Teaching Petrology and
Geochemistry with MELTS software

Current Applications and Future Possibilities

Paula Antoshechkina, Paul Asimow & Mark Ghiorso.
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What is MELTS (sensu lato)?

o 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, ...)

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

e GUI and text-based versions
o From Ghiorso 1994,

ivision o GCA 58, 5489'5501
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The MELTS family continued

o All MELTS software has
capability to do
> Prescribed P-T paths
o Adiabatic (isentropic)
> Heat-balanced (isenthalpic)

> Constant volume (isochoric)
> ‘Find Liquidus’ or ‘Phase diagram’
° fO, constraints
> Qutput includes compositions,
thermodynamic data...
 Suitable for e.g.

> Fractional / batch crystallization
and AFC

> Mantle melting, melt extraction...

e Known issues and limitations From Ghiorso 1994,
GCA 58, 5489-5501

> See e.g. Hirschmann et al. (1988)
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Available thermodynamic software’
MELTS ' Adiabat 1pH ~ THERMOCALC

Also includes pHMELTS
Uses actual MELTS code

Ghiorso et al. T 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
Eseonag.cau T Also TWEEQ software (Berman) but no liquid end-members
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What is MELTS (liquid model)?

e Ghiorso & Sack (1995) liquid calibration
> SiO,-TiO,-Al,05-Fe,0O;-Cr,0O;-FeO-MnO-
MgO-NiO-Co0O-Ca0-Na,0-K,0-P,0.-H,0
° | bar — 3 GPa

> Wide range of bulk compositions but best
suited to crystallisation of MORB and alkali
basalts

H,O included but relatively few hydrous phases
> Hornblende and biotite not well modelled
Avoid silica-rich calc-alkaline systems

o Solid end-members and solutions at:



What is pMELTS (liquid model)?
* Ghiorso et al. (2002)
> §i0,-TiO,-Al,0,-Fe,0,-Cr,0,-FeO-MgO-
Ca0-Na,0-K,0-P,0.-H,0
o | GPa—-4 GPa

> Best suited to melting of peridotite bulk
compositions

H,O included but few phases to partition into so
no solidus at most conditions

Pressure limit imposes limits on the mantle
potential temperature that can be modeled (e.g.
MOR is fine, a mantle plume like Hawaii is not)



What is pHMELTS?
* Asimow et al. (2004)

> Partitioning of H,O into nominally anhydrous
minerals

> Based on MELTS or pMELTS so same
composition and pressure range

> Best suited for modelling melting of hydrous
and water-undersaturated peridotites using

pMELTS + H model

> Can model fractional crystallisation using
MELTS + H but rarely required

o Extra iteration (may be slower on old
, machines) and not available in GUI
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pHMELTS Solidus surface for DMM peridotite plus water

1600

PHMELTS is an extension
of pMELTS that includes
H,O as a trace species
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What is Rhyolite-MELTS?

e Gualda et al. (submitted 201 I)

> Based on MELTS with adjustments to quartz
and kspar (separate download)

> Best suited for hydrous silicic systems at
moderately high melt fractions

Not suitable for intermediate compositions with
hornblende or biotite

° Various improvement to underlying
algorithms that may eventually transfer

e.g. detection of phase saturation routines modified

° Available for Mac and Linux, GUI only




What is xMELTS?
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What is xMELTS?

e XMELTS will eventually be a replacement
for MELTS and pMELTS software

> Will extend modeling capabilities to the top
of the Earth's lower mantle (to 40 GPa)
Incorporates a new liquid equation of state (EOS)

New liquid solution model will extend range of
liquid compositions that can be modeled

Current work to improve solid solution models
before finalization of liquid model

> Associated ‘Library of Experimental Phase
Relations’ is available at:



Links to references
> Ghiorso & Sack (1995)

> Ghiorso et al. (2002)
> Asimow et al. (2004)

> Gualda, Ghiorso, Lemons, & Carley (201 1)

Rhyolite-MELTS: A modified calibration of MELTS
optimized for silica-rich, fluid-bearing magmatic
systems. Submitted to J. Pet., April 14, 201 1.

> Ghiorso, and Ghiorso & Kress (2004)
(4 papers on xMELTS EOS)
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What is MELTS (front-end)?

A standalone graphical user interface is
available for Mac and Linux
> MELTS and pMELTS liquid models available

> Up to date versions only for Leopard
onwards on Mag, plus Linux

> Not available for Windows
> Double-click (or open terminal to start)

> The graphics buttons do not work anymore!
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Standalone MELTS GUI

eno \| MELTS (code release 5.0)
' Commands Edit Composition Intensive Variables Options Help
S wt? (ppm) Systems Mass (grams) of:
5i02 w0 ] lsi2 0 T (C) 1001,31  liquid
Ti02 T Lo (M2 P (bars) 500,00  solids 100,35 ]
= Al208 0000
iz {17640 Eeiy 0 e——— -0.48 assimilant
Fe203 i 0,830 fgr203 0 e f02:  logld — | | oz fractionated
Cr203 [T0030 [FO AQFH
Fed T 789 (MO
v Mgl
& i NiO e Status of Calc: wlait Bk Cmp  T/P < Satn Ck ~ Add Ph ~ Proj
Mgl |
N?El I.;ﬂ Eog ________ Iterations v Pre-l < Con-0 <« Quad v Soln v Linear <~ Satn Ck
. e
— (Na20 = mmeme— + Conv  Verify “ Output -« Update
Col J7 Na20 (uad: 5
gy ===
Cal | x
o f12 . el === Ling 4
a i 2850 fpog
[0 I‘ CH0%0 w2 +oo—250lving quadratic minimization Iter: 4, Al
P205 [Toos0” S35 - veemrNorm = 4,68187e-13, sNorm = 0.17212
H2o v CI20=10 e +eo——Linear search: Min = -1,59553e+06, step = 1
770,200 P ++o~—>S0lving quadratic minimization Iter: 5,
coz2 | veo——2rNorm = 9,01782e-15, shorm = 0,17212
. ++.Checking saturation state of potential solids,
503 |. <> Stable liquid solid assemblage achieved,
£120-1 I':— Current state of the system recorded in file melts,out, o
F20-1 | — A
] T
—Click on Icon to Launch Option
Graphics Graphics View
Display f—l Ai(« Options gu?plfm:ntal Output
Window Dialog et File
Bulk System Phase: hone - |

Double-click on phase name for physical properties display

grams 4 I

Phase units:

Phase Units Affinity Formula Component  mol frac Component |
<> feldspar 54,45 K0,00Na0,41Ca0,58A11,58512,4208 albite 0,413 anorthite |
<> olivine 14,65 (Ca0,00Mg0,67Fe" ' 0,33Hn0,00C00, 00N10,00)25i04 tephroite 0,000 fayalite
<> clinopyroxene 28,57 cpx Na0,02Ca0,80Fe’ '0,25Mg0,79Fe" ' '0,04Ti0,05R10,215i1,8406 diopside 0,392 clinoensta
<> spinel 2,29 Fe''1,30Mg0,34Fe"' ' '0,53R10,16Cr0,04Ti0,6304 chromite 0,018 hercynite
<> apatite 0,19 Ca5(P04)30H
<> water 0,20 H20 .

liquid 2717wt oxs Si02 14,15 Ti02 4,22 Al203 0,60 Fe203 10,39 Cr203 0,00 Fel 8,73 Mgl 8,73 Cal 29,40 Na20 0,12 K20 0,02 P205 23,12 H20 0,52

fayalite 14535 Fe25i04

sphene 11178 CaTiSi0%

garnet 13646 (Ca0,19Fe' '0,38Mg0,43)3A12513012 almandine 0,381 grossular

melilite 28700 MNa0,58Cal,42A10,21Mg0,38Fe0,22512,1807 akermanite 0,383 gehlenite

orthopyroxene 1643 opx Na0,00Ca0,01Fe' '0,34Mgl,43Fe" ' '0,06Ti0,16A10,395i1,6206 diopside -0,715 clinoensta
aegirine 89187 NaFeSi206

aenignatite 58687 _Na2FeSTiSib020 A
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What is Java / Corba MELTS!?

 Java MELTS web based applet
> MELTS and pMELTS models are available
o Limited functionality / problems with firewalls
> Now depreciated

e Corba MELTS

> Mimics standalone GUI more closely
> MELTS liquid model only
> Can be slow if server load is heavy

o

e Can be used on Mac, Linux, Windows
> Also supplemental calculators




What is Adiabat | ph!?

* A text-based front-end to MELTS
o MELTS, pMELTS and pHMELTS liquid models
> Perl scripts included in package for

Processing files, settings and running adiabat_|ph
Also installation and extracting text output
> Available for Mac, Linux and Windows

On all platforms, suitable input files can be used to
automate as much or little of process as desired

> See Smith & Asimow (2005) software brief:

Supplemented by AGU Fall meeting presentations:
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Terminal

43 Applications Places System a FIV>"]
bin - File Browser

File Edit View Go Bookmarks Help File Edit View Terminal Help
. m JfNo command line switches specified! Please enter switches now
w ¢ = 8 (or press return for default '-f adiabat default env.txt').

f /home/psmith/Melts/Exercises3/part3/frac_xtal env.txt -p /home/psmith/Melts/Exercises3/part3

Places v ® Location: |/home/psmith/Desktop/bin d I,

[ psmith
> DIABAT DO_TRACE true
B Desktop @ DIABAT VERSION MELTS
{3 File System DIABAT DELTAP 0
[i&l Network adiabat_1ph adiabatdate
a ADIABAT FRACTIONATE SOLIDS true
L MyBook2 & x x HADIABAT MAXP 30000
[ElElements A 8 hDIABAT MINP 1
& Trash Perl Perl

\ D column_pick. file_format. .
i Documents ommang command hecking for updates...
i Downloads
i Music o =7 *x ADIABAT 1pH 3.0 -- MELTS isobar w/ or w/o liquid ***
I® Pictures Perl Perl

i@ Videos Instslliconinand AR BHEEaE (This front end is the work of Paul Asimow and Paula Antoshechkina

= ' l[(nee smith) and it uses the MELTS and pMELTS algorithms developed by
command {Mark Ghiorso & co-workers. You are welcome to use and distribute this
lprogram, under the condition that you acknowledge all the contributors
by citing the appropriate references with any results:

Smith & Asimow (2005) -- front end
hiorso & Sack (1995) -- MELTS thermodynamic model
imow & Ghiorso (1998) -- subsolidus calculations (if used)

here may be others, depending on the exact calculation performed
fend the source and / or partition coefficients (e.g. D(P,T,X)) used.
[See Smith & Asimow (2005), documentation and the forum for details.

: . $ : & - ~ part3 - File Browser
Binaries, documentation and example files are available at

ttp://magmasource.caltech.edu/adiabat_1ph/ and 8 File Edit View Go Bookmarks Help
ttp://magmasource.caltech.edu/forum/

@@Back v & C @MW <« 0% Qv
hoose:
. Read MELTS file to set composition of system
. Twiddle starting or contmzation parame{ers Places v ® Location: |/home/psmith/Melts/Exercises3/part3 4
. Single (batch) calculation it
. Execute (follow path, mineral isograd or melt contour) . p ! Fra ! Fra
. Set f02 buffer M Desktop i
. Set H20 (ppm) or aH20 File System Lae
. Impose initial entropy, enthalpy or volume _N X yrk frac_xtal_env.txt logfile.txt
. Adjust solid phase setting(s) R Netwol EE E
. Turn liquid on / off 2, MyBook2 — Initi 1oRE
- Turn phase diagram mode on / off 1 Elements A |inits H
. Update composition using MELTS file MORB_dry.melts part3.txt

. Update state using restart file G Trash

. Write out restart file ii¥ Documents
. Write out MELTS file

. Write thermodynamic output for all phases
. Calculate integrated melt and output file(s) i Music

. Fit parental melt composition (amoeba) i@ Pictures
. Cumulate Invertor (not yet implemented)

. Turn off menu display for options 1-18 i@ Videos
. QuIT

our choice: 1

il Downloads

"MORB_dry.melts" selected (640 bytes)

Ha 0@ @
Adiabat_|ph 3 was released August, 201 |

* Much more user-friendly than previous (research tool) versions
* Can double-click all scripts and drag-and-drop files

° Menus reorganized and less ‘kitchen-sink’ settings



Adiabat_Iph 3

* Additional features (not in GUI)
> pHMELTS model or buffer aH,O
> More extensive ‘phase diagram’ mode
> Trace elements, including D(P, T, X)
> Radiogenic and stable isotopes
> Aggregate fractional melts and bulk crust
> Some ‘supplemental calculator’ like output
> ‘Reverse’ fractionation and ‘amoeba routines’
> Lots of documentation (also useful for GUI)

> Forum and tutorials (work in progress) for
Adiabat |ph and MELTS GUI on same site
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MELTS and Adiabat_1ph Users

[user neo R Welcome to the users' forum for MELTS and Adiabat_1ph!
The current Adiabat_1ph software, version 2.0.1, is
available at the download and information site.

Welcome, Guest. Please login or register.
Did you miss your activation email?
Registering will give you access to more of the forum's features as well as (optional) e-mail notification of future Adiabat_1ph

releases. Please enter the e-mail address at which you would like to be contacted.

December 14, 2010, 06:02:02 pm 5 5
144 Posts in 50 Topics by 92 Members

Latest Member: waza

Search:

| |search Advanced search

o T W) S I ©) G

‘Zd MELTS and Adiabat_1ph Users

General Forum
' pg Mews and updates 10Postsin  Last post on September 14, 2009,
Latest software releases, updates and changes to this or other Caltech MAGMA sites. If you 10 Topics 03:06:41 am
are new to this forum then please read this first! in The forum has moved! by Paula
i = | Website issues 9Postsin  Last post on March 24, 2010, 02:40:07 am
.| Comments or queries about using this forum or other Caltech MAGMA sites. Also please 3 Topics in Re: downloading version ... by Daniel
report any download problems here. Frohlich
i = Community Announcements > y
_ Whether you are convening a meeting session or looking to hire a postdoc, if you have a olTnosptsic's"
posting that might be of interest to other forum users then you may share it here.
' = Miscellaneous _
_| Feel free to talk about anything and everything that doesn't fit elsewhere. Also post here if %P.I%s;isc's"
you're not sure which board your message should be on.
MELTS and Adiabat_1ph
i = Scientific discussion = :
.| Comments or queries about results of MELTS or Adiabat_1ph calculations. Want to draw olTnosptsic'S"
attention to a recent study that used MELTS? Post an abstract or link here.
' =4 MELTS, pMELTS and pHMELTS algorithms aPostein  Last post on September 18, 2009,
~ | Anything to do with the underlying algorithms, including the thermodynamic calibrations 3lT°ospBics 01:52:19 pm :
and experimental database. Also the next generation MELTS model: XMELTS. in Mineral phases available... by Paula
| Interactive operation )
: : S ¢ : 52 Posts Last ly 07, 2010, 11:01:06
'7' Using MELTS or Adiabat_1ph to model specific geological settings. 14 Topiclsn i:Re?Zs:s?;iJ,:zon followe... by Pau,:m
Child Boards: General usage, Melting processes, Magma chamber processes
' o Technical details
| Front-end issues for GUI or Adiabat_1ph versions of MELTS, including input and output file 45 Posts in Last post on July 21, 2009, 03:52:25 pm
formats, specifying options etc.. 14 Topics in Re: Continuous fractiona... by Paula
Child Boards: MELTS GUI, Adiabat_Iph & run_adiabat.pl
' = | Operating system specific 18 Postsin  Last post on November 22, 2010,
| Issues that affect users of a particular operating system. 4 Topics 10:22:39 am )
Child Boards: Windows, Linux, MacOS X in Re: Melts Graphics Outpu... by Paula
' = Software tools, support and development
division of _ | Aplace to share tips and add-ons, such as scripts for plotting results. We welcome any 6 Posts in '62,5;4?:?:,: Septembe L2000
ical comments or feedback about the software too and will try to accommodate suggestions. 2 Topics in Reading Excel data into ... by Paula
neta Child Boards: Tips, tools & add-ons, Bug reports, Feature requests
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MAGMA
A

The MAGMA website (http://magmasource.caltech.edu/) at Caltech is an online
resource for the study of mantle melting and magma evolution, which includes:

e MELTS and Adiabat_1ph Users forum

e Adiabat_1ph software download and information site

e Geodynamics: integration of melt formation and migration into
mantle flow models

e Movies of phase diagrams for adiabatic decompression melting of
peridotite and pyroxenite sources

e Applet for visualization of binary phase diagrams, tutorial and
downloadable software for ternary version

o Source code, scripts and examples
o ... plus links to other useful sites.

The MAGMA website includes links to the Adiabat_1ph download site and forum:

division of
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Available MELTS software

Yes Yes Yes Yes
Yes Yes No Yes
No No No Yes
Yes No No No
Somewhat Somewhat *  Yes Yes
Yes Somewhat Yes Yes
Yes Somewhat Yes Yes
No Somewhat Yes Yes

* ‘Somewhat’ is used to indicate that software
&‘phsed&’m- : is available but not actively maintained
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The good, the bad and the ugly

» Opportunity to hypothesis test
e Limitations of model

o Effect of minor components
> Uncertainties in calibrated experiments

* Complex modelling software can become
something of a black box. Possibilities:
> Relate to phase diagrams (e.g. T-X or $-X)!?
> Relate to real datasets (as extended project)?

> Synthetic data with noise and other strategies

J [0 e Data manipulation and operating system
¢ Gootagil > MELTS / Adiabat_ | ph program failures

SCIENCES



Relate MELTS to phase diagrams

Please go to the Movie Home Page for information about the available options:

\ Layout: H

O _PMmig

AP 1|2

112
[3] [31[4]

i ) 2 movies ® 3 movies ) 4 movies

01 1 page layout

Movie 1: Movie 2:

Plotaxes (BT v Plot axes S| v
System [Fon | ¥ System [Fon | v -

TCC)

Mixing ratio [Nemmal v Mixing ratio [Nomsal . ¥
Mol regime (Fadial Mol regtne (il v X

O PMres
O PMbuk
PMI

Movie 3:

Plot axe (RN
System Fo:En ||

S (UK 'mor™)

Mixing ratio [Nemmal v

Melt regime |Fractional | v |
\Copy.options |

division of _ Output will be in this window by default. Ctrl-click or Shift-click will open a new window or tab:

0 0.1 02 03 04 05 06 07 08 09 1
‘E)"'""’“’V | Submitandplay ~ Submitand download = Submitand print =~ Savequery | Reset | Noframes %
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Relate MELTS to phase diagrams

40 2200
ast . . 2100}
= Isentropic decompression
g * melting example o
2 25f — 1900
‘cEszo S_ 1800}
S l‘. -
% 15k 1700
N
% 10k 16001
! 5h 1500
< -
. _ _ 1400 : : , , :
3 6
T
Q
E
%
2
o

\
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q
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Real world examples

14
12 |-
10 |-
8 =
6 e
=i Ca0
4 b O
B
2 gh_—: 1 1 1 1
22 70%3
"\ CLOSED es |
L N\ SYSTEM Fe,0 '
1 N\ 0.51.0 GPa B o © B0
5 60
14 |
= 55 =
10 |-
H 50 [
Gﬂﬁ—l 1 1 1 1 45 1 1 1 1
0 5 10 15 20 0 5 10 15 20
MgO (wt.%)
division of _ Testing fractional crystallization at various P

&ms"'ma!"cwi" versus AFC, using local rocks for assimilant From Thompson et al. (2007)
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Real world examples

ISOTOPIC RATIOS Seismics (Green, 1983; Miller, 1983;

K(:n MAGMATIC SYSTEM AT 132 Ma Bauer et al., 2000) and notes
MELT “ACID” UPPER CRUST 1
5 - mgs P R(';ﬂiste Spitzkoppe SrSr ~0.773 Damara granites and metasediments,
Y granite stock "Nd/"*Nd ~0.5117 overlying and intermixed with slices
(penecontemporaneous) 176 Hf/W?Hf ~0.2823 of pre-Damara basement
- v, 295 izin/;TPb ~18.9-19.2
=1 <1% Pb/~"Pb ~15.70-15.75
“*Pb/**Pb ~39.2-39.4
is ~40, 2% Seismic base of upper crust v
“INTERMEDIATE” LOWER CRUST 4
Srfsr »>0.715 This could mean either intermediate rock
i Nd and Hf as below types or dense granulite-facies acid rocks,
20 Pb as bel like the NW Namibia Kaokoland
260 4 a3 below Archaean-Proterozoic acid gneisses.
~9%
25 = 2., “'Sr/*°Sr ~0.7075 ~6 kb best fit for MELTS model
5% “Nd/“Nd  ~0.5120 of cpx and plag saturation
55 "Hf/Hf ~0.2823
30 - 28 “Pb/Pb ~17.4
S5 207y 1 20 _
[of - 5 Pb/zol‘Pb 156 No seismic evidence for mafic lower crust
2.68 Pb/Pb ~38.3 (below Rossing Mine, ~ 70 km SSW)
35 J=15%2 MOHO = T \4
Sr/"sr ~0.7075 LITHOSPHERIC MANTLE WITH
Nd/“Nd ~0.5125 METASOMATIC VEINING
40 - "°Hf/"Hf ~0.2826
“°Pb/Ph ~19.4 (as for source of Mg-K-rich dykes in several
T T T T Tpp/Pp ~15.7 Damaraland Cretaceous igneous complexes)
45 “*Pb/Pb ~38.7
INITIAL MAGMA FROM EITHER OR BOTH OF: St/ St ~0.7035 MORB-SOURCE CONVECTING MANTLE U
e 1. Metasomatised lithospheric mantle 176Nd{:Nd ~0.51292 (etltr;tq dei)leted - F(t)ZQ -;1 part of TnSttTn
Rt el 2. Underlying convecting MORB-source mantle Hf/" Hf ~0.28316 ShAlLIE PR SIHGIEE MRl ate

Wl ®0g/"%0g ~0.1253 at southern margin of plume)
scmmcg Pb isotopes unknown



netary
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‘Life before MELTS was completely different from life after
MELTS.

‘| fully understand the limitations of MELTS but... it lets me
test petrogenetic hypotheses... in an incredible variety of
igneous environments.’

‘... porting it to Windows so | don't any longer need to
buy and maintain a special Linux computer solely for
running MELTS, ... | can (and do) use it as a teaching tool
and encourage my graduate students to use it to test their
ideas.” (Referring to Adiabat_Iph 2 which is less user-friendly)

‘| think one of the things that has not been well appreciated
by the geochemical community is the degree to which we
can now model trace elements and isotopes together with
thermodynamically consistent phase equilibria.’



Future work

> More tutorials and teaching activities
E.g. for pMELTS, pHMELTS, Rhyolite-MELTS

> XMELTS development

Improve solid solutions (e.g. spinel volume model, and
add more components to garnet and pyroxene)

Finalize liquid calibration and release software

> Hydrous phases

Finish chlorite and add biotite in similar way
Hornblende is more complicated (needs more
experiments?)

> MatlabMELTS (intended mainly as research tool)

Will be able to query activity models directly
More flexibility with partition coefficients etc.



Your questions and suggestions

> How to extract data easily?

column_pick.command, part of the Adiabat_|ph

package, can be used to select, align and pad data from
multiple files to make a single text file

Could be used to collect results from a class if, say,
each student is given different P-T conditions to use

> Older versions of MELTS plotted AFM diagrams!?
Current MELTS software does not plot any graphs
lgPet is available for a fee and is easy to use
We need a free alternative for Excel users

is available from the Matlab File Exchange

o Can MELTS be used as a ‘virtual laboratory’?

Yes, and compared with




