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Hardness, toughness, and modulus of some common metamorphic minerals
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ABSTRACT

Studies of the hardness and toughness of minerals have historically focused on minerals of the
Mohs scale, although, with the exceptions of quartz, orthoclase, and calcite, Mohs phases are not
common rock-forming minerals. We report new hardness (H), toughness (resistance to fracture, Kic),
and indentation modulus (E*) data obtained by microhardness and depth-sensing indentation (DSI,
or nanoindentation) experiments for common metamorphic minerals: sillimanite, kyanite, andalusite,
garnet, quartz, and orthoclase feldspar. Because the experimental techniques involve indentation-
induced cracking as well as depth-sensing indentation, the new data set can be used to investigate a
range of plastic behavior for minerals in the crust and mantle.

The three Al,SiO5 polymorphs have similar H values (~10-12 GPa): kyanite has the largest values
and andalusite the smallest. These values are similar to that of quartz (~12 GPa) and greater than that
of orthoclase (~7 GPa). Garnet H values vary with composition: for grossular, H ~ 13 GPa, and for
almandine-pyrope, H ~ 15 GPa. Although H values for the minerals we analyzed span a range of ~10
GPa, most fracture toughness values are between 1-1.8 MPa-m*. Garnet is much harder than Al,SiOs,
but has a similar to slightly lower K¢ (grossular ~1.2 MPa-m”; almandine-pyrope ~1.4 MPa-m”;
andalusite 1.8 MPa-m”; sillimanite 1.6 MPa-m*); kyanite Kic is difficult to measure owing to the ease
with which kyanite cleaves. Garnet has properties similar to those of cubic zirconia (ZrO,), which we
measured as a reference. Another reference mineral, periclase (MgO), has the lowest H (~5 GPa) and
the highest Kjc (~4 MPa-m*) of minerals we measured. Among the silicates, E* varies significantly
from orthoclase (~89 GPa) to quartz (~117 GPa) to garnet (245-260 GPa), and Al,SiOs has intermedi-

ate values: kyanite ~ 186-253 GPa, sillimanite ~ 207 GPa, andalusite ~ 232 GPa.
Keywords: Fracture toughness, hardness, indentation, metamorphic minerals, modulus, mechani-

cal properties, garnet, quartz, Al,SiOs

PHYSICAL PROPERTIES OF METAMORPHIC MINERALS

Mineral properties such as hardness, resistance to fracture,
and elastic modulus can be used to understand the brittle and
ductile behavior of metamorphic rocks during deformation. Al-
though much attention has focused on the physical properties of
rheologically significant minerals such as quartz, feldspars, and
calcite, much less is known about the mechanical properties of
important metamorphic phases such as the A1,SiOs polymorphs,
which are widely used for evaluating pressure-temperature (P-7)
conditions of metamorphism. Our study was motivated in part by
the need for a systematic physical properties data set that can be
used to model geological phenomena, such as the brittle fracture
of minerals during decompression in the crust or mantle (e.g.,
garnet: Whitney et al. 2000) or during earthquake-generating
faulting at or near the Earth’s surface (quartz: Goldsby et al.
2004). In addition, physical properties are relevant for inter-
preting seismic velocity data and for calculating lattice strain
associated with ionic substitution and trace-element partition-
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ing in solid-solution phases (e.g., garnet: van Westrenen et al.
1999). All of our data were collected at room temperature, so
are not directly applicable to the deformation of minerals during
metamorphism, but nevertheless represent a fundamental data set
that is a starting point for understanding the material properties
of important metamorphic phases.

SAMPLES AND METHODS

‘We determined hardness, toughness, and modulus for the three AL,SiOs poly-
morphs (andalusite, kyanite, sillimanite), two garnet compositions (Ca-rich and
Fe-Mg-rich), quartz, orthoclase, cubic zirconia (Zr0O,), and periclase (MgO). With
the exception of the cubic zirconia and periclase samples, which were synthetic,
all samples were natural minerals from rocks, and the garnets, andalusite, and
sillimanite were gem-quality. The periclase was polycrystalline MgO, with an
average grain size of 10 um, and represents the same material used by Cook and
Liniger (1992). All other samples were single crystals. Our characterization of these
minerals included their composition, crystal system, indentation plane (if known),
hardness determined by two methods— microindentation and depth-sensing inden-
tation (DSI, or nanoindentation) —toughness, and indentation modulus (Table 1).
All samples were analyzed on highly polished surfaces obtained by polishing with
fine diamond or alumina suspensions (0.2-0.3 um).

For microindentation experiments, we used a Vickers square-pyramid diamond
probe, and for DSI, we used a Berkovich triangular-pyramid diamond probe. For
most minerals, the indented plane in our experiments was a cleavage plane or crystal
face. For highly anisotropic minerals such as kyanite, we indented different planes
to capture the range of hardness values. Details of the experimental technique and
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TaBLE 1. Characteristics and mechanical properties of the analyzed minerals

Mohs no. Mineral Chemical Crystal system Orientation of Microhardness DSl Hardness Toughness Modulus
formula indented plane (GPa) (GPa) (MPa-m”) (GPa)
5-5.5 Kyanite Al,SiOs triclinic (001) - 148+14 - 186+8
6 Orthoclase KAISi;Oq monoclinic (101) 6.9+0.7 9.1+0.6 1.1+04 89+7
6-6.5 Periclase* MgO isometric 53+1.0 94+14 39+08 233+12
6.5-7 Sillimanite Al,SiOs orthorhombic (010) 11.0+£27 159+ 1.5 1.6+1.5 207 +6
6.5-7 Andalusite Al,SiOs orthorhombic (001) 98+1.5 11.6+0.3 1.8+0.5 232+6
7 Quartz SiO, hexagonal (0001) 121+£1.1 145+0.4 1.5+03 117+3
7 Kyanite AlLSiOs triclinic (100) 121+£33 145+22 - 227 +30
7 Kyanite Al,SiOs triclinic (010) 119+£17 163+1.6 - 253+19
7-7.5 Garnet-1# (Fe,Mg);Al,Si;0,, isometric 151+£1.2 19.4+0.6 14+03 245+8
7-7.5 Garnet-2F Ca;AlLSi;0;, isometric 13.2+0.8 18.8+0.2 1.2+£0.2 260+8
8-8.5 CZt Zr0, isometric 16.7+£1.7 19.5+ 0.6 1.5+£0.3 256+6

Note: Uncertainties listed are one standard deviation.
* Polycrystalline.
1 Cubic zirconia.

FGarnet compositions: Garnet-1 = Almandine (Fe) 46 mol%; Spessartine (Mn) 2 mol%; Pyrope (Mg) 46 mol%; Grossular (Ca) 6 mol%; Garnet-2 = Almandine 4 mol%;
Spessartine 0 mol%; Pyrope 0 mol%; Grossular 95 mol%; Andradite (CaFe**) 1 mol%.

calculation of material properties were described in Broz et al. (2006) and are
briefly summarized here.

In the microindentation experiments, hardness, H, was calculated from H =
P/2a*, where P is the peak load applied during the indentation experiment (here
2 N), and a is the semi-diagonal of the post-indentation residual contact impres-
sion, such that / is an estimate of the mean supported contact stress (Tabor 1956)
(Fig. 1a). The length a was measured from contact impression images. In the DSI
experiments, load and displacement of the indenter into the material surface were
measured during the load-unload contact cycle (here to 100 mN over 200 seconds).
Hardness in this case was calculated from the maximum applied load divided by
an instantaneous contact area calculated from the maximum displacement and the
initial unloading stiffness (Oliver and Pharr 1992) (Fig. 1b).

The results of the two hardness techniques can differ, as the parameters used
to calculate contact area in the DSI test were determined by calibration of the in-
denter profile and DSI instrument stiffness to the modulus of a reference material
(silica glass) at large contact depths. This procedure typically underestimates the
contact area, particularly at small contact depths in stiff, hard materials, and as the
tip-rounding effects become significant (Thurn and Cook 2004).

Fracture toughness, Kic, was calculated from the length of surface traces
of radial cracks (Cook and Pharr 1990) produced by the Vickers indenter in the
microindentation experiment:

£\
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where E is the modulus and c is the radial crack length measured from the contact
impression center (Lawn et al. 1980; Anstis et al. 1981; Morris and Cook 2005).
E was determined from DSI experiments, and ¢ was measured from images of the
cracks (Fig. 1a). As expected for materials of differing H, Kic, and E (Cook and Pharr
1990), the size of the indentation and the length and type of cracking associated
with indentation varied widely among the minerals tested (Fig. 2).

Elastic modulus was determined using DSI, and calculated from the unloading
stiffness and the contact area at peak load, compensating for the elastic deformation
of the diamond indenter (Oliver and Pharr 1992; Broz et al. 2006). In this paper,
we report the indentation modulus, E*, which, for elastically isotropic materials,
is equal to the plane-strain modulus, E* = E/(1 — v?), where E and v are the iso-
tropic Young’s modulus and Poisson’s ratio of the material, respectively (Vlassak
and Nix 1993). Given the typical experimental scatter in indentation crack-length
measurements and the uncertainty in the numerical coefficient (Anstis et al. 1981;
Morris and Cook 2005), the difference between E* and E in the above toughness
equation was neglected.

P
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c

RESULTS

Hardness

Hardness values are systematically lower for the microhard-
ness measurements compared to the DSI values (Table 1; Fig. 3).
This finding is consistent with results of a previous study (Broz
et al. 2006) and with comparison of reported microhardness and
DSI values for materials tested by both techniques (e.g., quartz:

microindentation

mineral

depth-sensing (nano-) indentation

load Pulr------+
loading
<
°
V 8
B | mineral | -

Displacement

FIGURE 1. (a) Sketch showing the indentation experiment and result
for microhardness (Vickers), and (b) depth-sensing indentation and
parameters used to calculate hardness and modulus.

Evans 1984; Goldsby et al. 2004).

The Vickers hardness of quartz has been determined in previ-
ous studies (Westbrook 1958; Brace 1963; Hartley and Wilshaw
1973; Evans 1984; Darot et al. 1985; Masuda et al. 2000). With
the exception of Masuda et al. (2000), who determined a load/
area value of 8.2 GPa, typical values reported by these studies
are ~12 GPa, consistent with our microhardness result for quartz
(Table 1). Our DSI result of ~14.5 GPa is similar to the upper
limit of the range determined by Goldsby et al. (2004) using
DSI (12-14 GPa). Similarly, our calculated microhardness for
periclase (5.3 = 1 GPa) is intermediate between reported micro-
hardness values of 4.5-7.7 GPa (Cook and Pharr 1990; Cook
and Liniger 1992; Cook et al. 1994). Our DSI hardness values
for periclase are also similar to published DSI values for single
crystals (e.g., Caceras et al. 2003) and to single-crystal micro-
hardness values (Cook and Liniger 1992). As DSI tests generate
very small contact impressions, within a single grain, comparison
with single-crystal values for MgO are more appropriate.

For cubic zirconia, we determined a microhardness of ~17
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Sillimanite

Orthoclase

FIGURE 2. Vickers indentations at 2 N load.

GPa, similar to room-temperature literature values for pure
cubic zirconia (e.g., Farber et al. 1998) and Y-bearing zirconia
(Cook and Pharr 1990). These data from minerals with known
hardness suggest that our results for less-studied minerals are
likely to be reasonable.

Orthoclase is one step below quartz on the Mohs scale (Mohs
number = 6, compared to 7 for quartz), but its indentation hard-
ness (~7 GPa) is significantly less than that of quartz. This finding
illustrates that minerals with similar Mohs numbers, particularly
those in the range of 6-8, may vary considerably in indentation
hardness (Fig. 4). For example, hardness values for periclase
(Mohs number = 6-6.5), andalusite (6.5-7), sillimanite (6.5-7),
kyanite in the (010) and (100) directions (7), and garnet (7-7.5)
range from ~5 GPa to 15 GPa.

Fe-Mg-rich garnets (almandine-pyrope) are harder than
quartz by several GPa (Table 1; Fig. 3). The difference between

quartz and garnet DSI hardness is even greater than for the
microhardness values: the quartz DSI hardness is ~14.5 GPa,
whereas the DSI hardness for almandine-pyrope is ~19 GPa.
Although cubic zirconia (ZrO,) and almandine-pyrope have
similar hardness values within experimental uncertainty for both
microhardness and DSI measurements, cubic zirconia exhibits a
greater hardness than grossular-rich garnet (Table 1).

Garnets also vary somewhat in their material properties as a
function of composition. For example, we compared the proper-
ties of grossular-rich garnet (Grsys, with 4 mol% almandine and
1 mol% andradite components) and an almandine-pyrope solid
solution (Alm,sSps,Prp.sGrss). The grossular-rich garnet had a
smaller microhardness (13.2 + 0.8 GPa) compared to the alman-
dine-pyrope (15.1 + 1.2 GPa), although the DSI results for the
two garnets were more similar (Grs: 18.8 + 0.2 GPa; Alm-Prp:
19.4 +£ 0.6 GPa) (Table 1). The microhardness data differ from
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FIGURE 3. Comparison of hardness measurements for microhardness
(Vickers) and depth-sensing indication (DSI). Alm-Prp = almandine-
pyrope garnet; And = andalusite; CZ = cubic zirconia; Grs = grossular
garnet; Ky = kyanite; Or = orthoclase; Per = periclase (MgO); Sil =
sillimanite.

those reported in Karato et al. (1995); in that study, grossular
had the largest room temperature H value of the garnets analyzed
(~28 GPa), including pyrope, spessartine, almandine-pyrope-
grossular, almandine-pyrope-spessartine, and yttrium aluminate
garnet (YAG) (~19-26 GPa).

The large uncertainty in H values for the A1,SiO5 polymorphs
reflects their variable indentation behavior. Triclinic kyanite is
famous for its variability in scratch resistance as a function of
crystallographic direction, and is an excellent example of the
consequences of low symmetry for a mineral’s Mohs number.
Andalusite and sillimanite, which are both orthorhombic, also
displayed variable behavior on indentation, and therefore ex-
hibited large uncertainties in their microhardness values. All
three polymorphs have Vickers H values of ~10-12 GPa, with
a larger range for DSI values (12—16 GPa). For both techniques,
andalusite gave the smallest value for H among the three poly-
morphs.

Toughness

The toughness values determined by microindentation are a
measure of the resistance of the material to fracture. Despite the
~10 GPa difference in hardness, from the hardest to the least hard
of the silicates measured, the measured toughness values were
similar (~1-1.8 MPa-m*) (Fig. 5). Quartz and garnet displayed
similar toughness values (within uncertainty) of ~1.4 MPa-m”.
The toughness of the oxide (ZrO,) was also in this range. In
contrast, the polycrystalline periclase (MgO), with smaller hard-
ness than the silicates measured, had the greatest toughness (~4
MPa-m*; Table 1), in part owing to the polycrystalline nature of
the analyzed material (Cook and Liniger 1992). Crack lengths
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FIGURE 5. Comparison of fracture-toughness values and
microhardness. Minerals representing a wide range of Vickers hardness
have similar fracture toughness.

and contact diagonals in these experiments were ~6 X longer
than the average grain size of 10 pm. Our measured K| is at the
small end of values reported in the literature for polycrystal-
line MgO (Clarke et al. 1966; Kessler et al. 1974; Rice et al.
1981). Literature values for single-crystal K¢ for periclase are
~3 MPa-m” (Mecholsky et al. 1976), but still greater than the
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values we measured for silicates.

It was not possible to obtain an accurate toughness measure-
ment for any of the three kyanite orientations, even on the same
plane. We investigated the effect of indenter orientation on (100)
kyanite, as there was a marked change in crack length and contact
impression shape as a function of the angle between the diagonals
and the cleavage planes. We optimized this angle to resolve the
clearest and most consistent contact impression.

We obtained a toughness value for sillimanite, but the variable
fracture behavior for that mineral resulted in a large uncertainty
in the result (1.6 + 1.5 MPa-m!). Andalusite had more consis-
tent fracture behavior on indentation (Fig. 6), and yielded the
largest fracture toughness value of the silicates we measured
(1.8 £ 0.5 MPa-m”*). Even so, within the level of uncertainty,
andalusite fracture toughness was not significantly different
from that of quartz.

Modulus

The modulus measurements were made on the crystal faces
and cleavage planes listed in Table 1. One orientation was mea-
sured for each crystal, with the exception of kyanite, for which
measurements were made on the (001), (010), and (100) faces.
Quartz and orthoclase had the smallest £* values of the minerals
measured, and these values (117 + 3 GPa for quartz, 89 + 7 GPa
for orthoclase) were significantly smaller than values for Al,SiOs
and garnet (186 to 260 GPa, Table 1).

All single-crystal minerals tested are elastically anisotropic,
and Young’s modulus (for example) varies in direction within
the crystal. For example, ZrO, is stiff in the <100> directions
and compliant in the <110> directions (Ingel and Lewis 1988).
The stress and strain fields generated during indentation are
extremely anisotropic and inhomogeneous, leading to the sam-
pling of the Young’s modulus of a mineral in many orientations
during indentation and giving rise to an orientation-averaged
indentation modulus (Vlassak and Nix 1993). The measured
indentation moduli are compared here with the predicted plane-

Andalusite

strain modulus of the isotropic polycrystalline aggregate of the
relevant minerals; this is the best first-estimate for the indentation
modulus of an anisotropic material (Vlassak and Nix 1993), and
allows for the most uniform comparison between measurement
and prediction of the range of mineral systems examined here.
The compilation of Bass (1995) provided values for the cal-
culated bulk modulus, K, and the shear modulus, G, for isotropic
polycrystals for most of the minerals examined here. The related
isotropic Young’s modulus and Poisson’s ratio are given by E
=9KG/(3K + G) and v = (3K — 2G)/2(3K + G), respectively,
allowing an estimate of the appropriately direction-weighted
indentation modulus to be obtained from E* = E(1 — v?). Ingel
and Lewis (1988) provided the isotropic-polycrystal Young’s
modulus and Poisson’s ratio of ZrO,, allowing E* to be obtained
directly. Comodi et al. (1997) provided the polycrystalline bulk
modulus of kyanite (cf. Yang et al. 1997; Winkler et al. 2001),
from which E* can be obtained by E* = 3K(1 —2v)/(1 —V?), using
the value of v = 0.25 that is typical for many minerals.
Comparison of the measured indentation modulus with the
predicted isotropic plane-strain modulus for the minerals is
shown in Figure 7, along with the value for the isotropic glassy
fused silica (E* = 74.4 GPa) that was used for the DSI instrument
calibration. This value compares well with the value of 74.9 GPa,
given in Bass (1995) which was calculated from the bulk and
shear moduli. Most of the measured values are within + 10% of
the estimated value, with some notable exceptions. The value of
MgO (periclase), based on our experiments is 233 GPa, smaller
than the value of 320 calculated from bulk and shear moduli and
measured values for polycrystalline MgO (e.g., 305 GPa, Chung
and Lawrence 1964). Similarly, our measured value for quartz is
117 GPa, which is greater than the value of 96 GPa calculated
from bulk and shear moduli. Both of these values are significantly
greater than published values for E of natural quartz in sandstone
(72.2 £ 2.9 GPa; Frischbutter et al. 2000) measured by neutron
time-of-flight diffraction. As Frischbutter et al. (2000) noted, E
results for quartz sandstone will be lower than theoretical values

FIGURE 6. A series of indentations on andalusite using a
Vickers indenter at P = 2 N. The arrows indicate the orientation
of the sample, and the lines indicate one diagonal of the Vickers
indenter for reference. The cracking pattern changes with variation
in orientation of the indenter diagonal with respect to the andalusite,
but the contact impression remains the same size (~20 pm).
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FIGURE 7. Comparison of indentation modulus results from this study
with isotropic plane-strain modulus values predicted for literature values
of single-crystal elastic constant measurements. CZ = cubic zirconia
(Zr0O,). References for literature values are in the text.

of E predicted from the properties of single quartz crystals owing
to the effects of pores, grain boundaries, impurities, and other
microstructural features in the polycrystalline sandstone.

Predictions of the indentation modulus of garnet, using the
isotropic polycrystal bulk and shear moduli scheme given above,
and the calculated values reported by Bass (1995) from measured
single-crystal elastic moduli, suggest a moderate dependence
of E* on composition. End-member values range from 243
GPa for andradite to 284 GPa for grossular, with solid-solution
values falling in this range. Our results for almandine-pyrope
and almandine-pyrope-grossular solid solutions also fall into
this range and are similar to the predicted values (Table 1): 260
GPa (Alm,GrsysAdr,) compared to 284 GPa (Grsg, from Bass
1995), and 245 GPa (Almy,Sps,Prp,;Grs,;) compared to 256
GPa (interpolated from Almg,Sps,Prp,,Grs;Adr, and Alm,sPrp;3
Adr,Uvrg, Bass 1995).

Literature values for E for almandine-pyrope and almandine-
pyrope-grossular solid solutions vary widely: e.g., 257 £ 20 GPa
(Prpgy) and 590 + 40 GPa (Prps,) for almandine-pyrope (van
Westrenen et al. 1999), and 585 + 35 GPa (Alm;,Prps¢Grs;3) and
680 = 50 GPa (AlmgPrp,,Grs,o) (van Westrenen et al. 2000). Our
results of 245 + 8 GPa (Alm,,Sps,Prp,,Grs,o) and 260 + 8 GPa
(Alm,GrsysAdr,) (Table 1) are similar to the van Westrenen et
al. (1999) Prps, modulus, but significantly lower than the other
values. Poisson’s ratio effects generate differences on the order
of 6% between E and E*. The major difference in results likely
reflects the different methods by which Young’s modulus values
were predicted. In the van Westrenen et al. (1999, 2000, 2001)
studies, Young’s modulus was calculated from theoretical con-
siderations related to lattice strain induced by ionic substitution
in a crystallographic site (see Discussion).

Our measured indentation modulus values for the ALSiOs
polymorphs, with the exception of the kyanite (001) plane, are
similar within the limits of the uncertainties: ~225 GPa. Kyanite

(100) and (010) measurements have very large uncertainties
owing to the variable behavior of kyanite during indentation
experiments. In all cases, the measured E* value was less than
the predicted value (Fig. 7), although the measured value for
kyanite (010), 253 GPa, is similar to the value of 250 GPa pre-
dicted from bulk-modulus measurements. These new data are
potentially useful for understanding phase transformations and
for microstructural models of Al,SiO5 deformation behavior.

DISCUSSION

The microhardness (Vickers) indentation experiments in this
study were designed to induce fracture in the minerals. Other
indentation studies of silicates—e.g., quartz, garnet—have in-
vestigated plastic deformation without fracturing (Karato et al.
1995; Masuda et al. 2000). For example, in the Masuda et al.
(2000) study of quartz, Vickers indentation experiments were
carried out at room temperature and 98 mN load, and did not
produce fractures. Similarly, the Karato et al. (1995) study of
garnets was designed to investigate physical properties and
deformation behavior relevant to mantle rheology. Our study
is relevant to a range of plastic behavior in minerals, as we
obtained toughness data from indentation-induced cracking
during microhardness testing, and modulus data from the depth-
sensing indentation experiments. Both methods provide data for
calculating hardness.

Our results show that minerals with a wide range of hardness
values have similar fracture toughness, and this finding suggests
that many silicates will have similar brittle behavior with respect
to crack propagation. In calculations of conditions required for
crack propagation in materials, cracks are predicted to grow when
the stress-intensity factor is equal or greater than the fracture
toughness. The stress-intensity factor can be calculated from
crack characteristics, Young’s modulus, and Poisson’s ratio. In
Whitney et al. (2000), garnet fracture-toughness estimates of ~2
MPa'm*, based on data from YAG, were too large, but calcula-
tion of Young’s modulus (~242 GPa) from literature values for
bulk and shear moduli gave results within the uncertainty of
measurements for the pyrope-almandine (245 + 8 GPa). The
conclusions of that study —that cracks will propagate at the
corners of mineral inclusions in garnet during decompression
even if there is no major volume expansion of inclusions or any
significant decompression—are not changed by the results in
the new data set.

Values for H and fracture toughness for the Al,SiOs poly-
morphs are approximately similar to values for quartz (Table
1). These results may indicate that quartz and the AL,SiOjs poly-
morphs behave similarly during brittle deformation, but, owing
to the variable behavior of the Al,SiO;s phases during indentation,
additional studies are needed before Al,SiOs deformation textures
in metamorphic rocks can be usefully compared with coexisting
quartz, for which the flow laws are better known.

Elastic constants such as modulus are important for geo-
chemical, mineralogical, geophysical, and materials science
and engineering applications. For example, because garnet is
an important phase in the mantle, lower continental crust, and
subducted oceanic lithosphere, there have been many measure-
ments of the elastic properties (bulk modulus, shear modulus)
of silicate garnet over a wide range of compositions and pres-
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sures for both single crystals and polycrystalline samples using
various methods (Soga 1967; Wang and Simmons 1974; Goto et
al. 1976; Isaak and Graham 1976; Weaver et al. 1976; Babuska
et al. 1978; Leitner et al. 1981; Bass 1986, 1989; Webb 1989;
Yegeneh-Haeri et al. 1990; O’Neill et al. 1991; Chai et al. 1997,
Conrad et al. 1999; Gwanmesia et al. 2000; Pavese et al. 2001;
Wang and Ji 2001; Jiang et al. 2004). There is a similarly large
collection of literature on rare-earth-oxide garnets (e.g., YAG)
because of their industrial uses. In applications in mineral
physics, structural geology, and engineering, elastic constants
are used for dislocation models and microstructural models of
crack propagation. In geochemistry and mineralogy, modulus
can be used to understand the strain on a crystal lattice induced
by ionic substitution, and therefore is necessary for calculations
of partition coefficients.

As described in the previous section, there is a major discrep-
ancy between our measured and calculated modulus values for
garnet, and literature values calculated from theoretical consid-
erations of ionic substitution on crystallographic sites in garnet
(van Westrenen et al. 1999, 2000, 2001). Our values overlap
with the low end of E values in van Westrenen et al. (1999) for
intermediate pyrope-grossular solid solutions (~260-270 GPa),
but are extremely different from the more pyrope-rich composi-
tions investigated by van Westrenen et al. (1999) (580-680 GPa).
These discrepancies indicate that £ values for crystallographic
sites are significantly different from the Young’s modulus of
the crystal and, therefore, should not be used to infer E for the
crystal. We have confidence in our values for garnet E because
calculations relating bulk, shear, and Young’s modulus using
literature data for the first two elastic properties are consistent
with E values in the range of ~250 GPa.

This new systematic data set can be used to evaluate relative
and absolute physical properties of major rock-forming minerals
in metamorphic rocks. The data have applications for studies of
crustal deformation, including brittle behavior of garnet during
exhumation of deep crustal rocks and fracture of quartz-rich
rocks during seismic events.
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