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ABSTRACT

The tectonic escape of an upper-plate sliver is considered to be influenced by the relationship between
subducting and overriding plates in terms of obliquity, interplate coupling and overriding plate strength. Trailing
edges of tectonic escape system define major subsiding zones related to a trench-parallel extensional regime. The
Gulf of Guayaquil-Tumbes basin (GGTB) is located at the southernmost limit of the North Andean block
(NAB), which drifts to the north at ~lcm/yr. The extensional regime along the GGTB results from the northward
drifting of the NAB along a major dextral transcurrent system that extends between Ecuador, Colombia and
probably further north to Venezuela. The Pund-Santa Clara fault system (PSCFS) has been generally defined as
the NAB frontier at the GGTB area. However, the location of the structures controlling GGTB evolution, as well
as the periods of basin opening, has been a matter of discussion. Further east, along the continental zone, Andean
intermountain basin formation has been also considered as NAB drifting-induced.

Industrial multichannel seismic and well data acquired by Petroecuador and Perupetro, Ecuadorian and
Peruvian Petroleum Companies, respectively, document the existence of two major zones showing two different
tectonic regimes. It includes the continental margin and the shelf areas. The inner Domito fault system, the
Banco Peru fault and the Talara detachment define the limit between these two tectonic domains. An ~E-W
directed extensive strain characterizes the continental margin during the past 10-15 Myr. We assume that this
extensional tectonic regime is related to tectonic erosion working at depth along the upper-lower plate boundary.

The GGTB evolved along the shelf area through two main tectonic steps. The first one, during the Mio-
Pliocene, is characterized by low subsidence-low sedimentation rates; the second one, during the Pleistocene, is
characterized by an abrupt increase of subsidence leading to maximum deposition of ~3500 m of sediments at
site. Three major detachment faults, the Posorja, Jambeli and Tumbes detachment systems controlled the
subsidence of GGTB depocenters including the Esperanza, Jambeli and Tumbes basins. These basins resulted
from the N-S directed extensional strain linked to NAB drifting and recorded the major subsidence phase of the
southern Ecuadorian and northern Peruvian forearcs for at least the past 10 Myr. The PSCFS commonly
associated to the southernmost tip of the NAB frontier acts as a transfer zone since the Lower Pleistocene time. It
accommodated the opposite verging directions between the southward dipping Posorja and the northward
dipping Jambeli detachments. The PSCFS shows no landward prolongation to the north and no seaward
prolongation to the south toward the trench, it ends at sites where no transfer motion is required. The PSCFS is
not the prolongation of the NAB frontier at the GGTB area as commonly accepted. The main period of NAB
drifting is defined from the high rates of subsidence and related sedimentation beginning at 1.8-1.6 Ma. Taking
into account the strong dependence of the subsidence in the GGTB area with respect to the northward drifting of
the NAB, we assume that the Pliocene—early Pleistocene boundary is associated with a major change in the
northward migration rate of the NAB, produced by the increase of the interplate coupling probably caused by the
Carnegie ridge subduction. The total lengthening of a complete N-S transect between the Posorja and Tumbes
detachments ranges between 13.5 and 20 km. This lengthening is coherent with the documented NAB drifting
rate combined with an early Pleistocene age for GGTB main opening pulse.

The northward drifting of the NAB results in subsidence along the shelf area, while the continental
margin is relatively unaffected by this process. Seismic evidence suggests that the interplate coupling beneath
the continental margin is low. We suggest that tectonic escape systems are highly sensitive to local interplate
coupling variations and that these variations are important to define the zones where subsidence results from
escape tectonics. The modelling of convergence partitioning in terms of convergence obliquity, constant
interplate coupling and constant overriding plate strength at the scale of the whole system seems to be
insufficient when analysing the trailing edge of the tectonic escape system. We also propose that major
lengthening along the GGTB weakens the crust resulting in strong decrease of earthquake recurrence.

The central and southern Andes have undergone major extensional periods leading to intermountain
basin formation during at least the last 15 Ma. Transtensional and pure extensional regimes result in discrete
intermountain basin formation along major pre-existing Andean trending structures, from north to south these
basins include the Cafiar, Azogues and Santa Isabel basins. All basins show a deformed zone to the east and an
undeformed zone to the west. However, along the Cafiar and Azogues basins, active subsidence during ~15-9 Ma
finish with a compressive step at 8.5-9 Ma, while at the Santa Isabel basin the compressive step seems
considerably older and extensional processes has been active at 15-9 Ma and during present times. Our first
approximation to a regional model on Andean intermountain evolution, point out that the Santa Isabel basin
represents the southern ‘extensional free face’ of an undeformed detached block that moves to the north and
promotes pervasive subsidence to the south and dyacronous compressive deformation along its eastern edge.






RESUME

Le long des zones de convergence les variations du couplage inter-plaque, de ’obliquité de la
convergence, de 1’état de contrainte de la plaque chevauchante sont considérées comme étant souvent a 1’origine
de I’individualisation de blocs qui s’échappent latéralement. Aux frontieres des blocs continentaux individualisés
par le processus d’échappement tectonique, se forment des basins en extension caractérisés par une forte
subsidence. Le bassin du Golfe de Guayaquil-Tumbes (BGGT) est localisé a la terminaison méridionale de la
frontiére du bloc Nord Andin qui s’échappe vers le Nord a la vitesse de 1cm/an. L’ouverture en extension du
BGGT est associée au fonctionnement du systéme décrochant dextre qui marque la frontiére orientale du bloc
Nord Andin, au travers de I’Equateur, de la Colombie et plus au Nord du Venezuela. Dans le Golfe de
Guayaquil, le systéme de faille de Puna-Santa Clara est classiquement considéré comme la terminaison
méridionale de la frontiére du bloc Nord Andin. La localisation dans 1’espace et dans le temps des failles et des
déformations associées qui contrdlent 1’évolution du BGGT sont encore discutées. Plus a I’Est, la formation de
bassins intra-montagneux a été associée a I’échappement vers le Nord du Bloc Nord Andin.

L’interprétation de profils de sismiques multitraces et de données de forage (données Petroecuador pour
I’Equateur et Perupetro pour le Pérou) montre que le domaine de la plate-forme continentale est séparé du
domaine de la pente supérieure par le systéme de failles de Domito et du « Banco Peru » et le détachement de
Talara. La pente supérieure est caractérisée depuis 15 a 10 Ma par un régime tectonique en extension qui est
associ¢ au régime tectonique de subduction-érosion. La plate-forme continentale est marquée par 1’évolution du
BGGT en deux grandes étapes : la premiere étape, d’age Mio-Pliocéne, se caractérise par un faible taux de
subsidence ; la seconde étape, d’age Pléistoceéne, se caractérise par une augmentation brutale du taux de
subsidence. Durant cette seconde étape se dépose 3500 m de sédiment ce qui correspond au plus fort taux de
subsidence jamais enregistré au cours des 10 derniers millions d’années dans les bassins avant-arc de I’Equateur
et du Pérou. Cette forte subsidence et I’extension NS associée, localisées dans les bassins de La Esperanza , de
Jambeli et de Tumbes, sont contrdlées par les détachements de Posorja, Jambeli et Tumbes. Le systeme de faille
de Puna-Santa Clara est une faille de transfert qui accommode le jeu a vergence opposé des détachements de
Jambeli (vers le Nord) et de Posorja (vers le Sud). De plus le systéme de faille de Puna-Santa Clara ne se
prolonge pas vers le Nord, ni vers le Sud jusqu’a la fosse. Ce n’est donc pas la prolongation de la frontiére
orientale du Bloc Nord Andin comme communément acceptée. L’accélération du taux de subsidence dans le
BGGT débute vers 1.8 -1.6 Ma. L’étroite relation qui existe entre 1’échappement vers le Nord du bloc Andin et
I’accélération de la subsidence dans le BGGT implique D’existence d’un changement important dans
I’échappement du bloc Nord Andin a la limite Pliocéne-Pléistocéne inférieur. Cette accélération de
I’échappement du bloc Nord Andin a la limite Pliocéne-Pléistocéne est probablement associée a 1’arrivée en
subduction de la ride de Carnegie. L’étirement total entre les détachements de Posorja et Tumbes atteint 13.5 a
20 km. Cet étirement est cohérent avec le taux de déplacement du BNA et 1’ouverture principale du bassin au
Pléistocéne inférieur.

L’accélération de I’échappement du bloc Nord Andin ne se traduit pas par une forte subsidence dans le
domaine du plateau continental. Nous suggérons que 1’échappement tectonique est trés sensible aux variations
locales du couplage interplaque; ces variations sont probablement étroitement corrélées avec les zones de
subsidence importante associces a I’échappement tectonique.

La modélisation du partitionnement de la convergence prenant en compte 1’obliquité de la convergence,
un couplage interplaque homogeéne et une résistance homogéne de la plaque supérieure n’est pas satisfaisante
quand on analyse I’évolution du BGGT. L’ important amincissement criistal au niveau du BGGT se traduit ainsi
en terme de séismes par une baisse sensible de leur récurrence.

Les Andes centrales ont subi durant les 15 derniers Ma d’importantes phases d’extension qui ont donné
naissance a 1’ouverture de bassins intramontagneux. C’est ainsi que le long de structures andines pré-existantes
se sont formés en Equateur, du Nord au Sud, les bassins de Cafar, Azogues et Santa Isabel. Tous ces bassins
montrent une zone déformée vers I’est et une zone non déformée vers I’ouest. Cependant, les basins de Canar et
d’Azogues sont caractérisés par un épisode de subsidence entre 15-9 Ma puis par un épisode compressif a 8.5-9
Ma tandis que le bassin de Santa Isabel est caractérisé par un épisode compressif ancien suivi par un épisode
extensif depuis 15 Ma jusqu’a aujourd’hui. Ceci suggére que 1’évolution du bassin de Santa Isabel correspond au
bord libre d’un bloc rigide dont 1’échappement provoque d’une part une subsidence au sud du bloc et d’autre part
une déformation compressive diachrone le long de sa bordure orientale.
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CHAPTER 1

INTRODUCTION

1.1 TECTONIC ESCAPE SYSTEMS

Collision-related strike-slip motion is a general process in continental evolution. Because
buoyant continental (or arc) material generally moves during collision towards a nearby oceanic
margin, where less buoyant lithosphere crops out, the process of major strike-slip dominated motion
towards a 'free-face' is called 'tectonic escape' (Burke and Sengor, 1986). Active zones of tectonic
escape have been recognized worldwide along active convergent margins. They normally involve
oblique subduction systems and a detached upper plate sliver. Taking into account that the motion
partitioning or migration of the sliver takes place at distances ranging normally from 100 to 150 km
from the trench (Jarrard, 1986) they represent a major risk for highly populated cities. Two of the
major earthquakes in the last ten years have occurred in partitioned systems, i.e. the 2002 Mw. 7.9
Denali Fault earthquake (i.e. Eberhart-Philips et al., 2003) and the 2004 Mw.>9 Sumatra earthquake
(i.e. Subarya et al., 2006).

Several strike-slip systems, such as the Sumatra fault, the Japan median line, the Iflique-Ofqui
fault system and the eastern frontier of the North Andean block have been considered as the major
structures limiting the detached drifting block. In general, their geometrical disposition as well as their
cinematic character is relatively well known in the continental zones. However, in almost all the cases,
there is no consensus about the location and evolution of these structures along their ending tips
(normally their prolongations become diffuse when these structures approach the continental margin).
Probably the ending tip of the eastern frontier of the North Andean block is one of the most ambiguous
in literature. Similarly, the literature offers few examples of works dealing specifically with the
subsiding trailing edges of tectonic escape systems, most of them realized in the Indonesian
subduction system (i.e. Huchon and Le Pichon, 1984; Lelgemann et al., 2000, Shang et al., 2002), or

they have been immersed in wide geodynamic scenarios (Mann, 2002).

Since the work of Jarrard (1986), several works attempted to describe the phenomena
controlling the tectonic escape in terms of obliquity, interplate coupling and overriding plate strength.
However most of them analysed these aspects considering constant values for the entire subduction
system (i.e. Jarrard, 1986; McCaffrey, 1992; Platt, 1993; Yu et al., 1993; Liu et al., 1995; Chemenda et
al., 2000; Upton et al., 2003). On the other hand, the Andean chain has been considered as a well zone
to develop constraints on escape tectonics (Burke and Sengor, 1986) since it promotes: (1) rifting and

the formation of rift-basins with thinning of thickened crust; (2) pervasive strike-slip faulting late in



orogenic history which breaks up mountain belts across strike and may juxtapose unrelated sectors in

cross-section; (3) localized compressional mountains and related foreland-trough basins.

This work attempts to place constraints on the evolution of one of the major tectonic escape
systems and its related subsiding trailing edge, the North Andean block and the Gulf of Guayaquil,
respectively. This analysis altogether with the stratigraphic and tectonic analysis of intermontane
basins, located at the latitude of the Gulf of Guayaquil, allows to improve a wide regional model for
escape tectonics along the southern Ecuadorian Andes and the southern Ecuadorian and northern

Peruvian coastal zones.

1.2 GEODYNAMIC AND GEOLOGICAL SETTING

1.2.1 The subduction system

The Ecuadorian subduction system shows a complex history immersed in a broad scenario
represented by the Galapagos Volcanic Province (GVP, Figure 1.1). The actual architecture of the
Ecuadorian subduction system began to form ~26 Ma ago with the breakup of the Farallon plate (i.e.
Handschumacher, 1976; Hey, 1977; Lonsdale and Klitgord, 1978). Afterwards, a combination of
orthogonal to oblique convergence, hot-spot and asymmetrical spreading centre interaction, ridge

subduction, roll-back subduction, among others, have controlled the tectonic evolution of the GVP.

1.2.1.1 Evolution models of the Farallon-Nazca-South America subduction system.

Several first-order constraints on the GVP evolution were obtained from intensive surveys
combining seismic reflection, gravity, magnetic, and heat flow records (i.e., Malfait and Dinkleman,
1972; Rea and Malfait, 1974; Hey, 1977; Lonsdale, 1978; Lonsdale and Klitgord, 1978; Pilger, 1984;
Wilson and Hey, 1995; Meschede and Barckhausen, 2000; Sallarés and Charvis, 2003). These works
show that the Nazca plate has a complex plate tectonic history in relation with asymmetrical and
complex tectonic history of the Cocos-Nazca spreading center. Aseismic ridges and their associated
seamounts are not only the surficial manifestation of hot spot activity but also reflect regional tectonic

events, including spreading centers jumps and migration.
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Figure 1.1. NGDC-NOA data showing the structure of the Galapagos volcanic province,
the northern South America plate and the North Andean block. Average velocity vectors
from, De Mets et al, (1990); Freymuller et al, (1993); Kellog and Vega, (1995); Trenkamp et
al., (2002). GGTB, Gulf of Guayaquil-Tumbes basin; GFZ, Grijalva fracture zone; MAT,
Mid-America trench: PCT, Peru-Chile trench; NAB, North Andean block.

Hey (1977) led to the conclusion that the Cocos-Nazca spreading center was born about 25 Ma
as the Farallon plate broke apart along a pre-existing fracture zone to form the Cocos and Nazca plates
(Figure 1.2). As a result of this breakup, subduction became approximately perpendicular to both the
Mid-America and the Peru-Chile trenches. In this way, the original N-E trending system was
reorganized into its present geometric configuration by about 23 Ma. Hey (1977) proposed that the
Malpelo ridge may once have formed the northeastern extension of the Cocos ridge, which has been
transferred to the Nazca plate by a discontinuous jump to the west of the Cocos-Nazca-Caribbean

triple junction.

Similar conclusions were obtained by Lonsdale and Klitgord (1978). More recently, Sallares
and Charvis (2003) developed a quantitative model based on crustal thickness estimations along the
Carnegie, Cocos and Malpelo ridges (Figure 1.3). Their results suggest that the Cocos-Nazca
spreading centre has migrated with respect to the Galapagos hotspot (GHS) during the last 20 Ma
(Figure 1.3). At ~20 Ma, the Galapagos hot spot was approximately ridge-centered.
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Figure 1.2. Schematic cartoon showing the evolution of the Galapagos volcanic province from 30 Ma to
Present. From Hey (1977)

Subsequently, at ~11.5 Ma the hotspot was located ~105 km north of the spreading center
while at present day it is located at ~190 km south. They used these results to reconstruct the relative
position between the Galapagos hot spot and the Cocos-Nazca Spreading Center. The present
configuration of the Galapagos Volcanic Province and the plate velocities are consistent with
symmetric spreading with a mean full spreading rate of ~ 60 mm/yr along the Cocos-Nazca Spreading
Center during the last 20 Ma. Sallarés and Charvis (2003) suggested that the subduction of the Cocos
ridge beneath the Mid-America margin is recent (i.e. 2 Ma) while the older segments of the Carnegie

ridge may subduct under the Ecuadorian margin at an age younger than 3-4 Ma.
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Figure 1.3. Cartoon of the GVP tectonic
evolution during the last ~20 Ma. The motion of
the continents with respect to the Galapagos hot
spot has been reconstructed assuming 610
km/m.y. E-W convergence for South America
during the last 20 Ma. PFZ: Panama fracture
zone, IFZ: Inca fracture zone, YG: Yaquina
graben. Ca: Carmnegie Ridge. Co: Cocos Ridge.
M: Malpelo Ridge. From Sallarés and Charvis
(2003).

The oceanic plate that subducts under the South-America plate has been strongly controlled by
the activity of the Galapagos hot spot and by the fragmentation of the Farallon plate. Geometric and
magnetic reconstructions have been used to restore the relative motion of the Nazca plate from late
Cretaceous time (Pilger, 1984; Pardo-Casas and Molnar, 1987; Somoza, 1998, Figure 1.2). The faster
convergence (>100 mm/a) occurred between about 50 and 40 Ma and since 26-20 Ma. It has been

related to large components of strike-slip deformation along the central part of the Andes and to the



formation of large transtensional basins in the Ecuadorian coastal area (Pardo-Casas and Molnar,
1987; Daly, 1989). The second step of fast convergence rate has been related to the fragmentation of
the Farallon plate along the Grijalva fracture zone resulting in the formation of the Nazca and Cocos
plates (Hey, 1977; Lonsdale and Klitgord, 1978,). At ~10 Ma the convergence rate showed a shallow
decrease and remained constant to Present times (Pardo-Casas and Molnar, 1987). However a
relatively strong decrease in convergence velocity has been proposed at 5 Ma at the northern Chile and
northern Peru subduction zones (Somoza, 1998). These last three phases, at ~50, 26, and 10 Ma,
coincide with phases of intense tectonic activity recognized in Peru and Ecuador: the late Eocene Inca
phase and two of the Mio-Pliocene Quechua phases (Megard, 1984). On the other hand, the direction
of the convergence showed a gradually reduction on dextral component since 60 Ma. However, the
role of fragmentation and posterior accommodation of the Nazca South America system at ~25 Ma on

the convergence direction is in debate (Pardo-Casas and Molnar, 1987; Somoza, 1998).
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Figure 1.4. Convergence rate and direction (with uncertainty limits gray and red) for the Nazca South American
plates system during Tertiary times. Note the constant convergence from 10 Ma to Present and constant
convergence direction from 30 Ma to present. From Pardo-Casas and Molnar, 1987)

1.2.1.2 The current Nazca-South America plate structure

Along the Ecuadorian margin (2°N to 3°S), the Nazca plate subducts beneath the South
American plate along a trench zone which convexity is turned to the west. The current convergence
rate lies between 6 and 7 cm/yr with a main direction placed between NO8S2 to N112 (De Mets et al,
1990; Freymuller et al, 1993; Kellog and Vega, 1995; Trenkamp, 2002). The analysis of the spatial
distribution of seismicity obtained from temporal and global seismic stations data, allows to constraint
the angle of the subducted slab from 25° to 35° from north to south of 2°N, respectively (Lonsdale,
1978; Alvarado, 1998; Guillier et al., 2001; Figure 1.5a). The convergence obliquity is not constant
along the Ecuadorian trench. It shows an important change from N10E to N30 at ~0° latitude. This

change in trend, and more specifically the existence of an important trench-parallel seismic moment



release, shows that motion partitioning takes place along the Ecuadorian trench (Ego et al., 1996). The
elastic modeling of GPS-derived horizontal displacement suggests an apparent 50% of convergence
locking at the subduction interface along the Carnegie ridge subduction zone, which enhanced strain
accumulation along the Ecuadorian forearc zone (Trenkamp et al., 2002; White et al., 2003; Figure
1.5b). The strongest velocity vectors placed at the Ecuadorian forearc are interpreted as a strong
transfer of movement from the subducting plate. On the other hand, the Carnegie ridge and the
Grijalva fracture zone (GFZ) subduct beneath the Ecuadorian margin, influencing the subduction

regime along the Ecuadorian trench.
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1.2.1.3 The Grijalva fracture zone

The Grijalva fracture zone (GFZ) subducts obliquely under the South-America plate near 3° S
at the latitude of the Gulf of Guayaquil zone. It separates two different domains of age. To the south
the Nazca plate is ~35 Ma, while to the north of the GFZ, the Nazca plate shows a 22-26 Ma age
coherent with the proposed age for the break of the Farallon plate (Hey, 1977; Lonsdale and Klitgord,
1978). The GFZ is underlined by a ~700 m marine scarp trending in an N40-60 direction. (Hey, 1977,
Lonsdale and Klitgord, 1978). The difference in age across the GFZ caused a regional change in
basement depth of up to 700 m between the Carnegie platform and the Peru basin (Rea and Malfait,
1974). Dumont et al., (2004) have linked a period of tectonic inversion along structures observed in
the Puna and Santa Clara islands to the GFZ subduction. This is almost the only model that relates
upper-plate deformation to the subduction of the GFZ. However, the trench and forearc deformation
related to the subduction of the GFZ remain poorly constrained. Probably the main aspect to analyze
the relationship between the GFZ subduction and the deformation of the overriding plate is the
migration of the collision zone due to the high angle between the GFZ and the trench. This
geometrical aspect has been used to characterize the deformation zones along the Peruvian continental
margin related to the incoming oblique Nazca ridge (i.e. Hampel et al., 2004). Taking into account an
E-W directed convergence, a N10 trench direction and a N50 to N60 trending of the GFZ the zone of
subduction of the GFZ might migrates to the south at ~30 to 45 mm/yr. However, no clear tectonic
expression is observed in the continental margin as an expression of the GFZ subduction and its

southward migration.

1.2.1.4 The Carnegie ridge.

The Carnegie ridge (CR) is the superficial expression of an over-thickened oceanic crust, of 15 km
thick along its central part and 14 km along its southern flank (Sallares and Charvis, 2003; Graindorge
et al., 2004). It is proposed that the ridge is bounded to the north and south by large normal faults,
which have vertical offsets of 200 to 500 m and were probably formed by differential contraction of
varying thickness of cooling lithosphere (van Andel et al., 1971). In the eastern part of the ridge these
faults enter the trench zone obliquely (Lonsdale, 1978). The axial trench profile shows the subducting
ridge where the trench floor is about 1 and 1.5 km shallower than along southern Colombia and
northern Peru, respectively. Recent evidence (Sage et al., 2006) shows that at the intersection with the
underthrusting Carnegie Ridge, the thinning of the Ecuadorian margin basement is associated with
pervasive seaward-dipping normal faults. Normal faults are caused by margin collapse associated with
subduction erosion along a relatively low-friction plate interface under the continental slope (Sage et

al., 2006). Where seamounts of the Carnegie Ridge enter the subduction zone, a marked subduction



channel structural patchiness may affect subduction erosion processes. In this area, several-kilometers-
wide subducting sediment lenses retain large amount of fluids that cause overpressure as they are

gradually underthrusted beneath the margin basement (Sage et al., 2006).

Seamount subduction has been proposed as a major element (among others factors) in the
control of several aspects including: the increase of interplate coupling (Cloos, 1992; Scholz and
Small, 1997), the location of uplift and subsidence along convergent margins (i.e. Gardner et al.,
2001), the increase of subduction-erosion processes (i.e. Hampel et al., 2004), as a barrier on lateral
earthquake rupture propagation (i.e. Kodaira et al., 2003) or as an inhibitor of thrust type subduction
earthquakes (i.e. Bangs et al., 2006). Many of these aspects have been linked to the CR subduction.
Even so, doubts persist about the fact that the subduction of the ride imprints a strong impact in the
tectonic segmentation of the North Andean margin. Two major observations show that the CR is
currently subducting beneath the South American continental margin: 1) direct observations based on
wide-angle refraction data show that the CR has been subducting beneath the South-America plate for
at least 1.4 my (Graindorge et al., 2004), and 2) a GPS-derived velocity model shows that the eastward
convergence of the Nazca plate imprints a relatively strong eastward motion on the Ecuadorian forearc
area. The increase of the velocity field in front of the CR subduction zone shows the high degree of

interplate coupling occurring at this zone (Trenkamp et al., 2002; White et al., 2003; Figure 1.5b).

Generaly, models of the GPV evolution (Figures 1.2 and 1.3) suggest that ridge-trench
collision occurred at the Pliocene—Pleistocene boundary (Rea and Malfait, 1974; Hey, 1977; Lonsdale,
1978; Lonsdale and Klitgord, 1978; Wilson and Hey, 1995). However, older ages for the ridge
collision were proposed including the late Miocene (Pilger, 1984) and the early Miocene (Malfait and
Dikleman, 1972).

The subduction of the CR has been one of the most used and, at the same time one of the most
enigmatic features on Ecuadorian geology. Coastal uplift and subsidence, volcanic signatures, Andean
construction, intermontane basin formation and other offshore and continental features have been
considered as ridge induced, involving very different ages for the beginning of the ridge subduction.

Some of these models include:

e Seismic reflexion profiles and bottom samples were used by Lonsdale (1978) to suggest a 2-
Ma age for the beginning of the CR subduction. The subduction of the ridge is considered as the main

factor in controlling the change of the trench axis direction from N10°E to N25°E.

e Graindorge et al. (2004) suggested that the strong normal stress related to the CR buoyancy,

together with a larger surface involved in the subduction (inherent to the ridge itself), would locally



enhance the mechanical coupling between the plates and would therefore be responsible for an

increase in the recurrence interval of large earthquakes.

e Regional and local works carried out in the whole Ecuadorian forearc region reach different
conclusions about the ridge induced tectonic steps and their ages. Benitez (1995) suggests that the
tectonic inversion of the Manabi basin (see Figure 1.8 for location of forearc basins) is triggered by the
subduction of the ride in Quaternary times. Aalto and Miller (1999) suggest that a late Pliocene switch
from trench-parallel extension to almost trench-orthogonal extension is possibly related to subduction
erosion beneath the accretionary wedge, which probably resulted from the encroachment and collision
of the leading edge of the continent with the thick crust of the CR. The origin and chronology of
Pleistocene marine terraces and subsidence-uplift relations has been also used to constraint CR
subduction. Cantalamessa and Di Celma (2004) propose that the encroachment and collision of the
ridge with the Ecuadorian margin probably resulted in basal tectonic erosion beneath the upper plate
favoring the emplacement of trench-normal extension and extremely rapid subsidence during the late
Pliocene along the Ecuadorian coast. They suggest that after the late Pliocene subsidence progressively
decreased as the CR subducted beneath the continental plate, favoring a subsequent regional uplift. A

similar conclusion is presented by Pedoja et al. (2006) especially concerning the age of the subduction.

e Based on relations between basin subsidence and basement uplift in the frame of a southward
ridge migration, Gustcher et al., (1999) suggest a ridge collision since 8 Ma involving at least 110 km

of subducted ridge beyond the Ecuadorian continental forearc.

e Spikings et al. (2001) consider that fission-track derived cooling ages along the Cordillera Real
are related with CR subduction. This model suggests that the collision of the ridge at the trench at ~15
Ma resulted in elevated cooling and exhumation rates in the north and extension in the south (i.e. south
of 2°458S). This signal being stronger at ~9 Ma. More to the south, the inversion of the intermontane
basins in the Cuenca and Loja areas has been also related to the subduction of the ridge at ~9 Ma

(Steinmann et al., 1999; Hungerbiihler et al., 2002).

e An adakitic imprint on the rocks of the current volcanic arc, combined with a flat-slab
subduction model (Gustcher et al., 1999) is considered as a response to the subduction of the CR

beneath the margin probably 5 Ma ago (i.e. Bourdon et al., 2003; Samaniego et al., 2002).

Some of these aspects described here may not have any relation to the CR subduction once a

wider regional observation is considered (Witt et al., 2006; Michaud et al., in prep.).
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1.3 THE CONTINENTAL MARGIN

Lonsdale (1978) obtained the first constraints of inner and outer disposition and evolution of
the Ecuadorian trench. He argued that the Ecuadorian trench differs from most of the trenches in being
very shallow, with an axis less than 3 km depth in average, in having unusually large normal-fault
scarps on the lower oceanic slope and in lacking an along strike axis of turbidites. However, little was
confirmed about the margin evolution upwards from the trench. Multichannel reflexion and wide angle
refraction data obtained during the SISTEUR expedition offered a more detailed evolution of the
entire Ecuadorian continental margin. Collot et al. (2002) charracterized the main aspects on margin
architecture and evolution (Figure 1.6). Within 10-20 km of the trench, the shallow section of the plate
interface separates vertically deformed margin rocks or accreted trench sediments from underlying
sediments that appear to constitute the subduction channel (Figure 1.6). From the Carnegie ridge to the
Gulf of Guayaquil latitude, the Ecuadorian margin shows seaward dipping reflectors and acoustic
basement being truncated downward at the plate interface, suggesting that the margin underwent

severe tectonic erosion.

- - =]
T T

@

Seconds Two way Travel time

Figure 1.6. Seismic lines along the Ecuadorian continental margin. a) along the Gulf of
Guayaquil latitude and b) along the Ecaudor-Colombia border. From Collot et al.
(2002)
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This tectonic erosion regime has been recently refined by Sage et al. (2006) who proposed that a
patchiness character of the subduction channel modulates subduction erosion processes, by alternately
favoring margin basement weakening and material removal. West of the Gulf of Guayaquil trench
sediment offscrapping results in an incipient 8 km wide accretionary wedge which is locally overlain
by mass wasting deposits, while the ~0.5 s TWTT thick Nazca plate pelagic sediments subduct
beneath the margin over a minimum distance of ~25 km (see also section 2.1, Figure 2.2). On the
opposite, in southern Colombia, a 30 km wide accretionary wedge has developed north of 3°N from a
1.2 s TWTT thick trench fill (Collot et al., 2006), suggesting along-trench variation in the subduction
regime, from subduction-accretion to the north of 1°N to subduction-erosion south of ~1°S. The
subduction erosion regime probably continues further south to the north Peruvian continental margin

(Bourgois et al., 1988).

1.4 MAIN TECTONIC EVOLUTION FEATURES ALONG WESTERN ECUADOR

1.4.1 Accretionary processes.

The coastal zone corresponding to the Ecuadorian forearc, is a 100-150 km zone located between
the shoreline and the foot of the Andes. The coast zone shows a flat morphology only contrasted by
the E-W trending Cordillera Chongon-Colonche and the N-S trending Cordillera Costera. The
Ecuadorian forearc basement, as well as the Cordillera Occidental, is composed of several tectono-
stratigraphic units of oceanic origin. Mapping of these terranes allowed distinguishing several tectonic
units, separated by major faults and characterized by distinct geological evolutions. For each terrane,
stratigraphic studies led to identify major unconformities, which separate oceanic rocks devoid of
detrital quartz (plateau basalts and dolerites, arc lavas and volcaniclastic rocks, radiolarian bearing
cherts), from the overlying quartz-bearing clastic sediments (i.e. turbidites, marine shelf sandstones,
subaerial conglomerates). The latter are interpreted as sealing the collision of the oceanic terrane with
the continental margin (i.e. Jaillard et al. 2004), and therefore allow to date the accretion events.
However, due to the variable lithology and nature of the rocks involved in the accretionary processes
(Figure 1.7) it has been complex to propose a single stratigraphic and evolution model. In this way one

to four accretionary periods have been proposed for coastal and Cordillera Occidental building.

Many works proposed different models which lead not only to different ages for the accretion
processes but even to substantial differences in the involved stratigraphic units. A detailed review of
the broad proposed models lies far away of the scope of this work. However, in a wide sense, two
major accretionary events have been defined by almost all authors. From a wide variety of data and

evolution-derived models (i.e. Bourgois et al., 1987 and 1990; Hughes and Pilatasig, 2002; Kerr et al.,
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2003; Mamberti et al., 2003; Jaillard et al., 2004; Toro et al., 2005; Vallejo et al., 2006) these two
major accretions events are: 1) a late Cretaceous (65-85 Ma) event involving the Pallatanga terrane
(San Juan and Guaranda units) and 2) a middle-late Eocene event involving the Macuchi terrane
(Macuchi and Naranjal units altogether with the Piflon Fm.). However, Kerr et al (2002) suggest that
the Pallatanga terrane corresponds to the Caribean plateau originated over the Galapagos hot-spot
while the Macuchi terrane (Figure 1.7) originated from a more southerly hot-spot region located at
~30°S. Subsequently, Kerr et al. (2005) re-define this interpretation, suggesting that the Pallatanga-
Macuchi and Pifion terranes accreted together and that the late Eocene event occurs only along the
northwestern zones of Ecuador (i.e. Naranajal unit). On the other hand, recently, Luzieux et al. (2006)
suggest that only one acretional process at ~75-65 Ma is needed to explain the existence of all the

blocks, this accreted material origination from the Caribbean plate.
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1.4.2 Forearc evolution

The Pifion Formation is regarded as the Cretaceous igneous basement of the Ecuadorian coast.
It is made up of tholeiitic basalt-andesitic pillow basalts and massive flows, locally associated with
pillow breccias, hyaloclastites and subordinate siliceous sediments (Goosens and Rose, 1973;
Feininger and Bristow, 1980; Walrabe-Adams, 1990). This basement is interpreted as an accreted
fragment of an overthickened and buoyant oceanic plateau (Reynaud et al., 1999). The age of the
Pifion Formation remains controversial; Reynaud et al. (1999) propose an age of 123 Ma while more
recently Luzieux et al. (2006) suggest a 87-90 Ma age. The differences between these ages have huge
consequences on the interpretation of oceanic terranes accretions (see above). An early Paleocene to
pre Middle Eocene deformation step is triggered by the collision and posterior accretion of the Pifion
terrane, which is considered to take place during the Paleocene-early Eocene (Daly, 1989, Benitez et
al., 1993; Benitez, 1995; Jaillard et al., 1997; Reynaud et al., 1999). The tectonic phases of Paleocene-
Lower Eocene age coincide with major geodynamic reorganization (between 50 and 56 Ma) of the
convergence direction (Pardo-Casas and Molnar, 1987). The accretion of the oceanic terranes has been
related either to the change of the convergence direction of the paleo-Pacific plate from N-S or NNE to
N-E (Benitez et al., 1993), or to overthickened characteristics of the oceanic plateau-related Pifion Fm.

which prevents its normal subduction (Reynaud et al., 1999).

The post-collision period is considered as the formation of the forearc sensu stricto (Figures 1.8 ¢
and d; Benitez, 1995) and more specifically the period after the reorganization of the Farallon plate at
24-26 Ma (i.e. Hey, 1977). From early Miocene to Present times, three main aspects (setting the
Carnegie ridge subduction aside, see section 1.2.1.4) are relevant on the evolution of the Ecuadorian
forearc: 1) the uplift of the Cordillera Costera which results in the emplacement of the actual drainage
system, i.e. major input to the GGTB and the Esmeraldas areas, 2) the tectonic erosion of the

continental margin and 3) the oblique subduction (i.e. Daly, 1989; Benitez, 1995; Jaillard et al., 1997).

The change of the convergence rates in the Lower Miocene is at the origin of the coastal
forearc basin formation (Benitez, 1995). In this phase four major forearc basins are formed: the
Borbon, Manabi, Progreso and Golfo de Guayaquil basins. The paroxysm of sedimentation is related
with the Progreso and Angostura Fms, along the Progreso and Manabi-Borbon basins respectively.
The basin formation has been related to dextral shear affecting the coastal region in response to
oblique subduction at the Ecuadorian trench along pre-existing suture zones (Daly, 1989; Benitez,
1995). The Figures 1.8c and 1.8d show the progressive northward escape of a forearc sliver, resulting
from oblique subduction. The stratigraphy and sedimentological features allow dividing the forearc

evolution in a three steps development history (Deniaud, 2000). The firs step is marked by a
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widespread fine marine transgressive sedimentation that affects the entire forearc area. The second
stage turns to a marked sandy sedimentation with shallow water sedimentary structures. The third
stage corresponds to the last sedimentary cycle that started at the beginning of the Pliocene and
remains at present. It is marked by different tectono-sedimentary units with emergent and current
subsidence zones. For Benitez (1995) the emersion phases are not related with major changes in
convergence rate but to the arrival of oceanic asperities such as the Nazca and Carnegie ridge

(Progreso and Manabi basins, respectively)
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Figure 1.8. a) The Ecuadonan forearc including the main Borban,
Manabi and Progreso forearc basins, b) Stratigraphy of the oceanic
terranes of coastal Ecuador and related sedimentary series from
Albien to late Eocene times, ¢) Evolution schema of the main foreare
basins (i.c. forearc sensu strictu) during early-middle Miocenc and d)
during late Miocene-Quaternary times. b from Jaillard et al. (1997); ¢
and d from Benitez (1995).

1.4.3 The North Andean Block

The North Andean Block (NAB) is located along the northwestern zone of South America.
The existence of this detached micro plate between the Nazca and South America plates (between
Ecuador and Venezuela, Figure 1.9a) was first formally proposed by Pennington (1981). However,

some approximations were already suggested by Case et al. (1973) and Campbell (1974), who first

15



proposed the now disused term of ‘Dolores-Guayaquil fault system’ to define the NAB eastern limit.
The rate of NAB northward migration has been estimated between 0.6 to 1 cm/yr (Freymuller et al.,
1993; Kellog and Vega, 1995; Trenkamp et al., 2002; White et al., 2003). Generally, all of the limits

of the NAB are a matter of discussion.

The eastern boundary of the NAB is in debate. Seismicity distribution along the Ecuadorian
Andes coincides with ancient suture zones suggesting reactivation or tectonic inversion of late Jurassic
to early Tertiary east-dipping suture zones (Guillier et al., 2001). The reactivation of the suture zones
was also proposed by Litherland and Aspden (1992). Nevertheless, the distribution of neotectonic
structures (Eguez et al, 2003) does not always matches the ancient suture zones. Winter and Lavenu
(1989), Soulas et al. (1991) and Ego et al. (1996) described the NAB limits as a major system of
dextral faults crossing the Ecuadorian Andes through several active fault segments, such as the
Pallatanga fault, the thrust faults along the Inter-Andean Valley, and the Chingual-La Sofia fault, from
south to north (Figure 1.9 a). A complex array of structures accommodates the NAB migration along
the Ecuadorian Andes. It seems that the system that accommodates the NAB northward migration is
composed mainly of dextral transcurrent and reversal structures placed in the both Cordilleras,

forming together a crustal restraining bend (Ego et al., 1996; Winkler et al., 2005).

The characterisation of the Pallatanga fault (or Calacali-Pallatanga fault, Figure 1.9a and 1.9b)
has been widely documented in Winter and Lavenu (1989 and 1989b); Lavenu (1990); Winter (1990)
and Winter et al., (1993). They proposed that the Pallatanga fault extents from the Gulf of Guayaquil
region to the south of the Chimborazo volcano. However, only the northern segment, which follows
the Rio Pangor valley at elevations above 3600 m is prominent in the morphology. It displays clear
morphological evidence of right lateral movement. The fault strikes N30E and dips 75° to the N-W
while the slip vector projected on the fault plane shows a slight reverse component with a pitch of
about 11.5° to the S-W. Offset morphological features, which can be inferred to be of early Holocene
age indicate a main Holocene slip rate of 2.9-4.6 mm/yr. This rate is corroborated by long-term offsets

related to the three last glacial terminations.

North of the Pallatanga fault the main Holocene strike-slip-related deformation is placed along

two different corridors:

e The western corridor extends along the Occidental Cordillera. Evidences of Quaternary
activity are located in the northern structures of the corridor. In Ecuador and southern
Colombia regions (see Paris et al., 2000 and Eguez et al., 2003) the Nanegalito, El Angel and
San Isidro faults connect north to the Buesaco Aranda fault (Romeral fault system). These

faults have yielded strike-slip rates between 1 to 5 mm/yr (Figure 1.9b). In Colombia this
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corridor extends along the Romeral fault system (i.e. the Paraiso, Piendamo and Rosas

sections; Paris et al., 2000), which correspond to the most active parts of the Romeral system,

yielding 0.2 to 1 mm/yr dextral slip rates.
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Figure 1.9. a) Structural framework of the Andean
segment extending from northern Peru to Venezuela
showing the NAB limits. modified from Taboada et al.
(2000). b) Active faults along the Ecuadorian segment of
the North Andean block. From Eguez et al. (2003). ¢) 3-
D model of lithospheric structure in the northern Andes
with the addition of selected focal mechanisms. From
Cortez and Angelier (2005). AF, Algeciras fault: BF,
Boconod fault: BF: Bucaramanga fault: CP. Caribbean
plate: CPB. Choco -Panama blocks: CPFS. Calacali-
Pallatanga fault system: CR. Carnegie ridge: CSF,
Chingual-La Sofia fault: EC. Eastern Cordillera: GF.
Guaicaramo fault: GFS. Giron fault system: GFZ.
Grijalva fracture zone: [AV, Inter-Andean valley: NAB,
North Andean block: NP. Nazca plate; OF, Oca fault: RF,
Romeral fault: SAFTB. Sub Andean fault and thrust belt:
SAP. South America plate: SER. Santa Elena raise: ZB,
Zorritos basin.

e The eastern corridor show longer and more linear Quaternary structures (see Paris et al., 2000

and Eguez et al., 2003). The Pisayambo, Baeza-Chaco, Salado and Chingual faults form the

Ecuadorian section (Figure 1.9b). To the north this system extends along the Sigbundoy fault.

Almost all these faults show 1-5 mm/yr slip rates. In Colombia along the so called ‘Eastern

front’ all structures show dextral to reverse component of deformation yielding slip rates

between 1-5 mm/yr.
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It has been proposed that the coastal zone shows no important structure related to NAB
migration since it acts as a rigid buttress transferring the stress from the subduction to the Andes
(Guillier et al., 2001; Trenkamp et al., 2002). The southern Ecuadorian segment of the eastern
boundary of the NAB has been considered as the structure that is at the origin of the Golfo de
Guayaquil basin (i.e. Deniaud et al., 1999). The so called ‘Puna fault’ has been generally correlated
directly with the Pallatanga fault.

The evolution of the Santa Isabel basin, as well as the evolution of the Cafiar and Azogues
basins have been also related, direct or indirectly, with the NAB northward drifting (Winter and
Lavenu, 1989b; Hungerbiihler et al., 2002; Bourgois et al., in prep).

Tectonic models suggest that the obliquity vector of convergence between the Nazca and
South America plates is not fully partitioned throughout the NAB and that the Caribbean plate
influenced mainly the area north of 5°N (Ego et al., 1996; Taboada et al., 2000; Corredor, 2003;
Acosta et al., 2004; Cortés et al., 2005, Figure 1.9¢). The transition zone being located along a major
seismically E-W transform zone at ~5°N coincident with the Baudo range (Figure 1a) (Taboada et al.,
2000). If only the region south of 5°N is influenced by the Nazca plate oblique convergence, which
induces a right-lateral stress regime (i.e., northward drifting of the NAB) the accommodation of the
deformation is more complicated than that involved in a single block moving northward as proposed

from GPS data (Trenkamp et al., 2002).

Similarly the southern limit of the NAB is also a matter of debate, being directly related with

the Gulf of Guayaquil evolution. This aspect is discussed in the section 2.1.
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CHAPTER II

ANALYSIS OF THE TECTONIC DEFORMATION AT THE NORTH ANDEAN
BLOCK TRAILING EDGE.

2.1 INTRODUCTION

The southern tip of the North Andean Block (NAB, i.e. its trailing edge), is characterised by
several Neogene basins located in southwestern Ecuador and northwestern Peru. These basins include
the Progreso, Esperanza, Jambeli and Tumbes basins. The 100-120 km long and 20-120 km wide Gulf
of Guayaquil shelf zone (~3°S to 4°S) appears as the most prominent gulf of the Central and South
American coasts, and constitutes the natural limit between the Ecuadorian coastal block (accreted
oceanic basement) and the North Peru continental basement. It is a considerable subsiding area and
sedimentary infill linked to the river Guayas major influx, which corresponds to one of the two major
Ecuadorian drainage systems. The direct relationship between the NAB drifting and the opening and
posterior evolution of the Gulf of Guayaquil-Tumbes basin was proposed in the 70’s (Campbell,
1974). The combination between a high subsidence and a high sediment input produce locally the

accumulation of at least 3500 m of Quaternary sediments in the area.
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Figure 2.1. a) Structural framework of the Andean segment extending from northern Peru to Venezuela showing the NAB limits,
maodified from Taboada et al. (2000). b) Structural sketch of the Gulf of Guayaquil-Tumbes basin (GGTB) area, including the main
continental features. Bathymetry of the continental margin and trench is a compilation of data from the Seaperc cruise of the R/V Jean
Charcot and the Andinaut cruise of the R/V L'Atalante. Black line is the -100 m bathymetric contour that grossly follows the shelf-
continental margin limit. Geology from, Zevallos (1970) and Benitez (1995). Legend is for both Figures la and 1b. AF, Algeciras
fault; BF, Bocond fault; CP. Caribbean plate: CPFS, Calacali-Pallatanga fault system: CR, Carnegie ridge: CSF, Chingual-La Sofia
fault: GF, Guaicaramo fault: GFS, Giron fault system; GFZ, Grijalva fracture zone: 1AV, Inter-Andean valley: NAB, North Andean
block: NP. Nazca plate: SAFTB. Sub Andean fault and thrust belt; SAP, South America plate: SER. Santa Elena raise: ZB. Zorritos
basin.
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The northern edge of the Gulf of Guayaquil exhibits mafic and ultra-mafic Cretaceous rock
basement that crops out extensively along the E-W trending Chongoén-Colonche sierra (Figure 1b).
This basement results from the accretion of oceanic terranes during late Cretaceous (Luzieux et al.,
2006) or during Palacocene-Eocene time (Benitez, 1995; Jaillard et al., 1997, and references therein).
The oceanic basement is partially overlain by Palacocene to Eocene series cropping out at the Santa
Elena Peninsula and extending southward along the Santa Elena rise. Further south, sediments of
Oligocene to Quaternary age accumulated along the Progreso basin, the GGTB and the Zorritos basin
(ZB, Figures 1b and 2b). The southernmost edge of the Zorritos basin shows a Palaecozoic-Cretaceous
metamorphic basement outcropping along the Amotapes massif. The metamorphic series show a
varying metamorphism including some HP assemblages related to crustal thickening and exhumation
during latest Jurassic-early Cretaceous accretional processes (Bosch et al., 2002, and references
therein). Upper Cretaceous to Quaternary sediment dipping towards the GGTB unconformably

overlies this basement.

2.2 PREVIOUS WORKS

First attempts to describe the evolution of the thick basins at the shelf and continental margin
areas aimed at establishing constraints on hydrocarbon generation. Seismic records as well as several
industrial drilling wells were done at the Esperanza and Tumbes basin during petroleum exploration at
the beginning of the 80’s. The main aspects of the studies carried out along the GGTB have dealed
with the two major aspects of Gulf of Guayaquil evolution: the age of the subsidence steps and the
location of the transcurrent structures being at the origin of this subsidence. Several theories as well as
terminologies have been used in order to define the depocenter distribution along the NAB southern

tip. The main proposed models include:

e The work of Sheperd and Moberly (1981) corresponds to the first work based on seismic data.
They proposed that the Progreso pull-apart basin (i.e. Esperanza and Tumbes basins in this
work) develops in response to NAB northward drifting during Neogene times. The escape
tectonics-related pull-apart basin having its seaward transcurrent limit along the trench.
However, seismic lines distribution (mostly along the continental margin) and depth (~1 km
depth) resulted in misinterpretation of the structural aspects governing the evolution of the
Esperanza and Tumbes basins located mainly along the shelf area.

e Benitez (1995) proposed a stratigraphic model based on occurrence on drilling records. He

proposes a N-S directed extensional tectonic continuum affecting all the Ecuadorian forearc
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basins. In this context he proposed that the Jambeli basin (i.e. Esperanza and Jambeli basins in
this work) subsidence began in the middle Miocene.

Using seismic lines Lyons (1995) proposes that the whole structure of the basin corresponds to
a horst-tail structure, typical of ending tips of major transcurrent systems (i.e. the so called
‘Dolores-Guayaquil system’). One trivial consequence of this model is that there is no need to
connect the major NAB dextral boundary with the trench. Indeed the movement would be

absorbed in the Gulf of Guayaquil area.
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Figure 2.2. Cartography of the major structures of the Gulf of Guayaquil area (Ecuadorian side). a) Lyons, 1995;
b) Deniaud et al., 1999. Both models derived from the same data used here(i.e. seismic lines and drilling).

Deniaud et al. (1999) proposed a model based on seismic and drilling records. They proposed
a pull-apart model in which the Esperanza basin developed in response to the dextral
movement along the Dolores-Guayaquil fault system. Subsidence beginning in the Pliocene
but major depocenters forming during Quaternary times. These authors suggested that the
Dolores-Guayaquil fault system prolongates to the trench. In this way the pull-apart structure
is similar to that proposed by Sheperd and Moberly (1981).

A cinematic approach was used to determine the proposed linked evolution between the Gulf
of Guayaquil and the so called ‘Guayaquil-Caracas megashear’ (Dumont et al., 2005). This
work, based on the analysis of displaced marine terraces, beach deposits and offset channel
morphologies as well as microtectonic observations along the Puna island (i.e. Zambapala
fault), calculates a minimal mean slip rate of 5.8—8 mm/yr. This result allowed these authors to
suggest that the Zambapala fault accommodates at least 60—80% of the slip motion of the
‘Guayaquil Caracas megashear’, an to propose that the NAB eastern limit extends from the

Puna island to the Andean piedmont.
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e More recently, Vega et al. (2005) proposed an evolution model for the Tumbes basin, which in
terms of basin opening and depocenters age is partially based on the results obtained by

Deniaud et al. (1999).

The deep structure of the Gulf of Guayaquil area (GG) along the south Ecuador convergent
margin was investigated using marine multichannel seismic lines and wide-angle seismic (See section
1.3). The tectonic regime along the continental margin is clearly extensional (Figure 2.3). At the
latitude of the GGTB these studies reveal that the South-Ecuadorian continental margin shows clues
of subsidence, revealed by huge sedimentary basins (up to 7 km thick) related to normal and
detachment faults (> 5 Ma). The Cretaceous oceanic substratum characterizing the lower part of
overriding plate to the north may extend toward this area, despite significantly lower seismic

velocities.

Figure 2.3. Multichannel seismic lines obtained during the SISTER cruise.
Only Line SIS-73 reaches the Gulf of Guayaquil (i.e. Esperanza basin).
Note the development of a small frontal prism and the pervasive subsidence
of the continental margin. Seismic markers along line SIS 73 obtained from
industrial drilling at the Esperanza basin used in this work. Q: base of the
Quaternary (vellow); Pl: base of the Pliocene (blue); M: base of the
Miocene (orange). From Calahorrano (2005).
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The existence of a margin system limiting the major depocenters of the Esperanza and Tumbes
basins is proposed using Ecuadorian (Petroecuador) and Peruvian (Perupetro) seismic lines (Witt et
al., 2005; Witt et al., 2006a and b; Witt and Bourgois, submitted; two attached papers). This model
proposes that two different tectonics control the Gulf of Guayaquil area evolution: 1) A Miocene (or
older) to Present subduction-erosion regime controlling the upper and lower continental margin
(Collot et al., 2002; Witt et al., 2005; Calahorrano, 2005) along N-S directed seaward dipping major
normal faults, and 2) a major Quaternary extensional tectonic step leading to the major depocenters
formation along the Esperanza, Tumbes and Jambeli basins controlled by the northward drifting of the
NAB. The main NAB eastern limit does not cross the Puna island as it was previously proposed
(Deniaud et al., 1999; Dumont et al., 2004). No connection between the NAB drifting related
structures and the trench is needed to explain the evolution of the whole continental tectonics and shelf
areas. A wide discussion of the local tectonics and its immersion in a whole geodynamic scenario as
well as a comparison with other tectonic escape systems are proposed. Several geodynamic aspects
such as: ridge subduction, subduction-erosion, interplate coupling and related upper-plate deformation,

sediment bypassing or trapping as a result of subsidence and emersion are discussed.
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[1] Interpretation of industrial multichannel seismic
profiles and well data are used to identify the main
tectonic features of the Gulf of Guayaquil (GG) area.
These include two E-W trending major detachments:
the Posorja and the Jambeli detachment systems,
which represent half grabens with oppositely dipping
detachments, to the south and to the north,
respectively. The NE-SW trending Puna-Santa Clara
fault system developed as a transfer fault system
between the Posorja and the Jambeli detachments. The
Esperanza and the Jambeli basins exhibit 3—4 km of
sediment that accumulated during the past 1.6—
1.8 Myr. The Puna-Santa Clara fault system bounds
the Esperanza and the Jambeli basins, evidencing
that the evolution of these basins is tightly controlled
by the two detachments at depth. To the west, the N-S
trending Domito fault system bounding the Posorja
detachment system and the Esperanza basin to the
west acted as a transfer zone between the shelf area
and the continental slope. The Pliocene series show no
significant variations in thickness throughout the Gulf
of Guayaquil area suggesting that no important
tectonic deformation occurred from 5.2 to 1.8—
1.6 Ma. The major period of tectonic deformation in
the Gulf of Guayaquil area occurred during the
Pleistocene times. Three main tectonic steps are
identified. From early Pleistocene to ~180 ka, major
subsidence occurred along the Esperanza and Jambeli
basins. From ~180 to ~140 ka, most of the Gulf of
Guayaquil area was above sea level during the isotope
substage 6 low stand. From ~140 ka to Present,
tectonic activity is restricted along the normal faults
bounding the Esperanza basin, the Tenguel fault, and
the Puna-Santa Clara and Domito fault systems. A N-S
trending tensional stress regime characterizes the
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Pleistocene times throughout. The northward drifting
of the North Andean block is proposed to control
the tectonic evolution and associated subsidence of the
Gulf of Guayaquil area. It is also accepted that the
collision of the Carnegie ridge with the trench axis has
to play a major role in controlling the North Andean
block northward drift. Because the Carnegie ridge
subduction is possibly an ongoing process, which
began prior to the Pliocene, we postulate the along-
strike morphology of the ridge at the origin of
interplate coupling variations. The subduction of an
along-strike positive relief of the ridge is proposed at
the origin of the major tectonic reorganization of the
GG area occurring at ~1.8—1.6 Ma. Citation: Witt, C.,
J. Bourgois, F. Michaud, M. Ordofiez, N. Jiménez, and M. Sosson
(2006), Development of the Gulf of Guayaquil (Ecuador) during
the Quaternary as an effect of the North Andean block tectonic
escape, Tectonics, 25, TC3017, doi:10.1029/2004TC001723.

1. Introduction

[2] Active tectonic deformation in the Ecuadorian Andes
has been the subject of many studies during the last 15 years
[Winter and Lavenu, 1989; Soulas et al., 1991; Tibaldi and
Ferrari, 1992; Winter et al., 1993; Ego et al., 1996].
Nevertheless, few studies deal with the analyses of the
coastal active tectonics and the evolution of the Gulf of
Guayaquil (GG) area through time. In the GG area
(Figure 1), the so-called Dolores-Guayaquil Fault System
(DGFS) was considered to be part of the eastern active
boundary of the North Andean block (NAB), the northward
motion of which was proposed to be at the origin of the GG
area subsidence [Campbell, 1974; Shepherd and Moberly,
1981]. Deniaud et al. [1999] interpreted the tectonic defor-
mation of the GG area as a consequence of an extensional
strain associated with the northward drifting of the NAB.
They proposed that the first phase of subsidence took place
in the GG area during the Pliocene, the GG area developing
as a pull-apart basin along the NAB eastern limit. However,
the evolution of the GG area and the role of the NAB
eastern limit in its development remain poorly understood.

[3] On the basis of multichannel seismic reflection pro-
files and well data acquired by Petroecuador (Ecuadorian
Petroleum Company) during the past two decades, we
document the geodynamic evolution of the GG area for
the past 2 Myr. The study area includes (Figure 1b) offshore
zones located on either side of the Pund and Santa Clara
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(a) Structural framework of the Andean segment extending from northern Peru to Venezuela

showing the NAB limits and the forearc basins of the Ecuadorian segment, modified from Taboada et al.
[2000]. (b) Structural sketch of the Gulf of Guayaquil area. Bathymetry of the continental margin and
trench is a compilation of data from the Seaperc cruise (J. Bourgois chief scientist) of the R/V Jean
Charcot and the Andinaut cruise (J. Bourgois chief scientist) of the R/V L’Atalante. Legend is for
both Figures la and 1b. AF, Algeciras fault; BB, Borbon basin; BF, Bocond fault; BR, Baudo range;
CP, Caribbean plate; CPF, Calacali-Pallatanga fault; CR, Carnegie ridge; CSF, Chingual-La Sofia fault;
GF, Guaicaramo fault; GFZ, Grijalva fracture zone; IAV, Inter-Andean valley; MB, Manabi basin; NAB,
North Andean block; NP, Nazca plate; PB, Progreso basin; PCT, Peru-Chile trench; PI, Puna island;
PSCFS, Puna-Santa Clara fault system; SAFTB, Sub Andean fault and thrust belt; SAP, South America

plate; SCI, Santa Clara island; SER, Santa Elena rise; ZTB, Zorritos-Tumbes basin.

islands. Data are confined to above 100 m water depth,
landward from the shelf slope break. We have identified
three major tectonic features: the Esperanza and Jambeli
basins and a diapiric zone located at the seaward edge of the
continental platform. The evolution of these features is
controlled by six main active fault systems (Figure 2),
which include: the Puna-Santa Clara fault system (PSCFS),
the Posorja detachment system (PDS), the Tenguel fault, the
Domito fault system (DFS), the Esperanza graben, and the
Jambeli detachment system (JDS). These major structures
have been poorly characterized in previous studies. Their
description improves available constraints on the tectonic
reconstruction and subsidence history of the area. In addi-
tion, we present detailed mapping of the active structures
and their evolution through time, and a geodynamic sce-
nario for the Pliocene and Quaternary based on these
constraints.

2. Geodynamics and Geologic Framework

[4] The Nazca plate (Figure 1) is subducting eastward
beneath the South America plate at a rate of about 6—7 cm/yr
in an E-W direction [Freymueller et al., 1993; Kellogg and
Vega, 1995; Trenkamp et al., 2002]. The dip angle of
subduction ranges between 25° and 35° [Pennington,
1981; Guillier et al., 2001]. The Carnegie ridge is an

approximately E-W trending bathymetric high of the Nazca
plate entering the subduction between 1°N and 2°S latitude.
Along the collision area of the Carnegie ridge with the
trench, the Ecuadorian continental margin is being uplifted
at Present [Lonsdale, 1978]. Daly [1989], Benitez [1995],
Aalto and Miller [1999], Pedoja [2003], and Cantalamessa
and Di Celma [2004] have proposed that the evolution of
the forearc basins such as Borbon and Manabi basins were
controlled by the Carnegie ridge subduction. Also the
chemistry of the active volcanic arc [Bourdon et al., 2003;
Samaniego et al., 2005] and cooling uplift-related Andean
rates [Steinmann et al., 1999; Spikings et al., 2001] were
related with the timing of arrival of the Carnegie ridge to the
trench axis. The proposed ages for the ridge-trench collision
lie in the range between 1 and 15 Ma (i.e., Lonsdale [1978]
and Spikings et al. [2001], respectively, other ages lying in
this range were also proposed by Rea and Malfait [1974],
Hey [1977], Lonsdale and Klitgord [1978], and Wilson and
Hey [1995]). A flat slab coincident with the zone of
Carnegie ridge subduction was proposed from seismologi-
cal global data [Gutscher et al., 1999]. This flat slab
configuration was first constrained by two events located
at 250—300 km from the trench and then related to a model
of adakitic volcanism generation [Gutscher et al., 1999;
Bourdon et al., 2003]. Seismological studies using a
dense network of 54 stations installed in northern Ecuador
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Figure 2. Structural map of the GG area. Solid line shows the active tectonic features. Dashed line
shows the tectonic features with no clear activity today. The nonreflective seismic zones and diapirs are
mapped down to 2 s TWTT. AS1, Amistad Sur 1 well; DFS, Domito fault system; D1, Domito 1 well;
El, Esperanza 1 well; FE1, Fel well; GG1, Golfo de Guayaquil 1 well; JDS, Jambeli detachment system;
PDS, Posorja detachment system; PSCFS, Puna-Santa Clara fault system; T1, Tiburon 1 well; TL1,

Tenguel 1 well; ZMR, Zambapala mountain range.

[Guillier et al., 2001] do not reveal any major changes in the
slab dip angle at depth associated with the Carnegie ridge.

[5] At ~1°N latitude, the trench axis exhibits a change in
trend from N-S to the south to NNE to the north. North of
1°N, the convergence between the Nazca and South Amer-
ica plates is oblique and produces motion partitioning [Ego
et al., 1996]. The North Andean block (NAB) is migrating
to the NE along a major right-lateral strike-slip system at a
rate of 6 + 2 mm/yr [Trenkamp et al., 2002]. The oblique
convergence and the subduction of the Carnegie ridge have
been proposed to be at the origin of the northward drifting
of the NAB [Pennington, 1981; Ego et al., 1996]. Along the
Ecuadorian coast the NAB exhibits mainly oceanic terrane
accreted to the Andean continental margin. The obduction
of these oceanic terranes occurred between the Late Creta-
ceous and the late Eocene [i.e., Feininger and Bristow,
1980; Bourgois et al., 1982, 1987, 1990; Benitez et al.,
1993; Jaillard et al., 1997; Reynaud et al., 1999; Lapierre et
al., 2000; Mamberti et al., 2003]. Even so, faults limiting

continental crust tectonic units also accommodate NAB
motion. Winter and Lavenu [1989], Soulas et al. [1991],
and Ego et al. [1996] described the NAB eastern limits as a
major system of dextral faults cutting across the Ecuadorian
Andes through several active fault segments (Figure la)
such as the Calacali-Pallatanga fault, the thrust faults along
the Inter-Andean valley, and the Chingual-La Sofia fault.
Along the Inter-Andean valley this system would form a
restraining bend along central and northern Ecuadorian
Andes [Ego et al., 1996; Winkler et al., 2005]. In Colombia,
the fault and thrust belt of the eastern front of the Oriental
Cordillera (i.e., the Algeciras and Guaicaramo faults and the
Pamplona indenter) connect to the north with the Bocond
fault system in Venezuela. All these structures show features
suggesting active deformation [Boinet et al., 1985; Bourgois
et al., 1987, 1990; Audemard, 1997; Taboada et al., 2000;
Dimate et al., 2003; Velandia et al., 2005; Dhont et al.,
2005]. These fault systems show evidence of reactivation or
tectonic inversion of older tectonic features and suture zones
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Figure 3. Stratigraphic columns from industrial wells drilled in the GG area. Age distribution is from
micropaleontological and pollen assemblages. No well reached oceanic or continental basement. Tiburon
1 well is placed along the Santa Elena rise, away from the basin depocenters. The Tiburon 1 well data are
used for basin basement correlations (acoustic basement along lines). See Figure 2 for well location.

Numbers refer to depth below seafloor.

[Audemard, 1997; Guillier et al., 2001; Dimate et al., 2003;
Winkler et al., 2005]. Even so, other models suggest that the
NAB does not act as a single block moving northward and
that the accommodation of the deformation is more com-
plicated since the Caribbean plate (Figure 1a) influences the
area north of 4—5°N [Ego et al., 1996; Taboada et al., 2000;
Corredor, 2003; Acosta et al., 2004; Cortés et al., 2005].
This model suggests that the zone of transition between
the NE-ENE Nazca plate-related compression to the ESE
Caribbean plate-related compression is placed at 4—5°N
along an E-W trending transfer zone (i.e., the Baudo range,
Figure la [Taboada et al., 2000]).

[6] The forearc evolution is marked by the develop-
ment of four main basins, from north to south these
include: the Borbdn, the Manabi, the Progreso, and the
GG (Esperanza and Jambeli) basins. All of these basins
show periods of shallowing or deepening of facies as
they evolved through time [Benitez, 1995; Deniaud,
2000]. Except in the GG area, the subsidence of the
other basins began approximately during the early Mio-
cene. The sediment accumulation of the Esperanza and
Jambeli basins is mainly composed of clastic deposits
ranging in age from Mio-Pliocene (prerift sequences) to
Pleistocene (synrift sequences). The Santa Elena rise

separates the Miocene Progreso basin from the Pleisto-
cene GG basins (Figures la and 2). The sediment
accumulation of the GG area has recorded the tectonic
and climatic signals of the adjacent continental areas. It
includes the major continental crustal thinning of the GG
area basement and the sediment coastal drainage and
transport to the trench. Therefore the GG area is a key
zone to develop analyses for constraining the tectonic
evolution of the southern boundary of the NAB. Seaward
of the GG area, the upper and middle continental slope
are characterized by intense deformation along seaward
dipping normal faults which constraint a subduction-
erosion tectonic regime working at depth. At the toe of
the continental slope, trench fill sediments are offscraped
to form an incipient frontal accretionary prism [Collot et
al., 2002; Calahorrano, 2005].

3. Data

[7] This study considers the stratigraphy of seven indus-
trial wells located at key sites (Figures 2 and 3). The data
include determinations of microfossil and pollen associa-
tions as well as the environmental signature of sediment and
rock petrology analyses. The selected wells such as Tenguel
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1 and Esperanza 1 are located at sites where high subsidence
rate is recorded. The Amistad Sur 1, Fel, and Domito 1
wells on one side, and the Golfo de Guayaquil 1 and
Tiburon 1 wells on the other side were selected because
they are located above structural high and along transition
zones, respectively. Only the Tiburon 1 well is used for
acoustic basement correlations. This well is located away
from zones of thick sediment filling, so we did not use it to
correlate ages in those zones. The Fel well, which is located
over a zone showing no clear seismic reflection resolution,
also exhibits poorly defined stratigraphic data. As a conse-
quence, no correlation of the Fel well data with records
from the GG area is possible.

[s] The sediment accumulation of the Esperanza and
Jambeli basins is mainly composed of clastic deposits
ranging in age from Mio-Pliocene (prerift sequences) to
Pleistocene (synrift sequences). The early middle Miocene
sequences (Subibaja Formation) accumulate in an outer
platform to continental environment. The middle to late
Miocene transitional sequences (Progreso Formation) and
the Pliocene-Pleistocene marine sequences (Lower and
Upper Puna formations) were deposited in an inner platform
environment [Benitez, 1995, and references therein].
Deniaud et al. [1999] identified at least four subsidence
phases for the GG area: (1) a phase of low subsidence—low
sedimentation rates during Mio-Pliocene, (2) a phase of
high subsidence—high sediment deposition rates during
early Pleistocene, (3) a phase of low subsidence—low
sediment accumulation rates in the late Pleistocene, and
(4) a phase of relatively high subsidence—high sediment
accumulation rates during the Holocene. No evidence of
stratigraphic age exists for phases 3 and 4. In this work, we
assume that the GG area evolved through two main steps.
The first one, during the Mio-Pliocene is characterized by
low subsidence—low sedimentation rates, and the second
one, during the Pleistocene, exhibits high subsidence and
sedimentation rates that a short exposure phase of the GG
area interrupted.

[¢] The seismic lines used in this work were collected
and processed by different companies between 1980 and
1983. We have analyzed about 100 of them for a total of
~4000 km (Figure 2). Only 15 key lines are presented in
this work. All profiles have been treated using a conven-
tional processing sequence including deconvolution and
migration. The analyzed seismic lines show high-quality
seismic reflections down to 4—5 s two-way traveltime
(TWTT). The poor quality of seismic reflections does not
offer proper constraints on the tectonic history of the deeper
series.

4. Interpretation

[10] The GG area (Figure 2) shows three main zones
exhibiting different origin and style of tectonic deformation.
The central zone exhibits the Esperanza basin, which
developed south of the Posorja detachment system (PDS).
The Domito fault system (DFS) and the Puna-Santa Clara
fault system (PSCFS) bound this basin to the west and to the
east, respectively. The Jambeli basin develops east of the
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PSCFS. The Jambeli detachment system (JDS) bounds the
Jambeli basin to the south. The upper continental slope
extends west of the DFS.

4.1. Posorja Detachment System

[11] The Posorja detachment system (PDS) bounds the
Esperanza basin to the north. It corresponds to the boundary
between the Santa Elena rise and the Esperanza basin,
which separates the Paleocene—early Miocene acoustic
basement to the north from the Pliocene-Quaternary basin
infill to the south (Figure 2). It exhibits a strong signature on
profiles at depth ranging from 2 to 5 s TWTT. Once
corrected for the ~2.5 vertical exaggeration, this disconti-
nuity dips to the south with an angle of about 20°. The
seismic profiles reveal that the direction of the PDS changes
from E-W to NE-SW along trend. A southward increasing
subsidence rate and a rollover fold developing to the south
is associated with the development of this major tectonic
discontinuity. Consequently, the PDS is a low-angle flat
ramp. The seismic profiles show that this detachment
controlled the subsidence all along the system during the
Quaternary. The subsidence is limited to the west by the
DFS and to the east by the PSCFS (Figure 2). Along line 1,
the lower series shows a normal drag fold pattern with
highest subsidence zones placed close to the discontinuity.
This tectonic signature resembles that of a simple normal
fault along the NW-SE segments of the PDS (line 1,
Figure 4). Along line 2, subsidence is weaker but the
highest subsidence of Quaternary series is located away
from the tectonic discontinuity suggesting that southward
subsidence was controlled by the detachment structure. We
consider that high subsidence and normal drag fold subsi-
dence related pattern observed close to the tectonic discon-
tinuity of the PDS along linel is a local signature related to
change in its trending direction. This change in trend
possibly plays an important role in the amount of subsi-
dence generated by the PDS at this zone. In contrast, the
shallow Quaternary series shows a rollover reverse drag fold
pattern (lines 1 and 2). We assume that this tectonic feature
is related to the major dip change of the detachment from
subhorizontal to the north to about 20° to the south making
necessary the rollover fold to develop. The rollover folding
placed above the horizontal surface along line 1 probably
results from the slip of an eastern or northern fault. Even so
this fault has not been observed in seismic lines. The
northern flank of the rollover fold is characterized by the
development of normal faults (lines 1 and 2). These faults
located above the flat ramp of the detachment accommodate
the rollover deformation in this area. Because global com-
pilations of normal fault focal mechanisms show only a
small fraction of events with nodal plane dipping less than
30°, doubt persists that faults either initiate or slip at shallow
dips. However, geologic reconstructions and seismic reflec-
tion profiling indicate that initiation and slip on low-angle
normal faults in the upper crust are common in the geologic
record [i.e., Wernicke, 1981; Angelier and Coletta, 1983;
Spencer, 1984; Buck, 1988].

[12] The deeper series observed along the seismic profiles
along the western part of the PDS (lines 1 and 2) tend to
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Figure 4. Posorja detachment system (PDS). (top) Line 1. Note that the development of the PDS
controlled the accumulation of sediment along the hanging wall. Also a rollover fold developed as the flat
ramp of the detachment developed. The late Pleistocene unconformably overlies the rollover fold. The ES
unconformity is associated with an exposure occurring during the isotope substage 6 low stand. No active
subsidence related to the detachment is observed above the ES unconformity. (bottom) Line 2.
Thickening of the syntectonic sequences show that the flat ramp of the PDS was mainly active during the
early Pleistocene. Note the presence of a rollover fold. Dark grey shows the basement (i.e., Paleocene—
early Miocene sequence of the Santa Elena rise). Light grey shows the Pliocene. ES, exposure surface,

unconformity. See Figure 2 for location of lines.

thicken near the ramp, indicating that sedimentation oc-
curred during tectonic deformation along the detachment.
This began possibly during the Pliocene (the Pliocene series
along line 1 lies on the zone where seismic reflections
become unclear) in the western part of the system. To the
east (line 2) the Pliocene shows no thickness variation. The
main subsidence event took place in the early Pleistocene.
Because the late Pleistocene unconformably overlies (ES in
Figure 4) the related rollover fold deformation, we consider
that the PDS has no significant activity since that time.

[13] A thinner sequence of late Pleistocene age uncon-
formably overlies the thick syntectonic sediment accumu-
lation. We assume that after this episode the PDS shows no
significant activity. Even so, minor extensional activity has
been observed in the segment placed near the Puna island
(Figure 2). There, the observed deformation is not related to
the detachment but to a growth fault that developed between
the flat ramp and the sedimentary cover.

4.2. Jambeli Detachment System

[14] The Jambeli detachment system (JDS) and the asso-
ciated Jambeli basin (Figure 2) are characterized by a

complex array of old (pre-Quaternary) and recent structures.
The projection of data from the Tiburon 1 well to the east
and the seismic facies interpretation from line to line allows
us to identify the Jambeli basin basement to be probably of
Paleocene—early Miocene age. The base of the early Pleis-
tocene facies has been projected from the Amistad Sur 1
well, using N-E and N-W trending seismic lines (line 5,
Figure 5).

[15] The JDS includes two major faults: a southern
normal fault and a northern low-angle slip surface both
dipping to the north. The northern fault (i.e., the Puerto
Balao fault) connects the detachment at depth (line 3). The
Jambeli basin exhibits a 2—3 km thick accumulation of
sediment. This accumulation is mainly controlled by the
Puerto Balao fault development. The Puerto Balao fault
shows a complex geometry. In line 3 it dips almost
vertically close to the seafloor. It flattens downward to be
almost horizontal as it connects to the southern segment at
depth. The Puerto Balao fault marks the southern limit of
the main early Pleistocene subsidence in the Jambeli basin.
Along this fault, subsidence is also controlled by a series of
antithetic normal faults developing above the active slip
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NO CLEAR REFLEXIONS

Puerto Balao fault

Figure 5. Jambeli detachment system (JDS). (top) Line 3. Age interpretation is from Amistad Sur 1
well data projected to the Jambeli area. Main subsidence phase occurred during the early Pleistocene
times. (bottom left) Line 4, rollover folding developed in association with the flat ramp of the JDS. Note
that the synthetic and antithetic faults only developed above the flat ramps. (bottom right) Line 5, note the
ES unconformity that is coeval with that identified along line 3. Dark grey shows the basement. Light
grey shows the Pliocene. ES, exposure surface, unconformity. See Figure 2 for location of lines.
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zone (line 4). Also rollover folds developed in these areas of
high subsidence rate indicating the presence of low-angle
slip working at depth (lines 3 and 4). The sites showing the
highest subsidence are those located in the limit between the
offshore and onshore seismic lines enhancing a lack of data
that prevents an accurate analysis of this zone.

[16] The southern fault of the JDS exhibits an E-W
trending direction, roughly parallel to the Puerto Balao fault
(Figure 2). The almost horizontal attitude of the sedimentary
sequences located between the two faults (line 3) reflects the
low tectonic activity of the southern segment. The recent
activity of this southern segment is characterized by low-
amplitude vertical displacement, which is associated with
low subsidence in the sedimentary cover (lines 3 and 5,
Figure 5). On the other hand, the basement of the Jambeli
basin exhibits a greater displacement along the fault (lines 3
and 5, Figure 5). The difference in displacement observed
between the recent and older sequences is possibly related
to a recent reactivation of the fault in the early Pleistocene
(Figure 5). Subsequently, no tectonic deformation exists
during the development of an erosional unconformity (ES in
lines 3 and 5, Figure 5) overlying older sequences. This
unconformity is associated with a general subaerial expo-
sure of the GG area occurring between 182 and 329 ka
(section 5.2).

4.3. Puni-Santa Clara Fault System

[17] On the basis of the available seismic profiles, we
have identified three main segments along the Puna-Santa
Clara fault system (PSCFS), from NE to SW it includes
(Figure 2): the Punad segment, the Santa Clara platform
segment, and the southern Amistad structure.

[18] To the north, along the Pund segment, the PSCFS
shows weak compressional deformation (line 6, Figure 6).
The deeper sequences show no syntectonic features related
to the formation of this structure, indicating that deforma-
tion began recently. No evidence exists onshore for the
PSCFS having a prolongation to the north. Northeast of
the Pund island the seismic profiles show an elongated 5—
7 km wide nonreflective zone (Figure 2). Close to this
zone the acoustic signature of the upper layers (profile not
shown) shows major tectonic disruption also suggesting
that recent compressive activity occurred. The seismic
profiles allowed us to follow this nonreflective zone
(Figure 2) to the south, across the Puna island and below
the Zambapala mountain range (300 m above sea level).
Unfortunately, the loss of seismic reflections and the
uncertain correlation with the ages obtained from well
data prevent constraining properly the chronology of the
tectonic activity within the area.

[19] Southward, along the segment of the Santa Clara
platform (Figure 2) the seismic profiles reveal a pop-up
compressional structure (line 7, Figure 6). At that site, the
seafloor exhibits a 4—17 m high scarp, indicating that
the structure is active. On either side of the PSCFS, the
thickness of the early Pleistocene-Pliocene sequences shows
no significant variation, suggesting that the pop-up structure
formed afterward. Because the syntectonic on-lap deposits,
unconformably overlying the raised series, are of late
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Pleistocene age, we assume that deformation began at the
early late Pleistocene boundary.

[20] The southern prolongation of the PSCFS corre-
sponds to an antiform, the so-called Amistad structure
(line 8, Figure 7). No Pliocene thickness variation is
observed crossing of the Amistad structure documenting
that no significant tectonic activity existed during the
Pliocene at that site (lines 8, 9, and 10, Figure 7).
Paleontological markers from the Amistad Sur 1 well,
combined with seismic facies signatures; show that Qua-
ternary subsidence was more important west of the
structure than to the east. Instead to record the tectonic
activity of the PSCFS, this variation in thickness recorded
the subsidence history of the Esperanza basin that began
in the early Pleistocene. Indeed, the western segments of
lines 8 and 9 (Figures 2 and 7) are located at the eastern
edge of the Esperanza basin. The late Pleistocene on-lap
sedimentation unconformably overlying raised up series
of early Pleistocene age (line 8, Figure 7) documents a
compressional tectonic event that affected this basin limit
at the early late Pleistocene boundary. More to the south
(line 9, Figure 7), as the antiform broadens the on-lap
syntectonic deposits thin, which suggests that the edge of
the basin is almost not affected by the late Pleistocene
compressional deformation at that site. The southernmost
profile (line 10, Figure 7) shows that no deformation
exists in this area. At this point, the southern edge of the
Esperanza basin has no clear expression. The main
activity of the PSCFS has taken place during the Qua-
ternary. At that time the tectonic activity along the
Amistad structure propagates 6—7 km to the south in a
gentle flexure structure. Three to four km to the south,
line 10 shows no tectonic structure or sediment thickness
variation in the prolongation of the Amistad structure.
Thereff)re the PSCFS exhibits no prolongation south of
~3°25'S.

4.4. Esperanza Graben

[21] The Esperanza graben is located in the central part of
the GG area. It trends roughly perpendicular to the PSCFS
and the DFS (Figure 2). The Esperanza graben is bounded
to the north and to the south by a series of major normal
faults dipping toward the graben axis (line 11, Figure 8).
The trend of the system changes from ESE to the west to
ENE to the east. The faults that limit the graben are among
the most active tectonic features in the GG area. Also, these
faults record the most significant dip-slip component
observed from the available data. This graben is the area
of the GG where subsidence was the second greatest.
Here the Quaternary series are more than 3000 m thick.
During the late Pleistocene, no tectonic inversion is ob-
served along the faults bounding the graben. An antiform
trending approximately E-W developed between the active
limits of the graben. The uniform thickness of the Pliocene
throughout the graben area (line 11) associated with the
early Pleistocene highest subsidence rates along faults
indicate that this antiform formed during the early Pleisto-
cene time. Because this antiform is associated with major
normal faults we assume that it develops either as a rollover
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Figure 6. Puna-Santa Clara fault system (PSCFS). (top) Line 6, northeastern segment of PSCFS. No
age correlation is possible in this area. Seismic record shows moderate contraction. The lost of seismic
signal upward prevents to characterize the most recent deformation. Sequences show no variation in
thickness on either side of the PSCFS suggesting that tectonic deformation occurred recently. (bottom)
Line 7, the Santa Clara island segment of PSCFS. The thickness of the Pliocene—early Pleistocene
sequence shows no variation crossing the fault system. Fault activity began in the late Pleistocene. The
rollover fold to the NW is related to the PDS development. Dark grey shows the basement. Light grey
shows the Pliocene. See Figure 2 for location of lines.

fold along a detachment fault at depth or as the signature of
a lateral strike-slip component along the normal faults
bounding the graben.

4.5. Tenguel Fault

[22] The Tenguel fault (line 12, Figure 8) shows a major
change of its trending direction, from N-S to the north to E-

W to the south. It is a normal fault and its evolution is
recorded by 3600 m of Quaternary sediments. This is the
highest sedimentation rate known in the GG area. The
seismic profile (line 12, Figure 8) exhibits at least two
faults. A scarp on the seafloor indicating that tectonic
deformation is active underlines the main fault to the west.
The two faults together and an antiform feature placed
between them form a positive flower type structure located
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Figure 7. Southern segment of the Puna-Santa Clara fault system (PSCFS). (top) Line 8. The so-called
Amistad structure shows no significant variation in thickness of the Pliocene sediment, the antiform
structure formed afterward. (bottom left) Line 9. The Amistad structure flattens southward. (bottom right)
Line 10. More to the south, no tectonic deformation exists in the prolongation of the Amistad structure.
See Figure 2 for location of lines.
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Figure 8. Esperanza graben and the Tenguel fault. (top) Line 11. The syntectonic series are of early
Pleistocene age. Note the antiform at the center of the line. It may originate either from strike-slip induced
deformation or rollover folding related to PDS at depth. Age controls are from the industrial E1 well
located 8 km off line. (bottom) Line 12. The Tenguel fault evolved as a normal fault during the early
Pleistocene. The vertical eastern branch of the fault (EB) possibly originated from late Pleistocene
compression. At Present, the Tenguel fault is under tensional stress. Age controls are from the industrial
T1 well located 8 km off line. ES, exposure surface, unconformity. See Figure 2 for location of lines.

in the central part of the system. The Tenguel fault evolved
through three tectonic episodes:

[23] . During the early Pleistocene the southwestward
dropping and the thickened sedimentary series close to the
Tenguel fault suggest that a major normal faulting event
occurred. The main accumulation of sediment occurred at
that time as the flat normal Tenguel fault evolved.

[24] 2. The formation of the antiform occurred in late
Pleistocene times. This feature is associated with a trans-
pressive component of deformation along the Tenguel fault
and/or to space problems arising during downward move-
ment of the hanging wall block. This effect is probably due

to the curvature of the fault at depth and to the drastic
change in trend which push-up the hanging wall block
(Figures 2 and 8). Seismic lines do not allow us to constraint
a single model for the antiform formation. Even so, if there
is a compressive episode, the compressive deformation does
not significantly displace reflections as compared to the
~1 km down throw, which occurred during the previous
tensional episode. The tectonic inversion episode is a local
and minor event.

[25] 3. Subsequently, an extensional tectonic episode
occurred along the Tenguel fault. This tectonic event is
associated with the development of a normal fault, which
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displaced the seafloor along an 11 to 40 m high scarp. This
suggests that extensional processes controlled the tectonic
evolution of the Tenguel fault during the late Pleistocene.
The Tenguel fault, located above the PDS, appears as a
second-order tectonic feature associated with the first-order
PDS located at depth. We consider that the Tenguel fault is
an antithetic tectonic feature that developed in close asso-
ciated with the PDS at depth.

4.6. Domito Fault System

[26] The Domito fault system (DFS) is roughly located
along the shelf break, which bounds to the west the
continental platform from the upper continental slope. Also,
it marks the limit of the Esperanza basin to the west
(Figures 2 and 9). Westward, from the DFS, the continental
slope exhibits a series of N-S trending structures with strong
signature both in bathymetric and seismic records. These
seaward dipping tectonic features are listric normal faults
(lines 13 and 14, Figure 9) accommodating the tensional
tectonic regime along this area. The tectonic style and
deformation along the continental slope is different than
those identified to the east along the Esperanza basin.

[27] Along the DFS the deepest deformed reflectors in the
northern part of the system are observed at 3.5-4 s TWTT
below seafloor. The thickening of the sedimentary sequen-
ces toward the DFS indicates the occurrence of syntectonic
sedimentation suggesting that this fault system was mainly
active during Miocene to Pliocene time (lines 13 and 14,
Figure 9). To the south, close to the Peru-Ecuador border,
the eastern fault of the DFS is associated with a N-S
trending fold. We suggest that strike-slip motion occurred
along the fault (Figure 2). The roughly N-S trending PSCFS
and DFS bound the Esperanza basin to the east and to the
west, respectively. As the PSCFS, the DFS acted as a
transfer fault during Pleistocene time. Evidences including
the presence of seafloor escarpments along the DFS show
that the system is active at Present.

[28] Several mud diapirs exist along the seaward break of
the continental platform (line 15, Figure 9). These mud
diapirs underline the DFS. Instead of being related to
the fault zone, Deniaud et al. [1999] proposed that the
emplacement of the diapirs originated from Quaternary
sediment having high sedimentation rate. We found no
direct relationship between the zones of high Quaternary
subsidence rate and the emplacement of the diapirs. As a
matter of fact no diapirs are observed in areas of highest
subsidence rates (i.e., inside the Esperanza basin). The
diapirs are only observed along the upper continental slope,
and their emplacement is tectonically controlled by N-S
trending normal faults. The roots of the diapirs are not
identified in the seismic lines, indicating that the under-
compacted mud material from which they originated is
located deeper than 5 s TWTT below seafloor (i.e., deeper
than 5000—6000 m below seafloor). Deep marine multi-
channel seismic reflection profiles acquired across the
western part of the GG and the continental platform [Collot
et al., 2002] show that diapirs possibly root at the main
unconformity between the basement and the sedimentary
cover at 6—8 s TWTT depth below seafloor [Calahorrano,
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2005]. None of the diapirs identified in this area pierce
through to the seafloor suggesting that the process is
currently inactive (line 15, Figure 9). Because the late
Pleistocene unconformably overlies the diapir structures,
they probably remained inactive since that time.

5. Gulf of Guayaquil Area Evolution

[29] During the Miocene-Pliocene the GG shelf-slope
break was probably located farther east than today. The
N-S trending DFS and associated seaward dipping normal
faults (line 14, Figure 9) that controlled the high subsidence
rate were situated along the upper and middle continental
slopes during this period. The 2 to 7 s TWTT thick Mio-
Pliocene (or older) sediment identified in this area recorded
an E-W trending tensional tectonic step (Figure 10a). This
tectonic regime that induced trench parallel seaward dipping
normal faults is widely recognized along active margins
where subduction-erosion is working at depth [Scholl et al.,
1980; Bourgois et al., 1984, 1988; von Huene and Scholl,
1991]. In this western area of the GG, we assume that
subduction related processes controlled sediment accumu-
lation during the Mio-Pliocene time. Indeed subsidence was
active along the DFS at least since the late Miocene.
Moreover, evidences show that the DFS connects southward
to Banco Peru and farther south to the Talara detachment
[Witt et al., 2006] both structures being associated with
westward dipping N-S trending normal faults. Along the
northern Peruvian margin subduction erosion working at
depth has been considered as the driving mechanism of
subsidence of the continental margin since the middle
Miocene [von Huene et al., 1988]. The tectonic regime
identified along the continental margin of southern Ecuador
(off the Gulf of Guayaquil) extended farther to the south off
northern Peru.

[30] On the basis of the occurrence of Mio-Pliocene
series in well data, Benitez [1995] proposed a Mio-Pliocene
age for the GG area opening. However, the model of Benitez
[1995] was not supported by seismic data. The Pliocene
sediment accumulation shows no major difference in thick-
ness throughout the GG area, suggesting that most of the
major tectonic features, which characterize the area, were
inactive during the Pliocene (Figure 10a). Calahorrano
[2005] reached the same conclusion using 15 s TWTT
length MCS records acquired along the western Esperanza
basin area during the Sisteur cruise [Collot et al., 2002]. The
synrift series along the Esperanza basin traverse are of early
Pleistocene age.

[31] However, along seismic lines a weak opening pulse
of the Esperanza basin occurred locally during Pliocene
time. It is recorded along the PDS western segment
(Figure 10a) showing a low subsidence rate and is likely
not related to the PSCFS. Indeed, we found no evidence for
the PSCFS to exist at that time. Minor subsidence events are
also observed along what will be the JDS. This period of
minor Pliocene subsidence was also observed by Deniaud et
al. [1999].

[32] Regarding the pre-Quaternary evolution, well data of
the GG area (Figures 2 and 3) show that the Miocene and
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PRE-QUATERNARY EARLY PLEISTOCENE (1.8-1.6 Ma to ~0.18 Ma)

MAIN OBSERVED
SUBSIDENCE
PHASE: ~20-5 Ma

.'.. ?

ESTABLE OR
VERY LOW SUBSIDENCE

180 ka-140ka

PRESUMED %
OR -

@ Highsubsidence rate ’ Tectonic inversion - uplifted series ,{ Strike slip fault, transfer fault
[ Lowsubsidencerate <« Subsidence direction

Figure 10. Reconstruction of the tectonic history of the GG area. The coastline is considered only as a
geographic reference frame. Dashed line shows the currently inactive features. (a) Pre-Quaternary time,
main subsidence periods are shown; (b) early Pleistocene time; (c¢) Exposure of the GG area during
isotope substage 6 low stand; and (d) Present time. DFS, Domito fault system; EG, Esperanza graben;
JDS, Jambeli detachment system; LCF, La Cruz fault; PDS, Posorja detachment system; PSCFS, Puna-
Santa Clara fault system (including AS, Amistad structure; PS, Puna segment; SCPS, Santa Clara

platform segment; ZMR, Zambapala mountain range); SER, Santa Elena rise; TF, Tenguel fault. See text
for more detail.
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Pliocene facies described along the Progreso forearc basin
(Figure 1) extend southward along the GG area, including
below the thick Quaternary sediment, which accumulated
along the Esperanza basin. It is of importance to note that
the paroxysm of subsidence along the Progreso basin is
significantly older than along the GG area. Main subsi-
dence-related sedimentation rates along the Progreso basin
occurred during ~23-14 Ma [Benitez, 1995; Deniaud,
2000]. Subsequently, a stable or very low subsidence period
is installed from 14 Ma to present times, a period during
which NAB drifting probably begins [Winkler et al., 2005].
Even so, minor change occurred during the Pliocene, the
stable subsidence phase of the GG area was from ~5 to
~2 Ma [Deniaud, 2000]. At 2 Ma the subsidence-related
sediment accumulation rate increased drastically being
~6 times greater than that recorded during the Pliocene.
In comparison with the Progresso basin, the GG sediment
accumulation rate during the Quaternary is 3—5 and 20 times
greater for the Miocene (23—14 Ma) and the Quaternary
times, respectively. High subsidence rate along the GG
during the Quaternary define the most important tectonic
event in the Ecuadorian forearc for at least the past 10 Myr.
To consider that the GG developed above a precursor
Progreso basin, or if the Domito fault system extended
landward, cannot be resolved with our seismic lines. How-
ever, we consider that the major change in the subsidence
and deformation style during the early Pleistocene time is
the signature of a major reorganization along the NAB
southern limits.

[33] It is possible that the major geodynamic reorganiza-
tion of Pleistocene-Holocene age documented along the GG
area extended to the north across the Progresso basin area.
However, the reorganization along the Progreso basin was
much less significant than along the GG area where the
major PDS slip motion maintained the GG area below sea
level. This evolution of the GG area developed through
three main tectonosedimentary steps: the first one and the
last one characterized by major extensional tectonic events
and high subsidence-sediment accumulation rates and the
second one by an extensive and short-lived emergence of
the GG area in relation with an eustatic sea level low stand.

5.1. Early Pleistocene Step

[34] Major subsidence in the GG area occurred during the
early Pleistocene. Along the Esperanza basin the southward
dipping PDS controlled this subsidence phase. The early
Pleistocene subsidence phase identified in the Jambeli basin
developed in relation to the northward dipping JDS. This
major flat detachment dips in the opposite direction to that
of the PDS (Figure 10b). Therefore during Pleistocene time,
the Puna segment of the PSCFS has to develop as a transfer
fault (PS in Figure 10b) in order to accommodate the
opposite motion of the two opposite verging detachment
systems. The maximum of tectonic deformation to accom-
modate the transfer of motion from one side to another has
to be located along the segment of PSCFS, which connects
the two detachments (i.e., along the Zambapala mountain
range of the southern Puné island, Figure 2). Indeed this
segment of the PSCEFS is the site of major deformation as
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evidenced by the loss of reflections over a 5—7 km wide
corridor following the PSCFS across southern Puna island
(Figure 2). This strip of tectonic deformation, deeply rooted
at depth is interpreted to be a major highly fractured zone
that defines a left-lateral transform zone. Unfortunately, no
age can be projected from the Fel well data to this zone due
to the loss of reflections. In accordance with our transfer
fault model, the age of deformation along the southern Puna
segment of PSCFS must be coeval with the early Pleisto-
cene age of the southward and northward slip motions
documented along the two detachment systems.

[35] The Esperanza and Jambeli basins evolved through a
N-S trending tensional regime. We assume that this regime
is related to the NAB northward drifting. The roughly N-S
trending PSCFS and DFS bound the Esperanza basin to the
east and to the west, respectively. This implies that the DFS
participates in the accommodation of the NAB northward
drifting. The major depocenters with the highest subsidence
rates are controlled by the Tenguel fault and the normal
faults, which bound the Esperanza graben. The development
of these faults during Pleistocene time was controlled by the
PDS at depth.

5.2. Short Period of Uplift and Exposure

[36] A pervasive unconformity marks the end of the early
Pleistocene subsidence phase, which occurred along the
Posorja and Jambeli detachment systems. Early and late
Pleistocene are locally used to refer to the sequences located
below and above the strong reflections that underline the
unconformity. Because about 3000 m of sediment accumu-
lated during the so-called early Pleistocene in the subsiding
zones of the GG area, it is widely accepted that it was
about 1 Myr in duration leading to an accumulation rate of
~3 mm/yr. As a consequence the so-called late Pleistocene
would be about 600—800 kyr in duration. Accepting this
gross interpretation, we assume that the exposure of the GG
area has to occur during one of the four sea level low stand
known during the past 600 kyr, i.e., at ~21, ~140, ~350,
and ~450 kyr [Porter, 1989; Shackleton, 1997; Tzedakis et
al., 1997; Lambeck et al., 2002]. During these past glaci-
ations, sea level was lower by 120—140 m than today.
Because these sea level low stands are 30 to 40 kyr in
duration [Winograd et al., 1997], we assume that the
exposure of the GG area was short in duration, ~20—
50 kyr with respect to the location site. West of the
Esperanza basin the unconformity is at a depth of ~0.4—
0.6 s TWTT (i.e., ~350 to ~500 m) below seafloor in water
depth ranging from 150 to 200 m. Taking into account that
sea level was ~140 m below than today, the unconformity,
which underlines the exposure subsided between 310 and
560 m in this area located more than 100 km west of the
Present coastline. Considering that (1) the NAB escape to
the north is recognized as a major leading factor controlling
the GG tectonics and (2) the kinematic situation allowing the
NAB to drift northward has been stable since the base of the
Pleistocene at ~1.6—1.8 Ma, we assume that subsidence rate
in the GG area has no reason to experience major change
originating from kinematics constraint. In addition, the ex-
posure was short in duration. Therefore it makes sense to
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apply to the GG area a main subsidence rate for the past 1.6—
1.8 Myr, whether or not it was below sea level. In that way, we
calculate that the western Esperanza basin subsided at a mean
rate of about 1.7 mm/yr since the early Pleistocene time.
Using this rate value we infer that the exposure should have
occurred between 182 and 329 ka. Since glacial sea level falls
occurred from 180 to 140 (isotopic substage 6e) and from 380
to 350 ka (isotopic substage 10c), respectively, we assume
that the low stand isotopic substage 6e is the better candidate
for the GG area exposure. Indeed the entire GG is <100 m
depth, it should have been exposed during every glacial
maximum (i.e., ~21, ~140, ~350, and ~450 kyr [Porter,
1989; Shackleton, 1997; Tzedakis et al., 1997; Lambeck et al.,
2002]). However, only the ~180—140 ka glacial maximum
related erosion is observed. This could be explained by the
following: (1) other exposure surfaces are not imaged since
the frequency used in the industrial seismic lines allows to
image the basin architecture at depth and not the sedimentary
processes of the shallower series and (2) considering that sea
level was 120—140 m lower than today, it is probable
that shorelines involved in the ~21, ~350, and ~450 ka
low stands are placed farther west of the available set of
lines.

[37] Evidence of compression exists at three zones in the
GG area. It includes the Santa Clara platform, the southern
Puna island (both located along the PSCFS), and the central
segment of the Tenguel fault (Figure 10c). Moreover,
marine beds of Pleistocene age were documented on the
top of the Zambapala mountain range indicating that uplift
of the cordillera occurred afterward [Deniaud et al., 1999;
Dumont et al., 2005]. These compressional events, which
are roughly coeval with the short-period exposure, show
local restricted extension both in space and time. It is
difficult to explain the existing compressional tectonic
features in the general frame of the kinematics situation
with the NAB drifting to the north. In this context, only
tensional deformation is expected along the GG area.
Because (1) only short segments of the PSCFS and the
Tenguel fault show compressional tectonics with low am-
plitude if compared with the deeply rooted tensional defor-
mation (i.e., low tectonic inversion ratio), (2) no such
compressional features exist along other faults trending in
the same direction, and (3) subsidence exists along the PDS
(line 7, Figure 6) coeval with uplift along the PSCFS at the
Santa Clara island platform, we consider that compression
observed in the GG area is minor and local. In addition, the
structures that exhibit the weak compressive deformation in
late Pleistocene times (i.e., Tenguel fault and Santa Clara
platform) show a pervasive tensional deformation at Pres-
ent. We conclude that an extensional stress regime charac-
terizes the Pleistocene evolution of the GG throughout.

5.3. Postexposure Tectonics

[38] Currently, tensional tectonic activity takes place
along the DFS, the Esperanza graben and the Tenguel fault
(Figure 10d). The PDS and JDS show no evidence for
ongoing extension today. This process implies a southward
migration of the tectonic activity from the PDS to the fault
bounding the Esperanza graben to the north. A major

WITT ET AL.: DEVELOPMENT OF THE GULF OF GUAYAQUIL

TC3017

reorganization of the basin limits is occurring at Present
(Figure 10d). However, minor deformation has been ob-
served along the eastern segment of the PDS. The tectonic
activity takes place along a growth fault, which developed
between the ramp and the sedimentary cover. We propose
that the tectonic deformation associated with this fault is not
directly related to the PDS flat ramp, but accommodates the
motion produced by the currently active PSCFS and Ten-
guel fault (Figure 2). Extensional tectonics controls the
evolution of the GG area at Present.

[39] It is quite difficult to recognize strike-slip deforma-
tion from seismic records because this type of data allows
only the vertical motion to be quantified. Moreover, recog-
nition of strike-slip movement may be particularly difficult
in young fault systems with small cumulated displacement,
where oblique slip or trending slip occurs, and where high
rates of contemporaneous sedimentation blankets the evolv-
ing deeper structures. This is the case of the PSCFS along
which major change in deformation style occurs. It includes
seafloor displacements, “pop-up” systems, flower struc-
tures and highly fractured vertical zones along trend. These
tectonic features demonstrate that the PSCFS is a wrench
fault. Taking into account the nature of the detachment
zones (i.e., a basement rock along which the sedimentary
cover slips) and the slip direction of the detached sedimen-
tary series, we assumed that a left-lateral strike-slip com-
ponent developed along the southern Pund segment (i.e.,
between the junction of PDS and JDS with the PSCFS)
during the main subsidence phase in early Pleistocene times.
Subsequently, the end of the activity along the PDS and JDS
modifies the slip direction along the PSCFS. When tectonic
activity stopped along the PDS and JDS, the PSCFS
accommodated the dextral slip originating from the Tenguel
fault, still active at Present. This is in agreement with the
right-lateral transtensional deformation during the late Pleis-
tocene described along the Zambapala mountain range
[Deniaud et al., 1999; Dumont et al., 2005].

[40] Along the coastal plain southeast of Guayaquil and
the Balao area (Figure 2), no morphotectonic feature is
identified suggesting that active fault exists in both the
northward prolongation of the PSCFS [Eguez et al., 2003]
and the eastward prolongation of the two faults of the JDS.
We thus assume that the PSCFS and/or the JDS do not
connect directly to the Calacali-Pallatanga fault at present
time. The transfer of the partitioning motion between the
NAB and the South American plate is not related to a
simple fault system cutting across the coastal plain area. In
addition, part of the present-day NAB motion must also be
accommodated along the seaward side of the continental
platform, along the DFS, and across the Esperanza graben.

6. Discussion

[41] The NAB northward drifting was proposed to orig-
inate from both the obliquity of the convergence between
Nazca and South America plates [Ego et al., 1996] and the
Carnegie ridge subduction supposed to increase the inter-
plate coupling [Pennington, 1981]. We thus postulate that
one of these two factors or both were at the origin of the
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main reorganization occurring south of the NAB (i.e., along
the GG area) at the Pliocene-early Pleistocene boundary
(i.e., at ~1.6—1.8 Ma [Berggreen et al., 1985; Haq et al.,
1988; Cande and Kent, 1995]). We also postulate that NAB
northward drift exerts important feedback coupling to
tectonic behavior and evolution of the GG area. Because
no significant plate reorganization has been identified
during the past 5 Myr [Pardo-Casas and Molnar, 1987],
we assume that no major change in the obliquity of the
convergence occurred at ~1.6—1.8 Ma. Therefore, accept-
ing seamount subduction as a major factor in the increase of
interplate coupling [Cloos, 1992; Scholz and Small, 1997,
it is reasonable to accept the Carnegie ridge subduction as
the main source of coupling between Nazca and South
America plates along the Ecuadorian segment of the Peru-
Chile trench. We thus postulate the Carnegie ridge subduc-
tion as being the major factor that induced the NAB
northward drifting to increase at the Pliocene—early Pleis-
tocene boundary, and in this manner controlling the GG area
evolution.

6.1. Stress Regime Evolution

[42] Along the continental margin west of the GG, we
document a pervasive Miocene-Pleistocene extensional tec-
tonics associated with seaward dipping normal faults paral-
leling the N-S trending DFS. This normal faulting along
active margins is considered as the signature of subduction
erosion working at depth [Scholl et al., 1980; Aubouin et al.,
1982, 1984; Bourgois et al., 1984, 1988; von Huene et al.,
1989; von Huene and Scholl, 1991].

[43] In early Pleistocene times the subsidence in the
Esperanza and Jambeli basins began. The N-S verging
detachment structures related to the northward escape of
the NAB triggered off the subsidence. Consequently, the
DFS marks the limit between a zone strongly controlled by
margin processes along the upper continental slope and the
continental platform controlled by the northward tectonic
escape of the NAB. This reflects that part of the partitioning
motion is accommodated along the DFS.

[44] The major period of deformation in the GG area
occurred in early Pleistocene times. At that time a major
change in the tensional stress regime occurred from ~E-W
(DFS) to ~N-S (PDS and JDS) inducing a major reorgani-
zation of the NAB southern limits. Accepting that the
subsidence along the GG area is controlled by the north-
ward drifting of the NAB during Quaternary times, we thus
conclude that the Pliocene—early Pleistocene boundary is
associated with a major increase in the northward migration
rate of the NAB.

6.2. North Andean Block Drifting

[45] Tectonic models suggest that the obliquity vector of
convergence between the Nazca and South America plates
is not fully partitioned throughout the NAB and that the
Caribbean plate influenced mainly the area north of 5°N
[Ego et al., 1996; Taboada et al., 2000; Corredor, 2003;
Acosta et al., 2004; Cortés et al., 2005]. The zone of
transition being placed along a major seismically defined
E-W transform zone at ~5°N coincident with the Baudo
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range (Figure 1a) [Taboada et al., 2000]. If only the region
south of 5°N is influenced by the Nazca plate oblique
convergence, which induces a right-lateral stress regime
(i.e., northward drifting of the NAB) the accommodation of
the deformation is more complicated than that involved in a
single block moving northward as proposed from GPS data
[Trenkamp et al., 2002]. Our data do not allow us to
speculate the northernmost extensions of the NAB. For this
reason, we only correlate the evolution of the GG area with
the proposed NAB limits south of the postulated [7aboada
et al., 2000] transition zone at ~5°N.

[46] The age of the NAB northward drifting has been
constrained considering mainly the age of the bounding
tectonic features. In Colombia the NAB drifting is accom-
modated along the Guaicaramo-Algeciras fault [i.e., Velandia
et al., 2005; Dimate et al., 2003]. Quaternary tectonic
features are documented along this fault but no timing for
the beginning of the tectonic deformation is proposed. In
Ecuador, Lavenu et al. [1995] and Winkler et al. [2005]
suggest that the Inter-Andean basins developed in a trans-
pressive tectonic regime related to NAB northward drifting
during the past 5—6 Myr. Even so, Lavenu et al. [1995] argue
that although the formation of the Inter-Andean valley
probably began in the late Miocene, the structural analysis
demonstrates that it was subjected to major E-W shortening
between 1.85 and 1.21 Ma. Furthermore, in the zone where
the NAB eastern limit swings to the GG area a major pull-
apart basin formed along a transtensional-releasing bend.
This pull-apart basin began to form ~2.5 Myr ago [Winter
and Lavenu, 1989]. Similarly, Winkler et al. [2005] defined a
major phase of compression younger that 2.9 Ma along the
northern Inter-Andean valley. These results support our
interpretation that a major reorganization of the NAB limits
took place at the Plio-Quaternary boundary. Furthermore,
roughly dated Quaternary changes in the tectonic regime of
the central part of the Inter-Andean valley has been related to
major changes in the slip of the faults bounding the NAB
[Tibaldi and Ferrari, 1992; Villagomez et al., 2002].

[47] East of the GG area, the Andean foothills of the
Western Cordillera underline a ~100 km displaced zone
(southernmost prolongation of the Calacali-Pallatanga fault)
that has been linked with the dextral slip at the origin of the
GG area [Steinmann et al., 1999; Hungerbiihler et al.,
2002]. To consider that the opening of the GG is of
Quaternary age combined with the ~1 cm/yr rate of NAB
northward drifting only ~20 km of northward drifting of the
NAB may account for Quaternary times. Mainly on the
basis of paleogeographic reconstructions and facies corre-
lations Steinmann et al. [1999] and Hungerbiihler et al.
[2002] suggest a direct connection between the Manabi and
Progreso coastal basins and the Inter-Andean basins, prior
to the uplift of the Andes. They propose that opening of the
GG area occurred ~10 Myr ago and that the opening of the
GG area is related to the ~100 km offset of the Andean
foothills along the Calacali-Pallatanga fault. This interpre-
tation of data allows them to properly match the postulated
~100 km offset and the NAB migration with a 10 Myr
ongoing dextral displacement. Following Steinmann et al.
[1999] and Hungerbiihler et al. [2002], the GG area
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subsidence has to start during the late Miocene. Our data do
not allow us to speculate about the connection between the
forearc and Inter-Andean basins. However, our data of the
GG area document a major discrepancy with this model:
the main subsidence of the GG depocenters began during
the early Pleistocene following a stable Pliocene period
during which no significant tectonic deformation occurred.
We thus consider that the ~100 km of right-lateral slip
along the so-called Calacali-Pallatanga fault zone cumulated
northward drifting from tectonic events as old as the
Paleocene [Dunkley and Gaibor, 1997; Pecora et al.,
1999; Hughes and Pilatasig, 2002; Kerr et al., 2002].
Furthermore, the ~20 km NAB northward drifting that
occurred during the Quaternary time is consistent with the
total net lengthening calculated across a N-S section from
the Santa Elena rise (Ecuador) to the Amotape massif (Peru)
[Witt et al., 2006]. Whatever the old terrane accretion phases
are, the modern construction of NAB limits (i.e., since early
Pleistocene) started from reactivation of ancient suture
zones as previously proposed along northern NAB bound-
aries [Audemard, 1997; Guillier et al., 2001; Dimate et al.,
2003; Winkler et al., 2005]. However, our conclusions leave
an open question regarding the origin of the Pliocene stable
tectonic phase. An understanding of this point could be
achieved considering the along trend morphology of the
Carnegie ridge which show a major central saddle associ-
ated with a ridge necking at about 85-86°W longitude.
Such a lowering and associated necking of the Carnegie
ridge relief entering the subduction may be related with low
coupling at the plate interface and consequently with lower
rates of NAB drifting.

6.3. Carnegie Ridge History

[48] On the basis of onshore offshore wide-angle seismic
data, a minimum age of 1.4 Ma for the Carnegie ridge
subduction was proposed [Graindorge et al., 2004]. Ages
for the Carnegie ridge collision with the trench axis were
proposed from onshore offshore geophysical studies. Sev-
eral first-order constraints were obtained from intensive
surveys of the Galapagos igneous province combining
seismic reflection, gravity, magnetic, and heat flow records
[i.e., Malfait and Dinkelman, 1972; Rea and Malfait, 1974;
Hey, 1977; Lonsdale, 1978; Lonsdale and Klitgord, 1978;
Pilger, 1984; Wilson and Hey, 1995; Meschede and
Barckhausen, 2000; Sallares and Charvis, 2003]. These
works provide constraints to show that the Nazca plate has a
complex plate tectonic history in relation with asymmetrical
and complex tectonic history of the Cocos-Nazca spreading
center. Aseismic ridges and their associated seamounts are
not only the surficial manifestation of hot spot activity but
also reflect regional tectonic events including spreading
centers jumps and migration. As a consequence, no simple
relation between distance and convergence rate can be
established to date the arrival of the Carnegie ridge to the
trench axis. Models have been proposed suggesting that
ridge-trench collision occurred at the Pliocene—early Pleis-
tocene boundary [Rea and Malfait, 1974; Hey, 1977,
Lonsdale, 1978; Lonsdale and Klitgord, 1978; Wilson and
Hey, 1995]. However, older ages for the ridge collision were
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proposed including the late Miocene [Pilger, 1984] and the
early Miocene [Malfait and Dikleman, 1972].

6.4. Slab Geometry

[49] Daly [1989] explored the possible relationship be-
tween slab geometry and the evolution of the forearc area.
During the late Miocene, the Carnegie ridge subduction
may have triggered a regional tectonic inversion along the
forearc. However, he noted that the Carnegie ridge subduc-
tion occurred too late to be the unique factor responsible for
the inversion. Benitez [1995] proposed an extensive analysis
of the forearc stratigraphy and deformation. He shows that
the uplift of the forearc area, including the Manabi and
Progresso basins originated from a tectonic inversion, which
occurred during the Quaternary time. He thus favored a
Quaternary age for the ridge subduction. Subsequently,
Deniaud [2000] minimized the unconformity documented
at the base of the Pleistocene [Benitez, 1995; this work]. On
the basis of this assumption they proposed an older age
for the Carnegie ridge subduction to begin. Recently,
analyses of marine terrace uplift allowed Pedoja [2003]
and Cantalamessa and Di Celma. [2004] to argue that ridge
subduction began at the late Pliocene—early Pleistocene
limit. Similarly, an important post-Pliocene change of the
extensional tectonic regime that characterized the Borbon
basin was associated with the subduction of the ridge by
Aalto and Miller [1999]; they also proposed a Quaternary
age for the ridge subduction.

[50] Other models such as Gutscher et al [1999] suggest
that the Carnegie ridge subduction began 8 Myr ago. Those
models imply the subducted ridge segments to extend far to
the east beneath the Andes. They argue from three major
points including (1) a suggested feedback mechanism
between uplift and subsidence related to the southward
migration of the ridge along the forearc, (2) a seismic gap
of intermediate seismicity (flat slab model), and (3) the
existence of an adakite volcanism. More recent works
dealing specifically with each of these three particular
points [Guillier et al., 2001; Pedoja, 2003; Cantalamessa
and Di Celma, 2004; Garrison and Davidson, 2003; Stern,
2004; Samaniego et al., 2005; Kay, 2005] have presented
evidences against the flat slab model and the related 8 Ma
age for ridge subduction initiation. The adakite volcanism
extensively recognized along the broad Ecuador volcanic
arc was proposed to either originate from lithospheric tears
separating the flat Carnegie ridge from the steeper adjacent
segments or the slab flattening itself. It is postulated that
higher degrees of slab melting can be obtained from higher
geothermal gradient originating from ridge flattening
[Samaniego et al., 2002]. In that manner, the adakitic signal,
which occurred since 1.5 Ma has been interpreted as ridge
induced. Consequently, the ridge collision with the trench
was proposed to occur at ~5 Myr ago. Recently, Samaniego
et al. [2005] related an increase in adakitic products at about
0.4 Ma with the arrival of the Carnegie ridge to the trench
axis. Also extensive evidence was presented from numerous
studies documenting that adakites in the Andes can be
explained by equilibration of mantle wedge derived arc
magma with thickened garnet-bearing continental crust
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rather than by melting of subducted oceanic slabs [Garrison
and Davidson, 2003; Stern, 2004; Kay, 2005, and references
therein].

[51] Along-strike segmentation of the thermal and tec-
tonic response along the Eastern Cordillera of the Ecuador-
ian Andes [Spikings et al., 2001] was also attributed to
differing along-strike subducted slab age, strength and
composition. North of 1°30S, the development of higher
topography and elevated cooling rates at ~15 Ma (north
highest rates up to 50°C/Myr i.e., ~1.4—1.5 mm/yr uplift
rate) and ~9 Ma (south highest rates up to 30°C/Myr i.e.,
~0.8—1 mm/yr uplift rate) are associated with the presence
of the postulated subducted flat slab at depth. It is suggested
that Carnegie ridge collided with the trench at ~15 Ma and
that subsequent interplate coupling produced the high 9 Ma
exhumation rates. Beyond the uncertainty of the flat slab at
depth, the along-strike segmentation of the Andean chain is
questionable. In the southern Ecuadorian Andes (south of
2°30'S), Steinmann et al. [1999], Hungerbiihler et al.
[2002] have defined a high cooling rate at ~9 Ma coeval
with that documented north of 1°30'S [Spikings et al.,
2001]. Interestingly, Hungerbiihler et al. [2002] defined a
~0.7 mm/yr high uplift rate south of 2°30’S from 9 Ma to
Present. Instead of being located far to the south, this uplift
phase is also related with the Carnegie ridge subduction.
Furthermore, southward along the Huayhuash Cordillera in
northern Peru (~10°S) the same 9—-10 Ma cooling period
was documented from the same termochronometric ap-
proach [Garver et al., 2005]. Here no ridge exists, and the
area is located far away from the Nazca Ridge collision
zone [Hampel, 2002]. Similarly, along the Eastern Cordil-
lera of Colombia a comparable cooling event (with series
cooling from temperatures of about 100°—150°C) of late
Miocene age was also inferred from fission track analyses
[Gomez et al., 2003, 2005]. An extensive review of the
uplift history of the central and northern Andes suggest that
the 10—15 Ma uplift period was also important in the
Bolivia and Chile cordilleras [Gregory-Wodzicki, 2000]. In
addition, younger cooling steps have been identified in
Ecuador between 3 and 5 Ma, as a regional event south
of 2°45°S [Steinmann et al., 1999; Hungerbiihler et al.,
2002] and as a local imprint north of 2°45°S [Spikings and
Crowhurst, 2004]. The Plio-Quaternary cooling event was
also documented in the Eastern Cordillera of Colombia and
in the Mérida Andes of Venezuela [Gregory-Wodzicki,
2000; Audemard, 2003; Gomez et al., 2003, 2005]. Wide-
spread cooling events have been observed in the Andes for
at least the past 25 Myr and possibly represent an ongoing
process. There appears to be no distinct cooling period
linked with the Carnegie ridge subduction area or with its
landward postulated prolongation at depth.

[52] As describes above, a late Miocene (~8—10 Ma) and
a late Pliocene—Quaternary (~3—2 Ma) are the two main
proposed ages for the collision of the Carnegie ridge with
the trench axis. Along the Ecuadorian forearc, the GG area
is the zone of greatest deformation occurring during Qua-
ternary. Since the oblique convergence remains constant for
at least the past 5 Myr and because the evolution of the GG
area is strictly controlled by the northward migration of the
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NAB we assume that a major reorganization of the NAB
northward drifting occurs at the Pliocene—early Pleistocene
boundary. We assume that the subduction of the Carnegie
ridge is at the origin of the increase of the interplate
coupling involved in the acceleration of the NAB migration.
At present times an elastic locking of ~50% of the conver-
gence movement is taking place along the subduction zone
[White et al., 2003]. This locking matches the NAB dis-
placement rate of ~1 cm/yr [Trenkamp et al., 2002, White et
al., 2003]. Moreover, the Carnegie ridge is ~10 km thicker
than the surrounding oceanic crust [Gallier, 2005]. Follow-
ing the Scholz and Small [1997] model, this excess of crust
thickness would induce an increase interplate coupling of at
least ~200 MPa (buoyancy not included). We consider that
such an interplate coupling increase is high enough to
modify the kinematics of a wide zone, especially if the
NAB is considered as a rigid block [Guillier et al., 2001;
Trenkamp et al., 2002; White et al., 2003]. Therefore we
consider that the GG area has recorded the history of plate
coupling in relation to the Carnegie ridge collision. In the
GG area, the main tectonic deformation and related subsi-
dence began by the beginning of early Pleistocene suggest-
ing that the Carnegie ridge collision or the collision of an
along-strike positive did not begin much earlier than at that
time (i.e., ~1.8—1.6 Ma). If subduction of the Carnegie
ridge has been a constant process since late Miocene times
[Pilger, 1984; Spikings et al., 2001] the subduction of a
positive relief would explain the documented major reor-
ganizations in the forearc deformation regime during the
Plio-Quaternary limit [Deniaud et al., 1999; Aalto and
Miller, 1999; Pedoja, 2003; Cantalamessa and Di Celma,
2004] including NAB northward drifting acceleration.

7. Conclusions

[53] The tectonic analysis of the GG area allows us to
identify two major detachment systems: the Posorja (PDS)
and the Jambeli (JDS) detachment systems. These two
detachments exhibits opposite verging slip direction, to
the south and to the north, respectively. The N-S trending
Puna-Santa Clara fault system (PSCFS), developed as a
transfer fault system between the PDS and the JDS. It
accommodated the opposite motion of the two opposite
verging detachment systems. It thus exhibits no prolon-
gation to the north and to the south. The Esperanza and
the Jambeli basins exhibit 3—4 km of sediment that
accumulated during the past 1.6—1.8 Myr. The PSCFS
bound the Esperanza and the Jambeli basins, evidencing
that the evolution of these basins is strictly controlled by
the two Posorja and Jambeli detachment systems. To the west,
the N-S trending Domito fault system (DFS) acted as a transfer
zone between the shelf area and the continental slope. The DFS
bounds the PDS and the Esperanza basin to the west.

[54] The Pliocene series observed in the Esperanza and
Jambeli basin areas show no significant variations in thick-
ness throughout the GG area suggesting that no substantial
deformation occurred from 5.2 to 1.6—1.8 Ma. By contrast,
a pervasive Miocene-Pliocene extensional tectonics is ob-
served west the DFS in conjunction with N-S trending
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normal faults dipping seaward. These faults are considered
as related to subduction erosion working at depth as
demonstrated elsewhere along convergent margins [Scholl
et al., 1980; Aubouin et al., 1982, 1984; Bourgois et al.,
1984, 1988; von Huene et al., 1989]. An E-W tensional
stress regime prevailed along the continental margin since
Miocene time. In early Pleistocene time the E-W trending
PDS and JDS controlled the subsidence of the Esperanza
and Jambeli basins. Therefore a N-S tensional stress regime
characterized the GG shelf area during the past 1.6—1.8 Myr.
As previously proposed, we consider that the N-S tensional
stress regime of the GG area is the effect of the NAB
northward drift. The DFS marks the limit between an area
strongly controlled by margin processes (i.e., the upper
continental slope) and another one (i.e., the shelf area)
strongly controlled by the tectonic escape of the NAB. This
reflects that part of the partitioning motion is accommodated
along the DFS. The major period of deformation in the
GG area occurred in early Pleistocene times. Taking into
account the strong dependence of the subsidence in the GG
area with respect to the northward drifting of the NAB, we
assume that the Pliocene—early Pleistocene boundary is
associated with a major change in the northward migration
rate of the NAB. No major kinematic reorganization
occurred along the Nazca-South America plate boundary
since the Pliocene (5.2 Ma) that would explain the higher
rate of the NAB northward drifting during early Pleistocene
time. Therefore we postulate that the collision of the
Carnegie ridge with the trench axis must play a major role
in controlling the NAB northward drift. Because evidences
exist for northward drift of the NAB prior to Miocene time,
we assume that the increase of the interplate coupling at the
Pliocene—early Pleistocene boundary originated from the
Carnegie ridge itself. We postulate that the along-strike
morphology of the ridge is possibly at the origin of
interplate coupling variations.

[55] A major exposure of the GG area occurred during
glacial sea level fall of isotopic substage 6e (between 180
and 140 ka). This exposure induced the accumulation of
marine sediment to stop. Also this major paleogeographic
change probably caused local strain changes able to have
tectonic signatures. These are the so-called late Pleistocene
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compressional deformations confined to two small seg-
ments of the PSCFS and the central segment of the Tenguel
fault. We consider that these local contractive tectonic
features (inversion) have local causes. Indeed no cinematic
reorganization at plate boundaries existed at that time.
Therefore we assume that no major change in the general
tectonic regime existed during the Quaternary evolution of
the GG area. The GG area has been in an extensional stress
regime since the early Pleistocene. At Present time, the
tectonics of the studied area is dominantly extensional. In
the GG area it is concentrated along the Esperanza graben
and along the Tenguel fault. The DFS shows reactivation as
a normal fault in recent times while the Posorja and Jambeli
detachments are no longer active.

[s6] Detrital material discharges from the two major
Ecuadorian Andean-coastal drainage basins provide great
sediment input to the GG area. During the isotopic substage
6 low stand, the exposure of the GG area allows the
sediments to reach the trench axis instead of being trapped
in the GG area. It has been shown elsewhere [i.e., von
Huene and Scholl, 1991; Bourgois et al., 2000] that sedi-
ment supply to the trench axis is a major cause for the
tectonic regime to switch from subduction-erosion to sub-
duction-accretion. This reflects the potential importance of
the GG area in controlling the tectonic regime along the
southern Ecuadorian margin. Indeed the turbidite trench fill
has recently accreted against the margin backstop off the
GG area [Collot et al., 2002]. During the cold period of
isotopic substage 6, the detrital material bypassing the GG
allows rapid increase in trench deposition. Instead a postu-
lated asperity subduction, variation in the sediment supply
to the trench axis could explain more convincingly the
tectonic regime of the margin to switch from subduction
erosion to subduction accretion.
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ABSTRACT

The Gulf of Guayaquil-Tumbes basin (GGTB) evolution controlled trench-parallel
extensional strain that results from the North Andean block (NAB) northward drifting.
Interpretation of industrial multichannel seismic and well data shows that low-angle
detachment normal faults, the Posorja, Jambeli and Tumbes detachment systems,
accommodate the main subsidence step along the shelf area during early Pleistocene (i.e. 1.8-
1.6 Ma). These detachment systems are limited seaward by a major transfer system roughly
located at the continental margin shelf break extending from the Domito faults system to the
Banco Peru fault. The Tumbes detachment system corresponds to the master fault of basin
evolution. It probably connects with the continental structures assumed to define part of the

eastern frontier of the NAB. The total lengthening of a complete N-S transect between the



Posorja and Tumbes detachments ranges between 13.5 and 20 km. This lengthening is
coherent with the documented NAB drifting rate combined with an early Pleistocene age for
GGTB main opening pulse. The subsidence related to NAB drifting is almost entirely located
at the shelf. The continental margin is unaffected by the escape tectonic process because of
low coupling along the interplate contact. The GGTB, as well as other subsident-related
trailing edges of tectonic escape systems seem to be characterized by low seismic release. It
is proposed that the subsidence and related lengthening along the GGTB tends to weak the

crust preventing the capacity to restore elastic strain to be released during seismic events.

INTRODUCTION

The current northward migration of the North Andean block (NAB, Figure 1a) triggers
trench parallel extension that produces subsidence and related basin formation along its
trailing tail (i.e. southernmost tip). From north to south the structures at the NAB trail
includes the Miocene Progreso basin, the Eocene to Paleocene Santa Elena rise and the
Quaternary Esperanza and Jambeli basins, both of them located along the Gulf of Guayaquil
area, Ecuador. This system extends southward to the Quaternary Tumbes basin, the Miocene
on-shore Zorritos basin and the Banco Peru, in the Peruvian side (Figure 1b and 2b). The
Tumbes basin (northwestern Peru) is the southern part (Figure 1) of the Gulf of Guayaquil
(GG), which extends on both sides of the Ecuador-Peru border at 3°20°S latitude. Indeed,
Travis et al. (1974) and Shepherd and Moberly (1981) have long ago identified the Tumbes
basin as the southern segment of the GG. Here we use the term Gulf of Guayaquil-Tumbes
basin (GGTB) to define the conjunction of the Esperanza, Jambeli and Tumbes basins. The
GGTB is proposed to evolve in response to the NAB northward drifting. In this context the
GGTB has been generally described as a pull-apart basin, which formed between the eastern

NAB boundaries and the trench (Shepherd and Moberly, 1981; Deniaud et al., 1999).

The southern Ecuador—northern Peru subduction zone extends along the western margin
of South America and accommodates the ~6-7 cm/yr eastward convergence of the Nazca plate

with the South America plate (DeMets et al., 1990; Freymuller et al., 1993; Kellog and Vega,



1995; Trenkamp et al., 2002). Along Ecuador, the dip angle of the Benioff zone ranges
between 25° to 35° (Pennington, 1981; Guillier et al., 2001). The Carnegie ridge and the
Grijalva fracture zone are currently subducting along the Ecuadorian margin (Figure 1a). At
~2° S the trench axis exhibits a change in trend from N-S to the south to NNE to the north.
This change in trend would have enhanced oblique convergence between the Nazca and South
America plates producing motion partitioning and the migration of an upper-plate sliver (Ego
et al., 1996), the so called ‘North Andean block’ (NAB). Actually the NAB is migrating to the
NNE at a rate of ~1 cm/yr along a major right-lateral strike-slip system that extends from
Ecuador to Colombia and probably to Venezuela (Kellog and Vega, 1995; Trenkamp et al.,
2002, Figure 1a). This scenario predicts at least 50% of locking of the convergence movement
at the Carnegie ridge subduction zone (Trenkamp et al., 2002; White et al., 2003) defining the
high degree of coupling between the subducting and overriding plates during at least the
current seismic cycle. Both, the oblique convergence-related partitioning and the subduction
of the Carnegie ridge have been proposed to be at the origin of the northward drifting of the
NAB (Lonsdale, 1978; Pennington, 1981; Ego et al., 1996; Witt et al., 2006).
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Figure 1. a) Structural framework of the Andean segment extending from northern Peru to Venezuela showing the NAB limits,
modified trom Taboada et al. (2000). b) Structural sketch of the Gulf of Guayaquil-Tumbes basin (GGTB) area, including the main
continental features. Bathymetry of the continental margin and trench is a compilation of data from the Seaperc cruise (J.B. chief
scientist) of the R/V Jean Charcot and the Andinaut cruise (J.B. Chief scientist) of the R/V L'Atalante. Black line is the -100 m
bathymetric contour that grossly follows the shelf-continental margin limit. Geology from, Zevallos (1970) and Benitez (1995).
Legend 1s for both Figures la and 1b. AF, Algeciras fault; BF, Bocond fault; CP, Canibbean plate; CPFS, Calacali-Pallatanga fault
system: CR. Camnegie ridge. CSF, Chingual-La Sofia fault; GF, Guaicaramo fault, GFS, Giron fault system: GFZ, Grijalva fracture
zone: [AV, Inter-Andean valley: NAB. North Andean block: NP, Nazca plate: SAFTB, Sub Andean fault and thrust belt: SAP. South
America plate: SER, Santa Elena rise; ZB. Zorritos basin.



Because the GGTB is located along the continental shelf, it recorded the tectonic and
climatic signals of the adjacent continental area as it evolved through time. It includes, the
tectonic record of the NAB northward drifting, the major continental crust thinning of the
GGTB basement at depth and the sediment coastal drainage and transport to the trench. The
GGTB i1s a key zone to develop analyses for constraining the tectonic evolution of the
southern boundary of the NAB as well as the major tectonic decoupling occurring along the
upper slope-shelf boundary. However, the southern Ecuadorian and northern Peruvian
margin and shelf have been poorly studied. Most works concentrate in the central and
southern segments of the Peruvian margin. This work investigates the northern Peru margin
and continental shelf from unpublished industrial multi-channel reflection lines provided by
Perupetro. First order correlations between the Ecuadorian and Peruvian continental margin

and shelf are proposed in order to constraint a tectonic model for the GGTB evolution.

GEOLOGICAL CONSTRAINTS

The northern edge of the Gulf of Guayaquil exhibits mafic and ultra-mafic Cretaceous
rock basement that crops out extensively along the E-W trending Chongon-Colonche sierra
(Figure 1b). This basement resulted from the accretion of oceanic terranes. There is no
consensus regarding the nature and age of the accretional phases. Ages ranging from late
Cretaceous to Eocene time were proposed (i.e. Benitez, 1995; Jaillard et al., 1997; Luzieux et
al., 2006). The oceanic basement is partially overlaid by Palacocene to Eocene series
cropping out along the Santa Elena Peninsula and extending offshore to the south along the
Santa Elena rise (Figures 1b and 2b). Further south, sediments of Oligocene to Quaternary
age accumulated along the Progreso basin, the GGTB and the on-shore Zorritos basin. The
southernmost edge of the Zorritos basin shows metamorphic basement of Paleozoic age
outcropping along the Amotapes massif (northern Peru). The metamorphic series show a
varying metamorphism including some HP assemblages related to crustal thickening and
exhumation during latest Jurassic-early Cretaceous time (Bosch et al., 2002, and references
therein). Late Cretaceous to Quaternary sediment dipping towards the GGTB unconformably

overlies this basement.



Off northern Peru, between 3°30° and 7°30°S, the continental margin is characterized
by the absence of contractile structures. Extensional tectonic features trending N-S extend
not only throughout the middle and upper slopes, but also along the lower slope (Sheperd and
Moberly, 1981; Bourgois et al., 1988; von Huene et al., 1989; Bourgois et al., 1993). They
appear to result from the down-slope forces imparted by gravity as the continental margin
over steepened. Active subsidence takes place along seaward dipping low angle (20 to 30°)
detachments deep rooted in the basement (von Huene et al., 1989; Bourgois et al., 1993;
Bourgois et al., 2007). Such tectonic conditions require decoupling along the subduction
zone as well as subduction-erosion working at depth (i.e. Wang and Hu, 2006). The
subduction-erosion regime extends northward to the Ecuadorian margin at the latitude of the
GG (Calahorrano, 2005; Witt et al., 2006) and farther north to the latitude of the southern
flank of the Carnegie ridge (Sage et al., 2006) where current seaward dipping normal faulting
is at least partially related to subduction erosion processes. Normal faulting and massive
subsidence are characteristics of the northern Peru-southern Ecuador margin. However, off
Ecuador, the lower slope shows the local development of a small frontal prism (Collot et al.,

2002) indicating that inner wall trench conditions probably changed along strike.

Based on industrial seismic line analysis, Witt et al. (2006) evidence that the
northward drifting of the NAB controlled the main subsidence period of the GG area during
at least the past 2 Myr (Figure 3). It includes the development of major detachments trending
E-W, perpendicular to the N-S trending normal faults of the continental margin. This
situation suggests that the continental margin tectonics is subduction-related meanwhile the
NAB northward drifting controls the evolution of the GG along the shelf area. On the other
hand, the Puné-Santa Clara fault system which has been considered as the main NAB frontier
along the GG (Deniaud et al., 1999; Dumont et al., 2005) was defined as a local transform
fault system between the Posorja and Jambeli detachment systems dipping to the south and to
the north, respectively (Figure 2). The main period of NAB drifting is inferred from the high
rates of subsidence and related sedimentation beginning at 1.8-1.6 Ma. Taking into account
the strong dependence of the subsidence in the GGTB area with respect to the northward
drifting of the NAB, we assume that the Pliocene—early Pleistocene boundary is associated
with a major change in the northward migration rate of the NAB produced by the increase of

the interplate coupling probably caused by the Carnegie ridge subduction.
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CONTINENTAL MARGIN AND SHELF STRUCTURES OF
NORTHWESTERN PERU

We have analyzed about 3000 km of closely spaced industrial seismic lines (complete
set of lines not shown on Figure 2a) covering the lower to upper continental slope and shelf
between the Ecuador-Peru border at 3°25°S and Talara at ~4°40’S. This area includes the
Tumbes basin, the Banco Peru, and the Eocene off-shore Talara basin. This work
concentrates on the analyses of recent depocenter formation and associated record of tectonic
deformation. Interpretation has been done on hardcopy profiles. All the profiles have been
treated using a conventional processing sequence until migration. All the lines in this present
work show a ~2.5 vertical exaggeration. Additionally, stratigraphic record from industrial
wells is used to constrain age correlation of seismic markers throughout the studied area. The
chronology of tectonic deformation was also done following first order correlations with GG
area structures (Witt et al., 2006) where off-shore well stratigraphic record is best
differentiated for the Plio-Quaternary period. An E-W directed antiform limits the Esperanza
basin depocenter to the north from the Tumbes basin depocenter to the south (Figures 2 and
3). To minimize errors in projecting the data, seismic facies and stratigraphic correlations are

proposed only for neighbor zones exhibiting low amplitude tectonic deformation.

Between the Santa Elena peninsula (Ecuador) and the Amotapes massif (northern
Peru), the GGTB exhibits several km thick accumulation of Miocene to Quaternary sediment.
This is also documented from free-air gravity anomalies (Figure 2c, Shepherd and Moberly,
1981). The 5-6 km thick sedimentary infilling of the GGTB extends southward along the
Tumbes basin to about the latitude of Cabo Blanco at 4°S. South of 4°S, N-S steep positive
gravity anomaly gradients, which underline the narrow shelf area, are the signatures of the
seaward prolongation of the dense Paleozoic rocks of the metamorphic continental basement.
Here gravity anomaly includes the signature of the thick accumulation of Eocene sediments.
At 3°30°S, a contrasting gravity high underlies a shallow water flat-topped bank located 40-
50 km seaward from the shelf: the so called Banco Peru. This strong anomaly connects
northward to the Santa Elena Peninsula gravity anomaly (Ecuador) suggesting that mafic
basement extends south to Banco Peru as first proposed by Sheperd and Moberly (1981).
They proposed that Banco Peru is composed by rocks having density signature of mafic to

ultramafic rock. If this issue is accepted, the low gravity minima, which underlie the GGTB
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Figure 3. Key multichannel seismic lines of the Gulf of Guayaquil area (after Witt et al.. 2006). Although a
relatively thick Mio-Pliocene sedimentation exists beneath the main depocenters of the Eperanza basin the early
Pleistocene is the period of major subsidence and depocenter individualization in the GG area. The GG area
developed in relation with the northward escape of the NAB. in agreement with the evolution of extensional
tectonic features bounding the main depocenters. The northward drifting of the NAB controlled the location of
depocenters and associated subsidence that occurred along the GG during the past 1.6-1.8 Ma. Lines A and B,
Domito fault system (DFS); Line C, Posorja detachment system (PDS), dark grey zones show the Paleocene-
Eocene acoustic basement of the Esperanza basin; Line D and E, the Amistad structure, showing that the Puna-
Santa Clara fault system (PSCFS) has no prolongation to the south (i.c. south of the Ecuador-Peru border): Line
F. the southward raised reflectors define the southern flank of the antiform located at the transition between the
Tumbes and Esperanza basins, the synforme placed in the centre of Line F defines the main Esperanza basin
depocenter. Note that the Pliocene shows no variation in thickness throughout the Gulf of Guavaquil arca
suggesting that the main structures controlling the Pleistocene subsidence were not active previously. See Figure
2 for location of lines. Vertical exaggeration of lines ~2.5.

would be roughly located along the boundary between mafic Cretaceous basement to the

north and metamorphic continental basement to the south (Figure 2c). This major limit

located at depth is probably inherited from the tectonic suture of accreted ophiolitic material

against the South America continent. Between 3°25° and 4°10°S a strong gradient in the free

air gravity anomaly defines the eastern limit of Banco Peru. We assume that the connection

between the inner Banco Peru and the DFS (Domito fault system) follows the -60 to -70 mgal

contours. Indeed, seismic lines show that this connection takes place along a transcurrent



zone that connects the eastern limit of the Banco Peru (the Banco Peru fault, BPF) with the
eastern normal fault of the DFS (Figure 2). Off southern Ecuador, along the continental
margin, the basement is formed by oceanic rocks having low seismic velocities (Gailler,
2005). This low velocities basement extends to the north to the southern flank of the
Carnegie ridge (Sage et al., 2006). The anomalous low velocities of the oceanic basement
seem to be an effect of severe faulting and fracturing (Gailler, 2005). These evidences
suggest that the transition between continental basement to the south and oceanic basement

to the north takes place under the GGTB not far from the shoreline of northern Peru.

Stratigraphic constraint

We use data obtained from industrial wells drilled along the northern Peruvian shelf:
the Corvina wells (CORV wells) and the Piedra Redonda (PR) well (data provided by
PERUPETRO, Figures 2, 4a and 4c). These wells allow us to place first order constraints for
Tumbes basin depocenter age and evolution. We have made no attempt to infer the tectonic
history using sedimentary data. The CORV wells show a stratigraphic column that crosses
the early Miocene to Quaternary sequences including the Heath, Zorritos, Cardalitos,
Tumbes, Mal Pelo and La Cruz Formations. However, no precise stratigraphic records exist
for the upper 900-1100 m of the section. Younger ages obtained from the CORV wells are
generally defined as Plio-Pleistocene (Mal Pelo and La Cruz Formations.). North of the
Ecuador-Peru border, in the GG area, the GG1 well record permits to identify the limit
between the Pliocene and the Quaternary series. The nearness of the CORV and GG1 wells
makes possible to project the stratigraphy established on the Ecuadorian side to that of the
Peruvian side. Indeed, between the CORV and GG1 wells, the antiform, which defines the
transition from the Esperanza basin to the Tumbes basin (Figure 2) is symmetric and wide
open. The upper series defined as Plio-Pleistocene extend from 740 to 940 m below sea floor
at CORV1 and CORV3, respectively (Figure 4c). At the GG well, the Pleistocene of the
upper Pund Formation is clearly defined. It exhibits ~900 m thick accumulation of sediment,
the base of which is characterized in seismic lines by weak to medium amplitude reflectors.
In the GG1 well area the late Pliocene exhibits in seismic lines a series of strong reflections
overlying poor continuity and low amplitude reflections in its lower part. Because these
seismic signatures are roughly similar to those recorded along the eastern section of Line 1

we extend the seismic stratigraphy identified on the Ecuadorian side to the Peruvian side.
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Considering the strong similarities in thickness and seismic signature we assume that
10

the stratigraphic section defined as Plio-Quaternary on the Peruvian side, is an equivalent of



the upper Puna Formation, defined as late Pliocene to Pleistocene along the Ecuadorian side.
More to the south, the Piedra Redonda well exhibits ~ 2500 m of Miocene sediments of the
Carrizal, Zorritos and Heath Formations (Figure 4c) and defines the zones where sediment

accumulation is Miocene in age.

Two seismic markers are relevant to reconstruct the chronology and steps of tectonic
deformation along the Tumbes basin, it includes: a deep regional unconformity of middle
Miocene age (the L marker, Figure 4a) and a shallower late Pliocene-early Pleistocene limit
(the U marker, Figure 4a). The L marker probably corresponds to the unconformity at the
limit between the Zorritos and the on-lapping Cardalitos Formation defined by Vega et al.
(2005). We have made no attempt to describe other deeper unconformities observed along
Line 1, which are probably older than Miocene. A precise characterization of these older
depositional sequences in northern Peru was done using offshore seismic and onshore field
data (Vega et al., 2005). The central segment of the Line 1 (at SP 2000, Figure 4) shows a
canyon-type morphology with horizontal infilling of sediment. It separates the Line 1 into
two segments. The eastern one displays parallel and horizontal seismic facies configurations.
As opposed, the western segment exhibits markers that deepen to the SW. At this location the
prolongation of the U marker coincides with an unconformity surface located above a zone
where chaotic reflections exist (CR in Figure 4). We consider that this unconformity is the
signature of a major tectonic event. Because this tectonic event is younger than the U marker,
it occurred after the upper Pliocene. Indeed, the base of the Pleistocene sequence shows clear
on-lap configurations (SP 2600, Figure 4a) pinching out toward the east. On the other hand,
the projection of the U marker to the Lines 2 and 3, matches the early stages of tectonic
activity along the Tumbes detachment system (TDS). We assume that the late Pliocene-early
Pleistocene U marker predated the very early stage of the Tumbes basin formation. The
Tumbes basin subsidence initiated at the limit between the late Pliocene and the early
Pleistocene. Consequently, the Tumbes basin infilling is Pleistocene in age. Because the U
marker recorded an erosive event increasing to the west, including the development of an
erosion scarp facing seaward at about 2600 SP and 3 s TWTT depth (Figure 4a), we assume
that this erosional event is also related with the early steps of basin formation. In this area,
the erosion incised the sediment down to the L marker. As a result the vertical distance
between L and U unconformities is drastically reduced, or in some cases, only the U

unconformity exists west of Line 1.
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On the other hand, the western shallow segment of Line 1 shows the development of
clinoform sets defined by relatively deep off lap surfaces and shallow flat top surfaces
(Figures 4a and 4b). Considering its present depth (i.e. shallow than 1 s TWTT), we assume
that these clinoform sets are related to sea level fluctuations during the Pleistocene. We
identified at least two sequences documenting two steps of sea level fall followed by sea
level rise. Since the zone where these sequences are observed is located above the 100 m
bathymetric contour, the two shallower sequences, shorelines 2 and 3 in Figure 4a, might be
the signature of the two last documented low stands at ~20 kyr and ~150 kyr, respectively

(Porter, 1989; Shackleton, 1997, and references therein).

The interpretation of the seismic lines used here allows us to recognize three major
tectonic systems controlling the evolution of the margin and shelf of north-western Peru: the
Tumbes detachment system (TDS), the Banco Peru (including the outer fault system and the
inner Banco Peru fault, BPF) and the Talara detachment (Figure 2).

The Tumbes detachment system (TDS)

Well-defined normal faults occur along the northern Peru shelf area between Tumbes
and Cabo Blanco (Figure 2a). They generally exhibit a strong signature on profiles. The most
spectacular of these faults in seismic reflection profiles are gently dipping normal faults
flattening to subhorizontal decollements at depth as exemplified by the TDS in Lines 2 and 3
(Figures 5 and 6, respectively). Considering that the profiles exhibit a ~2.5 vertical
exaggeration these faults dip seaward (i.e. to the N-NW) at angles varying from 10 to 20°.
These faults exhibit the signature of detachments. They developed as growth faults in
association with roll-over folds, which accommodate fault nearest subsidence constraining
the low-angle slip at depth. All major extensional faults are located within the 10-15 km of

the shelf area close to the coastline.

For all major listric faults, a correlation can be made both in age and location, with
the more currently active structures located closer to the coastline. Each detachment is
characterized by regular growth strata, which indicate continuous development through time.
The evolution of each of the TD1, TD2 and TD3 listric faults is associated with the

development of a roll-over fold as evidenced by hanging wall growth strata. Each of the three
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roll-over folds exhibit a hinge characterized by the development of an erosional surface, ES1
to ES3 from north to south and from older to younger, respectively (Figures 5 and 6). It
documents a ~10 km landward migration of the tectonic deformation. We assume that
Pleistocene sea level low stands favor the development of these erosion surfaces. Whether or
not related to eustatic variations the evolution of the TDS tectonic activity documents a

landward migration of the Tumbes basin depocenters.

LNE 7 1600 LINE 1 1500 LINE 3 2200 SP

~ Two way-travel lime (s)

Figure 5. a) The Tumbes detachment system (TDS). The U seismic marker developped during the first step of activity along
the TDS (i.e. the Plio-Pleistocene boundary). b) The Banco Peru canyon (BPC) cutting the U marker and defining this way
the Quaternary age of the canyon. ES, Erosive surface. ¢) The landward (southward) migration of the tectonic activity along
the TDS is defined by the TD1 (older) to TD3 (vounger) fault segments. The ESI to ES3 related erosive surfaces placed at
the hinge of the roll-over faults define the end of main active tectonie step along the TD1 to TD3 segments. Location of Line
2 on Figure 2. Vertical exaggeration ~2.5.

To the south the Tumbes basin shows well stratified seismic facies. The accumulation
of sediments is 3-4 s TWTT thick. Data from Line 1 projected along Line 5 (Figure 7) allows
identifying the U marker at depth ranging from 3-4 s TWTT. Normal antithetic and synthetic

faulting participates in basin subsidence. In the southern zone of Line 5 the development of a
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growth fold along the TDS documents the tectonic activity of this major detachment. The
westward limit of the Tumbes basin occurs along the complex triple junction between the
Banco Peru fault (BPF) the TDS and the Talara detachment. This junction of three major
fault systems may explain the complicated tectonic signature as well as the deepening water

depth along the southernmost segment of the Tumbes basin.

N LINE 3 s
LI¢IE7 2000 LII'HE1 LII*EZ 1600 1400 1200SP

a e
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Two way-travel time (s)

TALARA

DETACHMENT

Figure 6. a) The Tumbes detachment system (TDS). Note the low angle (less than 20°) of the slip surfaces
and the flattening of those surfaces at depth below 2-3 (s) TWTT. Evolution of TD1 to TD3 detachments and
ESI to ES3 erosion surfaces similar to that documented along Line 2. b) The Talara detachment controls
deposition of Eocene to Pliocene (?) thick accumulation of sediments. Location of lines on Figure 2. Vertical
exaggeration ~2.5
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The initiation of the TDS-related subsidence can be inferred from identification of the
depocenters and thickness variation of growth strata involved in the detachment fault activity
(Figures 5 and 6). The early pulses of subsidence (Line 2, Figure 5) coincide with the base of
a depocenter (at ~1.8 s TWTT) located away from the detachment zone. Additionally, in the
Line 3 (Figure 6) first steps of TDS activity can be inferred from the older growth sediments
placed near the fault plane. Correlation with Line 1 shows that these surfaces (i.e. base
depocenter along Line 2 and base of the growth strata along Line 3) are late Pliocene-
Pleistocene in age. The U marker, which connects to the U unconformity, is coeval with the
beginning of the main step of the Tumbes basin subsidence. We assume that the late
Pliocene-early Pleistocene first step of subsidence is controlled by the initiation of tectonic
activity along the TDS controlling this way the Tumbes basin formation. The geometry
configuration of the TDS slip zone, which parallels the strata of the early Miocene
formations, suggests that clay mineral composition of particular beds may control the
tectonic pathway of detachment. Recently, Vega et al. (2005) have suggested that the TDS
correspond to a raft-gravity driven structure, the decollement zone extending along the top of
the Heath Formation where the TD1 to TD3 flatten at depth. It is likely that the low angle
geometry of the TDS is controlled by the presence of Miocene strata along its footwall
segment. As Lines 4 and 5 show, no low angle geometry exists when footwall sediment is

Eocene in age (Figures 1, 5 and 6).

Banco Peru.

Banco Peru is a flat shallow-depth bathymetric high located 30-50 km seaward from
the coastline of northern Peru. The Tumbes basin, which exhibits a N-E trending axis, more
or less parallel to the coastline, develops east of Banco Peru. A major landward-dipping
normal fault (i.e. the Banco Peru fault, BPF, Figure 2) bounds the inner flank of Banco Peru
to the east. The BPF controls the extension of the Tumbes basin to the west. Seaward dipping
normal faults bound the outer flank of Banco Peru. These N-S trending faults parallel the
trench axis and control the subsidence of the continental margin. The BPF displaces the sea
floor along a 50-150 m high scarp. This scarps clearly documents that BPF is active (Lines 5,
6 and 7, Figure 7 and Line 9, Figure 8).
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Figure 7. a) N-8S transect of the south-western segment of the Tumbes basin from Banco Peru to the north to the TDS to the south.
Synthetic and antithetic faulting affect the sediment infill of the basin. The TDS (white arrows in Line 5) shows a complex
geometry along its southern segments as approaching the Talara basin. b) Transpressive structure defining a strike-slip component
of deformation along BPI' northern segments. ¢) E-W transect of Banco Peru. Seaward dipping normal faults define the limit
between Banco Peru and the upper continental slope. Landward, the Banco Peru eastern limit (BPF), which acts as a normal fault,
corresponds to the limit between the Banco Peru and the Tumbes basin. d) The Banco Peru canyon. 1 to 3 show the canyon filling
sequences. EC, erosive cliff; ES, erosive surface. See text for further explanation. Location of lines on Figure 2. Vertical

exxageration of lines ~2.5
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A V-shaped canyon develops between the BPF and the Tumbes basin depocenter, the
so called ‘Banco Peru canyon’ (BPC, Figures 2 and 7). Along BPF, clear seismic reflections
characterize the BPC infilling down to 2-2.5 s TWTT, below this depth no clear seismic
reflection exists. Three sequences (1 to 3 defining the lower, central and upper sequences,
Figure 7d) define the canyon infilling along Line 7. An erosive surface bounds to the east the
1 to 3 sequences. Abrupt dip changes along this erosive surface probably correspond to
ancient erosive wave-cut cliffs. The lower sequence is defined by very chaotic reflections
located along the eastern wedge of the canyon. We assume that the chaotic reflection signal
is the signature of important deformation and mass wasting processes. It is likely that these
chaotic reflections extend northward and reaches the surface where Line 6 crosses the BPF
(Figure 7). At depth, a convex erosive surface separates the lower and central sequences. The
non deformed well stratified central sequence on-lap this erosive surface and extends farther
up to ~1 s TWTT. The transition between the central and upper sequences is less abrupt. It is
marked by an almost horizontal surface. However, minor on-lapping of the basal upper series
is also observed. Considering that the upper section of the erosive surface, that limits the
canyon to the east, crosses the most recent sediments of the GGTB, it is most likely that
canyon formation took place during the past documented low-stands at ~20, ~140, ~350~,
and ~450 ka (i.e. Porter, 1989; Shackleton, 1997). We assume that canyon filling and
subsequent erosion of infilling sediments are coeval with high-stands and low-stands,
respectively. The BPC shows a complex geometry defined by a strong along-strike variation
of width and depth. Along its northern segment (Line 2) the canyon is 5 to 7 km wide with
deeper expressions placed down to 1 s TWTT. More to the south, along Line 7, it is 15 km
wide with seismic signature reaching 2.5 s TWTT. Along Lines 5 and 7 the seismic signature
of the canyon reduced drastically in width. Along the N-S trending Line 10 no BPC signature

exists.

The Line 6 (Figure 7) shows three major normal fault segments which probably
connect downward to a single slip plane. Two antiforms exist between these normal fault
segments. At ~SP 200 (Line 6, Figure 7) horizontal reflectors unconformably overlie one of
these antiforms. We consider that these antiforms define a component of transpressive
motion. The BPF geometry along Line 6 is that of a negative flower structure resulting from
the succession of extensive and transpressive deformation and/or tectonic inversion along the

normal fault segments. Along Line 7, tectonic activity takes place along a single normal fault
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segment. Recent tectonic activity is relatively weaker, since the upper section of the canyon
filling is not disturbed by the fault. More to the south, the slip along BPF is probably
transmitted from the single segment observed on Line 7 to at least three basinward dipping
fault segments along Line 8. Further south, fault activity takes place along two major fault
segments (Line 9, Figure 8). Here, roll-over folding accommodates the extensional
deformation triggered by the fault. This is probably related to active low angle slip surfaces
working at depth. Here the U marker deepens as it approaches to the BPF and is involved in
roll-over fold deformation defining the Quaternary age for BPF activity. The along-strike and
vertical differences in the style and amount of deformation show that a component of strike-
slip deformation took place along BPF. On the other hand, along the seaward limit of the
Esperanza basin (Ecuadorian side) the DFS exhibits a transcurrent component of deformation
(Witt et al., 2006). This suggests that the strike slip motion of the inner DFS extends
southward to the BPF, the complex connection between the landward segment of the DFS
and the BPF is located along the N-S trending axis of the major antiform identified along
Line B (Figure 3).

The formation of Banco Peru has been directly associated to the opening of the
GGTB. It has been interpreted as a detached zone of ophiolitic basement left at its Present
location during the northward drifting of the NAB (Shepherd and Moberly, 1981). Higley
(2004) proposed that the Banco Peru was a part of the Santa Elena rise (if correct the Banco
Peru series have to be of Palacocene-Eocene age). We think that the origin of Banco Peru can

not be well constrained due to the lack of age data of Banco Peru series.

The Talara detachment

The Talara detachment trends in a N-S direction from 4 to ~5° S (Figure 2a). To the
south it swings to connect an E-W trending valley to reach the trench axis. This suggests that
this detachment connects the subduction channel at depth (Bourgois et al., 2007). These
authors propose that the Talara detachment corresponds to a sub-surface signature of
subduction erosion working at depth. The Talara detachment is a seaward gently dipping
normal fault, which displaces the continental basement of the Peruvian continental margin. In
the shallow zones, fault activity displaced sea floor along a 150—200 m high scarp. Seismic

makers along the fault show normal drag fold deformation indicative of subsidence down to
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3.5 TWTT (Line 4, Figure 6). A series of relay-ramp normal faults connect the Talara
detachment and the Banco Peru (Line 10, Figure 8).

DISCUSSION

Tectonic regimes and GGTB structure

The evolution of the southern Ecuadorian and northern Peruvian continental margin
and shelf is controlled by two tectonic regimes showing different styles and ages. The
extensional regime along the shelf area is NAB drifting-related while the extensional regime

along the continental margin results from tectonic erosion working at depth.

The upper slope of the continental margin evolved controlled by normal faulting,
which extends upslope to the outer DFS, the outer Banco Peru and the Talara detachment,
from north to south. The outer Banco Peru is the southern prolongation of the outer DFS. The
Talara detachment connects southward to the trench at ~5° S. The DFS and the Talara fault
control the margin tectonic history in the southern Ecuador and northern Peru continental
margins from Miocene to Present times. These extensional structures develop in response to
subduction erosion working at depth (von Huene et al., 1989; Bourgois et al., 1993;
Calahorrano, 2005; Witt el al., 2006; Sage et al., 2006; Bourgois et al., 2007). The complex
geometry of the BPF and the inner DFS is interpreted as the result of a transcurrent
component of motion. The direction of motion is quite difficult to constraint using seismic
lines. However, it is possible that the sense of motion along this transfer system, which
bounds the GGTB to the west, is controlled by the detachment systems controlling GGTB
subsidence. The connection between the inner DFS and the BPF is located along a N-S
trending folding zone. It accommodates the different motion between the seaward dip of the
inner DFS and the landward dip of the BPF. The seaward limit of the GGTB is clearly
defined by this transfer system. It limits to the west the zones where subsidence results from

NAB drifting. No diffuse deformation exists at the southernmost seaward limit of the NAB.
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Figure 9. Tectonic reconstruction of the NAB trailing edge. a) Light
blue. continental margin: dark bleu, zones where sediment accumulation
results from NAB drifting. b) Sketch at crustal scale of the GGTB.
Abbreviations are as follows: DFS. Domito fault system: EG, Esperanza
graben; PDS, Posorja detachment system; SER. Santa Elena raise; TD,
Talara detachment; TDS. Tumbes detachment system. See text for
further explanation.

The GGTB shows two main subsidence and related-sedimentation phases: a Mio-
Pliocene period showing low subsidence and low sedimentation rates followed by an early
Pleistocene phase showing high subsidence and high sediment accumulation rates. A
relatively thick Mio-Pliocene accumulation of sediments occurred along the shelf, including
beneath the main early Pleistocene depocenters of the GGTB. Nevertheless, no major pre-
Quaternary structure exists at the GGTB. The only pre-Quaternary fault-related activity along
the GGTB area occurred along the western segments of the PDS, where deep growth faulting
accommodates Mio-Pliocene subsidence. As opposed, the eastern segments of the PDS show
deep on-lapping of the Mio-Pliocene series above the Paleocene-Eocene series of the Santa
Elena rise. It seems that the western section of the Santa Elena rise acted as a horst-type
structure while the eastern one was a topographic barrier. During Mio-Pliocene deposition
this barrier separates the Progreso basin and the GGTB. On the other hand, the Miocene L
unconformity is not identified at depth along the Esperanza basin. During Miocene times the
southward wedge of the GGTB (i.e. the Tumbes basin) was subjected to stronger
deformation and erosion pulses than the northern edge (i.e. the Esperanza basin) where
sedimentation occurred in a more protected environment. To the south of the main TDS,
along the Zorritos basin, the sedimentary series are predominantly Miocene in age. It
includes the Tumbes, Cardalitos and Zorritos Formations. From the shoreline to 10 to 20 km
landwards from Zorritos and Mancora (Zorritos basin, Figure 2a) the Miocene strata dips

northwards exhibiting pervasive closely spaced low-angle normal faults. These faults, which
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are probably active, trend E-W and dip to the north. This tectonic deformation suggests that
an on-shore detachment structure located between the Zorritos basin and the Amotapes
massif controlled the subsidence during Miocene times. This scenario suggests that a roughly
N-S directed strain was acting before major depocenters formation in early Pleistocene times,

a similar scenario was first proposed by Benitez (1995).

During the early Pleistocene the subsidence rate increases drastically. The E-W
trending PDS and JDS controlled the subsidence of the Esperanza and Jambeli basins,
respectively. More to the south, the N-E trending TDS triggered subsidence for the Tumbes
basin evolution during the same period of time (Figure 9). The BPF participated also in
subsidence accommodation. However, activity along the BPF was less important, local, and
is probably more related to a transtensional component of deformation. Therefore, a ~N-S
tensional stress regime characterized the GGTB shelf area during Quaternary times. The PDS
and the TDS extent only until the inner DFS and the complex zone of the junction between
BPF and the Talara detachment, respectively. The subsidence related to the NAB northward
drifting being at the origin of the GGTB is mainly confined to the shelf zone (Figure 9a). No

connection exists between the NAB limits and the trench.

Detachment faults are common in zones of high extensional strain and often
accommodated great displacement (i.e. Axen, 1992; Wernicke, 1995). However, almost no
active low angle normal faults have been documented in zones of tectonic escape. Doubts
persist if low angle normal faults originated and slipped at close to their current dips or if
they originate at high angles which are later rotated flexurally to shallow angles as slip
increases (i.e. Spencer, 1984; Buck, 1988; Wernicke and Axen, 1988; Brun et al., 1994;
Gartrell, 1997). The main subject of debate is that being detachment faults at high angle to
the main vertical strain, resolved strain along the slip plane tends to be small, enhancing slip
to occur. Nevertheless, at low-angle normal faults principal stress might be rotated at depth,
allowing slip to occur (i.e. Bartley and Glazner, 1985; Bradshaw and Zoback, 1988). Such
rotation exists if there is a significant contrast of pressure or viscosity between faulted and
unfaulted strata (i.e. if the faults are weaker than its surroundings Bartley and Glazner, 1985;
Axen, 1992). Furthermore, overpressured low-angle normal-slip growth faults are well
known from delta depositional environments where elevated pore pressure can be contained

by sedimentary layering (i.e. Cobbold et al., 2004 and references therein). The TDS has been
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interpreted as a raft structure (Vega et al., 2005). The lowest angles along the TDS occur
where the TDS footwall-block consists of Miocene strata. The parallel dip of the TDS slip
zones and the Miocene strata suggest that stratigraphy could exert a major control on fault
evolution. Even so, the major PDS, in the opposite side of the GGTB, is a low-angle normal
fault, which slip zone is not related to a stratigraphic plane. This suggests that raft tectonics
can not be the only factor controlling the low-angle geometry of the structures governing the
GGTB architecture. Abnormal gradients of pressure have been measured in the CORV 2 well
during drilling operations. A high pressure zone is located at ~2600 m. It nearly matches at
depth the décollement zone of the TDS (as it is observed along a N-S directed line that cross
the Corv 2 well, line not shown due to poor quality shallow seismic markers). However, it is
difficult to assume a high pressure layer extending all over the TDS at depth, because no
pressure record exists for the CORV 1 and 3 wells. On the other hand, active low-angle
normal faulting has been observed at shallower depths along the Zorritos basin suggesting
that low-angle normal fault formation may not be related to a single over pressured plane
along which slip occurs. To the north, the PDS shows its lowest angles close to the DFS, not
far from the diapir emplacement zone seaward from the DFS, suggesting that probably high
pressure conditions also took place along the PDS. It is difficult to clearly define the low-
angle nature of the structures governing the GGTB evolution because evidences are
contradictory. However, one critical point to characterize kinematics of the GGTB is that
detachment faults formed in response to a vertical strain but also to a N-S directed main
horizontal strain related to NAB drifting. It is probable that the N-S directed horizontal strain
exerts an important control on the origin and evolution of the main extensional systems. It
has been proposed that similar magnitudes of the two vertical and horizontal principal strains
are related with weak faults which in turn favor low-angle normal fault formation (Axen,

1992).

Classical pull-apart basins develops preferably along strike-slip bend or strike-slip
stepover, whether they form along one or two major transcurrent faults, respectively (i.e.
Christie-Blick and Biddle, 1985). Pull-apart basin formation along releasing joints and fault-
ending-tails has been also proposed (Bertoluzza and Perotti, 1997). The architecture of the
GGTB does not fit the classic pull-apart basin model in which subsidence develops in
response to slip difference along one or two offset transcurrent structures. Indeed,

transcurrent structures (i.e. the inner DFS, the BPF-Talara detachment junction zone and the
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PSCFS) accommodate at the GGTB the motion related to the extensional detachment
structures. This is exactly the opposite to pull-apart basins, where extensional structures
develop in response to the difference in the strike-slip character of transcurrent systems. The
development of the GGTB as a pull-apart-basin limited seaward by the trench, which acts as
one of the major transcurrent faults of the pull-apart system (Sheperd and Moberly, 1981), is
inconsistent with the tectonic deformation as recorded along the shelf and the continental
margin. Furthermore, the transcurrent structures at the GGTB itself (i.e. the PSCFS) do not
define the major NAB limits as it was previously proposed (Deniaud et al., 1999; Dumont et
al., 2005). At the scale of a major-crustal transcurrent system (i.e. the eastern boundary of the

NAB) the graben structure of the GGTB is a fault-ending trail.

The PDS and the TDS extend from 50 to ~100 km (no major segmentation is
observed in seismic lines) and developed in response to the drifting of an upper-plate sliver.
Along continental settings 20 km length faults are assumed to cut across all the seismogenic
crust (Jackson, 1987). Typically the PDS and the TDS must penetrate deep into the crust
down to the interplate interface, located at ~20 km beneath sea bottom at the shelf break
(Calahorrano, 2005). No direct evidence exists to identify the master fault that controlled the
basin evolution. However, several points should be considered: 1) the Progreso basin and the
Santa Elena rise show no major subsidence in Quaternary times. Furthermore, the PDS is not
active at present time (Witt et al., 2006). The southward migration of activity from the PDS
to the Esperanza graben is probably the response to progressive slip blocking northwards and
the subsequent creation of a southward free border along the TDS. 2) The PDS is limited
landward by the PSCFS (i.e a length approximately twice smaller than the TDS). 3) The N-E
trending of the TDS, similar to that of the continental structures in northwestern Peru and the
coastline between Cabo Blanco and Tumbes suggest that this system exerts a strong control
on coastline location. Along the eastern zones of the shelf (i.e. the Puerto Bolivar block,
Figure 2a) seaward subsidence is located above a pervasive seaward dipping unconformity
zone, showing a geometry strongly similar to the TDS. It seems that this block evolved
controlled by the landward segments of the TDS suggesting that the TDS extends onshore.
This is supported by vibro zeiss data that evidence a detachment structure along the coastal
plain between Machala and Balao (Figures 2a and 4). The TDS is the southward boundary of
the extensional deformation accommodation at the NAB trailing edge and it probably

connects northward to right lateral or normal faults, such as the Calacali-Pallatanga fault
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system or the Girdn fault system (Figure 1b), assumed to define part of the eastern frontier of
the NAB. We consider that the shallower tectonic escape architecture of the GGTB does not
differ from that of other continental rift basins: a master normal fault or detachment evolving
with antithetic and synthetic faulting in the hanging wall resulting in a graben structure

(Figure 9). We consider that the TDS is the master fault of basin evolution.

Considering that the GGTTB is bounded by Cretaceous oceanic terranes to the north
and Paleozoic continental basement to the south, the role of the old suture zone between
these terranes in controlling the location of the GGTB has been evaluated in many works (i.e.
Calahorrano, 2005; Gallier, 2006). However, there is no consensus about the location of the
suture zone under the thick sedimentary cover of the GGTB. Indeed, at the shelf break the
basement of the GGTB shows weak seismic velocities, which have been considered as the
signature of continental basement (Calahorrano, 2005) or as the signature of highly fractured
oceanic basement (Gallier, 2006). Modeling of the gravity data obtained by Sheperd and
Moberly (1981) leads to poor results about the deep structure of the basin. Indeed,
considering a 6-7 km thick sedimentary layer and a ~20 km thick basement, the gravity
signal matches only if we consider very similar densities for both, oceanic and continental
basements. Modeling does not allow imaging the geometry of the suture zone. However, it is
important to consider that the oceanic basement is currently drifting northwards along the
limit of the NAB while the continental basement is considered as fixed (with respect to the
South American plate). Whether the suture zone plays an important role in GGTB tectonics,
we assume that a northward dipping crustal ramp (Figure 9b) may exist along the suture
between oceanic and continental basement. The TDS (i.e. the master fault of basin evolution)
would be the shallower signature of this suture zone. In that manner, the PDS probably
evolve controlled at depth by the northward dipping slip surface of the TDS. This is
consistent with models of ramp-flat-ramp subsidence, which predict more subsident zones
not necessarily placed above the master fault but near to the main antithetic fault (Gibbs,
2002 and references therein). This is the case of the GGTB where main subsidence is located

along the Esperanza basin close to the main PDS antithetic fault.

Horizontal drifting of a sliver of the overriding plate triggers arc-parallel extension
which has been considered as a major factor controlling exhumation of metamorphic rocks

along the so called ‘metamorphic core complexes’ (i.e. McCaffrey, 1996; Avé Lallemant and
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Oldow, 2000). One of the most remarkable features of metamorphic core complexes is that
they are all bounded by low-angle normal faults and that they appear to be related with
previously thickened crust (i.e. Wernicke and Axen, 1988; Smith et al., 2006). Large
displacements on low-angle normal faults results in isostatic uplift of the lower plate in
response to tectonic denudation (Spencer, 1984). In its modeling Spencer (1984) observed
important warping of the lower plate and antiform formation with axes perpendicular to the
direction of extension for amounts of extension of ~20 km. This warping and antiform
formation is normally accompanied by uplift of metamorphic and plutonic rocks.
Furthermore, Spencer’s model have four structural domains all separated by low-angle
normal faults. Taking into account that emplacement, over-thickening and uplift of HP and
other metamorphic rocks along the Amotapes massif could be as old as Jurassic-early
Cretaceous (Bosch et al., 2001 and references there in) and that the whole structure of this
HP assemblages is controlled by E-W directed structures is tempting to think that NAB
northward migration and GGTB opening may increase recent exhumation rates of

metamorphic rocks of the Amotapes massif.

Interplate mechanical and seismological coupling constraints

Models of tectonic escape along oblique convergence margins attempt to explain the
existence of motion partitioning and the drifting of an upper plate sliver in terms of
convergence obliquity, mechanical coupling between the subducting and overriding plates
and strength of the overriding plate (Jarrard, 1986; McCaffrey, 1992; Platt, 1993; Yu et al.,
1993; Liu et al., 1995; Chemenda et al., 2000; Upton et al., 2003). However, the nature of
these aspects, especially if the expulsion of the sliver results from strong or weak interplate
coupling, are in debate. Nevertheless, the frictional properties along the interplate limit and
overriding plate strength have been considered and modelled as homogenous features in a
large setting that includes all the subduction system: the trench, the arc and even the back-arc
systems. On the other hand, observed patterns of interplate seismicity are consistent with
differences in interplate coupling; the weaker coupling indicating a lack of seismogenic

potential and a low probability for large earthquakes occurrence (Huang et al., 1997). The
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northern South American subduction zone segment, between 1°N and 8°S, shows no
occurrence of great earthquakes (Lay and Kanamori, 1982; Swenson and Beck, 1996). Based
on trench parallel gravity variations (Song and Simons, 2003) predict low elastic strain
accumulation between 1°N to 3°S and higher elastic strain accumulation from 4°S to 8°S.
However, the continental margin segment between 1°N and 3°S shows strong segmentation,
it includes the Carnegie ridge subduction zone and the GGTB, which must be analyzed
separately in terms of strain accumulation. In fact, the frictional interplate limit properties are

not constant at the GGTB.
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Figure 10, a) Seismic events location along the Andean segment from southern Colombia to northern Peru, data from the
USGS-NEIC catalogue. Location of the 1953 Mw. 7.3 event (red start) from Silgado (1957) b) Focal mechanisms of
5>Mw=>6 along the GGTB and neighbour zones, data obtained from the Harvard centroid catalogue. ¢) E-W schematic
transect of the subduction system at the GGTB latitude. Spatial distribution of strain is proposed for each segment. d)
Schematic N-S transect between the Carnegie ridge subduction zone to the Amotapes massif (overthickenned continental
crust). Circles corresponds to Mw=>35 events as represented in Figure 10a. GGTB, Gulf of Guavaquil-Tumbes basin; CB,
continental basement; FR, fluid release; OB, oceanic basement; PB, Progreso basin; SC. subduction channel; USSP, upper
section of the subducting plate. See text for further explanations.

The subsidence of the GGTB, which results from the tectonic escape of the NAB is a
major factor in controlling the subduction tectonic regime of the continental margin area.
Indeed, the sediment input to the trench is a major control feature on the nature of the

subduction regime under the continental margin. It has been shown elsewhere (i.e. von
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Huene and Scholl, 1991; Bourgois et al., 2000; Clift and Vanucci, 2004) that an increase of
the sediment supply to the trench axis is a major cause for the continental margin tectonic
regime to switch from subduction-erosion to subduction-accretion. A relatively thin sediment
cover below the trench favours the subduction of sediments rather that the construction of an
accretionary prism (Clift and Vanucci, 2004). The GGTB plays a major role in controlling
the trench sediment input since subsidence along the GGTB favors the sediment to be
trapped at the shelf instead of reaching the continental margin and the trench axis. Most of
the GGTB area is less than 100 m water depth, therefore it emerges during Pleistocene low-

stands increasing the sediment input to the trench axis.

The southern Ecuadorian and northern Peruvian continental margins are defined by
westward dipping normal faults (the outer DFS and the outer Banco Peru; Bourgois et al.,
1993; Collot et al., 2002; Calahorrano, 2005; Witt et al., 2006; Bourgois et al., 2007). The
absence of significant contractional structures or bending along the southern Ecuadorian and
northern Peruvian continental margin confirms that compressional strain build up is low
reflecting this way the high degree of long-term decoupling between the continental margin
and the subducting plate. Beneath the lower and middle slope, an interplate seismic channel
where overpressured sediments are being subducted is imaged on seismic lines (Calahorrano,
2005). The overpressured fluids are released at ~ 20 km landward from the trench, this
release promoting a landward increase of interplate coupling (Calahorrano, 2005). No
realistic geophysical data exist to constraint the nature of the interplate interface under the
GGTB. However, if a great amount of fluids is expelled it means that friction increases to the
east, below the GGTB, increasing this way the mechanical coupling between the plates.
However, the landward increase of interplate coupling may be gradual. The transition
between decoupled (or partially coupled) and coupled interplate limit takes place not far from
the TDS (Bourgois et al., 2007). It seems that a gradual increase of interplate coupling takes
place from the trench to the coastal zone (Figure 9b). In this scenario we suggest that the

continental margin does not react to the tectonic escape because of low interplate coupling.

The seismic data used here represents a complete N-S transect of the GGTB. We
calculate the lengthening along the basin as the sum of the horizontal extension calculated for
each major fault. Assuming: 1) an uniform fault dip. 2) that slip is essentially orthogonal to

the structures (coherent with the observed low angle slip surfaces). 3) that no important
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rotations exists, and 4) that compaction of sediments is negligible compared with the
tectonic-related basin subsidence, or that this value is compensated by the displacement
along minor closely-spaced normal faults (Walsh et al., 1991), the early Pleistocene total
lengthening between the PDS and the TDS ranges between 13.5 and 20 km (~5 to 10% net
lengthening). Furthermore, a 13.5 to 20 km total lengthening is in good agreement with the
~1 cm/yr calculated rate for the northward NAB migration rate (i.e. Kellog and Vega, 1995;
Trenkamp et al., 2002) combined with an early Pleistocene age (1.8 to 1.6 Ma) for GGTB
area main opening pulse. This lengthening probably increases taking into account a longer
transect between the Santa Elena rise and the Amotapes (i.e. the older Mio-Pliocene basin
formation). We did not calculate the lengthening related to this subsidence step because
almost no structure has been observed in seismic lines for this period. However, if we assume
that there must be a direct correlation between lengthening and subsidence, and considering
that major depocenter formation in the GGTB in early Pleistocene (3-3.5 km) corresponds
only to 5 to 10% net lengthening, it is most likely that Mio-Pliocene lengthening might be
quite smaller. The GGTB evolved bounded westward by the inner DFS and the BPF and
eastward probably by the Andean piedmont. These limits remain in a relatively stable
location through time. Consequently, considering a simple geometry and assuming that rock
volume must be constant the crustal thinning must be roughly equivalent to the amount of
horizontal lengthening, i.e. 5 to 10% of the initial thickness. The crustal thinning along the
GGTB seems to be quite smaller than the expected for a 5-6 km deep basin (at least 80-100%
of crustal thinning, McKenzie, 1978). It is probably that additional crustal thinning beneath
the GGTB is related to subduction-erosion working at depth beneath the basin. However,
account the crustal thinning originated from the subduction-erosion process itself is difficult
to measure because it is proposed to be largely controlled by the roughness of the subducting

plate (Clift and Vanucci, 2004).

Seismological data of the USGS-NEIC, catalogue from 1973 to present times shows
that the GGTB is a zone where earthquake occurrence is low (Figure 10a and 10d, see also
Engdahl et al., 1988). Furthermore, the low occurrence of seismic events at the GGTB seems
not to be related to the subduction megathrust as revealed by focal mechanisms of the
Harvard Centroid Catalogue (Figure 10b), which define dextral transcurrent slip motion. The
GGTB is bounded to the north and to the south by zones along which high recurrence of

earthquake occurs (5<Mw<7), all defining subduction-type thrusting events along the
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subduction interface. To the north it corresponds to the southern flank of the Carnegie ridge.
To the south it occurs along the coastal plain of northern Peru (Figure 10a). The northward
limit of the high recurrence seismic zone at coastal Peru roughly follows the shoreline (i.e.
not far from the TDS). It corresponds to the zone where the great 12 December 1953, Mw 7.3
earthquake occurred (the epicentre was located at 3°40” S and 80°30 W, Silgado, 1957; i.e.
not far from the TDS). However, no seismic evidences exist for the 1953 event to originate
from the subduction contact or the TDS either. These evidences suggest that low seismogenic
coupling takes place at the interplate limit beneath the GGTB, while strong coupling takes
place northward, along the Carnegie ridge subduction zone, and southward, along the
overthickenned crust of the Amotapes massif (Figure 10). Seismogenesis occurs where the
upper plate is coherent and sufficiently thick to store the elastic strain released during
earthquakes (McCaffrey and Goldfinger, 1995; von Huene et al., 2004). From a global
examination of subduction zones (McCaffrey and Goldfinger, 1995) suggest that upper plate
sliver drifting limits the maximum size of thrust subduction earthquakes. As pointed out
before, the crustal thinning beneath the GGTB depocenter may be related to both tectonic
escape and subduction erosion processes. The subsidence along the GGTB tends to weak the
crust preventing the capacity to store elastic strain, which in turn favors the tectonic erosion
of the overriding plate. If the overriding plate is not capable to restore elastic strain the
capacity of generating earthquakes decreases even if the mechanical coupling between the
subducting and overriding plates is high because an increase in deformation would promote

increasing fracturing rather than flexing.

Similarities with other tectonic escape trailing edges

Global data of the USGS-NEIC catalogue show that the trailing edges of tectonic
escape systems are characterized by low earthquake occurrence. The Golfo de Penas (Chile),
the Bussol strait (Japon) and the Sunda strait (Indonesia) have been documented as the
subsidence-related trailing edges of partitioned systems (oblique convergence or ridge
subduction induced) taking place at the southern Chile, Kuril and Sunda-Sumatra subduction
systems, respectively (i.e. Huchon and LePichon, 1984; Forshyte and Nelson, 1985; Kimura,
1986). These zones, approximately located along zones where convergence changes from
orthogonal to oblique, show no occurrence of Mw>7 subduction-related seismic events

(supplementary data). Furthermore, they all define a relatively seismic gap of Mw>6 seismic
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events. Mw>6 seismic events occurrence increases along the direction of sliver migration.
This is an interesting similarity between the GGTB and other majors subsiding zones formed
in response to escape tectonics. This scenario is probably also suitable at the Aleutians
(Amukta and Amlia basins, Geist et al., 1988), where low seismic occurrence has been also
recorded in the zones where convergence changes from orthogonal to oblique. Global
analysis of seismological data is often not sufficient to characterize the seismological
behavior of subduction zones. However, we consider that the data analyzed here takes into
account the epicenter location of relatively well-located high magnitude (Mw>6) seismic
events. Further work is needed to determinate if the absence of major earthquakes along the
zones described above responds to a feedback behavior between tectonic escape and others
aspects such as slab age, slab dip angle or variations in interplate physical processes. Even
so, we point out that the clear segmentation of Mw>6 and the complete absence of Mw>7
seismic events obtained from global seismological data suggest that low seismic release

exists at escape tectonics trailing edges.

The GGTB represents a zone of major change in geodynamic cinematics from normal
subduction off the GGTB to oblique subduction northwards. From 1°N to 1°S the oblique
subduction is strongly influenced by the subduction of the Carnegie ridge. However, seismic
slip vectors show that this segment acts as a typical partitioned segment (Ego et al., 1996).
Indeed, slip vectors indicate a right lateral slip component on the subduction plane which
results in subduction with less obliquity. This aspect, combined with GPS migration rates
(see above), are the major features showing that partitioning of convergence takes place
actually along the Ecuadorian trench. At the latitude of the GGTB no obliquity of
convergence exists, it increases northwards to ~30° at ~1°S. The Pallatanga fault, proposed
as the southernmost transcurrent continental limit of the NAB, is also located in front of a
zone where obliquity is very small. A trivial consequence of the existence of this transcurrent
deformation is that, at the Ecuadorian margin, partitioning is currently taking place in zones
where obliquity is negligible. Several similarities exist between the GGTB and the Sunda
Strait where subsidence developed in response to trench parallel extension along the oblique
convergent motion of the Indian-Australian and Eurasian plates. The Sumatra fault which
probably ends at the Sunda Strait is considered as the major strike-slip system that
accommodates motion partitioning along this subduction system (Huchon and LePichon,
1984; Malod et al., 1995). The Sunda Strait is located along the shelf area and the structures

controlling basin subsidence seem not to reach the trench. Here a trench parallel transcurrent
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system, the Mentawai fault, is considered as a second accommodation zone related to oblique
convergence partitioning (Diament et al., 1992; Malod et al., 1995). Furthermore, the trailing
edge of the forearc sliver is defined by strong trench-parallel and trench-orthogonal
variations in interplate coupling (Baroux et al., 1998). The existence of the Sunda Strait and
the Mentawai fault have been also explained in terms of changes on the along and across
strike interplate mechanical coupling. Furthermore, as pointed out before no major
earthquake recurrence exist at the Sunda Strait and the partitioned system develops in a zone
where convergence is orthogonal suggesting that slip at the Sumatra fault develops in zones

of low obliquity.

CONCLUSIONS

The GGTB evolution is controlled by the trench-parallel extension that results from
the NAB northward drifting. Low-angle normal faults, the TDS, the PDS and the JDS,
accommodate the subsidence along the shelf area. The main opening pulse along the GGTB
took place during early Pleistocene. The TDS is the master fault of basin evolution and
probably corresponds to the shallow expression of a paleo obduction suture zone. It bounds
to the south the main GGTB depocenter. It extends to the continent and probably connects
with the major transcurrent or normal structures, assumed to define part of the eastern
frontier of the NAB. The early Pleistocene total lengthening of the GGTB ranges between
13.5 and 20 km, in good agreement with the ~1 cm/yr postulated rate for NAB migration

combined with an early Pleistocene age (i.e. 1.8-1.6 Ma) for GGTB area main opening pulse.

The subsidence resulting from NAB drifting is mainly concentrated along the shelf
area. The detachment systems controlling subsidence along the GGTB are limited seaward
by the inner DFS and the BPF, which act as a major transfer system. Transcurrent faulting
along the basin limits and along the basin depocenters develops in response to the extensional
structures. These aspects suggest that the GGTB does not correspond to a classical pull-apart

basin as it was previously suggested.

The continental margin is unaffected by the escape tectonic process because of the
low coupling along the interplate contact. We suggest that tectonic escape systems are highly

sensitive to local interplate coupling variations, and that these variations are important to
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define the zones where subsidence results from escape tectonics. The modeling of
convergence partitioning in terms of convergence obliquity, constant interplate coupling and
constant overriding plate strength at the scale of the whole subduction system seems to be
insufficient when analyzing the trailing edge of the tectonic escape system. The GGTB, as
well as other subsident-related trailing edges of tectonic escape systems seem to be
characterized by low seismic release. It is proposed that the subsidence and related
lengthening along the GGTB tends to weak the crust preventing the capacity to restore elastic

strain to be released during seismic events.
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CHAPTER 3

TECTONIC EVOLUTION OF THE INTERMONTANE BASINS OF SOUTHERN
ECUADOR BETWEEN 2°20° S TO 3°25° S.

3.1. INTRODUCTION

The evolution of the Santa Isabel basin, as well as the evolution of the Cafiar and Azogues basins
have been related direct or indirectly with the NAB northward drifting (Winter and Lavenu, 1989b;
Hungerbiihler et al., 2002).

The central and northern Ecuadorian Andean chain consists of two N-S directed mountain chains
separated by a central inter-Andean valley or depression. The eastern mountain chain (i.e the
Cordillera Real) comprises metamorphic rocks units intruded by early to middle-Mesozoic granitoids
(i.e. Aspden and Litherland, 1992; Litherland et al., 1994). Some of these units resulting from the
accretion of oceanic terranes during Jurassic times. To the west of the inter-Andean valley, the western
mountain chain (i.e. the Cordillera Occidental) consists predominantly of fault-bounded Cretaceous-
Tertiary accreted oceanic terranes comprising basaltic, volcanic and volcaniclastic rocks (i.e. Feininger
and Bristow, 1980; Mamberti et al., 2003; Hughes and Pilatasig, 2002; Kerr et al., 2002; Jaillard et al.,
2004). Several theories attempted to constraint the age and the nature of the terranes involved in the
accretionary events in the Coast and the Occidental Cordillera. Due to the variable nature of the rocks
implicated in the accretionary processes, many different models have been proposed. From a wide
variety of data (i.e. Hughes and Pilatasig, 2002; Kerr et al., 2002; Mamberti et al., 2003; Jaillard et al.,
2004; Toro and Jaillard, 2005; Vallejo et al., 2006) two major accretion events seem to be relevant: 1)
a late Cretaceous (65-85 Ma) event involving the Pallatanga terrane (San Juan and Guaranda units),
and 2) a middle-late Eocene event involving the Macuchi terrane (Macuchi and Naranjal units, see unit
1.5.1, Figure 1.8) The accreted oceanic terranes extend south to ~3°20° S. Further south, the
Ecuadorian Andean chain shows a Paleozoic basement that probably corresponds to the southern
prolongations of the Cordillera Real. The contact between metamorphic basement and oceanic
accreted terranes roughly follows the Jubones river (Figure 3.1). An interesting aspect on the
Ecuadorian Andean evolution is that after accretion subsequent marginal parallel transport of these
terranes had probably continued throughout much of the Paleocene to Present times (i.e. Pecora et al.,

1999; Kerr et al., 2002).
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Figure 3.1. a) Regional sketch of the northern Peruvian and southern and central Ecuadorian Andean chain. b)
Geological sketch of the central and southern Ecuadorian Andes and location of intermountain basms From | to
7 they include: 1, Cuenca basin; 2.3 Giron-Santa lsabel basin: 4, Nabon basin; 3, Lq)]a basin; 6, Catamayo-
Gonzanama basin: 7, Malacatos-Vilcabamba basin. Modified from, Hungerbuhler etal. (2002).

During late Cretaceous times, the marine Yunguilla Fm. deposits above the previously accreted
Pallatanga terrane (Eguez et al., 1993; Dunkley and Gaibor, 1997). The Macuchi island arc develops
during Paleocene-late Eocene times while the first volcanic pulse of the Saraguro continental arc
began in Eocene times (Dunkley and Gaibor, 1997; Kerr et al., 2002). A hiatus in volcanism as well as
a deformation step along the older (Eocene) southern rocks of the Saraguro Gp. is attributed to the
docking of the Macuchi terrane against the margin in the late Eocene (Dunkley and Gaibor, 1997
Hughes and Pilatasig, 2002). Subsequently, the break of the Farallon plate at 25-26 Ma (i.e. Hey,
1977, see section 1.2.1.1) results in a strong increase of intermediate andesitic volcanic activity along
the Saraguro arc (Dunkley and Gaibor, 1997). Almost all the processes describe above imprint a ~N-S
to N-E segmentation of the Andean chain (i.e. Andean trending, N-S to N-E directed structures).
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Subsequently, the Miocene corresponds to the period of intermontane basin formation with basins

developing along Andean trending reactivated directed structures.

The active Quaternary structures trend in an NNE to N-E direction. They comprise from north
to south the Paute and Gualaceo faults and the Giron fault system (GFS, Eguez et al., 2003). The Paute
and Gualaceo faults seem to border the western margin of the Cordillera Real. The tectonic activity of
these faults is not clear but they have been considered as currently active showing a slip-rate lower
than 1 mm/yr (Eguez et al., 2003). The GFS trends in a constant N-E direction and extends from the
south of Cuenca to the south of Santa Isabel, and probably further south. The total length of the GFS
lies in the range of 45-50 km.

3.2 STRATIGRAPHIC AND TECTONIC MODELS PROPOSED FOR THE
SOUTHERN ECUADORIAN INTERMONTANE BASINS

Several Tertiary intermontane basins such as the Cuenca, Girdén-Santa Isabel, Nabon, Loja
Malacatos, and Vilcabamba basins (Figure 3.1) developed along the central and southern Ecuadorian
Andean chain (i.e. Bristow, 1973; Lavenu et al.,, 1992 and 1995a; Steinmann et al., 1999;
Hungerbiihler et al., 2002). Generally, the intermontane basin fill unconformably overlies the Eocene-
lower Miocene volcanic formations. South of 3°30’S the Eocene-Oligocene Loma Blanca Fm.
corresponds to basin basement of the Loja, Malacatos-Vilcabamba and Catamayo-Gonzanama basins.
To the north of 3°30°S, the early Oligocene-early Miocene Saraguro Gp. corresponds to the basin
basement of the Cuenca, Girdn, Santa Isabel, and Nabdén basins. Two highly incompatible origins,
continental and marine-continental sediment input models have been proposed for the Tertiary

sediments of these basins. The two proposed models having their own tectonic implications.

It has been long suggested that during late Tertiary a thick continental sedimentation spreads
along the intermontane basins of the southern Andes of Ecuador (Kenerley et al., 1973; Lavenu et al
1992 and 1995a). The continental type sedimentation has been proposed in various works carried out
in the Cuenca, Giron-Santa Isabel, Nabon and Malacatos basins (Lavenu and Noblet, 1989, Noblet et
al, 1988; Lavenue et al., 1992a and 1995) as well as in some detailed unpublished works (Fierro, 1991;
Izquierdo, 1991; Mediavilla, 1991). These authors consider that the cycle of sedimentation is
composed of two sequences along all the basins. The first sequence (M1, Figure 3.2a, adapted for the
Cuenca and Loja Malacatos basins) consists of 600-1500 m of proximal (alluvial) to distal (lacustrine)
deposits. This upward fining and thinning sequence resulting from the deepening related to large
tectonic subsidence, which marks the opening period of the basins. The second sequence (M2, Figure

3.2a) shows a reverse sequence that ranges from distal (lacustrine) to proximal (alluvial) sediments.

27



Cuenca basin

Loja-Malacato
basins

Pm Ollllbl'llcu

g
Miocens
ieesrmedtime Lsboa gt i

Fm Bibllin M1
22 Ma

‘ 1 268Ms

===l FenSaragura E
2.9 Ma

=

=]

353 Ma

Ly "
Loma Conferencis . o
::_ﬂ}/“ Qenca Santa habel

LR
|"?

- Rircay (T:}_ '\ulupq
il

L) B
g
(-‘.Pl

oAy
b,
I,

. pad

p Lon

E Ceibopamba \.‘_L
- S 4

Malacatos

soum |

" e
e f/‘;f

-./‘

N ;E;f.h...‘m

[Aﬂ“l Conferencia

.,«‘f g Mataicanos ; |
| : |
b h —"-q.h
AR % --——L ! Masunumarcs
s a | e [y =Nitst-N130Y
* 50 k w) = NTI%NIOT o 1

Figure 3.2. a) Stratigraphic columns of the Cuenca and Loja-Malacatos basins. The megasequence M1
corresponds to the opening of the basins while the megasequence M2 corresponds to their closing. b) Principal
commpresional stress directions deduced from kinematics of reverse and strike-slip faults of early to late
Miocene. From Lavenu et al. (1995a).

This upward coarsing and thickening sequence; which would represent the tectonic closing of
the basins is 300-1000 m thick. This model suggests active deposition on the intermontane basins from
~22 Ma to 8 Ma. Combined studies of stratigraphy, sedimentology, syn-sedimentary deformation and
microtectonics (Noblet et al, 1988; Noblet and Marocco, 1989; Lavenue et al., 1992 and 1995) allow
proposing that a compressive continuous deformation affected all the intermontane basins during the
entire Miocene period (i.e. after the break of the Farallon plate). During Miocene to Pliocene, the
evolution of the basins is the consequence of the dextral displacement along the main basin margins.

Following their observations they propose that a NNE directed compressive strain controls the basin
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opening (M1 sequence Figure 3.2b), which is transformed in a dextral strike slip movement along N-S
trending faults and dextral normal movement along N20-N40 trending faults. A posterior continuum
clockwise rotation to an E-W directed compressive strain controls the posterior evolution and closing
of the basins (Figure 3.2b). The chronology of the compressive phases is generally established from
dating on regional unconformities. The compressive pulses are dated as Late Oligocene, early Miocene
(20 to 16 Ma) and late Miocene (8 to 7.1 Ma); the Miocene tectonic pulses being related with rapid
Neogene convergence. Bristow (1973) suggested that the basal Loyola Fm. shows a slight marine
fauna. Considering that this fauna is not recorded further west, he speculated the possibility of a
westward-directed marine ingression (i.e. from the Oriente basin) during early Miocene times.
However, this argument was very briefly discussed. He argued that the change from marine to
continental-derived deposits takes place along the red-beds and conglomerates of the Santa Rosa Fm.
(see Figure 3.3a for stratigraphic position). No provenance or depositional ambient of the stratigraphic
series in the time spam between the Loyola and Santa Rosa Fms. was suggested. More recently, the
sedimentation on these basins have been divided in two main stages: 1) from 15 to 9 Ma, the so called
“Pacific coastal stage”, leads to widespread deposition of marine sediments prior to Andean
exhumation (Steinmann et al., 1999) or linked to massive extensional collapse of the Inter-Andean
zone (Hungerbiihler et al., 2002). Marine delta environments, which are described in fonction of fauna
descriptions or from facies associations, correspond to the Catamayo, Gonzanama, San Jose, Santo
Domingo, La Banda, Trigal, Belen, Loyola, Azogues and Mangan Fms (Figure 3.3a). 2) from 9.5 to 8
Ma, the so called ‘Intermontane stage’ defines a period of E-W directed compression which results in
a major exhumation period and more restricted sediment deposition. The two proposed stages are
separated by a major sediment unconformity at about 9 Ma. Steinmann et al. (1999) and Hungerbiihler
et al. (2002) propose that two major embayments related with marine ingression controls the marine
sedimentation along the area: the Cuenca and Loja embayments, to the north and to the south,
respectively. The Giron-Santa Isabel area, where continental-type sedimentation prevailed fulltime,
separates these two embayments. The proposed shallow marine nature of the sedimentary series dated
from 15 to 9 Ma (Steinmann et al., 1999; Hungerbiihler et al., 2002) leads to a more complicated
evolution model (Figure 3.3b). Considering that a low topography profile that allows marine
ingressions is needed, it is suggested that basin formation predates Western Cordillera uplift
(Steinmann et al., 1999) or, that it is related to major collapse of the Western Cordillera (Hungerbiihler
et al., 2002). According to this preceding model, the crustal colapse woul have caused a loss of
support due to the crustal thinning caused by the drifting of the upper-plate sliver. Both of these
models propose that the ~100 Km displaced zone coincident with the Calacali Pallatanga fault
(Figures, 4.1 and 4.3b) could be restored palinspaticly considering, 1) modern North Andean block
drifting rates (i.e. ~1 cm/yr), and 2) a 10 Ma age (Benitez, 1995) for the Gulf of Guayaquil opening.
This reconstruction matches the Loja and Progreso basins to the south and the Manabi and Cuenca

basins to the north, both separated by the Santa Isabel and Santa Rosa-Saraguro highs (Figure 3.3b).
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Following this scenario, the Loja and Cuenca basins would represent the shallower sections of the
Progreso and Manabi basins, respectively. The collision of the Carnegie ridge (from 15 Ma to 9 Ma) is
proposed to be the major feature controlling the evolution of the basins, first enhancing the major
northward expulsion of the coastal block (15-9 Ma) and subsequently increasing compression along

the intermontane basins at 9-8 Ma (Steinmann et al., 1999; Hungerbiihler et al., 2002).
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Figure 3.3. a) Chronotratigraphic chart of southern Ecuador and fission-track ages. b) Proposed palinspatic
rcconstruction of southern Ecuador from middle to late Miocene times. a and b from Hugerbuhler et al. (2002).
Abbreviations: BLAFZ, Bafios-Las Aradas Fault Zone., ChC, Chongon-Colonche High., CE, Cuenca Embayment.,
CPFZ, Calacali-Pallatanga Fault Zone., JF, Jubones Fault., JTB, Jambeli-Tumbes Basin., LE, Loja Embayment.,
MB, Manabi Basin., Pl, Playas High., PB, Progreso Basin., SE, Santa Elena High., SS, Santa Rosa-Saraguro High.
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3.3 NEW STRATIGRAPHIC AND CHRONOLOGIC DATA OF THE CANAR AND
AZOGUES BASINS.

During 2002-2005 extensive field work funded by the IRD was carried out along the Andean
zones between 2°30° S to 2°50” S in the context of the ‘Dolores-Guayaquil project’. This work deals
with the stratigraphic and tectonic evolution of the intermontane basins of Cafiar and Azogues
(Lahuathe, 2005; Bourgois et al., 2006; Verdezoto, 2006; Bourgois et al., in prep), which correspond
to the northward prolongation of the Cuenca basin. The evolution of these basins takes place along
three major tectonic units showing different lithologies and tectonic development. From east to west
they include: the Cocha Huma-Azogues the Ingapirca-Toray, and the Cafiar-Deleg units (Figure 3.4)
all bounded by major ~N-S trending fault systems.

The eastern Cocha Huma-Azogues unit develops to the east of the Toray-Ingapirca fault (TIF).
It corresponds along the Cafiar basin to the late Cretaceous-Eocene deformed series mainly
represented by the Yunguilla Gp. This unit extends to the south to the old series of the Yunguilla and
Saraguro Gps., which bond the main depocenters of the Azogues basin. However, at this site they are

overlain by relatively thin series of the Biblian, Loyola and Azogues Formations (Figure 3.4).

The central corridor, the Toray-Ingapirca unit, is bounded by the Toray-Ingapirca fault (TIF)
and the Honorato Vasquez-Deleg fault (HVDF) to the east and to the west, respectively. The TIF and
the HVDF correspond to the master faults of basin development along the Cafiar and Azogues basins,
respectively. The central corridor corresponds to the major Miocene infill of the Cafiar and Azogues
basins, which extends along major N-S trending antiform structures. The Biblian, Azogues (only along
the Azogues basin), Loyola and Mangan Formations outcrop along the central corridor. New Ar/Ar
age data combined with published ages (Olade, 1980; Barberi et al., 1988; Lavenu et al., 1992;
Steinmann et al., 1999) as well as field stratigraphic relationships allow redefining the individual

periods of deposition for each formation (Figure 3.3, Verdezoto, 2006).

The western corridor, the Caiflar-Deleg unit, is limited to the east by the HVDF (Figure 3.4).
These formations on-lap the Saraguro Gp to the west and are in turn overlain by volcanic deposits of
the Tarqui Mb (Llacao and Tarqui Fms.). It defines the zone of younger periods of basin infilling, i.e.
the Mangan and Turi Fms. The upper sequences depositional area is limited to the east by the major

antiforms developing along the central corridor.
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Figure 3.4. a) Central Ecuadorian Andean segment including the
main structures bounding the Andean piedmont to the west and
the structures controlling intermountain basin formation to the c.
cast. b) N-W cross section of the Canar basin, from Lahuathe
(2005). ¢) N-W cross section of the Azogues basin. from
Verdezoto (2006). d) Ages chart for the main intermountain basin
filling; black dots represent fission-track ages from Steinmann et TARQU!
al. (1999). red dots represent Ar-Ar ages from Verdezoto (2006)
and Bourgois et al., (in prep).

The evolution of the sedimentary infill of the Cafiar and Azogues basins follows two major
steps during Miocene times. The first one, characterized by major subsidence periods, led to

depocenters formation, and the second one related to compressive deformation was related to tectonic
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inversion. The stratigraphic sequence finishes upwards with the deposition of clastic and volcano-

clastic strata, which unconformably overlies the basin infilling.

3.3.1 The Miocene subsidence step.

The Miocene evolution of the Cafiar basin (Lahuathe, 2005; Bourgois et al., 2006) seems
controlled by contemporaneous transcurrent and normal faults. During early-middle Miocene the TIF
develops at the eastern side of the ancient deformed series, which correspond to the Cafiar basin
basement. It acts as a normal fault controlling deposition of the Biblian and Loyola Fms. During late
Miocene subsidence migrated to the west. The HVDF controled subsidence of a western sub-basin
formed mainly by deposits of the Mangan and Turi Fms. To the south, along the Azogues basin, an
early Miocene E-W directed extension led to reactivation of ancient structures including the HVDF,
which controls deposition of the Biblian, Loyola and Azogues Fms., involving a subsidence rate of 4
mm/yr (Verdezoto, 2006). During late Miocene a graben-type structure develops between the HVDF
and the ITF controlling the deposition of the Mangan Fm. However, this step marks a decrease in

tectonic activity along the HVDF.

3.3.2 The late Miocene contractional step.

The stratigraphic sequences along the Ingapirca-Deleg unit are strongly deformed along N-S
directed antiformes and faults. Two major antiforms develop along the Cafiar and Azogues basins, the
Ingapirca and Biblian antiforms. Compressive deformation is mainly accommodated along the TIF.
This compressive step produces stretching measured about 60% and 30% for the Cafiar and Azogues
basins, respectively. Considering that the deformation period corresponds to the time span between the
deposition of the Turi Fm. (deformed) and the overlying undeformed volcanic formations (Tarqui and
Callao Mbs.) an age of 8.7-8 Ma is proposed (Verdezoto, 2006). This date is in agreement with other
models that proposed a tectonic inversion period at ~9 Ma (Steinmann et al., 1997; Hungerbiihler et
al., 2002). However, the Ingapirca-Deleg unit is not deformed by this compressive event. Along the
Caiiar basin, the differences in deformation between the Cafar-Azogues and Ingapirca-Deleg units are
probably related to the strength of the basement (Lahuathe, 2005). The basement of the western
Ingapirca-Deleg unit (i.e. the Saraguro Gp.) acting like a buttress enhancing its overlying sequences to
be affected by the compressive event. A more or less similar mechanism is proposed for the late
Miocene evolution of the Azogues basin (Verdezoto, 2006). Here, the highly deformed Cafiar-

Azogues unit lies next to the undeformed Ingapirca-Deleg unit. The antiform which formed during
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deposition of the Turi Mb. acted as a topographic barrier limiting the deposition of Santa Rosa Mb.

along a sub-basin which forms to the west of the antiform.

From 8 Ma intense volcanic activity led to the deposition of the Tarqui Mb., which
discordantly overlies the previously deformed series of the basin infilling along the central corridor.
The most important aspect of basin architecture is that both, the Cafiar and the Azogues basins show a
westward-undeformed section of late Miocene-Pliocene age, which is limited to the east by the

Honorato Vasquez and Deleg faults.

3.4 THE SANTA ISABEL BASIN.

3.4.1. General location.

The Santa Isabel basin (SIB) trends in a N-E direction from ~3° S to 3°25” S (Figure 3.5). The
SIB is infilled by Miocene continental clastic sediments, which unconformably overlies the basin
basement defined by the Eocene-Oligocene rocks of the volcanic Saraguro Gp. (Kenerley et al., 1973;
Pratt et al., 1997; Hungerbiihler et al., 2002; Dunkley and Gaibor, 1997). Two different formal
subdivisions for the SIB sediments have been proposed: Kennerley et al. (1973) grouped the major
section of sedimentary rocks of the Santa Isabel area together with the Santa Rosa and Mangan Fms.
of the Cuenca basin in a broad Group, the so-called ‘Ayancay Group’. This group being overlain by
rocks of the Uchucay Fm. Recent cartographic works use this terminology (Pratt et al., 1997; Dunkley
and Gaibor, in prep). Contrary, Hungerbiihler et al. (2002) subdivide the stratigraphic series in three
main formations, including the Jacapa, Burrohuaycu (major depocenter), and Uchucay Fms. In this
work, we use the formal subdivision proposed by Hungerbiihler et al. (2002) which is more exhaustive

for the description of the stratigraphic events occurring locally at the SIB.

A regional range front extending from the south of Cuenca to the Sumaypamba area bounds to
the east the continental series of the SIB (Figures 3.4 and 3.5). The structure of the range results from
compressive and extensional tectonics. Near to Giron the sedimentary infilling of the SIB is overlain
by the clastic and volcanic sediments corresponding to the Turi Fm. This formation is also bounded
eastward by the range. This section of the work corresponds to the analysys stratigraphic evolution and
the record of tectonic deformation from 3°15° S to 3°25” S (Figure 3.5) including the evolution of the
southernmost section of the range (i.e. the La Cria anticline) and the evolution of the Giron Fault
System (GFS). Sedimentary and tectonic events dated along basins located further north (i.e. Cafiar
and Azogues basins) as well as local published data are used to date the stratigraphic and tectonic

events along the SIB.
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3.4.2. Stratigraphic record of the Santa Isabel basin

3.4.2.1 The Saraguro Gp.

The Saraguro Gp. corresponds to the SIB basement. It is the formation of greatest areal extent
in the studied area. It bounds to the N-W and to the S-E the basin infilling of the SIB. The Saraguro
Gp. contains a great number of formations and informal units, which comprises 500-2000 m thick of
intermediate to acidic volcanic rocks of middle Eocene to early Miocene age (Dunkley and Gaibor,
1997; Pratt et al., 1997; Hungerbiihler et al., 2002). The Saraguro Gp. shows a complex stratigraphic
record of more than 20 Myr of volcanic activity and local short-term fluvial to lacustrine deposition.
Along southern Ecuador, from 3°5’S to 3°20’S, the Saraguro Gp. includes at least four formations: the
Las Trancas, Plancharumi, Jubones, and La Paz Fms. (Dunkley and Gaibor, 1997; Pratt et al., 1997).
However, at the Santa Isabel area, most of the Saraguro Gp. outcrops have been not differentiated in
cartographic works. The differentiation of the Saraguro Gp. is far from the scope of this work. Here
we use the term 'Saraguro Gp.' to describe all the undifferentiated volcanic series of late-middle

Eocene to Miocene age outcropping the Santa Isabel area.

SARAGURO KLIPPE

GRAY Mb.

GRAY Mb.

UCHUCAY Fm,

ACTIVE

SUBSIDENCE SANTA ISABEL Fm.?

JACAPA Fm.
BURROHUAYCU Fm.

RED Mb.

JACAPA Fm.

200 m

SARAGURO Gp.

v
SARAGURO Gp.
ARCAYAMA SIERRA

SUMAYPAMBA SUCO GROUCH LA CRIA ANTICLINE

Figure 3.6. Key stratigraphic columns of the SIB. From left to right they include the Arcayama sierra. Sumaypamba.
Suco grouch and La Cria anticline sections. Fission-track dating of the Red Mb. sequence yielded ages between 10.5
to 14.7 Ma (Hungerbiiler et al. (2002). Two major angular unconformities exist: a major unconformity between the
Jacapa and Burrohuaycu Fms and a minor one between the Burohuaycu and Uchucay Fms.
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3.4.2.2 The Jacapa Fm.

Initially considered as part of the Ayancay Gp. (Kenerley, 1973), the Jacapa Fm. was defined
by Hungerbiihler et al. (2002) to distinguish the deformed series observed along the SE border of the
SIB. The main outcropping zone lies in the west flank of the La Cria anticline along a 400 to 2000 m
wide NE trending strip. Along this strip, it reaches a maximum thickness of 600-800 m in the southern
limits (i.e. Cajamarca grouch) and no more than 400 m in the northern limits (i.e. next to the locality
of Jubones). The Jacapa Fm. extends to the Jubones locality and is not observed further north. The
formation also outcrops to the east of the Leon River. Here, a 50-100 m thick E-W elongated band
outcrops along the eastern flank of the La Cria anticline. The prolongation of the Jacapa Fm. to the
east of the main depocenter of the SIB led Pratt (1997) to argue that severe erosion may lead to the

loss of a thick section of the Jacapa Fm. to the east of the Leon river.

The clastic Jacapa Fm. is exclusively formed by rocks originating from the Saraguro Gp. It
consists of up to 15 m of gray well-bedded poorly-sorted conglomerate layers. This sequence is
interbeded with up to 10 m fine to coarse red and gray sandstone and siltstone layers. The thicker and
broader conglomerate layers are located at the base of the formation (UTM 832-230, Figure 3.6). The
sequence fines and thins upwards. The origin is fluvial to lacustrine. Imbrication measures suggest that
sediment supply originated from a southward source (Mediavilla, 1991). Channel formation and
related incision of the top of the Jacapa Fm. suggest that the top of the formation is directed to the
north. However, due to the high degree of deformation, it is difficult to establish if all outcrops follow
this sedimentary pattern. The stratigraphic series are highly deformed along the N-E directed strip and
along the small outcrop observed east of the Leon river. Dip angles normally range between 70° to
vertical. One of the main aspects of the Jacapa Fm. sequence is the presence of angular breccia
deposits interbedded in the fluvial series (Figure 3.10). Breccia layers show intermediate to acid
volcanic rocks input, being the only zone where acid blocks have been observed. It is probable that
deposition of the Jacapa Fm. occurred during the deformation period that led to the formation of the
La Cria anticline and pervasive folding of the Saraguro Gp. (i.e. formation of the range). Several
aspects as auto-breccia layer deposition (Figure 3.9d) point out to a tectonically disrturbed
depositional environment. However, this hypothesis could not be properly tested in the field. At the
UTM 687000-9628500, several volcanic layers are intercalated along the upper series of the Jacapa
Fm. These volcanic layers have been attributed to the Santa Isabel Fm. (Hammer, 1997; Hungerbiihler

et al., 2002). In this way, these authors assumed an early Miocene age for the the Jacapa Fm.

The Jacapa Fm. was initially considered as a strip limiting to the west the La Cria anticline

(Hungerbiihler et al., 2002). However, to the west of the anticline, we consider that several 50-200 m
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thick sections of clastic sediments unconformably overlying the Saraguro Gp may be attributed to the
Jacapa Fm. These series are deformed and unconformably overlain by younger sediments of the
Burrohuaycu Fm. We suggest that the Jacapa Fm. extends further west than previously proposed
(Figure 3.5).

ARCAYAMA SIERRA

Photos a, ¢, d; from J. Bourgois

Figure 3.7. a) Sub-vertical strata of the Jacapa Fm. outcropping at the southeastern section of the SIB. b) The Red
Mb. of the Burrohuaycu Fm. at the southern edge of the Jubones river. ¢) Undeformed sequence of the Gray Mb.
d) The strong angular unconformity between the Jacapa Fm. and the Gray Mb. of the Burrohuaycu Fm. e) The
unconformity between the Uchucay Fm. and the Red Mb. f) Carbonated alteration (white layer) at the top of the
Uchucay Fm. Note the soil horizon located above and below of the white layer.
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3.4.2.3 The Santa Isabel Fm.

The Santa Isabel Fm. (Pratt et al., 1997; Hugerbuhler, 1997) outcrops mainly in the N-W zone
of the studied area. Dominant lithologies include intermediate lava flows and volcanic breccias.
Thickness is variable ranging between 500 and 1500 m (Hungerbiihler et al., 2002). Fission track ages
range between 21.1 and 18.4 Ma (Hungerbtihler et al., 2002) for the Santa Isabel area and up to 8 Ma
for the Girén area. This suggests that the Santa Isabel Fm. could be contemporaneous with the
Burrohuaycu Fm. Furthermore, small bands of vertical volcanic series outcropping next to the Jacapa
Fm. (UTM: 686500-9627500) attributed to the Santa Isabel Fm. (Hammer, 1997) suggest that the
Santa Isabel Fm. could be also contemporaneous with the upper section of the Jacapa Fm.
Stratigraphic relationships between the Santa Isabel Fm. and the Jacapa and Burrohuaycu Fms are not

clear.

3.4.2.4 The Burrohuaycu Fm.

The Burrohuaycu Fm. corresponds to the main infilling of the SIB. It extends from the SW of
Girdn to the south of Sumaypamba (Figure 3.5). It was initially defined as part of the Ayancay Gp.
(Kenerley et al., 1973) suggesting that the Burrohuaycu Fm. corresponds to the southern prolongations
of the Mangan and Santa Rosa Fms. observed along the Cuenca and Azogues areas. The Burrohuaycu
Fm. unconformably overlies the Saraguro Gp. and in some places the Jacapa Fm. Upwards, in the

Giron area, the formation is conformably overlain by the Turi Fm.

The Burrohuaycu Fm. shows two main different members at the SIB (other works propose a
two to five members subdivision (i.e, Mediavilla, 1991; Helg, 1998; Hammer, 1998; Hungerbiihler et
al., 2002). The lower (Red Mb.) overlies discordantly the Jacapa Fm. and in some places the Saraguro
Gp. It mainly consists of well-bedded 5-9 m of coarse to fine channelized conglomerate gray layers
interbedded with up to 6-8 m thick red siltstone bodies (Figure 3.7b). An upward layer thinning and a
general variation in grain size from coarse to thin is observed from the base to the top of the member
and from south to north. The northernmost observed outcrops, to the east of Santa Isabel, consist of a
thinly alternation of sandstones and siltstones. The thickness of the Red Mb. is between 400-600 m at
the southernmost tip of the SIB (i.e. Uchucay-Sumaypamba area) but it can reach 700-800 m at the
whole basin. The series dip gently (10-20°) to the S-SE but dip increases generaly to 30° next to the
GFS. Local variations in dip are related to local processes as along the small ~E-W directed antiform
developing near to Sumaypamaba (UTM: 68300-962900, Figure 3.5) and along the northernmost
segments of the studied zone. Along this sector, the Red Mb. dips gently to the north. The change in

dip direction is mostly due to massive landslide typical of this zone.
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The Red Mb. interfingers with the concordantly overlying Gray Mb (Figure 3.7d). It consists
of 2-3 m gray sandstone and conglomerate bodies outcropping between Sumaypamba and the
Arcayama sierra. The Gray Mb. unconformably overlies the Jacapa Fm. The series of the Gray Mb. lie
sub-horizontaly to gently dipping to the west. Local high perturbations of the gently dipping pattern
are observed at the top of the Arcayama sierra. It is difficult to obtain fresh volcanic layers from both
Red and Grey members. Volcanic horizons are often reworked. Fission-track ages obtained mostly

from tephra layers yielded in the range between 10.5 to 14.7 Ma (Hungerbiihler et al., 2002).

3.4.2.5 The Uchucay Fm.

The Uchucay Fm. defines a 20 to 100 m thick of coarse to fine yellow boulder deposited
discordantly over the Red Mb of the Burrohuaycu Fm. The Uchucay Fm. extends to both sides of the
Jubones river. The broader section outcrops at the Sumaypamba locality (Figure 3.7¢). Here the base
of the stratigraphic column consists of 20-30 m of coarse boulder. Upwards (i.e. to the north of
Sumaypamba) the thinnest series show cross-bedding fine layers intercalated with sandstone and
medium to fine conglomerates. It has been suggested that deposition occurred in a lake which had a
high detrital input (Hammer, 1998 in Hungerbiihler et al., 2002). A maximum thick of 100 m is
measured. The northern outcrop, placed in the northern edge of the Jubones river, consists of a ~50m
thick of up to 4m cross-bedding fine layers intercalated with sandstone and medium to fine
conglomerates. These series are similar to those observed to the north of Sumaypamba but strike

correlations are difficult to establish.

Initially considered as Pleistocene (DGGM, 1974) more recently, a single reworked tephra
layer (UTM: 682810-9629759) obtained from the top of the coarser section yielded a ~9.5 Ma age
(Hungerbiihler et al., 2002). However, this layer is not placed inside the sedimentary sequence. It
corresponds rather to a highly carbonated non-consolidated white layer extending superficially in the
top of the formation all over the Sumaypamba area (Figure 3.7f). Its position (inside the soil horizon)

and composition seems to be rather related to a pedogenic-type alteration.

3.4.2.6 Alluvial deposits

A great area of the SIB is covered by alluvial deposition. The nature and age of these deposits
is quite different, being the response to tectonic or erosional driving mechanisms. The major area
extent of alluvial is observed in the northeastern section of the mapped area and is coincident with the
most active segments of the GFS (see below). It shows matrix supported medium to poorly rounded
decimetric blocks. The freshness of the materials involved in the coluvial leads to think that the

deposit is relatively young. An organic sample was collected; it is being dated with the 14 C method.
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The alluvial zones placed along the southern flank of the Rircay river are made up of coarse,
sometimes metric, blocks of the Saraguro Gp. The second major area of coluvial deposits
concentration corresponds to the flanks of the La Cria anticline. Coalescence of these deposits forms
the bajada morphology between the Saraguro Fm. and the Corrales grouch. Other alluvial deposit may
be contemporaneous with the Saraguro Gp. (UTM: 830-320) while the big extent alluvial zone of the

San Francisco zone is mostly related to erosion of the Saraguro Gp.

3.4.3 Main structures of the Santa Isabel basin

The SIB is a semi-arid to arid extensional continental basin where an axial river is situated and
flanking piedmonts classified as either pediments or alluvial fans interact with it. The SIB develops
next to the range that controls the direction of the valley of the Rircay and Girdn rivers. The main
normal fault of the Girén fault system (GFS) represents the westward limit of this range, it separates
the sediments of the Burrohuaycu and Turi Fms. to the west from the range front to the east (Figures
3.4 and 3.5). The SIB corresponds to a half-graben basin. Several structural arguments such as basin
and fold formation have been used to evaluate the structure of the GFS. However, the tectonic
character of the structure as well as the relationships between the sedimentation of the Burrohuaycu
and Turi Fms. and the activity of the GFS are in debate. Some models consider that the GFS develops
in a pure extensive tectonic regime. In this scenario, the GFS has been interpreted as a normal fault
(Kenerley et al., 1973; Winter and Lavenue, 1989; Mediavilla, 1991). The main aspects used in this
interpretation are: 1) the closely related disposition between depocenters formation and fault location
(i.e. Burrohuaycu and Turi Fms. depocenters), and 2) a strong current extensional activity along the
escarps bounding the range in front of the Santa Isabel locality. An extensional pulse (coincident with
the deposition of the Jacapa and Burrohuaycu Fms.) followed by a pure reverse fault mechanism has
been also proposed recently (Hungerbiihler et al., 2002; Dunkley and Gaibor, in prep). However,
Dunkley and Gaibor (in prep.) consider that the first pulses of extensional activity are difficult to
constraint due to extreme erosion of the involved subsiding series. In the Ecuadorian database of
Quaternary faults, the GFS is considered as an active normal fault, which slip rate is roughly measured

as > 0.5 mm/yr (Eguez et al., 2003).
Two main deformation periods lead to the current architecture of the GFS. A compressive

period deforming the Saraguro Gp. and the Jacapa Fm. (i.e. formation of the range) and a more recent

extensional step that triggers subsidence for accumulation of the Burrohuaycu Fm.
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3.4.3.1 The range: La Cria anticline

At the SIB the range mainly consists of rocks of the Saraguro Gp. It reaches altitudes of 300-
700 m above the valley floor. Important flexing and folding of the Saraguro Gp. along the range limit
is interpreted as evidence of a N-W verging compressive step (Hungerbiihler et al., 2002; Dunkley and
Gaibor, in prep.). The northern segments of the range, (Figure 3.8) do not offer good outcrops since
the range front is totally covered by alluvial deposits (Figure 3.8a). On the opposite, along both flanks
of the Leon river the range structure is easily observed. At the Jubones locality, good outcrops expose
the range structure, which is formed by the Saraguro Gp. and the Jacapa Fm. A major vertical plane
separates these sequences (Figure 3.9b). Stratigraphic planes are sub-vertical at both sides of the plane.
This high parallelism leads to think that there is no major fault at the Saraguro Gp. and the Jacapa Fm.
We consider that this surface corresponds to a major stratigraphic plane. Sliding plains, which seem
active at the boundary between these two formations, are considered to be minor tectonic features
reactivated during the subsequent extensional step. The so called ‘La Cria’ anticline also exposes the
rocks involved in the range-related deformation. The anticline trends in an NE direction (Figure 3.5).
One of the particularities of the La Cria anticline is its box-shaped architecture (i.e. near vertical series
forming the anticline flanks and sub-horizontal series located at the summit, Figures 3.8a, 3.9a and
3.9¢). Box-shaped folds generally forms along zones where a decollement (or a detachment) horizon
or ramp exists. A similar deformation-type has been observed along the Cafiar area along the tectonic

unit that bounds the basin depocenter of the Cafiar basin (Figure 3.4c).

It has been suggested that the La Cria anticline and major N-S verging thrust sheets along the
Arcayama sierra and San Sebastian de Yulug areas formed during the same compressional step
(Hungerbiihler et al., 2002; Dunkley and Gaibor, in prep), which thrust the Saraguro Gp. above the
Gray Mb. In fact, the Arcayama sierra summit is formed by rocks of the Saraguro Gp. overlying the
Gray Mb. However, we found no evidence of thrusting in this area. The Gray Mb. is not deformed all
over the most of its sedimentary sequence along the Arcayama sierra (Figure 3.7¢). Furthermore, it
unconformably overlies the deformed series of the Jacapa Fm. The Gray Mb. deformation zone
(related with highly disturbed and vertical strata) is only concentrated in the proximity of the summit
of the sierra along the uppermost series of the member. This suggests that the block located at the
summit of the Arcayama sierra corresponds to a sedimentary klippe, which slided into the upper series
of the Gray Mb. Because the tectonic deformation associated with the tectonic deformations is
associated with the sedimentary klippe emplacement, a scenario in which a regional compressive
tectonic step promotes the northward directed thrusting of the Saraguro Fm. over the undeformed Gray
Mb. is excluded. To the west of the Arcayama sierra, the contact between the Saraguro Gp. and the
Jacapa Fm. shows evidences of extension rather than compression (see below, section 3.4.3.3).

Furthermore, we found no evidences of thrusting since the hill break slope is completely covered by
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an alluvial fan derived from the high hills of the Saraguro Gp. We consider that at the SIB the

compressive deformation is exclusively concentrated along the range.

3.4.3.2 The extensional activity along the GFS

Studies of normal faults in zones of continental extension indicate that faults are all segmented
along strike (i.e. Jackson, 1987; Gawthorpe and Leeder, 2000). Along individual segments the slip is
stronger in the central parts of the segments and decreases gradually to the ending tips (Cowie and
Scholz, 1992; Dawers et al., 1993; Gupta et al., 1998). The longest segments, highest slip rates and
highest footwall topography (proxy for displacement) are located in the centre of the fault zone, the
magnitude of these parameters decreasing towards its ends. Fault segment boundaries are often
marked by local highs and lows in hangingwall and footwall elevations, respectively, and are often
marked by an increased density of small displacement faults (Gawthorpe and Leeder, 2000). In a
general sense, for a given amount of regional extension, topographic elevation depends upon fault
spacing, so areas of small-scale distributed faulting at fault segment offsets and crossovers stand at
higher elevations than the hangingwalls adjacent to large-displacement border faults. However, the
nature of the foot-wall rocks also appears as a major feature in controlling the morphology of a normal
fault (Goldsworthy and Jackson, 2000). At the Santa Isabel area, the GFS shows a strong segmentation
(Figure 3.5; segments 1 to 3 in Figure 3.11) suggesting that probably each segment evolved differently

through time. It includes: the north, central and south segments.

The north segment shows the most recent active tectonic features along the entire GFS. The
extensional activity is clearly observed along a 300-400 m fault scarp placed to the southeast of Santa
Isabel (Figures 3.8 and 3.11). Old exposure zones can be easily observed all over the height of the
scarp, they extend 150-200 m high. Along the lower segments this scarp shows an elongated 2-5 m
high fault exposure zone related to the younger tectonic activity. Cinematic markers obtained along
this exposure zone have yielded a ~NW directed extension regime (Winter and Lavenue, 1989;
Mediavilla, 1991). Further down, a typical normal fault-related scree cone forms originates from
footwall-derived deposits. A thick alluvial deposit placed between the scree cone and the Rircay river
complete downwards the normal-fault related sequence. The GFS north segment is highly concordant
with the zone of greatest recent alluvial deposition and mass collapse along the north flank of the
Rircay river (i.e. Santa Isabel locality, Figures 3.5 and 3.8a). This is a typical feature of normal fault
systems where hanging wall alluvial is greater than the footwall derived one (Gawthorpe and Leeder,
2000). We consider that mass collapse and great alluvial deposition are related to recent fault-induced
tilting of the half-graben floor. Winter and Lavenu (1989a) proposes a 0.5 mm/yr displacement rate

based on the whole scarp height and a Quaternary age for the beginning of the extensional process.
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They propose a switch from compression to extension at the Plio-Quaternary limit (i.e. 2 Ma), this age
being used for fault cinematics and chronology description. However, the attribution of a Quaternary
age for scarp formation is quite arbitrary. No morphological marker was dated and the compression

periods are best defined for the Miocene period and not for the Pliocene one (Lavenu et al., 1995a).

The limit between the central and north segments is defined by the abrupt disappearance of the
major scarp. The north and central segments are separated by a NW trending linear zone coincident
with the Cullo river. The persistent linearity of the river is assumed to be controlled by a transfer zone.
This transfer zone is defined by a large (larger than average) catchment basin along the footwall block,
which is a typical feature on ending segment transfer zones (Gawthorpe and Leeder, 2000). Not far
from this transfer zone, wine-glass-shaped morphology (UTM 690500 9632500) has been considered
as an evidence of fault prolongation from the active scarp of the north segment (Winter and Lavenu,
1989a). However, the proposed wine-glass-shaped deposit is formed by two different lithologies (i.e.
coluvial deposits and fluvial deposits of the Burrohuaycu Fm. for the northern and southern lobes,
respectively). It is most likely that this morphology is not derived from fault activity. In general, the
central and northern parts of the central segment are characterized by the absence of fault-derived
morphology. Tectonic activity concentrates along the southern parts of the segment. To the north of
the range front a well-developed syncline (Figure 3.9¢) develops next to the deformed series of the
Jacapa Fm. This syncline formed by sediments of the Burrohuaycu Fm. is interpreted as a hangingwall
feature related with normal fault activity. The existence of a normal fault at the contact between the
syncline and the deformed Jacapa Fm. is constrained by the existence of pervasive shearing at the base
of the syncline and the clear morphological evidence at the intersection of this contact with the
surface. Here an ~30° northward dipping surface show clear features of a normal fault scarp (Figure
4.91). Some of these features include: an eroded small scree cone and differential erosion between the
plane and the hanging wall floor. Furthermore, cinematic markers such as striations and mylonitic
joints characterizes a normal movement sense with a slightly-dextral component. The highly
developed geometry of this second scarp and its relatively low-angle suggests that extensional

deformation could not be only related to simple post-compressional gravity accommodation.

The Leon river separates the central and south segments. We consider that this zone
corresponds to a transfer zone. The transition between the central and south segments is less abrupt
than between the north and central ones. The southern segment is characterized by coherent steeped
graded trapezoidal-shaped facets along the contact zone between the both vertical-bedding Saraguro
Gp. and Jacapa Fm. The graded trapezoidal character is largely controlled by stratigraphy. However,
down-trough sliding is very active along these polygonal-shaped facets especially along the range

break-slope. Indeed, the most developed polygonal zones clearly interrupt the typical recent alluvial
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piedmont fan morphology. Downwards, several morphological and structural aspects lead to think that

the contact between the Burrohuaycu and Jacapa Fms. is controlled by the GFS.
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Some of these aspects include: 1) the pervasive linearity of the contact, 2) the location of the
Burrohuaycu Fm. exclusively northwards from the unconformity, and 3) the SE dipping of the
Burrohuaycu Fm. strata and the increase of dipping as it approaches the fault plane. However, there is
no clear fault-related morphology (Figure 3.10d). The GFS limits the Gray Mb. to the east which
suggests long term activity of the GFS (i.e. all over the deposition of the Red and Gray Mbs.).
However, it seems that this fault is more active during deposition of the Red Mb. Indeed, upwards the
Gray Mb. lies sub-horizontally to N-W gently dipping. Moreover, if related to GFS tectonic activity,
the Gray Mb. corresponds to a hangingwall block which summit is placed higher than the footwall
summit. During deposition of the Gray Mb. the GFS was relatively less active or simply its slip rate

could not keep pace with the deposition rate.

3.4.3.3 Other faulting zones

The Jacapa Fm. outcrops, south of the Uchucay locality, follow a highly linear contact with
the Saraguro Gp. (UTM 681000 9626000). Here, no major deformation is observed along the Jacapa
Fm. in high contrast with the eastward outcrops located next to the range. Geometrical disposition of
the stratigraphic series suggests that faulting is normal. The contact between the two formations is
vertical. The outer wall of the Saraguro Gp. extends downward to ~1100 m. Contrary, the top of the
Jacapa Fm. is placed at ~1400 m and series dip towards the fault. The linear trend result therefore from
the fact that the slip surface intercepts the surface at a high angle. Also, mapping contours of the fault
indicate that it dips to the NW instead of SE as previously proposed. These structural aspects suggest
that a reverse faulting contact is hard to envisage as it was proposed before (Pratt et al., 1997;

Hammer, 1998). Other faulting zones extend along the limits of the Jacapa Fm.

3.5 DISCUSSION

3.5.1 Tectonic evolution of the SIB area

The Jacapa Fm. deposition took place during the first steps of basin formation (ancient basin),
which probably develops along isolated basins controlled by extensional structures as exemplified by
the normal fault bounding the Jacapa Fm. at the southernmost section of the SIB. However, no
evidences of any structure acting at the period of Jacapa Fm. deposition exist along the main
deposition area (i.e. the range). The ancient tectonic step is coeval with the Jacapa Fm. deposition is
difficult to constraint accurately since the depositional area of the Jacapa Fm. has been highly

modified by younger tectonic events. The current architecture (recent basin) of the SIB is formed by

49



two major steps of tectonic deformation, a compressive step, leading to strong deformation of the
ancient basin depocenters (formation of the range) and a subsequent extensional step, which controls

the younger basin evolution.

The range has been described as a NW verging compressive structure, which front thrust is
located along the GFS. Dunkley and Gaibor (in prep.) define it as a single N-W verging structure
between the Saraguro Gp. and the Jacapa Fm., while Hungerbiihler et al. (2002) define it as a two
faults verging structure system, one located between the Saraguro Gp and the Jacapa Fm. and the
northern one located between the Jacapa and Burrohuaycu Fms. However, we found no evidences of
disruption of the sedimentary sequence between the Saraguro Gp. and the Jacapa Fm. The deformed
series of the Jacapa Fm. parallels the deformed section of the Saraguro Gp. at both sides of the range
(i.e. at the La Cria anticline, Figure 3.10e). This suggests a most likely conformable limit between
them prior to compressive deformation. No structure exists between both, sedimentary and volcanic
sequences (Figure 3.10a). Whether a major fault controls a tectonic inversion of the Jacapa Fm.
depocenters this fault is not located at the SIB area. The proposed tectonic inversion of a proto basin
including the Jacapa Fm. can be envisaged only if all the rocks outcropping at the La Cria anticline
were located along the same fault footwall-block. This last aspect is coherent with the box-shaped

structure of the La Cria anticline, which suggests the existence of a decollement zone.

Hungerbiihler et al. (2002) and Dunkley and Gaibor (in prep.) suggest that the compressive
step leading to the formation of the range (as well as the north verging thrusting along the Cerro
Arcayama and San Sebastian de Yulug areas) is well dated because the non deformed Uchucay Fm.
lies discordantly on the Burrohuaycu Fm., which is assumed to be affected by the compressional
event. In this way they dated the compressional event at ~10 Ma (i.e. the 9.4 Ma age of the
undeformed Uchucay Fm. combined with the 10.5 Ma younger age obtained of the Burrohuaycu Fm.).
We consider that there are two major inconsistencies with this model: 1) there are no evidences of
tephra layer deposition in the ~100 m thick Uchucay Fm. The sample dated by Hungerbiihler et al.,
(2002, UTM: 682810-9629759) corresponds rather to a pedogenic alteration and not to a tephra layer
(Figure 3.7f). We consider that the age of the Uchucay Fm. is not well constrained and, 2) the
Burrohuaycu Fm. is not affected by the compressive event and probably was not deposited during
compression. Furthermore, there is no evidence of thrusting structures at the Arcayama sierra and the
San Sebastian de Yulug areas. The deformed sediments are restricted to the range (i.e. Saraguro Gp.
and Jacapa Fm). The Burrohuaycu Fm. shows a pervasive gently dipping to the S-E which resulted
from the extensional tectonic activity of the GFS. This dipping increases as they approach the fault.
Minor folding (such as that observed to the north of Sumaypamba) or changes in dip develop in
response to local causes. Therefore, the unconformity between the Uchucay and Burrohuaycu Fms.

does not correspond to the major regional unconformity dated as ~8.5-9 Ma observed along the whole
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area between Cafiar to the north and Loja to the south (Steinmann et al., 1999; Hungerbiihler et al.,
2002). The time span between compression to extension is related to the unconformity between the
Jacapa and Burrohuaycu Fms. Furthermore, taking into account that the Jacapa Fm. age is not well
constrained, it is difficult to propose an age for the compressive step. It is probably coeval with
deposition of the Jacapa Fm. Nevertheless, it must be younger than the extensional step that leads to

accumulation of the Burrohuaycu Fm (i.e. older than 14.7 Ma).

Our observations show that the Burrohuaycu Fm. accumulates during an extensional tectonic
step fulltime. The GFS acts as a N-E directed N-W dipping normal fault as evidenced by major scarps
developing along the north and central segments (Figures 4.8b and 4.9f). The SIB corresponds to a
half-graben basin with sedimentary filling on-lapping the Saraguro Gp. and the Santa Isabel Fm. to the
NW and dipping to the SE due to basin-floor tilting. It is difficult to explain the often complex and
changing temporal and spatial patterns of fault activity in terms of sedimentation and subsidence.
However, this can be a useful aspect to characterize long term fault activity. We assume that an
extensional regime is active since deposition of the Burrohuaycu Fm. (i.e. before 14.7 Ma since the
older ages as proposed by Hungerbiihler et al. (2002) were obtained from the central section of the
formation). The Red Mb. defines the period of GFS major extensional activity. This period is coeval
with major basin-floor stepping that probably leads to S-E directed mass collapse of the Santa Isabel
Fm. Indeed, in the central zone of the mapped area, at least two blocks of the Santa Isabel Fm. slipped
on the Burrohuaycu Fm. The eastern block showing several pervasive shear zones that separate highly
locally deformed rocks of the Burrohuaycu Fm. from the overlying slipped rocks of the Santa Isabel
Fm. However, the south segment of the GFS does not show evidences of major current activity (at
least not as big enough as conserving morphology face to erosional processes). Although the slip rate
controls the variability in the appearance of normal faults, other factors such as the nature of the
footwall rocks can be also important (Goldsworthy and Jackson, 2000). Because the footwall rocks of
the southern part of the central segment (where fault scarp is well developed) does not differ from the
footwalls rocks on the south segment. It seems that an important difference in current activity takes
place along these two segments. The southern segment of the GFS shows almost no evidence of recent
tectonic activity. However, we consider that the extensional strain that characterizes the area is (at
least in part) responsible of the relaxation processes that take place mainly along the contact of the
Saraguro Gp. and Jacapa Fm. series along the range slope-break. At Present the major extensional
tectonic activity is concentrated along the north and central segments. The strong concentration of
recent alluvial deposits and mass-collapse along the northern most active segments of the GFS show
that tilting, and consequently fault slipping (as evidenced by well-developed fault-exposure zones), is

active at Present.
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We consider that the GFS forms after the compressional step. The model proposed here is
different to that proposed by Dunkley and Gaibor (in prep), which suggest that the GFS could act as a
normal fault in periods as olds as the time span of deposition of the Saraguro Gp. They reach this
conclusion based on a proposed SE thickening of the Saraguro Gp. series. Considering that the
Saraguro Gp. corresponds to the basin basement this thickening is very hard to check. Furthermore, as
pointed out before, there is no structure bonding the Saraguro Gp. prior to the formation of the recent
basin. Hungerbiihler et al. (2002) proposed a model based on a NW dipping normal fault
(Burrohuaycu Fm. depocenter) rotated and inverted during subsequent compression (Figure 3.11). An
horizontal-axis rotation of at least 90°, from a NW dipping normal fault to a S-E dipping thrust fault
(if possible, during inversion tectonics along a pre-existent fault or weakness zone), may have strong
consequences in the sedimentary series that lie next to the structure. This is not the case of the
Burrohuaycu series that lies next to the GFS, which are relatively undeformed once compared to the
Jacapa Fm. series. The Burrohuaycu Fm. evolves fulltime in a weakly-disturbed extensional tectonic

setting.
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during basin inversion, which occurred at ~9 Ma. Deformation in the Burrohuaycu Fm. is considered to be sealed
by the horizontally lying Uchucay Fm. Location of cross sections in Figure 3.5.
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3.5.2 Regional tectonic implications

Further work is needed to establish a coherent geodynamic scenario that involves all the field
observations obtained along the Cafiar, Azogues and Santa Isabel intermontane basins. A model may
however be in agreement with some aspects that we consider as first-order constraints on local basin

and regional Andean evolution. These aspects include:

e All the intermountane basins exhibit two major sections: an eastward highly deformed section
and a westward undeformed section. At the Santa Isabel basin, the Saraguro Gp. is highly
deformed along the eastern limit of the basin. However, to the west, the Miocene series of the
Saraguro Gp. shows no major deformation. No major structure exists along the Andean
segment between the zone bounded by the PEF, the NF and the PNF to the west and the IDF
and the GFS to the east (Figure 3.12). The upper Miocene-Pliocene volcaniclastic Tarqui Gp.,
which shows no major deformation along the block described above (Figure 3.1 and 3.12).
The whole structure mostly looks like an undeformed crustal block. Deformation is concentred

along the eastern limit of this block.

e Itis most likely that the compressional step occurs at different periods, it is older than 14.7 Ma
along the SIB, while along the Cafiar area it is dated at ~8.5 Ma. It seems that compressional
periods are not synchronous along the faults that delimit the intermontane basins. The whole
structure seems to be coherent with an undeformed block migrating northwards resulting in
dyachronous tectonic inversion along its eastern limits and ongoing subsidence along its

southernmost limit, i.e. the SIB, which acts as a free border zone during the Miocene.

e At ~8-9 Ma an important exhumation took place along the Ecuadorian Andes (Steinmann et
al., 1997; Spikings et al., 2001; Hugerbuhler et al., 2002) as well as along the Andes of
Colombia and Peru (Gomez et al., 2005; Garver et al., 2005). This period is coeval with basin
closing at the Cafiar and Azogues areas (Lavenu et al., 1995; Steinmann et al., 1997;
Hungerbiihler et al., 2002; Lahuathe, 2005; Verdezoto, 2006). However, the SIB is unaffected

by this step and furthermore, extensional tectonics are active along the SIB after 8-9 Ma.

Several aspects remain dubious. The NAB block drifting is proposed to have taken place along
a crustal restraining bend to the north of 2°S that switch southwards to the Gulf of Guayaquil area
(Ego et al., 1996; Winkler et al., 2005). Along this restraining bend, basin formation began at ~6.5 Ma
(i.e. approximately the age of the last depositional pulses along the Cafiar and Azogues areas). Does
this age represent a major tectonic and sedimentary reorganization of the continental setting of the

NAB?
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Extensional tectonic activity along the Ecuadorian Andean chain is scarce. Local normal
faulting located along the northern Ecuadorian Andes seems mostly related to post-glacial elastic
rebound rather than tectonism (Ego et al., 1996b). The GFS shows a strong activity in Present times,
the most active north segment extending at least 20 km. This fault corresponds to the major normal
active fault of the central and southern Ecuadorian Andes (if not the only one) and more important, it
is located at the Gulf of Guayaquil-Tumbes basin (GGTB) latitude. Winter and Lavenu (1989b)
suggested that the GFS could represent the landward limit of a continental zone governed by the
GGTB tectonics. Furthermore, they proposed fault formation at the beginning of the Quaternary
(which is in good agreement with the main opening age of the GGTB, i.e. 1.8-1.6 Ma). However,
evidence presented by Winter and Lavenu (1989b) was weak and chronological periods were not well

constrained. Did the major reorganization of the NAB southernmost limit that took place at ~1.8-1.6
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Ma (Witt et al., 2006) influence the SIB area?; was the GFS reactivated during Quaternary times?. It is
likely that the closing of the Cafiar and Azogues basins produced a strong variation in the sediment
input along the SIB. At this time, the GFS probably ceased to produce nearly sediment accumulation
and/or the GFS passes from a depositional sytem to a non-depositional one, which difficults the

analysis of its more recent evolution.

The master fault of GGTB evolution (i.e. the Tumbes detachment system) prolongs to the
continent. It probably connects with the structures participating in NAB drifting accommodation. A
connection between the GFS northern segments and the TDS could eventually takes place along the
Jubones fault, which is considered to be the main limit between continental basement to the south, and
oceanic basement to the north. Nevertheless, there is no direct evidence to argue that the SIB and the
GGTB resulted from the activity of the same fault system. However, the pervasive extensional
tectonics at the SIB results from the northward motion of an undeformed detached block (i.e. a

phenomenon identical to that controlling the GGTB tectonics).
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CHAPTER 1V

GENERAL CONCLUSIONS

The displacement of an upper-plate sliver has been invoked as a major factor locally controlling
subsidence along the Andean forearc and arc systems since at least the major reorganization of the
subduction system at 25 Ma. The Gulf of Guayaquil-Tumbes basin defines the most subsiding zone (in
terms of rate and width) resulting from the North Andean block drifting during the Neogene. However,
intermontane basin formation has been also generally related to North Andean block drifting along

Andean strike-slip settings. Some of the major constraints obtained in this work include:

The GGTB tectonics and evolution. A ~N-S tensional stress regime characterized the GGTB
shelf area during Miocene to Quaternary times (Figure 4.1). The GGTB evolved along the shelf arca
along two main tectonic steps. The first one, during the Mio-Pliocene is characterized by low
subsidence and low sedimentation rates. A relatively thick Mio-Pliocene accumulation of sediments
took place along the shelf and its surrounding continental areas, including beneath the main early
Pleistocene depocenters of the GGTB. Nevertheless, no major pre-Quaternary structure exists at the
GGTB. Probably an on-shore detachment structure located between the Zorritos basin and the
Amotapes massif controlled the subsidence during this period (Figure 4.1). The Pleistocene of the
GGTB is marked by an abrupt increase in subsidence leading to maximum deposition of ~3500 m of
sediments. Three major detachment faults, the Posorja, Jambeli and Tumbes detachment systems (PDS,
JDS and TDS) controlled the subsidence of the GGTB depocenters including the Esperanza, Jambeli

and Tumbes basins, respectively.

The PDS and the TDS extend only to the inner DFS and the complex zone of the junction
between Banco Peru fault (BPF) and the Talara detachment, respectively. This system acts as a transfer
system accommodating the detachment activity along the seaward edge of the GGTB. The subsidence
related to the NAB northward drifting, which resulted in the GGTB, is mainly confined to the shelf
zone (Figure 4.1). No connection exists between the NAB limits and the trench. The GGTB
experienced a southward migration of activity during Quaternary. The northern edge of the GGTB
migrated from the PDS to the northern major fault bounding the Esperanza graben. Similarly, tectonic
activity migrated southward along the TDS. This is probably a consequence of progressive slip
blocking northwards along the Santa Elena rise and the subsequent creation of a southward free border

along the TDS.
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coastline is considered only as a geographic reference frame. a)
During Mio-Pliocene times subsidence and related sedimentation
rates are low. The dashed gray line corresponds to the northern
limit of continental-type basement outcrops. b) Main periode of
basin formation and depocenter individualisation. ¢) Present
times. Abbreviations are as follows: CF. Carrizal fault; CCS,
Chongon-Colonche sierra; CCS. Chongon-Colonche sierra: DFS,
Domito fault system; GGTB, Gulf of Guayaquil-Tumbes basin;
JDS, Jambeli detachment system; PDS. Posorja detachment
system; SER. Santa Elena raise; TD, Talara detachment; TDS,
Tumbes detachment system; ZB, Zorritos basin. See text for
further explanation.
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The TDS corresponds to the southernmost structure participating in accommodation of NAB
drifting-related subsidence. It extends to the continent and probably connects with the transcurrent
system assumed to represent the NAB eastern frontier. We consider that the TDS acts as the master
fault in basin evolution. Gravity anomalies suggest that it probably corresponds to the shallow
expression of one of the suture zones, which originated from the accretion of oceanic terranes along the
South American continent. The PSCFS commonly associated to the southernmost tip of the NAB
frontier acts as a transfer zone since early Pleistocene time. It accommodated the opposite verging
directions between the southward dipping PDS and the northward dipping JDS. The PSCFS shows no
landward prolongation to the north and no seaward prolongation to the south toward the trench, it ends
at sites where no transfer motion is required. The PSCFS does not correspond to the main NAB frontier

at the GGTB area as commonly accepted.

The transcurrent faulting along the basin limits and depocenters developed in response to
extension. We consider, however that the architecture of the GGTB does not fit the classic pull-apart
basin model in which subsidence develops in response to slip difference along one or two offset

transcurrent faults.

Interplate coupling constraints. Two regimes characterize the continental margin and shelf at
the GGTB latitude. The continental margin is related to subduction-erosion working at depth resulting
in N-S trending seaward dipping normal faults. In contrast, the shelf is related to E-W to N-E
detachment structures resulting from trench-parallel extension (i.e. N-S directed) related to NAB
northward drifting. The trench-parallel extension is expressed by subsidence along the shelf area, while
the continental margin is relatively unaffected by this process. Seismic evidence shows that the limit
between the continental margin and the shelf is marked by an important contrast on interplate
mechanical coupling. Indeed, the expulsion of fluids from the interplate limit has been related with
increase of mechanical interplate coupling landward from the DFS (i.e. the GGTB shelf zone,
Calahorrano, 2005). Our data show that the zone of fluid expulsion is coincident with a major diapiric
zone located seaward from the inner DFS. It is probable that diapirs raise is activated by extensional
tectonics originated from NAB northward drifting combined with raising fluids released from the
interplate zone. The N-S directed strain resulting from NAB drifting is not resolved along the
continental margin because of the important difference in interplate coupling. We suggest that the
continental margin does not react to the subduction motion because it is buoyant. However, the
landward increase of interplate mechanical coupling is not expressed by an increase of earthquake
recurrence beneath the GGTB. The GGTB defines a seismic gap, which is bounded northward and
southward by zones of high subduction-related earthquake recurrence. Low earthquake recurrence
along the GGTB seems controlled by weak upper plate strength caused by NAB drifting-related

lengthening of the crust and subduction erosion along its underside. Low seismic release seems to be a
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typical characteristic of tectonic escape related trailing edges (i.e. the Sunda strait at the Sumatra
subduction system, the Golfo de Penas at the Chile subduction system and the Bussol strait at the Japon

subduction zone, Annex 1).

We suggest that tectonic escape systems are highly sensitive to local interplate coupling
variations and that these variations are important to define the zones where subsidence results from
escape tectonics. The modeling of convergence partitioning in terms of convergence obliquity, constant
interplate coupling and constant overriding plate strength at the scale of the whole system seems to be
insufficient when analyzing the trailing edge of the tectonic escape system. At the latitude of the GGTB
obliquity of convergence is zero or negligible. The Pallatanga fault, proposed as the southernmost
strike-slip continental limit of the NAB, is also located in front of a zone where obliquity is very small.
An important consequence of the existence of this transcurrent deformation is that partitioning is

currently taking place in zones where obliquity is negligible.

Evolution of the central Ecuadorian Andes intermontane basins. The central and southern
Andes underwent major extensional periods leading to intermontane basin formation during at least the
last 15 Ma. Transtensional and pure extensional regimes result in discrete intermontane basin formation
along major pre-existing Andean trending structures, from north to south these basins include the
Cafiar, Azogues and Santa Isabel basins. Along the Cafiar and Azogues basins active subsidence during
~15-9 Ma finishes with a compressive step at 8.5-9 Ma (Bourgois et al., in prep), which is probably
related to an important Andean exhumation period (Steinmann et al., 1999; Hungerbiihler et al., 2002).
In contrast, in the Santa Isabel basin, the compressive step is older than ~15 Ma and extensional
processes seems to be active from 15-9 Ma and during Present times. Our first approximation to a
regional model on Andean intermontane evolution point out that the Santa Isabel basin represents the
southern ‘extensional free face’ of an undeformed detached block that moves to the north promoting

persistent subsidence to the south and diacrhonous compressive deformation along its eastern edge.

Regional geodynamic implications. The GGTB resulted from the N-S directed extensional
strain linked to NAB drifting and recorded the most important subsidence of the southern Ecuadorian
and northern Peruvian forearcs for at least the last 10 Ma. We consider that the high subsidence and
related sedimentation rates of Quaternary age document an acceleration period of NAB drifting. This
result is in agreement with tectonic observations along the NAB eastern edge where major tectonic
deformation steps have been dated at ~2-3 Ma (i.e. Winkler et al., 2005). Considering that the rate and
obliquity of the convergence between the Nazca and South America plates remain constant at least

during the last 5 Ma, the subduction of the Carnegie ridge at the Pliocene-early Pleistocene limit is
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proposed to be the main source of interplate coupling increase along the Ecuadorian margin. We
assume that the subduction of the leading edge (or the subduction of a high) of the Carnegie ridge is at
the origin of the interplate-coupling increase, which in turn produced the acceleration of the NAB

northward drifting and the major periods of subsidence in its southernmost limits.

The total lengthening of a complete N-S transect between the PDS (to the north) and the TDS
(to the South) ranges between 13.5 and 20 km (5-10% net lengthening). This lengthening is coherent
with the documented NAB migration rates combined with an early Pleistocene age for GG area main
opening pulse. This value suggests that the ~100 km displaced Andean zone located to the N-E of the
GGTB is not entirely related with GGTB evolution, as it was proposed (Steinmann et al., 1999). It

seems most likely that major Andean piedmont displacement ocurred prior to GGTB formation.

The subduction-erosion regime of the continental margin at the latitude of the GGTB extends to
the south, down to the northern Peru continental margin (Bourgois et al., submitted), and to the north,
up to the southern edge of the Carnegie ridge (Sage et al., 2006). At the GGTB latitude, subsidence
along the continental margin began (at least) during middle Miocene, which is in agreement with ages
proposed for the Peruvian continental margin (i.e. von Huene et al.,, 1988). On the other hand,
subsidence along the GGTB favours sediment trapping on the shelf instead of reaching the continental
margin and trench. This is a major aspect in controlling the subduction regime. The emersion of the
GGTB during Pleistocene low-stands resulted in an increase in sediment input to the upper continental
margin and trench. However, Banco Peru acted as a persistent barrier (even during low-stands) between

the shelf and the upper continental margin.

The above evidence suggests that the NAB trailing tail was characterized by discrete basin
formation during the Neogene, which was probably related to migration of the NAB limits. However,

the GGTB high subsidence marked a major reorganisation of the NAB southern limits at 1.8-1.6 Ma.
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Annex: Global data of the NEIG-USGS catalogue
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