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ABSTRACT 

 

Hydrocarbon exploration in the deepwater Western Gulf of Mexico, offshore 

Burgos Basin, Tamaulipas, Mexico, has been mainly focused in the NE-SW structural 

trend of the Perdido fold belt.  Recent exploration efforts have targeted the adjacent 

Lamprea thrust and fold belt, located south of the Perdido trend. Deepwater channel 

and lobe systems constitute the Oligocene plays in the underexplored Lamprea trend. 

The objective of this research is to understand the tectonic evolution of the Lamprea 

thrust and fold belt, as recent oil and gas discoveries proved the presence of economic 

hydrocarbon accumulations.  

The Lamprea thrust and fold belt is located at the toe of a regional, gravity-driven 

linked system in the Western Gulf of Mexico. Middle Eocene to Late Oligocene strata 

were folded and thrusted during a Late Oligocene to Early Miocene compressional 

episode. A wide variety of thin-skinned NW-SE trending structures, such as imbricate 

systems, pop-up anticlines, and shear fault propagation folds characterizes the 

structural style. This compressional province detaches on an overpressurized Middle 

Eocene shale-system. Seismic velocity analysis suggests that variable degrees of 

overpressure affected the mechanical properties of the shale-based detachment, 

exerting a first order control on the development of different structural styles.  

Sequential restorations suggest that the Lamprea thrust and fold belt initiated as 

a series of N-S shale-cored folds. Subsequent shortening was accommodated by 

imbrication to the West of the shale-cored folds. Precursor folds evolved into 

breakthrough shear fault propagation folds in the East, and pop-up structures in the 

central area. The Lamprea thrust and fold belt followed an out-of-sequence propagation 

style, and most of the thrusts propagated along strike in a N-S direction. Shortening 

rates decreased from 4.75 mm/y in the South to 4.09 mm/y in the North. 

Restoration sensitivity analysis of seismic-derived interpretation error, and 

forward and inverse numerical modeling decreased uncertainty while providing viable 

restored cross-sections.  ` 
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The combination of two different restoration methods provided a more compelling 

kinematic model, including a thrust propagation sequence. This approach can be used 

in analogous structural areas.  

The top Late Oligocene pre-kinematic sequence was severely affected by 

subaqueous erosion caused by bottom currents that removed as much as 83 km3 of 

rock volume. Early Miocene increase of oceanographic current velocities in the Gulf of 

Mexico due to a progressive termination of global equatorial flow is considered the 

cause of this erosional episode.  

The main results of this research include (1) more precise timing of faulting, and 

(2) paleobathymetry reconstructions. The results can be directly integrated into 

petroleum system analysis to assess hydrocarbon migration and charge, and evaluate 

the distribution of structurally controlled deepwater reservoirs.   
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CHAPTER 1 

INTRODUCTION 

 

A world-wide comparative analysis of subsurface reservoirs shows that slope 

topography is an essential controlling element the distribution, quality, and architecture of 

submarine reservoirs (Prather, 2003). Several studies on paleo-bathymetric controls on 

deposition of deepwater systems in intra-slope salt withdrawal minibasins on passive 

margins have provided insight into the sequence stratigraphy framework and facies 

distribution of these depositional settings, i.e., Northern Gulf of Mexico (Weimer et 

al.,1998; Prather 1998, 2003; Booth et al., 2003; Madof et al., 2009, Kane et al., 2012) 

and offshore Western Africa (Jones et al., 2012; Doughty-Jones et al., 2017). 

An additional and less documented process to salt mobility that might affect 

depositional bathymetry is lateral shortening in compressional domains at the toe of 

passive margins, i.e., in deepwater thrust and fold belts (Morley et al., 2011). Ancient 

turbidite systems in foreland basins in Western Europe are potential analogs for structural 

control on deepwater settings in passive margins. Covault and Graham (2008) observed 

that turbidite-architecture development is primarily dependent on tectonic deformation 

and topography inherent to proximal foreland basin systems in Cenozoic European 

deepwater depocenters in Italy, Spain, France, and Austria. Tinterri and Muzzi (2011) 

analyzed the facies distribution of the syn-sedimentary turbidites of the Marnoso-

arenacea Formation in relation to basin morphology produced by thrust propagation in a 

foredeep basin formed in front of the growing Northern Apennines orogenic wedge.  

This study focuses on an area located at the toe of a linked extensional-

compressional system in the Western Margin of the Gulf of Mexico (WMGoM), offshore 

Burgos Basin, Mexico (Figure 1.1). This structural system is defined as a gravity driven, 

thin-skinned, passive margin, characterized by extensional growth structures both in the 

onshore, and offshore Burgos Basin (Salomon-Mora, 2013). Further seaward, in the 

middle and lower continental slope, a ‘transitional’ zone between the kinematically linked, 



 
 

updip domain of extension and the downdip compressional domain, known as Salina del 

Bravo, is characterized by salt and shale diapirism and related minibasins. 

Figure 1.1. Geological provinces in the Western Margin of the Gulf of Mexico. The study 
area, in the red polygon, is located at the toe of a linked extensional-compressional 
system. Onshore and offshore Burgos Basin comprise the updip extensional domain. The 
Salina del Bravo province represents the transitional domain, characterized by shale and 
salt tectonics. The Perdido Fold Belt, the Lamprea fold belt, and the Mexican Ridges are 
located in the downdip compressional domain. Recent wells drilled in the Mexican 
deepwater sector include Trion, Maximino, and Supremus. Topography and bathymetry 
relief as background image (modified from Pemex, 2012).  
 

In the compressional domain, three thrust belts are present: a) the Perdido Fold 

Belt to the North, with a Jurassic Louann salt-based detachment (Trudgill et al., 1999; 

Patiño-Ruiz et al., 2003), b) the Peripheral Fold Belt to the Southeast, also known as the 

Lamprea Fold Belt, with an Middle Eocene shale-based detachment (Pemex, 2012; 

Salomon-Mora, 2013), and c) Mexican Ridges to the South, with a basal Paleogene 



 
 

zones of overpressured argillaceous rocks and a Miocene-Oligocene detachment level 

(Salomon-Mora et al., 2009) (Figure 1.2).   

In the transitional domain (see Figure 1.2), Upper Oligocene and Lower Miocene 

deepwater sequences are discordant with underlying strata due to autochthonous salt 

evacuation. Deposition of these sequences was largely controlled by the salt-deformed 

paleogeography, resulting in confinement of channelized and fan systems. The identified 

architecture of turbidite systems in the Miocene section includes channels, levees and 

sand sheets from proximal to distal facies (Pemex, 2012).  

The Lamprea thrust and fold belt (Figures 1.1 & 1.2) is defined by a series of NW-

SE folds and thrusted sequences. Along dip, structures evolved from an imbricated 

system in the western portion to a series of fault-propagation folds in the eastern sector 

(see Figure 1.2). These two structural sub-domains are linked by pop-up structures in-

between. Thrusts faults detach on a Middle Eocene shale-based system (Pemex, 2013). 

Oligocene strata, composed of a series of deepwater distributary channels, are contained 

within the pre-kinematic sequence, whereas Miocene strata, containing basin floor fans 

systems, represent the syn-kinematic sequence (Pemex, 2012).  

Previous studies by Pemex (2012, 2013), and Salomon-Mora (2013) addressed 

the exploration potential of salt and shale-related deformational zones in both the 

‘transitional’ and compressional structural domains. Major results from these works 

include a detailed classification of structural sub-domains, restoration of regional 

transects in the linked extensional-compressional system, recognition of shale and salt 

diapirs control on deposition, and establishment of the age of the structural traps. 

 The objective of this research is to describe the tectonic evolution of the Peripheral 

Fold Belt in the compressional domain. Restoration of key depth seismic cross-sections 

in the Lamprea fold belt helped to: (1) quantify shortening rates, (2) establish temporal 

evolution of faults, (3) propose a thrust propagation style, (4) identify possible kinematic 

mechanisms, and (5) provide an explanation for the presence of different structural styles.  



 
 

Figure 1.2. Western GoM regional cross sections in the linked extensional-compressional system. a) TRM-6 extends from 
onshore Burgos basin to the Abyssal plain.  Well A was drilled in the Peripheral fold belt. a) TRM-9 extends from onshore 
Burgos to the Abyssal Plain. Geological provinces as follows: (1) Burgos basin, (2) Salina del Bravo, (3) Perdido Fold Belt, 
and (4) Peripheral Fold Belt (Lamprea Fold Belt). Area of study highlighted in yellow. Location of cross-sections in Figure 
1.1 (modified from Pemex, 2013).  

 



 
 

CHAPTER 2 

GEOLOGICAL SETTING 

 

2.1 Basin Overview 

The Gulf of Mexico is an ocean basin lying between the North American plate 

and the Yucatan block (Figure 2.1 on page 7). Its depocenter contains a succession of 

Jurassic through Holocene strata. Sediment supply from the North American continent 

has filled nearly one-half of the basin since its inception (Galloway, 2008).  

The Western GoM basin is limited at its western margin by the Sierra Madre 

Oriental fold and thrust belt, Cenozoic sedimentary-structural basins, and the eastern 

part of the Trans-Mexican Volcanic Belt (Figure 2.1). In addition, bordering the present-

day basin to the North, west and South, is the coastal plain composed of Cenozoic 

siliciclastic sediments dipping basinwards. The sedimentary basins overlaying the 

Mesozoic section are, from North to South, Texas, Burgos, Tampico-Misantla, and 

Veracruz (Salomon-Mora, 2013), Figure 2.1.  

The Gulf of Mexico basin was created by an episode of crustal extension and 

sea-floor spreading during the Mesozoic breakup of Pangea (Salvador, 1987; Sawyer et 

al., 1991; Buffler and Thomas, 1994; Jacques and Clegg, 2002; Harry and Londono, 

2004; Galloway, 2008). In general, the plate tectonic evolution model of the GoM 

consists of four phases: pre-rift (pre-Late Triassic), syn-rift or rifting (Late Triassic to 

Middle Jurassic), late syn-rift or drifting (Late Jurassic to Early Cretaceous), and post-rift 

or passive margin stage (Early Cretaceous to present time) (Pindell and Kennan, 2001; 

Bird et al., 2005).   

Salt in the Gulf of Mexico can be generally divided into two large regions, the 

Northern  Gulf of Mexico Louann salt basin and the Campeche salt basin (see Figure 

2.1 for location), which are interpreted to have formed contemporaneously (Salvador, 

1991; Angeles-Aquino et al., 1994; Marton and Buffler, 1993; Pindell, 2001). The 

original salt sequence is estimated to have been as much as 3,000-4,000 m thick in 



 
 

certain areas but apparently was much thinner or even absent in others, suggesting that 

during salt formation some areas subsided persistently whereas others subsided less or 

more slowly, remained stable, or were emergent (Salvador, 1987). The accumulation of 

thick Mesozoic and Cenozoic sediments subsequently mobilized the salt, which became 

generally allochthonous during the Oligocene to Miocene (Diegel et al., 1995). 

Contemporary progradation and loading by deepwater sediments (Prather et al., 1998) 

are responsible for the present-day rugose bathymetry in the Northestern and Southern 

Gulf of Mexico. Sedimentation above a mobile salt substrate has been the primary 

control on the stratigraphic evolution of the Gulf of Mexico since the Miocene (Madof et 

al., 2009). 

The geology of the Gulf of Mexico is in some places extremely complex, 

comprising a thick Cenozoic sedimentary fill (>15,000 m) and a structural setting 

including multilevel allochthonous salt systems, extensional and contractional faults, 

and large, salt-cored fold belts (Weimer et al., 2017). 

2.2 Stratigraphic framework   

2.2.1 Mesozoic evolution 

Rifting and initial segmentation of Pangea (Pilger, 1981; Pindell, 1985; Buffler 

and Sawyer, 1985) are evidenced by attenuated basement in Northeastern Mexico 

expressed as basement highs (Coahuila platform, Burro-Salado uplift, Tamaulipas arch) 

and lows (Sabinas basin), Figure 2.1. Rift-related sedimentation and igneous activity 

accompanied this intracontinental block-faulting (Pindell and Dewey, 1982; Wilson & 

Selvius, 1984; Salvador, 1987, 1991; Goldhammer et al., 1991). The rift strata consist of 

a red-bed sequence preserved in rift grabens (Upper Triassic to Middle Jurassic 

Huizachal Group), in addition to evaporates, complemented by intrusive veins and dikes 

of rhyolitic to andesitic composition (Wilson & Selvius, 1984; Salvador, 1987, 1991; 

Goldhammer & Johnson, 2001).  

Seafloor spreading in the Gulf of Mexico began in the earliest Oxfordian (Buffler 

and Sawyer, 1985; Pindell, 1985). Gulf-wide salt deposition terminated as circulation of 

near-normal marine seawater was established. 



 
 

Figure 2.1. Major geographical and geological provinces in the Northeastern, western 
and Southern Gulf of Mexico. Area of study in the green polygon. Topography and 
bathymetry in gray scale. (1) Sabinas Basin, (2) Burgos Basin, (3) El Burro-Salado 
uplift, (4) Coahuila platform, (5) Tamaulipas arch, (6) Quetzalcoatl extensional province, 
(7) Mexican Ridges, (8) Tuxpan platform, (9) Catemaco Fold Belt, (10) Veracruz basin, 
(11) Reforma-Comalcalco basin, (12) Reforma-Akal, (13) Campeche salt basin, (14) 
Northern  salt basin, (15) Peripheral Fold Belt (Lamprea thrust and fold belt), (16) 
Perdido fold belt, (17) Plio-Pleistocene detachment province, (18) Oligocene-Miocene 
detachment province, (19) Oligocene-Vicksburg detachment system, (20) Upper 
Eocene detachment province, (21) Paleocene-Eocene Wilcox growth fault province, 
(22) Mississippi Fan Fold Belt, (23) Port Isabel Fold Belt, (24) Keathley-Walker Fold Belt 
(modified from Salomon-Mora, 2013). 

 

Pindell (1985) links this early Gulf freshening to the formation of a mid-oceanic 

ridge system, which split the Gulf-wide Callovian salt basin into two separate salt 

provinces, the Northen or Louann and Campeche salt provinces (Buffler and Sawyer, 

1985; Pindell, 1985; Salvador, 1987, 1991, Goldhammer & Johnson, 2001). During the 



 
 

drift stage, spreading accounted for continued separation between the Texas Gulf of 

Mexico and Yucatan and ceased during the Berriasian (Buffler and Sawyer, 1985; 

Pindell, 1985; Marton and Buffler, 1993). At that time, the Northeastern Mexican passive 

margin underwent continued decelerating tectonic subsidence with crustal cooling. 

Throughout most of this period, extensive carbonate platforms with cumulative shelf 

thicknesses on the order of 2,000 m developed around the entire Gulf of Mexico 

(Goldhammer & Johnson, 2001).  

2.2.2 Cenozoic evolution 

Galloway (2008) synthetized the Cenozoic deposition history in the Northeastern 

Gulf of Mexico into four families of depositional episodes that record major evolutionary 

phases in the adjacent North American drainage basins: (1) Paleocene-Middle Eocene 

Laramide compression-related episodes. (2) Late Eocene-Oligocene episodes initiated 

by crustal heating, uplift, and volcanism in the Southwestern United States and Mexico. 

(3) Miocene episodes that record erosional rejuvenation of eastern North American 

uplands. (4) Early Pliocene–Quaternary episodes that record rejuvenation of western 

interior drainage basins due to uplift, climate deterioration, and high-amplitude, high-

frequency glacioeustatic sea-level change. 

(1) Laramide depositional episodes: 

Paleocene through Early Eocene deposition recorded surges of clastic supply, 

modulated by the progressive advance of Laramide uplift that began in the Central and 

Southern Rocky Mountains of the United States and extended progressively South to 

the Sierra Madre Oriental of Northern Mexico (Winker, 1982; Galloway, 2005). The Late 

Paleocene Lower Wilcox (LW) depositional episode records the first major Cenozoic 

influx of clastic sediment into the west and central Gulf basin (Galloway, 2008). Early 

Eocene Upper Wilcox (UW) depositional episode consists of a broad alluvial coastal 

plain built by at least two sand-rich, bed load–dominated fluvial systems extended along 

the central and South Texas margin (Galloway, 2008). Along the western Gulf margin, 

bypass and erosion dominated the slope. Submarine canyons developed both North 

and South of the Tuxpan Platform (Galloway, 2000). Early Paleocene Whooper 

deepwater deposition mainly consists of channelized facies and turbidite strata that 



 
 

evolved into a submarine fan system with associated lobes and amalgamated channels 

(Galloway, 2008). Clay content increases in Early Eocene sedimentation, while 

hemipelagic deposition with interbedded sand corresponds to Midway Fm. (CNH, 2015). 

(2) Middle Cenozoic volcanism  

The latest Middle Eocene saw a modest rejuvenation of sediment influx onto the 

Northwestern and central Gulf margin (Galloway, 2008). Deposits of this episode, 

named the Yegua Group in Texas and Cockfield Formation in Louisiana, are also 

distinguished by a new appearance of volcanic ash beds (Galloway, 2008). Basinward, 

deposition mainly consists of shale and mudstones with homogenous extend. Sand 

intervals in lobes and extensive turbidite strata characterize Upper Eocene 

sedimentation (CNH, 2015).  

The Oligocene was a time of massive sediment influx into the Gulf (Galloway, 

2008). The epoch began with extensive crustal heating, uplift, and volcanism of source 

areas in Northern Mexico and the Southwestern United States (Galloway, 2008). The 

response in the Gulf was the sediment-supply dominated Frio depositional episode, 

which lasted for more than 8 Ma. (Galloway, 2008). The primary Oligocene depocenter 

lies in the Rio Grande embayment and consists of up to 5 km of deposits of the Norias 

wave-dominated delta system and its associated fluvial and delta-fed apron systems 

(Galloway et al., 1982). Norias deposition began with rapid progradation of the 

Vicksburg phase deltas onto a thick foundation of muddy Eocene shelf and slope 

deposits. The shelf margin was further destabilized by seismicity and uplift and tilting of 

the western Gulf margin (Galloway, 2008). The immediate consequence was 

development of the Vicksburg detachment a shale-based detachment system that 

extends more than 500 km along strike from the Burgos Basin in Northern  Mexico (see 

Figure 2.1), (Diegel et al., 1995). To the South, the Norma delta rapidly prograded into 

the Burgos Basin. Here, however, most tilting and uplift followed Early Oligocene 

progradation. Long-term backstepping of delta and shore-zone systems culminated in 

regional transgressive flooding and deposition of the Anahuac shale across the breadth 

of the Gulf margin (Galloway, 2008).  



 
 

In the deepwater sector, offshore Burgos Basin, Early Oligocene turbidite 

deposition consists of fine-grained sandstones and mudstones in confined lobes 

systems (Pemex, 2009b, 2012). Paleo-bathymetry deformed by salt migration allowed a 

segregation between the Northwestern Rio Grande, San Fernando, Soto la Marina, and 

Conchos river systems from the Northeastern Houston-Brazos, Colorado, and 

Mississippi sediment supplies, Figure 2.2 (Galloway et al., 2011; Pemex, 2012; CNH, 

2015).  

Figure 2.2. Gross depositional environment map for Oligocene in the Western Gulf of 
Mexico, offshore Burgos Basin. Sediment was supplied by four major river systems, 
three in NE Mexico and one from Houston-Brazos, and Colorado rivers. Study area in 
the light blue polygon (modified from Pemex, 2012).  

 

 

 

 



 
 

(3) Miocene depositional episodes 

Miocene basin fill reflects three multi-million-year depositional episodes that 

record the progressive shift of the locus of deposition in the Gulf of Mexico from the 

Northwestern to the eastern margins (Galloway, 2008). This shift reflects the concurrent 

reduction of the volcanic uplands, which sourced fluvial systems draining across 

Northern  Mexico and Texas, and the rejuvenation of the Appalachian and Cumberland 

Plateau uplands, which supplied rivers emptying into the central and east-central Gulf 

(Galloway, 2008).  

Lower Miocene succession consists of an 8 Ma depositional episode that closely 

resembled major Paleogene episodes in its development (Galloway et al., 1982). An 

extended phase of high rates of sediment supply and continental margin outbuilding 

followed along with the Anahuac transgression (Galloway, 2008). Afterwards, the 

bedload-dominated Rio Grande and Norma fluvial axes continued to decrease in 

relative importance, although they remained a major depocenter. (Galloway, 2008).  

Middle Miocene sequence records a relatively brief (ca. 3 Ma) episode that was 

terminated by regional, but short-lived Gulf margin transgression (Galloway, 2008). 

Combined depositional loading and extension along the Gulf shelf margin caused 

continued compression along the Port Isabel and the Perdido fold belts (see Figure 2.1 

for location), triggered further shallow salt canopy inflation beneath the paleo-

continental slope of Louisiana, and initiated the Mississippi fan fold belt on the 

Northeast Gulf abyssal plain (Galloway, 2008).  Deepwater deposition in the offshore 

Burgos Basin, is associated with sediment bypass in submarine canyons leading to 

channelized facies, levees and lobe systems, Figure 2.3 (Pemex, 2012).  

Upper Miocene depositional episode records a long period (6 Ma) of relative 

paleogeographic stability and high sediment supply (Galloway et al., 2000; Wu and 

Galloway, 2002). Sediment input was dominated by the paleo-Mississippi and paleo-

Tennessee systems (Galloway, 2008). Depositional loading of the basin margin in the 

east-central Gulf by up to 5 km of Upper Miocene sediment continued to drive 

wholesale basinward salt displacement beneath the paleo-continental slope and 

abyssal plain and compression along the Mississippi fan fold belt (Galloway, 2008) (see 



 
 

Figure 2.1 for location). Along the curvilinear, wave-dominated Northwest Gulf margin, 

continental margin progradation onto muddy slope aprons built the shelf edge to or near 

its present position (Galloway, 2008). 

Figure 2.3. Gross depositional environment map for Middle Miocene in the Western Gulf 
of Mexico, offshore Burgos Basin. Due to sedimentary overload caused by shelf 
progradation, paleo-bathymetry was affected by basinward salt migration. Study area in 
the light blue polygon (modified from Pemex, 2012).  

 

(4) Early Pliocene–Quaternary depositional episodes 

Sediment influx and depositional patterns record the combined effect of further 

intracratonic tectonism, pronounced global and North American climate change, and 

high-frequency and amplitude glacioeustasy (Galloway, 2008). As in the earlier 

Cenozoic, accumulation was concentrated along the continental margin and slope 

where depositional loading and salt migration produced the mosaic of minibasins and 



 
 

salt-cored highs. These minibasins have progressively been filled by advancing delta-

fed aprons (Prather et al., 1998). Rapid, high-amplitude glacioeustatic sea-level 

changes are manifested in the Gulf stratigraphic record by development of multiple 

sequences of one to several hundred thousand years ago duration with well-defined 

subaerial exposure and flooding surfaces (Lawless et al., 1997; Weimer et al., 1998). 

Beneath the prograding slope apron, minibasins continued to subside and fill as many 

delta-fed turbidite channel/lobe complexes and debris flows spilled down slope from 

prograding shelf-margin deltas (Galloway, 2008).  

2.3 Structural framework  

Late Mesozoic to Cenozoic deformation in the GoM has been mainly controlled 

by gravitational tectonic systems. These systems result from a combination of factors 

such as a thick, basin-flooring Louann salt substrate, rapid sediment loading, and offlap 

of a high-relief, continental-margin sediment prism resulting in mass transfer of salt and 

overpressured mud up section and basinward (Galloway, 2008). Three basic tectonic-

structural sectors are recognized: a landward province of extension, an intermediate 

province of salt and shale tectonics, and a basinward province of contractional tectonics 

(Cobbold and Szatmari, 1991) 

2.3.1 Extensional domain  

The extensional province is distributed along the periphery of the GoM in regional 

trends or subprovinces orientated approximately parallel to the present-day coastline 

(see Figure 2.1 for distribution). Essentially, these gravity spreading extensional trends 

become younger basinward (Galloway, 2008, Salmon-Mora, 2013).  

The primary subdivisions of onshore areas, and shelf, indicated in Figure 2.1, 

are: provinces dominated by listric growth faults soling on subhorizontal detachments, 

and large salt dome–minibasin province. The Pliocene-Pleistocene detachment 

province includes areas of evacuated allochthonous salt along detachments for listric 

growth faults as well as remnant allochthonous salt domes, and wings in the area of the 

Pliocene-Pleistocene shelf margin depocenters. The Oligocene-Miocene detachment 

province is characterized by listric down to-the-basin growth faults that sole in the 



 
 

Paleogene section. The Oligocene Vicksburg detachment system in onshore Texas 

contains sand-prone Vicksburg deltaic sediments greatly expanded by a listric down-to-

the basin fault system that detaches in Eocene Jackson shales. The upper Eocene 

detachment province includes several listric detachment-based fault systems expanding 

the upper part of the Eocene section. In the Paleocene-Eocene Wilcox growth fault 

province in Southern Texas are found the oldest major growth fault systems downdip of 

the middle Cretaceous margin (Diegel et al., 1995). 

Southwards, only the San Carlos uplift and Tamaulipas arch (see Figure 2.1) 

break the continuity and width of the extensional province, confining the Southern sector 

of the extensional domain to the narrow coastal plain and mainly continental shelf of the 

Western GoM (Salomon-Mora, 2013). On the continental shelf of the Mexican sector 

these structural trends are called the Quetzalcoatl extensional province (Cuevas-Leree 

et al., 2001) and consists of numerous synthetic and antithetic listric growth faults and 

rollover structures (Wawrzyniec et al., 2003; Roman-Ramos et al., 2004, Ambrose et al., 

2009, Salomon-Mora, 2013) in three identified structural trends of middle Miocene, late 

Miocene and Plio-Pleistocene age, which become younger to the east (Salomon-Mora 

et al., 2009). 

2.3.2 Compressional domain  

Extension was transferred and accommodated by basinward compression in the 

deepwater sector. Folded belts from North to South are: Mississippi Fan (Rowan, 1997), 

Port Isabel (Trudgill et al., 1999), Perdido (Fiduk et al., 1999; Trudgill et al., 1999; 

Patiño-Ruiz et al., 2003; Camerlo and Benson, 2006), Peripheral Fold Belt or Lamprea 

thrust and fold belt (Pemex, 2012; Salomon-Mora, 2013), Mexican Ridges (Wawrzyniec 

et al., 2003; Salomon-Mora et al., 2004, 2009, 2013), and Catemaco fold belts (Pemex, 

2009a; Cruz-Mercado et al., 2011). Mississippi Fan and Perdido fold belts are related to 

salt-based detachments, while Port Isabel, Peripheral Fold Belt, Mexican Ridges and 

Catemaco detach on shale-based levels (Trudgill et al., 1999; Rowan et al., 2004; 

Camerlo and Benson, 2006; Salomon-Mora et al., 2004, 2009, 2013). 

The Perdido Fold Belt, located in-between Mexico-USA international marine 

border, consists of a series of elongated NE-SW salt-cored detachment folds (Trudgill et 



 
 

al., 1999; Patiño-Ruiz et al., 2003) flanked by either reverse faults (Trudgill et al., 1999) 

or as suggested more recently by Carmelo & Benson (2006), tight, kink style 

detachment folds and larger wavelength, curved, open-to-tight detachment folds. This 

contractional system formed above the autochthonous Jurassic salt through several 

phases of contraction during the early Oligocene to early Miocene and a late uplifting 

phase (Trudgill et al., 1999).  

The Mexican Ridges (see Figure 2.1) is the most extensive contractional system 

in the basin extending across most of the Mexican western basin slope (Salomon-Mora, 

2013). This is Cenozoic system detaches on the upper Eocene overpressured 

mudstones. A secondary detachment has been identified in the Oligocene-Miocene 

section of this multi-detachment system (Salomon-Mora et al., 2009). This fold belt 

consists of symmetric and asymmetric detachment and break-thrust detachment folds. 

Deformation started in the late Miocene and continues to the present day, resulting in 

emergent growth fold structures at the sea floor (Salomon-Mora et al., 2011). 

Pemex (2012) identified a series of folds with radial strike orientations parallel to 

the salt nappe toes located South of the Perdido fold belt, and Northwest of the Mexican 

Ridges. Salomon-Mora (2013) described this group of contractional growth folds of 

short wavelength, high amplitude and structural relief as Lamprea thrust and fold belt 

(equivalent to Pemex Peripheral Fold Belt). This structural province extends along strike 

for more than 70 km. The Lamprea thrust and fold belt presents several phases of 

deformation from late Oligocene to late Miocene/Early Pliocene. These are most likely 

related to the initial diapirism, evacuation and salt sheet development of the salt tectonic 

province (Salomon-Mora, 2013).   

2.3.3 Transitional domain   

The intermediate province structurally linked with updip extension and downdip 

contraction can be described based on the age and nature of detachment systems. 

Salt-based and shale-based detachments formed due to Cenozoic progradation (mainly 

during Miocene and Plio-Pleistocene) of shelf and continental slope depositional 

systems (Rowan et al., 1999). Furthermore, salt-based detachment can be 



 
 

distinguished into two groups, one detaching on autochthonous salt and another one on 

allochthonous salt (Rowan et al., 1999, Salomon-Mora, 2013).   

The transitional province covers most of the continental slope along the Northern  

Gulf of Mexico margin, stretching from Mexico to eastern Louisiana between the shelf 

margin and the Sigsbee escarpment at the toe of the slope. In general, there is a 

gradual transition from isolated minibasins surrounded by contiguous salt in the lower 

slope to isolated salt bodies surrounded by interconnected fault-bounded minibasins 

near the shelf margin (Diegel et al., 1995).  

2.3.4 Structural sub-domains       

Pemex (2012, 2013) established a detail mapping of sub-structural domains in 

the Burgos Basin, Tamaulipas Shelf and basinwards. Major results from this work 

include the classification of nine main structural sectors (see Figure 2.4). (1) Paleogene 

extensional system, with Paleocene, Eocene and Oligocene Vicksburg and Frio growth 

faults developed in onshore Burgos Basin. (2) Neogene extensional system, inner shelf 

Lower and Middle Miocene fault trends. (3) Kama fold belt represented by domes, folds 

and thrusts systems with shale-based detachments developed in the outer shelf, and 

slope. (4) Minibasins, folds, and salt diapirs. Inner fold belt formed by minibasins with 

Oligocene shale withdrawal, and Miocene salt withdrawal. Deep rooted salt diapirs are 

common. Vespa-1 well was drilled in this sector. (5) Shallow salt canopies and nappes 

with seawards migration due to sedimentary topographic loading. (6) Perdido fold belt. 

(7) Subsalt fold belt, a NW-SE compressional system with autochthonous salt 

detachment overlain by shallow salt nappes; it might correspond to Perdido fold belt 

Southward extension. (8) Peripheral or Lamprea thrust and fold belt, a NW-SE 

contractional system with a Middel Eocene shale-based detachment, associated to salt 

thrust advance; Well A was drilled in this domain. (9) Outer shelf extensional system.  

Pemex (2013) restored six regional transects across the Western margin of the 

Gulf of Mexico. Results established the age of the structural trap formation that were 

integrated into subsequent basin models. 



 
 

Figure 2.4. Structural sub-domains in the Burgos Basin, Tamaulipas Shelf and 
basinwards. Areas of interest in red polygons. Topography and bathymetry as gray 
background image. (1) Paleogene extensional system, (2) Neogene extensional 
system, (3) Kama fold belt, (4) Minibasins, folds, and salt diapirs, (5) Shallow salt 
canopies, and nappes, (6) Perdido fold belt, (7) Subsalt fold belt, (8) Peripheral or 
Lamprea thrust and fold belt, (9) Outer shelf extensional system (modified from Pemex, 
2013). Study area in the light blue polygon. 

 

Structural evolution from restoration of the TRM-6 regional cross section (Figure 

2.5 on page 19) indicates the end of deposition of a 3 km-thick evaporite unit on top of 

syn-rift sequences and tilted basement blocks in Upper Jurassic. Upper Cretaceous 

halokinetic deformation followed due to slight overburden-thickness variations. The 

onset of a listric fault extensional system began in Upper Paleocene. In Lower to Middle 

Eocene, the development of Paleocene-detached extensional system continued; 

although minimum salt-related deformation was present, some thrust faults detached on 

autochthonous salt. Evolution of both, deep autochthonous salt-detached, and shallow 



 
 

gravity-driven extensional systems continued in Upper Eocene. Lateral and vertical 

shale movement during Oligocene resulted in basinward propagation of extensional 

systems, and beginning of shallow shortening. Shale tectonics persisted, basinward 

propagation of extensional system with autochthonous, and allochthonous salt 

advancement; increase of downdip shortening-related structures; beginning of 

allochthonous salt subsidence, and minibasin formation all characterized Lower to 

Middle Miocene. During Upper Miocene-Pliocene, primary welds developed in the deep 

extensional system, salt migrated basinwards, and shale tectonics aided to thrust 

faulting and folding (Pemex, 2013).     

Restoration of the TRM-9 regional cross-sections (Figure 2.6 on page 20) 

suggests that major tectonic events in Late Cretaceous included onset of reactive 

diapirism due to thermal subsidence leading to increase in accommodation. Reactive 

diapirism shifts to a Late Paleocene-Early Eocene passive diapirism due to larger 

amounts of sediment supply. Late Eocene extension due to gravity spreading generated 

salt depletion and migration of shallow salt canopies. Early Miocene extension onshore 

reached Tamaulipas structural low; during this time the firsts salt withdrawal minibasins 

were formed. Middle Miocene development of Kama compressional system with 

detachment on both salt and shale, and onset of Mexican Ridges with shale 

detachment. During Late Miocene subsidence rates in minibasins increased, and 

shallow salt thrusts propagated basinward. Present day configuration shows the full 

extent of western extensional system, and eastern peripheral fold belt (Pemex, 2013). A 

summary of local stratigraphy and structural evolution for the deepwater Western Gulf of 

Mexico, offshore Burgos Basin is presented in Figure 2.7 on page 21.    

2.4 Petroleum systems 

2.4.1 Source rocks 

Two Upper Jurassic source intervals with good potential have been identified in 

the Northern  Gulf basin. (1) Black, calcareous, marine shales and shaly limestones of 

Kimmeridgian–Tithonian age are high in TOC (1–5%) and thermally mature in eastern 

and Southeastern Mexico (Nehring, 1991; Holguin et al., 1994). 



 
 

Figure 2.5. Sequential restoration of TRM-6. See Figure 1.2 and Figure 2.4 for stratigraphy color code and location, 
respectively. See text for explanation (modified from Pemex, 2013). 



 
 

Figure 2.6. Sequential restoration of TRM-9. See Figure 1.2 and Figure 2.4 for stratigraphy color code and location, 
respectively. See text for explanation (modified from Pemex, 2013). 



 
 

 

Figure 2.7. Stratigraphy and structural evolution of the deepwater Western Gulf of Mexico.  Burgos Basin and San Juan 
de las Rusias onshore stratigraphy and basiwards deepwater stratigraphy. Lithology from well data in the minibasin and 
Peripheral fold belts. Last track includes a summary of major structural events affecting the areas of interest (modified 
from Salomon-Mora, 2013; integrated from Echanove, 1986; Haq et al., 1987; Pemex-BEG-IMP, 2003; Eguiluz de Antuno, 
2009; Pemex, 2012; 2013).                                                                                                                                                                             



 
 

This interval is thought to be the source for most oil found in the Tuxpan 

Platform, Campeche Salt Basin, and Reforma-Akal provinces in Southern Gulf of 

Mexico (see Figure 2.1 for location), (Holguin et al., 1994). (2) Laminated calcareous 

mudstones in the lower Smackover (Oxfordian) are considered the most likely source 

for oils found in the overlying upper Smackover grainstones and underlying Norphlet 

sandstones of the Northeastern Gulf of Mexico (Nehring, 1991). Pemex (2012) identified 

an additional Upper Cretaceous Turonian generating system in the Western GoM.   

2.4.2 Reservoir rocks 

The Western Gulf of Mexico deep and ultra-deepwater sectors of the Oligocene-

Miocene section contain potential reservoir sequences related to turbidite sandstones 

from aprons or submarine fans of the western and Northwestern basin (Galloway, 2008; 

Pemex, 2009b). 

Two major deep-water reservoir deposits are equivalent to the petroleum-

productive shallow-marine sandstones. First, the Wilcox Formation (Upper Paleocene-

Lower Eocene) forms the reservoir in 23 fields and discoveries in the United States and 

5 additional discoveries in Mexico. Second, the Frio Formation (Oligocene) forms the 

reservoir in the two fields in the United States (Great White, Silvertip) and Supremus 

and Well A in the Mexican area (Weimer et al., 2017). In the transitional and 

compressional domains of interest, Oligocene reservoirs are composed primarily of 

deepwater deposition characterized by basin floor lobes, levees and prograding 

channelized systems. Sandy intervals display an increase of volcanic fragments and a 

decrease of quartz and feldspar contents. Fine grained lithic and feldspar-rich 

sandstones are distributed from onshore eastern central Burgos Basin to western deep 

water Perdido fold belt, where petrological analysis indicates 10 to 30% content of 

volcanic glass (Pemex, 2012). Porosity and permeability in this interval are enhanced by 

volcanics and their diagenetic processes (Pemex, 2012). In the Mexican sector, 

Oligocene reservoirs porosities range from 15-40% and permeabilities from 1 to 1000 

mD. Net to gross ranges from 100 to 400 m (Pemex, 2012).    

Middle Miocene strata are composed of amalgamated channels and channel to 

lobe transition in confined systems. In the ‘Transitional’ domain, lithology reports from 



 
 

Vespa-1 well indicate very fine-grained sandstones with calcareous cement and 

interbedded shale (Pemex, 2004). Petrological studies show two compositional 

sandstone families: feldspathic litharenites and lithic litharenites, associated with two 

main provenances. Porosity ranges from 15- to 40% and permeability is reported to be 

<1 mD.  Net to gross ranges from 100 to 400 m (Pemex, 2012).    

2.4.3 Seals  

Deep-marine section containing mostly mud-prone sequences act as seals at 

multiple levels. Impermeable limestones, shale, or mud-stone are horizons that provide 

the seal for the Cenozoic clastic reservoirs. Well results confirmed seismic correlations 

that indicated that thick shales of the Upper Eocene section act as a competent regional 

seal. Seals are thought to be the element with the highest risk in the Perdido Fold Belt, 

due to the erosion of the anticline crests (30-21.5 Ma) in higher structures that were 

exposed at the sea floor for nearly 20 Ma (Fiduk et al., 1999). Potential risk of local 

sealing surfaces has been confirmed by the presence of seepages related to faults on 

the sea floor (Holguin-Quiñones et al., 2005). 

2.4.4 Generation & migration  

Pemex (2012) indicated that Jurassic Tithonian System entered the oil window in 

Lower to Middle Eocene (49-41.3 Ma), while Turonian system entered oil-window in 

Middle to Upper Eocene (41.3-33.7 Ma). Jurassic source rock accounts for more than 

80% of oil generation. Fluid migration started in the Southeastern portion that 

corresponds to maximum depths. It is inferred that vertical paths accounted for most of 

migration, whereas in the Northern  portion, Southeastwards lateral migration was the 

main charging mechanism Pemex (2012). Figure 2.8 contains a petroleum systems 

diagram for the areas of interest.  



 
 

Figure 2.8. Petroleum systems diagram for the deepwater Western Gulf of Mexico, 
offshore Burgos Basin (modified from Pemex, 2012). 

 

2.5 Exploration History  

Drilling history of the Continental Shelf in the Mexico Western GoM started in 

1973 with the Neptuno-1 and Neptune 1A wells (Figure 2.4), followed by a hiatus in 

exploration activities until 2003 when the Nu-1 and Mercurio-1 wells targeted Middle 

Miocene sequences.  Western GoM recently experienced an increase in exploration on 

the Continental Shelf and in the deep-water sectors, bolstered by intensive activities 

from Pemex over the past 10 years, including 2D and 3D seismic acquisition, and a 

wide range of assessments that encompassed:  basin studies (Pemex, 2004, 2009a), 

petroleum systems modelling (Pemex, 2012) and Play Fairway Analysis (Pemex, 2006, 

2009b, 2010). As result, from 2012 to date, 14 wells have been drilled in deep-water 

settings. 

Deepwater exploration started in 2012, when Trion-1 was drilled to a total depth 

of 5018 m on the Mexican side of the Perdido Fold Belt, resulting in a light oil (34° API) 

discovery, with reserves of 400 MMBOE. Seen as a landmark discovery, Pemex went 

on to explore for more deepwater prospects. Trion discovery was quickly followed by 

Supremus-1 (2012), Maximino-1 (2013), and Exploratus-1 (2013-2014). Maximino-1 
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proved the extension of the Wilcox trend to the South, resulting in light oil, 42° API with 

an initial production of 3,796 bpd and 15 MCFD of associated gas. These major 

discoveries in the Wilcox Fm. hold a geological success ratio of 73%. 

Exploration in the Lamprea Fold Belt started in 2015 with the Well A, discovered 

an oil and gas reservoir in Early Oligocene turbidite sequences. 
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CHAPTER 3 

DATABASE 

  

The Lamprea thrust and fold belt study area is delimited by a Round 0 license 

block assigned to Pemex by Mexico’s regulator, the National Hydrocarbon Commission 

(CNH) in deepwater settings of the Western GoM (Figure 3.1). 

Figure 3.1. Location of study area in the Western Gulf of Mexico, Offshore Burgos 
Basin. Pemex license Round 0 block in the red polygon, covers the study area. Seismic 
coverage in orange polygons. Sea floor as background image.    

 

3.1 Seismic data  

The Round 0 block is located within the “Magno Etapa 1Q” 3D narrow-azimuth 

survey acquired by WesternGeco in 2005 (Figure 3.1). Table 3.1 summarizes the 
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available seismic versions for this study. A Pre-stack Depth Migrated (PSDM) version, 

PSDM interval velocities, and a Pre-stack Time Migrated (PSTM) version sub-sets from 

‘Magno Etapa 1Q’ survey were used for interpretation purposes in the Lamprea thrust 

and fold belt. Figure 3.2 shows the seismic coverage of both time and depth migrated 

seismic versions. Table 3.2 provides specific parameters of each seismic version.  

     *Automatic Gain Control 

 

 

 

 

 

 

 

 

 

Figure 3.2. 3D seismic coverage in the Lamprea thrust and fold belt. Round 0 Block in 
the red polygon. PSDM and PSTM seismic version cover the same area. Depth slice at 
5000 m. 

 

Table 3.1. Available seismic versions   
  Survey 

name Seismic version Processing 
company (year) Area (km²) 

1 Magno 
Etapa 1 Q 

PSDM with filtering and 
AGC* 

WesternGeco 
(2006) 698 

2 Magno 
Etapa 1 Q PSDM Interval velocities  WesternGeco 

(2006) 698 

3 Magno 
Etapa 1 Q 

PSTM with filtering and 
AGC* Dowell (2014) 698 

4 Magno 
Etapa 1 Q 

PSTM with no filtering or 
AGC* Dowell (2014) 698 
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3.2 Well data  

The Well A (see Figure 3.1 for location) was used in the Lamprea thrust and fold 

belt. It was drilled in 2015 at a TVD of 4920 MBMSL. Table 3.3 provides a list of items 

available for the well. Figures 3.3 and 3.4 show available digital log data for Well A. 

 

                           

  

 

 

 

 

 

 

 

 

 

Table 3.2. Seismic parameters 
  Seismic 

version 
Vertical 
extend 

Inline 
azimuth 

Inline 
interval 

Xline 
interval Polarity Phase Peak 

Frequency 

1 PSDM 0-10 
km 300° 37.5 m 25 m American Minimum ----- 

2 PSTM 0-12 s 298° 18 m 6 m American 0° 36 Hz 

Table 3.3. Summary of available well data        
1 Chronostratigraphic tops  
2 Integrity report 
3 Core analysis  
4 Petrophysical evaluations  
5 Lithological descriptions 
6 Special and conventional well log sets 
7 Hydrocarbons detection studies   
8 Deviation surveys  
9 Time-Depth relationships 
10 Checkshots 
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Figure 3.3. Well log data availability and chronostratigraphic tops for the Well A. 

 

 

 

 



 
 

CHAPTER 4 

SEISMIC INTERPRETATION  

 

Chronostratigraphic tops from Well A (Pemex, 2015) provided the age control from 

Early Oligocene to Holocene strata (Figure 4.1). The pre-stack depth migrated (PSDM) 

vintage of “Magno Etapa 1Q” 3D survey was used during the interpretation phase 

therefore, no time to depth conversion was necessary.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Well to seismic tie for the Well A in the Lamprea thrust and fold belt. 
Chronostratigraphic tops from Pemex (2015). PSDM vintage from “Magno” 3D survey 
with American Polarity. V.E. 1.5.   



 
 

In order to establish a stratigraphic correlation for rest of the Neogene and 

Paleogene section, two published seismic depth traverses, C and D, from CNH (2015) 

were digitized and spatially georeferenced, providing a complete chronostratigraphic 

framework in the compressional domain. Pemex (2012) provided age estimates based 

on biostratigraphic data. Twelve horizons were interpreted in the Cenozoic section of the 

Lamprea thrust and fold belt. Table 4.1 shows a summary of the main characteristics of 

the horizons, including a qualitative uncertainty index (QUI), estimated from the data 

availability and confidence in stratigraphic correlation.  

Table 4.1. Summary of horizons characteristics. 

 *Interpretation in the western portion. 
**Interpretation in the eastern portion. 
 

 
Color 
Code Horizon Age 

(Ma) 
Signal   
feature         QUI            Source 

1  Sea floor  0  Peak High Pemex (2012, 2015) 
 

2  Late Miocene  5.32 Trough High Pemex (2012, 2015) 
 

3  Middle 
Miocene 11.2  Trough Intermediate Pemex (2012)/ 

CNH(2015) 

4  Early 
Miocene-1 16.4 Peak Intermediate Pemex (2012)/ 

CNH(2015) 

5  Early 
Miocene-2 20.52 Peak Intermediate Pemex (2012)/ 

CNH(2015) 

6  Unconformity ? Variable  High This study 
 

7  Late 
Oligocene 23.8 Peak  Intermediate* 

/High** Pemex (2015) 

8  Top 
Oligocene-1 28.5 Peak Intermediate* 

/High** Pemex (2015) 

9  Top 
Oligocene-4 31.1 Peak Intermediate* 

/High** Pemex (2015) 

10  Late Eocene 33.7 Trough Low Pemex (2012)/ 
CNH (2015) 

11  Middle 
Eocene  41.3 Trough Low Pemex (2012)/ 

CNH (2015) 

12  Paleocene  58.3 Peak  High Pemex (2012)/ 
CNH (2015) 



 
 

In the western sector, characterized by an imbricate system, a correlation was not 

easily achieved due to thrusting, yielding intermediate values of QUI. The northwestern 

portion of the area has a deficient seismic image, thus no interpretation was attempted.    

4.1 Tectonostratigraphic  units   

The Cenozoic section of the Lamprea thrust and fold belt is composed of a series 

of deepwater siliciclastic sequences (Pemex 2012, 2013; Salomon-Mora, 2013); a 

classification scheme was based on their geometrical configuration related to their 

depositional and deformational history.  

 A kinematic classification of the Middle Eocene to Holocene strata is referenced 

to the Middle Eocene to Pleistocene gravity driven linked system that formed the Lamprea 

thrust and fold belt (Pemex, 2013). A series of selected NE-SW cross-sections parallel to 

mass transport direction aided in the 3D survey stratigraphic and structural interpretation 

(Figure 4.2).  

Four tectonostratigraphic units were interpreted and mapped: a) Intra Middle 

Eocene shale-based detachment, b) Middle Eocene to Late Oligocene pre-kinematic 

sequence, c) Early Miocene unconformity, d) Early Miocene syn-kinematic strata, and e) 

Miocene to Holocene post-kinematic sequence. Figure 4.3 on page 34 contains the 

interpreted cross-sections A trough D. These sections were selected for structural 

restoration, as they show the progressive evolution along strike of the system.  

In the area of study, Miocene advance of allocthonous salt sheets affected the 

Upper Neogene section (Pemex, 2012), as a result, a peripheral fold belt (Hudec, 2006) 

was formed with a thrust pattern radial to the salt canopy. Analysis of this deformation 

episode is beyond the scope of this project. 

4.1.1 Middle Eocene shale-based detachment  

Two horizons were interpreted and mapped to define this sequence: (1) Paleocene 

horizon represents the base of detachment layer, and is defined by a sub-horizontal, 

strong positive reflector with a regional dip of 13° SE, and a depth range of 7,130 to 8,720 

m (Figure 4.4 on page 36). 



 
 

Figure 4.2. Sea floor relief in the Lamprea thrust and fold belt. NE-SW cross-sections A 
trough D parallel the tectonic mass transport direction that formed the Lamprea thrust and 
fold belt. Contour interval (C.I.) 100 m.  
 
 

Minor low angle thrusts affect the Paleocene horizon. (2) Middle Eocene seismic 

horizon has low amplitude, with chaotic reflections underlying the imbricate system, and 

semi-continuous reflection basinward. The lack of continuity might be explained either by 

heterogeneous shale deposition or seismic depth migration issues underneath the thrust 

imbricate. In general, the Middle Eocene thickness increases from NW to SE with local 

variations (see Figure 4.3).   

4.1.2 Middle  Eocene to Late Oligocene pre-kinematic sequence 

Five horizons were interpreted within the pre-kinematic sequence due to their 

spatial distribution and seismic character (1) Middle Eocene or base of the pre-kinematic 

sequence, (2) Upper Eocene, (3) Top Oligocene-4, (4) Top Oligocene-1, and (5) Upper  



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3.  NE-SW Sections A through D parallel the tectonic mass transport direction 
with the interpreted Cenozoic section across the frontal Lamprea thrust and fold belt. 
Middle Eocene to Late Oligocene pre-kinematic sequence (identified by the green 
polygon to the left) detaches on Middle Eocene shale. A progressive basinward variation 
of structural style in the pre-kinematic strata shows imbricate systems, transitional zones, 
pop-up structures, and thrust-related folds. A relatively thin Early Miocene-2 syn-
kinematic (S-K) or growth sequence (left yellow polygon identifier) contains a wide variety 
of geometries, such as rotated limbs, downlaps, and onlaps. A Basal Early Miocene 
unconformity separates pre from syn-kinematic sequences. Early Miocene-1 to Holocene 
post-kinematic (Post-K) strata exhibits a draping geometry (left blue identifier). The 
peripheral fold belt was formed due to the advance of allochthonous salt sheets in the 
Upper Neogene section.  See text for details. Fault nomenclature as follows: (T) Thrust, 
(ST) Splay thrust, (BT) Back-thrust, (FBF) Fault bend fold, and (TRF) Thrust-related folds. 
For location, see Figure 4.2.  

 



 
 



 
 

Figure 4.4. Paleocene structural map. The northwestern portion is characterized by gentle 
NE-SW folding, while the southeastern sector contains the greatest depths. Round 0 
Block in red polygon. C.I. 100 m.  
 

Oligocene. The base of this sequence contains discontinuous reflectors with low 

amplitudes. The upper section contains continuous moderate to high amplitude reflectors, 

interrupted only by thrusts. Top Oligocene-1 and Top Oligocene-4 are reservoir intervals 

characterized by deepwater deposits of fine-grained sandstones in NE-SW channelized 

systems and confined lobes (Pemex, 2012). Figure 4.5 shows the Top Oligocene-1 

structural map in depth; as this horizon is the most laterally extensive and has a high 

value of QUI, it is representative of the structural style of the pre-kinematic sequence.  

The pre-kinematic section was exposed to subaqueous erosion; as a result, a 

significant volume has been eroded away, especially in the western area, where the 

structurally higher imbricate system is present (Figure 4.6 on page 38).   



 
 

Figure 4.5.  Top Oligocene-1 structural map. This horizon is the most reliable and laterally 
extensive in the pre-kinematic sequence. A dramatic progression of structural styles is 
clear, from west to east: imbricate system, transitional zone, pop-up structure, and thrust-
related folds. Sections A to D parallel tectonic transport direction (black dashed lines). 
See Figure 4.3 for interpretation of Section D, structure identification, and thrust naming 
convention. Round 0 Block in red polygon. C.I. 100 m. 
 
4.1.3 Early Miocene Unconformity 

In the area of study, the pre-kinematic sequence is incomplete as evidenced by 

truncation against an Early Miocene unconformity (Figures 4.3 and 4.6) Overlying growth 

packages exhibit a wide variety of stratigraphic terminations against the unconformity 

including downlaps, onlaps, and fanning of limb dips. Section D in Figure 4.3d shows a 

progressive decrease in topographic relief basinward. In this Section, the most basinward 

thrust, exhibits pre-kinematic strata between Top Oligocene-1 and the Early Miocene 

unconformity with an average thickness of 800 m. In contrast, the imbricate thrust closest  



 
 

Figure 4.6.  Late Oligocene structural map. Imbricate system, in the western sector, is 
heavily affected by subaqueous erosion. Round 0 Block in the red polygon. C.I. 100 m.  

 

to hinterland shows an average thickness of 278 m between Top Oligocene-1 and the 

unconformity. An isopach map for this interval, therefore shows a gradual thickness 

decrease toward the foreland (Figure 4.7). 

The syncline backlimbs in the northern area contain the thickest pre-kinematic 

section, with an average of 1,104 m between Top Oligocene-1 and the Unconformity. In 

order to recover the pre-kinematic missing section, a proportional horizon was calculated 

upward from Top Oligocene-1 with this average thickness. The isopach for this virtual 

“pre-kinematic” sequence and the Unconformity, results in an estimate of the eroded 

volume. Figure 4.7 indicates the approximate volumes eroded off from each structure. A 

total of 82.7 km3 was calculated to be the eroded volume in the studied area.  



 
 

Figure 4.7. Isopach map between the basal Early Miocene Unconformity and Top 
Oligocene-1. A gradual decrease of thickness occurs from East to West. Quantities on 
the map represent an estimate of the eroded volume in each structure. Round 0 Block in 
red polygon. C.I. 100 m. 

 

An additional calculation was performed to estimate the rate of eroded volume per 

unit of surface in each structure; eroded volumes per structure were divided by the surface 

area of each respective structure, yielding a normalized rate of erosion per unit area in 

each structure. Figure 4.8 shows a steady decline in erosion in the imbricate system, 

through the thrust-related folds, although with different gradients.  The pop-up structure 

and the transitional zone exhibit normalized erosional rates that do not follow a particular 

trend.   

 

 



 
 

Figure 4.8.  Eroded volume per unit area. Calculated eroded volumes per structure were 
divided by the structure surface area, resulting in a normalized erosional rate per 
structure. The imbricate system and the thrust-related folds show a steady decline in 
erosion toward east. The transitional zone and pop-up structure (PU1) do not fit any 
particular trend.  

 

4.1.4 Early Miocene syn-kinematic strata                                                                                            

Syn-kinematic strata are composed of a distinct sequence bounded at the top by 

the Early Miocene-1 horizon, which is a continuous peak reflector with low amplitude and 

a depth range from 3702 to 4228 m, plus a thickness range of 21 to 383 m (Figures 4.9 

and 4.12 on page 44).   Seismic character is variable within this sequence. Continuous 

high amplitude reflectors in depocenters overlying backlimb synclines, generated by 

folding and thrusting, constitute basal sequences (Figure 4.11a & 4.11b on page 43).  

Onlaps, downlaps, and fanning of limb dips are common geometries against the Early 

Miocene Unconformity (see Figure 4.11). Continuous low amplitude reflectors on the crest 

of anticlines comprise the upper sequence.  

(a) Sediment to uplift rates (SUR’s)  

The geometries of growth structures are controlled primarily by the folding 

mechanism and the relative rates of sedimentation and uplift. Thus, growth fold patterns 

imaged in seismic data are often considered diagnostic of folding mechanism and 

sediment to uplift ratio (Shaw et al., 2006).  



 
 

Figure 4.9. Early Miocene-1 or top of syn-kinematic strata structure map. Most of this 
sequence has been affected by the shallow Miocene Peripheral fold belt that resulted 
from allocthonous salt sheet advance. Seismic sections with growth geometries from 
Figure 4.11 highlighted. Round 0 Block in red polygon. C.I. 100 m.  

 

In fault-related folds that develop purely by kink-band migration, fold limbs widen 

through time while maintaining a fixed dip (Suppe et al., 1992). As a result, younger 

horizons have narrower fold limbs than older horizons, forming narrowing upward  kink 

bands in growth strata (growth triangles) (Suppe et al., 1992; Shaw et al., 2006).  Through 

the course of this research, folding by kink-band migration was not observed.    

In fault-related folds that develop purely by limb rotation with fixed hinges (i.e., 

inactive axial surfaces), the dip of the fold limb increases with each increment of folding 

(Shaw et al., 2006). Where sedimentation rate exceeds uplift rate (Figure 4.10a), strata 

are progressively rotated with each increment of folding. Thus, older growth horizons dip 



 
 

more steeply than younger horizons, yielding a pronounced fanning of limb dips in growth 

strata (Shaw et al., 2006). For the intermediate case, when sedimentation and uplift rates 

are similar, growth strata onlap near the crest of the structure (Figure 4.10b).  Where uplift 

rate exceeds sedimentation rate, growth strata also exhibit a fanning of limb dips (Figure 

4.10c) (Shaw et al., 2006).  

Figure 4.10.  End members of growth strata geometry under variable sedimentation to 
uplift rates in folds developed purely by limb rotation with fixed hinges. a) If sedimentation 
exceeds uplift, rotation of limb dips is expected. b) When sedimentation is similar to uplift 
rate, growth strata would onlap up until the crest of the structure. c) If uplift outpaces 
sedimentation, onlaping strata would not cover the crest. Identification scheme for growth 
strata end members in colored circles (modified from Shaw et al., 2006).     

 

Early Miocene syn-kinematic strata shows a series of onlap and downlap 

geometries overlying the Early Miocene Unconformity. Figure 4.11 show the application 

of a three color-code system to classify sedimentation to uplift ratios based on the 

geometry recorded in the growth strata: (1) red for sedimentation exceeding uplift, (2) 

orange for sedimentation and uplift similar rates, and (3) green for uplift exceeding 

sedimentation. Following this color-code system, a series of observations across the 

different structural styles were realized. 

Figure 4.12 shows the distribution of qualitatively estimated sediment to uplift rates 

in the Lamprea thrust and fold belt. Most analyzed points are located in the backlimbs. In 

general, this analysis indicates that sedimentation exceeded uplift in the western-most 

thrust sheet, while uplift outpaced sedimentation basinwards towards the northeast. 

SUR’s in the central portion exhibit a convoluted pattern associated with the back thrusts 

bounding the pop-up structure. A consistent uplift exceeding sedimentation in the 

backlimb of the eastern thrust-related fold was identified.  

a  Sedi e tatio  > uplift  Sedi e tatio ≈uplift  Sedi e tatio <uplift 

I a tive a ial surfa es 



 
 

Figure 4.11.  NE-SW seismic sections with syn-kinematic strata geometries across the 
area of study. a) Highlighted yellow sequence is present in both the backlimb, and the 
crest, suggesting sedimentation exceeded uplift. b) Yellow sequence progressively 
onlaps up until the crest of the structure, interpreted here as similar sedimentation and 
uplift rates. c) Rotated limb dips and downlaps strongly suggest that uplift outpaced 
sedimentation.                



 
 

Figure 4.12.  Isopach map of Early Miocene-2 and qualitative sediment to uplift ratios 
plotted in color-coded circles. Most measurements of  sedimentation exceeding uplift (red 
circles) are in the imbricate system in the west. Uplift outpacing sedimentation (green 
circles) mainly located in the eastern and northeastern sectors.  Intermediate rates 
(orange circles) are distributed in the central portion and in the eastern area.  Round 0 
Block in the red polygon. C.I. 100 m.  

 

The backlimb shows a defined pattern where sedimentation and uplift rates were 

almost similar in the south, whereas uplift outpaced sedimentation in the north. This 

progressive change in SUR, in addition to an increase of topographic relief in the north, 

might be indicative of the temporal and spatial evolution along strike of the eastern thrust 

related fold backlimb, with an increase of displacement and subsequent fold uplift toward 

north that outpaced sedimentation.  

In summary, if sediment supply being equal for the area of study, then SUR’s 

distribution would indicate that uplift rates decreased from west to east overtime.  



 
 

4.1.5 Miocene to Holocene post-kinematic sequence  

Due to the dislocation with the Lamprea thrust and fold belt deformation, and 

structural complexity of allochthonous salt sheets thrust, this sequence was only 

interpreted in the southern portion of the area. The sequence comprises Early Miocene-

1, Middle Miocene, Late Miocene, and Holocene (sea floor). The Middle Miocene lower 

section is composed of gently draping, layer parallel reflectors with low amplitude (Figure 

4.3). The Holocene upper section contains a series of deepwater architectural elements 

including channel systems and mass transport complexes.  

Appendix A contains all structural maps not shown in this section, and Appendix B 

describes a detailed analysis of axial surfaces and differential compaction using horizon 

curvature attributes, which aided in the discrimination of draping strata against growth 

strata.   

4.2 Styles of thrusting  

Middle-Eocene to Early Miocene pre-kinematic sequence in the Lamprea thrust 

and fold belt contains a wide variety of thin-skinned structural styles, with a west to east 

progression of imbricate thrust systems, transitional zones, pop-up structures, and thrust-

related folds. The structural trend of the Lamprea thrust and fold belt continues along 

strike for 150 km to the south forming a transitional zone with the northern portion of the 

Mexican Ridges structural province (Pemex, 2012, 2013; Salomon-Mora, 2009, 2013).  

4.2.1 Fault framework 

Interpretation of faults relied on identification of hanging wall cutoffs and axial 

surface geometries, as in the area of study, 3D seismic data do not exhibit any significant 

reflections from fault ramps. Interpretation of both fault planes and footwall synclines 

remains a challenge, as the available PSDM seismic vintage does not fully image areas 

beneath the base of the thrusts, especially in the Middle and Upper Eocene sections.  

Principal strike orientation of thrusts systems is 160° (Figure 4.13). Most of the interpreted 

main faults are foreland-vergent thrusts across the whole area, while a series of smaller  



 
 

Figure 4.13. Fault plane geometries in the Lamprea thrust and fold belt. Main fault azimuth 
of 160°. Fault plane dips range from 35 to 55°. Steeper faults are located in the eastern 
portion. Round 0 Block in the red polygon. C.I. 400 m. 

 

back-thrusts or hinterland-vergent thrusts are primarily located in the central and eastern 

sector (Figures 4.14 to 4.17). Common geometric characteristics between the different 

thrusting styles include curved-ramps, fault planes not parallel to layers in the backlimbs, 

and thrust dip angles between 35 to 55° (Figure 4.13). Thrusts systems detach on a single 

Middle Eocene shale-based level (Pemex, 2012, 2013; Salomon, 2013), at depths 

between 7,500 and 8,000 m.    

4.2.2 Imbricate system  

 The western portion of the area is characterized by four thrust imbricates and a 

splay fault (from west to east T1, T2, ST2, T3 and T4) with fault planes dipping from 32 



 
 

to 40° (Figures 4.3, 4.5, and 4.14b-4.17b). Associated thrust ramp folds are curved, with 

relatively steep backlimbs dipping between 20 to 30° SW, and forelimbs gently dipping 

between 10 to 20° SW. Pre-kinematic sequences and underlying thrust faults exhibit a 

non-parallel geometry (Figure 4.16b & 4.17b). Backlimbs show a longer length in 

comparison with forelimbs. In plan view, structural maximum relief at the hinge zones of 

thrusts imbricates show a clear alignment in a SW-NE trend with topographic relief 

decreasing towards northeast (Figure 4.5).  Along strike, the imbricate system only 

exhibits minor changes in dip angles, and the NW-SE orientation of most of the thrusts is 

preserved (Figures 4.14b to 4.17b). An exception to this is the thrust imbricate T3 that 

gradually changes from a NW-SE to a NE-SW strike (Figure 4.5). T4 in only interpreted 

in Section D (Figure 4.17b) as it shows a decrease of slip along strike towards North 

(Figure 4.5). 

4.2.3 Pop-up structures   

In less than 3 km, the imbricate system rapidly progresses eastward into a pop-up 

structure  (Pop-up 1) bounded by a steep 47° E dipping backthrust (BT2) and a 50 to 60° 

W dipping foreland-vergent thrust (see Sections B and D on Figures 4.16b and 4.17b). In 

the southern portion, the fold is highly asymmetrical, verging towards the foreland (Figure 

4.17b). In the South, Top Oligocene-1 map in Figure 4.5, shows a smaller hinterland-

verging thrust that links at depth with the larger pop-up east bounding thrust (SFBF) 

(Figure 4.17b).  Along strike, in the southern portion, an elongated N-S curved fold hinge 

appears to extend southward (Figure 4.5). This may be indicative of an overlapping or 

relay structure. In the northern area, where the highest structural relief is located, the pop-

up 1 evolves into a more symmetrical structure (Figures 4.5, and 4.15b). Further North, 

there is no indication of the eastern backthrust (T4) as it links at depth with the backthrust 

BT2, and the fold evolves rapidly into a gently dipping backlimb syncline (Figure 4.5). The 

Well A successfully tested the crest of the pop-up 1 structure. In the northeastern area, a 

second pop-up structure (Pop-up 2) shows the maximum structural relief, and is bounded 

by TRF1 and BT3.    

 

 



 
 

 

 

 

 

 

 

 
 
 
 
 
Figure 4.14.  NE-SW Section A parallel to tectonic mass transport. a) Uninterpreted. b) 
Interpreted Cenozoic section in the Lamprea thrust and fold belt. Along strike, BT1 dies 
out northward, and the western hinge fold of the pop-up 1 transitions into part of the 
imbricate system. Pop-up structure becomes wider to the north. Paleogene or base of the 
detachment becomes progressively shallower to the north. Fault nomenclature as follows: 
(T) Thrust, (ST) Splay thrust, (BT) Back-thrust, (PB) Pop-up, (FBF) Fault propagation fold, 
and (TRF) Thrust-related folds. See Figures 4.3 or 4.16 for location. V.E. 1. 

 

 

 

 

 

 

 

 

 

 

 



 
 



 
 

 

 

 

 

 

 

 

 

 

 
Figure 4.15.  NE-SW Section B parallel to tectonic mass transport. a) Uninterpreted. b) 
Interpreted Cenozoic section in the Lamprea thrust and fold belt. Along strike, a NE-SW 
backthrust (BT2) links in depth with the major TRF1 fault, forming a secondary eastern 
transitional zone. In the north, the backlimb syncline of TRF2 becomes broader. Note the 
change in thickness in the Middle Eocene detachment unit. Fault nomenclature as 
follows: (T) Thrust, (ST) Splay thrust, (BT) Back-thrust, (PB) Pop-up, (FBF) Fault 
propagation fold, and (TRF) Thrust-related folds. See Figures 4.3 or 4.16 for location. 
V.E. 1 

 

 

 

 

 

 

 

 

 



 
 



 
 

 

 

 

 

 

 

 

 

 

Figure 4.16.  NE-SW Section C parallel to tectonic mass transport. a) Uninterpreted. b) 
Interpreted Cenozoic section in the Lamprea thrust and fold belt. Along strike the 
imbricate system shows only minor changes in faults dip angles. The backlimb syncline 
of TRF-1 becomes narrower in comparison with the southern portion (Section D). Upper 
Neogene section is vastly affected by the advance of allochotnous salt sheet. Fault 
nomenclature as follows: (T) Thrust, (ST) Splay thrust, (BT) Back-thrust, (PB) Pop-up, 
(FBF) Fault propagation fold, and (TRF) Thrust-related folds. See Figures 4.3 or 4.16 for 
location. V.E. 1. 

 

 

 

 

 

 

 

 

 



 
 

 



 
 

 

 

 

 

 

 

 

 

 

Figure 4.17. Depth NE-SW Section D parallel the tectonic transport direction a) 
Uninterpreted. b) Interpreted Cenozoic section in the Lamprea thrust and fold belt.The 
imbricate system is composed of high angle dip faults, and is structurally connected to 
the pop-up 1 structure by a transitional zone, which is characterized by two thrusts, T4 
and BT1, with opposing vergences. Further basinwards, the pop-up transitions to a series 
of thrust-related folds (TRF1 and TRF2). Fault nomenclature as follows: (T) Thrust, (ST) 
Splay thrust, (BT) Back-thrust, (FBF) Fault bend fold, and (TRF) Thrust-related folds. See 
Figures 4.3 or 4.16 for location. V.E. 1. 

 



 
 



 
 

The imbricate system and the pop-up structure 1 are structurally connected by a 

transitional zone bounded by two opposite vergence thrusts, the steep thrust T4 in the 

west and the back thrust (BT1) in the east. The poor quality seismic image in the area 

poses a high uncertainty on the actual geometry in this zone.  (Figure 4.3, 4.17, and 4.18).   

4.2.4 Thrust-related folds (TRF) 

Further East, the Pop-up 1 is structurally connected with two asymmetrical 

anticlines (from west to east, TRF1 and TRF2, Figure 4.5 and 4.16b) with rotated 

backlimbs dipping 10 to 20° W, and hinterland- verging thrusts dipping 32 to 48° W that 

tip out at the Early Miocene Unconformity. The crests of both anticlines are severely 

affected by erosion (Figures 4.11a & 4.17b). In the south, TRF-1 and TRF-2 folds form 

gently dipping elongate N-S trending anticlines (Figures 4.5, 4.16b, & 4.17b).   

As these two structures evolve northward, TRF1 backlimb becomes a wider sub-

horizontal fold that transitions into the narrow Pop-up 2 bounded by steep thrust faults, 

as evidenced in Sections A and B (Figures 4.5, 4.14b, & 4.15b).  

TRF2 evolves from a narrow N-S fold in the south (Section D on Figure 4.5 & 

4.17b) into a NE-SW wider and more gently dipping anticline in the central portion 

(Section C in Figure 4.16b). Further North, Section A (Figure 4.14a) shows that TRF2 fold 

evolves into a pop-up structure (Pop-up 3) bounded by steep thrusts (Figure 4.5). The 

western backthrust (BT3) is oriented NE-SW and links at depth with TFR-1. In map view, 

this pop-up structure has two smaller NE-SW thrust-related folds (Sections B and C in 

Figures 4.5, 4.16b & 4.17b).  Structural relief maxima are located, for the main thrust-fault 

related anticlines, in the northern portion (Figure 4.5).  

Folding ahead of fault tips and upward decrease in slip are present in the analyzed  

TRF’s. The presence of a ramp, with an upward decrease in slip to a ramp tip, are 

geometric conditions that must be met by a fault propagation fold; however, these 

conditions alone do not uniquely establish the origin of a fold as a fault-propagation fold, 

because they could also be met by a fold that grew above a fixed ramp tip (Wickham, 

1995; Thorbjornsen and Dunne, 1997) or by a preexisting fold that has been modified by 

propagation of a ramp tip (Wallace & Homza, 2004).  



 
 

Two other important possibilities that may be consistent with asymmetric thrust-

related anticlines with steep forelimbs (Wallace & Homza, 2004) are (1) detachment 

folding (Jamison, 1987; Mitra and Namson, 1989; Poblet and McClay, 1997) and (2) the 

breakthrough and displacement of an existing fold by a thrust fault (Jamison, 1987; Suppe 

and Medwedeff, 1990; Morley, 1994).   

4.3 Thrusting sequence   

The sequence of development of thrust faults within a thrust belt or thrust system 

is an important parameter needed for the interpretation of both the geometry and the 

kinematic evolution of a thrust belt (McClay, 1992). It is essential for the construction of 

balanced and restored sections (Boyer and Elliott 1982; Butler, 1987; Morley, 1988). A 

long accepted paradigm for thrust tectonics is that, in foreland fold and thrust belts, thrust 

faults develop sequentially in a sequence that both nucleates in a forward-breaking 

sequence and verges towards the foreland (Bally et al., 1966; Boyer & Elliott ,1982; Butler, 

1987; McClay, 1992).  

However, current understanding of thrust propagation recognizes that some 

thrusts do not obey this in-sequence pattern (Morley, 1988).  Out-of-sequence thrusts are 

those thrusts that do not obey the foreland propagating or in-sequence deformation style. 

They include both isolated thrusts that develop hindward of the thrust front and sequences 

of break-back thrusts that propagate from the foreland to the hinterland (Morley, 1988). A 

well-documented example of an out-of-sequence thrust system is the gravity-driven Niger 

Delta thrust belt which shows polyphase growth with complex sequencing of thrusts 

movements (Corredor et al., 2005; Krueger & Grant, 2011).     

In the Lamprea thrust and fold belt, the western imbricate system, and the eastern 

thrust-related folds show two distinct characteristics associated with break forward 

propagation: (1) the Middle Eocene to Late Oligocene pre-kinematic sequence exhibits a 

decrease in topographic relief basinward, typical of piggy-back thrusting, and (2) ramps 

show a gradual decrease in their dip angles toward the foreland. Nevertheless, the pop-

up structure in the central and northeastern  portions, are bounded by hinterland-verging 

thrusts, whose presence suggests out of sequence thrusting.  



 
 

Additional constraints on the age of thrusting are the loss of volume due to erosion 

in the pre-kinematic sequence (Figure 4.8), and the sedimentation to uplift ratios (Figure 

4.12).  

The increment of volume loss of pre-kinematic section due to erosion toward 

hinterland suggest that the imbricate system had the highest structural relief and, 

consequently, experienced more subaqueous erosion.  

If sediment supply was equal, the distribution of sediment to uplift rates indicates 

that sedimentation outpaced uplift in the western imbricate system, while, the eastern 

thrust-related folds show sedimentation being equal or less than uplift. These 

observations suggest that during Early Miocene deposition, the eastern sector 

experienced more tectonic deformation than the western sector.  

Volume loss and sediment to uplift ratios show the expected behavior for break 

forward propagation style, i.e., erosion increasing toward hinterland, and an increase of 

structural deformation toward foreland, except in the central and northeastern portion 

where both parameters show irregular patterns (Figures 4.8 & 4.12).  

These analyses in addition to the presence of backthrusts suggest that the 

structural sectors in the Lamprea thrust and fold belt followed a complex thrusting 

sequence starting as a break forward propagation in the imbricate system, and in the 

thrust-related fold sector, and further evolving into an out-of-sequence system in the 

central and northeastern pop-up structures.  

4.4 Displacement-distance profiles 

In order to address the possible kinematic mechanisms responsible of thrusting 

and folding in the Lamprea thrust and fold belt, fault displacements were analyzed in the 

three different structural styles.  

A decrease in displacement toward the fault tip is a diagnostic characteristic of 

fault-propagation folds. This decrease may be quantified by measuring the offset of 

different stratigraphic layers across the fault and plotting that as a function of distance 

updip along the fault, termed the “distance-displacement plot” (e.g., Williams and 



 
 

Chapman, 1983; Hughes & Shaw, 2015). The cutoff lengths of the layers cut by the fault 

must differ across the fault in order to accommodate the decrease in displacement up the 

ramp (Williams & Chapman, 1983; Wallace & Homza, 2004).  Previous studies (Hedlund, 

1997; Hughes and Shaw, 2014, 2015) have established that displacement decreases 

linearly toward the fault tip for the fixed-axis and constant-thickness kinematic fault-

propagation fold models for a given fault geometry, and the trend is linear for a constant 

fault dip and propagation-to-slip ratio for the trishear model as well (Hughes and Shaw, 

2015).  

Figure 4.18 depicts the measurement of displacement, assuming pure dip-slip 

motion for a thrust-related fold. Distance along the fault is measured upward from the 

deepest interpreted hanging wall cutoff to the next footwall cutoff, and displacement is 

measured conventionality from the hanging and footwall cutoffs corresponding to the 

same stratigraphic unit.  

Figure 4.18. Procedure to calculate displacement-distance profiles. Example structure. 
Distance is measured from the intersection of the lowest offset rock layer in the footwall 
and the fault (P) along the fault toward the tip (d), and displacement is measured (a, b, 
and c) for each layer. (B) The resulting displacement-distance plot, where distance along 
the fault from P to d is plotted along the x-axis, and the displacement of each layer that 
intersects the fault at that distance determines the y value of each point (From Hughes & 
Shaw, 2014).  

 

Fault displacement was analyzed along strike in three different structural styles: 

(1) Thrust imbricates (T1 and T2), (2) Pop-up 1, and (3) Thrust-related fold (TRF-2). 

Figure 4.19 shows the graphs of displacement plotted against distance. Colors represent 

the sections perpendicular to strike in which the measurement were realized (see Figure 



 
 

4.5 for location). In general, there is a linear decrease in displacement with measured 

distance up fault. Displacements along strike for T1 (Figure 14.19a) show an increase 

toward the structural maximum and a decrease in both south and north sectors of the 

structure. For T2, the largest displacements are located in the northern portion of the 

anticline with displacements progressively decreasing toward south. Once again, the 

maximum displacements correspond to the maximum topographic relief. T1 exhibits a 

similar displacement gradient in Figure 4.19a along strike; in contrast T2 shows a smaller 

gradient in the area where the maximum topographic relief is located, while southern 

portions have a significant larger slope (Figure 14.19b). The Pop-up 1 shows a 

progressive decrease in displacement toward north with similar slopes in the south.  

Figure 4.19. Displacement-distance profiles for different structural styles present in the 
Lamprea fold belt. See figure 4.5 for lines location. a) Largest displacements in T1 are 
located in the crest of the structure at Section D. b) Thrust-2 shows a progressive 
decrease of displacement toward South. c) The Box fold displacements decrease toward 
North, and a dramatic change in the slope occurs at Section D. d) Southern Sections C 
and D, indicate that the thrust-related fold changes in slope suggesting a spatial change 
in the kinematic mechanism.   

 

Hughes and Shaw (2015) compiled detailed structural measurements for a series 

of 15 fault-propagation folds from the Niger Delta, Argentina, and southeastern Asia, 

revealing that  the decrease in displacement updip along the fault is well approximated 
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by a linear trend that has a relatively consistent slope. Figure 14.20 shows the distance-

displacement measurement from Hughes and Shaw (2015) data compared with the 

results from this study. They found an average displacement slope of -0.29, while this 

study reports -0.163.  

Figure 4.20. Compilation of displacement-distance profiles from Hughes & Shaw (2015). 
Displacements in the Lamprea thrust and fold belt are similar to Offshore Niger Delta 
displacements of 1.5 km.  

 



 
 

CHAPTER 5 

SEQUENTIAL RESTORATIONS  

 

A restorable geological structure can be returned to its original, pre-deformation 

geometry with a perfect or near-perfect fit of all the segments in their correct pre-

deformation order (Groshong, 2006). A restorable structure is internally consistent and 

therefore has a topologically possible or admissible geometry (Elliott, 1983; Groshong, 

2006). If a section can be restored to an unstrained state it is a viable cross-section; by 

definition, a balanced cross-section is both viable and admissible (Woodward et al., 

1989).  

The concept of a “balanced” cross-section was originally postulated by Chamberlin 

(1910), who stated that deformed-state and restored cross-sections maintain constant 

area, and they could therefore balance on a beam balance. A simple test of the geometric 

validity of a cross-section is to measure bed lengths at several horizons between 

reference lines located on the axial planes of major synclines or other areas lacking 

interbed slip (Dahlstrom, 1969). Consistency of bed length also requires consistency of 

shortening, whether by folding and/or faulting, within one cross-section and between 

subsequent cross-sections (Dahlstrom, 1969). 

A balanced cross-section offers geologic verisimilitude, but it is not necessarily 

absolute geologic reality. A balanced cross-section is simply a model that satisfies a 

larger number of reasonable constraints than an unbalanced section, and is, therefore, 

more likely to be correct (Woodward et al., 1989). Ergo, structural restoration methods 

are an invaluable tool to validate and assess different 2D or 3D seismic interpretations 

scenarios when working in a variety of tectonic settings. 

 In the Lamprea fold belt, Sections A, B, C, and D parallel the tectonic transport 

direction (see Figure 4.5 on page 37 for location), thus their restorations are considered 

to be palinspastic (Groshong, 2006).  

 



 
 

5.1 Restoration workflow  

The primary objective of sequential restoration is to calculate and remove the 

effects of all processes that have influenced and controlled the evolving section geometry 

during specified time intervals, i.e., between interpreted horizons (Rowan, 1993). 

Sequential restorations progressively remove geological processes in discrete steps in 

the reverse sense they occurred by working backward through time.  

The Cenozoic section in the Lamprea fold belt is mainly composed of Early 

Miocene to Holocene post-kinematic or draping strata and Middle Eocene to Late 

Oligocene pre-kinematic strata. Two slightly different approaches were applied for each 

of these sequences. Restoration of draping strata involved decompaction and isostasy 

correction, whereas pre-kinematic strata restoration included: (1) kinematic mechanism 

forward modeling, (2) fault offset removal, (3) unfolding to a regional datum, (4) 

decompaction and (5) isostatic compensation. For every restored time interval or horizon 

in the pre-kinematic sequence, steps 2 to 5 were applied working from the youngest (Late 

Oligocene) to the oldest (Middle Eocene) stratigraphic unit. Forward modeling was used 

to constrain the kinematic mechanism parameters necessary to retro-deform a structure, 

and thus was applied to understand the kinematics of deformation in different structural 

style domains (see Section 5.2 for details). When non-viable geometries were 

encountered, the depth interpretation was modified accordingly. Figure 5.1 contains a 

sequential restoration workflow diagram used in this research that also includes data 

loading, QC and section preparation in Move (2017).  

5.2 Kinematic mechanism and forward modeling  

A series of observations regarding the structural style in the Lamprea fold belt have 

been documented: (1) curved geometry of faults, (2) curved fold hinges, (3) increasing 

displacement with distance down along faults, and (4) fault planes not parallel to layering 

in the back limbs. These observations are consistent with trishear fault-propagation 

folding (Erslev, 1991; Hardy & Ford, 1997; Allmendinger, 1998; Hughes & Shaw, 2014, 

2015).  Figure 5.2 shows a thrust-related fold in the western sector of the Lamprea fold 

belt exemplifying the previous characteristics. 



 
 

 

Figure 5.1. Generalized sequential restoration workflow. Depth seismic interpretation is 
loaded and prepared to generate a series of depth cross-sections in Move restoration 
software. Removed processes while restoring Post-kinematic strata included 
decompaction and isostasy compensation. Pre-kinematic strata restoration additionally 
included fault offset removal and unfolding to a regional datum. Forward modeling was 
used to understand kinematics of multi-layered deformed structures.  

 

Figure 5.2. A thrust-related fold in the eastern part of the study area. Main characteristics 
include: (1) increasing slip with distance down along fault, (2) curved thrust fault, (3) fault 
plane not parallel to layering in the backlimb, and (4) significant amount of curvature at 
the apex of the anticline. Backlimb dips at 40°, while fault plane dips at 45°. Maximum 
measured slip of 1.1 km.    
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Trishear is a kinematic model in which the decrease in displacement along the fault 

is accommodated by deformation in a triangular shear zone radiating from the tip line 

(Hardy and Allmendinger, 2011).  Trishear is analogous to simple shear in a tabular shear 

zone except that area balance in a triangular shear zone requires curved displacement 

oblique to the fault slip direction (Erslev, 1991).  To maintain volume balance over the 

entire triangular shear zone, a component of motion oblique to the fault must bring 

material from the hanging-wall side to the footwall side of the shear zone (Figure 5.3a); 

this variant on simple shear is trishear  (Erslev, 1991).   

Figure 5.3. Erslev’s geometric explanation and model of trishear (1991). a) Area changes 
and volume loss due to asymmetrical triangular shear zones. Symmetrical triangle shear 
zones preserve area and volume.  b) Variable propagation to slip (P/S) ratio with a fixed 
trishear angle (modified from Hardy & Ford, 1997).  

 



 
 

A key kinematic component of the model is the trishear angle, the apex of which 

is focused on the fault tip line and which, Erslev (1991) argued, must be symmetric with 

respect to the fault plane (Hardy and Allmendinger, 2011). The degree of folding (or shear 

strain) accommodated in the trishear zone ahead of the fault is controlled by the 

propagation to slip (P/S) ratio (Hardy & Ford, 1997). A P/S ratio of 0 represents one 

extreme end-member wherein very high strain can accumulate ahead of a 

nonpropagating fault. When P/S ratios are greater than 1, folds are cut increasingly early 

in their development by the propagating fault. As the P/S ratio increases, the degree of 

folding ahead of the propagating fault decreases and the zone of deformation narrows 

(Figure 5.3b) (Hardy & Ford, 1997).  

As a means to constrain the range of values of the trishear angle and the P/S ratio 

during the restorations, a series of forward models were generated. Synthetic structures 

provided a sensitivity analysis of the main variables that affect the final geometry of a 

thrust-related fold.  

Additionally, Move (2017) restoration software includes a utility that allows the user 

to determine the algorithm used to displace the beds outwith the main trishear zone, either 

by simple shear or by fault parallel flow.   

Figure 5.4a shows a pre-kinematic sequence before deformation, while Figure 

5.4b shows the result of a forward model that closely mimics the geometry of the structure 

depicted in Figure 5.1.  Some of the observations during forward modeling stage are listed 

below:  

(1) P/S ratio values closer to 1 concentrate the triangle shear zone in the hanging 

wall, with minimal deformation in the footwall, while values closer to 0 

concentrate the shear triangle area in the footwall, with minimal deformation in 

the hangingwall. 

(2) Large P/S ratio values generate steep forelimbs, as wells as breakthrough 

faults. Small P/S ratio values generate gently dipping forelimbs.   

(3) When using simple shear as the method to accommodate deformation outside 

the trishear zone, shear angles closer to 90˚ generate a high steep backlimb 



 
 

with narrow hinge zones. Shear angles closer to -50˚ generate gently dipping 

backlimbs with wide hinge zones.   

(4) Alternatively, if fault parallel flow is used, shear angles close to 0˚ generate a 

geometry similar to a box fold, which is characterized by increasing angles and 

backlimbs that experience rotation. 

Figure 5.4. Thrust-related fold forward modeling. a) Initial model, pre-kinematic strata 
before deformation. b) Initial model after compression and parameters used to create it. 
Compare against a real structure in Figure 5.2.  

 

Based on a series of forward modeling exercises, the range of restoration 

parameters using trishear for different structural styles was narrowed down to the 



 
 

following: (1) P/S ratios from 0.5 to 1.5, (2) trishear angles from 40 to 60˚, and (3) shear 

angles from 55 to 68˚.   

5.3 Unfolding to a regional datum  

The original position of a horizon before structural deformation, including both its 

shape and elevation, represents its depositional geometry and is known as the regional 

datum, which is commonly shortened to its geologic synecdoche, ‘regional’ (McClay, 

1992; Groshong, 2006). 

The regional or template for each restoration stage can be the seafloor geometry, 

which may have significant and evolving topographic relief due to factors such as 

deformation and shelf progradation (Rowan et al., 1996).  Published restorations of 

extensional structures display a variety of regionals. The simplest methods are to flatten 

each horizon (e.g., Rowan and Kligfield, 1989; Wu et al., 1990; Schultz-Ela, 1992) or give 

them geometries analogous to the present-day sea floor (e.g., Diegel and Cook, 1990; 

Diegel et al., 1995; Peel et al., 1995, Rowan et al., 1996). In the linked system of the 

Western Gulf of Mexico,  where the Quetzalcoatl extensional province and Mexican 

Ridges are present (see Figure 2.1 for location), Salomon-Mora (2013) defined four  

different regional geometries: (1) large scale clinoforms in the shelf margin of prograding 

systems (Figure 5.5a), (2) footwall cut-off points of the stratigraphic unit in the growth 

extensional system (Figure 5.5b), (3) inflection points of structures, which account for 

uplift of anticlines and subsidence of synclines in the contractional system (Figure 5.5c), 

and (4) the depth and dip of stratigraphic units based in the seafloor and paleobathymetry 

in the abyssal plain. 

Definition of a regional datum using inflection points, as suggested by Salomon-

Mora (2013), was the preferred method to estimate paleobathymetry in the Lamprea fold 

belt. Paleobathymetric depths used in this study were derived from regional restorations 

(Pemex, 2013)  constrained by biostratigraphic data. 

Unfolding is calculated in Move (2017) using the Flexural Slip Unfolding algorithm 

which works by rotating the limbs of a fold to an assumed regional.  Layer parallel shear 



 
 

is then applied to the rotated fold limbs in order to remove the effects of the flexural slip 

component of folding (Midland Valley, 2017).   

Figure 5.5. Definition of regional levels. a) clinoforms for the continental shelf to slope 
transition, b) cut-off points along extensional province, c) inflection points along 
contractional province, and d) depth and slope of the abyssal plain (from Salomon-Mora, 
2013).  

 

5.4 Decompaction and isostatic correction  

After unfolding to a regional, the next retrodeformational step is decompaction, i.e, 

reversing the loss of porosity due to overburden. The decompaction process allows the 

effects of rock volume change due to porosity loss associated with increased burial depth 

to be modelled (Midland Valley, 2017). The amount of vertical expansion of any sequence 

at a given location is a function of its lithology and the change in overburden thickness 

(Rowan, 1993).  

Decompaction curves have been empirically estimated for a wide variety of data 

in different geological settings. In a study of Neogene shales from the Gulf Coast, 



 
 

Dickinson (1953) concluded that shales that are over 200 m in thickness tend to be 

undercompacted and overpressured.  Balwin and Butler (1985) derived a compaction 

curve similar to Dickinson curve for shales in the Gulf Coast. Sclater and Christie (1980) 

derived a compaction function for sandstones, shales, and sandstone/shale mixtures from 

North Sea data.  For a particular lithology, an exponential compaction curve is a function 

of present-day porosity at depth, porosity at the surface and a porosity-depth coefficient 

(Sclater and Christie, 1980).  

In the case where an interval to be decompacted is composed of mixed lithologies, 

an average surface porosity and depth coefficient is calculated.  Lithology percentages 

are converted into surface porosities and depth coefficient values using the average 

decompaction values from Sclater and Christie (1980). The initial lithology percentages 

are multiplied by the appropriate surface porosity and compaction coefficient values from 

Sclater and Christie (1980), then divided by 100 to give the depth coefficient and surface 

porosity component for each lithology (Midland Valley, 2017). 

 In order to estimate lithology percentages in the Cenozoic section of the Lamprea 

fold belt, a shale volume well log (IGR) was derived using the gamma ray log (GR) from 

the Well A following Asquith & Krygowski (2004) equation: 

                                                                             (5.1) 

Figure 5.6 shows the shale volume log response for the Well A, along with the 

estimates for sandstone and shale proportions used for decompaction.   

Isostatic rebound is accounted for during decompaction of each of the stratigraphic 

units using the Airy Isostatic model (Watts, 2001; Allen and Allen, 2005). Airy Isostasy 

assumes that an essentially brittle crust is supported and allowed to move on a fluid layer. 

The crust is assumed to be of finite strength and cannot support its own weight. When 

overburden is added or loaded (or removed / unloaded) to section, the sequence 

response is to compact or decompact and isostatically readjust. The isostatic 

readjustment is characterized by vertical movement of the surfaces relative to a basement 

reference lithology (Midland Valley, 2017). The key point is that Airy Isostatic 



 
 

compensation is local (i.e. only material vertically above and below the load is affected), 

and there is no lateral effect of loading / unloading lithology (Midland Valley, 2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Estimates of lithology proportions based on gamma ray log, and shale volume 
calculation from Asquith & Krygowski (2004). The lithology proportion log shows the 
calculated volume of shale and sand used to populate porosity calculations during 
decompaction process.  

 

5.5 Recovery of eroded section  

As previously described in Section 4.1.3 in Chapter 4, sub-aqueous erosion in the 

Lamprea fold belt removed as much as 83 km3 from the Middle Eocene to Late Oligocene 



 
 

pre-kinematic sequence. In order to recover this missing section, the Kink Band Method 

(Suppe, 1983) was used in Move (2017). The method assumes that folds are parallel with 

straight limbs, and that fold axial traces separate the straight limbs of different dip 

domains. The Kink Band Method is used to model parallel folds, where bed thickness is 

uniformly perpendicular to bed dip (Midland Valley, 2017). Figure 5.7 is an application 

example. 

Displacement-distance profiles (Figure 4.19 on page 60) provided a means which 

to predict the upward distance along the fault where the displacement is null; this null 

point is equivalent to the depth position of the fault tips. This approach allowed for the 

inclusion of propagating faults into the eroded section (Figure 5.7c).  

5.6  Error estimates 

Restoration methods that rely on geometrical or kinematical mechanisms to 

retrodeform structures, also known as continuum methods (Hughs & Shaw, 2015), 

provide a sound base to understand structural evolution. Nevertheless, these methods 

do not fully describe or predict the mechanical behavior of dynamic rocks. As such, an 

interpretation of the geometry and position of faults, based on continuum methods, 

requires an elucidation of the error threshold. 

Figure 5.8 shows a seismic section with a poorly migrated zone under a hinge fold; 

these zones, deleterious for seismic interpretation validity, may arise due to limitations in 

the depth migration algorithm’s ability to properly handle steep dips. Interpretation of fault 

geometry and fault tips in these zones, based on continuum methods, then, will yield an 

uncertainty margin.   

A key assumption of restoration methods is the preservation of length and area. 

Therefore, in order to quantify the uncertainty or error margin of seismic interpretation 

based on geometrical methods in poorly imaged seismic zones, length and area 

measurements of these zones are used as a way to define error during restorations. 

 For each section, measurements of Δl and Δa along dip (Figure 5.8 on page 74) 

were made and compared to the original length and area of the section before restoration, 

which yield average error margins of 2.4 and 4.2% for length and area respectively. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. Recovery of eroded section using the Kink Band Method (Suppe, 1983). a) 
Pre-kinematic section after unfolded and decompacted Holocene section. b) Calculation 
of eroded section based on bisectors, and uniform thickness. c) Interpretation of the 
recovered pre-kinematic sequence. Fault tip position was estimated using the 
displacement-distance profiles from section 4.2.1.  



 
 

For each restored section, pre-restorations lengths and areas were compared with 

the restored lengths and areas. If the difference in length and area were above the error 

margins, then the seismic interpretation was modified accordingly.   

Figure 5.8. Poorly imaged seismic zones under hinge folds arise due limitations in the 
depth migration algorithm to handle steep dips. a) Definition of error length (Δl). b) 
Definition of area error (Δa). 

 

5.7 Results  

Figures 5.9 to 5.12 show the restored Sections A, B, C and D. For each 

stratigraphic unit, restored lengths were measured, which facilitated shortening and strain 

values calculations. Shortening was calculated as the difference between the original 

length (l0) and the deformed length (l1). Strain was estimated as shortening divided by the 

original length. A detailed discussion of the restoration method and results is presented 

in the following Chapter 6.  

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. Sequential restoration of Section A. Line length and strain values are 
indicated. See Figure 4.5 for location. 

 



 
 

 



 
 

Figure 5.9. Continued.  

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. Sequential restoration of Section B. Line length and strain values are 
indicated. See Figure 4.5 for location. 

 



 
 

 



 
 

Figure 5.10. Continued. 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. Sequential restoration of Section C. Line length and strain values are 
indicated. See Figure 4.5 for location. 

 

 



 
 

 



 
 

 
Figure 5.11. Continued. 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. Sequential restoration of Section D. Line length and strain values are 
indicated. See Figure 4.5 for location. 



 
 

 



 
 

Figure 5.12. Continued. 



 
 

CHAPTER 6 

DISCUSSION  

 

A series of interrogations related to a variety of research-related topics that include 

alternate restoration methods, nature of the detachment, and tectonic evolution are 

addressed in the following subsections.    

6.1 Is there more than one suitable restoration method?  

The workflow described in the previous chapter followed the most pervasive 

approach in the scientific literature to restore a geological section. A vast number of 

researchers applied this methodology while working in a plethora of tectonic settings, e.g., 

rift basins, passive margins, thrust fold belts, salt basins, inversion basins, and 

accretionary wedges (Rowan, 1993; Bishop et al., 1995; Trudgill et al., 1999; Trudgill & 

Paz, 2009; Fetter 2009; Wiener et al., 2010; Melo-Garcia et al., 2012; Perez-Gutierrez, 

2013; Salomon-Mora, 2013; Pemex, 2013; Tortopoglu, 2015; Bucker, 2016; Ghisetti et 

al., 2016; King, 2017; Macaulay, 2017; Wilson, 2017). Succinctly, the restoration method 

described in Chapter 5 progressively removes the slip in all the faults affecting the same 

stratigraphic unit followed by unfolding of the same strata unit to a regional; henceforward 

known as the ‘layer-restoration’ approach. To a lesser extent, an alternate restoration 

method was tested during this investigation. The technique resides in the sequential 

elimination of slip in all the stratigraphic units affected by the same thrust, and 

progressively restores the section structure by structure; in the future reference as the 

‘structure-restoration’ method. Examples of this process include the works of Corredor et 

al. (2005) in the deepwater fold and thrust belts of the Niger Delta, and the research by 

Watkins et al. (2014) in the Moine Thrust Belt, in NW Scotland.  

Figure 6.1 documents an intermediate result in the restoration of section B using 

the ‘structure-restoration’ technique. After entire removal of dip displacement in TRF2, a 

tentative restoration scheme following an out-of-sequence style effectively removed the 

slip in BT2 and FBF. This procedure continued until there is no more faulting in the pre-

kinematic sequence. 



 
 

 

Figure 6.1. The ‘structure-restoration’ approach of section B (see Figure 6.2 for location). 
This restored Top Oligocene-1 interval intermediate result shows the progressive removal 
of dip displacement one structure at a time, starting at TRF2 followed by BT2 and FBF 
(compare with Figure 5.10f). The restored structures in the eastern study area show a 
consistent increase of elevation above the regional. A necessity in this method is the prior 
knowledge of the thrust sequence. Growth strata examination usually provides the means 
to stablish this. The lack of growth packages and their age control poses a major 
drawback for the use of this technique to estimate relative time of faulting.  

 

These two restoration techniques were applied in the frontal Lamprea thrust and 

fold belt. A set of advantages and shortcomings were encountered and are described in 

the next subsection.  

6.1.1 On the ‘layer-restoration’ technique strength and weakness  

As observed in Figures 5.8 to 5.12, the ‘layer-restoration’ technique gradually 

removes the slip in all the faults affecting the uppermost stratigraphic unit. In each 

restored time interval, it is possible to quantify the amount of remaining slip in each 

structure.  In the less common scenario, complete removal of slip in a single structure can 

be achieved in one step, e.g., the dip displacement in BT2 in section D is totally removed 

down along the fault in a one restoration step (compare Figure 5.12d against 5.12e). 

Therefore, following the ‘layer-restoration’ technique it is possible to establish the relative 

time of faulting initiation. Subsection 6.3.2 provides a more detailed description and 

application on this topic. An additional benefit from this technique also resides in the 

estimate of paleobathymetry, after unfolding a particular stratigraphic unit to the regional. 

This sequential process allows for the assessment of the temporal and spatial evolution 



 
 

of the seafloor. Finally, an added benefit from this method is the estimate of shortening 

rates experienced in each stratigraphic unit included in the restorations.  

A careful inspection of the restored sections might indicate that the ‘layer-

restoration’ method suggests that deposition and structural deformation were coeval. This 

suggestion arises from the restoration methodology itself; it can be seen that after 

removal of slip and unfolding, the geometry of the stratigraphic unit, should closely follow 

the depositional geometry. After decompaction, the underlying unit might still show 

indication of slip. If deposition followed folding and thrusting, then, the ‘layer-restoration’ 

method predicts the presence of growth strata in the “pre-kinematic” sequence, inherently 

assuming that deformation and deposition were synchronous. A closer look at the seismic 

geometry in the Middle Eocene to Upper Oligocene strata in the Lamprea thrust and fold 

belt indicates quasi-uniform thicknesses and no clear evidence of growth strata.   

6.1.2 On the ‘structure-restoration’ technique strength and weakness  

Figure 6.1 shows an intermediate result from the application of the ‘structure-

restoration’ method. It is clear that this technique naturally implies that the Middle Eocene 

to Late Oligocene sequence was first deposited, then folded and finally trusted. This 

perspective on the temporal structural evolution is coherent with the observed seismic 

geometries in the frontal Lamprea thrust and fold belt. This method also constrains the 

age of the gravity-driven deformation episode in the downdip compressional domain, by 

means of the analysis of the overlaying growth strata, where available.  

A conspicuous observation on this approach is that prior knowledge of the thrust 

sequence is necessary in order to restore the section. Without this knowledge, a number 

of different thrusting sequences can be tested yielding reasonable outcomes. Corredor et 

al. (2005) and Krueger & Grant (2011) circumvented this shortcoming with the scrutiny of 

growth sequences in order to constrain the relative timing of faulting and propose a 

specific thrust sequence in the Niger Delta thrust and fold belts. Unfortunately, as 

explained in Subsection 4.1.3 on page 37, an erosional unconformity overlies the Middle-

Eocene to Late Oligocene pre-kinematic strata in the Lamprea thrust and fold belt, 

dramatically affecting the western imbricate system.  The eastern area contains most of 

the growth packages; however, age control for this sequence is not available. Hence, 



 
 

both limitations pose a serious challenge in the study area to effectively use the ‘structure-

restoration’ technique to estimate the thrust sequence propagation. 

6.1.3 The Niger Delta thrust and fold belt: a technique comparison  

A comparative study using both techniques in the same study area is described 

using the works of Corredor et al. (2005) and Wiener et al. (2010) in the Niger Delta thrust 

and fold belts.  

Corredor et al. (2005) defined the break-forward, break-backward, and coeval 

thrusting using the regional patterns of folded growth strata. Through sequential 

restorations, Corredor et al. (2005) proposed the structural styles, the timing, and 

sequences of thrusting, as well as the regional amounts of shortening in the deep-water 

Niger Delta. The ‘structure-restoration’ technique was used (Figure 6.2a).  

Wiener et al. (2010) interpreted from cross-section restorations: (1) balanced 

amounts of extension and contraction through time, (2) a break-forward propagation of 

extensional and contractional systems, and (3) the evolution of the mobile shale 

substrate. They also showed that shale withdrawal in half grabens and minibasins is 

balanced downdip by tectonic thickening in cores of detachment folds. The ‘layer-

restoration’ technique was implemented (Figure 6.2b).  

On a comparative analysis of restorations in the Niger Delta thrust and fold belt, 

Wiener et al. (2010) concluded that restorations of Corredor et al. (2005) also showed 

structural geometries and timing similar to their interpretation. Moreover, Wiener et al. 

(2010) concluded that in both studies the amount of shortening is comparable in the 

detachment fold and fold-thrust belts.   

6.1.4 Which one is the right one?  

 In summary, the ‘layer-restoration’ and the ‘structure-restoration’ techniques are 

powerful tools to unravel the temporal and spatial evolution of complex tectonic settings. 

Both have specific conditions that need to be addressed before their successful 

implementation. If correctly applied, they yield equivalent results. Therefore, a 

magnanimous approach was implemented in this research.  



 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2. A comparison of different restoration techniques in the Niger Delta thrust and 
folded belt. a) Corredor et al. (2005) used the ‘structure-restoration’ technique and 
interpreted structural styles, timing and sequences of thrusting, as well as the regional 
amounts of shortening. b) Weiner et al. (2011) applied the ‘layer-restoration’ technique, 
interpreting amounts of extension and shortening, and timing of thrusting sequences. 
According to Weiner et al. (2011), both restorations yield similar results.  

 



 
 

 



 
 

The timing of faulting and propagation sequence was interpreted from the ‘layer-

restoration’ method and the structural evolution from the ‘structure-restoration’ method.   

6.2 Why so many structural styles?  

6.2.1 On the nature of the detachment  

The detachment in the Lamprea thrust and fold belt is assumed to be an 

overpressurized Middle Eocene shale system (Pemex, 2012; 2013; Salomon-Mora, 

2013). Overpressure or abnormally high fluid pressure is present when the effective 

stress is less than would be expected by a system in hydraulic continuity with the surface 

(Plumley, 1980). The main models suggested for producing abnormally high fluid 

pressure (Freed & Peacor, 1989) include: compaction disequilibrium (Magara, 1975a; 

Chapman, 1980), hydrocarbon generation (Spencer, 1987; Luo & Vasseur 1996; Lee & 

Williams, 2000), aquathermal pressuring (Barker, 1972; Magara, 1975b; Sharp, 1983), 

and clay transformation (Powers, 1967; Plumley, 1980; Bruce, 1984). Compaction 

disequilibrium occurs when the rate of fluid expulsion (due to compaction) in a formation 

is slower than the rate of burial, either by sedimentation or tectonic loading (Mermey, 

1974; Morley & Guerin, 1996; Morley et al., 2011). Hydrocarbon generation, which 

involves the conversion of solid kerogen into liquid oil and then into gas, is considered to 

be an important overpressure mechanism in tectonically stable basins (Hansom & Lee, 

2005).  Aquathermal pressuring is produced when pore water is completely isolated from 

the surface and is moved into an environment of higher temperature, but is restricted from 

thermal expansion by the surrounding sediment (Freed & Peacor, 1989). Clay 

transformation, i.e., smectite to illite transition, produces abnormal fluid pressure by the 

relocation of water from collapsing clay structures to pore space (Freed & Peacor, 1989).  

In a world-wide deepwater fold and thrust belt review, Morley et al. (2011) 

considered that shale detachments in fold and thrust belts are widely associated with high 

pore fluid pressures that result from disequilibrium compaction. The degree of 

undercompaction of shale and overpressuring of the pore fluids is critical to shale mobility, 

as it is a reflection of how efficiently the porosity is reduced with burial (Morley & Guerin, 

1996).  In undercompacted shale detachment zones, preservation of porosity during 

burial is required prior to fold or thrust formation (Morley et al., 2011).  



 
 

Fluids may still escape from low-permeability rocks at a sufficiently fast rate to 

maintain hydrostatic pressure gradient if sedimentation rates are relatively slow. Ergo, the 

higher the sedimentation rates, the higher the likelihood of overpressured conditions 

developing (Morley & Guerin, 1996).  

Morley et al., (2011) classified shale-based detachments in thrust belts in four main 

categories: 1) compacted shales that act as weak, easy slip horizons due to inherent 

material weakness (in relation to adjacent units) without large overpressures, 2) 

compacted shales with large overpressures, 3) thin (meters to tens of meters thickness) 

undercompacted shales with high overpressures, and 4) thick (100's meters–kilometers 

thickness) undercompacted, overpressured shales capable of large-scale viscous flow. 

Based on the seismic data interpretation, the shale based-detachment in the Lamprea 

thrust and fold belt is interpreted as a thick undercompacted, overpressured shale.  

6.2.2 On the mobility of shale  

Shale mobility in overpressurized systems has been widely documented (Day-

Stirrat et al., 2010; Weiner et al., 2010; Wood, 2010; Salomon-Mora, 2013).  Shale 

tectonics, or argillokinesis, encompasses the structures within a basin associated with 

shale or mudstone plasticity or mobility, either as the cause of such mobility or as a result 

of such mobility (Wood, 2010). Mobile shales are defined as any manifestation of clay 

constituents (indurated or not) that show evidence of microscopic-scale fluid or plastic 

movement (Wood, 2010).  

Composed of a lithology that may exhibit plastic movement, shale systems have 

often been compared to salt systems. Nonetheless, striking differences exist between 

both (Wood, 2010): (1) shale welds are less prevalent in shale systems than salt welds 

are in salt systems, (2) shales have a much slower velocity than salt. Salt will be underlain 

by seismic pull-up versus no pullup beneath shale features, (3) salt requires a pipe several 

kilometers wide to facilitate vertical migration. In contrast, fluids migrating through shales 

will crack and hydraulically fracture a zone through which they will migrate upward, (4) 

shale may flow laterally but will develop overhangs of less than 6 km (3.7 mi). In contrast, 

salt overhangs may be on the order of tens of kilometers, (5) ductile behavior of shales is 

unlikely above 80˚C and brittle behavior is more likely. Therefore, this temperature will 



 
 

provide a plasticity basement within a basin to constrain interpretation of tectonically 

active shales.  

6.2.3 An assessment of detachment seismic velocity  

The Middle Eocene to Late Oligocene pre-kinematic sequence of the Lamprea 

thrust and fold belt exhibits a diversity of thin-skinned deformation styles that dramatically 

vary in the dip direction. The imbricate system, located in the western part of the study 

area, evolved towards East into pop-up structures, and further, into a series of thrust-

related folds.    

In order to concatenate the different structural styles with the thick, overpressured 

shale detachment, a seismic velocity analysis was prepared.  

Seismic methods detect changes of interval velocities with depth. These methods 

exploit the fact that an overpressured formation exhibits several of the following properties 

when compared with a normally pressured section at the same depth: (1) higher 

porosities, (2) lower bulk densities, (3) lower effective stresses, (4) higher temperatures, 

(5) lower interval velocities, and (6) higher Poisson’s ratios. Each of these indicators 

affects seismic interval velocities and reflection amplitudes which are the keys to seismic 

detection of overpressure (Dutta, 2002).  

The rock velocity depends on many parameters: porosity, fluid saturation, state of 

stress, pore and confining stress, pore structure, temperature, pore fluid type and its 

thermodynamic state, lithology, clay content, cementation, and frequency of the 

propagating waves (Dutta, 2002). The lithology dependence of rock velocity is a 

significant point because gross lithologies (possibly) exhibit large P-wave velocity 

distributions. However, velocity is not a unique parameter to identify lithology. Two 

different lithologies under identical environmental conditions can indeed have the same 

velocity. Similarly, a given rock can have different velocities, depending upon its 

environmental conditions (Dutta, 2002). 

Rock velocities in overpressured zones are lower than those at hydrostatic 

pressures. Low velocities in highly pressured zones are often related to thick shale 



 
 

sequences that have low sand layer occurrence (less than 10% of total thickness) (Dutta, 

2002). 

Figure 6.3 shows seismic Section D superimposed with the seismic processing 

interval velocities, and the fault framework interpretation. In the 3,000 to 6,000 m depth 

range, velocities show the expected increase with depth, due to compaction. The Middle 

Eocene shale-base detachment, which ranges from 7,000 to 8,000 m depth, exhibits 

lateral thickness and velocity variations.  

In this interval, a velocity-decreasing trend towards the basin is observed. In the 

West, seismic velocities are closer to 3,200 m/s, whereas, in the East, velocity values are 

proximal to 2,900 m/s. The imbricate system overlays a comparatively high-velocity zone 

in the overpressured shale unit. The pop-up structure and the thrust-related folds overlay 

a low-velocity zone in the shale detachment. Figure 6.4 is a depth slice at 7,500 m 

extracted from the seismic interval velocity 3D survey. The high interval velocity area 

strongly correlates with the lateral extent of the imbricate system. Spatial evolution along 

dip of the imbricate system into pop-up structures and its further progression into thrust-

related folds, closely follows the velocity- decreasing trend basinward.  

Figure 6.3. Section D overlapped with seismic processing interval velocities (see Figure 
6.4 for location). The shale-based detachment at c. 7.5 km depth shows a lateral variation 
decreasing basinward. 



 
 

Figure 6.4. Interval velocity depth slice at 7.5 km. A relatively high-velocity anomaly 
strongly correlates with the areal extent of the imbricate system in the West. A progressive 
decrease of velocity basinwards is observed, and correlates with the pop-up structures 
and the thrust-related folds. A clear correspondence exists between high and low 
velocities zones with the different structural styles.    

 

Moreover, the detachment thickness shows a correlation with the structural styles, 

where a significant thickness (circa 2,000 m) corresponds to the pop-up structures and 

the thrust-related folds located in the eastern part of the study area. Intermediate to minor 

thicknesses (c. 1,000 to 1,500 m) are located in the western area, which corresponds to 

the imbricate system.   

In general, the detachment underneath the imbricate system has larger seismic 

interval velocities with intermediate to minor thickness values, whereas the pop-up 

structures and thrust-related folds show larger detachment thickness and lesser velocity 

values. In this research, larger seismic velocities are interpreted to correspond with a 



 
 

stronger shale-based detachment, and, conversely, low seismic velocities might correlate 

with a relatively weaker detachment. A repercussion of an overpressure increase is, then, 

a decrease in seismic velocities that translates into weaker mechanical stratigraphic units 

that exhibit a more plastic/viscous behavior, favoring shale mobility.   

Numerous authors (Corredor et al., 2005; Briggs et al., 2006, Wiener et al. 2010) 

have considered  spatial and temporal changes in the strength of the detachment layer in 

the Niger Delta thrust and fold belt. In particular, variations in pore fluid pressure and sand 

content are likely to be responsible for many of the changes in structural style, sequence 

of deformation and location of detachment levels observed (Morley et al., 2011).  

In particular, Wiener et al. (2010) used an approach, similar to the one described 

in this subsection, to characterized structural provinces in the Niger Delta, establishing a 

correspondence in velocity and density changes with deformation styles (Figure 6.5b).  

They concluded that change in thickness and physical properties of the overpressured 

shale zone results in a change in structural style basinward from high-relief detachment 

folds to low-relief detachment folds to shear fault-bend fold systems (Figure 6.5b).  

6.2.4 Physical models as analogs  

In a series of physical experiments, Costa & Vendeville (2002) described the 

impact of thickness and weakness of a viscous detachment on the kinematics of fold-and-

thrust propagation during tectonically driven shortening. Figure 6.7 shows two cross-

sections with contrasting detachment layers. In Figure 6.7a, the model comprised a brittle 

cover (dry sand) overlying a strong, frictional detachment (glass microbeads: two 

lowermost white layers in the photograph). Deformation was preferentially 

accommodated by slip along forethrusts with a break-forward propagation. In Figure 6.7b 

(on page 100), the model comprised a brittle sand cover resting above a weak, viscous 

detachment (silicone polymer; black basal layer in photograph) and deformed at low strain 

rate. Folds were symmetrical and grew coevally.  

 



 
 

Figure 6.5. Analog of low seismic velocities corresponding with lateral variations in a 
shale-based detachment in the Niger Delta thrust and fold belts. a) Regional cross-section 
in the downdip compressional domain. b) Seismic   velocities. Contours are interval 
velocities at 3 seconds (seismic two-way travel time) below water bottom. Approximated 
location of cross-section in red line.  Note the correspondence of low-velocity zones and 
the structural province of thick mobile shale, consistent with high degrees of overpressure 
in the mobile shale (modified from Weiner et al., 2010).  



 
 

 

Figure 6.7. Physical models of Costa & Vendeville (2002). a) Brittle cover overlying a 
strong, frictional detachment. b) Brittle cover overlying a weak, viscous detachment. An 
imbricate system is present in model a, whereas detachment folds and fault propagation 
folds are present in model b. Physical models show similar structures to those in the 
frontal Lamprea thrust and fold belt, and supports the association of different structural 
styles with varying degrees of the detachment strength.  

 

A comparison of the imbricate system and the thrust-related folds in the Lamprea 

thrust and fold belt with physical models from Costa & Vendeville (2002) suggests 

similarity with the kinematic deformation on top of both weak and strong detachments. 

Figure 6.7a indicates an in-sequence thrust imbricate system detaching on a strong, 

frictional detachment. In contrast, Figure 6.7b shows a series of shear fault-propagation 

folds detaching on a weak detachment. Both structural styles are comparable to those 

found in the Lamprea thrust and fold belt.  

The velocity analysis (Subsection 6.2.3 on page 95) suggests that relatively higher 

and lower seismic velocities might be associated with stronger and weaker zones within 

the Middle Eocene shale-based detachment, respectively. Weaker zones in the 

detachment would exhibit an increase in mobility.  

 The epilogue, therefore, is that the degree of overpressure, reflected in disparities 

of seismic velocities, relative mechanical strength, and mobility of the shale-based 

detachment, is interpreted to control the different structural styles in the Lamprea thrust 

and fold belt. 



 
 

A caveat to the previous interpretation resides in the fact that seismic interval 

velocities are an indirect image of the current stress or overpressure regime, and do not 

necessarily reflect the overpressure regime during the deformational episode. Given the 

structural and stratigraphic evolutionary paths of the Lamprea thrust and fold belt, it is 

reasonable to consider changes in the overpressure regime through time. One possible 

factor that might have influenced the overpressure system is the variability in the 

depositional rates; nonetheless, a detailed analysis of the temporal evolution of the 

overpressure regime of the shale-based detachment is beyond the scope of this 

investigation.  

6.3 What erosional processes account for the missing section?   

In the study area, subaqueous erosion during Early Miocene arguably removed 82 

km3 from the Late Oligocene pre-kinematic strata (Chapter 4, Subsection 4.1.3). 

Sequential restorations suggest that Late Oligocene to Early Miocene deformed seafloor 

had a maximum structural relief of 800 m in water depths of c. 2,200 m. Early Miocene 

erosional processes are poorly understood and have not been fully addressed in the area 

(Pemex, 2012, 2013). This study proposes deep-marine bottom currents as a plausible 

erosional mechanism.  

The presence of deep-marine bottom currents in the modern deep sea has been 

documented by numerous studies using current measurements, bottom photography, 

piston coring, and high-resolution seismic profiling (Shanmugam et al., 1993). Density 

differences caused by salinity and/or temperature gradients, wind-driven surface 

currents, internal waves, and tides are among the process that give rise to bottom currents 

(Ewing et al., 1971; Bouma, 1972; Pequegnat, 1972; Bouma and Hollister, 1973; Flood & 

Hollister, 1974; Shepard et al., 1979; Shanmugam et al., 1993).  

Bottom currents are typically baroclinic, i.e., their velocity typically correlates to the 

strength of their density gradient (Rebesco et al., 2014). The velocity of bottom currents 

exhibit an ample range. Hollister & Heezen (1972) documented velocities from 1 to 20 

cm/s, while Gonthier et al. (1984) reported velocities up to 300 cm/s in the Strait of 

Gibraltar. Richardson et al. (1981) measured velocities of 73 cm/s in 5,000 m water 

depths on the lower continental rise off Nova Scotia.  



 
 

These currents are quite capable of erosion, transportation, and redeposition of 

fine to coarse sand in the deep sea (Shanmugam et al., 1993). Regional erosional 

unconformities throughout thousands of square kilometer of sea floor can be created by 

bottom currents in the deep sea (Berggre & Hollister, 1977; Tucholke & Embley, 1984; 

Rebesco et al., 2014).  

Rebesco et al. (2014) divided areal erosional features into two types: terraces and 

abraded surfaces. Terraces are broad, low-gradient, slightly seaward-dipping, along-

slope surfaces produced by erosional as well as depositional processes. They are 

generally found on the upper and middle slopes relative to the position of the interfaces 

between different water masses, but could be identified at any depth over continental 

slopes (e.g. Viana, 2001; Hernández-Molina et al., 2009). Abraded surfaces are localized 

areas eroded by strong tabular currents. They are often found in association with scours, 

sediment waves, dunes and sand banks (Hernandez-Molina et al., 2011; Ercilla et al., 

2011; Sweeney et al., 2012). 

Snedden et al. (2012) proposed an increase of oceanographic current velocities in 

the Gulf of Mexico due to a progressive termination of global equatorial flow beginning in 

the early Miocene.  Their observations include apparently synchronous, current-modified 

deepwater fan systems in eastern Mexico, displaced shelf bypass sand transport 

pathways in the central Gulf of Mexico, and erosion on the western margin of the Florida 

platform. Snedden et al. (2012) suggested intensification of oceanic currents in the 

Miocene, beginning in Early Miocene and continuing until the Pliocene/Miocene 

boundary, around 5 Ma as a controlling process for the increase of current velocity leading 

to erosional episodes. These researches consider that the progressive reduction of global 

equatorial flow starting in the latest Oligocene and culminating with the joining of North 

and South America across the Isthmus of Panama in the Miocene to Pliocene timeframe 

accounts for a global driver.  

The clockwise Miocene current velocities are hypothesized to be greater than 

present-day Loop Current exceeding 20 cm/s (Hamilton, 1990, Snedden et al., 2012).   

The clockwise Miocene current velocities may have exceeded modern transport 

speeds by analogy with the Gulf Stream which is thought to have experienced episodic, 



 
 

elevated current strength during discrete periods of glacial ice expansion in the Miocene 

and Pliocene (Kaneps, 1979). Current speeds under the modern Gulf Stream have been 

measured as high as 47 cm/sec (18.5 in/sec) in water depths exceeding 2500 m (Betzer 

et al., 1974). 

Interpretation of the eroded Late Oligocene by Early Miocene oceanographic 

current is poorly constrained and highly speculative due to the lack of core and additional 

extensive 3D seismic data in the study area. A more comprehensive analysis, beyond the 

scope of this project, is required to shed light into these sedimentological and erosional 

processes.      

6.4 What is the Lamprea thrust and fold belt evolutionary process?  

A strain rate analysis and a timing and sequence of thrusting interpretation was 

derived from the ‘layer-restorations’ in Figures 5.9 to 5.12 (Section 5.7, Chapter 5).  

6.4.1 On strain rates   

Figure 6.8 shows the amounts of accumulated shortening and strain that affected 

the Middle Eocene to Late Oligocene pre-kinematic sequence. Figures 6.8a and b 

indicate temporal and spatial variations through the study area.  

Altogether, restored sections show a temporal increase in strain accommodated in 

the Middle Eocene through Early Miocene section.  Eocene strata experienced 3 to 7% 

strain; Oligocene section accommodated 5 to 26% strain, and Late Oligocene to Early 

Miocene section accommodated 30 to 47% strain. Linear regressions, allowed for the 

calculation of Middle-Eocene to Early Miocene accumulated shortening per year (S/Y) 

ratio, measured in millimeters (mm) per year (y). Figure 6.8c shows the Top-Oligocene-1 

structural map with the calculated S/Y rates for each restored section. A clear S/Y-

increasing trend is observed from North to South. This increasing trend does not correlate 

with the structural topographic relief, i.e., largest shortening rates do not correspond with 

the largest structural relief and shortening is distributed along dip on different structures. 

Given the possible sources of error, e.g., seismic interpretation, numerical noise, etc. and 

a maximum mean S/Y rate variation along strike of 14%, S/Y rates might be considered 

quasi-uniform across the study area. The average S/Y rate calculated for the study area  



 
 

Figure 6.8. Stress and shortening regimes in the Lamprea folded belt. a) Cumulative 
shortening rates. b) Cumulative strain rates per stratigraphic unit. c) Middle Eocene to 
Early Miocene average S/Y rates estimated from linear regressions. Shortening rates in 
millimeters/year indicate a progressive decreases towards South. 



 
 

is 4.2 mm/y (equivalent to 0.133 nanometers/second, i.e., shortening rates with length 

values similar to X-ray electromagnetic radiation wavelengths).  

In the Lamprea thrust and fold belt, a scarcity of published shortening rates exists, 

in either previous published works or unpublished Pemex reports. To date, Salomon-Mora 

(2013) is the only known investigation with published shortening rates in the Lamprea 

thrust and fold belt. Research in the Western Gulf of Mexico by Salomon-Mora (2013), 

whom restored a series of regional transects in the Mexican Ridges (Figure 6.9b on page 

106), and also in the southern Lamprea thrust and fold belt (see Figure 6.9a for location), 

indicates shortening rates in the shale-base detachment provinces of 0.3 to 0.9 mm/y. 

The estimated shortening rate of 4.2 mm/y calculated in this study is almost four 

times larger than the maximum value reported by Salomon-Mora (2013). Several causes 

might explain this disparity between the estimated shortening rates in this study and those 

from Salomon-Mora (2013).  

Cross-section RCS 19 from Salomon-Mora (2013) comprises most of the gravity-

driven linked system domains, including the updip onshore Oligocene Vicksburg and 

offshore Quetzalcoatl extensional systems, the salt tectonic transitional domain, and the 

Lamprea thrust and fold belt and Mexican ridges provinces in the downdip contractional 

domain (Figure 6.9b). The total length of RCS 19 is 290 km. However, all restored 

sections in this study are entirely located in the compressional toe of the Western Gulf of 

Mexico gravity-driven system, and these sections do not fully capture the dip extent of the 

Lamprea thrust and fold belt. In addition, Lamprea sections are less than 20 km length, 

an order of magnitude shorter than the RCS 19. Both factors would have a significant 

impact on the calculation of shortening rates as compression might be accommodated in 

additional structures not captured in the Lamprea sections. Another cause for discrepancy 

is the lateral separation between the study area and the RCS 19, which is c. 170 km 

(Figure 6.9a). Structural changes along strike have a significant impact on the actual 

shortening rates calculations, as evidenced in Figure 6.8c, where lateral change in 

shortening rates from north to south, across a span of 10 km, accounts for a 14% 

increase.    

 



 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9. Regional transect in the southern Lamprea thrust and fold belt. a) Location of 
RCS 19 (yellow dashed line), located 170 km to the southwest from this study area (see 
Figure 2.4 on page 17 for labels), (after Pemex, 2013), b) Seismic time interpretation of 
RCS 19 comprising a 20 km dip section of the Lamprea thrust and fold belt in the offshore 
compressional domain (from Salomon-Mora, 2013) 



 
 

 



 
 

6.4.2 Relative time of fault inception    

The sequential restored sections in the Lamprea thrust and fold belt (see Figures 

5.9 through 5.12) show that for every particular restored stage or time interval, it is 

possible to establish whether a fault was active or not. Inactive, active and reactive faults 

for every restored stage can be identified for the same time interval in the four restored 

sections across the frontal Lamprea thrust and fold belt.  The timing of faulting, then, can 

be appraised in time and space. Figure 6.10 contains the thrust maps, interpreted from 

the 3D seismic data, from Middle Eocene to Early Miocene; the dip displacement was 

recorded and classified at the intersection of thrust traces with the restored sections.  

The color-coded thrust classification includes: (1) inactive thrusts, (2) inactive 

backthrusts, (3) active thrusts, (4) active backthrusts, and (5) reactivated thrusts.    

Active faults in Late Eocene strata are mainly concentrated in the northeastern 

area (Figure 6.10f). Early Oligocene strata (Top Oligocene-1 and 4) show thrust 

propagation from north to south in the imbricate system and a complex pattern of N-S 

and S-N propagation in the eastern sector (Figures 6.10e & d). Late Oligocene strata 

recorded the activation of backthrusts in the pop-up structures (Figures 6.10c & b). Figure 

6.10a shows the interpreted active faults in the Early Miocene strata, including the eroded 

section in the western imbricate system. Restored sections show only minor signals of 

reactivated faults, e.g., T2 in section B in the Late Oligocene strata (Figure 6.10c) and T3 

in section A in the Late-Oligocene-Early Miocene strata.  

Figure 6.11 shows a compendium of the relative time of fault activation affecting 

the pre-kinematic strata during the Late Oligocene to Early Miocene gravity-driven 

compressive episode. In general, there is a North to South propagation along strike and 

a western to eastern spread along dip. Older thrusts are located in the western imbricate 

system, while younger faults are located in the central and eastern areas. The imbricate 

system propagated along strike from North to South as evidenced in T2, ST2, and T3 

temporal evolution. T1 shows an intricate radial propagation pattern, first, radiating from 

the center to the North, and then from the center to South.  

 



 
 

 

 

 

 

 

 

 

 

 

 

Figure 6.10. Timing of thrusting in the Lamprea thrust and fold belt interpreted from the 
‘layer-restored’ sections. For each time interval, it is possible to identify active, inactive or 
reactivated faults in the system.  Fault propagation started in the western imbricate 
system followed by the TRF younger thrusts. FBF and most of the backthrusts became 
active in the later stages. 

 



 
 

 



 
 

T4 shows a decreasing slip towards the North, then, it is interpreted that T4 is part 

of a larger thrust that developed in the south and propagated North. Figure 6.11 shows 

that after the onset of the imbricate system, faulting spread along dip, and TRF1 and 

TRF2 began to develop. TRF2 propagated along strike from North to South. Remarkably, 

TRF1 propagated along strike in the opposite direction.  

 

Figure 6.11. Summary of time of thrusting and fault propagation in Middle Eocene to Late 
Oligocene pre-kinematic sequence in the frontal Lamprea thrust and fold belt. As 
evidenced from growth strata and regional stratigraphic correlation, the gravity-driven 
compressional component that originated the Lamprea thrust and fold belt can be loosely 
constrained to  Late Oligocene to Early Miocene deformation. The system exhibits an out-
of-sequence propagation style. Initial faulting started in the western imbricate system (T1, 
T2, T3, and T4), followed by hinterland-verging thrusting in the eastern area (TRF1 and 
TRF2). Afterwards, FBF developed in the central area, with additional shortening 
accommodated in a series of backthrusts (BT2, BT3, and BT4). In general propagation 
along strike occurred from North to South (T1, T2, T3, and TRF2), but opposite 
propagation trends are also present (BT2, FBF, and TRF1).This is indicative of a more 
complex spatial evolution pattern in the system, as the propagation along strike of these 
latter faults might have started in the South, out of the research area.  



 
 

After the most basinward thrust (TRF2) developed, FBF, located in the central 

area, propagated along strike from South to North. Backthrust BT2  propagated along 

strike from North to South, whereas BT3, propagated along strike in the opposite 

direction.. FBF and TRF1 represent the youngest foreland thrust propagation in the 

system, and consequently, BT2 and BT3 characterize the youngest hinterland 

transmission. These are the youngest thrusts in the entire system.  

Sub-aqueous erosional rates in the area (see Figure 4.7, Section 4.1.3, Chapter 

4) indicate that the imbricate system experience the largest amount of volume loss, due 

to a larger topographic relief. 

The sedimentation to uplift ratio (SUR) analysis (see Figure 4.12, Section 4.1.4, 

Chapter 4) indicates that Early Miocene sedimentation outpaced uplift in the imbricate 

system. Previous observations are consistent with the proposed temporal fault evolution, 

where the first active thrusts in the imbricate system created relief that was subsequently 

eroded away. Finally, Early Miocene shortening continued at a slower rate than 

sedimentation, accounting for the observed SUR geometries.   

However, interpreted SUR values in the eastern area show a progressive decrease 

of sedimentation towards north that was previously interpreted as an increase of slip 

toward north that outpaced sedimentation (Section 4.1.4), i.e., a South to North thrust 

propagation. Analysis of the temporal evolution of thrusts in the same area indicates that 

TFR2 propagated from North to South. This apparent contradiction might be assuaged 

by the fact that the restored sections are low-resolution models in comparison to the 

relatively dense SUR observations. The restored sections only included a limited number 

of layers with a certain thickness within a specific amount of geological time, which 

translates into a coarse discrete layer-cake model, insufficient to resolve small detail 

characteristics. Figure 6.10 shows that TRF2 propagated along strike from section B to 

section D in a single time interval. A finer layer-cake model with more time intervals to 

restore might deliver additional insight into the temporal slip propagation along strike with 

more data to compare against the more detailed SUR observations.  

In summary, the Middle Eocene to Late Oligocene pre-kinematic sequence in 

frontal Lamprea thrust and fold belt was deformed by a Late Oligocene to Early Miocene 



 
 

gravity-driven compressional component and exhibits a complex out-of-sequence thrust 

style, starting with the western imbricate system as a break-forward propagation style 

with younger thrusts in the most basinward area, and then evolving into an out-of-

sequence system with thrusts developing in the central portion followed by shortening 

accommodated in opposite vergence backthrusts.    

6.4.3 Structural models   

Based on the results of the ‘structure-restoration’ technique applied, a tentative 

evolutionary model is proposed.  

The 3D seismic interpretation across the frontal Lamprea thrust and fold belt show 

a consistent characteristic: the eastern area, where the pop-up structures and the thrust-

related folds are located, appears to have experienced a considerable amount of uplift in 

comparison with the western imbricate system (Figures 4.17 to 4.20), i.e. there is an 

apparent increase in thickness in the shale-base detachment layer in the eastern area. 

The ‘structure-restoration’ method shows that when BT2, FBF, TRF1 and TRF2 are fully 

restored, the resulting geometry resembles a long wavelength fold anticline (Figure 6.1). 

On this basis, two contending kinematic models might explain the initial stage of 

deformation in the eastern study area of the frontal  Lamprea thrust and fold belt that lead 

to the formation of shale-cored folds: (1) argillokinetic folding and (2) contractional or 

detachment folding.  

(1) Argillokinetic folding  

One key similarity  between shale and salt systems is inflation, which is the 

thickening due to lateral flow (Weiner, 2010; Jackson & Hudec, 2017). Differential loading 

is the driving mechanism that must overcome the strength and weight of the roof over the 

crest of the structure. Growth of structures, then, is most efficient when the roof is thin 

and weak (Jackson & Hudec, 2017). Gravitational loading-induced folds have a long 

growth interval, during which syn-kinematic sediments thin over the crest; as this type of 

folds form most readily below a thin roof, the pre-kinematic interval above the salt or shale 

would be typically thin (Jackson & Hudec, 2017)  (Figure 6.12). 



 
 

The results from the seismic velocity analysis (Subsection 6.2.3 on page 95) and 

the similarities with physical models (Subsection 6.2.4 on page 98) suggest that the 

eastern area of the shale-based detachment in the Lamprea thrust and fold belt 

experienced a mechanical weakening, due to an increase of overpressure, favoring shale 

mobility. As overpressure increased along the shale-based detachment, apparently, its 

fluid behavior increased. Physical models indicate that certain structural styles, such as 

imbricate systems, are associated with strong frictional detachments. In contrast, 

detachment folds and other thrust-related folds are associated with more viscous mobile 

detachments. Laterally varying overpressure systems might have accounted for a change 

in the relative strength of the detachment, leading to an increase in mobility in the eastern 

study area.     

 Plastic behavior of shale is well documented in the transitional domain of the 

western Gulf of Mexico gravity-driven system (Pemex, 2012, 2013; Salomon-Mora, 2013) 

and in other shale-based detachment systems, such as the Niger Delta thrust and fold 

belt  (Corredor et al., 2005; Weinier et al., 2010; Krueger & Grant, 2011). Weinier et al., 

(2010) documented that shale withdrawal zones were balanced downdip by inflation of 

thick mobile shale-cored contractional anticlines in the Niger Delta gravity-driven system.  

 

Figure 6.12. Salt-cored folds formed by halokinesis. The pre-kinematic interval has a 
negligible thickness in comparison with the long syn-kinematic interval (from Jacskon & 
Hudec, 2017).  

 

(2) Contractional or detachment folding  

A detachment fold develops as a result of shortening above a bedding-parallel 

thrust fault and commonly forms in mechanically layered strata, where a relatively 

competent unit overlies a relatively incompetent unit (Hayes & Hanks, 2008). A series of 

models with contrasting mechanical properties between the detachment and the overlying 



 
 

unit have been proposed (Poblet & McClay, 1997; Epard & Groshong, 1995; Atkinson & 

Wallace, 2003; Wallace & Homza, 2004). Figure 6.13 contains four models for the 

evolution of detachment folds. Wallace & Homza (2004) stated that among different 

models and natural examples, there are two key aspects of kinematics of detachment 

folds: (1) whether hinges remain fixed or migrate with respect to the rock, and (2) whether 

limbs rotate or remain constant in dip (Epard and Groshong, 1995; Homza and Wallace, 

1995; Poblet and McClay, 1996). 

Figure 6.13. Four models for the evolution of detachment folds. Detachment units are 
light gray, competent units are dark gray. (A) Poblet and McClay (migrating hinges), (B) 
Homza and Wallace, (C) Epard and Groshong (Note that no distinction is made between 
the incompetent detachment horizon and competent horizon); (D) Atkinson and Wallace 
(variation of the Homza and Wallace model that allows thickening of the competent unit 
similar to the Epard and Groshong model) (from Hayes & Hanks, 2008).  

 

Detachment folds can accommodate additional shortening by thrust breakthrough, 

where the most significant geometric consequence is the formation of a ramp where none 

existed previously (Wallace & Homza, 2004). 

In contrast to gravity loading folds, which grow under continuous gravity forces 

over long periods, contractional folds form during shortening events, thus the most 

diagnostic feature is a long-lived pre-kinematic phase, followed by a short syn-kinematic 



 
 

period, followed by a post-kinematic phase of quiescence (Jackson & Hudec, 2017) 

(Figure 13). Other important features are (Jackson & Hudec, 2017): (1) crestal thrusts or 

contractional kink bands indicate that the growth of the underlying fold involved 

shortening, and (2) discordant unconformities developed by the quick build of relief.  

Comparing Figures 6.11 and 6.12, the most dramatic characteristic between both models 

is the relative thickness of the pre-kinematic strata followed by the presence of thrusts on 

top of the contractional shale-cored anticlines formed due to additional shortening. It is 

interpreted, then, that the first stage of deformation in the Lamprea thrust and fold belt, 

which led to a long wavelength shale-core anticline, was the product of shortening. 

Figure 6.14. Salt-cored folds formed by shortening. The pre-kinematic interval has a 
considerable thickness in comparison with the short syn-kinematic interval . Additional 
shortening is accommodated in the form or crestal thrusting (from Jacskon & Hudec, 
2017). Compare against Figure 6.1.  
 

6.4.4. The Lamprea thrust and fold belt evolutionary process    

A set of observations have been documented in the frontal Lamprea thrust and 

fold belt including: (1) a thick pre-kinematic interval, (2) a short syn-kynematic interval, (3) 

breakthrough thrusts, (4) angular unconformities, (4) curved fault planes and fold hinges, 

(6) increasing displacement with depth along fault planes, (7) a laterally-varying strength 

shale-based detachment, and (8) out-of-sequence thrusting. ‘Layer-restorations’ and 

‘structure-restorations’ provided the means to estimate: (1) the relative timing of faulting, 

and (2) a kinematic deformation mechanism. Based on the previous enshrined 

knowledge, a tectonic evolution model of the Lamprea thrust and fold belt is proposed. 

 

 



 
 

(1) Paleocene to Late Oligocene deposition  

Paleocene to Early Eocene clastic deposition supply was controlled by the 

progressive advance of the Laramide uplift (Galloway, 2008).  Deepwater Early 

Paleocene deposition mainly consisted of channelized systems evolving into submarine 

fan systems with associated lobes and amalgamated channels (Galloway, 2008). Middle 

Eocene witnessed an increase of shales and mudstones basinward deepwater deposition 

(Galloway, 2008). Extensive turbidite strata characterized the Upper Eocene deposition 

(CNH, 2015).  

During Oligocene, sedimentation rates increased due to extensive crustal heating, 

uplift, and volcanism of source areas in the northern Mexico, and southwestern United 

States (Galloway, 2008). Deepwater sedimentation is characterized by fine-grained 

sandstones and mudstones in confined lobe systems (Pemex, 2009, 2012).  

(2) Late Oligocene to Early Miocene contractional episode  

The gravity-driven system in the western Gulf of Mexico began in the onshore 

Burgos basin with the onset of extensional listric faults in the Upper Paleocene. 

Deformation propagated basinwards trough a transitional shale domain that resulted in 

Oligocene to Miocene episodes of shortening with a Middle Eocene shale-based 

detachment (Pemex, 2012, 2013, Salomon-Mora, 2013).  

The Middle Eocene to Late Oligocene strata in the Lamprea study area 

experienced an intense phase of deformation approximately from Late Oligocene to Early 

Miocene. Lateral variations in the overpressure regime of the Middle Eocene shale-based 

detachment favored the compartmentalization of structural styles. In the eastern area of 

study, initial shortening was accommodate in the form of NW-SE long wavelength shale-

cored folds, aided by a relatively weak and mobile shale-based detachment. In the 

western study area, subsequent shortening generated an N-S imbricate system that 

propagated along strike from North to South. The imbricate system overlies a relatively 

stronger frictional shale-based detachment. Increase in displacement basinwards, formed 

crestal thrusts on the eastern limb of the shale-cored fold. Further shortening was 

accommodated in the most basinward structures as breakthrough fault propagation folds 



 
 

with variable amounts of simple shear. Along strike, these thrusts propagated from North 

to South. As contraction continued through Early Miocene, thrust propagation followed an 

out-of-sequence style. The western limb of the shale-cored anticline accommodated most 

of the shortening in form of pop-up structures bounded by hinterland vergence 

backthrusts; along strike, these backthusts propagated in two main directions N to S and 

S to N.   

 Short lived syn-kinematic strata indicate that the compressional episode that 

formed the frontal Lamprea thrust and fold belt was brief and dramatic. Due to rapid uplift, 

the western imbricate system was intensely affected by subaqueous erosion due to 

bottom currents. The compressional episode ended in the Early Miocene  

(3) Middle Miocene to Holocene quiescence and salt thrust advance phase  

The Middle Miocene to Holocene sequence composed of deepwater channel and 

lobe complexes, experienced a chapter of tectonic tranquility in the southern part of the 

study area, as these strata gently draped on the Middle to Early Miocene syn-kinematic 

strata.  However, in the northern study area, the advance of allochthonous salt sheets 

created a shallow thrust system radial to the salt sheets edges, designated by Pemex 

(2013) as a Peripheral fold belt.   

6.5.  What is the Lamprea thrust and fold belt regional context?   

A comparison between the different thrusts and fold belts in the northern, western, 

and southern Gulf of Mexico indicates a progressive shallowing and age decrease of the 

detachment levels from both salt provinces, Louann in the North and Campeche in the 

South, into the Western Transform, offshore Veracruz, southern Gulf of Mexico (Figure 

6.15).  

In the northern and western margin, the Mississippi and the Perdido fold belts 

contain an autochthonous Louann salt-based detachment (Peel et al., 1995, Trudgill et 

al., 1999). To the South, the Lamprea thrust and fold belt detaches on a Middle Eocene 

overpressurized shale (Salomon-Mora, 2013; Pemex, 2013; this study). Further to the 

South, the Mexican Ridges province contains two detachment zones: an Upper Eocene 

and a Late Oligocene to Early Miocene shale systems (Salomon-Mora et al., 2009).  



 
 

Figure 6.15. Distribution of salt basins, fold and thrust belts and crustal boundaries. A 
spatial correlation exists between the salt and shale-based detachment systems, 
suggesting a control of distribution from rifting geometry. (Hudec et al., 2013b). 
Continental-Oceanic crust boundary in cyan polygon from Hudec et al. (2013b).    

 

Finally, in the southern most thrust belt, the Catemaco fold belt detaches on the 

autochthonous Campeche salt. Unlike the salt-cored Perdido folds farther North and the 

Campeche folds farther South (Figure 6.15), no evidence of the Middle Jurassic Louann 

salt is found in the area of the Mexican Ridges. The lack of Louann salt in the Mexican 

Ridges is a result of its tectonic evolution, namely its situation above oceanic crust 

generated during the opening of the Gulf of Mexico (Jacques and Clegg, 2003). 

Tectonic evolutionary models of the Gulf of Mexico consider that the emplacement 

of the oceanic crust in the Upper Jurassic, lasted into the Early Cretaceous. The 

spreading center was segmented by many northeast-trending oceanic transform faults, 



 
 

which formed during the continued rotation of Yucatan away from the Texas margin 

(Roman-Ramons et al.,2009). 

Figure 6.15 contains the Continental to Oceanic crust boundary in the Gulf of 

Mexico as proposed by Hudec et al. (2013a). The Lamprea thrust and fold belt is mainly 

located within the western limits of the oceanic crust; Mexican Ridges lays within both 

types of crusts, oceanic and attenuated continental.  

This observations suggest that basement structure and salt isochore patterns 

resulting from rifting and basin separation fundamentally controlled the style, size, and 

location of salt and sedimentary structures in the deep-water northern Gulf of Mexico, as 

suggested by Hudec et al., (2013b). Accordingly, gravity-driven fold belts in the Western 

Main Transfom detach on shale-based systems.   



 
 

CHAPTER 7 

CONCLUSIONS  

 

This investigation aimed to understand the tectonic evolution of the toe Lamprea 

thrust and fold belt in the offshore Burgos basin deepwater sector, Western Gulf of 

Mexico. Restoration techniques were objectively compared to assess their strengths and 

weaknesses. Case studies were provided to support specific interpretations. Proposed 

hypotheses and kinematic models satisfy a vast number of documented observations. 

Caveats were described to underscore the importance of non-unique solutions.  The 

following is a list of major results from this study:  

1) The Middle Miocene to Late Oligocene pre-kinematic sequence in the Lamprea 

thrust and fold belt experienced variable rates of shortening during the Late 

Oligocene to Early Miocene compressional episode. Initial shortening was 

accommodated in the East by shale-cored folds, and was followed by a series 

of imbricates in the west. Progressive shortening was then accommodated in 

the western limb of the shale-cored fold as breakthrough shear fault 

propagation faults. In the last deformation phase, a series of backthrusts in the 

central area accommodated the remaining strain. 

 

2) Fault propagation in the Lamprea thrust and fold belt followed an out-of-

sequence thrust evolution. The imbricate system followed a break-forward 

propagation, with older faults closer to the hinterland and younger thrusts in the 

most basiward sector. Subsequently, the system evolved into a break-

backward propagation style, as shortening was accommodated by backthrusts. 

Fault propagation along strike mainly followed a N to S trend. 

 
3) It is interpreted that lateral changes in the overpressure regime controlled the 

mechanical stratigraphy of the Middle Eocene shale-based detachment. Strong 

and frictional shale detachment zones could be related to a low-overpressure 

regime. Weak and mobile shale detachment areas may correlate with high-



 
 

overpressure conditions. The relative strength in the shale-based detachment 

might have determined the structural style in the Lamprea thrust and fold belt.   

 

4) Physical models used as analogs indicate a clear correspondence between the 

structural style and the mechanical properties of the detachment.  

 

5) The ‘layer-restoration’ technique was used to estimate the relative timing of 

fault propagation, and to calculate shortening rates. The ‘structure-restoration’ 

technique provided a reasonable kinematic scenario for the structural 

evolutionary process of the Lamprea thrust and fold belt.     

 

6) Thrusts exhibit a geometrical pattern that indicates a strong component of 

shear. The trishear kinematic mechanism accounted for most of the observed 

characteristics of thrusting.  

 

7) Shortening rates in the Lamprea thrust and fold belt increase from 1.10 mm/y 

in the South to 1.45 mm/y in the North. The shortening rate increasing-trend 

correlates with an increase in topographic relief in the pre-kinematic sequence.  

 

8) Displacement to distance profiles indicate that most of the thrust-related folds 

in the western and eastern area behave as fault propagation faults. 

Displacements in the Lamprea thrust and fold belt are similar those observed 

in the Niger Delta thrust and fold belt.  

 
9) The ‘layer-restoration’ and the ‘structure restoration approach were used in 

combination to properly asses the kinematic evolution and the thrust 

propagation sequence in the Lamprea thrust and fold belt. This methodology, 

in turn, is applicable to similar structural settings.   

 
10) The sensitivity analysis of error and forward and inverse modelling decreased 

the uncertainty and provided viable restoration results.     

 



 
 

11) Early Miocene subaqueous erosion accounted for the loss of 83 km3 of rock 

volume from the top of the pre-kinematic sequence. Increase in strength of 

clockwise Miocene oceanographic currents due to reduction of global 

equatorial flow is believed to be the main controlling process on this erosional 

episode.  

 7.1.  Future work 

The fault evolutionary path interpreted in this research can be used to constrain 

basin models. The timing of thrusting is critical to properly assess hydrocarbon migration 

and reservoir charge. Based on the ‘layer-restoration’ technique, it is possible to calculate 

a paleobathymetry for Early and Late Oligocene prospective intervals.    

The restoration methods applied in this research are based on geometrical or 

kinematical models that do not properly predict the behavior of dynamic deformation. 

Mechanical-based restoration methods provide a more realistic approach to better 

understand structural evolution in complex tectonic settings.  

A natural step forward is a 3D restoration that can provide a more compelling 

solution to understand, for example, the interplay between structural deformation and 

sedimentation. A key point in the future would be to comprehend reservoir facies 

distribution in constrained systems.  
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APPENDIX A 

STRUCTURAL MAPS 

 

 

 

 

 

 

 

 

 

 

 
 
 
                             Figure A.1. Middle Eocene structure map. C.I. 100 m. 

 

 

 

 

 

 

 

 

 

 

 

 

                   Figure A.2. Late Eocene structure map. C.I. 100 m. 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 
     Figure A.3. Top Oligocene-4 structure map. C.I. 100 m. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.4. Early Miocene Unconformity. C.I. 100 m. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A.5. Early Miocene-2 structure map. C.I. 100 m. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.6. Middle Miocene structure map. C.I. 100 m. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A.7. Late Miocene structure map. C.I. 100 m. 

 



 
 

APPENDIX B 

GROWTH VS. DRAPE STRATA   

 

 

Proper constraint of the timing of deformation in the Lamprea fold belt is critical to 

understand its kinematic history. Syn-kinematic sequences or growth strata are an 

invaluable tool to this end as they record the deformational history of a fold. Nevertheless, 

in some cases draping strata or post-kinematic sequences exhibit similar geometrical 

patterns. Growth strata are deposited synchronously with tectonic activity and exhibit a 

series of geometrical truncations against the substrate while, in contrast, sedimentary 

drape sequences are stratigraphic intervals that were deposited above a structure after 

deformation ceased, yet they are warped due to primary sedimentary dip and/or 

compaction (Shaw et al., 2006).  

In order to differentiate between these sequences, an analysis of hinge lines and 

differential compaction was conducted in the Miocene strata using a horizon curvature 

attribute.      

(1) Curvature attribute  

Curvature is a two-dimensional property of a curve and describes how bent a curve 

is at a particular point on the curve i.e. how much the curves deviates from a straight line 

at that point (Roberts, 2001). Where a horizon is either flat or planar dipping, the 

corresponding vectors are all parallel and thus the horizon has zero curvature. Where the 

horizon forms an anticline or ridge feature, the vectors all diverge and the curvature is 

defined as positive. Where the curve forms a syncline the vectors all converge and the 

resulting curvature is defined as negative (Figure B.1).  

(2) Axial surface analysis  

One common difference between drape and growth sequences is the orientation 

of axial surfaces. Axial surfaces in drape sequences are often vertical or dip away from 

the structural crest, reflecting a state of tension and due, in some cases, to compaction 



 
 

(Shaw et al., 2006). In contrast, axial surfaces in contractional folds generally dip toward 

the structural crest, reflecting a state of compression, Figure B.2 (Shaw et al., 2006). 

 

 

 

 

 

 

 

 

Figure B.1. Sign convention for curvature attributes (Roberts, 2001). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.2. Geometry of axial surfaces in draping strata (a) and growing strata (b).                      
Modified from Shaw et al. (2006). 

 

 Axial surfaces represent a theoretical surface connecting the fold hinge lines, 

which in turn connect hinge points or points of maximum curvature, of consecutive 



 
 

surfaces in a fold structure. Thus, maximum positive curvature attributes were used to 

directly identify hinge lines in a horizon map view. The spatial and temporal evolution of 

the hinge lines, ergo the axial surfaces, can be analyzed in a map view for different 

stratigraphic units. Figure B.3 shows the analysis of axial surfaces from curvature maps.  

Figure B.4a is the maximum curvature map for Early Miocene, maximum positive 

curvature values are interpreted as hinge lines; this procedure was applied for the rest of 

the Miocene horizons. Figure B.4b contains the hinge lines for different intervals within 

the Miocene sequence. In general, hinge lines show a complex pattern. To the west and 

east, patterns of overlapping hinge lines, or vertical axial surfaces, may indicate Early and 

Middle Miocene draping strata. In the central area, Early and Middle Miocene hinge lines 

have a mixed pattern dipping away and toward the structural crest.     

(3) Differential compaction analysis  

Burial response depends on petrophysical factors, such as porosity, pore shapes, 

and mineral matrix; different lithologies will response different to burial. Lateral variation 

in facies Lateral changes in lithology give rise to lateral changes in compaction, or simply 

“differential compaction” (Chopra & Marfurt, 2012).  Differential compaction has long been 

used by seismic interpreters to map features of exploration interest, such as carbonate 

build-ups (Bubb and Hatledid, 1977), sand fans (Heritier et al., 1980), and more recently, 

Chopra & Marfurt (2012) used a curvature analysis to differentiate lithologies in a channel 

systems.  

Because of differential compaction, sand-rich levees, overbank deposits, and fans 

often form positive-relief structures; in contrast, shale-filled channels usually form 

negative-relief structures (Chopra & Marfurt, 2012). Due to differential compaction, 

overlaying strata might have a positive and negative curvature.  

A series of ponded growth strata within the Early Miocene syn-kinematic sequence 

characterized by high amplitudes associated with sand-rich facies, display positive 

curvature responses (Figure B4).  

 



 
 

 

 

 

 

 

 

 

 

 

 

Figure B.3. Axial surface analysis. a) Early Miocene-1 curvature map with structural 
contours overlapped. Hinge lines are interpreted from the maxima (blue trends) in the 
curvature map. b) Interpretation of Miocene strata hinge lines following previous 
methodology. Note the complex pattern in the central portion. c) NE-SW Seismic section 
showing the syn and post kinematic strata on top of the imbricate system. Color dots 
represent a hinge point as interpreted from curvature maps in b). By connecting 
consecutive hinge points, the geometry of the axial surface is estimated. In this case, an 
almost vertical axial surface is interpreted as an indicative of draping strata.  

 

 

 

 

 

 

 

 

 

 

 



 
 

 



 
 

Figure B.4. Differential compaction effects on draping strata. a) NE-SW Middle Miocene 
section showing high amplitude reflectors in an interlimb depocenter. Lateral change in 
amplitude maybe associated to sand-rich facies in the depocenter against background 
shale-rich facies. b) Middle Miocene curvature map. Positive curvature trend on top of the 
ponded strata might suggest differential compaction as disimilar lithologies variable 
response to burial.  See Figure B.3 for location.  

 



 
 

In contrast, surrounding strata with low amplitude seismic response, possibly 

associated to more hemipelagic deposition, shows a negative curvature response. 

Differential compaction is believed to be the primary driver for these effects.  

Axial surfaces dipping away from structural crest or vertical ones, and Miocene 

strata that have undergone decompaction are thought to be indicative of draping strata. 

Previous analysis suggest that the Holocene sequence is draping on top of the Early 

Miocene strata, which in turn indicates that the contractional episode that formed the 

Lamprea fold belt spanned until Early Miocene.  

 


