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Executive Editor,
Solid Earth

This letter complements the submission of the revised manuscript ” Chem-
ical Heterogeneities in the Mantle: Progress Towards a General Quantitative
Description” by M. Tirone (revision II).

Taking into consideration the comments of the reviewer, the manuscript
has been revised to clarify few points. Some issues are only addressed in the

reply.

This submission includes:

e file G-KINB5.PDF' revised manuscript including the supplementary
material

e file G-KINB5.DIF.PDF (added at the end of the reply) highlights all

the changes made on the II revision of the manuscript

Here below I am including the reply to the reviewer and the content of the

file G-KINB5.DIF.PDF.

With kind regards,

Sincerely

Massimiliano Tirone



— Reply to the Reviewer—

I praise the reviewer for taking another look at the manuscript, in fact I am
actually quite intrigued by this kind of aggressive review which gives me some
motivations to engage in a conversation about a study that was completed
long time ago.

The reviewer is very focused on the technical/model details, but he seems
to miss completely the big picture for the Earth mantle and the main point
of this study. Until now the prevalent assumption is that if we have say,
an eclogite and a peridotite, they are separately in chemical equilibrium and
together in chemical disequilibrium, thisis the condition that at the moment
defines a chemically heterogeneous mantle.

The main contribution of this study is to show that this may not be the case,
we can have (partial) chemical equilibration between the two and still observe
a chemically heterogeneous mantle. No need to say that the implications are
quite substantial.

The equilibration model may be inaccurate, the G(*) transport a crude ap-
proximation, they both (hopefully) will be superseded by something better,
while the main contribution of this study stands elsewhere and will endure.

Comment about table 3: units, sign of G(W), value of Cry0Oj3 (fifth column)

- Units: changed from wt% to grams where needed

- Sign of G(W): it is obviously a trivial typo

- Cry03 (fifth column): again not a catastrophic mistake, just a typo, 8.241
should be 8.241e-3

The "missing” experiments:

As T explained since the first submission, in a perfect scientific world, the
experiments should go along side by side with a new model development.
However after the funding proposal to get the first experimental data got
rejected, twice by DFG and once by ERC, I can comfortably say that I won’t
waste any more time trying to get funded. My contribution to understand
chemical heterogeneities and chemical disequilibrium in the mantle ends with
this study.



Enthalpy model?

As a general rule one can use a transport equation for any energy related
quantity (with the proper terms involved) and then convert the results to
another energy quantity. The choice is usually made according to practical
considerations (e.g. convenience). For example the temperature transport
eq. used in this study and generally applied in various forms pretty much
everywhere is based on the conservation of the internal energy + kinetic
energy.

In some cases other quantities are used. For example entropy, even though
entropy is not usually conserved, which means that additional terms to de-
scribe irreversible effects must be included. Enthalpy is considered to be a
conserved quantity in magma chambers (Ghiorso & Spera docent). However
this manuscript does not deal with magma chambers or melt in general. why
enthalpy then? It turns out that I am one of the few that supported the idea
that the thermal state of the solid mantle dynamic evolution can be approx-
imated by an isentalphic model provided that the gravitational effect is also
included. In fact I am the only one who has implemented a full chemical
thermodynamic model for the mantle with this formulation, actually pub-
lished on this very same journal, Solid Earth in 2016. So why not apply it
here then?

First, it is an approximation that is valid for large scale processes when a full
geodynamic model is not available. Second, the computation is not trivial,
even less so when the local composition of the system changes with time. I
don’t see the point of looking for troubles unless we have a clear evidence
that chemical equilibration among different lithologies actually happens on
a spatial scale that differ from the mantle size by few orders of magnitude or
less.

I am not aware of a geological setting where the solid mantle should be de-
scribed by the simple conservation of enthalpy formulation that the reviewer
suggested I should use.

Tables 3,4,5: To the reviewer the results may seem trivial, they weren’t to
me until I actually did the modeling. I am also not sure that in certain situ-
ations with non-ideal mixtures involved, the sub-systems remain unchanged
when chemical equilibration is imposed separately. But anyway since I can-
not prove a definitive conclusion, let’s share the observational results with
“ordinary” geoscientists like myself, shall we?
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As for the generalization, it is hard to say, beyond what was done in section
2.1 and 2.2

The statement made by the reviewer 7if all chemical components do not
diffuse at the same rate, then the conditions that arise in the diffusion couple
are NOT on the binary join between the original endmembers” is not clear
at all, it does not make any sense to me. There is no binary join, there
is an initial state and some boundary conditions. The boundary conditions
determine the final (endmember?) states. Everything that happen inside
must obey transport principles in accordance with the limits defined by the
initial and boundary conditions, regardless of the diffusivity of the chemical
components.

The equilibrium assemblages for the 43 cases are parameterized and then ap-
plied at the interface of the two sub-systems. Then it is possible to determine
then bulk composition inside the two sub-systems because a unique relation
between G(*) and the oxide abundance is also established by the 43 cases.

I added a short text on how for example one of the 43 calculations (case #11)
has been set up.

Of course G is not a conserved quantity, but one can create an artificial
source term at the interface (based on the results of the 43 cases).

”And while the mass of each component may diffuse at a rate proportional to
the gradient in chemical potential, the chemical potential itself does not do so
(unless all activity-composition relations are linear, I guess, which they are
not).”

that is correct.

I think one major misunderstanding is to believe that the evolution model
using the quantity G(*) is presented as a real exact description of the progress
of the chemical equilibration process. In reality it was always intended as a
semi-empirical tool aiming to highlight the existence of distinct mineralogical
and compositional assemblages after chemical equilibration took place. This
was also the main point of this study.

I put it down explicitly in the revised manuscript.



Quoting the reviewer “this approach appears to enforce the unstated assump-
tion that all components diffuse at the same rate”

ouch! I interpret the unsupported statement about the rate of diffusion and
the underline equivalence between the transport model for G(*) and chemical
diffusion as an odd way to pose a certain question which I take the liberty
to formulate as follow: does the transport model for G(*) produce the same
results of a multicomponent chemical diffusion model applied to the whole
system assuming the intrinsic diffusion coefficients to be the same for all the
bulk chemical components?

answer: I don’t know, let’s find out.

I considered for comparison the 1-D output data available in the supple-
mentary material computed with two assemblages in proportion 5:1 (figure
3 in the manuscript). The compositional variations at the interface and the
size-change are known from the data file TWOPD-G-KIN2.5.DAT, therefore a
multicomponent diffusion/growth model can be used to model the 9 oxides
describing the whole assemblage on one side (I picked the left side).

Why the whole assemblage and not the individual minerals, since the com-
position of the minerals is available as well? Because the information about
the bulk oxides for each mineral is not sufficient for a comparison with an
hypothetical independent transport model applied to each mineral separately.

The diffusion matrix is constructed according to the ionic common-force
model (Liang et al. GCA, 1997; Liang 2010, Rev Min & Geochim.) The
self-diffusion coefficient DY for all ions/oxides is set initially to 0.7 (arbitrary
units). This value has been chosen based on an empirical best fit assessment.
For simplicity the diffusion matrix is assumed to be equivalent to the kinetic
component (i.e. ideal mixing and no volumetric effect). Other details can be
found in the studies referenced above here and in a Lithos paper (Tirone et
al. 2016). The first figure at the end of this report shows the comparison at
3 different times, 800, 16000, 80000 (arbitrary units) (results for FesOs5 are
omitted to keep the 8 panels as large as possible fitting in one page).

Based on this figure this is my answer to the initial question: the results
of the G(*) model and the multicomponent diffusion model with equal DY
appear to be somehow similar but not quite the same.

Two additional numerical tests consider D%,,, to be 5x slower than DY for
the rest of the oxides and 5x faster. Results are shown on the second and
third figure. Little differences can be noted mainly because the mobility of
the various components is interconnected.



Summary: what is the relevance of this exercise in relation to the manuscript?
In my opinion it is marginally relevant. Without the experimental data, the
G(*) model is as good as any other, but it has the advantage of being rela-
tively simple and, thanks to this exercise, it seems quite general in the sense
that, unless there are wild differences in the kinetic processes involved, the
description provided by the G(*) model may not be too far off from the real
observations This exercise confirms to me once again something that was
found already in the defunct funding proposal where I made several compar-
ison of a G(*) model with few kinetic models, considered either independently
or in combination.

The text in the manuscript makes no mention of a case with f<1, "This
variation remains somehow still independent of the initial proportion of the
two assemblages, at least with f = 1,5,50.”, therefore within the specified
boundaries, the statement is correct.

A quantity similar to the Peclet number can be simply computed from the
model setup combining the input velocity and the scaling term ”S”.
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Chemical Heterogeneitiesin the Mantle: Progress Towards a
General Quantitative Description (revisedrevision |1)

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

Abstract. Chemical equilibration between two different assemblggesdotite-type and gabbro/eclogite-type) has beermrdete
mined using basic thermodynamic principles and certairsitaimts and assumptions regarding mass and reactionaregeh
When the whole system (defined by the sum of the two sub-sg3tisrin chemical equilibrium the two assemblages will not
be homogenized but they will preserve distinctive chemacal mineralogical differences. Furthermore, the massteabe-
tween the two sub-systems defines two petrological assgebthat separately are also in local thermodynamic eqjuifib

In addition, when two assemblages previously equilibrated whole in a certain initial mass ratio are held togeth&iragg

a different proportion, no mass transfer occurs and the tlbesystems remain unmodified.

By modeling the chemical equilibration results of seveyatems of variable initial size and different initial congitton it is
possible to provide a quantitative framework to determiree¢chemical and petrological evolution of two assemblaga®s f
an initial state, in which the two are separately in chemézplilibrium, to a state of equilibration of the whole systeks-
suming that the local Gibbs energy variation follows a sergnduction/diffusiermedetransportmodel with an energy
sourceat the interface a complete petrological description of the two systemshmdetermined over time and space. Since
there are no data to constrain the kinetic of the processedvad, the temporal and spatial scale is arbitrésgrertheless

The evolutionmodelshouldbe considerednly a semi-empiricaktool that showshow the initial assemblagesvolve while
reservingdistinct chemicalandpetrologicalfeatures Neverthelesslespitethe necessargimplification,a 1-D modelshews

illustrateshow chemical equilibration is controlled by the size of the sub-systems. By increasing the initial size of the first
assemblage (peridotite-like), the compositional diffes between the initial and the final equilibrated stagefecsmaller,
while on the eclogite-type side the differences tend to lgela A simplified 2-D dynamic model in which one of the two sub
systems is allowed to move with a prescribed velocity, shinasafter an initial transient state, the moving sub-systends

to preserve its original composition defined at the influesithe composition of the static sub-system instead preiyedy
diverges from the composition defining the starting assegel The observation appears to be consistent for varidgtied in
proportions of the two assemblages, which simplify somettemdevelopment of potential tools for predicting the creahi
equilibration process from real data and geodynamic apfidias.

Four animation files and the data files of three 1-D and two 2iMerical models are available following the instructioms i

the supplementary material.
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Copyright statement.

1 Introduction

Our understanding of the Earth and planetary interiors gtan the underlying assumption that thermodynamic équili
rium is effectively achieved on a certain level, which metirat the system under consideration is in thermal, mechbaia
chemical equilibrium within a certain spatial and tempataiain. Although this may appear to be just a formal definjtio
it affects the significance of geophysical, petrologicad geochemical interpretations of the Earthiseriofinterior. While

the assumption of thermodynamic equilibrium is not nea@lgdacorrect, the major uncertainty is the size of the damen
which the assumption is expected to be valid.

The Earth and planetary interior as a whole could be defindzbtm mechanical equilibrium when the effect of the grav-
itational field is compensated, within a close limit, by agsure gradient (for simplicity variations of viscous facre
neglected). Even when this is effectively the internalsfahe example could be perhaps the interior of Mars), theymamic
equilibrium most likely is not achieved because it requias® thermal equilibrium (i.e. uniform temperature) anéroi

cal equilibrium (for possible definitions of chemical eduilum see for example Prigogine and Defay, 1954; Denbi§fi11
Smith and Missen, 1991; Kondepudi and Prigogine, 1998). 8maller scale instead, local thermodynamic equilibriunido
be a reasonable approximation. If the system is small endbgleffect of the gravitational field is negligible and a dition
close to mechanical equilibrium is achieved by the neamualdetween the gravitational force and pressure (locatly 8en-
sity and pressure are effectively uniform and viscous feere neglected for simplicity). Clearly a perfect balandEl@ad to
static equilibrium. On the other end dynamic equilibriumkesharder for chemical and thermal equilibrium to be maiet

In studies of planetary solid bodies it is often reasonablassumelynamicequilibriumcloseto a quasi-static condition in
which the forces balance is close but not exactly zero. At allemscale it is then easier to consider that the tempearatur
is also nearly uniform. The main uncertainty remains thexahal equilibrium condition. On a planetary scale, whettner
size of system under investigation is defined to be on theramideundreds of meters or few kilometers, it has little effec

the variation of the gravity force and in most cases on theptgature gradient. But for chemical exchanges, the dififeze
could lead to a significant variation of the extent of the &bdtion process. For the Earth’s mantle in particulas tisithe
case because it is generally considered to be chemicaklydwneous. The topic has been debated for some time (gellog
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; Ricatld, et
1993; Christensen and Hofmann, 1994; Walzer and HendeB; IR&kley and Xie, 2002; Zhong, 2006; Huang and Davies,
2007; Brandenburg et al., 2008; Li and al., 2014; Ballmel.e2815, 2017). Geochemical (van Keken and Ballentine 8199
van Keken et al., 2002; Kogiso et al., 2004; Blusztajn et28l14; Iwvamori and Nakamura, 2014; Mundl et al., 2017) and geo
physical (van der Hilst et al., 1997; Trampert et al., 200dmimasi and Vauchez, 2015; Zhao et al., 2015; Tesoniero,et al.
2016) data essentially support the idea that the mantldajgvand preserves chemically heterogeneities throughaini’s
history. Even though all the interpretations of the marttiecture are based on the assumption of local thermodyneaiidib-
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rium, the scale of chemical equilibration has never beeedtigated in much detail. An early study (Hofmann and H&T,8)
suggested that chemical equilibrium cannot be achievedageological time, even for relatively small systems (kikter
scale), hence it must preserve chemical heterogeneititeeosame scale. The conclusion was inferred based on volifme d
fusion data of Sr in olivine at 100C. At that time the assessment was very reasonable, allegjfetheralization was perhaps
an oversimplification of a complex multiphase multicompatn@oblem. In any case, significant progress in the experiate
methodology to acquire kinetic data and better understanali the mechanisms involved suggest that the above caonlus
should be at least reconsidered. Based on the aforemedtibngy, the only mechanism that was assumed to have some in-
fluence on partially homogenizing the mantle was mechathaahing/mixing by viscous deformation (Kellogg and Tutteg
1987). In addition very limited experimental data on spedfiemical reactions relevant to mantle minerals (RubieRuwss I,
1994; Milke et al., 2007; Ozawa et al., 2009; Gardés et all,128lishi et al., 2011; Dobson and Mariani, 2014) came slwort t
set the groundwork for a general re-interpretation of cleahhieterogeneities in the mantle.

Perhaps a common misconception is that chemical equifibbetween two lithologies implies chemical homogenization
other words, if the mantle is heterogeneous, chemicaliégation must have not been effective. This is not necegganie. A
simple example may explain this point. If we consideringgoample the reaction between quarz and periclase to foriablar
amount of forsterite and enstatitef gO + nSi02 = (1 — n) M g25i04 + (2n — 1) M gSiOs, at equilibrium, homogenization
would require the formation of a bimineralic single layerdaaf a mixture of enstatite and forsterite crystals. Howexger-
imental studies (e.g. Gardés et al., 2011) have shown théteformation of two separate monomineralic layers, onéad
policrystalline enstatite and the other one made of foitster

In summary there are still unanswered questions regarbdmghemical evolution of the Earth’s mantle, for exampleylaat
spatial and temporal scale we can reasonably assume thab&gical system is at least close to chemical equilibfdend
how does it evolve petrologically and mineralogically?

This study expands a previous contribution that aimed teigeoan initial procedure to determine the chemical eqralilon
between two lithologies (Tirone et al., 2015). The probleaswexemplified in a illustration (figure 1 in Tirone et al. (31
Because certain assumptions need to be made, the heuwlstios, further developed here, is perhaps less rigoroas bther
approaches based on diffusion kinetics that were appliddlyni@r contact metamorphism problems (Fisher, 1973; tiogs
1977; Nishiyama, 1983; Markl et al., 1998). However the adxge is that it is relatively easy to generalize, and it $ciad
wards a possible integration with large scale geodynamicarnical models while still allowing for a comparison withate
petrological data. At the same time it should be clear thagtwate this model approach and to coinstrain the exteifief
chemical equilibration process, experimental data shbealdcquired on the petrological systems investigated haténathe
previous study.

The following section (section 2) outlines the revised pihare to determine the two petrological assemblages farmain
gether a system in chemical equilibrium. The revision imeslthe method used to determine the composition of the two
assemblages when they are in equilibrium together, thebda¢aof the thermodynamic properties involved and the numbe
of oxides considered in the bulk composition. In additiamcsi the solids are non-ideal solid mixtures (in the previiugy

all mixtures were ideal), the chemical equilibration regaithat the chemical potential of the same components itwbe
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assemblages must be the same (Prigogine and Defay, 195digbeh971). The method is still semi-general in the senat th
a similar approach can be used for different initial lithgiks with different compositions, however some assumptamd
certain specific restrictions should be modified dependmthe problem. The simplified system discussed in the fohigwi
sections assumes on one side a peridotite-like assemlalade, gabbro/eclogite on the other side. Both are considgsrad
fixed pressure and temperature (40 kbar and 1@p@nd their composition is defined by nine oxides. The gdidea is to
conceptually describe the proxy for a generic section ohthetle and a portion of a subducting slab. A more generahsehe
that allows for variations of the pressure and temperaturalsl be considered in future studies. The results of théibration
method applied to 43 different systems are presented iioge2tl. 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 prapog to determine the evolution over time towards a stategaflie
bration for the whole system. Thellewing-section(seetionnextsection(4) illustrates the results of few simple 2-D dynamic
models that assume chemical and mass exchange when oneids at a prescribed velocity while the other side remains
fixed in spaceThesesimplemodelsonly servethe purposeto illustrate how distinct mineralogicandpetrologicafeatures

arepreserveafterchemicalequilibrationhasbeenreached.
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 eaiber 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 modelslao available (Saxena, 1996; Stixrude and Lithgow-Berte
2005; Piazzoni et al., 2007; de Capitani and Petrakaki€);28dlland and Powell, 2011; Duesterhoeft and de Capit®1i3p,
AlphaMELT Shasbeenprevenprovedto be a versatile tool to illustrate the method describedhig work. It also allows for

a seamless transition to potential future investigationshich it would be possible to study the melt products of twaik-
brated, or partially equilibrated assemblages when thedditions are varied.

2 Modeling Chemical Equilibration Between Two Assemblages

This section describes in some details the procedure tondete the transformations of two assemblages after thepatre

in contact and the system as a whole reaches a condition aficakequilibrium. The bulk composition is described by
nine oxides §i02, 1104, Al2O3, Fex0s3, Cra03, FeO, MgO, CaO, NaxOwitd%)-). Retainingthe input format of the
AlphaMELTS program the bulk compositionis givenin grams.Pressure and temperature are defined at the beginning of the
process and they are kept constant. Water (thermodynamgeprs not considered simply because the mobility of a flnakp

(or melt) cannot be easily quantified and incorporated imtloelel. Three independent equilibrium assemblages aieved
using AlphaMELTS. These are standard equilibrium companatwhich consist of solving a constrained minimization of
the Gibbs free energy (van Zeggeren and Storey, 1970; Ghib885; Smith and Missen, 1991). The first two equilibragion
involve the bulk compositions of the two assemblages séggrd he third one is performed assuming a weighted average
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of the bulk composition of the two assemblages in a predefimegdortion, for example 1:1, 5:1 or 100:1, also expressed
as f:1 where f=1,5,100 (peridotite : gabbro/eclogite).sTthird computation applies to a whole system in which the two
assemblages are now considered sub-systems. The variaplerfion essentially allows to put increasingly largertjpms
of the sub-system mantle in contact with the sub-system mgadatiogite using the factof to indicate the relative “size” or
mass of material involved. By using AlphaMELTS the minegidal abundance and composition in moles is retrieved from
the filephase_mai n_t bl . t xt, while the chemical potential for each mineral componerthasolid mixture is retrieved
from the thermodynamic output file (option 15 in the AlphaME_program). Knowing all the minerals components involved,
an independent set of chemical reactions can be easily f(@mith and Missen, 1991). For the problem in hand, the list of
minerals and abbreviations are reported in table 1, andethef sndependent reactions are listed in table 2.
Given the above information, the next step is to determieéotiik composition and the mineralogical assemblages dfatbe
sub-systems after they have been put together and eqtidibraf the whole system has been reached. For this problem th
initial amount of moles: of mineral componentsin the two assemblages is allowed to vatyr(;), provided that certain
constraints are met. The set of constraints can be broafihedidn two categories. The first group consist of relatidrad aire
based on general mass, chemical or thermodynamic prisciplee second set of constraints are based on certain rédsona
assumptions thatil-reedto-shouldbe verified by future experimental studies.
The first and most straightforward set of constraints regguinat the sum of the moles in the two assemblages shouldiaé eq
to the moles of the whole system:
fni(Ao) + Ani(A)] + [n;(Bo) + An;(B)] — (f + 1)ni(W)
(f +Dni(W)

wheren;(Ay) represents the initial number of moles of the mineral conepbin 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 and(WW) 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 loc&netcal equilibrium (Prigogine and Defay, 1954; Denbigh719
Kondepudi and Prigogine, 1998) by requiring that the chairpotentials of the mineral components in the two sub-syste
cannot differ from the chemical potentials found from theiglrium computation for the whole assemblad€&)

pi(A) = pi(W) pi(B) — pi(W)
wi(W) pi(W)

2 2

-0 )

wherey; (A) is the chemical potential of the mineral component in theergdageA whose number of moles ig; (A) =
n;(Ap) + An;(A), andsimilarly-asimilar expressiorior the second assemblage

Another constraint is given by the sum of the Gibbs free gnefdghe two sub-systems that should be equal to the total$5ibb
free energy of the whole system:

(fG(A)+G(B) ~(f+ 1>G<W>)2 o

7+ 0a0T) ®)
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whereG(A) = )", n;(A)uni(A) and similarexpressierequationsor B andV.

The list of reactions in table 2 allows to define a new set ofagigns which relates the extent of the reactforwith the
changes of the moles of the mineral components (Prigogid®afay, 1954; Kondepudi and Prigogine, 1998). Consider for
example the garnet component almandine (Alm) which appeagsaction (T-1), (T-3), (T-10), (T-12), (T-13), (T-14)T{5)
and (T-16), the following relation can be established:

FAN A (A) + Anaim(B)  +18r_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 mnfat new variables. However not necessarily all¢hshould be
treated as unknowns. This can be explained by inspectingxample table 3, which provides the input data and the esult
of the equilibrium modeling of on of the study cases, in gaitr the one that assumes an initial proportion 1:1 (f=he T
second and third column on the upper side of the table reperinput bulk composition on the two sides. The second and
fifth column on the lower part of the table show the resultdefthermodynamic equilibrium calculation applied sepeyeab

the two sub-systems. The last column shows the results éowvttole systeni?’. This last column indicates for example that
orthopyroxene is not present at equilibrium in the wholeagsdage. Considering the reactions in table 2 and the dasdla

3, the En componentin orthopyroxene appears only in raagt®, and since no OEn is present on fhside, the mole change

in A can be locked&nog,(A) = —0.0700777). Thereforel;-_») is fixed to -0.0700777. The same is also truedar_s)
whichis uniquely coupled td\nogss(A), furthermoref _4) coupled toAnomq(A), alsoér—11) coupled to—-Anpjq(A),
andatsefinally {r_17) fixed by Angoe(B).

For the problem in hand the above set of relations does rmwatl uniquely define the changes of the moles of the mineral
components in the two sub-systems. Therefore additiotetioas based on some reasonable assumptions have beeh adde
to the solution method. Future experimental studies witcheo verify the level of accuracy of such assumptions. Gerta
constraints on the mass exchange can be imposed by complagirggjuilibrium mineral assemblage of the whole system
(W) with the initial equilibrium assemblages iy, and By. For example table 3 shows that olivine is present in the &hol
assemblagél’. However initially olivine is only located in sub-systery. Therefore rather than forming a complete new
mineral in B, the assumption is that the moles of fayalite (Fa), moriiiegMtc) and forsterite (Foyvill changeonly in sub-
systemA will-ehangdo comply with the composition found for the whole assemelag Following this reasoning the changes
in the two sub-systems could be setAsiz,(A) = 0.0008090, Anpsi.(A) = —0.0000555 andAn g, (A) = —0.0726300 and
Anp,(B) = Anpne(B) = Ango(B) = 0. In this particular case the same assumption is also ajyidi¢a the orthopyroxene
components. Itis clear that starting with different bulkrgmositions or proportions or (T,P) conditions, alternatgsemblages
may be formed, therefore different conditions may applytbe argument on which the assumption is based should basimi
Additional constraints based on further assumptions cazohsidered. For example, garnet appears on both gigesd By.

The components pyrope (Prp) and grossular (Grs) contrinife to two reactions, (T-1) and (T-12), and in both cases the
reactions involve only olivine components which have berediin sub-systeml, as previously discussed. The assumption
that eanbemadeis madehereis that the change of the moles of the garnet components isystemB will be minimal
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because no olivine is available in this sub-system. Theedfee following relation is applied:

min (*AnPTP(B) ) i (5)
nprp(Bo)

and similar relations can be also imposed to the other gaomeponents, Alm and Grs. The same argument can be applied to

the clinopyroxene and spinel components. For example tinelsppmponent hercynite (Hc) appears only in reaction3)-1

which involves olivine and orthopyroxene components (FBj)Qocated in sub-system, and the garnet component Alm

which has been already defined by the previous assumption.

The overall procedure is implemented with the use of Minlginjes, 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 differetilivalues for the parametersn;(A), An;(B) and¢, to confirm

that a unique global 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, blatee, initial compositions. The initial bulk compositiamd the
proportion factorf of the two sub-systems for all the 43 cases are included ibla tvailable in the supplementary material.
Ferfew-ecaseghefor examplethe initial compositionsfor Ay and B, appliedto case#11 aretakenfrom table4 (column

Ax) andfrom table 3 (column Bj), bothtablesdiscussedn this section.Tables3-7 reportthe results of the procedure dis-
cussed in the previous sectierereportedintables3—#Aor few casesTable 3 wagpartialhyintroducedeartiershewingbriefly

introducedearlierto showthe initial bulk composition of the two sub-systems (uppertion of the table), the initial equilib-
rium assemblages and the mole changes after the chemidibestion (lower part of the table). The table also inclsdbke
bulk composition in the two sub-systems after the chemigailération procedure is completed (upper part, columné @).
These bulk compositions are calculated from the mole amuoelaf the mineral components shown in the lower part (colimn
4 and 7). The total mass of the sub-systems is reported asNat# that negative abundance of certain mineral compsngnt
permissible according to the thermodynamic model develdyyeGhiorso (Ghiorso and Carmichael, 1980; Ghiorso, 20%3) a
long as the related oxides bulk abundance is greater than zer

In the example shown in table 3 there is a significant massfgarirom B to A: mass@;)=100, massd)=146.36 and
massp,)=100, mass§)=53.64(grams) The table also includes the total Gibbs energy for the gsbems, before and af-
ter the equilibration of the whole system which are comptitech the output of the program AlphaMELTS after combining
the moles of the components and the relative chemical gatenThe total Gibbs free energy is relevant for the paramet
ization discussed in the next section. Table 4 is a summasyfafther analysis aiming to investigate whether there is an
pattern in the compositions of the two sub-systems. The batkpositions in the upper portion of the tablé«( Bx) are
obtained by normalizing the oxides ih and B (upper part, column 5 and 6 of table 3) to a total mas&@#-100 grams.
For exampleSiO; in Ax in-from table 4 (47.434) is 100(Si0O5 in A)/(sum of oxides inA) from table 3, which is equal

to 100x69.428/146.367The normalizedoxides(Ax, Bx) representhe massof the componentsn gramswhen the total
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massis 100 grams,which is obviously also equivalentto the weight % of the componentsThese bulk compositions can
be used for two new Gibbs free energy minimizations, one &mheof the two sub-systems, to retrieve the correspondent

equilibrium assemblages separately. The interestingressen that can be made following the summary in the lowet pa
of table 4, is that the abundance of the mineral componenisirss unmodified after scaling the results for the total mass
of the system. For example using the data from table 3, thegption relation:ng,, (A) : 146.347 = ngp, (Ax) : 100 gives
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 repbitetable 4 1., (Ax) = 0.0099353. In other words the scaling factor
used to define the input oxide bulk composition can be alstiexpiw the equilibrium mineral assemblage.

Based on this observation, some equilibration models haea barried out considering at least one of the initial cositjom

from a previous model (e.gix from a previous equilibration mode} input for a new modeH, or alternativelyBx = By),
while for the other sub-system the initial bulk compositfoom table 3 is used again. A special case is the one showhbla ta

5 in which bothA, and B, are taken from the equilibrated and normalized data of theipus model A« and Bx, reported in
table 4. If the proportion in the new model remains the sanig then clearly no compositional changes are expecteé e
whole system is already in equilibrium. If the proportiorciganged, for example to 5:F & 5), the bulk composition of the
whole system is different from the bulk composition of thealehsystem with 1:1 proportion and the assemblages in the two
sub-systems may not remain unmodified after equilibratitmwever this does not appear to be the case, as shown in table 5
whereAn;(A) and An;(B) are very small. The resulssentiallysuggest that 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 thelt®sf the equilibration process are different from theaufessstart-

ing with an initial proportion 1:1 (table 3). For example Wwit:1,74;,, (A4) = 0.01453, while with 5:1,n,4;,,(A4)/5 = 0.00737.

The question is whether the observation made for the firstiesiucase with proportion 1:1 can be generalized. In pddicu
the observation that the minerals abundance in the two gstieras from the equilibration procedure of the whole system
equivalent to the one that is obtained from two separatelibrption computations using the normalized bulk compos#

Ax and Bx. Indeed it appears that the same conclusion can be madeefonadel with 5:1 initial proportion (table 7). The
number of moles of the almandine componentis;,,, (A)/5) x 100/110.064 = 0.006698 (table 6) which can be compared
with 745, (Ax) = 0.006695 from table 7. The similarity has been also observed for alldther models wittf 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 caémic
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 deterithie bulk composition and the mineralogical assemblagieein
two sub-systems after the chemical equilibration processinpleted.

The key quantity is the normalized Gibbs energy of the twosygiems after they have been equilibrat@d4+) andG(Bx).
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The normalized Gibbs energy for an unspecified sub-systéhe(el« or Bx) is defined by the symbdk(x). The quantity
can be computed from the AlphaMELTS output after the Gibbe Energy minimization is applied t#« or B, or it can be
simply obtained by scaling G(A) or G(B). Panel 1-A) shows ttékation between the rati@(Ax)/G(Bx*) andG(Bx) which
will be used later to definé&'(x) at the interface between the two assemblages. The data figtine for the 43 models have
been fitted using a Chebysheelynemialpolynomials(Press et al., 1997). By knowing(x), it is possible to retrieve the
abundance of all the oxides defining the bulk compositiomadized t0100:100grams.An example is shown in panels 1-B)
and 1-C) which illustrate the data points fofgO in (Ax) and(Bx) in the 43 study models and the fitting of the points using
Chebyshev polynomials.

The mass transfer between the two sub-systems can be ridatezitotal 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 betweerd~ and the normalized:(x), then the mass transfer can be quantified. Panel 1-E) of figgh®ws the data
points and the data fitting with the Chebyshev polynomiaheffunctionG(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 armabile. The problem is assumed to follow a simple conduc-
tion/diffusion couple-type modetith variablesizefor the local variation oiZ(x) which can be expressed by the following
equation for each sub-system:

Gt . G
o~ ad, ©)

where S(x) is a scaling factor an@(x) and S(x) refers to eithetdx or Bx. Time ¢, distanced,.(x) and the scaling factor
S(x) have no specific units since we have no knowledge of the kiétihe processes involved. At the moment these quan-
tities are set according to arbitrary units, S(A*) and S(Bf¢ set to 1, while, d,.(Ax) andd, (Bx) have different values
depending on the numerical simulatidghshouldbe clearthatthe dynamicmodelprovidesonly a semi-empiricabjuantitative

descriptionof a complexprocessThe mainpurposss to illustratethe generakconceptandto showthatthetwo assemblages
could developdistinct regionsevolving towardsthe conditionof chemicalequilibrium, while far from the interfaceareathe
initial compositioncanbe preservedor a certainamountof time. The detaileddescriptionon how the two sub-systemsyill

eventuallyreachchemicalequilibrationis beyondthe scopeof this study.
The numerical solution with grid spacinyd, («), uniform on both sides, is obtained using the well-knownr®ralichols

method (Tannehill et al., 1997). At the interface (definedHizysymbol f) the polynomial of the function shown in panel 1-A)
of figure 1 is used together with the flux conservation equatio
0G(Ax)|  0G(Bx)

0dy(Ax) |, 0dy(Bx) |,

(7)
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to retrieveG(Ax),; andG(Bx),s assuming tha (Ax) = S(Bx). The external boundaries defining the limits of the whole sys
tem (symbol) are assumed to be of closed-type or symmetric-type. Betblatained by the conditiofl (Ax*); = G(Ax*),, 1
andG(Bx); = G(Bx*),,—1, Wheren 4 andn p are the total number of grid points on each side (excludiadptundary points).
G(Ax); andG(B=x); define the outside boundary limits of the whole systepresentingvhichrepreseneither the closed-end

of the system or the 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-systet8 at complete equilibrium would
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 as7(Bx),, can be easily computed. The quantityBx),,, is needed in the following relation to
find the current total length of the sub-system at a partidirize:
G(Bx)if — G(Bx)qq

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

(8)

The same change of length is applietr-with opposite sign on the other sub-system. The new dimendigng A=) and
D, (Bx) define also new constant grid step siz&s(Ax) andA,(Bx). The final operation is to re-mesh the value€ig)

at the previous time step onto the new uniform spatial grid.

It is worth to mention that in the procedure outlined aboveheonverting the change 6fto the change of the total length of
the sub-system is a two steps process. The first step makes theerelation between the change®fand the change of the
total mass, which was illustrated in panel 1-D) of figure 1tHe next step the assumption is that the change of mass{gnd
is proportional to the change of the total length of the sydtesm.

To summarize the numerical procedure, at every time stepaimplete solution on both sides is obtained by solving égné#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 updatathusie polynomial function and equation 7. The total lengtthien
rescaled to account for the mass transfer and the numeridaligeis updated. This procedure is iterated until the variatien b
tween two iterations becomes negligible (typically cogeerce is set byG/(Ax)7! — G(A#)| +|G(Bx)7,' — G(B#)7?| <

le — 4, where the labels # 1 and # 2 refer to two iterative steps).

Once convergence has been reached, the oxide abundance framt easily using the Chebyshev polynomial parameteri-
zation in which each oxide is related to a functiont&fAx) or G(Bx) (e.g. forM gO see panel-A)-andi-B1l-B) and1-C)

of figure 1).For conveniencéhe compositioris identifiedin wt% sincethe normalizedoxides(*) representhe gramsof the
componentsvith respecto a total massof 100 grams.Finally, knowing temperature, pressure and the variatioe bulk
oxides composition in space and time, a thermodynamicibgiuin calculation can be performed at every grid point gshre
program AlphaMELTS to determine the local mineralogicakasblage.

Several 1-D numerical simulations have been carried ot initial proportion ranging from 1:1 to 100:1. Some restitsn

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.

10
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The initial bulk composition of the two assemblages, thagsately are in complete thermodynamic equilibrium, issame
reported in table 15i0y = 45.2, TiO5 = 0.20, Al;O3 = 3.94, Fe2O3 = 0.20, Cro0O3 = 0.40, FeO = 8.10, M gO = 38.40,
CaO = 3.15, NasO = 0.41 wt% (peridotite side)Si0Os = 48.86, TiOs = 0.37, AlsO3 = 17.72, FesO3 = 0.84, Cry0O3 =
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)dhat three different times, 80, 4000 and 20000 (arbitrarysini
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 progresse@ease on thd side while MgO
increases on th& side. The bulk composition can be used with the program AYHHATS to determine the local equilibrium
assemblage. Panels 2-C) - 2-H) show the amount of the vamdusrals in wt% (solid lines) and th&/ ¢gO content in each
mineral in wt% (dotted lines), with the exception of coegitpanel 2-H) 670-). The complex mineralogical evolution during
the chemical equilibration process can be studied in sortal deor example one can observe the progressive disagpear
of orthopyroxene on the peridotite side and the exhaustiao@site 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 summarizéalow. For the 5:1 case),(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,(A4y) =5,
Ad,(Bp) = 1, time step is set to 800.

Few observations can be made by comparing the three siwngator example, orthopyroxene on the peridotite siderbheso
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 ineitle starting proportion 5:1, compared to the 1:1 case.
However with initial proportion 50:1, th&/ ¢gO content does not seem to change any further.

The supplementary material provides a link to access thededav (all nine oxides) for the three test cases with initiapjor-
tion 1:1, 5:1 and 50:1. In addition two animations (1:1 antl &ases) should help to visualize the evolution of the nucaéri
models over time.

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

A 2-D numerical model makes possible to study cases in whidbaat one of the two assemblages becomes mobile. The
simplest design explored in this section, considers amgctiar box with a vertical interface dividing the two sulstams. The
dynamiceempenentonditionis simply enforced in the model by assuming that one of thestsggmblages moves downwards
with a certain velocity, replaced by new material enterirmgrf the top side, while the other assemblage remains fixdukin t
initial spatial frame. The whole system evolves over timofeing the same principles introduced in the previousisectThe
numerical solution of the 2-D model is approached at eveng tstep in two stages. In the first stage the following equnasio
applied to both sub-systems:

0G(x) . PG G ()
o =5 Mag 2 T 5

(9)
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whered, (x) is the general spacing in the x-direction representingeeith(Ax) or d,(Bx) 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¢,
Ad?, Adz) (Tannehill et al., 1997). Similar to implicit methods ajgpl for 1-D problems, the ADI method requires only the
solution of a tridiagonal matrix.

The numerical procedure described in section 3 to deterdire at the interface is also applied here to the 2-D model. The
limits of the whole system opposite to the interface (l&ftit) are also treated similarly, assuming either a claypé-or
symmetric-type boundary. For the other two boundaries fioftom) the zero flux condition is imposee{A =Gt~

. Wheren,, is thetotal numberof grid points

in they direction(excludingthe boundaries)

In the previous section a procedure was developed to acfoutite mass transfer between the two sub-systems. The same
method is applied for the 2-D problem. The conceptual diifiee is that in a 2-D problem the mass change in principle
should affect the area defined around a grid point. For mralgiurposes however in this study it only affects the lemgthe
horizontal x-direction, hence re-meshidgeto the changeof massis applied only to determin®,, ;(Ax) and D, .(Bx*) and

the two uniform grid step sizes in the x-directiad, (Ax) andAd, (Bx).

Up to this point the evolution of the system is not differdrar what was described for the 1-D case. The dynamic componen
is included at every time step in the second stage of the gueelt is activated at a certain time assuming that theerhos

sub-system moves downwards with a fixed pre-defined venakity (y-componentMaluveset-Gtarethenre-meshed
ireett YT, hegenakrid—The material introduced from the top side is assumed

to have the same composition of the initial assemb

asdefinedfor
the 1-D models, table }-(andthe sameG(Ay) andG(By) values).This is accomplishedy assigningG(Aq) or G(Bg) at

alocationneartheinterfacewhich is definedby theimposedvelocity. Thenthe G(x) pointsarealsoshiftedaccordingto the
rescribedvelocity. Valuesof G(x), ontheoriginal orthogonalgrid are obtainedby linear interpolationof the shifted G (x

points.
Oxides bulk composition is then retrieved at each grid poudr time using the same polynomial functions applied fer th

1-D problem. The complete mineralogical assemblage cafsbecamputed using AlphaMELTS as part of a post-process step
after the numerical simulation is completed.

Only few 2-D simulations have been performed, specificatigsidering 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-systeml. Initial grid specifications areD, (Ay) = 500, D, (By) = 100, Ad,(Ao) = Ad,(Bo) =2, Dy(Ap) =
D,(By) =50, Ad,(Ay) = Ad,(By) =1 (arbitrary units). Time step is set to 16 (arbitrary unitBe scaling coefficients

Sz (*) and Sy (x) are set to 0.01 (arbitrary units). The dynamic componentiivated 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 variatiotr 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
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content in each mineral phase (line contour-type), withakeeption of panel 5-H) for coesit&{0.). The panels clearly
illustrate the variations introduced by the mobile subtaysA. On the other side there is apparently no immediate effect on
the assemblagB, however the long term effect is significant and becomeséhsh a later figure (figure 7).

Figure 6 provides a similar overview for the case assumih(Ejwith sub-systen? moving downwardExaetlythe Thesame
numerical conditions described for the previous case dpplthis case as welFhefiguresshewingT his figure,which shows
only one time-frame soon after the sub-system is mobilidegs not appear to reveal new remarkable featdrégancing
Howeveradvancinghe simulation, a clear effect becomes more evident neamtidace. In particular changes of the chemical
and mineralogical properties moving away from the top esitlg are quite significant. An animation related to figurelteist
suited to illustrate this point. This movie file and anothlerfior the animation related to figure 5 can be downloadedvaiig
the link provided in the supplementary material. The ravadiés which include all nine oxides for both simulations also
available online.

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

Figure 7 summarizes the results of all the 1-D and 2-D nuraktést models when the whole system approaches or is close
to chemical equilibration. In the static scenario, exefigdiby the 1-D models (solid lines), by increasing the ihitize of
sub-system, the mineralogical and compositional variations tenddereas®esmaller(see panels 7-C) - 7-H) and enlarged
view around the interface, panels 7-C2) - 7-H2)). It is thpemted behavior since any change is distributed over arlapgee

of the sub-system. The variations of the minerals abundmnassemblagé (gabbro/eclogite-type) instead remain quite in-
dependent of the initial size of sub-systemHowever the abundance of the minerals not necessarilgisdme found in the
initial assemblage. In particular the amount of garnehapiyroxene and coesite is quite different from the amourithe$e
minerals in the initial assemblage. This difference iseatinaffected by the initial proportion of the two assemb&gvhich
has been varied from 1{1=1) to 100:1 {rem-f=1te=100).

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

to the minerals abundance. As the size of the initial sulbesysncreases)/ gO tends to approach the oxide amount in the
initial composition. A different result is observed for tbemposition of the minerals in assemblageRegardless whether the
mineral abundance changes or remains close to the initialiamthe oxide composition varies quite significantly amdhiost
minerals the difference is larger wheris set to higher values.

When one of the sub-systems is allowed to move (2-D modéis)géneral observation on the long run is that the dynamic
sub-system tends to preserve the assemblage that enteesrimodel. In this study this assemblage is set to be equakto th
initial assemblage. Note that the 2-D data plotted in figurefér to an horizontal section of extracted points at thedheid
verticaldistanceD,, /2. When sub-syster is mobile (dotted lines), the behavior of assembl&ge similar to the static case,
with some minerals changing their initial abundance, garcimopyroxene, coesite and in part spinel. In the reveese,
with &B setasthedynamic sub-systefi{dashedines), the mineralogical abundance dfdiffers from the initial assemblage
(dashedines). But unlike the static cases, no significant variations eandited with the increase of the initial proportion.
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In terms of minerals composition (e.y{ gO, panels 7-CC) - 7-HH) in figure 7), the dynamic sub-systensgmees the com-
position of the entering assemblage. The immobile asseyalbitesstead, shows a compositional variation that is largen t
any change observed for the static cases. This variatioainsmrsomehow still independent of the initial proportioritod two
assemblages, at least with= 1,5, 50.

Complete data for the bulk composition, which includes aileroxides, is available for three 1-D models and two 2-D simu
lations following the instructions in the supplementarytenil.

6 Conclusions

The main objectiveof this work wasto showthata chemicalheterogeneousantledoesnot necessarilymeanthat different
lithologiesarein chemicaldisequilibrium(atleastnotentirely).

Often geochemical and petrological interpretations ofEaeth interior rely on the achievement of thermodynamidilésiu
rium on a certain scale. The use of phase equilibrium datgpartition coefficients, for example, does imply that cheahic
equilibrium has been achieved and it is maintained. Culypugile this assumption is tacitly imposed on the most @nv
nient dimension to interpret observed data, chemical #mation is ignored when it comes to discuss the presencheor t
extent of chemical heterogeneities (i.e. chemical equaitibn, in this regard, is considered ineffective) (e.g.riyam, 2001,
Ito and Mahoney, 20054, b; Strake and Bourdon, 2009; Browir_asher, 2014).

Geophyisical interpretations usually require to spec#ytain properties, such as the density for the Earth mégeuniader
consideration. For example when the density is considengebsentative of real rock assemblages, the system hasstd-be
ficiently small that the gravitational force is almost coetply balanced by the pressure effect (viscous forces amzeégl for
simplicity), effectively establishing a quasi-static ¢atic condition. Under this condition then, thermodynaegiilibrium
can be achieved when the system is also equilibrated chiynamthat petrological constraints can be applied to heiee
the density of the assemblage. When different lithologiescansidered in geophysical applicatipinss assumed that chem-
ical equilibrium is never achieved among them, regardléshe size of the system or the temporal sc&8aicechemical

ENITYENY anlaecpta A navtan hovtramaic anakh iomstricthv-correctonhy imezere-For

studies whose conclusions are based on geological prackestimg for hundreds or billion of years;weuld-behelpful-at

arealwayseffectiveto a certainextent

conditionof thermodynamiequilibriumfor thewholesystem(sumof two sub-systemgjefineswo newassemblagethatare
nothomogenize¢ompositionallyor mineralogicallyandtheir equilibratedcompositionsaredifferentfrom thosein the two
initial assemblageg:hetwo new assemblagesot only definea conditionof chemicalequilibriumfor the whole systembut
they alsorepresenthe equilibrationwithin eachseparatsub-systemin addition, massexchangéetweertheseequilibrated
is imposedo the newly definedwholesystem.
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The resultsof the study modelshave beencondensedn a seriesof parameterizedunctionsthat can be usedfor various

applicationgsection2.2).
A semi-empiricatjuantitative forward modebunderstantvasalsodevelopedo describghe evolution oEhemicaheterogeneities

the chemicalequilibrationprocessn the mantle. The model has been restricted to one set oédtu the pressure and tem-
perature and one pair of bulk compositions indicative ofédagite-type and a gabbro/eclogite-type. The gabbrofgté-type
can be interpreted as a portion of a subduction slab. Iggaithin sedimentary layer, that possibly could peel off wgiri
subduction, a large portion of the slab consists also of detkgbperidotite. Three lithologies (mantle peridotitabgro, de-
pleted slab peridotite) probably can be also approachddanchemical equilibration model similar to the one presgéhere.
However it remains to be seen whether the difference in caitipp with respect to the generic peridotite assumed is thi
study would lead to significant new results that would jysttife additional modeling effort.

A priority was given here to understand the influence on thal fissemblages of various initial proportions of the two-sub
systems and, to a limited extent, the effect of the initiahpositions. The spatial and temporal evolution necegsasgsumes
arbitrary units. Therairreasemeasorbehindit is that a comprehensive approach to study chemical heteedtgges that would
include time-dependent experiments and suitable modekhéointerpretation of the experimental resudtstii-missindias
not beendevelopedyet Experimental data are also necessary to validate cersaimgptionghatwere made to model the
composition of the two equilibrated assemblages (secfjon 2

2-2)-The choice made to describe the variatior:g)
arbitrary:. i feg

While detailsof the transitiontowardschemicalequilibrationshouldbe investigatedby experimentaktudiesthe main point
of the modelsin section3 and4 (andof this study)is to showthat differentlithologiescanevolvewhile preservingdistinct
chemicalandmineralogicalfeaturesThe idea of using thextensiveconceptof local Gibbs free energjunctionvariations

overtime and space(Kondepudi and Prigogine, 1998) describe the chemical changashe2-sub-systemsvertime-and
spaceis-a-is a practicalmean to simplify a problem that otherwise becomes intraetliy complex systemsievertheless

the The choice is not a complete abstraction, itissadhyapproximatelypased on the consideration that the mass exchange
is not governed by the compositional gradient but by theedifices in the chemical potential of the various comporiants
the various phases (e.g. Denbigh, 1971). Ultimately ontgrsive experimental studies could determine whetherithpls
transpertmodelevolutionmodelfor G(*) applied in this workfer-thevariation-ef-G{+)-in-t0 an heterogeneous system can
be considered a reasonable approximatiorpfecticalgeslogicalapplicationgescribingthe chemicalevolutionin practical

15



10

15

20

25

eodynamignantlemodels
Two aspects of the numerical applications presented initidqus sections deserve perhaps a further consideratienas-

sumption made for the composition of the entering assemhlaghe 2-D models perhaps should be reconsidered in future
studies. The other consideration concerns the boundagittmmimposed on the opposite side of the interface betwiken
two assemblages. The assumption is that the whole systdthés elose to mass exchange or mirror images exist outeile t
boundary limits. From a geological perspective the firshac® is probably the more difficult to realize. On the othant

the possibility that periodic repetitions of the same madielcture are replicated over a large portion of the maifttet the
entire mantle, seems more reasonable. Assuming that tleestiale is somehow constrained, an investigation of thedesthp
evolution would still require some kind of assessment oftgodic distribution of the thermodynamic system as a whol
The 2-D simulations in which one of the assemblages is allicwwanove, have shown that on the long run the mineralogical
abundance and compositional variations are approximategpendent of the size of the two sub-systems. This obemnga
suggests the possibility of implementing large geodynanadels with evolving petrological systems, once the teralamd
spatial scale of the chemical changes have been constrained

At the moment the spatial and temporal variations are antilgrdefined, but this study shows that the petrological ik
eralogical changes may still Egproximatelyquantified, at least at the (P,T) conditions that have beesidered. It would

be useful for example to select few bulk compositions fortthe sub-systems and apply them to the dynamic equilibrium
melting (DEM) and dynamic fractional melting (DFM) modelsat have been developed combining 1-D multiphase flow
with AlphaMELTS (Tirone and Sessing, 2017; Tirone, 201&rHaps even a simplified model for non-equilibrium fracsion
crystallization could be applied to try to reproduce obedr8-D chemical zoning in minerals and multicomponent cleaimi
zoning in melts (Tirone et al., 2016). More in general theultssshould be compared with existing data on melt produats a
residual solids observed in various geological settingsviestigate indirectly, but from a quantitative perspestthe presence

of chemical heterogeneities in the mantle. It becomes aissiple to determine the variation of physical propersesh as
bulk density, and relate them to certain observables, ssidei@mic velocities. At least on a relative scale, the efiéthe
compositional variations could be associated to seisniacitg variations, providing in this way another indiresigence of
heterogeneities in the mantle based on a quantitative fdrdescription.
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Figurel. Data and relative fittingf 43 studycaseghatareused to develop the chemical equilibration model. Pane) dekation between the
ratio G(Ax)/G(Bx) andG(B=) which is applied to constrai¥( Ax) andG(Bx) at the interface. Panel 1-B) and 1-C) illustrate the retatio
betweenG(Ax) and G(Bx*) with M gO bulk abundance. Similar relations are applied for all nirgles defining the bulk composition.

The normalizedbulk abundancas intendedas gramswith respectto a total massof 100 gramswhich is equivalentto wt%. Knowing

G(B), the total size of the assemblage at equilibrium can be f@assdming that a) a relation between the mass change andahgechf
G(B) is established (Panel 1-D), b) the extension of the assepalidaproportional to the mass change and it takes place alalirgction
perpendicular to the interface. The total length at equitliin is then adjusted in accordance with the difference betwthe spatial average
G(Bx) of the assemblage and(Bx) at the interface (see the main text for a detailed explanptibhe change of size of the second
assemblage is also applied on the first assemblage but withsitp sign. Panel 1-E) allows teterminegletermineG (B) from the relation
with G(Bx) at the interface.
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Figure 2. Solution of a 1-D model simulation. The initial proportiofi the two assemblages is 1:1. Panel 2-&JAx) and G(Bx) at
three different times and at time zero when the two asserablagparately are considered in chemical equilibrium. I2aBg Local bulk
MgO (wt%) retrieved from the relation with¥(x). All the other oxides are retrieved with similar relatiofi$ie units of the oxidesis wt%
which is equivalentto the massof the componentsn gramswith respecto atotal massof 100grams.Panels 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 ateforming thermodynamic computations at every spabiehtion with the
program AlphaMELTS using the bulk oxides abundance exdiaglin panel 2-B) folM/ ¢O. An animation file and complete data for all nine
oxides are available following the instructions in the depgentary material. Time and distance in arbitrary unitesBure and temperature
are fixed at 40 kbar and 1200. The rest of the parameters for thg3nodel are defined in tlie teet.
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Figureb. Solution of a 2-D model simulation at time 102400 (arbitranjts). The starting proportion of the two assemblageslig5= 5).

In the initial setup the 2 assemblages are separately inicheequilibrium. At time 100000 a new assembladeenters from the top

side with velocity 0.00625 (arbitrary units). The new asBkmge is assumed to have been equilibrated but never pslyimucontact with

assemblage3 (the composition of the new assemblage is the same of thenaksge in the initial setup). Panel 5-A) spatial variatidn o

G(x). Panel 5-B) local distribution of MgO in the bulk assembla§amilar results are obtained for all the other oxides defirthe bulk

composition. An animation file and raw data for all nine osidee available online following the instructions providedhe supplementary

material. Panels 5-C) - G) local minerals distribution ¢caohap) and few contour lines for the abundanc@6fO in the associate minerals.

Panel 5-H) spatial distribution of coesite. Time and dis&aim arbipgiry units. Pressure and temperature are fixe@ &bdr and 1200C.

The rest of the parameters for the numerical model are deifintb@ main text.
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Figure 7. Summary of the results for all the 1-D and 2-D numerical mgdékonditions close to chemical equilibrium for the whglstem.
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Table 1. List of minerals and mineral components relevant for thislgtwith 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) CaMgSi2Og
enstatite(en) Mg2Si2Og
hedenbergite(Hd) CaFe?TSiyOg
alumino-buffonite(Al-Bff)  CaTip.5s Mgo.5 AlSiOg
buffonite(Bff) CaTig.5s Mgo.5sFe**SiOg
esseneite(Ess) CaFe3T AlSiOg
jadeite(Jd) NaAlSi2Og
SPINEL(Sp)

chromite(Chr) MgCr204
hercynite(Hc) Fe?TAl,O4
magnetite(Mag) Fe?tFeiT 0,4
spinel(Spl) MgAl>O4
ulvospinel(Ulv) Fe3tTiO4
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. 1.5 Fe2tSi04 + 1 Mg5AlaSizO12
1 Mtc+ 1 0En

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

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

0.5Fo + 1 OHd

0.5 Mg2TSi04 + 1 CaFe?* SisOg

1CDi

1 CaMgSi2Og

1 Mtc+1CEn

1 CaMgSiO4 + 1 Mg2SizOg

0.5 Fo+ 1 CHd

0.5 Mg2SiO4 + 1 CaFe?TSizOg

1 OAIBfF

1 CaTig.5Mgo.5AlSiOg

1 OBff

1 CaTig.sMgo.5Fe?tSiOg
1.5Fa+0.5Fo+10Di+ 1 OAIBff + 1 CEss
1.5FepSi04 + 0.5 Mg2SiO4 4 1 CaMgSiaOg

1CJd

1 NaAlSizOg

1.5Fa+ 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 +20Di+ 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 CTCOT OO + ¢ ¢ ¢ ¢ 0

S A N N

OB OB R R

1.5Fo + 1 Alm
1.5 Mg2SiOy + 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.5AlSiOg

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 Al2SizO12 + 1 CaTig s Mgo.5Fe® T SiOg
10Jd

1 NaAlSisOg

3Mtc+ 1 Alm

3CaMgSiO4 + 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 engrgfjoule) of the equilibrium assemblages separategflowing the AlphaMELTS input
format, the bulk compositionsaregivenin grams.The initial proportion of the whole system is f:1 (f=1) ane tihole composition isgiven
byreportedin column (7). Columns @) and (B) in the upper portion of the table present the results of temgcal equilibration in terms
of oxides. Note that the sum of the oxides is not 100, whiclcates a mass transfer between the two sub-systems. Tham®in the lower
part of the table shows the composition of the mineral coreptat equilibrium before the two sub-systems are put hegétxn(A,) and

n(By) and after equilibration of the whole systenx(f(A) and n(B)). Change of molesxXfAn(A), An(B) is also reported. The last column
is the composition of the whole system¥( after equilibration.
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Table 3.

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

oxideswt%-(g)

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 8:2410.008

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 -2233738.04823270.616

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  -0.00R205 0.0190492 0.0335803
Gt(Grs) 0.0035179 0.0039790 0.0074970  0.0347389  -0.G2489 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-Bff) 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 0.09201 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.@MBO8 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 01¥®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
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Table 4. Normalized bulk composition4x) and (Bx) in the two sub-systems taken from the results of the modalite 3, 4) and (B). The
lower part of the table shows the equilibrium mineral conitas computed with the program AlphaMELTS for each subtasysseparately.
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Table 4.

bulk comp. (Ax) (Bx*)
oxideswt%-(g)
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-Bff) 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.

36



Tableb.

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

oxideswt%-(g)

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 0 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-Bff) 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  0.08Q0 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 initialhgposition of the two sub-systema{) and (By) analogous to the one

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

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

oxideswt%-(g)

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 -1689082.17767503.430

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-Bff) 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  -0.034£98 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  OMBO -0.0000281 -0.0067824
Sp(Mag) 0.0014407 -0.0000486 0.0013921  0.0000092  -0G®DO  0.0000058 0.0013979
Sp(Spl) 0.0103828 -0.0003637 0.0100191  0.0000536  -01@MO  0.0000416 0.0100607
Sp(Ulv) 0.0004622 -0.0000514 0.0004108  0.0000011  0.00800 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 modelhite 6. The lower part

of the table shows the equilibrium mineral composition cated with the program AlphaMELTS for each sub-system séplyra
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Table 7.

bulk comp. (Ax) (Bx*)
oxideswt%-(g)
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) 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 availdineitgh 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. AV

— 2D- G KI'N. MOVI E5B. AVI

1.1 1-D Simulations

The zip fileTWOPD- G- KI N. DATA. ZI Pincludes the daté&em-of three 1-D simulations assuming that the initial proportion
of the two assemblages is 1:1, 5:1 and 5¢%3(1,5,50). The details of the models are discussed in the main textewary
simulation there are two data filEBAOPD- G- KI N1. 1. DAT andTWOPD- G- KI N2. 1. DAT for the case with 1:1 proportion,
TWOPD- G KI NL. 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
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. As discussed in the main text, time, distance ang stee have arbitrary units.

The second data file of each simulatidW0OPD- 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 ningesgramsor wt%) which describes

the bulk composition at every grid point. The listed oxides 8i0-, Ti0, Al2O3, 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 availableinthesupplementary
materialtare based on theatasimulationswith f = 1 andf = 5. Therelativedataareincludedin the zip fileTWOPD- G- KI N. DATA. ZI

1.2 2-D Simulations

The results of two 2-D simulations are included in the zipZile2 G- KI N. DATA. ZI P. For both simulations the initial pro-
portion of the two assemblages is set to 5:1. The interfatedsn the two sub-systems is a vertical line. The first sitinra
assumes that assemblagdecomes mobile downwards at time=1000000 (arbitrary mitsile in the second simulation the
dynamic assemblage 3. The velocity of the moving assemblages is set to 0.00625t(ary units). FrernewNew material
entering from the top side has the same bulk compositioneafiitial assemblage. The composition is reported in therreait
and in the data files here belo@ataQutputdataare stored every 400 time steps and the simulation time st (arbitrary
units). Each block of data defined by the label "ZONE" prosioidormation 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
initial distance is 500 and 100 in arbitrary units). The number af gdints in the y-direction is 51 (total distance is 50 in
arbitrary units). A block of data is divided in sub-blocksadh sub-block consists @¢251 + 51) x 51 data points. The first
sub-block contains the x-coordinate defining the numeguadl the second sub-block the y-coordinate and the thibddack
the G(x) values at the corresponding grid points.

The second data file of each simulati@X 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. AVI 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 dagpasitory.



2 SupplementaryFablesTable

The followingtablesreperitablereportsthe initial bulk composition and the proportion facipof the two sub-systems for all
the 43 cases considered in this stuslggsections 2.1 and 2.2 in the main text).



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

bulk comp. @Ao) (Bo) (Ao) (Bo) (Ao) (Bo) (Ao) (Bo) (Ao) (Bo)
oxideswis(gorwt) | #1f=1) | #2(=12) | #3(=13) | #4(=16) |  #5(=2)
Si0, 45200 48.860 45.200 48.860 45.200 48.860 45.200 48.860 20@5. 48.860
TiOs 0200 0370 0200 0370 0200 0370 0200 0370 0200 0.370
AlO3 3.940 17720 3.940 17.720 3.940  17.720 3.940 17.720 3.940 .72a7
Fez03 0200 0.840 0200 0.840 0200 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 38.400 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 12500 3.150 .5002
NapO 0410 2970 0410 2970 0410 2970 0410 2970 0410 2970
sum 100 100 100 100 100 100 100 100 100 100

#6(f=5) #7(=20) #8(f=100) #9(f=500) #10(f=1000)
Si0, 45200 48.860 45.200 48.860 45.200 48.860 45.200 48.860 20@5. 48.860
TiO, 0200 0370 0200 0370 0200 0370 0200 0370 0200 0.370
Al O3 3.940 17720 3.940 17.720 3.940  17.720 3.940 17.720 3.940 .72a7
Fez O3 0200 0.840 0200 0.840 0200 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 38.400 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 12500 3.150 .5002
NapO 0410 2970 0410 2970 0410 2970 0410 2970 0410 2970
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, 47434 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 17.720 7.978 17.720 7.978 17.720 7.978 17.720 7.978 .72a7
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 0288  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  26.038.009
Ca0 7.902 12500 7.902 12,500 7.902 12,500 7.902 12500 7.902 .5002
NaO 1.869 2970 1.869 2970 1.869 2970 1869 2970 1.869  2.970
sum 100 100 100 100 100 100 100 100 100 100

| #me(=1000 | #17¢=s500) | #18(=132) | #9(=2) |  #20(=5)

Si0, 47434 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  17.720 7.978 17.720 10.394 17.720 10.394 17.720 40.397.720
Fez O3 0582 0.840 0582 0.840 0820 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 26035 9.100 26.035 9.100 18.887 9.100 18.887 9.100  18.887L009
Ca0 7902 12500 7.902 12,500 10.505 12.500 10.505 12.500 80.502.500
NapO 1869 2970 1869 2970 251 2970 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. @Ao) (Bo) (Ao) (Bo) (Ao) (Bo) (Ao) (Bo) (Ao) (Bo)
oxideswi%(gorwts) | - #21(f=20) |  #22(f=100) #23(t=500) |  #24(=1) |  #25(=10)
Si0, 48.940 48.860 48.940 48.860 48.940 48.860 49.619  48.860 6199. 48.860
TiOs 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 0820 0.840 0.820 0.840 0820 0.840 0918 0840 0918  0.840
Cr203 0237 0030 0237 0030 0237 0030 0219 0030 0219  0.030
FeO 7074 7610 7.074 7.610 7.074 7.610 6745 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 10505 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 0200  0.199
Al O3 11.372 17720 11.372 17.720 11.372 17.720 3.940 18599 03.9418.599
Fez O3 0918 0840 0918 0840 0918 0840 0200 0351 0.200 0.351
Cr203 0219 0030 0219 0030 0219 0030 0400 0015 0400 0.015
FeO 6745 7.610 6.745 7.610 6.745 7.610 8100 8576 8100 8576
MgO 16.074 9100 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 3109 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(=100) #33(=500) #34(f=1) #35(f=5)
Si0, 45200 45931 45200 45931 45200 45931 45200 45914 20@5. 45.914
TiO, 0200 0199 0200 0199 0200 0199 0200 0216 0200 0.216
AlO3 3.940 18509 3.940 18599 3.940  18.599 3.940 18582 3.940 .5828
Fez 03 0200 0351 0200 0351 0200 0351 0200 0296 0200 0.296
Cr203 0400 0015 0400 0015 0400 0015 0400 0005 0400  0.005
FeO 8100 8576 8100 8576 8100 8576 8100 8015 8100 8015
MgO 38.400 17.507 38.400 17.507 38.400 17.507 38.400 18.551 4088. 18.551
Ca0 3150 7.623 3.150 7.623 3.150 7.623 3.150 7.459  3.150  7.459
NaO 0410 1199 0410 1199 0410 1199 0410 0962 0410  0.962
sum 100 100 100 100 100 100 100 100 100 100

| #36(=200 | #37(=100) | #s8(f=500) |  #39(f=1) |  #40(f=5)

Si0, 45200 45914 45200 45914 45200 45914 45200 45804 20@5. 45.804
TiO, 0200 0216 0200 0216 0200 0216 0200 0281 0200 0.281
AlO3 3.940 18582 3.940 18.582 3.940 18582 3.940 18319 3.940 .31a8
Fez O3 0200 0296 0200 0296 0200 0296 0200 0246 0200 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 38.400 18551 38.400 18551 38.400 18551 38.400 18.834 4088. 18.834
Ca0 3150 7.459  3.150 7.459 3150 7.459 3.150 8295 3.150  8.295
NapO 0410 0962 0410 0962 040 0962 0410 0723 0410 0723
sum 100 100 100 100 100 100 100 100 100 100




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

bulk comp. @Ao) (Bo) (Ao) (Bo) (Ao) (Bo)
oxideswite(gorwis) | 41(=20) |  42(=100) |  43(=500) |
Si05 45200 45.804 45200 45.804 45200 45.804
TiO, 0200 0281 0200 0281 0200 0.281
AlOs 3.940 18319 3940 18.319 3.940  18.319
Fez O3 0200 0246 0200 0246 0200 0.246
Cr203 0400 0015 0400 0015 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 3.150 8295 3150 8.295
NapO 0410 0723 0410 0723 0410 0.723
sum 100 100 100 100 100 100
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