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[1] Following the release of global continental effective elastic thickness (7e) maps obtained using different
approaches, we now have the opportunity to provide better constraints on Te. We improve previous esti-
mates of 7e derived from thermo-rheological models of lithospheric strength (or Te,) using new equations
that consider variations of the Young’s Modulus in the lithosphere. These new values are quantitatively
compared with those obtained from an inverse approach (or Te;) based on a comparison of the spectral
coherence between topography and gravity anomalies with the flexural response of an equivalent elastic
plate to loading. The two models show in general a good agreement, having equal means (at the 95% sig-
nificance level) in about half of the continental areas. In other regions Te; exceeds Te, in about 65% of the
data points, showing that Te; provides an upper bound on 7e. The two data sets have a similar range, but
demonstrate different distributions. Te, has a bimodal distribution, with the two peaks representative of
the cratons and of the areas outside of them. In contrast, 7e; has more uniform distribution without predom-
inant peaks. Our models show higher similarities in the Meso-Cenozoic orogens than in the Archaean and
Proterozoic shields and platforms, due to the methods employed. For the regions with the most robust deter-
minations of 7e, and Te,, the relationship between them is close to linear. The results of this work can be
used for further studies on the mechanical properties of the lithosphere.
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1. Introduction

[2] The effective elastic thickness (7e) of the litho-
sphere is the thickness of an elastic layer that would
respond to applied loads in the same way as the het-
erogeneous lithospheric plate. Te primarily depends
on thermal gradient, composition and flexural plate
curvature [e.g., Burov and Diament, 1996]. Any one
of these values can be estimated if the others are
known. Differences in the mechanical behavior of the
oceanic lithosphere and continents can be explained
by the control of different parameters: thermal gradi-
ent has a major control in the oceans, whereas in the
continents crustal thickness and composition are also
equally important. Therefore, the continental 7e can-
not be associated with a unique mechanical layer and
does not correspond to any particular geotherm [e.g.,
Burov and Diament, 1995]. Indeed, continental 7e
estimates show large variations in plates of the same
thermotectonic age [Burov and Diament, 1996]. In
general, old tectonic provinces (>1.5 Gy) have a
lithosphere that is colder and thicker, more depleted
in basaltic constituents and, consequently, more
dehydrated than younger ones [e.g., Jordan, 1978].
The combination of these factors is thought to make
continental cratonic interiors more resistant to subse-
quent deformation [e.g., Hirth and Kohlstedt, 1996].
On the other hand, there exist other factors acting
against strengthening due to cooling. For instance, in
the active orogenic belts the lithosphere becomes
weaker with time due to thickening of the crust and to
the effects of flexural stresses, caused by bending of
the lithosphere due to topographic and horizontal
tectonic loads. Indeed, when a plate having a thick
crust is loaded and flexed, the lower crust becomes
sufficiently hot to significantly reduce its strength.
This process results in mechanical decoupling
between the upper crust and the mantle lithosphere
and in large reduction of Te [e.g., Burov and Diament,
1996]. Other effects, such as reheating and hydrating
of lithospheric mantle, occurring in the continental
mobile mountain belts located in back-arc regions,
can also decrease the continental 7e [e.g., Hyndman
et al., 2005]. Furthermore, the horizontal stress due
to extensional forces can weaken the lower crust and
lead to subsequent crust-mantle decoupling, thus
reducing the e of ~400 Myr lithosphere by 15-20
per cent [Cloetingh and Burov, 1996; Burov, 2011].

[3] Recent maps of Te for large continental areas
[e.g., Audet and Biirgmann, 2011; Fliick et al., 2003;
Pérez-Gussinyé and Watts, 2005; Pérez-Gussinyé
et al., 2007, 2009; Simons et al., 2003; Swain and
Kirby, 2006; Tassara et al., 2007; Tesauro et al.,
2009, 2012; Wang and Mareshal, 1999] show high
values (>60 km) located within older provinces
where the lithospheric thickness is much greater than
in the younger provinces. Because of the correlation
between large 7e and thick lithosphere, Te maps of
continents may be used to better understand their
mechanical properties and to detect the lateral vari-
ability in lithospheric structure. Furthermore, since
Te is directly related to lithospheric strength, it
has been commonly used to understand the rela-
tionship between tectonic styles and lithospheric
rheology in various tectonic settings. For example,
Watts et al. [1995] examined the relationship
between the style of fold-and-thrust belt tectonics
and the rigidity of foreland lithosphere, while other
studies [e.g., Whitehouse et al., 2006] investigated
vertical motions in response to loading or unloading
during sedimentation, erosion and glaciation.

[4] Continental Te is typically estimated indi-
rectly using a cross-spectral analysis of gravity and
topography data [e.g., Forsyth, 1985]. However,
these determinations may be biased by several fac-
tors and simplified assumptions, such as that of a
homogeneous and continuous plate, and thus often
provide inconsistent estimates of Te [e.g., Artemjev
and Kaban, 1991]. In particular, Te estimates for
cratons based on the transfer function (admittance)
between the free air gravity and topography are in
some cases significantly lower than values obtained
from coherence analysis between Bouguer gravity
anomalies and topography [e.g., McKenzie, 2003].
As a consequence, the role of the lithospheric mantle
in controlling 7e, and thus whether or not the strength
resides entirely in the crust, has been a subject of
controversy in the literature [see Kirby and Swain,
2009]. Furthermore, post-seismic deformation and
field studies suggest that, at short time scales, the
lower crust and upper mantle may readily deform,
indicating low strength at those depths [Biirgmann
and Dresen, 2008]. However, notwithstanding these
issues, Peérez-Gussinye and Watts [2005] and Kirby
and Swain [2009] have shown that part of the dis-
crepancy in the Te estimates can be attributed to the
higher sensitivity of the admittance to un-modeled
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subsurface loads. When both admittance and
coherence method are formulated in a consistent
manner, the results indicate that 7e in cratons can
be >100 km.

[s] Audet and Biirgmann [2011] presented a global
map of Te over the continents calculated from a
comparison of the spectral coherence between
topography and gravity anomalies with that pro-
duced by the flexural response of an equivalent
elastic plate to loading. The coherence method is
less sensitive than the admittance to large variations
in the ratio between subsurface and surface loads
and is therefore more robust in the presence of
subsurface loading [Forsyth, 1985]. In their study
they use a wavelet transform to calculate the
coherence, thereby improving the spatial resolution
of Te. In the study of Tesauro et al. [2012] Te was
determined on a global scale using the approach
based directly on the strength distribution estimated
from thermo-rheological parameters.

[6] In this work the Te of the continental areas is
re-estimated by improving this approach. Burov and
Diament [1995] suggested a method to estimate
Te for several lithospheric layers with constant
Young’s Modulus (£). However, the lithosphere is
strongly layered mechanically and the average £ of
the lithospheric mantle is almost double than of the
crust. To compare the estimates with those obtained
using the spectral coherence approach, we derive
new equations to calculate 7e from the lithospheric
strength distribution considering different £ for
each lithospheric layer. We compare the new esti-
mates with those of Audet and Biirgmann [2011].
This study thus presents for the first time a global
comparison of Te from two independent, high-
resolution techniques. These comparisons allow us
to constrain the possible range of Te of the main
geological provinces, as well as discuss differences
and similarities observed in areas characterized by
the crustal ages and structures. A discussion on
potential uncertainties of the 7Te estimates empha-
sizes where future work is needed in order to pro-
vide more accurate constraints on the rheology of
continental lithosphere.

2. Rheological Te Estimated From
Lithospheric Strength

[7] As mentioned in the introduction, 7e in the
study of Tesauro et al. [2012] was determined from
a distribution of the lithospheric strength. To esti-
mate the latter we used new high-resolution com-
pilations of crustal parameters. For example, the

global map of sediments is obtained merging new
compilations for the continents [Tesauro et al.,
2008; Mooney and Kaban, 2010] and oceans
[Divins, 2003], whereas the Moho map, based on
the global model CRUST 2.0 [Bassin et al., 2000],
is augmented in North America, Eurasia and
Australia by the recent compilations of Tesauro
et al. [2008], Mooney and Kaban [2010] and
Collins et al. [2003].

[8] Different rheologies were assumed for the upper
and lower continental crust, according to the age of
the geological provinces [Mooney, 2009] and the
seismic velocity of the constituent rocks. In doing
so, we associate a “hard” rheology represented by
granite-mafic granulite to Archean and old Prote-
rozoic structures, a “soft” rheology represented by
quartzite-diorite to Meso-Cenozoic structures and an
“average” rheology represented by granite-diabase
and quartzite-diabase to structures of intermediate
age. The increase in stiffness of the rocks’ rheology
with age is exemplified by the metamorphic transi-
tion of the lowermost part of the crust from gabbro to
eclogite through garnet granulite often found in the
cratonic areas. The rherological classification made
in Tesauro et al. [2012] on a global scale does not
consider possible exceptions to this rheology-age
dependency observed in some geological features.
For instance, the Archean Wyoming province crust is
very rich in quartz, while the Phanerozoic Siletzia
and Great Valley blocks are extremely mafic [Lowry
and Pérez-Gussinyé, 2011]. Nevertheless, the age-
based crustal rheology affects 7e estimates in cratons
only marginally due to the dominant effect of cold
geotherms (and thus stiff lower crust). A uniform dry
olivine rheology was assumed for the mantle litho-
sphere. Rheological model parameters and strength
equations are displayed in Table 1. We used the creep
parameters obtained from experiments carried out
on natural samples [e.g., Goetze and Evans, 1979;
Carter and Tsenn, 1987; Wilks and Carter, 1990].
New laboratory measurements (see Biirgmann and
Dresen [2008] for a review) have more control on
the uncertainties in the rheological parameters. At the
same time, these experiments utilize simple mono-
phase synthetic minerals having a homogeneous
grain size, which are designed specifically not to
have the impurities usually present in the natural
samples. Those impurities may be a primary source
of the dislocations exploited by dislocation creep in
natural rocks. Therefore, the extensions of the results
of these experiments to real aggregate compositions
remain to be demonstrated. Actually, the results
of the new experiments compared to the old ones
give higher values of the strength, probably because
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Figure 1. Example of a Yield Strength Envelope (YSE).

monophase rocks are stronger than polyphase ones
[e.g., Zhong and Watts, 2010].

[s] We inferred the temperature distribution by
combining the observed surface heat flow with
seismic tomography data. The temperature distri-
bution in the mantle lithosphere was obtained by
inverting the seismic tomography model of Ritsema
et al. [2004] following a mineral physics approach
[Cammarano et al., 2003]. Therefore, using these
input parameters (see Tesauro et al. [2012] for fur-
ther details on their values, the assumptions and
laws used to estimate the lithospheric strength), we
determined the Yield Strength Envelope (YSE)
which describes the distribution of strength with
depth [Goetze and Evans, 1979] for each data point
of the study area. The YSE, as shown in Figure 1, is
represented by two different types of curves: the
straight line, representing the brittle failure, shows
an increase of strength with depth [Byerlee, 1978],
while the curved line, representing the ductile
deformation, shows that the strength decreases
downward exponentially, on account of the increase
of temperature [Burov and Diament, 1995].

[10] Several authors have described how to estimate
the effective elastic thickness from the YSE [Lowry
and Smith, 1995; Burov and Diament, 1995]. In
this approach, the elastic stress profile, caused by
bending of an ideal elastic plate with known cur-
vature and Young’s Modulus (E), is truncated by the
YSE, thus lowering the total bending moment from
which the effective rigidity is calculated. However,
these calculations are difficult to perform due to
poorly constrained curvature and complications
caused by mechanical decoupling. By assuming that

curvature is small, Burov and Diament [1995] have
devised an approximate method by which the effec-
tive elastic thickness can be estimated as the sum
of the mechanically competent layers composing
the lithosphere, thus bypassing the need to calculate
the bending moment. Following this approach, the
mechanical thickness of each competent layer is
defined by the depth to the top extending down to
the depth at which the yield stress is lower than
some pre-defined threshold value (e.g., 10 MPa used
in Ranalli [1994]). The lithospheric layers are con-
sidered coupled or decoupled when the strength
contrast across the layer decreases above or below
this threshold, respectively. When the lithosphere
consists of n competent layers decoupled from each
other, Te is estimated as follows:

; 1/3
7,0 = (Z Ahﬁ) (1)
i=1

where A#; is the thickness of the i,;, competent layer.
In contrast, if the layers are mechanically coupled,
the upper limit of 7e is estimated as total thickness of
the competent layers’:

Te(n) = ZAhl (2)
i=1

These equations [Burov and Diament, 1995] do not
directly include elastic effects (in particular, the
Young’s Modulus for each layer); however the
validity of the equations depends on the use of uni-
form elastic parameters, and Te estimated from this
approach is indirectly related to £ via the elastic
moduli obtained from the seismic models used in
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Figure 2. Global effective elastic plate thickness (7e) of the lithosphere (km) based on two different methods. (a) Te
estimated from a rheological approach (Te,.), based on the lithospheric strength distribution [Tesauro et al., 2012] and
improved in this study. Black lines show cross-sections location displayed in Figures 5a—5h. The dotted areas delim-
ited by blue contours correspond to selected regions, where correlation between Te, and Te; is estimated (Figure 8).
Green acronyms are as follows: Al: Alps; An: Andes; CAO: Central Asian Orogen; CB: Congo Basin; CS: Canadian
Shield; EAM: Eastern Australian Margin; EAR: East African Rift; HB: Hudson Basin; KC: Kalahari Craton; NAC:
North American Cordillera; NCC: North China Craton; NSB: North Sea Basin; Pt: Patagonia; TB: Tarim Basin. (b) Te
estimated from an inverse approach (7e;) based on a comparison of the spectral coherence between topography and
gravity anomalies and the flexural response of an equivalent elastic plate to loading [4udet and Biirgmann, 2011].

the calculation of the geotherms. In addition, the
crust and mantle have significantly different values
of E. In order to compare with the values obtained
from the inverse approach where a single, uniform
value of the Young’s Modulus is used to estimate 7e
(E =100 GPa, see below), we modify the approach
of Burov and Diament [1995] and re-estimate Te
taking into account depth variations in E.

[11] By definition, the effective elastic plate thick-
ness is the thickness of a homogeneous plate,

3
whose flexural rigidity Dy = EOTEOZ) is equal to
0

12(1-0

the flexural rigidity of a welded heterogeneous
E\T&

plate D; = !

(o) Therefore, we obtain the
following:
_s/E1
T e0 — EOTel (3)

where Ey = 100 GPa is the reference value, E is the
Young’s Modulus estimated as the Voigt (weighted)

average of £ of all coupled lithospheric layers [e.g.,
Altenbach, 2000]. Te, is total thickness of the cou-
pled competent layers (equation (2)). In case of
decoupling conditions, Te; is estimated according to
equation (3) for each of the decoupled layers (or for
two coupled layers and one decoupled) and then
equation (1) can be directly applied with the modi-
fied values.

[12] Based on the assumed crustal rheology and
on the experimental results of Christensen [1996],
we assign £ = 90 GPa to the upper crust and values
of 99, 106 and 111 GPa to the lower crust,
corresponding to rheologies of diorite, diabase and
mafic granulite, respectively. We derived the
Young’s Modulus of the lithospheric mantle by
estimating the bulk and shear modulus and the
Poisson coefficient of peridotite, its most repre-
sentative rock, through a mineral physics approach
[e.g., Cammarano et al., 2003]. We found that the
Young’s Modulus of the lithospheric mantle is
nearly double that of the crustal rocks. Despite the
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dependence of E on composition, as well as on
pressure and temperature variations, these factors
have a small effect on £ (<10 GPa) in the range of
brittle conditions. This uncertainty influences Te,
insignificantly (on the order of about 1 km). There-
fore, we assume a constant value of £ (180 GPa) for
the lithospheric mantle. The new Te estimates are
displayed in Figure 2a. We refer to 7e estimates
obtained using this approach as the ‘rheological Te’,
or Te,.

2.1. Inverse Te Estimated From Gravity
and Topography

[13] The inverse approach consists of estimating Te
from the statistical relationships between gravity
anomalies and the topography. The underlying
principle of this approach is based on the concept of
flexural isostasy, where large vertical loads are
compensated by the flexure of a thin elastic plate.
The parameter controlling the vertical displacement
of the plate is the flexural rigidity D, which is a
function of both the Young’s Modulus (F) and the
plate thickness (Te),

ET?

R PT(R) @

where o is Poisson’s ratio, taken to be 0.25. Due to
the stronger dependence of D on Te compared to E,
spatial variations in rigidity are mapped into varia-
tions in thickness of the elastic plate using a constant
value for the Young’s Modulus (£ = 100 GPa).
Vertical loads can be emplaced on the surface (e.g.,
topographic loading) or from below (e.g., under-
plating) and compensation results in the observed
topography and the deflection of an internal sur-
face at the depth of compensation. This surface is
normally taken to be the crust-mantle boundary, and
deflections can be estimated from the downward
continuation of gravity anomalies. The spectral rela-
tionships between gravity anomalies and the topog-
raphy thus contain important information on the state
of compensation of vertical loads, and two approa-
ches have been traditionally used to obtain estimates
of Te: the inversion of the admittance using free-air
gravity anomalies or the inversion of the coherence
using Bouguer gravity anomalies.

[14] The traditional approach in the continents is to
approximate the Earth’s isostatic response as a linear
filter between gravity anomalies and topography,
thus allowing the use of the convolution theorem
to calculate the isostatic response function [Lewis
and Dorman, 1970]. Deconvolution of gravity and
topography in the spectral domain is performed by
spectral division (i.e., calculating the admittance

function), which removes the undesired effect of
noise in the gravity data. The admittance is then
modeled by solving the equation for the flexure of a
uniform elastic plate with either or both surface and
subsurface loading. Following the work of Lewis
and Dorman [1970], most studies have used free-
air gravity anomalies in the calculation of the
admittance. However, as demonstrated by Forsyth
[1985], the admittance method is extremely sensi-
tive to the relative amplitude of initial subsurface
and surface loading.

[15] The coherence method, developed by Forsyth
[1985], is sensitive to different properties of the
load compensation mechanism. At long wave-
lengths the plate is likely to be fully deflected and
the topography and Bouguer gravity are expected to
be inversely correlated. At smaller wavelengths the
elastic plate is able to support the loads elastically
and the topography and Bouguer gravity may have
statistically random phase differences. The statistics
of the phase relationship as a function of wave-
length can thus provide an estimate of the effective
plate rigidity. This method is less sensitive to the
final amplitude of the loads than the admittance
function, and is thus more robust in the presence of
subsurface loading.

[16] A problem common to both techniques is their
instability in the presence of flat topography that
can introduce noise in the spectral functions and
thus blur the structural information. As Kirby and
Swain [2009] have pointed out, this problem can
give rise to significantly different 7e values
whether one uses the admittance or the coherence
function in the inversion. Furthermore, Kirby and
Swain [2009] further showed that robustness of Te
estimates from the Bouguer coherence method can
be evaluated by the value of the imaginary com-
ponent of the complex coherency function at the
wavelength of flexure, where a value greater than
0.4 implies bias. In addition, because the estimation
is performed in the spectral domain, all spatial
information is lost and the resolution of Te values is
low, depending on the size of windows used in the
estimation. Several spectral techniques have been
developed in the past ~20 years to improve the
spatial resolution of 7e estimates. Recent models of
continental Te using spectral methods are consistent
and show significant variations at all scales.

[17] Here we use the most recent global Te model
of Audet and Biirgmann [2011] that was obtained
using the continuous wavelet transform to calculate
the coherence between Bouguer gravity anomalies
and the topography. The wavelet transform affords

7 of 18



5 - :. Geochemistr 2
Geophysncs Y(M
| | Geosystems | I

TESAURO ET AL.: Te OF THE CONTINENTAL LITHOSPHERE

10.1029/2012GC004162

20 T T

&
T

o
T

Percentage of Samples

T T
Continental areas Ter

| ”hhhhhhhthLthLLhnm...

| R8

0 10 20 30 40 50 60 70 80

100 110 120 130 140 150 160 170 180 190 200

Effective Elast|c Thickness (km)

Figure 3.

optimal resolution in both spatial and spectral
domains that allows us to estimate 7e at each grid
point. In this approach estimates of Te are obtained
by minimizing the least squares misfit between
the observed coherence between Bouguer gravity
and topography with the coherence predicted by
the flexure of a thin isotropic elastic plate under
surface and internal loading. We use the 1" x 1’
SRTM bathymetry/topography model of Smith and
Sandwell [1997] (http://topex.ucsd.edu/) and the
gravity model EGM2008 [Pavlis et al., 2008]. For
each continent we extract the gravity and topogra-
phy data on transverse Mercator (rectangular) grids
and convert free-air gravity anomalies to Bouguer
anomalies. After inversion the 7e estimates are
back-projected onto a 10" x 10 grid. Estimates that
are biased by gravitational noise (see above dis-
cussion and Kirby and Swain [2009] and Audet and
Biirgmann [2011]) are excluded from the analysis.
The final map is shown in Figure 2b. We refer to Te
estimates obtained using this approach as ‘inverse
Te’, or Te,.

3. Comparison of the 7e Estimates Using
the Rheological and Inverse Approach

[18] Teinthe continental areas is primarily related to
the combined effects of rheological and thermal
heterogeneity that control the mechanical coupling
or decoupling conditions of the lithospheric layers.
Large variations in 7e estimated from both the rhe-
ological and inverse approaches (Figures 2a and 2b)

Histograms showing Te, (in gray) and Te; (in black) distributions in continental areas.

occur across sutures that separate provinces with
major differences in strength [Audet and Biirgmann,
2011; Tesauro et al., 2012]. For example, crust—
mantle decoupling drastically reduces the total inte-
grated strength and 7e (change of ~40 km or greater)
of the lithosphere over the narrow (~100 km) tran-
sition from the interior of the North and South
American plates to the Cordillera.

[19] Te, in the continents (Figure 3) ranges from
15 to 180 km and shows a bimodal distribution.
The main peak (~18% of data) is at ~25 km, a
representative value for the areas outside of cratons,
while some smaller peaks (>25% of data) between
65 and 80 km are common values for the cratons
[e.g., Watts, 2001]. This clustering results from the
vertical distribution of strength: depending on the
ductile strength of the lower crust, the upper con-
tinental crust is mechanically coupled or decoupled
from the mantle, resulting in very different Te
values. In contrast, Te; (Figure 3) spans a larger
range (from 10 to 200 km) and is not distributed
around a predominant peak. However, ~25% of
data points show Te; between 20 and 35 km, which
are boundary values of a typical range of 7e in the
areas outside of cratons [e.g., Watts, 2001]. The
cratons do not seem to be represented by a common
value or range of Te,;. Nevertheless, there is a sig-
nificantly greater proportion of 7e; > 100 km in the
cratons compared to Te, (20% vs 7%).

[20] To examine the consistency of the two data
sets, we performed a Welch’s t-test within 15° cir-
cular moving windows, testing the null hypothesis
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Figure 4. Results of Welch’s t-test performed within 15° circular moving windows, testing the null hypothesis that
the means of the two distributions are equal given their unequal variance. Areas in gray indicate regions where we can-
not reject the null hypothesis at the 95% significance level; blue and red areas indicate regions where we can reject the
null hypothesis. Blue areas show regions for which Te, > Te;; red areas indicate Ter < Te;.

that the means of the two distributions are equal
given their unequal variance. In this test we assume
20% uncertainty on individual estimates for both
Te, and Te; in the calculation of the distribution
variance. The results (Figure 4) show that in about
half of the continental areas the two distributions
have equal means (at the 95% significance level),
while in the other parts, such condition is not found.
It is worth noting that regions where the means are
equal are found mainly on continental margins and
where topography is high. This is also where Te;
estimates are most robust and free of gravitational
noise bias [Audet and Biirgmann, 2011]. In the
cases where we can reject the null hypothesis we
also plot the sign of the difference between avera-
ges. We find that Te; > Te, in about 65% of data
points, suggesting that Te; provides an upper bound
on Te. This generally occurs in low-elevation areas
including Shield and Platform provinces. The
quality of the agreement between the two data sets
is also visible in more detail from the cross-sections
displayed in Figures 5a—5h). We can observe that,
although Te; appears generally smoother than Te,,
which is likely due to the smoothing effect of the
spectral estimation technique in the case of Te;, the
large-scale patterns coincide. The two data sets
show very similar values in the Paleozoic and Meso-
Cenozoic orogens, like in the Dinarides (Figure 5a),
in the Central Asian Orogen (Figures 5b and 5c), in
the Eastern Australian margin (Figure 5d) and in the
southern part of the Andes (Figure 5h). In other
areas, like in the Siberian Craton (Figure 5c) and in
the Congo Basin (Figure 5f), they are characterized
by similar trends, with a shift in the values up to
~50 km. In few cases Te, and Te; have opposite
trend, like in the North Sea (Figure 5a) and in part
of the North American craton (Figure 5g). A major

disagreement is found in the African continent
(Figure 5e), in particular in the African metacraton,
also revealed by the Welch’s t-test. Nevertheless, it
is still possible to identify similarities in the shape
of both trends (e.g., change in 7e gradient). In order
to investigate the consistency of the two data sets in
more detail, we analyze their distributions for dif-
ferent crustal ages and tectonic provinces. In doing
so, we divide the continental areas into four major
age groups (Archean, Proterozoic, Paleozoic and
Meso-Cenozoic) and tectonic provinces (Shield
and Platform, Orogen, Basin and Extended crust
and Large Igneous provinces), using recent compi-
lations of these parameters [e.g., Mooney, 2009]. We
display the distributions of 7e, and Te; for the crustal
units of the above mentioned age groups and tec-
tonic provinces, which are represented by more than
1000 data points (Figure 6): Archean Shield and
Platform provinces, Proterozoic Shield and Platform
provinces, Proterozoic Basins and Extended crust
provinces, Paleozoic Orogens provinces, Paleozoic
Extended crust and Basin provinces, Meso-Cenozoic
Orogens provinces and Meso-Cenozoic Extended
crust and Basin provinces.

[21] In the Shield and Platform provinces of Archean
age (Figure 7a), corresponding to part of the cratons,
both data sets have >25% of Te values between
65 and 85 km, which are typical estimates of areas
characterized by cold and thick lithosphere [e.g.,
Watts, 2001]. A smaller peak (~15% of data)
occurring between 150 and 160 km is present only in
the Te; data set. However, in some specific Archean
regions, such as the Canadian Shield and the Hudson
Basin (Figures 2a and 2b), both models show very
large values (from 150 to 180 km), which are also
found in previous studies [e.g., Fliick et al., 2003;
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Figure 5. (a—h) Te, (solid lines) and Te; (dotted lines) estimated along cross-sections through the main geological

features. See Figure 2a for cross-sections location.

Kirby and Swain, 2009]. In other regions, such as
the Kalahari craton, the agreement between the two
data sets is good and both models show Te preva-
lently between 65 and 75 km. Similar values were

also inferred from previous coherence studies [e.g.,
Pérez-Gussinyé et al., 2009]. In the Siberian Craton
Te, ranges between 110 and 145 km, while the range
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[[7]Extended Crust and Basin
D Large Igneous Province

Figure 6. Map of crustal ages and tectonic provinces, modified after Mooney [2009]. Letters show the location of the
crustal units considered in this study, obtained from the overlap between the two maps, as follows: a, Archean Shield
and Platform provinces; b, Proterozoic Shield and Platform provinces; ¢, Proterozoic Extended crust and Basin pro-
vinces; d, Paleozoic Orogens provinces; e, Paleozoic Extended crust and Basin provinces; f, Meso-Cenozoic Orogens
provinces; g, Meso-Cenozoic Extended crust and Basin provinces.

of Te; is slightly larger (most of values are between
95 and 160 km).

[22] In the Shield and Platform provinces of Prote-
rozoic age (Figure 7b) Te, shows a main peak
(~40% of data) between 65 and 80 km and a
smaller one (~25% of data) between 25 and 40 km,
whereas the Te; values are broadly distributed
over the entire range (from 10 to 200 km), without
showing a dominant peak. The largest values
(>100 km) are predominant in the 7e; compared
to the Te, model (41% vs 12% of data), whereas
the lowest values (<30 km) are present in a small
proportion in both data sets (<10% of data). These
results suggest that these provinces are characterized
by a cold and thick lithosphere, where the layers
are coupled (e.g., the Proterozoic North American
craton) and in a smaller proportion by regions
with higher lithospheric temperatures, where the
lithospheric layers are decoupled (e.g., part of the
African metacraton).

[23] Te, in Basins and Extended crust provinces of
Proterozoic age (Figure 7c¢) shows a high peak
(14% of data) at 30 km and a lower one (10% of
data) around 65 km, while most of Te; values span
the range 25—75 km. The largest values (>100 km)
are observed prevalently in Te; (19% vs 3%), while
the lowest (<30 km) are present in both models in
equal proportion (~14%). Therefore, in these areas
the decoupling conditions seem to dominate over
those of coupling. Looking at some specific geo-
logical features, we can observe that in the Tarim
basin Te, is ~30 km, a relatively low value, which
suggests the presence of decoupling conditions,
whereas Te; is about twice as large. In contrast, in
the Congo Basin both models show large Te esti-
mates (>80 km), even though Te; is still about twice

as large as 7e,. A flexural and a coherence study in
the Tarim and Congo basin [Teng, 1991; Pérez-
Gussinyé et al., 2009] finds values of 7e interme-
diate with respect to those of our models (~45 km
and ~100 km, respectively).

[24] In Orogens provinces of Paleozoic age
(Figure 7d) the two models show predominant
peaks around similar values: Te, (>25% of data) at
25 km, and Te; (~12% of data) at 20 km. Further-
more, both data sets have a high percentage (>35%
of data) of low values (<30 km). In contrast, esti-
mates larger than 100 km represent 10% of the Te;
data and are almost absent (only 2% of data) in the
Te, model. There is also a very good agreement
between the two models in specific geological fea-
tures, such as the Central Asian Orogen, where
predominant values of Te, and Tei are around 20
and 25 km, respectively.

[25] In Basin and Extended crust provinces of
Paleozoic age (Figure 7¢), Te, spans a relatively
large range (mostly between 25 and 80 km), but
with a higher percentage of values over 50 km. On
the other hand, Te; spans a similar range, but with a
prevalence of values lower than 45 km. Concerning
specific geological features, the two models are in a
good agreement in the North Sea, where both data
sets find values around ~60 km. On the other hand,
in other areas like Patagonia, Te; ranges mainly
between 35 and 45 km, whereas Te, values are half
as large. In this area other coherence studies [e.g.,
Tassara et al., 2007; Pérez-Gussinyé et al., 2007]
show values more similar to Te, (between 20 and
30 km).

[26] In Orogens and Extended crust and Basin pro-
vinces of Meso-Cenozoic age (Figures 7f and 7g)

11 of 18



' Geochemistry 3

&) Geophysics TESAURO ET AL.: Te OF THE CONTINENTAL LITHOSPHERE 10.1029/2012GC004162
| Geosystems |
(@ 20
Archaean Shield and Platform provinces Ter
M
815
Q
£
5
%10

5
0 ..||||.I|||HI||||I||||||||||||.

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
Effective Elastic Thickness (km)

(b) 20
Proterozoic Shield and Platform provinces Ter
I
$15
=
£
3
k]
@
g1 0
=
g
]
a

wn

% 100 110 120 130 140 150 1601 0 180 190 200
Effecnve EIasncThlckness (km)

w
t=

(d)
Paleozoic Orogens provinces Ter

M

Percentage of Samples
= N N
v S &

=)

w

0 |‘||||||||||Illlll.... | N R R S |
0 0

20 30 40 50 60 70 80 90 100 110 720 130 140 750 160 170 180 196 200
Effective Elastic Thickness (km)

()

wu
o

Meso-Cenozoic Extended crust and Basin provinces Ter

| RS

Percentage of Samples
=3 Py N N w w F S
5 & 3 »h & & & &

w

I‘Illllllllll
20

30 40 50 60 /0 80 90 100 110 120 130 140 150 160 170 180 190 200
Effective Elastic Thickness (km)

=2

© 20
Proterozoic Extended crust and Basin provinces Ter
I
15
=
£
s
3
<
S
o
g‘lO
e
g
=
o
o

o I||||HHHH|”|IIIIII Ly
20 40 301

Ll I Ihananls
40 150 160 170 180 190 200
Effectlve Elastlc Thlckness km
e 30
Paleozoic Extended crust and Basin provinces Ter
25 - Tei
“
4]
o
£ 20
<
a
-
<]
@
g 15
c
]
S
7
s 10
| |I|II|I||I|||.|I nala
QJ 30 40 50 60 70 80 90 100 110 120 130 740 750 T60 170 180 190 200
Effective Elastic Thickness (km)
(@ 50
43 Meso-Cenozoic Orogens provinces Ter
d .
o
2
o 35
]
<
< 30
<]
P
E’ 25
c
g 20
]
o

o v 3
i )
© —
I —
© m—
o —
°_

—

—

-

-

40 50 60 70 80 90 700 110 120 130 740 150 160 170 180 190 200
Effective Elastic Thickness (km)

Figure 7. Histograms showing Te, (in gray) and Te; (in black) distributions for different crustal units, obtained from
a range of age groups and tectonic provinces. (a) Archean Shield and Platform provinces; (b) Proterozoic Shield and
Platform provinces; (c) Proterozoic Extended crust and Basin provinces; (d) Paleozoic Orogens provinces; (e) Paleo-
zoic Extended crust and Basin provinces; (f) Meso-Cenozoic Orogens provinces; (g) Meso-Cenozoic Extended crust

and Basin provinces.

the agreement between the two models is quite
strong, both data sets are characterized by a high
percentage (between 50% and 80%) of low values
(<30 km) and by the absence of estimates larger than

100 km. Therefore, both data sets span a relative
narrow range, with ~80% of data between 20 and
30 km (7e,) and 10 and 45 km (7e;), respectively.
The agreement is also good in specific geological

12 of 18



)
|

5 - = Geochemistry
~  Geophysics (
| Geosystems

TESAURO ET AL.: Te OF THE CONTINENTAL LITHOSPHERE

10.1029/2012GC004162

i | L | ——— | 1 1 L | 1 A, 1
70
180 1a B
] T = o - 60
150 ® cs In ail = ®
1 cB o - HB TB|
sc . - 50
120 -
— . Pt =
E 7 L J o - 40 E
= 5 NCC =3
= 90 B Alg |
v - | , 30 &=
. KC 3 Ahg
g 0@ e
60 g L |
] % |fss e CA% SeamtAR L 20
| ] All data | 'S
30 iyr. Te, <40 km [ NAC‘ ?
] £0 Te, > 40 km 7 - 10
0 R BN U S | LI | LI | L I 1 I I I 0
0 30 60 90 120 150 180 O 10 20 30 40 50
Te, (km) Te, (km)

Figure 8. Correlation between rheological (7e,) and inverse (7e;) approaches for selected areas (see Figure 2a for
their location). Black circles and error bars are mean and standard deviation for selected areas; gray diamonds are
the modes. Gray lines are linear regressions for all data (solid line: slope of 1.00 + 0.04, intercept of —1 £ 2 km,
r = 0.94) and subsets of data (7e, > 40 km, dotted line: slope of 1.0 &+ 0.1, intercept of 1 £+ 10 km, » = 0.89;
and Te, < 40 km dashed line: slope of 3.9 £ 0.5, intercept of —59 £ 4 km, » = 0.92). Inset in Figure 8a is shown
in Figure 8b. Acronyms are listed in the caption of Figure 2a.

features, where the difference between the two data
sets is ~5 km. In the North American Cordillera Te,
is around 20 km, whereas Te;~15 km. In contrast,
in the Alps and the southern part of the Andes Te; is
slightly larger (~30 km) than 7e, (~25 km). Low Te
values in these regions (in the range of 10-30 km)
are also inferred from previous coherence [e.g.,
Tassara et al., 2007; Pérez-Gussinyé et al., 2007]
and flexural studies [e.g., Prezzi, 1999; Kruse and
Royden, 1994]. The largest difference between the
two models is observed in the Eastern Australian
margin, where predominant Te, values (~25 km)
are 10 km larger than those of Te;.

[271 We now examine in more detail which repre-
sentative geological features have 7e estimates
consistently constrained by our models. In Figure 8
we plot the average and standard deviations of Te,
and Te; within selected regions for which the Te;
results are most robust and have the lowest uncer-
tainty. These regions have formed in various tec-
tonic settings and ages and include Archean cratons
(e.g., the Kalahari and Siberian craton), Proterozoic
and Paleozoic basins (e.g., the Tarim and the North
Sea Basin) and Paleozoic and Meso-Cenozoic oro-
gens (e.g., the Central Asian Orogen and the Alps).
Despite the relatively large differences between Te,.
and Te; found in a few cases, the relation between
their average values in the selected regions is close
to linear. In particular the slope of the linear
regression is indistinguishable from unity and the
intercept is close to zero. Dividing the results into

two groups, one where 7e, < 40 km and the other
where Te, > 40 km, we can observe that for the latter
the correlation is higher and the slope is unity. The
line where Te, <40 km is steeper than the other one,
showing average estimates of Te; ~1.5 time larger
than those of Te,. However, we note that one data
point may have an undue effect on the regression
(outlier), in which case the result would be in
agreement with the regression for 7e, > 40 km.
Furthermore, even if the average values of the two
models show larger relative differences when Te,. is
<40 km, the range of their estimates appears in a
better agreement in the orogens, characterized by
low Te values (Figures 2a and 2b). In these areas Te;
estimates are well constrained, due to high signal-to-
noise ratio (i.e., high topography). Furthermore, Te,
values reflect the decoupling conditions of the lith-
ospheric layers and the higher contribution to Te
from the thick crust compared to that of the hot and
weak mantle [Tesauro et al., 2012]. Indeed, despite
the large uncertainties of rheological parameters for
the crust, if the lithospheric mantle is weak, the Te is
mainly controlled by the stiffness of the crust and
can therefore only slightly exceed the crustal thick-
ness (on average ~40 km [Christensen and Mooney,
1995]). Consequently, in these regions the range of
Te is well constrained by both approaches. These
results confirm the hypothesis of low Te values
within orogens [e.g., Watts and Burov,2003], which
in some cases may be due to the strong ductile flow
in the lower crust and of the sub-crustal mantle as a
consequence of the loading of weak continental
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lithosphere [e.g., Tesauro et al.,2011]. In particular,
lower crustal flow has been proposed to explain
crustal thickening and surface uplift in the absence
of upper crustal shortening beneath the eastern
Tibetan plateau [ Clark and Royden, 2000] and in the
central Andes [e.g., Ouimet and Cook, 2010; Yang
et al., 2003]. Such flow will eventually lead to a
flattening of the Moho and the collapse of topogra-
phy [e.g., Watts and Burov, 2003].

[28] Concerning the relationship between Te and
seismicity, previous studies [e.g., Watts and Burov,
2003; Burov, 2010] have found that Te differs
usually in the continental areas from the seismo-
genic layer thickness (7s). The former reflects the
integrated brittle, elastic and ductile strength of
the lithosphere, on geological time scale (>10° yrs),
while the latter is indicative of the depth to which
anelastic deformation occurs as unstable frictional
sliding and reflects weakness on historical time
scales in the most competent part of the crust. The
studies of McKenzie and Fairhead [1997] and
Jackson [2002] have used the free-air admittance
method to estimate continental 7e values lower than
Ts (<40 km). However, such low values might be
due to inadequate formulation of the mechanical
(flexural) problem in these models [e.g., Kirby and
Swain, 2009; Burov, 2010]. In the study of Tesauro
et al. [2012] we showed that crustal seismicity is
mainly localized in the Meso-Cenozoic provinces,
where both Te models show prevalently low values
(<30 km). However, the similarity of the range of
Te and Ts in these areas does not demonstrate the
existence of a relationship between these para-
meters. Low Te can be a consequence of all the
geological processes that have affected these fea-
tures through time [e.g., Watts and Burov, 2003].
Furthermore, also in these regions 7e usually
exceeds 7s. Indeed, most of the crustal seismicity
(88%) occurs in the uppermost part of the crust
[Tesauro et al. 2012] at a depth typically shallower
than Te, which includes also a contribution from the
aseismic part of the lithosphere.

4. Potential Uncertainties
of the Te Estimates

[29] The reason for the discrepancy between Te,
and Te; in the cold and stiff cratons and in some
basins (e.g., the Tarim and the Congo basin) can be
partly ascribed to their flat topography, which
decreases the reliability of 7e;, However, as dem-
onstrated by Kirby and Swain [2009], the effect
of low topography tends to increase the estimate
uncertainty rather than represent a bias toward

largest estimates. Alternatively, it may indicate the
limitations of rheological parameters and rheologi-
cal laws that are applicable in this setting.

[30] In the strongly mechanically coupled cratons,
the contribution of the competent crustal layers to
Te, is less significant than that of the lithospheric
mantle. However, the maximum thickness of the
mechanically strong part of the lithospheric mantle
does not correspond to that of the lithosphere, but is
much thinner. Uncertainties on the rheological law,
creep parameters and geothermal regime prevent us
from constraining the upper limit of this thickness.
We estimated the ductile strength of the litho-
spheric mantle using the Dorn law, which describes
the creep mechanism dominant at high stress
(>200 MPa). The rheological parameters were only
estimated using “dry” olivine rheology [Goetze and
Evans, 1979], which limits the thickness of the
competent lithospheric mantle to the depth of the
~750°C geotherm. Uncertainties in the values of
the creep parameters and/or on the applicability of
the rheological law (e.g., power law creep may be
dominant at temperature >800°C) may extend the
thickness of the competent mantle to the depth of
a hotter isotherm (850~900°C). Consequently, the
calculated Te, in the areas characterized by dry
mantle conditions and coupled lithospheric layers
may in fact be underestimated by up to 20%.

[31] The uncertainties of the thermal model depend
on those of the seismic tomography, of the elastic
parameters and of the compositional and anelasticity
model used [e.g., Goes et al., 2000]. In Tesauro et al.
[2012] we have shown that the maximum uncertainty
of the S-wave velocity of the tomography model
used for temperature inversion is ~0.05 km/s,
which translates into errors in estimates of temper-
ature up to ~150°C in the cold cratons. However,
this uncertainty affects only the areas where data
coverage is poor (e.g., Greenland and Antarctica),
which are excluded in this study. In other low-tem-
perature zones the uncertainty is likely reduced to
half of the maximum value, causing errors in esti-
mates of temperature up to ~70°C. The effect is
significantly smaller in the hot areas, where velocity
variations correspond to smaller temperature changes
due to anelasticity. The largest uncertainties of the
elastic parameters are those related to their tempera-
ture derivatives (10% and 20% [e.g., Cammarano
et al., 2003]), leading to uncertainty in the inferred
temperatures of about +70°C above 300 km
[Tesauro et al., 2010]. Temperature uncertainties due
to composition mostly depend on the correct evalu-
ation of the degree of depletion in iron component
affecting the cratonic mantle. A variation in Mg#
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(100 x Mg/(Mg + Fe)) by 4-5 units, which corre-
sponds to a typical difference between Archean to
Phanerozoic mantle, causes a change of mantle tem-
perature by ~200°C [e.g., Lee, 2003], if anelasticity
is not activated (<900°C). Therefore, the composi-
tional effect plays a more significant role in the cold
Achaean cratons [e.g., Hieronymus and Goes, 2010].
In contrast, in tectonically active areas, the melting
temperature is reached at shallow depths (about 100
km) and the effect of the compositional differences is
strongly reduced. For these areas, the main uncer-
tainty is due to the anelasticity model used [Shapiro
and Ritzwoller, 2004]. To reduce the uncertainties
related to the compositional variations, we used in
Tesauro et al. [2012] compositions that are repre-
sentative for the mantle lithosphere over large areas,
such as On Craton as characterized by McDonough
and Rudnick [1998] for cratonic areas and Garnet
Lherzolite [Jordan, 1979] outside the cratons. The
former composition might underestimate the effect of
strong depletion (Mg#~92 or more) characterizing
some Archean cratons (e,g,. the Slave craton) or
part of them, which translates in an underestimation
of temperature (~100-150°C) and in a consequent
overestimation of 7e, (of ~20% of its value). Fur-
thermore, the anelasticity model (Qs) that gives
intermediate temperature estimates [Cammarano
et al., 2003] was chosen. Drier conditions in
the cratons would lead to an overestimation of
temperature up to ~200°C. In contrast, the effect of
water and melt content on seismic velocities could
be underestimated in the areas characterized by
strongly hydrated mantle, on account of subduction
processes (e.g, North America Cordillera) and
would enhance the effect of anelasticity. Therefore,
in these regions the temperature might have been
overestimated few hundred degrees. However, the
choice of the anelasticity model is not relevant for
the estimation of 7e,. Indeed, as previously dis-
cussed, at temperature >900°C, despite the rheo-
logical law and parameters used, the lithospheric
mantle strength is negligible and, therefore, does not
have any effect on 7e,.

[32] In summary, the relative contributions of
uncertainties from thermal and rheological models
to Te, estimates are difficult to quantify because
they may compensate each other. Uncertainties in
the tomography model are more difficult to con-
strain and likely strongly affect the Te, estimates,
since they arise from different sources (e.g., uneven
data coverage, choice of a reference model and
crustal correction). Nevertheless, the above discus-
sion provides an overview of the potential sources
of discrepancies between our estimates within

cratonic areas. Finally, in these regions our models
diverge of few tens of km, but such a difference is
in many cases within the uncertainties of the esti-
mates of our models (representing less than 20% of
their values), suggesting either that uncertainties in
model parameters are small or that they compensate
each other.

5. Conclusions

[33] For the first time we had the opportunity to
compare the effective elastic thickness (7e) esti-
mated worldwide for the continental areas using two
independent approaches. The rheological approach
(Te,) is based on the strength distribution estimated
from thermo-rheological parameters [Tesauro et al.,
2012]. The inverse (Te;) approach is based on a
comparison of the spectral coherence between
topography and gravity anomalies and the flexural
response of an equivalent elastic plate to loading
[Audet and Biirgmann, 2011].

[34] The two models span a similar range, from 10
to 200 km (7e;) and from 15 to 180 km (7e,),
respectively. Te, shows a bimodal distribution with
the main peaks around 25 km and between 65 and
80 km, which are typical values of the continental
lithosphere having mechanically decoupled and
coupled layers, respectively. In contrast, the Te;
estimates do not show strong maxima, but a great
proportion of them are similar to the values of the
main peaks of 7Te,. Results of the Welch’s t test
show that in about half of the continental areas the
two models have equal means (at the 95% signifi-
cance level). In the other regions Te; is >Te, in
about 65% of the 15° circular search regions.

[35] We analyze in more details consistency of the
two models comparing their values along selected
cross-sections and their distributions for different
crustal ages and tectonic provinces. Although the
models show in some cases a different trend (e.g.,
in the African metacraton), both have a relatively
high percentage of values >70 km for the Archean
and Proterozoic Shield and Platform provinces,
which are typical values for the strong lithosphere.
In addition, we find that the Te; estimates generally
exceed Te,, in these regions. In the Meso-Cenozoic
Orogens, the difference between the two models is
generally reduced to 5-10 km and both models are
characterized by Te lower than <30 km.

[36] Finally we compare the average values for
selected tectonic regions with most robust deter-
minations. The two models are more highly corre-
lated where the Te, averages are >40 km, than
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where they are <40 km. In the latter case the Te;
averages are ~1.5 time larger than those of Te,.
However, as stated before, the two data sets have
more similar range of values in the orogens, than in
the cratons. These results give weight to the argu-
ment favoring large, long-term strength of cratons
compared to orogens [Burov, 2010]. Although the
accurate determination of 7e in cratons is difficult,
a more thorough analysis of the differences in Te,
as well as advances in laboratory experiments of
rock deformation, may shed light on the appropriate
rheological laws and parameters that satisfy both
models.
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