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The dichotomy between partial melting and metasomatism is a paradigm of mantle geochemistry since the
pioneering work of Frey and Prinz (1978) on the occurrence of LREE-enriched harzburgites. However, the
thermo-chemical implications of such two-stage scenarios are often poorly considered, and the latter fail to ex-
plain why trace-element enrichment and major-element depletion are often proportional. We here re-envisage
the petrogenesis of the famous San Carlos peridotites based on new petrographic observations and detailed
modal, major- and trace-element compositions. The lherzolites (and pyroxenites) are characterized by homoge-
neously fertile mineral chemistry and LREE-depleted patterns consistent with low degrees of partial melting of
the lherzolitic protolith. Bulk compositions and mineral zoning suggest that opx-rich pyroxenites formed by
pressure-solution creep during melt-present deformation, locally accompanied by magmatic segregations of
cpx. The harzburgites are characterized by stronger mineral zoning with low-Mg# and Na-, Al- and Cr-rich cpx
rims, and can be discriminated in a low-Jd and high-Jd cpx groups. The high-Jd group is interpreted as the result
of local elemental redistribution in the presence of a low-degree hydrous melt, in good agreement with their
wide range of LREE enrichment. In contrast, the MREE-to-HREE fractionation and increasing Cr# in spinel of
the low-Jd group indicate that they experienced higher degrees of melting. Open-system melting simulations
of trace-element fractionation during hydrous flux melting suggests that the high-Jd harzburgites are the result
of low fluid influx producing poorly extracted melt, while higher influx led to higher melting degrees and effi-
cient melt extraction in the low-Jd harzburgites; the lherzolites mostly remained below or near solidus during
that process. The lithological and chemical heterogeneity of San Carlos mantle is thus compatible with a
single-stage evolution, which is also supported by the striking consistency between Fe-Mg exchange and REE
thermometric estimates (1057 and 1074 °C on average, respectively), indicating that harzburgites and lherzolites
probably followed a similar P-T path and relatively little sub-solidus re-equilibration. These interpretations sug-
gest that the development ofmelt extraction pathways promoted by reactive channeling instability is able to pro-
duce complex lithological heterogeneities during hydrous flux melting. This process provides a self-consistent
explanation for the systematic enrichment of harzburgites observed in many mantle terranes and xenoliths
worldwide. We argue that San Carlos is one of such examples where a ca 1.5-Ga continental lithosphere experi-
enced localized flux melting and deformation during the tectonic reactivation of a Proterozoic subduction zone,
providing new constraints on the mantle sources of volcanic activity in the Jemez Lineament.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

The paradoxical association of light rare earth element (LREE)-de-
pleted fertile lherzolites and LREE-enriched harzburgites has long
been controversial in mantle petrology. While lherzolites are compati-
ble with variable degrees of partial melting and/or refertilization (e.g.
Le Roux et al., 2007), the major and trace-element compositions (i.e.
cias de la Tierra (IACT), CSIC –

.V. This is an open access article und
characteristic U-shaped or spoon-shaped REE patterns) of harzburgites
have been variously ascribed to crustal contamination (Gruau et al.,
1998), melt metasomatism (Song and Frey, 1989) or the presence of
melt inclusions (Garrido et al., 2000). Although certainly valid in specific
cases, these two-staged scenarios fail to explainwhy LREE enrichment is
almost systematically proportional to major-element depletion, as evi-
denced by correlations between (La/Sm)N and melt extraction indexes
such as MgO or Yb (Frey and Prinz, 1978). Additional mechanisms are
required to make refractory peridotites more susceptible and/or ex-
posed to subsequent re-enrichment or to the entrapment of LREE-
enriched melt. It had been envisaged that the lithospheric mantle was
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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zoned in such a way that harzburgites lie deeper and are more exposed
to upcoming metasomatic fluids and melts (Frey and Prinz, 1978), but
this is not consistent with the compositional stratification observed in
different tectonic contexts (Griffin et al., 2003). The greater melt con-
nectivity (and permeability) of olivine-rich assemblages is also often in-
voked (Toramaru and Fujii, 1986), but the validity of this approach
inferring melt distribution and geometry from dihedral angle is limited
to low melt fractions and large grain sizes (Garapić et al., 2013 and ref-
erences therein). Furthermore, higher olivine modes are not systemati-
cally observed in the most LREE-enriched harzburgites. Alternatively,
percolation-reactionmodels have been used to ascribed LREE/MREE en-
richment and HREE depletion to chromatographic re-equilibration ac-
companying partial melting and melt migration (Vernières et al.,
1997). This view is supported by nearly identical LREE concentrations
in coexisting orogenic lherzolites and harzburgites (e.g. Downes,
2001). However, in spite of their elegance, such single-stage scenarios
that, in fact, combinemelt extraction and percolation remain somewhat
coincidental. Furthermore, chromatography is conditioned by fast diffu-
sional re-equilibration between melt and minerals. While early formu-
lations assumed solid diffusivities of 10−12 cm2/s (Vasseur et al.,
1991), more recent experimental estimates of REE diffusivities in
clinopyroxene (cpx) are many orders of magnitude slower, in the
range of 10−18 to 10−21 cm/s (Van Orman et al., 2001). It is likely that
not only lithospheric melt percolation but also partial melting occurs
in disequilibrium (Oliveira et al., 2020; Tilhac et al., 2020, and references
therein), such as envisaged early on by Prinzhofer and Allègre (1985).

A strong constraint on the origin ofmantle peridotites is provided by
field observations (see Bodinier and Godard, 2014 for a review). The oc-
currence of refractory peridotites as small and irregular bodies or layers
among fertile peridotites in exposed terranes is strongly incompatible
with various extents of melting degrees resulting from pressure and/
or temperature variations which require unrealistic thermal gradients
(Kelemen et al., 1992). A line of reasoning accounting for this observa-
tion consists in considering layering as a product of multiple deforma-
tion episodes (Toramaru et al., 2001). Melt-peridotite interaction
associated with melt percolation through, and from, dykes and high-
porosity channels are also invoked (e.g. Bodinier et al., 2004; Dygert
et al., 2016), and the compositional consequences of these processes
are often referred to as metasomatism. While this term originally re-
ferred to mineralogical changes (encompassing metamorphic reac-
tions) before being restricted to the “enrichment of the rock by new
substances” (Goldschmidt, 1922), we note that it is mainly used in the
mantle literature to refer to “the introduction and/or removal of chemical
components” while “the rock remains in a solid state” (Harlov and
Austrheim, 2013) – in other words, any open-system sub-solidus pro-
cess. It is a convenient geochemical definition, but somewhat ambigu-
ous because it has unclear, yet implicit thermo-chemical implications.
For instance, melt-induced metasomatism requires melt sources and
P-T conditions that allow for the percolating melt to coexist with the
percolated protolith. Similarly, in the absence of petrographic evidence
formodalmetasomatism, partialmelting or breakdown reactions, fluid-
inducedmetasomatismmust be limited to a narrow range of P-T condi-
tions below the wet peridotite solidus and above the stability field of
hydrous/volatile-bearing phases (phlogopite, mica, amphibole, etc.).
These considerations reflect the limitations of a reasoning based on dis-
crete magmatic processes and specifically the dichotomy between
magmatism and metasomatism (see also Kiseeva et al., 2017) and an
ongoing paradigm change. Recent studies indeed increasingly empha-
size on the importance of characterizing the origin and distribution of
mantle heterogeneities (Katz and Weatherley, 2012; Sanfilippo et al.,
2019), and notably pyroxene-rich lithologies (Lambart et al., 2013),
water and other volatiles (e.g. Keller and Katz, 2016).

To contribute to this paradigmchange,we re-envisage the petrogen-
esis of San Carlos xenolith suite, Arizona (USA),whose origin and evolu-
tion aremostly limited to the pioneeringwork of Frey and Prinz (1978).
Based on new detailed observations and major- and trace-element
2

compositions, we argue that (1) the lithological and chemical diversity
of SanCarlos harzburgites, lherzolites and pyroxenites can bemostly ex-
plained by a single-stage flux melting episode, owing to the inherent
spatial variability of this complex process; and that (2) the paradoxical
occurrence of LREE-depleted fertile lherzolites and LREE-enriched
harzburgitesmay often reflect the development ofmelt extraction path-
ways controlled by pre-existing heterogeneities and the presence of
volatiles.

2. Geology and petrography of San Carlos xenoliths

San Carlos is a small (<50 km2), Miocene to Quaternary volcanic
field located in the San Carlos Apache Indian Reservation. The samples
studied are from the Peridot Mesa, a vent/flow complex comprising a
diatreme (Peridotite Hill) and alkaline-rich basanite flow (Hadnott
et al., 2017; Wohletz, 1978) dated at 0.58 ± 0.21 Ma by K-Ar ages
(Bernatowicz, 1981). Mantle xenoliths occur as bombs or loose rocks,
and as gravity-settled masses particularly abundant in Peridot Canyon
where they represent >50% of the flow volume (Frey and Prinz,
1978). The locality is famous for providing high concentrations of
fresh, coarse-grained (gem-quality) olivine widely used as a geoscience
standard.

Based on their classification of basalt inclusions, Frey and Prinz
(1978) discriminated San Carlos xenoliths into the volumetrically dom-
inant Group I (Cr-diopside lherzolite) and subordinate Group II (Al-au-
gite wehrlite-pyroxenite). Compared to the Mg-, Cr-rich (Group-II)
spinel peridotites and pyroxenites, Group-II xenoliths are Fe- and Ti-
richer, mineralogically more diverse and somehow cogenetic to the
host basanites, as supported by their nearly identical Sr-isotope compo-
sitions. However, their petrogenesis remain ambiguous in the absence
of unequivocal cumulate textures and they are not included in this
study.

We have selected a representative set of samples for detailed inves-
tigation, which covers most of the petrological andmineralogical diver-
sity of San Carlos Group-I xenoliths (Fig. 1): 4 harzburgites, 2 lherzolites
and a composite lherzolite-pyroxenite sample (SH01). They have well
equilibrated xenomorphic granular textures (e.g. Fig. 1a), varying from
coarse mosaic equigranular (400 μm to 1 mm) to porphyroclastic (200
μm to 2 mm). The latter is particularly observed in cpx-rich areas
where grain size is reduced (Fig. 1d), while cpx-free areas are coarser-
grained (2 to 5 mm; Fig. 1b). These textural variations define layers or
patches, commonly observed in San Carlos lherzolites where modal
compositions are locally pyroxenitic, with variable orthopyroxene
(opx) proportions. This is the case in sample SH01 whose bulk compo-
sition is comparable to other lherzolite samples but also exhibits a
lherzolitic (SH01-R) and an olivine-websteritic part (SH01-L), the latter
further subdivided into near-parallel, opx-rich and opx-poor bands
(Fig. 1e, see also Fig. 5). In harzburgites and low-opx lherzolites, opx is
commonly found enclosed in olivine and cpx form interstitial opx-free
aggregates, locally with large amoeboid spinel (300 μm to 2 mm)
enclosing cpx and/or olivine grains. In lherzolites and the opx-rich
parts of harzburgites, cpx, opx and spinel are associated and olivine in-
clusions are found in opx and/or cpx. In these samples, cpx and spinel
are preferentially located in contact with both olivine and opx, particu-
larly where these assemblages are necked between olivine grains. Com-
posite textures where cpx-spinel and opx-cpx-spinel assemblages
coexist are also found, mostly in harzburgites (e.g. Fig. 1c). Poikilitic tex-
tures with large (>5 mm) opx enclosing blocky xenomorphic olivine
grains are locally observed (Fig. 1f).

Grain boundaries are curvilinear and triple junctions are dominant
between silicates. Olivine is fresh and exhibit sub-grain boundaries
and kink bands in large grains. Clinopyroxene is mostly unstrained but
may exhibit spongy rims (see Fig. 7d & e) and low dihedral angle
when in contact to other minerals, olivine in particular. Orthopyroxene
is blocky, locally fractured and rarefine cpx exsolution are found in large
grains. Spinel is internally homogeneous andmostly occurs interstitially



Fig. 1. Photomicrographs (cross-polarized light) of thin sections of xenoliths analyzed in this study: high-Jd (a & c) and low-Jd (b& d) harzburgites, and lherzolites (d, e and f). See text and
Fig. 5 for more detail on heterogeneous sample SH01.

Table 1
Mineralogy and thermometry of San Carlos peridotites and pyroxenites.

wt% Olivine Opx Cpx Spinel TBKN (°C) TREE (°C)

Harzburgites
SH02 79.2 18.5 1.3 1.0 1043 1049 ± 25
SH04 65.5 31.1 2.6 0.8 1090 1179 ± 28
SH05 70.1 25.6 3.0 1.2 1062 1007 ± 28
SH07 81.3 13.4 4.5 0.8 1029 1018 ± 27

Lherzolites
SH01-R 70.7 14.0 15.1 0.2 1017 1066 ± 58
SH03 55.7 26.5 15.6 2.2 1088 1071 ± 31
SH06 48.4 40.4 8.0 3.2 1110 1111 ± 53

Pyroxenites
SH01-L* 18.7 52.3 24.5 4.5 1017 1057 ± 26

Surface proportions were obtained from X-ray elemental maps and converted to weight
percentages using mineral densities calculated from end-member mineral proportions
following Tilhac et al. (2016). * SH01-L corresponds the pyroxenitic part of heterogeneous
sample SH01 (see text for further detail). TBKN and TREE are temperature estimates from the
two-pyroxene (Brey and Köhler, 1990) and REE-in-two-pyroxene thermometer (Liang
et al., 2013), respectively, both calculated using average core compositions. The reported
REE temperatures were obtained excluding the lightest REE (La-Nd), although robust re-
gression yields nearly identical results (see Electronic Appendix 3) as all REE are mostly
in near equilibrium between the pyroxenes.
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with rare exceptions being curbed inclusions in silicates (Frey and Prinz,
1978); it is rarely associated with phlogopite and/or pargasitic amphi-
bole in harzburgites. Veins variously containing glass, plagioclase
microlites and spinel have been described by Frey and Prinz (1978).

3. Modal, major- and trace-element compositions

All data and analytical methods are reported in Electronic
Appendix 1.

3.1. Modal compositions and mineral chemistry

Modal compositions of San Carlos peridotite xenoliths are reported
in Table 1 and shown in Fig. 2. Overall, the modal abundance of cpx,
opx and spinel decrease with increasing abundance of olivine and this
correlation is particularly well defined for opx (Electronic Appendix
2a). Clinopyroxene/opx ratios also roughly decrease with increasing
abundance of olivine, spanning from relatively low in harzburgites
(0.07–0.12; one sample reaches 0.35) to a relatively wide range in
lherzolites (0.21–1.1).

Mineral chemistry is consistent to a first orderwith thesemodal var-
iations (Fig. 3 and Electronic Appendix 2b). Forsterite (Fo) content in ol-
ivine increases with the modal abundance of olivine (Electronic
Appendix 2a), but olivine has relatively lower Fo in samples with high
cpx/opx. In both pyroxenes, Al2O3 decreases linearly with increasing
Mg# and this trend is particularly steep in harzburgites (Fig. 3a and
Electronic Appendix 2b). TiO2 also roughly decreases with increasing
3

Mg#, but lherzolites and harzburgites differ markedly in being
TiO2-rich and TiO2-poor, respectively (Fig. 3c). Clinopyroxene and opx
exhibit homogeneous Na2O in lherzolites while the latter steeply
decreases with increasing Mg# in harzburgites (Fig. 3d), defining a



Fig. 2. Modal compositions of San Carlos peridotites from this study and Frey and Prinz
(1978) recalculated into olivine (ol), clinopyroxene (cpx) and orthopyroxene (opx)
proportions (Table 1). The line connects the two parts (pyroxenitic and lherzolitic) of
heterogeneous sample SH01 (see Fig. 5).

Fig. 3.Mineral chemistry of cpx: Al2O3 (a), Cr2O3 (b), TiO2 (c) and Na2O (d) vsMg# [molar 100
cpx with high and low jadeite (Jd) contents (see text for more detail). Compositions from Frey
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high-Na2O and low-Na2O groups thereafter referred to as high-jadeite
(Jd) and low-Jd groups. Cr2O3 increaseswith increasingMg# in both py-
roxenes, except the low-Jd groupwhich exhibit relatively low Cr2O3 at a
given Mg# compared to other harzburgites (Fig. 3b). Petrographically,
the low-Jd group of harzburgites is characterized by the textural associ-
ation of cpx and opx and the abundance of olivine inclusions in opx,
while cpx is more commonly observed as single-phase interstitial as-
semblage within olivine in the high-Jd group. In good agreement with
mineral chemistry in pyroxenes, Cr# in spinel increases nearly linearly
with increasing Fo content in olivine (Fig. 4). In particular, harzburgitic
spinels are discriminated in a high-Cr# and a low-Cr# groups coinciding
with the high-Jd and low-Jd cpx groups, respectively. In contrast, all
lherzolitic spinel plot together except in sample SH03, which has the
lowest Cr# among the studied xenoliths.

In addition to the variability described above between and within
lherzolites and harzburgites, several samples exhibit significant varia-
tions at the cm-scale, as previously noted by Wilshire and Jackson
(1975). To reflect this variability, we selected a composite sample
(SH01; Fig. 5a) where Mg# in cpx increases at the contact between a
lherzolitic and an olivine-websteritic layer (Fig. 5b). This evolution is ac-
companied by a marked increase in Al2O3 (and to a lesser extent Cr2O3)
and a slight decrease in TiO2 across the olivine-websteritic part. These
trends in Al2O3 and TiO2 are also observed in opx while the Fo content
of olivine varies to a lesser extent. No consistent variation in themineral
×Mg / (Mg+ total Fe2+)].High-Jd and low-Jd harzburgites respectively refer to harzburgitic
and Prinz (1978) and Galer and O'Nions (1989) are shown for comparison.



Fig. 4. Cr# [molar 100 × Cr / (Cr + Al)] of spinel vs Fo content (%) of olivine compared to
the Olivine-Spinel Mantle Array (OSMA) of Arai (1994). Symbols as in Fig. 3.
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chemistry of olivine, cpx, opx or spinel are observed towards the contact
with the host basanite indicating the absence of contamination from
the lava.

At the mineral scale, slight but significant variations in major-
element compositions have also been observed (Fig. 6), particularly in
harzburgites (Fig. 7). Clinopyroxene cores have higher Mg# and this
zoning is stronger in harzburgites, and especially the low-Mg# samples
(i.e. high-Jd group). In lherzolites, cpx core are slightly richer in Al2O3

(up to ~0.6 wt%), and to a lesser extent Cr2O3 (with slightly lower
Mg#) than the rims, particularly in cpx-rich domains such as the
olivine-websteritic part of sample SH01. In harzburgites, the opposite
situation is observed (with few exceptions) and cpx cores exhibit
lower Al2O3 (by up to ~0.9 wt%), Cr2O3 and Na2O (Fig. 7), and to a lesser
TiO2 (with slightly higherMg#) than the rims. The strongest differences
in Na2O are observed in the high-Jd group of harzburgites where cpx
rims are up ~0.5 wt% richer than the cores (Figs. 6 & 7d-e). Detailed pro-
files across selected harzburgitic cpx grains show that these variations
in cpx are little sensitive to the nature of neighboring minerals or the
textural assemblage and that no plateau composition are preserved at
the core (Fig. 7). With few exceptions, core-to-rims variations in opx
and olivine are less significant and systematic, and no differences have
been observed between harzburgites and lherzolites or between tex-
tural assemblages.

3.2. Trace-element compositions

San Carlos harzburgites and lherzolites are markedly different in
their trace-element compositions. In lherzolites, cpx have
LREE-depleted patterns (Fig. 8a) with (La/Sm)N = 0.27–0.41 positively
correlated to the Yb concentration and are homogeneous at sample and
mineral scale. These patterns contrast with the wide range of MREE-to-
HREE slopes [(Gd/Yb)N = 0.5–2.9] and LREE enrichment observed in
harzburgiteswhere (La/Sm)N=1.1–1.6 is roughly negatively correlated
to the Yb concentration. The lowest HREE concentrations are found in
the low-Jd harzburgites which also exhibit the widest variability of
MREE-to-HREE slopes. On the other hand, high-Jd harzburgites have a
wider range of LREE enrichment and exhibit variations both at the
5

sample and mineral scale. For instance, LREE-enriched cpx rims coexist
with spoon-shaped to LREE-enriched rims. Extended trace-element spi-
der diagrams show markedly negative high field strength element
(HFSE) anomalies (Fig. 8b)with Zr-Hf fractionation ranging fromhomo-
geneously low (Zr/Hf)N in lherzolites to higher values in harzburgites,
and particularly the low-Jd group (Fig. 9). Lherzolitic cpx are also char-
acterized by slightly negative Sr anomalies [(Sr/Sr*)N = 0.7–0.8] and
low concentrations of fluid-mobile elements such as Th and U. These
observations contrast with variously enriched Th and U in harzburgites
and weakly (low-Jd group) to strongly (high-Jd group) positive Sr
anomalies [(Sr/Sr*)N = 1.0–2.9]. No significant changes have been ob-
served in the trace-element compositions of cpxwith respect to the dis-
tance to the host basanite.

Orthopyroxenes exhibit uniformly depleted REE patterns in both
harzburgites and lherzolites with homogeneous MREE-to-HREE slopes
(Fig. 8c). As for cpx, harzburgitic opx have lower bulk HREE contents
and are less LREE-depleted than their lherzolitic counterparts. Similarly,
Sr anomalies tend to be negative in lherzolites and positive in
harzburgites (Fig. 8d). Zr-Hf fractionation is comparable to that ob-
served in cpx, with a marked difference between harzburgites with
low (Zr/Hf)N and lherzolites with higher values. With few exceptions,
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the trace-element compositions of opx are homogeneous within error
at both sample and mineral scale.

4. Discussion

4.1. Lherzolite fertility and the origin of pyroxenites

Negative correlation between the concentration of basaltic compo-
nents and the MgO content of peridotites is commonly interpreted as
reflecting varying degrees of melt extraction (e.g. Bodinier and
Godard, 2014). In San Carlos xenoliths, there is a 3 wt% drop in Al2O3

over ~10wt%MgO between themost fertile lherzolites andmost refrac-
tory harzburgites. Depending on themeltingmodel and conditions con-
sidered (Herzberg, 2004), around 20% melt extraction are required to
account for such compositional evolution (Fig. 10a), which is consistent
with the associated decrease in HREE concentrations. For instance, the
observed decrease in the Yb content of cpx from 1.70 to 0.25 ppm can
be accounted for by a degree (F) of non-modal batch melting of 22%
(or 14% if fractional) using a dry lherzolite melting reaction of a De-
pleted MORB Mantle (DMM) source. It is consistent with the Cr# mea-
sured in spinel corresponding to F ~ 15–18% using the empirical
formulation of Hellebrand et al. (2001). This interpretation is also con-
sistent with the limited increase in the concentration of compatible ele-
ments such as Ni, Co and Sc, as pointed out by Frey and Prinz (1978).
They indeed reported ~30% increase in whole-rock Ni concentrations
coherent with our bulk-rock reconstructions (e.g. 11–37% increase in
6

NiO between lherzolites and harzburgites). Such a moderate increase
is comparable to the 25% increase expected from the range of F consid-
ered above, assuming a bulk partition coefficient ~10, while fractional
crystallization would have much stronger effect over similar melt
fractions.

To a first order, San Carlos lherzolites and harzburgites can be con-
sidered as residues of relatively low and high degrees of melting, re-
spectively. As suggested for other lherzolites worldwide, fertility may
also relate to a refertilization process (e.g. Le Roux et al., 2007) rather
than solely to low-degrees of partial melting. Their bulk compositions
exceed, notably in terms of SiO2 (~46 wt%), DMM (SiO2 = 44.7 wt%;
Workman and Hart, 2005) and even Primitive Upper Mantle (PUM) es-
timates (44.9 wt%; McDonough and Sun, 1995) (Fig. 10a). The
lherzolites are also intermediate between harzburgites and pyroxenites
in such a way that a process equivalent to mixing harzburgitic residues
with a “pyroxenitic” component could be envisaged. The lherzolites in-
deed have lower FeO and higher SiO2 than expected from lowermelting
degrees (with respect to the harzburgites), which trend towards the py-
roxenite compositions (Figs. 10b and 11c). However, the recent over-
print of San Carlos harzburgites inferred from their relatively
homogeneous Nd-isotope compositions certainly excludes that the lat-
ter represent the pre-refertilization protolith (Galer and O'Nions, 1989).
In otherwords, if the apparent fertility of San Carlos lherzolites is poten-
tially the result of a refertilization process, their protolith and the actual
process are poorly recorded. Nonetheless, the lherzolitic and
pyroxenitic cpx (Fig. 3d), and to a lesser extent opx, exhibit strikingly



Fig. 7.Detailed core-to-rim (or rim-to-rim) profiles of Al2O3 (left Y axis) and Cr2O3 andNa2O (right Y axis) concentrations in the low-Jd (a-c) andhigh-Jd (d-e) harzburgitic cpx. The profile
locations are indicated by the red line on the X-raymap of Al2O3 concentrations. Note the symmetrical increase in Al2O3 and Cr2O3 towards the rims in SH02 regardless of the neighboring
mineral and the marked increase in Al2O3 and Na2O in SH07. Pits left after LA-ICP-MS analysis are visible in some cpx.
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Fig. 8. Chondrite-normalized REE (a & c) andmulti-element spider (b & d) diagrams for cpx (a & b) and opx (c & d). Symbols as in Fig. 3. Chondrite composition afterMcDonough and Sun
(1995).
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homogeneous Na2O (1.2–1.4 wt%) and similarly LREE-depleted pat-
terns, suggesting that the pyroxenites and lherzolites formation are cer-
tainly not unrelated.

4.1.1. Metamorphic segregation of pyroxenes
Twomainmodels classically account for pyroxenite formation in the

upper mantle (see Downes, 2007 for a review): the recycling of oceanic
crust and the crystallization of percolatingmelts variously reactingwith
the host peridotites. While the former is often invoked but poorly doc-
umented (e.g. Chetouani et al., 2016 and references therein), the latter
has been widely discussed (Borghini et al., 2020; Garrido and
Bodinier, 1999; Gysi et al., 2011; Tilhac et al., 2016) and a variety of po-
tential melt sources have been identified (Lu et al., 2018; Lu et al., 2020).
In contrast, earlier models of “in-situ” pyroxenite formation via partial
melting or pyroxene segregation during deformation (Dick and Sinton,
1979) have remained unpopular andperhaps overlooked in the absence
of experimental and theoretical data.
8

We argue that metamorphic segregations of pyroxenes may explain
the formation of opx-rich pyroxenitic layers in San Carlos lherzolites
(and elsewhere) and the close similarities between their mineral com-
positions. To test this hypothesis, we postulate that the bulk pyroxenite
compositions resulting from such a process should approximate a
mixing line between the compositions of the lherzolitic pyroxenes.
This is indeed observed in most oxides as illustrated for Na2O (vs
MgO) in Fig. 11a but the pyroxenites also exhibit a negative correlation
between Mg# and Cr# that cannot be solely explained by mixing
lherzolitic cpx and opx components. The latter exhibit a positive corre-
lation between Mg# and Cr# and have significantly higher Mg#, and to
a lesser extent lower Cr#, than the pyroxenites (Fig. 11b). Generally
speaking, pyroxenites with increasing Cr# at increasing or nearly con-
stant Mg# are related to melt-peridotite interaction (Garrido and
Bodinier, 1999; Gysi et al., 2011; Lu et al., 2020; Tilhac et al., 2016),
upon which the melt's Mg# is buffered by the peridotite (Kelemen,
1990). In contrast, the absence of such Mg#-Cr# correlation in San



Fig. 9. Zr [Zr/Zr* with Zr* = (Sm × Nd)0.5] vs Ti [Ti/Ti* with Ti* = (Dy × Gd)0.5] anomalies (a) and Zr/Hf vs Zr anomalies in cpx. N denotes the normalization to chondrite composition
(McDonough and Sun, 1995).
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Carlos pyroxenites is incompatible with magmatic differentiation or
melt-peridotite interaction. Instead, it reflects the contribution of spinel
(characterized by positively correlated Mg# and Cr#; Fig. 11b) ran-
domly incorporated into the pyroxenites (i.e. regardless of their Mg#)
during metamorphic segregation. We specifically envisage that the re-
mobilization of pyroxenes (±spinel) was locally promoted by in-situ
partial melting and/or pressure-solution creep from the vicinity of the
pyroxenite layers, which is supported by our observations across het-
erogeneous sample SH01. The latter exhibits a zoned, opx-rich pyroxe-
nite layer rimmed by an olivine-rich area particularly depleted in spinel
and pyroxenes (Fig. 5a).While such zoning could be interpreted as a re-
action product between a Si-undersaturated melt and the host perido-
tite (e.g. Tilhac et al., 2016), it is inconsistent with the very limited
chemical variations observed across the contact (Fig. 5b) and the strik-
ingly homogeneous LREE depletion observed in pyroxenites and
lherzolites (Fig. 8). Instead, these observations point towards a nearly
isochemical remobilization of pyroxenes and spinel, consistent with
themineralogical variations across the pyroxenite layer (SH01-L). Slight
variations observed in mineral chemistry are explained by differential
sub-solidus re-equilibration subsequent to the formation of the
pyroxene-rich layers. This is coherentwith the subtle but significant dif-
ferences in the internal zoning of the silicates, whose rims tend to have
slightly higher Mg# in the pyroxenite, while the opposite situation is
observed in the peridotitic part (Figs. 5b and 8a). We conclude that
metamorphic segregation of pyroxenes accompanied melt-present de-
formation of San Carlos lherzolites. In this regard, we concur with Frey
and Prinz (1978) who postulated the formation of “tectonic layers”
based on the similarity between the lherzolitic and opx-rich pyroxenitic
pyroxenes.

4.1.2. A continuum of magmatic and metamorphic processes
Purely mechanical segregation resulting from flow differentiation

requires the presence of differential stress and mineral phases with dif-
ferent mechanical response to shear deformation. This process is re-
sponsible for the formation of lineation/foliation in mantle minerals
but can hardly account alone for the formation of macroscopic layering.
However, pressure-solution creep in the presence of deviatoric stress
can induce local chemical gradients and differential crystal growth ac-
commodating some extent of deformation. In turn, this process can re-
sult inmetamorphic differentiation if accompanied by the development
9

of a strong rheological contrast (e.g. olivine-rich vs pyroxene-rich
bands), as documented in crustal rocks and envisaged by Dick and
Sinton (1979) in partially molten mantle. Such mechanism has notably
been invoked to account for the similarities between peridotitic and py-
roxenitic pyroxenes in xenoliths from Hannuoba (Chen et al., 2001), or
as discussed above, for the formation of pyroxene-rich horizons in San
Carlos lherzolites.

We believe, however, that San Carlos pyroxenites (and pyroxenites
in general) do form via distinctmodes of formation or their combination
(see Downes, 2007 for a review). For instance, convex-upward REE pat-
terns with negative MREE-to-HREE slopes such as reported by Frey and
Prinz (1978) relate to some extent of magmatic segregation following
melt percolation (±melt-peridotite interaction). This feature, along
with the positive correlation between Mg# and Cr# (as discussed
above) or relatively high NiO concentrations in pyroxenitic olivine, are
good indicators of (olivine-consuming) melt-peridotite interaction
(e.g. Tilhac et al., 2016). Frey and Prinz (1978) had reached a similar
conclusion in San Carlos to explain why the continuous compositional
range between peridotitic and opx-rich pyroxenites is not observed to-
wards their cpx-rich counterparts. Such cpx-rich pyroxenites could rep-
resent local magmatic segregations where sufficient melt connectivity
had promoted some extent of disequilibrium between melt and
peridotite.

Only limited constraints are available regarding the extent to which
metamorphic (pressure solution-recrystallization) and magmatic seg-
regation (crystallization from percolating/trapped melt) occurred in
San Carlos mantle. From our detailed analysis of sample SH01, we be-
lieve that metamorphic segregation is volumetrically limited (probably
on the order of a few centimeters to tens of centimeters atmost).We are
unaware of theoretical or experimental work aiming at characterizing
the spatial limitation of this process. While it certainly cannot account
for the isotopic disequilibrium frequently observed between pyroxe-
nites and peridotites (Downes, 2007) or pyroxenite layer thicknesses
exceeding several meters, pressure-solution creep may be a viable pro-
cess to initiate the development of mineralogical heterogeneity during
incipient partial melting, with important implications for the localiza-
tion of deformation and fluid/melt circulation (e.g. Hidas et al., 2013).
Furthermore, as the presence of small melt (or other fluid) fractions is
a prerequisite to such process, we argue that metamorphic and mag-
matic segregation may operate as a continuum constrained by local



Fig. 10. Reconstructed bulk-rock (this study) and measured whole-rock compositions
(Frey and Prinz, 1978) compared to fractional melting residues from a fertile source
(KR-4003) as modelled by Herzberg (2004). For the latter, percentages and dashed lines
indicate the melting degrees (F) while bold numbers and continuous lines indicate the
initial melting pressure in GPa. The blue arrow depicts the potential effect of
refertilization and/or pyroxene segregation.
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stress conditions andmelt connectivity, somewhat similar to the “man-
tle anatexis” discussed by Downes (2007). The existence of a porosity
threshold in this continuous process could also contribute to coincident
changes in rock structure from moderately fertile and homogeneous
lherzolites to finely layered above ~4 wt% bulk Al2O3 (Bodinier and
Godard, 2014).
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4.2. Incipient flux melting and melt extraction in harzburgites

As discussed above, San Carlos lherzolites and harzburgites are con-
sistent, to a first order, with variable degrees of partial melting. Accord-
ingly, the bulk Na2O decreases with increasing MgO content and is
expectedly lower in the harzburgites (Electronic Appendix 2c). How-
ever, cpx in the high-Jd harzburgites have significantly higher Na2O
than their lherzolitic counterpart (Fig. 3d), which (alongwith other ob-
servations) cannot be accounted solely by simple melt-residue
relationships.
4.2.1. Melt-present elemental redistribution and mineral chemistry
Several possibilities can account for high-Na cpx in relatively Na2O-

poor harzburgites. These high-Jd (3–7 mol%) cpx compared to other
harzburgitic and lherzolitic cpx (0–5mol%) could relate to the stabiliza-
tion of the Jd component under higher pressures, leading to higher KNa

cpx

(Blundy et al., 1995). However, they do not exhibit higher proportions
of AlIV (i.e.Al in the tetrahedral site) as expected under higher pressures
(e.g. Aoki and Kushiro, 1968) and actually have lower Ca-Tschermak
(CaTs) proportions (< 4 mol%) than the lherzolitic cpx (CaTs = 4–6
mol%). Furthermore, higher KNa

cpx would have also resulted in a lessened
bulk-rock depletion in Na, which is not observed (Electronic Appendix
2c). Alternatively, high Na contents in cpx can be explained by re-
equilibration under relatively low temperature, as the widening of the
cpx-opx solvus leads to stronger distribution of Na in cpx (Hervig and
Smith, 1980). This alternative is consistent with internal zoning ob-
served in high-Jd cpx towards relatively Na2O-rich rims (Figs. 6 & 7),
but X-Ray mapping shows that this zoning is unrelated to the nature
of the neighboring mineral (Fig. 7). All harzburgitic and lherzolitic cpx
also exhibit comparable Ca contents (0.7–0.8 APFU) while higher con-
tents are expected at lower temperatures. Furthermore, the high-Na2O
rims are also rich in Al2O3 (and Cr2O3), which cannot be solely
accounted for by sub-solidus re-equilibration in a closed system. The
consistency between the temperature estimates obtained from the
two-pyroxene thermometer of Brey and Köhler (1990) and the REE-
in-two-pyroxene of Liang et al. (2013) further supports this conclusion
(TBKN = 1057 ± 36 °C; TREE = 1074 ± 33 °C). Extensive cooling would
have indeed resulted in a shift of the Fe-Mg exchange thermometers to-
wards lower values (Tilhac et al., 2017),which is not observed (Table 1).
These relatively homogeneous temperature estimates indicate that
these harzburgites did not follow a significantly different P-T path to
the rest of San Carlos peridotites. The zoning of the high-Jd cpx is
more likely to be the result of re-equilibration with a melt which is
probably also responsible for the relatively high Na contents of these
cpx compared to other harzburgitic and lherzolitic cpx (Fig. 3d). This in-
terpretation is supported by EPMA profiles which show that high-Jd cpx
cores are also affected by the diffusional re-equilibration induced by a
chemical gradient initially present at the grain boundaries (Fig. 7).

The former presence of partial melt in San Carlos peridotites is
attested by spongy textures along the cpx rims (Fig. 7d & e) which
have been commonly related to the presence of melt (Kiseeva et al.,
2017). Frey and Prinz (1978) noted the presence of glass as veins and
along grain boundaries, characterized by high Na2O (>5 wt%) and
Al2O3 (>20 wt%) coherent with the chemical gradient inferred from
the high-Jd cpx. Glass was also invoked by these authors to account
for the discrepancy in Na2O and Al2O3 between measured whole-rock
and reconstructed bulk-rock compositions. A negative correlation be-
tween Na2O and MgO is seen in both reconstructed bulk compositions
and measured whole-rock compositions (Electronic Appendix 2c) and
harzburgites remain poorer in Na2O and Al2O3 than the lherzolites
(e.g. Fig. 10c). A significant net addition of Na2O (or Al2O3) to the
harzburgite protoliths is thus excluded. The high-Jd cpx and their inter-
nal zoning most likely relate to elemental redistribution at themineral/
sample scale due to the presence of partial melt. We argue below that
this process is the result of incipient hydrous flux melting as the
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presence of water provides preferential conditions accounting for the
modal and chemical variations observed.

During partial melting, the presence of water in the source region is
known to depress the peridotite's melting point (Gaetani and Grove,
1998) so that any melting degree is reached at a lower temperature,
and this thermal consequence is particularly strong for melting degrees
<0.1% (Katz et al., 2003). Considering the temperature dependency of
Na distribution in pyroxenes, we could anticipate that partial melting
in hydrous conditions would result in relatively less Na2O-depleted re-
sidual cpx (for a given melting degree). Harzburgitic cpx do exhibit
higher (and more variable) distribution coefficients of Na than their
lherzolitic counterpart although the latter host a larger proportion of
the bulk Na2O (66–92% against 35–59%) owing to higher cpx modes.
However, it is experimentally known that cpx contribution to melting
also decreaseswith increasingH2O content and decreasing temperature
(Gaetani and Grove, 1998), to the point that the exhaustion of opx may
actually precede that of cpx (Liu et al., 2006). It is reasonable to assume
that hydrous conditions during partial melting would also tend to im-
pede bulk-rock Na depletion. If residual peridotites (and cpx) from hy-
drous melting exhibit relatively high Na (at a given melting degree)
compared to dry residues, we can either envisage that the protolith of
the high-Jd harzburgites was relatively Na-depleted and/or thatmelting
degrees remained low. The former alternative is consistentwith the cpx
being originally more depleted in Na2O as indicated by their chemical
zoning, (Fig. 7). However, their relatively high HREE contents (Fig. 4)
and the relatively low Cr# of spinel <55 (Fig. 8) exclude particularly
high degrees of melting such as expected, for instance, in mantle-
wedge environments (e.g. Le Roux et al., 2014).We argue that these ob-
servations reflect the persistence of cpx in the residual assemblage,
probably promoted by hydrous conditions, and the fact that limited
melt extraction occurred in the high-Jd harzburgites. In contrast, we in-
terpret the low-Jd harzburgites as the residues of higher melting de-
grees and melt extraction rates. The absence of Na-rich rims in their
cpx are consistent with their re-equilibration with higher-degree
melts, which are expected from experiments to have lower Na2O con-
tents than to their near-solidus counterpart (Hirschmann et al., 1999).
The low-Jd harzburgites are also characterized by higher Cr# in spinel
and higher Mg# in cpx and opx indicative of slightly higher melting de-
grees. Yet, the low-Jd cpx do not exhibit the highest Cr2O3, which is in-
stead observed in the high-Jd harzburgites, and so despite the fact that
low- and high-Jd harzburgites have comparable bulk Cr2O3, confirming
11
that little melt was extracted from the protolith of the high-Jd
harzburgites. The high-Jd harzburgitic cpx are thus indicative of incipi-
ent flux melting upon which in-situ partial melts mostly contributed
to elemental re-distribution through grain-boundary diffusion.

4.2.2. Trace-element partitioning during flux melting
From a trace-element mass-balance perspective, hydrous flux melt-

ing is a competition between elemental input and output from and to
the aqueous fluid and extracted melt. Hydrous melting is characterized
by different melting proportions compared to anhydrous melting,
which has thermal, chemical andmineralogical implications for trace el-
ements (e.g. Bizimis et al., 2000; Gaetani et al., 2003; Gaetani and Grove,
1998; Le Roux et al., 2014). Trace-element partitioning between min-
erals and melts is controlled by crystal chemistry as reflected, for in-
stance, by the correlation between the cpx-melt partition coefficients
and the concentrations of Ca2+ and Al3+ (Gaetani et al., 2003). As
discussed above, hydrousmeltingmay take place at lower temperatures
(compared to dry melting), under which cpx is more calcic and should
exhibit higher partition coefficients, notably for REE3+ incorporated in
the M2 site. However, water tends to depolymerize the melt resulting
in an overall decrease in most cpx-melt partition coefficients (Gaetani
et al., 2003) but very little change in the overall trace-element patterns
(McDade et al., 2003; Sun and Liang, 2012). In particular, the relative en-
richment of large ion lithophile elements (LILE) over REE and HFSE can-
not be accounted solely by hydrous melting of a peridotitic source and
requires a net input from the fluxing agent. For instance, McDade et al.
(2003) estimated that a high Sr/Nd and Zr/Hf slab component was re-
quired in the mantle beneath the South Sandwich Islands and St.
Vincent, which is comparable to other estimates of slab components .

We here explore the implications of the trace-element fractionation
observed in San Carlos between the different harzburgites with respect
to the lherzolites in terms of the flux melting process. Specifically, the
low-Jd cpx are homogeneous at the sample scale but exhibit a wide
range of REE enrichment between samples, which contrasts the variable
LREE enrichment observed at the sample and mineral scale in the high-
Jd group. The latter is also characterized by a range of negative to posi-
tive Zr anomalies [(Zr/Zr*)N = 0.5–1.2] at nearly constant negative Ti
anomalies [(Ti/Ti*)N = 0.24–0.38] and markedly positive Sr anomalies
[(Sr/Sr*)N = 0.9–3.1]. Importantly, the trace-element compositions of
cpx in equilibrium with the host basanite calculated with various sets
of partition coefficients are markedly different, and especially less
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LREE-enriched (Electronic Appendix 2d), to that of the high-Jd cpx (and
particularly their rims). Mineral zoning is also observed regardless of
the distance to the basanite contact and the possibility that this signa-
ture (and the cpx zoning) is related to a contamination by the host
lava is excluded, which concurs with conclusions reached by Frey and
Prinz (1978).

As demonstrated above, variations in the mineral chemistry of San
Carlos harzburgites are well accounted for by various degrees of flux
melting. This scenario is preferred to low-pressure melting, which
would have similar modal implications to hydrous melting (i.e. lower
consumption of cpx) but would still require the rather coincidental
combination of partial melting and metasomatic overprint. We argue
that variable influx of aqueous fluid led to variable degrees of melting
and melt extraction. We have modelled this process using the mass-
balance equations for open-system melting (OSM) of Ozawa (2001),
and more specifically his 1D steady-state formulation (OSM-4). Hy-
drous melting was simulated using the melting equation of Gaetani
and Grove (1998) and partition coefficients of McDade et al. (2003).
Other modelling inputs and parameters are summarized in Table 2
and the three different setups best matching the lherzolites and of the
high- and low-Jd harzburgites are shown in Fig. 12.
Table 2
Trace-element modelling parameters.

1D steady-state hydrous flux melting
(open-system melting OSM-4; Ozawa,
2001)

Cpx Opx Ol Spl

1.2 GPa (Gaetani and Grove, 1998)

Source mode 0.08 0.27 0.63 0.02
Melting mode 0.62 0.51 −0.25 0.12

Source
composition

Fluxing agent Partition coefficients

ppm 5% batch DMM Grove et al.
(2002)

McDade et al. (2003)

Nb 0.0001 38.3 0.008 0.0028 0.0002 0.20
La 0.0005 117 0.043 0.003 0.0001 0.0004
Ce 0.014 252 0.089 0.005 0.0002 0.001
Sr 0.63 7030 0.077 0.0044 0.00001 0.0001
Nd 0.11 133 0.211 0.009 0.0004 0.0006
Zr 0.63 856 0.103 0.027 0.004 0.005
Hf 0.042 25.4 0.206 0.062 0.006 0.01
Sm 0.084 24.9 0.363 0.021 0.0004 0.0005
Eu 0.041 6.57 0.449 0.031 0.001 0.0005
Ti 393 11,700 0.296 0.141 0.007 0.15
Y 2.34 74.0 0.561 0.101 0.005 0.01
Er 0.20 6.47 0.578 0.121 0.002 0.0004
Yb 0.22 6.00 0.543 0.164 0.004 0.0005
Lu 0.036 0.86 0.520 0.186 0.004 0.0005

OSM-4 parameters Model 1 Model 2 Model 3a Model 3b

f Melting
degree

1% 12% 15%

αc Porosity
threshold

0.01 0.02 0

γ Melt
separation
rate

0 0.1 1

β Influx rate 0 0.05 0.005 0.15
αf Trapped

melt
fraction

0.05 0.05 0.01

τ TMC
separation
rate

0.01 0.01 0.01

The source composition of the OSM-4 model corresponds to the residual Depleted MORB
Mantle (DMM; Workman and Hart, 2005) after 5% batch melting using a dry spinel
lherzolite melting reaction and partition coefficients following Secchiari et al. (2020)
and references therein. The composition of the fluxing agent corresponds to an average
of slab-derived fluid-rich components. See text for further detail on the OSM-4 model
setups and parameters.

Nb La Ce Sr Nd Zr Hf Sm Eu Ti Y Er Yb Lu
0.1

Fig. 12. Selected trace-element compositions of flux melting residues obtained from the
1D stead-state (OSM-4) open-system melting model of Ozawa (2001) and compared
with the cpx compositions from San Carlos peridotites. Sample averages and standard
deviations are shown for the lherzolites and high-Jd harzburgites while the whole range
of compositions is shown for low-Jd harzburgites (yellow shading). For model 1 and 2
(F = 1% and 12%), continuous and dashed lines indicate the modelled compositions
before and after trapped melt crystallization, respectively. For model 3 (F = 15%),
results are shown for two influx rates. The model approach is detailed in the text; input
compositions and fluxing parameters are summarized in Table 2.
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Our results show that solely changing the extent of the process sat-
isfactorily reproduces thewhole range of harzburgitic cpx compositions
(Fig. 12). Using a low influx rate (β = 0.05) and moderate melting de-
gree (F = 12%) produces trace-element compositions comparable to
that of cpx from high-Jd harzburgites, including the amplitude of the
Nb, Ti and Sr anomalies and the slightly negative MREE-to-HREE slopes
and relatively low bulk HREE contents. Interestingly, the best match is
obtained if the melt separation rate is low (γ = 0.1) and a relatively
high proportion of the melt remain trapped (αf = 5%), which is consis-
tent with the elemental redistribution in the presence of poorly ex-
tracted melt inferred from mineral chemistry and zoning of these
high-Jd harzburgites (Figs. 3 & 6). In contrast, at higher melting degrees
(F = 15%) and melt separation rate (γ = 1), the cpx compositions are
very sensitive to fluxing and using γ = 0.005–0.15 reproduces the
strong LREE-MREE enrichment and wide range of HREE depletion ob-
served in the low-Jd harzburgites, especially if only small amount of
melt is trapped (αf = 1%). We note that the high Zr/Hf observed in
our cpx, which are consistent with limited Zr depletion expected from
hydrous melting (Le Roux et al., 2014), are not fully reproduced by the
model results whose (Zr/Hf)N are restricted to <1. This discrepancy
can be easily explained by our choice of using a single fluid composition
while substantial variability exists in slab component estimates (e.g.
16–1007 ppm Zr; Bizimis et al., 2000; McDade et al., 2003), far exceed-
ing the difference between ourmodel and San Carlos cpx. Furthermore,
subtle changes in partition coefficient (e.g. Kdcpx-melt of 0.2 instead of
0.1) are sufficient to change the residual (Zr/Hf)N from positive to neg-
ative. As such, this ratio is very sensitive to chromatographic re-
equilibration or the presence of a Ti-rich accessory with overwhelming
impact on HFSE fractionation, as suggested by the increase in (Zr/Zr*)N
at nearly constant (Zr/Hf)N and (Ti/Ti*)N observed in the high-Jd cpx
(Fig. 9), probably reflecting the transient re-equilibration of Zr and Hf.



Fig. 13. Sm-Nd isochron plot modified from Galer and O'Nions (1989). An isochron age is
obtained for the pyroxenites and lherzolites if two samples are excluded. In contrast, most
harzburgites have a homogeneous 143Nd/144Nd around 0.5131 over a wide range of
147Sm/144Nd, suggesting a recent isotopic reset. The black plus sign indicates the
compositions of the host basanites; the grey crosses are data for the nearby Soda
Springs vent from the same study. Data from Galer and O'Nions (1989). The orange and
green bars show the range of Sm/Nd from this study.
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4.2.3. Reactive channeling instability
Our OSM simulations are consistent with (1) the high-Jd

harzburgites being the result of low fluid influx leading to incipient
flux melting and producing poorly extracted low-volume melt and
(2) the low-Jd harzburgites resulting from higher fluid influx and
more efficient melt extraction. Interestingly, the model also shows
that in the absence of fluxing, very limited melting degree (F = 1%) re-
produces remarkably well the lherzolitic cpx compositions if trapped
melt crystallization is taken into account (Fig. 12). We note that the
ΣREE content, negative Zr-Hf and Ti anomalies and slightly negative
MREE-to-HREE slope of the lherzolitic cpx are especially well
reproduced if a hydrous melting equation and set of partition coeffi-
cients are used. It is thus likely that the lherzolites were affected during
the flux melting process by low-volume, trapped melt crystallization
(probably in the form of cpx), with little or no contribution from the
fluxing agent. Considering that harzburgites and lherzolites have re-
corded similar P-T paths (as discussed above), this result suggests that
the lherzolites probably remained below or near solidus because of
beingmostly preserved from hydration and that they best approximate
San Carlos ambient mantle. Supporting this hypothesis, all the studied
harzburgites exhibit high bulk K2O/Na2O (up to 0.16) compared to the
lherzolites (<0.02), and a positive correlation between K2O/Na2O and
MgO is observed in the whole-rock compositions reported by Frey and
Prinz (1978).

Mineral chemistry and trace-element compositions observed be-
tween and within San Carlos lherzolites and harzburgites not only re-
flect various extents of flux melting, but they also suggest that the
process was strongly localized, as discussed by Le Roux et al. (2014). It
is indeed theoretically predicted that the presence ofwater (and volatile
elements in general) during melt segregation promotes reactive
channeling instability and the formation of preferential pathways of
melt extraction (Keller and Katz, 2016). At 1 GPa and temperatures
comparable to the equilibration temperatures estimated for San Carlos
peridotites (~ 1070 °C; Table 1), very small amounts of water (< 0.3
wt%) are sufficient to increase F by >5%, while a dry lherzolite would
mostly remain below solidus (Katz et al., 2003). Following this line of
reasoning, we speculate that San Carlos harzburgites represent different
portions of such channels or different stages of their development
within a lherzolitic protolith. Pre-existing lithological heterogeneities
resulting from earlier magmatic episodes probably also contributed to
the development of such reactive channels which is known to be sensi-
tive to the initial pyroxene content of the protolith.

4.3. Tectonic and geodynamic implications

4.3.1. Systematic enrichment of mantle harzburgites: single vs multi-stage
scenarios

We have demonstrated above that San Carlos harzburgites and
lherzolites can be regarded as cogenetic residues of various degrees of
hydrous flux melting. Radiogenic isotope data reported for San Carlos
by Galer and O'Nions (1989) are compatible with this assumption.
They also specify that the harzburgites were recently isotopically re-
equilibrated, as suggested by the restricted radiogenic Sr-, Nd- and Pb-
isotope compositions. Most harzburgitic cpx have εNd ranging between
+6 and + 10, overlapping that of the host basanite (~ +9), while
lherzolitic and pyroxenitic cpx have εNd = − 2 to +20 (see Fig. 13).
The relative fertility of the lherzolites compared to DMM and PM esti-
mates also suggests that San Carlos ambient mantle was probably
once refertilized (Fig. 10), but we found only little petrological evidence
of this process. In particular, we exclude that the lherzolites represent
the refertilized products of San Carlos harzburgites, as it is inconsistent
with the recent re-equilibration of the latter inferred from Nd isotopes
(Galer and O'Nions, 1989). The mineralogical and geochemical features
of San Carlos lherzolites are rather consistent with a low-degree partial
melting process accompanying deformation and resulting in metamor-
phic segregations of opx-rich pyroxenites (± local cpx-rich magmatic
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segregation). Although the existence of several generations of pyroxe-
nite cannot be excluded, several lines of evidence support the idea
that pyroxenitic segregations occurred in lherzolite during the flux
melting episode. Hydrous conditions are indeed compatible with mag-
matic segregation of cpx (Liu et al., 2006) and with the presence of
opx inclusions in olivine in cpx-enriched lherzolites. The similarities be-
tween lherzolitic and pyroxenitic pyroxenes also specify that pyroxe-
nite formation post-dates any potential refertilization. In fact, if
pyroxenites had been present prior to the fluxing episode, they would
have experiencedmuch highermelting degreeswhich are not observed.
In this regard, our conclusion is consistent with field observations from
ophiolitic lherzolites where replacive harzburgites (and dunites) bodies
(Kelemen et al., 1992; Le Roux et al., 2014; Secchiari et al., 2020) are lo-
cally associated with cpx segregations (e.g. Quick, 1981).

The lithological and chemical heterogeneity of San Carlos mantle re-
flects a single-stage fluxing scenario consisting in the development of
reactive harzburgitic channels and localized magmatic/metamorphic
segregations accompanying deformation. While other interpretations
are certainly possible (e.g. Secchiari et al., 2020), we argue that other
paradoxical association of LREE-depleted lherzolites and
LREE-enriched harzburgites may also reflect complex spatio-temporal
variations duringfluxmelting (in thepresence of pre-existingheteroge-
neities and/or volatiles), rather than discrete melting and metasomatic
episodes (see also Bodinier et al., 2004).

4.3.2. Reactivation of ancient lithosphere and the sources of the Jemez
Lineament

With few exceptions, lherzolites and pyroxenites exhibit a fairly
good correlation between 143Nd/144Nd and 147Sm/144Nd, which would
correspond to an isochron age of 1551 ± 89Ma (Fig. 13). While mixing
between a low-Sm/Nd pyroxenitic component and high-Sm/Nd de-
pleted peridotite cannot be entirely ruled out, it is inconsistent with
the lack of correlation between the 143Nd/144Nd and 1/Nd. There are
twoways to interpret this potential 1.55-Ga isochron,whichwas not re-
ported by Galer and O'Nions (1989) due to the overall scattering of the
data: it could either record the flux melting episode or an earlier
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(refertilization) episode. The second alternative is preferred as it is sup-
ported by the relatively small range of 147Sm/144Nd consistent with the
homogeneous LREE depletion observed in the lherzolites (Fig. 13). It is
also consistent with the relative fertility and tectono-thermal age of
the lithosphere in this part of the North American continent, and more
specifically the Yavapai-Mazatzal terranes (Griffin et al., 2004). A
refertilization process was also proposed from Lu-Hf compositions of
xenoliths from the Rio Grande Rift and Colorado Plateau (Byerly and
Lassiter, 2015) and we speculate that the pre-refertilization protolith
could be dated ca 1.9 Ga by the model age obtained for the initial
143Nd/144Nd (0.5106) of the above-mentioned isochron. In spite of
their relatively poor statistical robustness, these ages are strikingly
well documented in detrital zircons from north-western USA
(Laskowski et al., 2013), U-Pb ages and Hf-isotope data on zircons
from eclogite and garnetite xenoliths (Smith and Griffin, 2005) and
Sm-Nd ages and Re-depletion ages from Colorado Plateaumantle xeno-
liths (Marshall et al., 2017).

In contrast, the recent isotopic re-equilibration of the harzburgites
over a relatively wide range of 147Sm/144Nd (Fig. 13) is ascribed to var-
iable LREE enrichment during the flux melting episode. This scenario is
preferred to the alternative interpretation upon which the 1.55-Ga iso-
chron dates the flux melting episode, incompatible with the preserva-
tion of compositional gradient (Fig. 7) which would have been
homogenized in a few million years considering the diffusivities of Fe-
Mg (D ~ 10−19 m2/s at 1100 °C) and Al (D ~ 10−21 m2/s; Lierenfeld
et al., 2019). The Nd-isotope compositions of the harzburgites are
within error of that of the host basanites and other local volcanics
dated at 0.58 ± 0.21 Ma (Bernatowicz, 1981) which is consistent with
the near-zero age inferred from the spread in 147Sm/144Nd over a rela-
tively narrow range of 143Nd/144Nd. It is tempting to relate thefluxmelt-
ing episode to the basanite petrogenesis, but direct cogenetic
relationships between San Carlos Group-I xenoliths and their host lava
are unlikely. The trace-element compositions of the latter, characterized
by homogeneously enriched REE patterns and the absence of HFSE and
Sr anomalies, are clearly incompatible with melt-residua relationships
involving San Carlos peridotites, in good agreement with the conclu-
sions reached by Frey and Prinz (1978). Nonetheless, their isotopic sim-
ilarities are probably not coincidental and the processes identified in
this study may be relevant to the petrogenesis of San Carlos basanites.

Fluxmelting, such as inferred from themineral chemistry and trace-
element compositions of San Carlos peridotites, is commonly invoked in
subduction settings (see Grove et al., 2012 for a review) and relative
HFSE depletion and LILE enrichment are often regarded as a character-
istic fingerprint of subduction-related volcanic rocks (e.g. Garrido
et al., 2005, and references therein). However, HFSE-depleted perido-
tites are reported in other tectonic settings (Salters and Shimizu,
1988) and hydrothermal interaction can, for instance, result in hydrous
melting in mid-ocean ridge environments (e.g. Rospabé et al., 2018).
Fluid sources responsible for the HFSE-depleted, subduction-like signa-
ture of San Carlos peridotites are beyond the scope of this paper. None-
theless, we note that San Carlos volcanic field constitutes the
southwestern termination of the Jemez Lineament, an 800-km long
chain of Tertiary-Quaternary volcanoes (Spence and Gross, 1990). This
~100-km-wide zone characterized by active uplift, low seismic velocity
in the mantle and repeated tectonic reactivation, is the most active vol-
canic feature in the southwestern USA (Magnani et al., 2004 and refer-
ences therein). HFSE-depleted mantle xenoliths like San Carlos have
been reported in other localities along the Jemez Lineament such as
Cerro Chato, contrasting with xenoliths such as those from Elephant
Butte that are sampled off this structure (Byerly and Lassiter, 2014).
The Jemez Lineament has been interpreted as the crustal expression of
the collision of Mazatzal island arcs with Yavapai proto-North
American continent at ca 1.68–1.65 Ga (Magnani et al., 2004). Subduc-
tion tectonics have been active in the area during the Proterozoic, but
no such environment is documented to account for the recent evolution
of San Carlos peridotites. It is thus likely that flux melting did not occur
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in an active subduction zone but instead during a later tectonic reactiva-
tion of the lithosphere where the existence of near-solidus conditions
promoted by the presence of hydrous fluids is consistent with our tem-
perature estimates. In fact, the mantle source of the Jemez Lineament
has previously been proposed to be located within the lithosphere to
explain why it seem to be entrained by the motion of the North
American plate (Spence and Gross, 1990). Partial melting of the litho-
spheric mantle was probably volumetrically limited but the involve-
ment of some extent of flux melting in the petrogenesis of San Carlos
basanites is also consistent with their high alkaline contents (Hadnott
et al., 2017) and the high volatile concentrations inferred from the ex-
plosiveness of their eruption (Wohletz, 1978). In this regard, the similar
Nd-isotope compositions (but distinct trace-element signature) of San
Carlos harzburgites and their host basanites either reflect melt-
peridotite interaction and/or the involvement of the same fluid sources
during the tectonic reactivation of the Proterozoic subduction zone.

5. Conclusions

We have reported new petrographic observations and modal,
major- and trace-element compositions from San Carlos peridotites.
Along with the results of open-system melting simulations, these data
support a single-stage evolution uponwhich the lithological and chem-
ical heterogeneity of San Carlos mantle is mostly the result of various
extent of flux melting. The following conclusions were reached:

1. The San Carlos peridotites originated from a lherzolitic protolith
whose fertility is likely to be the result of a refertilization episode po-
tentially recorded by a Sm-Nd isochron at 1.55 Ga, consistent with
other geochronological data for the western USA.

2. Hydrous fluxmelting occurred in the lithosphere during the tectonic
reactivation of a Proterozoic subduction zone coeval with volcanic
activity along the Jemez Lineament.

3. Pressure-solution creep during melt-present deformation led to the
formation of opx-rich pyroxenites in the lherzolites while cpx-rich
magmatic pyroxenites formed locally.

4. Metamorphic and magmatic segregation of pyroxenes may operate
as a continuum constrained by local stress conditions and melt con-
nectivity; the existence of a porosity threshold in this process proba-
bly contributes to systematic changes in rock structure.

5. The harzburgitic cpx have either lower or higher Jd components than
their lherzolitic counterparts, which is interpreted as the result of
local elemental redistribution due to the presence of a low-degree
hydrous melt along grain boundaries.

6. Open-system melting simulations of trace-element fractionation
show that the high-Jd harzburgites result from low fluid influx lead-
ing to incipient melting and poor melt extraction, while the low-Jd
harzburgites result from higher fluid influx.

7. The paradoxical occurrence of LREE-depleted lherzolites and LREE-
enriched harzburgites may often reflect spatio-temporal variations
in the development of lithosphericmelt pathways promoted by reac-
tive channeling instability during flux melting in the presence of
existing heterogeneities and/or volatiles.
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