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Thermodynamic Properties of Magmatic Liquid: Review and Future Directions

Toru SUGAWARA�

Advances in calorimetric measurements for magmatic liquids in the recent two decades are reviewed. This

paper summarized previously reported values of heat capacities of silicate glasses and liquids and heats of fusion

of minerals. Some of the values for heats of fusion are recalculated using the recently reported heats of

vitrification and more reliable heat capacities of solids compared with those previously used. Heats of mixing of

silicate liquids are also re-examined using excess enthalpies of glasses, heat capacities of end-members, excess heat

capacities of liquids and recalculated values of heats of fusion. Excess enthalpies of pseudobinary silicate liquids

are generally within �-* kJ/mol and mostly �/��+* kJ/mol. Although the excess enthalpies reach only -�
+*� of enthalpies of fusion, those cannot be ignored, because liquidus temperatures and compositions of minerals

are greatly a#ected by small excess enthalpies. Based on the compilation of the excess enthalpies by direct and

indirect measurements, we found that interactions among network-forming oxides (SiO,, NaAlO,, KAlO,),

network-modifying oxides (CaO, MgO) and intermediate oxide (CaAl,O.) control the excess enthalpy of silicate

liquid. As a preliminary test for generalized prediction of enthalpy of magmatic liquids, regular solution

parameters for K,O-Na,O-CaO-MgO-Al,O--SiO, liquids are determined using compiled calorimetric enthalpies

using a least square method. Finally, Adam-Gibbs theory for viscosity and configurational entropy of silicate

liquid are reviewed. In order to express Gibbs free energy of magmatic liquids, the following studies will be

required in future : (+) measurements of excess heat capacity by drop calorimetry for liquids including interactions
between NaAlO,, KAlO, and CaO, MgO, (,) measurements of excess enthalpy by solution calorimetry and
relative enthalpy by drop calorimetry for Fe-bearing multicomponent glasses and liquids, and (-) determinations
of entropy of mixing and configurational entropy by systematic viscosity measurements for multicomponent

silicate liquids.
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�
���	�

�

CpG
Ex,a

T
dT���

�

���	�

CpL
Ex,a

T
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�
�
�
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-�. ��������	
�����
�� a���������� i�	
������

mL
i, T�� GL

a, T� i���� ���� ni� ���������
���� �� � mL

i, T�!�����"#�$ ��%&
��� SL

Mix, a, HL
Ex, a, Tf+'a

, CpL
Ex, a, CpG

Ex, a�(�)�����
"#�$ 	�
�*+��

SL
Mix, a�� ,-�������������./��

�0��#�1*� ,-2����3�����./�
��0��#�1Mix����� �4�
��

SL
Mix, a5kln�WMix/W*� (+0)

�467��� ��� k�8�9:�#�+�� ,;.

���-�<����=> ��?@3��A�*B�
7�� SL

Mix, a*467� C% ��DE� Temkin, +3./ ;

Toop and Samis, +30, ; Weill et al., +32* ; Bhattacharya

and Viswanath, +32/ ; Blander and Pelton, +321 ; Hillert,

+331 ; Chartrand and Pelton, +333�� FG���H� 3;+*

��I���:J:��$ ���C����@�A�
���� >@>�

HEx�=> �� �K���� �����L� !M
�LNO"#PQR$��"S�TF$���A��%
U�&*'�VW� C%%&�� (X@YZ[\])
*�R$��^+�_`��ab7c����,��$
 � HEx���d-.�	�#
��A�*/0$ C
% ��DE� Thompson, +301 ; Berman and Brown, +32. ;

Fei et al., +320 ; Hel#rich and Wood, +323 ; Jackson, +323 ;

Mukhopadhayay et al., +33- ; Cheng and Ganguly, +33.��
�DEeO1f@ab�$ � ,=����/�2
3g,-I���,-������hD� (�*�i1
f4j (Symmetric simple solution, Thompson, +301)�+
��B����C� SL

Mix, a�HL
Ex, a, Tf+'a

�(�)�

SL
Mix, a5'R�XilnXik�+'Xi�ln�+'Xi�� (+1a)

HL
Ex, a, Tf+'a

5Xi�+'Xi�WH (+1b)

�	���*�C�� WH��� ,��<�"lm�S
#�+������ HL

Ex, a, Tf+'a
n*I= CpL

Ex, a5CpG
Ex, a5*�

����564j (Regular solution)�oE� >��
����pq7��=> Or (+1b)�8��ab$
(CpL

Ex, a5Xi (+'Xi) WCp)� s&�Ytu�vw\�=>
 ���x����H9y@pq7�*:z7� >@
>%& CpG

Ex, a5*����� ���C� i���	
��
����

m L
i, T5
�
�
�

(GL
a, T

(ni

�
�
�T

5HL
i,T'T

�
�
�

SL
i, Tk
�
�
�

(SL
Mix, a

(ni

�
�
�
�
�
�
kRTlng L

i

{|

�
�
�

(SL
Mix, a

(ni

�
�
�T

5'RlnXi

RTlng L
i5�+'Xi�,�WHk�T'Tf+'a

'Tln�T/Tf+'a��WCp� (+2)

���� ���� R� gi�(�)�};�#{| i�~
�S# �~+�S#� �	��
:J:���<��<�����$ � ���L�@
���/�23g,-��i1f4j�B�*=>�
+�I��I�� x�L��I� >@>� HL

Ex, a, Tf+'a
,

SL
Mix, a {| CpL

Ex, a���L���A�	��CI�� ��
@��?��@� (�)��A����%���A�
�CBC�+�� D���� (�)������L��
"#ab��I�>�E��=> ��FNc�� ��
�������� ������ 7��=> � ��
L�@G*M�7� C%�I� �>�E��H���
������

.� ���������
�������I��J��$ �����K

(+33,){|LD���
� (+332)*+N� �M� 2�
	-�� 9����/	-�N� >?��@�¡¢£
`¤O�=> �J*@7� >�� ����P��Y
tu�����vw\��$ ��x�£¥7� C%
�����¤O�=> ¦1�x�&��
�Ytu�vw\Q������
�.��7� �
§������
�.��7¨�L�©ª7� >
�� (�%&� Qy�!�����HL

T�«&�%&��
¬�vw\�L|¬�����������®
�HG

T'HS
T, H

L
T'HS

T�� 7��vw\����(�)��7
� �CpG

T� CpL
T� �����*� ����£`�,��@

��
.�+ ������� (Drop calorimetry)

R¯O������ S��E�T}U�°�$%!�
T����x%�vw\0��±V�S�¯E�²!�
a>0� (,12�,32 K)���4�R¯³W7c����
LN� !� T� ,12�,32K�0��������®�
����� ��4�X�²�YZ�� <#�X�´µ
*¶#�[> >�·\¸¹��ºx%�X�º�»¼
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����������	 ��
���������	
��
� (Southard, +3.+ ; Proks et al., +311a)	 ����
�������������� !�"�#��$�
%	 &����'��()�
� (Ginnings and

Corruccini, +3.1 ; Furukawa et al., +3/0 ; Bacon, +311 ;

Carmichael et al., +311 ; Richet et al., +32, ; Cordfunke

and Westrum, +322)	 ��
�����������
�����'��()�
� (Lee and Itagaki, +320 ;

Blachnik et al., +330)*+�, ���#-.�/+�0
�*�1, �2����#��*3��4��5��	
67�891:;<�	 �=>��?@����AB 
!�C�"D#E�F#$���	67�GH��IJ
�, F#$�#�K�L�*&�M� +�, cm���%
N�OP/+Q	 RSTUF#�&V +�3 g��* +W
�67�X'���,
Y���Z�����'1��=����	�?1
:	 [�[\�()�+�F#*�=]*�*^+�
(_/ K/s)/`,�4��-.a��b�c	 0��d
��Z/�����/#HS

,1-eHL
T/+Q	 4��\��

�fg�h �i*I"�, ���	 05j12��R
STUF##�k�&V�=]*�*^+�/#lmn
'���J	 0�&V#3����fg�h �i#
HGoTf p+ei

,1- eHL
T�b�, �4()*lmn/+Q	 Tf,eiq

=���/�5r6�78bst9u���F#�v1
:�=����	�CQ3����fg�h �i#	
HGoTf p,ei

,1- eHGoTf p,ei
T

/+�, HS
,1-eHL

T, HGoTf p+ei
,1- eHL

Twx
HGoTf p,ei

,1- eHGoTf p,ei
T

�/� T��'�%:�	�	&��
���/:;��0��CQ	 CpL

T?Cx CpG
T *I"

�,
05j1F#�2y<z'V��=���=����
	67# +3.*>?�� +30*>?��@:@{ABC|
}~�?1:DE1�6���	 CaTiSiO/ (King et al.,

+3/.)	 Mn,SiO. (Mah, +30*), Fe,SiO. (Orr, +3/-),

FeTiO- (Naylor and Cook, +3.0)�C�b	 �F1b�
=]*+�/#lmn'�b1|���$������
��*��1G��H����, &��	 �k�5�|
�2��lmn�������*�=����	�CQ
�	��� oI�c	 Proks et al., +311b ; Carmichael et

al., +311 ; Adamkovicova et al., +32* ; Stebbins et al., +32,,

+32-, +32. ; Richet and Bottinga, +32.a,b ; Richet, +321 ;

Richet et al., +33+p,
.�, ��������	
 (Transposed-temperature-

drop calorimetry)

����=����	/#	 �����*J�K�E
L�MN��:?Q	 ONPQCQR� (,32K)�GS
�	 �� T�J�KAQ��=�%:�$�%	 &��

��fg�h �i	 HS
,32eHL

T��	��, �����
#PQ�F#� o�K + cm�L� - cm��p �=Q�
�T���b�, U����#VW��J=*�X��
Y��:/d�� ��S��CQ	 �Z*U��=�
:���b�C���"�:?Q	 F#[\]��� 
��S����J^��'��()�0�/�2��3
� (Tamura et al., +31/ ; Gaune-Escard and Bros, +31. ;

Pool et al., +313 ; Ziegler and Navrotsky, +320), j_�`
jajQbc�����=����	ON/+�
Setaram��MHTCON� Fig. ,���, �����
KL���::Ad����	 �d� +21* K"/��
�eb m�¡S�¢ g *MN��	 &�M��f
g�lnN£*�e�b¤:1� ohR# Ari��p,
67#jkF#/+� Al, O-� Pt¥¦§��\��l
�F# (-*�+**mg)�����=�%�0�/;�,
����=�/#�m�67/VW¨�l�F#�j
kF#�F#�A��=�%�78*+��J�	 +W
+�Q�F#�S©*n�kbQ	 o¤:�=����
�:ª�*p��1�«Z*+�, ���	 4��\�
��fg�h �i����	�e/+�0�*qZ/
+�, ��;¬�����fg�h (Navrotsky et al.,

+323 ; Tarina et al., +33. ; Kojitani and Akaogi, +33/, +331 ;

Sugawara and Akaogi, ,**.)B	 CaMgSi,O0 (Ziegler and

Navrotsky, +320)	 Ni,SiO.� Co,SiO. (Sugawara and

Akaogi, ,**-a)	 Fe,O-�NaFeSi,O0��$� (Sugawara

and Akaogi, ,**.)*����=��CQ�	��:1
�,

.�- ���	
 (Solution calotimetry)

r$��	�#rs�F#�r���4t��r$
���	��
�/+�, RSTUF#�=��r$�
�	��:#	 R�/HF�HNO-��r\�rs��
:'1�®� (Proks et al., +301 ; Robie and Hemingway,

+31,)�	 L� (31*�32/ K)/ ,PbO�B, O-�rs��
:'1�®� oKleppa, +31, ; Navrotsky, +311 ; Akaogi,

+33* ; uv�w¯	 +33.p *+�,]�/#	 x°$��
MN��y�����������'��()�0�/
r$]���fg�h �i�3�[�/+Q	 -.�
������*'1��:1�, �� oT'����r
$��		 Oxide melt solution calotimetryp /#	 �1�
=z�b�C��{X� ,v�§�*+Q	 �
�F#
�rs�x°$�	 |
�#rs�x°$��(�MN
��, J�K���}±/t²���J^�³�´�-
µ���J�	 ,v�§�#¶~*��b�C���:
�X��N���� ��S�/�"�:?Q	 F#�
r$]����i o��J^p ��'��()�0�/
r$��3�, +W�67/r$�%�F#��#rs
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++ g��� /�+/mg�����	 
��������
������������ Setaram����� !"
#$�%��&'()*�+,-.�	
/$������01234� 56789:�;,

<,��.-�����=>?89:��@AB
C�� DHTf+Di

Vit, i, T
EFHSol

i, TDHS
i,TGDFHSol

i, TDHGFTf G+Di
i, T

G'H?,
�	 IJ� K��L4MN�89:7;,0ONP�Q
N��89:�����=>?� 89:�RS@AB
C�� HGFTf G+Di

Ex,a
EFHSol

a, TDHGFTf G+Di
a, T

GD�
�
FHSol

i, TDHGFTf G+Di
i, T

G'
H?,�	 
������������ TU$�'8
9:VW�$��X (Tf+DiYTf,Di)�Z.J[�� 89
:���\�]^_0��`�ab+c�J[�	de
f (+./�,./ h)�f�89:�Ogh
'ij� kl$�
' Tf,Di���P�	 mn-� ���H?,�o�;,
<, DHTf,Di

Vit, i, T
pqrHGFTf G,Di

Ex,a 7s�	
������qtK��L4MN>?N�uN�vw
xyz�89:�RS@ABC� (Navrotsky et al.,

+32*, +32-, +33* ; Hovis, +32. ; Hervig and Navrotsky,

+32. ; Hervig et al., +32/)'�IJ�����7�{�
����|�B0M}4~c��7�� K�����
(Proks et al., +311b ; Adamkovicova et al.,+32* ; Weill

et al., +32* ; Kosa et al., +32+ ; Zigo et al., +321)pqr�

��RS@ABC� (Kosa et al., +33, ; Adamkovicova

et al., +330)'��+,-.�	
.�. ������� (Di#erential scanning calorimetry)

�����s���s�q2����J ,����
��7����0���� ������0P�7;,
<,��������j-$���'���J[� +�+*

K�min����$������s'?���$�=0
��P��7�� ������0�[��7'���	
�,0����=����� F���DSCG 7��	 �
�� ,������������ �B�'��+,�
���$�0¡�)	�J[���s�@¢£��=
>?�¤��=0&��¥�t� �,�¦��§DSC

7�¨,-.� F©�ª#«� +320 ; ©¬ª%�� +33,G	
�� (/*�+/* mg)����7�_ (Au, Pt)�����
$���0;,<,������-���=0�[� +
?����� (Al,O-)0�.JTU5��®0P��
7�qt��'H?,�	 ���syz
¯89:�8
9:VW$�qt¥ /*�+**K°�$� (Y+***K)I�
��±²sDSC'³´µ +,-pt� 89:���
¶89:VW$�Z!���789:������0
·¸�J[�*�+,-.� F"¹¨� Stebbins et al., +32. ;

Lange and Navrotsky, +33- ; Toplis et al., ,**+ ; Tangeman

Fig. ,. The transposed-temperature drop calorimeter (a) and its detector (b). Samples are dropped from outside

of the calorimeter at room temperature into the sample chamber at high temperature (Y+2**K). In the

calorimetric detector, the thermopile consists of ,2 pairs of thermocouples connected in series. Junctions of

thermocouples are arranged symmetrically and are placed alternately between the sample chamber and

reference.
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and Lange, +332, ,**+ ; Roskosz et al., ,**.��
��������������	
�	�
�� �
����������
�
�����������
����������� �!"#� ���DSC"�

$� �!"�#%� +2**K���#&���'�#
��� !&���()� *+,�	-� Fe,O-&��.
+�� (Lange and Navrotsky, +33,)� CaMgSi,O0&�/
� (Lange et al., +33+)� 01���/� ��2�3*
+,&456+78�9 (Lange et al., +33. ; DeYoreo

et al., +33/ ; Sugawara and Akaogi, ,**-b)���:;

���

.�/ ������
<=>?&��#@ABC,*+,&��D����
 �E�&F"G"�
� HI8J5J+K��L�(
�M������� !;�*+,"�N���2�&O
PQ����� P�RS�T&�NUV&/L��*+
,�	-�W&2�&M� XM��� �Y��E�#�
)� Na"K�Z[\ ,2�3 (Fraser and Bottinga, +32/ ;

Fraser et al., +32/)	(1W;�� SiO,��]�\ -2
�3 (Rammensee and Fraser, +321 ; Chastel et al., +321)

�G�
& ^���� �_�HI8J5J+K��L
#�� ��!`"��2�&OPQ�a��b�"#�
�)� cdc$2&@ABC,*+,&e2�f%�g
]�"� Na"K�Z[\ ,2�3�h�:;����
&���E�#����
i'j(&�)#�� kld Xe� CaO-MgO-Al,

O--SiO,3� �	-�i'&*+���D���m9 
�,�#� i'R@ABC,*+,&�NUV&���
$2� n%�Qo-p�qr��s��� W;�tu�

kld.&n9i'2� (FeO, NiO, SiO,)&M���
m9 �E��v/�wx;
�� X0]y� Belton
et al., +31- ; Taniguchi et al., +331 ; Matsuzaki et al., +332 ;

Pagadorz1� +332 ; Morita et al., ,***�� 23�E��
cdc$2&@ABC,*+,�!�
�4�:;� *
+,�	-� FeO, Fe,O-, NiO, CoO5&��.+{|
456+78 (RTlngi)&$2o-p�g}:;�
(Doyle and Naldrett, +320, +321 ; Doyle, +322 ; Holzheid et

al., +331 ; O’Neill and Eggins, ,**, ; Gaillard et al., ,**-)�
�_�!&E�#�� 6�;� gi7� SLMix,a�.~+9
 ��&���o-�� ��6�;�7�!`"�
�
�2�&��.+{|456+78&�#��&#� �
89&{|456+78 (HL

Ex)�U�
�����7�
6�;���

/� ��	
����������
/�+ ��	
����������
/�+�+ �����������������
@ABC,�lk&������D�	-��#��
�!`&F"G"�
��&����� ^:;
%�
X0]y� Anderson, +3.0 ; Egorov et al., +31, ; Hirao and

Soga, +32,�� :��D&�)#�� +32*;<� P. Richet

" J.F. Stebbins�W;�;=>���������w
�� e#?��@&A2�$2&*+,"�lk&��
� ^�� (Stebbins et al., +32,, +32-, +32. ; Stebbins

and Carmichael, +32. ; Richet et al., +32,, +320 ; Richet

and Bottinga, +32*, +32.a, b, +32/). Richet�(���&
 ^�B��C:;
�� Stebbins&~86�Z�

D���/L"g}�w�
	)� �� Stebbins�(�
*+,&��~86���@&�EF�&���h�;
�&�!�� Richet�(�qr��EF����lkG
����H�I�����J�#wx;� ���K�l
k&�L������Y�
��� "�� ,G&MN�
()� O�#�e� Richet�(�v�& ^�tu�

�P�����
Table +�?��@$2&�lk"*+,&��&�

�o-p&V�"�L���� � �lk"*+,&�
��W;�;�m�() ¡:;� :

CpGi, T¢ai£biT£ciT¤,£diT¤*./ (+3a)

CpLi, T¢ai£biT (+3b)

!!#� 5Q�� Cv"5Q�� Cp&T���&UV
����

Cv¢Cp¤XTVa,�/bT (,*)

!!# a�5Q�RST� bT�5�Q¥T�U � Fig.
-�V¦§¨� (gram-atom)��)&�lk"*+,&
5Q��&���9����� @ABC,�lk#�
Cv" Cp&©��WX +� >�#�� (Richet and

Bottinga, +32*)� �lk&��� -R��u�"�lk
G��ª�
{K«*+,"�)� �¬&5Q���b
�# -R��u�Dulong-PetitY�Z��[\�®}
:;� (Haggerty et al., +302 ; Richet and Bottinga, +320 ;

Martens et al., +321)�
�lk&�����&]�#¯�°��]� �&�
!�� *+,&������(�±²³v�#��!"
�� ^´�§¨&�µ��N_ �!"�!�� ¶´�
e�§¨&`
·a#s��!"�(�� �lkG��
��	-�`
�� (CpLConf, i, Tf+¤i¢Cp

L
i, Tf+¤i¤Cp

G
i, Tf+¤i)�

b, �"� v/����&c�$2 X0]yDi, An�
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�� ������	
 ��� Qz, Ab� ����� Cp

L
Conf, i, Tf+�i

���� (Fig. -)� CpL
Conf, i, Tf+�i

������� 
!"#$%&'(�)*� +#,-.�/012�34
5�67���� �/�,�, 89��� !"#$%:;
 !,<$%6=>��

/�+�, ��������	
�	������
Richet (+321)�?@AB�CDEFG�HIBJK
L@��MNO�PQRS,CDE��T�U%"6A
&V� WXY�Z[M\]	
CDE��TU%"&	
^�_`�a&B� ,1*b+***Kc�ABdefgh�
N
HiPQRS,CDE�jHk#�T6lVM� j
Hk#�T�mO&no�pqr� st�	
�PQR

S,CDE��T6uv��a&�B�� :

CpG
a, Tw�

�
Xi�aixbiTxciT

�,xdiT
�*./� (,+)

AM Richet et al. (+33-b)�� * K�yz�CDE�12
 !,<$% �{| !,<$%� 6lV�}~B� /b
-**K����y�� Jd, En, GrCDE��T6��
�� ?@AB�U%"&	^�_`� *K& ,32K� 
!,<$%�� (SG

i, ,32�SG
i, *)�jHk#�6JK���

�� p (,+)�mOy�; SG
i, ,32�SG

i, *�jHk#�6 Table

,����
N
HiPQRS,+#,��T� +31*����A

B����3q[M�� Carmichael et al. (+311), Stebbins

et al. (+32,, +32-, +32.)��o�T�����*��	

y�; An-Ab-Dii+#,��T6���M� a@r
�U%"�\]	
+#,��T&	^�_`����
Z_@� N
HiPQRS,+#,�jHk#�T��
V�JKL@M (Stebbins et al., +32.)� ?��� Lange

and Navrotsky (+33,)�T��DSC��*Na,O-FeO-

Fe,O--SiO,i� CaO-FeO-Fe, O--SiO,iy�;��	

�+#,��T��6Z�� �J�U%"&	^�_`
�+#,�jHk#�T6����M� ��� Richet

and Bottinga (+32/)��o�T������U%"&�
J������� SiO,-Na, O-Li, O-CaO-MgO-SrOi+
#,��T6A&V� Al, O-6�Ah�+#,��*d
eB��jHk#�T6JK�M� AM Courtial and

Richet (+33-)�MgO-Al,O--SiO,iB�o�T���6
Z�� a�iBdeB�� Al,O-�jHk#�T6JK
����� a@r������  Table ,�A&VM�
jHk#�T6e��N
HiPQRS,+#,��T
�¡p�*uvL@� :

CpL
a, Tw�

�
XiCpL

i (,,)

Fig. -. Heat capacity of CaSiO- (Wo), CaMgSi,O0

(Di), CaAl,Si,O2 (An), NaAlSiO. (Ne),

NaAlSi,O0 (Jd), NaAlSi-O2 (Ab), KAlSi-O2

(Sa) and SiO, (Qz) glasses and liquids. Data

from Richet and Bottinga (+32.a, b) and Richet

et al. (+32,, +33*, +33+).

Table ,. Partial molar quantities of S,32-S* of glass and heat capacities of glass and liquid.
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(Richet and Bottinga, +32.a, b ; Stebbins et al., +32-, +32.)

����	�� (Richet, +321 ; Lange and Navrotsky, +33,)
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Fig. .. Compositional variations of heat capacities of An-Di, An-Ab and Ab-Di liquids at +11-K and glasses at

21-K.
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Tf,�Dih32/ K)�j�' ����]81����ef0
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Dih-/- kJ�mol��$����\
d� WHDi

+00/h+-2.+i,.+ kJ�mol�Z[4�' E�� Richet

and Bottinga (+32.b)���_`����"�_` ¡
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+*** Kª`(��vw�«89%$�'4^4����
\d¬_�®K!���§¨©1¯°D9� Ziegler

and Navrotsky (+320)�±²�³m��´A�¬_��
�_`�ef0�K!�Y%>��' ]8� +/1. K

^8 +100 K�^U%Diopside�µ¶�·¶�����
� �g�®K!4� WHDi

+00/h+-2./ kJ�mol�j�'
���� Stebbins et al. (+32-)�� Richet and Bottinga

(+32.b)�\��9(����\5z�%#d� NOP
������� � DhTf Tf

Di
+�i ,�i�����¢$%Q�R

Fig. /. Experimental data of relative enthalpies (Hj
T

�HS
,32, jhL, S or G) of CaMgSi, O0 liquid, super-

cooled liquid, glass and diopisde. Enthalpies of

glasses were calculated using enthalpy of

vitrification reported by Weill et al. (+32*).

Solid line represents relative enthalpy of diopside

calculated from formulation of heat capacity by

Richet and Fiquet (+33+). Dotted lines are

enthalpies of liquid and glass calculated from

heat capacity by Lange and Navrotsky (+33,)

and partial molar heat capacity by Richet

(+321), respectively.

Table -. Enthapy of fusion of diopside (kJ/mol) at

melting point, +00/ K.
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Table .	01�	234567�23458�7)
9��
STm�model-,	 SiO,���	��� Fig. 1

b).0� 234567	
STm: XSiO,� 	!�"�
�"� �;9<	=>8�7	
STm:?	@AB�#
CDE&F���� GH� 3IJ�KLM23458
�7	
STm� Cation field strength (Z/(+..Nr),, ZOP
Q� rO3GRST (U)V 	�����0��� WX	
XSiO,�Y0�Z[�C� 3GR	\]E	^_)9`�

STm"DE;&� (Fig. 1c)� a�b��� 2345Z
[	
STm:� '(	c�d (XSiO,)�e3GR	\]
E��f ,9	gh�iR(MjE`���?�".
/E`�� klmR(Mnj�:� Z[op"q`�'
(rs)&tuv	wxyz	={|d�}0��f
~������� �#c�d"DE;� �3�	DE&
��GR<�o�E`�'(�����
STm"\]
;&�?�:� ���������`��

/�- ��������	
�����
+32*���Sa�:������	���d��	�
� �� +***K��V)�#'(	mR�nj���
0�?�" ¡¢��tuub)� £)!¤¥�¦§�

Fig. 0. Relationships between entropy of fusion of

silicate minerals (An, Wo, Di, Py, Co, Qz, Ab,

Jd, Ne, Sa, En and Fo) and crystals (Na,Si,O/

and K,Si,O/) and heat capacity or configura-

tional heat capacity of those liquids at fictive

temperature. Dotted line represent a + : + cor-

relation between 
STm and CpL
Conf, Tf.

Fig. 1. Compositional variations of entropy of

fusion of silicate minerals and crystals listed in

Table .. (a) Plot of 
STm for silicate minerals

against mole fraction of SiO, by model-+ (An,

Jd, Ac, Ne) and model-, (all minerals) ; (b)

plot of 
STm for silicate minerals and Al-free K,

Na, Li-silicate crystals against mole fraction of

SiO, by model-, ; (c) plot of 
STm for ortho-, ino-

and phyllosilicates against cation field strength.

The cation field strength is defined as : Z/(+..Nr),,

with Z being the nominal cation charge and r

the Pauling-Ahrens radius in Angstroms.
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Fig. 2. Comparisons between observed and calculated

liquids temperatures of An-Di system. (a)

Simple oxide model ; (b) two-lattice model.
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Table 0. Data list of excess enthalpy of silicate liquids.
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Fig. 3. Excess enthalpies of pseudobinary silicate liquids and glasses. (a) An-Di ; (b) An-Ab; (c) Ab-Di ; (d)

An-Fo ; (e) An-.Qz; (f) Ab-.Qz; (g) Sa-.Qz; (h) Di-Qz ; (i) Ab-Sa ; (j) En-Wo; (k) Wo-Ak; (l)

Wo-Ge ; (m) An-Wo; (n) An-Ak; (o) Di-Ak ; (p) An-Ge. Dotted lines in each figure represent variations

of HL
Ex approximated with a symmetric simple solution.
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Fig. 3. Continued
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Table 1. Regular solution parameters (Wij) and
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»¼ >126



T
a
b
le

2.
E

n
th

a
lp

y
ch

a
n
g
e

o
f

ex
ch

a
n
g
e

re
a
ct

io
n

in
si

li
ca

te
li
q
u
id

s
a
n
d

a
cl

a
ss

ifi
ca

ti
o
n

o
f

in
te

ra
ct

io
n
s.

���������	 : 
�������� 127



���� HL
Ex (original)�Ghiorso and Sack (+33/)���

��	
�������HL
Ex����

�������HL
Ex ���������� � �

Berman (+322)���HS
,32, Berman and Brown (+32/)�

Richet and Fiquet (+33+)� Courtial et al. (,***)� Bouhifd

et al. (,**,)��� CpS
i , Table .� DHTmi

!�" Table +

� CpL
i ��#$� % (,a)�� +11- K�!&� An,

Ab, Di, Fo, En, Qz, Ak, Ge, Sa'()�*+,(-.�
���������/�012�*+,(-.3 Table 0

�45)6�780129:�HL
Ex�;!�"% (++)

��HL
a, +11-�<� =��3>� An-Ab-Di?'()�@

#$�� Navrotsky et al., (+323)���;�ABCD>
#��� ����	
E�����F.,G/H#�I�
J#$� HL

a, +11-G/Ghiorso and Sack (+33/)�012�
*+,(-. =�K6 Fo'()�F.,�LM���I
�B6NO�3�� HL

Ex, a, +11- ����� PQ�6$�
Ghiorso and Sack (+33/)C0129:36$��#$#
R#78012 (An, Ab, Di, En, Ak, Ge, Jd, Ne, Sa, Py,

Cd, Mw)�*+,(-.�S6$THL
Ex, a, +11-�����

UV��</��HL
Ex, a, +11-��#$�

HL
Ex, a, +11-W�

�
�
���

XiXjWij (-1)

�X������	
 (Wij)�E�6�� YZ[>\]
^_`��E����K,O-Na,O-CaO-MgO-Al,O--SiO,

?'()�Wij3� Ghiorso and Sack (+33/)Cab6�
;� Table 3��3��� R!� LM�����WAlcK

3WNacK�de��fgC Ab-Sa?�F.,�h/��
i�/�j��E��>R#��� WAlcKWWNacK�k
�3l�6��
�������HL

Ex3����	
���HL
Ex� Fig.

+*�mn6�� Fig. ++� An-Ab, Ab-Di, An-Di!�"
Wo-An?�!&� +11- K�'()3 ,32 K�op�*
+,(-.�B�q�� Ghiorso and Sack (+33/)���
��	
���HL

Ex�c-*r* kJ�mol�D>��k�
(Fig. +*a)� ����������HL

Ex�st3uvw6
O� x/Cyz���R{12?�p|}~��T�+/

kJ�mol���AB�*+,(-.C;C</�$#�
�3�q� (Fig. ++)� �����9�OWij��#��
3�HL

Ex��������>�� 6G6� ����1
=An-Di, An-Wo, Wo-Gh?I �S6$�c+* kJ�molU
��HL

Ex3'()�*+,(-.C���>$#R#
(Fig. +*b, Fig. ++b, d)� ���3�� ����6�01
2����6������ CaO3 CaAl, O.���'
()��6$�����l�C����R#�3�q�
��C� HL

Ex���ABTD>#�������>R#�
Table 3�Wij3012�'()�*+,(-.��

#$� �%����78��~�������3C�
>� :

DHa,Tmi
W�

�
XiH

L
i, +11-��

�
�
���

XiXjWij���
���

	

�
CpL

adT

c
�
�
�

HS
a, ,32���

���

��
CpS

adT
�
�
�

(-2)

An, Ab, Di, En, Ak, Ge, Jd, Ne, Sa, Py, Cd!�"Mw�
�6$������Hi,Tm3i�/���; (Table .)�
mn� Fig. +,�q���������Wij��#��3
�� �- kJ�gfw (r�+/ kJ/mol)���AB��~�C�
���$#�� Wij�������E���$#R#
78012��~������������>�� ��
 � CaMgSiO. (Monticellite)��~��¡+¢+£�'
()¤� Ca2¥�~��¦�R��§��k�C� �
K����$#R#� ���� Table 3�Wij, Richet and

Bottinga (+32/)���'()��2¨(m�� Berman

(+322)���op���§F.,��#$% (-2)��
���3� +11- K�!&�:©�ª��~�36$
2..+ kJ�molC</�� (Table .)�

/�. ���������	
���
/�.�+ ��������������	
���
'()�*+)«-.�� ¬*+)«-.� SL

Vib, i, T

=% 1aI 3¥®*+)«-.� SL
Conf, i, T =% 1bI �¯°��

�� 6G6� p|}±²³2¥���§���¦�R�
�i�/���k���� +32*´µ¶·���	¸C¹

Table 3. Regular solution parameters, Wij (kJ/mol,)

of silicate liquids determned based on the

calorimetric enthalpies and of MELTS (Ghiorso

and Sack, +33/).
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Fig. +*. Comparisons between observed and calculated excess enthalpies of silicate liquids. (a) MELTS (Ghiorso

and Sack, +33/) ; (b) Calorimetric regular solution parameters.

Fig. ++. Relative enthalpies (HL
+11-�HS

,32) of An-Ab, An-Di, Ab-Di An-Wo systems by calorimetric measurements

and those calculated by regular solution parameters in Table 3.
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Table +*. Configurational entropies at fictive temperatures of glasses by calorimetry and viscometry and

comparisons between observed and predicted melting temperatures.
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Fig. +-. Viscosity of liquid CaAl,Si,O2 and

CaMgSi,O0 as a function of reciprocal tempera-

ture (a) and as a function of +/TSL
Conf, i, T (b).

Data from Scarfe et al. (+32-) and Taniguchi

(+33,).
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phase equilibrium and by calorimetry (shaded

area) and by statistical models (solid and
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Fabrichnaya, O. B. and Nérad, I. (,***) Thermodynamic

properties of liquid phase in the CaO�SiO,-CaO�Al, O-�
,SiO,-,CaO�Al, O-�SiO, system. J. Eur. Ceram. Soc.,

,*, /*/�/+/.

Fei, Y., Saxena, S. K. and Eriksson, G. (+320) Some binary

and ternary silicate solution models. Contrib. Mineral.

Petrol., 3., ,,+�,,3.

Ferrier, A. (+302) Mesure de l’enthaplie du diopside syn-

thétique entre ,32 et +22/ K. C. R. Acad. Sc. Paris, t. ,01,

série C, +*+�+*-.

Fraser, D. G. and Bottinga, Y. (+32/) The mixing pro-

perties of melts and glasses in the system NaAlSi-

O2-KAlSi- O2 : comparison of experimental data obtained

by Kundsen cell mass spectrometry and solution calorim-

etry. Geochim. Cosmochim. Acta, .3, +-11�+-2+.

Fraser, D. G., Rammensee, W. and Hardwick, A. (+32/)

Determination of the mixing properties of molten sili-

cates by Kundsen cell mass spectrometry-II. The systems

(Na-K) AlSi. O+* and (Na-K) AlSi/ O+,. Geochim. Cosmo-

chim. Acta, .3, -.3�-/3.

Furukawa, G. T., Douglas, T. B., McCoskey, R. E. and

Ginnings, D. C. (+3/0) Thermal properties of aluminum

oxide from *� to +,**�K. J. Res. Nat. Bur. Stand., /1,

01�2-.

Gaetani, G. A., Asimow, P. D. and Stolper, E. M. (+332)

Determination of the partial molar volume of SiO, in

silicate liquids at elevated pressures and temperatures : a

new experimental approach. Geochim. Cosmochim. Acta,

0,, ,.33�,/*2.

Gaillard, F., Pichavant, M. and Scaillet, B. (,**-) Experi-

mental determination of activities of FeO and Fe, O-

components in hydrous silicic melts under oxidizing con-

ditions. Geochim. Cosmochim. Acta, 01, .-23�..*3.

Gan, H., Wilding, M. C. and Navrotsky, A. (+330) Ti.� in

silicate melts : energetics from high-temperature calori-

metric studies and implications for melt structure. Geo-

chim. Cosmochim. Acta, 0*, .+,-�.+-+.

Gaune-Escard, M. and Bros, J. P. (+31.) High temperature

calorimetry up to +2** K. Can. Met. Quart., +-, --/�--2.

Ghiorso, M. S. and Carmichael, I. S. E. (+32*) A regular

solution model for met-aluminous silicate liquid : appli-

caitons to geothermometry, immiscibility, and the source

regions of basic magmas. Contrib. Mineral. Petrol., 1+,

-,-�-.,.

Ghiorso, M. S. and Sack, R. O. (+33/) Chemical mass

transfer in magmatic processes IV. A revised and inter-

nally consistent thermodynamic model for the interpola-

tion and extrapolation of liquid-solid equilibria in

magmatic systems at elevated temperatures and pres-

sures. Contrib. Mineral. Petrol., ++3, +31�,+,.

Ghiorso, M. S., Carmichael, I. S. E., Rivers, M. L. and

Sack, R. O. (+32-) The Gibbs Free Energy of mixing of

natural silicate liquids : an expanded regular solution ap-

proximation for the calculation of magmatic intensive

variables. Contrib. Mineral. Petrol., 2-, +*1�+./.

Ghiorso, M. S., Hirschmann, M. M., Reiners, P. W. and

Kress, V. C. III. (,**,) The pMELTS: a revision of

MELTS for improved calculation of phase relations and

major element partitioning related to partial melting of

the mantle to - GPa. Geochem. Geophys. Geosyst., - (/),

OI +*.+*,3/,**+GC***,+1.

Ginnings, D. C. and Corruccini, R. J. (+3.1) An improved

ice calorimeter�the determination of its calibration

factor and the density of ice at *�. J. Res. Nat. Bur.

Stand. -2, /2-�/3+.

Gottschalk, M. (+331) Internally consistent thermodynam-

ic data for minerals in the system SiO,-TiO,-Al,O--Fe,O--

CaO-MgO-FeO-K, O-Na, O-H, O-CO,. Euro. J. Mineral.

3, +1/�,,-.

Haggerty, J. S., Cooper, A. R. J. and Heasley, J. H. (+302)

Heat capacity of three inorganic glasses and liquids and

supercooled liquids. Phy. Chem. Glass, 3, .1�/+.

Hallstedt, B., Hillert, M., Selleby, M. and Sundman, B.

(+33.) Modelling of acid and basic slags. Calphad, +2,

-+�-1.

Hart, S. R. and Davis, K. E. (+312) Nickel partitioning

between olivine and silicate melt. Earth Planet. Sci. Lett.,

.*, ,*-�,+3.

Hel#rich, G. and Wood, B. (+323) Subregular model for

multicomponent solutions. Am. Mineral., 1., +*+0�+*,,.

Henry, D. J., Navrotsky, A. and Zimmermann, H. D.

(+32,) Thermodynamics of plagioclase-melt equilibria in

the system albite-anorthite-diopside. Geochim. Cosmochim.

Acta, .0, -2+�-3+.

Hervig, R. L. and Navrotsky, A. (+32.) Thermochemical

study of glasses in the system NaAlSi- O2-KAlSi- O2-Si. O2

and the join Na+.0 Al+.0 Si,.. O2-K+.0 Al+.0 Si,.. O2. Geochim.

����	
��� : ���������� 135



Cosmochim. Acta, .2, /+-�/,,.

Hervig, R. L., Scott, D. and Navrotsky, A. (+32/) Thermo-

chemistry of glasses along joins of pyroxene stoichio-

metry in the system Ca, Si, O0-Mg, Si, O0-Al. O0. Geochim.

Cosmochim. Acta, .3, +.31�+/*+.

Hess, P. C. (+33/) Thermodynamic mixing properties and

the structure of silicate melts. In Structure, dynamics and

properties of silicate melts, Vol. -, (Stebbins, J. F.,

McMillan, P. F. and Dingwell, D. B. eds), +./�+23. Min-

eralogical Society of America.

Hillert, M. (+331) Thermodynamic modelling of solutions.

Calphad, ,+, +.-�+/-.

Hirao, K. and Soga, N. (+32,) Heat capacity and Grüneisen
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This relationship was used to estimate Tf,Ea and

to calculate excess enthalpy of the liquid of

which the Tf,Ea was not measured.
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