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SUPPLEMENTARY MATERIAL 

METHODS 

X-ray diffraction and Micro-Raman spectroscopy 

As showed in Murri et al. (2018), we determined the unit-cell parameters of the inclusion by 

single-crystal X‑ray diffraction measurements using the 8-position centering method by Angel and 

Finger(Angel and Finger, 2011) using a newly developed Huber 4-circle Eulerian cradle diffractometer 

equipped with point detector and microfocus source (120 μm spot size). On the same inclusion  polarized 

Raman spectra were collected in backscattering geometry with a Horiba Jobin-Yvon T64000 triple-

monochromator spectrometer (spectral resolution of ~2 cm–1, instrumental accuracy in peak positions of 

~0.35 cm–1 and 2 μm spot size) following the same protocol reported in Campomenosi et al. (2018). 

 

Synchrotron X-ray microtomography 

Non-destructive, high-resolution technique that produces three-dimensional maps of the 

variations of the X-ray attenuation coefficient within a given sample. X-ray micro-tomography 

experiments were carried out at the Swiss Light Source (SLS) at TOMCAT, a beamline for TOmographic 

Microscopy and Coherent rAdiology experimenTs (Stampanoni et al., 2006). Measurements were 

performed at 13.5 keV in order to maximize contrast. A total of 1501 X-ray radiographs were acquired 

from different angular positions around a vertical rotation axis for each sample. The used imaging setup 

consisted of a 20 μm thick LuAG:Ce scintillator screen, a 20× objective and a sCMOS (PCO.edge) 

camera. The tomographic reconstruction was performed using optimized routines based on the Fourier 

Transform Method (Marone and Stampanoni, 2012). The resulting volume consisted of 2160 axial slices 

of 2560 × 2560 pixels, with a pixel size of 0.33 μm. 
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Finite element modelling 

The FE analysis was performed on the real 3D model built from the segmentation of the 

X-ray microtomographic data (Fig. 1). The surface of the model was smoothed to improve the 

quality of the final FE mesh and the final 3D model was then assembled placing the two 

inclusions in the garnet host. An elastically isotropic analysis was run with Simulia Abaqus, a 

commercial engineering package for FE analysis (for more details see Mazzucchelli et al. 2018). 

For the quartz inclusions we used the isothermal bulk modulus from the Equation of State (EoS) 

as reported in Angel et al. (2017a). For garnet we used the isothermal bulk modulus from the P-

V-T EoS reported by (Milani et al., 2017; Milani et al., 2015) and the shear modulus reported by 

Milani et al. (2015). 

 

How to determine entrapment conditions on anisotropic inclusions in cubic host 

The strain along the crystallographic a-axis of an inclusion crystal measured as ai can be defined as, 

1 =  ai - a0)/a0 (M1) 

Where a0 is the unit-cell parameter the inclusion crystal would have when it is free from the host and at 

room pressure and temperature. In general, strain is a second rank tensor with six components(Nye, 

1985). The three normal components (1, 2 and 3 in Voigt notation) describe the change in dimensions in 

three mutually perpendicular directions in the inclusion, and for crystals with orthorhombic symmetry and 

higher can be defined purely in terms of the cell parameters a, b, and c, as in equation (M1). Three shear 

components (4, 5 and 6) characterise the strains in three mutually-perpendicular planes. For uniaxial 

inclusion crystals such as quartz, trapped inside approximately isotropic garnet host crystals, the shear 

strains are too small to be measured at the centre of the inclusion, and can be ignored. Equation (M1) 
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defines the Lagrangian infinitesimal strains, which are usually suitable for the analysis of the remanent 

strains in inclusions when the host is at room conditions because the strains are small. 

Once the measured inclusion pressure or strain (as appropriate) has been corrected for the effects of 

mutual relaxation including the influence of shape and other geometric factors, the determination of 

possible entrapment is a purely thermodynamic calculation using the equations of state and/or the known 

variation of the cell parameters of both host and inclusion phases with temperature and pressure. By first 

introducing the method for cubic inclusions we show that the two methods are conceptually and 

algebraically identical. 
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Figure M1: Volume equations of state for pyrope and quartz to illustrate the principles of the 
calculation of an entrapment isomeke for isotropic systems. When the host/inclusion system is 
at room conditions, the quartz inclusion has the same volume as the pyrope host, and is 
therefore under a pressure Pth ~1.8 GPa in this example, if relaxation is not taken into account. 
The EoS of quartz shows that a free quartz crystal would have a volume of 1.043 on this scale. 
Cold compression of the quartz and the pyrope independently would bring them to the same T, 
V and P at ~2.53 GPa, which defines one point of possible entrapment. At 800oC the EoS of 
quartz and pyrope show that they cross at ~3.2 GPa. The locus of such points at different 
temperatures defines the entrapment isomeke for an isotropic system. 

 

 

When the host is at the final external pressure and temperature Pend and Tend, the inclusion is constrained 

to the volume of the cavity within the host at these conditions. We will call this cavity volume 
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𝑉 𝑃 ,𝑇 . The pressure Pth in the inclusion is determined by the EoS of the inclusion and this 

volume and the same temperature Tend. Now consider the effects of an increase in pressure on the two 

minerals separately. If the host is a stiff garnet, and the inclusion is soft like quartz, a free quartz crystal 

will decrease in volume faster than the volume of the cavity in the host (Fig M1). At a certain pressure the 

volume of a free quartz crystal and the cavity will become equal, and the quartz will fit into the cavity 

without any further compression. Therefore, there will not be any pressure gradient across the system. 

The system has uniform hydrostatic P and T, and these are one possible set of conditions of entrapment. It 

is clear from Fig M1 that the entrapment pressure is defined by the condition for which the fractional 

volume change for the two phases from entrapment to the final conditions is the same. Thus: 

𝑉 𝑃 ,𝑇
𝑉 𝑃 ,𝑇

𝑉 𝑃 ,𝑇
𝑉 𝑃 ,𝑇

 (M2) 

The same calculation can be performed for any chosen Ttrap with the normal EoS of the phases to find the 

pressure at which the volume of the cavity matches the volume of the free inclusion phase (Fig M1). The 

locus of such points defined by equation (M2) is the entrapment isomeke. Entrapment conditions are 

therefore also defined in equation M2 as states where there are no strain gradients across the host and 

inclusion. We note that the incorporation of the volume change due to relaxation into this calculation is 

not correct, and leads to incorrect values of entrapment pressures(Guiraud and Powell, 2006). 

For isotropic and cubic materials the cube-root of the volume change is equal to the change in linear 

dimensions, so Equation (M2) can also be written as: 

𝑉 𝑃 ,𝑇
𝑉 𝑃 ,𝑇

⁄
𝑉 𝑃 ,𝑇
𝑉 𝑃 ,𝑇

⁄

 (M3) 

This emphasizes that the conditions for entrapment are that the linear dimensions of the free host and 

inclusion crystals must be equal at the time of entrapment in order to avoid stress or strain gradients 

across the system. Thus, the entrapment isomeke is equally-well described as the locus of P, T conditions 
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along which no strain gradients are developed in elastically isotropic host-inclusion systems. If the 

inclusion phase is non-cubic, the entrapment conditions are therefore defined for each crystallographic 

axis ai by: 

𝑉 𝑃 ,𝑇
𝑉 𝑃 ,𝑇

⁄
𝑎 , 𝑃 ,𝑇
𝑎 , 𝑃 ,𝑇

    (M4) 

The crystallographic lengths 𝑎 , 𝑃 ,𝑇  of the inclusion are obtained from the measured strains i 

corrected for relaxation. For uniaxial inclusion crystals such as quartz, the expressions for the a and b 

axes are identical (because the symmetry of the inclusion is not broken by a cubic host mineral). If the 

variation of unit-cell parameters of the inclusion with P and T are known, then each of the a and c axes 

allows a line of possible entrapment conditions to be calculated from Eqn M4. The intersection of these 

two lines (e.g. Fig. 2b, main text) provides a unique P and T of entrapment from each individual 

inclusion.  

 

Axial equations of state for quartz 

  In order to implement this new method of calculating entrapment conditions from 

measurement of the axial strains of the inclusion crystal, it is necessary to have a description of 

how the unit-cell parameters of a free crystal change with temperature and hydrostatic pressure. 

We determined the parameters for the ‘linear equation of state’ of the a-axis of quartz in the 

same way as previously reported for the volume EoS (Angel et al., 2017a). Quartz undergoes a 

displacive phase transition between the alpha and beta phases at high temperatures, so the EoS of 

both the volumes and the cell parameters is comprised of three components; the EoS of the ‘bare’ 

beta phase, the excess properties due to the phase transition to the alpha phase, and an equation 

describing the position of the boundary in P and T (Angel et al., 2017a). We used the same 
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curved model for the phase boundary as in the volume EoS. The remaining parameters of the 

EoS for the a-axis were determined by simultaneous fitting with EosFit7 (Angel et al., 2014a) to 

the unit-cell data and linear compressibilities (from elastic tensor determinations) from exactly 

the same sources as used for the volume EoS. The ‘.eos’ file which can be used with the EosFit7 

program suite with the parameters describing the P,T variation of the a-axis of quartz is provided 

as part of the supplementary materials. 

 The same procedure could also be applied to the unit-cell parameter c, but the small 

misfits to the data and correlation between the EoS parameters then means that the values of a, c 

and V obtained from the three EOS are not 100% consistent at all P and T, i.e. that sometimes 

𝑎 𝑐. 𝑐𝑜𝑠30 𝑉. Therefore, in order to maintain 100% consistency in both the cell parameter 

values at all P and T conditions (which correspond to the strains) and all of their pressure 

derivatives (corresponding to the thermal expansion and compressibility tensors (Zaffiro et al., 

2019), we use the EoS for the volume and the a-axis of quartz, and calculate all values of c from 

them as 𝑐 . As an example, we provide in Fig. M2 a comparison to measured data of 

the temperature variation of the a- and c-unit-cell parameters of quartz calculated from the two 

EoS for a and V. The misfit below room temperature is due to order-parameter saturation (Angel 

et al., 2017a; Salje et al., 1991) which is not included in the models, and data below 200 K were 

therefore not used in the fits. 
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Figure M2: Cell parameter variation of quartz with temperature. Points are data from 
Carpenter et al(Carpenter et al., 1998). The red line is the axial EoS for the quartz a cell 
parameter, and the blue line are the values of the c-cell parameter calculated from the volume 
EoS(Angel et al., 2017a), and the axial EoS for the a-axis. 
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