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Abstract. Chemical equilibration between two different assemblggesidotite-type and gabbro/eclogite-type) of variable
initial size assuming few different initial compositionashbeen determined using certain mass and reactions dotsstrad
thermodynamic principles.

The pattern that emerges suggests that mass transfer bbettveevo sub-systems defines two petrological assemblagées t
separately are maintained in local thermodynamic equilibr In addition, when two assemblages previously equaitexl
together in a certain mass ratio are rearranged assuminifeaedi initial ratio, no mass transfer occurs and the twb-su
systems remain unmodified.

By modeling the chemical equilibration results of seveyatems it is possible to provide a quantitative framewoidetermine
the chemical and petrological evolution of two assembldigea an initial state, in which the two are separately in cleain
equilibrium, to a state of equilibration of the whole syst@um of the two sub-systems). Assuming that the local Giblesgy
variation follows a simple diffusion couple model, a comglpetrological description of the two systems can be detedn
over time and space. Since there are no data to constraiintstickof the processes involved, the temporal and spatééss
arbitrary. Nevertheless a 1-D static model shows how chareiuilibration is controlled by the size of the two subteyss.
As the initial size of the first assemblage (peridotite Jikereases, the differences between the initial and thédoalibrated
stage becomes smaller, while on the opposite side the eliféerincreases.

A simplified 2-D dynamic model in which either one of the twdssystems is allowed to move with a prescribed velocity,
shows that after an initial transient state, the moving sygtem tends to preserve its original composition definéadeagntry
side. The other sub-system instead evolves towards a largpasitional difference from the starting assemblage.rébalts
appear to be the same varying the initial proportion of the &8semblages, which simplify somehow the development of
potential tools for predicting the chemical equilibratipmocess from real data and geodynamic applications.

Four animations and data sets of three 1-D and two 2-D nualamiodels are available following the instructions in the
supplementary material.

Copyright statement.
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1 Introduction

Our understanding of the Earth and planetary interiorsse@n the underlying assumption that thermodynamic duqivifn

is effectively achieved, which means that the system undesideration is in thermal, mechanical and chemical ayitilm

on a certain domain. Although this may appear a theoretlisé¢ivation, it affects the significance of geophysicakglegical
and geochemical interpretations of the Earth Interior. lvtlie assumption of thermodynamic equilibrium is not neagky
incorrect, the major uncertainty is the temporal and spstiale on which the assumption is expected to be valid.

The Earth’s interior as a whole could be defined to be in machaaquilibrium when the effect of the gravitational fiekd i
compensated, within a close limit, by a pressure gradiemtgiimplicity variations of viscous forces are neglecté&ten if
this condition could be verified, thermodynamic equililnimost likely is not achieved because it requires also charagui-
libration (a definition is provided further below) and thednequilibrium (uniform temperature). On a smaller scaltead,
local thermodynamic equilibrium could be a reasonable @qipration, at least in principle. If the system is small eglouthe
effect of the gravitational field is negligible and a conaliticlose to mechanical equilibrium is achieved by the netarica
between the gravitational force and pressure (locally betisity and pressure are effectively constant and visawges are
neglected for simplicity). Clearly a perfect balance walad to static equilibrium. While dynamic equilibrium candmzept-
able, it complicates the treatment of chemical and thermpailierium, hence it is resonable to assume a quasi-statidition
(the forces balance is close but not exactly zero). At thialenscale it is then easier to consider that the temperasur
also nearly constant. The main uncertainty remains the wa¢mquilibrium condition. In an multiphase system suclaas
rock, one possible definition of chemical equilibrium regsithat the sums of the chemical potentials and the storetiac
coefficients of a unique set of possible reactions involthrggrock’s mineral components are all zero (Prigogine anfdye
1954; Smith and Missen, 1991; Kondepudi and Prigogine, 1998 a planetary scale, defining the size of system under in-
vestigation to be on the order of hundreds of meters or feanidters has little effect on the variation of the gravityceand

in most cases of the temperature gradient. But for the charaguilibrium assumption, even a small size variationafie¢

to a planetary spatial scale) could lead to a significant degafrom the equilibrium condition. The main reason isttiha

is generally understood that the Earth’s mantle is chetyitaterogeneous, that is the amountidi;O or Sr or any other
chemical component is not necessarily the same everywhere.

The topic has been debated for some time (Kellogg, 1992igPa2000; Schubert et al., 2001; van Keken et al., 2002 ;fHietf,
2006) and large scale geodynamic models to study chemitaildgeneities in the Earth’s mantle have been refined oeer th
years (Gurnis and Davies, 1986; Ricard et al., 1993; Cimistie and Hofmann, 1994; Walzer and Hendel, 1999; Tackley)and
2002; Zhong, 2006; Huang and Davies, 2007; Brandenburg,€2@08; Li and al., 2014; Ballmer et al., 2015, 2017). Geo-

chemical (van Keken and Ballentine, 1998; van Keken et @022Kogiso et al., 2004, Blusztajn et al., 2014; lwamori &lakamura,

2014; Mundl et al., 2017) and geophysical (van der Hilst etE997; Trampert et al., 2004; Tommasi and Vauchez, 2015;
Zhao et al., 2015; Tesoniero et al., 2016) data essentiafipat the idea that the mantle develops and preserves cailiyni
heterogeneities through the Earth’s history. Even tholighainterpretations of the mantle structure are basethemssump-
tion of local thermodynamic equilibrium, the scale of cheathiequilibration has never been investigated in much de&ai
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early study (Hofmann and Hart, 1978) suggested that chémagalibrium cannot be achieved over a geological time heve
for relatively small systems (kilometer scale). The péesise of an heterogeneous mantle was inferred based on edalifim
fusion data of Sr in olivine at 100C. At that time the assessment was very reasonable, allegietheralization was perhaps
an oversimplification of a complex multiphase multicompatygoblem. At any rate, significant progress in the expenitale
methodology to acquire kinetic data and better understanali the mechanisms involved suggest that the above caonlus
should be at least reconsidered. In the past the only mexhahiat was assumed to have some influence on partially homog-
enizing the mantle was mechanical thinning/mixing by viscdeformation (Kellogg and Turcotte, 1987). In additiomyve
limited experimental data on specific chemical reactiotesveat to mantle minerals (Rubie and Ross Il, 1994; Milkelet a
2007; Ozawa et al., 2009; Gardés et al., 2011; Nishi et aL.12Dobson and Mariani, 2014) came short to set the grouridwor
for a general interpretation of chemical heterogeneitighé mantle.

In summary some of the questions that remain unanswereti@feltowing. At what spatial and temporal scale we can rea-
sonably assume that a petrological system is at least adoskeemical equilibrium? How does it evolve? And what kind of
petrological tools or models we can apply to develop a fodwgurantitative investigation of the chemical and petratagi
evolution of the mantle?

This study expands a previous contribution that aimed teigeoan initial procedure to determine the chemical eqralion
between two lithologies (Tirone et al., 2015). The probleaswexemplified in a illustration (figure 1 in Tirone et al. (31
The heuristic solution, further developed here, is pertessrigorous than other approaches based on diffusioti¢sribat
were applied mainly for contact metamorphism problemsh@is1973; Joesten, 1977; Nishiyama, 1983; Markl et al.31.99
However the advantage is that it is relatively easy to gdizeraand it leads towards a possible integration with |ssgale
geodynamic numerical models while still allowing for a camipon with real petrological data.

The following section (section 2) outlines the revised e to determine the two petrological assemblages fgrioin
gether a system in chemical equilibrium. As will be discualssethe rest of this study, the revision involves the methseldu

to perform the Gibbs minimization, the database of the tloelynamic properties involved and the number of oxides abnsi
ered in the bulk composition. In addition since the solidsrasn-ideal solid mixtures (in the previous study all migiwere
ideal), the chemical equilbration requires that the chairpotential of the same components in the two assemblagsshau
the same. The method is still semi-general in the sense 8iatiar approach can be used for different initial lithalegwith
different compositions, however some assumptions anaioespecific restrictions should be applied to the procedline
ideal system discussed in the following sections assumeseside a peridotite-like assemblage, and a gabbro/¢elmgihe
other side. Both are considered at a fixed pressure and tatape(40 kbar and 120Q). The general idea is to conceptually
describe the proxy for a generic section of the mantle andtiopoof a subducting slab. A more general scheme that allows
for variations of the pressure and temperature should bsidered in future studies. The results of the equilibratiethod
applied to 43 different systems are presented in sectianThd parameterization of the relevant information that lbamised
for various applications is discussed in section 2.2. 8a@&ipresents the first application of a 1-D numerical modpliag to
pairs of assemblages in variable initial proportions tedaine the evolution over time towards a state of equilibrafor the
whole system. The following section (section 4) illustedtige results of few simple 2-D dynamic models that assummiciad:
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and mass exchange when one side moves at a prescribedyelbilé the other side remains fixed in space.

All the necessary thermodynamic computations are perfdimihis study with the program AlphaMELTS (Smith and Asimow
2005), which is based on the thermodynamic modelizationtibfso 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 meltis not present at the (P, T,X) cast
considered in this study, and other thermodynamic modelalao available (Saxena, 1996; Stixrude and Lithgow-HBertie
2005; Piazzoni et al., 2007; de Capitani and Petrakakig);28alland and Powell, 2011; Duesterhoeft and de Capit&@ii3®,
AlphaMELTS demonstrated to be a versatile tool to illugtriéie method described in this work. It also allows for a seaml
transition to potential future investigations in which ibwd be possible to study the melt products of two equilddabr
partially equilibrated, assemblages at different (P, ditoons.

2 Modeling Chemical Equilibration Between Two Assemblages

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

in contact and the system as a whole reaches a condition ofichkeequilibrium. The bulk composition is described byenin
oxides Gi0s, Ti0, Al2O3, FesO3, Cra03, FeO, MgO, CaO, NayO wt%). Pressure and temperature are defined at the
beginning of the process and they are kept constant. Watem@odynamic phase) is not considered simply because the mo
bility of a fluid phase cannot be easily quantified and incoaped in the model. Three independent equilibrium compariat

are performed by minimizing the Gibbs free energy using AMELTS. The first two equilibrations involve the bulk compo-
sitions of the two assemblages separately. The third onerfepned assuming a weighted average of the bulk compaositio
of the two assemblages in a predefined proportion, for exatgl 5:1 or 100:1, also expressed as f:1 where f=1,5,100 (pe
dotite : gabbro/eclogite). This third computation apptea whole system in which the two assemblages are now caeside
sub-systems. The variable proportion essentially all@ysit increasingly larger portions of the sub-system mantt®ntact
with the sub-system gabbro/eclogite using the fagttr indicate the relative “size” or mass of material involvBg using Al-
phaMELTS the mineralogical abundance and composition ilegie retrieved from the filphase_rmai n_t bl . t xt , while

the chemical potential for each mineral component in thiel snixture is retrieved from the thermodynamic output filetfon

15 in the AlphaMELTS program). Knowing all the minerals campnts involved, an independent set of chemical reactions
can be easily found (Smith and Missen, 1991). For the prolremand, the list of minerals and abbreviations are repdrted
table 1, and the set of independent reactions are listedle 2a

Given the above information, the next step is to determiaéotiik composition and the mineralogical assemblages dfxtbe
sub-systems after they have been put together and eqtidibief the whole system has been reached. For this equiliora
procedure the initial amount of molesof mineral componentsin the two assemblages is allowed to vatyry), provided

that certain constraints are met.

The first and most straightforward set of constraints rexguinat the sum of the moles in the two assemblages shouldibé eq
to the moles of the whole system:
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fni(Ao) + Ani(A)] + [ni(Bo) + Ani(B)] — (f + Lni(W)
(f +1)ni(W)

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

-0 (2)

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 assenelslage held together and(1V) is the number of moles of the

componentin the whole assemblagke{ 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 localhaizal equilibrium (Kondepudi and Prigogine, 1998) by rieigg

that the chemical potentials of the mineral componentsaniito sub-systems cannot differ from the chemical potesitaaind

from the thermodynamic computation in the whole assemi(Hge

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

wherey; (A) is the chemical potential of the mineral component in thersageA whose number of moles ig; (A4) =

2 2

=0 ()

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

Certain constraints on the mass exchange can be imposediyacog the equilibrium mineral assemblage of the whole
system [V) with the initial equilibrium assemblagek andB,. Table 3 provides an example of the input data and the results
of the equilibrium modeling assuming initial proportiori{f=1). The second and third column on the upper side of thie ta
report the input bulk compaosition on the two sides. The sd@d fifth column on the lower part of the table show the result
of the thermodynamic equilibrium calculation applied sapaly to the two sub-systems. The last column shows thdtsesu
for the whole systeni’. Turning the attention to the olivine components, the tsssiiggest that the changes of the moles of
Fayalite (Fa), Monticellite (Mtc) and Forsterite (Fo) camfixed based on the assumption that the olivine found in tha@evh
assemblag@ is located only inA Considering that no olivine was present in the initial adslage By, the transformation in

A requires essentially a chemical readjustment, ratherttreaformation of a complete new mineral. It follows that theacges

in the two sub-systems could be setAsiz,(A) = 0.0008090, Anpst.(A) = —0.0000555 andAn g, (A) = —0.0726300 and
Anpq(B) = Anye(B) = Anpo.(B) = 0. The same assumption is also applied to the orthopyroxem@aoents. Starting
with different bulk compositions or proportions or (T,Phelitions, alternative assemblages may be formed, thexeffferent
conditions may apply, but the reasoning behind the proeettutimit the number of the unknown change of moles remains
applicable.

The list of reactions in table 2 allows to define a new set ofatigns 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 appeaesaction (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)  +1r—3)+1{r—10) + 1{1—12) + 1 {(7-13) ©))

+1&r_14) +1&r-15—1&1-16)=0
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where all the extent of the reactions are considered to benpiat new variables. However not necessarily all heshould

be treated as unknowns. For example, from the reactionshbie faand the data in table 3, the orthopyroxene component
En appears only in reaction T-2, and since no OEn appearseoh 8ide, the mole change iA is considered to be locked
(Anopn(A) = —0.0700777). Thereforegr_,) can be fixed to -0.0700777. The same is also assumed to beotrgg f 5
uniquely coupled tdAnogss(A), {(r—4) coupled toAnona(A), {r—11) coupled to—-Anps4(A), and alsct(r_ 17 fixed by
Ancoe(B).

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

( fG(A) +G(B) - (f + 1>G(W>)2

7 0a0) =0 *)

where G(A) =", ni(A)u;(A) and similar expression foB. A value for G(W) instead is directly provided by the Al-

phaMELTS computation.

Additional constraints based on further assumptions campesed. Considering for example garnet which appears tn bo

sides. The components pyrope (Prp) and grossular (Grsiilootet only to two reactions, (T-1) and (T-12), and in bothses

the reactions involve only olivine components which haverbixed in sub-syster, as previously discussed. The assumption

that can be made is that the change of the moles of the ganmgizents in sub-syste will be minimal because no olivine

is available in this sub-system and considering that gasnetadily available inA. Therefore the following equation can be

applied:

min (Lan(B) ) i (5)
nprp(Bo)

and a similar relation can be also imposed to the other gaomeponents. The same argument can be applied to the clinopy-

roxene and spinel components. For example the spinel coampdwercynite (Hc) appears only in reaction (T-13), wheee th

mineral components in olivine, orthopyroxene are only tedan sub-system and the change of moles of garnet is already

minimized in sub-systens.

The overall procedure is implemented with the use of Minigines, 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 minané

(James, 1994). The procedure is repeated with differetiglinvalues for the parametersn;(A), An;(B) and¢, to confirm

that a global minimum has been found.

2.1 Resultsof the Chemical Equilibrium Model Between Two Assemblages

This procedure described in the previous section has begiedgo 43 different cases, varying the proportion of the tw
sub-systems from 1:1 to 1000:1 and considering differarttrélated, initial compositions. The initial bulk compiasn and
the proportion factoyf of the two sub-systems for all the 43 cases are included isupplementary material. The results for
few cases are shown in tables 3-7. Table 3 was partiallydnired earlier showing the initial bulk composition of thetsub-
systems (upper portion of the table), the initial equiliibniassemblages and the mole changes after the chemicabeaiioh



10

15

20

25

30

Solid Earth Discuss., https://doi.org/10.5194/se-2018-67

Manuscript under review for journal Solid Earth Solid Earth
Discussion started: 9 October 2018 Discussions
(© Author(s) 2018. CC BY 4.0 License.

(lower part of the table). The table also includes the bulkposition in the two sub-systems after the chemical eqailibn
procedure is completed (upper part, column 5 and 6). Thekecbmpositions are calculated from the mole abundanceeof th
mineral components shown in the lower part (columns 4 an@¥g.total mass of the sub-systems is reported as well. In the
example shown in table 3 there is a significant mass transder B to A (mass{;)=100, massf)=146.36, masd§;)=100,
mass3)=53.64). The table also includes the total Gibb energyHersdub-systems, before and after the equilibration. This is
a quantity that will become relevant for the parameteriratliscussed in the next section. Table 4 is a summary ofiaddit
results based on a further analysis. The bulk compositidimarupper portion of the tablei§, Bx) is obtained by normalizing
the oxides inA and B (upper part, column 5 and 6, table 3) to a total mass of 100sd balk compositions are used for two
new Gibbs free energy minimizations, one for each of the teygasate sub-systems to retrieve the equilibrium assemflag
The interesting observation that can be made, followingstimamary in the lower part of table 4, is that the abundance of
the mineral components remains unmodified after scalingetblts for the total mass of the system. For example usiag th
data from table 3, the proportion relation;;,, (A) : 146.347 = ngm, (Ax) : 100 giveSnm (Ax) = ngim (A) x 100/146.347 =
0.01453 x 0.6833 = 0.009928 which is remarkably close to the moles of almandine foundnftbe separate equilibration
calculation reported in table #4,,;,,, (Ax) = 0.0099353.

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 compositgiven in table 3 is the same of the previous model. A specid ca
is the one shown in table 5 in which botly and By are taken from the equilibrated and normalized data of tleeipus
model,Ax and Bx, reported in table 4. If the proportion in the new model ramdhe same, 1:1, then clearly no compositional
changes are expected since the whole system is alreadyilibggm. If the proportion is changed, for example to 5f1-€ 5),

the bulk composition of the whole system is different frora bulk composition of the whole system with 1:1 proportiod an
the assemblages in the two sub-system may not remain uneadffier equilibration. However this does not appear to be th
case, as shown in table 5, whebai,(A) and An;(B) are very small. Practically the results suggests that thiesmaf the
mineral components remain unchanged.

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

of the two initial sub-systems setto 5:1. As expected thalteef the equilibration process are different from theifessstarting
with an initial proportion 1:1 (table 3). For example with L, (A) = 0.01453, while with 5:1,n44,,(A) /5 = 0.00737. The
question is whether the observation made for the first stucise with proportion 1:1 can be generalized. In particiar
observation that the scaled mineral abundance in the twesgstiems is the same obtained from the equilibration praeed
of the whole system when the normalized bulk compositionhef équilibrated sub-systems are used for an independent
Gibbs free energy minimization. Indeed the same conclusionbe made for the model with 5:1 initial proportion (tab)e 7
Considering the example used earlier of the almandine coBgQ(124::,, (A)/5) x 100/110.064 = 0.006698 (table 6) which
can be compared with,;,, (Ax) = 0.006695 (table 7). The observation has been also confirmed for albther models that
have been studied witfiranging from 1 to 1000.
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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 chre applied for studies on the chemical evolution of the neantl
Figure 1 summarizes the relevant data that allows to deterthie bulk composition and the mineralogical assemblagfesin
two sub-systems after the chemical equilibration processinpleted.

The key quantity is the normalized Gibbs energy of the twosydiems after they have been equilibratéddx«) andG(Bx)

(the normalized Gibbs energy for an unspecified sub-systetefined by the symbdl(x)). Panel 1-A) shows the relation
between the rati6/(Ax)/G(Bx*) andG(Bx*) which will be used later to defin@'(x) at the interface between the two assem-
blages. The data in the figure for the 43 models have beentisied a Chebyshev polynomial (Press et al., 1997). By kngwin
G(x) at any point in the whole system, it is possible to retrieveabundance of all the oxides defining the bulk composition
normalized to 100. An example is shown in panels 1-B) and #4@gh illustrate the data points far/ gO in (Ax) and(Bx)

in the 43 study models and the related fitting using Chebypb&mnomials.

The mass transfer between the two sub-systems can be rédated total Gibbs free energy variation in each of the two
sub-systems;(A) andG(B). The two relations are almost linear, as shown in panel 1FDj).practical applications, once a
relation is found betwee& and the normalized(«), then the mass transfer can be approximately quantifiecel Rag) of
figure 1 shows the data points and the related fitting with theb@shev polynomial of the functidi(B)[G(Bx*) — G(By)]
versusG(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 arenabilized. The problem can be described using a diffusion
couple-type model for the local variation 6f(x) which can be expressed by the following equation for eachsystem:
OG (%) 0?G (%)

ot Ody(%)?

whereG (x) refers to eitheG(Ax) or G(Bx). Timet, distancel,.(x) and the scaling facto$(x) have no specific units since

= 5(+)

(6)

we have no knowledge of the kinetic of the processes involVedrefore at the moment these quantities are set according
to arbitrary units, S(A*) and S(B*) are set to 1, whiled,.(Ax) andd,(Bx*) vary depending on the numerical model. The
numerical solution with grid spacinfyd,.(x), uniform on both sides, is obtained using the well-knownrnRealichols method
(Tannehill et al., 1997). At the interfaég the polynomial of the function shown in panel 1-A) of figureslused together with
the flux conservation equation:

0G(Ax)|  0G(Bx)

0d.(Ax)|,; ~  0d.(B¥) |, (7)

to retrieveG(Ax);y andG(Bx);y assuming thaf(Ax) = S(Bx). The boundaries defining the limitsof the whole system
are assumed to be of closed-type or symmetric-type. Botblzeened by the conditio'(Ax); = G(Ax),,—1 andG(Bx); =
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G(B%)n;—1, Wheren andn g are the total number of grid points on each side (excludiedgttundary points)z(Ax); and
G(Bx); define the outside boundary limits of the whole system regmiirsg either the closed-end of the system or the central
points of 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);; —G(By)). Defining AG = [G(By) — G(B).s]/G(Bo), the length of sub-syster®8 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 as+(Bx),, is also needed but it can be easily computed. To find the cutotd length of the
sub-system at a particular time, the following relationpgléed:
G(Bx)if — G(Bx)qq

Dz 4(B%) = Dacq(B#) = [Da,eq(B) = Dz(Bo)] G(Bx)iy — G(Bo)

(8)

The same change of length is applied wth opposite sign onttiez sub-system. The new dimensidis(Ax) andD,, ;(Bx)
define also new equispatial grid step sizés( Ax) andA, (Bx). The final operation, necessary for the application of a Bmp
numerical discretization, is to re-mesh the value&6f) at the previous time step onto the new spatial grid.

Two assumptions are made in this whole procedure. Thewalbgtween the change Gfand the change of the total mass was
shown in panel 1-D) of figure 1. The further assumption hethasthe change of mass (a6} is proportional to the change
of the total length of the sub-system.

To summarize the numerical procedure, at every time stegaimplete solution on both sides is obtained by solving eqn#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 updatethusie polynomial function and equation 7. The total lengtthen
rescaled to account for the mass transfer and the numeridasgipdated. This procedure is iterated until the vasiabetween
two iterations becomes negligible (typically convergeiscget by:| G (Ax)7,! — G(Ax) 7| +|G(Bx)],' — G(Bx)1?| < 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 function(®fAx) or G(Bx) (e.g. forM ¢gO see panel 1-A) and 1-B) of figure 1).
Finally, knowing temperature, pressure and the variatidh®bulk oxides composition in space and time, a thermouhyoa
equilibrium calculation can be performed at every grid pasing AlphaMELTS to determine the local mineralogicalemss
blage.

Several 1-D numerical simulations have been carried ot itial 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 10, (Ay) = D,.(By) = 100 (arbi-
trary units), the initial spatial grid step i8d.. (4y) = Ad,.(By) = 1. Time step is set to 4 (arbitrary units) and S(A*)=S(B*)=1.
The initial bulk composition of the two assemblages, thagsately are in complete thermodynamic equilibrium, issame
reported in table 15i0 = 45.2, TiO5 = 0.20, AloO3 = 3.94, FeaO3 = 0.20, CroO3 = 0.40, FeO = 8.10, M gO = 38.40,
CaO = 3.15, NasO = 0.41 wt% (peridotite side)Si0O, = 48.86, Ti02 = 0.37, AloO3 =17.72, Fex03 =0.84, Cr.03 =
0.03, FeO =7.61, MgO =9.10, CaO = 12.50, Na20O = 2.97 wt% (gabbro/eclogite side). Panel 2-A) illustrates thdasar
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tion of G(*) on both sides, at the initial time (black line)aat three different times, 80, 4000 and 20000 (arbitrarisdinNote
the increase of the length on tHeside and decrease on theside. Bulk oxides abundance is also computed at every gid.po
The bulkM gO (wt%) is reported on panel 2-B), which shows the progressam@ease on thé side while MgO increases on
the B side. The bulk composition is used with AlphaMELTS to detiererthe local equilibrium assemblage which is presented
in panels 2-C) - 2-H). The panels show the amount of the vaninerals in wt% (solid lines) and the gO content in each
mineral in wt% (dotted lines), with the exception of coegitpanel 2-H) 6i0-). The complex mineralogical evolution during
the chemical equilibration process can be studied in sorteel 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 withiahjproportion set to 5:1 and 50:1, respectively. Differesic
in the numerical setup of the new test cases can be summaizédlow. For the 5:1 case),(Aq) =500, D,(By) =
100, Ad,(Ao) = Ad.(Bp) =1, time step is set to 40, for the 50:1 cade;(Aq) = 5000, D,(By) =100, Ad,(Ay) =5,
Ad,(Bp) =1, time step is set to 800.

Few observations can be made by comparing the three siwngator example, orthopyroxene on the peridotite siderneso
more resilient and the total amount of Opx increases witrsthe of the initial sub-system. On the other side it appdaas t
the M gO content in garnet (pyrope component) is greater for the 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 thaleda/(all nine oxides) for the three test cases with initraljor-
tion 1:1, 5:1 and 50:1. In addition two animations (1:1 anb&ases) should help to visualize the evolution of the moalets

time.

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

A 2-D numerical model opens up the possibility that at leas of the two assemblages becomes mobile. The simplest ap-
proach, which is explored in this section, is to considerctamgular box with a vertical interface dividing the two ssistems.
The dynamic componentis simply enforced in the model byragsyithat one of the two assemblages moves downwards with
a certain velocity, replaced by new material entering framtop side, while the other assemblage remains fixed in ttial in
spatial frame. The whole system evolves over time followtimg same conceptual idea introduced in the previous section
This type of 2-D model is described by a two stages proceduarthe first stage the following equation is applied to both
sub-systems:

* 2 * 2 *
T =S g S

9

whered,(x) is the general spacing in the x-direction representingeeifh(Ax) or d,(Bx*) and the vertical spacing, is as-
sumed to be the same on both sides. This equation is solvedriaathy using the alternating-direction implicit meth@aDI)
(Peaceman and Rachford, 1955; Douglas, Jr., 1955) whiafcisnditionally stable with a truncation error &, Ad?, Adi)

x

(Tannehill et al., 1997). The method requires only the sotuof a tridiagonal matrix similar to the one used for 1-D irop
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methods.

The same numerical procedure described in section 3 tordieter7(x) at the interface is applied to the 2-D model. The
limits of the whole system opposite to the interface (l&ftit) are also treated similarly, assuming either a claype-or
symmetric-type boundary. For the other two boundariedlfmom) the zero flux condition is imposed( Ax); = G(Ax),, ,
andG(Bx); = G(Bx*)y,, .

In the previous section a procedure was developed to acéoutite mass transfer between the two sub-systems. The same
method is applied for the 2-D problem. The conceptual diffiee is that in a 2-D problem the mass change in principleldhou
affect the area defined around a grid point. For practicgh@ses however in this study it only affects the length in tbe h
izontal x-direction, hence re-meshing applies onlytp.(Ax) and D, .(Bx*) and consequently the two numerical grid step
size,Ad, (Ax) andAd, (Bx).

Up to this point the evolution of the system is not differdmrt what was described for the 1-D case. The dynamic effect
is included in the second stage of the procedure. It is detivat a certain time assuming that the chosen sub-systermsmov
downwards with a fixed pre-defined vertical velocity (y-campnt). Values o7 (x) are then re-meshed to preserve the conti-
nuity of the orthogonal grid. The material introduced frdme top side is assumed to have the same composition of tked init
assemblage (composition of the initial assemblages isaime sised for the 1-D models, table 1). Oxides bulk compasitio
then retrieved at each grid point over time using the samgnpaohial functions applied in the previous section. The clatgp
mineralogical assemblage can be also computed using Algh&8 as part of a post-process step after the numerical aimul
tion is completed.

Only few 2-D simulations have been performed, specificatipsidering the initial proportion 1:1, 5:1 and 50:1, assum-
ing either one of the two assemblages moving downward. Eiusummarizes some of the results for the case 5:1(A),
i.e. with moving sub-system. Initial grid specifications areD,,(Ag) = 500, D, (By) = 100, Ad,(Ay) = Ad,(Bo) = 2,
D,(Ay) = D,(By) =50, Ad,(Ay) = Ady(By) = 1 (arbitrary units). Time step is set to 16 (arbitrary unii)e scaling co-
efficientsS, (%) andS, (x) are set to 0.01 (arbitrary units). The dynamic componenttisated at time=100000 with vertical
velocity set to 0.00625 (arbitrary units). The figure is gasfeot of the whole system soon after sub-systenas 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
content in each mineral phase (line contour-type), withekeeption of panel 5-H) for coesit&{0-). The panels clearly
illustrate the variations introduced by the mobile subtaiysA. There is apparently no immediate effect on the assemlitage
however the long term effect is significant and becomes esiba later figure (figure 7).

Figure 6 provides a similar overview for the case assumit@By:with sub-systenB moving downward. Exactly the same
numerical conditions described for the previous case dpplhis case as well. The figure, showing only one time-framan
after the sub-system is mobilized, does not appear to res®alemarkable features. Advancing the simulation, a dfact
becomes more evident near the interface. In particularggof the chemical and mineralogical properties moving/dveam

the top entry side are quite significant. An animation reldtefigure 6 illustrating this point and another animatiolated to
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figure 5 can be downloaded following the link provided in thpglementary material. The associated raw data files inwud
all nine oxides are also available.

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 at conditions in which the whole system ap-
proaches or is close to chemical equilibration. In thesttenario, exemplified by the 1-D models (solid lines), lyy@asing

the initial size of sub-system, the variations of the related assemblage from the inibalition tend to decrease (see panels
7-C) - 7-H) and enlarged view around the interface, panel2Y- 7-H2)). It is the expected behavior since any change is
distributed over a larger space of the sub-system. Theti@rgof the minerals abundance in assemblBdgabbro/eclogite)
instead remain quite independent of the initial size of syktemA. However the abundance of the minerals not necessarily is
the same found in the initial assemblage. In particular thewnt of garnet, clinopyroxene and coesite are quite differeven
though the change from the initial assemblage remainsrratmstant over the range of initial proportions varyingifrt:1 to
100:1 (from f=1 to f=100).

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

the minerals abundance, approaching the initial compwsés the size of the initial sub-system increases. A difitenesult is
observed for the composition of the minerals in assemhbiadgeegardless whether the mineral abundance changes omemai
close to the initial amount, the composition varies quiggmgicantly and in most minerals the difference is largef és set to
higher values.

When one of the sub-systems is allowed to move (2-D modéls)géneral observation on the long run is that the sub-system
tends to preserve the assemblage that enters in the modleis study this assemblage is set to be equal to the initsras
blage (see figure 7, panels 7-C) - 7-H) and zoomed view in pai€l2) - 7-H2)). Note that the plots refer to an horizontal
section of extracted data points at the middle distaligg¢2. When sub-systerd is mobile (dotted lines), the behavior of
assemblagé is similar to the static case, with some minerals changieg thitial abundance, garnet, clinopyroxene, coesite
and in part spinel. In the reverse case, with sub-sydiebeing mobile (dashed lines), the mineralogical abundahcé is
different from the initial assemblage, but unlike the staises, no significant variations can be noted with the &seref the
initial proportion.

In terms of minerals composition (e.f! gO, panels 7-CC) - 7-HH) in figure 7), the dynamic sub-systensgmees the com-
position of the entering assemblage. The other assemhtatgad, shows a compositional variation that is larger tign
variation observed for the static cases, even though it irsr@mehow independent of the initial proportion, at leeitth
f=1,5,50.

Complete data for the bulk composition, which includes mirigles, is available for three 1-D models and two 2-D sinioiest
following the instructions in the supplementary material.
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6 Conclusions

Geochemical and petrological interpretations of the Eiatierior rely on the achievement of thermodynamic equillibr on

a certain scale. Phase equilibrium data and partition oiefis for example do require that chemical equilibrium basn
reached and is preserved. Curiously, while this assumitacitly imposed on the most convenient dimension to prisr
observed data, chemical equilibration is ignored when mhes to discuss the presence or the extent of chemical hetero-
geneities (i.e. chemical equilibration, in this regard;assidered ineffective) (e.g. Morgan, 2001; Ito and Malyp2805a, b;
Strake and Bourdon, 2009; Brown and Lesher, 2014).

On the other hand geophyisical interpretations usuallyirego specify certain properties, such as the densityHerHarth
materials under consideration. For example when the dethsés not assume some fictitious values but somehow it iecela
to real rock assemblages, the system has to be sufficiendl} 8rat the gravitational force is almost completely bakh by

the pressure effect (viscous forces are ignored for sintyljeffectively establishing a quasi-static or statimiddion. Then
the “only” requirement is that the system is close to chefrecailibrium, hence petrological constraints can be agpto
determine the proper density of the assemblage.

The main objective of this study was to develop a quantidiivward model to understand the evolution of chemicalroete
geneties in the mantle. The model has been restricted toedra salues for the pressure and temperature and one pair of
bulk compositions indicative of a peridotite-type and algalbeclogite-type. The gabbro/eclogite type can be imedenl as a
portion of a subduction slab. Ignoring a thin sedimentaygtathat possibly could peel off during subduction, a lgugetion

of the slab consists also of a depleted peridotite. Thrieelbigies (mantle peridotite, gabbro, depleted slab pé&tejgrobably
can be also approached with a chemical equilibration madeles to the one presented here. However it remains to be see
whether the difference in composition with respect to theagie peridotite assumed in this study would lead to sigaffiaew
results that would justify the additional modeling effort.

In the meantime the priority has been given here to undedstaminfluence on the final assemblages of various initial pro
portions of the two sub-systems and few selected initialpositions. The spatial and temporal evolution necessasigyimes
arbitrary units. The main reason is that a comprehensiveoaph to study chemical heterogeneities that would inctirde-
dependent experiments and suitable models for the intatfe of the experimental results is missing.

The results from 43 study models suggest that the imposeditcmmof thermodynamic equilibrium for the whole system de
fines two assemblages that are not only in chemical equiliés a whole, but also as separate sub-systems. Furthemame
exchange between these equilibrated assemblages doesa@idace even when the initial proportion of the two is medifi
and a new equilibration model is imposed. The results of theéysmodels have been condensed in a series of parameterized
functions that can be used for various applications.

The choice made to describe the variationff) using the transport model presented in section 3 and 4 may smtber
arbitrary. However local thermodynamic properties candfinéd as a function of space and time (Kondepudi and Prigogin
1998). Furthermore, in the original derivation of the cleakchemical diffusion equations, the flux of the chemicatemtial

is assumed to evolve towards equilibrium following a simftarmulation (e.g. Kondepudi and Prigogine, 1998). Ultieta
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only extensive experimental studies could determine wdretie simple transport model applied in this work for thaatson

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

Two aspects of the numerical applications presented initgdqus sections deserve perhaps a further consideratienas-
sumption made for the composition of the entering assemsblaghe 2-D models perhaps should be reconsidered in future
studies. The other consideration concerns the boundajittmmimposed on the opposite side of the interface betwiben
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 firshacie is probably the more difficult to imagine. On the othant
the possibility that periodic repetitions of the same matelcture are replicated over a large portion of the maiitiegt the
entire mantle, seems more reasonable. Assuming that tkestiale is somehow constrained, an investigation of thedesthp
evolution would still require some kind of assessment ofgodic distribution of the thermodynamic system as a whol
Over a long period of time, the 2-D simulations have shown the@ mineralogical abundance and compositional variation
are approximately independent of the size of the two sutesys This observations suggests the possibility of impleimg
large geodynamic models with evolving petrological systeomce the temporal and spatial scale of the chemical ckdraye
been constrained.

At the moment the spatial and temporal variations are antiligrdefined, but this study shows that the petrological iamia-
eralogical changes may still be quantified, at least at thE @@nditions that have been considered. It would be udeful
example to select few bulk compositions for the two subaystand apply them to the dynamic equilibrium melting (DEM)
and dynamic fractional melting (DFM) models that have beevetbped combining 1-D multiphase flow with AlphaMELTS
(Tirone and Sessing, 2017; Tirone, 2018). Perhaps evengifigdd model for non-equlibrium fractional crystallizati could

be introduced to reproduce 3-D chemical zoning in minerats multicomponent zoning in melts (Tirone et al., 2016). The
results could be compared with existing data on melt predaotl residual solids observed in various geological ggttia
investigate indirectly, but from a quantitative perspeztihe presence of chemical heterogeneities in the mantle.

It becomes also possible to determine the variation of icephysical properties, such as bulk density, and relatentte
certain observables, such as seismic velocities. At leastrelative scale, the effect of the compositional variatioould be
associated to seismic velocity variations, providing is thay another indirect evidence of heterogeneities in thatta based
on a quantitative description.

Data availability. Supplementary material included

Competing interests. No competing interests are present

14



Solid Earth Discuss., https://doi.org/10.5194/se-2018-67

Manuscript under review for journal Solid Earth Solid Earth
Discussion started: 9 October 2018 Discussions
(© Author(s) 2018. CC BY 4.0 License.

Acknowledgements. Thanks to P. Smith for taking the time to answer my questieganding the use of AlphaMELTS (version 1.7), and for
fixing on-the-fly minor issues of the program. The work wasiedrout while visiting the Department of Mathematics ane&xences at the
University of Trieste, Italy. This study was part of a largemprehensive project aiming to investigate chemicalrbgeneities in the mantle
by providing a first set of experimental data to determinekiihetics of the equilibration process, establishing a ningeprocedure and
developing geodynamic numerical applications. The resegirant proposal for such project submitted to the Germae&eh Foundation

(DFG) was declined by two anonymous reviewers.

15



10

15

20

25

30

35

Solid Earth Discuss., https://doi.org/10.5194/se-2018-67

Manuscript under review for journal Solid Earth Solid Earth
Discussion started: 9 October 2018 Discussions
(© Author(s) 2018. CC BY 4.0 License.

References

Ballmer, M. D., Houser, C., Hernlund, J.W., WentzcovitchiVRand Hirose, K.: Persistence of strong silica-enrichechdins in the Earth’s
lower mantle, Nature Geoscience, 10, 236-240,doi:10/H0@®2898, 2017.

Ballmer, M. D., Schmerr, N. C., Nakagawa, T., and RitsemaCdmpositional mantle layering revealed by slab stagnagio 1000-km
depth, Science Advances, 1, €1500815, 2015.

Berman, R. G.: Internally-consistent thermodynamic datanfinerals in the syste¥a>O-K2O-CaO-MgO-FeO-FezO3- Ala03-SiO2-
TiO2-H20-COz, Journal of Petrology, 29, 445-552, 1988.

Blusztajn, J., Shimizu, N., Warren, J. M., and Dick, H. J.IB-situ Pb isotopic analysis of sulfides in abyssal pertdstiNew insights into
heterogeneity and evolution of the oceanic upper mantle|dgg, 42, 159-162. doi: https://doi.org/10.1130/G3496@014.

Brandenburg, J. P., Hauri, E. H., van Keken, P. E. and BatlenC. J.: A multiple-system study of the geochemical etiotuof the mantle
with force-balanced plates and thermochemical effectghizad Planetary Science Letters, 276, 1-13, 2008.

Brown, E. L., and Lesher, C. E.: North Atlantic magmatism tcolted by temperature, mantle composition and buoyan@atubhé Geo-
sciences, 7, doi:10.1038/nge02264, 2014.

Christensen, U. R., and Hofmann, A. W.: Segregation of sctedloceanic crust in the convecting mantle, Journal of Ggsipal Research,
99, 19867-19884, 1994.

de Capitani, C., and Petrakakis, K.: The computation oflégjitim assemblage diagrams with Theriak/Domino softwArmaerican Miner-
alogist, 95, 1006-1016, 2010.

Dobson, D. P., and Mariani, E.: The kinetics of the reactibmajorite plus ferropericlase to ringwoodite: Implicat®ofor mantle upwellings
crossing the 660 km discontinuity, Earth and Planetaryri®ed etters, 408, 110-118, 2014.

Douglas, Jr., J.: On the Numerical Integration%it} + %} = g—’t‘ by Implicit Methods, Journal of the Society for IndustrialdaApplied
Mathematics, 3, 42-65, 1955.

Duesterhoeft, E., and de Capitani, C., Thepgaln add-on to implement equilibrium computations in gecatyic models, Geochemistry,
Geophysics, Geosystems, 14, 4962-4967. 10.1002/ggd6202013.

Fisher, G. W.: Nonequilibrium thermodynamics as a modebitiusion-controlled metamorphic processes, Americammrdal of Science,
273, 897-924, 1973.

Gardés, E., Wunder, B., Wirth, R., and Heinrich, W.: Growtimuiltilayered polycrystalline reaction rims in the MgO&& system, part I:
experiments, Contributions to Mineralogy and Petrologj,1-12, 2011.

Ghiorso, M. S., Hirschmann, M. M., Reiners, P. W., and Krés3/ C.: The pMELTS: A revision of MELTS for improved calcation of
phase relations and major element partitioning relatecattigh melting of the mantle to 3 GPa, Geochemistry Geoplsy&eosystems,
3,10.1029/2001GC000217, 2002.

Ghiorso, M. S., and Sack, R. O.: Chemical mass transfer imma#ig processes IV. A revised and internally consistenttioelynamic model
for the interpolation and extrapolation of liquid-solidugighria in magmatic systems at elevated temperatures eegbpres, Contributions
to Mineralogy and Petrology, 119, 197-212, 1995.

Gurnis, M., and Davies., G. F.: The effect of depth-depehdetosity on convective mixing in the mantle and the pdssgurvival of
primitive mantle, Geophysical Research Letters, 13, 544.-3986.

Helffrich, G.: Heterogeneity in the mantle-its creatiompleition and destruction, Tectonophysics, 416, 23-316200

16



10

15

20

25

30

35

Solid Earth Discuss., https://doi.org/10.5194/se-2018-67

Manuscript under review for journal Solid Earth Solid Earth
Discussion started: 9 October 2018 Discussions
(© Author(s) 2018. CC BY 4.0 License.

Hofmann, A. W., and Hart, S. R., An assessment of local andmegisotopic equilibrium in the mantle, Earth and Plangtcience Letters,
38, 44-62, 1978.

Holland, T. J. B., and Powell, R.: An improved and extendedrimally consistent thermodynamic dataset for phasestaflpgical interest,
involving a new equation of state for solids, Journal of NMebaphic Geology, 29, 333-383, 2011.

Huang, J., and Davies, G. F.: Stirring in three-dimensignahtle convection models and implications for geochemifassive tracers,
Geochemistry Geophysics Geosystems, 8, doi: 10.102%20061312, 2007.

Iwamori, H., and Nakamura, H.: Isotopic heterogeneity ofanic, arc and continental basalts and its implicationsrfantle dynamics,
Gondwana Research, 27, 1131-1152, 2014.

James, F.: MINUIT: Function Minimization and Error Analgs{CERN Program Libr. Long Writeup D506) (version 94. 1, &enCERN),
1994.

Joesten, R.: Evolution of mineral assemblage zoning imsiiffh metasomatism, Geochimica et Cosmochimica Acta,48:660, 1977.

Kellogg, L. H.: Mixing in the mantle, Annual Review of Earth@&Planetary Sciences, 20, 365-388, 1992.

Kellogg, L. H., and Turcotte, D. L.: Homogenization of themtla by convective mixing and diffusion, Earth and Plangtcience Letters,
81, 371-378, 1987.

Kogiso, T., Hirschmann, M. M., and Reiners, P. W. Length esailf mantle heterogeneities and their relationship toroégdand basalt
geochemistry, Geochimica et Cosmochimica Acta, 68, 345-3604.

Kondepudi, D., and Prigogine, I.: Modern Thermodynamiss$,etl., John Wiley and Sons Ltd, United Kingdom, 486 pp, 1998.

Ito, G., and Mahoney, J.: Flow and melting of a heterogeneoasstle: 1. Importance to the geochemistry of ocean islarnidnaid-ocean
ridge basalts, Earth and Planetary Science Letters, 230622005a.

Ito, G., and Mahoney J.: Flow and melting of a heterogenecastler 2. Implications for a non-layered mantle, Earth alah&ary Science
Letters, 230, 47-63, 2005b.

Li, Y., Deschamps, F., and Tackley, P. J.: The stability andcture of primordial reservoirs in the lower mantle: gisis from models of
thermochemical convection in three-dimensional sphegieametry, Geophysical Journal International, 199, 93@;2014.

Markl, G., Foster, C. T., Bucher, K.: Diffusion-controlledivine corona textures in granitic rocks from Lofoten, Mary: calculation of
Onsager diffusion coefficients, thermodynamic modelling petrological implications, Journal of Metamorphic Gepl, 16, 607-623,
1998.

Milke, R., Dohmen, R., Becker, H. W., and Wirth, R.: Growtlnéiics of enstatite reaction rims studied on nano-scale|Rdethodology,
microscopic observations and the role of water, Contrimgito Mineralogy and Petrology, 154, 519-533, 2007.

Morgan, J. P.: Thermodynamics of pressure release melfiagveined plum pudding mantle, Geochemistry, Geophysiens@stems, 2,
doi.org/10.1029/2000GC000049, 2001.

Mundl, A., Touboul, M., Jackson, M. G., Day, J. M. D., Kurz, M., Lekic, V., Helz, R. T., and Walker, R. J.: Tungsten-182hegeneity
in modern ocean island basalts, Science, 356,66-69, 2017.

Ozawa, H., Hirose, K., Mitome, M., Bando, Y., Sata, N., andsbh Y.: Experimental study of reaction between perowskind molten iron
to 146 GPa and implications for chemically distinct buoylager at the top of the core, Physics and Chemistry of Mise6, 355-363,
20009.

Nishi, M., Kubo, T., Kato, T., Tominaga, A., Funakoshi, KndaHigo, Y.: Exsolution kinetics of majoritic garnet fromirebpyroxene in
subducting oceanic crust, Earth and Planetary Sciencerkeit89, 47-55, 2011.

Nishiyama, T.: Steady diffusion model for olivine-plagi@se corona growth, Geochimica et Cosmochimica Acta, 43228}, 1983.

17



10

15

20

25

30

35

Solid Earth Discuss., https://doi.org/10.5194/se-2018-67

Manuscript under review for journal Solid Earth Solid Earth
Discussion started: 9 October 2018 Discussions
(© Author(s) 2018. CC BY 4.0 License.

Peaceman, D. W., and Rachford, Jr. H. H.: The Numerical ®olutf Parabolic and Elliptic Differential Equations, Joat of the Society
for Industrial and Applied Mathematics, 3, 28-41, 1955.

Poirier, J.P.: Introduction to the physics of the Earthtetior, 2st ed., Cambridge University Press, UK, 312 pp,0200

Press, W. H., Teukolsky, S. A., Vetterling, W. T., and FlaiynB. P.: Numerical Recipes in Fortran 77: The Art of SciBatComputing, 2nd
ed. (reprinted), Cambridge Univ. Press, Cambridge, 933.997.

Piazzoni, A. S., Steinle-Neumann, G., Bunge, H. P., and j[Bde A mineralogical model for density and elasticity oé tharth’s mantle,
Geochemistry Geophysics Geosystems, 8, Q11010, doi292007GC001697, 2007.

Prigogine, |., and Defay, R.: Chemical thermodynamicsetistLondon: Longmans, Green and co. Ltd, 543 pp, 1954.

Ricard, Y., Richards, M., Lithgow-Bertelloni, C., and Leusff Y.: A geodynamic model of mantle density heterogenelburnal of Geo-
physical Research, 98, 21895-21909, doi:10.1029/93JB3)2093.

Rubie, D. C., and Ross Il, C. R.: Kinetics of the olivine-gditransformation in subducting lithosphere: experimentamstraints and
implications for deep slab processes, Physics of the EadtPéanetary Interiors, 86, 223-241, 1994.

Saxena, S. K.: Earth mineralogical model: Gibbs free energymization computation in the systelgO — FeO — SiO2, Geochimica et
Cosmochimica Acta, 60, 2379-2395, 1996.

Schubert, G., Turcotte, D. L., and Olson, P.: Mantle conwedi the Earth and planets, 1st ed., Cambridge Universigg$ UK, 940 pp,
2001.

Smith, P. M., and Asimow, P. D.: Adiabat_1ph: A new publicrfr@nd to the MELTS, pMELTS, and pHMELTS models, Geochemist
Geophysics Geosystems, 6, doi:10.1029/2004GC00081, 2005

Smith, W. R., and Missen, R. W.: Chemical reaction equilibrianalysis: theory and algorithms, 1st ed. reprint, Mateaeger Publishing
Company, 364 pp, 1991.

Stixrude, L., and Lithgow-Bertelloni, C.: Thermodynamafanantle minerals I. physical properties, Geophysicatdalinternational, 162,
610-632, 2005.

Stracke, A., and Bourdon, B.: The importance of melt exioactor tracing mantle heterogeneity, Geochimica et Codrimica Acta, 73,
218-238, 2009.

Tackley, P., and Xie, S.: The thermochemical structure araduigon of Earth’s mantle: constraints and numerical miedBhilosphical
Transactions of the Royal Society of London A, 360, 2593&D02.

Tannehill, J. C., Anderson, D., and Pletcher, R. H.: Comjmral Fluid Mechanics and Heat Transfer, 2nd edition, day@nd Francis,
Levittown, 792 pp, 1997.

Tesoniero, A., Cammarano, F., and Boschi, L.: S-to-P hgtareity ratio in the lower mantle and thermo-chemical icatibns, Geochem-
istry Geophysics Geosystems, 17, 2522-2538, doi:10.2008GC006293, 2016.

Tirone, M.: Petrological Geodynamics of Mantle Melting AlphaMELTS + Multiphase Flow: Dynamic Fractional Meltingrontiers in
Earth Sciences, doi.org/10.3389/feart.2018.00018, 2018

Tirone, M., and Sessing, J., Petrological Geodynamics aftdéelting I. AlphaMELTS + Multiphase Flow: Dynamic Eqildtium Melting,
Method and Results, Frontiers in Earth Sciences, doi.0r§8B9/feart.2017.00081, 2017.

Tirone, M., Rokitta, K., and Schreiber, U.: Thermochromital evolution of intra-plate magmatic crystallizatioriérred from an integrated
modeling approach: a case study in the Westerwald, Gerrhahgs, 260, 178-190, doi:10.1016/j.lithos.2016.05.02816.

Tirone, M., Buhre, S., Schmuck, H., and Faak, K.: Chemicakekmeneities in the Mantle: the Equilibrium Thermodynampproach,
Lithos, 244, 140-150, doi: 10.1016/j.lithos.2015.11.03215.

18



10

15

Solid Earth Discuss., https://doi.org/10.5194/se-2018-67

Manuscript under review for journal Solid Earth Solid Earth
Discussion started: 9 October 2018 Discussions
(© Author(s) 2018. CC BY 4.0 License.

Tommasi, A., and Vauchez, A.: Heterogeneity and anisotimoplye lithospheric mantle, Tectonophysics, 661, 11-371,520

Trampert, J, Deschamps, F., Resovsky, J., and Yuen, D.aBil@tic Tomography Maps Chemical Heterogeneities Thhmwt the Lower
Mantle, Science, 306, 853-856, 2004.

van der Hilst, R. D., Widlyantoro, S., and Engdahl, E. R.:device for deep mantle circulation from global tomographgtuxe, 386,
578-584, 1997.

van Keken P. E., Hauri, E. H., and Ballentine, C. J.: Mantleing: The Generation, Preservation, and Destruction oh@tal Heterogeneity,
Annual Review of Earth and Planetary Sciences, 30, 493-B2%.

van Keken P. E., and Ballentine, C. J.: Whole-mantle veraysred mantle convection and the role of a high-viscosityefomantle in
terrestrial volatile evolution, Earth and Planetary Sceehetters, 156, 19-32, 1998.

Walzer, U., and Hendel, R.: A new convection-fractionatinadel for the evolution of the principal geochemical resés/of the Earth’s
mantle, Physics of the Earth and Planetary Interiors, 112;256, 1999.

Zhao, C., Garnero, E. J. , McNamara, A. K. , Schmerr, N., @arlfR. W.: Seismic evidence for a chemically distinct thecheamical
reservoir in Earth’s deep mantle beneath Hawaii, Earth dawePary Science Letters, 426, 143-153, 2015.

Zhong, S.: Constraints on thermochemical convection ofntla@tle from plume heat flux, plume excess temperature, apdrupantle
temperature, Journal of Geophysical Research, 111, ddi020/2005JB003972, 2006.

19



Solid Earth Discuss., https://doi.org/10.5194/se-2018-67

Manuscript under review for journal Solid Earth Solid Earth
Discussion started: 9 October 2018 Discussions
(© Author(s) 2018. CC BY 4.0 License.

1-A) 1-B) 1'D)9 .-q.[f (B-)<-)'(.32(B°HJ/S(B“-)Q.4 05
1.008 35k 05} @05
i — 8 L 4 8
<J - -
1.006 % aof So4 ...0 foag
i = S0 g Jos=
1.004 < osf < 'I a
: 2 702 o Jo2g
1.002 = b 2 . 2
aL Goif g J018
o i . / °
5 150 . . . L ]
©) 1F “1.535E+06 -1.53E+06 -1.525E+06 0 0 o1 o2 o3 o2 0
) B G(AD (9) ®  [G(A)-GAIGA)
g/ 0.998 1-C) G(B)[G(BD-G(B))] (%) 1-E)
0.996 - R 18 2E+10f
i °\£ 17
0.994 - =
i ( ] g 16 1E+10}
0.992 . 2

-1.54E+06 -1.53E+06 -1.52E+06

[
i

G(B J 153506 153E06 -L52E%06 430000 20000 -10000 0
( D( ) G(BD (J) G(BD - G(By) (J)

Figure 1. Data and relative fitting used to develop the chemical egpaition model. Panel 1-A) relation between the ratiQA«) /G (Bx)
andG(Bx) which is applied to constrai@'(Ax) andG(Bx) at the interface. Panel 1-B) and 1-C) illustrate the refalietweerz(Ax) and
G(B=x) with M gO bulk abundance. Similar relations are applied for all nirieles defining the bulk composition. Knowiidg( B), the total

size of the assemblage at equilibrium can be found assuimin@y} a relation between the mass change and the chatiéfis established
(Panel 1-D), b) the extension of the assemblage is propattio the mass change and it takes place along a directigepaicular to the
interface. The total length at equilibrium is then adjustedccordance with the difference between the spatial geefq B+) of the
assemblage and(Bx) at the interface (see the main text for a detailed explanatithe change of size of the second assemblage is also
applied on the first assemblage with opposite sign. Pangldll@vs to determine&( B) from the relation withG( Bx) at the interface.

20



Solid Earth Discuss., https://doi.org/10.5194/se-2018-67

Manuscript under review for journal Solid Earth Solid Earth
Discussion started: 9 October 2018 Discussions
(© Author(s) 2018. CC BY 4.0 License.

2-A G(Q interface 2B
(3/10°) 35t
152}
ol
20000 25F
1.53F / 20 F MgO(bulk) wt%
4000 0 MgO(bulk) wt% I
\
g0/ L— 15F
L sal =0 distance || 10}
Tl150 100 50 0 50 100 -150 100 50 0 50 100
2-Cy . = 150 |1 ol
50} S e T
MgO(OL) 149 || gol -
40 i Wt% .........
130 50+
sor 40}
OL (wt%) 120 GT i
20F — 30l {14
10 110 20+ 412
0 L, ) ) . ] 0 10 L, - - ‘ e " X )
150  -100 50 0 50 100 150  -100 50 0 50 100
2-E
MgO(OPX) 50}
15 [ d 30 .....
OPX 40¢
10f 120
30}
st {10
2r cpx
[on L L L 40 L L L L L .
150  -100 50 0 50 100 -150 100 50 0 50 100
2-G 2-H
: MgO(SP) {12
0.6} 110 || 4f
18 3F
0.4} 16 COE
2r
0.2} 14
. 12 ir
ol, . . == ok, . . S S
150  -100 50 0 50 100 150 100 50 0 50 100

Figure 2. Solution of a 1-D model simulation. The initial proportiofi the two assemblages is 1:1. Panel 2-&JAx) and G(B=x) 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 witld(x). All the other oxides are retrieved with similar relatiofanels 2-C) -G) Minerals
abundance (solid lines) and gO content (dotted lines) in the corresponding minerals. P2ué) distribution of coesite. Local minerals
abundance and compositions shown in panels 2-C) -H) aiievettrafter performing thermodynamic computations atyespatial location
with AlphaMELTS using the bulk oxides abundance exemplifiedanel 2-B) forM gO. Time and distance in arbitrary units. Pressure and
temperature are fixed at 40 kbar and 1200The rest of the parameters for the model are defined in thre teve.
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Figure 3. Solution of a 1-D model simulation. The initial proportiohtbe two assemblages is 5:1 € 5). The description of the panels
follows the caption provided for figure 2.
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caption provided for figure 2.
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Figureb. Solution of a 2-D model simulation at time 102400 (arbitranjts). The starting proportion of the two assemblageslig 5= 5).

In the initial setup the 2 assemblages are separately inicakaguilibrium. At time 100000 a new assemblagenters from the top side
with velocity 0.00625 (arbitrary units). The new assemblegpssumed to have been equilibrated but never been irctanta assemblage-

B (same composition of the initial assemblage). Panel 5-A}iapvariation ofG(x). Panel 5-B) local distribution of MgO in the bulk
assemblage. Similar results are obtained for all the otkieles defining the bulk composition. Panels 5-C) - G) locailenals distribution
(color map) and few contour lines for the abundancd/&fO in the associate minerals. Panel 5-H) spatial distributiocoesite. Time and
distance in arbitrary units. Pressure and temperaturexa dit 40 kbar and 120C. The rest of the parameters for the numerical model are

defined in the main text. 24
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Figure 7. Summary of the results for all the 1-D and 2-D numerical medgekonditions close to chemical equilibrium for the whglstem.
The models consider different initial proportions of thetassemblages. In addition for the 2-D models it is assumacetither assemblage
A or B enters from the top side at time 100000 (arbitrary unitshwitlocity 0.00625 (arbitrary units). For the 2-D models hefiles
represent an horizontal section at the middle poin} (2). Panel 7-A) spatial variation af(x). For clarity, plot of the 2-D model with
50:1(B) is truncated at ~ 500. Panel 7-A2) enlarged view @ (x) near the interface. Panel 7-B) variation of bulkgO (wt%). Panel
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Table 1. List of minerals and mineral components relevant for thislgtwith chemical formulas and abbreviations.

OLIVINE(OI)

fayalite(Fa) Fe2*SiO4
monticellite(Mtc) CaMgSiO4
forsterite(Fo) Mg2SiOy
GARNET(Gt)

almandine(Alm) Fe2t Al»SizO12
grossular(Grs) CaszAlszSizO12
pyrope(Prp) MgsAlSizO12
ORTHOPYROXENE(Opx) & CLINOPYROXENE(Cpx)
diopside(Di) CaMgSi2Og
enstatite(en) Mg2Si2O¢
hedenbergite(Hd) CaFe?TSixOg
alumino-buffonite(Al-Bff)  CaTig.5 Mgo.5AlSiOg
buffonite(Bff) CaTig.5sMgo.sFe*TSiOg
esseneite(Ess) CaFe3T AlSiOg
jadeite(Jd) NaAlSi2Og
SPINEL(Sp)

chromite(Chr) MgCr204
hercynite(Hc) Fe**t Al, Oy
magnetite(Mag) Fe?TFe3T 04
spinel(Spl) MgAla Oy
ulvospinel(Ulv) Fe2TTiO,4
COESITE(Coe)

coesite(Coe) SiO2
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Table 2. Set of independent reactions for the list of mineral comptsan table 1.
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1.5Fa+1Prp

Table2. 1.5 Fe3TSi04 + 1 Mg3Al2SizO12
1Mtc+1OEn

1 CaMgSiO4 + 1 Mg2SisOg
1Fa-+0.5Fo+ 1 OAIBff +10Di+ 1 OEss

1 Fe3TSi0O4 + 0.5 Mg2SiO4 + 1 CaTig s Mgo.5 AlSiOs

0.5Fo+10OHd

0.5 Mg3"SiO4 + 1 CaFe?* SinOg

1CDi

1 CaMgSi2Og

1Mtc+1CEn

1 CaMgSiO4 + 1 Mg2SizOg

0.5Fo+1CHd

0.5 Mg2SiO4 + 1 CaFe?T Sin Og

1 OAIBff

1 CaTip.5 Mgo.5A1SiOg

1 OBff

1 CaTigp.5sMgo.5Fe?tSi0g

1.5Fa+0.5Fo+ 10Di+ 1 OAIBff + 1 CEss
1.5 Fe2Si04 + 0.5 Mg2SiO4 + 1 CaMgSiaOg

1CJd
1 NaAlSizOg

1.5Fa+1.5Fo+ 1 Grs

1.5 Fe3TSi04 + 1.5 Mg3 TSi04 4 1 CagAl3SizO12
1Fa+20Di+1Hc

1 Fe2TSi04 4 2 CaMgSiaOg + 1 Fe?+ Alo Oy

1 Fa+ 2 OAIBff 4+ 2 ODi+ 1 Mag

1 Fe2TSi04 4 2 CaTig.5s Mgo.5 A1SiOg + 2 CaMgSiaOg

1.5Fa+20Di+ 1Spl

1.5 Fe2TSi04 + 2 CaMgSiaOg + 1 MgAla O
2Mtc+1Alm+ 1 Uly

2 CaMgSiO4 +1Fe2 T AloSizO12 + 1 Fe3 T TiO4
1 Mtc+ 1 Coe

1 CaMgSiO4 + 1 SiO2

+ ¢ ¢ 0T SEOCTETETT TS + ¢ ¢ 80O

+ ¢ ¢ 8 T

O R
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1.5Fo+ 1 Alm
1.5 Mg2SiO4 + 1 Fe2 T AloSizO10

1Fo+10Di

1 Mg2SiO4 + 1 CaMgSiaOg

2Mtc+ 1 Alm + 1 OBfF

1 CaMgSiz2Og + 1 CaFe3t AlSiOg <

2 CaMgSiO4 + 1 Fe2 T AlSizO12 + 1 CaTig s Mgo.5Fe® T SiOg
0.5 Fa+10Di

0.5 Fe3T8i04 + 1 CaMgSiz2Og

10Di

1 CaMgSi2Og

1Fo+10Di

1 Mg2SiO4 + 1 CaMgSiaOg

0.5 Fa+10Di

0.5 Fe3T8i04 + 1 CaMgSiz2Og

1 CAIBfF

1 CaTig.5Mgo.5A1SiO6

1 CBff

1 CaTig.sMgo.5Fe?tSiOg

2Mtc+ 1 Alm + 1 OBfF

1 CaTig 5 Mgo.5AlSi0g + 1 CaFe3t AlSiOg <

2 CaMgSiO4 + 1 Fe3 T AlxSizO12 + 1 CaTig s Mgo.5Fe® T SiOg
10Jd

1 NaAlSizOg

3Mtc+ 1 Alm

3 CaMgSiO4 + 1 Fe3 T AloSizO12

2Mtc+ 1 Alm

2 CaMgSiO4 + 1 Fel T Al SizO12

2Mtc+ 1 Alm + 2 OBfF

1 1:‘632'~'F:33+ Oy &

2 CaMgSiO4 + 1 Fe3 T AlSizO12 + 2 CaTio s Mgo.5Fe® T SiOg
2 Mtc+ 0.5 Fo+ 1 Alm
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2Fa+ 0.5 Fo 4 2 OAIBff
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Table 3. Summary of the results of one chemical equilibration pracedThe columns4,) and (Bo) describe the initial bulk composition
of the two sub-systems and the Gibbs free enérgfjoule) of the equilibrium assemblages separately. Thélrproportion of the whole
system is f:1 (f=1) and the composition is given by coluiiri)( Columns @) and (B) present the results of the chemical equilibration in
terms of oxides. Note that the sum of the oxides is not 100ckvitidicates a mass transfer between the two sub-systerascallimns

in the lower part of the table shows the composition of theerahcomponents at equilibrium before the two sub-systempat together
(fxn(Ao) and n(Bo) and after equilibration of the whole systenx(f(A) and n(B)). Change of molesXfAn(A), An(B) is also reported.
The last column is the composition of the whole systé&¥n) @fter equilibration.
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Table 3.
bulk comp.  (4o) (Bo) (W)=(fx Ao+Bo)/(f+1)  (A) (B)
oxides wt%
SiO2 45.20 48.86 47.030 69.428 24.637
TiO2 0.20 0.37 0.285 0.463 0.107
Al>0O3 3.94 17.72 10.830 11.677 9.976
Fea O3 0.20 0.84 0.520 0.852 0.188
Cra03 0.40 0.03 0.215 0.422 8.241
FeO 8.10 7.61 7.855 11.116 4.600
MgO 38.40 9.10 23.750 38.107 9.391
CaO 3.15 12.50 7.825 11.565 4.089
NazO 0.41 2,97 1.690 2.736 0.643
sum 100 100 100 146.367 53.639
G(J) -1538956.549  -1515471.201 1528524.097 -2233778.04323270.616
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  -0.00R05 0.0190492 0.0335803
Gt(Grs) 0.0035179 0.0039790 0.0074970  0.0347389  -0.B#89 0.0098404 0.0173354
Gt(Prp) 0.0202554 0.0238298 0.0440852  0.0435766  0.0M4123 0.0577001 0.1018422
Opx(Di) -0.0104230 0.0104500 0.0000000 0O 0 0 0
Opx(En) 0.0700777 -0.0700777 0.0000000 O 0 0 0
Opx(Hd) 0.0116778 -0.0116778 0.0000000 O 0 0 0
Opx(Al-Bffy  0.0018136 -0.0018136 0.0000000 O 0 0 0
Opx(Bff) -0.0003756 0.0003756 0.0000000 O 0 0 0
Opx(Ess) 0.0008425 -0.0008425 0.0000000 O 0 0 0
Opx(Jd) 0.0021691 -0.0021691 0.0000000 O 0 0 0
Cpx(Di) 0.0334109 0.1062036 0.1396146  0.0719139  -0.03872 0.0331905 0.1728462
Cpx(En) 0.0116014 0.0433811 0.0549825  0.0092274  0.0®3438 0.0126656 0.0676615
Cpx(Hd) 0.0050948 0.0243636 0.0294585  0.0184485  -0.08361 0.0068352 0.0362970
Cpx(Al-Bff)  0.0017718 0.0024237 0.0041956  0.0178175 167911 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¥B3 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.(82014 0.0000542 0.0028287
Sp(Hc) -0.0014341 0.0002618 -0.0011723  -0.0000353 0I®®O -0.0000229 -0.0011952
Sp(Mag) 0.0002881 0.0000133 0.0003014  0.0000092  -0.B00 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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Table4. Normalized bulk composition4*) and (Bx) in the two sub-systems taken from the results of the modalite 3, 4) and (B). The

mineral composition at equilibrium of the two separate systems computed with AlphaMELTS is shown in the lower péathe table.
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Table 4.

bulk comp. Ax) (Bx)
oxides wt%
SiO2 47.434 45.931
TiO2 0.316 0.199
Al>0O3 7.978 18.599
Fea O3 0.582 0.351
Cra03 0.288 0.015
FeO 7.595 8.575
MgO 26.035 17.507
CaO 7.902 7.623
NazO 1.869 1.199
sum 100 100
G(J) -1526157.990 -1534831.832
min. comp. ——- mol

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

description of the results follow the outline of the captadriable 3.
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bulk comp.  (4o) (Bo) (W)=(fx Ao+Bo)/(f+1)  (A) (B)
oxides wt%
SiOg 47.434 45.931 47.184 47.443 45.888
TiO9 0.316 0.199 0.297 0.317 0.200
Al;O3 7.978 18.599 9.748 7.984 18.565
Fex 03 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
Na2O 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 0 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 -0.0P004 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 o 0 0
Opx(En) 0 0 0 0 0 0 0
Opx(Hd) 0 0 0 0 0 0 0
Opx(Al-Bffy 0 0 0 0 0 0 0
Opx(Bff) 0 0 0 0 0 0 0
Opx(Ess) 0 0 0 0 0 0 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 0.8800 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.@300 0.0386923 0.3402993
Sp(Chr) 0.0094789 0.0000714 0.0095503 0.0001013 -0.Gw07 0.0000283 0.0095786
Sp(Hc) -0.0040030 -0.0000297 -0.0040327 -0.0000398 00D -0.0000120 -0.0040447
Sp(Mag) 0.0010314 0.0000071 0.0010385 0.0000046 -0.a®00 0.0000031 0.0010415
Sp(Spl) 0.0065290 0.0000523 0.0065813 0.0000473 -0.0@002 0.0000195 0.0066009
Sp(Ulv) 0.0003088 0.0000019 0.0003107 0.0000006 0.0(®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 initialngposition of the two sub-systemd () and (Bo) analogous to the one

presented in table 3. The only difference is that the infiralportion of the whole system is f:1 (f=5).
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Table6.
bulk comp.  (4o) (Bo) (W)=(fx Ao+Bo)/(f+1)  (A) (B)
oxides wt%
SiO2 45.20 48.86 45.810 50.424 22.744
TiO2 0.20 0.37 0.228 0.252 0.109
Al2O3 3.94 17.72 6.237 5.619 9.322
Fea O3 0.20 0.84 0.307 0.340 0.141
Cra03 0.40 0.03 0.338 0.404 0.008
FeO 8.10 7.61 8.018 8.837 3.928
MgO 38.40 9.10 33.516 38.364 9.279
CaO 3.15 12.50 4.708 4.910 3.700
NazO 0.41 2,97 0.837 0.913 0.450
sum 100 100 100 110.064 49.683
G(J) -1538956.549  -1515471.201 1535494.148 -1689092.17867503.430
min. comp. mol
f=5 fxn(Aop) fx An(A) fxn(A) n(Bo) An(B) n(B) (f+1)xn(W)
Ol(Fa) 0.1946993 0.0044941 0.1991934 0 0 0 0.1991934
Ol(Mtc) 0.0017107 -0.0001606 0.0015502 O 0 0 0.0015502
Ol(Fo) 1.7520250 -0.0760450 1.6759800 O 0 0 1.6759784
Gt(Alm) 0.0273631 0.0094755 0.0368386  0.0290995  -0.08270 0.0163927 0.0532263
Gt(Grs) 0.0175897 0.0028033 0.0203930  0.0347389  -0.@%65 0.0090884 0.0294782
Gt(Prp) 0.1012771 0.0293155 0.1305926  0.0435766  0.0B4420 0.0579973 0.1886035
Opx(Di) -0.0521149 0.0111195 -0.0409954 0 0 0 -0.0409953
Opx(En) 0.3503883 -0.0953800 0.2550083 0O 0 0 0.2550059
Opx(Hd) 0.0583893 -0.0133410 0.0450483 0 0 0 0.0450481
Opx(Al-Bffy  0.0090681 -0.0028948 0.0061732 0O 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 0O 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  -0.08298 0.0054590 0.0577119
Cpx(Al-Bff)  0.0088591 0.0018465 0.0107056  0.0178175  166H61 0.0011514 0.0118564
Cpx(Bff) 0.0080586 0.0070392 0.0150978  -0.0085581  0.2601 0.0015683 0.0166634
Cpx(Ess) -0.0007496 0.0023225 0.0015728  0.0190600  -87BI8 0.0001868 0.0017596
Cpx(Jd) 0.0553062 0.0819615 0.1372677  0.0958389  -0.82129 0.0145396 0.1518248
Sp(Chr) 0.0131597 0.0001403 0.0133001  0.0001974  -0.1014 0.0000553 0.0133554
Sp(Hc) -0.0071704 0.0004160 -0.0067544  -0.0000353 O@®O -0.0000281 -0.0067824
Sp(Mag) 0.0014407 -0.0000486 0.0013921  0.0000092  -0G®MDO  0.0000058 0.0013979
Sp(Spl) 0.0103828 -0.0003637 0.0100191  0.0000536  -01WMO  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 modtdhie 6. The mineral

composition at equilibrium of the two separate sub-systeomsputed with AlphaMELTS is shown in the lower part of theléab
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Table7.

bulk comp. Ax) (Bx)
oxides wt%
SiO2 45.813 45.778
TiO2 0.229 0.219
Al>0O3 5.105 18.764
Fea O3 0.309 0.284
Cra03 0.367 0.017
FeO 8.028 7.906
MgO 34.856 18.677
CaO 4.461 7.448
NagO 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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