


 

 

  

ABSTRACT 

Mechanisms of late-stage rift deformation: evidence from new 3D 

seismic data over the West Iberia margin  

by 

Brian E. Jordan 

I describe a new 3D seismic dataset over the West Iberia margin that demonstrates the 

complex 3D architecture of hyperextended continental crust and exhumed continental mantle at 

the distal edge of the margin. Faulted continental crustal blocks show higher degrees of 

extension in the north than the south. Similarly, pre-tectonic sediments are cut by more small-

scale normal faults in the north. I hypothesize that extension within the frontal basin was 

constrained by basement topography, specifically a small mantle ridge identified at the southern 

extent of the basin that may have obstructed the extension of the continental crustal blocks and 

overlying sediments. Several thrust faults also cut the pre-tectonic sediments and are interpreted 

to be the result of gravity-driven sliding during late-stage extension. After large-scale extension 

of continental crustal blocks, further extensional creep caused small-scale normal faulting of the 

pre-tectonic sediment in the north. 
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1   Introduction 

 Rifted margins serve as geologic archives of continental extension. Seismic imaging is 

typically employed to better understand rift margin morphology, however, imaging continental 

crustal-scale features is challenged in many locations by the widespread occurrence of seismic-

scattering evaporite deposits or thick sedimentary deposits. The West Iberia rift margin lacks 

these features and thus, has been the focus by numerous 2D seismic surveys, which have led to 

the discovery and definition of the magma-poor end-member rifting style (GP [Galice, 1979], 

Lusigal [Beslier et al., 1993], ISE [Sawyer et al., 1997], Discovery [Minshull et al., 1998], and 

IAM-11 [Ranero and Pérez-Gussinyé, 2010]). Although these 2D studies have provided 

invaluable insights into the structural history of the margin, they have not fully resolved the 

details of margin deformation.  

A new 3D seismic survey was carried out in 2013, yielding unique perspectives into the 

complex 3D architecture that exists along this margin. The Galicia3D seismic dataset was 

acquired and processed through prestack time migration (PSTM) to enhance resolution and 

constrain the 3D geometry of major structures in the region, including the margin’s frontal 

region and the transition to exhumed mantle lithosphere. In this study, we specifically interpreted 

the dataset to examine 3D variations and possible interrelation of mantle topography, continental 

crust architecture, and morphology of the overlying sediments. We show that variations in 

mantle topography may have impacted the degree and nature of extension of continental crust 

blocks, as well as the overlying sediments. For the first time, we also reveal the presence of 

frontal thrust faults cutting the overlying sediments, possibly due to late-stage gravity sliding 

near the base of the margin slope.   
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2   Geologic Setting and Previous Work 

The West Iberia margin is a magma-poor passive margin generally thought to have rifted 

in three distinct phases (Murillas et al. [1990]; Péron-Pinvidic et al. [2007]; Tucholke et al. 

[2007]). The first phase occurred in the Late Triassic to Early Jurassic and formed the fault-

bounded Lusitanian and Galicia Interior Basins (Murillas et al. [1990]; Tucholke et al. [2007]). 

The second phase occurred in the Late-Jurassic to Early Cretaceous and continued to develop the 

Galicia Interior Basin, while also extending westward on the Galicia Bank, thinning the 

continental crust in these regions to 15 km [Reston, 2007]. The third phase is responsible for 

thinning continental crust within the Deep Galicia Basin, where our study area lies (Figure 1). 

This phase thinned the crust to the current thickness of < 5 km [Murillas et al., 1990] while 

exhuming the subcontinental mantle lithosphere [Tucholke et al., 2007]. The Deep Galicia Basin 

is characterized by extension along west-dipping normal faults, which sole into a detachment 

fault (Reston et al. [1996]; Reston [1996]). In seismic data, this detachment fault is marked by a 

bright reflector, dubbed the S-Reflector [de Charpal et al., 1978], and serves as the boundary 

between continental crust and sediment above, and serpentinized subcontinental mantle 

peridotite below [Reston et al., 1996]. 

A narrow, approximately north-south oriented ridge with 2-4 km of relief lies just west of 

faulted continental crust and is interpreted as exhumed mantle (Boillot et al. [1980]; Boillot et al. 

[1988a]; Boillot et al. [1988b]; Beslier et al. [1993]; Henning et al. [2004]). Referred to as the 

Peridotite Ridge, this, and similar slightly offset ridges occur along the strike of the West Iberia 

margin [Beslier et al., 1993]. The western extent of exhumed mantle is not recognizable within 

the confines of the study area, but is postulated to be at least 85 km west of the study area [Dean 

et al., 2015]. 
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Figure 1. Galicia 3D seismic 

dataset location. The Galicia 

3D dataset is located within 

the Deep Galicia Basin 270 

km offshore of Iberia. Other 

major basins include the 

elevated Galicia Bank, the 

Galicia Interior Basin and the 

nearshore Porto Basin. 

Contour lines indicate depth 

below sea level. Contour 

interval is 1000 m. 

 

 

The interpretations summarized above were gained from previous surveys of the margin, 

including several 2D seismic datasets (GP [Galice, 1979], Lusigal [Beslier et al., 1993], ISE 

[Sawyer et al., 1997], Discovery [Minshull et al., 1998], and IAM-11 [Ranero and Pérez-

Gussinyé, 2010]), providing researchers with a first-order picture of margin-wide tectonics.  

However, these low-resolution and spatially-limited datasets have left significant questions about 

the nature of deformation in the frontal region, as well as the potential role of interactions 

between the extending crust and underlying mantle. These are questions we are now able to 

address with our 3D seismic volume. 

3   Seismic Dataset 

The Galicia3D Seismic Experiment included the acquisition of a 68.75 km by 20 km 3D 

multichannel reflection seismic dataset during the summer of 2013. The data were acquired on-

board the U.S. National Science Foundation-owned R/V Marcus G. Langseth, operated by 

Lamont Doherty Earth Observatory of Columbia University. The dataset is located at the western 
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extent of thinned continental crust and eastern extent of exhumed mantle lithosphere in the Deep 

Galicia Basin, approximately 270 km west of the southern Spanish shoreline.  

The Langseth was configured with four 6-km-long streamers 200 m apart, and at 12-15 m 

depth. Each streamer contained 468 hydrophones at a 12.5 m group spacing, with a total of 1872 

hydrophones. The seismic sources comprised of two 18-airgun arrays, each 3300 cu in, fired 

alternately every 37.5 m. The sources were 100 m apart at 9 m depth which yielded 8 common 

midpoint lines spaced 50 m apart.  

Data processing was conducted by Repsol and included 12.5 m by 25 m binning, gain 

recovery ([t/250]1.5), low-cut filter, swell noise filter, zero-phase de-signature, linear noise 

attenuation, surface-consistent amplitude correction, 3D Surface-Related Multiple Elimination 

(SRME), radon demultiple, diffracted multiple attenuation, time destripping, 3D regularization, 

PSTM, residual moveout correction, stack, and time variable filtering. 

4   Results 

We first provide an overview of the major domains that occur within the 3D dataset 

(Figure 2), and then focus in on features within the frontal basin. We interpret the top of mantle 

(Figures 2 and 3) using the 3D distribution of the S-reflector, where it is visible, and the contrast 

between chaotic facies below and coherent reflectors above. A major feature in the area is the 

Peridotite Ridge, located near the western extent of the dataset. The Peridotite Ridge, which is 

oriented nearly north-south, ranges in height from 3.2 seconds TWT in the south (where it 

protrudes above the seafloor sediments) to approximately 1 second TWT in the north. 
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Figure 2. Major domains interpreted across the Galicia 3D seismic dataset. Mantle underlies 

westward thinning continental crust, and defines a north-south trending ridge, dubbed the 

Peridotite Ridge, in the western area. Basement structures are buried by pre- and post-tectonic 

sediments, with very little syn-tectonic sediments. 

Continental crust (Figures 2 and 3) thins dramatically from the dataset’s eastern extent to 

the westernmost blocks. The blocks vary in orientation from a mainly northeast-southwest trend 

in the north to a mainly north-south trend in the south. Areas where the mantle is visible between 

the base of interpreted continental crust blocks are indicative of where crustal blocks have 

detached from each other (Figure 2). 

As detailed below, obvious syn-tectonic (e.g. growth) packages are thin and scarce, 

therefore, they are incorporated into the dataset-wide pre-tectonic package of sediment (Figure 

2). The widespread pre-tectonic and syn-tectonic sediments are thickest on the landward sides of 

continental blocks and range in thickness up to 1.6 seconds TWT. Post-tectonic sediments 

(Figure 2) blanket the underlying sediments and are thickest in the basins on either side of the 

Peridotite Ridge. 
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For the purposes of this study, we refer to the westernmost intercrustal basin as the 

frontal basin. The frontal basin narrows from north to south, with its width correlated with the 

degree of separation of continental crust blocks, e.g., detached in the north, but not in the south 

(Figure 3). To characterize the along-strike variations and morphology of crust and mantle 

structures, as well as structures within the overlying sediment within the frontal basin, we display 

four seismic cross-sections sampled from the Galicia3D seismic dataset (Figures 4-7). These 

cross-sections are oriented roughly perpendicular to the strike of thrust faults interpreted within 

the pre-tectonic sediments (Figures 4-6) and have proven to be the best orientation to observe 

structural features within the basin. 

 

Figure 3. Interpreted mantle (green) and crust (brown) across the seismic volume, with the 2D 

seismic section locations noted. Continental crust blocks are numbered, consistent with labels in 

Figures 4-7. The black dashed line encompasses the westernmost intercrustal basin, referred to as 

the frontal basin. The basin width narrows southward between blocks 2b/2c and 3a/3b. 
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4.1  Section A-A’ 

As shown on this cross-section A-A’ (Figure 4), the most prominent bright reflector 

within the 3D dataset is the S-reflector. The S-reflector serves as seismic basement within the 

dataset. It also represents the interface between subcontinental mantle lithosphere below and 

continental crust and sediments above. In Section A-A’, the S-reflector terminates abruptly 

beneath the westernmost interpreted continental crust block, Block 1. 

The reflectors highlighted in dark gray are mostly low- to high-amplitude and continuous 

with a thin (<0.5 sec) basal package of high-amplitude semi-continuous reflectors. We interpret 

these as post-tectonic sediments since they are relatively horizontal and drape across all major 

normal faults creating an obvious angular unconformity throughout the dataset. 

Sediments beneath the angular unconformity are defined by a very thin and discontinuous 

package of syn-tectonic growth sediments (orange), a thick package of continuous and faulted 

sediments (blue), and an indeterminate package of sediments which we were unable to correlate 

(purple; Figure 4). The blue sediments consist of an upper package of mainly high-amplitude 

continuous reflectors that grades into low-amplitude continuous reflectors at its base, overlying a 

package of typically low-amplitude, discontinuous reflectors. The purple package consists of 

high-amplitude semi-continuous reflectors. 

Beneath the sediments, the northern portion of the frontal basin (Error! Reference 

source not found.) is dominated by two crustal blocks (1 and 7). These blocks are completely 

detached from each other by the major normal fault, F1, which soles onto the S-reflector. On this 

section, the S-reflector terminates midway beneath Block 1, although we interpret the 

detachment fault to continue westward at least to the western extent of Block 1. 
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Figure 4. Seismic section A-A’. (See location in Figure 3; continental block numbers correspond 

with those in Figure 3.) Normal faults are marked in red and thrust faults in yellow. The S-

reflector overlies serpentinized mantle peridotite, above which the continental blocks have been 

displaced. Continental crust blocks 1 and 2 are completely separated from one another along the 

S-reflector. Within the frontal basin, the blue sediments maintain a constant thickness and are 

interpreted as pre-tectonic sediments. The thin orange package noticeably thickens eastward and 

is interpreted as syn-tectonic. The interpretation of the purple structures west of these sediments 

is unclear. A large angular unconformity marks the tops of these packages, above which are the 

flat-lying, uniform post-tectonic sediments. 

The blue sediments above Block 1 maintain a uniform thickness with a slight concave-up 

geometry against F1. Both of these observations suggest that the package consists of pre-existing 

(i.e., pre-tectonic) sediments, which were mobilized during normal faulting, resulting in distinct 

drag fold geometries along F1. 
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Within the frontal basin, pre-tectonic sediments are cut by a thrust fault, which appears to 

begin at the base of F1. The thrust fault continues westward over Block 1 and up-section until it 

terminates at an angular unconformity marked by the base of post-tectonic sediments. The pre-

tectonic sediments above the thrust fault are folded into anticlines at 14 and 15.5 km. 

The pre-tectonic sediments are also cut by four normal faults. The two shallowest normal 

faults appear to have slightly lower dips than that of the others, however this is an effect of 

apparent dip for faults that dip to the southwest, i.e., oblique to the west-northwest – east-

southeast trend of the 2D seismic line. Independent of strike, the dip angle for all of the minor 

normal faults is similar whether they occur above or below the thrust fault. 

The indeterminate purple blocks of indistinct reflectors have uniform out-of-plane 

thickness and lie directly adjacent to the pre-tectonic sediments defined in blue; thus, it is likely 

these are also pre-tectonic sediments. However, their structural relationship to the continental 

crust blocks and other pre-tectonic sediments remains uncertain: the sediments within these 

blocks appear to dip to the west-southwest whereas the blue pre-tectonic sediments are either 

nearly horizontal or dip to the east-southeast; reflectors within the purple domain could not be 

definitively correlated to any other packages in the vicinity. In addition, the purple sediments are 

interpreted to be cut by a southeast-dipping normal fault, which may be associated with the 

southeast-dipping underlying mantle topography. 

4.2  Section B-B’ 

Moving toward the middle of the dataset, the structures seen on section B-B’ (Figure 5) 

are similar to those on Section A-A’ (Figure 4). As on Section A-A’, continental crustal blocks 

2a (adjoining block 1) and 5a (adjoining block 7) are completely detached from one another and 

are separated by a major normal fault that soles into the S-reflector. The blue package of 
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sediments overlies Block 2a and is in contact with the S-reflector between the two blocks. The S-

reflector appears to terminate abruptly beneath the eastern portion of Block 2a, although we 

interpret the detachment fault to continue to the western extent of Block 2a along a poorly 

resolved interface between discontinuous reflectors above and chaotic reflectors below. A major 

angular unconformity separates the continental crust blocks and directly-overlying sediments 

from the gray package of flat-lying sediments. 

 

Figure 5. Seismic section B-B’. (Section location is in Figure 3; labels and shading are the same 

as in Figure 4.) Blocks 2a and 5a are completely detached from each other along the S-reflector 

detachment fault. The pre-tectonic sediments (blue) are cut by a thrust fault and minor normal 

faults. The concave-up geometry of strata within the blue package define a drag fold formed by 

displacement along the normal fault bounding Block 5a.  
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The blue package maintains relatively uniform thickness from west to east, and exhibits 

similar concave-up geometries against the major normal fault on the flank of Block 5a. As in the 

A-A’ cross-section (Figure 4), this appears to be the result of drag folding along the normal fault 

during extension, suggesting that sediments within the blue package are pre-tectonic. 

The blue package is cut by a concave-up thrust fault and several minor normal faults. The 

thrust fault can be traced 4 km from Block 4a westward to where it terminates at an angular 

unconformity at the base of the post-tectonic sediments. Reflectors within the blue unit above the 

thrust fault are folded into a 2.5 km-wide anticline centered at approximately kilometer 10.5. 

Five minor normal faults also cut through the blue package. Four of these normal faults have 

similar dip angles while two of them offset the thrust fault plane. 

Further westward, the purple package, abutting Block 2a, sits directly on top of an 

interpreted mantle surface which dips very slightly to the east. Contrary to Section A-A’ (Figure 

4), the purple package is cut by a normal fault dipping to the west, not southeast. 

As interpreted in Section A-A’, the continental crust blocks and overlying pre-tectonic 

sediments are blanketed by the dark gray package of flat-lying post-tectonic sediments, creating 

a major angular unconformity. 

4.3  Section C-C’ 

As we move southward within the dataset to Section C-C’ (Figure 6), the continental 

blocks are still faulted and offset from each other along major normal faults, but they remain in 

contact. Block 2b is offset from Blocks 3a and 5b along a westward-dipping major normal fault 

that soles into the S-reflector. The S-reflector terminates abruptly beneath a small triangle of 

reflectors that appears to define the base of overlying blocks and sediments. We interpret this to 
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be a small mantle ridge. As in Section B-B’ (Figure 5), we interpret the detachment fault to 

continue to the western extent of Block 2b along a poorly-resolved interface between 

discontinuous reflectors above and chaotic reflectors below. 

 

Figure 6. Seismic section C-C’. (Section location is in Figure 3; labels and shading are the same 

as Figure 4.) Blocks 2b, 3a, and 5b are faulted and offset, but not completely separated from each 

other. Again, the blue package shows concave-up strata, likely due to drag during faulting along 

the major normal fault bounding Block 3a, and thus are interpreted to be pre-tectonic. No minor 

normal faults are visible within the pre-tectonic sediments. A thrust fault underlies the pre-

tectonic sediments, which are interpreted to have been offset above Block 2b and the purple 

package. A small ridge of mantle is interpreted under the western half of Block 2b. 
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The blue packages display concave-up shapes against the major normal fault flanking 

Blocks 3a and 5b. As discussed with Sections A-A’ (Figure 4) and B-B’ (Figure 5), we believe 

this is a result of drag folding during displacement along the major normal fault; thus, the 

packages are interpreted to predate the fault and are classified as pre-tectonic. In contrast to the 

northern sections, no obvious minor normal faults are visible along this section within these pre-

tectonic packages. 

A thrust fault was interpreted at the base of the blue package, and also cuts through the 

purple package. Within the purple package, the thrust fault separates the lower, nearly horizontal 

reflectors from the upper, eastward-dipping reflectors. 

As interpreted in the previous sections, a major angular unconformity separates the dark 

gray package of flat-lying post-tectonic sediments from the underlying pre-tectonic sediments 

and continental crust blocks. 

4.4  Section D-D’ 

Section D-D’ (Figure 7) is quite different from the cross-sections described above. The 

most notable feature within this cross-section is the increase in elevation of the small mantle 

ridge, first identified on Section C-C’ (Figure 6) further north, but centered here at kilometer 6. 

Above the western side of the ridge, the purple sediments are faulted by a series of west-dipping 

normal faults. In addition, the frontal basin has narrowed to a width of 2 km at this location near 

the basin’s southern extent (Figure 3). Also, the continental blocks, which appear relatively 

coherent along the northern sections, appear to have been faulted into smaller blocks bounded by 

normal faults, producing a continuous series of half grabens filled with sediments. The half 
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graben basins are blanketed by flat-lying post-tectonic sediments, creating a major angular 

unconformity. 

 

Figure 7. Seismic section D-D’.  (Section location is in Figure 3; labels and shading are the same 

as Figure 4.) The frontal basin is much narrower on this section, and the continental crust blocks 

are incompletely separated, defining a series of half grabens. There is no evidence for pre-

tectonic sediments (yellow) in this section. No normal faults or thrust faults are evident within 

the pre-tectonic sediments. The secondary mantle ridge is much larger in this section than in C-

C’ (Figure 6), measuring 8.5 km wide and approximately 500 ms TWT high. 

4.5  Basin Overview 

As demonstrated in the descriptions above, all of the major features within the frontal 

basin show variations along strike, revealing 3D complexity. For example, crustal blocks are 
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detached from each other in the north, but remain in faulted contact in the south. The degree of 

crustal block extension also correlates with the narrowing of the basin from north to south.  

Furthermore, we recognize the buried small mantle ridge near the south end of the basin, where 

the crust blocks remain in contact. At this location, a minor offset of the basin’s western 

boundary is observed (Figure 8a). 

We recognize thrust faults within pre-tectonic sediments across the length of the basin 

(Figure 8b), suggesting that they formed in association with large-scale block faulting, which 

also occurs throughout. In contrast, the minor normal faults are less uniformly distributed (Figure 

8c), clustering in the northern half of the basin, where the crustal blocks have undergone the 

greatest degrees of extension. 

 

Figure 8. Major features within the frontal basin. Top of mantle is shaded green, top of 

continental crust is shaded brown, small mantle ridge is shaded yellow, and the frontal basin 

outline is dashed in black and relates to the extents shown in Figures 4-7. Seismic section 

locations are marked in white. a) Location of the small peridotite ridge in the south (yellow) 

coincides with a narrowing of the frontal basin to the south. b) Prominent thrust faults within the 

frontal basin (grayscale, lighter in the updip regions). The northern two thrust faults cut pre-

tectonic sediments (Figures 4 and 5) while the southernmost thrust faults occur at the crust-

sediment interface (Figure 6). c) Minor normal faults within the frontal basin (rainbow palette; 

purple at depth, red in shallow reaches). Most of the minor normal faults occur in the northern 

half of the basin, where it is widest. 
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The thrust faults appear to duplicate sediment packages in the northern cross-sections (A-

A’ [Figure 4] and B-B’ [Figure 5]) causing the overall thickness of the pre-tectonic sediments to 

greatly increase when compared to Sections C-C’ (Figure 6) and D-D’ (Figure 7). However, 

when corrected for this effect, the pre-tectonic sediments are still thinner in Section D-D’ (Figure 

7) than the other sections. While increased erosion may have played a small role, this is mostly 

due to the basal package of pre-tectonic sediments (low-amplitude, discontinuous reflectors) 

having thinned out just north of Section D-D’.  

We locate the termination of the S-reflector, which occurs directly beneath interpreted 

continental crust blocks. While the S-reflector terminates beneath the westernmost continental 

crust block throughout most of the frontal basin (Figures 4-6), the termination migrates eastward 

in the southern cross-section of the frontal basin (D-D’; Figure 7). 

Lastly, we find that the indeterminate purple blocks also have a complex 3D distribution. 

The purple packages always abut the westernmost continental crust block and pre-tectonic 

sediments, however, they are faulted by several sets of normal faults likely associated with 

underlying mantle topography. Although there doesn’t appear to be mantle topography in 

Section B-B’ (Figure 5) where the purple package is deformed by a west-dipping normal fault, 

mantle topography is evident in Sections A-A’ (Figure 4) and D-D’ (Figure 7). In Section A-A’ 

(Figure 4), the purple package is located along a southeast-dipping mantle slope and is deformed 

by one southeast-dipping normal fault, whereas, in Section D-D’, the purple package is deformed 

by a series of west-dipping normal faults atop the western side of the interpreted small mantle 

ridge. 
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5   Discussion 

The Galicia3D seismic volume reveals a structurally complex region composed of 

sedimentary rocks, continental crust blocks, and exhumed mantle lithosphere beneath the 

blanketing post-tectonic sediments. Some previously-unknown features have been resolved at the 

toe of the continental crust extensional regime, including: (1) a small mantle ridge at the 

southwestern edge of the frontal basin, which may have influenced crustal extension, (2) 

spatially-varying degrees of extension within the continental blocks, correlated with variations in 

mantle topography, (3) thrust faulting within the pre-tectonic sediments, and (4) locally-abundant 

minor normal faulting within pre-tectonic sediments. 

Previous studies have constrained a southern extent to the Peridotite Ridge, while also 

identifying additional ridges to the southeast of the Peridotite Ridge (Beslier et al. [1993]; 

Henning et al. [2004]). On ISE-15, an east-west oriented 2D seismic profile approximately 17 

km south of the Galicia3D dataset, Henning et al. [2004] identified two concurrent mantle 

ridges, referred to as Peridotite Ridge and R3, a ridge just to the east of Peridotite Ridge. R3 does 

not continue northward into the Galicia3D dataset as evidenced by its absence in ISE-2, an east-

west oriented 2D seismic line just south of the Galicia 3D dataset (Henning et al. [2004]; 

Leythaeuser [2004]); however, we interpret a smaller mantle ridge east of the Peridotite Ridge in 

the southern portion of the Galicia3D dataset. 

Previously, Ranero and Pérez-Gussinyé [2010] interpreted such a feature on seismic line 

IAM-11, a 2D line oriented approximately east-west. The location where they interpret an 

elevated, faulted block of mantle intersects the Galicia3D dataset between our A-A’ and B-B’ 

cross-sections; however, section B-B’ stands as a good analog as to what they were able to see. 

The upper limit of the faulted mantle block interpreted by Ranero and Pérez-Gussinyé [2010] is 
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coincident with the top of the purple package between 4-7 km distance along the B-B’ profile 

(Figure 5). Within the higher-resolution Galicia3D dataset, the purple package has clear parallel 

semi-continuous reflectors that we interpret to be sedimentary rocks, not mantle. 

The improved resolution of mantle topography provided by the 3D seismic dataset, along 

with distribution of crustal blocks, reveals a more complex 3D basement morphology that may 

have played a significant role in the final stages of crustal extension. In particular, the small 

mantle ridge we interpret in the south may have obstructed westward extension of the continental 

crust blocks in the southern frontal basin. An offset of approximately 1.3 km occurs on the 

western boundary at the northern extent of the small mantle ridge (Error! Reference source not 

found.a). North of the offset, Blocks 1 and 7, as well as 2a and 5a are completely separated from 

each other along the S-Reflector. This gap measures 1.5 km just north of the comparable 1.3 km 

boundary offset. We suggest that the newly identified small mantle ridge in the southern frontal 

basin impeded displacement of crustal block 2b relative to those found to the east, preventing the 

extent of block separation observed in the north. Thus, sediments are not found in direct contact 

with the S-reflector in this region. The ridge obstruction may also have played a role in the 

distribution of minor normal faults in the overlying sediment. Minor normal faults are only 

observed in the northern portion of the frontal basin where the crustal blocks were not subject to 

this impediment, and accommodated greater extension than to the south. The sediments appear to 

have undergone similarly higher levels of extension in this region (Error! Reference source not 

found.c). Additionally, we find that the purple sediments (Figure 4-7) may be responding to 

mantle topography as well. On Section A-A’ (Figure 4), the sediments are offset by a southeast-

dipping normal fault soling onto a southeast-dipping mantle slope. Just south, on Section B-B’ 

(Figure 5), the mantle slope flattens dramatically, but slopes very slightly to the east. Here, the 
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purple reflectors are offset by an east-dipping normal fault soling onto the mantle surface. 

Finally, above the small mantle ridge in Section D-D’ (Figure 7), the purple reflectors are cut by 

a series of west-dipping normal faults soling onto the mantle slope. 

Above the crustal blocks, we deemed the blue package from Figures 4-7 to be pre-

tectonic sedimentary rock based on the lack of stratal thickening indicative of syn-tectonic 

deposition (e.g., growth strata). The observed drag fold geometries also suggest that these 

sediments have been sheared during block displacement along the major normal faults. Although 

the blue and purple packages in Figures 4-7 appear to be distinctly different (e.g. separated by a 

bright reflector), we believe the purple package is also pre-tectonic sediment because of the lack 

of visible growth strata. This classification, however, poses a structural problem because the two 

packages exist side-by-side without obvious evidence of a fault interface separating them. 

We postulate that the thrust faults seen within pre-tectonic sediments are the result of 

downslope contraction related to gravity sliding during continental crust extension (Figure 9). 

Nearing the end of extension along the margin, the westernmost continental crust block was 

faulted along a major normal fault (Figure 9a). The fault developed as concave down through the 

pre-tectonic sediments. This fault geometry, as well as internal shearing and small-scale 

deformation, caused drag folding of the pre-tectonic sediments along the major normal fault. As 

a simultaneous response to drag folding, gravity slides occurred, causing downslope contraction 

and uplift along thrust faults (Figure 9b). After extension, the uplifted sediments, along with the 

upslope major normal fault interface, were eroded and blanketed with post-tectonic sediments 

(Figure 9c). In the Galicia3D dataset, laterally continuous thrust faults are easily interpreted 

within well-bedded pre-tectonic sediment (Figures 4-6) and likely represent the downslope 

contractional event. Linking downslope contraction to upslope extension is not uncommon along 
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passive margins with high sediment influx [Rowan et al., 2004]; however, this is likely the first 

time it has been recognized at this small scale and within a sediment-starved setting. We 

postulate that these features may be present in other sediment-starved passive margins, as well. 

Gravity slides of this nature would have occurred in the direction of crustal block 

movement; thus, thrust faults at the toe of gravity slides would strike perpendicular to crustal 

block movement. If we measure the corresponding movement direction at each of the thrust 

faults, we find the movement to have occurred to the northwest at the northern two thrust faults 

in the frontal basin and to the west at the southern pair (Figure 8b). These directions indicate a 

change in direction of extension at the northern extent of the small mantle ridge. 

The minor normal faults are thought to have been generated after thrusting. The normal 

faults appear to offset the thrust fault in Section B-B’ (Figure 5). In addition, the normal faults 

exhibit consistent dips across the region, whereas subsequent thrusting would have rotated pre-

existing faults into more variable orientations; thus, we argue that the upper faults were not back-

rotated. Although folding above thrust faults (Figure 5) also favors normal faulting, these faults 

would generally be limited to the crest of the fold where we have not interpreted normal faults. 

These observations suggest that there might have been ongoing extensional creep within the 

basin after gravity sliding and thrusting. As previously mentioned, the creep would have been 

limited to the northern portion of the basin while the movement of southern continental blocks 

were obscured by the small mantle ridge. 
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Figure 9. Extension of the westernmost continental crust block and associated faulting. a) 

Hypothesized configuration of the westernmost continental crust block and overlying pre-

tectonic sediments near the end of margin extension. Black lines indicate the orientation of 

bedding. The dashed red line is the location of the future major normal fault. b) The westernmost 

block is cut by and offset along a major normal fault. Sediments are deformed into a drag fold 

along the normal fault during extension. Gravity sliding of these sediments causes uplift along 

the yellow thrust fault. c) The pre-tectonic sediment surface is eroded and post-tectonic 

sediments are deposited. 
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6   Conclusions 

Taking advantage of the 3D constraints and higher resolution afforded by the newly-

acquired and processed 3D seismic dataset, we have interpreted the detailed 3D architecture of 

the frontal region of the Galicia margin, revealing previously unrecognized features within the 

mantle, extended continental crust, and overlying sediments. Our interpretations in the frontal 

basin vicinity reveal a small mantle ridge at the southwestern edge of the basin, which likely 

influenced the degrees of extension within the continental blocks. We also recognize finer-scale 

structures within the pre-tectonic sediments, including thrust faults and minor normal faults. 

These structures occur predominantly in the northern part of the region, where extension appears 

to have been greatest. 

We postulate that the small mantle ridge obstructed extension of continental blocks in the 

southern portion of the basin as evidenced by greater separation of the westernmost blocks north 

of the small ridge than those that abut the ridge. Sediments immediately above the crustal blocks 

are interpreted as pre-tectonic and are cut by thrust faults and normal faults. The thrust faults are 

interpreted as the toe of a gravity slide induced by elevated sediments that were dragged along 

the major normal fault plane. The minor normal faults were created afterwards during a period of 

extensional creep. Since the minor normal faults are only observed north of the small mantle 

ridge, we believe the mantle ridge continued to obstruct crustal block extension in the south 

during the period of extensional creep. 
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