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Roles of quartz and mica in seismic anisotropy of mylonites
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SUMMARY

Observations of seismic anisotropy in continental crust are of primary importance to under-
standing deep crustal structure and dynamics. While many crustal minerals are elastically
anisotropic, seismic studies commonly assume that only the most anisotropic minerals (e.g.
micas) are responsible for the observed anisotropic signal while making the simplifying as-
sumption that potential interaction of multiple mineral phases is insignificant. This study
explores the interference effects between mica and quartz on the calculated response of com-
pressional and shear waves in high-strain tectonites (mylonites). Sample texture and mineralogy
were evaluated via electron backscatter diffraction and the calculation of seismic response was
carried out over a range of mica to quartz ratios. Both natural and synthetic crystallographic
orientation data, which mimic quartz and mica orientations under increasing temperature in
high, non-coaxial strain settings, were evaluated. Not surprisingly, the results show that adding
quartz to micaceous lithologies significantly reduces the magnitude of seismic anisotropy.
However, the study also highlights the mutually destructive nature of this relationship and
suggests a critical threshold proportion between the two phases across which the symmetry
of the end-member induced anisotropies becomes significantly altered, a result that may have
significant implications for studies interpreting crustal dynamics from seismic anisotropy.
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INTRODUCTION

Seismic anisotropy studies are taking on increasingly important
roles in characterization of middle and lower continental crustal
structure. Teleseismic receiver function analyses detect P- and S-
velocity anisotropy (e.g. Sierra Nevada and southern California,
western U.S., Zandt et al. 2004 and Porter et al 2011;
Himalayan—Tibetan orogen, Schulte-Pelkum ef al. 2005; Northern
Apennines, Italy, Roselli et al. 2010). Surface wave analyses from
both earthquake (e.g. Himalayan-Tibetan orogen, Shapiro et al.
2004) and ambient noise sources (e.g. Himalayan—Tibetan orogen,
Huang et al. 2010; western U.S., Moschetti ef al. 2010) are sensitive
to shear velocity anisotropy. Shear wave splitting studies in the crust
typically focus on shallow anisotropy due to cracks in the brittle up-
per crust using local earthquakes, although there have been attempts
to measure deeper crustal shear velocity anisotropy using splitting
in converted teleseismic phases (McNamara & Owens 1993; Peng
& Humphreys 1997).

Key contributors to deep crustal seismic anisotropy include min-
eralogy and the degree of deformation-induced alignment (crystal-
lographic preferred orientation or CPO) among anisotropic phases
(e.g. Mainprice & Nicolas 1989). Most common crustal miner-
als are seismically anisotropic (Ji et al. 2002), but mica is the most
anisotropic mineral group and tends to align with its seismically fast
plane in the foliation planes of deformed rocks. Thus, crustal stud-
ies commonly assume that mica is the sole contributor to observed
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anisotropy (e.g. Rey et al. 1994; Shapiro et al. 2004; Huang et al.
2010; Porter et al. 2011). While the contribution of phases other than
mica have also been studied in some detail (e.g. quartz, Mainprice
& Casey 1990; Lloyd & Kendall 2005; Lloyd ez al. 2010; calcite,
Khazanehdari et al. 1998; hornblende, Tatham et al. 2008), rel-
atively few attempts have been made to explore the detailed in-
teractions or interference effects between multiple mineral phases
(Meissner et al. 2006; Lloyd et al. 2011a,b). Lloyd et al. (2009)
investigated the anisotropic role of multiple fabric components in
composite S—C mylonites.

Here, an attempt to explore the precise interference effects be-
tween mica and quartz in high-strain shear zone tectonites focuses
primarily on the calculated seismic response of three quartz- and
mica-bearing mylonites. Textural analysis via electron backscatter
diffraction (EBSD) allows characterization of the mineralogy and
deformation fabric of each sample. A combination of crystallo-
graphic orientation data and elastic properties for quartz, muscovite
and biotite, were used to calculate velocity anisotropy using the
AnisCh5 software of Mainprice (1990). Compressional (4V,) or
shear wave anisotropy (4V;1 for fast shear wave) are calculated as
[(Vmax = Vinin)/[(Vmax + Vimin)0.5]]%100, where V' is V), or V1, re-
spectively. An alternative form for shear wave anisotropy is per cent
splitting (4V) as [(V1 — V2)/[(Vs1 4 V;2)0.5]]%100, where V1
and V2 are the fast and slow shear wave velocities, respectively.
These properties were also calculated over a range of quartz to mica
ratios, a strategy similar to that of Tatham et al. (2008), Lloyd et al.
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(2009) and Naus-Thijssen et al. (2011). The results are compared
to the calculated seismic response of synthetic data sets that mimic
common quartz and mica CPO patterns for high-strain tectonites as
a function of increasing temperature (Schmid & Casey 1986). While
the broadly diluting effect of quartz on mica-induced anisotropy is
not in itself surprising (e.g. Ji et al. 1993; Naus-Thijssen et al.
2011), the results also suggest several other features that may be
important in future crustal anisotropy studies. These include the
mutually destructive nature of mica and quartz for low to mod-
erate temperature deformation conditions and the suggestion of a
critical threshold proportion between the two phases across which
the symmetry of the end-member induced anisotropies becomes
significantly altered.

SAMPLE DESCRIPTION, EBSD
METHODS AND MINERAL CPO

Three quartz-rich mylonites (two quartzites, one amphibolite) were
collected from separate shear zones with varying metamorphic
grade. All samples are believed to have developed under general
shear conditions with a strong simple shear component based on
the presence of well-developed asymmetric shear sense indicators
and previous field-based studies of the shear zone locations. Each
sample was selected to capture activity on the most common quartz
slip systems active under greenschist, lower amphibolite and upper
amphibolite facies conditions (Schmid & Casey 1986; Passchier &
Trouw 2005). Samples were studied in thin sections cut parallel to
lineation and perpendicular to foliation (e.g. a standard kinematic
plane or XZ section where Z is perpendicular to the mylonitic C-
plane). Quartz grains in all samples are completely recrystallized
and range in size from 10 to 100 um. Therefore, examination of
quartz CPO’s in XZ sections alone likely provides a sufficient eval-
uation of overall quartz orientation data for the purpose of this
study (cf. Lloyd ef al. 2010). EBSD data were collected from rep-
resentative areas greater than several square millimetres. All sam-
ples exhibit composite fabrics (S—C or C’) with asymmetry consis-
tent with the shear sense observed in their respective shear zones
(oriented as dextral in this study).

EBSD analysis methods

Each sample underwent a minimum of 1hr, maximum of 2hr
of chemical/mechanical polishing using Buehler’s MasterMet
two non-crystallizing colloidal silica polishing suspension and
Chemomet I polishing cloth. For samples CB-q and GR-a, a thin
(<10 nm) layer of carbon was applied to dissipate charge build-up
during data collection; the low-vacuum mode for analysis of sam-
ple ISR-q negated the requirement for a conductive coating. EBSD
data were collected on sample CB-q using an FEI Nova 600i SEM
with an EDAX-TSL EBSD attachment (University of Colorado-
Boulder). Data for samples ISR-q and GR-a were collected with an
Oxford Instruments HKL EBSD system using a JEOL JSM 6480LV
SEM and a 5800LV SEM, respectively (the former at the University
of Colorado-Boulder and the latter at the University of Wyoming).
Phase and orientation data were mapped over 1.5-2.5mm? areas
with 5-9 um step sizes. Operating conditions included a 20 kV
accelerating voltage, 11-14 mm working distances, and a 70° stage
tilt. The overall indexing rates were 85-90 per cent for the quartzites
and approximately 50 per cent for the amphibolite with a maximum
acceptable MAD value (mean angular deviation) of 1.0°. Properly
indexing phyllosilicate minerals using EBSD can be challenging

and additional care was taken to ensure data quality by cross check-
ing against optical observations from the samples.

Quartzite mylonites: samples CB-q and ISR-q

All three samples were collected from the high-strain core regions
of kilometres-scale Palacoproterozoic shear zones. Sample CB-q
(Fig. 1a) is a mylonitic quartzite from the northern strand of the

Figure 1. (a) Cross polarized light photomicrograph of quartzite sample
CB-q, (b) Cross polarized light photomicrograph of quartzite sample ISR-q
and (c) Cross polarized light photomicrograph of amphibolite sample GR-a.
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Figure 2. Equal area, lower hemisphere, stereographic projections of quartz a, m, ¢, r and z orientations and mica a, b and ¢ orientations for samples (a) CB-q,
(b) ISR-q and (c) GR-a. All pole figures represent x— structural planes. ghw, Gaussian half-width.

Cheyenne Belt in southern Wyoming (Mullen Creek-Nash Fork
shear zone). This shear zone is the suture between the Archean
Wyoming craton and Proterozoic arc terranes of the southwest-
ern US. (e.g. Karlstrom & Houston 1984; Chamberlain et al.
2003). This sample contains ~95 per cent quartz, ~3 per cent
muscovite and ~2 per cent kyanite. Duebendorfer (1988) re-
ports temperature—pressure conditions for this region of 475°C
and 0.37-0.44 GPa, consistent with kyanite stability. Sample ISR-
q (Fig. 1b) is from mylonitized Coal Creek quartzite in the Idaho
Springs-Ralston shear zone northwest of Golden, Colorado, a struc-
ture associated with early continental assembly and Mesoprotero-
zoic intracontinental deformation of the southwestern U.S. (McCoy
et al. 2005). Modal mineralogy is ~95 per cent quartz, ~3 per
cent muscovite and ~2 per cent sillimanite. Peak metamorphic
conditions of mylonitization are estimated to between 500 and
600 °C and near 0.4 GPa based on mineral assemblages in asso-
ciated pelitic units (e.g. kyanite > andalusite > sillimanite) and
quartz and feldspar microstructures in associated mylonitic grani-
toid units (McCoy et al. 2005).
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In both quartzite samples, S—C fabrics are defined by quartz grain
shape and aligned muscovite. Quartz grains in sample CB-q exhibit
irregular, ‘bulging’ grain boundaries and distinct internal subgrains
indicating that grain boundary migration and subgrain rotation were
the dominant recrystallization mechanisms, generally consistent
with regime-2 deformation of Hirth & Tullis (1992). Quartz grain
boundaries in sample ISR-q also suggest grain boundary migra-
tion and subgrain rotation recrystallization. However, many quartz
grains fully encapsulate muscovite and sillimanite grains indicating
a higher degree of grain boundary mobility during recrystallization
of this sample than in sample CB-q and appear transitional between
regime-2 and regime-3 of Hirth & Tullis (1992). Mica stability in
both quartzite samples suggests a grain boundary fluid was probably
present during deformation.

Quartz orientation data for sample CB-q (Fig. 2a) suggest
basal <a>, and to a lesser extent, rhombohedral <a> were the dom-
inant slip systems during deformation. Quartz orientation data for
sample ISR-q (Fig. 2b) reveal basal <a>, rhombohedral <a> and
prism <a> were active slip systems during deformation. For ISR-q,
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the resulting quartz c-axes form a single girdle similar to sample
CC1 of Schmid & Casey (1986) and Mainprice & Casey (1990).
Concentrations of muscovite c-axes slightly counter-clockwise of
the X—Y plane (C foliation plane) are interpreted to reflect align-
ment in both § and C foliation planes. Although we do not explicitly
treat S and C plane mica alignment separately (Lloyd et al. 2009),
the effect of these composite fabrics is captured in the full EBSD
data sets.

Grease River shear zone garnet-amphibolite: sample GR-a

Sample GR-a (Fig. 1c) is from the Grease River shear zone in
the Churchill province of the western Canadian Shield (Mahan &
Williams 2005; Dumond et al. 2008). Deformation in this strike-slip
shear zone initiated under high-pressure granulite-facies conditions
(Dumond et al. 2008) but evolved to mid-crustal amphibolite- and
greenschist-facies conditions during exhumation of the larger host
Athabasca Granulite Terrane (Mahan & Williams 2005; Mahan
2006). Pressure and temperature conditions of other similar mid-
crustal shear zones in the region are estimated at 550—-650°C and
0.5-0.4 GPa (Mahan et al. 2006), which are consistent with the
mineral assemblage in this sample. The sample contains 27 per cent
quartz and 8 per cent biotite as well as hornblende, plagioclase,
garnet and minor ilmenite. The mylonitic C—C” foliation is defined
by biotite, hornblende and a shape-preferred orientation of quartz
and feldspar. The calculated anisotropy is not meant to be realistic
for this specific sample due to the exclusion of the additional phases
in the mineral assemblage (only quartz and biotite are considered),
but rather, the intention is simply to explore the general case of an
additional degree of variation in quartz CPO versus mica at higher
temperature than the two quartzite samples.

Quartz orientation data for sample GR-a (Fig. 2c) suggest
prism <a> slip was the dominant slip system during deforma-
tion. The quartz c-axes form a y-axis maximum, similar to sample
P248 of Schmid & Casey (1986) and Mainprice & Casey (1990). A
concentration of biotite c-axes slightly clockwise of the X—Y plane
reflects the combined alignment of biotite in both C and C” foliation
planes.

ANALYSIS AND DISCUSSION

Single crystal properties

Single crystal velocity properties of muscovite, biotite and quartz
(McSkimin et al. 1965; Aleksandrov et al. 1974; Vaughan &
Guggenheim 1986) are shown in Fig. 3. Micas exhibit the high-
est compressional wave velocities and the greatest degree of shear
wave splitting within the crystallographic a-b plane. The slowest
compressional wave velocities and the minimum difference in shear
wave velocities in micas occur parallel to the crystallographic c-axis.
This holds true for both biotite and muscovite, though the magni-
tude of AV}, and maximum AV is greater in biotite. Quartz has three
compressional wave maxima and three minima, which are subpar-
allel to the z- and r-directions, respectively. Shear wave splitting in
quartz is complex, with minimum velocity anisotropy subparallel to
the r-directions and maximum velocity anisotropy occurring sub-
parallel to the a-axes and at intermediate angles between the c-axis
and r-directions.

Vp
B Max. Velocity = 7.03 B Max. Velocity = 8.15 B Max. Velocity = 8.12
@ Min. Velocity = 5.32 @ Min. Velocity = 4.55 @ Min. Velocity = 4.17
Anisotropy = 27.7 % Anisotropy = 56.7 % Anisotropy = 64.2 %

Vs1

B Max. Velocity = 5.11
@ Min. Velocity = 3.74
Anisotropy = 31.1 %

B Max. Velocity = 5.07
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B Max. Velocity = 5.22
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Quartz Muscovite Biotite

Figure 3. Stereographic projection of the calculated V), and V1 (the fast
shear wave) of single crystal quartz, muscovite and biotite. Shear wave
anisotropy listed is that of the fast shear wave (4V1).

Anisotropy of muscovite-quartz aggregates

The relationships between quartz deformation and metamorphic
conditions are understood well enough that predictable quartz CPO
patterns can be recognized with increasing temperature (e.g. Lister
1977; Schmid & Casey 1986). As seismic anisotropy is dictated
in large part by the degree of crystallographic alignment among
anisotropic phases, deformation by dislocation creep of quartz
should result in an increase in the anisotropy magnitude gener-
ated by this phase (e.g. Mainprice & Casey 1990). However, the
combined interference effects due to the presence of both aligned
quartz and mica and its influence on seismic anisotropy are not well
understood. For example, McDonough & Fountain (1993) suggest
quartz exhibits a significant influence on seismic anisotropy in their
study while Rey et al. (1994) assume quartz imparts no influence on
bulk seismic anisotropy despite a strong CPO. Ji et al. (1993) report
quartz as having an anisotropy that cancels with other phases (i.e.
feldspars). Lloyd et al. (2010) examine the seismic anisotropy pro-
duced solely by quartz, while intentionally excluding small amounts
of aligned mica.

The seismic response of each sample was calculated using the
EBSD-derived CPO of quartz and mica [elastic tensors for each
calculation provided in Supporting Information]. Additionally, syn-
thetic data (5000 manually compiled Euler angle triplets for each
CPO pattern) were generated to mimic common quartz crystallo-
graphic orientations occurring under increasing temperature in high
non-coaxial strain settings (Fig. 4). Seismic calculations were car-
ried out for both the synthetic and natural data sets over simulated
compositions ranging from 100 per cent mica to 100 per cent quartz.
For simplicity, quartz and mica are the only phases considered.
Naus-Thijssen et al. (2011) performed similar calculations but con-
sidered only single-crystal orientations for quartz rather than natu-
ral CPO patterns. We used the approach of Mainprice (1990) and
Mainprice & Humbert (1994) and report the Voigt-Reuss-Hill av-
erage. Other calculation methods such as asymptotic expansion ho-
mogenization may ultimately serve to better account for grain—scale
interactions (Naus-Thijssen et al. 2011).

Calculations for each sample were performed using quartz to
mica ratios that reflect sample modal proportions and for the full
range of hypothetical modal proportions (Fig. 5). Quartzite samples
CB-q and ISR-q have high quartz to mica ratios with normalized
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Figure 4. Equal area, lower hemisphere, stereographic projections of quartz a, m, ¢, r and z orientations and mica a, b and c orientations of synthetically
generated data sets. CPO patterns are representative of commonly occurring patterns developing under non-coaxial progressive deformation and increasing
metamorphic grade. ghw, Gaussian half-width. All pole figures represent x—z structural planes.

proportions of 97.5 per cent quartz, 2.5 per cent muscovite and
97.6 per cent quartz, 2.4 per cent muscovite, respectively. Sam-
ple GR-a normalizes to 78.1 per cent quartz and 21.9 per cent
biotite.

All calculations using natural sample orientation data show the
highest magnitude of 4V, and 4V, occurs in high mica simulations.
At compositions of 100 per cent mica AV, is 37 per cent, 14 per
cent and 31 per cent and maximum AV is 36 per cent, 18 per cent
and 45 per cent for samples CB-q, ISR-q and GR-a, respectively
(Figs 5 and 6). Note that this is significantly less than mica single
crystal anisotropies (Fig. 3) due to variation of the crystallographic
orientation of constituent mica grains. Sample ISR-q shows the
highest degree of spread in mica CPO due to alignment of this
phase in both the S and C planes, which is likely the reason this
sample exhibits lower anisotropy magnitude than the other samples
in which micas only weakly align in the S plane. The effect of mica-
alignment in composite shear fabrics was investigated explicitly by
Lloyd et al. (2009).

On the other end of the spectrum, anisotropies at 100 per cent
quartz compositions are 7 per cent, 10 per cent and 7 per cent AV,
and 9 per cent, 11 per cent and 8 per cent maximum AV for sample
in CB-q, ISR-q and GR-a, respectively, which are comparable to
previous studies of anisotropy in quartzites (Mainprice & Casey

© 2012 The Authors, GJI, 190, 1123-1134
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1990; Lloyd & Kendall 2005; Lloyd et al. 2010). The fact that
overall anisotropies are lower in quartz-rich calculations is not sur-
prising given the considerable difference in quartz and mica elastic
properties. However, the lowest magnitude of AV, and lowest max-
imum AV do not occur at a composition of 100 per cent quartz
as may be expected (Figs 5b and 6b). The addition of quartz to
mica rich compositions diminishes the magnitude of both 4V, and
maximum AV to a threshold composition. Beyond this composition
(with continued increase in quartz—mica ratio), anisotropy magni-
tudes increase again. The minimum 4%, magnitude occurs between
approximately 70 per cent (ISR-q) and 96 per cent quartz (GR-a).
Again, the weaker alignment of micas is a likely explanation for
the position of this minimum in sample ISR-q, which is at a lower
quartz composition than the other samples. Similar observations of
a minimum in 4V, magnitude that occur between 82 and 100 per
cent quartz were made by Naus-Thijssen ef al. (2011) using single
crystal quartz orientations.

Similar patterns are observed from calculations with synthetic
crystallographic orientation data. The highest degree of AV,
54.9 per cent, and maximum AV, 65 per cent occurs in 100 per
cent mica calculations (Figs 7 and 8). Compositions of 100 per
cent quartz produce 4V, values ranging from 9 to 13 per cent,
and maximum AV values from 6 to 16 per cent, depending upon
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Figure 5. (a) Equal area, lower hemisphere stereographic projections of V), calculated for a range of quartz to mica ratios varying from 100 per cent mica to
100 per cent quartz using orientation data from CB quartzite, ISR quartzite and GR amphibolite. Contours are km s~!. Pole figures represent x—z structural
planes. Percentage anisotropy was calculated with AnisCh5 (Mainprice 1990); percentage hexagonal is the proportion of the total tensor anisotropy that has
hexagonal symmetry as calculated with code of Browaeys & Chevrot (2004). The sign indicates slow (negative) or fast (positive) symmetry axis. (b) 4V,
variation with increasing quartz content for samples CB-q, ISR-q and GR-a. Circles show composition and 4V, for samples MD of Lloyd & Kendall (2005),
RM-8 of McDonough & Fountain (1993), and SG-10 of Lloyd et al. (2010). Squares show single crystal 4V, of quartz, muscovite, and biotite from Ji e al.

(2002).

active quartz slip systems and the resulting quartz CPO. The low-
est calculated 4V, and maximum AV values increase in magnitude
and shift to higher quartz compositions (from 84 per cent quartz
up to 100 per cent quartz) with increasing temperature slip system
combinations.

The compositional location and the magnitude of the anisotropy
minima appear to be dictated by the degree of alignment between
the seismically fast axes in micas (the @ and b axes) and the fast di-
rections (the z-directions) in quartz. For example, for the lowest tem-
perature quartz CPO patterns, basal <a> slip aligns the z-directions
in quartz and mica a and b axes into girdles that trend subparallel to
but not coincident with one another (Fig 2). This scenario results in
minimal overlap between the fast plane in micas and the fast direc-

tions in quartz and thus produces the greatest amount of destructive
interference. As temperature increases, different quartz slip sys-
tems become active resulting in greater overlap between the fast
z-directions and mica a—b planes and less destructive interference
between these phases. At high temperature alpha-quartz transitions
to beta-quartz (approximately 573 °C at atmospheric pressure and
820°C at 1.0 GPa; Deer et al. 1992), which exhibits significantly
lower seismic anisotropy (Mainprice & Casey 1990). Thus, in some
granulite-facies environments where beta-quartz may be the sta-
ble SiO; polymorph, the resulting CPO from c-slip in quartz may
produce very low anisotropy.

Another important observation among all calculations is that the
symmetries of V, and V splitting are significantly altered across

© 2012 The Authors, GJI, 190, 1123-1134
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a threshold compositional proportion. For this discussion, we use
the proportions of hexagonal versus lower symmetry classes (e.g.
orthorhombic, triclinic, etc.) as calculated using the tensor decom-
position code of Browaeys & Chevrot (2004). This code determines
what percentage of the norm of the elasticity tensor can be described
by each symmetry component. It is standard in the literature to report
the percentage anisotropy of a sample as calculated from the mini-
mum and maximum velocities. However, since the elasticity tensor
contains much more information than this ratio, it is also customary
to plot velocity spheres (or hemispheres as in Fig. 5). The tensor
decomposition used here allows for a quantitative description of the
entire velocity sphere. In general, the total percentage anisotropy of
the elastic tensor for a given sample and given quartz-to-mica ratio
is similar but slightly lower than its corresponding AV}, or maximum

© 2012 The Authors, GJI, 190, 1123-1134
Geophysical Journal International © 2012 RAS

AV [Fig. 9; see also Supporting Information]. The proportion of the
total anisotropy of the elastic tensor that has hexagonal symmetry
is listed beneath each hemisphere in Figs 5-8, and is illustrated in
histogram form in Fig. 9. The sign indicates slow (negative) or fast
(positive) symmetry axis (Figs 5-8).

In both natural and synthetic CPO data calculations, the
anisotropies of 100 per cent mica compositions are dominantly
hexagonal (or transverse isotropic) with a slow symmetry axis
(Figs 5-9) and the fast plane aligned with the kinematic x—y plane
as would be expected from the single crystal properties of mica
(Fig. 3). The 100 per cent mica composition end-member of sample
ISR-q has the lowest proportion of hexagonal symmetry (75 per
cent) with the remaining 25 per cent of the anisotropy having lower
symmetry, which is again attributed to alignment of mica in both S
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Figure 7. (a) Equal area, lower hemisphere, stereographic projections of ¥, calculated for a range of quartz to mica ratios using synthetically generated
orientation data. Other definitions as in Fig. 5. (b) AV}, variation with increasing quartz content.

and C planes of the composite fabric. Generally, the proportion of of the calculations (Fig. 9). The exception again is sample ISR-q
hexagonal symmetry of anisotropy initially decreases with decreas- for which the anisotropy is only 39 per cent hexagonal at a 60/40
ing mica content, although it stays above 65 per cent hexagonal quartz—mica ratio. With mica contents at 20 per cent to <10 per
down to compositions of 60/40 quartz—mica ratio for all but one cent, the hexagonal component generally reaches a minimum,
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commonly less than 50 per cent and as little as 17 per cent in sam-
ple CB-q (Figs 5a and 9A), before increasing slightly at the most
quartz-rich compositions. Furthermore, even though the hexago-
nal component of the anisotropy at the 100 per cent quartz com-
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position may be substantial (e.g. 3040 per cent in our natural
samples and ~50-95 per cent in the synthetic CPO data sets),
the symmetry axis is generally either flipped from slow (as in the
mica-rich compositions) to fast or has rotated substantially from the




1132 D. Ward, K. Mahan and V. Schulte-Pelkum

40
35
g
230
2
2
225
<<
o
220
L
©
g 15 oQF
2 t1008 8
< 8 o
5 10 L75 S 5
i 2 SN P g
g srees A ----- 2 \; ?m k50 — o
b 50% hexagonal +to 3
5 Sl 2
H e H\ i ¢
[=3 [ N ~ =3
° o ¥ ]
0 L4 ' ' 2
0 20 40 60 80 90 100
Percent Quartz composition [%]
60
50
g
>
Qo
o
3 40
c
<
230
L
5 e
s |8 &7
22040 +100 @ é
3 g3
o r75 = 8
= § = %
10 50% hexagonal ||~ — — ~ T ° ® 1% g
o
F25 %
0 S

N

40

60 80 100

Percent Quartz composition [%]

Figure 9. Variation between calculated 4V}, (top of filled band) from AnisCh5 (Mainprice 1990) and total anisotropy of the elastic tensor (bottom of filled
band) calculated with the code of Browaeys & Chevrot (2004) as a function of increasing quartz content for natural samples (A) and synthetic data sets for
basal-rhomb-prism and prism slip (B). Also shown is percentage of the tensor anisotropy that has hexagonal symmetry (histogram bars) using right-hand scale.

The sign indicates slow (negative) or fast (positive) symmetry axis.

kinematic x—y plane. In all quartz-rich anisotropy simulations the
type of symmetry, the orientation of the symmetry axes, and whether
the symmetry axes are fast or slow depend upon which quartz
slip systems are active, which are in turn dictated by metamorphic
conditions.

CONCLUDING STATEMENTS

Calculation of the variation of AV, and AV, over a range of meta-
morphic conditions in quartz—mica lithologies reveals a mutually
destructive relationship between these two phases. Not only does
quartz act destructively on the seismic anisotropy produced by
aligned mica, as is generally assumed, but the introduction of even
minor amounts of aligned mica (as little as 2—4 per cent in low
temperature tectonites) can significantly reduce the anisotropy pro-
duced by strongly aligned quartz.

These data also suggest that the symmetry of anisotropy is
strongly influenced by quartz slip and thus metamorphic grade.
There is a minimum threshold proportion of mica (whether a min-
imum in the anisotropy magnitude curve exists or not) beyond
which interpretations of kinematics based on symmetry are not
as simple as would be the case for pure aligned mica. Therefore,
caution is urged when assuming mica is the sole contributor to
either the magnitude or symmetry of anisotropy for polyminer-
alic lithologies. This threshold is not a fixed value but seems to
be a function of degree of mineral alignment, deformation tem-

perature, and the identity of other phases. In the present exercise,
this threshold is around 20—40 per cent mica. A number of past
anisotropy studies have been conducted where this observation
may be particularly relevant. For example, Shapiro et al. (2004)
modelled anisotropy in the Tibetan plateau using 30 per cent mica
and 70 per cent assumed isotropic media; Rey ef al. (1994) have
rocks with 35-45 per cent mica and ignore contributions from all
other phases. Similar caution may be warranted in assuming that
quartz alignment dominates the anisotropy signal (e.g. Lloyd et al.
2010) because even small amounts of mica can destructively inter-
fere with quartz-induced anisotropy, particularly at low to moderate
temperature.
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