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Abstract The full set of elastic constants for plagioclase
end-member phase albite (NaAlSizOg) is reported for the
first time. Velocities of surface acoustic waves (both
Rayleigh and pseudo-surface waves) were measured
using impulsively stimulated light scattering on polished
surfaces having six different orientations (three normal
to the Cartesian axes and three lying on diagonals). Data
were inverted and results tested using several non-linear
optimization techniques. Compliance moduli deter-
mined under hydrostatic compression provided addi-
tional constraints and reduced covariance in the
reported constants. The Cartesian coordinate system
associated with the constants (using the CI1 unit cell)
has the y-axis parallel to the crystal » axis, the x-axis
parallel to a* (perpendicular to b and ¢) and the z-axis
consistent with a right-handed coordinate system.
The values of the moduli Cy;, Cjs, Ci3, Cis, Cys,
Ciss Coa, Caz, Cu, Cos, Cpe, Ciz, Cay, Css, Cs,
C44, C45, C46, C55, C56, C66 and their 20 uncertainties
(in parentheses) are, respectively, 69.1(0.6), 34.0(0.7),
30.8(0.5), 5.1(0.1), —2.4(0.1), —0.9(0.1), 183.5(2.7), 5.5(2.2),
—3.9(0.5), —=7.7(0.7), —5.8(0.7), 179.5(2.3), —8.7(0.4),
7.1(0.6), —9.8(0.6), 24.9(0.1), —2.4(0.1), —7.2(0.1), 26.8
(0.2), 0.5(0.1), 33.5(0.2). These constants differ signifi-
cantly from the previously reported pseudo-monoclinic
constants that were based on velocity measurements on
polysynthetic twinned crystal aggregates. Differences are
consistent with systematic errors in the earlier study
associated with sparse data and the presence of cracks
and other imperfections.
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Introduction

Feldspars are the most abundant mineral group found in
Earth’s crust (estimated to constitute more than 60% of
the crust). Albite (NaAlSi;Og) anchors the two main
feldspar compositional series: the alkali feldspars (Na,K)
AlSi;Og and the plagioclase series (Na,Ca)Al(Si,Al)
Si;Og. Albite has triclinic symmetry (Cl1), which is
common for the “low temperature” alkali-feldspar and
albite-rich plagioclase with ordered aluminum and
silicon in the tetrahedral sites.

Efforts to understand the structure and composition
of the deep crust require interpretation of seismic data
using mineral elastic constants. The existing and pio-
neering feldspar elasticity data, reported by Ryzhova
(1964), were based on one-bar studies of pseudo-
monoclinic crystal aggregates rather than on studies of
true single crystals. Polysynthetic twinning in feldspars is
ubiquitous and the two common twin laws (pericline and
albite) increase the ensemble symmetry from triclinic
(requiring 21 elastic constants) to monoclinic (13 elastic
constants). Ryzhova’s results are widely cited in hand-
books and databases (e.g. Every and McCurdy 1992;
Bass 1995; Hacker and Abers 2004). All subsequent ef-
forts to model seismic properties of the crust have relied
on these data (e.g. Peselnick et al. 1974; Liebermann and
Ringwood 1976; Christensen and Fountain 1975; Salis-
bury and Christensen 1978; Babuska 1981; McDonough
and Fountain 1988; Fountain et al. 1990; Seront et al.
1993; Salisbury and Fountain 1994; Christensen 1996;
Takanashi et al. 2001; Hacker et al. 2003; Carlson and
Miller 2004).

We measured velocities of surface waves in low albite
(with full aluminum/silicon ordering) using impulsively
stimulated light scattering (ISLS) and inverted the data
to determine elastic constants. Compliance moduli
determined under hydrostatic compression serve as
additional constraints in the inversion. The resulting
constants provide the first full triclinic set reported for
any mineral; only two other triclinic crystals have ever



been characterized (Haussuhl and Siegert 1969; Kuppers
and Siegert 1970). The new constants are significantly
different than the previously reported monoclinic pseu-
do-single crystal properties. We reappraise methodology
in the earlier experiments and find that the data acqui-
sition scheme was not adequate to constrain even
monoclinic constants. We also suspect that cracks in the
polycrystalline aggregate resulted in underestimates of
the true single crystal properties. An appendix defines
the contracted Voigt notation used in this paper.

Prior ultrasonic elasticity determinations

Ryzhova (1964) reported ultrasonic velocities in heavily
twinned plagioclases for three wave-vector polariza-
tions, measured in six (Cartesian) propagation directions
[(100) (001) (010) (110) (101) and (011)] for five plagio-
clase compositions ranging from Ang to Ansg (as mea-
sured along the albite-anorthite compositional join with
pure albite being Ang). A later paper (Aleksandrov et al.
1974) reanalyzed the same data. Monoclinic elastic
constants reported in both papers for Ang are given in
Table 1.

Ryzhova noted that although velocities were mea-
sured with a precision of 1.5%, actual measurements
had a “spread (up to 5%)” associated with “‘errors in

orientation and imperfections in the crystal itself: cracks,
pores, and inclusions’. No estimates of uncertainties of
the elastic constants were given in either the 1964 or
1974 papers. Velocity data and velocities calculated
using the 1964 and 1974 elastic constants for Ang are
shown in Fig. 1 (along with velocities calculated from a
monoclinic average of the current results). Velocities
calculated using Ryzhova’s or Aleksandrov’s constants
reproduce most of the data within the stipulated 5%
error bars; a few points misfit by as much as 10%.

Formal uncertainties (e.g. Brown et al. 1989), of the
monoclinic elastic constants, calculated here based on
the statistics of Ryzhova’s data acquisition scheme are
given in Table 1. Accepting Ryzhova’s estimate, we use
an uncertainty of 1.5% for velocity measurements. It is
clear that the 18 reported velocities do not adequately
constrain 13 monoclinic elastic constants. In particular,
the constants C;,, C,3 and C,s which differ most be-
tween the 1964 and 1974 analyses have large mutual
covariance and, as a result, large individual uncertain-
ties.

In a study of velocities measured in a plagioclase
aggregate of intermediate composition, Seront et al.
(1993) noted that hydrostatic pressure of 1 GPa is nec-
essary to close cracks. Associated with crack closure,
differences in velocities between 1 bar and 1 GPa can be
greater than 10% (intrinsic pressure derivatives of the

Table 1 Elastic constants and 2¢ uncertainties for albite in units of GPa

Ryzhova Aleksandrov Uncertainties Ryzhova rotated Current results Uncertainties Uncertainties
et al.
11 74.9 74.8 6.0 66.8 69.9 0.6 3.1
12 36.3 28.9 > 50 27.2 34.0 0.7 5.7
13 37.6 38.1 12.2 34.0 30.8 0.5 4.2
15 -9.1 —9.1 9.7 0.1 -24 0.1 0.6
22 137.5 137.4 8.8 137.5 183.5 2.7 13.3
23 32.6 21.5 >50 41.7 5.5 2.2 6.5
25 -10.4 -30.7 >50 =77 -7.7 0.7 1.2
33 128.9 128.8 8.4 144.3 179.5 2.3 7.1
35 —19.1 —19.2 9.9 4.7 7.1 0.6 1.2
44 17.2 17.4 1.1 22.5 24.9 0.1 0.2
46 -1.3 -2.1 39 -7.4 =72 0.1 0.1
55 30.3 30.2 4.0 26.7 26.8 0.2 0.2
66 31.1 31.8 1.6 25.8 33.5 0.2 0.2
14 5.1 0.1 0.4
16 -0.9 0.1 1.1
24 -39 0.5 0.9
26 -5.8 0.7 2.6
34 —8.7 0.4 0.8
36 -9.8 0.6 1.2
45 -24 0.1 0.1
56 0.5 0.1 0.2

The first column lists the constant subscripts using Voigt notation. The first 13 constants are required for both monoclinic and triclinic
crystals, but the last 8 constants are only non-zero in triclinic crystals. The second column lists the elastic constants reported by Ryzhova
(1964). The third column lists the elastic constants reported by Aleksandrov et al. (1974). The fourth column lists the formal uncertainties
(20) for columns 2 and 3 assuming 1.5% uncertainty in velocities. The calculated uncertainties for three constants are numerically unstable
since data do not provide an adequate constraint. The fifth column lists elastic constants reported by Ryzhova rotated into the coordinate
system used in this paper. The sixth column lists the current results. The seventh column lists the formal uncertainties (2¢) for the current
study and the eight column lists the formal uncertainties (2¢) for the current study without the constraints provided by the x-ray

compression data
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Fig. 1 Ultrasonic body wave velocities measured and predicted
within three orthogonal planes through a polysynthetic twinned
aggregate of Ang composition. Measured velocities and error bars
are from Ryzhova (1964). The curves are as predicted by constants
given by Ryzhova (dashed), Aleksandrov et al. (1974) (solid), and
current work (dotted). The dashed and solid curves coincide over
most of the plotted range

elastic constants are relatively small). Seront et al. cal-
culated velocities using averaged elastic constants based
on measured lattice-preferred orientations of the con-
stituent minerals and suggested that Ryzhova’s elastic
constants are low by approximately 10%.

In summary, prior velocity data for albite are not
adequate for a correct determination of the elastic con-
stants. Several monoclinic constants are essentially
unconstrained by the sparse data, experimental errors
were large, and the reported presence of cracks suggests
that measured velocities were lower than would be the
case in a crack-free, single crystal. Although widely ci-
ted, elastic constants calculated on the basis of those
measurements are of questionable validity.

X-ray compression measurements

Benusa et al. (2005) used x-ray diffraction to determine
the compression of a single crystal of low albite under
hydrostatic pressure. The precision of the data is suffi-
cient to determine six independent values of the linear-
ized Lagrangian finite strain tensor (L; in Voigt
notation) (Schlenker et al. 1978), which are induced
by each increment in pressure and thus determine
six independent combinations of elastic compliances
S;; = inv(Cy) (Fig. 2). Implicit is the assumption that
experimental strain increments are sufficiently small such
that L;/AP is equal to the appropriate sums of the elastic
compliances. Extrapolated to P=0, these sums of
compliances are used as additional constraints in our fit
of the velocity data. The values are given in Table 2 and
compared both with those given by our final fits as
calculated from the constants suggested by Ryzhova. In
further support of the conclusion of Seront et al. (1993),
compliances predicted from Ryzhova’s constants are
generally too large; L,/AP and Ls/AP are significantly
over-estimated.

The sums of (isothermal) compliances determined by
the x-ray data can be used in the inversion of (adiabatic)
velocity data only after conversion from isothermal to
adiabatic values. The additive correction (Nye 1969) to
the isothermal Sj; is ajo;7/C,, where o; denotes the ther-
mal expansivity tensor (Voigt notation) and C, the heat
capacity per unit volume. The o; = (17, 4.5, 0.5, 5, 5,
5)x107° K™ is determined from x-ray data taken be-
tween 25 and 970°C (Winters et al. 1979) as L;/AT,
analogously to the previous determination of the sums
of elastic compliances, while Cp:2.08><106 Jm? K™
(Navrotsky 1995). In the case of albite, these corrections
turn out to be less than 1% of the values given in Ta-
ble 2, far smaller than the associated experimental
uncertainties and are thus negligible in the current
analysis.

Sample characterization

We use single crystals collected by B. Evans in central
Crete (near Therison) from a vein in a blueschist terrain.
The samples are several millimeters in size with euhedral
and fractured surfaces. They are clear, with no obvious
twinning. Some samples have actinolite inclusions.
Microprobe analyses confirmed end-member albite
stochiometery. Cations other than sodium, aluminum
and silicon were beneath detection thresholds
(<0.05 wt% for CaO and K,O). The x-ray determina-
tion of unit-cell parameters in the OCT unit-cell setting
[a = 8.13662(2)A, b = 12.7857(2)A, c = 7.1582(3)A]
and angles [o = 94.253(2)°, B = 116.605(2)°, y =
87.756(2)°] are in agreement with literature values
for endmember low albite (Harlow and Brown 1980;
Downs and Hall-Wallace 2003). A structure determi-
nation from a small fragment of the sample gave mean
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bond lengths <T-O> for the tetrahedral cation sites of
<Tlo-O> =1741 A, <Tlm-O> = 1611 A, <T20-0>
1.616 A and <T2m-O> = 1.617 A. These correspond
to a fully-ordered Al, Si distribution, within the uncer-
tainties of the measurement (Kroll and Ribbe 1983). The
calculated density is 2.623(3) g cm™°.

We chose the following convention to align the non-
orthogonal crystal axes with respect to Cartesian coor-
dinates. The y-axis is aligned parallel to the crystal

b-axis. The x-axis is set in the a* direction (perpendicular
to the b- and c-axes). The z-axis is chosen to satisfy a
right-handed coordinate system. This convention is
different from that used by Ryzhova who also set the
y-axis parallel to b, but then set the z-axis parallel to c*.
Relative to our system, these coordinates are rotated
26.6° about the b-axis. Although Ryzhova’s convention
was motivated by the nature of the underlying crystal
structure (placing the crankshaft chain structure of

Table 2 Sums of compliances (GPa™'), as predicted by the data of Benusa et al. (2005) (extrapolated to P=0), by Ryzhova’s (1964)

constants, and by current work

Benusa Ryzhova Current work
et al.
Li/AP=S,+ 815+ 815 (GPa™') x le3 11.1 (0.2) 11.5 11.1
Lz/AP: S21 + S22+ S23 (GPafl) x 1e3 34 (02) 4.1 34
L;yJAP= S5+ S5+ S33 (GPa™") x 1e3 3.8 (0.2) 3.5 3.6
Ly/AP=S4+ S+ S43 (GPa™') x 1e3 0.0 (0.2) - 0.2
Ls/JAP=Ss,+ S5, + Ss3 (GPa™") x 1e3 1.0 (0.2) 3.7 1.0
Le/AP=Sg,+ Seo+ Se3 (GPa™") x 1e3 2.0 (0.2) - 2.0

Components of the strain tensor L and compliances S are given in standard Voigt notation. Two of the strains (L4 and Lg) are zero in the

case of monoclinic symmetry



albite parallel to the x-axis), it results in compressional
velocities in the x—z plane which enjoy no simple
relationship to the Cartesian coordinates. With the
convention used here, maxima and minima of the
compressional velocities lie close to the coordinate axes,
with values determined by the constants C;;, C5,, and
Css.

Samples were oriented on an x-ray diffractometer.
Crystals, in selected orientations, were glued to a glass
slide while still attached to the x-ray goniometer head.
The samples were subsequently ground flat using
0.25 micron diamond grit for the final polish. Forty
nanometer (£5 nm) of aluminum was deposited on the
polished surfaces. This metallic layer allows the coupling
of the incident laser energy to the surface of the crystal
and the resulting generation of surface waves.

Six planar cuts through the albite samples were pre-
pared. Directions of propagation along the sample sur-
faces are shown in a stereographic perspective in Fig. 3.
Three cuts were essentially normal to the Cartesian axes,
the other three being cross-cutting diagonal slices.

Experimental method

The general experimental method (ISLS) has been de-
scribed elsewhere [see Abramson et al. (1999) for a
general review]. Both body wave and surface wave
velocities have been reported and elastic constants of
crystals at ambient pressure and at high pressure have
been determined. In brief, two 100 ps pulses are selected
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Fig. 3 Equal area stereographic projection of propagation direc-
tions of surface waves for the data reported here. Data were
nominally collected at 10° increments over 180° on six polished
surfaces [labeled (a) through (f), corresponding to the order of data
sets shown in Fig. 5]

from the pulse train of a Nd:YAG laser (of wavelength
A1r = 1,064 nm) and combined at an angle, intersecting
on the sample surface to form a one-dimensional inter-
ference pattern filling a spot of ~300 pm diameter. En-
ergy is absorbed in the thin, overlying, aluminum film,
creating a spatially periodic variation in surface tem-
perature. Rapid thermal expansion creates a surface
corrugation and launches surface acoustic waves (SAW).
The acoustic wavelength A4 (~2.55 um) is that of the
interference pattern: A, — Ajr/2/sin@, where © is half
the angle of intersection of the two pulses.

The SAW causes temporally and spatially periodic
changes in the sample surface, which can diffract a probe
beam. A third pulse is selected from the Nd:YAG laser,
frequency doubled to 532 nm, and delayed by time of
flight to create the probe. The intensity of the acousti-
cally diffracted portion of the probe is recorded as a
function of delay time and this signal is then Fourier
transformed to determine the frequencies of the SAWs.
For an acoustic frequency f, and the wavelength 1, the
velocity is V' = 1,f4. Rotation of each sample about its
surface normal allows waves to be launched, and
velocities measured, in any direction contained in the
plane.

We measured SAW velocities (both pure Rayleigh
and pseudo-surface waves) on the oriented and polished
single crystals. Velocities were measured with a repro-
ducibility of about 0.2%. An absolute accuracy of about
0.1% 1is estimated on the basis of uncertainties in the
velocity of our standard (which is calibrated relative to
measurements of the velocity of water). The aluminum
film on the samples alters surface wave velocities by
about 0.1%; this systematic effect is included in the data
analysis. Although care was taken to accurately deter-
mine propagation directions, the mechanical steps nec-
essary to transfer an x-ray orientation to the optics table
rotation stage resulted in sample misalignments of sev-
eral degrees. A previous study (Abramson et al. 1994)
has shown that velocity data can be inverted for both
elastic constants and orientations. In the final step of the
current data reduction, Euler angles for sample orien-
tations were optimized.

Farnell (1970) treats the general problem of SAW
propagation on anisotropic materials. Rayleigh-like
surface waves exist for all propagation directions.
Pseudo-surface waves (waves that leak acoustic energy
into the sample interior) can propagate under more
restrictive conditions. The computational procedure
developed by Every et al. (1998) is used in the current
analysis. The relevant elastodynamic Green’s function
Gijj is evaluated for an impulsive line source stimulation
for the experimental geometry (aluminum film over an
albite half-space), propagation direction, and assumed
elastic constants. The procedure is general and can be
applied to any combination of crystal symmetries and
orientations. As recommended by Maznev et al. (1999)
and further tested by Crowhurst and Zaug (2004), the
intensity of the signal was correlated with the modulus
of the off-diagonal tensor element |Gi3|; however, re-



sponses calculated with components G»3; and Gs3 yielded
identical peak velocities.

In Fig. 4, acoustic spectra are plotted from an
experiment and as calculated from the elastodynamic
Green’s function for one propagation direction (lab
angle of 175° for sample (e¢) of Fig. 5). The lower fre-
quency peak is the Rayleigh wave for which the theory
predicts a delta-function response (the actual peak is off-
scale in the plot by two orders of magnitude), while the
finite time window of observation results in a broadened
Fourier-transform of the experimental record. The
higher frequency peak is associated with a pseudo-sur-
face wave; its greater width (in theory and experiment) is
appropriate for a wave that is radiating energy into the
bulk sample.

Experimental results and reduction to elastic constants

Surface wave velocities obtained on the six oriented and
polished surfaces are plotted in Fig. 5 as a function of
rotation angle in the plane of each sample. In total, 163
velocities were measured in 125 directions of propaga-
tion. The greyscale background in these plots depicts the
logarithm of the calculated surface wave response using
the optimal set of elastic constants. Lighter shading
indicates locations of spectral peaks. We use a “Golden
section” algorithm (Press et al. 1986) to determine
velocities corresponding to the peaks’ maxima. For the
optimal set of elastic constants, calculated spectral peaks
match the data with an rms misfit of 11 m/s.

The velocity data were inverted using both simplex
and simulated annealing algorithms (Press et al. 1986) to
determine elastic constants. The full set of the optimal
elastic constants and their formal uncertainties are given
in Table 1. The optimization of triclinic elastic constants
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Fig. 4 Surface wave response spectra as a function of frequency at
a fixed wavelength of 2.55 pm. The solid line is the ISLS spectra for
sample (e) (Fig. 5) at an angle of 175°. The dashed curve is the
calculated |G3| surface wave response for this experimental point

from measured surface waves is a non-linear inverse
problem. The hyper-space surface which represents the
rms misfit as a function of all constants contains many
local minima, and presents covariances in a search for an
absolute minimum. A satisfactory reduction of covari-
ance in calculated constants necessitated a large sample
of propagation directions in several crystal surfaces.

A strength of the current data set is that these
velocities are affected by all 21 elastic constants. How-
ever, many constants contribute to velocities in any one
direction and surface waves, closely related to the
transverse body waves, are most sensitive to shear con-
stants. The purely compressional diagonal constants
(Ci1, Cy, Cs3) enter (strongly but not solely) as com-
binations of differences with non-diagonal elements Cy,,
Ci3, and Cy3 (e.g. in the simpler case of a cubic crystal,
one shear modulus is given by [(Ci;—C;,)/2]. The six
pressure-induced strains from the x-ray compression
study are complementary to our sound velocity mea-
surements as they constrain sums rather than differences
of the diagonal and non-diagonal constants and are thus
particularly useful when combined with the velocity
data.

Algorithms for non-linear parameter optimization
are not guaranteed to find the global misfit minimum,
and we were concerned that more than one combination
of elastic constants might predict approximately the
same velocities. To additionally validate our solutions,
and to more fully explore the elastic constants parameter
space, we extensively tested the sensitivity of solutions to
assumed initial guesses. Two classes of initial guesses for
optimization were used. In an attempt to broadly sample
possible combinations of elastic constants, several mil-
lion sets of random constants were generated. Sets that
either did not produce a positive definite elastic matrix
or did not meet a loose qualifying misfit constraint based
on the moduli from the x-ray study were discarded. The
remaining sets were ordered according to the degree of
initial misfit to the data, and those with the lowest initial
misfit were then selected for optimization. Alternatively,
initial guesses were based on the reported monoclinic
constants with the remaining triclinic constants all set
either to 0, —10, or +10 GPa.

Optimizations often stalled at local minima having
unacceptably large values of misfit. In addition to
allowing a reduction in uncertainties, the use of con-
straints provided by the x-ray compression data served
to guide the optimization and lessened the probability of
being trapped by local minima. We found that optimi-
zation on sample orientations could often provide a
“tunnel” out of local minima. When the optimizer be-
came trapped, Euler angles were adjusted to reduce
misfit for fixed values of elastic constants, then the
optimization of constants at fixed orientation resumed.
At each point of stalling, the initial guess for orientation
optimization was set equal to the x-ray determinations.
As the optimizer approached the (likely) global mini-
mum, we found that differences between x-rays deter-
mined Euler angles and the optimized Euler angles
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Fig. 5 Measured surface wave velocities (filled circles) as functions
of laboratory angle about the surface normal and theoretical
prediction of surface wave excitation amplitudes (log(|G13]),

decreased and were no larger than 3° for the fully opti-
mized constants. Such scatter in orientations is consis-
tent with the expected alignment uncertainty associated
with the transfer of the samples from the x-ray goni-
ometer to the optics table. We found that regardless of
the optimization algorithm or the choice for initial
guesses, optimizations that converged to a misfit,
approximately equal to experimental precision, found
the same elastic constants to within the reported
uncertainties.

Two estimates of uncertainties for the triclinic con-
stants are given in Table 1. In column 7, formal uncer-
tainties calculated using both the surface wave data and
the x-ray compression data are given. In the last column
uncertainties based solely on SAW velocities are listed.
Values larger than about 0.3 GPa are associated with
covariance between constants. In particular, the diago-
nal shears Cy4, Cs5, and Cgg can be well determined from
SAW data alone since these constants are dominant in
determining velocities in certain directions. Their
uncertainties are primarily limited by the uncertainties in
measured velocities. On the other hand, none of the
constants Cll, C22, C33, C12, C13, and C23 has a domi-
nant effect on velocities in any one direction of propa-
gation, which results in relatively large covariances in
their calculated values. The current data (SAW plus
isothermal compliances) could only reduce uncertainties
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greyscale background) for the six crystal surfaces. Propagation
directions relative to crystal coordinates are shown in stereographic
projections in Fig. 3

associated with these constants in the range of 0.5—
2.7 GPa. Absent the complementary constraint from the
x-ray data, uncertainties listed in the last column for the
diagonal compressional constants are larger by a factor
of 3-5.

In a separate set of Monte Carlo simulations, we
confirmed that the formal uncertainty estimates were
appropriate and verified that our optimization technique
could find the global minimum. Velocities were calcu-
lated for the experimental set of propagation directions
using the optimal elastic constants. Random noise equal
to the expected experimental variance (0.2%) was added.
One hundred unique synthetic “data’ sets were created
(each with its own distribution of errors) and each was
fit in the same way as the experimental data. Standard
deviations of the elastic constants produced by these
Monte Carlo fits were in agreement with the formal
uncertainties. Furthermore, constants determined with-
out using the x-ray compliance constraints clustered in
the range given by uncertainties in the last column of
Table 1.

Discussion

For comparisons with the triclinic data, Ryzhova’s
monoclinic constants for Ang were rotated into the



coordinate system of this paper and are listed in the fifth
column of Table 1. The averaging of triclinic constants
for an aggregate having fully oriented albite and peri-
cline twins leaves the monoclinic constants unchanged
with the remaining uniquely triclinic constants being
zero. Thus, if correct and neglecting the compositional
dependence, the 13 rotated constants should agree with
the first 13 constants in the current study. In agreement
with Seront et al., a general observation is that many of
Ryzhova’s constants are smaller, although the diagonal
compression constants have the same general trends
(Cq1 <Cy~Cj33). In the current work, C,, and Cs; are
nearly 30% larger. Since these constants control com-
pressional velocities along the y and z Cartesian coor-
dinates, the current constants predict 15% higher
compressional velocities in these directions. An attempt
to find alternate elastic constants that satisfy our surface
wave data but have smaller values of C,, and Cs3 found
only solutions with unacceptably large systematic misfit.
We believe that C,; and Cs; are significantly larger than
previously reported.

In comparison with Ryzhova’s shear elastic con-
stants, several have similar values while C,3 and Cs5 are
the most discordant. We find that these two constants
have the most impact in predicting body wave velocities
in two directions (the points at 45° in the x-normal and
y-normal plots of Fig. 1) where the misfits between
Ryzhova’s data and predictions are large. Our inter-
pretation is that systematic biases associated with
imperfect samples and sparse data led to variable errors
in their reported constants.

The pattern of elasticity in albite is consistent with
modes of compression determined in the x-ray studies
(Downs et al. 1994; Benusa et al. 2005). The constant
C, is significantly less than either C,; or Cs3, while the
off-diagonal constants involving longitudinal stresses
and longitudinal strains have C;,~C;3 > C,3. The dom-
inant mechanism of compression under hydrostatic
pressure is the flexing of essentially rigid tetrahedra that
results in the closing up of the crankshaft chains of
tetrahedra that run along [100], combined with a
shearing of the four-rings of tetrahedra that lie parallel
to (010). The combined effect of these two mechanisms is
to reduce the width of the channels that run parallel to
[001] and thus results in the (100) plane normal being the
softest direction in the structure. Hence C;; is small
because compression along the x-axis (100) is accom-
modated by pure rotation of the stiff tetrahedra. On the
other hand, C,, and Csz are stiffer as a result of the lack
of a rotation mechanism to accommodate compression
along y or z: compression along y must be accommo-
dated by opening up (or flattening) of the crankshafts
and compression along z results in the shearing of the
four-rings. The off-diagonal components, C;3 and Cy,,
are presumably large because compression along x is
accommodated almost completely by the compression of
the crankshafts without transmission of the strain into
the perpendicular directions, whereas C,; is small be-
cause compression along y must flatten the four-rings

parallel to (010) and thus lead to relatively large strains
along z.

In Table 3 isotropic averages of the elastic constants
for albite are given: (1) as reported in a recent data
summary (Hacker and Abers 2004), (2) as calculated
from Ryzhova’s constants, and (3) as calculated using
the triclinic constants reported here. The Voigt values
are averages of the constants Cj; while the Ruess values
are determined from the compliances Sj. The Voigt-
Ruess bounds are particularly broad for albite (30% for
the shear modulus) as a result of the large anisotropy.
The current Hill-average bulk modulus is about 3%
larger than Ryzhova’s, while the current shear modulus
is 24% larger.

Compressional and transverse body wave velocities
associated with the triclinic constants are plotted in
Fig. 6. The full range of compressional velocity anisot-
ropy between the three axes are shown in the y-normal
and z-normal planes. Interestingly, the transverse
velocities show less anisotropy in these directions. In the
x-normal plane compressional velocities drop from peak
values close to the y- and z-axes to minima between the
axes. One transverse wave branch has a large anisotropy
approaching 3 km/s. In the axis bisecting directions, the
polarizations of the longitudinal and transverse wave
also become significantly mixed. The differences between
these velocities and those predicted by the previously
accepted data are large; they are expected to significantly
affect analyses of seismic data pertinent to Earth’s deep
crust.

Conclusions

Velocities of surface acoustic waves were measured on
single crystal, low albite. The velocities were inverted to
determine the full set of 21 triclinic elastic constants.
Results of the current analysis were tested and appear to
be robust. This is the first full set of constants reported
for any triclinic mineral. Constants, which would be
non-zero in the monoclinic case, differ significantly from
the pseudo-single crystal results previously reported for
the twinned (monoclinic) aggregate. We identify prob-
lems that may have caused the earlier work to have
biased estimates.

X-ray compressional data provide six important and
additional experimental constraints on the elastic con-

Table 3 Isotropic elastic constants for albite as reported by Hacker
and Abers (2004), Ryzhova (1964), and as determined in the cur-
rent work

14 H R V H R
Hacker and Abers 54 28
Ryzhova 62 57 53 31 29 27
Current work 64 60 55 41 36 30

The mean of the Voigt average (¥) and the Ruess average (R) is the
Hill average (H). Bulk Modulus (GPa) and Shear Modulus (GPa)
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Fig. 6 Longitudinal and transverse body wave velocities for albite.
The three panels show velocities in three orthogonal planes

stants. As the surface wave velocity data typically con-
strain differences of diagonal and off-diagonal constants,
while the compressional data constrain sums, the two
studies complement each other and together provide
greatly reduced uncertainties.
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Appendix

The general framework of elasticity notation is reviewed
and the Voigt contraction convention is defined in Nye
(1969). Elements of the infinitesimal strain (¢) and stress
(o) tensors are expressed in terms of Cartesian axes
(1 =x, 2 =y, 3 =2). The first index indicates the
direction of displacement of (or force acting on) a plane
normal to the direction of the second index. Thus, ¢;; is
longitudinal strain consisting of a displacement along
the x-axis of the yz plane, while the shear strain &,
indicates movement in the x direction of a plane normal
to y. In the contracted Voigt notation the 11, 22, and 33
elements of the stress or strain tensors are referred to as
1, 2 and 3, while the off-diagonal elements 23, 13, and 12
are, respectively, 4, 5, and 6. Thus, the fourth-order
elastic constants tensor, Cjjq that maps strains into
stresses, can be contracted into a 6x6 matrix. The
diagonal constants C;;, C,,, and Cz3 map longitudinal
strains into the parallel longitudinal stresses, while Cy»,
Ci3, and C,3 map longitudinal strains onto longitudinal
stresses in orthogonal directions. Constants C4, Cys,
Ci6> Cas, Cos, Cog, Cig, Css, and C36 map longitudinal
strains into shear stresses. The remaining constants (Cyq,
C55, C667 C45, C46, C56) map shear strains into shear
stresses.
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