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AbsTrACT

The ubiquity of quartz in continental crust, and the involvement of SiO2 in multiple metamorphic 
SURFHVVHV�VXFK�DV�UHDFWLRQV��ÀXLG�ÀX[��DQG�VROXWLRQ�WUDQVIHU�SURFHVVHV��PDNHV�TXDUW]�DQ�REYLRXV�FKRLFH�
for reconstructing prograde metamorphic conditions in various rock types. Recent studies have shown 
WKH�XVHIXOQHVV�RI�DQDO\]LQJ�7L�GLVWULEXWLRQ�LQ�TXDUW]�WR�FRQVWUDLQ�SUHVVXUH�WHPSHUDWXUH��UHODWLYH��WLPH�
deformation (P-T-t-D��LQ�PHWDPRUSKRVHG�WHFWRQLWHV��1HZ�KLJK�SUHFLVLRQ�VLQJOH�FU\VWDO�;�UD\�GLIIUDFWLRQ�
YROXPH�FRQVWUDLQWV�RQ�7L�GRSHG�DQG�FKHPLFDOO\�SXUH�TXDUW]�SURYLGH�IXUWKHU�HYLGHQFH�IRU�VXEVWLWXWLRQ�
of Ti4+ for Si4+ in the tetrahedral site in quartz, with resultant lattice strain on the structure.

5HFHQW�DSSOLFDWLRQV�RI�WKH�7L�LQ�TXDUW]�WKHUPREDURPHWHU�WR�G\QDPLFDOO\�UHFU\VWDOOL]HG�TXDUW]�KDYH�
LGHQWL¿HG�UHFU\VWDOOL]HG�VXEJUDLQV�WKDW�FRQWDLQ�ORZHU�7L�FRQFHQWUDWLRQV��>7L@��WKDQ�WKHLU�KRVW�SRUSK\�
URFODVWV��,Q�DGGLWLRQ��>7L@�DUH�ORZHU�WKDQ�H[SHFWHG�IRU�WKH�WHPSHUDWXUHV�RI�UHFU\VWDOOL]DWLRQ��$WRPLVWLF�
simulations that estimate energetic perturbations resulting from Ti incorporation into the quartz lat�
WLFH�LQGLFDWH�WKDW�VLJQL¿FDQW�LQFUHDVHV�LQ�VWUDLQ�HQHUJ\�RFFXU�RQO\�DW�YHU\�KLJK�>7L@��WKH�VWUDLQ�HQHUJ\�
LQFUHDVH�LV�QHJOLJLEOH�IRU�>7L@�W\SLFDO�RI�TXDUW]�JURZQ�XQGHU�PLG�FUXVWDO�FRQGLWLRQV��7KLV�VXJJHVWV�WKDW�
ODWWLFH�VWUDLQ�UDUHO\�SURYLGHV�DQ�DSSUHFLDEOH�GULYLQJ�IRUFH�IRU�7L�ORVV�IURP�TXDUW]��LQVWHDG��LW�DSSHDUV�
that subgrain boundaries and dislocation arrays migrating through recrystallizing quartz crystals can 
SURPRWH� ORFDOL]HG� UH�HTXLOLEUDWLRQ�� WKHUPRG\QDPLFDOO\� UHJXODWHG�E\� WKH� FRPSRVLWLRQ�RI� WKH� LQWHU�
granular medium (typically undersaturated in Ti). It therefore appears that analyses from dynamically 
recrystallized quartz cannot be meaningfully interpreted until methods are developed that can account 
TXDQWLWDWLYHO\�IRU�WKH�UHGXFWLRQ�RI�7L�UHVXOWLQJ�IURP�FU\VWDO�SODVWLF�ÀRZ�
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inTroDuCTion

Thermobarometry is of key importance in metamorphic and 
VWUXFWXUDO�SHWURORJ\�IRU�UHFRQVWUXFWLQJ�WKH�SUHVVXUH�WHPSHUDWXUH�
deformation (P-T-D) histories of metamorphic tectonites and the 
geologic evolution of orogenic terranes. Peak metamorphism 
is often considered because equilibration is most prominent at 
peak temperature and speaks most directly to the depth the rocks 
reached and the mechanisms for burial and exhumation. Tectonic 
models are derived from P-T profiles with respect to structural 
transects to explain the evolution of the tectonic environment. 
7KH�7L�LQ�TXDUW]��³7LWDQL4´��WKHUPREDURPHWHU�KDV�EHHQ�DSSOLHG�
to a wide variety of rocks in various tectonic environments since 
its initial calibration by Wark and Watson (2006). Applied to 
SHOLWLF�VFKLVWV�PHWDPRUSKRVHG�DW�PLG�FUXVWDO�GHSWKV��WKH�7LWDQL4�
thermobarometer has been shown to be an effective monitor of 
6L�IOX[� UHVXOWLQJ� IURP�� ����PHWDPRUSKLF� UHDFWLRQV�� ���� VWUDLQ�
LQGXFHG�VROXWLRQ�WUDQVIHU��DQG�����6L�FKDUJHG�IOXLG�LQIOX[��$VKOH\�
HW�DO���������7KH�FRPPRQDOLW\�DPRQJ�WKHVH�WKUHH�UH�HTXLOLEUDWLRQ�
scenarios is that they are all the result of quartz growth events. 
,Q�QR�FDVHV�VWXGLHG�E\�$VKOH\�HW�DO���������ZHUH�SHDN�T condi�
tions preserved. This is because of the low diffusivity of Ti in 
quartz under typical Barrovian metamorphic conditions and the 
LQDELOLW\�RI�7L�LQ�WKH�TXDUW]�ODWWLFH�WR�UH�HTXLOLEUDWH�DW�WHFWRQL�

cally significant time scales under the P-T conditions studied. 
Recent attempts have been aimed at interpreting results from 
deformed quartzites. However, dynamically recrystallized quartz 
KDV�FRQFHQWUDWLRQV�RI�7L��>7L@��PXFK�ORZHU�WKDQ�H[SHFWHG�IRU�WKH�
temperatures required to activate dislocation slip systems for the 
LQIHUUHG�UHFU\VWDOOL]DWLRQ�UHJLPHV��H�J���*UXMLF�HW�DO��������$VK�
OH\�HW�DO��������1DFKODV�HW�DO���������,Q�WKLV�DUWLFOH��ZH�GLVFXVV��
����SRWHQWLDO�PHFKDQLVPV�WR�GULYH�TXDUW]�UH�HTXLOLEUDWLRQ�ZLWK�
UHVSHFW�WR�7L��JURZWK�YV��UHFU\VWDOOL]DWLRQ�������FU\VWDOORJUDSKLF�
and energetic consequences resulting from Ti substitution for Si, 
including atomistic simulation to evaluate interactions among 
7L�GHIHFWV�� DQG� ���� WKH� HIIHFW� RI� G\QDPLF� UHFU\VWDOOL]DWLRQ�RQ�
Ti solubility in quartz. Insights gained from application of the 
7LWDQL4�WKHUPREDURPHWHU�WR�TXDUW]�P\ORQLWHV�E\�YDULRXV�UHVHDUFK�
groups are discussed to help guide future applications of the 
7LWDQL4�WKHUPREDURPHWHU�LQ�JHRORJLFDOO\�DSSURSULDWH�VFHQDULRV�

TiTAnium inCorporATion in quArTz

Crystallographic incorporation
The incorporation of Ti4+ into quartz has previously been 

attributed to isomorphic and isoelectronic substitution for the 
Si4+ ion, with significant temperature and, to a lesser extent, 
pressure influences (e.g., Müller et al. 2003). Numerous experi�
PHQWV��LQFOXGLQJ�;�UD\�DEVRUSWLRQ�QHDU�HGJH�VWUXFWXUH��;$1(6��
and density functional theory (DFT) calculations, support the 

American Mineralogist, Volume 99, pages 2025–2030, 2014

��������;��������±�����������'2,��KWWS���G[�GRL�RUJ���������DP����������� �    2025 

�(�PDLO��NWDVKOH\#YW�HGX


