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Abstract

:

The equation of state (EoS) of a natural almandine74spessartine13pyrope10grossular3 garnet of a typical composition found in metamorphic rocks in Earth’s crust was obtained using single crystal synchrotron X-ray diffraction under isothermal room temperature compression. A third-order Birch-Murnaghan EoS was fitted to P-V data and the results are compared with published EoS for iron, manganese, magnesium, and calcium garnet compositional end-members. This comparison reveals that ideal solid solution mixing can reproduce the EoS for this intermediate composition of garnet. Additionally, this new EoS was used to calculate geobarometry on a garnet sample from the same rock, which was collected from the Albion Mountains of southern Idaho. Quartz-in-garnet elastic geobarometry was used to calculate pressures of quartz inclusion entrapment using alternative methods of garnet mixing and both the hydrostatic and Grüneisen tensor approaches. QuiG barometry pressures overlap within uncertainty when calculated using EoS for pure end-member almandine, the weighted averages of end-member EoS, and the EoS presented in this study. Grüneisen tensors produce apparent higher pressures relative to the hydrostatic method, but with large uncertainties.
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1. Introduction


Garnets are a family of mineral structures with the formula X3Y2[ZO4]3. Most silicate garnets have cubic symmetry forming dodecahedral crystals in the space group Ia3d with an 8-coordinated X-site, 6-coordinated Y-site, and 4-coordinated Z-site [1]. The most common garnets contain corner sharing YO6 octahedra and ZO4 tetrahedra with X cations contained within this three-dimensional framework. Substitution of different cations into the X-site defines common compositional end-members of the garnet group in metamorphic rocks [2]. Garnets in the mantle commonly exhibit different substitution mechanisms [3], which are not addressed here. This study is restricted to crustal aluminosilicate garnets (Z = Si; Y = Al), that are common metamorphic and igneous minerals in the Earth’s crust. These garnets are dominated by the compositional end-members pyrope (Mg3Al2[SiO4]3), almandine (Fe3Al2[SiO4]3), spessartine (Mn3Al2[SiO4]3), and grossular (Ca3Al2[SiO4]3). They form in a variety of rock types and participate in key metamorphic reactions allowing them to be used to model geologic pressures and temperatures, important for understanding mountain building processes, tectonic histories, and metamorphic reactions. To use garnet in pressure-temperature (P-T) modeling, the influence of these different X-site cations must be accounted for, and the accuracy of P-T predictions rely on the accuracy of the EoS and thermodynamic mixing models for garnet solid solutions. Despite the importance of garnet and extensive efforts, different mixing models are not universally consistent in how well they reproduce garnet volumes [4]. Furthermore, discrepancies between garnet solid solution mixing volumes derived from calorimetry are often inconsistent with results from X-ray diffraction depending on the EoS model used [5,6,7,8,9].



Because of its abundance in Earth’s crust, garnet has been a common focus of crystallographic studies. The almandine [Fe], spessartine [Mn], pyrope [Mg], and grossular [Ca] end-members have been extensively studied [10,11,12,13,14]. However, in nature, garnet almost never forms as pure end-members, thus end-member garnet volumes at zero pressure (   V 0   ) and bulk moduli (   B 0   ) have to be mixed to account for intermediate compositions. Many models have been proposed for how to mix the thermodynamic properties of garnet solid solutions, but they do not all agree [4,6,15,16]. Early experimental work suggested that Fe and Mn, Ca and Fe, and Ca and Mn end-member    V 0    and    B 0    mix ideally or nearly-ideally, from which simple mixing models were developed [5,6]. However, these models do not fit experimental data from other studies and show poor agreement with other models [7,15]. Ideal mixing was also observed more recently in pyrope-almandine solid solutions with added Mn content in almandine increasing the pressure derivative of the bulk modulus (      B 0   ′    ) following an ideal mixing model [2]. In addition to [2], ideal mixing of garnet end-members was also demonstrated by [13,17,18]. However, for grossular-spessartine solid solutions, non-ideal mixing of of    V 0    and    B 0    is observed [6,8,9,19]. The positive ideal mixing of almandine-pyrope solid solutions and the non-ideal mixing behavior of almandine-grossular solid solutions arise from the different sizes of the cations that can occupy the dodecahadral site in garnet, with ionic radii of 0.92 Å for Fe2+, 0.89 Å for Mg2+, and 1.12 Å for Ca2+ [8]. Thus, with an ionic radius of 0.96 Å for Mn2+, almandine-spessartine solid solutions are expected to behave similarly to almandine-pyrope. However, deviations from ideal mixing have been found [20]. Non-ideal behavior has been recognized in Fe and Mg mixing, Fe and Ca mixing, and Fe and Mn mixing [15,16,20,21,22]. Single crystal studies on the influence of substitution of the Mg, Mn, and Ca cations together in natural almandine garnets have not been extensively studied. Accurate solid solution models describing the mixing of garnet end-members are crucial for the use of garnet as a geobarometer, and discrepancies between different mixing models have important implications for the accuracy of geobarometers, which are discussed in detail below.



The EoS plays an important role in inclusion-host elastic geobarometery, as entrapment pressures are modeled using the EoS of the host and inclusion minerals [23]. Currently, there is debate within the geologic community about which methods of geobarometry—thermodynamic equilibrium geobarometry or elastic geobarometry—more accurately reproduce metamorphic pressures. In light of new advances to the recently developed quartz-in-garnet elastic geobarometer (QuiG), which sometimes yields pressures that are inconsistent with chemical equilibrium-based approaches, there has been increased scrutiny of methods of geobarometry [24,25,26,27]. Studies comparing QuiG and thermodynamic equilibrium-based barometers in Barrovian rocks show pressure differences of 0.2 or more GPa calculated by these methods [26,28,29]. A possible cause for this discrepancy could be equilibrium thermodynamic approaches involving garnet underestimating pressures of metamorphism due to overstepping of garnet-producing reactions [26,28]. Alternatively, deviation could arise from unrecognized aspect(s) of QuiG causing pressures to be overestimated. There is not a clear consensus on how to calculate final QuiG entrapment pressures since garnet end-member EoS return different pressures and natural garnets are composed of intermediate compositions. One approach is to use only the EoS for almandine since most metamorphic garnets used in P-T modeling are closest in composition to this Fe end-member. Another approach is to use a weighted average of the pressures returned for each end-member, weighing the pressures based on the chemical composition of the garnet. Alternatively, a single representative EoS with a composition common to metamorphic garnet can be used if such an EoS is available. Whether or not these alternatives can significantly influence the pressures returned by QuiG has not been thoroughly evaluated. In addition to the bulk moduli, another potential source for error are the thermal expansion coefficients. Differences in the thermal parameters could reveal differences in the calculated entrapment pressures, as thermal expansion has been found to cause significant differences in the compressibilities and mixing behavior of garnet solid solutions [14]. In this study, the simple case is examined to test the bulk moduli effect on EoS mixing and entrapment pressure calculations. Future work will evaluate the effect of the thermal parameters.



Another outstanding question about QuiG geobarometry is the reliability of the hydrostatic calibration for QuiG. Typically, QuiG was calculated assuming hydrostatic compression within quartz, and inclusion pressures were derived from experimentally calibrated Raman band shifts [27,30]. Recently, an alternative approach was developed that uses phonon-mode Grüneisen tensors to calculate strain on each crystallographic axis, and inclusion pressures are obtained from strains [24,31,32]. To the authors’ knowledge, no significant deviation has been recognized between these two methods below 3.0 GPa [23,31], and many continue to apply it. To compare these methods, pressures are calculated using both approaches.



Here we report an EoS for a natural garnet of composition Alm74Sps13Prp10Grs3 under compression up to 10.6 GPa. The specimen was collected from a middle amphibolite facies pelitic schist from the Albion Mountains of southern Idaho [33]. Garnet from this sample was chosen because the composition is similar to garnets from pelitic schists in other regional metamorphic environments, which represents a common variety of garnet used in P-T modeling. Determination of an EoS for garnet of a common and naturally occurring composition can contribute to our understanding of garnet solid solution mixing and compression in metamorphic rocks, with implications for methods in petrology. In particular, we examine the compressibility of this garnet to understand the effect of Mn, Mg, and Ca on the almandine EoS. The 300 K (room temperature) isotherm for this natural garnet is obtained by fitting single crystal synchrotron X-ray diffraction (SXD) data collected using a diamond anvil cell (DAC). We compare the newly derived EoS to published EoS on garnet end-members. Additionally, quartz inclusions from a garnet in the same rock sample are analyzed using Raman spectroscopy for QuiG, applying both the Grüneisen tensor and hydrostatic approaches. To test the influence of the garnet EoS on calculated QuiG pressures and to test whether using ideal mixing of the end-member EoS and/or a pure end-member EoS (e.g., almandine) for QuiG is a satisfactory approximation in calculating metamorphic pressures, we calculated entrapment pressures using the the EoS for this natural garnet, the EoS for four end-member garnets, and a weighted average of pressures returned by the end-member EoS that is weighted based on the garnet composition.




2. Materials and Methods


A single crystal specimen of natural garnet was used for SXD. A 250-micron sample chamber hole was laser drilled into a steel gasket that was preindented to 65-microns. The specimen was loaded into a BX-90 DAC [34]. The garnet was compressed incrementally in 12 steps up to 10.6 GPa. A 4:1 methanol-ethanol mixture was chosen for the pressure transmitting medium as it remains quasi-hydrostatic over that measured pressure range [35]. Ruby and gold flakes were loaded to determine pressure through ruby luminescence [36] and gold EoS [37], respectively.



SXD data were collected at the undulator X-ray diffraction beamline at GeoSoilEnviroCARS (GSECARS) sector13 of the Advanced Photon Source of the Argonne National Laboratory. A Pilatus 1M CdTe detector was used to collect pressure dependent SXD. The X-ray probing beam spot size was focused to approximately 2–4   μ  m; additional details on the experimental setup are in [38].



SXD patterns were indexed and unit cells obtained in CrysAlis [39]. Between 373 and 469 reflections were used for indexation with Rint = 0.015 to 0.057. A third-order Birch-Murnaghan EoS [40] was fitted to the data using EoSFit7c [41]. This type of equation was chosen to be consistent with previously published end-member EoS [10,13,14]:


   P  ( V )  =   3  B 0   2   [   (   V 0  V  )   7 3   −   (   V 0  V  )   5 3   )   ( 1 +  3 4   (  B 0 ′  − 4 )   [   (   V 0  V  )   2 / 3   − 1 ]  )    








where P is pressure in GPa, V0 is the volume at zero pressure, V is the volume at P, B0 is the bulk modulus at zero pressure in GPa, and    B 0 ′    is the pressure derivative of the bulk modulus at zero pressure [40]. V0, B0,    B 0 ′    were left as floating parameters during fitting. The reduced chi-squared value of the fitted EoS (Table 1) was 5.26.



   V 0   , obtained from fitting, is compared to    V 0   -ideal, which is calculated assuming ideal mixing of the end-members pyrope [14], almandine [14], spessartine [13], and grossular [42] (Table 2). Details on the mixing models are described in the results below. Measured end-member contributions are weighted using garnet chemical data from electron probe micro-analysis (EPMA).    V 0   -ideal was calculated using volumes from the published EoS files downloaded from rossangel.com [10,14] for almandine, pyrope, and grossular and [13] for spessartine.    V 0    was unable to be measured for this study, as the sample was damaged during retrieval, therefore post-experiment    V 0    was not collected. Pre-experiment    V 0    was also not measured, as pandemic related restrictions required the sample to be loaded, slightly compressed, and shipped to the beamline for data collection. We recognize the limitations of using only a calculated    V 0   , but the consistency of the fitted    V 0    to those of published end-members supports correct determination of the volume.



To obtain garnet and matrix mineral compositions, EPMA chemical analyses were conducted using a Cameca MBX electron microprobe at Northern Arizona University. For garnet, 66 points from rim to rim in the garnet were collected using a spot size of 1-micron and a beam current of 20–27 nA. Garnet zoning profiles were smooth and show a steep spessartine decrease at the rims. Raman data and samples extracted for DAC compression were selected from the interiors of the garnets to avoid sampling the rim. Matrix minerals were analyzed using a voltage of 15 kV, beam current of 10 nA, and spot diameter of 5-microns. In all analyses, X-rays were accumulated until either the counting time was reached or the standard deviation was less that 0.5 percent. Natural and synthetic standards were used for calibration.



Elastic Geobarometry


Raman spectra were collected for nine quartz inclusions entrapped within one garnet, which was extracted from the same rock sample as the garnet used to create the EoS in this study. Unoriented Raman Spectroscopy was conducted at UNLV using a Princeton TriVista SP750 in a single spectrometer setup with a Princeton PIXIS 400p CCD detector with 20 micron x micron chip (Acton, Ma, USA ) equipped with a 532 nm laser, an Optigrate volume Bragg grating super notch filter, and an 1800 gr/mm diffraction grating using a NA = 0.42 objective and a 100-micron spatial filter. Spectra were collected for 35 s and 5 accumulations at 6 mW laser power. Large exposed, unstressed matrix quartz in the sample was used as a standard. The average of the quartz standards(QZ) is 465.1278 cm−1 (Table S1). Raman data were fitted in FitYK [43]. Analytical uncertainty is estimated using the standard deviations from QZ (Table S1). The 464 cm−1 band had a standard deviation of 0.1 cm−1, which produces an entrapment pressure uncertainty of 0.05 GPa. This uncertainty has been confirmed with Herkimer quartz on this Raman system. The uncertainty on the 207 cm−1 band was significantly higher at 0.3 cm−1. Inclusion pressure uncertainties reported by EntraPT [44] are 0.201 GPa, producing an entrapment pressure uncertainty of 0.276 GPa at 559     ∘   C. Inclusion pressures that are referred to as ‘Pstress’ were calculated using Grüneisen tensors in EntraPT [44]. These are calculated using only two modes following [45], rather than the preferred three, as the 128 cm−1 mode was not used due to noise from the incident laser line causing a high signal-to-noise ratio and high background at the 128 position, which significantly increased the fit uncertainty on this mode. Only four inclusions were suitable for calculating pressures using three modes, these data are provided in the supplement (Table S2). Because anisotropy primarily affects the inclusion pressure, not entrapment pressure, the use of two modes is sufficient here, as the Raman data are included only to test for possible changes to the pressures returned by QuiG with changing EoS, and precise pressures of metamorphism are not required for this comparison. Inclusion pressures referred to as ‘P464’ were calculated assuming hydrostatic compression and using the calibration for the 464 cm−1 mode shift [30]. Entrapment pressures are calculated using EoSFit7-Pinc [25]. EntraPT [44] reports entrapment pressures, but these were not used, as EoS cannot be input into the software, and only almandine, grossular, and pyrope EoS are available to use. In EoSFit7-Pinc, EoS can be uploaded. The following mineral EoS were used to calculate entrapment pressures for this study: quartz (full curved) [46]; almandine [14], pyrope [14], grossular    B 0 ′    [10], and spessartine from Thermocalc database tc-ds62 [47] with a shear modulus (   G 0   ) of 96 [42]. The EoS used to calculate the entrapment pressure for end-member spessartine was taken from Thermocalc rather than the published EoS [13] because the latter does not incorporate    G 0   , and thus it is incompatible with EoSFit7-Pinc without modification.    G 0    and thermal parameters from [14] were incorporated into the natural garnet EoS determined here (Figure S2). Elastic relaxation is calculated within EoSFit7-Pinc [41]. Note that QuiG pressures are always assumed to represent a minimum entrapment pressure, as inelastic processes always have the potential to relax the stress on an inclusion. To calculate QuiG pressures at a specified entrapment temperature, a temperature transect across the garnet was done using garnet-biotite thermometry on each EPMA point [48,49]. Uncertainty is estimated to be 25     ∘   C [50]. For this study, pressures are calculated at temperatures of 25     ∘   C (for measurement) and 559     ∘   C (for entrapment). Inclusions G3–4 and G3–5 had high fit uncertainties and interference on the 464 cm−1 band, and are likely not reliable or representative of metamorphic pressures.





3. Results


This Alm74Sps13Prp10Grs3 garnet SXD data, obtained from crystals mounted within a DAC, were indexed in the known cubic metric from ambient pressure up to 10.6 GPa. No indication of a pressure induced phase transition was observed and the indexation clearly favored the I- centered cubic structure. The results of the single crystal indexing are shown in Figure 1 and given in Table 1.



A third order Birch Murnaghan EoS [40] was fitted to the experimental data in EoSFit7c [41] giving    V 0    = 1534.59(8) Å3,     B 0   =  172.0 ( 57 )     GPa, and    B 0 ′    = 6.2(16). A Munaghan EoS [40] was also fitted to the experimental data giving    V 0    = 1534.60(8) Å3,    B 0    = 167.5(81) GPa, and    B 0 ′    = 5.2(15). However, to be consistent with published studies, the third-order Birch Murnaghan results are used in this analysis. The fitted volume is 0.13 percent smaller than the ideal mixing model volume of 1536.52 Å3, which is calculated as weighted average of the published end-member data [10,13,14]. These are consistent within uncertainty. A plot of normalized stress versus Eulerian strain (F-f plot) was produced; however, high uncertainties obscure the results at the low pressure intervals precluding the use of this plot for determining reliable    B 0    or    B 0 ′    values (Figure S1).



To demonstrate the possible effects of the EoS of garnet on the QuiG elastic geobarometer, QuiG pressures were calculated using the EoS determined in this study (Figure S2) and compared to pressures calculated using published EoS [10,14]. Garnet-biotite cation exchange thermometry [50] gave temperatures of garnet growth of 559     ∘   C in the core and 596     ∘   C in the rim. The core temperature was used to calculate entrapment pressures because the inclusions analyzed were located in the garnet core. The highest entrapment pressure calculated using the EoS determined in this study was 0.930 GPa using the Grüneisen tensor approach (Table 3). Using an EoS for pure almandine, the highest entrapment pressure was also 0.930 GPa (Table 3). Using the weighted average of the end-members, the highest entrapment pressure was 0.907 GPa (Table 3). The Grüneisen tensor and hydrostatic approaches produced pressures within uncertainty (Figure 2). Note that the EoS for this garnet utilized thermal parameters for end-member almandine.




4. Discussion


Although this garnet contains 26 percent Mn, Mg, and minor Ca on the X-site, it behaves within uncertainty equal to pure almandine during isothermal compression. Garnets in natural samples of crustal metapelites commonly have similar compositions to the garnet analyzed here, thus it is relevant for garnet geobarometry that the EoS is only minimally affected by the presence of these cations. We note that Mg and Mn content in almandine appear to have opposing effects on the    B 0   , with end-member pyrope and spessartine having    B 0    = 163.7 GPa and    B 0    = 171.0 GPa, respectively, [13,14] (Table 2).    V 0    for spessartine and pyrope are nearly equally larger and smaller than almandine, respectively, (Figure 1). These opposing effects act to dampen the influences these cations have on the almandine solid solution EoS, causing the EoS of this natural garnet to overlap with pure end-member almandine within uncertainty. For this sample, the volume is within 0.26 percent and the bulk modulus is within 0.35 percent of end-member almandine [14]. The volume is within 0.13 percent of the calculated ideal mixing volume. Similar linear ideal mixing was observed for synthetic almandine-spessartine [13,18] and almandine-pyrope solid solutions [14,20]. Our results do not display observed small positive deviations from ideal mixing that have been found in almandine-spessartine solid solutions [20]. Significant volume excess and microstrain are observed in pyrope-grossular solid solution garnets [9], but are not observed here. Due to its large size, the Ca cation is likely the primary cause of microstrain causing deviation from ideal-behavior, and since the garnet analyzed in this study has only three percent grossular it does not experience these effects. Differences in thermal expansion coefficients may not follow ideal-mixing and may affect the QuiG results [14]. This will be addressed in a future study. For this study, the room temperature volume determined using the third-order Birch-Murnaghan EoS is within uncertainty of the volume calculated assuming ideal mixing of end-members, suggesting that ideal mixing of these natural garnets, which is common practice in geobarometry, is a sufficient approximation for similar garnets.



We test QuiG simplifications by applying various EoS approaches and comparing the results. Pressures calculated using the EoS produced in this study, which directly describes compression of the garnet analyzed, returns ca. 0.02 GPa higher pressures than those calculated using the weighted averages, and 0.001 GPa higher than the pressures calculated using the EoS for pure almandine [14] (Table 4), all within uncertainty of the QuiG method (Figure 3). QuiG isomekes calculated for different end-members do not follow the same trend as the unit cell volumes or the bulk moduli of the garnet end-members (Figure 1 and Figure 3). Although spessartine and pyrope have    V 0    values that border the intermediate value of almandine, the isomekes for spessartine and pyrope nearly overlap and are both at lower pressures than almandine. Thermal expansion, inclusion relaxation, and shear moduli are additional variables in QuiG modeling that affect the isomekes, and further work is needed in these areas. Note that spessartine has the least well constrained EoS of the end-members, and, unlike almandine, pyrope, and grossular, there is not a widely used EoS for spessartine established for use with QuiG. Better constraints on the elastic parameters for this end-member are needed to enhance the robustness of QuiG pressure calculations, but the effect is likely small, as spessartine is rarely a significant component in pelitic garnets. According to the analysis here, the choice of EoS, whether from pure almandine or ideal mixing, does not significantly affect the final pressures.



Comparing the hydrostatic and Grüneisen tensor approaches reveals no measurable difference between the two, but demonstrates the challenge of applying the Grüneisen tensor approach to Barrovian metamorphic rocks. For the hydrostatic approach, P207 and P464 are generally consistent (Table 4), considering the high uncertainty on the 207 cm−1 band, suggesting that the 207 band was likely not influenced significantly by interference from the host garnet, which has been observed on 207 cm−1 band in some garnet varieties [52]. We compare the 464 cm−1 mode (the most intense in the quartz Raman spectra) pressures to the Grüneisen tensor approach pressures because the 464 cm−1 band is considered to be the most reliable mode. The hydrostatic 464 cm−1 method reports apparent lower pressures than the Grüneisen tensor approach except for inclusion G3–11, but all are within uncertainty (Figure 2). Uncertainties reported by EntraPT [44] for the Grüneisen tensor entrapment pressures calculated in this study are 0.3 GPa when calculated using two modes, compared to 0.05 GPa for the hydrostatic method. Notably, an uncertainty of 0.3 GPa is too high for extracting meaningful geologic pressures in common geologic settings, as Barrovian metamorphic pressures are typically between 0.5 to 1.0 GPa, demonstrating the challenges of applying this method to low-to-intermediate pressure metamorphic rocks.




5. Conclusions


An EoS fitted to experimental data for this natural garnet of composition Alm74Sps13Prp10Grs3 follows ideal solid solution mixing. The determined EoS and an EoS produced using an ideal solid solution mix of    V 0   ,    B 0   , and    B 0 ′    of the garnet compositional end-members are within uncertainty (Figure 1). The results of this study suggest that natural garnets comprised of 70–80 percent almandine likely have sufficiently low proportions of Mn, Mg, and, of particular importance, Ca to be assumed to follow ideal solid solution mixing behavior, justifying these practices in geobarometry. This may be restricted to almandine garnets with nearly equal proportions of Mn and Mg, which also may be able to be approximated as compressing similarly to end-member almandine. These simplifications are supported by consistency in QuiG isomekes (Figure 3). According to the QuiG analysis, entrapment pressures obtained using ideal mixing of end-member EoS and the pure almandine EoS overlap within uncertainty with the pressures obtained using the EoS that directly describes compression of this garnet. At similar P-T conditions and garnet compositions, any of the approaches reproduce pressures of inclusion entrapment. This observation constitutes one more line of evidence supporting the use of QuiG for metamorphic pressure determination, and suggests that a generic EoS for similar garnets, such as the EoS produced here, should produce adequate pressures of entrapment using QuiG.
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Figure 1. Pressure-volume data for the Alm74Sps13Prp10Grs3 garnet analyzed in this study with SXD plotted as black squares. Experimental errors are smaller than the data symbols. The black line is the third-order Birch-Murnaghan EoS fitted to the experimental data. EoS for end-member almandine [14], end-member pyrope [10], and end-member spessartine [13] are plotted for comparison. The green line is an EoS created using a weighted average of the    V 0   ,    B 0   , and    B 0 ′    of the end-members. 
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Figure 2. Comparison of P-stress calculated using Strainman [24] with EntraPT [44] and P-464 calculated using the hydrostatic mode shift calibration of [30]. Each pair of points represents a single inclusion with numbers corresponding to the Inlc. names above (Table 3 and Table 4). The x-axis has been expanded for ease of comparison. 
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Figure 3. QuiG entrapment isomekes for the inclusion G3-15 (Pinc = 0.126 GPa) calculated using various equations of state [10,13,14]. Note that almandine overlaps with the EoS for garnet 78     ∘   C. 
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Table 1. Unit cell parameters for garnet obtained from indexing SXD data in CrysAlis [39]. Pressure was measured using ruby fluorescence. Uncertainty on pressure is <2.5% [51]. Unit cell parameters and volumes are obtained from SXD. Uncertainties on these are in parentheses.
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	P (GPa)
	a(Å)
	V(Å3)





	0.33
	11.5225 (5)
	1529.82 (12)



	0.69
	11.5182 (5)
	1528.12 (13)



	1.63
	11.5007 (5)
	1521.13 (11)



	2.23
	11.4903 (5)
	1517.03 (12)



	2.72
	11.4777 (4)
	1512.03 (10)



	4.12
	11.4478 (4)
	1500.26 (9)



	4.56
	11.4378 (5)
	1496.34 (12)



	5.48
	11.4206 (3)
	1489.58 (8)



	7.36
	11.3870 (5)
	1476.49 (11)



	8.03
	11.3744 (3)
	1471.58 (7)



	9.47
	11.3508 (3)
	1462.46 (6)



	10.63
	11.3337 (3)
	1455.84 (7)
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Table 2. Bulk moduli    B 0    and Volume    V 0    for garnet end-members from (1) the most recent experimental data [10,13,14], (2) internally consistent data [11], and (3) the garnet analyzed in this study and calculated assuming ideal mixing of the end-members weighted by the EPMA composition. Parameters in this study were obtained through fitting.
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	Garnet
	     B 0      (GPa)
	       B 0   ′     
	     V 0     (Å3)





	Alm 1 [14]
	172.6 (1.5)
	5.8 (5)
	1530.48 (10)



	Sps 1 [13]
	171 (4)
	5.3 (8)
	1564.70 (11)



	Prp 1 [14]
	163.7 (1.7)
	6.4 (4)
	1506.15 (16)



	Grs 1 [10]
	166.6 (2)
	4.96 (7)
	1664.46 (5)



	Alm 2 [11]
	185 (3)
	4.2 (3)
	1528.63 (8)



	Sps 2 [11]
	189 (1)
	4.2
	1563.64 (8)



	Prp 2 [11]
	171 (2)
	4.4 (2)
	-



	Grs 2 [11]
	175 (1)
	4.4
	1660.22 (8)



	This Study
	172.0 (57)
	6.2 (16)
	1534.59 (8)



	V-ideal
	171.3 (14)
	5.8 (5)
	1536.52 (11)
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Table 3. Entrapment pressures calculated using different EoS and the inclusion pressures above. All pressures were calculated using Pstress, except P-464 which was calculating using P464 which assumes hydrostatic stress. This pressure was calculated with the EoS produced in this study. Incl. is the inclusion number. P-Alm, -Grs, -Prp, and -Sps are calculated using EoS for each end-member. P-Mix was calculated assuming ideal mixing. P-Tot was calculated using the EoS produced in this study. Pressures are in GPa and entrapment pressures are calculated at 559     ∘   C using the full curved quartz EoS [46]. Uncertainty on entrapment pressures are 0.05 GPa for P-464 and 0.24 GPa for all other pressures.
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	Incl.
	P-Alm
	P-Grs
	P-Prp
	P-Sps
	P-Mix
	P-Tot
	P-464





	G3-10
	0.862
	0.818
	0.761
	0.778
	0.840
	0.863
	0.614



	G3-05
	0.904
	0.859
	0.802
	0.820
	0.882
	0.905
	0.772



	G3-02
	0.755
	0.714
	0.658
	0.677
	0.734
	0.755
	0.700



	G3-13
	0.762
	0.721
	0.665
	0.683
	0.741
	0.762
	0.693



	G3-12
	0.818
	0.776
	0.718
	0.736
	0.796
	0.818
	0.705



	G3-11
	0.679
	0.644
	0.584
	0.604
	0.659
	0.679
	0.714



	G3-14
	0.822
	0.780
	0.723
	0.740
	0.800
	0.822
	0.664



	G3-04
	0.930
	0.883
	0.828
	0.846
	0.907
	0.930
	0.753



	G3-15
	0.806
	0.764
	0.707
	0.726
	0.784
	0.806
	0.745
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Table 4. Raman and strain data. Incl. is the inclusion number, 207 is the measured position of the 207 band, 464 is the position of the 464 band, d is the difference between the measured and standard positions, e are strains calculated in Strainman [24], P207 is the inclusion pressure calculated using the hydrostatic shift of 207 [30]. P464 is the inclusion pressure calculated using the hydrostatic shift of 464 [30], Pstress is the inclusion pressure calculated using the strains [44]. The uncertainties of P464 and Pstress are 0.05 Gpa [30] and 0.3 GPa, respectively.
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	Incl.
	207 (cm−1)
	464 (cm−1)
	d207 (cm−1)
	d464 (cm−1)
	e1
	e1 + e2
	e3
	P207 (GPa)
	P464 (GPa)
	Pstress (GPa)





	G3-10
	209.14
	465.03
	2.47
	−0.10
	0.0065
	−0.0129
	0.00668
	0.081
	−0.011
	0.164



	G3-05
	210.33
	466.05
	3.65
	0.92
	0.0045
	−0.0090
	0.00285
	0.122
	0.102
	0.192



	G3-02
	208.43
	465.61
	1.76
	0.48
	0.0020
	−0.0040
	0.00114
	0.057
	0.053
	0.091



	G3-13
	208.51
	465.57
	1.84
	0.44
	0.0024
	−0.0047
	0.00160
	0.060
	0.049
	0.096



	G3-12
	209.12
	465.64
	2.45
	0.51
	0.0035
	−0.0070
	0.00259
	0.080
	0.057
	0.134



	G3-11
	210.09
	465.69
	3.41
	0.56
	0.0057
	−0.0113
	0.00467
	0.114
	0.062
	0.038



	G3-14
	208.98
	465.37
	2.31
	0.24
	0.0045
	−0.0089
	0.00405
	0.076
	0.027
	0.137



	G3-04
	210.23
	466.23
	3.55
	0.81
	0.0066
	−0.0132
	0.00588
	0.118
	0.090
	0.209



	G3-15
	209.22
	465.88
	2.55
	0.76
	0.0026
	−0.0051
	0.00122
	0.084
	0.084
	0.126
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