Tema 3aHaTUU (nexumm Ne 6-8):

$PAKLUMOHNPOBAHNE
BA3AJIbTOBbIX MATM



Nexkuma Ne 8:

TTpuHUMNBLL pacyeTa NPOCTLIX (PA3OBLIX
ANArpamMmm Kak ocHoea 3BM-mopenuposaHus
KPUCTANNU3ALUU MATM

TTporpamma KOMAIMAT



CYWECTBO YACNEHHBIX METOLOOB MOOENTMPOBAHNA
KPUCTANNTU3ALIMOHHBLIX TIPOLIECCOB

dx! = (x!'- x$)de/ (1 - @)

3ameHa 6ecKOHeYHO ManbIX
NpUpaLlieHUN KOHeUHbLIMMU

Axl=(x!-x$) A @/ (1- @)




TTpuHUUN nocTpoeHUus KOHeYHO-pPAa3HOCTHBLIX CXeM

CocTtae TBepAoOU (Ppasbl Coctae pacnnaea

X!

Axl=(x!-x3) A @/ (1- @)



YyTO HEOBXOOUMO ONA TTOCTPOEHNA YNCNEHHBIX
MOLOENEN KPUCTANNU3ALMN MATM?

SIMTTUPUYECKUN BA3WUC:

SKCNepUMeHTLI NO nNnaeneHunro CUHTETUYECKUX U NpUPOAHBLIX CUCTEM

Ona peweHns 3TUX 3agavy UCNosb3yHT

Mpu n3aBeCTHOM cocTaBe MCXOOHOro TPy noaxoAaa.
pacnnaBa HeooxoauMoO “ HayuUTb
cucrtemy’ onpenenstb:

(1) PopmanbHass maTemMaTnyeckas
0bpaboTka akcnepuMeHTanbHbIX JaHHbIX

(1) Mepebili KpucmanausyUWULics no metody MHK,
MUHepari (8Kriro4asi e2o cocmas), (2) Pacuet paBHOBeCcU MHOrodrasHbIX
CUCTEM MPU NOMOLLN KOS PULNEHTOB

pacrpenerieHna 1 3akoHa OenCTBYOLWNX
mMacc — npoepamma NETPOJIOI .

(3) lNocTpoeHne TepmognHaMUYECKN
nocnenoBaTesfbHbIX MoAenen
KPUCTanmn3yLnxcs Marm — ripo2pammal
MELTS u KOMAI MAT.

(2) lNocrnnedoeamernibHOCMb 8bI0EIEHUS
KOMEKMUYECKUX MUHEPAasios8 (8Krro4vas
ux rporiopyuu),

(3) Temnepamypbi pasHogecus Orisi
Kaxxdou accouyuauuu MuHeparos.



TCPMOD.MHGMVNCCKM nocneaposartesibHbie moaesiv
KpUuctannumaumm marm

MMPOrPAMMbI NCTOPUSA PASPABOTKU

THOLEMAG Ariskin and Frenkel, 1982:

\ Frenkel and Ariskin, 1984, 1985;
COMAGMAT Ariskin et al., 1993;
Ariskin and Barmina, 2004

Ghiorso and Carmichael, 1985:
Ghiorso and Sack, 1995;

Ghiorso, 1997

No name Weaver and Langmuir, 1990;
Langmuir et al., 1992

No name Camur and Kilinc, 1995




M.A.DpeHKenb u

A.A.APUCKUH:

aBTOpblI MoAenu
KOMAIMAT (COMAGMAT)
(TEOXN PAH, 1978)
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Mapk N'mopcoy (criesa)
un Puyapg Cak:
AsTopbl Mmogenu MELTS

(BalMHITOHCKNUW YHUBEPCUTET,
Cwuatn, 1991)
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KAPTA PACINTPOCTPAHEHUA MOAEJIN KOMAIMAT

e [lonb3oBaTenu HawMx nporpamMmm




TepmoauHamudeckas Tpaktoska cuctemor Di-Ab-An

Cahgsl,o. -
1391°C | Liquidus quufus
Liquid
+

No thres-phass assamblagss Crystals
as in the previous ternary Liquid
syatems s¥amined. +
Crystals

Llgulds crystalllzing In this

system produce two-phase

assemhlages:

13 Diop. of fixad

composition

and 2) Plag. of variabls

composition. Crystals

: | \ l

10 40 50 60 90

Anorthite

Eutectic

Diopside

PLAGIOCLASE + L

TEMPERATURE, °C

Anorthite
CaAlSl,0,

Albite

NaAlSi,D,
System sxhlblts complets solld solutlon betwaen Ab and An.

PLAGIOCLASE CRYSTALS

40
WEIGHT PERCENT An




OTTUCAHWUE 3BTEKTUYECKOM CUCTEMBI DI-AN

SCHROEDER's Equation

f
In X% —AHp (1 1 )
BTR T Ts

T,C

Note: B may be Di or An

f
L _f RT L

EUTECTIC composition

Xi+ Xan= 1

YPABHEHUE LLIPELIEPA:

Xgh - cogepxaHue Di v An B
pacnnase,

AH; ' - MOnbHbIE TENNOTHI
nnaesneHusa yncrtoro Di n An,

Ty " - TemnepaTtypbl NnaeneHuns
9TUX KOMMOHEHTOB;

R - rasoBagd noctosgHHag.

3HayeHue T, npeacraBnser
TeMnepaTtypy NMMKBUAYCHbIX
KpuBbIx ana Di unu An:

T,,-=Func (X, .-, AH, ©, T,, ")

Tpit = Func (Xpt , AHG T, Ty ')




OnucaHue 3sTekTUYeckou cuctemsr Di-An

Temnepamypul 1ukeuoyca.

TAnL B TAnmmg/ [ 1- (RTAnmuw/ AHAnnMg )InXAnL]

7
/
Liquidus ,/
\ S Liquid
7 +

. = Tpi- = Tpi™ e [ [ 1 - (R T /AH;™ ¢ )InX it ]

Solidus

[IepecedyeHuto IByX 3TUX TEMIIEPATYPHBIX JIMHUA

OTBEYACT PAaBEHCTBO TeMIIEpaTyp Kpucrtaumm3anuu Di u
AN B BBTEKTHYECKON TOUYKE:

Tan=Tpi-

Ecnu K 3ToMy paBeHCTBY J100aBUTh YCIOBHE OajlaHCca
Macc B pacIriaBe, cofeprkaieM Tojbko Di u An:

Xan~ + Xpi=1

MOKHO PEmTuTh cucTeMy oTHocuTembHO X, b= 1-X b

15 R10%1 XDiL — l-XAnL



OTTUCAHUE TBEPOOIO PACTBOPA B CUCTEME AB-AN

YPABHEHUE BAH-JIAAPA:
VAN-LAAR's Equation
|nl<§ _He (1, . Xgh - cogepxaHune Ab n An B
X R T pacnnase,

T,C

oo Xg> -cofepxaHue Ab n An B

NnJ1arnokKriase,

AHg f MonbHbIe TennoThbl
nnasneHns Ynctoro Ab n An,

Ty - Temnepatypbl nnaeneHns
3TUX KOMMOHEHTOB.

Xgt/ Xz°= K — koHcmaHma pasHoegecusi,

PL composition
Pos xapakmepusytow,as pacrpedeneHue Ab

nnu An mMexay pacrnnaBoM U KpucTannamm
nnasuoknasa
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OnucaHue 6UHAPHOU CUCTeMLI C TBepALIMU pacTsopammu Ab-An

60 80
WEIGHT PERCENT An

Temnepamypul 1ukeuoyca:

TAnL n TAnmmg/ [ 1- (RTAnmag/AHAnmag )InKAn]

Tap~ = Tap™ T T1 - (R Tpp"“/AH 5y )INK ]

[lepeceyeHune AByX 3TUX TEMIEPATYPHBIX KPUBBIX

100
An

OTBEYAET PABCHCTBO TEMIIEPATyp KpUcTaLInu3anuu Ab u
AN Ha TMHMY JIMKBUIYCA IUIarMoKiasa:

KAn: (XAnL / ><Anpl)

Kap= (Xap-/ Xap™)

L= L
TAn I TAb

Ecnu kK 3TOMy paBeHCTBY 100aBUTh YCIOBHE OajlaHCa

macc B paciuiaBe u Pl, conepskamum tospko Ab u An:

L L — Pl Pl —
XAn + ><Ab I 1’ >(An + ><Ab =1
MO>KHO PEIIUTh CUCTEMY OTHOCUTEIBHO X AnL: 1-X AbL

WU XAbL — l-XAnL u cocrana Pl.



OTTUCAHUE TBEPOOIO PACTBOPA B CUCTEME AB-AN

YPABHEHUE BAH-JIAAPA:
VAN-LAAR's Equation
|nl<§ _He (1, . Xgh - cogepxaHune Ab n An B
X R T pacnnase,

T,C

oo Xg> -cofepxaHue Ab n An B

NnJ1arnokKriase,

AHg f MonbHbIe TennoThbl
nnasneHns Ynctoro Ab n An,

Ty - Temnepatypbl nnaeneHns
3TUX KOMMOHEHTOB.

Xgt/ Xz°= K — koHcmaHma pasHoegecusi,

PL composition
Pos xapakmepusytow,as pacrpedeneHue Ab

nnu An mMexay pacrnnaBoM U KpucTannamm
nnasuoknasa




TIPUMEP PACYETA 3A30BOW OMATPAMMBI DI-AB-AN

PE3YJIbTATbI SKCIIEPUMEHTOB PE3YJIbTATbI BbIYUCJIEHUNA

Diopside - Diopside

T, s
///f /:': AV AY4 ‘J;’ﬁ’\tl'

80 Anorthite - 02 03 04 05 06 07 Anorthite
: mole %

MapameTpbl pacyetoB: T,'=1663°K, T, "=1823°K, T, =1370°K

AHy, T = 23 kkan/monb, AH, ' =29 kkan/monb, AH, " =13 kkan/monb




CTPOEHHNE CUNNKATHBIX PACTINNABOB

o
PeanbHbIe KOMMNOHEHTLI pacnnaea:

Mg?*, Fe2*, Ca%*, Na*, K",

(Si0)*, (5i,0,)6-, (Sis0y0)-,
(Sis00) ...

TTpocteuwme konbua $parmeHT cTpykTypbl K,SiO; npu 2000 K
(Bockris, 1955) (O - kpynHbIe n Si - mesnkue benbie Wwapel,
K - TeMHbIe Wapuku)




TTPOBJIEMA BbIBOPA KOMTTOHEHTOB PACTIJIABA

Walker et al., 1979|Grove, Bryan, 1983 Grove & Bryan, 1983  Tormey et al., 1987

Mi—l! QFM TZ\HLIL:FM ? . —

Ol PI Aug Pig Tio:"‘}?‘mm—;‘.s

|

80
ol Pl Aug

r.llj'l -JII'
erceniurysia

Tormey et al., 1987| Grove et al., 1990

Pigr:n fite

0 n, £ !
= - Spin e ./ I QFM QFM
e - 2
{ I R e I py e T E B B i 1
]
: 510, % - 80
I {2 -'I Wik )

Ol Pl Au e
. Pl Ol Aug Pig

- Snyderetal., 1992| Yangetal., 1996

1150 1200 1250 1150 1200 1250
Ol Pl Aug lim Mt
Temperature’C TemperatureC

Toaga Prataf 1 D - . h
LERPerannrg, L === Calculation ===s Experiment <= Calculation ¢ Experiment

MELTS (Ghiorso, 1997) KOMAIMAT (Ariskin et al., 1993)

KomnoHeHTbI pacnnasa: KomnoHeHTbI pacnnasa:
Si0,, Al,O;, Mg,SiO,, Si0,, AlO; 5, MgO, CaO, NaAlO,
CaSiO5, Na,SiO,, u ap.
Ca3(PO,), v Ap.




SKCTTEPUMEHT AJTbHOE TTNABINEHUE TIPMPOLOHBIX OBPA3LIOB
TTIPUU ATMOCZEPHOM LOABNEHUN ( “"meTon netnu”)

TTnasneHue komatuutosoro 6asanbrta

Cxema nposeaeHus B ycnosuax 6ygpepa QFM

OonbITOB OnueuH (OL) 1349 24.0

~ 1339 25.0 oL

g * 1328 40.0 oL

TTopaua razosom cmecu 1320 24.0 oL
/ 1311 25.0 oL
1300 23.0 oL

[ J<-|} -1 C02+ H2 Pacnnae (LQ) 1291 250 oL

Bt > ‘ 1279 25.0 oL
1270 24.0 oL

| 4 1260 30.0 oL
O6paseu /1251 230 oL

" 1240 25.0 oL

1231 24.0 oL

TepMOnaba 1221 24.0 oL
P P 1212 68.0 oL

- 1200 70.0 oL

e 1190 720 1Q Ol

4 1180 119.0 LQ OL

Harpesatens < ®7 1171 1170 LQ OL
1160 186.0 LQ OL

Mnarnoknas (PL) 1749 1890 LQ OL
1149 2630 LQ OL




OT KOHCTAHT PABHOBECHS PEAKLIMMA KPUCTANNMN3ALIMA
K SMTTUPUYECKUM MTEOTEPMOMETPAM B TOPME
KO33TULIMEHTOB PACTTIPEQENEHNS MUHEPAN - PACTTNIAB

KOHCTAHTbBbI PABHOBECHA IJTIATOKIJIA3 - PACIITIAB

KAn = XAnPI / XAnL e KCaO = XCaOPI / XL

KOHCTAHTbI PABHOBECHWA OJINBUH - PACITJIAB

KFo = XFoOI / XFoL - KMgO N XMgOOI / XLMgO

}

®opmMa reorepMoMeTposB: KOHCTaHTLI Takoro Buga

INK=A/T+B +C, MCNONb3YHTCA ANA KannopoBKu
3IMNUPUYECKUX YPaBHEHUN,
NOJy4YMBLUNX Ha3BaHue
reotTepMoMeTpoOB

A, B, u C — amnupuyvecku kanub-
poBaHHbIE KOHCMaHMmMabI,

T — memnepamypa pasHogecusi MUHeparn - pacnrnas.




TTEPBbLIE MEOTEPMETPLI ONMMBUH - PACTINAB
(Roeder & Emslie, 1970 w Roeder, 1974)

OLIVINE - MELT EQUILIBRIUM
processing experimental data ¥ Ot ¥ OL
on MgO and FeO (Roeder, 1974) Kl\%o — ~ MO OL _ “PFe0

1 1 FeO T L
Xt X
Distribution coefficients MgO FeO
K=MeO(Ol)/MeO(Lic) f

INKS-, = A /T +B,

INKS. = A /T+B,
\
2 Xﬁgo - xI\L/IgO exp(A/T+B)

4 7.
10 /T(K)

Ol - MFI T GEOTHERMOMETERS: Xreo = Xpeo €XP(A, I T+ B,)

InK(MgO)=8086/T-3.94 X G- + X2 = 0667
INK(Fe0)=7591/T-4.74

utor: To, = f (cocraBa pacnnasa)




OT TTPOCTbIX FTEOTEPMOMETPOB K CITOXXHbIM

KOHCTAHTbI PABHOBECUA ITJIATUOKJTIA3 - PACITIJIAB

Keao = Xeao { Xcao" | Kan=Xan~ T X a0 X a0z Khsios )?]

KOHCTAHTbI PABHOBECHUA OJINBUH - PACITJIAB

KI\/IgO - ><MgOOI / XMgOL — KFo N XFOOI / [(XLMgO )2 XI_SiOZ]

Popma coxpaHaercs: K — KOHCmaHma pagHoeecus XuMu4ecKoll
INnK=A/T+B+C peakuuu, KotTopasa onncbiBaeT

KpucTannuaaumio MMHepanoobpasyoLmx
HO MEHSIeTCSl CMbICH KOMMOHEHTOB M3 pacnnasa.
KOHCTaHTbI pacnpeaeneHus !




TTIPUMEPBI HOBbIX OJIMNBMHOBBLIX NTEOTEPMOMETPOB

OLIVINE - MELT EQUILIBRIUM
—| Distribution coefficients |—

| K=MeO(OL)/MeO(LQ) |

10471(K) *°

Equilibrium constants

MgO(LQ)+0.5Si02(LQ)=Fo(OL)
FeO(LQ) +0.5Si02(LQ)=Fa(OL)

340ecb BHOBb UCMOSb3YHOTCA
pe3ynbTaTbl 00paboTKM MaccuBa
3KCNepUMeHTarnbHbIX AaHHbIX,
BKJTHOMAKOLWKUX COCTaBbl OfIUBUHA U
pacnsiaBa, paBHOBECHbIX Npu
AaHHON TeMnepartype.

CHayvana oHu ucnosnb3oBaHbI AnA
pacyeTta MOJIbHbIX KO3(PULUEHTOB
pacnpeneneHus.

3aTtemM norapucpmbl 3TUX 3HAYEeHUN
npeacraBneHbl Kak (pyHKUUA
obpatHoun Temnepartypbl 1/T.

HumxHun rpacduk npeacraensier
pe3ynbTaTbl TaKUX MOCTPOEHUN Ans
TepMOoANHAMUYECKNX KOHCTAHT
paBHOBECUS OFINBUH — pacnnas.




FMABHbBIE TEOTEPMOMETPBI MUHEPAI - PACTINAB,
ucnonb3osaHHbIe Npu paspabotke mosenu KOMATMAT

Mineral Calibrated equations Ref

Ol In K=5543/T -2.32 + 0.210In (Al/Si) Avriskin et
In K=6547 /T -4.22 + 0.084In (Al/Si) al., 1993

Pl INnK=10641/T-1.32+0.369InR Ariskin &

INnK=11683/T-6.16 -0.119In R Barmina,
1990 -

Aug INK=8521/T-5.16 Ariskin et i 1=0.970 . 1=0.937
In K = 13535/ T — 9.87 al., 1987 . AR

I I
InK=2408/T-1.24 1100 1200 1300 1000 1100 1200 1300
D =0.20

INK=8502/T—4.74 Ariskin et 4 Aug-melt Pig-melt
(n=68) (n=17)
In K = 5865/ T — 4.04 al., 1987 1

INK=4371/T-4.02
D =0.10

INnK=7208/T-3.71 [Bolikhov-
INnK=6386/T-4.39 skaya et r=0.903 r=0.983

In K=11950/T - 10.40 al., 1996] T T T T T T T T T
AlOLs b = 0.10 1000 1100 1200 1300 1000 1100 1200 1300

s T, °C (calc) T, °C(calc)
Notes. R = In [(Na + K) Al / Si “].

3TN 3aBUCUMOCTU NO3BOSIAKOT BOCNPOU3BOAUTDL
3KCcnepuMeHTanbHble TeMnepaTtypbl ¢ TOYHOCTbLIO 10-15°C.




CXEMA COOTHOLLUEHMM TEMMNEPATYP IMKBUOYCA
B CUCTEME C PEAKLUIMOHHOU TOYKOM

©
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©
Q
o
c
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o
=

KoH HeHTpaunum KOMNOHEeHTOB




CTPYKTYPA NMPOIrPAMMbBI KOMAIMAT
(http://geo.web.ru/~ariskin//index.html)

INPUT: Banogstit cocras N;, IPOTHO3HEIEC KOTHIECTBA MUHEPANOB N;
H MHHaJOB Nf, KOJMYeCTBO pacnnasa N, = EI N,
iz
u ofIas creneHb KpHCTa/NIH3anua @, = 1-N;

v

THERMO: Tepmomempun pacnaaéno-mMunepanbblx pagHoeecuil

PacueT paBHOBECHBIX cMeleHMf A} 1 Ax},, TeMnepatyp parosecis T,

HOBOI'O COCTABA PacriaBa N!=N!+ Ax) x,r =N!/(1-¢,)
H HOBBIX COCTABOB MHHEPAJIOB x! = (N7 + AN

v

m R(j)

ol =33 Al /(1-q)

j=lr=l

8T =T ™ T min dT <eg

START COMAGMAT PROGRAMS

Read Data Files

|MAINMENU.DAT || DICOEF.DAT |

| OXYBUF.DAT ” MINERS.DAT |

| COMMAJ.DAT || CORREC.DAT |

COMTRA.DAT || INTRUS.DAT |

Initialization of Model Parameters

Set Number of initial Compositions
Define Trace Elements

Isobaric Fractional Crystallization
P = 5 kbar, QFM buffer, H;0=0.2 wt%

}

JjEN; >0)

JtN;=0) ~
IaTaETi ox/ <el(l=is=n)

SOLUTION OF THE EQUILIBRIUM PROBLEM

|THERMO: Thermometry of Mineral - Melt Equilibria ]

PHASPRO: Calculate Phase Proportions

|

CAPRO: Pacyem chazoesix nponopyuii
Y
Kpueranmsaws daser jI(T; =T7™). Inasnenne daset j2(T, = T/").

N/ =N}' +AN] NP =Nf- AN?

!
Rjl)

R(j2)

. Il I 1 2 2

Hossuit cocras paciiasa Ny =N; - ¥ vj, AN} + S v} AN}
r=1 r=1

INFORM: Store Equilibrium Information at given crystallinity ¢, 20

!

SUBROUTINE DYNAMICS (THE INTRUSION PROGRAM

or Simulation of In Situ Magma Differentiation
by the Convective-Cumulative Mechanism

Calculation of Perfect to Partial Fractionation |

Correct precision of

OUTPUT: 3adaxa pasnoeecun peuiena

Temneparypa pasnosecus: T =(T™ +T™")/2
J

1
Ha nevath BLIBOJATCS paBHOBecHbIe 3HaueHnst N/ x!u x;

!

- — — Yes
T-X iterations +«No=lo, =0, ‘I

1 EXIT: Printing out Thermodynamic Information

on the Modelled Crystallization Trajectory and
(if use INTRUSION program) Geochemical

Structure of the Modelled Intrusion Body




TTPUMEPBI TTPEOCTABIIEHUS PE3YJIbTATOB PACHETOB
NOPAAOK KPUCTANNU3ALUU U BAPUALIMOHHBIE AUATrPAMMBL

T,°C

1250 Walker et al., 1979|Grove, Bryan, 1983 Grove & Bryan, 1983  Tormey et al., 1987

i QFM U
1200 - Na-O
? i i 3] i

1150 - 70
80
W Ol PI Aug Pi
Ol Pl Aug SEs

m]

1100

1050

T,°C Tormey et al., 1987| Grove et al., 1990

ol QFM QFM
1200 - I 1
[ |

1150 -

100 4 Ol Pl Aug

L ey
Pl Ol AugPig

1050

1,'C Snyderetal., 1992| Yangetal., 1996
1250 - QFM O

QFM
1200 - o E E

1150 - 0 1
Ol Pl Aug
1100 - — 1 1 I ]
1200 1250 1150 1200 1250

1
Ol Pl Aug lim Mt b
1050 Temperature’C Temperature,’C

=== Calculation ===s Experiment <= Calculation ¢ Experiment




ne B3aTb KOMAITMAT (COMAGMAT)?

https://[comagmat.web.ru/apps-comaghmat.html

COMAGMAT 5

Calculations of equilibriurm and fractional crystallization of
S-saturated and S-undersaturated magmas, including
changes in the Fe/Ni ratio in silicate melts, femic minerals,
and coexisting sulfides, as well a5 sulfide-silicate {(xFe-T
oxides) proportions for multiple-saturated mineral

assemblages,

COMAGMAT 5

Calculations of eguilibrium and fractional crystallization of S-saturated and
S-undersaturated magmas, including changes in the Fe/Ni ratio in silicate
melts, femic minerals, and coexisting sulfides, as well as sulfide-silicate
(£Fe-Ti oxides) proportions for multiple-saturated mineral assemblages.

§ e b

L P e

L

COMAGMAT 3

Calculations of equilibrium and fractional crystallization for dry and
hydraus natural magmas in the range of pressures from 1 atm ta 10-12
kbar and including both open {12 oxygen buffers) and closed system
fractionation with respect to oxygen. Simulating formation of layered
intrusions.




Cxopactea U pasnuyma sepcum 3.xx U 5.xx

https://comagmat.web.ru/apps-comaghmat.htmi

Features

COMAGMAT COMAGMAT
5. 3.x

<
0

Calculations of equilibrium and fractional crystallization of S-saturated and S-undersaturated

magmas
Impraved precision of calculations at low contents of melt components
Variable models for melt oxidation state (Fe®*/Fe?* ratio)

Calculations of trace elements partition coefficients

Modeling crystallization at atmospheric pressure

Modeling crystallization at elevated pressures (up to 10-12 khar)
Modeling crystallization in hydrous systemns

Simulation of open (with respect to oxygen) systerns, using fO2-buffers
3+

Simulation of closed to oxygen systems at given Fe="/Fe’" ratio

Simulating formation of layered intrusicns

0 0 o 0 O O O O 0O
e 0 0 o0 o o 0o oo o o

Correction for mineral-melt iquidus temperatures




Cne B3atb MELTS/pMELTS u apyrue?

Teaching Petrology and
Geochemistry with MELTS software

Current Applications and Future Possibilities

Paula Antoshechkina, Paul Asimow & Mark Ghiorso.




MELTS/pMELTS u apyrue

What is MELTS (sensu lato)?

» A family of software packages
for modeling phase equilibria
in magmatic systems
> Berman 1988 based database

> Published solution models for
solid phases (& water)

> Various liquid calibrations
(MELTS, pMELTS, ...)

¢ MELTS uses minimization of
total free energy (for PT) or
rather than solving for
coincident tangent planes

/ ™ A .
% * GUI and text-based versions

{*‘"* : From Ghiorso 1994,

oy
' GCA 58, 5489-5501

ivizion of
&:ﬁi: NCES




MELTS/pMELTS u apyrue

The MELTS family continued

o All MELTS software has
capability to do
> Prescribed P-T paths
> Adiabatic (isentropic)
> Heat-balanced (isenthalpic)
> Constant volume (isochoric)
> ‘Find Liquidus’ or ‘Phase diagram’
> fO, constraints
> Output includes compositions,
thermodynamic data...
» Suitable for e.g.

> Fractional / batch crystallization
and AFC
SIVTUTE

o > Mantle melting, melt extraction...
% (¢ » Known issues and limitations From Ghiorso 1994,
> See e.g. Hirschmann et al. (1988) GCA 58, 5489-5501

b
irision &f
@mii NCES




AnbTepHATUBHbIE TepMOAUHAMUYECKUE MPOrPaMMBIL

Available thermodynamic software”

MELTS Adiabat_1pH THERMOCALC
I r Also includes pHMELTS I
Uses actual MELTS code

Ghiorso et al. 1 Holland & Powell

\ Perple X /

Both have option to choose
These use published between databases. .. Solid phases may be

algorithms and solution different to ones used

models for MELTS in MELTS calibration

Theriak / Domino

“List is not exhaustive e.g. Pele is a Windows clone of MELTS
E% T Also TWEEQ software (Berman) but no liquid end-members
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Driginsd drick

The COMAGMAT-5: Modeling the Effect of Fe-Ni
Sulfide Immiscibility in Crystallizing Magmas
and Cumulates

Blewey & Ariskin'®*, Kirill & Bychkov®, Georgy 5. Nikolaew" and
Galina 5. Barmina

wiy, larersom Uery 1, Mo w 113, Soanx; TRENDY

455-500 3354, L-muadk g riscimramtdsre
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Fig. 2. Experimental and modeled sequences for equilibrium
C r-."'lalllfal:lc-n of the high-Mg andesits 85=41ic (Grove et al,
20075 at P= 1 atrm and OFM. The dashed lines represent experni-
mental ligudus femperatures for olvine, ocribopyrosene, amd
climopyroxene & plagioclase. (A) Calculations using the
COMAGMAT-5.2 model were conducied withowt cormechicns
for the modeled mineral termperatures and using small term-
perature shifts with respect to the oniginal calculated values
=TT for olivine, -125C for |:-Ia-:||-:|n|:|:.'|'..i- =3 C for high=-Ca pyr-
oxene, and +83C for orthopyroxens]l, =ee optiom 45 in
Supplemeniary Data Electronic Appendix 2 {Fart 4). For come
parison, mesults of simuolatiors by COMAGMAT-372 are

shown. Both models were downloaded from hitpiigeosseboryf
~<ariskinisoft html-id=comagmat.htm. &ll crystallization trajec-
tories were constructed wnth orystallzation imcrements from
0:5% up to B0% crystallized. The composition of the HEA is

fisted in Tabde 2. (B) MELTS calculations (Ghiorso & Sack,
1995) were camied out using the Adiabat_iph wersion 1.8 run
by an EXCEL-based fromt-end wsing a shell command (devel-
oped by J-l Kimuora, JAMSTEC, Japan), whereas pMELTS
Ghiorso et 2., 2002} and RAMELTS (Gualda et al, 2012} codes
werne downloaded from hitpcfmelts.ofm-res=arch. orglunin.
htmil. The MELTS orystallization trapectory was mindeled with a
1 temperature increment in the T300=1000°C range; caloula-
tions using pMELTE and RMELTS were carried owt in the
1265=1000°C range with a 5°C temperature increment. The cal-
oulations using pMELTS and RMELTS resulted in a wide field
of spinal (with onset of crystallization termperatures of 1180PC
amnd 1230°C. correspondinglyl. not shown in the Figure b
plots. & complete series of EXCEL-files including results of the
modeling is available upon request from the authors.




O meTope “OnyxgaHna Bo3sne KOTekTuk” (1982-2011)

1982 FTEOXHMHH

YK 550.8

MOJIEJUPOBAHUE ®PAKLIMOHHONM KPHCTAJIJIM3AILIMH
OCHOBHBIX CUJTMKATHBIX PACIIJIABOB HA 9BM

APHCKHH A. A., @PEHKEJIb M. 4.

Ha ocHOBaHHH JHTEpaTYpPHBLIX NaHHI CaMgsSi .0
MOCTPOEH aaropHTM pacuera Ha IBM 1 276
HEIX CHAHKATHBLIX pacniaBoB (mOpsaOK
IHXCA MHHEpPAaJOB, COCTAB pacmniaBa, I
B 3aBHCHMOCTH OT CTeneHH (pPAaKIHOHH]
yeT TpaeKTOpHil (paKUHOHHOH KpPHCTaJJ
KHX 1o cocTaBy GazanbrTaM. PesysbTarh
[J KOJHUECTBEHHOH OlEHKH BJIHAHHA
pocTh (PPaKUHOHHPOBAHHA MKHIKOH H TB
NOPUHA KPHCTAANH3ANHE H TeHAEHUHH 3B

lMpouedypa " 6nyxdaHus”
okoJs10 komekmuku Di-Pl
(ApuckuH, 1985)
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Mpo6nembl UCNONMb30BaHUA Pa3HbIX rEOTEPMOMETPOB

(T Select models for <Olivine>
Select models for calculations:

Madel P |w ||

Danyusheswsky, 2001

Mielsen 1955

Mielsen 1958

Ariskin et al., 1993
Langmuir ek al,, 1992
Beathie, 1993

B Herzberg&O'Hara, 2002
Putirka, 2005 (A-B)
Pukirka, 2005 (C-D)

Lse kd For composition

.

BE®

.

Mineral-melt models

Mineral

| As Pl-O| cokeckic
Model

Olivine

Flagioclase

Clinopyroxens

Orthopyroxene

Pigeorite

Spiree|

Irnenite

Magnetite

Beaktie, 1993

Weaversd angmuir, 1990
Darveushesszy, 2001
Bolkhowskaya et al,, 1995
Press to Salect

Ariskin 2 Mikolsey, 1996
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INITIAL COMPOSITIONS
nPOrPAMMA KOMArMAT (Major & Trace Elements)
J MINERAL-MELT GEOTHERMOMETERS
OTa mopaenb paspaboTraHa ansa (Ol Plag, Aug. Pig. Opx. Magn. 1im)
pelonisuels) | plElalel sl lal L STYLE OF CRYSTALLIZATION
dpakLuMOHHON KpUcTannusawlmm SELECT (Equilibrium / Intermediate / Fractional)
Marm B BYNKaHM4YeCKUX U

CHIRYEREHEDN M e SELECT THE EFFECT OF PRESSURE
Pa3nMyYHbIX AABMNEHUAX U (Isobaric / Polybaric)

OKUCIIUTEJIbHbIX YCINMOBUAX.

SELECT REDOX CONDITIONS
(Open / Closed to Oy)

Buae tabnuu Bapnauymin coctasa PRECISION OF ITERATIONS

pacnnasa, I'IpOI'IOpLI,I/II7I MUHepanos (Temperature & Mineral Compositions)

N X COCTaBOB B 3aBNCUMOCTU OT
TemMrieparypbl n CTerneHn Kpucrtarn- PHASE EQUILIBRIA CALCULATIONS

Pe3yanaTb| pacyeToB BbladlOTCA B

nn3aumm cucTeMbl (With Given Percent Crystallized)

CRYSTALLIZATION PATH
OUTPUT == (Temperature, Phase proportions,
Melt & Minerals Compositions)
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i ¥ ®ailn  Mpaeka Bua  Crpaeka

Move highlighted field to desired Simulating effect of pressure
routine and press ‘Enter’

Isuharlc crystalllzatlun ...................................

FJ'IABHOE MEHI-O

Simulating Equilibrium Crystallization
Simulating Fractional Crystallization
Simulating Lavered Intrusion Formation

1 HAB_MOD .00

e2+-Fed ratioz2| |
xygen buffersy

Closed system
Solving egquilibrium problem at giwven Open sy=stem
Crystal increment 1% up to 88

of calculations:
nvergence G 1.8
tions, mol.»x @.1

e Simulating trace elements: *+#+ Preciszio
1. Mn.Ni. Co.Cr. 8c. .U .Sr.Ba.Rb.Cu Temperature
2. La.Ce.Nd.8m.Eu.Gd,. Dy . Er. . ¥Yh,Lu Phaze compo

HZ( content in model system, wt a D

KAK PABOTAET MOLIENIb DOS-Bepcun
:ﬂ]p? moaenn KOMAIMAT ?

ﬁ Saquan of Cryatalllzat lan r% Total SollddMalt Modes gan Fugaclty, -lg 02
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o] P=0.0 kb| o] - - - Liguld, wi.X
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PE3YJIbTATbIL PACHETOB TTO TTIPOTPAMME KOMAIMAT:
1. $asoBble Nponopuuu U NponopuUU KpucTanNUaLUU

Fraction Conditions Phase composition of the system,mass.% Proportions of crystallization,mass.%
Mol Mass Temp,C Ig f02 Melt Oliv Plag Aug Pig Ilm  Magn oliv Plag Aug Pig IIm Magn
.0 .0 1210.1 -8.00 100.0 .0 0] .0 .0 .0 .0 .0 100.0 .0 .0 .0 -0 QO

5.0 5.0 1201.7 -8.10 95.0 1.4 6 .0 .0 .0 .0 28.6 71.4 -0 .0 .0 .0 +
10.0 9.9 1194.5 -8.18 90.1 2.9 0] .0 .0 .0 .0 30.7 69.3 .0 .0 .0 .0

15.0 14.9 1187.0 -8.26 85.1 4.5 10.4 .0 .0 .0 .0 31.1 68.9 -0 .0 .0 .0 PI
20.0 19.8 1180.8 -8.33 80.2 5.6 13.3 .9 .0 .0 .0 23.2 59.4 17.4 .0 .0 .0 I
25.0 24.6 1176.9 -8.38 75.4 6.0 15.4 3.2 .0 .0 .0 8.3 43.8 47.9 .0 .0 .0

30.0 29.5 1172.5 -8.43 70.5 6.5 17.5 5.5 .0 .0 .0 9.0 43.1 47.9 .0 .0 .0 (:F)x
35.0 34.4 1168.0 -8.48 65.6 6.9 19.7 7.8 .0 .0 .0 9.2 44.1 46.7 .0 .0 .0
40.0 39.3 1163.7 -8.53 60.7 7.3 21.8 10.1 .0 .0 .0 8.2 43.9 47.9 .0 .0 .0
45.0 44.2 1158.9 -8.59 55.8 7.7 23.9 125 .0 .0 .0 8.5 43.0 48.5 .0 .0 .0

50.0 49.1 1153.9 -8.65 50.9 8.1 26.0 14.9 .0 .0 .0 8.3 42.7 48.9 .0 .0 .0

55.0 54.0 1148.6 -8.71 46.0 8.6 28.2 17.3 .0 .0 .0 8.9 429 48.1 .0 .0 .0

60.0 59.0 1143.2 -8.77 41.0 9.0 30.3 19.8 .0 .0 .0 7.8 42.3 49.8 .0 .0 .0

65.0 64.0 1136.7 -8.85 36.0 9.4 32.3 22.2 .0 .0 .0 9.0 41.2 49.8 .0 .0 .0

70.0 69.0 1132.3 -8.91 31.0 8.8 33.7 25.6 .0 .0 .9 -12.6 28.1 66.3 .0 .0 18.2 1
75.0 74.1 1126.5 -8.98 25.9 7.3 34.8 29.6 .0 .0 2.4 -30.0 20.5 79.3 .0 .0 30.2

Mt




PE3YJIbTATbI PACHETOB TTO TIPOTPAMME KOMAIMAT:

2. COACPX(GHVISI FN1AaBHLIX 3J1EMEHTOB B pacnJiase

Conditions Composition of liquid phase,wt.% Fluid K(Fe/Mg)
Mol Temp,C Dens Si02 Ti0O2 AIl203 FeO MgO Ca0 Na20 K20 P205 H20 Fe/Mg Ca/Al Fe2/Fe Ooliv
-0 1210.1 2.72 48.75 1.30 15.42 12.00 7.94 11.43 2.160 .650 -140 .000 1.539 .741 -870 .314
5.0 1201.7 2.72 48.87 1.37 15.01 12.35 7-72 11.45 2.172 -679 -147 -000 1.539 .741 -868 -316
10.0 1194.5 2.73 49.00 1.44 14.61 12.69 7.46 11.52 2.175 -711 -155 .000 1.628 .763 -864 -318
15.0 1187.0 2.73 49.11 1.53 14.20 13.03 7-19 11.63 2.163 -745 -164 .000 1.731 .788 -861 -320
20.0 1180.8 2.73 49.17 1.61 13.92 13.38 6.94 11.62 2.158 .785 .175 .000 1.845 .819 .859 .322
25.0 1176.9 2.74 49.12 1.68 13.86 13.80 6.73 11.37 2.181 .830 .186 .000 1.965 .835 .858 .323
30.0 1172.5 2.74 49.07 1.77 13.82 14.21 6.50 11.11 2.204 .881 .199 .000 2.088 .820 .858 .323
35.0 1168.0 2.74 49.01 1.86 13.76 14.63 6.27 10.86 2.219 .939 .213 .000 2.226 .804 .858 .324
40.0 1163.7 2.75 48.92 1.97 13.70 15.07 6.05 10.58 2.231 1.007 .231 .000 2.375 .789 .858 .325
45.0 1158.9 2.75 48.83 2.09 13.66 15.49 5.81 10.29 2.239 1.086 .251 .000 2.534 .772 .858 .326
50.0 1153.9 2.76 48.73 2.23 13.63 15.89 5.57 9.99 2.246 1.180 .275 .000 2.710 .753 .858 .326
55.0 1148.6 2.76 48.61 2.40 13.60 16.27 5.33 9.70 2.240 1.293 .305 .000 2.900 .733 .857 .327
60.0 1143.2 2.76 48.47 2.61 13.58 16.63 5.09 9.37 2.235 1.433 .342 .000 3.102 .713 .857 .328
65.0 1136.7 2.76 48.32 2.86 13.62 16.87 4.82 9.04 2.220 1.611 .389 .000 3.317 .689 .856 .328
70.0 1132.3 2.74 49.13 2.86 14.00 16.13 4.61 8.45 2.282 1.855 .452 .000 3.549 .663 .855 .329
75.0 1126.5 2.70 50.86 2.68 14.63 14.60 4.29 7.58 2.399 2.199 .540 .000 3.554 .604 .852 .330

Ol

Pl

Cpx

Mt



PE3YJIbTATbL PACHETOB TTO TTIPOTPAMME KOMATMAT:

3. dsonoLUUA COCTABOB MUHEpAsioB

Conditions Mineral compositions,mol.% (AI1203,wt.%)
Mol Temp,C Fo An En Fs Wo Alum En Fs Wo Alum XIL XULV
.0 1210.1 .00 77.47 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00
5.0 1201.7 79.97 75.57 .00 -00 -00 -00 .00 -00 -00 -00 .00 .00
10.0 1194.5 78.92 73.72 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00
15.0 1187.0 77.79 71.87 .00 -00 -00 -00 .00 -00 -00 -00 .00 .00
20.0 1180.8 76.63 70.36 45.97 12.31 41.72 2.90 .00 .00 .00 .00 .00 .00
25.0 1176.9 75.49 69.27 45.62 13.11 41.27 2.95 .00 -00 -00 -00 .00 .00
30.0 1172.5 74.25 68.19 45.18 13.98 40.84 3.01 .00 .00 .00 .00 .00 .00
35.0 1168.0 72.96 67.00 44.70 14.91 40.39 3.07 .00 -00 -00 -00 .00 .00
40.0 1163.7 71.62 65.85 44.24 15.91 39.84 3.13 .00 .00 .00 .00 .00 .00
45.0 1158.9 70.20 64.79 43.70 17.01 39.29 3.21 .00 -00 -00 -00 .00 .00
50.0 1153.9 68.72 63.58 43.14 18.18 38.68 3.29 .00 .00 .00 .00 .00 .00
55.0 1148.6 67.22 62.41 42.50 19.41 38.08 3.38 .00 -00 -00 -00 .00 .00
60.0 1143.2 65.68 61.39 41.91 20.73 37.35 3.47 .00 .00 .00 .00 .00 .00
65.0 1136.7 64.12 60.69 41.20 22.13 36.67 3.60 .00 -00 -00 -00 .00 .00
70.0 1132.3 64.07 59.22 41.62 22.61 35.77 3.87 .00 .00 .00 .00 .00 29.16
75.0 1126.5 64.75 57.67 42.62 22.73 34.65 4.36 .00 -00 -00 -00 .00 31.50

Ol
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Cpx
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PE3YJIbTATbI PACHETOB TTO TTIPOTPAMME KOMAIMAT:
4. Ssonoumua COAepXaHUU MUKPOINEeMeHTOB B pacnJsase

Conditions Trace elements in Liquid, ppm(c/c(0))
Mol Temp,C MnO Ni Co Cr Sc Y Sr Ba Rb Cu
-0 1210.1 -220 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 ()I

5.0 1201.7 .227 -86 1.01 1.04 1.05 1.05 .97 1.04 1.04 1.05 +
10.0 1194.5 -234 .74 1.00 1.08 1.09 I -93 1.07 1.09 1.11

15.0 1187.0 .242 -64 -99 1.12 1.15 1.17 -90 I § 1.15 1.17 F”
20.0 1180.8 .247 -56 .97 1.06 1.18 1.22 .87 1.16 1.21 1.24 I
25.0 1176.9 -251 -50 -92 -88 1.16 1.24 -85 1.20 1.27 1.31

30.0 1172.5 -254 -46 -89 .76 1.15 1.26 -84 1.26 1.34 i To) (:
35.0 1168.0 -256 .42 -85 -67 1.13 1.28 .82 1.31 1.42 1.49 r))(
40.0 1163.7 -258 -39 -82 -59 1.12 1.31 -80 1.37 1.51 1.61
45.0 1158.9 -258 -36 .78 -53 1.10 1.33 .78 1.43 1.62 1.74

50.0 1153.9 -257 .33 .75 -48 1.09 1.35 .76 1.50 1.74 1.89

55.0 1148.6 -255 231 .72 -44 1.07 1.37 .74 1.58 1.87 2.08

60.0 1143.2 -250 -29 -69 -40 1.06 1.40 .72 1.65 2.04 2.31

65.0 1136.7 .245 .27 -66 .37 1.04 1.42 .70 1.74 2.24 2.59

70.0 1132.3 .232 .25 -61 -29 -99 1.06 -68 1.84 2.48 2.89 I
75.0 1126.5 -220 .23 .57 .22 91 .74 .68 1.96 2.79 3.20

Mt



TTIPUMEPBI TTPEACTABIEHNSA PE3YJIbTATOB PACHETOB:

3. UccnepoeaHua ctabunbHOCTU marHetuta Ha auarpammax T- logfO2

These calculations realistically
Melt__ol ) reproduced the experimental
sequences observed for Fe-Ti
Pl Magn basalt.

- = - Modeled

Magnetite was calculated to be
the first phase to crystallize at
high oxygen fugacity, and

the fourth phase crystallizing at
the lowest oxygen fugacity.

!
1200

|
1150
Temperature,°C T_his allows us to c_orrectly
simulate fractionation of

CpaBHeHue C AaHHbIMU magnetite-bearing mineral
akcnepumeHToB Hill & Roeder (1974) assemblages.




TTIPUMEPLI TTIPEACTABINEHNS PE3YJIbTATOB PACHETOB:
4. UccneposaHua 3(ppeKTos BAUSHUA BOALI

Two modeled lines
represent results of
equilibrium crystallization COMAGMAT Experiments
calculations conducted in
anhydrous and hydrous
conditions at 2 kbars, kg
using same HAB starting

composition.

The projection of the “dry
liquid line” demonstrates
an expected evolution
toward the field of
anhydrous cotectics,
whereas the “hydrous
trend” results in the
aluminum enriched water-

saturated cotectics. Projection onto OLIV-PLAG-CPX diagram

Dry cotectics

0.5 OLIV




TTIPUMEPBI TTPEACTABIEHWNSA PE3YJIbTATOB PACHETOB:
2. TTpoeuupoeaHue cocTaBoB Ha TPOUHbIE AUATPAMMELL

TTocTpoeHue nuHUU pasHOBECHOU KpuUcCTanAUsaUum
pacnnasa Ttoneutosoro 6asansta npu P=1 atm

PLAc] P Grove s e 198 PLAG oW

& LQ+PL+OL
Q LO+PL+OL+AU+PIG
E LQ+PL+AU+PIG+OPX

Model :
wenee CONMAGMAT- 4.0
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