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Abstract
Thermometry of high-grade metamorphic rocks is difficult due to fast cationic diffusion during 

slow cooling, but the titanium content of calcium amphibole (Ti-Amp) can retrieve amphibole-forming 
temperature as high as ~1000 °C. Based on pseudosection modeling and past research survey, we find 
that Ti-Amp is controlled by temperature under the conditions of oxygen fugacity <2 log units above the 
Ni-NiO oxygen buffer (ΔNNO+2), in subalkaline systems, and with the presence of Ti-phases (rutile, 
ilmenite, or titanite). We apply available experimental data to calibrate a new Ti-Amp thermometer 
for such conditions:
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 where T is temperature and log TiAmp is the Ti content of amphibole in atom per formula unit (apfu) 
expressed in the logarithm to base 10. The standard error of the calibration experiments is ±35 °C. 
This thermometer can be applied only if the aforementioned conditions are fulfilled. Besides, caution 
should be taken when applying the thermometer to rocks under subsolidus water-unsaturated condi-
tions, which can be observed as non-equilibrium textures or low bulk-rock water content (<1–1.5 wt%). 
The results of this thermometer may be underestimated if applied to rocks that are equilibrated above 
850 °C and contain rutile and a significant amount of water (>3.5–4 wt%).

The new thermometer can be successfully applied to amphibole-bearing natural igneous and meta-
morphic rocks. In addition, we propose the Si vs. Ti in amphibole diagram that roughly demarcates 
the boundaries among the high amphibolite, high-temperature granulite, and ultrahigh-temperature 
granulite facies. Although pseudosection modeling provides details of the P-T evolution of studied 
rocks, the Ti-Amp thermometer is quick and easy to apply. However, further research is needed to 
improve our knowledge of the behavior and stability of amphibole and to improve the accuracy of 
both pseudosection modeling and conventional thermometry.
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Introduction
High-grade metamorphic rocks usually experience slow cool-

ing processes at a relatively high temperature. Fast componential 
diffusion during high-temperature cooling boosts compositional 
resetting, causing great difficulties in estimating peak temperature 
(Frost and Chacko 1989; Pattison et al. 2003). There are several 
examples of natural rocks metamorphosed at >900 °C (e.g., Harley 
1989, 1998; Li and Wei 2016; Santosh et al. 2007), so thermometric 
methods with a high closure temperature are required for such con-
ditions. For example, diagnostic assemblages such as sapphirine-
quartz and sillimanite-orthopyroxene in ultrahigh-temperature 
(UHT) metapelite are resistant to destruction during slow cooling 
(Frost and Chacko 1989; Harley 1989). Rare-earth-element-based 
thermometers on certain minerals have also been successfully ap-
plied to high-temperature (HT) and UHT metamorphic conditions 
(Liu and Wei 2018; Yang and Wei 2017).

Calcium amphibole is one of the most common minerals that 
crystallize/recrystallize in hydrated igneous rocks, amphibolites, 
and mafic granulites, and can be stable up to 950–1100 °C (e.g., 
Rushmer 1993; Sen and Dunn 1994; Springer and Seck 1997; 
Wyllie and Wolf 1993). Lots of efforts have been made to estab-
lish amphibole-related thermometers. The classical amphibole-
plagioclase thermometers of Holland and Blundy (1994) use 
the exchange of (NaAl)(oSi)–1 or (NaSi)(CaAl)–1 (Spear 1980, 
1981). However, amphibole and plagioclase are commonly 
zoned; in equilibrium, sometimes amphibole grows with plagio-
clase breaking down during suprasolidus cooling (e.g., Koester 
et al. 2002; Palin et al. 2016; Rapp and Watson 1995; Skjerlie 
and Johnston 1996; Springer and Seck 1997); and plagioclase 
hardly re-equilibrates once formed (Spear and Florence 1992). 
Thus, the application of these thermometers needs care, ensuring 
that the textural equilibrium between amphibole and plagioclase 
was reached (Blundy and Cashman 2008). Moreover, these ther-
mometers may not be available to rocks with amphibole Mg# 
[= Mg/(Mg+Fetotal)] > 0.5 (Blundy and Cashman 2008). There 
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