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Abstract 11 

Rifted margins have been extensively studied, however there are still many important 12 

questions related to their formation processes. We use the Iberia-Newfoundland conjugate 13 

rifted margins as a natural laboratory to investigate how much extension is required to 14 

produce crustal rupture and separation. To achieve our aim we use; (i) gravity anomaly 15 

inversion to measure continental crustal thinning, (ii) subsidence analysis to measure 16 

continental lithosphere thinning and (iii) fault heave summation from seismic observations to 17 

obtain brittle continental crust extension. Integration of thinning from gravity anomaly 18 

inversion and subsidence analysis is used to determine continental crust extension and 19 

continental lithosphere extension respectively. These measurements have been made between 20 

the proximal continental crust and the distal Limit of Contiguous Continental Crust (LCCC) 21 

on the northern (SCREECH1 and ISE01) and the southern (SCREECH2 and TGS/LG12) 22 

conjugate seismic profiles. For the Iberia-Newfoundland conjugate rifted margins, extension 23 

values determined from the integration of crustal and lithosphere thinning are similar and 24 

suggest that on average 172 km of extension is required to produce crustal breakup. In 25 

contrast, measured extension from fault heave summation is on average 128 km which 26 

indicates an apparent extension discrepancy at the scale of the whole conjugate margin 27 

system when observed brittle continental crust extension is compared with lithosphere and 28 

crust extension.  29 



 

 

 
 

Fault population analysis shows that sub-seismic resolution faulting significantly contributes 30 

to an under-estimate of brittle crustal extension by up to 25%. Allowing for fault extension at 31 

sub-seismic resolution indicates that an extension discrepancy at the scale of the whole 32 

conjugate margin system does not exist. Fault geometries and the location of the distalmost 33 

contiguous continental crust are also important issues that should be carefully considered 34 

when comparing fault heave summation and extension from crust and lithosphere thinning. 35 

The absence of an extension discrepancy between fault extension, crustal extension and 36 

lithosphere extension at the scale of a whole conjugate margin system should not be confused 37 

with the presence of depth-dependent stretching and thinning at a given location on the 38 

margin which is both expected and observed at rifted continental margins. 39 

1. Introduction 40 

How much extension is required to produce crustal breakup is still poorly understood. Crustal 41 

breakup occurs due to progressive continental lithosphere stretching and thinning achieved by 42 

two main processes, brittle faulting deformation within the upper crust with underlying more 43 

distributed deformation within the lower crust and upper mantle. A range of methodologies 44 

can be used to measure extension at rifted continental margins appropriate to different depths 45 

within the lithosphere (see Figure 4.1 in Davis and Kusznir, 2004). These methods include 46 

section balancing, extension derived from crustal thinning and lithosphere thinning, and fault 47 

heave summation. Fault heave summation has been applied to the Iberia margin by Davis and 48 

Kusznir (2004) and Reston (2005) while Reston and McDermott (2014) and Lymer et al., 49 

(2019) have carried out the same process at different lateral length scales. Others such as 50 

Ranero and Pérez-Gussinyé (2010) applied section balancing to the Iberia margin.  51 

To date the only studies that have determined the total extension for crustal breakup for 52 

conjugate margin pairs are those of Sutra et al., (2013) who used section balancing and 53 

Jeanniot et al., (2016) who used forward kinematic modelling calibrated by observed water 54 

loaded bathymetry and crustal thickness profiles. Both of these studies were applied to the 55 

same Iberia-Newfoundland conjugate margin profiles but reported different total extension 56 

values for breakup. For the SCREECH1 - ISE01 conjugate margin profile Sutra et al., (2013) 57 

gave 256 km while Jeanniot et al., (2016) gave 175 km. For the SCREECH2 – TGS/LG12 58 

profile their reported values were 229 km and 160 km respectively. 59 



 

 

 
 

In this study we apply three independent methods to analyse the SCREECH1 - ISE01 and 60 

SCREECH2 – TGS/LG12 profiles and measure the amount of extension to achieve crustal 61 

breakup and separation for the Iberia-Newfoundland rift system.  62 

Extensional faults at rifted margins have been studied by direct observations using seismic 63 

data and field observations. In contrast the deeper distributed pure-shear deformation is not 64 

directly observed and consequently numerical models are required to simulate it. On this 65 

basis, it has been often assumed that extensional faults are the most important means by 66 

which continental lithosphere extends simply because they are visible. In order to conserve 67 

mass, the stretching of the upper continental crust by extensional faulting is assumed to be the 68 

same as the whole continental crust and lithosphere; i.e. extensional faulting and deeper 69 

distributed pure-shear deformation must balance at the scale of the whole conjugate margins. 70 

In contradiction with this assumption, depth-dependent stretching and thinning, in which the 71 

upper lithosphere is less extended than that of the whole lithosphere, has been observed 72 

within the proximal and necking domains of rifted margins (e.g. Driscoll and Karner 1998; 73 

Roberts et al., 1997; Baxter et al., 1999; Davis and Kusznir, 2004; Kusznir and Karner, 74 

2007). An important question is whether the amount by which continental crust is extended 75 

by brittle faulting is less than that of the whole continental crust and lithosphere at the scale 76 

of a whole conjugate pair of rifted margins.We investigate whether the observed brittle fault 77 

extension from seismic reflection observations differs or equals the measured whole-78 

lithosphere and whole-crust extension at the scale of a conjugate rifted margins system. To 79 

achieve our aim, we use the Iberia-Newfoundland conjugate rifted margins and apply a 80 

gravity anomaly inversion method to quantify continental crustal thinning and a subsidence 81 

analysis technique to measure continental lithosphere thinning. Integration of thinning from 82 

gravity anomaly inversion and subsidence analysis is used to determine continental crust 83 

extension and continental lithosphere extension respectively. We use seismic interpretation to 84 

measure brittle extension from fault heave summation. These measurements have been made 85 

between the proximal and distalmost contiguous continental crust for the conjugate margins. 86 

We also investigate the importance of sub-seismic resolution fault extension when comparing 87 

fault heave summation with lithosphere and crust extension.  88 

2. The Iberia-Newfoundland conjugate rifted margins 89 

The conjugate Iberia-Newfoundland rifted margins are an ideal natural laboratory because 90 

they are both sediment and magma starved and are among the best studied rifted margin 91 



 

 

 
 

systems worldwide. The Iberia-Newfoundland margins have undergone a polyphase 92 

evolution characterized by an earlier rift event during Late Triassic to Early Jurassic followed 93 

by a later rift event during Middle-Late Jurassic to Early Cretaceous. The age of continental 94 

lithosphere breakup for these margins has been suggested to be between 112 Ma (Péron-95 

Pinvidic et al., 2007), 115 Ma (Eddy et al., 2017) and 126 Ma (Russell and Whitmarsh, 2003; 96 

Manatschal, 2004). We focus on two pairs of conjugate seismic profiles along these margins; 97 

one across the Galicia Bank-Flemish Cap (i.e. northern profiles consisting of SCREECH1 – 98 

ISE01 seismic lines, Funck et al., 2003; Zelt et al., 2003, Figure 1a) and the other one across 99 

the southern Iberia Abyssal Plain-Flemish Pass (i.e. southern profiles consisting of 100 

SCREECH2 – TGS/LG12 seismic lines, Beslier, 1996; Shillington et al., 2006; Sutra et al., 101 

2013, Figure 1b). 102 

3. Measuring thinning and extension of continental crust and lithosphere 103 

We use quantitative techniques consisting of gravity anomaly inversion and subsidence 104 

analysis to measure continental crustal thinning and continental lithosphere thinning 105 

respectively. Integration of thinning from gravity anomaly inversion and subsidence analysis 106 

is used to determine total continental crust extension and total continental lithosphere 107 

extension respectively from proximal margin to the distal limit of contiguous continental 108 

crust. We apply both techniques to the northern and southern seismic profiles of the Iberia-109 

Newfoundland conjugate rifted margins.  110 

3.1.  Gravity anomaly inversion: thinning and extension of continental crust 111 

Gravity anomaly inversion has been used to determine the depth to the Moho, crustal 112 

thickness and continental crustal thinning using a method that incorporates a correction for 113 

the lithosphere thermal gravity anomaly. The method and its applications is described in 114 

detail elsewhere (Chappell and Kusznir, 2008; Alvey et al., 2008; Kusznir et al., 2018). Input 115 

data used for the gravity anomaly inversion are: (i) satellite free-air gravity anomaly data 116 

(Sandwell and Smith 2009 and subsequent updates at 117 

http://topex.ucsd.edu/www_html/mar_grav.html), (ii) bathymetric/topographic data (Smith 118 

and Sandwell 1997 and subsequent updates at 119 

http://topex.ucsd.edu/www_html/mar_topo.html), (iii) regional sediment thickness data 120 

(Divins 2003 and subsequent updates at 121 

http://www.ngdc.noaa.gov/mgg/sedthick/sedthick.html) and locally 2D sediment thickness 122 

http://www.ngdc.noaa.gov/mgg/sedthick/sedthick.html


 

 

 
 

obtained from both the northern (SCREECH1 – ISE01) and southern (SCREECH2 – 123 

TGS/LG12) seismic profiles of the Iberia and Newfoundland conjugate rifted margins and 124 

(iv) age of ocean isochrons from Müller et al., (2008).Gravity anomaly inversion has been 125 

carried out in the 3D spectral domain to determine Moho topography from free-air gravity 126 

corrected for bathymetric and sedimentary contributions (assuming compaction-controlled 127 

sediment density) using the scheme of Parker (1972). A Butterworth filter with a 100 km 128 

wavelength cut-off is applied prior to the inversion for Moho depth. For the long wavelength 129 

gravity anomaly components to be included in the 3D gravity inversion arising from the 130 

lithosphere thermal anomaly and relief in, bathymetric, top basement and Moho relief, a large 131 

map area is used. For the Iberia margin this is between 8oW to 15oW and 36o N to 45oN, and 132 

for the Newfoundland margin between 40oW to 49oW and 42o N to 52oN. 133 

By invoking Smith’s theorem (Smith, 1961), for the assumptions made, this provides a 134 

unique solution for the 3D Moho topography (see Chappell and Kusznir, 2008 for more 135 

detailed explanation). We use constant crustal density of 2850 kg/m-3 (averaged from Carlson 136 

and Herrick, 1990; Christensen and Mooney, 1995) and a mantle density of 3300 kg/m-3 137 

(Jordan and Anderson, 1974). To determine Moho depth from gravity inversion, a reference 138 

Moho depth is needed and requires calibration against seismic refraction Moho depths (see 139 

Cowie et al., 2015 for a detailed discussion). We use a reference Moho depth of 40 km for the 140 

Iberia margin (Cowie et al., 2015) while 37.5 km is used for the Newfoundland margin 141 

(Jeanniot et al., 2016). An initial thickness of continental crust of 37.5 km is used for both the 142 

Iberia and Newfoundland margins.  143 

Key to the gravity anomaly inversion method is a correction for the lithosphere thermal 144 

gravity anomaly (Chappell and Kusznir, 2008) associated with the elevated lithosphere 145 

geotherm resulting from rifting/breakup of the margin. Failure to include this correction leads 146 

to a substantial overestimate of Moho depth and crustal basement thickness and an 147 

underestimate of continental crustal thinning. The lithosphere thermal gravity anomaly is 148 

obtained from the present-day 3D lithosphere thermal anomaly. This is calculated from the 149 

initial lithosphere thermal perturbation and the thermal re-equilibration time. The initial 150 

thermal perturbation is calculated from the lithosphere thinning factor (γ=1-1/β) derived 151 

iteratively from crustal thinning determined by gravity inversion assuming depth uniform 152 

stretching and thinning. For ocean lithosphere, the lithosphere thermal equilibration time 153 

corresponds to the age of the oceanic lithosphere obtained from ocean isochrons (Müller et 154 

al., 2008) while for continental margin lithosphere the breakup age is taken. Ocean isochrons 155 



 

 

 
 

are only used to give the thermal re-equilibration time of oceanic lithosphere, they are not 156 

used to define the COB for which they are unreliable. In this study, a lithospheric breakup 157 

age of 120 Ma is used, consistent with Cowie et al., (2015). Tests using breakup ages of 115 158 

and 125 Ma show only small sensitivity to breakup age because the rifted margin and 159 

adjacent oceanic lithosphere is almost thermally re-equilibrated. 160 

During rifting and breakup decompression melting leads to magmatic addition which 161 

thickens the thinned continental crust and eventually forms oceanic crust. The thickness of 162 

the magmatic addition is determined using a parameterization of the decompression melting 163 

model of White and McKenzie (1989) together with the continental lithosphere thinning 164 

factor (γ=1-1/β) obtained from the gravity anomaly inversion (see Chappell and Kusznir, 165 

2008 for further details). In this study we use a parameterization of “normal” decompression 166 

melting in which melting commences at γ = 0.7 and produces 7 km of melt at γ = 1 167 

corresponding to the average thickness of oceanic crust (Grevemeyer et al., 2018). We also 168 

use an alternative parameterization which represents the effect of serpentinization of mantle 169 

exhumed at a magma starved margin which produces a mass deficiency equivalent to 3.1 km 170 

of crustal basement (see Cowie et al. 2015 for further details). Figure 2 summarizes the 171 

results obtained from the gravity anomaly inversion applied along the northern (Figure 2a) 172 

and the southern (Figure 2e) profiles. Figures 2b and 2f show the present-day crustal 173 

architecture of the Iberia and Newfoundland margins consisting of seabed and top basement 174 

interpreted on the seismic data and Moho depth obtained from the gravity anomaly inversion 175 

using a “normal” magmatic parameterization for decompression melting. The crustal thinning 176 

factor from gravity anomaly inversion using “normal” and serpentinized mantle 177 

parameterizations is shown in Figures 2c and 2g.  178 

Along the four profiles analysed in this study there are seismic measurements of Moho depth 179 

that can be compared with Moho depths determined by our gravity inversions. Refraction 180 

seismic velocity models produced by Funck et al., (2003) along profile SCREECH1 show 181 

similar Moho depths to that from our gravity inversion for the proximal margin where Moho 182 

depths are 30-32 km and 31-33 km respectively. In the distal COB region refraction 183 

seismology gives a depth to the 8.0 km/s-1 iso-velocity contour of 12.5 km, corresponding to 184 

top mantle, compared with 11-12 km from gravity inversion. The refraction seismic velocity 185 

model obtained by Van Avendonk et al., (2006) along profile SCREECH2 shows Moho 186 

depth in the proximal region just less than 30 km while gravity inversion gives 30 km at the 187 

same place. In the distal COB region, seismic refraction gives a depth to iso-velocity 8.0 188 



 

 

 
 

km/s-1, corresponding to top mantle, of 12 km while gravity inversion gives a Moho depth of 189 

between 11 and 13 km. For the Newfoundland margin the Moho depths from gravity 190 

inversion and refraction seismology are consistent. 191 

On the Iberian margin, adjacent to our southern profile (TGS/LG12), the seismic refraction 192 

results of Chian et al., (1999) give a Moho depth of 12 – 13 km, which compares well with 193 

the gravity Moho depth of 11 – 12 km from this study. However, this comparison lies within 194 

the region of exhumed mantle and continental allochthons outboard of the most distal 195 

contiguous continental crust. Similarly, the seismic studies of Davy et al., (2016) and Lymer 196 

et al., (2019), which report a Moho depth of 9 km, are outboard of the contiguous continental 197 

crust and our northern Iberian profile along ISE01, so a comparison cannot be made. 198 

Zelt et al., (2003) carried out wide-angle seismology (FAST and wide-angle reflection) on the 199 

ISE01 profile. Their reported Moho depth is substantially shallower than that determined by 200 

gravity inversion. Zelt et al., (2003) show P-wave iso-velocity contours between 7 and 7.6 201 

km/s-1, but are not able to resolve the expected higher seismic velocities consistent with rays 202 

sampling the mantle. Cowie et al., (2015) found a similar mismatch of Moho depth 203 

determined from gravity inversion and that reported by Zelt et al., (2003) and discussed in 204 

detail the causes that may produce the mismatch between the gravity and seismic Moho 205 

depth. In places the seismic Moho depth interpreted by Zelt et al., (2003) corresponds to Vp 206 

seismic velocities as low as 7.2 km/s-1 and Cowie et al., (2015) suggest that this may 207 

correspond to the top of lower crustal igneous bodies rather than the top of the mantle. In 208 

addition, the upper crustal velocity structure reported by Zelt et al., (2003) suggests that there 209 

may be several km of pre-rift sediments under the base syn-rift used in this study to give the 210 

sediment thickness, particularly within the Galicia Interior Basin. For the purpose of this 211 

study we prefer to use sediment thickness to base syn-rift to determine crustal thinning 212 

associated with Cretaceous breakup.  213 

We horizontally integrate the gravity crustal thinning factor from the proximal edge of 214 

continental crust until the distal end of the profile to determine crustal extension along the 215 

Iberia and Newfoundland rifted margins. Crustal extension estimates resulting from the 216 

integration of crustal thinning factors obtained using “normal” and serpentinized mantle 217 

solutions are shown in Figures 2d and 2h. Note that crustal extension results are not 218 

significantly dependent on the parameterization used to predict magmatic addition and 219 

serpentinized mantle. The determined crustal extension required to generate crustal breakup 220 



 

 

 
 

and separation is dependent on the where the integration starts at the proximal end of the 221 

profiles. For the two Iberia profiles some extension is missed because the profiles do not 222 

continue eastwards sufficiently far. We believe that this problem is relatively minor and is 223 

discussed later.  224 

3.2.  Subsidence analysis: thinning and extension of continental lithosphere  225 

We use a subsidence analysis technique (for details see Roberts et al., 2013; Cowie et al., 226 

2015) to obtain lithosphere thinning factors, which we compare against the crustal thinning 227 

factors from gravity anomaly inversion. This technique involves converting water loaded 228 

subsidence into lithosphere thinning factor assuming a modified McKenzie (1978) model 229 

which incorporates magmatic addition. Flexural backstripping (Kusznir et al., 1995; Roberts 230 

et al., 1998) and decompaction assuming shaly-sand parameters (Sclater and Christie, 1980) 231 

is used to remove sedimentary layers and loading to the top of pre-rift sequence and top of 232 

oceanic crust. We use a value of effective elastic thickness (Te) = 3 km in the flexural 233 

backstripping following Roberts et al., (1997). Sensitivity tests show that subsidence analysis 234 

results are not significantly sensitive to Te because the sediment load is dominated by the 235 

long wavelength post-breakup component. Flexural backstripping gives a sediment-corrected 236 

bathymetry which we equate to water-loaded subsidence assuming that top of pre-rift 237 

sequence was at sea-level prior rifting.  238 

Backstripped water-loaded subsidence is considered to represent the sum of initial and 239 

thermal subsidence in the context of McKenzie (1978). We convert water-loaded subsidence 240 

into lithosphere thinning factor using the McKenzie (1978) model which is modified to 241 

include a correction for the isostatic effects of magmatic addition from decompression 242 

melting or serpentinized mantle. As lithosphere thinning increases syn- and post-rift 243 

subsidence increase, however at large thinning factors magmatic addition is produced by 244 

decompression melting which thickens the crust reducing the syn-rift subsidence component. 245 

Melt thickness is predicted as a function of lithosphere thinning factor using the same 246 

parameterisation of the decompression melt model of White and McKenzie (1989) used for 247 

the gravity inversion (see Roberts et al., 2013 for more details). In the case of magma-starved 248 

breakup, mantle exhumation and serpentinization occurs also reducing the syn-rift subsidence 249 

because serpentinization reduces mantle density. Serpentinized mantle has a mass deficiency 250 

equivalent to that of crust of thickness 3.1 km (see Cowie et al., 2015 for a more detailed 251 

explanation). Note that in the subsidence analysis method, as in the gravity inversion method, 252 



 

 

 
 

lithosphere thinning and crustal thinning are assumed to be the same (i.e. depth-uniform 253 

stretching and thinning is assumed).  254 

An initial crustal thickness of 37.5 km with crustal and mantle densities of 2850 kg/m3 and 255 

3300 kg/m3 respectively are used in the subsidence analysis. A lithospheric breakup age of 256 

120 Ma is used for the Iberia and Newfoundland margins. Sensitivity tests using breakup 257 

ages of 115 and 125 Ma do not significantly change the subsidence analysis results. 258 

Before subsidence analysis can be carried out, a correction needs to be made to water loaded 259 

subsidence for present-day mantle dynamic topography generated by convective circulation 260 

within the deep mantle. Mismatches of top basement depth between the restored rifted 261 

margins of Iberia and Newfoundland that cannot be explained by differences in sediment 262 

loading have been reported and discussed (Funck et al., 2003; Crosby et al., 2008). They 263 

proposed that the Newfoundland margin is presently subject to mantle dynamic uplift while 264 

the Iberian margin has dynamic subsidence, although magnitudes were uncertain. The recent 265 

compilation of residual topography by Steinberger et al., (2017) indicates approximately 500 266 

m of dynamic uplift on the Newfoundland margin where it is crossed by the SCREECH1 and 267 

SCREECH2 profiles. As a consequence we apply a correction to water loaded subsidence for 268 

present-day dynamic topography of -500 m on the Newfoundland margin. For the Iberian 269 

margin, Steinberger et al., (2017)’s residual topography on the contiguous continental crust of 270 

the LG12 and ISE01 profiles shows a zero to slightly positive (< +250 m) dynamic uplift 271 

while the distal ends show dynamic subsidence approaching -250 m. For the Iberia margin 272 

we apply a zero correction to water loaded subsidence for present-day dynamic topography. 273 

Figure 3 summarizes the results obtained from the subsidence analysis applied along the 274 

northern and southern profiles of Iberia and Newfoundland conjugate margins. The sediment 275 

corrected bathymetry (i.e. water loaded subsidence) obtained from flexural backstripping, 276 

present-day top basement and seabed are shown in Figures 3a and 3d. The lithosphere 277 

thinning factors determined from subsidence analysis using “normal” and serpentinized 278 

mantle parameterizations are shown in Figures 3b and 3e.  279 

In order to determine lithosphere extension, we horizontally integrate the continental 280 

lithosphere thinning factor derived from subsidence analysis from the proximal continental 281 

start to distal end of the profiles across the Iberia and Newfoundland rifted margins. 282 

Lithosphere extension estimates resulting from the integration of lithosphere thinning factors 283 

obtained using “normal” and serpentinized mantle solutions are shown in Figures 3c and 3f. 284 



 

 

 
 

Note that lithosphere extension results are not significantly dependent of the parameterization 285 

used to predict magmatic addition and serpentinized mantle. As with the integration of crustal 286 

thinning factor derived from gravity inversion, extension is dependent on the proximal 287 

starting point of the integration which is limited by the extent of the seismic profiles. The 288 

implication of missing extension from proximal thinning factor integration is discussed later. 289 

4. Continental lithosphere and crustal extension required for crustal 290 

breakup 291 

The process of continental breakup leading to the formation of a rifted margin has been 292 

discussed by many authors (e.g. Cannat et al., 2009; Huismans and Beaumont, 2011; Brune et 293 

al., 2012; Soares et al., 2012; Sutra et al., 2013; Haupert et al., 2016; Gillard et al., 2017; 294 

Alves and Cunha, 2018). Continental breakup has many different definitions; when 295 

continental crust is ruptured and separated, when continental lithosphere is ruptured and 296 

separated, when tectonic deformation is localised to form a stable divergent plate boundary, 297 

or when decompression melting is established forming oceanic crust; these not being 298 

mutually exclusive. The aim of this study is to measure the amount of extension required to 299 

generate breakup of the Iberia and Newfoundland margins. This measurement requires the 300 

adoption of one of the above definitions of breakup. The definition that lends itself to least 301 

ambiguity and measurement error is the rupture and separation of continental crust (i.e. Limit 302 

Contiguous Continental Crust, LCCC). As a consequence we measure extension from the 303 

proximal margin to the distal limit of contiguous continental crust.  304 

In the case of the Iberia and Newfoundland margins crustal breakup corresponds to the onset 305 

of mantle exhumation and separation of continental crust. Therefore this term differs from 306 

lithospheric breakup or the onset of steady state sea-floor spreading and hence the formation 307 

of a new plate boundary. As shown by Péron-Pinvidic et al., (2007), outboard of thinned 308 

contiguous continental crust there may be windows of exhumed mantle followed by 309 

continental crustal allochthon blocks on their oceanward side. In 3D these windows of 310 

exhumed mantle and continental allochthon blocks are not continuous along strike and 311 

anastomose as shown by seismic studies adjacent to the ISE01 and LG12 seismic lines 312 

(Péron-Pinvidic et al., 2007; Davy et al., 2018; Lymer et al., 2019). 313 



 

 

 
 

Figures 4 and 5 summarize the results from gravity anomaly inversion and subsidence 314 

analysis for the northern and southern conjugate margin profiles and the locations of these 315 

distal limit of contiguous continental crust used to measure extension.  316 

4.1. Distal limit of contiguous continental crust  317 

Cowie et al., (2015) carried out an integrated quantitative analysis consisting of gravity 318 

inversion, residual depth anomaly analysis and subsidence analysis on the Western Iberia 319 

margin to determine ocean-continent transition structure and continent-ocean boundary 320 

location. They successfully showed the importance of using quantitative techniques together 321 

with geological observations to determine the continent-ocean architecture of a rifted 322 

continental margin. here it exists, we use ODP (Ocean Drilling Program) results to determine 323 

the location of the distal limit of contiguous continental crust (LCCC). However, when ODP 324 

data does not allow us to unequivocally identify the LCCC, we use the thinning factor (1-1/β) 325 

obtained from gravity inversion and subsidence analysis together with published seismic 326 

interpretations. The thinning factor results from gravity anomaly inversion and subsidence 327 

analysis show similar patterns (Figures 4b and 5b), however our preference is to use the 328 

thinning factor from the gravity anomaly inversion as it shows a clearer overall trend. 329 

In the case of the Newfoundland margin this approach is not robust enough to allow us to 330 

precisely define a unique distal limit of contiguous continental crust. As a consequence we 331 

suggest two possible LCCC locations; the inner (LCCC-1) and the outer (LCCC-2) that in 332 

turn define the boundaries of a zone within which the location of the LCCC could be placed. 333 

Northern profiles 334 

Along the SCREECH1 seismic profile (Newfoundland margin) there are no ODP well 335 

information. Therefore, to define LCCC locations (Figure 4) we use the crustal thinning 336 

factor from gravity anomaly inversion (Figure 4b) together with the seismic interpretation 337 

suggested by Mohn et al., (2015). We make two estimates of LCCC location. LCCC-1 is 338 

located where the “normal” magmatic thinning factor first reaches 1.0. This indicates that 339 

complete thinning of continental crust is achieved and thus either exhumed mantle or oceanic 340 

crust are present. LCCC-2 is located more distally where the highest value of serpentinized 341 

mantle thinning factor occurs which indicates that mantle may be exhumed and thus 342 

continental crust is completely thinned. The LCCC-2 location is consistent with the Mohn et 343 



 

 

 
 

al., (2015) seismic interpretation. Our preference is for LCCC-1 which is consistent with the 344 

interpretation of SCREECH1 by Funck et al., (2003).  345 

Along the ISE-01 seismic profile (Iberia margin) ODP well information is available (e.g. 346 

Sawyer et al., 1994; Whitmarsh et al., 1998). The ODP Site 639 shows the presence of 347 

continental basement, while the ODP Site 637 shows serpentinized peridotite (Figure 4a). 348 

The “normal” magmatic thinning factor from gravity anomaly inversion reaches first 1.0 at 349 

the western edge of the ODP Site 639 (Figure 4b). This suggests that the distal limit of 350 

contiguous continental crust (our LCCC-1 location) may be placed immediately to the west 351 

of ODP Site 639. In contrast, the LCCC-2 location is placed at the eastern edge of the ODP 352 

Site 637 consistent with the Mohn et al., (2015) seismic interpretation and the Cowie et al., 353 

(2015) quantitative analysis. 354 

Southern profiles 355 

Along the SCREECH2 seismic profile (Newfoundland margin), ODP well data is available 356 

(Figure 5a). The ODP Site 1276 (Funck et al., 2003) was drilled in “transitional” crust 357 

between known continental crust and known oceanic crust. This well shows sills above 358 

sediments, however the nature of the basement is uncertain. In contrast, the ODP Site 1277 359 

(Funck et al., 2003) was drilled into a basement high that shows serpentinized peridotite with 360 

intrusive and extrusive mafic material interpreted as the onset of steady-state seafloor 361 

spreading (see Bronner et al., 2011 for a detailed description). The lack of ODP well 362 

information in the proximal margin gives uncertainty on where to place the distal limit of 363 

contiguous continental crust along this section. The LCCC-1 location is determined where 364 

“normal” magmatic thinning factor first reaches 1.0 (Figure 5b). This is consistent with the 365 

seismic interpretation by Mohn et al., (2015). We suggest that the LCCC-2 location may be 366 

placed at the western edge of ODP Site 1276 and thus assuming that the known continental 367 

crust may terminate before the “transitional” crust identified in this well.  368 

Along the TGS/LG12 seismic profiles (Iberia margin) observations from several ODP drill 369 

wells are available (Figure 5a). The ODP Sites1067 and 900 (Whitmarsh et al., 1998; Sawyer 370 

et al., 1994) show deep water turbidites over lower crustal rocks (Sutra and Manatschal, 371 

2012; Cowie et al., 2015). In contrast, serpentinized peridotite was drilled at ODP Site 1068 372 

(Whitmarsh et al., 1998), which was interpreted as serpentinized exhumed mantle (Sutra and 373 

Manatschal, 2012; Cowie et al., 2015). Given the close proximity between the 1068 and 900 374 

ODP Sites (Figure 5a), we determine the LCCC between these two well positions. Note that 375 



 

 

 
 

we suggest only a single LCCC location along this section and thus this represents both the 376 

inner (LCCC-1) and the outer (LCCC-2) LCCC positions (Figure 5). The thinning factor 377 

from gravity anomaly inversion (Figure 5b) can also be used to constrain LCCC location. The 378 

analysis by Cowie et al., (2015) along the TGS/LG12 seismic profiles showed that where 379 

“normal” magmatic solution of thinning factor first reaches 1.0 corresponds to hyper-380 

extended crust, which extends at least 50 km oceanwards. This is consistent with the LCCC 381 

location based on the ODP well data on the TGS/LG12 seismic profile.  382 

4.2. Extension estimates from gravity anomaly inversion and subsidence analysis 383 

Figures 4c and 5c summarize extension estimates along Iberia and Newfoundland conjugate 384 

margins obtained by the integration of thinning factor from gravity anomaly inversion and 385 

subsidence analysis previously shown in Figures 2 and 3. For completeness, we show the 386 

restored bathymetry and Moho depths for the Iberia and Newfoundland conjugate margins at 387 

breakup time for the northern (Figure 4d) and southern profiles (Figure 5d). This is achieved 388 

by the flexural backstripping of the sediment load and reverse post-rift thermal subsidence 389 

modelling (Kusznir et al., 1995; Roberts et al., 1998).  390 

We use the inner and outer LCCC locations previously defined and produce two cross-391 

sections showing the restored Iberia and Newfoundland margins at the continental crustal 392 

separation point along the northern (Figure 6) and the southern (Figure 7) profiles. To 393 

construct this, we use the restored top basement and Moho horizons between the proximal 394 

edge of continental crust and the LCCC locations (Figure 4d and 5d).  395 

Note that to remove the effect of post-breakup uplift on the Newfoundland margin, following 396 

earlier discussion, both top-basement and Moho are deepened by 500 m prior to produce the 397 

restored bathymetry cross-sections at the time of breakup shown in Figures 6 and 7. A 398 

summary of the continental lithosphere extension (from subsidence analysis) and continental 399 

crustal extension (from gravity anomaly inversion) required to produce rupture and 400 

separation of continental crustis shown in Tables 1-4. The amount of extension that 401 

continental lithosphere and continental crust have undergone depends on the LCCC location. 402 

The two extension values shown for each quantitative technique correspond to the “normal” 403 

magmatic addition and the serpentinized mantle solution used to compute the thinning factor 404 

(see section 3.1 for further detail). The averaged values of total continental lithosphere 405 

extension and continental crust extension are also shown.  406 



 

 

 
 

When measuring extension, it is important that the orientation of the profile used is the same 407 

as the extension direction. Recently published evidence (Schuba et al., 2018; Lymer et al., 408 

2019) shows that, in the more distal part of the ISE01 seismic profile, the extension direction 409 

deviates significantly from the azimuth of the line. However where we determine extension 410 

for the contiguous continental crust, we believe that this part of ISE01 is parallel to the 411 

extension direction and consequently we are not overestimating crustal extension. It is also 412 

important to note that the profiles analysed in this study do not reach the most proximal 413 

margins. This is evidenced by the thinning factor being higher than zero at the proximal edge 414 

of the seismic lines, except on the ISE01 line. This implies that some proximal extension is 415 

missed and that the total extension determined for the SCREECH1, SCREECH2 and 416 

TGS/LG12 seismic profiles are minimum estimates.  417 

For crustal breakup to be achieved our measurements for the northern conjugate margin 418 

profiles using the LCCC-1 location give extension of 159 km for continental crust and 167 419 

km for continental lithosphere (Table 1). In contrast, using the LCCC-2 location gives 420 

continental crust extension of 250 km and continental lithosphere extension of 251 km (Table 421 

2). The results for the southern profiles using the LCCC-1 location show extension of 181 km 422 

for continental crust and 194 km for continental lithosphere (Table 3), while using the LCCC-423 

2 location gives extension of 217 km for continental crust and 230 km for continental 424 

lithosphere. (Table 4). Our preferred distal limit of contiguous continental crust is LCCC-1 425 

on the evidence of ODP drilling results for the Iberia margin and for the Newfoundland 426 

margin supported by the thinning factor profiles from gravity inversion and subsidence 427 

analysis.  428 

5. Observed brittle continental crust extension from seismic observations 429 

We determine the observed brittle extension that continental crust has undergone between the 430 

proximal edge of continental crust provided by our dataset and its distal end using the inner 431 

limit of contiguous continental crust (LCCC-1) defined in section 4.1. To achieve this, we 432 

measure the horizontal displacement of the interpreted faults along the northern (Figure 8) 433 

and the southern (Figure 9) seismic profiles. Interpretation of seismic data is often non-434 

unique and hence leads to more than one possible geological scenario.  435 

Figure 8b shows the Northern Profiles Seismic Interpretation-1 (NPSI-1) while Figures 9b 436 

and 9c show the Southern Profiles Seismic Interpretation-1 (SPSI-1) and the Southern 437 



 

 

 
 

Profiles Seismic Interpretation-2 (SPSI-2) respectively. The NPSI-1 and SPSI-1 seismic 438 

interpretations use classic extensional faults (i.e. steep and planar faults) identified by the 439 

offset of the top pre-rift. The NPSI-1 seismic interpretation suggests that brittle continental 440 

crust extension of the Newfoundland margin is 36 km while for the Iberia margin it is 84 km 441 

(Supplementary material – Table 1-2). In contrast, the SPSI-1 seismic interpretation indicates 442 

that brittle continental crust extension of the Newfoundland margin is 48 km while for the 443 

Iberia margin it is 71 km (Supplementary material – Table 3-4). Figure 10a shows a classic 444 

extensional fault geometry which is typical of continental rifting settings (e.g. Stein and 445 

Barrientos, 1985; Jackson, 1987; Roberts and Yielding, 1994). Faults heaves are usually less 446 

than 10 km and the lithosphere effective elastic thickness is typically 1.5-3 km for continental 447 

rifting (Roberts et al., 1998; White, 1999; Roberts et al., 2019).  448 

The SPSI-2 seismic interpretation is similar to the SPSI-1 seismic interpretation except for 449 

part of the Iberia necking domain where a large extensional fault exhumes footwall that is 450 

subsequently re-faulted. This interpretation is favoured instead of SPSI-1 which only using 451 

steep and planar faults. The SPSI-2 seismic interpretation suggests that the brittle continental 452 

crust extension is 89 km for the Iberia margin while 48 km for the Newfoundland margin 453 

(Supplementary material – Table 3 and 5). The large extensional fault within the Iberia 454 

necking domain in SPSI-2 is consistent with rolling-hinge extensional-type faulting (Buck, 455 

1988) in which a large heave (>10 km) leads to extensive exhumation and flexural isostatic 456 

rotation of the footwall block resulting in a sub-horizontal seabed. Figure 10b shows a 457 

rolling-hinge extensional-type fault with 20 km of extension and a low lithosphere effective 458 

elastic thickness (0.75 km) typically required to form this type of structures.  459 

The NPSI-1 seismic interpretation for the northern Iberia-Newfoundland conjugate margin 460 

profiles suggests that the continental crust has undergone 120 km of brittle extension for 461 

crustal breakup. In contrast, the two seismic interpretations for the southern Iberia-462 

Newfoundland profiles (SPSI-1 and SPSI-2) indicate 119 km and 137 km of brittle 463 

continental crust extension respectively. 464 

6. Fault population analysis to explore sub-seismic faulting 465 

We carry out a fault population analysis to explore whether there may be sub-seismic 466 

resolution faulting and if this may significantly contribute to an under-estimation of brittle 467 

crustal extension. This analysis determines the proportion of faults which have displacements 468 



 

 

 
 

too small to be imaged by seismic reflection data (e.g. Walsh et al., 1991; Marrett and 469 

Allmendinger, 1992; Gauthier and Lake, 1993; Pickering et al., 1997; Ackerman et al., 2001). 470 

Figure 11a shows a generalised example from Ackerman et al., (2001) illustrating the 471 

statistical expression of sampling artifacts and cumulative frequency analysis. The sampling 472 

artifacts consist of both data censoring because of the limited sampling area and data 473 

truncation because of non-imaged faults below the resolution of the seismic reflection data 474 

(Pickering et al., 1995). Two cumulative frequency curves are shown (Figure 11a); a power-475 

law distribution that plots as a straight line in log-log space excluding the sampling artifacts 476 

and an exponential distribution that plots as a curved line in log-log space including the 477 

sampling artifacts. The idealised fault distribution shown by the cumulative frequency 478 

analysis consists of a central steep segment with negative gradient representing the average 479 

fault population. At large heaves it shows data censoring while for low heaves it shows data 480 

truncation (Walsh et al., 1991; Ackerman et al., 2001). The slope of a power-law distribution 481 

curve, gives the fractal dimension and is usually between -0.7 and -0.9 suggesting that a 482 

proportion of faults are not being seismically observed (Walsh et al., 1991) whereas an 483 

exponential distribution type indicates that the majority of faults are being seismically 484 

observed (e.g. Ackerman et al., 2001). 485 

Our fault population analysis is carried out using the interpreted faults on the NPSI-1 (Figures 486 

11b-c), SPSI-1 (Figures 11d-e) and SPSI-2 (Figures 11f-g) seismic interpretations to 487 

determine the amount of missing extension due to sub-seismic resolution faulting. The 488 

distribution of the sampled faults along the northern seismic profiles (NPSI-1 seismic 489 

interpretation) apparently fit better with an exponential curve rather than a power-law 490 

relationship (Figure 11b-c). However, the relationship distribution between the sampled faults 491 

and the exponential curve does not show the same pattern as suggested by Ackerman et al., 492 

(2001). Our results show that the central data and truncation data fit perfectly well with the 493 

exponential curve while the censoring data is above the predicted frequency curve. The misfit 494 

between the data and the exponential distribution curve suggests that a power-law frequency 495 

needs to be considered. However, a power-law relationship gives a fractal dimension higher 496 

than 1 which is a non-physical solution because this would imply that total extension is 497 

greater than the length of the profile. We conclude that the faults sampled along the northern 498 

profiles cannot be uniquely represented by either an exponential or power-law distribution 499 

frequency and as a consequence we are not able to reliably estimate the amount of sub-500 

seismic faulting. A possible explanation of the fault population results for the northern 501 



 

 

 
 

profiles, assuming that is not due to an imperfect interpretation of old seismic data, is that 502 

there may be two distinct fault populations as suggested by Reston and McDermott 2014. 503 

This might arise because rifting within the Galicia Interior Basin is a separate tectonic event 504 

occurring several tens of Ma before lithospheric breakup (Jeanniot et al., 2016).  505 

The interpreted faults along the southern seismic profiles (SPSI-1 and SPSI-2 seismic 506 

interpretations) show a distribution that matches with a power-law frequency curve (Figures 507 

11d-g). However, the data censoring segment at large heaves does not show the same pattern 508 

as suggested by Ackerman et al., (2001), instead the censored data plots above the 509 

extrapolated power-law curve rather than below. This may suggest that two distinct fault 510 

populations are also present for the southern profiles and/or it may indicate an imperfect 511 

interpretation on old seismic data. Despite this, the overall trend of fault data appears to fit 512 

with a power-law frequency curve which allows us to obtain the fractal dimension from 513 

which the contribution of sub-seismic fault resolution can be determined. Fractal dimension 514 

values for the SPSI-1 and SPSI-2 seismic interpretations are -0.8 and -0.7. Following Walsh 515 

et al., (1991), these values indicate that between 20-25% of faulting extension is not being 516 

seen on the seismic reflection data. Fractal dimensions of -0.8 and -0.7 imply that the 517 

measured extension from cumulative fault heave needs to be multiplied by 1.33 and 1.25 518 

respectively to correct for sub-seismic resolution faulting.  519 

7. Discussion 520 

In this section we summarise our results and compare the amount of brittle crustal extension 521 

and total continental lithosphere and crustal extension required to produce continental crustal 522 

breakup.  523 

7.1.  Apparent extension estimates required for crustal breakup 524 

Subsidence analysis, gravity inversion and fault heave summation from seismic observations 525 

have been used to determine the amount of extension of continental lithosphere, continental 526 

crust and brittle upper crust extension required to produce rupture and separation of 527 

continental crust (Figure 12). These measurements have been made between the proximal 528 

continental margin and the distal limit of contiguous continental crust (LCCC-1) as defined in 529 

this study for the northern and the southern conjugate margins of Iberia and Newfoundland. 530 



 

 

 
 

Results from quantitative analysis (Tables 1-4) show that continental crust and continental 531 

lithosphere were extended by 159 km and 167 km for the northern profiles and 181 km and 532 

194 km for the southern profiles (this is summarised in Figure 12). For each margin the 533 

measurements from gravity inversion and subsidence analysis are similar. They indicate that 534 

the northern profiles were extended by 163 km and the southern profiles by 187 km to 535 

produce rupture and separation of continental crust. This is comparable with the extension 536 

estimates of 168 km obtained by Jeanniot et al., (2016), however it is substantially lower than 537 

the 242 km proposed by Sutra et al., (2013).  538 

Results from observed fault heave summation based on seismic observations indicate that the 539 

brittle continental crust was extended by 120 km using the NPSI-1 seismic interpretation 540 

along the northern profiles. For the Iberia margin component of the northern transect using 541 

ISE01 we measure 84 km which is slightly greater than the 73 km measured by Reston and 542 

McDermott (2014) along the same profile. This difference can be explained because we also 543 

include small faults imaged by seismic reflection in our interpretation. For the southern 544 

profiles, observed fault extension is 119 km using the SPSI-1 seismic interpretation and 137 545 

km using the SPSI-2 seismic interpretation. Our observed fault extension is also shown for 546 

comparison in Figure 12.  547 

Our results show that the seismically observed fault extension is less than the measured 548 

extension for the whole continental crust and lithosphere at the scale of the whole conjugate 549 

margin system. If material balance is conserved during lithosphere stretching and thinning 550 

leading to breakup then we would expect the extension of the brittle continental crust by 551 

faulting to be equal to the extension of the continental crust and lithosphere at the scale of the 552 

whole conjugate margin system. Figure 12 shows that when observed fault heave summation 553 

is compared with lithosphere and crust extension, the former is significantly less than the 554 

latter and an apparent extension discrepancy is observed at the scale of the whole conjugate 555 

margin system. This extension discrepancy is approximately ~25% for both north and south 556 

profiles that we have analysed on the Iberia-Newfoundland conjugate margins. 557 

7.2.  Extension estimates required for crustal breakup: including sub-seismic 558 

resolution fault 559 

The results from the fault population analysis carried out in this study show that observed 560 

fault heaves underestimate the amount of extension by faulting. It is therefore important to 561 

include sub-seismic resolution fault extension when comparing fault heave summation with 562 



 

 

 
 

lithosphere and crustal extension. Failing to do so may lead to an apparent extension 563 

discrepancy at the scale of the whole conjugate margin system. To correct for sub-seismic 564 

resolution faulting, for the southern profiles, each measured fault heave on the SPSI-1 565 

interpretation has been multiplied by 1.33 while faults measured on the SPSI-2 seismic 566 

interpretation have been multiplied by a factor of 1.25 (see Section 6 for explanation). For the 567 

northern profiles, the fault population analysis does not give a meaningful fractal dimension. 568 

In order to correct the fault heave summation for the northern profiles for missing fault 569 

extension, we multiply the measured faults heaves of interpretation NPSI-1 by 1.33 assuming 570 

a similar sub-seismic resolution behaviour as the southern lines in interpretation SPSI-1.  571 

The fault heave summations, corrected for sub-seismic resolution faulting, are shown in 572 

Figure 12 for comparison with measured extension for continental crust and lithosphere. By 573 

including sub-seismic resolution faulting, the corrected fault heave summations are 574 

comparable with crust and lithosphere extension values and there is no apparent extension 575 

discrepancy. 576 

7.3. The spatial distribution of extension during continental crustal breakup  577 

We examine the spatial distribution of extension for the Iberia-Newfoundland conjugate 578 

margins and the relationship between extensional faulting and extension determined from 579 

thinning of the continental crust. Figure 13 compares the cumulative fault extension from 580 

heave summation together with the cumulative extension from crustal thinning for the north 581 

and south Iberia-Newfoundland conjugate margin pairs. For each of the four margins the 582 

cumulative extension starts a zero in the proximal regions and increases towards the distal 583 

limit of contiguous continental crust. The cumulative fault extension is shown for both 584 

observed values and those corrected for sub-seismic resolution faulting. In the case of the 585 

south Iberian margin profile, cumulative fault heave is shown for both SPSI-1 and SPSI-2 586 

interpretations. 587 

Figure 13 shows that while the cumulative extension curves have a similar shape and, when 588 

sub-seismic resolution is allowed for, a similar magnitude at the distal limit of contiguous 589 

continental crust (LCCC-1), they differ in detail. In places extension from crustal thinning is 590 

greater than that from fault heave summation while in other places the opposite occurs. This 591 

difference, in particular the difference in slope, allows us to examine the relationship between 592 

the distribution of deformation due to upper crustal faulting and that due to lower crustal 593 

stretching and thinning. At locations where the gradient of these two curves is the same this 594 



 

 

 
 

indicates that both the whole continental crust and the brittle continental crust underwent the 595 

same amount of extension and therefore depth-uniform lithosphere extension occurred in 596 

these areas (see D-U arrow as an example of this in Figure 13). In contrast, at locations where 597 

the slope of the two curves differs, this shows that the whole continental crust and the brittle 598 

continental crust underwent different amounts of extension across these areas. This implies 599 

localised Depth-Dependent Stretching and Thinning (DDST) of the continental lithosphere 600 

(e.g. Roberts et al., 1997; Driscoll and Karner, 1998; Davis and Kusznir, 2004; Kusznir and 601 

Karner, 2007) at these locations.  602 

Note that DDST may be present in the form of two opposite polarities. We define DDST 603 

Polarity-1 as where the cumulative extension from the integrated crustal thinning curve has a 604 

greater gradient than the adjusted fault heave summation curve (see DDST-P1 arrow as an 605 

example of this in Figure 13). This indicates that the whole continental crust has been more 606 

extended than that of the brittle continental crust at a particular location. We define the 607 

opposite polarity DDST Polarity-2 where the adjusted fault heave summation curve has a 608 

greater gradient than the cumulative extension from integrated crustal thinning curve at a 609 

particular location (see DDST-P2 arrow as an example of this in Figure 13). Across the Iberia 610 

and Newfoundland margins both localised depth-uniform and depth-dependent stretching and 611 

thinning can be seen (Figure 13).  612 

The similarity of the cumulative extension derived from integrated crustal thinning and 613 

adjusted fault heave summation at the distal limit of contiguous continental crust of each 614 

margin shows that an extension discrepancy at the scale of the whole conjugate margin 615 

system is negligible and does not exist.  616 

Northern Profiles 617 

For the northern Newfoundland margin (Figure 13a), the fault heave summation corrected for 618 

sub-seismic resolution faulting is 48 km while the cumulative extension derived from 619 

integrated crustal thinning is 57 km at the LCCC location. For its conjugate northern Iberia 620 

margin (Figure 13a), the fault heave summation corrected for sub-seismic resolution faulting 621 

indicates an extension of 111 km while the cumulative extension derived from integrated 622 

crustal thinning is 102 km at the LCCC location. For the northern conjugate margin pair, the 623 

combined extension of the upper crust by brittle faulting accounting for sub-seismic 624 

resolution fault is 159 km and is the same as the 159 km of extension that the whole 625 

continental crust underwent. Therefore, there is no extension discrepancy at the scale of the 626 



 

 

 
 

whole conjugate margin and material balance is conserved (we do accept that the precise 627 

matching of these estimates is fortuitous, given the uncertainties involved). 628 

Southern Profiles 629 

For the southern Newfoundland margin, the fault heave summation corrected for sub-seismic 630 

resolution fault is 64 km while the cumulative extension derived from integrated crustal 631 

thinning is 74 km at the LCCC location (Figure 13b). For the southern Iberia margin, the fault 632 

heave summation corrected for sub-seismic resolution faulting curve indicates an extension 633 

of 94 km for the SPSI-1 interpretation and 111 km for SPSI-2, while the cumulative 634 

extension derived from integrated crustal thinning is 107 km at the LCCC location (Figure 635 

13b). Using the SPSI-1 seismic interpretation, the extension of the crust by brittle faulting 636 

accounting for sub-seismic resolution faulting along the southern profiles is 158 km, while 637 

using the SPSI-2 it is 175 km. Our preferred seismic interpretation is SPSI-2 which produces 638 

a similar extension magnitude to that from gravity inversion, suggesting that the whole 639 

continental crust underwent approximately 181 km of extension along the southern profiles. 640 

The close similarity of cumulative fault extension and extension from crustal thinning shows 641 

no significant difference. 642 

These results indicate, for the northern and southern profiles across the Iberia-Newfoundland 643 

conjugate margins that an extension discrepancy between continental crustal thinning and 644 

faulting in the brittle continental upper crust does not exist at the scale of the whole conjugate 645 

margin system. In addition, it highlights the important role of sub-seismic resolution faulting 646 

when estimating extension of the brittle upper crust.  647 

7.4. Depth-dependent stretching and thinning of continental lithosphere 648 

Depth-dependent lithosphere stretching and thinning (DDST) has been observed by many 649 

studies in the proximal and necking zone domains of rifted continental margins (see earlier 650 

comprehensive references). In addition DDST is predicted by dynamic numerical models of 651 

rifted margin formation (e.g. Huismans and Beaumont, 2011; Brune et al. 2014). Figure 14a 652 

shows the results of a kinematic “flexural cantilever” model of an advanced intra-continental 653 

rift in which extensional faulting of the brittle upper crust is balanced in the lower crust and 654 

lithospheric mantle by distributed ductile pure-shear. While upper crustal thinning by faulting 655 

is localised, the ductile pure-shear deformation of the lower crust and lithosphere is spread 656 

laterally over a wide region; in the case of the model result shown in Figure 14a, the pure-657 



 

 

 
 

shear width associated with each fault is 200 km wide. The thinning factor (1-1/β) profile for 658 

the ductile pure-shear deformation in the lower crust and mantle is shown in Figure 14b. The 659 

formulation and assumptions of the “flexural cantilever” model is described in detail in 660 

Kusznir et al., (1991), Kusznir and Ziegler (1992) and Magnavita et al., (1994). The “flexural 661 

cantilever” model is a 2D representation of the McKenzie (1978) rift model modified to 662 

include flexural isostasy and planar extensional faults.  663 

Figure 14c shows a comparison between the extension profile across the rift derived from 664 

crustal thinning and the summation of the fault heaves input into the model shown in Figure 665 

14a. The sensitivity of the extension profile derived from crustal thinning to pure-shear width 666 

is examined for pure-shear widths of 100, 200 and 300 km. Note that the total integrated 667 

extension is the same for each curve in Figure 14c, it is merely the lateral distribution of the 668 

thinning which differs from case to case. We use Figure 14c to discuss the expected pattern 669 

of DDST during intra-continental rifting leading to an advanced intra-continental rift prior to 670 

hyper-extension. 671 

A rifted continental margin evolves from an intra-continental rift and structural features 672 

inherited from early extensional lithosphere deformation are expected to be preserved within 673 

a mature margin. While minor regional extensional faulting may extend laterally over many 674 

100s of km in the early stages of intra-continental rifting, mature rift basins become focused 675 

and typically have widths of 50-75 km between their major bounding faults (e.g. the Lake 676 

Tanganyika Rift, Kusznir and Ziegler, 1992). While the upper continental crust deformation 677 

by faulting may be localized within a width of 50-75 km, the deeper distributed ductile pure-678 

shear deformation of the lower continental crust and lithosphere is expected to be much wider 679 

(Kusznir et al., 1991). Further extension of this focused rift may eventually lead to necking 680 

(Mohn et al., 2012), hyper-extension and the development of a rifted margin.  681 

Therefore within the proximal rifted margin, the legacy of early intra-continental rift basin 682 

formation is expected to show crustal thinning with little or no brittle faulting of the upper 683 

crust (Figure 14c). Figure 14 shows this within the outboard zones of an intra-continental rift 684 

where continental crust is thinned and stretched without significant extensional faulting 685 

within the upper crust above. This corresponds to an extreme case of DDST Polarity-1. 686 

Within the proximal zones of an advanced intra-continental rift, the normal case of DDST 687 

Polarity-1 is also expected (Figure 14c) and is characterized by the gradient of the extension 688 

from integrated crustal thinning being greater than the gradient of the cumulative fault heave 689 



 

 

 
 

curve which indicates that whole crustal extension is greater than that of the brittle 690 

continental crust. Roberts et al. (1997) and Davis and Kusznir (2004) provide observations of 691 

DDST Polarity-1 from offshore mid-Norway. 692 

In contrast, within the more distal areas of an advanced intra-continental rift, DDST Polarity-693 

2 (the opposite polarity) is expected to occur. This is evidenced by the gradient of the 694 

cumulative fault heave curve being greater than the gradient of the extension from integrated 695 

crustal thinning suggesting that the brittle upper continental crust is more extended than the 696 

whole continental crust.  697 

The simple rift generated model shown in Figure 14 shows a simple symmetric pattern of 698 

DDST polarities with Polarity-1 on the proximal edges of the rift and Polarity-2 in the distal 699 

centre. In contrast the distribution of DDST polarities shown in Figure 13 based on 700 

observations of the Iberia-Newfoundland margins is much more complex. A possible 701 

explanation for this observed complexity of DDST polarity may be that continental 702 

lithosphere thinning leading to breakup may in its early stages involve several distinct rift 703 

sub-basins which grow and merge along strike as breakup is approached.  704 

DDST should not be confused with an extension discrepancy at the scale of the whole 705 

conjugate margin system. However despite of DDST being  expected at proximal rifted 706 

margins, depth uniform stretching and thinning may occur in the early stages of rifting as 707 

observed in the Corinth Rift (Central Greece) and the Halten Terrace (offshore mid Norway) 708 

(e.g. Bell et al., 2011; Bell et al., 2014 and references therein). 709 

7.5. Uncertainties on determining brittle fault extension  710 

When determining whether a discrepancy between the observed fault heave summation and 711 

lithosphere/crust extension at the scale of the whole conjugate system exists or not, two 712 

uncertainties should be addressed; (i) fault geometries and (ii) the distal limit of contiguous 713 

continental crust location. 714 

Fault geometries 715 

Interpretation of seismic data is often non-unique and may lead to more than one interpreted 716 

geological scenario. For the southern profiles of Iberia and Newfoundland conjugate margins, 717 

two seismic interpretations have been proposed. Results from fault heave summation using 718 

only planar faults (SPSI-1) or a large rolling-hinge fault and planar faults (SPSI-2) provide 719 



 

 

 
 

substantially different amounts of observed brittle crustal extension (Figure 12). The 720 

interpretation of rolling-hinge faults increases the amount of brittle crustal extension and 721 

therefore failing to recognize them may lead to an apparent extension discrepancy at the scale 722 

of the whole conjugate margin system. Our preferred seismic interpretation is SPSI-2, as 723 

pointed out above, and emphasizes the importance of rolling-hinge extensional faults within 724 

the necking zones of rifted margins where continental crust is thinned from 25 km thick to 725 

approximately 10 km (Tugend et al., 2014). How this extreme thinning occurs is a current 726 

debated topic but the presence of rolling-hinge faults may play an important role during the 727 

necking rifting stage (e.g. Mohn et al., 2012).  728 

Results from the fault population analysis show that the overall trend of faults sampled along 729 

the southern profiles appears to fit with a power-law frequency curve, however, an 730 

unexpected pattern at large fault heaves is observed (Figure 11). This unexpected pattern, 731 

where censored data clearly plots above rather than below the extrapolated power-law line, 732 

may indicate the presence of two or more fault populations. These populations could 733 

correspond to; (i) the presence of two types of fault geometries (planar and rolling-hinge) 734 

and/or (ii) two different fault coupling levels (i.e. faults decoupled from and coupled into the 735 

mantle).  736 

The fault population statistics for the northern profiles, cannot be represented with a unique 737 

frequency curve, which may also indicate the presence of two or more fault populations. 738 

Faulting within the older Galicia Interior Basin is expected to be decoupled from the mantle 739 

while the younger faulting associate with the lithospheric breakup is expected to be both 740 

decoupled and coupled into the mantle. An alternative explanation, discussed earlier, is that 741 

the Galicia interior Basin represents a distinct earlier rift not related to breakup. 742 

Distal limit of contiguous continental crust location 743 

Accurately determining the precise location of continental breakup can be difficult and as a 744 

consequence two possible LCCC positions have been proposed in this study which in turn 745 

define the boundaries of a zone within which the location of the LCCC could be placed. To 746 

measure lithosphere and crust extension as well as fault heave summation from seismic data 747 

we use the LCCC-1 location as the distal end of continental crust. The observed cumulative 748 

fault heave summation corrected for sub-seismic faulting and the integrated extension from 749 

crustal thinning match well at the LCCC-1 location for the Iberia profiles (Figure 13). This is 750 

consistent with mass conservation during lithosphere stretching and thinning leading to 751 



 

 

 
 

breakup. If mass is conserved during extension, then we would presume the brittle 752 

continental crust extension (i.e. extensional faulting) and the whole continental crust 753 

extension (i.e. extensional faulting and deeper distributed pure-shear deformation) to be the 754 

same.  755 

7.6. Alternative processes that may occasionally generate an apparent extension 756 

discrepancy 757 

Alternative processes that might generate an apparent extension discrepancy at the scale of 758 

the whole conjugate margin are non-brittle extension and continued thinning of continental 759 

crust after rupture and separation of continental crust. 760 

Non-brittle extension might be achieved through either dyking (extremely rare at magma-761 

poor rifted margins) or non-brittle plastic deformation (Davis and Kusznir, 2004), but it has 762 

been suggested that the majority of upper continental crust deformation is accommodated by 763 

seismic slip on faults (Jackson and McKenzie, 1983; Jackson, 1987). An alternative 764 

possibility is that continental crust may be extended after continental crustal breakup occurs. 765 

This might be achieved by deeper ductile lithosphere deformation associated with extensional 766 

faulting within exhumed continental mantle, however how this could be recognized is 767 

uncertain. Polyphase faulting has been proposed consisting of new faults cutting across 768 

existing back-rotated and abandoned fault systems leading to complex fault geometries, 769 

which are difficult to recognize on seismic data (e.g. Reston 2005; Reston and McDermott, 770 

2014). Re-faulting of exhumed fault footwall, however, can be observed within our 771 

interpretation (Figure 9) and is accounted for in the fault heave summation in this study. 772 

Measured fault extension corrected for sub-seismic resolution faulting and its close 773 

agreement with extension measure from the thinning of continental crust and lithosphere on 774 

the Iberia-Newfoundland margins, suggests that these additional mechanisms are not required 775 

to match extension from crustal and lithosphere thinning.   776 

8. Conclusions 777 

This study aims to determine, for the conjugate Iberia-Newfoundland rifted margins, the 778 

extension required to produce continental crustal breakup defined as when continental crustal 779 

rupture and separation occurs. We measure extension from the proximal margin to the distal 780 

limit of contiguous continental crust by integrating the thinning of continental crust and 781 

lithosphere, measured by gravity inversion and subsidence analysis, and by summing 782 



 

 

 
 

extensional fault heaves interpreted from seismic reflection data and corrected for sub-783 

seismic resolution faulting. The key conclusions are the following: 784 

1- To achieve crustal breakup across the conjugate Iberia-Newfoundland margins, we 785 

estimate that approximately 172 km of extension are required. An appropriate follow-786 

up to this study would be to test the applicability of this value to other conjugate 787 

margins of both similar and dissimilar type. 788 

2- An apparent extension discrepancy at the scale of the whole conjugate margin system 789 

is seen when seismically observed fault heave summation is compared with extension 790 

from crust and lithosphere thinning, the former being ~25% less than the latter. 791 

3- Allowing for fault extension at sub-seismic resolution, an extension discrepancy at the 792 

scale of the whole conjugate Iberia-Newfoundland margin system is shown not to 793 

exist. 794 

4- In addition to sub-seismic faulting, fault geometries and the location of the distal limit 795 

of contiguous continental crust are important issues that need to be carefully 796 

considered when comparing estimates from fault heave summation and extension 797 

from crust and lithosphere thinning. 798 

5- Failing to recognize rolling-hinge faults may lead to an under-estimate of fault 799 

extension. 800 

6- Depth-dependent stretching and thinning (DDST Polarity-1 and Polarity-2) is 801 

observed and expected at rifted margins. Localised DDST should not be confused 802 

with an extension discrepancy at the scale of the whole conjugate margin system.  803 

We believe that our results for the Iberia-Newfoundland conjugate margins example may 804 

provide insights towards a better understanding of continental crustal breakup at other 805 

conjugate rifted margins. 806 
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TABLES 1077 

 Extension SCREECH-1 Extension ISE-01 Total Extension (IB-NF) 

Continental crust (GI) 56-58 km 102-103 km 159 km 

Continental lithosphere (SA) 61-63 km 104-105 km 167 km 
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Table 1: Continental crust extension (GI: Gravity Inversion) and continental lithosphere extension 

(SA: Subsidence Analysis) required to produce crustal breakup using the LCCC-1 location along 

the northern profiles. 
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 Extension SCREECH-1 Extension ISE-01 Total Extension (IB-NF) 

Continental crust (GI) 99-106 km 145-150 km 250 km 

Continental lithosphere (SA) 101-109 km 144-148 km 251 km 

Table 2: Continental crust extension (GI: Gravity Inversion) and continental lithosphere extension 

(SA: Subsidence Analysis) required to produce crustal breakup using the LCCC-2 location along 

the northern profiles. 
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 Extension SCREECH-2 Extension TGS/LG12 Total Extension (IB-NF) 

Continental crust (GI) 74-75 km 103-110 km 181 km 

Continental lithosphere (SA) 77-78 km 114-120 km 194 km 

Table 3: Continental crust extension (GI: Gravity Inversion) and continental lithosphere extension 

(SA: Subsidence Analysis) required to produce crustal breakup using the LCCC-1 location along 

the southern profiles. 
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 Extension SCREECH-2 Extension TGS/LG12 Total Extension (IB-NF) 

Continental crust (GI) 109-113 km 103-110 km 217 km 

Continental lithosphere (SA) 110-116 km 114-120 km 230 km 

Table 4: Continental crust extension (GI: Gravity Inversion) and continental lithosphere extension 

(SA: Subsidence Analysis) required to produce crustal breakup using the LCCC-2 location along 

the southern profiles. 
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Northern Profile Seismic Interpretation-1 (Newfoundland) 

Faults numbers Faults heaves (km) Total extension (km) 

1 1.9 36 

2 1.6  

3 0.8 

4 0.3 

5 0.3 

6 0.5 

7 0.7 

8 0.8 

9 0.6 

10 2.2 

11 0.7 

12 1.9 

13 3.1 

14 2.1 

15 3.7 

16 0.8 

17 4.6 

18 0.8 

19 0.3 

20 1.9 

21 1.4 

22 1.5 

23 1.2 

24 1.3 

25 0.9 

Supplementary Table 1: Horizontal faults heaves for the Newfoundland northern profile using the 

NPSI-1. Fault number 1 is the more proximal one. 

 

 



 

 

 
 

Northern Profile Seismic Interpretation-1 (Iberia) 

Faults numbers Faults heaves (km) Total extension (km) 

1 7.7 84 

2 0.4  

3 5.8 

4 1.4 

5 0.9 

6 1.5 

7 1.4 

8 0.3 

9 0.4 

10 1.9 

11 0.3 

12 0.3 

13 0.4 

14 0.6 

15 1.3 

16 1.0 

17 0.7 

18 0.7 

19 1.2 

20 0.3 

21 0.9 

22 1.2 

23 0.8 

24 0.6 

25 0.3 

26 0.4 

27 0.2 

28 0.1 



 

 

 
 

29 1.0 

30 0.7 

31 1.2 

32 0.9 

33 1.9 

34 0.7 

35 0.2 

36 1.4 

37 0.5 

38 1.0 

39 0.5 

40 0.8 

41 0.6 

42 0.4 

43 1.9 

44 0.5 

45 0.5 

46 0.5 

47 1.6 

48 0.5 

49 0.5 

50 0.3 

51 0.4 

52 0.4 

53 0.7 

54 0.9 

55 0.6 

56 0.9 

57 0.3 

58 0.4 

59 0.2 



 

 

 
 

60 0.4 

61 0.7 

62 0.4 

63 1.6 

64 0.8 

65 1.4 

66 3.9 

67 3.6 

68 0.9 

69 5.1 

70 0.5 

71 2.9 

72 0.9 

73 0.8 

74 4.3 
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Supplementary Table 2: Horizontal faults heaves for the Iberia northern profile using the NPSI-1. 

Fault number 1 is the more proximal one. 

 

 



 

 

 
 

Southern Profile Seismic Interpretation-1 & 2 (Newfoundland) 

Faults numbers Fault heaves (km) Total extension (km) 

1 0.5 48 

2 0.4  

3 0.2 

4 2.4 

5 0.6 

6 0.7 

7 1.2 

8 0.4 

9 0.2 

10 2.1 

11 0.3 

12 0.7 

13 0.7 

14 0.3 

15 0.7 

16 0.7 

17 6.5 

18 0.9 

19 0.7 

20 0.4 

21 0.7 

22 0.7 

23 1.6 

24 1.0 

25 7.3 

26 1.7 

27 0.7 

28 0.9 



 

 

 
 

29 0.3 

30 0.3 

31 0.5 

32 0.4 

33 0.4 

34 2.0 

35 7.3 

36 0.6 

37 1.0 

38 0.4 
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Supplementary Table 3: Horizontal faults heaves for the Newfoundland southern profile using 

the SPSI-1 and SPSI-2. Fault number 1 is the more proximal one. 

 

 



 

 

 
 

Southern Profile Seismic Interpretation-1 (Iberia) 

Faults numbers Faults heaves (km) Total extension (km) 

1 10.9 71 

2 6.5  

3 0.4 

4 1.1 

5 0.5 

6 6.9 

7 0.2 

8 0.2 

9 1.4 

10 1.1 

11 1.0 

12 0.7 

13 1.3 

14 2.0 

15 0.6 

16 1.3 

17 0.8 

18 6.4 

19 1.6 

20 0.9 

21 0.5 

22 0.5 

23 0.3 

24 6.8 

25 0.5 

26 0.4 

27 1.4 

28 6.8 



 

 

 
 

 1205 

 1206 

 1207 

 1208 

 1209 

 1210 

 1211 

 1212 

 1213 

 1214 

 1215 

 1216 

 1217 

 1218 

 1219 

 1220 

 1221 

 1222 

 1223 

 1224 

 1225 

 1226 

29 4.5 

30 3.4 

31 0.3 

Supplementary Table 4: Horizontal faults heaves for the Iberia southern profile using the SPSI-1. 

Fault number 1 is the more proximal one. 

 

 



 

 

 
 

Southern Profile Seismic Interpretation-2 (Iberia) 

Faults Numbers Faults heaves (km) Total extension (km) 

1 10.9 89 

2 6.5  

3 0.4 

4 1.1 

5 0.5 

6 6.9 

7 0.2 

8 0.2 

9 34.7 

10 1.6 

11 0.9 

12 0.5 

13 0.5 

14 0.3 

15 6.8 

16 0.5 

17 0.4 

18 1.4 

19 6.8 

20 4.5 

21 3.4 

22 0.3  

 1227 

 1228 

 1229 

 1230 

Supplementary Table 5: Horizontal faults heaves for the Iberia southern profile using the SPSI-2. 

Fault number 1 is the more proximal one. 
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FIGURES CAPTIONS

Figure 1: a-b) Bathymetric maps of Iberia and Newfoundland margins. Red lines show the position of SCREECH1 and SCREECH2 seismic
profiles on Newfoundland and ISE01 and TGS/LG12 seismic profiles on Iberia.

Figure 2: a) and e) The northern (SCREECH1 and ISE01, Funck et al., 2003; Zelt et al., 2003) and the southern (SCREECH2 and TGS-
LG12, Shillington et al., 2006; Sutra and Manatschal, 2012; Beslier, 1996) seismic profiles. Pink dashed lines show LCCC-1 location. b)
and f) Present-day architecture of the Iberia and Newfoundland margins using sea-bed and top-basement from seismic and Moho
depth from gravity anomaly inversion. Numbers and triangles indicate ODP wells (Sawyer et al., 1994; Whitmarsh et al., 1998; Funck et
al., 2003). c) and g) Crustal thinning factor from gravity anomaly inversion. d) and h) Crustal extension from thinning factor integration.

Figure 3: a) and d) Bathymetry and top-basement from seismic and sediment corrected bathymetry from flexural backstripping. b) and
e) Lithosphere thinning factor from subsidence analysis. c) and f) Lithosphere extension from thinning factor integration.

Figure 4: Pink and blue lines show the inner (LCCC-1) and outer (LCCC-2) distal end of contiguous continental crust boundaries
respectively. a) Present-day architecture of the margin (same as shown in Figure 2b). Numbers and triangles are ODP well data (see
Figure 2 for legend). b) Thinning factor from gravity anomaly inversion (GI) and subsidence analysis (SA). c) Extension from thinning
factor integration from gravity anomaly inversion (GI) and subsidence analysis (SA). d) Bathymetry and Moho depths for the Iberia and
Newfoundland margins restored to the breakup time using a flexural backstripping model.

Figure 5: Pink and blue lines show the inner (LCCC-1) and outer (LCCC-2) distal end of contiguous continental crust boundaries
respectively. a)-d) Same as in Figure 4 but for the southern profiles.

Figure 6: a-b) Bathymetry and Moho depths for the northern Iberia and Newfoundland profiles restored to the breakup time.

Figure 7: a-b) Bathymetry and Moho depths for the northern Iberia and Newfoundland profiles restored to the breakup time.

Figure 8: a) Northern seismic lines up to the inner-LCCC location (pink line) defined in this study (SCREECH1 and ISE01 seismic profiles,
Funck et al., 2003; Zelt et al., 2003). b) Seismic interpretation (NPSI-1) of SCREECH1 and ISE01 (top basement and extensional faults
are shown).

Figure 9: a) Southern seismic lines up to the inner-LCCC location (pink line) defined in this study (SCREECH2 and TGS seismic profiles,
Shillington et al., 2006; Sutra and Manatschal, 2012). b) Seismic interpretation (SPSI-1) of SCREECH2 and TGS using planar faults (top
basement and extensional faults are shown). c) Seismic interpretation (SPSI-2) of SCREECH2 and TGS using planar and a rolling-hinge
fault (top basement and extensional faults are shown).

Figure 10: Stretch kinematic model showing the lithosphere isostatic response to extensional faulting and crustal thinning. a) Planar
extensional fault. b) Rolling-hinge extensional fault. Fault extension and effective elastic thickness (Te) parameters vary for each fault
type.

Figure 11: a) Exponential and power-law cumulative frequencies and sampling artifacts distribution from Ackermann et al., (2001). b-
g) Results of the fault population analysis showing cumulative number versus faults heaves and cumulative heave respect to faults
heaves. b) A power-law and an exponential frequency curves fitting the sampled faults using the NPSI-1. d) and f) A power-law
frequency curve fitting the sampled faults using the SPSI-1 and SPSI-2 respectively. Equation for the power-law curve is shown for b),
d) and f) (red value corresponds to the fractal dimension).

Figure 12: Summary of the extension estimates required to produce rupture and separation of continental crust along the southern
and northern profiles.

Figure 13: a)-b) Bathymetry and Moho depths for the Iberia and Newfoundland margins restored to the breakup time (top).
Comparison between cumulative extension from proximal to LCCC, from integrated crustal thinning and fault heave summation
(bottom). Note that black arrows indicate examples of where D-U, DDST-P1 and DDST-P2 is observed (only the southern
Newfoundland profile is used to illustrate these examples but note that they are also observed in the other profiles). SFR: Sub-seismic
Fault Resolution; D-U: Depth-uniform stretching and thinning; DDST-P1: Depth-Dependent Stretching and Thinning Polarity 1; DDST-
P2: Depth-Dependent Stretching and Thinning Polarity 2.

Figure 14: Illustration of Depth-Dependent Stretching and Thinning. a) Stretch kinematic model showing an advanced stage of intra-
continental rift with a pure-shear width of 200 km associated to each fault. b) The thinning factor profile across the profile shown in a).
c) Cumulative extension of the section shown in a) from fault heaves and total integrated crustal thinning using a pure-shear width of
100, 200 and 300 km respectively. OIRZ – FPM: Outboard Intra-continental Rift Zone – Future Proximal Margin; PSW: Pure-shear
width; Extreme DDST-P1: Extreme Depth-Dependent Stretching and Thinning Polarity-1; DDST-P1: Depth-Dependent Stretching and
Thinning Polarity-1; DDST-P2: Depth-Dependent Stretching and Thinning Polarity-2.


