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Abstract We evaluate the effect of temperature variations on strength and effective elastic thickness (Te)
of the lithosphere of the North American (NA) continent. To this purpose, we use two thermal models that
are corrected for compositional variations and anelasticity effects in the upper mantle. These thermal mod-
els are obtained from a joint inversion of gravity data and two recent seismic tomography models (NA07
and SL2013sv). The crustal rheology was defined using NACr14, the most recent NA crustal model. This
model specifies seismic velocities and thickness for a three-layer model of the crystalline crust. Strength in
the lithosphere and in the crust has similar distributions, indicating that local geotherms play a dominant
role in determining strength rather than crustal composition. A pronounced contrast is present in strength
between cratonic and off-cratonic regions. Lithospheric strength in the off-cratonic regions is prevalently
localized within the crust and Te shows low values (<20 km), while the inner part of the cratons is character-
ized by a strong lithosphere with large Te (>150 km). In contrast to previous results, our models indicate
that Phanerozoic regions located close to the edge of the cratons, as the Appalachians, are characterized by
low strength. We also find that locally weak zones exist within the cratons (e.g., beneath the intracratonic
Illinois Basin and Midcontinent rift). Seismic tomography models NA07 and SL2013sv differ mainly in some
peripheral parts of the cratons, as the Proterozoic Canadian Platform, the Grenville, and the western part of
the Yavapai-Mazatzal province, where the integrated strength for the model NA07 is 10 times larger than in
model SL2013sv due to a temperature difference (>2008C) in the uppermost mantle. The differences in Te

between the two models are less pronounced. In both models, Proterozoic regions reactivated by Meso-
Cenozoic tectonics (e.g., Rocky Mountains and the Mississippi Embayment) are characterized by a weak
lithosphere due to the absence of the mechanically strong part of the mantle lithospheric layer. Intraplate
earthquakes are distributed along the edges of the cratons, demonstrating that tectonic stress accumulates
there, while the cores of the cratons remain undeformed. In both models, intraplate earthquakes occur in
weak lithosphere (�0.5 3 1013 Pa s, Te � 15 km) or near the edges of strong cratonic blocks, characterized
by pronounced contrasts of strength and Te.

1. Introduction

The long-term rheological properties of the lithosphere are fundamental for understanding both crustal tec-
tonics and mantle dynamics. For a given mineralogical composition and microstructure, the most important
parameters that control rock rheology are pressure, temperature, strain (including strain rate and history),
fluid content and pore fluid pressure, grain size, fugacities of volatiles, and the chemical activities of mineral
components [e.g., Evans and Kohlstedt, 1995]. At larger scale, the strength of the lithosphere mainly depends
on its temperature, composition, tectonic setting, and factors that define the other critical parameters, such
as strain rate and availability of fluids. The effective elastic thickness of the lithosphere (Te), characterizing its
response to loading [e.g., Watts and Burov, 2003], is an important parameter that is related to strength. Te

reflects the long-term and often complex history of the continental plate and depends primarily on the
combined effects of rheological and thermal heterogeneity. The latter in particular controls the coupling or
decoupling conditions of the lithospheric layers [e.g., Burov and Diament, 1995; Burov, 2011; Cloetingh and
Burov, 2011], and thus relates Te to the style of lithospheric deformation in response to stresses.

Te has traditionally been inferred from the response of the lithosphere to tectonic stresses and vertical loads,
e.g., through cross-spectral analyses of the gravity field and topography [e.g., Bechtel et al., 1990; Pilkington,
1991; Wang and Mareschal, 1999; Armstrong and Watts, 2001; Fl€uck et al., 2003; Kirby and Swain, 2009; Audet
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and Mareschal, 2004a,b, 2007; Poudjom Djomani et al., 2005; Audet and B€urgmann, 2011; Kirby and Swain,
2014]. This method employs measures of the relationship between the observed gravity and topography in
the spectral domain, namely the admittance and coherence. Various approaches are used to calculate these
parameters [see Kirby, 2014, for a review], such as the maximum entropy method [e.g., Lowry and Smith,
1995; Wang and Mareschal, 1999; Armstrong and Watts, 2001; Fl€uck et al., 2003; Audet and Mareschal, 2004a],
periodograms [e.g., Bechtel et al., 1990; Pilkington, 1991; Poudjom Djomani et al., 2005], multitaper [Audet
and Mareschal, 2004b], and wavelets transform [e.g., Audet et al., 2007; Audet and Mareschal, 2007; Audet
and B€urgmann, 2011]. However, the results of these studies may be sometimes biased by several factors
and simplifying assumptions, such as that the lithosphere consists of a homogeneous and continuous plate.
This can lead to inconsistent estimates of Te [Artemjev and Kaban, 1991; Kirby, 2014]. In particular, Te esti-
mates for cratons based on the transfer function (admittance) of the free air gravity and topography are in
some cases significantly lower than the values obtained from the coherence analysis of the Bouguer anoma-
lies and topography [McKenzie, 2003]. Indeed, the latter method employs decomposition of the load into
surface and internal components and is less sensitive to short-wavelength noise in the data than the admit-
tance technique.

In previous studies, the strength and Te of the lithosphere were estimated on a global [Tesauro et al., 2012a,
2013] and regional scale [Cloetingh et al., 2005; Tesauro et al., 2009a, 2009b; Hardebol et al., 2013] on the
basis of lithospheric thermorheological models. The robustness of these results is mainly determined by the
accuracy of the compositional and thermal models used as input. To this purpose, Tesauro et al. [2013]
investigated the influence of the crustal composition on the strength and Te by constructing a set of possi-
ble end-member strength models, using ‘‘soft’’ and ‘‘hard’’ rheology for the continental crust. They found
that the largest differences between the end-member models in terms of the estimated strength and Te dis-
tributions are for the areas characterized by an ‘‘intermediate’’ thermal regime. Therefore, in these regions
uncertainties in factors other than temperature estimates play a significant role in determining strength.

In this study, we evaluate the effect of temperature variations on lithospheric strength and Te of the North
American (NA) continent (see Appendix A for description of the method). The study area comprises tectonic
provinces of different age (Figure 1) that have been the target of a large number of deep crustal and litho-
spheric observational studies (e.g., Lithoprobe, http://earthsciencescanada.com). To reach our goal, we use
the two new thermal models presented by Tesauro et al. [2014a] which were obtained through a joint inver-
sion of gravity and seismic tomography data [Kaban et al., 2014]. Our results are also relevant in view of
longstanding debates on the strength distribution in the continental lithosphere, in particular whether or

Figure 1. Topographic map of North America (km). Red, pink, and blue-dashed contours show the boundaries between the Archean, Pro-
terozoic, and Phanerozoic tectonic provinces. White labels stand as follows: AP, Appalachians; BR, Basin and Range; CA, Cascade; CHCr,
Churchill craton; CI, Cuba Island; CP, Colorado Plateau; CPl, Canadian Platform; GC, Gulf of California; GM, Gulf of Mexico; GR, Grenville; HB,
Hudson Basin; NAC, North American Cordillera; NM, North Margin; RM, Rocky Mountains; SLCr, Slave craton; SM, South Margin; SN, Sierra
Nevada; SUCr, Superior craton; THO, Trans-Hudson Orogen; WYCr, Wyoming Craton; YM, Yavapai-Mazatzal province.
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not the strength resides primarily in the crust and thus the role that lithospheric mantle plays in controlling
Te [e.g., McKenzie and Fairhead, 1997; Jackson, 2002; Afonso and Ranalli, 2004; Burov, 2010]. In addition, we
examine the difference between the two models of strength and Te in comparison with spatial distribution
of intraplate earthquakes. We evaluate the hypothesis, derived from a joint analysis of global seismicity and
lithospheric shear velocities, that a large number of intraplate earthquakes occur in areas characterized by
lower lithospheric strength and/or higher stress concentration compared to typical intraplate settings
[Mooney et al., 2012].

2. Rheological and Thermal Models of the NA Lithosphere

The determination of the 3-D thermal and compositional structure of the NA continental lithosphere has
been a primary aim of extensive geophysical surveys [e.g., Currie and Hyndman, 2006; Clowes et al., 1995,
2010]. In this study, we define the crustal rheology using as input the model NACr14, the most recent crustal
seismic velocity model of the NA continent [Tesauro et al., 2014b]. NACr14 provides P wave seismic veloc-
ities and the thickness of the crystalline crustal layers based on the most comprehensive compilation of
seismic data [USGS database, Mooney, 2015].

Laboratory measurements, which have more control on the uncertainties of the rheological parameters
[e.g., B€urgmann and Dresen, 2008], utilize simple monophase minerals with a homogeneous grain size,
whose applicability to real aggregate compositions remains to be demonstrated. For this reason, in assign-
ing the crustal rheology, we prefer to use the results of the experiments carried out on natural samples
[e.g., Carter and Tsenn, 1987; Wilks and Carter, 1990]. In particular, we use the results of the experiments per-
formed on rocks in ‘‘wet’’ and ‘‘dry’’ conditions representing weak (‘‘soft’’) and strong (‘‘hard’’) crustal rheol-
ogy. By making this choice, we do not intend to refer to the (an)hydrate conditions of the crust, neither to
represent the diversity of the crustal rock types, but rather to relate crustal physical parameters (velocity in
this case) to a specific rheology.

According to NACr14, we assign the ‘‘hard’’ rheology, corresponding to crustal layers consisting of granite-
diabase-mafic granulite, to regions characterized by high crustal seismic velocities (e.g., the northern Rocky
Mountains) and the ‘‘soft’’ rheology, corresponding to crustal layers consisting of quartzite-diorite, to regions
with low crustal seismic velocities (e.g., some continental margins). Between these two end-members, we
define several other rheologies given by a combination of these lithologies, as assigned to the areas with
intermediate crustal seismic velocities (Figure 2 and Table 1). In this way, we define seven crustal rheologies

Figure 2. Rheological types of crustal layers, assigned on the basis of the crustal seismic velocity variations estimated in NACr14 [Tesauro
et al., 2014b], are identified by colors and white numbers defined in Table 1. White-dashed contours show the boundaries between the
tectonic provinces as in Figure 1. See text for further explanation.
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in regions where the crust is divided in three layers, and two crustal rheologies in regions where the crystal-
line crust consists of two layers. The rheology of diabase is assigned to the Gulf of Mexico with one crystal-
line crust layer of an oceanic type (Table 1). We do not specify any rheology for sediments, because they are
normally affected only by brittle deformation, while in the mantle lithosphere we assume a uniform ‘‘dry’’
olivine/peridotite rheology. A ‘‘wet’’ mantle model might be suitable for areas recently affected by subduc-
tion of oceanic lithosphere and tectonothermal events and would further lower the lithospheric strength
[e.g., Afonso and Ranalli, 2004]. Unfortunately, the low temperature-plasticity law has been determined only
for ‘‘dry’’ conditions [Mei et al., 2010]. This assumption likely does not affect the results significantly, since
the areas of the NA continent characterized by a ‘‘wet’’ mantle are of a Phanerozoic age or correspond
to the west coast and perhaps parts of the craton which have been rejuvenated by refertilization events. In
these regions, the temperatures of the shallowest part of the upper mantle (<100 km) are close to the melt-
ing point [Tesauro et al., 2014a], and thus the strength will be prevalently concentrated in the crust. Indeed,
the strength drops almost to zero at temperatures over �9008C or �7508C for a ‘‘dry’’ or ‘‘wet’’ upper man-
tle, respectively [Ranalli, 1994; Burov and Diament, 1995; Burov, 2010].

The rheological parameters used here are given in Table A1. For the sake of simplicity, some parameters are
taken as uniform (e.g., strain rate, pore fluid factor, and mantle rheology), representing the ‘‘average condi-
tions’’ that likely approach the ‘‘real conditions’’ of the study area. The increase of the pore fluid factor (to
simulate the presence of superhydrostatic pressures) from the value 0.4, chosen in this study, to 0.6 and 0.8
may lead to a decrease of the integrated strength by 25% and 50%, respectively [Tesauro et al., 2010]. Since
the strain rate is uncertain, we use an average constant value (10215 s21) to avoid introducing an unneces-
sary free parameter. However, it should be noted that the strain rates may be higher (or lower) by one or
two orders of magnitude in the tectonically active (or stable) areas, respectively [e.g., Kreemer et al., 2014].
For this reason, we also calculate integrated strength using strain rates of 10214 s21 and 10216 s21 (see sup-
porting information).

The density of the crustal layers is estimated by the conversion of the seismic velocities [Tesauro et al.,
2014b] using experimentally determined relationships [Christensen and Mooney, 1995]. The density of the
sediments has been estimated by Mooney and Kaban [2010] who constructing density-depth relationships
for each specific basin based on averaged borehole data, depth-dependent compaction relations, and seis-
mic profiling data. The density of the upper mantle, estimated by Tesauro et al. [2014a] depending on tem-
perature and composition, is taken as the average value in the depth range 50–200 km. The density in each
lithospheric layer employed in this study varies in a relatively small range (e.g., between 2700 and 2800 kg/
m3 in the upper layer of the crystalline crust), and thus the influence of the uncertainty of the density
parameter on the estimated strength and Te is negligible.

The temperature distribution in the NA upper mantle was estimated in the study of Tesauro et al. [2014a]
using a joint analysis of the gravity data and two recent seismic tomography models, NA07 [Bedle and van
der Lee, 2009] and SL2013sv [Schaeffer and Lebedev, 2013]. The seismic models are based on similar assump-
tions and data, since both of them were developed using the partitioned waveform inversion technique
[Nolet, 1990] and utilized, in part, data from the dense distribution of seismic stations provided by the

Table 1. Rheology and Young’s Modulus (E) Assigned to the Upper (UC), Middle (MC), and Lower Crust (LC), According to the Corre-
sponding Range of Velocities Estimated in NACr14 [Tesauro et al., 2014b]a

Code
Velocity

(km/s) UC
Velocity

(km/s) MC
Velocity

(km/s) LC
Rheology/E

(GPa) UC
Rheology/E

(GPa) MC
Rheology/E

(GPa) LC

1 5.80–6.0 6.20–6.60 6.40–6.60 Dry Quartzite/93 Wet Diorite/99 Wet Diorite/99
2 5.80–6.0 6.20–6.60 6.60–6.90 Dry Quartzite/93 Wet Diorite/99 Dry Diabase/106
3 6.0–6.30 6.20–6.60 6.90–7.40 Dry Granite/88 Wet Diorite/99 Mafic Granulite/110
4 6.0–6.30 6.20–6.60 6.60–6.90 Dry Granite/88 Wet Diorite/99 Dry Diabase/106
5 6.0–6.30 6.60–6.85 6.90–7.40 Dry Granite/88 Dry Diabase/106 Mafic Granulite/110
6 5.80–6.0 6.60–6.85 6.90–7.40 Dry Quartzite/88 Dry Diabase/106 Dry Diabase/106
7 5.80–6.0 6.20–6.60 6.90–7.40 Dry Quartzite/93 Wet Diorite/99 Mafic Granulite/110
8 6.0–6.30 6.90–7.40 Dry Granite/88 Mafic Granulite/110
9 5.50–5.80 6.40–6.60 Wet Quartzite/93 Wet Diorite/99
10 6.5–6.70 Diabase/106

aRheological types from 1 to 7 are assigned to regions in which the crust is divided in three layers, while from 8 to 9 those in which
the crust is divided in two layers and 10 those with only one crustal layer. Rheological model parameters are displayed in Table A1.

Geochemistry, Geophysics, Geosystems 10.1002/2015GC005937

TESAURO ET AL. LITHOSPHERIC STRENGTH AND TE VARIATIONS 2200



USArray. The method used to estimate lithospheric temperatures involved a joint inversion that yields 3-D
lithospheric density model that considers the effects of both thermal and compositional variations in the
upper mantle [Kaban et al., 2014]. This model is based on the residual mantle gravity anomalies and residual
topography, which were estimated by subtracting the effects of the crust from the observed fields. The two
tomographic models were initially converted to temperatures using mineral physics equations [e.g., Stixrude
and Lithgow-Bertelloni, 2005]. In the first step, a uniform fertile composition and the anelasticity model Q4
of Cammarano et al. [2003], which is suitable for a wet Phanerozoic upper mantle, were used. The initial
thermal models made it possible to separate to a first order the effects of temperature and composition in
the mantle residual gravity anomalies [Kaban et al., 2014]. The initial ‘‘compositional’’ density variations are
used to estimate the degree of depletion in heavy constituents (CPX, garnet, and Fe) in the cratonic areas.
Then, all the computations are repeated taking into account the compositional differences. The iterations
are repeated until convergence is reached. On account of the compositional correction, the final thermal
models (Figures 3a and 3b) show an increase of temperatures in the cratons of up to �1508C relative to the
initial homogeneous model. In Kaban et al. [2014], we used a smooth transition between the final tempera-
ture estimated in the cratonic areas and in other parts of the NA continent to prevent the appearance of
sharp gradients, which could be artificial. Possible sharp temperature changes are related to seismic tomog-
raphy anomalies, which are translated into the temperature model. In turn, the compositional model used
in the inversion controls average absolute temperatures. The estimated lithospheric temperatures were
extrapolated to the surface using typical geotherms determined for different tectonic provinces on the basis
of heat flow data [Hasterok and Chapman, 2011; Currie and Hyndman, 2006].

Both thermal models, named according to the corresponding tomography models (NA07 and SL2013sv),
show a significant temperature difference of up to �7008C at a depth of 100 km between the internal part
and the western portion of the continent (Figures 3a and 3b). The high temperatures beneath the NA Cordil-
lera are in agreement with the high surface heat flow [e.g., Blackwell and Richards, 2004] and low resistivity
[e.g., Rippe et al., 2013] and reflect the presence of aqueous fluids associated with past subduction [Hyndman
and Currie, 2011] and a melt fraction of up to 1.5% in the shallow upper mantle [Rippe et al., 2013].

The coldest lithosphere in both models underlies the Archean Churchill, Slave, and Superior cratons and, for
the model NA07, parts of the Proterozoic terranes (e.g., Trans-Hudson Orogen). These results are generally

Figure 3. Temperatures (8C) in the NA upper mantle, at 100 km depth [Tesauro et al., 2014a], estimated from joint inversion of gravity data and (a) the regional tomography model NA07
[Bedle and van der Lee, 2009] and (b) the global tomography model SL2013sv [Schaeffer and Lebedev, 2013]. White-dashed contours show the boundaries between tectonic provinces as
in Figure 1. See text for further explanation.
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well within the range of the geotherms estimated from xenolith data [e.g., Griffin et al., 2003; Pollack and
Chapman, 1977; Hasterok and Chapman, 2011]. In particular, in the Archean cratons at a depth of 100 km the
estimates provided by the NA07 model are close to the lower boundary of the range defined by xenolith data
(�6008C), while those of SL2013sv model fall in the middle (�7508C). The models show relatively large differ-
ences within some Proterozoic regions, such as the Grenville and Yavapai-Mazatzal province (Figures 3a and
3b), where the NA07 model predicts values lower (by �2008C) than those of the SL2013sv model.

Lou and van der Lee [2014] report a larger delay time contrast across the Appalachians than the Grenville
province, indicating that the lithosphere of the North American Craton extends at least to the Appalachians.
Therefore, the difference in temperatures between the models NA07 and SL2013sv, which tends to be
reduced at larger depths, is probably related to the different resolution of the tomography models at the
edge of the NA craton. On the other hand, in both models some peripheral parts of the cratons, such as the
Archean Wyoming craton and the Proterozoic Colorado Plateau, are characterized by a hot upper mantle
(Figures 3a and 3b). Xenolith data indicate that the high temperatures beneath the Wyoming Craton are
due to Phanerozoic mantle refertilization. Carlson et al. [2004] infer a prolonged history of lithospheric melt-
ing within the uppermost part of the lithospheric mantle. The upper mantle of the Colorado Plateau was
probably heated during the last 30–40 My, as a consequence either of the Farallon slab roll-back [Roy et al.,
2009] or asthenospheric upwelling that progressively infiltrated and modified the lithosphere [e.g.,
Schmandt and Humphreys, 2010; Crow et al., 2011].

Although the two thermal models take into account the effect of compositional variations and anelasticity, they
are affected by uncertainties, mainly depending on those of the seismic tomographic models. An uncertainty
of the S wave velocity of the tomography model of �0.05 km/s translates into errors in estimates of tempera-
ture up to �1508C in cold cratons [Tesauro et al., 2012a]. The effect is significantly smaller in hot areas, where
velocity variations correspond to smaller temperature changes due to anelasticity. The largest uncertainties of
the elastic parameters are their temperature derivatives (with 10% and 20% uncertainties) [e.g., Cammarano
et al., 2003], leading to an uncertainty in the inferred temperatures of about �708C above 300 km
[Tesauro et al., 2010]. The uncertainties of the anelasticity model might be large at high temperatures [e.g.,
Cammarano et al., 2003]. However, they do not affect the strength estimates, since the anelasticity starts to be
activated at temperatures exceeding 9008C [e.g., Jackson, 2002] when the strength is already close to zero.

3. Strength Variations in the NA Lithosphere

Using the rheology and the two thermal models described above, the integrated strength of the lithosphere
(rL) under compression through integration of the yield strength envelope (YSE) is estimated according to:

rL5

ðh
0

r12r3ð Þ�dz (1)

where h is the thickness of the lithosphere and z is the depth.

In both models, here named as the corresponding tomography and thermal models, the integrated litho-
spheric strength (Figures 4a and 4b), shows significant spatial variations. The largest values (>1 3 1014 Pa
m) correspond to the Archean and Proterozoic cratons, while in the Phanerozoic lithosphere the integrated
strength is reduced to values <1 3 1013 Pa m. Such a sharp variation occurs in the model NA07 beneath
the Rocky Mountains, the eastern border of the Canadian Cordillera and the southern border of Grenville
province. In the model SL2013sv, the transition from strong to weaker lithosphere is shifted more to the
east, crossing the Yavapai-Mazatzal province, the Trans-Hudson Orogen (THO) and the Proterozoic Canadian
platform, and to the north, crossing the northern border of Grenville province (Figures 4a and 4b). Conse-
quently, the regions characterized by a strong lithosphere in the model SL2013sv cover significantly less
area than in the model NA07, since they do not include the peripheral cratonic regions. The lithospheric
strength is 10 times larger there in the model NA07 than in the model SL2013sv (Figures 4a and 4b), on
account of the difference in temperatures exceeding 2008C (Figures 3a and 3b). The strength profiles repre-
sentative of these regions show that the difference in temperature influences mostly the strength of the
mantle lithosphere, which is close to zero in the model SL2013sv, while in the model NA07 its brittle part
has a thickness >30 km in the western part of the Yavapai-Mazatzal province (Figure 5a) and over 50 km in

Geochemistry, Geophysics, Geosystems 10.1002/2015GC005937

TESAURO ET AL. LITHOSPHERIC STRENGTH AND TE VARIATIONS 2202



the Proterozoic Canadian Platform (Great Slave Lake) (Figure 5b). The large difference in the lithospheric
mantle strength between the two models in the westernmost part of the craton is also visible from cross-
section A, Figures 4a and 4b. Due to the difference in temperatures, in model NA07 the lithospheric mantle
retains significant strength (>5 3 108 Pa) on average up to a depth of 100 km in all tectonic provinces
except for the southwestern border of the craton (Mississippi Embayment and surroundings). In contrast, in
SL2013sv the lithospheric mantle is relatively strong up to shallower depths (�70 km) and only in some
parts of the western edge of the NA craton.

Other peripheral parts of the cratons, such as the southern border of the Proterozoic craton, the Wyoming
craton and the Colorado Plateau, have in both models a weak lithosphere with the strength prevalently

Figure 4. Integrated lithospheric strength (Pa m) and strength distribution (Pa) along two cross sections estimated in compression using the crustal rheological types (Figure 2) and (a)
the NA07 thermal model (Figure 3a); (b) the SL2013sv thermal model (Figure 3b). White-dashed contours show the boundaries between the tectonic provinces as in Figure 1. Black
circles show intraplate earthquakes location belonging to the seismic catalog for stable continental regions (SRCs) of Schulte and Mooney [2005]. Black lines with capital letters show the
locations of the cross sections. Black crosses with blue letters show the locations of the YSEs displayed in Figures 5a–5h. See text for further explanation.
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Figure 5. YSEs estimated using as input the NA07 thermal model (continuous black lines) and SL2013sv thermal model (dashed black lines) in different tectonic province of NA conti-
nent. For convention, the values estimated under compressional and extensional conditions are shown as negative and positive, respectively. Location of the strength profiles is dis-
played in Figures 4a and 4b. See text for further explanation.
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limited to the crust (Figures 4a, 4b, cross-section B; Figure 5c), on account of their hot upper mantle (Figures
3a and 3b). In contrast to the global models, where the areas of high strength corresponding to the cratons
extend up to the continental margins [Tesauro et al., 2013], in both models NA07 and SL2013sv the conti-
nental margins and the Appalachians are characterized by a weak lithosphere (Figures 4a and 4b). In other
regions off-cratons, such as the Gulf of Mexico, the two models show different results, with the lithosphere
significantly stronger in the model SL2013sv than in NA07 (Figures 4a and 4b), on account of the lower tem-
peratures (Figures 3a and 3b).

In the inner part of the cratons, as in the Superior craton and Hudson basin, the strength in the lithospheric
mantle is doubled in the model SL2013sv in comparison with NA07, on account of the lower temperatures
(Figures 3a and 3b). In this area, the brittle layer of the lithospheric mantle reaches values over 50 km in the
model SL2013sv, while in the model NA07 it is only few km thick (Figure 5d). From cross-section B in Figures
4a and 4b, we can observe that in the model NA07 the lithospheric mantle of the cratons is stronger than in
the model SL2013sv in its shallowest part, but the model NA07 becomes weaker than the model SL2013sv
below a depth of �120 km. Both NA07 and SL2013sv show local weakness within the cratonic lithosphere
beneath the intracratonic Illinois Basin and Midcontinent rift (Figures 4a and 4b) where the mantle litho-
sphere has no brittle strength (Figure 5e). Such a local weakness might be explained by the presence in the
shallow mantle of an unusual crust-mantle mixture [Bedle and van der Lee, 2006].

The strength in the crust shows a similar distribution as the strength in the lithosphere (Figures 6a and 6b),
indicating that the temperature variations have a greater influence on strength than crustal composition.
The absence of a direct correlation between crustal composition and strength variations can be particularly
noticed in the northern part of the Rocky Mountains, where both models indicate a weak crust and subcrus-
tal lithosphere (Figures 4a, 4b, 6a, 6b, and 5f), even with the ‘‘hard’’ rheology (Figure 2 and Table 1). In gen-
eral, the largest values of lithospheric and crustal strength correspond in both models to the coldest areas
with thick crust, while the lowest values correspond to the warmest areas, despite the rheology assumed
(Figures 6a and 6b). Indeed, in the entire NA Cordillera the strength, located prevalently (>90%) in the crust
in both models (Figures 4a, 4b, cross-section B; Figures 6c and 6d), is strongly reduced (Figure 5h), despite
the fact that the Columbia Plateau and the Canadian Cordillera have a stronger crustal rheology in compari-
son with that of the Basin and Range (Figure 2 and Table 1). These results, similar to those provided by the
global strength models [Tesauro et al., 2012a, 2013], reflect the repeated weakening of the young terrains of
the continental margins by thermal rejuvenation and fault reactivation during subduction, orogeny, and rift-
ing, whereas the continental cores were left mostly undeformed and thermally stable. In contrast to Pha-
nerozoic crust, in cratonic regions �40% of the strength is localized in the crust in the model NA07, while in
the model SL2013 the percentage decreases up to <15% in the northern part of the Canadian Shield (Fig-
ures 6c and 6d). In these areas, the thermal model SL2013sv has a smoother temperature gradient than the
model NA07 [Tesauro et al., 2014a], making the lithospheric mantle colder and stronger (Figures 7a and 7b).
Hence, compositional variations within the crust influence the integrated crustal strength only if the thermal
regime is intermediate. In fact, in the model NA07 the western part of the Yavapai-Mazatzal province and
the Proterozoic Canadian Platform (Great Bear Lake) are both characterized by relatively low temperatures
(Figure 3a), but the crust of the former region retains more strength than the crust of the latter (Figures 4a
and 4b, cross-section A; Figures 5a and 5g), on account of its stiffer rheology and thick crust (Figure 2 and
Table 1). In contrast, the lithospheric mantle shows similar thickness of its brittle layer (Figures 5a and 5g).

We can also observe that there is no correlation between the integrated strength distribution in the crust
and its thickness [Tesauro et al., 2014b]. Indeed, although the NA Cordillera has a variable crustal thickness,
from 40 to 45 km in the Columbia Plateau to <30 km in the Basin and Range, the integrated strength is
very low, on account of the high temperature in this region. On the other hand, the thinning of the crust
from the Superior craton and the THO toward the northern part of the Canadian Shield (from �45 to
�30 km) [Tesauro et al., 2014b] leads to a concentration of strength in the mantle lithosphere in this area
that is characterized by low mantle temperatures (Figures 6c and 6d).

Varying the strain rate by one order does not change significantly the distribution of the integrated litho-
spheric and crustal strength (supporting information Figures S1 and S2). Indeed, even if the North American
Cordillera, being a tectonically active region, is likely characterized by strain rates that are larger than cra-
tonic areas [e.g., Kreemer et al., 2014], its integrated strength remains low on account of high temperatures.
In contrast, in the cratonic areas, which are tectonically stable, the strain rates, and thus the integrated

Geochemistry, Geophysics, Geosystems 10.1002/2015GC005937

TESAURO ET AL. LITHOSPHERIC STRENGTH AND TE VARIATIONS 2205



strength, may be lower than the value assumed in this study. However, also in this case, the difference in
the integrated strength between the cratonic and off-cratonic regions is remarkable (supporting informa-
tion Figures S1 and S2). In addition, we can observe that the effective viscosity (g) of the crust and mantle
lithosphere estimated along two cross sections for the strain rates in the range 10214 to 10216 s21 shows
significant variations only within the cratons (between 1022 and 1025 Pa s) (supporting information Figures
S3 and S4). In contrast, in the regions characterized by high temperatures, as the NA Cordillera, g remains
below 1021 Pa s, indicating a ductile deformation of the lithosphere even when the value of the strain rate
is decreased by one order [e.g., Watts and Zhong, 2000; Yaolin and Jianling, 2008].

Figure 6. Integrated crustal strength (Pa m) in compression and fraction (%) of the integrated total strength contributed by the crust estimated using the crustal rheological types
(Figure 2 and Table 1) and (a and c) the thermal model NA07 (Figure 3a); (b and d) the thermal model SL2013sv (Figure 3b). White-dashed contours show the boundaries between the
tectonic provinces as in Figure 1. Black circles show intraplate earthquakes location from the seismic catalog for stable continental regions (SRCs) of Schulte and Mooney [2005]. See text
for further explanation.
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4. Effective Elastic Thickness of the NA Lithosphere

The effective elastic thickness of the lithosphere corresponds to the thickness of a homogeneous elastic
layer, which is characterized by the same flexural rigidity as the lithosphere [e.g., Burov and Diament, 1995].
Te of the continents has a wide range of values (from 5 to over 100 km), which can vary within the plate
depending on the coupling-decoupling conditions of the lithospheric layers. When the layers are coupled,
Te generally depends on temperature and is coincident with the base of the mechanical lithosphere, while
when the layers are decoupled Te is significantly reduced (Appendix A). The lithospheric layers (e.g., the
lower crust and upper mantle) are decoupled if temperature of the creep activation of the rocks is lower
than the temperature at a depth of the boundary layers (Appendix A). In general, if the crust is thicker than

Figure 7. Thickness (km) of the mechanically strong mantle lithospheric (MSML) layer and coupling and decoupling conditions of the lithospheric layers; for (a–c) NA07 and (b–d)
SL2013sv. Abbreviations stand as follows: UC, Upper Crust; MC, Middle Crust; LC, Lower Crust; UM, Upper Mantle; C, Coupled conditions; D, Decoupled conditions. In the regions, where
the crust is composed of only one or two layers, the condition 3 indicates decoupling of the crust from the mantle lithosphere. White-dashed contours show the boundaries between
the tectonic provinces as in Figure 1. Black circles show intraplate earthquakes location from the seismic catalog for stable continental regions (SRCs) of Schulte and Mooney [2005]. See
text for further explanation.
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35 km, the lower-crustal temperatures are high enough to reduce the creep strength of the rocks in the
vicinity of the Moho, causing decupling of the crust from the upper mantle [Burov and Diament, 1995]. In
the opposite case, the crust and mantle are mechanically coupled and the lithosphere behaves like a single
plate, similar to the oceanic lithosphere.

The mechanical coupling-decoupling conditions of the NA07 and SL2013sv models (Figures 7c and 7d) are
similar in the regions off-cratons. All the lithospheric layers are decoupled beneath the Basin and Range
and most of the Colorado Plateau (condition 5 in Figures 7c and 7d; Figures 4a and 4b, cross-section B),
while in the other parts of the NA Cordillera and the Appalachians the upper and middle crustal layers are
coupled (condition 2 in Figures 7c and 7d). In these young orogenic belts, the thickening of the crust leads
to increased temperatures in the lower part of the crust and consequently significantly reduces the strength
below the middle crustal depths. This process causes mechanical decoupling between the lithospheric
layers and reduces Te to <20 km (Figures 8a and 8b), as a result of the absence of the mechanically strong
mantle lithospheric (MSML) layer (Figures 7a and 7b). Other effects, such as reheating and hydration of the
lithospheric mantle, occurring in NA Cordillera [e.g., Hyndman et al., 2005] and Appalachians [van der Lee
et al., 2008], associated with the underlying (subducted) Farallon slab, contribute to the decoupling of litho-
spheric layers. In these regions, characterized by a relatively thick crust and a high thermal regime, a ‘‘crème
brulee’’ model [Jackson, 2002], in which the mantle is weak and the strength is primarily localized in the
uppermost part of the crust (Figures 6c and 6d), is applicable. The lower values of the strength and low Te

(<20 km), found in the NA Cordillera, are consistent with the results of previous regional [e.g., Bechtel et al.,
1990; Lowry and Smith, 1995; Lowry et al., 2000; Fl€uck et al., 2003; Audet and Mareschal, 2004b; Hyndman
et al., 2009; Kirby and Swain, 2009; Lowry and P�erez-Gussiny�e, 2011; Hardebol et al., 2013] and global studies
[e.g., Audet and B€urgmann, 2011; Tesauro et al., 2012a, 2013; Mouthereau et al., 2013]. Most of the NA Cordil-
lera is characterized by positive residual topography (>2 km), which is largely supported by the low-density
upper mantle, both within and under the lithosphere [Becker et al., 2014; Kaban et al., 2014]. The uplift might
be related to a hot back arc [e.g., Hyndman and Currie, 2011] and/or to an uprising mantle plume (e.g., in
Yellowstone, Parsons et al. [1994]). However, recent numerical models [François et al., 2013] demonstrate
that a strong crust alone is insufficient to keep topography stable over significant time. Therefore, the high
temperatures of these regions, which is responsible for the 1–2 km elevated topography, reduces signifi-
cantly their strength and makes them more prone to deformations.

Figure 8. Effective elastic thickness (Te) of the lithosphere (km) for (a) the model NA07 and (b) the model SL2013sv. White-dashed contours show the boundaries between the tectonic
provinces as in Figure 1. Black circles show intraplate earthquakes location belonging to the seismic catalog for stable continental regions (SRCs) of Schulte and Mooney [2005]. See text
for further explanation.
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We find a significantly lower value (about 30 km) for Te in the Appalachians compared with previous studies
that estimated an average value of �50 km [Armstrong and Watts, 2001; Kirby and Swain, 2009; Audet and
B€urgmann, 2011; Mouthereau et al., 2013]. The low Te reported here may reflect the presence of a weak
upper mantle, possibly due to its hydrated conditions [van der Lee et al., 2008]. We find similar difference
between our estimates and previous Te estimates in Alaska. However, the low Te values (<20 km) are less
well constrained in this area due to the lower resolution of the tomography models [Bedle and van der Lee,
2009]. On the other hand, other models of Te also show conflicting results. Actually, flexural studies
[Mouthereau et al., 2013] predict Te values increasing from the southern to the northern part of Alaska (from
�30 to �50 km), while studies based on cross-spectral analyses of the gravity field [Kirby and Swain, 2009;
Audet and B€urgmann, 2011], reveal an opposite trend. In the off-craton regions, the largest discrepancies
between the two Te models are found, as in case of the strength models, in the Gulf of Mexico, where the
values predicted by SL2013sv model are more than the double of those in the NA07 model. However, in
this area the lower resolution of the seismic tomography used to estimate the temperatures make the
results weakly constrained, and none of the Te estimates provided by other methods [Kirby and Swain, 2009;
Mouthereau et al., 2013] are robust.

Beneath the cratons the coupling-decoupling conditions are different in the models NA07 and SL2013sv
(Figures 7c and 7d). In NA07 most of the Proterozoic and Archean regions have all lithospheric layers
coupled (condition 1, Figures 7c and 7d) and the ‘‘jelly sandwich’’ model, in which the strength is distributed
within the crust and upper mantle [e.g., Burov, 2011], is applicable (Figures 4a and 4b, cross-section B; Fig-
ures 6c and 6d). It should be noted that the ‘‘classical’’ jelly sandwich model refers to a rheology with strong
upper crust and upper mantle layers, separated by a ductile lower crustal layer that does not allow flexural
stresses to be transmitted between layers [e.g., Afonso and Ranalli, 2004]. In this study, as in previous studies
[e.g., Burov, 2010] the definition of ‘‘jelly sandwich’’ model is extended to other variations of the classical
model, including the cases in which another crustal layer other than the lower crust is weak or when the
entire crust and the upper mantle are strong. Therefore, the main difference with the ‘‘crème brulee’’ model
is the presence of a brittle rather than ductile upper mantle.

In the model SL2013sv, the conditions in which all the lithospheric layers are coupled is present only in
some parts of the NA cratons, such as the Superior craton, parts of the Churchill and Slave craton and the
northern part of the THO (Figures 7c and 7d). Despite the variability of the coupling-decoupling conditions
in the model SL2013sv, the ‘‘jelly sandwich’’ model is applicable in most part of the cratons as in NA07, since
the strength is partitioned between the crust and the mantle lithosphere (Figures 4a and 4b, cross-section
B; Figures 6c and 6d). In the model SL2013sv, the cratonic regions where the strength is prevalently local-
ized in the upper and middle crust, and thus where the ‘‘crème brulee’’ model is applicable, are mostly lim-
ited to some peripheral parts (Figures 4a and 4b, cross-section A), as the western part of the Yavapai-
Mazatzal province (Figure 5a), parts of the Proterozoic Canadian Platform (Figure 5b) and in the southern
edge of the Proterozoic craton (Figure 5c). Burov [2010] applied analytical and numerical thermomechanical
modeling to evaluate the stability and structural styles associated with various rheological models. His study
demonstrated that the ‘‘crème brulee’’ model may be applicable only to some synrift basins, margins and
young orogens (e.g., the Basin and Range), while the ‘‘classical’’ ‘‘jelly sandwich’’ model, including its stron-
ger variants, is more typical (intracontinental and old orogens, forelands, shields, and postrift basins) and
provides a first-order explanation for the long-term support of the Earth’s main surface features. Therefore,
according to this study, the weak lithospheric strength of the peripheral cratonic regions estimated in the
model SL2013sv should lead to a long time-scale instability of these old (most Proterozoic) geological
provinces.

On the other hand, despite the differences between the two models observed in the peripheral part of the
cratons, Te for both models shows large values in most of the cratonic regions (>100 km), significantly
deeper than their average crustal thickness (�40 km). These results suggest that high Te in an old stable cra-
ton largely relates to a thick MSML layer (Figures 7a and 7b). In both models, Te shows similar lateral varia-
tions within the cratons (Figures 8a and 8b). In fact, although in the model SL2013sv all the lithospheric
layers are coupled only in a limited part of the cratons (Figure 7d), the large strength in the lithospheric
mantle (Figures 4a and 4b, cross-section B) and thickness of the MSML layer (Figure 7b) gives Te similar or
larger than in NA07 (Figures 8a and 8b). In this regard, it should be noted that the regions with a relatively
weak lithosphere, close to the cratonic edges in the model SL2013sv (Figure 4b) are characterized by large
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values of Te (�100 km) (Figure 8b). Thus, the smooth temperature gradient in the thermal model SL2013sv
affects the strength distribution between the lithospheric layers (Figure 6d) and increases the thickness of
the MSML layer (Figure 7b), and consequently Te (Figure 8b). Therefore, the peripheral parts of the cratons,
which are weaker in SL2013sv than in NA07 in terms of Te are mostly limited to the western part of the
Yavapai-Mazatzal province and the southern part of the Grenville Province (Figures 8a and 8b). Conse-
quently, most of the cratonic areas are characterized by a long-term stability in both models. In fact,
François et al. [2013] demonstrated that the strong lithosphere (i.e., Te 5 100–110 km) with a MSML layer at
least of 60–70 km thick is needed to keep surface and subsurface topographies of tectonic features stable.
According to some previous studies [Kirby and Swain, 2009; Mouthereau et al., 2013], the largest values of Te

(>100 km) are mostly confined to the Archean parts of the NA cratons. The same studies predict Te values
over 50 km for the other parts of the cratons, which implies a relatively strong lithospheric mantle [Burov,
2011].

Other studies of the Canadian Shield based on spectral methods [e.g., Wang and Mareschal, 1999; Audet
and Mareschal, 2004a,b, 2007] show Te values less uniformly distributed than those reported in this study,
with variations on short spatial scale (<500 km). However, their inferred spatial pattern is not clearly corre-
lated with either the distribution of the tectonic features or with their age. The Te values, estimated by Audet
and Mareschal [2004b] using a multitaper method, are lower than those of Audet and Mareschal [2004a],
based on the maximum entropy method. However, they show similar trends, with the largest values located
in the eastern part of the Hudson basin, and the southern part of the Superior and Hearne craton. In con-
trast, the estimates of Audet and Mareschal [2007] and Wang and Mareschal [1999], based on wavelet and
maximum entropy method predict large values (>50 km) in most of the Canadian Shield, but with a differ-
ent distribution. In Audet and Mareschal [2007], the largest values (>100 km) are located in the northwest-
ern part of the study area, which includes the Hudson basin, the northern part of the THO and the Rae
craton, while Wang and Mareschal [1999] found maximum values for Te in the northern part of THO and
central part of the Superior craton. Notably, Poudjom Djomani et al. [2005] have detected in the Slave craton
a correlation between Te and mantle composition, estimating large values (>50 km) in the younger eastern
part of the craton, which is separated from the older western part by a zone of steep Te gradients parallel to
the major locus of kimberlite intrusions. The Te values estimated in this study do not show such a correla-
tion, being the entire Slave craton characterized by high Te values (Figures 8a and 8b).

We further notice that in both NA07 and SL2013sv Te estimates vary sharply at the boundaries of the cra-
tons due to the corresponding abrupt change of the thickness of the MSML layer (Figures 7a and 7b). Such
a feature has been also observed in previous studies based on a rheological approach [Hyndman et al.,
2009; Hardebol et al., 2013] and on the free-air gravity/topography (i.e., admittance), calculated using wave-
let transforms [Kirby and Swain, 2014]. In contrast, the studies based on other methods [Wang and
Mareschal, 1999; Fl€uck et al., 2003; Kirby and Swain, 2009; Audet and Mareschal, 2004; Audet and B€urgmann,
2011; Mouthereau et al., 2013] show a much smoother transition in the peripheral parts of the cratons (Pro-
terozoic regions), which are generally characterized by larger and lower values of Te (�50 km) in compari-
son with those predicted by the NA07 and SL2013sv model, respectively. In addition, Te values may have a
stronger variability in these areas with respect to those estimated in our and similar studies. Indeed, the
edges of the cratons, having been deformed during the accretion of the Phanerozoic belts [Karlstrom, and
Humphreys, 1998], may be affected by local variations of the strain rates [e.g., Gueydan et al., 2014] not con-
sidered in the models of Te.

We note that estimates of Te have larger uncertainties than estimates of strength. Indeed, the thickness of
MSML layer depends on the assumption used to define the lower boundary of this layer. As specified in sec-
tion 2, the thickness of what are considered as ‘‘strong’’ lithospheric layers extends from the top of the
layers (in this case the upper mantle) to the depth at which the yield stress is less than some predefined
value. Therefore, the choice of this value directly influences Te, determining also the coupling-decoupling
conditions.

5. Strength and Intraplate Earthquakes Distribution

In this section, we compare variations of the lithospheric strength and Te with distribution of the intraplate
earthquakes. Intracrustal seismicity is a result of brittle failure of the lithospheric plate and thus there may
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be a correlation between the earthquakes distribution and lateral lithospheric strength variations. We use
the global seismic catalog for stable continental regions (SRCs) of Schulte and Mooney [2005] updated up to
July 2012. The catalog includes 1629 crustal earthquakes with moment magnitudes (Mw) >4.5, of which
238 are located in the study area (Figures 4a and 4b). Instrumental [Engdahl and Villasenor, 2002] and histor-
ical earthquakes [Triep and Sykes, 1996; Johnston et al., 1994], for which the Mw has been assigned based on
the methodology described by Johnston [1989], are included in the catalog. The majority (�70%) of the
intraplate earthquakes have Mw< 5.0, while the strongest events (Mw> 6.0) represent only a small part
(�6%).

There exists a high concentration of seismicity along the northeastern and southeastern edges of the cra-
tons and in particular in the New Madrid Seismic Zone, the area underlying a Precambrian rift that may
have been reactivated during the opening of the Atlantic Ocean [e.g., Kane et al., 1981]. This region is char-
acterized by a weak lithosphere in both strength models, on account of relatively high temperatures
(Figures 4a, 4b, 8a, and 8b). A correlation between seismicity and cratonic edges is reported for the Siberian
and Congo craton [Craig et al., 2011; Sloan et al., 2011], whereas Mazzotti [2007] observed a concentration
of seismicity in eastern North America at the edge of the NA craton. Mooney et al. [2012] showed that a
high proportion of these intraplate events are concentrated in the zones of sharp lateral variations in the
lithospheric thickness at the edge of the cratons. In contrast, the Archean and Early Proterozoic cratons
have fewer crustal earthquakes and a lower maximum earthquake catalog moment magnitude.

Since significant lateral variations of the lithospheric thickness correlate with the corresponding change
in the integrated lithospheric strength, we check a possible correlation between the locations of the intra-
plate earthquakes and the edges of the cratons by plotting the percentages of the number of the intra-
plate earthquakes versus the total, mantle lithospheric, and crustal integrated strength for both models
(Figures 9a and 9b). The percentages of the seismic events are also plotted versus Te estimated in the two
models (Figure 9c). Indeed, Audet and B€urgmann [2011] argue that the magnitude and spatial variations
of Te control the degree, style, and location of deformation in response to long-term tectonic loads, and
potentially the distribution of seismic activity. In addition, Lowry and Smith [1995] observed that the seis-
micity along the Intermountain Seismic Belt of the NA Cordillera occurs in a zone of transition from low to
high Te.

Despite the differences in the integrated strength between the two models in the peripheral parts of the

cratons (Figures 4a and 4b), the histograms show similar trends (Figures 9a and 9b). In both cases, a large

percentage of the seismic events occurs in the areas characterized by a weak lithosphere, in which the

strength is mainly localized in the crust and reduced to the values of �0.5 3 1013 Pa s or even less. The per-

centage of the earthquakes occurring in the regions with relatively high strength (>1.5 3 1013) Pa s is larger

in model NA07 (37%) than in model SL2013sv (23%). In model NA07, the intraplate earthquakes are almost

equally distributed (�40% in each region) between the regions with low (<30 km) and high values

(>100 km) of Te. In contrast, in the model SL2013sv about 50% of the events are located in the regions with

low Te, while a lower percentage (32%) occurs in the areas where Te is high (Figure 9c). These results indi-

cate that a relatively large number of intraplate earthquakes occur in the areas characterized by a strong lat-

eral variation of the integrated strength and Te.

The higher concentration of seismicity in the regions which should resist deformation in the model NA07
compared with SL2013sv may be explained by some overestimation of the integrated strength and Te. This
hypothesis cannot be proved, since the upper bounds of the integrated strength and Te, over which the
brittle failure of the lithosphere becomes unlikely, cannot be defined. On the other hand, the strength
model NA07 might be reliable as well, since it correlates better than the model SL2013sv with the intraplate
seismicity in the areas characterized by steep changes of strength and Te, already observed in previous
studies [e.g., Jim�enez-D�ıaz et al., 2014]. These variations occur in the crust and extend down to the upper
mantle.

Since the seismic moment (M0) better represents the total earthquake energy Mw5 2
3 log M0ð Þ26:0

� �
, we

plot the sum of the seismic moment of the intraplate earthquakes versus the integrated strength and Te

(Figures 10a–10c). We can observe that despite the relatively high number of earthquakes occurring in the
regions with high strength and Te, the largest values of the sum of the seismic moment correspond in both
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models to low values of the integrated strength (<1 3 1013 Pa m) and Te (<30 km). These results demon-
strate that seismic energy is mostly released within the weak lithosphere.

Intraplate seismicity is usually concentrated in a specific depth interval called the seismogenic layer (Ts),
which is commonly 15–20 thick km and rarely exceeds 40–50 km either in oceanic or continental litho-
sphere [e.g., Wiens and Stein, 1983; Maggi et al., 2000]. Some authors suggest that Ts is related to the long-
term lithospheric strength, and thus to Te [Maggi et al., 2000; Jackson, 2002; McKenzie and Fairhead, 1997].
For this reason, they hypothesized that the two parameters are equivalent, implying that the strength of
the lithosphere resides only in the crust (‘‘crème-brulee’’ rheology model). More recent studies demon-
strated that Ts and Te do not necessarily correspond to the same layer in the lithosphere [e.g., Burov and
Watts, 2006]. These parameters might be equal only when related to the flexural deformation of the litho-
sphere, when the plate comprises equally strong brittle and ductile parts.

The depth of the intraplate earthquakes, occurring in the area of study, was estimated for only 167 events. The
majority of them (�85%) occur in the upper and middle crust (55% at a depth <10 km and 30% at a depth
between 10 and 20 km, Figure 9d), where the two layers are coupled (Figures 7c and 7d). The remaining seismic
events are located in the lower crust, where the temperatures are usually higher (up to �6008C) than the normal
maximum crustal temperature at which intraplate seismicity occurs (�3508C). Seismicity in the lower crust could
be explained by the rheology equivalent to that of the anhydrous granulite-facies material, similar to that
assigned (Figure 2 and Table 1). Such a rheology, being metastable under typical lower crustal conditions, rapidly
undergoes conversion to weaker eclogites upon the addition of small amounts of water [e.g., Craig et al., 2011;
Sloan et al., 2011], and thus is characterized by brittle deformations at relatively high temperatures.

Figure 9. Histograms of the percentage of the number of North American intraplate earthquakes, belonging to the seismic catalog for stable continental regions (SRCs), Schulte and
Mooney [2005], versus (a and b) the integrated strength of the lithosphere (in black), lithospheric mantle (in dark gray) and crust (in light gray), for (a) the model NA07 and (b) the model
SL2013sv; (c) the effective elastic thickness (Te) for the strength models NA07 (in black) and SL2013sv (in light gray) (d) the effective elastic thickness (Te) for the same strength models
(in black and light gray as before) estimated in the points where the depth of the intraplate earthquakes was evaluated and the seismogenic thickness (Ts) (in dark gray). See text for fur-
ther explanation.
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Figure 10. Histograms of the sum of the seismic moment (N m) of North American intraplate earthquakes, belonging to the seismic cata-
log for stable continental regions (SRCs), Schulte and Mooney [2005], versus (a and b) the integrated strength of the lithosphere (in black),
lithospheric mantle (in dark gray), and crust (in light gray), for (a) the NA07 model and (b) the SL2013sv model; (c) the effective elastic
thickness (Te) for the strength models NA07 (in black) and SL2013sv (in light gray). See text for further explanation.

Geochemistry, Geophysics, Geosystems 10.1002/2015GC005937

TESAURO ET AL. LITHOSPHERIC STRENGTH AND TE VARIATIONS 2213



There is a large difference between Te estimated from the strength models NA07 and SL2013sv and the
depth of the intraplate earthquakes (seismogenic thickness, Ts). Te is higher in the model NA07 in most of
cases (on average �80 km in NA07 versus �60 km in SL2013sv) (Figure 9d). In fact, Te reflects the response
of the lithosphere to long-term geological loads, while Ts is the thickness of the uppermost weak layer that
responds on historical time scales to stresses by faulting and earthquakes [e.g., Watts and Burov, 2003;
Handy and Brun, 2004].

6. Conclusions

We evaluate the effects that temperature variations and structure of the lithosphere have on the strength
and effective elastic thickness (Te) of North America using two thermal models. These models are obtained
by the joint inversion of gravity data [Kaban et al., 2014] and two seismic tomography models [NA07, Bedle
and van der Lee, 2009; and SL2013sv, Schaeffer and Lebedev, 2013]. We have also applied a correction for the
effects of compositional variations and anelasticity [Tesauro et al., 2014a]. Different types of crustal rheology
are assigned using the velocity variations estimated in the model NACr14, the most recent North American
crustal model [Tesauro et al., 2014b]. Several inferences can be made from the two strength and Te models,
identified with the same names of the seismic tomography models NA07and SL2013sv, respectively.

1. The new strength and Te model of North America, obtained by using the most recent crustal and seismic
tomography models, solve small-scale anomalies better than the previous global models [Tesauro et al.,
2012a, 2013; Audet and B€urgmann, 2011; Mouthereau et al., 2013]. Both parameters are more heterogene-
ously distributed within the cratons, revealing localized zones of lithospheric weakness, such as the Illi-
nois basin and Midcontinent rift, and the zones of high strength corresponding to parts of the Archean
cratons. In addition, tectonic features neighboring the cratonic edges, such as the Appalachians, are char-
acterized by a relatively weak lithosphere.

2. The integrated lithospheric strength and Te are more dependent on temperature than on the crustal com-
position. This fact leads to first-order similarities between the two models, such as the sharp difference in
the strength between the cratonic and off-cratons regions. In the Phanerozoic regions the decoupling
conditions of the lithospheric layers and the absence of the mechanically strong mantle lithospheric
(MSML) layer reduces Te to values <20 km, making the lithosphere behavior like a ‘‘crème-brulee’’ model
[Jackson, 2002] and thus more prone to instability. In contrast, the inner cold parts of the cratons are the
regions with a strong crust and upper mantle and large values of Te (>100 km), where a ‘‘jelly sandwich’’
model is more applicable. Compositional and crustal thickness variations influence the distribution of the
crustal strength in the areas characterized by intermediate thermal conditions, as the Proterozoic Cana-
dian Platform and the Yavapai-Mazatzal province.

3. The largest differences between the two strength models NA07 and SL2013sv occur in some peripheral
parts of the cratons, such as the Proterozoic Canadian Platform, the Grenville, and the Yavapai-Mazatzal
province, where the integrated strength in NA07 is 10 times larger than in SL2013sv, on account of the
lower temperatures estimated in the model NA07. Such a difference influences also the strength distribu-
tion in the lithospheric layers and consequently the coupling-decoupling conditions in the two models.
In the model SL2013sv, in contrast to the model NA07, only some lithospheric layers are coupled, but still
the jelly sandwich model is more applicable than the ‘‘crème brulee’’ model in the regions where the
mantle lithosphere retains a significant part of the strength.

4. Despite the differences between the lithospheric strength models NA07 and SL2013sv in the peripheral
parts of the cratons, Te shows similar patterns, implying that Te is relatively unaffected by the uncertain-
ties in the strength. Such a similarity is due to a smoother temperature gradient in the thermal model
SL2013sv in comparison with model NA07, which causes large thickness of the MSML layer and conse-
quently of Te in the former model. Therefore, the absence of the MSML layer, which would cause instabil-
ity of old tectonic features [e.g., Burov, 2010; François et al., 2013] is limited in both models to the most
deformed part of the NA craton, reactivated during Meso-Cenozoic tectonic episodes (e.g., Rocky Moun-
tains, Colorado Plateau, Wyoming craton, Mississippi Embayment). Previous estimates of Te based on flex-
ural studies and inverse approaches show intermediate Te values (�50 km) in these regions, i.e., values
between those found in the inner parts of the cratons and the regions off-cratons. Thus, it is often difficult
to precisely locate the transition between low and high values of Te.
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5. Comparison of the integrated strength and Te variations with the distribution of intraplate earthquakes
indicates that most of the events occur along the edge of the cratons, in the zones that are characterized
by a weak lithosphere or strong lateral variations in integrated lithospheric strength and Te. The inner,
strong parts of the cratons have a very low level of seismicity. In addition, the sum of the seismic
moments shows that most of the energy is released in the weak lithosphere close to the cratonic edges.
These results suggest that the edges of the cratons are more prone to accumulation of tectonic stress
with a subsequent release by earthquakes, in comparison with the stable cratonic regions which resist
deformation.

6. Most earthquakes (85%) occur in the uppermost crustal layers (<20 km), while the remaining 15% are
located at the depth of the lower crust (<35 km), defining a Ts much thinner than the average Te

(�80 km in NA07 and 60 km in SL2013sv). The deepest events may indicate the presence of a lower
crustal rheology equivalent to that of the anhydrous granulite-facies material (similar to that assigned in
this study), which can rapidly convert to a weaker eclogite and thus undergo a brittle failure even at rela-
tively high temperatures.

Appendix A: Method Used to Estimate Strength and Effective Elastic Thickness

Strength can be defined as the resistance to deformation, limited by the differential stress required to initi-
ate failure or flow under a given strain rate. Therefore, rock strength may be defined by the deformation
mechanism for which, under given conditions, the least amount of differential stress is required. At shallow
depths and low temperatures, rocks predominantly deform by brittle mechanisms, generally described by
the Byerlee’s law [Byerlee, 1978].

The principal stress difference (Dr 5 r1 2 r3) at which slip occurs is given by:

Dr5aqgz 12kð Þ (A1)

The tectonic regime coefficient is given by a (taken as 3.0 and 0.75 for compressional and tensile regimes,
respectively), k is the pore fluid factor (ratio of hydrostatic to lithostatic pressure), and qgz is the overburden
pressure.

At greater depths and higher temperatures rocks deform by creep mechanisms that are described by
ductile flow laws. The ductile strength depends on rock type and temperature, and also on a grain size
(macro and microstructure). In addition, the ductile behavior nonlinearly depends on the strain rate and
thus on the time scale of the deformation process. Ductile deformation involves both diffusion creep and
various mechanisms of dislocation creep. The first mechanism is dominant at a small grain size and rela-
tively low stresses, which arises for highly sheared material (ductile shear zones) or for very high tempera-
tures. In contrast, at high stresses and moderate temperatures (<13308C), dislocation creep (2) is
dominant.

Dr5
_e

AP

� �1
n

:exp
EP

nRT

� �
(A2)

Here _e is the strain rates, AP the power strain rates, n the power law exponent, EP the power law activation
energy, R, the gas constant, T the absolute temperature. In the upper mantle for stresses exceeding 200
MPa and temperatures between �400 and �8008C deformation is controlled by glide of dislocations with
lattice resistance or the Peirels stress (i.e., low-temperature plasticity or Dorn law), described by the equation
(A3) of Mei et al. [2010],

r5rD 12
RT
ED

2ln rð Þ2ln
_e

AD

� �� �� 	2

(A3)

where rD is the Plastic law stress, ED the Plastic law activation energy, and AD the Plastic law strain rates. For
temperatures higher than �8008C, the deformation is controlled by dislocation creep (A2).

Goetze and Evans [1979] introduced the yield strength envelope (YSE) for the oceanic lithosphere that is a
vertical profile that predicts the maximum differential stress supported by rock as a function of depth. The
YSE is represented by curves of two different types (Figure A1). At shallow depths the straight line
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corresponding to brittle fracture shows an increase of the strength with depth. At greater depths, the
curved line that describes ductile deformation shows that the strength decreases downward exponentially
due to the increase of temperature and corresponding decrease of viscosity [Burov and Diament, 1995]. The
depth at which the brittle and ductile strengths are equal denotes the brittle-ductile transition (BDT), which
can be found in the crust and in the uppermost mantle (Figure A1).

From the computed YSE it is possible to define the thickness of the mechanically strong part of the litho-
spheric layers that extends from the top of the layer to the depth associated to a specific geotherm (e.g.,
�3508C for quartzite), at which the yield stress is less than some predefined value [e.g., 10 MPa used in
Ranalli, 1994]. Therefore, the lithospheric layers are considered decoupled when the strength decreases
below this threshold; otherwise the layers are considered coupled. Te is calculated as the sum of the
mechanically strong layer thicknesses (Dhi) (Figure A1), as described by equation (A4) or (A5), depending on
the coupled and decoupled behavior of the layers [Burov and Diament, 1995]:

Te
nð Þ5

Xn

i51

Dhi
3

 !1=3

(A4)

Te
nð Þ5

Xn

i51

Dhi

 !
(A5)

These equations are valid only in case when all layers are characterized by the same Young’s modulus (E).
Te, as thickness of the equivalent homogeneous layer with the same flexural rigidity, is usually referred to
E 5 100 GPa. However, the real lithospheric layers are characterized by significantly different values of E.
Therefore, we modify the approach of Burov and Diament [1995] and re-estimate Te taking into account
depth variations of E [Tesauro et al., 2012b, 2013]. We specify different values of E for each crustal layer
(Table 1), as described by equation (A6) [Behn et al., 2002], where E (Pa) is Young’s modulus, Vp (m/s), P
wave velocity, r Poisson coefficient, and q (kg/m3) density.

Table A1. Rheological Model Parameters and Strength Equations

Parameter Symbol Units Sediments Upper Crust Middle Crust Lower Crust Upper Mantle

Composition Quartzite
(wet)a/Quartzite

(dry)a/Granite(dry)a

Diorite (wet)a/
Diabase (dry)a

Mafic-Ganuliteb/Diorite
(wet)a/Diabase (dry)a

Olivine PL(dry)c

Olivine DL(dry)d

Density min-max/mean q km/m23 1900–2685/2438 2541–2910/2736 2785–2974/2872 2868–3145/2993 3316–3476/3408e

3323/3474/3413f

Layer thickness min-max/mean Z km 0–14/1.7 1.0–29.0/11.2 1–18.0/11.1 1.5–18.0/10.9 10–279/164e

10–285/160f

Friction coefficient ext/com F 0.75/3 0.75/3 0.75/3 0.75/3 0.75/3
Pore fluid factor k 0.36 0.36 0.36 0.36 0.36
Power law exponent N 1.9/2.72/3.3 2.4/3.05 4.2/2.4/3.05 3
Power law activation energy Ep kJ mol21 172.6/134/186 212/276 445/212/276 510
Power law strain-rate Ap Pa2n s21 1.26 3 10213/

6.03 3 10224/3.16 3 10226
1.26 3 10216/6.31 3 10220/

6.31 3 10220
8.83 3 1022/1.26 3 10216 1.2589 3 10212

Dorn law activation energy ED kJ mol21 320
Dorn law strain-rate AD s21 1.4 3 10219

Dorn law stress rD Pa 5.9 3 109

Strain rate e s21 10215 10215 10215 10215

Brittle strength r5fqgz 12kð Þ

r5
_e

AP

� �1
n

:exp
EP

nRT

� �

r5rD 12
RT
ED

2ln rð Þ2ln
_e

AD

� �� �� 	2

Creep equations
Power law creep
Dorn law creep

aCarter and Tsenn [1987].
bWilks and Carter [1990].
cKarato and Jung [2003].
dMei et al. [2010].
eValues refer to the NA07 strength model.
fValues refer to the SL2013sv strength model.
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E5
Vp2ð11rÞð122rÞq

ð12rÞ (A6)

The parameters in equation (A6) are defined for each type of crustal rheology (Table 1) following Christensen
[1996].

The Young’s modulus of the lithospheric mantle [Turcotte and Schubert, 2014] is twice as large as that of the
crust:

E52Gð11rÞ (A7)

where G (Pa) is the shear modulus.

When E is estimated using the shear modulus of olivine defined for r 5 0.25 and the P-T range correspond-
ing to brittle conditions, its value is about 180 GPa 6 10GPa. Since uncertainty of E within the lithospheric
mantle is small, we assume an average constant value of 180 GPa.
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