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Abstract
Rutile is often found as inclusions in garnet, quartz, and several other rock-forming minerals, and 

it is also a common accessory phase in high-pressure metamorphic rocks. Its relatively simple struc-
ture, chemistry, broad P-T stability field, and its wide occurrence in nature makes it a candidate for 
the application of elastic geobarometry. However, thermodynamic studies coupled with observations 
on natural samples predict that rutile inclusions in garnets should exhibit zero residual pressure. This 
implies that the rutile inclusions are detached from the inclusion walls in the host garnet after entrap-
ment. We determined the elastic and vibrational properties of rutile via ab initio hybrid Hartree-Fock/
Density Functional Theory simulations under different strain states. Our results confirmed the thermo-
dynamic behavior of rutile in garnet and allowed us to determine for the first time the components of 
the phonon-mode Grüneisen tensors of rutile. We demonstrated that pure rutile inclusions in garnets 
from metamorphic rocks exhibit no residual strain or stress, consistent with thermodynamic modeling. 
Nevertheless, there are rutile inclusions in garnet surrounded by optical birefringence haloes, which are 
indicative of residual inclusion pressures. Careful examination of these show that they contain significant 
amounts of amphibole, which reduce the elastic moduli of the composite inclusion to less than that of 
the garnet hosts. A calculation method for the residual pressures of multi-phase inclusions is described.
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Introduction
Rutile is a widely distributed mineral in all types of rocks and 

has a wide range of applications in Earth sciences. It is one of the 
most important carriers of titanium and high field strength elements 
(HFSEs: Nb, Ta, Zr, Hf) (e.g., Meinhold 2010). Large rutile crystals 
usually occur in granitic pegmatites and vein mineralization (e.g., 
Černý et al. 2007, 2015). More commonly, rutile occurs as an 
accessory phase, both as inclusions in the rock-forming minerals 
and within the matrix. Rutile inclusions can have several origins; 
they can be primary (i.e., igneous or metamorphic, peritectic, 
xenocrystic) or secondary phases (i.e., hydrothermal alteration; 
e.g., Carruzzo et al. 2006; Meinhold 2010).

Rutile is already widely used in classical geothermobarom-
etry in a variety of chemical thermometers and barometers (e.g., 
Ferry and Watson 2007). Moreover, when it occurs as primary 
inclusions, it also has the potential to provide fundamental in-
formation about the pressures and temperatures of entrapment 
through elastic geobarometry. This provides a different and 
complementary approach to recover the crystallization conditions 
of the system, which does not require a chemical equilibrium, but 
it is based on the elastic interactions between the host-inclusion 
pair (e.g., Rosenfeld and Chase 1961; Angel et al. 2014b; Alvaro 

et al. 2020). Because of the contrast in the elastic properties, the 
host-inclusion system develops non-lithostatic stresses upon 
exhumation. The residual elastic strain in the inclusion can be 
determined directly (e.g., from the measured lattice parameters 
with single-crystal X-ray diffraction) or indirectly from the 
changes in the wavenumbers of Raman-active phonon modes 
relative to an unstrained crystal with the phonon-mode Grüneisen 
approach (Murri et al. 2018; Angel et al. 2019). The remnant 
inclusion stress is then calculated from the measured strains. In 
addition, the remnant stress in the inclusion can be detected as 
birefringence haloes around the inclusion pointing to the fact that 
the host-inclusion interface and the surrounding host mineral are 
deformed [i.e., it is subject to strains (Campomenosi et al. 2020)].

In this paper, we present the structure and the Raman spectrum 
of rutile calculated by means of ab initio hybrid Hartree-Fock/
Density Functional Theory (HF/DFT) simulations under different 
strain conditions (i.e., from –2% to +2% covering the expected 
range of strains for common rutile inclusions) to determine the 
components of the phonon-mode Grüneisen tensors of rutile. We 
then discuss the application of elastic geobarometry to garnet-
rutile host-inclusion systems.

Methods
Quantum mechanical calculations

Ab initio hybrid HF/DFT simulations have been performed with the 
CRYSTAL17 code (Dovesi et al. 2018b) by employing the WC1LYP functional, 
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