
© 2022 The Authors. Gold Open Access:  
This paper is published under the terms of the CC-BY license.

GSA Bulletin; July/August 2023; v. 135; no. 7/8; p. 2038–2056; https://doi.org/10.1130/B36229.1; 17 figures; 1 table; 1 supplemental file. 
Published online 5 December 2022

2038

Constraining the crustal composition of the 
continental U.S. using seismic observables

Siyuan Sui1, Weisen Shen1,†, Kevin Mahan2, and Vera Schulte-Pelkum2

1 Department of Geosciences, Stony Brook University, Stony Brook, New York 11794, USA
2 Department of Geological Sciences, University of Colorado Boulder, Boulder, Colorado 80309, USA

ABSTRACT

The composition of the crust is one of 
the most uncertain and controversial com-
ponents of continental estimates due to (1) 
limited direct access and (2) inconsistent 
indirect assessments. Here we show that by 
combining high-resolution shear velocity 
(Vs) models with newly measured with newly 
measured ratio of compressional wave veloc-
ity (Vp) and Vs, or Vp/Vs ratio, for the crys-
talline crust, a 3-D composition (SiO2 wt%) 
model of the continental crust can be derived 
with uncertainty estimates. Comparing the 
model with local xenolith data shows consis-
tency at mid and lower crustal depths. The 
spatial patterns in bulk SiO2 content corre-
late with major geological provinces, includ-
ing the footprints of Cenozoic and Mesozoic 
mafic volcanism in the western U.S., and of-
fer new insight into the composition and evo-
lution of the continental U.S.

1. INTRODUCTION

The bulk silica content of the deep continental 
crust and its spatial variation play a foundational 
role in studying the growth and evolution of the 
continents (Condie, 1993; Gao et  al., 1998; 
Rudnick and Fountain, 1995). Since crustal 
rocks with more felsic compositions bear higher 
heat-producing elements and other compatible 
elements (Hasterok et al., 2018), better compo-
sitional constraints will benefit (1) mass-balance 
geochemical calculations (Rudnick and Gao, 
2014), (2) inferences about the thermal structure, 
and (3) identification of possible source regions 
of geoneutrino signals (Huang et al., 2013). Silica 
content also influences lithospheric strength and 
thus seismicity distributions (Lowry and Smith 

1995). However, even the average concentration 
of this most abundant oxide is still under debate 
due to the lack of direct access to the deep crust 
(Hacker et al., 2015). Previous global average 
estimates, for example, span a range for the bulk 
crust from mafic-intermediate (i.e., ∼57 wt% 
SiO2) to intermediate-felsic (∼64 wt% SiO2) 
(McLennan et al., 2005), with the lower crust 
being the most uncertain.

The difficulties of indirectly determining 
silica content and its heterogeneity in the deep 
crust are reduced but not fully resolved using 
seismic properties. As a physical attribute influ-
enced by composition, P velocity (Vp) of the 
crust has been used to place constraints on the 
chemical composition (Rudnick and Fountain, 
1995; Christensen and Mooney, 1995; Chris-
tensen, 1996). However, this method suffers 
from either limited spatial coverage when using 
local active source seismic properties or limited 
resolution when using a global seismic model 
(e.g., CRUST 1.0, Laske et al., 2013). The ratio 
between compressional velocity (Vp) and shear 
velocity (Vs), or Vp/Vs ratio, a quantity that is 
directly related to Poisson’s ratio, has also been 
widely used to infer the silica content qualita-
tively (e.g., Lowry and Pérez-Gussinyé, 2011; 
Ma and Lowry, 2017) as quartz has particu-
larly low Vp/Vs. A more recent effort used the 
crustal Vs and thermodynamically calculated 
petrophysical properties to quantify deep crustal 
composition, but it is only applied region-
ally to the southwestern U.S. (Sammon et al., 
2020). Using Vp or Vp/Vs alone to quantify 
composition is difficult since neither provides 
deterministic constraints (Hacker et al., 2015). 
Additionally, combining Vp and Vp/Vs to infer 
the composition is also challenging in the arcs 
near subduction zones (or hot lower continental 
crust, as discussed later in this paper), where 
the pressure and temperature lie near the α-β 
quartz-phase transition zone (Shillington et al., 
2013; Jagoutz and Behn, 2013). As a result, 
quantifying the silica content of the deep crust 
using seismic properties, or even mapping it at 

a scale in which tectonic conclusions can be 
drawn, remains a challenge.

In this work, we exploit the observation that 
SiO2 content for major crustal rocks (including 
amphibolites and mafic and felsic granulites, 
which are the main constituents of the deep crust) 
presents a monotonically varying spectrum in 
Vs-Vp/Vs space (Lowry and Pérez-Gussinyé, 
2011; Fig. 1). Additionally, we measure Vp/Vs 
for the crystalline crust across the continental 
U.S., combine the result with recently published 
Vs models to provide quantified silica content 
and build a 3-D compositional model including 
quantitative uncertainties. Notably, we show that 
the model reveals a generally mafic deep crustal 
composition for the continental U.S., especially 
in the tectonically stable central and eastern 
parts. This observation is in accordance with 
deep crustal xenoliths collected locally and glob-
ally. Our findings put the chemical composition 
of deep crust on the more mafic end of the spec-
trum of previously estimated global models. We 
also provide a comprehensive evaluation of the 
sources of random and systematic errors in this 
analysis. From this, we identify that the uncer-
tainty in the mineral phase equilibrium may be 
the major source of errors in this type of analysis, 
and can be as high as 5%–7% for some cases.

The manuscript is organized as follows: in 
Section 2, we first introduce the data and meth-
ods. Particularly in this part, we introduce how 
the Vs-Vp/Vs-SiO2 wt% interpolation surfaces 
are created from lab-measured/thermodynami-
cally calculated rock properties (Section 2.1), 
and how the Vs is corrected to the same physical 
condition of the lab measurements/thermody-
namic calculations (Section 2.2); The methods 
introduced in this section include: (1) an updated 
sequential H-κ (H for thickness and κ for Vp/
Vs ratio) stacking method for receiver function 
(Section 2.3); (2) quantifying SiO2 wt% from Vs 
and Vp/Vs and a synthetic test to show its feasi-
bility to distinguish crust with different composi-
tions (Section 2.4). In Section 3, we present the 
major results of this work. These include a new 
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map of the Vp/Vs for the crystalline crust across 
the continental U.S. (Section 3.1) and a 3-D 
compositional model (Section 3.2). Horizontal 
maps and vertical transects of the composition 
are exhibited in this section. Section 4 mainly 
discusses the errors in the results, including non-
systematic (Section 4.1) and systematic errors 
(Section 4.2). In Section 5, the resulting 3-D 
compositional model is further compared with 
local xenoliths (Section 5.1) and regional vol-
canism (Section 5.2). In particular, we discuss 
bulk composition differences between the west-
ern and central/eastern U.S. and deep crustal 
composition of the Archean and Proterozoic 
U.S. (Section 5.3). Then we discuss some cave-
ats of the current method (Section 5.4). Finally, 
we summarize our conclusions and provide an 
outlook for further research in Section 6.

2. DATA AND METHOD

In this work, we use the crustal Vs and Vp/
Vs ratio to constrain the SiO2 wt% for the conti-
nental U.S. using the lab-measured composition-
seismic relationships based on rock properties 
from lab measurements (Christensen, 1996; 
Hacker et al., 2015) or thermodynamic calcu-
lations (Hacker et al., 2015). The relationships 
allow us to use the crustal Vs and Vp/Vs ratio to 
constrain the SiO2 wt% for the continental U.S. 
We use the crustal shear velocity model from 
Shen and Ritzwoller (2016; S&R 2016 hereaf-
ter), which is constrained by ambient noise- and 
teleseismic earthquake-derived Rayleigh waves, 
receiver functions, and earthquake-based Ray-
leigh wave ellipticity (horizontal to vertical) or 
H/V) ratio) ratio measurements. The usage of 
ambient noise and H/V ratio help constrain the 
Vs at an unprecedented resolution, especially at 
crustal depths. The published model is at 1 Hz 
in frequency (Shen and Ritzwoller, 2016), and 

is also influenced by other factors in addition to 
composition (i.e., temperature, pressure; Rud-
nick and Fountain, 1995). As a result, it cannot 
be compared directly to the seismic properties of 
crustal rocks, and has to be corrected to the con-
dition under which the relationship is obtained. 
In addition to the details of how the S&R 2016 
model is corrected, we also present how Vp/
Vs ratios are measured through a 2-layer H-κ 
stacking method. Finally, we provide technical 
details of how SiO2 wt% is quantified from the 
seismic properties with uncertainties. In particu-
lar, we present synthetic tests to demonstrate the 
feasibility of constraining composition using Vs 
and Vp/Vs.

2.1. Creating the Vs-Vp/Vs-SiO2 wt% 
Interpolation Surface

Shown in Figure 1, we compile the rock prop-
erties (i.e., Vs, Vp/Vs, and SiO2 wt%) from 937 
lab measurements (Christensen, 1996; Hacker 
et  al., 2015) and 5754 thermodynamic calcu-
lations (Hacker et  al., 2015) and correct the 
seismic velocities to 600 MPa and room tem-
perature. Both lab measurements and thermo-
dynamic calculations show a similar trend: the 
rocks that have high Vp/Vs and Vs are mafic, and 
felsic rocks have low Vp/Vs and Vs in general.

Based on this trend of rock properties, we 
build an interpolation surface of rock Vs, Vp/
Vs, and SiO2 wt%. The rock (Vs, Vp/Vs, SiO2) 
triples are binned and interpolated/extrapolated 
via the Generic Mapping Tool algorithms (Wes-
sel et  al., 2019; see Supplemental Material1). 

Two smoothed interpolation surfaces describing 
functions of SiO2 (Vs, Vp/Vs) on regular grids 
are derived from lab measurements (Fig. 2A) and 
thermodynamics calculations (Fig. 2B) separately. 
Both the interpolation surfaces capture the “felsic-
intermediate-mafic” trend from low Vs and Vp/
Vs to high, which can be potentially used to dis-
tinguish the compositions of the Earth’s crust. 
Misfits between the surface-predicted SiO2 wt% 
and real rock SiO2 wt% are shown as the misfit 
distributions in Figures 2C and 2D. We observe 
that the misfits on average are ∼−0.2 wt% with 
a standard deviation of ∼5 wt%. These observa-
tions indicate that if accurate in situ measure-
ments of crustal Vp/Vs and Vs can be taken, the 
SiO2 wt% mapped by the interpolation surfaces 
will likely identify the chemical composition of 
silica content with precision small enough to dis-
tinguish mafic and felsic rocks.

Beyond showing similar trends, we also 
notice that surfaces from the calculated rock 
seismic properties exhibit a different distribution 
in Vs-Vp/Vs space compared to the lab measure-
ments (corrected to the same pressure-tempera-
ture [P-T] condition). Particularly, the calcula-
tions result in relatively higher Vs (>3.8 km/s) 
and lower Vp/Vs (<1.8) compared to the lab 
measurements. Several possible reasons may 
contribute to this difference: (1) The accuracy 
of lab-measured seismic properties might suf-
fer from fractures and/or volumetrically minor 
alteration phases. (2) The seismic properties 
from thermodynamic calculations are sensi-
tive to the assumption of a given water content, 
which might be different from the rocks used in 
the laboratory. (3) The lab measurements include 
different igneous and metamorphic rocks formed 
at a variety of crustal pressure-temperature con-
ditions, and the thermodynamics calculations 
are for lower crust rocks equilibrated at 650 
°C (amphibolites) or 750 °C (granulites) and 
1.0 GPa (Hacker et al., 2015). Thus, the surface 
from lab data is essentially an averaged inter-
polation surface for the P-T conditions across 
the entire crust, and the surface from thermody-
namics data is more representative for a given 
physical condition (e.g., the lower crust for the 
dots shown in Fig. 1). Considering the range of 
observed Vs-Vp/Vs space that will be shown in 
sections 2.2 and 3.1, we only show the composi-
tional results based on the interpolation surface 
from lab measurements in the following sec-
tions. The caveat of not using the thermodynam-
ics surface to quantify lower crust SiO2 wt% is 
discussed in Section 5.4.

2.2. Correcting the Shear Velocity Model

We use the geotherm profiles in the U.S. 
Geological Survey crustal thermal model 

1Supplemental Material. Supplemental text, 
Figures S1–S4, and Tables S1–S3. Please visit 
https://doi .org /10 .1130 /GSAB .S.21091078 to access 
the supplemental material, and contact editing@
geosociety.org with any questions.

Figure 1. Laboratory-mea-
sured and thermodynamics-
calculated seismic velocities 
and SiO2 wt% of individual 
crustal rocks. The squares rep-
resent the rock properties mea-
sured by Christensen, (1996) 
(C1996). The triangles are the 
lab-measured rock proper-
ties compiled by Hacker et  al. 
(2015) (H2015). The circles are 
the rock properties calculated 
at 600 MPa and room tempera-
ture (lab condition) for phase 

assemblages equilibrated at 650 °C (amphibolites) or 750 °C (granulites) and 1.0 GPa by 
Hacker et al. (2015). The dashed square shows the typical crustal shear velocity (Vs) and 
compressional to shear velocity ratio (Vp/Vs) ranges.
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(Boyd, 2020) to make the temperature cor-
rections on shear velocities. These geotherm 
profiles are constrained by geothermal heat 
flux, surface temperature, and Moho tempera-
ture derived from the uppermost mantle Vp 
tomography with consideration of crustal heat 
generation.  Figure 3A shows the temperature 
profiles we used for two example locations. 
A uniform temperature derivative (−2 × 10−4 
km s–1 °C–1, Rudnick and Fountain, 1995) is 
used to correct the Vs to room temperature. 
For pressure correction, we use a uniform 
depth-pressure relationship (i.e., 27 MPa/
km) and pressure derivative (1 × 10−4 km 
s–1 MPa–1, Rudnick and Fountain, 1995). 
Frequency-dependent attenuation also affects 
seismic speed. In order to compare the Vs 
model to the lab-measured seismic proper-
ties, which are usually measured in MHz 
(Kern et al., 1996), we correct all Vs to infi-
nite frequency following Equation 1 (Minster 
and Anderson, 1981):

 

V V
Q tan

( ) ( ) / ,∞ ω
π α

= −
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1
1

2
2

 

(1)

In which V(∞) represents the Vs at an infinite 
frequency that can be compared with lab-mea-
sured Vs directly, and V(ω) is the velocity at fre-
quency ω (for the model we used, ω = 1 Hz). 
During the correction, we assume that the 
crustal attenuation (1/Q) is 1/600 across the 
study region, and the frequency exponent (α) 
is 0.15 (Kennett et al., 1995). Further in Sec-
tion 4.2.3, we discuss possible systematic errors 
introduced due to choices of the thermal model, 
depth-pressure relationship, and Q model. Fig-
ure 3B shows example Vs profiles before and 
after the temperature, pressure, and attenuation 
corrections, and Figure 3C shows the corrected 
shear velocity of the continental U.S. at 20 km. 
Using different temperature/pressure/attenua-
tion models may change the corrected seismic 

speed, but tests show that the change is rela-
tively small.

2.3. Measuring the Crustal Vp/Vs

Crustal Vp/Vs has been measured mainly 
through receiver functions (Zhu and Kanamori, 
2000; Ma and Lowry, 2017). In this work, we 
take advantage of sequential H-κ stacking and 
apply it to the USArray Transportable Array 
(U.S.-TA), which provides a uniform sampling 
of the crystalline crustal Vp/Vs. Notably, we 
used P-wave waveforms from events (M > 5.5, 
distance between 30–103 degrees) collected at 
1708 U.S.-TA stations during their deployment 
periods (∼2 years on average). Figure 3C shows 
the stations we used, which cover the study 
region regularly with a lateral space of ∼70 km.

Receiver functions (RFs), computed from 
three-component seismograms, show the 
relative response of Earth structure near the 
receiver. The H-κ stacking method is a widely 

Figure 2. (A and B) Smoothed 
interpolation surfaces derived 
from the lab-measured and 
thermodynamic-calculated 
rock data, respectively. The red 
lines mark the boundaries in-
side which the surfaces are well 
constrained by the rock data. 
(C) The measured and surface-
predicted SiO2 wt% are shown 
in a scatter plot, with the mis-
fit histogram on the upper left 
inset. The mean and standard 
deviation of the misfit distribu-
tion as well as the number of to-
tal rock samples (n) are labeled 
on the lower right. The solid 
line shows where the measured 
and predicted SiO2 wt% are the 
same. The error bounds of one 
standard deviation are plot-
ted as dashed lines. (D) Similar 
to panel D but for calculated 
rock properties. Vs—S velocity; 
Vp—P velocity.

A

C D

B
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used RF-stacking method to reduce the random 
uncertainties for a better estimation of Moho 
depth and crustal Vp/Vs (Zhu and Kanamori, 
2000). It involves stacking of the amplitudes 
of P wave converted phases (including Moho-
converted P-to-s (Ps) phase and multiples, see 
Fig. 4A top) at discontinuities (i.e., sediment 
bottom and Moho) within the crust. Sediments 
usually have higher Vp/Vs than the crystal-
line crust (Brocher 2005). We adopt a 2-layer 
sequential H-κ stacking method to calculate the 
crystalline crust Vp/Vs (Yeck et al., 2013). This 
method allows Moho-converted phases to sepa-
rate from sediment conversions and reduces bias 
in the resulting Vp/Vs of the crystalline crust.

Before 2-layer H-κ stacking, two sets of 
receiver function waveforms with different 
Gaussian parameters were calculated separately: 
a Gaussian parameter of 5 (pulse width ∼1.0 s) 
for the sedimentary layer, and a Gaussian param-
eter of 2.5 (pulse width ∼0.75 s) for the crys-
talline crust layer. A larger Gaussian parameter 
will generate receiver function waveforms with 
a higher frequency, which are more sensitive 
to the shallow structure. After separating sedi-
ment-generated and Moho-generated phases, we 
stack their corresponding energies to obtain the 
thickness and Vp/Vs for each layer (sediment 
and crystalline crust). Shown in Figure  4B, 
stacked energy maps for station M26A show 
a sedimentary layer thickness of ∼3 km and 
Vp/Vs of ∼2.5. We also tested the stacking for 
individual waveforms, and the result indicates 

that earthquakes from different back azimuths 
and distances provide similar results (Fig. 4B). 
The crystalline crust beneath M26A has a lower 
boundary (i.e., Moho) at 46.8 km depth and a 
Vp/Vs ratio of 1.83 ± 0.06 (Fig. 4C), a relatively 
high value compared with typical continental 
crust (∼1.75). We adopt a constant Vp/Vs within 
each layer. The temperature and pressure correc-
tions to Vp/Vs are relatively small compared to 
the measurement uncertainties (Hacker et  al., 
2015) unless the phase change of quartz from 
alpha to beta polymorphs occurs. Later in Sec-
tion 4.2.4, we will show that this phase change 
should not occur systematically across our study 
region except in a few areas.

2.4. Quantitatively Constraining SiO2 wt% 
from Vs and Vp/Vs

Using published Vs and thermal models as 
well as the receiver function H-κ stacking, we 
have corrected Vs and measured Vp/Vs across 
the crystalline crust. This part describes how 
SiO2 wt% is drawn from those two profiles and 
how uncertainties are estimated. As shown in 
Figure 1, Vs and Vp/Vs of crustal rocks gener-
ally follow a smooth trend. Therefore, a given 
pair of Vs and Vp/Vs values will determine a 
SiO2 wt% value based on this trend. Applying 
this to each depth of the Vs and Vp/Vs profiles, 
a crustal SiO2 wt% profile is then constructed. 
In this process, we assume that Vp/Vs does not 
change with depth and in Section 4.2.5 we assess 

the possible error contribution to the result from 
this assumption. After a SiO2 wt% profile is 
generated, the bulk SiO2 wt% for the crystalline 
crust can be calculated from the depth integra-
tion of this profile.

Since both the Vs and Vp/Vs have random 
errors (Shen and Ritzwoller 2016), we use a 
bootstrapping method to quantify the random 
errors in the resulting SiO2 wt% versus depth 
profiles. In this approach, an ensemble of Vs pro-
files and Vp/Vs ratios is randomly selected out of 
Gaussian distributions whose widths are deter-
mined by their respective measurements (2% 
for Vs, Shen and Ritzwoller 2016; Fig. 4C for 
example for Vp/Vs). This produces an ensemble 
of SiO2 wt% versus depth profiles whose mean 
at each depth interval defines the result and a 
standard deviation that represents the uncertain-
ties of the profile. The distribution of depth-inte-
grated values from the ensemble of SiO2 wt% 
profiles (which can be shown as histograms as in 
Figs. 5D and 5H) defines the probability of the 
bulk silica content for the crystalline crust. Mean 
and standard deviation are drawn to represent 
our final assessment of the average composition 
with uncertainty.

To show that this simple method is able to 
distinguish crustal compositional variations, we 
perform synthetic tests on rocks with known 
compositions and seismic properties. We show 
that the results match the input within uncer-
tainties. Since seismic properties of real crustal 
rocks can either be measured in the lab or be 

A B C

Figure 3. (A) Crustal temperature profiles for F12A and M26A are plotted in green and red lines, respectively (Boyd, 2020). (B) Crustal 
shear velocity profiles before and after making temperature, pressure, and attenuation corrections are plotted in solid and dashed lines, 
respectively, for F12A (green) and M26A (red). All corrections are made to 600 MPa, room temperature, and infinite frequency. (C) A 
map view of corrected shear velocities at 20 km depth is plotted. Black lines represent the major tectonic boundaries of the western and 
eastern U.S. (Fenneman and Johnson, 1946; Shen and Ritzwoller, 2016). Black and red dots show the seismic stations with and without 
meaningful Vp/Vs measurements in the next section, respectively. Locations of F12A and M26A are shown as green and red triangles, 
respectively.
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calculated using thermodynamic and petrophysi-
cal calculations (e.g., Perple_X, Connolly and 
Petrini, 2002; Excel worksheets from Abers and 
Hacker, 2016; A&H hereafter), we present the 
two cases using each method, respectively. We 
adopted two 40-km-thick crustal profiles in each 
test, one felsic and one mafic, with a mid-crustal 
discontinuity separating it into upper and lower 
crust. The composition we adopted for each test 
case is shown in Table 1, and the details of the 
rock sample and Perple_X parameters we used 
are summarized in the Supplemental Material 
(see footnote 1). The seismic speed is calculated 
at a 15 °C/km geotherm.

For the first case, depth-dependent Vs and 
Vp/Vs are calculated from the lab-measured 
P-T derivatives and reference velocities (Kern 
et al., 1996, 1999). The calculated Vs and Vp/Vs 
profiles are shown in Figures 5A and 5B. Both 
the felsic and mafic profiles have distinct Vs and 
Vp/Vs predictions: the felsic profile, on average, 
has a lower Vs and Vp/Vs across all depths com-
pared with the mafic profile. Using these Vs pre-
dictions and the average Vp/Vs value of the crust 
and assuming proper uncertainties (2% for Vs 

and 0.07 for Vp/Vs), we construct two SiO2 wt% 
profiles following the method presented earlier. 
Results for this test are shown in Figures 5C and 
5D and summarized in Table 1. As seen in Fig-
ure 5C, the upper-lower crustal composition dif-
ferences in both profiles are reproduced. A shift 
in the average SiO2 wt% for the mafic profile 
is observed: the resulting composition is 3 wt% 
more intermediate, mostly due to the fact that 
the Vs-Vp/Vs-SiO2 wt% relationship we adopt 
has a misfit to the particular rock composition 
we choose in this test. The bulk composition 
distributions are shown in Figure 5D, and we 
find that the resulting estimates of the average 
crustal composition are still separated: when the 
input felsic profile has ∼15 wt% more SiO2 than 
the mafic profile, we capture 75% of the original 
difference (∼11 wt%) in average composition. 
The misfit to the input models (∼1–4 wt%) is 
substantially smaller than the estimated uncer-
tainties (∼5 wt%).

For the second case, we take a different route 
to calculate the seismic speed in the lower crust. 
Rocks with the same chemical compositions may 
have different modal assemblages at different 

pressure and temperature conditions and may 
thus predict different seismic speeds. The depth-
dependent phase equilibria may introduce bias to 
our results when using a uniform Vs-Vp/Vs-SiO2 
relationship to all depths and temperatures. For 
example, the stable mineral assemblage of deep 
crustal felsic rocks might include garnet under 
cold geothermal conditions, which might predict a 
higher Vs and possibly lead to estimating a mafic 
composition. To test this scenario, we calculate 
the stable mineral assemblage at 30 km depth and 
600 °C for the reported composition of the lower 
crustal samples used in test case 1 (Kern et al., 
1996, 1999). We use the thermodynamic model-
ing software Perple_X (version 6.9.1,  Connolly 
and Petrini, 2002; thermodynamic database 
hpha02ver.dat, Holland and Powell, 2003; Con-
nolly and Kerrick, 2002). For the composition of 
the sample HT1, this calculation shows ∼12.5% 
stable garnet at 30 km depth (calculations made 
between 20 and 40 km depths and 400–1000 °C 
produce ∼4.5%–14.0% garnet). Based on the 
resulting phase partition, seismic properties are 
then calculated by extracting the modes and min-
eral chemistry from Perple_X output for use in 

Figure 4. (A) P-wave receiver 
functions at station M26A 
(Bridgeport, NE, USA) are 
plotted according to ray pa-
rameters. The red and blue 
lines indicate the predicted ar-
rival times of multi-reverber-
ated phases at sediment bottom 
and Moho, respectively, with 
names of Moho-reverberated 
phases marked and ray paths 
illustrated at the top. (B and 
C) H-κ stacking energy of sedi-
ment phases and Moho phases, 
respectively. The stacked en-
ergy from all waveforms is 
shown by background color, 
and individual receiver func-
tion stacked results are plot-
ted by dots (color-coded by 
earthquake back azimuth). The 
crossing points of the dashed 
lines are the average values 
of individual event estimates, 
which are taken as the results 
of the H-κ stacking. Stan-
dard deviations of individual 
event estimates are treated as 
uncertainties. The diamonds 
and squares mark the median 
values of individual estimates 
and the highest stacked energy, 
respectively.

A

B

C
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A&H Excel worksheets (Abers and Hacker, 2016; 
details of the calculation can be found in the Sup-
plemental Material). For this garnet-bearing fel-

sic profile, a higher Vs (3.8 km/s) is found in the 
lower crust compared with the non-garnet-bearing 
original sample (3.65 km/s), as fast as the amphi-

bole-bearing mafic profile (Fig. 5E). However, the 
calculated Vp/Vs remains lower (∼1.65) than the 
mafic profile (∼1.76). As a result, the changes in 

A B C D

E F G H

Figure 5. (A) Calculated shear velocity profiles with known rock composition (felsic profile in red and mafic profile in blue, the same for 
the other panels). Velocities are calculated along a 15 °C/km crustal geotherm. (B) Calculated Vp/Vs profiles (dashed lines) and average 
Vp/Vs values (dotted lines). (C) Inferred mean SiO2 wt% are shown in dotted lines with uncertainties marked by corridors. Dashed lines 
represent the SiO2 wt% of the input rock sample. (D) Inferred bulk average SiO2 wt% distributions for the two crustal profiles with aver-
age and standard deviations noted. The dashed lines show the input bulk average SiO2 wt%. (E–H) Similar to panel (A–D), except that the 
Vs and Vp/Vs in the lower crust are calculated using the mineral phases from thermodynamic modeling. For lower crust, phase equilibria 
are calculated at 30 km depth and 600 °C using Perple_X (Connolly and Petrini, 2002), and pressure-temperature (P-T) dependent seismic 
properties are calculated using the Abers and Hacker Excel worksheets (Abers and Hacker, 2016).
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calculated seismic properties do not significantly 
alter the resulting quantification of lower crust 
SiO2 wt% (Fig. 5G). Notably, changing the for-
ward calculation to Perple_X in the lower crust 
also alters the bulk crustal Vp/Vs which is the 
input for the compositional quantification. It thus 
leads to a slightly different composition profile for 
the upper crust as well. Overall, the resulting bulk 
SiO2 wt% distributions are still separated, and 
the misfits are still less than one standard devia-
tion (Fig. 5H). We also performed synthetic tests 
on other samples reported by Kern et al. (1996, 
1999) and found similar results. In conclusion, the 
method using Vs and Vp/Vs appears a viable way 
to quantify the SiO2 wt% of the continental crust. 
In the next chapter, we report the application of 
this method to over 1400 stations of the USAr-
ray and present the first continental-scale model 
of crustal composition based on in situ seismic 
measurements.

3. RESULTS

This chapter presents the primary results for 
crystalline crustal Vp/Vs across the contiguous 
U.S. and the 3-D compositional model built 
based on that map. The discussion on the uncer-
tainties of the resulting model is presented in the 
following section.

3.1. Crustal Vp/Vs of the Continental U.S.

We apply the 2-layer H-κ receiver func-
tion stacking routine to 1708 USArray TA 
stations and obtain 1406 meaningful Vp/Vs 
measurements for the crystalline crust after 
quality control (Supplemental Material). The 
main results, depth to Moho and Vp/Vs ratio 
of the crystalline crust, are presented together 
with traditional 1-layer H-κ stacking results in 
 Figure 6. After correcting for sediment-gener-
ated phases, our new map of Moho depth has 
fewer small-scale variations in regions with 
unconsolidated sediment (e.g., the central 
U.S.). More importantly, the new Vp/Vs map 
of the crystalline crust contains few extreme 
Vp/Vs values (e.g., Vp/Vs > 1.9, see Supple-
mental Material). The overall pattern in Vp/Vs 

is more closely correlated with surface geol-
ogy: In the western U.S., higher Vp/Vs values 
are found in the regions with Cenozoic mafic 
magmatism such as the Snake River Plain and 
High Lava Plains, while lower values occupy 
extensional and granitic areas (i.e., the Basin 
and Range and Idaho Batholith). In the central/
eastern U.S., higher Vp/Vs is found (>1.8), 
except for the Atlantic coastal plain. Factors 
such as crustal melt and extensive cracks seem 
unlikely to be pervasive at a continental scale, 
especially in tectonically stable areas. We 
thus hypothesize that these high Vp/Vs ratio 
measurements mainly reflect compositional 
variations.

3.2. A 3-D Crustal Compositional Model

Using the new Vp/Vs map across the U.S., 
we apply the compositional modeling to all 
1406 stations and construct 1-D compositional 
models following the method described in Sec-
tion 2.3. Based on individual 1-D compositional 
models with uncertainties, a 3-D SiO2 wt% 
model with uncertainties is then constructed. 
Here we only briefly describe the resulting 
model and leave the discussion of uncertainties 
to Section 4.1. The benchmark of the resulting 
model and its tectonic implications are pre-
sented in Section 5.

3.2.1. Individual SiO2 wt% Profiles
Figures 7A–7C presents input Vs and Vp/Vs 

as well as resulting SiO2 wt% profiles for stations 
F12A and M26A. The two stations were chosen 
since they have distinct Vs profiles and Vp/Vs 
measurements (Figs. 7A and 7B). As expected, 
the two locations exhibit very different compo-
sitional profiles, and thus different distributions 
of bulk SiO2 wt% (Figs. 7C and 7D). Station 
F12A is in the Atlanta lobe of the Cretaceous 
Idaho Batholith and is largely felsic (average 
SiO2 wt% is ∼67.0 ± 3.2), midway through the 
range of observed chemistry in the surface expo-
sure of the batholith (55–75 wt% SiO2; Hynd-
man, 1984; Gaschnig et al., 2011). Site M26A is 
on the Great Plains and has a more mafic crust 
(∼50.3 ± 2.8 wt% SiO2) (Fig. 7D). This site is 

covered by Phanerozoic sediment but is thought 
to be underlain by Proterozoic basement (e.g., 
Worthington et  al., 2016), and our estimated 
composition is consistent with crustal xenoliths 
from the Stateline kimberlite district ∼160 km 
to the southwest (average 48 wt% SiO2; Farmer 
et al., 2005). For each of the 1406 stations, SiO2 
wt% profiles and bulk SiO2 wt% distributions 
are constructed using the same approach.

3.2.2. Lateral Variations
With 1406 bulk average SiO2 wt% distribu-

tions, we calculate their mean and standard devi-
ation and drew the smoothed map views in Fig-
ure 8, representing the final crystalline crustal 
SiO2 wt% map and uncertainty for the conti-
nental U.S. In terms of horizontal variations in 
the model, this plot presents a first-order pat-
tern with a division between a generally mafic 
central/eastern (bulk average ∼54.6 wt% SiO2) 
and a more felsic and compositionally diverse 
western bulk average (∼58.3 wt% SiO2) and the 
easternmost U.S. This observation of dichotomy 
in the crustal composition is qualitatively con-
sistent with observations that Archean and Pro-
terozoic crust is more mafic than Phanerozoic 
crust from investigations based on Vp/Vs ratio 
or Vp compilations (Rudnick and Fountain, 
1995; Zandt and Ammon, 1995). At regional 
scales, we observe the felsic bulk crystalline 
crust in the: Idaho Batholith, Basin and Range, 
southern Basin and Range, Rio Grande Rift, the 
central part of the Rocky Mountains, and parts 
of the Colorado Plateau. These felsic regions are 
mostly distributed in the western U.S. The High 
Lava Plains, Snake River Plains, and much of 
the Colorado Plateau, in turn, is more mafic. In 
the eastern U.S., the northern Appalachians and 
Coastal Plains are generally more felsic than the 
southern Appalachians and the cratonic core. 
These province-related variations are also seen 
in vertical transects discussed in Section 3.2.4 
as well. Additionally, variations in the result-
ing model also reveal both spatial and vertical 
patterns that are in line with the petrological 
records such as the distribution of volcanism and 
locally collected deep crustal xenolith samples, 
which will be discussed in Section 5.

TABLE 1. SYNTHETIC TESTS TO KNOWN CRUSTAL COMPOSITION PROFILES

Input composition Upper crust Lower crust Forward calculation of seismic speed Results (bulk SiO2)
(wt%)

Bulk misfit (result-true)
(wt%)

Case 1
Felsic profile 
(67.51 wt%)

WSZ11 HT12 Based on lab measured Vs, Vp, and their T-, 
P- gradients 1,2.

66.2 ± 4.9 –1.31
(71.52 wt%) (63.50 wt%)

Mafic profile D95-102 
(54.80 wt%)

JN31 55.5 ± 5.6 3.34
(52.16 wt%) (49.52 wt%)

Case 2
Felsic profile Same as case 1 Same as case 1 The lower crust Vs and Vp/Vs are based on 

Perple_X3 and A&H Excel worksheets4.
65.3 ± 4.9 –2.21

Mafic profile Same as case 1 Same as case 1 57.2 ± 6.4 5.04

Notes: 1Kern et al. (1996); 2Kern et al. (1999); 3Connolly and Petrini (2002); 4Abers and Hacker (A&H, 2016). Vs—S velocity; Vp—P velocity; T—temperature; P—pressure.
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3.2.3. Horizontal Sections at Upper, Middle, 
and Lower Crust

Figure  9 shows the vertical patterns in the 
resulting compositional models at upper (5 km 
below the bottom of the sedimentary layer as 
determined from 2-layer stacking), middle 
(mid-depth of the crystalline crust), and lower 
(5 km above the Moho) crustal depths. In gen-
eral, the SiO2 wt% increases with depth, follow-

ing the increasing trend of Vs. We note simi-
larities between the central/eastern U.S. upper 
crust (∼60.0 wt% SiO2, Fig. 9A) and western 
U.S. middle crust (∼58.8 wt% SiO2, Fig. 9B), 
as well as the central/eastern U.S. middle crust 
(∼54.1 wt% SiO2, Fig.  9B) and western U.S. 
lower crust (∼54.1 wt% SiO2, Fig.  9C). The 
similarities suggest the possibility that the upper 
felsic crust of the old central/eastern cratons 

and lower mafic crust in the tectonically active 
western U.S. have been diminished by long-term 
erosion and delamination, respectively. In addi-
tion, we note that SiO2 wt% in the lower crust 
of the eastern/central U.S. is the least uncertain 
(∼3 wt%, Fig. 9F). This is because the variations 
in inferred SiO2 wt% due to the uncertainties in 
seismic properties are relatively small when both 
the Vs and Vp/Vs are high (Vs ∼4.1–4.2 km/

A B

C D

E F

Figure 6. (A and B) Map views of the U.S. showing Moho depth and crustal Vp/Vs from receiver function analysis by the Earthscope Au-
tomatic Receiver Survey (EARS, Crotwell and Owens, 2005). (C and D) Map views of Moho depth and crust Vp/Vs with uncertainty, (E 
and F) from this study. Small dots show results at the individual stations on top of the Gaussian-smoothed map. Abbreviations of the main 
tectonic provinces: IB—Idaho Batholith; HLP—High Lava Plains; SRP—Snake River Plains; B&R—Basin and Range; CoP—Colorado 
Plateau; RM—Rocky Mountains; RGR—Rio Grande Rift; sB&R—southern Basin and Range; ME—Mississippi Embayment; sAP/nAP—
southern/northern Appalachians; CP—coastal plains.
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sec; Vp/Vs ∼1.8). An example can be found in 
Figure 7C, showing a relatively smaller uncer-
tainty in lower crustal composition beneath sta-
tion M26A.

3.2.4. Vertical Transects of SiO2 wt% along 
Specific Profiles

Figure  10 presents three vertical transects 
across major tectonic provinces in the study 
area: AA’ at 39° N latitude crosses the whole 
continent; BB’ and CC’ located mostly in the 
western U.S. cut along or across the Snake River 
Plain-Yellowstone hotspot track, respectively. 
These transects are shown with surface topog-
raphy (with elevation exaggerated vertically) to 

highlight the tectonic provinces they intersect 
with. Profile AA’ crosses the entire continen-
tal U.S. from the Sierra Nevada to the eastern 
coastal plains. A general trend is that more fel-
sic crust (e.g., > 60 wt% SiO2) is thicker on the 
western side, including the Basin and Range and 
the Rocky Mountains. In comparison, a thicker, 
more mafic crust (<60 wt% SiO2) is seen 
beneath the Archean and Proterozoic central/
eastern U.S. Notably, the Colorado Plateau, sit-
ting between the continental rift of the Basin and 
Range and the Colorado Rocky Mountains, has 
a relatively thick mafic deep crust. At the east-
ern end of AA’, the felsic upper crust is thicker 
beneath the coastal plains than in the cratonic 

core to its west, suggesting a different crustal ori-
gin or tectonic history. Transects BB’ and CC’ 
run along and across the Snake River Plains and 
Yellowstone hotspot track, respectively. BB’ 
shows a compositional slope changing from the 
Basin and Range (mostly felsic) to the Snake 
River Plains and Yellowstone (felsic upper crust 
with a relatively thick mafic deep crustal root) 
to the Archean and Proterozoic aged crust of the 
Great Plains and is mafic for most of the crys-
talline column. In CC’, the crustal composition 
exhibits variations from province to province: 
Idaho Batholith (mostly felsic to 25 km), Snake 
River Plain (mostly mafic below 15 km); Basin 
and Range (thin and felsic); Colorado Plateau 

A B C D

Figure 7. (A and B) Vs and Vp/Vs profiles with uncertainties for station F12A (red) and M26A (blue) are plotted in dashed lines and gray 
corridors. (C) Derived ensembles of the SiO2 wt% profiles for the two stations are shown. The means and standard deviations of the en-
sembles are plotted in dashed lines and gray corridors. (D) Distributions of depth-integrated, bulk average SiO2 wt% for the two stations 
are shown by the histograms. The means and standard deviations are labeled.

A B

Figure 8. Map views of (A) bulk average SiO2 wt% and (B) uncertainties. Results at the individual stations are shown by small dots on top 
of the smoothed map of the U.S. Red lines represent the locations of vertical transects AA’, BB’, and CC’ shown in Figure 9. See abbrevia-
tions in Figure 6.
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(thick and more mafic crust); southern Rio 
Grande Rift (more felsic). The variations reflect 
the complex modification to the chemistry of the 
crust due to different tectonics in the western 
U.S. and deserve further detailed investigations 
for each province.

4. ASSESSING MODEL ERRORS

Model errors include systematic and nonsys-
tematic errors. The systematic errors come from 
the fact that the assumptions we made during 
the compositional model building may not hold 
completely true for real Earth. The nonsystem-
atic errors come from the uncertainties in the 
seismic data (Vs, Vp/Vs). This section discusses 
the nonsystematic errors first in Section 4.1 and 
discusses factors that contribute to the system-
atic errors in Section 4.2. The result discussed 
here is based on the surface derived from the lab-
measured seismic properties only.

4.1. Nonsystematic Errors

The nonsystematic errors in the SiO2 wt% 
come from the random errors in the Vs model and 
crystalline crust Vp/Vs model. The uncertainties 
in the Vs model have been discussed extensively 
by Shen and Ritzwoller (2016). To simplify the 
discussion, here we conclude that the uncertainty 
in the crustal Vs is generally 2%. Traditionally, 
the uncertainty for crustal Vp/Vs is calculated 
during the H-κ stacking, using either the second-
order derivative at the maximal energy (Zhu and 
Kanamori, 2000) or the bootstrapping uncertainty 
bounds method (Efron and Tibshirani, 1991). In 
this study, we not only stacked waveform energy 
of all event summation, but also calculated Vp/Vs 
from each individual event using H-κ stacking. 
The standard deviation of the resulting Vp/Vs 
ratios is then taken as the uncertainty estimate for 
Vp/Vs (Fig. 6D). On average, the uncertainty on 
Vp/Vs estimated through this method is ∼0.07, 

an estimate that is generally greater than the 
traditional methods. This uncertainty definition 
reflects a more conservative choice in assessing 
the errors in seismic properties.

Based on the uncertainties of Vs and Vp/
Vs, the method discussed in Section 2.3 allows 
an assessment of the nonsystematic errors in 
the resulting SiO2 wt% profiles (as shown in 
Fig. 7C for individual stations) or bulk SiO2 wt% 
estimates. As shown in Figure 8B, the nonsys-
tematic errors of the bulk average SiO2 wt% is 
estimated to be ∼4.4 wt% across the continental 
U.S., much smaller than the regional variations 
in bulk SiO2 wt% (from ∼45 wt% in Montana to 
∼68 wt% in Idaho).

4.2. Systematic Errors

Precisely quantifying total systematic errors 
is more challenging since multiple factors con-
tribute to them, and they may constructively or 

Figure 9. Upper, middle, and 
lower crust average SiO2 wt% 
and uncertainties. Map views 
of the U.S. showing SiO2 wt% 
and the uncertainty at (A and 
B) 5 km below the bottom of 
the sedimentary layer; (C and 
D) mid-depth of the crystalline 
crust; (E and F) 5 km above the 
Moho. Small dots show results 
at the individual stations on top 
of the smoothed map.

A B

C D

E F
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destructively interfere with each other. These 
factors include the uncertainty of the Vs-Vp/
Vs-SiO2 wt% relationship, choice of Vs models, 
assumptions in thermal, pressure, and attenua-
tion corrections to the Vs models, lack of knowl-
edge on possible quartz phase transitions and 
partial melt in the deep crust, and the assump-
tion of a constant Vp/Vs across the crystalline 
crust. Here we discuss each source individually 
and present some tests to show how changing 
some of these assumptions impacts the resulting 
SiO2 model, either at individual stations or at a 
continental scale. Particular attention is paid to 
how our conclusions might be affected by the 
systematic errors, and we find these effects are 
relatively small compared with the uncertainties 
that we report.

4.2.1. Uncertainty of the Vs-Vp/Vs-SiO2 wt% 
Relationship

The uneven distribution of the rock sam-
ples in Vs-Vp/Vs space, as well as some SiO2 
wt% spikes, bring uncertainties to the derived 
Vs-Vp/Vs-SiO2 wt% relationship. Apply-
ing a bootstrapping method in constructing 
the relationship will help us to quantify the 

uncertainty level. We randomly choose 90% 
of the rock samples to create a new interpola-
tion surface and repeat the process 100 times. 
The standard deviation of the ensemble of 
the interpolation surfaces is calculated and 
regarded as the uncertainty of the relationship 
(Fig. 11A). We find that the overall uncertainty 
level is low (<1 wt%), but large uncertainty 
exists when one sample has different SiO2 
wt% from other samples with similar Vs and 
Vp/Vs (e.g., Vs: 3.4–3.5 km/s and Vp/Vs: 
1.70–1.75). Then, we use the ensemble of 
interpolation surfaces instead of one single 
surface to calculate the SiO2 wt% models for 
stations M26A and F12A. Figure 11B shows 
that for M26A, the SiO2 wt% profiles with/
without considering the relationship uncer-
tainty are similar. For F12A, the uncertainty 
in the interpolation surface increases the over-
all uncertainty by 1–2 wt% in the SiO2 wt% 
profile. Figure 11C shows the distributions of 
bulk average SiO2 wt% of the two example 
stations are still well separated. Compared to 
Figure  7, the differences in bulk SiO2 wt% 
are <1 wt% and the uncertainties defined by 
the standard deviations increase <1 wt%. We 

conclude that the uncertainty of the Vs-Vp/Vs-
SiO2 wt% relationship is minor and the large-
scale features in crustal composition revealed 
in Figure 8 should hold.

4.2.2. Choices of Different Vs Models
The Vs models that we use may contain 

bias from the presumptions made during their 
construction. Using different published crustal 
Vs models in the U.S. can help us further test 
the reliability of the crustal composition. The 
same approach has been applied to the crustal 
model made by Schmandt and Lin (Schmandt 
et al., 2015; S&L 2015 hereafter) to quantify 
the SiO2 wt%. The difference between the two 
Vs models and the resulting SiO2 wt% for sta-
tion M26A is shown in Figure  12. There is 
a ∼1 wt% DC shift, mostly due to the lower 
Vs in the upper crust, compared to the SiO2 
wt% from S&R 2016. This difference is much 
smaller than the 1 standard deviation uncer-
tainty. In the scale of the whole continen-
tal U.S., the pattern of more felsic western 
(∼57.4 wt%) and more mafic central/eastern 
portions (∼54.6 wt%) still holds, and the dif-
ference is very subtle.

A A

CB CB

Figure 10. Vertical transects along the 3-D SiO2 wt% model, with the locations identified in Figure 7. Each transect is part of the depth 
profiles for the crystalline crust (0–52 km) from the sediment bottom to Moho. The elevation is defined as the distance below the free sur-
face. Local surface topography is also indicated, as are abbreviated names of selected structural and geographic features, most of which are 
identified in Figure 6 except for the GP (Great Plains) and YS (Yellowstone, marked as the red triangle in BB’).
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4.2.3. Assumptions in Thermal/Pressure/
Attenuation Corrections

The assumptions in thermal/pressure/attenu-
ation (T/P/Q hereafter) models may bring bias 
to the corrections to the Vs profiles since the 
assumed models are not error-free. To test the 
sensitivity of the result to the thermal correc-
tion, we perform a test with a different ther-
mal model based on the latest geothermal heat 
flux measurements of the U.S. (Blackwell 
et  al., 2011) with a pre-set crustal heat gen-
eration model (Rudnick and Fountain, 1995). 
A similar approach is performed based on this 
new thermal model and the resulting compo-
sitional patterns persist (i.e., more felsic west-
ern (∼58.7 wt% SiO2) and more mafic central/

eastern U.S. (∼55.0 wt% SiO2)). The influ-
ences from the pressure model and Q model are 
smaller than the temperature effects. Assuming 
Vs is 4 km/s at 40 km, the difference between 
the two thermal models we tested may exceed 
300 °C, which results in 0.06 km/s (1.5%) dif-
ference in corrected Vs, and up to ∼0.5–2 wt% 
of SiO2 wt% (varying from different Vp/
Vs) at this depth. Using a different pressure 
model (e.g., 30 MPa/km rather than 27 MPa/
km), the pressure difference of 120 MPa gen-
erates 0.012 km/s (0.3%) difference in cor-
rected Vs, leading to ∼0.05–0.4 wt% change 
in SiO2. Additionally, using a different crustal 
Q value (e.g., 200 rather than 600), the attenu-
ation corrections to Vs change from ∼0.3% to 

∼0.9%, leading to a compositional difference 
of ∼0.1–0.7 wt%.

Considering that a lower geotherm is usu-
ally associated with higher densities and lower 
attenuation (and vice versa), the biases from 
assumptions in T/P/Q may constructively inter-
fere with each other. We use stations M26A and 
F12A to exemplify how different combinations 
of thermal, density, and attenuation models shift 
the final result. A test using a substantially colder 
geotherm (12 °C/km), higher density (31 MPa/
km), and lower attenuation (Q = 1000) at station 
M26A would result in a < 0.8% difference in the 
Vs profile and produce a compositional model 
with a bulk crustal SiO2 of 50.8 ± 3.3 wt%, 
0.5 wt% higher than the published model here. 

A B C

Figure 11. (A) The uncertainty of the Vs-Vp/Vs-SiO2 wt% relationship is defined as one standard deviation calculated from bootstrapping. 
The background color represents the uncertainty in SiO2 wt% for given Vs and Vp/Vs. (B) The SiO2 wt% depth profiles at station M26A 
and F12A. The relationship uncertainties are plotted in blue and red corridors, respectively. The shaded zones in the background are the 
same as Figure 6C. (C) Distributions of depth-integrated, bulk average SiO2 wt% for the two stations are shown by the colored histograms. 
The means and standard deviations are labeled. The shaded histograms are the same as Figure 6D.

Figure 12. (A) Vs profiles with 
uncertainties from different ve-
locity models for station M26A 
are plotted in dashed lines and 
corridors. Red: Schmandt and 
Lin (2015) (S&L 2015); Blue: 
Shen and Ritzwoller (2016) 
(S&R 2016). (B) The means 
and standard deviations of the 
SiO2 wt% ensembles are plot-
ted in dashed lines and corri-
dors. (C) Distributions of bulk 
average SiO2 wt% ensembles 
with average and standard de-
viations noted.

A B C
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For station F12A, if a substantially hotter geo-
therm (30 °C/km, 25% higher compared with 
24 °C/km in the thermal model we used), lower 
density (25 MPa/km), and higher attenuation 
(Q = 200) model is assumed, Vs would increase 
by up to ∼2%. The resulting bulk crustal SiO2 
wt% would be 66.4 ± 4.1 wt%, 0.6 wt% lower 
than the presented model. In conclusion, when a 
reasonable combination of thermal, density, and 
attenuation values is assumed, the bias is limited 
to up to 1.0 wt%.

4.2.4. Possible α-β Quartz Transition and 
Partial Melt

In this work, we consider chemical composition 
as the dominant factor that contributes to crustal 
Vp/Vs. In reality, there are other factors that may 
also affect it. These include the α-β quartz phase 
change (Mechie et  al., 2004; Kuo-Chen et  al., 
2012) and locally existing partial melt, with both 
increasing Vp/Vs substantially, and placing chal-
lenges in constraining crustal compositions (e.g., 
Shillington et al., 2013; Jagoutz and Behn, 2013). 
Partial melt also greatly decreases Vs. Ignoring 
these effects on Vp/Vs might cause an underesti-
mate in SiO2 wt% for areas with such complica-
tions. With a crustal thermal model (Boyd, 2020), 
we identify the stations that might be affected by 
partial melt if the crustal temperature is above 
650 °C when the pressure reaches 500 MPa. For 
a possible α-β quartz phase transition, we identify 
the stations whose thermal structure exceeds the 
pressure-temperature condition using Equation 2 
(Shen et al., 1993):
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Out of 1406 stations analyzed, 157 stations 
may experience either partial melt (29, 2% 
of the total stations) or the quartz phase tran-
sition (154, ∼11% of the stations) within 
the crust, and their locations are shown in 
 Figure 13, given the temperature conditions 
that are assumed here. We note that amongst 
the 154 stations with a possible quartz phase 
change, only 34 (∼2% of total) stations might 
have beta quartz stable in a significant por-
tion of the crust (e.g., thicker than 10 km). 
We notice that most of the identified stations 
are located in the western U.S., especially 
for some regions along the Snake River Plain 
and northwestern Basin and Range. For these 
regions, interpreting their higher Vp/Vs with-
out considering the partial melt/quartz phase 
change might underestimate the resulting SiO2 
wt%. For most of the eastern U.S., where the 
result shows a more mafic deep crust, few sta-
tions are affected. In summary, these observa-
tions indicate that the majority of the stations 
we analyzed are not affected by partial melt or 
quartz phase change, and the large-scale trend 
in crustal composition revealed in Figure  8 
should hold. The quantitative estimate of the 
effects on the interpretation of crustal compo-
sition for the Snake River Plain, Yellowstone, 
and Basin and Range is beyond the scope of 
this paper but warrants further investigation in 
the future.

4.2.5. Depth-Varying Vp/Vs
Except for the cases discussed in Section 4.2.4, 

the assumption that Vp/Vs is constant across the 
crystalline crust may not be true in the real crust. 
To evaluate how this assumption influences our 

quantification of SiO2 wt%, here we perform a test 
using station M26A that removes this assumption. 
Instead of using a constant Vp/Vs ratio across the 
crystalline crust, we allow it to vary with depth, 
with the bulk Vp/Vs following the measured value 
and associated uncertainty. These synthetic ran-
domly sampled, depth-varying Vp/Vs profiles 
are parameterized by seven cubic B-splines. As 
shown in Figure 14A, the removal of the constant 
Vp/Vs assumption leads to larger uncertainty at 
each depth, ending up with a wider corridor for 
the SiO2 wt% profiles (Fig. 14B). As a result, the 
resulting bulk SiO2 wt% shows a higher uncer-
tainty compared with the original result (3.1 wt% 
compared with 2.8 wt%). Notably, the average 
resulting compositional profile is shifted toward 
a slightly more felsic composition (the bulk is 
∼1.4 wt% more felsic, Fig. 14C). This is because 
when Vp/Vs for M26A is allowed to vary with 
depth, its impact on composition is asymmetri-
cal: when the Vp/Vs randomly decreases (e.g., 
from 1.83 to 1.73) at some depths, a more felsic 
composition (∼7 wt% increase in SiO2) will be 
obtained, while when it increases (e.g., from 1.83 
to 1.93), the decrease of SiO2 wt% is not as sig-
nificant (only ∼1.5 wt% decrease in SiO2), since 
the average Vp/Vs is already high. In summary, 
assuming that Vp/Vs stays constant with depth 
will cause an underestimate to the uncertainty of 
the resulting compositional model and introduces 
a bias of up to ∼1.5 wt% for the station M26A. 
Because of the asymmetry effect, for other sites 
with a felsic crust, this bias would overestimate 
SiO2 wt%; for mafic crust, the bias underesti-
mates SiO2 wt%. For the continental U.S., there 
are more areas with mafic-intermediate crust 
than with felsic-intermediate crust, and we thus 

Figure 13. Stations that may be 
affected by the phase change of 
quartz or partial melt. Circles 
represent stations that may 
experience the α-β quartz 
phase transition with the color 
showing the thickness of crust 
within which β quartz is stable. 
Red triangles indicate the sta-
tion may be influenced by par-
tial melt. Most of these stations 
are located in the western U.S., 
particularly along the southern 
Basin and Ranges, Rio Grande 
Rift, Salton Trough, and Yel-
lowstone hotspot track.
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conclude that not  knowing the Vp/Vs variation in 
depth may introduce a bias toward underestimat-
ing the overall SiO2 wt % by ∼1 wt%.

5. DISCUSSION

In this section, we discuss the resulting model 
in more detail. In particular, we interpret the 
model at both local and regional scales, with 
benchmarks to locally collected xenolith sam-
ples, surface geology, and globally aggregated 
deep crustal composition. We pay extra attention 
to the bulk composition of the deep crust of the 
U.S. with respect to the estimated global com-
positional model and its tectonic implications. 
Additionally, we discuss the differences between 
the western and central/eastern bulk crustal com-

positions. Finally, we discuss some caveats of 
the current method.

5.1. Comparison with Local Xenoliths

On a local scale, thermobarometry and bulk 
compositional estimates from deep crustal 
xenoliths exhumed by Eocene minettes in 
central and northern Montana (Barnhart et al., 
2012; Mahan et al., 2012) were recently com-
piled (Schulte-Pelkum et al., 2017), and they 
provide another independent comparison. 
These data represent direct measurements of 
the deep crustal composition and allow us to 
perform an in situ benchmark with the seis-
mologically modeled composition. As shown 
in Figure 15A, almost all deep crustal granu-

lite xenoliths collected at the three sites (blue 
error bars) exhibit intermediate-mafic composi-
tions at equilibrium depths between 20–54 km 
except for one. When compared with the com-
position model for a geographically close sta-
tion, C19A, most of the measured SiO2 wt% 
are within the uncertainty estimate, as well 
as possible ranges at 14 other nearby stations 
(Fig. 15B). The striking consistency between 
the petrologically and seismologically obtained 
compositions confirms that the deep crust 
of this area is most likely mafic, and further 
demonstrates the usefulness of determining 
deep crustal SiO2 wt% using Vs and Vp/Vs at 
a regional scale. At other localities, our model 
is consistent with xenoliths at the Santa Lucia, 
California, USA (63.2 ± 5.1 versus 64.7 wt% 

Figure 14. (A) The mean 
(dashed lines) and standard 
deviations (corridors) of Vp/Vs 
ensembles at M26A are calcu-
lated by assuming individual 
Vp/Vs profiles where (red) is 
varying and (blue) is constant. 
(B) The mean and standard 
deviations of the SiO2 wt% en-
sembles are plotted in dashed 
lines and corridors. (C) Distri-
butions of bulk average SiO2 
wt% ensembles with average 
and standard deviations noted.

A B C

Figure 15. (A) Comparison be-
tween the 1-D compositional 
models with in situ thermo-
barometry of crustal xenoliths 
in central and northern Mon-
tana, USA. The red profile and 
shade zone represent the SiO2 
wt% with uncertainty at station 
C19A, for which the location is 
shown as the red triangle in B. 
Green lines are compositional 
profiles at surrounding stations 
shown as green triangles in B. 
Blue dots and error bars rep-
resent the SiO2 wt% and the 
possible depth of xenolith sam-
ples from thermobarometry 
(Schulte-Pelkum et  al., 2017). 
(B) Small blue dots represent 
the locations of Cenozoic and 

Mesozoic mafic volcanic rock samples (NAVDAT, Walker et al., 2004). Blue stars in Montana are xenolith sample locations (Barnhart et al., 
2012, Mahan et al., 2012). See abbreviations in Figure 6.

A B
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from xenoliths, Ducea et al., 2003), Colorado-
Wyoming (USA) state line (52.9 ± 4.8 ver-
sus 45–52 wt% from xenoliths, Farmer et al., 
2005), and Leucite Hills sites, Montana, USA 
(49.8 ± 3.6 versus 42–52 wt% from xenoliths, 
Farmer et al., 2005).

5.2. Trend in the Bulk Crustal Composition 
at Regional Scales

On a regional scale, our result is also consis-
tent with the geological features and division of 
tectonic provinces and additionally provide new 
insights into the tectonism of the continental 
U.S. Shown in Figure  15B, regions that have 
a mafic bulk crust, estimated by the resulting 
compositional model, geographically overlap 
with large amounts of Cenozoic and Mesozoic 
mafic volcanics (NAVDAT, Walker et al., 2004) 
and with areas where previous geophysical and 
petrological studies suggest that the bulk of the 
crustal column is mafic (e.g., McCurry and Rod-
gers, 2009). In contrast, extensional and granitic 
provinces (i.e., the Basin and Range and Idaho 
batholith) are generally more felsic, indicative of 
a crustal extensional model involving delamina-
tion of mafic lower crust rather than brittle fault-
ing (Sammon et al., 2020). These features sug-
gest that our model is consistent with the surface 
geology of the tectonically active western U.S. 
On the east coast, the higher SiO2 areas appear to 
closely correspond to terranes that originated as 

microcontinents with high arc-related plutonic 
activity prior to accretion during the Appala-
chian orogen (Carolina superterrane in the south-
east and Avalon terrane in New England; e.g., 
Hatcher, 2010). The distinct high SiO2 estimate 
in southernmost Florida probably reflects exotic 
West African granite similar to that identified in 
well-bore cuttings by Dallmeyer et al. (1987). 
As much of these terranes, particularly in the 
south, lie beneath the coastal plain, the spatial 
variations in composition from our model offer 
additional detail that could be helpful in identify-
ing terrane boundaries. Compared with previous 
studies on continental crustal composition (e.g., 
Rudnick and Fountain, 1995), we note that this 
model is constructed by sampling the continental 
U.S. with the regularly deployed USArray, and 
reveals signatures of how tectonism has intro-
duced modifications to the crustal composition 
and perhaps crustal strength (Lowry and Smith, 
1995) in an unprecedented way. Our resulting 
model contains geological implications that 
should be further investigated in the future.

5.3. Seismic Signatures of Deep Crustal 
Composition of the Archean and 
Proterozoic U.S.

We note a considerable difference between 
the western and central/eastern U.S. bulk crustal 
compositions, no matter which Vs model and 
thermal model is used. We display the reasons 

for the difference visually. In Figure  16, we 
show that the bulk average Vs and Vp/Vs for 
stations in western and central/eastern U.S. have 
different distributions in Vs-Vp/Vs space. The 
complex compositional patterns in the western 
U.S. result from relatively low Vs (<3.8 km/s) 
and scattered Vp/Vs. The felsic crust in the Idaho 
batholith and Basin and Range is similar to gran-
ites and felsic gneisses, while the mafic crust in 
the High Lava Plain and Snake River Plain is 
close to basaltic rocks. The central/eastern U.S. 
crust is mostly mafic because both the bulk aver-
age Vs (>3.7 km/s) and Vp/Vs (>1.7) are high. 
The Archean and Proterozoic crusts may consist 
of different types of rocks (from mafic amphibo-
lites and granulites to gabbro).

As a result of the observation of high Vp/
Vs and Vs, a thick, mafic lower crust beneath 
much of the stable, cratonic central/eastern 
U.S. is found in the resulting model (Figs. 9E 
and 10). This result is partly based on the rela-
tively fast Vs in the lower crust (>3.8 km/
sec, Shen and Ritzwoller, 2016). However, 
in areas with a thick crust, garnet may form 
long after  orogenesis (Fischer, 2002; Black-
burn et  al., 2018), and garnet-bearing felsic 
rocks are known to have relatively high Vs 
(e.g., > 3.8 km/sec, Hacker et al., 2015; Wil-
liams et al., 2014). As a result, garnet-bearing 
felsic rocks should not be ruled out in interpret-
ing faster seismic speeds in the Vs model (e.g., 
Schulte-Pelkum et al., 2017). Here we  examine 

A B

Figure 16. Bulk average Vs and Vp/Vs of crusts beneath individual stations plotted with Vs-Vp/Vs-SiO2 wt% interpolation surface. Typical 
igneous and metamorphic rock types are labeled according to their Vs and Vp/Vs (A) Circles represent all the stations in the western U.S 
(W-US). (B) Triangles represent the stations in the central/eastern U.S (CE-US).
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the likelihood that the seismic signature can 
be explained by a more felsic, garnet-bearing 
composition.

Indeed, thermodynamic calculations on 
other natural garnet-bearing felsic rocks at 
lower crustal conditions predict a faster Vs 
(e.g., Canadian Shield: 3.7–3.9 km/sec, Wil-
liams et al., 2014; Robinson Range, Bearspaw 
Mountains, Montana, USA: up to 3.8 km/sec, 
Barnhart et al., 2012; Sweetgrass Hills, Mon-
tana, USA: ∼3.88–3.94 km/sec, Mahan et al., 
2012; Schulte-Pelkum et al., 2017). However, 
the Vp/Vs for the same samples are generally 
low (Canadian Shield: 1.74; Robinson Range, 
Bearspaw Mountains: 1.73–1.74; Sweetgrass 
Hills, central Montana: ∼1.70 on average), all 
distinguishable from mafic diabase (Vp/Vs 
∼1.82). Instead, garnet-bearing mafic rocks 
have a higher Vp/Vs (>1.8). In the synthetic 
test shown in Section 2, we examined a fel-
sic lower crustal composition that may allow 
>10 wt% garnet stability, the thermodynamic 
calculation also reveals a relatively low Vp/
Vs (<1.7), allowing us to reproduce a felsic 
composition as the input.

For the Archean and Proterozoic central 
U.S., a higher Vp/Vs for the average crystalline 
crust is found (∼1.82 for much of this region, 
Fig. 6D). Given that Vp/Vs is likely increasing 
with depth, the lower crust of the central U.S. is 
more likely to be higher than the crustal average 
(i.e., > 1.82). This Vp/Vs of deep crust is not 
compatible with felsic, garnet-bearing rocks. 
Finally, the deep mafic crust is also well bench-
marked by the thermobarometry result for deep 
crustal xenoliths in this area (as shown in Sec-
tion 5.2). Given this observation, we conclude 
that if garnet is pervasively stable in the deep 
crust of the central U.S., the seismic observa-
tion (especially the Vp/Vs) suggests that the 
rocks are more likely to be mafic than felsic. 
This suggests that our result of deep mafic crust 
beneath the cratonic U.S. is perhaps unlikely to 
be strongly biased by garnet stability. However, 
as shown in the next section, using an alternative 
sample database derived from thermodynamic 
calculations could bias the results to more fel-
sic compositions by a few percent, although the 
deep crustal composition of the central/eastern 
U.S. is still on the mafic side of the xenolith-
terrane discrepancy (Supplemental Material).

5.4. Additional Caveats for the Method and 
Compositional Model

In Section 4, we have identified the major fac-
tors that may introduce bias into the resulting 
SiO2 wt% model. In addition to them, there are 
additional caveats in using the petrophysics data-
base for future refinement in the model.

One of the most significant caveats is that the 
resulting compositional model depends on how 
the Vs-Vp/Vs-SiO2 wt% relationship is derived 
(i.e., lab measurements versus thermodynamic 
calculations), and the result can potentially be 
biased by the choice of database. Using the 
interpolation surface from thermodynamics cal-
culations leads to different Vs-Vp/Vs-SiO2 wt% 
interpolation surfaces, especially for typical 
crustal Vs and Vp/Vs ranges (Figs. 2A and 2B). 
In Figure 17, we compare two interpolation sur-
faces corresponding to 37 km in depth derived 
from lab-measured data and thermodynamic cal-
culations. The P-T condition at 37 km is close 
to the P-T condition, which the phase equilib-
rium has been calculated at thermodynami-
cally (1 GPa, 650 °C [amphibolites] and 750 °C 
[granulites], Hacker et al., 2015). The contrasts 
in Figures 17A and 17B indicate that the usage 
of thermodynamics-calculated rock seismic 
properties produces a ∼8.0 wt% difference in 
the absolute SiO2 wt%. One fact that needs atten-
tion is that the thermodynamic-based surface is 
not applicable to some stations with high Vp/
Vs (>1.85). Only considering the stations that 
appear in both maps, the average contrast in SiO2 
wt% at 37 km SiO2 wt% is ∼6.7 wt% (Figs. 17C 
and 17D). Additionally, we note that the spatial 
patterns are similar, supporting that (1) the cen-
tral/eastern U.S. is more mafic than the western 
U.S.; (2) crust east to the Appalachians is more 
felsic than the Archean and Proterozoic crust; (3) 
the Snake River Plain and High Lava Plains are 
more mafic than the Idaho batholith. Therefore, 
we conclude that the choice of Vs-Vp/Vs-SiO2 
wt% relationship from a different data set of rock 
with seismic properties calculated based on local 
phase-equilibrium will induce a systematic shift 
in the estimated deep crust SiO2 wt%, and this 
shift is greater than the nonsystematic errors we 
discussed in Section 4. However, the major com-
positional variations across tectonic boundaries 
in the continental U.S. remain unchanged and 
the associated discussions in the main manu-
script remain valid. However, having addressed 
this point, we suggest that additional investiga-
tion of the surfaces from the rock properties 
calculated at different P-T conditions should be 
performed for future refinement.

Moreover, focusing on using the interpolation 
surface from lab-measured rock properties, our 
methods include certain assumptions and simpli-
fications. Accordingly, the second caveat is that 
we ignore microcracks in the upper crust when 
the Vs is corrected for temperature and pres-
sure. These cracks, especially in unconsolidated 
sedimentary rocks, may reduce observed Vs, and 
ignoring their effect may introduce bias when we 
apply the pressure correction (Kern et al., 1996, 
1999). In this work, we only construct a compo-

sitional model for the crystalline crust, but such 
bias may still exist in the uppermost crust.

The third caveat in this work is that the 
observed Vp/Vs is based on single station 
receiver function analysis, which is sensitive to 
the depth-averaged local structure near the sta-
tion location within a ∼20 km range. However, 
the Vs model we use has a lower horizontal 
resolution (∼50–100 km) and higher vertical 
resolution (∼10 km). This differential reso-
lution may introduce further bias for certain 
locations (e.g., a spottier compositional model 
than the input Vs model). Additional work to 
reduce this differential resolution would be 
desirable for improving this technique. Finally, 
we note that the seismic model we used here is 
mainly from Rayleigh waves, which are sensi-
tive to the velocity of vertically polarized shear 
waves. As a result, the corrected Vs used in this 
study may differ from the Voigt averaged speed 
for certain areas by up to 2% (e.g., the western 
U.S. where stronger crustal radial anisotropy 
caused by the lattice preferred orientation of 
anisotropic minerals such as micas and amphi-
boles have been identified, Moschetti et  al., 
2010). This will not fundamentally change 
the patterns we see in the composition. Future 
improvement thus would include using a Voigt 
averaged Vs model considering both azimuthal 
and radial anisotropy.

6. SUMMARY AND OUTLOOK

In this paper, we present a method that com-
bines the Vs and Vp/Vs model to quantify the 
SiO2 wt% of continental crust, based on the 
observation that composition varies monotoni-
cally with these two seismic properties. We sum-
marize our findings below:

(1) Lab measurements of amphibolites, mafic 
and felsic granulites, and other crustal rocks 
show that SiO2 wt% of the crustal rocks vary 
monotonically with Vs and Vp/Vs. Mafic rocks 
generally have a higher Vs and Vp/Vs, while the 
felsic rocks exhibit lower Vs and Vp/Vs values.

(2) Based on conclusion 1 and synthetic tests 
using both the lab-measured rock properties and 
thermodynamic calculations, we show that using 
a Vs profile and average crustal Vp/Vs can quanti-
tatively distinguish between mafic and felsic crust, 
even when garnet is stable in the lower crust.

(3) A sequential 2-layer H-κ stacking method 
applied to USArray with rigorous quality 
 control produces a smooth, high-resolution 
crystalline Vp/Vs map at a continental scale. 
Variations in Vp/Vs follow the tectonic prov-
inces, indicating a geological origin of the seis-
mic signature.

(4) Combining the new Vp/Vs map with pub-
lished Vs models, a 3-D compositional model for 
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the continental U.S. emerges. The model shows 
that crustal composition varies with tectonism 
and surface geology:

- for the tectonically active western U.S., the 
regions with Cenozoic active rifting, granitic 
batholiths are more felsic, while the regions 
with mafic volcanism such as the Yellowstone 
hotspot track and High Lava Plains show a more 
mafic crust;

- for the tectonically stable central and west-
ern U.S., a more mafic deep crust is observed;

- for accreted terranes along the east coast 
(Coastal Plains, northern Appalachians, and 
Piedmont regions), the crust is more felsic-inter-
mediate, differing from the cratonic core.

(5) Benchmarks with local xenolith data 
collected in central Montana and their ther-
mobarometry results show high consistency 

between seismologically constrained deep 
crustal composition and xenolith samples.

(6) A benchmark test of the crustal SiO2 wt% 
model with localities of Mesozoic and Cenozoic 
volcanism shows that regions with those volca-
nic rocks commonly have mafic compositions.

(7) The ignorance of complexities in mineral 
phase stabilities and the possibility biased choice 
of rock property database, differential horizon-
tal resolution of Vs and Vp/Vs measurements, 
upper crustal microcracks and fluids, lack of 
vertical resolution in crustal Vp/Vs, and lack of 
consideration of the quartz phase change, partial 
melt, and anisotropy are the major caveats of this 
work. A rigorous error analysis, however, shows 
that some of them either only affect certain 
areas (e.g., quartz phase change and partial melt 
are not significant sources of error for central/

eastern U.S.), or impose limited impacts on the 
resulting bulk crustal compositional model (e.g., 
lack of vertical Vp/Vs resolution only contrib-
utes an error of up to 1.5 wt%). The ignorance of 
the more complex phase stability for deep crustal 
conditions contributes to the potential bias up to 
a few percent (∼6.7 wt% at 1 GPa), contributing 
the largest bias to the approach used in this study.

Since the development of ambient noise 
tomography, more accurate Vs models of the 
crust have been built across all of the major 
continents (North America, South America, E. 
Asia, Australia, Europe, Africa, Antarctica). 
These models, together with the widely applied 
H-κ receiver function investigation across the 
globe, allow a broader investigation of the 
crustal composition using the method described 
in this paper. In addition to the average crustal 

A B

C D

Figure 17. (A) Map view of the U.S. showing 37 km depth crustal relative SiO2 wt% derived from the Vs-Vp/Vs-SiO2 wt% relationship in 
Figure 2A. The mean SiO2 wt% value is labeled on the right and the deviations from the mean at individual stations are represented by the 
color-coded dots. (B) Similar to panel A, but derived from the Vs-Vp/Vs-SiO2 wt% relationship in Figure 2C. (C) Blue and red histograms 
are the distributions of SiO2 wt% for the stations appearing in both panels A and B, respectively. The mean SiO2 wt% are labeled on the 
top accordingly. (D) The difference of the individual station SiO2 wt% from panels A and B. A positive value indicates that panel B exhibits 
higher SiO2 wt% than panel A for the same station. The average difference is labeled on the top of the distribution. See abbreviations in 
Figure 6.
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composition that can be further constrained, the 
potential compositional models will provide 
fruitful implications for other geochemical and 
geophysical subjects, and we only list a few 
here: (1) Since the silica content of crustal rocks 
is approximately correlated with heat generat-
ing elements (i.e., K, U, and Th), the new com-
positional model allows the derivation of heat 
generation of the crust. (2) As the rheology of 
crustal rocks is highly dependent on the chemi-
cal composition, the new model will also facili-
tate better quantification of rheological proper-
ties and strength of continental crust (Shinevar 
et al., 2015; Lowry and Pérez-Gussinyé, 2011). 
(3) Using seismology to constrain the composi-
tion will allow additional investigation into the 
geology of continents whose surface geology is 
not well assessed (e.g., continents covered by ice 
sheets, such as Antarctica and Greenland).
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data was downloaded from the North American Vol-
canic and Intrusive Rock Database, part of the Earth-
Chem initiative (Walker et al., 2004).
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