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ARTICLE INFO ABSTRACT

Editor: S Aulbach Mantle heterogeneity has a first-order control on the petrological and geochemical differences of erupted mafic

lavas worldwide. Because of their contrasted distributions between mantle phases, First Row Transition Elements

Keywords: (FRTEs) have been considered potential lithological tracers. Using a combination of published data on natural
FRTEs ) and experimental samples and new high-precision analyses on a variety of pyroxenite samples, we investigate the
E::i]:;rzig;scoefﬁmems parameters that control FRTE partition (Ds) and exchange (Kps) coefficients between common mantle minerals.
Pyroxenites We demonstrate that mineral-clinopyroxene exchange coefficients are independent of composition and tem-
Iceland perature and that coefficients obtained from natural samples can be accurate as long a sufficiently high number
Samoa of compositionally diverse samples are considered, making them reliable input parameters in mantle melting

models. As a proof of concept, we use the exchange coefficients determined from natural mantle lithologies in
this study, along with published experimental clinopyroxene/melt partitioning coefficients, to perform simple
inverse modeling on two basalt suites from the Western Volcanic Zone in Iceland and Samoa, selected for their
contrasted Mn/Fe and Zn/Fe ratios. Our results show that a given FRTE ratio in basalt can be explained by a large
range of modal proportions in the source. However, when combined, FRTE ratios become a powerful tool to

constrain the nature of the source.

1. Introduction

It is now collectively believed that the asthenospheric mantle is
heterogeneous chemically. For example, the isotopic composition, the
trace element concentrations, and, to a lesser extent, the major element
composition vary. However, arguments continue on the necessity to
involve lithological variability (i.e, peridotites and pyroxenites present
in the mantle as distinct bodies) to accommodate this chemical vari-
ability. The conclusion of lithological differences in the mantle arises
mainly from the failure to produce the range of compositions for Mid-
Ocean-Ridge Basalts (MORBs) and Oceanic Island Basalts (OIBs) found
from melting peridotite alone, which has led many to suggest that a
separate pyroxene-rich source lithology may be present throughout melt
generating zones in the mantle (e.g., Elkins et al., 2019; Hirschmann and
Stolper, 1996; Hofmann, 1997; Kogiso et al., 2004;; Lambart et al., 2016,
2019; Mallik et al., 2021; Sobolev et al., 2007;Yang et al., 2020). Despite
growing evidence of lithological heterogeneity in mantle sources, it is
challenging to trace distinctive lithological signatures in magmas. For
decades, research has focused on investigating the mantle melting
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processes by understanding the behavior of highly incompatible ele-
ments that are very sensitive to melting and differentiation processes,
but are not good indicators of variable source mineralogy or lithology (e.
g., Hofmann, 1997; Kelemen et al., 1998). Lambart et al. (2013)
reviewed the melting phase relations of pyroxenites and showed that the
extreme variability of the pyroxenite melts and the compositional
overlap between peridotite and pyroxenite melts make major elements
poor markers for the presence of pyroxenites in the source. Additionally,
even when the presence of lithological heterogeneity can be demon-
strated, estimated proportions of the different lithologies can vary
considerably with the compositions of the lithologies, the fate of the
melts during magma transport, and the thermal structure of the mantle
(Mallik et al., 2021).

First Row Transition Elements (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and
Zn; hereafter referred to as FRTEs) are thought to be good tracers of
mineralogical variation due to their compatible to slightly incompatible
nature within the main mantle minerals, causing their ratios to be
minimally affected by partial melting and metasomatism (Humayun
et al., 2004; Le Roux et al., 2010). Because of this, FRTEs are good
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candidates for the preservation of mineralogical characteristics of
mantle source. Le Roux et al. (2011) experimentally determined the
mineral/melt partitioning coefficients of FRTEs and concluded that
melts produced by clinopyroxene- (cpx) and garnet- (gnt) rich lithol-
ogies have lower Mn/Fe, Mn/Zn, and higher Zn/Fe ratios than melts
produced by peridotite lithologies.

While the origin of pyroxenites can vary (e.g., Downes, 2007), their
presence in the asthenospheric mantle, as well as their compositional
diversity, can be primarily attributed to the subduction of the oceanic
lithosphere (e.g., Allegre and Turcotte, 1986) and its subsequent mod-
ifications (e.g., Herzberg, 2011). Additionally, mantle pyroxenites
exhibit a very large range of compositions and mineral assemblages in
comparison to peridotites (Lambart et al., 2013). However, very few
studies have addressed the systematic distribution of FRTEs across
minerals found in natural mantle lithologies (e.g., O’Reilly and Griffin,
1995; Stosch, 1981). Hence, it is essential to characterize the FRTE
behavior in natural samples, pyroxenites and peridotites, in order to
understand their chemical behavior in the mantle sources of magmas.

In this study, we take a "Big Data approach", compiling analyses
performed on natural pyroxenite and peridotite samples from a variety
of volcanic and orogenic settings, together with new high-precision
analyses of pyroxenitic samples from different geological settings. By
calculating mineral/mineral partition coefficients (Ds) and exchange
coefficients (Kps) for FRTEs, we examine if natural samples can be used
to complement experimental data, by providing a more extensive range
of compositions and P-T conditions than covered in experimental
studies. We show large datasets of natural samples, despite inevitably
including samples in disequilibrium and various levels of analytical
precision and accuracy, can produce accurate exchange coefficients.
Each pair of mineral shows distinct FRTE exchange coefficients
that appear to be independent of temperature and composition, making
them reliable input parameters in mantle melting models. To support
our conclusions, we present a simple inverse model in which the ex-
change coefficients calculated in this study are used to constrain the
mineralogy of the mantle sources for two basaltic series showing con-
trasted FRTE ratios: a basaltic series from the Western Volcanic
Zone of Iceland (Eason et al., 2015) and a basaltic series from Samoa
(Beunon et al., 2020).

2. Methods
2.1. Database compilation

Natural pyroxenite and peridotite bulk (Fig. S1) and mineral com-
positions were downloaded from the Interdisciplinary Earth Data Alli-
ance (IEDA)’s EarthChem-PetDB online database (from here on, referred
to as the EarthChem databases, Tables S1 & S2). For pyroxenites, we
selected analyses from pyroxenites, clinopyroxenites, orthopyroxenites,
eclogites and websterites. For peridotites, we selected analyses from
dunites, wehrlites, harzburgites, and lherzolites. Samples are from
alpine massifs, ophiolites, and mantle xenoliths. We downloaded bulk-
rock and mineral data separately but under the same selection criteria.
Bulk-rock compositions were mainly used to confirm rock types pro-
vided by the EarthChem database and to estimate the FRTE ratios of the
mantle source used in Section 5. Only data that contained one or more
analyses for FRTEs were considered. Samples from both the mineral and
bulk-rock datasets with weight percent totals less than 90% were sys-
tematically removed before any additional filtering. Compositions fall-
ing outside of the three standard deviations envelope calculated on each
dataset were also excluded.

For the mineral database, in addition to the filtering described above,
we limited our selection to data collected with an Electron MicroProbe
(EMP) or Laser-Ablation Inductively Coupled Plasma Mass Spectrometry
(LA-ICP-MS). We furthered filtered out EMP analyses with less than 0.01
wt% and LA-ICP-MS analyses lower than 1 ppm. When both EMP and
LA-ICP-MS analyses were reported, we used the concentration acquired
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through LA-ICP-MS. After plotting mineral analyses from the database, it
was clear from visual inspection that numerous outliers existed within
multiple orders of magnitude from the mean concentration of samples.
For these outliers, their respective source literature was examined. We
only discarded analyses if there were there were obvious signs of
extensive alteration or if the corresponding data were inaccurately re-
ported in the database.

2.2. New analyses

To examine the intrasample variability (i.e., grain-to-grain varia-
tions), we analyzed various natural pyroxenites for major elements and
FRTEs. Our analyses span samples from volcanic fields and ultramafic
massifs: the three samples from Beni Bousera (Morroco) are mantle
pyroxenites (e.g., Pearson et al., 1993); the two samples from Chino
Valley (Arizona) are arclogites (Rautela et al., 2020), respectively. Re-
sults are also compared with analyses performed on seven pyroxenite
xenoliths from the San Carlos Reservation, Arizona (labeled SC-()),
recently analyzed with the same set up in Lambart et al. (2022).

The samples labeled BB-() originate from the Beni Bousera massif in
northern Morocco, and are composed of deformed porphyroblasts set in
a fine-grained and often foliated matrix of largely pyroxenitic miner-
alogy. BB-C-P contains large euhedral porphyroblasts of garnet sur-
rounded by a groundmass composed mainly of clinopyroxene with
smaller amounts of amphibole and orthopyroxene (Fig. S2). BB-OP-1
comprises large and heavily deformed clinopyroxene and orthopyroxene
with extensive exsolution features surrounded by a fine recrystallized
groundmass. BB-Cor is unique in its mineralogy as it contains corundum,
among other minerals such as clinopyroxene, garnet, and plagioclase.
Corundum is present as large porphyroblasts in a groundmass of
isotropic and medium-grained euhedral clinopyroxene and slightly
larger garnet crystals. The Chino Valley samples (labeled CV-) are
arclogite xenoliths found within a shallow intrusive unit and is
composed mainly of clinopyroxene and garnet. CV-4 is foliated and
show apparent mineral segregation with layer enriched in clinopyrox-
ene. CV-16 shows a similar mineralogy but no foliation or mineral
segregation. For a more detailed description of the Chino Valley xeno-
liths, please refer to Smith et al. (1994).

We analyzed major and minor element concentrations of minerals
from thin sections on the University of Utah’s Cameca SX-100 electron
microprobe using the two-step approach described in Lambart et al.
(2022). We also determined trace element concentrations of the py-
roxenes from selected San Carlos xenoliths previously investigated by
Lambart et al. (2022). Analyses were performed at the University of
Utah on a Teledyne-Photon Machines Analyte Excite Excimer Laser
Ablation system attached to an Agilent 8900 ICP-MS on ~ 5 mm thick
polished billets.

Details on the analytical techniques can be found in the Supple-
mentary Material (Text S2). The modes of the samples analyzed in this
study are reported in Table S3. Mineral compositions obtained with
microprobe and LA-ICP-MS in this study are reported in Tables S4-S6.

2.3. Experimental data

To compare natural samples with published experimental data, we
used the experimental dataset reported in Mallik et al. (2021) (see Fig.
6.4 in their manuscript) and added experimental results from Mallmann
and O’Neill (2009), Regula (2020), Liu et al. (2014), and Holycross and
Cottrell (2022). Mn concentrations in selected experimental charges
from Lambart et al. (2009, 2013) were reanalyzed using high-current
microprobe analyses following the Lambart et al. (2022) analytical
setup and are also included in this dataset. Only experiments in which
cpx and at least another solid phase were present were considered.
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Fig. 1. FRTE concentrations (oxides are in wt%, elements are in ppm) as a function of MgO content in olivine, clinopyroxene, orthopyroxene, garnet, and spinel in
pyroxenites (solid symbols). Darker symbols are mineral averages of samples analyzed in this study and in Lambart et al. (2022). For Zn, Co, Sc and V, data on
peridotites (small open symbols) are also plotted. Peridotite data for Ni, Mn, TiO5 and Cr,O3 are plotted in Fig. S3. Only LA-ICP-MS analyses were considered for V to
avoid EPMA interference between TiO5 and V205 (e.g., Snetsinger et al., 1968).
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2.4. D and Kp calculations

Because clinopyroxene is the most common mineral between peri-
dotite and pyroxenite datasets, it was used as a reference mineral for all
calculations. Here, the partition coefficient is defined by the ratio of
concentration between a mineral and cpx:

D = s &)
with C, the concentration, and i denoting the FRTE of interest. We
calculated each partition coefficient using the representative analyses
for each mineral in each sample reported in the EarthChem database. We
used the same methods for the average mineral composition in each
xenolith analyzed in this study and applied error propagation to calcu-
late the partition coefficient uncertainties for new microprobe and laser
analyses, following:

errCuin : errCepy 2
eermi"/l‘llX = Dmin/c])x\/( C_ ) —+ (CiI)) (2)
min cpx

with errC representing the two standard deviation on the average con-
centration.
Mineral exchange coefficients are defined by:

min/cpx D;'”"’/"F—’( <CJ/C|>
e — 27— 3 T 3)
i/ D{nxn/c)}) (C/ )

i i G

We also estimated the intrasample variability in the pyroxenite
samples analyzed in this study by calculating Kps corresponding to every
possible pair of minerals for a given sample (see Section 4.2.2). Finally,
in Figs. 6 and 7, experimental Ds and Kps were directly calculated from
experiments containing both solid phases. However, this was only
doable for Kps for which such experiment exists (mostly Mn/Fe). Most
partitioning experiments report equilibrium between a melt and a single
solid phase and require the use of several experiments to estimate the
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min-min exchange coefficients (see Section 4.2.3).
3. Results
3.1. Mineral FRTE concentrations for pyroxenites

In this section, we describe the range of FRTE concentrations in the
main minerals present in mantle lithologies: clinopyroxene, orthopyr-
oxene, garnet, olivine and spinel. Within the EarthChem database, the
other phases present are mainly feldspar, amphiboles, and Ti-rich ox-
ides. These minerals either contain too few analyses or are inconsistently
analyzed across different elements and will not be discussed further.

3.1.1. Pyroxenes

Clinopyroxene mineral analyses are the most abundant across both
datasets. Compared to the other minerals within the database collection,
clinopyroxenes have both low Ni (mostly <1000 ppm) and low Mn
(mostly <2500 ppm) concentrations (Fig. 1). Clinopyroxenes also
contain lower FeO (mainly <11 wt%) and Co contents (< 60 ppm) than
any other considered minerals. V and Sc concentrations are highly
variable from ~0 ppm to ~500 and ~ 90 ppm, respectively. Except for
Ni and Cry03 that broadly increase with MgO, and V that broadly de-
creases, we do not observe any systematic trends between FRTE con-
centrations and the MgO content in cpx. We note that Zn contents
obtained in this study are higher than the concentrations reported in the
literature for pyroxenitic clinopyroxene but fall in the range of con-
centrations observed in peridotites.

Compared to clinopyroxenes, orthopyroxenes show higher Ni, Co,
Mn and, to a lesser extent, Zn contents (Fig. 1). V (<60 ppm) and Sc (<
35 ppm) concentrations are significantly lower in opx than in cpx. Cu
data are sparse and concentrations are below 15 ppm.

FRTE ratios of cpx and opx are similar but cpx ratios span a broader
range (Fig. 2). The main differences are for the Co/Fe and Ni/Co ratios
which are slightly lower in cpx and higher in in opx, respectively, and
are a direct reflection of the higher Co content in opx than in cpx (Fig. 1).
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Fig. 2. FRTE ratios in minerals from pyroxenites and peridotites. The colour and symbol scheme follows that in Fig. 1.
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3.1.2. Garnet

Garnet contains the highest concentrations of MnO (often exceeding
1.0 wt% in the EarthChem dataset) and Sc (up to 125 ppm), and the
lowest Ni contents (generally <500 ppm, Fig. 1). CryO3 concentration in
garnet from pyroxenites remains relatively close to zero up to 20 wt%
MgO, but shows a drastic increase up to ~10 wt% when MgO reaches 20
wt% (Fig. 1). Co contents (~30-95 ppm) are slightly higher than those
in cpx. They are very few available data on Cu and they are all below 10
ppm. Finally, Zn concentrations in garnet are very similar to those in
cpx. In comparison to pyroxenes, garnets present Mn/Fe ratios that
expand to higher values, but show lower Ni/Mg, Zn/Fe, Co/Fe (and Ni/
Co) ratios (Fig. 2).

3.1.3. Olivine

Data on olivine from pyroxenite are scarce. Olivine contains Ni
contents up to ~4500 ppm, which positively correlate to the MgO
concentrations. In comparison to other minerals, olivine also has high
Co concentrations (up to ~400 ppm). Furthermore, Mn broadly de-
creases with MgO and Ni contents, staying mostly below 5000 ppm.
Finally, olivine has the lowest Cro03, TiO2, Sc and V contents of the
mineral considered. There is no data on Zn content in olivine whithin the
pyroxenite database, but our new analyses reveal concentrations similar
to garnet. Zn concentrations in olivine from peridotites are below 400
ppm.

Mn/Fe*100 ratios plot mostly between 1 and 2, but some samples
show ratios up to 8. Ni/Mg*100 are mostly <2. Zn/Fe ratios are similar
to those observed in pyroxenes. On the contrary, Co/Fe ratios are overall
significantly higher in olivine than pyroxenes with ratios up to 53 in
pyroxenites (Fig. 2).

3.1.4. Spinel

Spinel Ni and Mn vs. MgO trends mimic those for olivine, but at
lower MgO contents (Fig. 1). Cry03 and Zn are particularly enriched in
spinel with concentrations up to 60 wt% and ~ 5000 ppm, respectively.
Spinel also has the highest concentrations in Co (up to ~300 ppm) and
Cu (up to 35 ppm). Ranges of V and TiO, concentrations are similar to
those in cpx. There are only few data for Sc but they suggest very low
contents (~< 1 ppm). Spinel presents a very large range of Zn/Fe*10*
ratios up to 250 in pyroxenite samples (Fig. 2). On average, spinels also
have higher Ni/Mg, and to a lesser extent, Co/Fe ratios than the other
minerals. On the contrary, spinel analyses show low Mn/Fe, Mn/Zn and
Ni/Co ratios (Fig. 2).
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Fig. 3. Comparison of calculated temperatures using Ravna (2000)’s (Tk - large
symbols) and Krogh (1988)’s (Tx - small light symbols) cpx-gnt geo-
thermometer, with Nimis and Griitter (2010)’s opx-gnt thermometer (Tnec)
and Brey and Kohler (1990)’s opx-cpx thermometer (Tpex).
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3.2. Geothermometer calculations

Temperatures for the EarthChem database samples were calculated
using three geothermometers:

1) For samples containing both clinopyroxene and garnet, we used the
Ravna (2000)’s cpx-gnt geothermometer (Eq. (4)), that is a modified

formulation of the Ai (1994) geothermometer. Ai’s thermometer is
Gnt/Cpx
Fe/Mg

posed by Ellis and Green (1979), with later modifications accounting
for nonlinear Kp,, /MgCPX/ 81 yarjations with X&0* and Mg#%™ (Krogh,
1988; Pattison and Newton, 1989), respectively. This new formula-
tion also accounts for Kp,, /ngax/ &g dependence on X§t in Mn
enriched lithologies and was calibrated using a more comprehensive

experimental dataset:

based on the high temperature dependence of Kp first pro-

To(K) = [ (1939.9 43270 Xg' — 1396(XE)* + 3319XG1 — 3535 (XGp)°
+ 1105Mg#5™ — 3561 (Mg#5™)” + 2324(Mg#™)’
+169.4P ) / (InKpguiie? +1223) |
4

Krogh’s thermometer Krogh (1988) is sometimes preferred over
Ravna’s as its accuracy was confirmed in experimental work of Brey and
Kohler (1990). However, using one or the other thermometer does not
influence the discussion below (Fig. 3).

2) For samples containing orthopyroxene and garnet, we used Nimis &
Griitter’s opx-gnt thermometer (2010, Eq. (5)):
Tag(K) = [1215 + 17.4P + 1495 (XE" 4 X&) / (1an§’;//§2‘ + 0‘732) ]
()

3) For samples containing both pyroxenes, we used the opx-cpx Ca—Mg
exchange thermometer from Brey and Kohler (1990):
23664 + (24.9 + 126.3(1 — Mg#%) )P*10
Tpax(K) = )
13.38 + (InKp")* + 11.59(1 — Mg#r)

(6)

1-NG /(1N
1T-NZY/(1-N)

x%;‘f Mn are the molar ratios of Ca or Mn in garnet (Egs. (4) and (5)),
respectively; Mg#s are the molar ratios Mg/(Mg + Fe), assuming all Fe
as Fe?* (Egs. (4) and (6)); NE& ¢ are the number of cations (Ca or Na) in
cpx or opx per formula unit of six oxygens (Eq. (6)). For all three
equations, the pressure, P, is in GPa and assumed equal to 1.5 GPa.
Changing the pressure by +0.5 GPa changes Ty by +58 K, Ty« by +40
K and TB&K by +10 K.

Fig. 3 compares the three thermometers. There are significant dis-
crepancies between them: overall, calculated Tpgx plot significantly
higher than Tg. Inversely, Tngc are usually lower than Tg. The lower
Tngc may be partly explained by the sensitivity of this thermometer to
the incorporation of Fe3* (Matjuschkin et al., 2014). However, Tg and
Tneg are not significantly affected by the presence of Fe>*and the dis-
crepancies are too large to be solely explained by an effect of pressure.
Cooling rate and tectonic settings can also affect the calculated tem-
peratures as different thermometers likely record different closure
temperatures (e.g., Liang et al., 2013; Sun and Lissenberg, 2018). Cali-
brations of the thermometers must also be taken into account. For
instance, Tpgx was calibrated on four-phase peridotites and tempera-
ture > 800 °C. Extrapolation to lower temperatures or for other phase
assemblages and compositions may result in poor temperature estima-
tions. Finally, mineral phases are not necessarily all in equilibrium in a
given sample and the calculated temperatures might not reflect the
temperatures of equilibration, an important consideration when

where Kp* =
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Fig. 4. FRTE partition coefficients between
opx and cpx as a function of the calculated
reciprocal temperatures of pyroxenites using
Brey and Kohler (1990)’s opx-cpx thermom-
eter. The white-contoured squares are the
new analyses reported in this study and in
Lambart et al. (2022).The solid lines repre-
sent the correlations between D&¥P*and
temperature obtained by Seitz et al. (1999)
(see Fig. S4 for details). Pressure is assumed
equal to 1.5 GPa for both datasets. The
dotted and dashed lines represent the
obtained from the Seitz
et al.’s dataset and from the global pyroxe-
nite dataset (i.e., using both EMP (small
squares) and LA-ICP-MS analyses (large
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discussing our results.
4. FRTE partition and exchange coefficients

Some FRTEs are present as trace elements in mantle minerals.
Therefore, we can express their behavior based on their partitioning
between mantle phases. However, other FRTEs, notably Fe, Mn, Cr, and
Ti, are often present as major or minor elements within common mantle
minerals (Fig. 1). Because of their higher concentrations, these FRTEs
are the most commonly analyzed across petrographic studies. In the
supplementary material (see Text S1), we briefly review the underlying
crystal chemistry that controls the incorporation of these elements into
their respective mineral sites.

4.1. Mineral-cpx FRTE partition coefficients

In Fig. 4, we plotted D§&¥%P*as a function of Tpex calculated from the
global pyroxenite dataset and from LA-ICP-MS analyses only. In both
cases, there is no apparent correlation. Yet, it is known from several
studies that the partitioning of, at least some, transition elements be-
tween minerals in mantle lithologies is controlled by temperature (e.g.,
Bodinier et al., 1987; Hervig and Smith, 1982; Hervig et al., 1986;
Stosch, 1981; Witt-Eickschen and O’Neill, 2005; Witt-Eickschen et al.,
2009). In fact, Seitz et al. (1999) performed a detailed study on a set of
previously described and well-equilibrated xenoliths including garnet
and spinel peridotites and garnet websterites. They show a strong tem-
perature dependence between the DP/%P* and Tp for Sc, V, Cr, Co and
Mn. For comparison, we added on Fig. 4, the trends defined by the
samples described in Seitz et al. (1999), assuming P = 1.5 GPa (see Fig.
S4 for details). Strikingly, the new pyroxenites investigated in this study
and in Lambart et al. (2022) fall very close or on the trends defined by
Seitz et al. (1999).

Similarly, the only significant correlations between T and D§E{&~ are
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for Fe and Mn (Figs. 5 and S4). The peridotite dataset seems to show a
slight positive correlation between T and D§IP, but the correlation is
not observed in the pyroxenite dataset (Fig. S5). However, such corre-
lation was previously observed in pyroxenite and eclogite suites
(O’Reilly and Griffin, 1995).

The lack of correlation with temperature in the pyroxenite
compilation could be due to the significantly larger compositional
variability of pyroxenites in comparison to peridotites (e.g., Lambart
et al., 2013). In fact, Dupuy et al. (1980) attributed DE"™" and
DRn/min yariations between pyroxenes, garnet, and olivine to mineral
composition variations, rather than temperature. Furthermore, Witt-
Eickschen and O’Neill (2005) showed a dependence of DZX/PX on the
pyroxenes Mg# and warned that empirical partitioning relationships
should not be extrapolated to different compositions. Stosch (1981)
also suggested that the temperature dependencies for DZY$%*, DRSSP,
and D{f§* were governed by major element compositions. Finally,
the presence of volatiles can also affect the partition coefficients of
FRTEs. Witt-Eickschen et al. (2009) showed that hydrous peridotite
xenoliths have higher values of D%/P* and D$Y/°P* than expected for
anhydrous xenoliths. In fact, Ti is preferentially found in tetrahedral
sites in anhydrous olivine, but can also be incorporated into M1
crystallographic sites under hydrous conditions (e.g., Cherniak and
Liang, 2014; see Text S1.2).

To test this hypothesis, we examined numerous chemical param-
eters (e.g., mineral Mg#, Ca#, NayO content of cpx, % pyrope in
garnet, spinel Cr#). The only apparent correlation we observed is
between
D§Y/PX and the garnet composition: D§YP* broadly decreases with
the increasing pyrope component in the pyroxenite dataset (Fig. 5b).
As Mn preferentially substitutes for Fe rather than Mg, this could
reflect the calibration of Ravna’s thermometer that is dependent of
the garnet Mg#, a proxy for the pyrope/almandine ratio (Eq. (4)).
However, this dependence is not supported by the strong correlation

Natural samples Experiments Fig. 6. Average partition coefficients calcu-
—@— pyroxenites A D13 [LR11-15 A P03 @ P04 X H22 [L14 lated from natural samples (including our
= (O= - peridotites owW98 J M09 ¢ L13 ©R20 X L0O9 new analyses, large circles) and experiments
100 ¢ = (small light symbols) for FRTEs in pyroxenite
E @) D9nverx E (solid symbols) and peridotite (open sym-
b r bols) samples. The error bars represent one
10 ¢ E standard deviation on natural pyroxenite and
3 & _ 9 peridotite data. Data source for experiments
r I O @ @ are as follows: D13: Davis et al., 2013; H22:
1 E F_'_é_'_[)_!__'_ —+= _'_'_Q_'_ Holycross and Cottrell, 2022; L09: Lambart
[ F ? I et al., 2009; L13: Lambart et al., 2013; L14:
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between Ty and DX/P* in the peridotite dataset (Fig. 5¢) despite the
restricted range of pyrope content (Fig. 5d). Additionally, when only
LA-ICP-MS data are considered, the dependence of D§YP* to the
temperature is preserved (Fig. 5a), but no correlation is observed
between the pyrope content and D}/ P* (Fig. 5b). The compilation of
natural samples did not produce other noticeable correlations with
temperature (Fig. S5) or composition.

The overall lack of apparent correlation between DI¥P* and tem-
perature could be explained if some FRTE partitioning behaviors were
insensitive to temperature, but is more likely attributed to the fact that
the compilation included samples that are not well equilibrated (Fig. 3).
Hence, large compilations of natural samples cannot be used to quan-
titatively determine the FRTEs partition coefficients for a given condi-
tion as the effects of temperature cannot be properly assessed.

Despite the significant scatter observed in Fig. 4, data are broadly
consistent with FRTE Ds between opx and cpx defined by Seitz et al.’s
trends. For FRTEs with large datasets (Mn, Ti, Cr, and to a lower extent
Ni), there is also an excellent consistency of the average partition co-
efficients calculated from both datasets (i.e., the EarthChem pyroxenite
dataset and Seitz et al.’s dataset). Similarly, there is an excellent overlap
for DF{ between the pyroxenite and the peridotite datasets (Figs. 5,
S5). With the consistency of average DIR%P* between peridotite and
pyroxenite datasets and between natural and experimental samples
(Fig. 6), we can qualitatively compare the partitioning behaviors of
FRTEs between various minerals and clinopyroxene. For instance, the
partitioning behavior of FRTEs between opx and cpx can be described as:

DT < 1 DI < DY < DL

The temperature dependence observed in Seitz et al. (1999) can
also explain most offsets between average D§RYP* values obtained
from natural samples and the experimentally determined coefficients
(Fig. 6). In fact, the experimental partition coefficients for heavy
FRTEs (i.e., Mn to Zn) are overall lower than the partition coefficients
obtained on natural data. This is consistent with the negative corre-
lations observed for Mn, Ni and Co between temperature and D°P*/¢PX,
Inversely, natural partition coefficients for Cr and Ti are lower than
the experimental ones, consistent with the positive
correlation observed by Seitz et al. for these two elements (Fig. 4). The
strong contrast between the temperatures of natural samples and the
experimental temperatures might explain why such dependence is
apparent here and not among the natural samples.

The distribution of FRTEs between olivine and cpx is similar to their
distribution between opx and cpx in that the distribution changes from
preferentially partitioning into clinopyroxene (Sc to Cr) to partitioning
into olivine (Mn to Ni & Zn) with decreasing atomic radius. However,
the FRTE partitioning behavior between olivine and clinopyroxene is
significantly more fractionated than between pyroxenes (Fig. 6). The
valency of Fe, Cr and V can vary over the range of oxygen fugacities (fo,)
and might affect their partitioning behavior. V/Sc in basalts, for instance
has been used as a proxy for magma fo, (e.g., Lee et al., 2005), since V
becomes increasingly incompatible with increasing fo,, while the
partition coefficient of Sc stays constant. The effect of fo,is discussed
more in details in Text S1.5. Mallmann and O’Neill (2009) investigated
the role of oxygen fugacity on the partitioning behavior of a series of
elements, including Sc, Ti, V, Cr and Fe. In Fig. 6¢, we plotted the range
they obtained for D/P* with fo, conditions relevant for Earth (i.e., QFM
-5to QFM + 5; Mallmann et al., 2021). Dgffgex are relatively constant but
D‘\’/l,/é,?x decrease with increasing fugacity. The dependence of DY~ to
oxygen fugacity however does not change the relative partitioning
behavior of Cr and V in olivine as the maximal values reported by
Mallmann and O’Neill (2009) (for QFM - 4.7) are still lower than the
values reported for the other minerals. Data on Cu are very limited, but
natural datasets and experiments (Le Roux et al., 2015; Liu et al., 2014)
both suggest a partition coefficient close to 1, similar or lower than Dyy,.

In addition, D %* obtained from natural samples should be considered
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as a maximum value as the presence of micro-inclusions of sulfide can
increase the analyzed Cu content in olivine (e.g., Lambart et al., 2022).
Zn concentrations in olivine and cpx analyzed in this study show ho-
mogeneous distributions through the grain, and the Ds calculated from
our samples are consistent with a strong fractionation of Zn (D%f{q’x~ 4).

Except for Ni, all divalent cations reported in natural samples pref-
erentially partition into garnet over clinopyroxene, with Dfjy/&*
showing the highest values. Ni is not easily incorporated in garnet
because of the large difference in crystal field stabilization energy for
this element in the distorted cubic site of garnet, compared to the
octahedral sites in olivine, clinopyroxene and orthopyroxene (e.g., Ross
et al., 1996). No partitioning data are reported for D&YP*, Only two
experiments with both garnet and cpx were reported in Liu et al. (2014)
suggesting a low partition coefficient, similar to Ni. In comparison, Ti, Cr
and V, all that occupy the Y crystallographic sites, and show relatively
neutral partitioning behavior:
Di;(t/cpx <1~ Dg(tt/c'px < Dgnt/cpx < Dgnt/cpx

i,Cu Ti,V.Zn Cr,Fe.Co Sc,Mn

Spinel data are limited for natural samples, and uncertainties on
partition coefficients are higher than for other Ds. Nevertheless, all
FRTEs but Sc seem to preferentially partition into spinel over cpx with
DR/BE o > 10 (Fig. 6).

Overall, heavy FRTEs are relatively incompatible in cpx in compar-
ison to other minerals (i.e., DV P%, > 1), except for Ni that is partic-
ularly incompatible in garnet. The partitioning behavior of light FRTEs
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Fig. 7. Mn—Fe exchange coefficients between garnet (a) or opx (b) and cpx as a
function of temperature. Temperatures of natural peridotites (Per.) and py-
roxenites (Pyr.) samples are calculated with Ravna’s Gnt-Cpx thermometer
(2000) in (a) and Brey & Kohler’s Opx-Cpx thermometer (1990) in (b). For
experimental data (Exp.), the reported temperature is the experimental tem-
perature. Data source for experiments: Baker and Stolper, 1994; Davis et al.,
2013; Lambart et al., 2009, 2013; Laporte et al., 2014; Le Roux et al., 2011;
Pertermann and Hirschmann, 2003a; Pertermann et al., 2004; Pickering-Witter
and Johnston, 2000; Schwab and Johnston, 2001; Walter, 1998; Wasylenki
et al., 2003.
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(i.e., Sc to Cr) is more variable. Sc and Ti favor garnet. V is particularly
incompatible in olivine but behaves similarly in garnet, clinopyroxene,
orthopyroxene, and spinel. Finally, Cr preferentially partitions into
spinel and garnet and, to a lesser extent, cpx, rather than in opx or
olivine.

4.2. Exchange coefficients

4.2.1. Effect of temperature and lithology

It is challenging to evaluate the impact of temperature and
composition on Kps because of the lack of apparent correlation between
most DIP* and calculated temperatures. However, results presented
by Le Roux et al. (2011) and supported by Mallik et al. (2021), suggest
that the FRTE exchange coefficients between mineral and liquid (KJ™
ligy gre independent of the bulk composition, lithology, and MgO content
of the melt, a proxy for the temperature.

As described above, DJFVPX and DE™P* are two partition co-
efficients for which the correlation with temperatures of equilibration is
apparent in both the peridotite and the pyroxenite datasets (Figs. 4, 5).
Hence, if K3"/PX was a function of temperature, the correlation be-
tween Kp,, /Femi“/ P* and temperature of equilibration would likely be

preserved. Such correlation is not observed (Fig. 7), suggesting that
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K&in/ePX gre indeed independent of temperature, consistent with Le Roux
et al. (2011) and Mallik et al. (2021)’s conclusions.

With the EachChem interface, it is not possible to simultaneously
download the mineral compositions and their associated bulk rock
composition. Despite this, lithology types are broadly correlated with
the bulk composition (Fig. S1). Eclogites show high Al;03 and low MgO
contents, clinopyroxenites show high CaO contents, and orthopyrox-
enites and websterites have low CaO and high MgO contents. Perido-
tites, in comparison, show a much narrower range of bulk compositions
and plot as a MgO-rich end-member on the trends defined by the py-
roxenites (e.g., Lambart et al., 2013). It is worth noting that “eclogite”
and “clinopyroxenite” terms are sometimes used indiscriminately in the
literature. Additionally, the terms “pyroxenite” and “peridotite” prevent
investigating the effect of the mineral assemblage (and indirectly, bulk
composition) on the partitioning behavior of FRTEs among these two
groups. Nevertheless, in Fig. S6, we plotted the same dataset as in Fig. 7,
but we distinguished the different lithologies. While the Kp,,_ meg“t/ PXin
eclogite and clinopyroxenite shows more scatter, there is no systematic
variation of Kps with lithology.

In Fig. 8, we plotted the Mn/Fe and Ni/Mg values in minerals as a
function of their respective ratios in clinopyroxene, calculated using the
pyroxenite and the peridotite datasets. These two ratios were chosen due
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Fig. 9. Mn/Fe*100 ratios for minerals analyzed in this study and in Lambart
et al. (2022). Averages for each pyroxenite sample are represented by symbols
(red diamond = gnt-cpx pair, orange squares = Opx-CpX pair, green circles =
olivine-cpx pairs). The intrasample variability for each pair is represented by
the dashed outlined boxes. Colored envelopes are the Kp + 20 range for all-
natural data (i.e., same error given in Table 1). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)

to the abundance of analyses for these four elements in our datasets. As
Kps are independent of temperature, following Eq. (3), we can use these
plots to calculate the exchange coefficients for various pairs of minerals.
Unlike Fig. 7, where values of Kps were calculated for each sample, Kps
obtained in Fig. 8 represent average values for each pair of minerals
(following the approach used in Le Roux et al., 2011), allowing for more
efficient estimations of uncertainty. All Kp,_ /Femi“/ PX for pyroxenites are
distinct from one another within two standard deviations and decreases
from Kp, /Fegm/ X to Kp,,, /FQSP/ PX (Fig. 8a). Additionally, Kp,_ /Femi“/ px
values obtained from the peridotite dataset (Fig. 8b) are consistent with
the pyroxenite Kps (Fig. 8a). Similar observations can be done when
comparing the Kp Mg“‘m/ PX (Fig. 8c-d). The consistency between the
FRTE Kps obtained from the pyroxenite and the peridotite dataset sug-
gests, once again, that Kps are independent of the source lithology and
consequently of the bulk composition.

4.2.2. Precision versus number of analyses

Fig. 9 shows the intrasample variability we obtained on Kps for
samples analyzed in this study and in Lambart et al. (2022). Despite
using high precision analytical techniques, carefully avoiding cracks or
inclusions, and working with relatively fresh samples (Fig. S2), we
report high intrasample variability across all of the analyzed pyroxenite
samples. This variability reflects intrasample disequilibrium and clearly
demonstrates that partition and exchange coefficients cannot be ob-
tained from a single pair of minerals in a given natural sample. However,
in Fig. 4, our average DP*/%* fall close to or on the trends defined by
Seitz et al. (1999). This suggests that, at least for these samples, grain-to-
grain FRTE disequilibrium occurs on a small scale (i.e., cm-scale) and
averaging numerous analyses in a given sample can provide a value
close to the equilibrium between two solid phases. This is also supported
by the fact that the same samples fall in the two-standard deviation
envelope defined for each Kp in Fig. 9. Yet, several of the analyzed
samples (e.g., CV4) display mineral composition that fall outside of the
error envelope. This suggests that the number of samples, and the
sample diversity, are, at least, as important as the amount and precision
of analyses.

Garnet and clinopyroxene are the dominant minerals in pyroxenitic
assemblages and Kp,, , #"/P* shows the largest intrasample variability
in our study (Fig. 9). To estimate the minimum number of samples
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Table 1
Recommended values for mineral/cpx FRTE exchange obtained calculated from
natural samples compared with the calculated experimental coefficients.*

gnt opx ol sp
Mn/Fe Natural data Kp 1.39 0.65 0.44 0.31
26 0.15 0.08 0.06 0.09
n 909 3973 2912 2336
Le Roux 2015 Kp 1.12 0.72 0.47 0.31
20 0.35 0.05 0.02 0.04
Zn/Fe Natural data Kp 0.40 1.28 1.31 12.00
20 0.04 0.2 0.19 5
n 30 89 313 37
Le Roux 2015 Kp 0.49 1.31 1.37 8
20 0.28 0.22 0.24 2
Co/Fe Natural data Kp 0.66 0.97 1.73 2.5
26 0.07 0.19 0.15 0.9
n 102 226 562 54
Le Roux 2015 Kp 0.73 1.17 1.32 212
20 0.16 0.26 0.22 0.98
Mn/Zn Natural data Kp 2.82 0.44 0.28 0.01
20 0.74 0.11 0.09 0.02
n 77 188 307 53
Le Roux 2015 Kp 2.32 0.55 0.34 0.22
26 0.22 0.08 0.06 0.06
Ni/Mg Natural data Kp 0.17 0.88 2.5 4
26 0.09 0.16 0.21 1.5
n 343 2895 4789 1165
Le Roux 2015 Kp
20
Ni/Co Natural data Kp 0.07 0.78 1.26 0.77
20 0.15 0.1 0.13 0.16
n 85 234 507 53
Le Roux 2015 Kp 0.19 1.18 0.98 0.11
20 0.38 0.7 0.5 0.06
Ni/Sc Natural data Kp 0.02 7.1 128
206 0.02 3 52
n 229 245 237
Le Roux 2015 Kp 0.09 5 14.6 8.3
20 0.18 2.6 12.4 4.2

* Experimental coefficients were calculated from the recommended Djjimet

in Le Roux et al. (2015). See Text S3 for details.
required to provide a Kp,, /Feg“t/ “PXconsistent with the value calculated
from the pyroxenite database (i.e., using one group with n = 301), we
selected 30 groups of random samples and progressively increased the
number of samples in each group. We then calculated the Kp,_ /Feg“t/ P
for each group. With this test, we consider that if the average Kps
calculated for the 30 individual groups of n samples all fall inside the
error envelope estimated for Kp,, Megm/ PX using the entire dataset (i.e.,
the red envelope in Fig. 9), then the number of samples in each group
can be considered sufficient. Using such an approach is only possible
because we demonstrated above that FRTE exchange coefficients are
independent of temperature and composition and that each mineral pair
produces a distinct exchange coefficient. While this is not a true statis-
tical analysis, our simple test suggests that at least 40 samples are
required to ensure that the calculated value will fall inside the two-
standard deviation envelope.

The number of analyses performed by LA-ICP-MS per sample (and
per phase) is usually much smaller than the number of analyses per-
formed by EMP. If a sample shows grain-to-grain variation, the analyses
reported might not be representative of the mineral average concen-
tration in the sample. Hence, we argue that a high number of analyses
should be preferred over a low number of high-precision analyses to
obtain a good estimation of the FRTE ratios at phase equilibrium. In
Table 1, we report the calculated value of Kp, ™™ P* using combined
datasets, allowing the largest number of samples to be considered. The
accuracy of exchange coefficients derived from natural samples ob-
tained from less than 40 mineral pairs must be, however, evaluated
cautiously.



O.I Lang and S. Lambart

4.2.3. Comparison with experimental data and recommended exchange
coefficients
We used the recommended values for min-melt partition coefficients

(DF;%%’"BR) reported in Le Roux et al. (2015) to calculate experimental

min-cpx exchange coefficients (KBi¥S2X). The calculations for the co-
efficients and their associated standard deviation are detailed in Text S3
and the experimental coefficients are reported in Table 1. With the
exception of coefficients involving Ni, the coefficients obtained in this
study overlap with the experimental ones. In particular, Kp, "/
derived from natural samples is an order of magnitude higher than the
experimental coefficient. Ni is well known for diffusing outside of the
capsule during experimental runs (e.g., Filiberto and Treiman, 2009;
Matzen et al., 2013). Hence, we are confident that the natural exchange
coefficients involving Ni are more reliable than those derived from
experiments.

Another issue with using experimental min-melt partition co-
efficients (D™™™e! guch as those presented in Le Roux et al. (2015), to
calculate min-cpx exchange coefficients is that the various D™"™s are
derived from experiments performed at different pressure and temper-
ature conditions and with various starting materials. The FRTE exchange
coefficients considered in this study are independent of temperature and
composition, but partition coefficients are not. Hence ratios of D™"/melt
obtained at different conditions might introduce errors in the estimation
of the D™™%PX These uncertainties can then propagate in the calcula-
tions of Kp™mn/x, adding to the analytical error (Text S3). Such an effect
is hard to quantify. This would not be a major problem if the partition
coefficients were highly contrasted, but that is not the case for FRTEs
who all behave as compatible to moderately incompatible elements
during partial melting of mafic and ultramafic systems. Hence, the
standard deviation reported in Table 1 for the experimental exchange
coefficients are likely underestimated.

The two-standard deviations calculated from Le Roux et al. (2015)’s
dataset are overall similar or larger than the error calculated from nat-
ural samples. Hence, we argue that, when available, the exchange co-
efficients derived from a sufficiently high number of natural samples
(>40) are more reliable than exchange coefficients indirectly derived
from experiments performed in various conditions. However, this study
also highlights the need for multi-mineral experiments in which Kps can
be obtained from two coexisting solid phases.

5. Application: a new approach for constraining the Earth’s
mantle heterogeneity

For the last three decades, the most common modeling approach
used to determine the proportion of lithological heterogeneity in the
mantle has been to consider a mantle in which the composition and/or
mineralogy of different lithologies are fixed (e.g., Brown and Lesher,
2014; Elkins et al., 2019; Hirschmann and Stolper, 1996; Lambart, 2017;
Lambart et al., 2019; Le Roux et al., 2011; Mallik et al., 2021; Shorttle
and Maclennan, 2011; Sobolev et al., 2007; Yang et al., 2020). However,
the main limitation of these models is also the main input parameter: the
composition (chemical or mineralogical) of each lithology present in the
mantle must be known and must stay constant. Both of these assump-
tions have been recently challenged. In fact, using an inverse method,
Brown et al. (2020) suggested that the trace element composition of the
pyroxenite component in the mantle source of Iceland significantly
differs from the composition of a subduction-modified recycled oceanic
crust commonly used in forward models. More recently, Mourey et al.
(2022) looked at FRTE concentrations in magmatic olivines produced at
the Kilauea Volcano (Hawaii) between 1500 and the 2018 eruption. The
evolution of the olivine composition cannot be explained by a change of
the pyroxenite fraction in the mantle, but would rather reflect an in-
crease of the modal proportion of clinopyroxene in the mantle source.
Hence, rather than assuming the nature of the different lithologies
potentially present in the mantle, here we developed a new approach to
determine the bulk mineralogical make-up of the mantle using FRTE
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experimental partition coefficients and Kps obtained in this study on
natural samples (Table 1).

5.1. Strategy

We constructed a simple modal batch melting model and compared
the results with two separate basalt suites: A subglacial basalt suite from
the Western Volcanic Zone (WVZ) in Iceland (Eason et al., 2015) and a
compilation of Oceanic Island Basalts (OIBs) from Samoa (Beunon et al.,
2020). We chose these two suites because of their contrasted average
Mn/Fe and Zn/Fe ratios (Fig. S7) and their relatively primitive nature
(MgO >7.5 wt%). We estimated the melt composition using an equation
modified from the modal batch melting equation:

1+F(‘ 71)

Dreo
Kpo + F(ﬁ - KDO)

(Mn/Fe),, =

ig = (Mn/Fe),* @)

where (Mn/Fe)g is the ratio in the mantle source, Kpg is the bulk ex-
change coefficient between solid and the melt, D is the bulk partition
coefficient for iron between the solid and the melt and F is the melt
fraction. Kpg is obtained using cpx/melt exchange coefficients from the
experimental literature and the min/cpx exchange coefficients from this
study (Table 1). An example is described below for Mn/Fe:

gnt/melt cpx/melt * gnt/cpx
KDMn/Fe - (KDMn/Fe ) . (KDMn/Fe) (821)
experiment natural
Kpo is expressed as:
Kpo = > XninKpy/pe " (8b)

with Xpin being the fraction of the mineral of interest in the source, and
mein =1

We applied the same equation for Zn/Fe. We used the partition co-
efficients for Fe determined by Davis et al. (2013). The values used for
the exchange coefficient between cpx and melt are KR/ = 1.58 and
K(/melt — 0.68 (Davis et al., 2013).

We ran our model for both Mn/Fe and Zn/Fe assuming a single
mantle lithology. For low to moderate degrees of melting (< 20%), the
ratio in the melt stays relatively constant during melting (Text S4 and
Fig. S8). We used a scenario in which the mantle is composed of five
main mineral phases: olivine, cpx, opx, garnet and spinel. We solved for
all the modal proportions in the mantle source that can reproduce the
Mn/Fe ratio for the two selected basalt suites. This scenario has non-
unique solutions (one equation — 5 variables), so we ran two hundred
calculations for both basalt suites, varying the input modal mineralogy.
The fraction of olivine, opx, cpx and gt, ranged from 0 to 1. For spinel
however, ignoring rare exceptions (e.g., the local presence of chromite),
the proportion of spinel in mafic and ultramafic rocks is usually rela-
tively small (i.e., a few percent; e.g., Lambart et al., 2009, 2013; Baker
and Stolper, 1994; Laporte et al., 2004, 2014), so we only allowed for the
spinel fraction to vary from 0 and 0.05 (0.05 is generally considered a
maximum modal value for peridotite; e.g., Eggins et al., 1998). The 200
input mineral proportions used in calculations are plotted in Fig. S9. We
reproduce the same calculations using Zn/Fe ratios. For both sets of
calculations, the chosen values for the ratios of the source are the av-
erages between the medians obtained from the EarthChem pyroxenite
and peridotite databases ((Mn/Fe)g = 0.0181 and (Zn/Fe)y =
8.39*10’4; Fig. S10). These values are consistent with the ratios of the
primitive mantle (Mn/Fepyrolite = 0.017 £ 0.002 and Zn/Fepyrolite = 8.8
+ 1.6*10~* (McDonough and Sun, 1995).

5.2. Modeling results
Fig. 10 presents the results obtained from Mn/Fe and Zn/Fe ratios

separately. Results are consistent with the theoretical expectations: the
source of the Samoa basalts, that have a lower Mn/Fe ratio and higher
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Fig. 10. Batch melting model results: output modal source proportions reproducing either the average Zn/Fe ratios (left column) or the Mn/Fe ratios (right column)
of the basalt suites from Samoa (top) and the WVZ in Iceland (bottom). The small triangles illustrate the overlap between the two basaltic series for a given ratio.
XGnt = Gnt/(Gnt + Cpx). See supplementary Fig. S11 for a projection Gnt-Cpx-Ol+Opx-+Sp.
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Fig. 11. Combined batch melting model results: output modal source pro-
portions reproducing both the average Mn/Fe ratio and the average Zn/Fe ratio
of the basalt suites from the Iceland WVZ (purple) and Samoa (yellow). XGnt =
Gnt/(Gnt + Cpx).

Zn/Fe ratio than the WVZ Icelandic suite, is richer in garnet and clino-
pyroxene and requires a lower proportion of olivine and opx (+ spinel)
than the Icelandic suite. More importantly, these calculations highlight
that a given FRTE ratio in the melt can be reproduced by a large range of
modal proportions in the source and that calculations using individual
ratios result in potential significant overlap between both basalt series.
The range of modal proportions in the source is significantly narrowed
down when both ratios are considered together (Fig. 11), resulting in no
overlap in mineralogy in the sources between the two different suites.
The average modal fraction in the source of the Iceland WVZ basalt suite
is 0.30 ol + 0.26 opx + 0.10 cpx + 0.15 gnt + 0.03 sp. In comparison, the
average modeled source mineralogy for the Samoan basalt is 0.38 ol +
0.10 opx + 0.16 cpx + 0.36 gnt.
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5.3. Proof of concept

The model presented in the previous section can solve for the average
mineralogical makeup of the mantle. However, there are several lines of
evidence that suggest the mantle is composed of two or more lithologies
(Lambart et al., 2016, and reference therein). We propose that the cal-
culations presented here can be used as a first step in modeling the
melting of a multi-lithology mantle. To demonstrate the value of such an
approach, we ran an additional scenario in which we consider a mantle
composed of two lithologies: pyroxenite and peridotite. We then solve
for the fraction of pyroxenite in the mantle. For these calculations, we
considered that both lithologies have the same bulk Mn/Fe and Zn/Fe,
and therefore, the same as the source ratios used in Section 5.2. This
choice is discussed in Text S2.

In a first run, the two lithologies in the mantle sources of both basalt
suites are the same: the subsolidus modal proportion of the peridotite
KR4003 at 3 GPa (Walter, 1998), and the near-solidus modal proportion
of the MORB-type eclogite G2 at 3 Gpa (Pertermann and Hirschmann,
2003b). Modal proportions used in calculations are reported in Table S7.
Similar “model” lithologies have been used extensively in forward and
inverse modeling (e.g., Kimura and Kawabata, 2015; Koornneef et al.,
2012; Lambart et al.,, 2016; Le Roux et al., 2011; Pertermann and
Hirschmann, 2003b; Shorttle and Maclennan, 2011; Sobolev et al.,
2005, 2007; Yang et al., 2020) independently of the oceanic setting (e.g.,
thickness of the lithosphere, temperature of the mantle, intraplate vs
extension magmatism). Using this combination, we obtained 34% of
pyroxenite-derived melt in the source of the WVZ in Iceland and 67% of
pyroxenite-derived melt in the source of Samoa Island with the Mn/Fe
ratio (Eq. (7)). However, we cannot solve for the Zn/Fe ratio as the
Iceland basalt suite requires more than 100% peridotite in its source,
while the Samoan basalt suite requires more than 100% pyroxenite
component in its respective source lithology (Table S7).

In a second run, we used the results obtained in Section 5.2 as input
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parameter to adjust the mineralogical proportions attributed to both
lithologies. In fact, results from Section 5.2 show that the source of the
WVZ is relatively rich in pyroxenes and must contain a small fraction of
spinel to reproduce the low Zn/Fe ratios of the basalts. In comparison,
the source beneath Samoa is richer in garnet than the two “model” li-
thologies used in the previous calculations. For the source of the WVZ,
using a more fertile spinel peridotite (i.e., similar to FER-E; Pickering-
Witter and Johnston, 2000) and a hybrid garnet pyroxenite similar to
KG1 (Kogiso et al., 1998) results in consistent outputs for both sets of
calculations: ~49% of the pyroxenite component contribute to magma
genesis beneath the WVZ. Conversely, using a more refractory perido-
tite, and a garnet-rich eclogite (e.g., Kogiso and Hirschmann, 2006)
results in both ratios suggesting a pyroxenite contribution close to 64%
in the basalts from Samoa.

We highlight that calculations performed in this study provide an
estimation of the contribution of the pyroxenite component in the
magmas, not an estimation of their proportion in the sources. Estimating
their proportions in the sources is beyond the scope of this study (mostly
because of the limitations described below) and will be the subject of a
future study. Nonetheless, it is interesting to compare our preliminary
results with previous works to determine if such a two-step approach
would improve the characterization of the nature of the mantle sources.
Samoa basalts are thought to preserve the EM2 (Enriched Mantle 2)
signature (e.g., Jackson and Dasgupta, 2008). While the nature of this
mantle component is debated (e.g., Adams et al., 2021; Jackson et al.,
2014; Workman et al., 2004), the number of investigations for the
presence of a non-peridotitic lithology in the mantle source of Samoa is
still limited. Nevertheless, several recent studies point out the need for
the contribution of pyroxenite in Samoa basalt genesis to explain their
compositions (e.g., Konter et al., 2016; Mallik et al., 2021; Wang et al.,
2021). Our calculations suggest a higher pyroxenite contribution in
Samoa basalts (64%) than in Icelandic basalt (49%). A higher contri-
bution can be explained either by a larger fraction in the mantle source
(e.g., Mallik et al., 2021), by a higher melt productivity difference be-
tween the pyroxenite and the peridotite components (e.g., Lambart
et al., 2016), by a smaller contribution of the peridotitic mantle due to a
thicker lithospheric lid (e.g., Sobolev et al., 2007), or by any combina-
tions of theses processes. Discriminating between theses variables is not
trivial (e.g., Mallik et al., 2021). However, our results show that the bulk
mineralogy must be rich in garnet, consistent with the high Gd/Yb of the
basalts (Wang et al., 2021). Hence, the presence of a thick lithospheric
lid may play an important role in the composition of the Samoa basalts.

In contrast to Samoa, the nature of the pyroxenite component in the
mantle source of Iceland has been the subject of many studies (e.g.,
Brown et al., 2020; Koornneef et al., 2012; Lambart, 2017; Neave et al.,
2018; Rasmussen et al., 2020; Shorttle and Maclennan, 2011; Shorttle
et al., 2014; Sigmarsson and Steinthorsson, 2007). Consistent with our
results, several forward models have suggested the contribution of an
olivine pyroxenite, similar to KG1 (Kogiso et al., 1998), in the mantle
source of Iceland (e.g., Lambart, 2017; Shorttle and Maclennan, 2011;
Shorttle et al., 2014). Our results also highlight the necessity for the
presence of spinel in the peridotitic lithology to reach an agreement
between the two FRTE ratios. This is consistent with the lower pressure
of melting expected beneath Iceland than beneath Samoa. In comparison
to KG1, however, our results suggest that the pyroxenite component
likely contains a higher proportion of garnet and lower proportion of
olivine. Additionally, the previous forward models suggested a lower
contribution of the pyroxenite component in the melt for the area (i.e.,
~20 to 40% for KG1 lithology; Shorttle et al., 2014) than predicted in
this study. In their inverse model, Brown et al. (2020) found an even
lower contribution of the pyroxenite component. However, their py-
roxenite melt productivity is calibrated with the KG1 lithology.
Increasing the garnet/olivine ratio of the pyroxenite component should
result in increasing the fertility of the pyroxenite component, consistent
with a higher contribution in the magma. We note that it would also
require a higher mantle potential temperature or a higher proportion of
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refractory harzburgite (i.e., not contributing to magma genesis) to pre-
serve the buoyancy of the mantle (Shorttle et al., 2014). Hence, our
study demonstrates the benefits of including the bulk mineralogy of the
mantle in forward and inverse models, bringing additional constraints to
better characterize the nature and the relative proportions of the li-
thologies present in the mantle source as well as the melting conditions
(i.e., mantle potential temperature and final pressure of melting).

5.4. Limitations

We highlight that in the last two runs presented above (Section 5.3),
we are only testing one possible pair of lithologies for each basalt suite
(i.e., the same pair for both suites in the first run and a different pair for
each suite, adjusted from the obtained bulk mineralogy, in the second
run). Testing each possible pair, or a combination of three or more li-
thologies, is beyond the scope of this paper and will be the subject of a
future publication. Here we simply highlight how taking the bulk
mineralogical make-up of the mantle into account can significantly
improve the quantification of the different lithologies in the mantle
source, eventually required to constrain the abundance and time scales
of crustal recycling.

Our melting scenarios contain various assumptions and limitations
that are somewhat inherent in developing simple models for complex
natural systems. The most obvious might be the use of a batch melting
equation rather than fractional or continuous melting. Batch melting is
known to reproduce the composition of aggregated fractional melts for
highly incompatible elements well (e.g. Hertogen and Gijbels, 1976).
However, FRTEs may behave differently. Hence it is important to
compare our results with fractional melting. In mantle assemblages,
FRTEs are moderately compatible to moderately incompatible. Hence,
they are thought to be minimally affected by melting processes
(Humayun et al., 2004; Le Roux et al., 2010). To test this assumption, we
calculated the compositions of pure peridotite and pyroxenite melts
using batch and fractional melting (see Text S4 and Fig. S8a). In up to
~50% of melting, the difference between models is negligible in com-
parison to the difference of ratios produced by the two lithologies,
supporting the statement that FRTE ratios in basalts are mostly affected
by the mineralogy of the source. Other assumptions in our model affect
the true dispersion of the results, that is the range of bulk mineralogies
(or lithologies) capable of reproducing the FRTE ratios of the basalt.
Among the chosen input parameters that result in artificially decreasing
the scatter of the results in this study are (i) considering the average melt
composition rather than the full range of basalt compositions (Fig. S7),
(ii) considering that only two lithologies possible lithologies in the
source, (iii) using constant FRTE ratios for the mantle source (Figs. S8b
and S10), (iv) using constant partition coefficients, and (v) assuming all
Fe as Fe?™ (Text $2.2). Finally, post-melt generation processes, such as
fractionation, magma recharge and mixing, and diffusion, may also in-
fluence the FRTE ratios of the lavas and associated magmatic olivines.
The pressure of fractionation of olivine (Hole, 2018) and magma mixing
can affect the Ni content of the crystallizing olivine (Gleeson and Gibson,
2019). Similarly, deep fractionation of augite might result in a decrease
of the Mn/Fe ratio in the melt (Vidito et al., 2013). Additional source
components, not necessarily accounted for in all melting models may
also complicate the interpretation of the results. For instance, the
contribution of the lithosphere to the genesis of continental basalts can
affect the FRTE ratios in melt and magmatic olivine (Xu et al., 2022).
Finally, the presence of accessory phases (e.g., phlogopite, sulfides) in
the mantle source might affect the partitioning of some of the FRTEs (e.
g., Veter et al., 2017; Usui et al., 2022). However, as proven by the
significant improvement that resulted from using two FRTE ratios
(Fig. 11) rather than one (Fig. 10), taking into account multiple (>2)
FRTEs ratios will further help in reducing the true dispersion of the
result.
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6. Conclusions and outlook

Given the consistency between experimental and natural datasets
and the temperature and lithology independence of KDmei“/ P, we
propose that natural samples are good candidates for constraining the
exchange behaviors of FRTEs in mantle lithologies. We provide a set
(Mn/Fe, Zn/Fe, Co/Fe, Mn/Zn, Ni/Mg, Ni/Co, and Ni/Sc) of recom-
mended mineral-cpx exchange coefficients. However, exchange co-
efficients determined using a small number (< 40) of natural samples
should be considered with caution. Hence, we stress the need for addi-
tional studies on the partitioning and exchange behavior of the less
commonly analyzed FRTEs (Sc, V, Co, Cu, and Zn) through both
experimental investigations and analyses of natural samples. Addition-
ally, natural samples provide an alternative for investigating the parti-
tion behavior of elements that are challenging to determine (e.g., Ni).
Finally, we demonstrate that FRTE exchange coefficients can be used as
powerful lithological tracers of the mantle source, but only when com-
bined. Using a simple inverse melting model, we showed that 1) a given
FRTE ratio can be reproduced by a large range of source mineralogies,
and 2) combining ratios significantly narrows down the output source
mineralogy. Such additional constraints on the bulk mineralogy of the
mantle can serve as input parameters in models of heterogeneous mantle
melting to better characterize the nature and proportion of lithologies
present in mantle sources.
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