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Abstract Progress in seismic methodology and ambitious large-scale seismic projects are enabling
high-resolution imaging of the continental crust. The ability to constrain interpretations of crustal seismic
data is based on laboratory measurements on rock samples and calculations of seismic properties. Seismic
velocity calculations and their directional dependence are based on the rock microfabric, which consists

of mineral aggregate properties including crystallographic preferred orientation (CPO), grain shape and
distribution, grain boundary distribution, and misorientation within grains. Single-mineral elastic constants
and density are crucial for predicting seismic velocities, preferably at conditions that span the crust. However,
high-temperature and high-pressure elastic constant data are not as common as those determined at
standard temperature and pressure (STP; atmospheric conditions). Continental crust has a very diverse
mineral composition; however, a select number of minerals appear to dominate seismic properties because
of their high-volume fraction contribution. Calculations of microfabric-based seismic properties and
anisotropy are performed with averaging methods that in their simplest form takes into account the CPO and
modal mineral composition, and corresponding single crystal elastic constants. More complex methods
can take into account other microstructural characteristics, including the grain shape and distribution of
mineral grains and cracks and pores. Dynamic or active wave propagation schemes have recently been
developed, which offer a complementary method to existing static averaging methods generally based on
the use of the Christoffel equation. A challenge for the geophysics and rock physics communities is the
separation of intrinsic factors affecting seismic anisotropy, due to properties of crystals within a rock and
apparent sources due to extrinsic factors like cracks, fractures, and alteration. This is of particular importance
when trying to deduce crustal composition and the state of deformation from seismic parameters.

1. Introduction

The motivation for this review is the tremendous increase in interest over the past 30 years to link seismic prop-
erties of minerals and rocks in the crust with geologic processes (tectonic processes in particular). Spurring this
interest is rapid development in seismic methods and large-scale geophysical projects that allow for high-
resolution imaging of the crust. Large data sets and increased resolution have stimulated a critical evaluation
of seismic data that results from large and long-term seismic experiments, such as USArray (http://www.
usarray.org) and similar European (e.g., AlpArray and IberArray), Chinese (NECESS Array) and Australian
(WOMBAT) efforts [Rawlinson and Fishwick, 2011; Liu and Niu, 2011; Long et al., 2014; AlpArray Seismic Network,
2015; http://iberarray.ictja.csic.es/]. Seismic arrays in continental settings often yield high-resolution images
of seismic velocities of the continental crust in different crustal settings. Predecessors to these recent experi-
ments are also of importance in spurring the interest in structure and composition of the continental crust
(e.g., see summary of Mooney and Meissner [1992]). Reflection and wide-angle refraction seismic experiments,
from the late 1970s to early 1990s, should be mentioned, with prominent examples such as COCORP
(Consortium for Continental Reflection Profiling) [Oliver et al., 1976; Brown et al., 1986], LITHOPROBE (probing
the lithosphere) [Clowes et al., 1987, 1998], BIRPS (British Institutions Reflection Profiling Syndicate) [Matthews
and the BIRPS Group, 1990], and BABEL (Baltic and Bothnian Echoes from the Lithosphere) [BABEL Working
Group, 1990, 1993]. Additionally, seismic profiles across orogens, such as ECORS (Etude Continentale et
Océanique par Réflexion et Réfraction Sismiques) [ECORS Pyrenees team, 1988], INDEPTH (International Deep
Profiling of Tibet and the Himalaya) [e.g., Zhao et al., 1993; Nelson et al., 1996; Brown et al., 1996], and more
recently TAIGER (Taiwan Integrated Geodynamics Research) [e.g., Wu et al, 2014] and HiCLIMB
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(Himalayan-Tibetan Continental Lithosphere During Mountain Building) [Ndbélek et al., 2009] have yielded cru-
cial information on the structure of the continental crust in collisional plate tectonic settings.

Notably, seismic anisotropy has become increasingly important in the investigation of continental crust. Seismic
anisotropy in upper crustal settings is often taken to be negligible, or seismic velocities were considered isotro-
pic [e.g., Hirn et al., 1987], with the exception of sedimentary basins with a classical layered structure [e.g., Sayers,
2005]. Interpretation of seismic anisotropy is often tied to crustal ductile deformation that produces strong pre-
ferred alignment of crystallographic axes and hence texture in rocks [e.g., Shapiro et al., 2004; Schulte-Pelkum
et al., 2005; Ndbélek et al., 2009; Ozacar and Zandt, 2009; Endrun et al., 2011; Schulte-Pelkum and Mahan, 2014].
The integration of seismological results with mineral texture and microstructural information therefore provides
a very powerful combination that enables inferences regarding deformation in different tectonic settings that
are otherwise not possible [i.e., Moschetti et al, 2010; Huang et al., 2015; Long, 2015; Cossette et al., 2015a,
2015b; Xie et al., 2015]. A significant challenge lies in extracting the contribution of intrinsic seismic properties
resulting from texture and microstructure to the overall seismic signal. In particular, to the upper crust, the crack
and fracture networks have large influence on the seismic properties. The effects of fractures and cracks in more
deeply situated middle and lower crust are poorly constrained but may be of importance, especially in the pre-
sence of fluids with high pore pressure. It is now established that fluids may be present down to depths of at
least 9 km by direct drilling in the German Continental Deep Drilling Program (KTB) project [e.g., Emmermann
and Lauterjung, 1997; Huenges et al., 1997]. Contributions from both texture and crack and fracture networks
to the seismic properties and anisotropy are therefore likely throughout much of the continental crust.

Current interpretation of crustal seismic data relies on knowledge of seismic properties of rocks and rock-
forming minerals. Quantified seismic properties provide the link between the seismic observations and
geological characteristics, such as the modal mineral composition and deformation regime. It is therefore
crucial that high-quality measurements of elastic stiffness tensors are available for the most abundant
minerals, at temperature and pressure conditions relevant to the crust. The link between geophysical and
geological data is based on (1) observation made on natural samples collected in the field that are thought
of as representative for the crust and upper mantle and (2) constraints from experimental mineral and rock
physics measurements performed in the laboratory.

Deriving seismic properties from minerals and rocks begin at the scale of a single crystal; in this context the
crystal may be a synthetic or natural crystal of gem quality with few defects and well-defined homogenous
composition. Many physical properties are, in fact, governed by the crystallographic properties of minerals,
and their relationships are well described in textbooks by Nye [1957] and Kittel [2005]. Intrinsic crystal proper-
ties dictate the magnitude of a physical property along different crystallographic axes, and a physical prop-
erty in an aggregate of crystals is determined by the statistical distribution of all crystals that make up the
aggregate. Equilibrium properties, including elasticity and other physical properties of geophysical interest
have symmetric physical tensor properties, with the exception of piezoelectricity [e.g., Mainprice et al., 2014].

The database for elastic constants of single crystals is essential for the understanding of the seismic signature of
the crust, in particular for the in situ settings of the middle and lowermost crust, which are out of reach for direct
sampling. In order to understand seismic properties of these regions, it is necessary to investigate samples that
were once situated in the middle and lower crust, from outcrops (or drill core), xenoliths, or geological terranes
exposed at Earth’s surface. Laboratory measurements and predictive modeling based on mineral composition
and crystal orientation data are commonly used to infer seismic wave speeds in these samples.

Most of the research on predictive seismic properties based on rock texture has focused on the mantle [e.g.,
Mainprice et al., 2000; Fouch and Rondenay, 2006; Mainprice, 2015] and how texture influences flow in the
lithospheric part of the mantle [Silver, 1996; Savage, 1999; Long, 2013]. However, layer stripping techniques
have been developed assuming layer structure in the crust [e.g., Liu and Niu, 2012; Rimpker et al., 2014],
revealing significant anisotropy of converted P to S waves with splitting delay time of 0.3 s in Iran and up
to 0.5 s under the Tibetan Plateau. Furthermore, it is becoming increasingly evident that the continental crust
can be significantly anisotropic due to presence of fractures [e.g., Leary et al., 1990]. Other sources of crustal
anisotropy are expected from different geological processes occurring in the crust (plastic deformation,
depositional sedimentary fabrics, and emplacement of igneous rocks) [e.g., Mainprice and Nicolas, 1989].
Mineral textures that develop in association with these processes are important to understand in order to
interpret their contribution to observed seismic anisotropy.
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Figure 1. Crustal thickness map, adapted from Mooney [2015]. Red contour lines indicate 10 km intervals. Most of the continental crust vary in thickness from ~30 km
to ~50 km. Exceptions are in orogenic settings (i.e., Himalaya-Tibet and the Andes) where crustal thicknesses can reach >70 km. Oceanic crust is in contrast much

thinner, generally in the order of 10 km.

This review therefore addresses the state of the art of current understanding on how predictions of seismic
velocity and anisotropy from mineral texture and microstructures may reveal information on the structure
and composition of the continental crust and discusses future research venues that appear promising in
terms of interpreting seismic characteristics from rock micro-fabric data. Particular emphasis is placed on
the generally inaccessible ductile middle and lower crust regions in continental settings. The role of fractures
and cracks is also covered in the predictive modeling schemes, which is particularly relevant for the upper
crust but likely also of importance to the deeper crust. The manuscript is divided into five parts. The first part
covers the background of crustal composition and seismic properties of crustal rocks, in general, from per-
spectives of laboratory measurements and predictive modeling. The second part introduces theory of elasti-
city and seismic wave propagation, as used in predictive modeling of seismic properties. The third part is
concerned with quantification of elastic constants of minerals and provides a summary database of current
elastic constants for common rock-forming minerals and references to appropriate sources for further access
to elastic constants. In the fourth part, we introduce the different averaging schemes commonly used to cal-
culate seismic properties and apply the methods to calculate seismic velocities and anisotropy for a middle
crustal amphibolite from the central Scandinavian Caledonides. The fifth part discusses predicted seismic
properties in sedimentary, igneous, and metamorphosed/deformed rock types, as well as in the regions of
the upper, middle, and lower continental crust. This discussion also covers the different contributions of tex-
ture and microstructure and the problem of resolving the intrinsic seismic properties arising because of
minerals and micro-fabric, from the apparent seismic properties as observed in seismology.

1.1. Seismic Properties of the Continental Crust

The crust refers to the outermost shell of the Earth, with the Mohorovici¢ (Moho) discontinuity marking its
basal boundary to the underlying mantle. The position of the Moho can be ambiguous in the sense that it
is considered to mark both the seismic and petrologic transitions to the mantle, although these may not
necessarily coincide. The continental and oceanic crust comprises <1% by volume of planet Earth, but their
importance to our planet far outweighs their contribution by volume. The crust holds the record of Earth’s
development through geologic time, its natural resources, and it is fundamental to societal challenges such
as earthquakes and volcanic eruptions [Mooney, 2015]. Seismic methods have developed significantly in the
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Figure 2. Composite mineral composition of the continental crust, based on compilations of (a) Ronov and Yaroshev [1967]
and (b) Nesbitt and Young [1984] and later reproduced by McLennan and Taylor [1999]. Nesbitt and Young's compilation is
based on the exposed crust at Earth’s surface. (c) Average major oxide chemical composition of the continental crust
based on compilation of Rudnick and Gao [2003].

past 25 years, yielding a highly resolved picture of the continental crust. Depth to the Moho underneath
continents is generally between 30 and 50 km, but it can range from 25 to 70 km (Figure 1) [Mooney, 2015].

As pointed out by McLennan and Taylor [1999], the determination of mineral composition of continental crust
is not straightforward, simply because most continental crust present at the surface may not be representa-
tive of the crust at depth. Modal mineral and chemical element composition is therefore necessarily based on
the exposed crust available at the Earth'’s surface (Figures 2a-2c). Silicate minerals comprise by far the volu-
metrically most important component of the continental crust, where framework silicates (i.e., feldspars and
quartz) make up ~60% by volume of the continental crust. A large number of studies have been carried out in
the study of seismic properties of continental crust in relation to crustal composition, with prominent contri-
butions from Rudnick and Fountain [1995], Christensen and Mooney [1995], Christensen [1996], Rudnick and
Gao [2003, 2014], and Hacker et al. [2015]. Christensen [1996] illustrated seismic velocities and Poisson’s ratio
(or V,,/V; ratio) for a range of compositions, spanning the lithologies of the crystalline crust (Figure 3). The
dependence of seismic velocities on the mineral composition of the different rock types is important, but it
has been remarked that velocity alone may not be a good indicator to distinguish composition (see
discussion by Hacker et al. [2015]). The seismic properties can be divided into compressional (P) and shear
(S) body wave velocities, the ratio between the Pand S waves (V,,/V), and their directional dependence, known
as seismic anisotropy. In anisotropic media the shear wave splits into two orthogonally polarized waves with
fast (Vs;) and slow (V;,) components. The effect is known as shear wave splitting (dV, =V, — V;,) and is analo-
gous to the birefringence of light through an anisotropic crystal (e.g., calcite). It should be mentioned thatin an
isotropic media there is one V,,/V; ratio, but in anisotropic medium there are two ratios V,/V; and V,/V;; [e.g.,
Mainprice et al., 2008; Mainprice and lldefonse, 2009]. Here we recommend using V,,/V; rather than Poisson’s
ratio as itis defined as the ratio of axial strain to the transverse strain, where as V,,/V; in the isotropic case relates
to compressional and shear strains. It is physically more reasonable to use V,,/V; or V,/Vs; and V,,/V,, respec-
tively for isotropic and anisotropic media, which can be measured by seismology. For stable Cratonic crust,
Mooney [2015] shows a general velocity profile, where the upper crust V,, ranges from 5.6 to 6.4 km/s, the mid-
dle crust V,, from 6.5 to 6.9, and the lower crust show V,, from 7.0 to 7.4 km/s. The Moho transition in a cratonic
setting is marked by a sharp increase in V,, in the uppermost mantle, which ranges from ~7.8 to 8.2 km/s.

Seismic anisotropy is of particular value in studying tectonic- and deformation-related processes, but the
source that gives rise to anisotropy can be challenging to identify. Crack networks and fractures, particularly
in the upper continental crust, are also of relevance in directionally controlling seismic velocities. Indications
exist that the stress field has an important effect on seismic anisotropy in the crust, because of crack networks
orienting parallel to the maximum stress axis [Crampin et al., 2015]. Lin and Schmandt [2014] show significant
azimuthal anisotropy across large portions of the upper to middle crust of the United States, where the seismic
fast directions correlate with the axis of horizontal maximum stress. However, the authors also note that fast
axes of maximum horizontal stress are generally parallel with the strike of the structural trend and fabric of
rocks in different tectonic terranes across the United States. It can therefore be difficult to separate the seismic
effects originating from oriented cracks and fractures, from the structural fabric of rocks. Fu et al. [2016] noted
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determine that the crust is decoupled
from the lithosphere in the eastern parts of the Tibetan Plateau. Based on the azimuthal anisotropy, they deter-
mined that flow regimes were different in the lower Tibetan crust, compared to the underlying lithosphere. A
coincidence of seismic anisotropy in the near-lying Yangtze and Sino-Korean cratons suggested that crust and
lithosphere flow were coupled in these areas [Legendre et al., 2015]. Another recent study indicates that defor-
mation below the Newport-Inglewood Fault in Los Angeles Basin localized in a narrow zone that penetrates
the crust and mantle portions of the lithospheric [Inbal et al., 2016]. This study suggests that deformation in
crustand mantle may become locally coupled, and hence, anisotropic signals associated with crustand mantle
deformation would be challenging to separate.
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Figure 4 shows seismic V,, and V; profiles from three contrasting tectonic settings in continental interiors,
including Basin and Range (Figure 4a), central eastern Tibet (Figure 4b), and the North China Craton
(Figure 4c). The Basin and Range area in western United States has been subject to intense research in terms
of its geologic and tectonic development. It is considered as a classical area for extensional tectonics, chiefly
through its distinct pattern of faults at the surface, which can project deeper through the upper crust using
seismic reflection surveys [e.g., Wernicke, 1981; Wernicke et al., 1988; McQuarrie and Wernicke, 2005]. More
recently, the deeper crustal structure has been studied using surface waves, which enables a link between
mainly brittle upper crustal deformation with middle to lower crustal ductile flow [Moschetti et al., 2010; Xie
et al,, 2015] (Figure 4a). Figure 4a indicates that the Basin and Range area has fairly low V,, and V;, with a gra-
dually increasing V), that is lower than 6.0 km/s in the upper and middle crust and increases abruptly to
>6.3km/s at ~17 km depth [Lerch et al., 2007]. The transition at the Moho is marked by a sharp transition from
~6.7 km/s to 7.9 km/s. In a similar way the V; gradually increases, from 3.0 to 3.9 km/s, throughout the crust,
but there is no marked transition from the middle to lower crust, as seen for V,,. The transition at the Moho
sees a marked increase in V;, up to 4.2 to 4.5km/s, depending on the polarization of the shear wave
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Figure 4. Seismic P and S wave velocities through three sections of continental crust. (a) Basin and Range in western United States, (b) central eastern Tibet, and
(c) central North China Craton. The data shown consist of the horizontal and vertical components of S wave velocities (Vs and Vs,) and the average P wave
velocity (V). For Vs the solid line indicates Vs, and the dashed line indicates Vs,. Sources for the data in central eastern Tibet are Xie et al. [2013] and Sherrington
et al. [2004]; Xie et al. [2015], Moschetti et al. [2010], and Lerch et al. [2007] for the Basin and Range profiles; and Fu et al. [2016], Cheng et al. [2013], and Tian et al.
[2009] for the central North China Craton profiles.

(Figure 4a). Xie et al. [2015] identified radial anisotropy (Vs, — V5/Vs average) ranging from 3 to 6% in the
middle and lower crust throughout the Basin and Range area. In general, both the range and maximum
strength of seismic anisotropy increases with depth, becoming largest in the lower parts of the lower
crust. Using the calculated seismic velocity data of Erdman et al. [2013], which were calculated using a
collection of geological samples from the Basin and Range province, Xie et al. [2015] manage to constrain
the interpretation of seismic data using geological information. No anisotropy in V, is available from the
Basin and Range province.

Another region of prominent crustal flow is identified in the Tibetan part of the Himalaya-Tibet orogeny
[Royden et al., 1997; Shapiro et al., 2004]. Many studies have been carried out with the goal to understand
the crustal structure using the seismic signature in Himalaya-Tibet, which was the goal of the different
INDEPTH projects. Surface waves and receiver functions have been used in central and eastern Tibet for
the purpose of mapping seismic anisotropy throughout the crust [e.g., Sherrington et al., 2004; Xie et al.,
2013; Hacker et al., 2014]. V,, display on average an increase from ~5.5 to 6.2 km/s throughout the upper
and middle crust of this part of Tibet, although significant anisotropy is evident in the uppermost 20 km.
Anincrease in bulk V,, is seen at ~30 km depth, which is also accompanied by strong V), anisotropy (AV,,) from
30 km to 50 km depth; the slow V,, direction is actually slower at these depths compared to bulk V,, at shal-
lower depths. The bulk V; increases fairly gradually throughout the crust, from ~3.2 to 3.8 km/s. The Moho
transition is marked by an abrupt increase in bulk V,, to 4.6 km/s. Figure 4b shows the radial anisotropy
related to horizontal and vertical polarized V,, as well as V. Using receiver functions, Sherrington et al.
[2004] noted a range in S wave anisotropy from 4% up to 14% in the crustal portion of central Tibet. They
furthermore indicated that the anisotropy vary with depth and likely arise from a combination of preexisting
rock fabrics and the effect of present-day deformation. The former effect was considered more important at
the upper and middle crustal depths, whereas the latter was considered more important in the lower parts of
the crust. Azimuthal anisotropy in middle and lower crust vary in orientation across the Tibetan Plateau, with
mainly a N-S fast seismic velocity axis in the southern part of the Plateau and an E-W fast axis in the central
part of the Plateau. Xie et al. [2013] mapped seismic anisotropy in central eastern Tibet using surface waves,
and at midcrustal level they found an average radial shear wave anisotropy of 4.8% * 1.4%, which they
explained as arising from distributed flow of the ductile portion of the crust.

The last example comes from the North China Craton (NCC) in northern China (Figure 4c). A craton is gener-
ally considered fairly inactive in terms of crustal deformation, but there are indications that part of the craton
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has undergone lithospheric extension since the Late Jurassic to Early Cretaceous [e.g., Menzies and Xu, 1998;
Kusky et al., 2007]. A number of different explanations that give rise to crustal extension have been proposed,
including delamination, chemical and thermal erosion, presence of a mantle plume, and magmatic under-
plating. A series of recent seismic experiments have been carried out across the NCC, with target to investi-
gate its crustal structure [e.g,, Tian et al., 2009; Cheng et al., 2009; Fu et al., 2016]. Bulk V,, increases gradually in
the upper to middle crust, from 5.3 to 6.3 km/s. The middle to lower crust shows a fairly abrupt increase in V,
to 6.7 km/s. The Moho transition is very sharp, with an increase in V, to 8.0 km/s. The shear wave velocity pro-
file of the NCC is different than those observed in the Basin and Range and central eastern Tibet. A gradual
increase in V;, from 2.9 to 3.9 km/s, is observed down to ~17 km depth. Very strong shear wave anisotropy is
observed at ~17 km depth. At greater depths the bulk V; decreases gradually to a minimum of ~3.7 km/s, at
the depth of the Moho. The Moho transition is sharp, and bulk V; increases to 4.1 km/s. Both Cheng et al.
[2013] and Fu et al. [2016] present strong radial seismic anisotropy at middle to lower crustal depths. In
the eastern part of the NCC a thin layer with low Vj,, at depths from ~30 to 40 km, was identified by
Cheng et al. [2013]. The authors explain the strong radial anisotropy (>8 %) as related to prominent exten-
sional deformation in this part of the NCC. A more recent study by Fu et al. [2016] recognized azimuthal
anisotropy in northern NCC, with a NW-SE fast axis trend that could be traced through the entire crust, into
the upper mantle. The authors suggested that at lower crustal levels, and in the mantle, the azimuthal
anisotropy is related to lithospheric-scale extension. Fu et al. [2016] also showed radial anisotropy, where
a negative radial anisotropy occurred in the upper crust (Vy, > Vi), which switched to a positive radial ani-
sotropy (Vs > Vi) in the middle and lower crust (similar to that observed by Cheng et al. [2013] for
eastern NCC).

1.2. Laboratory Measurements

Laboratory measurements using ultrasonic waves (e.g., pulse transmission technique) have been enor-
mously successful in contributing fundamental data to constrain seismic velocities in rocks [e.g., Birch,
1960a, 1961; Christensen, 1965, 1971, 1979, 1996; Fountain, 1976; Burlini and Fountain, 1993; Kern, 1978;
Kern and Richter, 1981; Kern et al., 1995, 1996, 1999, 2008; Ji et al., 2007]; data from such measurements have
since the 1940s provided the primary constraints on crustal and upper mantle seismic interpretations.
However, there are restrictions on laboratory measurements that include (1) the presence of grain bound-
ary microcracks at standard pressure and temperature (STP) conditions, which results in lower velocity com-
pared to rocks present in the crust; (2) rock samples affected by retrograde metamorphic alteration as they
are exhumed (and exposed) at Earth’s surface; and (3) limited number of orientations of rocks under-
determines the directional seismic properties, resulting in incomplete definition of elastic constants.
Some remedies exist to compensate for these measurement-related restrictions. Laboratory equipment
has been developed to conduct measurements at elevated pressures, in order to provide results that can
be compared to rocks situated in the crust and upper mantle, thus reducing the influence of microcracks.
In addition, laboratory measurements are also performed at elevated temperatures in order to simulate the
effect of temperature conditions in the Earth.

The effect of pressure on closure of grain boundary cracks and porosity is an important aspect of laboratory
measurements and as such warrants further discussion. As hydrostatic confining pressures exceed a specified
confining pressure, the majority of pores and microcracks between grains are generally considered to be
closed. The specified pressure is known as the closure pressure (P¢), and any further increase in velocity, as
a function pressure, should be related to compression of the crystal structure of minerals. A range of different
Pc has been reported, depending on rock type and shape of microcracks or pores [e.g., Walsh, 1965]. Above
the P¢ of grain boundary cracks and pores, the pressure derivative of the velocity may therefore be used to
extrapolate velocities to pressure conditions in deeper regimes of the crust and upper mantle. Christensen
[1974] made the observation that microcracks/pores may affect laboratory velocities to pressures exceeding
1 GPa, which jeopardizes the use of velocity pressure derivatives obtained at lower experimental pressure
conditions (i.e., <1 GPa; Figure 5). Extrapolating pressure derivatives for velocities in a rock that is influenced
by microcracks and pores may yield error in velocities of up to 50% [Christensen, 1974] compared to the case if
only the velocity pressure derivatives of the crystals were considered. Crack-influenced velocity is an
important factor for discrepancies between laboratory-measured elastic wave velocities and the seismic
velocities predicted from rock textures.
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Figure 5. Pressure dependence of an ultrasonic wave, measured in the R
sure on closure of microcracks and

laboratory (modified from Christensen [1974]). At low hydrostatic
confining pressure the velocity is strongly influenced by microcracks pores in rocks. They used a set of 66
(represented by gray shaded area), whereas this effect diminishes samples obtained from surface outcrops
gradually at higher pressures. a represents the aspect ratio, where thin and drill core from the Chinese
cracks (with a <« 1) tend to close preferentially at low pressures, whereas Continental Scientific Drilling (CCSD)
cracks and pores that approach shapes of a sphere (a > 0.1) are much . :

harder to close and can remain open at very high confining pressure. project. The sample set consisted of a
Other variables shown in the figure are introduced in the text. range of different rock types from the

Dabie-Sulu high- and ultrahigh-pressure

terranes. Strong pressure dependence

and hysteresis effects were found for
laboratory-measured velocities at pressures <400 MPa, in samples that were taken from surface outcrops
and from the shallow parts of the borehole (<700 m depth). Samples from the deeper parts of the CCSD bore-
hole (3000 to 4600 m depth) showed a much weaker effect of the pressure hysteresis (i.e., the velocities mea-
sured during pressurization were more similar to velocities during depressurization). The results indicate that
rocks from shallower portions of the crust generally show a different response to the applied confining pres-
sure compared to more deeply situated crustal rocks. Ji et al. [2007] argued that decompression of rocks cre-
ates abundant microcracks in rocks at the surface, which can potentially be in-filled with secondary minerals
that cement the void spaces when filtered with supracrustal fluids. The new minerals can act as elastically soft
boundaries between primary minerals and hence produce the strong dependence on pressure and hyster-
esis. In comparison, rocks obtained from greater depths have not previously been decompressed, and any
cracks that form when exposed to ambient pressure conditions will form crack networks that are relatively
easily closed during laboratory measurements. The implication is profound, because great care is needed
when making comparison and extrapolation of laboratory velocities made on surface-collected (or near-
surface) rocks to depths of middle to lower crustal conditions.

Several different models have been developed to derive the closure of microcracks and pores as a function of
pressure [e.g., Walsh, 1965; Zimmerman et al., 1986; Eberhart-Phillips et al., 1989; Wepfer and Christensen, 1991;
Wang et al., 2005a, 2005b; Ji et al., 2007; Ullemeyer et al., 2011; Madonna et al., 2012]. In Figure 5 we show
application of one of the models, which is expressed by

V = Vo + DP — By exp(—kP) (1)

Equation (1) uses a number of empirically fit variables to laboratory velocity data, in order to indicate the pres-
sure dependence of the measured velocity. The equation consists of a linear portion that is related to the
compression of crystal lattice, Vo + DP, and a nonlinear part that results from the closure of cracks during
pressurization, By exp(—kP). The variables used in this equation are the velocity of the rocks at zero pressure
without the presence of microcracks or pores (V;), the confining pressure (P), the pressure derivative of the
velocity (D), the maximum velocity drop as a function of microcracks (By), and a decay coefficient (k) used
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to describe the gradual closure of microcracks. Walsh [1965] has furthermore shown, through continuum
elasticity theory, that the crack closure pressure (P¢) in an isotropic rock is strongly dependent on the geome-
trical shape of the cracks, where

ok

Pe=am-w @
In equation (2), E and v are Young's modulus and Poisson'’s ratio, respectively, and « is the aspect ratio of the
pores/cracks in the rock. The aspect ratio can vary from a =1 for spherical crack shape, to a « 1 for thin (flat)
cracks (o= a/b, where a and b are the long and short semiaxes of an ellipsoid). As can be seen from equation
(2), it is apparent that large aspect ratio cracks, close to spherical in shape, require much higher closure pres-
sures than low aspect ratio cracks (thin cracks). Figure 5 schematically illustrates this by showing approximate
closure pressures for cracks of different aspect ratios.

The experimental setups required to perform elastic wave velocity measurements generally restricts the
number of experiments that can be performed with respect to different sample orientations. The number
of measurements is therefore fewer than required to fully characterize the elastic tensor of geological mate-
rials with general triclinic sample symmetry. However, there are exceptions to this, such as the development
of equipment that can measure ultrasonic wave speeds on sample spheres [e.g., Pros et al., 2003; Lokajicek
et al., 2014], but such sample preparation is time consuming. The restriction on directional measurements
in the laboratory is often not of critical importance because seismological data generally greatly underdeter-
mine the directional dependence of velocities because such data are restricted to the radial and azimuthal
velocity components.

Finally, although there are many studies of velocity and anisotropy for measurements under controlled pore
pressure conditions for porous reservoir rocks [e.g., Wyllie et al., 1958], there are very few studies for crystalline
rocks of middle and lower crust [e.g., Todd and Simmons, 1972; Christensen, 1984; Darot and Reusché, 2000].
For crystalline low-porosity rocks the major control on the velocity is the effective pressure P.=P.—n P,
where P is the confining pressure and P, is pore fluid pressure and n is the effective pore pressure coefficient,
which is typically less than 1 (note the difference of P. and P, the latter which is defined as the crack closure
pressure). As pore pressure increases at constant effective pressure, the value of n increases and approaches
1, but as effective pressure increases at constant pore pressure, the value of n decreases. These observations
are consistent with Biot's theory for the propagation of elastic waves in a fluid-saturated porous solid [Biot,
1962]. It has been suggested that bright spot reflectors (i.e., reflective segments with anomalously high reflec-
tion amplitudes) at depth of ~15 km in regions of active tectonics are the result of free-water accumulation
with volume fractions of ~10% in the midcrust under Tibet [e.g., Makovsky and Klemperer, 1999]. However,
not all bright spots are interpreted as fluid accumulation as shown by Pratt et al. [1991] and Barnes and
Reston [1992]. Their interpretation of bright spots from southeast Georgia, USA, at a depth of 15km is more
likely to be a thin layer of high-velocity ultramafic sheets. As southeast Georgia was tectonically active in late
Palaeozoic times, it seems that the difference in interpretation could be explained by different thermal
regimes in the active Tibet and old Palaeozoic suture in Georgia. Further background on poroelasticity and
pore pressure effects on elastic wave propagation can be found in Guéguen and Palciauskas [1994], Wang
[2000], and Paterson and Wong [2005].

1.3. Prediction of Seismic Properties From Mineral and Rock Textures

The schemes for predicting seismic properties of rocks follows a general procedure that requires quantitative
knowledge of the mineral texture (CPO), single-crystal elastic stiffness tensors of the phases that are present
(at suitable pressure and temperature conditions if temperature and pressure derivatives are of elastic con-
stants available), and an appropriate mathematical averaging scheme to calculate the seismic properties.
The crystallographic influence on velocity and anisotropy was already realized in the 1940s and 1950s, as
research in resonance and ultrasonic frequency wave techniques were developing [Firestone and Frederick,
1946; McSkimin, 1950]. Verma [1960] presented early measurements of elastic constants for single-crystal
olivine and garnet, using the ultrasonic pulse transmission technique [McSkimin, 1950; Birch, 1960a, 1960b].
The importance of anisotropy related to crystallographic axes was quickly realized and Hess [1964] argued
that observed seismic anisotropy in the uppermost mantle in the central eastern Pacific Ocean was related
to CPO of olivine, which developed because of simple shear deformation in the upper mantle.
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In parallel with development of laboratory velocity measurement techniques, the field of microfabrics was
gaining importance. The word “microfabric” is a general description of mineral fabric indicators in rocks
and includes elements of shape-preferred orientation and crystallographic or lattice-preferred orientation
(CPO and LPO) [Paaschier and Trouw, 2005]. The terms CPO and LPO can be considered synonymous, and
in the present work we make no distinction between them but adopt the use of CPO. In the early studies
the CPO was mainly measured using an optical microscope equipped with a universal stage (U-stage).
Early works on the CPO of olivine-bearing rocks [e.g., Phillips, 1938; Turner, 1942] laid the foundation for
the possibility to use microfabric elements in modeling the seismic properties. However, it was not until
the end of the 1960s and beginning of 1970s that a series of studies emerged that combined mineral CPO
measurements with single-crystal elastic constants [Kumazawa, 1964; Klima and Babuska, 1968; Crosson
and Lin, 1971; Baker and Carter, 1972]. One of the reasons for the delay in developing the predictive tools
was the rather intensive computation needed to predict the seismic properties from a statistically valid num-
ber of measured crystal orientations [i.e.,, Crosson and Lin, 1971]. The Voigt and Reuss theoretical bounds
[Voigt, 1928; Reuss, 1929], which had been commonly used to predict elastic properties in isotropic aggre-
gates, were first applied in the anisotropic case by Crosson and Lin [1971]. Their computation enabled upper
and lower theoretical bounds for an anisotropic medium. The arithmetic average of the upper and lower
bounds, proposed by Hill [1952], could also be applied in the anisotropic case. Early calculations of texture-
derived seismic velocities were tested by joint applications of laboratory measurements and rock texture
studies [e.g., Peselnick et al., 1974]. Further verification came from predicted seismic velocities in peridotite
made by Christensen [1984], based on a large collection of peridotite CPOs from different areas in the world.
Ben Ismail and Mainprice [1998] presented a database with olivine fabrics, for 110 samples that strengthened
the use of microfabrics to predict seismic velocity and seismic anisotropy. The application of predicted seis-
mic properties from rock textures has in large part focused on olivine, because of the connection between
large-scale flow and deformation in the mantle with observed seismic anisotropy. Because of the close
relationship between CPO and seismic anisotropy, the latter parameter has been emphasized in prediction
of seismic properties, and it has been referred to as an intrinsic source for seismic anisotropy in the seismo-
logical literature [e.g., Fichtner et al., 2013].

Mainprice and Nicolas [1989] and subsequently Mainprice [1990] provided the geological and geophysical
communities with a computer program with which the CPO and single-crystal elastic properties could be
mathematically combined, making it possible to infer seismic properties from crystal orientations and the
mineral modal composition in rocks. The public availability of a software package to calculate seismic velo-
cities [Mainprice, 1990], and software packages similar to this [i.e.,, Cook et al., 2013; Walker and Wookey,
2012], has popularized the use of seismic prediction using microfabrics.

The validity of predicted seismic velocities has been tested by comparison with laboratory measurements
with the prediction of seismic velocities based on CPO and mineral composition. The purpose for using each
of the methods is the possibility to test and validate modeled seismic velocities and also to better understand
the mineralogical origin of laboratory-measured velocities. Combinations of laboratory measurements and
modeled seismic velocities therefore strengthen the interpretation of seismic data, based on the identifica-
tion of individual sources that contribute to the overall rock properties [e.g., Barruol and Kern, 1996].

2. Theory of Elasticity and Seismic Wave Propagation
2.1. Theory of Elasticity in Linear Elastic Solids

Theory of elasticity and wave propagation in elastic solids are presented in a number of works [e.g., Landau
and Lifschitz, 1959]. A series of papers and books with focus on Earth sciences also introduce the elasticity and
wave propagation background theory in anisotropic materials [Babuska and Cara, 1991; Mainprice,
2007, 2015].

The elastic constants and density determine the seismic wave velocities of a material. Elasticity is defined by
Hooke’s law, which explains the relationship between stress and strain in a material. In the isotropic, linear
elastic case, Hooke's law is expressed as

Ojj = ﬂué,jaxx + 2/18,'] (3)
where g;; and ¢; are the second rank stress and strain tensors, respectively, &, is the volumetric strain, 2 and u
are Lame’s first and second constants, respectively, and dj; is the Kronecker delta. If subscripts i=j, then g;=1,
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and when i+j, then 6;=0. In other words, for an isotropic material, the elastic properties can be fully
explained with knowledge of two independent elastic moduli. Seismic compressional (V,) and shear (V)
waves are the only two body waves in isotropic materials that can be defined by using the bulk (K) and shear
(1) moduli, as well as the density of the material. The shear modulus is Lamé’s second constant and is used to
define the shear wave velocity, Vs = %where p is the density, and the P wave velocity is expressed
by Vp =, /K“;#. The bulk modulus is related to the Lamé constants through the expression K=1+2u/3 and is
defined as the ratio of the hydrostatic stress (o) to volumetric strain (g,,), K = 2°.

Exx
The anisotropic form of Hooke’s law expresses the general case of the stress and strain relationship in a linear
elastic solid, where

Oij = CijkiEkl (4)

In equation (4) ¢jy is the fourth-rank elastic stiffness tensor, which relates the second rank stress and strain
tensors. There are (3x3)? or 81 components in the stiffness tensor as a result of the second rank stress
and strain tensors. However, the number of independent components is reduced to 36 because of symmetry
in stress and strain tensors, because ¢ = G and ¢y = Cj. From this relationship it is possible to express the
stiffness tensor in Voigt matrix notation, to condense the elastic tensor using the relationship ¢;;= ¢ji, where
I=ij and J=kI. The ij and kI pairs can have six different configurations of /(J) = ij(kl), which are 1=(1,1),2=(2,
2),3=(3,3),4=(2,3)=(3,2),5=(1,3)=(3, 1), and 6=(1, 2) = (2, 1). As a result there are 62 (36) components
from symmetry conditions, which are presented in a 6 x 6 matrix. Furthermore, because of thermodynamic
strain energy conditions, ¢ = ¢ which reduces the number of independent elastic constants to 21. The
resulting 6 X 6 Voigt notation matrix has the appearance

G G2 G3 CGa Ga Ce
Ci2 Cpp (3 (4 (5 C26
€31 €23 (33 (33 (35 C36
Ci4 C4 C34 Caa G5 Che

Cis Cs €35 Ca5 Cs5 Cse

LCie C26 (36 Ca6 Cs6 Cop |

The elasticity defined in equations (3) and (4), describing isotropic and anisotropic linear elasticity, can be
related by the equation

Cija = 4881 + 14(8yi8ks + 8udj) (5)

The two independent elastic constants of an isotropic material are then related to the anisotropic elastic con-
stants by the following expressions

i =Cp=0CG3=1+2u (6)
p=C3=C3=41 (7)

1
C44 = Css :C66:§(C11 —Ci2)=u (8)

Twenty-one independent elastic constants are used to characterize elasticity for a material with the most
general (triclinic) symmetry, which is the lowest possible symmetry for linear elastic tensors. Higher symmetry
will reduce the number of independent elastic constants. Figure 6 shows the relationship between symmetry
and the number of independent elastic constants needed to define the full elastic tensor, given specified
crystal symmetry. The crystallographic convention used in Figure 6 follows Nye [1957].

2.2. Wave Propagation Using the Christoffel Equation

Seismic body waves are important in terms of mapping the interior of the Earth. Two types of body
waves exist: the compressional or longitudinal P wave mode and the transverse or shear S wave mode.
The mode of propagation of P and S waves through a material depends on the respective particle dis-
placement in the medium. The mechanical disturbance produced by a propagating wave can be
explained with a set of equations that take into account particle displacement, time, density, and the
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Figure 6. Elastic stiffness constants (c;) shown in the Voigt matrix form,
for different crystal symmetries of the most general system (triclinic) to
the highest symmetry systems (cubic and isotropic). The value in
parentheses represents the number of independent elastic constants
for the specific crystal symmetry. This figure is redrawn and modified
from Nye [1957], and definition of crystal classes follows Appendix B of
Nye [19571.

elastic properties of the medium. The
theory was originally developed by
Christoffel [1877]. The elastodynamical
equation, which describes the particle
displacement in an elastic medium, is
written as

tu; Gal)
2 A 9
P ( P ) Cijkl (anXk) 9)

where u is the displacement, t is time,
and x is position. Equation (9) can be
expressed in terms of the second rank
stress tensor, as defined by Hooke's
law for anisotropic elasticity, such that

ou
ojj = Cij ((37;) (10)

where 0uy/0xy is equivalent to the displa-
cement or strain (g).

Displacement for a single harmonic
plane wave as a function of time (t) is
given by

u=Aexpik(x — ct) 11

where A is the amplitude vector of the
wave that describes the magnitude of
particle motion, i=+(—1), k is the wave
number, and c is the phase velocity.
The product of the wave number (k)
and the phase velocity (c) is the angular
frequency (w), w=kc; from the defini-
tion of w, the frequency is defined as
f=w/2nr.

Combining the equation for displace-
ment of a harmonic wave (11) with the
elastodynamical equation (9) yields the
Christoffel [1877] equation

Ciksisipx = pV°p; (12)
or

(C,-,-k,n,-n, 7pV25,'k)pk =0 (13)

In equations (12) and (13), Vis the phase velocity, p is the density, py; are polarization unit vectors, s;, are slow-
ness unit vectors with magnitude 1/V, and nj, are propagation directions parallel to the slowness vectors.
Equation (13) can be simplified considering the Christoffel tensor Ty =Cjynn; and the wave moduli
M=pV2 The tensor is expressed as

Ty—M T2 T3
T T —M T2 =0 (14)
T3 T3 T3 —M

The eigenvalues of the Christoffel tensor correspond to three wave moduli (M), pV,%, pVsi2, and pV;,?, and
the eigenvectors of the equation correspond to the polarization directions (or particle motions) of the
three wave moduli. The polarization directions are mutually perpendicular to each other, with particle
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motion parallel to the compressional wave (V,) propagation direction and transverse particle motions for
the two shear waves (Vg7 and V).

3. Single-Crystal Elastic Constants

The foundation for predictive modeling of seismic properties is input data of single-crystal elastic constants.
A large number of experimental and modeling studies have been carried out to determine single-crystal
elastic tensors. The most recent compilation of mineral elastic constants was provided in the work of
Isaak [2001]. Other relevant databases were produced earlier by Bass [1995], Hearmon [1979, 1984], and
Sumino and Anderson [1984]. However, many new measurements have been made since these compila-
tions, which has expanded the database and remeasured and updated elastic constants for key minerals.
Historically, most of the elastic constant measurements have been carried out at ambient (room) condi-
tions, and much fewer data exist for pressure and temperature conditions applicable to the crust and
deeper Earth conditions. Table 1 presents an overview of studies that have determined elastic constants
for minerals that commonly occur in the continental crust, as well as accessory phases. Note that only
minerals with the complete set of elastic constants are included in Table 1; references with only isotropic
elastic constants for minerals are not included. Also indicated in Table 1 are the techniques used to
determine the elastic constants and what pressures and temperatures (when applicable) were used during
measurements. This table is designed to include as many studies as possible that target determination of
mineral elastic constants. Table 2 gives a more condensed list of elastic constants and attempts to bring
the most up-to-date database of single-crystal elastic constants for relevant minerals in the continental
crust. In addition, web-accessible files with elastic constants (in Voigt matrix format) for a large number
of minerals are available in the supporting information. This supporting information contains up-to-date
single-crystal elastic constants that may be implemented with the seismic modeling packages that are
discussed in this review. These files are compatible with the MTEX MATLAB package but can easily be
adapted for use with other software.

The database of elastic constants for minerals is growing continuously. New measurement techniques enable
more accurate determination of the elastic constants of minerals. Accurate elastic constants of minerals are
important in order to allow their use to model seismic velocities, as well as for interpretation of seismic data. A
brief outline of the techniques used to measure elastic constants is provided in the following section, but a
more complete review of the methods used to measure single-crystal elastic constants is provided by Bass
and Zhang [2015]. Determination of the complete set of single-crystal elastic constants for minerals is also
of importance when considering isotropic aggregates. The reason for this is that modeling the elastic or seis-
mic properties of an isotropic medium depends on crystal symmetry; it is most appropriate to use isotropic
elastic moduli averaged based on the complete set of elastic constants from the single-crystal elastic tensor
for Voigt-Reuss bounds, Hill average, and Hashin-Shtrikman bounds of the isotropic effective elastic moduli of
polycrystals of any symmetry [e.g., Brown, 2015]. Furthermore, it is important to note that for seismic (and
laboratory ultrasonic applications) one should use adiabatic elastic constants, as the time scale of elastic
deformation is relatively short compared with time scale of thermal diffusion. In other words, thermal diffu-
sion is too slow to achieve isothermal conditions.

3.1. Laboratory Techniques and First-Principle Calculations for Determination of Single-Crystal
Elastic Constants

The most common laboratory techniques to quantify elastic constants of single crystals are ultrasonic and sti-
mulated light (Brillouin scattering) techniques. Ultrasonic wave experiments have been performed in a vari-
ety of ways. The original time-of-flight ultrasonic wave measurements have the benefit that it is simple in
setup and use [e.g., Doraiswami, 1947; Birch, 1960a; McSkimin, 1961]. Single crystals of minerals are used in
experiments, which require very small wavelengths and consequently very high frequency waves (tens of
megahertz). Early users of the ultrasonic techniques faced a problem to measure the complete set of elastic
constants of low-symmetry crystals, and measurements were generally constrained to a pseudohexagonal or
pseudocubic symmetry [i.e., Aleksandrov and Ryzhova, 1961; Aleksandrov et al., 1974]. Current-day experi-
ments dominantly use Brillouin scattering techniques, where one major advantage is the possibility to inte-
grate measurements with increased pressure and temperature conditions (i.e.,, by using diamond anvil
compression experiments and laser heating). However, some advanced ultrasonic techniques are in use to
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measure elastic constants, including ultrasonic interferometry [e.g., Reichmann and Jacobsen, 2004] and reso-
nance ultrasound spectroscopy (RUS) [e.g., Heyliger et al., 2003; Ogi et al., 2006; Ohno et al., 2006; Isaak et al.,
2006].

In addition to laboratory measurements, it is possible to theoretically calculate elastic constants of single
crystals through theoretical and numerical ab initio first-principle methods. Such calculations provide a very
powerful and independent way to determine elastic constants, which is of particular use at pressure and tem-
perature conditions that are challenging to achieve experimentally and in the case of minerals that have
complex (low) symmetry [e.g., Mainprice et al., 2008; Militzer et al., 2011]. Such calculations may also be used
to fill gaps of missing experimental elastic constant data for some minerals [e.g., Militzer et al., 2011; Walker,
2012]. Because some minerals occur in greater abundance in the crust (Figure 2), we proceed to discuss their
elastic constants as determined by different laboratory setups and computer modeling.

3.2. Plagioclase and Alkali Feldspar

Measurements of elastic constants of feldspars (plagioclase and alkali feldspar) are of particular importance
to the prediction of seismic properties of the crust, for the reason that the feldspar family of minerals
makes up ~50% by volume of the crust (Figure 2). Elastic constants of plagioclase feldspar, spanning
the compositional range from albite (NaSi3AlOs) to anorthite (CaSi,Al,Og), have been thoroughly investi-
gated in a recent study by Brown et al. [2016]. Brown et al. used the state-of-the-art surface acoustic wave
velocities measured using impulsive stimulated light scattering and compliance sums from high-pressure
X-ray compression studies to accurately determine all 21 components of the triclinic plagioclases. These
authors indicate that previous quantification of plagioclase elastic constants by Ryzhova [1964] is ~10%
too low, and the newly reported plagioclase elastic constants better fit existing laboratory measurements
[e.g., Seront et al., 1993; Brown et al., 2016]. Similarly, for the alkali feldspar solid solution series (albite to
K-feldspar) in the compositional range Orgs.93Abys5.;, Waeselmann et al. [2016] indicate that velocities
calculated using previously determined elastic constant values [Ryzhova and Aleksandrov, 1965] for alkali
feldspars are systematically at least 10% too slow. The difference in results likely arises because of the
presence of microcracks in crystals investigated in the earlier studies by Ryzhova [1964] and Ryzhova
and Aleksandrov [1965]. One of the main conclusions of recent studies of feldspars [Brown et al., 2016;
Waeselmann et al, 2016] is that composition seems to be only of secondary importance. Elastic (and
seismic) anisotropy in all single-crystal feldspar is considerable and can reach AV, of nearly 50% in the case
of albite and a maximum shear wave anisotropy of around 60% (Figure 7). However, because of the gen-
erally weak CPOs that develop for feldspars, it is often considered that their contribution to seismic aniso-
tropy is of secondary importance when compared to the contribution of mica and amphibole. Nevertheless,
the recent work of Brown et al. [2016] and Waeselmann et al. [2016] provides accurate determination of
elastic constants for the feldspar family of minerals, which is of importance when relating the bulk P and
S wave velocity in the crust with mineral composition. Seismic anisotropy arising from feldspars further-
more needs to be taken into account because of their large-volume contribution to crustal rocks.
Although the work of Brown and collaborators represents a major advance in our knowledge of feldspar
elasticity, at the present time we do not have measurements of the pressure or temperature derivatives
of the stiffness tensors of feldspars.

Mookherjee et al. [2016] have investigated the pressure dependence of elastic constants for albite up to
~12GPa using density functional theory. Interestingly, they found that the cg¢ elastic constant in albite
decreases as a function of pressure with a minimum around 6 GPa. In contrast, c44 and css increase during
pressurization. The body-diagonal constants ¢;; and ¢33 also showed a minimum around 6 GPa, although
not as pronounced as for cge; €22 Showed increasing elasticity as a function of pressure. The elastic softening
has been attributed to restructuring of tetrahedral coordinated units, TO, (T = Al, Si), in the framework silicate
structure of albite. Mookherjee et al. [2016] theoretically determined values provide the only pressure deriva-
tives available for albite (An0).

3.3. Quartz

Quiartz elastic constants have been studied in detail since the 1940s [e.g.,, Kammer et al., 1948; McSkimin
et al, 1965; Ogi et al., 2006]. There are several polymorphs of SiO, that are of relevance to crustal condi-
tions (Figure 8). In terms of isotropic elastic constants, a-quartz and the high-temperature phase
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Figure 7. Feldspar single-crystal seismic properties (Vp, Vs1, Vso, and AVy) presented in equal-area projections at ambient conditions for (a) albite, (b) anorthite,
(c) orthoclase (microcline), and (d) orthoclase (sanidine). Abbreviations are P wave velocity (Vp), fast polarized shear wave velocity (Vs;), polarized slow shear
wave velocity (Vs,), shear wave anisotropy (dVs), and polarization direction of Vgq (ps).

cristobalite are remarkable in the sense of having a larger shear modulus than bulk modulus (cristobalite is
an auxetic material with negative Poisson ratio). The high-pressure polymorphs of coesite and stishovite are
likely not of large relevance in the continental crust, although their presence in deeply subducted
continental crust is important. Presence, or evidence, of coesite generally indicates an ultrahigh-pressure

ALMQVIST AND MAINPRICE

SEISMIC PROPERTIES OF THE CRUST 389



@ AG U Reviews of Geophysics 10.1002/2016RG000552

101 S 300 metamorphic origin of the rock that is
ol _ bearing the mineral. Figure 9 shows
250 g seismic properties for the different
= j % %’ polymorphs of SiO,, with the exception
i('_—}/ 6l o 200 Tt of cristobalite.
o < &
‘é 51 150 g 3 Alpha-quartz is furthermore interesting
£ 4 g‘g because it has c33>c¢y7 and ¢y > Cee,
N 100 %:;, which is uncommon in other hexagonal,
2 %  trigonal, and pseudohexagonal crystals.

At ambient conditions quartz has the
highest elastic stiffness parallel to the
crystallographic c axis (optic axis). A par-
ticular problem concerning quartz is the
a-f crystallographic transition that
Figure 8. Phase stability diagram for SiO, polymorphs, modified from occurs at temperatures from 573.0 to
Wenk and Bulakh [2004]. 574.3°C [Ohno et al., 2006], at ambient

pressure conditions. Recent studies
have focused on how elasticity changes across this transition [Ohno et al., 2006; Lakshtanov et al., 2007;
Klumbach and Schilling, 2014] (Figure 10). At higher hydrostatic pressures, the crystallographic transition is ele-
vated, and the transition temperature increases at a rate of 25.8 + 0.3°C/kbar in the pressure range from 1 to
5 kbar, as shown experimentally by Coe and Paterson [1969]. The a-f transition is of importance when consid-
ering the seismic properties of the crust, because of the considerably different elastic properties of the two
polymorphs, illustrated both in laboratory measurements [Kern, 1979; Zappone and Benson, 2013] and from
predictive calculations [Mainprice and Casey, 1990]. Seismological experiments in hot crustal settings (with
high geothermal gradient) have led to the suggestion that the a-f transition is visible through changes in seis-
mic velocities [i.e., Mechie et al., 2004; Marini and Manzella, 2005]. Wang et al. [2015] have measured the elastic
constants to 10 GPa at room temperature.

o =

200 400 /600 800/1000 1200 1400{1600 {1800 2000
573°C 870°C 1470°C 1705°C

Temperature (°C)

The calculation of the elastic constants for quartz at temperature and pressure is complicated by the o-f tran-
sition. a-quartz has an unusual Poisson’s ratio, thermal expansion, and stiffness constants that vary rapidly
near transition in the a-quartz phase and is more or less constant in the S-phase. In the context of isotropic
elasticity, Abers and Hacker [2016] have discussed how to model isotropic seismic velocities near the a-f tran-
sition. The transition varies with temperature and pressure and applied stress making the parameterization
rather complex for case of anisotropic elasticity. The a-f transition is close to the amphibolite to granulite
metamorphic division in temperature-pressure space as shown by Mainprice and Casey [1990], which may
help determine if the quartz was in the a- or f-phase and how close to the transition.

3.4. Pyroxenes

Pyroxenes occur with orthorhombic (orthopyroxene) and monoclinic (clinopyroxene) symmetry, with 9 and
13 independent elastic constants, respectively. A number of studies have focused on measurements of the
elastic constants of orthopyroxene and clinopyroxene single crystals. Most of these studies are concerned
with elastic and seismic properties of pyroxene in the upper mantle, but the results are naturally applicable
to the crust. The pyroxene group represents a large proportion of the crustal mineral inventory (Figure 2).
However, given the broad compositional range of pyroxenes, there is a considerable gap in terms of mapping
the effect of pyroxene chemistry on elastic constants. A summary of details of the different measurements
made on pyroxenes and their composition is provided in Table 1, and Figure 11 shows calculated seismic
velocities and anisotropy for commonly occurring orthopyroxene and clinopyroxene.

Orthopyroxene elastic constants for the solid solution series of orthoenstatite (MgSiOs) to ferrosilite (FeSiOs)
have been presented in a number of studies. Elastic constants for the pure, or nearly pure, enstatite end-
member have been presented at room conditions, and elevated pressure and temperature conditions, by
Kumazawa [1969], Weidner et al. [1978], Webb and Jackson [1993] (room temperature to 3 GPa), Chai et al.
[1997a] (room temperature to 12.5GPa), Jackson et al. [1999, 2007] (room pressure to 1073 K), and most
recently by Zhang and Bass [2016a] (room temperature to 12 GPa). The bronzite (MgggFe(,SiO3) elastic
constants were measured using the transit time of ultrasonic waves (20 MHz) by Frisillo and Barsch [1972]
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Figure 9. SiO, polymorph single-crystal seismic properties (Vy, Vs, Vs, and AVs) presented in equal-area projections for (a) a-quartz, (b) f-quartz, (c) coesite, and
(d) stishovite. Note that the different polymorphs are stable at different pressure and temperature conditions (Figure 8). Abbreviations are P wave velocity (V}),
fast polarized shear wave velocity (Vs4), polarized slow shear wave velocity (Vs,), shear wave anisotropy (dV;), and polarization direction of Vy; (psq).

in the pressure range of room pressure to 1 GPa. The longitudinal elastic constants (c;4, €23, and ¢33) were
found to increase linearly with pressure, whereas the shear constants (cs4, Css, and cgg) exhibited a
nonlinear increase as a function of pressure. Zhang and Bass [2016a] measured elastic constants up
12 GPa, for a Fe-bearing orthoenstatite. They found a pronounced increase in anisotropy in the single
crystal at 12.06 GPa arising from a phase transition to high-pressure clinoenstatite (HPCEN2). Most of
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Experimental data of Lakshtanov et al.(2007)

and Landau theory of Carpenter et al.(1998) these studies have focused on elastic
150 constants at room temperature or

' the pressure effect on the elastic
constants. Comparatively, fewer stu-
€33 dies have investigated the tempera-
ture dependence of orthopyroxenes.
There are two exceptions, the study
of Frisillo and Barsh [1972], who
found a linear dependency on tem-
perature of the elastic constants,
from a small range in temperature
CI13 of 20°C up to 350°C and more
. recently by Jackson et al. [2007] from
44 24°C to 800°C.

100

C_(GPa)
wh
(e}

The elastic stiffness tensor has been
measured for orthopyroxene in at
least seven publications, with com-
position of pure or close to pure
enstatite. All the studies of the
orthoenstatite at room conditions
agree very closely, with increasing
Fe content leading to decreasing
stiffness and Al content increasing
stiffness. The most recent publica-
tions probably give the most reliable
data. Jackson et al. [2007] provide
Figure 10. Phase stability diagram for a-quartz and g-quartz at room temperature derivatives in the form
pressure. The elastic stiffnfess.constants modgled by Landau theory . of polynomial fits for orthoenstatite
[Carpenter et al., 1998] are indicated by black lines. More recent experimental
data of Lakshtanov et al. [2007] are shown by color symbols. Note that ¢4 is from Zabargad, Egypt. Zhang and
only present in the trigonal symmetry a-quartz field. The theory and Bass [2016a] used orthoenstatite
experiment are generally in good agreement, with the exception of ¢33 in from a peridotite xenolith from San
a-quartz. Carlos, Arizona. The crystal stays in
the orthoenstatite (space group
Pbca) stability field up to 11 GPa; above this pressure the crystal transforms to a high-pressure monoclinic
form called HPCEN2 (space group P21/c, distinct from the low-pressure LPCEN with the same space group).
All the elastic constants are given in the form of a table in the supporting material by Zhang and Bass [2016a].

Black lines - Theory |
Symbols - Experiments

-50 1 L 1
0 200 400 600 800 1000 1200
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The clinopyroxene minerals considered in this review are diopside (MgCaSi,Og), hedenbergite [FeCaSi,Og],
ompbhacite [(Ca, Na)(Mg, Fe**, Al)Si,Og], jadeite [NaAlSi,Ogl, aegirine [NaFeSi>Ogl, augite [(Ca,Na)(Mg,Fe,Al,
Ti)(Si,Al);0¢], and ureyite [NaCrSi,Og¢l; when describing chemical composition, these end-members are abbre-
viated by Di, Hd, Om, Jd, Aeg, Aug, and Ur, respectively. Generally, the chemical composition of clinopyrox-
enes in different studies has an intermediate composition between these end-members; diopside and
hedenbergite form a solid series. Early measurements for different clinopyroxenes (diopside, augite, aeger-
ine, and aegirine-augite) were made by Aleksandrov et al. [1964], using the ultrasonic pulse transmission tech-
nique at ambient conditions. Isaak et al. [2006] presented the first measurements of elastic constants as a
function of temperature for chrome-diopside, for a crystal with composition Dig g3Hdg 93Urg.02X0.02, Where
X represents minor element components. Kandelin and Weidner [1988b] measured elastic constants of
hedenbergite and jadeite at room conditions (1 bar, 20° C). Bhagat et al. [1992] measured the elastic constants
for omphacite at ambient conditions.

The elastic stiffness tensors of seven different compositions of clinopyroxene have been measured at room
conditions. However, only for diopside have the pressure derivatives been measured, up to 14 GPa by
Zhang and Bass [2016a] and the temperature derivatives to 1300 K by Isaak et al. [2006]. The pressure depen-
dence of elastic constants of diopside was investigated in a Brillouin scattering study by Sang and Bass [2014],
using a diamond anvil setup up to 14 GPa. Walker [2012] used ab initio methods to calculate the elastic
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(a) Orthoenstatite (Jackson et al., 1999)
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Figure 11. Pyroxene single-crystal seismic properties (Vp, Vg1, Vso, and AVg) presented in equal-area projections at ambient conditions for (a) orthoenstatite,
(b) ferrosilite, (c) diopside, (d) augite, and (e) jadeite. Abbreviations are P wave velocity (V,), fast polarized shear wave velocity (Vs;), polarized slow shear wave

velocity (Vs,), shear wave anisotropy (dV;), and polarization direction of Vg; (psq).
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constants as a function of pressure to 20 GPa, for jadeite and diopside. However, Sang and Bass [2014] make
the comment that ab initio values are not always in agreement with the experimental measurements. Most of
diagonal moduli are in reasonable agreement. The off-diagonal terms that Walker report are systematically
larger than measured values for Cy,, Cy5, Cy3, Co3, Cos, and Css, with difference up to 24%, but lower values
for C44, Ci5, and Cye. It would be reasonable to use the experimental values when there is choice between
experiments and ab initio calculations as the off-diagonal stiffness constants tend to be less well determined
by theoretical estimates.

3.5. Sheet Silicates: Mica and Clay Minerals

Sheet silicates (mica) and clay minerals are the most anisotropic phases in regards to their elastic constants
and single-crystal seismic properties (Figure 12). Most sheet silicate minerals have monoclinic symmetry and
therefore characterized by 13 independent elastic constants. Aleksandrov and Ryzhova [1961] reported the
currently only available elastic constants for biotite, using ultrasonic wave velocities. However, the elastic
symmetry of monoclinic biotite was simplified to pseudohexagonal with a symmetry axis parallel to the crys-
tallographic ¢ axis and plane of isotropy containing the crystallographic a and b axes. Vaughan and
Guggenheim [1986] used Brillouin scattering to measure the complete set of elastic constants for monoclinic
muscovite. Extreme single-crystal anisotropy, coupled with generally strong CPOs in rocks, makes biotite and
muscovite important candidates as a primary source for seismic anisotropy in the crust [e.g., Lloyd et al., 2009].
The extreme anisotropy of biotite moduli c44 and cgg is noteworthy, because of the more than 10 times higher
elastic modulus in the latter constant. Biotite can thus generate a maximum AV; >100% (Figure 12). Clay
minerals are also important when considering seismic anisotropy in shale and mudstone [Valcke et al.,
2006]. Elastic constants for illite, kaolinite, and chlorite were reported by Katahara [1996], although the values
in the matrix were simplified to pseudohexagonal crystal symmetry. Recently, the complete set of elastic con-
stants for several sheet silicate minerals, including muscovite, kaolinite, illite-smectite, dickite, and nacrite,
was determined using first-principle calculations by Militzer et al. [2011]. The first-principle calculations pro-
vide a valuable addition to the elastic constants of the sheet silicate family of minerals, especially because
of the challenge to measure elastic constants of clay minerals in the laboratory. Aleksandrov and Ryzhova
[1961] and Aleksandrov et al. [1974] reported the first elastic constants for phlogopite, acquiring five indepen-
dent elastic constants by ultrasonic wave speeds in laboratory experiments; these experiments considered
phlogopite with pseudohexagonal symmetry. Chheda et al. [2014] performed first-principle calculations to
obtain the complete 13 independent elastic constants of monoclinic phlogopite, thereby providing a better
constraint on its elastic properties (Table 2). The different studies reported elastic constants for phlogopite
that generally agreed well in terms of magnitude.

3.6. Amphiboles

Amphiboles are among the most poorly described mineral systems in terms of their range of elastic constants
as a function of chemical composition. They are, however, abundant in middle and lower crustal settings.
Along with mica, amphiboles are thought to represent the main mineral-related sources for anisotropy in
crustal rocks [e.g., Barberini et al, 2007; Tatham et al., 2008; Erdman et al., 2013; Ji et al., 2013, 2015;
Wenning et al., 2016] (Figure 13). Amphibole-rich rocks tend to develop strong CPO and SPO in deformed
rocks and therefore have significant potential to generate strong seismic anisotropy [Tatham et al., 2008].
However, few data on elastic constants exist for amphibole, and until recently, only the data of two hornble-
nde crystals with unknown composition, published by Aleksandrov and Ryzhova [1961] (subsequently
updated by Aleksandrov et al. [1974]), have been used in calculation of seismic properties. Brown and
Abramson [2016] provide new data obtained from nine amphibole crystals with different Ca-Na composition.
Their results indicate significantly higher elastic constants (and seismic velocities) for single-crystal amphi-
bole than those of earlier works, as well as higher anisotropy (Table 2). The uncertainties in their measure-
ments are generally <1% of the total elastic stiffness constant. They furthermore point out that all previous
calculated seismic velocities, using the older set of amphibole elastic constants, need to be considered with
caution and may even have to be reconsidered in light of the up-to-date elastic constants. In addition,
Bezacier et al. [2010] conducted Brillouin scattering measurements to determine the elastic constants of glau-
cophane at ambient conditions (Table 2). Glaucophane has high P and S wave single-crystal anisotropy
(AV,=38.1% and maximum AV;=27.3%) and tends to develop strong CPO when deformed, particularly in
blueschist grade metamorphic rocks (Figure 13e).
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Figure 12. Sheet silicate single-crystal seismic properties (Vp, V1, Vsp, and AV) presented in equal-area projections at ambient conditions for (a) biotite, (b) musco-
vite, and (c) phlogopite. Abbreviations are P wave velocity (V}), fast polarized shear wave velocity (Vs1), polarized slow shear wave velocity (Vs5), shear wave
anisotropy (dV), and polarization direction of Vsq (pss).

3.7. Olivine

Olivine is the most studied mineral in terms of its elastic constants [Verma, 1960; Kumazawa and Anderson,
1969; Brown et al., 1989; Isaak et al., 1989, 1993; Isaak, 1992; Abramson et al., 1997; Speziale et al., 2004; Mao
et al., 2015; Zhang and Bass, 2016b]. This is no surprise given that olivine is the most voluminous phase
in the upper mantle, and it has a rich history in being used to reconstruct flow patterns in the mantle
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(a) Hornblende (Aleksandrov et al., 1974)
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Figure 13. Amphibole single-crystal seismic properties (Vy, V51, Vs, and AV;) presented in equal-area projections at ambient conditions for (a) hornblende,
(b) pargasite, (c) richterite, (d) tremolite, and (e) glaucophane. Abbreviations are P wave velocity (Vy), fast polarized shear wave velocity (V4), polarized slow
shear wave velocity (V;), shear wave anisotropy (dV;), and polarization direction of Vsq (psy).
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Figure 14. Elastic and seismic anisotropy of minerals. (a) The universal elastic anisotropy index (Au) for common rock-forming minerals in the continental crust, using
the definition of Ranganathan and Ostoja-Starzewski [2008]. Axes show the ratio of the Voigt and Reuss bounds of bulk and shear moduli (K,/K,, G,/G,) calculated
from the elastic stiffness constants. (b) Plot of AV, and maximum AV for the same set of minerals as in Figure 14a. The Voigt-Reuss-Hill (VRH) was used to calculate the
anisotropy. Mineral abbreviations are albite (Ab), Anorthite (An), biotite (Bt), calcite (Cc), diopside (Dp), enstatite (En), fayalite (Fa), forsterite (Fo), hornblende (Hb),
glaucophane (Gl), muscovite (Mus), orthoclase (Or), quartz (Qz), pargasite (Pg), phlogopite (Phl), richterite (Ri), sanidine (Sd), and tremolite (Tr).

[Hess, 1964; Silver, 1996; Savage, 1999; Faccenda and Capitanio, 2012; Long, 2013; Skemer and Hansen, 2016;
Hansen et al., 2016]. Its presence in the continental crust is, however, much lower (Figure 2), and therefore,
it likely plays only a secondary role in seismic properties and anisotropy in continental crust. The exception
for this is in settings where olivine-rich rocks may be incorporated into the continental crust, such as in
ophiolite and (ultra)mafic intrusions, including gabbro. Different compositions of olivine spanning from
the Fe end-member fayalite to the Mg end-member have been investigated, and elastic constant
measurements have been made over a considerable pressure and temperature range (Table 1). More
recent studies, by Mao et al. [2015] and Zhang and Bass [2016b], have investigated the effects of
pressure and temperature on elastic constants of olivine. Mao et al. [2015] used San Carlos olivine
[(Mg0.9Fe.0.1Si04)] for experiments to 20 GPa and 900K and found that temperature dependence of the
elastic constants changed significantly as a function of pressure, whereas Zhang and Bass [2016b]
conducted Brillouin scattering experiments on a set of three San Carlos olivine crystals set up in diamond
anvil cells, at conditions that ranged up to 12.8 GPa and 1300 K. At high confining pressure (<10 GPa), the
elastic constants ¢qq, ¢, and c¢;3 displayed stronger temperature dependence relative to low confining
pressures. Elastic shear (c44, C55, and cg6) moduli showed a strong concave dependency at higher confining
pressures and decreased more rapidly than other elastic constants as a function of pressure.

3.8. Elastic and Seismic Anisotropy of Single-Crystal Minerals

Anisotropy of the single-crystal elastic constants is an important factor when considering seismic anisotropy
in rocks. The universal elastic anisotropy index (Au) of Ranganathan and Ostoja-Starzewski [2008] is used to
express the ratio of upper Voigt and lower Reuss estimates for the bulk (K,, K;) and shear (G,, G;) moduli.
The difference between the Voigt and Reuss bounds arises from all the ¢; constants in the stiffness tensor,
and therefore, the Au provides indication for the degree (or magnitude) of anisotropy of the single crystal.
The magnitude of the G,/G, ratio reflects the V; anisotropy, whereas K,/K, together with the G,/G, ratio
provides an indication for V,, anisotropy. Figure 14a shows Au for the common rock-forming crustal minerals
in the continental crust. All minerals have higher G,/G, and therefore fall below the line of unity. Mafic miner-
als such as olivine and pyroxene generally have values of Au < 0.6, whereas ampbhiboles, in general, plot
around Au ~0.6 (with the exception of pargasite, which has lower Au). Feldspars show a range of anisotropy,
from Au ~1.0 to Au > 2.4. Phyllosilicates are the most anisotropic minerals, with Au > 3.0; biotite stands out
significantly because of its extreme G,/G,, which is at least twice that of any other mineral. Figure 14b
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shows AV, and maximum AV; plotted against each other, for the same set of minerals as in Figure 14a (the
Voigt-Reuss-Hill average was used in the calculation of the anisotropy). Expressions of seismic anisotropy
for the different minerals follow closely the trends seen for minerals in Figure 14a, with AV, in general, match-
ing the K,/K, ratio and maximum AV matching the G,/G, ratio.

3.9. Effects of Pressure and Temperature on Single-Crystal Elastic Constants

Uncertainty in calculated seismic properties arises in part because of the lacking data for single-crystal elastic
constants at elevated pressure and temperature. However, some data do exist for single-crystal elastic
constants as a function of pressure and temperature. For many minerals the pressure and temperature data
are currently missing (Table 1). These data are of fundamental importance, because of phase changes at
different pressure and temperature conditions for many minerals, which leads to changes in the elastic
properties. Measurements of elastic constants at high pressure are often made utilizing diamond anvil cells,
with a possibility to illuminate the single crystal using Brillouin scattering measurements. Higher tempera-
tures can be made with laser heating, providing heating to well above 1000 K.

Methods to circumvent lacking pressure and temperature data exists. Considering the isotropic case, one
approach to the problem is to extrapolate elastic properties from standard temperature and pressure
(STP) at ambient conditions (298K and one atmosphere pressure) to the target elevated temperature
and pressure conditions at depth in the Earth [Bina and Helffrich, 1992; Hacker and Abers, 2004; Abers and
Hacker, 20161]. In this approach the temperature and pressure dependence of bulk and shear moduli, as well
as density, is calculated based on thermodynamic relationships. Although this approach has been devel-
oped and successfully used in the isotropic case, it is uncertain how this relationship applies to the
complete set of constants in the elastic stiffness tensor. Further experimental measurements and ab initio
modeling are therefore needed at elevated pressure and temperature conditions, and future studies
should aim to develop thermodynamic modeling to incorporate the complete elastic stiffness tensor.
Thermodynamic relationships, using major element chemistry data, are another way of predicting isotropic
seismic properties at in situ conditions, such as the Perple_X thermodynamic software [e.g., Connolly and
Petrini, 2002; Connolly and Khan, 2016].

To calculate the elastic constants at elevated pressures and temperatures, the single-crystal elastic constants
are given at the pressure and temperature of their measurement using the following relationship:

- dc; 1(d’C; e dC;
CU(P,T)7CU(POTO)+<$) -AP+§<dP2 - AP + e - AT + JPdT - AP - AT (15)

where Cj(P, T) are the elastic constants at pressure P and temperature T, Ci(P,T,) the elastic constants at a
reference pressure P, (e.g., 0.1 MPa) and temperature T, (e.g., 25°C), dC;/dP is the first-order pressure deriva-
tive, dCj/dT is the first-order temperature derivative, AP=P — P,, and AT=T — T,,. The Taylor expansion series
is developed about the elastic constants at the reference condition Cy(P,T,). The series only represents the
variation of the Cj; in their intervals of pressure and temperature of convergence, in other words the pressure
and temperature range of the experiments or atomic modeling calculations used to determine the deriva-
tives. The second-order pressure derivatives dZC,-j/sz are available for an increasing number of minerals
(e.g., olivine, orthopyroxene, and garnet). First-order temperature derivatives seem to adequately describe
the temperature dependence of most minerals, although second-order derivatives are also available in a
few cases (e.g., garnet, fayalite, forsterite, and rutile) (see Isaak [2001] for references). Experimental measure-
ments of the cross pressure-temperature derivatives dzC,»j/deT (that is the temperature derivative of the
C;j/dP at constant temperature) are still very rare. Note that when a phase transitions occurs, then the specific
changes in elastic constants at pressures near the phase transition will have to be taken into account, for
example, the SiO, polymorphs [Karki et al., 1997; Cordier et al., 2004; Carpenter, 2006]. The seismic velocities
also depend on the density of the minerals at pressure and temperature, which can be calculated using an
appropriate equation of state [Knittle, 1995]. The Murnaghan equation of state derived from finite strain is
sufficiently accurate at moderate compressions [Knittle, 1995] of the upper mantle and crust and leads to
the following expression for density as a function of pressure:

p(P) = pe (1 + (%)) - (P—Po))' (16)
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where Kis bulk modulus, K' = dK/dP is the pressure derivative of K, and p,, is the density at reference pressure
P, and temperature T,. For temperature the density varies as

PUT) = po[1 = Jar(T)T] p1 = (T = To)] (17)

where a,(T) = 1/V(0V/0T) is the volume thermal expansion coefficient as a function of temperature and a,, is
an average value of thermal expansion which is constant over the temperature range [Fei, 1995]. For tem-
peratures and pressures of the mantle, the density is described by Mainprice [2015],

p(P, T) _po{(1 + (%) '(P_ Po))':_,“ - aav(T - To)]} (18)

The same expression is applicable to crustal conditions, considering pressure and temperature effects on
single-crystal elasticity of crustal minerals. We have used equations (15) and (18) to calculate the pressure
and temperature dependence of seismic velocities, as well as AV, and AV, for diopside (Figure 15). Both
the pressure and temperature derivatives of Cj; have been experimentally determined, by Sang and Bass
[2014], and Isaak et al. [2006], respectively; derivatives exists for pressures up to 14 GPa and temperature
up to 1300 K. Figure 15 shows that there is a subtle but important influence of diopside elastic constants
as function of both pressure and temperature. Temperatures of 25°C (298 K), 700°C (973 K), and 1050°C
(1323 K) were used in the example, representing ambient temperature conditions, and the rough tempera-
ture expected at 35km depth (deep crust), with normal and high geothermal gradients (20°C/km and 30°
C/km, respectively). At a fixed pressure of 1 GPa and increasing temperature from 25°C to 1050°C, the overall
V,, decreases ~2.5%, whereas the overall decrease in Vs; and Vi, is ~4 to 5% (Figures 15a-15c). Figure 15d
shows that AV, generally decreases as a function of increasing pressure, whereas increasing temperature
generally increases AV, Increasing pressure from 0.1 GPa to 3 GPa results in ~5% drop in the single-crystal
diopside AV, whereas increasing the temperature from 25°C to 1050°C has a much smaller influence on
AV, (~1% increase). In contrast to AV, the maximum AV, show little dependence on pressure in the
0.1 GPa to 3 GPa pressure range. Temperature is, however, considerably more important, increasing single-
crystal maximum AV, nearly 3% from 25°C to 1050°C. The diopside example shown in Figure 15 illustrates
the importance of pressure and temperature on inferred seismic velocities. It also illustrates that changes
in the elastic constants may not be applicable in a purely isotropic fashion but can affect the Cj; to different
extent, meaning that pressure and temperature derivatives of Cj are anisotropic.

4, Microfabric: Crystallographic Preferred Orientation (CPO) and Microstructure
4.1. Microfabric Definition

Microfabric is defined as “fabrics on microscopic scale” and includes elements of grain shape, grain bound-
aries, deformation lamellae, and crystallographic preferred orientation [Paaschier and Trouw, 2005] (also
see the glossary). Crystallographic preferred orientation (CPO) is the measure for how uniformly crystallo-
graphic axes for specific minerals are oriented. CPOs can develop in different ways but commonly occur
through crystal-plastic deformation. Crystal-scale deformation mechanisms operate to produce CPO and
include mechanisms of dislocation creep and diffusion creep. The CPO is an important aspect of seismic prop-
erties and can often be the primary factor in exerting a directional control on seismic velocities in rocks.
Because of its importance in seismic velocity modeling, we have separated out the CPO term from the
umbrella term microfabric and refer specifically to CPO in the text. The remaining aspects are referred to
as the microstructure and thus describe grain shape, grain boundaries, and deformation lamellae.
Whenever a specific aspect of the microstructure is to be considered, it is noted (i.e., the shape-preferred
orientation of mineral grains).

The microfabric elements generally need to be coordinated with respect to the macroscopic structural rock
fabric, as seen in outcrop. This is done by considering the mineral foliation plane and axis of lineation
(typically mineral stretching lineation), where the X axis is parallel to the lineation, Z axis normal to the folia-
tion plane, and the Y axis in the foliation plane but perpendicular to the lineation axis. In deformed and ani-
sotropic rocks it is generally possible to determine the foliation and lineation, although in more “isotropic”
rocks such as granite it may not be possible to identify a foliation plane or lineation. However, whenever
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Figure 15. Pressure- and temperature-dependent seismic properties of single-crystal diopside. (a—c) Equal area stereographic projections showing V), Vq, Vo, AV,
and polarization of the fast shear wave (ps;), for temperatures of 298K, 973 K, and 1323 K, at a fixed pressure of 1 GPa. (d) Anisotropy of the P wave (AV)
shown as a function of pressure, for 298K, 973K, and 1323 K. (e) Maximum shear wave anisotropy (maximum AV;) shown as a function of pressure, for 298 K,

973K, and 1323 K.
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possible, it is important to determine the macroscopic fabric since this forms the basis for relating the seismic
anisotropy to the tectonic regime.

Advances in the understanding of how CPO contributes to the seismic properties of the crust arise in part
from the possibility to measure crystallographic orientation of low-symmetry minerals, such as minerals with
monoclinic and triclinic symmetry (e.g., feldspars and phyllosilicates), which has been challenging in the past.
Different techniques exist to measure the CPO, and each technique has advantages and disadvantages,
which will be discussed briefly as follows.

4.2. Texture and Microstructure Measurements

There are essentially four techniques available to measure the mineral texture. These are (1) universal stage
(U-stage) measurements with a petrographic microscope, (2) X-ray diffraction (XRD) goniometry, (3) neutron
diffraction goniometry, and (4) electron backscatter diffraction with a scanning electron microscope
(SEM-EBSD). Each of these techniques is briefly described in this section.

Texture measurements with the U-stage have a long history of use in geology dating back to the late 1800s
[Fedorov, 1892, 1894]. It uses the optical properties of minerals, whereby it is possible to provide orientation
of several parameters, including crystal twin planes, cleavage, and principal optical directions (e.g., the c axis
in quartz and calcite). The U-stage hence offers a powerful method to obtain crystallographic data, but it is
somewhat limited because of the challenge to measure crystallographic orientations of lower symmetry
minerals and the relatively time consuming measurements in comparison to diffraction techniques.

Standard XRD goniometry utilizes monochromatic X-rays, with a constant wavelength (1). The technique can
be used with slabs of polished rock samples in reflection mode or with thin sections where X-rays are
diffracted by transmission through the sample. In its standard application the X-rays target a surface area
of the sample covering ~1 mm?, with a penetration depth of <100 pm. The depth of penetration is governed
by the absorption of the X-rays, which in turn depends on atomic density of the material and the energy of
the X-rays. Diffraction of X-rays is governed by Bragg’s law, where the angle of the diffracted ray () is a
function of the lattice plane spacing (d) in the crystalline solid. Hence, in order to measure diffraction from
a specific crystallographic plane (hkl), the detector has to be set at an angle 6. In practice, the X-ray detector
is moved to a specific position, with angle 26, in order to map the crystallographic plane that is of interest. The
goniometer stage allows mapping of the preferred orientation of crystallographic planes (hkl) for different
positions of the samples, and plotting the resulting 3-D orientation data is made in pole figures. One pole
figure is produced for each crystallographic plane that is investigated. The angle of incidence of X-rays with
respect to the planar surface of the sample will yield incomplete pole figures because not all positions in the
goniometer cradle can yield a measurable diffraction.

Neutron measurements function similarly to XRD, in the sense that the sample is measured while placed in a
goniometer stage. However, neutrons interact weakly with matter, which enables deep penetration into
materials in comparisons with X-rays (centimeter size samples). As a consequence neutrons provide the
largest sample volume investigation of any method, which makes it ideally suited for comparison with labora-
tory measurements of seismic rock properties (made on rock plugs and cores). X-rays and neutrons are of
particular value to measure CPO in fine-grained aggregates, such as mud rocks and shale, where clay particles
are too small to map with other techniques.

Electron backscatter diffraction (EBSD) is the most recently developed method [e.g., Prior et al., 1999] that is
discussed in this work, and many recent studies on prediction of seismic properties have used electron back-
scatter diffraction data as input for models. A key advantage of the EBSD method is the added information on
the microstructural arrangement of minerals, which is generally unavailable to the goniometer methods. The
main drawback is the small depth of penetration of electrons of less than 0.5 um considered in the EBSD
application, whereas sample areas of 2cm? can be measured. The area of investigation is generally an order
of more magnitudes smaller than for X-rays and neutrons. Electrons generated by the filament in a scanning
electron microscope (SEM) penetrate shallowly into a crystalline solid and interact with the crystalline
structure of minerals and diffract according to Bragg's condition. Because of the shallow penetration depth,
the EBSD method requires ultrapolished sample surfaces, with very small surface roughness. Techniques such
as ion milling can be combined with EBSD, in order to observe the microfabric at different depths in the
sample and thus construct an effective 3-D image of the microstructure and CPO in a sample. Polished
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Figure 16. Microstructural EBSD maps from an amphibolite sample (COSC-193) that shows (a) the minerals and grain boundaries, (b) crystallographic orientation
data from hornblende, and (c) crystallographic orientation data from anorthite.

thin sections or rock slabs of 2 to 3 cm size are common samples used for EBSD analysis. Large EBSD mapping
is becoming more common and easier, using stitching techniques and partially overlapping EBSD maps
(millimeter to centimeter size maps).

Figure 16 shows the microstructural map and CPO for an amphibolite sample, COSC193 (IGSN: ICDP5054EX65601),
collected from Jamtland in central Sweden. EBSD measurements coupled with chemical analysis using energy
dispersive X-rays were made with a Zeiss EVI MA15 scanning electron microscope. Data collection and map
stitching were performed with the Oxford Instruments Aztec software, and the data were further processed
with the Channel 5 software (© Oxford Instruments); the area of analysis is ~9.5x 15.2 mm. Plotting of the
EBSD map is made with the MTEX open source MATLAB scripts. The modal composition of the sample is
67.0% amphibole (hornblende), 23.0% plagioclase (anorthite), and 2.3% quartz, as determined by the area
occupied by the different phases in the EBSD map. Accessory minerals (<1%) consist of apatite, titanite, and
pyrrhotite. As is seen in the microstructural map of Figures 16a and 16b, there is strong SPO of the amphibole.
Figure 17 shows the CPO plotted in pole figures for amphibole, plagioclase, and quartz in the COSC193 sample.
This EBSD map and CPO data will be further used in calculations of seismic velocity and anisotropy in the fol-
lowing sections, thus providing a comparison between different methods used to compute seismic properties.

5. Predictions of Seismic Velocities: Averaging Schemes and Dynamic
Wave Propagation

In order to calculate seismic velocities from a sample of rock, it is necessary to take into account the aggre-
gate of minerals it is composed by, in terms of both their amount and their orientation. This can be done in
two ways, by (1) considering the CPO of different minerals in the rock, and their respective volumetric
contribution (modal composition), and (2) considering the arrangement and microstructural details of miner-
als in the rock (in addition to the CPO and modal composition). The first approach is most generally applied
through the use of the CPO of a mineral phase and evaluating its volume contribution in the composite
aggregate. In this approach the aggregate is considered to be spatially disordered and does not take into
consideration the effects of the distribution of grains and their shape. The second approach additionally
considers aspects of the microfabric, such as SPO and the spatial distribution of minerals in the rock. In the
broad sense this approach can be divided into categories of (1) theory of mixtures (effective medium model-
ing) that generally use the assumption of spatial disorder and (2) finite element (and finite difference)
modeling using spatial position of all the microstructural elements, such as grains.
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Figure 17. Pole figures for (a) quartz, (b) hornblende, and (c) anorthite, which make up the three main minerals in the microstructural map of the COSC193 sample
(Figure 16). Contours indicate multiples of uniform distribution (MUD).

The most general constraints on elastic properties are Voigt and Reuss bounds (section 5.1). These bounds
represent theoretical end-members, where either strain or stress is kept constant in the aggregate.
However, in reality both stress and strain will vary throughout real material. The geometric mean
(section 5.2) and Hill arithmetic average represent methods to average the theoretical end-members,
where the former has a strong physical basis and the latter lacks such physical basis but usually performs
well in prediction of elastic properties of an aggregate. Besides the CPO, none of these methods take into
account other aspects of the microstructure, such the SPO and distribution of grains throughout the aggre-
gate. Two methods that do take into account aspects of the microstructure are the self-consistent method
and the asymptotic expansion homogenization method. The first of these is discussed in section 5.3,
whereas the second method is discussed in section 5.4. Prediction of seismic velocity and anisotropy using
dynamic, or active, wave propagation through a model aggregate is discussed in section 5.5, and effective
medium properties of cracked and fractured rocks are covered in section 5.6. In the last part of this section
(section 5.7), we briefly discuss the different software that are available to calculate seismic properties using
the microfabric.
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5.1. Voigt, Reuss, and Voigt-Reuss-Hill Averages

The most fundamental calculation of seismic properties takes into account the modal mineral composition
and the respective elastic properties and density of the minerals that make up the rock. The widest theore-
tical bounds used for prediction of elastic properties of a mixture of phases, used to model seismic velocities,
are the upper Voigt and lower Reuss bounds [Voigt, 1928; Reuss, 1929]. These bounds consider the relation-
ship between stress and strain in a material. By definition, the Voigt bound is the upper elastic bound and
known as the isostrain bound because the strain is considered constant in a material, whereas the stress is
varying. The Voigt elastic constant for an aggregate is calculated as

¢ = {ZV;C(Q,-)} (19)

where V; is the volume of a specified phase i and C(g;) is the elastic stiffness of phase i with orientation g;.

In contrast, the Reuss bound is the theoretical lower bound or the isostress bound where strain can vary in the
material. It is expressed as

= [ZV,—S(g,)] (20)

where S(g;) is the elastic compliance of phase i and the remaining parameters are the same as in equation
(19). When considering an anisotropic single crystal or polymineral aggregate consisting on one phase, then
€’ " (the condition of C=C? is only fulfilled for an isotropic solid with two independent elastic constants).
Subsequent to the introduction of theoretical Voigt and Reuss bounds, Hill [1952] suggested to use the
arithmetic mean of the two end-member bounds. This has become known as the Voigt-Reuss-Hill (VRH)
average. The VRH average does not have an explicit physical meaning but usually provides a good prediction
of the elastic constants (or seismic velocities) of a rock based on the modal mineral composition.

Estimation of the modal composition is critical to any averaging technique. Usually, the modal mineral com-
position is determined from point counting of different phases or by determining the area (volume) occupied
by different phases in a sample under investigation. The latter technique can most easily be made with EBSD.
The amplitude of the diffraction peaks studied using X-ray and neutron diffraction goniometry may also
provide some insight into the modal composition, but care needs to be taken in this respect, because the
amplitude of a diffraction peak also depends on the CPO and crystal lattice plane that is measured.

For sample COSC-193 (introduced in Figure 16), the results of Voigt, Reuss, and VRH bounds are shown in
Figure 18. The MTEX MATLAB suite of programs were used to predict V,, AV, V53, and Vi,. Seismological con-
vention in coloring is used, with red indicating seismic slow velocity that grades to blue, which indicates fast
seismic velocity.

5.2. Geometric Mean

Morawiec [1989], Matthies and Humbert [1993, 1995], and Mainprice and Humbert [1994] developed the math-
ematical expression for the geometric mean. The physical basis of the geometric mean is that it fulfills the
important reciprocal criteria (C) = (S) " [Aleksandrov and Aizenberg, 1967], where (C) and (S) are the average
stiffness and compliance tensors, respectively, for a polycrystalline aggregate. Computation of the geometric
mean (C°) is made with the expression

[idn©av]

ct = 21)

where |V] is the total volume of the sample or aggregate, for a number of elastic elements (C) integrated over
the volume elements dV. Using the fact that a stable linear elastic solid must have positive elastic strain
energy, Matthies and Humbert [1993] derived an expression for calculating the geometric mean for a
distribution of grain orientations. Despite its theoretical advantage, the geometric mean is still not often
implemented or provided in the broad literature of predicting elastic and seismic properties of rocks, and
the VRH is more commonly used.

5.3. Self-Consistent Approximation and Layered Media

In order to take into account the effects of grain shapes and heterogeneities in the microstructure, other
approaches are needed to model the elastic properties of an aggregate. These methods are more complex
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Figure 18. Example of calculation of (a) Voigt, (b) Reuss, and (c) Voigt-Reuss-Hill (VRH) averaging with MTEX [Mainprice et al., 2014], for sample COSC193.

than the averaging schemes discussed previously, but generally provide a single solution for the elastic
properties, based on the microstructural arrangement. There are several different effective medium
models that have been developed to consider the influence of inclusions that are inserted in a
background material (or matrix), and here we focus on one of the popular approaches, known as the self-
consistent (SC) approximation and the layered media (which is commonly inferred from seismic imaging
of the lower continental crust). Another useful effective medium model is the differential effective medium
(DEM), which is described in detail by Mainprice [1997, 2015].

Eshelby [1957] originally presented a solution for incorporation of ellipsoidal elastic inclusions into an
isotropic background medium, considering stress and strain to be uniform inside the inclusion. Based
on the analytical solution derived by Eshelby [1957], it became possible to address the influence of
the inclusion on elastic constants of the overall material. Introduction of ellipsoidal inclusions of
idealized shapes and different elastic properties than a background medium could be made. The SC
approximation for an isotropic material with inclusions of a specified shape (e.g., spheres and needles)
was popularized by O'Connell and Budiansky [1974], based on earlier papers of Budiansky [1965] and
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Hill [1965]. A SC two-phase composite that solves for the bulk (K) and shear (¢) moduli was introduced
by Wu [1966],

*.
1

Kéc = Km + xi(Ki — Km)P (22)

and

*.
Hse = M+ Xi(1; — 1y)Q ' (23)

where x; represents the volume of added inclusion and the subscripts m and i are the matrix and inclusion
phases and P and Q" are geometrical factors dictated by the shape of the inclusion (see Mavko et al. [2009]
for details on the geometrical factors). Berryman [1995] provides a generalized solution for the SC approxima-
tion of a multiphase composite, which considers the arithmetic sum of N number of inclusion phases.

Kinoshita and Mura [1971] subsequently expanded Eshelby’s solution to an anisotropic background medium.
In case of evaluating the uniform strain inside an inclusion, in an anisotropic background it has been shown
that [Kinoshita and Mura, 1971]

1
€ =5 (Git + G ) Chlmn € (24)

where ¢; represents the strain inside the inclusion, Gy, is the tensor Green’s function related to displacement
due to a unit of force applied in a specified direction, Cy,,, are the elastic stiffness constants of the anisotropic
background medium, and €, is the stress-free strain tensor resulting from removing the inclusion from the
surrounding background. To evaluate Green'’s tensor, the solution of Mura [1987] can be used

G = 41_7: ([ sinodof.” (K5 e ) deb (25)

where 0 and ¢ are spherical coordinate angles for the vector x in respect to the principal axes of the inclusion.
The Christoffel stiffness tensor Kj,(x) = Cjj,xx; for a given direction (x) is defined specifically as x; = sinf cos/a,,
X, =sind sing/a,, and x5 = cosf/as, where a;, a,, and as are the semiaxes of the ellipsoidal inclusion. The ten-
sor Green’s function is evaluated numerically because no analytical solution exists in the lowest triclinic sym-
metry case (for further details see Mainprice [1997, 2015]).

The SC approximation for an anisotropic medium uses Willis [1977] scheme, which evaluates the ratio of
strain inside the inclusion to the strain in the background medium. This ratio, A;

A= [14+6G(C;— ™))™ (26)

and
<8SCA> = ZZ: ViAj<O'SCA> = :i: ViCiAi 27)
CSCA — <USCA><8SCA>*1 (28)

where | is the symmetrical fourth-rank unit tensor, Iy = 1/2(dyd + didjx), and dy is the Kronecker delta, V; is the
volume fraction of inclusion i, and C; is the elastic stiffness constants for the inclusion. This solution for aniso-
tropic media can hence be used generally for anisotropic background media as well as inclusions that are
intrinsically anisotropic and have a specified shape. A more recent development of the SC method by
Matthies [2010, 2012] presents a combination of the geometric mean averaging and possibility to include
inclusions in the matrix (GEO-MIX-SELF). The GEO-MIX-SELF method combines the geometric mean and
self-consistent approximation.

Another type of effective media has been developed for layered media by using the specific mechanical
boundary conditions implied by the fixed contact at the interface between elastic layers. The original idea
was first published by Riznichenko [1949] and Postma [1955] and was further developed by Backus [1962]
for isotropic layers, which may have different densities with vertical transverse isotropic (VTI) sample sym-
metry axis, and this method has attracted much interest in seismology and reservoir rock physics [e.g.,
Mavko et al., 2009; Walker and Wookey, 2012]. The formulation of the Backus average for finely layered
media is given in detail by Mavko et al. [2009], who also provide a MATLAB script to calculate the
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average either from isotropic Lamé’s constants A and u (or equivalently by C;, =1 and C44=u, where C;; =1
+2 u) or in terms of density, V,, and Vi. Backus [1962] also proposed a long wavelength (4im) limit where his
average could be considered as an effective homogenous media with J;,, > average layer thickness (haye).
More recent work [e.g., Melia and Carlson, 1984; Marion et al., 1994; Carcione et al., 1991; Lui and Schmitt,
2006] introduce a wide range of parameters, including layer thickness, anisotropy of layers, wavelength,
and incidence angle to layering. Both numerical modeling and experimental measurements found that
ratio R=2jim/have should be at least 10, to be well described by an effective media. However, Arntsen
[2007] found that the difference in seismic response between a periodic layer stack and an equivalent effec-
tive medium depends not only on wavelength but also significantly on reflection coefficients between
layers and the ratio between layer thicknesses. For a 1% relative error in the phase velocity, and if all layers
have the same thickness measured in vertical travel time, he found that the wavelength must be larger
than approximately 3 times (R=3) the layer period for a weak reflection coefficient of 0.1, but if this
increases to 13 times (R=13), the layer period for a very strong reflection coefficient of 0.9, which would
be highly unrealistic in a geological setting. Previous studies have shown that in lower crust reflection
coefficients were typically being between 0.1 and 0.2 [e.g., Hurich and Smithson, 1987; Warner, 1990],
and hence, the errors will be quite modest.

A more general method for layers with arbitrary elastic symmetry was first proposed by Helbig and
Schoenberg [1987] and refined by Schoenberg and Muir [1989]. In our notation we will follow Schoenberg
and Muir [1989] where further details can be found. The elastic layers are defined as by stiffness tensors
with up to 21 independent values for a medium with triclinic symmetry but can be applied to a higher sym-
metry, such as isotropic layers with two independent elastic constants. Each layer is associated with a den-
sity and thickness perpendicular to the layering, typically chosen to be vertical and parallel to the x3 (or 2)
elastic tensor axis. The method like that of Backus is based on the specific boundary conditions of a layered
medium where there are displacements at the interfaces. The individual layer thickness must be small com-
pared to the wavelength; the number of layers is not restricted to meet the requirements of equivalent
effective medium. In this model the layers are considered to be horizontally continuous; not all geological
situations meet this condition. The procedure is as follows: three submatrices of the layer stiffness tensor ¢;
in Voigt notation are defined from boundary conditions of stress and strain for an elastic layer with fixed (or
welded) interfaces.

There will be two or more layers numbered by the subscript (i), and in each layer the three submatrices Cyy,
Crngy and Crpg are constructed from the layer stiffness tensor ¢;. The subscripts NN, TN, and TT are related to
the N and T for normal and transverse components respectively of stress and strain of the
boundary conditions.

Gaziy  Gaagy  Gas( Ciziy  Cragy  Gisgy Cigy Cgy Gisg
Cuniy = | Caay Caay Casy |, Crwvgy = | €3y Caany Casy | Crry = | Gragy Ca2y Cas(i)
Cssiy  Casiy Cos(i) Cset)  Cas(i)  Cos(i) Cist)  Cos(iy  Cesli)

n n
The next stepis to define the two scalar properties of model and their summationg1 = ZH,—and g2 = ZH,-p,,
i i

where H; is the thickness and p; is the density of the it layer.

The following operation is the calculation of 3 x 3 matrix properties of the model defined as g3, g4, and g5 as

follows:

n n n
93 =Y HiCii 9% = D _HCrvio Cani 95 = D_H1|Crrip = Craio G Sy
i i i

where the superscript —1 is the inverse and t is the transpose of the matrix, respectively. The layer thickness
weighted average are given in terms of g and g

Cuw =91937",Cry = 94937, Gy = {95 + 949371941} /g1
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The resulting three thickness weighted matrices C,,, C;y, and C;; are used to construct the effective elastic
layered model (M), with triclinic symmetry. The analytical solution, which we present here for the first time of
the Voigt 6 X 6 matrix, is as follows:

[Crrany Crrazy Cvany Crvoz) Crnvasy Crras) ]
Crrazy Crra) Smveny Crvey Gy Crres)
Crvany Srvey Cawvany Cavaz) Canasy Crnven

My = (29)

Crvazy Crnvez Cwnvesy Cwviz) Cwnvesy Crnsz)

Crvaz) Crves) Cwvaz) Cans) Canes) Crngss)

Crrasy Crresy Crvany Civez) Crnesy Crres)

Until now this method has been little used, but given the frequency of layered structures in the continental
and oceanic crust, this method should find many applications. This method has been implemented in the
MTEX software.

5.4. Asymptotic Expansion Homogenization-Finite Element Method

The asymptotic expansion homogenization-finite element (AEH-FE) method takes into account microfabric
characteristics of CPO and elastic grain interactions [Vel et al., 2016]. The latter aspect makes it possible to
estimate grain-scale geometrical effects, such as layering and SPO, on the overall elastic properties of the
medium. The basic setup for calculations consists in producing a finite element mesh using a microstruc-
tural image as input (e.g., EBSD map). The finite element mesh can be adjusted to conform to the bound-
aries of grains, thereby better reflecting the interface between individual grains. The term Xf"(y), which
represents 18 location-dependent proportionality constants, is introduced with the AEH method and
relates microscale displacements to average microscopic strains, at any point y in the finite element mesh.
These constants are also known as characteristic functions, and they are used to describe the microscopic
strains on grain scale to the average macroscopic strains. The aggregate elastic stiffness tensor takes into
account both the averaging scheme related to mineral modal composition and their single-crystal elastic
constants, as well as the elastic interaction among grains based on the finite element mesh, such that

L IV +Gj ai‘k’l>o|v 30
jkl |V|I < ikl iipq 8yq (30)
In equation (30), |V] is the total volume of the sample or aggregate (area of microstructural map), inte-
grated over small volumes (dV). In the integrand of the equation, both the Voigt bound and a second
term are evaluated, the latter term which modifies the Voigt bound (cj) by consideration of elastic
grain-scale interactions. Seismic wave speeds are solved using Christoffel’s equation, similar to the velo-
cities predicted with other averaging techniques. One of the drawbacks of this method is that the micro-
structural image cannot contain nonindexed areas (i.e., blank spaces), and sometimes this requires
significant postprocessing of the EBSD data that can lead to introduction of artifacts into the microstruc-
tural data set. Artifacts resulting from processing “grain growth” therefore have to be considered during
data processing. Another important constraint on the AEH-FE method is the assumption of periodically
occurring microstructural arrangement, which should exceed the scale of the microstructural image
(0.001 to 0.01 m) by more than 3 orders of magnitude (>1m). However, such a periodic constraint is
in any case required in order for a wave of seismic wavelength (tens of meters to thousands of meters)
propagating through the Earth to be affected by the microstructural arrangement of crystals in a rock.
Finally, the microstructures are considered infinite in the third dimension that is perpendicular to the
microstructural image, because although the CPO data provide a 3-D analysis, the microstructural image
is constrained to 2-D (thus affecting the layering and shape-preferred orientation of grains). Naus-Thijssen
et al. [2011a, 2011b] have applied the AEH to hypothetical geological scenarios, considering deformed
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Figure 19. (a) EBSD map with overlain finite element mesh used for calculation of the seismic properties with the AEH. (b) Seismic velocity and anisotropy (V,, AV,
V1, and V;2) resulting from the AEH. The results from the AEH are most suitably compared to the VRH results in Figure 14. Plotting the results uses the MSAT routine

of Walker and Wookey [2012].

phyllosilicate-rich rocks, showing that microstructure can have a significant influence on elastic and
seismic properties.

We have applied the AEH method to the microstructural data of the COSC193 sample. A finite element mesh
was created based on the EBSD map, using the highest number of elements possible, with the elastic and
seismic properties (ESPs) toolbox of Cook et al. [2013]. The EBSD map and FE mesh is shown in Figure 19a,
together with the AEH calculation in Figure 19b, which show V,, AV, Vi, and V. All points within the
EBSD map belong to a mineral phase, with a specified crystallographic orientation.

5.5. Dynamic Wave Propagation

Zhong et al. [2014, 2015] adopted a different approach to predict and quantify seismic wave velocity and
anisotropy, using a finite-element “dynamic” wave propagation model. They illustrated the technique with
a peridotite sample from Ivrea-Verbano (northern Italy). The elastic wave propagation method uses a set of
benchmarked finite element (and finite difference) numerical codes that solve for the propagation of a 2-D
plane strain wave in a linear elastic medium [Frehner et al., 2008]. The medium can consist of an SEM-EBSD
image, or map, with both textural (CPO) and microstructural information. The finite element model is set
up so that each pixel of the EBSD map contains information on the mineral phase and its crystallographic
orientation (as measured with EBSD). Elastic waves can then be propagated across the map in any orienta-
tion, taking into account both the microstructure and CPO. This approach to model elastic wave velocity in
different orientations is distinctly different than the averaging schemes discussed previously in this section,
as the method can be considered “active” because waves actively propagate through the medium. The
prediction of seismic properties of averaging schemes can be considered “static” because a wave does not
propagate as an active elastic wave through the sample but is rather solved for using Christoffel's equation.
The finite element method will furthermore yield an exact result, which is different from the theoretical
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Figure 20. Directional V,, dependence using the dynamic wave propagation of Zhong et al. [2014, 2015] based on the
microstructural map and CPO of sample COSC-193 (see Figures 16 and 17 for more information on the EBSD map and
pole figure plots of the phases present in COSC-193). (a) Setup of microstructural map used for the dynamic wave
propagation through the sample, foliation is horizontal in the image. (b) Directional dependence of V), shown by different
modeling approaches. The numerical SPO and CPO + SPO refer to the effects of the respective effects of SPO and CPO
on directional wave velocities. Even though the sample has clear SPO, the SPO does not contribute to directional
differences in Vj,. In contrast, the CPO has a large influence on directional dependence of the V),. Stars indicate
laboratory-measured V,, on sister samples of the COSC-193 sample, which show generally a good agreement with
numerical CPO + SPO (laboratory data from Wenning et al. [2016]). This result indicates that SPO in the COSC-193
sample has little or no influence on the anisotropy of V),

bounds produced by averaging schemes. Another benefit of this method is the possibility to vary the
wavelength of the propagated wave and in such a way enabling comparison with the short wavelengths
used for laboratory ultrasonic measurements. Similar to laboratory measurements, scattering of elastic
waves may need to be considered, when the wavelengths are close to the grain size of minerals in
the aggregate.

Results from the dynamic wave propagation method are illustrated in Figure 20, showing the microstruc-
tural map of the COSC-193 sample (Figure 20a) and the directional dependence of the P wave for
numerically solved V,, as well as the Voigt, Reuss, and Hill bounds. The microstructural image illustrates
that the sample has strong SPO (particularly of amphibole), where the long axis of grains tend to be
parallel to the foliation plane. Although the SPO is strong, it apparently has negligible effect on the
directional dependence of seismic velocity. This method could be compared with numerical modeling
experiments published by Birch [1972]. His method was based on determining a velocity in random olivine
aggregates calculated as total path length/total travel time. Birch’s method was tested using aggregates
with CPO by Mainprice and Humbert [1994] who found that the method gave result close to the Voigt
bounds for grains with axial ratio of 1:1 but outside Voigt-Reuss bounds when the grains had axial ratio
of 100:1.

5.6. Effective Elastic Properties of Cracked Elastic Media

The Voigt and Reuss bounds presented previously represent the earliest effective elastic media for
crystalline aggregates with CPO. These simple averages involving the volume fractions of each element
of the microstructure, such as the grain and its mean orientation and the elastic tensor in its appropriate
grain orientation, provide a means of estimating the overall elastic properties of crystalline aggregates.
But the Voigt and Reuss averages only use volume fractions and single-grain (or crystal) tensors with no
consideration of the grain shape, no inclusions within grains or information on position in the aggregate.
Hence, these averages are not suitable for describing the effects of cracks on elastic media. It is obvious
that the presence of cracks will reduce the elastic stiffness and probably introduce anisotropy
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depending on their orientation and thus reduce the elastic wave speeds. Anderson et al. [1974] convin-
cingly demonstrated these aspects of the introduction of cracks using a simple Eshelby [1957]-Walsh
[1969] inclusion model with one crack-like ellipsoidal inclusion into an isotropic matrix with the elastic
constants of granite, and they used very low crack porosities of 0.01 to 0.005 to make the calculations
as realistic as possible.

A more advanced form of effective medium will combine elastic tensor, volume fraction, and the spatial
arrangement in two or three dimensions (microstructure) of the rock. The elastic contrast between the solid
matrix and the pores, cracks, and their fillings, gas, liquid, fluid, or solids will have a major impact on the
elastic heterogeneity or elastic contrast within the composite medium. The Eshelby [1957] inclusion model
is the fundamental element of the self-consistent scheme (SCS) [e.g., Willis, 1977] and the differential effec-
tive medium (DEM) [e.g., McLaughlin, 1977], the two classical effective media methods. If like in the work of
Anderson et al. [1974] there is a clear definition of roles of host matrix and crack-like inclusion, then a spe-
cific modeling scheme can be defined. If the microstructure is very complex, then combining several meth-
ods may be required as suggested by Hornby et al. [1994] for shales, Le Ravalec and Gueguen [1996] for
saturated rocks with pore and crack porosity, and Mainprice [1997] for rocks with CPO and melt using a
combination of SCS, DEM, and the poroelastic relationships of Gassmann [1951] at low frequency.
Matthies [2012] combined Voigt, Reuss, geometric mean, and SCS in a single code for rocks with CPO, grain
shape, and cracks. It is also interesting to note that in simple synthetic porous glass systems with a P wave
velocity of 6 km/s for fully dense glass that SCS predicts the P wave velocity as a function of porosity of sin-
tered glass beads where velocity drops to 2 km/s at porosity of 45%. However, for glass foam DEM predicts
the change in velocity with increasing porosity with V, of 3 km/s at porosity of 70% [Berge et al., 1993]. The
authors suggested that a granular microstructure, such as sandstones, was better modeled by SCS, whereas
rocks with isolated cracks and pores in a solid background would be best modeled by DEM, because of how
each model takes into account the interaction of inclusions. The effective elastic properties of cracked
material were first described by Bristow [1960] studying heavily cold-worked metals with microcracks.
Bristow’s paper was to have profound influence on the subject as shown by the fact that J. D. Eshelby
brought Bristow’s work to the attention of Budiansky and O’Connell. Bristow had developed a method that
neglected interactions between cracks and had identified the importance of the scalar crack density.
Budiansky and O'Connell [1976] used the SCS to calculate the elastic moduli of isotropic solids with a ran-
dom population of cracks, but their study was limited to small crack densities and results in zero stiffness
at low crack density of 9/16 = 0.56 in the 3-D case; this has sometimes been interpreted as brittle failure, but
it is more likely an artifact of the method as discussed below in terms of crack interaction [see Kachanov,
1994]. In their paper Budiansky and O'Connell [1976] defined an important concept, inspired by the work
of Bristow, of the crack density parameter ¢=(2 N/z)(A’/P) where N is the number of cracks, A=area of
the crack surface, and P is perimeter of the crack outline. Indeed, in some papers this is called
Budiansky-O'Connell-Bristow crack density parameter. For flat circular crack shapes, also known as penny-
shaped cracks this reduces &= (Na3 ) where a= ((2/7)(A%P))""? is the crack radius. The crack density para-
meter has become an important metric in studies of effective media of cracked material. Bruner [1976] and
Henyey and Pomphrey [1982] have shown that SCS overestimates the crack interactions, whereas the DEM
reduces the interaction as the crack density is increased incrementally in very small steps and the effective
properties are recalculated at each interval.

Kachanov [1992, 1994] in his seminal review papers posed the question if cracked media are better described
by a solid matrix with inclusions like the SCS and DEM methods or by a solid with cracks? Based on his pre-
vious work [Kachanov, 1980, 1987; Vakulenko and Kachanov, 1971] that introduced the second-order crack
density tensor (a;), a new method was developed by Sayers and Kachanov [1991, 1995], which is a simple
scheme based on estimating elastic stiffness tensor for an arbitrary orientation distribution of circular cracks
at finite crack density. The scheme is based on the tensor transformation of the effective elastic constants for
uniform orientation statistics via the second-order crack density tensor. The major results of the noninteract-
ing scheme are that the results are linearly scaled using the crack density parameter, the elastic stiffness is
positive at crack densities up to one for uniform, perfectly parallel and other arbitrary crack distributions that
have been tested. In particular, the method gives for an isotropic matrix exact results for any orientation
distribution in 2-D and 3-D. The noninteracting approximation (NIA) for cracks has a wider than expected
range of applicability due to the canceling effects of stress shielding of arrays of interacting cracks. The
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exact results have been published [Kachanov, 1992, 1994] for a uniform distribution of cracks with the crack
density tensor a;;=(¢/3)l, where [ is the unit tensor and hence

[ o16(1—v2)(1-2) 1
E=E |1+ ( )<v 10)8 (31)
I o(1-3)
[ 160 —vo)(1—vo/5) |
—vo)(1 = v,
G=G,|1+ h € (32)
9o(1-%) }
E
o .

where E, G, and v are Young’s modulus, shear modulus, and Possion’s ratio of the cracked media. Eq, Go, and vq
are Young's modulus, shear modulus, and Poisson'’s ratio of the matrix material, and ¢ is the crack density.
Using the elastic moduli, it is easy to compute the V, and V for uncracked material as Vpo=\/((Go
(4Go — EQ)/(3Go — Eg))/p) and Vo =+ (Go/p) and cracked material by substituting G and E for Gg and E, respec-
tively. Extension of the NIA continues for various specific applications, like stress-dependent seismic aniso-
tropy of shale [Sayers, 1999] and fluid-saturated cracked rock and elastic wave velocities as a function of
frequency [e.g., Schubnel and Guéguen, 2003], where the mechanical failure threshold is close to a crack
density of one for Oshima granite [Schubnel et al., 2003]. Two of the important parameters in the NIA are
the ratio of normal to tangential compliance of fractures, which has been the subject of calibration [e.g.,
Sayers, 2009]. Some communities in Earth Sciences have been slow to apply these developments for model-
ing crack densities even though they were published in the 1990s.

Another development in cracked media, which is not unrelated to NIA and uses Hooke's law per unit volume
as one of its fundamental equations, is

&€= Smatrix 0 + AS0 = Smawix 0 + Ae (34)

where ¢ and ¢ are the strain and stress, Smatix i €lastic compliance tensor of the matrix and the additional AS
compliance introduced by cracks, and hence the effective compliance can be written as Sefrective = (Smatrix
+ AS). Alternatively, one could write this in terms of stiffness tensors as Ceffective = (Cmatrix + AC) as done in
first-order formulation of Hudson [1980] as both representations are equivalent, but summation in terms of
compliance is recommended. The reason for this is that the NIA where extra compliance (AS) is summed
has a linear relation to crack density and remains accurate to higher densities than (AC) [Grechka and
Kachanov, 2006]. The physical reason behind this result is that AS is directly related to the extra strain (A¢)
introduced by the cracks as &= Smatrix 0 + Ac.

A different logic was introduced for modeling fractures [Schoenberg, 1980; Schoenberg and Douma, 1988],
which is called the Schoenberg’s linear slip theory. A fracture can be modeled as an imperfectly bonded inter-
face, across which the traction is continuous but the displacement may be discontinuous. Schoenberg [1980]
uses By as the displacement discontinuity normal to the fracture for unit normal traction, and By gives the
displacement discontinuity parallel to the fracture for unit shear to characterize fracture compliance matrix.
Although crack and fracture are often used as synonyms, following Kachanov et al. [2010], we will use crack
for a traction-free surface and fracture for two contacting rough surfaces. Schoenberg’s method shares some
of the features of Kachanov’s noninteracting crack (NIC) approximation. In particular, it has the same concept
as using compliance tensors Seffective = Smatrix + Sfractures Which means it is linear with crack density. However,
there is no microstructural model associated with this method, for example, surface roughness if they are
fractures in the sense of Kachanov et al. [2010]. We should point out that Schoenberg and coworkers use
the word fracture in their publications. If we are discussing fractures, then crack density is no longer the
correct metric; this is replaced by appropriate statistics of contacts for rough fractures. The simplest case is
circular contacts with metric given by ¢ =N(+/A) where N is number of contacts per unit area and A is the con-
tact area, and(...) stands for average over contact areas [Kachanov et al., 2010]. However, to have accurate
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values of &, the quantities that define N and v/A need to be known as a function of stress. We can make simple
illustration of this method by taking the S,,,.ix that represents an elastic body with transverse isotropic med-
ium and vertical (x3) symmetry axis, where the nonnegative parameters Br and By are the excess tangential
and normal fracture compliances, respectively. In this case,

Smatrix11 Smatrix12 Smatrix113
Smatrix12 SmatrixH Smatrix3
Smatrix13 Smatrix13 Smatri><33
Smatrix = (35)
SmatrixSS
SmatrixSS
L Smatri)<66
5matri><11 + BN Smatrix12 Smatrix113
Smatri><12 Smatrixﬂ Smatri)<3
Smatrix13 Smatri)<13 Smatrix33
Seffec'cive = Smatrix + Sfracture = (36)
smatrixSS
Smatrixss + Br
L Sma'crix66 + Br i

Wheresmatrixn + Smatrix66/2 - Smatrix66 = 07 which is ana|09Uet0 Cmatrix12 + 2C.matrix66 - CmatrixH =0.

In this section we used the notation “fracture” to emphasize that no surface roughness is defined. Schoenberg
and Sayers [1995] give other examples of several effective compliance tensors for “fractured” rock with differ-
ent symmetries and “fractures” sets. This method is used under the assumption of long wavelength limit as
effective homogeneous medium, where the wavelength is much larger than the fracture spacing. The frac-
ture compliance tensor is constructed and the stiffness tensor obtained by inversion for the calculation of
seismic properties. A comparison of the theory with ultrasonic experiments of Hsu and Schoenberg [1993]
on a physical model fractured medium of parallel lucite plates with surfaces roughened by sand blasting
shows that of Br~ By, for the case of air-filled fractures. Unfortunately, the contact area between the plates
was not characterized, but as the measurements were done as function of applied stress, then it is probable
that the contact area varied with stress. The effect of mineralization on the ratio By/Brfor fractures, studied by
Sayers [2009], provides new values By and By that may be useful for geophysical applications to naturally
occurring fractures. Fractures often exhibit mineralization in the form of mineral bridges or pillars between
opposing faces of the fracture; if present, these would affect By/Br ratios; these are fractures in the sense
of Kachanov et al. [2010]. Finally, Hood [1991] showed that it is possible to decompose the fracture-induced
anisotropy using matrix methods.

5.7. Software Packages

Since its initial introduction in the late 1960s and early 1970s, several methodological developments and
modifications to predict seismic properties from rock microstructure have been made [Mainprice, 1990;
Mainprice et al., 2011; Matthies, 2012; Walker and Wookey, 2012; Cook et al., 2013; Zhong et al., 2014]. There
are a number of publically accessible software packages available presently with the possibility to predict
elastic properties and seismic velocities using the different approaches that have been presented.
Common to all of the approaches is the consideration of the mineral CPO, whereas more specific techniques
take into consideration the effect of the microstructure. Currently available packages include MTEX [Hielscher
and Schaeben, 2008; Mainprice et al, 2011, 2014; http://mtex-toolbox.github.io/:], the MATLAB Seismic
Anisotropy Toolkit MSAT [Walker and Wookey, 2012; http://www1.gly.bris.ac.uk/MSAT/], the Elastic and
Seismic Properties (ESP) toolbox [Cook et al., 2013; Vel et al., 2016; http://umaine.edu/mecheng/faculty-and-
staff/senthil-vel/software/esp_toolbox/], and the Unicef Careware package [Mainprice, 1990; http://www.
gm.univ-montp2.fr/PERSO/mainprice/W_data/CareWare_Unicef_Programs/]. In addition, the MTEX MATLAB
scripts have recently been updated to take into account the consideration of the effect of layered media
(i.e., as discussed in section 5.3).
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6. Seismic Properties of the Continental Crust From the Mineral and
Microfabric Perspective

The number of studies that have addressed seismic properties of crustal rocks using a modeling approach
based on the textural (CPO) properties has grown rapidly in the last 25 years. The continental crust hosts a
diverse set of minerals, where silicates comprise the vast majority (Figure 2). Through their volumetric contri-
bution, these minerals are considered most important in terms of influencing seismic properties of the crust
[Christensen and Mooney, 1995; Rudnick and Fountain, 1995; Rudnick and Gao, 2003, 2014]. In this section we
discuss seismic attributes of the continental crust, considering the major continental rock-forming minerals,
as well as their texture and microstructure. The discussion is centered mainly on studies that have used
calculated or predicted seismic velocities, which are based on texture (CPO) and microstructure.
Laboratory measurements provide very important quantitative data on the seismic velocity of the continental
crust, but they are referred to only in specific cases in the following discussion.

6.1. Seismic Properties of Sedimentary Rocks

There is a large literature on seismic properties of sedimentary rocks, because of their value as reservoir rocks
for oil and gas. Relevant references that broadly cover this subject are the “Rock Physics Handbook” by Mavko
et al. [2009] and “Introduction to the Physics of Rocks” by Guéguen and Palciauskas [1994]. Seismic anisotropy
of shale in particular has been an important topic of research, with emphasis of qualitative comparison of
laboratory-measured ultrasonic wave velocities and preferred orientation of clay minerals [e.g., Hornby,
1998; Johnston and Christensen, 1995; Wang, 2002; Sayers, 2005; Delle Piane et al., 2015]. However, few studies
have explored the predicted seismic properties and anisotropy of sedimentary rocks from the standpoint of
calculating (and quantifying) seismic properties based on CPO and microstructural aspects. Notable excep-
tions are the works of Valcke et al. [2006], Cholach and Schmitt [2006], Kendall et al. [2007], Lonardelli et al.
[20071, and Wenk et al. [2007], in which the role of microfabric was investigated for several different sedimen-
tary rock types. Using a combination of XRD goniometry and EBSD, Valcke et al. [2006] quantified the seismic
properties for a set of shales, siltstones, and sandstones. Sandstone samples consisted mainly of quartz, with
minor amounts of feldspar (K-feldspar and albite) and clay minerals. Seismic P wave anisotropy <2.6% and
maximum shear wave anisotropy <3.1% resulted from calculations. In contrast, mud-rich siltstone and shale
gave rise to moderate to high P wave anisotropy, ranging from 4.5% to 11.1% and maximum S wave aniso-
tropy from 3.7% to 9.8%. The source for the anisotropy can be related to clay minerals (illite and kaolinite) and
mica content in the samples, which amounts to >27% by volume in the mud-rich siltstone and shale. In a
similar study, Cholach and Schmitt [2006] quantified the role of mica and clay minerals on seismic anisotropy
in shale and schist lithologies. The phyllosilicate-rich lithologies yielded high anisotropy, and different effec-
tive medium averaging schemes were investigated in terms of expressing seismic anisotropy. They con-
cluded that in highly anisotropic sedimentary rocks, where phyllosilicates give rise to seismic anisotropy,
the theoretical Voigt and Reuss bounds yield wide bounds on the predicted seismic anisotropy. The geo-
metric mean was found as a more appropriate averaging scheme to define seismic anisotropy and provided
a good comparison with ultrasonic laboratory measurements.

Kendall et al. [2007] investigated seismic anisotropy in Carboniferous-Devonian age sandstones from the Clair
field, obtained offshore of Scotland. The study incorporated seismic property data from the microscopic scale
to reservoir scale. The integration of different scale-dependent data is challenging, but the study of Kendall
et al.[2007] provides a unique approach to study scaling of seismic anisotropy in reservoir rocks. Intrinsic rock
anisotropy was found to depend mainly on the CPO of mica and secondarily on the crystallographic orienta-
tion of feldspar and quartz. One of the main findings of the study was that intrinsic anisotropy on microscopic
scale could be applied generally to the entire reservoir, because the sandstones throughout the reservoir had
similar mineral composition and CPO attributes. Integration of data from different scales presents a promis-
ing venue for future research, as the geological information obtained from seismic data may be interpreted in
a more rigorous way when it is constrained by predictions at microscopic scale.

Shale has received some particular attention in regard to elastic and seismic properties, because of their eco-
nomic importance in tight oil and gas reservoirs and due to the significantly anisotropic seismic velocities.
Lonardelli et al. [2007] and Wenk et al. [2007] used synchrotron X-ray diffraction to measure CPO in illite/smec-
tite- and kaolinite-bearing shale and illite-rich shale, respectively. The two studies could clearly link texture of
clay minerals with strong elastic (and seismic) anisotropy. Vasin et al. [2013] modeled seismic properties of
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Kimmeridge shale, based on microstructural and CPO information. A differential effective medium model was
applied, taking into account grain shape, CPO, and pore-space properties, in order to explain measured
acoustic velocities in the shale. Kanitpanyacharoen et al. [2015] have provided further insight into elastic ani-
sotropy of shale, from a microstructural and CPO point of view. They studied the Muderong Shale from
Australia, using two different effective medium models, (1) a combined self-consistent modeling scheme
(GeoMIXself) [Matthies, 2010] that takes into consideration both CPO, as well as grain and pore aspect ratios,
and (2) a differential effective medium model. The studies of Vasin et al. [2013] and Kanitpanyacharoen et al.
[2015] indicate that purely CPO-based models are not appropriate for modeling the seismic properties of
shale, and microstructural and porosity factors need to be considered.

6.2. Seismic Properties of Middle and Lower Continental Crust

In middle and lower crust settings the seismic properties and anisotropy tend to be controlled by the mineral
composition and the tectonic setting. Among the most promising candidate minerals to generate texture-
related anisotropy are mica (muscovite and biotite) and amphibole. These two groups of minerals generally
produce both strong CPO and SPO. CPO-derived amphibole seismic properties and anisotropy have been
investigated by several groups [Siegesmund et al., 1989; Kitamura, 2006; Barberini et al., 2007; Tatham et al.,
2008; Ji et al., 2013]. It is also acknowledged that micas (in particular biotite and muscovite) are the most ani-
sotropic phases in the middle and lower crustal rocks, and they may contribute significantly to seismic aniso-
tropy [Weiss et al., 1999; Lloyd et al., 2009; Erdman et al., 2013; Shao et al., 2016]. Tatham et al. [2008], Lloyd et al.
[2009], and Lloyd et al.[2011a, 2011b] introduced a rock recipe configuration to address interpretation of seis-
mic anisotropy in the ductile middle and lower crust. The premise of this methodology is to measure mineral
CPO for common rock-forming minerals present in middle and lower crust and vary their modal mineral com-
position, in order to explore the relative contribution to seismic anisotropy from individual minerals and the
resulting strength and geometry of seismic anisotropy. Feldspars and quartz are also fundamentally impor-
tant in consideration of seismic properties and anisotropy of the middle and lower crust because of their
volume contribution and relatively strong single-crystal anisotropy.

Mica- and ampbhibole-rich rocks have considerably different single-crystal elastic properties related to their
crystal symmetry, and the CPOs that develop in each of the rock types tend to give rise to different seismic
velocity symmetry [Ji et al., 1993; 2013, 2015; Ko and Jung, 2015]. Mica-rich rocks tend to show transverse
isotropic symmetry, where the pole to the foliation plane coincides with the slowest velocity (c axis), with
Vp X)~V, (Y) >V, (2). In contrast, amphibolites tend to develop orthorhombic symmetry, with V,(X) >V,
(Y) > V,(2), because of the tensor diagonal single-crystal elastic constants ¢33 > ¢, > ¢11. However, it should
be noted that for amphibolites, the appearance of the anisotropy depends on the deformation conditions
and how the CPO develops in relation to the macroscopic rock fabric. Ko and Jung [2015] have experimentally
determined three types of amphibole fabrics (types |, Il, and Ill) that develop depending on the differential
stress applied and temperature. They made two key observations, which were based on the experimental
results. First, there are clear differences in the position of the pole to (010) and the orientation of the ¢ axis
[001] between their type | and type Il CPOs of amphibole. Second, the difference in inferred seismic properties
becomes minor when amphibole is deformed at high dipping angle with respect to a horizontal shear plane.

The Ivrea zone in northwestern Italy has served as an important locality for studying both laboratory and
texture-derived seismic properties of continental lower crust [e.g., Fountain, 1976; Burlini and Fountain, 1993;
Barruol and Mainprice, 1993; Barruol and Kern, 1996]. Siegesmund et al. [1989] provided some of the early joint
laboratory measurements and texture-derived seismic properties for an amphibolite sample from Ivrea-
Verbano. The strong CPO and high amount of hornblende were the main sources for inferring significant seis-
mic anisotropy in the amphibolite. Measured AV, at 600 MPa confining pressure, reached 9.5%, whereas shear
wave anisotropy was slightly lower at 7.0%. The texture-derived anisotropy were slightly lower, with AV, =6.4%
and maximum AV, = 5.0%. Barruol and Mainprice [1993] investigated the texture-derived seismic properties for a
set of eight lower crust rock types from Val Sesia in the Ivrea zone, including mafic and ultramafic lithology
(dunite, pyroxenite, and gabbro), as well as more felsic rocks (diorite, stronalite, and kinzigite). The seismic ani-
sotropy of the more felsic lithologies is dominated by mica and can reach >7% for maximum AV; and AV,
[Barruol and Mainprice, 1993]. The mafic lithologies showed weaker and more complex anisotropy, generally
<5% AV, with the exception of the ultramafic dunite, which showed nearly 10% AV,,. Barruol and Kern
[1996] reported additional results of texture-predicted and laboratory-measured seismic velocities from the
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Ivrea zone (Val Strona, Valle d’Ossola, Val Mastallone, and Val Sesia). The laboratory-measured V, and V; range
from 6.0 to 7.5 km/s and 3.6 to 4.2 km/s, respectively, which are indicative of lower (and middle) crust seismic
wave speeds. Biotite-gneisses and mafic amphibolites showed the highest anisotropy, with AV, up to 10%
and shear wave splitting (dV;) up to 0.6 km/s. Barruol and Kern [1996] made a detailed comparison between
measured (at conditions of 600 MPa) and calculated seismic velocities. Seismic velocities determined by the
two methods deviated within a range of +5%. In some cases the measured velocities were lower than calcula-
tions, but in other cases the opposite occurred. The comparison of V,, measured normal to foliation (V,,,) showed
a relatively lower deviation (~ £2%) than V,, in the foliation plane (V,, and V).

Erdman et al. [2013] investigated the calculated seismic properties for a range of different metamorphic
lithologies and leucogranites from the Basin and Range area in western United States (Funeral Mountains,
Ruby Mountains, and East Humboldt Range). Samples included paragneisses, calc-silicates, quartzofelds-
pathic gneisses, marbles, leucogranite, and granodiorite. Detailed mineral composition and CPO were deter-
mined for the different lithologies and used to calculate seismic velocities and anisotropy. Predicted bulk V,
and V; range from 5.8 to 7.3 km/s, and 3.4 to 4.0 km/s, respectively, and thus the span in velocity for samples
from the Basin and Range region span velocities expected throughout the entire middle to lower crust. The
overall highest V, and V; were found in calc-silicate-rich samples from the Ruby Mountains, where the high
velocities can be attributed to the presence of calcite and pyroxene. It was noted that all lithologies investi-
gated showed a seismically transverse isotropic symmetry, with a unique slow velocity axis normal to the
foliation. The largest seismic anisotropies are found in biotite- and muscovite-rich gneisses. However, the
lithology matters as well, as near-isotropic leucogranites also can carry substantial amounts of biotite. In this
case, however, the overall CPO of minerals is weak, leading to weak anisotropy. A few of the quartz-rich
gneisses (>90% by volume quartz) display AV,, and AV, of nearly 10% or higher, which implies highly
deformed quartzitic gneisses with strong quartz CPOs.

Llana-Finez et al.[2009] and Llana-Funez and Brown [2012] conducted a detailed study of calculated and mea-
sured seismic velocities across the continental crust to Moho transition in the Cabo Ortegal nappe complexin
northwestern Spain. They investigated a suite of different lower crustal rocks, including felsic gneisses, eclo-
gites, intermediate to mafic granulites, and olivine websterites. The crustal felsic gneisses show the highest
AV, (8.0% to 11.3%) and AV, (7.9% to 10.5%), followed by a significantly weaker anisotropy in high-pressure
granulites (AV,=1.6% to 6.1% and AV;=0.8% to 3.7%) and eclogite (AV,=0.6% to 5.0% and AV;=0.6% to
4.3%), and the weakest anisotropy in the ultramafics (AV,=2.2% to 3.3% and AV;=0.8% to 1.5%). Mainly
mica (muscovite and biotite) is contributing to strong seismic anisotropy in felsic gneisses, whereas pyrox-
enes (omphacite and diopside) and amphibole contribute to the anisotropy in eclogite and high-pressure
granulites. The mantle ultramafics show weak anisotropy as a consequence of weak olivine and pyroxene
CPOs. As argued by Llana-Ftinez and Brown [2012], knowledge about possible seismic anisotropy is impor-
tant for interpretation of lower crust composition, as well as deformation state at the crust-mantle transition.
An interesting point made by the authors was the role of plagioclase-in and plagioclase-out reaction fronts,
which could potentially create strong contrast in seismic reflectivity at the Moho.

Deformed rocks and mylonites related to shear zones have been investigated in some detail from a seismic
textural and microstructural perspective. There are two lines of investigation with questions related to the
study of seismic properties of mylonites: (1) Do mylonites develop intrinsic seismic anisotropy because of
ductile deformation? (2) Can mylonites (and ductile shear zones) act as crustal seismic reflectors when juxta-
posed to their protoliths, because of their intrinsic seismic properties? There are rather antithetic views in the
literature on this subject, but a number of studies exist that deal with the topic of seismic properties of mylo-
nites [e.g., Burlini et al., 1998; Lloyd and Kendall, 2005; Ward et al., 2012; Almquvist et al., 2013; Lamarque et al.,
2016]. In order for reflections to occur at the interface of protolith and mylonite, there needs to be a substan-
tial difference in the acoustic impedance between the two layers [e.g., Rey et al., 1994]. In shear zones, one of
the reasons for differences in acoustic impedance is strain localization and development of CPO. However,
strain localization and mylonitization may also decrease the CPO because of diffusion creep and grain
boundary sliding deformation mechanisms. In such cases the CPO will not contribute to seismic anisotropy
(and acoustic impedance) across the shear zone.

Certain configurations of mineral CPOs may yield destructive interference in terms of seismic anisotropy.
Ward et al. [2012] predicted seismic velocities and anisotropy for two-phase mixtures of quartz and mica
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and the modal composition of the two phases. At ~20:80 ratio of mica to quartz, the predicted seismic aniso-
tropy reaches a minimum. Basal a-slip needs to be the active deformation mechanism in quartz leading to a
concentration of ¢ axes normal to the foliation, in order to yield this minimum in anisotropy. Destructive inter-
ference in this case arises because the seismically fast ¢ axis of quartz, which orients normal to the foliation
plane when basal a-slip is active, is parallel to the slow mica c axis. However, the quartz textures that develop
during deformation are temperature dependent, and the actual seismic anisotropy that develops is governed
by deformation conditions [Paaschier and Trouw, 2005]. Similarly, Lamarque et al. [2016] indicate that the
interaction between CPOs of different minerals will tend to weaken the overall calculated seismic anisotropy,
for example, in aggregates containing mixtures of feldspar, quartz, and pyroxene or mixtures of quartz and
mica. Combined laboratory and texture measurements provide additional insights into the seismic properties
of shear zones. Cirrincione et al. [2010] noted that seismic anisotropy decreased toward the highest strained
portion (ultramylonite) of a shear zone in Montalto (Calabria, southern Italy), even though quartz CPO was
high in this section of the shear zone. The presence of mica was found to be the most important factor in
producing seismic anisotropy related to the shear zone. In contrast, shear zones that develop in carbonate
rocks, with strong CPO of calcite (together with secondary presence of mica), have been suggested as a
possible source for crustal-scale seismic reflections [Burlini et al., 1998; Khazanehdari et al., 1998; Almgqvist
et al., 2013]. The strong elastic anisotropy in deformed carbonates is found both in laboratory measurements
and in calculated seismic properties from calcite CPO measurements, although discrepancies in the magni-
tude of anisotropy can occur, which need to be attributed either to small amounts of secondary phases or
other microstructural features [Burlini and Kunze, 2000; Almqvist et al., 2013].

Metamorphic reactions are also important in determining seismic properties of metamorphic rocks. Llana-
Funez and Brown [2012] noted that clinopyroxene chemical breakdown to plagioclase could represent a source
contributing to increased seismic reflection at the petrological Moho. The slower velocities of plagioclase, com-
pared to clinopyroxene, would increase the difference in acoustic impedance between the granulites in the
lower crust (plagioclase bearing) and ultramafics of the upper mantle, and this potentially creates strong seis-
mic reflectors. As an alternative, Mookherjee et al. [2016] showed that albite conversion to jadeite and quartz
can lead to >1km/s increase in velocity, from ~6.5 km/s to ~8.1 km/s. Such conversion may be occurring dur-
ing the formation of the continental Moho, which would ultimately provide a very strong seismic impedance
contrast between the feldspar-rich crust and the jadeite-rich mantle [i.e,, Jagoutz and Behn, 2013].

Feldspars are the major constituents of the crustal mineral inventory (Figure 2). Several studies have investi-
gated the seismic velocities and anisotropy related to CPO of plagioclase [Ji and Mainprice, 1988; Seront et al.,
1993; Satsukawa et al., 2013; Ji et al., 2014]. One of the earliest studies on seismic properties from plagioclase
CPO was carried out by Ji and Mainprice [1988], where calculated seismic velocities were provided for two
samples with a composition of Anss (in the anorthite-albite solid solution series). Ryzhova's [1964] elastic con-
stants for plagioclase, at room temperature and pressure conditions, were used in calculations and resulted in
V,, ranging from 6.12 to 7.15km/s (AV,=14.4%) and from 5.96 to 7.21 km/s (AV,=17.3%). Feinberg et al.
[2006] studied preferred orientation of plagioclase and pyroxene in gabbronorites from the Bushveld com-
plex. They noted the strong CPO of plagioclase as a source for seismic anisotropy in the layered intrusion,
with potential AV, ranging from 4% to 8%, with a vertical axis of maximum velocity. Seront et al. [1993] carried
out both laboratory velocity measurements and calculations of seismic velocities from samples of Oklahoma
anorthosite, consisting by volume of 90% plagioclase and 10% olivine. It was found that laboratory velocities
(measured at 0.8 GPa confining pressure) tended to exceed velocities predicted from texture-derived seismic
properties. The calculated seismic anisotropy was substantial, with AV,=11.8% and V; — Vs, =0.5km/s.
Satsukawa et al. [2013] compiled a set of 172 plagioclase CPO patterns in gabbroic rocks. Although this data
set mainly applies to the oceanic crust, some insights into the seismic properties and anisotropy are
applicable to magmatic rocks that occur in the continental crust. Maximum AV, and AV for calculated seismic
anisotropy, based on the set of plagioclase, reached 12% and 14%, respectively. Ji et al. [2014] further
investigated the texture-related seismic properties of anorthosite, originating from layered mafic and
ultramafic intrusions in lower continental (and oceanic) crust. Their findings indicate that the layered
(laminated) plagioclase-rich rocks can give rise to significant seismic anisotropy, as well as act as source rocks
for seismic reflections in lower crustal settings [i.e., Meissner et al., 2006]. Calculated seismic anisotropy ranged
from 8.2% to 12.7% for AV, and from 10.1% to 16.1% for maximum AV;. The results of studies listed above
therefore indicate that seismic anisotropy in layered intrusions can be significant, because of strong CPO
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of plagioclase. Feldspars may, in general, be more important for seismic anisotropy in the crust than
previously recognized.

6.3. High-Pressure and Ultrahigh-Pressure Rocks

High- and ultrahigh-pressure metamorphism of continental crust is generated in subduction zone settings
and in crustal settings where crust becomes overthickened, for example, during orogeny. Seismic velocities
and anisotropy in such a setting may yield insight into the physical and chemical conditions at depth, and
calculated velocities based on rock samples of once deeply buried high-pressure rocks can be of importance.
As an extreme of the continental crustal rocks, the seismic properties of high-pressure and ultrahigh-pressure
rocks are, in general, considerably different than those of rocks in typical continental crust settings. Several
studies have used calculated seismic velocities based on exhumed and exposed rock samples, including eclo-
gites, ultrahigh-pressure rocks, and peridotites [Ji et al., 2003; Wang et al., 2005a, 2005b; Xu et al., 2006; Wang
et al., 2009; Bascou et al., 2001; Brownlee et al., 2011; Worthington et al., 2013; Cao et al., 2013; Jung et al., 2013].

6.4. Microstructural Versus Textural Considerations in Seismic Anisotropy

How important is the microstructure for seismic anisotropy? The majority of predictive seismic anisotropy
modeling studies only takes into account the CPO and modal mineral composition as sources for seismic ani-
sotropy, despite indications and suggestions from some studies that microstructure has an impact on aniso-
tropy [e.g., Burlini and Kunze, 2000; Kern et al., 2008]. One of the factors that make simple CPO volume fraction
method acceptable in many cases is that minerals with significant aspect ratios are also minerals with a very
strong elastic anisotropy. In these minerals the shape of the mineral and elastic anisotropy are both linked to
the crystal structure, so that the shape factor has little influence on overall aggregate properties. The situation
is entirely different for cracks, where the cracks have negligibly small elastic constants (unless they are fluid
filled), although crack shape has a very important impact on the overall elastic constants [e.g., Mainprice,
2000]. Consideration of the microstructure takes into account (1) the shape-preferred orientation (SPO) of
grains, (2) the effect of grain boundaries, and (3) the geometrical arrangement of grains and their elastic inter-
action in the aggregate (for example, layering). Recent studies [e.g., Naus-Thijssen et al., 2011a, 2011b;
Matthies, 2010, 2012; Wenk et al., 2012; Zhong et al., 2014, 2015] have taken into account the role of micro-
structure and geometrical arrangement of phases in the rock, when calculating seismic velocities.

The mismatch of laboratory and calculated velocities, encountered by Kern et al. [2008] for a biotite-gneiss
sample recovered from the Outokumpo borehole (Finland), prompted Wenk et al. [2012] to reconsider the
calculation scheme used to predict the seismic properties for this sample. Differences between measured
and calculated V,, were considerably different, where calculated values tended to overestimate laboratory
measurements (when compared with measurements conducted at 200 MPa confining pressure). In addition,
the measured V, anisotropy (13.0% to 15.1%) was ~5-7% higher than the calculated V,, anisotropy (8%). Wenk
et al. [2012] used the GeoMIXself method of Matthies [2010, 2012] in order to take into consideration grain
shape of biotite. In addition, they carried out textural measurements with a neutron diffraction time-of-flight
technique analyzed with the Rietveld technique. This yielded significantly stronger CPO of biotite than had
originally been determined by Kern et al. [2008] and hence a stronger seismic anisotropy. The final calculation
of Wenk et al.[2012] resulted in 12.9% AV, and the absolute velocities determined from each method agreed,
in general, fairly well for different sample axes, X, Y, and Z (with the highest difference of ~3% parallel to the
axis of lineation).

Naus-Thijssen et al. [2011a] used the asymptotic expansion homogenization (AEH) method, combined with
Voigt-Reuss-Hill bounds, to constrain the elastic properties and anisotropy for a modeled mixture of quartz
and muscovite. Particular to this method is the possibility to take into account elastic interactions of minerals
on the grain scale. Naus-Thijssen et al.[2011a] focused on the geometrical arrangement of the mica and how
this effect could influence the seismic anisotropy. Their conclusions are that microstructure (SPO and layering
effects) may have considerable influence on seismic anisotropy. Notably, the AEH method does not take into
consideration the effect of grain boundaries but only the grains themselves. Creating the 2-D medium used
for the AEH analysis requires that there are no pixels that are not occupied by a mineral phase (i.e., nonin-
dexed pixels in EBSD maps are not allowed). The results can therefore be biased somewhat by the processing
the EBSD data, which requires that grains measured during the SEM-EBSD analysis are grown so that they jux-
tapose. In contrast to the results of Naus-Thijssen et al. [2011a], Zhong et al. [2014, 2015] show through
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numerical modeling of elastic wave propagation that SPO has a negligible effect on seismic anisotropy in
peridotite composed of mainly olivine and phlogopite.

In Figures 18 to 20 we present the results from a set of calculations, using MTEX, the AEH-FE method, and
dynamic wave propagation [i.e, Zhong et al., 2014], which are calculated based on microstructural and tex-
tural analyses. The sample (COSC193) is a fairly homogeneous amphibolite collected from a scientific deep
drilling project in the central Scandinavian Caledonides (Collisional Orogeny in the Scandinavian
Caledonides; COSC). This sample is a suitable representative for metamorphosed mafic parts of the middle
and lower continental crust. From the EBSD image (Figure 15), the modal composition was determined to
be 67.0 area% amphibole (hornblende), 23.0 area% plagioclase (anorthite), 2.3 area% quartz, and <1 area
% accessory phases of apatite, titanite, and pyrrhotite. Nonindexed zero solutions constituted 7.1 area% from
the EBSD imaging, and the modal composition of the aggregate was normalized to 100%, thus correcting for
zero solutions when calculating seismic properties. Texture strength of the amphibole, plagioclase, and
quartz is shown in Figure 17, showing that both amphibole and plagioclase have fairly strong CPO, whereas
the quartz CPO is weak (and make a negligible contribution to the seismic properties of the sample, because
of its low volume). The SPO is also strong, with prominent elongated hornblende grains in the foliation plane.
Accessory phases were not considered in the seismic calculations. Comparing results calculated using the
three different methods shows that there are generally small differences in absolute values of V,, and V.
Highest V,, and V; are predicted with the Hill average computed using the MTEX, whereas the lowest veloci-
ties are predicted with the dynamic wave propagation method [Zhong et al., 2014, 2015]. Predicted seismic
anisotropy is highest for the dynamic wave propagation method, although a prediction is only made for
V,, (AV,=11.1%). The MTEX and AEH-FE methods show fairly similar predicted anisotropy, with AV, of 8.5%
and 8.2%, and maximum AV; of 7.3% and 8.1%, respectively. The SPO appears to have very little influence
on the directionally dependent seismic velocity, as seen both from the AEH-FE and dynamic wave propaga-
tion methods, and for this amphibolite sample the CPO is the dominant contributor to the seismic anisotropy.

This is further supported by laboratory measurements, which were performed on the same sample material
as the predictions were made and shown for comparison in Figure 20. Measurements represent the “crack-
free” (Vo) velocities, which are based on measurements up to 300 MPa pressure. As discussed previously, this
is likely not high enough pressure to close all microcracks and a contribution to velocity from cracks must
therefore be considered. Compressional velocities in the X (parallel to lineation) and Z (normal to foliation)
directions are shown in Figure 20, with highest velocity parallel to the lineation (V,,=7.23 km/s) and slowest
V, normal to the foliation (V,, = 6.67 km/s). The resulting anisotropy is smaller than all predictions, AV, = 8.0%,
but agrees well with predictions made using the AEH-FE and MTEX methods. Although SPO does not appear
to be of considerable importance in this sample, other studies indicate important cases for SPO- and
microstructure-influenced seismic properties and anisotropy.

6.5. Intrinsic Versus Apparent Seismic Anisotropy

Seismologists tend to refer to the CPO-related seismic anisotropy as intrinsic and seismic anisotropy arising
from small-scale heterogeneities, such as layering, SPO, and crack and fracture networks as apparent (or
extrinsic) anisotropy. Separation of intrinsic and apparent seismic anisotropy is of considerable impor-
tance when trying to deduce the geological source and geodynamic processes responsible for the aniso-
tropy. Intrinsic anisotropy is important when attempting to infer mantle flow directions based on olivine
CPO, as well as for crustal and core geodynamics. Most geodynamic models that attempt to infer mantle
flow regimes consider the mantle as a homogenous medium, without small-scale heterogeneities. The
separation of the two is, however, challenging. Fichtner et al. [2013] have remarked that currently
available seismic observables are not able to distinguish intrinsic from apparent anisotropy. Similarly,
Wang et al. [2013] indicate that layering effects may in some cases be indistinguishable from CPO-related
seismic anisotropy. The seismological, geodynamic, and rock physics communities are therefore facing a
challenge when interpreting seismic data, using predictions based on CPO and effective medium models.
A more integrated effort is likely needed, where the seismological, geodynamic, microstructural, and rock
physics communities come together to address the source of the seismic signatures in Earth’s crust and in
the deeper Earth interior.

Some effort has been made to this end. Lloyd et al. [2011a, 2011b] considered purely texture-based
calculations, in so-called rock recipe models. These models use measured mineral CPOs and vary the
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modal composition of the different minerals. In such a way it becomes possible to explore the effect on
seismic properties and anisotropy based on a wide variety of modal compositions. The CPO can also be
changed, considering, for example, different deformation regimes (i.e., pure shear versus simple shear).
Another approach is to actively combine prediction of seismic velocities obtained from samples in regional
field studies and use these data to constrain seismological data in the same region. Examples are recent
studies by Cossette et al. [2015a, 2015b], in the Aegean region, and Xie et al. [2015], in the Basin and
Range province.

Few studies have attempted to reconcile both the effects of the texture and small-scale heterogeneities
(microstructural parameters, cracks and fractures, and melt and fluids). The self-consistent approximation
and differential effective medium model are two useful approaches to take into account both the intrinsic
and apparent seismic anisotropy [e.g., Mainprice, 1997; Nishizawa and Yoshino, 2001; Almgqvist et al., 2011;
Vasin et al., 2013; Kanitpanyacharoen et al., 2015]. Cracks and fractures are fluid bearing, brine filled in the
upper crust and potentially melt bearing in the middle and lower crust. Mainprice [1997] used a range of
different effective medium models to predict seismic properties in a mixed solid and liquid (melt) medium,
where the solid consisted of an anisotropic background with mantle peridotite composition, and the inclu-
sion consisted of a basaltic melt with different geometries. Hacker et al. [2014] have integrated predicted
seismic velocities derived from CPO, with a model that predicts seismic velocities in melt-bearing rocks.
Results indicate that small amounts (~2 vol %) of granitic melt have a large impact of the seismic properties
of an aggregate. Low seismic shear velocities in the middle to lower crust of the Tibetan Plateau do not there-
fore necessarily imply the presence of large amounts of fluids or melt.

Effective medium models are suitable in terms of addressing the combined effect of microfabric and fluid-
bearing media. A particular challenge in incorporating fluids into averaging models is that a fluid-bearing
medium does not exhibit a pure elastic response to a passing seismic wave (neither is this the case for solid
aggregates of crystals, but the effect is much smaller). The fluid-bearing medium behaves viscoelastically and
can display considerable seismic attenuation. Future applications must therefore incorporate factors of ane-
lasticity and poroelastic theory [e.g., Mdiller et al., 2010; Grab et al., 2017], although much further work is
required to understand how seismic anisotropy is influenced in such cases.

7. Conclusions

The continental crust is imaged at high resolution using a combination of active and passive seismic meth-
ods. Seismic anisotropy is a feature that appears almost ubiquitously in the continental crust. Transverse
isotropy is readily found in middle and lower crustal settings and is often explained by lateral crustal flow
and the development of layering. In particular, grainscale ductile deformation processes in the middle and
lower crust develop CPO, which can strongly influence seismic properties. The intrinsic velocity and aniso-
tropy of rock-forming minerals need also to be considered in the upper crust, although the contribution of
fractured media is particularly relevant to the seismic properties in this depth interval. Seismic anisotropy
in the upper crust has been linked to the regional stress field; fracture networks will tend to develop parallel
to maximum stress axes. The importance of cracked and fractured media at deeper crustal conditions is
uncertain, although KTB and Kola deep drilling projects indicate that cracked and fluid-bearing rocks exist
at depths down to 9 to 12 km, respectively.

Interpretation of seismic data is generally based on mineral and rock physics, which constitute laboratory
measurements on minerals and rocks at appropriate pressure and temperature conditions and predictive
modeling schemes that takes into account the mineral composition, CPO, and microstructural features
(e.g., distribution and geometric arrangement of crystals and cracked/fractured media). In this review we
have discussed the predictive modeling of elastic and seismic properties, with a focus on the continental
crust. Elastic constant data are paramount for predicting the seismic properties of the crust, and such data
now exist for a large portion of the commonly occurring rock-forming minerals in the continental crust.
Much of these data are, however, limited to measurements made at room conditions; high-temperature
and high-pressure data are currently completely lacking for a number of important crustal minerals, including
feldspars, amphiboles, mica, and many accessory minerals. High-temperature and high-pressure data exist
mainly for minerals that also occur extensively in the uppermost mantle, such as olivine, pyroxene, and
garnet. The application of ab initio first-principles methods has provided new determinations of the
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single-crystal elastic constants of minerals found in the crust with complex structures such as clay minerals,
chlorite, talc, antigorite, pyroxenes, and feldspars. Further contributions of ab initio first-principles methods
to the elastic constants of crustal minerals at temperature and pressure are encouraged.

Several ways have been developed for calculating seismic velocities in anisotropic media. Fundamentally, all
models consider the modal mineral composition and the CPO of the constituent minerals. These models are
widely accepted to yield comparable results to laboratory measurements. More advanced models can be
used to consider microstructural elements, such as the spatial distribution of minerals and their shape-
preferred orientation, as well as the volume and orientation of cracks and fractures. A key challenge for
the seismological, geodynamic, microstructure, and rock physics communities will be better separation of
intrinsic seismic anisotropy related to the elastic constants of minerals, from apparent seismic properties
arising from other sources (layering, cracks and fractures, fluids, and melt). This is an important challenge
because seismic properties and anisotropy reveal unique information on geodynamic processes. The inability
to separate intrinsic from apparent seismic properties therefore limits our insight into structural, composi-
tional, and mass transfer processes in the Earth.

Future research may target some of the following aspects, which integrate mineral and rock physics, with
disciplines of seismology and geodynamics:

1. Additional measurements of elastic constants for crustal mineral at high pressure and temperature, to
obtain derivatives, particularly for minerals such as feldspars, micas, and amphiboles (as well as many
other phases). Furthermore, it would be of interest to conduct measurements at simultaneous pressure
and temperature to determine dC/dP derivatives, dC/dT derivatives, and cross derivatives (dC/dTdP).
Even in the well-studied case of a-f quartz transition, there is only a complete sequence of mea-
surements as a function of temperature at room pressure. Room temperature as a function of pressure
to 10GPa in the a-quartz field exists; however, these data are not relevant to in situ conditions in the
crust. There is no data on f-quartz structure at pressure and temperature conditions, and no equation
of state (EOS) for correct density estimates, and no data on elastic properties at pressure and tempera-
ture. There is good data on the a-f transition as a function of pressure and temperature from experi-
mental petrology.

2. Improving the identification of intrinsic (crystal) versus extrinsic (i.e., cracks, layering, and faults) seismic
anisotropy at depth, at different length and time scales. This seems like a challenge for collaborative
efforts in fields of seismology, geodynamics, microstructures, and mineral physics.

3. Developing a better understanding of anelasticity in rock physics models and relationship to elastic ani-
sotropy. Models should be developed to integrate anelasticity and elasticity, including their anisotropies.

4. Developing the link between thermodynamic equilibrium models [Connolly and Petrini, 2002; Abers and
Hacker, 2016] and crystal tensor physical properties via, for example, atomic modeling codes.

5. Further development of measurement of spherical samples with simultaneous V,, and Vi;, at least, or
preferentially both Vg, and V;, that would greatly improve accuracy of elastic tensors of rocks and charac-
terize the anisotropy of crack closure and role of fluid pressure. For spherical measurement setups [i.e.,
Pros et al., 1998, 2003], there is still only a limited range in applied pressure and no temperature. For a
recent multimethod approach, see Vasin et al. [2017], which combines neutron and X-ray imaging,
effective medium models, and laboratory measurements.

Glossary

Asymptotic expansion homogenization (AEH): Structure-based model that takes into account elastic inter-
actions of neighboring mineral grains in a heterogeneous material. The method provides the possibility to
macroscopically evaluate the effect of heterogeneous grain distributions in the medium. The benefit of the
method is the possibility to use microphotographs and electron backscatter images that contain information
both on the crystallographic preferred orientation of minerals and the microstructure.

Azimuthal seismic anisotropy: Directional dependence of seismic wave speed as a function of azimuth.

Crystallographic preferred orientation (CPO): The preferred orientation of crystallographic axes or poles to
crystallographic planes, for a specified mineral (i.e., crystals are not randomly distributed); in this work CPO is
used synonymously with lattice preferred orientation (LPO), but we recommend the term CPO as lattice of
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LPO is a mathematical concept that describes a repeating arrangement of points, whereas we are defining
the orientation of real crystals in this context, that has a much more complex motif than a lattice.

Differential effective medium (DEM): Effective medium model that considers two-phase materials, whose
composite elastic properties are estimated by incremental addition of one phase (inclusion phase) into the
second phase (matrix or background phase). The starting condition is a pure matrix medium, wherein
inclusions of the second phase are added. A special property of the DEM is that inclusions are considered
noninteracting (or isolated from each other).

Effective medium theory: Prediction of effective elastic moduli (or effective seismic velocities) in a compo-
site material, using an analytical or theoretical solution. The most general analytical solution need to take into
account volume fractions of the different phases in the composite, their elastic moduli (elastic constants), and
the geometric and crystallographic information of the phases making up the composite.

Lattice-preferred orientation (LPO): synonymous with crystallographic preferred orientation (CPO); see
crystallographic preferred orientation (CPO).

Microfabric: Follows the definition of Paaschier and Trouw [2005] and Hobbs et al. [1976], and describes, “the
complete spatial and geometrical configuration of all those components that make up a rock”. Emphasis is
placed on the microscopic scale, generally observable with a petrographic microscope or smaller (i.e.,
Scanning Electron Microscope). Elements occurring on the nanometer scale are not included in the micro
fabric. This definition includes, as an umbrella term, the concepts of texture or crystallographic preferred
orientation (CPO) and microstructure. The latter term is used to describe mineral shape-preferred orientation
(SPO), grain boundaries distribution of mineral grains, and deformation lamellae, on the scale of microns
to centimetres.

Orientation distribution function (ODF): The function f(g) that quantitatively describes the volume fraction
of the sample within an orientation range g + Ag. The ODF can be described using spherical harmonics, as
f(g), may be expanded into a series function, which can be used to calculate ODF sections, pole figures,
inverse pole figures, and aggregate anisotropic physical properties, such as elastic properties.

Pole Figure: Graphical representation of poles to crystallographic planes or crystallographic directions. The
crystallographic data are shown with an equal area projection (Schmidt net) or equal angle projection
(Wulff net) in sample coordinates.

Radial seismic anisotropy: Seismic anisotropy calculated from the horizontally polarized (Vsh) and vertically
polarized (Vsv) shear waves. When Vsh > Vsy, the anisotropy is positive, whereas when Vsv > Vsh, the aniso-
tropy is considered negative. A vertically transverse isotropic medium (VTI) usually shows positive
radial anisotropy.

Reuss bound: The theoretical elastic or seismic velocity lower bound for an aggregate of minerals. Also
known as the isostress bound, because this calculation considers all components in the medium to have
equal stress, but strain varies throughout the medium.

Seismic anisotropy: Directional dependence of seismic velocity and polarization in a material. The P wave
anisotropy is typically expressed as AVp = (Vomax = VPmin)/VPmean, Where Vpax and Vpin are the maximum
and minimum seismic P wave velocities in the material, and Vpnean is the average seismic P wave velocity in
the material. Alternatively, seismic anisotropy can be calculated using the expression 200(Vpmax-YPmin)/
(VPmax+tVPmin)- The S wave anisotropy may be expressed in two ways. First, according to the difference
between the fast and slow polarized shear waves, Vs; — Vs, (shear wave splitting). Secondly, the S wave ani-
sotropy can be expressed as AVsq > = (V51 2max — V51.2min)/V51 2means Where Vs, and Vs, are the fast and slow
polarized shear waves. The maximum possible AVs is expressed by the greatest difference of the shear wave
velocity, considering both Vs; and Vs,. See also the glossary entry for seismic birefringence and shear wave
splitting. A special case of radial shear wave anisotropy is defined by S waves with polarization in the horizon-
tal plane (Vsh) and S waves polarized in the vertical plane (Vsv).

Shear wave splitting (seismic birefringence): The difference in velocity between the fast polarized and
slow polarized shear waves in an anisotropic medium, defined as dVs = Vs; — Vs,. Shear wave splitting can
also be presented in terms of a delay time, which is the difference in arrival time between the of Vs; and
Vs, at a seismic station; the delay time is expressed in seconds.
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Self-consistent approximation (SCA): Theoretical estimates of elastic moduli for a composite material. The
most general analytical solution needs to take into account volume fractions of the different phases in the
composite, elastic moduli of each phase, and geometric and crystallographic information of each phase.
These theoretical estimates may also be referred to as self-consistent schemes (SCS).

Shape preferred orientation (SPO): Term used to describe if grains comprising the microfabric has pre-
ferred shape, i.e., grains that have shape such as linear (prolate) or flattened (oblate) ellipsoids, and align
along a specific structural element, for example, the foliation plane.

Texture: Term that is generally used in material sciences and structural geology, to describe the crystallo-
graphic preferred orientation (CPO) or its synonym lattice preferred orientation (LPO).

Transverse isotropic (Tl) symmetry: A material with transverse isotropic symmetry has one unique axis,
about which the seismic properties are symmetric and a plane of isotropy that is oriented normal to the sym-
metry axis. This symmetry is commonly assumed for the layering of the interior of the Earth with the symme-
try axis oriented vertically (normal to the layering), which is known as vertical transverse isotropy (VTI); when
the symmetry axis is horizontal the material shows horizontal transverse isotropy (HTI). The symmetry axis
may not necessarily coincide with an axis that is vertical or horizontal, in which case it is dipping at some
angle between the vertical and horizontal axis.

Voigt bound: The theoretical elastic or seismic velocity upper bound. Also known as the isostrain bound,
because this calculation considers all components in the medium to have the strain, but stress varies
throughout the medium.

Voigt-Reuss-Hill bound: Average arithmetic mean of the Voigt and Reuss bounds, introduced by Hill [1952],
there is no theoretical justification for the average, but it is often close to experimental measurements as
shown by Hill.
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