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The complex process of melting in the Earth's interior is suied by combining a
multiphase numerical ow model with the program AlphaMELTSwhich provides a
petrological description based on thermodynamic princigs. The objective is to address
the fundamental question of the effect of the mantle and meldynamics on the
composition and abundance of the melt and the residual solidThe conceptual idea is
based on a 1-D description of the melting process that develps along an ideal vertical
column where local chemical equilibrium is assumed to applat some level in space
and time. By coupling together the transport model and the ckmical thermodynamic
model, the evolution of the melting process can be describeéh terms of melt distribution,
temperature, pressure and solid and melt velocities but atsvariation of melt and residual
solid composition and mineralogical abundance at any depttover time. In this rst
installment of a series of three contributions, a two-phaseow model (melt and solid
assemblage) is developed under the assumption of completetal equilibrium between
melt and a peridotitic mantle (dynamic equilibrium meltingDEM). The solid mantle is
also assumed to be completely dry. The present study addresss some but not all
the potential factors affecting the melting process. The inence of permeability and
viscosity of the solid matrix are considered in some detailThe essential features of
the dynamic model and how it is interfaced with AlphaMELTS arclearly outlined. A
detailed and explicit description of the numerical procedre should make this type of
numerical models less obscure. The general observation thiecan be made from the
outcome of several simulations carried out for this work ishiat the melt composition
varies with depth, however the melt abundance not necessdsi always increases moving
upwards. When a quasi-steady state condition is achieved, tht is when melt abundance
does not varies signi cantly with time, the melt and solid coposition approach the
composition that is found from a dynamic batch melting modelwhich assumes the
velocities of melt and residual solid to be the same. Time degmdent melt uctuations
can be observed under certain conditions. In this case the camposition of the melt
that reaches the top side of the model (exit point) may vary t@some extent. A
consistent result of the model under various conditions ishat the volume of the rst
melt that arrives at the exit point is substantially largerhan any later melt output.
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The analogy with large magma emplacements associated to cdmental break-up or
formation of oceanic plateaus seems to suggest that these eants are the direct
consequence of a dynamic two-phase ow process. Even thoughchemical equilibrium
between melt and the residual solid is imposed locally in spz, bulk composition of
the whole system (solic€ melt) varies with depth and may also vary with time, mainly as
the result of the changes of the melt abundance. Potential fetors that can in uence the
melting process such as bulk composition, temperature and rantle upwelling velocity at
the top boundary (passive ow) or bottom boundary (active av) should be addressed
more systematically before the DEM model in this study and th dynamic fractional
melting (DFM) model that will be introduced in the second itialiment can be applied
to interpret real petrological data. Complete data les of nost of the simulations and four
animations are available following the data repository krprovided in the Supplementary

Material.
Keywords: petrology, mantle melting, geodynamics, multiphase ow, thermodynamics, AlphaMELTS, numerical
modeling

INTRODUCTION description of the process involved. Few studiésiifiow and

Stolper, 1999; Asimow, 200made a serious attempt to interface

Melting in the Earth's interior is a complex process that inesV transport principles with the thermodynamic melt approach. The
rocks which are essentially multiphase and multicomponengxperience from these studies has been somehow translated in
chemical systems. The process is usually non-stationarfién t the program AlphaMELTSSmith and Asimow, 20Q5which is
sense that the solid and the melt products are dynamicalsyste a powerful interface of Ghiorso's thermodynamic model with
These systems may also experience di erent levels of chemicglditional features, such as melt focusing, melting along a
equilibration and the associated thermal state can be teats  adiabatic thermal gradient and modeling of trace elements.

Traditionally from a petrological point of view melting  The dynamic nature of melting has been investigated for some
is described by a system in which the solid and locafime using two-phase ow models\(cKenzie, 1984; Scott and
melt product are in complete chemical equilibrium. As thestevenson, 1984, 1986; Spiegelman, 1993a; Richardson, 1998;
temperature or pressure or a combination of both variesGhods and Arkani-Hamed, 2000; Schmeling, 2000; Bercovici
the sum of the melt products either remains constantly inet al. 2001: Bercovici and Ricard, 2003: Sramek et al., 2007:
chemical equilibrium with the local residual solid (batch Hewitt and Fowler, 2008: Katz, 2008: Hewitt, 2010: Rudge et
melting) or the whole melt is assumed to be chemicallyy| 201) all derived from a more general analysis of the two-
isolated from the local solid (fractional melting). In thees phase ow processlighii and Hibiki, 200§. The scope was
models the spatial and temporal settings are usually nahainly to understand the physical behavior of melt from an idea
signi cant. The chemical evolution of igneous rocks hasrbee standpoint. Usually the characterization of the melt product
quanti ed by parameterized compositional models based mainlyas been associated to ideal or simpli ed chemical systerhs no
on petrological experimental studies (e.gangmuir et al., necessarily related to any speci ¢ crustal or mantle rock.
1992; Herzberg et al., 2007; Herzberg and Asimow, 2008 The idea of combining a more realistic petrological
More comprehensive models have been also preseriipdr@ description of melt with a transport model is conceptually
and Bohrson, 2001 The chemical thermodynamic approach very simple although the actual implementation is not quite
developed over several years by GhiofSbirso, 1985; Ghiorso  straightforward. For instance the thermodynamic formidat
and Sacks, 1995; Ghiorso et al., 208pecically includes developed by Ghiorso cannot be easily combined with a
the melt phase and provides a more rigorous understandingumerical transport model. Beside an early attempt using a
of the petrological evolution at di erent P,T,X,fOconditions.  parameterized petrological formulatiorC6rdery and Morgan,
Recently new thermodynamic descriptions of mantle melting; 993, the few studies that overcome these di cultigétz, 2008;
have been presented)¢ki and Iwamori, 2014; Jennings and Tirone et al., 2009, 20).2applied simplied thermodynamic
Holland, 201. An advantage of the thermodynamic formulation formulations. The obvious shortcoming is that the petrolagic
is that, within certain limits, it creates a framework thatresylts of these models may not be su ciently accurate to
allows also to make predictions at conditions not interestegnterpret real petrological eld data. In addition, because
by experimental studies. The petrological evolution overetim thermodynamic equilibrium principles are applied, chemical
and space remains still unde ned or it can only be inferredequilibrium needs to be necessarily imposed at some spatial and
qualitatively. This is a recurrent shortcoming of qualitetiand  temporal scale. It remains to be seen whether this is the corre
quantitative inverse studies that rely only on petrologiaat  approach to describe the melting process in the Earth's interio
geochemical evidences from eld observations and a simgli € A di erent approach that would consider a kinetic formulation
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perhaps in combination with a thermodynamic model couldequilibrium melting (DEM) is not entirely accurate but it
be a valid alternative. However such general formulationao captures the essence of a combination of a transport model
multi-mineral system (mantle rock assembl@geelt) described and a thermodynamic approach. The more correct de nition,
by several chemical components is not quite available yetsA something like “1-system 2 (or 3)-phase ow thermo mechahica
attempt using a simpli ed kinetic model for binary systems hasand chemical equilibrium melting model” is clearly impractica
been applied to dynamic disequilibrium meltingridge et al., Similarly a dynamic batch melting model that is de ned when
201). One major di culty is that experimental data to constrain the velocity of the solid and melt are assumed to be equaté al
any possible kinetic model are scarce. A possible solution thauite intuitive although not necessarily rigorous. These type
could make this type of modeling more tractable would requireof models can be considered an extension of concepts developed
to impose thermodynamic equilibrium on a certain spatialin a previous studyAsimow and Stolper, 1999For the dynamic
and temporal scale determined by (existing and future) kinet batch melting model (D ™), chemical exchange between the
experimental data. An example of interfacing thermodynamicsolid and meltis associated to the mass transfer betwese th®
and kinetics, but for a much more limited purpose, can be founccomponents but also to chemical re-equilibration, for example
in a recent study Tirone et al., 2016)) where the program Fe-Mg redistribution, as the external conditions, such asadB®
AlphaMELTS &mith and Asimow, 2005vas used to constrain are allowed to vary. It should be clear that everything is cwd
the compositional growth of olivine phenocrystals during awithin the local system (i.e., spatial grid point), in other nde
cooling process. The phenocrystals were considered chéynicathe system soli@melt is closed to external mass transfer and
isolated from the melt although not physically removed fram i the local bulk composition is xed. When the dynamics of the
and at the same time chemical di usion was allowed to developolid assemblage and melt phase are dierent 6D ™), the
within individual crystals. principles dictating the chemical evolution remain the saroé b
One of the objectives of this study is to understand how thehe local system sol@melt is open to mass transfer from outside
composition and distribution of melt and solid are a ected by (i.e., nearby spatial grid points), hence the relative abundan
the dynamic evolution of the system assuming a 1-D mantlés not only controlled by the local melting process and the bulk
column. To go beyond a theoretical or ideal case study and tcomposition of the system may vary.
open up the possibility of interpreting real eld geochemicatlan  To complete the model de nitions in the second contribution
petrological observations, AlphaMELTSn(ith and Asimow, of the series a dynamic fractional melting (DFM) model will
2005 and the included thermodynamic model have been chosebe introduced to describe a dynamic melting process in which
as the petrological tool that is coupled with the dynamic modelthe chemical equilibrium approach applies to two separate sub-
The aim is also to present the dynamic formulation in a simplesystems, one for the residual solid and one for the sum of the
and practical form that describes with reasonable accuragy (melt products. The last model that considers dynamic fraaion
the transport of a solid dynamic phase (mantle), and one omelting when the velocity of the solid and melt are assumeikto
two uid phases (speci cally melt and water-based uid), (b) equal is simply named dynamic fractional melting withD ™.
the evolution of the composition of each dynamic phase and (cThis idealization of the fractional melting concept is notwe
the thermal state over time and space. While the simultaneousince itwas rstintroduced in an earlier studygimow, 200).
numerical solution of several coupled di erential equationay
seem a formidable task, the motivation for this study is a0 DESCRIPTION OF THE MULTIPHASE
|IIustr§tg how a numerical procedure applied tq the Eq.uatlonbYNAM|C MODEL
describing the transport model can be accomplished without a

very advanced knowledge of numerical methods. In this 15t 0 g rejevant transport equations for a 1-D multiphase dynamic
a series of three studies the local thermodynamic equilibriu e are introduced in this section. While none of the miser
between solid and melt is assumed on the spatial scale de ned gniirely new, it may be useful to review the essential featu
by the numerlca_l grid on a c_ertam time mte:rval In-a 1-D 6f the formulation. In the Eulerian description the propertia®
mantle column Figure 1). Certain parameters discussed in theetermined at xed points in space where each point represents
following sections are varied to investigate the e ectontelt 5 gmal control volume. Since multiple assemblages (solik roc
production and chemical evolution over time and space. Thene|t water) are considered simultaneously and their dynamic
second contribution of this series will consider an altéiv@  ,,q|ution is treated separately, the distribution of eachheise

scenario, that is the case in which, once the melt is formed,ssemplages or dynamic phases can be described by a di erent
it does not interact chemically any further with the residlua y; orential equation for the conservation of masssifii and
solid while still a ecting the dynamic model. The melt products | ;.. 2008:

converge into a di erent system that still evolves accordiag

equilibrium principles but separately from the residual solid @2y @ aay a

This can be accomplished by applying the thermodynamic @ C @ DO 1)

formulation to two local sub-systems separately. In thedfaind

last contribution of the series the e ect of water on the madti where the superscripta stands for the dynamic phase or

process is investigated by combining chemical thermodyoami assemblage J'ssolid,” “m) melt,” or “w) water.” is the mass

with a three-phase ow model. density of the dynamic phase? is the fraction of the control
Perhaps at this point it is worth summarizing the di erent volume occupied by the dynamic phaaeand is the velocity

models that will be described. The general de nition of dgrie  of the dynamic phase. The product , later labeled , can be
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o P9=fixed o dp/dz=0 or d’p/dz*=0

At each grid point: * 3(p9)*/0z=0; I(p@)"/0z=0; o(p¢)"/0z=0; * A(pgB)/92=0; A(pp6)™/0z=0

all properties are defined o v°=fixed or dv*/dz=0; v"=f(v°) or Ci\/l\";/\d’2=0 » T=fixed or 9T/dz=0
o~
minerals thermodynamic equilibrium top boundary
(T,P,X) is imposed > @
It
me T <i=1
id for
TP ,Vsuhdy Vmelt, d)scmdY o™ =2 - @ gri .
EAE A A 2 2 grid used to find J all the other variables

the pressure or + i=2
the pressure gradient <!

local melt 3 5 ¢
production
- 1 i=3
s TP, vseng’ Vmelt3 i q)soh:’ q)mema . =1
‘“ ‘. ~ + < i=last
Seo |
oA ® 19

TPy Ve V™, 0% @™ | |[e (pg)=fixed; (p0)"=0; (p9)"=0 . e dp/dz=0 or d%p/dz?=0

[bottom boundary | -
bottom boundary | | (po0)'=fixed; (ppB)™=0

o v*=fixed or dv®/dz=0

o T=fixed

FIGURE 1 | (Left) Schematic view of the mantle column. In the dynamic equilibrm melting (DEM) model at each grid point local equilibriuns assumed between
melt and solid. Dynamic and thermodynamic properties repigent the average spatial values within each grid point. Therdwing describes only the concept of the
model, distribution of melt and minerals in the gure not in sele. (Right) Illustration of the two spatial grids, the j-grid used for theressure or the pressure gradient,
and the i-grid for all the other variables. Boundary condiins at the top and bottom of the model are also reported. The ze gradient condition, for example

@ @D 0, means that ( }op boundary D ( Jip1 of ( pottom boundary D (' JiDlast-

seen as the mass of a certain dynamic phase per unit volume ththe nature of the dynamic systems and the type of interaction
is associated to the fractionof the control volume occupied by among them. The presence of a third dynamic phase (water) will
the dynamic phase. For instance, ifs 3,000 kg/mi, is0.3and be considered in the third and last contribution of the serie
the control volume is 2 rhthen the total mass of the dynamic however the relevant relations are introduced here sine th
phase in the fraction of the total volume would be 3,0000.3 formulation of the two-phase ow model, speci cally addredse
2. Each assemblage is allowed to exchange mass, for examplthis study, can be derived by simply assuming that no water i

when at a particular point in space melting of the solid takegpresentin the system {V D 0). The motion coupling between the
place, the total mass of the solid should decrease and the tosolid and melt assemblages is described by the followiagjoal
amount of melt should correspondingly increase. This procesgs ™ D ( m? m-my( m S) where ™ is the viscosity of

is accounted for by the terr@ which is the cumulative mass melt. The permeability is de ned ak™ D m3, m*_C where
transfer rate that includes the exchange between the trabspq m p  m= m ¢ W) and Cis a permeability constant. When

phaseawith the other transport phases (e.g., for s@i® sthen  \yater s ignored the above equation for the permeabkityis
0°D 0° ™C 0° %). Mass transfer to a certain dynamic phasegjmjjar to the relation used in several studies on melt porous
(e.g., fromm to §) has a counterpart (fronsto m) and the two oy (e.g., McKenzie, 1984; Spiegelman, 1993a: Schmeling, 2000:

quantities are relate@® ™D 0™ °. _ _Rudge et al., 20)1An expression similar t&1% ™ can be used
The equation of motion for the solid assemblage is describegh, the interaction between solid and watds ™. while no

ina 1-D problem by the following relation: interaction is assumed between melt and water. The pernigabil

for water assumes a slightly di erent forrg?Y D w, W2(1

@ c . nr‘2):there- WD W MC W), The relations just outlined

@ here describe a simpli ed formulation borrowed from reseirvo

modeling which typically involves several phases like oilagas

where the acceleration terms have been igno@dy ° =@C  water Corey etal., 1956; Stone, 1970; Peaceman, 1977; Driaetal.,
@ s S $)=@ 0) (Bird et al., 200 The rst and last term  1993; Abreu et al., 206
in Equation (2) describe the change by pressure (P) and viscou In  two-phase ow problems alternative physical
forces (S), the second term describes the e ect of gravitatio interpretations of the pressure and viscous forc@shave
forces and theM terms are similar to the mass transfer ratebeen proposed in the past. In the earliest the pressure has been
introduced in the mass conservation equations and theyritesc referred to the whole system and the generalized Newton's
the dynamic coupling of motion of the assemblages. Unlike th&w of viscosity includes a bulk (or dilatational) viscosigyrh
mass transfer ratéyl can assume di erent forms, depending on (McKenzie, 198}t A di erent formulation considered distinct

Ssg MS™ MSWCSDO @)
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pressures in the uid and solid and an explicit de nition of the to introduce also the total equation of motion (sum of three
bulk viscosity Ecott and Stevenson, 1986; Bercovici et al., 200Eguations, 2, 3 and the similar one, not shown here, for water
Bercovici and Ricard, 2003; Simpson et al., 20I8e two can be
reconciled under certain assumptions. A discussion on thistpo @) C SSC M MgC W WgCSDO (5)
can be found elsewherB8¢rcovici and Ricard, 2003; Rudge et al.,
201D, Iti I i h hat th I . . .

), Itis only mentioned here that the pressupavould need — |\ o antisymmetric relatiohd®> ™D M™ SandM® ¥ D
to assume the meaning of an interfacial pressure between the'vIW s and the constraint provided by the sum of the volume

i i I, 2 iti .

uid and the solid (Rudge et al., 20)1The standard de nition fractions SC MC WD 1 have been used.

of the pressure acting on the system would apply instead when Since the chemical composition of the solid and melt (and

the uid is completely removed. . . .
. L . . ater) are not expected to remain constant in space and time,
The expression for the variation of the viscous forces in a 1- an expression for the evolution of the chemical composition in
Cartesian geometry assumes the following fde: @ ° ;=@ P . mp
; . the two (or three) assemblages is also needed. Oxides have bee
where ,; is the vertical stress component. When no formal . .
L e ; . - chosen to describe the bulk composition in each assemblage,
distinction is made between shear viscosity and bulk viggos . . . )
although alternative de nitions are possible (e.g., ct®end-

the generalization of the Newton's law of viscosigird et al, members, elemental abundance). For the chemical components
2009 for the stress component;; is ,; D  (7RB)@ =@ cinthe sollid and melt the foIIowin. relation can be a Iiedp'
Considering for simplicity the following relations D (7=3) g pplied:

where Sis assumed to represent the viscosity of the solid in the @ SS9 @ S SS9

system, then the viscous Newtonian forc@san be described @ Cc @ D 0%¢ ™M

for a 1-D problem by the following simpli ed equatios D @™m™mmg @m™mmmg

@S S@ =@ McKenzie (1984)suggested that S could be C D ome s¢ (6)

related to the viscosity of the solid in absence of any uf(i.e., @ @
SD ?).Analternative formulation that includes a dependenceyhere for example ¢ is the wt% of the oxide in the solid
on the volume of the uid has been also proposesic(tt and assemblage Assuming that the dynamic phase water is made
Stevenson, 1984, 1986; Bercovici et al., 2001; Bercowci agf pure water, the above equation is not necessary and only the
Ricard, 2008 In this study the dependence on melt is expresseghass conservation equation for water, in the form introddice
by the following relation > D §(1 C 1= ™) which includes earlier, should be considered. The transfer fatdas the same
a term representing the relation between the bulk viscosity a meaning of the other exchange quantities and clearly it may
the melt volume fraction. Similar but more complex expressiongissume di erent values for di erent oxide componerts
have been used in previous studi€xlimeling, 2000; Rudge et The temperature is described by the following relation:
al., 201). The essential feature of this expression for the viscosity
is that the second term becomes dominant when the uid or gr X s @ . @T @
. . . S, sys
melt abundance is small. For practical purposes, below a pertai g C c @ Co D @K c T@
threshold value for ™, the above equation is replaced by D
o- Both de nitions of Shave been considered in this study, and
a discussion on the results using the two viscosity modeldeill
presented in a later section. where C» is the heat capacity at constant pressure of the
The equation of motion for melt is similar to the one for the assemblaga. KYSand SYSare the thermal conductivity and
solid phase but with few di erences. The interaction betweerthermal expansion of the whole system. The last two terms
melt and wateri™ ") and the term related to the viscous forcesdescribe the reversible adiabatic e ect due to compression or
are ignored, hence: expansion Bird et al., 200R With the above expression at every
time thermal equilibrium is assumed among the dynamic phases
included in a discrete volume. The e ect of viscous dissipatio
m @ C ™ mgCMS Do 3) has been ignorgd _because it. has a minor.e ect on thg thermal
@ pro le over the limited depth interval considered in this study
(less than hundred kilometers)Aéimow and Stolper, 1999
The above equation for melt, and the similar equation foravat The heat change induced by chemical transformations (ryain
can be rearranged to expres8 (and ) explicitly: melting) has been also excluded from the thermal model, but
for a di erent reason. If the melting model ignores the therma
contribution of heat conduction and viscous dissipation ghd
"D — = gcC s (4) dynamic transport of melt and solid are the same, the process
@ can be assumed to be isentropic. With this constraint the trerm
e ect of the latent heat can be accounted for in a relativetyse
where the relation foMS ™M introduced earlier has been applied. way. This is the procedure followed in the program AlphaMELTS
Note that in the limiting case in which the solid assemblagdSmith and Asimow, 2005 However when the velocity of the
is immobile and water is not present, the above equatiomelt and the solid are di erent, which is often the case in atwo
describes the well-known Darcy ow equation. It is convetiie phase ow model, then the entropy does not remain constant and

CT@ SyS sys (7)
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the problem needs to be approached di erently. More in generavalues at the previous time step (explicit solution). At thecgpa
in a dynamic model with complex petrology involved, the e ectgrid point i and current timet the discretized equation assumes
of the latent heat has to be implemented self-consistentti wi the following form:

the melt-temperature relation determined by the thermodyma

model at the given pressure. Because there is no easy way to 8{2 D8 im(t 1
properly implement such general proceduriérpne et al., 201) ’
in this study the thermal change due to melting or solidi &at
has been ignored. Without a correct formulation the risk is
to overestimate the thermal change or, even worse, to wronglyhere8 ™ is the product of the density and volume fraction
predict that melt would be completely crystallized in someagre g™ D ™ ™ the previous time step is speci ed by the subscript
of the mantle column. It would a ect the dynamic model and t 1. All the quantities on the right hand side (rhs) are known
potentially create a feedback of uncontrolled errors propagat therefore the solution foB™ at each grid point is explicit. The

1t
E 8in,n(t 1) ir,?t 1)

8 e 1 ¢ e 1 (®)

through all the parts of the melting model. uppercase symbol in 8™ indicates that this is not the nal
solution. In all the following equations the velocity is neésl
NUMERICAL SOLUTION to the current time ste and the subscript for time is dropped

altogether. Note that the spatial i-indexing starts at thp side
This section aims to clearly outline the numerical solutwthe of the model and the velocity is negative upwargligigre 1). The

coupled geodynamic and thermodynamic melting model. It Caﬁ.econd step of the MacCormack methqd consists of a half-time
be readily disregarded if the primary interest is the outcavhie advancgment using a backward nite di erence and the starred
the DEM model. values j; :
_ 8{2D0-5@T@ 1)08{2)

Solution of the Transport Model 1t
The numerical solution of the dierential equations given in 517 8cye (c1y Bit i 9)
the previous section together with some auxiliary relations
determines at discrete space intervals and time steps the/folio 8 ™ can be directly computed from the above equation starting
quantities, S, M, W,858M 8w, s m wpp, slom2sl ihe solution from the bottom up since all the quantities oreth
2™M T. Some of these variables have been introduced alreadys are already known. The mass transfer between transport
others will be de ned later in this section. Additional progis, phase®? introduced in Equation (1) is not explicitly accounted
retrieved from the thermodynamic model, will be discussed irfor but instead the mass transfer is absorbed in thg-‘(t 1)
the second part of the section. term, which represents the value from the previous time step

The numerical solution scheme presented here is the restificremented by an additional quantit¢8 ™. This additional
of several attempts trying various nite di erence algoritlsm quantity is related to the thermodynamic model and it will be
and numerical proceduresigure 1illustrates the general melt de ned later. The condition imposed at the top and bottom

model, the right panel in particular shows how the verticalboundaries is eitheB ?oundary D 0 or @8"=@jpoundary D O

mantle column is discretized in space and the condition that a (Figure 1). Onces M has been found, the volume fraction of melt
typically imposed at the top and bottom boundary. The mostcan be easily computed fronf} D 8 M= M, where the density

challenging part of the dynamic solution is to nd the local m js known from the thermodynamic calculation. The same
ow pressure together with the mass abundance and velocityrocedure also applies to free water, if it is present in the syste

of each dynamic phase. Since these quantities appear in M08 an independent dynamic phase. The volume fraction of solid
than one di erential equation and they a ect each other, atgve s retrieved using s D1 m " and then, knowing the

time step some of the di erential equations need to be solve@ensity of the solid assemblz;&éft is computed from8$, D
simultaneously. Practically an iterative procedure isimpeted s s~ A more elaborate numerical scheme aiming to reduce
for this purpose. The method that has been applied is based qfimerical di usion and other numerical instabilities has dse
a modi ed version of the SIMPLER algorithm (Semi-Implicit 350 implemented. This alternative procedure based on the ux
Method for Pressure Linked Equations Reviseéatnkar, corrected transport algorithm (FCT)Blris and Book, 1973;
1980 in combination with the SIMPLEC algorithm (Semi- Book and Boris, 1975; Zalesak, 1p&odiscussed in Appendix
Implicit Method for Pressure Linked Equations-Consistenii 1 (Supplementary Material).
Doormaal and Raithby, 19%4For simplicity the schemeis called The SIMPLER (and SIMPLECR) algorithm consists of four
SIMPLECR. steps that need to be approached in a sequential manner. In the
The numerical scheme begins by solving the masgst step the equation of motion for the whole system (Equoati
conservation equation (Equation 1) to nd the mass abundancs) js used in the following discretized form based on a central

of melt (and water, if present as an independent dynamic phasey; erence scheme for the rst and second derivativasignehill
The numerical solution follows the MacCormack two-stepsqt 5., 199y

algorithm which is second order accurate in time and second

order accurate in spac®(1t2,1z%) (MacCormack, 1969: Pc1 R s m

. . . . C D ———=—Cg87Cg8;
Tannehill et al., 1997 The rst step is a forward (upwind) nite 91C3 Sa 1z gt P
di erence schemeTannehill et al., 1997that makes use of the Cg8 1% (20)
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where § 1, § and Sci1 are the terms representing the  Equation (15) does not include any pressure term bec&use
discretization of the variation of the viscous for€ethat was was absorbed in the de nition of the pseudovelocity (Equation
introduced in the previous section. The pressure gradient i43). The pressure is determined using the equation for the
dP=dzj; (Pic1 Pj)=1z. Note thatSand 8 are computed mass conservation of the dynamic solid phase which introduce
on grid points with indexi while the pressure is retrieved on a the second step of the SIMPLER (and SIMPLECR) approach.
staggered grid de ned by the ind¢xThe relation between the  Using the upwind nite di erence scheme, the mass conservation
andj grid is shown inFigure 1 Recalling the two expressions for equation for the solid is discretized as follows:
the viscosity of the solid matrix*D  3and SD 3(1C1l= ™),

and the de nition of S S D @5 S@=@?, then for the rst 8% 8% 1 - 8Gcy ey Bt t
de nition of the viscosity, the term§ 1, S, Sc1 are: 1t 1z

DO (16)

. s where8? D & . The velocity ®is replaced in Equation

S.D -2 ilgg s s (16) by the expression with the (known) pseudovelocify D
' 122 77 T 0 SC i(Rc1 P)=1z After some rearrangement:
S s
D-%1052%C ¢ ,.C 3
S 122 it i )t (iC1)t 83 Ot 8(si 1)t 1) I Sﬁt |s S?i it (S| 1)C
o it 1t 1z
p -2 €lgs sc 3 11
P e ay 8hiPer B BimitR P10,
1272 1272

For the second viscosity model, tBéerms assume the following

discretized form: Note that the above equation is not centered around the index
pointi but instead all théindexes have been translated by -1 (i.e.,

s s s C S
s .D 2 '2 1 05 5.C (S. by C M in Equation 16j is replaced withi( 1) and (C 1) is replaced with
1z ’ it C (i i i). Following the translation of the indeixfor the velocities and
s iSh s s s pseudovelocities, the indgxfor the pressure must be changed
SD 55 0523C (1 C Gy accordingly. The reason for the shift of the indexes is thawn
sc s sc s # Equation (17) is centered arourjcand the three pressure terms
C 'n: (r'n i 'ng (r'nC1)1 (12) areP 1, B, Pca. After some rearrangement to put the terms
ix C L0 Dt it C (icut related to the unknown pressure variables on the left side, th
8 'Sc1 ist C gcm equation assumes the nal form:
| ’ s
Sc1 D 172 0.5 iS,t C (SiC1),t C Mo m < < <
it~ (icut 8lti 8iqi1 8G( it 85 i
A1z A1z CRaga D
Equation (10) is applied to nd a pseudovelocityde ned as: gs gs gs s gs s
(i Ot (i 1.t 1 it (i Dt (1)
Pei P it 1z (18)
D i (13)

The values for the pressufecan be found by writing at every

where is: grid point an equation like the one above here and solve the
s system of equations simultaneously. The system of equations i

_i (14) this case is linear in the variabl& 1, P}, Pic1 and it forms a

S tridiagonal matrix for which the solution is rather simpl@iess

to replace ® with the expression for the pseudovelocity. AfterSystem of equations can be found only by xing the value of

some rearrangements, Equation (10) can be directly sotwedf the pressure at one grid point. Usually the pressure at this xed

i D

at each grid point: point is set to zero. A discussion on this issue, omitted here
for brevity, can be found for example iRatankar (1980)The
D 1 §1CSc1Cg8;,Cg81Cag8}} (15) relative nature of the pressure is not a major problem sincg onl

the pressure gradient is needed in order to have a complete
where all the terms on the rhs are known and the solution iglescription of the dynamic model. From a practical standpoint,
explicit. Note that the true velocities® ; and ; have been when the velocity at the top boundary is xed, Equation (18) o
retained on the rhs in the term§ 1 and Sci. These true the opposite side is de ned in a way that at the last grid point
velocities are assumed to be known either from the previouBja5c1 D 0. This is accomplished by setting the rhs equal to 1 and
time step or from the previous iteration (more on this point setting to 0 all the terms multiplyin@jast. Plascc1 and Pooundary
further below). The boundary conditions usually are set in aAdditionally in the equation centered at the poiriaé?), the term
way that the velocity either at the top or bottom side is keptthat multipliesPjzsc1 is set to 0. The top boundary condition is
xed at a certain value while the opposite boundary side is sehen@=@ poundaryD 0. Alternatively, when the velocity at the
to @s:@jboundary D 0. bottom boundary is xed, therP; D 0, which is accomplished
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by setting to 0 the terms multiplyin8youndary P1 and P2 in the  replacing the velocity  with Equation (20) (and shifting the
equation at the rst point. Then for the equation centered ati-index and j-index by -1):
j D 2, the term multiplying® 1 must be also setto 0. The bottom

boundary is set t@=@y poundaryD O. 85 i 83 TR cpo 8(5i e il cp 85 | 5
Once the pressure has been found, the pressure gradient car|3jO 172 11T 2 IC17152°
be easily retrieved, for instance at the grid pointiP=dzj; g(si i 83 DD 8 is’t s 83 i (sl b

(Pc1 PB)=lz

The pressure gradient is then used in the third step of the
SIMPLER procedure. The discretized equation of motion for therhe ahove expression applied to every grid point forms a
whole system is used to nd an approximate velocify (noted  trigiagonal matrix that de nes the fourth and last step ofeth

22
1t 1z (22)

by the superscript): SIMPLER (or SIMPLECR) procedure. It is very similar to the
previous equation used to retrieve the pressure (Equatioai®8)

Pc1 B the same boundary conditions apply as well. The main di erence

S S1 SauD 1z Cog8 iS,t is that on the rhs approximate values for the velocity eld are
cgMcgs? (19) used instead of pseudovelocities. Once the pressure camasti

found, Equation (20) can be used to compute new values Yor

The superscript has been introduced also féand the pressure  1hiS whole procedure needs to be repeated or iterated until it
P to indicate that they are related to the approximated velocitf€2ches convergence according to a certain criteria, fstamce
eld. The de nition of the S terms is the same given fg@@ CONvergence can be established when the pressure corrétion
(Equation 11 or 12) but with S replaced by the unknowns .~ atevery spatial grid point becomes very small.
A tridiagonal matrix based on Equation (19) needs to be sblve The entire solution method will be summarlzed later, howeve
to nd $. The imposed boundary conditions are similar to feW remarks are made here. The critical part of the fourth
those discussed for the solution of Equation (15). The reasc@d nal step is that in the derivation of Equation (20) from
for considering the velocity as an approximate quantity ist thaEauation (21)§ ; and ¢, have been ignored, which implies
the pressure obtained from Equation (18) was computed usinlat £, D #, ;D Oand 2, D %, %, DO
the pseudovelocity S that was obtained from Equation (15) The consequence of such approximation is that the convergence
assuming that the velocities on the rhs of the equation wergay be very slow and a large number of iterations are needed
known. to nd a self-consistent solution for &, P (and ). The
The velocities now can be improved by correcting the pressur8IMPLEC algorithm Yan Doormaal and Raithby, 19B4vas
eld using the procedure discussed here below. Once th#troduced to mitigate this problem, however it was only applied
correction to the pressure eld has been retrieved, the impabv to improve the SIMPLE algorithmHRatankar, 1980) which is

velocity can be computed from the following relation: an alternative numerical scheme used for the pressure-vglocit
solution. Here the SIMPLEC algorithm is applied instead on
< s PJ-OCl PJ0 the SIMPLER procedure described so far in this section (hence
D¢ C Tz (20) " the new acronym SIMPLECR). The essence of the SIMPLEC

algorithm is that the velocity correctionsso1 and ﬁgl, instead

of being ignored, are assumed to be equalfoThere is a slight

complication, because for the type of equation of motion used
in this study, the assumption leads to an unwanted situation
Similarly the velocity correction is de ned as'so D }? 3. in which ; would be zero everywhere except under certain
The relation given in Equation (20) is obtained by writing anconditions at the boundary. This can be easily veried by
expression for the equation of motion (Equation 10) using thereplacing &, and £, with in§ ; andS, in Equation (21).

correct velocity Sand pressur® and a similar expression using It follows that no correction for the pressure could be found and

the approximate velocity and pressuré , P . The dierence the problem would become unsolvable. A possible remedy is to

wherePVis the di erence between the correct press@and the
approximated pressute , thatisP°D P P . The correction to
the pressure gradientP’=dz is approximated astCl Pj():1 Z

between these two expressions is: approximate i in Equation (22) as follows:
P, PP 2
0 0 0 c1 1z
§ §1 Sab = 1 J (21) iD (23)
z s s s s
0 i1 (i 1)t 1 (icy,t 1

whereS is the di erence betweersand S . In the SIMPLER o ' _
algorithm § ; and S, on the left hand side (lhs) are ignored which is simply the discretized form of 14 § @ *@?). For

therefore by replacing Ié) with 5 S in 30 and using the the case in whicts and S are de ned by Equation (11), it is

de nition of ; (Equation 14), the above expression leads t&asy to show that Equation (20) would still approximate Equation
Equation (20). (21), provided that |'°O D isf’l D isgl and that the terms
The equation for the conservation of the solid mass now ca@.5(2 7 C & 1y, C Gcyy): 05(% C & 4y,) and 0.5(F C

be discretized and solved for the pressure correcﬁﬁmfter (SiCl),t) in Equation (11) are replaced with % a 1t and

Frontiers in Earth Science | www.frontiersin.org 8 October 2017 | Volume 5 | Article 81


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

Tirone and Sessing Petrological Geodynamics of Mantle Melting |

3c1),t' respectively. Even though the new de nition gfgiven  The above equation, replacing Equation (22), usually provides a
by Equation (23) incorporates the contribution of the termsbetter convergence rate and reduces certain numerical pnebl
related to ile and isgl only in some approximate form, it was that may occur during the solution of the dynamic model.
found that the rate of convergence of the whole procedure was Finally the velocity of melt (and water if present as a dynamic
improved when compared to the rate of convergence using thehase) can be computed using the following expression (and
de nition of | given by Equation (14). similar for water):

There is an additional complication. During the iterative m
process, in particular when the melt fraction is relativelgé mp K M
numerical instabilities could lead to a poor convergencesfev I A 1z
with the new de nition of ;) or no convergence at all. One

trouble spot is the term8$ ... that appears in the discretized !N summary the couplingof, 4, Prequires at each time step an
time derivati s é'sl)’t -1t of Equation (22). The Iterative solution that is for the most part based on the SIMPLER
ime derivative 8 0 Dt 0 . 1))— of Equation (22). The

. . algorithm. The procedure proposed in this study is summarized
reasonis tha8 (SI 1t depends on S (or SD) and ultimately on the

by the following points:
pressure (or pressure correcti®f). This interdependence is not _ " w _ ) _
accounted for in Equation (22). A relation betwe8i ,,, and 1) Find8™ (and 8", if water is present in the system) using
Pcan be established by recalling tf@atD ~ , then8 3 D the MacCormak method (Equations 8 and 9) with or without

g C ¢ (28)

(i 1t ; ; ; ;
i 8[}‘ e m ) s (assuming no water is present) and the mgtgrci:z;ll')algonthm described in Appendix 1 (Supplementary
.o L 0 :
correctlonSﬁ) 1)t 1S given bysfi) ne D 8 1 F1= "1 It 2) Determine the volume fraction of melt, solid (and watefY,
the melt correctior8 g‘o 1t is written as: S(and W) and compute8 S,
’ 3) Solve Equation (15) for the pseudovelocities of the solid
1t 0 0 blages
gm’ p - gmm’ gm m 24 assemblage”.
G 1z " @il (24) 4) Solve Equation (18) to determine the pressure eld.

9 mo . . mo 5) Use the discretized pressure gradient in the total equatio
where » and using the relation betwee&h(i it and motion (Equation 19) to nd the approximate velocity of the
8 ﬁ] it in the above equation, then: solid assemblage® .

s 6) Find the pressure correctior?® by solving the mass
g i1 ﬂ m & m 9 conservation equation for the solid assemblage (Equatibn 2
8(| 1)tD m 8it i 8(| nt i1 (25) . . -
' g 1z o ' or 27) and apply the correction to the velocity eld, Equation
: . . . (20).
By using Equation (20) to replace the correctlon_ fo the SOl'd7) Compute the velocity eld for melt using Equation (28) (and
velocity in the above expression, then the correctlorsﬁ) 1t in case a similar expression for water)
can be related to the pressure correcti®h 8) Back to step 1) until convergence.
8¢ D L 1t gm _Pjom P,O Appendix 2 in Supplementary Material presents an alternative
(i Dt m 7 ity solution for Equations (18, 22, and 27) where, instead of the
" # pressure and pressure correction, the unknown variableshere t
i j 1 pressure gradient and the correction of the pressure gradient
84 i1 (26) o . .
(1 1z To reduce the possibility that the overall numerical solatio

_ _ _ _ o ~ becomes unstable, the time step is usually set to a fractidmeof t
Now 8 z H N the discretized time derivative term of Equation time required to move across a length equal to the grid sface
(22) is set tB S Ot D 83 " c 8¢ _ where the superscript at the maximum velocity ™® found in the previous time step,

(i (i 1t b . . .
(*)in8S .. simplyindicates that the value is approximated andl t D f 125 ™2, the fractionf typically varies from 0.5 t0 0.01.

(i Dt . . . . .
that the pressure correction for this quantity has been ideld The nal remarkis that, during the iterative procedure, cairt
\5alues obtained from the numerical solution of the various

separately, After some rearrangements the mass conservatiof . )
equation assumes the following form: di er_entlal equanons_ should pe und_erelaxed_. For exampler_afte
" 8 M is found by solving the di erential equation, the following

#
o0 85 i 83 il S 8 icC 8[}‘ R underelaxation scheme is suggestgd(new) D 8{"(old) C
i 172 m 172 [8M 8 ™(old)], where8 "(old) is the value from the previous
Pl # iterative step (not to be confused with the previous time step)
Cpo 80 ny i1 c i1 B 1y i1 8 M is the solution of the di erential equatiorg ™(new) is the
11 1272 m 122 value that should be accepted for the current iterative stegp a
gs s gm is a scaling factor (ranging from 0.5 to 0.1). The scalin¢piac
Cp_OCl it e i1 it! p for the pressure (or pressure gradient) applied to Equations (18,
' 122 My 122 19) varies from 0.02 to 1e-9. No underelaxation is applied to the
8s 8s g8s s gs S solution values of S, é), m W When melt is present in the
(i 1t (i 1. 1 it i Ot (@ 1) 27 , ,
1t 15 (27)  system, the number of iterations needed to reach convermyenc
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P
(de ned as ij(dPO:dzji)j:/frfgrid points  1e-6 Pa/m, can vary and the second step of the MacCormack method is given by:
approximately between 1,000 and 1,000,000. !

Once the procedure for?, 2, P has reached convergence, 1t
the transport equations for the composition in the solid and Tit DOSTi¢ 1C Ty m
melt should be solved at the current time step. The simplest and X amheriL
e ective approach is the MacCormack method introduced earlier G810 Ticyr it (32)
for the solution of the mass conservation (Equations 8,1®9jhe a
rst step of the MacCormack method a temporary valRéf is ) ) _ )
found using: ' The FCT algorithm discussed in Appendix 1 (Supplementary
Material) can be also applied for the temperature solution. The
28 sc p psc 1t e ect of the reversible adiabatic gradient is introduced safely
ity 1z at every grid point:
2lnity 2Cnen Coen @ TuDTuClty it (33)

where2 3¢ D 5 Fand is the wt % of the component a

de ning the bulk composition of the solid. The nal solutiod ot

sys a — a a
is found by solving the second step using the starred values: where i D Tixg a8 aCp, 87} The term describing

the heat conduct|on is also added in a later stage by using the

2 IStC D 05@°¢ Tt 1 c27¢ Crank-Nichols discretization schemégnnehill et al., 1997
1t
515 2dcue ey 200 0 (30) Ty D TAC —W (34)
An explicit solution at every grid point is obtained when the Kft Ti n: 2Tt C Ticuy
above equation is applied from the bottom up since all the terms sys 0
on the rhs are known. Similar equations are also used for the CKi,(t 1) Ti ne v 2Tie 1C Ticoe
composition of the melt2 [°. More accurate results may be =
obtained by applying a procedure based on the FCT algorithrwhere for S|mpI|C|tyK aKI""t it- The upper case
(see Appendix 1 in Supplementary Material). symbol |nTIt indicates that this is the temperature that has been

Since the dynamic model is coupled with the programcomputed from Equations (31-33). After some rearrangements
AlphaMELTS which uses oxides to dene the equilibriumit assumes the following form:

chemical composition, i and [} represent the wt% of the 12 ) ( )
oxides used in AIphaMELT$|OZ TiO, Al,O3, F&03, Cry0s, 1t Klstys 1t Klstys
FeQ MgO, CaQ NayO, K20, P,Os, H,0. It follows that if Tiy 1C W Ti 1t 2172 ,CagA
all oxides are used and melt is present, then Equations (29, ( cve apeit
30) (with or without the FCT algorithm) are solved fd& Iatc 1tKi‘ty
24 times, one for everg oxide in the two assemblagea O Ticny 2172 ,Ca8a D (35)
solid melt). The oxide composition is then easily retrieved, sys
for example for MgQ in solid the following relation applies - 1tPKi t 1) T 2T C T
SMgOD 1002 SMgO— <2 In analogy with the approachused =~ 212" ,Cj 8% ¢ e D e HTaene D

for the total mass conservatlon equations, the oxides feans

rate between di erent transport phaség Cis included in the The nal temperature that includes the contribution of the dte

value of2 IS‘(?t 3 at the previous time step_ Boundary conditionsconduction term is found by solving the tridiagonal matrix
at the top and bottom side vary depending on the problem, foProblem @ress et al., 1992The boundary conditions usually
|nstance if no melt is present at the botto2{"¢ D 0, and involve a xed temperature at the top or bottom and a zero
bottom D xed value gradient on the opposite side. Density, heat capacity and taerm

The temperature eld is found by discretizing Equation (7) expansion in the above expressions are retrieved from the
with the following simpli catjons,@=@ 0,@p@ 1P=1z, thermodynamic model.

and 1P 1Py D glz , 22 D glz ,8% where The lithostatic pressurgy that is used in the thermodynamic
the ow pressureP is replaced with the lithostatic pressure model, is computed at each spatial grid point by a simple
Py FFyrthermore the following assumptions is madg”® Y° numerical integration oiP D gdz
,t a ,t It) The rst step of the MacCormack method X
applied to the temperature equation assumes the following form: PgDPy ,Cglz 8 (36)
| a
lt X ac—a a H
Tit D Tig 1 m i1Cp, 8t T 1) A Test of the Dynamic Model
ittt a The numerical solution without the thermodynamic
Ti ¢ 1) (31) contribution can be used to understand the basic behavior
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of the two-phase ow model. The test case applied here assumessults that could be compared with geochemical or petroldgica
that 0.02% volume fraction of meltis present at the bottomheft eld observations. When the dynamic model is interfaced
mantle column. The top and bottom depths are 15 and 90 knwith chemical thermodynamics, the essential input quaesiti
and the lithostatic pressure at top side is set to 5 kbar. \figloc necessary to run the thermodynamic model are not arbityaril
of the solid matrix at the bottom is set to3 cm/yr (negative de ned by the user, but they are obtained directly from the
upwards), the density of the solid is 3,200 kgAwvhile the density ~ solution of the transport model.
of the melt is 2,600 kg/m both are kept xed. The rst model The necessary data required to perform a chemical
considers the case with® D 3. Fixed viscosities of the solid equilibrium computation based on thermodynamic principles
and melt are 1e21 Pa s and 1 Pa s, respectively. The permeabititg pressure, temperature and bulk composition of the system.
coe cientis equal to 18°m 2. The number of spatial grid points At every spatial grid point these quantities are readily am
varies from 100 to 500 for di erent simulations and the timeggst  from the dynamic model. Lithostatic pressui® computed
is kept xed to 250 years. The computation " is performed from Equation (36) is used in this study, although the ow
using the FCT algorithm and the pressure discretization lage  pressure would be the correct choice. If the dynamic pressure
simulations using either the pressure variable solution leg t does not represent the pressure of the system but the intetfaci
alternative pressure gradient variable solution (see AppeBdi pressure between melt and solid, then further assumptions
in Supplementary Material). Composition and temperature areshould be made. However, beside more rigorous justi cations
not necessary therefore Equations (29 and 31-35) are ignore Py is chosen at this point mainly because it provides a more
Figure 2, compares the arrival of the rst melt wave stable solution from a numerical point of view. In any case the
(Figures 2A-1,A-2 and second melt waveFigures 2B-1,B-2  di erence between the ow pressure and the lithostatic pressur
at the top side of the model for simulations using dierent is not very large for solid Earth problems (few kbars at most).
number of grid points.Figures 2C-1,C-2 show some of the The link provided in the Supplementary Material allows to
quantities that control the transport model, in particular access the data les from which the di erence can be evaluated
Figure 2C-2includes the three components forming the equationfor every simulation included in this study. Temperature is
of motion (Equation 2). It is noteworthy that the points of treated following the common practice of assuming that therma
maximum of the melt ux ™ ™ ™M (orange line inFigure 2C-1)  equilibrium is established among the dynamic phases of the
correspond to the peaks of the melt volume fraction (blue linesystem.
in Figure 2C-1) and the peaks of the solid velocity (blue line  The bulk composition of the whole system at each grid point
in Figure 2C-2. The depths where the melt content is at theis given by the normalized sum of the composition of all the
lowest coincide with the points of minimum melt ux. These are dynamic phasesulk component(systelhD 100 @ °fC 2[1°C
the locations where the largest variation of the viscousderis 8 )=(8 %, C 8™ C 8%) where s,m,w stand for solid, melt, free
compensated by the combination of pressure and gravitationaVéter and8 }’Vt is appliéd only to de ne the bulk amount of water
forces.Figures 2D-1,D-2show a comparison with the second (cD 12). The bulk composition computed with this expression is
model that assumes® D §(1 C 1= ™). In this model melt always expressed in wt %. The total mass of al the mineral phases
has the e ect of decreasing the viscosity of the matrix, h@vev in chemical equilibrium that are provided in the the output
when 3§ is the same for the two models and the amount of meltof the thermodynamic model is 100 (units of grams according
is small, Sis much greater than . For this reason the reference to AlphaMELTS). The de nition of the bulk composition is
viscosity § for the new model is set to 1e20 Pa s, one ordecritical for the outcome of the melt model because it implies
of magnitude lower than the viscosity assumed in the previouthat thermodynamic chemical equilibrium is achieved witla
model. The gure shows that the melt volume fraction of thestr  certain physical domain and temporal interval among certain
wave is signi cantly higher, which is expected since the exext dynamic phases. If a dierent type of equilibrium condition
viscosity Sis much lower. Then when the e ective viscosity ofis imposed, a di erent bulk composition should be used and
the solid becomes comparable for the two models, the rest of thee outcome of the thermodynamic model would be clearly
wave train behaves quite similarly. The model setup for #& t di erent.
case that has been presented here is similar to the setup sf a te The following discussion outline the information applied to
case discussed in a di erent studyji(one et al., 2012 However the dynamic model that have been retrieved speci cally after
in the previous study a numerical error created a wave traat th running the program AlphaMELTS. The total mass and the wt
did not decrease in amplitude over time. % of oxides forming the bulk composition of the residual solid
The movie lemfl-moviel. PHASE33B.YRCS5.avi that are extracted from the output lesolid_comp_tbl.txt
can be downloaded following a link to a data repository prodide If melt is present in the system, the mass of the liquid
in the Supplementary Material, shows the time evolution ancand wt % of the oxides of the liquid are retrieved from

vertical variation of melt abundance, melt and solid velpci liquid_comp_tbl.txt . Thermal expansion (combining

computed with the rstmodel (5D §). the partial derivative of the total volume with temperature
and total volume of the system) and the whole system heat

Thermodynamic Computation capacity at constant pressure (J/K) are found in the output le

The importance of adding the thermodynamic computation issystem_main_tbl.txt
twofold. It de nes some of the parameters that are used to Mass, volume, oxide composition and heat capacity at
constrain the dynamic model. It also provides the petrologicaconstant pressure are extracted for each mineral component fr
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FIGURE 2 | Dynamic two-phase ow model without thermodynamics. (A-1,A-2) Describe the melt volume fraction, melt (solid lines) and §d (dotted lines) vertical
velocities when the rst melt-wave arrives at the top side oftie model. Different colors refer to simulation using diffent number of spatial grid points (100, 200, 300,
400, 500). Time step is set to 250 years except for the case indated by the dashed green line L t D 500years). All the simulations assume S D (5), the viscosity of
the solid is set to (5) D 1e21 Pa s. (B-1,B-2) Show the same simulation with 400 grid points when the secondnelt-wave arrives at the top side. The dashed lines in
panel (A-1) (barely noticeable) show the result using only the MacCorne& method for the melt transport.(C-1,C-2) Summarizes some key quantities related to the
simulation with 500 spatial grid points at the arrival of the'st melt wave (see main text for additional information). A ovie for this model is available following the
instructions in the Supplementary Material (movie lenfl-moviel.PHASE33B.YRC5.avi ). (D) Comparison of the rst and second wave arrival at the top
between the previous simulation with S D 8 D 1e21 Pa s and the one with the alternative viscosity model, $ D 8(1C 1=y, 3 D 1e20 Pa s (400 grid points for
both models).

the output le phase_main_tbl.txt . The total volume of nominally dry minerals may contain a certain amount of water
the solid is the sum of the volumes of all the mineral phaseavhich is treated as a separate mass from the rest of the solid.
When melt is present, the volume and total heat capacity ame alsThe total amount of water in wet and nominally dry minerals is
retrieved. a quantity that can be retrieved fromass HO(total solig D

If free water is present in the system, mass, volum@put bulk HO(systemn mass free D massgtotal mel)
and total heat capacity are also found in the output le melt oxid¢H,O)=100 where the rst term is the input water

phase_main_tbl.txt . If water is present in the solid and in the system, the second term is the mass of the free
also as a free phase, the solid oxide compokeQin the output  water phase and the last term is the amount of water
le solid_comp_tbl.txt provides the sum of the two inwt in the melt. The total mass of the solid then needs to

%. The mass of the total solid also includes free water. Wigh thbe recalculated to include the water in the nominally dry
AlphaMELTS optionALPHAMELTS_DO_TRACE_H20 true minerals, ismasgtotal solic) D mass HO(total solig C
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P i solid oxidg@masstotal solid=100. As shown in this equation over a large period of time may have some consequences. Various
the sum does not involve the oxide for water in the solidsimulations have been performed considering a range of time
which is added separately. The oxides in the solid, exceptep intervals between thermodynamic calculations. Wiithet
water, are also recalculatesblid oxid@, D solid oxidg intervals ranging between 2 and 32, the results in generalappe
masstotal solig=masstotal solick). The water oxide in the solid to be very similar suggesting that local dynamic change hav
is computed using the following relatiosolid oxidéH,O) D  a small in uence on the chemical and mass transfer properties.
mass HO(total solig 100=masstotal solick). When meltisthe However in the Supplementary Material a plot for one particular
only phase in the equilibrium assemblage and water is presesimulation illustrates the potential e ect of varying the intl
in the system, it should be always veri ed that in the output le between thermodynamic computations on the composition of
liquid_comp_tbl.txt melt oxid¢H»O) is not erroneously melt (Figure S1). A more thorough comparison can be made
set to zero. by retrieving the data of all the simulations performed foisth

The density of melt (kg/r) is retrieved by dividing the study following the instructions provided in the Supplementary
mass of the melt by the volume of melt and multiplied Material.
by 1,000. The heat capacity in 1,000 grams of melt (J/(K While only the petrological information needed by the
KQ)) is obtained by dividing the total heat capacity in meltdynamic model are considered in this study, AlphaMELTS
by the total mass of melt and then multiplied by 1,000.includes additional tools to evaluate trace elements aobes
Similar relations are applied to free water, when it is presentomposition based on equilibrium principles. These geochemica
in the equilibrium assemblage. The total density of thedata do not directly aect the dynamic evolution but they
solid is gjven by the following relation:=dlensitysolid D  could be useful to provide additional constraints to the melt
0.001 (volume of the mineral phajesasgtotal solig. model by comparing the results with real observations. Itiko
The gptal heat capacity of the solid (J/(K Kg)) is:mentioned here that each new chemical component would need
1,000 (heat capacity of the mineral phaseasgtotal solid). additional transport equations similar to Equation (6) andvn
The volume fraction of each assemblage (solid, melt, watar) set of chemical transfers similar to those discussed inshésion
be easily computed by dividing the volume of the phase by thée.g.,12 2°).
sum of the volumes of all the phases.

The product of the density and volume fraction for solid,

melt or water computed from the thermodynamic model canRESULTS FROM THE DYNAMIC
be directly compared with the equivalent quanti8? from EQUILIBRIUM MELTING MODEL
the dynamic model. Any di erence between the two indicates
that a certain amount of mass transfer has taken place. Fdrhe simplest dynamic melt model which also includes the
example, the mass transfer of mel8 ™ can be compute thermodynamic formulation assumes the same velocity fer th
using the following relation18 ™ D [(density of the melt solid assemblage and melt. Practically it means that Eojsti
volume fraction of the mglt 8 ™|, clearly when new melt is (4) and (28) could be ignored. This type of melt model has
formed, 18 ™ > 0, conversely the solid mass transfer willbeen de ned earlier dynamic batch melting. While this model
be negativel8 < 0. Similar to the total mass transfer, the probably describes an unlikely physical scenario, it cannot be
chemical mass transfer in solid and melt is de ned 82:2 D dismissed a priori. For example when melt does not focus in
[(density of phase a volume fraction of phase a larger channels but instead it remains in small poorly coriedc
bulk composition of oxide ¢ in phasg a229, wherea D veins, the transport of melt may follow closely the dynamics
s m. The change of the density and heat capacity after chemicaf the mantle (e.g., big permeability constadtmeans small
equilibration can be determined by the di erence between thepermeability, hence™ S, see Equation 28).
density and heat capacity from the thermodynamic model and One test case is illustrated here assuming only a speci c set of
density and heat capacity used in the dynamic model that wereonditions and parameters. The viscosity of the solid is carista
de ned in the previous thermodynamic computation. and equal to 1e21 Pa s. Like all the models in this study, the to
A question that may arise is how often the thermodynamicand bottom depth are 15 and 90 km, respectively. The model
computation should be applied? In the DEM model the chemicahas been tested with 100, 200, and 300 spatial grid points to
equilibration is assumed at a scale de ned by the numericaéstimate the accuracy of the numerical solution. The tinmep st
grid size, however the timescale remains unde ned. A lonteti  is not xed and it is computed using the following relation: 0.5
interval between two thermodynamic computations does nofl z/jv(max). Lithostatic pressure at the top boundary is 5 kbar
mean that the local system is completely out of equilibriumeTh and the bottom temperature is 1,480. The initial temperature
chemical and mass transfd8 S and 12 @ computed during varies linearly from 75 (top) to 1,300C (bottom). It may
the previous thermodynamic calculation still apply, althoughseem arbitrary but practically it has little e ect on the dynam
they are maintained constant over a longer period of timeevolution of the model (viscosity is kept constant although the
For example if the thermodynamic computation is performeddensity is not). The main reason for the particular thermal fgo
every 10 time stepsl8 S=10 and 12 3=10 are applied to atthe starting time is to avoid the formation of extensivelting
the dynamic model for 10 time steps. Ignoring the potentialinside this initial portion of the mantle during the upwelling.
e ects of dynamic changes of the local system (e.g., bulkhermal conductivity for the solid and meltis setkd D 3 and
composition, temperature) on the mass and chemical transfa™ D 1 W/(m K). The velocity of the solid mantle at the bottom
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is xedto 0.03 m/yr (negative upwards). While the exact originthe thermal pro le, and consequently on the melt composition,
of the imposed velocity is beyond the scope of this study, onean be quite substantial. However the general trends ikttt
could imagine that it is the result of thermochemical buoggn in Figures 3D-Gfor SiQ, TiO2, Na,O and MgO in melt and
typically a dynamic feature of a mantle plume. The initial andsolid are not too dissimilar, in particular for the incompalh
bottom boundary bulk composition de ning a relatively fdegi components but also fo6iQ in melt. Figure 3X shows that
mantle peridotite is:SiQ; D 45.20,TiO, D 0.20,Al,03 D  the temperature dierence between the two models follows
3.94,Fe0O3; D 0.20,Cr,03 D 0.40,FeO D 8.10,MgO D  approximately a linear relation with the amount of melt obtadh
38.40,Ca0 3.15,Na;O D 0.41,K20 D 0, P,0Os D 0, fromthe dynamic batch melting model.
H>0 D 0 in wt %. Since the solid mantle and melt have the same The Supplementary Material provides a
velocity, the bulk composition of the system does not changelata repository link to access the movie (le
provided that the initial bulk composition at every point in the mfl-movie2. PHASE3-P.BRC4-5.avi ) showing the
model and the composition of the mantle that enters at thebehavior of various melt properties along the vertical
bottom of the model are the same and the input compositioncolumn over time computed with the dynamic batch
at the bottom does not vary over time. In this scenario themelting model (300 spatial grid points and ntheri8).
solution of the equation for the chemical components (Equasi The data le PHASE3-P.BRC4-5.DAT (zip le
6, 29, 30) would be unnecessary. Nevertheless by solving theax-frontl-data.zip ) related to the animation can
chemical transport equations it is possible to verify the aacy be also retrieved following the link in the Supplementary
of the numerical procedure by comparing the initial bulk Material. See the Supplementary Material for a descriptiohef t
composition with the composition at any point in time and spacedata le.
computed with the relation outlined in the previous section: The fully implementation of the model presented in this
bulk component(systep D 100 @ f C 2{19<87; C 8[})  study includes a two-phase ow transport model that is coupled
(water is ignored). The thermodynamic computation detergsn with the thermodynamic computation performed at every spatial
the local equilibrium melt and solid density, mass, andw#o grid point and at variable time intervaldgzigure 4 illustrates
to determine the chemical and mass transfer properties. & alssome of the results of one model that belongs to a group
provides the heat capacity and thermal expansion of the solidf several simulations with the viscosity of the solid matrix
and melt assemblages which are needed for the de nition ef thde ned by the relation 5 D §. As discussed in section
thermal eld. The thermodynamic model is invoked every digh “Description of the Multiphase Dynamic Model” the variation of
time steps. Note that because the time steps are variable, ttiee viscous forces in 1-D is described by a simpli ed expressio
time interval between two thermodynamic computations is not@ $ S@ S=@?. Various conditions have been tested by several
constant. numerical models, in particular the e ect of the solid viscosity
Figure 3summarizes the results of the model after reaching avithout melt § and the permeability paramet&. A complete
steady state condition when no further variations are obedr list of all the simulations is reported iffable 1 and the data
over time. The steady state condition however does not meaftes of most of the listed simulations are accessible foli@yi
that melting does not occur anymore but it simply means that th the instructions provided in the Supplementary Material (zip
amount of melt formed locally is balanced by the amount tlgat i le max-frontl-data.zip ). Parameters not speci ed in the
mobilized by the dynamic process. Two cases are illustrated Bable, in particular related to the initial and boundary catiohs,
Figure 3which consider 300 and 100 spatial grid points (nz) andare similar to those used for the batch dynamic melt model
the number of time steps between thermodynamic computationdiscussed earlier. The model shownhkigure 4 is particularly
is set to 8 (nthermoD 8, nthermo D 16 steps). Additional interesting because the melt variation with depth never reach
simulations performed assuming M2 200 and nthermoD 8 a steady conditionfigure 4A illustrates the point by reporting
and nthermoD 16 did not di er signi cantly from those shown the melt distribution at three di erent times. Another notesthy
in Figure 3 The results of the model with 200 grid points and feature is that the rst melt arrival a the top of the model exft
nthermoD 16 time steps completely overlap with the results with 2.09 Myr is characterized by the largest volume fraction, a
100 grid points and nthermd® 8. It is not entirely a surprise similar behavior was observed in the simple dynamic model
considering that the time step is de ned based on the grié sizreported inFigure 2
and maximum velocity in the model. If the maximum velocity It was previously mentioned that the thermal e ect of the
in the two simulation models is similar, when 200 grid pointslatent heat of melting has been neglected in the thermal model
are used, the grid size is reduced by half. Hence the transgort The contribution can be signi cant when large amount of melt
properties would cover after 16 time steps approximately thé created under isentropic conditions which can be achieved
same distance that is covered by the model with 100 grid pointsssentially whenSD ™. In atwo-phase ow model the velocity
after 8 time steps. of the melt and the solid are not the same and the isentropic
For completenesd-igure 3 reports also the results of an condition is not maintained but the latent heat still has agrain
isentropic melting model computed with AlphaMELTS. Thethe de nition of the thermal pro le. However since the amount
di erences between the two models are almost entirely due tof melt that is locally formed is substantially lower than an
the absence of the latent heat of melt in the dynamic batcklynamic batch melting (or isentropic) model, it is possible to
melting model. It is evident that when large amount of meltapproximately estimate frorkigure 3X that the temperature is
is formed under isentropic conditions the latent heat e ect onoverestimated by no more than few tens of degrees.
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FIGURE 3 | Dynamic batch melting, Met D solid | atent heat of melting is not included in the model(A) Temperature vs. lithostatic pressure(B) variation of the
melt volume fraction over depth,(C) solid and melt velocity,(D—G) composition of the solid and melt (wt %)D) SiO,, (E) TiO,, (F) Nap O, (G) MgO. The dotted lines
show the results for an isentropic melting model using AlphdELTS. Solid and dashed lines illustrate the results of dymaic batch melting model using different
number of grid points nzD 300, 100. The number of time steps between two thermodynamiaalculations (nthermo) is 8. Using nD 100, nthermo D 8 or nz D 200,
nthermo D 16 the results are very similar and they are not included in éhplot. (X) Quanti es the temperature difference between the dynamic bich melting and the
isentropic model as a function of the melt volume fraction ofained using the dynamic batch melting model. A movie of a dyamic batch melting simulation is available
following the link provided in the Supplementary Materiainovie le mfl-movie2.PHASE3-P.BRC4-5.avi ).

Figure 4B shows that there is no direct correlation betweenreal petrological data may not be able to provide a robust insigh
the melt distribution and the velocity of the residual solid on these processes. The results for all twelve oxide compsnent
although, as expected, the broad e ect of the meltis to redbee t are reported in the data [ePHASE3-P.YRC4.DAT included
upwelling velocity of the mantle (velocity negative upward$)e in the zip le max-frontl-data.zip . Details to retrieve a
numerical simulation includes the complete chemical eviolut movie of the DEM simulation can be found in the Supplementary
of the solid residual mantle and the melt over time at evepptde Material (mf1-movie3.PHASE3-P.YRC4.avi ).
point. Figures 4C,Dreport just two components[iO, andMgO Not all the information created by the simulations have
(wt %). Except for the rst melt arrival, the temporal variatiofi been saved in the output data les. The thermodynamic
the melt abundance seems to have a negligible in uence on thmalculation provides the complete mineralogy of the solid
composition of the melt and a small e ect on the variation of themantle at equilibrium at every spatial grid point over time.
composition of the residual solid (and bulk composition). TheThis information is not included in the output les that
general variations of the chemical components in the melt andtore only the essential data: melt, whole solid and bulk
solid with depth are also very similar to the variations olveet (melt +solid) composition. However with these data after the
in the dynamic batch melting model, which is quite remarlabl dynamic simulation is completed, it is possible to re-caltila
considering the large di erence in the melt distribution beten  the mineralogical assemblage at any point from the output data
the two models and the change of the bulk composition withle using AlphaMELTS. This is shown for example Table 2
depth. The implication is that the interpretation of petrologic where the mineral composition at six depth locations denoted
observations can be assumed to be rather independent from thoy black dots inFigure 4A has been computed using the bulk
dynamic evolution of the melting process. The drawback i$ thacomposition, temperature and pressure stored in the data le
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FIGURE 4 | Two-phase ow dynamic melting with thermodynamic computaton applied every 8 time steps, solid viscosity model: S D (s) with 3, equal to 1e21 Pa

s. Additional details related to this simulation are discisd in section “Results from the Dynamic Equilibrium MeltinModel.” (A) Melt volume fraction vs. depth at 3
different times. Earliest time corresponds approximatelio the rst arrival of melt at the top. Black dots mark the locaions at which mineralogical compositions and
volume fractions are reported irTable 2. (B) Velocity of the solid matrix(C) Variation of TiO, in solid and bulk (meltC solid) (wt %).(D) Variation ofMgO in solid and
bulk (meltC solid) (wt %).(E) Variation of TiO, in melt (wt %).(F) Variation ofMgO in melt (wt %). The complete data for all 12 oxides in melt sdliand bulk, at every
depth over time can be found in the data lePHASE3-P.YRC4.DAT (zip le max-frontl-data.zip ). A movie of this simulation is also available (movie le
mfl-movie3.PHASE3-P.YRC4.avi ). Both les can be retrieved following the data repositorytik included in the Supplementary Material.

PHASE3-P.YRC4.DAT (point#: 12, 36, 58, 69, 80, 99. Zone:also observed that in the near steady state regime the cotigposi
5111). In accordance with the variation of the residual dsoli of the solid and melt is very similar to the composition obssv
composition, the results reported in the table suggests than the previous models<igures 3 4).
minerals occurrence and their abundance don't seem to be The presence of one or more inversion points where the
related to the variations of the melt fraction with depth. gradient with depth of the melt volume fraction turns from
In section “Description of the Multiphase Dynamic Model” it negative to positive is a recurrent feature of many simutatio
was mentioned that the solid viscosity may depend also on thearried out for this study. The rst impression is that the
inverse of the melt abundance and the following equation wamversion is simply due to a change of the mass transfer rate,
proposed S D 3(1C 1= ™). Several numerical simulations that is the mantle regime changes from partial melting to
have been performed with this description of the viscositypartial crystallization. However the inspection of the dates,
(Table 1), an example of the outcome is presentedrigure 5. for examplePHASE3-P.YRC4-2.DAT , reveals that the melt
One general observation is that, for the range of conditionsransferl8 ™M is always positive at any depth, which implies that
applied to the various numerical models, the melt distribatio no crystallization is taking place. Predicting this melt beior
with depth tends to always reach a time-invariant conditibhe  based on the model setup may not be possible, however the
rst melt arrival (Figure 5A) time 2.1 Myr) is characterized by dynamic factors that control the inversion can be analyzed.
large volumes, a similar development has been also observ&He equation of motion for melt ™@=-@ C ™ Mg
in the previous model shown irFigure 4. After the arrival m2:|<m( m  S) D 0 (Equation 3) can be rearranged as follows:
of the rst melt wave Figure 4A) time 3.2 Myr), the melt w@-@C ™ Mg C( ™ 5 D Owhere&k™ D ™ —Cand

distribution shows little variation with time. The animaii water is not present. By taking the partial derivative withpest

mf1l-movie4. PHASE3-P2.YRC13.avi that can be found {4 gepth and after some rearrangements, the following exjmess
following the instructions in the Supplementary Materialaly s gptained:

illustrates the point. The time invariant melt distributiate nes

two inversions of the gradient with depth that occur a#5 " m@r -~c @ @° ng@
km and 27 km depth. InFigures 4C,Dit is shown that only @ D @ @ e @ 37)
MgQin the solid correlates with the melt distribution while the @ 2m %’ C Mg

other components in the solid and all the components in the

melt seem to follow a pattern unrelated to the melt and its slopéf we consider the denominator on the rhs as a scaling fatter,
inversions. The compositional di erence between the rst mel equation allows to determine the condition at which the irsien
arrival and later melt advancements is quite signi cancdn be of the melt gradient may occur, that is whe® ™=@ D 0.
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TABLE 1 | List of the dynamic melting simulations with thermodynamicomputation.

# Data le # Grid Thermo every Perm. const. Solid visc. T pottom Solution
points n steps cm 2 5 (Pas)(M) (o) for
S D 3
PHASE3-P.BRC4-1 100 8 N/A(SD M) 1021 1450 P;
PHASE3-P.BRC4-3 200 8 N/A(SD ™M) 1021 1450 P;
PHASE3-P.BRC4-4 200 16 N/A(SD M) 1021 1450 P;
*) PHASE3-P.BRC4-5 300 8 N/ASD ™M) 1021 1450 =
*) PHASE3.YRC1 200 16 18 1021 1450 dP=dz
*) PHASE3-P.YRC2(8) 200 16 1 1021 1450 P;
*) PHASE3-P.YRC3(1) 200 8 1 1021 1450 P;
*) PHASE3-P.YRCA4(%) 200 8 1 1021 1450 P;
PHASE3-P.YRC5 300 16 10 1021 1450 P
PHASE3-P.YRC6 200 4 16 1021 1450 P;
*) PHASE3-P.YRC7 200 8 18 1020 1450 =
*) PHASE3-P.YRC8 200 8 50 1021 1450 P;
*) PHASE3.YRC9 200 8 18 1021 1475 dP=dz
PHASE3-P.YRC11 400 16 16 1020 1450 P;
PHASE3-P.YRC12 500 16 16 1020 1450 P;
*) PHASE3-P.YRC17 200 8 18 1020 1450 =
*) PHASE3-P.YRC21 200 8 180 1020 1450 P;
*) PHASE3-P.YRC24 200 8 18 1022 1450 =
*) PHASE3-P.YRC25 200 8 180 1019 1450 P;
*) PHASE3-P.YRC26 200 8 18 1022 1450 =3
*) PHASE3-P.YRC27 200 8 18 1021 1450 P;
*) PHASE3-P.YRC28 200 8 180 1022 1450 P;
PHASE3-P.YRC29 200 8 16 1019 1450 P
*) PHASE3-P.YRC32(8) 200 8 1 1020 1450 P;
*) PHASE3-P.YRC33(§) 200 8 1% 1020 1450 P;
*) PHASE3-P.YRC36 200 8 18 1019 1450 P;
PHASE3-P.YRC42 200 8 161 1020 1450 =
*) PHASE3-P.YRC43 200 32 18 1020 1450 P;
PHASE3-P.YRC44 400 16 16 1020 1450 =
SD §@1c1=m)
©) PHASE3-P2.YRC10 200 8 16 1021 1450 P;
©) PHASE3-P2.YRC13(f) 200 8 19 1020 1450 P;
©) PHASE3-P2.YRC14 200 8 18 3019 1450 P;
©) PHASE3-P2.YRC15 200 8 16 1020 1475 =
©) PHASE3-P2.YRC18 200 8 16 1020 1450 P;
©) PHASE3-P2.YRC19 200 8 180 1020 1450 =
©) PHASE3-P2.YRC20 200 8 16 1021 1450 P;
PHASE3-P2.YRC23 500 16 16 3019 1450 P;
©) PHASE3-P2.YRC30 200 8 16 1019 1450 P;
PHASE3-P2.YRC31 200 8 16 1018 1450 P;
©) PHASE3-P2.YRC35 200 8 1010 189 1450 P;
©) PHASE3-P2.YRC37(8) 200 8 108 180 1450 P;
(Continued)
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TABLE 1 | Continued

# Data le # Grid Thermo every Perm. const. Solid visc. T  bottom Solution
PHASE3-P2.YRC38 200 8 14 1020 1450 =
PHASE3-P2.YRC39 200 8 14 1019 1450 P;

©) PHASE3-P2.YRC40(8) 200 8 108 18 1450 P
PHASE3-P2.YRC45 400 16 16 1019 1450 P;

(*) Data included inmax-front1-data.zip , (C) data included inmax-front1-data2.zip

(8) FCT algorithm disabled.

(1) All simulations assume xed 3.

(¥) All simulations assume xed solid velocity (0.03 m/yr) at the bottom except PHASE3-P.YRC3 ( xed top velocity).

() Additional les PHASE3-P.YRC4-2 and PHASE3-P2.YRC13-2 imax-frontl-data.zip

include also 8 S, 8 M 8 S S tyand 8 M=( M t)(columns 51-54) during a small time interval of the simulation.

Selected data les are included in the zip lesmax-frontl-data.zip and max-frontl-data2.zip . Additional information are provided in the Supplementary Material.

Figure 6A-1) includes, along with the melt distribution for the depth and after some rearrangements:

simulation presented ifrigure 4, the scaled® ™=@ computed

using Equation (37). The black dots highlight some of the @m™m 3 m @m @
D

inversion points where® ™=@ is zero.Figure 6A-2 illustrates @ c @ @ c Mg

the three components forming the scaled gradient of the 5

melt fraction de ned on the rhs of Equation (37). The third ™ @ c ggm @™ >9 (39)
component ™g@™M=@ is rather small but the other two are C @? @ @

comparable. The interesting observation is that the cooditi

@M™=@ D 0 is not obtained by self-cancellation of the twowhich is simply an alternative for the expression given in
dominant terms but instead all terms are zero at the inversio Equation (37). However in this form it can be related to the
points. While the dynamic coupling e ect between melt and solidchange of the melt volume fraction over time, using the mass
exempli ed by the permeability constafitis explicitly included —conservation equation. Assumind"@"=@and ™ "@"=@

in Equation (37), the e ect of the viscous forces is not quisae.  to be negligible, the following approximation of the mass

Considering the total equation of moton@=@C ™ MgC conservation equation@ "=@ @ ™ ™=@ provides
$ SgC SD 0 (Equation 5), by taking the partial derivative with the connection between the temporal variation of the volume
respect to depth, the following expression can be found: fraction and the dynamic parameters given in Equation (39).

Note that the variation of the melt abundance by melting (or
crystallization) is not included, hence the melting rateeds to
m s be added in order to nd@ M=@y4. Figure 6A-3 shows the
e mg@i S @ (38) total melt variation over time and the two components that
@ @ form it. Since the melt production (positive melting rate) doe
not compensate for the change of the melt ux, the amount
of melt is expected to vary over time. The three components
where the relation®@ ™=@ D @ =@ has been applied. The de ning the variation of the melt ux which can be related to
above relation provides the connection between the dewieati the physical properties of the model (Equation 39), are shown in
of the variation of the viscous forces and the derivativel® t Figure 6A-4). The rst and second term on the rhs of Equation
pressure gradient which also appears on the rhs of Equation (37B9) are clearly the largest but they have opposite sign and they
A further consideration can be made. If the viscous forcesat  tend to cancel out. The same analysis can be applied to the
included in the description of the melting processi$ ignored, model that assumesS D 5(1 C 1= M) (Figures 6B-1-B-J.
hence@-@ D 0), an inversion point could not appear becauseln this case the local melt production compensates the
if @ "=@was zero, then from Equation (38) the derivative of thevariation of the melt ux, hence@ M=@,ig IS close to zero
pressure gradientwould @@P=@” D Mg@"=@C Y@*=@ at any depth and a condition of dynamic steady state is
which could never be zero, unless the density of meltandsoé  observed.
assumed to be constant. The model presented in this study opens up the possibility
In some cases the numerical models show that the melif a comparison with real petrological data. For this purpose
variation with depth is time dependent. To understand the matu perhaps the most useful result from the simulations is the
of such behavior and how it is related to the viscous forcegomposition and the amount of the melt at the exit point, that
and the dynamic coupling term or the permeability constant,is the point of extraction at the top of the mantle column.
the equation of motion for melt can be written as follows:Figure 7 illustrates the variation over time of the melt ux,
mg@’:@c m? Mg CMMCC ™ SD 0, where water melt velocity, and three melt component§i®, MgO and
is not considered. By taking the partial derivative with regge =~ CaO at the extraction point. The results of three models are

—D—=Cg

@@, Q" n
@ @ '@
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TABLE 2 | Mineral data at 6 depths for the model shown irFigure 4.

Time D 4.27 myr, depth D 19.5, 28.4, 36.6, 40.7, 44.8, 51.9 km. The table includes phase compositions, volme and volume fractions, mass % and abundance of the mineral
components (wt%). Mineral components in the order listed in the table: (dyalite, monticellite, forsterite. (opx, cpx) diopside, clinoenstatite, hedbergite, alumino-buffonite, buffonite,
essenite, jadeite. (sp) chromite, hercynite, magnetite, spinel, uspinel. Note that the MELTS thermodynamic model allows for negative abundance of tieineral components. Input data
for the thermodynamic computation, bulk composition, pressure and tempeture are included inPHASE3-P.YRC4.DAT, zone 5111 (zip lemax-frontl-data.zip ).
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FIGURE 5 | Two-phase ow dynamic melting with thermodynamic computaton applied every 8 time steps, solid viscosity model: S D g(lC 1= M) with (s) D 1e20
Pa s. Additional details related to this simulation are disssed in section “Results from the Dynamic Equilibrium Meftg Model.” (A) Melt volume fraction vs. depth at
2 different times. Earliest time indicates approximateljne rst arrival of melt at the top.(B) Velocity of the solid matrix.(C) Variation of TiO, in solid and bulk (melt +
solid) (wt %).(D) Variation ofMgO in solid and bulk (melt + solid) (wt %)(E) Variation of TiO, in melt (wt %).(F) Variation ofMgO in melt (wt %). The complete data for
all 12 oxides in melt solid and bulk, at every depth over timera included in the data lePHASE3-P2.YRC13.DAT (zip le max-frontl-data2.zip ). A
movie of this simulation is available (movie lenfl-movie4.PHASE3-P2.YRC13.avi ). The instructions to retrieve both les are provided in the
Supplementary Material.

included. The main dierence is the viscosity of the solidequilibrium with the residual solid is imposed on large
without melt ( §) which is set to 1, 1#! and 132 Pa s. amount of melt moving slower. In the other case the
The three models assume& D § and permeability constant melt velocity is comparably higher and the melt abundance
C D 10 2 m 2. In addition the results of the dynamic batch is lower, in other words smaller amount of melt moving
melting model (D ™, 300 grid points) are also included for faster is also chemically equilibrated with the residudidso
reference. The main di erences that can be observed betwedlearly these are two dierent physical scenarios but it
the batch melting model and the three DEM models are mainlys still unclear which one in reality may approach closer
related to the rst melt arrival. Once the melt column is fully the imposed condition of thermodynamic equilibrium. The
developed, periodic oscillations are clearly visible for treglat  di erence between the two cases becomes even more signi cant
with § D 10?1 Complete data sets related to these modelsonsidering that the time step in the simulations depends
can be found in the zip lemax-frontl-data.zip , data on the inverse of the maximum velocity. If the applied
les: PHASE3-P.BRC4-5.DAT, PHASE3-P.YRC7.DAT, number of time steps dening the interval between two
PHASE3-P.YRC3.DAT and PHASE3-P.YRC26.DAT thermodynamic calculations is the same, then in the rstecas
(for additional information seeTable 1 and Supplementary the time step would be larger hence thermodynamic equilifori
Material). would be assumed to be achieved over a longer period
The same plot is also shown for three simulations thabftime.
assume S D §(1 C 1= ™ with § equal to 18° 10°°
and 16! Pa s and permeability constar@ equal to 10° DISCUSSION AND CONCLUSIONS
m 2 (Figure 8. After the arrival of the rst melt wave,
the melt ux and melt composition approach the valuesit is common to use petrological data (mainly geochemical
found for the batch melting model. The complete data setglata) to investigate some aspects of the Earth's interior and

included in the zip le max-frontl-data2.zip are: the processes that led to the formation and evolution of
PHASE3-P2.YRC14.DAT, PHASE3-P.YRC13.DAT and igneous and metamorphic rocks. However simple models not
PHASE3-P.YRC10.DAT. necessarily very realistic are often applied to explain how the

While the results of di erent models appear to be similar, conditions in the Earth's interior in uence the petrological
it may be worth to comment on the implications regarding evolution and how these processes aect the geochemical
the thermodynamic equilibrium assumption. Considering twosignature.
cases with similar ux, in one case the melt velocity is low This work, which is an extension of a previous stugginow
and the melt abundance is high, it means that chemicahnd Stolper, 1999 begins to address the petrological evolution
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FIGURE 6 | Flow analysis of the simulations shown iffigures 4, 5. (A-1-A-4) Refer to the model with S D (s) and (S) D 1e21 Pa s. (A-1) Variation with depth of
the melt fraction at 4.27 Myr and scaled@ ™=@ which characterizes the inversion point a@ ™=@ D 0. (A-2) The three components de ning the scaled@ M=@.
(A-3) Temporal variation of the melt fraction. The total variato@ M=@otg is the sum of @ MVM=@ @ M=@and the melting rate retrieved from the
thermodynamic and dynamic models (see section Thermodynaio Computation). (A-4) Components forming @™ M=@. See section “Results from the Dynamic
Equilibrium Melting Model” for a discussion of these quarites. (B-1-B-4) same as (A-1-A-4) but for the model with D 3(1C 1= M)and { D 1e20 Pas thatis

shown in Figure 5 at 3.2 Myr.
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FIGURE 7 | Variation of selected melt properties over time at the top de (exit point) of the simulation for three models with S D 3. The permeability constant is
Cc=10 m 2, 8 is set to 1020, 102, 1022 Pa s. Results from the batch melting model are also includedA) The melt ux ( ™v™) shows the amount of melt per
year that is extracted from the mantle column(B) Melt velocity (m/yr)(C) Melt composition: SiO, (wt %). (D) Melt composition: MgO (wt %). (E) Melt composition:
CaO (wt %). Complete data can be found ilPHASE3-P.BRC4-5.DAT , PHASE3-P.YRC7.DAT, PHASE3-P.YRC4.DAT, and
PHASE3-P.YRC26.DAT (zip le max-frontl-data.zip ).

of mantle melting combining perhaps the most well-calibratedather than a 2-D or 3-D dynamic model with a simpli ed
thermodynamic model for melt developed by Ghiorso with apetrological representation is that it becomes possible to
multiphase transport model. The main motivation is to try make a better comparison with real petrological data. The
to understand how the melt dynamics aect the petrologylimitation of a 1-D model however implies that the description
and geochemistry of igneous rocks. The model presented heoé the melting process is restricted to the vertical axis of
is based on a 1-D mantle column dened in a restricteda plume or a mid-ocean ridge, hence lateral melt focusing
pressure range. The limitations are mainly dictated by thend other lateral variations are e ectively ignored. If a new
thermodynamic model. The attractive point of using a 1-version of the thermodynamic melt model with expanded
D model interfaced with an accurate petrological descriptiorpressure range will become available, the e ect of viscous
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FIGURE 8 | Variation of selected melt properties over time at the top de of the simulation for three models with S D S(lC 1= ™). The permeability constant is M
10 °m 2, Sissetto101%, 1020, 102! Pa's. For comparison the results from the batch melting modedre also reported in the plot.(A) Melt ux (- ™v™). (B) Melt
velocity (m/yr).(C) Melt composition: SiO, (wt %). (D) Melt composition: MgO (wt %). (E) Melt composition: CaO (wt %). Complete data can be found in
PHASE3-P.BRC4-5.DAT , PHASE3-P2.YRC14.DAT, PHASE3-P2.YRC13.DAT and PHASE3-P2.YRC10.DAT (zip le

max-frontl-data2.zip ).

dissipation on temperature transport Equation (7) may become&ot be too dramatic and possibly limited to few tens of
signi cant (Tirone, 2019 and should be included. It is still degrees.

a challenging task to include the contribution of chemical Only a small set of parameters (mainly related to the
transformations to the temperature equation because thpermeability and the rheology of the solid mantle) were
required self-consistency with the variation of melt prodon  varied for this study. The input composition at the bottom
with temperature. For two-phase ow models the e ect mayof the mantle column is assumed to be homogeneous over
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time and to represent a fertile peridotite. An heterogeneousind that the composition is quite di erent from the composition
mantle has been considered elsewhefat{ and Weatherley, of later melt products. It appears to be a consistent observation
2012. However without convincing arguments, even thewithin the conditions imposed to the model. This melt behavior
assumption of a chemical heterogeneous mantle in locabhich has been also discussed in previous studies, although
equilibrium (Tirone et al.,, 2016 may require further for a dierent model setup Epiegelman, 1993bis a direct
investigation. consequence of the physical (not petrological) nature of the tw
In this rst installment it was only considered the scenario phase melt model. The possible connection with the formation
in which the melt and the residual solid are always inof large igneous provinces and emplacement of ood basalts
thermodynamic equilibrium within a nite volume in space or oceanic plateaus (e.¢\/hite and McKenzie, 1989; Kerr and
and time interval. In a certain way the idea replicates thevlahoney, 200) with or without the presence of a thermal
traditional petrological approach of assuming a batch meltingplume seems to be quite reasonable. The comparison of several
The clear improvement is that with the dynamic equilibrium DEM simulations at dierent conditions suggests that the
melting model (DEM) introduced in this study, the process ismelt distribution with depth is signi cantly aected by the
located in space and time. It is therefore possible to follow thpermeability and viscosity of the solid rocks. It also appears
melt evolution and how certain conditions (e.g., temperatur that the composition of the melt computed with the two-phase
upwelling velocity) may or may not a ect the outcome. From ow model is not signi cantly di erent than the composition
a dynamic point of view, the association of melt porous owobtained from a dynamic batch melt model wheré D ™,
with a thermodynamic model seems to be reasonable becauSeme variations may still be observed, in particular when the
in the porous ow regime the minerals surface in contactmelt distribution changes with time. The implication is that
with melt would be large, hence it would become easier t@ more complex dynamic melt model like the DEM may not
establish chemical equilibrium between the solid and thétme be always necessary to describe the petrological evolution of
The obvious question is whether the DEM model describes witimelt under the assumption of local thermodynamic equililoniu
some degree of con dence the reality of a process that ocaurs Although a two-phase ow model would be still necessary
the Earth's interior where melt velocity and abundance caryv in order to quantify the melt abundance. It also implies that
considerably. The answer cannot be found here but perhaps ongeochemical or petrological data may not be the most reliable
the model is applied to speci ¢ geological problems a more cleaource of information to discern the dynamic of the melt
picture will emerge. process, at least after the rst melt arrival. However before
Understanding the nature of the rheological interactiondrawing major conclusions more work would be needed, in
between the solid mantle and melt is beyond the scopparticular to explore the eect of the temperature, initial
of this study, it is a problem that pertains to theoreticalmantle composition and the velocity of the mantle imposed
or perhaps experimental elds. Here it is merely shownat the boundary of the model. Regarding this last point, all
what would be the consequence of adopting a certaithe simulations presented in this study (with one exception,
function for the bulk (dilatational) viscosity or ignore sit see Table 1) assumes a xed velocity of the mantle at the
e ect. bottom of the 1-D column, essentially considering a condition
The solution of the set of dynamic equations that areof active ow that can be imagined to be the result of a
needed to address the melting process may seem diculthermochemical mantle plume. In alternative the boundary
even for a 1-D problem. In previous studies usually very feveondition that assumes an imposed velocity at the top of
details on the numerical procedure are provided. Certairthe mantle column may represent instead a passive ow. For
simpli cations have been also applied, for instance regardingxample it could be the result of pulling forces which are
the variation of the density (e.g.5chmeling, 2000 The dominant in mid-ocean ridges. The two scenarios, although
numerical scheme presented in this study should be relgtivekimilar (i.e., mantle moving upwards), may lead to dierent
easy to follow and does not rely on simplications. Theresults.
output data les for most of the simulations are available
following the data repository link provided in the Supplementar
Material. Independent browsing of the data may help to
unravel features of the melt model not speci cally discusse®\UTHOR CONTRIBUTIONS
here. In addition the data may be helpful for a comparison
of the results with alternative and perhaps better numericalS developed the initial version of the program used in
procedures. The implementation of the FCT algorithmthis study for a petrology project while pursuing his Ms
presented in Appendix 1 (Supplementary Material), haglegree at the Ruhr-Universitat Bochum, Institut fiir Geologie,
provided a better numerical solution in certain situationsMineralogie und Geophysik. JS successfully implemented the
(see for example a comparison between the results iprocedure to interface the program AlphaMELTS with a dynamic
PHASE3-P.YRC7.DAT and PHASE3-P.YRC32.DAT model that, for his Ms project, involved only melt transport
or between PHASE3-P.YRC21.DAT and (Darcy ow). MT outlined the general idea for this study,
PHASE3-P.YRC33.DAT). made the necessary modi cations to the earlier version of
One of the results from the application of the DEM modelthe program and nalized the work in the form that is
is that the rst melt arrival is characterized by a large vokr  presented here. MT is the solely responsible for any mistake
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or miscalculation that may have a ected the model and theUniversity of Trieste, Italy. | am truly grateful to the rewiers for
results. their insightful comments that greatly improved the manuptr
in several ways.
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