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ABSTRACT

Volcanism is the surface expression of extensive magmatic systems, with their
intrusive counterpart representing ~80% of the total magma budget. Our knowledge of
igneous processes therefore largely relies on our understanding of deep plutonic processes. In
continental or oceanic environments, most of the intrusive igneous rocks bear geochemical
cumulate signatures (e.g., depletion in incompatible elements and enrichment in compatible
ones) that are commonly explained by mineral-melt segregation during differentiation.
Deformation-assisted compaction aided by melt buoyancy is usually referred to as the main
process involved in melt extraction. However, buoyancy alone is not sufficient, and a number
of cumulative rocks are lacking any compaction evidence, @pening the potential for the
involvement of other processes. In addition, our view of magmatic systems has shifted in the
last decades from large melt-rich bodies to crystal-rich magma reservoirs. This paradigm shift
challenges some of the long-established first=order ‘igneous concepts like the idea that melt
differentiation at depth is mainly governed by (fractional) crystallization; alternatively, the
presence of mush potentially favors addittonal processes such as melt-mush reactions.

We propose a novel. igneous process for the formation of igneous cumulates,
consistent with the mushy_nature of oceanic igneous reservoirs, their continuous/cyclic
replenishment by, primitive melts, and the widespread occurrence of reactive porous flow
(RPF) during_magma differentiation identified in a growing number of magmatic systems.
The “melt flush” process relies on melt-mush reactions between the primitive recharge melt(s)
and, crystal mush. Replacement of the more evolved interstitial melt by the primitive recharge
melt leading to reactions (dissolution+crystallization), and concomitant extraction of the more
evolved melt from the cumulate by buoyancy participate in the acquisition of the final

cumulate signature.
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This process relying on oceanic igneous systems considers for the first time melt
inputs and not only melt extraction, and matches the petrographic (e.g., mineral dissolution
evidence) and geochemical constraints (trace element signatures) brought by natural oceanic
samples. We tested various melt-mush reactions likely involved in the early stages of the melt
flush process during RPF to investigate their thermodynamic feasibility with the Magma
Chamber Simulator. First-order results show that one-step equilibration of primitive_melts
with primitive to moderately differentiated mush crystals triggers mineral~assimilation.
Together with the constraints established from the natural rock record, it-strengthens the idea
that RPF is a potential key process for magma differentiation in magma reservoirs at different
evolution stages. The proposed melt flush process eventually adds to other processes involved
in cumulate formation like magma compaction or crystal settling, and is likely to apply to any

other magmatic system from various settings sharing similar reservoir characteristics.

INTRODUCTION

In both continental and<, oceanic settings, magma reservoir formation is the
consequence of the cyclic injection of primitive melts from the mantle into the crust (e.g.,
Annen et al., 2006, 2015;\Rannou et al., 2006; Godard et al., 2009; Cordier et al., 2010;
Cashman et al., 2017;\Sparks et al., 2019; Boulanger et al., 2020). Melt differentiation paths
within reservoirs, hence their evolution, are a function of several parameters such as the
primitive melt composition and flux, the physical conditions of crystallization (e.g., pressure,
fO»), OF the reservoir architecture and thermal state and evolution. The physical behavior of a
magma sensu lato depends largely on its crystal load (Costa et al., 2009; Cashman et al.,
2017), and we will hereafter consider that a magma sensu stricto is an unlocked system where
the crystal load allows magma migration, whereas a mush is locked, and cannot be mobilized

for extensive mush migration and potential eruption without involving, for example, a
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rejuvenation episode, tectonic events, second boiling, etc (e.g., Tait et al., 1989; Woods and
Cardoso, 1997; Bachmann and Bergantz, 2003; Till et al., 2015; Seropian et al., 2021).
Although still controversial (e.g., Latypov et al., 2020), most current models of crustal
reservoirs describe mush-dominated environments (Cashman et al., 2017; Bachmann and
Huber, 2019; Lissenberg et al., 2019; Sparks et al., 2019). Melt emplacement and migration
mechanisms, and the efficiency and timing of melt extraction are dictated by the ‘medium
(melt viscosity and density, and crystal load fraction) that contains within a mushenly a few
volume percent of liquid within a crystal framework (Lejeune and Richet,~4995;\Vigneresse et
al., 1996; Cheadle et al., 2004; Costa et al., 2009). In general, the magma-to-mush transition
is attained between 40 and 60% crystals (e.g., Mainprice, 199%; Cashman et al., 2017) and
depends on the shape of the mush forming minerals. The\exact amount of melt in the
reservoirs is difficult to determine (Paulatto et ak; 2022) but is likely variable, as imaged
seismically and with other geophysical metheds (Singh et al., 1998; Zandt et al., 2003;
Canales et al., 2009, 2017; Desissa et al., 2018; Comeau et al., 2015; Dunn, 2015; Magee et
al., 2018; Laumonier et al., 20194and-references therein). Magma dynamics, in turn, control
the processes operating during.melt differentiation (e.g. Meurer and Boudreau, 1989a; Picard
et al., 2011; Leuthold et al.,.2014; Lissenberg and MacLeod, 2016; Boulanger et al., 2020,
2021; Ferrando et al.,"2021a): crystallization could proceed at equilibrium, be fractionated or
involve in_situ. crystallization (Langmuir, 1989), melt eventually could be trapped or
segregated,yand disequilibrium interactions between the melt and their surroundings could
potentially occur (e.g. Spera and Bohrson, 2004; see definitions in Box 1). The latter tend to
be of particular interest when considering mush-dominated magma reservoirs, and reactive
porous flow (RPF) appears to be likely widespread and critical to melt differentiation in
oceanic and potentially continental environments (Lissenberg and Dick, 2008; Cooper et al.,

2016; Jackson et al., 2018; Hepworth et al., 2020).
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The textures and the geochemical signatures of igneous rocks are commonly used to
identify and quantify the differentiation processes that take place during their formation. One
key signature is the cumulate character of many plutonic lithologies, which were historically
interpreted as evidence for crystal-melt segregation and melt differentiation by fractional
crystallization (FC) and deformation (Bowen, 1915, 1920; Irvine, 1982). Here, we examine
the recent petrological and geophysical developments and the latest architecture models.of
igneous plumbing systems, together with an overview of the different models-of ‘melt-mush
reactions and reactive porous flow that have been developed in various)settings. We
particularly focus on oceanic magma reservoirs where the study of these processes is most
advanced. Together with a new test of the thermodynamic feasibility of characteristic melt-
mush reactions, we examine in light of all these elements the ‘potential impact of RPF on the
development of cumulate geochemical signatures: ins\magma reservoirs. We suggest the
involvement of a novel integrated igneous process: the melt flush process. We finally discuss
the potential for the application of this/progess'to magmatic systems from other geodynamic

settings.

CUMULATE FORMATION PROCESSES

Processes.and\imitations

The_term. cumulate was first proposed by Wager et al. (1960) and referred to igneous
rocks“formed by crystal accumulation. In this case, the formation of cumulates involves
crystal”segregation and FC, as previously described by Bowen (1915). The removal of the
most evolved melt fraction from cumulate minerals results in whole-rock compositions that
are characteristically depleted in incompatible trace elements compared to the primitive melt
composition (e.g., with a positive Eu anomaly if the cumulate assemblage includes

plagioclase; Fig. 1; Meurer and Boudreau, 1989a). The main processes considered for crystal
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accumulation and melt extraction are linked to melt buoyancy and gravitationally-driven
viscous compaction (e.g., Mckenzie, 1984; Meurer and Boudreau, 1989b; Holness et al.,
2017Db; Lissenberg et al., 2019), the latter of which can be assisted by tectonic stresses (e.g.;
Bowen, 1920; Kohlstedt and Holtzman, 2009; Holness et al., 2017b; Lissenberg et al., 2019;
Zhang et al., 2020). Cumulates can also form by compositional convection that is governed by
the density contrast between intercumulus melts and an overlying magma chamber_melt,
without involving complete physical separation of intercumulus melts from™crystals and
without considering melt-mush reactions (Tait et al., 1984; Toplis et al,2008; Namur and
Charlier, 2012). However, the efficiency of these processes in the.lower crust has been
challenged, especially in mushy systems in the absence of\any large magma chamber
(Holness, 2018; Kréttli and Schmidt, 2021). Buoyancy alone is,likely insufficient for efficient
and rapid crystal-melt segregation in mushes where‘the'melt flux is resisted by the strength of
the crystal matrix and the viscosity of the percolating melt (Daines and Pec, 2015; Bachmann
and Huber, 2019). Basaltic and picritic. melts“with low viscosities have more potential for
segregation, yet the thickness of the mush layer is critical and additional concurrent processes
are required for small (~100 m-scale) systems (Daines and Pec, 2015). Viscous compaction is
favored in reservoirs withsthick mush columns subject to low cooling rates and comprising
relatively dense erystallizing mineral assemblages such as mafic systems (e.g., Holness et al.,
2017b; Lissenberget al., 2019), although the lack of textural evidence such as intracrystalline
deformation-in many mafic cumulates from continental and oceanic settings questions the
importance of this process (Cheadle and Gee, 2017; Holness et al., 2017b; Holness, 2018;
Ferrando et al., 2021a). An alternative process is crystal repacking or mechanical compaction
by grain rearrangement (e.g., Holness et al., 2017b; Bachmann and Huber, 2019, and
references therein). The efficiency of the process is constrained to a limited crystallinity

range, yet the amount of melt extracted is potentially significant depending on the
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morphology of the minerals (Bachmann and Huber, 2019). Crystal repacking is caused at the
reservoir scale by differential stresses generated by processes such as recharge or tectonic
forces, and is likely to lead to the development of a crystal fabric or to be accompanied by
dissolution-precipitation aiding compaction without crystal deformation (Holness et al.,
2017b; Bachmann and Huber, 2019). Alternatively, gas or fluid percolation through the melt
can aid its extraction from the (here passive) crystal matrix (Boudreau, 2016; Bachmann-and
Huber, 2019). The models detailed above only consider melt extraction from the systems and
do not consider the potential impact of recharge melts migrating within thé,crystal mush from
lower levels, as currently suggested for magma reservoirs in different settings (e.g., Jackson et
al., 2018; Dick et al., 2019). Hence, most of these models do net cansider any primitive melt
inputs and, when occurring, the potential crystal-melt disequitibrium and the impact RPF to

the formation of rocks bearing geochemical cumulate signatures.

Implications for melt extraction

In addition to their implieations for cumulate formation, processes associated with
melt migration and segregation in“magma reservoirs are key to a better understanding of the
volcanic-plutonic connectien,/ which is the link between extracted melts, involved in the
genesis of erupted magmas, and their crystal-rich reservoirs that ultimately cool to form
plutons (e.g.,.Bachmann et al., 2007; Schaen et al., 2021). For example, the modes of
extraction of large volumes of crystal-poor magma from silicic crystal mushes are critical to
compréehend the dynamics of large continental volcanic systems (100 to 1000 km®), their
mobilization to produce eruption, and related monitoring. Yet, as shown in the above section
they remain controversial for both silica-rich an silica-poor systems, especially regarding the
efficiency and timescales of melt extraction (e.g., Bachmann and Bergantz, 2004; Burgisser

and Bergantz, 2011; Holness, 2018; Bachmann and Huber, 2019; Sparks et al., 2019). On
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another scale, mid-ocean ridge basalts (MORBSs) and related products are often studied for
their interest in constraining the mantle compositions and heterogeneities, taking into account
potential processes occurring between mantle melting and eruption (e.g., Rubin et al., 2009;
O’Neill and Jenner, 2012; Lambart et al., 2019; Neave et al., 2019). These processes depend
on the volumes and fluxes of melts emplaced within the crust that in turn control the magma
reservoir’s structure, thermal architecture, composition, and evolution (e.g., Dunn et ak, 2005;
Coogan, 2014; Dunn, 2015; Chen et al., 2021). MORBEs, especially at slow-spreading ridges,
record geochemical signatures consistent with an evolution of melts by RPE or assimilation of
gabbroic lithologies, which is also supported by textural evidence for assimilation recorded in
crustal gabbros (e.g., Lissenberg and Dick, 2008; Lissenbergiet al., 2013; Lissenberg and
MacLeod, 2016; Leuthold et al., 2018; Shimizu et_al., 2019; Boulanger et al., 2020;
Sanfilippo et al., 2020). This suggests that significant velumes of reacted melts can segregate
from high-crystallinity mushes where RPF might occur, yet this segregation is still a matter of
debate. However, olivine gabbro cumulates from a magmatic crustal section drilled at the
Atlantis Bank oceanic core complex(QCC; IODP hole U1473A, Southwest Indian Ridge;
SWIR) present recurrent fine-grained domains also found in other crustal sections (Bloomer
et al., 1991). They are interpreted as areas of interstitial reactive melts collection from the

crystal mush, supporting’the melt segregation hypothesis (Ferrando et al., 2021a).

EVOLUTION OF OCEANIC IGNEOUS RESERVOIRS

Impact of reactive porous flow

Magma reservoirs at oceanic spreading ridges were long suspected to be mush-
dominated environments (e.g., Sinton and Detrick, 1992), a reservoir structuring with strong
implications on the differentiation path of magmas. Indeed, heterogeneous modal proportions

and mineral compositions observed at all scales in the oceanic crust suggest that melts are
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unlikely to maintain local chemical equilibrium with the crystal framework through which
they percolate, and rather interact with it (Lissenberg et al., 2019; Yang et al., 2019).
Providing sufficient melt flux, protracted interactions with (or assimilation of) the crystal
framework could ultimately result in a state of equilibrium and homogenization of the system
(Blundy, 2022). Several studies have proposed the ubiquitous involvement of RPF and its
strong control on the melt and crystal compositions. It has been suggested eithenat.the
mineral scale (Sanfilippo et al., 2020), the scale of a mush column (Ferrando et al., 2021a),
the scale of a magma reservoir (Boulanger et al., 2020), or the scale of, the)entire crustal
section (Zhang et al., 2020) drilled at the Atlantis Bank OCC (Dick éet-al., 2000, 2019). These
results are in agreement with previous studies conducted at Atlantis\Bank and other spreading
ridges, which predicted the strong control of RPF on the lithologies and differentiating melt
composition (e.g., Coogan et al., 2000; Kvassnes; 2004;/Gao et al., 2007; Lissenberg and
Dick, 2008; Lissenberg and MacLeod, 2016; kerrando et al., 2018; Leuthold et al., 2018;
Lissenberg et al., 2019, and references-therein). In detail, two main lines of evidence support
the RPF hypothesis (see Table 1), First; the gabbro cumulates (sensu lato; Fig. 1) present
modal compositions that usually“deviate from the typical thermodynamically constrained
tholeiitic liquid line of descent (e.g., Dick et al., 2019; Boulanger et al., 2020). The gabbro
cumulates alsowpresept minerals with characteristic textures that, despite the strong
heterogeneity _described in all crustal sections and oceanic crust samples, can be found on a
recurrént basis. Olivine (Ol) textures are often characterized by round shapes (Fig. 2f, k, r),
especially Ol chadacrysts engulfed in poikilitic plagioclase (PI) or clinopyroxene (Cpx, Fig.
2b, f, 0), or irregular and wavy contacts with surrounding minerals suggesting resorption of
the grains (Fig. 2d, i). PI present very irregular grain boundaries that often crosscut the twins
of the grain with dissolution fronts (Fig. 2j), and are found as chadacrysts in both PI (Fig. 2n)

or Cpx oikocrysts (Fig. 2c, e, f, h, m, p). They can also present complex zoning patterns,
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reversed or normal, with resorbed core remnants (Fig. 2g, i). The first Cpx textures that were
associated with RPF are the large (sometimes pegmatitic) poikilitic grains that contain
numerous Ol and/or Pl chadacrysts with resorbed grain boundaries (Fig. 2e). Cpx-Amphibole
symplectites (or Cpx-Orthopyroxene symplectites) are regularly found in oceanic samples but
their RPF origin is debated (Fig. 2a, h). In addition to symplectites, Cpx-Cpx intergrowths are
also frequently found in samples presenting other RPF textures, and are suspected ‘to_result
from this process (Fig. 2a, j, |; summary available in Table 1; e.g., Lissenberg and Dick; 2008;
Lissenberg et al., 2013; Sanfilippo et al., 2015; Lissenberg and MacLeod}2016; Leuthold et
al., 2018; Boulanger et al., 2020; Zhang et al., 2020; Ferrando et al.;.2021b). However, the
disequilibrium reactions can also be more cryptic and the second line of evidence, the in situ
mineral compositions, is also critical to identify the occurrence of RPF within the systems
(Lissenberg and MacLeod, 2016; Sanfilippo et al.,2020), There are two main components to
the RPF geochemical signatures, initially desCribed ‘s enrichments in incompatible elements
compared to the compositions expected after>simple crystallization. First, the incompatible
trace element contents of minerals/from various gabbroic rocks are indeed higher than
expected for their corresponding major element contents, which characterizes a decoupling
between major and traceselements observed in the natural samples. For example, TiO,
contents in Cpx teachesup to 1.5 wt% in minerals at very high Mg# of about 90 (Boulanger et
al., 2020),.or.the range of La contents is the same for Pl with An contents ranging between 45
and 85. This decoupling is likely due to the progressive enrichment in incompatible trace
elements with concomitant major element reequilibration of the melt with the crystal
framework during RPF (e.g., towards higher Mg# for Cpx during percolation of Ol-rich
crystal frameworks). The second characteristic signature is the strong fractionation between
trace elements with variable degrees of incompatibility that has only been reconciled so far

with an evolution modelled by AFC (DePaolo, 1981; Fig. 3A). Other processes likely to occur

€20z Aeniged ¢ uo 1senb Aq 6£58669/S00peba/AB0j018d/E60 L 0 L /10p/8o1B-80uBAPER/ABO|0J19d/WO09°dNO"dIWepEIE//:SdNY WO} PEPEOJUMOQ]



250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

in oceanic systems have failed to reproduce these signatures (e.g., Sanfilippo et al., 2020;
Boulanger et al., 2021; Ferrando et al., 2021b). Equilibrium or FC do not lead to the
formation of assimilation textures, and completely fail to explain the fractionation of the
incompatible trace elements of the minerals. Trapped melt crystallization was first mentioned
to be the cause of the trace element enrichments in a variety of samples (Ross and Elthon
1997; Borghini and Rampone, 2007), yet the process by itself cannot be the cause“for.the
assimilation textures, systematic normal zoning of minerals is lacking in many samples, in
addition to accessory phases that should result from trapped melt crystallization. Finally,
trapped melt alone cannot account for the significant decoupling between major and trace
elements observed in samples, nor for the fractionation between_incompatible trace elements
(especially REE) with different degrees of incompatibility found in most natural samples
(Sanfilippo et al., 2020; Boulanger et al., 2021; Ferrando. et al., 2021b). Additional effects of
sub-solidus diffusion on the geochemical signatures, or associated with variations of the
temperature-dependent partition coefficients oftrace elements during the processes mentioned
before also do not sufficiently impact,the signatures to account for the observed natural
sample record, nor explain the assimilated textures (Sanfilippo et al., 2020). Instead, these
signatures tend to be interpreted as resulting from RPF with the support of the textural
evidence found in_the'same sample (summarized in Table 1). Fig. 4 presents the comparison
between Pl,_Cpx-and MORB compositions from various fast-spreading (FSR) and slow-
spreading (SSR) ridges, and geochemical models of FC and AFC for incompatible rare earth
elements (REE). It shows that FC fells short to explain the range of compositions of these
systems, and that the potential impact of RPF (modeled here by AFC) on incompatible
elements is found in all components of the oceanic crust and may significantly impact oceanic
crustal accretion. The incompatible element contents of Pl and Cpx seem to require both the

assimilation of Ol and/or PI, but they do not record the same crystallization events. While
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crystallization of Cpx help reproduce de composition of Pl, Ol crystallization help reproduce
the composition of Cpx (Fig. 4). This effect is likely the result of Pl and Cpx asynchronous
crystallization in the reservoirs. MORB data also document the assimilation of at least Ol
and/or Pl together with the crystallization of Cpx £ Ol. This result suggests that the extraction
of MORB melts from the mush reservoirs proceeds once Cpx has started to crystallize within
the mush. It is consistent with the results of Lissenberg et al. (2019) who highlightedhsuch.a
chronology.

The majority of these gabbros, apart from the more evolved litholegies'such as oxide
gabbros, are described as cumulates based on the whole rock geochemical signatures and
especially their incompatible trace element contents which result to some extent from RPF
(Fig. 1). Yet, despite several lines of evidence arguing for the.occurrence of RPF and some
experimental constraints (Leuthold et al., 2015;Yang et al., 2019), the question of the
thermodynamic feasibility of RPF process s, still pending due to the lack of applied

thermodynamic modelling.

Characteristics of the.reactions

In detail, the melt-mush reactions described as involved during RPF can vary with the
magmatic system,_considered. On one hand, the reaction characteristics can be estimated
relying on.the textures and the composition of the studied samples. On the other hand, their
impact on\the chemistry of a system can be approximated by numerical models. The
correspondence between natural chemical compositions and the models then allows adding
gonstraints parameters controlling the reactions, such as the nature and fraction of the
reactants and products (melt and minerals). The most commonly used model for RPF relying
on trace elements is the assimilation-fractional crystallization model (AFC; DePaolo, 1981).

Overall, the reactions mostly involve assimilation and/or crystallization of the main cumulate-
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forming minerals (i.e., Ol, Pl and Cpx) in various proportions, usually in favor of Ol and PI
assimilation, and crystallization of Pl and Cpx (Fig. 3A, Table 1). This is directly supported
by the evidence for Ol and PI resorbed textures, and evidence for Pl and Cpx crystallization
after a first mineral dissolution step (poikilitic minerals engulfing resorbed grains, Fig. 2,
Table 1). We present in Fig. 4 different theoretical reactions involving Ol, Pl or Cpx, whiCh
are either assimilated or crystallized, both generations of minerals having different
compositions. The results show the sensibility of the AFC models to the nature-of‘the phases
involved, leading to both enrichment and fractionation between incompatible trace elements
that significantly vary with the minerals considered. The composition.of the reactive melt is
almost systematically more primitive compared to the liquid%n equilibrium with the mush
crystals involved during the reactions (e.g., (Boulanger et alk, 2020)) and, overall, induces
reactions in favor of crystallization compared to assimilation, as described by the r ratio in the
AFC models from the literature. This r valuénis described by DePaolo (1981) as the ratio
between the rate of assimilation and”“‘the rate at which fractionating phases are being
effectively separated from the magma®.,This ratio is always comprised between 0.5 and ~0.9
in AFC model related to oceanic igneous reservoirs, and usually a range of r is needed to
explain the entire range of._compositions recorded in a single sample or magmatic system
(examples shown.in Fig: 3B; literature synthesis present in Table 1; e.g., Coogan et al., 2000;
Kvassnes,,.2004; Boulanger et al., 2020; Zhang et al., 2020; Ferrando et al., 2021b). The
upper~limit,of r = 0.3 mentioned by DePaolo (1981) for the model applies only to the
assimilation of cold country rocks, and r can reach values up to 1 during the assimilation of
minerals relatively closer to their liquidus than their solidus temperatures. The range r = 0.2—
0.99 summarized in Table 1 therefore likely indicates that melts crystallize and thus tend to
reduce the porosity of the system during RPF. It does not ensure, however, that the

assimilation and crystallization steps are fully synchronous during melt-mush reaction, even
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though both are described at the same time by the AFC equation and recorded together in
natural samples (Lissenberg and Dick, 2008; Boulanger et al., 2020). The characteristics of
the main reactions (type, proportions and compositions of assimilated and crystallized
minerals, melt composition) based on the study of natural oceanic crust samples are supported
by the results of the few available experimental studies for melt-mush reactions (Leuthold et
al., 2015; Yang et al., 2019). They are also consistent with the melt dynamics within“magma
reservoirs that predict multiple primitive melt injections within crystal mushes-and, potential
large-scale melt percolation (e.g., Grimes et al., 2008; Godard et al., 2009; Sanfilippo and
Tribuzio, 2013; Dick et al., 2019; Boulanger et al., 2020; Zhang éet-al., 2020). Hence, the
geochemical signatures of many gabbroic cumulates recovered ftom,the oceanic crust seem to
be directly linked to RPF processes, that likely exert a strong control on melt differentiation.
We provide in the following a thermodynamic modeling of the potential reactions occurring
in gabbroic magma reservoirs to discuss further the implication of melt-mush reactions

involved during RPF.

Thermodynamic feaSibility test

Aim of the AFC model

We present here’an attempt to discuss the thermodynamic feasibility of melt-mush
reactions associated with RPF that so far were mostly approached by mass-balance models
relying onytrace elements and petrographic descriptions (e.g., Sanfilippo et al., 2020;
Boulanger et al., 2021; Ferrando et al., 2021b). Our approach complements the work of
Collier and Kelemen (2010) that focused on reactive crystallization in the mantle. In our case,
the reactions occur in the earliest stages of evolution of a mush in contact with a primitive
melt. In this scenario, the mineral assemblage of the mush involved in the reaction(s) formed

most likely by FC from a primitive melt (similar to the reactive primitive melt) during a melt-
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rich evolution phase of the reservoir. The small composition difference and close equilibrium
temperatures of the two components (melt and minerals) questions the assimilation capacity
of the melt. The thermodynamic model rhyolite-MELTS (Gualda et al., 2012; Ghiorso and
Gualda, 2015) allows to model assimilation of a determined mass of material in a melt under
isenthalpic conditions. It does not however consider any heat input from the assimilated
material on the system. The Magma Chamber Simulator (MCS; Bohrson et al., 20142020),
which relies on the rhyolite-MELTS engine, allows to track the enthalpy“and both
compositions and temperatures of up to three components in a magmatic\system : the main
magma subsystem, a subsystem assimilated by the magma and a recharge subsystem. Here,
we used the AFC mode of the MCS to model the evolution of a ‘mush equivalent when in
contact with and assimilated by a primitive melt, with_no additional melt input (recharge)
during the reaction. The model allows to track thé compositional and thermal evolution of
both the primitive melt (Magma) and of the potentially assimilated material (hereafter called
Mush) until both are in thermal equilibrium (this is a limit of the MCS AFC model). It also
allows to track if any assimilation-of they\Mush was induced.

Model inputs for oceanic Crustal reservoirs

We adapted the model'to a slow-spreading oceanic environment and used the Atlantis
Bank OCC as reference (Boulanger et al., 2020). The Magma corresponds to a primitive
MORB equivalent’suspected to feed the magma reservoirs by cyclic intrusions (SWIR MORB
fromCooganet al., 2004 ; described in Boulanger et al., 2020). The Mush equivalents (to be
assimilated) for the Atlantis Bank system are taken as the mineral assemblages (crystals
without melt) obtained by FC of the same primitive MORB equivalent or Magma at different
temperatures (determined by rhyolite-MELTS). The pressure of the system is set at 2 kbar,
with redox conditions at FMQ with ~0.2 wt% H,O in the Magma, which correspond to

average estimates for magma reservoirs at slow-spreading ridges (Lissenberg et al., 2015;

€20z Aeniged ¢ uo 1senb Aq 6£58669/S00peba/AB0j018d/E60 L 0 L /10p/8o1B-80uBAPER/ABO|0J19d/WO09°dNO"dIWepEIE//:SdNY WO} PEPEOJUMOQ]



375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

Koepke et al., 2018). Other parameters for the AFC runs are the enthalpy convergence step
optimized by MCS modelers at 30, and the FmZero that we set here at 0.05 as we consider a
mineral assemblage from a mush where melt extraction is favored. FmZero describes the
proportion of melt to reach in the Mush so that partial melts start being extracted from the
Mush and assimilated in the Magma. A decisive input parameter for the system is _the
temperature set for the different components. The possible input temperatures of the_Mush
using the MCS s either equal or lower than the solidus temperatures of the seleeted phase
assemblages. Two mush compositions were tested, a first early stage cumulate ‘obtained after
17.6% FC by MELTS at 1202°C (18.3% OlI, 61.3% Pl and 20.4% Cpx), and a second
advanced stage cumulate obtained at 50.6% FC at 1162°C (11:4% Ol, 52.4% Pl and 36.2%
Cpx). The corresponding modal compositions of the considered mushes are consistent with
the range of olivine gabbros from Atlantis Bank-(Boulanger et al., 2021; Ferrando et al.,
2021b). The two corresponding input Mush temperatures are taken as their crystallization
temperatures of 1202°C for the early stage,cumulate and of 1162°C for the advanced stage
cumulate. In relation with MCS limitations, the assimilated material had to be fully solidified
and we therefore took an adcumulate equivalent to the mush presented above (dry assemblage
devoid of melt). This represents an extreme case where the interstitial melt is entirely replaced
by the assimilating melt. This extreme case is disadvantageous for assimilation. In a least
extreme case, the’interstitial melt of a mush could partially to fully mix with the injected
primitive melt. The temperature of the melt at the launch of the temperature equilibration
between the Magma and the Mush is the liquidus, here at 1256.8°C. We consider a
temperature decrement step of 5°C (like the FC model). Finally, and to test the efficiency of
the reactions, five ratios of the Mush/Magma masses of 0.25, 0.5, 1, 1.5 and 2 were
considered. They allow to test the reactions for either mush-dominant or melt-dominant

regimes and how this parameter influences the temperature equilibrium, and hence the
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capacity of assimilation of the melt. The inputs and main outputs of the models are presented
in the Supplementary Materials Table S3 and in the following section Results of the melt-
mush reaction models.

The aim of this model is not to reproduce the complete RPF process, but only to test
with these endmember reactions if the (small) degree of disequilibrium between the Magma
and the Mush is sufficient to induce assimilation. An integrated RPF model would_require.a
time component and consider the evolution of the permeability within the system“during the
reactions, which is not possible via the MCS AFC model. The occurrence of assimilation
however is often debated and remains a strong argument against melt-mush reactions and RPF
process. The inputs presented above were carefully selected to represent the first increment of
reaction occurring in the initial phase of the RPF involving a primitive melt and two mineral
assemblages that both contain all three main cumulate _forming minerals (Ol, Pl and Cpx)
suspected to be involved in melt-mush reactions described in natural samples, and on which
the models rely.

Results of the melt-mush reaction models

The results of the models™are presented in Fig. 5. Fig. 5A details the amount of
material from the Mush assimilated into the Magma and the amount of material crystallized
from the Magma.for each AFC run. The ratio between the total assimilated mass and the total
crystallized_mass 1S taken as a proxy to the r ratio discussed earlier in the literature (see
Characteristics of the reaction). Fig. 5B compares the initial and final state of the Mush for
each AFC model, in terms of mass of each mineral present. For example, in Fig. 5B no spinel
is present in the initial Mush and spinel only crystallizes from the Magma during the
reactions, as shown in Fig. 5A. The equilibrium temperature between the Mush and Magma
reached at the end of the models is between 1219-1242°C for the early stage cumulates and

between 1197-1231°C for the advanced stage cumulates. The amount of crystallized and
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assimilated material is higher for the most evolved Mush and increases when the initial
amount of Mush involved in the reaction is higher (Fig. 5). Overall, the reactions are in favor
of assimilation for melt-dominated reactions (Mush/Magma < 1), with equivalent r ratios
between 2.66 and 3.65. For higher Mush/Magma ratios, no assimilation occurs during the
reactions with the early stage (primitive) Mush, only crystallization is induced by the decrease
in temperature during equilibration with the mush. For the advanced stage (evolved),Mush,
mush-dominated reactions lead to partial assimilation of the Mush but overall;“the,reactions
are in favor of crystallization (with r ratios between 0.65 and 0.90). All three minerals present
in the Mush are assimilated, mostly PI, then Cpx, and to lesser extent Ol. This is consistent
with Pl and Cpx being in greater disequilibrium with the primitive melt around 1197-1242°C
as they form at lower temperature than Ol in this system, and hence are more likely to be
assimilated during the temperature equilibration. At minerals crystallize in at least one of the
reactions (Spinel, Ol and PI), except Cpx that'is only assimilated in all reactions. Spinel and
Ol crystallize in all reactions (the former-due-to the presence of Cr in the Magma), and PI
crystallizes for Magma/Mush raties stuperior or equal to 1. As mentioned earlier, the amount
of crystallized and assimilated-material increases when the initial amount of Mush involved in
the reaction is higher (Fig."8).until no assimilation is possible, which is the case during mush-
dominated reactions fer‘the primitive Mush. There are two competing mechanisms at play:
higher Mush/Magma ratios imply larger Mush mass available for assimilation which seem to
favor-higheer values (Mush/Magma up to 1), but at the same time higher initial mass of Mush
leads t0 equilibration down to lower temperatures that favor crystallization (Mush/Magma
superior to 1).

Overall, the main results of the new models is that reactions between a mush
(primitive or more evolved) and a primitive melt are thermodynamically feasible. For melt-

dominated reactions they lead to partial assimilation of the mush crystals with predominant
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assimilation over crystallization compared to the reactions described in the literature and
relying on natural samples (Fig. 3B). Assimilation is also possible during mush-dominated
reactions, but it seems to be efficient only for lower-temperature or more evolved
assemblages. The associated r values (0.65, 0.72 and 0.9) are more consistent with the range
of values described in the literature (Table 1). However, it is difficult to establish with MCS
models whether temperature or composition is the controlling parameter. Overall, betveen.-6
and 21% of the initial Mush mass is assimilated during these one-step reactions. The
proportion of minerals involved differs from the reactions described in thediterature (Table 1).
Ol and PI mainly crystallize in the models whereas in the natural samples Pl and mostly Cpx
seem to crystallize during reactions. In addition, Cpx is systematically assimilated during the
reactions even though in natural samples ubiquitous textural“evidence for such assimilation
are so far lacking. These discrepancies could be explaimed by the fact that our models using
the MCS only reproduce one step of melt-mushyreactions (until thermal equilibration between
Magma and Mush) in a thermally isolated“system, whereas natural samples record the entire
protracted RPF process. Also, they do hot account for the global progressive cooling of
magma reservoirs within .the “0Ceanic crust, which eventually lead to complete mush
crystallization during which_most of Cpx crystallization might occur. These models however
support the ideasthat, as previously suspected (Lissenberg and Dick, 2008; Boulanger et al.,
2020), RPE. related assimilation and crystallization as recorded in natural samples are partially
decoupled.\Most of the assimilation likely occurs in the earliest stages of RPF while the melt
input iSsustained (melt-dominated reactions with r < 1). This also means that the permeability
of the system can be maintained during the melt-dominated stage of RPF while a new
generation of minerals forms at the expanse of the initial mush forming minerals. The one-

step AFC models provided here to study crystal-melt interactions are quite decisive as they
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show for the first time the thermodynamic sustainability of the reactions on which the RPF

described relies within oceanic igneous reservoirs.

THE MELT FLUSH PROCESS

Description of the process

We propose here an alternative process for the formation of igneous rock“hearing
cumulate signatures, which combines the main characteristics of RPF processesawith melt
dynamics in igneous reservoirs. The melt flush process considersithe most recent
developments on the nature of oceanic reservoirs (mush-dominated), their formation
(repetitive cycles of melt intrusions), and associated melt dynamics'\(melt percolation through
the porosity of a mush column). It also relies on the studies of,natural samples that show the
ubiquitous occurrence of melt-mush reactions and helpsto/precise the main characteristics of
these reactions through the textural record and“geochemical signatures (see section Impact of
reactive porous flow above). The process,isralso strengthened by the new thermodynamic
models for melt-mush reactions, presented herein, which confirm the thermodynamic
feasibility of those reactions.

Overall, the melt flush process applies to open system magma reservoirs, in mush-
dominated envirenments’ continuously fed by primitive melts, subject to global upward melt
migration and extraction. Buoyancy associated with the continuous injection of primitive melt
in the system appears as the main favorable driving force for melt percolation through a
crystal=rich matrix, considering that the bulk density of the cumulate assemblages are denser
than the melt (here crystallized from a primary MORB; Lissenberg et al., 2019). Within the
considered mush, and because of this internal melt migration, RPF seems to exert a strong
control on melt differentiation. As described earlier (EVOLUTION OF OCEANIC IGNEOUS

RESERVOIRS), most of the reactions occur between already formed mush crystals and a
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percolating, primitive melt (Fig. 6). The more primitive character of the injected melt relative
to the last increment of crystallized minerals implies its thermodynamic disequilibrium with
the percolated crystal matrix resulting in interactions (Fig. 6). A simplified view of the melt
flush process could be summarized by the initial crystallization of a relatively primitive melt
(Ly) to form a mush composed of crystals (Cn+1) that are in equilibrium with a slightly more
evolved melt (Ln+1) following the reaction (L, = Cp+1 + Ln+1). During the first increment.of
the reactive process, L, is recharged and percolates through the mush, replacingtheunterstitial
melt (Ln+1) that percolates further up in the surrounding mush. At that stage, the interstitial
melt (Ln+1) is either totally flushed out or partially mixes with the ‘recharge melt (L,). This
triggers a thermodynamic disequilibrium (Cp41 is in contact with,L,\instead of L,+1) and melt-
mush reaction proceeds (Fig. 6). According to our model results; up to 21% of the initial mush
crystals (Cy+1) is assimilated while a new generation ofsminerals form (C,.2). These minerals
crystallize from the new, more primitive interstitial melt (L,+2) in comparison to the previous
interstitial melt (Ln+1). Los2 Will be simiarly, flushed out in its turn by a new injection of L, at
the second increment of the reactive, process. At the scale of the mush column melt
percolation proceeds upwards, and at each level interstitial melts are being progressively
flushed up by more primitive melts that evolve through local melt-mush reactions, which
defines RPF (Fig. .7A), Crystallization being overall predominant over assimilation in natural
cooling reservoirs’(Table 1), RPF leads to a progressive record of the primitive character of
the recharge ‘melt(s) in the newly formed minerals until the process eventually stops at
porosity closure of the system.

Melt flush as a cumulate forming process

The melt flush process eventually represents a new endmember to form cumulus rocks.
The continuous replacement of the evolved interstitial melt (.,+1) by a more primitive (and

thus more depleted in incompatible elements) L, melt during the melt flush process represents
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a key element to acquire a depleted bulk rock composition typical of the cumulate signature.
Indeed, incompatible elements that concentrate in the interstitial melt phase during the
increment of crystallization are flushed out of the mush and replaced by the more primitive
(relatively poorer in incompatible elements) L, recharge melt. The following crystallization
stage being associated with the recharge melt, the depleted cumulate signature is ultimately.
recorded in the plutonic rock’s bulk chemical composition.

Impact on differentiating mush columns and magma reservoirs

The melt flush process translates petrographic and geochemical“observations from
oceanic systems, and together with our new thermodynamic constraints, reconciles the
emerging vision of magma reservoirs and their formation dynamics with the widespread
record of RPF in plutonic (and volcanic) rocks. The process is'also consistent in terms of melt
dynamics with the complex replenish-mix-tap-crystallize model (RMTX, O’Neill and Jenner,
2016) that would, in the melt flush case, integrate an additional assimilation component. In
fact, even in the RMTX model, assimifatien’is likely to proceed as this model considers a
recharge stage within a partially, crystallized system. No direct physical constraints are
established at this stage, apart-from the density characterization of the solid and liquid phases
of the magmatic systemssdriving melt buoyancy and migration through the mush. The
question of the feasibility and stability of the flow involved during RPF can be a matter of
debate, which we”do not aim to fully address here, but recent numerical simulations in
continentalsettings seem to highlight the viability of this process at the crustal scale. Again
there, the process is triggered by continuous melt recharge and buoyancy (Jackson et al.,
2018). The results of the melt-mush reaction models presented here are also consistent with
the melt flush: if the porous flow is sustained through the mush, preventing cooling of the
magma reservoir at the large scale, the melt-mush reactions leading to both assimilation and

crystallization should locally stay in favor of assimilation, hence preventing total porosity
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closure and maintaining permeability in the system. The physical conditions associated with
melt migration likely vary with and within the system considered, which would also partially
explain the variability in textures and geochemical signatures recorded within gabbro
cumulates (e.g., Ferrando et al., 2021b). The efficiency of melt replacement and extraction
associated with melt flush is also important to consider, especially in the presence of melts
(interstitial and replacing) with high viscosity contrasts. High viscosity differences -generate
instabilities (Saffman-Taylor, e.g., Whitehead and Helfrich, 1991; Perugini and Poli, 2005)
that lead to viscous fingering structures and "“focused” flow of low vise@sity melts in high
viscosity ones. Considering the melt flush process, the iterative melt ‘migration from one level
to the next one in a mush column likely proceeds on relatively,short distances (meter scale,
see Ferrando et al., 2021b, who highlighted the presence of reactive melt extraction every 3 to
4 m in the studied plutonic section), and viscosity variations are therefore very limited on a
local scale. In this perspective, Saffman-Taylorinstabilities are unlikely to occur, even less so
if mixing occurs between melts. AS an Jexample, for tholeiitic systems, after 60%
crystallization the viscosity of the differentiating melt only increases by a factor of 1.3
(MELTS FC of the primitive MORB composition from the SWIR (Gualda et al., 2012).
Protracted differentiation of_melts is not excluded by melt flush but would occur at the scale
of the entire mush_column with differentiation and viscosity increasing gradually towards the

top of the system and melt density progressively decreasing and sustaining buoyancy flow.

GENERALIZATION AND LIMITS OF THE PROCESS

The melt flush process potentially applies to any magmatic system that shares the same
characteristics considered here for oceanic magma reservoirs and presented in the following.
As described earlier (INTRODUCTION), 1/ the incremental formation of magma chambers or

reservoirs thanks to multiple melt injections is almost consensual (e.g., Annen et al., 2015;
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Hepworth et al., 2018; Sparks et al., 2019). The other fundamental characteristic of magma
reservoirs where melt flush is potentially occurring is 2/ the presence of mush. The mush-
dominated character of the reservoirs is sometimes debated in other settings than at oceanic
spreading centers, and evidence for melt evolution in mostly liquid chamber or sills were
presented and long suspected in different systems (e.g., most recently in the Bushveld
Complex, Holness et al., 2017a; Kruger and Latypov, 2020; and elsewhere, Holness, et.al:,
2019). However, many models suggest that at least part or most of melt storage and/or
evolution at depth occurs on long timescales in a mushy medium (e‘g., Bachmann and
Bergantz, 2008; Cashman et al., 2017; Cooper, 2017; Jackson et al.,~2018; Edmonds et al.,
2019, and references therein). This is especially the case forttranscrustal mgmatic systems
where the presence of mush is supported by geophysical evidepce (Huang et al., 2015; Kiser
et al., 2016), and in which 3/ reactive melt flow is*expected to be a critical process for melt
differentiation (Cashman et al., 2017; Jacksonet al.,”2018; Blundy, 2022). The process would
lead to a decoupling between major and tracerelements (Solano et al., 2014; Blundy, 2022),
which is similar to the evolution -of the geochemical signatures described as characteristic of
RPF in oceanic systems. A“growing number of evidence for the occurrence of melt-mush
reactions is described in various magmatic systems apart from mid-ocean ridges. In the Rum
Layered Intrusion_(Scetland), the layered structure represents crosscutting sills formed by
repeated intrusien’of picritic melts (Holness et al., 2007; Hepworth et al., 2018; Troll et al.,
2020)-Several lines of evidence for melt-mush reactions (or infiltration metasomatism) were
foundin Units 7 to 12 linked to these intrusive events within pre-existing cumulates, with
wavy reaction fronts associated with upward reactive melt infiltration or laterally orientated
metasomatism (Holness et al., 2007; O’Driscoll et al., 2010; Leuthold et al., 2014, 2015;
Hepworth et al., 2020). At Skaergaard Intrusion (East Greenland), evidence for RPF has not

been identified directly within the layered sequence but within the Marginal Border Series,
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which represent the mushy inner margin of the intrusion where infiltration of reactive melts
and progressive margin growth occurred (Namur et al., 2013). Geochemical maps of P in Ol
from the Sept lles layered intrusion show evidence of complex zoning with intense dissolution
features highlighting intense interactions between the crystals and a disequilibrium melt (Xing
et al., 2022). Evidence for melt-mush reactions was also found in the arc crust. Within_the
lower arc crust exposed at the Sapat Complex (Pakistan), Bouilhol et al. (2015) identified
feeder pipes of mantle melts concomitantly evolving and reacting with previousscumulates
while arising through the km-scale structures. On another scale, plutenic Xxenoliths from
Martinique sampling mid-crust crystal mushes reveal the occurrence of melt-mush reactions
within the system, yet this information appears to be lackingzwithin lavas (Cooper et al.,
2016). Finally, ocean island systems are not exempt from RPF, as Gleeson et al. (2021)
detected evidence for melt-mush reactions in both"xengliths and erupted magmas from the
low melt input mushy magma reservoir beneath Isla Floreana (Galapagos, Ecuador). The
characteristics of the reactions detailed“in“thase various studies are summarized in Table 1.
Compared to mid-ocean ridges, the reactions associated with RPF are nevertheless not yet
characterized to the same extent Or resolution in other crustal magmatic systems. The impact
of RPF on melt differentiation is key to assess the potential implications of the melt flush
process in those.systems and is still challenged. Hence, a better comprehension of the
potential implication of RPF is required before any attempt to generalize the melt flush
process tovether magmatic systems, even though the other main characteristics of the
magmatic systems involved are met.

The melt flush process also has potential implications on the collection, aggregation
and accumulation of melt-rich bodies at or close to the top of mush columns. At fast-
spreading oceanic ridges, or in some continental series like in the Ivrea-Verbano zone, where

plumbing systems have been interpreted to be transcrustal, the cumulative series are topped
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by relatively evolved plutonics when compared to the underlying more mafic series (e.g.,
Voshage et al., 1990; MacLeod and Yaouancg, 2000; France et al., 2009). Similar features are
observed at the top of mushy igneous reservoirs from slow-spreading oceanic centers
(Boulanger et al., 2020) on which the melt flush process relies. Although detailed models
dedicated to each of those settings would be required to fully apprehend the corresponding
processes, this common feature could potentially be explained by the numerical“models
presented by Jackson et al. (2018) who highlighted that incrementally formed transcrustal
igneous systems tend to develop more evolved melt-rich bodies in theifyrelatively shallow
levels through reactive melt flow. In continental settings, wheretranscrustal plumbing
systems are likely thicker than in oceanic settings, differentiation is potentially more
pronounced, and the melt flush process, if effective, could be protracted with the intrusion of
significantly higher volumes of primitive melt at the bettom of the system, and over longer
periods of time. The production of larger volumes of potentially more evolved melts in the
upper part of the mush column could be amplified, and the assimilation component of RPF
could also assist crystal repacking that is the most likely process inducing silicic melt
extraction from a crystal matrix (Bachmann and Huber, 2019). The melt flush process and
associated evolved melt extraction close to shallow levels, thus potentially relates to the

process of formation of large volumes of silica-rich melts feeding large silicic eruptions.

PERSPECFIVES

The melt flush process does not aim to replace other cumulate forming processes, and
where occurring, it likely acts concomitantly to crystal settling, mush compaction or
deformation, and reinforces the geochemical cumulate signatures recorded in plutonic rocks
(Fig. 7B). The scale in both time and space at which the melt flush process applies is also

likely to vary depending on the magmatic system considered (size of the reservoir, melt input
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volumes and fluxes, duration of the magmatic activity, localization of the mush zones). The
process as presented here relies on our current knowledge of RPF, and mostly considers
petrographic, geochemical and new thermodynamic constraints, yet the latter only regards the
feasibility of end-member melt-mush reactions in a static way. The modelling of RPF itself,
that is necessary to test the implications of melt flush for magmatic systems, requires_the
consideration of physical parameters to constrain the evolution of the system dufing-the
reactions: the evolution of the porosity, its impact on the permeability of the System, the
viscosity and relative buoyancy of the melt(s) compared to the mineral assemblages, and the
deformability of the mush matrix. Indeed, these parameters control the.capacity of the melt(s)
to percolate through the mush, and hence the occurrence and‘efficiency of RPF. Time, and
melt flux constraints will also have to be implemented if we are to better apprehend the
kinematics of the melt flush process, the degree of reequilibration between newly injected
melt(s) and the percolation matrix, and thus the\final’-mineral (and melt) compositions.
Although additional physical constraints will be required to better apprehend the melt
flush process, it represents a novelsfirst<order igneous process integrating for the first time (1)
the emerging vision of magmatic reservoirs as mush-dominated environments, (2) their
formation dynamics as opéen.magmatic systems subject to repeated melt intrusions, and (3) the
widespread record of RPF in both plutonic and volcanic rocks and the chemical contribution

of migrating melts’during cumulate formation.

CONCLUSION

The current concept of magma reservoirs has been shifting over the past decades from
liquid- to mush-dominated environments. The implication of mush as the predominant
differentiation medium of crustal melts is potentially significant but not yet integrated at the

scale of magma reservoirs or crustal accretion. In slow-spreading mid-oceanic ridge
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reservoirs, the occurrence and significance of crystal-melt interactions within mushes have
been described in multiple samples, magmatic systems, and at multiple scales. The summary
of the RPF models shows similarities between the reactions, which often involve a primitive
melt interacting with the main mush minerals (Ol, Pl, Cpx) under a prevailing crystallization
regime over assimilation. Modeling of those melt-mush reactions using here the Magma
Chamber Simulator shows their thermodynamic feasibility and supports their widespread
occurrence in nature. The RPF characteristics that are determined by the /petrelogy and
compositions of natural samples are also consistent with the global melt dynamics within
oceanic magma systems, formed by cyclic melt intrusions at depths during the main magmatic
events. Altogether, this opens the potential for revisiting some concepts for the formation of
igneous reservoirs, and especially here for the formation of,igneous cumulates. Classical
formation processes (melt buoyancy, crystal-mush-compaction) are either insufficient on their
own or not observed in many oceanic igneouSscumulates, and we attempt here to propose a
novel igneous process that accounts for the widespread occurrence of RPF, and for melt
dynamics within reservoirs: the melt flush process. During the melt flush, the cyclic inputs of
primitive melts at the base 0f @ mush column together with buoyancy (of melts relative to
crystals) prompt the flushing/out of the interstitial, more evolved melt out of the system.
Primitive meltswinteract with the mush crystals in disequilibrium, which are partially
assimilated_during melt-mush reactions while a new generation of minerals forms from the
reactive _melt. These minerals record a cumulative geochemical signature through the
replacément of interstitial evolved melt by the reinjected more primitive one, together with
the record of the associated RPF signatures. The melt flush process does not aim at replacing
other processes for the formation of cumulates that likely acts jointly to some degree, but is a
reconciliation with our current understanding of oceanic igneous reservoirs by taking into

account primitive melt inputs in the systems, and the widespread occurrence of RPF. The melt
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flush opens the way for new discussion for example on the physics of the reservoirs and
mushes, in addition to the completion of integrated thermodynamic models at the scale of
magma reservoirs. The process is potentially applicable to some degree to magmatic systems
sharing the same characteristics as slow-spreading mid-ocean ridge reservoirs, i.e. the

presence of mush, cyclic melt recharges, and the widespread occurrence of RPF.
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Box 1. Definitions

Magma or igneous reservoir:
Structure that comprises a porous and permeable framework of crystals (mush) with melt
present in the pore space (low-melt-fraction mush reservoir from Jackson et al., 2018).

Magma chamber:
Structure that stores at depth melts liquid-rich regions (high-melt-fraction mush reservoir
from Jackson et al., 2018).

Magma:
System of melt containing crystals (and gases) where the crystal load forms a discontinuous
or unlocked framework that allows magma migration (Sparks et al., 2019).

Mush:
“Any system of crystals and melt (and gases) in which the crystals form a contihuous
framework through which melt is distributed” (Cashman et al., 2017).

Melt-rock reaction:
Reaction between a rock and melts in contact.

Melt-mush reaction:
Reaction between preexisting cumulate minerals from an,active mush and melts in contact.

Reactive porous flow (RPF):
Series of reactions of a melt with the rock ormush'through which it is percolating.

Differentiation:

Any process whereby a magma, witheutyforeign contamination, forms either a mass of rock
that has different compositions in-different parts or separate masses that differ from one
another in composition (Bowen 1915).

Assimilation-Fractional Crystallization:
Model considering.the evolution of a magma by concurrent assimilation of lithologies and
differentiation by.fractional crystallization (Bowen, 1928; DePaolo, 1981).

Trapped melt crystallization:
Extremetdifferentiation of residual interstitial melt trapped within the porosity remnant of a

rock by fraetional crystallization (Meyer et al., 1989; Bédard, 1994; Sanfilippo et al., 2020).

In'situ Crystallization:

Crystallization of a magma at the magma chamber margins with various fractions of the
interstitial melt of the mush boundary layer returning to the main magma body (Langmuir,
1989).
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Table 1A. Summary of the main geochemical and textural evidence for the occurrence of RPF in natural mid-

ocean ridge and other crustal magmatic systems.

MOR Studied Sample type Geochemical | Textural evidence
systems area evidence
Coogan et | Kane Poikilitic and Zoned Cpx Equidimensional PI
al. Megamullion | brown- crystals with with interdigitated
(2000) (MAR) pyroxene enrichmentsin | grain boundaries in
gabbros Zr relative to Cpx oikocrysts
REE
Kvassnes | Atlantis Bank | Clinopyroxenes | Increasing -
(2003) OCC (SWIR) | from ODP Hole | LREE/HREE
735B gabbros | ratios in
augites with
fractionation
Gaoetal. | AtlantisBank | Clinopyroxene | Profilesin TEs | -
(2007a) OCC (SWIR) | froman olivine | inaCpx grain
gabbro (strong
enrichments
and
fractionatien
between LREE
and HREE
towards the
grain
boundary)
Lissenberg | Kane MORB High-Mg# low- | Crosscutting Cpx
& Dick Megamullion pressure Cpx oikocrysts defining
(2008) (MAR) with high bands, enclosing PI
Cr203 or high | chadacrysts with
TiO2 contents | irregularly curved
grain boundaries
(resorbed)
Lissenberg | Hess Deep Gabbroic rocks | Large Pl An Dissolution fronts in
etal (EPR) range for given | Pl (An maps)
(2013) Cpx Mg#, poor

correlation
between Cpx
Mg# and TiO;
and Cr,0s,
enrichment
and
fractionation of
incompatible
TEs in Cpx, TES
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disequilibrium

between Ol PI
and Cpx
Leuthold | Kane Poikilitic Complex Cr, Ti, | Large Cpx oikocrysts
etal Megamullion | gabbro and REE, Zrand Y with resorption
(2018) (MAR) troctolite zoning in textures between
coarse-grained | zoned areas, PI
Cpx oikocrysts | chadacrysts
resorption textures
Zhanget | Atlantis Bank | Olivine Mineral Irregular contacts between
al. OCC (SWIR) | gabbros and HFSE/REE Cpx oikocrysts and Pl
(2020) oxide gabbros | fractionations | chadacryst, resotbed Ol
textures.against Pl grains,
correded-Ql chadacrysts in Pl
OrCpX
Boulanger | Atlantis Bank | Troctolites, High-Mg# and ¢ Cpx intergrowths, Cpx
etal. OCC (SWIR) | olivine TiO, Cpx, symplectite, complex Pl
(2020) gabbros, decoupling zoning, discordant Pl twins on
gabbros between major | irregular grain boundaries,
and trace rounded (resorbed) Ol grains
elementsin Pl
and Cpx,
LREE/HREE
fractionation of
Pl
Sanfilippo | Atlantis Bank | Olivine\gabbro | TEs zoning in Pl | Ox-rich gabbro patches and
etal. OCC (SWIR) and Cpx, veinlets crosscutting the
(2020) progressive primitive Ol gabbros with
fractionation resorbed PI core relicts
betwen LREE
and HREE
towards grain
boundaries of
Pland Cpx
grains
Ferrando~ | ’Atlantis Bank | Olivine Pland Cpx Pl grains (+/- chadacrysts)
etal, OCC (SWIR) | gabbros chemical with lobate grain boundaries
(2021a) zoning, against Cpx, Ol with corroded
LREE/HREE contacts against Cpx or Pl
fractionation,
TEs enrichment
in rims
Boulanger | Atlantis Bank | Layered olivine | Corroded grain | REE and TiO2
etal OCC (SWIR) gabbros boundaries or | enrichment
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(2021) rounded grains | in Cpx
of Ol, Cpx compared to
intergrowths, | an evolution
locally by FC,
resorbed Pl LREE/HREE
and overgrown | fractionation
Cpx grain in Cpx
boundaries
Other Studied Sample type Geochemical | Textural
systems area evidence evidence
Namur et | Skaergaard Inner Banded - (Colloform
al. (East Division of the banding at
(2013) Greenland) Marginal intrusion
Border Series margins)
Leuthold | Rum Layered | Allivalites Crand Al Trectolite replacement by
etal. Intrusion zoning in anorthosite, complex zoning
(2014) (Scotland) poikilitic Cpx of poikilitic Cpx grains with
dissolution evidence
Bouihol et | Sapat Dunite and - Hornblende replacing
al. Complex pyroxenites Cpx textures, Opx
(2015) (Pakistan) replacing and Hbl
replacing Ol textures,
structural
organization of
lithologies
Cooper et | Martinique Plutonie Amp and Cpx | Reacted Pl rims, two
al. (France) xenoliths variability in generations of Amph
(2016) incompatible (early and late
trace element | appearance),
signatures, REE | interstitial
enrichmentsin | amphiboles
amphiboles associated with Cpx
with flat REE
profiles
Hepworth “\,\Rum Layered | Cpx-rich - Large poikilitic Cpx,
etal Intrusion wherlites zoned Cpx oikocryst
(2020) (Scotland) with small rounded
Ol chadacrysts
Gleeson et | IslaFloreana | Wehrlites, TE disequilibria | Poikilitic Cpx and lack
al. (Ecuador) dunites and (cumulus of evidence for
(2021) gabbro phases - trapped melt
xenoliths erupted melts) | crystallization

LREE
fractionation
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(La/Sm, Ce/Y)

in Cpx
xenoliths
Xingetal. | Septlles Ol primocrysts | P zoning Dendritic, hopper and
(2022) layered patternsin Ol | sector patterns of
intrusion high-P zones
(Canada) corroded by P-poor
Ol domains
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Table 1B. Summary of the main reactions characteristic of RPF in natural mid-ocean ridge and

other crustal magmatic systems and associated numerical models parameters.

MOR Studied Assimilated | Reactive melt | Reaction(s | Model r=
systems | area material ) Ma/Mc
Coogan et | Kane Primitive - Cpx + AFC 0,7 -
al. Megamullio | clinopyroxen meltl -> (DePaolo | 0,8 -
(2000) n (MAR) e Cpx + 1981) 09
melt2
Kvassnes | Atlantis Olivine - Olis + Plso + | AFC 0,5+
(2004) Bank OCC gabbro CpXas + (DePaolo |,0,8 -
(SWIR) meltl -> Ol | 1981) 0,9
+ Pl + Cpx
+ melt2
Gaoetal. | Atlantis Primitive Primitive melt | Cpx + AFC [05;
(2007a) Bank OCC clinopyroxen | (Cpx core meltl.-> (DePaolo | 0,9]
(SWIR) e equilibrium Plioo-e6+ 1981)
m9|t) CpXo.4o +
melt2
Lissenber | Kane Troctolitic Primitive Olgessosr + | Major 2-
g & Dick Megamullio | mush MORB and Pliarosss + element | 0,75
(2008) n (MAR) morgevolved | meltl -> mass
MORB Plss + Cpxss | balance
+ melt2
Lissenber | Hess Deep Gabbroic - Oljog0; + AFC [0,75;
getal. (EPR) mush Plio:so; + (DePaolo | 0,95]
(2013) CpXo100 + 1981)
meltl ->
Olj1050 +
Pli070) +
CpXpuo7g +
melt2
Leuthold | Kane Gabbroic Primitive Ol +Pl+ MASH -
etal. Megamullio | protolith mantle- Cpx + (Hildreth
(2018) 0 (MAR) derived melt meltl->0l | &
+Pl+Cpx | Moorbat
+ melt2 h (1988)
Ol +Pl+
Cpx +
melt3 -> Ol
+ Pl + Cpx
+Sp +
melt4
Zhang et | Atlantis Gabbroic Primitive melt | Olis + Plso + | AFC [0,6;
al. Bank OCC mush (Cpx CpXss + (DePaolo | 0,9]
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(2020) (SWIR) equilibrium meltl -> 1981) [0,6;
melt) Olg+Plss + | AFC 0,9]
Cpxss + (DePaolo
Opx: + 1981)
melt2
Olys + Pls +
Cpxas +
meltl ->
Olg + Plsg +
CpX33 +
Ole +
IMog/1a +
melt2
Boulanger | Atlantis Troctolitic Primitive Olus + Ples-taaf b AFC [0,9;
etal. Bank OCC mush MORB (SWIR) | meltl-> (DePaolo | 0,99]
(2020) (SWIR) and reactive PI100+ 1981) [0,5;
melts melt2 AFC 0,9]
Qls + Plss + | (DePaolo | [0,6;
meltl -> 1981) 0,99]
Ols+Plso+ | AFC
CpXas + (DePaolo
melt2 1981)
Olys + Plss +
meltl ->
Plss + CpXus
Sanfilippo | Atlantis Gabbroic Primitive melt | Ol + Plso + | AFC 0,99
etal. Bank OCC mush (Cpx ad PI CpXao + (DePaolo
(2020) (SWIR) equilibrium meltl -> 1981)
melt) Plso + CpXao
+ melt2
Ferrando | Atlantis Troctolitic N-MORB Ol + Plgo + | AFC [0,6;
etal Bank'OCC mush and (SWIR) and meltl -> (DePaolo | 0,85]
(2021a) (SWIR) gabbroic reactive melts | Ol + Cpxso | 1981) [0,6;
mush + melt2 AFC 0,85]
Ol +Pl+ (DePaolo
Cpx + 1981)
melt2 -> Pl
+ Cpx +
melt3
Boulanger | Atlantis Gabbroic Primitive melt | Ol + Plso + | AFC [0,2;
etal Bank OCC mush (intrusionand | Cpxsy + (DePaolo | 0,85]
(2021) (SWIR) Pl equilibrium | meltl -> 1981)
melt) Plso + Cpxso | Plate
+ melt2 Model
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1134
1135

1136

Plaoszor20 +

(Verniere

CpXeomoisot+ | Setal,
meltl -> 1997)
Plrosso +
CpXsorso +
melt2
Other Studied Assimilated | Reactive melt | Reaction(s | Model r=
systems | area material ) Ma/M
C
Namur et | Skaergaard | Gabbroic Dry mafic Ol1+Cpx1 |- -
al. (East crystal mush | silicate melt + meltl ->
(2013) Greenland) OI2 + Cpx2
+ melt2
Leuthold | RumLI Gabbro pile Differentiated | - - -
etal. (Scotland) picritic magma
(2014)
Bouihol et | Sapat Lower crustal | Mantle basaltic4~CpX'+ - -
al. Complex metagabbro | melts meltl ->
(2015) (Pakistan) Hbl +
melt2, Ol+
melt3 ->
Opx + Hbl
+ melt4
Cooper et | Martinique | Mush with Water-richPl- | Cpx + - -
al. (France) Cpx and-early, |[undersaturate | meltl ->
(2016) formed d melts Amp +
Amph melt2
Hepworth | Rum LI Feldspathic Cpx- - - -
etal. (Scotland) peridotite oversaturated
(2020) protolith melt
Gleeson Isla Floreana /| Ol- Cpx-saturated | Ol + meltl | Zone -
etal. (Ecuador) dominated melts ->Cpx + refining
(2021) mush melt2 (Harris,
1957)
Xing etal. \Sept lles Early-formed | Primary - - -
(2022) layered Ol grains magma
intrusion recharge(s)
(Canada)
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FIGURE 1. Cumulate geochemical signatures. Mean rare earth element (REE) compositions of
oceanic plutonic rocks from (a) the mid-Atlantic ridge (‘MAR’; Atlantis Massif, IODP Hole
U1309D; from Godard et al., 2009) and (b) the Southwest Indian Ridge (‘SWIR’; Atlantis Bank,
ODP Hole 735B; from Dick et al., 2000). Elemental concentrations are normalized to a primary
MORB magma, calculated as the melt formed after 10% fractional melting of the<Degpleted
MORB Mantle following the procedure of Godard et al. (2009). MORB compositigns are from
the PetDB database (Aug. 2020) and Coogan et al. (2004). Plutonic rocks with REE contents
lower than those of the primary MORB (normalized concentrations”<I)“display characteristic

cumulate signatures (e.g., Eu enrichment, Supplementary Materials Table S1).

FIGURE 2. Petrographic evidence of reactive porous flow: Microphotographs (cross-polarized
light), and chemical map (g) of oceanic plutenic samples presenting characteristic reactive
textures. (a) Clinopyroxenes (Cpx) intergrowths in an olivine gabbro (ODP Hole 735B,
Lissenberg et al., 2013). Scale bari 1mm."(b) Rounded olivine (Ol) grains within a poikilitic
anhedral Cpx (Erro Tobio troctolites, Borghini and Rampone, 2007). Scale bar: 0.5mm. (c)
Partially resorbed plagioclase grains (PI) in a poikilitic coarse grained Cpx (scale bar: 2.5mm)
and (d) Ol with rounded resorbed shapes in contact with Pl and Cpx in olivine gabbros from
IODP Hole U1473A (Ferrando et al., 2021b). Scale bar: 0.5mm. (e) Plagioclase dissolution
textures=in avpoikilitic Cpx from the Kane Megamullion (Lissenberg and Dick, 2008). Scale bar:
3mm. (f)-Detailed thin section in ODP Hole 735B-91R-1 sample with numerous rounded olivine
grains and plagioclase grains with irregular boundaries engulfed in cm-wide clinopyroxene
oikocrysts (red grain boundaries). Scale bar: 1 cm. (Boulanger et al., 2020). (g) Anorthite (molar
fraction An = Ca/(Ca+Na+K)x100) map showing dissolution fronts in Pl (Hess Deep gabbro,

Lissenberg et al., 2013). Scale bar: 0.5mm. (h) PI grain with resorbed grain boundary included in
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a Cpx crystal presenting symplectite textures, (i) Pl grain with complex zoning and irregular grain
boundaries, (j) Pl with irregular grain boundaries crosscutting twins and Cpx intergrowths and (k)
rounded-shape Ol crystals and plagioclase presenting complex zoning from ODP Hole 735B
(Boulanger et al., 2020). Scale bars: 0.5mm. (I) Cpx intergrowths, small resorbed Pl chadacrysts
in a large Cpx (m) and Pl (n) crystal, and (0) round-shaped Ol chadacryst within a larger Cpx
(IODP Hole U1473A, Boulanger et al., 2021). Scale bars: 0.5mm. (p) PI grains-enclosed by a
large Cpx oikocryst with irregular contacts, (q) irregularly-shaped Ol with«esorbed textures, (r)
highly corroded small Ol grains enclosed by Cpx and Pl and (s) Pl graimwith deformation twins
and irregular contacts with surrounding minerals (IODP Hole U1473A, Zhang et al., 2020). Scale

bars for (p), (q) and (r): 2mm. Scale bar for (s): Imm.

FIGURE 3. Geochemical evidence for reactive, porous flow and characteristics. (a) Lan/Smy
ratios versus Lay analyzed in plagioclases=from-oceanic cumulates (olivine gabbros from ODP
Hole 735B; Boulanger et al., 2020), ‘and expected composition of Pl after fractional
crystallization (FC) and assimilatien=fractional crystallization (AFC). Values normalized to the
average primitive MORB caemposition in the Atlantis Bank area (MORBs from Coogan et al.,
2004). Red and yellowstrends: modeled plagioclase compositions after FC from two different
parental melts (melts in equilibrium with plagioclases bearing the most primitive signatures from
the Upper - red’start - and Lower - yellow star - units of the section). Natural Pl compositions, FC
andzAFE-models from Boulanger et al. (2020). (b) Summary of literature r values (the ratio of
mass assimilated to that crystallized during AFC) obtained by fitting natural data with AFC
models in oceanic plutonic sections where RPF has been quantified. r values are here compared
to clinopyroxene Mg# of the studied oceanic sections (Coogan et al., 2000; Kvassnes, 2004; Gao

et al., 2007; Boulanger et al., 2020; Sanfilippo et al., 2020; Zhang et al., 2020, 2021; Ferrando et
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al., 2021b). Values of r below 1 indicate preferential crystallization during reactive porous flow,
whereas values above 1 indicate preferential assimilation. For additional r values from the

literature, see Table 1.

FIGURE 4. Comparison of minerals and melt compositions obtained by theoretical models of
AFC (DePaolo, 1981) with natural minerals and melt (MORB) compositions. \T'he/models
presented in a given row of the figure consider crystallization of one single oceanic cumulate
forming mineral, either OI, Pl or Cpx. The models presented in a givenrcolumn of the figure show
the resulting compositions in either Pl, Cpx or melts after AFC.¢For‘each graph, assimilation of
Ol (green lines), PI (blue lines) or Cpx (red lines) are considered for different r = Ma/Mc ratios
ranging from O (equivalent to fractional crystallization) t6,0.99. Additional black lines correspond
to pure assimilation modelled by mixing between,the mineral composition (Ol, Pl or Cpx) and the
composition of the melt used in the AFC-muodels-(yellow star). Natural Pl and Cpx compositions
are from Lissenberg et al., 2013 (L3); Lissenberg and MacLeod, 2016 (L&M16), Ferrando et
al., 2021b (F21), Boulanger et‘al=2021 (B21), Boulanger et al., 2020 (B20) and Boulanger, 2020
(this study). MORB melts from fast-spreading ridges (FSR) and slow-spreading ridges (SSR)
from Gale et al._(2013).” Input parameters of the AFC models available in Supplementary

materials (Table S2).

FIGURE-S. Results of AFC thermodynamic models using the Magma Chamber Simulator
(Bohrson et al., 2014). All results are given as equivalent mass (g). The initial mass of Magma is
100 g for all models. (a) Amount of material from the Mush assimilated into the Magma and
amount of material crystallized from the Magma during the AFC process. r = ratio between the

total assimilated mass and the total crystallized mass. (b) Initial and final state of the Mush for
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each AFC process modeled, after assimilation and crystallization. For more details, see

Thermodynamic feasibility test and Supplementary Materials Table S3.

FIGURE 6. Simplified view of a mush where melt flush occurs. This figure shows the progressive
removal of interstitial evolved melt (L,+1) from the crystal matrix replaced by the primitive melt
(L, Magma in the MCS models) that partially assimilates the minerals before crystallization of a
new generation recording both the average more primitive character of themelt and textural and

chemical evidence for RPF.

FIGURE 7. The melt flush process. Schematic diagram of the melt flush process, and a summary
of the processes occurring during the formation of~cumulate igneous rocks from a petrologic
perspective. Continuous and cyclic replenishment refers to oscillatory melt replenishment cycles
by melt intrusions that vary through time~(see Boulanger et al., 2020, for further details). RPF:

reactive porous flow.
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