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Global estimates of the elastic thickness (Te) of the structure of passive continental margins show wide
and varying results owing to the use of different methodologies. Earlier estimates of the elastic thick-
ness of the North Atlantic passive continental margins that used flexural modelling yielded a Te value of
~20-100 km. Here, we compare these estimates with the Te value obtained using orthonormalized
Hermite multitaper recovered isostatic coherence functions. We discuss how Te is correlated with heat
flow distribution and depth of necking. The E-W segment in the southern study region comprising Nova
Scotia and the Southern Grand Banks show low Te values, while the zones comprising the NE-SW zones,
viz., Western Greenland, Labrador, Orphan Basin and the Northern Grand Bank show comparatively
high Te values. As expected, Te broadly reflects the depth of the 200-400°C isotherm below the weak
surface sediment layer at the time of loading, and at the margins most of the loading occurred during
rifting. We infer that these low Te measurements indicate Te frozen into the lithosphere. This could be
due to the passive nature of the margin when the loads were emplaced during the continental break-up

process at high temperature gradients.

1. Introduction

Various techniques have been used to characterize
isostatic elastic thickness at the continental mar-
gins in different parts of the world (table 1). The
simplest spectral method involves taking the ratio
between the cross spectra and the power spectra
of the gravity and topography data and compar-
ing to flexural loading models. These techniques
yield major variations in Te value and its relation-
ship with parameters such as heat flow, depth of
necking, etc. (Cochran 1979; Madsen et al 1984;
Keen and Dehler 1997; Tiwari et al 2003; Daly et al
2004). The discrepancies still exist in these pub-
lished estimates of Te. Therefore, there is a need
to reassess the relationship of Te at continental

margins based on our current estimates using the
orthonormalized Hermite multitaper method.

Recent large-scale seismic surveys in the North
Atlantic margin offer better constraints in the
study of continental drifting and extension pro-
cesses (Hopper et al 2004; Lau et al 2006). They
deduced a first-order asymmetry in the final rift
development of the conjugate Galicia Bank margin.
These results further suggested the onset of ultra-
slow seafloor spreading of the Flemish Cap in the
Newfoundland rifted margin.

The cross spectrum and power spectrum of
gravity and topography data are estimated for both
admittance and coherence functions. The wave-
length dependence of the coherence and admittance
varies with the window size of the analysed data
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Table 1. Comparison of elastic thickness estimates at passive margins.

Method Te (km)

Region Investigators

WCMI and eastern Chand and Subrahmanyam
ECMM (2003)

India—EACM Chand et al (2001)

Continental margin off the
shore of West Africa
NACM

Watts and Stewart (1998)

Keen and Dehler (1997)
Ratheesh et al (2010)
(Current study)

Free air admittance 8-15 (for WCMI)

analysis 10-13 (for ECMM)
Free air admittance 10-25 (North ECMI &
analysis East EACM)
<5 (South ECMI &
West EACM)
Backstripping method 0-10
Flexural modelling 20-60
Bouguer coherence-based 2-8

Hermite MTM

(Audet and Mareschal 2004). To test the effect
of window size on the estimated coherence func-
tion, we perform our analysis with varying win-
dow sizes of 550x550 km? and 770x770 km?.
We investigate the isostatic elastic thickness and
transitional wavelength for the North Atlantic
passive continental margins in six zones using
improved orthonormalized Hermite multi-tapers-
derived Bouguer coherence.

2. Study region: Geological setting

We define the regional geological setting based on
three different classifications:

(i) Pre-rift phase,
(ii) Rifting phase, and
(iii) Post-rift phase

Rocks in the pre-rift phase are distinctly demarca-
ted with the Permian basement overlain by a sedi-
mentary cover of Late Triassic to Middle Jurassic
age. Jansa and Wade (1975) and Barss et al (1979)
recovered the oldest unmetamorphosed sedimen-
tary rocks of the Devonian and Carboniferous ages.
Late Triassic red bed and Evaporite sequences fol-
low the shallow marine sequence of the early and
middle Jurassic shales, carbonates and sandstones
(Jansa and Wade 1975; Pegrum and Mounteney
1978).

On the basis of the structural style developed
during the rifting phase (Montadert et al 1979;
Robert et al 1979b), the North Atlantic passive
margins are divided into two zones, viz., dipping
reflector margins and tilted blocks margins. The
dipping reflector margins are characterized by thick
wedges of oceanward dipping seismic reflections,
while the tilted block margins are characterized by
listeric faulting, rotation of fault block and absence
of synrift volcanism. Fault spacing is typically 5-
30 km and fault throws could be as large as 4 km
(Montadert et al 1979).

The post-rift phase begins with the genera-
tion of oceanic crust and the release of tensional
stresses which dominate the rift phase. The post-
rift phase is dominated by regional subsidence
generally resulting from thermal contraction of a
cooling lithosphere (Sleep 1971). In general, post-
rift sediment units can be differentiated as an
upper seismically layered unit of Oligocene and
younger strata, a weakly layered Eocene age and
lower black shale sequence (Groupe Galice 1979;
Montadert et al 1979).

Earlier data suggested several explanations
and raise the possibility of an extended ocean—
continent transition in the Newfoundland Basin
(Keen and de Voogd 1988; Reid 1994; Srivastava
et al 2000) demarcated oceanic or ultra slow
spreading oceanic crust. Tucholke et al (1989)
and Enachescu (1992) obtained thinned continen-
tal crust or exhumed mantle based on several
observations (Boillot et al 1987; Dean et al 2000).
Lau et al (2006) and Funck et al (2003) used
coincident multichannel seismic and wide angle
reflection/refraction data. They deduce that the
margin structure is much wider on the Galicia
Bank margin in contrast with the Flemish Cap
margin in the North Atlantic (Lau et al 2006;
Funck et al 2003). The Flemish Cap margin is con-
sidered to be conjugate to the Galicia margin. The
2D velocity model across Grand Banks, Newfound-
land revealed a 34—37 km thick crust and consists of
an upper crustal velocity of 5.8-6.25 km s~!, mid-
dle crustal velocity of 6.3-6.53 km s~! and lower
crustal velocity of 6.77-6.9 km s~!. The signatures
of rifting are demarcated as 170 km extended con-
tinental crust adjacent to the Carson Basin (Lau
et al 2006). Hopper et al (2004) used prestack
depth-migrated seismic data and obtained several
deep reflections provided an evolutionary model of
the Newfoundland drifted margin.

The geological setting of the six zones investi-
gated includes Nova Scotia (NS), Southern Grand
Banks (SGB), Northern Grand Banks (NGB),
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Orphan Basin (ORP), Labrador (LAB) and West
Greenland (WGRN). The formation of the conti-
nental margin of NS commenced during the Early
Mesozoic separation of Africa from North America.
Subsequently, sedimentation of NS shelf from Late
Triassic—Early Jurassic was strongly influenced by
the configuration of Palaeozoic basement. SGB
represents wide cratonic segment extended vigor-
ously during the Late Triassic-Aptian rift-phase
episodes accompanied by syntectonic basin filling.
The ORP lying on the north of the SGB over-
lies a broad region of thinned crust at the conti-
nental margin. Triassic—Jurassic extension followed
by Iberia—North America rifting in Cretaceous
time developed the NGB. Several other studies
(Srivastava and Tapscott 1986) demonstrate that
various episodes of rifting in Cretaceous resulted
in the LAB margin. The WGRN shelf is thus
considered as the conjugate of the LAB margin.

3. Data and methodology

The equivalent topography map and Bouguer grav-
ity map are shown in figures 1 and 2. We used
the free-air gravity data derived from the global
marine gravity field from the ERS-1 and GEOSAT
geodetic mission altimetry of Andersen and
Knudsen (1998) and Andersen et al (2008). The
free-air gravity anomaly data, AGy, is converted
to Bouguer gravity anomaly, AG), using the slab
formula and a surface rock/water density contrast
of Ap = 1670 kg m~3, applied to the bathymetry
data:

AGb = Af + 27TAIOGH, (1)

where H is the bathymetry in metres. We used
the formula in Parker (1972) and then estimated
the complete Bouguer anomaly which was used for
this evaluation. The bathymetry data comes from
GEBCO (General Bathymetric Chart of Oceans)
digital 1 minute bathymetry data (NOAA 2003),
which is converted to equivalent topography. Since
the other bathymetric models derived from satellite
altimetry free-air anomalies are sensitive to local
compensation, we used the GEBCO digital data for
our coherence estimation. The equivalent topogra-
phy is the height or depth that the crust will as-
sume in the absence of ice or water and under
isostatic conditions, this is given by:

where h(z) is the equivalent topography, d is the
bathymetry (in metres), p. and p, are the mean
crustal density and the water density, respectively.
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Figure 1. (a) Equivalent topography (metre) map showing
the location of six transects (after Keen and Dehler 1997).
The red triangles are the centres of nine windows, each of size
550% 550 km2, used for the estimation of elastic thickness.
Two bigger window centres (yellow) of size 770x770 km?
are used to demonstrate the effect of window size on elas-
tic thickness estimation. Also shown are averaged maximum
stress (yellow arrow) after Zoback (1992), heat flow data
(white diamond) (mWm ~2) (Pollack et al 1993). Inset shows
the location of study area with respect to North America.
(b) The grey scale bathymetry map of the study region
depicts the rectangular windows taken for Te estimation.
The yellow boxes are of size 550 x550 km? (W1-W9) and the
two pink boxes are of size 770x770 km? (A1 and A2).

Even if the data does not pertain to any land,
the scaling had to be done to derive equivalent
topography that makes the bathymetry compatible
with land-loading deconvolution equations. This is
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Figure 2. Bouguer gravity anomaly (mGal) data projected
onto a Transverse Mercator grid superimposed with the
features described in figure 1. Nova Scotia (NS), South-
ern Grand Banks (SGB); Northern Grand Banks (NGB);
Orphan Basin (ORP); Labrador (LAB); West Greenland
(WGRN).

because the inversion uses only the land-loading
equations and not those for a water load. In addi-
tion, synthetic modelling also showed that Te was
better recovered in all settings (i.e., land only,
ocean only and mixed land-sea) when using the
scaling as shown in equation (1) and only in land
loading equations (Kirby and Swain 2008). Our
data covers most of the eastern continental mar-
gins, adjoining ocean basins of North America and
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a small part of Western Greenland. After apply-
ing a Transverse Mercator projection, we extracted
nine sub-grids of ~550x550 km? for the estimation
of the elastic thickness. The centres of the win-
dows are shown in figures 1 and 2. The total spans
of the windows are shown in table 2. Since figures
1 and 2 are in Transverse Mercator projections,
we have chosen our windows so that the distance
span along longitude and latitude corresponds to
550x550 km? (W1 to W9) and 770x 770 km? (A1l
and A2). These windows are depicted in figure 1(a).

Elastic model parameters are shown in table 3.
Moho depths (table 2) are taken from the Crust
2.0 model (Bassin et al 2000). We restricted our
analysis well within the oceans so as to avoid the
intricacies involved in the generation of satellite
measurements from continental regions.

The isostatic response function has been used
earlier to explain several geodynamic phenomena
in oceanic regions. Daly et al (2004) computed the
Te of the Irish Atlantic margin using the multita-
per coherence method between scaled bathymetry
and Bouguer gravity (we used the same methodo-
logy) and obtained low Te values (~6-18 km).
Tiwari et al (2003) used KMS02 data (Andersen
and Knudsen 1998) to estimate the Te over the
Ninety-East ridge, and obtained values of zero in
the central ridge. We used a revised and better
version of KMS02 data (Andersen and Knudsen
1998; Andersen et al 2008) for this study. Tassara
et al (2007) used satellite KMS02 data (Andersen
and Knudsen 1998) for South America and sug-
gested that several regions of the oceanic plates and
South America continental margins have an elastic
thickness of less than 10 km.

Coherence is the square of the spectral correla-
tion coefficient between two fields. For studies of
elastic thickness, coherence between the equivalent
topography and Bouguer gravity anomaly is com-
pared to the coherence functions calculated from
theoretical models with given flexural rigidities.

Table 2. Location of the different windows and the crustal thickness used for Te inversion.

Surface distance per 1° change

Window Span along Span along Crustal

no. longitude latitude thickness (km)  In longitude (km) In latitude (km)
W1 298 — 308 58-63 15 55 110
w2 303.75 — 312.25 54-59 16 64.705 110
W3 307.75 — 316.25 55-60 12 64.705 110
W4 307 — 315 49-54 20 68.75 110
W5 312 - 320 50-55 11 68.75 110
W6 312.35 - 319.35 45-50 13 78.571 110
W7 299.67 — 306.33 39-44 15 82.582 110
W8 306.75 — 313.25 3843 11 84.615 110
W9 311.75 — 318.25 37-42 12 84.615 110
Al 305 — 317 53-60 11 64.166 110
A2 308.5 - 317.5 36-43 12 85.555 110
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Table 3. Elastic model parameters.

Parameters Value

o (Poisson’s ratio) 0.25

E (Young’s modulus) 101 N /m?
pe (mean crustal density) 2850 kg/m>
pm (mean mantle density) 3350 kg/m>
p (sea water density) 1030 kg/m3
Crustal thickness Crust 2.0

Short-wavelength loads attributed to topography
or internal density contrast are incoherent with the
Bouguer gravity anomalies as they are supported
by the strength of the plate. In the case of long
wavelength loads, the deflection of the plate pro-
duces a compensation, and this causes the gravity
anomaly produced by the flexure to be consistent
with the topography (Audet and Mareschal 2004;
Rajesh and Mishra 2004). The transitional wave-
length from high to low coherence depends on the
rigidity of the plate and is used to determine the
elastic thickness of the lithosphere. The appendix
provides the details of coherence computation and
Hermite polynomial mathematical equations. Two
spectral methods are commonly used to estimate
Te: one is the coherence between Bouguer gravity
anomalies and topography, and the second is the
measure of admittance between the free-air grav-
ity anomaly and topography. There is a signifi-
cant difference between the two methods in case
of the continental regimes. Mckenzie (2010) has
shown that for long wavelengths, ‘A’ is greater than
or equal to 500 km, and that continental admit-
tance is often controlled by dynamically supported
gravity and topography. However, it is easier to
determine Z(K) accurately in oceanic than in con-
tinental regions because continental values of the
coherence are strongly affected by sub-aerial ero-
sion. In the application of the Te (thin elastic plate
modelling) to the oceanic lithosphere, we assume
that the deformations in the elastic lithosphere are
smaller compared to the deformation in the elastic
layer of the continental lithosphere.

As the age and thickness of the lithosphere
increase in the oceans, so does the Te. However, Te
is always less than the seismogenic thickness T's.
This is because Te follows the isotherm between
300° and 600°C, while the Ts closely follows the
600°C isotherm (Watts 2001). The assumption in
the estimation of elastic thickness implies that
we have only vertical loads and no horizontal
stresses, and that the mantle is effectively fluid.
The physical meaning of Te thus implies the appar-
ent strength of the lithosphere that is expressed
as the flexural rigidity ‘D’, which in turn, is
commonly expressed through the effective elastic
thickness (7,) of the lithosphere. Our values are
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first-order estimates of the effective elastic thick-
ness; our physical interpretations of course depend
on the meaning of ‘effective’ and we discuss this
uncertainty later in the text.

In the coherence method employed in this study,
tapers are applied to both the rows and the
columns of the gravity and topography data. The
algorithm iterates to obtain a series of predicted
coherence curves for different Te values and for the
chosen value of the loading ratio ‘ f’. The predicted
curve is compared with the observed curve and the
value of Te that minimizes the root mean square
error (RMSE) is estimated.

Simons et al (2000, 2003) provide a complete
description of the multitaper method (MTM)
applied to flexural studies. Figure 3 shows calcu-
lated coherence values for R=2, 3, 4 and the pre-
dicted coherence for a set of Te values. In each
dimension, the number of tapers used for each
value of R is equal to R?>. We notice that calcu-
lated coherence values for R=2 and R=4 lie on
either side of that for R=3. The error bars in the
coherence curves are smaller for R=3 compared to
R=2 and R=4. It is evident from figure 3 that
for different values of R, the value of best-fitting
Te is different. Hence as a trade off, we chose to
take R=3 and 9 tapers in each dimension (a total
of 81 different Hermite tapers) for our coherence
measurements. Simons et al (2003) have demon-
strated with synthetic data that R=3 gives the best
results. Our tests with synthetic data yield results
identical to Simons et al (2003) which confirms
the suitability of the choice of R=3. Increasing the
value of R decreases the resolution. Our test with
the observed data on several windows confirms the
results obtained by Simons et al (2003). In this
study, we employed the Bouguer coherence method
of Forsyth (1985), with the coherence estimated
via the Hermite-window multitaper method used
by Simons et al (2003). While Simons et al (2003)
provide low-variance estimates of the coherence
between gravity and topography as a fairly uniform
average over a selection of wavenumber ranges,
Forsyth (1985) attempts to find the effective elastic
thickness by fitting a parameterized curve through
it. This is possible due to the load deconvolution
that is implicit in the Forsyth method as we use
it. The deliberate spectral bias introduced by the
multitaper analysis of the data similarly influences
the predicted coherence, which has led to reason-
ably faithful recovery of the elastic thickness in syn-
thetic tests. We do caution that the relative esti-
mation of elastic thickness is more reliable than the
absolute values, which may contain additional bias.
McKenzie (2010) argued that the elastic thickness
of the cratons was in fact comparable to the elastic
thickness of the oceans, although the low coherence
between gravity and topography makes it more
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Figure 3. Coherence between Bouguer gravity and topography for the region is shown in figures 1 and 2. From top to
bottom: the radially averaged power spectrum of gravity and topography for these blocks, coherence square function for a
set of values of R (calculated) and Te (predicted). W1: WGRN; W5: ORP2; W9: SSGB2.

difficult to estimate with accuracy. While Mckenzie
(2010) advocated using free-air anomaly rather
than Bouguer gravity anomaly, and the admittance
rather than the coherence between gravity and
topography, we remain confident that the Bouguer
coherence method would lead to results that are
quantitatively interpretable on the level that is
attempted in this paper. Since free-air coherence is
high in the marine realm, estimates of Te from free-
air admittance and Bouguer coherence would be
similar. Therefore, it does not really matter which
method is used. The situation is quite different in
the cratons, where estimates of Te can differ by
an order of magnitude because the coherence is
reduced by subsurface loads without topographic
expression (Mckenzie and Fairhead 1997; Mckenzie
2003, 2010).

4. Results and discussion

Figure 4 shows estimated values of the effective elas-
tic thickness using the multispectrogram method.
Estimation of effective elastic thickness is opti-
mized using an L2 misfit norm. Forward models
of coherence are computed using Forsyth’s (1985)
equations. The RMSE is computed at each point
(figure 4) by taking into account the observed and
predicted coherence values. The best fit is consid-
ered to be the lowest value of Te at which the
RMSE drops to its minimum. Our measurements

thus represent minimum estimates. The Te esti-
mates are obtained wherever the RMSE between
the observed and the predicted coherence curves
drops to a minimum value. In this study, the
inversion scheme for obtaining the elastic thickness
employs the L2 norm. Our initial test using synthe-
tic data with varying window sizes 550x550 km?
and 770x770 km? confirms that errors in the esti-
mation of Te can vary from 1-2 km only. We indeed
tested estimation of Te values in several other
overlapping windows. These tests confirm that
the window numbers shown in this paper opti-
mally represent significant variation in Te values
pertaining to our study area.

The RMS plots are found to be sharp in similar
studies by Daly et al (2004) in the Irish margin.
The effective elastic thickness is estimated through
an iterative process wherein the subsurface load
plays an important role in the estimation of coher-
ence. With the improved data quality (Andersen
et al 2008), the coherence analysis can be very
useful to estimate the loading mechanism and the
elastic thickness. The coherence values for most
of the windows are greater than 0.5, indicating
that coherence is a viable tool for estimating the
Te structure. In using the coherence method, our
main aim is to find the transitional wavelength
over which the coherence value changes from high
to low. It is not necessary for the coherence value
to reach 1. Audet and Mareschal (2004) have also
explained that the MTM resolves long wavelengths
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Figure 4. Left: Te inversions based on multitaper coherence analysis for data windows. Predicted coherence is indicated
by solid lines and depicted by symbols. Right: Model misfit in the inversion of Te for windows. Plotted is a root mean
square error (RMSE) calculation based on the misfit between observed and predicted Te values. W1 — WGRN, W2 — LABI,
W3 - LAB2, W4 — ORP1, W5 — ORP2, W6 — NGB, W7 — NS, W8 — SGB1, W9 — SGB2, and Al, A2 — bigger windows

respectively (see figure 1 for locations).

poorly. However, this does not affect the estimated
Te value substantially as demonstrated by several
published results, for e.g., Simons et al (2003);
Daly et al (2004); Rajesh and Mishra (2004). In
Simons et al (2003), the coherence value is well
below 1 (<0.5 in some cases) and the results
obtained are reasonable. For every coherence esti-
mate v%(k) we determine the transitional coher-
ence wavelength ()\1/2) at which the coherence
drops to half of its maximum value. The band
of transitional wavelength (which is equivalent to
lithospheric thickness) is shown as vertical dotted
lines in figure 4. The transitional wavelength is
a quality check for the Te estimates. In general,
transitional wavelength is high for large Te val-
ues and wice wersa. The transitional coherence
wavelength varies from 70 to 100 km. A similar
value of transitional wavelength (~100 km) was
also obtained for the Indian plate in Gondwana-
land which was a rifted segment that moved away
from Antarctica (Kumar et al 2007). We used two
bigger windows of size 770x770 km? for Te esti-
mation (figure 4, windows Al, A2). However, our

tests with varying window sizes of 550x550 km?
and 770x770 km? did not affect the Te results to
any appreciable extent. Using two different window
sizes, we ensured that window size does not affect
the Te values to any considerable extent. For exam-
ple, Stephen and Singh (2003) used MTM spec-
tral analysis for estimating Te in the south Indian
shield. They used window sizes of 450x450 km?,
620x620 km? and 750x750 km?. These results
show that window sizes of the above orders have
the ability to capture the elastic behaviour of the
lithosphere. In another study, Daly et al (2004)
used window sizes of 500x500 km? to map varia-
tions in Te in the central part of the entire dataset,
and could retrieve elastic behaviour of the mar-
gin. Our present measurements with window sizes
of 550x550 km? and 770x770 km? is thus compa-
rable to the range used successfully by Daly et al
(2004) and Stephen and Singh (2003).

Table 1 shows the estimates of elastic thickness
in similar passive continental margins across the
globe. Using the free-air admittance method,
Chand and Subrahmanyam (2003) obtained elastic
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thickness values of 8-15 km for the Western
Continental Margin of India (WCMI) and
10-13 km for the Eastern Continental Margin of
Madagascar (ECMM). In another study in the
India-East Antarctica conjugate margins that also
used free-air admittance analysis, Chand et al
(2001) obtained Te values ~10-25 km for northern
part of the Eastern Continental Margin of India
(ECMI) and the eastern part of the EACM and Te
<5 km for the southern part of the ECMI and the
western part of the EACM. Using the backstrip-
ping method, Watts and Stewart (1998) obtained
Te values of ~0-10 km for the continental margin
off the shore of West Africa. Thus, our estimated
low Te values (2-8 km) are in close agreement with
that of Watts and Stewart (1998). Keen and Dehler
(1997) obtained higher Te values ~20-60 km in
the North Atlantic continental margin. This is in
contrast to our results. However, Keen and Dehler
(1997) mention that their Te values might repre-
sent some time-averaged load dependent behaviour
instead of lithospheric strength.

The transitional wavelength estimated by Ao
from isostatic coherence measurements show that
NS and SGB with characteristic lithospheric thin-
ning support our observations (figure 5 shows the
relation between transitional wavelength and effec-
tive elastic thickness). ORP and NGB show a com-
paratively high Te with respect to NS and SGB
and with almost similar values of transitional wave-
length. These findings predict the intermediate
thermally decaying phase in ORP and NGB. At
the same time, WGRN and LAB show high Te as
well as comparatively high transitional wavelength
of ~90-100 km. The variations in heatflow over the
various tectonic subdomains wversus measured Te
values (figure 6) will be discussed in the subsequent
paragraphs.
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Figure 5. Transitional coherence wavelength by effective
elastic thickness for windows (1-9). Vertical bars show the
upper and lower limits of the lithospheric thickness.
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Figure 6. Heatflow values plotted against the elastic thick-
ness values for all the windows except W8. No heatflow
data was available for W8. Average heatflow values for each
window are shown by the square symbols.

In the oceans, physically Te is controlled mostly
by the rheology and temperature of the lithosphere
(Watts 2001). One parameter that has been pre-
viously used to predict the flexural response of
the lithospheric stretching is the depth of necking
(DON) (Braun and Beaumont 1989; Weissel and
Karner 1989a, 1989b). DON is defined as the level
which remains horizontal, i.e., there is no vertical
movement in the absence of gravity (Braun and
Beaumont 1989). Keen and Dehler (1997) per-
formed sensitivity studies in the North Atlantic
Margins using synthetic modelling. They used
quantitative estimation of DON values to relate
to the state of flexure and the strength of the
lithosphere. They demonstrated that, for a shal-
lower DON value (10 km), both the airy and
flexural models produce similar gravity and elas-
tic thickness values, but for large DON (20 km)
values, these two models of isostatic compensa-
tions differ significantly. Thus, they argued that
depending on the DON value, basin and margins
may sometimes show locally compensated charac-
ter even though they have considerable mechani-
cal strength (Keen and Dehler 1997). We compare
our Te estimates in the same region with the DON
estimates of Keen and Dehler (1997). Figure 7
reveals the relation between the Te and the DON in
the different tectonic regimes of the North Atlantic
passive margin. We obtained the lowest Te range
(2 km) over the Nova Scotia region that is distin-
guished with highest DON (22 km). In the SGB
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Figure 7. Te vs. DON plot for Nova Scotia, Southern Grand Banks, Northern Grand Banks, Orphan Basin, Labrador and

West Greenland.

province lying adjacent to the NS, the Te range
improves to 2.5 km, but the DON drops to 10 km.
The LAB (Te~4.5 km, DON~6 km), WGRN
(Te~8 km; DON~4 km) and ORP (Te~5.5 km;
DON~8 km) in the NNE-SSW regimes fall under
the low DON range. On the other hand, the
NGB lying adjacent to the ORP has high strength
(Te~9 km), and exhibits an average high range of
DON (~15 km). Thus, most of these tectonic zones
seem to exhibit an inverse relationship between
Te and DON. This observation is consistent with
the idea of Braun and Beaumont (1989), Weissel
and Karner (1989a, 1989b) and Kooi et al (1992)
that necked regions differ from the predicted airy
model.

We consider the rock/water density contrast to
have increased /decreased by 10%, 20% and so on.
We could not find any change in retrieved Te val-
ues for 10% contrast, with a small effect of &1 km
in retrieved Te value for 20% variations in density
contrast. Braitenberg et al (2006) were of the view
that the reference depth and the density contrast
should be allowed to vary within standard values
of 20-30 km and 350-600 kg/m?, respectively. The
gravity field is inverted for several combinations of
parameters and the RMS difference with the con-
straining values of Moho from seismic reflection
data have been calculated. These estimates reveal
a best agreement (1.8 km rms) between gravity-
derived and seismically-measured Moho with Te
variations of 1-3 km only. Hence, the Te vari-
ations based on the variations of these physical
constraints are not significant in this study.

Heat flow observations (Pollack et al 1993)
show variations in average heat flow values in the
NNE-SSW and E-W segment with comparatively
high values consistently for both the provinces.
We examined whether heat flow may be a factor
in controlling the elastic properties of the litho-
sphere. Heat flow values vary from 35-70 mWm 2
in various provinces. Figure 6 is a plot showing

the scatter of heat flow in the study region
over various tectonic subdomains (W1-WGRN,
W2-LAB1, W3-LAB2, W4-ORP1, W5-ORP2,
W6-NGB, W7-NS, W8-SGB1, W9-SGB2, and
A1l and A2, respectively). We did not obtain any
clear distinction of estimated Te and heat flow dis-
tribution in the study region (figure 6). This scat-
ter is even more inconsistent if the individual heat
flow values of smaller domains are assessed. The
low Te values with respect to heat flow distribution
and depth of necking data remains rather unclear.
We infer that these low Te measurements indicate
Te frozen into the lithosphere. This could be due
to the passive nature of the margin when the loads
were emplaced during continental break-up process
at high temperature gradients.

We infer that variable concentrations in heat
generating elements cannot explain the lack of cor-
relation between Te and heat flow in this case, sim-
ply because the crust is dramatically thinned in
most of the study domain, and consequently the
total heat that it produces should not be signifi-
cant (unless exceptionally enriched in radioactive
elements). Recent studies, including geological and
geophysical investigation, point out that a few of
the crustal faults are certainly weak in comparison
with laboratory conclusions on frictional strength
(Collettini et al 2009). The possible reasoning for
fault weakness includes the presence of weak min-
erals, and the presence of high pressure fluid within
the fault cores with normal stress reduction. These
features might thus result in extreme weakening
at high slip velocity (Byerlee 1978; Zoback et al
1987; Holdsworth 2004; Moore and Rymer 2007).
These results therefore suggest that low effective
elastic thickness values may reflect the presence
of faults with low cohesion/friction that might
have weakened the crust. The Te of the oceanic
lithosphere increases with age and estimated val-
ues far from active plate boundaries approximately
correspond to the depth of the 450°C isotherm
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(Watts 1978) due to the relatively simple compo-
sition and thermal evolution of the lithosphere. Te
also varies with the curvature of flexure which may
explain some of the scatter, and their conclusions
support the numerical modelling of margins based
on simple assumptions of isostasy (e.g., Crosby
et al 2008). In these estimates, the Te values
(2-9 km) thus broadly correlate with the 200-
400°C isotherm at the time of loading. Our present
observation of Te <10 km is reasonable since the
thermal gradients during rifting may have risen by
2-3 times. In addition, this process generates a
fluidized upper crust which makes it weak. How-
ever, over timescales lithospheric cooling might
have resulted in an increase in rigidity at a few
portions of the margins. The above descriptions
are characteristics of passive margins and we infer
that the obtained Te is thus frozen into the
lithosphere.

5. Conclusion

Earlier observations in the North Atlantic margin
were based on forward modelling of free-air grav-
ity data and yielded Te values of ~20-60 km. We
obtained low Te values (2-8 km) for the different
windows at the North Atlantic passive continen-
tal margin, independent of the window sizes. The
evidences we found of rifting (low Te) are sup-
ported by estimated depth of necking with some
minor exceptions. Our results agree well with those
obtained using the backstripping method at the
West African continental margin which yielded val-
ues of ~0-10 km. We have showed that the Hermite
multitaper derived Bouguer coherence via optimal
window sizes of 550x550 km? and 770x770 km?
can capture spatial variation of the Te structure
at such continental passive margins. We thus use
a Bouguer coherence method with novel Hermite
multi-tapering windows to estimate the Te of con-
tinental margins in the NW Atlantic. We find that
the Te of the terrain was low (0-8 km) at the time
of its formation, and that this range of values is
insensitive to geological age. This result implies
that oceanic rifting is a process that is essen-
tially isostatic and has important implications for
dynamic modelling of the breakup process.
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Appendix

For two nonstationary random processes {X}
(gravity) and {Y} (topography), defined on r in
the spatial domain and on k in the Fourier domain,
the square of the coherence function relating both
fields, 7%y is defined as the ratio of their cross-
spectral density, Sxy, to the product of the individ-
ual power spectral densities, Sxx and Syy (Bendat
and Piersol 2000)

2 _ |Sxy (r )
7XY (Tv k) - SXX (n k)) SYY (7,’ k)

) B{X (k) V*(r,)}|
CE{X(r k) X*(r, k)YE{Y (r, k) Y*(r, k)}

3)

where F denotes an expectation operator, tildes
refer to the Fourier-transformed signal, and the
asterisk refers to the complex conjugate. The peri-
odogram X X* is a direct spectral estimator of X,
although not a particularly accurate one.

The MTM consists of calculating the spectra
with multiple orthogonal windows used as data
tapers and averaging over different (approximately)
independent subsets of the data (Percival and
Walden 1993). We have used orthonormal Hermite
functions as data taper, which are the eigenfunc-
tions of the operators concentrating in a disc-
shaped time frequency domain 2 4+ (2xf)° < R2.
They are Hermite polynomials modulated by a
Gaussian function.

H;(t)e "*/?
/42751

Hermite polynomials can be calculated using the
recurrence relation:

hy(t) = (4)

Hpi1(t) = 2tHn(t) — 2nH, (1), (5)

starting from Hy(t) = 1 and H,(t) = 2t.

The number of tapers are independent of the
choice of functions (Slepian or Hermite). One
decides the number of tapers based on the best
trade-off between the resolution and variance. The
Hermite tapers are better than the Slepian tapers
in the sense that the Hermite tapers have a circu-
lar concentration (¢, f) domain compared to the
rectangular concentration domain of the Slepian
tapers. Due to the circular domain, optimal resolu-
tion in time and frequency can be simultaneously
achieved without compromising either of them
(Simons et al 2003). Another important property
of the Hermite tapers is that the eigenfunctions
of the concentration operator is independent of
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the width of the domain which makes the Her-
mite taper computationally much faster than the
traditionally-used Slepian tapers.
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