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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 Puné-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;
PSCEFS, 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; TLI,

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

30f22



TC3017 WITT ET AL.: DEVELOPMENT OF THE GULF OF GUAYAQUIL TC3017
Holocene
€ 122
E _2% 740140 /E]GO 250|:|150 Late Pleistocene
a 305—— 365 273 — —T 300 -
o 355 Unconformity - Exposure
a —47(\-65
—E70 OFF BASIN WELLS
925 Early
1000 [— 94 Pleistocene 950
2
1290
1350\ 1530
1555 -
Dwss Late Pliocene 1900
2000 |— []1905
. Late Miocene to Plio-
Early Pliocene Pleistocene Pleistocene
2300
2745
2835
2910 12870 3000
3000 3050 /E/\ Paleocene-Eocene
A Acoustic
. A basement
366 3600 Miocene 3450 3450
3665
. 387(5). Golfo de
4000 |- Domito 1 3970 396 Guayaquil 1 Tiburon1 Fe1
4300
Esperanza 1 4610 L 4680
B Inner platform Bl Central platform
Tenguel 1 Amistad Sur 1 P P
P »
BASIN WELLS B Outerplatform [ Not defined

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 Borbdén, 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 | 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.

[8] 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.

[9] 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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TC3017

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
cast (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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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. Puna-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 Puna 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 Puna 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.
Therefore 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] 1. 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

11 of 22



TC3017

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

[20] 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

'y
[ PN

@ Highsubsidence rate ’ Tectonic inversion - uplifted series 1/Strike slip fault, transfer fault
() Lowsubsidencerate 4mm 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 Pund 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 Puna island, Figure 2). Indeed this
segment of the PSCFS 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 Pund 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 6¢) 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
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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 Puna 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) [Tauboada 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 Carnegic 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; Sallarés 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].

[5s1] 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
Puné-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 shelfarea and the continental slope. The DFS
bounds the PDS and the Esperanza basin to the west.

[s4] 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—ecarly 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 6¢ (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.c., 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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