) but much higher
than that in spinel from MORB and Iceland.

Olivine crystallisation temperature Ty
Calculation using olivine-spinel thermometer equations

Olivine crystallisation temperature (Terys) can be calculated from
thermometers assuming thermodynamic equilibrium between
olivine and liquid (e.g. Putirka et al., 2007; Pu et al., 2017), or olivine
and other minerals (e.g. spinel; Wan et al., 2008; Coogan et al., 2014).
The latter type of thermometers has the advantage of not requir-
ing a liquid composition which is usually unknown. In particular,
the olivine-spinel Al exchange thermometer that we use in this
study can be regarded as a reliable method due to slow diffusion
rates of Al in olivine hindering syn-/post-crystallisation diffusive
resetting at magmatic temperatures. Considering this, we use
olivine-spinel thermometers to calculate olivine crystallisation
temperatures. Specifically, we take the thermometer equations
of Zhang et al. (2023) that were calibrated from an experimen-
tal dataset including new experimental data and data from the
literature. The dataset spans a wide range of P-T-composition
conditions (1174-1606°C, 0.1-1350 MPa, up to 7.4 wt % water)
and covers spinel compositions of most OIB samples (see the Al-
Cr-Fe3* ternary diagram in Fig. 2). With this dataset three differ-
ent thermometer equations were proposed, all involving olivine—
spinel Al exchange but some involving additional elements in
spinel. We chose to use two equations of Zhang et al. (2023) as
follows.

The first thermometer equation we useis in the same format as
the Al-exchange equation of Coogan et al. (2014) but with updated
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Fig. 2. An Al-Cr-Fe®* ternary diagram showing spinel compositions

in OIBs from this study (those used to calculate Terysmarked in symbols
with black outlines) and those reported by previous studies for Siqueiros
(Coogan et al., 2014), Hawai‘i (Matthews et al., 2021), Iceland (Matthews
et al., 2016; Spice et al., 2016), and large igneous provinces (Heinonen et al.,
2015; Spice et al., 2016; Xu & Liu, 2016; Trela et al., 2017; Jennings et al., 2019;
Chenget al., 2020; Zhang et al., 2021; Wu et al., 2022). Experimental spinels
used to derive olivine-spinel thermometers are within the compositional
range marked in dashed line (solid cross: data from Zhang et al.,

2023; shaded area: data from Coogan et al., 2014 and references therein).
Uncertainties in the spinel compositions are smaller than the symbols.

coefficients, written as:

10,000
0.740 (+:0.317) + 1.144 (+0.136) Cr# — 0.865 (+0.046) In K4 (Al)’
o]

ol
where K4(Al) = zs%} (c denotes weight concentration), and spinel
Al

Terys (K) =

Cri# = % (square brackets denote mole fraction). The second

thermometer equation we use accounts for the effect of non-ideal
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mixing in spinel (e.g. Sack & Ghiorso, 1991a, 1991b), expressed
with an additional compositional variable (¢°"') as:

10000¢5P!

Terys (K) =
evs 0= "5 768 (InKq4 (Al)) +0.654

0

where ¢! is determined by multiple components in spinel,
including Mg, Fe?*, Fe3*, Cr, and Ti (see Equation (6) of Zhanget al.,
2023 for details). The spinel Fe**+ contents were calculated follow-
ing Droop (1987), i.e. using stoichiometric criteria assuming that
iron is the only element present with variable valency and that
oxygen is the only anion. Errors in Fe3* are estimated to be mostly
<20% (relative), considering analytical errors in all elements used
in stoichiometric calculation. The uncertainty (1o) on Equations
(1) and (2) were calculated by Zhang et al. (2023) from a test set
of the experimental data to be +43.3°C and =+ 23.9°C, respectively.
These are the main source of error in the Teys reported in this
study because they are significantly larger than errors inherited
from electron microprobe analyses (+ 5-7°C). The overall error
calculated from combining errors on the thermometer equations
and the analyses, using ogveran = /cﬁquaﬁon +°§na1ysisv is only
slightly (0-2°C) higher than errors induced by the thermometer
equations alone. Compared to Equation (1), Equation (2) contains
more parameters, is thermodynamically more complete, and
shows a smaller uncertainty in the fit to the experimental data,
butitis less resistant to diffusive resetting because it involves Mg-
Fein spinel. We did not use the other equation of Zhanget al. (2023)
involving Cr in olivine (i.e. their Equation (8)) for two reasons: (i)
the measurements of low Cr contents (down to ~0.01 wt.%) in
the OIB olivines from this study have considerable errors (14-17%
relative; Table S4) that can induce large uncertainties on the Terys,
and (ii) taking this equation along with the other two will only
change ~9% of the Tuys reported in this study by a median of
~9°C (£8°C) (Supplementary Fig. S16).

Selection of calculated crystallisation temperature

We use Equations (1) and (2) to calculate Teys(denoted as
Terys[EQ.(1)] and Teys[Eq.(2)] hereafter) for n=1278 pairs of
olivine-spinel (each measurement on olivine and on its spinel
inclusion regarded as one pair). The Tuys calculated from the
two equations are shown in Fig. 3 for cross comparison and
reported in Table S5. The Teys[Eq.(1)] are mostly (~97%) higher
than Teys[EQ.(2)], with an increasing difference towards less
forsteritic olivine (some exceeding the uncertainty inherent to
the thermometer equations by >100°C; see all data in Fig. 3c
and data for individual islands in Supplementary Fig. S15). The
Terys[EQ.(2)] generally follow the trend of an LLD with olivine
fractionation (Fig. 3b). This is unexpected for low-Fo olivines
(e.g. Fo~80) because with olivine fractionation, other phases
(e.g. clinopyroxene =+ plagioclase) may crystallise concurrently
and produce a LLD of smaller gradients (in Fo-temperature
space) than olivine-only fractionation (e.g. Ghiorso, 1997). This
implies that some of the Teys[EQ.(2)] calculated for low-Fo
olivines might be somewhat underestimated, possibly due to
the progressive diffusive resetting of olivine-spinel pairs towards
lower temperature equilibria upon magma evolution. This can be
recorded by the fast diffusing components (e.g. Fe-Mg) in Equation
(2), which are not in Equation (1), therefore, the latter tends
to provide higher Teys. Given the possible underestimation but
higher precision of Teys[EQ.(2)], we select the results based on the
difference in Terys between the two equations (ATerys=Terys[EQ.(1)]
— Terys[EQ.(2)]) and a statistical Z-test following Zhang et al. (2023),
which is detailed below:

(@) when ATeys>0 (i.e. Teys[EQ.(1)] = Teys[Eq.(2)]), the value of
Terys[EQ.(2)] may be decreased by diffusive re-equilibration,
and a Z-test is conducted to compare ATeys With uncer-
tainties (o) in the two thermometer equations, using Z =
&(Where the denominator equals to ~50°C). The

2 2
Ofq110%q0
ATeys and Z values determine whether the difference

between the two thermometer equations is significant:

(a.1)if Z > 1.35 (ATays > 67°C), the difference is significant. This
likely indicates diffusive reequilibration that lowers Terys[Eq.(2)],
so we take Teys[EQ.(1)]. About 38% of the results (mainly from
olivine Fo < 85) fall into this scenario and show higher Terys[Eq.(1)]
than Teys[EqQ.(2)] (by up to ~770°C) (Supplementary Figs S15
and S16).

(a.2)1f Z< 1.35 (0 < ATeys < 67°C), the difference is insignificant,
so we take Teys[EQ.(2)] with a smaller uncertainty. About 59% of
the results fall into this scenario.

(b) when ATerys<0 (i.e. Teys[EQ.(1)] < Terys[EQ.(2)]), the value of
Terys[EQ.(2)] was unlikely to be decreased by diffusive reset-
ting, so we take Teys[EQ.(2)] due to its smaller uncertainty.
Only ~3% of the results (two olivine crystals from Azores and
one crystal from Trindade) fall into this scenario, showing
ATerys between —5°C and 0°C.

We find that individual crystals mostly fall into a single sce-
nario (see selected values from Z-test in Table S5), except three
crystals (two from Austral and one from Society) providing val-
ues in either scenario (a.1) or scenario (a.2). This is because
the ATeys calculated from multiple measurements on the same
olivine crystals vary around the threshold value of ~67°C. Here we
took the Teys produced by the dominant thermometer equation
determined by the Z test for the three crystals (see the chosen Terys
in Table S5). This correction caused small changes in the average
Teys, 1.e. by +16°C for Austral (=1247°C) and —6°C for Society
(=1227°C). Compared to other ocean islands, the olivine from
Borgarhraun, Iceland shows relatively small ATeys (—31 to 13°C)
within the equations’ uncertainties (~90% in scenario (b) and
~10% in scenario (a.2)). The olivine from Siqueiros shows ATeys
between —22°C and — 12°C (all in scenario (b)), likely indicating a
negligible effect of diffusive resetting which is distinct from most
ocean islands in this study. Overall, the protocol above provided
Terys=1118-1340°C (£24-44°C) for the 16 ocean islands in this
study, 1146°C to 1376°C for Borgarhraun, and 1165°C to 1295°C
for Siqueiros (Fig. 3c).

LINKING CRYSTALLISATION
TEMPERATURES TO MANTLE POTENTIAL
TEMPERATURE

To link olivine crystallisation temperatures to mantle potential
temperature (T,), one must consider the heat consumption during
mantle melting and olivine fractionation (Fig.4). This can be
divided into three stages from the source mantle to the crust: (1)
adiabatic melting of the mantle, which starts when the geotherm
intersects with the source lithology solidus and ceases at the base
of the lithosphere (for intra-plate ocean islands) or of the crust (for
mid-ocean ridges); (2) extraction of primitive liquids from the base
of the lithosphere (or crust) and olivine saturation at a given T
(TEys) and depth in the crust; and (3) fractionation that produces
olivine of Fo contents lower than the primitive olivine at Teys,
which we can calculate from olivine-based thermometers. Stages
(1) and (2) were handled with methods from previous studies
summarised in this section, whereas stage (3) was quantified
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Fig. 3. Olivine Fo (mol%) plotted versus crystallisation temperatures Terysobtained by the Al-exchange based Eqn. (1) and thermodynamics based Eqn.
(2) of Zhang et al. (2023) (panels a, b). The values selected from the two equations (symbols with black outline in panel c) are subject to recovering the
statistically highest temperature (see main text). For most results from Eqn. (2) (panel b), the variation in Terys with Fo follows the trend of an
olivine-only LLD, rather than one where multiple mineral phases are saturated, which is a likely scenario for the low-Fo olivine (see text). More than
half of the Terys values calculated from the two equations overlap within each other’s uncertainty, but some from Eqn. (2) (symbols with coloured
outlines) are significantly lower (likely due to diffusive reequilibration) and are not taken as recommended values (see text). Error bars show
uncertainties in Terysaccounting for those in the thermometry equation and electron microprobe analysis (10).

using models developed in this study and detailed in the following
section.

Stage 1: Adiabatic mantle melting

The consumption of latent heat during mantle melting is con-
strained following Matthews et al. (2021), using an adiabatic man-
tle melting model (pyMelt; Matthews et al., 2022) accounting for a
non-melting lithology (refractory harzburgite described in Short-
tle et al., 2014), and two melting lithologies, i.e. the KLB-1 lher-
zolite of Davis et al. (2009), and the KG1 silica-undersaturated
pyroxenite of Kogiso et al. (2004) (representing a 1:1 mixture of
KLB-1 lherzolite and average MORB). The choice of pyroxenite
KG1 was justified in Shorttle and Maclennan (2011) for Iceland
where the compositions of enriched melts are best matched by
melting of this pyroxenite. The same pyroxenite was adopted
in our calculation but we note that possible variations in the
pyroxenite composition between localities may induce additional
uncertainties in the model results. For ocean islands, there are
three input parameters for the forward modelling, i.e. T, and the
fractions of pyroxenite (¢px) and harzburgite (¢p,) (the fraction of
lherzolite is dependent on these two given that ¢, = 1 — @px —
¢nz). With each set of Ty, ¢px and ¢p,, the mantle melting model
predicts the geothermal gradient, total melt fractions (F), and melt
fractions of the pyroxenite (Fy) and lherzolite (F,) (Fig. 4). The
deepest position of the melting region is determined by where
the geotherm intersects with the pyroxenite solidus, whereas the
shallowest position of melting is taken to be at the lithosphere-
asthenosphere boundary (LAB, estimated from lithospheric thick-
ness in Table 1) for ocean islands (Fig. 4a) and at the base of the
crust for mid ocean ridges (Fig. 4b).

Stage 2: From primitive liquids to primitive
olivine crystallisation

The primitive melt extracted from the base of the lithosphere
beneath ocean islands continues to cool down during ascent in
the crust, following the liquid isentrope (assuming no interaction
between the melt and lithosphere). The temperature of olivine
saturation is calculated following Matthews et al. (2016), using
the pressure-dependent olivine-saturation surface equation of
Putirka (2008b). Given the Clapeyron slope of the liquidus of
39.16 K/GPa, the variation in pressure (within the crustal level)

should have a small influence on the calculated saturation tem-
perature. Here we take an intermediate pressure corresponding
to a depth of 14 km (allowing a variation of £2 km) to calculate
olivine saturation temperature. Changing the depth to a higher
value (e.g. 20 km) will only produce a slightly lower T, (e.g.
by ~10°C for Hawai'i; see results in Supplementary Materials).
The lower value between the olivine saturation temperature and
liquid isentrope was then taken as the primitive crystallisation
temperature Thy, to invert for T, and source lithology fractions.

Stage 3: From crystallisation of primitive olivine
to that of the analysed olivine

The olivine grains available in the samples of interest can be much
less forsteritic than the primitive olivine, thus recording lower
crystallisation temperatures. This is evident in the pre-compiled
olivine compositions from GEOROC database showing that the
highest Fo contents found for global ocean islands range from
80 to 92.3 (median: 87.8). Given the highest olivine Fo of 84-89 in
this study, the Teyswe calculated could be a lot less than TE;;?;
therefore, the difference between them must be considered to
estimate Ty, and Ty. The approaches we use to estimate Teys are

detailed in the following section.

ESTIMATING PRIMITIVE OLIVINE
CRYSTALLISATION TEMPERATURES

The crystallisation temperature of primitive olivine on the same
LLD as the analysed olivine can be estimated using an ‘olivine
addition” method as follows (see detail in Supplementary Mate-
rials and python codes in a Zenodo repository; Li, 2025). Instead
of taking a guessed primitive liquid composition which is poorly
known, we start the calculation with the analysed forsteritic
olivine. The mole fraction of Mg-Fe in the starting liquid, in
equilibrium with the chosen olivine at given Fo-Teys, were esti-
mated using the partition coefficient for Mg (D) calculated from
Equation (2) of Putirka et al. (2007) and an exchange coefficient for
Fe-Mg Kdf,.."%,. of 0.340.03 (Roeder & Emslie, 1970). A small
amount of olivine in equilibrium was then added to this liquid
to generate a new melt, and the temperature was re-calculated
using the equation for Dy, mentioned above. This calculation

was repeated till reaching a given olivine Fopinto obtain Tg’g‘;‘&
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Fig. 4. A flow chart of modelling approaches used in this study, with the difference in the approach applied to mid-ocean ridge (MOR) and ocean island
(O1) settings highlighted. Posteriors of the mantle melting model are mantle potential temperature (Tp) and source lithology fractions (¢ with different
subscripts for different lithologies, ‘1z’ =lherzolite, ‘px’ = pyroxenite, ‘hz’ =harzburgite; ¢|, is dependent on ¢px and ¢y, as they sum to unity). The melt

fractions of the pyroxenite (Fpx) and lherzolite (Fy,) are calculated with the geotherm. For ocean islands, the predicted Fpx and Fj, and the proportions of

pyroxenite- and lherzolite-derived melts (Xpx, Xj;) were used to calculate Ty, . For Siqueiros and Iceland, the contribution of pyroxenite-derived melts
to the volume of the crust (Xpx*) was estimated in previous studies (see main text) and used as an additional constraint of Fyx and thus Ty in the

inversion model.

Table 1: Parameter values used to calculate mantle potential temperatures

Location Island Fo, mean 1o Toys (°C), mean 1o’ i (km)* terust (km) Xpx*
Azores Flores 88.2 0.1 1170 24 36+5 1442 -
Balleny Borradaile 85.3 0.8 1217 49 60+5 1442 -

Cape Verde Sdo Vincente 87.3 0.1 1191 24 95+5 1442 -

Crozet Possession 88.2 0.2 1165 33 83+5 14+2 -
Fernando de Noronha - 83.5 0.4 1182 45 89+5 1442 -
Galépagos near Fernandina 87.5 0.2 1223 31 S55+5 14+2 -

Gough - 85.1 0.4 1229 45 58+5 1442 -
Hawai'i Kama'ehuakanaloa  88.5 0.2 1285 44 7545 1442 -

Juan Fernandez - 86.3 0.1 1198 44 5545 1442 -
Réunion - 85.7 0.4 1211 24 70£5 14+2 -
Marquesas - 85.7 0.3 1188 25 75+5 14+2 -
Society Tahiti 87.6 0.1 1227 27 86+5 14+2 -

St. Helena - 83.9 0.2 1224 44 61+5 1442 -
Trindade - 86.8 0.3 1183 32 86+5 14+2 -
Tristan da Cunha - 84.1 0.1 1205 44 50+5 1442 -
Borgarhraun, Iceland* - 91.1 0.3 1363 24 - 20+1 0.3+0.1
Siqueiros (MOR)* - 91.0 0.2 1226 34 - 5.74+0.27  0.175+0.1

*The values of input parameters used in the calculations for Siqueiros and Iceland were adopted from Matthews et al. (2021). Note that different parameters
were used in the calculations for mid-ocean ridge and ocean island settings (see Fig. 4). TCombined uncertainties considering those in the thermometer
equations and the standard deviation of the selected forsteritic olivine (see Table S6). *The lithospheric thickness estimates for the ocean islands were adopted
from Dasgupta et al. (2010) except for the following: Balleny from An et al. (2015), Galdpagos from Gibson and Geist (2010), Hawai‘i from Matthews et al., (2021)
Réunion from Fontaine et al. (2015), and Marquesas and St. Helena from Humphreys and Niu (2009).

The calculated ng,? at Fopim=91 are reported in Table 1 (see
calculated primary liquid compositions in Table S6). The two
endpoints of the LLD (i.e. the Fo content and Terys of the analysed
olivine, and the Fopnm) determine the calculated Tﬁ’g,';“ and are
described separately in this section.

Determining the evolved starting point of the
reverse LLD

An olivine-only LLD assumes that the melt is saturated in olivine
only, which may not be true (especially at low olivine Fo where

other phases, such as clinopyroxene =+ feldspars can be saturated)
and may generate olivine Fo-temperature gradients different from
those considered in the approach we use (Ghiorso, 1997). Consid-
ering this, we take the most forsteritic sub-populations of olivine
from individual ocean islands to estimate Thys . We determine the
most forsteritic sub-populations by conducting clustering analy-
ses of olivine compositions using a k-means clustering algorithm
(in Python sklearn library), instead of arbitrarily taking a threshold
Fo content. Clustering analysis using the pairs of olivine Fo and
any single element among Al-Ni-Ca-Cr-Mn produces identical
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Fig. 5. Calculation of ng,? using olivine crystallisation temperatures considering fractionation and diffusive resetting. The olivine from
Kama‘ehuakanaloa, Hawai'i reported by Matthews et al. (2021) are taken as examples in this plot. Panel (a) shows the Fo-Al contents of olivine (the
most forsteritic sub-population: coloured dots; data showing lower Fo: grey dots; uncertainties in the olivine compositions are smaller than the
symbols), and a liquid line of descent (LLD; dark line) that passes through the average composition of the high-Fo sub-population (solid squares),
assuming the present distribution is modified (via diffusion; see the trend marked in arrows) from an initial distribution following the LLD. Panel (b)
shows the Terys calculated using Eqns. (1) and (2) (in yellow and cyan circles, respectively) and the preferred values (symbols outlined with black

squares). The ngfsn derived from the LLD at Fog is marked in white diamond (uncertainties in temperatures shown in error bar and the green band).
The LLDs derived from lherzolite and pyroxenite are marked in dashed lines.

results. The number of clusters (n) was set to be the smallest
integer covering the observed Fo interval (where 1 <n < total num-
ber of olivine grains from a given locality). The high-Fo sub-
populations identified for individual ocean islands were used to
calculate Thys (see Supplementary Fig. S15).

After identifying the high-Fo sub-populations, the next step is
to assess whether they were generated by olivine-only fractiona-
tion or were affected by magma mixing and/or diffusive resetting
(e.g. Matthews et al., 2021; illustrated in Fig. Sb). Effects of different
processes on olivine composition are described below:

(i) Mixing of primary liquids derived from lherzolite and
pyroxenite, having higher Mg# and lower Mg# (e.g. Jennings
et al, 2016), will produce olivine of higher Fo and lower Fo
contents respectively, at the same temperature. Therefore, a pure
lherzolite-derived melt may be responsible for the lowest Terys of
the forsteritic population of olivine, which in turns will yield a
minimum estimate of Thys .

(i) Diffusive resetting of olivine compositions in a mush pile
prior to eruption (e.g. in Iceland; Thomson & Maclennan, 2013).
Since Fe-Mg diffuse a few orders of magnitudes faster than Al
in olivine (e.g. see Chakraborty (2010) and references therein),
the Fo content of olivine may be reset relatively quickly whilst
the Al contents are less affected, hence the estimates of Teys
based on Al exchange between olivine-spinel reported in this
study. Considering the effect of diffusive resetting on reducing
the compositional variability towards an intermediate Fo content,
it is appropriate to take the average Fo-Teays of the forsteritic
population of olivine as an approximation of the pre-diffusion
values.

Although it is difficult to assess the effect of scenario (i)
without further geochemical characterisation of the samples,
it is possible to evaluate the effect of scenario (ii) which we
attempted in this study. Here we use a numerical model to
simulate the fractionation- and diffusion-induced variability
of multi-elements (Fe-Mg, Mn, Ni, Cr, Ca, Al) concentrations
in olivine and compare the model fits to the observation to
assess the effect of diffusive resetting on the observed olivine
composition. The approach is detailed below.

Prediction of olivine composition produced by fractionation

Variations in olivine composition during olivine-only fractiona-
tion were calculated in a similar manner to the ‘olivine addition’
method mentioned above, i.e. exempting prior knowledge of the
primitive liquid composition. For any component i among Fo, Mn,
Ni, Cr, Ca, Al, the evolved endpoint of the LLD in Fo-i spaceis forced
to be at the average of the high-Fo sub-population (Fig. 6A). The
composition of the starting liquid was calculated using partition

B olivine
coefficients Dfl_hq (= % ) for Mn, Ni, Cr, Ca, and Al, where we take

Xi‘qm

the equations of Herzberg & O'hara (2002) having Di,;gq as theonly
variable (see equations in Supplementary Materials, Section 3).
With the available equations for these elements, we can investi-
gate the temperature effect for Ni by comparing the results above
with those calculated using a T-dependent equation of Matzen
et al. (2017), i.e. D £091% _ 2,075+ 0.120 - In D ).
The two different equations yield similar Ni concentrations in
olivine (see Supplementary Figs S8 and S9). Therefore, we only
take the equations of Herzberg and O’hara (2002) to calculate
the partition coefficients for Mn, Ni, Cr, Ca, and Al for the sake
of consistency. With the starting liquid composition, we added
a small amount of olivine in equilibrium with it to generate
a new melt and new olivine and repeated this calculation
till reaching the selected Fopuy,. With each modelled LLD, an
array of concentration was produced for each component (Fo,
Mn, Ni, Cr, Ca, and Al) and was compared to the observation
as follows.

= exp(

Calculation of covariance and misfits between models and
data

To assess how well the fractionation model can reproduce the
variance of element concentrations in the analysed olivine, we
calculate the covariance of component pairs from observations/
models, using the equation below:

o(A) *x o(B)

(3)
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Fig. 6. The measured compositions of olivine from Kama‘ehuakanaloa, Hawai'‘i (concentrations marked in large colourful circles; analytical noise
induced by EPMA marked in small colourful dots), and the modelled compositions (circles filled in white) in two different scenarios: (a) fractionation,
following the LLDs marked in colourful lines, and (b-c) fractionation followed by diffusive resetting, where the initial olivine compositions were taken
from the fractionation model results in panel (a) (‘t_index’ in the subplot titles represent numbers of iteration of the diffusion models). Note that
elements having different diffusion rates show concentration variations by different extents with time. Panels (d-f) show the covariance calculated
using Equation (3) for the measured (in black circles) and modelled compositions (in solid lines; shaded areas showing uncertainty ranges with
analytical errors considered). The Cr-involving pairs (grey circles in panels d—f) generally show poorer model fits than other component pairs. Panel (g)
shows variations in the sum of misfits with diffusion time, which are significantly reduced when the Cr-involving pairs are excluded (coloured
squares) than being included (black dots) (minimum =(Misfit) marked in red stars).
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Fig. 7. Illustration of the forward model for Kama‘ehuakanaloa, Hawai'‘i using the median (solid lines) and 68% confidence interval (grey area) of the
posterior Tp, ¢, and ¢px, calculated using different primary olivine Fo contents: (a) a fixed Fo=91, and (b) forward modelled Fo derived from a
combination of THERMOCALC and mantle melting modelling (see main text). The ’I‘Cprr}l,rs]ﬂ in the upper panels (yellow diamonds) were calculated by
extrapolating an olivine-only LLD (blue lines) from the most forsteritic population of olivine ( in solid circles) to given Fo (in diamonds). Note that the
Tp and TE,I;,T (dark diamonds in the lower panels) yielded by the mantle melting model with variable primary olivine Fo (panel b) have larger
uncertainties than those calculated using Fog; (panel a), due to additional uncertainties induced by variations in the source lithology fractions in the
former scenario. The geotherm and pyroxenite-lherzolite solidi are shown in black, green and purple lines on the left-hand side of two panels (see
legend). The distributions of the total melt fractions and melt fractions of the pyroxenite and lherzolite (predicted by the median of the posterior Tp,
91, and ¢px) are plotted as histograms in grey, green, and purple respectively (variations in these melt fractions with pressure marked in corresponding
colours). Diagrams for other ocean islands can be found in Supplementary Materials.
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where p and o denote mean and standard deviation of the (mea-
sured or modelled) concentration of component A or B (taken
from Fo, Mn, Ni, Cr, Ni, and Al). To compare the covs_p of the
measured data with that of the models, we need to consider the
same compositional range within that of the high-Fo population
of olivine. An intuitive way might be referring to the range of
Fo contents from measurements, however, these may have been
changed by diffusive resetting to be smaller. By comparison, the
range of Al concentration is more likely to represent pre-diffusion
conditions, because Al diffuses the slowest among the elements
considered in our model (e.g. Spandler & O'Neill, 2010). Therefore,
we use the range of measured Al concentrations to determine
the pre-diffusion range of Fo (from the modelled LLD) which
in turn constrains the pre-diffusion range of other elements.
Within the chosen concentration range of individual elements, we
sampled n (=number of measurements) modelled values equally
distributed (see the white circles in Fig. 6a) and used them to
calculate covs_g[model]. The misfit of the modelled covariance
of concentrations of component pair A-B to the observation is
calculated using the following equation:

)

2
Misfita 5 = (COVA*B [ data ] — cova_g [ model ]) -

Ocovy_g[ data |

The sum of Misfita_gfor all component pairs, i.e. £(Misfit), is
used as an indicator of the goodness of fit. The uncertainties on
the measured concentrations (referring to those determined for
olivine secondary standards from this study; see Methods section)
were taken in the calculation of ocov,_,[ data ], USing a Monte Carlo
algorithm. This allows analytical noise to be considered in the
calculation of misfits. The misfits are shown in Fig. 6 (for Hawai'i)
and Supplementary Figs S12 and S13 (for Galdpagos and Iceland
as examples).

The fractionation models show that measurements on olivines
from individual ocean islands cannot be fitted by a single LLD,
implying an effect of other factor(s), such as diffusive resetting,
which we assess using the approach described below.

Prediction of olivine composition modified by diffusive
resetting

For diffusion modelling, we calculate element diffusivities using
the Arrhenius relations determined by previous experimental
studies (see review by Costa (2021) and references therein), show-
ing the following relationship (at given temperature): D*pe_py ~
D*Mn ~ D*Cr (fast) > D*Ni > D*CY (SIOW) > D*Ca > D*p ~ D*AI
(diffusivity is denoted as D* to distinguish from the partition coef-
ficient D; Supplementary Fig. S11), where the D*¢, (fast) reported
by Jollands et al. (2018) is an order of magnitude larger than
the D*¢, (slow) reported by Ito & Ganguly (2006). To investigate
the effect of D*¢, on the model results, we used D*¢, (slow) and
D¢, (fast) respectively for Hawaiian olivines and obtained results
showing similar fits to the data. Considering this, we decided
to take D¢, (slow) for all ocean islands in this study for the
sake of consistency. We use an intermediate pressure at crustal
level (500 MPa), an oxygen fugacity at fayalite-magnetite-quartz
(FMQ) buffer, and average Teys calculated for the most forsteritic
population at each ocean island to calculate diffusivities. The Terys
may be higher than the temperature when diffusion takes place
(considering cooling during fractionation). However, given our
interest in the diffusion-induced olivine compositional variability
rather than the diffusion timescale, we regard the average Terys as
a realistic approximation.
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An ideal model of diffusive resetting on olivine crystals in a
mush pile should consider both intra-crystal diffusion (in olivine)
and inter-crystal diffusion (in interstitial melts), as which of the
two acts as the rate-limiting process depends on differences in
diffusion distances (x) and diffusion rates (D*) of given elements
in the two phases (based on x o +/D* x t, where t is diffusion
time). For example, Fe-Mg diffusion in olivine is about five orders
of magnitude slower than that in basalt at about 1250°C (based
on second-type binary effective diffusion (SBED) of Mg in basalt;
Chen & Zhang, 2008), however, the diffusion distance in olivine
(limited by its grain size) can be orders of magnitude smaller
than that in interstitial melts in a crystal mush. Nevertheless,
since the aim of this model is investigating diffusion-induced
olivine compositional variability rather than the timescale (see
above), we decided to focus on diffusion modelling of olivine. More
advanced models accounting for diffusion in olivine and melts
can be developed in the future. Considering that all crystals in
the same mush pile tend to be reset towards an intermediate
composition, we fix the boundary condition of the diffusion model
using the average (measured) composition of the most forsteritic
population. The initial condition (at time=0) is defined by the
fractionation model. To calculate cova_g for the diffusion models,
the same strategy was adopted as applied to the fractionation
model, where n = n[measured] data points were sampled (with
a given spacing) from the modelled concentration range to just
cover the range of the measured Al contents (Fig. 6).

Evaluation of the effects of fractionation and diffusive
resetting

For most ocean islands in this study (see an example of Hawai‘l
in Fig. 6), we find that the misfits of compositions predicted by
the fractionation model at time=0 (Fig. 6d) can be reduced by
diffusion with time (Fig. 6e-f), and the sum of misfits reaches a
minimum after given durations of diffusion (Fig. 6g). An exception
exists in the case of Borgarhraun, Iceland, where the (single
LLD) fractionation model produces slightly smaller covariances
(covus_p[data]) than the observation and the diffusion models fur-
ther decrease the covariances and increase the misfits to the data
(Supplementary Fig. S13). This indicates a dominant controller of
olivine compositions of Borgarhraun that could be different from
other localities (see Discussion section). Except for Borgarhraun,
our results indicate a common occurrence of diffusive resetting
in forsteritic olivine from most ocean islands. This explains why
97% of the Terys calculated using thermometer Equation (2) in this
study (involving fast diffusing Fe-Mg) are lower than those cal-
culated using thermometer Equation (1) (without Fe-Mg). These
findings are consistent with diffusive reequilibration of olivine
in mush piles previously reported for multiple ocean islands (e.g.
Hawai'l; see Discussion section). In addition, we noticed that the
covs_p[data] of most component pairs can be fitted by those
generated by certain diffusion models, except for Cr-involving
pairs (Fig. 6), despite using D*c, (fast) or D*¢, (slow). This may be
due to the influence of spinel crystallisation on the melt-olivine
composition thatis omitted in this model and/or a relatively large
uncertainty in Cr due to its low concentrations in olivine.
Overall, our modelling results indicate some extents of diffu-
sive resetting (i.e. scenario (ii) above) in most forsteritic ocean
island olivines in this study. Diffusion resetting drove the Fo con-
tents of the high-Fo population of olivine towards an intermediate
value and presumably had a larger effect on the Ty, calculated
from Equation (2) than Equation (1) (see above). Considering this,
olivine grains of intermediate Fo contents may be least affected
by diffusion resetting, thus we decided to take the average Fo and
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Teysof the forsteritic sub-population of olivine as one endpoint
of the LLD to calculate T2ae (Table 1). Further work would be
required to rule-in the mixing between melts derived from dif-
ferent lithologies (i.e. scenario (i) above) having operated as well.

Determining primary olivine Fo at the ending
point of the reverse LLD

With one endpoint of the LLD determined above, we need to
decide the other endpoint where the primary olivine at Fopim, was
produced. The value of Fopin cannot be measured directly and
was usually taken as a fixed value (e.g. Fog; in Matthews et al,,
2021) or a range (e.g. between 90 and 92; Green et al., 2001; Putirka
et al., 2007), based on the maximum olivine Fo contents observed
in natural or experimental products. With the LLD calculated
from this study we find that increasing Fopimfrom 91 to 92 can
cause an increase in TE,Y;T by 40°C to 50°C (similar to the uncer-
tainty in Teys in this study), thus it may have some effect on the
calculated T,. Here we attempted to calculate Foyy for individ-
ual ocean islands, based on liquid compositions modelled using
THERMOCALC (Powell et al.,, 1998; see detail in Supplementary
Materials) and the two lithology-derived primitive liquid fractions
predicted by our mantle melting model (Fig. 4).

The two melting lithologies considered in our mantle melting
model (i.e. KLB-1 lherzolite and KG1 pyroxenite) were used for
the THERMOCALC calculations for the sake of consistency. Liquid
compositions were calculated over a wide range of P-T conditions
(see Supplementary Materials, Sections 5 and 6), from which
interpolation was applied to determine primitive (single lithology
derived) liquid compositions at the base of the lithosphere (for
Ols; Fig. 4b) with given liquid fractions that are unknown (see
the two lithology-derived liquid compositions and the python
codes we used in a Zenodo repository; Li, 2025). To determine the
primitive liquid composition, we use the single lithology derived
liquid fraction (Fpx, Fi;) predicted by the mantle melting model
with given Tp—¢px—¢r2, and then mix the two liquids following the
proportions (Xpx, Xi;) predicted with the same Ty—@px—¢n, (Fig. 4).
The predicted primitive liquid has known ferrous Fe (calculated as
Fe?* =FeO; — 2+0) and Mg concentrations which were used to cal-
culate Fopim, taking Kd?i;lif‘Mg:OB +0.03 (Roeder & Emslie, 1970).
With the above-mentioned method, we obtain Fopim between 92.1
and 95.3 (Table 2), higher than the highest OIB olivine Fo of 80 to
92.3 compiled in GEOROC database (Fig. S2). Calculations using
such high Fopim produce very high T, up to 1891°C (median:
1643°C; see Table 2). If we take a higher Kd of 0.34 (e.g. Matzen
etal., 2011; Putirka 2016; see Discussion section), the Fopim, will be
reduced by less than one unit (=91.1-94.7) and be more similar to
the observations but still higher than most. The Fopimcalculated
with this approach is likely to be systematically overestimated
and produce incorrect estimates of T, (Table 2). Therefore, we
decide to conservatively take Fopim=91 to calculate Tey, for all
ocean islands and mid-ocean ridge from this study (Table 1) and
use these values to invert T,.

AN INVERSION ROUTINE FOR MANTLE
POTENTIAL TEMPERATURE

The input parameters of the adiabat mantle melting model we
use are Ty, ¢px and ¢y,. Parameter values were chosen from pre-
defined probability distributions, i.e. T, between 1300-2000°C, and
¢px and ¢n, between 0-1, for forward modelling that generates
Thys - The misfit of the forward modelled Teys' to that calculated
from projecting the high-Fo olivine back to Fopim=91 was

evaluated with a log-likelihood function, which refines the
parameter values to be used by the subsequent forward models.
The process is repeated until the maximum likelihood region is
sufficiently characterised to estimate the posterior probability
distribution of Tp, ¢px and ¢p,. A Bayesian Monte Carlo inversion
routine was used following Matthews et al. (2021), to find the
parameter values producing Thys in the best match with the
observation. A

Compared to the Thy,' inverted to estimate T, for ocean islands,
additional parameters are available for mid-ocean ridges (in this
work Siqueiros, and Iceland at its coasts). These include the
crustal thickness (t.ust) that constrains the total melt fraction
F (Fig.4), and the contribution of pyroxenite-derived melts to
the volume of the crust (X,x*, denoted with an asterisk as it
may involve different flow regimes from ocean islands; e.g. Ito &
Mahoney, 2005a, 2005b), which was estimated from magma chem-
istry and constrains the melt fraction of the pyroxenite (Fyx; see
the Xp*~Fpx relationship in Equation (5) of Matthews et al., 2021).
Here we adopt the values of tyyus and Xp* from Matthews et al.
(2021), 1.€. terust =5.74 (£0.27) km and 20 (1) km, and Xp,* = 0.175
(£0.1) and 0.3 (£0.1) for Siqueiros and Iceland, respectively. The
additional constraints produce smaller uncertainties in the T,
calculated for the mid ocean ridges (12-15°C) than the ocean
islands (>30°C) in this study (Table 2).

MODEL RESULTS

We applied the approaches described above to 17 ocean
islands (including those in Table1 and Rurutu, Austral in
Supplementary Tables S1 and S5) and Siqueiros. The olivine—
spinel pairs used to calculate Teys were obtained for 15 islands in
this study, and taken from previous studies on two other localities,
i.e. Kama'‘ehuakanaloa (previously known as Lo‘ihi), Hawai'i
(Matthews et al.,, 2021) and Borgarhraun, Iceland (Matthews et al.,
2016), and Siqueiros (Coogan et al.,, 2014; Matthews et al., 2021).
Preferred values of Tuys were taken from either thermometer
Equation (1) or (2) based on the statistical test described above.
The average Teys and Fo of the most forsteritic sub-populations
of olivine are used to calculate ngrsn (considering the effect
of diffusive resetting) (Tables 1-2). The selected olivines are
representative of the most forsteritic populations at individual
ocean islands (the observed maximum Fo contents are either
higher or close to those previously reported and compiled on the
GEOROC database; Supplementary Fig. S2). Results calculated
using Fopim=91 or variable Fopim are summarised in Table 2.
To investigate the effect of the pre-defined range of T, on the
results, we carried out the same calculations using a wider range
(1300-2000°C) and a narrower range (1300-1675°C); the upper
limit of 1675°C was estimated using the method in this study to
be the threshold temperature of a pure lherzolitic mantle melting
at 10 GPa. Median T, calculated from the two input T ranges
show small differences (-9 to 53°C) considering uncertainties
in these values (+18 to +£115°C; Table 2). Therefore, we focus on
the results calculated using Fopim=91 and an input range of
1300°C to 2000°C hereafter. We notice that using TE;;?:MU"C
and 1454°C (calculated from two different LLD methods; see
above and Supplementary Table S6) to calculate T, for Austral
produce very different results, i.e. the former providing no solution
whereas the latter yielding a high median with a large uncertainty
(16204 102°C). These imply that the calculations for Austral (e.g.
with a high Thys of 1477°C and a thin lithosphere of ~47 km)
may be pushing the limit of the method we use (see Discussion
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Table 2: The median and 1o of T}, (°C) calculated using fixed or variable primary olivine forsterite contents

Location primFo=91 variable primFo Excess T
ot Tp 10 Tp* 10 primfo 10 Tp 10
Azores 1280 1368 48 1357 41 93.5 1.3 1674 196 18
Balleny 1431 1573 99 1562 74 92.8 1.0 1749 151 223
Cape Verde 1332 1393 31 1396 31 94.5 1.1 1763 87 43
Crozet 1273 1327 18 1328 20 95.3 0.3 1891 49 —23
Fernando de Noronha 1442 1579 71 1558 60 92.1 1.1 1586 104 229
Galépagos 1364 1484 52 1486 58 92.9 0.8 1597 73 134
Gough 1450 1613 73 1592 53 92.9 0.9 1605 82 263
Hawai'i 1394 1515 66 1516 58 92.1 1.1 1587 100 165
Juan Fernandez 1376 1511 74 1511 72 92.9 0.9 1597 92 161
Réunion 1410 1552 54 1542 52 92.4 1.1 1588 89 202
Marquesas 1383 1491 52 1500 51 92.2 0.9 1586 89 141
Society 1363 1448 53 1448 55 92.9 21 1695 167 98
St. Helena 1482 1661 108 1608 47 92.8 0.9 1603 72 311
Trindade 1343 1419 40 1416 38 93.8 1.6 1681 143 69
Tristan da Cunha 1454 1625 91 1587 55 93.3 0.7 1610 66 275
Average 1504 1494 93.1 1654 154
Siqueiros MOR 1226 1350 12 1350 12 92.1 0.5 1464 31 0
Iceland 1363 1530 15 1530 15 93.4 0.5 1576 27 180

fUncertainties in T| Err;,’;‘ were taken from those in the mean Terys in Table 1. *The range of input T, was set as 1300-1675°C for these model runs to be compared
with the other two groups of results in this table that used input T, between 1300-2000°C (see main text).

section) and produce T, of large uncertainties. Therefore, we
exclude Austral from the comparison with other ocean islands
hereafter.

Median T, were estimated as between 1327 +18°C (Crozet)
and 1661+ 108°C (St. Helena), with an average value of 1504°C
across all ocean islands (Table 2; see posterior distributions in
Supplementary Figs S21-S35). Median values of lithology fractions
are ¢py = 0.07-0.19 and ¢y, = 0.47-0.69, and the 68% confidence
interval of most ocean islands overlap with each other (Fig. 8 d-e;
see values in Table S7).Iceland has similar median T, (1530 + 15°C)
and ¢px (0.08 £0.03) to other ocean islands, although with much
lower gy, (median: 0.27 £0.11). In comparison, the potential tem-
perature, pyroxenite fraction, and harzburgite fraction are all
lower for the Siqueiros MORB, i.e. T, = 13504 12°C, ¢,x=0.03 £ 0.01,
¢nz=0.23+0.16 (Fig. 8 d-e) (Table S7). Taking the T, of Siqueiros
as an approximation of the average value for mid-ocean ridges
(ie. THMOR=1350+12°C), we obtain plume excess temperatures
AT, = T' — TYOR of —23°C (Crozet) to 311°C (St. Helena), with
uncertainties of 22 to £116°C considering the uncertainty in T3"
and THOR.

The posterior distributions were also investigated for their co-
variation (Supplementary Fig. S54). The median Ty[[ineq199]]is
positively correlated with Thys (correlation coefficient R: 0.98;
Fig. 8a) and median ¢,y (R: 0.98; Fig. 8d) and inversely correlated
with median ¢, (R: —0.87; Fig. 8e). The median ¢p, decreases
with increasing ¢,x and stabilises at ¢y, ~ 0.49 when ¢px > 0.13
(Supplementary Fig. S53). Similar relationships were pointed
out by Matthews et al. (2021) and emerge because of these two
lithologies’ contrasting effects on the thermal structure of the
melting region (see detail in Discussion section). Nevertheless,
when the proportion of pyroxenite is sufficiently high in the
mantle source, the presence of harzburgite is required to ensure
buoyancy of the plume, even if the plume temperature is high.

Of potential concern is the strong inverse correlation between
T, and the maximum observed Fo (Fo%%) (R: —0.84; Fig. 8b). This
could be a real property of these systems, indicating that plumes
with the highest temperature either have sources producing
more iron-rich olivines (i.e. pyroxenite-rich), or create overlying

magmatic plumbing systems more prone to erupting evolved
magmas. Alternatively, we could be seeing an artefact of the
inverse extrapolation of LLD applied to calculate Thys. For
locations where the maximum observed Fo is low (e.g. < 85), the
melt may have crystallised minerals other than olivine, which
would lead to a shallower gradient in Fo-Teys space, therefore,
the T‘C’rr;': (hence T,) could be overestimated. We investigated
the effect of clinopyroxene crystallisation on ng,? using the
same THERMOCALC model as mentioned above and Petrolog3
(Danyushevsky & Plechov, 2011). The two models provided similar
results: calculation using THERMOCALC indicates that having 5%
clinopyroxene coexisting with olivine and a KG1-derived or KLB1-
derived melt could cause a~ 20°C or ~40°C overestimate of ngg‘,
whereas fractionation modelling of a pure KG1-derived melt using
Petrolog3 indicates that 3% clinopyroxene co-existing with olivine
could cause an overestimation of ~11°C. Evidence for possible
concurrent crystallisation of clinopyroxene-olivine was observed
in low-Fo olivines from a few ocean islands, showing a drop of Ca
with decreasing Fo content at Fo < 85 (see Discussion section).

For this set of results, the input lithospheric thickness (45—
95 km) does not show any strong correlation with the posterior
parameters (R <0.5; Fig. 8f). The effect of lithospheric thickness
on the inverted T, and source lithology fractions in this study was
found to be rather small (see Discussion section).

DISCUSSION

Effects of fractional crystallisation, diffusive
resetting, and magma mixing on olivine
composition and temperature estimation

For most ocean islands investigated in this study we find that the
measured olivine compositions cannot be fitted by pure fractional
crystallisation. Instead, the elemental covariances require
diffusive resetting to have occurred (see above). Modelling the
diffusive relaxation of the olivine populations, we obtained par-
ticularly good fits for olivine chemistry from Kama'ehuakanaloa,
Hawail (Fig. 6) and Galapagos (Supplementary Fig. S12). This
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Fig. 8. Estimates of T, using a fixed primary olivine Fos1, plotted versus (a-b) crystallisation temperature and Fo contents of the most forsteritic
olivines found for individual ocean island in this study, (c) the calculated primary olivine crystallisation temperature, (d-e) source lithology fractions
(‘Px’ =pyroxenite, ‘Hz' =harzburgite), and (f) lithospheric thickness. Results for ocean islands having different maximum Fo contents are marked in
symbols with outlines in different colours for comparison (dark: Fo > 87; coloured: Fo between 85-87; white: Fo < 85).

is in coincidence with the inferred magma residence times of
years to decades in these two regions (e.g. at major Hawailan
volcanoes, Lynn et al., 2017; at the eastern Galapagos islands,
Gleeson & Gibson, 2019), allowing the equilibration of cumulate
crystal piles to occur. For the Borgarhraun olivine, we observe a
different phenomenon, where the single-LLD fractionation model
produced lower covariances than the data and the diffusion
models produced worse fits than the fractionation model (see
Supplementary Materials). Previous studies reported rather
long residence times required to produce the chemical zoning
observed in the Borgarhraun olivine-spinels (on the order of
1000 years; Thomson & Maclennan, 2013; Mutch et al, 2019;
Maclennan, 2019). Combining these findings with our model
results, we suggest that diffusive reequilibration that tends to
homogenise the compositions of the Borgarhraun olivine was
overwhelmed by a compositional heterogeneity of the magma,
possibly induced by mixing between compositionally different
melts derived from different source lithologies (e.g. Maclennan
et al, 2003; Maclennan, 2008; Winpenny & Maclennan, 2011).
This agrees with the better fits to the olivine Fo-Ni data by
multiple LLDs than a single LLD observed for Borgarhraun
(see Supplementary Fig. S14).

Compared to fractional crystallisation of olivine and diffusion,
itis more difficult to quantitatively evaluate the effect of primary
magma mixing and of co-saturation of mineral phases other
than olivine on the observed olivine compositions. For the co-
saturation of clinopyroxene and plagioclase, one may investigate
it by modelling the fractional crystallisation of a primary liquid
(using existing thermodynamic models). However, the primary
liquid composition is usually unknown, and deriving it from the
liquid in equilibrium with the available olivine is problematic,
as one would not know when to stop the liquid being multiply
saturated. Therefore, here we empirically investigate the effect

of mixing and co-saturation based on the analysed olivine
composition. Co-saturation of plagioclase/clinopyroxene and
olivine should produce a noticeable shift in the Fo-Ca relationship
of olivines, whereas mixing of compositional heterogeneous
primitive magmas should produce a larger variation in olivine
Mn contents (with Mn being incompatible in most minerals) than
without mixing. Our findings are as follows.

We find that the most forsteritic populations of olivine gen-
erally follow the Fo-Ca variation predicted by olivine-only LLDs
(Supplementary Fig. S10), but the less forsteritic olivine (Fogs)
commonly show Ca concentrations lower than prediction of LLDs,
possibly indicating clinopyroxene crystallisation. At some ocean
islands (e.g. Azores, Galdpagos,Hawai‘i, Marquesas), this is sup-
ported by olivine Ni contents higher than those predicted by the
LLDs (Supplementary Figs S8 and S9). Although it is difficult to
precisely determine the Fo at clinopyroxene-in due to gaps in Fo
contents of the available data in this study, our observation of
olivine Fo < 85 at clinopyroxene-in agrees with previous findings
using fractional crystallisation models (e.g. Fo~ 83 for eastern
Galdpagos islands; Gleeson & Gibson, 2019) and observations
based on more continuous arrays of olivine data (e.g. Fo~ 84.5 for
St. Helena; Kawabata et al., 2011).

For Mn, we find that the concentrations in the most forsteritic
populations of olivine are well fitted by single LLDs for most ocean
islands in this study. An exception is observed from Fernando
de Noronha where the most forsteritic olivine we analysed have
low Fo contents (<84) and show larger Mn-Fo gradients than
those predicted by a single LLD; a similar trend is seen in Ca, but
not in Ni or Al (Supplementary Figs S6-510). Given the identical
diffusion rates of Mn and Fe-Mg but much slower diffusion rate
of Ca, the observed trends cannot be explained by single LLDs plus
diffusive resetting (Supplementary Fig. S14). They may be caused
by some extent of mixing towards a more evolved melt that is not
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considered in our model or be biased due to a restricted number of
crystals available. Nevertheless, since the Al concentrations and
Terys of Fernando de Noronha and the other ocean islands from
this study match well with those predicted by single LLDs, our
choice of taking the average Teys to calculate Thys is sensible
(Fig. 5), despite that the possibility of melt-melt mixing cannot be
ruled out.

Overall, this discussion highlights the importance of knowing
the wider petrological context in attempting to reconstruct T,
from olivine-based thermometry, as some of this information is
difficult to know from the olivine crystals in isolation.

Uncertainties in the primary olivine Fo and
crystallisation temperature

We calculated T, using either a primary olivine Fo content (FOprim)
of a constant value (=91), or variable values predicted by the
forward model of multi-lithology melting itself (see approaches
in Supplementary Materials). In both scenarios, we find that the
T, estimate is dominantly controlled by Thys and the two show
a positive correlation (see Fig. 8a and Supplementary Fig. S20),
in agreement with findings of previous studies (e.g. Herzberg
& Asimow, 2015; Herzberg et al., 2023). Uncertainties in the
ng?and[[inquQOHTp calculated under the two scenarios are
discussed below.

When Fopim is fixed, we find a negative correlation between
Tlc’,r;? and the maximum olivine Fo (Fo%%,) observed from given
localities: the second lowest Fo%2 of 83.8 at St. Helena yields the
highest Toye' of ~ 1499°C (using the modelled reverse LLD) and the
highest T, of ~ 1661°C. This may be attributed to possibly larger
extents of overestimation on Thys (hence T,) due to larger errors
induced by reverse fractionation modelling over large Fo intervals
(e.g. from Fo85 to Fo91). The main source of errors in the calcula-
tion of Thys include: (i) variations in input parameters (e.g. melt
alkali content) during olivine fractionation, (ii) the selection of
equations applied to calculate olivine saturation temperature (e.g.
those of Putirka et al. (2007) used in this study versus other studies;
e.g. Herzberg & Asimow, 2008), and (iii) possible co-saturation
of low-Fo olivine and other minerals generating smaller olivine
Fo-temperature gradients than predicted by an olivine-only LLD
(see above). This is also evident when comparing the estimates
of excess temperatures from this study and previous geophysical
studies (see the following subsection), where a high Thys was
estimated for a locality above a thin lithosphere (e.g. Austral), a
very high mantle temperature exceeding the solidi of the source
lithologies at depths (e.g. 10 GPa) will be produced leading to
estimates of T, that may greatly deviate from the true value, thus
Austral was excluded from this study. '

When a variable Foprmis used to calculate Thys , the uncer-
tainty in the estimated mantle temperature increases signifi-
cantly (see Supplementary Fig. 520). As for the approach used
in this study, errors mainly arise from two aspects: (1) primitive
liquid compositions derived from THERMOCALC modelling, and
(2) Kd2h" =0.3, which we discuss below.

For aspect (1), there is an inherent, and hard to quantify, error
in any model’s prediction of primary liquid compositions, induced
by uncertainties in the experimentally informed thermodynamic
database and liquid-mineral models. An indication of the error
that may emerge here is to compare between two thermodynamic
models (e.g. as done by Stolper et al., 2020). However, few models
are available for pyroxenite melting.

For aspect (2), many experimental studies have deter-

mined Kd?i;“f‘Mg and reported different values and formulas.
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Roeder & Emslie (1970) proposed Kd?i;thg:OB +0.03 (assuming
all Fe as Fe?*, adopted by many previous studies and this
study). Toplis (2005) proposed an equation applicable to a wide
compositional range of mafic-felsic melts, based on temperature,
pressure, olivine Fo content, and molar silica content of the
liquid. Blundy et al. (2020) proposed an equation for basaltic and
basaltic andesitic melts based on Fo content and recognised the
role of liquid Fe3*/3 Fe in setting the olivine-melt Fe exchange.
An inherent challenge in employing any such equation in the
present study is that the liquid composition in equilibrium
with the olivine of interest needs to be known, however, the
primitive crystals that are useful for mantle temperature
reconstruction are often carried by more evolved liquids, while
the compositions of primary liquids in equilibrium with these
crystals are often unknown. Here we investigate the range
of Kd?i;thgin OIB samples in this study in three ways as
described below.

First, we use the equation (8) for Kd% ™ and equation (4)

; FeT —Mg )
for the relationship between Kd?l;f&gand Kd?;{f’_qu of Blundy
et al. (2020) to write the following equation: Kd?l;lif‘Mg = 0.3642 x

exp [%}(Xpo is the molar fraction of forsterite in olivine;
T is temperature in Kelvin). This equation accounts for non-ideal
mixing in olivine solution by including Fo as a variable. Taking Fo
contents of the most forsteritic population of olivine at individual
ocean islands from this study, we obtain Kd;’i;]‘fM =0.307-0.316,
within the presumed range (0.3 +0.03) (Supplementary Fig. S19).
Secondly, we consider the Kd?l;hf‘Mg determined by previous partial
melting experiments on the KR4003 lherzolite (Walter, 1998) and
the KG1 pyroxenite (Kogiso et al, 2004). We notice that these
experiments produce generally higher Kd;?:;th (KR4003: 0.31-
0.36; KG1: 0.27-0.38), while their temperature (1300-1700°C)
are also higher than olivine crystallisation temperatures in
this study (mostly <1300°C) (Supplementary Fig. S19). Lastly,
we used the compositions calculated using THERMOCALC for
the primitive liquids and olivine at the top of the melting
regions (pressure: 1.25-2.65 GPa) to calculate Kd?;thg, and
obtain values also within the presumed range of 0.3+0.03,
ie. 0.29 to 0.33 (median: 0.30) for lherzolite-derived liquids,
and 0.28-0.30 (median: 0.29) for pyroxenite-derived liquids
(Supplementary Fig. S19).

Overall, most values derived from the three methods above
overlap with 0.3+0.03, implying that takinng;:;lifMgzo.S +0.03
is a reasonable approximation under most conditions concerned
in this study. Nevertheless, it is worth noting that the primitive
liquids calculated from THERMOCALC have rather high Mg#,
using which and Kd?i;l‘_quzo._% yielded an overestimation on
Foprm (~92-95) for ocean islands in this study. By comparison,
better model fits for T}c’rr;'sn were acquired using the more plausible
Foprim= 91 (Supplementary Figs S21-535).

The discussion above indicates that any decision about recon-
structing primary liquids requires compromise and introduces
its own sources of uncertainty. Using a fixed value for Fopgmto
calculate Tlc’f;’;’ and mantle temperature yields plausible results
but is potentially inconsistent with inferences about the source
lithology, which might suggest lower Fo in the source regions of
some localities discussed here. Using variable Fopy increases
consistency but introduces the poorly constrained errors of com-
plex thermodynamic models of mantle melting. Considering this,
we have more confidence in the fixed Foprim results. Further inves-
tigation of the Fopyy variability at different localities would be
necessary for reducing uncertainties on the mantle temperature
estimates.
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Trade-offs between mantle temperature and
source lithology

Mantle plumes are frequently described as comprising at least
two different lithologies: peridotite, which explains key features
of mantle structure (e.g. Ringwood, 1962; Green & Ringwood,
1967), and recycled oceanic crust (e.g. Stracke et al., 2003; Sobolev
et al., 2007), the amount of which differs between locations. More
recently, emphasis has been placed on the possible presence of an
additional lithology—refractory harzburgite—in mantle plumes
(e.g. Kelemen et al, 1992; Nakagawa et al, 2010; Shorttle et al,
2014; Matthews et al, 2016). Melting of the different lithologies
mentioned above extract distinct amounts of latent heat (e.g.
Matthews et al., 2016), which, on top of variations in plume temper-
atures, causes variations in the primitive crystallisation tempera-
ture that may be preserved in/extracted from volcanic samples.
Accounting for a lithologically heterogeneous mantle is, there-
fore, critical for accurately estimating its temperature. However,
including lithological heterogeneity in such a model potentially
opens a very wide parameter space, as the composition and melt-
ing behaviour of recycled materials can vary widely (e.g. Lambart
et al., 2016). This is not a challenge we address in this study as we
focus instead on modelling three lithologies and propagating the
uncertainty that introduces on its own into mantle temperature
estimation.

With a multi-lithology mantle melting model such as that used
in this study and by Matthews et al. (2021), the uncertainty on
the proportions of individual lithologies in the mantle source
can be great. As demonstrated in Fig. 9, (fictive) pure lherzolite,
harzburgite, and pyroxenite mantles can produce the same pri-
mary liquid temperature on top of the melting region, but with
widely different Ty, the values of which required for the Iherzolite-
only and harzburgite-only mantle are almost identical (since the
degree of lherzolite melting is small), whereas that required for
the pyroxenite-only mantle is about 250°C to 350°C higher (the
thinner the lithosphere, the larger the difference). In other words,
when fitting a single value of Thys (derived from the olivine
observed) using a multi-lithology mantle melting model, there
may be multiple solutions for mantle T, and source lithology
fractions. Even though a constraint of positive plume buoyancy
was applied in this study, the permissible parameter space could
be large.

Previous studies investigated the interplay between T, litho-
spheric thickness and the amount of recycled crust (e.g. Sobolev
et al.,, 2007) and found that a thin lithosphere (e.g. MORB, Iceland
and Azores) favours a high proportion of peridotite-derived melt,
whereas a thick lithosphere (e.g. LIPs) favours a high proportion of
pyroxenite-derived melt (Xpx, equal to the proportion of lTherzolite-
derived melt (Xj,) subtracted from 100%). This is supported by
results for a few ocean islands in this study, showing higher X,
with thicker lithosphere (Supplementary Fig. S52). Specifically,
the median X, calculated for ocean islands with lithospheric
thickness of 35 to 75 km (e.g. 0.41+0.28 to 0.64+0.30 in Azores,
Galapagos, Hawai'i, and Réunion) are lower than localities with
thicker lithosphere (83-95 km for Crozet, Trindade and Cape
Verde, where median Xy ~ 1). The positive correlation between X,
and lithospheric thickness is stronger for islands providing high-
Fo olivines than those providing low-Fo olivines, consistent with
the more accurate estimates of mantle temperatures and lithol-
ogy fractions derived from forsteritic olivines as discussed above.
One exception is Azores (Flores), which has a thin lithosphere
beneath the island where samples in the study were collected
(~36 km) but provided a rather high median X,x (0.60+0.24).
This may be related to the more complex magmatism at the

Azores archipelagos as it is located near the Mid-Atlantic Ridge.
The Flores Island, where samples in this study are from, is the
westernmost island of Azores, and its volcanic activities (dated
back to ~2.1 Ma) may have started earlier than most other islands
of the archipelagos (i.e. younger than 1.3 Ma) (Zanon, 2015). Pre-
vious studies have shown that some olivine-hosted melt inclu-
sions from Flores were extremely depleted (with high Nd isotope
signatures) compared to those from two other islands (Pico and
Corvo) of Azores, indicating a heterogenous mantle and high
proportion of melt contribution by ultra-depleted mantle (Stracke
et al., 2019). Considering this, the fraction of pyroxenite-derived
melt at Azores may be lower than the estimate in this study, which
would correspond to a lower T, hence lower excess temperature.

Furthermore, we investigated the effect of lithospheric thick-
ness by running the mantle melting model for Azores using a
higher lithospheric thickness (~45 km, at Pico Island; Dasgupta
et al., 2010) and the same values for the other parameters. Com-
pared to our results for Flores Island (lithospheric thickness of
~36 km), the calculation with a thicker lithosphere yielded similar
median values of source lithology fractions (¢px~0.084+0.06, and
¢n~0.62 +0.18) but 15°C lower T), (still within each other’s uncer-
tainty, i.e. 1368 +48°C versus 1353+42°C). The different T, but
same primary magmatic temperature can be explained by a larger
amount of heat consumed during melting beneath a thinner
lithosphere (i.e. melting ceases at a shallower depth). This indi-
cates that lithospheric thickness is not the major source of errors
on the T, calculated using methods in this study. Considering
the thin lithosphere beneath Flores and possible overestimation
of pyroxenite-derived melt (see above), the excess temperature
reported for Azores in this study likely represents the maximum.

In addition, we compare the multi-lithology model results from
this study with those calculated using PRIMELT3 (Herzberg et al.,
2023) which focuses on peridotite melting and calculates olivine
crystallisation temperatures using liquid compositions. Our esti-
mates of T, mostly overlap with results reported by Herzberg
et al. (2023) for Siqueiros (1365 + 14°C), Hawai'l (Mount Kea: 1520-
1560°C), and Iceland (Western Volcanic Zone: 1340-1520°C). We
note that the comparable results were yielded by greatly different
approaches applied in this study and by Herzberg et al. (2023),
i.e. using Terys calculated from olivine-spinel composition versus
liquid MgO content, and modelling melting of a multi-lithology
versus single-lithology mantle. We suspect that this could be
due to the trade-offs between mantle temperature and source
lithologies discussed in this section. For localities with good con-
straints on the source lithology fractions, such as Iceland, we
found a small range of T, (=1530+15°C) with a median value
higher than that of Herzberg et al. (2023). The higher T, estimates
could be due to pyroxenite melting considered in our model but
not in PRIMELT3 (focusing on peridotite sources), supported by a
majority (~70%) of unsuccessful solutions provided by PRIMELT3.
The temperature range we report could be smaller than the real
range because we focus on the high-Fo sub-populations of olivine
in this study. While our results do not exclude the possibility of
thermal heterogeneity in the mantle plume below Iceland (e.g.
Herzberg et al., 2023) or elsewhere, it is emphasised in this study
that the trade-offs between temperature and lithology fractions
of source mantle can jointly produce the observed temperature
variability.

The key implication from the above discussion is that having
additional constraints on the mantle source lithology fractions
would improve the accuracy of the T, estimates. This is especially
true for pyroxenite since its thermal effect on the melting region
is so great that the inferred T, and harzburgite-lherzolite fractions
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Fig. 9. Geotherms calculated for fictive single-lithology mantle sources that yield the same primitive melt crystallisation temperature at the top of the
melting region (lithosphere marked in coloured areas), but with dramatically different temperatures at 10 GPa (dashed lines in different colours
represent geotherms derived from different source lithologies). Note that the requirement for source buoyancy is not considered in these illustrative

scenarios.

vary significantly to compensate (Fig. 9). Better constraints on
these may be inferred in the future by broader inversion of crys-
tallisation temperature estimates alongside further constraints
on primitive magma chemistry (e.g. based on REEs; Wong et al.,
2022) and seismic velocity structures (e.g. Bao et al., 2022) at these
ocean islands.

Comparison with excess temperatures from the
literature

We used the Ty[[ineq259]] calculated using Fopim= 91 for ocean
islands (T") and a TH'°R = 1350°C for mid-ocean ridge to calculate
the excess temperature AT,. These results are compared with
values reported by previous studies considering a single-lithology
source mantle, i.e. those using an olivine-liquid thermometer and
a peridotite melting model by Putirka (2008a) (TR = 1396°C
calculated for Siqueiros; Fig. 10a), and those using inversion of
seismic velocities from the global shear wave tomography model
SEMUCB-WM1 over a wide range of depths (260-600 km) by Bao
etal. (2022) (TY°F = 1377°C, for a depleted MORB mantle; Fig. 10b).
Out of the ocean islands investigated in this study, 13 and 14 were
studied by Putirka (2008a) and Bao et al. (2022), respectively. Here
we consider that ocean islands providing olivines with Fo > 85
in this study yielded reliable estimates of T, (see previous sub-
sections). Comparison of these results with the two previous
studies is as follows.

For the 12 ocean islands with Fo2%, >85, our estimates on AT,
(=23°C to 202°C) mostly overlap with those reported by Bao et al.
(2022) (36-257°C) but show a larger difference from those reported
by Putirka (2008a) (114-290°C). The best match of AT, between
this study and the two previous studies are found for Iceland
(between 180°C and 221°C) and Galapagos (between 130°C and
185°C). To assess the causes of the difference in AT, between
different studies, we compare the controlling factors of (a) Thys ,
and (b) T, separately as follows. Comparison of Tgrr;? calculated
petrologically from Putirka (2008a) and this study shows that

values reported by Putirka (2008a) (calculated using olivine-
liquid thermometry of Putirka et al. (2007) assuming Fopm=91.5)
are about 24 to 240°C higher than our results (calculated
using olivine-spinel thermometry andFopin=91). One cause
of the difference is the different thermometer equations used
to calculate crystallisation temperatures. Taking Siqueiros as
example, a half-a-unit increase in Fopgm can increase Thys by
~20-30°C, but the T‘c’rr;,’;l reported by Putirka (2008a) is ~130°C
higher than our estimation (i.e. 1355 versus 1226°C). The Tlc’rr;rsn
values reported for ocean islands by Putirka (2008a) are generally
higher too. To eliminate the effect of TIC’:;,? (e.g. determined by the
choice of Fopimand thermometer equations as mentioned above)
on ATy, we defined a parameter ATfrryirsn (:TE;;,? [01] — Tlgr’;*;‘ [MOR])
and compared its values together with AT, between Putirka
(2008a) and this study. We find that although Putirka (2008a)
reported generally higher AT, (by a median of ~64°C), the Ao’
of Putirka (2008a) and this study are less different (median
difference of only ~9°C). This indicates another cause of the
difference in AT, being the different mantle melting models
applied. We note that the mantle melting models of Putirka
(2008a) and this study exploit different thermodynamic properties
of different source lithologies. Specifically, the single-lithology
peridotite melting model of Putirka (2008a) is likely to predict
a larger amount of heat consumption throughout the melting
region, compared to the multi-lithological (lherzolite, pyroxenite,
harzburgite) melting model used in this study. This would be
consistent with the non-melting harzburgite having a thermal
buffering effect in the melting region.

For the three ocean islands with Fo%, <85, i.e. Fernando de
Noronha, St. Helena and Tristan da Cunha, we obtained on aver-
age higher AT, than Putirka (2008a) and Bao et al. (2022). It is
noticeable that our estimation of ATk are also higher than those
from Putirka (2008a), which should not be affected by differences
in the mantle melting models applied in different studies but
are determined by the fractionation models. These are consistent
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Fig. 10. Comparison of excess temperature (ATp) calculated in this study with those reported in the literature using (a) olivine-liquid thermometry by
Putirka (2008a) and (b) seismic tomography inversion by Bao et al. (2022), and our results plotted versus (c) volumetric-based plume buoyancy fluxes
calculated by Hoggard et al. (2020). The ocean islands providing different maximum olivine Fo contents are marked in different symbols (squares:

Fo > 87; triangles: Fo85-87; dots: Fo < 85). For ocean islands with Fo > 87 that provide more reliable (AT,) estimates in this study (panel d), those with
higher 3He/*He ratios (referring to Jackson et al., 2017, 2020) show generally higher (AT,) than those having low He/*He.

with our discussion above, suggesting that the T‘c’g? calculated
using an olivine-only LLD and a low olivine Fo (as the starting
point) may be overestimated. Given this and the generally good
match between the estimation of AT, in this study and Bao
et al. (2022), we suggest using olivine with Fo>85 as a general
requirement for acquiring reliable estimates of mantle plume
temperature. Overall, 14 ocean islands investigated in this study
meet this requirement and were considered in the evaluation of
relatively hot or cold hotspots as discussed below:.

Bao et al. (2022) used the relationship between AT, of hotspots
and the multiple of 1o (45°C) of THOR (calculated using seismic
tomography inversion), to classify global hotspots as ‘hot’ (AT, >
30), ‘warm’ (20 < AT, < 30) and ‘cold’ (AT, < 20). Following this
approach and taking the error on the T, of Siqueiros calculated in
this study as 1o (i.e. 12°C), we find that while two ocean islands in
this study (Crozet and Azores, AT, of —23°C and 18°C, respectively)
are in the category of ‘cold’ hotspots, the rest are all ‘hot’. These
generally match with findings of Bao et al. (2022), except for Cape
Verde and Trindade (AT, of 43 and 69°C, respectively) which were
considered as less hot (i.e. ‘warm’) by Bao et al. (2022). This may
be explained by two reasons: (1) a single and compositionally
identical lithology was considered in the model of Bao et al. (2022),
whereas many previous studies and our work suggest source
lithology variability in the mantle, and (2) different values of 1o
(for TJ’,}’IOR) were used in the classification schemes, where that
used in this study (only considering the error in T, of one mid-
ocean ridge) is smaller and likely represents the minimum.

Despite these differences, the hotspots found by previous stud-
les to be overlying large ultra-low velocity zones at the core-
mantle boundary and having high *He/*He ratios (Jackson et al.,
2017, 2020) and plume buoyancy fluxes (Hoggard et al., 2020),
e.g. Iceland, Hawai'l and Galdpagos, are all in the ‘hot’ hotspots

cluster in this study (Fig. 10 c-d), showing an average AT, of
~160°C. Moreover, among the five ‘cold’ hotspots classified by
Bao et al. (2022), Crozet (Possession) is the only one investigated
in this study which appears as the coldest hotspot (AT,= —23°C)
and was found to have a low buoyancy flux and low 3He/*He
ratio (Fig. 10 c-d), implying a passive upwelling at this location.
In addition, the AT, we calculated for hotspots providing high-
Fo and low-Fo olivines show different degrees of correlation with
plume buoyancy fluxes (Fig. 10 c): those in the high-Fo group
(Fo® ~87) show a strong positive correlation, whereas those in

max
the low-Fo group (Fo2%, <85) fall off the trend with values of AT,
higher than expected. The latter may be caused by some degrees
of overestimation of Thys , due to the LLD inversion with low-Fo
olivine and/or primitive olivine Fo <91 at these localities. More
accurate estimation of plume temperatures will have to reply on
olivines of high Fo contents. This was achieved for eight islands in
this study where the analysed olivines are more forsteritic than
previously reported; five of them had no olivine data before this

study (Supplementary Fig. S2).

CONCLUSION

We reported new petrological estimates of olivine crystallisa-
tion temperatures, primary magma temperatures, and mantle
potential temperatures and source lithology fractions for multiple
ocean islands and the Siqueiros fracture zone (mid-ocean ridge).
With a careful screening of the acquired olivine data using a
fractionation-diffusion model established in this study, we find
that most olivine crystals may have experienced diffusive reset-
ting, thus we took the average crystallisation temperatures (Terys)
of the most forsteritic population of olivine from individual ocean
islands to derive the primary magma temperature. We attempted
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to calculate Fopim for individual islands based on model results
of THERMOCALC but obtained rather high Fopiny (=92-95) that
produce abnormally high T, (up to 1891°C, with a median of
1643°C). Therefore, we took a fixed Fopim=91 in our calculation
and obtained sensible estimates of T, in good match with val-
ues by previous studies, despite the possible variation in Fopim
between localities that needs to be determined in the future.

The calculated Teys values between 1165°C (Crozet) and 1283°C
(Hawaii) yield Toye'of 1269°C to 1490°C, and T, between 1327
(£20) °C (Crozet) and 1661 (£108) °C (St. Helena). Using a mid
ocean ridge Tp of 1350 (+12) °C calculated using data previ-
ously reported for Siqueiros, we obtain excess temperatures of
positive values for all localities (AT,=18+49 to 311+ 109°C) but
Crozet (AT,=—23£22°C). The excess temperatures derived from
our calculations are comparable with most results reported by
seismic tomography studies, especially for the high-Fo group of
ocean islands where olivines of relatively high Fo (>85) were
sampled. The poorer match for localities having less forsteritic
olivine between this study and previous work could be due to an
overestimation of Thys' (hence Tp), caused by an olivine-only LLD
assumed in this study and/or oversimplification of the mantle
source as comprising a single lithology by previous studies. In
addition, we observed a strong correlation between the excess
temperatures constrained from this study and the plume buoy-
ancy fluxes previously reported for localities where olivine with a
Fo > 87 is available. This provides an important reference to future
studies on the estimation of plume temperatures using olivine.
Moreover, we suggest that when applying a multi-lithological
melting model such as that used in this study, the trade-off
observed between T, and source lithology fractions indicates
the significance of acquiring additional constraints on the latter
(e.g. source pyroxenite fraction), to determine mantle potential
temperatures more accurately. The petrological approaches used
in this study, including the models developed for investigating
diffusive resetting on olivine compositions, can be applied to
other localities where mantle upwelling occurs, to advance our
understanding of the mantle circulation and dynamics in the
Earth’s interior.
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