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Abstract

Measurements of single-crystal elastic moduli under ambient conditions are
reported for nine calcium to calcium-sodium amphiboles that lie in the composition
range of common crustal constituents. Velocities of body and surface acoustic waves
measured by Impulsive Stimulated Light Scattering (ISLS) were inverted to
determine the 13 moduli characterizing these monoclinic samples. Moduli show a
consistent pattern: C33>C22>C11 and C23>C12>C13and C44>Cs55~Ce6 and for the uniquely
monoclinic moduli, |C35|>>C46~|C25|>|C15|~0. Most of the compositionally-induced
variance of moduli is associated with aluminum and iron content. Seven moduli (C1:
C12 C13 C22 C44 Cs5 Ces) increase with increasing aluminum while all diagonal moduli
decrease with increasing iron. Three moduli (C1z, C13 and C44) increase with
increasing sodium and potassium occupancy in A-sites. The uniquely monoclinic
moduli (Cz15 C25 and C35) have no significant compositional dependence. Moduli
associated with the a* direction (C11 C12 C13 Cs5 and Css) are substantially smaller
than values associated with structurally and chemically related clinopyroxenes.
Other moduli are more similar for both inosilicates. The isotropically averaged
adiabatic bulk modulus does notvary with iron content but increases with
aluminum content from 85 GPa for tremolite to 99 GPa for pargasite. Increasing
iron reduces while increasing aluminum increases the isotropic shear modulus
which ranges from 47 GPa for ferro-actinolite to 64 for pargasite. These results
exhibit far greater anisotropy and higher velocities than apparentin earlier work.
Compressional velocities are as fastas ~9 km/s and (intermediate between the a*-
and c-axes) are as slow as ~6 km/s. Voigt-Reuss-Hill averaging based on prior single
crystal moduli resulted in calculated rock velocities lower than laboratory
measurements, leading to adoption of the (higher velocity) Voigt bound. Thus,
former uses of the upper Voigt bound can be understood as an ad hoc decision to
compensate for inaccurate data. Furthermore, because properties of the end-
member amphiboles deviate substantially from prior estimates, all predictions of
rock velocities as a function of modal mineralogy and elemental partitioning require
reconsideration.

Key Words: elasticity, anisotropy, seismic velocities, aggregate elasticity, amphibole,
hornblende
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1. Introduction

Amphiboles are abundant in crustal igneous and metamorphic rocks. They exhibit a
wide range of compositions as a result of extensive solid solution behavior,
accommodating all of the abundant cation species (silicon, aluminum, magnesium,
iron, calcium, sodium, and potassium). The structure also contains ~2 wt% bound
water. When subducted, dehydration reactions in rocks containing amphiboles
release water at depth that probably affects the evolution of magma in arc
volcanism and is likely associated with intermediate and deep earthquakes (Hacker
etal 2003b) as well as seismic tremor/slow slip (Audetet al., 2010).

Since amphiboles are ubiquitous, the description of the crustal seismic structure
requires characterization of their elastic properties (e.g. Christensen and Mooney
1995, Christensen 1996, Hacker et al. 2003a, Barberini et al 2007, Tatham et al.
2008, Llana-Funez and Brown 2012, Ji et al. 2013, Selway et al. 2015). However,
knowledge concerning their single-crystal elasticity and compositional dependences
has remained elusive. In the pioneering work that continues to be cited,
Aleksandrov and Ryzhova (1961a) reported single crystal elastic moduli for two
“hornblendes” of unspecified composition based on only slightly over-determined
sets of ultrasonic velocity measurements on megacrysts under ambient conditions.
As previously demonstrated in studies of feldspars (Brown et al. 2006; Brown et al.
2016; and Waeselmann et al. 2016), results from these early studies have proven to
be systematically in error.

That the early ultrasonic results under-estimate velocities mostlikely was a result of
open cleavage surfaces and cracks. Also contributing was an inadequate sampling of
velocities as a function of propagation direction. Based on the lack of reported
chemistry and probable systematic errors, these early results are considered here in
the context of having incorrectly influenced various interpretations of crustal
seismic structure that were grounded on mineral properties. In particular, in order
to better match laboratory measurements, the compensating use of the upper Voigt
bound when calculating aggregate rock velocities has been common. In contrast,
Watt and O’Connell (1980) demonstrated that, in well-characterized and nearly
crack-free samples, velocities in two phase aggregates fell within the Hashin-
Shtrikman bounds which lie between the extremal Voigt and Reuss bounds (see also
Watt etal. 1976).

A few determinations of single-crystal elastic properties are available within the
broad range of amphibole compositions. Bezacier et al. (2010) gave elastic moduli
for a crystal having a composition near the glaucophane end-member. High pressure
x-ray cell parameter determinations have been reported for tremolite, pargasite,
and glaucophane (Comodi et al. 1991) and for synthetic glaucophane (Jenkins et al.
2010).

Hacker et al. (2003a) compiled available (isotropically averaged) elasticity data for
important rock-forming minerals including amphiboles. They excluded the
Aleksandrov and Ryzhova (1961a) moduli as probably being in error and relied on
the Christensen (1996) rock velocity measurements to estimate properties of an
average crustal “hornblende”. To constrain properties of other end-member



89  compositions, they used Holland and Powell (1998) plus the Comodietal. (1991)

90 compression measurements. Although an isothermal bulk modulus can be inferred
91 from pressure-induced strains, the shear modulus, necessary to estimate body wave
92  velocities, cannotbe determined solely from the hydrostatic x-ray data. Instead,

93  Hackeret al (2003a) estimated shear moduli on the basis of the reported bulk

94  moduli and an assumed Poisson’s ratio. They noted that this was a remaining source
95  ofuncertainty.

96 Asshown later in section 6.3, an isothermal bulk modulus measured under

97  hydrostatic compression (which is equivalent to the elastic aggregate lower-bound

98 Reussaverage) is significantly smaller than the appropriate Voigt-Reuss-Hill or

99  Hashin-Shtrikman bulk modulus used for calculation of seismic velocities. Bulk
100  moduli for some amphiboles given by Hacker et al. (2003a) appear to represent the
101  Reuss bound. They combined lower bound moduli (in some cases) in an upper-
102  bound Voigtaverage for calculations of velocities in rocks as mixtures of minerals.
103  Thus, the accuracy of their analysis relied on how well the two errors off-set each
104  other.

105  Here elastic moduli are reported for nine amphiboles thatlie in the range of

106  compositions commonly found in crustal rocks (Schumacher 2007). Elastic wave
107  velocities (body wave and surface wave) were measured using Impulsive Stimulated
108  Light Scattering (ISLS) (Abramson et al. 1999). A joint inversion allowed accurate
109  determination of the 13 elastic moduli for these monoclinic minerals. The

110  dependences of moduli on composition are determined through linear regression.
111  Fromthese, relationships to crystal structure and seismic velocities can be explored.
112 Ultimately, more accurate predictions of seismic properties of rocks can be

113  undertaken on the basis of modal mineralogy and elemental partitioning.

114 2. Amphibole chemistry and structure

115  Asreviewed by Hawthorn and Oberti (2007), the monoclinic (C2/m) calcium
116  (including common hornblende) to calcium-sodium amphiboles have a generalized
117  formula of

118 Ao-1B2CsTg022 (OH)2

119  where the A-site is occupied by sodium and potassium or remains vacant and the B-

120  site is occupied by sodium or calcium. The octahedrally coordinated C-sites contain

121  iron (divalent or trivalent), magnesium, or aluminum (designated as viAl). The

122  tetrahedral T-sites contain silicon and aluminum (typically up to two aluminum per

123  eight sites, occasionally more, and designated as ivAl). Other common minor

124  chemical components (Ti, Mn, Co, Cr) are found in size and valence-state

125 appropriate sites. Fluorine and chlorine can substitute for OH-1. Figure 1

126  The naming conventions associated with chemistry of calcium and sodium

127  amphiboles (Hawthorne et al. 2012, see also Leake et al. 1997) are illustrated in
128  Figure 1 using three compositional variables. Aluminum in the T-sites increases
129  from left to right. The site occupancy of A (sodium+potassium) extends in the
130  vertical direction. The solid-solution substitution of sodium for calcium in the B-
131  sites extends into the figure. Although complete solid-solution substitution is
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possible within this compositional space, several of the stoichiometric compositions
are given discrete names. Tremolite is []Ca2MgsSig022(OH)2 (where the brackets
denote the vacant A-site) while winchite has one calcium and one sodium in the B-
site. Glaucophane has all sodium in the B-site with coupled substitutions of a
trivalent cation in C-sites required to balance charge. Hornblende is both an end-
member in Figure 1 and is a generalized term for calcium amphiboles with
intermediate tetrahedral aluminum compositions. In addition, solid-solution
substitution of iron for magnesium gives rise to iron end-members for all phases
shown in Figure 1 with ferro-added to the name (e.g. ferro-pargasite).

Amphiboles have [-beam structures of two double tetrahedral chains that are
bonded to each other by an octahedral sheet with five C-site cations. The I-beams
are oriented along the c-axis with A-site cations (when present) bonding the I-
beams along the a-axis and B-site cations serving to bond I-beams along the b-
direction. Clinopyroxenes share similar chemical variations in a structure that is
closely related to the amphiboles, both being inosilicates but the pyroxenes have a
single tetrahedral chains aligned along the c-axis. The general formula of the
clinopyroxene is BCT206 with the B and C sites being equivalent to those found in
the amphiboles. End member pyroxenes include diopside (CaMgSi20¢)
hedenbergite (CaFeSi206), and jadeite (NaAlSi20¢).

Having a wide range of solid-solution substitutions for essentially the same crystal
structure, amphiboles provide a natural laboratory for the exploration of chemical
controls on elasticity. Variations in elastic moduli are anticipated from changes of
ionic sizes and charges, as a result of cation substitutions in the A, B, C and T sites.
Comparisons of elasticity between pyroxenes and amphiboles provides further
opportunities to explore factors influencing elastic behavior.

3. Sample sources and characterization

The sources, localities (when known), x-ray determined volumes, and densities of
nine amphiboles are given in Table 1. Their structural formula, based on Probe-
AMPH (Tindle and Webb, 1994), are given in Table 2 and are plotted in perspective
in Figure 1. The underlying microprobe measurements are reported in Table S1 of
the supporting materials. Samples 1 and 2 with ~1 sodium in the B-site are
classified as calcium-sodium amphiboles. The remaining seven samples are calcium
amphiboles. The chemistry of the glaucophane sample used by Bezacier et al. (2010)
and the average calcium amphibole composition reported by Schumacher (2007)
are also included in Table 2. As noted by Schumacher (2007), calcium amphiboles
cover a wide range of intermediate compositions within the compositional space
defined in Figure 1 and his reported average (based on over 1700 published
analyses) may be a biased estimator of an average “hornblende” in crustal rocks
since samples were analyzed for specific science interests rather than being chosen
to best represent crustal chemistry. Nonetheless, this average provides a reference
point, defining a common hornblende composition in the following discussion.

In Figure 2, sample compositions are projected onto pairs of compositional
variables. The nine samples used in this study show a range of compositions that
generally brackets the averages reported by Schumacher (2007). This is

Table 1

Table 2

Figure 2
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prerequisite to determining compositional contributions to the elastic properties
within the appropriate bounds of elemental partitioning in crustal calcium
amphiboles.

The following convention is adopted to align the crystallographic axes with respect
to the Cartesian axes for the description of the elastic tensor. The Y axis is aligned
parallel to the crystallographic b-axis and the Z axis is aligned parallel to the c-axis.
The X axis is setin the a*-direction (perpendicular to the b- and c-axes). Elastic
moduli (stiffnesses) are represented by the 6 by 6 matrix Cjj using the Voigt
convention. The inverse of this matrix is the compliance matrix Sj;.

The vertical sum of the first three rows of the compliance matrix gives six strains, f;,
associated with the application of unit hydrostatic stress. Based on 2/m symmetry
P+ and fs are zero. These strains can be castas a 3x3 symmetric tensor which gives
crystal compressibility under hydrostatic stress at the limit of zero stress.

4. Experimental methods

Both body wave (compressional and transverse) and surface acoustic wave (SAW)
velocities were measured using the method of Impulsive Stimulated Light Scattering
(ISLS) (Abramson et al. 1999). All measurements (typically between 100 and 200
individual velocity determinations per sample) are reported in Table S2 of the
supplementary materials. Details of the experiments and the methods used to
determine elastic parameters for low symmetry minerals have been described for
body wave measurements (Collins and Brown 1998) and, separately, for SAW
measurements (Brown et al. 2006).

New in this work is the joint inversion of both body and SAW velocities as described
in Brown (2016). Although a complete body wave data set is sufficient to determine
all elastic moduli, it proved difficult to obtain a full set of velocities (compressional
and two polarizations of transverse waves) for all propagation directions in these
natural samples. In some directions, internal flaws scattered light so strongly that
the body wave signal could notbe recovered from the background and velocities for
both polarizations of transverse waves could not be obtained in an adequate
number of propagation directions. SAW velocities, based on light coherently
scattered from a polished surface, could be more readily measured for all directions
of propagation.

The typical rms misfit (reported in Table S2) obtained through joint fitting of all
measurements is ~0.2%. This is about 12 m/s for SAW and 16-20 m/s for body
waves. Such misfits are essentially identical to those previously reported for
individually analyzed body wave and SAW mineral data sets (e,g. Collins and Brown
1998 and Brown et al. 2016) and are representative of intrinsic errors associated
with the technique (e.g. Abramson et al. 1999). Thus, no additional systematic errors
appear to have been introduced through joint analysis of body wave and SAW
velocity determinations.

The resulting elastic moduli Cijand their associated 2o uncertainties are listed in
Table 3 for the nine amphiboles plus glaucophane. The compliance matrix elements
Sij (inverse of the matrix Cjj) and compliances sums, f;, are listed in Table S2. The

Table 3
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sums are also given in principal axis coordinates of the hydrostatic compressibility
ellipsoid.

Body wave velocities for glaucophane in Bezacier et al. (2010) were reanalyzed
using the same numerical optimization methods used here. The velocity misfit was
reduced from the previously reported 44 m/s (about 0.5%) to 37 m/s. Some of the
new moduli differ by ~2 GPa and some uncertainties given by Bezacier et al. (2010)
are substantially different from those reported here (see further discussion in
Brown 2016). In particular, it would appear that previously reported uncertainties
of some off-diagonal moduli were under-estimated and several diagonal
uncertainties were over-estimated. Moduli uncertainties for glaucophane are
roughly twice as large as those for the calcium and calcium-sodium amphiboles as is
appropriate for the observed larger misfit to measured velocities.

5. Elastic moduli and their compositional dependence

Elastic moduli and isotropic body wave velocities are plotted in panels of Figure 3 as
a function of total aluminum. Also plotted in the panels are predictions based on fits
in chemical composition that are described below. The moduli that are non-zero for
orthorhombic crystals are shown in the top three panels. The uniquely monoclinic
moduli are plotted in the lower left panel. Adiabatic bulk and shear moduli given as
the mean of Hashin-Shtrikman bounds (Brown 2015) are shown in the middle lower
panel and the resulting isotropic compressional and transverse wave velocities are
in the lower right panel.

For all compositions the relative sizes of the moduli remain consistent. That is
C33>C22>C11 and C23>C12>C13,and C44>C55~Ces and for the uniquely monoclinic moduli,
|C35|>>C46~|C25|>|C15|~0. The same pattern and roughly similar moduli are apparent
for glaucophane. However, the C22, C33 and C23 moduli of glaucophane are
significantly stiffer. As further discussed below, the large value of C35 (comparable
to the off-diagonal orthorhombic moduli and larger than all other monoclinic
moduli) is responsible for a rotation of elastic extrema in the crystallographic plane
containing the a- and c-axes.

Six chemical controls on elasticity associated with changes in cation charges and
sizes can be identified as likely to produce significant effects. These are (1) total
aluminum content, or its separate contentin either (2) T-sites or (3) C-sites, (4) iron
content in C-sites (mainly replacing magnesium), the (5) degree of A-site occupation,
and (6) sodium replacement of calcium in B-sites. Other possibilities that are less
likely to have a measureable impact (including replacement of OH-1 with CI-1 or F-1,
or changes in the ferric-ferrous iron ratio) could notbe studied on the basis of a
limited number of samples.

Moduli are assumed to be linear in the six compositional metrics identified above.
Tremolite is used as the base composition and changing chemical contentis given by
the formula unit measures listed in Table 2. A standard statistical measure, the F-
test (Rencher 2002), determined the significance of the proposed metrics through
stepwise addition and removal of terms using MATLAB® function stepwiselm. Only
three compositional terms were found to have significant impact at the 95%
confidence level; these are total aluminum, A-site occupancy, and iron in the C-site.

Figure 3
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Despite the difference in charge and ionic radius, the substitution of sodium for
calcium in the B- site appears to have negligible impact on moduli. In addition, at the
95% confidence level, no tested parameterization could reconcile the glaucophane
moduli with the calcium and calcium-sodium amphiboles moduli. This suggests that
the elasticity of the fully sodium amphibole does notlie on a continuum of linear
solid solution behavior or that the experimental uncertainty is larger than estimated.
No regression based on compositional “vectors” that are linear combination of the
compositional metrics, as suggested by Schumacher (2007), adequately fit the data.

Regression parameters are given in Tables 4 and 5. Blanks in the tables indicate no

significant contributions for particular terms. The first column of values gives the Table 4
estimate for end-member tremolite. Nominal magnesium hornblende (composition
as shown in Figure 1) is modeled by adding one aluminum (one times the second
column of values for dM/Al). For edenite one unit of the third column (dM/dA) is
added to the hornblende estimate. Fero-actinolite is calculated as the first column
(tremolite) plus five times the fourth column (dM/dFe), replacing 5 Mg with 5 Fe.

Table 5

Average experimental uncertainties for the moduli are in the next to last column and
the last column gives the rms misfits of the regressions. For the three moduli
showing significant sensitivity to A-site occupancy, an alternative model using only
total aluminum and iron metrics, is also listed. Most regression misfits are
comparable to experimental uncertainty. However, that the regression misfits tend
to be larger than experimental uncertainties argue for additional errors or for an
incorrectly parameterized chemical dependence. In particular, (1) errors in the
determination of sample compositions may be a factor, (2) errors in the moduli may
be under estimated, (3) additional compositional metrics may be necessary, or (4)
moduli may vary non-linearly with chemistry as was observed in the plagioclase
feldspar series (Brown et al. 2016).

The regression predictions for moduli and isotropic velocities are shown in Figure 3.
Solid lines give the trends associated with increasing aluminum for an iron-free
mineral with no A-site occupation. Dashed lines give the predicted behavior of the
ferro-equivalent mineral. For moduli showing dependence on A-site occupancy or
iron content, the open symbols show predicted moduli. Predicted moduli lie on the
solid lines atthe appropriate aluminum content if open symbols are not plotted.

All diagonal elastic moduli (and the isotropic average shear modulus) are sensitive
to iron; these moduli all decrease with the addition of iron. As seen in Table 4 and in
Figure 3, the derivatives of the moduli with respectto iron are similar for all
diagonal constants. Seven of thirteen moduli (C11 C22 C13 C12 C44 Cs5 Ces) increase with
aluminum content while C4s decreases with aluminum. Five moduli (C33 C23 and the
monoclinic moduli €15 C25 and C35) have no significant dependence on aluminum.
Both isotropic moduli (bulk modulus and shear modulus) increase with added
aluminum. A small number of moduli (C1: C13 and C44) are dependent on A-site
occupancy. The alternative models with no A-site dependence in Tables 4 and 5
have significantly greater misfit. Note that large deviations between (13 values in
Figure 3 and the solid line are well predicted by variations in A-site occupation. In
Table 5, all three metrics are necessary to adequately predict the variations of



307 density and the isotropic transverse wave velocities while aluminum and iron
308 content are sufficientto predict compressional velocities.

309 6. Discussion
310 6.1 Compositional and structural controls on elasticity

311 In Table 6 the elastic moduli of several amphibole compositions are compared with
312  chemically related clinopyroxene. Amphibole moduli associated with longitudinal
313  stresses and strains involving the a*-axis (ie. C11 C1z C13 Cs5 Cs6) are all significantly Table 6
314 smaller by approximately a factor of two than the same clinopyroxene moduli while
315 moduli associated with the b- and c-axes (€22 C33 C23 C44) are notably similar. That
316  (asshownin Table 4) C11 and C13 increase with increasing A-site occupation seems
317 reasonable since cations in the A-site provide additional bonding and thus

318 additional resistance to compression along the a*-direction. However, even with full
319  A-site occupations, these amphibole moduli remain smaller than those for

320 pyroxenes (thatlack the A-site). The reversal of sign for the uniquely monoclinic
321 moduli (C15 C25 and mostimportantly C3s) are responsible for a major shiftin the

322  orientation of anisotropy between amphiboles and pyroxenes thatis further

323  discussed below. With a few exceptions, amphiboles and the compositionally related
324  clinopyroxenes show similar patterns: added aluminum increases some moduli and
325 addedironlowers the diagonal moduli. These trends in amphiboles are further

326  explored through comparison of velocity anisotropy and the hydrostatic-induced
327  strain anisotropy.

328 6.2 Velocity Anisotropy

329 Compressional and transverse wave velocities are shown in Figure 4 as a function of
330 propagation direction in three orthogonal planes. The orientations of Figure 4
331 crystallographic axes are shown. Lightgrey circles indicate velocities of 2,4, 6, 8
332 and 9.5 km/s. Dark curves give the velocities for the three elastic waves in each

333 plane. For comparison with the amphiboles, the velocities for a nearly iron-free

334 diopside based on moduli reported by Isaak et al. (2006) are shown in the top row;
335 the diopside moduli more recently reported by Sang et al. (2011) are in agreement
336  with the Isaak et al. results. Below that, velocities for the end member amphibole
337 tremolite based on the current study are shown. Compressional velocities based on
338  the elastic moduli of sample I of Aleksandrov and Ryzhova are also plotted along
339  with tremolite. In the third row velocities for pargasite

340  (NaCaz(MgsAl)(SicAl2)022(0OH)2) based on the current work are shown. The bottom
341 rowgives glaucophane velocities based on measurements of Bezacier et al. (2010).

342  Compressional velocities for both diopside and the amphiboles are uniformly most
343  anisotropicin the X-Z plane (containing the a- and c-axes) and are most isotropic in
344  the Y-Z plane (containing the b- and c-axes). Although not fully symmetric,

345 compressional velocities in the X-Z plane are roughly ellipsoidal (although diopside
346 maintains higher velocities over a broader range of directions) with the semi-major
347  axisrotated from alignment with the c-axis. The diopside semi-major axis is rotated
348 clockwise (associated with positive values for the uniquely monoclinic moduli C15
349  and C3s5) while the semi-major axis for allamphiboles is rotated counterclockwise
350 (associated with negative values for C15and C3s).
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The maximum compressional velocity for both the diopside and the iron-free
amphibolesis >9 km/s. All amphiboles are more anisotropic than clinopyroxenes as
aresult of the small values of moduli associated with the a* direction (C1: C12 C13 Css
and Css). The lowest compressional velocity for tremolite is ~6 km/s in a direction
~20° counter-clockwise from the positive a*. Pargasite (with more aluminum and
full occupancy of the A-site) has a larger minimum velocity of ~7 km/s in roughly
the same orientation. Glaucophane compressional velocity anisotropy is
intermediate between tremolite and pargasite with the semi-major axis located
closer to the c-axis. Based on the compositional derivatives in Table 4, velocities for
iron-rich amphiboles (ie. ferro-actinolite and ferro-pargasite) are substantially
lower (8.4 km/s in the fast direction and 5.3 km/s in the slowestdirection) as a
result of smaller values for the diagonal moduli and larger densities.

The greater transverse wave anisotropy for amphiboles than for clinopyroxene is
evident in Figure 4. Amphibole transverse wave anisotropy ranges from a minimum
velocity for tremolite of 3.7 km/s and a maximum of 5.2 km/s. Within the a-b plane
transverse velocities for the two transverse wave polarizations are equal in the a*-
direction and show the greatest difference in the b-direction.

As shown in Figure 4, velocities based on the hornblende moduli reported by
Aleksandrov and Ryzhova (1961a) do not compare well with the currentamphibole
data. Compressional velocities are both significantly smaller and have less
anisotropy as shown in the b-c plane. The magnitude of the velocity anisotropy and
its orientation relative to crystal axes, as illustrated in the a-c plane, do not match
currentdata. It is likely that these moduli, like the moduli for the feldspars (as
previously discussed in Brown et al. 2016 and Waesselman et al. 2016) are biased as
aresult of open cleavage surfaces and cracks.

The moduli for amphiboles reported here and the previously reported moduli for
plagioclase (Brown et al. 2016) and potassium feldspars (Waeselmann et al. 2016),
taken together, show that all major crustal mineral phases are highly anisotropic. In
fact, they are as anisotropic as the sheet silicates phlogopite (Chheda et al. 2014)
and muscovite (Vaughan and Guggenheim 1986). Thus, any preferred orientations
of minerals will lead to rocks that exhibit significantly anisotropic velocities.

In the absence of alternative data, all past efforts to understand crustal seismic
anisotropy and the anisotropy measured in rocks with preferred crystal
orientations have relied on the moduli reported by Aleksandrov and Ryzhova
(1961a,1961b). A pragmatic choice, compensating for the low moduli has been to
use the Voigtaverage (upper elastic aggregate bound) rather than the more
appropriate Hill or Hashin-Shtrikman average (see also the discussion in Brown et
al. 2016 related to plagioclase minerals). As demonstrated in Figure 4, use of the
Aleksandrov and Ryzhova moduli fails to account for the full anisotropy of the
amphiboles in rocks containing crystal preferred orientations. Itwould appear
necessary to recalculate properties of amphibole-rich rocks on the basis of more
accurate determinations of amphibole elasticity.
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6.3 Isotropic moduli and body wave velocities

Estimates for the bulk moduli of calcium and sodium amphiboles are summarized in
Table 7.1n the top row are the results based on the current work plus glaucophane.
The Reuss average adiabatic bulk moduli are corrected to isothermal conditions
using thermodynamic properties summarized in Hacker et al. (2003a) which results
in areduction by about 1.5%. The values labeled H-S are the mean of the adiabatic
Hashin-Shtrikman bounds. Rows labeled C91 (Comodiet al. 1991) and ]J10 (Jenkins
etal 2010) give isothermal bulk moduli based on x-ray diffraction studies at high
pressure. The second value (plus an uncertainty estimate) for the C91 glaucophane,
based on a re-analysis by using EoSFit5.2 (Angel 2001), is smaller by over 8%.
Jenkins et al. (2010) measured lattice strains in two synthetic glaucophane crystals
to 10 GPa and reported an isothermal bulk modulus that lies between the two
estimates based on the measurements by Comodi et al. (1991) and is larger than the
isotropic average of the elastic moduli of Bezacier et al. (2010). The last row lists
the compilation of bulk moduli (Hacker et al. 2003a) used for calculation of
compressional and transverse elastic wave velocities in rocks.

The range of values given in Table 7 highlight several issues. As apparentin the first
row, the large anisotropy of amphiboles leads to large differences between the
aggregate bounds. The Reuss-bounded bulk moduli are significantly smaller than
the mean of the Hashin-Shtrikman bounds. In addition, the range of glaucophane
values based on axes compression measurements indicates that the accuracy of such
estimates is highly dependent on the method of analysis and the quality of the data.
The compilation of Hacker et al. (2003a) has moduli that appear to over-estimate
the dependence on iron and to under-estimate the dependence on aluminum. Some
of the Hacker et al. (2003a) entries are more similar to the Reuss bound while other
entries are closer to the mean of the upper and lower aggregate bounds.

In Table 8 current estimates for the adiabatic shear modulus are compared with the
estimates given by Hacker et al. (2003a) that were based on an assumed scaling of
Poisson’s ratio reported by Christensen (1996). The compilation consistently under-
estimates the shear modulus for all amphiboles; this would lead to an under-
prediction of transverse wave velocities.

[sotropic body wave velocities for amphiboles are shown in Table 9. The values
labeled “Literature” are based on Hacker et al. (2003a) where two significant figures
were given for mostelastic moduli. The “hornblende” in that compilation was
based on hornblendite velocities reported by Christensen (1996) to four significant
figures. Thus, more precision is provided for the hornblende table entries. The
values labeled “Current” are based on averages of the Hashin-Shtrikman bounds of
moduli as a function of composition. The hornblende entry uses the average
calcium amphibole composition given by Schumacher (2007). Several trends are
clear for the calcium amphiboles. Increasing aluminum leads to higher
compressional velocities but this has less impact on transverse wave velocities.
Increasing iron decreases both compressional and transverse wave velocities. The
estimates of Hacker et al. (2003a) are not consistent with these trends. That the
average calcium amphibole has lower density and higher sound speeds than the
hornblendite of Christensen (1996) likely reflects a compositional difference

Table 7

Table 8

Table 9



439
440

441

442

443
444
445
446
447
448
449
450
451

452
453
454
455
456
457

458

459
460
461
462
463
464
465
466

467
468
469
470
471
472
473
474
475
476
477

478
479

(assuming more aluminum and more iron moves the prediction in the appropriate
direction to better match the hornblendite velocities).

Poisson’s ratios,

o=4fi-(6-1) |

identified by Christensen (1996) as an importantdiscriminator in the interpretation
of crustal seismology, are also listed in Table 9. The near constant values for the
“Literature” entries reflect the assumption required in the Hacker et al. (2003a)
compilation where no independent determination of the shear modulus was
available. Inthe currentwork, o is shown to be strongly dependent on the iron
content of the amphiboles with low values near 0.21 for tremolite, high values of

0.27 for actinolite, and intermediate value of 0.24 for the calcium amphibole average.

Increasing aluminum leads to a small positive increase in c. The glaucophane of
Bezacier et al. has the smallest value for Poisson’s ratio.

The comparisons made in this section suggest that the predicted isotropic body
wave velocities of an average calcium amphibole (hornblende) based on the
compositional dependences determined here are in reasonable agreement with
laboratory measurements on a hornblendite of unspecified comp osition. Prior
efforts were notable to correctly describe the variation of isotropic elastic wave
velocities within the range of amphibole compositions found in crustal rocks.

6.4 Anisotropic strain under hydrostatic stress

Projections on two planes of elastic compressibilities under hydrostatic stress,
represented using the compliance sums, S, of Table S2 are shown in Figure 5. Three
amphiboles (tremolite, pargasite, and glaucophane) and one clinopyroxene
(diopside) are plotted. The dashed ellipses are based on the high pressure axis
compression analysis of Jenkins et al. (2010) while all other ellipses are calculated
from elastic moduli measured under ambient conditions. The panel on the left has
strains in the crystallographic a-c plane and the panel on the left has strains in the b-
¢ plane.

All amphiboles have the most compliant direction aligned between a*- and c-axes.
The semi-major axis of the natural glaucophane (Bezacier et al. 2010) is rotated
least from a* and tremolite is rotated most. Although the synthetic glaucophane
axes compressions show near isotropic strain in the b-c plane, the elastic moduli
measurements of a natural crystal show significant anisotropy that is similar to
pargasite. Tremolite in the b-c plane has intermediate anisotropy. The weaker
bonding of amphiboles (with vacant or partially filled A- sites) allows greater strain
with compression in the general a-axis direction. The structurally and
compositionally similar mineral diopside is less compliant in this direction. In the a-
¢ plane, the mostand least compressible directions for diopside are rotated by about
90° relative to the amphiboles.

The comparisons made in this section indicate that strain under hydrostatic
compression calculated on the basis of elastic moduli measured atambient pressure

Figure 5
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are in general accord with x-ray measurements made at high pressure. However,
axes compliances (and the resulting bulk moduli) based on x-ray compression
measurements are sensitive to the form of equations of state used to fit the data (e.g.
multiple entries are given here in Table 7 and in Jenkins et al. 2010). Such
uncertainty can explain the error in the compositional behavior that was previously
associated with amphiboles in the compilation by Hacker et al. (2003a) when these
measurements provided the only information related to elastic properties of
important amphibole end member phases.

7. Summary

The full single-crystal elastic moduli of nine natural calcium to calcium-sodium
amphiboles have been measured. In addition, velocities of a previously studied
natural sodium amphibole have been re-analyzed within the computational
framework used in the currentstudy. Clear trends in the behavior of moduli of the
calcium and calcium-sodium amphiboles as a function of composition have been
identified. A linear fit based on three chemical measures (total aluminum, total iron,
and A-site occupation) accounts for most of the compositionally-induced variance in
moduli. Alinear fit could notreconcile the sodium amphibole glaucophane with the
other amphiboles. Either errorsin the data or a non-linear dependence on
composition are likely.

The amphiboles and chemically related clinopyroxenes share similar values of
moduli except that amphibole moduli related to the a* direction (C1z, C12, C13, Cs5,
and Cse) are approximately a factor of two smaller. This is likely associated with the
partially occupied or vacant A-site which is associated with bonding in the a-axis
direction. Increasing occupation of the A-site increases some of these moduli. In
contrast, the substitution of sodium for calcium in the B-site has no significant
impact on moduli. The substitution of iron in the C-sites decreases all diagonal
elastic moduli while leaving off-diagonal moduli unaffected.

The orientation of compressional velocity extrema in the a-c plane is significantly
rotated between the amphiboles and the clinopyroxenes. This difference is
associated with a large negative value of C3s for amphiboles and a large positive
value for clinopyroxenes.

The variation of isotropic elastic behavior of amphiboles with composition is
important in interpretations of crustal seismology. An earlier compilation (Hacker
et al. 2003a), could not, on the basis of then extant data, correctly determine such
behavior. Parameters are provided here that allow accurate determination of the
isotropic bulk and shear moduli of common amphiboles in crustal rocks.

It is noteworthy that amphiboles have higher elastic wave velocities and are more
anisotropic than suggested by the early measurements of Aleksandrov and Ryzhova
(1961a). In fact, amphiboles exhibit anisotropy nearly as large as that observed in
sheetsilicates (Aleksandrov and Ryzhova 1961b; Vaughan and Guggenheim 1986;
Chheda et al 2014) and the feldspars (Brown et al. 2006; Brown et al. 2016; and
Waeselmann et al. 2016).
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In efforts to reconcile laboratory measurements on rocks with predictions based on
the single-crystal moduli reported by Aleksandrov and Ryzhova (1961a and 1961b),
the ad-hoc use of the upper-bound Voigtaverage is common. This provided partial,
but inappropriate, compensation for under-estimated moduli. Furthermore, the
earlier moduli fail to account for the full anisotropy of amphiboles. Thus, all
predictions of the seismic response of rocks with preferred crystal orientations will
need to be re-evaluated.
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Figure 1. Classification and compositions of magnesium calcium amphibole s plus
glaucophane (based on Leake etal. 1997). The axis extending to the right gives
increasing aluminum in tetrahedral coordination (from O for tremo lite to (Al2Sic022)
for tschermakite). Occupancy of the A-site by (Na+K) (from 0 to 1) is shown in the
vertical direction. Substitution of Na for Ca in the B-site extends into the figure with
full replacement of Ca by Na found in glaucophane. Named stoichiometric end-
member compositions are identified. Full solid-solution replacement of magnesium
by ironis labeled by adding ferro- to the end-member names (exceptions ferro-
actinolite is the iron-bearing form of tremolite). Small filled and numbered circles
are compositions of the current samples based on the chemistry provided in Table 2.
The large gray circle gives the average chemistry for calcium amphiboles reported
by Schumacher (2007). Lines projected to the zero of A-site occupation are
provided as an aid in visualizing the sample compositions.
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Figure 2. Compositions of the amphibole samples in formula units reported in Table
2. Plotted numbers correspond to the sample numbers. The gray circle is the
average of calcium amphiboles reported by Schumacher (2007). The top two panels
show frontand side projections of the compositions illustrated in Figure 1
(tetrahedral coordinated aluminum versus A-site occupation and sodium in the B-
site vs A-site occupation). The lower left panel shows the number of iron atoms per
formula unit vs tetrahedral coordinated aluminum. The lower panel on the right
shows octahedral-coordinated aluminum versus tetrahedral-coordinated aluminum.
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Figure 4. Selected inosilicate elastic wave velocities as a function of propagation
direction in three orthogonal planes. For each plane normal to a Cartesian axis light
circles representvelocities of 2, 4, 6, 8, and 9.5 km/s. The orientations of
crystallographic axes are shown. Thick line are velocities based on the elastic
moduli and propagation directions. The inner thick lines are transverse wave
velocities, the outer thick line gives compressional velocities. Top row: diopside
velocities based on Isaak et al. (2006). Second and third rows: calcium amphibole
end-member velocities based on the current work. Dashed line in second row are
compressional velocity predictions based on the elastic moduli for a hornblende
reported by Aleksandrov and Ryzhova (1961a). Bottom row: glaucophane velocities
based on Bezacier et al. (2010).



696

697
698
699
700
701

Figure 5. Selected inosilicate strain ellipsoids under hydrostatic stress projected on
the crystallographic a-c and b-c planes. Red: diopside from Isaak et al. (2006), Black:
tremolite from current work, Magenta: pargasite from current work), Blue:
glaucophane. Solid line is based on Bezacier et al. (2010) and dashed is from Jenkins
etal (2010).
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Tables

Sample Unit cell Density Source
volume kg/m3
(A%3)
1 905.7 3027 unknown
2 914.3 3255 unknown
3 901.9 3162 Gore Mountain NY, collected by B.W. Evans
4 913.6 3293 unknown
5 908.4 3038 Lake Wenatchee, WA collected by B.W. Evans
6 918.1 3213 RRuff.info #60029 R.Downs
7 934.0 3418 RRuff.info #60044 R.Downs
8 907.2 3163 RRuff.info #60632 R.Downs
9 895.2 3190 Unknown

Table 1. Amphibole sample information. “Unknown” samples were obtained as
mineral separates from rocks of unknown origin. Unit cell volumes are from x ray
analysis, densities are calculated based on unit cell volumes and microprobe
determined chemistry. The uncertainty in unit cell volume is 0.3%. The density
uncertainty, accounting for chemistry and volume uncertainties, is 0.5%.




Sample 1 2 3 4 5 6 7 8 9 GL HBL
Structural Formulae

Si 7859 7.023 6182 6513 7718 6.698 6571 6.152 5898 7.76 6.458
Allv 0141 0977 1818 1487 0282 1302 1429 1848 2102 024 1.542
Al 0.032 0.064 0553 0464 0113 0259 0015 0683 1.047 176 0.470
Ti 0013 0109 0112 0173 0.002 0060 0239 0319 0021 - 0.123
Cr 0.000 0.002 0001 0000 0.035 0000 0000 0002 0211 - 0.001
Fe3* 0.097 0769 1263 0.727 0494 0365 0559 0.000 0157 - 0.718
Fe2* 0.287 1601 0150 2.004 0244 1526 3298 0.815 0592 092 1.201
Mn 0.028 0157 0012 0030 0.040 0049 0205 0.007 0.013 - 0.034
Mg 4543 2298 2910 1601 4072 2741 0684 3105 2958 234 2453
Ca 1243 0993 1503 1639 1741 1706 1528 1798 1892 0.06 1.752
Na 1236 1674 0683 0577 0146 0805 0981 0696 0.789 1.90 0.480
K 0264 0265 0088 009 0.009 0341 0339 0370 0071 - 0.121
F 0937 069 0000 0000 0.03 0732 0000 0263 0.005 - 0.000
cl 0.002 0.015 0000 0.008 0.000 003 0000 0005 0.000 - 0.000
OH* 1060 1290 2000 1992 1965 1238 2000 1732 199% 2 2.000
Total 17.743 17932 17275 17310 16.895 17.852 17.848 17.795 17.752 - 17.353
Site Occupancy

(Cat+Na) (B) 2.000 2,000 2000 2000 1887 2000 2000 2000 2000 196 2.000
Na (B) 0.757 1007 0497 0361 0146 0294 0472 0202 0108 1.90 0.248
(Na+K) (A) 0743 0932 0275 0310 0.009 0852 0848 0864 0.752 - 0.353
Mg/(Mg+Fe?) 0941 0589 0951 0444 0943 0642 0172 0792 0833 - 0.671
Fed/(Fe3+AlM) 0750 0923 0696 0610 0814 058 0974 0000 0.130 - 0.604

710

711  Table 2. Microprobe chemical analysis in formula units based on Probe-AMPH

712  (Tindle and Webb, 1994) plus the chemical analysis of the glaucophane (GL) sample
713  usedin Bezacier et al. (2010) and the average calcium amphibole (HBL) as reported
714 by Schumacher (2007). See supplemental table for weight % oxides measured by
715  microprobe analysis.



1 26| 2 |26 3 (26| 4 (26| 5 |26| 6 | 20| 7 |26| 8 | 26| 9 | 20| Gl | 20
C11 | 119.2 04 122.7 | 0.9 133.6 | 0.9 122.8 1 0.9 108.6 | 0.7 131.1 ] 0.9 122.7 |1 0.9 141.6 | 0.9 148.7 | 1.0 121.5] 1.6
C1i2 47.5 071 500 0.3 509 | 1.0 51.8| 1.3 48.4 | 0.9 53.2 | 1.0 526 | 1.4 571 | 1.4 56.5| 1.1 4441 2.0
C1i3 41.2 01 44.3 | 0.8 43,11 0.7 4591 0.7 37.7 | 0.6 47.2 | 0.8 4751 0.8 49.6 | 0.8 48.8 | 0.7 374 | 2.3
Cis -1.7 0.7 -1.4 | 0.3 -0.8 (| 0.3 -0.7 | 0.3 1.0 0.3 -1.0] 0.3 -2.0( 0.3 -0.2] 0.3 03] 0.4 2.7 1 1.0
Cz2 | 1822 1] 184.6 | 1.2 193.4 | 1.2 189.3 | 1.3 1916 | 1.4 186.6 | 1.2 178.6 | 1.2 197.8 | 1.3 204.6 | 1.3 229.7 | 2.3
C23 58.2 04 59.5]| 0.9 58.3 | 0.9 62.3 | 0.9 59.2 | 0.9 60.3 | 0.9 60.8| 0.9 60.9| 1.0 619 | 1.1 75.8 | 2.4
Czs -5.6 09 -71 1 -10.8 | 1.1 -7.0] 1.0 5.6 1.1 85| 1.2 95| 0.9 -109 | 1.3 -6.9 | 1.3 -49 | 2.6
C33 | 228.0 19 223.7 | 1.5 225.8 | 1.4 2229 | 1.4 230.8 | 1.5 2243 | 1.4 216.6 | 1.3 22541 1.6 232.1 | 1.5 256.2 | 2.8
Cas | -30.6 0§ 294 | 05 | 303 | 0.4 | -300| 04 | 296 | 0.5 | 30.3| 0.5 | -31.0| 0.4 | -3L.4| 05 | 288 | 05 | -239| 15
Ca4 75.6 04 705 ]| 0.5 75.5 | 0.6 71.5| 0.5 77.0 | 0.6 72.5( 0.6 67.5| 0.5 75.8 | 0.6 76.7 | 0.6 79.3 | 0.9
Cs6 4.7 04 53] 0.4 3.8 1 0.3 541 0.4 791 0.5 441 0.4 6.3 0.4 3.3 0.4 19| 0.4 9.3 0.9
Css 45.9 04 425 0.3 4751 0.3 46.8 ( 0.3 50.0 | 0.3 46.5| 0.3 39.7 1 0.3 499 1| 0.3 541 0.3 529 | 0.7
Ce6 49.2 04 459 0.3 50.4 ] 0.3 46.2 | 0.4 48.6 | 0.4 48.0| 0.4 40.8 1 0.3 51.7 | 0.4 529 | 0.4 51.3 | 0.6

Table 3. Elastic moduli (in GPa) of amphiboles. The 2o uncertainties include misfits to velocities and uncertainty in sample densities. The
column labeled “Gl” gives re-analyzed moduli and uncertainties for glaucophane based on velocities reported by Bezacier etal (2010).
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718
719
720
721
722
723
724
725
726

Modulus dM/dAl dM/dA dM/dFe Experimental Regression

GPa GPa/atom GPa/atom | GPa/atom Uncertainty Misfit

GPa GPa
C11 107.2 10.6 13.3 -2.9 1.0 1.1
109.1 11.4 1.0 5.0
C12 47.1 2.8 1.2 1.6
Ci3 36.7 2.6 6.5 0.8 1.2
39.6 3.1 0.8 2.4
Cis -0.8 0.3 0.9
C22 185.9 6.2 -3.8 1.2 2.7
Ca3 60.0 1.0 1.4
Cas -7.8 1.2 1.9
Cs3 231.6 -3.4 1.5 2.1
Css -30.2 0.5 0.8
Caa 78.5 0.7 -3.0 -2.4 0.6 0.2
78.0 -2.5 0.6 1.1
Ca6 6.7 -1.3 0.4 1.1
Css 48.0 2.1 -2.6 0.4 1.9
Ceo 50.3 1.7 -2.8 0.4 0.8
K 84.5 4.3 1.2 1.7
G 57.5 2.0 -2.2 0.8 0.8

Table 4. Linear regression parameters for amphibole individual elastic moduli and
the mean of Hashin-Shtrikman bounds for the adiabatic bulk (K) and shear (G)
modulus. Base moduli for tremolite are in the first column of values. Derivatives are
in units of modulus change per substitutional atom in the formula unit relative to
tremolite; the aluminum content varies from 0 to >3, the A-site occupation ranges
from O to 1,and iron in the C-site can range from 0 to 5. Only C11, C13, and Cs4 have a
statistically significant dependence on the A-site occupation. An alternative fit with
no dependence on A-site occupation is provided (with a concomitant increase in
misfit). The last two columns give experimental and regression misfits.
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729
730
731
732
733
734
735
736

M dM/dAl dM/dA | dM/dF | Experimental | Regression
e Uncertainty Misfit
Density (kg/m3) | 2974 42 6| 58 15 7
2928 76 158 15 157
Vp (m/s) | 7380 100 -181 47 40
Vs(m/s) | 4446 50 -113 | -138 24 26
4379 46 -137 24 44

Table 5. Linear regression parameters for densities, and compressional and
transverse wave velocities of the amphiboles. Derivatives are in units of change per
substitutional atom in the formula unit relative to tremolite; the aluminum content
varies from 0 to >3, the A-site occupation ranges from 0 to 1, and iron in the C-site
canrange from 0 to 5. Density and transverse wave velocities have a statistically
significant dependence on the A-site occupation. An alternative fit with no
dependence on A-site occupation is provided (with a concomitant increase in misfit).

The last two columns give experimental and regression misfits.
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740

Ci1 | Ci2 | Ci3 | Cis | Coz2 [ Ca3 | Cos | C33 | C35 | Caa | Cas | Css | Cee
Diopside 228 79 70 8 181 61 6 245 | 40 79 6 68 78
Isaak et al. 2006
Tremolite 107 | 47 37 -1 186 60 -8 232 | -30 | 79 7 48 50
Hedenbergite 222 69 79 12 | 176 | 86 13 | 249 26 55 -10 | 63 60
Kandelin and Weidner
1988a
Actinolite 93 47 37 -1 167 60 -8 215 | -30 | 67 7 35 36
Jadeite 274 | 94 71 4 253 82 14 | 282 28 88 13 65 94
Kandelin and Weidner
1988b
Glaucophane 122 46 37 2 232 75 -5 255 | -24 | 80 9 53 51
Bezacier etal. 2010
Di72Hdo]d3Cr3Ts12 238 | 84 80 9 184 | 60 10 | 230 | 48 77 8 73 82
Collins and Brown 1998
Tr72AcoPgi9 122 48 44 -1 185 60 -8 228 | -30 | 74 6 46 48

Table 6. Comparison of amphibole and clinopyroxene elastic moduli in GPa units.

Amphibole moduli are calculated using parameters given in Table 4.




tremolite ferro- hornblende tschermakite | pargasite | glaucophane ferro-
actinolite glaucophane
Current: Reuss 78(1) 78(1) 88(1) 88(1) 94(1) 88(1)
H-S 85(1) 85(1) 93(1) 93(1) 99(1) 96(1)
o1 85 97 96
88(6)
J10 92(2)
H03 85 76 94 76 91 96 89
741
742  Table 7. Bulk moduli (GPa units) for selected amphiboles. “Current: Reuss” are
743  isothermal values using the parameters in Table 4 and from Bezacier et al. (2010).
744  An adiabatic to isothermal correction was applied to the adiabatic moduli using the
745  thermodynamic properties summarized in Hacker et al. (2003a); the correction is
746  ~1.5%. H-S are the average of adiabatic Hashin-Shtrikman bounds. In the current
747  work“hornblende” is a composition based on the Schumacher (2007) average
748  calcium amphibole. The Comodiet al. (1991) (C91) and Jenkins et al. 2010 (J10)
749  valuesare based on high pressure isothermal x ray compression measurements.
750 Comodiet al reported values based on linear fits to the data. The second estimate in
751  the C91rowis the re-analysis given by Jenkins et al. using a second-order finite-
752  strain equation of state. In the last row (H03) isothermal moduli are taken from
753  Table 1 of Hacker et al. (2003a). Uncertainties for the current work are from Table
754  S2. The uncertainties for moduli based on axes compression measur ements are
755  reported by Jenkins et al. 2010.



756

757

758
759
760
761
762

tremolite | ferro-actinolite | hornblende | tschermakite | pargasite | glaucophane ferro-
glaucophane
Current 58 47 57 62 64 64
HO03 49 44 55 44 53 56 52

Table 8. Adiabatic shear moduli (GPa units) for selected amphibole end-members. In
the currentwork “Hornblende” designates a mineral composition based on the
Schumacher (2007) average calcium amphibole. The top row lists means of Hashin-
Shtrikman bounds based on Table 4 and on Bezacier et al. (2010) for glaucophane.
Bottom row lists values taken from Table 1 of Hacker et al. (2003a).
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770

tremolite | ferro- hornblende pargasite tschermaktite | glaucophane | ferro
actinolite glaucophane
Literature Vpkm/s | 7.1 6.3 7.20 7.3 6.7 7.6 7.0
Vskm/s | 4.1 3.6 4.12 4.1 3.8 4.3 4.0
Poisson’s ratio | .25 .26 26 27 26 26 26
Density gm/cc | 2.98 3.43 3.25 3.07 3.04 3.01 3.30
Current Vpkm/s | 74 6.5 7.22 7.7 7.6 7.5
Vskm/s | 4.5 3.8 4.21 4.5 4.5 4.6
Poisson’s ratio | .21 27 24 .23 23 20
Density gm/cc | 2.97 3.26 3.18 3.11 3.06 3.07

Table 9. Isotropic body wave velocities and densities for selected amphiboles.
Literature values are from the compilation of Hacker et al. (2003a). More significant
figures are shown for the hornblende entry since these were based on actual body
wave measurements from Christensen (1996). Current values are based on Table 5
for calcium amphiboles (using the average calcium amphibole of Schumacher
(2007) for hornblende) and Bezacier (2010) for glaucophane.




Table S1. Microprobe chemical analysis of amphiboles. The “reformatted” values are based on
PROBE-AMPH (Tindle and Webb, 1994).

Sample number 1 2 3 4 5 6 7 8 9
Si02 56.22 46.69 43.70 43.78 55.52 4517 40.51 42.86 41.31
TiO2 0.12 0.96 1.05 1.55 0.02 0.54 1.96 2.95 0.20
A203 1.05 5.87 14.22 11.13 2.41 8.93 7.55 14.96 18.72
FeO 3.28 18.84 11.94 21.95 6.35 15.25 28.43 6.79 6.27
MnO 0.24 1.23 0.10 0.24 0.34 0.39 1.49 0.06 0.11
MgO 21.80 10.25 13.80 7.22 19.65 12.40 2.83 14.51 13.90
CaO 8.30 6.16 9.92 10.28 11.69 10.74 8.79 11.69 12.37
Na20 4.56 5.74 2.49 2.00 0.54 2.80 3.12 2.50 2.85
K20 1.48 1.38 0.49 0.50 0.05 1.80 1.64 2.02 0.39
F 2.12 1.46 0 0 0.08 1.56 0.00 0.58 0.01
Cl 0.01 0.06 0 0.03 0.00 0.12 0.00 0.02 0
Cr203 0.00 0.02 0.01 0.00 0.32 0.00 0.00 0.02 1.87
Reformatted

Si02 56.22 46.69 43.70 43.78 55.52 4517 40.51 42.86 41.31
TiO2 0.12 0.96 1.05 1.55 0.02 0.54 1.96 2.95 0.20
AR203 1.05 5.87 14.22 11.13 2.41 8.93 7.55 14.96 18.72
Cr203 0.00 0.02 0.01 0.00 0.32 0.00 0.00 0.02 1.87
Fe203 0.92 6.79 11.86 6.49 472 3.27 4.58 0.00 1.46
FeO 245 12.73 1.27 16.11 2.10 12.31 2431 6.79 4.95
MnO 0.24 1.23 0.10 0.24 0.34 0.39 1.49 0.06 0.11
MgO 21.80 10.25 13.80 7.22 19.65 12.40 2.83 14.51 13.90
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 8.30 6.16 9.92 10.28 11.69 10.74 8.79 11.69 12.37
Na20 4.56 5.74 2.49 2.00 0.54 2.80 3.12 2.50 2.85
K20 1.48 1.38 0.49 0.50 0.05 1.80 1.64 2.02 0.39
F 2.12 1.46 0.00 0.00 0.08 1.56 0.00 0.58 0.01
Cl 0.01 0.06 0.00 0.03 0.00 0.12 0.00 0.02 0.00
H20* 1.14 1.29 2.12 2.01 2.12 1.25 1.85 1.81 2.10

10041  100.63  101.03  101.34 99.56  101.28 98.63  100.77  100.24
O=F.C1 0.89 0.63 0.00 0.01 0.03 0.68 0.00 0.25 0.00
Total 99.51  100.00 101.03  101.33 99.53  100.60 98.63  100.52  100.24



Highlights

e Elastic moduli of nine natural calcium to calcium-sodium amphiboles are reported

e Total aluminum, iron, and A-site occupation accounts for large variance in moduli

e Amphiboles are more elastically anisotropic than previously recognized

e The common preference for Voigt averaging of elastic moduli is challenged

e Seismic responses of rocks with preferred crystal orientations must be re-evaluated
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