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Introduction 

Accurate procedures now exist that can estimate the pressure and temperature at 

which magmas crystallize. Knowing these conditions are important for a number of 

reasons. First, the path of magma evolution can be determined by knowing the 

pressure and temperature. Furthermore, accurate calculation of pressure and 

temperature of magma crystallization can give important insight into the depth of magma 

crystallization at or below the Earth's crust. Finally, knowledge of pressure and 

temperature of magmas is necessary in order to calculate assorted physical properties of 

magmas, which in turn, are indispensible for modelling of eruptions and magma flow. 

Typically, pressure and temperature of magma crystalization can be determined 

through experiments. However, predicting the pressure and temperature parameters can 

also be determined by the use of thermodynamic calculations. There are advantages to 

this method . Thermodynamic calculations are relatively fast and inexpensive when 

compared with experiments. Furthermore, when compared to the laborious methods 

involved in experimental techniques, thermodynamic calculations provide an easy 

alternative to finding the pressure and temperature parameters of magma crystallization. 

Finally, thermodynamic calculations are faster than experimentation methods. The 

scope of this thesis is concerned with the theory and application of these thermodynamic 

principles and how they relate to a sample basalt from the Santorini volcano located in 

the Hellenic arc, Greece. 



0 bjectives 

The sample basalt that was analyzed for this thesis, originated fiom a volcanic 

center on Santorini known as, Micro Profitas Ilias. This is one of fbur volcanic centers 

on Santorini that has been studied intensively. Earlier findings have determined that 

these centers have erupted at different times in Santorini's history, as well as being 

geochemicallv distinct from one another (Huijismans and Barton, 1989). To determine 

whether the sample studied (hereafter, to be referred as slide 138) evolved under the 

same physical conditions and depth as the other samples taken from different Santorini 

volcanic centers, methods employing thermodynamic techniques were utilized. 

These techniques for calculating crystallization conditions are based on chemical 

compositions of the basalts analyzed. Basalts typically contain phenocrysts with the 

following components; clinopyroxene jcpx), olivene (01) and plagioclase (plag). From 

these chemical components, equilibrium equations can be established. By deriving 

these equations and then plotting them graphically against each other, the resulting 

intersection will provide the pressure and temperature of crystallization of that given 

basalt. The five equilibrium used are as follows: 



Jadeite+SiOl=Albrte 

Fayal~te-+SiO~=Ferrosil~te 

(CaTs- the Ca-Tschermak's component of clinopyroxene.) 

Apply~ng these equations to the other volcanos studied (Patmos, Greece) crystall~zat~on 

temperatures ranged from 1 173 to 920" C Also pressures were determined to range 

from 2 to 4 kilobars (Barton and Wyers 1991) By interpreting these results, an est~mated 

depth of the magma chambers for these volcanic centers has been determined to range 

from approximately 6 to 9 kilometers depth. Earlier research of lavas from the Micro 

Profieas llias volcanic center, has shown them to contain Bronzite. Bronzite is pyroxene 

phenocrysts with cores containing high amounts of aluminum. The high aluminum 

content in these magmas has been found to be the result of the mabma crystallizing in a 

high pressure environment (Huijsmans and Barton, . I  989). Initial analysis of slide 138 

has produced results indicating aluminum-rich pyroxene cores. Research performed on 

other Santorini basalts utilizing the thermodynamic techniques described above, have 

revealed pressure and temperature of crystallization to be in the range of 2 to 

3 kilobars pressure and temperature ranging from 1020-1050"c respectively. 

These values are consistent with data from earlier measurements as stated above 

(Barton, unpublished). Variables for silica in a melt are included in each of the above 

equilibrium. At this time, there is no known method of calculating the variable 

composition, or activity of silica. Therefore, three or more of the equilibrium must be 
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must be solved s~multaneously for pressure, temperature, and silica actlvltjS in order to 

get accurate results for the condlt~ons of crystallization of a magma It should be 

noted however, that the thermodynamic techniques that have been applied towards the 

Santorini basalts, can also be applied towards any igneous sample. 

Electron Microprobe Methodology 

The first step in determining the pressures and temperatures of magma 

c~ystallization, is to obtain the exact chemical content. This is achieved through the use 

of an electron microprobe. The chemical composition of slide138 was determined in 

this way. The microprobe used was a Cameca SX-50 microprobe equipped with four 

wavelength -dispersive and one energy dispersive spectrometers. The analysis that 

comprises the data in this thesis was performed on August 1,  1995. Approximately, 20 

hours were spent working with the microprobe, when considering calibrations necessary 

for accurate analysis. Analysis focused on obtaining data from pyroxene phenocrysts 

in the basalt sample (slide 138). One technique employed to maximize the value of the 

data, was to analyze both the edges and the cores of pyroxene phenocrysts, in order to 

differentiate compositional differences within each phenocryst. These compositional 

differences can be attributed the cores of the phenocrysts being formed under different 

physical conditions than the rims. This may be due to the fact that the cores of the 
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phenocrysts were crystallized at different depths than the rims. During analysis, the 

electron beam was set at one micron and an accelerating voltage of I 5 kV. Cilrrent for 

the probe was set to 20nA. Earlier work on this basalt sample by Dr. Barlon. included 

analysis for plagioclase, pyroxene, magnetite, as well as, olivene analysis. The 

pyroxene data obtained from this basalt was subsequently added to the earlier pyroxene 

data. Figure 1 ., below, is a spreadsheet data set showing the combined pyroxene data 

from these analyses. 

Figure 1. 

Na Fs TI S, Ca Mn A1 N Mg Cr Sum M?# 
S1138 GR1 CORE 0 0203 04057 0 011753 1 910551 3 73543 0 316'53 0 053252 3 0 8253'2 0 4 043195 0 67045 
S1138 GR1 CORE 0 020153 C 425867 0 017034 1 87245 0 807508 0 018345 0 083555 2 0 E32374 3 4078806 555114- 
51133 GR1 RIM 0 316539 3 393121 0 OIL925 1 6'2383 C 732504 0 3:2506 0 07523 C 33380, C 952171 0 000403 4 063795 0 708353 
S1139 GR2 CORE 0 0 005549 5 -77351 0 011397 1 834513 0 210331 0 023902 0 M'C5l  C 52513  1 130931 0 000101 4 035489 0 592654 
RIM OF LAST WE 0 022324 3 475748 0 024134 1 876032 0 705347 0 OIL431 0 1 12325 5 0824392 0000201 4355335 0534079 
SI 138 PrlENO CO 0 022579 3 43727 0 019757 1 86C755 0 746381 0 012305 0 TO21 1 0 0 E77557 0 4 075723 0657434 
S1138 RlhWF ABO 0 033273 0 300469 0 019359 1 832'47 0 82007 0 00957 0 171609 3 0 891829 0 001'14 4 08004 0 747992 
S1138 RIM OF SAM 0 016441 0 319345 0 016744 1 851001 0 803745 0 012003 0 112255 C 053202 0 952593 0 000706 4 085049 0 74893 
MEGA CORE SA 0 028562 0 427501 0 015351 1 844813 0 745282 0 013715 0 119979 3 0899845 0002121 4095294 0677928 
AS ABOVE NEWS 0 026715 C 407223 3 019454 1 857213 0 76013 0 012393 0 134969 C 3,"i003 0 8503;2 0 004133 4 073337 0 675101 
STl38PYRl core 0 1C1 0252 0014 1332 0717 0009 045 3 0 5 5  0 001 4 009 07144 
ST138 PYRZ core 0 057 0 39 0 022 1 36 0705 0 013 0 2 0 0 801 0001 4 047 06726 
ST138 PYR2 r ~ m  0 05 0 332 0 021 1 8'7 0597 0 312 0 197 0 0 785 0 4 033 06729 
ST138 PYR4 core 0 C25 0417 002 1637 0 759 t 2 3  0 122 0 0 899 0 002 4 054 06831 
ST138 PYR5lgedge 0 083 064 0022 1947 0 572 0 018 0045 3 3 72 0031 4 049 0 5291 
ST138 PYR5 Ig core 0 043 0 434 0 018 1 845 0 739 0 012 0 156 3 0 851 0 001 4 079 06808 
ST138 PYR6 core 0 024 0425 0 02 1 835 O 777 0 012 0 097 0 0915 0001 4108 06821 
ST138PYR13core 0027 0541 0018 2002 0405 002 0143 0 0755 0 3 923 0 5858 

Thermodynamic Background 

After obtaining probe analyses, the data is processed in a number of computer programs 
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that calc~~late the pressure and temperature of magma crystallization. In order to get 

this result, the computer progams must first calcuiate the chemical potentials of the 

separate chemical equilibrium shown previously. 

The equation for the chemical potential in an ideal phase is 

pi=p"+X711zA'; 

In this equation, K= the gas constant, p" represents the chemical potential of a pure end 

member I found at standard pressure and temperature. 4 represents the mole fraction : 

which in this study is the silica activity. The chemical potential is defined as the enerby 

in one mole of substance available for a reaction, this is also known as Gibb's free 

energy, (;. The equation for the change in Gibb's free enerby at equilibrium is: 

ACwm,iofi -OZ,Y,Pc I & ~ d - x ~ ~ ~ - x b ~ l h  

By reworking this equation, the combined mole fractions in this equation can be given a 

new value known as the equilibrium constant, or K. The equation can then be written in 

the fonn: 

I<lnK -(CY,p,)!'IT 

'The change in Gibb's free enerby can also be expressed as 

AGretrcrron ~ p r o r ~ c t . ~ - ~ ; r e u c t ~ m t I v  

To calculate the standard state Gibb's free energy, Go, which refers to the Gibb's free 

enerby for a pure phase, A, this expression is used (Barton, unpublished). 

H/: . - 'I s,/' + (1'-1) VdO 

In this equation, H=enthalpy, V=voIume and S = entropy . However, this equation only 
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deals with pure phases, which means a temperature of 295K and at a pressure of 0.001 

The equation in this form, is unsuitable for calculating chemical potentials of ipeous 

rocks which crystallize at much higher pressures and temperatures. Therefore. 

corrections have to be made in order to get free energy equations that work for the 

basalts analyzed. The following equations correct for elevated temperature and pressure 

values and their effects on entropy, volume and enthalpy respectively. 

S "' SlJr' Tr . hkT ( ( I p  /u d?'- A,: (a,:/3ljdf> 

AaH1'>''  A f H f f T -  /fi"(bdy; /,,:' ( [ ~ . 7 r - 7 ~ ~ V V d ~ ] p I , l d / '  

Where C, is the heat capacity (Berman, 199 1 ). The mole fractions in the equations refer 

to the Si02 liquid melt. Therefore, standard-state variables for pure liquid components 

are calculated. These calculations for standard state entropy and enthalpy for a liquid 

component are respectively;: 

. S o  ( 7  ) L~nll~lKI~L/IwyX - i  /291i7TUr (( >''roi ! j l  j d7' d5iJfu,s (7 ;icj + (i! ;y,u4'7] d?' 

With the last two terms in the equation representing heat of fusion and liquid heat 

capacity respectively (Lange and Cannichael, 1990). 
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As stated previously, the silica activities cannot be determined on their own. This is due 

to the fact that the amount of silica cannot be precisely determined. This is because 

repulsive and attractive forces amongst the components in a solution can change 

the chemical behavior of the components (Barton, unpublished). 

The equation for component activity is: 

(2, x,z 

The variable y, is the activity coefficient and is used to represent the forces that alter the 

chemical affinities for the given component in the equation. (Barton, unpublished). 

This can then be combined to the Gibb's free energy equation for a solution. By 

introducing this variable, which is non-ideal, the equation changes form to: 

~ ~ s c l l u r l o n  Z; X, /pol t K7'lnxi-+ H7'lny,/ 

The first two terms in this equation represent the ideal components, however, the third 

term introduces the non-ideal component to the equation. This is known as the excess 

Gibb's free energy. 

Results and Discussion 

'The concepts in this thesis were put to practical use after a microprobe analysis 

was completed on a Santorini basalt (slide 138, discussed previously). Pyroxenes were 

the focus of this study. The pyroxene data was subsequently input into a computer 
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program desiped by Dr. Barton that calculated the thermodynamic equations for each of' 

the pyroxene analyses. These results were then input into a data file (Quattro Pro 

spreadsheet). This new data set was then input into another series of programs that 

calculated silica activities of the pyroxenes, over a range of pressures and temperatures 

This data was then combined with feldspar data from the same sample. As was 

stated previously, at least three reactions need to be determined simultaneously in order 

to compensate for the silica activity present in each of the reactions. The specific 

reactions that were utilized for the data present in this thesis were as follows: 

pyroxenes- fosterite+melt=clinoenstatite 

monticellite+melt=diopside 

feldspars- CaTs+melt=anorthite 

These reactions were then plotted graphically over a range of silica activities and 

temperatures. These reactions where plotted against each other in order to find 

intersection points between values at the same pressures. These intersection points 

from each of the two sets of reactions were then plotted against each other. The 

intersection point of these two data sets is a graphical representation of the temperature, 

silica activity and pressure parameters of magma crystallization. 

Conclusion 

The following plots (figures 2 through 4) pertain to magma crystallization parameters of 
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slide 138., a sample of a basalt from the Micro Profitas Ilias volcanic center on 

Santorini. 

The results derived from the plots indicate a temperature and pressure of magma 

crystallization for this basalt to be 1028" C. and approximately 7- 8 k.bars respectively.. 

If this data is accurate, This implies magma crystallization occurred at a depth of 

approximately 2 1 to 24 kilometers. Basalts from other volcanic centers on Santorini. 

have given evidence of having crystallized at a depth of 6 to 9 kilometers (MacCracken, 

1993). The crust beneath Santorini is approximately 21 - 24 kilometers thick. The 

disparity between the depth of crystallization of Micro Profitas Ilias basalts compared to 

the magpa crystallization depth of other Santorini basalts, could be attributed to the 

presence of a magma chamber located at the base of the crust, as well as, the 

presence of a shallower magma chamber within the crust which appears to be the source 

of the other Santorini basalts. This would indicate two stages of magma evolution. More 

microprobe analyses on the Santorini basalts are needed in order to verify or refute this 

conclusion. 



Figure 2 : Plot showing reaction ranges for slide 13 8 (Micro Profitas llias, Santorini) 



Figure 3: Plot indicating reaction ranges and intersection points for slide1 38 



Figure 4: Plot displaying combined data from previous two plots and resulting 

intersection point indicating final value of crystallization parameters for basalt 

sample (slide 1 38). 
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Appendix 

The following pages contain the data sheets for the preceding graphs. Included are 

chemical reactions and silica activity values over a range of pressures and temperatures. 



- 
ENTHALPY AND ENTROPY OF FUSION CALCULATED FROM DATA OF RICHET ET AL(GCA, 1982), 
COMBINED WITH DATA FOR B-QTZ FROM BERMAN (1988). 
VOLUMES OF FO, FA, CEN, FS MO, DI, AND EXPANSION AND COMPRESSION TERMS FROM 
BERMAN, J PET, 1988. 
VOLUME OF SILICA MELT, COMPRESSIBILITY AND EXPANSION CALCULATED FROM 

- DATA OF KRESS AND CARMICHAEL, CMP, 1991. 
ACTIVITY OF FO, FA, MO FROM DAVIDSON AND LINDSLEY, AM MINI 1989. 
ACTIVITY OF CEN, FS, DI FROM DAVIDSON AND LINDSLEY, AM MIN, 1989. 

CA ASSIGNED ONLY TO M2 SITES IN OL AND CEN. 
- 
DISTRIBUTION OF MG AND FE OVER M1 AND M2 IN OL AND PYX FOLLOWS 
DAVIDSON AND LINDSLEY (ALSO DAVIDSON AND MUKHOPADHYAY, 1984, CMP, 86, P256). 
THE DISTRIBUTION OF MG AND FE OVER M1 AND M2 SITES IN OL AND CPX IS 
T AND P DEPENDENT AND BASED ON THE MINIMIZATION OF THE CHEMICAL 
POTENTIALS OF DI, HD, EN AND FS IN CPX OR EN. 

REACTIONS: 

INPUT CONDITIONS: 

INITIAL T (K) FINAL T (K) INCREMENTS INITIAL P (B) FINAL P ( B )  INCREMENTS 

1173.2 1673.2 50.0 1.0 10001.0 1000.0 

LOGAS I02 
-P (B) T (C) (1) (2) (3) 







T (IN CELSIUS) = 900.00 

FERRIC IRON AND FE3+ CALCULATED FROM CHARGE BALANCE 
- 
BERMAN THERMODYNAMIC DATA SET 

NON-IDEAL PYROXENE, NON-IDEAL FELDSPAR 

(I)----------------------- CATS + LIQ = AN 
( 2 ) - - - - - - - - - - - - - - - - - - - - - - -  JAD + LIQ = ALB 

LOGAS I02 
,-. P (B) T (C) (1) (2) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  



LOGAS I02 
P (B) T ( C )  (1 (2) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

.- 1.0 900.0 -1.04902 -2.05935 
1.0 950.0 -0.97494 -2.08163 
1.0 1000.0 -0.90702 -2.10212 
1.0 1050.0 -0.84459 -2.12106 
1.0 1100.0 -0.78710 -2.13860 
1.0 1150.0 -0.73408 -2.15486 - 1.0 1200.0 -0.68503 -2.16994 
1.0 1250.0 -0.63958 -2.18403 
1.0 1300.0 -0.59746 -2.19721 
1.0 1350.0 -0.55829 -2 -20952 
1.0 1400.0 -0.52186 -2.22106 





- 
ENTHALPY AND ENTROPY OF FUSION CALCULATED FROM DATA OF RICHET 
ET AL. (GCA, 1982) AND DATA OF BERMAN FOR B-QTZ. 
VOLUMES OF SILICA MELT CALCULATED USING DATA OF KRESS AND 
CARMICHAEL (CMP, 1991). 
ACTIVITIES OF AN AND AB CALCULATED USING METHOD OF FUHRMAN 
AND LINDSLEY (AM MINI 1989) . 
ACTIVITIES OF CATS AND JD CALCULATED USING METHOD OF ANOVITZ 
(AM MINI 1991) AND AN IDEAL SOLUTION MODEL IS ALSO USED. 

INITIAL CONDITIONS 
- - - - - - - - - - - - - - - - - -  - 
INITIAL P FINAL P INCREMENTS (P IN BARS) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1.0 10001.0 1000.0 

' T  (IN CELSIUS) = -273 -15 

BERMAN THERMODYNAMIC DATA SET 

NON-IDEAL PYROXENE, NON-IDEAL FELDSPAR 

(I)----------------------- CATS + LIQ = AN 
(2) - - -  - - - - - - - - -  JAD + LIQ = ALB 

- 
LOGASIO2 

P ( B )  T (C) (1) (2) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
DATA FOR SAMPLE TODD 5 

PYROXENE WITH CALCULATED FE3+ PLAGIOCLASE 
* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
S102 
AL203 
TI02 
CR203 
FE203 
-FEO 
MNO 
MGO 
CAO 
NA20 
SUM 

48.86 SI 
10.36 AL 
0.50 TI 
0.02 CR 
0.00 FE3+ 
8.49 FE2+ 
0.29 MN 
11.92 MG 
18.14 CA 
1.41 NA 
99.99 SUM 

1.802 SI 
0.450 AL 
0.014 TI 
0.001 CR 
0.000 FE3+ 
0.262 FE2+ 
0.009 MN 
0.655 MG 
0.716 CA 
0.101 NA 
4.010 SUM 

MGNO - 0.714 MGNO - 0.000 

S102 
AL203 
FEO 
MGO 
CAO 
NA20 
K20 
BAO 
SUM 

SI 
AL 
FE 
MG 
CA 
NA 
K 
B A 
SUM 

PYROXENE MOLE FRACTIONS 
9NAM2 = .I005651 
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