
12.109 Lecture Notes 
September 29, 2005 
 
Thermodynamics II 
Phase diagrams and exchange reactions 
 
Handouts: using phase diagrams, from 12.104, Thermometry and Barometry 
 
Fractional crystallization vs. equilibrium crystallization 
Perfect equilibrium – constant bulk composition, crystals + melt react, reactions go to 
equilibrium 
Perfect fractional – situation where reaction between phases is incomplete, melt entirely 
removed, etc. 
 
Because earth is not in equilibrium, we have interesting geology! 
 
Binary system = 2 component system 
Example: albite (Ab) and anorthite (An) solid solution 
 

 
Phase diagrams show the equilibrium case.  Fractional crystallization would result in 
zoned crystal growth: 
The exchange of ions happens by solid state diffusion.  If the crystal grows faster than 
ions can diffuse through it, the outer layers form with different compositions, thus we 
have a chemically zoned crystal. 
Olivine and plagioclase commonly grow this way.  In crossed polarized light, you can see 
gradual extinction from the center, out to the edges of the crystal.  This is also sometimes 
visible in clinopyroxene. 
Fractional crystallization preserves the original composition.  The center zone has the 
composition of the crystal from the liquidus.  The liquidus composition reveals the 
temperature of the liquid when it arrived at the final crystallization. 
 



 
Solvus, or miscibility gap – in system with solid solution, region of immiscibility 
(inability to mix) 
In Na-K feldspars, perthite results from unmixing of a single crystalline phase Æ two 
coexisting phases with different compositions and same crystal structure 
As T goes down, two phases separate out (spinoidal decomposition) 
Feldspar system, see Bowen and Tuttle 
 
 
 
 
 
Thermometry and Barometry 
Thermobarometer 
 Igneous and metamorphic rocks 
 Uses composition of coexisting minerals to tell us something about T + P 
 
Liquidus minerals record temperature (if you can preserve the composition of the liquidus 
mineral.  Lots of basalts have olivine as a liquidus phase – so if you know the bulk 
composition of the basalt and the composition of the olivine, you can estimate the 
crystallization temperature.  You need a rock that contains only a few % crystals, ideally 
1-2% (a “sparsely phyric” rock). 
 



You can write an expression that qualifies the shape of the 2 phase region: an 
EXCHANGE REACTION – reaction that describes the distribution of a pair of elements 
between two phases.  In igneous systems mineral-melt interactions can be very useful. 

1. can test for equilibrium between crystal and melt that it coexists with 
2. can be used along with formation reactions to infer emplacement/eruption 

conditions 
 
formation reactions – assembling solid form components in melt 
examples: olivine formation reactions 

1. forsterite-melt 2MgOmelt + SiO2
melt Æ Mg2SiO4

oliv

 2. fayalite-melt 2FeOmelt + SiO2
melt ÆFe2SiO4

oliv

 
exchange reaction: 

3. Mg2SiO4
oliv + 2FeOmelt ÆFe2SiO4

oliv + 2MgOmelt

Note: reaction 2 – reaction 1 = reaction 3 
 
We can write an equilibrium constant: 

eqkRTG ln−=Δ  
 
G = Gibbs free energy 
R = thermodynamic constant 
T = temperature 
k = equilibrium constant 
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a = X * γ 
For an ideal solution, a = X = mole fraction = (wt%/gram formula weight) renormalized.  
We approximate that γ = 1, a ≈ X for non-ideal cases. 
 
We could write an analogous reaction for fayalite (Fe2SiO4). 
 
Note: this is ln K vs. 1/T relationship: 

 



The ΔHrxn for these formation reactions is heat of fusion.  This has been measured for 
both fayalite and forsterite. 

forsterite
fusionHΔ ∼ 25 kcal/mole 
fayalite
fusionHΔ ∼ 29 kcal/mole 

Both formation reactions are T dependent and can be used to predict T. 
 
The exchange reaction 
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And 0.29-0.33 for basaltic magmas Fe Mg
DolivK − ∼

 
We can make simplifying assumptions: 
melt melt
MgO MgOa X=   and  
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oliv
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FeO FeOa X=      
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Other useful exchange and formation reactions are: 
Plagioclase-melt (Ca-Na) – P, H2Oin melt sensitive 
Pyroxene-melt (Fe-Mg) – T insensitive 
Etc. 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


