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Abstract 24 

Thermometry of high-grade metamorphic rocks is difficult due to fast cationic diffusion during 25 

slow cooling, but the titanium content of calcium amphibole (Ti-Amp) can retrieve amphibole-26 

forming temperature as high as ~1000 ºC. Based on pseudosection modelling and past research 27 

survey, we find that Ti-Amp is controlled by temperature under the conditions of oxygen 28 

fugacity less than 2 log units above the Ni-NiO oxygen buffer (ΔNNO ≤ 2), in subalkaline 29 

systems, and with the presence of Ti-phases (rutile, ilmenite or titanite). We apply available 30 

experimental data to calibrate a new Ti-Amp thermometer for such conditions: 31 

𝑇(℃) =
2400

1.52 − log TiAmp
− 273 

where T is temperature and log TiAmp is the Ti content of amphibole in atom per formula unit 32 

(apfu) expressed in the logarithm to base 10. The standard error of the calibration experiments is 33 

±35 ºC. This thermometer can be applied only if the aforementioned conditions are fulfilled. 34 

Besides, caution should be taken when applying the thermometer to rocks under subsolidus 35 

water-unsaturated conditions, which can be observed as non-equilibrium textures or low bulk-36 

rock water content (< 1–1.5 wt%). The results of this thermometer may be underestimated if 37 

applied to rocks that are equilibrated above 850 ºC, and contain rutile and a significant amount of 38 

water (> 3.5–4 wt%). 39 

The new thermometer can be successfully applied to amphibole-bearing natural igneous and 40 

metamorphic rocks. In addition, we propose the Si vs. Ti in amphibole diagram that roughly 41 

demarcates the boundaries among the high amphibolite, high-temperature granulite, and 42 

ultrahigh-temperature granulite facies. Although pseudosection modelling provides details of the 43 

P-T evolution of studied rocks, the Ti-Amp thermometer is quick and easy to apply. However, 44 

further research is needed to improve our knowledge on the behaviour and stability of 45 
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amphibole, and to improve the accuracy of both pseudosection modelling and conventional 46 

thermometry.  47 

Keywords: Thermometer, titanium in calcium amphibole, granulite, amphibolite, igneous rocks, 48 

pseudosection 49 

 50 

Introduction 51 

High-grade metamorphic rocks usually experience slow cooling processes at relatively high 52 

temperature. Fast component diffusion during high-temperature cooling boosts compositional 53 

resetting, causing great difficulties in estimating peak temperature (Frost and Chacko, 1989; 54 

Pattison et al., 2003). There are several examples of natural rocks metamorphosed at >900 ºC  55 

(e.g. Harley, 1989, 1998; Li and Wei, 2016; Santosh et al., 2007), so thermometric methods with 56 

high closure temperature are required for such conditions. For example, diagnostic assemblages 57 

such as sapphirine-quartz and sillimanite-orthopyroxene in ultrahigh-temperature (UHT) 58 

metapelite are resistant to destruction during slow cooling (Frost and Chacko, 1989; Harley, 59 

1989). Rare-earth-element-based thermometers on certain minerals have also been successfully 60 

applied to high-temperature (HT) and UHT metamorphic conditions (Liu and Wei, 2018; Yang 61 

and Wei, 2017). 62 

Calcium amphibole is one of the most common minerals that crystallize/recrystallize in 63 

hydrated igneous rocks, amphibolites and mafic granulites, and can be stable up to 950–1100 ºC 64 

(e.g. Rushmer, 1993; Sen and Dunn, 1994; Springer and Seck, 1997; Wyllie and Wolf, 1993). 65 

Lots of efforts have been made to establish amphibole-related thermometers. The classical 66 

amphibole-plagioclase thermometers of Holland and Blundy (1994) use exchange of 67 

(NaAl)(□Si)-1 or (NaSi)(CaAl)-1 (Spear, 1980, 1981). However, amphibole and plagioclase are 68 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2020-7409.  http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



Ti in calcium amphibole 4 

 

commonly zoned; in equilibrium, sometimes amphibole grows with plagioclase breaking down 69 

during suprasolidus cooling (e.g. Koester et al., 2002; Palin et al., 2016; Rapp and Watson, 1995; 70 

Skjerlie and Johnston, 1996; Springer and Seck, 1997); and plagioclase hardly re-equilibrates 71 

once formed (Spear and Florence, 1992). Thus the application of these thermometers needs care, 72 

ensuring that the textural equilibrium between amphibole and plagioclase was reached (Blundy 73 

and Cashman, 2008). Moreover, these thermometers may not be available to rocks with 74 

amphibole Mg# [= Mg/(Mg + Fetotal)] > 0.5 (Blundy and Cashman, 2008). There are also several 75 

amphibole-liquid thermometers (Molina et al., 2015; Putirka, 2016), but the required chemical 76 

composition of coexisting melts is hard to quantify in some cases. Moreover, some amphibole-77 

only multi-component thermometers (Putirka, 2016; Ridolfi and Renzulli, 2012; Ridolfi et al., 78 

2010) were successfully applied to igneous systems, but have unpredictable uncertainties for 79 

slow-cooling rocks due to the involvement of fast-diffusing cations like K, Na and Fe.  80 

The titanium content of amphibole (Ti-Amp) tends to increase with temperature (Bard, 81 

1970; Helz, 1973; Raase, 1974). Otten (1984) proposed a Ti-Amp thermometer for the conditions 82 

with oxygen fugacity (fO2) near the quartz-fayalite-magnetite (QFM) buffer and Ti buffered by 83 

ilmenite, based on a limited number of experiments conducted by Helz (1973). In addition, Ernst 84 

and Liu (1998) proposed a semi-quantitative Ti-Amp thermometer for mid-ocean-ridge basalt 85 

(MORB) that contained amphibole coexisting with Ti-phases under conditions of fO2 near QFM. 86 

Liao and Wei (2019) recovered peak temperatures of ~1000 ºC from the natural mafic granulites 87 

of the Huai’an Complex, North China Craton, using Ti-Amp isopleths in pseudosection 88 

modelling. These results indicate low diffusion rates of Ti-Amp in the studied rocks, and provide 89 

encouraging prospects for the application of Ti-Amp thermometry in slow-cooling rocks. 90 

Mongkoltip and Ashworth (1983) found resetting of Ti-Amp due to exsolution of ilmenite and 91 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2020-7409.  http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



Ti in calcium amphibole 5 

 

rutile in amphibole in slow-cooling intrusions, possibly resulting from the low diffusion rates of 92 

Ti-Amp. However, Ti-Amp is not only controlled by temperature, but can be reduced by high fO2 93 

(Helz, 1973), or elevated in alkaline systems (Molina et al., 2009). Based on the above lines of 94 

inferences, Ti-Amp seems to be a promising thermometer, but its applicable conditions need 95 

further discussion and redefinition. In this study, we discuss Ti-Amp behaviour using 96 

pseudosection modelling, and propose a new Ti-Amp thermometer based on experimental 97 

constraints. Mineral abbreviations used throughout the text are after Whitney and Evans (2010), 98 

the classification of amphibole follows Hawthorne et al. (2012), and Ti-phases include rutile, 99 

ilmenite and titanite. 100 

Ti-Amp behaviour based on pseudosection modelling 101 

We discuss Ti-Amp behaviour using pseudosection modelling. The modelling calculations 102 

are performed in the system Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2-Fe2O3 103 

(NCKFMASHTO) using THERMOCALC 3.45 based on Powell et al. (1998), with the internally 104 

consistent thermodynamic dataset (ds62) of Holland and Powell (2011). The set of activity-105 

composition models include metabasite melt, augitic clinopyroxene, hornblendic amphibole 106 

(Green et al., 2016), orthopyroxene, garnet, biotite, muscovite (White et al., 2014), plagioclase 107 

(Holland and Powell, 2003), epidote (Holland and Powell, 2011), ilmenite/hematite (White et al., 108 

2000) and endmember phases (quartz, rutile, titanite). 109 

P-T pseudosections for MORB composition  110 

We perform P-T pseudosection modelling for the MORB composition used in Palin et al. 111 

(2016) (H2O = 1.8 wt%, Fe3+/Fetotal = 0.12) as an example to investigate the correlation of Ti-112 

Amp with the factors involving temperature, pressure, and mineral assemblage. Although Green 113 

et al. (2016) recommended their metabasite set to be applied to the conditions of < 1.3 GPa, we 114 
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slightly expand pressure to 1.5 GPa (Fig. 1a). Amphibole is present throughout the system except 115 

under conditions of >1.3 GPa and >950 ºC, and higher temperature conditions for lower 116 

pressures. The water-saturated solidus temperature is 610 ºC at 1.1 GPa, and increases to ~700 117 

ºC under higher or lower pressure conditions. Garnet is present at > 1.0 GPa for temperature > 118 

850 ºC, but its presence requires higher pressure at lower temperature. Orthopyroxene is present 119 

at approximately >850 ºC / <1.0 GPa. Plagioclase is stable throughout the P-T field. The stability 120 

fields of rutile, ilmenite and titanite slightly overlap. Ilmenite is mainly present at >800 ºC / <0.9 121 

GPa, rutile at >800 ºC / >0.9 GPa, and titanite at <800 ºC. The water-saturation curve lies 122 

alongside the solidus with the deliberately set water content. 123 

Moreover, we replot the pseudosection with metamorphic facies in Fig. 1b. The UHT 124 

granulite facies covers the field with temperature > 900 ºC with the presence of orthopyroxene. 125 

The HT granulite facies field is defined based on the presence of orthopyroxene at < 900 ºC. The 126 

garnet amphibolite facies and the high-pressure granulite facies are defined by the presence of 127 

garnet, clinopyroxene and plagioclase at < 900 ºC, but the differences between them are not 128 

defined strictly here. The high amphibolite facies corresponds to the suprasolidus field with 129 

amphibole, plagioclase but no orthopyroxene, whereas the low amphibolite facies refers to the 130 

subsolidus field with similar assemblages. The eclogite facies corresponds to the plagioclase-131 

absent field in the upper-left corner. 132 

As is shown in Fig. 1, Ti-Amp isopleths are near-parallel to the pressure axis for most 133 

assemblages. Temperatures of the isopleths are lowest around 0.8–1.0 GPa, but gradually 134 

increase at higher and lower pressures. These results indicate that Ti-Amp is strongly 135 

temperature-dependent, but its slight pressure-dependence is also observed.  136 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2020-7409.  http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



Ti in calcium amphibole 7 

 

T-X pseudosections for subalkaline mafic rocks 137 

To discuss the influence of bulk composition on Ti-Amp, we constructed T-X 138 

pseudosections with Ti-Amp isopleths, showing mineral assemblages (Fig. 2a) and metamorphic 139 

facies (Fig. 2b) at 600–1050 ºC/0.5 GPa, using the compositions applied in Palin et al. (2016). 140 

Rock types are arranged to produce general compositional trends from left to right, with a 141 

general increase in SiO2, Al2O3, K2O and Na2O, and a general decrease in CaO, MgO, FeO and 142 

TiO2. The water-saturated solidus remains almost constant at ~700 ºC. The amphibole-out 143 

temperature is around 1020 ºC for different basaltic compositions, but drastically drops down to 144 

~850 ºC for the dioritic composition. 145 

Ti-Amp isopleths are near-flat in the ilmenite-present fields, but show variations up to 60 ºC 146 

in the titanite-present fields. Therefore, for the subalkaline rocks, and under the investigated 147 

conditions of 0.5 GPa, Ti-Amp shows insignificant dependence on the bulk composition, 148 

especially within the ilmenite-present fields. 149 

T-M(TiO2) pseudosections for MORB composition 150 

The T-M(TiO2) pseudosections are calculated at 0.5 and 1.0 GPa using the MORB 151 

composition of Fig. 1, but with varying bulk TiO2 content (Fig. 3). They show slight variations in 152 

the stability boundaries for various minerals. At low pressure (0.5 GPa), ilmenite appears at >750 153 

ºC, while titanite is stable mainly at <750 ºC. At relatively high pressure (1.0 GPa), rutile is 154 

stable at >800 ºC while titanite below 800 ºC. If bulk TiO2 is low enough, Ti-phases disappear. 155 

Both pseudosections, at 0.5 and 1 GPa (Fig. 3a, b), indicate that Ti-Amp isopleths are flat in 156 

rutile-present fields, near-flat in ilmenite/titanite-present fields, but exhibit steep negative slopes 157 

in Ti-phase-absent fields. Therefore, the dominant control of temperature over Ti-Amp requires 158 

the presence of Ti-phases.  159 
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T-W(H2O) pseudosections for MORB composition 160 

The T-W(H2O) pseudosections are calculated at 0.5 GPa and 1.0 GPa using the MORB 161 

composition for Fig. 1, but varying the water content with the rock being near-dry to water-162 

oversaturated (Fig. 4). The solidi are located at 950–1000 ºC under near-dry conditions and at 163 

600–700 ºC under water-saturated conditions. The breakdown of amphibole is controlled by both 164 

temperature and the water content. The vertical dashed lines mark the water content used in Fig. 165 

1, which is just saturated at the wet solidus. 166 

The water content has little effect on Ti-Amp for most assemblages, except in the two 167 

situations: (i) under subsolidus water-unsaturated conditions, where Ti-Amp tends to increase 168 

drastically with decreasing water content; and (ii) with rutile-present assemblages, associated 169 

with high water content (>3.5–4 wt%) at high temperature (>850 ºC), which causes a decrease in 170 

Ti-Amp. 171 

T-Fe3+/Fetotal pseudosections for MORB composition 172 

The effect of fO2 is shown in the T-Fe3+/Fetotal pseudosections at 0.5 and 1.0 GPa for the 173 

MORB composition used in Fig. 1, with the Fe3+/Fetotal ratio ranging from 0 (all Fe is Fe2+) to 1 174 

(all Fe is Fe3+), and ΔNNO isopleths also shown (Fig. 5). The stability fields of various minerals 175 

change with Fe3+/Fetotal. Under high Fe3+/Fetotal
 or high fO2 conditions, the stability fields of 176 

ilmenite/hematite gradually extend to the entire temperature range of 600–1050 ºC.  177 

The influence of fO2 on Ti-Amp is dramatic. For ΔNNO ≤ 2, its influence on the calculated 178 

Ti-Amp temperature remains within 40 ºC; but for higher fO2 or higher Fe3+/Fetotal ratios, its 179 

influence escalates abruptly. 180 
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A new Ti-Amp thermometer 181 

Theoretical background  182 

Hawthorne et al. (2012) proposed a new classification and nomenclature scheme for 183 

amphibole. Here are the most concerning issues regarding the occupation of Ti and the definition 184 

of calcium amphibole. The general chemical formula of amphibole is AB2C5T8O22W2, where Ti 185 

occupies C or T sites. C sites involve 2 M(1), 2 M(2) and 1 M(3) sites. Generally, Ti prefers M(1) 186 

sites by the reaction Ti 
𝑀(1) + 2 O2−

 
W → (Mg, Fe2+) 

𝑀(1) + 2 (OH−) 
W . Calcium amphibole meets 187 

these criteria: (OH, F, Cl) is dominant at W (or alternatively Ti < 0.5); B(Ca + ∑M2+) / ∑B ≥ 188 

0.75, and BCa / ∑B ≥ B∑M2+ ≥ ∑B, where B∑M2+ = BMg + BFe2+ + BMn2+ and ∑B = BLi + BNa + 189 

B∑M2+ + BCa = 2.  190 

 Due to the complex substitutions in amphibole, we consider a simplified model for the 191 

distribution of Ti between calcium amphibole and Ti-phases. The thermodynamic background of 192 

the Ti-Amp thermometer is shown in a simple reaction 193 

TiO2
Ti−phase ⇌ TiO2

Amp (1) 

for which the equilibrium constant is 194 

𝑘 =
𝑎TiO2

Amp

𝑎TiO2

Ti−phase
= exp [

−∆𝐺0

𝑅𝑇(K)
] (2) 

where 𝑎TiO2
 is the activity of TiO2 in amphibole or Ti-phases, ΔG0

 is the free energy change for 195 

Eq. 1 when ‘reactants’ and ‘products’ are in their standard states, R is the gas constant, and T(K) 196 

is absolute temperature. Therefore 197 

𝑎TiO2

Amp
= 𝛾TiO2

Amp
𝑋TiO2

Amp
= 𝑎TiO2

Ti−phase
exp [

−∆𝐺0

𝑅𝑇(K)
] (3) 

where γ is the activity coefficient, and X is the mole fraction. Ti is preferentially accommodated 198 

at M(1) site, so 199 
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𝑋TiO2

Amp
= TiAmp/2 (4) 

where Ti is in atom per formula unit (apfu). Therefore, Eq. 3 can be rearranged as 200 

𝑇(℃) =
𝐴

𝐵 − log TiAmp
− 273 (5) 

where 𝐴 = ∆𝐺0 log e 𝑅⁄ , 𝐵 = log 𝑎TiO2

Ti−phase
− log 𝛾TiO2

Amp
+ log 2, and log is the logarithm to base 201 

10.  202 

We intentionally ignore several factors such as the types and compositions of Ti-phases and 203 

the variation of 𝛾TiO2

Amp. Based on the simplification, A and B are constants in Eq. 5.  204 

Method and results 205 

The experimental dataset (DS) is built with 220 crystallization and melting experiments 206 

from past publications (Caricchi et al., 2006; Carroll and Wyllie, 1989; Ernst and Liu, 1998; 207 

Gardien et al., 2000; Helz, 1973; Holtz et al., 2005; Koepke et al., 2003; Nekvasil et al., 2004; 208 

Patiño Douce and Beard, 1995; Pietranik et al., 2009; Pilet et al., 2010; Prouteau and Scaillet, 209 

2003; Rapp and Watson, 1995; Scaillet and Evans, 1999; Scoates et al., 2006; Skjerlie and 210 

Johnston, 1996). These researches performed at least one experiment with amphibole + Ti-phase 211 

products. Considering that the equilibrium involving Ti might be difficult to achieve due to the 212 

likely low diffusion rates in pre-existing Ti-rich mafic minerals (amphibole/biotite), melting 213 

experiments are classified into two types according to whether amphibole/biotite is absent (type 214 

I) or present (type II) in their starting materials. Oxygen fugacity is converted to absolute fO2 215 

values and ΔNNO based on Ulmer and Luth (1991) (for graphite-COH buffer) and Frost (1991) 216 

(for other buffers). The amphibole formulae are calculated following Ridolfi et al. (2018), but the 217 

results are similar with other calculation procedures (e.g. Hawthorne et al., 2012; Holland and 218 

Blundy, 1994) except Fe3+/Fe ratios. 219 
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Both the pseudosections for calcium amphibole (Figs. 1-5) and previous researches (Ernst 220 

and Liu, 1998; Helz, 1973; Molina et al., 2009) reveal that Ti-Amp is mainly influenced by the 221 

factors involving temperature, fO2, bulk composition, water content, and the presence of Ti-222 

phases. Therefore, experiments for calibrating this Ti-Amp thermometer are selected based on 223 

the following rules: 224 

(1) Amphibole products in the experiment are calcium amphibole of (OH, F, Cl)-dominant 225 

group; 226 

(2) Subalkaline systems; 227 

(3) fO2 is no more than 2 log units above the Ni-NiO redox buffer (ΔNNO ≤ 2); 228 

(4) Ti-phases (rutile, ilmenite or titanite) are present; 229 

The water content is not included in the criteria, because there are no experiments that were 230 

performed under the subsolidus water-unsaturated conditions, or that had rutile products with T > 231 

850 ºC and H2O > 3.5 wt%. 232 

Using these criteria, 93 experiments are selected, including 59 crystallization, 13 type-I 233 

melting and 21 type-II melting experiments. The amphibole products have Ti = 0.09–0.49 apfu, 234 

Si = 6.0–7.3 apfu, Ca=1.2 – 2.0 apfu, and Mg# = 0.4–0.7. Thirty-six of them are magnesio-235 

hornblende, 26 are pargasite, 27 are sadanagaite, and 4 are tschermakite (Fig. 6a).  236 

According to the Ti-Amp vs. temperature diagram (Fig. 6b), the crystallization and type-I 237 

melting experiments show a good trend, but the type-II melting experiments are mostly away 238 

from the trend. Thus, the calibration dataset (DSc, n = 72) is built with these crystallization and 239 

type-I melting experiments. We use OriginPro 2019 to perform non-linear fitting on DSc 240 

adopting the Levenberg Marquardt algorithm (Press et al., 2007) with Ti-Amp as the independent 241 

variable and T(ºC) as the dependent variable based on Eq. 5. The calibrated equation is 242 
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𝑇(℃) =
2400 ± 123

(1.52 ± 0.11) − log TiAmp
− 273 (6) 

with R2 = 0.84, residuals ranging from -63 to 72 ºC, and the standard error (1σ) of ±35 ºC for 243 

DSc. The recommended Ti-Amp range is 0.1–0.5 apfu based on the experimental data of DSc, 244 

although the results for lower or higher Ti-Amp are anyhow indicative. 245 

Effective factors on Ti-Amp 246 

Residual diagrams are plotted for varying pressure, Ti-phases, water content, fO2, bulk 247 

composition and amphibole subgroup for the crystallization and type-I melting experiments (Fig. 248 

7). No significant correlations are observed between residuals and the concerning factors 249 

including Ti-Amp, pressure, fO2 and the type of Ti-phases for DSc. According to Fig. 7b, d, the 250 

presence of Ti-phases and the limitation on fO2 (ΔNNO ≤ 2) are important to ensure the 251 

reliability of the Ti-Amp thermometer, as indicated by Figs. 3, 5. The effect of the water content 252 

on Ti-Amp under ilmenite-present conditions is insignificant (Fig. 7c); but in rutile/titanite-253 

present cases, the effect is not fully revealed because the highest water content for the 254 

rutile/titanite-present experiments is only ~4 wt%. Fig. 7e is in accordance with the view of 255 

Molina et al. (2009) that the affinity of Ti in calcium amphibole may increase in subalkaline 256 

trachytoid and alkaline systems, indicating that the Ti-Amp thermometer ought to be applied 257 

only to subalkaline systems. Fig. 7f indicates that applying the Ti-Amp thermometer to non-258 

calcium amphibole may lead to poor temperature estimates. 259 

Application of the Ti-Amp thermometer to natural rocks 260 

Igneous rocks  261 

As an example of volcanic rocks, Holocene dacites from Volcán San Pedro contain ~29 262 

wt% of crystals of plagioclase, amphibole, biotite, clinopyroxene, orthopyroxene, 263 

titanomagnetite, ilmenite, apatite, zircon, pyrrhotite and chalcopyrite in a matrix of rhyolitic 264 
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glass, having pre-eruption conditions of T = ~850 ºC, ΔNNO = ~1.3, calculated with the 265 

titanomagnetite-ilmenite pair (Costa et al., 2004). The representative amphibole is classified as 266 

pargasite with Ti = 0.254 apfu using the procedures by Ridolfi et al. (2018), yielding the 267 

temperature of 862 ºC using the Ti-Amp thermometer Eq. 6, which is well consistent with the 268 

original estimate. 269 

Minerals in plutonic rocks crystallize at varying temperatures, therefore the Ti-Amp 270 

thermometer may yield values different from those obtained with other thermometric methods. 271 

Dioritic cumulate xenoliths (MA52, MA168) from Mt. Pelée pyroclastic deposits comprise 272 

plagioclase, clinopyroxene, orthopyroxene, amphibole, titanomagnetite and ilmenite, in which 273 

the coexisting titanomagnetite and ilmenite yielded T = 790–900 ºC, ΔNNO = ~1 (Fichaut et al., 274 

1989). Representative amphibole analyses show the Ti content of 0.16–0.2 apfu, which gives the 275 

temperature of 763–808 ºC using Eq. 6. This estimate is lower than that from the 276 

titanomagnetite-ilmenite pair, likely confirming that amphibole in these plutonic rocks 277 

crystallized later than other minerals such as titanomagnetite and ilmenite. 278 

Metamorphic rocks 279 

Mafic granulites are suggested to form at >800 ºC or even >900 ºC (e.g. Freise et al., 2009; 280 

Palin et al., 2016; Pilet et al., 2010; Springer and Seck, 1997; Wei and Duan, 2019). Although 281 

such high temperature favour diffusion, Ti-Amp may have the potential to retrieve amphibole-282 

forming temperature due to the likely slow diffusion rates of Ti in high-temperature rocks.  283 

Ilmenite-bearing mafic granulites from North Hengshan, China, were estimated to have 284 

maximum-temperature conditions of 840–860 ºC (at 0.6–0.8 GPa) using pseudosection 285 

modelling (Zhang et al., 2018). The bulk Fe3+/Fetotal values are 0.12–0.19, suggesting fO2 is near 286 
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NNO. The matrix calcium amphibole has the Ti content of 0.20–0.27 apfu, giving 810–872 ºC 287 

from the Ti-Amp thermometer Eq. 6, consistent with the original modelling estimates. 288 

Two samples of ilmenite-bearing amphibole granulite from Huai’an, China, were proposed 289 

to have maximum amphibole-forming temperatures of 1010 ºC (17HT13) and 1000 ºC 290 

(16HT22), using pseudosection modelling with Ti-Amp and anorthite-in-plagioclase isopleths 291 

(Liao and Wei, 2019). The bulk Fe3+/Fetotal value of less than 0.09–0.15 suggest that fO2 is near 292 

or more reducing than NNO, and FeTiO3/(FeTiO3 + Fe2O3) > 0.95 in ilmenite (unpublished data 293 

of Liao) indicates ΔNNO < -0.9 (Zhao et al., 1999). The maximum Ti-Amp values in samples 294 

17HT13 and 16HT22 are 0.44 and 0.38 apfu, giving 1006 and 964 ºC from the thermometer Eq. 295 

6, respectively. A few amphibole grains show core-rim Ti-decreasing zoning, reflecting the 296 

cooling process. These calculations are comparable to the original estimates.  297 

The Ti-Amp thermometer can also give geologically meaningful results for amphibolites. 298 

Ilmenite/titanite-bearing amphibolites from north-eastern Taiwan, China, were reported to 299 

contain green/blue-green amphibole and brown amphibole, indicating amphibolite-facies 300 

metamorphism at 550–700 ºC / ~0.5 GPa and thermal metamorphism at 670–800 ºC / 0.5 GPa / 301 

QFM, respectively (Liou et al., 1981). The green and blue-green amphibole has the Ti content of 302 

<0.06–0.07 apfu, giving the temperature of 602–624 ºC; while the brown amphibole has higher 303 

Ti content of ~0.10–0.22 apfu, yielding the temperature of 679–829 ºC from the thermometer Eq. 304 

6. Both estimates fit well with the original ones. 305 

Discussion 306 

Comparison of Ti-Amp isopleths and thermometer 307 

Comparing the results of Ti-Amp isopleths in pseudosections and the Ti-Amp thermometer 308 

Eq. 6, the differences in temperature estimates are within 90 ºC for the MORB composition in 309 
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Fig. 1, and within 30 and 50 ºC for the two samples of Liao and Wei (2019). Such differences are 310 

likely caused by the compositional effect (Figs. 2, 4, 5) because pseudosection modelling is 311 

performed for specific bulk compositions. 312 

Comparing the two methods, pseudosection modelling with Ti-Amp isopleths not only gives 313 

information on amphibole-forming temperature, but comprehensively considers the stability and 314 

compositions of amphibole and other minerals, to construct P-T paths or evaluate the reliability 315 

of the P-T results; while the Ti-Amp thermometer is quick and easy to apply. However, 316 

uncertainties exist in both methods, and more research is required to improve their accuracy. 317 

Comparison with other amphibole-only thermometers 318 

There have been a few thermometers that consider the composition of amphibole 319 

exclusively. As for Ti-Amp thermometers, Otten (1984) calibrated one based on a limited 320 

number of experiments, and Ernst and Liu (1998) proposed a semi-quantitative Ti-in-calcic-321 

amphibole thermometer, whose ideas have been adopted and further developed in this study. As 322 

for amphibole-only multi-component thermometers, Ridolfi and Renzulli (2012) proposed one 323 

improved from that of Ridolfi et al. (2010), involving nearly all major cations in amphibole as 324 

well as pressure; and Putirka (2016) proposed formulae involving the chemical components of 325 

Si, Ti, Na, Fe/Mg with or without the effect of pressure. Therefore, we compare the results of our 326 

thermometer and the formulae of Otten (1984), Ridolfi and Renzulli (2012) and Putirka (2016), 327 

for the crystallization and type-I melting experiments (Fig. 8). 328 

As for the experiments under the aforementioned applicable conditions for the Ti-Amp 329 

thermometer (DSc), our new Ti-Amp thermometer shows better results than the antecedent one 330 

of Otten (1984), especially at the calculated temperatures of ~800 ºC. The multi-component 331 

thermometers of Ridolfi and Renzulli (2012) and Putirka (2016) do not provide better results 332 
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than the Ti-Amp thermometers for DSc. However, for the experiments under other conditions 333 

(e.g. Ti-phases absent, in alkaline systems), the multi-component thermometers yield better 334 

fitting than the Ti-Amp thermometers. These observations suggest that our updated Ti-Amp 335 

thermometer is particularly suitable for its applicable conditions (in subalkaline systems, ΔNNO 336 

≤ 2, with the presence of Ti-phases), and also resistant to cation diffusion during slow cooling; 337 

while the multi-component thermometers can be applied to wider conditions, although their 338 

application to high-grade metamorphic rocks, which mostly involve long-duration post-peak 339 

cooling, needs further testing. 340 

Amphibole composition and metamorphic grade 341 

Raase (1974) pointed out that higher Ti content of amphibole can be linked to higher 342 

metamorphic grades. Albeit we have obtained quantitative relations between Ti-Amp and 343 

temperature, it is beneficial to improve the relation between Ti-Amp and metamorphic grade of 344 

Raase (1974), simply by splitting the granulite facies into the HT granulite facies (T ≤ 900 ºC) 345 

and the UHT granulite facies (> 900 ºC). We add a few recent research data of natural amphibole 346 

(Ernst, 1988; Liao and Wei, 2019; Liou et al., 1981; Prakash et al., 2007; Prakash et al., 2010; 347 

Qian and Wei, 2016; Zhang et al., 2018) to the original figure 2 of Raase (1974) to obtain Fig. 9. 348 

The upper and lower limits of Ti-Amp are used as the compositional analyses when only Ti-Amp 349 

ranges are known. In addition, we also plot the correlative temperatures from the new Ti-Amp 350 

thermometer along the vertical axis on the right side of the diagram. Statistically, higher Ti-Amp 351 

indicates higher metamorphic grade. Some data points (several bars plotted separately in the 352 

histogram) with extremely high Ti-Amp values for its metamorphic facies are suspicious, while 353 

some with very low Ti-Amp may result from the Ti-unsaturation (Raase, 1974). 354 
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With increasing temperature, the Si content of amphibole (Si-Amp) tends to decrease due to 355 

tschermak substitution (Kostyuk and Sobolev, 1969), therefore Si-Amp and Ti-Amp may jointly 356 

represent metamorphic facies if Ti-phases are present. Hence we plot the Si vs. Ti in amphibole 357 

diagram using the experiments in DSc (Fig. 10). Based on Wei and Duan (2019) and Fig. 1b, the 358 

correlative metamorphic facies are defined by experimental temperature: the high amphibolite 359 

facies for 680–800 ºC, the HT granulite facies for 800–900 ºC, and the UHT granulite facies 360 

for >900 ºC. Consistent with the theoretical analysis, higher-temperature amphibole tends to be 361 

Ti-richer and Si-poorer. Applying Fig. 10 to the data of natural amphibole reported in past 362 

publications, such as amphibolites from Wutai, China (Qian and Wei, 2016), HT granulites from 363 

northern Hengshan, China (Zhang et al., 2018), UHT granulites from Huai’an, China (Liao and 364 

Wei, 2019), and UHT granulites from the Madurai Block, southern India (Prakash et al., 2010), 365 

we found that all the results are consistent. Accordingly, the Si vs. Ti in amphibole diagram (Fig. 366 

10) is an easy way to roughly express metamorphic facies for the rocks that contain amphibole 367 

coexisting with Ti-phases. 368 

Implications 369 

Ti-Amp is powerful in retrieving calcium-amphibole-forming temperature in subalkaline 370 

systems when amphibole is in equilibrium with Ti-phases at ΔNNO ≤ 2, according to 371 

pseudosection modelling and experimental data. The Ti-Amp thermometer (Eq. 6) has been 372 

calibrated to simply recover calcium-amphibole-forming temperature for natural igneous and 373 

high-grade metamorphic rocks. Moreover, we have discussed the relations between Ti-Amp and 374 

metamorphic facies, and introduced the Si vs. Ti in amphibole diagram as a simple tool to 375 

indicate metamorphic facies. 376 
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The differences between the results of the Ti-Amp thermometer and the isopleths in 377 

pseudosections may partly stem from the consideration of bulk composition and fO2. 378 

Pseudosection modelling provides detailed information regarding the metamorphic evolution of 379 

studied rocks, hence the temperatures defined in pseudosections are easily connected to certain 380 

evolutionary stages. In contrast, the Ti-Amp thermometer is easy and quick to be applied to 381 

natural rocks that contain calcium amphibole and Ti-phases. 382 

However, further research is considerably needed on amphibole-related subjects. More 383 

high-quality experiments for low-mobility components such as Ti are needed to attain better 384 

knowledge of the crystalline and thermodynamic property of amphibole, and the interaction 385 

between amphibole and other phases. Such work will significantly contribute to calibrating both 386 

conventional thermometers and thermodynamic models. 387 

To obtain reliable results, the Ti-Amp thermometer (Eq. 6) should be strictly applied to the 388 

conditions recommended in this contribution. Only calcium amphibole in subalkaline systems 389 

should be selected for temperature calculation with the formula. The fO2 values may be difficult 390 

to obtain in some cases, but at least a rough estimate is necessary to ensure ΔNNO ≤ 2. 391 

Moreover, this thermometer may underestimate temperature in high-temperature (>850 ºC) 392 

rutile-present cases with significant water content (> 3.5–4 wt%), and overestimate temperature 393 

for amphibole associated with subsolidus water-unsaturated conditions, which can be evidenced 394 

by the existence of some non-equilibrium textures or low water content (<1–1.5 wt%). In 395 

addition, for amphibole with exsolution of Ti-phases (Mongkoltip and Ashworth, 1983; Otten, 396 

1984), it is necessary to recover pre-exsolution compositions before performing the calculation. 397 
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Figures 598 

Fig. 1. P-T pseudosections for the MORB composition used in Palin et al. (2016) with mineral 599 

assemblages (a) and metamorphic facies (b). Dash-dotted curves are Ti-in-amphibole (Ti-Amp) 600 

isopleths, labelled with 5–40, representing Ti-Amp of 0.05–0.40 apfu. Solid curves represent the 601 

stability boundaries of the selected minerals. Mineral abbreviations are the same as in Whitney 602 

and Evans (2010). Metamorphic facies abbreviations: EC, eclogite facies; Grt AM/HP-GR, 603 

garnet amphibolite and high-pressure (HP) granulite facies; HAM, high amphibolite facies; HT-604 

GR, high-temperature (HT) granulite facies; LAM, low amphibolite facies; UHT, ultrahigh-605 

temperature granulite facies. Mineral assemblages labelled with digits in panel a are shown at the 606 

right side. 607 

 608 

Fig. 2. T-X pseudosections calculated at 0.5 GPa, showing the variations of Ti-Amp with phase 609 

assemblage (a) and metamorphic facies (b) in transition between different lithologies. Rock 610 

types are arranged to produce the general compositional trends from left to right, constituting a 611 

general increase in SiO2, Al2O3, K2O and Na2O, and a general decrease in CaO, MgO, FeO and 612 

TiO2. The compositions of these rocks are the same as in Palin et al. (2016) and marked as 613 

vertical dashed lines. Other details are the same as in Fig. 1. 614 

 615 

Fig. 3. T-M(TiO2) pseudosections for the MORB composition at 0.5 GPa (a) and 1 GPa (b). 616 

Vertical dashed lines represent the TiO2 content used in Fig. 1. Other details are the same as in 617 

Fig. 1. 618 

 619 
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Fig. 4. T-W(H2O) pseudosections for the MORB composition at 0.5 GPa (a) and 1 GPa (b). 620 

Vertical dashed lines represent the water content used in Fig. 1. Other details are the same as in 621 

Fig. 1. 622 

 623 

Fig. 5. T-Fe3+/Fetotal pseudosections for the MORB composition used in Fig. 1 with ΔNNO 624 

isopleths at 0.5 GPa (a) and 1 GPa (b). Dotted curves represent ΔNNO isopleths. Vertical dashed 625 

lines represent the Fe3+/Fetotal value used in Fig. 1. Other details are the same as in Fig. 1. 626 

 627 

Fig. 6. (a) The classification of calcium amphibole from the selected experiments based on 628 

Hawthorne et al. (2012). (b) Ti-Amp vs. T diagram with the calibrated thermometer. Data from 629 

the crystallization and melting experiments from the previous researches are filtered with the 630 

criteria: calcium amphibole of W(OH, F, Cl)-dominant group, ΔNNO ≤ 2, Ti-phases present, 631 

subalkaline system. Melting experiments are classified according to their starting materials that 632 

are amphibole/biotite-absent (type I) or amphibole/biotite-present (type II). The crystallization 633 

and type-I melting experiments exhibit a good trend and are included in the calibration dataset 634 

(DSc). Non-linear fitting is performed for the thermometer on DSc using OriginPro 2019 with 635 

the Levenberg Marquardt algorithm. 636 

 637 

Fig. 7. Residual diagrams for the thermometer on pressure (a), Ti-Amp for Ti-phases (b), 638 

W(H2O) (c), ΔNNO (d), Ti-Amp for different bulk compositions (e), and Ti-Amp for different 639 

amphibole subgroups (f). The experimental data of DSc are included in all the panels. Besides, in 640 
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the panels b, d, e, f, we add the experiments that meet the criteria for DSc except for those of Ti-641 

phases, fO2, bulk composition, and amphibole types, respectively. Solid horizontal lines 642 

represent residual = 0, and dashed horizontal lines represent residual = ±2σ. 643 

 644 

Fig. 8. T calculated vs. T measured diagrams showing the comparison between the calculated 645 

results using different amphibole-only thermometers and the measured temperatures in the 646 

crystallization and type-I melting experiments in DS. Dashed lines are 1-to-1 lines for T 647 

calculated vs. T measured. Slope and intercept values on regression lines (T calculated vs. T 648 

measured, not plotted) should ideally be 1.0 and 0, respectively. (a) The thermometer Eq. 6 649 

proposed in this study. (b) The Ti-Amp thermometer in Otten (1984). (c) Eq. 2 in Ridolfi and 650 

Renzulli (2012), involving Si, Ti, Al, Fe, Mg, Ca, Na and K in amphibole as well as pressure. (d) 651 

Eq. 5 in Putirka (2016), involving Si, Ti, Fe and Na in amphibole.  652 

 653 

Fig. 9. A histogram showing Ti-Amp in rocks metamorphosed under different metamorphic 654 

facies based on Raase (1974) with supplementary natural amphibole data from the literature 655 

(Ernst, 1988; Liao and Wei, 2019; Liou et al., 1981; Prakash et al., 2007; Prakash et al., 2010; 656 

Qian and Wei, 2016; Zhang et al., 2018). Temperature values shown on the right side along the 657 

vertical axis are calculated using the new Ti-Amp thermometer Eq. 6. Ep-AM refers to the 658 

epidote-amphibole facies, and other metamorphic facies abbreviations are the same as in Fig. 1. 659 

 660 
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Fig. 10. A Si vs. Ti in amphibole diagram for the experimental data of DSc with the proposed 661 

boundaries defining the high amphibolite (HAM), HT granulite (GR) and UHT granulite facies.  662 
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Supplementary tables 663 

Supplementary table 1. Crystallization and melting experiments used in this study. 664 

Supplementary table 2. Ti-in-calcium-amphibole thermometer calculator. 665 
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