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Summary 19 

Knowledge and understanding of the ocean continent transition (OCT) structure, continent-ocean 20 

boundary (COB) location and crustal type are of critical importance in evaluating rifted continental 21 

margin formation and evolution.  OCT structure, COB location and magmatic type also have 22 

important implications for the understanding of the geodynamics of continental breakup and in the 23 

evaluation of petroleum systems in deep-water frontier oil and gas exploration at rifted continental 24 

margins.  Mapping the distribution of thinned continental crust and lithosphere, its distal extent and 25 

the start of unequivocal oceanic crust and hence determining the OCT structure and COB location at 26 

rifted continental margins is therefore a generic global problem.  In order to assist in the 27 

determination of the OCT structure and COB location, we present methodologies using gravity 28 

anomaly inversion, residual depth anomaly (RDA) analysis and subsidence analysis, which we apply 29 

to the west Iberian rifted continental margin.  The west Iberian margin has one of the most complete 30 

data sets available for deep magma-poor rifted margins, so there is abundant data to which the 31 

results can be calibrated.  Gravity anomaly inversion has been used to determine Moho depth, 32 

crustal basement thickness and continental lithosphere thinning; subsidence analysis has been used 33 

to determine the distribution of continental lithosphere thinning; and RDAs have been used to 34 

investigate the OCT bathymetric anomalies with respect to expected oceanic bathymetries at rifted 35 

continental margins.  These quantitative analytical techniques have been applied to the west Iberian 36 

rifted continental margin along profiles IAM9, Lusigal 12 (with the TGS-extension) and ISE-01.  Our 37 

predictions of OCT structure, COB location and magmatic type (i.e. the volume of magmatic addition, 38 

whether the margin is ‘normal’ magmatic, magma-starved or magma-rich) have been tested and 39 

validated using ODP wells (Legs 103, 149 and 173), which provide observational constraints on the 40 

west Iberian margin. 41 

  42 
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1. Introduction 48 

Knowledge of the structure of the ocean continent transition (OCT), the location of the continent 49 

ocean boundary (COB), magmatic type (i.e. the volume of magmatic addition, whether the margin is 50 

‘normal’ magmatic, magma-poor or magma-rich) and the distribution of oceanic and continental 51 

lithosphere are key to understanding present day rifted continental margin architecture and 52 

evolution.  Rifted continental margins can be categorized into three primary magmatic types: 53 

‘normal’ magmatic and two end members: magma-poor and magma-rich.  A ‘normal’ magmatic 54 

rifted continental margin has magmatic addition, which results in oceanic crust of approximately 55 

7km in thickness (White et al., 1992).  Magma-poor rifted continental margins are often 56 

characterized by a wide OCT, extreme crustal thinning accompanied by normal faulting (Boillot et al., 57 

1980; Manatschal, 2004; Reston, 2009) and anomalously small fractions of magmatism leading to 58 

mantle exhumation prior to oceanic spreading (Pérez-Gussinyé, 2012).  Magma-rich margins are 59 

characterized by thick wedges of volcanic flows (Hinz, 1981), shown on seismic data as seaward 60 

dipping reflectors (SDRs),  large amounts of syn-rift magmatic extrusives and intrusives (Coffin and 61 

Eldholm, 1994), high velocity lower crust seaboard of the continental rifted margin (Franke, 2013), 62 

and the crustal thinning may occur over a short distance.  The determination of rifted continental 63 

margin magmatic type and OCT structure, which show great diversity globally, are important for 64 

understanding the geodynamic, tectonic and magmatic processes involved in rifted continental 65 

margin formation and their evolution to the present day.  Understanding structure and formation 66 

processes of rifted continental margins is important, not only because they are a key component of 67 

the plate tectonic Wilson cycle (Wilson, 1966) but also for deep-water hydrocarbon exploration.  In 68 

this paper, we present a set of integrated quantitative analysis techniques for assisting in the 69 

determination of OCT structure, COB location and crustal type at rifted continental margins, which 70 

have been applied and tested on the west Iberian rifted continental margin, where independent 71 

observations from ODP wells are available for ground-truthing. 72 
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Numerous studies (e.g. Zalán et al. (2011); Autin et al. (2010); Unternehr et al. (2010); Reston (2009); 73 

White et al. (2008);  D’Acremont et al. (2005); Contrucci et al. (2004); Hopper et al. (2004); Chian et 74 

al. (1999); Pickup et al. (1996); Whitmarsh and Miles (1995)) have used various approaches to 75 

determine OCT structure and COB location of rifted continental margins.  Techniques that have been 76 

used include the analysis of seismic reflection and refraction data, gravity and magnetic anomalies, 77 

bathymetric breaks and well data. The aims of these studies have focussed on: (i) distinguishing 78 

whether the OCT at a rifted continental margin is narrow or wide; (ii) determining the location of the 79 

distal extent of continental crust and the presence of any isolated ribbons of thinned continental 80 

crust and (iii) determining the magmatic type of a rifted continental margin. 81 

The west Iberian rifted continental margin has abundant observational data; including seismic 82 

reflection and refraction surveys, magnetic anomalies and ODP well data.  As a consequence it is a 83 

good natural laboratory for studying rifted continental margin evolution and has been used to 84 

demonstrate and test the methodologies and techniques used in this paper to determine OCT 85 

structure, COB location and magmatic type.  On the west Iberian rifted continental margin, there 86 

have been many studies, which have addressed these and other questions.  The application of 87 

seismic reflection and refraction data (e.g. Dean et al. (2000); Pickup et al. (1996); Whitmarsh et al. 88 

(1996)) and also seismic tomography (e.g. Zelt et al. (2003)) has focussed on the determination of 89 

the OCT structure and the identification of the inner and outer bounds of the OCT.  Detailed seismic 90 

mapping and borehole data has also been applied in order to further constrain the crustal type (e.g. 91 

Péron-Pinvidic et al. (2007)), whilst magnetic anomalies have been used to tentatively locate the 92 

COB (e.g. Bronner et al. (2011)).  The determination of the magmatic type of a margin has been 93 

further constrained using seismic reflection data, magnetic anomalies and ODP well data as 94 

discussed in Pickup et al. (1996). 95 

In this study, we have applied an integrated quantitative analysis of gravity anomaly inversion, 96 

residual depth anomaly (RDA) and subsidence analysis to the west Iberian rifted continental margin.  97 
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Gravity anomaly inversion, incorporating a lithosphere thermal gravity anomaly correction, has been 98 

used to determine crustal basement thickness, Moho depth and continental lithosphere thinning 99 

across the west Iberian rifted continental margin.  Sediment corrected RDAs have been used to 100 

calculate departures from standard oceanic water depths, as predicted by Crosby et al. (2006) and 101 

Stein and Stein (1992), whilst subsidence analysis has been used to give the distribution of 102 

continental lithosphere thinning.  These techniques have been interpreted individually and together 103 

to identify the distribution of oceanic and thinned continental crust in order to determine the 104 

structure of the OCT and locate the COB.   105 

The west Iberian margin is the result of rifting and continental breakup between the North American 106 

and Iberian plates during the Late Triassic to Early Cretaceous (Manatschal, 2004; Manatschal et al., 107 

2001; Péron-Pinvidic et al., 2007; Russell and Whitmarsh, 2003).  The Iberian Abyssal Plain is part of 108 

the magma-poor west Iberian margin (Chian et al., 1999) and is considered to be a type example of a 109 

sediment-starved magma-poor rifted continental margin (Sutra and Manatschal, 2012).  The west 110 

Iberian margin is subdivided into three main sections: Galicia margin to the north, the Iberian 111 

Abyssal Plain in the middle and the Tagus Abyssal Plain to the south (Manatschal et al., 2001).  This 112 

paper focuses on three key profiles (IAM9, Lusigal 12 and ISE-01) along the Iberian Abyssal Plain and 113 

the Galicia margin highlighted in Figure 1(a).  The west Iberian rifted continental margin is, at 114 

present, considered to be one of the best studied rifted continental margins world-wide due to the 115 

abundant observational data available in the form of deep sea drilling (ODP Legs 103, 149 and 173) 116 

(Boillot et al., 1987; Sawyer et al., 1994; Tucholke et al., 2007; Whitmarsh et al., 1998; Whitmarsh 117 

and Sawyer, 1996) combined with seismic reflection and refraction surveys (Manatschal et al., 2010).   118 

Within the literature there are a range of different definitions of the OCT and COB (e.g. Péron-119 

Pinvidic et al. (2007), Whitmarsh and Miles (1995), Manatschal et al. (2001), Dean et al. (2000) 120 

Manatschal et al. (2010) and Discovery 215 Working Group (1998).  Within this paper, however, we 121 

define the OCT as the region between unequivocal continental crust of ‘normal’ thickness and 122 
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unequivocal oceanic crust; the lithosphere in this region is highly thinned, with complex tectonics, 123 

variable magmatism and possible mantle exhumation.  We define the COB as the distal limit of 124 

unequivocal continental crust; however, determining the location of the COB is made difficult by the 125 

presence of exhumed mantle and complex tectonics.   Another important term used is continental 126 

breakup age.    Conceptually the term continental breakup may be used to either describe the point 127 

at which the continental crust ruptures and starts to separate, or when plate boundaries are 128 

localised by the onset of decompression melting and magmatic seafloor spreading.  Within this 129 

paper, we use the latter definition (i.e. when plate boundaries are localised by the onset of 130 

decompression melting and magmatic seafloor spreading). 131 

2. OCT Structure: Profile IAM9 132 

Integrated quantitative analysis has been used to determine OCT structure, COB location and 133 

magmatic type along profile IAM9 (A-A’).  Profile IAM9 has been used to describe the gravity 134 

anomaly inversion, RDA and subsidence analysis techniques in detail due to the availability of 135 

reliable seismic Moho depths (Dean et al., 2000), which are required for calibration of the reference 136 

Moho depth.   137 

2.1. Crustal Basement Thickness and Continental Lithosphere Thinning along 138 

IAM9 from Gravity Anomaly Inversion 139 

Gravity anomaly inversion has been used to determine crustal basement thickness, Moho depth and 140 

continental lithosphere thinning, which in turn give the distribution of oceanic and continental 141 

lithosphere.  The data used within the gravity anomaly inversion are bathymetry (Amante and 142 

Eakins, 2009) (Figure 1(a)), satellite derived free air gravity (Sandwell and Smith, 2009) (Figure 1(b)), 143 

2D sediment thickness from wide angle seismic data (Dean et al., 2000)  (Figure 2(a)) and ocean age 144 

isochrons from Müller et al. (1997).  145 
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The gravity anomaly inversion method is carried out in the 3D spectral domain, using the scheme of 146 

Parker (1972) to predict Moho depth and hence determine crustal basement thickness.  As the 147 

gravity anomaly inversion has been applied to rifted continental margin lithosphere, a lithosphere 148 

thermal gravity anomaly correction is incorporated to account for the elevated geothermal gradient 149 

within oceanic and rifted continental margin lithosphere.  Failure to include the correction for the 150 

lithosphere thermal gravity anomaly can lead to predictions of Moho depth and crustal basement 151 

thickness at rifted continental margins, which are substantially too great.  The results from gravity 152 

anomaly inversion are dependent on the age of continental breakup due to the lithosphere thermal 153 

gravity anomaly correction being dependent on the lithosphere thermal re-equilibration time.  Some 154 

papers consider the age of breakup for the west Iberian margin to be at the Aptian-Albian boundary, 155 

112Ma (Péron-Pinvidic et al., 2007); whereas others consider an older breakup age of 126Ma, 156 

(Manatschal, 2004; Russell and Whitmarsh, 2003).  As the gravity anomaly inversion requires a 157 

definitive breakup age, a Cretaceous breakup age of 120Ma, which is within this proposed range, has 158 

been used.  Changing the breakup age used within the gravity anomaly inversion to the maximum 159 

breakup age proposed, 126Ma, or to the minimum breakup age proposed, 112Ma, has a small effect 160 

on the results, but does not substantially change the overall conclusions.  A more detailed 161 

description of the gravity anomaly inversion technique methodology is given in Cowie and Kusznir 162 

(2012), Alvey et al. (2008), Chappell and Kusznir (2008) and Greenhalgh and Kusznir (2007).   163 

Within the gravity anomaly inversion the reference Moho depth is an important parameter that 164 

requires careful consideration and calibration.  The 3D gravity anomaly inversion technique 165 

determines 3D Moho relief; the absolute Moho depth requires, in addition, a reference datum which 166 

is the reference Moho depth.  The long wavelength components of the Earth’s gravity anomaly field 167 

are controlled by deep mantle dynamic processes and are not related to lithosphere and crustal 168 

structure, and as a consequence the reference Moho depth varies globally.  It is therefore necessary 169 

for the reference Moho depth to be determined by calibration against seismic refraction Moho 170 
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depths to ensure the correct reference Moho depth is used within the gravity anomaly inversion 171 

(Cowie and Kusznir, 2012); within this paper calibration has only been done using seismic refraction 172 

Moho depths for unequivocal oceanic crust.  A crustal basement density of 2850kgm-3 (Carlson and 173 

Herrick, 1990; Christensen and Mooney, 1995) and a mantle density of 3300kgm-3 (Jordan and 174 

Anderson, 1974)(Jordan and Anderson, 1974)(Jordan and Anderson, 1974)(Jordan and Anderson, 175 

1974)(Jordan and Anderson, 1974)(Jordan and Anderson, 1974)(Jordan and Anderson, 1974)(Jordan 176 

and Anderson, 1974)(Jordan and Anderson, 1974)(Jordan and Anderson, 1974)(Jordan and 177 

Anderson, 1974)(Jordan and Anderson, 1974)(Jordan and Anderson, 1974)(Jordan and Anderson, 178 

1974)(Jordan and Anderson, 1974)(Jordan and Anderson, 1974)(Jordan and Anderson, 1974)(Jordan 179 

and Anderson, 1974)(Jordan and Anderson, 1974)(Jordan and Anderson, 1974)(Jordan and 180 

Anderson, 1974) are used in the gravity anomaly inversion; sensitivity tests to these values have 181 

been made and do not significantly change the conclusions.   182 

Reference Moho depths have been calibrated, for the oceanic domain, using profile IAM9, which has 183 

reliable seismic oceanic Moho depth estimates from the wide angle seismic data of Dean et al. 184 

(2000).  Sensitivities to reference Moho depths of 37.5km, 40km and 42.5km have been examined 185 

for the IAM9 profile.  Moho depths predicted from gravity anomaly inversion produced for these 186 

sensitivities to reference Moho depth are shown in Figure 2(b).  A reference Moho depth of 37.5km 187 

is too small as it predicts Moho depths which are too shallow and in places plot above the top 188 

basement within the sedimentary layer.  A larger reference Moho depth is required; both reference 189 

Moho depths of 40km and 42.5km predict a deeper Moho.  Calibration gives a reference Moho 190 

depth of 41km (inset of Figure 2(b)) in order to predict crustal basement thicknesses consistent with 191 

those seen in the wide-angle seismic data. 192 

The gravity anomaly inversion, which is carried out in the 3D spectral domain, uses 3D bathymetry 193 

and free air gravity anomaly data, while the sediment thicknesses are derived from the 2D seismic 194 
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profiles and are interpolated between profiles in order to construct a pseudo 3D sediment volume.  195 

The results from the 3D gravity anomaly inversion are then extracted along the 2D profiles. 196 

A crustal cross section (A-A’) along profile IAM9 (Figure 2(c)), has been constructed using the 197 

bathymetry and 2D sediment thickness data (Dean et al., 2000) with the crustal basement 198 

thicknesses and Moho depths predicted from gravity anomaly inversion assuming the calibrated 199 

reference Moho depth of 41km.  The crustal cross section along profile IAM9 (A-A’) shows the 200 

distribution of oceanic and continental crust and hence the structure of the OCT.  The red dashed 201 

line shows the 7.9kms-1 iso-velocity contour (Dean et al., 2000) representing the seismic Moho 202 

depth.  There is a good correlation between the Moho depths predicted from gravity anomaly 203 

inversion, using the calibrated reference Moho depth of 41km, and the seismic Moho depths; crustal 204 

basement thicknesses between 5km and 7km are predicted at the western end of the profile.  In the 205 

centre of the profile (between 100km and 200km) the crustal basement thicknesses predicted from 206 

gravity anomaly inversion thin considerably, to between approximately 1.5km and 2km, and the 207 

gravity anomaly inversion predicts a shallower Moho depth than predicted by the 7.9kms-1 iso-208 

velocity contour.  The start of the necking zone again shows a good correlation between the Moho 209 

depths predicted from gravity anomaly inversion and the seismic Moho depths.  Under the 210 

continental crust inboard of the necking zone there is a significant difference between the gravity 211 

anomaly inversion predicted Moho depths and the  Moho depths predicted by Dean et al. (2000).  212 

The difference, in part, can be attributed to a too thin estimate of sediment thickness in this region 213 

used within our gravity anomaly inversion, which results in the gravity anomaly inversion predicted 214 

Moho being too deep.  (Dean et al., 2000) states that the crustal thicknesses at the continental end 215 

of the profile are from 2D modelling of shipboard gravity data and their shallower Moho could also 216 

be the result of using lower crustal basement densities than those used within our gravity anomaly 217 

inversion. 218 
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The distribution of continental lithosphere thinning predicted from gravity anomaly inversion has 219 

also been used along the west Iberian rifted continental margin.  During continental rifting and 220 

breakup there can be a significant addition of magmatic material to the crust.  The thickness of the 221 

crustal magmatic addition is estimated using the parameterization of decompression melting model 222 

of White & McKenzie (1989), from the continental lithosphere thinning factor (γ) determined from 223 

gravity anomaly inversion, where 224 

    
 

 
             (1) 225 

This parameterisation of decompression melting is described in detail in Chappell & Kusznir (2008).   226 

Decompression melting results in magmatic addition, which leads to the generation of oceanic crust 227 

and also magmatic under-plating and extrusives, e.g. seaward dipping reflectors (SDRs) at many 228 

rifted continental margins (at the west Iberian margin SDRs are not observed).  ‘Normal’ 229 

decompression melting produces a 7km thick oceanic crust with the initiation of decompression 230 

melting occurring at γ=0.7 and a maximum magmatic addition of 7km at a thinning factor of 1.0 (for 231 

ß=∞).  We also consider the case of a magma-starved margin where no magmatic addition to the 232 

crust is generated.  In the case of magma-starved margins, serpentinization of exhumed mantle 233 

occurs.  Therefore, we also consider a solution for mantle serpentinization, applicable to magma-234 

starved margins, in which serpentinization begins at approximately γ=0.7 (corresponding to 235 

approximately 10km thick crust) and at γ=1.0 generates a serpentinized mantle with a mass 236 

deficiency with respect to mantle equivalent to crustal basement of thickness 3km.   This estimate of 237 

the equivalent mass deficiency of serpentinized mantle is described in Appendix A. 238 

Continental lithosphere thinning factor (γ) estimates for profile IAM9, derived from gravity anomaly 239 

inversion assuming three different solutions, are shown in Figure 2(d).  A magma-starved solution; a 240 

'normal' magmatic solution and a solution for serpentinized mantle have been examined.  241 

Continental lithosphere thinning factors of zero indicate that there has been no stretching or 242 
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thinning of the continental lithosphere, whereas a continental lithosphere thinning factor of one 243 

indicates that there has been infinite stretching and thinning of the original continental lithosphere 244 

and there is no continental lithosphere (or crust) remaining.  Changes in the continental lithosphere 245 

thinning factors, determined from gravity anomaly inversion, specifically changes from high thinning 246 

factors (between 0.9 and 1.0) to lower thinning factors, may be used to constrain the COB and 247 

necking zone location along the profile lines.  Along profile IAM9 (Figure 2(d)), the continental 248 

lithosphere thinning factors from gravity anomaly inversion for ‘normal’ magmatic addition are 1.0 249 

along most of the profile (they begin to decrease at approximately 260km distance along profile); 250 

this solution probably places the COB too far inboard and is inappropriate for a magma-starved 251 

margin.  The magma-starved solution, with no serpentinization, fails to reach 1.0 anywhere.  The 252 

serpentinized mantle solution predicts high continental lithosphere thinning factors in the central 253 

region, which is where Dean et al. (2000) indicate that there are peridotite mantle ridges. The 254 

interpretation of these continental lithosphere thinning factor curves to constrain COB location and 255 

the presence of exhumed mantle or ‘normal’ oceanic crust is discussed in detail in Section 5. 256 

2.2. Residual Depth Anomaly Analysis: Profile IAM9 257 

2.2.1. Sediment Corrected RDA 258 

Residual depth anomaly (RDA) analysis has been applied to the west Iberian rifted continental 259 

margin in order to examine OCT bathymetric anomalies with respect to expected oceanic 260 

bathymetries at the rifted continental margin.  A RDA for oceanic crust is the difference between 261 

observed (bobs) and ocean age predicted bathymetry (bpredicted).  Age predicted bathymetries have 262 

been calculated using the thermal plate model predictions from Crosby and McKenzie (2009).  263 

Sensitivities to the thermal plate model predictions from Parsons and Sclater (1977) and Stein and 264 

Stein (1992) have also been examined (Figure 3(b)); RDA results computed using these different 265 

thermal plate model predictions do not vary significantly.   266 



P a g e  |13   
 
 

                                          (2) 267 

Changes in RDA signature are used to estimate the distal extent of continental crust and where 268 

unequivocal oceanic crust begins.   269 

Sediment corrected bathymetry, used to calculate RDAs corrected for sediment loading, has been 270 

determined using flexural backstripping and decompaction.  Figure 3(c) shows a comparison of the 271 

uncorrected RDA and the sediment corrected RDA along profile IAM9. Correcting for the effect of 272 

sediment loading has a considerable effect on the RDA results; the difference between the 273 

uncorrected RDA and the sediment corrected RDA is approximately 1500m at the western end of the 274 

profile.  Sediment corrected bathymetry has been calculated using flexural backstripping (Kusznir et 275 

al., 1995) and comprises the removal of the sedimentary load, allowing for the flexural isostatic 276 

response and decompaction of the remaining sediments.   Flexural backstripping and decompaction 277 

assumes shaly-sand compaction parameters (Sclater and Christie, 1980)(Sclater and Christie, 278 

1980)(Sclater and Christie, 1980)(Sclater and Christie, 1980)(Sclater and Christie, 1980)(Sclater and 279 

Christie, 1980)(Sclater and Christie, 1980)(Sclater and Christie, 1980)(Sclater and Christie, 280 

1980)(Sclater and Christie, 1980)(Sclater and Christie, 1980)(Sclater and Christie, 1980)(Sclater and 281 

Christie, 1980)(Sclater and Christie, 1980)(Sclater and Christie, 1980)(Sclater and Christie, 282 

1980)(Sclater and Christie, 1980)(Sclater and Christie, 1980)(Sclater and Christie, 1980)(Sclater and 283 

Christie, 1980)(Sclater and Christie, 1980) during the removal of the sedimentary layer.  Removal of 284 

the sedimentary layer along profile IAM9, results in a sediment corrected bathymetry that is 285 

approximately 1500m deeper than observations of present day bathymetry.  The sediment 286 

corrected RDA along profile IAM9 (Figure 3(c)), is negative with a magnitude between -1000m and -287 

1500m at the western end of the profile.  288 

Age predicted oceanic bathymetries, used to calculate the sediment corrected RDA, are dependent 289 

on the oceanic lithospheric age.  The Müller et al. (2008) global ocean age isochrons do not extend 290 
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the entire length of profile IAM9; it is therefore necessary to consider sensitivities to oceanic 291 

lithospheric age.  Two approaches have been examined: the first uses a constant value of 120Ma for 292 

the profile, whilst the second uses Müller et al. (2008) age isochrons with their age gradient 293 

extrapolated inboard.  A comparison and sensitivity of the sediment corrected RDA results to ocean 294 

age isochrons is shown in Figure 3(d), both approaches produce similar results. 295 

The flexural backstripping process calculates the flexural isostatic response of the removed layer of 296 

sediments.  Within this calculation the effective elastic thickness (Te) controlling the flexural 297 

strength of the lithosphere is considered.  Te depends on the bending stresses applied to the plate, 298 

the rate of stress application, the lithosphere composition and the geothermal gradient (Kusznir and 299 

Karner, 1985).  Te’s between 1.5km and 5km have been determined for syn-rift extensional settings 300 

(Roberts et al., 1998).  For post-rift flexural isostatic response, Roberts et al. (1998) show that this is 301 

relatively insensitive to the magnitude of Te because of the longer wavelength of post-rift sediment 302 

loading compared to syn-rift.  The sensitivity to Te is shown for the Iberian Abyssal Plain sediment 303 

corrected RDA results in Figure 3(e); sensitivities to Te’s of 1.5km, 5km and 10km have been 304 

examined.  Te’s of 1.5km, 5km and 10km produce sediment corrected RDAs of similar magnitude; a 305 

Te of 1.5km has been used due to the negligible difference in the magnitude of the sediment 306 

corrected RDAs. 307 

2.2.2. RDA Component from Crustal Basement Thickness Variations (RDACT) 308 

In addition to the RDA corrected for sediment loading, the RDA component from variations in crustal 309 

basement thickness (RDACT) has also been computed, which is the result of the presence of 310 

anomalously thick or thin crust.  Crustal basement thicknesses from gravity anomaly inversion (using 311 

reference Moho depth calibrated against seismic Moho depths) are used to predict departures from 312 

the average global oceanic crustal thickness of 7km (White et al., 1992).  RDACT has been computed 313 

using the difference between the gravity anomaly inversion predicted crustal basement thickness 314 
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(tcgrav) and the average global oceanic crustal basement thickness (tcref) together with Airy isostasy. 315 

The local isostatic response to variation in gravity inverted non-continental crustal thickness, from 316 

the 7km global average oceanic crustal thickness (tcref) is given by: 317 

       
                     

           
      (3) 318 

where ρm is the density of the mantle (3300kgm-3), ρc is the density of the crust (2850kgm-3) and ρinfill 319 

is the density of the water infill (1000kgm-3).  Crust, which is approximately 7km thick, will have a 320 

corresponding RDACT of zero.  A positive RDACT reflects crust that is thicker than 7km, whereas if the 321 

RDACT is negative, this corresponds to crust that is thinner than 7km or the presence of exhumed 322 

mantle. 323 

The RDACT along profile IAM9 (Figure 3(f)) ranges between zero and approximately -800m at the 324 

western end and central region of the profile, and becomes more negative before increasing and 325 

becoming positive over the continental crust. 326 

2.2.3. Comparison of Sediment Corrected RDA with RDA Component from Crustal 327 

Basement Thickness Variations  328 

Figure 3(f) shows the sediment corrected RDA and the RDACT along profile IAM9.  In oceanic regions 329 

it is expected that the RDA signal, from both the sediment corrected RDA and the RDACT, will be 330 

constant and near zero, whereas for regions of thicker continental crust inboard of the COB, it is 331 

expected that the RDA signals will become more positive.  Changes in the RDA signal may be used to 332 

identify the change in crustal mass deficiency and thickness with respect to the mantle; these 333 

changes in RDA signal may also be interpreted as a change in crustal type enabling the 334 

determination of the COB location.   335 
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Both the sediment corrected RDA and the RDACT along profile IAM9 are negative in the western and 336 

central region and show the same general trend along the profile although they have different 337 

magnitudes.  The difference (ΔRDA) between the sediment corrected RDA and the RDACT 338 

corresponds to the RDA corrected for both sediment loading and variations in crustal thickness away 339 

from the oceanic average.   340 

                                           (4) 341 

A ΔRDA of zero implies that there is no anomalous uplift or subsidence at the margin, whereas a 342 

positive ΔRDA implies anomalous uplift and a negative ΔRDA implies anomalous subsidence along a 343 

margin.  The ΔRDA (Figure 3(g)) along IAM9 is between -300m and -1000m at the western end of the 344 

profile, which is equated to mantle dynamic subsidence. 345 

2.3. Continental Lithosphere Thinning from Subsidence Analysis 346 

Subsidence analysis has been used to determine the distribution of continental lithosphere thinning 347 

and the distal extent of continental crust in order to locate the inner and outer bounds of the OCT.  348 

Subsidence analysis involves the conversion of water loaded subsidence into continental lithosphere 349 

thinning factors, assuming McKenzie (1978).  Flexural backstripping is used to give the sediment 350 

corrected bathymetry to top pre-rift and top oceanic crust (Figure 4 (b)).  It is assumed that the 351 

initial datum of original continental pre-rift surface was at or near to sea level; therefore the 352 

sediment corrected bathymetry can be equated to water loaded subsidence (see comparable 353 

estimate of tectonic subsidence from Henning et al. (2004)).  Water loaded subsidence is interpreted 354 

as the sum of initial (Si) and thermal (St) subsidence in the context of the McKenzie (1978) intra-355 

continental rift model.  A correction for magmatic addition due to adiabatic decompression (White 356 

and McKenzie, 1989) during continental rifting and seafloor spreading has been included (see 357 

Roberts et al. (2013)) and uses the same scheme as described earlier in the gravity anomaly 358 
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inversion section.  Magmatic addition from decompression melting results in thicker crust due to 359 

volcanic intrusion and extrusion, which isostatically reduces the initial subsidence as predicted by 360 

McKenzie (1978) and corresponds to the formation of oceanic crust.  Magmatic addition also 361 

increases the thickness of the crust thinned by lithosphere stretching. 362 

Initial subsidence corresponds to the isostatic response of the crustal thinning and thermal loads at 363 

the time of rifting, which is assumed to be instantaneous; whilst total subsidence corresponds to the 364 

isostatic response of the crustal thinning and thermal loads after a defined time in the post-rift.  365 

Sensitivity tests using upper and lower bounds of the time of breakup (126 and 112 Ma) have been 366 

examined and the results are not significantly different.  The crustal thinning load is assumed to be 367 

constant after rifting, while the thermal subsidence varies with time due to the dissipation of the 368 

syn-rift lithosphere thermal anomaly.  Instantaneous rifting is assumed, which allows the 369 

comparison of the numerically calculated total subsidence from flexural backstripping with that 370 

analytically calculated using McKenzie (1978) modified for magmatic additions.   Magmatic additions 371 

due to decompression melting modify the predicted relationship between continental lithosphere 372 

thinning factor (γ) and water loaded subsidence. Water loaded subsidence is inverted using the 373 

‘normal’ magmatic curve (Figure 4(c)) magma poor and serpentinized mantle curves (Figure 4(d)) to 374 

give continental lithosphere thinning factors. The subsidence analysis methodology assumes depth 375 

uniform stretching and thinning, as a consequence thinning factors for continental lithosphere and 376 

crust are identical.  The isostatic response of mantle serpentinization is described in Appendix A, and 377 

is estimated to be equivalent to crustal basement of approximately 3km thickness. 378 

Continental lithosphere thinning factors from subsidence analysis along profile IAM9 are shown in 379 

Figure 4(e). For the west Iberian margin, a ‘normal’ magmatic solution, a magma-starved solution 380 

and a solution for serpentinized mantle are examined.  A ‘normal’ magmatic solution predicts 381 

continental lithosphere thinning factors of 1.0 everywhere outboard of the necking zone, while the 382 

magma-starved solution, with no serpentinization, predicts continental lithosphere thinning factors 383 
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between 0.8 and 1.  The solution for serpentinized mantle lies between these two and is more 384 

appropriate to a magma poor margin.  Continental lithosphere thinning factors derived from 385 

subsidence analysis can be used to determine COB location and crustal type which is discussed in 386 

Section 5. 387 

Continental lithosphere thinning factors predicted from gravity anomaly inversion are generally less 388 

than those predicted from subsidence analysis.  This difference can be attributed to dynamic 389 

topography, as the gravity anomaly inversion results have been calibrated and include a correction 390 

for dynamic topography, whereas the subsidence analysis results do not. 391 

The subsidence analysis for IAM9 by Henning et al. (2004) uses a different approach, predicting 392 

crustal thickness variation; as a consequence our results are not easily compared.   393 

3. OCT Structure along the Lusigal 12 Profile 394 

3.1. Crustal Basement Thickness and Continental Lithosphere Thinning along 395 

Lusigal 12 from Gravity Anomaly Inversion 396 

Gravity anomaly inversion has been applied to the Lusigal 12 profile (with the TGS extension; see 397 

Sutra et al. (2013)(2013)(2013)(2013)(2013)(2013)(2013)(2013)(2013)(2013) in order to determine 398 

the crustal basement thickness, Moho depth and continental lithosphere thinning along profile.  399 

Within the gravity anomaly inversion the calibrated reference Moho depth of 41km, from IAM9, has 400 

been assumed to be applicable due to the proximity of Lusigal 12 to IAM9.  Crustal cross section (B-401 

B’) along profile Lusigal 12 (Figure 5(b)) is constructed using bathymetry, sediment thickness (Sutra 402 

and Manatschal, 2012) (Figure 5(a)) and predicted Moho depths from gravity anomaly inversion.   403 

Using the calibrated reference Moho depth of 41km, the gravity anomaly inversion predicts thin 404 

crust of between 2km and 4km thickness at the western end of the profile. 405 
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Continental lithosphere thinning factors (γ) predicted from gravity anomaly inversion are shown in 406 

Figure 5(c).  Sensitivities to a magma-starved solution, a 'normal' magmatic solution and a solution 407 

for serpentinized mantle have been examined.  Continental lithosphere thinning factors from gravity 408 

anomaly inversion show high thinning factors for all three solutions at the western end of the 409 

profile.  Continental lithosphere thinning factors for a ‘normal’ magmatic solution saturate at 1.0 in 410 

the central and western section of the profile.  If a ‘normal’ magmatic solution is applicable to this 411 

profile, it suggests that this region is all oceanic.  Continental lithosphere thinning factors for a 412 

serpentinized mantle solution reach 1.0 at the western end of the profile, which implies the 413 

presence of exhumed mantle.  The magma poor solution predicts continental lithosphere thinning 414 

factors of 0.9 for the same region.   415 

3.2. RDAs corrected for Sediment Loading and Crustal Basement Thickness 416 

Variations along Lusigal 12 417 

Sediment corrected RDAs and RDACT have been computed along the Lusigal 12 profile as shown in 418 

Figure 6(b) and show the same general trend, however, with varying magnitudes.  The sediment 419 

corrected RDA ranges between -500m and -1500m in the west, implying that the presence of crust 420 

which is thinner than 7km or anomalous subsidence.  At the western end of the profile, the RDACT 421 

ranges between -800m and -1000m, corresponding to either the presence of crust which is thinner 422 

than 7km, or the presence of exhumed mantle.  Figure 6(c) shows the ΔRDA plot for Lusigal 12, 423 

which illustrates the sediment corrected RDA further corrected for crustal basement thickness 424 

variations.  The ΔRDA ranges between zero and -500m implying that there is anomalous subsidence 425 

along Lusigal 12, which is in agreement with the anomalous subsidence predicted by RDA analysis 426 

along profile IAM9, the other profile in the Iberian Abyssal Plain. 427 
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3.3. Continental Lithosphere Thinning from Subsidence Analysis along Lusigal 12 428 

Continental lithosphere thinning factors determined from subsidence analysis are shown in Figure 429 

7(b); at the western end of the Lusigal 12 profile, continental lithosphere thinning factors from 430 

subsidence analysis are between 0.85 and 1.0, indicative of oceanic crust or possibly exhumed 431 

mantle.  Sensitivities to the three magmatic solutions have been examined.  Assuming a ‘normal’ 432 

magmatic solution, subsidence analysis predicts continental lithosphere thinning factors of 1.0 in the 433 

centre and western end of the profile, which for this magmatic assumption would indicate the 434 

presence of oceanic crust.  The magma-starved solution with no serpentinization does not reach a 435 

continental lithosphere thinning factor of 1.0, except at the extreme western end of the profile.  The 436 

solution assuming serpentinized mantle reaches thinning factors exceeding 0.95 for the western part 437 

of the profile.  In section 5, we discuss the interpretation of these continental lithosphere thinning 438 

factors to determine COB location and crustal type. 439 

4. OCT Structure along Profile ISE-01 440 

4.1. Crustal Basement Thickness and Continental Lithosphere Thinning along ISE-441 

01 from Gravity Anomaly Inversion 442 

Gravity anomaly inversion has been applied in order to determine crustal basement thickness, Moho 443 

depth and continental lithosphere thinning along profile ISE-01.  Sediment thicknesses (Figure 8(a)) 444 

used in the gravity anomaly inversion are from University of Texas Institute of Geophysics (UTIG) 445 

seismic database.  Sensitivities to reference Moho depths have been examined within the gravity 446 

anomaly inversion along profile ISE-01, reference Moho depth sensitivities of 35km, 37.5km and 447 

40km are shown in Figure 8(b).  A reference Moho depth of 35km is too small and predicts a Moho 448 

which is too shallow and comes up into the sediments at the start of the profile, whereas both 449 

reference Moho depths of 37.5km and 40km predict more sensible Moho depths; calibration of the 450 
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reference Moho depth is therefore required.  Zelt et al. (2003) uses first arrival seismic tomography 451 

and reflection tomography to investigate the seismic velocity structure of the ISE-01 profile.  They 452 

show P-wave iso-velocity contours between 7kms-1 and 7.6kms-1, but are not able to resolve the 453 

expected higher seismic velocities consistent with rays sampling the mantle.  Their seismic Moho 454 

based on first arrival seismic tomography and reflection tomography typically fall within the 7kms-1 455 

and 7.6kms-1 range, suggesting that their seismic Moho is too shallow.  Calibration of Moho depths 456 

for the gravity anomaly inversion should only be done on unequivocal oceanic crust (or very well 457 

seismically constrained Moho depths beneath continental crust).  ODP wells along ISE-01 do not 458 

observe oceanic crust, nor is there any well constrained seismic Moho, so calibration of the 459 

reference Moho depth for ISE-01, using seismic Moho depths has not been possible.  As a 460 

consequence we have used the reference Moho depth of 41km for the gravity anomaly inversion 461 

determined from profile IAM9.   462 

Crustal cross section (C-C’) along ISE-01 (Figure 8(c)) shows Moho depths from gravity anomaly 463 

inversion using the reference Moho depth of 41km calibrated on line IAM9. The Moho depth from 464 

gravity inversion is substantially deeper than the Moho determined by Zelt et al. (2003) from seismic 465 

reflections. Sediment thicknesses used within the gravity anomaly inversion are derived from the 466 

seismic pick of top basement from ISE-01 reflection data.  We note however that the seismic 467 

tomography from Zelt et al. (2003) shows upper crustal seismic velocities suggesting that there may 468 

be several kilometres of pre-rift sediments beneath the seismic reflection top basement for both the 469 

Galicia Interior Basin and Galicia Bank.  Inclusion of a significant thickness of pre-rift sediments in the 470 

gravity anomaly inversion would give a shallower Moho, closer to that proposed by Zelt et al. (2003). 471 

Alternatively using a lighter crustal basement density would also result in a shallower Moho from the 472 

gravity inversion. The P-wave iso-velocity contours of 7kms-1 and 7.6kms-1 from Zelt et al. (2003) are 473 

also shown on Figure 8(c); the seismic tomography does not show seismic velocities typical of 474 

normal mantle. The seismic reflection Moho of Zelt et al. (2003) plots between these iso-velocity 475 
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contours. We speculate that the reflection returns used by Zelt e al. (2003) to determine Moho 476 

depth may be from the top of a lower crustal intrusive body rather than from the top of the mantle.    477 

Whatever the cause of the difference between the gravity and seismic Moho depths under the 478 

Galicia Interior Basin and Galicia Bank, the calibration of reference Moho depth in the oceanic 479 

domain means that this problem as little effect on the gravity inversion results for the distal part of 480 

the margin. 481 

Figure 8(d) shows continental lithosphere thinning factor (γ) estimates from gravity anomaly 482 

inversion for profile ISE-01 assuming a magma-starved model; a ‘normal’ magmatic solution and a 483 

solution for serpentinized mantle.  A ‘normal’ magmatic solution predicts continental lithosphere 484 

thinning factors of 1.0 at the western end of the profile.  A magma-starved solution, with no 485 

serpentinization predicts continental lithosphere thinning factors that do not reach 1.0 anywhere.  A 486 

solution for serpentinized mantle shows continental lithosphere thinning factors reaching 1.0 at the 487 

extreme western end of the profile.  488 

4.2. RDAs Corrected for Sediment Loading and Crustal Basement Thickness 489 

Variations along ISE-01 490 

At the western end of the ISE-01 profile, the sediment corrected RDA ranges between zero and -491 

800m (Figure 9(b)), which implies either the presence of crust, which is thinner than 7km or 492 

anomalous subsidence.  The RDACT ranges between zero and -1000m (Figure 9(b)), which 493 

corresponds to the presence of crust which is thinner than 7km, or the presence of exhumed mantle.  494 

The sediment corrected RDA and the RDACT along profile ISE-01 (Figure 9(b)) show the same general 495 

trend.  The sediment corrected RDA further corrected for variations in crustal basement thickness 496 

(ΔRDA) (Figure 9(c)) is approximately zero implying that there is negligible anomalous subsidence or 497 

uplift to the west of Galicia Bank. 498 
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4.3. Continental Lithosphere Thinning from Subsidence Analysis along ISE-01 499 

Subsidence analysis using a ‘normal’ magmatic solution predicts continental lithosphere thinning 500 

factors of 1.0 at the western end of the profile (Figure 10(b)). The magma-starved solution with no 501 

serpentinization, nor the solution for serpentinized mantle, reach continental lithosphere thinning 502 

factors of 1.0; maximum values reached are 0.9. 503 

5. Predicting OCT Structure and COB Location 504 

The previous sections have shown the results from integrated quantitative analysis using gravity 505 

anomaly inversion, RDA and subsidence analysis, applied to IAM9 and Lusigal 12 in the Iberian 506 

Abyssal Plain and ISE-01 on Galicia Bank.  The results from each of these techniques may be used to 507 

assist in understanding the transition from continental to oceanic crust; however, it is preferable 508 

that the results from each technique should to be examined together.  For each of the three profiles 509 

considered, a composite analysis plot is used to summarize the results from gravity anomaly 510 

inversion, RDA and subsidence analysis, as shown in Figures 11, 12 and 13.  The composite analysis 511 

plot consists of (i) a crustal cross section from gravity anomaly inversion, (ii) sediment corrected RDA 512 

and RDACT along profile and (iii) a comparison of the continental lithosphere thinning factors 513 

predicted from gravity anomaly inversion and subsidence analysis. The analysis of the composite 514 

plot allows for an informative interpretation of the OCT structure, COB location and crustal type to 515 

be made, when the crustal domains are clearly defined.  Using ODP wells, located along the Lusigal 516 

12 and ISE-01 profiles, we compare the predicted OCT structure and COB location determined from 517 

integrated quantitative analysis with that inferred from direct well observations.   518 

Table 1 summarises the crustal types encountered along the western Iberian profiles and the 519 

consequent ranges of crustal basement thicknesses, continental lithosphere thinning factors and 520 

residual depth anomaly results predicted from the integrated analysis techniques that we would 521 
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expect to see in each of these domains.  We use a crustal thickness of 10 km to mark the transition 522 

from the necking zone to hyper-extended continental crust (consistent with Aslanian et al. (2009)). 523 

The interpreted boundaries between each of these crustal types are based on these values (Table 1) 524 

and correspond to changes in crustal basement thickness from gravity anomaly inversion, variations 525 

in the RDA signal from the sediment corrected RDA and RDACT, and changes in continental 526 

lithosphere thinning factors derived from subsidence analysis and gravity anomaly inversion.  Whilst 527 

we use the values in Table 1 for the results from each analytical technique to identify the various 528 

crustal domain along profile and locate the boundaries between these different crustal types, when 529 

considering all the techniques together there are discrepancies between the predicted locations of 530 

these boundaries.  The transitional nature of these boundaries may in part explain these 531 

discrepancies.  In our interpretation, we first picked the boundaries using the results from each 532 

individual technique and then considered all the techniques together so that our boundaries reflect 533 

the ‘best-fit’ from the integrated approach. 534 

 535 

5.1. IAM9 536 

The composite analysis plot for profile IAM9 in the Iberian Abyssal Plain (Figure 11) is interpreted as 537 

showing three distinct crustal types: oceanic crust (zone A), serpentinized exhumed mantle (zone B) 538 

and continental crust which can be further subdivided into hyper-extended continental crust (zone 539 

C), the crustal necking zone (zone D), and proximal continental crust (zone E).  We have examined 540 

the relationship between our interpretations of the boundaries between these three crustal types to 541 

those proposed in the literature, in particular the J anomaly.   The J anomaly is a structural ridge or 542 

step in the oceanic basement that lies beneath the J magnetic anomaly (Tucholke and Ludwig, 1982).  543 

Whilst the J anomaly and the interfaces between the crustal zones are shown as sharp lines, in 544 

reality they are likely to be transitional boundaries.  The J anomaly is identified at approximately 545 
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25km distance along the IAM9 profile (Figure 11(a)) (Bronner et al., 2011; Dean et al., 2000; 546 

Whitmarsh et al., 2001), and corresponds to inflection points in Moho depth, RDA and continental 547 

lithosphere thinning factors, determined assuming a magma-starved solution, and is west of our 548 

interpreted COB. 549 

The discussions below refer to Figure 11, unless otherwise stated. 550 

Zone A – oceanic crust  551 

In zone A, the crustal basement thicknesses from gravity anomaly inversion are between 6km and 552 

7km.  The negative sediment corrected RDA is indicative of crust which is thinner than 7km or 553 

anomalous subsidence, whilst the negative RDACT (shown in Figure 3(f)) corresponds to the presence 554 

of thin crust derived from gravity anomaly inversion.  The continental lithosphere thinning factors in 555 

zone A derived from gravity anomaly inversion and subsidence analysis using a ‘normal’ magmatic 556 

solution are 1.0 (shown in Figure 2(d) and 4(e)) , implying the presence of oceanic crust.   557 

If a magma-starved or a serpentinized mantle solution is assumed, the continental lithosphere 558 

thinning factors do not reach 1.0 from both gravity anomaly inversion and subsidence analysis, 559 

which implies thin continental crust. In zone A, a ‘normal’ magmatic solution is preferred as it 560 

produces high thinning factors of 1.0 which, together with crustal basement thicknesses between 6 561 

and 7km, we interpret as indicators for the presence of oceanic crust, consistent with the literature.  562 

The interface between zones A and B corresponds to the boundary between oceanic crust and 563 

serpentinized exhumed mantle and is located by changes  in Moho depth, RDAs and continental 564 

lithosphere thinning factors determined assuming magma-starved or a serpentinized mantle 565 

solution. 566 

Zone B –  exhumed mantle 567 
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In zone B, the crustal basement thicknesses decrease from 7km in the west to approximately 3km at 568 

the eastern end of the zone.  These very low values of crustal thicknesses are apparent crustal 569 

thicknesses derived from the mass deficiency of serpentinized exhumed mantle with respect to 570 

unserpentinized mantle below (Appendix A).  Thicknesses of 3km or less are indicative of the 571 

presence of serpentinized exhumed mantle; the very low crustal thicknesses derived from gravity 572 

anomaly inversion are not interpreted as very thin continental or oceanic crust.  Sediment corrected 573 

RDA and RDACT (shown in Figure 3(f)) are both negative in zone B, corresponding to the presence of 574 

crust which is thinner than 7km or anomalous subsidence.  The continental lithosphere thinning 575 

factors from gravity anomaly inversion and subsidence analysis assuming a serpentinized mantle 576 

solution are 1.0 consistent with the presence of serpentinized exhumed mantle. 577 

 The interface between zones B and C corresponds to the boundary between thinned continental 578 

crust and exhumed mantle and is located by the inflection points in Moho depth, RDAs and 579 

continental lithosphere thinning factors determined assuming a solution for serpentinized mantle.  580 

Gravity anomaly inversion, RDA and subsidence analysis results show that the OCT along IAM9 is 581 

relatively narrow, with the distance between the COB and the proximal start of the necking zone 582 

measuring less than 100km. 583 

Zones C, D and E- continental crust  584 

In zones C, D and E, the crustal basement thicknesses increase gradually to approximately 35km at 585 

the eastern end of the profile, although the poor resolution of sediment thickness in this region may 586 

result in an overestimate of Moho depth.  Both the sediment corrected RDA and RDACT (shown in 587 

Figure 3(f)) increase eastwards. The continental lithosphere thinning factors from gravity anomaly 588 

inversion and subsidence analysis show a corresponding eastwards decrease. We tentatively 589 

interpret the composite analysis plot (Figure 11) to show the location of hyper-extended continental 590 

crust and the crustal necking zone.  The combined width of the hyper-extended continental crust 591 
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and necking zone appears to be very narrow and it is difficult to place the transition from one to the 592 

other. 593 

 594 

Figure 11(e) shows a comparison of our interpretations of the crustal types along the IAM9 profile 595 

with those interpreted by Dean et al. (2000) and Bronner et al. (2001).  Our interpreted location of 596 

the boundary between oceanic crust and exhumed mantle is similar to that interpreted by Dean et 597 

al. (2000)  although we place the boundary between continental crust and exhumed mantle slightly 598 

more landward.  Although the interpreted boundary between oceanic crust and exhumed mantle 599 

from Bronner et al. (2001) is significantly more distal than our interpreted boundary, it does 600 

correspond to slight changes in crustal basement thickness, RDAs and continental lithosphere 601 

thinning factors determined assuming magma-starved or a serpentinized mantle solution. 602 

5.2. Lusigal 12 603 

The composite analysis plot for the Lusigal 12 profile in the Iberian Abyssal Plain (Figure 12) is 604 

interpreted as showing two distinct crustal types:  serpentinized exhumed mantle (zone B), and 605 

thinned continental crust, which can be further subdivided into hyper-extended continental crust 606 

(zone C) and the crustal necking zone (zone D).    No unequivocal oceanic crust of ‘normal’ thickness 607 

(corresponding to zone A on the IAM9 profile) is evident on Lusigal 12.  The interpretation of these 608 

zones of serpentinized exhumed mantle and thinned continental crust, and their boundary, along 609 

Lusigal 12 have been validated against ODP well data and other previous studies (e.g. Péron-Pinvidic 610 

& Manatschal (2009) and Sutra & Manatschal (2012)). 611 

The discussions below refer to Figure 12, unless otherwise stated. 612 

Zone B –  exhumed mantle 613 
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In zone B, the crustal basement thicknesses predicted, from gravity anomaly inversion, range 614 

between 2km and 4km.  These very low values of crustal thickness are interpreted as being 615 

indicative of serpentinized exhumed mantle (see earlier discussion for IAM9). Both the sediment 616 

corrected RDA and RDACT (Figure 6(b)) are negative in this region.  The sediment corrected RDA is 617 

negative between -500m and -1500m, implying that the crust in this region is substantially less than 618 

7km thick or that there is anomalous subsidence.  The continental lithosphere thinning factors for 619 

the serpentinized mantle solution from the gravity anomaly inversion show a value of 1.0 in this 620 

region consistent with the presence of serpentinized exhumed mantle; whilst from subsidence 621 

analysis they range between 0.95 and 1.0. Both the gravity anomaly inversion and subsidence 622 

analysis thinning factors show a marked inflection at the inner boundary of zone B. For zone B, a 623 

serpentinized mantle solution is preferred, as it predicts high thinning factors without the 624 

requirement of magmatic addition (and the formation of oceanic crust).   625 

The COB, corresponding to the interface between zones B and C, is located by the inflection points in 626 

Moho depth, RDAs and continental lithosphere thinning factors determined for solutions assuming 627 

both magma-starved and serpentinized mantle.  Gravity anomaly inversion, RDA and subsidence 628 

analysis results show that the OCT along Lusigal 12 is wider than that for IAM9, with the distance 629 

between the COB and the proximal start of the necking zone measuring more than 150km.   630 

Zones C and D - continental crust  631 

In zones C and D, crustal thicknesses predicted from gravity anomaly inversion increase eastwards 632 

towards the continent, as do the sediment corrected RDAs and RDACT (Figure 6(b)), whilst the 633 

continental lithosphere thinning factors from gravity anomaly inversion and subsidence analysis 634 

decrease.  This is indicative of zone C and D corresponding to thinned continental crust.  A magma-635 

starved solution for the prediction of RDA and continental lithosphere thinning factors is preferred 636 

for this zone.  We identify the boundary between hyper-extended crust (zone C) and the crustal 637 
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necking zone (zone D) using a combination of changes in crustal basement thickness, variations in 638 

RDA and changes in continental lithosphere thinning factors. 639 

We compare our interpretation of the crustal types along the Lusigal 12 profile with those 640 

interpreted by Péron-Pinvidic & Manatschal (2009) and Sutra & Manatschal (2012) in Figure 12(e).  641 

Our interpretation of the boundary between oceanic crust and exhumed mantle compares well with 642 

both. 643 

Comparison with ODP well observations  644 

Observations from the ODP drill logs (897, 899, 901, 1065, 1067, 1068, 1069 and 1070) along Lusigal 645 

12 are summarised in Figure 12(a) and in Table 1.  Our interpretation of crustal types from the 646 

composite analysis plot (Figure 12) and summarized in Figure 12(e) is consistent with the ODP well 647 

observations. ODP well logs (1070, 899 and 897), in zone B, show the presence of serpentinized 648 

peridotite, serpentinite, serpentinized plagioclase, breccia and mantle, which are in agreement with 649 

our interpretation of the presence of exhumed mantle from the composite analysis plot.  The ODP 650 

wells (1069, 1068, 1067, 1065 and 901), in zone C, indicate the presence of pre-tectonic outer-shelf 651 

carbonates, which suggest the occurrence of upper continental crust, which is in agreement with our 652 

interpretations of the composite analysis plot.  653 

5.3. ISE-01 654 

Interpretation of the composite analysis plots of profile ISE-01 on Galicia Bank (Figure 13) suggests 655 

that there are two crustal types along the profile; exhumed mantle (zone B) and continental crust, 656 

which can be subdivided into hyper-extended crust (zone C), the crustal necking zone (zone D) and 657 

proximal continental crust (zone E). These interpretations, based on gravity anomaly inversion, RDA 658 

and subsidence analysis, are consistent with ODP well data on profile ISE-01.  As with Lusigal 12, no 659 
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oceanic crust of ‘normal’ thickness (corresponding to zone A on the IAM9 profile) is evident on ISE-660 

01. 661 

The discussions below refer to Figure 13, unless otherwise stated. 662 

Zone B –  exhumed mantle 663 

In zone B at the western end of the profile, crustal basement thicknesses, from gravity anomaly 664 

inversion, range between 4km and 5km and RDA analysis shows negative sediment corrected RDAs 665 

and RDACT (Figure 9(b)) in this region.  The low values of crustal thickness from gravity anomaly 666 

inversion in this region (and the resulting RDACT ranging between zero and -1000m) are interpreted 667 

as being indicative of serpentinized exhumed mantle (see earlier discussion for IAM9). The sediment 668 

corrected RDA ranges between zero and -800m, which implies either the presence of crust, which is 669 

thinner than 7km, or anomalous subsidence.  In zone B, if a serpentinized mantle solution is 670 

assumed, the continental lithosphere thinning factors reach 1.0 from gravity anomaly inversion and 671 

exceed 0.9 from subsidence analysis, which we interpret as indicating the start of serpentinized 672 

exhumed mantle.    673 

The COB for profile ISE-01 is interpreted as being at the interface between zones B and C and 674 

corresponds to inflection points in Moho depth, RDA and continental lithosphere thinning factors 675 

determined assuming the serpentinized mantle solution.  In contrast to profiles IAM9 and Lusigal 12, 676 

ISE-01 shows a very broad region between the proximal start of the necking zone and COB; the 677 

distance separating these is of the order 250km.  678 

Zones C, D and E - continental crust  679 

In zones C, D and E, the crustal basement thickens and the RDA values increase eastwards towards 680 

the continent. These and the corresponding decrease in continental lithosphere thinning factors 681 

imply the presence of thinned continental crust in these zones.  Continental lithosphere thinning 682 
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factors predicted from gravity anomaly inversion are in good agreement with those predicted from 683 

subsidence analysis.  684 

In Figure 13(e) we compare our interpretation of the location of crustal types with those of Sutra & 685 

Manatschal (2012) and Dean et al. (2015).  The three interpretations are in close agreement.  The 686 

‘western extension 2 (WE2)’ seismic reflection line of Dean et al. (2015) lies close and parallel to the 687 

ISE-01 profile and supports the existence of hyper-extended crust within our interpreted zone C.  688 

Zelt et al. (2003) do not interpret their seismic cross-section in terms of crustal types.  689 

Comparison with ODP well observations  690 

Observations from the ODP drill logs (637, 638, 639 and 640) along profile ISE-01 are summarised in 691 

Figure (13(a)) and Table 2 and have been compared to our interpretations made from the integrated 692 

quantitative analysis shown on the composite analysis plot for profile ISE-01.  Our interpretations 693 

are consistent with the ODP well data.  The ODP well 637, in zone B, shows the presence of 694 

serpentinized peridotite, whilst ODP well 639, in zone C, shows the presence of continental 695 

basement. The interpretation of the composite analysis plot for profile ISE-01 is consistent with the 696 

ODP observations at both of these wells.  ODP well logs 638 and 640, in zone C, are much shallower 697 

only showing the presence of syn-rift sediments.   698 

6. Conclusion 699 

The gravity anomaly inversion, RDA and subsidence analysis techniques are of global applicability 700 

and may be used on many deep-water frontier rifted continental margins, in order to assist in 701 

understanding the large scale distribution of thinned continental crust and lithosphere, the start of 702 

unequivocal oceanic crust and hence determine the structure of the OCT, COB location and 703 

magmatic type.  Testing of these techniques has been carried out on the west Iberian rifted 704 

continental margin, as this is one of the best-studied margins worldwide, due to the abundance of 705 
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ODP well data.  Integrated quantitative analysis of the west Iberian seismic profiles (IAM9, Lusigal 12 706 

and ISE-01) has enabled further geological interpretations to be made of the crustal structure and 707 

distribution, which are validated using ODP well data, and where ODP well data are ambiguous, 708 

predictions have been made.  Integrated quantitative analysis of the west Iberian seismic profiles 709 

show the crustal structure and the distribution of thinned continental crust, exhumed mantle and 710 

the start of unequivocal oceanic crust (where present) along the margin.  The integrated approach, 711 

which considers the gravity anomaly inversion, RDA and subsidence analysis techniques together, 712 

has enabled a less subjective geological interpretation of the OCT structure along the seismic profiles 713 

and a more accurate prediction of the COB location to be made.  Predicted distances between the 714 

COB and the proximal start of the necking zone for the west Iberian margin range between 100km 715 

and 250km, with the greatest distances predicted for Galicia Bank. Our interpretation of crustal 716 

types based on our composite analysis has been compared with that of previous workers and is 717 

generally consistent. 718 

An accurate identification of the crustal structure and the distribution of continental and oceanic 719 

crust remains crucial in order to fully understand the evolution of the west Iberian rifted continental 720 

margin, with fundamental implications for building a better geodynamic history and plate tectonic 721 

reconstruction model, and for the evolution of petroleum systems. We suggest that the integrated 722 

quantitative analysis techniques described in this paper provide useful assistance to high receiver-723 

density wide-angle seismology and deep-long offset reflection seismology for the determination of 724 

ocean-continent transition structure, continent-ocean boundary location and crustal type at rifted 725 

continental margins.  726 

 727 

 728 

 729 
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7. Appendix A - The Mass Deficiency of Serpentinised Exhumed Mantle 730 

Seismic refraction data on the exhumed serpentinised mantle of the IAM9 seismic profile have been 731 

interpreted by Cole et al. (2002) and Skelton et al. (2005) to determine the variation in the degree of 732 

serpentinization with depth. Their results (Figure A1(a)) summarised by Cooper (2010) suggest that 733 

serpentinization approaches 100% in the top 1.5- 2.0km below top basement, but then attenuates 734 

with depth reaching approximately 5% serpentinization at 5km depth. Cooper (2010), following the 735 

scheme of Shelton et al. (2005), determined the variation of density with depth (Figure A1(b)) for the 736 

serpentinized mantle of IAM9 as a function of magnetite content; his preferred density-depth model 737 

uses 4.5% magnetite. 738 

The integrated mass-deficiency of serpentinized mantle with respect to un-serpentinized mantle 739 

assuming 4.5% magnetite content is shown in Figure A1(c) as a function of depth. The plot shows 740 

that the majority of the mass deficiency of serpentinized mantle derives from the topmost 2-3km of 741 

serpentinized mantle, and that the mass deficiency reaches a constant asymptotic maximum (the 742 

degree of serpentinization tends to zero as depth increases). For comparison the mass deficiency of 743 

crustal basement with a density of 2850kgm-3 with respect to mantle (assumed density = 3300kgm-3) 744 

is shown as a function of the depth to the base of crustal basement (i.e. crustal basement thickness). 745 

The plot shows that the mass deficiency of serpentinized exhumed mantle is equivalent to the mass 746 

deficiency of crustal basement with a thickness of 3.1km. 747 

The density of serpentinized mantle is important for both the determination of Moho depth from 748 

gravity anomaly inversion, and also for subsidence analysis to determine lithosphere stretching and 749 

thinning factors. The analysis based on IAM9 summarised above suggests that the gravitational and 750 

isostatic signals of serpentinized exhumed mantle are equivalent to a crustal basement thickness of 751 

approximately 3km. 752 

 753 
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Tables: 944 

 

Crustal 

Thickness 

(km) 

Continental Lithosphere  

Thinning Factors  

(from Gravity Inversion 

 & Subsidence Analysis) 

Residual Depth 

Anomaly (m)                        

*Assuming no mantle 

dynamic topography 

effects for sediment 

corrected RDA 

Assuming 
Normal 

Magmatic 

Assuming 
Magma 
Starved 

Assuming 
Serpentinised 

Mantle 

*RDASC RDACT 

Oceanic Crust 

(normal 

thickness) 

7 1.0 0.8 0.9 Zero Zero 

Oceanic Crust                

(thin crust to 

magma poor) 

0 to < 7 1.0 0.8 to 1 0.9 to 1.0 Negative Negative 

Serpentinised 

Exhumed 

Mantle 

0 to 3 1.0 0.9 1.0 Negative Negative 

Hyper-

extended 

Continental 

Crust 

5 to 10 0.7 - 1.0 0.7 - 0.85 0.7 - 0.95 
Negative 
to slightly 
positive 

Negative 
to slightly 
positive 

Continental 

Crust (within 

necking zone) 

10 to 25 0.3 - 0.7 0.3 - 0.7 0.3 - 0.7 

Slightly 
positive to 

very 
positive 

Slightly 
positive to 

very 
positive 

Continental 

Crust (inboard 

of necking 

zone) 

25 + 0.0 - 0.3 0.0 - 0.3 0.0 - 0.3 
Very 

positive 
Very 

positive 

 945 
 946 
 947 
 948 

 Position in Main text: Close to the table call. In Section 5.  949 

Table 1 – Summary of crustal types encountered along the western Iberian profiles and the 
consequent ranges of crustal basement thicknesses, continental lithosphere thinning factors and 
residual depth anomaly results predicted from the integrated analysis techniques. 
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 950 
ODP Well Description 

1070 Serpentinized peridotite 

897 Serpentinized mantle 

899 Serpentinized breccia 

1069 Carbonates, upper crust 

1068 Serpentinized peridotite (overlain by polymict breccias) 

1067 Amphibolite, Minor Tonalite, Meta-gabbros 

1065 Pre-tectonic sediments (carbonates) over upper crust 

901 Pre-tectonic sediments (carbonates) over upper crust 

 951 
 952 
 953 
 954 
 955 
 Position in Main text: Close to the table call. In Section 5.2 Lusigal 12, subheading 956 

“Comparison with ODP well observations”. 957 
 958 
 959 
 960 
 961 
 962 
 963 
 964 
 965 
 966 
 967 
 968 
 969 
 970 
 971 
 972 
 973 
 974 
 975 
 976 
 977 
 978 
 979 
 980 
 981 
 982 
 983 
 984 

Table 2 – ODP well observations along Lusigal 12 (Boillot et al., 1987; Sawyer et al., 
1994; Tucholke et al., 2007; Whitmarsh et al., 1998; Whitmarsh and Sawyer, 1996). 
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ODP Well Description 

637 Serpentinized peridotite 

640 Syn-rift sediments 

638 Syn-rift sediments 

639 Continental basement 

 985 
 986 
 987 
 988 
 Position in Main text: Close to the table call. In Section 5.3 ISE-01, subheading “Comparison 989 

with ODP well observations”. 990 

 991 

 992 

 993 

 994 

 995 

 996 

 997 

 998 

 999 

 1000 

 1001 

 1002 

 1003 

 1004 

 1005 

 1006 

Table 3 – ODP well observations along ISE-01 (Boillot et al., 1987; Sawyer et al., 
1994; Tucholke et al., 2007; Whitmarsh et al., 1998; Whitmarsh and Sawyer, 1996). 
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Figure 1 - Data used in the gravity anomaly 
inversion, RDA and subsidence analysis for the 
Iberian Abyssal Plain and Galicia Bank. (a) 
Bathymetry (km) (Amante and Eakins 2009).  
Locations of profiles IAM9 (A-A’), Lusigal 12 
(with the TGS extension) (B-B’) and ISE-01 (C-
C’) are indicated. The red dashed line indicates 
the location of the J anomaly (Bronner et al., 
2011; Dean et al., 2000; Whitmarsh et al., 
2001). (b) Free air gravity (mgal) (Sandwell and 
Smith 2009). 
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Figure 2 – Gravity anomaly inversion results. (a) Cross-section from wide-angle seismic data for IAM9 (Dean 
et al. 2000) showing Moho depth. (b) Moho depths predicted from gravity anomaly inversion using 
reference Moho depths of 37.5km, 40km and 42.5km.  Inset shows the calibration of reference Moho 
depth.  Difference (Δ ZMoho) between gravity anomaly inversion predicted Moho and seismic Moho depth 
(Dean et al. 2000) plotted against reference Moho depth.  Calibration of the reference Moho depth gives a 
reference Moho depth of 41km.  (c) Crustal cross section (A-A’) along profile IAM9 constructed using 
bathymetry (Amante and Eakins 2009), 2D sediment thickness (Dean et al. 2000) and Moho depth from 
gravity anomaly inversion.  The red dashed line shows the 7.9kms-1 iso-velocity contour (Dean et al. 2000) 
representing the seismic Moho depth.  The red diamonds indicate the location of the Moho depths, in the 
oceanic domain, used for calibration.  (d) Continental lithosphere thinning factors (γ) predicted from gravity 
anomaly inversion with sensitivities to a ‘normal’ magmatic solution, a magma-starved solution and a 
solution for serpentinised mantle.  
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Figure 3 - (a) Bathymetry and depth to top basement for IAM9 profile. (b) Comparison of the residual depth anomaly 
(RDA) results computed using bathymetry-age predictions from Crosby and McKenzie (C&M) (2009), Parsons and Sclater 
(P&S) (1977) and Stein and Stein (S&S) (1992). (c)  Comparison of uncorrected RDA results with the sediment corrected 
RDA results along IAM9. (d) The sensitivity to oceanic lithospheric age for sediment corrected RDA results examined using 
two approaches: the first uses a constant value of 120Ma for the profile, whilst the second uses Müller et al. (2008) age 
isochrons with their age gradient extrapolated inboard. (e) Sensitivities to the effective elastic thickness (Te) for the 
sediment corrected RDA results. (f) Comparison of sediment corrected RDA and the RDA component from crustal 
thickness variations (RDACT) along IAM9.  (g) RDA corrected for sediment loading and crustal thickness variation. 
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Figure 4 – Subsidence analysis involves the 
conversion of water loaded subsidence into 
continental lithosphere thinning factors, assuming 
McKenzie (1978), and is modified to incorporate 
the isostatic consequence of magmatic addition. 
(a) Bathymetry and depth to top basement for 
IAM9 profile.  (b) Sediment corrected bathymetry 
determined by flexural backstripping of section 
(a).  (c) Water loaded subsidence as a function of 
lithosphere thinning factor (γ) for a ‘normal’ 
magmatic solution.  Initial subsidence (Si) is shown 
in blue, the time dependent thermal subsidence 
(St) is shown in red, the combined total 
subsidence (Si+St) is shown in green and the 
magmatic addition assuming decompression 
melting producing oceanic crust of 7km is shown 
in purple. (d) Water loaded subsidence as a 
function of lithosphere thinning factor (γ) for a 
magma-starved and a serpentinized mantle 
solution.  (e) Continental lithosphere thinning 
factors (γ) from subsidence analysis along IAM9.  
Sensitivities to a ‘normal’ magmatic solution, a 
magma-starved solution and a solution for 
serpentinized mantle are shown.   
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Figure 5 - (a) 2D seismic reflection profile (Sutra 
and Manatschal 2012) for Lusigal 12 (with the TGS 
extension). (b) Crustal cross section B-B’ across 
Iberian Abyssal Plain, from gravity anomaly 
inversion.  ODP well locations are identified and 
colour coded by crustal basement type. (c) 
Continental lithosphere thinning factors (γ) 
predicted from gravity anomaly inversion along 
Lusigal 12. Sensitivities to a ‘normal’ magmatic 
solution, a magma-starved solution and a solution 
for serpentinized mantle are shown.   
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Figure 6 - (a) Bathymetry and depth to top basement for 
Lusigal 12. ODP well locations are identified and colour 
coded by crustal basement type (See ODP well key on 
Figure 5(b)). (b) Sediment corrected RDA and the RDA 
component from crustal thickness variations (RDACT) 
along Lusigal 12.  (c) RDA corrected for sediment loading 
and crustal thickness variations. 
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Figure 7 - (a) Bathymetry and depth to top basement for 
Lusigal 12. ODP well locations are identified and colour 
coded by crustal type (See ODP well key on Figure 5(b)).  
(b) Continental lithosphere thinning factors (γ) from 
subsidence analysis along Lusigal 12. Sensitivities to a 
‘normal’ magmatic solution, a magma-starved solution 
and a solution for serpentinised mantle are shown. 
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Figure 8 - (a) 2D seismic reflection data (from 
UTIG) along profile ISE-01.  (b) Crustal cross 
section (C-C’) along ISE-01 showing Moho depths 
predicted from gravity anomaly inversion, using 
reference Moho depths of 35km, 37.5km and 
40km. (c) Crustal cross section (C-C’) along profile 
ISE-01 using the calibrated reference Moho depth 
of 41km.  The red dashed line shows the 7.0kms-1 
iso-velocity contour and green dashed line shows 
the  7.6kms-1 iso-velocity contour (Zelt et al. 
(2003). ODP well locations are identified and 
colour coded by crustal basement type (See ODP 
well key on Figure 5(b)).  (d) Continental 
lithosphere thinning (γ) from gravity anomaly 
inversion along profile ISE-01. Sensitivities to a 
‘normal’ magmatic solution, a magma-starved 
solution and a serpentinised mantle solution are 
shown. 
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Figure 9 - (a) Bathymetry and depth to top basement for 
the ISE-01 profile. ODP well locations are identified and 
colour coded by crustal basement type (See ODP well 
key on Figure 5(b)). (b) Sediment corrected RDA and the 
RDA component from crustal thickness variations (RDACT) 
along ISE-01. (c) RDA corrected for sediment loading and 
crustal thickness variations. 
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Figure 10 - (a) Bathymetry and depth to top basement 
for the ISE-01 profile. ODP well locations are identified 
and colour coded by crustal basement type (See ODP 
well key on Figure 5(b)).  (b) Continental lithosphere 
thinning factors (γ) from subsidence analysis along ISE-
01. Sensitivities to a ‘normal’ magmatic solution, a 
magma-starved solution and a solution for serpentinised 
mantle are shown. 
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Figure 11 – Composite analysis plot along IAM9, 
showing interpretations of crustal basement types 
made from the integrated quantitative analysis.  
(a) Crustal cross section along profile IAM9 (A-A’) 
from gravity anomaly inversion. The location of 
the J anomaly is indicated in red. (b) Sediment 
corrected RDA along IAM9. (c) Continental 
lithosphere thinning factors (γ) from gravity 
anomaly inversion assuming a magma-starved and 
a serpentinized mantle solution. (d) Continental 
lithosphere thinning factors (γ) from subsidence 
analysis assuming a magma-starved and a 
serpentinized mantle solution. Our interpreted 
boundaries between the crustal zones are 
indicated by the dashed lines.  (e) Comparison of 
our interpreted crustal types with those from 
Dean et al. (2000) and Bronner et al. (2011). 
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Figure 12 – Composite analysis plot along Lusigal 
12, showing interpretations of crustal basement 
types made from the integrated quantitative 
analysis.  (a) Crustal cross section along Lusigal 12 
(B-B’) from gravity anomaly inversion. ODP well 
locations are identified and colour coded by 
crustal type (See ODP well key on Figure 5(b)). (b) 
Sediment corrected RDA along Lusigal 12. (c) 
Continental lithosphere thinning factors (γ) from 
gravity anomaly inversion assuming a magma-
starved and a serpentinized mantle solution. (d) 
Continental lithosphere thinning factors (γ) from 
subsidence analysis assuming a magma-starved 
and a serpentinized mantle solution. Our 
interpreted boundaries between the crustal zones 
are indicated by the dashed lines.  (e) Comparison 
of our interpreted crustal types with those from 
Péron-Pinvidic & Manatschal (2009) and Sutra & 
Manatschal (2012). 
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Figure 13 – Composite analysis plot along the ISE-
01 profile, showing interpretations of crustal 
basement types made from the integrated 
quantitative analysis.  (a) Crustal cross section 
along the ISE-01 profile (C-C’) from gravity 
anomaly inversion. ODP well locations are 
identified and colour coded by crustal type (See 
ODP well key on Figure 5(b)). (b) Sediment 
corrected RDA along the ISE-01 profile. (c) 
Continental lithosphere thinning factors (γ) from 
gravity anomaly inversion assuming a magma-
starved and a serpentinized mantle solution. (d) 
Continental lithosphere thinning factors (γ) from 
subsidence analysis assuming a magma-starved 
and a serpentinized mantle solution. Our 
interpreted boundaries between the crustal zones 
are indicated by the dashed lines.  (e) Comparison 
of our interpreted crustal types with those from 
Sutra & Manatschal (2012) and Dean et al. (2015). 


