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Melt-mineral interactions may strongly affect the mineralogy and chemistry of the
upper mantle. Although the grain-scale processes governing the interaction have
been theoretically investigated, the efficiency of melt-rock reaction in re-distributing
trace elements in mantle clinopyroxene still remains to be experimentally evaluated.
We performed high pressure reaction experiments at 1–2 GPa, 1200–1350 °C, on
homogeneous mixtures of LREE-depleted clinopyroxene, San Carlos olivine and
an Enriched-MORB glass. Melt-peridotite reaction leads to textural replacement
of mantle clinopyroxene by dissolution and precipitation as a function of temperature
and run duration. Experimental results indicate that rapid modification of the REE
signature of mantle clinopyroxene occurs not only via dissolution and precipitation

but even via trace element diffusion within unreacted crystal relicts. The extent of reacted melt crystallisation influences the REE
fractionation in modified clinopyroxene. Aided by a high reaction rate, local chemical equilibrium between clinopyroxene
and melt can be approached even at the time scale of the experiments. Results from this study demonstrate that infiltration
of REE-enriched melt within a mantle peridotite is capable of completely resetting the pristine trace element budget of mantle
clinopyroxene.
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Introduction

Porous flow is themainmechanism of melt transport in the deep
hot mantle and within the thermal boundary layer. Reaction
between mantle minerals and transient melts may strongly
affect the mineralogy and chemistry of the upper mantle (e.g.,
Rampone et al., 2020, and references therein). Modal and chemi-
cal changes in mantle peridotite can occur as a result of diffuse
porous flow, or by focused melt infiltration related to melt-
bearing conduits (dunite channels), or pyroxenitic veins and
layers (mantle re-fertilization; e.g., Warren, 2016). Melt-rock
reactions are therefore able to modify large portions of the man-
tle and create chemical and isotopic heterogeneity at different
length scales and geological settings.

Changes in mineral abundances and chemistry are mainly
controlled by physical parameters, as well as the composition
and amount (i.e. the melt-rock ratio) of the reacting melt. The
interaction between an infiltrating melt and partially molten
peridotite is controlled by grain-scale processes that involve
dissolution, precipitation, reprecipitation and diffusive exchange
between the interstitial melt and surrounding crystals (Liang,
2003). Several numerical and theoretical studies investigated
the role and kinetics of these grain-scale processes (e.g., Navon
and Stolper, 1987; Hauri, 1997; Van Orman et al., 2002) and
laboratory experiments successfully reproduced textural and

chemical variations observed in natural mantle samples (e.g.,
Morgan and Liang, 2005; Van den Bleeken et al., 2010; Wang
et al., 2020). However, very few experimental studies have
directly investigated the trace element (re-)distribution inmantle
minerals resulting frommelt-peridotite reaction (Lo Cascio et al.,
2008; Yao et al., 2012;Ma and Shaw, 2021) which ismostly due to
analytical difficulties in measuring trace element concentrations
of fine-grained experimental phases. In particular, the efficiency
of melt-rock reaction in modifying or resetting the trace element
composition of mantle clinopyroxene, which is the main trace
element carrier in spinel peridotites (about 1–2 GPa), still
remains to be experimentally evaluated.

We performed high pressure reaction experiments at
1–2 GPa, 1200–1350 °C, on homogeneous mixtures of clinopyr-
oxene (250–160 μm), olivine and an enriched MORB melt
(Table S-1 and Fig. S-1; full description of experimental details
in Supplementary Information). Initial weight proportions among
basalt, clinopyroxene and olivine are 1:1:1, except for one run per-
formed with a mix of 2:1:1, respectively (Table S-2). Such a high
melt/rock ratio is consistent with previous melt transport experi-
ments (e.g., Lambart et al., 2009) or melt-peridotite interaction
occurring in the host mantle of pyroxenite veins (Bodinier et al.,
2004). Adopting a simplified mantle assemblage (olivineþ
clinopyroxene) promoted the development of coarse textures suit-
able for the analysis of the trace element composition with laser
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ablation ICP-MS techniques. Here we experimentally determine
textural and chemical effects of reactive infiltration/migration of
REE-enriched melt within a mantle peridotite with particular
focus on REE re-distribution via melt-clinopyroxene interaction
at asthenosphere-lithosphere conditions.

Melt-Peridotite Reaction Experiments

All experiments produced chemical and textural evidence of
the reaction melt1þ cpx1þ ol1=melt2þ cpx2þ ol2, implying
the dissolution and recrystallisation of olivine and clinopyroxene
(Table S-2). Accordingly, at 1–2 GPa clinopyroxene is the
liquidus phase for the selected basaltic glass (Fig. S-2). In the
long duration runs (≥48 h), olivine has rather homogeneous
major element compositions marked by higher CaO and lower
NiO and XMg [XMg=Mg/(Mgþ Fetot)] than the initial SC olivine
(Fig. S-3), as observed in basalt-dunite reaction experiments
(Borghini et al., 2018). New crystallised clinopyroxene has parti-
ally replaced the starting clinopyroxene forming rims on initial
clinopyroxene relics or homogeneous grains precipitated by
the reacted melt (Fig. 1a, c). New clinopyroxenes have lower
Ca and Cr contents and higher Na concentrations with respect
to the initial clinopyroxene (Fig. S-2, Tables S-3 and S-4). By con-
trast, most clinopyroxene relics preserve the initial major
element composition (Fig. 1, Tables S-3 and S-4). AlIV content
in clinopyroxene varies within a rather narrow range in a single

experiment and tends to be higher in the runs with a high degree
of crystallisation or a higher initial melt proportion (Fig. S-3).
Reacted glasses still retain basaltic major element compositions
but exhibit higher XMg than the initial basalt (Table S-6) due to
reaction with mantle phases.

Image analysis, derived by combining X-ray concentration
maps, provided estimates of modal variations caused by the
reaction (Figs. 1b, S-2 and Table S-2). The degree of clinopyrox-
ene textural replacement (new cpx/relict cpx ratio) increases with
temperature and run duration (Fig. 1d). At 1.5 GPa, 1300 °C, and
2 GPa, 1350 °C, clinopyroxene is almost completely renewed
by reaction with the melt, in runs of 69 and 48 hours, respec-
tively. The extent of reacted melt crystallisation in experiments
increases with increasing pressure and/or decreasing tempera-
ture, as demonstrated by the low final melt/rock ratio in experi-
ment at 2 GPa and 1300 °C (Table S1 and Fig. S-2).

REE Distribution after Melt-Cpx
Interaction

Consistent with the fast diffusion in silicate melt, experimental
glasses have homogeneous trace element concentrations, and
show LREE-HREE fractionation (LaN/YbN= 1.74–3.66) slightly
lower than the initial glass (LaN/YbN= 5.49), mostly reflecting
the dissolution of LREE-depleted clinopyroxene (Table S-9).
Compared to the starting clinopyroxene, the new clinopyroxenes

Figure 1 (a)Map of Ca distribution in thewhole capsule after reaction experiments on Basalt:Clinopyroxene:Olivine (BCO) 1:1:1, at 1.5 GPa
and 1300 °C; red areas (high Ca) depict relicts of starting clinopyroxene. (b) Phase map derived by combining X-ray concentration maps
(Ca, Mg, Al). (c) Backscattered electron (BSE) image and Ca map showing details of Ca-rich relict clinopyroxene that is partially substituted
by rims of new crystallised clinopyroxene. (d)New cpx/relict cpx ratio (i.e. clinopyroxene textural replacement) versus run duration of experi-
ments (time, hours). (e) Ca (a.p.f.u.) versus XMg value [Mg/(Mgþ Fetot)] of starting, new and relict clinopyroxenes in reaction experiments;
also shown is the composition of clynopyroxene in equilibrium crystallisation experiments at 2GPa and 1300 °C. (f)Chondrite normalizedREE
patterns of average clinopyroxene in reaction and crystallisation experiments compared to the average REE pattern of starting clinopyrox-
ene; grey field is defined by REE patterns of relict clinopyroxenes.
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show REE patterns characterised by a systematic lowering of
HREE and MREE and increasing fractionation of LREE over
the MREE reflecting the crystallisation from enriched reacted
melts (Fig. 1f). Remarkably, relict clinopyroxenes are modified;
the slight but systematic LREE (and Sm) enrichment compared
to the starting clinopyroxene (Fig. 1f) reflects partial REE re-
equilibration via diffusion presumably driven by the more
pronounced difference in LREE concentration between initial
clinopyroxene and melt, at rather close HREE abundances.
REE diffusion within cpx relics coincides with dissolution and
precipitation during the interaction with melts (Lo Cascio et al.,
2008). Theoretical studies revealed that REE fractionation via
diffusion is rather sluggish during melt porous flow (e.g., Van
Orman et al., 2002; Liang, 2003). However, REE diffusion over
a distance of less than 200 μmhas been observed in reaction cou-
ple experiments (Lo Cascio et al., 2008). In our experimental
setup both dissolution and reprecipitation and solid-liquid
REE diffusion into the relict clinopyroxenes occur, thus resulting
in the whole chemical modification of the initial mantle clinopyr-
oxene at sizes lower than 250 μm, along 2–3 day experiments.
These results indicate that rapid textural replacement of relict
clinopyroxene strongly improves trace element remobilisation,
even for LREE having lowdiffusion rate (VanOrman et al., 2001).

New clinopyroxenes show clockwise-rotated average REE
patterns (Fig. 1f), very similar to REE patterns computed in stud-
ies that documented the effect of interaction between enriched
melts and residual clinopyroxene within pyroxenite-bearing
veined peridotite (Borghini et al., 2020), or during melt infiltra-
tion during open system mantle melting, to explain the trace
element variability of abyssal peridotite (Brunelli et al., 2014).
We found that the fractionation of LREE over the MREE varies
as a function of experimental conditions. In particular, clinopyr-
oxenes in experiments that experienced the highest extent
of reacted melt crystallisation at 2 GPa and 1300 °C (Fig. 2a)
exhibit high LaN/SmN ratios (LaN/SmN= 0.42–0.56), reflecting
REE fractionation of crystallising reacted melt. Moreover, high
LaN/SmN ratios in new clinopyroxenes have been found in the
reaction experiment with a higher amount of starting basalt.
Similar high LaN/SmN ratios have been documented in mantle
peridotites inferred to be metasomatised by E-MORB-like melts
coming from pyroxenitic veins (Northern Apennine veined
mantle; Borghini et al., 2020). Ancient events of melt infiltration
in those peridotites modified the trace element composition of

clinopyroxene by lowering SmN/NdN and LuN/HfN ratios that,
over time, formedmantle domains with enrichedNd-Hf isotopic
signatures (Borghini et al., 2021). Our experimental results show
that high pressure and temperature interaction with E-MORB-
type basalt causes rapid decrease of SmN/NdN and LuN/HfN
ratios in newly formed clinopyroxene relative to the starting

Figure 2 Chondrite normalised (a) LaN/SmN versusYbN and (b) SmN/NdN versus LuN/HfN of initial, new and relict clinopyroxene from reacted
and crystallisation experiments compared to data of clinopyroxenes in metasomatised peridotites from Northern Apennine veined mantle
(black diamonds, Borghini et al., 2020).

Figure 3 “Reaction” DREE
cpx/liquid from this study compared to

(a) DREE
cpx/liquid derived by equilibrium crystallisation experiment

at 2 GPa and 1300 °C and those from the literature (list of referen-
ces is in the text), and (b) the DREE

cpx/liquid provided by the applica-
tion of the parameterised lattice strain model by Sun and Liang
(2012), to each reaction experiments of this study.
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composition (Fig. 2b). In addition, diffusion combined with dis-
solution and reprecipitation results in variable but systematic
chemical changes in clinopyroxene relics, again towards lower
SmN/NdN and LuN/HfN ratios (Fig. 2b).

Using the REE concentrations measured in new clinopyr-
oxenes and texturally associated glasses, we computed
“reaction” cpx/melt distribution coefficients (Fig. 3a), which
are comparable to those derived by equilibrium experiments
(Hart and Dunn, 1993; Blundy et al., 1998; Lundstrom et al.,
1998; Hill et al., 2000; McDade et al., 2003). These also closely
overlap the equilibrium distribution coefficients measured for
REE in our crystallisation run at 2 GPa and 1300 °C and those
computed using parameterisation by Sun and Liang (2012)
based on the composition of clinopyroxenes in our reaction
experiments (Fig. 3b). This suggests that new clinopyroxenes
and reacted melt approached the chemical equilibrium even
at the time scale of the experiment. These experiments reveal
that small (<250 μm) mantle clinopyroxene is rapidly modified
by a single step of interaction with a REE-enriched transient
melt. In a scenario of multiple melt injections, porous migration
of melts enriched in trace elements may efficiently refertilise
mantle clinopyroxene (e.g., Brunelli et al., 2014). Several inter-
actions with REE-depleted clinopyroxene are expected to pro-
gressively smooth the LREE-HREE fractionation of a single
batch of transient melt, as found in reacted glasses of this study,
confirming the important role of melt transport processes in the
chemical variations of erupted basalts (Navon and Stolper,
1987).

Conclusions

New experimental results demonstrate that melt-peridotite
reaction is efficient in modifying the REE signature of mantle cli-
nopyroxene by a combination of dissolution, precipitation and
trace element diffusion.High reaction rate leads to local chemical
equilibrium between clinopyroxene and melt even at the time
scale of the experiments. These data demonstrate that infiltration
of REE-enriched melt within a mantle peridotite is potentially
able to completely reset the pristine trace element budget of
clinopyroxene.
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