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Abstract
The mobility of Ti, a member of high field strength elements, in metamorphic fluids is crucial to 

understand the recycling of commonly perceived nominally soluble elements and for mass-flux cal-
culations during crustal processes. In this study, we present evidence for large-scale Ti mobility from 
a suite of clinohumite±spinel-bearing dolomitic marbles from the Makrohar area in central India. The 
studied rocks mostly contain dolomite and calcite (in subequal proportions) and a subordinate amount 
of forsterite. It commonly develops 1–5 cm thick, laterally continuous, mostly parallel, sometimes 
anastomosing, brown-colored clinohumite rich bands with variable spinel. Clinohumite has moderate 
Ti and F (TiO2 = 0.55–2.88 wt%; F = 0.94–1.88 wt%; n = 32). Textural and phase equilibria modeling 
indicate that clinohumite grew at the expense of forsterite + dolomite under static conditions due to 
infiltration of F- and Ti-bearing extremely H2O-rich fluids (XCO2 < 0.03), at ~5–6 kbar pressure and 
~650–700 °C temperature. The Ti and F were most likely supplied by highly channelized aqueous 
fluids restricted within the centimeter-thick bands. The negative volume change of the reactions further 
facilitated fluid ingress. The lateral continuity of the bands over several meters across multiple out-
crops indicates that Ti was mobile at the meter to kilometer scale. The results are in accordance with 
experimental studies that solubility of Ti increases in the presence of halides and imply that Ti may be 
much more mobile in metamorphic fluids during regional metamorphism than previously anticipated.
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Introduction
Aqueous fluid flow is an integral part of prograde regional 

metamorphism (Ague 2003). Ti, the most abundant member of 
the high field strength elements (HFSE, along with Zr, Hf, Nb, Ta, 
Th, U, REEs), is generally considered immobile during regional 
crustal metamorphism due to the low solubility of rutile (TiO2) 
in pure H2O (Audétat and Keppler 2005; Tropper and Manning 
2005). The conservativeness and abundance of HFSEs are, in 
turn, commonly used to classify tectonic settings of igneous 
rocks, identify protolith of altered rocks, and understand element 
cycling during metamorphic processes (Jiang et al. 2005 and 
references therein). However, there are examples from natural 
systems that Ti can be mobile under certain conditions and high 
enrichment up to even economic significance may occur (Tanis 
et al. 2016 and references therein). This makes it crucial to better 
understand conditions that affect the mobility of Ti (as a proxy 
for the HFSEs) during common metamorphic processes.

In this study, we document natural evidence of Ti mobility 
during crustal metamorphism that led to the formation of Ti-
bearing clinohumite in a forsterite marble from the Makrohar 
Granulite Belt, Central India. The humite group of minerals has 
a limited paragenesis wherein Ti- and F-bearing clinohumite 
has been reported from very few contact or regionally meta-
morphosed limestones, dolomites, and skarns (Jones et al. 1969; 
Franz and Ackermand 1980; Rice 1980; Ehlers and Hoinkes 

1987; Gieré 1987; Young and Morrison 1992; Piazolo and Markl 
1999; Tropper et al. 2007; Proyer et al. 2008, 2014; Fernandes 
and Chaves 2014) with only a few reported occurrences in India 
(Muthuswami 1958; Bhattacharyya 1974; Satish-Kumar and 
Niimi 1998; Pradeepkumar and Krishnanath 2000; Chattopad-
hyay et al. 2009). Rarely, Ti-rich but F-poor members have been 
reported from mantle-derived ultramafic rocks where they form 
due to high to ultrahigh-pressure metamorphism (Trommsdorff 
and Evans 1980; Evans and Trommsdorff 1983; Dymek et al. 
1988; Scambelluri et al. 1991; Gaspar 1992; Okay 1994; Rahn 
and Rahn 1998; Wunder 1998; Scambelluri and Rampone 1999; 
Stalder and Ulmer 2001; Sánchez-Vizcaíno et al. 2005; Groppo 
and Compagnoni 2007; Shen et al. 2015; González-Jiménez 
et al. 2017; Nishio et al. 2019). The humite group of minerals, 
having a general formula of nM2SiO4·M1–XTiX(OH,F)2–2XO2X, is 
essentially a hydrous olivine, with n = 1, 2, 3, 4 for norbergite, 
chondrodite, humite, and clinohumite, respectively, and M = Mg, 
Fe, Mn, Ca, Zn (Jones et al. 1969; Rice 1980). Ti thus plays a 
special role in the formation of humite minerals because the Ti 
content of olivines is generally quite low, whereas clinohumite 
may contain significantly higher amounts (Jones et al. 1969).

In the studied marbles from the Makrohar Granulite Belt, 
Central India, the formation of clinohumite, the only hydrous Ti- 
and F-bearing phase, in an otherwise Ti- and F-free assemblage 
of forsterite-calcite-dolomite, along parallel continuous bands 
of uniform thickness, indicate its formation due to infiltration 
of external fluids. Textural and thermodynamic modeling in the 
CaO-MgO-Al2O3-SiO2-H2O-CO2 (CMASV) system indicate that 
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