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ABSTRACT 

 

Geophysical investigation of the subsurface through seismic refraction and 

reflection methods provides an efficient and non-invasive means towards addressing 

geologic problems across multiple scales. Both seismic techniques, in an active-source 

exploration setting, involve inducing acoustic waves into the subsurface and measuring 

their propagation velocities and amplitudes. These measurements have physically-based 

relationships with the properties of the underlying strata, thus allowing changes in the 

seismic measurements to be interpreted with respect to changes in the subsurface geology. 

Two applications of the seismic method are presented in this dissertation: (1) shallow 

seismic refraction acquisition and processing applied to the near-surface investigations of 

soil and regolith, which constitute the Critical Zone (CZ), beneath the upland hillslopes of 

the Valles Caldera, New Mexico; (2) interpretation of 2-D and 3-D marine seismic 

reflection data that image the upper 10-km of the crust beneath the Southern Guinea 

Plateau, offshore Guinea, West Africa. In both cases, the seismic data provide necessary 

constraints for the generation of accurate subsurface models that permit further geophysical 

modeling. The near-surface results, presented in Appendix A, provided a rich dataset of 

weathered thicknesses across hillslopes that supported an investigation of potential 

relationships between CZ geologic architecture and topographic attributes. Quantified 

relationships suggest that calibrated predictions based on the topography can provide first-

order estimates of regolith thickness across upland landscapes. These results add to the 

ongoing CZ-science endeavor to understand proposed links between subsurface 

weathering processes and their surface expressions. In Appendix B, interpretations of high-

resolution 3-D seismic data have illuminated deformational structures associated with 
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Mesozoic rifting of the Southern Guinea Plateau. The interpretations were expanded onto 

regional 2-D seismic profiles, permitting a regional synthesis of the southern margin’s 

structural evolution. Additional tectonic subsidence and forward-gravity modeling 

highlight the influence of Jurassic rifting on the Southern Guinea Plateau prior to Early-

Cretaceous rifting and separation, as well as crustal thickness estimates from the 

continental shelf out towards oceanic crust. Lastly, the Guinea-Demerara conjugate 

plateaus, and their associated deformations, were restored to 100 Ma, revealing an apparent 

upper-crustal asymmetry between the two margins. Appendix C presents two seismic-

exploration methodologies based on 3-D seismic reflection data: (1) the calculation and 

interpretation of two co-rendered volumetric seismic attributes – most-positive curvature 

and semblance; (2) numerically modeling the tectonic subsidence of an entire 3-D seismic 

survey. Both techniques are used to address the inherent difficulty in interpreting the extent 

to which Jurassic rifting affected the Southern Guinea Plateau. Furthermore, the numerical 

model of subsidence provides a new exploration technique towards qualitatively and 

quantitatively assisting in the assessment of potential hydrocarbon-bearing basins. 
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INTRODUCTION 

 The scientific pursuits of geology, at their most fundamental level, are built upon 

accurate models of the Earth that may span anywhere from the global scale – where 

investigations are focused at scales on the order of 100’s to 1000’s of kilometers, down to 

the scale of the near surface – where the investigation may be limited to relationships across 

a few meters or less. This precondition provides inherent value towards the application of 

geophysical exploration tools that illuminate both large- and small-scale subsurface 

changes in geology that are otherwise difficult to resolve. 

Numerous geophysical surveying methods exist, including gravitational, magnetic, 

electrical, and electromagnetic. However, none of those can match the detail and resolution 

capabilities, nor the versatility, of seismic refraction and reflection surveying methods 

(Kearey et al., 2013). In both active-source seismic refraction and reflection exploration 

efforts, where the seismic source is artificially generated, the amplitudes and travel-times 

of the propagating acoustic wave fronts are recorded at receiver stations that are planted on 

the surface of the earth (for terrestrial studies) or are suspended just beneath the surface of 

the water (for marine studies). Seismic refraction studies, in particular, exploit a common 

subsurface relationship between increases in seismic velocities with increasing subsurface 

depths. Although this relationship is a somewhat simplistic generalization, it permits the 

interpretation of the subsurface into broad “layers” based on appreciable changes in seismic 

velocities with depth. In contrast, seismic reflection studies thoroughly utilize information 

contained within the magnitudes of recorded seismic amplitudes, which are the result of 

acoustic reflections at the boundaries of subsurface rocks of varying elastic properties 

(Sheriff and Geldart, 1995). As such, interpretation of seismic reflection data is more 
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appropriate when the investigation requires precise mapping of subsurface strata with 

varying ages, lithologic compositions, densities, porosities, and pore fluids in order to 

decipher the geologic history of the area. 

In this dissertation, two geologic investigations within two different study sites are 

addressed with the assistance of seismic interpretations made from either seismic refraction 

or reflection data. The scale of investigations (i.e. subsurface depths and areal extents) are 

substantially different across the two study sites;  however, in both cases the seismic data 

provide crucial constraints for the generation of accurate subsurface models, which 

ultimately facilitate further geophysical modeling and analyses in order to address 

underlying scientific questions. The following paragraphs provide a brief introduction to 

the significance of the two studies and are followed by a summation of the work and key 

findings contained within three attached appendices. 

Near-surface seismic-refraction study 

Over the last five to ten years, ongoing interdisciplinary research has facilitated the 

development of a broader scientific understanding and quantification of the thin outer 

veneer of the Earth’s surface, also known as the “Critical Zone” (Brantley et al., 2007; Lin, 

2010; Chorover et al., 2011; Bales et al., 2016). The Critical Zone (CZ), which extends 

from the top of the vegetation canopy down to the subsurface depths containing fresh 

groundwater, contains a complex system of coupled physical, biological, and chemical 

processes that sustain nearly all aboveground terrestrial life, including humanity (Bales et 

al., 2016). The holistic pursuit of CZ science is to develop a theory that describes the past 

and present evolution of the CZ in order to predict, or “earthcast”, the environment of the 
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future, with particular emphasis on the potential to slow or reverse anthropogenic 

environmental degradation in a sustainable fashion (Godderis and Brantley, 2013).   

An essential precondition for developing testable process-based models of CZ 

evolution is a firm understanding of the variability in CZ geologic architecture throughout 

landscapes (Riebe et al., 2017). In this endeavor, seismic refraction methods provide 

significant advantages towards generating subsurface models compared to traditional 

methods, such as drilling and pit excavation, which are limited by their prohibitive costs 

and disruption of the landscape’s natural evolution. The problem of mapping changes in 

CZ thickness is well suited for seismic refraction methods because the base of the CZ 

typically corresponds to the subsurface lithological transition into fractured, but otherwise 

unweathered bedrock (Riebe et al., 2017). This transition can be seismically identified by 

either absolute seismic velocities (if velocities of the bedrock are known) and/or 

appreciable increases in velocities resulting from the transmission of seismic waves from 

weathered bedrock into/onto unweathered bedrock. Additional layers within the CZ, such 

as the soil and saprolite layers, can also be identified using seismic velocities if calibrations 

and sufficient seismic resolution are available. 

Constraints on the depths to unweathered bedrock are important for calibrating 

proposed links between deep CZ structure and the surface of the Earth (Anderson et al., 

2013; Rempe and Dietrich, 2014; Slim et al., 2015; St Clair et al., 2015). Furthermore, an 

improved predictive ability of subsurface weathered thicknesses ranging from the 

hillslope-to-regional scale continues to be a highly sought-after endeavor in order to satisfy 

the need for realistic input data into process-based models (Pelletier et al., 2016). 

Topographic attributes, such as slope gradient and slope aspect are previously recognized 
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controls on the thickness of weathered materials (e.g. Carter and Ciolkosz, 1991; Anderson 

et al., 2011); however, the results are variable and lack a comprehensive process-based 

formulation. Therefore, extensive subsurface weathered thicknesses measured using 

shallow seismic-refraction techniques can provide further opportunities to analyze the 

degree to which the variability of the surface topography relates to the processes causing 

weathering in the deep subsurface. The potential implications are far-reaching because 

high-resolution topographic data is more readily available than seismic refraction data, thus 

providing a basis for constraining weathered thickness input data at locations beyond those 

with directly measured values. In the first study of this dissertation, an application of these 

methods is developed towards quantifying and predicting subsurface weathered 

thicknesses across hillslopes contained within the upland landscapes of the Valles Caldera, 

New Mexico. 

Upper-crustal seismic-reflection study 

 Marine seismic exploration is a fairly young field with extensive operations first 

appearing in 1944 when exploration geophysicists began seismically imaging salt domes 

offshore Louisiana (Sheriff and Geldart, 1995). The field continues to be dominated by 

petroleum companies because of the large capital investment required to collect and 

process marine seismic data. As a result, the petroleum industry has assimilated large 

databases that document the structural and stratigraphic styles of offshore basins across the 

globe. On the other hand, academic marine geophysical research programs have 

traditionally focused their efforts and resources towards providing information on the 

crustal and lithospheric configurations of tectonically active rifts, paleo-rifts, and passive 

margins (Ziegler and Cloetingh, 2004). In both cases, observations made in the seismic 
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data continue to provide examples that drive the discussion concerning the dynamic 

processes governing passive margin evolution. 

 The Atlantic Ocean, which represents the most-studied passive margin system in 

the world, is often divided into a northern segment (i.e. region between Europe and North 

America), a central segment (North America and Northwestern Africa), and a southern 

segment (South America and West Africa) based on time of rifting and separation. Plate 

tectonic reconstructions based on paleomagnetism and dated syn- and post-rift deposits 

constrain the opening of the Central Atlantic at Middle-Late Jurassic (Klitgord and 

Schouten, 1986), the Southern Atlantic during the Early Cretaceous (Moulin et al., 2010), 

and the Northern Atlantic near the Cretaceous-Paleogene boundary (Jolley and Bell, 2002). 

Comprehensive studies that summarize the stratigraphy, structure, and tectonics of 

extensively imaged and drilled sections from each segment have illuminated major along-

strike variations in Atlantic Ocean passive margin evolution (Skogseid et al., 2000; 

Davison, 2005; Brownfield and Charpentier, 2006; Beglinger et al., 2012 and references 

therein). Furthermore, new high-quality seismic profiles throughout the Atlantic are 

beginning to show considerable asymmetry between conjugate deepwater rifted margins 

(e.g. Santos-Campos and Angola Basins - Unternehr et al., 2010), which in turn are causing 

new high-resolution thermo-mechanical models to arise and challenge conventional 

models of passive margin rift evolution (Brune et al., 2014).   

 Despite recent findings and successes, the Guinea Plateau, a major continental shelf 

extending ~ 400 km offshore Guinea, West Africa remains an underexplored and enigmatic 

passive margin within the Atlantic Ocean (Fig. 1). The reasons for this are puzzling, as the 

Guinea Plateau is situated at a critical juncture within the overall framework of Atlantic 
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Ocean development. Plate reconstructions show that the southernmost extent of the Central 

Atlantic Ocean terminated at the Guinea Fracture Zone, resulting in the north-south 

oriented western margin of the Guinea Plateau (also referred to as the Northern Guinea 

Plateau) being formed during the Middle-Late Jurassic; meanwhile, the east-west oriented 

southern margin (Southern Guinea Plateau) did not form until the Early Cretaceous. 

Moreover, rifting and formation of the Southern Atlantic Ocean began at the southernmost 

tip of Africa and South America, subsequently progressing northwards until finally the 

Southern Guinea Plateau and its conjugate Demerara Plateau (offshore French Guiana, 

South America) rifted apart and a through-going seaway between the Southern and Central 

Atlantic Oceans developed. Therefore, beyond exploring for new hydrocarbon reservoirs, 

studying the Guinea Plateau’s rifted evolution provides insights on a unique set of 

structures and tectonics derived from two separate and independent phases of rifting. In 

addition, research on the Guinea Plateau adds to a growing body of knowledge for Atlantic 

Ocean rift dynamics based on case studies of seismically imaged and interpreted margins. 

 In the second paper of this dissertation, recently acquired 2-D and high-resolution 

3-D seismic reflection data collected along the Southern Guinea Plateau and released to the 

University of Arizona by Hyperdynamics Corporation are used to characterize the rift 

margin’s evolution. Details are presented on the margin’s stratigraphy (tied to two 

exploration wells) and structure, with particular emphasis on the Cretaceous rift event, 

based on extensive 2-D and 3-D seismic interpretation. In addition, forward-gravity and 

tectonic subsidence modeling are completed in order to characterize the tectonic evolution 

of the margin. Lastly, a synthesis of the results is compared to published findings of the 

conjugate Demerara Plateau, and the implications therein are discussed. 
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In the third paper, the lingering question concerning the extent to which deeply-

buried Jurassic faults pervaded the Southern Guinea Plateau is addressed. Two 

methodologies are developed that take advantage of the extensive ~7800 km2 3-D seismic 

reflection dataset. The first method involves the computation and co-rendering of two 

volumetric seismic attributes, most-positive curvature and semblance, in order to develop 

a robust series of interpreted faults that surpasses the breadth of justifiable interpretations 

using only traditional methods. The second method involves building a numerical model 

that computes tectonic subsidence histories for the entire region contained within the 3-D 

seismic reflection dataset. The model produces 3-D “surfaces” that show the evolution of 

the heterogeneous tectonic subsidence across the region, which assists in the identification 

of regions most affected by pre-rift Jurassic faulting, while also providing additional 

information on individual basins of interest for hydrocarbon investigations. 

 

SUMMARY OF WORK 

 The research presented in this dissertation demonstrates the utility of seismic 

refraction and reflection data and interpretation techniques towards the identification of 

subsurface geologic conditions. In each study, this process generates a constrained earth 

model from which additional physical relationships and modeling are analyzed in order to 

make predictions and further characterize the area under investigation. The detailed 

methods, results, and conclusions from each study are contained within three attached 

appendices. The nature of the studies are interdisciplinary and thus involved discussions 

with several collaborating scientists in order to strengthen their impact. A brief summary 
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of the primary findings from each study is presented here as a preface to the discussions 

contained within the appendices. 

In Appendix A, shallow seismic refraction data were collected and processed in 

order to image soil and regolith thickness (i.e. weathered column spanning from the surface 

down to unweathered bedrock), which is synonymous with CZ thickness, to define CZ 

architecture across hillslopes in the upland landscapes of the Valles Caldera, New Mexico 

(Fig. 2). A total of six vertical-component, 2.5-m spacing, seismic refraction survey 

transects were collected within the three principal watersheds of the region, in addition to 

a seventh transect where soil-pit data were available for calibration purposes. Survey 

locations and orientations were chosen to image the hillslopes along the direction of 

maximum slope gradient, i.e. where soil and regolith thickness is expected to vary most, 

and also to corroborate and test independent isotopic studies that previously demonstrated 

higher mean water residence times on north-facing watersheds in the Valles Caldera 

(Broxton et al., 2009; Zapata-Rios et al., 2015). Using tomographic inversion on first-break 

travel-time data, x, y, z (distance, elevation, velocity) profiles were generated for each 

transect, providing a mechanism to infer soil and regolith thicknesses based on calibrated 

seismic velocities for soils and unweathered bedrock. 

 Quantified relationships between topography and inferred soil and regolith 

thicknesses were resolved using multivariable regression analysis with three topographic 

attributes: slope gradient, aspect, and topographic wetness index (TWI: a measurement of 

the convergence or divergence of topography); each attribute being computed from a high-

resolution 1 m/pixel LiDAR digital elevation model. The results show that both soil and 

regolith thickness vary inversely with TWI for all surveys, while varying directly with 
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north-facing topography, and inversely with slope gradient in the majority of the survey 

areas. Using an empirical model based on power-law relationships, inferred thicknesses 

were fit with coefficients of determination as high as R2-equal to 0.880 for soil and 0.831 

for regolith in areas with significant topographic variations. Given the good model fits, a 

first-order predictive model for regolith thickness variations across the entire uplifted 

landscape of the Valles Caldera was developed (Fig. 3). Resultant regolith thickness 

predictions range from 5 – 50 m across hillslopes and show generally thicker values 

underneath north-facing slopes with gentle gradients. In addition to suggesting a link 

between the topography and deep-CZ architecture, the resolved thickness values provide 

data-input constraints for other present and future CZ studies in the region, which is part 

of the Catalina-Jemez Critical Zone Observatory. 

 Appendix B presents an analysis of the rifted Southern Guinea Plateau’s evolution 

based on the interpretation of high-quality depth-migrated 2-D and 3-D seismic reflection 

data provided to the University of Arizona by Hyperdynamics Corporation (Fig. 1). Prior 

to this study, the Southern Guinea Plateau was considered to be a mysterious margin with 

little-to-no exploration history. Previous exploration-related studies by Benkhelil et al. 

(1995), Jones and Mgbatogu (1982), and Mascle et al. (1986) presented only secondary 

interpretations about the Southern Guinea Plateau as their data primarily imaged areas to 

the north (Northern Guinea Plateau) or south (Sierra Leone). Furthermore, their seismic 

data were collected in the 1980s and early 1990s and are rather dated compared to the 2-D 

and 3-D seismic reflection data collected from 2011-2014 and presented in this study. By 

way of interpretations made in the 2-D and 3-D seismic data, tied to two exploration wells, 

a detailed regional seismic stratigraphic column is produced. In addition, interpreted 
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seismic profiles are presented that provide insights into the massive listric-style 

deformation and punctuated volcanism that characterize the margin’s Early-Cretaceous 

rifted evolution. Furthermore, extrapolation of interpretations from the 3-D data onto the 

regional 2-D seismic profiles resulted in regional maps of rift-related deformation and 

unconformities, highlighting a transition in deformation towards the western portion of the 

margin formed during Jurassic rifting of the Central Atlantic Ocean.    

 A synthesis of the results elicits four key findings with respect to the Southern 

Guinea Plateau: (1) the margin’s structure exhibits a transtensional genesis, with listric-

style deformation in the east that transitions into transtensional and even reverse faulting 

towards the west. (2) Restoring the Guinea Plateau and Demerara Plateau margins back to 

100 Ma, shortly after continental breakup and formation of a through-going oceanic 

accretionary axis, highlights considerable differences in interpreted deformational 

structures (Fig. 4). An absence of comparable volcanic features, listric faulting, and half 

grabens on the conjugate Demerara Plateau (Basile et al., 2013) provides evidence of yet 

another example of asymmetrically-rifted passive margins in the Atlantic Ocean, albeit of 

a different fashion than the hyper-extended asymmetrical margins found offshore Brazil-

Angola and Iberia-Newfoundland (Brune et al., 2014). (3) Backstripping and subsidence 

analyses of the Southern Guinea Plateau reveal the influence of a multi-rift history on its 

evolution. (4) Crustal thickness estimates from forward-gravity modeling and computed 

stretching factors derived from tectonic subsidence curves closely agree beneath the shelf 

and shelf-slope break; however, the two estimates diverge towards the ocean-continent-

transition (OCT). The cause for this remains uncertain, and likely will not be resolved until 
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additional data such as wide-angle ocean-bottom refraction images and deep-sea drill cores 

provide high-resolution illumination of the Moho and lithological data across the OCT.  

 Appendix C builds on results and discussions presented in Appendix B through the 

adaptation and development of two basin-exploration techniques. First, a methodology 

outlined by Chopra and Marfurt (2010) that involves the computation and interpretation of 

two co-rendered volumetric seismic attributes, most-positive curvature and semblance, is 

adapted towards the problem of identifying Jurassic rift faults beneath the Southern Guinea 

Plateau. The results show that this approach provides a robust solution for mapping deeply-

buried faults that are difficult, if not impossible, to consistently map in vertical profile view. 

Second, this study develops a numerical model that calculates the tectonic subsidence 

history at a grid of points across the entire 3-D survey. The result is a suite of high-

resolution surfaces that display the heterogeneous tectonic subsidence history of the entire 

region. Qualitatively, the surfaces permit the identification of various basins within the 

survey and an assessment of their evolution within the context of the concurrent regional 

geology. Meanwhile, the underlying quantitative values provide potential input data for 

further basin-modeling studies, such as heat flow modeling or crustal thickness estimations.  

 A major highlight of the results is the tectonic subsidence surface computed at 110 

Ma (Fig. 5, bottom). At this time, extension from the Cretaceous rift event was in its 

infancy, and two important conclusions are made: (1) the subsided region to the northwest 

overlaps with the furthest extent of interpreted Jurassic rift faults identified using the 

aforementioned volumetric seismic attributes technique; therefore, it is inferred that 

Jurassic faulting affected the Guinea Plateau for ~300 km to the east of the Northern Guinea 

Plateau margin, inducing favorable conditions for the deposition of a large carbonate shelf 
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that makes the Guinea Plateau the broad marginal feature observed today. (2) The Baraka 

Graben, the half graben bounded by the Baraka Fault, was a localized zone of considerable 

subsidence early in the Southern Guinea Plateau’s evolution. As such, consideration of the 

Baraka Graben’s early evolution with respect to the Aptian-Albian Oceanic Anoxic Event 

(~110 Ma; Schlanger and Jenkyns, 1976) suggests that greater accumulations of organic-

rich source rocks may have been able to persist within the graben in comparison to the 46-

m-thick interval drilled in the GU-2B-1 well located on the shelf.  
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FIGURES 

 

Figure 1. (Top) Present-day geodynamic setting of equatorial segment of the Southern 

Atlantic Ocean. The Guinea Plateau (G.P.) and Demerara Plateau (D.P.) are outlined along 

West Africa and South America, respectively. (Bottom) Contoured bathymetric map of the 

Guinea Plateau showing locations of seismic data presented in Appendix B (red lines and 

outlines). The purple and yellow circles show the locations of wells and pseudo-wells. The 

inset in the bottom-right highlights the often referred to divisions of the Southern Atlantic 

Ocean. 
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Figure 2. Shaded relief map of the central upland landscape of the Valles Caldera, New 

Mexico, including Redondo Mountain (black triangle) at circa 1.25 Ma in age, and its three 

prominent watersheds. Outlined in the bottom left is the younger Banco Bonito rhyolite 

flow (40 ± 5 ka in age), with the location of the explosion pit we used as a calibration site. 

The inset to the bottom right shows the locations of Los Alamos and the Valles Caldera 

within northern New Mexico. 
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Figure 3. (A) Map of predicted regolith thickness generated using regression coefficients 

computed from an aggregation of the data. Red and white shades represent thicker regolith, 

typically shown beneath ridgetops, while yellow and green shades represent thinner 

regolith, typically beneath hillslopes and the valley bottoms. (B) Complementary map of 

regolith thickness uncertainty. The results were generated by subtracting a minimum 

regolith thickness map from a maximum regolith thickness map computed via minimum 

and maximum thickness regression coefficients. In general, resultant regolith thickness 

values have up to a ~25% uncertainty at any specific location. 
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Figure 4. Late Albian (100 Ma) plate-reconstruction diagram showing interpreted 

deformation associated with rifting of the Demerara-Guinea Plateau. Note the distinct 

asymmetry in upper-crustal faulting and volcanism between the conjugate margins; no 

large-scale listric faults and volcanics have been reported on the Demerara margin, yet 

those characteristics are what define the Southern Guinea Plateau. 
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Figure 5. Surfaces of the 

Southern Guinea Plateau 

tectonic subsidence at 

different times during its 

tectonic evolution. For the 

110-Ma (bottom) and 100-

Ma (middle) surfaces, 

regional-scale Cretaceous 

faults (black lines) are 

superimposed for location 

purposes. The area of high 

(1.0 – 1.5 km) subsidence in 

the northwest region of the 

110-Ma surface represents 

the area of the margin 

underlain by Jurassic 

faulting. The Baraka Graben 

represents a significant 

basin through time, into 

which considerable 

sediments (up to 4-km 

thick) have accumulated.  
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ABSTRACT 

How rock is weathered physically and chemically into transportable material is a 

fundamental question in critical-zone science. In addition, the distribution of weathered 

material (soil and intact regolith) across upland landscapes exerts a first-order control on 

the hydrology of watersheds. In this paper we present the results of six shallow seismic-

refraction surveys in the Redondo Mountain region of the Valles Caldera, New Mexico. 

The P-wave velocities corresponding to soil (≤ 0.6 km s-1) were inferred from a seventh 

seismic survey where soil-thickness data were determined by pit excavation. Using 

multivariable regression, we quantified the relationships among slope gradient, aspect, and 

topographic wetness index (TWI) on soil and regolith (soil plus intact regolith) thicknesses. 

Our results show that both soil and regolith thicknesses vary inversely with TWI in all six 

survey areas and varying directly with slope aspect (i.e. thicker beneath north-facing 

slopes) and inversely with slope gradient (i.e. thinner beneath steep slopes) in the majority 

of the survey areas. An empirical model based on power-law relationships between regolith 

thickness and its correlative variables can fit our inferred thicknesses with 𝑅2-values up to 

0.880 for soil and 0.831 for regolith in areas with significant topographic variations. These 

results further demonstrate the efficacy of shallow seismic refraction for mapping and 

determining how soil and regolith variations correlate with topography across upland 

landscapes.   
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1. INTRODUCTION  

Soil and regolith thicknesses exert a fundamental control on the hydrologic 

behavior of watersheds (e.g. Bertoldi et al., 2006; Gochis et al., 2010; Lanni et al., 2013). 

As such, improving our understanding of and ability to predict soil and regolith thicknesses 

and how they vary across upland landscapes is a key goal of critical-zone science. 

Numerous models have been developed that predict the thickness of soil across complex 

upland (i.e. soil over bedrock) landscapes using high-resolution topographic data as input 

(e.g. Heimsath et al., 1997; Pelletier and Rasmussen, 2009; Tesfa et al., 2009; Catani et al., 

2010; Nicotina et al., 2011; Liu et al., 2013). More recent work has elucidated the controls 

on the development of the weathered bedrock zone below the soil by topographically 

induced fracturing (Slim et al., 2014; St. Clair et al, 2015), chemical weathering (Lebedeva 

et al., 2010), and water-table dynamics (Rempe and Dietrich, 2014).  

 In this paper we use the term soil to refer to the disaggregated/augerable material 

and intact regolith as the fractured and partially weathered but consolidated/mechanically 

strong material below the soil and above fractured but unweathered bedrock (Soil Survey 

Staff, 1999). Soil depth defined in this way is equivalent to the depth to the paralithic 

contact. This approach differs somewhat from some geomorphic studies (e.g. Anderson et 

al., 2013) that define soil only as the unconsolidated material actively being transported 

down the slope. This transport-related definition of soil leads to thicknesses that are, in 

some cases, somewhat less than soil depths defined via the depth to the paralithic contact. 

Defining soil via a transport rather than a strength criterion is appropriate for many 

scientific questions. However, if the focus of the study is the role of soil in rainfall-runoff 

partitioning and hydrologic flow paths, it makes sense to define soil via a strength criterion 
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(which tends to vary inversely with porosity and permeability (e.g. Chan, 2006)) rather 

than a transport criterion.   

 The goal of this paper is to provide new constraints on the thickness of soil and 

regolith in Redondo Mountain, New Mexico using seismic-refraction techniques. A key 

motivation for this work is the fact that isotopic studies have demonstrated systematically 

higher mean water residence times on north-facing watersheds of Redondo Mountain 

(Broxton et al., 2009; Zapata-Rios et al., 2015). One hypothesis for this trend is that north-

facing watersheds have thicker soils and/or regolith compared to south-facing watersheds. 

To test this hypothesis, it is necessary to constrain soil and regolith thicknesses in Redondo 

Mountain and how they vary as functions of topographic attributes (e.g. slope gradient, 

aspect, and topographic wetness index (TWI)).  

 Slope gradient and slope aspect are both recognized controls on the thickness of 

soil and intact regolith (e.g. Carter and Ciolkosz, 1991; Anderson et al., 2011), but there is 

no comprehensive process-based understanding of why this is so. Generally, soils and 

intact regolith are both thinner in steeper landscapes, as erosion rates increase faster than 

physical weathering, depleting the reservoirs of stored soil and weathered bedrock on the 

landscape. How slope aspect controls soil and intact regolith thickness is less clear, but 

likely involves an increase in soil production rates on north-facing slopes due to decreased 

rates of evapotranspiration and hence greater water availability, at least in water-limited 

environments such as the southwestern U.S. 

 Many previous studies have documented relationships among slope aspect and 

variations in topography and/or soil thickness in the western U.S., but the results defy 

simple interpretation. Some studies have documented steeper north-facing hillslopes (e.g. 
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Pierce and Colman, 1986; Branson and Shown, 1989; Istanbulluoglu et al., 2008; Poulos 

et al., 2012; West et al., 2014) while other studies have documented steeper south-facing 

hillslopes (e.g. Naylor and Gabet, 2007; Burnett, 2008; Poulos et al., 2012).  Poulos et al. 

(2012) recently developed a method for quantifying hillslope asymmetry at regional-to-

continental scales. These authors showed that in the western U.S., north- and west-facing 

hillslopes are steeper, on average, compared with south- and east-facing hillslopes. 

However, they also documented a shift in hillslope asymmetry in the Idaho Batholith from 

steeper north-facing hillslopes at elevations below 2000 m a.m.s.l. to steeper south-facing 

hillslopes in areas above 2000 m a.m.s.l.  In addition, Poulos et al. (2012) observed a shift 

in the orientation of hillslope asymmetry at latitudes above 49°N, with south-facing 

hillslopes becoming steeper than north-facing hillslopes above this threshold latitude. This 

reversal in hillslope asymmetry may be the result of present-day variations in soil 

production and/or erosion mechanisms with climate variations or of past glacial activity 

(Poulos et al., 2012). In this paper we test the hypothesis that soil and regolith are thicker 

on north-facing slopes (all else being equal) of Redondo Mountain, New Mexico.   

 In addition, TWI (Beven and Kirkby, 1979), which is a measure of the convergence 

or divergence of topography, is a proven topographic attribute for characterizing the spatial 

distribution of zones of surface saturation (Moore et al., 1993) and, therefore, provides a 

quantitative measure for the relationship between weathering and water availability 

(Heimsath et al., 1997; Catani et al., 2010; Lebedeva et al., 2010). Although Iverson et al. 

(2004) found that TWI measurements showed stronger correlations with deeper rather than 

shallower soil moisture measurements, the present-day literature lacks discussion 

regarding correlation strength between TWI and regolith thickness. However, Rempe and 
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Dietrich (2014) have proposed a quantitative model in which the depth to the water table 

controls regolith thickness. TWI is inversely related to  the depth to the water table (i.e. 

depth to the water table is generally higher beneath ridgetops and lower beneath valley 

bottoms while TWI has the opposite trends with topographic position). As such, the Rempe 

and Dietrich (2014) model suggests that regolith thickness may be a function of TWI, with 

thicker zones of regolith beneath hillcrests (low TWI) and thinner zones beneath valley 

bottoms (high TWI).  

 Shallow seismic refraction acquisition has emerged as an important tool for 

investigating the structure of soil and regolith. Four recent studies have demonstrated the 

usefulness of this technique. Befus et al. (2011) documented aspect-driven differences in 

regolith thickness in the Boulder Creek watershed in Colorado. These authors found that 

north-facing slopes displayed much deeper weathering profiles than their south-facing 

counterparts. They noted greater moisture retention promoted by denser vegetation cover 

and longer-lasting snowpacks. They conjectured decreased solar insolation may be the 

driving force behind this difference in weathering depths. Clarke and Burbank (2011) used 

multiple short seismic refraction arrays to quantify bedrock-fracture density based on 

reductions in the seismic velocity of fractured versus intact regolith. More recently, 

Holbrook et al. (2014) and St. Clair et al. (2015) used seismic refraction and resistivity data 

to estimate variations in regolith thickness and porosity across four U.S. study sites. Their 

results show that regolith thickness is greatest on the ridges and thinnest beneath the valley 

bottoms, ranging from ~ 40 to 10 m, respectively. In addition, these authors showed, using 

a rock physics model, that thickness and porosity variations in regolith can be inferred, 

ultimately allowing the minimum water storage potential of the subsurface to be estimated. 
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Building on these studies, we use shallow seismic refraction results to constrain our 

proposed model for predicting soil and regolith thicknesses from present-day topography.  

 

2. STUDY AREA 

The Valles Caldera formed ~1.25 Ma in north-central New Mexico, where it is part 

of the Jemez Mountains Volcanic Field (Goff et al., 2006a). The caldera includes Redondo 

Mountain (Fig. 1), a resurgent dome made up mostly of the Tshirege member of the 

Bandelier tuff, and many smaller, interior rhyolitic domes that erupted along the caldera 

ring fracture between ~1.2 Ma and 0.5 Ma (Goff et al., 2006a, Goff et al., 2006b, Phillips 

et al., 2007).  

 The modern climate in the Valles Caldera is sub-humid with approximately half of 

the annual precipitation falling during convective monsoonal storms during the summer 

months and the other half falling as snow in the winter (Muldavin and Tonne, 2003, 

Broxton et al., 2009). Average high temperatures at nearby Los Alamos, NM (2231 masl) 

vary from approximately 27°C in the summer months to 4°C in the winter months 

(Muldavin and Tonne, 2003). Average annual precipitation is approximately 46.7 cm at 

nearby Los Alamos, but it is estimated that this value increases to approximately 90 cm at 

the rim of the Valles Caldera (Muldavin and Tonne, 2003). The soils within the Valles 

Caldera range from shallow Andisols, Alfisols, and Inceptisols in the uplands to deep 

Mollisols in the valleys (Muldavin and Tonne, 2003). 

 Redondo Mountain is divided into three primary catchments: La Jara, History 

Grove, and Jaramillo that together cover approximately an area of 10 km2 (Fig. 1). The 

Jaramillo catchment has a predominantly northern aspect (58% of total catchment aspect). 
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In contrast, the History Grove and La Jara catchments have predominantly eastern terrain 

aspects at 59% and 70%, respectively (Zapata-Rios et al., 2015). Conversely to lower 

elevation catchments in central New Mexico that display greater biomass on north-facing 

terrains (Gutiérrez-Jurado et al., 2013), the three catchments on Redondo Mountain 

consists of similar forest coverage with Jaramillo containing the least (72.4%) compared 

to History Grove (74.9%) and La Jara (81.2%). Our seismic transects are seven in total, 

consisting of one upper and one lower profile within each catchment (Fig. 2), and one 

north-south profile within Banco Bonito (Fig. 1), a 40 ka rhyolite flow. The Banco Bonito 

data was used as a calibration for soil thickness because soil thicknesses were previously 

published for this site by Pelletier et al. (2011).  

  

3. METHODS 

3.1 Seismic Data Acquisition and Processing 

We collected seven shallow seismic refraction surveys (six on Redondo Mountain 

(Fig. 2), one on Banco Bonito) from June 5th, 2012 – June 11th, 2012. The data were 

collected within a single week in order to minimize changes in moisture content. Geophone 

and source locations were separated by 2.5 m and 12.5 m, respectively (along each survey 

transect). A Real-Time Kinematic GPS system was used to determine the coordinates and 

elevations of each source and receiver station. Seismic data were recorded with multiple, 

linked, 24-channel Geometrics seismographs, typically utilizing 48 to 96 channels 

connected to 40-Hz single-component geophones. Most often, an 8-kg sledgehammer was 

used as the impulsive source. Where terrain permitted, we used a 40-kg accelerated weight-

drop source to generate seismic impulses by striking a 15 x 15 x 1.5 cm 10-kg plate. We 
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summed the response of ten impulses at each source location to improve the signal-to-noise 

ratio. 

 Raw data were first loaded into Landmark’s SeisSpace® ProMAX® software, 

where we input survey geometries and manually picked first-break arrivals. Three of our 

seismic transects (Lines A, C, and E; Fig. 2) contained either a sharp bend or gradual curve 

in their profile orientations in order to follow maximum topographic gradients of their 

slopes. For this reason, first-break picks from source to receivers, which crossed a 

significant change in profile orientation, were discarded in order to avoid including data 

that sampled subsurface materials off the profile. Fig. 3 shows an example shot gather and 

first-break picks from each seismic transect. The data are generally of high quality, 

providing confidence in our first-break arrival travel time picks. First-arrival times were 

then input into SeisImager/2D software (OYO/Geometrics) and inverted for velocity-depth 

profiles of the subsurface. Using tomographic inversion, we discretized our starting 

models, consisting of continuous vertical velocity gradients, into cells of constant velocity 

1-m wide and 0.5-m high near the surface, ultimately increasing to 2-m high at the lowest 

boundary. For each transect, a total of 28 starting models with minimum velocities 

spanning 0.25 – 0.4 km s-1 and maximum velocities spanning 2.0 – 5.0 km s-1, partitioned 

into increments of 0.5 km s-1, were computed in order to test the sensitivity of the inversion 

to the starting model. Ray tracing from each source to receiver produced synthetic travel 

times. The inversion minimized the L2-norm between observed and predicted data using 

an iterative non-linear least-squares method for a maximum of 10 iterations. Minimal 

horizontal smoothing, but no vertical smoothing, was applied during the inversions to 

combat small-wavelength noise from influencing the final results. Fig. 4 shows the 
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observed and predicted first-break travel-time curves for Lines A-F and an example of the 

ray-tracing coverage and velocity uncertainties for Line D. The ray tracing diagram shows 

that the inversion resolved only a few ray paths that reached velocities > 4.0 km s-1, a 

consistent result for all of the seismic-refraction profiles in this study. The final inversions 

resulted in velocity-depth profiles that provide the basis for determinations that are used in 

further analyses of topographic attributes on soil and regolith thickness discussed below. 

3.2 Multivariable Regression  

In order to quantify the role of topography on soil and regolith thicknesses, we 

performed multivariable regression analyses based on the following empirical model, 

ℎ(𝜃, 𝛼, 𝜆) =  ℎ0 (tan𝜃)
𝑎(cos(35 − 𝛼) + 1)𝑏 𝜆𝑐                                                                     (1) 

expressed linearly as, 

log(ℎ) = log(ℎ0) + 𝑎 log(tan 𝜃) + 𝑏 log(𝑐𝑜𝑠(35 − 𝛼) + 1) + 𝑐 log 𝜆                            (2) 

where h is thickness (m), ℎ0 is the regression intercept, θ is slope (degrees), α is aspect 

(azimuth), 𝜆 is topographic wetness index (TWI), and a, b, and c are parameters determined 

by least-squares analysis. We took the tangent of the slope to convert it into slope gradient 

(m/m), and also transformed our aspect measurements from degrees to a non-negative scale 

(using the cos function and adding 1 in equations (1) and (2)) with limiting values of 2 for 

N35°E and 0 for S35°W. We analytically determined the 35°-clockwise rotation by 

averaging the largest 𝑅2-value over a range of 0-60° rotations in increments of one degree 

computed for each line of our data. Equation (1) is not the only possible mathematical 

formulation that could describe the relationship among soil/regolith thicknesses and slope 

gradient, aspect, and TWI, but it has the advantage of being general (i.e. it uses power-law 
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relationships that have the flexibility to characterize linear or non-linear dependencies) and 

relies on a relatively small number of free parameters.  

Slope gradient and aspect measurements coincident with seismic transects were 

extracted from bare-earth LiDAR-derived 1 m/pixel Digital Elevation Models (DEM) 

produced by the National Center for Airborne Laser Mapping (NCALM). The DEMs were 

smoothed using a 5 m x 5 m rectangular focal filter prior to computing slope gradient and 

aspect maps in order to remove small-scale variations in the topography without 

compromising the shape of the landscape at the hillslope scale. Our TWI values, however, 

were computed from a 3 m x 3 m smoothed DEM using the equation: 

𝜆 =  ln (
𝑎

tan 𝛽
)                                                                                                                                (3) 

where a is unit contributing area in m (i.e. the contributing area divided by the pixel width) 

determined using the D-infinity algorithm of Tarboton (1997) and β is local slope angle  

(Beven and Kirkby, 1979). TWI takes on high values in convergence zones (e.g. streams) 

and low values at divergence zones (e.g. peaks). Additional 5-m smoothing was employed 

on the TWI maps in order to remove noise at the small scales where pits and mounds 

associated with tree throw predominate.   

One goal of our analyses was to quantify whether any particular topographic 

variable best explained variations in the underlying soil and regolith thicknesses. 

Therefore, we normalized our regression coefficients using the Bring (1994) definition: 

𝑩𝒊 = �̂�𝑖 (
𝑠𝑖
𝑠𝑦⁄ )                                                                                                                               (4) 

where 𝑩𝒊 is the normalized regression coefficient, �̂�𝑖 is the standard regression coefficient, 

and 𝑠𝑖 and 𝑠𝑦 are the standard deviations of the independent and dependent variables, 

respectively. Normalizing our coefficients in this manner puts all our variables in units of 
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standard deviations, removing the effect of variously scaled units among the independent 

variables. Note that the normalized regression coefficients were used for interpreting our 

results (relative magnitudes), but not in the predictive modeling (Equation (1)) itself. 

3.3 Calibration for Seismic Interpretation 

In order to interpret our tomographic velocity-depth results in terms of soil 

thickness, we calibrated them against the measured thicknesses of soil in five pits (i.e. 1 m 

x 2 m areas excavated until refusal using digging bars, augers, and shovels) studied by 

Pelletier et al. (2011). The soil pits were dug within a 120-m-diameter explosion pit 

(formed by outgassing during the flow event) located in a rhyolitic lava flow adjacent to 

Redondo Mountain known as Banco Bonito (Fig. 1)). We surveyed across the explosion 

pit coincident with the five N-S-trending soil pits. The results in Fig. 5 show that the 

excavated soil-pit depths correlate to a P-wave velocity transition from approximately 0.4 

km s-1 to 0.6 km s-1. Therefore, we inferred P-wave velocities ≤ 0.6 km s-1 to be 

representative of soil in all our survey sites. Since the study area lies in a protected area, 

soil pits were not excavated along the other profiles. However, the Banco Bonito pits 

provide our best analog for soils developing under similar climatic and weathering 

conditions as the hillslopes on Redondo Mountain. Uncertainties in the soil thicknesses 

were computed by adding and subtracting the standard deviation of the 0.6 km s-1 velocity 

contour beneath each station and computing the difference in depth (e.g. Fig. 5). 

 At present, no boreholes containing seismic velocity measurements of the bedrock 

(Bandelier Tuff) spatially coincident with our seismic surveys exist. However, Dey and 

Kranz (1988) measured density, porosity, P-wave velocity, and S-wave velocity using a 

core sample from the VC-1 core, drilled within Banco Bonito, that drilled through 
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approximately 100 m of unweathered Bandelier Tuff buried ~200-300 m below the surface 

(Table 1). The core sample was taken at a depth of 244 meters; the sample was later dried 

and subjected to simulated in-situ stress conditions, and one vertical directional and two 

orthogonal (but otherwise unoriented) horizontal directional ultrasonic-velocity 

measurements were made. These reported P-wave velocity measurements provide some 

constraints to the basis upon which we interpret the (velocity) transition from intact regolith 

into the underlying unweathered bedrock. However, because the core sample is measured 

with ultrasonic frequencies while being subjected to greater confining stresses (at 244 m 

depth) than the bedrock probed by our exploration seismic frequencies at shallower depths 

(< 60 m), the core sample is not a direct measurement of the Bandelier Tuff probed by our 

seismic surveys. Thus, we analyzed velocity-depth profiles beneath receiver stations along 

our transects, and used the Dey and Kranz (1988) velocity measurements as a range (i.e. 

2.54 – 4.12 km s-1) within which we can expect the transition into unweathered bedrock to 

occur. In particular, we postulate that the depths where the velocity gradient is steepest 

(within 2.54 – 4.12 km s-1) represents the transition into more consolidated, less weathered 

rock. The top of Fig. 6 shows a suite of velocity-depth profiles that span the length of Line 

A. Within each profile, we marked the depth of the onset of the steepest velocity gradient 

between 2 and 4 km s-1. In addition, the bottom of Fig. 6 shows the onset depth every 12.5 

m across the entire transect. We noted that most of the strong breaks occurred between 2.54 

km s-1 and 3.37 km s-1. With this result being consistent across all of our lines (A – F), we 

inferred that the transition from the base of the intact regolith into unweathered bedrock 

occurs at the depth of the 2.95 km s-1 (i.e. the average of 2.54 and 3.37) velocity contour 

(solid-black line, Fig. 6) plus or minus the difference in depths associated with the 2.54 km 
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s-1 and 3.37 km s-1 velocity contours (dashed-black lines, Fig. 6). As a result of this analysis, 

we posit that the 4.12 km s-1 velocity reported in Dey and Kranz (1988) was measured 

along a particularly fast direction using standard ultrasonic frequencies in a standard, very 

small sample taken at ~200 m depth greater than the bedrock probed in our surveys. Our 

seismic results, which were obtained with several different orientations with respect to the 

tuff unit, do not show large variations in velocity and do not indicate a distinct directional 

dependence for faster or slower velocities. Even so, if we include the 4.12 km s-1 velocity 

in our averaged velocity, we get a value of 3.34 km s-1, which, while only indicating a 

minor increase in our regolith thickness values, still falls within the range of our error bars.  

 

4. RESULTS 

4.1 Seismic Tomography 

Fig. 7A (top) shows the velocity inversion and standard deviation (bottom) depth 

sections for upper La Jara (Line A). The upper La Jara drainage represents the broadest 

valley within our study and is located near the headwaters of the drainage basin. The profile 

transitions from Bandelier Tuff into the Tshicoma Formation at the valley bottom; 

however, we do not see a notable change in subsurface velocity across the geologic contact. 

Thus, it is difficult to unequivocally interpret this transition based on the tomographic-

velocity results alone. Therefore, in the absence of complementary geophysical data (e.g. 

gravity and/or magnetic), and measured sonic or empirical velocities of the Tshicoma 

Formation, we maintain our interpretation of the transition from unweathered into 

weathered bedrock (discussed section 3.3) to report inferred regolith thicknesses across the 

profile. The resulting regolith thicknesses average approximately 49 ± 10 m for the 
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southwest-facing slope and 42 ± 6 m for the northeast-facing slope, with 27 ± 4 m beneath 

the valley bottom. These values appear high compared to other studies based on crystalline 

bedrock (Holbrook et al., 2014; St. Clair et al., 2015); however, this region of Redondo 

Mountain is strongly faulted and therefore likely highly fractured, potentially resulting in 

greater weathering and slower seismic velocities at depth. Soil thicknesses are uniformly 

thin across the entire transect, averaging 1 ± 1 meters.   

The inversion results for the lower La Jara profile (Fig. 7B, top) are a product of a 

shorter (117.5 m), straight (22°, NNE - SSW) survey that consists only of Upper Bandelier 

Tuff parent material and is located near the terminus of the watershed. The inversion shows 

3 ± 1 m and 2 ± 1 m mean thickness soils for the northeast- and southwest-facing slopes, 

respectively, with soils that thin to values beneath 1 meter in the valley bottom. Similarly, 

mean regolith thicknesses are 17 ± 2 m and 10 ± 2 m for the northeast- and southwest-

facing slopes, respectively, and 8 ± 2 m beneath the valley bottom.  

 The History Grove inversion results represent another pair of transects surveyed 

across a south-facing drainage. However, this drainage is narrower and steeper than the La 

Jara drainage and the parent material beneath the transects is characterized solely by Upper 

Bandelier Tuff. The upper History Grove profile (Fig. 8A) contains a prominent thick 

weathering profile, with mean soil thicknesses of 6 ± 2 m and 7 ± 2 m for the southeast- 

and southwest-facing slopes, respectively, and 5 ± 1 m beneath the valley bottom. Regolith 

thicknesses display greater relative differences, with mean thicknesses of 27 ± 4 m and 37 

± 7 m for the southeast- and southwest-facing slopes, respectively, and 25 ± 6 m beneath 

the valley bottom. 
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Inversion results for the lower History Grove profile (Fig. 8B) are characterized by 

steep velocity gradients beneath the southwest-facing slope and valley bottom. At the 

surface, loose angular rocks form a scree slope, consistent with the near zero soil thickness 

at that location (18.0 ≤ x ≤ 27.5; Fig. 8B). Mean soil thicknesses are 2 ± 1 m and 1 ± 1 m 

for the northeast- and southwest-facing slopes, respectively, and less than a meter beneath 

the valley bottom. Meanwhile, mean regolith thicknesses are 12 ± 2 m and 11 ± 2 m for 

the northeast- and southwest-facing slopes, respectively, and 5 ± 1 m beneath the valley 

bottom. 

 Results for the upper Jaramillo profile, characterized by an area overlain entirely 

by Quaternary landslide deposits, are shown in Fig. 9A. The results suggest the landslide 

deposits make little difference in the soil and regolith thicknesses relative to the other 

profiles in this study. Specifically, the mean soil thicknesses for the northwest- and 

southeast-facing slopes are 5 ± 1 m and 1 ± 1 m, respectively, while mean regolith 

thicknesses are 27 ± 9 m and 34 ± 5 m, respectively, and 24 ± 6 m beneath the valley 

bottom. Thus, we interpret that the landslide deposits do not extend indefinitely with depth, 

and when the velocities reach values of 2.5 km s-1 and greater, it suggests a transition to 

underlying unweathered Bandelier Tuff. 

Inversion results for the lower Jaramillo profile (Fig. 9B) represent the lowest 

elevation survey (excluding Banco Bonito) completed in this study. Significant low vertical 

velocity gradients resolved in the inversion resulted in large uncertainties (error bars; Fig. 

9B) at depth. Mean regolith thicknesses are 42 ± 8 m for the east-facing hill and 36 ± 10 m 

for the west-facing hill, and 36 ± 6 m beneath the valley bottom. Mean soil thicknesses are 

thin throughout, resulting in 1 ± 1 m across the entire transect. 
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4.2 Regression Analyses 

Standard multivariable regression results for soil and regolith thicknesses are 

presented in Table 2. The results were computed from slope gradient, slope aspect, TWI, 

and soil/regolith thickness beneath each station. Soil and regolith thicknesses beneath each 

station were computed using the methods discussed in section 3.3, above. Overall, the soil 

regression results (Table 2, top) indicate a negative correlation between soil thickness and 

slope gradient (i.e. steeper topography has thinner soils) for four of six profiles, while five 

of six profiles showed a positive correlation between thickness and slope aspect (i.e. north-

facing slopes have thicker soils). All six profiles show a strong negative correlation with 

TWI, unequivocally stating that soils are thinnest in the valley bottoms where water is 

converging. 𝑅2-values are variable amongst profiles, spanning 0.269 – 0.880, with an 

average of 0.467. The normalized soil regression coefficients show TWI as the dominant 

control, followed by slope gradient and, lastly, slope aspect. 

 The regolith regression results shown in Table 2 (bottom) show that two of six 

profiles contain a negative correlation between regolith thickness and slope gradient, while 

four of six profiles show a positive correlation with slope aspect, and again all six profiles 

display a negative correlation with TWI. The 𝑅2-values are higher than for the soils, 

ranging from 0.406 – 0.831 with an average of 0.511. The normalized regolith coefficients 

show that TWI and aspect have the largest correlation with regolith thickness. Fig. 10 

shows each of the six Redondo Mountain cross sections with seismically picked soil and 

regolith thicknesses as well as their predicted depths determined from regression analysis. 

The plots make it evident that the model is incapable of predicting short-wavelength 

variations in thickness (e.g. regolith thickness decrease between distances 20 m and 40 m 
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along Line D). However, the primary goal is to predict mean soil or regolith thicknesses 

for which small-wavelength variations are relatively secondary; the model is capable of 

consistently predicting thicker soils for less-steep surfaces and thicker weathered 

bedrock/regolith thicknesses for areas with a low TWI and northerly-facing topography.  

 In order to make landscape-scale predictions of soil and regolith thickness across 

the entire Redondo Mountain region, we aggregated all of our data and performed the same 

regression analysis. The resulting coefficients (Equation 1) for regolith are ℎ0 =

4.748, 𝑎 (slope) =  −0.638, 𝑏 (aspect) = 0.027, and 𝑐 (𝑇𝑊𝐼) =  −1.333. Fig. 11A 

shows the resulting regolith thickness map. In addition, a map of uncertainty in thickness 

(Fig. 11B) was also computed using regression coefficients determined from the minimum 

and maximum thicknesses as described earlier. Note that results along the tops of peaks, 

such as Redondo Peak, should not be considered reliable since none of our transects 

traversed hillcrests. Nevertheless, the predicted values along hillslopes and beneath valley 

bottoms provide the most reliable estimate of regolith thicknesses in the region to date. 

 Aggregated coefficients for soil thickness were also computed; however, the 

resulting coefficients failed to explain more than ~20% of the variation in thickness. In 

addition, the results showed a positive correlation with slope, suggesting soil thickness is 

greatest beneath steep slopes. This is fundamentally incorrect (e.g. Fig. 7B and 8B), and 

instead is the result of including the inferred thin soils beneath the valley bottoms in the 

analysis. Thin soils beneath valley bottoms suggest that thin soils correlate with shallow 

slope gradients. There is no distinction between hillslopes and valley bottoms in the 

empirical model. We tested this hypothesis by incorporating the curvature of the landscape 

in order to remove soil thickness data beneath valley bottoms (i.e. removed stations with 
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small slope gradients and negative curvature). Removal of ~35% of our data was required 

in order to resolve a negative correlation between slope gradient and soil thickness. For 

this reason, we defer the prediction of soil thicknesses at the landscape scale for another 

study that either removes valley bottoms entirely, or employs a model capable of 

accounting for the different processes of soil development occurring beneath hillslopes and 

valley bottoms. 

 

5. DISCUSSION 

Our study of six transects across upper and lower sections of three different 

drainages illuminates the variability in soil and regolith thicknesses throughout a 

mountainous landscape. The seismic profile locations and their orientations were chosen 

in order to image the hillslopes along the direction of maximum slope gradient, i.e. along 

transects parallel to soil-water transport where soil and regolith thickness can be expected 

to vary most. This approach is geomorphically robust; the advantage is that the transect can 

resolve the subsurface architecture of the hillslope along the direction of maximum 

weathering and erosion. The disadvantage to this approach is that arrivals recorded across 

the drainages have bottoming points which may lie off the transect. Restricting such 

arrivals tends to reduce the depth of resolution near the valley bottoms. For our data, this 

issue was most significant for the inversion of Line E, where the bend in the profile was 

sharp (~ 30°) and the valley bottom was narrow. For lines A and C, however, the bends 

were not as abrupt and the valley bottoms were not as narrow. For this reason, we were 

able to include more of the first-break picks closer to the transect bends. In all cases, no 

data from stations for which a straight-line path from source to receiver deviated more than 
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2.5 m (one station interval) from the azimuth of the transect were used in the inversions. 

Recently published work that imaged regolith thickness variations across hillslopes and 

valley bottoms in other regions showed that regolith thickness decreases beneath valley 

bottoms, often to ~10 meters (Holbrook et al., 2014; St. Clair et al., 2015). Our ray paths 

sampled to depths of at least 10 meters (or more) near the profile bends, suggesting that 

our restricted ray paths beneath the valley bottoms were adequate to reasonably constrain 

regolith thicknesses in the valley bottoms. 

Our soil-regression results complement previous process-based geomorphic 

models (Heimsath et al., 1997; Pelletier and Rasmussen, 2009) that indicate soil 

thicknesses are dominantly controlled by their inverse correlation with hillslope curvature 

(i.e. steeper slopes have thinner soils). We tested the addition of curvature to our model, 

but it did not provide an additional predictive advantage beyond TWI. In addition, we 

tested the substitution of curvature for TWI and found a decrease in the ability of the model 

to fit our soil and regolith thicknesses. For these reasons, we did not include curvature as a 

predictive parameter. Our results show a negative correlation between TWI and inferred 

soil thicknesses, which suggests that soil thicknesses decrease beneath valley bottoms and 

increase beneath hilltops. This is not consistent with process-based models, and is a 

consequence of our inferred soil thicknesses consistently decreasing beneath valley 

bottoms. The decreases in soil thicknesses beneath valley bottoms may indeed be a correct 

result; however, the soil thicknesses are inferred from seismic velocities that are subject to 

the potential effects of water saturation within the lowest parts of the valleys. Saturation of 

pore spaces with water will increase the propagation velocities of seismic waves traveling 

through soils to velocities above 0.6 km s-1, generally resulting in diminished inferred soil 
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thicknesses. Thus, complementary in-situ resistivity data is recommended in order to 

support soil thickness measurements beneath valley bottoms. Along the hillslopes, 

however, water saturation is less of a factor because the soils tend to drain under the 

influence of gravity. Our hillslope results show that inferred soil thicknesses exhibit a 

negative correlation with slope gradient and a positive correlation with slope aspect. The 

slope aspect results support the hypothesis that north-facing hillslopes are characterized by 

relatively thicker soils within the same drainage due to decreased solar insolation; however, 

we did not find thicker soils throughout the north-facing (Jaramillo) watershed relative to 

the south-facing History Grove and La Jara watersheds. Generally, soil thicknesses on the 

northwest-facing slope of the upper Jaramillo profile (Line E) are comparable to the 

thickest soils inferred in this study (i.e. ~5 meters). 

 Our regolith regression results (Table 2, bottom) show generally positive 

correlations with slope gradient and the cosine of slope aspect and negative correlations 

with TWI. The aspect results are similar to the results of Befus et al. (2011), who found 

consistently thicker regolith on north-facing slopes. One possible reason for the negative 

correlation between regolith thickness and TWI is that regolith thickness is controlled, in 

part, by the depth to the permanent water table as proposed by Rempe and Dietrich (2014). 

In the Rempe and Dietrich (2014) model, regolith develops only in the unsaturated zone, 

which is thicker beneath ridgetops and thinner beneath valley bottoms (where the water 

table is assumed to intersect the surface). Streams draining Redondo Mountain are gaining 

streams where springs are common, hence the assumption that the water table intersects 

the topography at the valley bottom is a good approximation for our study sites. In the 

Rempe and Dietrich (2014) model the precise thickness of the unsaturated zone depends 
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on the rate of channel downcutting, the porosity, and the bedrock hydraulic conductivity, 

but in all cases the regolith is deep under ridgetops and shallow under valley bottoms. 

Regolith thickness values commonly show this association with topographic position (e.g. 

Pavich et al., 1989; Brantley and White, 2009; Lebedeva and Brantley, 2013). TWI values 

have the opposite relationship to topographic position, i.e., values are small near ridgetops 

where contributing area goes to zero, and high near valley bottoms where contributing area 

is large. As such, our finding that regolith tends to be relatively thin beneath valley bottoms 

and thicker on side slopes and near ridgetops is consistent with the predictions of the 

Rempe and Dietrich (2014) model. 

 

6. CONCLUSIONS 

In this study, we surveyed six shallow seismic refraction profiles (with a seventh for 

calibration) in order to image soil and regolith thicknesses and improve our understanding 

of the subsurface in the temperate upland landscape of Valles Caldera. In order to 

differentiate between soil, intact regolith (weathered bedrock), and unweathered bedrock 

from seismic velocity measurements, we used depths calibrated from excavated soil pits 

and published core velocity data from the area. We combined inferred soil and regolith 

thicknesses from the seismic results with slope-gradient, slope-aspect, and TWI 

calculations derived from 1 m x 1 m bare-earth LiDAR data to analyze the influence of 

topography on sub-surface weathering-profile thicknesses using multivariable regression 

modeling. Our results indicate that soil thicknesses (generally < 3 m) are more sensitive to 

TWI and slope aspect rather than slope gradient in the absence of steep slopes. However, 

we conclude that additional geophysical data and borehole data within the valley bottoms, 
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as well as a more refined predictive model capable of distinguishing between the valley 

bottoms and hillslopes, are desirable to more comprehensively and accurately constrain 

soil thickness variations across upland landscapes.   

For regolith thickness, our results show TWI to be the key predictive topographic 

attribute, followed in suite by slope aspect and gradient. We conclude that robust first-order 

approximations of regolith thickness variations in upland landscapes are well-suited for 

our empirical model. Ultimately, with three topographic attributes, we were able to fit our 

inferred soil and regolith thicknesses with average 𝑅2-coefficients of 0.436 and 0.511, 

respectively, for all lines. We aggregated our data and produced regression coefficients for 

regolith thickness that accurately model the broad-scale variations based on topography. 

Generally, our results show that shallow seismic-refraction methods are capable of 

providing robust soil and regolith thickness data for input into topographic models, from 

which predictions of soil and regolith thicknesses elsewhere can be extrapolated. In 

addition, these predictions may provide constraints for other geomorphological and 

hydrological studies within the Jemez Critical Zone. 
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TABLES 

 

Table 1 

 

  

TABLE 1

Bandelier Tuff Elastic Properties

Depth (m) Density (g/cm³) Porosity (%) Vp,* km/s Vs,* km/s

244 1.75 24.5 2.54 : 3.37 : 4.12 1.53 : 1.92 : 2.18

horizontal direction. Table modified from Dey and Kranz [1988].

* Values represent measurements made in the vertical directions: first horizontal : second
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Table 2 

  

TABLE 2

Regression results for soil and regolith. Soil

0.927 3.612 3.665 1.602 7.598 2.229

a (slope) -0.373 0.478 0.053 -0.565 -0.315 -0.103

b (aspect) 0.020 0.246 -0.122 0.027 0.226 0.010

c (TWI) -0.771 -1.195 -1.152 -0.973 -3.973 -1.188

0.349 0.607 0.399 0.269 0.880 0.295

a (slope) -0.472 0.370 0.045 -0.505 -0.270 -0.215

b (aspect) 0.154 0.653 -0.768 0.238 0.038 0.016

c (TWI) -0.516 -0.385 -0.773 -0.544 -1.176 -0.653

Regolith

6.040 4.598 4.429 4.885 4.373 4.360

a (slope) 0.123 0.302 0.333 -0.551 -0.395 0.060

b (aspect) 0.039 0.196 -0.091 0.041 -1.625 0.156

c (TWI) -1.073 -0.868 -0.397 -1.774 -0.567 -0.335

0.549 0.831 0.408 0.434 0.406 0.438

a (slope) 0.127 0.373 0.413 -0.430 -0.994 0.268

b (aspect) 0.241 0.829 -0.826 0.309 -0.806 0.535

c (TWI) -0.586 -0.445 -0.385 -0.866 -0.492 -0.390

Jaramillo 

(L)

Normalized 

coefficients

Standard 

coefficients

La Jara  

(U)

La Jara   

(L)

History 

Grove (U)

History 

Grove (L)

Jaramillo 

(U)

Jaramillo 

(L)

Normalized 

coefficients

Standard 

coefficients

La Jara  

(U)

La Jara   

(L)

History 

Grove (U)

History 

Grove (L)

Jaramillo 

(U)

𝑅2

𝑅2

ℎ0

ℎ0



 

67 

 

FIGURES 

 

Figure 1. Shaded relief map of the central portion of the Valles Caldera, including 

Redondo Mountain (black triangle) at c. 1.25 Ma in age and its three prominent watersheds. 

Outlined in the bottom left is the younger Banco Bonito rhyolite flow (40 ± 5 ka in age), 

with the location of the explosion pit we used as a calibration site. The inset to the bottom 

right shows the locations of Los Alamos and the Valle’s Caldera within northern New 

Mexico. 

 

  



 

68 

 

 

Figure 2. Geologic map from Goff et al. [2006a] showing the lithologies in and around 

Redondo Mountain’s La Jara, History Grove, and Jaramillo watersheds. Geologic units on 

the map are defined in the list to the left. The geologic units are slightly transparent and 

underlain by shaded relief in order to show topographic expressions. Watershed boundaries 

are outlined in gray, while seismic transects are labeled with black lines. Lines referred to 

in the text are upper La Jara (A), lower La Jara (B), upper History Grove (C), lower History 

Grove (D), upper Jaramillo (E), and lower Jaramillo (F). The peach-colored  geologic unit 

prominent within all three watersheds is the Upper Bandelier Tuff (Qbt). 

 

 

 

 

 

 

 

 

 

 



 

69 

 

 

Figure 3. Example shot gathers from each seismic profile in this study. Each display (Line 

A – F and Banco) is shown as distance versus reduced travel time (RTT) and clipped at 

100 ms in order to focus on the quality of first-break arrivals. The red line of each display 

connects the manual first-break picks made on each seismic trace. Note the red line 

terminates at x = 135.0 on line A and x = 37.5 on line E because of shifts in the azimuthal 

orientations occuring at those locations for the respective lines. RTT velocities were 2.5 

km s-1 for Lines A, C, E, F, and Banco, and 4.0 km s-1 for Lines B and D. 
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Figure 4.  (A) Plots showing the travel-time curves for each transect. The green and blue 

lines represent the final iterated travel times computed from ray-tracing from each source 

to reciever through the starting model while the black dots with error bars represent the 

manually picked first breaks. The plots show the inversion’s ability to fit our data well, 

even at the further offsets where misfit is generally greatest. Note, not all manual picks are 

shown to maintain clarity. (B) Example result of the ray-tracing algorithm through a 

starting model with a vertical velocity gradient starting with 0.3 km s-1 at the surface and 

reaching 5.0 km s-1 at depth. Notice that very few rays sampled velocities greater than 4.0 

km s-1; a typical result for all of our profiles. Also note that ray coverage dimishes at deeper 

depths at the ends of the lines. (C) Cross section of standard deviation in km s-1 generated 

by computing the standard deviation at each point in the subsurface from a suite of 28 

inversions with varying starting models. The uncertainty sensibly increases with depth (less 

constrained), and also is greatest beneath the valley bottom, where the velocity gradient 

per meter of elevation is greatest. Vertical exaggeration is 2:1. 
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Figure 5.  (A) Plot of travel-time curves for the Banco Bonito observed and predicted data. 

(B) Results of the velocity inversion (top) and standard deviation (bottom) of the Banco 

Bonito data. The inverted blue triangles depict a subset of the receiver stations. The black 

contours represent depths of constant velocity, while the white circles show the depths at 

which soils transition into mechanically stronger intact regolith, as reported in Pelletier et 

al. [2011]. All of the white circles terminate at or before the 0.6 km s-1 contour, which is 

therefore the boundary we used for inferring the thickness of soils in this study. The 

standard deviation results show that the inversion results at the soil velocities are robust for 

all starting model velocity gradients. The 0.6 km s-1 black contour has been superimposed 

on the standard deviation grid in order to show the uncertainty in the inferred soil boundary 

(see text for explanation). The depths of the soil pits from left to right are: 1.45, 2.80, 1.90, 

1.00, and 1.25 meters, respectively. Vertical exaggeration is 2:1. 
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Figure 6.  (A) Velocity-depth profiles beneath seven stations across Line A at offsets of x 

= 65.0, 152.5, 202.5, 277.5, 315.0, 377.5, and 440.0 meters. The red squares mark the onset 

of steepest velocity gradient between 2.5 – 4.0 km s-1, i.e. the inferred transition from 

intact regolith into unweathered bedrock. Notice that most of the onsets occur near a 

velocity of 3.0 km s-1. (B) Onset depths picked from profiles shown in (A) as red 

diamonds, as well as white diamonds from profiles not shown. The onset depths generally 

fall within the dashed 2.54 and 3.37 km s-1 velocity contours. 
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Figure 7.  (A) Velocity-depth result of the inversion (top) for Line A (upper La Jara) and 

its standard deviation (bottom). The solid black contour just beneath the topography shows 

the soil thickness (i.e. 0.6 km s-1 contour) with white error bars showing the uncertainty at 

intervals of every 10thth station. The solid black contour at depth depicts the mean regolith 

thickness as inferred by the 2.95 km s-1 velocity contour. The dashed lines above and 

below are the minimum (2.5 km s-1) and maximum (3.4 km s-1) contours, respectively, 

from which the white error bars were determined. The inverted blue triangles show a subset 

of the receiver stations. Vertical exaggeration is 3:1. (B) An identical display, however for 

the Line B (lower La Jara) results with error bars plotted every 3rd station. Vertical 

exaggeration is 2:1. 
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Figure 8.  (A) Velocity-depth result of the inversion (top) for Line C (upper History Grove) 

and its standard deviation (bottom). The solid black contour beneath the topography shows 

the soil thickness with white error bars showing the uncertainty at intervals of every 5th 

station. The solid black contour at depth depicts the mean regolith thickness as inferred by 

the 2.95 km s-1 velocity contour. The dashed lines above and below are the minimum (2.5 

km s-1) and maximum (3.4 km s-1) contours, respectively, from which the white error bars 

were determined. The inverted blue triangles show a subset of the receiver stations. Vertical 

exaggeration is 2:1. (B) Velocity-depth result of the inversion for Line D (lower History 

Grove) with error bars plotted every 3rd station. The accompanying standard deviation plot 

is shown in Figure 4C. Vertical Exaggeration is 2:1. 
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Figure 9.  (A) Velocity-depth result of the inversion (top) for Line E (upper Jaramillo) and 

its standard deviation (bottom). The solid black contour beneath the topography shows the 

soil thickness with white error bars showing the uncertainty at intervals of every 4th station. 

The solid black contour at depth depicts the mean regolith thickness as inferred by the 2.95 

km s-1 velocity contour. The dashed lines above and below are the minimum (2.5 km s-1) 

and maximum (3.4 km s-1) contours, respectively, from which the white error bars were 

determined. The inverted blue triangles show a subset of the receiver stations. Note the 

sharp horizontal change in velocities at x = ~110 m. This an imaging artifact from having 

a sharp kink in the line at the base of the valley. Vertical exaggeration is 2:1. (B) An 

identical display, however for the Line F (lower Jaramillo) results with error bars plotted 

every 4th station. Vertical exaggeration is 2:1. 
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Figure 10.  Cross sections depicting inferred soil and intact regolith thicknesses (red and 

blue polygons) overlying inferred bedrock (purple polygons). In addition, the predicted 

depths to the base of soil and regolith using our regression results and empricial model are 

shown as dotted white and orange lines, respectively. Polygon boundaries were picked 

from the inversion results shown previously. All cross sections are displayed at 2:1 vertical 

exaggeration except Line A, which is 3:1. 
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Figure 11.  (A) Map of predicted regolith thickness generated using regression coefficients 

computed from the aggregation of all our data. The background is the shaded relief map 

shown in Figure 1. Red and white shades represent thicker regolith, typically shown 

beneath ridgetops, while yellow and green shades represent thinner regolith, typically 

beneath hillslopes and the valley bottoms. In the absence of steep slopes, the values are 

dominantly controlled by a negative correlation with topographic wetness index (TWI) and 

a positive correlation with slope aspect. In areas with steep topography, slope gradient 

becomes a more important factor (e.g. the steeper south-facing drainages). The thickness 

values at ridgetops are poorly constrained with our dataset, therefore the white shades 

should be interpreted cautiously. (B) Complementary map showing uncertainty (in meters) 

of regolith thickness. The results were generated by subtracting a minimum regolith 

thickness map from a maximum regolith thickness map computed via minimum and 

maximum thickness regression coefficients. In general, our regolith thickness values have 

up to a ~25% uncertainty at any specific location. In both maps, the gray shades at the tops 

of peaks represent areas where thickness calculations were not performed due to our 

topographic attributes converging to zero, causing instabilities in the model. 
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ABSTRACT 

The Guinea Plateau (offshore Guinea) and its conjugate, the Demerara Plateau 

(offshore French Guiana), comprise two of the most prominent passive continental margins 

in the Atlantic Ocean. The conjugate plateaus formed as a result of two periods of rifting, 

the Jurassic opening of the Central Atlantic Ocean and the northward-propagating 

Cretaceous opening of the Southern Atlantic Ocean. Although several studies are published 

on the Demerara Plateau that explain the evolution of its multi-rift history and the effect of 

rifting on its distinct geometry, the Guinea Plateau, and in particular its south-eastern 

margin, remain relatively unexplored in the literature. Here we present interpretations of 

the structure and evolution of the Guinea Plateau using recent 2-D and 3-D seismic-

reflection data collected at the intersection of the southern and eastern margins. We 

substantiate our study with calculated subsidence curves at four locations along the 

southern margin, as well as two 2-D gravity forward models along regional seismic-

reflection profiles to estimate stretching factors (β) and crustal thicknesses. We combine 

our results with previous studies concerning the south-western Guinea margin, and 

compare them to published interpretations regarding the conjugate margins of the 

Demerara Plateau. The resolved amounts of rift-related volcanism, listric-style normal 

faults, and moderate stretching factors suggest that a component of upper-crustal 

asymmetry (simple shear) and depth-dependent stretching may have persisted at the 

Demerara-Guinea conjugate margins during Cretaceous rifting of the equatorial segment 

of the Southern Atlantic Ocean. 
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1. INTRODUCTION 

Passive continental margins are broadly classified using tectonic models based on 

a combination of structural, stratigraphic, and magmatic processes. This classification 

scheme has led to passive continental margins typically being distinguished by their 

divergent or transform tectonics, (non)presence of salt structures, and the amount of 

volcanism produced during continental rifting. The formation and evolution of such 

passive continental margins are often explained by regional-scale models that focus on the 

relative contributions of pure and/or simple shear (McKenzie, 1978; Wernicke 1985; 

Barbier et al., 1986). These models have implications for the types of structural 

deformation observed along conjugate passive margins. Under conditions of pure shear, 

magmatic activity should be centered on the rift axis where considerable MORBs may be 

extruded, while similar structural deformation on both sides of the rift axis persists. In 

contrast, under simple-shear conditions, one margin of the rift axis displays listric-style 

deformation, while the conjugate retains planar-style deformation (Ziegler and Cloetingh, 

2004). 

In the Southern Atlantic Ocean, conjugate volcanic-rifted margins are found south 

of the Walvis Ridge, offshore Namibia and Brazil (Orange Basin – de Vera et al., 2010; 

Pelotas Basin – Stica et al., 2014) and display significant packages of extrusive volcanics 

manifested as seaward- dipping reflectors (SDRs). Further north, in the central segment, 

are the well-documented salt basins of the Santos-Campos Basin and offshore Angola that 

have become known for their significant oil reserves (Davison, 2007; Marton et al., 2000). 

Further north still, is the equatorial segment, defined as the region bounded in the south by 

the Chain and Romanche fracture zones (FZs) and in the north by the Marathon and Guinea 



 

81 

 

FZs (Fig. 1). The equatorial segment contains one of the best-preserved examples of an 

extinct transform passive margin (the Ivory Coast-Ghana transform margin), which gave 

rise to an oblique spreading model for the evolution of transform passive margins (Mascle 

and Blarez, 1987; Mascle et al., 1988; Mascle et al., 1997). This model has subsequently 

been used to characterize observations of upper-crustal deformation and crustal thicknesses 

of the equatorial Demerara Plateau using seismic-refraction and reflection data sets 

(Greenroyd et al., 2007, 2008; Basile et al., 2013). 

Although there have been significant recent academic geophysical studies 

conducted on the evolution of the Demerara Plateau, chiefly the Amazon Cone Experiment 

(Greenroyd et al., 2007), GUYAPLAC cruise (Basile et al., 2013), and GuyanaSPAN 

survey (Reuber et al., 2016), relatively little work has been done to unravel the evolutionary 

history of the conjugate Guinea Plateau. We present in this paper an interpretation of newly 

acquired 2-D and 3-D seismic reflection data across the southern and eastern margins of 

the Guinea Plateau (Fig. 1). The seismic horizons are regionally tied to two exploration 

wells, GU-2B-1 and SABU-1. In addition, we calculate subsidence curves at both well 

locations, and two additional pseudo-wells. Lastly, 2-D crustal thickness models are 

computed using satellite-derived free-air gravity anomalies (Sandwell et al., 2014). Our 

results are integrated with previous studies to delineate the evolution of the Southern 

Guinea Plateau, with comparisons made to the well-studied conjugate Demerara Plateau.  

 

2. REGIONAL SETTING 

The Guinea Plateau is located off the coast of Guinea, West Africa, in the equatorial 

segment of the Southern Atlantic Ocean (Fig. 1). The plateau itself is a salient bathymetric 
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feature that extends nearly 400 km from the continental coast and is visible from space. 

For this reason, the Guinea Plateau, and its conjugate, the Demerara Plateau offshore 

French Guiana, have served as attractive markers for tectonic plate reconstructions. Global 

reconstructions, based on magnetic lineations of the seafloor, have shown that the southern-

most extent of the Central Atlantic Ocean, located north of the Marathon FZ (Fig. 1), 

opened during the Middle-Late Jurassic (Klitgord and Schouten, 1986). At this time, Africa 

and South America were still connected, and the western margin of the Demerara-Guinea 

Plateau complex was adjacent to the Central Atlantic Ocean. Moulin et al. (2010) infer that 

the first oceanic crust in the Southern Atlantic occurred in the Early Cretaceous between 

132–134 Ma near the southernmost tip of Africa and South America. Subsequent stepwise, 

northward-propagating rifting continued to separate the two continents until 105–107 Ma, 

when a through-going ridge-transform-ridge system developed between the Demerara and 

Guinea Plateaus (Moulin et al., 2010; Edge, 2014). 

 

3. PREVIOUS STUDIES 

No new studies with specific focus on the Guinea Plateau have been published in 

the last 2–3 decades. Sheridan et al. (1969) presented a ~600-km-long seismic-refraction 

profile extending from Freetown, Sierra Leone, out into the Sierra Leone abyssal plain. 

Jones and Mgbatogu (1982) used coincident gravity, magnetic, and seismic observations 

collected across the Guinea-Bissau, Guinea, and Sierra Leone continental margins to 

develop the first published crustal models and geologic history of the Guinea Plateau. Their 

contributions were critical for creating an awareness of the Guinea Plateau’s western and 

southern margin evolutions as the distinction of two episodes of rifting: the Jurassic 
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opening of the Central Atlantic and the Cretaceous opening of the Equatorial Atlantic. The 

authors also created the first highly-detailed bathymetric map of the region, and highlighted 

the pronounced features of the Guinea Fracture Zone.  

Mascle et al. (1986) collected and interpreted a suite of continuous, single-channel 

seismic reflection lines, in addition to six dredging/coring sites, and established a 

preliminary structural and stratigraphic sketch of the Guinea Marginal Plateau (i.e. 

southern margin). Following up on this study, Benkhelil et al. (1995) presented 

interpretations based on a denser grid of single-channel 2-D seismic lines collected during 

the Equamarge I & II cruises. The authors resolved two main tectonic episodes affecting 

the Southern Guinea Plateau: (1) rift-related normal faulting, and (2) reverse faulting (via 

inversion), folding, and transcurrent faulting. However, the location of their data and study 

focused on the western tip of the Guinea Marginal Plateau. At this point in time, no 

comprehensive geophysical study exists of the southern E-W Guinea Plateau margin as it 

approaches the intersection with the N-S margin located offshore Sierra Leone. As for the 

Demerara Plateau, a thorough discussion of previous studies can be found in Basile et al. 

(2013). 

 

4. SEISMIC AND WELL DATA 

Extensive 2-D and 3-D seismic reflection data were collected by Hyperdynamics 

Corporation and were made available to the University of Arizona (Fig. 1). Two depth-

migrated 3-D datasets, Surveys A & C, cover approximately 7800 km² of the Southern 

Guinea Plateau. The line spacing is 25 m x 25 m for both surveys, resulting in excellent 

resolution and confidence in seismic interpretations. An additional 84 depth-converted 2-
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D lines provide coverage in and beyond the 3-D surveys for regional interpretation. Lastly, 

two exploration wells, GU-2B-1 and SABU-1, provide well-ties for seismic interpretation. 

The seismic stratigraphy that defines the basis for all interpretations presented in this study 

is shown in Figure 2, and is summarized here from bottom to top: 

 The deepest portions of the seismic data are interpreted as Jurassic and older 

basement. Neither of the exploration wells penetrate deep enough to sample 

Jurassic stratigraphic units. Many of the discernable reflectors display prominent 

convex-upwards geometries that bound chaotic seismic data (see Figs. 2 and 3 for 

examples). We interpret these as related to the Freetown Complex intrusives near 

the coast of Sierra Leone, which are major gabbroic intrusions dated at 193 ± 3 Ma 

and interpreted to be a consequence of the stress regime associated with the initial 

stages of Atlantic rifting (Beckinsale et al., 1977; Mgbatogu et al., 1988). No 

Mesozoic strata have been reported on the coasts of Guinea-Bissau, Guinea, and 

Sierra Leone; therefore, clastic Jurassic sedimentary rocks are inferred to be 

continentally-derived from Paleozoic and Pre-Cambrian basement rocks of the 

Bove Basin and Leo Uplift, respectively. The top of the Jurassic (145 Ma) is marked 

by an angular unconformity evident in the seismic data. The unconformity is 

interpreted to be related to the break-up unconformity of the Central Atlantic Ocean 

rift event (~175 Ma; Pindell, 1985) and/or a prominent local decline in sea-level.  

 Above the Jurassic unconformity are pre-rift Neocomian sedimentary rocks. The 

Neocomian-aged units are regionally characterized by high-impedance, “rail-road-

track” reflections interpreted to be constituents of carbonate platforms (Nibbelink, 

pers. comm). This sequence has been drilled and identified on the Guinea Plateau 
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shelf in the GU-2B-1 well and the A2-1 well located on the Demerara Plateau 

(Reuber et al., 2016). 

 Aptian strata overly the Neocomian carbonates and consist of sandstones, 

mudstones, and rift-onset basalts. Sandstones and mudstones logged in the GU-2B-

1 well consist of fine-to-medium, subangular, well-sorted grains implying near-sea-

level conditions distal from the source. Basalts drilled on the shelf exhibit low 

densities, ranging from 2350–2600 kg/m3 and velocities in the range of 4.0–5.5 

km/s. 

 Albian strata mark the transition into syn-rift sedimentation. Thicknesses range 

from 0.2–0.3 km on the shelf, to a maximum of 4.0 km in the deepest sections of 

the rift basins. On the shelf, sandstones, mudstones, minor evaporites, and 

volcaniclastics were drilled (GU-2B-1). The volcaniclastic rocks appear as high-

impedance reflections in the seismic with logged densities around 2200 kg/m3 and 

velocities of ~4.0 km/s. Only the uppermost Albian units have been drilled above 

the large syn-rift half grabens, where volcanic trachytes with densities of 2600 

kg/m3 and velocities ~5.0 km/s were found. Argon-Argon dating on core samples 

resolved an emplacement date of ~106 Ma for the trachytes. These trachytes are 

interpreted to be genetically related to the silica-under-saturated alkaline-

nepheline-syenite suite known as the Los Archipelago ring structure emplaced 

104.3 ± 1.7 Ma and located off the south-western shore of Conakry, Guinea 

(Moreau et al., 1996).  In the half-grabens, kilometers-thick clastic syn-rift fill is 

inferred based on layered reflection geometries and low amplitudes. The top of the 
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Albian is marked by an unconformity in the seismic, which marks the termination 

of syn-rift kinematics. 

 Several sequences of sandstones and shales on-lap onto the Albian unconformity. 

Late Cretaceous inferred volcanic cones are found locally on the plateau 

(McMillan, 2012; McDougall et al., 2013). Thick sequences of carbonates are 

bounded in-between the Cretaceous and Oligocene unconformities, deposited 

during times of post-rift margin subsidence. Deposition of sands and muds via 

submarine channels characterize the top of the stratigraphy and continue to be 

deposited on the present-day seafloor.  

4.1 3-D Seismic Interpretation 

  Four interpreted seismic lines from the 3-D datasets are shown in Fig. 3. Lines 3D-

1 and 3D-2 are oriented mostly parallel to the margin slope, while Lines 3D-3 and 3D-4 

are perpendicular to these and extend from the shelf out into the deep water. All four lines 

emphasize the deformation associated with Cretaceous rifting, i.e. faulting, sedimentation, 

and volcanism. Line 3D-1 runs sub-parallel to the shelf edge and shows an oblique view 

of the dominant rift-graben in the region, the Baraka graben, informally named after the 

basin-bounding Baraka fault. The Baraka fault is a very large listric fault interpreted to sole 

out into basement rocks at a depth of about 8.0 – 9.0 km, while offsetting pre-rift sediments 

up to a maximum of ~4.0 km and allowing large volumes of clastic syn-rift deposits to 

accumulate. Although the Baraka fault displays considerable displacement at its center, 

interpretation of 3-D data shows the displacement diminishes within ~50 km to the east 

and west of its center (see discrepancy in faulted Aptian depths from lines 3D-3 and 3D-4, 

Fig. 3). Additional half-graben basins and their bounding normal faults persist beyond the 
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Baraka graben towards deeper water. Lines 3D-3 and 3D-4 (Fig. 3) emphasize the 

complexity of these basin and fault geometries. In line 3D-3, it is evident that the volume 

of syn-rift fill decreases toward deeper water in successive half-grabens. Meanwhile, in 

line 3D-4, we interpret only two listric faults that cut through the Aptian and sole out into 

basement rocks. Instead, toward the deeper water, large-scale faulting gives way to smaller-

scale semi-planar faulting that soles out into the top of the Aptian. Similar changes in fault 

geometries are found to the west of Line 3D-3 (not shown) and may be a result of the 

transtensional tectonics of the region.  

The base of the syn-rift fill is defined by the rift-onset unconformity (ROU). At 

rifted margins, pre- or syn-rift doming and erosion creates an ROU, which is typically 

recognized in the seismic data as an angular unconformity with top-lap truncations of 

seismic reflectors from below (Franke, 2013). In Lines 3D-1 and 3D-4, we see clear 

examples of a prominent top-lap angular unconformity, which we associate with rifting 

initiated in Aptian time based on the presence of Aptian-aged basalts drilled on the shelf. 

We used this relationship to map an Aptian horizon in areas of deformation associated with 

rifting. Conversely, the top of the syn-rift basins are beveled by the break-up unconformity 

(BU), a common marker at rifted margins that represents the change from rift-to-drift and 

initiation of oceanic spreading (Falvey, 1974; Franke 2013). The BU on the Southern 

Guinea Plateau is associated with a late-Albian age and is prominent in our 3-D seismic 

data as the boundary at which the majority of syn-rift faults are truncated. The Albian BU 

is also associated with the tops of several paleo-seamounts in the deeper water (Fig. 2), 

volcaniclastics in the shallow water, and on-lapping clastic strata across the continental 

slope (Fig. 2 & 3). The development of the Albian BU in the deepwater may be related to 
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hiatuses in pelagic sedimentation at passive continental margins caused by bottom-water 

currents (Hubbard, 1988). Consequently, the several submarine channels dissecting the 

continental slope-rise margin of the present-day Southern Guinea Plateau seafloor are 

interpreted to have persisted since the Cretaceous rifting event. 

Albian volcaniclastics on the shelf are interpreted to be lava flows likely deposited 

in shallow-water conditions. Their low densities and low seismic velocities may imply that 

the volcaniclastics were a product of significant back-and-forth wave-tide action that broke 

down the extrusive flows and mixed them in with sands and shales (Nibbelink, pers comm). 

This contrasts, however, with the Albian paleo-seamounts that are found in the deeper 

water (Fig. 2 & 4). Their relatively higher densities and seismic velocities may suggest that 

they were subjected to less mechanical erosion than their counterparts deposited on the 

shelf. Regardless, both expressions of the Albian volcanics are the result of a period of syn-

rift volcanism near the end of rifting (106 Ma).  

Horizon maps of the Aptian ROU and Albian BU are shown in map and perspective 

views in Fig. 4. The plan-view maps for both unconformities show interpreted fault traces 

that resulted from the Cretaceous rifting event. Note that many additional minor faults may 

exist, particularly within the half-graben basins; however, faults with traces less than 3.0 

km in length are not included in this regional study. The fault traces show that the extent 

of large-scale listric faulting is localized to a relatively small area ~70 km in length and 

~40 km in width. Beyond this region to the east-northeast, the large listric faults diminish 

and give way to volcanoes, volcanic flows, and small planar faults. To the west-southwest, 

offsets along the Baraka fault become much less pronounced as it begins to mark the hinge-
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zone at the end of the shelf, as found on other rifted margins of the Atlantic Ocean (e.g. 

Steckler and Watts, 1982). 

In addition to rift-related faulting, both map views also show the locations and 

extents of volcanic features associated with their respective geologic times. Notice the 

amount of Aptian (rift-onset) volcanism apparently is less than the amount of Albian 

volcanism. However, it is important to note that the amount of mapped Aptian rift-onset 

basalts shown here is likely a minimum due to difficulties in differentiating the basalts 

from other possible rock types in the rest of the section. For example, in line 3D-2 (Fig. 3) 

we highlight an example of interpreted Aptian basalt flows that appear to have accumulated 

in an old paleo-topographic low. However, in many of the rift grabens, it is difficult to 

distinguish the amount (if any) of basalts located on the Aptian ROU (e.g. Lines 3D-3 & 

3D-4). Kardell (2016) analyzed the volumes of rift-related volcanism in the Southern 

Guinea Plateau and reported values far below the average values found on typical volcanic-

rifted margins in the Atlantic Ocean (Franke, 2013). Albian volcanics, however, are 

dispersed spatially throughout the datasets, and do not appear confined only to faults. 

4.2 Regional 2-D Seismic Interpretation 

We extended our interpretations beyond the area imaged by the 3-D surveys via 84 

depth-converted 2-D seismic profiles (Fig. 1). All horizon and fault picks on these profiles 

were constrained by interpretations made in the 3-D data. The seismic resolution of the 2-

D data is not as high as the 3-D data; however, regional-scale faulting and volcanic features 

are still conspicuous. Investigation of the regional 2-D lines shows a transition from the 

listric-style deformation that dominates the Southern Guinea Plateau from 14.5°W–

15.5°W, into interpreted transtensional faulting west of 15.5°W.  
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Line 2D-1, a ~230-km-long seismic profile that spans the Guinea Plateau shelf out onto the 

abyssal plain, is shown in Fig. 5. This seismic profile is unique within this study in that it 

images a significant segment (~80 km) of oceanic crust, and consequently the narrow 

transition from continental shelf to oceanic crust (≤ 50 km). Onset of oceanic crust in the 

seismic data is interpreted as the juxtaposition of layered seismic reflectors of continental 

origin, with the chaotic and highly-fractured reflectors of oceanic crust. In addition, the 

sea-floor bathymetry smooths significantly beyond the stretched continental crust as it 

transitions into deeper water underlain by oceanic crust. Line 2D-1 also shows the reduced 

offset of syn-rift units across the Baraka fault. Instead, we observe significant offset across 

the gently dipping (~20°) fault located south of the Baraka. This fault, herein referred to as 

the transtensional Demerara-Guinea Transform fault, appears to offset the Aptian ROU and 

the Albian BU before the transition into oceanic crust occurs. The Aptian ROU ultimately 

truncates into the oceanic crust, while the Albian BU is interpreted to persist above the first 

30–40 km of oceanic crust, resulting in syn-rift strata being deposited on top of oceanic 

crust (Fig. 5). 

Farther to the west, and up on the shelf, Line 2D-2 shows a dramatic difference in 

sedimentary thicknesses relative to those observed in the 3-D datasets (Fig. 6). In 

particular, pre-rift strata thicken towards the west, while syn-rift strata decrease in 

thickness until they are nearly indiscernible. Faulting is observed in the upper-Neocomian 

section, which increases to over 3 km in thickness. Aptian-aged units appear fractured with 

disrupted reflectors; however, their geometries are not able to be accurately resolved. 

Above this is a thin veneer of Albian syn-rift units that disappear towards the west. 
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Additionally, post-rift strata also display decreasing thicknesses towards the west. In 

contrast, the entire section has water depths of approximately one km before slightly 

increasing at the western edge. Increasing Aptian and Neocomian unit thicknesses towards 

the west implies that this region experienced increased accommodation space and 

subsidence prior to Cretaceous rifting, likely a result of the Jurassic rifting of the Central 

Atlantic. 

  Line 2D-3, shown in Fig. 7, is located near Line 2D-2 except oriented NE-SW 

rather than E-W (Fig. 1). The persistence and resolution of the faulting, however, is more 

pronounced than that imaged in Line 2D-2. Faulting of the Aptian units appears to continue 

down through the Neocomian and, at times, the Jurassic. We interpret a negative (i.e. 

normal-slip) flower structure (Harding, 1985) based on the fault-plane geometries and 

oppositely tilted reflectors in the Aptian section. Similarly increasing Aptian and 

Neocomian unit thicknesses towards the west support the influence of Jurassic rifting also 

inferred on Line 2D-2. These pre-existing normal faults, created during the Jurassic, were 

likely transtensionally reactivated during the subsequent oblique rifting of the Equatorial 

Atlantic, creating the observed flower-structure geometry.  

Regional maps of the Aptian and Albian horizons (Fig. 8) show, particularly on the 

shelf, a minimal amount of rift-related volcanic rocks beyond the boundaries of the 3-D 

surveys. Instead, the existence of volcanics appears to be limited to volcanism related to 

the onset of sea-floor spreading, manifesting as paleo-highs of the oceanic crust (e.g. Fig. 

5). In addition, the maps show that there is almost no discrepancy in the depths of the 

horizons towards the west. In other words, a computed isopach of the two horizons would 

resolve little-to-no syn-rift sedimentation towards the western boundaries of the 2-D 
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seismic profiles. Therefore, the maps in Fig. 8 show us the limited influence of Cretaceous 

rifting towards the western portion of the Guinea Plateau. 

An improved structural outline of the Southern Guinea Plateau that integrates 

interpretations presented in this report with previous interpretations discussed in Benkhelil 

et al. (1995) is shown in Fig. 9. This structural map indicates the transition of rift-related 

tectonics across the entire southern margin, which includes: (1) from 14.5°W–15.5°W, a 

localized zone of listric faulting that locally cuts down into Jurassic-aged crust, is 

coincident with, and surrounded by, several volcanoes and volcanic flows; displacement 

along the listric faults terminates and/or diminishes into a series of smaller, more-planar 

normal faults that sole out into Aptian strata. (2) From 15.5°W–17.3°W, faulting is 

dominated regionally by the E-W-oriented transtensional Demerara-Guinea Transform 

fault, with a reduced amount of rift-related volcanism and offset across the Baraka fault. 

Near 17.0°W, faulting is interpreted to have a NW–SE orientation and displays a negative 

flower-structure geometry that offsets Aptian and older units. (3) West of 17.3°W, 

Benkhelil et al. (1995) interpret a NNW–SSE-trending transcurrent fault zone, surrounded 

by several normal faults, inverted normal faults, and associated folds oriented roughly 

NW–SE. These authors interpreted their findings to be the result of polyphase tectonic 

activity; first, N-S trending synsedimentary normal faults created during Jurassic divergent 

rifting, followed by folding, structural inversion, and transcurrent faulting created during 

Cretaceous transform motion between the Demerara-Guinea conjugate plateaus.  

 

5. BACKSTRIPPING AND TECTONIC SUBSIDENCE 
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The syn-rift and post-rift subsidence of passive continental margins can be 

explained, to a first order, as the result of mechanically stretching the continental 

lithosphere, producing thinning and passive upwelling of hot asthenosphere (McKenzie, 

1978; Le Pichon and Sibuet, 1981). In order to quantify the rifting and subsidence history 

of the Guinea Plateau, we have applied the backstripping technique of Steckler and Watts 

(1978) to two exploration wells and two pseudo-wells created from seismic stratigraphy 

(Fig. 1). The backstripping technique allows us to remove the effects of sedimentary 

loading and isolate the component of tectonic subsidence, i.e. subsidence due to thermal 

cooling and contraction.  

Decompaction of sediment layers was accomplished using the method outlined in 

Sclater and Christie (1980). Empirical functions for porosity-depth changes for each 

lithology were extracted from exploration well data. This approach simulates what would 

happen if younger strata were progressively removed allowing underlying strata to 

decompact and return to their former depths. During backstripping, paleo-water depths 

were inferred based on sediment lithology as microfaunal and palynological assemblages 

were not available. For this reason, multiple backstripping curves with varying paleo-water 

depths were computed for each well location in order to quantify uncertainties in the 

tectonic subsidence. Paleo-sea level values were taken from Haq et al. (1987). Tectonic 

subsidence values were calculated as point loads and the flexural strength of the lithosphere 

was not considered (Steckler and Watts, 1978). 

The first column of Fig. 10 shows the backstripping results for the Guinea Plateau. 

In each plot, the decompacted sediment and tectonic subsidence curves show the convex-

upward shape characteristic of rifted margins. Superimposed on the tectonic curves are 
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exponential curves computed using the McKenzie (1978) uniform stretching model 

(USM). The parameters used for the USM and backstripping analyses are presented in 

Table 1. By fitting USM thermal subsidence curves to our tectonic subsidence curves, we 

estimate the amount of stretching that has occurred at different locations of the Guinea 

Plateau (i.e. β-values). Note that, where applicable, USM curves were computed for both 

the Jurassic Central Atlantic thermal subsidence and the Cretaceous Equatorial Atlantic 

rifting event. For the GU-2B-1 well, the tectonic subsidence signal due to faulting during 

the Cretaceous rift event is indiscernible. Therefore, we believe this region of the Guinea 

Plateau has been experiencing exponentially decaying thermal subsidence since the Late 

Jurassic. In contrast, at SABU-1 located on the continental slope, the two rift events are 

well distinguished; thermal subsidence from the Late Jurassic is abruptly disturbed by 

extension and faulting during the opening of the Equatorial Atlantic (e.g. Baraka basin, 

Fig. 2). Even further into the deepwater, calculations of tectonic subsidence for pseudo-

well 1 (PW-1) produces a subsidence curve that displays similar results to those of the 

SABU-1 well, but, with less thermal subsidence from Jurassic rifting and more extension 

and thermal subsidence from Cretaceous rifting. The subsidence results for pseudo-well 2 

(PW-2) are quite different than the others, with the signal being dominated by Jurassic 

thermal subsidence. We identify no discernable subsidence due to faulting in the 

Cretaceous; however, the PW-2 location is ~200 km west of GU-2B-1, but only 50 – 100 

km east of the continental slope of the Central Atlantic (Figs. 1 and 6), therefore this result 

is not too surprising.    

In the second column of Fig. 10, we show the results of our backstripping and USM 

calculations for four locations on and around the Demerara Plateau. It is important to note 
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that the calculations are based solely on pseudo-wells inferred from published seismic lines 

and velocities found in Greenroyd et al. (2007 and 2008) and Basile et al. (2013); therefore, 

large uncertainties due to our depth conversions are inherent. Although our calculations are 

first-order estimates, there is a strong consistency in subsidence amounts and stretching 

factors between the conjugate plateaus. In addition, both plateaus show the combination of 

both rifting events in their subsidence patterns. Extension factors computed from Jurassic 

thermal subsidence data on the Demerara Plateau are less than those derived from the 

Guinea Plateau data. However, this may be more a function of the locations on the 

Demerara Plateau used for backstripping analysis, none of which are less than ~150 – 200 

km from the western edge of the Demerara Plateau. 

 

6. 2-D GRAVITY MODELING 

Differences in crustal thickness across passive continental margins provides an 

alternative measure of the amount of extension experienced as a result of rifting (referred 

to as βc in this paper). In this study, we used free-air-anomaly (FAA) gravity data from 

Sandwell et al. (2014) in order to generate 2-D crustal models. The FAA gravity data are 

shown as an inset map in Fig. 11, from which two profiles were extracted for crustal-model 

computation. Both the FAA gravity map and profiles show the characteristic continental 

margin “edge effect” in which a FAA high is aligned with the shelf-slope break, 

accompanied by a FAA low at the shelf rise (Rabinowitz, 1982; Watts and Marr, 1995). 

Somewhat unusual is the consistently positive FAAs across the vast majority of the Guinea 

Plateau shelf. The inset map shows a very strong SE–NW-trending anomaly high from 

Sierra Leone in the south to offshore Guinea Bissau in the north. These consistent anomaly 
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highs may be associated with gabbroic intrusions dated at 193 ± 3 Ma interpreted to be 

related to the opening of the Central Atlantic Ocean (Beckinsale et al., 1977; Mgbatogu et 

al., 1988). For crustal modeling, section geometries and densities within the upper 10 km 

were constrained by seismic reflection and well data. At crustal depths greater than 10 km 

(i.e. lower continental crust, oceanic crust, and mantle), densities were inferred from nearby 

crustal modeling studies offshore Sierra Leone (Jones and Mgbatogu, 1982) where seismic-

refraction data was available (Sheridan et al., 1969). Moho geometries were determined 

through a combination of modeled best-fits to the gravity data as well as reasonable 

agreement (≤ 10%) of crustal thickness variations determined for the nearby Sierra Leone 

passive margin. 

In general, our calculated results closely match the observed gravity values, with 

average errors being ± 4 mgal for both profiles. We find the greatest discrepancies occur 

at gravity highs oscillating across the continental shelf, where dense intrusive rocks may 

exist as parts of the basement complex. In profile A, a steep gravity increase occurs 

oceanward of the gravity low (Fig. 11). We interpret this as an effect of sharp changes in 

water volumes caused by submarine channels on the ocean floor, which have relatively 

large effects, as well as a ~20-km segment of relatively higher density transitional crust. 

The transitional crust may be interpreted in the seismic reflection data (Fig. 5) as an area 

of highly fractured/disrupted reflectors at the boundary between interpreted oceanic and 

continental crust. Meanwhile in profile B, a smaller magnitude FAA low is observed at the 

continental rise and is followed by a less dramatic increase in FAA towards zero above 

isostatically compensated oceanic crust. Another difference between the two profiles is the 

thickness of the oceanic crust and its overlying sedimentary sections. In profile A, the 
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oceanic crust is thick (~7 km), with a rugose topography, and a ~2–3-km-thick draping of 

sedimentary units. Conversely, Profile B shows thin oceanic crust (~5 km), with smooth 

topography, and ~5-km-thick overlying sedimentary section. Although it is difficult to 

explain the difference in oceanic crustal thicknesses, the rugose topography in Profile A 

may be related to its position within the transtensional regime of the Guinea Plateau margin 

that crosses the Guinea Fracture Zone, a lineament along which volcanic rocks and 

seamounts continue to occupy the present-day seafloor (Fig. 1). Meanwhile, the thicker 

post-rift strata seen in Profile B are likely a function of the profile’s position, which spans 

the divergently rifted section of the Guinea Plateau, a region characterized by considerably 

more syn- and post-rift sedimentation.  

Compiled magnetic anomaly data from Maus et al. (2009) are also presented in Fig. 

11. Jones and Mgbatogu (1982) hypothesized that a small magnetic peak coinciding with 

the gravity low at the continental rise defined the location of the ocean-continent transition 

(OCT) offshore Sierra Leone. Along the Southern Guinea Plateau margin, however, we see 

no such correspondence. In Profile A, there is a broad magnetic high seaward of the gravity 

low at the continental rise. The magnetic anomalies of Profile B are even more ambiguous, 

with one broad magnetic high located above the syn-rift grabens, and another seaward of 

the OCT. Similarly, previous studies examining magnetic anomaly signatures across 

magma-poor continental margins have also illustrated inconsistencies between magnetic 

peaks and the transition from continental crust into oceanic crust. At offshore 

Newfoundland, Funck et al. (2003) found seafloor spreading anomaly M3 to be clearly 

above thinned continental crust rather than oceanic crust (Minshull, 2009). At the Southern 

Guinea Plateau margin, additional problems in identifying the OCT arise due to almost 40 



 

98 

 

Myr of no magnetic reversals (121 – 83 Ma; Granot et al., 2012), known as the Cretaceous 

Normal period (a.k.a. Cretaceous Superchron or C34), which creates additional uncertainty 

in resolving accurate ages of initial oceanic crust formation via plate-reconstruction 

techniques. For this reason, we believe the OCT of the Southern Guinea Plateau margin is 

best determined using the combination of seismic reflection interpretation and gravity 

modeling presented in this paper.  

 

7. DISCUSSION 

7.1 Oblique Tectonics of the Southern Guinea Plateau 

Interpretation of high-quality 2-D and 3-D seismic reflection data presented in this 

paper provides insight into a region of the previously mostly unexplored Southern Guinea 

Plateau. In particular, the 3-D data image distinctive rift-related listric-style faults and syn- 

and post-rift volcanism found along the Guinea Plateau’s south-eastern margin (Fig. 3). To 

the west of the 3-D surveys, 2-D seismic reflection data image the transtensional tectonics 

defined by the pronounced E–W trend of the continental shelf-slope margin. When 

combined with interpretations presented on the westernmost tip of the Guinea Plateau by 

Benkhelil et al. (1995), it is possible to develop a more complete understanding of the rift 

tectonics of the Southern Guinea Plateau (Fig. 9).  

 Oceanic crustal ages provide strong evidence that the Western Guinea Plateau 

margin of the pre-Cretaceous Guinea-Demerara conjugate plateau formed as a result of the 

Jurassic rift event (Jones and Mgbatogu, 1982; Klitgord and Schouten, 1986; Davison, 

2005; Reuber et al., 2016); however, its effect on the Southern Guinea Plateau margin has 

only been the subject of speculation due to a lack of seismic resolution of the structure 
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within Jurassic strata. As such, Benkhelil et al. (1995) presumed a prominent N10°W-

trending fault zone (Fig. 9) as likely being a reactivated structure related to Jurassic rifting. 

Likewise, in our 2-D data, it is also difficult, if not impossible, to accurately resolve 

consistent patterns of faulting beneath the Jurassic unconformity. However, in the 3-D data, 

mapping of Jurassic and Neocomian faults via seismic coherency and curvature attributes 

has resolved orientations of 0° ± 5° for geologic sections of both ages. This suggests that 

the prevailing tensional stress regime of the Jurassic penetrated, to some degree, to the 

location of our 3-D surveys. Therefore, the mapped NNW–SSE-oriented faults punctuating 

the Neocomian section of Line 2D-2 (Fig. 6) are also likely related to crustal weaknesses 

generated by the opening of the Central Atlantic Ocean. It is probably through long-lived 

subsidence along these faults that the pre-rift (i.e. pre-Albian) rock units westward of 

17.5°W were able to accumulate such pronounced thicknesses (Figs. 6 and 10). 

During Aptian time, as the Austral and Central Segments of the South Atlantic had 

already begun to open via stepwise northward-propagation, the Guinea-Demerara 

conjugate plateau began to split apart in two distinct motions: (1) from 14.5°W–15.5°W, 

the plateaus rifted divergently, with only minor rift-onset volcanism, extending in a WSW–

ENE direction. Listric faults and half-grabens formed in this narrow zone, and significant 

thicknesses of clastic strata accumulated (up to thicknesses of 4 km) within the Baraka 

basin. (2) West of 15.5°W, the plateaus slid past one another along the Demerara-Guinea 

Transform, the continental continuation of the Guinea Fracture Zone, with its location 

probably along a zone of pre-existing Pan-African weakness (Benkhelil et al., 1995). The 

motion was transtensional in nature, as evidenced by the synthetic and antithetic dip-

directions of the listric faults to the east, the normal offsets of syn-rift units across the 
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Demerara-Guinea Transform (Fig. 5), and the negative flower structure orientations 

observed in line 2D-3 (Fig. 7). Volumes of syn-rift deposits decrease towards the west, as 

the offset of pre-rift Aptian strata diminishes across faults (Fig. 8). In Albian time, oceanic 

accretion began between the two plateaus, and a through-going ridge-transform-ridge 

system was fully developed by 105–107 Ma (Basile et al., 2013; Edge, 2014). 

Consequently, several Albian volcanics with an emplacement date of around 106 Ma were 

deposited on the shelf-edge and slope of the divergently rifted section of the Guinea 

Plateau. Along the transtensional segment of the Guinea Plateau, we interpret that the 

oceanic accretion axis progressively drifted westwards along the Demerara-Guinea 

Transform, causing a post-rift unconformity that post-dates formation of oceanic crust 

along the transform margin (Basile et al., 2013). Therefore, Albian-aged units persist above 

oceanic crust across the transform margin up until the oceanic accretion axis had drifted 

beyond the continental margin (Fig. 5).  

7.2 Asymmetrical Rifting 

A direct comparison of upper-crustal deformation between the Demerara and 

Guinea conjugate plateaus reveals several differences. Fig. 12 shows a summary of 

Cretaceous rift-related deformations restored to their positions during the late-Albian (100 

Ma). Faulting on the eastern margin of the Demerara Plateau is from Basile et al. (2013). 

Neither the extent nor the amount of Aptian-Albian volcanism found on the Guinea Plateau 

has been reported to date on the conjugate Demerara Plateau. Basile et al. (2013) report 

roughly N-S-trending normal faults along the eastern edge of the Demerara Plateau, backed 

by inverted normal faults with a WNW–ESE orientation. Conversely, on the southeastern 

edge of the Guinea Plateau, we find massive NW–SE-oriented listric faults with no 
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evidence of inversion tectonics. However, inversion structures were found to the northwest 

by Benkhelil et al. (1995), and both groups of authors attribute local compressional 

episodes to a plate kinematic reorganization in the late Albian. 

The reasons for the apparent asymmetry between the conjugate margins are unclear. 

Even if some of the observed differences in faulting and volcanism are a matter related to 

discrepancies in data resolution and penetration depths, it is unlikely such profound 

contrasts would exist artificially. In fact, varying degrees of asymmetry between conjugate 

rift margins are not entirely unusual. Favre and Stampfli (1992) documented asymmetries 

at the Gulf of Suez, the Red Sea, and the Central Atlantic rift system along Morocco and 

the North American coast. The authors found disparities in crustal deformation in each rift 

setting, from pre-oceanic rifts (Gulf of Suez) to rift zones with fully developed oceanic 

accretion axes (Red Sea and Central Atlantic). For each set of conjugate margins, Favre 

and Stampfli (1992) attributed the asymmetry as a function of simple shear models with 

upper and lower plate settings (Wernicke, 1985). According to Wernicke (1985), lower 

plate margins are characterized by large tilted blocks that sole out onto a mid-to-lower 

crustal detachment surface, while conjugate upper plate margins are dominantly flexural 

and consists of planar-style extensional faults and large-scale plateau-basalt volcanism. As 

such, the rift models of Favre and Stampfli (1992) imply uniform simple-shear-type 

extension in the upper crust contrasted with dominantly pure-shear extension at deeper 

crustal and mantle-lithosphere levels.  

 Asymmetrical rifting between the Demerara-Guinea conjugate plateaus is an 

attractive model based on our observations; however, there are inconsistencies between the 

Demerara-Guinea rift system and those described by Favre and Stampfli (1992). The listric 
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fault blocks observed on the Guinea margin imply its configuration is a lower plate margin, 

with the planar-style extension observed on the Demerara margin implying upper-plate-

margin deformation. However, the issue of observed volcanism on the Guinea margin, and 

an apparent lack of significant volcanism on the Demerara margin, is contrary to 

Wernicke’s (1985) simple-shear rifting models. In general, the upper plate is expected to 

experience volcanism due to greater attenuation of the lower lithosphere (i.e. thinner lower 

crust). However, interpreted volumes of volcanics along the Guinea margin (Kardell, 2016) 

are volumetrically small compared to magma-rich margins (Franke, 2013), as the predicted 

amounts due to rift-onset volcanism are insignificant, and instead much of the volcanism 

occurred near the time of crustal separation. In addition, crustal strength along the Guinea 

margin may already have been compromised by documented dike swarms during the early 

Jurassic (Beckinsale et al., 1977).  

Additional questions arise from the narrow width of stretched continental crust 

along the divergently rifted Guinea margin (Fig. 11 - Profile B). Listric-style extension 

appears to occur over a ~40 km zone from the continental shelf edge to oceanic crust. 

Meanwhile, the eastern Demerara Plateau margin appears to also contain a margin-width 

of ~40–50 km (see Basile et al. (2013)). The aforementioned asymmetrical margins of the 

Red Sea, Gulf of Suez, and Central Atlantic consist of margin widths ranging from 100–

200 km. Likewise, the extensively studied non-volcanic Galicia margin also contains ≥ 100 

km of stretched continental and/or transitional crust (Reston and McDermott, 2014). Model 

experiments show that the width of a rift zone depends on crustal thickness and the depth 

at which the brittle/ductile transition zone resides at the onset of lithospheric extension 

(Ziegler and Cloetingh, 2004). Therefore, the narrow width of extension along the 
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divergent segments of the Demerara-Guinea plateau margins may have been a function of 

below-average crustal thickness and a shallow brittle/ductile transition, perhaps influenced 

from thermal perturbations resulting from Jurassic rifting of the Central Atlantic. At any 

rate, without proper seismic refraction and reflection lines that illuminate the differences 

in upper- and lower-crustal structure across the two divergently rifted margins, we can only 

speculate at the degree of asymmetry between the margins. Although upper-crustal 

asymmetries are apparent, further examinations of their crust-mantle boundaries will be 

decisive in generating an appropriate cross-sectional rift model. 

7.3 Extension Discrepancy 

The amount of extension measured from offsets along upper-crustal faults (i.e. βf) 

at many passive margins is less than the amount of extension measured from crustal 

thinning (βc) and subsidence (β) (Kusznir and Karner, 2007; Reston and McDermott, 

2014). Edge (2014) measured the amount of Cretaceous extension along 54 2-D seismic 

profiles that traverse the Southern Guinea Plateau margin. His results produced an average 

extension factor of βf = 1.11 throughout the margin, with a maximum value of βf = 1.39 

occurring across the Baraka half graben. His average βf seems quite low for a margin that 

has extended to the point of continental separation and formation of an oceanic accretion 

axis. We believe this is in part due to the Guinea margin having been influenced by at least 

two stages of extension, both of which need to be considered when analyzing the total 

amount of stretching. In our subsidence results (Fig. 10), we see that thermal relaxation 

from the Jurassic rift event is imprinted on all of the tectonic subsidence curves. Therefore, 

by only measuring the offset of the Aptian rift-onset horizon, the subsidence due to Jurassic 

extension is mistakenly ignored.  
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Other proposed reasons for underestimates of extension measured from upper-

crustal faulting include insufficient seismic resolution at depth causing significant 

subseismic deformation to be excluded (Reston and McDermott, 2014). These authors 

found that subseismic distributed deformation can account for 30 ± 17% of the total 

extension. In other words, up to almost 50% of the margin extension can be accommodated 

through faults too small to be resolved seismically. If we apply the end-member case of 

47% subseismic deformation to the βf-factors of the Guinea Plateau, the maximum 

extension measured across the continental slope becomes βf = 2.62, resulting in a final 

crustal thickness ranging from 11.9 – 13.4 km (assuming an initial crustal thickness of 31.2 

– 35 km). This amount of extension is more than enough to compensate for the 

discrepancies between βf-factors computed from faults and β-factors computed from 

subsidence analysis (Fig. 10); however, in the deepwater segment of the margin, near the 

OCT, neither of the βf- nor β-factors are large enough to account for the actual crustal 

thickness resolved through gravity modeling (see Fig. 11; Profile B). At the PW-1 pseudo-

well location, the crust is stretched by βc = 3.21 – 3.60, and up to βc = 4.66 – 5.23 at the 

OCT. This suggests that rifting at the Southern Guinea Plateau may have had some 

component of depth-dependent stretching (DDS; Royden and Keen, 1980) in which the 

extension of the whole continental crust and lithospheric mantle greatly exceeds that of the 

upper crust (Kusznir and Gardner, 2007). Kusznir and Gardner (2007) have documented 

that extension and thinning of a large number of non-volcanic rifted margins is partitioned 

with depth; however, it is unclear how this partitioning with depth affects asymmetrical 

margins because it predicts ‘upper plate’ behaviour on both conjugate margins. This 

requirement is inconsistent with the distinction of both upper and lower plate margins for 
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the rift models outlined in Wernicke (1985) and Favre and Stampfli (1992). Therefore, due 

to conflicting implications between DDS and asymmetrical rift models, we hypothesize 

that DDS accounts for only a fraction of the observed extension discrepancy of the 

Southern Guinea Plateau rift margin. Instead, the extension discrepancy is likely the result 

of a combination of DDS, subseismic faulting, and polyphase (multi-rift) faulting. 

 

8. CONCLUSIONS 

Interpretation of new, high-quality 2-D and 3-D seismic reflection data located 

across the southern margin of the Guinea Plateau provides insight into the plateau’s 

structural evolution. Within the 3-D data, we resolve minimal rift-onset volcanism, large-

scale listric normal faulting, a pulse of volcanism at the end of rifting during onset of 

oceanic-crust formation, and varied amounts of post-rift subsidence dependent on location 

along the margin. In addition to interpreted vertical profiles, we present 3-D maps of the 

Aptian rift-onset unconformity and Albian breakup unconformity that emphasize their 

spatiotemporal volcanic features as well as the notably narrow width of the divergently-

rifted section of the Southern Guinea Plateau margin. Interpretations made in the 3-D data 

are carried over to regional 2-D profiles that image the E–W-striking section of the margin. 

Here, a shift in tectonics is inferred from divergent rifting in the east, to transtensional 

separation along the Demerara-Guinea Transform in the west. We integrate our results with 

previous seismic exploration efforts and produce a structural map that shows that the 

Southern Guinea Plateau margin is defined by oblique tectonics, with a dramatic decrease 

in Cretaceous syn-rift sedimentation west of the 3-D surveys. 
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 We supplement our seismic interpretations with computed subsidence curves from 

four locations along the plateau, as well as two crustal-scale gravity models that traverse 

from the continental shelf out across the ocean-continent transition. We draw comparisons 

between our results for the Guinea Plateau and published results on the conjugate rifted 

Demerara Plateau and make at least three main points: 

1.  Backstripping and subsidence analyses of the Southern Guinea Plateau reveal 

the influence of a multi-rift history on its evolution. Subsidence through thermal 

relaxation of the Jurassic rift event that opened the adjacent Central Atlantic is 

greatest towards the western margin of the Guinea Plateau, but its signal is also 

seen in pre-Cretaceous rift strata of the Equatorial Atlantic margin, probably along 

buried N–S Jurassic faults created during the E–W extension of the Jurassic rift 

event. Both events should be considered when tracking the evolution of the 

Southern Guinea Plateau margin.  

2.  When restored to late-Albian times, apparent upper crustal asymmetry is found 

between the conjugate rift margins. The divergently rifted segment of the Southern 

Guinea Plateau is defined by large-scale listric faulting interpreted to sole out into 

basement rocks, as well as conspicuous extrusive volcanism emplaced during late-

Albian separation of the margins. This is in contrast to planar-style extension, 

limited volcanism, and inversion episodes reported on the conjugate divergently 

rifted Demerara Plateau. Therefore, asymmetrical rifting may have dominated 

during early crustal separation between the conjugate margins. 

3.  Apparent discrepancies exist between the amounts of extension measured across 

upper-crustal faults in the seismic reflection data, extension factors for the crust and 
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mantle lithosphere resolved from subsidence data, and crustal thickness variations 

determined from gravity modeling. The upper crustal extension discrepancy along 

the continental shelf and upper slope can be explained through a combination of 

subseismic deformation and polyphase (multi-rift) faulting; however, beneath the 

deepwater continental rise and slope, near the ocean-continent transition, these 

factors are still not enough to account for extended crustal thicknesses resolved in 

the gravity models. In addition, extension factors computed by fitting a uniform 

stretching model to the backstripping data acceptably match crustal thicknesses up 

to the deepwater regions. Near the ocean-continent transition, extension of the 

whole continental crust and lithospheric mantle greatly exceeds that of the upper 

crust; therefore, the Southern Guinea Plateau margin may provide evidence of some 

degree of depth-dependent stretching during rifting. 
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TABLES 

Table 1.  Parameters used in Subsidence and Mechanical 

modeling 

Parameter Value 

Density of water 1000 kg/m3 

Density of sediment grains 2350 kg/m3 

Density of crust 2800 kg/m3 

Density of mantle 3330 kg/m3 

Zero elevation crustal thickness 33 km 

Thermal thickness of the lithosphere 115 km 

Temperature of the mantle 1333 °C 

Thermal diffusivity 8.0 x 10-7 m2/s 

Thermal expansivity 3.28 x 10-5 / °C 

    

Table 1 
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FIGURES 

 

Figure 1. (Top): Present-day geodynamic setting of equatorial segment of the Southern 

Atlantic Ocean. The Guinea Plateau (G.P.) and Demerara Plateau (D.P.) are outlined along 

West Africa and South America, respectively. Fracture zones (FZs; light-gray lines) and 

the Mid-Atlantic Ridge (red line), modified from Edge (2014), show the paths along which 

the two conjugate plateaus have been separating since the Cretaceous. The Marathon FZ 

represents the dividing line between the (Jurassic) Central Atlantic Ocean to the north and 

the (Cretaceous) Southern Atlantic Ocean to the south. (Bottom) Contoured bathymetric 

map of the Guinea Plateau showing locations of seismic data used in this study. Red boxes 

outline the two 3-D surveys, A & C, while red lines highlight the 2-D seismic lines shown 

in this paper. Purple circles show the two exploration wells, GU-2B-1 and SABU-1, the 

yellow circles, PW-1 and PW-2, are pseudo-well locations used in subsidence analysis 

discussed in the text (5. Backstripping and Tectonic Subsidence). Inset map in bottom-left 

shows the named sections/segments of the South Atlantic Ocean. The segments are divided 

by prominent FZs. Map shown at plate-reconstruction time of Chron-34 (83 Ma) as 

presented in Moulin et al. (2010) and emphasizes the north-ward propagation of the 

Southern Atlantic Ocean rifting event. 

 

  



 

119 

 

 
Figure 2. (Right): Generalized stratigraphic section of the Southern Guinea Plateau based 

on seismic and well data. (Left) Arbitrary seismic profile taken through both 3-D surveys. 

Naming convention of rift-timing in relation to stratigraphic section is shown to the left of 

the stratigraphic column. Unless explicitly stated elsewhere, pre-rift strata refer to all strata 

deposited prior to the Cretaceous rifting event. The Jurassic, Aptian, Albian, Cretaceous, 

and Oligocene horizons are typically manifested as unconformities, while the Neocomian 

(brown) is a conformable horizon representing the top of Neocomian carbonates. 
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Figure 3. Four interpreted seismic profiles from the 3-D surveys, A & C. Inset map of line 

locations shown in bottom-right corner of Line 3D-1. Lines 3D-1 and 3D-2 are inlines 

oriented roughly parallel to the strike of the shelf margin. Lines 3D-3 and 3D-4 are 

crosslines that provide a dip-direction perspective of the continental shelf-slope-rise 

margin. Horizon/unconformity colors are consistent with the stratigraphy presented in Fig. 

2. The semi-transparent green lines beneath the Aptian ROU in Lines 3D-1 and 3D-4 

highlight the top-lapping angular unconformity characteristic of rift-onset unconformities 

(Franke, 2013). The red-shaded polygons represent interpreted Albian volcanics. 

 

  



 

121 

 

 

Figure 4. Horizon maps and perspective views (V.E. = 3:1) of the Aptian (bottom) and 

Albian (top) unconformities interpreted in the 3-D datasets and colored by depth beneath 

sea level. Interpreted volcanics differentiated as either Aptian or Albian shown as colored 

polygons on their respective horizon map. A massive volcano is outlined in yellow on both 

maps, as it is interpreted as having been active throughout many successive periods of 

geologic time on the basis of its seismic, gravity, and magnetic signatures (see Fig. 3, Line 

3D-1 for seismic example). The 3-D perspective of the Aptian ROU emphasizes the 

geometry of faulting caused by the Cretaceous rift event; meanwhile, the 3-D perspective 

of the Albian BU emphasizes several paleo-seamounts emplaced at the end of rifting and 

subsequent onset of oceanic spreading (~106 Ma). 
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Figure 5. (Top) Uninterpreted seismic profile 2D-1 (Fig. 1). The interpreted section 

(Bottom) uses the same color conventions as presented in Fig. 2, with the addition of 

oceanic crust (chaotic reflectors; dark green). Note the narrow extent of extension-related 

faulting. Also notice the reduced offset of pre- and syn-rift strata across the Baraka fault. 

Significant offset of the Aptian and Albian horizons is seen across the Demerara-Guinea 

Transform fault, showing the transition from a divergent regime (listric faults) into an 

oblique regime (transtensional faults) along this region of the Southern Guinea Plateau 

margin. Albian syn-rift fill is interpreted to persist from continental crust onto highly-

fractured nascent oceanic crust. This is a result of BU complexities associated with 

continental transform margins, where newly formed oceanic crust drifts along the 

transform margin during the initial stages of oceanic accretion (Mascle and Blarez, 1987; 

Basile et al., 2013). COT: Continent-Ocean-Transition (V.E. = 4:1). 

 

  



 

123 

 

 

Figure 6. Seismic profile 2D-2. Location of this E–W profile is ~70 km west of the 3-D 

surveys. Notice the extreme increase in unit thicknesses between the Neocomian and 

Jurassic horizons, contrasted by very thin “syn-rift” fill between the Albian and Aptian 

horizons. This suggests that this region of the Guinea Plateau was more affected by the 

Jurassic rifting event of the Central Atlantic, causing significant subsidence of Jurassic 

(and older) sequences, ultimately allowing large accumulations of carbonates to develop. 

In contrast, the Cretaceous rift event resulted in little-to-no syn-rift deposition at this 

location on the Guinea Plateau. Instead, it may have caused reactivation and/or fracturing 

and transform faulting to occur in Aptian – Neocomian units (dashed fault lines). Note that 

the western edge of the seismic data is not interpreted due to limited seismic fold in addition 

to edge effects resulting from its location near the boundary of the seismic velocity model 

used to convert 2-D seismic lines from time to depth. 
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Figure 7. Seismic profile 2D-3. Note the profile is a time section. Relative horizon 

thicknesses appear similar to line 2D-2, however the Aptian and Albian unconformities are 

roughly coincident, with no Cretaceous syn-rift fill. The faulting patterns appear to be 

similar to “flower structures” found preserved at other transform margins and boundaries 

(e.g. Mascle et al., 1997). The faulting is slightly transtensional as evidence of a concave-

upwards geometry of the Jurassic and Neocomian horizons. 
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Figure 8. Regional horizon maps for the Aptian and Albian unconformities along the 

Southern Guinea Plateau. Horizon picks were extended beyond the 3-D Survey boundaries 

(gray rectangles) through regional mapping on 84 depth-converted 2-D profiles (Fig. 1). 

The Baraka fault is interpreted to persist ~40 km to the WNW of Survey C (dashed black 

line); however, offset of the Aptian unconformity dramatically diminishes. Conversely, the 

nearly east-west transform fault (i.e. Demerara-Guinea Transform) south of the Baraka 

fault, interpreted to be a marker of intracontinental rifting between the Demerara and 

Guinea Plateaus, continues to offset and down-drop the Aptian and Albian unconformities 

for ~100 km to the west. 
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Figure 9. Structural map combining interpretations using our data (black lines, tan and 

gray polygons) and interpretations presented in Benkhelil et al. (1995), shown in blue. Our 

interpretations focus on the divergent, listric-style deformation and volcanism that 

dominates the south-eastern margin of the Guinea Plateau. West of the listric faulting, 

transtensional faulting and a decrease in rift-related deposition and volcanism transition 

into a large transcurrent fault zone and inversion as interpreted by Benkhelil et al. (1995). 

This evident transition in deformational structures emphasizes the progression of the 

obliquely rifted Southern Guinea Plateau margin that manifested during the mid-

Cretaceous. 
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Figure 10. Comparison of backstripping curves computed at four locations along the 

Southern Guinea Plateau in the first column (two wells and two pseudo-wells; Fig. 1) and 

four locations along the Eastern and Northern Demerara Plateau (locations shown in inset 

maps and approximate coordinates given after pseudo-well names). The subsidence data 
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for the Demerara Plateau was computed using unit ages and thicknesses inferred from 

interpreted seismic sections presented in Greenroyd et al. (2007, 2008) and Basile et al. 

(2013); seismic methodology also used for PW-1 and PW-2 for the Guinea Plateau. The 

dotted green line represents the total decompacted sediment thickness, while the solid black 

line shows the tectonic subsidence computed from backstripping. The red (Guinea Plateau) 

and blue (Demerara Plateau) error bars represent the amount of uncertainty in the tectonic 

subsidence at each time interval (see text). The Cretaceous rifting event of the South 

Atlantic is highlighted by gray boxes. Best-fit curves of a uniform stretching model with 

crust and mantle extension, β, for each period of rifting are shown as dashed black lines. 

Note for DP4, that the stretching-model curve for the Cretaceous rift event does not include 

data points from the Miocene – present, as an influx of sediment from the Amazon basin 

appears to be generating accelerated subsidence. Numbers in parentheses after well name 

indicate water-bottom depth below sea level. 
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Figure 11. Forward-modeled 2-D gravity profiles computed using the Talwani et al. (1959) 

method. Free-air gravity data (top-left map) derived from Sandwell et al. (2014), magnetic 

data (top-right map) derived from Maus et al. (2009). Both profiles A & B are taken along 

2-D seismic reflection profiles; upper crustal (≤10 km) geometries and densities are 

constrained by seismic interpretation. Lower crust and mantle densities are average values 

based on crustal-scale velocities and densities. Lower crust/mantle boundary depths are 

determined through gravity modeling, with the constraint that they cannot deviate 

dramatically from a crustal model offshore nearby Sierra Leone computed using seismic 

refraction constraints and presented in Jones and Mgbatogu (1982). On profile B, crustal 

thicknesses derived from stretching factors (β) are shown assuming an initial crustal 

thickness ranging from 31.2 km – 35.0 km. Note the mismatch between the gravity-derived 

results at PW-1, perhaps implying a uniform stretching model is not a perfectly valid 

assumption for the rifted Southern Guinea Plateau. GU-1= GU-2B-1 and SB-1 = SABU-1. 

Profile A is from Line 2D-1 (Fig. 5). Profile B 2-D seismic line not shown because it is 

nearly coincident with line 3D-3 shown in Fig. 3. Numbers in brackets after well names 

represent distance from well location.  
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Figure 12. Late Albian (100 Ma) plate-reconstruction diagram showing interpreted 

deformation associated with Cretaceous rifting of the Demera-Guinea Plateau. Plate-

reconstruction diagram modified from Edge (2014) and Reuber et al. (2016). Demerara 

Plateau interpretations are from Basile et al. (2013), and are representative of the conjugate 

segment of the Demerara Plateau to the 3-D seismic data of the Guinea Plateau. Notice the 

distinct asymmetry in upper-crustal faulting and volcanism between the conjugate margins. 

No large-scale listric faults and volcanics were interpreted by Basile et al. (2013), while 

those characteristics are what define the south-eastern Guinea Plateau. This degree of 

asymmetry is suggestive of simple-shear extension during Cretaceous rifting in order to 

describe the discrepancy in faulting and volcanism between the two conjugate margins. 
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ABSTRACT 

Seismic exploration of unexplored passive margins is both an exciting and daunting 

task due to challenges inherent in producing accurate geologic histories with limited 

constraints. The process of interpreting vertical profiles and depth slices of seismic 

amplitudes is a natural and rewarding first step; however, undertaking additional analyses 

provides added advantages towards increasing the robustness of proposed interpretations. 

In this study, we accomplish two tasks. First, we adapt the approach of computing and co-

rendering two seismic attributes, semblance and most-positive curvature (outlined by 

Chopra and Marfurt, 2010) towards the novel problem of interpreting pre-rift faulting that 

is often at the limits of seismic resolution. Second, we numerically model the tectonic 

subsidence of an entire large 3-D seismic survey in order to more effectively interpret the 

geologic evolution of the Southern Guinea Plateau, West Africa. Our seismic attribute 

results show the extent of Jurassic faulting beneath the margin, as well as a change in 

orientations of the stress field through time. Our interpolated surfaces of tectonic 

subsidence through time show the prominence of a major half-graben, the Baraka Graben, 

which we integrate with the regional geology to discuss its potential for accumulating 

hydrocarbon source rocks found regionally along the West African margin. 
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1. INTRODUCTION 

Exploration of frontier passive continental margins routinely presents challenges 

associated with the creation of geologic models using 3-D seismic reflection data and 

limited well control. The southern margin of the Guinea Plateau (i.e., Southern Guinea 

Plateau; Fig. 1), located offshore Guinea (West Africa), is a prime example of a frontier 

margin lacking extensive exploration efforts in comparison to other parts of the West 

African passive continental margin; such as Morocco, Mauritania, and Senegal to the north, 

and Ivory Coast-Ghana, Nigeria, and Angola to the south (Chapin et al., 2002; Davison, 

2005; Brownfield and Charpentier, 2006; Beglinger et al., 2012). Furthermore, the 

Southern Guinea Plateau is unique in that it represents the final point of separation between 

the West African and South American plates during the Cretaceous rifting event of the 

Equatorial Atlantic Ocean (Edge, 2014). This pivotal location resulted in the Guinea 

Plateau’s evolution being created by both the Jurassic and Cretaceous rift events that 

opened the central and equatorial segments of the Atlantic Ocean (Olyphant et al., 2017).  

The tectonics of the Southern Guinea Plateau are of interest to both academic and 

petroleum exploration researchers. The plateau’s combination of transtensional structures 

and localized volcanic features frame its geologic history as distinct from the generalized 

framework of salt tectonics, volcanic flood basalts, and sedimentary transform margins that 

define the majority of West Africa’s passive margins to the north and south of the Guinea 

Plateau (Davison, 2005; Beglinger et al., 2012). In addition, several oil discoveries in the 

Equatorial Atlantic have been drilled in the last decade, including offshore Ghana (Jubilee 

Field), offshore Sierra Leone (Mercury-Venus-Jupiter), offshore Senegal (SNE-1), 

offshore French Guiana (Zaedyus-1), and offshore Guyana (Liza and Payara). As such, 
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geologic models that further our understanding of the Southern Guinea Plateau’s tectonic 

evolution provide insights into this unique and underexplored margin. 

In this paper, we apply numerical-modeling techniques to generate 3-D tectonic 

subsidence maps of the Southern Guinea Plateau margin using seismic horizons mapped 

within ~7800 km2 of 3-D depth-migrated seismic reflection data. Interpolated surfaces of 

tectonic subsidence effectively track the subsidence and uplift histories of interpreted 

horizons at each location since their time of deposition (Xie and Heller, 2009). An 

improved spatial understanding of tectonic subsidence can be integrated with knowledge 

of the regional tectonics to both characterize the margin as well as identify potential zones 

of interest. In addition, during numerical modeling, stretching factors are derived for the 

entire margin, providing the ability to produce a first-order map of crustal thicknesses that 

surpasses the resolution of publicly available crustal thickness data, such as data from Crust 

1.0 (Laske et al., 2013). In addition, our numerical-modeling approach is adaptable to other 

exploration efforts where 3-D seismic horizons and at least 1-2 wells are available.  

 

2. GEOLOGIC SETTING 

The Guinea Plateau is a salient bathymetric feature that extends nearly 400 km to 

the west of Guinea, West Africa (Fig. 1). The plateau consist of two margins that differ in 

their geologic evolutions; the western margin of the Guinea Plateau (approximately 9.5°N–

11°N, herein referred to as Northern Guinea Plateau) formed as a result of the opening of 

the Central Atlantic Ocean during the Middle-Late Jurassic (Klitgord and Schouten, 1986), 

while the Southern Guinea Plateau (approximately 7.5°N–9.5°N) opened during the Late-

Cretaceous, around 105–107 Ma (Moulin et al., 2010; Edge, 2014). This study focuses 
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solely on the Southern Guinea Plateau, specifically the region contained within two depth-

migrated 3-D seismic reflection datasets (Fig. 1) that were imaged with a line spacing of 

25 m x 25 m and contain two exploration wells, GU-2B-1 and SABU-1 that serve to 

provide regional well ties.  

Interpretation of the 3-D seismic data reveals precise details on the southern 

plateau’s geologic evolution during the last ~150 million years; we summarize the main 

points for a regional analysis of the tectonic subsidence of the Southern Guinea Plateau as 

the following: 

 A regional Jurassic unconformity interpreted in the 3-D seismic data is assumed to 

represent the top of the basement in the region. The identification of Jurassic 

deformation is difficult with vertical profile seismic interpretation techniques alone. 

However, the identification of numerous 1-km-scale faults and flexures beneath the 

Jurassic unconformity with the aid of volumetric seismic attributes reveals that the 

Jurassic rift event also underlies the northwestern region of our seismic surveys 

(Section 3). 

 Above the Jurassic unconformity are two more unconformities that define the 

beginning and end of the Cretaceous rift event – the Aptian rift-onset unconformity 

(~ 110 Ma) and the Albian break-up unconformity (~ 100 Ma). Between these two 

unconformities there is considerable listric-style faulting and dispersed volcanic 

deformation both associated with extension of the lithosphere that took place during 

the opening of the Equatorial Atlantic. 

 Higher up in the stratigraphic section are the Cretaceous and Oligocene 

unconformities, which bound a sequence of thick carbonates. Lastly, above the 
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Oligocene unconformity are sequences of alternating sands and shales that continue 

to be deposited onto the present-day ocean seafloor. 

 

3. VOLUMETRIC ATTRIBUTE FAULT ANALYSIS 

As previously mentioned, the interpretation of structural deformation beneath the 

Southern Guinea Plateau’s Jurassic unconformity is a difficult task. One major difficulty 

stems from the fact that poorly-imaged individual faults are not readily tracked from one 

vertical profile to the next, making it difficult for the interpreter to confidently interpret 

individual fault planes. In addition, the majority of the Jurassic unconformity resides at 

depths greater than 5 km beneath sea level, resulting in reduced seismic resolution and low 

amplitudes. 

To aid us in our seismic interpretations, we employed a workflow outlined in 

Chopra and Marfurt (2010) that consists of co-rendering two volumetric seismic attributes, 

semblance and most-positive curvature, which are seismic attributes that analyze a depth-

window of seismic amplitudes and highlight their variations and lateral discontinuities, 

thus providing a useful mechanism for identifying faults and flexures. The seismic 

attributes were computed using IHS Kingdom Suite’s Rock Solid Attributes module with 

our 3-D pre-stack depth-migrated seismic volumes as inputs. Our primary investigations 

involved subsurface depths greater than 5 km; therefore, we adjusted the input parameters 

to target features of broader wavelengths. We used a 150-meter depth-window across 9-

traces in the orthogonal horizontal dimensions in order to reduce noise without sacrificing 

too much of the short-wavelength variation associated with faulting and folding.  
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Fig. 2 shows images of the generated semblance and most-positive curvature 

volumes juxtaposed against a vertical profile of seismic amplitudes. The vertical profile 

provides a snapshot of one of the few examples of a highly visible series of Jurassic-age 

faults seen in vertical-profile view. Both the semblance and curvature volumes (top row of 

images) show consistent intersections with the faults seen in the vertical profile. However, 

the curvature anomalies appear to be of higher resolution and shorter wavelengths. This is 

a result of the curvature anomalies also picking up apparent small lateral anticlinal flexures 

within the seismic reflections. At these depths (~6 km), anticlinal flexures may represent 

faults that contain offsets beneath the limits of the seismic resolution. For this reason, co-

rendering of both the semblance and most-positive curvature volumes, with an opacity of 

75%, provides a more robust display for picking fault traces (Fig. 2, bottom-right image). 

The results of our volumetric attribute fault analysis are compiled into rose 

diagrams and shown in Fig. 3. We find a mean azimuthal orientation for interpreted 

Jurassic faults of 359.6° ± 5.2°, which closely aligns with the strike of the Northern Guinea 

Plateau. In order to test the validity of our interpreted Jurassic faults, we performed the 

same methodology on Albian syn-rift faults found at shallower depths and, consequently, 

imaged at higher resolutions. The resolved mean azimuthal orientation for the Albian syn-

rift faults is 124.8° ± 3.6°, an orientation consistent with the general trend of interpreted 

syn-rift faults in vertical profile view. Lastly, a suite of post-rift Late-Cretaceous faults 

were also interpreted with a mean azimuthal orientation of 27.2° ± 8.1°. Consequently, the 

present-day stress field has changed from the prevailing stress directions prior-to and 

during rifting of the Southern Guinea Plateau. The mean post-rift fault and fracture 

orientation is interpreted to be related to the post-rift Grimaldi and Bathymetrists 
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Seamounts located to the southwest of the Guinea Plateau, which formed during a late 

Paleocene pulse of volcanism, presumably along pre-existing lines of weakness due to 

Cretaceous rifting (Skolotnev et al., 2012; McDougall et al., 2013). 

 

4. NUMERICAL MODELING OF TECTONIC SUBSIDENCE 

The “tectonic subsidence” of a basin represents the amount of subsidence that 

would have existed if only water, and no sediment, filled the subsiding hole (Xie and 

Heller, 2009). In this manner, curves of tectonic subsidence histories provide a window 

into the past that reveal how tectonic-scale processes affected independent locations of 

subsidence and/or uplift throughout geologic time. Therefore, interpolating surfaces of 

tectonic subsidence histories throughout an entire 3-D seismic survey provides a more 

informative visual image on how prevailing tectonic-scale processes affected different 

zones of the region under investigation. The resultant surfaces provide an interpreter with 

a tool for identifying potential zones of interest with respect to margin characterization and 

hydrocarbon investigations, as well as information on extension factors, strain-rate 

histories, and crustal thickness estimations, all of which can be used in further basin 

modeling studies such as heat-flow modeling where heat-flow data are available. 

Our numerical modeling workflow for computing tectonic subsidence is shown in 

Fig. 4. We use six high-resolution gridded horizons interpreted in 3-D depth-migrated 

seismic reflection data to define the easting, northing, and vertical limits for generating a 

grid of pseudo-well locations. In order to define geologically realistic backstripping 

parameters, we use lithology, porosity, and density data from the GU-2B-1 and SABU-1 

exploration wells and observe the rate at which the porosity of each lithology (e.g. shale, 
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sandstone, limestone, and volcanics) decreases with depth due to mechanical compaction. 

This relationship, discussed in Steckler and Watts (1978, 1982), assumes the form of a 

negative exponential: 

𝜙 =  𝜙0𝑒
−𝑐𝑦                                                                                                                                     (1) 

where c is a coefficient determining the slope of the ϕ-depth curve, y is the depth, and 𝜙0 

is the porosity at the surface. Equation (1) allows us to progressively remove younger 

sediments and allow the underlying sediments to slide up the curve to their former 

positions, i.e. decompact. In the absence of information regarding the flexural rigidity of 

the lithosphere beneath the Guinea Plateau, local Airy tectonic subsidence at time t(x) is 

computed for all well and pseudo-well locations as: 

𝑌𝑥 = 𝑆𝑥 (
𝜌𝑚 − �̅�𝑏
𝜌𝑚 − 𝜌𝑤

) − Δ𝑆𝐿 (
𝜌𝑤

𝜌𝑚 − 𝜌𝑤
) + (𝑊𝑑 − Δ𝑆𝐿)                                                           (2) 

where 𝑊𝑑 is the paleowater depth, Δ𝑆𝐿 is the paleosea level relative to present, 𝜌𝑚 is the 

density of the mantle, 𝜌𝑤 is the density of water, and �̅�𝑏 is the average density of the entire 

sedimentary column made up of i layers: 

�̅�𝑏 =∑ {
�̅�𝑖𝜌𝑤 + (1 − �̅�𝑖)𝜌𝑠𝑔𝑖

𝑆𝑥
} 𝑦𝑖

′                                                                                          (3)
𝑖

 

where �̅�𝑖 is the mean porosity over the ith layer, 𝜌𝑠𝑔𝑖 is the sediment grain density of the 

ith layer, 𝑦𝑖
′ is the thickness of the ith sediment layer, and 𝑆𝑥 is the total thickness of the 

column corrected for compaction (Allen and Allen, 2005).  

Average backstripping parameters of 𝑐, 𝜌, and 𝜙0 determined for each lithology 

from analyzing our exploration wells are summarized in Table 1. There is no guarantee 

that the average backstripping parameters would be the same at other hypothetical wells 

drilled throughout the Southern Guinea Plateau. Therefore, during our numerical modeling 
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of tectonic subsidence throughout our entire seismic dataset, we allow our averaged values 

to vary by up to ± 75% of the “starting” values listed for 𝑐 and 𝜙0, and up to ± 20% for the 

𝜌 values listed in Table 1, across 25 iterations total, from which we extract the mean and 

uncertainty values for the resulting decompacted sediment thickness and tectonic 

subsidence calculations. Our decision to vary the parameters by 75% and 20% was rooted 

in maintaining geologically realistic values while also accounting for the variability in 

reported values found elsewhere, such as in the subsurface of the North Sea, outlined in 

Sclater and Christie (1980). 

Another important parameter in the calculation of Equation (2) is the paleowater 

depth (𝑊𝑑) at the time of deposition. Paleowater-depth information for a well location 

primarily comes from microfaunal and palynological assemblages, neither of which are 

presently available for the Southern Guinea Plateau’s exploration wells. Furthermore, two 

wells would not be sufficient to constrain the paleowater depths through time for all 

locations within our ~7800 km2 seismic survey. As such, we use a numerical approach 

where the evolution of the paleowater depth is a function of the present-day bathymetry. 

For example, the SABU-1 well location has a present-day water depth of 0.69 km. 

However, thin (< 100 m) sequences of sandstones, mudstones, carbonates, and even 

volcanics were logged within formations deposited prior to the onset of Aptian rifting in 

the GU-2B-1 well located on the shelf (Fig. 1). Therefore, we estimate that the depositional 

setting of the entire Southern Guinea Plateau could have varied between marginal to 

marginal marine near the onset of rifting, with paleowater depths varying anywhere 

between 0 – 0.3 km; however, after Cretaceous rifting caused upper-crustal extension, we 

assume the paleowater depth to have increased to at least half the present-day water depth, 
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with an uncertainty of ± 50%. From that point, the margin is expected to continue to subside 

until reaching the bathymetric depths we observe today. This process essentially simulates 

the evolution of the Southern Guinea Plateau bathymetry through time by using the present-

day bathymetry as a fixed constraint. We simulate our paleowater-depth estimations for 50 

iterations in order to calculate uncertainties in the overall tectonic subsidence due to 

variations in 𝑊𝑑. 

The results from a sensitivity analysis on backstripping parameters is shown in Fig. 

5. The plots show that it is important to consider ranges of values for the backstripping 

parameters in order to capture uncertainties in tectonic subsidence. For each test, all 

parameters were held constant except for the parameter plotted on the x-axis. Notice that 

the paleowater depth has a nearly one-to-one linear relationship with tectonic subsidence. 

Conversely, 𝑐, 𝜌, and 𝜙0 do not portray any evident correlations with tectonic subsidence; 

however, the variance of each parameter can affect the amount of tectonic subsidence by 

roughly 1-km on average. This ultimately underscores that numerical models of tectonic 

subsidence at the margin scale will have approximately 1-km of baseline uncertainty, with 

the potential to be reduced with additional well data and paleowater-depth information. 

4.1 Calculation of Extension Factors 

For determining the amount of upper-crustal and lithospheric stretching, which 

contributes to subsidence, we numerically compute extension factors (β) from our tectonic 

subsidence results at every pseudo-well location by fitting a McKenzie (1978) uniform-

stretching curve to the mean subsidence results. This is an effective method because it has 

been shown that the amount of syn-rift and post-rift subsidence depends essentially on the 

amount of stretching alone (Allen and Allen, 2005). Although previous work by Olyphant 
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et al. (2017) showed that extension factors near the Southern Guinea Plateau continent-

ocean transition, computed from a uniform stretching model (USM), overestimated the 

crustal thicknesses derived from forward gravity models, it is unclear whether this is due 

to discrepancies of using a USM or repercussions of other large-scale tectonic processes 

affecting the margin as a whole. These processes could include sporadic volcanism during 

syn-rift and post-rift times or potential magmatic underplating emplaced during continental 

separation, etc. The primary issue with assuming a depth-dependent stretching model at 

our study site is that a first-order prediction from both continuous and discontinuous depth-

dependent models is not observed in our seismic data – that is, uplifted footwall shoulders 

resulting in elevated rift margin topography (Ziegler and Cloetingh, 2004; Allen and Allen, 

2005). Therefore, we maintain the use of a USM but with the understanding that stretching 

factors computed near the south-western limits of our survey boundaries may be 

underestimates. 

 

5. RESULTS 

To evaluate the accuracy of our numerical model, we plot computed tectonic 

subsidence curves located coincident with the locations of the GU-2B-1 and SABU-1 wells 

(Fig. 6). We compare the model results to tectonic subsidence curves derived using 

parameters and horizon tops extracted from well data. The curves produced from well data 

contain more information and are therefore more robust; even still, the comparisons show 

that the model reproduces their overall trends and values very well. It is evident that the 

model slightly overestimates the amount of subsidence and stretching; however, mean 

extension factors and tectonic subsidence are within ± 5% between corresponding histories, 
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while total decompacted sediment is within ± 10%. Provided the model is incorporating up 

to ± 1-km of uncertainty in tectonic subsidence throughout geologic history, these results 

provide confidence that the model is robust and flexible enough to make reasonable 

predictions elsewhere throughout the 3-D survey boundaries. 

One major advantage of visualizing tectonic subsidence as interpolated 3-D 

surfaces instead of 2-D graphs is the ability to envision the varied amounts of subsidence 

across an area at different times of geologic history. Fig. 7 consists of three independent 

surfaces of tectonic subsidence history, corresponding to 110 Ma, 100 Ma, and 0 Ma. The 

110-Ma surface portrays the early effects of rifting on the region prior to the development 

of a through-going equatorial seaway. At this point, subsidence values ranging from 1.0-

1.5 km are isolated to three locations: the Baraka Basin, a pocket to its south, and a large 

region to the northwest of the survey. The remainder of the region is characterized by 

subsidence ≤ 0.5 km. Note that the regions of little-to-no subsidence (≤ 0.25 km) closely 

correspond with the locations of interpreted fault planes and are likely being influenced by 

uncertainties in isopach thicknesses between horizons that are offset across the faults. Even 

still, this does not alter the overall results in the sense that the down-dropped hangingwalls 

of basins maintain greater subsidence than their corresponding footwalls. 

By 100 Ma, West Africa and South America were no longer connected, and the 

Southern Guinea Plateau was undergoing primarily thermal subsidence. The 100-Ma 

surface shows a reorganization in the regions of maximum subsidence, with all areas of 

subsidence > 3.0 km being confined to the south of all major zones of Cretaceous faulting. 

Therefore, the subsidence signature of the region to the northwest that was dominant at 110 

Ma is no longer prominent. However, at 100 Ma, the Baraka Graben still represents a 
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depression surrounded by less subsided regions, standing out as an anomaly relative to the 

rest of the margin. The present-day margin (0-Ma surface), after 100 Myr of thermal 

subsidence, has resulted in a considerably smoother gradation in the tectonic subsidence 

from the continental shelf out towards the continent-ocean transition. The resulting surface 

thus represents a high-resolution example of the total tectonic subsidence for a mature, 

non-volcanic (i.e., no seaward-dipping reflectors) passive margin. 

 

6. DISCUSSION 

6.1 Jurassic Faulting Beneath Southern Guinea Plateau 

The modeled surfaces of tectonic subsidence at 110 Ma and 100 Ma (Fig. 7) across 

the Southern Guinea Plateau provide spatial information on the prevailing tectonic forces 

acting at critical points of its geologic history. At 110 Ma, the area north of 8.86° latitude 

and west of -15° longitude defines the largest region of maximum subsidence. Seismic 

interpretation reveals that this region contains a package of Neocomian-age 

limestones/carbonates, inferred to increase westwards towards the Northern Guinea 

Plateau margin, but that are not found locally beneath the Cretaceous rift grabens to the 

south. This northwest area is also where we interpret many N-S-trending Jurassic faults 

using volumetric attributes (Fig. 3), ultimately suggesting that Jurassic faulting, and its 

associated tectonic subsidence, created accommodation space for limestones to accumulate 

on the Southern Guinea Plateau prior to the Cretaceous rift event. 

We attempted to find other areas underlain by Jurassic faulting, particularly beneath 

the Baraka Graben; however, no consistent trends were identified. Therefore, we infer that 

the overlap of Jurassic faulting and interpreted sequences of Neocomian limestones 
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demarcate the geographical extent of Jurassic rifting on the Southern Guinea Plateau. This 

result raises the question of why the rest of the Southern Guinea Plateau beyond the areas 

underlain by Jurassic faulting (Fig. 7 – 110 Ma) also experienced subsidence prior to the 

Cretaceous rift event being fully developed. It may be that subsidence caused by Jurassic 

rifting pervades beyond the limits of upper-crustal faulting, perhaps because of a wider 

zone of stretching in the mantle lithosphere than in the upper/lower crust. It could also be 

related to some amount of initial subsidence occurring during the onset of Cretaceous 

rifting, as the 110-Ma surface uses the Aptian rift-onset unconformity in its calculations. 

Even still, identification of Jurassic faulting beneath the Southern Guinea Plateau implies 

that the Jurassic rift event affected the structural integrity of the Guinea Plateau more than 

~300 km to the east of the Northern Guinea Plateau margin. It may be that subtle extension 

accommodated along Jurassic faults caused the margin to slightly subside and maintain a 

shallow-marine environment conducive to the formation of the carbonate shelf that 

underlies the massive Guinea Plateau we see today. By 100 Ma, our results show that the 

subsidence signal caused by Jurassic rifting no longer stands out, as the initial subsidence 

from Cretaceous rifting had fully developed, and a through-going seaway existed between 

the then separated West Africa and South America margins. 

6.2 The Baraka Graben 

The 110-Ma surface reveals that the Baraka Graben was a localized zone of 

considerable subsidence early in the Southern Guinea Plateau’s evolution. This may 

suggest that the basin-bounding Baraka Fault coincides with a pre-existing structural 

weakness, causing early accommodation space to form by extension along tensionally 

reactivated structural discontinuities prior to the genesis of new faults created during the 
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Cretaceous rift event. Given that the entire region likely subsided at this point in time, it is 

unlikely that the Baraka Graben represented a lacustrine depositional system at 110 Ma. 

However, the graben still likely represented a marine depression flanked by steep faults 

towards its northern and southern boundaries. As such, the graben may represent a location 

of considerable interest to petroleum researchers within the context of analyzing source-

rock deposition.  

Multiple instances of regional Cretaceous organic-rich shale deposits, which serve 

as excellent marine source rocks, have been drilled by the Deep-Sea Drilling Project and 

Ocean Drilling Program, as well as regionally mapped along the coasts and deepwater 

regions of the Equatorial Atlantic using seismic data (MacGregor et al., 2003; Jones et al., 

2007). These organic-rich shales are believed to be synchronous with three Cretaceous 

oceanic anoxic events: OAE-1 during Aptian-Albian time, OAE-2 during Cenomanian-

Turonian, and, to a lesser extent, OAE-3 during Coniacian-Campanian (Schlanger and 

Jenkyns, 1976; Jenkyns, 1980). Bralower et al. (1993) summarize that these periods of 

anoxia were the result of higher sea levels (due to intraplate volcanism and thermal 

rejuvenation), higher-than-present atmospheric carbon-dioxide concentrations, vastly 

different paleogeography, and a warm and equable climate generally absent of continental 

ice sheets. These conditions caused high mean ocean temperatures with reduced oxygen 

solubility and generally slowed deep ocean circulation, leading to favorable conditions for 

organic material to be preserved on the ocean bottoms.  

Deposition of organic-rich shales corresponding to the OAE-1 and OAE-2 intervals 

were drilled in the Guinea Plateau’s GU-2B-1 well and reported by Edge (2014) to have 

thicknesses of 46 meters and 41 meters, respectively. Therefore, it is proven that the Guinea 
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Plateau was impacted by both anoxic events; the Aptian-Albian OAE-1 near 110 Ma, and 

the Cenomanian-Turonian OAE-2 near 95 Ma. Furthermore, Edge (2014) performed 

regional ocean modeling and showed that the Southern Guinea margin experienced 

moderate upwelling of nutrient-rich waters at 108 Ma that slowly transitioned into little-

to-no upwelling by 90 Ma. Considering our 110 Ma subsidence results (Fig. 7) in 

combination with the ~110 Ma OAE-1 event and modeled upwelling at 108 Ma, conditions 

for Aptian-Albian organic-rich shale deposits in the Baraka Graben may have been quite 

favorable. Given that 41-meter-thick deposits were able to accumulate on the shelf, it is 

possible significantly greater thicknesses could have been accommodated in the developing 

Baraka Graben depression.  

By 100 Ma, the top of the Baraka Graben was already beveled by the break-up 

unconformity; therefore, organic-rich shale deposition during OAE-2 could not accumulate 

within the graben itself. However, shales were likely deposited above the break-up 

unconformity or out towards the ocean-continent transition. Assuming a through-going 

ridge-transform-ridge system had developed between 105-107 Ma, we postulate that the 

infant 100-Ma Southern Guinea Plateau margin may have resembled the present-day 

southern segment of the Red Sea – a margin where oceanic accretion began ~5 Ma (Bonatti, 

1985). If true, high resolution bathymetry of the Red Sea (Eladawy et al., 2017) suggests 

the paleo-bathymetry of the Southern Guinea margin could have ranged from 150 – 900 

meters, likely providing more accommodation space for shale accumulations than the area 

on the shelf drilled by GU-2B-1. 

6.3 Crustal Thickness Map 
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We combined all of our resolved stretching factors (β) with an assumed initial 

crustal thickness of 32 km (Olyphant et al., 2017) to create a map of crustal thicknesses 

within the 3-D survey boundaries. The resultant values range from ~ 28-14 km from the 

shelf out into deeper waters. It should be noted that the crustal thicknesses resolved to the 

southwest of the zone of listric faulting are likely overestimates for reasons explained in 

Section 4.1; however, the thickness values beneath the Baraka Graben and the rest of the 

shelf/slope acceptably match crustal thicknesses derived via forward gravity modeling. The 

ability to produce a map of crustal thicknesses is an added benefit of numerically modeling 

the tectonic subsidence of an entire 3-D dataset, and can provide a high-resolution 

constraint for further basin analysis modeling, such as heat-flow modeling, strain-rate 

analysis, tectonic-scale inversions, and potentially many others.  

 

7. CONCLUSIONS 

Numerical modeling the tectonic subsidence of a region where 3-D depth-migrated 

seismic reflection data are available is a useful tool for regional and basin-scale 

exploration. After the seismic horizons of interest are mapped and a mean set of 

backstripping parameters are extracted from the well(s), a numerical approach provides 

flexibility for varying the parameter space in order to account for uncertainties in resolved 

tectonic subsidence values. Moreover, a numerical model is well suited for calculating 

tectonic subsidence curves and extracting stretching factors (β) for thousands of locations 

across the margin within a short period of time (i.e., hours). The results can then be 

interpolated to create tectonic subsidence surfaces for critical periods of interest. 
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We apply our numerical approach to a 3-D depth-migrated seismic reflection 

dataset located within the Southern Guinea Plateau, offshore Guinea (West Africa). Our 

results at 110 Ma, a time during which the Southern Guinea Plateau was just beginning to 

rift from the Demerara Plateau (South America), corroborate our interpretation of pre-rift 

Jurassic normal faults beneath the northwestern region of our seismic survey. Furthermore, 

the 110-Ma results show a large depression, referred to as the Baraka Graben, as a 

prominent feature early in the evolution of the margin. We integrate our results with the 

corresponding regional tectonics at the time, and suggest that the Baraka Graben could 

have been a favorable location for the accumulation of source rocks related to a major 

oceanic anoxic event during the Aptian-Albian. However, other factors not considered here 

can affect source-rock accumulations; therefore, it is important to conduct further 

investigations that build on these findings. Lastly, we show that high-resolution surfaces 

of crustal thickness can be derived by numerically solving for stretching factors from the 

gridded post-rift subsidence results. 
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TABLES 

 

Table 1 

 

  

Table 1.  Average backstripping parameters

Formation

Neogene 0.33 0.54 2086

Paleogene 0.33 0.49 2243

Late-Cretaceous 0.34 0.47 2200

Albian 0.35 0.47 2300

Jurassic-Aptian 0.34 0.53 2650

𝜙0 𝜌 (     )𝑐   − 
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FIGURES 

 

Figure 1. Bathymetric and topographic contoured map of the Guinea Plateau located 

offshore Guinea, West Africa (top-right inset). The plateau is composed of two distinct 

margins: the North Guinea Plateau margin, which consists of a dominantly north-south 

orientation and formed as a result of Jurassic rifting of the Central Atlantic Ocean, and the 

Southern Guinea Plateau, which primarily formed as a result of Cretaceous rifting of the 

Equatorial Atlantic Ocean. The red rectangles highlight the expanse of the 3-D seismic data 

used in this study. The locations of two exploration wells, GU-2B-1 and SABU-1, used for 

calibration purposes, are shown as purple dots. 
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Figure 2. Four images showing depth slices (bottom of each image) of semblance and 

most-positive curvature juxtaposed with a vertical profile of seismic amplitudes. The slices 

are located at a depth of ~ 6 kilometers. The semblance results (image a) show 

discontinuities (black lines) intersecting apparent faults in the seismic. Similar results are 

found in the curvature volume (image b); however, at a more detailed scale (i.e. shorter 

wavelength). Co-rendering of the two volumes (image c; opacity = 75%) shows strong 

agreement between the two volumes. Mapped faults and flexures (image d; red lines) on 

the co-rendered volume provides additional measurements, and thus more robust, 

quantification of fault trends than otherwise possible.  
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Figure 3. Map-view of interpreted faults and flexures via semblance + curvature volume 

techniques. The background is a gray-shade colored map of the present-day bathymetry for 

location purposes only. Purple segments (n = 1503) show pre-rift faults interpreted at 

depths beneath the Jurassic unconformity. Blue segments (n = 101) show syn-rift faults 

interpreted beneath the Albian break-up unconformity. Lastly, green segments (n = 121) 

show post-rift faults interpreted beneath the top-Cretaceous unconformity. Note that 

Jurassic faults were not found beneath the Cretaceous rift-grabens towards the south. The 

results for each analysis are plotted on rose diagrams and mean azimuthal orientations are 

calculated (see text for discussion). 
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Figure 4. Visual representation of the workflow for numerically modeling tectonic 

subsidence using 3-D seismic horizons presented in this paper. Box 1 shows the six 3-D 

seismic horizons used in this study, both individually (left) and in 3-D space (right). Box 2 

shows an idealized version of the process for extracting ϕ_0 and c coefficients from 

proprietary well data each for each lithology. Box 3 summarizes the process of creating a 

parameter space during modeling in order to capture uncertainties in the final results. Boxes 

4 & 5 show examples of our modeling results. Box 4 represents the 1-D subsidence results 

computed at one location; Box 5 shows interpolated surfaces of the results, gridded from 

8104 individual 1-D results that span the survey boundaries. 



 

159 

 

 

Figure 5. Results of a sensitivity analysis for the different parameters involved in the 

subsidence calculations. For each test, all parameters other than the one being plotted (x-

axis) were held constant. The relationship between paleowater depth and tectonic 

subsidence is nearly 1:1, emphasizing the benefit of having strong paleo-bathymetric 

constraints for deterministically modeling subsidence. The other parameters show that, 

within the ranges we allow them to vary in the model, the effect on subsidence can vary by 

roughly a kilometer. 
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Figure 6. A comparison of the 1-D subsidence results at each well location computed using 

the numerical model (this paper) versus well data (Olyphant et al., 2017). Under the 

numerical model plots, the blue line and uncertainties represent tectonic subsidence, while 

the green dotted lines and error bars represent total decompacted sediment. The same 

distinction is made under the well data plots for the black lines and green dotted lines, 

respectively. 
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Figure 7. Surfaces of the Southern Guinea Plateau tectonic subsidence at different times 

during its tectonic evolution. Note that the colorbar for each surface is the same, but the 

range of values are different. For the 110-Ma (bottom) and 100-Ma (middle) surfaces, 

regional-scale Cretaceous faults (black lines) are superimposed for location purposes. In 

the 110-Ma surface, the small zone of red-colored values are not geologically relevant, and 
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instead result from errors in the interpolation of the seismic horizons across major fault 

planes (discussed in main text). The area of high (1.0 – 1.5 km) subsidence in the northwest 

region of the 110-Ma surface represents the area of the margin underlain by Jurassic 

faulting. The Baraka Graben represents a significant depression through time, into which 

considerable sediments have accumulated. The high values of resolved subsidence in the 

area south of the Baraka Graben are skeptical as the area contains interpreted volcanos at 

depth in addition to decreased seismic fold at the edge of the survey.   
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Figure 8. Surface of crustal thickness values derived from resolved stretching factors (β). 

Regional-scale Cretaceous faults (black lines) are shown for location purposes. The results 

indicate that the Baraka Graben contains a crustal thickness of 16 – 20 km, which is 50 – 

62.5% of the original crustal thickness (32 km) of the margin. The areas southwest of 

graben-bounding faults near 8.68°, -15.00° are likely underestimates due to inconsistencies 

with crustal thicknesses derived from 2-D gravity models across the margin. 
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