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Editorial on the Research Topic

Magma-Rock and Magma-Mush Interactions as Fundamental Processes of Magmatic
Differentiation

Virtually all terrestrial magmas, in all geodynamic settings, interact, sometimes profoundly, with
surrounding rocks during their generation, residence at depth, and ascent through the asthenosphere
and lithosphere. This results in inevitable interactions (exchanges of heat and matter) described as
magma/melt-rock or magma/melt-mush interactions.

The major processes that happen when silicate magma is in contact with surrounding rocks
were first defined in the pioneering studies of Bowen (1928) who identified two types of
reactions: partial melting of the wall rocks and mineral dissolution in silicate melt. These
reactions, which are ubiquitous during magma evolution, are commonly referred to as
‘assimilation” (DePaolo, 1981), but may more broadly be called open-system processes.
Assimilation, magma mixing, degassing, magma-rock and fluid-rock interactions control
magma and fluid composition, metal and volatile contents, and magma physical-chemical
properties and mobility. Consequently, the interactions influence volcanic activity, ore deposit
formation, growth of the crust, and terrestrial climate. However, the degree, rates, and
mechanisms of these reactions are poorly quantified owing to a lack of natural and
experimental data and predictive models.

This research volume ‘Magma-Rock and Magma-Mush Interactions as Fundamental Processes of
Magmatic Differentiation’ is devoted to documenting recent achievements in the fields of kinetics
and thermodynamics as well as the petrologic and geochemical consequences of magma-rock, melt-
rock, and melt-mush interactions. New observations of natural systems and laboratory experimental
approaches that address how magma, melt, mush and rock interact are represented by seven articles
(Baudouin and Parat; Borisova et al.; Boulanger et al.; Pistone et al.; Sanfilippo et al.; Tassara et al.;
Borisova et al.). Examples of these types of interactions include mantle metasomatism (Baudouin and
Parat), mineral-melt reaction in the planetary ultramafic protocrust (Borisova et al.) and in the
terrestrial mantle (Borisova et al.; Sanfilippo et al.), melt-mush interaction in the crust (Pistone et al.),
and thermal and chemical modification of preexisting mushy magma by intrusion of high specific
enthalpy (enthalpy per unit mass) magma (Boulanger et al.). The melt-rock interactions also affect
the redox state of percolating melts that may become enriched in ore-forming metals (Tassara et al.).
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FIGURE 1 | Model of formation of the modern chromitite-dunite zone in the oceanic lithosphere after Borisova et al. Intrusion of mantle-derived magmas into
hydrated (serpentinized) mantle initiated the dehydration process and prograde metamorphism. The dehydrated peridotite-basaltic melt interaction produces dunite-
chromitite rock sequence associated to the felsic melts and aqueous fluids in the mantle and the mantle-crust transition zone. Borisova et al. demonstrate that similar
mechanism of the hydrated peridotite-basaltic melt interaction and partial melting of the peridotite might happen and result in felsic crust formation on early steps of

the protocrust evolution during Hadean and Noachian eons on Earth and Mars, respectively.

now

Depth (km)

Deserpentinization front

Oceanic water-derived
hydrothermal fluids

Mantle-derived (basaltic)
magma intrusion and sills
in harzburgite

Moho transition zone

This spectrum of processes plays a major role in the composition,
thickness, and age of the mantle lithosphere and the
associated crust.

Experimental Studies of Melt-Rock and

Melt-Mush Interactions

The experimental data represented by Borisova et al. suggest
that the interaction of serpentinized peridotites
(serpentinites) with basaltic liquids can lead to the
formation of felsic liquids which may be the prototype of
the first continental crust existing on Earth and Mars just
after the solidification of their protocrusts and its interaction
with seawater (Hadean and Noachian, respectively). The
authors demonstrate that this interaction of serpentinized
peridotites with basaltic liquids is responsible for the
production of felsic crust at depths less than 10km in
geodynamic situations independent of oceanic plate
subduction (Figure 1). This scenario provides a
mechanism for crust generation in accordance with the

existing models of pre plate tectonic processes on Earth
and Mars.

Borisova et al. have experimentally established the physical-
chemical conditions which produce bulk assimilation of
serpentinized rocks by basaltic liquids, the formation of
magmas generated by melting of serpentinites, and
processes which occur along the petrologic Moho between
the mantle and the oceanic crust. The generation of depleted
MORB melts, high-Mg-Cr cumulates, chromitites, and
oceanic boninites and andesites is reliably explained by the
efficient reaction of initially anhydrous basaltic melts with
serpentinized lithospheric mantle. The work by Borisova
et al. challenges the routine interpretation of variations in
chemical and isotopic composition of oceanic lavas (e.g.,
MORB and OIB) solely in terms of deep mantle plume
source heterogeneities or/and mechanism of partial
melting. Possible shallow-level interactions should not be
neglected.

Pistone et al. provided new experimental data applicable to
felsic melt and gas mobilization during magma solidification.
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These processes may play a major role in magma fractionation
at shallow depths (<10 km), where magmas stall rheologically
and solidify. These experiments suggest that melt and gas
extraction from cooling mushes increases in proximity to
their solidus and can operate efficiently through gas filter
pressing during cooling. Pistone et al. made estimates of the
mechanisms and rates of segregation of gas-rich, crystal-poor
magmas to form felsic dykes or eruptible systems feeding
volcanoes.

Study of Natural Systems: Subcontinental
Lithosphere Mantle (SCLM) Setting

Different physical and chemical parameters (e.g., pressure,
oxygen fugacity, composition of magma, rock, or mush)
provide fundamental controls on the dynamics and nature of
magma-rock-mush interaction. For example, the final rock
composition may be influenced, in part, by the degree of
equilibrium reached between magma/melt and crystalline
phases, and evidence of equilibrium-disequilibrium
relationships will likely be preserved in the compositions of
minerals rather than in the textures. Energy and mass transfer
are also critical controls; for example, rock partial melting and
associated contamination of magma are directly related to
enthalpy produced during fractional crystallization of a
magmatic system and the ability of anatectic melt to be
transported into resident magma.

The study by Tassara et al. represents how the process of the
melt-peridotite interaction controls the magma oxidation state
and therefore the magma metallogenic fertility (Southern
Patagonia). These authors demonstrate how changes in the
redox state of magmas ascending through the SCLM can favor
efficient extraction of Au and related metals from mantle sulfide
minerals and melts. This study demonstrates that such
interactions would exert a control on the localization of
crustal provinces endowed with gold deposits. Thus,
knowledge of the redox conditions prevailing in the SCLM as
well as the mechanisms of the percolating melt-rock interactions
are important for predicting the location and richness of
metallogenic provinces (Au etc.).

Baudouin and Parat propose a physical-chemical model of the
origin of phlogopite-olivine nephelenites erupted during the early
stage rifting (North Tanzanian Divergence). Metasomatism via
percolation of deep asthenospheric CO,-rich alkaline magmas
during their ascent produces a range of mantle rock compositions
in the thick SCLM. The authors demonstrate that percolation of
deep asthenospheric CO,-rich alkaline magmas might explain
phlogopite crystallization and production of such enigmatic
lithologies such as glimmerite (consisting almost entirely of
phlogopite). The process also affects the rheology of the
Tanzanian lithosphere.

Editorial: Magma-Rock and Magma-Mush Interactions

Study of Natural Systems: Mid-Oceanic
Ridge Setting

Sanfilippo et al. present a natural example of melt channelization
and the related melt-rock interaction by reactive porous flow
(RPF) of basaltic melt through primitive mafic (olivine gabbro)
crystal mush. This example is reported in apparently
homogeneous olivine gabbro within a section of the plutonic
footwall of the Atlantis Bank core complex on the Southwest
Indian Ridge (International ocean discovery program hole
U1473A). The cryptic changes toward more evolved
compositions are impossible to detect on textural evidence
alone. The authors detail that neither crystallization of trapped
melt nor diffusion can account for the observed trace element
signatures of the minerals. Major- and trace element mineral
signatures reveal the occurrence of zoning profiles produced by a
process of  dissolution-precipitation under decreasing
temperature conditions. The melt-rock reaction and reactive
porous flow similar to that reported by Sanfillipo et al. may
potentially be responsible for a significant proportion of crystal
and melt modification in magma reservoirs.

Boulanger et al. reported magma reservoir formation and
evolution at a slow-spreading center based on an example of
ODP Hole 735B (Atlantis Bank, Southwest Indian Ridge). The
authors performed in situ micro-analyses of the cumulative
phases that document magma emplacement processes and
provide evidence for ubiquitous reactive porous flow during
differentiation. Boulanger et al. show that the whole section,
and related geochemical unit, constitute a single magmatic
reservoir, in which the lower unit is formed by stacked
primitive sills formed by repeated recharge of primitive melts
and melt-present deformation. The melt-rock interactions led to
partial assimilation of the crystallizing primitive cumulates, and
hybridization with their interstitial melts. The transport of the
hybrid melts progressively collected in the overlying mushy part
of the reservoir (upper unit) was governed by upward reactive
porous flow, and progressive differentiation and accumulation of
evolved melts at the top of the reservoir. Boulanger et al.
attempted to address timescales for the formation of the
reservoir by comparison with preexisting data and models for
magma reservoir at slow-spreading ridges. These results provide
the first integrated model for magma reservoir formation in the
slow-spreading oceanic crust. The model illuminates new
perspectives for the comprehension of mush-dominated
igneous reservoirs dynamics in the oceanic lithosphere.
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The oxidation state of the Earth’s mantle and its partial melting products exert a
key control on the behavior and distribution of sulfur and chalcophile and siderophile
elements between the mantle and crust, underpinning models of ore deposit formation.
Whether the oxidized nature of magmas is inherited from the asthenospheric mantle
source or acquired during ascent and differentiation is vigorously debated, limiting our
understanding of the mechanisms of extraction of sulfur and metals from the mantle.
Here, we focused on the redox-sensitive behavior of sulfur in apatite crystallized from
quenched alkaline basaltic melts preserved within a peridotite xenolith from the El
Deseado Massif auriferous province in southern Patagonia. We took advantage of this
unique setting to elucidate the redox evolution of melts during their ascent through
the subcontinental lithospheric mantle (SCLM) and grasp the inner workings of the
Earth’s mantle during gold metallogenesis. Our data reveal that an initially reduced
silicate melt (AFMQ —2.2 to —1.2) was oxidized to AFMQ between 0 and 1.2 during
percolation and interaction with the surrounding peridotite wall-rock (AFMQ 0 to +-0.8).
This process triggered changes in sulfur speciation and solubility in the silicate melt,
boosting the potential of the melt to scavenge ore metals such as gold. We suggest
that large redox gradients resulting from the interaction between ascending melts and
the surrounding mantle can potentially modify the oxidation state of primitive melts and
enhance their metallogenic fertility. Among other factors including an enriched metal
source and favorable geodynamic conditions, redox gradients in the mantle may exert
a first-order control on the global-scale localization of crustal provinces endowed with
gold deposits.
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INTRODUCTION

The oxidation state of the Earth’s mantle is a fundamental
parameter on models that attempt to explain the formation of
metallogenic provinces on a lithospheric scale (Mungall, 2002;
Sillitoe, 2008; Richards, 2015). The oxygen fugacity (fO,), as
well as the contents of sulfur and chalcophile and siderophile
elements (i.e., Au, Ag, Cu, Ni, Os, I, Ru, Rh, Pt, Pd, Re;
hereafter “ore metals”) of primitive melts associated with the
formation of giant ore deposits are frequently attributed to be
either inherited directly from their asthenospheric mantle source
(Carmichael, 1991; Kelley and Cottrell, 2009), or the result of
variable degrees of differentiation at crustal levels (Lee et al,
2002, 2010; Jenner et al., 2010; Tang et al., 2018). In contrast,
relatively little attention has been paid to melt-rock interaction
processes occurring in the subcontinental lithospheric mantle
(SCLM) that might lead to changes in the oxidation state and
composition of ascending magmas after partial melting in the
asthenosphere and before they reach crustal levels. For example,
Chin et al. (2014) and Griffin et al. (2018) explored the effects of
the SCLM on the composition of primary asthenosphere-derived
melts during their ascent and concluded that metasomatism
might be an important process that modifies the composition
and fO; of ascending melts and fluids. More recently, Tollan
and Hermann (2019) also found that arc magmas oxidize during
ascent and reaction with surrounding peridotite before reaching
crustal levels. Therefore, melt—-SCLM interaction processes might
have a pivotal impact on the metal fertility of ascending magmas.

Ore metals and sulfur are stored primarily within accessory
base metal sulfides and sulfide liquids in the mantle, and
their release and transfer into the overriding crust is partially
controlled by the fO, of the magmatic system (Jugo, 2009;
Lorand and Luguet, 2016). This parameter reflects the oxidation
state of the system and is commonly expressed as logarithmic
units relative to the fayalite-magnetite-quartz mineral buffer
(AFMQ). Experimental studies have shown that sulfide (S?7)
is the dominant sulfur species in silicate melts under reducing
conditions (AFMQ < 0) (Jugo et al., 2005a, 2010). In contrast,
at AFMQ > 2 the melt is dominated by sulfate (S°*) whereas
a sharp transition from sulfide toward the more soluble and
oxidized sulfate is observed around AFMQ + 1 (Jugo et al,
2010). Hence, the formation of oxidized magmas can efficiently
promote the titration of sulfur and ore metals from the mantle,
ultimately increasing the ore metal endowment of the overlying
crust (Sillitoe, 2008; Richards, 2015). Furthermore, recent studies
have provided evidence that restricted fertile blocks of the SCLM
may act as fertile source regions from where ore metals were
tapped by partial melting, fluxed melting, or by interaction with
ascending melts (Griffin et al., 2013; Groves and Santosh, 2015;
Groves et al., 2016; Tassara et al.,, 2017). However, the impact
and extent of silicate melt-SCLM interaction on the composition
and oxidation state of ascending melts that ultimately reach the
crust to form ore deposits, and the mechanisms of ore metals
extraction from the SCLM remain largely unexplored. Therefore,
understanding the redox evolution of magmas during their ascent
across the SCLM is crucial to unravel the mechanisms of metal
enrichment of ascending magmas.

Here, we examine the effects of melt-mantle interaction on
the fO, and metal fertility by measuring directly the formal
oxidation state(s) of sulfur in magmatic apatite contained within
quenched silicate glass entrained in a peridotite xenolith from
Patagonia, Argentina, which represents a silicate melt that
ascended through the SCLM below the El Deseado Massif
auriferous province. By combining micro-X-ray absorption near-
edge structure (L-XANES) spectroscopic analysis of sulfur in
apatite with petrological and mineralogical data, we show that
originally reduced silicate melts that infiltrated a relatively
oxidized SCLM interacted with the surrounding peridotite wall-
rock, triggering changes in sulfur speciation and solubility.
We link this process to the formation of gold-rich magmas
during ascent and interaction with the SCLM, providing new
insights into how mantle processes may govern the localization
of metallogenic provinces in the Earth’s crust.

SAMPLE BACKGROUND

This study focuses on a lherzolite xenolith, which represents
a portion of the mantle beneath the world-class El Deseado
Massif auriferous province (Figure 1). The Deseado Massif
hosts several Au-Ag epithermal deposits associated with calc-
alkaline rhyolites, basaltic andesites, and basalts from the late
magmatic stages of the Chon Aike Large Igneous Province (CA-
LIP) (Schalamuk et al., 1997). The CA-LIP formed during two
major periods between 180 and 155 Ma (Féraud et al., 1999).
The early Jurassic event was related to the thermal impact of
the Karoo plume head (~180 Ma), whereas the Middle to Late
Jurassic events reflects the influence of active subduction on the

@ Au-Ag deposits
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' Neogene alkaline
basalts

100 Km

FIGURE 1 | Simplified map of southern Patagonia. The dashed line delimits
the Deseado Massif auriferous province. White circles indicate the location of
low-sulfidation epithermal gold and silver deposits. Red circles indicate the
location of other localities where mantle xenoliths have been reported.
Modified after Tassara et al. (2017).
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FIGURE 2 | Backscattered electron images of the interstitial glass veinlets in the studied Iherzolite. Panels (A,B) show a general view of interstitial glass veinlets
crosscutting olivine (Ol) grains with their partially crystallized mineral assemblage. Panels (C,D) show the reaction rims formed along clinopyroxene (Cpx) (C) and
spinel (Sp) (D) when in contact with the glass veinlets. Panel (E) shows a detail of the mineral assemblages present in the interstitial glassy veinlets, including
oxidized Ni-Cu sulfides, armalcolite (Arm), and apatite (Ap) with euhedral morphologies.

western margin of Gondwana (~155 Ma) (Pankhurst et al., 2000).
Mantle xenoliths from the SCLM beneath the Deseado Massif
were later extruded by extensive Neogene (~3.5 Ma) back-arc
plateau volcanism (Rivalenti et al., 2004).

The studied peridotite is a relatively large (up to 25 cm)
protogranular anhydrous lherzolite equilibrated in the spinel
facies at temperatures of 1020-1150°C at 13.6 Kb (Tassara
et al., 2017). The sample is characterized by the presence of
quenched interstitial glass distributed along grain boundaries of
the peridotite silicate matrix in the xenolith core forming an
interconnected network of veinlets (Supplementary Figure 1
and Figure 2). These veinlets contain a mineral assemblage that
includes armalcolite, apatite, ilmenite, K-feldspar, Au-bearing
sulfides, and native gold particles embedded within a glassy
matrix (Tassara et al., 2017; Figure 2). The interstitial silicate
glass has strong mineralogical and trace element compositional
differences with the host basalt, indicating that the origin of the
studied glass veinlets is not related to the infiltration of the host
basalt into the xenolith (Figure 3). Moreover, the interstitial glass
and associated minerals were interpreted as remnants of a Au-
bearing, Na-rich silica-undersaturated melt that infiltrated the

peridotite. This melt extracted Ni-Cu sulfide liquids from the
surrounding peridotite wall-rock and were physically entrained
and transported within the silicate melt through the mantle
(Bockrath et al., 2004; Ballhaus et al., 2006; Tassara et al., 2018).

ANALYTICAL METHODS

Electron Probe Microanalysis

The chemical composition of apatite, silicates, and oxides was
determined by using a CAMECA SX-100 electron microprobe
at the University of Michigan in Ann Arbor. An acceleration
voltage of 15 keV, a beam current of 10 nA, and a beam size of
2 pm were used for all analyses. Peak counting times of 20 s
were used for all elements, except 5 s for F and 60 s for S,
as this conditions are the best precautions to prevent electron
beam damage of apatite (e.g., halogen migration; Konecke et al.,
2019). During the analysis, both SiO, and Al,O3 concentrations
were monitored for contribution of the surrounding glass
and mineral phases. Analyses indicating a contribution of the
glass were discarded.
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FIGURE 3 | Chondrite-normalized trace element composition of interstitial
silicate glasses in the Cerro Redondo peridotite xenolith. The trace element
data for the interstitial glass is from Tassara et al. (2018). The dark shade area
is the trace element data for the host basalt after from Gorring and Kay (2001)
and Schilling et al. (2005). The light gray shaded field is the composition of
alkaline metasomatic melts in the upper mantle after Coltorti et al. (2000),
Beccaluva et al. (2001), and Kovacs et al. (2007). Figure modified after
Gonzalez-Jiménez et al. (2019).

Sulfur X-Ray Absorption Near Edge

Structure Spectroscopy

In situ sulfur X-ray Absorption Near Edge Structure Spectroscopy
(S-XANES) measurements at the S K-edge were conducted
at the GSECARS 13-ID-E beamline, Advanced Photon Source
(APS), Argonne National Laboratory, IL. The beamline can cover
an energy range of 2.4-28 keV and uses a high-flux beam
(>4.5 x 10'° photons/s/100 mA/mm?) that produces a high
spatial resolution micro-focused 2 x 2 pm (jL-XANES) beam by
using Kirkpatrick-Baez (KB) focusing mirrors. The energy of the
Si (111) channel-cut monochromator was calibrated to the 2481.8
(£0.2) eV white line of the spectrum for clear double-sided
adhesive tape. Spectra were collected at ambient temperature and
pressure and covered a range of energy from 2450 to 2550 eV,
with a step size 0of 0.1-0.3 eV at the S K-edge (2464-2484 V) and
1 eV for the pre- and post-edge regions (0.5-3 s scan durations
per energy step). Step-scan durations of 1-3 s per energy step
were used to achieve higher S X-ray counts required for high-
quality spectra, especially in low S-bearing apatite. The analyses
were performed directly on rock thick sections and the spectra
was collected in fluorescence mode. X-ray fluorescence maps
were performed in advance in order to locate the apatite crystals.
Previous studies have confirmed that the S oxidation state in
apatite remains constant when exposed to the synchrotron beam
for over 1 h, demonstrating that beam damage is not an issue
(Konecke et al., 2017, 2019).

REDOX STATE DETERMINATION

The fO, conditions of the oxide-silicate assemblage in the host
peridotite were calculated using the methods described by Wood
etal. (1990) for olivine-orthopyroxene-spinel equilibrium and at
13.6 Kb and 1020°C, yielding AFMQ values between 0 and +0.8

Lunar
Armalcolite

FeTi,O K- ------ - &y -~ (Mg,Mn,Ca)Ti,O,

Kerguelen mantle
Cr-Armalcolite

Fe,TiO,

FIGURE 4 | Pseudobrookite group diagram showing armalcolite end
members. Modified from Grégoire et al. (2000). Pseudobrookite group
diagram composition after Bowles (1988). ANV, anosovite; ARM, armalcolite;
PSB, pseudobrookite. Open circles: armalcolite and pseudobrookite from
Cancarix, Spain (Contini et al., 1993). Crosses: Armalcolite from Lebombo
picrites (Cawthorn and Biggar, 1993). Polygons: Kimberlitic armalcolite from
Jagersfontein (Haggerty, 1987). White diamonds: armalcolite from this studly.
The black arrow represents the compositional evolution of armalcolite at
progressively higher fOo after Medvedev (1996). End member calculation and
classification according to Bowles (1988).

(Supplementary Tables 1, 2), consistent with redox constraints
for most SCLM peridotites reported in the literature (Ballhaus,
1993; Richards, 2015).

The oxidation state of the infiltrating silicate melt was
determined, on the other hand, by using two independent
approaches based on the composition of armalcolite and
apatite, respectively. Terrestrial occurrences of armalcolite
[(Fe,Mg)Ti,0s] are exclusively associated with metasomatic
melts in the upper mantle and high-Ti primitive lavas (Haggerty,
1987; Bowles, 1988; Contini et al., 1993; Grégoire et al., 2000).
Compositional analysis of armalcolite shows that it contains a
high concentration of Cr (1.73 and 2.16 wt.%) and is among the
most MgO-enriched compositions reported in both lunar and
terrestrial occurrences (Supplementary Table 3). Stoichiometric
calculations indicate that armalcolite has near zero trivalent
Fe and Ti concentrations (Supplementary Table 4). Similar
compositions were reported for Cr-bearing armalcolite found in
the Kerguelen island mantle xenoliths (Bowles, 1988; Haggerty,
1991; Grégoire et al, 2000; Figure 4). In an attempt to
constrain the oxidation state of lunar basalts, Friel et al. (1977)
performed experimental studies on the stability of synthetic
armalcolite as a function of fO, at 1200°C and 0.001 Kb.
This experiment and observations in natural samples (Grégoire
et al., 2000) demonstrated that Cr-rich and near-zero Fe3t
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FIGURE 5 | Sulfur u-XANES spectra of the studied apatite. Averaged n-XANES spectra showing the oxidation state of sulfur in apatite crystallized from a silicate
melt that percolated through the subcontinental lithospheric mantle in southern Patagonia, beneath the Deseado Massif.

variety of armalcolite forms only under reducing conditions
(fO, between 107!%> and 107!3> Kb), ie, AFMQ ~ —2.2
to —1.20 (cf. Figure 4 in Friel et al.,, 1977). In addition, these
authors showed that at even lower fO, conditions (between
107152 and 107158 Kb), armalcolite breaks down to form Mg-
rich armalcolite plus ilmenite. Based on experimental data, we
constrained the oxidation conditions of the infiltrating silicate
melt at the time of armalcolite crystallization in the mantle at
AFMQ ~—2.2 to —1.2, whereas the presence of ilmenite suggests
AFMQ values closer to —2.2 (Friel et al., 1977). Importantly, it
has been documented that whereas armalcolite is stable as a single
phase at pressures up to 10 Kb, armalcolite + ilmenite + rutile
assemblages form at pressures between 10 and 14 Kb. Thus,
the fact that armalcolite + ilmenite is present in the studied
veinlet indicates that either the armalcolite suffered slow cooling
allowing it to partially transform to ilmenite (Lindsley et al.,
1974), or that the crystallization of armalcolite suffered occurred
at >10 Kb, where both phases are stable (Friel et al., 1977). Either
case indicates that armalcolite did not simply crystallized at low
pressure during rapid cooling of the sample but rather formed at
depth and suffered at least some slow cooling before the xenolith
was brought to the surface.

Apatite [Ca5(PO4)3(ECLOH)] also occurs embedded within
the interstitial silicate glass, commonly forming isolated clusters
of crystals of up to ~8 um in size (Figure 2). The apatite
crystals are euhedral and show typical hexagonal and acicular
shapes, indicating that it crystallized from the surrounding melt
upon rapid quenching (Piccoli and Candela, 2002), possibly

during the xenolith eruption (Tassara et al., 2017). Electron probe
microanalysis (EPMA) revealed that apatite corresponds to the
F-rich endmember (Supplementary Table 5), which suggests
a late crystallization from the silicate melt associated with
increasing differentiation (Nash, 1984). Sulfur concentrations in
the analyzed apatite are between 40 and 170 pg/g with a few
grains showing concentrations below detection limits (~30 pg/g)
(Supplementary Table 5). The sulfur -XANES spectra of the
studied apatite grains revealed two dominant peaks at ~2469.7
(sulfide) and ~2481.8 eV (sulfate), indicating that both species
were incorporated within the apatite structure (Figure 5). The
sulfite (S*) peak (~2478 eV) very likely is present in all spectra
but cannot be resolved due to the overlap of the broad sulfide
peak. To alleviate this, the peak integration of the broad sulfide
peak was used to determine the S0+ /S0t area ratio calculation,
identical to the fitting methods developed and implemented by
Konecke et al. (2017, 2019). The integrated S /Sy peak area
ratios were determined following the methodology of Konecke
etal. (2017) and range between 0.28 and 0.48 (Figure 5). In order
to reduce crystal orientation effects on the relative integrated
area of the different peaks of the pw-XANES spectra, several
apatite spectra were collected, normalized (e.g., baseline removal
and intensity normalization), and then merged (Konecke et al.,
2017) to obtain an average spectrum representative of the bulk
sulfur oxidation state of the studied apatite grains. Also, several
apatite grains with different morphologies, including elongated
(approximately parallel to the c-axis) and euhedral hexagonal
apatite (approximately perpendicular to c-axis) were analyzed
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and no significant variation in the SOF /8,0t ratios were observed.
The averaged integrated S®*/S,,1 peak area can be used to
estimate the fO, of the infiltrating silicate melt from which
apatite crystallized. Experiments performed by Konecke et al.
(2017, 2019) showed that apatite formed at AFMQ = 0 has
a S°1/Sioral ratio of ~0.14, whereas apatite that crystallized at
AFMQ =~ +1.2 is characterized by a SOF/Stotal ratio of ~0.95.
This implies that apatite undergoes a pronounced shift from
sulfide- to sulfate-dominated species with changing oxidation
conditions, similarly to silicate melts (Jugo et al., 2010). The
integrated S®T /S, ratio of the individual studied apatite ranges
from ~0.28 to ~0.48, and the integrated S®T /S, ratio resulting
from merging all spectra is ~0.35 (Figure 5). The latter values
indicate that the oxidation state of the infiltrating silicate melt
at the time of apatite crystallization was 0 < AFMQ < +1.2.
Given that the S®/S o, ratio and log (fO,) follow a near linear
trend within this range (Konecke et al., 2019), we infer that the
final oxidation state of the silicate melt at apatite formation was
between AFMQ +0.3 to +0.4 [£0.5, 20], which is within the
fO» estimated for the peridotite wall-rock. Considering that an

increase in pressure shifts the stability field of sulfide toward more
oxidizing conditions (Matjuschkin et al., 2016) and inferring that
apatite follows a similar trend, we conclude thata AFMQ +0.3 to
+0.4 represents a minimum fO; value for the silicate melt.

DISCUSSION

The interstitial network of glass veinlets in the peridotite xenolith
represents a Na-rich silica undersaturated melt that percolated
through the SCLM and quenched during the rapid eruption of the
xenolith (Tassara et al., 2018). Although the potential re-heating
of the xenolith during entrapment in the host basalt could alter
the original nature of the entrained veinlets, we observe no signs
of perturbation in the integrity of the sample. Sharp contacts
between the xenolith and host basalt, as well as the relatively large
size of the xenolith indicate that ascent was very fast, precluding
the possibility of ascending during sufficient time to transfer
significant heat to the internal parts of the xenolith (O'Reilly
and Griffin, 2010; and references therein). Based on our data, we
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Peridotite wall-rock
in the SCLM
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and S and metal
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silicate melt

snapshot of the melt-SCLM interaction process.

FIGURE 6 | Mechanisms leading to oxidation of percolating melts and ore metals incorporation. (A) The reduced silicate melt enters the subcontinental lithospheric
mantle, entraining immiscible sulfide liquids. A redox gradient is generated between the reduced melt and the more oxidized peridotite wall-rock. (B) The silicate melt
starts to re-equilibrate with the surrounding peridotite wall-rock. (C) Increasing oxygen fugacity triggers changes in the sulfur solubility promoting metal sulfide
breakdown and release of sulfide, sulfate, and Au into the percolating silicate melt. (D) Quenching upon rapid ascent induced apatite crystallization, which records a
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propose that the mineral assemblage associated with the glassy
vein (armalcolite and apatite) records two different oxidation
states of the percolating silicate melt, and where armalcolite
formed under highly reducing conditions (AFMQ —2.2 to —1.2),
followed by the crystallization of apatite under more oxidizing
conditions (AFMQ 0 to +1.2).

Melt Oxidation During Interaction With

Surrounding Mantle

The reduced armalcolite-bearing silicate melt (AFMQ —2.2 to
—1.2) infiltrated a relatively more oxidized peridotite (AFMQ
0 to +0.8), producing a large redox gradient, ie., a AfO, of
near 3 log units between these two components (Figure 6A).
The final redox conditions after oxidation of the reduced silicate
melt and reduction of the relatively oxidized peridotite will
depend on the mass balance between the more reduced and
more oxidized components (Evans and Tomkins, 2011). Apatite
crystallized from the surrounding silicate melt after the melt-
peridotite interaction started, containing both sulfide and sulfate
as evidenced by our pu-XANES data (Figure 5). The presence of
sulfate in apatite requires the reaction between two components,
i.e., a highly reduced melt with a $°*/S1 ~0 and low sulfur
content (Jugo et al., 2010) that reacted with a more oxidized and
sulfide-bearing peridotite (AFMQ 0 to +0.8).

In the SCLM, the oxidation state is governed by minerals that
have a high content of Fe3* such as spinel and clinopyroxene
(Wood et al,, 1990). These two phases are the first minerals to
react with the melt when the redox conditions are disturbed,
as has been reported during the mixing process between
two compositionally distinct magmas (Fiege et al., 2017).
Clinopyroxene and spinel from the studied peridotite show
reaction rims when in contact with the reduced infiltrating
silicate melt (Figures 2B,C) indicating that Fe’™ <« Fe’™
exchange between the peridotite wall-rock and the infiltrating
silicate melt could have occurred, explaining the oxidation of
the melt (Cooper et al., 1996; Figure 6B). Other than Fe, sulfur
also has a large oxidation potential (Evans and Tomkins, 2011),
and an increase in the oxidation state of the melt after melt-
peridotite interaction would promote an increase in the sulfur
solubility of the infiltrating silicate melt (Jugo et al., 2005b).
Thus, at higher redox and sulfur solubility conditions (Jugo et al.,
2005b), the sulfide liquids entrained in the percolating silicate
melt will partially oxidize, breaking down and dissolving in the
surrounding melt (Figure 6C). Decreasing pressure during ascent
could potentially boost the breakdown of the sulfide phases, as
the solubility of S in the melt will increase (Mavrogenes and
O’Neill, 1999). However, if only this had been the mechanism of
sulfide breakdown, no sulfate would be observed as the system
would remain reduced (Matjuschkin et al., 2016). Therefore, an
oxidation mechanism is still needed to account for the sulfate in
the system. The apatite crystallized from the melt after the melt-
peridotite interaction will incorporate both sulfide and sulfate in
varying proportions, according to the S¢+/S;, ratio of the melt;
therefore, apatite will record the oxidation state of the silicate
melt during interaction with the surrounding peridotite wall-rock
(Konecke et al., 2017; Figures 5, 6D).
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FIGURE 7 | Redox evolution of the silicate melt and the effect of redox
gradients on Au solubility. Plot of S8+ /S vs. oxygen fugacity, expressed log
units relative to the fayalite—-magnetite—quartz mineral buffer (AFMQ). The
diagram shows the initial and final redox conditions of the originally reduced
silicate melt that interacts with the more oxidized peridotite wall-rock (1020°C
and 13.6 Kb). The empirical approach for the determined fO, conditions of
the initial and final silicate melt is from experiments performed at 1200°C and
0.001 to 14 Kb (armalcolite), and 1000°C 3 Kb (apatite). The green shaded
area illustrates the changes in S8+/S;ct in silicate melts with pressure after
Jugo et al. (2010) and Matjuschkin et al. (2016). The red line corresponds to
Au solubility in S-bearing basaltic glasses at 1050°C and 2 Kb (Botcharnikov
et al., 2011). The redox gradient generated between the melt and the
peridotite wall-rock, defined as AfO», promotes oxidation of the infiltrating
melt leading to optimal Au solubility conditions.

Scavenging Sulfur and Ore Metals From
the Lithospheric Mantle

The process described above explains the oxidation of silicate
melts that ascend through the SCLM with the concomitant
destabilization of ore metal-bearing sulfides (or sulfide melts)
and incorporation of sulfur. Hence, sulfide breakdown will not
only release sulfur but also its contained ore metals (Lorand and
Luguet, 2016), such as Au (Figure 6D), which under certain
circumstances could lead to metal enrichment in the percolating
silicate melts. The solubility of Au in sulfur-bearing silicate melts
is maximized when sulfur is dissolved as both sulfide and sulfate
species (Cooper et al., 1996) and when the sulfide concentration
is near the sulfide-saturated threshold (Botcharnikov et al., 2011;
Li and Audétat, 2012; Zajacz et al, 2012; Jégo et al.,, 2016).
Figure 7 shows that the estimated fO, of the silicate melt
after reacting with the peridotite wall-rock is between AFMQ
0 and +1.2. Sulfur w-XANES in apatite indicates that the
SOt /Sioal ratio is ~0.35 and the presence of sulfide liquids
within this silicate melt indicates that the melt was once sulfide
saturated. These redox conditions are in good agreement with
those that maximize Au solubility of sulfur-bearing basaltic
melts, determined experimentally by Botcharnikov et al. (2011)
at 1050°C and 2 Kb (Figure 7), meaning that the highest Au
solubility was achieved during redox re-equilibration within the
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SCLM. In addition, the mineral assemblage associated with the
studied melt contains native gold particles included within the
sulfides as well as embedded within the quenched glass (Tassara
et al., 2017). The native gold micro-particles in the sulfides have
euhedral and hexagonal forms (Tassara et al., 2017) and likely
crystallized from the sulfide liquids during desulfurization, after
oxidation of the surrounding silicate melt (Tassara et al., 2018).
Continued oxidation and desulfurization would result in the
release of these Au micro-particles into the silicate melt. The
Au micro-particles embedded within the glass have irregular
shapes (Tassara et al., 2017), pointing to partial dissolution in the
surrounding melt. This is in good agreement with Au solubility
experiments (Botcharnikov et al.,, 2011; Jégo et al., 2016) and
indicates that the studied silicate melt had an enhanced capability
for transporting significant amounts of Au (Figure 7).

In summary, mantle-derived and metal-rich sulfides entrained
within reduced percolating silicate melts (e.g., Bockrath et al.,
2004; Ballhaus et al., 2006; Tassara et al., 2018) may release
significant amounts of sulfur and Au due to the transient increase
in fO; caused by melt-peridotite interaction during melt ascent
across the SCLM (Figure 6), acting as an efficient mechanism
for sourcing metals from the deep lithosphere, and resulting
in Au enrichment of ascending silicate melts by almost one
order of magnitude.

CONCLUDING REMARKS

The role of melt-peridotite interactions is being increasingly
recognized in the literature as a key factor controlling the
fO; of silicate melts percolating through the mantle in various
tectonic settings (e.g., Tollan and Hermann, 2019). Our data
from the El Deseado Massif auriferous province in southern
Patagonia are in agreement with this point of view. Moreover,
we suggest that changes in the redox state of ascending magmas
during ascent throughout the SCLM can boost the potential for
efficient extraction of Au and other metals from selected mantle
regions, increasing their ore-fertility. Sillitoe (2008) emphasized
that the recurrent generation of major gold deposits and belts in
North and South America remains uncertain. Among the factors
explaining the occurrence of metallogenic provinces dominated
by one or more ore metals, widely contemplated possibilities
include heterogeneously distributed metal preconcentration,
favorable redox conditions, or other parameters somewhere
above the subducted slab, between the mantle wedge and upper
crust (Sillitoe, 2008). We argue that the formation of restricted
blocks of crust highly endowed with gold deposits requires,
in addition to hydrothermal processes in the upper crust,
the efficient extraction of Au from refertilized and oxidized
domains of SCLM (Rielli et al., 2017). Evidence presented here
suggests that redox gradients between ascending magmas and
the surrounding mantle can trigger the destabilization of mantle
sulfides and sulfide melts, resulting in the release of their Au cargo
into the silicate melt fraction. Our model proposes an efficient

mechanism for the transfer of Au and associated metals from
enriched portions of the SCLM to ascending magmas, helping
to improve our understanding of metallogenic processes that
operate on a lithospheric scale.
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The most abundant terrestrial lavas, mid-ocean ridge basalt (MORB) and ocean
island basalt (OIB), are commonly considered to be derived from a depleted MORB-
mantle component (DMM) and more specific, variably enriched mantle plume sources.
However, findings of oceanic lavas and mafic cumulates issued from melts, enriched
in chlorine and having a radiogenic 8’ Sr/88Sr ratio, can be attributed to an interaction
between the asthenosphere-derived melts and lithospheric peridotite variably hydrated
due to penetration of hydrothermal water down to and below Moho level. To
constrain mechanisms and rates responsible for the interaction, we report results
of 15 experiments of reaction between serpentinite and tholeiitic basaltic melt at
0.2-1.0 GPa and 1250-1300°C. Results show that the reaction proceeds via a
multi-stage mechanism: (i) transformation of serpentinite into Cr-rich spinel-bearing
harzburgite (Fogs g5 mol.%) containing pore fluid, (i) partial melting and dissolution of
the harzburgite assemblage with formation of interstitial hydrous melts (up to 57-60
wt% of SiO, contents at 0.5 GPa pressure), and (i) final assimilation of the Cr-rich
spinel-bearing harzburgite/dunite and formation of hybrid basaltic melts with 12-13
wt.% of MgO and elevated Cr (up to ~500 ppm) and Ni (up to ~200 ppm) contents.
Assimilation of serpentinite by basaltic melt may occur under elevated melt/rock ratios
(>2) and may lead to chromitite formation. We show that hybrid magmas produced by
the progressive assimilation of serpentinized lithospheric mantle may be recognized by
high Mg-numbers and high Cr and Ni contents of olivine and pyroxenes, an excess
of SiOy, HoO, and halogens in the melts, and some unusual isotopic composition
(e.g., radiogenic 87Sr/8%Sr, non-mantle §'80, and low 3He/*He). Our experiments
provide evidence that MORB and high-Mg-Cr orthopyroxene-rich cumulates depleted in
incompatible elements can be produced from common mid-ocean ridge basaltic melts
modified by reaction with hydrated lithospheric peridotite. We established that the rate
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of assimilation of serpentinized peridotite is controlled by silica diffusion in the reacting
hydrous basaltic melt. Our study challenges traditional interpretation of the variations
in MORB and OIB chemical and isotopic composition in terms of deep mantle plume
source heterogeneities or/and degrees of partial melting.

Keywords: hydrated peridotite, serpentinite, basaltic melt, assimilation, MORB, melt-rock interaction, slow

spreading ridges, asthenosphere

INTRODUCTION

Mid-ocean ridge basalt (MORB) and ocean island basalts (OIBs)
are considered as products of decompression melting of several
asthenospheric sources characterized by contrasted isotopic
signatures (e.g., DMM, HIMU, EM-1, and EM-2; e.g., Zindler
and Hart, 1986). This paradigm implies that the oceanic basalt
composition is some kind of “carbon copy” of their deep mantle
sources. However, the occurrence of basaltic glasses and high-
Mg cumulates with radiogenic 8 Sr/%¢Sr ratios along present-
day mid-ocean ridges (e.g., Ross and Elthon, 1993; Nonnotte
et al., 2005; van der Zwan et al., 2017) and in ophiolites (Amri
et al., 1996; Benoit et al., 1999; Clénet et al., 2010; Lange et al,,
2013) suggest more complex mechanisms for the generation of
oceanic magmas involving the assimilation of altered lithospheric
material. Experimental and melt inclusion studies highlight the
important role of basaltic melt-lithospheric rocks reactions on
the chemical composition of both mantle rocks and silicate melts
(e.g., Morgan and Liang, 2003; Kvassnes and Grove, 2008; France
et al., 2010; Van den Bleeken et al., 2010, 2011; Borisova et al.,
2012a, 2014). For example, Sr isotope diversity of basalts and
mafic cumulates possibly related to assimilation of seawater-
altered rocks is common in spreading environment (Michael and
Cornell, 1998; Lange et al.,, 2013; van der Zwan et al,, 2017).
Magmas resulting from the mixing between “asthenospheric”
tholeiites and hydrated “lithospheric” melts of depleted andesitic
affinity were proposed as parental for some puzzling occurrences
of orthopyroxene-rich primitive cumulates along mid-ocean
ridges and in ophiolites (Benoit et al., 1999; Nonnotte et al.,
2005). The formation of such hybrid or/and depleted magmas
due to assimilation of serpentinized mantle peridotite leads to
the formation of the Moho transition zone composed by dunites
and chromitites (Borisova et al., 2012a; Zagrtdenov et al., 2018;
Rospabé et al., 2019a,b).

Hydrothermal circulation in the oceanic lithosphere near
and below the mantle/crust boundary (“petrologic Moho”) is
recorded in such hydrothermal rocks as mantle diopsidites
hosted by peridotites in the shallow mantle section of ophiolites
(Python et al., 2007; Akizawa and Arai, 2014) as well as in
multiphase inclusions representing fluid phase, not a magma,
in chromitite orebodies (Borisova et al., 2012a; Johan et al.,
2017). Assimilation of seawater-derived brine or aqueous fluid by
mafic rocks, magmas and melts, is recorded also at ultraslow-,
slow-, and fast-spreading mid-ocean centers and preshield-
stage Loihi Seamount lavas (Hawaii) (Michael and Schilling,
1989; Jambon et al.,, 1995; Michael and Cornell, 1998; Kent
et al, 1999; Dixon and Clague, 2001; Dixon et al., 2008;
Klein et al., 2019). Seawater-derived component assimilation,

possibly through interaction with serpentine, happens at slow-
spreading centers or at small oceanic islands (Simons et al.,
2002; Dixon et al., 2008). It is also reported that basaltic glasses,
melt inclusions, and the serpentinite-hosted gabbroic veins in
the environment of the slow-spreading ridges are affected by
assimilation of hydrothermally altered lithosphere enriched in
such volatile elements as Cl, H,O, and atmospheric Ne, Ar
isotopes (Stroncik and Niedermann, 2016; Ciazela et al., 2017,
2018; van der Zwan et al., 2017). The shallow depths of the melt-
or magma-rock interactions extend to 10 to 13 km, suggesting not
only crustal but also upper mantle source of such contamination
(van der Zwan et al., 2017). Additionally, serpentinites play an
important role during melt-rock interactions of upper mantle,
which was thereafter exposed in the detachment faults (e.g.,
Bach et al., 2004; Sauter et al., 2013; Ciazela et al., 2017), where
upper mantle serpentinites may be abundant in the crust of
slow- and (mostly) ultraslow-spreading ridges. Indeed, hydrated
peridotites, in particular, upper mantle serpentinites are high-
Mg rocks variously enriched in refractory elements (Cr, Ni) and
fluid-mobile elements (e.g., halogens, H, B, O, He, Ar, As, S, Sb,
Sr, and Pb) due to interaction between peridotite and seawater-
derived low-to-moderate-temperature hydrothermal fluids (e.g.,
Guillot et al, 2001; Frith-Green et al., 2004; Bonifacie et al,,
2008; Deschamps et al.,, 2010; Evans et al., 2013; Guillot and
Hattori, 2013; Kendrick et al, 2013). These rocks crop out
preferentially below the mantle-crust transition zone (Evans et al.,
2013) which is locally exposed to the seafloor at mid ocean ridges
(e.g., Bach et al,, 2004) and may be sampled as upper mantle
xenoliths by lavas of such oceanic islands as Canary Islands
(Neumann et al., 2015) at possible reaction depths of up to
1.0 GPa pressure.

Although the interaction between dry tholeiitic basalt and
anhydrous harzburgite has been investigated experimentally by
Fisk (1986), Kelemen et al. (1990), Morgan and Liang (2003), and
Van den Bleeken et al. (2010, 2011), the rates and mechanisms of
assimilation of the hydrated mantle lithosphere (or serpentinite
rocks) by the basaltic magmas and the chemical impact of the
hydrated mantle on the composition of oceanic basalts are still
unconstrained. Such constraints are important to understand
the evolution of the oceanic lithosphere and to reconsider some
inferences of geochemists on the nature and composition of
mantle sources (Nonnotte et al., 2005; Kendrick et al., 2017).
Our experiments were designed to study the reaction processes
between moderately differentiated basaltic melt and serpentinite
with high melt/rock ratio at pressures of 0.2-1.0 GPa. Our
new data contribute to constrain the rate, mechanism and
compositional impact of the assimilation of the serpentinized
lithospheric mantle by the basaltic magma.
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MATERIALS AND METHODS

Starting Materials and Analytical

Methods

The MORB used in the experiments is a typical moderately
differentiated (8.2 wt.% of MgO) glassy tholeiitic basalt (sample
3786/3) from Knipovich ridge of the Mid Atlantic Ridge dredged
during the 38th Research Vessel Adademic Mstislav Keldysh
expedition (Sushchevskaya et al., 2000). The serpentinite used as
starting material is a homogeneous rock composed by antigorite
with accessory Fe-rich oxides, devoid of relics of primary
mantle silicates, sampled in Zildat, Ladakh, northwest Himalaya
(e.g., Deschamps et al., 2010). The composition of the starting
materials is given in Table 1. The concentrations of elements in
both rocks were measured at the Service d’Analyse des Roches
et des Minéraux (SARM, Centre de Recherches Pétrographiques
et Géochimiques, Vandoeuvre lés Nancy, France). The rock H,O
concentrations were measured using Karl Fischer titration. Major
and trace elements were measured using inductively coupled
plasma optical emission spectroscopy (ICP-OES) and ICP-MS,
using a method developed at the SARM (Carignan et al., 2001)
employing an ICP-OES IRIS Advantage ERS from Thermo
Scientific and an ICP-MS x7 from Thermo Scientific.

For the hybrid runs, the serpentinite has been prepared
as doubly polished ~1000 pm thick section, thereafter cut
to 2.7 mm diameter cylinders by a core drill machine.
The MORB glass has been crushed to powder (< 100 pm
glass size). Additionally, for the mixed runs at 0.2 GPa
pressure, the serpentinite sample has been crushed to powder
(<100 pm glass size).

Experimental Strategy and Method

The experiments in the system containing basalt and serpentinite
were performed at 0.2-1.0 GPa and 1250-1300°C. Although in
modern oceanic settings, temperatures of 1050°C are sufficient
to initiate reaction of hydrated peridotite with basaltic magma at
0.2 GPa (Borisova et al., 2012a), we chose higher temperatures
for the experiments as higher temperatures substantially increase
reaction rates of the serpentinite-basaltic melt interactions and
ensure conditions corresponding to complete melting of the
basalt, consistent with the majority of existing models of basaltic
melt extraction from the mantle (Fisk, 1986; Hirschmann et al.,
1998; Ulmer, 2001; Morgan and Liang, 2003).

Fifteen experimental runs were performed at 0.2-1.0 GPa
with similar serpentinite to basalt ratios (with 12-28 wt%
of serpentinite in the mixture), the similar initial bulk water
content, and different run duration (Figure 1 and Table 2).
Two series of experiments were performed: (a) hybrid series
with serpentinite cylinder and basaltic powder at 0.2 and
1.0 GPa and (b) mixed series composed of intimately and well-
mixed serpentinite and basaltic powders uniquely at 0.2 GPa
pressure. The experimental design of the hybrid runs included
a serpentinite cylinder in the upper part and dry or wet MORB
glass powder in the lower part of the AugyPdyo (exceptionally,
in one run of the Pt) capsule. The mixed runs were performed
with mixtures of basaltic powders and 20 wt% of serpentinite

TABLE 1 | Starting material composition.

Sample Basalt* TSL-19
SiOz, wt% 50.31 40.69
TiO2 1.45 D.L.
Al,Og 15.31 0.88
FesOsiotal 9.9 7.53
MnO 017 0.11
MgO 8.21 38.24
Ca0O 10.29 0.06
NayO 3.04 D.L.
KO 0.31 D.L.
P>0s 0.18 0.05
LOI -0.22 11.55
Total 98.93 99.1
HoO total, wt% 0.71 11.91
Ba, ppm 75.8 D.L.
Ce 16.8 D.L.
Cr 275 2417
Dy 5 0.049
Er 3.04 0.042
Eu 1.33 0.008
Gd 4.34 0.023
Hf 2.65 D.L.
Ho 1.12 0.012
La 6.44 D.L.
Lu 0.445 0.009
Nb 7.23 D.L.
Nd 124 D.L.
Ni 129 1901
Pr 2.51 D.L.
Rb 7.19 D.L.
Sm 3.75 D.L.
Sr 148 2.349
To 0.75 0.005
Th 0.63 D.L.
m 0.436 0.007
U 0.79 0.627
Y 29.1 0.266
Yb 2.91 0.05
Zr 94.3 D.L.

*Basalt—mid-ocean ridge basaltic glass (Sushchevskaya et al, 2000) used in
the experiments; TSL-19—serpentinite (Deschamps et al., 2010) used in the
experiments. D.L.—concentrations are below detection limit.

powder in the bulk mixture (Figure 1 and Table 2). The starting
components were weighed before runs. The distilled water?
was mixed with the MORB powder in the experiments with
additional water uniquely at 0.5 GPa pressure. The experimental
runs were performed at temperature of 1250-1300°C. Because
the run duration was shorter than 48 h which is necessary
to reach oxygen fugacity equilibrium with a piston-cylinder
double-capsule techniques of mineral buffer (Matjuschkin et al.,
2015), the redox conditions in our kinetic experiments were
controlled by the initial Fe?/Fe>T ratios in the MORB glass and
serpentinite, although more oxidized conditions were established
during the runs due to the presence of water and partial H;
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FIGURE 1 | Pressure (in GPa) versus experimental run duration (in hours) diagram in the experimental basaltic melt-serpentinite system (without additional water)
showing mineral and glass assemblages produced in hybrid and mixed runs at 1250-1300°C. The diagram and the back-scattered electron images of the samples
show the main melt and mineral phases observed after quenching: Lyzs —zone of hydrous basaltic glass; Lj,; —interstitial glass; Opx—orthopyroxene; Ol—forsteritic
olivine; F—fluid; Serp—serpentine, mostly antigorite minerals issued from the starting serpentinite. The run numbers and corresponding run products are given in

loss to Al,O3 pressure media. The Felll/Fe!l ratios in several
quenched products were estimated using X-ray absorption near
edge structure (XANES) at European Synchrotron Radiation
Facility (ESRF) in Grenoble (France). Oxygen fugacity relative
to the quartz-fayalite-magnetite (QFM) buffer was calculated
based on the obtained ferric iron (Fel'!) mole fraction (Xger)
in the analyzed samples (Table 2) using of the FeO™!! contents
in the predominant basaltic melt and model of Borisov et al.
(2018). The redox conditions in the shortest runs (<4 h) were
estimated from the olivine-chromite assemblages using equations
of Ballhaus et al. (1991) and from mole fraction of ferric iron

Fe!'l obtained by XANES at corresponding temperatures to range
from QFM(+1.5) (for P10) to QFM(+3.6) (for P1) (Figure 1 and
Table 2).

Two piston-cylinder systems were used in our experiments.
Experiments (P1-P10) used the end-loaded Boyd-England
piston-cylinder apparatus at the Korzhinskii Institute of
Experimental Mineralogy, Chernogolovka, Russia. Standard
talc-Pyrex cells 3/4 inch in diameter, equipped with tube graphite
heaters, and inserts made of MgO ceramics were used as pressure-
transmitting medium. The pressure at elevated temperatures was
calibrated against two reactions of brucite = periclase + H,O and
albite = jadeite + quartz equilibria. A pressure correction (12%)
was introduced for the friction between the cell and hard-alloy
vessel. To minimize the friction, a Pb foil and molybdenum
disulfide (MoS;) lubricant were used. AuggPd;o capsules with
starting mixtures were mounted in the central parts of the cells.
The temperature in the upper part of the capsules was controlled
to be accurate to +1°N using a MINITHERM controller via

a WosRes/WggReyp thermocouple insulated by mullite and
Al,O3 without pressure correction. For the Pyrex-bearing
assemblies, the sample was heated to 550-600°C at low confining
pressure (0.15-0.2 GPa) for a few minutes in order to soften
the Pyrex glass; subsequently, both temperature and pressure
were increased almost simultaneously up to the desired run
conditions. The samples were maintained at run conditions
during desired durations (Table 2). The experiments were
quenched by switching off electricity. The quench rate was
100-300°N/min.

The experiments (P15-P26) used the “Max Voggenreiter”
end-loaded Boyd-England piston-cylinder apparatus at the
Bavarian Research Institute of Experimental Geochemistry and
Geophysics (BGI), Bayreuth, Germany. Talc cells 3/4 inch in
diameter with Pyrex sleeves were used. A tapered graphite
furnace was inserted in each cell. Alumina (Al,O3) spacers were
used as pressure-transmitting medium. An AuggPd,o capsule
loaded with starting materials was set in the central part of the
assembly. A 20% pressure correction was applied for the friction
between the talc cell and pressure vessel. A molybdenum disulfide
(MoS,) lubricant was introduced to minimize the friction. The
temperature in the upper part of the capsules was controlled by
a EUROTHERM (2404) controller via either W3Reg7/W;5Re7s
(type D) or PtgRhgs/Pt3oRhyg (type B) thermocouple accurate to
+0.5°C. The sample was compressed to 0.5 GPa during a period
of 20 min and then heated up to the run temperature (1300°C)
at a rate of 100°C/min. The samples were maintained at run
conditions during desired durations (Table 2). The experiments
were quenched by switching off electricity. We have applied
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TABLE 2 | Conditions and products of the experimental interaction between basaltic melt and hydrated peridotite at 0.2 1.0 GPa.

N°  Run Pressure Temperature Capsule Time Percentage of the starting H,0* (wt%) Run products with phase Resulting oxygen Kd
(GPa) (°C) material (h) components (Wt%) (H20) proportions (wt%) fugacity QFM
(Xrey PANESS
Serpentinite®  Basalt® Water®

1 P37 0.2 1250 AugoPdao 0.5 28.2 71.8 - - L bas (72.8) + L int (0.4) + Ol - -
(17.0) + Opx
(6.8) + Cpx + ChrMgt (0.0) + F
3.0)

2 SB1%8s 0.2 1250 AugoPdag 2 19.95 80.05 - - 0Ol (39.6) 4 Cpx (22.3) + Chr - -
(0.8) + Ljnt (34.0) + F (3.3)

3 SBbis3%® 0.2 1250 AugoPdao 5 19.95 80.05 - - Ol + Lpas + F - -

4 SBter1$8 0.2 1250 AugoPdag 48 19.95 80.05 - - Lpas + F - -

5 P1 0.5 1300 AugoPdag 0.02 19.2 80.8 - 2.8 Lint + Ol + Serp + Opx + Cpx 0.14-0.19 QFM 0.36 +0.05
+ Chr + Lpags 2.9-3.6) -

6 P15 0.5 1300 AugoPdag 0.5 15.7 84.3 - 2.2 Lint (3) + OI (13) + Opx - -
(8) + ChrMgt + Lpgs (81)

7 P10 05 1300 Pt 2.6 12.9 87.1 - 1.8 Lint + Ol + Cpx + Chr + Lpas QFM (1.5 -3.0) -

0.35 - 0.43

8 P18 05 1300 AugoPdao 5.0 13.4 86.6 - 1.8 Lint (2) 4+ Ol (11) + Opx - -
(2) + Chr + Lpgs (85)

9 P36 0.5 1250 AugoPdag 8.0 14.6 85.4 - 2.0 Lpas -

10 P20 05 1300 AugoPdao 0.5 14.6 77.6 7.8 ( Lint (2) 4+ Ol (11) + Opx - -
(8) + Chr + Lpas (84) + F

11 P21 0.5 1300 AuggPdag 25 11.8 78.7 9.5 (1) Lint (2) + Ol (11) 4+ Opx - -
() + Chr + Lpgs (85) + F

12 P26 05 1300 AugoPdag 5.0 13 80.6 6.4 ) Lint (0.3) + Ol (4) + Opx - -
(0.8) + Chr + Lpas (94) + F

13 P3 1.0 1300 AugoPdag 25 15.3 84.7 - 2.1 Lint (3) + Ol (11) + Opx -0.13QFM (2.5)  0.33+0.05
(4) + ChrMgt + Lpas (83) -

14 P7 1.0 1300 AugoPdag 9.0 15.9 84.1 - 2.2 Lpas

15 P12 1.0 1300 AugoPdag 3.0 13.4 79.3 7.3 ™ Lpas + F 0.21

aWeight percent of the serpentine in the system is calculated as mass of serpentine divided by total mass of the all components: (Msep/(Mserp + Mmors) for P1, P15, P10, P18, P25, P3, P7 or
Mserp/(Mserp + Myors + Mr20) for P20, P21, P26, P12, where Msep, Miiors, and Mo are mass of serpentine, basaltic glass, and additional water, respectively. bu " = interstitial glass; “Lpas” = hydrous basaltic
glass; “Serp” = serpentine; “Ol” = olivine; “Opx” = orthopyroxene; “Cpx” = clinopyroxene; “Amph” = amphibole; “Chr” = chromite; “ChrMgt” = chromiferous magnetite; “F” = water bubble(s). $“Basalt” = Mid Atlantic Ridge
basaltic glass; “Water”—additional water added to the starting system. SSQFM = oxygen fugacity expressed in log units compared to the quartz-fayalite magnetite (QFM) mineral redox buffer according to Ballhaus et al.
(1991). S8 \ixed runs performed at 0.2 GPa. (Xre,, PANES _ molar fraction of Fe3* compared to the bulk Fe in the sample measured by XANES. Kd are theoretical FeO-MgO partition coefficient between olivine and co-
existing melt (Toplis, 2005) compared to the experimental FeO-MgO partition coefficient between olivine and co-existing melt (0.23 + 0.10) taking into consideration of Fe and Fe' in the melt with assumed Krey]=0.19
in the melt.; HoO wt% = 2 is suggested for the 0.5-1.0 GPa runs. *Calculated maximal H>O content in the basaltic melt due to the water liberation from the reacting serpentinite. Water activity equal to 1 suggests the
basaltic melt saturation with water fluid and the presence of the water fluid at the run conditions of 0.5-1.0 GPa pressure. The solid phase proportions were calculated based on the mass balance consideration.
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decompression during periods from 20 min to 2 h. The rate of
quenching to the ambient temperature was ~300°C/min.

Five experiments (P36, P37, SB1, SBbis3, and SBterl) were
carried out at pressure of 0.2-0.5 GPa and a temperature
of 1250°C using an internally heated gas pressure vessel
at the Korzhinskii Institute of Experimental Mineralogy,
Chernogolovka, Russia. The pressure in the system was created
by pure Ar gas. The system was heated by a furnace with two
windings (to minimize the thermal gradient). The temperature
was set and measured by a TRM-101 OVEN controller
through two S-type (PtooRhjo vs Ptjgo) thermocouples. The
thermocouples were mounted at the top and close to the bottom
of the run hot spot to monitor the temperature gradient. The
duration of experiment was from 0.5 to 48 h (Table 2). The
experiments were quenched by switching off the furnace. The
pressure during the quench was maintained constant down to
550°C, and then slowly released. The cooling rate from 1250
to 1000°C was 167°C/min, and then 90°C/min down to 550°C.
After the runs, the capsule was mounted in epoxy, cut in two parts
using a diamond saw, and then polished using SiC sand papers
and diamond pastes.

To calculate phase proportions, we have used the PYTHON
language code. At the first step, the initial MORB glass was
introduced instead of Ly, and Li,;. On the second step, the
basaltic and interstitial glasses (Lp,s and Liy, respectively) were
distinguished as two phases.

Scanning Electron Microscope (SEM)
and Electron Microprobe Analysis
(EPMA)

Major and minor element analyses of minerals and glasses
and the experimental sample imaging were performed at the
Géosciences Environnement Toulouse (GET, Toulouse, France)
laboratory using a scanning electron microscope (SEM) JEOL
JSM-6360 LV with energy-dispersive X-ray spectroscopy (EDS),
coupled with the automatic analyzer of particles by the program
“Esprit.” The main experimental phases (oxides, silicates, and
glasses) in the samples have been identified by EDS microprobe
technique at GET (Toulouse, France) (Borisova et al., 2012b).
Major and minor element compositions of the crystals and
glasses were analyzed using CAMECA SX-Five microprobe at
the Centre de Microcaractérisation Raimond Castaing (Toulouse,
France). Electron beam of 15 kV accelerating voltage, and of
20 nA current was focused or defocused on the sample to
analyze minerals or glasses, respectively. The following synthetic
and natural standards were used for calibration: albite (Na),
corundum (Al), wollastonite (Si, Ca), sanidine (K), pyrophanite
(Mn, Ti), hematite (Fe), periclase (Mg), Ni metal (Ni), and
Cr,03 (Cr). Element and background counting times for most
analyzed elements were 10 and 5 s, respectively, whereas peak
counting times were 120 s for Cr and 80-100 s for Ni. Detection
limits for Cr and Ni were 70 and 100 ppm, respectively. The
silicate reference materials of Jarosewich et al. (1980) as well as
MPI-DING glasses of ultramafic to mafic composition (GOR132-
G, GOR128-G, KL2-G, and ML3B-G of Jochum et al., 2006)
were analyzed as unknown samples to additionally monitor

the analysis accuracy. The silicate reference material analysis
allowed to control precision for the major and minor (e.g.,
Cr, Ni in glasses) element analyses to be in the limit of
the analytical uncertainty (related to the count statistics). The
accuracy estimated on the reference glasses ranges from 0.5 to 3%
(1o RSD = relative standard deviation), depending on the element
contents in the reference glasses.

H,O contents of glasses were estimated based on the
in situ electron probe analyses of the major element oxides.
The 0.5-1.0 GPa glasses were analyzed following simplified
“by difference method” without bracketing. The uncertainty
of the water contents generally varies between 10 and 50%.
The 0.2 GPa glasses were analyzed by using bracketing mode
(Borisova et al., 2020).

X-Ray Absorption Near Edge Structure
(XANES) Spectroscopy

Iron redox state in selected quenched glasses was determined
from Fe K-edge (~7.1 keV) XANES spectra acquired at the FAME
beamline (Proux et al., 2005) of the ESRF. The beamline optics
incorporates a Si(220) monochromator with sagittal focusing
allowing an energy resolution of ~0.5 eV at Fe K-edge and
yielding a flux of >1012 photons/s and a beam spot of about
300 x 200 pm. XANES spectra were acquired in fluorescence
mode in the right-angle geometry using a 30-element solid-state
germanium detector (Canberra). Energy calibration was achieved
using a Fe metal foil whose K-edge energy was set to 7.112 keV
as the maximum of the spectrum first derivative. Iron-bearing
oxides and silicates with different Fe redox and coordination
environment, diluted by mixing with boron nitride to obtain
Fe concentrations of a few wt%, were measured similarly to the
glasses to serve as reference compounds.

Iron redox state in the glasses was determined by fitting
the XANES pre-edge region (7.108-7.120 keV) according to
the protocols developed in Muioz et al. (2013) and using a
background polynomial and two pseudo-Voight functions to
determine the energy position of the pre-edge peak centroid,
which is a direct function of the Fell!/Fe!! ratio both in crystalline
and glass silicate samples (Wilke et al., 2001, 2005). Ferric iron
(Fe'') mole fraction (Xgerr) in the starting basalt, and sample
P3 was determined using the calibration established for basaltic
glasses (Wilke et al, 2005), while sample P1 that showed a
mixture of glass and crystals was processed using the calibration
established for Fe minerals (Wilke et al., 2001). The results are
reported in Table 2. The uncertainties of Xger1 determination for
dominantly glassy samples are 0.05 in absolute value, while those
for glass-crystal mixtures are typically 0.07 of the value.

Laser Ablation Inductively Coupled

Plasma Mass Spectrometry

Major and trace element concentrations were determined by
LA-ICP-MS at the Max Planck Institute for Chemistry, Mainz,
using a New Wave 213 nm Nd:YAG laser UP 213, which
was combined with a sector-field ICP-MS Element2 (Thermo
Scientific) (Jochum et al., 2007, 2014). Ablation took place in
the New Wave Large Format Cell under He atmosphere. Spot
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analyses were performed in low mass resolution mode using
crater sizes of 30 pm (lines of spots) and 8 pm (single spots), and
a pulse repetition rate of 10 Hz at a fluence of about 6.5 J/cm?
(lines of spots) and 8.3 J/em? (single spots). Isotopes used for
analysis are the following: "Li, 2Na, Mg, ¥’ Al, #Si, 3!P, ¥K,
3Cy Y7Ti, 53Cr, Mn, > Fe, ©2Ni, 85Rb, 885r, 89Y, 97y, 93Nb,
137B,, 13914 140Ce 141py 16Ng 1479y 151y, 157Gd, 19T,
163Dy, 165H0, 167EI', 169Tm, 173Yb, 175L11, 178Hf, 232Th, and 238U.
Data reduction was performed by calculating the ion intensities
of each isotope relative to the intensity of *Ca. The NIST SRM
610 silicate glass (for trace and major elements except Mg, K,
Fe) and the basaltic glass GSE-1G (Mg, K, Fe) were used for
calibration. Major element concentrations were calculated to a
total oxide content of 99 wt%. The repeatability (RSD) of the
measurements is about 1-3% (30 wm measurements) and 5-
10% (8 wm). The detection limits (3 o definition) for the 30 um
measurements vary between about 0.001 and 1 ppm (Jochum
et al., 2007, 2014). They are about a factor of four higher for
the 8 pum analyses. Measurement accuracy was tested with GSE-
1G. The concentration values agree within about 5% (30 pum)
and 10% (8 wm) of the reference values (GeoReM database)
(Jochum et al., 2006).

RESULTS OF EXPERIMENTS ON
BASALTIC MELT-SERPENTINITE
INTERACTION

Experimental Sample Description

The first group of experiments was conducted at 0.5 GPa and
1300°C with duration up to 8 h (Tables 2-4 and Supplementary
Table S1). Products of the shortest run P1 (1 min at the run
temperature) which was considered as a zero-time experiment,
the quenched basaltic glass zone and a zone replacing serpentinite
(former serpentinite zone) are present. The former serpentinite
zone contains fine-grained (5-10 wm in size) aggregates of
olivine Fogs, enstatite (Mg# = 95), chromite (Cr# = 89), and
interstitial glass of basaltic andesite composition (Figure 1).
Chromite crystals (a few micrometers in size) are disseminated
within this zone.

Samples P15 and P10 were kept for 0.5 and 2.6 h, respectively,
at run conditions. Distinct quenched melt zone and the former
serpentinite zone are also present in this sample. The melt zone
consists of hydrous basaltic glass. The former serpentinite zone
shows 5-20 um size aggregate of forsteritic olivine Fog3 and
enstatite Mg# = 97 (P15) or accessory clinopyroxene Mg# = 81
(P10) (Figure 1). It is associated with interstitial glass of basaltic
andesite to andesitic composition and chromiferous magnetite
(P15) or chromite (P10). Chromiferous magnetite and chromite
are clustered in two large (n x 100 pm) areas (P15) or
disseminated in the olivine-rich zone (P10).

Sample P18 provides an information about 5 h lasting
basaltic melt-serpentinite interaction. The sample shows a
hydrous basaltic zone and former serpentinite zone. The former
serpentinite zone consists of two areas. The outer area of nearly
200 wm width contains olivine, interstitial basaltic glass, and

disseminated chromite (grain size of a few micrometers). The
inner area consists of forsteritic olivine Fogs, enstatite (Mg# = 97),
and contains magnetite aggregate (~20 x 40 um) (Figure 1).

P36 is the longest (8 h) experiment of the series at 0.5 GPa.
Serpentinite is completely dissolved in the basaltic melt, and
the run products are represented by homogeneous basaltic glass
with 11.5 wt% MgO.

P20, P21, and P26 runs were performed with an additional
water and run duration of 0.5, 2.5, and 5.0 h, respectively
(Table 2 and Supplementary Table S1). The run products are
composed of hydrous basaltic zone and former serpentinite zone
where forsteritic olivine Fogj o4, enstatite (Mg# = 93-96) and
chromite are associated with interstitial glass of basaltic andesite
to andesite composition (Mg# = 51-67). Numerous bubbles in
the basaltic glass reflect saturation with the aqueous fluid at
the run conditions.

The second series of experiments has been performed at
1.0 GPa and 1300°C. Experiment P3 with duration 2.5 h
shows basaltic glass zone and the former serpentinite zone
where forsteritic olivine Fog;, enstatite (Mg# = 96), and Cr-
bearing magnetite are associated with interstitial glass of basaltic
composition (Figure 1). The 9 h long run without additional
water (P7) and 3 h long run with additional water (P12) contain
uniquely hydrous basaltic glasses with 13.0 wt% MgO.

Thus, at 0.5-1.0 GPa pressure range, the initial stage of basaltic
melt-serpentinite reaction generates two contrasting zones: an
olivine-rich zone composed of mostly harzburgite (forsteritic
olivine Fog3 g5 and enstatite Mg# = 93-95) with an outer dunite
portion, and a reacting basaltic zone. These zones are similar
to those produced in the anhydrous peridotite-basalt systems
at 0.1 MPa-0.8 GPa (Fisk, 1986; Morgan and Liang, 2003). An
addition of water at 1.0 GPa at the conditions of the basaltic melt
saturation with water fluid phase likely decreases the timescale
required for the serpentinite assimilation from 9 h in the P7 run
to 3 h in the P12 run (see Table 2).

Additionally, the hybrid run P37 sample is represented by
predominant basaltic glass of Ly, (72.8 wt% in the sample) with
assemblage of interstitial glass (Lj,¢, 0.4 wt%), forsteritic olivine
(17.0), residual orthopyroxene (6.8), and accessory clinopyroxene
and chromiferous magnetite with pores of fluid (3.0) (Table 2).
The mixed sample number SB1 obtained at 0.2 GPa is represented
by polyhedral olivine phenocrystals in matrix. In the matrix, this
sample contains assemblage of clinopyroxene microphenocrysts,
rims of the olivine phenocrysts, and interstitial felsic glasses.
Oxide minerals are represented by chromite microphenocrysts.
The sample SBter1 is represented by homogeneous basaltic glass
formed by complete hybridation of the starting basaltic liquid
with serpentinite, whereas the sample SBbis3 contains residual
crystallized aggregate of olivine. It is worth noting that the
current experiments with predominant proportion of basaltic
melt (72-88 wt%) longer than 5-8 h at 0.2-1.0 GPa produce the
total assimilation of the serpentinite zone by the basaltic melt
(Figure 1), resulting in homogeneous Mg-rich basaltic glasses.

Summary on the Melt Composition
The olivine-rich zones host glass pockets of 10-200 pm in
size. The composition of the interstitial glasses produced in the
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TABLE 3 | Composition of mineral and glass phases from the 0.5-1.0 GPa basaltic melt-serpentinite reaction experiments.

Exp? Phase® SiO, TiO, Al,O3 Crp03 FeOt:® MnO MgO CaO NiO Nao,O K,O P,05 Cl Total H,O Cr Ni Mg#d Cr#®
(Wt%)  (wt%) (wt%) (Wt%) (wt%)  (Wt%)  (wit%)  (Wt%)  (wit%)  (wt%)  (wit%) (wt%)  (wt%) (wt%) (wt%) (ppm)  (ppm)
P1 Lbas 5284+ 146+ 1639 003+ 73+ 013+ 475+ 874+ D.L. 255+ 036+ 018+ 07+ 95.35 4.7 209 + D.L. 50.84 -
(36) 3.1 0.14 +1.69 0.02 1.17 0.04 2.46 1.61 0.67 0.07 0.03 0.49 147 + 9.09
Lint 563+ 137+ 173+ 002+ 528+ 012+ 342+ 673+ D.L. 299+ 036+ 0.18+ - 94.04 6.0 112 + D.L. 51.6 + -
(13) 3.3 0.2 1.76 0.01 1.65 0.05 1.79 0.4 1.31 0.1 0.04 93 12.46
Ol(14) 427+ DL 045+ 02+ 434+ 012+ 5082 029+ 035+ DL D.L. D.L - 99.24 - 1358 + 2721+  95.41 -
1 0.44 0.23 0.91 0.03 +1.91 0.25 0.02 1550 191 +1.02
Opx (7) 58.9+ D.L. 183+ 0224+ 356+ 017+ 33+ 2244+ 015+ 038+ 01+ D.L. - 100.0 - 1488+ 1181+ 94.46 -
0.8 0.88 0.05 0.37 0.03 2.37 1.43 0.02 0.19 0.08 314 165 +1.13
Chr (1) D.L. 0.17 1.86 21.57 42.68 0.14 14.4 D.L. 0.36 D.L. D.L. D.L. - 94.31 - 147556 2790 50.01 88.61
P15 Lbas 5084+ 128+ 1301 007+ 827+ 016+ 1092 869+ D.L. 239+ 027+ 013+ 002+ 9599 4.0 467 + D.L. 70.07 -
(163) 0.9 0.09 +0.74 0.01 0.23 0.04 +1.04 0.39 0.12 0.05 0.04 0.01 97 +2
Lint(4) 603+ 0674+ 12838 0094+ 957+ 019+ 178+ 7.16+ D.L. 176+ 021+ 0.06+ 0.02 94.66 5.3 595 + D.L. 24.95 -
1.7 0.16 +1.65 0.04 1.3 0.05 0.24 0.56 0.61 0.11 0.03 278 +2.03
ol (11) 421 + D.L. 0.2+ 022+ 689+ 012+ 49.33 013+ 046 + D.L. D.L. D.L. - 99.46 - 1477 £ 3607 £ 92.71 -
1.1 0.2 0.17 3.69 0.04 +2.49 0.08 0.08 1189 666 +3.97
Opx 57.8 + D.L. 081+ 026+ 2.7 + DL+ 372+ 0.2+ 017+ 013+ D.L. D.L. - 99.28 - 1791+ 18313+ 96.6+ -
(13) 1.5 0.34 0.12 0.28 0.03 1.13 0.13 0.07 0.11 789 536 0.97
ChrMgt D.L. 036+ 1.02+ 06+ 84.67 0194+ 482+ D.L. 0.65 + D.L. D.L. D.L. - 92.3 - 4071 £ 51164+ 26.95 20.7 £
) 0.18 1.07 0.77 +2.96 0.038 1.39 0.05 5283 400 +7.06 13.34
P18 Lbas 4914+ 121+ 1412 006+ 74+ 014+ 1217 797+ D.L. 259+ 028+ 012+ - 95.1 4.9 417 + D.L. 74.31 -
(122) 4.3 0.12 +1.31 0.01 0.68 0.04 +1.33 0.7 0.28 0.05 0.03 101 +2.56
Lint(d) 499+ 143+ 16.07 005+ 622+ 013+ 738+ 9.05+ D.L. 308+ 036+ 013+ - 93.8 6.2 330 + D.L. 64.8 + -
1.7 0.15 +1.82 0.02 0.44 0.04 3.6 0.81 0.35 0.06 0.03 111 11.65
Ol (3 426+ D.L. 008+ 009+ 628+ 011+ 4932 0154+ 038+ D.L. D.L. D.L. - 99.0 - 643+ 2960+ 93.34 -
1.4 0.01 0.02 0.14 0.02 +0.41 0.01 0.02 151 161 + 0.09
Opx (4) 56.3+ D.L. 09+ 025+ 3838+ 01+ 37.09 066+ 014+ D.L. D.L. D.L. - 99.3 - 1728 &+ 1084+ 97.14 -
1.4 0.6 0.03 0.33 0.02 +1.4 0.34 0.03 221 272 +1.03
Mgt (2) 0.2 073+ 747+ 078+ 7216 D.L. 9.19 + D.L. 0.65 + D.L. D.L. D.L. - 90.9 - 5323 + 5073+  48.31 6.78 +
0.09 0.09 0.2 + 0.01 0.06 0.02 1374 139 + 0.46 1.72
(Continued)
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TABLE 3 | Continued

Exp? Phase® Si0, TiO, AlbO3 Cry03 FeOwp:® MnO  MgO  CaO NiO Na,0 KO  P,0s cl Total  H,O Cr Ni Mg#9 Cr#e
(Wi%)  (Wi%) (wi%) (Wt%) (wt%) (wWi%) (Wi%) (Wi%) (wit%) (wi%) (wi%) (wi%) (wi%) (wt%) (wt%) (ppm)  (ppm)
P36 Lbas 506+ 136+ 1345 007 807+ 016+ 115+ 016+ 002+ 289+ 029+ 014+ - 97.72 22 513+ DL 71.73 -
@1) 03 003 4013 0.13 0.03 0.29 0.14 0.01 0.14 0.05 0.02 22 +0.74
P3 Lbas 496+ 134+ 1347 006+ 803+ 016+ 104+ 927+ DL 266+ 028+ 014+ 002+ 9548 45 405+ DL 6865 -
(151) 7.2 021  +211 001 117 0.05 1.78 1.37 0.45 0.06 0.04 0.01 100 +7.59
Lint 499+ 151+ 142+ 008+ 874+ 0174+ 9954+ 1036 DL 244+ 027+ 015+ - 97.72 23 516+ DL 6476 -
(16) 1.5 0.27 1.78 0.03 0.75 0.05 482  +168 0.31 0.07 0.04 234 +7.32
Ol(17) 432+ DL 097+ 007+ 7.39+ 015+ 4591 081+ 036+ DL D.L. D.L. - 98.84 - 508+ 2522+ 91.72 -
1.4 0.83 0.03 1.42 003 +251 07 0.05 181 1013 +£1.53
Opx 542+ 019+ 308+ 024+ 448+ 014+ 343+ 17+ 016+ 041+ 005+ DL - 98.95 - 1609+ 1238+  96.09 -
a1 0.8 0.13 1.53 0.06 0.54 0.03 2.84 0.86 0.03 0.31 0.03 390 264  +£2.38
ChrMgt 06+ 224+ 179+ 269+ 5752 015 1172 DL - D.L. D.L. D.L. - 92.84 - 18371 - 53.55 9.14 +
0.1 0.14 0.01 027  +06 +0.32 + 1858 +135 085
P7 Lbas 506+ 122+ 1278 007+ 802+ 016+ 1296 878+ DL 249+ 027+ 016+ - 97.54 25 508+ DL 7368
(75) 5.9 015 +1.48 001 0.93 003 +152 1.03 0.29 0.04 0.03 62 +4.84

aThe experiment number, conditions are given in the Table 2. ?The produced mineral and melt phases. Bracketed numbers correspond to the number of analyses. Lpas and Lin are compositions of the basaltic and
interstitial glasses correspondingly; Ol—olivine, Opx—orthopyroxene, Chr—chromite, ChrMigt— chromiferous magnetite, Mgt—magnetite. Al iron content is recalculated as iron total (FeOyr). “Magnesium number
[100Mg/(Mg + Fe®*)] in atoms per formula unit. In case of glasses iron total is taken © Chromium number [100Cr/(Cr + Al)] in atoms per formula unit. D.L. corresponds to values below detection limit.
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TABLE 4 | Average major and trace element composition of the 0.5-1.0 GPa homogeneous samples obtained by LA-ICP-MS.

Ti02 A|203 FeO MgO MnO CaO Nazo K20 P205

SiO2, wt%

Sample

0.22 £ 0.01
0.20 £ 0.01

0.26 £ 0.01
0.27 £+ 0.01

2.67 +£0.05
2.68 £+ 0.07

9.09 + 0.15
9.31 +£0.22

0.16 & 0.01
0.16 & 0.01

12.64 £0.18
10.85 £ 0.59

8.97 £ 0.15
8.87 £0.17

12.63 £ 0.23
13.49 £ 0.38

1.24 £ 0.02
1.26 +0.02

51.14 £ 0.37
51.90 + 0.49

P7 (472
P36 (43)

Nb Ba La

Zr

Sr

Rb

Cr

Li, ppm

6.68 £ 0.20
6.64 £+ 0.20

75.38 £2.12

8.21 £0.20
8.85 + 0.30

8.74 £2.15

92.94 + 2.58

24.84 +£ 0.59

138.03 + 3.26

6.99 £+ 0.22
7.09 + 0.22

204.6 + 29.37
136.9 + 30.2

505.9 + 10.07
511.6 + 38.6

5.92 +£0.29
16.79 £ 0.77

P7 (47)
P36 (43)

76.93 +£1.70

25.8 + 0.86

1412 £ 2.62

Er

Ho

Dy

Tb

Gd

Eu

Sm

Nd

Pr

Ce

ppm

2.67 +£0.20
2.88 £0.19

4.04 £0.21 0.68 £ 0.04 440 £0.24 0.93 £ 0.06
0.71 £0.04 4.72 £0.20 0.98 £ 0.05

4.24 +£0.21

1.19 £ 0.07
1.23 £ 0.07

3.39 +0.23
3.48 £0.16

11.43+1.1

2.36 £ 0.08
2.42 £0.08

16.36 £ 0.33
16.63 £ 0.38

P7 (47)
P36 (43)

11.561 £0.37

(La/Yb)n

(La/Sm),

Yb Lu Hf Th

Tm

ppm

1.87 £0.11

1.28 £0.08
1.23+£0.06

0.21 +£0.02
0.21 +£0.02

0.60 + 0.03
0.63 £ 0.04

2.38 £ 0.10
2,53 +£0.11

0.39 £+ 0.03
0.41 £0.038

2.57 £0.16
2.67£0.14

0.39 + 0.03
0.40 £0.08

P7 (47)
P36 (43)

1.79+£0.10

aThe experiment number, conditions are given in the Table 2. Bracketed numbers correspond to the number of analyses. The average composition and the glass homogeneity is represented as 1 o std. deviation.

La/Sm and La/Yb are normalized to the composition of the primitive mantle (Lyubetskaya and Korenaga, 2007).

shortest hybrid runs at 0.5-1.0 GPa varies from basaltic, basaltic
andesite to andesitic (Figure 2). The interstitial dacitic melts even
richer in silica (up to 66-71 wt%) were produced at 0.2 GPa
pressure compared to those obtained in the 0.5-1.0 GPa pressure
(Figure 2) and are discussed elsewhere (Borisova et al., 2020).
In this work, we pay more attention to the mechanisms and to
the rates of assimilation relevant to the magmas interacting with
hydrated mantle lithosphere in oceanic setting. The interstitial
melts produced at 0.2-1.0 GPa are formed close to equilibrium
with olivines of the olivine-rich zones (Figure 3). The major
element composition of the basaltic melts produced due to the
bulk serpentinite dissolution in the longest experiments (48 h at
0.2 GPa, 8 h at 0.5 GPa, and 3 h at 1.0 GPa pressure) indicates a
strong contribution of the serpentinite on the basalt chemistry.
Indeed, the final products of the kinetic series at 0.2-1.0 GPa
are represented by homogeneous Mg-rich basaltic glasses (50-52
wt% SiO,, 12-13 wt.% MgO) with ~500 ppm Cr and 140-
200 ppm Ni (Tables 3, 4 and Supplementary Table S1). They
contrast with the starting MORB (50 wt% SiO5, MgO = 8.2 wt.%,
Cr = 275 ppm, Ni = 129 ppm) due to the complete dissolution
of the Mg, Cr and Ni-enriched serpentinite (Figures 2, 3). The
homogeneous basaltic glasses present lower TiO; contents (1.22-
1.36 wt%) and similar primitive-normalized (La/Sm), (1.1-1.5)
and (La/YD), (1.6-2.0) ratios compared to those of the starting
basaltic melt (1.45 wt%, 1.1 and 1.6, respectively) due to the
low content of these elements in the serpentine (Table 4). Thus,
the chemical impact of serpentinite on the final basaltic melt as
a result of the bulk assimilation is a dilution in incompatible
elements (e.g., Ti) contents and an enrichment in compatible Cr,
Ni, and Mg elements, as well as a slight enrichment in Si contents.

MECHANISM AND RATE OF THE
HYDRATED MANTLE ASSIMILATION

Mechanism of the Basaltic
Melt-Hydrated Peridotite Reaction

Hybrid and mixed experiments on identical materials with
high basaltic melt to serpentinite rock ratio (>2) performed at
different run durations allowed determination of the reaction
mechanism and the assimilation rate. The transformation
of serpentinite to dehydrated harzburgite with pore fluid is
demonstrated in the zero-time experiment at 1300°C and 0.5 GPa
(Figure 1 and Table 2). The serpentinite in the shortest runs
produces forsteritic olivine (Fog; —95), enstatite (Mg# = 94-97),
and chromite and/or chromiferous magnetite with Cr# = 7-
89 and Mg# = 27-54 (Figure 1 and Table 2), similarly to
the results of Chepurov et al. (2016). The phase composition
diagram and MgO-SiO, plot (Figures 1, 3) suggest that the
basaltic melt-serpentinite reaction at 0.2-1.0 GPa is controlled
by the following stages: (1) transformation of serpentinite to
chromite-bearing harzburgite (crystallization of forsteritic olivine
and enstatite with accessory chromite and liberation of pore
fluid), (2) incongruent partial melting of the harzburgite and
formation of olivine-rich zones with hydrous interstitial melts.
Subsequently, the mechanism involves (3) formation of external
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FIGURE 2 | Al,O3, TiO», FeO, MgO, Ca0, and Na,O (in wt%), Cr (ppm), and H2O (in wt%) contents versus SiO» contents (in wt%) in the experimental glasses.
Composition of the experimental glasses produced from 0.2 to 1.0 GPa is compared to the starting basalt (MORB) and the serpentinite compositions as well as to
the compositional fields of natural tholeiitic and oceanic boninitic glasses (from database of PetDB, Lehnert et al., 2000), ultra-depleted melts marked as UDM
Sobolev and Shimizu (1993), and chromite-hosted melts (Husen et al., 2016) which are differently depleted MORB melts. The recalculated melts obtained
experimentally at 0.2 GPa pressure are after Borisova et al. (2020). HoO contents in the experimental glasses are values calculated from the EPMA. All experimental
data are available in Table 3 and Supplementary Table S1.

Frontiers in Earth Science | www.frontiersin.org 29 April 2020 | Volume 8 | Article 84


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Borisova et al.

Assimilation of Serpentinized Mantle by Basaltic Magma

A : [] - recalculated melt (0.2 GPa)
50 W) - interstitial melt (0.5 GPa)
- \. M - interstitial melt (1.0 GPa)
4 [ ] Y Serpentinite
1 Olivines \®¢ K ()
1 e T~
40 % % .
] o ¢ V% o §3
T T o Orthopyroxenes
{ \ % op
X 1 ! & /
= 30 o \ % , o
z | \ >
Z /
e 1 \ B o
B0 ] . 2
= ] . 2@
20 \ i
4 )
\ / 0‘\
] \ , g
] Vo O
/o oo N
10 =R =
4 I Ogo g it o
1 MORB o 5
1 [u]
] vy O-6,
0 T T T T T T T
B : W1- basaltic melt (0.5 GPa)
50 — - basaltic melt (1.0 GPa)
E L
.\ Serpentinite
] Olivines ® ~
40 X2 Tl
i o ® \ N
1 . o o§) Orthopyroxenes
0
E\f 30 4 \\ /
= 1 . r°
) ) /
=) ! r°
= " /
i /()
20 \ /
J \ ,
\ /
/ - - - - - - - = AY
10 )
|
bas MOR Interstitial !
H glasses !
I
\
,,,,,,,, /
0 T T T T

30 40 50 60 70 80
Si0, wt%

FIGURE 3 | (A,B) Mechanism of the basaltic melt interaction with serpentinite.
Five steps of the interaction have been distinguished: (1) dehydration and
transformation of serpentinite to Cr-rich spinel-bearing harzburgite
(crystallization of olivine and orthopyroxene) with appearance of pore fluid, (2)
incongruent melting of the harzburgite and formation of associated hydrous
interstitial melts in harzburgite/dunite, (3) progressive formation of external
dunite zone due to orthopyroxene dissolution and diffusive exchange between
the external basaltic melt and interstitial melts and (4) dissolution of the dunite
in the basaltic melt, and finally (5) bulk dissolution of the dunite and formation
of hybrid basaltic melts. Lj,; and Lpgs are interstitial and basaltic melts,
respectively (see Table 2). Equilibrium Kd are calculated as theoretical
FeO-MgO partition coefficient between olivine (Fogp-g5 mol%) and co-existing
interstitial melt of 57-62 wt% SiO, at 0.5 GPa pressure according to Toplis
(2005). The recalculated melts obtained experimentally at 0.2 GPa pressure
are after Borisova et al. (2020). All experimental data are available in Table 3
and Supplementary Table S1.

chromite-bearing dunite zone due to incongruent dissolution
of orthopyroxene associated with diffusive exchange between
the reacting basaltic melt and the interstitial melts, (4) partial
dissolution of the chromite-bearing dunite in the initial basaltic
melt, and finally (5) the total assimilation of the chromite-
bearing dunite and formation of the high-Mg hydrous hybrid
basaltic melt (Tables 2, 3). Moreover, the homogeneous hybrid
basaltic melts produced in the longest experiments at 0.2-1.0 GPa

are enriched in Mg and Cr due to the total assimilation of
serpentinite (Table 4). Tholeiitic basaltic melts reacting with and
assimilating the hydrous peridotite become eventually saturated
with olivine, chromite, and orthopyroxene. We suggest that
the reaction of such depleted basaltic melt with a peridotite
would produce chromite-bearing harzburgite through reactive
porous flow. The mechanism observed in our work contrasts with
reactive fractionation reported by Van den Bleeken et al. (2010,
2011) at 0.65-0.80 GPa in dry conditions. These authors observed
plagioclase and orthopyroxene crystallization and formation of
plagioclase-bearing peridotite due to reactive porous flow of dry
tholeiitic basaltic melt through anhydrous peridotite at 1170-
1320°C.

Fractional crystallization of the hybrid, depleted, and
chromite-saturated basaltic melts can produce chromitites.
Indeed, according to the recently proposed model of the
chromitite genesis, the bulk serpentinite assimilation by
MORB basaltic melt is the main factor responsible for the
massive chromite crystallization (Borisova et al., 2012a) at the
oceanic Moho mantle-crust transition zone. Our experiments
demonstrate that formation of the hybrid mid-ocean ridge
basaltic melt saturated with chromite is possible at conditions
of predominant proportion of basaltic melt (above 70 wt%)
and, therefore, due to high melt/rock ratio (>2) at 0.2-1.0 GPa
pressure. The main physico-chemical parameters controlling
the chromite crystallization are the presence of aqueous fluid
or/and hydrous basaltic melts into the reactive system (Borisova
etal., 2012a; Johan et al., 2017; Zagrtdenov et al., 2018). The fluid
presence at 0.2 GPa pressure is also necessary condition for the
chromite concentrating by a physical, not a chemical process due
to surface tension of the fluid, which is sufficient to maintain
dispersed chromite crystals inside the fluid upon the chromite
crystallization (Matveev and Ballhaus, 2002). Additionally,
an initial stage of the basaltic melt reaction with dehydrated
serpentinite may result in formation of chromite-bearing
harzburgite and dunite. The first direct evidence that the initial
stage really happens at the 0.2 GPa mantle-crust transition zone
is occurrence of chromite-hosted silica-rich inclusions of the
Oman ophiolite chromitite ore bodies (Rospabé et al., 2019b).

Assimilation Rate of the Hydrated Mantle
Lithosphere

The calculated average rate of the serpentinite assimilation by
the basaltic melt in the experiments without additional water
is 4.3 x 1071 m?/s (Table 5). It is surprisingly similar to the
assimilation rate by basaltic melt in the runs with an additional
water at conditions of the melt saturation with an aqueous fluid
(~4.0 x 10710 m?/s). Figure 4 demonstrates that the serpentinite
assimilation rate by dry basaltic melt measured at 0.5 GPa is
progressively decreasing during the experimental run. This may
be explained by approaching equilibrium, in accordance with
principles of the chemical kinetics. The calculated rates are at least
one order of magnitude higher compared to 10~2-107!! m?/s
for the basalt interacting with anhydrous harzburgite at 0.6 GPa
(Morgan and Liang, 2003). The assimilation rate estimated in
our work is comparable to the silica diffusivity in a hydrous
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basaltic melt (Zhang et al., 2010). Similarly, the reaction rate
established by Morgan and Liang (2003) in anhydrous system is
mostly comparable to the silica diffusivity in dry basaltic melt.
Since both reaction rates are controlled by the silica diffusion,
the difference in the reaction rates is related to the well-known
promoting effect of H,O on the silica diffusion in silicate melts
(e.g., Zhang et al., 2010 and the references therein). Thus, the
serpentinite assimilation by basaltic magma may proceed at least
10 times faster than the formation of dunitic reaction margins
(i.e, “dyke walls”) in the oceanic lithosphere during transport
of dry basaltic melt (Morgan and Liang, 2003) at 0.6-0.8 GPa.
Additionally, the newly produced hybrid basaltic melts which
become highly saturated with olivine, chromite and, likely, in
orthopyroxene would produce plagioclase-free chromite-bearing
harzburgite through reactive porous flow in a peridotite. This
process may be expressed in nature by formation of chromite-
bearing harzburgitic rather than dunitic channels of depleted
hybrid magmas enriched in Si, Mg, Cr, and H,O.

Comparison to Chemistry of Oceanic

Magmas and Glasses

Figure 2 illustrates a huge range of the major elements, water
and Cr contents in natural MORB, depleted basaltic, and oceanic
boninite glasses at wide range of SiO, (40-69 wt.%) contents
taken from the PetDB database (Lehnert et al.,, 2000). These
compositional variations in the oceanic melts are generally
attributed to varying partial melting and fractional crystallization
of basaltic and boninite magmas as well as to the reactive basaltic
melt percolation through anhydrous peridotite (e.g., Van den
Bleeken et al., 2010, 2011). However, the compositional similarity
of the experimental glasses produced due to serpentinite

assimilation by basaltic melt to the compositional field of the
natural oceanic glasses indicates that the composition of the
oceanic magmas may also be controlled by the melt reaction with
hydrated peridotite during the magma percolation to the seafloor.
The elevated water contents in the experimental liquids related to
the serpentinite dehydration at magmatic conditions is a main
difference between the experimental liquids and natural glasses.
This difference may be explained by the natural basaltic melt
degassing upon its residence and transport to the surface. Indeed,
the highest known water contents of the Kane Megamullion south
of the Kane Fracture Zone along the Mid-Atlantic Ridge were
recorded in MORB samples (up to 1.8 wt% in glass, and up
to 2.7 wt% in bulk rocks) (Ciazela et al., 2017). These MORB
magmas are considered to assimilate significant volume of the
host serpentinite at lithospheric conditions, whereas most MORB
glasses sampled at the surface are degassed.

It is now established that hydrothermal circulation during
oceanic spreading reaches mantle peridotite at and below
the petrologic Moho (Python et al, 2007; Rospabé et al,
2017, 2019a,b). The serpentinized peridotite or/and dehydrated
serpentinite mantle are characterized by an excess of H,O,
Cl (e.g., Bonifacie et al, 2008), 4He, 3Ar (Kendrick et al,
2013), and radiogenic 37Sr/%6Sr (e.g., Harvey et al., 2014). The
oceanic melts affected by assimilation of serpentinized mantle
thus may be recognized by an excess of Si, Cr, Mg, H,O, Cl, and
radiogenic 87Sr/8Sr ratio compared to those of typical MORB.
It should be noted that the highest measured Cr contents in
the chromite-hosted melt inclusions of Husen et al. (2016) are
overestimated due to secondary fluorescence effects of nearby
chromite (Borisova et al., 2018), whereas these effects are absent
during electron microprobe analysis (EPMA) of natural glasses
without any trace of chrome-rich minerals. The hybrid oceanic
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FIGURE 5 | Model of the reaction between “normal” oceanic basaltic melt
and the hydrated (serpentinized) mantle lithosphere. (A) The initial stage of the
mafic melt percolation into the hydrated mantle and formation of contact
metamorphic harzburgite containing pore fluid; (B) formation of harzburgite
wall rocks in assemblage with interstitial hydrous silica-enriched (basaltic to
dacitic) melts and diffusive homogenization between the initial oceanic basaltic
(e.g., MORB, OIB) melt and the produced hydrous silica-enriched melts. At
this stage, formation of peridotite xenoliths containing silica-rich inclusions is
highly probable. (C) The final production of variously depleted hybrid melts
locally associated with the chromite-bearing dunite/harzburgite. The bulk
assimilation of serpentinite by basaltic melt may happen at conditions of high
melt/rock ratio and the predominant proportion of basaltic melt above 70 wt%
into the hybrid system.

of such ultra-depleted and differently depleted MORB melts has
been attributed to an effect of critical (continuous) melting with
formation of lherzolite/harzburgite residue. Chemical similarity
of our experimental Cr-Mg-H,O-rich melts and associated high-
Mg silicates such as forsteritic olivine (Fog; —95 mol.%) to those
associated to forsteritic olivine (Fogz—91 mol.%) (e.g., Sobolev
and Shimizu, 1993; Husen et al., 2016) implies that origin of some
part of these variously depleted oceanic basaltic melts may be
attributed to the reaction between tholeiitic basaltic melt and the
serpentinized mantle rather than to fractional “dynamic” melting
of mantle peridotite.

Integrated Model of Basaltic
Melt-Hydrated Peridotite Reaction

It is likely that the serpentinized lithosphere assimilation may
be stronger along slow- and ultraslow-spreading ridges due to
faults rooting deeper, providing pathway for hydrothermal fluids
(e.g., Mével and Cannat, 1991; van der Zwan et al., 2017 and the
references therein), although there are clear evidence for elevated
concentrations of Cl in the MORB magmas of fast-spreading
ridges (e.g., France et al, 2009) and in small oceanic island
magmas (e.g., Dixon et al,, 2008 and the references therein).

Several examples suggest that the assimilation is favorable in the
slow-spreading settings where the source of the Cl contamination
lies deep in the magmatic system, although Cl excess in magmas
and evidence for the assimilation of the hydrothermally altered
lithosphere are observed in all types of ridges, whatever their
spreading rate (Ciazela et al., 2017; van der Zwan et al., 2017).

Our experimental work on basaltic melt-serpentinite
interaction provides convincing evidence that several types of
the oceanic lavas and cumulates can be produced by reaction
of a typical mid-ocean ridge basaltic melt with serpentinized
lithospheric mantle. Hybrid experiments suggest multi-stage
reactions with serpentinized mantle (Figure 5): (i) an initial
stage of primitive basalt percolation into the serpentinized
mantle; (ii) serpentinite dehydration and transformation
to chromite-bearing harzburgite containing pore fluid and
generation of hydrous interstitial melts variously enriched in
silica; and (iii) the final production of hybrid melts depleted
in incompatible elements in association with chromite-bearing
harzburgite or dunite due to progressive incongruent dissolution
of orthopyroxene and reaction with basaltic melt at 0.2-
1.0 GPa pressure. Since the observed major and trace element
composition of the produced melts depends on the reaction
pressure and duration (e.g., Figures 1-3), our data infer that
chemical evolution of the oceanic basaltic magmas depends on
(1) the depth of their interaction with the overlying oceanic
lithospheric mantle serpentinized by seawater-derived fluids
and (2) the rate of the basaltic melt transport from their upper
mantle source, i.e., how long the oceanic melts interacted with
the serpentinized lithospheric mantle.

CONCLUSION

(1) The hybrid and mixed experiments performed at 0.2-
1.0 GPa pressures on interaction between basaltic melt and
serpentinite provide convincing evidence that generation of
depleted MORB melts, high-Mg-Cr cumulates, chromitites,
and oceanic boninites and andesites can be reliably
explained by the efficient reaction of initially anhydrous
basaltic melts with the serpentinized lithospheric mantle.
Our data infer that chemical evolution of the oceanic
magmas depends on which depth and how long the
oceanic basaltic melts interacted with the hydrated mantle
lithosphere. Our work determines physical-chemical
conditions at which reaction of the hydrated peridotite
(or serpentinite) with basaltic liquid can lead to massive
chromite crystallization at 0.2 GPa pressure according to
model of Borisova et al. (2012a).

(2) The effect of the reaction of tholeiitic basaltic melt with
hydrous peridotite contrasts strongly with that observed
on anhydrous peridotite at 0.65-0.80 GPa by Van den
Bleeken et al. (2010, 2011). The main difference is the
total assimilation of hydrous harzburgite by the basaltic
magma and a complete absence of plagioclase in the reacted
harzburgite. That is likely due to the effect of elevated water
contents into the hybrid systems suppressing crystallization
of plagioclase. Tholeiitic basaltic melts reacting with and
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assimilating the hydrous peridotite become more saturated
with olivine, chromite, and orthopyroxene and may
produce chromite-bearing harzburgite upon reactive melt
transport in the upper mantle.

(3) The rate of the bulk serpentinized peridotite assimilation by
tholeiitic basaltic melt (4.0-4.3 x 1071% m?/s) is controlled
by the silica diffusion in hydrous basaltic melts. The
calculated rates of the serpentinite assimilation are at least
one order of magnitude higher than 10712-10~!! m/s? for
dry basaltic melt interacting with anhydrous harzburgite
and producing dunite channels due to reactive porous
flow of the basaltic melt (Morgan and Liang, 2003). The
bulk assimilation of serpentinite by basaltic melt may
happen at conditions of high melt/rock ratio (>2) and the
predominant proportion of basaltic melt above 70 wt% in
the hybrid system.

(4) Our study challenges the routine interpretation of
variations in chemical and isotopic composition of
oceanic lavas (e.g., MORB and OIB) in terms of deep
mantle plume source heterogeneities or/and mechanism
of partial melting.
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Melt and gas transfer processes are essential to the formation and growth of the Earth’s
crust and for sustaining volcanic activity. These processes also play a major role in
magma fractionation at shallow depths (<10 km) where magmas stall rheologically and
solidify. In this scenario, the conditions of melt and gas mobilization during progressive
cooling of crystal mushes down to their solidus remain poorly understood. We present
experimental data (at 1.1 kbar) showing how a combination of temperature and crystal
content control the ability of melt and gas to escape from cooling and solidifying
hydrous silicic magmas with initial crystal volume fractions (®) of 0.6, 0.7, and 0.8,
and for temperature snapshots of 850, 800, and 750°C. Microstructural observations
and chemical data show that the amount of extracted melt increases by 70% from
850 to 750°C and by 40% from ® = 0.6 to 0.8 at 750°C, due to the formation
of interconnected crystal frameworks, gas expansion in constricted pore space, and
filter pressing during cooling. As a result, our experiments suggest that melt and gas
extraction from cooling mushes increases in proximity to their solidus and can operate
efficiently at 0.6 < ® <0.93. These observations shed light on maximum estimates of
the segregation of gas-rich, crystal-poor magmas (0.02 m/year at 850°C to 9 m/year at
750°C) to form felsic dykes or eruptible systems feeding volcanoes.

Keywords: melt, gas, magma, cooling, filter pressing

INTRODUCTION

Crystal fractionation does not depend solely upon gravitational separation of crystals from melt
due to density differences (Wager et al., 1960; McKenzie, 1984; Spiegelman et al., 2001; Connolly
et al., 2009; Schmidt et al., 2012); in crystal-rich magmas, other processes may operate. Bowen
(1928), for example, avers that “the squeezing out of silicate melt residues by forces external or
internal to crystal mushes may be the most important of all.” In the Earth’s shallow crust (<10 kmy;
<2.5 kbar) where most of the erupting silicic magma reservoirs are located (Huber et al., 2019;
Zhang et al., 2020), cooling magmas tend to be volatile-saturated (6-8 wt% H,O; Hui et al., 2009)
and become crystal-rich (crystal fraction ® > 0.4; Marsh, 1981; Dufek and Bachmann, 2010;
Huber et al., 2010a), becoming extremely viscous over a very small temperature (T) range as
they approach their solidus (Holtz and Johannes, 1994; Holtz et al., 2001; Pistone et al., 2013).

Frontiers in Earth Science | www.frontiersin.org 37

June 2020 | Volume 8 | Article 175


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2020.00175
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/feart.2020.00175
http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2020.00175&domain=pdf&date_stamp=2020-06-10
https://www.frontiersin.org/articles/10.3389/feart.2020.00175/full
http://loop.frontiersin.org/people/130187/overview
http://loop.frontiersin.org/people/964073/overview
http://loop.frontiersin.org/people/842265/overview
http://loop.frontiersin.org/people/575557/overview
http://loop.frontiersin.org/people/350420/overview
http://loop.frontiersin.org/people/483350/overview
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Pistone et al.

Fluid Mobilization in Cooling Magma

These factors impede any gravitational segregetation of crystals
from melt, yet there is clear field evidence for such segregation
in natural rocks (Holness, 2018). Instead, these near-solidus
systems are capable of releasing high-silica melt (formed during
crystallization at low-pressure; Gualda and Ghiorso, 2013)
through porous flow (Olsen et al., 2004) to form crystal-poor,
evolved magmas of rhyolitic composition that are capable of
eruption at the surface (Hildreth, 1981, 2004; Marsh, 1981;
Bachmann and Bergantz, 2004; Hildreth and Wilson, 2007; Dufek
and Bachmann, 2010; Waters and Lange, 2017).

Using phase equilibria constraints in P-T-H,O space, most
felsic magmas have initial HyO contents ranging from 5-7 wt%
at 4 kbar to 4-5 wt% at 3 kbar and 2-4 wt% at 1 kbar at
T = 750-900°C (Clemens and Wall, 1981; Clemens et al., 1986;
Webster et al., 1987; Whitney, 1988; Johnson and Rutherford,
1989; Dall’Agnol et al., 1994; Scaillet and Pichavant, 1994; Scaillet
et al., 1995a,b). During magma cooling, extraction of hydrous
silicic magmas is most likely at crystal fractions ranging between
0.5and 0.7 (Dufek and Bachmann, 2010). This physical condition
is then enhanced by the time spent by crystallizing magmas
at conditions optimized for melt extraction: the longer magma
spends at such conditions, the greater the amount of extracted
residual melt (Huber et al., 2009; Dufek and Bachmann, 2010;
Hartung et al., 2019). The competition between the rate of heat
loss and the rate of latent heat release due to crystallization
during progressive cooling and solidification of magmas exerts an
important control on the extraction of interstitial melts (Huber
et al.,, 2009; Caricchi and Blundy, 2015; Lee et al., 2015).

The process of melt transfer from large-volume melt
domains to nearly solidified ones is similar to models of filter
pressing (Robin, 1979; Sawyer and Robin, 1986; Brown et al.,
1995). However, in a rheologically locked magma undergoing
solidification, the diminished volume fraction of residual melt
concentrates dissolved volatiles and favors exsolution of gaseous
bubbles (Bacon, 1986; Sisson and Bacon, 1999; Masotta et al.,
2010) and supercritical fluids or brines (Driesner, 2007; Driesner
and Heinrich, 2007; Blundy et al., 2015; Afanasyev et al,
2018), a process known as (isobaric) second or resurgent
boiling (e.g., Candela and Blevin, 1995; Candela, 1997; Su
et al, 2016). Bubble growth is a function of many factors
(Gonnermann and Manga, 2007, and references therein). At
constant pressure, bubble growth is controlled by the balance
between the rate of diffusion of H,O molecules toward the
bubble-melt interface and the rate of viscous deformation of
the surrounding melt (Proussevitch et al., 1993; Proussevitch
and Sahagian, 1998; Liu and Zhang, 2000). Where the rate of
deformation exceeds the rate of diffusion, growth is described
as diffusion-limited, whereas the inverse is viscosity-limited
(Navon et al., 1998; Colucci et al., 2015). Gas exsolution at
low pressures (P < 4 kbar) causes the mush to expand,
whereas its high viscosity (10° to 10'® Pa s; Sparks et al,
2019) resists inflation, along with the contribution of rigid
reservoir/conduit walls that play in the background. In this
scenario, gradients in @ and vesiculation drive the melt
toward regions of lower @, T, and P (Huber et al., 2010b;
Parmigiani et al., 2016; Huber and Parmigiani, 2018). Under
these conditions, felsic magmas become H;O-saturated and,
thus, the presence of exsolved gas within the interstitial melt is

likely. Indeed, field examples of plutonic felsic rocks with vuggy
porosity, such as spherical vesicles, angular diktytaxitic voids,
and miarolitic cavities, indicate the migration of intergranular
melt and gas between interlocking crystals that act as a filter in
solidifying mushes (Figure 1; Candela and Piccoli, 1995; Candela,
1997). Melt and supercritical fluid percolation generates out-
of-equilibrium textures (e.g., Grosse et al., 2010; Vigneresse,
2015; Lissenberg and MacLeod, 2016; McCarthy and Miintener,
2016; Pistone et al., 2020). In cooling magmas emplaced in the
shallow crust, melt and gas segregation can produce internal
geochemical heterogeneities with macrorhythmic sequences
of inter- and cross-connected melanocratic, mesocratic, and
leucocratic units with vuggy porosity (Figures 1A-C), “foamy”
rocks produced as a result of magma decompression following
dyking and brecciation of pluton peripheries in contact with
brittle country rocks (Figures 1D,E), and coarse-grained comb-
layered pegmatite pods (Figure 1F) produced by “swinging
eutectic point” (Balashov et al., 2000), adiabatic drop in pressure
(Shannon et al, 1982), and chemical undercooling (Pistone
et al., 2016) occurring rapidly with no achievement of chemical
and textural equilibrium (e.g., Fenn, 1977; Webber et al., 1997;
Nabelek et al., 2010).

One relatively rapid melt extraction mechanism in the upper
crust that has been proposed over the last decades is gas
filter pressing (Anderson et al., 1984; Bacon, 1986; Sanders,
1986; Sisson and Bacon, 1999; Pistone et al., 2015), which
can produce overlying pegmatites and aplites from extracted
gas-rich melts (Sisson and Bacon, 1999; Hartung et al., 2017).
Gas filter pressing is probably the dominant process by which
highly evolved melts segregate from crystal mush to form aplitic
dikes in granitic plutons and accounts for the production of
voluminous, crystal-poor rhyolites (Sisson and Bacon, 1999).
Gas filter pressing operates in crystal-rich systems (® > 0.6)
below the maximum packing fraction of bubbles and crystals
(~0.74; Pistone et al., 2015), in agreement with experimental
observations of melt percolation down a pressure gradient along
grain boundaries at maximum crystal volume fractions of 0.85-
0.9 (Dell’Angelo and Tullis, 1988). Above the maximum packing
fraction of solid minerals and expanding bubbles, the mush tends
to fracture; gas escapes through open cracks (Parmigiani et al.,
2014; Oppenheimer et al., 2015; Pistone et al., 2015). The residual
melt remains trapped within the crystal framework and is forced
to crystallize and solidify.

To date, field observations offer only the terminal snapshot
of the sequence of the dynamic processes that lead to melt
extraction. Conversely, the most recent models (Degruyter
et al.,, 2019, and references therein) shed light on the change
of the local pore pressure during gas exsolution in cooling
magmas, without simulating the actual transport of melt and
exsolved fluids during second boiling. What remains unclear
is how melt and gas are extracted at the microscale during
cooling of hydrous magmas. To address this, our study aims
to quantify how @ and T control the mobilization of volatile-
rich melts during mush solidification. We achieve this through
high-temperature and -pressure experiments, observing how
microstructural textures of crystal-rich magmas control melt
segregation, supported by petrological modeling based on
Rhyolite-MELTS (Gualda et al., 2012).
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FIGURE 1 | Examples of melt and gas segregation within cooling magmas. (A-C) Outcrops of the Beaucette Marina battery of the gabbro-dioritic Bordeaux Group
(North-Guernsey Intrusive Complex, Armorican Massif; Caroff et al., 2011) show a cumulative macrorhythmic sequence of meladiorite and diorite rocks. The
meladiorite unit consists of alternating dark and few cm-thick mesocratic layers and is veined by leucocratic diorite with vuggy porosity, forming an inter- and
cross-connected network of cm-thick sheets. (D) Image of the ca. 900 m high N-W cliff of the Cerro Nido el Condor (Patagonia, Chile) showing outcrop of the frontal
part of the Torres del Paine igneous complex. The “foamy” granite from Unit | (Michel et al., 2008) is accumulated at the front and is enriched in miarolitic cavities.
Note ubiquitous radial diking, and brecciation at the bottom of the laccolith. (E) Close-up on one of the dikes from the bottom of the Unit |, where both sedimentary
xenoliths and magma solidification act as a barrier to gas and melt movements following dike emplacement. (F) Coarse pegmatite pods with hornblende and
feldspar minerals arranged in a comb layer (a variant of unidirectional solidification texture or UST) with respect to the equigranular host gabbro from the Val Fredda
Complex (Blundy and Sparks, 1992) of the Tertiary Adamello Batholith (Alps, Italy).
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MATERIALS AND METHODS

Material Preparation and Synthesis

The preparation of the materials followed the approach of Pistone
et al. (2016). We use samples of F dacite, which is the equivalent
to the natural sample JM101 (dacite/tonalite from Adamello
batholith, Italy; Blundy and Sparks, 1992). Samples were prepared
by mixing dried, fine-grained (~1 pm) oxides and hydroxides in
appropriate proportions before the addition of a known volume
of quartz crystals that had been fired for 5 h in a one-atmosphere
muffle furnace at 1,000°C. Quartz crystals (DORSILIT 2500:
SiOy = 98.90 wt%; Al,O3 = 0.41 wt%; Fe,O3 = 0.02 wt%;
TiO, = 0.04 wt%; minor trace elements; Alberto Luisoni AG,
Switzerland) had aspect ratios between 1.0 and 3.5, and three-
dimensional grain size distributions with a mean diameter of
68 pm and positive skewness of 0.37, checked using the Malvern
Laser Diffraction Grain Sizer at the Limno-Geology Laboratory,
ETH-Zurich. Quartz particles were selected to ensure no reaction
with the melt in which they resided (Pistone et al., 2012). Aliquots
of F dacite glass were mixed with quartz particles to create
additional starting materials of different crystallinity: F50 = 0.5
crystal fraction (@), F60 = 0.6, F70 = 0.7, and F80 = 0.8.
The crystal-glass mixtures were pressed into cylindrical stainless
steel canisters (110 mm long, 35 mm inner diameter, 3 mm
wall thickness) lined with a thin (25 pm) molybdenum foil to
avoid chemical contamination, using a uniaxial cold press. The
canisters were stored at 110°C for 24 h, then arc-welded shut.
The tightness of the seal was checked by weight after immersion
in a water bath under vacuum. The canisters were then hot
isostatically pressed (HIP) for 24 h in a large capacity (170 mm
in diameter; 500 mm high), internally heated pressure vessel
at 1.8 kbar and 1,200°C (Sinter-HIP-Kompaktanlage, ABRA
Fluid AG: Rock Deformation Laboratory of ETH-Zurich). The
chosen P and T conditions ensured the generation of chemically
homogeneous glass and complete dissolution of H,O in the
melt phase (i.e., water-undersaturated melt). The maximum
temperature difference across the sample was 18°C as monitored
by three C-type thermocouples placed at the bottom and top and
in the middle of the pressure vessel. Samples were then cooled at
60°C/min to a temperature of 100°C above the glass transition
temperature (i.e., viscosity equivalent to 10'2 Pa s) to prevent
crystallization; followed by slower cooling (0.6°C/min) to room
temperature to obtain thermally relaxed glasses. The confining
pressure was decreased by 37.6 bar/min during rapid cooling,
and by 1.3 bar/min during slow cooling. Comparison of canister
weights showed less than 0.5% change in mass, suggesting H,O
loss during synthesis is negligible. Cores of 2-mm diameter and 2-
to 4-mm length were then drilled from each synthesized sample,
and the top and bottom faces were ground flat and parallel. The
compositions of the starting materials are reported in Pistone
etal. (2016) and are presented in the Supplementary Material.

High-Pressure and High-Temperature

Experiments
To simulate melt and gas mobilization upon magma cooling,
three high-temperature (T = 750, 800, and 850°C), 1.1-kbar

pressure experiments were conducted on a suite of pre-
synthesized, H,O- and crystal-rich glasses (dacite with 4.2 wt%
H,0 in the glass, and @ = 0.6, 0.7, 0.8). The experimental
pressure was chosen within the range of emplacement depth
of the plutonic systems reported in Figure 1 (0.75 £ 0.25
kbar for the laccolith of Torres del Paine; Putlitz et al., 2001;
Baumgartner et al., 2007, 2014; Leuthold et al., 2014; 3-4 kbar for
the Plutonic Complex of Guernsey; D’Lemos, 1987; de Bremond,
d’Ars et al., 1992) and consistent with some natural cases of
erupting systems with very shallow pre-eruptive residence (~1
kbar in Taupo Volcanic Zone; Bégué et al., 2014; Gualda et al,,
2018). Also, to generate the initial gas phase within the cooling
system, the chosen pressure (0.7 kbar lower than the pressure for
material synthesis) allowed the achievement of water-saturation
conditions during experiments (0.1-0.2 wt% H,O in excess in
the starting melt composition prior to crystallization, calculated
using the model of Papale et al, 2006). The different ®
values bracketed the initial crystallinities of natural plutonic
gas-saturated mushes; each experiment at specific T represents
a snapshot of the state of the mush along its cooling path.
Three sandwiched samples were inserted into 4-mm diameter Au
capsule, crimpled and welded before experiments. Using vertical,
hydrothermal cold-seal pressure vessels (University of Lausanne),
samples were first pressurized to 1.1 kbar at room temperature,
with pressure monitored using both an IMS digital pressure
sensor and a Heise 3-kbar bourdon-tube gauge (£5 bar). Then, T
was increased at a rate of 30°C/min up to the target temperature.
Experiments were run for 8 days at constant P-T and H,O-
saturated conditions (~4.1 wt% H,O in the starting melt prior
to crystallization at all studied temperatures; Papale et al., 2006)
above the wet granite solidus (~710°C at 1.1 kbar; Tuttle and
Bowen, 1958; Holtz et al., 2001). Experiments run between 750
and 850°C at 1.1 kbar allowed equivalent conditions of initial
melt viscosity (Alognmer < 0.5 and, thus, allowed comparison
of processes simulated in the experimental runs at different T
(Holtz et al., 2001; see also Supplementary Material). We did not
simulate magma cooling by changing T with a specific cooling
rate; rather the different temperatures used span those occurring
in natural gas-saturated mushes approaching their solidus.
Temperature was monitored with an N-type thermocouple
(£2°C) connected to a Eurotherm 815/831 controller. Based
on temperature calibration at room pressure prior to the high-
pressure and high-temperature experiments, no T gradients were
found in the sample placed in the center of an isothermal 30-mm
hot zone. Experiments were terminated by turning off the furnace
power and using conventional compressed air quenches (quench
rate of ~4°C/s). Quenching to the solidus (at which the sample
microstructure freezes) was thus completed in 15, 30, and 50 s
from 750, 800, and 850°C, respectively. Cooling to room T was
then followed by slow depressurisation and sample recovery.

Microstructural Analysis

Both starting materials and recovered samples were explored
using X-ray computed tomography (CT) using a spatial
resolution of 6 wm/pixel at 40 kV, 200 A, and 800 ms exposure
time with a SkyScan 1173 (University of Lausanne). Under these
acquisition conditions, quartz and glass were easily resolvable
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phases. The higher X-ray attenuation of the glass was largely due
to its Fe content. Tomographic 3D renderings were inspected
using the IDL-based Blob3D software (Ketcham, 2005a,b) to
quantify the spatial distribution and first-order volume fraction
of each phase, with an uncertainty of 0.005 in volume fraction.
Three-dimensional tomographic analysis is used to capture the
bulk microstructural features of the samples, including glass,
pre-existing quartz, and vesicle spatial distribution.

In order to image microstructural details at higher spatial
resolution (<6 wm/pixel), samples were also inspected using a
FEG-EPMA. Samples were cut in half to form a peripheral and
a central portion (Figures 2, 3); both portions were impregnated
in epoxy, polished, and carbon-coated for analytical inspection.
Backscatter electron (BSE) images were acquired at 15-kV
accelerating voltage and 1.5-nA beam current. BSE images with
a spatial resolution of 1-pm were used to estimate the volume
fractions of glass, vesicles, and minerals in the different portions
of run products using the image processing software JMicro-
Vision® v1.2.7 (Roduit, 2011), with an uncertainty of 0.002 in
volume fraction based on inspections of three representative
200 x 200 pm areas for each sample. The vesicle size distribution
(VSD), based on Feret’s radius, was carried out using the Java 8
Fiji software (Schindelin et al.,, 2012). The Ferets radius is the
half of the maximum distance or caliper between two parallel
lines tangential to the particle outline and is used to particles
of low aspect ratio (<3) and as long as particle morphology
is not largely irregular (Liu et al, 2015). Study of the VSD
allowed exploration of the different processes that lead to bubble
growth: Ostwald ripening (Stoffregen, 1996; Lautze et al., 2011),
H,O diffusion (Zhang et al., 2000) or physical gas coalescence
(Castro et al., 2012). The BSE analysis was used to capture
the differences in glass volume fraction between peripheral and
central sections of the run products and, thus, to evaluate the
movement of residual melt in the synthetic crystal mush at high
P-T conditions.

Chemical Analysis of Glass

A major challenge with glass analyses is alkali loss (Morgan and
London, 1996), a very common problem that can be minimized
by using a large beam diameter and low beam current on the
electron probe micro-analyser (EPMA). However, the available
surface of inclusion- and bubble-free glass precluded the use of a
defocused beam almost everywhere throughout the experimental
run products. Hence, we had to adjust our analytical conditions
using a low accelerating voltage and 3-5-um beam size for
the chemical analyses of the experimental glasses. We used
two EPMA instruments: a JEOL JXA-8350F HyperProbe (FEG-
EPMA; University of Lausanne) and a CAMECA SX Five EPMA
(University of Massachusetts in Amherst, MA, United States).
The chemical analysis revealed that the experimental glasses
are highly heterogeneous as a consequence of the different
processes simulated experimentally: vesiculation, crystallization,
and melt segregation.

The JEOL JXA-8350F HyperProbe (FEG-EPMA; University
of Lausanne) is capable of in-situ quantitative microanalyses at
high spatial resolution (<1 pm). Glasses were analyzed at 15 kV,
1.5 nA and 10-pum beam diameter and 7 kV, 1.5 nA, and 5- to

3-wm beam diameter due to the restricted amount of available
glass. The counting time on the peak and background positions
was 30 and 15 s for Al, Ti, Ca, Mg, and Mn and 10 and 5 s for
Si, Fe, Na, K, and P, respectively. Natural and synthetic standards
were used and data were ZAF-corrected (Armstrong, 1988). The
FEG-EPMA standardization using a small beam diameter (<5-
pm) at 7 kV included the analysis of hydrous glasses with known
water content (H,O = 5.7 wt%; Miintener et al., 2001) to monitor
any alkali loss. Using these secondary standard glasses let us
assume that no alkali loss occurred during FEG-EPMA analysis
with a 5-um beam. At 7 kV, neither Mn or P were analyzed
(<0.05 wt% total). Analyses at 15 kV targeted only large glass
pools located in the vesicle- and glass-rich regions away from the
solidification fronts. The analyses in the run product at 750°C
were almost exclusively located in the “glass coronae” around the
vesicles and using 10-pm beam size did not yield reliable data,
which were discarded (Supplementary Material). The analyses
at 7 kV targeted the “glass channels” where melt percolation
occurred within the areas affected by crystallization fronts during
experiments. The two sets of analyses display a major difference
in alkali content (especially Na), which is high in the glass-rich
areas devoid of plagioclase and remote (>10-pm) from vesicles
(Supplementary Material). Glass major element compositions
and related uncertainties are in the Supplementary Material.
Newly formed minerals (quartz, plagioclase, hornblende, and
oxide) were qualitatively analyzed using an SDD EDS detector
(spectral resolution of 129 eV on Mn) at 15 kV, 1.5 nA, and
~1-wm beam diameter.

Further glass analyses in representative “glass channels” in
samples with @ = 0.6 and ® = 0.7 at 750°C were carried out
using the CAMECA SX Five EPMA (University of Massachusetts
in Amherst, MA) at 15 kV, 2 nA, and ~5- to 10-um beam
diameter. The counting time on the peak and background
positions was 30 and 15 s for Al, Ti, Ca, Mg, and Mn, and
10 and 5 s for Si, Fe, Na, K, and P, respectively. We used two
glass standards of rhyolitic (USNM 72854 VG-568 from the
Smithsonian Institution), haplogranitic (HGGB-3 glasses from
Pistone et al., 2012), and dacitic composition (FO from Pistone
et al,, 2016) and data were ZAF-corrected. This EPMA analysis
helped to show that the FEG-EPMA analysis of the experimental
glasses in F60, F70, and F80 at 7 kV were affected by alkali
migration due to electron charge with an overall alkali loss of
up to 50%. This alkali loss at low voltage and reduced beam size
modified the number of counts for Si during analysis.

Estimation of H,O Content and

Calculation of Melt Viscosity

H,O content in the glass phase was estimated using the volatile-
by-difference method (Devine et al, 1995) for both the 7-
and 15-kV sets of analyses, with limited uncertainty (<1 wt%)
for HyO contents between 4.5 and 7.2 wt%. This method
was applied by calibrating the analytical reproducibility at the
chosen FEG-EPMA (7 and 15 kV, respectively) and EPMA
analytical conditions (15 kV) with hydrous felsic glasses of
similar H,O content (samples B659 and B736 from Miintener
et al., 2001; FO from Pistone et al., 2017; samples HGGB-3
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FIGURE 2 | FEG-probe-based BSE images of peripheral sections of all crystal-bearing samples from experiments at: (A) 750, (B) 800, and (C) 850°C. Acronyms
are: Qz4 = pre-existing quartz (dark gray); Ves = vesicle (black objects, sometimes filled with whitish material that produces electron charging); Glass = residual glass

from Pistone et al., 2012). Most of the results agree with H,O-
saturation concentrations calculated using Papale et al. (2006)
for the run pressure and temperatures. However, apparent
H, O contents appreciably exceeding H, O-saturation values were
determined for most analyses of 750°C glasses, even for analyses
at 15 kV (summation deficits to as great as 9.7 wt%). These high
apparent concentrations were determined in 10-pwm thick glass
halos around vesicles and in widespread glass domains populated
by potential cavitation nuclei or “nanobubbles”; the latter were
not observable at the analytical spatial resolution of the BSE
images, but inferred from the “foggy” aspect of the residual glass
using optical microscopy. Glass adjacent to bubbles can hydrate
during quench-cooling to room temperature, and the electron
beam’s X-ray excitation volume may intersect nanobubbles in
“foggy” glass domains. Analyses near bubble walls and in “foggy”
glass domains of 750°C runs were therefore excluded. Hydration
during quenching, alkali-loss during analysis, and overlap with
sub-surface bubbles cannot be ruled out entirely for the accepted
analyses of glasses synthesized at 750°C, so the values calculated

for their viscosities and saturation overpressures are minima and
maxima, respectively.

Melt viscosities at P-T conditions were estimated using the
model of Hui et al. (2009) with logn )¢ variations of maximum
0.2 with H,O contents ranging between 4.5 and 7.2 wt%, as
estimated with the volatile-by-difference method applied to 15-
kV data (marked in yellow in the analytical data summary table
of the Supplementary Material), in line with calculations from
solubility modeling (Papale et al., 2006).

Rhyolite-MELTS Crystallization

Simulations

Crystallization paths of hydrous dacite from 850 to 750°C at 1.1
kbar were simulated using Rhyolite-MELTS (Gualda et al., 2012)
to reconstruct the sequence of crystallization of the major phases
(hornblende, plagioclase, and quartz) and volume percentage of
excess HyO-rich bubbles at the different temperatures in the
experimental samples. Rhyolite-MELTS software currently lacks
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FIGURE 3 | FEG-probe-based BSE images of central sections of all crystal-bearing samples from experiments at: (A) 750, (B) 800, and (C) 850°C. Yellow dashed
lines divide the domains of run products F60, F70, and F80 after the experiment run at 850°C. See acronyms from Figure 2.
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a thermodynamic model for simulating amphibole crystallization
in silicate melts, and phases such as pyroxenes are calculated.
However, this did not affect the purpose of our simulations here,
as melt compositions calculated by Rhyolite-MELTS were not
directly considered. Calculations of melt crystallization were run
using starting compositions in a near-fractional crystallization
style; i.e., the chemical composition of the starting material for
the simulation is the measured composition of the glass from
the previous crystallization stage at the specified temperature.
Starting conditions and results of each simulation are reported
in the Supplementary Material.

H>0 Diffusion and Bubble Growth

The characteristic timescales for diffusion (t;) and viscous
deformation or relaxation (t,) are:

1‘2

Td

(1

Dy,0

_ Nmelt
AP,

Ty (2)
where r is the bubble radius, Dy,0 the H,O diffusion coeflicient
or diffusivity (Zhang et al., 2000), Nl the melt viscosity, and
AP, the gas overpressure. Dy,o in rhyolitic melts with H,O
content <7.7 wt% in the T range 403-1629°C and at P < 19 kbar
is estimated using the model of Ni and Zhang (2008):

In (2429) = 13.47 — 49.996X + 7.0827v/X + 1.8875P —
X

9532.3 — 91933 + 13403+/X + 3625.6P
T

where X is the mole fraction of H,O on a single oxygen basis,
T temperature in K, and P pressure in GPa. AP, is estimated
using the equation of state for H,O reported in Pitzer and Sterner
(1994) in the JavaScript-based Fugacity Calculator: https://www.
esci.umn.edu/people/researchers/withe012/fugacity.htm.

3)
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To determine whether diffusion- or viscosity-limited, the non-
dimensional Péclet number (Pe), combining Eqs 1 and 2, must be
determined (Navon and Lyakhovsky, 1998; Navon et al., 1998):

o APgr2

Pe = = —
Ty NmeltPH,0

(4)
In our experiments gas exsolution occurs under conditions of
Pe < 1, therefore the rate of expansion is unimportant relative
to that of diffusive mass transfer. The H,O diffusion length scale
(I) from melt to gas bubble was determined using ! = /t x Dy, 0,

with # as the experiment timescale.

RESULTS

Collectively, the experiments display a sequential record of
microstructural changes toward the solidus in a T-® space
(Figures 2, 3). Visual inspection of the central sections of the
samples shows that, as also observed in nature (Figure 1),
none of the samples achieved textural equilibrium due to
rapid crystallization and vesiculation (Anderson et al., 1984;
Sanders, 1986; Sisson and Bacon, 1999). Degassing occurred
in all experiments with many vesicles found trapped between
mineral clusters and in direct contact with surfaces of newly
formed minerals. Using three-dimensional image analysis and
two-dimensional analysis of vesicle modal abundance, we observe
how the distribution of both glass (including hornblende and
oxides, which are not resolvable at the spatial resolution of
the microtomography) and vesicles changes as the experimental
system approaches the solidus (Figure 4).

Here we report the observations of the different phase
(glass, minerals, and vesicles) proportions and changes as a
function of initial crystallinity, sample portion (central versus
peripheral section), and temperature (Figure 4). The vesicle
volume fraction in sample F80 slightly increases from central
to peripheral sections in the T range from 800 and 750°C. At
850°C the vesicle content from central to peripheral sections of
the cylindrical materials is more variable, with F70 displaying the
largest increase in vesicle abundance in the peripheral section
(Figures 4B,C) where large (up to 500-pm wide) tubular and
connected vesicles are found (Figure 2C). In both central and
peripheral sections of the cylindrical materials we observe the
vesicle content decrease from 850 to 800°C and then its increase
from 800 to 750°C, except for the case of sample F70 whose
vesicle content decreases at 850°C (Figures 4B,C). This non-
linear change of the vesicle content is a function of both SiO,
increase in the residual melt during moderate crystallization from
850 to 800°C and during extensive crystallization from 800 to
750°C, and non-equilibrium processes, which include relatively
rapid crystallization at the chosen temperatures and melt and
vesicle movement during the experiments. At constant P, both
SiO; increase in melt composition and T decrease concomitantly
increase H,O solubility in the residual melt due to retrograde or
inverse volatile solubility with lowering T (Fogel and Rutherford,
1990; Paillat et al., 1992; Blank et al., 1993; Lowenstern, 2001).

At 850 and 800°C, the vesicle content tends to remain
unchanged in both central and peripheral sections of each

sample, whereas, at 750°C, vesicle abundance increases by
up to 50% at largest crystallinity (& = 0.8; Figures 4B,C).
Initial crystallinity increases from 2 to 20% in run products at
T = 850°C, whereas it increases by 45% in F60, by 11% in
F70, and by 5% in F80 at 750°C, based on the comparison
between the 3D renderings of the run products at 850 and 750°C,
respectively (Figure 4A). At 800°C the initial crystallinity does
not vary (<2%) by either partial mineral resorption as observed
at 850°C or the formation of new minerals as observed at 750°C
(Figure 4). The total glass abundance decreases by 10% (in F70
and F80) to 70% (in F60) from 850 to 750°C (Figure 4A).
Glass modal proportion increases from 20% (in F60 and F70)
to 50% (in F80) from central and peripheral section of samples
at 750°C (Figures 4B,C). Limited glass volume fraction increase
is observed between central and peripheral section of samples
at 850°C (<5%) or no increase at all at 800°C (Figures 4B,C).
Analysis of the VSD shows a narrow distribution of Feret’s
radius centered around 5- to 10-pum (Supplementary Material)
unlike that expected for Ostwald ripening, which would exhibit a
smaller, broader peak (Stoffregen, 1996).

Detailed microstructural inspection of representative sample
regions at microscopic scale reveals key features at specific T and
initial ® conditions (Figures 5-7). Fractures seen in all samples
are produced at the end of the experiment during either sample
cooling, recovery, or preparation prior to analysis.

At 850°C (Figure 5), vesicles are sub-rounded and surrounded
by newly-formed quartz grains (Qz,) that are 20-pm across and
roundish and, thus, devoid of asperities such as those of the pre-
existing quartz (70-pm across, Qz1). Quartz of round shape is
typically formed in H,O-saturated felsic melts (Cabane et al.,
2001). Hornblende needles (10-pm long) and tabular plagioclase
(40-pm long) are primarily found in vesicle-free regions. Glass-
rich regions are free of vesicles and newly-formed minerals
(Figure 5). Melt viscosity is homogeneously distributed in the
sample, with logn e = 3.5 = 0.2 (Figure 5).

At 800°C (Figure 6), new quartz (Qz), plagioclase, and
microscopic oxides form on pre-existing quartz (Qz;). The
presence of oxides “coating” quartz and plagioclase favors round
vesicles (10-wm diameter) to adhere to the mineral surface, in
agreement with previous experimental observations (Hurwitz
and Navon, 1994; Laporte, 1994; Navon and Lyakhovsky, 1998;
Navon et al.,, 1998). Glass is populated by oxides (1-wm) and
hornblende needles that, at ® = 0.6, form an alignment texture
within glass regions of 10- to 30-pum size (Figure 6A). At ® = 0.8,
plagioclase is abundant (Figure 6C). Both vesicles and glass are
found within the glass-rich portions of the starting materials,
which were sealed by the progression of crystallization and gas
exsolution (Figure 6C). Glass could not be analyzed due to a lack
of crystal-free spots; thus, no logn ¢ estimations are presented.

At 750°C (Figure 7), new quartz (Qz), plagioclase,
oxide, and hornblende adhering to pre-existing quartz
(Qz1) are widespread. Quartz and plagioclase are arranged
in unidirectional solidification textures (USTs; Shannon et al,
1982) that also entrap 3-pm diameter vesicles (Figure 7C).
In places, these textures end with new 50-um quartz grown
from the USTs (Figure 7B). The glass region is constricted
by large vesicles (20 pm) and hornblende needles, aligned
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FIGURE 5 | FEG-probe-based BSE images of selected portions within the central polished sections of: (A) F60, (B) F70, and (C) F80 at 850°C. Error bars
corresponding to 2o are smaller than symbols. Acronyms are for: Qz1 = pre-existing quartz (dark gray); Plg = plagioclase (light gray); Hbl = hornblende (white
elongated phase); Ves = vesicle (black objects, sometimes filled with whitish material that produces electron charging); Glass = residual glass (least dark gray phase).
Sketches of cylindrical samples (light gray) show the location of the sample portion (black rectangles) inspected in the sample central section (orange plane).
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FIGURE 6 | FEG-probe-based BSE images of selected portions within the
central polished sections of: (A) FE0, (B) F70, and (C) F80 at 800°C. See
acronyms from Figure 5, plus Ox = oxide (white round phase). Sketches of
cylindrical samples (light gray) show the location of the sample portion (black
rectangles) inspected in the sample central section (orange plane).

perpendicularly to the USTs (Figure 7B). Pre-existing quartz is
surrounded by a micrographic texture of ~1-pwm oxides and
hornblende (Figures 7B,C). Logny; decreases by ~0.5 from
crystal-rich and bubble-poor regions to low crystallinity bubble-
rich regions within the same sample, especially in specimen F60

(Figure 7A). Moreover, samples with high crystallinity (F70 and
F80) display calculated logn ¢ of 3.5-4.0, which is 0.5 orders of
magnitude (Figure 7) lower than the value obtained for the low
crystallinity samples (F60).

Ateach T, bubble growth was driven by H, O diffusion, with an
initially high Dy, 0 (4 10~ m?/s at 4.2 wt% H,O) that increased
with increasing H,O in the residual melt (1079 m?/s at 5-7 wt%
H,0) during crystallization. In agreement with previous studies
(Lyakhovsky et al., 1996), high Dy, 0 leads to large H,O diffusion
distances (~8 mm > sample length and diameter) in the range
of T and run duration of our experiments. There is no evidence
of physical interconnectivity of vesicles (Figures 5-7), which
suggests that bubbles formed by H,O diffusion only. Locally,
H,O in the glass exceeds H,O-saturation conditions (>5-7 wt%
H,O at experimental P-T; Papale et al., 2006; Supplementary
Material), either in the 10-pm thick glass halos around vesicles
due to H,O resorption from bubbles during cooling (McIntosh
et al., 2014) or in glass portions suggested to be populated by
“nanobubbles” (Davydov et al., 2005). The volume fraction of new
minerals increases with decreasing initial @ at all T. This is due
to the fact that samples with low crystallinity (F60) display larger
amount of residual melt that degas and crystallize with respect to
the high-crystallinity systems (F70 and F80).

Rhyolite-MELTS calculations predict that the starting melt
would crystallize plagioclase at 850°C, followed by quartz at
800°C (Figure 8A). Solidification fronts from 850 to 750°C
would thus be driven by: (i) initial homogenous nucleation of
hornblende, plagioclase, and limited quartz, (ii) heterogeneous
growth of hornblende, quartz, and plagioclase upon pre-existing
quartz, and (iii) increase of vesicle content (Figure 8A). These
calculations provide minimum mineral fractions in the absence
of amphibole, which increases H,O in the melt and, thus, leads
to less extensive crystallization, as observed in our experiments.
Overall, the volume fraction of vesicles tends to decrease from
the sample center toward its periphery at highest crystallinity
(Figures 4B,C).

DISCUSSION

The microstructures produced experimentally are the
consequence of undercooled partial crystallization of magma
that lead to enhanced differentiation of the interstitial melt
(from dacite to rhyolite) and disequilibrium rock textures.
Both microstructural and chemical analyses demonstrate that
in situ melt differentiation is driven by vapor-saturated magma
crystallization and physical migration of the residual melt, as a
result of pressure gradient caused by gas exsolution.

® and T govern melt and gas expulsion from the magma
during solidification. The reduction of pore space by “crystal
zipping” (Figures 7B,C), driven by the advancement of
solidification fronts (Marsh, 1995), forces both melt and bubbles
to migrate toward the crystal-poor regions and to be segregated
toward the sample periphery (Figure 8B). We quantify the
outward movement of melt by measuring the final volume
fraction of glass/melt in both the central and peripheral sections
of the sample, X(central) and X(peripheral)> respectively, where the
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FIGURE 7 | FEG-probe-based BSE images of selected portions within the central polished sections of: (A) F60, (B) F70, and (C) F80 at 750°C. Error bars
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peripheral section is located at 1 mm radial distance. We then
define the quantity X¢ to be

Xex = Xf(peripheral) - Xf(central) (5)

and note that the larger the value of Xy, the greater the volume
of outward melt transport. We observe that X¢y < 0.03 &£ 0.01
at 850 and 800°C, and X < 0.10 &£ 0.01 at 750°C. At 750°C,
crystallization produces a continuous network of minerals upon
the pre-existing quartz grains and enhances the P increase
during gas expansion in the constricted channels (Figure 7B).
Concurrent pore restriction by crystallization and volume
expansion upon H,O exsolution by diffusion into bubbles leads
to highly efficient extraction of large melt fraction by gas filter
pressing. Conversely, in the runs at 800 and 850°C, appreciable
melt volume extraction occurs at @ > 0.8 due to: gas expansion
in absence of melt pore restriction caused by crystallization at
850°C (Figure 5C), and limited crystallization without extensive
gas exsolution at 800°C (Figure 6C). Both cases make evident
the limited effectiveness of melt extraction driven by exsolved
gas (Figure 8B).

The volumetric estimates of extracted melt in our experiments
are in line with similar estimates determined using mass balance
calculations and textural observations of rinds and cores of
glass-bearing andesitic enclaves in volcanic rocks (Bacon, 1986).
Specifically, Bacon (1986) showed that the extraction of 0.02-0.04
volume fraction of rhyolitic melt is required to produce the

chemical discrepancies between cores and rinds of andesitic
inclusions. A few millimeters thick glass linings in vesicles and
the rhyolitic glass-filled vesicles found in rinds testify to the
migration of interstitial melt from core to margin of the enclaves
by gas filter pressing (Anderson et al.,, 1984), similar to what
observed in this study (Figure 8B).

In previous experiments simulating gas filter pressing in the
absence of concurrent crystallization (Pistone et al., 2015), melt
extraction was efficient for 0.6 < @ <0.74. Our new study shows
how melt and gas extraction proceeds in more complex systems
undergoing crystallization. Very evolved, H,O-rich (5-7 wt%
H,0) melts with Mo < 10 Pa s (Figures 5, 7) are highly
mobile and their migration is efficient even at @ > 0.8, below the
maximum crystallinity preserving melt connectivity in volatile-
rich systems (® = 0.89-0.93; Faul, 2001; Cheadle et al., 2004;
Rosenberg and Handy, 2005). The presence of continuous chains
of minerals formed at the solidification fronts (Philpotts et al.,
1998, 1999; Philpotts and Dickson, 2000) builds a strong network
that is key to promoting melt extraction by gas filter pressing.

IMPLICATIONS

Microstructural and chemical results can be extrapolated to
melt and gas movements during magma cooling, for example
of a granitic pluton in the upper crust. We can constrain the
operating timescale for gas and melt extraction prior to complete
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solidification of the host mush. Below the melt connectivity
transition (Rosenberg and Handy, 2005), we first estimate melt
permeability in our quartz-rich magmas (k) with melt fraction
(Xf; Figure 8) and average mineral size (R) at the specific T
(Richter and McKenzie, 1984):

X?R?
I (6)
A(l —X?)
f
where the permeability coefficient A = 50 (McKenzie, 1984;
Jackson et al., 2003; Bachmann and Bergantz, 2004; Pistone
et al, 2015) for 0.07 < Xy < 0.1 (in the presence of gas
bubbles) and R ranging from 70 pm (initial quartz size)
at 850°C to 150 pm (due to overgrowth of new quartz
and plagioclase) at 750°C. k ranges from 3-107!* m? at
850°C to 8-107!2 m? at 750°C. Here we assume magmatic
suspensions containing a monodisperse distribution of crystal
size. As magmas contain crystals of different size and shape
(i.e., polydisperse suspensions), which both tend to reduce the
permeability with respect to monodisperse systems (Bachmann
and Bergantz, 2004; Rust and Cashman, 2011), the volumetric
rates of melt extraction calculated here for each mineral size
(70-150 pwm) are maxima.
The velocity (v) of melt and gas migration out of the crystal
network can be estimated using Darcy’s law:

K 1 APg
V= X ——
Nmelt Xf x

™)

AP, /x is the gas pressure gradient to move melt from the
sample center to its periphery (x = 1-mm radius distance)
and is calculated based on the difference between experimental
P and gas saturation P. From 850 to 750°C, AP, /x changes
from 0.001 to 0.12 kbar/m. Hence, at 1.1 kbar, the extraction
of the same amount of HyO-rich (4-7 wt%) melt (X; = 0.1)
occurs at ~1 to ~3 pm/day at 850°C (with Myer = 10* to
10° Pa-s) and ~80 to ~800 jLm/day at 750°C (with Ny = 10°
to 10 Pa-s), respectively.

Assuming natural magmas have a phenocryst size of ~3 to
10 mm (Figure 1), Eqs 6 and 7 predict expulsion velocities of
melt and gas to increase from ~1 to ~8 m/year. These are,
however, likely to be maximum estimates, as real magmas could
attain, for equivalent @ timescales that are several orders of
magnitude slower at slower cooling rates, and bulk expansion
of melt and crystals could minimize melt migration (Sisson and
Bacon, 1999). The timescales of extraction of viscous felsic melt
from highly crystallized magmas are broadly constrained from
months to thousands of years (Huber et al., 2012; Wilson and
Charlier, 2016; Gualda et al., 2018). Viable processes that can
speed up melt extraction are: (i) volume contraction of magma
of up to 20% upon cooling and solidification, which leads to
constrictional volume that drives expulsion of residual melts
(John and Blundy, 1993; John and Stiinitz, 1997), (ii) diking
into brittle country rocks or pre-existing magmas (Mahood and
Cornejo, 1992) that triggers pluton decompression at its margins
leading to magma brecciation and removal or “unzipping” of the
melt (Figures 1D,E), and (iii) eruptions that rapidly evacuate

magma reservoirs, similar to that observed during drilling into
magma, where the melt (from a high-P region) invades the drill
hole (low-P) within few minutes (Hardee et al., 1981; Helz, 1984).
The cooling of gas-saturated magmas in proximity to their solidus
has the potential to account for the extraction of interstitial
melts by gas filter pressing that form pegmatitic caps or become
eruptible magmas feeding volcanoes.

CONCLUSION

We present the first experimental study to show melt segregation
driven by gas filter pressing from crystal mushes at conditions
relevant to the Earths shallow crust. Through the use of
conventional high-temperature and high-pressure experiments
combined with high-spatial resolution techniques and Rhyolite-
MELTS simulations, we have illustrated the physical conditions
that allow gas-driven filter pressing to be an efficient process
for melt extraction from near-solidus systems. Specifically, we
have determined the effectiveness of gas-driven filter pressing
to expel the silicic melt out of the crystal framework as a
function of crystallinity and temperature conditions that bracket
solidification of natural mushes. The results from our study
are of prime importance for understanding the modality of the
generation and extraction of volatile-rich crystal-poor magmas.
At a more fundamental level, we document and explain how
second boiling at the microscopic level affects the macroscopic
dynamics of melt and gas mobilization. The cooling of volatile-
saturated magmas in proximity to their solidus could represent a
critical stage for silica-rich interstitial melts driven by gas filter
pressing to be extracted and form pegmatitic caps or become
eruptible magmas feeding volcanoes.

Large-scale magmatic reservoirs should be characterised by
slow kinetics of crystallization and rate of gas exsolution (Sisson
and Bacon, 1999), which were not simulated in our experiments.
There is still need to investigate which short timescale process
(years to decades) would speed up extraction and accumulation
of large melt lenses (10-1000 km?; Bachmann and Bergantz,
2004; Bachmann and Huber, 2019) of the size required for large
volcanic eruptions (Volcanic Explosivity Index >4; Newhall and
Self, 1982). Using the present-day high-resolution local seismic
tomography (cell volume of 125 km?; e.g., Miller and Smith,
1999), there is little geophysical evidence for the presence of
crystal-poor bodies of large volume. Their “absence” could be
related to long-term storage of melt-rich lenses within large
long-lived mush zones with massive thermal inertia that favor
slow cooling (Huber et al., 2009; Morse, 2011), as well as to
sufficiently fast extraction and eruption of these melt lenses
before complete solidification. Further effort is therefore required
for scaling up the experimental results to magmatic reservoirs in
the Earth’s crust.
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Phlogopite-Olivine Nephelinites
Erupted During Early Stage Rifting,
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The North Tanzanian Divergence (NTD, eastern branch of the East African Rift)
corresponds to an early stage of continental breakup. In the southern NTD, two
quaternary volcanoes of the Manyara-Balangida rift (Labait, Kwaraha) have erupted
primary nephelinite lavas (Mg# = 79-57) that allow characterization of their deep
mantle source and the alkaline magmas that percolated through the lithosphere
during rift initiation. Nephelinites are olivine- and clinopyroxene-rich, and contain up
to 4 vol% magmatic phlogopite that crystallized as a liquidus phase with olivine and
clinopyroxene. The presence of hydrous mineral (phlogopite) phenocrysts in Kwaraha
and Labait lavas strongly suggests that the alkaline melts were H,O-bearing at the
time of phlogopite crystallization (1.57-2.12 wt% H»O in phlogopite), demonstrating
that phlogopite may have influenced the partitioning of water between the silicate melt
and anhydrous silicate minerals (<1 ppm wt H>O clinopyroxene, 1-6 ppm wt HoO in
olivine). Geochemical modeling indicates that the nephelinite magmas resulted from
a low degree of partial melting (0.2-1%) of a carbonate-rich (0.3%) garnet peridotite
containing ~2 vol% phlogopite. We estimate the depth of partial melting based on
primary melt compositions and empirical relations, and suggest that melting occurred
at depths of 110-130 km (4 GPa) for craton-edge lavas (Kwaraha volcano) and
150 km (5 GPa) for on-craton lavas (Labait volcano), close to or below the lithosphere-
asthenosphere boundary in agreement with the presence of deep refractory mantle
xenoliths in Labait lavas. The depth of melting becomes gradually deeper toward the
southern NTD: highly alkaline magmas in the north (Engaruka-Natron Basin) are sourced
from amphibole- and COs-rich peridotite at 75-90 km depth, whereas magmatism
in the south (south Manyara Basin) is sourced from deep phlogopite- and CO»-rich
garnet-peridotite beneath the Tanzania craton (e.g., at the on-craton Labait volcano).
Percolation of deep asthenospheric CO»-rich alkaline magmas during their ascent may
have produced strong heterogeneities in the thick sub-continental lithospheric mantle
by inducing metasomatism and phlogopite crystallization in glimmerite lithologies.

Keywords: nephelinites, rift, partial melting, alkaline magmatism, metasomatism
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INTRODUCTION

Silica-undersaturated magmas are abundant in continental rifts,
including highly alkaline lavas such as melilitite, nephelinite,
basanite, and phonolite. Low-silica lavas are commonly CO,-rich
and have been described as the product of CO,-bearing mantle
domains (e.g., Brey, 1978; Dasgupta et al., 2007) associated
with carbonatite, suggesting a cogenetic origin (Woolley and
Kjarsgaard, 2008). The oldest volcanism of the East African
Rift (EAR, ~45 Ma) occurred in Ethiopia associated with the
propagation of the EAR toward the south (Ebinger et al,
2000) and produced abundant highly alkaline rocks and
carbonatites (e.g., Pouclet et al., 1981; Foley et al, 2012).
Melilitites and nephelinites were erupted at the tip of the
propagating rift and around the Tanzanian craton (i.e., Tanzania,
Uganda; Foley et al, 2012). In northern Tanzania, primitive
lavas, erupted generally in monogenetic volcanic fields (e.g.,
the Engaruka-Natron monogenetic field), are characterized by
small eruptive volumes, little fractional crystallization during
ascent, relatively high ascent rates, and xenolith-bearing lavas
(Mattsson et al., 2013).

Primary alkaline lavas erupted on and at the edge of
the Tanzanian craton sampled mantle xenoliths that indicate
the presence of heterogeneous sub-cratonic lithospheric and
asthenospheric mantle domains related to metasomatism by
carbonated (Jones et al., 1983; Rudnick et al., 1993; Lee and
Rudnick, 1999; Foley et al., 2012) and/or HO-rich fluids
(Dawson and Smith, 1988; Koornneef et al., 2009). The
xenolith data suggest that primary lavas originate from deep
asthenospheric mantle processes. Furthermore, alkaline lavas
are volatile-rich (e.g., Ivanikov et al., 1998; Keller et al., 20065
Métrich and Wallace, 2008; Hudgins et al., 2015) and could
only derive from deep, low-degree partial melting of H,O-CO,-
bearing peridotites. The depth of origin, degree of partial melting,
and mantle source control the alkalinity of the primary melt
(e.g., Maalge et al, 1992; Rogers et al.,, 1992). The diversity
of alkaline lavas (melilitite, nephelinite, and basanite) erupted
in the North Tanzanian Divergence (NTD) clearly indicates
partial melting at various levels in the sub-cratonic lithosphere
and asthenosphere (e.g., Rosenthal et al., 2009; Foley et al.,
2012; Mana et al., 2015). Further differentiation by fractional
crystallization, liquid immiscibility, and assimilation produced
Mg-rich nephelinite, Mg-poor nephelinite, and carbonatite at
different levels in the mantle and continental crust during
ascent (Klaudius and Keller, 2006; Zaitsev et al, 2012;
Baudouin et al., 2016).

In this paper, we performed a petrological and geochemical
investigation of the most primitive lavas of the NTD, i.e,
nephelinites from the Manyara basin (Kwaraha and Labait
volcanoes) to determine the mantle conditions of silica-
undersaturated magma genesis at the first stage of continental
break-up. We discuss the presence of magmatic phlogopite
in terms of alkaline magma composition and crystallization
environment of these magmas, and model the partial melting of a
deep metasomatized mantle source of the highly alkaline magmas
beneath the eastern part of the Tanzanian Craton.

Geological Background

The EAR is divided into two branches which correspond to
different stages of plate boundary extension, from rift initiation
(eastern branch initiation: Manyara-Balangida basin, Tanzania,
and western branch initiation: Toro-Ankole basin, Uganda)
to oceanic stage in the Afar Triple Junction. In the eastern
branch, volcanism began 30 Ma in northern Kenya, 15 Ma in
central Kenya, and 6 Ma in northern Tanzania (Mana et al,
2012, 2015). The north Tanzanian rift splays to form the NTD,
which includes large volcanic complexes (e.g., Ngorongoro,
Meru, and Kilimanjaro) and small volcanic cones (e.g., Lashaine,
Olmani) (Dawson et al., 1970, 1997; Jones et al., 1983). The
southern NTD is divided into three rift areas: Eyasi, Manyara-
Balangida, and Pangani, from west to east (Le Gall et al., 2008;
Figure 1). The Eyasi and Pangani fault systems are amagmatic
and represent rift propagation from the Natron basin to the
western and eastern parts of the NTD, respectively. The Manyara-
Balangida basin, representing southward rift propagation, lies
along the rift escarpment and includes two volcanic centers
(Hanang and Kwaraha volcanoes, Supplementary Figures Al,
A2) surrounded by small volcanic cones (Labait and Sora Hill,
respectively, Dawson, 2008). East of the Manyara basin, several
volcanic centers have erupted relatively evolved nephelinite lavas,
whereas small volcanic cones in the Monduli-Meru area have
erupted primitive lavas. The most primitive lavas were erupted
at Kwaraha and the small cones around Hanang and Meru. We
sampled Labait and Kwaraha for this study (Figure 1).

Labait volcano (4°34'12” S, 35°26'04” E, near Hanang
volcano) is a small olivine melilitite cone (Dawson et al,
1997; Figure 1). Eruptions at Labait occurred at 0.4 &+ 0.2 Ma
(Rudnick et al., 1999). Labait lavas carried abundant mantle
xenoliths including spinel phlogopite harzburgites, garnet
lherzolite-harzburgites, dunites, and glimmerite xenoliths (Lee
and Rudnick, 1999; Koornneef et al., 2009). The presence of
phlogopite-bearing xenoliths (Iherzolite and glimmerite) strongly
suggests the presence of H,O-rich fluids within the lithosphere.
Models of water diffusion profiles in mantle olivines indicate
high ascent rates (4-28 m-s~!) and a low lithospheric mantle
water content (<50 ppm wt H,O) (Hui et al,, 2015). Isotopic
data from Labait olivine nephelinites indicate that cratonic or
craton-margin lithosphere is present beneath Labait, with a
slightly different signature compared to the lithospheric mantle
(MacDonald et al., 2001; Aulbach et al., 2008).

Kwaraha volcano (4°13’45” S, 35°48'53” E) consists of
Quaternary (1.5-0.7 Ma; Dawson, 2008) Mg-rich nephelinite
agglomerates, tuffs, and lavas (Dawson et al., 1997). Tuff cones,
craters, and a calciocarbonatite lava flow are distributed around
the main edifice. Kwaraha lavas are derived from a source with
similar isotopic ratio than the Proterozoic Mozambique mobile
belt (low 87Sr/8Sr; Paslick et al., 1996; MacDonald et al., 2001).
Small parasitic cones produced lavas with melilitite to nephelinite
compositions (Dawson et al., 1997) that are more mafic than
those of the main edifice, and may represent the parental melt
(Dawson et al., 1997; Dawson, 2008). We studied 10 parasitic
cones including Sora Hill (Kw2) and Haindadonga cones (Kw3)
(Dawson et al., 1997; Figure 1).
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FIGURE 1 | Main structural and magmatic features of the North Tanzanian Divergence, and the locations of Labait and Kwaraha. Proportions of symbol colors
represent relative eruptive volumes of magma composition for single volcano (nephelinite, phonolite, carbonatite, basalt). Volcano names are abbreviated as: B.,
Burko; Em., Embagai; Es., Essimingor; G., Gelai; H., Hanang; K., Kerimasi; Ke., Ketumbeine; Ki., Kibo; L., Lemagrut; M., Monduli; Ma., Mawenzi; Me., Meru; Ng.,
Ngorongoro; Ol., Oldoinyo Lengai; OS., Ol Donyo Sambu; P., Pello Hill; Sd., Sadiman; S., Shira; Sh., Shombole; T., Tarosero. Map modified after Le Gall et al. (2008).

37°

MATERIALS AND METHODS

Major and Volatile Element Analyses
Whole-rock major element compositions were measured by
inductively coupled plasma optical emission spectroscopy (iCap
6500 Thermo Fisher) at the Service d’Analyse des Roches et des
Minéraux (SARM) at the Centre de Recherches Pétrographiques
et Géochimiques (Nancy, France) following the protocol
established by Carignan et al. (2001). One gram of whole-rock
powder was dissolved with HNO3 and the mixture (with LiBO;)
was fused. The reference standard was SLRS-5 and errors are
estimated to be <2% (1o0).

Complementary whole-rock analyses has been performed by
wide-angle X-ray fluorescence using sequential spectrometer
Bruker S4 Pioneer at the analytical services of the Instituto
Andaluz de Ciencias de la Tierra (IACT, University of Granada,
Spain) using Rh X-ray tube (160 kV, 159 mA). Rock powders
(1 g) are weighed with di-lithium tetraborate flux, and then the
mixture is fused at 1000°C for 15 min. The concentrations of
major elements in the samples are measured by comparing the
X-ray intensity for each element with nine reference geological
standard samples. Whole-rock sulfur and carbon contents were
determined for each sample via elemental analyser, F and Cl
contents were determined by wet precipitation-ferrithiocyanate
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spectrophotometry using a Varian Cary 50 spectrophotometer.
High LOI (up to 8 wt%), and CO; content (up to 4.6 wt%) in
nephelinitic lavas are due to the presence of small size secondary
minerals within the groundmass from hydrothermal alteration
(i.e., calcite, zeolite). Such minerals are common in nephelinites
as reported at Mount Etinde (Cameroon; Etame et al., 2012),
Engaruka volcanic field (Neukirchen et al., 2010), Cape Verde
(Mourdo et al.,, 2012), and as well worldwide nephelinites and
melilitites (Georoc database'; Supplementary Table A1).

Mineral major and volatile element concentrations were
determined via electron microprobe (Cameca XS100 at
Geoscience Montpellier, France). Analyses were performed with
an accelerating voltage of 20 keV, a 10 nA beam current, and a
focused (1 pm) beam. The counting time was fixed at 20 and
40 s for major and volatile element (S, Cl) analyses, respectively.
The standards used for major and volatile element analyses were
wollastonite for Si and Ca, Al,O3 for Al, TiO, for Ti, forsterite
for Mg, hematite for Fe, orthoclase for K, albite for Na, apatite for
P, native metal for Ni, Mn, and Cu, barite for S and Ba, fluorite
for E, and chlorapatite for Cl.

Trace Element Analyses

Whole-rock trace element analyses of lavas from Kwaraha and
related small volcanic cones (samples Kwl-Kw8), and Labait
were performed by ICP mass spectrometry (ICP-MS) after HNO3
and HF digestion of 0.1 g of sample powder in a Teflon-
lined vessel at 180°C and 200 psi for 30 min, evaporation to
dryness, and subsequent dissolution in 100 mL of 4 vol% HNOs3.
Triplicate measurements were performed with a NexION 300d
(Perkin Elmer) ICP-MS at the Instituto Andaluz de Ciencias
de la Tierra (University of Grenada) using Rh as an internal
standard, and using multi-element calibration solutions for
external calibration. Analytical precision was better than £ 5%
for concentrations > 10 ppm. Whole-rock analyses of samples
Kw10, Kwll, and Kwl2 were performed using a quadrupole
7700x ICP-MS at the Analyse des Eléments en Trace dans
I'Environnement (AETE platform, OSU-OREME, University of
Montpellier) where 0.1 g of whole-rock powder was dissolved
with acid (HF-HNO3). Blanks spiked with In and Bi were
prepared to monitor instrumental drift. Solutions were analyzed
at a final dilution factor of 4000. The sensitivity of the ICP-
MS in this configuration was 200 x 10° /ppm '*In. Analytical
accuracy was estimated from measurements of international
rock standards UBN and BEN for both analytical procedures
(Supplementary Table A1).

Mineral trace element concentrations were determined by
laser ablation ICP-MS at AETE using a GeoLas Q+ Excimer
CompEx 102. A 26 and 56 pm diameter laser beam was
used for apatite and silicate minerals, respectively, with a laser
repetition rate of 6-10 Hz and laser power of 0.5 m]J (5 J-em™2).
The spot size was chosen as a compromise between signal
intensity and the size of the minerals of interest in the samples.
Concentrations were calibrated with glass standard NIST612
and SiO; and CaO concentrations previously determined by
electron microprobe. The BIR-1 standard was used as an external

http://georoc.mpch-mainz.gwdg.de/georoc/

standard. Glitter Software (Griffin et al., 2008) was used to
process the raw data files (signal intensity vs. time) into elemental
concentrations. This allows precise selection of blanks and
signals, and rapid visualization of the intensity data. Instrumental
drift was compensated by internal standard calculations using
Glitter; no other drift corrections were performed.

Water Content Analyses

The water contents of clinopyroxene and olivine (ol)
were determined using Fourier transform infrared (FTIR)
spectroscopy. Handpicked minerals were prepared as doubly
polished sections with thicknesses between 140 and 325 pm.
The hydrogen concentration was measured in transmission
mode at the Laboratory Charles Coulomb (University of
Montpellier, France). For olivine crystals, FTIR analyses
were performed in the center of crystals far from iddingsite
rims. Unpolarized infrared spectra were acquired using a
Bruker IFS 66v coupled with a Hyperion optical microscope.
A Globar light source and a Ge-KBr beam splitter were
used to generate unpolarized mid-infrared radiation (4000-
400 cm™!). Water contents were calculated by integration of
spectra between 3770 and 3000 cm~! for clinopyroxene and
between 3610 and 3000 cm™! for olivine (for the detailed
analytical method, see Denis et al., 2015). Water concentrations
were calculated using the calibration of Paterson (1982),
considering the water concentration as a function of the density
of clinopyroxene (X dlinopyroxene(Kw3) = 2707 ppm wt H,O,
Kclinopyroxene (Kws) = 2737 ppm wt H;O0) and
olivine  (yq(Kw) = 2605-2612 ppm wt H,O,
Xol(Lab) = 2587 ppm wt H,0). Errors on water contents
due to the calibration (Paterson, 1982) and uncertainties on the
sample thickness and background correction are £ 15% (Denis
etal., 2015). The integrated unpolarized absorbances normalized
to 1 cm sample thickness are also reported to use alternative
mineral-specific FTIR calibrations.

The water content of phlogopite from sample Kw3 was
measured on mineral separates by Karl-Fischer titration (KFT)
using air as the transporting gas and muscovite as a standard
(0 =0.1 wt% H,O) at the University of Hannover (Behrens et al.,
1996). Whole rock H,O content were measured by Karl Fischer
titration at SARM. Standard solutions were used to check the
accuracy of spectrophotometry analyses, and standard deviations
are less than 5%.

RESULTS

All samples from Kwaraha (lava flows) and Labait (scoria)
have microlitic porphyric textures with large phenocrysts of
olivine and clinopyroxene (>1 mm) (Figure 2). Following the
nomenclature of Le Bas (1989), the bulk rock compositions of
Kwaraha lavas and Labait scoria are foidites with compositions
between melilitite and nephelinite, similar to nephelinites
reported in north Tanzania (Figure 3; Dawson et al., 1970, 1997;
Mana et al., 2012). Because of the similar mineral assemblages
and chemical compositions of all samples, as well the absence of
melilite minerals, we refer to them herein as nephelinites.
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FIGURE 2 | Representative microphotographs of sampled lavas: nephelinites from (A,B) Labait (Lab1, Lab3), (C,D) Kwaraha (Kw3, Kw6) Abbreviations: ol, olivine;

phl, phlogopite; clinopyroxene, cpx.

Labait Volcano
Petrography and Mineral Chemistry
Nephelinites from Labait volcano have microlitic textures
with olivine phenocrysts (15-30 vol%, 0.5-4 mm) set in a
groundmass of clinopyroxene, magnetite (magnesioferrite, Ti-
magnetite) (<1 vol%), and pyrrhotite. Olivine rims are often
transformed into iddingsite. Rare phlogopite phenocrysts (0.5-
1 vol%, ~1 mm) are present in samples Labl (Figure 2) and
Lab2. Olivines have high forsterite (Fo) and NiO contents in
Labl (Fog; to Fogy, 0.37-0.18 wt% NiQO) and Lab3 (Fogg to Fog7,
0.45-0.24 wt% NiO) lavas (Supplementary Figures A3, A4 and
Table 2). Phenocrysts are normally zoned with decreasing MgO
and NiO contents (Fog; to Fogs) and increasing CaO contents
(0.04-0.61 wt%) from core to rim. One olivine from Lab1 with the
lowest Fo content has reverse zoning with increasing Fo content
toward the rim (Fogs to Fogg). The water content in olivine (Lab1)
ranges from 2.5 to 6.6 ppm wt H,O (Figure 5 and Table 4).
Small clinopyroxene crystals (<30 mm) are present in the
groundmass and have diopsidic compositions (EngyWo49Fs;;)
with relatively low Mg# (78-79) (Supplementary Figure A5),
high TiO, contents (2.5-3 wt%), low Na,O (0.7-0.9 wt%)
and AL O; contents (1.4-2 wt%), and very low Cr,03
contents (<0.01 wt%).

Phlogopite phenocrysts (Mg# = 83-86) have relatively low F
(0.2-0.8 & 0.2 wt%), TiO, (3.6-3.7 wt%) and Al,O3 contents
(12.2-12.4 wt%) (Figure 6). Trace element concentrations are
0.1-2.9 ppm La, 841-9359 ppm Ba, 97-267 ppm Rb, and 32-
1395 ppm Sr (Table 3 and Figure 7), and normalized trace
element patterns display positive Zr-Hf anomalies.

Nepheline is present in the groundmass as Fe-rich
microcrystals (10-20 pm, 2.3-3.4 wt% FeO). Labait lavas
contain oxide phases including magnetite (7.3-8.6 wt% TiO,,

0.8-1.2 wt% MgO), Cr-magnetite (30-50 wt% CryOs3,
3.5-7.5 wt% TiO;), Mg-magnetite (8.9-9.4 wt% TiO3,
15-17.4 wt% MgO), and perovskite (552 wt% TiO3)

(Supplementary Table Al and Supplementary Figure A6).
Rare apatite crystals are fluorapatites (3-4 wt% F) with low Cl
(<0.02 wt%) and SO3 contents (0.02-0.09 wt%). Sulfides are
Ni-rich pyrrhotites (5.7 wt% Ni, 0.06 wt% Cu, 37.6-38.8 wt% S,
Pd/Ir = 2-41) with chalcopyrite rims (0.2 wt% Ni, 31.5 wt% Cu,
34.7 wt% S) (Supplementary Table A1).

Whole Rock Geochemistry

Nephelinites have very high Mg# ([Mg/(Mg + Feor)] x 100)
values ranging from 76.5 to 79.3 (MgO = 24.8-28.3 wt%), variable
peralkaline indices (Na + K/Al = 0.7-1.2) and K,O/Na,O ratios
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FIGURE 3 | Geochemical classification of sampled lavas from Kwaraha (circles) and Labait (squares). (A) Alkali vs. silica composition (B)
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Lashaine (triangle) lavas (Dawson et al., 1970, 1997, respectively), Essimingor lavas (gray stars; Mana et al., 2012), melilitites (plus) and nephelinites (cross) from
Engaruka volcanic field (Mattsson et al., 2013). Experimental melt compositions from partial melting of Iherzolite + CO» (open diamonds; Dasgupta et al., 2007) and
Harzburgite + MARID (black squares; Forster et al., 2018) are also reported.

(0.7-1.1), low CaO contents (5-7.4 wt%), and moderate Al,O3
contents (5.4-6.1 wt%) (Figure 4 and Table 1). Lavas have
variable whole-rock volatile concentrations: 0.7-4.6 wt% CO,,
2.12-2.54 wt% H,0, 200-360 ppm S, 1100-1700 ppm F, and
44-71 ppm Cl. No correlations are observed amongst the
volatiles. The high CO, content of Labl and Lab2 samples is
related the occurrence of calcite in cracks, whereas no calcite
or secondary phases within the groundmass has been observed
in Lab3 nephelinitic sample (0.7 wt% CO,). This sample (Lab3)
is considered as fresh sample and whole rock data will be
favored for models.

Labait lavas have high incompatible element concentrations
up to 300 times chondritic rare earth element (REE) values with
a high fractionation of light REEs (LREEs) compared to heavy
REEs (HREEs) (La/Sm = 8.2-8.8, La/Yb = 69.1-71.7) (Figure 8
and Table 1). Lavas have high large ion lithophile element (LILE)
concentrations (e.g., 551-621 ppm Ba), and relatively low high
field strength element (HFSE) contents (e.g., 168-178 ppm Zr)
(Figure 8). Trace element patterns have negative K and Zr-
Hf anomalies (Figure 5), high Zr/Hf (42.6-46), Ce/Y (8.4-8.7),
Nb/U (52.2-53.9), and Rb/Sr ratios (0.05-0.08), and low Zr/Nb
(2-2.3) and Ba/Rb ratios (8.5-13.3). Labait lavas are characterized
by high Cr (495-1126 ppm) and Ni contents (827-1000 ppm).

Phlogopite-Bearing Xenoliths

Mantle xenoliths from Labait volcano have been studied
previously by Rudnick et al. (1993) and Koornneef et al. (2009).
We report here additional geochemical data for phlogopite-
bearing mantle xenoliths: phlogopite-bearing lherzolites
and glimmerites.

Phlogopite-bearing lherzolites (i.e., Labx6, Table 2) have
porphyroclastic textures with 71-93 vol% olivine (Fogs to
Fog3), 1-10 vol% clinopyroxene, (Mg# = 78-91), 11-24
vol% orthopyroxene (Mg# = 86-91), and 1-2 vol% Cr
spinel [Cr# = 82-94; Cr# = Cr/(Cr+Al)] (Koornneef et al.,
2009; Hui et al, 2015). Phlogopites occur as phenocrysts
(0.1-1 mm), either disseminated throughout the sample or
associated with spinel. They have high Mg# (90-92.6) and
relatively high ALO3; (14.6-15.8 wt%), TiO, (3.5-6.4 wt%),
and Cr,O3 contents (0.17-1.86 wt%) (Table 2 and Figure 6).
Phlogopites have relatively low F (0.3-1.2 wt%) and very low
Cl contents (<0.04 wt%). They have low REE (0.02-0.2 ppm
La, <0.01 ppm Yb) and high LILE concentrations (1267-
4310 ppm Ba, 178-274 ppm Rb, 30-33 ppm Sr) (Table 3 and
Figure 7).

Glimmerites (Labx7) contain 99 vol% phlogopite (<1%
oxides). Phlogopites have low Mg# (83.7-84) and relatively
low AlLO; (12.9-13.2 wt%) and Cr,Os contents (0.51-
0.57 wt%) (Table 2 and Figure 6). Phlogopites have low
F (0.2-0.8 £+ 0.2 wt%) and very low Cl contents (<0.03
wt%). They have low Ba (842-934 ppm), very low REE
(<0.02 ppm La), and high Rb concentrations (323-358 ppm
Rb) (Table 3).

Kwaraha Volcano

Petrography and Mineral Chemistry

Lavas sampled from small volcanic cones around Kwaraha
volcano are nephelinites (n = 9, Figure 3) and one carbonatite
(Kwl) was sampled from the main volcanic center. The
nephelinites have microlitic textures and contain phenocrysts of
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olivine (2-13 vol%, 0.2-7 mm), clinopyroxene (4-12 vol%, 0.2—-
8 mm), phlogopite (0-4 vol%, 0.2-10 mm), and magnetite (1-
5 vol%, 0.5 mm) (Figure 2). Olivine, clinopyroxene, nepheline,
and rare apatite occur as microcrystals in the groundmass.
Olivines from Kwaraha lavas have high Fo (Fogs to Fog;)
and NiO contents (0.23-0.04 wt%) (Supplementary Figure A4).
Olivine phenocrysts are normally zoned with decreasing MgO
and NiO contents (Fogg to Fogy and 0.2-0.05 wt%, respectively)
and increasing CaO contents from core to rim (0.17-0.83 wt%).
Olivine water contents are very low, <2 ppm wt H,O (Table 4).
Clinopyroxene phenocrysts have diopsidic compositions
(En3s_48Woy47_52Fsy_16) with hlgh Mg# (90-77), although
rare clinopyroxene have low Mg# (63-74). High-Mg#
clinopyroxene phenocrysts have 16.4-13.4 wt% MgO, 3.5-
0.3 wt% Al,O3 (AIVI/AIY = 0.89-0.56), and up to 1.1 wt% Cr,O3
(Supplementary Figure A5). REE patterns are concave, and
enriched in LREEs compared to HREEs (2-60 ppm La, 0.02—
0.5 ppm Lu, La/Yb = 4-19) (Supplementary Figure A7). Trace
element analyses show relatively low Zr (12-480 ppm) and
Sr contents (100-870 ppm) (Supplementary Figure A7 and
Table 3). Low-Mg# clinopyroxene have very low Cr,O3 contents
(<0.01 wt%), high NayO contents (0.94-0.96 wt% Na,O), and
are enriched in REEs compared to high-Mg# clinopyroxene
(Supplementary Figure A7). Clinopyroxene from Kwaraha
(Kw3, Kw5) are dry, with <2 ppm wt H,O (Figure 5 and Table 4).
Phlogopite is present in almost all Kwaraha samples.
Phlogopites occurring as inclusions in clinopyroxene and
as interstitial phenocrysts have the same composition

(Mg# = 79-83, 3.1-3.6 wit% TiO,, 13.5-14.1 wt% Al,Os3)
(Figures 2, 6). They have very low F contents (0.2-0.7 & 0.2 wt%)
and phlogopite from Kw3 contains 1.57-2.12 wt% H,O (KFT
analyses). Phlogopites have variable REE (2.7-6.8 ppm La), HESE
(1.2-27.5 ppm Zr), and LILE contents (25-176 ppm Sr) (Figure 7

and Table 3).
In the groundmass, nepheline microcrystals have
homogeneous compositions (39.5-40.5 wt% SiO,, 10.75-

11 wt% NayO, 1.6-1.7 wt% FeO) (Supplementary Table Al).
Three Fe-Ti oxide phases were identified as Ti-magnetite (18.1-
18.6 wt% TiO,, 4.5-5.6 wt% MgO), magnetite (0.03 wt% TiO»,
0.1-0.2 wt% MgO), and rare Cr-magnetite (42.55 wt% Cr,03)
(Supplementary Table A1). Magnetites have low HESE contents
(7-75 ppm Nb, 16-39 ppm Zr). Apatite is F-rich (3-4 wt%) and
Cl- (<0.02 wt%) and SO3-poor (0.01-0.07 wt%).

Whole Rock Geochemistry
Kwaraha silicate lavas have relatively low Mg# values ranging
from 67 to 56 (MgO = 15.4-9.6 wt%). These lavas have
variable peralkaline indices (Na + K/Al = 0.4-1), alkali contents
(Na,O + K;0 = 2.2-6.2 wt%), and K;O/Na,O ratios (0.6-1.5)
(Figure 4), and very high CaO (10.7-14.4 wt%) and moderate
Al,O3 contents (7.4-10.1 wt%). They have variable whole-rock
volatile concentrations: 0.1-2.7 wt% CO;, 100-300 ppm S, 1400-
2600 ppm F, and 33-1150 ppm CL

Kwaraha lavas have high incompatible element concentrations
up to 350 times chondritic values. REE patterns show LREE
enrichments compared to HREEs (68.2-82.2 ppm La, 0.18-
0.24 ppm Lu, La/Sm = 6.9-9.7, La/Yb = 46.1-62.4) (Figure 5A).
These lavas have high LILE (673-1225 ppm Ba, 643-1009 ppm Sr)
and relatively low HESE contents (168-259 ppm Zr) (Figure 8B).
Trace element concentrations show negative K and Zr-Hf
anomalies (Figure 5B), high Zr/Hf (39.2-45), Ce/Y (6.05-7.53),
Nb/U (45.8-52), and Rb/Sr ratios (0.04-0.12), and low Zr/Nb
(1.9-2.8) and Ba/Rb ratios (10.3-33.9). Kwaraha parasitic cones
(Kw2 to Kwl2) are characterized by relatively low Cr (110-
367 ppm) and Ni contents (60-145 ppm).

DISCUSSION

Nephelinites erupted at Labait and Kwaraha volcanoes are
among the less-differentiated and more-mafic magmas of
the NTD. The high Mg# and Cr and Ni contents of
olivine-bearing lavas (Mg# = 56-79, 110-1126 ppm Cr, 60-
1000 ppm Ni, Table 1) are characteristic of primary lavas
associated with rifting close to the craton (e.g., Rogers
et al, 1992; Rosenthal et al, 2009; Foley et al, 2012
Baasner et al., 2016).

In the following sections, we discuss the mantle partial melting
environment leading to the genesis of silica-undersaturated
alkaline magmas, the role of volatiles (H,O, CO;) in magma
differentiation and metasomatism, and the interaction between
magmas and the Tanzanian lithospheric mantle. We conclude
with a comparison of the characteristics of magmatism
during the early stages of rift initiation in the western and
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eastern branches of the EAR (e.g., Uganda-Rwanda and north
Tanzania, respectively).

Phlogopite-Bearing Primary Alkaline
Magma

Primary magmas as product of partial melting of mantle
peridotite are very rare at the Earth surface as the composition
of magmas can be modified in their source deeper in the mantle
by crystallization and/or during ascent by interaction with or
assimilation of lithospheric mantle (Huppert and Sparks, 1985;
Streck et al., 2007). The compositional range observed in Labait

and Kwaraha nephelinites may suggest olivine accumulation
(<10%ol; Mg# = 76-79) (Table 1 and Figure 4) and fractional
crystallization during ascent (Kwaraha lavas with Mg# < 65),
respectively (e.g., Frey et al., 1978). However, the lavas erupted
at Labait and Kwaraha volcanoes are the more primitive magmas
of the southern part of the NTD (i.e., Mg# > 65) and their major
and trace element composition is consistent with experimental
primary alkaline melt from partial melting of mantle peridotite
(Table 1 and Figures 3, 4, 8; e.g., Mattsson et al., 2013; Green and
Falloon, 2015).

In nephelinites, olivine and clinopyroxene are the liquidus
phases and coexist with phlogopite phenocrysts. The presence
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of phlogopite in nephelinite lavas carrying phlogopite-bearing
mantle xenoliths has led to the consideration that phlogopites
are xenocrysts assimilated from the lithospheric mantle (e.g.,
Johnson et al., 1997; Lloyd et al., 2002). However, our analyses of
phlogopite crystals in lavas and mantle xenoliths show that they
have different major and trace element compositions, suggesting
different crystallization environments. Phlogopite from Labait
lavas have lower Mg# and Cr,O3 and Al,O3 contents, and higher
trace element concentrations than phlogopite from glimmerite
(igneous rocks mainly composed of mica) and phlogopite-
bearing peridotite mantle xenoliths from the NTD (Mg# = 79-83
and 90-93, respectively, Table 2 and Figure 6), suggesting that
they crystallized early from primary trace-element-rich magmas.
In Kwaraha nephelinites, phlogopites occur as inclusions in
clinopyroxene and as phenocrysts in the groundmass (Figure 2)
and all phlogopites have the same range of composition with
high Mg# (up to Mg# = 83) suggesting an early crystallization
(Figure 2D). The variable phlogopite compositions in Kwaraha
lavas (Mg# = 83-76, Figure 6) correspond to their crystallization
from slightly more evolved magmas with higher Al;O3 and trace
element concentrations than phlogopite from Labait.

Using available experimentally determined partition
coeflicients (Dmineral/melt _  ymineral ymelt © yhere X s the
concentration of a given element in each phase) between
phlogopite and alkaline and potassic magmas (i.e., basanite,
kimberlite, lamproite; Fujimaki et al., 1984; Schmidt et al,
1999; Adam and Green, 2006, respectively), the calculated
silicate liquid compositions in equilibrium with phlogopite
from Kwaraha and Labait have high REE (Figure 7B) and trace
element concentrations similar to the whole-rock nephelinite
compositions. This suggests that early phlogopite crystallization
occurred at the liquidus with clinopyroxene and olivine,
possibly from primitive K-rich silicate liquid. These observations

agree with partial melting and phase equilibria experiments
in which phlogopite crystallized with clinopyroxene at high
pressure (1-5 GPa) in potassic magma (Parat et al, 2010;
Forster et al., 2018).

We note that the early crystallization of phlogopite in alkaline
magmas may have slightly lowered the potassium content of these
magmas during crystallization (5 vol% phlogopite corresponds
to ~0.5 wt% K,O). Therefore, their primary magma may have
had a composition close to that of potassic melt produced
by incongruent melting of a mica + amphibole + rutile +
ilmenite + diopside assemblage and harzburgite at 5 GPa, which
provides all the constituents for rapid growth of phlogopite and
clinopyroxene (Forster et al., 2018). The high CaO contents
of nephelinite NTD magmas may be related to the presence
of clinopyroxene and lherzolite, rather than harzburgite, in
their mantle source.

Crystallization Environment and Volatile

Concentrations

Temperature, pressure, and volatile contents are key
parameters controlling phase equilibria, mineral, melt, and
gas compositions, and further magmatic evolution including
fractional crystallization, immiscibility, and degassing processes
(e.g., Carmichael and Ghiorso, 1990; Toplis and Carroll, 1995;
Berndt et al., 2005). The composition of clinopyroxene in mafic
magmas is strongly dependent on melt composition, pressure,
and temperature during crystallization, and can be used as a
geothermobarometer (e.g., Putirka, 2008; Masotta et al., 2013).
Clinopyroxene and their associated bulk nephelinites have
Kd (Fe’T/Mg) values ranging from 0.2 to 0.41 for Kwaraha,
suggesting that clinopyroxene are near equilibrium with the
silicate liquid and thus suitable for calculation of the pressure
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TABLE 1 | Major, volatile and trace element concentrations of the nephelinitic lavas.

Sample Lab1 Lab2 Lab3 Kw2 Kw3 Kw4 Kw5 Kwé Kws Kw10 Kw11 Kw12
SO, (Wt.%) 40.42 40.12 41.71 43.95 41.47 44.43 42.31 4258 41.93 41.90 41.60 42.79
TiOp 2.76 2.79 2.47 3.27 3.68 3.01 3.81 3.50 3.22 3.48 3.39 3.30
AlbO3 5.37 5.18 6.09 8.48 7.55 9.10 8.97 10.08 8.83 9.28 7.49 7.42
FesOs 14.66 15.06 13.58 14.81 15.90 12.94 16.17 15.07 14.12 14.79 15.42 14.71
MnO 0.22 0.21 0.19 0.23 0.22 0.20 0.25 0.25 0.22 0.23 0.22 0.21
MgO 28.28 24.81 24.91 12.78 15.44 12.63 10.92 9.66 13.00 12.56 15.05 15.22
Ca0 5.00 7.1 7.36 13.68 12.30 14.40 10.77 12.61 13.55 12.75 13.81 12.68
Na,O 1.22 2.50 1.63 0.85 0.56 1.87 3.56 3.64 2.65 2.64 1.02 1.46
Ko0 1.34 1.65 1.49 1.30 2.23 1.19 2.63 2.13 1.83 1.70 1.19 1,61
P,0s 0.74 0.58 0.48 0.65 0.64 0.24 0.61 0.49 0.64 0.66 0.60 0.58
F (opm) 1500 1700 1100 - 1900 1600 1400 2100 - 2000 2200 2600
Cl (ppm) 44 71 49 - 33 660 1150 550 - 99 89 72
S (ppm) 260 200 200 270 222 148 140 220 300 100 100 100
Total 100 100 100 100 100 100 100 100 100 100 100 100
Mg# 79.26 76.54 78.42 63.1 65.81 65.9 57.22 55.95 64.59 62.7 65.91 67.21
Cr (ppm) 756 495 1126 204 366 246 141 110 334 247 368 335
Ni 827 1000 890 125 143 102 60 64.6 90.4 74.9 145 121
cu 117 118 115 171 168 150 262 219 173 182 198 193
Cs 0.21 0.15 2.62 0.26 0.28 0.27 0.44 0.36 0.34 0.27 0.24 0.1
Rb 44.9 51 64.7 48.4 743 36.1 58.5 45.4 61.3 41.9 48 67.2
Ba 595 621 551 775 801 1225 673 1166 812 854 750 689
Th 7.34 8.37 7.99 7.83 8.06 8.51 9.7 9.79 10.7 9.73 9.89 8.99
U 1.48 1.73 1.45 1.7 1.72 1.68 2.01 2.05 2.02 2.22 4.59 1.89
Nb 789 90.4 783 86 82.4 81 104 107 101 102 87.3 95.7
Ta 5.4 5.13 4.8 5.96 5.7 5.49 7.45 7.73 6.94 5.41 5.42 6.02
La 64.9 68.3 62.7 68.2 68.2 69.2 76.6 76.8 82.2 75.7 80.8 77.9
Ce 123 120 111 128.6 130.2 130.5 144.8 142.8 152 130.2 1325 128
Pb 2.99 3.85 7.04 3.06 4.16 45 8.09 6.22 8.31 9.8 5.35 0.64
Pr 13.7 13.4 12.5 14.4 14.9 14.8 16.3 15.8 16.7 14.6 14.1 13.8
Sr 840 754 853 1009 643 1108 811 931 989 934 937 867
Nd 49.7 49.6 46.3 53.7 55.9 54.9 59.9 58.9 60.9 54.1 51.6 50.6
zr 178 183 168 180 207 226 255 259 220 255 168 190
Hf 4.16 3.97 3.94 4.47 4.97 5.28 6.52 6.43 5.34 5.68 4.14 4.63
Sm 7.91 7.73 7.34 9.13 9.76 9.57 10.65 10.27 10.47 8.96 8.35 8.33
Eu 2.14 227 2.1 2.53 2.64 2.71 2.84 2.91 2.86 2.75 2.51 2.45
Gd 6.07 7.81 7.37 7.15 7.48 7.45 8.37 8.08 7.96 9.49 8.83 8.81
o 0.787 0.799 0.77 0.941 0.99 1.012 1.12 1.103 1.077 1.041 0.936 0.953
Dy 3.34 3.54 3.47 4.34 4.51 4.62 5.25 5.19 5.22 4.91 4.41 452
Y 14.2 14.3 13.1 10.8 19.8 20.3 23.3 23.6 23.4 21.2 17.6 19.3
Ho 0.55 0.58 0.57 0.78 0.79 0.81 0.91 0.93 0.93 0.84 0.75 0.78
Er 1.26 1.31 1.25 1.81 1.71 1.9 2.06 2.08 2.01 1.94 1.71 1.8
Tm 0.16 0.16 0.15 0.25 0.22 0.26 0.28 0.3 0.29 0.25 0.22 0.23
Yb 0.91 0.96 0.91 1.47 1.35 15 1.66 1.62 1.68 15 1.29 1.42
Lu 0.14 0.13 0.12 0.2 0.19 0.22 0.24 0.24 0.24 0.21 0.18 0.2

Mg# = Mg/(Mg-+Fe)*100; bdl, below detection limit.

and temperature conditions during their crystallization. This is
corroborated by clinopyroxene trace element concentrations,
which indicate equilibrium with the whole rock based on
experimental partition coefficients for alkaline magmas (Adam
and Green, 2006; Supplementary Figure A8). Assuming
clinopyroxene-melt equilibrium and using the thermobarometer
of Masotta et al. (2013; o = 50°C, 150 MPa), we estimate

the temperature and pressure during crystallization to have
been 1170-1290°C and 200-1080 MPa for Kwaraha lavas
(Supplementary Figure A9). Simonetti et al. (1996) proposed
a correlation between the AIVI/AI' ratio of clinopyroxene
and their crystallization pressure, and the high clinopyroxene
AIVALY ratios (0.89-0.56) from Kwaraha are consistent with
crystallization at 1000 MPa.
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Engaruka nephelinites from Mattsson et al. (2013) are also reported.
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FIGURE 8 | (A) Chondrite-normalized REE contents and (B) primitive mantle-normalized trace element compositions of Kwaraha and Labait nephelinites (symbols
as in Figures 3, 4) and the Kwaraha carbonatite (black circles). Primitive mantle and chondrite values from Sun and McDonough (1989). Engaruka melilitites and

Volatiles such as CO, and H,O affect the conditions of
partial melting (e.g., Dasgupta et al., 2007; Baasner et al,
2016), play a fundamental role during magmatic evolution and
ascent, and control eruptive style (e.g., Oppenheimer et al., 2003;
Berndt et al., 2005). The presence of phlogopite in Kwaraha
and Labait lavas suggests that the silicate melts were H20-
bearing at the time of phlogopite crystallization (1.57-2.12 wt%
H2O in phlogopite, KFT method). However, the abundant water
in crystal lattice of phlogopite (OH site) prevents us from
quantifying precisely the amount of water present in the melt
(i.e., non-Henrian behavior). In experimental study, hydroxyl-
rich phlogopite with 4.3 wt.% H,O crystallized from hydrous

melt with 3.1 wt.% H,O at 1250°C and 3 GPa (Condamine et al.,
20165 calculated Dyppo = 1.4), suggesting that 1.12-1.4 wt.% H,O
may have been present in the melt at the time of phlogopite
crystallization.

Only nominally anhydrous minerals (NAMs) such as olivine
and clinopyroxene incorporate trace concentrations of hydrogen
that can be used to determine the H,O content of the silicate
melt during their crystallization (Dlinopyroxene/melt — 910,013,
polivine/melt — 0,0013; Aubaud et al., 2004; Hauri et al., 2006).
The measured water contents are very low: < 1 ppm wt H,O
in clinopyroxene and olivine from Kwaraha lavas (Figure 5) and
3-6 ppm wt HO in olivine from Labait. Using the partition
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TABLE 2 | Representative major element compositions of minerals.

Sample Lab3 Lab1 Labx6 Labx7 Kw3 Kw3 Kw3 Kw5 Kw11 Kwi11
Mineral ol phl phl phl phl ol cpx cpx cpx cpx
SiO, 4117 39.97 38.50 38.57 38.30 40.96 52.12 52.97 53.50 50.15
TiO 0.07 3.26 3.52 423 3.61 0.06 0.85 0.58 0.55 1.50
Alb,Og 0.03 12.43 14.71 13.21 14.03 0.03 2.03 1.33 1.37 2.39
FeO 11.12 8.89 3.48 7.33 7.69 11.35 5.49 4.34 3.96 9.09
MnO 0.19 0.04 0.03 0.03 0.04 0.19 0.11 0.07 0.06 0.20
MgO 46.42 19.77 22.33 21.38 20.02 46.69 15.04 16.22 15.85 11.68
Ca0 0.53 0.01 0.01 0.02 0.05 0.29 23.53 23.31 22.32 23.03
NayO 0.00 0.76 0.52 0.69 0.08 0.00 0.84 0.66 0.88 0.94
Ko0 0.00 9.89 10.44 10.05 10.68 0.01 0.00 0.01 0.00 0.01
Cry03 0.05 - 1.58 0.51 - 0.07 0.03 0.49 1.11 0.00
NiO 0.18 - - - - 0.25 0.01 0.01 0.05 0.00
F - 0.78 0.39 0.23 0.42 - - - - -
Total 99.78 95.84 95.51 96.25 94.92 99.90 100.05 99.97 99.64 99.01
Mg# 88.1 79.8 92.0 83.9 82.2 87.8 82.9 86.9 87.7 69.6
Numbers of ions on the basis of

40 240 40 60
Si 1.02 5.68 5.48 5.54 5.50 1.01 1.91 1.94 1.96 1.90
AlV - 2.08 2.47 2.24 2.38 - 0.09 0.06 0.04 0.10
AV - 0.00 0.00 0.00 0.00 - 0.00 0.00 0.02 0.00
Al tot 0.00 - - - - 0.00 - - - -
Ti 0.00 0.35 0.50 0.61 0.39 0.00 0.02 0.02 0.02 0.04
Fe?* - - - - - - 0.07 0.06 0.11 0.20
Fed+ - - - - - - 0.10 0.07 0.01 0.08
Fe tot 0.18 1.06 0.41 0.88 0.92 0.23 - - - -
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Mg 1.78 4.19 4.74 458 4.29 1.72 0.82 0.88 0.87 0.66
Ca 0.00 0.00 0.01 0.92 0.91 0.88 0.93
Na - 0.21 0.14 0.19 0.02 - 0.06 0.05 0.06 0.07
K - 1.79 1.86 1.84 1.96 - - - - -
Ni 0.01 - - - - 0.00 - - - -
Cr - - 0.18 0.06 - - 0.00 0.01 0.03 0.00
OH - 3.65 3.82 3.90 3.81 - - - - -
F - 0.35 0.18 0.10 0.19 - - - - -
Total 3 19.36 19.78 19.94 19.43 3 4 4 4 4

ol olivine, cpx clinopyroxene, phl phlogopite.

coefficients of Hauri et al. (2006), the water content in the
nephelinite melt was 0.2-0.5 and <0.01 wt% H,O during
olivine and clinopyroxene crystallization, respectively (Table 4).
However, calculated H,O melt content for Labait is up to 0.5 wt%
H,O, consistent with the estimation from xenoliths suggesting
that they were carried by HO-poor mafic magmas (Hui et al.,
2015). It should be noted that these partition coefficients were
determined for ol-clinopyroxene-melt equilibria in basaltic melt,
and that no experimental data exists for potassic melts bearing
hydrous minerals. The presence of phlogopite may have strongly
influenced the distribution of water between anhydrous minerals
and the melt, with H,O being preferentially incorporated into
phlogopite, and our estimated water contents in the melt should
be considered minimum values. Petrographic observations
strongly suggest an early crystallization of phlogopite, before
clinopyroxene, whereas both phlogopite and NAMs data allow us

to discuss the H,O content in primary magmas. In the primary
alkaline melt, water content was high enough to allow phlogopite
crystallization and stabilize this hydrous mineral through all the
magmatic stage. Due to uncertainties on distribution of water
in NAMS in presence of hydrous minerals, we can assume that
calculated H,O content from NAM’s mineral is a minimal value.
Based on experimental data, H,O content of the melt during
phlogopite crystallization could have reached 1.4 wt% H,O at
P > 3 GPa (Condamine et al., 2016). Although primary melts
from Labait and Kwaraha are hydrated, the water content was
probably not high enough to favor phlogopite crystallization over
olivine (Foley, 1993).

CO; contents in silicate melts are generally investigated
through melt inclusion studies (e.g., Métrich and Wallace, 2008;
Hudgins et al., 2015; Baudouin et al., 2018). The lack of melt
inclusions in minerals from Labait and Kwaraha lavas prevents
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TABLE 3 | Trace element compositions of minerals.

Sample Lab1 Lab1 Labx6 Labx7 Kw3 Kw3 Kw3 Kw5 Kw5 Kwi1 Kw11
mineral ol phl phl phl Phl ol cpx cpx cpx cpx cpx
Cs 0.01 3.32 3.27 1.89 1.94 0.01 0.18 0.01 0.01 < 0.01 <0.01
Rb 0.06 558 204 347 314 0.09 0.5 0.03 0.03 < 0.01 <0.01
Ba 0.14 2383 3095 911 2014 0.11 3.45 0.11 0.1 0.06 0.05
Th 0.00 0.01 0.00 - - 0.00 0.21 0.01 0.04 0.02 0.02
U 0.02 1.5 - - 0.09 - < 0.01 - - - < 0.01
Nb 0.36 15.8 22.05 9.93 6.67 0.05 2.62 0.92 0.4 0.19 0.28
Ta 0.02 1.42 2.74 0.81 0.47 0.00 0.34 0.13 0.14 0.04 0.02
La 0.01 48.6 0.07 0.02 0.62 0.01 49.8 4.57 4.75 3.29 8.12
Ce 0.09 29.3 0.126 0.014 0.11 0.01 148 16.0 15.5 11.0 17.5
Pr 0.00 5.61 - - 0.04 0.00 24.3 2.69 2.6 1.87 2.33
Sr 0.08 418 33.2 25.9 142 0.02 790 216 155 124 303
Nd 0.03 26.5 0.01 0.01 0.22 0.04 127 12.7 12.6 9.33 10.1
Zr 0.55 49.2 18.08 5.42 8.72 0.73 419 320 110 49.2 110
Hf 0.01 0.9 0.45 0.196 0.12 0.01 23.9 9.62 5.65 2.41 413
Sm 0.01 6 - - 0.05 0.02 31.2 2.72 3.07 2.49 1.94
Eu 0.01 2.66 0.01 0.02 0.04 0.01 10.7 0.86 0.91 0.72 0.60
Gd 0.07 10.8 0.01 0.02 0.23 0.08 23.2 2.34 2.65 2.02 1.63
Tb 0.01 2.21 - - 0.04 0.00 3.66 0.29 0.33 0.26 0.23
Dy 0.01 13.9 - - 0.31 0.05 16.1 1.71 1.91 1.32 1.10
Y 0.13 141 0.20 0.06 3.76 0.45 58.4 6.26 6.08 4.62 4.09
Ho 0.01 3.75 - - 0.09 0.02 2.66 0.29 0.28 0.20 0.17
Er 0.01 12.7 - - 0.30 0.05 6.04 0.73 0.63 0.42 0.43
™™ 0.00 2.1 - - 0.05 0.02 0.76 0.12 0.08 0.05 0.06
Yb 0.04 10.9 - - 0.31 0.13 2.56 1.27 0.47 0.32 0.43
Lu 0.01 1.63 - - 0.04 0.04 0.49 0.28 0.07 0.05 0.09
O, olivine; cpx, clinopyroxene; phl, phlogopite.

TABLE 4 | Water contents in olivine and cpx, and those calculated for their associated parental melts.

Sample Mineral ppm wt H,O H/10° Si Area? Melt® (wt% H,0)
Lab1 Olivine 5.3 86.472 44.8 0.41

Lab1 Olivine 25 41.14 18.4 0.19

Lab1 Olivine 5.5 89.17 47.2 0.42

Lab1 Olivine 4.3 70.655 32.4 0.33

Lab1 Olivine 4.9 80.375 39.6 0.38

Lab1 Olivine 6.6 108.09 67.2 0.51

Lab1 Olivine 5.9 96.529 54.4 0.45

Kw3 Olivine 1.2 19.262 6.7 0.09

Kw3 Olivine 1.7 27.859 9.3 0.13

Kwb Olivine 0.7 11.619 4.6 0.05

Kwb Olivine 0.6 10.429 4.3 0.05

Kw3 Clinopyroxene 0.5 7.93 3.7 0.004

Kw3 Clinopyroxene 1.7 26.988 10.3 0.013

Kw3 Clinopyroxene 1.5 25.028 9.6 0.012

Kwb Clinopyroxene 0.4 7.02 3.3 0.004

Kwb Clinopyroxene 0.4 6.35 3.1 0.004

Kwb Clinopyroxene 0.3 5.708 2.8 0.003

aIntegrated unpolarized absorbance normalized to 1 cm thickness. °Melt water content calculated using DOVine/melt gng pelinopyroxene/melt from A baud et al. (2004) and
Hauri et al. (2006).
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us from precisely constraining the CO, content of the nephelinite
magmas. However, northern Tanzania contains some of the most
concentrated carbonatite magmatism on Earth (e.g., Dawson,
2012) and the occurrence of calciocarbonatite lava (Kwl) at
Kwaraha volcano strongly suggests the presence of abundant
CO; in the primary alkaline magmas. CO; solubility in alkaline
magmas (e.g., melilitite, phonolite) was experimentally calibrated
at 1.5-2 GPa, and strongly depends on the ratio of non-bridging
oxygens to tetrahedrally coordinated anions (NBO/T) in the melt
(Brooker et al.,, 2001; Moussallam et al., 2015). Based on the
observed compositions of nephelinite lavas (NBO/T = 1.4-1.67
for Labait and 0.93-1.26 for Kwaraha), their CO, solubilities
(i.e., the maximum amount of CO, that can be dissolved in
the magma) range from 7.5 to 15.8 wt% CO; (Supplementary
Figure A10). The primary magma from Labait evolved to a Mg-
poor nephelinitic liquid containing up to 6 wt% CO, at 800 MPa
(Hanang volcano; Baudouin et al., 2018); CO; contents of Labait
nephelinites may indicate that fractional crystallization and
immiscibility buffered the CO, content during differentiation
(<6 wt% COy).

Partial Melting of Metasomatized Deep
Mantle

Alkaline mafic lavas such as melilitites and nephelinites represent
more primitive magmas erupted in intracontinental settings,
and are characterized by silica-undersaturation and very high
Mg contents (Dasgupta et al.,, 2007; Foley et al., 2012). Their
high incompatible element concentrations and strong REE
fractionations (Ivanikov et al., 1998; Platz et al., 2004; Keller et al.,
2006) have been proposed to result from very low degrees of
partial melting of CO,-bearing lherzolite (Green and Falloon,
1998; Foley et al., 2009, 2012; Foley and Fischer, 2017) or the
partial melting of peridotite with contributions from recycled
oceanic crust (e.g., Hofmann, 1988) or pyroxenite (Eggler and
Holloway, 1977; Dasgupta et al., 2007; Baasner et al., 2016).

Around the Tanzanian craton, nephelinite volcanoes
are concentrated at the propagating tips of the rift and
mafic and carbonate-rich alkaline melts are associated with
thick lithosphere (Foley and Fischer, 2017). The presence
of deep garnet-bearing mantle xenoliths in Labait scories
indicate that partial melting occurred at least at 150 km
(Lee and Rudnick, 1999).

Geochemical modeling results of the partial melting of mantle
peridotite to produce Labait and Kwaraha nephelinite magmas
corroborate the presence of refractory HREE-rich minerals such
as garnet in the mantle source (Figure 9). Trace elements such as
Y and Rb are compatible in garnet and phlogopite, respectively,
which can account for the high Ce/Y (>5) and Rb/Sr ratios in
the nephelinite melt (Rogers et al., 1992; Platz et al., 2004; Mana
et al., 2015). Partial melting of a garnet peridotite with 62%
olivine, 16% opx, 12% clinopyroxene and 10% garnet (theoretical
mineral assemblage in mantle from Sun and McDonough, 1989)
produces melts with high Ce/Y (~3), low Rb/Sr (<0.04), and
low Zr/Hf ratios that cannot represent the composition of
nephelinite (i.e., Ce/Y > 5, Rb/Sr > 0.04, Zr/Hf = 39.2-46). The
high Rb/Sr ratios (>0.04) in the nephelinites strongly suggest

a contribution of phlogopite (Rogers et al., 1992; Platz et al.,
2004), whereas their high Zr/Hf ratios indicate the contribution
of a carbonated source (Rudnick et al, 1993). We modeled
the partial melting of carbonatite-free and carbonated (0.3 and
1% carbonatitic component) garnet-rich and phlogopite-bearing
peridotite mantle (62% olivine, 16% opx, 10% clinopyroxene,
10% garnet, 2% phlogopite, proportion modified from Sun
and McDonough, 1989), as well as a natural garnet-bearing
xenolith from Lashaine volcano in the north part of the NTD
(Gibson et al., 2013).

The best fit to the observed data suggests that nephelinites
result from a very low degree of partial melting (<1%) with non-
modal fractional melting (Figure 9 and Supplementary Figure
A11). The low volumes of melts (<1%) is generally assume to
be motionless in the mantle rocks due to their small permeability
and wetting angle characteristics (Maumus et al., 2004). However,
recent study based on physical properties and melt-rock reaction
suggest that small volume of melts (i.e., 0.75%) could be extracted
from the mantle (Soltanmohammadi et al., 2018). The extraction
of low volume melt will be effective for a melt with high
content in alkaline and volatile elements (Keller and Katz, 2016;
Soltanmohammadi et al., 2018), the volatile content being a key
parameter to enhance the melt extraction process due to their
effect on the melt viscosity properties (Condamine and Médard,
2014; Gardes et al., 2020). In Labait and Kwahara lavas, early
phlogopite crystallization suggests that the primary magmas have
higher K content than the erupted lavas (nephelinites), and high
volatile contents, especially in CO,, allowing low melt volume
0.5-1 vol% to be extracted from the mantle (Keller and Katz,
2016; Gardes et al., 2020).

Small amounts of carbonate in the source reproduce the high
Zr/Hf fractionation observed in Labait lavas (Zr/Hf = 42.6-46)
(Figure 8). The trace element variability of lavas from Labait
and Kwaraha may suggest that the lavas originate from different
degrees of partial melting (0.2-1%) and/or variable carbonate
components in their mantle sources (0.3%, Figure 9B). The
mantle source may be homogeneous (i.e., phlogopite-bearing
lherzolite) or mixed heterogeneous source (i.e., 90% phlogopite-
free lherzolite + 10% phlogopite-pyroxenite), as suggested by
isotopic signatures (Paslick et al., 1996; Aulbach et al., 2011),
both leading to similar trace element characteristics in primary
melts. It should be noted that pyroxene and phlogopite (i.e., mica
pyroxenite) as main component of the mantle source would lead
to the genesis of highly alkaline melt with trace element content
higher than those reported in Labait and Kwaraha lavas.

Using the empirical equation of Albarede (1992), calibrated
for partial melting producing basaltic melts, the SiO, and
MgO contents of the primary melts suggest that the melting
pressure was 110-130 km (3.7-4.3 GPa) for Kwaraha, and
150 km (5 GPa) for Labait, below or close to the lithosphere-
asthenosphere boundary (LAB at 146 km close to the Tanzanian
craton beneath Labait and 135 km beneath Kwaraha, Craig
et al,, 2011; Figure 10). The depth and temperature of partial
melting are consistent with (i) the presence of garnet in the
mantle source (>90 km; McKenzie and O’Nions, 1991; Sato
et al., 1997), (ii) the presence of mantle xenoliths equilibrated at
100-147 km depth (3.2-4.9 GPa; Lee and Rudnick, 1999), and
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FIGURE 9 | Geochemical model of primary mantle melting for Kwaraha and Labait lavas using (A) Ce/Y vs. Zr/Nb ratios and (B) Sm/Y vs. La/Sm ratios. Partial
melting of a garnet peridotite (62% olivine, 16% opx, 10% clinopyroxene, 10% garnet, and 2% phlogopite), spinel peridotite and garnet peridotites with the addition
of 0.3 and 1% carbonatite (Kw1 composition) was modeled with no modal fractional melting. Partial melting of a garnet-bearing xenolith from Lashaine volcano
(sample BD730 from Gibson et al., 2013) has also been modeled. The degree of melting (F) is indicated for each composition. Nephelinites (neph.) and melilitites
(mel.) from Engaruka-Natron basin (Mattsson et al., 2013) and nephelinites from Essimingor (Mana et al., 2012) are also reported. Mafic nephelinites from Kwaraha
(Mg# > 65) are reported in blue circles, and less mafic lavas from Kwaraha (Mg# < 65, Table 1) are reported in light blue circles.
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(iii) magnetolleruric data by Selway et al. (2014) suggesting that
beneath Labait, the geotherm was initially cratonic at 44 mW/m?,
before been impacted by the plume ascent, increasing the mantle
temperature of 300°C at 5 GPa, which may lead to melting of
fertile lherzolite (Figure 10).

The presence of phlogopite in Kwaraha and Labait magmas
indicates that the asthenospheric mantle source is hydrated,
which may considerably decrease the solidus temperature (e.g.,
Green et al., 2014). The water content of the nephelinite magma
estimated from the water content of olivine and clinopyroxene
was 0.2-0.5 wt% H,O (Table 4). Considering 1% partial melting,
the garnet-rich and phlogopite-bearing peridotite source may
have contained around 300 ppm H,O (Novella et al., 2015;
Demouchy and Bolfan-Casanova, 2016).

Most of the experimental studies performed to determine the
depth of partial melting and the composition of primitive alkaline
magmas have been carried out in K- and H,O-free systems, that
are not relevant for our phlogopite-bearing magmas (CMAS-
COy; Figure 10; e.g., Green and Falloon, 1998; Gudfinnsson
and Presnall, 2005). On the other hand, the experiments that
investigated the partial melting in the presence of K,O and water
for alkaline magmas in the KMASH system at P < 4.5 GPa
and T < 1300°C (phl = phl+grt+melt; Yoder and Kushiro,
1969; Sato et al., 1997; Tronnes, 2002), KCMASH system at 3.5
17 GPa and T < 1400°C (phl+cpx = phl+cpx+grt+ol+melt;
Luth, 1997) and KNCMASH system at 4-9.5 GPa and
T < 1200°C (phl4cpx+opx = amph+grt+ol4+melt; Konzett

and Ulmer, 1999) were not performed to account for the
presence of garnet (gt) and phlogopite (phl) in lherzolite.
Recently, experiments by Condamine et al. (2016) show
that melting of phlogopite-garnet lherzolite leads to the
reaction phl4cpx+grt = olivine+opx+melt at 3 GPa and
1300°C and forms foiditic to trachy-basaltic melts (44-47
wt% SiO,, NayO+K,;0 = 5.2-11.3 wt%) for various degree of
melting (F = 0.008-0.255) and alkaline contents. However, the
experimental melts from partial melting of phlogopite-bearing
lherzolite have higher alkali and silica contents compared to
the nephelinite magmas. Similarly, partial melting of water-
and carbonate-bearing and phlogopite-free lherzolite (Dasgupta
et al., 2007) and carbonate-bearing and phlogopite-rich MARID
(Mica-Amphibole-Rutile-Ilmenite-Diopside; Forster et al., 2018)
or potassium enriched pyrolite (Foley et al., 2009) at 3-5 GPa
do not reproduce the K,0, CaO, and TiO;, concentrations of
nephelinite magmas (Figures 3, 4).

The presence of carbon in mantle source is an
important parameter to consider for partial melting at the
lithosphere-asthenosphere boundary because (i) it induces a
decrease of the solidus temperature of peridotite (Dasgupta et al.,
2007) and (ii) below 5 GPa (below LAB), carbon is stable as
graphite and it will be oxidized at 4-5 GPa to produce carbonate
melt (redox melting, Figure 10; Green and Falloon, 1998; Stagno
et al., 2013; Hammouda and Keshav, 2015). Experiments of
partial melting of CO,- and phlogopite-bearing garnet peridotite
at high pressure (>4-5 GPa) would help to better understand the
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FIGURE 10 | P-T conditions of clinopyroxene crystallization calculated from the clinopyroxene-liquid thermobarometer (Putirka, 2008) for Kwaraha (Mg# > 65) and
P-T conditions of partial melting (Albarede, 1992) for Kwaraha and Labait lavas. P-T conditions for Labait and Lashaine mantle xenoliths are from Lee and Rudnick
(1999) LR99 and Gibson et al. (2013) G13, respectively. Crystallization temperatures of olivine are represented by color bars (blue: Kwaraha, and orange; Labait;
calculation from Putirka, 2008). We include the dry peridotite and peridotite+CO, solidi and melt CO, isopleths with CO» content in weight percent from Dasgupta
et al. (2013), the spinel-garnet boundary from Lee et al. (2000), and the lithosphere-asthenosphere boundary (LAB) from Craig et al. (2011). The curve of
phlogopite stability (phl) correspond to experiments (KMASH) from Yoder and Kushiro (1969); Sato et al. (1997), and Tronnes (2002). The reaction (A)
F-phl+cpx+grt = ol+opx+melt has been determined from melting experiments of phlogopite-garnet peridotite by Condamine et al. (2016). Cratonic geotherm (44
mW/m?) and geotherm modified by plume thermal anomaly are also reported (Selway et al., 2014), as well as the different melt types produced by low partial melting
of CMAS + HyO and CO»: Colored balloons represent P and T conditions of partial melting for basanite (blue balloon), nephelinite, melilitite, and leucitite melt
compositions (pink balloon) (Frey et al., 1978; Adam, 1990; Green and Falloon, 1998).

melting conditions of primary nephelinite melt as observed at
Labait and Kwaraha volcanoes in the southern part of the NTD.

Melt-Rock Interaction and Lithospheric
Metasomatism

Percolation of CO;- and water-bearing alkaline nephelinite
magmas from the LAB through the lithospheric mantle may
have induced metasomatism and phlogopite crystallization in
garnet and spinel lherzolite and glimmerite lithologies. The
large variety of mantle xenoliths sampled by nephelinite lavas
at Labait and other localities of NTD strongly indicates that the
lithospheric mantle beneath the Tanzanian Craton edge is highly
heterogeneous, including fertile and refractory mantle peridotite
(i.e., Cr spinel with high Cr#; Cr# up to 94), and metasomatized
amphibole- and/or phlogopite-bearing peridotite (Dawson and

Smith, 1988; Lee and Rudnick, 1999; Koornneef et al., 2009;
Gibson et al., 2013; Baptiste et al., 2015).

The study of magmatic phlogopite in nephelinite and mantle
phlogopite in xenoliths from Labait and Kwaraha corroborates
previous studies that established the nature and the timing of
the metasomatism events. Xenoliths from Labait, Lashaine, Pello
hill, and Eledoi (Natron basin) suggest the percolation of a
H,O-rich metasomatic agent within the lithospheric mantle and
the presence of heterogeneous lithosphere related to different
metasomatic events (Jones et al., 1983; Dawson and Smith,
1988; Rudnick et al., 1993; Koornneef et al., 2009; Baptiste
et al., 2015). NAMS minerals in lithospheric peridotites have a
low water content (<50 ppm wt H,O whole rock peridotite;
Baptiste et al., 2015; Hui et al,, 2015) although the presence
of hydrous minerals as amphibole and phlogopite indicates the
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presence of K,O-MgO-H;O-rich silicate melt in the lithosphere.
The composition of phlogopite in mantle xenoliths from Labait
(i.e., glimmerite, core, and rim of phlogopite in lherzolite,
Figure 6) indicate at least 3 metasomatic events within the
continental lithosphere. Multiple stage of metasomatism in the
lithosphere beneath Labait have already been suggested from
textural, chemical and isotopic data (Koornneef et al., 2009):
Phlogopite, Cr-rich diopside and spinel pockets were produced
by an old metasomatism event (i.e., Pan-African Orogeny, 610
650 Ma) associated with a liquid rich in Ni, Cr, Na, K, H,O,
Ba, Fe, Ti. Glimmerite lithologies could be formed by recent
metasomatism (rift event) and melt differentiation in veins in
the lithosphere, induced by the percolation of nephelinite liquid
rich in K, Fe, Ti, and poor in Cl, Mg, Al, Ba (Figure 10
and Table 3). Rift related metasomatism event was previously
suggested as anhydrous from textural observation for a spinel
lherzolite (Koornneef et al., 2009). However, it can be noted
that glimmerite xenoliths (or glimmerite) have been poorly
sampled and represent only 2% of Labait xenoliths (Koornneef
et al., 2009). This may lead to a sample bias for phlogopite
interpretation and hydrous metasomatism.

Alkaline Magmatism During Early Rifting

of the East African Rift

Early rifting of the EAR is divided into two branches with
opposite rift propagations: rifting in the eastern NTD propagated
from north (north and central Kenya, 30-15 Ma) to south
(northern Tanzania, <6 Ma; Ebinger et al., 2000; Mana et al.,
2015; Furman et al., 2016), whereas rifting in the western part
of the Tanzanian Craton propagated from south (Kivu, 8-12 Ma)
to north (Toro-Ankole, 0.05 Ma; Ebinger, 1989; Furman, 2007).
Both branches have produced highly alkaline, alkaline, and sub-
alkaline volcanism along their rift axes (Furman, 2007; Dawson,
2008; Mana et al., 2015; Pouclet et al., 2016). The diversity of
erupted lavas in terms of their differentiation (melilitite/basalt
to phonolite or trachyte) is linked to fractional crystallization,
immiscibility, and assimilation during ascent through the sub-
continental lithosphere and continental crust (e.g., Mollel et al,,
2009; Dawson, 2012; Mana et al.,, 2015; Baudouin et al., 2016,
2018), whereas the diversity in terms of magmatic series is related
to deep melting processes and the specific mantle sources.

In the NTD, volcanism of different alkalinities occurs along
two perpendicular axes (Figure 1): the N-S axis erupted
highly alkaline magmas such as nephelinite (e.g., Oldoinyo
Lengai-Labait; this study; Mana et al, 2012; Mattsson et al,
2013), whereas the W-E axis erupted dominantly alkaline
magmas (Essimingor-Kilimanjaro; Nonnotte et al., 2011; Mana
et al, 2012, 2015) and sub-alkaline magmas in the western
part close to the Tanzanian Craton (i.e., Ngorongoro-Olmoti;
Nonnotte, 2007; Mollel et al., 2008, 2009). Although there
is a clear correlation between the alkalinity of magmas and
their geographical alignment, we found no obvious correlations
between eruptive age, alkalinity, depth of partial melting,
or mantle source.

Along the N-S axis of the NTD, highly alkaline magmas
are the product of very low degrees of partial melting (<1%;

this study; Mattsson et al., 2013) of different mantle sources
at various depths. From north to south, the depth of partial
melting increases and the mantle sources change from (1) CO;-
rich amphibole-lherzolite at shallow depth (~75-90 km) in the
Engaruka-Natron basin (Oldoinyo Lengai; Mattsson et al., 2013),
to (2) amphibole-bearing garnet lherzolite at intermediate depth
(~110-140 km at Burko; Mana et al., 2012), and finally to (3)
CO,-rich phlogopite-bearing garnet lherzolite near or below the
LAB at 150-160 km depth (Labait; this study; Dawson et al.,
1997). The estimated depth of partial melting in the southern part
of the NTD is well supported by the presence of deep refractory
mantle xenoliths in Labait lavas (> 150 km, Figure 10; Lee and
Rudnick, 1999) and the thick cratonic lithosphere (on-craton
eruption; e.g., Dawson et al., 1997; Craig et al., 2011). Alkaline
and sub-alkaline magmas erupted along the W-E axis are related
to high degrees of partial melting (2-6%) of amphibole-bearing
garnet lherzolite at 85-140 km (Nonnotte, 2007; Mana et al.,
2015). They erupted at the craton-edge where asthenospheric
upwelling may have proceeded to shallow levels, leading to
common alkali basalts similar to those observed north of the
NTD in central Kenya, which represents a more mature stage of
rifting (e.g., Ebinger et al., 2000; Roex et al., 2001).

The relationships between magmatism and rift dynamics
observed in the eastern EAR are similar to those observed in
the western EAR despite their opposite rift propagations. In
the western EAR, magmatism evolved from basalt-basanite at
Kivu (south) to K-nephelinite at Toro-Ankole (north) during
early stage rifting (Pouclet et al., 1981, 2016; Chakrabarti et al.,
2009; Rosenthal et al., 2009) are also associated with peridotite,
pyroxenite and glimmerite xenoliths (Muravyeva and Senin,
2018). Alkaline rocks are potassic, attesting to the presence of
a potassium-rich mantle source beneath the western part of the
Tanzanian Craton (up to 7 wt% KO in melt; Pouclet et al.,
1981; Rogers et al., 1998). Primary magmas from the north of the
western rift originate from the greatest melting depths (>140 km
in the presence of phlogopite at Toro-Ankole), and the depth
of melting becomes gradually shallower toward the south of the
western branch (<90 km in the presence of both amphibole and
phlogopite), similar to the observed depth-of-melting in the east
branch of EAR (Rosenthal et al., 2009; Foley et al., 2012). The
mantle source of potassic magmatism has been characterized
as two metasomatic assemblages of phlogopite-clinopyroxenite
and a carbonate-rich garnet-free assemblage resulting from
kimberlitic-like melt impregnation and crystallization (e.g.,
Rosenthal et al., 2009; Foley et al., 2012). The asthenospheric
source beneath the West branch of EAR is CO;-rich and highly
metasomatized leading to the genesis of ultramafic and potassic
primary melt (Foley et al., 2012; Foley and Fischer, 2017).

The low volume of highly alkaline volcanism in both the
western and eastern rift branches may be related to the low
degrees of partial melting and the deep thermal anomaly beneath
the thick cratonic lithosphere (e.g., Ebinger and Sleep, 1998).
The occurrence of thin, rifted lithosphere in close proximity to
thick cratonic heterogeneous lithosphere may generate melting
at shallow depth, likely related to rift propagation and/or the
plume-related thermal anomaly. The most likely mechanism
for producing sub-cratonic lithospheric heterogeneities is the
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accumulation of low-degree partial melts from the convecting
depleted asthenospheric mantle (e.g., this study, McKenzie, 1989;
Lee and Rudnick, 1999; Vauchez et al., 2005; Baptiste et al., 2015;
Chin, 2018).

The variability of the mantle sources of potassic and
alkaline volcanism between the western and eastern branches
of the EAR may also reflect different sub-cratonic lithospheric
lithologies beneath the Paleoproterozoic and Neoproterozoic
belts underlying the western and eastern branches, respectively
(e.g., Corti et al., 2007; Katumwehe et al., 2015).

CONCLUSION

Volcanoes of the Manyara-Balangida rift, associated with early
rifting in the East African Rift (northern Tanzania), have erupted
primary nephelinites composed of olivine, clinopyroxene, and
up to 4 vol% phlogopite. Trace models of Kwaraha and
Labait lavas from a low degree of partial melting (0.2-1%)
of a garnet-phlogopite-bearing peridotite with a carbonate-rich
component (0.3%), consistent with others northern Tanzania
lavas. The presence of garnet-bearing mantle xenoliths and the
primary melt compositions indicate that melting occurred at
depths >150 km, below the lithosphere-asthenosphere boundary.
The partial melting at the earliest stage rifting is the deepest
source reported for East branch of East African Rift. The
percolation of deep, CO;-rich and H,O-bearing highly alkaline
magmas may have produced strong heterogeneities through
metasomatism process in the thick sub-continental Tanzanian
lithospheric mantle. H,O-bearing magmas percolation has
induced phlogopite crystallization in spinel lherzolite and
glimmerite lithology weakening the rheology of the Tanzanian
lithosphere. These compositional changes are thus major
parameters that have influenced the rift propagation near the
craton edge, and should be taken into account to explain tectonic
deformation at the surface.
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Several ODP-IODP expeditions driled oceanic core complexes interpreted as exhumed
portions of lower crust close to the ridge axis, and provide the community with invaluable
sampling opportunity for further constraining magmatic processes involved in the formation of
the slow-spreading lower oceanic crust. ODP Hole 735B presents the most primitive
lithologies sampled at Atlantis Bank oceanic core complex (Southwest Indian Ridge) in a
~250m thick section that was previously interpreted as a single crustal intrusion. We
combined detailed structural and petrographic constraints with whole rock and in situ
mineral analyses of this section in order to precisely determine the processes of
emplacement, crystallization, and melt migration within the lower crust. The lower half of
the unit is comprised of alternating olivine gabbros and troctolites showing intrusive contacts,
magmatic fabrics, and crystal-plastic fabrics. Such structures and primitive lithologies are
lacking in the upper half, rather uniform, gabbroic sequence. Whole rock compositions
highlight the cumulative character of both lower and upper units and a great
compositional variability in the lower sequence, whereas the upper sequence is
homogeneous and differentiates up-section. In situ analyses of mineral phases document
magma emplacement processes and provide evidence for ubiquitous reactive porous flow
(RPF) during differentiation. We show that the whole section, and related geochemical unit,
constitutes a single magmatic reservoir, in which the lower unit is formed by stacked primitive
sills formed by repeated recharge of primitive melts and melt-present deformation. Recharge
led to partial assimilation of the crystallizing primitive cumulates, and hybridization with their
interstitial melts. Hybrid melts were progressively collected in the overlying mushy part of the
reservoir (upper unit), whereas the sills’ residual hybrid melts differentiated by RPF processes
under a predominantly crystallization regime. Similarly, hybrid melts’ evolution in the upper unit
was governed by upward RPF, and progressive differentiation and accumulation of evolved
melts at the top of the reservoir. Our results provide the community with the first integrated
model for magma reservoir formation in the lower slow-spreading oceanic crust that can
potentially be applied to other magmatic lower crust sections.

Frontiers in Earth Science | www.frontiersin.org 77

September 2020 | Volume 8 | Article 554598


http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2020.554598&domain=pdf&date_stamp=2020-09-15
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science

Boulanger et al.

Magma Reservoir Formation and Evolution at a Slow-Spreading Center

Keywords: Atlantis Bank, lower oceanic crust, magma intrusion, crystal mush, reactive porous flow, assimilation-

fractional crystallization

INTRODUCTION

Slow-spreading ridges represent more than 50% of the global
oceanic ridge system (spreading rates <40 mm year ', Dunn,
2015) and are characterized by both heterogeneous crustal
structure (e.g., oceanic core complexes or OCCs) and
composition. Most of this heterogeneity can be linked to
uneven distribution of melt generation within the mantle
below the ridge axis (e.g, Tucholke and Lin, 1994; Dunn
et al, 2005; Rubin and Sinton, 2007; Dunn, 2015 and
references therein). Uneven melt supply results in the
formation of intermittent and discontinuous magma reservoirs
within the crust (e.g., Dick et al.,, 2003; Carbotte et al., 2015),
contrasted reservoir geometry (axial magma chamber or sill
intrusions; Jian et al., 2016; Canales et al., 2017), and variable
depth of melt emplacement which can range between 2 and
16 km depth below seafloor (Dunn et al., 2005; Singh et al., 2006;
Canales et al., 2017; Bennett et al., 2019). The common thread
running through all processes that potentially govern magma
accretion at spreading ridges is the importance of melt migration
mechanisms involved. Among them, reactive porous flow (RPF)
tend to be considered ubiquitous during the evolution of gabbroic
magma reservoirs, since crystal mushes forming porous and
permeable frameworks constitute the principal medium of the
magma plumbing system (Lissenberg et al., 2019 and references
therein).

Long in situ sections of lower slow-spreading oceanic crust
have been sampled by deep drilling in OCCs. These structures
form during asymmetric spreading at the ridge axis and
associated exhumation of both lower oceanic crust and upper
mantle (e.g., Dick et al., 1991b; Escartin et al., 2003; Ildefonse
etal., 2007). Two drilled holes have reached more than 1,400 mbsf
(meters below sea floor), one in the Atlantis Massif OCC on the
Mid-Atlantic Ridge (MAR, IODP Hole U1309D), and the other
in the Atlantis Bank OCC on the Southwest Indian Ridge (SWIR,
ODP Hole 735B). Their study enabled to characterize the modes
of magma emplacement and evolution at these locations, but only
at a large scale (Dick et al., 2000; John et al., 2004; Grimes et al.,
2008; Godard et al., 2009; Dick et al., 2019a). The crust appears
highly heterogeneous in both complexes and lacks any systematic
downbhole variations in modal compositions, or clear lateral
continuity as evidenced from multiple drill holes, for example,
at Atlantis Bank (Dick et al., 2000; MacLeod et al., 2017; Dick
et al.,, 2019a). Despite the disparities between the ODP Hole 735B
and IODP Hole U1309D, similar types of magma emplacement
mechanisms have been inferred, which suggests a continuity of
processes for the accretion of slow-spreading lower oceanic crust
(Blackman et al., 2006; Dick et al., 2019a; Dick et al., 2019b).
Whole rock compositions, together with the lack of modal
downhole variations, led Godard et al. (2009) to interpret the
cumulate sequence sampled in Atlantis Massif as the result of
multiple magma intrusions. Upward differentiation trends on
>200 m thicknesses have been identified in ODP Hole 735B based
on whole rock major element compositions (Dick et al., 2000;

Natland and Dick, 2002), and in situ mineral compositions (Dick
et al., 2002). These trends are interpreted as the result of cyclic
major magmatic events that formed by multiple intrusions and
differentiated in situ during large-scale upward percolation of
melts (Dick et al., 2000; Dick et al., 2019a). In addition, detailed
studies of individual samples collected in drilled cores from
Atlantis Massif and Atlantis Bank enabled workers to find
evidence for extensive melt-rock or melt-mush reactions (e.g.,
in olivine-rich troctolites from Hole U1309D, Suhr et al., 2008;
Drouin et al., 2009; Ferrando et al., 2018; or in gabbroic samples
from Hole 735B, Robinson et al., 2000; Natland and Dick, 2001;
Dick et al., 2002; Gao et al., 2007), suggesting that these processes
likely play a substantial role in the differentiation of melts in the
lower crust (Lissenberg and MacLeod, 2016; Dick et al., 2019a).

Here, we integrate structural, petrographic and high-
resolution geochemical data of a ~250 m section from ODP
Hole 735B characterized as a single intrusion by Dick et al.
(2000) and Natland and Dick (2002). We reconstruct the
different steps of evolution of this magma reservoir, leading to
the first detailed reservoir model for a slow-spreading lower
oceanic crust section. We particularly focused on the impact
of RPF processes on the reservoir by using modeling and the
assimilation-fractional crystallization (AFC) equation of DePaolo
(1981). The novelty of our approach here is to consider an entire
sample suite interpreted as representative of an entire reservoir
for the study of RPF, instead of individual samples as considered
in previous studies on the lower (slow-spreading) oceanic crust.

GEOLOGICAL SETTING

The Atlantis Bank OCC is located on the eastern flank of the
Atlantis IT Transform Fault ~95 km south of the ultra-slow SWIR
(Dick et al., 1991b—Figure 1). The ~2 km uplift of lower crust
lithologies at Atlantis Bank is the consequence of a ~1 km flexural
uplift due to detachment faulting, exacerbated by transform-
parallel normal faulting on the eastern flank of the structure.
The latter event is linked to a change of spreading direction at the
ridge axis between 19.5 and ~7.5 Ma (Baines et al., 2003, Baines
etal,, 2007). The OCC is mainly composed of gabbroic lithologies,
bordered to the East by extrusive lithologies (dikes and pillow
lavas) and to the West by mantle lithologies affected by variable
degrees of serpentinization (Dick et al., 2000; MacLeod et al.,
2017; Dick et al., 2019b). The top of the structure is defined by a
4km-wide and ~8.5km-long horizontal platform at ~700 m
depth below sea level, in which three deep holes have been
drilled by the ODP/IODP consortium (MacLeod et al., 2017).
The deepest and most studied core so far is ODP Hole 735B,
which reached a total depth of 1,508 mbsf, and recovered
~1,300 m of gabbroic lithologies. The 735B drilled cores are
composed of 68% olivine gabbros, 23% oxide and oxide-
bearing gabbros, in addition to 5% troctolites and troctolitic
gabbros (1.9% troctolites sensu stricto, Dick et al., 2019a) and
4% gabbros sensu stricto (MacLeod et al., 2017). Some minor
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1105A, and IODP Hole U1473A (modified from Dick et al., 2019b).

FIGURE 1 | (A) Location map of the Atlantis Il Transform on the Southwest Indian Ridge, (B) 3D bathymetric map of the Atlantis Il Transform and location of the
Atlantis Bank Oceanic Core Complex (IODP Publications), and (C) geological map of the Atlantis Bank oceanic core complex and location of ODP Holes 735B and
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lithologies such as diabase dikes and felsic veins were also
recovered (Dick et al, 2000). Whole rock and in situ major

element compositions indicate three to five upward
differentiation trends (Figure 2). Each trend has been
interpreted as the signature of individual intrusions,

potentially crosscutting each other, and emplaced during large
magmatic events by multiple intrusions (Dick et al., 2000; Dick
et al,, 2002; Dick et al., 2019a). In this study we focus on the
second unit from the top (274-53 mbsf), which contains some of
the most primitive lithologies in the hole (Mg# = molar ratio Mg/
[Mg + Feyo] x 100, of Ti-poor lithologies ranging between 74.5
and 86.8—MacLeod et al., 2017). The selected unit is relatively
fresh and one of the least deformed of the drilled section, and
presents the entire compositional range of rocks recovered in
Hole 735B. U-Pb zircon dates suggest intrusion of the series
ranging from 11.974 to 11.926 Ma (Rioux et al., 2016).

The intrusion has been described as two separate units (V and
VI) during ODP Leg 118 and Leg 176 (Dick et al., 1991a; Dick

et al., 2000). The upper unit, Unit V, is a massive 108.3 m-long
olivine gabbro unit. The lower unit, Unit VI, is described as a
153.6 m-long “lower compound olivine gabbro,” including more
than 200 distinct igneous intervals (Dick et al., 2000). In detail,
Unit VI is composed of four interleaved subunits of olivine
gabbros or troctolites, crosscut by various amounts of
“synkinematic” oxide gabbros (Dick et al., 2000). Oxide-rich
lithologies are often associated with strain localization
(Natland et al,, 1991; Dick et al., 2000), and are more
common in Unit VI. The intrusion is bordered at the top by a
50.5 m-long massive oxide gabbro unit (Unit IV) and at the
bottom by a 63 m-long evolved gabbroic unit (Unit VII).

METHODS

The structure and textures of Unit V and VI from ODP Hole
735B were re-described at the Kochi Core Center, Japan. Igneous
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FIGURE 2 | Comparison between (A) the lithostratigraphic variations of Hole 735B with relative abundances averaged over 20 m (from Macleod et al., 2017), (B)
the corresponding shipboard X-ray fluorescence (XRF) whole rock gabbro Mg# trends (modified from Dick et al., 2000), and (C) in situ plagioclase An content (data from
Dick et al., 2002).

contacts used here were initially defined and delineated by the
Shipboard Scientific Party (Dick et al., 1999), and are defined by
changes in mineral proportion and/or grain size; sheared contacts
are also observed. Magmatic fabrics are defined by a shape
preferred orientation of igneous phases like plagioclase,
pyroxene, and/or olivine with no to little internal crystal-
plastic strain and no recrystallization. Crystal-plastic fabrics
are defined by a shape preferred orientation of porphyroclasts
and neoblasts with internal crystal-plastic strain. The level of
fabric development of each fabric type is based on a qualitative
ranking system plotted as a thickness corrected running average
developed by the Shipboard Scientific Party (following Dick et al.,
1999—Figure 3). Magmatic fabrics range from no alignment,
rank of 0, to almost all phases aligned, rank of 3. Crystal-plastic
fabrics range from no alignment, rank of 0, to porphyroclastic
(close to equal proportion of porphyroclasts and neoblasts), rank
of 3, to ultramylonite, rank of 5.

In total, 95 gabbroic lithologies (characterized as olivine
gabbros and troctolites by Dick et al., 1999) were resampled to
get representative samples exhibiting the entire range of
compositional variation observed in the available whole rock

data (Supplementary Table S1; Figure 2). Only rocks
characterized as olivine gabbros and troctolites were sampled
in order to focus on the early and intermediate stages of the
magmatic differentiation. We excluded oxide gabbros also
present in the lower ~150m of the sequence that are
associated with highly differentiated, late-stage melts, as
emphasized by MacLeod et al. (2017) and supported by the
experimental work of Koepke et al. (2018). In addition, many
oxide gabbros present evidence for late emplacement by
deformation-assisted intrusion of an oxide-bearing melt in a
more primitive gabbroic host in disequilibrium (Koepke et al.,
2018 and references therein). We also excluded samples
presenting strong crystal-plastic deformation or alteration
features that might have disrupted their initial magmatic
geochemical signatures. The mineral mode of 50 of the
samples was determined by using the Image] software on thin
section scans (Schneider et al., 2017; http://imagej.nih.gov/ij/).

Major element contents of minerals from 78 samples were
quantified by Electron Probe Micro Analyzer at Laboratoire
Magmas et Volcans (Clermont-Ferrand, France) and the
University of Minnesota (United States). The thin sections
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Studied samples

analyzed were selected according to their lack of alteration or
strong crystal plastic deformation, and for sampling at regular
intervals of <5 m on average between each group of samples. In
order to get the entire compositional variability of minerals from
the selected samples, when possible at least three grains of the
main constituting minerals were analyzed in on average 5
representative areas of the thin section. For each grain, core
and rim (geometrical) were analyzed. At Clermont-Ferrand, we
used a Cameca SX100 equipped with four wavelength-dispersive
X-ray spectrometers. Analyses were performed with a 15kV
accelerating potential and a focused beam using a 15 nA beam
current. Counting times were of 10 or 20 sec on peak and also for
background. At Minnesota, we used a JEOL JXA-8900 equipped
with four wavelength-dispersive X-ray spectrometers. Analyses
were performed with a 15kV accelerating potential, a beam
current of 20nA, and beam diameters of 10um for
clinopyroxene, 5um for plagioclase, and 1um for olivine.
Counting times were of 10s on peak and off peak for all
elements. The data and associated analytical errors are
available in Supplementary Material (see details and
calibration standards for each element in Supplementary
Table S2).

Mineral trace elements of 24 samples were analyzed in situ
with a ThermoFinnigan Element2 XR inductively coupled plasma
mass spectrometer (eXtended Range—ICP-MS) coupled with a
laser ablation (LA) system Téledyne G2 at Géosciences
Montpellier (AETE-ISO regional facility of the OSU OREME,
Montpellier University, France). Where possible, the same
analytical strategy as for major element measurements
regarding the selection of samples and the location of in situ
analyses was followed. Signal acquisition was made in Time
Resolved Acquisition, counting 120sec for the background,
and 60 sec for the sample measurement. The frequency of the
laser was of 10 Hz, with an energy density of ~6.2 ] cm®. Ablation
experiments were conducted under helium which was mixed with
argon before entering the plasma. Clinopyroxenes (Cpx) were
analyzed with a laser spot size of 77 um, while a spot size of
102 um was used for olivines (Ol) and plagioclases (P1). Data were
processed using the GLITTER software (van Achterbergh et al.,
2001). All measured concentrations were calibrated using the
synthetic glass NIST 612 with the values of Pearce et al. (1997).
The internal standards used for the minerals are **Ca for Cpx,
and *°Si for Pl and Ol, with the values previously analyzed in the
same minerals by Electron Probe Micro Analyzer. An average of
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the values analyzed by LA-ICP-MS for the standard reference
basalt BIR-1G is available in Supplementary Table S3, together
with all trace elements data and associated errors.

RESULTS

Although whole rock geochemical trends suggest a first-order
relative continuity of compositions (e.g., Mg#—Figure 2), the
section can be divided in two distinct units based on structural,
lithological, and geochemical criteria. In the following we refer to
the Upper unit and to the Lower unit, which together correspond
to the ensemble formed by Unit V and Unit VI as described by
Dick et al. (2000). We first describe the structural and
petrographic variations and then describe the compositional
variations in each unit.

Structure and Petrographic Variations

The Lower unit (~400-530 mbsf) is heterogeneous and presents
numerous igneous contacts recovered at different depths all along
the section. Intrusive contacts separate subunits whose thicknesses
range from meters to tens of meters. Lithologies range from the
more primitive troctolites and olivine-rich gabbros to olivine
gabbros and olivine-bearing gabbros (Figure 3B). Oxide
gabbros are also present within this unit, and are associated
with deformed areas present throughout the interval. The
presence of igneous contacts is very frequently associated with
the presence of troctolites sensu lato (i.e, Ol-rich
lithologies—Figure 3A). Within each subunit defined by the
igneous contacts, the transition between lithologies is
gradational. The modal proportion of Ol tends to decrease
(from 69 to 4%) and proportions of Cpx increase (from 1 to
64%) toward the top of each subunit. This is especially the case for
one subunit located at ~510 mbsf and described in Hole 735B cores
90R-2 and 90R-3 (see Supplementary Figure S1). From bottom to
top of the subunit, the modal composition of lithologies
progressively change from troctolites with <5% interstitial Cpx
and up to ~25% O], to Ol gabbros with up to 40% Cpx and <5% OL
Samples’ textures are subophitic to granular with grain size varying
from medium-to coarse-grained. All lithology types may record a
crystal-plastic fabric at all intensity ranks, and whose intensity is
highly variable with depth (Figure 3A; Supplementary Figure S2).
The sampled lithologies representing the primary magmatic
background of the sequence show magmatic fabrics whose
intensity and orientation vary along the section. A maximum
intensity of ~2 is reached at the bottom of the sequence, at
about 530 mbsf (Figure 3A). No clear systematics between the
orientation and intensity of the magmatic fabric, and depth can be
observed. Common mineral textures in the Lower unit are rounded
Ol chadacrysts in poikilitic P1 or Cpx in troctolites (Figure 4D), P1
crystals presenting discordant polysynthetic twins on their
irregular grain boundaries in poikilitic Cpx (Figures 4A-C),
and/or Pl crystals with similar irregular grain boundaries and
complex optical zoning in Ol gabbros (green arrows, Figures
4B-D). Such textures have previously been interpreted as
evidence for RPF (e.g., Lissenberg and MacLeod, 2016), and are
better developed in samples with magmatic fabrics in Ol gabbros.

Magma Reservoir Formation and Evolution at a Slow-Spreading Center

Sparse minerals presenting intragrain deformation, such as tapered
twins in Pl and subgrain development in Ol are also locally
observed in the samples.

The Upper unit, ~274-400 mbsf, is composed of Ol gabbros
with rather homogeneous modal compositions (Figure 3B), and
on average 60% Pl, 30% Cpx, and 10% Ol The highest crystal-
plastic fabric ranks are at the bottom of the unit near the contact
with the Lower unit, with a maximum of ~2 at 367 mbsf; the rest
of the unit is almost devoid of crystal-plastic and magmatic
fabrics. No igneous contacts were observed in this unit. At the
very top of the unit at ~ 275 mbsf, the Ol proportions decrease
down to 4% with the presence of more differentiated Ol bearing
gabbros (Figure 3B) and the return of crystal-plastic fabric
between 271 and 273 mbsf. The initial description by Dick
et al. (2000) characterized these last samples as felsic veins,
due to the presence of several areas of conjugated veins filled
with felsic material crosscutting the primary gabbroic lithology.
Closer to the veins, minerals present interaction textures with
amphibole rims around Cpx, mostly dissolved Ol grains and
strongly zoned Pl Similar lithologies have been reported from
Atlantis Bank IODP Hole U1473A; those are referred to as “felsic
rocks with diffused boundaries (vein-D)” by Nguyen et al. (2018),
and interpreted as felsic melt infiltration into solidifying gabbros.
More generally in olivine gabbros, mineral textures such as
intergrown Cpx, Cpx with symplectite textures, Pl crystals with
discordant polysynthetic twins on irregular grain boundaries and/
or complex optical zoning are common (Figures 4A,B). Again,
such textures are interpreted as evidence for RPF (e.g., Lissenberg
and MacLeod, 2016), and minerals presenting intragrain
deformation, such as tapered twins in Pl and subgrain
development in Ol are also locally observed, but are less
common compared to the observations made in the Lower
unit. In closing, the Upper unit is homogeneous, lacking
strong magmatic, and crystal-plastic fabrics along with
intrusive contacts compared with the Lower unit (Figure 3A).

Whole Rock and In Situ Geochemical
Compositions

The 154 whole rock compositions used herein for the Upper and
Lower units are from the Shipboard Scientific Party of Leg 118
(1989), Dick et al. (1999), Dick et al. (1991a), Hart et al. (1999),
Hertogen et al. (2002), Holm (2002), and Niu et al. (2002), with
four additional unpublished ones analyzed at SARM-CRPG
(CNRS, Nancy, France). The rare earth element (REE)
compositions of both Ol gabbros and troctolites are all
depleted relative to an average primitive MORB from the
Atlantis Bank area (value in Supplementary Table S4) and
span similar compositional ranges. The Lay contents of Ol
gabbros vary between 0.12 and 1.09 and between 0.10 and
0.74 for troctolites, and the Luy contents vary between 0.07
and 0.81 for Ol gabbros and between 0.1 and 0.86 for
troctolites (see Supplementary Table S1). Likewise, samples of
both lithologies present weak to strong positive Eu anomalies,
which vary between 0.41 and 2.93 with an average of 1.60 for Ol
gabbros and 1.89 for troctolites. Both units present Ol gabbro and
troctolite samples with weak to strong cumulative signatures in
REE, a geochemical cumulate character of the lithologies that was
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presenting complex zoning (bottom arrows).

FIGURE 4 | Microphotographs in polarized light of samples from the Upper unit (A,B) and the Lower unit (C,D). Scale bar: 500 um. All samples have magmatic
fabrics and crystal-plastic fabrics ranks of 0. (A) Sample 735B-60R-4, 115 cm (295.38 mbsf): plagioclase grain presenting irregular grain boundaries (top red arrow) and
clinopyroxenes intergrowth (bottom arrow). (B) Sample 735B-72R-3, 0 cm (358.5 mbsf): plagioclase grain presenting complex zoning (green arrow) and irregular grain
boundaries (red arrow). (C) Sample 735B-81R-5, 7 cm (439.24 mbsf): plagioclase grain with irregular grain boundaries (top arrow) engulfed in a clinopyroxene
crystal presenting symplectite textures (bottom arrow). (D) Sample 735B-83R-7, 130 cm (462.55 mbsf): Rounded-shape olivine crystals (top arrow) and plagioclase

also identified by Dick et al. (2000) and Dick et al. (1991a).
Compatible element contents (e.g., Cr) and Mg# recorded in the
Lower unit reach higher values compared to the Upper unit, with
Cr contents up to 3,670 ppm and Mg# up to 86.8 in the Lower
unit, whereas in the Upper unit the values reach up to 900 ppm Cr
and 82.9 in Mg# (Figure 5). This highlights a more primitive
character recorded in lithologies below ~400 mbsf. Compositions
are also more variable in the Lower unit, with, for example,
variation ranges in Cr contents of ~3,500 ppm in the Lower unit
and of only ~750 ppm in the Upper unit, and lower minimum Cr
contents reached in the Lower unit. The Upper unit, in contrast,
shows a progressive upward decrease in Mg# (ranging between
82.8 and 67) and relatively uniform compositions through depth
in compatible and incompatible trace elements, except in the very
top ~50 m of the unit where, for example, the Cr contents
decrease from ~380 to ~25 ppm (Figure 5B).

In situ mineral major and compatible trace element
compositions of the samples collected in depth along the
section (Figure 3) are consistent with whole rock data. The
maximum in situ An content of Pl (An content = molar ratio
Ca/[Ca + Na + K] x 100), Fo content of Ol (Fo = molar ratio Mg/
[Mg + Fe + Mn] x 100) and of Mg# and Cr contents of Cpx are
higher in the Lower unit compared to the corresponding
maximum values in the Upper unit (Figure 6). The same
parameters are also more heterogeneous in the Lower unit
regardless of the lithology considered (troctolite or Ol gabbro).
In addition, the compositional variability recorded in a single
sample or at the same depth is much greater in the Lower unit
compared to the Upper one. For example, the Cpx Cr contents
range between 1,880 and 8,520 ppm at 462 mbsf (variation of
6,640 ppm), when on average at a single depth the Cr content
only varies ~1,500 ppm in the Upper unit. In the upper ~20 m of
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the Upper unit, the Cpx Mg# and Cr contents and the Pl An
content drop to the lowest values recorded in the section
(Figure 6). The compositions fall down to 61.9 Mg#, no Cr,
and 10.4 An contents (and 0.2 Or component) in the Ol gabbros
crosscut by felsic veins with diffuse boundaries. No clear
systematic zoning of the minerals is observed in major and
compatible elements in the Lower unit. In the Upper unit
below ~320 mbsf, no clear systematic zoning is observed,
although on average minerals’ Cpx rims have slightly lower
Mg# (82.4) than cores (83.3). Above ~320mbsf, more
systematic zoning is observed, with Cpx rims showing lower
Mg# and Cr contents (<~82 and ~1,020 ppm, respectively)
compared to cores (up to 86.6 and ~1,800 ppm,
respectively—Figure 6). The same tendencies cannot be
observed for Pl. Some Pl grains present, at the very grain
boundary, 5-10 um wide An-rich rims with contents varying
between 67 and 79 (Figure 6). These An-rich rims are only
observed in the bottom half of the Upper unit.

In situ mineral REE compositions and fractionations are not
correlated with depth in the Lower and Upper units. Pl Cey contents
vary between 0.6 and 4 all along the section, only one analysis in the
Lower unit reaches 8.2, and in the Upper unit the shallowest samples
associated with felsic material present P Cey contents reaching up to
20.5 ppm (Figure 7A). The same tendency can be described for the
Cpx Cey contents, which vary between 0.7 and 8.2 ppm in both
units. Locally the compositions can reach up to 14 ppm, such as in

the troctolite sample located at 505 mbsf (Figure 7C). The
fractionation ranges between light REE and middle REE in Pl
and light REE and heavy REE in Cpx are also very similar
between the Upper and the Lower unit. Pl Lay/Smy ratios vary
between 0.9 and 6 through the entire section (and reach up to 36.7
for the samples associated with felsic material, Figure 7B), with
slightly higher lower bound for the Upper unit (lowest Lax/Smy of
1.1). The same tendency can be described for Cpx, with Lan/Luy
ratios varying between 0.07 and 0.23 through the entire section (and
reaching up to 0.29 for the samples associated with felsic material,
Figure 7D). Incompatible elements are on average more enriched in
mineral rims (Figure 7 and 8). This is the case, for example, for Ti in
Cpx (average core to rim varies from 4,310 to 5,000 ppm) and La in
Pl (0.59-0.62 ppm), or Ce in both minerals (2.09-2.49 ppm, and
1.26-1.36 ppm). Cpx Ti contents increase to higher contents for a
given Mg# in the most primitive minerals of the Lower unit (and
especially the rims, with Mg# > 85, up to 1.8 wt% TiO,) compared to
the minerals in the Upper unit (Figure 8A). Oppositely, REE content
in Pl varies within similar ranges of compositions for the Upper and
Lower units despite significant differences in the minerals’ major
element contents, as already described above. The Pl Lay content
ranges between 0.58 and 4.35 in the Lower unit for an average
mineral’s An content of 69.3 (ranging between 10 and 78.9), and
ranges between 0.58 and 4.6 in the Upper unit for an average
mineral’s An content of 554 (ranging between 35.6 and 87.7,
Figure 8B).
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DISCUSSION

Model of Emplacement and Evolution of the

Magma Reservoir
In the Lower unit (~125 m thick) the lithologies range from the

most primitive troctolites to Ol gabbros and gabbros. There is no
systematic distribution of the lithologies with depth along the
entire unit, which appears highly heterogeneous. A total of 20
intrusive contacts were identified and are almost always
associated with the presence of troctolites (Figure 3A). Apart
from the sharp transitions between troctolites and more evolved
lithologies marked by intrusive contacts, the rest of the sequence
is characterized by gradual transitions between the different
lithology types within subunits. More specifically, we observed
a progressive transition from troctolite to Ol gabbro between two
intrusive contacts at ~510 mbsf, where the Cpx content of the
samples progressively increases from the bottom toward the
upper contact (see Structure and Petrographic Variations and
Supplementary Figure S1). Magmatic fabrics of different
intensities are also described at various depths within the unit,
but no systematic pattern in their distribution or orientation has
been identified (e.g., Deans and Yoshinobu, 2019). The whole
rock and in situ analyzes also confirm the heterogeneous
character of the Lower unit, which presents very large
variations in major and both compatible and incompatible
trace elements. Again, there is no clear systematic pattern
between the compositions recorded in the samples and depth.
The most primitive signatures (e.g., higher bound of the
compositional ranges in whole rock or Cpx Mg#, Pl An
contents, Ol Fo contents, or Cpx Cr contents—Figures 5 and
6) vary in depth, but do not show a progressive evolution up/
down section. The extent of differentiation per sample or at each
depth is also variable along the unit.

Altogether, the Lower unit most likely formed from
emplacement of sills (~6 m thick in average) at the bottom of
the intrusion forming a thick crystal mush and potentially
crosscutting one another during emplacement, as indicated by
the presence of intrusive contacts and the strong variability in
compositions recorded. A sill-like geometry of the intrusions is
favored according to seismic observations of such features in the
oceanic crust (e.g., Marjanovi¢ et al., 2014; Canales et al., 2017;
Carbotte et al., 2020), field observations and previous drilled
section observations (e.g., Bédard and Hébert, 1996; Boudier
et al, 1996; Kelemen et al, 1997; Lissenberg et al, 2004;
Sanfilippo and Tribuzio, 2011; Coogan, 2014). In that case, the
magmatic fabric would result mainly from crystal orientation due
to local flow within each sill (Deans and Yoshinobu, 2019), hence
explaining the lack of orientation systematics for the magmatic
fabrics in the section. Similar processes producing magmatic
fabrics have been described for Atlantis Bank gabbros and
quantified by electron backscatter diffraction (EBSD)
measurements on a smaller scale by Boulanger et al. (2018).
Each sill would have then evolved from bottom to top to various
extents, according to the gradual transitions between lithologies
and the variable extent of the compositional ranges recorded at
depth. Finally, the cumulative geochemical signatures of the
lithologies (whole rock REE contents, see Whole Rock and
in situ Geochemical Compositions) indicate that melt at some
point was extracted from the crystallizing mushes.

In contrast, the Upper unit is homogeneous. The unit is
composed of Ol gabbro except in the top ~20m of the
sequence which is composed of Ol-bearing gabbro. No igneous
contacts or pervasive fabrics are observed; only weak magmatic
and crystal-plastic fabrics appear between ~350 and 400 mbsf
(Figure 3A). Whole rock and in situ analyses confirm the
homogeneity of the unit, but show more systematic evolution
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tendencies with depth. Whole rock compositions present
progressive upward differentiation trends, as evidenced by the
progressive decrease in whole rock Mg# (Figure 5A), and are not
correlated with depth below 290 mbsf (e.g., Cr and Zr—Figures
5B,C). Most of the mineral compositions show the same
homogeneity with depth (e.g., P1 An contents and Mg# of Cpx
cores), even though Ol Fo content, and Cpx rims present a
progressively more differentiated character up section. Cpx
rims are the last to form in the lithologies, as Cpx is mostly
interstitial and hence is the last phase to appear on the liquidus
during crystallization; also, given their diffusion rates at
magmatic temperature (Dohmen et al, 2007), Ol Mg-Fe
contents are likely reequilibrated with the evolving interstitial
melt upon differentiation, the same melt that crystallizes the late
Cpx. Together with the observed discrepancies between most of
the in situ analyses and the progressive upward differentiation
trend observed in whole rock Mg#, these observations on Ol and
Cpx suggest a progressive accumulation and crystallization of
evolved, interstitial melts toward the top of the unit. Only the top
~20m of the section record a much stronger differentiated
character of the lithologies (very low Pl An contents down to
10, whole rock and Cpx Mg# down to 65 and 70,
respectively—Figures 6A,B). The uppermost two samples
(275 mbsf) have crosscutting felsic veins which infiltrate the
host Ol-bearing gabbro. This interaction with differentiated
late-stage melts may account for the local highly evolved
compositions of these samples, which have the lowest whole
rock Mg# of the section (down to 65, Figure 5A).

Altogether, the Upper unit most likely formed during a
common magmatic event, and by upward differentiation and
accumulation of evolved melts toward the top of the
homogeneous mushy reservoir. The homogeneity of the unit
suggests crystallization from a single magma batch emplaced
within the crust, or multiple incoming melts with similar
compositions. The only anomalous features are the very thin,
high An content rims that are locally observed at grain
boundaries (max 10 um), and sometimes associated with thin
amphibole blebs; those are mostly present in the lower half of the
unit (see Whole Rock and in situ Geochemical Compositions). The
observation that those An-rich zones are restricted to very narrow
grain boundaries suggests a late-stage origin, perhaps by hydrous
partial melting, a hypothesis supported by the work on similar
features in oceanic gabbros from various settings (e.g., Koepke
et al., 2005a; Koepke et al., 2005b; Koepke et al., 2007). Hence,
these features likely formed at lower temperatures and thus are
considered out of the scope here for our reconstruction of the
emplacement and primary magmatic evolution processes of the
magma reservoir(s), and will thus not be further discussed herein.

The combined observation of structures, textures and
geochemical compositions of the gabbroic sequence reveals
critical differences in the melt emplacement dynamics that
formed the Lower and the Upper units. The question arising
from this observation relates to the link between the two units and
the chronology of their emplacement and evolution. Two
scenarios are possible: one involves first the formation of the
Upper unit by crystallization of a large magma reservoir at depth,
then intruded by sills at the bottom of the homogeneous gabbroic

Magma Reservoir Formation and Evolution at a Slow-Spreading Center

sequence. In that case, no direct link between the two units in
terms of evolution of the compositions can be drawn. The second
scenario involves first stacking of primitive sills, thereby forming
the Lower unit, and a subsequent, progressive collection of melts
from the sills toward the top of the sequence and formation of the
Upper unit. This second option implies a genetic link between
melts forming the Lower and Upper units. Previous studies of
Hole 735B, based on whole rock and in situ geochemical
compositions of the lithologies, favor the common origin for
Upper and Lower unit (e.g., Dick et al., 2000; Natland and Dick,
2002). They interpret the entire section as a “form of cyclic
intrusion that differentiated in situ as the magma worked its way
upward” (Dick et al, 2000), and an intrusion that was
“repetitively injected by comparatively primitive magma”
(Natland and Dick, 2002). Other arguments and discussions
will be developed in the following sections that tend to favor
this last hypothesis (see Origin and Evolution of Melts Within the
Upper Unit).

Role of Reactive Porous Flow in the
Formation and Evolution of the Reservoir
Although the two units record different dynamics of magma
emplacement, textures and chemistry in both units indicate
common, if not ubiquitous occurrence of RPF, regardless of
the lithology considered (see Structure and Petrographic
Variations, Figure 4). The same type of textures, such as
rounded Ol grains, irregular Pl grains or intergrown Cpx, have
been previously described in Hole 735B and in other gabbroic
sections sampled in modern slow-spreading oceanic crust
(Lissenberg and MacLeod, 2016 and references therein). They
have been interpreted as the result of RPF processes and partial
assimilation of crystals during percolation of melt(s) through the
permeability of a mush. Together with fractional crystallization
(FC), RPF processes are increasingly considered as the
predominant processes governing melt differentiation within
the lower crust (Lissenberg et al.,, 2019). Here the implication
of RPF is clear from the textures presented above, and in order to
test if RPF had also an impact on the chemistry of minerals, we
hereafter compare the measured compositions with FC and AFC
models. The AFC model of DePaolo (1981) has been commonly
used for the study of lower oceanic crust samples as a simplified
analogue to the complex RPF processes (Coogan et al., 20005
Kvassnes, 2003; Borghini and Rampone, 2007; Gao et al., 2007;
Lissenberg et al., 2013; Sanfilippo et al., 2014; Ferrando et al,,
2018). The novelty of our approach resides in our consideration
of a sample suite interpreted as representative of an entire
magmatic reservoir instead of individual samples, hence
helping to better assess the impact of RPF on the
differentiation process.

We first modeled the evolution by FC at crustal pressure
(0.2 GPa) of a parental melt composition using the rhyolite-
MELTS model (Ghiorso and Gualda, 2015; Gualda and
Ghiorso, 2015—details in Supplementary Table S4). In order
to determine the REE evolution of the melt (and its equilibrium
minerals), we used the Rayleigh equation for FC. The phase
proportions and partition coefficients were computed at each
temperature step of the MELTS model using the composition-

Frontiers in Earth Science | www.frontiersin.org

87

September 2020 | Volume 8 | Article 554598



Boulanger et al.

dependent models of Sun and Liang (2013, 2014) for Ol, Sun et al.
(2017) for P1, and Wood and Blundy (1997) for Cpx. The major
and trace element compositions of the starting melt were taken to
be an average of the most primitive MORBs sampled in the
vicinity of Atlantis Bank (from Coogan et al., 2004—details in
Supplementary Table S4), and which represent the most likely
candidate for the composition of the parental melt forming the
section. The results show that Cpx Ti contents and Mg# expected
after FC are both lower than the actual content of the minerals
from both the Lower and the Upper unit (Figure 8A). These
geochemical signatures have already been interpreted as evidence
for the occurrence of RPF in lower oceanic crustal sections (e.g.,
Lissenberg and Dick, 2008; Lissenberg and MacLeod, 2016;
Leuthold et al, 2018). High-Mg# and Ti Cpx were also
identified by Yang et al. (2019) in the products of interaction
experiments between MORB-type melts and a troctolite analog
(Figure 8A). They are interpreted as having crystallized from an
interstitial high-Ti melt whose major element contents (Mg#)
were buffered by dissolution of primitive Ol from the mush
analog, hence increasing the melt Mg content. Regarding the
composition of Pl obtained after FC, the An contents of the
minerals are consistent with the data for both the Lower and
Upper units (all ranging between An ~78 and 45). However, the
associated Lay contents of the same Pl grains show a progressive
increase during FC that is not observed in the natural rock record.

Magma Reservoir Formation and Evolution at a Slow-Spreading Center

For the highest An contents from the Lower unit, the Lay
contents of the Pl are up to four times higher than the
expected value for FC. Conversely, for the Upper unit, almost
all the Lay contents range below the expected value at given An
contents after an evolution by FC (Figure 8B). Hence, the
majority of both Pl and Cpx signatures fail to be reproduced
by FC alone. Together with the characteristic textures observed
throughout the section, this result suggests that RPF processes
strongly impact the evolution of the Lower and the Upper unit of
the reservoir. In the following, we test this hypothesis and attempt
to define the reactions involved.

Evolution of Melts Within the Lower Unit

The widespread involvement of RPF in the evolution of the Lower
unit is supported by the pervasive reactive textures found in the
samples, and by the major and minor element compositional
trends that fail to be reproduced by simple FC models. In order to
better constrain the reactions involved, and the extent of RPF in
the sequence, we modeled the evolution of the minerals’ REE
contents after both FC (following the procedure described before)
and AFC, and compared them with the natural compositions
recorded in our samples. We focused on Pl compositions as this
mineral is the most abundant in all samples (58% on
average—Figure 3B), and Pl is less subject to post-
crystallization reequilibration than Ol due to slower diffusion
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FIGURE 9 | Model of formation of the magma reservoir implying the intrusion of sills in the Lower unit, and progressive extraction and collection of melts in the Upper
unit of the reservoir (after Model of Emplacement and Evolution of the Magma Reservoir). Widespread occurrence of reactive textures suggests the implication of reactive
porous flow processes in both units, and accumulation of melts at the top of the intrusion (after Role of Reactive Porous Flow in the Formation and Evolution of the
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(FC) from two different parental melts, the average primitive MORB of the Atlantis Bank area (star with red rim), and the melt in equilibrium with the plagioclase presenting
the more depleted La compositions and the lower La/Sm ratios (star with black rim). The error bars on the sample analyses represent a 1o error on the values. (B)
Modeling of the plagioclase compositions expected after Assimilation-Fractional Crystallization (AFC1) of a troctolitic matrix (45% olivine + 55% plagioclase) by the
average primitive MORB-type melt (star with red rim) with crystallization of plagioclase exclusively. (C) Modeling of the plagioclase compositions expected after
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with black rim) with crystallization of a gabbroic assemblage (5% olivine + 50% plagioclase + 55% clinopyroxene). Details in Supplementary Material.

of the REE (e.g., Cherniak, 2003; Spandler and O’Neill, 2010).
Cpx is classically used for such models, but the very low amount
of Cpx in troctolites and its interstitial position in our Ol-rich
samples seems to point to a relatively late stabilization in
comparison to the large Pl laths. Pl are thus more likely to
record the early stages of evolution than Cpx and to cover the
entire reservoir evolution history, and they are therefore used
herein to track RPF. Light REE and heavy REE are usually used to
highlight incompatible element fractionations, however as HREE
are strongly depleted in P, we will hereafter rather consider light
REE and middle REE (La/Sm).

The REE evolution by FC was modeled following the same
approach as the one presented above (Model of Emplacement and
Evolution of the Magma Reservoir and further details in
Supplementary Table S4). The global partition coefficient of
the crystallized mass was thus calculated for each increment of
fractionation with composition-dependent models (Wood and
Blundy, 1997; Sun and Liang, 2013; Sun and Liang, 2014; Sun
et al,, 2017), and was then used to determine the composition of
the crystallizing minerals. Two initial REE contents were
considered, first the same average composition of primitive
MORB-type melts from the Atlantis Bank area as used before
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(see Model of Emplacement and Evolution of the Magma
Reservoir), and second the average composition of melts in
equilibrium with the Pl crystals which have the lowest La
contents and La/Sm ratios of the unit, i.e, the most primitive
signatures. To obtain the composition of these equilibrium melts
we used the partition coefficient model of Sun et al. (2017) for
each mineral at a chosen temperature of 1,100°C. The FC results
for both starting melt compositions show that the evolution by FC
fails to reproduce the REE compositional ranges of Pl, and more
specifically the progressive increase of fractionation between
more to less incompatible REE that we quantify with the La/
Sm ratio (Figure 10A).

To test the RPF hypothesis and to better constrain the
reactions involved, we applied the AFC model (DePaolo, 1981)
to simulate an evolution by assimilation of a preexisting crystal
matrix by a disequilibrium melt, and simultaneous crystallization
of a new generation of minerals. The input parameters of the
model are the composition of the percolating melt, the type,
composition and proportion of assimilated phases, and the
mineral  species  crystallized  during the  reaction
(Supplementary Table S5). The output parameters obtained
by fitting the trace elements of natural samples will be the
proportions of crystallizing minerals and the r value (r = Mass
assimilated/Mass crystallized ratios). We first determined the
type of reaction involved, i.e., the nature of the assimilated
and crystallized phases, using the textural evidences for RPF
found in the Lower unit (Figure 4). Dissolution features can be
found for Ol and PI crystals, such as irregular Pl grain boundaries
and complex optical zoning due to the presence of “ghost” Pl
cores remnants, or numerous roundish Ol chadacrysts in Pl and/
or Cpx oikocrysts (see Structure and Petrographic Variations and
Supplementary Figure S3), suggesting Pl and Ol are involved in
the assimilation step of the reaction. Conversely, the presence of
PI overgrowths, the very interstitial character of Cpx in some
samples, the lack of Cpx core relicts and the occurrence of Pl and
Cpx oikocrysts containing dissolved Ol and/or Pl chadacrysts
suggest that both Pl and Cpx crystallized during the reaction.
These observations are also consistent at a larger scale with the
changes of the modal compositions and the progressive increase
in Cpx abundances toward the top of the sills from the Lower unit
(Figure 3B; Supplementary Figure S1). The general reaction
considered here based on petrographic constraints is as follow
(LU for Lower unit):

OlfY + PILY + melt} — OLY + PLY + CpxV + meltt

0

The composition of the assimilated phases was chosen to
represent a relatively primitive crystal mush composed of Ol and
Pl. We selected the composition of minerals determined by
MELTS after ~12% FC from the average primitive MORB of
the Atlantis Bank area, which corresponds to crystallization of
45% Ol and 55% P1. This ratio is in rather good agreement with
the dissolved P1/Ol ratios determined by Yang et al. (2019) and
the faster dissolution of Pl compared to Ol suggested by
Donaldson (1985). The equation itself is also consistent with
AFC equations previously established from lower oceanic crust
samples (e.g., Lissenberg and Dick, 2008; Leuthold et al., 2018). In
addition, we used the REE partition coefficients calculated for the
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average compositions of Ol, Pl, and Cpx analyzed in the Lower
unit using the composition-dependent models described above at
1,100°C. The same two melt REE compositions considered in the
FC models were tested here as the reactive melt composition in
the AFC model.

We first tested an AFC model considering reaction 1, with
percolation of a melt with the composition of the average primitive
equilibrium  melt  through  the  troctolitic = mush
(AFC2—Figure 10C). One of the outputs of the AFC model
that can be obtained by fitting the mineral trace element
contents is the proportion of the crystallizing phases; the best fit
(5% O, 50% P1, and 45% Cpx) is consistent with the average modal
composition of Ol gabbros. With this balance, the model manages
to reproduce the entire compositional range recorded in the
samples for Mass assimilated/Mass crystallized ratios of
0.5-0.99, and especially matches the increase of fractionation
between more to less incompatible REEs (AFC2—Figure 10C).
The lack of systematic variation of La or La/Sm with depth through
the Lower unit (both high and low values at each depths) also
highlight that the RPF process is widespread and of variable extent
at depth. The variations in Mass assimilated/Mass crystallized
ratios (r values in Figure 9) potentially highlight a progressive
change of the RPF dynamics. A decrease of r value might reflect a
progressive closure of the crystal matrix porosity during the
reaction, and the promotion of crystallization over assimilation
due to a decrease of the percolating melt flow. The variations might
also reflect the heterogeneous character of the reaction in space,
and the presence of areas with enhanced percolation or areas of
preferred crystallization. Intervals of enhanced percolation may
directly correlate to areas of textural equilibrium or melt-present
deformation. Cheadle et al. (2004) demonstrated that a cumulate
pile is permeable down to very low porosities, on the order of 5%, if
the cumulate minerals are in textural equilibrium. Textural
equilibrium may cease during RPF reactions, leading to the
closure of the cumulate pile to incoming melts. Melt-present
deformation is also likely to play a role in the permeability of a
cumulate pile demonstrated by models by Zimmerman et al
(1999) and Bruhn et al. (2000) that show deformed samples
have a higher permeability compared to undeformed samples,
and that melt in pockets once interconnected by shearing can flow
through pores based on imposed stress fields. We therefore suggest
that melt-present deformation increased the permeability of the
cumulate pile and also provided a stress field to help move melt
through the system.

Even though this specific AFC2 model manages to reproduce
the entire compositional range of the Lower unit, we observed
that the modal compositions of the lithologies recovered are
highly heterogeneous (see Structure and Petrographic Variations
and Figure 3B). The type of reactive textures encountered is also
correlated to the modal composition of the sample considered.
The Ol crystals which are the most heavily rounded, which we
interpret as being dissolved, are found in the Ol-rich lithologies,
together with resorbed Pl grains, poikilitic P1, and rarer poikilitic
Cpx (Figure 4). The texture of these samples indicates that Pl is
the main phase to crystallize during the AFC process in those
specific Ol-rich samples. In addition, the percolating melt
composition is taken in AFC2 as the average primitive
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equilibrium melt of the unit, and the use of an equilibrium melt
instead of a natural melt composition for the reaction can be
challenged. Hence, we run an additional model in which the
initial primitive melt involved in the reaction had the
composition of the average primitive MORB from the Atlantis
Bank area. The Pl in equilibrium with this melt shows similar Lay
contents but higher Lax/Smy compared to the most primitive Pl
analyzed in the unit. In agreement with the characteristic textures
of Ol-rich lithologies described above, a model of extensive Ol
and Pl assimilation and Pl-only crystallization was tested
(AFC1—Supplementary Table S5).

OlfU + PlfU + mel‘[fU - Pl;U + melt%U

@

This reaction leads to variable increases in the Lay content of
Pl coupled to a decrease in the Layn/Smy ratios that enables the
reproduction of the most depleted and fractionated primitive Pl
compositions (AFC1—Figure 10B). The occurrence of reaction
2 is supported by the textures of the Ol-rich lithologies and by the
modal contents in Pl of some of these lithologies, which exceeds
80% at different depths within the Lower unit (Figure 3B). Other
lithologies that are the most common in the Lower unit require
the involvement of widespread reaction 1 for their formation in
order to explain the entire compositional range of the section.
AFCI is here considered to be effective for the most primitive
lithologies, and thus to proceed first, when AFC2 that reproduced
most of the Lower unit plutonic rocks, is proposed to proceed
following AFCI1.

The exact composition and origin of the initial reactive melt
entering the system is difficult to determine. However, according
to the model of emplacement determined for the Lower unit (see
Model of Emplacement and Evolution of the Magma Reservoir),
the presence of this reactive melt is likely linked to the intrusion of
sills at depth and the cyclic input of new primitive MORB-type
melts in the system, leading to an evolution of the Lower unit
governed by RPF processes and the initial reaction between
primitive melts and OI-Pl crystal matrices. Some late Ti-rich
melts are also likely involved in the formation of the high-Mg#
Cpx presenting the highest Ti contents of the unit (>1 wt%), and
are probably genetically related to the late formation of the oxide
gabbros that are restricted to the Lower unit (see Methods and
Model of Emplacement and Evolution of the Magma Reservoir).
Interstitial Ti-rich melt generation and collection to form oxide
gabbros may also be enhanced by focused deformation. Melt-
present deformation is likely to lead to enhanced crystal-liquid
separation through forced melt removal leading to increased
differentiation (differentiation by deformation; Bowen, 1920;
Dick et al, 2000) forming Fe-Ti enriched fluids. This forced
differentiation may explain the higher proportion of oxide
gabbros in the Lower unit, which has an abundant record of
high temperature deformation, compared to the Upper unit,
which has a lack of high temperature deformation.

Origin and Evolution of Melts Within the Upper Unit

The first order petro-structural observations, and related
geochemical constraints at Hole 735B (e.g., Figure 2) have led
Dick et al. (2000) and Natland and Dick (2002) to propose that
the Lower and Upper units are genetically related. Also, both the

Magma Reservoir Formation and Evolution at a Slow-Spreading Center

more primitive character of the Lower unit and the widespread
evidence for melt extraction observed in this unit, together with
the more evolved character of the Upper unit (Figures 5 and 6),
suggest that melt(s) feeding the Upper unit may originate from
the Lower unit (see Model of Emplacement and Evolution of the
Magma Reservoir). In order to test this hypothesis, we determined
whether, geochemically, the parental melt(s) of the Upper unit
could indeed originate from the Lower unit, and if so, at which
stage of evolution melt extraction from the Lower unit occurred.
Mineral major element compositions of the Upper unit are more
differentiated, with a maximum Pl An content of 63 (excluding
the late-stage high-An rims that are locally observed and
attributed to hydrous partial melting; see Whole Rock and
in situ Geochemical Compositions), whereas the more primitive
An contents recorded in the Lower unit reach up to 87.7. After an
evolution by FC, Pl An contents of 63 would correspond to 50%
crystallization of the average primitive MORB-type melt
determined by MELTS (same model described previously), the
most likely parental melt to feed the Lower unit. However, we
determined earlier that RPF is the dominant process during the
evolution of the Lower unit, which precludes the collection of a
melt in the upper reservoir after just extensive FC.

A key observation to quantify the process that links the Upper
unit to the Lower unit is the decoupling between the major and
compatible element contents of minerals with their REE contents
(Figures 6 and 7). The most depleted Pl Ce contents in the Upper
unit are similar to those in the Lower unit (Figure 7A), when a
marked step is observed between the two units for major and
compatible element contents of minerals (Figure 6). The only
difference in terms of REE compositions between the calculated
parental melts of the two units is the slightly stronger
fractionation (represented by the La/Sm ratio of Pl and the
La/Lu ratio of Cpx, Figures 7B,D) recorded in the Upper unit
(see comparison between the Upper and Lower units
compositions in Figure 11B). We proposed earlier for the
evolution of the Lower unit a first step of reaction involving
stronger assimilation of the initial OI-Pl matrix by a MORB-type
primitive melt, followed by the average reaction of assimilation
and crystallization of an Ol gabbro assemblage (Evolution of Melts
Within the Lower Unit). We can go further in this reasoning, and
assume that a chronological decoupling occurs between the
assimilation and the crystallization phase of the reaction in the
Lower unit. Such decoupling was already considered by
Lissenberg and Dick (2008) for the oceanic environment,
based on the work of Edwards and Russell (1998) and Reiners
et al. (1995). A major consequence of this decoupling is the
conservation or even increase of the melt fraction in the system
during the first step of reaction by predominant assimilation that
would favor remobilization of material, potentially solids but
mostly melt.

Based on the general reaction established for the Lower unit,
we tested if a first step of preferential assimilation could lead to
the formation of a melt with a composition consistent with the
one that fed the Upper unit (see Evolution of Melts Within the
Lower Unit; Figure 11A). We computed by mass balance the
theoretical compositions of hybrid melts by using the
composition of the average primitive MORB, from which
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FIGURE 11 | (A) Evolution of the composition in CaO (wt%) and MgO (wt%) of a primitive MORB-type melt after 1) assimilation of a troctolitic component with 55%
plagicolase (Pl) and 45% olivine (Ol) (green arrow and diamond), and 2) crystallization of a gabbroic assemblage (5% Ol + 50% Pl + 45% clinopyroxene—Cpx, purple
arrow and diamond). Black line: Mixing line between the Pl and Ol or Pl and Cpx end member compositions. (B,C) Lan/Smy ratio vs. Lay analyzed in Pl from the Upper
unit of ODP Hole 735B [N = normalized to the average primitive MORB composition of the Atlantis Bank area, computed after the MORB data from Coogan et al.
(2004)]. (B) Modeling of the plagioclase compositions expected after Fractional Crystallization (FC) from two different parental melts, the melt in equilibrium with the
plagioclase presenting the more depleted La compositions and the lower La/Sm ratios (star with black rim), and a residual melt obtained with the second AFC model (star
with red rim—AFC2 in Figure 13). The error bars on the sample analyses represent a 1o error on the values. The gray symbols represent the composition of the
plagioclase analyzed in the Lower unit. (C) Modeling of the plagioclase compositions expected after Assimilation-Fractional Crystallization (AFC) of a troctolitic matrix
(45% Ol + 55% Pl) by the equilibrium melt (AFC3) and the residual melt (AFC4) with crystallization of a gabbro assemblage (55% Pl and 45% Cpx). Details in

Supplementary Material.

variable proportions of the OIl-Pl assemblage were added
(=assimilation of 45% Ol and 55% Pl) and from which
variable proportions of the gabbroic assemblage were
removed (=crystallization of 5% Ol, 50% Pl, and 45% Cpx).
The mineral compositions used for calculations are the average
compositions of minerals from the Lower unit (Figure 11A).
This equivalent reaction results in hybrid melt compositions that
are, for example, slightly enriched in Mg and depleted in Ca
relative to the initial primitive MORB (Figure 11A). In order to
determine if these melts can account for the melt that fed the
Upper unit, we modeled their FC by MELTS (Supplementary
Table S4) and compared the obtained minerals compositions to

the ones of the natural samples. The rationale behind this
comparison is to verify if the first phases to crystallize in the
Upper unit (i.e., the most primitive Ol and PI) can crystallize
from such hybrid melts.

The best fit to the compositions of the natural samples was
obtained by an equivalent 10% assimilation of the Ol-Pl matrix
by the primitive MORB melt, and 10% crystallization of the
gabbroic assemblage (FC of the hybrid melt at 1,150°C, 0.2 GPa,
and [H,0] = 0.2 wt%). The model shows that the compositions of
Ol and Pl crystallizing from the hybrid melt are Fo75.5 and
An65.8, respectively, when the corresponding compositions in
natural samples from the Upper unit are Fo76 and Ané63
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(Figure 7). The results of the model therefore matches the
composition of both Ol and Pl, but fail to reproduce the
composition of natural Cpx that are enriched in Mg compared
to the first Cpx that crystallize directly from the hybrid melt (Mg#
of 85 and 79.8, respectively). Cpx usually crystallizes later than Ol
and Pl in the crystallization sequence of primitive MORB-type
melts in the lower crust, which is supported here by the more
interstitial textures of Cpx in Ol gabbros from the Upper unit. The
discrepancy between the Cpx compositions likely means that FC
is not the predominant process governing the evolution of the
Upper unit and that RPF must also be considered, as already
suggested by the mineral textures and the geochemical signatures
of the Upper unit (see Model of Emplacement and Evolution of the
Magma Reservoir). In addition, Cpx Mg# can increase during
RPF processes as the Mg content of a melt increases by
assimilation of Ol as mentioned earlier (Lissenberg and Dick,
2008; Yang et al., 2019). The differentiation processes of the
Upper unit will be further quantified in the following.

The associated evolution of the hybrid melt’s REE contents
expected after an increased assimilation stage (equivalent to M
assimilated/M crystallized = 1) would also explain the decoupling
observed between major and trace elements in the section. Higher
assimilation of REE-poor materials (Ol + Pl) associated to smaller
fractions of gabbros crystallized, imply relatively stable REE
contents of the melt during the reaction despite the
simultaneous noticeable changes in the major element
contents of the same melt (Yang et al., 2019). This effect could
also explain the relatively constant range of La compositions at
variable An contents from the Lower to the Upper unit. For
example, at low An contents the La concentrations in the PI is
very low compared to the contents expected after FC (down to
0.58 Lay—Figure 8B). However, determining a precise parental
melt REE composition for the Upper unit is elusive as the
construction of the Lower unit by several sill intrusions,
recharge stages, and various amounts of RPF implies a great
compositional variability of the melts extracted from the Lower
unit. In addition, variable extents of mixing between recharge
melts and hybrid melts are likely, especially considering the
relatively major element homogeneous character and the lack
of igneous contacts in the Upper unit.

We then constrained the evolution of melts collected in the
Upper unit following their extraction from the Lower unit. We
first modeled evolution by FC (following the method used for FC
in Evolution of Melts Within the Lower Unit) of two different
starting REE compositions to account for the variability suggested
above. The first one is the melt in equilibrium with the average
composition of the most primitive Pl of the Upper unit (lower
Lay contents and lower Lay/Smy ratios), and the second is a melt
composition resulting from the average AFC model applied to the
Lower unit (Supplementary Table S5). Both FC models fail to
reproduce the compositional range recorded in the Upper unit,
and especially the increase of fractionation between more to less
incompatible REE that we quantified with the Lan/Smy ratio
(Figure 11B). We then applied two AFC models involving
interactions between the latter melts, and an OI-Pl matrix of
the Upper unit (~1:1 identical to reactions 1 and 2) with the
following reaction (UU for Upper unit):
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We followed the same reasoning for the determination of the
models input and output parameters as described for the study of
the Lower unit. We considered both Pl and Cpx crystallization in
reaction 3 as the mineral textures described in the Upper unit are
similar to those of the Lower unit. Conversely, Ol crystallization
was not considered in reaction 3 as the Upper unit is more
evolved compared to the Lower unit and the Ol content tend to
slightly decrease toward the top of the section. The best fit of the
model results to the REE compositions of the natural samples was
obtained for 55 and 45% crystallization of Pl and Cpx,
respectively. The AFC model involving the equilibrium melt
reproduces the entire compositional range of the Upper unit,
with ratios of mass assimilated/mass crystallized varying between
0.6 and 0.99 (AFC3—Figure 11C). However, a contribution of
melts that previously experienced various steps of evolution by
AFC in the Lower unit and that display more enriched and
fractionated signatures cannot be excluded. RPF processes
involving such melts (e.g, AFC4 in Figure 11C) also
reproduce part of the compositional range recorded in the
Upper unit with r ratios varying in this case between 0.7 and
0.92. Overall, RPF processes are the predominant processes
governing the evolution of the Upper unit, and shape the rock
textures, crystal morphologies and compositions, and the modal
proportions of rocks.

Frontiers in Earth Science | www.frontiersin.org

93

September 2020 | Volume 8 | Article 554598



Boulanger et al.

Temperature Constraints on the Evolution of the
Reservoir

We estimated the range of temperature experienced by the
reservoir during its formation and evolution by applying th