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Petrologic and Mineral Physics Database for Use with the
U.S. Geological Survey National Crustal Model

By Theron Sowers," and Oliver S. Boyd?

Abstract

We present a petrologic and mineral physics database as part of the U.S. Geological Survey National Crustal Model (NCM).
Each of 209 geologic units, 134 of which are currently part of the geologic framework within the NCM, was assigned a mineral-
ogical composition according to generalized classifications with some refinement for specific geologic formations. This report is
concerned with the petrology and mineral physics of each geologic unit within the NCM, which control the physical behavior of
the solid mineral matrix within the rock.

This mineral physics database builds on the work of Abers and Hacker to include 13 minerals specific to continental rock types.

We explored the effect of this database on zero-porosity anharmonic P- and S-wave rock velocities and density relative to a well-used
empirical study of relations between wavespeeds and density by Brocher. We found that empirical relations between P-wave velocity and
S-wave velocity or density do well on average but can differ from mineral physics calculations by up to 15 percent in S-wave velocity
and almost 40 percent in density. This is consistent with Brocher’s study where he obtained similar results for in situ measurements and
laboratory rock specimens.

Additionally, the substantial presence of quartz in many rocks plays a major role in crustal seismic velocities and density due
to quartz’s o—f phase transition, which can interfere with these empirical relationships. With increasing depth, quartz P-wave veloc-
ity can suddenly jump by 15 percent accompanied by little change in S-wave velocity and a modest decrease in density. Empirical
relations based on observed P-wave velocity where P-wave velocity is positively correlated with S-wave velocity and density would
then significantly overestimate both S-wave velocity and density.

Introduction

Seismic hazards are nearly ubiquitous throughout the United States, and risk can be significant for some communities. The
U.S. Geological Survey (USGS) is tasked with producing the National Seismic Hazard Maps (NSHMs), which have been devel-
oped and used to inform public policy, building codes, and emergency response protocols since the 1970s (Petersen and others,
2015). These maps are created based on source and ground motion models (GMM:s), which are continuously updated and refined
and fed into new hazard models.

Ground motion models within the current NSHM incorporate one or more model parameters that account for site response:
(1) the time-averaged shear-wave velocity in the upper 30 meters (m) of the crust, known as V, ; and (2) the depths to shear-
wave velocities of 1.0 and 2.5 kilometers per second (km/s), known as Z,  and Z, .. For consistency with previous practice, the
2014 hazard map applied a uniform ¥, of 760 meters per second (m/s) to the entire country with default values of Z, jand Z, ,
leaving refinement for specific site conditions to end users such as engineers. Due to spatial variability in subsurface physical
properties and the application of relatively simple site response metrics, the implementation of constant ¥, and default values
of Z, ,and Z, ; can cause substantial differences between ground motions estimated from the National Map and observed ground
motions. The USGS is moving towards including maps for other ¥, values, accounting for spatially variable Z  and Z, ., and
including knowledge gained from urban hazard mapping efforts (Moschetti and others, 2018). The work presented in this report
supports these efforts through application of a National Crustal Model (NCM).

The USGS NCM data release (Boyd and Shah, 2018) is being developed to help better predict site response in a uniform way

and on a national scale by providing site response metrics for GMMs. End users will still be able to carry out site specific analyses
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to improve estimates of site response, but we expect that application of the NCM will yield more accurate initial estimates relative
to current USGS practice. Several current GMMs make use of V, , Z, , and Z, ., which can be extracted from the NCM, but the
NCM will be able to provide potentially more meaningful metrics as well such as fundamental period or a fully frequency-depen-
dent site-response function. As researchers move towards more broad scale application of three dimensional (3D) wavefield simula-
tions in seismic hazard analyses, the NCM will also be able to provide 3D geophysical attribute volumes for such studies.

To estimate the site response parameters that are currently used or may be used in future GMMs, knowledge of the sub-
surface seismic velocity and density are needed. The current version of the NCM consists of geologic and geophysical profiles
extending from the Earth’s surface to the mantle and are defined by maps of sediment and rock type and age, depths to bedrock
and basement, and models of subsurface porosity and temperature. Bulk density and seismic velocity are functions of these
parameters. This report is concerned with the petrology and mineral physics of each geologic unit within the NCM, which
control the physical behavior of the solid mineral matrix within the rock.

Petrology

The petrologic database consists of mineralogical compositions for the 209 geologic units that are present in the National Geo-
logic Map of the United States (Schruben and others, 1994) of which 134 comprise the geologic profiles in the NCM. We define
each geologic unit in our database by volume fractions of their respective mineral assemblages. Many of the units on the National
Geologic Map, however, are not true “lithologies” but rather depositional environments or structural formations. Therefore, while
crystalline rocks such as granites and limestones were easily defined in terms of mineral assemblage using standard nomenclature,
in many instances some interpretation was necessary. For clarity, methods to determine petrology for each rock type are outlined in
detail in the following sections.

Igneous Rocks

Mineral assemblages for igneous rocks were determined using the International Union of Geological Sciences (IUGS) Clas-
sification and Nomenclature standards (Le Maitre and others, 2002). To determine the range in composition for different igneous
rocks, several steps were necessary (see appendix for an example for granodiorite). In brief, the mafic color index (Le Maitre and
others, 2002) for a given rock type was interpreted to be a percentage range for the volume of mafic minerals present in the rock.
Unless specifically stated in the literature (see rock specific notes in the petrology database [Sowers and Boyd, 2019]), Bowen’s
(1922) reaction series is used to determine the particular mafic minerals present. The remaining felsic mineral composition is
obtained from the quartz-alkali feldspar-plagioclase-feldspathoid (QAPF) ternary diagram of Le Maitre and others (2002).

For volcanic rocks, the IUGS classification simply renames the fields in the QAPF ternary diagram. For instance, a rhyolite is
defined within the same QAPF field as a granite. Therefore, for each location on the QAPF diagram, volcanic rocks were defined
with the same mineral assemblages and volume fractions as the plutonic rocks. Volcanic rocks, however, cool more quickly than
igneous rocks and may have a greater amount of glass, fewer mafic minerals, and a greater relative concentration of mafic minerals
toward the upper end of Bowen’s reaction series. For this version of the database, we have not modeled these effects.

Metamorphic Rocks

The IUGS Metamorphic Rocks Classification (Fettes and Desmons, 2007) for the most part does not define lithologies
based on mineral assemblage, but rather on structural features such as schistosity. In many cases, the USGS Mineral Resources
interactive geologic map at https://mrdata.usgs.gov/geology/state/map-us.html (USGS, 2017) was used to narrow the definition
of the unit to a specific location where background literature was used to define the mineral assemblage. For the subduction
zone facies, the Hacker and Abers (2004) mineral assemblages were used to determine the mean composition as well as the
range of compositions.

In instances where the structural rock type was too geographically widespread (such as was the case for the geologic unit
“gneiss”), the mineral assemblage and volume fractions were taken to be similar enough to those of granite for the purposes
of this study.

Sedimentary Rocks

For well-defined sedimentary rocks, such as arkose and limestone, nomenclature defined in Folk (1980) and Boggs (2006)
was used primarily. For the poorly defined sedimentary rocks, such as sandstone and conglomerate, general terrigenous sediment
composition after Folk (1980) was used. General compositions of sediments are described in table 1.
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Table 1. General compositions of terrigenous and evaporite sediments. Relative abundance of
minerals in the sedimentary rocks, adapted from Folk (1980).

Terrigenous Minerals':

Derived from erosion and weathering of continental B EADLAIETS

materials (percent) [
Quartz? 41-69 Carbonates® 70-85
Clay minerals? 25-35 Silica (quartz) 10-15
Feldspars* 5-15 Sulfates and salts® 2-7
Carbonates® 14 Feldspar* 2-7

'"Trace minerals (coarse micas 0.1-0.4 percent and opaques 0.1-1.0 percent) were excluded from rock compositions.
?Includes chert and metamorphic rock fragments.

3Equal parts kaolinite, illite, and montmorillonite.

“Anorthite and orthoclase for simplicity.

SCalcite.

*Halite.

Sediments

Many of the unconsolidated lithologic units represent unconsolidated sediments, structural formations, and
depositional environments rather than true lithologies. By filtering the shapefiles available from USGS Mineral Resources
(https://mrdata.usgs.gov/geology/state/) for individual units within each state, it was found that some of the units within the
map were only defined in a limited geographic context (in many cases, these units were only present in a single state). Other
units, however, were found in nearly every state. It was necessary to take a slightly different approach for each instance to
determine the mineral assemblage for these units.

Limited Geographic Definition

For the units that were only defined in a limited geographic context, the USGS Mineral Resources interactive geologic
map (USGS, 2017, https://mrdata.usgs.gov/geology/state/map-us.html) was used to determine what, if any, clarifying informa-
tion was available. This information was often in the form of a specific formation name. Where possible, the original paper
describing the formation was used to define the mineral assemblage. Where this clarifying information was unavailable, general
terrigenous sediment composition after Folk (1980) was used (see table 1).

Broad Geographic Definition

For the units that were defined over a broad geographic area, a type location (specified in the petrologic database at
https://doi.org/10.5066/P9HN170G) (Sowers and Boyd, 2019) was selected based on relative concentration compared to
other locations and relative seismic hazard. For example, the geologic unit “playa” was found in Nevada, Utah, Wyoming,
and Montana. The highest concentration of the unit was found in Nevada. Therefore, the “playa” unit was defined in terms of
mineral assemblage based on the composition of the Nevada playas. In this instance, the term “playa” was interpreted to mean
“dry lake deposit,” and, therefore, the mineral composition for “lake or marine sediments” was used for “playa.”

Mineral Physics

We began with the mineral physics database originally compiled by Hacker and Abers (2004), which was updated in 2016
(Abers and Hacker, 2016; HA16). Several of the lithologic units we considered, however, are composed of minerals that are not
in these databases. We consulted the literature to add 13 unique minerals to HA16 (table 2). For completeness, reported variants
of these minerals are included in the database. See the mineral physics database for parameter values and additional notes in the
ScienceBase data release that supports this report at https://doi.org/10.5066/P9HN170G (Sowers and Boyd, 2019).


https://mrdata.usgs.gov/geology/state/
https://mrdata.usgs.gov/geology/state/map-us.html
https://doi.org/10.5066/P9HN170G
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Table 2. The 13 minerals added to Albers and Hacker (2016) updated database referred to here as HA16. Footnotes in bold are
methods for parameter estimation implemented in the original HA16 database. All values are at standard temperature and pressure.

[p, density, kilograms per cubic meter; o, thermal expansivity, one over Kelvin; K., isothermal bulk modulus, Pascals; K/, pressure derivative of the isother-
mal bulk modulus, dimensionless; G, shear modulus, Pascals; I, =(0InG/0lnp),,, dimensionless; G', pressure derivative of the shear modulus, dimensionless; y,,

first Griineisen parameter, dimensionless; ¢, second Griineisen parameter, dimensionless]

References and notes

Mineral ) a K K G - G e 5
Corundum 223 982 44.19¢-5 22.52¢l1 154.00 21.63ell 185.55 11.08 01.55 215,55
Dolomite 2,870 46.35¢-5 89.50¢10 154.00 $4.50e10 185.08 1°0.79 1.08 215.08
Montmorillonite?® 12,488 55.10e-5 14.50e10 154.00 12.37¢10 18473 190.88 50.73 21473
Kaolinite* 12,442 45.10e-5 14.60e10 154.00 12.09¢10 18473 190.76 20.73 214,73
Mlite?® 12,626 25.96¢-5 '4.84¢10 154.00 12.19¢10 184.56 1°0.77 30.56 214,56
Smectite 12,394 55.10e-5 19.30¢9 154.00 16.90¢9 18473 191.24 50.73 214,73
Chrysotile 2,520 44.70e-5 3.88¢10 154.00 °1.30e10 18443 1°0.56 200.43 21443
Lizardite 92,610 114.55¢-5 165.98¢10 3.20 193.34¢10 18378 1°0.93 #0.58 213,78
Halite 32,160 113.16e-4 2.38¢10 ¢5.00 101.49¢10 189.21 11.04 %421 219.21
Dickite 2,560 55.10e-5 126.20¢9 154.00 174.00¢9 184.73 191.08 50.73 214,73
Pyrite 25,010 115.95¢e-5 131.39¢l11 136.00 B1.12el1 187.76 133.00 #1.76 27,76
Gypsum 2,310 76.96¢-5 144.40e10 154.00 141.70e10 185.20 190.64 31.20 215.20
Anhydrite 22,960 118.37¢-5 ©5.44¢9 °4.19 192.90¢10 185.14 198.89 20.95 25,14

"Wang and others (2001).
“Barthelmy (2012).

SRussian Academy of Sciences (2008)

‘Holland and Powell (1998) values and expansion for thermal expansivity: a(7) = & (1-10/T"?), giving In(V(T)/ V)=, ((T-298-20(T">-298'?)), where T is
temperature in Kelvin and 7 is volume.

*Values for kaolinite assumed.

‘Holland and Powell (2011).

’Schofield and others (1996).

$Carmichael (1989).

“Reynard and others (2007).

%Presentation by Gary Mavko (2005).

""Holland and Powell (2011) values with a correction to be able to use Holland and Powell (1998) expansion for thermal expansivity: a(7) = a,(1-10/T"7), see text.
"?Prasad and others (2002).

3Whitaker and others (2010).

“Meille and Garboczi (2001).

5*Common value assumed (Anderson, 1989).

%Ghaderi and others (2015).

"Vanorio and others (2003), using lower limit of shear modulus to match bulk modulus found by (Prasad and others, 2002).
'*Approximated as I'=9, (Anderson and others, 1992).

' Approximated as G'=(5*G)/(3*K,) (Anderson and others, 1992).

%y, was calculated using Bina and Helffrich (1992) equation (16) at 1,000 °K, using Holland and Powell (1998) values: NOTE: V and K from Holland
and Powell are calculated at 298 °K whereas « is calculated at 1,000 °K.

' Approximated as 0, =y, +K,' (Anderson and others, 1992).

22Anderson and others (1992).

ZValues for muscovite assumed.

**y,, Was calculated using Bina and Helffrich (1992) equation (16) at 1,000 °K, using Holland and Powell (2011) values.
**Knittle and others (2001).

%Values are averages of the variants in the database.
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Mineral and Rock Seismic Velocity and Density

Differences in mineral physical properties can lead to strong variations in seismic velocities and densities. In figure 1, we
show the variation in S-wave velocity, V, and density, p, versus P-wave velocity, V,, for the minerals in our database at stan-
dard temperature and pressure (STP). Values for each mineral as a function of temperature and pressure are calculated using the
Matlab routine MinVel.m (Boyd, 2019), which is a mineral physics formulation originally described in section 3 of the support-
ing material by Boyd and others (2004) and based on the work of Bina and Helffrich (1992), Holland and Powell (1998), and
Hacker and Abers (2004). We further modify our calculations for quartz using the method described in Abers and Hacker (2016).
Upon comparison of our method with the routines in Abers and Hacker (2016) for each mineral in their database, we find that
differences in V, V, and p, varying along continental pressure gradients and geotherms between 0 and 80 km depth and 0 and
1,200 °C, are less than 1 percent.

At STP, mineral densities vary from 2,200 to over 5,000 kilograms per cubic meter (kg/m?), ¥, from 2,100 to 11,000 m/s, and
V, from 1,250 to 6,400 m/s. Densities tend to increase with increasing ¥, as does V', but the correlation between ¥ and ¥, is much
stronger. Empirical relations for crustal p and ¥ as functions of V, (Brocher, 2005), valid between 1,500 and 8,500 m/s V, follow
these trends well. The 7 most abundant minerals by volume within the 70 uniquely defined rock and sediment compositions are
indicated by red circles. While the empirical curves do well on average, the V-V relation underpredicts the shear-wave velocity of
smectite by 40 percent and overpredicts calcite by 10 percent. The V-p relation underpredicts the density of smectite by 10 percent
and overpredicts low albite by 7 percent. But figure 1, however, does not tell the whole story, particularly with respect to quartz.

Quartz, the most abundant mineral by far in the Earth’s crust, has some exceptionally unusual properties (Ohno and others,
2006), which become even more evident with increasing pressure and temperature. At low temperatures, a quartz is stable in
the upper crust and transforms to f quartz at higher temperature. In addition to the former having an unusually low Poisson’s
ratio of less than 0.1 at STP, the temperature dependence of the mineral’s physical properties is far different from other miner-
als resulting in a unique treatment of its thermal expansivity and modulus (Abers and Hacker, 2016). Further, f quartz also has
unusual properties, which are very different from a quartz, necessitating, as a potential solution, a temperature dependence in:
(1) the logarithmic derivative of the shear modulus with respect to density, /”; and (2) the second Griineisen parameter, 6, (Abers
and Hacker, 2016). We implement these solutions recognizing, as they note, that the elastic properties of quartz have not been
measured simultaneously at both elevated pressure and temperature.

Following reasonable temperature and pressure gradients into the crust, most minerals’ density and elastic wave speeds
actually decrease (fig. 2). Quartz begins on a similar trajectory but then changes direction as the phase change is approached.
Wave speeds then increase with depth. And after the transition from a—f quartz, which, for a uniform thermal gradient of
30 °C/km and density of 2,700 kg/m?, would occur at 740 °C and 25 km depth (Shen and others, 1993), Poisson’s ratio jumps to
a more standard value but increases quickly, as does P-wave velocity. The strong change in P-wave velocity across the transi-
tion could lead to a measurable reflector in the mid-crust, and variations in the P-wave velocity of quartz has been exploited to
estimate the temperature and composition within the crust (Kuo-Chen and others, 2012; Sheehan and others, 2014).

In figure 3, we show V, V, and p at STP for the rock types in the petrologic database including 5 of the top 11 occurring
in the NCM: lake and marine sediment, sandstone, limestone, basalt, and granite. These calculations assume zero porosity,

a Voigt-Reuss-Hill average of the moduli of constituent minerals, and no seismic attenuation. These five rock types have a
modest range of physical properties—V, that varies by 25 percent from largest to smallest, V' by 25 percent, and p by almost
10 percent. When considering all rock types with unique compositions as defined in the petrologic database (n=70), differ-
ences between estimates of ¥, from the empirical relation given ¥, and those calculated from mineral physics are less than

1 percent on average with a standard deviation of 5 percent. Differences between empirical and mineral physics estimates of
density are within about 1 percent on average with a standard deviation of 8 percent. Deviations from the empirical relations
of up to 15 percent in S-wave velocity and 37 percent in density are possible. This was recognized in the study of Brocher
(2005) based on in situ and laboratory measurements.

These values may increase or decrease with depth depending on the pressure gradient and geotherm and the pressure and
temperature dependence of constituent minerals. In figure 4, we show changes in physical properties assuming that pressure
increases linearly due to the overburden of rock having a density of 2,700 kg/m?® and temperature increases according to either
a moderate (90 mW/m? surface heat flow) or hot geotherm (120 mW/m?), as might be found in the western United States, using
the constants and formulation assumed for figure 2. Increasing pressure tends to increase seismic velocity and density whereas
increasing temperature usually does the opposite. These factors lead to V,, V, and p that decrease with depth for the five rock
types considered until the transition to S quartz. After the transition, which increases in depth from ~20 to 50 km as the geotherm
decreases from 120 to 90 mW/m?, P-wave velocities jump and may continue to increase for rock types with large fractions of
quartz. S-wave velocities experience a smaller jump and densities drop. The V,/V ratio may increase or decrease with depth
depending on rock type and the presence of quartz. Sandstone and granite, rock types assigned average values of 55 percent and
35 percent quartz, respectively, have ratios that initially decrease with depth. After the transition to § quartz, P-wave velocity
jumps as do the ratios, and the ratios continue to increase with depth, similar to other rock types.
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Figure 1. S-wave velocity (V) and density versus P-wave velocity (V) for each mineral in the National Crustal Model (NCM)

ScienceBase mineral physics database that supports this report (Sowers and Boyd, 2019, at https://doi.org/10.5066/P9HN170G) at
standard temperature and pressure. Filled symbols are minerals that are currently used for each rock type in the NCM petrology
database. The solid lines are the empirical relations of Brocher (2005) within the recommended range of V,; itis dashed outside of
this range. Red circles are the five best-represented minerals in the petrology database by volume. Blue circles indicate the minerals
with extremes in density; green circles, extremes in S-wave velocity relative to the empirical relation. m/s; meters per second; kg/m?,

kilograms per cubic meter.
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Figure 2. Combined temperature and pressure dependence of minerals in the National Crustal Model (NCM) ScienceBase mineral
physics database that supports this report (Sowers and Boyd, 2019, at https://doi.org/10.5066/P9HN170G). Temperature increases from
the surface (solid circles) to 50 kilometers (km) depth (open circles) following a heat producing geotherm with surface heat flow of

100 milliwatts per square meter (mW/m?), mantle heat flow of 20 mW/m? thermal conductivity of 2.5 watts per meter-Kelvin (W/mK), and
depth over which heat production decreases by a factor of e of 20 km (Turcotte and Schubert, 1982; equation 4-31). Pressure increases
due to the overburden of rock with a density of 2,700 kilogram per cubic meter (kg/m®). Red curve and symbol represent a quartz,
magenta, 8 quartz; blue, low albite; and cyan, orthoclase. The yellow square occurs at the transition from a—f quartz, 800 °C and 35 km
depth. V,, P-wave velocity; m/s, meters per second.
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Figure 3. S-wave velocity (V) and density versus P-wave velocity () for each rock type in the ScienceBase petrology database
that supports this report (Sowers and Boyd, 2019, at https://doi.org/10.5066/P9HN170G) at standard temperature and pressure with

no porosity or anelasticity. Filled symbols are rock types that are currently present in the National Crustal Model. The solid lines are
the empirical relations of Brocher (2005). Circles are unconsolidated geologic units; squares, sedimentary rocks; diamonds, extrusive
volcanics; left-facing triangles, igneous; and right-facing triangles, metamorphic; m/s, meters per second; kg/m?, kilograms per cubic
meter. Red symbols reflect a variety of well-represented rock types; blue symbols indicate the rock types with extremes in density; and
green, extremes in S-wave velocity, relative to the empirical relation.


https://doi.org/10.5066/P9HN170G

Mineral and Rock Seismic Velocity and Density 9

For comparison, we show in figure 4 the empirical relationships of Brocher (2005) for V', V,/V, and density given V,
(dashed lines), relationships that are used regularly to estimate S-wave velocities and densities in 3D seismic velocity models

(Aagaard and others, 2010; Stephenson and others, 2017). Using these empirical relations, V is well estimated for basalt in the
near surface but is overestimated for limestone by almost 10 percent. These differences increase with depth, particularly after the

transition to £ quartz. Sandstone and granite go from being underpredicted by about 6 percent just above the transition to being
overpredicted by about 5 percent below. Density, on the other hand, is well estimated for limestone but overestimated for basalt
and the other three rock types. Like V, this difference increases significantly, especially for quartz-bearing rock types after the

transition to f quartz, exceeding 7 percent for granite.
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Porosity, which is not considered in this report but is a major element of the NCM, is a primary factor controlling seis-
mic velocities and densities within several kilometers of the Earth’s surface. Porosity increases towards the Earth’s surface and
decreases seismic velocities (Lee, 2010) and rock densities. The effect is more pronounced for V, thereby moving V,/V to higher
values near the Earth’s surface. Within several hundred meters of the Earth’s surface, the V,/V ratio can be highly variable with
values far greater than 2 depending on the saturation. Unfortunately, these large and highly variable values of V,/V generally
occur where ¥, drops below the limit of 1,500 m/s set for the empirical relation of Brocher (2005) necessitating an alternative
approach to estimating physical properties. Application of a porosity model within the NCM aims to address this issue.

Other phenomena not directly considered in this report are the effects of mineral anelasticity and other contributors to seis-
mic attenuation, which will also act to slow V more than V', thereby increasing the V/V ratio. The anelastic effect is tempera-
ture dependent (Karato, 1993) but is expected to be minimal at shallow depths and where temperatures are significantly less than
the melting temperature. Other forms of seismic attenuation, however, such as fluid flow (Winkler and Nur, 1982; Chapman and
others, 2016), will become dominant at shallow depths in the presence of appreciable porosity.

Conclusion

We present a petrologic and mineral physics database for the NCM. Mineral assemblages for 209 rock types are defined
using general classifications in the literature with refinement for several specific geologic formations. The mineral physics data-
base builds on the work initiated by Hacker and Abers (2004) and most recently revised in Abers and Hacker (2016) in which
we add 13 minerals relevant to more continental rock types. We calculate P-wave and S-wave velocities and density for the rock
types in the petrologic database and compare these results with the empirical relationships of Brocher (2005). We find that on
average the empirical relationships are similar to values calculated here at standard pressure and temperature. Deviations about
the average are generally modest for several well-represented rock types, but when considering all rock types, we find that due
to specific mineral physical properties, V' and p empirically derived from ¥, can deviate from mineral physics calculations by up
to 15 percent and 37 percent, respectively.

The effects of pressure, temperature, porosity, and anelasticity complicate the correlation between the empirical relations
and mineral physics calculations. We account for pressure and temperature and show that the presence of quartz can exhibit
exceptionally unusual physical behavior because of the potential transition from a—f quartz within the crust. The effects of
porosity and attenuation will be addressed in other work related to building the National Crustal Model.

Application of this database to geologic and thermal models will yield mineral velocities and densities that vary with pres-
sure and temperature according to established theory and experimental data. Coupled with theory accounting for the effects of
porosity (Lee, 2010) and attenuation (Karato, 1993; Chapman and others, 2016) and calibration with in situ velocity and density
datasets, application of the resulting geophysical model should result in more accurate and uniformly derived estimates of site
response and seismic hazard and risk across the nation.
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Appendix 1. Methods for Calculating Mineral Assemblages for Plutonic
Igneous Rocks

Plutonic igneous rocks are coarse grained (>3 [millimeters] mm) and assumed to have cooled slowly (Le Maitre and others,
2002). The first step in classifying a plutonic igneous rock is to determine the percentage of the rock that is composed of mafic
(M) minerals. For the purposes of this database, M content was determined using figure 1.1, assuming that the color index, M/,
is a proxy for the volume percentage range for M content (fig. 1.1). For this explanation, we will go through the example of how
the mineral assemblage for granodiorite was established.

Step 1. Determine the M content based on the color index in figure 1.1. For granodiorite, it was determined that the
M content ranges from 5-25 percent. The median M content for granodiorite is, therefore, 15 percent with an uncer-
tainty of 10 percent.
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Figure 1.1. Color index for igneous rocks (adapted from Le Maitre and others, 2002). M' along the
y-axis is the “color index,” which for this study was interpreted to be approximately equal to the volume
fraction of the rock that is mafic material. P' is the plagioclase ratio, and Q is the volume fraction of
quartz. An, anorthosite.
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Step 2. Determine the midpoint on the quartz-alkali feldspar-plagioclase-feldspathoid (QAPF) diagram (fig. 1.2).
For granodiorite, the range for quartz (Q) is 20—60 percent. Therefore, the mean value for Q is 40 percent with a range
of +20 percent. From the midpoint of this field on the ternary diagram, the plagioclase (P) value was determined to be
~45 percent with a range of about +5 percent. By summing Q and P and subtracting that value from 100, the value for
alkali feldspar (A) was calculated to be ~15 percent with a range of about +5 percent.
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- — gé —
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\granitoid’
/&\/, ritoid’

/N

Granite

AY
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o N S

. 20 / i 20 Quartz
Alkall—feldsp.ar AR Ky ' o \ diorite/
quartz syenite A/, ng{ﬁ{ syenite; :Quiai{zi mpnzonite \ pionzodiorie/ i\ / -\ gabbro

/

\
\ / / /

5/ | \/ Syenite\ / / N /M 2()}1/”6 \\//\ \\// ‘\\ /\ \// | \5
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A 15 90 P
Alkali-feldspar Monzodiorite/  Diorite/
syenite Monzogabbro Gabbro

Figure 1.2. Top half of quartz-alkali feldspar-plagioclase-feldspathoid (QAPF) diagram with grid underlay to
determine percentages. Q, quartz; A, alkali-feldspar; and P, plagioclase feldspar. Numbers are percentages
of quartz or plagioclase feldspar. Red, blue, and green lines correspond to the example compositions given in
the text. Adapted from Le Maitre and others (2002).
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Step 3. Determine the most likely mafic minerals based on Bowen’s Reaction Series (fig. 1.3). If Bowen’s reac-
tion series is viewed as in figure 1.3 with increasing quartz content being present in the rock moving from olivine to
quartz in the reaction series, then the most likely mafic minerals can be roughly determined by equating the approxi-
mate quartz fraction overlaid on Bowen’s reaction series with the Q value from the QAPF diagram. In the instance of
granodiorite with a Q value of 40 percent (volume fraction of 34 percent in the rock as whole), it was determined that
it would be equally likely for amphibole, biotite, and muscovite to be present. Therefore, the total mafic content (M),
in this case, 15 percent, was divided equally among these three minerals.

% Quartz olivine calcic plagioclase

BN

Mg pyroxene

20 \ calci-alkalic plagioclase

Mg-Ca pyroxene

(spinel)

30
alkali-calcic plagioclase

amphibole

40
\l alkalic plagioclase
biotite /

potash feldspar

l

muscovite

l

quartz

Figure 1.3. Adaptation of Bowen's Reaction Series in subalkaline rocks (Bowen, 1922) with approximate
percent quartz overlay. %, percent.
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Step 4. Renormalization of QAP values. The QAP percentages determined in step 2 are multiplied by (100—M)/100
in order for the entire mineral assemblage to sum to 100 percent (table 1.1).

Table 1.1. Common mafic minerals in igneous rocks based on percent quartz.

[Mafic minerals (indexes) are: forsterite, 12; fayalite, 13; diopside, 14; enstatite, 15; hornblende, 25; phlogopite,

27, annite,28; and muscovite,29]

Rock name

Percent
composition quartz

Mafic minerals present
(index)

Alkali feldspar granite
Alkali feldspar syenite
Anorthosite

Diorite

Gabbro

Granite

Granitoid
Granodiorite
Monzodiorite
Monzogabbro
Monzonite

Norite

Quartz diorite

Quartz gabbro
Quartz monzodiorite
Quartz monzogabbro
Quartz monzonite
Quartz syenite
Subaluminous granite
Syenite

Tonalite

Troctolite

36
2.185
2.375
1.5625
1.25

35

28

34
1.75
1.4375
1.9375
0
7.0875
7.5
8.75
8.125
9.6875

10.325

29.1042
1.9375

30
0

27,28,29
25,27, 28,29
15
14, 15,25
14
27,28, 29
14, 15, 25, 27, 28, 29
25,27, 28,29
14, 15, 25
12, 13, 14, 15,25
14, 15, 25
12, 15,25
14, 25,27, 28
12,13, 14, 15
15,25
13, 14, 15,25
14, 15, 25, 27, 28
25,27, 28,29
12,13, 14, 15
14,25
14, 15, 25
12,13
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