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Executive Editor,

Solid Earth

This letter complements the resubmission of the manuscript ”Chemical
Heterogeneities in the Mantle: Progress Towards a General Quantitative
Description” by M. Tirone.

Taking into consideration the comments of the two reviewers, the manuscript
has been extensively revised to make it more clear and understandable. The
text has been also polished quite a bit.

Perhaps the major change involved the presentation of the constraints
to determine the equilibrium composition in the two sub-systems once the
two lithologies are put together and they have reached thermodynamic equi-
librium as a whole. In particular a clear distinction is made between the
relations that are generally valid and the constraints based on certain as-
sumptions.

Both reviews asked for some comparison of the model results with field
observations or experimental data. Experimental data are not available for
the type of system considered in this study. I agree that field observations
are necessary to validate the model, however as mentioned in the replies to
the reviewers, it would not make much sense at this point to relate the results
with real data since some experiments are absolutely necessary before moving
forward. I think I also made quite clear in the replies why such experiments
were not performed earlier.

The most difficult part of the revision was to strike a balance between the
reviewers’ comments or requests for clarification and the primary relevance
of these issues in relation to the manuscript.

For example the fact that negative mineral components may arise from the
thermodynamic computation, even though the mass of the oxides of them
mineral is always positive, is something that was not developed in this study
but it is part of the design of the thermodynamic model by Ghiorso (see
for example: Ghiorso and Carmichael, A Regular Solution Model for Met-



Aluminous Silicate Liquids: Applications to Geothermometry, Immiscibility,
and the Source Regions of Basic Magmas, CMP, 71, 323-342, 1980; Ghiorso,
A globally convergent saturation state algorithm applicable to thermody-
namic systems with a stable or metastable omni-component phase, GCA,
103, 295-300, 2013).

Similarly the fact that the chemical equilibrium computations involve the
solution of a constrained Gibbs free energy minimization problem is some-
thing that is not specific to this study, there are few textbooks discussing
this topic (Van Zeggeren & Storey, The computation of chemical equilib-
rium; Smith and Missen, Chemical reaction equilibrium analysis; Sandler,
Chemical and engineering thermodynamics). I have also developed several
computer programs based on these principles which are completely unrelated
to this study.

In the end these questions and comments were addressed in the replies to the
reviewers but were only mildly addressed in the manuscript, mainly adding
references to the relevant studies or books dealing with these topics. Need-
less to say that I am always available to provide clarifications outside the
manuscript domain.

This submission includes:

e file G-KINB4.PDF revised manuscript including the supplementary
material section

e file G-KINB4.DIF.PDF highlights all the changes made on the revised
version of the manuscript
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Chemical Heterogeneitiesin the Mantle: Progress Towardsa
General Quantitative Description (revised)

Massimiliano Tironé
INo affiliation
Correspondence: M. Tirone (max.tirone@gmail.com)

Abstract. Chemical equilibration between two different assemblagesidotite-type and gabbro/eclogite-typs)variable

ritial-sizeassumingew-differentinitial-compesitienshas been determined usiagrtainbasicthermodynamigrinciplesand
certainconstraintandassumptionsegardingnass and reactiorsnstraintsindthermodynamigrincipleexchange
FhrepatternthatemergesuggestshatWhenthe whole system(definedby the sum of the two sub-systemsis in chemical

equilibrium the two assemblagewill not be homogenizedut they will preservedistinctive chemicaland mineralogical
differencesFurthermorethe mass transfer between the two sub-systems defines twoqgtral assemblages that separately

aremaintainedalsoin local thermodynamic equilibrium. In addition, when twssamblages previously equilibratediether

asawholein a certaininitial mass ratio areearrangetheld togetherassuming a differeniiti igproportion no mass
transfer occurs and the two sub-systems remain unmodified.

By modeling the chemical equilibration results of seveyatsmsof variableinitial sizeanddifferentinitial compositionit is
possible to provide a quantitative framework to determireechemical and petrological evolution of two assemblagms f
an initial state, in which the two are separately in chemgcplilibrium, to a state of equilibration of the whole systeamof
thetwe-sub-systems)Assuming that the local Gibbs energy variation followsrage diffusieneeupleconduction/diffusion
model, a complete petrological description of the two systean be determined over time and space. Since there aréano da
to constrain the kinetic of the processes involved, the taad@and spatial scale is arbitrary. Nevertheless asteBemodel
shows how chemical equilibration is controlled by the sikthe two sub-system#sBy increasinghe initial size of the first
assemblage (peridotite-likefreasesthe-, the compositionadifferences between the initial and the final equilibratede
beecomedecomesmaller, while on thesppesiteside thedifferenceinereaseseclogite-typeside the differencestendto be
larger.A simplified 2-D dynamic model in whickitherone of the two sub-systems is allowed to move with a presdrilee
locity, shows that after an initial transient state, the mgwsub-system tends to preserve its original compositedimdd at the

entryinflux side. Thesthercompositiorof thestaticsub-system insteas

theprogressivelyivergedrom thecompositiondefiningthestarting assemblage. Thesultsappeato-bethesamevaryingthe

initial-propertionobservatiorappeargo be consistenfor variousinitial proportionsof the two assemblages, which simplify
somehow the development of potential tools for predictireyadhemical equilibration process from real data and geaaiyn

applications.
Four animatiensand-datasetsanimationfiles andthe datafiles of three 1-D and two 2-D numerical models are available
following the instructions in the supplementary material.
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Copyright statement.

1 Introduction

Our understanding of the Earth and planetary interiorssetan the underlying assumption that thermodynamic dujiwiin
is effectively achievednacertainlevel, which means that the system under consideration is in thlgmechanical and chem-
ical equilibriumenacertainwithin acertainspatialandtemporaldomain. Although this may appeathesreticabbservatioto
bejustaformaldefinition it affects the significance of geophysical, petrological geochemical interpretations of the E&th
Interior. While the assumption of thermodynamic equiliioniis not necessarily incorrect, the major uncertaintyesampeoral
andspatialseatesizeof thedomainon which the assumption is expected to be valid.

The Earth's-andplanetaryinterior as a whole could be defined to be in mechanical dayiiln when the effect of the grav-
itational field is compensated, within a close limit, by agsure gradient (for simplicity variations of viscous facre
neglected). Eveif-this-conditioncould-beverifiedwhenthis is effectively the internal state(one examplecould be perhaps

theinterior of Mars), thermodynamic equilibrium most likely is not achieved dase it requires alsehemicalequitibration(a

definitionisprevidedfurtherbelovwsandthermal equilibriumite. uniform temperatureggndchemicakequilibrium(for possible definitiol

On a smaller scale instead, local thermodynamic equilibriould be a reasonable approximatiefeastinprineiple. If the
system is small enough, the effect of the gravitational fieldegligible and a condition close to mechanical equilibriis
achieved by the near balance between the gravitationas fand pressure (locally both density and pressure are igéct
eonstartniformand viscous forces are neglected for simplicity). Cleapgdect balance will lead to static equilibriukihite

On the otherenddynamicequilibrium makesharder
for chemical and thermal equilibriushenceit-istesenabldo be maintainedIn studiesof planetarysolid bodiesit is often

reasonabléo assume a quasi-static conditi@m which the forces balance is close but not exactly zefd-this-, At asmaller
scale it is then easier to consider that the temperatureos’darlyeensfcam The main uncertamty remains the chemi-
cal equilibrium conditio i it i Hibri i

planetary scalegefiningwhetherthe size of system under investigatisrdefinedto be on the order of hundreds of meters or
few kilometergit has little effect on the variation of the gravity force andiost casesf-on the temperature gradient. But

chemicalexchanges,
the differencecould lead to a significardeparturdrom-theequilibriumeenditiorvariation of the extentof the equilibration
ms?hemmreasem&mam—rsgeﬂefﬂwﬂdem{ee&k%or the Earth’s mantle&eheameﬁﬁhe{emgﬂ%eeu&haks
in_particularthis is

casebecauset is eneraII consideredo be chemicallyheterogeneoud:he topic has been debated for some time (Kellogg,
1992; Poirier, 2000; Schubert et al., 2001; van Keken eR8I02; Helffrich, 2006) and large scale geodynamic models to

study chemical heterogeneities in the Earth’s mantle haea befined over the years (Gurnis and Davies, 1986; Ricaxld, et

......... mhara
\/ AA
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1993; Christensen and Hofmann, 1994; Walzer and HendeB; 1R&kley and Xie, 2002; Zhong, 2006; Huang and Davies,
2007; Brandenburg et al., 2008; Li and al., 2014; Ballmel.e£815, 2017). Geochemical (van Keken and Ballentine 8199
van Keken et al., 2002; Kogiso et al., 2004; Blusztajn et24l1,4; Iwvamori and Nakamura, 2014; Mundl et al., 2017) and geo
physical (van der Hilst et al., 1997; Trampert et al., 200dmmasi and Vauchez, 2015; Zhao et al., 2015; Tesoniero, et al.
2016) data essentially support the idea that the mantldajevand preserves chemically heterogeneities througkaini's
history. Even though all the interpretations of the maritlecsure are based on the assumption of local thermodynamguic
librium, the scale of chemical equilibration has never beseestigated in much detail. An early study (Hofmann andtHar
1978) suggested that chemical equilibrium cannot be aeHiever a geological time, even for relatively small syst¢kile-
meter scalejThepersistencetanheterogeneoumantie, hencet mustpreservehemicaheterogeneitiesn the samescale.
Theconclusionwas inferred based on volume diffusion data of Sr in olivin@@0OC. At that time the assessment was very
reasonable, albeit the generalization was perhaps animyaification of a complex multiphase multicomponent pieil
At-any+atdn any case significant progress in the experimental methodology tpuae kinetic data and better understand-
ing of the mechanisms involved suggest that the above csiodishould be at least reconsideredthepastBasedon the
aforementionedtudy,the only mechanism that was assumed to have some influen@etiailp homogenizing the mantle was
mechanical thinning/mixing by viscous deformation (Kglipand Turcotte, 1987). In addition very limited experinatiata

on specific chemical reactions relevant to mantle mineRigie and Ross Il, 1994; Milke et al., 2007; Ozawa et al., 2009
Gardés et al., 2011; Nishi et al., 2011; Dobson and Marid@ii42came short to set the groundwork for a genetatpretation
re-interpretatiorof chemical heterogeneities in the mantle.

bimineralicsinglelayermadeof amixtureof enstatiteandforsteritecrystals Howeverexperimentastudiege.

showninsteadheformationof two separatenonomineralidayers,onemadeof policrystallineenstatiteandtheotheronemade

of forsterite.

In summarytherearestill unanswereduestiongegardinghe chemicalevolutionof the Earth’'smantle for example at what

spatial and temporal scale we can reasonably assume thatodogeal system is at least close to chemical equilibfflum

Hoew-andhow does it evolve?An

petrologicallyandmineralogicall

This study expands a previous contribution that aimed teigeoan initial procedure to determine the chemical equalion
between two lithologies (Tirone et al., 2015). The probleaswexemplified in a illustration (figure 1 in Tirone et al. (3)1
FheBecauseertainassumptionseedto be made the heuristic solution, further developed here, is perhapstig®rous than
other approaches based on diffusion kinetics that wereeagpphainly for contact metamorphism problems (Fisher, 1973
Joesten, 1977; Nishiyama, 1983; Markl et al., 1998). Howéwve advantage is that it is relatively easy to generalind, it

. Gardés et al., 2011) h



10

15

20

25

30

leads towards a possible integration with large scale geaahyc numerical models while still allowing for a companisaith

real petrological datat the sametime it shouldbe clearthatto validatethis modelapproactandto coinstrainthe extentof
thepreviousstudy.

The following section (section 2) outlines the revised pihare to determine the two petrological assemblages farmain
gether a system in chemical equilibriusis-will-bediseussedn-therestefthisstudy;the Therevision involves the method

used toperfermthe-Gibbsminimizatiordeterminethe compositionof the two assemblagewhenthey arein equilibrium
together the database of the thermodynamic properties involvedif@adumber of oxides considered in the bulk composi-

tion. In addition since the solids are non-ideal solid miggi(in the previous study all mixtures were ideal), the doam
eguilbrationequilibrationrequires that the chemical potential of the same comporierite two assemblages must be the

same(Prigogine and Defay, 1954; Denbigh, 197The method is still semi-general in the sense that a sirap@roach can
be used for different initial lithologies with different ogpositions, however some assumptions and certain spesstications

should beapptiedie-theprecedurmodifieddependingn the problem Theideatsimplified system discussed in the following
sections assumes on one side a peridotite-like assemlalage, gabbro/eclogite on the other side. Both are considgsrad
fixed pressure and temperature (40 kbar and 1@p&ndtheir compositionis definedby nine oxides The general idea is to
conceptually describe the proxy for a generic section ohthatle and a portion of a subducting slab. A more generalsehe
that allows for variations of the pressure and temperatwalsd be considered in future studies. The results of théibration
method applied to 43 different systems are presented ifose2tl. The parameterization of the relevant informatloat tan

be used for various applications is discussed in sectionS&etion 3 presents the first application of a 1-D numericadeh
applied to pairs of assemblages in variable initial propog to determine the evolution over time towards a stategaflie
bration for the whole system. The following section (set#y illustrates the results of few simple 2-D dynamic modieé
assume chemical and mass exchange when one side movesstribgabvelocity while the other side remains fixed in space.
All the necessary thermodynamic computations are perfdimihis study with the program AlphaMELTS (Smith and Asimow
2005), which is based on the thermodynamic modelization libfSo and Sack (1995); Ghiorso et al. (2002) for the melt
phase, the mixture properties of the solid and certain eatiber solids. The thermodynamic properties of most of tlie en
member solid phases are derived from an earlier work (Ber#88). Even though melt is not present at the (P, T,X) caomst
considered in this study, and other thermodynamic modelalao available (Saxena, 1996; Stixrude and Lithgow-HBertie
2005; Piazzoni et al., 2007; de Capitani and Petrakaki€);28dlland and Powell, 2011; Duesterhoeft and de Capit@1i3p,
AlphaMELT Sdemenstratetiasbeenprovento be a versatile tool to illustrate the method describetii;work. It also allows
for a seamless transition to potential future investigetion which it would be possible to study the melt productsvas t

equilibrated, or partially equilibrat i ssemblageshenthe P, T)-cenditionsconditionsarevaried
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2 Modeling Chemical Equilibration Between Two Assemblages

This section describes in some details the procedure tordigte the transformations of two assemblages after thepurin
contact and the system as a whole reaches a condition of calkesgiuilibrium. The bulk composition is described by nixe o
ides (Si02, T'iO2, Al3O3, FesOs, Cra0O3, FeO, M gO, CaO, NaxO wt%). Pressure and temperature are defined at the begin-
ning of the process and they are kept constant. Water (thlymamnic phase) is not considered simply because the nyodsiili

fluid phasgor melt)cannot be easily quantified and incorporated in the modeedindependent equilibriuaemputationsre

performedby-minimizingassemblageareretrievedusingAlphaMELTS. Thesearestandardequilibriumcomputationsvhich
consistbof solvingaconstrainedninimizationof the Gibbs free energysi van Zeggeren and Storey, 1970; Ghiorso

The first two equilibrations involve the bulk compositiorfsioe two assemblages separately. The third one is perfoased
suming a weighted average of the bulk composition of the tsgemblages in a predefined proportion, for example 1:1,r5:1 0
100:1, also expressed as f:1 where f=1,5,100 (peridotisdbgp/eclogite). This third computation applies to a whsylstem

in which the two assemblages are now considered sub-sysiémwariable proportion essentially allows to put inciegly
larger portions of the sub-system mantle in contact withsthle-system gabbro/eclogite using the factato indicate the
relative “size” or mass of material involved. By using AIDMBELTS the mineralogical abundance and composition in moles
is retrieved from the filpphase_nmai n_t bl . t xt , while the chemical potential for each mineral componerthi solid
mixture is retrieved from the thermodynamic output file {optl5 in the AlphaMELTS program). Knowing all the minerals
components involved, an independent set of chemical mwactian be easily found (Smith and Missen, 1991). For thdgmob

in hand, the list of minerals and abbreviations are repdri¢able 1, and the set of independent reactions are list&bie 2.
Given the above information, the next step is to determiaédtiik composition and the mineralogical assemblages dfxbe
sub-systems after they have been put together and eqtidibi@f the whole system has been reached. Forghislibration
proecedurgroblemthe initial amount of moles of mineral componentsin the two assemblages is allowed to vatyrn),

provided that certain constraints are nigie setof constraint€anbebroadlydefinedin two categoriesT hefirst groupconsist
of relationsthatarebasedon generaimass chemicalor thermodynamigrinciples.The secondsetof constraintsarebasedon

certainreasonablassumptionshatwill needto beverifiedby futureexperimentastudies.
The first and most straightforward set of constraints rexguinat the sum of the moles in the two assemblages shouldibé eq

to the moles of the whole system:

f[ni(Ao) + An;(A)] + [n:(Bo) + Any(B)] — (f + Dni(W)
(f + ni(W)

wheren,;(Ay) represents the initial number of moles of the mineral conapbin the first assemblage (A) in equilibrium

=0 1)

before it is put in contact with the second assemblage (B)nlar definition applies ta;(By). An;(A) andAn;(B) are
the variations of the number of moles after the two asseneSlage held together amd(W) is the number of moles of the
component in the whole assemblage{ B). The size of the whole assemblage is defined byl wheref refers to the size
of the first assemblage.

Another set of constraints imposes the condition of locahsttal equilibriuntikendepudi-ana-Prigegine199@rigogine and Defay,
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requiring that the chemical potentials of the mineral congrds in the two sub-systems cannot differ from the chenpioal

tentials found from théhermodyramicemputatiorn-equilibriumcomputatiorfor the whole assemblagéi{):

pi(A) — (W) ? pi(B) — pi(W)
i (W) pi(W)

where;(A) is the chemical potential of the mineral component in themésageA whose number of moles is;(A) =

2

+ =0 (2)

n;(Ap) + An;(A), and similarly for the second assembldge

nother constraintis given
by the sum of the Gibbs free energyof the two sub-systems—Fhelasteelumnshewstheresulisferthe-whelesystem

applieablethatshouldbe equalto thetotal Gibbsfree energyof thewhole system:

<fG(A) +G(B)— (f+ 1>G<W>)2 0 @)
(f+1HGW)
whereG(A) =>" . n,;(A)u;(A) andsimilar expressiorfor B andWV,

The list of reactions in table 2 allows to define a new set ofagiqns which relates the extent of the reactiprwith the

changes of the moles of the mineral components (Prigogid®aifay, 1954; Kondepudi and Prigogine, 1998). Consider for

example the garnet component almandine (Alm) which apgeaesaction (T-1), (T-3), (T-10), (T-12), (T-13), (T-14)-L5)
and (T-16), the following relation can be established:

FAN A (A) + Anaim(B)  +1&§r-1)  +1&r_3)+1&{r—10) + 1&{1-12) + 1 §(7-13) (4)
+1&r_14) +1&r-15—1&1-16)=0

where all the extent of the reactions are considered to benpiat new variables. However not necessarily all ¢heshould

be treated as unknownBerexample-frem-theThis canbe explainedby inspectingfor exampletable 3, which providesthe
input dataandthe resultsof the equilibrium modelingof on of the study casesjn particularthe onethatassumesn initial
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reactions in table 2 and the data in table 3, ¢hivepyrexencomponentn-En componenin orthopyroxeneppears only
in reaction T-2, and since no OEppeards presenton the B side, the mole change iA is-censideredo-canbe locked

(Anopn(A) = —0.0700777). Therefore o) €anbeis fixed to -0.0700777. The same is alsesumede-betrue ford ;)
uniquely coupled ta\norss(A), {7—4) coupled toAnoxa(A), {11y coupled to—-Anp ja(A), and als&r_17) fixed by
Ancoe(B).

orthe problemin handtheabovesetof relationsdoes
not allow to uniguelydefinethe change®of the molesof the mineralcomponentsn thetwo sub-systenibatsheuldbealse

(fG(A) +G(B) — (f +1)G(W) ) 0
(f +1GW)

t and a P otferB-Avaluefor-G{i4 adisd yprovidedby phaly

=3, , -
exchangeanbeimposedy comparingheequilibriummineralassemblagef thewholesystem(17) with theinitial equilibrium

for thewholeassemblag®/. Followingthisreasoninghechange# thetwo sub-systemeouldbesetas:An g, (A) = 0.0008090,
—0.0000555 andAn g, (A) = —0.0726300 andAn = 0. Inthisparticularcase
or proportionsor (T,P) conditions alternativeassemblagesay be formed,thereforedifferent conditionsmay apply, but the

Additional constraints based on further assumptions caimbpesed-Coensideringfor-examplegarnethieh-consideredFor
examplegarnetappears on both side, and By. The components pyrope (Prp) and grossular (Grs) congribaly to two

reactions, (T-1) and (T-12), and #Bthsboth cases the reactions involve only olivine components whiavetbeen fixed in
sub-systen, as previously discussed. The assumption that can be m#us the change of the moles of the garnet compo-

nents in sub-system® will be minimal because no olivine is available in this sylstenandeensideringhatgarnetisreadily
availablein=. Therefore the followingguatiercanberelationis applied:

_ (Anp(B)\°
o (32243)
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andasimitarrelationsimilar relationscan be also imposed to the other garnet componéhtsandGrs The same argument
can be applied to the cllnopyroxene and splnel componeotsax%lmple the spinel component hercynlte (Hc) appearsionly
reaction (T-13)w

componentgFa,ODi) located in sub-systems
thegarnetcomponenAlm which hasbeenalreadydefinedby the previousassumption

The overall procedure is implemented with the use of Miniginfes, 1994), a program that is capable of performing a min-

imization of multi-parameter functions. Convergence itaofed making several calls of the Simplex and Migrad minams
(James, 1994). The procedure is repeated with differetiglivalues for the parametersn;(A), An;(B) and¢, to confirm
that auniqueglobal minimum has been found.

2.1 Resultsof the Chemical Equilibrium Model Between Two Assemblages

This procedure described in the previous section has bg@iedpo 43 different cases, varying the proportion of the tub-
systems from 1:1 to 1000:1 and considering different, blatted, initial compositions. The initial bulk compositiand the
proportion factorf of the two sub-systems for all the 43 cases are includedableavailablein the supplementary material.
Fheresuitsfor-few-casesareshowntor few caseghe resultsof the proceduradiscussedn the previoussectionarereported

in tables 3-7. Table 3 was partially introduced earlier singvthe initial bulk composition of the two sub-systems (epp
portion of the table), the initial equilibrium assemblagesl the mole changes after the chemical equilibration ({qveet

of the table). The table also includes the bulk compositiothe two sub-systems after the chemical equilibration gudace

is completed (upper part, column 5 and 6). These bulk cortiposiare calculated from the mole abundance of the mineral
components shown in the lower part (columns 4 and 7). Thé motss of the sub-systems is reported as wédite that

negativeabundancef certainmineralcomponentss permissibleaccordingo thethermodynamicnodeldevelopedy Ghiorso
Ghiorso and Carmichael, 1980; Ghiorso, 201 astherelatedoxidesbulk abundancés greatethanzero.

In the example shown in table 3 there is a significant massfearfirom B to A{: mass{)=100, massd)=146.36--and
mass,)=100, mass8)=53.64. The table also includes the totalbb-Gibbsenergy for the sub-systems, before and after the

equilibration—Fhisis-agquantitythatwill-beeemeof the whole systemwhich are computedrom the outputof the program
AlphaMELTS after combiningthe molesof the componentandthe relativechemicalpotentials Thetotal Gibbsfree ener
is relevant for the parameterization discussed in the netiosedable 4 is a summary efdditionalresultsbaseesn-a further

analysis-Fhebulk compositieraimingto investigatewhetherthereis any patternin the compositionsf thetwo sub-systems.
Thebulk compositionsn the upper portion of the tablelf, Bx) is-areobtained by normalizing the oxides ihand B (upper
part, column 5 and €of table 3) to a total mass of 10BorexampleS:iO- in Ax in table4 (47.434)is 100x (Si05 in A)/(sumof
oxidesin A) from table3, whichis equalto 100x69.428/146.36/These bulk compositiorsrecanbe used for two new Gibbs
free energy minimizations, one for each of the weparatsub-systemdo retrieve theequilibrivmassemblagesrrespondent
eguilibrium assemblageseparately The interesting observation that can be mafi#lowing the summary in the lower part
of table 4, is that the abundance of the mineral componenisairess unmodified after scaling the results for the total mass
of the system. For example using the data from table 3, thpagotion relation:ng;, (A) : 146.347 = ng., (Ax) : 100 gives
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Naim (A%) = ngim (A) x 100/146.347 = 0.01453 x 0.6833 = 0.009928 which is remarkably close to the moles of almandine
found from the separate equilibration calculation rebitetable 4241,,, (Ax) = 0.0099353. In otherwordsthescalingfactor
Based on this observation, some equilibration models haga barried out considering at least one of the initial costijom
from a previous model (e.glx from a previous equilibration mode} input for a new modeHl or alternativelyB* = By),
while for the other sub-system the initial bulk composit@reninfrom table 3 isthesamesftheprevieusmedelsedagain

A special case is the one shown in table 5 in which héghand B, are taken from the equilibrated and normalized data of
the previous modeld« and Bx, reported in table 4. If the proportion in the new model remdhe same, 1:1, then clearly no
compositional changes are expected since the whole syst@neady in equilibrium. If the proportion is changed, feample

to 5:1 (f = 5), the bulk composition of the whole system is different frira bulk composition of the whole system with 1:1
proportion and the assemblages in the sub-systersub-systemsnay not remain unmodified after equilibration. However
this does not appear to be the case, as shown in table 5, whefel) and An;(B) are very smallPracticallytheresults
suggestd heresultsessentiallysuggesthat the moles of the mineral components remain unchanged.

A more general case with= 5 is presented in table 6. The model is essentially the samersimtable 3, but with proportion

of the two initial sub-systems set to 5:1. As expected thalte®f the equilibration process are different from theuttss
starting with an initial proportion 1:1 (table 3). For exampvith 1:1, g, (A4) = 0.01453, while with 5:1, 145, (A)/5 =
0.00737. The question is whether the observation made for the fiusliesti case with proportion 1:1 can be generalized. In
particular the observation that tisealedmineratmineralsabundance in the two sub- system&hes&meeb%&lﬂedfrom the
equmbra'uon procedure of the whole syst

s equivalento theonethatis obtainedrom two separatequilibration
W%rmwmme same conclusion can be made for
the model with 5:1 initial proportion (table Afensideringheexampledsedeartierof- Thenumberof molesof the almandine
componentis (nqim (A)/5) x 100/110.064 = 0.006698 (table 6) which can be compared with;,,, (A*) = 0.006695 {table

H—Fhe-ebservatiorfrom table 7. The similarity has been alseonfirmedobservedor all the other modelshathavebeen
stadiedwith f ranging from 1 to 1000.

2.2 Parameterization of the Equilibrium Model Resultsfor Applications

While interesting observations have been made about theradggical assemblages in the two sub-systems after chémic
equilibration, it is still unclear how this type of model che applied for studies on the chemical evolution of the neantl
Figure 1 summarizes the relevant data that allows to deterthie bulk composition and the mineralogical assemblagieein
two sub-systems after the chemical equilibration processinpleted.

The key quantity is the normalized Gibbs energy of the two-sygiems after they have been equilibratédAx) and
G(Bx){the, Thenormalized Gibbs energy for an unspecified sub-syggbther A« or Bx) is defined by the symbdaF(x))-

. The quantitycanbe computedrom the AlphaMELT S outputafter the Gibbsfree energyminimizationis appliedto Ax or
Bsx, orit canbesimply obtainedby scalingG(A) or G(B). Panel 1-A) shows the relation between the rétiol+)/G(Bx) and



10

15

20

25

30

G(B=x*) which will be used later to defin€(x) at the interface between the two assemblages. The datafigtine for the 43
models have been fitted using a Chebyshev polynomial (Ptess £997). By knowind= (x)atanypeinrtinthewhelesystem

it is possible to retrieve the abundance of all the oxidesdefithe bulk composition normalized to 100. An example g

in panels 1-B) and 1-C) which illustrate the data pointsf6yO in (Ax) and(Bx) in the 43 study models and thelated
fitting-fitting of the pointsusing Chebyshev polynomials.

The mass transfer between the two sub-systems can be ridatezltotal Gibbs free energy variation in each of the two-sub
systems(A) andG(B). The two relations are almost linear, as shown in panel I=@)practical applications, once a relation
is found betweertz and the normalized:(x), then the mass transfer can d#gpreximatelyquantified. Panel 1-E) of figure 1
shows the data points and thdateddatafitting with the Chebyshev polynomial of the functi6i{ B) [G(Bx) — G(By )] versus
[G(Bx*) — G(By)]. More details on the use of the fitting polynomial functions provided in the next section.

3 Application to the evolution of a 1-D Static Model with Variable Extension

The chemical and petrological evolution of two assemblagesbe investigated with a 1-D numerical model, assuming tha
the two sub-systems remain always in contact and they areaabtlizednobile The problemeanbedeseribecusingads
assumedo follow asimpleconductiondiffusion couple-type model for the local variation@f ) which can be expressed by
the following equation for each sub-system:
OG (%) _ 5 %G (%)

ot 0d,(x)?

whereS(x) is ascalingfactorand G (x) and.S(x) refers to eithe{A+-er-G{B+)}Ax or Bx. Timet, distancel,(x) and the

scaling factotS(x) have no specific units since we have no knowledge of the kinéthe processes involvet@ihereforeatAt

(6)

the moment these quantities are set according to arbitrary, (5(A*) and S(B*) are set to 1, while d, (Ax) andd, (Bx) vary
havedifferentvaluesdepending on the numericaledesimulation The numerical solution with grid spaciayl, («), uniform
on both sides, is obtained using the well-known Crank-Nightethod (Tannehill et al., 1997). At the interfgdefinedby the
symboli ) the polynomial of the function shown in panel 1-A) of figureslised together with the flux conservation equation:

0G (Ax)
9d(Ax)

OG(Bx)
0dg(Bx)

()

if if
to retrieveG(Ax);y andG(Bx),s assuming thab(Ax) = S(Bx). Theexternalboundaries defining the limitsof the whole
system(symboll) are assumed to be of closed-type or symmetric-type. Botblzieéned by the conditiof(Ax); = G(A%)p ., —1
andG(Bx); = G(Bx*), -1, Wheren 4 andn g are the total number of grid points on each side (excludiadgptundary points).
G(Ax); andG(Bx); define the outside boundary limits of the whole system regmsg either the closed-end of the system
or theeentralpointsef-middle point of two mirrored images.

To determine the mass transfer and how it affects the lenfgtheotwo sub-systems, the following steps are applied. The
polynomial of the relation shown in panel 1-E) of figure 1 iedisit the interface point to find(B);; (from the relation with
G(Bx);f —G(By)). Defining AG = [G(By) — G(B).s]/G(Bo), the length of sub-systet®8 at complete equilibrium would
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be D, .q(Bx) = D,(By) + D.(Bo)AG, whereD,(B) is the total length of the sub-system at the initial time. Bpatial
average of7(Bx), defined as+(Bx),, is-alsenreedecbutit-can be easily computedie-The quantity G(Bx),, _is neededn
thefollowing relationto find the current total length of the sub-system at a partiditeethefellewingrelationisapplied

G(B*)if — G(B*)ay

Dy, t(B*) = Da,eq(B*) — [Da,eq(B*) — Da(Bo)] G(Bx*)if — G(By)

(8)

The same change of length is applied wth opposite sign onttiez sub-system. The new dimensidis(Ax) andD,, ;(Bx)

define also neveguispatiabonstangrid step sizesA, (Ax) and A, (Bx). The final operatioprecessarjortheapplication
of-asimplenumericaldiseretizationjs to re-mesh the values 6f(x) at the previous time step onto the newiform spatial
grid.

of therelation between the change Gfand the change of the total masssshewn, which wasillustratedin panel 1-D) of
figure 1. Thefurtherassumptiorhereln the nextstepthe assumptioris that the change of mass (a6l is proportional to the
change of the total length of the sub-system.

To summarize the numerical procedure, at every time stepaimplete solution on both sides is obtained by solving égn#t
for G(Ax) andG(Bx) with the boundary conditions imposed for the limits of theolehsystem and preliminary values for the
interface points. Then the interface points are updatetgusie polynomial function and equation 7. The total lengtthen
rescaled to account for the mass transfer and the numeridasgipdated. This procedure is iterated until the vasiabetween
two iterations becomes negligible (typically convergeiscget by:| G (Ax)}' — G(A%)7*|+|G(B)f! — G(Bx)7| < le—4,
where the labels # 1 and # 2 refer to two iterative steps).

Once convergence has been reached, the oxide abundance famf easily using the Chebyshev polynomial parameteri-
zation in which each oxide is related to a function(®fAx) or G(Bx) (e.g. forM gO see panel 1-A) and 1-B) of figure 1).
Finally, knowing temperature, pressure and the variatich® bulk oxides composition in space and time, a thermoayoa
equilibrium calculation can be performed at every grid poisingthe programAlphaMELTS to determine the local miner-
alogical assemblage.

Several 1-D numerical simulations have been carried ouit witial proportion ranging from 1:1 to 100:1. Some restiitsn

a test case with proportion 1:1 are shown in figure 2. Init&ltlength on both side is set 0, (A) = D, (By) = 100 (arbi-
trary units), the initial spatial grid step i8d.. (4o) = Ad,.(By) = 1. Time step is set to 4 (arbitrary units) and S(A*)=S(B*)=1.
The initial bulk composition of the two assemblages, thaasately are in complete thermodynamic equilibrium, issame
reported in table 15i0Oy = 45.2, TiO5 = 0.20, AlyO3 = 3.94, Fe2O3 = 0.20, Cro0O3 = 0.40, FeO = 8.10, M gO = 38.40,
CaO = 3.15, Na2O = 0.41 wt% (peridotite side)SiOy = 48.86, TiO2 = 0.37, AloO3 = 17.72, FeaO3 = 0.84, Cro0O3 =
0.03, FeO =7.61, MgO =9.10, CaO = 12.50, Na2O = 2.97 wt% (gabbro/eclogite side). Panel 2-A) illustrates thaasar
tion of G(*) on both sides, at the initial time (black line)dat three different times, 80, 4000 and 20000 (arbitrarysiini
Note the increase of the length on tHeside and decrease on tlieside. Bulk oxides abundance is also computed at every
grid point. The bulkM gO (wt%) is reported on panel 2-B), which shows the progresseeease on thd side while MgO
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increases on th& side. The bulk compositiois-useedwith-canbe usedwith the programAlphaMELTS to determine the local
equilibrium assemblagétichispresentedrpanels, Panel2-C) - 2-H)—Fhepanelsshow the amount of the various minerals
in wt% (solid lines) and thé/ gO content in each mineral in wt% (dotted lines), with the exwapof coesite in panel 2-H)
(Si03). The complex mineralogical evolution during the chemiequilibration process can be studied in some detail. For
example one can observe the progressive disappearandbopynoxene on the peridotite side and the exhaustion dfitmoe
on the gabbro/eclogite side.

Similar results are shown in figure 3 and 4 for models withiahiproportion set to 5:1 and 50:1, respectively. Differesic
in the numerical setup of the new test cases can be summaizédlow. For the 5:1 cased,(Ay) =500, D, (By) =
100, Ad,(Ao) = Ad.(Bp) =1, time step is set to 40, for the 50:1 cade;(Aq) = 5000, D,(By) =100, Ad,(Ay) = 5,
Ad,(Bp) = 1, time step is set to 800.

Few observations can be made by comparing the three siwngafor example, orthopyroxene on the peridotite siderneso
more resilient and the total amount of Opx increases witrsthe of the initial sub-system. On the other side it appdaas t
the M gO content in garnet (pyrope component) is greater for the inwitle starting proportion 5:1, compared to the 1:1 case.
However with initial proportion 50:1, thé/ gO content does not seem to change any further.

The supplementary material provides a link to access thededa (all nine oxides) for the three test cases with initrapjor-
tion 1:1, 5:1 and 50:1. In addition two animations (1:1 antl&ses) should help to visualize the evolution ofribenerical

models over time.

4 Application to the Evolution of a 2-D Model with One Dynamic Assemblage and Variable Extension

A 2-D numerical modebpensipthepossibititythatmakegossibleto studycasesn whichat least one of the two assemblages
becomes mobile. The simplesppreachwhich-is-designexplored in this sectioriste-eensiderconsidersa rectangular box
with a vertical interface dividing the two sub-systems. Tlgaamic component is simply enforced in the model by assgmin
that one of the two assemblages moves downwards with a eméicity, replaced by new material entering from the top
side, while the other assemblage remains fixed in the irgfiatial frame. The whole system evolves over time follovihey
sameconeeptualdeaprinciplesintroduced in the previous sectiofhistype-ef-The numericalsolutionof the 2-D model is
deseribecby-atwo-stagesproceduapproachedit everytime stepin two stages|n the first stage the following equation is
applied to both sub-systems:

2 2
S = S g S

(9)

whered, (*) is the general spacing in the x-direction representingeeith(Ax) or d,(B=) and the vertical spacing, is
assumed to be the same on both sides. This equation is salwvedrically using the alternating-direction implicit meth
(ADI) (Peaceman and Rachford, 1955; Douglas, Jr., 1955 hvis unconditionally stable with a truncation error/Q¢,
AdZ, Ad2) (Tannehill et al., 1997)Fhe Similar to implicit methodsappliedfor 1-D problemsthe ADI method requires only
the solution of a tridiagonal matsiniartothe oneusedfori-BD-implicit-metheds
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The samenumerical procedure described in section 3 to deterraifie at the interface isppliedalsoappliedhereto the

2-D model. The limits of the whole system opposite to therfiate (left/right) are also treated similarly, assuminthei

a closed-type or symmetric-type boundary. For the otherlhaondaries (top/bottom) the zero flux condition is imposed,
G(Ax); = G(Ax),, andG(Bx); = G(B*) .

In the previous section a procedure was developed to acéoutite mass transfer between the two sub-systems. The same
method is applied for the 2-D problem. The conceptual diffiee is that in a 2-D problem the mass change in principle
should affect the area defined around a grid point. For mragburposes however in this study it only affects the lemgthe

horizontal x-direction, hence re-meshimgplieserlyte-is appliedonly to determineD,, . (Ax) andD,, .( Bx) andeenseguently

thetwe-nrumericalgrid-stepsizghetwo uniform grid stepsizesin thex-direction Ad, (Ax) andAd, (Bx).
Up to this point the evolution of the system is not differdmart what was described for the 1-D case. The dynaafiest

is-ineludedcomponents includedat everytime stepin the second stage of the procedure. It is activated at aindiine
assuming that the chosen sub-system moves downwards witedagdie-defined vertical velocity (y-component). Values of
G(x) are then re-meshedongthey-directionto preserve the continuity of the orthogonal grid. The niaténtroduced from
the top side is assumed to have the same composition of tied assemblage (composition of the initial assemblagésas
same used for the 1-D models, table 1). Oxides bulk compaosiithen retrieved at each grid point over time using theesam
polynomial functions appliegh-theprevieussectiefior the 1-D problem The complete mineralogical assemblage can be also
computed using AlphaMELTS as part of a post-process step i numerical simulation is completed.

Only few 2-D simulations have been performed, specificatlgsidering the initial proportion 1:1, 5:1 and 50:1, assugni
either one of the two assemblages moving downward. FigurerBrarizes some of the results for the case 5:1(A), i.e. with
moving sub-systerd. Initial grid specifications areD,(Ay) = 500, D, (By) = 100, Ad,(Ao) = Ad,(By) =2, Dy(Ap) =
D,(By) =50, Ad,(Ay) = Ady,(By) =1 (arbitrary units). Time step is set to 16 (arbitrary unitBe scaling coefficients
Sz (%) and .Sy () are set to 0.01 (arbitrary units). The dynamic componenttisated at time=100000 with vertical velocity
set to 0.00625 (arbitrary units). The figure is a snapshohefvthole system soon after sub-systdnhas been activated
downwards (time=102400). Panel 5-A) shows the variatiot of), while panel 5-B) illustrates the bulk/¢O distribution
(wt%). The other panels, 5-C) - 5-H), present an overvievhefrhineralogical distribution (flood contour-type) and g O
content in each mineral phase (line contour-type), withekeeption of panel 5-H) for coesit&{0O-). The panels clearly
illustrate the variations introduced by the mobile subteysA. ThereOn the othersidethereis apparently no immediate
effect on the assemblad#® however the long term effect is significant and becomebhsh a later figure (figure 7).

Figure 6 provides a similar overview for the case assumit¢By:with sub-systenB moving downward. Exactly the same
numerical conditions described for the previous case dpplhis case as well. The figure, showing only one time-framen
after the sub-system is mobilized, does not appear to ressalemarkable features. Advancing the simulation, a @#act
becomes more evident near the interface. In particulargdgmmof the chemical and mineralogical properties movingyawa
from the top entry side are quite significant. An animatioatesl to figure Gllustratingthispeintandanethetis bestsuited

to illustratethis point. This moviefile andanotherfile for the animation related to figure 5 can be downloaded following the
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link provided in the supplementary material. Theseciatedaw data filesreludingwhich includeall nine oxidesfor both

simulationsare also availablenline

5 Summary of the 1-D and 2-D Models Approaching Chemical Equilibration

Figure 7 summarizes the results of all the 1-D and 2-D nuraktést modelsit-eenditiensin-which-whenthe whole sys-
tem approaches or is close to chemical equilibration. Instaéc scenario, exemplified by the 1-D models (solid liney)
increasing the initial size of sub-systef) the variationsef-therelatedassemblagfrom-theinitial-cenditienmineralogical
and compositionalariationstend to decrease (see panels 7-C) - 7-H) and enlarged vieméaitbe interface, panels 7-C2)
- 7-H2)). It is the expected behavior since any change isibliged over a larger space of the sub-system. The vargtbn
the minerals abundance in assembl&y@abbroéelegiteclogite-typginstead remain quite independent of the initial size of
sub-systemd. However the abundance of the minerals not necessarilgisame found in the initial assemblage. In particular
the amount of garnet, clinopyroxene and coesitegtite e is quite differentfrom

the amountof thesemineralsin theinitial assemblageThis differenceis ratherunaffectedby the initial assemblageemains

Hth : : roportionof thetwo assemblagesyhich hasbeenvariedfrom 1:1
to 100:1 (from f=1 to f=100).

The composition of the minerals in assemblagée.g. M gO illustrated in panels 7-CC) - 7-HH)) follows a pattern sianito

the minerals abundangsepproachingheinitial-compeositionasthe, As thesize of the initial sub-system increasé$¢Q tends
to approachthe oxide amountin theinitial composition A different result is observed for the composition of thenerals in

assemblagé. Regardless whether the mineral abundance changes omsaiase to the initial amount, tlexide composi-
tion varies quite significantly and in most minerals theefiéince is largezswhen f is set to higher values.

When one of the sub-systems is allowed to move (2-D modéis)géneral observation on the long run is thatdiipamic
sub-system tends to preserve the assemblage that enteesrimodel. In this study this assemblage is set to be equakto th
initial assemblageeefigure7-panels/-C)—7-H)-andzoomedview-inpanels/-C2)—7-H2))—. Note that theplets2-D data
plottedin figure 7 refer to an horizontal section of extractedtapoints at the middle distanc®, /2. When sub-system

is mobile (dotted lines), the behavior of assembl&gis similar to the static case, with some minerals changiegq thitial
abundance, garnet, clinopyroxene, coesite and in parélspimthe reverse case, witidynamicsub-systenB beingmobile
(dashed lines), the mineralogical abundancelcé-differentdiffers from the initial assemblagéut-, But unlike the static
cases, no significant variations can be noted with the iiserefthe initial proportion.

In terms of minerals composition (e.§{¢gO, panels 7-CC) - 7-HH) in figure 7), the dynamic sub-systensgmees the com-
position of the entering assemblage. Ttberimmobile assemblage instead, shows a compositional variationghatger
than anyvariationchangeobserved for the static casesrenthoughitremainssemehow. This variationremainssomehow
still independent of the initial proportiaf thetwo assemblagesit least withf = 1,5, 50.

Complete data for the bulk composition, which includésine oxides, is available for three 1-D models and two 2-Dusim
lations following the instructions in the supplementarytenial.

14



10

15

20

25

30

6 Conclusions

GeechemieaDften geochemicalnd petrological interpretations of the Earth interioyreh the achievement of thermody-
namic equilibrium on a certain scalehaselhe useof phasesquilibrium data and partition coefficiefts-exampledoreguire
for exampledoesmply that chemical equilibrium has beesachedhneispreservedchievedandit is maintainedCuriously,
while this assumption is tacitly imposed on the most cormetiimension to interpret observed data, chemical egatlim is
ignored when it comes to discuss the presence or the exteheaifical heterogeneities (i.e. chemical equilibratiarthis re-
gard, is considered ineffective) (e.g. Morgan, 2001; Itd Btahoney, 2005a, b; Strake and Bourdon, 2009; Brown anddresh
2014).

OntheotherhandgeophyisicalGeophyisicainterpretations usually require to specify certain prdipsr such as the density

for the Earth materials under consideration. For exampknthe densitgeesrotassumeomefictitiousvaldesbutsemehew
fisrelatedtois consideredepresentativef real rock assemblages, the system has to be sufficiently $raethe gravitational

force is almost completely balanced by the pressure effést@us forces are ignored for S|mpI|C|ty) effectivelyadsdishing

a quasi-static or static conditi

this conditionthen thermodynamiequilibriumcanbeachievedvhenthesysteris alsoequilibratecthemically sothatpetro-
logical constraints can be applied to determineghreperdensity of the assemblag&hendifferentlithologiesareconsidered
the systemor the temporalscale.Sincechemicaland massexchangelwaystake placeto a certainextent,suchextremeis

The main objective of thistuelywork was to develop a quantitative forward model to understaacetiolution of chemical
heterogenetieBeterogeneitiem the mantle. The model has been restricted to one set oésdtr the pressure and temper-
ature and one pair of bulk compositions indicative of a patitd-type and a gabbro/eclogite-type. The gabislafgitetype
eclogite-typecan be interpreted as a portion of a subduction slab. Iggerihin sedimentary layer, that possibly could peel off
during subduction, a large portion of the slab consists afsodepleted peridotite. Three lithologies (mantle peitdpgab-
bro, depleted slab peridotite) probably can be also appezhwith a chemical equilibration model similar to the onesanted
here. However it remains to be seen whether the differencermposition with respect to the generic peridotite assuimed
this study would lead to significant new results that wouktify the additional modeling effort.
Inthemeantimethepriority-hasbeenA priority wasgiven here to understand the influence on the final assenshtdger-
ious initial proportions of the two sub-systems &evd-selected, to a limited extent,the effect of the initial compositions.
The spatial and temporal evolution necessarily assumésaagbunits. The main reason is that a comprehensive aphrtma
study chemical heterogeneities that would include timgetielent experiments and suitable models for the intetprataf

the experimental results #aissingstill missing.Experimentablataarealsonecessaryo validatecertainassumptionsnadeto
modelthe compositionof thetwo equilibratedassemblageection?).

The results from 43 study mode{section2.1) suggest that the imposed condition of thermodynamic dayuilin for the
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whole systendefinestwe{sumof two sub-systemsgjefineswo newassemblages that are rastly-in-chemicalkequilibriumas
awhele;butalsoasseparateub-systemszurthermeraomogenizedompositionallyor mineralogicallyandtheirequilibrated

addition mass exchange between these equilibrated assemblagasat@éeptaceevenprogresanyfurtherwhen the initial
massproportion of the two isnedifiedvariedand a new equilibration model is impose the newly definedwhole system.

The results of the study models have been condensed in a séparameterized functions that can be used for variouls-app
cations(section2.2).

The choice made to describe the variationff) using the transport model presented in section 3 and 4 may smtber
arbitrary. However local thermodynamic properties candfimeéd as a function of space and time (Kondepudi and Prigogin

1998).Furthermereirtheeriginalderivationeftheela alchemicaldiffusioneguationstheflux-ofthe chemicalpotential

usingthe extensiveGibbsfree energyfunctionto describehe chemicalchangesn the 2 sub-systemsvertime andspaces a

meanto simplify aproblemthatotherwisebecomesntractablefor complexsystemsNeverthelesghe choiceis notacomplete
abstractionit is broadlybasedon the consideratiorthatthe massexchangés not governedy the compositionafradientbut
by the differencedn the chemicalpotentialof the variouscomponentén thevariousphasege.g. Denbigh, 1971 Ultimately

only extensive experimental studies could determine wardtie simple transport model applied in this work for théatéon

of G(x) in an heterogeneous system can be considered a reasonatugiagation for practical geological applications.

Two aspects of the numerical applications presented iniedqus sections deserve perhaps a further considerdtienas-
sumption made for the composition of the entering assemblaghe 2-D models perhaps should be reconsidered in future
studies. The other consideration concerns the boundaittmmimposed on the opposite side of the interface betwken
two assemblages. The assumption is that the whole systdthés elose to mass exchange or mirror images exist outile t
boundary limits. From a geological perspective the firshac® is probably the more difficult teragirgealize On the other
hand the possibility that periodic repetitions of the sanueleh structure are replicated over a large portion of thetlaaif
not the entire mantle, seems more reasonable. Assuminghtihnéime scale is somehow constrained, an investigatioheof t
temporal evolution would still require some kind of assessthof the periodic distribution of the thermodynamic systes a
whole.

Overalongperiodotiimesthe The 2-D simulationdn which oneof theassemblageis allowedto move,have shown thake
onthelongrunthemineralogical abundance and compositional variationappeoximately independent of the size of the two
sub-systems. This observations suggests the possitilitypementing large geodynamic models with evolving pletgical
systems, once the temporal and spatial scale of the cheahianbes have been constrained.

At the moment the spatial and temporal variations are ailigrdefined, but this study shows that the petrological imia-
eralogical changes may still be quantified, at least at thE) ¢onditions that have been considered. It would be udeful
example to select few bulk compositions for the two sube&ystand apply them to the dynamic equilibrium melting (DEM)
and dynamic fractional melting (DFM) models that have beevetbped combining 1-D multiphase flow with AlphaMELTS
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(Tirone and Sessing, 2017; Tirone, 2018). Perhaps evenifiéd model fomen-egulibrivrmon-equilibriunfractional crys-

tallization could bentreducedereproducappliedto try to reproducebserved-D chemical zoning in minerals and multi-

componenthemicalzoning in melts (Tirone et al., 2016}he+esultseeuidMore in generatthe resultsshouldbe compared
with existing data on melt products and residual solids okeskin various geological settings to investigate indigedut

from a quantitative perspective, the presence of chemaairbgeneities in the mantle. It becomes also possibletesrdane

the variation ofeertainphysical properties, such as bulk density, and relate tloerertain observables, such as seismic veloc-
ities. At least on a relative scale, the effect of the contpmsal variations could be associated to seismic velodtyations,
providing in this way another indirect evidence of heterogiges in the mantle based on a quantitaftvevard description.
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Figure 1. Data and relative fitting used to develop the chemical dopaition model. Panel 1-A) relation between the ratiQdx) /G (Bx)
andG(Bx) which is applied to constrai@'(Ax) andG(Bx) at the interface. Panel 1-B) and 1-C) illustrate the refalietweerz(Ax) and
G(Bx) with M gO bulk abundance. Similar relations are applied for all nirieles defining the bulk composition. Knowiidg( B), the total

size of the assemblage at equilibrium can be found assuman@y} a relation between the mass change and the chadiéfis established
(Panel 1-D), b) the extension of the assemblage is propattio the mass change and it takes place along a directipepaicular to the
interface. The total length at equilibrium is then adjustedccordance with the difference between the spatial geef B+) of the
assemblage and(Bx) at the interface (see the main text for a detailed explanpatithe change of size of the second assemblage is also

applied on the first assemblafygt with opposite sign. Panel 1-E) allows to determig#s3) from the relation withG(Bx) at the interface.
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Figure 2. Solution of a 1-D model simulation. The initial proportiofitbe two assemblages is 1:1. Panel 2éA)Ax) andG(Bx) at three
different times and at time zero when the two assemblagesatey are considered in chemical equilibrium. Panel 2-&)al bulk M gO
(wt%) retrieved from the relation withi*(«). All the other oxides are retrieved with similar relatioRanels 2-C) -G) Minerals abundance
(solid lines) andM gO content (dotted lines) in the corresponding minerals. P2ité) distribution of coesite. Local minerals abundance
and compositions shown in panels 2-C) -H) are retrieved aiteforming thermodynamic computations at every spatightion withthe
programAlphaMELTS using the bulk oxides abundance exemplified imgpa-B) for M ¢O. An animationfile andcompletedatafor all nine
oxidesareavailablefollowing theinstructionsin the supplementarynaterial.Time and distance in arbitrary units. Pressure and tenmyoerat
are fixed at 40 kbar and 1200. The rest of the parameters for the model are defined in tlie tev.
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defining the bulk compositiorAn animationfile andraw datafor all nine oxidesareavailableonline following the instructionsprovidedin
the supplementarynaterial.Panels 5-C) - G) local minerals distribution (color map) &wl contour lines for the abundance &fgO in the

associate minerals. Panel 5-H) spatial distribution obitee Time ggd distance in arbitrary units. Pressure angéeature are fixed at 40

kbar and 1200C. The rest of the parameters for the numerical model areatefimthe main text.
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Table 1. List of minerals and mineral components relevant for thisligtwith chemical formulas and abbreviations.

OLIVINE(OI)

fayalite(Fa) Fe2*Si04
monticellite(Mtc) CaMgSiO4
forsterite(Fo) Mg2SiOy4
GARNET(Gt)

almandine(Alm) Fe2t Al»SizO12
grossular(Grs) CazAl3SizO12
pyrope(Prp) MgsAl>SizOq2
ORTHOPYROXENE(Opx) & CLINOPYROXENE(CpX)
diopside(Di) CaMgSizOg
enstatite(en) Mg2Si2 Og
hedenbergite(Hd) CaFe?TSiyOg
alumino-buffonite(Al-Bff)  CaTip.5s Mgo.5AlSiO¢
buffonite(Bff) CaTig.s Mgo.5sFe**SiOg
esseneite(Ess) CaFe3T AlSiOg
jadeite(Jd) NaAlSi2Og
SPINEL(Sp)

chromite(Chr) MgCr204
hercynite(Hc) Fe?TAl,O4
magnetite(Mag) Fe?tFeiT 04
spinel(Spl) MgAl>,O4
ulvospinel(Ulv) Fe3 T TiO4
COESITE(Coe)

coesite(Coe) SiO»
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Table 2. Set of independent reactions for the list of mineral compts i table 1.
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1.5Fa+1Prp

Table2. 1.5Fe2*Si04 + 1 MgsAlaSizO12
1 Mtc+ 1 0En

1 CaMgSiOy + 1 Mg28i50g
1Fa+0.5Fo+ 1 OAIBSf +10Di + 1 OEss

1Fe2TSi0O4 + 0.5 Mg2SiO4 + 1 CaTig s Mgo. 5 AlSiOs

0.5Fo + 1 OHd

0.5 Mg2TS8i04 + 1 CaFe?* SisOg

1CDi

1 CaMgSi2Og

1 Mtc+1CEn

1 CaMgSiO4 + 1 Mg2SizOg

0.5 Fo+ 1 CHd

0.5 Mg2SiO4 + 1 CaFe?T SizOg

1 OAIBfF

1 CaTig.5Mgo.5AlSiOg

1 OBff

1 CaTig.sMgo.5Fe?tSiOg
1.5Fa+0.5Fo+10Di+ 1 OAIBff + 1 CEss
1.5FepSiO4 + 0.5 Mg2SiO4 4 1 CaMgSiaOg

1CJd

1 NaAlSizOg

1.5 Fa+ 1.5Fo+ 1 Grs

1.5 Fe2TSi04 + 1.5 Mg2TSiO4 + 1 CagAl3SizO12
1Fa+20Di+1Hc

1Fe3"Si04 + 2 CaMgSi2Og + 1 Fe? T A1, Oy

1Fa+ 2 OAIBff +2ODi+ 1 Mag

1 Fe2"Si04 4 2 CaTig.5Mgo.5AlSiOg + 2 CaMgSiaOg

1.5Fa+20Di+ 1Spl

1.5 Fe2TSi04 + 2 CaMgSiaOg + 1 MgAlo Oy
2Mtc+ 1 Alm+ 1 Uly

2 CaMgSiO4 + 1 Fe2 T Al>SizO12 + 1 Fel T TiO4
1 Mtc + 1 Coe

1 CaMgSiO4 + 1SiOs

+ ¢ ¢ ¢ ¢ T T T CTCOECCOC OO + ¢ ¢ ¢ ¢ 0

S R N R

OB OB R R

1.5Fo+ 1 Alm
1.5 Mg2SiO4 + 1 Fei T AloSizO12

1Fo+10Di

1 Mg2SiOy4 + 1 CaMgSisOg

2Mtc+ 1 Alm + 1 OBfF

1 CaMgSizOg + 1 CaFe3t AlSiOg <

2 CaMgSiO4 + 1 Fe2 T Al2SizO12 + 1 CaTig s Mgo.5Fe® T SiOg
0.5Fa+10Di

0.5 Fe2T8i04 + 1 CaMgSiaOg

10Di

1 CaMgSi2Og

1Fo+10Di

1 Mg2SiOy4 + 1 CaMgSisOg

0.5Fa+10Di

0.5 Fe2T8i04 + 1 CaMgSiaOg

1 CAIBfF

1 CaTig.5Mgo.5AlSiO6

1CBff

1 CaTig.sMgo.5Fe?tSiOg

2Mtc+ 1 Alm + 1 OBfF

1 CaTig s Mgo. 5AlSiOg + 1 CaFe?t AlSiOg <

2 CaMgSiO4 + 1 Fe2 T Al2Siz012 + 1 CaTig s Mgo 5Fe® T SiOg
10Jd

1 NaAlSisOg

3Mtc+ 1 Alm

3CaMgSiOs + 1 Fe3 T Al Siz012

2Mtc 41 Alm

2 CaMgSiO4 + 1 Fe2 T AlSiz012

2Mtc+ 1 Alm + 2 OBfF

1 Fe2+Feg+ O4 &

2 CaMgSiO4 + 1 Fe2 T Al2SizO12 + 2 CaTig s Mgo 5 Fe® T SiOg
2Mtc+0.5Fo+ 1 Alm

2 CaMgSiO4 + 0.5 Mg2SiO4 4 1 Fe2 T Al»SizO12

2Fa+ 0.5 Fo 4 2 OAIBff

2Fe2TSi04 + 0.5 MgaTSiO4 + 2 CaTig.5 Mgo.5 AlSiOg

10Di

1 CaMgSi2Og
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Table 3. Summary of the results of one chemical equilibration procedThe columnsA4,) and (Bo) describe the initial bulk composition
of the two sub-systems and the Gibbs free enéigfoule) of the equilibrium assemblages separately. Thelrproportion of the whole
system is f:1 (f=1) and the composition is given by coluriii)( Columns @) and (B) in the upperportion of the tablepresent the results
of the chemical equilibration in terms of oxides. Note tha sum of the oxides is not 100, which indicates a mass tnahsfeveen the
two sub-systems. The columns in the lower part of the tabdevshthe composition of the mineral components at equilibrhefore the
two sub-systems are put togethex (f(4,) and n(B,) and after equilibration of the whole systemx((A) and n(B)). Change of moles

(fxAn(A), An(B) is also reported. The last column is the compositiorhefwhole systemi{’) after equilibration.
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Table 3.

bulk comp.  (4o) (Bo) (W)=(fx Ao+Bo)/(f+1) (A (B)

oxides wt%

SiO2 45.20 48.86 47.030 69.428 24.637

TiO2 0.20 0.37 0.285 0.463 0.107

Al>03 3.94 17.72 10.830 11.677 9.976

Fea O3 0.20 0.84 0.520 0.852 0.188

Cr203 0.40 0.03 0.215 0.422 8.241

FeO 8.10 7.61 7.855 11.116 4.600

MgO 38.40 9.10 23.750 38.107 9.391

CaO 3.15 12.50 7.825 11.565 4.089

NazO 0.41 2.97 1.690 2.736 0.643

sum 100 100 100 146.367 53.639

G(@J) -1538956.549  -1515471.201 1528524.097 -2233778.04823270.616

min. comp. mol

f=1 fxn(Aop) fx An(A) fxn(A) n(Bo) An(B) n(B) (f+1)xn(W)
Ol(Fa) 0.0389399 0.0008090 0.0397489 0 0 0 0.0397490
Ol(Mtc) 0.0003421 -0.0000555 0.0002867 O 0 0 0.0002867
Ol(Fo) 0.3504050 -0.0726300 0.2777750 0O 0 0 0.2777780
Gt(Alm) 0.0054726 0.0090575 0.0145301  0.0290995  -0.0aR205 0.0190492 0.0335803
Gt(Grs) 0.0035179 0.0039790 0.0074970  0.0347389  -0.G&2489 0.0098404 0.0173354
Gt(Prp) 0.0202554 0.0238298 0.0440852  0.0435766  0.084123 0.0577001 0.1018422
Opx(Di) -0.0104230 0.0104500 0.0000000 O 0 0 0
Opx(En) 0.0700777 -0.0700777 0.0000000 O 0 0 0
Opx(Hd) 0.0116778 -0.0116778 0.0000000 O 0 0 0
Opx(Al-Bffy  0.0018136 -0.0018136 0.0000000 O 0 0 0
Opx(Bff) -0.0003756 0.0003756 0.0000000 O 0 0 0
Opx(Ess) 0.0008425 -0.0008425 0.0000000 O 0 0 0
Opx(Jd) 0.0021691 -0.0021691 0.0000000 O 0 0 0
Cpx(Di) 0.0334109 0.1062036 0.1396146  0.0719139  -0.03872 0.0331905 0.1728462
Cpx(En) 0.0116014 0.0433811 0.0549825  0.0092274  0.0@3438 0.0126656 0.0676615
Cpx(Hd) 0.0050948 0.0243636 0.0294585  0.0184485  -0.03361 0.0068352 0.0362970
Cpx(Al-Bff)  0.0017718 0.0024237 0.0041956  0.0178175 16®11 0.0010264 0.0052218
Cpx(Bff) 0.0016117 0.0056089 0.0072207  -0.0085581  0.0201 0.0016418 0.0088622
Cpx(Ess) -0.0001499 0.0029960 0.0028461  0.0190600  -B5¥YBB 0.0007021 0.0035480
Cpx(Jd) 0.0110612 0.0772301 0.0882913  0.0958389  -0.@BMBO8 0.0207509 0.1090693
Sp(Chr) 0.0026319 0.0001425 0.0027745  0.0001974  -0.B3I14 0.0000542 0.0028287
Sp(Hc) -0.0014341 0.0002618 -0.0011723  -0.0000353 01T®O -0.0000229 -0.0011952
Sp(Mag) 0.0002881 0.0000133 0.0003014  0.0000092  -0.BX00 0.0000059 0.0003073
Sp(Spl) 0.0020765 -0.0001627 0.0019138  0.0000536  -01®®O  0.0000374 0.0019512
Sp(Ulv) 0.0000924 -0.0000023 0.0000902  0.0000011  0.00&00 0.0000018 0.0000919
Coe(Coe) 0 0 0 0.0717690  -0.0717690 0.0000000 0

33




Table 4. Normalized bulk composition4x) and (Bx) in the two sub-systems taken from the results of the modtibte 3, A) and (B).

Themineralcomaesiiorateguilibrivm-oHhehvo-separatsub-syslemsempuleduith-\lphaly isshewninthelower part of the table

showsthe equilibrium mineralcompositioncomputedwith the programAlphaMELTSfor eachsub-systenseparately
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Table 4.

bulk comp. (Ax) (Bx*)
oxides wt%
SiO2 47.434 45.931
TiO2 0.316 0.199
AlxO3 7.978 18.599
FexO3 0.582 0.351
Cr203 0.288 0.015
FeO 7.595 8.575
MgO 26.035 17.507
CaO 7.902 7.623
NasO 1.869 1.199
sum 100 100
G(J) -1526157.990 -1534831.832
min. comp. ——— mol

n(Ax) n(Bx)
Ol(Fa) 0.0271722 0
Ol(Mtc) 0.0001954 0
Ol(Fo) 0.1897603 0
Gt(Alm) 0.0099353 0.0354870
Gt(Grs) 0.0051128 0.0184357
Gt(Prp) 0.0301249 0.1075543
Opx(Di) 0 0
Opx(En) 0 0
Opx(Hd) 0 0
Opx(Al-Bffy 0 0
Opx(Bff) 0 0
Opx(Ess) 0 0
Opx(Jd) 0 0
Cpx(Di) 0.0954926 0.0615373
Cpx(En) 0.0375875 0.0238162
Cpx(Hd) 0.0201308 0.0128313
Cpx(Al-Bff)  0.0028660 0.0018818
Cpx(Bff) 0.0049360 0.0030979
Cpx(Ess) 0.0019432 0.0012846
Cpx(Jd) 0.0603228 0.0386858
Sp(Chr) 0.0018958 0.0001013
Sp(Hc) -0.0008006 -0.0000398
Sp(Mag) 0.0002063 0.0000046
Sp(Spl) 0.0013058 0.0000473
Sp(Ulv) 0.0000618 0.0000006
Coe(Coe) 0 0.0000130
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Table 5. Summary of the results of a chemical equilibration procedorwhich the initial composition of the two-sub-system)) and
(Bo) is taken from the outcome of the previous modék @nd B from table 4). The initial proportion of the whole system:ik f=5). The

description of the results follow the outline of the captainable 3.
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Tableb.

bulk comp.  (4o) (Bo) (W)=(fx Ao+Bo)/(f+1) (A (B)

oxides wt%

SiO2 47.434 45.931 47.184 47.443 45.888

TiO2 0.316 0.199 0.297 0.317 0.200

Al>03 7.978 18.599 9.748 7.984 18.565

Fea O3 0.582 0.351 0.544 0.582 0.352

Cr203 0.288 0.015 0.243 0.290 0.004

FeO 7.595 8.575 7.758 7.596 8.568

MgO 26.035 17.507 24.614 26.036 17.505

CaO 7.902 7.623 7.855 7.908 7.588

NazO 1.869 1.199 1.757 1.869 1.199

sum 100 100 100 100.026 99.870

G(@J) -1526157.990  -1534831.832 1527602.900 -1526543.811532898.134

min. comp. mol

f=5 fxn(Aop) fx An(A) fxn(A) n(Bo) An(B) n(B) (f+1)xn(W)
Ol(Fa) 0.1358613 -0.0000082 0.1358531 0O 0 0 0.1358531
Ol(Mtc) 0.0009771 0.0000021 0.0009792 O 0 0 0.0009792
Ol(Fo) 0.9488016 -0.0000419 0.9487596 0 0 0 0.9487596
Gt(Alm) 0.0496763 0.0000549 0.0497312  0.0354870  -0.02004  0.0354449 0.0851745
Gt(Grs) 0.0255638 0.0000723 0.0256361  0.0184357  -0.@®16 0.0182731 0.0439087
Gt(Prp) 0.1506246 0.0001470 0.1507716  0.1075543  -0.@®10 0.1074505 0.2582112
Opx(Di) 0 0 0 0 0 0 0

Opx(En) 0 0 0 0 0 0 0

Opx(Hd) 0 0 0 0 0 0 0
Opx(Al-Bffy 0 0 0 0 0 0 0

Opx(Bff) 0 0 0 0 0 0 0

Opx(Ess) 0 0 0 0 0 0

Opx(Jd) 0 0 0 0 0 0 0

Cpx(Di) 0.4774632 0.0004950 0.4779581  0.0615373  -0.00020 0.0613333 0.5392796
Cpx(En) 0.1879373 -0.0003953 0.1875420  0.0238162  0.(®23 0.0240557 0.2115931
Cpx(Hd) 0.1006542 -0.0000980 0.1005562  0.0128313  0.08®06 0.0128978 0.1134595
Cpx(Al-Bff)  0.0143300 0.0000554 0.0143854  0.0018818  00(R49 0.0018568 0.0162418
Cpx(Bff) 0.0246801 -0.0000725 0.0246076  0.0030979  0.0800 0.0031409 0.0277448
Cpx(Ess) 0.0097160 0.0000429 0.0097589  0.0012846  -020000 0.0012637 0.0110218
Cpx(Jd) 0.3016142 -0.0000509 0.3015633  0.0386858  0.@®00 0.0386923 0.3402993
Sp(Chr) 0.0094789 0.0000714 0.0095503  0.0001013  -0.®WO7 0.0000283 0.0095786
Sp(Hc) -0.0040030 -0.0000297 -0.0040327  -0.0000398 020 -0.0000120 -0.0040447
Sp(Mag) 0.0010314 0.0000071 0.0010385  0.0000046  -0.a®m00 0.0000031 0.0010415
Sp(Spl) 0.0065290 0.0000523 0.0065813  0.0000473  -0.0@02 0.0000195 0.0066009
Sp(Ulv) 0.0003088 0.0000019 0.0003107  0.0000006  0.00®000 0.0000009 0.0003116
Coe(Coe) 0 0 0 0.0000130  -0.0000130 0.0000000 0
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Table 6. Results from a chemical equilibration model with initialheposition of the two sub-systema{) and (By) analogous to the one

presented in table 3. The only difference is that the iniralportion of the whole system is f:1 (f=5).
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Table6.

bulk comp.  (4o) (Bo) (W)=(fx Ao+Bo)/(f+1) (A (B)

oxides wt%

SiO2 45.20 48.86 45.810 50.424 22.744

TiO2 0.20 0.37 0.228 0.252 0.109

Al>03 3.94 17.72 6.237 5.619 9.322

Fea O3 0.20 0.84 0.307 0.340 0.141

Cr203 0.40 0.03 0.338 0.404 0.008

FeO 8.10 7.61 8.018 8.837 3.928

MgO 38.40 9.10 33.516 38.364 9.279

CaO 3.15 12.50 4.708 4.910 3.700

NazO 0.41 2.97 0.837 0.913 0.450

sum 100 100 100 110.064 49.683

G(@J) -1538956.549  -1515471.201 1535494.148 -1689092.17867503.430

min. comp. mol

f=5 fxn(Aop) fx An(A) fxn(A) n(Bo) An(B) n(B) (f+1)xn(W)
Ol(Fa) 0.1946993 0.0044941 0.1991934 0 0 0 0.1991934
Ol(Mtc) 0.0017107 -0.0001606 0.0015502 O 0 0 0.0015502
Ol(Fo) 1.7520250 -0.0760450 1.6759800 O 0 0 1.6759784
Gt(Alm) 0.0273631 0.0094755 0.0368386  0.0290995  -0.06270 0.0163927 0.0532263
Gt(Grs) 0.0175897 0.0028033 0.0203930  0.0347389  -0.@¥65 0.0090884 0.0294782
Gt(Prp) 0.1012771 0.0293155 0.1305926  0.0435766  0.0B4420 0.0579973 0.1886035
Opx(Di) -0.0521149 0.0111195 -0.0409954 0 0 0 -0.0409953
Opx(En) 0.3503883 -0.0953800 0.2550083 0O 0 0 0.2550059
Opx(Hd) 0.0583893 -0.0133410 0.0450483 0 0 0 0.0450481
Opx(Al-Bffy  0.0090681 -0.0028948 0.0061732 0 0 0 0.0061732
Opx(Bff) -0.0018783 0.0006532 -0.0012251 O 0 0 -0.0012250
Opx(Ess) 0.0042123 -0.0011617 0.0030506 O 0 0 0.0030506
Opx(Jd) 0.0108455 -0.0006791 0.0101664 O 0 0 0.0101663
Cpx(Di) 0.1670546 0.1163384 0.2833930  0.0719139  -0.08856 0.0303531 0.3137231
Cpx(En) 0.0580069 0.0600890 0.1180959  0.0092274  0.0@3016 0.0122440 0.1303407
Cpx(Hd) 0.0254742 0.0267773 0.0522515  0.0184485  -0.034298 0.0054590 0.0577119
Cpx(Al-Bff)  0.0088591 0.0018465 0.0107056  0.0178175 166561 0.0011514 0.0118564
Cpx(Bff) 0.0080586 0.0070392 0.0150978  -0.0085581  0.2641 0.0015683 0.0166634
Cpx(Ess) -0.0007496 0.0023225 0.0015728  0.0190600  -87HI8 0.0001868 0.0017596
Cpx(Jd) 0.0553062 0.0819615 0.1372677  0.0958389  -0.@2129 0.0145396 0.1518248
Sp(Chr) 0.0131597 0.0001403 0.0133001  0.0001974  -0.1014 0.0000553 0.0133554
Sp(Hc) -0.0071704 0.0004160 -0.0067544  -0.0000353  O@BO -0.0000281 -0.0067824
Sp(Mag) 0.0014407 -0.0000486 0.0013921  0.0000092  -0GXDO  0.0000058 0.0013979
Sp(Spl) 0.0103828 -0.0003637 0.0100191  0.0000536  -01MO  0.0000416 0.0100607
Sp(Ulv) 0.0004622 -0.0000514 0.0004108  0.0000011  0.00®00 0.0000017 0.0004125
Coe(Coe) 0 0 0 0.0717690  -0.0717690 0.0000000 0
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Table 7. Normalized bulk composition4x*) and (Bx) of the two sub-systems taken from the results of the modtbte 6. Themireral

lower part of the tablshowsthe

equilibriummineralcompositioncomputedwith the programAlphaMELT Sfor eachsub-systenseparately
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Table 7.

bulk comp. (Ax) (Bx*)
oxides wt%
SiO2 45.813 45.778
TiO2 0.229 0.219
AlxO3 5.105 18.764
Fea O3 0.309 0.284
Cr203 0.367 0.017
FeO 8.028 7.906
MgO 34.856 18.677
CaO 4.461 7.448
NazO 0.830 0.907
sum 100 100
G(J) -1534650.844  -1544800.044
min. comp. ——— mol

n(Ax) n(Bx)
Ol(Fa) 0.0361962 0
Ol(Mtc) 0.0002817 0
Ol(Fo) 0.3045391 0
Gt(Alm) 0.0066953 0.0329652
Gt(Grs) 0.0037073 0.0183808
Gt(Prp) 0.0237244 0.1166920
Opx(Di) -0.0074620 0
Opx(En) 0.0464101 0
Opx(Hd) 0.0081985 0
Opx(Al-Bff)y  0.0011239 0
Opx(Bff) -0.0002225 0
Opx(Ess) 0.0005551 0
Opx(Jd) 0.0018509 0
Cpx(Di) 0.0515058 0.0607473
Cpx(En) 0.0214049 0.0248836
Cpx(Hd) 0.0094773 0.0110775
Cpx(Al-Bff)  0.0019463 0.0023058
Cpx(Bff) 0.0027401 0.0031700
Cpx(Ess) 0.0002879 0.0003660
Cpx(Jd) 0.0249397 0.0292646
Sp(Chr) 0.0024168 0.0001111
Sp(Hc) -0.0012274 -0.0000549
Sp(Mag) 0.0002532 0.0000099
Sp(Spl) 0.0018207 0.0000764
Sp(Ulv) 0.0000747 0.0000025
Coe(Coe) 0 0
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1 Supplementary Data

This section describes the additional material availdireitgh an external data repository.

The link to access all the files is:

https://figshare.com s/ 9a97al1ld047e783be8e54

(Note: the private link will be revised and made public orfoe tanuscript is accepted for publication.)

List of the available files:

— TWOPD- G- KI N. DATA. ZI P
— TWOPD- G- KI N. MOVI E1. AVI
— TWOPD- G- KI N. MOVI ES5. AV
— 2D- G KI N. DATA. ZI P

— 2D- G KI N. MOVI ESA. AVl

— 2D- G KI'N. MOVI E5B. AVI

1.1 1-D Simulations

The zip fileTWOPD- G- KI N. DATA. ZI Pincludes the data from three 1-D simulations assuraiftiattheinitial proportion
of thetwo assemblageis 1:1, 5:1 and 50:1 = 1,5,50). The details of the models are discussed in the main textevery
simulation there are two data fiteBNOPD- G- KI N1. 1. DAT andTWOPD- G- KI N2. 1. DAT for the case with 1:1 proportion,
TWOPD- G- KI N1. 5. DAT, TWOPD- G- KI N2. 5. DAT andTWOPD- G- KI N1. 50. DAT, TWOPD- G- KI N2. 50. DAT for the
models with initial proportion 5:1 and 50:1, respectivaljie data files are divided in blocks, each block of data refees
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particular time step. Data are stored every 20 time stegagitlie numerical simulation.

The first data file for each simulatioM(\OPD- G- KI N1. 1. DAT. TWOPD- G- KI N1. 5. DAT andTWOPD- G- KI N1. 50. DAT)
includes in every block, distancé(«) (joules) and the grid step size for the two sub-systems. Tineber of grid points for
sub-systen and B are 101 and 101 in the first simulation, 501 and 101 in the sbsomulation, 1001 and 101 in the third
simulation. Time step is 4, 40 and 800 for the three simutati®ata are stored every 20, 20, 50 numerical time stepscesp
tively. Fime;As discussedn the maintext, time, distance and step size have arbitrary units.

The second data file of each simulatidWOPD- G- KI N2. 1. DAT, TWOPD- G- KI N2. 5. DAT and

TWOPD- G- KI N2. 50. DAT) includes in every block, distance and abundance of ningaswt% ibirgvhichdescribes
the bulk composition at every grid point. The listed oxides 8i0-, Ti0, AlsOs, FesOs, CraOs, FeO, M gO, CaO and
Na»O.

Two 1-D animationsTWOPD- G- KI N. MOVI E1. AVI and TWOPD- G- KI N. MOVI E5. AVI , available in the supplementary
material, are based on the data in the zipTMOPD- G- KI N. DATA. ZI P.

1.2 2-D Simulations

The results of two 2-D simulations are included in the zip Z2 G- KI N. DATA. ZI P. Bethsimulationsarebasedontor

both simulationsthe initial proportionof the two assemblageis set to 5:1. Thenterfacebetweerthe two sub-systemss a
verticalline. Thefirst simulation assumes that assemblagkecomes mobilelownwardsat time=1000000 (arbitrary units)

while in the second simulation the dynamic assemblad# iEheinterfacebetweerthetwoesub-systemisaverticalline—Fhe
dewnwardvelocity of the moving assemblages is set to 0.00625 (ayitinits). The new material entering from the top side

has the same bulk composition of the initial assemlthgénitial-cempesitiorcanbefound., Thecompositionis reportedn
the main tex}andin the datafiles herebelow. Data are stored every 400 time steps and the simulatiorstiepeis 16 (arbitrary
units). Each block of data defined by the label "ZONE" prosigtgdormation related to a particular time step.

The first data file of each simulatio@D- G KI N1. 5A. DAT and2D- G- KI N1. 5B. DAT) includes the distance x-direction,
y-direction andG(x). The number of grid points in the x-direction is 251 and 51ub-systemA and B, respectively (total
distance is 500 and 100 in arbitrary units). The number af gdints in the y-direction is 51 (total distance is 50 in aeyy
units). A block of data is divided in sub-blocks. Each subelil consists 0f251 + 51) x 51 data points. The first sub-block
contains the x-coordinatef-definingthe numerical grid, the second sub-block the y-coordinatkthe third sub-block the
G(x) values aeverygric-pointhe correspondingrid points

The second data file of each simulati@i¢ G- KI N2. 5A. DAT and2D- G- KI N2. 5B. DAT) follows the same data structure,
except that instead @F(x), nine bulk oxides are listed in nine sub-blocks. The seqge@foxides is the same reported for the
1-D models.

The data in the zip fil@D- G KI N. DATA. AVl have been used to create two animati@i3, G KI N. MOVI E5A. AVl and
2D- G KI N. MOVI E5B. AVI , both are available following the link to the external dapasitory.



2 Supplementary Tables

The following tables report the initial bulk compositiondatine proportion factoyf of the two sub-systems for all the 43 cases

considered in this studisection?.1 and2.2in the maintext).



Table 1. Initial bulk composition of the two assemblages and praportactor f.

bulk comp. o) (Bo) (Ao) (Bo) (Ao) (Bo) (Ao) (Bo) (Ao) (Bo)
oxides wt% | 1(f=1) | 20=12) | s@=13) | 4¢=16) | 5(f=2)
Si0, 45200 48.860 45200 48.860 45.200 48.860 45.200 48.860 20@5. 48.860
TiO 0200 0370 0200 0370 0200 0370 0200 0370 0.200 0.370
AlO3 3.940 17720 3.940 17.720 3.940  17.720 3.940 17.720 3.940 .7207
Fez03 0200 0.840 0.200 0.840 0.200 0.840 0.200 0.840 0.200  0.840
Cr203 0400 0030 0400 0030 0400 0030 0400 0030 0400  0.030
FeO 8100 7.610 8100 7.610 8100 7.610 8100 7.610 8100  7.610
MgO 38400 9.100 38400 9.100  38.400 9.100  38.400 9.100  38.400L009
Ca0 3150 12500 3.150 12,500 3.150 12,500 3.150 12,500 3.150 .5002
NapO 0410 2970 0410 2970 0410 2970 0410 2970 0410  2.970
sum 100 100 100 100 100 100 100 100 100 100
6(f=5) 7(f=20) 8(f=100) 9(f=500) 10(f=1000)
Si0, 45200 48.860 45200 48.860 45.200 48.860 45.200 48.860 20@5. 48.860
TiO, 0200 0370 0200 0370 0200 0370 0200 0370 0.200 0.370
AlO3 3.940 17720 3.940 17.720 3.940  17.720 3.940 17.720 3.940 .7207
Fez O3 0200 0.840 0.200 0.840 0.200 0.840 0.200 0.840 0.200  0.840
Cr203 0400 0030 0400 0030 0400 0030 0400 0030 0400  0.030
FeO 8100 7.610 8100 7.610 8100 7.610 8100 7.610 8100  7.610
MgO 38400 9.100 38.400 9.100  38.400 9.100  38.400 9.100  38.400L009
Ca0 3150 12500 3.150 12,500 3.150 12,500 3.150 12,500 3.150 .50Q2
NapO 0410 2970 0410 2970 0410 2970 0410 2970 0410 2.970
sum 100 100 100 100 100 100 100 100 100 100
11(f=1) 12(f=1.5) 13(f=2) 14(f=5) 15(f=20)

Si0, 47.434 48.860 47.434 48.860 47.434 48.860 47.434  48.860 4347. 48.860
TiO 0317 0370 0317 0370 0317 0370 0317 0370 0317  0.370
AlO3 7978 17720 7.978 17.720 7.978 17.720 7.978 17.720 7.978 .7207
Fez 03 0582 0.840 0582 0.840 0582 0.840 0582 0.840 0582  0.840
Cr203 0288 0030 0288 0030 0288 0030 0288 0030 028  0.030
FeO 7595 7.610 7.595 7.610 7.595 7.610 7.595 7.610 7.595  7.610
MgO 26035 9.100 26.035 9.100 26.035 9.100 26.035 9.100  26.035009
Ca0 7.902 125500 7.902 12,500 7.902 12500 7.902  12.500 7.902 .5002
NaO 1.869 2970 1.869 2970 1.869 2970 1.869 2970 1869  2.970
sum 100 100 100 100 100 100 100 100 100 100

| 1e¢=100 | 17¢=s00) | 18(=132) | 19¢=2) |  20(=5)
Si0, 47.434 48.860 47.434 48.860 48.940 48.860 48.940  48.860 94@8. 48.860
TiO, 0317 0370 0317 0370 0393 0370 0393 0370 0393  0.370
AlO3 7978 17720 7.978  17.720 10.394 17.720 10.394 17.720 40.387.720
Fez03 0582 0.840 0582 0.840 0.820 0.840 0.820 0.840 0.820  0.840
Cr203 0288 0030 0288 0030 0237 0030 0237 0030 0237 0.030
FeO 7595 7.610 7.595 7.610 7.074 7.610 7.074 7.610 7.074  7.610
MgO 26.035 9.100 26.035 9.100 18.887 9.100  18.887 9.100  18.887.009
Ca0 7.902 12500 7.902 12,500 10.505 12.500 10.505 12.500 %0.502.500
NapO 1869 2970 1.869 2970 2751 29% 2751 2970 2751  2.970
sum 100 100 100 100 100 100 100 100 100 100




Table 2. (continue) Initial bulk composition of the two assemblagad proportion factoy.

bulk comp. o) (Bo) (Ao) (Bo) (Ao) (Bo) (Ao) (Bo) (Ao) (Bo)
oxideswtos | 21(f=20) |  22(=100) | 23¢=s500) |  24¢=1) |  25(=10)
Si0, 48.940 48.860 48.940 48.860 48.940 48.860 49.619  48.860 6189. 48.860
TiO 0393 0370 0393 0370 0393 0370 0426 0370 0426  0.370
AlO3 10.394 17720 10.394 17.720 10.394 17.720 11.372 17.7203721. 17.720
Fez03 0.820 0.840 0.820 0840 0.820 0.840 0.918 0840 0918  0.840
Cr203 0237 0030 0237 0030 0237 0030 0219 0030 0219 0.030
FeO 7074 7.610 7.074 7.610 7.074 7.610 6.745 7.610 6.745  7.610
MgO 18.887 9.100 18.887 9.100  18.887 9.100 16.074 9.100  16.074.009
Ca0 10505 12500 10.505 12500 10.505 12,500 11.518 12.500 5181. 12.500
NapO 2751 2970 2751 2970 2751 2970 3109 2970 3.109  2.970
sum 100 100 100 100 100 100 100 100 100 100

26(f=20) 27(f=100) 28(f=500) 29(f=1) 30(f=5)
Si0, 49.619 48.860 49.619 48.860 49.619 48.860 45.200 45.931 20@5. 45.931
TiO, 0426 0370 0426 0370 0426 0370 0200 0199 0.200  0.199
AlO3 11.372 17720 11.372 17.720 11.372 17.720 3.940 18599 03.9418.599
Fez O3 0918 0840 0918 0840 00918 0.840 0200 0351 0.200 0.351
Cr203 0219 0030 0219 0030 0219 0030 0400 0015 0400 0.015
FeO 6745 7.610 6745 7.610 6.745 7.610 8100 8576 8.100 8576
MgO 16.074 9.100 16.074 9.100 16.074 9.100  38.400 17.507 38.400.507
Ca0 11518 12500 11518 12500 11518 12500 3.150 7.623  3.150.623
NapO 31090 2970 3109 2970 3109 2970 0410 1199 0410  1.199
sum 100 100 100 100 100 100 100 100 100 100

31(f=20) 32(f=100) 33(f=500) 34(f=1) 35(f=5)
Si0, 45200 45931 45200 45931 45200 45931 45200 45.914 2085. 45.914
TiO 0200 0199 0.200 0199 0200 0199 0200 0216 0200 0.216
AlO3 3.940 18509 3.940 18599 3.940 18599 3.940 18582 3.940 .5828
Fez 03 0200 0351 0200 0351 0200 0351 0200 0296 0.200 0.296
Cr203 0400 0015 0400 0015 0400 0015 0400 0005 0400  0.005
FeO 8100 8576 8100 8576 8100 8576 8100 8015 8100 8.015
MgO 38.400 17.507 38.400 17.507 38.400 17.507 38.400 18.551 4088. 18.551
Ca0 3150 7.623 3150 7.623 3.150 7.623 3.150 7.459  3.150  7.459
NaO 0410 1199 0410 1199 0410 1199 0410 00962 0410  0.962
sum 100 100 100 100 100 100 100 100 100 100

| se(=200 | 87¢=100) | 38(=500) |  39(=1) |  40(f=5)

Si0, 45200 45914 45200 45914 45200 45914 45200 45.804 20@5. 45.804
TiO, 0200 0216 0200 0216 0200 0216 0200 0281 0200 0.281
AlO3 3.040 18582 3.940 18582 3.940 18582 3.940 18319 3.940 .31a8
Fez03 0200 0296 0.200 0296 0200 0.296 0.200 0246 0.200  0.246
Cr203 0400 0005 0400 0005 0400 0005 0400 0015 0400  0.015
FeO 8100 8015 8100 8015 8100 8015 8100 7.482 8100  7.482
MgO 38400 18551 38.400 18.551 38.400 18.551 38.400 18.834 4088. 18.834
Ca0 3150 7.459 3150 7.459 3.150 7.459 3.150 8295 3.150  8.295
NapO 0410 0962 0410 0962 0410 0982 0410 0723 0410 0.723
sum 100 100 100 100 100 100 100 100 100 100




Table 3. (continue) Initial bulk composition of the two assemblagas proportion factoy.

bulk comp. o) (Bo) (Ao) (Bo) (Ao) (Bo)
oxideswtos | 41(=20) |  42(=100) |  43(=500) |
Si04 45200 45.804 45200 45.804 45200 45.804
TiO, 0200 0281 0200 0281 0200 0.281
AlOs 3.940 18319 3940 18319 3.940  18.319
Fez O3 0200 0246 0200 0246 0200 0.246
Cr203 0400 0015 0400 0.015 0400 0.015
FeO 8100 7.482 8100 7.482 8100  7.482
MgO 38.400 18.834 38.400 18.834 38.400 18.834
CaO 3150 8295 3150 8295 3.150  8.295
NaO 0410 0723 0410 0723 0410 0.723
sum 100 100 100 100 100 100
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