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Based on the large number of crustal seismic experiments carried out in the last decades we create NACr14, a 3D
crustal model of the North American continent at a resolution of 1° × 1°. We present maps of thickness and av-
erage velocities of the main layers that comprise the North American crystalline crust, obtained from the most
recent seismic crustalmodelswithin the USGS crustal structure database. However, the crustal data are unevenly
distributed and in some cases discrepancies exist between published models. In order to construct a consistent
3D crustal model with three layers in the crystalline crust, we refrained from a direct interpolation of the crustal
seismic parameters in the database. Instead,we implemented the following sequence of steps: 1. Definition of the
geometry of themain tectonic provinces of North America; 2. Selection and evaluation of the reliability of seismic
crustal models in the database; 3. Estimation of the P-wave seismic velocity and thickness of the upper, middle
and lower crust for each tectonic province; 4. Estimation of the interpolated Pn velocity distribution. The resulting
average velocity of the crystalline crust ismostly consistentwith that of the seismic points. Themain variations of
the structure of the crystalline crust of North America displayed in the model can be related to its tectonic evo-
lution. The model, available in a digital form, can be used in various geophysical applications, such as the correc-
tion for the crustal effects in gravity and seismic tomography and models of dynamic topography, in order to
detect heterogeneities characterizing the underlying upper mantle.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The crust is themost heterogeneous layer composing the Earth, and
typically consists of several sub-layers characterized by pronounced dif-
ferent physical properties. Seismic studies (mainly refraction/wide-
angle reflection, near-vertical incidence reflection, receiver function,
and more recently ambient noise methods) provide constraints on the
structure of the crust. Three dimensional (3D) crustal models have
been derived from the synthesis of the seismic measurements of crustal
structure, which number in the thousands. Recently, several continent-
scale crustal models have been constructed using different approaches
(e.g., Artemieva and Thybo, 2013; Chulick et al., 2013; Molinari and
Morelli, 2011; Mooney and Kaban, 2010; Stolk et al., 2014; Tesauro
et al., 2008).

The crust of North America has been studied on a full continental
scale since the middle of the 20th century, decades before many other
continents (Prodehl andMooney, 2012). Seismicmeasurements carried
out in the early 1960s provided the data coverage needed to produce
D-14473, Germany. Tel.:+49
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the first contour maps showing the general trends of deep crustal prop-
erties (Pakiser and Steinhart, 1964; Prodehl and Mooney, 2012). These
maps, based on seismic refraction/wide-angle reflection data, depict
contours of crustal thickness (Hc), average whole-crustal P-wave veloc-
ity (Pc), and sub-Moho P-wave velocity (Pn). Braile et al. (1989) pro-
duced new, more detailed contour maps of Hc, Pc, and Pn for the
United States and southern Canada. These maps were accompanied by
the first detailed statistical analysis of crustal thickness and average
crustal velocity. Mooney and Braile (1989) extended these maps to
nearly the whole of North America, including regions in which little
prior information was available, such as Alaska and Arctic Canada.
Chulick andMooney (2002) used a large volume of newmeasurements
from seismic-refraction surveys, earthquake tomography studies,
surface-wave analyses, and receiver functions to construct new contour
maps of crustal structures and statistical analyses of the seismic struc-
ture of the crust and uppermost mantle of North America and the
surrounding ocean basins. Mooney and Kaban (2010) presented an up-
dated Moho map for North America with 1° × 1° resolution using an
adaptive interpolation technique applied to themost complete available
database, compiled by the USGS (Mooney, in press) consisting of about
1500 determinations of crustal structure. The idea of the adaptive inter-
polation method is to use available surface data (topography, thickness
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and properties of sediments) to reproduce the geometry of geologic fea-
tures, such as circular basins or linear mountain belts. In general, the
crustal structure for these geological features is determined in several
places. Therefore, relationships between crustal thickness and surface
parameters have been determined in a slidingwindow and then applied
in each local area for interpolation of themeasured values (Mooney and
Kaban, 2010). This study also presents a detailedmap of sediment thick-
ness with a resolution of 5′ × 5′. Using averaged borehole data, well‐
determined density compaction relations, and seismic profiling data,
Mooney and Kaban (2010) constructed smoothed density‐depth func-
tions characterizing each type of sedimentary basin. Bensen et al.
(2009) inverted surface wave dispersion curves, measured from ambi-
ent noise using 203 stations across North America, to determine a 3-D
shear wave velocity model (Vs) of the crust and uppermost mantle be-
neathmuch of the contiguous U.S. The increasing number of the seismic
station sites occupied by the USArray in the last few years (more than
1000) has provided the opportunity to reconstruct in detail the depth
of the Moho and of the lithosphere–asthenosphere boundary (LAB) be-
neath thewestern United States by interpreting Ps and Sp receiver func-
tions data (Levander and Miller, 2012), as well as to produce a new,
improved 3-D shearwave velocitymodel beneath the central andWest-
ern U.S. up to a depth of 150 km, based on the interpretation of surface
wave dispersion and receiver functions (Shen et al., 2013).

Since the crustal structures of the North American continent have
been studied in more detail than other continents, there is an excellent
opportunity to create a new generalized 3D crustal model showing the
sub-division into discrete layers, as well as P-wave velocity variations
within these layers. As shown in previous studies (e.g., Tesauro et al.,
2009, 2012), an accurate knowledge of the crust provides an opportunity
tomodel intraplate continental rheology and deformation caused by cou-
pling anddecoupling of the lithospheric layers. If only the average proper-
ties of the crustal structure are known, it is difficult to assess the existence
of mechanical coupling/decoupling between the intra-crustal layers or to
compute the lateral pressure gradients (LPG), which can drive horizontal
ductile flow in the crust (Tesauro et al., 2011). Furthermore, a consistent
3-Dmodel of the crustal structure is fundamental to the detection of het-
erogeneities characterizing the underlying upper mantle. In fact, reliable
geophysical models (e.g., geothermal, gravity, seismic tomographic) of
the upper mantle can be obtained only after subtracting the effect of the
crust from the observed fields (e.g., Bedle and Van der Lee, 2009; Kaban
et al., 2010; Koulakov et al., 2009). Likewise, the estimation of dynamic to-
pography due to mantle flow beneath the lithosphere (e.g. Becker and
Faccenna, 2011) requires correction for the crustal contribution to the ob-
served topography (e.g., Boschi et al., 2010).

In this study we present NACr14, a 3D model providing the thick-
ness, seismic P-wave average velocities of the crystalline crustal layers
and interpolated Pn seismic velocities of the Northern American conti-
nent, obtained from the analysis of the most recent seismic model of
the crust available in the USGS database (Mooney, in press). We did
not estimate S-wave velocity, on account of the limited database.

2. Data

The crystalline crust is often interpreted by seismic experiment as
composed of several layers, often overlain by sediments. It is commonly
Table 1
Example from the USGS database (Mooney, in press). The data have an identification number (
layer the P- and S-wave velocities (Vp and Vs) are given, as well as the layer thickness (Thickn
layer (s = sediment, c= crust and m = depth to Moho).

ID Location Vp (km/s) Vs (km/s)

1495 36.98 N 4.70 .00
90.25 W 6.20 .00

6.50 .00
7.40 .00
8.10 .00
divided in three layers, upper,middle and lower (e.g., Bassin et al., 2000;
Laske et al., 2013; Mooney et al., 1998). An almost complete dataset of
the crustal parameters of the North American continent is provided by
the USGS database (Mooney, in press), in which all entries are digitized
from published seismic models (mainly from seismic refraction/wide-
angle reflection and receiver function studies). A typical database
entry (Table 1) represents a vertical column at a certain location on
the Earth. For each crustal layer, the depth from the surface to the top
and thickness of the layer are given, together with the P-wave and S-
wave (where available) velocities of that layer. However, despite the
vast amount of seismic data composing the database (N2000 data en-
tries for the North American continent), only some of them could be
used to construct the model. In fact, some data provide information
only on the structure of the uppermost part of the crust or average
velocities and thickness of the entire crust, which are not sufficient to
assess the internal crustal subdivision. Furthermore, the spatial distribu-
tion of points is uneven, with a relatively large amount of seismic data
located in the western-central part of the U.S., whereas some parts of
theNorth America still lacks seismic experiments. There are often ambi-
guities in the interpretation of the entries in the seismic crustal struc-
ture database. Old interpretations may have a significant uncertainty
in the estimation of seismic velocities and layer thickness. In some
cases discrepancies exist between crustal models based on the same
data but interpreted by different authors, while in some other cases in-
terpretations of the intra-crustal layers, particularly seismic low-
velocity zones, remain controversial. These factors may leave question-
able the precise location of intra-crustal boundaries. In some studies the
crust is not depicted as divided by sharp boundaries but a gradual in-
crease in seismic velocities with depth is shown, while in other studies
more than three crustal layers are detected, especially when a lower-
most layer is characterized by relatively high seismic P-wave velocities
of over 7 km/s is present. For these reasons, to obtain a consistent
three layers crustal model, we did not directly interpolate the values
of the crustal parameters in the database, rather we have followed the
method discussed below.

3. Method

To construct a consistent model of the crystalline crust of the North
American continent, providing the thickness and average velocity of the
upper, middle and lower crust, we proceed through the following steps:
(1.) Outlining the main North American tectonic provinces; (2.) Selec-
tion and evaluation of the reliability of the seismic models in the USGS
database; (3.) Estimation of the P-wave seismic velocity and thickness
of the upper, middle and lower crust for each tectonic province, on the
basis of the analysis of the selected data points; (4.) Verification of the
consistency of the results using numerical tests.

In defining the borders of the North American tectonic provinces
(Fig. 1a), we took into account the age, the geographical extension of
the key tectonic elements, the physiographical boundaries and the
density of the data points. According to this criterion, we defined
26 tectonic provinces (Table 2). Due to uneven distribution of the
data, which are concentrated in Meso-Cenozoic regions, the division
of tectonic provinces is more detailed in the southwestern part of the
continent (Fig. 1a).
ID), geographical location (Location) in latitude and longitude and several layers. For each
ess) and the depth to the top of the layer (Depth). A label (Label) indicates the type of the

Thick (km) Depth (km) Label

2.50 .00 s
5.40 2.50 c
22.70 7.90 c
14.40 30.60 c
.00 45.00 m



Fig. 1. (a) Topography of the North American continent.White dashed contours show the boundaries of the tectonic provinces. Red labels are: AP, Appalachians; BA, Basin and Range; BR,
Brooks Range; CC, Canadian Cordillera; CH, Churchill craton; CP, Colorado Plateau; CL, Columbia Plateau; EM, EasternMexico; GM, Gulf of Mexico; GP, Great Plain; GR, Grenville; HB, Hud-
son Basin; NS, North Slope; PM, Polarmargin; PP, Paleoproterozoic platform; PR, Peace River arch; RG, Rio Grande rift; RM, RockyMountains; SA, Southern Alaska; SC, Southern Cordillera;
SL, Slave craton; SN, SierraNevada; SR, Snake River Plain; SU, Superior craton; THO, Trans-HudsonOrogen;WB,Williston Basin;WM,WesternMexico. (b) Thickness of the crust estimated
from the USGS crustal database. Black squares show the locations of the seismic data used to construct the new crustal model. Blue squares show the locations of the additional points
providing Pn estimates. Black lines show the locations of the cross-sections displayed in Fig. 10.
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Next, we selected the points of the crustal database (Fig. 1b) and es-
timated the average velocity and thickness of the upper, middle and
lower crust, guided by the published interpretation. For instance, in
the seismic profile displayed in Fig. 2a, the crystalline crust of the
Appalachians has been interpreted byHughes et al. (1994) as composed
by the upper, middle and lower crustal layers, each having specific
thickness and range in seismic velocity. Therefore, we could directly es-
timate the average velocity in each crustal layer, in this case 6.0 km/s,
6.30 km/s and 6.75 km/s, respectively.

We could follow the same approach in other cases, such aswhen the
crystalline crust is divided in more than 3 layers or when no internal
discontinuity has been detected. Indeed, regardless of the number of
layers within the crust, we were able to assign an upper, middle and
lower crustal layer. For example, in the case of the Superior Craton
(Fig. 2b), where the crystalline crust is divided by more than 2 inter-
nal boundaries, the three layers can still be identified. When the
same seismic profiles has multiple interpretations (e.g., those crossing
the Trans-Hudson orogen, interpreted by Ellis et al., 1996 and more re-
cently by Németh et al., 2005) we used the most recent interpretation.

The results obtained in this first analysis step show a linear increase
of the average velocity of the crustal layerswith thickness of the crystal-
line crust (Fig. 3a–c). In some cases, such an increase is prevalently



Table 2
Ranges of P-wave velocity, with average value and standard deviation, and average thickness (percentage) for each layer of the crystalline crust (UC, Upper Crust; MC, Middle Crust; LC,
Lower Crust) for different North American provinces.

Tectonic provinces Velocity UC (km/s) Velocity MC (km/s) Velocity LC (km/s) UC (%) MC (%) LC (%)

Polar Margin 5.80–6.15 6.30–6.60 6.70–7.0 34 33 33
5.97/0.11 6.46/0.1 6.86/0.1

Slave Craton 6.0–6.15 6.35–6.45 6.65–6.85 35 30 35
6.09/0.04 6.42/0.03 6.78/0.05

Paleoproterozoic 5.95–6.20 6.40–6.60 6.70–7.05 35–40 30 35–30
6.07/0.05 6.49/0.04 6.85/0.07

Churchill Craton 5.95–6.10 6.40–6.60 6.70–6.85 34 33 33
6.02/0.04 6.49/0.04 6.77/0.04

Trans-Hudson Orogen 5.95–6.25 6.45–6.65 6.70–7.15 35 35 30
6.08/0.07 6.53/0.05 6.89/0.11

Superior Craton 5.95–6.25 6.35–6.65 6.60–7.25 33 33 34
6.09/0.06 6.49/0.05 6.91/0.12

Grenville 5.85–6.20 6.35–6.60 6.65–7.10 33 33 34
6.05/0.07 6.49/0.05 6.9/0.1

Appalachians 6.00–6.15 6.40–6.50 6.70–6.90 33 33 34
6.06/0.03 6.44/0.02 6.79/0.04

Western Mexico 6.10–6.15 6.45–6.55 6.75–6.95 33 33 34
6.12/0.03 6.49/0.03 6.83/0.07

Eastern Mexico 5.95–6.15 6.40–6.45 6.70–6.85 33 33 34
6.11/0.05 6.43/0.01 6.79/0.02

Gulf of Mexico 6.40–6.60 0–0 0–0 100 – –

6.52/0.043
Canadian Cordillera 5.80–6.20 6.30–6.60 6.60–6.85 33 33 34

5.98/0.09 6.43/0.08 6.72/0.07
Cuba 6.20 0–0 7.0 40 – 60

6.20/0.01 7.0/0.01
Great Plain 5.95–6.20 6.40–6.60 6.60–7.30 30 35 35

6.09/0.04 6.51/0.03 6.99/0.1
Rocky Mountain 6.0–6.25 6.40–6.70 6.90–7.30 35 35 30

6.16/0.05 6.6/0.06 7.14/0.09
Northern Rocky Mountain 5.90–6.0 6.50–6.80 6.90–7.30 40 35 25

5.97/0.03 6.63/0.07 7.09/0.1
Rio Grande Rift 5.90–6.0 6.30–6.40 6.55–6.70 40 35 25

5.97/0.02 6.37/0.03 6.7/0.06
Colorado 5.90–6.0 6.30–6.40 6.60–7.0 35 35 30

5.95/0.02 6.36/0.04 6.81/0.11
Basin and Range 5.90–6.0 6.30–6.40 6.60–6.85 38 37 25

5.95/0.02 6.35/0.03 6.73/0.06
Southern California 5.80–6.20 6.25–6.40 6.55–6.70 40 35 25

5.92/0.11 6.3/0.04 6.6/0.04
Sierra Nevada 5.90–6.10 6.30–6.40 6.80–6.90 30 35 35

6.0/0.04 6.37/0.02 6.83/0.03
Snake River Plain 5.95–6.10 6.40–6.55 6.80–7.15 30 35 35

6.03/0.03 6.49/0.03 6.99/0.06
Southern Cordillera/Columbia Plateau 5.80–6.20 6.25–6.70 6.60–7.15 28 34 38

5.95/0.12 6.4/0.16 6.79/0.19
Gulf of California 5.20–5.80 0–0 6.40–6.70 35 – 65

5.60/0.04 6.51/0.02
Southern Alaska 5.80–6.10 6.35–6.50 6.75–6.95 30 40 30

5.93/0.1 6.4/0.07 6.81/0.12
Brooks Range/North Slope 5.90–6.10 6.35–6.40 6.50–6.90 30 35 35

6.04/0.05 6.37/0.03 6.79/0.1
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observed in the lowermost layer having a mafic composition, as in the
Superior Craton (Fig. 4).

The linear relationship between the crustal thickness and average
crustal velocity has beeny discussed in previous studies (e.g., Chulick
et al., 2013) of other continents (e.g., South America). The lowermost
layers of the cratons, with a more mafic composition and a relatively
low temperature, have relatively high seismic velocities (≥6.8 km/s).
In contrast, in young orogens, the average seismic velocity of the crust
does not increase significantly with crustal thickness due to a high
thermal regime and the absence of a deep mafic layer (e.g., in the
Andes and Himalayan). We observed a linear increase of the thick-
ness of the crustal layers with the thickness of the crystalline crust
(Fig. 5a–c). At the same time, the percentage of the crustal thickness
of each layer might be constant or vary without following a specific
trend (Fig. 6a–c).

Therefore, on the base of these results, it appears that is possible to
estimate for each tectonic province a characteristic range of the average
crustal velocity and adopt a positive correlation with the thickness of
the crystalline crust, which extends from the bottom of the sedimentary
layer to the depth of the Moho. We defined the range of average veloc-
ities for specific tectonic provinces, which fits the values from the data-
base and assumed smooth changes of the crustal parameters at the
borders of the tectonic provinces. In fact, since the borders are quite
uncertain, sharp changes of velocity/thickness in these areas might
be artificial. Using this approach, we estimate the average velocity
of the three crustal layers in each point of the grid with a resolution of
1˚ × 1°. In the upper crust the positive correlation between the average
layer velocity and thickness of the crystalline crust is usually weaker,
but, since the variability in velocities in this layer is smaller than in the
others (Table 2), we preferred to estimate its average velocity by
adopting the same criterion used for other layers. In some tectonic prov-
inces, the limited amount and high variability of the data does not per-
mit the determination of reliable relationships. In these cases the linear
relation between velocity and total crustal thickness was defined using



Fig. 2. a–b Interpreted crust–mantlemodel (a) across theNewfoundlandAppalachian orogeny, modified after Hughes et al. (1994) and (b) across thewestern Superior province, modified
after Musacchio et al. (2004).
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other constraints, such as the Vp/Vs ratio estimated from receiver func-
tions (e.g., Thompson et al., 2010). As previously stated, the relative
thickness of the crustal layer does not follow a specific trend. Therefore,
we estimated a uniform value of this parameter for each of the three
crustal layers of the tectonic provinces (Table 2), in most cases corre-
sponding to the averages of the data points. Using these values we
could estimate thickness of the upper, middle and lower crust in each
point of the grid. The choice of the parameters used to estimate the ve-
locity and thickness of the crustal layers is discussed in Section 5. This
approach does not take into account the local crustal heterogeneities,
which decrease the correlation between average velocity and thickness
of the crystalline crust. For this reason, we discuss in Section 6 the con-
sistency of the results obtained through a statistical analysis and com-
pare them with the previous interpretations of the North America
crustal structure. In addition, we provide comparison of our new
model with the most recent global crustal model CRUST 1.0. (Laske
et al., 2013). The latter, also defined on a 1° × 1° grid, estimates Vp, Vs
and density for 8 layers (water, ice, 3 sediment layers and upper, middle
and lower crystalline crust). Crustal thickness data are evaluated from
seismic data or using gravity constraints where the former are lacking.
For cells with no local seismic or gravity constraints, statistical averages
of crustal properties, including crustal thickness, were extrapolated.
CRUST 1.0 was validated against new global surface wave dispersion
maps and adjusted in areas of extreme misfit.
4. Sub-Moho P-wave velocity (Pn)

More seismic data are available to estimate Pn velocity than the da-
tabase used for the estimate of the average velocity and thickness of the
crystalline crust layers. Actually, even the old seismic experiments,
which often do not provide the detailed seismic velocity structure in
the crust, normally provide Pn values (e.g., in the Hudson Basin,
Hobson et al., 1967). Therefore, the study area is well covered with Pn
measurements (Fig. 1b) andwe directly interpolate themwith ordinary
kriging on a uniform 1° × 1° grid, after exclusion of outliers with values
either lower than 7.6 km/s or over 8.4 km, using standard commercial
softer (SURFER). The uncertainties of the results obtained depend on
those of the initial values. The contour map displayed in Fig. 7 is similar
to that presented by Chulick and Mooney (2002), with the mean value
slightly larger, due to the inclusion of data from the stable continental
interior (Table 4). A systematic difference occurs between the Pn values
for the Meso-Cenozoic Cordillera (b8.0 km/s) as compared with the
Precambrian regions (N8.0 km/s).

Such a difference, present in the area of the RockyMountains, is also
found in S-wave velocity models (e.g., Bensen et al., 2009; Yuan et al.,
2011) and is closely correlatedwith the thermal state of the lithosphere.
This lateral change is sharper in the Pnmodel of Zhang et al. (2009) and
occurs along the eastern border of the RockyMontains. The lower Pn ve-
locities correspond to higher lithospheric temperatures (e.g., Mooney

image of Fig.�2


Fig. 3. (a–c) Relationships of the average P-wave velocity (km/s) in (a) the upper; (b) middle and (c) lower crust versus thickness of the crystalline crust (km) for the Paleoproterozoic
platform (see Fig. (1a–b) for location). The values are positively correlated.
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and Braile, 1989). As in themodel of Buehler and Shearer (2012), low Pn
values (~7.8 km/s) are observed beneath the Snake River Plain, Basin
and Range and the western edge of Colorado. In contrast with this
study, a slight increase of Pn values to 7.9–8.0 km/s is found beneath
Sierra Nevada and California. The northern part of the Canadian Shield
(e.g., in the Slave province) is sparsely covered by data, but the interpo-
lated Pn values (~8.15 km/s) are in agreementwith those of Fernández-
Viejo and Clowes (2003).

The Hudson Bay and the northeastern part of the Canadian Shield are
characterized by the largest Pn values (N8.2 km/s), according to the study
of Hobson et al. (1967) and Berry and Fuchs (1973). High Pn values are
estimated in the southern part of the Trans-Hudson Orogen and the
eastern part of the Great Plains (Fig. 7), while in the model of
Zhang et al. (2009) they are observed in the northwestern boundary
of the Mississippi Embayment and North and South Carolina. On the
other hand, the high values (~8.3 km/s) estimated in the central part
of Mexico are not robust features, being constrained by only two data
points. The low Pn anomaly in the northern part of Mexico is likely
the result of extrapolation of the low values (b7.8 km/s) observed
in the Gulf of California and in the Basin and Range. As in the model

image of Fig.�3


Fig. 4. Relationships of the average P-wave velocity (km/s) in the lower crust versus thickness of the crystalline crust (km) for the Superior Craton (see Fig. (1a–b) for location). The values
are positively correlated.
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of Zhang et al. (2009), relatively low velocities within the NA cratons
(~8.0 km/s) are observed beneath the central part of the Great Plains
and along the eastern edge of the craton.

5. Main parameters and reliability of the new crustal model

The average velocity and thickness of the three main layers of the
crystalline crust and of the entire crystalline crust of North America
are displayed in Figs. 8(a–d) and 9(a–d) and along four cross-sections
in Fig. 10(a–d). In the off-shore regions, such as Gulf of Mexico and
Gulf of California, and beneath Cuba the crystalline crust is thinner
and consists of only one or two layers (Table 2).

The top of the crystalline crust is not uniquely defined by seismic
data. In Western Europe it usually corresponds to the depth where the
seismic velocity reaches 5.4–5.6 km/s, whereas in most of the East
European Platform, where the uppermost part of the crust is character-
ized by a thick layer of carbonates, the top of the basement is usually as-
sociated to a Vp ~ 5.8 km/s (Artemieva and Thybo, 2013). The value
5.8 km/s was chosen by Chulick et al. (2013) to identify the top of the
basement in the South American continent, being higher than the veloc-
ity in most sedimentary rocks and lower than the minimum velocity
(N5.9 km/s) found in granitic rocks. Given the ambiguity in identifying
the thickness of sediments for each individual data point, in NACr14
the minimum average velocity of the upper crust corresponds to the
value of 5.8 km/s and 5.5 km/s in the on-shore and off-shore regions, re-
spectively (Fig. 8a). However, values N6.0 km/s are usually observed in
Proterozoic and Archean regions. In the middle crust the minimum
values (~6.2 km/s) correspond to off-shore regions, while the largest
ones (N6.6 km/s) are found beneath the Rocky Mountains and in Mon-
tana close to the Canadian border (Fig. 8b). In the lower crust (Fig. 8c),
velocity values over 7.0 km/s, characterizing most of the Proterozoic
platform of the U.S., the Wyoming craton and part of the Superior
craton, are due to the presence of the lowermost high velocity layer
(seismically defined ‘7.x layer’, e.g., Gorman et al., 2002), reflecting the
tectonic and magmatic processes associated with continental rifting,
collision, subduction and other thermal lithospheric evolution,
and its occurrence also provides information on the nature of the
underlying mantle. However, there is no systematic geographical
and age information on this process of crustal growth, while infor-
mation on the geographical extent of this high velocity layer is
very spotty (Mahan et al., 2012). The average velocities in the crys-
talline crust (Fig. 8d) have been estimated as a weight average of
the velocities of the intra-crustal layers and are mostly influenced
by the velocity variability within the middle and lower crust,
being the velocity within the upper crust and the thickness of the
layers more uniform. Our model, similarly to the shear wave
model of Bensen et al. (2009), displays a trend of velocities higher
in the eastern than in the western US. The thickness of the layers
is quite uniform with values mostly concentrated between 11 and
13 km (Fig. 9a–c). In some regions, such as those subjected to
pronounced tectonic extension (e.g., Basin and Range), the lower crust
is b10 km, being reduced to 25% of the crystalline crust (Table 2). The
thickness and average velocity of the intra-crustal layers show stronger
lateral variations than CRUST 1.0.

The uncertainties of the crustalmodel presented depend on both the
quality of the seismic data selected and on the reliability of the assump-
tions used. The uncertainty of the original data on the average Vp in each
of the three layers, depending on the approach used in the seismic inter-
pretations (e.g., Majdański, 2013), is usually ± 0.1–0.2 km/s, but can be
locally even higher, whereas the uncertainty in thickness can be as large
as ca. ±5 km. These uncertainties arise from several factors, such as the
field survey method, the spatial resolution of the survey (e.g., the spac-
ing of the shot points and the recording stations), and the analytical
techniques used to process and interpret the data. We verified the reli-
ability of the assumptions by comparing theweighted average velocities
of the crystalline crust of NACr14 with those estimated in the data
points composing the database for the area where the largest amount
of points are located (70.75 N, 134.75 W, 10.25 N, 40.25 W) and for
three large tectonic provinces (Fig. 1a).

The results, displayed in Fig. 11(a–d), show that the values of NACr14
are distributed in anarrowandmore uniform range than those of the data
points. The data points are scattered in a relatively large range (6.0–
6.90 km/s) and have two small peaks (~10% of values) at 6.30 and
6.50 km/s (Fig. 11a), corresponding to areas with low (e.g., Basin and
Range) and high average velocities (e.g., the regions characterized by
the “7.x layer” in the lowermost part of the crust). In contrast,
in NACr14 more than 50% of values are in the range of 6.40–6.50 km/s
(Fig. 11a), which are typical values of the continental crust. As discussed
below, for specific tectonic provinces, the differences observed are
likely due to a variety of factors, such as: (1) the unequal distribution
of the data points; (2) the possible presence of outliers between the
data points; and (3) some strong crustal heterogeneities not taken
into account by our model.

In the Colorado Plateau, the average values of the crustal model and
those of the data points have very similar mean and are distributed
around the same mean peak (6.35 km/s) (Fig. 11b). The similarities
between the two trends are due to the relatively uniform distribution of
the data points (Fig. 1b) and the absence of strong crustal heterogeneities
in this region. The few anomalously low (b6.25 km/s) and high
(N6.50 km/s) values are due to data outliers.
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Fig. 5. (a–c) Thickness (km) of the (a) upper; (b) middle and (c) lower crust in the Paleoproterozoic platform (see Fig. 1(a–b) for location). The values are positive correlated with the
thickness of the crystalline crust (km).

72 M. Tesauro et al. / Tectonophysics 631 (2014) 65–86
In the Rocky Mountains the data points are distributed in a
larger range (6.1–6.9 km/s) with respect to NACr14 (6.35–6.70 km/s)
(Fig. 11c). However, a large percentage of values (N40%) of both
datasets are distributed between 6.55 and 6.65 km/s, on account of
the ‘7.x layer’, characterizing this region. In this tectonic province
the mean value of our model is larger than that of the compiled
data points by ~0.049 km/s on account of the higher percentage of
values having an average velocity N6.6 km/s. As in case of the Colora-
do plateau, the extremely low (b6.35 km/s) and high (N6.75 km/s)
values likely represent outliers, rather than strong crustal heteroge-
neities, as they are very different from other points observed in the
same area.
The strong heterogeneity of the crustal structure of the Superior cra-
ton is reflected by the relatively large range of values (Fig. 11d) of
NACr14 (6.2–6.7 km/s) and of the data points (6.2–6.9 km/s). In our
model 35% of values are distributed around the mean peak at 6.5 km/s
and on average are lower than that of the data points by ~0.068 km/s.
The latter, being unequally distributed in this region (Fig. 1a–b), show
values mostly scattered in their range (Fig. 11d). The largest values of
the data points (N6.65 km/s) are observed in the Lake Superior and
surrounding areas, where NACr14 shows high seismic velocities as
well (Fig. 7d). Such anomalous high values are due to local bodies hav-
ing anultramafic composition (Shay and Trehu, 1993). The highest peak
in data points distribution (~20% of values) at 6.30 km/s (Fig. 11d) is
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Fig. 6. (a–c) Thickness (relative to the thickness of the crust) of the (a) upper; (b)middle and (c) lower crust, respectively, in the Paleoproterozoic platform (see Fig. 1a–b for location). The
values do not show any correlation with the thickness of the crystalline crust (km).
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representative of the northwestern part of the craton, close to the Hud-
son Basin, where old seismic experiments (Hall and Hajnal, 1969) esti-
mated low velocity values, while NACr14 suggests the values slightly
larger (Fig. 7d).

A more detailed statistical analysis of the intra-crustal velocities of
NACr14 is presented in the next section.

6. Structure of the crystalline crust of the North American continent

In order to investigate where themodel reproducesmore realistical-
ly the crustal structure, we evaluated, for each tectonic province, the av-
erage velocities of the intra-crustal layers using the values provided by
the seismic data points and those of: (1) our new model and (2)
CRUST 1.0 at the same points and calculated their differences (Table 3
(a–c)). This analysis demonstrates that NACr14 fits the values of the
seismic points better than CRUST1.0 for all three crustal layers. The larg-
est misfit for either model (N0.3 km/s) is observed in the upper crust
andmight be related to the ambiguity in identifying the top of the base-
ment in each individual data point. In particular the seismic points lo-
cated close to the coastline (e.g., those located along the southwestern
coast ofMexico) often show a sudden strong velocity drop in the upper-
most layer, below the threshold defined for the off-shore regions
(5.5 km/s), which is not taken into account in NACr14 and CRUST 1.0.

There exists no direct relation between the fit and the number of
seismic data points in each tectonic province, nor with the geographical
size of the latter. In fact, generally a good fit exists in several tectonic
provinces of the Canadian Shield with only few seismic experiments
(Table 3(a–c)). On the other hand, having a large number of seismic
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Fig. 7. Sub-Moho P-wave velocity, Pn (km/s).
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data in any tectonic province does not necessarily imply a better fit of
the data by the new crustal model due to the high velocity variability
of the data. Large differences between the average of the seismic data
and of NACr14 (N0.15 km/s) might be related, as discussed before, to
the presence of ‘outliers’ or to the data points corresponding to local
crustal heterogeneities, which are not considered in NACr14. In addi-
tion, we should also take into account discrepancies between different
interpretations given for the original seismic profiles located in the
same areas. For this reason, the average velocities of the intra-crustal
layers estimated in the seismic data points do not always refer to the
same layer. In this case, the differences between the seismic data and
the model reflect different geological interpretations of the crustal
structure along seismic sections. Belowwe discuss inmore detail the re-
sults of this statistical analysis and themain peculiarities of the structure
of the crystalline crust of North America in relationwith tectonic evolu-
tion of the tectonic provinces.

The crust of southern Alaska is composed of several anomalous low
and high velocity layers, corresponding to fragments of the oceanic
crust (basalt, gabbro, and metamorphosed equivalents) and mantle
interlayered with sedimentary and metasedimentary rocks (Fuis et al.,
1991). To the north, the crustal structure of the Brooks Range, a west
trending north vergent orogenic belt that formed along a part of the
North American continentalmargin, is influenced by theMesozoic south-
ward dipping subduction zone (Moore et al., 1994). The complexity of the
structures of these tectonic provinces makesmore uncertain the depth of
the intra-crustal boundaries (and consequently the intracrustal average
velocity) in the seismic data points. The newmodel, showing intermedi-
ate velocities values (Fig. 9a–d), overestimates the velocity in the middle
crust of the Brooks Range (~ − 0.2 km/s), which is anomalously low
(Table 3b), but at the same time underestimates the velocity in the lower
crust (0.15 km/s). The average velocity of the crystalline crust in Southern
Alaska is slightly higher (~6.46 km/s) than that of the Earth continental
average (Christensen and Mooney, 1995) and it smoothly increases to
the north according to the previous studies (e.g., Fuis et al., 1991). In
contrast, 300 km south to the Brooks Range, CRUST 1.0 shows a sharp
velocity decrease from south (~6.55 km/s) to north (6.33 km/s).

To the northeast, the crust of the North American polar margin,
formed during the Cretaceous by rifting and counterclockwise rotation
when Alaska and Siberia separated from the Arctic Islands (Sweeney,
1985), is relatively thick (35–40 km, Mooney and Kaban, 2010) and
its velocity corresponds to rocks with granitic and basaltic composition
(Hajnal, 1992). According to these previous results, we associate
intermediate velocity values to the crustal layers having similar thick-
ness (Fig. 9a–d and Table 2). Although in the seismic interpretation of
the original data (Hajnal, 1992) the middle crust is absent, we still as-
sume a three layers division in this region, as in other areas, since the
crystalline crust is relatively thick (N35 km). We compensate the
insertion of the middle layer by associating to the lower layer a
velocity lower (~0.16 km/s) than that estimated by the seismic experi-
ments (Table 3(a–c)).

The Canadian Cordillera, includes five major morphological belts
(from east to west, the Foreland belt, the Omineca belt, the
Intramontane belt, the Coast belt and the Insular belt), which represent
the product of a wide variety of tectonic processes (e.g., Hardebol et al.,
2013). The newmodel, in agreementwith previous studies (e.g., Clowes
et al., 2005; Creaser and Spence, 2005; Kanasewich et al., 1994), shows
generally low velocities (Table 3 (a–c)), increasing in the lower crust up
to values of ~6.8 km/s (Fig. 10b). The low average velocity of the crystal-
line crust (6.3–6.4 km/s, Fig. 9d) is possibly related more to the high
heat flow of the region (N100 mW/m2, Lewis et al., 2003), than to com-
positional anomalies (e.g., Hammer and Clowes, 2004). Seismic data ac-
quired across the southeastern Canadian Cordillera (e.g., Clowes et al.,
2005; Zelt andWhite, 1995; Zelt et al., 1993) have revealed a continuous
increase in the crustal seismic velocities westward from the Foreland
belt to the Insular belt, possibly related to the decrease in felsic crustal
components with a corresponding increase in mafic content. These ve-
locity variations, observed at the boundaries of the belts composing
the Canadian Cordillera, are not reproduced by NACr14 (Fig. 9c), since
they do not show a clear relation with changes of the crustal thickness.

The Columbia Plateau located southwest of the Canadian Cordil-
lera, is one of the largest flood basalt provinces in the world (e.g.,
Catchings and Mooney, 1988a). The crust contains a lower crustal
‘7.x layer’ (~7.5 km/s) that is thickened in the central part and causes
a local deepening of the Moho (Catchings and Mooney, 1988a).
Schmandt and Humphreys (2011) suggest that the ‘7.x layer’ might
represent an obducted oceanic terrane. In agreement with these
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results (Table 3(a–c)), NACr14 shows a high average velocity of the
crystalline crust (~6.60 km/s), on account of the relatively thick
and high velocity middle (N6.55 km/s) and lower (N7.0 km/s) crust-
al layer (Figs. 8b–c, 9b–c and 10b). The high velocity layer in the low-
ermost part of the crust, identified also in the S-wavemodel of Porritt
et al. (in press), extends south of the Columbia Plateau in east-
central Oregon, a region dominated by continental flood basalts
and extensional faulting, that is associated with the subduction of
the Juan De Fuca plate (Catchings and Mooney, 1988b). This ‘7.x
layer’ (~7.45 km/s) consists of an intrusive mixture of mantle-
derived magmas with the preexisting lower crust if continental
extension and rifting have been active beneath east central Oregon.
Alternatively, this layermay have originated frommagmatic crustal un-
derplating, which effectively maintained a thick crust despite large
amounts of crustal extension (Catchings and Mooney, 1988b). The
new model shows for east-central Oregon a crustal structure similar
Fig. 8. (a–d) Average P-wave seismic velocity of the (a) upper; (b) middle; (c) low
to that of Columbia Plateau, having slightly lower velocity (Fig. 9d),
due to the shallower Moho depth (Mooney and Kaban, 2010).

In southern Oregon beneath theHigh Lava Plains, close to the border
of the Basin and Range province, our model shows a sharp reduction in
the average velocity of the crystalline crust (from 6.55 km/s to 6.35 km/
s), mostly due to the decrease of velocity in the lower crust (Figs. 9c
and 10b). Low crustal velocities in this region, identified in previous stud-
ies (e.g., Eagar et al., 2011; Wagner et al., 2012), are likely due to a pres-
ence of partial melt, according to very high Poisson's ratios (∼0.320),
low crustal S wave velocities (Wagner et al., 2012), high heat flow values
(Blackwell and Richards, 2004), high crustal temperatures (Bouligand
et al., 2009) and high lower crustal conductivity (Patro and Egbert,
2008). CRUST 1.0 shows a similar sharp velocity variation, but does not
reproduce the anomalous high velocity in the Columbia Plateau.

The Basin and Range province is characterized by high heat
flow (~90 mW/m2, Blackwell et al., 1991), high lower crustal
er and (d) whole crystalline crust (km/s) of the North American continent.
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conductivity (Meqbel et al., in press) and thin crust (~30 km, Braile
et al., 1989; Mooney and Kaban, 2010), which result from the Cenozoic
extension, accompanied by intrusive an extrusive igneous activity (e.g.,
Steward and Carlson, 1976) and crustal thinning (e.g. Smith et al.,
1989). In our model the upper and middle layers comprise most of the
crust (75%), since crustal thinning has affected mainly the lower crust.
The upper and middle crustal layers show low average velocities
(5.95 km/s and 6.35 km/s, respectively, Table 2 and Figs. 9d and 10b),
as already observed in previous studies (e.g., Catchings and Mooney,
1991). In contrast, the thin lower crustal layer is more structurally com-
plex, having an unusually high velocity (7.4 km/s, Catchings and
Mooney, 1991), which has been identified as mantle in some previous
studies (e.g., Stauber and Boore, 1978). Such a “7.x layer”, thickening
from central to northwestern Nevada, up to 7 km, was interpreted as
the addition of mantle-derived melts to the base of the crust during
the Basin and Range rifting (Catchings, 1992). On the other hand, the
thickening of the “7.x layer” is in contradiction with the minor amount
of upper-crustal extension of western Nevada (30%, Colgan et al., 2006),
respect to the central part of Nevada (N50% Smith et al., 1991).More re-
cently, Lerch et al. (2007) observed a slight increase of lower crustal ve-
locities from east to west, up to the maximum of 6.85 km/s across the
northwestern Basin and Range, without identifying the “7.x layer”. In
NACr14 we did not consider the influence of the “7.x layer”, since it
was detected only in a limited geographical area and the lower crust
shows a velocity of ~6.75 km/s in the central part of the Basin and
Range and decreases to ~6.6 km/s in its southern part. The fit of the
seismic data points is good in the Basin and Range, while in the
Sierra Nevada NACr14 shows lower velocities in all three crustal
layers (Table 3(a–c)). However, in the latter province, the velocity
is constrained by only two data points (Fig. 1b).

Crustal structure of the Rio Grande Rift, a Cenozoic extensional fea-
ture superimposed upon preexisting zones of crustal weakness, located
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east from the southeastern Basin and Range, is very similar to the Basin
and Range, as also observed in previous studies (e.g., Sinno et al., 1986).
Indeed, this region is characterized by anomalous high heat flow
(N100 mWm2, e.g., Swanberg, 1979) and merges with the broader ex-
tensional region of the Basin and Range province in southern New
Mexico (Smith et al., 1989). As in the North American Polar margin,
we prefer to assume a three layers' crustal structure, although the few
seismic data were interpreted by a two-layer crustal model (Sinno
et al., 1986).

West of the Basin and Range, the crustal structure of California is
quite heterogeneous, being characterized in the northern and central
part by low velocity in the upper crust and by the middle and lower
crust composed of rocks having intermediate velocities (Eaton, 1966).
The new model shows intermediate velocities of the crustal layers of
California region (Fig. 9a–d; Table 2), but it does not display anomalous-
ly high velocities in the central part of the Great Valley, estimated in the
previous studies of Colburn and Mooney (1986) and Holbrook and
Fig. 9. (a–d) Thickness (km) of the (a) upper; (b) middle; (c) lower a
Mooney (1987), since they are not correlatedwith crustal thickness var-
iations. In the Gulf of California, NACr14 shows low velocities of the
two crustal layers (b6.0 km/s and ~6.60 km/s) composing the thin
crust (b20 km) of this region. However, as in the southern part of
California, the velocities according to the original off-shore seismic data
(Phillips, 1964) are anomalously low in the upper layer (Table 3(a–c)),
reflecting a transition to the oceanic crust.

Northeast to the Basin and Range, in the Snake River Plain, the crust
thickens from30 to 35 km (Braile et al., 1989;Mooney andKaban, 2010),
but the upper crust becomes thinner respect to the other layers and
beneath the Yellowstone caldera its velocity is reduced (b6.0 km/s),
possibly due to a hot body of granitic composition, partially melted
(e.g., Smith et al., 1982). In contrast, the middle and lower crustal
layer are thicker and have velocity larger than the northern Basin and
Range (e.g., Smith et al., 1982), possibly on account of an intrusion of a
mafic body (e.g., Sparlin et al., 1982). In NACr14 the percentage of the
thickness of the upper crust is lower than those of the middle and
nd (d) whole crystalline crust of the North American continent.
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lower crust (Table 2 and Fig. 10b), while the ranges of velocities associ-
ated to the crustal layers result in an average velocity of the crystalline
crust larger (~6.60 km/s, Figs. 9d and 10b) than for the Basin and
Range, in agreement with previous studies (Table 3(a–c); e.g., Braile
et al., 1982). The crust of the Colorado Plateau is in a region of crustal
thickening that occurs over a distance of ~100 km, going from
30–35 km in the Basin and Range to N40 km (e.g., Mooney and Kaban,
2010; Zandt et al., 1995) on the plateau. The plateau remained unde-
formed during the Early Cenozoic compression and extension in the
Rio Grande rift and Basin and Range province compared to surrounding
regions (e.g., Snelson et al., 1998; van Wijk et al., 2010). The velocities
estimated in the crystalline crust by previous seismic experiments
(6.0 km/s–6.8 km/s) are consistent with those of rocks of silicic to inter-
mediate composition (e.g., Snelson et al., 1998). Negative Bouguer
anomalies also are indicative of low crustal density in the thickened
crust of this region (Gilbert, 2012). The new model shows a gradual
decrease of velocities from the eastern part close to the Rocky Moun-
tains to thewest toward the Basin and Range (Figs. 9a–d and 10a) as ob-
served in previous studies (Snelson et al., 1998; Zandt et al., 1995) and
the resulting average velocity of the crystalline crust (~6.35 km/s) is
lower than the continental average (Christensen and Mooney, 1995).
The model tends to underestimate the velocity in the upper crust and
overestimate it in the lower crust (~−0.20 km/s), respect to the values
of the seismic data points (Table 3(a–c)). However, the three-layers'
model re-interprets crustal structure of this region, since no internal dis-
continuity is present in the original seismic model of Snelson et al.
(1998).

The Rocky Mountains constitute the eastern side of the broad Cor-
dilleran orogeny that developed during late Mesozoic/early Cenozoic.
Its crust is similar to the Archean craton to the east, but the existence
of lower seismic velocities in the upper crust indicates that intense
magmatism during the Cenozoic in the northern and southern Rocky
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Fig. 10. (a–d)Average velocity (km/s) and thickness (km) of theupper,middle and lower crust and sub-Moho P-wave velocity (Pn) along four crustal cross-sections of theNorth American
continent. The vertical axis of topography in respect to that of the depth of the intracrustal boundaries is ~7 times exaggerated. Cross-sections locations are displayed in Fig. 1b.
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Mountains had reduced the seismic velocities in the uppermost layer
and that the compression has likely thickened it, without affecting
the lower crust. According to NACr14, the upper crust composes up
to 40% of the entire crust and has average velocities between 5.9 and
6.2 km/s (Table 2, Figs. 9a, 10a and c), similar to those estimated in
the previous studies of Snelson et al. (1998, 2004). Relatively high
velocities are observed in the middle crustal layer (Snelson et al.,
2004), while in the lower crust, from central Wyoming to southern Al-
berta, the velocity increases from 7.05 to 7.3 km/s. The ‘7.x layer’, re-
sponsible for the deep Moho (~50 km, Mooney and Kaban, 2010) in
this region, have been observed also in the 3-D Vs models of Shen
et al. (2013) and Porritt et al. (in press) and appears to be a characteris-
tic of the ArcheanWyoming province. This layer, consistent with mafic
garnet granulite or hornblendite compositions, similar to the composi-
tions of xenoliths from northern Montana (Reed et al., 1993), may rep-
resent crustal thickening resulting fromunderplating of partiallymelted
mafic material from the mantle (e.g., Gorman et al., 2002; Rumpfhuber
and Keller, 2009; Snelson et al., 1998). The ‘7.x layer’ is present also be-
neath the southern RockyMountains in Colorado andNewMexico, with
slightly slower average velocities (Snelson et al., 2004), while north to
Southern Alberta, the crust gradually thins towards the cratonic Hearne
province (~40 km), where the ‘7.x layer’ disappears. Although Vp and Vs
depend on temperature and composition in a different way, we ob-
served that, according to the study of Bensen et al. (2009), the shear
waves in this region have a similar velocity distribution,with low values
in the upper crust, comparable to those of tectonic provinces of western
US, and anomalously high in the lower crust. The newmodel reproduces
quite fairly the crustal structure of this tectonic province (Fig. 7a–d),
displaying very large velocities of the middle (6.65–6.75 km/s) and
lower crustal layer (7.15–7.25 km/s) (Fig. 10c). Respect to the values
of the database, NACr14 underestimates and overestimates the veloci-
ties of the middle and lower layer, respectively (Table 3(a–c)). Such
a discrepancy is related to the different depth of the intra-crustal
boundaries estimated in NACr14 respect to the original seismic data
points.

East to the Rocky Mountains, the Great Plains (central part of the
midcontinent craton) is characterized by a heterogeneous crustal struc-
ture containing the ‘7.x layer’ only along the western and southern
edges of the craton (Braile et al., 1989). In order to fit the seismic data
we associated a relatively large range of velocities to the crustal layers
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Fig. 11. (a–d) Bar plots of the average velocities (km/s) in the crystalline crust according to the model (gray bars) and of the data points (black thinner bars) for (a) the study area;
(b) Colorado Plateau; (c) Rocky Mountains and (d) Superior craton. See text for further explanation.
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(Table 2). The new model, in agreement with previous seismic experi-
ments (Table 3(a–c)), shows larger thicknesses of the middle and
lower crust with respect to the upper crust and high velocities of
these layers (6.55 and 7.0 km/s, respectively) beneath the Mississippi
embayment and the surrounding regions (Fig. 10d). There the presence
of the “7.x layer” (7.3 km/s),which thickens in the north central embay-
ment (up to 20 km), indicates that the lower crust has been altered by
intrusion of mantle material during the Late Precambrian rift (Braile
et al., 1989; Ginzburg et al., 1983; Mooney et al., 1983).

The Canadian Shield is one of the planet's largest areas of Precam-
brian geology (Thompson et al., 2010), comprising several Archean ter-
ranes brought together during a series of Paleoproterozoic orogenic
events (Hoffman, 1988). The oldest rocks of this province (N4.0 billion
years) are found in the Slave tectonic province, a relatively small
Archean craton in northwestern Canada (Bowring et al., 1989; Stern
and Bleeker, 1998). Despite the complex evolution of this region, includ-
ing different phases of subduction, collision and rifting (Bleeker et al.,
1999), the crust is characterized by the relatively flat Moho (35–40 km,
Mooney and Kaban, 2010). The velocities of the crustal layers, according
to NACr14 (Figs. 9(a–d) and 10c), show intermediate values (6.0–
6.80 km/s), in agreement with the previous seismic experiments of
Fernández-Viejo and Clowes (2003) (Table 3(a–c)). The resulting aver-
age velocity of the crystalline crust ~6.45 km/s (Fig. 8d), is close to that
of the Earth continental crust (Christensen and Mooney, 1995).

The transition from the Archean craton to the Paleoproterozoic
platform to the west is not marked by a change in the crustal struc-
ture (Fig. 10c). In the central part of the Wopmay orogen, developed
between 2.1 Ga and 1.84 Ga (Fernández-Viejo and Clowes, 2003), by
accretion of terranes and magmatic arcs, velocities in the lower crust
increase up to 7.1 km s−1, while velocities in the upper mantle de-
crease to 7.40–7.60 km/s (Fernández-Viejo and Clowes, 2003).
These results have been interpreted in terms of the presence of a
Palaeoproterozoic subduction zone and serpentization of the overly-
ing mantle peridotites from fluid fluxing due to dehydration of the
downgoing slab (Fernández-Viejo and Clowes, 2003). Results from
previous seismic experiments in the Peace River Arch, indicate
that velocities increase in the deeper part of the crust up to
7.25 km/s (Halchuk and Mereu, 1990), probably due to intrusions
and underplating from the mantle. In order to fit the seismic data,
we defined a small range of relative thicknesses of the upper and
lower crust, instead of fixed values like for the other tectonic provinces
(Table 2). The new model shows average velocities in the middle and
lower crust larger than those of the neighbor Slave province, with the
highest values observed beneath the Peace River Arch (Fig. 9b–c).

The Superior craton is a complex assemblage of continental and
oceanic terranes which amalgamated in the time period ∼ 3.0 to
2.6 Ga through a progression of collisional events (Darbyshire and
Eaton, 2010). The velocities of the crustal layers of this tectonic province
are generally high, on account of the rifting phase that occurred during
the Proterozoic (~2.6 Ga) that lead to the formation of mafic volcanic
rocks (e.g., Trehu et al., 1991). In the upper crust beneath Lake Superior
the velocity increases up to about 6.80 km/s, on account of the basalt
rocks, which have replaced part of this layer (e.g., Shay and Trehu,
1993). The high velocity lower crust (7.20–7.30 km/s), thicker beneath
the axis of the central half-graben, has been interpreted as a result of the
intrusion and underplating of thinned Archean crust. In order to fit the
seismic data (Table 3(a–c)), we associated a large range of velocities
and similar percentage of crustal thickness to the three crustal layers
composing this tectonic province (Table 2). The largest velocity values
in all three layers are observed beneath the Lake Superior (Figs. 9a–d
and 10d), in agreement with previous studies (e.g., Musacchio
et al., 2004; Shay and Trehu, 1993). The average velocity of the crys-
talline crust decreases from N6.65 km/s beneath the Lake Superior
to b6.40 km/s in northwest direction toward the Hudson basin
and in the Nain province on the Labrador margin (Figs. 9d, 10a
and d), where no underplated zone has been observed (e.g., Funck
and Louden, 1999; Hall and Hajnal, 1969; Musacchio et al., 2004).

The crustal structure of theChurchill craton ismuch less understood
than that of the extensively studied Superior craton, due to the scarcity
of seismic field measurements. The craton is divided by the Snowbird
Tectonic Zone into two principal domains, the Rae to the northwest
and the Hearne to the southeast. We associate a relatively low
range of velocity and almost similar thickness to the three crustal layers
(Table 2), composing this tectonic province, consistent with the inter-
pretation of Németh et al. (2005) (Table 3(a–c)). The Rae craton
shows lower average crustal velocities in comparison with the Hearne
craton, on account of its lower crustal thickness (Figs. 1b and 10d).
These results are consistent with those of the receiver functions study
of Thompson et al. (2010). The latter indicate a felsic to intermediate
composition (Vp/Vs ratios ~1.73) for rocks of the middle-lower crust
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Table 3
Means of velocities (first three columns) and differences between the means (last two columns) for each tectonic province, estimated using the original seismic data points, NACr14 and
CRUST 1.0, respectively, for upper middle and lower crust. Values are denoted by NaN when no data points are available for the corresponding crustal layer.

Upper crust

Geological provinces Mean (km/s) (Points) Mean (km/s) (NACr14) Mean (km/s) (CRUST 1.0) Diff. (km/s) (NACr14) Diff. (km/s) (CRUST 1.0)

Polar Margin 6.09 6.02 5.95 0.07 0.14
Slave Craton 6.08 6.06 6.20 0.02 −0.12
Paleoproterozoic 6.15 6.07 6.15 0.08 0
Churchill Craton 6.09 6.01 6.04 0.08 0.05
Trans-Hudson Orogen 6.09 6.13 6.15 −0.04 −0.06
Superior Craton 6.11 6.08 6.14 0.03 −0.03
Grenville 5.98 6.03 6.05 −0.05 −0.07
Appalachians 6.01 6.08 6.12 −0.07 −0.11
Western Mexico 5.78 6.11 5.95 −0.33 −0.17
Eastern Mexico NaN NaN NaN NaN NaN
Gulf of Mexico NaN NaN NaN NaN NaN
Canadian Cordillera 6.06 6.01 6.10 0.05 −0.04
Cuba 6.20 6.20 5.89 0 0.31
Great Plain 6.09 6.10 6.10 −0.01 −0.01
Rocky Mountain 6.08 6.16 6.16 −0.08 −0.08
Northern Rocky Mountain 5.96 5.98 6.07 −0.02 −0.11
Rio Grande Rift 6.04 5.96 6.02 0.08 0.02
Colorado 6.17 5.96 6.09 0.21 0.08
Basin and Range 6.00 5.96 6.11 0.04 −0.11
Southern California 5.52 5.97 6.14 −0.45 −0.62
Sierra Nevada 6.15 6.01 6.2 0.14 −0.05
Snake River Plain 6.01 6.05 6.26 −0.04 −0.25
Southern Cordillera/Columbia Plateau 5.79 5.96 6.01 −0.17 −0.22
Gulf of California 4.97 5.71 5.78 −0.74 −0.81
Southern Alaska 5.68 5.98 6.04 −0.30 −0.36
Brooks Range/NorthSlope 5.96 6.06 5.95 −0.10 0.01
Total distribution 5.99 6.05 6.08 −0.06 −0.09

Middle crust

Geological provinces Mean (km/s) (Points) Mean (km/s) (NACr14) Mean (km/s) (CRUST 1.0) Diff. (km/s) (NACr14) Diff. (km/s) (CRUST 1.0)

Polar Margin NaN NaN NaN NaN NaN
Slave Craton 6.38 6.41 6.40 −0.03 −0.02
Paleoproterozoic 6.48 6.49 6.52 −0.01 −0.04
Churchill Craton 6.53 6.50 6.53 0.03 0
Trans-Hudson Orogen 6.58 6.57 6.46 0.01 0.12
Superior Craton 6.55 6.48 6.47 0.07 0.08
Grenville 6.48 6.50 6.53 −0.02 −0.05
Appalachians 6.43 6.46 6.56 −0.03 −0.13
Western Mexico 6.42 6.52 6.35 −0.10 0.07
Eastern Mexico NaN NaN NaN NaN NaN
Gulf of Mexico NaN NaN NaN NaN NaN
Canadian Cordillera 6.36 6.45 6.54 −0.09 −0.18
Cuba NaN NaN NaN NaN NaN
Great Plain 6.43 6.53 6.50 −0.10 −0.07
Rocky Mountain 6.65 6.62 6.38 0.03 0.27
Northern Rocky Mountain 6.80 6.67 6.45 0.13 0.35
Rio Grande Rift NaN NaN NaN NaN NaN
Colorado 6.37 6.32 6.30 0.05 0.07
Basin and Range 6.30 6.35 6.30 −0.05 0
Southern California 6.6 6.37 6.45 0.23 0.15
Sierra Nevada 6.65 6.39 6.30 0.26 0.35
Snake River Plain 6.52 6.52 6.54 0 −0.02
Southern Cordillera/Columbia Plateau 6.52 6.56 6.37 −0.04 0.15
Gulf of California NaN NaN NaN NaN NaN
Southern Alaska 6.59 6.45 6.57 0.14 0.02
Brooks Range/North Slope 6.17 6.39 6.40 −0.22 −0.23
Total distribution 6.50 6.50 6.48 0 0.02

Lower crust

Geological provinces Mean (km/s) (Points) Mean (km/s) (NACr14) Mean (km/s) (CRUST 1.0) Diff. (km/s) (NACr14) Diff. (km/s) (CRUST 1.0)

Polar Margin 7.09 6.91 7.05 0.18 0.04
Slave Craton 6.68 6.76 6.80 −0.08 −0.12
Paleoproterozoic 6.88 6.87 6.92 0.01 −0.04
Churchill Craton 6.77 6.77 7.11 0 −0.34
Trans-Hudson Orogen 6.91 6.97 6.86 −0.06 0.05
Superior Craton 6.95 6.89 6.89 0.06 0.06
Grenville 6.84 6.87 6.93 −0.03 −0.09
Appalachians 6.85 6.82 7.06 0.03 −0.21
Western Mexico 6.88 6.83 6.85 0.05 0.03
Eastern Mexico NaN NaN NaN NaN NaN

(continued on next page)
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Table 3 (continued)

Upper crust

Geological provinces Mean (km/s) (Points) Mean (km/s) (NACr14) Mean (km/s) (CRUST 1.0) Diff. (km/s) (NACr14) Diff. (km/s) (CRUST 1.0)

Gulf of Mexico NaN NaN NaN NaN NaN
Canadian Cordillera 6.67 6.74 7.05 −0.07 −0.38
Cuba 7.0 6.99 7.03 0.01 −0.03
Great Plain 7.01 7.03 6.9 −0.02 0.11
Rocky Mountain 6.96 7.15 6.88 −0.19 0.08
Northern Rocky Mountain 6.95 7.12 7.07 −0.17 −0.12
Rio Grande Rift 6.61 6.69 7.16 −0.08 −0.55
Colorado 6.62 6.83 6.87 −0.21 −0.25
Basin and Range 6.74 6.73 6.62 0.01 0.12
Sierra Nevada 7.12 6.84 6.8 0.28 0.32
Snake River Plain 7.04 7.04 6.97 0 0.07
Southern Cordillera/Columbia Plateau 6.85 6.81 7.02 0.04 −0.17
Gulf of California 6.55 6.58 6.98 −0.03 −0.43
Southern Alaska 6.84 6.85 7.07 −0.01 −0.23
Brooks Range/North Slope 6.96 6.81 6.95 0.15 0.01
Total distribution 6.86 6.89 6.94 −0.03 −0.08

Lower crust
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of the Rae domain. In contrast, theHearne craton exhibitsmore elevated
Vp/Vs ratios (~1.76), consistent with a higher mafic component.

The Superior craton is separated from the Churchill craton by the
Trans-Hudson Orogen, a wide zone of largely Proterozoic terranes.
Velocity and thickness of the crust vary smoothly fromnear the Superior
craton margin across the Trans-Hudson orogen to theWyoming craton.
These similarities are consistent with the hypothesis that the two cra-
tons once formed a continuous Archean continental mass that was
disrupted by the opening and closing of an oceanic basin (e.g.,
Stauffer, 1984). The remnants of the closing event are represented by
the Trans-Hudson orogen (e.g., Green et al., 1985). In NACr14 the largest
velocities of the crystalline crust of this region (~6.60 km/s, Fig. 9d), cor-
responding to the Moho depth N45 km (Mooney and Kaban, 2010), are
related to the high lower crustal velocity (N7.0 km/s, Figs. 9c and 10a)
interpreted as a segment of the trapped oceanic crust arising from the
collisional environment (Németh et al., 2005). The average velocity of
the crystalline crust decreases to the northwest in the Hearne craton
(~6.50 km/s) and to the east in the Hudson basin (b6.40 km/s), which
is mostly underlined by the Trans-Hudson orogen (e.g., Lewry and
Fig. 12. (a–d) Bar plots of the average velocities (km/s) of themodel (gray bars) and CRUST 1.0
crust.
Stauffer, 1990) (Fig. 9d). Previous estimates of the average crustal veloc-
ity of theHudson Basin (Hobson et al., 1967), which includes the contri-
bution of the 2 kmof sediments overlying the crust, predict lower values
(~6.30 km/s) than NACr14 (Figs. 9d, 10a and d).

The Grenville Front, representing the orogenic boundary between the
Archean Superior Province and the much younger (1.2 Ga.) Grenville
Province to the southeast, is marked by a change in the character of
the velocity gradient within the crust, as well as a significant thickening
of the crust by over 5 km along the boundary zone (e.g., Mereu et al.,
1986). In the southeastern Grenville province, beneath the Central Gran-
ulite Terrane, the velocities in the upper-middle crust increase due to the
presence of igneous rocks related to the tectonothermal evolution of this
region (Hughes and Luetgert, 1991). In contrast, velocities in the lower
crust increase (up to values of 7.20 km/s) in the northwestern Grenville
province (beneath the Central Metasedimentary Belt), on account of the
higher mafic crustal composition. In agreement with previous seismic
experiments (Table 3(a–c)), NACr14 displays such a velocity variation
in the lower crust (from ~6.85 km/s to 7.0 km/s, Figs. 9a–b). According
to the previous study of Prodehl et al. (1984), the largest velocities and
(black thinner bars) in the (a) upper; (b)middle; (c) lower and (d) in the entire crystalline
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Fig. 13. (a–d) Bar plots of the thickness (km) of the (a) upper; (b) middle; (c) lower and (d) crystalline crust. Gray bars are the model and black thinner bars are CRUST 1.0.
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crustal thickness (~47 km) values are estimated in the Low Plateaus in
Tennessee (Figs. 9c and 10d).

The crystalline crust in the Appalachians, a Paleozoic orogenic belt
made of accreted terranes (e.g., Hughes et al., 1994), thickens up to
45–50 km (Mooney and Kaban, 2010) and it is characterized by lower
velocities respect to the Archean and Proterozoic crust. Such a velocity
variation is likely related to composition, (Mareschal and Jaupart,
2004). According to previous studies (e.g., Hawman, 1996), the lower
crust of the northern Appalachians is highly reflective and is character-
ized by high velocities (~7.0 km/s), while in the southern Appalachians
it appears to be thinner and have lower velocities (6.7–6.8 km/s, Figs. 9c
and 10d). Such a differencemay be related towhether the arcs, accreted
to form the orogenic belt, were built on oceanic or continental crust
(Taylor, 1989). In both the northern and the southern Appala-
chians, the crust thins near the coastline with fairly low velocities
occurring in the lower crust. The new model, showing relatively
small ranges of velocities of the crustal layers having similar thick-
ness (Table 2, Figs. 9d and 10d), is in agreement with the values of
the database (Table 3(a–c)). The latter are consistent with rocks of inter-
mediate composition (Hughes et al., 1994; Marillier et al., 1994).

The ranges of velocities and percentage of thickness that we
associated to the crustal layers of Mexico are very similar to those
estimated for the neighbor tectonic province of the southern Appala-
chians (Table 2). Actually, on account of the lack of seismic constraints
in Mexico, we prefer to introduce a smooth change of the velocity and
thickness of the crustal layers in this region, with respect to the neigh-
boring tectonic province.

The crustal thickness of the Gulf of Mexico shows an unusual varia-
tion, from the typical oceanic thickness of about 5 km up to N15 km
under the shelf. The crustal velocity, tending to increase toward the cen-
ter of the basin, also shows considerable lateral variations, suggesting a
Table 4
Comparison of the statistical analysis of the crustal parameters for NACr14 and CRUST 1.0 (No

Models Velocity (km/s)
Upper crust

Velocity (km/s)
Middle crust

Velocity (km
Lower crust

NACr14 6.04/0.09 6.46/0.08 6.84/0.13
CRUST1.0 6.02/0.28 6.46/0.11 6.94/0.15
non-uniform extension of the continental margin at the time of the for-
mation of the Gulf basin (Ebeniro et al., 1988). In this region the crystal-
line crust does not show any intracrustal boundary and the velocity
inferred corresponds to that of a basaltic rock (Table 2).

The island of Cuba, adjacent to the Antilles island arc, is located in
the southern margin of the North America plate in direct contact
with the Caribbean plate. The crust of this region is thin (b30 km,
Mooney and Kaban, 2010) and is interpreted as the final result of
the first period of tectonic activity (Jurassic–Middle Eocene), during
which an island arc with continental crust was formed on oceanic
basement (Pushcharovskiy, 1979), and the second period (Late
Eocene–Quaternary), when these terranes, as a whole, were subject-
ed to several deformation phases (Toiran, 2003). The new
crustal model, according to the receiver functions study of Toiran
(2003) (Table 3(a–c)), displays only two layers having relatively
high velocities (6.20 km/s and 7.0 km/s, respectively, Fig. 9c).

7. Crustal parameters variability

In this sectionwediscuss the statistical analysis of the crustal structure
of NACr14 in comparison with that of the global model CRUST 1.0 (Laske
et al., 2013) and other previous models. Bar plots of the crustal velocities,
boundaries and thickness of themain layers of the new crustalmodel and
CRUST 1.0 are shown in Figs. 12(a–d) and 13 (a–d).

The velocity in the upper crust spans in a relatively narrow range
(Fig. 12a), with more than 75% of the values between 6.0 and 6.1 km/s
and reaching a maximum value of 6.25 km/s. In respect to CRUST 1.0
the velocities of NACr14, having a similar mean, but a lower standard
deviation (std; Table 4), are more uniformly distributed in the whole
range, showing a larger spatial variability. The velocity in the
middle crust spans between 6.20 km/s and 6.78 km/s, with more
rth America).

/s) Thickness (km)
Upper crust

Thickness (km)
Middle crust

Thickness (km)
Lower crust

11.04/3.15 11.09/3.07 10.86/3.00
10.96/2.75 11.84/3.52 10.90/3.91
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Table 5
Comparison of the statistical analysis of the seismic average velocity and crustal thickness of the crystalline crust of this study (North America) and previous global and regional models.

Models Velocity (km/s)
Crystalline crust

Thickness (km/s)
Crystalline crust

Pn (km/s)

CRUST1.0 Laske et al. (2013) (North America) 6.501/0.111 33.61/8.96 –

CRUST1.0 Laske et al. (2013) (North America) (Including off-shore regions) 6.490/0.123 32.59/9.78 –

Christensen and Mooney (1995) (global) 6.45/0.23 – 8.07
NACr14 (North America) 6.446/0.095 32.85/9.05 8.098
NACr14 (North America) (Including off-shore regions) 6.450/0.094 31.82/9.85 8.10
Chulick and Mooney, 2002 (North America) 6.456/0.244 – 8.041
Braile et al., 1989 (U.S. and Southern Canada) 6.435/0.235 – 8.018
Chulick et al., 2013 (South America) 6.467/0.245 – 7.998
Chulick et al., 2013 (South America) (Including off-shore regions) 6.580/0.280 – 8.013
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than 80% of values distributed around two peaks of 6.4 km/s and
6.5 km/s (Fig. 12b). In contrast, in CRUST 1.0 the values have a mean
and std similar to our model, but are distributed only around four
main peaks (Table 4). The average velocity in the lower crust ranges
from 6.45 km/s to 7.28 km/s, with ~90% of values between 6.7 km/s
and 7.0 km/s. In CRUST 1.0, the average velocities of this layer span
from 6.6 km/s to 7.2 km/s, but also in this case the values are not
uniformly distributed (Fig. 12c). More than 70% of values are over
6.80 km/s, which results in a larger mean with respect to NACr14 (
Table 4). In general, the smaller variance and the more nearly Gauss-
ian distribution of the velocities of our newmodel may be due to the
method used and does not necessarily provide evidence for higher
reliability. However, the lower spatial variability of the velocities
shown by the histograms of CRUST 1.0 reflects the fact that wide tec-
tonic provinces are characterized by a single value (Laske et al.,
2013). This approach gives unrealistically uniform velocity distribu-
tion within each tectonic province and sharp velocity contrasts
across their borders. In contrast, our method, which estimates veloc-
ity variations within a number of tectonic provinces on the basis of
the trends shown by the seismic data, givesmore realistic interpreta-
tions of the crustal seismic velocity structure.

The values of the average velocity of the crystalline crust in
NACr14 (Fig. 12d) range from 6.1 km/s to 6.7 km/s with the mean
value for the on-shore part of the North American continent
(6.45 km/s), larger than that estimated by Braile et al. (1989) and
slightly lower than those estimated by Christensen and Mooney
(1995) for the world. These values are also slightly lower than esti-
mates by Chulick and Mooney (2002) for North America and by
Chulick et al. (2013) for South America (Table 5). The largest values
are found mostly in the regions characterized by a high velocity
lower crust, while the lowest values correspond to the regions of re-
cent crustal extension having relatively high heat flow (e.g., Basin
and Range). Including the off-shore regions, the mean value
(6.45 km/s) slightly increases, due to the oceanic crustal type char-
acterizing the Gulf of Mexico. The average velocities of the crystalline
crust, provided by CRUST 1.0 are not uniformly distributed and show
a larger mean value, related to the larger average value of the lower
crust (Table 5). In particular, the average of the whole crustal velocity
in the Canadian Cordillera is larger (~6.55 km/s) than other neighbor-
ing tectonic provinces.

The thicknesses of each of the three crustal layers usually represent
30%–40% of the entire crystalline crust (Figs. 13(a–c)), spanning in a
range between 2 and 18 km, with more than 50% of the values concen-
trated between 11 km and 13 km. The layers have similar mean and std
(~11.0 km and ~3.0 km, respectively) (Table 4). CRUST 1.0 shows similar
values,with themainpeaks of the thickness of themiddle crust shifted re-
spect to NACr14 to slightly larger values (Fig. 13b). However, the geo-
graphical distribution of the values of CRUST 1.0 differs significantly
from those of NACr14. For instance, the thicknesses of the lower crust es-
timated by CRUST 1.0 are remarkably lower (~6 km) than those of our
model (11–16 km, Fig. 9c) in most of the North American Cordillera.
The thickness of the crystalline crust of our model is continuously
distributed in a range between 4 and 51 km, with the lowest values cor-
responding to the off-shore regions. In contrast, CRUST 1.0 spans in a larg-
er range between 3 and 57 km with a mean peak around 37 km and a
mean value slightly higher compared to our model (Fig. 13d).

8. Conclusions

We have constructed NACr14, a 3D model of the crystalline crust of
the North American continent, providing estimates for the thickness,
average velocities of the main crustal layers and the Pn velocity. The
basis for our study is a detailed compilation of crustal seismic models
in this region (USGS database). However, on account of the uneven dis-
tribution of the seismic data, we could not directly interpolate the
values of the crustal parameters. Hence, we selected and analyzed the
seismic data composing the USGS database and we estimated the P-
wave seismic velocity and thickness of the upper, middle and lower
crust for each pre-defined tectonic province. At the same time, the rela-
tively larger number of seismic profiles providing Pn data makes it pos-
sible the direct interpolation of the values of this parameter on a
uniform grid.

The seismic velocities with the crystalline crust of this new model
with a resolution of 1° × 1° are quite consistent with those of the mea-
sured seismic data. The differences found are related to: (1) the unequal
distribution of the data points; (2) the possible presence of outliers be-
tween the data points; (3) the existence of strong crustal heterogene-
ities not reproduced by NACr14. The main variations of the crustal
structure reflect the tectonic evolution of the tectonic provinces. Veloc-
ities of the lower crust vary in a larger range than those of the other
layers, while the thickness of all the three layers is on average between
11 and 13 km. The largest velocities of the crystalline crust (N6.6 km/s)
reflect the presence of a 7.x layer (N7.0 km/s) in the lowermost part of
the crust. In comparison with CRUST 1.0, NACr14 is more heteroge-
neous, showing a larger spatial variability of the thickness and average
velocities of the crustal layers.

The digital model with a resolution of 1° × 1° degree is available in
the supplementary materials and can be used in many geophysical
applications.
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