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Abstract 7 

A continuously increasing number of research groups are adopting elastic geobarometry for retrieving pressures and 8 

temperatures of entrapment of inclusions into a host from both natural and experimental samples. However, a few 9 

misconceptions of some of the general concepts underlying elastic geobarometry are still widespread. One is the 10 

difference between various approaches to retrieve the residual pressures and residual strains from Raman 11 

measurements of inclusions. In this paper, the estimation of uncertainties and the validity of some general 12 

assumptions behind these methods are discussed in detail and we provide general guidelines on how to deal with 13 

inclusion strain, measurements, inclusion pressure and their uncertainties. 14 

Introduction 15 

Elastic geobarometry is a useful tool to estimate the pressure and temperature (PT) of equilibration of a mineral 16 

assemblage starting from the residual pressure of inclusions trapped in a host. Consider a soft inclusion in a stiffer 17 

host (e.g., quartz in garnet) entrapped at a certain PTtrap condition and exhumed to the surface (PTend). At PTend 18 

conditions, both host and inclusion have a larger volume than at entrapment, due to pressure being released upon 19 

exhumation (ΔV>0). However, the volume increase of the softer quartz should be greater than that of the stiffer host 20 

(ΔVqz>ΔVgrt). The host garnet compresses the quartz inclusion into a smaller volume than a free quartz crystal, 21 

straining and pressurizing the inclusion. Knowing the inclusion pressure (𝑃𝑖𝑛𝑐 = mean normal stress) at Tend  22 

(normally room T) and the elastic properties of host and inclusion allows one to back-calculate a line in PT space of 23 

possible entrapment conditions: the isomeke (e.g. Angel et al., 2017b; Angel et al., 2014; Rosenfeld and Chase, 24 

1961). 25 
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Several authors have worked on developing an accurate Raman calibration for quartz at high pressure and 26 

temperature conditions (Morana et al., 2020; Schmidt and Ziemann, 2000). These calibrations, originally aimed at 27 

developing an alternative pressure sensor to ruby fluorescence for experiments at room temperature, have found 28 

extensive use in metamorphic petrology to determine the residual pressures of mineral inclusions trapped in mineral 29 

hosts (Enami et al., 2007; Kohn, 2014; Thomas and Spear, 2018; Zhong et al., 2019). However, this application is 30 

subject to several limitations. One of the major assumptions of this method is the quasi-linear dependency of 31 

inclusion pressure and the change in Raman peak position (hereafter Δω = ωi-ω0, where ωi is the Raman shift of a 32 

certain mode of the inclusion and ω0 is the Raman shift of the same mode in an unstrained, free reference crystal). 33 

However, this is essentially incorrect, as the wavenumber shift of a phonon mode m in a crystal (𝛥𝜔𝑚) depends on 34 

the imposed strain rather than pressure. This relation is described by a second-rank symmetric tensor: the phonon-35 

mode Grüneisen tensor 𝜸𝒎 (Ziman, 1960) which, for uniaxial crystals (e.g., quartz and zircon), can be expressed as 36 

−𝛥𝜔𝑚

𝜔0
𝑚 = 2 ∗ 𝛾1

𝑚 ∗ 𝜀1 + 𝛾3
𝑚 ∗ 𝜀3, where 𝛾1

𝑚 and 𝛾3
𝑚 are the components of 𝜸𝒎 in Voigt notation (Angel et al., 2019). 37 

Using the concept of phonon-mode Grüneisen tensor, Murri et al. (2018) developed a method to estimate the strain-38 

state of an inclusion using measurements of multiple Raman modes. The inclusion strain is then converted to stress 39 

with a stiffness tensor (e.g., Wang et al. (2015) for quartz) to obtain the inclusion stress state from which we 40 

calculate the mean normal stress (which we equate to pressure). Despite this new technique, several authors still 41 

adopt the direct Raman-shift to inclusion pressure conversion from hydrostatic hydrothermal-diamond anvil cell 42 

calibrations regardless of the symmetry of the inclusion and the host (e.g., Cisneros et al., 2020; Dunkel et al., 2020; 43 

Wolfe and Spear, 2020; Zhong et al., 2019). This would not be a major problem for a cubic inclusion in a cubic host 44 

in which the isotropic strain imposed by the host creates an isotropic (hydrostatic) stress in the inclusion. However, 45 

an elastically anisotropic inclusion in a (near-) isotropic host (e.g., quartz in garnet) develops non-hydrostatic 46 

deviatoric stresses when subjected to an isotropic strain. In some cases, discrepancies between the two methods can 47 

be small, while in some other cases errors may be large enough to lead to incorrect interpretations. Here, we 48 

compare the results of these two methods for determining the inclusion pressures of quartz inclusions in garnet from 49 

both natural (Syros Island, Greece, Cisneros et al., 2020; eastern Papua New Guinea, Gonzalez et al., 2019) and 50 

experimental (Bonazzi et al., 2019) samples and we discuss whether the hydrostatic approximation is a viable 51 

alternative to the anisotropic model for retrieving the inclusion pressure. Furthermore, we show how inclusion strain 52 

analysis can provide new information on the strain and stress state of the rocks at entrapment conditions.  53 

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-2021-7928.  http://www.minsocam.org/

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



Inclusion strain vs. inclusion pressure  54 

The comparison between the two approaches (i.e., Grüneisen tensor vs hydrostatic calibration) can be easily 55 

demonstrated with a diagram that represents the principal independent strain components for a quartz inclusion 56 

trapped in garnet together with their inclusion pressure. Figure 1 is a ε1+ε2 vs ε3 graph showing the strains of quartz 57 

inclusions in garnet from Syros (Cisneros et al., 2020), Papua New Guinea (Gonzalez et al., 2019) and from piston-58 

cylinder press experiments (Bonazzi et al., 2019). These inclusion strains were calculated from their Δω for ω128, 59 

ω206, ω264 (when available) and ω464 using the Grüneisen tensor of Murri et al. (2018) and the software stRAinMAN 60 

(Angel et al., 2019). Figure 1 is also contoured in values of 𝑃𝑖𝑛𝑐, calculated in two ways. The black lines are 𝑃𝑖𝑛𝑐 61 

calculated by converting the strains into stresses using the adiabatic elastic tensor at 1 bar by Wang et al. (2015) and 62 

considering the inclusion pressure as the mean normal stress (𝑃𝑖𝑛𝑐 =
𝜎1+𝜎2+𝜎3

3
). Using a different formulation of the 63 

elastic tensor of quartz at 1 bar (such as the one by Mazzucchelli et al., 2020) has a negligible effect on the position 64 

of the lines of equal 𝑃𝑖𝑛𝑐. This approach ignores the stiffening of the elastic moduli of quartz with pressure (see the 65 

detailed discussion in the supplementary materials). Adopting the elastic tensor measured at 1.4 GPa (Wang et al. 66 

(2015), which might be more consistent with the pressures exhibited by these inclusions, produces changes in the 67 

absolute 𝑃𝑖𝑛𝑐 values and reduces the spacing between the black “isobars”, while maintaining their slope unchanged. 68 

The red lines in Figure 1 represent the 𝑃𝑖𝑛𝑐
464, as would be obtained by measuring only the shift of the 464 cm-1 69 

Raman band of a quartz inclusion and converting it to pressure via the hydrostatic calibration 𝑃𝑖𝑛𝑐
464 = (0.00029 ∗70 

𝛥𝜔464
2 + 0.118 ∗ 𝛥𝜔464) 𝐺𝑃𝑎 by Morana et al. (2020), which is equivalent to the calibration by Schmidt and 71 

Ziemann (2000) for P < 2.1 GPa. The two sets of lines (equal 𝑃𝑖𝑛𝑐 and 𝑃𝑖𝑛𝑐
464) are non-parallel and cross at an angle of 72 

about 13.3°. This implies that at any given strain condition 𝑃𝑖𝑛𝑐 is different from 𝑃𝑖𝑛𝑐
464 with the sole exception of the 73 

origin (at zero strains) and near the line of hydrostatic conditions. Using the hydrostatic calibration of different 74 

Raman modes (e.g., ω206; Morana et al., 2020; Schmidt and Ziemann, 2000) leads to analogous results to the ω464. 75 

Uncertainties in measurements and data processing 76 

The measured Raman shift of a strained inclusion has an intrinsic uncertainty arising from the instrumental 77 

reproducibility and the fitting procedure. This uncertainty is generally ~0.35 cm-1 for the best-performing 78 

instruments at moderate wavenumber values (100-1000 cm-1) but it can be larger for low performance instruments 79 
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and for low intensity modes (e.g., ω264). After converting the shifts into strain, the 2σ uncertainty is then represented 80 

as in Figure 1 using covariance ellipses calculated from the covariance matrix. These extremely elongated ellipses 81 

highlight the large correlations existing between the two strains arising from the similar strain dependence of the 82 

independent modes (see Angel, 2000 for more details on covariance ellipses and parameter correlation). The 83 

confidence ellipses for quartz are subparallel to the lines of equal 𝑃𝑖𝑛𝑐. Therefore the precision of the absolute values 84 

of the independent strain components (ε1, ε2 and ε3) is low, while the precision on the 𝑃𝑖𝑛𝑐 is high (its uncertainty is 85 

generally < 0.1 GPa; see Mazzucchelli et al., 2020 for the uncertainty conversion procedure). As an example, in 86 

Figure 1 the red and orange circles represent the strains determined on quartz inclusions in almandine synthesized 87 

using piston-cylinder press experiments (Bonazzi et al., 2019) under controlled PT conditions of 775 °C – 3.0 GPa 88 

and 800 °C – 2.5 GPa, respectively. Despite the large variations in strains along the isobars, all inclusions have a 89 

similar 𝑃𝑖𝑛𝑐 (weighted average at 1.15±0.02 GPa for alm 1 and 0.95±0.02 GPa for alm 2) and plot subparallel to the 90 

lines of equal 𝑃𝑖𝑛𝑐. We can see this type of scattering in natural samples as well: the inclusions strains of quartz 91 

inclusions from Syros (Cisneros et al., 2020) and Papua New Guinea (Gonzalez et al., 2019) in Figure 1 line up 92 

within their uncertainty ellipses and are subparallel to the lines of equal 𝑃𝑖𝑛𝑐. This is not the case for the lines of 93 

equal 𝑃𝑖𝑛𝑐
464 (red lines in Figure 1), which means that the hydrostatic method can lead to significantly different 94 

pressures for a set of inclusions entrapped at the same PT condition (e.g., piston-cylinder press experiment). As an 95 

example, the 𝑃𝑖𝑛𝑐 calculated for quartz inclusions from alm 1 (Bonazzi et al., 2019) is 1.15±0.02 GPa, while the 96 

𝑃𝑖𝑛𝑐
464 ranges from ~0.6 to ~1.3 GPa (Figure 1). 97 

In Figure 2a, we can see that the difference between 𝑃𝑖𝑛𝑐 and 𝑃𝑖𝑛𝑐
464 increases with volume strain (𝜀𝑉 =  𝜀1 + 𝜀2 +98 

𝜀3) both along the hydrostatic stress and the isotropic strain lines (yellow and green dashed lines in the figure). Also, 99 

this increase is exponential, with relatively small differences in 𝑃𝑖𝑛𝑐 (~0.02) for small strains. This is because the 100 

𝑃𝑖𝑛𝑐
464 of quartz was calibrated under hydrostatic stress condition within a diamond-anvil. As such, the direct 101 

correlation ω464-to-𝑃𝑖𝑛𝑐 gives similar results to the inclusion mean normal stress under hydrostatic conditions. 102 

However, the strain state of quartz inclusions in garnet suggests that such inclusions are under non-hydrostatic stress 103 

conditions (Figure 1). Figure 2b shows that the difference in inclusion pressure 𝑃𝑖𝑛𝑐 − 𝑃𝑖𝑛𝑐
464 scales linearly with the 104 

differential strain. For large differential strains there is a large difference in inclusion pressure: in the extreme case 105 

of some quartz inclusions from piston-cylinder press experiments, the difference in inclusion pressure might exceed 106 
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0.6 GPa, for very strained inclusions (Δε < -0.08; alm  1 in Figure 1 and 2b; Bonazzi et al., 2019). For this 107 

particular inclusion (alm1-grt01-I4), the calculated entrapment pressure (Ptrap) at 775 °C using the 𝑃𝑖𝑛𝑐
464 is 1.67±0.08 108 

GPa, while using the 𝑃𝑖𝑛𝑐 is 2.82±0.28. The Ptrap was calculated with the software EntraPT (Mazzucchelli et al., 109 

2020) using the EoS for quartz (Angel et al., 2017a) and almandine (Milani et al., 2015). These extreme differential 110 

strains are seldom found in natural samples. Nevertheless, natural inclusions from Syros (Cisneros et al., 2020) and 111 

Papua New Guinea (Gonzalez et al., 2019) have differential strains ranging from ~-0.03 and 0.02, which correspond 112 

to a difference in inclusion pressures from -0.2 to 0.2 GPa (blue and green circles in Figure 2b) and a difference in 113 

Ptrap at 550 °C up to 0.7 GPa. As such, the difference in entrapment pressures calculated from 𝑃𝑖𝑛𝑐 and 𝑃𝑖𝑛𝑐
464 are 114 

geologically significant if the inclusion is under differential strain. However, the entrapment pressure calculated 115 

from the 𝑃𝑖𝑛𝑐 is reliable (within uncertainties), even for extreme differential strains. 116 

Implications 117 

Raman elastic geobarometry is a viable tool to measure the strain and stress state of quartz (and zircon) inclusions in 118 

garnet and reveals that such inclusions are often under non hydrostatic stress conditions. This observation can 119 

provide a reliable starting point for future studies on how to measure and estimate non-lithostatic stresses acting at 120 

the scale of the single garnet and whether they can be upscaled to the meso- and macro-scale of the rock units of 121 

which they are part. 122 

Inclusion pressures calculated from single mode shifts of quartz are similar to those calculated from the Grüneisen 123 

tensor for inclusions under small volume strains (-0.03 < εV < 0.01) and near-hydrostatic conditions. The difference 124 

between the two methods of calculating inclusion pressures increases drastically with increasing differential strain of 125 

the inclusion. Given that quartz inclusions are seldom under hydrostatic stress, the hydrostatic approximation is 126 

unreliable and should be avoided. 127 
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Figures 134 

Figure 1 – Graph of ε1+ε2 vs. ε3 displaying the strains of quartz inclusions from piston-cylinder press experiments 135 

(Bonazzi et al., 2019) and natural samples from Syros in Greece (Cisneros et al., 2020) and from Papua New Guinea 136 

(Gonzalez et al., 2019). The lines in black are the lines of mean normal stress (𝑃𝑖𝑛𝑐) of quartz calculated from the 137 

room-P stiffness tensor, while the lines in red were calculated using the hydrostatic calibration (𝑃𝑖𝑛𝑐
464) by Morana et 138 

al., 2020. The yellow dashed lines is the hydrostatic stress of quartz (Reuss bound) calculated with the quartz EoS 139 

(Angel et al., 2017a). The green dashed line is the isotropic strain (Voigt bound). Further explanation of these types 140 

of strain plot is provided in the supplementary materials. 141 

Figure 2 – graph of 𝑃𝑖𝑛𝑐 - 𝑃𝑖𝑛𝑐
464 in GPa vs. volume strain (a) and differential strains (b). 142 
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