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Petrological Geodynamics of Mantle
Melting Il. AlphaMELTS C Multiphase
Flow: Dynamic Fractional Melting

Massimiliano Tirone *

Department of Mathematics and Geosciences, University ofrieste, Trieste, Italy

In this second installment of a series that aims to investiga the dynamic interaction
between the composition and abundance of the solid mantle ad its melt products,

the classic interpretation of fractional melting is exteretl to account for the dynamic
nature of the process. A multiphase numerical ow model is capled with the program

AlphaMELTS, which provides at the moment possibly the most ecurate petrological

description of melting based on thermodynamic principlesThe conceptual idea of this
study is based on a description of the melting process takinglace along a 1-D vertical
ideal column where chemical equilibrium is assumed to applin two local sub-systems
separately on some spatial and temporal scale. The solid mdle belongs to a local
sub-system (ssl) that does not interact chemically with thenelt reservoir which forms a
second sub-system (ss2). The local melt products are transfred in the melt sub-system
ss2 where the melt phase eventually can also crystallize me different solid assemblage
and will evolve dynamically. The main difference with the ual interpretation of fractional
melting is that melt is not arbitrarily and instantaneouslgxtracted from the mantle,
but instead remains a dynamic component of the model, hencehe process is nhamed
dynamic fractional melting (DFM). Some of the conditions &t may affect the DFM
model are investigated in this study, in particular the efté of temperature, mantle
velocity at the boundary of the mantle column. A comparisorsimade with the dynamic
equilibrium melting (DEM) model discussed in the rst instament. The implications of
assuming passive ow or active ow are also considered to sone extent. Complete data
les of most of the DFM simulations, four animations and two aw DEM simulations
(passive/active ow) are available following the instruiins in the Supplementary Material.

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

INTRODUCTION

Melting in the Earth's and planetary interiors is usually apmioad either from a physical

perspective based on geophysical tools (e.g., seismologyuametical studies based on dynamic
two-phase ow models, or from a petrological perspective thaugas mainly on the chemical
evolution of the melt products and minerals. In the rst inditaent (Tirone and Sessing, 20).7

hereafter called MF1, a petrological and dynamic numericatlehdnas been introduced with the
aim to develop a dynamic and petrological representation ef irelting process in the Earth's
mantle. The general motivation was that the classical pegio&l descriptions of melting, namely
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Tirone Petrological Geodynamics of Mantle Melting I

batch melting and fractional melting are physically awed.2017). However the concept of fractional melting is usually
Batch melting implies that melt products stay always in contacapplied without any assumption on the temporal and spatial
with the source, an implausible scenario for mantle meltingconstraints. Therefore a logical step forward would be to
except for the cases in which only tiny amount of melt pocketsnvestigate the outcome of a fractional melting process that
are the end-product. Fractional melting would imply that no develops dynamically inside the mantle and evolves over time
melt would exist in the mantle since all melt is immediatelyunder certain equilibrium assumptions. This would be also the
extracted. Both are also static atemporal models, the mant@mplest description of melting departing from the assumptién o
doesn't move and the melt either doesn't move or disappearsomplete local equilibrium between solid and melt. Such model
instantaneously. Time is also irrelevant. To remove theseal called dynamic fractional melting (DFM) is the main subject
physical limitations the dynamic model, exempli ed by a 1-D of this study.Asimow (2002)developed the conceptual original
mantle column, has been formulated considering the presenddea and rstimplementation of dynamic fractional meltinghe
of two or three dynamic phases (solid, melt or solid, melt andvork presented here could be considered an extension of this
water). The petrological and chemical description is providgd earlier model in the sense that it removes certain restngio
the program AlphaMELTSgmith and Asimow, 200§pMELTS  of the previous implementation. For instance in the current
version) which is based on the thermodynamic model developefbrmulation the properties are time dependent, the ow pressure
by Ghiorso over several yearSH{iorso, 1985; Ghiorso and is computed explicitly (relative to a xed point), the melt veityc
Sacks, 1995; Ghiorso et al., 2)0Fhe ability of the earlier is not assumed to be much greater than the solid velocity and
version of MELTS to reproduce observable and experimental dateo restriction is imposed on the density of melt. This study also
was evaluated in a series of studiesrgchmann et al., 1998, presents the complete set of compositional/petrological result
1999a,b; Asimow et al., 2007A thermodynamic model is not and applies the latest thermodynamic melt model for mantle
an absolute requirement. A petrological tool based on mgltin melting, pMELTS Ghiorso et al., 2002that at the time of the
parameterization has been developed recentlyo(un and original development was not available.
Lesher, 201 and in principle it could be used in combination ~ The main features and the recipe for a practical
with some dynamic model as well. Numerous studies invegtha implementation of a petrological dynamic melting model
the dynamic evolution of melt and solid mantle using a two-have been presented in MF1, therefore mainly new aspects of
phase ow model {icKenzie, 1984; Scott and Stevenson, 1984he DFM model will be discussed in the following sections.
1986; Spiegelman, 1993; Richardson, 1998; Ghods and Arkalhe DFM model is presented in the next section “Description
Hamed, 2000; Schmeling, 2000; Bercovici et al., 2001; Berco of the Dynamic Fractional Melting Model”. It is followed in
and Ricard, 2003; Spiegelman et al., 2007; Hewitt and Fowlesection “Changes in the Thermodynamic Computation” by a
2008; Katz, 2008; Hewitt, 2010; Rudge et al., 2011; Oliviealg e discussion of the modi cations that need to be implemented to
2019. The most recent one({liveira et al., 2018incorporates the thermodynamic computation. The section “Changes to the
a complex rheology and a realistic thermodynamic equilibriumMass Conservation Equations” begins to outline the changes
model. to the transport model, and includes a brief summary of the
The numerical solution and the details of the coupledtransport equations.
petrological and geodynamic 1-D model applied here have The results of the DFM model are rst compared with the
been presented in the previous study, MF1. The concept @quilibrium dynamic melting model DEM presented in MF1.
dynamic equilibrium melting (DEM) was also introduced in Only the e ect of certain parameters are then investigated, in
MF1. Essentially it assumes chemical, thermal and mecHanigaarticular the temperature at the base of the mantle column,
equilibrium between solid and melt over a certain spatial andhe upwelling velocity of the solid at the boundary and the
temporal interval. Even though some form of hybrid kinetic- assumption of passive and active ow approximately represented
thermodynamic petrological modeling can be conceivBidojne by a xed velocity either at the top or bottom boundary. All
et al.,, 2015 and a dynamic melting formulation based on the results are presented in the section “Results of the Dynami
simpli ed kinetic principles has been considered alrea@y{ge Fractional Melting Model”.
et al., 201}, this series of contributions focuses exclusively on the
domain de ned by thermodynamic equilibrium principles. The

reason is that as soon as the petrological batch and fradtionDESCRIPTION OF THE DYNAMIC

melting models are put in a real physical context, the spatigFRACTIONAL MELTING MODEL

and temporal extension of chemical equilibration can still be

interpreted rather freely. Hence it seems reasonable totdevoThe general idea of the DFM model is illustrated Figure 1

rst some eort trying to understand the consequences ofAt every grid point the representative space is occupied by two
di erent possible equilibrium scenarios. One of these sceEsar sub-systems, sub-sys 1 (ssl1) and sub-sys 2 (ss2), each of the
may be described by a model in which the melt cumulativéwo developing separate chemical equilibration pathways. The
products are chemically isolated from the local residualdsol rst sub-system is only lled by the solid mantle (and a free

It is a common practice in petrology to consider this fractibna water phase, if present in the system), while the second sub-
melting process to explain and model certain geochemical ansystem consists of melt and a di erent solid that may form by
petrological evidences (e.d.angmuir et al., 1992; Herzberg partial crystallization of the local melt. When the thermodynic

and Asimow, 2008; Hole, 2015; Rey, 2015; Carr and Gazebmputation applied to the solid in ssl predicts that partial
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FIGURE 1 | Schematic view of the mantle melting column. In the dynamicdctional melting (DFM) model at each grid point local equilium is assumed separately for
the residual solid and for melt in two sub-systems. Dynamicrad thermodynamic properties represent the average spatialalues within each sub-system. Melt formed
in the rst sub-system (sub-sys1l) is transferred in the secod sub-system (sub-sys2). Melt in sub-sys2 is allowed to crysllize but the new solid remains in sub-sys2.
Distribution of melt and minerals in the gure not in scale. Téillustration describes only one possible visual interptation of the model regarding the melt and solids
distribution inside the representative spatial grid poist Details about the numerical discretization and numeridaolution can be found in MF1.

melting will occur, the melt is transferred to the second sub Changes in the Thermodynamic
system associated to the same depth location and it will naComputation

interact Chemica"y any further with the residual solid. tinis The main di erence in the thermodynamic approach between
way the rst sub-system is always free of melt. The seconghe pFM and the DEM model is that chemical equilibrium is
sub-system consists essentially of a cumulate melt, howevigaintained in two sub-systems separately, that is two separat
chemical thermodynamics is applied to this sub-system as Weermodynamic computations are performed at every spatial
to determine whether partial crystallization may take place ogrid point. The temperature and the pressure are assumed to be
whether a free water phase would form at equilibrium. If newihe same in the two sub-systems but the bulk composition is
solid crystallizes, it remains in ss2 while any amount o fr@ater  dj erent. As in the previous study, the pressure applied in the
is transferred in ss1. Both the aggregate melt and the taated  thermodynamic computations is the lithostatic pressure and i
solid do not interact chemically with the solid in ss1. Howev is assumed to be the same in ss1 and ss2. The energy transport
from a dynamic point of view, the two solids are assimilated tquation is solved for the temperature of the whole system
a single transport phase. Melt is treated as a separated dynamigss2) and does not include the viscous dissipation e ect
phase, while the free water phase (if present) is considered thgmall contribution, Asimow and Stolper, 1999; Tirone, 2016
third dynamic phase. and the latent heat of melting/crystallization. The lathers been
The following sections explain how this process is modelecheglected mainly because the numerical implementation ptese

The discussion in particular highlights the changes thaehzeen challenges that cannot be easily addressed Vebr(e et al.,
applied to the previous formulation introduced in MF1. 201).
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The bulk abundance in wt % of a certain componefioxide) and similarly for the solid in ss2. Since no melt is present
for example in sub-system 1 at grid poimtand timet, is in ssl before the thermodynamic computation is applied (all
computed using the following relation: previous melt was already transferred to ss2), the massféans
for melt in ss1 is de ned asl8 ™s¢ D[(density of melt
volume fraction of mefd], which is always 0. Melt in
ss2 can also crystallize, therefore the melt transfer iniss2
18 Ms2  D[(density of melt volume fraction of mef2
8 M. For water in ss118 ™M DJ[(density of water volume
fraction of wate)* - 8 ™ and when water is formed in ss2,
18 Ms2 D[(density of water volume fraction of wat§¥?] since
it was not present before the thermodynamic computation (all
water was transferred already in ss1). The chemical massféia
quantities follow the same principles, for example for the transf
of the chemical componentrelated to the solid in sub-system 1:

bulk componentg D 100 @ 7#* C 8 /)=83* C 81}) (1)

where the superscripts,m,w indicate solid, melt and free
water. * is the wt % of the component de ning the bulk
composition of the solid in ss18 isii is simply the product

3 H where 3 is the mass density of the solid an* is
the fraction of the control volume occupied by the solid. Aadt
2 78 is the short notation for the product (3¢ 3¢ 53). Since
the free water phase (if present) is made 6nly-'IQD: it follows
that for example ifc stands forMgQ, then in the numerator of
Equation (1) 8/} should be set to zero.

In sub-system 2 a similar expression can be applmdk
componentg D 100 @ 72 C 2M9)=8 32 C 8™M). It can be
noted that the superscripts ss1 and ss2 are used only for the bulk composition of oxide cin the sofid 2 54(4)
solid components, while melt is only located in sub-system 2
and water (if present) only in sub-system 1. The data exttacteSummary of the Transport Equations
from the thermodynamic computation are the same that wereBefore describing the changes in the dynamic model, the
discussed for the DEM model in the previous study. Howevetransport equations presented in MF1 are brie y summarized
in this case they are specic to a particular sub-system: totdiere. The conservation of mass for the total solid, melt antew
mass and wt % of oxides of the solid, thermal expansion of theeparately is given by similar expressions assuming this@ene
whole sub-system, mass, volume, oxide bulk composition anfdrm:
heat capacity at constant pressure of the mineral componeits an

12 S8 D density volume fraction

. " . . @ a a/ @Va a a/
similar quantities for melt and water. Heat capacity and digns C D02 (5)
are then computed for the total solid, melt and water in each @ @
i/lullgisystem following a procedure similar to the one desaribe whereV@ is the vertical velocity of the assemblagnd the mass

transfer term02 is not explicitly considered in the numerical

Another signi cant di erence with the previous model is . . T .
. . solution model but instead it is incorporated in the mass at
that the computation of the volume fraction of an assemblag . ' : . )
e previous time step. The equation of motion for the solid

(solid in ss1 and ss2, melt in ss2, and water in ssl1) wit ssemblage (s8%s2) is expressed as follow:
respect to the total volume of the two sub-systems does nc?t g P '
simply require the volume of each assemblage, because the @
thermodynamic computations are applied to sub-systems S@C % M*M M®YCSDO (6)
occupying dierent portions of the total space associated

to a particular grid point. The volume fraction of the whereS encloses the description of the viscous forces which
solid in ssl can be retrieved from the following expressiondepend on the velocity of the solid. THd terms describe

(851 C8Y) volumgsss

sS4 D
(82 C8W) volumgsCmCw)S$C (852 C8M) volumgsC mC w)s

)

where the variou8 are taken from the transport model and
the volumesare computed from the thermodynamic model.
Note that thevolumesinclude solid melt, and water in both
sub-systems before they are rearranged (e.g., newly fonmedtd
transferred in ss2). Similar relations can be used to deigrthe

the dynamic coupling of motion of the assemblages, in
general they are proportional to the di erence of the velodtie
of two assemblages (e.g., s m ) solid melt). The

equation of motion for melt is given by the following

) . ; A expression:
volume fraction of solid in ss2, meltin ss2 and water in sskmy
thatthe summustbe equalto 13 C %2C ™C YD 1.The n@ < m
mass transfer is then computed for each sub-system followieg t @ C gCM> DO (7)

procedure discussed in MF1. For example knowing diesity
andvolume fractiorof the solid in ss1 from the thermodynamic after replacingM® ™ with an expression that depends on the

model, the mass transfer is: permeability, melt volume fraction and velocity di erencéjg
e ) ] ) e equation is solved explicitly for the melt velocity". For
18 =4 D (density of solid volume fraction of so)d® 8 practical reasons the equation of motion for the solid asseg®

(3) (Equation 6) is not used in the numerical solution but a sum
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of the equations of motion for the three assemblages is applieghere nthermo is the number of time steps between two

instead: thermodynamic calculations. The de nition of the twb8 ™
@ terms have been given in the previous section. The same
—C %3%C ™ MgC " WgCsSDO (8) numerical solution of the mass conservation equations foltme
@ and water (Equation 5) outlined in MF1 is applied here. In the

The three mass conservation equations (similar to Equasipn transport model the volume fraction of solid was retrieveakfr
the equation of motion for melt and water (Equation 7 for SC ™C " D 1.Inthe DFM model a second solid could be
melt and a similar one for water), the total equation of matio Present in sub-system 2, thereforé represents the sum of the
(Equation 8) and the volume fraction constraintiC MC WD  solid volume fractioninsslandssZD $iC %2.To ndthe

1) are solved simultaneously by iteration following the pahoe ~ Volume fraction of the solid in each of the two sub-systenis(
detailed in MF1 to retrieve the pressure (or pressure gradjentfnd %2) after computing the total ° from the overall solution
the volume fractions S, ™, W, and the respective velocities  Of the transport model, an additional step is needed. The ratio

v W, For every chemical componentsn the solid and melt

i i it . Sq
the transport equation is expressed in this form: RD :'ss(; 1) 12)
@SSSqC@VSSSSqDOscmCI it 1)
@ @ . N .
@ ™mmy @ym m m mg is de ned at the previous time step and includes the mass feans

D Omc SsC (9)

@ @

. Mo terms. The assumption is tha® remains unchanged at the
where the chemical mass transfer term (e0gF, ™) is absorbed . irent time. Recalling the de nition 08 D, then for the
in the chemical mass component at the previous time step iQ i i Sa S4 Sa TR S i ;
the same way thab?@ was implicitly manipulated in the mass solid in ss18 i'tssgD i*t_%ii'tssiand replacings j; .Wlth%ihe ratio

. . . . expressionR 8% D 3* 1%, the volume fraction 3* can be
conservation equations. The temperature is described by tr}%und using:

following relation:

a x aa~r@ x a a art sys @ sys %1 D L iﬁg is'?g (13)
@ ¥ ‘g V¥ P CTg
cr®

VS SYS(10)
@ By replacing ﬁﬁ with S S2inthe above equation, the volume

. . fraction in ss2 can be expressed as:
where Cpa is the heat capacity at constant pressure of the P

assemblagaandKSYsand SYSare the thermal condygstivity and s

thermal expansion of the whole system avif® a2 S2 p SN S (14)
The last two terms in the above equation describe the reversi ' R T c1

adiabatic e ect due to compression or expansion. The e ect of o

viscous dissipation has been ignored because it has a minot e e

on the thermal pro le over the considered depth interval (lesswith the above equation the volume fractionﬁﬂ can be
than hundred kilometers). The heat change induced by chamic computed knowing §, from the transport model and the volume
transformations (mainly melting) has been also exclud@fr  fraction constraint (1 m "y, and the densities;32, >*
the thermal model even though its overall contribution candn ’ I ; '

from the thermodynamic model. Finally, 8 ¢ and8 32 are
the order of tens of degrees. then easily retrieved. ' ' '

Changes to the Mass Conservation
Equations Changes to the SIMPLER and SIMPLECR

These transport equations are applied to the DFM model aé‘lgonthm

well but some changes are necessary to account for the diterer} '€ Modi cations to the SIMPLER or SIMPLECR algorithm are
interpretation of the DEM and DFM models. For instance minimal because the velocity of the solids in the two sub-syste

considering the melt phase, it is not allowed to remain in the'S assumgd to be the same. Without the presence c_)f free water
rst sub-system and melt in the second sub-system can alsde equation of motion for the whole system (Equation 8) and

crystallize. As in the DEM model, the melt transfer is added t 1€ Mass conservation for the total solid (Equation 5) aitt st
L solved in four steps and the solution is iterated along witk th
j[he r'elated tlerm from the previous tlm?. Staﬂt o however equation of motior?for melt (Equation 7) and mass congservatio
in this case it should include two quantities, one to desetibe for melt (Equation 5) to nd85, 8™ S, VM and P, (or dP=dz
transfer from ss1 to ss28 Ms¢) and one for the change due to I ! )

i Vi Y
crystallization in ss218 ™2): The only di erence with the DEM model is the new de nition

of the total solid that is the sum of the solids in the two sub-
(18 Mss C 18 ™se) systems8 3, ;) D 8% ;) C 87% ;), and similar relations for

gm : 11
Y nthermo (11) 8P and P

it 1)
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Changes to the Temperature Equation PHASE3-P.BRC4-5), additional details of the new simulation
The computation of the temperature using Equation (10) followscan be found infable 1(simulationPHASE3B-P.YRCO00). The
closely the procedure already discussed in the previous stud9EM and DFM models can be considered the closest dynamic
The productCg8 ® is made of the sum of two term&y, 8 7t D equivalent to the batch and fractional melting idea commonly
cﬁﬁlg i%tﬂ C (,ﬁfg ﬁﬁ_ The thermal expansion of the whole systemreferred in classical petrologyrigure 2 summarizes some of

is the weighted average of the thermal expansion in the twie results. In addition the gure also includes the resulfs o

sub-systems: the fractional melting model using the pMELTS version of
AlphaMELTS (threshold porosity above which melt is extracted
-« (8 i-"btﬂ of:! \iljlt) set to 0.005).
itgsicgwcgsecgm) The di erence of the temperature pro les between the DFM
It "t% It It model and the fractional melting model with AlphaMELTS
C e Chre:a) (15) (Figure 24) is mainly due to the contribution of the latent heat

(8 ﬁi csfics ﬁg csl) of melting, however there is an additional di erence betwées
two models. In the DFM model variable amount of melt is still
Thermal conductivity of the two solids is assumed to be theesa present in the system at any depth and it a ects the thermal
. pro le while with AlphaMELTS only a prede ned small mass
Changes to the Transport Equation for the fraction of melt is always kept with the residual solid. Wtihe
Composition net e ect of the latent heat on the DFM model in general is
The same chemical transport equation used in MF1 (Equation 9Ji cult to predict, the temperature di erence between the DFM
is also applied to the DFM model to determine the compositionmodel withv™!t D vs°d and AlphaMELTS should represent the
of the melt and the total solid. Following the procedure foeth largest possible deviation simply because of the large amdunt o
solution of the mass transport model, the chemical transéer f melt involved compared to DFM simulations with separate melt
the total solid is added to the value®f, ,, atthe previous time and solid velocities. _
step and includes two termg, |S%t " D 2 IS<(:t " C (12 % C Regardles; of the typg of_dynamlc model, the total amount of
12 Se2)=nthermo Once 2 £¢ is computed from the transport melt at a particular location is the result of the melt transygar
equations, the composition of the solid in the two sub-system(Melt moving in/out) and the local melt prquCt'e?t” frorr:)”'zhe
can be found considering ¢ D 2% C 2% and de ning thermodynamic model. In the DFM model with™ D v
a ratio expression similar to the one used to compute the solin€ total melt abundance at a given depth is always less tan th
volume fraction in ss1 and ss2, thadd 2584 =25¢2 The amountof melt obtained with the dynamic batch melting model

it 1) Ti@e 1) . . .
ratio is assumed to remain unchanged between two time stepg?'gure 2B). Itis also not too di erent from the amount of melt

Combining these two equations, the relation used to comput§°MPuted by the fractional melting model using AlphaMELTS.
2 582 assumes a simple form: The melt volume fraction at a particular depth (or pressure) gsin
it .

AlphaMELTS is given by the sum of the instantaneous volume of
sc melt which is extracted at every point starting from the batto
it .
272D <c 1 (16)  up to the particular depth. _ _
The larger amount of melt present in the dynamic batch melt
model compared with the DFM model witi™e!t D vs°lid has

. . - . S%Q .
The expression for the ratio is then applied tg%;m"tsgé F|nszliy only a relatively small e ect on the increase of the upwelling

SGy G H H i )
it ggf i are easily retrieved knowing ™%, i, %, yelocity Figure 20. The DFM model withv™®t D vs9id creates
and . melts that are distinctively less rich in silica and with tégy

TiO, content when compared with the melts from the dynamic

batch melting model Kigures 2D,B. In the upper portion of
RESULTS OF THE DYNAMIC FRACTIONAL the melting column (depth less than40 km) the incompatible
MELTING MODEL componeniNa;O does not show signi cant di erences in the two

models Figure 2F. The opposite appears to be true fdgOin
All the simulations in this and the previous study do notindki  the same depth range, while at greater depth MgO content
water which will be considered in the third contribution dfie¢  in melt for the two models is very similaif={gure 2G). In the
series.Table 1reports the list of the simulations performed for residual solid large di erences in the amount $fQ, and MgO
this study involving the DFM model. Only selected resultsalih  can be observed at intermediate and low depffigres 2D,QG.
subjectively appear to be the most prominent are presented iA very small amount of melt crystallizes in sub-system 2 at depths
this section. However the output data may provide additionabreater than 60 km but, the solid appears only in the initial
mean to unfold more ndings. Complete data from most of the stage of the mantle upwelling and it doesn't form any longer
simulations can be retrieved following the instructions yided  after 2 myr (this solid is not reported in the gure, see the data
in the Supplementary Material. le PHASE3B-P.YRCO00.DAT). An animation illustrating the

The rst case assumes a DFM model wigfet D vs°lid  eyolution of the DFM model withv™e't D vs°lid gyer time can be

Initial and boundary conditions are equivalent to those apglio  retrieved following the link posted in the Supplementary Materia
the dynamic batch melting model discussed in MF1 (simulatior(movie le mf2-moviel.PHASE3B-P.YRCO00.avi ).
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TABLE 1 | List of the dynamic fractional melting simulations (DFM).

No. Data le No. grid Thermo every Perm. const. Solid visc. T bottom Fixed vS
points n steps cm 2 5 (Pas)(M) (o) (m/year)

S D (S)
PHASE3B-P.YRCO(S) 200 8 N/AE D v™) 102t 1,450 0.03(B)(¥)

* PHASE3B-P.YRCO0(S) 300 8 N/AE D v™) 102t 1,450 0.03(B)
PHASE3B-P.YRC000 200 2 N/A¢S D v™) 1021 1,450 0.03(B)

*) PHASE3B.YRC1(t) 200 8 10 102t 1,450 0.03(B)
PHASE3B-P.YRC2(8) 400 16 18 102t 1,450 0.03(B)

*) PHASE3B-P.YRC3 200 8 160 1020 1,450 0.03(B)
PHASE3B-P.YRC5 200 2 180 1020 1,450 0.03(B)
PHASE3B-P.YRC6 200 8 16 1020 1,450 0.03(B)

*) PHASE3B-P.YRC7 200 8 18 1021 1,450 0.03(B)

*) PHASE3B-P.YRC8 200 8 180 1019 1,450 0.03(B)
PHASE3B-P.YRC9 400 16 16 1019 1,450 0.03(B)

*) PHASE3B-P.YRC10 200 8 18 1021 1,475 0.03(B)
PHASE3B-P.YRC11(8) 200 16 18 102t 1,475 0.03(B)

*) PHASE3B-P.YRC12 200 8 18 1021 1,500 0.03(B)

*) PHASE3B-P.YRC13 200 8 18 1021 1,450 0.06(B)

*) PHASE3B-P.YRC14 200 16 18 1020 1,450 0.06(T)(%)

*) PHASE3B-P.YRC15 200 8 18 1021 1,450 0.09(B)

* PHASE3B-P.YRC16 200 16 18 1021 1,450 0.12(B)

*) PHASE3B-P.YRC17 200 16 18 1020 1,450 0.09(T)(2.0&))

*) PHASE3B-P.YRC18 200 16 18 102t 1,450 0.03(T)

*) PHASE3B-P.YRC19 200 16 18 1020 1,450 0.03(T)

*) PHASE3B-P.YRC20 200 16 18 102t 1,450 0.01(T)

**) PHASE3B-P.YRC22 200 16 18 102t 1,450 0.01(B)
PHASE3B-P.YRC23 200 16 10 102t 1,450 0.06(T)(4.0& ))

*) PHASE3B-P.YRC24 200 16 18 1019 1,450 0.06(T)
PHASE3B-P.YRC26 200 16 10 102t 1,450 0.03(T)(1.5&))
PHASE3B-P.YRC27 400 16 10 102t 1,500 0.03(B)

*) PHASE3B-P.YRC28 200 16 18 1021 1,450 0.06(T)(3.5§))
PHASE3B-P.YRC29 400 32 10 102t 1,450 0.06(T)(3.5&))
PHASE3B-P.YRC30(8) 200 32 18 102t 1,450 0.06(T)(3.5%))

SD S@1c1=™)

*) PHASE3B-P2.YRC1 200 8 18 1020 1,450 0.03(B)

*) PHASE3B-P2.YRC2 200 8 18 1019 1,450 0.03(B)
PHASE3B-P2.YRC3 400 16 16 1019 1,450 0.03(B)

*) PHASE3B-P2.YRC4 200 8 18 1019 1,475 0.03(B)

*) PHASE3B-P2.YRC5 200 8 18 1020 1,475 0.03(B)

*) PHASE3B-P2.YRC6 200 8 18 1020 1,450 0.06(B)

*) PHASE3B-P2.YRC7 200 8 18 1020 1,450 0.09(B)

*) PHASE3B-P2.YRC8 200 16 18 1019 1,450 0.09(T)(2.0&))

(1) All simulations assume xed 3.

(8) The scaling factor f for the time step (t D f z5v™®Xj) is 0.25, for all other simulations D 0.5.

(¥) Velocity xed at the bottom (B) or top (T) of the melt column (velocityegative upwards).

(*) Data included inmax-front2-data.zip

(1) Simulation that considers the solution for the variable d®lzj;, for all the other simulations the variable isP

(&) In bracket maximum velocity allowed during the simulatiojvaxj m/year), default value igvmaxj D 1.0 m/year.

(**) Data included in a separate zip lenax-front2-PHASE3B-P.YRC22.zip

Selected data les are included in the zip lemax-front2-data.zip and max-front2-PHASE3B-P.YRC22.zip

Frontiers in Earth Science | www.frontiersin.org 7 March 2018 | Volume 6 | Article 18


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

Tirone Petrological Geodynamics of Mantle Melting I

A dynamic melting(v’=v") B alphaMELTS (o}
5r(no latent heat - (fractional) oy
20} i1 20k %
PR | 1 L
& oL 30l < b
8 10F d
o | 40 40
= e | e |
% L § < 50+ g dynamic |< sol-
= T S 4 fractional | S |
o | @ 60 melting | & gol-
.= _alphaMELTS o S=y™ ©
= 20 . (v=v") I
S “7L (fractional)
o 70 70
o L
S .t dynamic batch I
— 25 80 melting 801
B TN T L0, SRS AT AT CTTEY | OO% o v 5 o b o T o o
1350 1400 1450 0 01 02 03 04| -0032 -0031 -0.03
temperature (°C) melt volume fraction | solid=melt velocity (m/yr)
D 52 56|E F G 10 15 20
e
\}
20 3 20 20 20
30 , 3 30 30 30
\\
40 \\ .40 40 40
E N E E E
= 50 =50 =50 = 50
S = = =
Q. Qo [oX Q.
@ 60 © 60 ® 60 © 60
o 2 o © ©
70 70 70 70
80 80 80 80
li i
9004 .. l‘an..dl. =0l SRS PERTL I I FEEL, 90 90Ty o wa g 1
41 42 43 44 45 0 005 01 0.15 40 45 50
composition (wt%) composition (wt%) composition (wt%) composition (wt%)

FIGURE 2 | Dynamic melting withv™e!t p vsolid_ Comparison between dynamic batch melting (dashed lines)ral the DFM model withv™e!t D vsolid (solid lines). The
dynamic batch melting model has been already presented in ME The dotted lines show the results for a fractional meltingrodel using AlphaMELTS. For the
simulation of the DFM model withv™elt D vS°lid number of grid points nzD 300, number of time steps between two thermodynamic calcultions nthermo = 8. (A)
Temperature vs. lithostatic pressure(B) variation of the melt volume fraction with depth(C) solid and melt velocity,(D—-G) composition of the solid and melt (wt %),
(D) SiOy, (E) TiO,, (F) Nap O, (G) MgO. The plots show also the composition of the integrated meltréd dotted lines) and the residual solid (dotted blue linesjsing
AlphaMELTS (pMELTS version). The data le and an animation tife DFM simulation can be downloaded following the instruadns in the Supplementary Material
(data le PHASE3B-P.YRCO0O0.DAT included in the zip le max-front2-data.zip , movie le mf2-moviel.PHASE3B-P.YRCO0O0.avi ).

Figure 3 presents a comparison between two 2-phase ow® The numerical solution obtained using either one of the
dynamic melting models. One is a DFM model and the other ongwo solution variables is indistinguishable. The less camm
is the DEM model discussed in the previous study (Figure 4 impplication of the pressure gradient may carry some bene ts
MF1, PHASE3-P.YRC4). The conditions imposed to the two that need to be further investigated (see Appendix 2 in MF1).
models are equivalent, the solid viscosity model sD §  Additional information about the DFM model can be found in
with 3 D 1e21 Pa s, the permeability constant@D 1e9 Table 1 (PHASE3B.YRC). The data le for the DFM model
m 2, the xed upwelling velocity at the base of the mantleis included in the zip lemax-front2-data.zip (see the
column is 0.03 m/yr (negative upwards), the mantle bulk Supplementary Material for additional information).
composition inside the column at the start of the simulation  Selected properties attwo di erent stages of the melt evatutio
and at the bottom thorough the duration of the simulation areare shown inFigure 3 The earliest stage refers to the time at
also the same. The only di erence between the two models iwhich in both models a large amount of melt reaches the top side
how melt chemically interacts with the solid. The DFM modelof the column. For the DEM model it corresponds to the rst melt
has been solved numerically considering the variablesidg n arrival, for the DFM model in general this is not always theea
the pressure gradientP=dz and the pressure gradient correction and the large melt occurs at a slightly later tintégure 3A). It
dP’=dz instead of the pressuré® and pressure correction is more clearly shown in the data le and later Figure 8 The
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FIGURE 3 | Comparison between dynamic equilibrium melting (DEM) andyshamic fractional melting (DFM). Solid viscosity model:S D (5) with (5) D 1e21 Pass,
permeability constantC D 1€9 m 2. The equilibrium melting simulation is the same as in Figureof MF1 (data le PHASE3-P.YRC4.DAT, zip le
max-frontl-data.zip ). The data le for the DFM modelPHASE3B.YRC1.DATincluded in the zip le max-front2-data.zip and an animation
(mf2-movie2.PHASE3B.YRC1.avi ) can be accessed following the link provided in the Supplenmgary Material.(A) Melt volume fraction vs. depth at 2
different times (solid and dashed lines). Earliest time igpproximately de ned for the equilibrium melting model by therst arrival of melt at the top, and approximately
by the largest amount of melt reaching the top side for the DFNhodel. Red dotted line is the volume fraction of solid in sulsystem 2 att  2.35 myr for the DFM
model. The black horizontal lines indicate the depths at whh the equilibrium mineralogical assemblage has been comped at 2.35 myr in sub-sys 1 and sub-sys 2
after completing the simulation Table 2). (B) Velocity of the solid matrix(C—F) Variation of the solid and melt composition (wt %)C) TiO, in the residual solid, for the
DFM model the red dotted line refers to the solid in sub-sys 2562). (D) MgO in the residual solid, including also the solid in sub-sys »f the DFM model (ss2, red
dotted line). (E) TiO, in melt. (F) MgO in melt.

properties at a later time illustrate the status of the mantlemn  the residual mantle in sub-sys 1 from the two models is quite
when the thermal eld does not change signi cantly any fueth  distinct. In the later stage variation @iO; in the residual solid
As discussed in MF1, melt in this particular DEM model neveris not very di erent in the two models, however MgO shows
reaches a time invariant state, but for the DFM model instdeed  some signi cant changes. In the DFM model the composition
melt distribution approaches a condition close to a steadgsta of the crystallized solid in sub-system 2 varies with depth, in
In general the amount of melt at various depths is lower in theparticular it can be noted thaliO, is present in the solid only at
DFM model although this is not always the case since the melower depth. From the data les and following the procedure to
distribution observed in the DEM model varies with time. determine the bulk composition outlined in the section “Clysms
Velocity of the mantle at the bottom is xed at0.03 m/yr in the Thermodynamic Computation”, it is possible to apply
(negative upwards) for the DEM and DFM models. The generalhlphaMELTS as a post-processing step at any depth and time
behavior of the viscous forces is that they decrease with the re-compute the equilibrium mineralogical assemblage and
increase of the melt content (Equation 8), hence within atter the minerals composition that were computed but not recorded
order approximation, this observation provides an interpretat ~ during the dynamic simulationsTable 2 illustrates the results
for the overall decrease of the upwelling solid velocity ie th after 2.35 myr at four depths indicated by horizontal lines in
upper part where more melt is preseriigure 3B and also for Figure 3A. It is interesting to note that the solid crystallized in
the next modeFigure 4B). sub-sys 2 is made entirely of olivine except at the lowest depth
The peculiar feature of the DFM model is the partialwhere a small amount of spinel is also present (hence it explains
crystallization of melt in sub-system 2 (red dotted line inthe rise ofTiO; in ss2).Table 2also indicates that at this depth
Figure 3A). The amount is relatively small (few % in volume) the volume fraction of the liquid and the solid in sub-systenr@ a
but most importantly it is a transient feature that disappearscomparable and the residual mantle assemblage in ss1 is hade o
with time. By comparing the results from various simulationsolivine, ortophyroxene and spinel.
(see the data les andiable 1), it seems that the duration varies =~ The DEM and DFM models create two series of melt that are
depending on the dynamic and thermal conditions imposed tacompositionally quite dissimilaFigures 3E,Fshow an example.
the mantle column. An interesting point is that the melt composition in the DFM
Figures 3C,DshowTiO2 and MgO in the ss1 and ss2 solid. model is very close to the composition observed in the case
At the arrival of the large melt volume, the composition ofthat assumedv™ D vs°id (Figure 2). Inspection of the
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TABLE 2 | Mineral composition and volume fraction at four depths fortte DFM modelPHASE3B.YRC1shown in Figures 3 -8.

point# 14(SS1) (20.2 km) output-> liquid olivine opx cpx spinel point# 14(SS2) (20.2 km) output-> liquid olivine spinel
T(°C) 1341.78 1%) 1341.78
P(bar) 6611.76 P(bar) 6611.76
Sio, 44.29031 51.67570 40.91080 56.49830 0.00000  SiO, 43.64288 52.21250 41.10130  0.00000
Tio, 0.01330 0.36866  0.00000  0.03600 034120  TiO, 0.39409 0.52037 0.00000  0.63580
ALO, 0.88267 13.95450  0.00000 2.11334 29.16010  Al,0, 7.96920 1034260 0.00000 39.37540
Fe,0; 0.09295 0.72392  0.00000  0.20562 3.47777  Fe,04 0.37822 0.49760  0.00000  2.95359
Cr,0, 0.47715 0.10572  0.00000  0.00000 40.04870  Cr,0, 0.33017 0.39872 0.00000 28.80430
FeO 8.39249 6.78512 9.27576  5.76676 8.20784  FeO 9.68192 7.97709 829425  8.29350,
MgO 44.88010 13.07510 49.34680 32.89860 18.76430  MgO 30.11612 19.15610 50.19210 19.93740
Ca0 0.97103 13.31140  0.46666  2.48138 0.00000  CaO 6.85639 7.74513  0.41231  0.00000,
Na,O 0.00000 0.00000  0.00000 0.00000  Na,0 0.63101 1.14995 0.00000  0.00000
K,0 0 0 0 0 KO 0 0 0
P,0s 0 0 0 0  P0Os 0 0 0
H20 0 0 0 0 H20 0 0 0
(o) 2881.240 volume (cm®)  0.0321  23.2638 7.8374 0.2937  (pd)**? 136.781 volume (cm®)  18.2693  14.9704 0.2227

vol fraction 0.0009  0.6759 02277 0.0085  (pd)" 146.169 vol fraction 0.0521  0.0427  0.0006
point# 54(SS1) (35.1km) output-> liquid olivine opx cpx spinel point# 54(SS2) (35.1km) output-> liquid olivine
T(°C) 1414.4 (%) 1414.4
P(bar) 11235.9 P(bar) 11235.9
Sio, 45.51075 48.7073  40.9940  56.4094 0.0000 SO, 43.93450 52.21250 41.10130
Tio, 0.02235 0.7240  0.0000  0.0878 0.5801  TiO, 0.71859 0.52037  0.00000
ALO; 1.61751 12.5587  0.0000  2.5676 32.3410  Al,03 10.63022 10.34260  0.00000
Fe,0, 0.10470 0.5720  0.0000  0.1986 2.6229  Fe,0; 0.47785 0.49760  0.00000
Cr,05 0.47357 0.2157  0.0000  0.0000 37.0640  Cr,0, 0.09496 0.39872  0.00000
FeO 7.61409 83525  8.8676  5.2264 8.0454  FeQ 9.66687 7.97709 8.29425
MgO 43.42817 17.2641 49.7274  33.3361 19.3466  MgO 24.03120 19.15610 50.19210
Ca0 1.22882 10.1771 04110  2.1457 0.0000  CaO 8.89717 7.74513  0.41231
Na,O 0.00003 14286  0.0000  0.0282 0.0000  Na,0O 1.54865 1.14995  0.00000
K,0 0 0 0 0 0 KO 0 0 0
P,05 0 0 0 0 0 PO 0 0 0
H20 0 0 0 0 0 H20 0 0 0
()" 2872.487 volume (cm®)  0.0291  20.2368  10.8042 0.4064  (pd)™* 60.942 volume (cm®)  27.2566  6.7998

vol fraction 0.0008 0.5881 0.3140 0.0118 (pd))"1 220.804 vol fraction 0.0777 0.0194
point# 94(SS1) (50.0 km) output-> liquid olivine opx cpx spinel point# 94(SS2) (50.0 km) output-> liquid olivine
T(°c) 1428.61 1(°c) 1428.61
P(bar) 15890.1 P(bar) 15890.1
Sio, 45.34473 46.2525 40.9476 55.9414 53.6911  0.0000  SiO, 42.68247 52.21250 41.10130
Tio, 0.13458 0.8169 00000 01204 0.1934 05328 TiO, 1.15400 0.52037  0.00000
ALO, 3.41624 13.3065  0.0000 3.1747 43122 41.2248  AL,0, 11.42137 10.34260  0.00000
Fe,0, 0.18733 0.5561  0.0000 02287 03208  2.4382 Fe,0, 0.37517 0.49760  0.00000
Cr,05 0.41003 0.1662  0.0000  0.0000 0.000 27.6238  Cr,0; 0.22164 0.39872  0.00000
FeO 7.93415 8.8409  9.1096 52921 45651  7.7595  FeQ 10.71493 7.97709 8.29425
MgO 39.58943 16.6960 49.5230  32.6627 23.3462 20.4210  MgO 21.50598 19.15610 50.19210
Ca0 2.91085 11.2660 04198  2.5269 13.3306  0.0000 CaO 6.51141 7.74513  0.41231
Na,O 0.07266 2.0989  0.0000 00533 0.2405 0.0000 Na,0 5.41304 1.14995  0.00000
K,0 0 0 0 0 0 0 KO 0 0 0
P,05 0 0 0 0 0 0 PO 0 0 0
H20 0 0 0 0 0 0 H20 0 0 0
(o)™ 3122.015 volume (cm®)  0.0219  17.3105  7.8803 52843  0.7140  (pdh)**’ 8.667 volume (cm®)  30.4739  3.5511

vol fraction 0.0007 05527 02516 01687  0.0228 (pd)" 66.730 vol fraction 0.0235  0.0027
point# 148 (70.2 km) output-> liquid olivine opx cpx spinel garnet
T(°C) 1439.4
P(bar) 22228.55
Sio, 4524337 427101 40.7519 55.1104 52.8337  0.0000 42.4812
TiO, 0.17757 12947 00000 0.3235 0.4811 0.6410  0.0000
Al,04 3.83166 13.3083  0.0000 4.5098  6.6064 51.2851 24.0298
Fe,0, 0.19846 0.3305 0.0000 0.2851  0.4490 2.1088  0.0000
Cr: 0, 0.39666 0.2244  0.0000 0.0000 0.0000 16.3621  0.0000
FeO 8.05045 11.0212 10.2495 55564 45081 8.6846  7.2146
MgO 38.72303 17.3383  48.7293 32.0328 20.9313 20.9184 19.7852
Ca0 3.12823 6.0882 0.2693 19626 13.1149 0.0000  6.4892
Na,0 0.25056 7.6844  0.0000 02195 1.0755 0.0000  0.0000
K,0 0 0 0 0 0 0 0
P,0s 0 0 0 0 0 0 0
H20 0 0 0 0 0 0 0

volume (em®)  0.0042 171634  6.9704 58060 0.6385  0.4066
vol fraction 0.0001 05539  0.2249  0.1874 0.0206  0.0131

The rst three points include the mineralogy in the two sub-systems. TieD 2.35 myear, depthD 20.2, 35.1, 50.1, 70.2 km, points D 14, 54, 94, 148 (zone 1271). The data le providing
the input bulk composition, pressure and temperature is included in thezile max-front2-data.zip
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data le PHASE3B.YRC1.DATprovides additional insight into In general by increasing the temperature at the bottom larger
the compositional variations of other oxides not speci callyamount of meltis created inside the mantle colunfiigure 5A),
discussed here. but there are additional considerations that can be made. The

An animation of the DFM model shown ifrigure 3can be largest arrival of melt at the top side of the model is not
retrieved following the instruction in the Supplementary Meal  signi cantly di erent for the three simulations. However ¢
(mf2-movie2.PHASE3B.YRCl.avi ). amount of transient crystallized solid in sub-system 2 insg=a

The second rheology model considered in the previous studyith the increase of the temperature at the bottoRigure 5B).
(MF1) assumes that the viscosity of the solid is described byla addition the solid in sub-sys 2 begins to form at greater
relation that depends also on the melt fractiof D §(1 C  depth when higher temperature is assumed at the bottom. After
1= ™). Figure 4 presents the results of the DFM model with this a variable amount of time all three models reach a steady melt
type of viscosity formulation and a comparison with the DEMdistribution with only one inversion of the melt gradient thi
model results under similar conditions,j D 1e20 Pa s and depth. The depth of the inversion point is greater for the model
permeability constan€ D 1e9 m 2 (DEM model shown also in  with temperature at the bottom set to 1,5@@

Figure 5 of MF1, data |[ePHASE3-P2.YRC13.DAT). The variations of the velocity of the solid re ect indiregtl

Both DEM and DFM reach a similar steady state in whichthe di erent temperatures assumed at the base of the model
melt distribution over depth does not signi cantly changeyan which have a signi cant control on the overall melt abundanc
further over time. In analogy with the observation made for(Figure 5C).
the case that considered the previous viscous model, melt The compositional di erence of the residual mantle (sub-
abundance is generally but not always lower in the DFM modedystem 1) with temperature is exempli ed ByO, and MgOin
compared to the DEM modelHigure 4A). However with the Figures 5D,E The behavior does not correlate well, for instance
second rheology model the variation of the melt distributis  large variations offiO, can be observed as the depth increases
related to the presence of only one inversion of the gradient>35 km) while the largest variations &flgO occur between
of the melt abundance with depth, while the DEM model 60 and 35 km depth. The melt composition does show some
develops two inversion points. The nature of the inversiordependence onthe temperature in particular for MgOcontent
has been discussed to some extent in MF1. It should be onlfrigures 5F,G. The variation is less pronounced fdla,O and
mentioned here that the changed behavior is not the result o€r,O3 and it occurs mostly at depths greater than35-50
turning the petrological condition from melting to crystedation  km (plots of these oxides is not included iRigure 5. The
but rather the complex eect of the dynamic transport data les provide a complete overview of the solid and mantle
model. composition.

With the DFM model, regardless of the chosen description of An animation of the simulation with temperature at
the rheology, a second solid crystallizes from the melt ib-su the bottom set to 1,50€ (mf2-movie3.PHASE3B-
system 2 during the initial stage of the melting process. Tk m P.YRC12.avi ) is available following the link provided in the
and solid compositions are similar to those observed with th&upplementary Material.
rst viscosity model and they are summarized figures 4C—F A systematic study on the e ect of the imposed velocity of
The similarity is not entirely unexpected because the netdlyic  the mantle at the boundary (either top or bottom) was also
behavior of the two models is not too di erent. Even though thenot addressed previously in MF1. Fixing the velocity at the
value of § D 1€20 Pa s is one order of magnitude lower thantop or bottom boundary may seem a minor detail, after all
the value chosen for the previous viscosity model wittD 3,  the total length of the mantle column is only 75km. From a
the melt abundance is such that the e ective viscositpecomes conceptual point of view the two di erent conditions describe,

very similar in the two cases. at least approximately in 1-D, either passive ow, a regime in
The data le for this DFM model PHASE3B-P2.  which pulling forces (e.g., subducting slab) control the mhan

YRCL1.DATincluded in the zip lemax-front2-data.zip ) upwelling, or alternatively active ow that could be the resoilt

can be retrieved following the instructions in the Supplensent thermochemical buoyancy (e.g., rising plume).

Material. Figure 6 summarizes some of the results of four DFM

In the previous study the temperature dependence wasimulations that assume dierent velocities at the bottom
not discussed for the DEM model and only two simulationsranging from 0.01 to 0.09 m/yr (negative upwards)
with xed temperature at the bottom dierent than 1,45C while all the other parameters and conditions are kept
were included in the zip data lemax-frontl-data.zip unchanged. The complete data les are available (see the
and max-frontl-data2.zip (see Table 1 in MF1). In  Supplementary Material), PHASE3B-P.YRC15.DAT
Figure 5 three simulations of the DFM model are presented( 0.09 m/yr) PHASE3B-P.YRC13.DAT ( 0.06 mlyr),
assuming similar dynamic and chemical conditions but diete PHASE3B.YRC1.DAT ( 0.03 m/yr) included in
temperature at the base of the column, 1,4501,475C, and max-front2-data.zip . The data le PHASE3B-P.
1,500C. The DFM model with temperature of 1,480 is the YRC22.DAT ( 0.01 mlyr) is included separately imax-
same shown inFigure 3 (data le PHASE3B.YRC1.DAT). front2-PHASE3B-P.YRC22.zip . Additional information
The complete data les of the two simulations with higheris provided inTable 1
temperature arePHASE3B-P.YRC10.DAT (1,475C) and Perhaps the most interesting observation involves
PHASE3B-P.YRC12.DAT (1,500C). the simulation with the smaller upwelling velocity imposed
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FIGURE 4 | Comparison between the DEM and DFM model with the alternataviscosity model. Solid viscosity model: S D S(lC 1= ™) with 8 D 1e20 Pas,
permeability constantC D 1€9 m 2. The equilibrium melting simulation is the same as in Figufeof MF1 (data le PHASE3-P2.YRC13.DAT, zip le
max-frontl-data2.zip ). To retrieve the data le for the DFM modePHASE3B-P2.YRC1.DAT included in the zip le max-front2-data.zip see
the instructions provided in the Supplementary MaterialA) Melt volume fraction vs. depth at 2 different times (solid ahdashed lines). Earliest time is marked by the
rst arrival of melt at the top for the equilibrium melting, ad approximately the largest amount of melt reaching the topisle for the DFM model. Red dotted line is the
volume fraction of solid in sub-sys 2 att 2.35 myr for the DFM model.(B) Velocity of the solid matrix(C—F) Variation of solid and melt composition (wt %)(C) TiO,
in the residual solid, also included the solid in sub-sys 2 fahe DFM model (ss2, red dotted line)(D) MgO in the residual solid and solid in ss2 for the DFM mode(E)
TiO, in melt. (F) MgO in melt.
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FIGURE 5 | DFM simulations assuming different temperatures at the btam, 1,450 C (green lines), 1,475C (orange lines), 1,500C (purple lines). Solid viscosity
model: SD 8 with (S) D 1e21 Pa s, permeability constantC=1e9 m 2, xed velocity of the solid at the bottom -0.03 m/yr. (A) Melt volume fraction vs. depth at 2
different times (solid and dashed lines). Earliest time caiides approximately with the largest amount of melt reachg the top side. (B) Volume fraction of solid in
sub-sys 2 at the earliest time.(C) Velocity of the solid matrix.(D—G) Variation of the solid and melt composition (wt %)D) TiO, in solid, also the solid in sub-system 2
(ss2, dotted lines).(E) MgO in solid , also the solid in sub-system 2 (ss2, dotted lines)F) TiO, in melt. (G) MgO in melt. The data les can be downloaded following
the link provided in the Supplementary Material, zip lenax-front2-data.zip , PHASE3B.YRC1.DAT, PHASE3B-P.YRC10.DAT,
PHASE3B-P.YRC12.DAT.
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FIGURE 6 | DFM simulations assuming a different velocity of the solict ghe bottom (negative upwards), 0.12 m/yr (red lines), 0.09 m/yr (blue lines), 0.06 m/yr
(green lines), 0.03 m/yr (orange lines), 0.01 m/yr (purple lines). Solid viscosity model: $ D 8 with g D 1e21 Pa s, permeability constantC D 1e9 m 2,
temperature at the bottom 1,450 C. (A) Melt volume fraction vs. depth at 2 different times (solid ahdashed lines). Earliest time indicates approximately thargest
amount of melt reaching the top side. Dotted line is the volum fraction of solid in sub-system 2.(B) Velocity of the solid matrix(C—F) Variation of solid and melt
composition (wt %).(C) TiO, in the residual solid (ss1) and solid in sub-sys 2 (ss2, dottelines).(D) MgO in the residual solid (ss1) and solid in sub-sys 2 (ss2, dotte
lines).(E) TiO, in melt. (F) MgO in melt. Data les included in the zip lemax-front2-data.zip , PHASE3B.YRC1.DAT( 0.03 m/yr),
PHASE3B-P.YRC13.DAT ( 0.06 m/yr), PHASE3B-P.YRC15.DAT ( 0.09 m/yr). Data le PHASE3B-P.YRC22.DAT ( 0.01 m/yr) is included separately.
See the Supplementary Material for additional information

at the base (0.01 m/yr) that somehow stands out comparedmodels in which the same constant velocity is imposed on the
to the others. The amount of crystallized solid in sub-sys® top side instead. These last two di er in the setup of the solid
is signi cantly lower Figure 6A), it also appears at far greater viscosity parameter S that is 120 and ¥1 Pa s (data les
depth & 80 km) and it is persistent for much longer time than for PHASE3B-P.YRC19.DAT, PHASE3B-P.YRC18.DAT).
all the other models. The steady state melt distributiorludes The rst observation that can be made is that the large rst
an inversion point that is much less pronounced than in the othe melt arrival on the top side is smaller when the mantle veioci
simulations, although it occurs at similar depth 85-38km). is xed on this side of the modelRigure 7A, dashed lines). The
The mantle velocities inside the simulation colum are inedir amount of crystallized solid in sub-system 2 is also smallen wit
relation with the imposed velocity at the basédqure 6B). From  the top velocity xed, although the depth of the rst appearance
Figures 6C—Fit is also quite evident that the composition of the of the solid in ss2 (56 km) is practically the same for the three
melt and residual solid when the largest rst melt reaches th cases considere&igure 7B).
top side are remarkably di erent. The composition of the solid The melt distribution at later time is very similar for the
mantle at later time becomes more similar to the compositiormodel with xed velocity at the bottom and viscosiy 1e21
observed in the other simulations, all being very similaor F Pa s and the simulation with xed velocity at the top and
the melt instead, the composition remains still noticeablyiscosityD 1e20 Pa s figure 7A, green and red solid lines).
distinct from the other models. The dierence also appearsThe other simulation with xed top velocity but viscosity
for oxides not shown in the gure but accessible through theD 1e21 Pa s shows instead larger melt variation at lower
data le, for exampleAl,Os and CaQ, in particular at lower depths Figure 7A, blue solid line). Perhaps the most important
depths. feature of this simulation is that the melt distribution, in
In the previous study (MF1) only one numerical model wasparticular in the upper portion of the mantle column is
carried out assuming a xed velocity of the mantle on the topextremely variable over time. This characteristic behavso
side of the mantle columnT@able 1in MF1) and the results were not quite evident fromFigure 7 but it is clear by inspecting
not discussed. With the DFM model few more simulations withthe data le and from the animation that can be retrieved
this type of boundary condition have been carried otailfjle 7).  following the link provided in the Supplementary Material
Figure 7 compares the results of a simulation discussed earligmf2-movie4.PHASE3B-P.YRC18.avi ).
PHASE3B.YRC1(Figures 3 5, 6) that assumes a xed velocity  Figure 7Cshows the signi cantincrease of the mantle velocity
at the bottom ( 0.03 m/yr, S D 1e21 Pa s) and two numerical with depth for the models with xed velocity on the top side. It
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FIGURE 7 | DFM model assuming xed velocity of the solid ( 0.03 m/yr) at the top (t) or the bottom (b). Fixed velocity at thbottom with (s) D 1e21 Pa s (green lines,
same as inFigures 3, 5, 6), xed velocity at the top with 8 D 1e20 Pa s (magenta lines), xed velocity at the top with 3 D 1e21 Pa s (blue lines) Solid viscosity
model: S D 3, permeability constantC D 1e9 m 2, (A) Melt volume fraction vs. depth at 2 different times (solid ahdashed lines). Earliest time is approximately
de ned by the largest amount of melt reaching the top side. Dated line is the volume fraction of solid in sub-sys 2(B) Velocity of the solid matrix(C—F)
Compositional variations in solid and melt (wt %)C) TiO, in the residual solid (ss1) and solid in sub-sys 2 (ss2, dottelines).(D) MgO in the residual solid (ss1) and
solid in sub-sys 2 (ss2, dotted lines)(E) TiO, in melt. (F) MgO in melt. Data les PHASE3B.YRC1.DAT (bottom xed, 8 D le21 Pas),
PHASE3B-P.YRC19.DAT (top xed, g D 1e20 Pas),PHASE3B-P.YRC18.DAT (top xed, D 1le21 Pas) are included in the zip le
max-front2-data.zip . See the Supplementary Material for additional informatio

should be mentioned that for the model with a transient melt As in the previous study, the variations of some of the
distribution, the velocity of the solid also varies over éinmside results over time at the point of extraction (exit point or top
the mantle column. side of the model) are briey illustrated here. Selected DFM
When the velocity at the top is kept xed, the composition of simulations from those presented earlier assuming the gisco
the residual mantle (sub-system 1) appears to be quite di ereninodel S D § are considered irFigure 8 In addition results
at lower depths.(40km) (Figures 7D,B. The model that does of the dynamic batch melting from the previous study and
not reach a steady state develops temporal and spatial vasatioDFM with v D v are also plottedFigure 8A illustrates the
of theMgOcontent at low depths. amount of melt extracted per unit of time. The largest melt
In the earlier stage the melt composition shows someux is observed for the model with the largest velocity of the
variability among the three modelsFigures 7F,G. Moving solid imposed at the bottom (blue line). The earliest arrigél
forward in time these di erences tend to disappear for two ofthe melt at the exit point is consistent with the large upwelling
them, however signi cant variations of the melt compositiare  velocity of the solid and the meltF{gure 8B). The second
observed for the unsteady model. largest ux (purple line) is the result of the high temperature
The model with xed velocity on the top side that exhibits at the bottom (1,500C) that generates large amount of melt.
large temporal and spatial variations of the dynamic andPeriodic oscillations over time are created by the model with
petrological properties has been tested quite extensively Isplid velocity xed at the top side and solid viscosity D 1e21
running several simulations varying the number of spatialPa s. These temporal variations are not only evident in the
grid points, time step, maximum velocity allowed in the melt ux and melt velocity but also in the melt composition
model and time interval between thermodynamic computationgFigures 8C,D. Other simulations instead seem to approach
(Table 1). All these test simulations seem to conrm the the composition of the DFM model withv™ D V5, but only
conclusion that, at the conditions imposed on the model, thevhen the model assumes the same xed temperature at the
unsteady behavior is not the result of a spurious numericabottom (1,450C). Once the formation of the second solid in
artifact. sub -system 2 ceased, starting at the point indicated by awarr
Because in MF1 the e ect of the location of the xed boundaryin Figure 8D, the composition of the melt products afterwards
velocity was not properly discussed for the DEM model, theseems to be aected to some extent. The complete data sets
Appendix presents the results of two new DEM simulations thatelated to these models aRHASE3-P.BRC4-5.DAT (zip le
assume xed velocity of the solid, one at the top and the otiiter max-frontl-data.zip in MF1), PHASE3B-P.YRCO0O0.
the bottom side of the mantle column. DAT (DFM with v D V5, PHASE3B.YRC1.DAT (green

Frontiers in Earth Science | www.frontiersin.org 14 March 2018 | Volume 6 | Article 18



Tirone Petrological Geodynamics of Mantle Melting I

FIGURE 8 | Temporal variation of selected melt properties at the top de of the simulation for three models with S D (s], and permeability constant CD 10 9m 2,
Different lines correspond to simulations with different(s), velocity of the solid at the top (t) or bottom (b) and/or diffent temperature. Results from the batch melting
model presented in the previous paper (MF1) and DFM wit® D v™ are also included.(A) Melt ux ( Mv™), amount of melt per year that is extracted from the melt
column. (B) Melt velocity (m/yr).(C) Melt composition: SiO, (wt %). (D) Melt composition: CaO (wt %). Complete data can be found ilPHASE3-P.BRC4-5.DAT
(batch meltv® D v™, zip le max-frontl-data.zip in MF1),PHASE3B-P.YRCO0O0.DAT (fractional meltv® D v™, black line), PHASE3B.YRC1.DAT
(green line) PHASE3-P.YRC15.DAT (blue line) PHASE3B-P.YRC12.DAT (purple line) PHASE3B-P.YRC19.DAT (magenta line) and
PHASE3B-P.YRC18.DAT (dotted black line) (all data included in the zip lenax-front2-data.zip ).

line), PHASE3B-P.YRC15.DAT (blue line), PHASE3B- Pa s and xed velocity on the top side (-0.09 m/yr)
P.YRC12.DAT (purple line) PHASE3B-P.YRC19.DAT PHASE3B-P2.YRC8.DAT (green lines) (all data included in the zip
(magenta line) PHASE3B-P.YRC18.DAT (black dotted line) le max-front2-data.zip ). Batch melting from MF1 and the
(zip le max-front2-data.zip this study). DFM with v D v are also included for comparison. As expected

Fewer simulations involving the DFM model have beenthe models with higher solid velocity, either at the top or the
carried out with the second viscosity model D 3(1C 1= ™)  bottom, generate larger melt uxFigure 9A). The one with the
(Table 1). Figure 9includes the results at the point of extraction imposed solid velocity on the top side develops the fastest mel
for the model shown irfFigure 4PHASE3B-P2.YRC1.DAT (purple  transport Figure 9B). From a compositional point of view, once
lines) along with two other simulations not discussed pregly, the models reach approximately a condition of steady state and
one with the same reference viscosifyD 120 Pa s but higher the solid in sub-system 2 does not crystallize anymore, thiey a
velocity at the bottom (0.09 m/yr)PHASE3-P2.YRC7.DAT (red  seem to approach the composition of the melt found by the DFM
lines), and the second one with lower viscosit§ D 120  model withv™ D v* (Figures 9C,D.
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FIGURE 9 | Temporal variation of selected melt properties at the top de of the simulation for three models with S D (5)(1C 1= M), permeability constant CD

10 °m 2 and temperature at the bottom TD 1,450 C. Different lines correspond to simulations with differen 8 and velocity of the solid at the top (t) or bottom (b).
For comparison simulations of the batch melting model (indduced in the previous study, MF1) and DFM witlv® D v™ are also included.(A) Melt ux ( Mv™). (B) Melt
velocity (m/yr).(C) Melt composition: SiO, (wt %). (D) Melt composition: CaO (wt %). Complete data can be found ilPHASE3-P.BRC4-5.DAT (batch melt

vS D V™, zip le max-frontl-data.zip in MF1),PHASE3B-P.YRCO0O0.DAT (fractional meltv® D v, black line), PHASE3B-P2.YRC1.DAT (purple
lines),PHASE3-P2.YRC7.DAT (red lines), andPHASE3B-P2.YRC8.DAT (green lines) (all data included in the zip lenax-front2-data.zip ).

DISCUSSION AND CONCLUSIONS (e.g.,Kelemen et al., 1995; Suhr, 1999; Godard et al., 2000;
Mintener and Piccardo, 2003; Morgan et al., 2008; Abily and
The simplest and possibly the most general descriptioiCeuleneer, 20)3
of dynamic melting under the condition of chemical A comparison with the dynamic equilibrium melting (DEM)
disequilibrium between the residual solid and the localintroduced in the previous study (MF1) highlighted the main
melt has been developed for this study. The previous sectiati erences between the two models. The e ect on the DFM
presented some of the results of this model that has begwrocess of the xed bottom temperature, upwelling mantle
referred as dynamic fractional melting (DFM). Many of velocity at the top or bottom side of the mantle column havere
these results will require further analysis, particularlgr f investigated in some detail.
a comparison with real petrological data. Only a simple Summarizing some of the ndings, the rst observation that
observation is made here regarding the crystallization of gan be made is that with the DFM model the amount of melt
second solid which consists essentially of olivine. Thelltes distributed inside the model is often but not always lessittiee
from the DFM model suggest a possible mechanism for themount obtained with the DEM model. The residual solid and
formation of dunite melt channels found in several ophiddite the melt compositions are quite distinctive in the two modets. |
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most cases the unique presence of a second solid in sub-sgstemmodeling perspective it won't be dicult to assume a local
is a transient feature of the DFM model during the initialgéeof  system at the bottom of the melt column that is made of
the melt evolution. The di erences between the DFM and DEMa weighted average of a peridotitic and eclogitic component.
model appear to be persistent regardless of the chosen desaoriptiMore interesting would be to assume instead that two distinct
of the solid mantle rheology. lithologies coexist in a prede ned volumetric proportion, &ac
In general there is a positive correlation between thdorming a separate sub-system in chemical equilibrium. This
temperature at the base of the mantle column and the amourlast scheme would be still approachable but one problem that
of melt inside the DFM model. The inversion point of the melt would clearly emerge is how to treat the melt product(s). Once
gradient, a feature that has been found also in the previougne of the two sub-systems creates some melt or both of
study, appears at greater depth. The composition of the methem separately create some melt, if some kind of fractional
and solid are aected by the temperature change but therenelting similar to the one described in this work is imposed,
is no clear predictive pattern to the variations with depththen some assumptions need to be made on how the melt
and time. product(s) will be transferred into a third or fourth sub-system
Considering di erent values for the xed upwelling velocity where it/they will mix with all the previous melt products.
of the solid mantle at the base of the model (active ow), thePerhaps even more challenging is the case of equilibriumimgelt
results obtained with the lowest velocity that was assumeéllis  because, for example, when two melts are present within the
study ( 0.01 m/yr, negative upwards) somehow deviate from thsame local volume, they may or may not mix and they may or
general behavior observed in DFM models with higher imposednay not equilibrate (together or separately) with one or both
upwelling velocities. In particular this is quite evident tbe melt  lithologies.
abundance, melt and solid composition in the two sub-systems Despite the fact that these conceptual ideas can be modeled
when the rst melt reaches the top side of the model and melnhumerically, it is not known yet whether they can be assediat
composition at later times. to some realistic melting process or they are nothing moratha
Although the depth range of the mantle column is rathernumerical exercises. There is one additional complicatiust t
limited (75 km), the de nition of the boundary xed velocitpf  discourage (at least the author of this study) from pursuihig t
the mantle at the top or the bottom side (passive/active ow)type of melt modeling for complex petrological assemblages.
has an e ect on the DFM process. In particular, under certainThe characterization of the eclogitic component in the mantle
conditions, by imposing a xed velocity on the top side (passiv at the present time is based on indirect evidences. There
ow), the melt shows large temporal and spatial variationsathi is no understanding of the level of chemical equilibration
are not observed when the same velocity is assumed at trebott between eclogite and peridotite in the mantle nor the physical
side (active ow). distribution of the two assemblagesione et al., 2016 Only
The travel time, ux and composition of the melt at the a combination of specic experimental studies to determine
extraction point (top side of the model) depend on variousthe kinetics of the chemical equilibration in combinatioritiv
mantle conditions such as the bottom temperature, imposedarge scale geodynamic modeling could provide at least some
upwelling velocity of the solid (either on the top or bottonas), information on this issue. Unfortunately for various reasons
and rheological properties. it seems that this type of study will not materialize anytime
Even though the DEM and DFM models allow us to exploresoon.
the evolution of mantle melting in time and space, they can Regardless of the above considerations, the DEM and DFM
still be considered simplied representations of the meltingmodels can be used to try to interpret real petrological data.
process. Some of the limitations have been outlined earltee. T However for a petrologist using geochemical data a dynamic-
thermodynamic model carries its own limitations which werethermodynamic model may not always be an absolute necessity
extensively investigated in a series of studigsschmann et A thermodynamic study using for example alphaMELTS
al., 1998, 1999a,b; Asimow et al., 20addressing the earlier should be sucient to gain some general idea about the
version of the melt modelGhiorso and Sacks, 1999 he newer temperature/pressure and composition of the source at the
version used in this study and in MF1 was better calibratedeginning of a melting process when it is driven by mantle
for melting of mantle rocks (pMELTS, Ghiorso et al., 2002)upwelling. This is quite reasonable in particular if the “ttue
nevertheless some discrepancies with experimental data couhelting process can be related to the DEM model. In this case
not have been avoided (e.g., error on tkigO content in melt  often (but not always) the dynamic evolution does not a ect
is 1-4%). signi cantly the composition of the melt at the top of the méaat
One point that perhaps deserve a further consideration is theolumn which depends essentially on the initial conditions of
composition of the solid mantle source. There is a lot of debatthe mantle. Any further interpretation that involves tempbra
regarding the presence of an eclogitic or component contiitgut and spatial variations of melt abundance and composition
to the mantle melt products (e.glto and Mahoney, 2005a,b; would require some model similar to the one in this study
Strake and Bourdon, 2009; Brown and Lesher, 2014; Shortjovided that the petrological/thermodynamic description is
et al., 2014; Lambart et al., 2016 has clear repercussions su ciently accurate. In terms of the procedure that should
on our understanding of the petrology of the deep Earthbe followed, there is no easy shortcut or simple formula/tool
Interior (e.g.,Allegre and Turcotte, 1986; Hauri, 1996; Sobolethat can be applied for the task. A possible course of action
et al., 2005; Barker et al., 2014; Elkins et al., ROBfom a could be the following. If the petrological data consist only
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of melt composition on lavas or intrusive components, thenAUTHOR CONTRIBUTIONS

plots similar toFigures 8 9 could be used with the available
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point is located at 15km depth (5 kbar), it may be necessargpPproved it for publication.
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then other plots showing variations of the certain propertigghw The editor (Paterno Castillo) was instrumental in assistihg t

depth may turn to be useful for a direct comparison. Whenauthor during the review process of this and the previous study

few of the chemical or mineralogical components do not matcHMF1). The comments and advice from two reviewers were

the real data then it may be necessary to revise the startir@featly appreciated, they signi cantly helped to improve the

mantle composition chosen in this and the previous study, andlarity of the manuscript. Thanks to Jan Sessing for devetppin

new numerical simulations would be needed. Petrologics da the preliminary version of the program used in this study

alone may not be sucient to put a rm constraint on the for a petrology project while pursuing his MS degree at the

temporal and dynamic nature of the melting process and mord&uhr-Universitat Bochum, Institut fir Geologie, Mineralogie

information should be included in the study. Geophysicalajat und Geophysik. Part of the manuscript was prepared at the

for example seismic, gravimetric, electrical conductivitguld ~Department of Mathematics and Geosciences, University of

be helpful to constrain the variation of the melt distributio Trieste, Italy. Tina's support thorough all this journey witbt be

and/or the variation of the thermal state with depth. For thisforgotten.

reason it would be easier to apply the DEM or DFM models

to present day or recent magmatic events. Geochronologic@ UPPLEMENTARY MATERIAL

data could also provide support to bracket the temporal window
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mantle.

REFERENCES

Abily, B., and Ceuleneer, G. (2013). The dunitic mantle-crustdition zone in the
Oman ophiolite: residue of melt-rock interaction, cumulates from higgO
melts, or both®Geologyl, 67-70. doi: 10.1130/G33351.1

Allegre, C. J., and Turcotte, D. L. (1986). Implications of a twowonent
marble-cake mantléNature323, 123—-127. doi: 10.1038/323123a0

Asimow, P. D. (2002). Steady state mantle-melt interaction in oneedsion:
Il. Thermal interactions and irreversible termd. Petrol.43, 1707-1724.
doi: 10.1093/petrology/43.9.1707

Asimow, P. D., Hirschmann, M. M., and Stolper, E. M. (2001). Cal@naof

peridotite partial melting from thermodynamic models of minerals and melts:

max-front2/3745487

Brown, E. L., and Lesher, C. E. (2014). North Atlantic magmatismtrotied
by temperature, mantle composition and buoyanisiat. Geosci7, 820-824.
doi: 10.1038/nge02264

Carr, M. J., and Gazel, E. (2017). Igpet software for modeling ighpoocesses:
examples of application using the open educational verdiiner. Petrol.11,
283-289. doi: 10.1007/s00710-016-0473-z

Elkins, L. J., Scott, S. R., Sims, K. W. W, Rivers, E. R., Dév#y,, Reagan, M.
K., et al. (2016) Exploring the role of mantle eclogite at mid-ocean scgel
hotspots: U-series constraints on Jan Mayen Island and the KabgiRidge.
Chem. Geo#44, 128-140. doi: 10.1016/j.chemge0.2016.09.035

Ghiorso, M. S. (1985). Chemical mass transfer in magmatic procdsses
thermodynamic relations and numerical algorithn@ontrib. Mineral. Petrol.

IV. Adiabatic decompression and the composition and mean properties of 90, 107-120. doi: 10.1007/BF00378254
mid-ocean ridge basaltsl. Petrol.42, 963-998. doi: 10.1093/petrology/42. Ghiorso, M. S., and Sack, R. O. (1995). Chemical mass transferagmatic

5.963

Asimow, P. D., and Stolper, E. M. (1999). Steady-state mantle-ntelactions
in one dimension: I. Equilibrium transport and melt focusing. Petrol 40,
475-494. doi: 10.1093/petroj/40.3.475

processes IV. a revised and internally consistent thermodynamic niodisle
interpolation and extrapolation of liquid-solid equilibria in magmasygstems
at elevated temperatures and pressu@sstrib. Mineral. Petrol119, 197-212.
doi: 10.1007/BF00307281

Barker, A. K., Holm, P. M., and Troll, V. R. (2014). The role of eclogite inGhiorso, M. S., Hirschmann, M. M., Reiners, P. W., and Kress, \I1132002).

the mantle heterogeneity at Cape Ver@ontrib. Mineral. Petrol168, 1052.
doi: 10.1007/s00410-014-1052-0

Bercovici, D., and Ricard, Y. (2003). Energetics of a two-@hawdel of
lithospheric damage, shear localization and plate boundary formaBenphys.
J.Int.152, 581-596. doi: 10.1046/].1365-246X.2003.01854.x

Bercovici, D., Ricard, Y., and Schubert, G. (2001). A two-phaselel for

compaction and damage, part 1: general thedrgeophys. R&66, 8887-8906.

doi: 10.1029/2000JB900430

Brown, E. L., and Lesher, C. E. (2016). REEBOX PRO: a forward isiaudhting
melting of thermally and lithologically variable upwelling mant@eochem.
Geophys. Geosyst,, 3929-3968. doi: 10.1002/2016GC006579

The pMELTS: a revision of MELTS for improved calculation of phase cglati
and major element partitioning related to partial melting of the mantle to 3
GPa.Geochem. Geophys. Gedsy€30. doi: 10.1029/2001GC000217

Ghods, A., and Arkani-Hamed, J. (2000). Melt migration beneath-oudan
ridges.Geophys. J. Int40, 687-697. doi: 10.1046/j.1365-246X.2000.00032.x

Godard, M., Jousselin, D., and Bodinier, J. L. (2000). Rektips between
geochemistry and structure beneath a palaeo-spreading centre:yacdttite
mantle section in the Oman ophiolité&earth Planet. Sci. LetL.80, 133—-148.
doi: 10.1016/S0012-821X(00)00149-7

Hauri, E. H. (1996). Major-element variability in the Hawaiian mianplume.
Nature382, 415-419. doi: 10.1038/382415a0

Frontiers in Earth Science | www.frontiersin.org 18

March 2018 | Volume 6 | Article 18



Tirone

Petrological Geodynamics of Mantle Melting I

Herzberg, C., and Asimow, P. D. (2008). Petrology of some ocedaniclibasalts:
PRIMELT2.xls software for primary magma calculati@@eochem. Geophys.
GeosysB:Q09001. doi: 10.1029/2008GC002057

Hewitt, I. J. (2010). Modelling melting rates in upwelling manHerth Planet. Sci.
Lett.300, 264—274. doi: 10.1016/j.epsl.2010.10.010

Hewitt, I. J., and Fowler, A. C. (2008). Partial melting in an upwglimantle
column.Proc. Roy. Soc.464, 2467-2491. doi: 10.1098/rspa.2008.0045

Hirschmann, M. M., Asimow, P. D., Ghiorso, M. S., and Stolper E. M90a).
Calculation of peridotite partial melting from thermodynamic models of
minerals and melts. Ill. Controls on isobaric melt production and the ¢ et
water on melt productionJ. Petrol40, 831-851. doi: 10.1093/petroj/40.5.831

Hirschmann, M. M., Ghiorso, M. S., and Stolper E. M. (1999b). Gatmn of
peridotite partial melting from thermodynamic models of minerals and melts
1. Isobaric variations in melts near the solidus and owing to algasource
compositionJ. Petrol40, 297-313. doi: 10.1093/petroj/40.2.297

Hirschmann, M. M., Ghiorso, M. S., Asimow, P. D., Wasylenki, |.agd Stolper,
E. M. (1998). Calculation of peridotite partial melting from thermodymia

Rudge, J. F., Bercovici, D., and Spiegelman, M. (2011). Digegun melting
of a two phase multicomponent mantléGeophys. J. Intl84, 699-718.
doi: 10.1111/j.1365-246X.2010.04870.x

Schmeling, H. (2000). “Partial melting and melt segregation in a ading
mantle,” in Physics and Chemistry of Partially Molten Rpckds N.
Bagdassarov, D. Laporte, and A. B. Thompson (Dordrecht: Kluwer),
141-178.

Scott, D. R., and Stevenson, D. J. (1986). Magma ascent by powous Geophys.
Res91, 9283-9296. doi: 10.1029/JB091iB09p09283

Scott, D. R., and Stevenson, D. J. (1984). Magma soli@esphys Res. Létl,
1161-1164. doi: 10.1029/GL011i011p01161

Shorttle, ©O., Maclennan, J., and Lambart, S.

(2014). Quantifying

. lithological variability in the mantle Earth Planet. Sci. Let895, 24-40.

doi: 10.1016/j.epsl.2014.03.040

Smith, P. M., and Asimow, P. D. (2005). Adiabat_1ph: a new publictfemd
to the MELTS, pMELTS, and pHMELTS mode&eochem. Geophys. Geosyst
6:Q02004. doi: 10.1029/2004GC000816

models of minerals and melts. |. Review of methods and comparison witt8obolev, A. V., Hofmann, A. W., Sobolev, S. V., and Nikogosidf, (2005). An

experimentsJ. Petrol39, 1091-1115. doi: 10.1093/petroj/39.6.1091

Hole, M. J. (2015). The generation of continental
decompression melting of internally heated mant@eology43, 311-314.
doi: 10.1130/G36442.1

Katz, R. F. (2008). Magma dynamics with the enthalpy method: beadh
solutions and magmatic focusing at mid-ocean ridge®etrol49, 2099-2121.
doi: 10.1093/petrology/egn058

Kelemen, P. B., Shimizu, N., and Salters, V. J. M. (1995). Extnaofi mid-
ocean-ridge basalt from the upwelling mantle by focused ow of melt initi
channelsNature375, 747—-753. doi: 10.1038/375747a0

Ito, G., and Mahoney, J. (2005a). Flow and melting of a heteragenmantle: 1.
Importance to the geochemistry of ocean island and mid-ocean ridgaltsa
Earth Planet. Sci. Le®30, 29-46. doi: 10.1016/j.epsl.2004.10.035

Ito, G., and Mahoney, J. (2005b). Flow and melting of a heteragenenantle:
2. Implications for a non-layered mantl&arth Planet. Sci. Let230, 47-63.
doi: 10.1016/j.epsl.2004.10.034

Lambart, S., Baker, M. B., and Stolper, E. M. (2016). The role of pyitexa basalt
genesis: melt-PX, a melting parameterization for mantle pyroxeniteseestw
0.9 and 5?GPd. Geophys. R421, 5708-5735. doi: 10.1002/2015JB012762

Langmuir, C. H., Klein, E. M., and Plank, T. (1992). “Petrologigatematics
ofMid-ocean ridge basalts: constraints on melt generation béneaean
ridges,” inMantle Flow and Melt Generation at Mid-Ocean Rig@=ophysical

olivine-free mantle source of Hawaiian shield basd\ature 434, 590-597.

ood basalts by doi: 10.1038/nature03411

Suhr, G., (1999). Melt migration under oceanic ridges: infererfoem reactive
transport modelling of upper mantle hosted dunites. Petrol40, 575-599.
doi: 10.1093/petroj/40.4.575

Spiegelman, M. (1993). Flow in deformable porous media. Part 1. Simpleianalys
J. Fluid Mech247, 17-38. doi: 10.1017/S0022112093000369

Sramek, O., Ricard, Y., and Bercovici, D. (2007). Simultaneousnmeind
compaction in deformable two-phase medi@eophys. J. IntL68, 964-982.
doi: 10.1111/j.1365-246X.2006.03269.x

Stracke, A., and Bourdon, B. (2009). The importance of melt extmactio
for tracing mantle heterogeneityGeochim. Cosmochim. Ac#8, 218-238.
doi: 10.1016/j.gca.2008.10.015

Tirone, M., and Sessing, J. (2017). Petrological geodynamicsnanftle
melting |. AlphaMELTS C multiphase ow: Dynamic equilibrium
melting, method and resultszront. Earth Sci5:81. doi: 10.3389/feart.2017.
00081

Tirone, M. (2016). On the thermal gradient in the earth's deepriote Solid Earth
7,229-238. doi: 10.5194/se-7-229-2016

Tirone, M., Rokitta, K., and Schreiber, U. (2016). Thermochronicilgevolution
of intra-plate magmatic crystallization inferred from an integrated modg
approach: a case study in the Westerwald, Germaithos 260, 178-190.

Monograph 71, eds J. P. Morgan, D. K. Blackman, and J. M. Sinton doi: 10.1016/j.lithos.2016.05.008

(Washington, DC: American Geophysical Union), 183-280.

McKenzie, D. (1984). The generation and compaction of partially maieek. J.
Petrol.25, 713-765. doi: 10.1093/petrology/25.3.713

Morgan, Z., Liang, Y., and Kelemen, P. (2008). Signi cancéefconcentration
gradients associated with dunite bodies in the Josephine andyfophiolites.
Geochem. Geophys. Geo8y&07025. doi: 10.1029/2008GC001954

Muntener O., and Piccardo, G. B. (2003). Melt migration in opbhiolit
peridotites: the message from Alpine-Apennine peridotites and imptioat
for embryonic ocean basingGeol. Soc. London Spec. P8, 69-89.
doi: 10.1144/GSL.SP.2003.218.01.05

Oliveira, B., Afonso, J. C., Zlotnik, S., and Diez, P. (2018)néhical modelling of
multiphase multicomponent reactive transport in the Earth's inter®eophys.
J. Int.212, 345-388. doi: 10.1093/gji/lggx399

Rey, P. F. (2015). The geodynamics of mantle meltdgology43, 367—368.
doi: 10.1130/focus042015.1

Richardson, C. N. (1998). Melt ow in a variable viscosity mateophys. Res.
Lett.25, 1099-1102. doi: 10.1029/98GL50565

Tirone, M., Buhre, S., Schmiick, H., and Faak, K. (2015). Chenatatdgeneities
in the mantle: the equilibrium thermodynamic approadtithos244, 140-150.
doi: 10.1016/).lithos.2015.11.032

Tirone, M., Sen, G., Morgan, G. P. (2012). Petrological geadima
modeling of mid-ocean ridgesPhys. Earth Planet. In190-191, 51-70.
doi: 10.1016/j.pepi.2011.10.008

Conict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or nancial relatips that could
be construed as a potential con ict of interest.

Copyright © 2018 Tirone. This is an open-access article disttibnder the terms
of the Creative Commons Attribution License (CC BY). Thedisteibution or
reproduction in other forums is permitted, provided theimalgauthor(s) and the
copyright owner are credited and that the original pubbeat this journal is cited,
in accordance with accepted academic practice. No usbudiish or reproduction
is permitted which does not comply with these terms.

Frontiers in Earth Science | www.frontiersin.org 19

March 2018 | Volume 6 | Article 18



