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abstract

In theory, multicomponent silicate liquids of minimum or eutectic composition should crystallize 
their solidus phases simultaneously and in their invariant proportions. In reality, the crystallization of 
those liquids of granitic composition produces sequential assemblages and normal fractional crystalliza-
tion of solid solutions when crystallization commences at or along an isotherm well below the solidus 
of the system. The sequence of mineral assemblages derives principally from their relative stabilities, 
as measured by the Gibbs free energy change for the reaction of melt to crystals in the metastable 
region below the liquidus surface, rather than chemical concentration alone. Whereas crystallization 
FORVH�WR�WKH�VROLGXV��ǻT�§�����&��SURPRWHV�WKH�VLPXOWDQHRXV��HXWHFWLF��FU\VWDOOL]DWLRQ�RI�TXDUW]�DQG�
IHOGVSDUV�WKDW�OHDGV�WR�WKH�IRUPDWLRQ�RI�JUDQLWH��ODUJH�OLTXLGXV�XQGHUFRROLQJ��¨T�§������&��SURGXFHV�
sequential assemblages from the margins to centers of melt bodies. The liquidus undercooling that 
drives subsolidus isothermal fractional crystallization is the single-most important process for the 
generation of zoned granitic pegmatites.
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introDuction

Though liquidus diagrams are utilized to model crystalliza-
tion of initially crystal-free melts, all such diagrams are actually 
derived from thermally prograde partial melting experiments in 
ZKLFK�OLWWOH�RU�QRWKLQJ�FU\VWDOOL]HV��%RZHQ��������������7KLV�
is because silicate liquids, and in particular viscous, high-silica 
liquids that correspond to the compositions of granites (s.l.���
tend to persist metastably well below their liquidus or solidus 
�)LJ���D���DQG�KHQFH�DUH�RI�OLWWOH�YDOXH�LQ�ORFDWLQJ�WKRVH�SKDVH�
boundaries upon cooling.

In the case of equilibrium crystallization, a melt of minimum 
or eutectic composition that cools to its solidus should crystal-
lize quartz and alkali feldspars simultaneously in their invariant 
proportion. That crystallization will not take place precisely at the 
temperature of the minimum or eutectic because some degree of 
supersaturation is necessary to initiate the nucleation and contin-
ued growth of crystals. For igneous systems, the most common 
FDXVH�RI�VXSHUVDWXUDWLRQ�LV�FRROLQJ��)LJ���D���XQGHUFRROLQJ�RI�XS�
WR�����&�PD\�EH�QHFHVVDU\�WR�LQLWLDWH�FU\VWDOOL]DWLRQ�LQ�JUDQLWLF�
liquids, irrespective of the rate of cooling or time at temperature 
�)LJ���D���:LWKLQ�a��±����&�RI�WKH�VROLGXV��KRZHYHU��WKH�GULYLQJ�
force to crystallize quartz and feldspar is nearly equivalent (Fig. 
�E���DQG�KHQFH�WKHUH�LV�D�QHDUO\�HTXDO�SUREDELOLW\�WKDW�ERWK�ZLOO�
crystallize simultaneously, as is the general case for granite. 
Pegmatites of essentially the same granitic composition are now 
NQRZQ�WR�EHJLQ�WKHLU�FU\VWDOOL]DWLRQ�DW�a�����&��ZKLFK�LV�����
�&��ǻT��EHORZ�WKH�VROLGXV�RI�WKH�K\GURXV�JUDQLWH�V\VWHP�$E�
Or-Qtz-H22��&KDNRXPDNRV� DQG�/XPSNLQ�������0RUJDQ�DQG�
/RQGRQ�������:HEEHU�HW�DO��������/RQGRQ�������/RQGRQ�HW�DO��
������&RORPER�HW�DO���������(TXLOLEULXP�WKHRU\�DV�LW�KDV�EHHQ�
applied to pegmatites predicts that even at large undercooling, the 

crystalline product should be a simultaneous eutectic assemblage 
�%XUQKDP�DQG�1HNYDVLO�������

Dynamic crystaLLization experiments

([SHULPHQWV�WKDW�ZHUH�DLPHG�DW�DVVHVVLQJ�WKH�FU\VWDOOL]DWLRQ�
response of felsic and granitic liquids as functions of undercool-
ing were termed “dynamic crystallization” experiments (e.g., 
6ZDQVRQ�������)HQQ��������/RQGRQ�HW�DO���������FRQGXFWHG�G\-
QDPLF�FU\VWDOOL]DWLRQ�H[SHULPHQWV�ZLWK�REVLGLDQ�IURP�0DFXVDQL��
3HUX��WKH�FRPSRVLWLRQ�RI�WKDW�REVLGLDQ�LV�YLUWXDOO\�LGHQWLFDO�WR�
WKH�7DQFR� UDUH�HOHPHQW� SHJPDWLWH��0DQLWRED� �6WLOOLQJ� HW� DO��
�������0HOW�FRQWDLQLQJ���ZW��+22�GHULYHG�IURP�WKH�0DFXVDQL�
REVLGLDQ��VDWXUDWHG�DW�a���ZW��+22��DW�����03D�ZDV�WDNHQ�WR�
LWV� OLTXLGXV�RI�a������&�� WKHQ�FRROHG�LVREDULFDOO\� WR����±����
�&� �ǻT� ����±���� �&��EHIRUH� FU\VWDOOL]DWLRQ�FRPPHQFHG�� ,Q�
all cases, the initial assemblage consists mostly of plagioclase 
(An12��WKDW�LV�PRUH�FDOFLF�WKDQ�WKH�EXON�FRPSRVLWLRQ��$Q3���7KDW�
FDOFLF� SODJLRFODVH� ��� TXDUW]��� ]LQQZDOGLWH�� HYROYHV� WR� DOELWH�
(An2��±�.�IHOGVSDU�SDLUV��)LJ������FRPSRVLWLRQV�RI�WKH�FRH[LVWLQJ�
feldspars closely match the equilibrium solvus compositions at 
the P and T of the experiments. With continued crystallization 
in the H2O-undersaturated system, the melt fractionates toward 
a composition that is sodic, alkaline (in relation to measures 
RI�$�&1.�RU�$6,���DQG�HQULFKHG�LQ�IOX[LQJ�FRPSRQHQWV��%��3��
DQG�)���ZDWHU��+���DQG�UDUH�DONDOLV��/L��5E��&V���+RZHYHU��WKDW�
evolved melt composition first appears as a boundary layer of 
liquid adjacent to crystallization fronts (see Fig. 5a of London 
DQG�0RUJDQ�������

'\QDPLF�FU\VWDOOL]DWLRQ�LQYROYLQJ�D�����03D�PLQLPXP�KDSOR�
JUDQLWH�FRPSRVLWLRQ��QRUPDWLYH�ZW��$E38.23Or28.72Qtz33.04Crn0.01��
ZLWK���ZW��%2O3�JODVV�DQG�QR�ZDWHU�DGGHG�DW������&��ǻT�§�����
�&��DQG�����03D��/RQGRQ�������SURGXFHG�PLQHUDORJLFDO�DQG�
textural zonation that strongly resemble the alternations found 
�(�PDLO��GORQGRQ#RX�HGX


