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ABSTRACT

STRUCTURAL EVOLUTION OF THE OFFSHORE FOREARC BASINS OF PERU,
INCLUDING THE SALAVERRY, TRUJILLO, LIMA, WEST PISCO AND EAST
PISCO BASINS

by
Carlos Azalgara

The basins of the study area were filled with the following
sequences: Eg (lower? to middle Eocene); E1, E2 and E3 (fill middle
Eocene half grabens); E-O (uppermost middle Eocene-Oligocene); M1,
M2 and M3 (lower-upper Miocene); P (uppermost Miocene-Pliocene);
and, Q (Quaternary). Four compressive events occurred during
Paleocene?, middle Eocene?, upper-middle to late Miocene and
middle Pliocene?; and two extensional episodes took place during
middle Eocene and late Pliocene. Pre-Tertiary substratum was
involved in all tectonic events. The Salaverry-Trujillo High which
formed during the third compressive event and the Pliocene consists
of a trench-parallel open flexure and a belt of middle Eocene to
upper Miocene inverted wedges. The continuous uplifting of the
Salaverry-Trujillo High produced a sustained shallowing of the sea

floor at the slope break zone on the western side of the high and the

incision of submarine canyons.
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CHAPTER 1: INTRODUCTION

The Peruvian margin, located on the Pacifié border of south-
central South America (Figure 1.1), is characterized by two
prominent elements, the Peru-Chile Trench and the Andes Mountains
(Figures 1.2 and 1.3). An SW-NE transect from the Peru-Chile Trench
to the Andes (Figure 1.3) shows a relief of more than 10 km along a
distance of less than 200 km. These coast-parallel features are the
morphologic expression of interaction between the oceanic Nazca-

Farallon plate and the continental South American plate since

Liassic time (Mégard, 1987).

The Peruvian margin, bounded by the east dipping B (Benioff)
and west dipping A (Ampferer) subduction zones (Figure 1.3) in the
west and east respectively, shows the following main elements: the
accretionary prism, 10 forearc basins, the magmatic-volcanic arc

and the folded belt of the Andes.

The forearc basins are, from north to south, the Progreso (also
called Tumbes Basin), Talara, Sechura, Trujillo, East Pisco, West
Pisco, Moquegua and Mollendo. The forearc northern Progreso (also
called Tumbes Basin), Talara and Sechura Basins extend both onshore
and offshore (Figure 1.4). The Trujillo, Salaverry and Lima Basins lie
entirely offshore. The West Pisco Basin is offshore whereas the

adjacent East Pisco Basin is located both onshore and offshore. The
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Figure 1.4 FOREARC BASINS OF PERU
After Travis et al. (1979) and Thornburg and Kulm (1981)



6

southern Moquegua and Mollendo Basins lie onshore and offshore

respectively (Figure 1.4).

1.1 Study area

The study area extends along the offshore forearc portion
between 6°S and 16°S latitude (Figures 1.1 and 1.4). This area of
approximately 100,000 km2 includes the southern part of the
Sechura Basin, the Trujillo, Salaverry, Lima and West Pisco Basins

and the western portion of East Pisco Basin.
1.2 Morphostructure of Peru

The morphology of Peru was produced during the Cenozoic
evolution of the margin. There are seven subparallel northwest
trending morphostructural zones (Figure 1.2): The Peru-Chile Trench,
Continental Slope, Shelf, Western Cordillera, Altiplano, Eastern

Cordillera and Sub-Andean Zone.

The Peru-Chile trench extends parallel to the coast, 120 to

200 km west of the Western Cordillera. lts axial depth ranges from
5.3 km in the north to 6.8 km in the south. This depth range is locally
shallower at 15° S, where the trench axis shoals to about 2 km due

to the intersection with the Nazca Ridge. The Continental Siope

extends 60 to 130 km landward of the trench axis. Submarine
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canyons dissect it only north of 7°S in a region of high rainfall on
the adjacent continent. The Shelf is exposed on land north of 6°S and
south of 13° 30' S, where it is about 50 to 100 km wide. It includes
the Coastal Range (Figures 1.2 and 1.5), which onshore is a
discontinuous string of low mountains and offshore consists of
submarine basement highs, cored by a Precambrian basement to the

south and Paleozoic metasediments to the north.

The Western Cordillera, where only Mesozoic and Tertiary

volcanic and sedimentary rocks are exposed, reaches locally more
than 6,000 m in altitude. The Altiplano consists of high plateaus
that are deeply dissected by erosion; its altitude ranges from 3,800
to 4,500 m. Paleozoic metamorphic rocks crop out locally and are
typically covered by Jurassic and Cretaceous strata. The Eastern
Cordillera, locally rising to 6,000 m, is a vast anticlinorium
characterized by open folds (Mégard, 1987). The Precambrian
metamorphic basement and Paleozoic sediments crop out
extensively. The Sub-Andean Zone is characterized by hills whose
altitudes decrease from 2,000 m in the west to 50 m in the east. A
folded and thrust faulted wedge involving Paleozoic to Pliocene

sediments occupies most of the Sub-Andean Zone (Mégard,1987).
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1.3 Previous work in the study area

Three groups of researchers have contributed to the geologic
knowledge of the Peruvian forearc: The Peruvian Government
Instituto Geoldégico Minero y Metalurgico (INGEMMET), the oil

industry and academic institutions.
1.31 Onshore Sechura and East Pisco Basins areas

The onshore Sechura Basin, located north of the study area
(Figure 1.4), was initially studied by Travis et al. (1976), Cheney et
al. (1979), Caldas et al. (1980) and Ochoa (1980); later Marty (1989)
redefined the stratigraphy, documented the Cenozoic biogenic

sedimentation and upwelling and described its tectonic history.

Geologic understanding of the onshore East Pisco Basin,
situated east of the study area, evolved during two periods: (1) From
the twenties to the sixties the stratigraphy and regional geology
was outlined by Lisson (1925), Steinmann (1929), Stainforth and
Ruegg (1953), Petersen (1954), Newell (1956), Ruegg (1956), Rivera
(1957), Mertz (1966). (2) Since the eighties the geologic knowledge
notably advanced with the Balarezo et al. (1980) mapping of the lca
area (includes the East Pisco Basin); and mainly with the review and
refining of the stratigraphy by Fourtanier and Macharé (1988),
DeVries (1987), Davila et al. (1987), Macharé et al. (1987), Marty et



10
al. (1988), Dunbar and Baker (1988), Marty (1989), Stock (1989), and

Dunbar et al. (1990).

In addition to establishing basin stratigraphy, other workers
studied the basin tectonic and sedimentologic framework. The
structural and tectonic history is summarized by Macharé (1987) and
Marty (1989). Marty (1989) documented Cenozoic biogenic
sedimentation and upwelling. Martin (1987) studied the secondary
carbonates of the Pisco Basin. Allen and Dunbar (1988) investigated
phosphate genesis. Wright and Cruzado (1988) and Stock (1989)
documented some of the characteristic lithofacies found throughout
the East Pisco Basin. Recently, Frantz (1993) studied the biogenic
Upper Eocene-Lower Oligocene Yumaque formation of the East Pisco
Basin. Dunbar et al. (1990) summarized the state of the knowledge of

onshore Sechura and East Pisco Basins.
1.32 Offshore area

The earliest data in the offshore forearc south of the Talara -
Basin were related to the drilling of the exploratory Ballena and
Delfin wells in the Trujillo Basin (Figure 1.6) by Occidental del Peru
in 1971. These wells provide valuable stratigraphic information
because they are the only wells drilled in the area that reached the
Pre-Cenozoic basement. The Nazca Plate Project, initiated in 1972,

provided dredge samples and gravimeter, magnetometer and single
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and multichannel seismic data. Two extensive seismic, gravimeter
and magnetometer surveys were sponsored by Petroperu, in 1973 and
1982. Seiscom-Delta Inc. in 1973 and the Compagnie Générale de
Géophysique in 1982 did the geophysical surveys. In 1986,
participants in Leg 112 of the Ocean Drilling Project collected
additional multichannel seismic reflection profiles, reprocessed
multichannel seismic lines acquired during the Nazca Plate Project,

and drilled and cored 10 sites within the Peru forearc.

Nazca Plate Project results

The Nazca Plate Project was a multidisciplinary effort with
focus on: (1) The regional crustal and mantle structure of the Nazca
plate as a function of distance and age from the crest of the East
Pacific Rise; (2) the tectonics, stratigraphy, and structure of the
Peru-Chile Trench and the adjacent South American continental
margin area; and (3) the processes leading to metal enrichment at

the East Pacific Rise.

The project was initiated in 1972. One year later the
scientific objectives of the project were reoriented, focusing on the
study of mineralization at the East Pacific Rise, the convergent
boundary and the continent. The new objectives related to the
convergent boundary were: (1) The thickness and composition of

oceanic crust and sediments just prior to subduction. (2) The degree



13
and composition of oceanic sediments accreted to the continent. (3)
Identification of regions of accretion and consumption by their
structural styles. (4) Relationship of items 1-3 to crustal structure,

seismicity patterns, volcanism, and ore formation on the continent.

The main results of the Nazca Plate Project related to the

continental margin are summarized as follows:

(A) Hussong et al. (1976) and Hussong and Wipperman (1981)
concluded that (1) the long-term subsidence observed in the
Peruvian margin at 11° 30" S latitude is due to the tectonic erosion
and subsequent subduction of the continental plate material; (2)
there are relatively short periods of uplift and subsidence that
caused major unconformities in the sedimentary section
accumulated in the slope; (3) the subducted oceanic plate is

thrusted, which may contribute to the vertical tectonics within the

overlying continental plate.

(B) Jones (1981), combining seismic refraction and gravity
information in a E-SE transect at 9°S, proposed the occurrence of a
Mesozoic rock wedge with 2.65 g/cm3 density (4.55 to 5.15
km/s),which rests on Precambrian or Early Paleozoic basement and

floors the Salaverry Basin Cenozoic sediments.



14

(C) Thornburg and Kulm (1981), Kulm et al. (1982) and
Thornburg (1985) studied the area (from 6°S to 16°S latitude). These
authors, using bathymetric and seismic reflection profiles, mapped
two N-NW trending structural ridges (Figure 1.5), the Outer Shelf
(OSH) and Upper Slope Ridge (USR), which confine two series of
basins, the Slope basins located between the OSH and USR and the
Shelf basins which lie between the OSH and the Andean western
border. They studied (Figure 1.5) on the slope the Trujillo, Yaquinga,
Lima (first identified by Masias, 1976) and West Pisco Basins, and
on the shelf the Salaverry Basin and offshore parts of the Sechura
and East Pisco Basins. Their main conclusions were (1) the forearc
shelf basins, Sechura, Salaverry and East Pisco, are floored by a
block-faulted Precambrian to Paleozoic massif on which rest as
much as 3 km of Cenozoic and probably Mesozoic sediments; (2) the
pre-Cenozoic basement is unconformably overlain by sediments of
Eocene and younger age deposited following a period of orogeny and
uplift during the late Paleocene and early Eocene; (3) the shelf and
Lima Basins lack an Eocene sedimentary section; (4) the Pre-
Mesozoic massif experienced several pulses of uplift and subsidence
during the Cenozoic. One of the most significant was a Post-
Oligocene tectonic event which uplifted the Trujillo Basin area; (5)
the OSH, the Trujillo Basin and the area east of the Lima Basin (Lima
Platform) were uplifted and compressed (producing folds and thrust

faults involving the Cenozoic sections) during Late Pliocene time. In
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contrast, the Lima Basin subsided between 500 and 1100 m since

Pliocene-Pleistocene time, indicating tensional stresses.

Ocean Drilling Program-Leg 112 results

Suess and von Huene et al.,, (1988, 1990) summarized Leg 112
results based on the drilling in the Yaquina, Trujillo and Salaverry
Basins and concluded: (1) during the Early Eocene, the continental
shelf extended seaward of its current position, at least to the
current midslope area location; (2) a widespread Oligocene hiatus
corresponds to an eastward shift of the magmatic arc and vulcanism
in the Western Andean Cordillera probably caused by a change in the
position or configuratiorr of the subduction zone; (3) the seaward
edge of the continent subsided at least 2 km during Middle Miocene
time; this subsidence suggests a subduction zone dominated by
"subcrustal tectonic erosion"; (4) Cenozoic accretion began during
Late Miocene time; (5) the combined effect of incremental rates of
convergence and sedimentation along with the Nazca Ridge
subduction at 9° S between 8.8 Ma and 7 Ma (Nur and Ben-Avraham, '
1981; Cande, 1985) may have caused the change from a subduction

zone dominated by tectonic erosion to a system dominated by

accretion.

Ballesteros et al. (1988) reported a seismic stratigraphic

study of a segment of the Lima Basin (from 11° to 11° 45' S
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latitude) and the Yaquina Basin. In the Lima Basin, they recognized
eleven seismic stratigraphic units. These units are: A shelfal middle
Eocene sequence overlain by a middle Miocene low-energy turbiditic
unit. The five following sequences consist of late Miocene sediments
deposited in the shelf to shelf/slope setting. Two Pliocene
sequences composed of low-energy turbidites overlay the Miocene
deposits. The two uppermost sequences are Pliocene-Pleistocene and
Pleistocene low-energy turbidites. The Yaquina Basin shows five
sequences: middle Eocene shelf deposits at the base, overlain by two
low energy turbidite packages of early Miocene-Oligocene? and
middle Miocene age. The two upper sequences consist of late
Miocene-Pliocene high energy turbidites capped by a late Pliocene-

Quaternary low-energy turbiditic unit.

Von Huene and Lallemand (1990) proposed two mechanisms for
tectonic erosion during Middle Miocene at 9° S latitude. The first
mechanism is linked to subduction of the Nazca Ridge which
produced uplift and breakup of the lower slope and subsequent
subduction of the debris. The other mechanism consists of erosion
along the base of the upper plate, which would involve intensive
fragmentation of the underside of the upper plate caused by
overpressured water. Small crustal fragments created in this

fashion would be vulnerable to plucking by traction along the plate

boundary.



17

Von Huene (1993, in press) correlated the Lima Basin
subsidence and uplift with the geometry and subduction history of
the Nazca Ridge and concluded: (1) the subsidence of the Lima Basin
is coeval with the Nazca Ridge subduction; (2) the structural
difference between the Trujillo and Lima Basins is due to the much
smaller size (width and height) of the Nazca Ridge portion subducted
under the Trujillo Basin with respect to the Ridge size segment
subducted below the Lima Basin; (3) there is seismic evidence of a
seaward sediment source located on the Lima Basin west flank; (4)
the complex history of vertical tectonism and erosion along the Lima
Basin transect can be explained by the upper plate response to the

subduction of the irregularly shaped Nazca Ridge.
1.4 Basic information

The basic information for the study consists of: (1) more than
15,000 km of multichannel reflection seismic profiles which cover
the approximately 100,000 km2 of the study area (Figure 1.6). This
seismic information was obtained in two surveys sponsored by
Petroperu, performed in 1973 and 1982. Seismic line spacing is 6 to
20 km in the northern Salaverry and Trujillo Basins, 40 km in the
Lima Basin and 4 to 20 km in the southern East and West Piscc
Basins. Six segments of reprocessed seismic profiles (Figure 1.6)
included in the ODP Leg 112 Initial Reports Volume (Suess E., von

Huene R., et al.,, 1988) were also incorporated to include information
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from the trench-accretionary complex zone. (2) Lithologic samples,
electric and synthetic logs from the Delfin and Ballena (Figure 1.6)

drill holes which reached pre-Cenozoic basement and are located

WELL

Ballena 1X
Delfin 1X

ODP 679 A
ODP 679 B
ODP 679 C
ODP 679 D
ODP 679 E
ODP 680 A
ODP 680 B
ODP 680 C
ODP 681 A
ODP 681 B
ODP 681 C
ODP 682 A
ODP 683 A
ODP 683 B
ODP 684 A
ODP 684 B
ODP 684 C
ODP 685 A
ODP 686 A
ODP 686 B
ODP 687 A
ODP 687 B
ODP 688 A
ODP 688 B
ODP 688 C
ODP 688 D
ODP 688 E

LOCATION

Trujillo
Trujillo
Lima

Lima

Lima

Lima

Lima
Salaverry
Salaverry
Salaverry
Salaverry
Salaverry
Salaverry
Low. Slope
Mid. Slope
Mid. Slope
Trujillo
Trujillo
Trujillo
Low. Slope
West Pisco
West Pisco
Lima

Lima

Low. Slope
Low. Slope
Low. Slope
Low. Slope
Low. Slope

Table 1. DRILL HOLES IN THE STUDY AREA

WATER
DEPTH

(m)
115.2
118.6
450.0
461.0
461.0
450.0
461.3
263.0
263.0
263.0
161.0
161.0
161.0

3799.0
3082.3
3082.0
436.5
437.0
437.0
5081.3
457.3
457.3
17.3
3.0
317.3
3830.3
3830.3
3830.3
3830.3

DRILLED
INTERVAL

(m)
859.7
2540.8

OLDEST

SEDIMENT
RECOVERED
Paleoz./Prec.
Paleoz./Prec.
Quaternary
Pliocene
Pliocene
Late Miocene
Mid. Miocene
Pleistocene
Early Pliocene
Pleistocene?
Pleistocene
Plioc./Mioce.?
Quaternary
Eocene
Mid. Miocene
Mid. Eocene
Mid. Miocene
Pliocene
Mid. Miocene
Early late Mio.
Quaternary
Quat./Plioc.?
Quat./Pliocen.
Quat./Pliocen.
Pliocene?
NR
Quaternary
NR
Early Eocene
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toward the eastern border of the Trujillo Basin; and (3) well logs
and detailed descriptions of conventional cores recovered in the

ODP, Leg 112 (Figure 1.6; Table 1) were also available.

Electric logs and stratigraphic columns of the Viru 4X and
Pisco 4X wells (Figure 1.6) drilled onshore in the Sechura and East

Pisco Basins respectively were also made available by industry.

1.5 Purpose
The main objectives of the present study are:
(1) To define the seismic-stratigraphy of the
offshore Sechura, Salaverry, Trujillo, Lima, West Pisco and East
Pisco Basins, located in the Peruvian shelf and continental slope

zones, between 6° and 16° S latitude (Figures 1.2 and 1.4).

(2) To reconstruct the structural evolution of these
basins and to relate the structural stages to the Nazca plate

subduction process.

1.6 Study method

The study was done in five phases:
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(1) The rock record was subdivided and correlated, throughout
the whole study area, into 11 seismic sequences bounded by

unconformities or their correlative conformities which will be

described in Chapter 3.

(2) Biostratigraphic and paleoenvironmental analysis on the
Delfin and Ballena well cuttings were performed by Dr. H. Okada and
by Mrs. N. L. Engelhardt-Moore respectively; a synthesis of their
reports is included in Appendices A and B. Biostratigraphic and
paleoenvironmental data of the 10 ODP wells were collected from
the ODP, Leg 112 Initial Reports and Scientific Results (Suess E., von
Huene R. et al.,, 1988, 1990). In order to date the 11 seismic
sequences, the well stratigraphy was correlated with the nearest

seismic profile using synthetic logs when they were available.

(3) Six regional panels of seismic profile line drawings and
one panel of seismic profiles that cover most of the study area
(Figure 1.7) were constructed to illustrate the distribution and

structural style of the 11 sequences.

(4) To tie the stratigraphy between the offshore and adjacent
onshore areas the offshore wells were correlated with industry's
Viru 4X and Pisco 4X wells located onshore in the Sechura and East

Pisco Basins respectively (Figure 1.6).
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(5) The main structural events were correlated with the

Nazca (Farallon)-South American plate reconstruction of Pardo

Casas and Molnar (1987).
1.7 Pre-Jurassic geologic framework

The following summary is based on the work of Méegard (1987)
on the Andes evolution. Mégard (1987) described three main cycles in

the pre-Jurassic geologic history of Peru.

Precambrian

The Precambrian basement, exposed in the Eastern Cordillera
and along the coast, includes a series of Upper Precambrian low to
medium grade metamorphic rocks, about 600 Ma old with older cores
of 1.0 to 2.0 Ga. The main metamorphic core is the Arequipa massif
(Mégard et al.,, 1971; Shackleton et al., 1979; Dalmayrac et al.,
1980), (Figure 1.2) which consists of staurolite and andalusite
shists and granulite-facies migmatitic gneisses. These rocks are'
related to a metamorphic event dated as 1,950 Ma (Dalmayrac et al.,
1977). The series exposed in the Eastern Cordillera is composed of
schists, quartzites, and metagraywackes intercalated with
greenschist. Along the shelf zone, the metamorphic rocks of the
Hormigas Islands, located 70 km west of Lima (Figure 1.2) (Kulm et

al., 1981) and the lllescas Mountains of northwest Peru (Figure 1.2)
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may also be of Upper Precambrian age. These Late Precambrian

metamorphic rocks occur in a belt that is subparallel to the Andes.
Ordovician to Devonian sedimentation

Marine Paleozoic strata unconformably overlie late
Precambrian rocks. In southern Peru and Bolivia, Paleozoic rocks
accumulated in a northwest-trending basin bounded by the Brazilian
shield and the Arequipa massif to the east and west respectively.
Siliciclastic sedimentation was almost continuous from the middle
Ordovician to the upper Devonian, reaching maximum thickness in the

order of 10,000 to 15,000 m (Mégard, 1987).

Late Devonian-early Mississippian (Eo-Hercynian) folded

belt

The Ordovician to Devonian strata were strongly deformed
during latest Devonian or early Mississippian time (Meégard, 1967;
Mégard et al.,, 1971; Dalmayrac et al., 1980; Martinez, 1980). This
Eo-Hercynian phase produced a northwest-trending folded belt with
greenschist-grade metamorphism and scarce post-tectonic

granitoids (Mégard, 1987).
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Mississippian to Permian sedimentation

A 1,000 to 2,000 m thick sequence of Mississippian to early
Permian conglomerates, marine shales, sandstones, and carbonates

rests unconformably upon the eroded folds of the Eo-Hercynian belt.

Late Permian (late Hercynian) deformation

Late Hercynian (Dalmayrac, 1980) tectonics were mainly
extensional with normal faults and probably some strike-slip faults.
The extensional strain of this period might be related to continental
rifting (Noble et al., 1978; Daimayrac et al., 1980). Late Permian
volcanism consists of peralkaline rhyolites and sub-alkaline basalt
flows. Emplacement of Permo-Triassic sub-alkaline granitoids as
batholiths and stocks followed the initial period of volcanism in the

Eastern Cordillera (Mégard, 1987).
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CHAPTER 2: THE MESOZOIC-CENOZOIC ANDES OF PERU

2.1 INTRODUCTION

The Mesozoic-Cenozoic evolution of the Peruvian Andes began
in the Liassic (Mégard, 1987), when the oceanic Farallon plate was
located offshore continental South America. The Andean evolution is
marked by two main periods: (1) From early Jurassic to early
Cretaceous time, when strike slip and extensional tectonics
dominated the margin, during oblique subduction (Pardo-Casas and
Molnar, 1987; Jaillard, 1992), and (2) From late Cretaceous to the
present, when compression in the back arc led to the development of
the Andean folded belt and its related foredeep. During this period, a
type A subduction boundary, that progressively migrates eastward

incorporating younger sediments, is formed.

Andean tectonics have been described as a succession of short
lived regional and synchronic phases of trench parallel folding and
thrusting intercalated with periods of tectonic quiescence or
extension (Steinmann, 1929; Caldas, 1983; Mégard, 1987; Sébrier
and Soler, 1991; Jaillard,1992). On the other hand the Andean
foredeep evolution has not been appropriately dated and described. In
the future, publication of seismic profiles from the Subandean and
Low Jungle zones will help to determine whether if the so called

compressional phases are indeed the spatial and temporal expression
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of a continuous long-lived compressive process in which the

deformation migrates toward the foreland and involves successively

deeper decoupling levels.

The following summary is based on the work of Mégard (1987)
on the Andes evolution; Jaillard (1992), who described the Peruvian
margin tectonic and geodynamic evolution from Kimmeridgian to
Paleocene time, and the synthesis of Sébrier and Soler (1991) on the
tectonics and magmatism in the Peruvian Andes from late Oligocene
to Present. The geographic locations of the features described in

this section are shown on the morphostructural map of Peru (Figure

2.1).
2.2 EARLY TO MIDDLE JURASSIC

The Hercynian deformation preceded a widespread Norian
transgression. During late Triassic, a carbonate basin occupied most
of the Peruvian margin, with shallow shelf deposits to the east and
deeper carbonates to the west (Loughman and Hallam 1982; Mégard,
1978). These carbonates rest unconformably on upper Permian to

lower Triassic red beds.

During the Liassic: (1) In central and northern Peru, bituminous
shales were deposited under restricted, relatively deep shelf

conditions. (2) In central Peru tuff and ash deposits indicate
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Figure 2.1 MAIN TECTONIC ELEMENTS OF THE PERUVIAN ANDES
From Mégard (1987) and Jaillard (1992)
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Western Cordillera = Jurassic volcanic arc A
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volcanism probably located to the west. (3) In the south, a carbonate
shelf basin developed; its western boundary consisted of reefs

within an andesitic volcanic belt (Jenks, 1948).

Some evidence supports extension during middle to late
Liassic time (Jaillard, 1992). A NNE trending volcanic arc in
northern Peru (Mourier et al.,, 1988) and a NW trending andesitic
volcanic belt with arc-type affinity (James et al.,, 1975), located
along the southern coast (Mégard, 1987), outline the position of the

earliest volcanic arc recognized in the Peruvian margin (Figure 2.1).
2.3 KIMMERIDGIAN TO PALEOCENE

Jaillard (1992) identified three main tectonic periods that

occurred between Kimmeridgian and Paleocene time:
(1) The Kimmeridgian-Berriasian (145-130 Ma) Viru period.

(2) The middle Cretaceous (108-95 Ma) Mochica period (Figure 2.2).
Jaillard (1992) extends Mégard's (1984) Mochica phase which was

initially limited to a £ 105 Ma event.

(3) The late Cretaceous (88-73 Ma) Peruvian period (Figure 2.2).
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These periods, which generally involve alternate compressive
and extensional phases (Figure 2.2) with syntectonic sedimentation,

are separated by periods of tectonic quiescence or relaxation.

(1) The Kimmeridgian-Berriasian (145-130 Ma) or Viru

period.

This period consists of three phases: {a) The Kimmeridgian
or Viru 1 event is interpreted as a distal response to the
Argentine-Chilean "Araucan" phase. The Kimmeridgian is represented
mostly by poorly-dated, discontinuous, fossil-barren, coarse-
grained deposits which rest upon Callovian-Oxfordian (Mourier,
1988; Benavides, 1962; Pecho, 1981; Vicente 1981, 1989; and

Olchauski, 1980) or Paleozoic to Triassic rocks (Klinck et al., 1986;

Carlotto, 1989).

(b) The Tithonian Viru 2 phase is related to the collision

of allochtonous terranes northwest of the margin (Figure 2.1),
(Mourier et al., 1988), which will become, during the Tertiary, the
substratum of the Talara and Progreso Basins. Accretion produced
compression and folding in northwestern Ecuador and was associated
with local extension and turbiditic deposition east of the Amotapes
Mountains. In the Western Cordillera zone, an extensional back arc
basin (Atherton et al., 1983, 1985) developed, accumulating

hemipelagic shales interbedded with volcanics (basalts and
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andesites) and volcaniclastics. In the northern Western Cordillera, a
2500 m thick package of turbidites accumulated (Jaillard and Jacay,
1989). In the southern Western Cordillera and Altiplano regions,

Tithonian carbonates are overlain by fine and coarse grained

siliciclastics.

(c) The Berriasian or Viru 3 phase is related to the South
Atlantic rifting which probably produced a regional uplift (doming ?)
in eastern Peru. Berriasian tectonism was characterized, in
northwestern Peru, by the late stages of extension associated with
the terrane accretion and with dextral strike-slip displacements
(Jaillard and Jacay, 1989), and an uplifting over most of Peru
(Jaillard et al., 1990).

Valanginian to early late Aptian

This period, characterized by an initial regional westward
tilting of the South America plate (Jaillard, 1992), was followed by
tectonic quiescence when a wide basin received siliciclastic fluvio-

deltaic sediments supplied from the east.
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(2) The late Aptian-early middle Cenomanian (108-95 Ma)

or Mochica period

During Berriasian time marine sedimentation and volcanism
continued on the northern coast. In the Western Cordillera this
interval is probably represented by shallow marine to deltaic
sandstones offset by synsedimentary normal faults (Cobbing et al.,
1981, Jaillard and Jacay, 1989). Batty and Jaillard (1989), Batty et

al. (1990) suggest that the southeastern region emerged during this

time.

The Mochica period and the following Peruvian period probably
developed during the oblique subduction of a relatively young and
buoyant oceanic lithosphere, which induced a low subduction angle.

There are three phases:

(a) The late Aptian-earliest Albian or Mochica 1 phase has
a poorly-defined extensional character. This time is represented by
shales deposited in the north-central Western Cordillera area
(Myers, 1974); and farther south, by a 2500 m thick volcanic
sequence. In the northern Western Cordillera zone, coarse-grained
siliciclasts contain basaltic layers, whose alkaline chemical trend
suggests intracontinental extension (Soler, 1989). On the southern

coast a tonalite intrusive (111 Ma, Beckinsale et al., 1985) was

emplaced.
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(b) The early and middle Albian or Mochica 2 phase
is characterized by alternating compression and extension probably
related to strike-slip displacements within the arc or back arc

volcanic rocks (Jaillard,1992).

In the Lancones Basin (Figure 2.1) volcanic (basalts to
rhyolites) and volcaniclastic rocks accumulated (Reyes and Caldas,
1987). Aleman (personal communication, 1993) interprets the
Lancones Basin as a pull-apart basin. From the north-central
Western Cordillera, Myers (1974) described a thick (2000 to 8000
m) sequence of volcanic and volcaniclastic rocks interbedded with
marine shales and limestones. These dominantiy basaltic and
andesitic volcanic rocks show a tholeitic trend (Soler, 1991). A
local pre-middle Albian compressive event folds these rocks (Myers,
1974, Wilson, 1975). Three interpretations of this basin have been
suggested: (a) a back arc, ensialic marginal basin (Atherton et al.,
1983, 1985), (b) an ocean floored marginal basin (Atherton, 1990),
and (c) the extensional tectonic subsidence of a volcanic arc (Soler,
1991). The central and southern coastal area shows a continuous
1000 to 2000 m thick sequence of basalts and basaltic andesites
interbedded with marine sediments. Injoque (1985) and Soler (1989)

interpreted these volcanic rocks as volcanic arc extrusions.
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In the southwestern and northern coastal areas, plutons dated
111-99 Ma (Beckinsale et al., 1985; Clark et al., 1990) and 102 Ma
(Wilson, 1975) respectively indicate early, late Aptian to middle

Albian magmatism.

(c) The late Albian-early middle Cenomanian or Mochica
3 phase. This is the first major Cretaceous compressional phase on
the Peruvian margin. NNW-SSE to N-S dextral wrenching
displacements reported by Bussel and Pitcher (1985) in northern
Peru suggest an oblique northerly to northeasterly convergence

direction.

During this time volcanic sedimentation continued in the
Lancones Basin, but turbidites were dominant in the western part of
this basin (Morris and Aleman, 1975). The north-central Western
Cordillera zone was alternately compressed and extended during late
Albian to Cenomanian time (Bussel, 1983; Bussel and Pitcher, 1985).
The syntectonic intrusion of gabbros and diorites preceded the
emplacement of the Coastal Batholith (Cobbing et al., 1981; Pitcher
et al.,, 1985; Soler and Bonhomme, 1990). Marine sedimentation
continued until the early Cenomanian (Guevara, 1980) in the central
coastal zone. After early Cenomanian time this zone was folded
(Myers, 1974); Bussel and Pitcher (1985) suggested that the

dominantly NW trending folds were related to dextral wrenching

movements.
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Synsedimentary normal faults affected limestones that
accumulated in the northern Western Cordillera area during this
time. Thickness variations in some areas suggest extensional

conditions (Jaillard, 1987) with a WNW-ESE tensional stress
(Jaillard, 1992).

To the east, the late Albian-early middle Cenomanian is
represented by a westward prograding deltaic system. Along the
southern coast Albian-Cenomanian volcanics are not deformed.
Plutonism (monzogabbros to monzogranites) was centralized east of
the East Pisco Basin (lca, Yauca and Pisco Rivers), where Beckinsale
et al. (1985) and Mukasa (1986) report dates in the range of 101 to
94 Ma . From the eastern part of the Western Cordillera to the
Eastern Cordillera-Sub-Andean boundary, carbonate sedimentation
prevailed. This last zone is characterized by the occurrence of large
scale slumping, synsedimentary breccias and gravity slides
(Audebaud, 1971, 1973; Portugal, 1974). Audebaud (1971) reported -
NNW-SSE trending normal faults and a WSW trending paleoslope.
Jaillard (1992) pointed out the occurrence of some reverse faults
which suggest NE-SW compression emphasizing the structural

complexity of this area and the necessity of further studies.
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The late middle Cenomanian-Turonian

During this tectonically quiescent period, turbidites were
deposited in the Lancones Basin (Morris and Aleman, 1975). In the
north-central Western Cordillera zone, acidic to intermediate
plutons were emplaced (94-90 Ma, Mukasa, 1986; Soler and Bonhome,
1990). in the northern Western Cordillera zone, 900 m of limestones
accumulated; farther east siliciclastic sedimentation prevailed. To
the south, igneous intrusion ceased in the coastal area, whereas in

the Eastern Cordillera region, carbonate sedimentation continued.
The Coniacian-Campanian (88-73 Ma) or Peruvian period

There are three phases of deformation in this compressive
period (Figure 2.2) during which the Western Cordillera-coastal zone

is uplifted and the Western Cordillera is folded.
(a) Turonian-Coniacian boundary, or Peruvian 1 phase

The Western Cordillera-coastal area was uplifted, thus
isolating the western Andes from the open sea. During this phase

there was no plutonic activity.

In the Lancones Basin turbiditic sedimentation persisted

(Morris and Aleman, 1975). The northern coastal-Western Cordillera
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area shows strike-slip faults and regional compression (Bussel and
Pitcher, 1985). This period is characterized by dominantly fine-
grained siliciclastics in central and eastern Peru and by fine-

grained red siliciclastics and evaporites to the south.

(b) The late Coniacian-earliest Santonian (?) or Peruvian

2 phase, and the late Santonian period.

The Peruvian 2 phase is characterized by the development of
foreland deposits related to thrusts produced by NE-SW compression

in the southern Western Cordillera (Figure 2.1)

During this time compression along the coastal-Western
Cordillera area caused uplift and the retreat of the sea from the
region. In the Lancones Basin turbiditic sedimentation persisted
(Morris and Aleman, 1975). Along the Western Cordillera of the
northern coast, a plutonic granodioritic intrusion was emplaced
between 85 and 76 Ma (Beckinsale et al., 1985; Soler and Bonhomme,
1990). The Western Cordillera zone emerged by late Santonian time.
In the eastern region, fine siliciclastic sedimentation prevailed. In
southwestern Peru plutonic intrusion persisted. In southernmost

Peru, Clark et al. (1990) reported a 77-80 Ma (Ar-Ar) pluton.

In the southern Western Cordillera, the Santonian s

represented by a sequence of marine limestones and fluvial to
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lacustrine terrigenous sediments (Hosttas, 1967; Vicente, 1981;
Garcia, 1978). To the southeast, shales, sands, and limestones are

present (Jaillard and Sempere, 1989; Kalafatovitch, 1957; Carlotto
et al.,, 1990).

(c) The late Campanian or Peruvian 3 phase.

In the northwest conglomerates unconformably overlie
Paleozoic to Senonian rocks (Olsson, 1944, Morris and Aleman,
1975), indicating the uplift of pre-Mesozoic crystalline massifs
(Olsson, 1944, Morris and Aleman, 1975) and the creation of the
first late Cretaceous forearc basin to the west. In the Western
Cordillera foreland deposits associated with overthrusts developed,
outlining the future Western Cordillera. In southern Peru, NW
trending overthrusts were associated with foreland deposits and
reflected NE-SW compression. On the northern coast a pluton 73 and

70 Ma (Beckinsale et al., 1985) was emplaced.

In the Western Cordillera, undated continental red beds and
fluvial and alluvial deposits may be late Campanian in age. In the
east the late Campanian is represented by coarse-grained deltaic
and fluvial siliciclasts. In the southeast, evidence of a short-lived
marine transgression is followed by the resumption of detrital
supply (Jaillard and Sempere, 1989). In the same area very thick,

poorly dated red bed sequences suggest syntectonic deposition
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related to thrust faults or wrenching motions (Cordova, 1986, Noblet

et al., 1987, Lopez and Cordova, 1988).

Maastrichtian

In the northwestern Lancones Basin turbiditic sedimentation
continued, but the adjacent forearc Talara Basin received Campanian
and Maastrichtian, fine-grained, pro-delta sediments (Zufiga and

Cruzado, 1979).

Along the north-central Western Cordillera zone, plutonic
intrusion resumed but shifted a few kilometers eastward (Soler and
Bonhomme,1990). In the central and eastern areas the Maastrichtian
is represented by fine-grained red beds (Jenks, 1961, Mégard, 1978,
Tschopp, 1953, Koch and Blissenbach, 1962). In the southern Western
Cordillera, igneous intrusion and extrusion have occurred since late
Maastrichtian (70-66 Ma, James et al., 1975; Beckinsale et al., 1985,
Mukasa, 1986). In the Cuzco area a 4500 m thick coarse-grained,

fluvial sequence accumulated (Noblet et al., 1987; Lopez and’

Cordova, 1988).

Paleocene

Compression during this time caused the uplift of the Western

Andes. Black shales occured in the Talara Basin. Along the coast a
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plutonic intrusion occurred during early Paleocene time. In this area,
Bussel and Pitcher (1985) reported high rates of strike slip
displacement and regional compression. The presence of Paleocene
sediments in the Western Cordillera is uncertain. In the east it is
represented by fine-grained siliciclasts intercalated with

evaporites and marls (Koch and Blissenbach 1962; Fyfe,1963).

To the south, along the western border of the Western
Cordillera, numerous igneous intrusions and extrusions occur

(Beckinsale et al., 1985). To the east purple shales represent the

Paleocene.
2.4 EOCENE TO HOLOCENE

This period records six successive phases of compression
(Sébrier and Soler, 1991), (Figure 2.3) which proceeded from
southwest to northeast. These are: the late Eocene or Incaic phase
(Steinmann, 1929), the late Oligocene or Aymara event, the early
Miocene or Quechua 1 event, the middle Miocene or Quechua 2 event,
the late Miocene or Quechua 3 event and the latest Pliocene-early
Pleistocene compression. Sébrier and Soler (1991) pointed out that
extensional deformation between two successive compressional
events reported by Mégard (1984, 1987) is restricted to areas

"where topographic forces, either regional or local, were acting".
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(1) Ihe late Eocene or lIncaic phase (Steinmann, 1929). This

compressive event created the Maranon fold and thrust belt (Mégard,
1987) (Figure 2.1), which thrust the thick prism of sediments that
accumulated in the northeastern part of the Western Cordillera zone
to the northeast. This is the first Tertiary Andean phase of
deformation. Although poorly known, a widespread unconformity
overlain by coarse- grained sediments suggests the importance of
this tectonic event (Jaillard, 1992). In the northern Talara Basin,
lower Eocene sands and conglomerates unconformably overlie
Paleocene deposits (Marsaglia and Carozzi, 1990). On the central
coast a 54-50 Ma magmatic hiatus occurred (Beckinsale et al., 1985,
Soler and Bonhomme, 1990). In the northern Western Cordillera, a
series of conglomerates associated with a 54 Ma tuff

disconformably overlies Maastrichtian red beds (Naeser et al., 1991).

In the southern coastal area, magmatism ceased by 60 Ma. In
the eastern region Eocene conglomerates disconformably overlie

Maastrichtian to earliest Paleocene rocks (Jaillard, 1992).

(2) The late Oligocene or Aymara event (Sébrier and Soler, 1991) has

been identified along the Peruvian coast where Sébrier and Soler

(1991) report a NNE-SSW trending direction of shortening.
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(3) Ihe early Miocene or Quechua 1 event (Mégard, 1973). This event
has been documented in northern Peru (Mourier, 1988; Noble et al.,
1990), in central Peru (Soulas, 1977; Romani, 1982; Mégard et al.,
1984; Angeles, 1987) and in southern Peru (Sébrier et al., 1982,
1988). The shortening direction in central Peru is probably NE-SW
(Soulas, 1977) and E-W on the southern coast (Huaman, 1985). By the
end of this phase, lacustrine to fluviatile sediments accumulated in
the Andes as minor intercalations within dominantly volcanic units.
Some elongated foredeep basins received thick sequences of

sedimentary and volcanic material.

(4) Ihe middle Miocene or Quechua 2 event has been reported in

central Peru (Soulas, 1977; Romani, 1982, and Mégard et al., 1984)
and in southern Peru (Huaman, 1985; Sébrier et al., 1988). The
shortening direction of this event is similar to that of the Quechua

1.

(5) The late Miocene or Quechua 3 phase (Mégard, 1973) produced the

sub-Andean fold and thrust belt (Figure 2.1) and folded previous’
foredeep deposits. In southern Peru a narrow late Miocene sub-
Andean fold and thrust belt (Figure 2.1) is also present. Soulas
(1977), Fornari and Vilca (1978), Mégard et al. (1984), and Huaman
(1985) report an E-W direction of shortening.
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(6) Ihe latest Pliocene-early Pleistocene event. After the Quechua 3
phase of deformation, i. e. from Pliocene to Recent time, the
Andes were uplifted at least 3,000 m. Folds and thrusts were
produced in the Subandean zone while strike-slip faulting with
localized folding are present in the High Andes and Coastal zone
(Sébrier and Soler, 1991). Sébrier and Soler (1991) described two
directions of shortening in the Peruvian Andes: an older E-W trending

shortening direction and a younger N-S trending direction of

shortening.

Pliocene extension was reported by Macharé (1987) and
Huaman (1985) in the Pisco Basin and the Camana area (southern
coast) respectively. Macharé (1987) documents an early Quaternary
compressive event and a Quaternary to present-day extensional

stress regime along the southern coast.

2.5 PLUTONISM

Plutons emplaced during the Andean Cycle underlie large areas
of the Peruvian Andes (Mégard, 1987). According to Cobbing and
Pitcher 1972), Myers (1975), Pitcher (1978), Cobbing et al. (1981)
and Pitcher et al. (1985) the Coastal Batholith (Figure 3.1), the
largest set of plutons located parallel to the coast, was formed by
successive intrusions emplaced between 100 and 32 Ma (early Albian

to early Oligocene). Emplacement occurred by cauldron subsidence
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and associated piecemeal stoping, involving almost no deformation
of host rocks. The older plutons are composed of hornblende gabbros
that subsequently were intruded by large lenticular bodies of
tonalites and granodiorites; granites are generally younger and
commonly occur in centered complexes associated with ring dikes
(Mégard, 1987). From 35 to 7 Ma, magmatic activity migrated
northeastward and gave rise to small plutons of gabbroic to
granodioritic composition. Miocene alkaline stocks occur in the
central Eastern Cordillera and Pliocene peralkaline stocks were

reported in the Amazon plain (Sébrier and Soler, 1991), (Figure 2.4).

2.6 TERTIARY VOLCANISM

Tertiary synorogenic arc volcanic activity extended from the
latest Cretaceous to the Recent. Tertiary magmatic arcs were
centered on the Western Cordillera and Altiplano (Noble et al., 1984;
McKee et al., 1982) and volcanism was exclusively terrestrial. The
rocks are of intermediate and silicic composition, ranging from
basic andesites to rhyolites, with andesites and dacites being the
most widespread. Volcanism was very intense during late Eocene and
early Oligocene (40 to 35 Ma) and again during Miocene and Pliocene
(Noble, 1974, McKee and Noble, 1982). From 26 Ma to 3-5 Ma calc-
alkaline magmatic activity occurred along the Western Andes and
part of the Altiplano (Figure 2.4) (Sébrier and Soler, 1991). Since 3-

5 Ma to the present calc-alkaline magmatism continued in the
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southern Western Cordillera only (Figure 2.5), (Noble and McKee,
1982; Sébrier and Soler, 1991). At least part of the Tertiary
volcanics in the Western Cordillera are probably genetically linked
to the youngest batholithic plutonics (Noble et al., 1975). Sébrier
and Soler (1991) described the occurrence of Miocene to Pliocene
felsic volcanics in the southern Eastern Cordillera and Miocene to
Quaternary shoshonitic volcanics between the Western and Eastern

Cordillera (Sébrier and Soler, 1991), (Figures 2.4 and 2.5).

Sébrier and Soler (1991) interpret that: (1) the calc-alkaline
magmatism (Figure 2.4) is the normal product of the Nazca Plate
subduction beneath an asthenospheric mantle wedge; (2) the
occurrence of back-arc Miocene alkaline magmatism in central Peru
was promoted by the increase in the convergence rate (Figures 2.3
and 2.4); (3) the Miocene to Present shoshonitic volcanism of
southern Peru (Figure 2.4 and 2.5) was controlled by deep-seated
faults; and (4) the peraluminous felsic intrusions of the southern
Eastern Cordillera were controlled by underthrusting of the

Brazilian shield under the Andes.
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CHAPTER 3: STUDY AREA STRATIGRAPHY

3.1 INTRODUCTION

The Peruvian Cenozoic forearc basins described in this study
typically are filled with Eocene to Quaternary, marine, consolidated
to poorly consolidated mostly fine-grained siliciclastics, biogenic
sediments and minor fine-grained volcanics. These basins are
floored by a deformed and heterogeneous (in age and lithology)

basement ranging in age from Precambrian to Cretaceous.

The boundaries of the forearc basins are related to three
topographically positive linear trends (Figure 3.1): (1) The onshore
Coastal Batholith composed of arc-derived late Cretaceous to Eocene
igneous rocks (Cobbing and Pitcher 1972; Noble et al., 1979), (2) the
adjacent Western Cordillera (Figure 1.2) composed of deformed
Mesozoic and Tertiary strata and, (3) The Coastal Range, a high area
cored by Precambrian granulitic gneisses and granites and Paleozoic
metasediments (Bellido and Narvaez, 1960; Cobbing et al., 1977; -
Caldas, 1983). Its submerged extension along central Peru is a
discontinuous basement high named the Outer Shelf High (Figure 3.1)
by Thornburg and Kulm (1981), even though the high does not always
correspond to the shelf edge. In order to describe the forearc basins,
the study area has been geographically subdivided into eight zones

(Figure 3.2). These are: the Talara, Sechura, Trujillo, Salaverry,
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Lima, East Pisco, West Pisco and middle-lower Slope zones. With the
exception of the Yaquina Basin (Figure 3.1) which is included in the

Trujillo Basin zone, | have accepted the basin boundaries proposed by

Thornburg and Kulm (1981).

Lithologic, biostratigraphic (Okada, 1980; Appendix A; and
Schrader and Cruzado, 1986) and paleoenvironmental (Engelhardt-
Moore, 1991; Appendix B) studies of cuttings of the Delfin and
Ballena wells, along with the detailed lithologic, biostratigraphic
and paleobathymetric data provided by the Ocean Drilling Program
Leg 112 (Suess E., von Huene R., et al., 1988), provide the
stratigraphic basis for this study. | use synthetic logs when they are
available (two examples are shown in Figures 3.3 and 3.4) and
seismic reflection data to tie together these sparse points of
stratigraphic control to identify and correlate the main Cenozoic

siratigraphic sequences.
3.2 PRE-CENOZOIC BASEMENT

Pre-Cenozoic onshore outcrops and industry wells illustrate
the basement heterogeneity everywhere along the forearc. Onshore,
in the northernmost Progreso Basin (Figure 1.4), industry wells
reveal that Tertiary sediments rest on gneissic rocks of pre-
Paleozoic age. Cenozoic rocks of the adjacent Talara Basin are

floored by Upper Cretaceous (Maastrichtian) fine-grained
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siliciclastics or else by slates and quartzites of Paleozoic

(Pennsylvanian) age. In the onshore Sechura Basin segment, the
basement includes Maastrichtian sediments similar to those present

in the Talara Basin and Pre-Tertiary igneous rocks.

The onshore Cenozoic East Pisco Basin is bounded to the east
by Mesozoic igneous rocks of the Coastal Batholith (Figure 3.1),
volcanics and coarse-grained siliciclastics of the Western Andes
chain and by Precambrian to Jurassic igneous, metamorphic and
sedimentary rocks of the Coastal Range to the west. These rocks
seem to extend below the Tertiary sediments throughout the whole
area. The Pisco 4X well and a shallow stratigraphic "Core Hole"
(Figure 3.5) reached quartzites and shales of probable early
Cretaceous age (at -679.99 m) (Morris, 1955), and Jurassic rhyolites

(at -100 m) respectively.

On the Paracas Peninsula and the adjacent San Gallan Island
(Figure 3.5), the Eocene Los Chorros Fm. rests on and onlaps
Carboniferous coarse siliciclastics and Precambrian igneous rocks
respectively. At the Quebrada Huaricangaha area (Figure 3.5),
andesites and granodiorites of the Cretaceous Coastal Batholith
merge with the Coastal Range which consists of Precambrian
igneous and metamorphic rocks, Paleozoic limestones and quartzitic

phyllites, and Jurassic siliciclastics and volcanics. Cenozoic
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sediments rest upon and onlap these Cretaceous and older basement

rocks (Stock, 1989).

On the northern Lobos de Tierra and Lobos de Afuera Islands,
(Figure 1.2) outcrops of probable Paleozoic age occur (Thornburg and
Kulm 1981). Kulm et al. (1981) assume that the metamorphic rocks
exposed in the Hormigas Island, near 12° S latitude (Figure 1.2), are
Paleozoic, while Mégard (1987) suggests that they may be
Precambrian. Seismic data from areas adjacent to those islands

show Tertiary strata onlapping these older rocks.

Only the Baliena 1X well, located near the boundary between
the Trujillo and Salaverry Basins (Figure 3.2 and 1.5), and the Delfin
1X well, drilled in the Trujillo Basin 10 km west of the Ballena well,
penetrated basement. At the Ballena (-965.5 m) and Delfin (-2659.4
m) drill sites the basement consists of quartz-biotite gneiss and
foliated mica schists respectively (Figures 3.6 and 3.7). Although
these rocks are not yet dated, Kulm et al. (1982) consider them to be
part of the Outer Shelf High, the offshore extension of the Coastal

Range, and suggest a Paleozoic-Precambrian age.
3.21 The late Cretaceous (Sequence K)

Although this study is focused on the Cenozoic forearc basins,

an older unit, sequence K of probable upper Cretaceous age, has been
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recognized and correlated on seismic profiles (Figure 3.8, Panels 1
to 4) along the Sechura and Salaverry Basin area. Seismic
correlation of the base of sequence K is difficult due to the presence
of numerous multiples. Generally the base of sequence K is better
defined on seismic profiles of the Compagnie Générale de
Géophysique survey. It is unclear whether the K unit extends farther

south to the East Pisco Basin or to the western Trujillo, Lima and

West Pisco Basins.

Seismic profiles (Panels 1 to 4 and Plates 4, 6, 8, 10, 11, 13,
and 15) reveal that the K sequence is a gently-folded unit which
unconformably overlies the metamorphic rocks reached by the
Ballena well and unconformably underlies Tertiary strata. The K
sequence extends throughout the Sechura and Salaverry Basins
(Figure 3.8) and reaches a maximum thickness on the order of 1,200
m (assuming an interval velocity of 3100 m/s) at the center of the

Sechura Basin, thinning to the west and east.

Onshore, the Viru 4X well of the Sechura Basin penetrated’
2,723 m of Maastrichtian to Campanian? (Ochoa, 1980) fine-grained
siliciclastics resting on Paleozoic quartzites (Plate 1). Sequence K
appears to be the offshore extension of this unit; therefore | assign

a Maastrichtian to Campanian? age.



61

.=«..--==SBUEPUNOQ UISEg E juaseud ) eousnbag

FON3NO3S X SNOIFIOVLIHI HIddN FHL 40 NOLLNGIYLSIG 8°€ 8inbjd

4 s st Y s%0t 4 s%8 Y

s’sr

g/

272

v M M "~ 689d00e
889 d00%89 d0Q _ -~~~ ==~ -cssddn -
N A0TS"3re9d00 e

..... s 69d00, .77 " Sena

e cas ePeme’ -0 . LR T

9894007 + £89d0Q ~” " " " =< o Tolg - T et
'l“‘ - . . .




62

3.3 THE CENOZOIC

Paleocene to Eocene rocks are absent in the northernmost Progreso
Basin (Figure 1.4). On the other hand, the adjacent highly oil
productive Talara Basin (Figure 1.4), which shows the thickest
accumulation of Eocene sediments of the whole forearc, lacks
Miocene to Pliocene deposits. This Neogene section was probably
removed by erosion after a regional middle-upper Miocene
compression. Paleocene sediments are absent in the Sechura,
. Trujillo, Lima, East and West Pisco Basins. The Tertiary sediment
record of these basins is characterized by a very low sand/mud ratio
and is dominated by biogenic deposits, mostly accumulated under
outer neritic to bathyal conditions. To the south, in the East Pisco
and Moquegua Basins, the influence of volcaniclastics increases.
Sedimentation in the Moquegua Basin occurred under dominantly non-

marine conditions.

3.31 Paleocene

The Talara Basin (Figure 1.4) is the only Peruvian forearc basin
with confirmed Paleocene sediments. About 1372 m of mostly fine-
grained siliciclastics rest unconformably on Maastrichtian or

Paleozoic rocks and underlie unconformably lower Eocene coarse-

grained siliciclastics.
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Davila et al. (1993, in press) report, east of the port of
Caballas, in the Rio Grande Valley of the East Pisco Basin (Figure
3.5), the occurrence of a 100 m thick unit composed of red
sandstones, siltstones and mudstones, which rests unconformably on
pre-Tertiary basement. This unit, named Caballas Fm. by Caldas
(1980), was tentatively dated by Davila et al. (1993, in press) as
Paleocene-Eocene. Because the age of this unit is based solely on

benthic foraminifera, further paleontological studies may be

desirable.

3.32 Eocene-Oligocene (Sequences Eg, E1, E2, E3 and E-
O and the post-lower to middle Eocene igheous

intrusive event)

Units Ep, E1 to E3 and E-O are 3d order sequences (0.5 to 5 Ma

cycles) deposited under three different eustatic, paleogeographic
and tectonic regimes. The widespread, coarse-grained lower? to
middie Eocene EQ sequence accumulated in a period of tectonic
quiescence. The middle Eocene E1, E2 and E3 sequences represent
three pulses of a regional rifting event. Finally, the middie/upper
Eocene to Oligocene E-O sequence, deposited during the post-rift
phase, is characterized by tectonic quiescence and the onset of an

upwelling system and biogenic sedimentation.
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3.321 The lower? to middle Eocene EQ sequence

During the early? to middle Eocene one of the most
conspicuous, uniform (in thickness) and widespread units, the EQ
sequence, was deposited. Figure 3.9 shows the area through which
this unit has been correlated, and Plates 4 to 16 illustrate its most
characteristic seismic expression. This unit, which unconformably
overlies Cretaceous or older basement rocks and unconformably
underlies rifted middle Eocene sediments and younger strata, was
penetrated by the Ballena and Delfin wells (Figures 3.6, 3.7 and Plate
2). Sequence Ep is 108.2 m thick in the Ballena drill” site and
consists of coarse to very coarse-grained sandstones. At the Delfin
well its thickness increases to 165.2 m and it is composed of a 39 m
thick coarse to fine-grained sandstone at the base underlying 96.2 m
of marine mudstones and siltstones capped by a 30 m thick light
brown biosparite. All these characteristics suggest that the EQ unit
was deposited during a period of tectonic quiescence with global
eustacy as the main factor controlling the sea level fluctuations. On
the other hand, rainfall and an efficient regional system of

sediment supply (probably fluvial) may have characterized the

source area.

The coarse-grained lithology of the EQ sequence prevented H.
Okada (see Appendix A) from dating this sequence at the Ballena

well. Sample cuttings taken at -2510.4 m in the Delfin well were
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tentatively assigned to the middle Eocene Okada-Burky CP-13 zone

(Appendix A). In this study, | assume that sequence Ep age is lower

to middie Eocene.

At ODP site 688 drill site in the slope zone west of the central
part of Lima Basin (Figure 3.2 and Plate 3), the Ep sequence consists
of siltstones, sandstones and mudstones deposited in the inner
neritic to middle bathyal bathymetric range. This section contains

scarce radiolarians, and diatoms are absent.
3.322 The post-lower to middle Eocene igneous intrusion

Seismic profiles reveal the presence of bodies that intrude
the K and Ep sequences (Panel 1, eastern side of seismic profile
2), (Plate 6). These 1.2 to 2 km wide bodies are aligned paralliel
to the current coast line, close to the northeastern Salaverry
Basin border (Figure 3.9). | interpret these as igneous intrusions.
Note that evaporite deposits have never been reported either in
the Progreso, Talara and Sechura Basins or in the adjacent
coastal region. It is uncertain whether the intrusion occurred

before or after E1, E2 and E3 deposition.
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3.323 The syn-rift middle Eocene E1, E2 and E3

sequences

During middle Eocene time a regional rifting event affected
large segments of the study area. The direction of extension was E-
W to ESE-WNW, and the main structural elements were: (1) A N-S to
NNE-SSW trending master fault system that formed half graben
boundaries. (2) An E-W to ESE-WNW trending transfer fault system
(Figures 3.10, 3.11 and 3.12), and (3) A hypothetical trench-parallel,
strike slip system, separating the extended zones from the non-
extended zones. The structural characteristics of this event will be

discussed in Chapter 4.

The rifting process developed in three pulses represented by
the E1, E2 and E3 sequences (Figures 3.10, 3.11 and 3.12).
Unfortunately the E1 and E2 sequences were not penetrated by any of
the holes drilled in the area, but they are recognized on seismic

profiles. The E3 unit was penetrated by the Delfin well.

The E1 sequence

This unit filled a half graben system located in the Truijillo
and West Pisco Basins (Figure 3.10). Although geographically more
restricted than the E3 sequence, the E1 unit is the thickest (about

4980 m assuming a velocity interval of 4150 m/s) (Panel 1, seismic
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profile 1 and Plate 4) of all the syn-rift sequences. On the other
hand, the internal divergence of reflectors reveals that the

depositional rate was higher or equal to the rate of faulting.

The E2 sequence

This sequence represents the second pulse of rifting and
occurs in the Trujillo Basin (Panels 1 and 2, Plate 5) and in a more
restricted fashion in the West Pisco Basin (Figure 3.11). This unit is
similar to the E1 sequence. The maximum thickness of 1200 m
(calculated with a velocity interval of 5000 m/s) occurs in a half
graben located in the middle part of the Trujillo Basin (Panel 2,
Profile C).

The E3 sequence

The E3 sequence filled half grabens created during the third
and last pulse of rifting, which extended the Trujillo and East Pisco
Basins and part of the Sechura, Lima and West Pisco Basins (Figure
3.12, Plates 4, 5, 7, 8, 9, 13, 14, 16, and 17). The Delfin we!!
penetrated the E3 sequence where it consists of 419.8 m of
calcareous silty mudstones interbedded with siltstones and a 35.4 m
thick package of very coarse to coarse glauconitic sandstone located
in the middle-lower part of the section (Figure 3.7). Okada (Appendix

A) analyzed cuttings collected from the lower (-2327.4 m), middie
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(-2144.5 m) and upper (-2007.3 m) parts of the sequence (Figure
3.7), assigning them to the middle Eocene CP-14a to 13c, CP-14a and
CP-14a zones respectively. Paleobathymetric data (Engelhardt-
Moore, Appendix B) reveal the transgressive character of unit E3

representing inner neritic conditions at the base and an outer neritic

bathymetry at the top (Figure 3.7).

The prominent half graben system present in the offshore East
Pisco Basin and eastern part of the West Pisco Basin (Panel 6, Figure
3.12, Plate 16) very likely corresponds to the E3 sequence. On the
adjacent Paracas Peninsula and San Gallan Island (Figure 3.5) the
onshore extension of the E3 sequence appears to be part of a 700 m
thick section of nearshore and inner shelf bioclastic conglomerates,
sandstones and mudstones (Los Chorros formation) of Middie to
Upper Eocene age, resting on rocks of the pre-Cenozoic basement

(Dunbar et al.,1989).

At the western part of the West Pisco Basin, the structural
style of the E3 sequence as well as that of the underlying E1 and E2
sequences change to a trench parallel, listric normal fault system,
dipping to the west (Figures 3.10 to 3.12, Plate 17). The origin of
these segments of the E1, E2 and E3 units, which seem to represent

deep syntectonic deposition at the slope, will be treated in the next

chapter.
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The ODP 682 and 683 wells, located in the slope zone, west of

the Lima and Trujillo Basins respectively, penetrated middle to
upper bathyal fine-grained sediments of middle Eocene age before
- reaching total depths. The wedge-shaped unit, whose top
corresponds to the 32 m thick middle Eocene section cut by the ODP
683, suggests the occurrence of a half graben of the E3 sequence at

this location (Plate 2 and Panel 7).
3.324 The middle/upper Eocene to Oligocene E-O sequence

This post-rift unit has been correlated offshore, along the
Trujillo Basin and western border of the Sechura Basin (Panels 1 and
2, Plates 4, 5, 7, 8, and 9), and parts of the Lima Basin. The E-O
sequence was not deposited in the Salaverry Basin ‘and only small
remnants were preserved in the East Pisco Basin because of

uplifting and erosion that occurred during the late Miocene time in

that area.

Okada H. (Appendix A) analyzed several cuttings from the 748.4
m thick interval that overlies the E3 sequence in the Delfin well
(Figure 3.7). All samples were barren of nannofossils, except two
located at -1751.5 m and -1361.3 m, which were assigned to the

late middle Eocene CP-14b zone and to the early to late Oligocene

CP-19a? zone respectively.
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The Delfin well encountered a 748.4 m thick section of the E-O
sequence. This unit is composed of calcareous mudstones
interbedded with thin, micritic limestones and dolomicrites, which
underlie a 125.6 m sequence of turbiditic sandstones interbedded
with calcareous, glauconitic claystones (Figure 3.7). The E-O unit is
regressive at the Delfin well drill site as shown by
paleobathymetric data which indicate that lower to upper bathyal
sediments shallow upward to upper bathyal-outer neritic deposits

(Figure 3.7).

The upper 459.7 m of the lower fine-grained unit contain
radiolarians (Engelhardt-Moore, Appendix B), are rich in amorphous
kerogen (Bolafos, 1986) and show a relatively high organic carbon
content (2-3.5 %), (Figure 3.7). These characteristics suggest that
cold water upwelling was effective during the upper Eocene-
Oligocene in this area, a situation which correlates well with
similar upper Eocene-Oligocene deposits described onshore in the
Sechura and East Pisco Basins (Marty, 1989 and Dunbar et al., 1990).

In the slope zone, west of the Lima Basin, the ODP 682 well

cut 91 m of Oligocene to middie Miocene brecciated mudstones.



75
3.325 The Eocene-Oligocene in the Progreso, Talara and

onshore Sechura and East Pisco Basins

Outcrops and industry drill holes reveal that the Eocene to
Oligocene sedimentary record in the northern Progreso and Talara
Basins is characterized by relatively high sedimentation rates, the
occurrence of coarse grained-siliciclastics and, in contrast with

southern basins, the absence of biogenic rocks.

Progreso and Talara Basins

Eocene sediments are absent in the Progreso Basin, but the
Oligocene is represented by more than 1980 m of syntectonically
deposited deltaic to fluvial mudstones and sandstones (Delfaud et

al., 1985) that fill downthrown blocks (limited by listric normal

faults, Sanz, 1991).

Delfaud et al. (1985) recognized three major periods in Talara
Basin evolution: (1) An active subsidence phase, during which a thick
upper Cretaceous-lower Eocene series consisting of coarse and fine
grained siliciclastics was deposited in shallow marine to
continental environment. (2) A deep turbidite depositional phase
suddenly initiated in the middle Eocene. The sediments accumulated
during this phase prograded from the southern part of the Amotapes

Mountains (Figure 2.1) and consist of turbiditic mudstones and
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sandstones whose main distal bodies trend N-S. (3) The third phase,
initiated in early Oligocene, completes the basin opening and marks

the resumption of shallow coastal and continental deposition

(Delfaud et al., 1985).

The sediments accumulated during the first and second phases
represent, in the Talara Basin, the Ep and E1 to E3 sequences
respectively (Delfaud et al., 1985). It is noteworthy that, during the
middle Eocene (second phase), the paleogeographic and oceanographic
conditions in the north were very different from those prevailing in
the study area. In the Talara Basin, the occurrence of rainfall,
fluvio-deltaic sedimentation, and perhaps warm ocean water
allowed the accumulation of thicker sedimentary sequences and
prevented biogenic deposition; whereas farther south, cold water
and associated dry conditions inhibited the infiux of large amounts

of terrigenous sediments into the basins and promoted biogenic

sedimentation.
Onshore Sechura Basin

Industry well data and outcrops indicate that the E-O sequence
is present onshore in the Sechura Basin, where it is represented by
300 m to 900 m of upper Eocene calcareous sandstones and shales
(Verdun Formation), overlain by calcareous sandstones and

diatomaceous shales (Chira Formation) (Caldas et al., 1980).
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Samples of this late Eocene biogenic unit that outcrops on the sea
cliffs at Bayovar show a high content of radiolarians (Dunbar et al.,

1990). Lower to middie Eocene and Oligocene sediments seem to be

absent in the Sechura Basin.

Onshore East Pisco Basin

The E3 sequence is represented in the Paracas Peninsula area
by part of a 700 m thick, shallowing-upward succession of middle to
upper Eocene shallow marine, bioclastic conglomerates, sandstones
and mudstones (Los Chorros fm., Dunbar et al., 1990). On the other
hand, the more than 150 m of the upper Eocene Yumaque fm. (Dunbar
et al.,, 1990), which outcrop along the Yumaque Beach (Figure 3.5)
represent the E-O sequence. At this location, the Yumaque formation
consists of marine mudstones, phosphatic shales, diatoms,
porcellanites, and cherts (Dunbar et al, 1990). The E-O unit is also
present near Salinas de Otuma and Punta Lomitas (Figure 3.5), where
Fourtanier and Macharé (1988) reported upper Eocene-lower

Oligocene diatomaceous sediments.
3.33 Early-middle Miocene (M1 and M2 sequences)
The early to middle Miocene is characterized by a regional

transgression initiated with the deposition of the geographically

restricted M1 sequence in the earliest Miocene, followed by the
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sedimentation of the widespread lower to middle Miocene M2

sequence.
The lowermost Miocene M1 sequence

The geographic distribution of the M1 unit (Panels 1,2, 5, 6;
Plates 4, 5, 7, 8, 9, 12, and 16) is restricted to the Trujillo Basin,
part of the Lima Basin, the East Pisco Basin, and the slope zone.
Okada assigned an early Miocene age (CN 3-1 zones, Appendix A) to a
Delfin well sample located at -1234.4 m. The M1 sequence s
represented in the Ballena well by 137.8 m of siltstones and
mudstones (Figure 3.6). Paleobathymetric data show that the upper
part of this section is transgressive, with middle neritic to outer
neritic deposits at the base of the interval and upper bathyal
sediments at the top (Figure 3.6), (Engelhardt-Moore, Appendix B). In
the Delfin well drill site the M1 unit consists of 298.8 m of silty
mudstones interbedded with thin brown dolomicrites deposited in

the lower to upper bathyal bathymetric range (Figure 3.7).
The lower to middle Miocene M2 sequence

The M2 sequence is present in the Sechura, Salaverry, Trujillo,
and Lima Basins and part of the East Pisco Basin and the slope zone
(Figure 3.13). The dip-oriented seismic profiles illustrate the

eastward back-stepping at the base of this sequence (Paneis 1 and 3;
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Plate 8). The M2 unit was deposited in two main areas bounded by a
narrow NW-SE trending shelf-slope break zone (Figure 3.13). Shelfal
sedimentation prevailed in the eastern area, whereas a very active
process of submarine canyon cut and fill took place in the west
(Figure 3.13 and Panels 2 and 4, Plates 4, 5, 7, and 9). In this
western area the M2 sequence is also affected by two types of
normal fauits: (1) a synsedimentary fault system that involves the
pre-Tertiary basement (Figure 3.14 and Plate 8) and (2) a listric
normal fault system whose detachment surface does not affect the
pre-Eocene basement (Plate12). These fault systems, along with the

causes and characteristics of the canyon system, will be discussed

in Chapter 4.

H. Okada (Appendix A) analyzed four samples of the M2
sequence, three collected from the Delfin well and one from the
Ballena well. The Delfin well samples, located at -803 m, -601.8 m,
and -479.9 m (Figure 3.7), were assigned to the late early Miocene
CN-3 zone, to the middle Miocene CN-5? zone and to the late to
middle Miocene CN 9-5b zones respectively. The Ballena well sample °
(-549.1 m) (Figure 3.6) was assigned to the early Miocene CN 3-1
zones. Schrader and Cruzado (1986) analyzed the diatoms in three
samples from the Baliena well, located at -489 m, -382.3 m and
-351.8 m, and assigned respective ages in the range of 17.8-16.4 Ma,
13.5-14.2 Ma and 10.2-11.2 Ma.
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Both the Delfin and the Ballena wells were drilled in the
western deeper area dominated by cut and fill features of submarine
canyons (Figure 3.13). The section of the M2 unit encountered in the
Ballena well consists of a 357.6 m thick transgressive succession of
outer neritic microfossiliferous siltstones which grade upward to
mudstones and claystones deposited in an upper bathyal-outer
neritic setting (Figure 3.6), (Engelhardt-Moore, Appendix B). The M2
sequence is represented in the Delfin well by 484.8 m of claystones
interbedded with thin brown dolomicrites. The lower half of the
section consists of lower to upper bathyal glauconitic deposits,
whereas the upper part accumulated in the upper bathyal-outer

neritic setting. (Figure 3.7).

The M2 sequence is also represented by the lowermost 107.3 m
penetrated by the ODP 679 well (Plate 3) which consist of middle
Miocene dolomitic claystones overlain by siltstones. The
paleobathymetry of the lower 9.3 m is upper to middie bathyal
(Suess E., von Huene R., et al.,, 1988). At the ODP site 683, located on
the slope zone west of the Trujillo Basin, the M2 unit is 219 m thick
and consists of lower to middle bathyal diatomaceous mudstones
(Plate 2). Also on the slope zone, but west of the Lima Basin, ODP
sites 682 and 688 (Plate 3) include 112 m and 142 m respectively
of the M2 sequence. In this location, the M2 unit is composed of

diatomaceous mudstones accumulated in the upper to lower bathyal
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bathymetric range. The remarkable lack of coarse-grained sediments
in the submarine canyon fill (sections penetrated by the Delfin and
Ballena wells and probably the ODP 679 well), along with the
occurrence of a relatively high organic carbon content (>2%) and
amorphous kerogen (Bolafios, 1986) in the upper part of the M2
sequence in the Ballena and Delfin wells (Figures 3.6 and 3.7), and
the presence of diatomaceous mudstones in the slope zone (ODP 682,
683 and 688), suggests the lack of an efficient system of sediment

transport from the continent.

3.331 Early-middle Miocene in the Progreso, Talara and

onshore Sechura and East Pisco Basins

The Progreso Basin contains about 1128 m of lower to upper
Miocene which consist of 762 m of coarse-grained deep sea fan
deposits (Zorritos formation), (Leon, 1983) and 366 m of basinal

marls (Leon, 1983). The Talara Basin lacks Miocene sediments.

In the Sechura Basin, industry well data and outcrops indicate "
that the early-middle Miocene is represented by three lithologic
units: (1) The 300 m thick lower Miocene Mancora and Heath
Formations, which consist of sandstones interbedded with shales
and diatomaceous shales, (2) The Montera Formation, composed of
sandstones interbedded with Dbioclastic Ilimestones that

unconformably overlie the Heath Formation, (3) The middle to upper
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Miocene lower Zapallal Formation, which is an upward-fining

sequence with sandy mudstones at the base and diatomites at the

top. (Caldas et al., 1980).

The Cenozoic section penetrated by the Pisco 4X well, located
13 km NE of Pisco (Figure 1.6), consists of 37 m of Quaternary
sediments, 390 m of diatomaceous shales, 357 m of shales
interbedded with siltstones, and a lower section consisting of 43 m
of bentonitic shales and siltstones which overlie 91.5 m of
bioclastic sandstones and conglomerates (Plate 1). Ashworth (1955)
reported the presence of Nonionella S-1 in the fine-grained 43 m
thick interval. Because this species occurs in the Montera formation
only (Ashworth,1955), which represents the M2 sequence in the
onshore Sechura Basin, | consider that this fine-grained interval
along with the underlying coarse-grained barren section and the
overlying 357 m of non-diatomaceous shales and siltstones

correspond to the M2, M1 and E-O sequences (Plate 1).

At the Pampa de Chilcatay (Figure 3.5) in the East Pisco Basin,
De Vries (1988) described a 200 m thick unit composed of uppermost
Oligocene-early middle Miocene siltstones and sandstones with
interbedded diatomaceous intervals, named the Chilcatay Formation
(E-O to M2 sequences). According to Fourtanier and Macharé (1988)

and Dunbar et al. (1989) this basin lacks Neogene sediments older

than middle Miocene.
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3.34 Late Miocene-Pliocene (M3 and P sequences)

The late Miocene-Pliocene period began with a late-middle
Miocene compressional event. This deformation produced: (1) The
uplift and subaereal exposure of the Trujillo-Salaverry Sechura
boundary area which | will name Salaverry-Trujillo High. (2) The
uplift and erosion of the M2 sequence in the Lima and the West Pisco
Basins and part of the onshore East Pisco Basin. (3) The creation of a
trench-parallel folded belt in the Salaverry Basin. (4) The
syntectonic deposition of the upper Miocene M3 sequence. At the end
of this compressive episode, the widespread P sequence was

accumulated during the late Miocene-Pliocene.
The upper Miocene M3 sequence

The M3 sequence was deposited syntectonically during the
upper Miocene compression and uplift of the Salaverry-Trujillo High
(Figure 3.15, Plates 4 to 15), which emerged by the latest Miocene,
isolating the Salaverry and Sechura Basins from the Trujillo Basin.
This unit extends through the Salaverry, the Trujillo, and part of the

Lima Basin and the middle-lower slope zone.
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As with the underlying M2 unit, the M3 sequence shows two
different depositional settings separated in the lower part of the
section by the shelf-siope break zone and by the Salaverry-Trujillo
High in the upper part (Figures 3.15). West of the Salaverry-Trujillo
High, the M3 sequence was deposited through a complex process of
submarine canyons cutting and filling, whereas shelf

sedimentation prevailed to the east (Plates 4 to 15).

The M3 sequence was penetrated in the Trujillo Basin by the
Ballena (225.6 m), Delfin ( 290.9 m), and the ODP 684 (more than
80.1 m) wells; and by the ODP 682 (87 m), ODP 685 (more than 265.6
m) and ODP 688 (41 m) wells in the slope zone (Plates 2 and 3).
Okada (Appendix A) analyzed cuttings from the Ballena well,
collected at -335.7 m and -223.8, and assigned ages of middle
Miocene (CN-57) and early Pliocene-middle Miocene (CN 11-5b)
respectively (Figure 3.6). On the other hand, Schrader and Cruzado
(1986), working with diatoms, dated a sample taken at -263.4 m as
late Miocene (7.65-8.8 Ma) (Figure 3.6). Two samples from the Delfin’
well, located at -361 m and -266.5 m, were assigned by Okada
(Appendix A) to late Miocene CN-9 and the early Pliocene-Late
Miocene CN 11-9 zones respectively (Figure 3.7). Even though these
data suggest that the M2 unit age should be upper Miocene to lower
Pliocene, | have restricted the age of this unit to the early-upper

Miocene in order to keep a consistent regional chronostratigraphic
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framework among all the stratigraphic points of control (wells) of

the study area and the onshore stratigraphy.

In the Ballena well, the M3 unit rests on upper bathyal-outer
neritic mudstones of the M2 sequence and consists of 134.2 m of
outer neritic mudstones interbedded with thin sandstones, overlain
by 41.1 m of very fine to coarse bioclastic sandstones (Figures 3.6
and Plate 2). This coarsening upward sedimentary succession
records the uplift, subaerial exposure and erosion of the Salaverry-
Trujillo High. There were no samples available from the upper 50.3
m of the M3 sequence. The Delfin well encountered a M3 sequence
section similar to that of the Ballena well, which is composed of
186 m of mudstones interbedded with thin sandstones capped by
45.7 m of poorly consolidated coarse-grained bioclastic sandstones
(Figure 3.7). There were no samples available from the upper 59.1 m
of the section. The ODP Site 684 well on the west side of the
Salaverry-Trujillo High (Figure 3.14) penetrated 100.1 m of middle

to upper bathyal calcareous, diatomaceous muds of the M3 unit.

On the middie-lower slope zone, ODP Site 685, located west of
the Trujilo Basin, penetrated a thick section of the M3 unit
composed of lower bathyal diatomaceous mudstones (Plate 2); ODP
Sites 682 and 688, drilled west of the Lima Basin, penetrated lower

bathyal to outer neritic diatomaceous mudstones and diatomaceous

siltstones respectively.
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The uppermost Miocene-Pliocene P sequence

The P sequence is absent in the Ballena and Delfin wells
(Figure 3.16), but it was penetrated at ODP Sites 679 (184 m), 680
(more than 122.5 m), 681 (19? m), 682 (65 m), 683 (237? m), 684
(41 m), 687 (more than 104 m), and 688 (72 m) (Plates 1 to 3).

In the Lima Basin, at ODP 679 Site, the P sequence
unconformably rests upon the M2 sequence and consists of 147 m of
diatomaceous siltstones and 35 m of upper bathyal glauconitic,
diatomaceous mudstones separated by a thin unit of sandstone. At
Site 680, located east of Site 679 (Plate 3), the P sequence is
represented by sandy, diatomaceous mudstones, diatomaceous
mudstones and silty sandstones. A thin conglomeratic unit deposited

in an outer neritic setting occurs near the top.

ODP Site 687, drilled in the Lima Basin, near the Lima-East
Pisco Basin boundary, penetrated 104 m of the P unit (Plate 1). The P
sequence consists of upper bathyal-outer neritic diatomaceous
mudstones and siltstones interbedded with thin dolomites before
reaching a total depth of -513.8 m. The P sequence is represented in
the slope zone (ODP Sites 682, 683, and 688) by diatomaceous

mudstones deposited in a lower bathyal setting.
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Seismic and well data reveal the important influence of the
Salaverry-Trujillo High during the P unit deposition. The high
defined three depositional areas (Figure 3.16): (1) One shallow
internal basin to the east coincident with the Sechura Basin and
the northern portion of the Salaverry Basin, (2) A deep basin to the
west of the Salaverry-Trujillo High, and (3) An open basin located

south of the high, which embraced the rest of the study area.

There were two fillings in the northern internal basin: (1) The
first was progradational, (Panel 2, Profile B, Plate 11, and Figure
3.16), with a northward direction of progradation. The clinoforms of
this phase, shown in Panel 2, Profile B and Plate 11, probably
represent a northerly prograding fluviodeltaic system. (2) During the
second phase which was aggradational, the sediment transport
system was more complex and local erosion and sediment

redeposition were common (Panel 1).

At the same time, the slope zone and the Trujillo Basin were
subjected to a cut and fill process of submarine canyon similar to
that described in the M2 and the M3 sequences, having the Salaverry-

Trujillo High as the main sediment source area.

On the other hand, the southern open basin was divided by a

NW-SE trending shelf-slope break zone (approximately coincident

R
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with the Salaverry-Lima and Salaverry-East Pisco boundaries) into
an eastern relatively shallow neritic area and a western deep
bathyal zone (Figure 3.16, Plates 14 to 18). The P sequence is
represented by a large slope fan system accumulated from the Lima

Basin to the West Pisco Basin (Figure 3.16, Panel 3, Profile 4 and
Panel 7).

3.341 The late Miocene-Pliocene in the Progreso, Talara

and onshore Sechura and East Pisco Basins

In the northern Progreso Basin, the late Miocene-Pliocene is
represented by about 2140 m of coarse-grained siliciclastics of the
Tumbes formation (Upper Miocene) and the Mal Pelo formation
(Pliocene) (Sanz, 1991) was deposited in a fluvio-deltaic setting

(Leon, 1983). The Talara Basin lacks Miocene-Pliocene sediments.

In the Sechura Basin, upper Miocene diatomaceous and
phosphatic deposits of the Upper Zapallal formation unconformably
rest on gently folded strata of the Lower Zapallal formation (Marty,
1989). The Pliocene-Pleistocene continental deposits of the Miramar
and Hornillos formations unconformably overlie the Upper Zapallal

formation (Dunbar et al., 1990).

Marty (1989) and Dunbar et al. (1990) describe a widely

variable uppermost middle Miocene to lower Pliocene unit named the
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Pisco Formation. Along the Pisco River, near the Pisco 4X well drill
site (Figure 3.5), the Pisco formation is folded and consists of about
500 m of uppermost middle Miocene to lower Pliocene diatomite and
diatomaceous mudstone (Dunbar et al., 1988). The Pisco 4X well
penetrated 390 m of diatomaceous shale, which overlie the M2

sequence and represent the P sequence at the Pisco 4X drill site

(Plate 1).
3.35 Quaternary (Q sequence)

During late Pliocene-Quaternary time the whole region
subsided, the Salaverry-Trujillo High was submerged and a
relatively thin sequence of muds and sands accumulated in the
Salaverry and East Pisco zones, whereas in the southern West Pisco
Basin and in some parts of the slope zone, thick slope fan deposits

were deposited (Plates 1 to 3, and Panels 1 to 6).

All the wells drilled in the study area penetrated the Q
sequence. There were no available samples of this interval from the
Ballena and Delfin wells. The ODP 681 (168 m) and ODP 687 (103m)
wells, drilled in the Salaverry and the Lima Basins respectively
(Plate 3), penetrated sandstones, thin conglomerates and
diatomaceous siltstones interbedded with thin dolomicrites

deposited in the inner neritic-upper bathyal bathymetric range.
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ODP Site 684 (15 m) located in the Trujillo Basin, and the ODP

Site 679 (68 m) and 680 (53 m), drilled in the Lima Basin,
penetrated a Q sequence section consisting of diatomaceous muds
deposited in the outer neritic-upper bathyal bathymetric setting
(Plates 1 to 3). ODP Site 686 (more than 303 m), located in the West
Pisco Basin, encountered a transgressive sequence of outer neritic
diatomaceous muds interbedded with dolomites, capped by upper
bathyal siltstones interbedded with sandstones before reaching a

total depth of 749.8.8 m (Plate 3, Panel 7).

The Q sequence is represented in the slope by lower bathyal
dolomitic diatomaceous muds recovered in cores of ODP Sites 682
(48 m), 683, 685 (203 m), ODP 688 (337 m) (Plates 2 and 3, Panel

7).
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CHAPTER 4: STRUCTURAL GEOLOGY

4.1 INTRODUCTION

The study area was affected by four compressive events and
two main extensional episodes. Compression occurred during the late
Cretaceous-Paleocene?, middle Eocene, late Miocene, and middle
Pliocene?. Extension took place during the middle Eocene and late
Pliocene. The middle Eocene extension was a synsedimentary rifting
process. In all these tectonic episodes, the pre-Tertiary substratum
was involved. The lack of resolution of seismic profiles below the
pre-Cenozoic interface precluded the study of a pre-lower Eocene

extensional episode that offsets the K sequence (Panels 1 and 2,

Plate 4).

The Salaverry-Trujillo High was formed during early Miocene
to Pliocene time; this uplift may have been an important
contributing factor to the creation of the large submarine canyon
systems that affect the M2, M3 and P sequences on the western side
of the Salaverry-Trujillo High. A system of synsedimentary normal
faults that involve the pre-Cenozoic basement developed in the Lima
Basin and the Trujillo-Lima Basins boundary during the M2 sequence
deposition. Gravity-induced listric normal fauits with shallow

detachment zones affect sediments of the M1, M2, M3 and P

sequences.
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4.2 The first pre-Eocene compressive event

This compressive episode, which occurred before the
deposition of the lower-middle Eocene EQ sequence, is poorly
defined on the seismic profiles. It was identified in the Salaverry
and Trujillo Basins where flat-lying strata of the EQp sequence
overlie folded strata of the K sequence (Plates 8, 10, and 11). It was

not possible to map the structures of this event.

4.3 The pre-Eocene uplift and peneplanation

The lack of relief of the K to Eg sequence interface (Panels 2
to 6) suggests that the region was uplifted and peneplaned after the

deposition of the K sequence.
4.4 The middle Eocene rifting event

During the middle Eocene, a regional rifting event affected
large segments of the study area. The direction of extension was E-
W to ESE-WNW, and the main structural elements were: (1) A N-S to
NNE-SSW trending master fault system that formed the half graben
boundaries. (2) An E-W to ESE-WNW trending left-lateral transfer
fault system (Figures 3.10, 3.11, and 3.12). The faults of this system

are normal faults with a relatively larger oblique displacement
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component with respect to the dip displacement component. The dip
of this system is less than expected (i. e. values close to 90°); in
fact the dips are similar to the master fault system (Panels 5 and 6,
Plate 16). For this reason it is difficult to differentiate both
systems on a two-dimensional section only. (3) A hypothetical
trench-subparallel, right-lateral strike slip system, separating the

extended zones from the non-extended zones.

The rifting process developed in three pulses represented by
the E1, E2 and E3 sequences (Figures 3.10 to 3.12). The rifting
process was shortly interrupted by a compression produced after the
deposition of the E2 sequence. Divergence of the reflectors
contained inside the half grabens, depicted in seismic profiles,
indicates a rate of extension in balance with the sediment supply

rate (Plates 4 and 16).
4.41 Rifting phase 1

During this phase the Trujillo and West Pisco Basins were
extended (Figure 3.10, Plate 4). In the Trujillo Basin, adjacent half
grabens show a change in the polarity of the faults (Figure 3.10)
which is uncommon among the half grabens produced during the

rifting process in this area.
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4.42 Rifting phase 2

This phase mostly affected the Trujillo Basin (Figure 3.11,
Panels 1 and 2, Plate 5). The half grabens of phase 2, which do not

exhibit a change in polarity, are wider than those of the previous

phase 1 (Figures 3.10 and 3.11).
4.43 The second middle Eocene? compressive event

Seismic profiles suggest the occurrence of a middle Eocene?

compressive event (Figure 5.2) that interrupted the rifting process,
folded and thrust-faulted strata of the K and Ep sequences (Figure

4.1, Plates 5, 7, 12, and 15) and produced a slight inversion of the
previously formed half grabens. It is unclear if this event occurred
before or after the deposition of the E3 sequence. The later
reactivation of some of the structures produced during this episode
complicates a more accurate dating of this event. The mini-
inversion shown by a half graben filled with sediments of the E2
sequence which underlies undeformed strata of the E3 sequence on
the central part of the Trujillo Basin (Panel 2, Plate 5) suggests
that this compression took place before the E3 sequence deposition

(middle Eocene time).

The main structures produced during this episode are

asymmetric folds and thrust faults which can be traced for 6 to 20
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km (Figure 4.1). The predominant trend of these structures is NW-SE
and the dip is mostly ENE; a subordinate E-W trending system which
dips S and N occurs in the north of the study area (Figure 4.1). The
maximum shortening produced during this episode occurs in the
eastern Salaverry Basin zone where seismic profiles depict apparent

displacements up to 5 km (Plate15).

4.44 Rifting phase 3

During the last pulse of Eocene rifting the Trujillo and East
Pisco Basins and part of the Sechura, Lima and West Pisco Basins
(Figure 3.12) were extended. The offset along two transfer faults
located in the Trujillo Basin is 8 and 16 km (Figure 3.12). There are

very few cases where the polarity of the half grabens changes.

In the western part of the West Pisco Basin, the structural
styles of the E1, E2 and E3 sequences change to trench-parallel,
listric normal fault systems which dip to the west (Figures 3.10 and
3.12, Plate 17). This structural regime suggests gravity-induced
extension in a slope setting. It is unclear if the listric normal faults
involve the pre-Eocene basement or not. This change in structural
style may also indicate a change in the pre-Eocene substratum, from
the more rigid basement of the eastern part of the basin, to a more

incompetent basement underlying the western portion.
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4.5 The hypothetical strike-slip system

A trench-parallel strike-slip fault located on the eastern
border of the middle slope is suggested by the following: (1) The
master and transfer faults stop against this zone (Figure 5.2). (2)
The geometric and kinematic relationships among the normal fault
system with this hypothetical strike-slip zone are very similar to
those reported in numerous examples of wrench tectonics (Wilcox et
al., 1973; Dibblee, Jr., 1977; Reading, 1980; Sporli K. B.; 1980; and
Worrall, 1991) and clay models (Harding, 1974; Wilcox et al., 1973).
The plate tectonic reconstruction of Pardo Casas and Molnar (1987)
suggests right-lateral displacement and will be discussed in

Chapter 5.

4.6 The middle Miocene syn-sedimentary extension

Along the Lima Basin, the Trujillo-Lima Basins boundary and
the Trujillo Basin-Middle Slope boundary the M3 sequence is
offset by discontinuous synsedimentary normal faults that
involve the pre-Cenozoic basement (Figure 3.14, Panels 1 and 3:
and Plate 8). These faults which seem to be gravitationally
induced are trench-parallel and predominantly dip to the trench

(Figure 3.14).
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4.7 The third upper-middle to late Miocene compressive

event

After deposition of the E-O and M1 sequences and the lower
part of the M2 sequence the Trujillo, the Salaverry and the Lima
Basins were compressed again during the upper-middle to late
Miocene (Figure 5.2) leading to (1) the reactivation of some of the
structures formed during the second compressive episode, (2) the
formation of trench-parallel folds in the Salaverry Basin and the
Trujillo-Middle slope zone boundary (Figure 4.2). Deformation
produced in this episode was mild. Folds which can be traced along
strike for 15 to 40 km are asymmetric and the axial planes and

thrusts strike NNW-SSE and dip to the east and west (Figure 4.2).

During this event the uplifting of the Salaverry-Trujillo High

continued and the M3 sequence was syntectonically deposited.
4.8 The Salaverry-Trujillo High

The Salaverry-Trujillo High is a trench-parallel trending open
flexure which extends about 370 km along the Trujillo-Sechura and
Trujillo-Salaverry boundaries (Figure 3.16, Panel 1, Plate 13). A 60
km long western portion of the high, located about the Ballena and
Delfin wells (Figure 3.16), is a set of trench-parallel anticlines

which involves strata of the E3, E-O, M1, M2 and M3 sequences (Panel
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1, Plate 8). The divergence of the westward dipping reflectors
contained in the upper part of the M2 sequence, at the western side
of the Salaverry-Trujillo High (Plate 13), indicates that this feature
became uplifted by the end of the Middle Miocene. Similar divergence
in the internal reflectors of the M3 and P sequences at both sides of
the high (Panels 1 and 2, Plates 4, 8, and 13) suggests that the
uplifting process was continuous from the Ilate Miocene to the
Pliocene. The formation of this high was, therefore, coeval with the
third compressive event. The set of anticlines which form the 60 km
long western part of the high north of the Ballena and Delfin wells
(Figure 3.16) are the structural inversion of middle Eocene to upper
Miocene sediments produced during late Miocene, by the end of the

third compressive event (Plate 8).

4.9 The upper-middle to late Miocene southern uplift

and peneplanation

During the late Miocene compression and coeval with the first
stage of the Salaverry-Trujillo High uplifting process, the offshore "
East Pisco Basin, the West Pisco Basin and the southern part of the
Lima Basin were also uplifted and probably peneplaned. The uplift
was more pronounced in the west (southern Lima Basin and West
Pisco Basin) where a thicker section was eroded and a very
conspicuous unconformity was created (Panels 3 to 6, Plates 16 and

18). In the West Pisco Basin the M2 sequence was completely eroded
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and sediments of the uppermost Miocene-Pliocene P sequence rest
directly upon Eocene strata (Plate 17). During the latest Miocene the
area south of the Salaverry-Trujillo High subsided, whereas the

Salaverry-Trujillo High uplifting continued.
4.10 The fourth late? Pliocene compressive event

This compressive episode affected the East and West Pisco
Basins (Figure 5.2) producing trench-oblique N-S trending thrusts
and foilds in the East Pisco Basin and NW trending thrusts in the
West Pisco Basins (Figure 4.3). In both basins the folds are
asymmetric (Panel 5, Plate 18); the thrusts and fold axial surfaces
of the East Pisco Basin dip predominantly W, while those of the West
Pisco Basin dip NE. Seismic profiles show evidence of late Pliocene
syntectonic sedimentation during thrust fault development (Panel 5,

Plate 18).

Onshore, near Pisco (Figures 3.5, 4.3 and 5.2), east vergent
monoclinal folds of marine Pliocene sediments described by
Petersen (1954), Newell (1956), Ruegg (1956), Soulas (1977) and
Macharé (1987) represent the fourth compressional event. The
influence of this compressive episode in the geometry and
paleobathymetry of the onshore East Pisco Basin was pointed out by
DeVries (1988) who recognized a complex facies distribution

pattern due to the presence of active highs during the Pliocene.
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4.11 Latest Pliocene extension

The last extensional episode occurred during the latest
Pliocene. It is mostly characterized by high-angle synsedimentary
normal faults whose trend is quite variable (Panels 1 to 6). The
most prominent set of faults representing this event are faults of
the rifting system which were reactivated during the latest
Pliocene (Plates 4, 8, 13. 14, and 16). The synsedimentary nature
of this phenomenon may have also affected the facies distribution

during the P sequence deposition.

4.12 The incision and fill of submarine canyons during

Middle Miocene to Pliocene

The submarine canyon systems present along the steep
western side of the Trujillo-Salaverry High and part of the Lima-
Salaverry boundary zone in the M2, M3 and P sequences are
spectacular features more than 1s deep and 14 km wide (Plates 4, 5, -
7, and 9). These features generally consist of narrow canyons in the
canyon head zone, which merge downstream to form a wide canyon
toward the base of the paleoslope. The predominant trend of the
canyon thalwegs is perpendicular to the trench. The canyon incision

progressed landward through time.
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Carlson and Karl (1988) described the development of recent
large submarine canyons in the Bering Sea and concluded that some
of the most important events that contribute to the incision of

canyons are the sea level lowstands during the Cenozoic glacial

stages.

On the other hand, Bouma et al. (1989) proposed a conceptual
sea-level-driven depositional model for the late Pleistocene
fanlobes (channel-overbank systems) of the Mississippi Fan;
according to this model, the submarine canyon and upper fan

channels form during initial lowering of sea level.

The continuous uplift of the Salaverry-Trujillo High during
deposition of the M3 and P sequences (upper Middle Miocene to
Pliocene time) produced a sustained and very localized shallowing of
the sea floor at the slope-shelt break zone on the western side of
the Salaverry-Trujillo High. This process may have promoted the

incision of the submarine canyon systems and their development as

the uplift continued.

As pointed out by Carlson and Karl (1988) and Bouma et al.
(1989) for the Bering sea and the Mississippi Fan canyon systems
respectively, slumping and sliding may have been the main
mechanisms responsible for excavating and shaping the canyons of

the M2, M3 and P sequences. It is also possible that the seismic
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activity of the margin may have contributed to the canyon

development by triggering the slumps and slides.

4.13 The gravitational extension at the slope

Sediments of the M1 to P sequences located on a paleoslope
setting were commonly affected by gravitationally-induced listric
normal faults with shallow detachment zones and dip downslope

(Panel 1, 3, 5 and 7; Plates 12 and 13).
4.14 Deformation in the southern coast.

Macharé (1987) provided a structural analysis of the coastal
area. Six (F1 to F6) short-lived compressional events occurred, ie
during the late Eocene (by 42 Ma), the late Oligocene (by 26-28 Ma),
the early Miocene (by 15-17 Ma), the middle Miocene (by 10 Ma), the
late Miocene (by 7 Ma), and the early Quaternary (by 2 Ma).

The second and third compressonal episodes recognized in this
study correlate well with Macharé's F1 and F5 events respectively;
and the fourth late? Pliocene compression may be his early
Quaternary F6 event. Macharé (1987) pointed out that the occurrence

of the F3 and F4 events is dubious.
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Macharé (1987) also described three extensional episodes. The

first one consists of syn-sedimentary normal faults that affect late
Eocene sediments of the Paracas Fm. near Puerto Caballas (Figure
3.5). A second extensional event offsets, also syntectonically, upper
Piocene sediments. Both episodes have a NE-SW trending stretching

direction (Machare, 1987).

Normal faults of the last extension offset Quaternary

sediments and have N-S trending tensional axes (Macharé, 1987).

There is a lack of synchronism between my middle Eocene
rifting event and Macharé's late Eocene extension. It is possible that
the age of the coarse-grained Paracas Fm is older than that assigned
by Macharé. On the other hand, the NE-SW stretching direction is
similar to that of the rifting event. The Pliocene extension

identified in this study correlates well with Macharé's second

extensional event.
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CHAPTER 5: PLATE KINEMATICS AND FOREARC EVOLUTION

Before addressing the relationship between plate kinematics
and the evolution of the forearc, | include a brief description of the

trench-slope zones and a summary of the current state of stress in

the margin.

5.1 The trench and the middle to lower slope zone

The description of the accretionary wedge is limited to two
narrow transects (Figure 1.7, Panel 7). The northern transect is
located west of the Trujillo Basin and has the CDP-2 and Peru 5
seismic profiles. The southern transect, located west of the Lima

Basin, includes the Peru 14, CDP-1 and Shell 1017 seismic lines.

The middie to upper slope boundary is located about 25 to 85
km east of the trench axis (Panel 7), while the lower to middle slope
boundary occurs 13 to 42 km east of the trench axis (Thornburg,
1985; Moore and Taylor, 1988) . The CDP-2, Peru 5, Peru 14, CDP-1
and Shell 1017 seismic dip profiles (Figure1.7 and Panel 7)
illustrate the trench-slope zone, west of the Trujillo Basin (CDP-2
and Peru 5) and the Lima Basin (Peru 14, CDP-1 and Shell 1017).

The main elements of the lower to middle slope are the

subducted oceanic slab, the trench, the accretionary complex and the
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most distal Cenozoic sequences underlain by a pre-Cenozoic
continental basement or else by a pre-Cenozoic accretionary

complex.
The subducted oceanic plate

The subducted oceanic slab is well displayed on all seismic
profiles and can be traced at least 26 km east of the trench axis

below the accretionary prism and the middie slope (Panel 7).

Along the trench, the Nazca Plate is younger in the north than
in the south; thus it is 33 to 36 Ma north of the Mendafa Fracture
Zone (Figure 3.1), 41 Ma at 12° S latitude, and 44 Ma south of the
Nazca Ridge. In the northern transect about 100 m of hemipelagic
sediments cover the Nazca Plate. Normal faults affect the flexured
portion of the oceanic plate adjacent to the trench (Panel 7). A half
graben within the subducted portion of the oceanic plate, first

described by Moore and Taylor (1988), is shown on the CDP-2 profile
(Panel 7).

The trench

On the northern Peru 5§ profile, the trench is 3 km wide and
contains 350 to 400 ms of flat-lying trench sediments (Moore and

Taylor, 1986). Kulm et al. (1981) describe turbiditic silt and sand
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interlayered with muds from cores recovered in this area. On the
Peru 14 line, the trench axis is 2 km wide and contains about 400 to

500 m of turbiditic sediments (Moore and Taylor, 1988).

The accretionary prism

All seismic profiles show the presence of a relatively small
Cenozoic accretionary complex with east-dipping imbricates (Panel
7). The CDP-2 line best illustrates the accretionary wedge. Seismic
profile CDP-2 depicts imbricated trench deposits that have been

scraped off the oceanic crust (Panel 7).

It seems that the sediment flux into the trench was not
sufficient to create a well-developed accretionary prism. The main
cause for the restricted sediment supply probably was a dry climate
in the onshore region, which precluded the development of an

efficient source for sediments.

The Peru 14 line shows, at the lower slope, a pre-Cenozoic
accretionary complex underlying Cenozoic sediments; | do not know
whether this pre-Cenozoic accretionary wedge extends to the middie
and upper slope. The lack of seismic resolution and the absence of

deeper wells in this portion of the margin do not permit to answer

this question.
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The middie-upper slope boundary

On the CDP-2 line and probably the Peru 5 profile, the upper
and middle slope zones are separated by a prominent east-dipping
thrust fault which offsets the sea floor and the pre-Cenozoic
basement. It is unclear whether a similar structure occurs on the

southern profiles where no offset of the sea floor is observed.

On the lower and middle slope of the northern lines (CDP-2
and Peru 5), strata of the uppermost Q sequence unconformably rest
with angular uncdnformity on top of east-dipping imbricates of the
M3 and M2 sequences. Some of the faults of the imbricate system

offset the Q sequence and the sea floor (Panel 7).

On the southern lines (Peru 14, CDP-1 and Shell 1017), the
Cenozoic sediments display different depositional and structural
styles. The E3, M2 and M3 sequences were deposited in a complex
system of submarine canyons which are particularly well defined on
the Shell 1017 line. The Q sequence and probably the P sequence
unconformably cover the older strata. The Peru 14 line shows, on the
lower slope zone, west- dipping thrusts with a shallow detachment

involving the Q and P ? sequences.
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Hydrate reflectors

Seismic profiles Peru 14, CDP-1 and Shell 1017 show
discontinuous sea floor parallel hydrate reflectors along the

landward part of the lower slope (Panel 7).

Upper slope fan systems

On the northern lines the upper slope zone contains a slope fan
system corresponding to the M2, M3, and M1? sequences. These
deposits are folded and, in part, offset by listric normal faults with
shallow detachment surfaces; normal faults that involve the Pre-
Cenozoic basement also occur. In contrast the southern lines exhibit
a large undeformed slope fan system belonging to the P sequence

which unconformably rests on top of the M2 sequence.
5.2 Current state of stress in the margin

Current seismic activity indicates that trench-orthogonal
compression occurs along the forearc and the Subandean Zone
(Sébrier and Soler, 1991). In the forearc, focal depths range from 20
to 40 km and are located at the continental-oceanic plates interface
(Suarez et al., 1982); whereas, in the Subandean belt, the focal depth

ranges from 10 to 30 km (Suarez et al., 1982). In the Eastern
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Cordillera of Central Peru active thrust faults have also been

reported (Suarez et al.,, 1982).

Longitudinal, i e. N-S trending, extension is indicated by an E-
W trending normal fault system which occurs along the Altiplano-
Eastern Cordillera boundary, the Western Andes and, in the south, at

the Forearc-Western Cordillera boundary (Sébrier et al., 1985,

1988).

In the southern Western Andes, 100 km north of Arequipa
(Figure 83.1), calc-alkaline volcanism is coeval with Recent E-W
trending normal faults (Sébrier and Soler, 1991). In the Cuzco area,
along the Altiplano-Eastern Andes boundary, an E-W to NW-SE
trending fault zone has been the locus of several destructive
shallow earthquakes. Quaternary and Recent volcanic centers with
shoshonitic affinities occur along the fault zone. This suggests that
an E-W trending Andean normal fault system controls the current

magmatic activity (Sébrier and Soler, 1991).
5.3 The Cenozoic evolution of the Peruvian margin

The Cenozoic history of the Peruvian forearc is dominated
by the subduction of the Nazca Plate. Important parameters that
affect the subduction regime and consequently forearc tectonics

are: (1) variations in relative rates of convergence and
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subduction; (2) variations in the direction of convergence; (3)

variations in the angle of subduction.

5.31 Relationship between variations in the rate of

convergence and tectonism

Convergence rate direction at the Peru-Chile trench has varied
through time. Pardo-Casas and Molnar (1987) calculated the
variation in the rate and direction of convergence at the latitude of
central Peru based on plate reconstructions. These authors reported
a close correlation between periods of rapid plate convergence (>100
mm/a) and the two most recent phases of intense Andean tectonic
activity recognized in Peru (Steinmann's (1929) late Eocene Incaic
and the Mio-Pliocene Quechua phases). In contrast, periods between
70 and 50 Ma (Maastrichtian to middle Eocene) and between 36 and
26 Ma (Oligocene) were characterized by slow convergence (50 to 55

+ 30 mm/a) and correlate with periods of quiescent tectonic

activity.

The average rates of convergence as a function of time
calculated by Pardo-Casas and Molnar (1987) show the following
relationship with the tectonic events recognized in the study area
(Figure 5.1): (1) The first compressive event, with its poorly
constrained age, may correspond to the increase in the convergence

rate which occurred during the middie Paleocene. (2) The rifting
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episode and the second compressive event correlate well with a
prominent peak in the convergence rate curve during the middle
Eocene. (3) The third compressive event occurred during a period of
negative acceleration of the convergence rate. (4) There was no
variation in the convergence rate during the fourth compressive
episode and the Pliocene second extensional event (5.1). | will
discuss later the probable relationship of the last compressional

episode with the Nazca Ridge subduction.

5.32 Relationship between variations in the direction

of convergence and tectonism

Pardo-Casas and Molnar (1987) reported that between 59 and
49.5 Ma (upper Paleocene to lower Eocene time, or the time of the
anomalies 25 and 21 respectively), the direction of convergence of
the Nazca Plate with respect to South America was NE, oblique to
the interplate boundary. The direction of convergence changed to
predominantly E-W (orthogonal to the interplate boundary)

convergence after 49.5 Ma (Figure 5.1).

According to Pardo Casas and Molnar (1987), the oblique
convergence ended before middle Eocene, but the large uncertainties
in plate motion reconstruction reported by these authors open the
possibility to extend the oblique convergence until middie Eocene. If

this is the case, the occurrence of NE trending oblique convergence
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during middie Eocene suggests the possibility that the strain in the
upper plate may have been resolved into componegnts normal and
parallel to the trench as postulated by Fitch (1972) and Walcott
(1978). This would have led to the development of a major right
lateral strike-slip fault system parallel to the trench axis (Figure
5.2). Possible locations of a strike-slip zone in the study area are
(1) the Lima Basin-middie slope zone boundary where the master and
transfer faults abruptly stop (Figures 1.4 and 5.2), and (2) the trench
parallel zone in the West Pisco Basin through which the structural
style of the Eocene sediments changes from that of the rifting
system to a trench parallel listric normal fault system (Figures 1.4
and 5.2, Panel 5). The geometric and kinematic relationships among
the master and transfer fault systems with this hypothetical
strike-slip zone are similar to wrench tectonics examples reported
by Wilcox et al. (1973), Dibblee Jr. (1977), Reading (1980), Spérli
(1980) and Worrall (1991) and clay models described by Harding
(1974), Wilcox et al. (1973) and Reading (1980) (Figure 5.2).

5.33 Variations in the angle of subduction
The angle of subduction is mainly controlled by (1) the age of

the subducted slab, (2) lithospheric discontinuities, and (3) the

presence of buoyant aseismic ridges and plateaus.
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5.331 Nazca Plate age

When a relatively young (less than 50 Ma) lithosphere is
subducted, the buoyancy created by its thermal state tends to reduce
the subduction angle (Molnar and Atwater, 1978). It is uncertain
whether a relatively young oceanic plate underlaid the forearc

during all the Cenozoic.
5.332 Lithospheric discontinuities

The presence of trench oblique lithospheric discontinuities on
both the oceanic and/or the continental plate may separate zones

with different angles of subduction.

The Huancabamba and Abancay deflections are angular bends in the

Andes (Figure 3.1). Mitouard et al. (1990) reported a post-Oligocene
clockwise rotation (~25°) north of the Huancabamba deflection and a
synchronous counterclockwise rotation (~20°) south of the
deflection, based on paleomagnetic data. The origin of the Abancay

deflection has not yet been addressed.

Studies of earthquake hypocenter distribution indicate that the
Nazca Plate is subducted beneath South America at moderate angles

(25° to 30°) along the segment of the Peruvian margin south of the
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Abancay deflection (Figure 3.1) (lsacks and Molnar, 1971; Stauder,

1973, 1975; Barazangi and Isacks, 1976, 1979; Isacks and Barazangi,
1977). This region shows, onshore, a chain of Quaternary volcanoes
trending parallel to the trench (Figure 2.5). Quaternary volcanoes are
absent along northern and central Peru between the Huancabamba and
Abancay deflections, where the subduction angle is very low (<10°).
Barazangi and Isacks (1976) attributed the absence of volcanism in
this region to the displacement of the wedge of partially melted
asthenosphere by the very low angle of the subducting lithosphere

and the consequent direct superposition of two lithospheric plates.

The Mendana Fracture Zone is an oceanic fracture zone located on the

Nazca Plate off Peru. It trends approximately N 65° E and intersects
the Peru-Chile Trench between 9° 40' S and 10° 35' S latitude
(Huchon and Bourgeois, 1990), (Figure 3.1). It is 100 km at théir
junction with the trench and 50 km wide 400 km seaward of the
trench and consists of a series of N 65° E trending parallel ridges
and troughs. Hilde and Warsi (1982) postulated that the Mendaina
Fracture Zone is the locus of an active spreading center that
propagates seaward. Huchon and Bourgois (1990) reported that new
oceanic crust has formed since about 3.5 Ma and that the westward

rifting velocity of propagation is 10 cm/a.
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5.333 The Nazca Ridge

Aseismic ridges and plateaus are topographic high areas with
less density than the surrounding oceanic lithosphere; their
relatively high buoyancy tends to reduce the subduction angle when
they are subducted. Shallow subduction angles along northern and
central Peru may be caused by the oblique subduction of the
aseismic Nazca Ridge (Pilger, 1981). Pilger (1981) proposed a
reconstruction of the Nazca Ridge drifting and subduction history
assuming: (1) a common site of origin for the Nazca and Tuamotu
Ridges at the Pacific-Farallon spreading center; and (2) a
symmetrical configuration for the Tuamotu and Nazca Ridges.
According to his reconstruction, the Nazca Ridge intersected the
Peru-Chile trench at 5° S at approximately 9 Ma (late Miocene time)
and moved southward as it was subducted (Figure 5.3). The Nazca
Ridge is presently being subducted beneath the South America Plate
in southern Peru (Figures 5.3 and 5.4) at the latitude of the Pisco
Basin (16° S). The Nazca Ridge subducted portion consists of three
segments (Pilger,1981); the older one trends parallel to the trench,

whereas the other two are trench-oblique (Figures 5.3 and 5.4).

Marty et al. (1987) interpreted that an 8 Ma deformation event
recorded in the Sechura Basin of northern Peru was produced by the
local subduction of the Nazca Ridge. The deformation described by

Marty et al. (1987) is similar to the third compressive event of this
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study. Marty's et al. interpretation is attractive because it explains
compression during a period of decreasing rate of convergence
(Figure 5.2). On the other hand, the Nazca Ridge subduction below the
Trujillo Basin during the middle Miocene (Figures 5.3 and 5.4)
coincided with the initiation of the Salaverry-Trujillo uplift and the
development of submarine canyons which suggests that the Nazca

Ridge subduction was the cause of these processes.

The northerly prograding clinoforms of the sequence P which
filed the northern part of the Salaverry Basin (Figure 3.16) during
the late Miocene indicate the existence of a high located at the
center of the basin. Pilger's reconstruction shows that one of the
trench-obligue segments of the Nazca Ridge was subducted below
the central part of the Salaverry Basin during the late Miocene
(Figure 5.4); this suggests that the oblique subduction of this
segment of the Nazca Ridge may have caused the local uplift of the
Salaverry Basin central portion, thus defining the paleocurrent

pattern during the deposition of the lower part of the P unit.

Although Pilger's reconstruction helps to explain the origin of
some important tectonic features of the forearc there are other
important questions that relate to the timing of subduction and the
geometry of the ridge, i. e. (1) Why were the uplifts of the
Salaverry-Trujillo High, the Lima Basin, the West Pisco and the East

Pisco Basins coeval if the Nazca Ridge was not synchronically
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subducted below all these zones?. (2) Why did the Salaverry-Truijillo

High uplift and the canyon cut and fill process continued long after

the passage of the ridge?.

The last Pliocene compressive event, which was restricted to
the East and West Pisco Basins, seems to be related to the passage

of the subducted Nazca Ridge (Figures 4.3 and 5.4).

5.34 Implications of this study in the evolution of the

Peruvian margin

This study documents the Cenozoic evolution of a large portion
of the Peruvian forearc which contains the offshore Sechura,
Trujillo, Salaverry, Lima, East Pisco and West Pisco Basins. The
oldest Tertiary sediments are Lower? to middle Eocene coarse
grained siliciclasts of the widespread sequence E@ which
unconformably rest on top of a heterogeneous basement consisting
of upper Cretaceous? and older rocks. During the middle Eocene the
forearc region was extended (trench parallel extension) through a
rifting process in which sequences E1 to E3 were deposited, filling
half grabens in all but the Salaverry Basin. The occurrence of this
event has not yet been reported in the backarc, but it seems indeed

that this region was continuously compressed since at least the late

Cretaceous.
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The presence of trench-parallel extension in the forearc and
coeval trench-orthogonal compression in the backarc is possible
under an oblique convergence regime; in this case the strain in the
upper plate can be resolved into components normal (compressional
in the backarc) and parallel (extensional in the forearc) to the trench
(Fitch, 1972). The boundary of these two structural zones would be a
trench-parallel strike-slip fault system located along the forearc
and particularly along the western boundary of the magmatic arc.
This is a favorable zone for a high-angle detachment due to the
lithologic contrast between the host rock and the intrusives.
Although plate reconstrucion (Pardo Casas and Molnar,1987)
indicates that the northeast oblique convergence of the Nazca
(Farallon) with respect to South America ended in the early Eocene,
these authors admit that the largest uncertainties in their plate
reconstruction are related to the calculation of the direction of
convergence (Pardo Casas and Molnar, 1987); therefore it is possible
that the northeasterly oblique convergence may have extended until
the middie Eocene. The fault pattern displayed by the middle Eocene
extension strongly suggests the occurrence of a right-lateral
strike-slip fault system which is consistent with the north-
easterly oblique convergence described by Pardo Casas and Molnar
(1987). The onshore presence of a middle Eocene strike-slip fault
system, particularly along the western boundary of the magmatic

arc, must be investigated in order to confirm this hypothesis.
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Since the late Eocene to the present the offshore Sechura,
Salaverry, Trujillo, Lima, East Pisco and West Pisco Basins received
fine grained siliciclastics, biogenic sediments and minor fine
grained volcanics (sequences E-O, M1, M2, M3, P and Q) which reflect
dry weather and the lack of an efficient system of sediment
transport in the onshore area, and recurrent upwelling conditions in
the ocean. The low rate of sediment flux into the trench precluded
the creation of a well-developed accretionary prism. During this
period, characterized by trench-orthogonal convergence, the backarc
was strongly folded and thrusted, creating the main features of the
Andes. Meanwhile the forearc basins were mildly folded and
thrusted. The Miocene to the Present deformation in the forearc
seems to be influenced by the oblique subduction of the Nazca Ridge
although a complete understanding of its relationship with the

margin tectonics is still pending.
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CONCLUSIONS

Stratigraphy

1. A Cretaceous? sequence and ten Cenozoic sequences filled the
basins of the study area. These are: (1) the Maastrichtian to
Campanian? K sequence, (2) the lower? to middle Eocene Eg
sequence, (3) the middle Eocene E1 sequence, (4) the middle Eocene
E2 sequence, (5) the middle Eocene E3 sequence, (6) the uppermost
middle Eocene to Oligocene E-O sequence, (7) the lowermost Miocene
M1 sequence, (8) the lower to middle Miocene M2 sequence, (9) the
upper Miocene M3 sequence, (10) the uppermost Miocene-Pliocene P

sequence and, (11) the Quaternary Q sequence.

2. The widespread Ep sequence was deposited during a period of

tectonic quiescence.

3. A small chain of small coast-parallel igneous bodies intruded the

Ep sequence during middle or late Eocene?.

4. The E1, E2 and E3 sequences are half graben fills representing
three pulses of a rifting process that affected large segments of the

study area.
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5. The rifting process was interrupted by a compressive episode

that took place after the second puise of rifting.

6. After the rifting event the study area lacked an efficient system
of sediment transport from the continent, thus the sedimentary
record mostly consists of fine-grained sediments. The main cause
for the restricted sediment supply probably was the dry climate in
the onshore region. It seems that the sediment flux into the trench

was not adequate to create a well-developed accretionary prism.

7. The post-rifting E-O sequence was deposited along the Trujillo
Basin and the western border of the Sechura Basin, in parts of the
Lima and East Pisco Basins. Cold water upwelling was effective

during the E-O unit deposition.

8. The M1 and M2 sequences represent an early to middle Miocene
regional transgression. The M2 sequence was deposited in two main
areas bounded by a narrow trench-parallel shelf-slope break zone.
Shelf sedimentation prevailed in the eastern area, whereas cutting -

and filling associated with submarine canyons took place in the

west.

9. The M3 sequence was syntectonically deposited during a late
Miocene compressive event. During this time the Salaverry-Trujilio

High emerged and provided sediments to the Salaverry and Trujillo
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Basins. The canyon cutting and filling continued west of the

Salaverry-Trujillo High.

10. During the latest Miocene to the Pliocene, east of the emerged
Trujillo-Salaverry High an interior shallow basin was formed,
whereas in the west the submarine canyon cutting and filling
continued. The P sequence was deposited in these settings. The
interior basin was filled by a northerly prograding phase followed by
an aggradational phase. Farther south, in the Lima Basin a trench-
parallel slope-shelf break zone divided an eastern zone with shelfal
deposits from a western area which received large fan slope

deposits.

11. In the Quaternary the Salaverry-Trujillo High was submerged.

Structural Geology

12. The study area was affected by four compressive events and two
extensional episodes. The compressions occurred during Paleocene?,
middle Eocene?, upper-middie to late Miocene and middle Pliocene?.
The extensions took place during middle Eocene and late Piocene.

Pre-Tertiary substratum was involved in all the tectonic events.
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13. The deformation of the first compressive episode occurred
during the Paleocene?, is mild, and is poorly defined in seismic

profiles of the Salaverry and Trujillo Basins.

14. Prior to the deposition of the lower to middle Eocene Ep

sequence the region was peneplaned.

15. The direction ~of extension during the basement-involved rifting
process was E-W to ESE-WNW, and the main structural elements
were: (1) A N-S to NNE-SSW trending master fault system that
formed the half graben boundaries. (2) An E-W to ESE-WNW trending
left-lateral transfer fault system. (3) A hypothetical trench-

parallel, right-lateral strike-slip system.

16. The rifting process developed in three pulses represented by the
E1, E2 and E3 sequences. The rifting process was interrupted by a
short-lived compression that took place after the deposition of the
E2 sequence. During rifting phase 1, the Trujillo and West Pisco
Basins were extended. Phase 2 affected the Trujillo Basin. During
the last pulse of rifting, the Trujillo and East Pisco Basins and part

of the Sechura, Lima and West Pisco Basins were extended.

17. In the western part of the West Pisco Basin, the E1, E2 and E3

sequences are affected by a trench-parallel listric normal faults
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system. This structural style suggests gravity-induced extension in

a slope setting.

18. The middle Eocene second compression interrupted the rifting
process after the E2 sequence deposition, produced folds and thrusts
in strata of the K and Eg sequences and a very mild inversion in some
of the half grabens of the E2 sequence. A predominant NW-SE
trending fold-thrust system occurred along the Sechura, Lima,

Salaverry and West Pisco Basins.

19. The Salaverry-Trujillo High which began to form by the end of
middle Miocene and proceeded until Pliocene is a 370 long, trench-
parallel open flexure and, in part, a 60 km long, trench-parallel belt
of anticlines. These anticlines are the structural inversion of middle
Eocene to upper Miocene wedges (E3 to M3 sequences), and originated

during the third compressive event.

20. The third (late Miocene) compressive event produced: (1) the
reactivation of structures formed during the second compression; °
(2) the formation of a trench-parallel trending folded belt in the
Salaverry Basin, (3) syntectonic deposition of the M3 sequence, (4)
the structural inversion of middle Eocene to upper Miocene deposits
and, (5) differential uplift and erosion in the West Pisco Basin and

southern Lima Basin, where a conspicuous unconformity was created.
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21. The fourth (late? Pliocene) compression affected the East and
West Pisco Basins producing in the East Pisco Basin trench-oblique
N-S trending folds and a mild-half graben inversion. E-W trending

thrusts were formed in the West Pisco Basin.

22. The second extensional episode (late Pliocene) is characterized

by the reactivation of faults formed during the first extensional

event.

23. The continuous uplift of the Salaverry-Trujillo High during the
deposition of the M2, M3 and P sequences produced a sustained and
very localized shallowing of the sea floor at the slope break zone on

the western side of the high and the incision of submarine canyons.

24. Gravity-induced listric normal faults with shallow detachment

zones affect sediments of the M1, M2, M3 and P sequences.
Plate kinematics and forearc tectonics
25. The middle Eocene extensional rifting episode and the second

compressive event correlate well with a prominent positive peak in

the convergence rate curve.
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26. An unexpected coincidence between the occurrence of the third

compressive event and an interval of negative acceleration in the

convergence rate is observed.

27. There is no correlation between the rate of convergence, the

fourth compressive episode and the second extensional event.

28. The fourth compressive event, which is restricted to the East
and West Pisco Basins, seems to be related to the passage of the

subducted Nazca Ridge during late Pliocene through Pleistocene.
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APPENDICES

Appendix A: Nannofossils biostratigraphy of the Ballena
1X and Delfin 1X wells. By Hisatake Okada, Yamagata

University, 1990.

Ocurrence of Calcareous Nannofossils in Ballena 1X Well

SAMPLE NUMBER B1 B1.1 Bt.2 B2 B2.1 B3 B4
SAMPLE DEPTH (mbsl) 223.8 3366 550 6049 659.8 7055 806.1
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A= abundant (more than 10% of assemblage); C= common (more than 1% less than
10%); F= few (less than 1%); R= rare (less than 0.1%). For overall abundance: A=
abundant; C= common; F= few; R= rare. Reworked specimens: c= common; f= few; r=
rare.G= good; M= moderate; P= poor. 1= slight; 2= moderate; 3= strong.
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Occurrence of Calcareous Nannofossils in Delfin 1X Well. Samples D1

to D6.

SAMPLE NUMBER

SAMPLE DEPTH (mbs!)
ABUNDANCE-PRESERVATION
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A= abundant (more than 10% of assemblage); C= common (more
than 10%); F= few (less than 1%); R= rare (less than 0.1%). For overall
abundance: A= abundant; C= common; F= few; R= rare. Reworked specimens:
c= common; f= few; r= rare. G= good; M= moderate; P= poor. 1= slight; 2=

moderate; 3= strong.
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Appendix B: Paleoenvironmental analyses of the Delfin
1X and Ballena 1X wells. By N. L..Engelhardt-Moore,

1990.

STRATIGRAPHY - DELFIN-1

D
.

IN UNDIFFERENTIATED UPPER MIOCENE/LOWER PLIOCENE (CN9 - CNI1)
INTERVAL: 750 ft - 1210 ft

Interval Top and Age Based on: the presence of Reticulofenestra pseudoumbilica (CN9-CN11) at
900 ft. .

Paleoenvironment: Indeterminate - probably outer shelf or deeper, + 300 ft.

Lithology: Fine to coarse sand and siltstone interbedded with calcite. Below 1040 ft, sand
interbedded with dolomitised micritic brown limestone.

Nannofossils: The only sample examined in this interval was at 900 ft. Only rare upper Miocene
or lower Pliocene forms were noted. Dr. Okada assigned the age range based on the occurrence
of R pseudoumbilica. Reworking was noted.

Planktonic Foraminifera: No in situ forms were noted. At 750 ft, these reworked Eocene species
FPseudohastigerina micra, Globorotalia cocoaensis, and Acarinina c¢f. primitiva occur,

Benthonic Foraminifera: Benthic occurrence is very poor. At 750 ft and 810 ft, the assemblages
were dominated by reworked specimens of varying preservations which include Valvulineria
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venezuelana, Trochammina spp., Cibicides spp., Bulimina spp. and Uvigerina spp. Dark red casts of
costate Bulimina cf. charapotoensis were rare. Two specimens each of Hanzawaia cf. concentrica
at 750 ft and Lenticulina sp. at 810 ft were possibly in situ. Otherwise, scattered, mostly single.
specimens were noted with no definitive in situ forms. '

Other Fossils: Rare, worn shell and coral fragments were noted at the top of the interval. Also
notable was undifferentiated "organic debris", '

Remarks: ‘The lack of preserved fossils, the high clastic content, and the occurrence of authigenic
limestone along with rare shell fragments suggests that deposition was rapid with transportation of
shallow water sediments into deep water. The presence of authigenic limestone which forms off
the Peruvian coast during cold water upwelling supports this interpretation, The environmental
setting probably was outer shelf or deeper. Today, the Delfin-1 is situated on the upper slope.
During the upper Miocene/lower Pliocene, this site was probably infilled with shallow marine
sediments. .

1

FIRST UNDIFFERENTIATED MIDDLE TO UPPER MIOCENE (CN5? - CNY9)
INTERVAL: 1210 ft- 2570 ft -

Interval Top based on: The presence of R. pseudoumbilica (CN9-CN11) with the first appearance
of Discoaster quinqueramus (CN9) at 1210 ft.

Paleoenvironment: Probably Upper Bathyal, 600 - 1500 ft.

Lithology: Fine sandstone/siltstone interbedded with dolomitised limestone. Below 1510 ft, less
sandstone; limestone interbedded with mudstone and sandstone/siltstone with calcite streaks.
Abundant glauconite at 2210 ft.

Nannofossils: Nannofossils are common. Three samples were examined in this interval. D.
quingueramus occurs only at 1210 ft. It restricts the age to late upper Miocene. However, the
floral assemblages below, without D, quinqueramus, suggest the lower part of this interval is middle
to upper Miocene (CN5-CN9). A middle Miocene age at 2130 ft is supported by the diatom zonal
range of Coscinodiscus lewisianus through Craspedodiscus coscinodiscus (Schrader and Castaneda,
1990).
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Planktonic Foraminifera: Planktonics are very rare with only sporadic nondiagnostic globigerinids
noted. At 2390 ft, a questionable specimen of the lower Miocene species Catapsydrax dissimilis was
noted, ‘

Benthonic Foraminifera; Benthics are infrequent to 1450 ft, Below, they increase in abundance
with the first upper Miocene species, Buliminella ecuadorana, being noted. The fauna is similar
to that described from the upper Miocene of Ecuador and many species are also known from the
middle and upper Miocene of California. Other forms include Buliminella cf. elegantissima,
‘Buliminella cunta, Bolivina cf. marginata, Globobulimina cf affinis, Cassidulina cf delicata,
Bolivinopsis sp., Fursenkoina schreibersiana and Fursenkoina cf acuta. At 1740 ft and just below
were Amphimorphina cf. amchitkaensis, Bulimina uvigerinaformis, Gyroidina venezuelana,
Pseudoparrella cf. exigua, Uvigerina peregrina, Cancris cf. palmarealensis, Bulimina charapotoensis and
Bolivina dispar with the first appearances of these genera: Bolivina, Lenticulina, and Cibicides,
Below the glauconite at 2210 ft, many new, possibly older, deep water species first appear including
Buliminella subfusiformis, Oridorsalis umbonatus, Ecuadorota cf. bristowi, Uvigerina cf. schwagen,
Epistominella smithi and Globocassidulina subglobosa with Transversigerina transversa and Cancris
cf. oblonga at 2360 ft. At 2480 ft, these forms first appear; Cibicidoides cf. floridanus, Cibicidoides
cf. subtenuissimus, Plectofrondicularia cf. califomia, Valvulineria cf. robusta, and Chilostomella spp.,
Several of these species are known from the lower and basal middle Miocene of Ecuador.

Other Fossils: Diatoms are rare with an increase at 1780 ft.

Remarks: Between 1210 ft - 1310 ft, the interval is barren except for nannofossils. Clastic and
organic debris dominate. At 1330 fi, the first small rare benthics occur. Below 1450 ft, a change,
marked by an increase in diversity, is simultaneous with the first mudstone. The fauna improves
as clastics decrease and deteriorates with the occurrence of limestone. At 1740 ft, the first upper
bathyal fossils appear. Below the glauconitic horizon, a distinct bathyal fauna is developed. This
interval shows a shallowing upward sequence above the glauconite which is supported by an
increase in clastics, Below the glauconite, deep open marine conditions existed. It is uncertain if
this lower section is lower Miocene in age.

FIRST LOWER MIOCENE NOTED (CNI - CN3)
INTERVAL: 2570 f: - 4800 ft
Interval top and age based on: The first occurrences of several benthic forams at 2570 fi,
Catapsadrax dissimilis at 2690 ft, and these nannofossils; Discoaster deflandrei (CP19-CN3),

Discoaster variabilis (CN3-CN11.25), and Helicosphaera ampliaperta (CP19.75-CN3) at 2660 ft, with
Triquetrorhabdulus cf. carinatus (CP18.5-CN1.3) at 4040 ft.
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Paleoenvironment: Middle to Upper Bathyal, 600 - 4000 ft.

Lithology: Brown mudstone interbedded with dolomitised micritic limestone with fine siltstone and
streaks of calcite. Coarse sand at 4100 ft. - '

Nannofossils: Five samples were examined. Only at 2660 ft and 4040 ft were significant forms
recovered. At 2660 ft, a high diversity flora with D. deflandrei, D. variabilis and H. ampliaperta first
appears. Only D. deflandrei occurs below. Other forms include Cyclicargolithus floridanus and
Sphenolithus cf. heteromorphus. The three samples between 2660 ft and 4040 ft were basically
barren. This interval is dominated by carbonate, so no age determinations could be made. The
sample at 4040 ft, contained a diverse flora including the species at 2660 ft and three new forms.
Of significance is the first appearance of Triguetrorhabdulus cf. carinatus. This is an carly lower
Miocene species. Dr. Okada assigned a late lower Miocene age to 2660 ft and a range of early
lower to late lower Miocene to 4040 ft.

Planktonic Foraminifera:  Planktonics are rare. At 2570 ft, a rare fauna consisting of
Globigerinoides immaturus, Globorotalia mayeri and indeterminate globigerinids was noted. At 2690
ft, Catapsydrax dissimilis s.s. (P17-N6) first appears, supporting a lower Miocene age. At 3080 ft,
other species noted include Globorotalia continuosa, Globigerina bulloides and Globigerinoides
trilocularis. Below 3200 ft., planktonic occurrence is again sporadic with a notable break at 4010
ft whic includes Globigerina praebulloides. Below, planktonics are very rare.

Benthonic Foraminifera: At 2570 ft a significant faunal break was noted. The abundant high
diversity fauna suggests a major change which probably represents the lower Miocene. Nannofossils
just below are lower Miocene. These species first appear; Bulimina cf pupoides, Bulimina
subacuminata, Uvigerina rugosa, Sphaeroidina bulloides, Oridorsalis tener, Cibicides cf. matanzaensis,
Cibicides ungerianus, Melonis pompilioides, Pullenia subcarinata, Ammobaculites nummus, Bolivina
cf. churchi, Nonionella cf. miocenica, Pseudoparrella cf. relizensis, Gyroidina altiformis and
Cyclammina sp. At 2690 ft, more new species occur; Cibicidoides cf. wuellerstorfi and Ecuadorota
bristowi with Uvigerina charapotoensis, Pseudoparrella cf. subperuviana, Bolivina ¢f directa,
Valvulineria cf. venezuelana, Rectuvigerina mayi, Rectuvigerina multicostata and Bulimina cf ovata
just below. Many are known from the lower Miocene of Ecuador and California. In Ecuador, E.
bristowi and R. mayi are restricted to the lower Miocene with V. venezuelana and T. transversa
restricted to the basal middle and lower Miocene. At 4010 ft another break which includes
Siphonodosaria cf. advena, Cibicidoides cf. trincherasensis, Globobulimina cf. pacifica, Brizalina cf.
pozonensis and Oolina globosa was noted. No age significance can be tied to this horizon.

Other Fossils: Diatoms are rare with occasional fish teeth, otoliths and pellets.
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Remarks: This interval is lower Miocene. It is uncertain based on benthic evidence alone, if the
section above 2570 ft up to 2210 ft is also lower Miocene. In the lower Miocene, deposition at this
site occurred in a bathyal setting.

IN MIDDLE OLIGOCENE (CP194?)
INTERVAL: 4820 ft - 5810 ft

Interval Top and Age Based on: The occurrence of these nannofossils Sphenolithus distentus (CP16-
CP19A), Sphenolithus predistentus (CP13.5-CP18?) and Helicosphaera recta (CP18-CP19) at 4880
ft along with the first radiolarians at 4820 ft.

Paleoenvironment: Middle - Upper Bathyal, 600 - 4000 ft

Lithology: Interbedded siltstone and calcareous brown mudstone with brown calcite marking the
base. Brown limestone is probably cave.

Nannofossils: Four samples were examined. Only the sample at 4880 ft contained a good flora.
The others were essentially barren. Dr. Okada assigned CP19A? based on the occurrence of .
distentus, S. predistentus and H. recta. These species are Oligocene in age and have been reported
from the middle Oligocene of Ecuador. Their first occurrence appears to be within the Oligocene.

Planktonic Foraminifera: None.

Benthonic Foraminifera: At 4820 ft, the fauna shows little change with the only new species,
Trochammina cf. pacifica at 5000 ft and Cyclammina sp.2 at 5200 ft. However, at 5320 ft several
species first appear which include Gyroidina Planata, Gyroidina planulata, Uvigerina cf. auberiana,
and Sigmomorphina pseudoschencki with Lenticulina abullotensis just below. This fauna appears to
be Oligocene, since S. pseudoschencki is only known from the Oligocene of Ecuador. At 5530 ft,
the fauna with Melonis affinis and Ammobaculites cf. stratherensis is still bathyal. However, below

this depth between 5630 ft and 5810 ft, the interval is unzoned due to abundant calcite.

Other Fossils: At 4820 ft, common radiolarians first appear. This possibly coincides with the top
of the Oligocene because the nannofossils at 4880 ft are Oligocene in age. Only nondiagnostic
spherical spumellarian actinommids were noted.

Remarks: The middle Oligocene is first noted at 4820 ft. However, there is some question as to
whether it ranges higher. The foram break at 4010 ft shows no age evidence and the nannofossils
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were not examined between 4040 ft and 4880 ft. The first Oligocene could occur anywhere within
this interval, even at the noted foram break. However, the first appearance of radiolarians with
diagnostic nannos definitely places the Oligocene at 4820 ft. At 5630 ft, abundant calcite marks
the transition between the Oligocene and Eocene. This boundary represents a major hiatus. Below
5810 ft., samples were not examined until 5920 ft. The presence of radiolarians indicates cold
water upwelling played a significant part in the faunal configuration and that water temperature
could have been controlled by a proto Peru current during the Oligocene.

IN MIDDLE EOCENE (CP14B)

INTERVAL: 5920 ft - 8270 ft

Interval Top and Age Based on: The occurrence of Globigerina pomeroli (7P11-P17) at 5920 ft and
Morozovella densa (P8.25-P14) at 6010 ft with a middle Eocene (CP14B) nannofossil flora at 6160
ft.

.

Paleoenvironment: Inner Shelf to possibly Upper Bathyal, 60 ft to 1500 ft.

Lithology: Interbedded limestone, mudstone and siltstone. Below 7210 ft, gray and brown
micaceous mudstone dominates with coarse sandstone at 7600 ft. Calcite is rare.

Nannofossils: Eight samples were examined in this interval. At 6160 ft, a common diverse flora
was noted with these key species; Chiasmolithus solitus (CP8.5-CP14.5), Helicosphaera lophoto
(CP9-CP14.3), Reticulofenestra umbilica (CP13-CP16), and Reticulofenestra hillae (CP13.75-CP16). .
Dr. Okada dated the sample as late middle Eocene (CP14B). At 6610 ft, the flora is slightly older,
‘middle Eocene (CP14A) with the first appearances of Helicosphaera seminulum (CP9.5-CP14) and
Chiasmolithus grandis (CP10-CP14), At 7660 ft, the flora suggests an older middle Eocene age.
The last sample at 8260 ft had a very poor flora and was questionably dated as middle Eocene.

Planktonic Foraminifera: Planktonics are again very rare. However, the presence of Globigerina
pomeroli at 5920 ft and Morozovella densa at 6010 ft dates this interval as middle Eocene (P14).
This is supported by the occurrence of Truncorotaloides rohri (P8.5-P14) at 6450 ft and the
nannofossils at 6160 ft,

Benthonic Foraminifera: Deep water benthic forams are common at the top of the interval, At
5920 ft, Discorbis cf. samanica first appears with Gyroidina cf. altispira, Gyroidina cf. girardana,
Bulimina microcostata, Bulimina cf. instabilis, Ceratobulimina sp., Allomorphina sp. and Dentalina
spp. just below. At 6460 ft, these species occur; Gyroidina cf. chirana, Bulimina cf. brevis, Bulimina
cf. peruviana and Uvigerina cf. mantaensis. Many of these forms show affinities to the Eocene Chira
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fauna of Peru. At 6940 ft, a fanual break with Buliminella cf. peruviana suggests an outer shelf
environment with bathyal forms disappearing. The fauna at 7210 ft appears to be middle neritic.
Below, there is a distinct shallower break in the last sample at 7960 ft. The'fauna is dominated
by abundant Nonion aff. pizzarensis typical of an inner shelf setting.

Other Fossils: Radiolarians are common. Significantly at 5920 ft, the spumellarians are
Phacodiscids (a flat form) not Actinommids (a spherical form). This change coincides with the
middle Eocene as demonstrated by the forams and nannos. Rare Spongodiscids (a triangular form)
were also noted with pyritized diatoms frequent at 6010 ft. At 6940 ft, a change occurs and the first
ostracods appear; Cythereis aff. montgomeryensis, Cythereis aff. suttoni, Buntonia sp. and Bythocypris
sp. This break suggests a shallower horizon. At 7960 ft, the last sample examined, Cytherella
symmetrica first appears with shell fragments. All these forms show affinities to Eocene species of
the Gulf of Mexico.

Remarks: The lower portion of this well shows a distinct deepening during the Eocene from inner
shelf to bathyal conditions. The abundance of radiolarians suggests that cold water upwelling was
in affect off the Peruvian shelf during the middle Eocene. Above, deep marine lower Oligocene
sediments rest unconformably on marine Eocene sediments. This upper Eocene hiatus suggests
that either nondeposition and/or erosion were the active processes at that time possibly due to
ongoing tectonic activity.

STRATIGRAPHY - BALLENA-1

IN UNDIFFERENTIATED UPPER MIOCENE/LOWER PLIOCENE (CNSB - CN11 )
INTERVAL: 760 ft - 1130 ft

Interval Top and Age Based on: The occurrence of Reticulofenestra pseudoumbilica (CN9 - CN1 1),
Sphenolithus neoabies (CN10? - CN11) and their associated flora at 760 ft.

Paleoenvironment: Outer neritic, 300 - 600 ft.

Lithology: Siltstone to coarse sandstone interbedded with calcareous brown limestone.
Shells with rare coral fragments at the top of the interval.

Nannofossils: Based on the common occurrence of R. pseudoumbilica, some specimens of S.
neoabies and the associated flora, Dr. Okada assigned an age of upper Miocene or lower Pliocene
(CN5b - CN11) to the sample at 760 ft. This is supported by the reported upper Miocene age at
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890 ft based on the diatom zone, Coscinodiscus yabei (Schrader and Castaneda, 1990). Reworked
Eocene species were noted.

Planktonic Foraminifera: Planktonics are extremely rare and consist of nondi;\gnostic globigerinid
forms with one specimen of Orbulina suturalis at 820 ft and one specimen of Globorotalia cf.
praescitula at 950 ft. Their presence suggests an age of middle Miocene or younger.

Benthonic Foraminifera: Many species noted in this interval are known from the middle and upper
Miocene of California. The fauna also shows strong affinities to the upper Miocene/Pliocene
faunas of the Manabi Basin, coastal Ecuador. These species include Buliminella cf. subfusiformis,
Buliminella curta, Buliminella ecuadorana, Bulimina charapotoensis, Hanzawaia ¢f. concentrica,
Fursenkoina cf. bramelette, Nonion cf, pizzarensis, Virgulinella gunteri and Valvulineria cf. miocenica.
Many of these forms occur in the Delfin-1 within the Miocene. The assemblage, dominated by
genera such as Nonion, Buliminella, Bulimina, Valvulineria, and Cibicides, is indicative of an outer

shelf environment with no bathyally restricted species noted.

Other Fossils: At 820 ft and 850 ft some shell and rare coral fragments were noted. Their
presence appears to be the result of transport. - Also notable were otoliths and rare radiolarians
(phacodiscids). ‘

Remarks: The age of this interval is probably upper Miocene, but more evidence is needed to be
certain. The occurrence of a high abundance low diversity nanno flora, a low diversity shallow
water benthic fauna and no planktonics suggests a shelf setting for this interval during deposition,
The occurrence of reworked Eocene nannofossils indicates that downslope transport was prevalent.
As in the Delfin-1, the presence of authigenic limestone supports upwelling of cold water had a
major influence on faunal abundance and preservation.

FIRST MIDDLE MIOCENE NOTED (CNS. ?)

INTERVAL: 1130 ft - 1480 ft

Interval Top and Age Based on: The occurrence of Helicosphaera californiana (CN3-CNS) and
the associated flora at 1130 ft.

Paleoenvironment: Outer neritic - upper bathyal, 300 - 1500 ft.

Lithology: Micritic brown dolomitised limestone interbedded with silty limestone and fine to
medium quartz sandstone,
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Nannofossils: The only sample examined for nannofossils in this interval was at 1130 ft. It
contained an abundant fairly diverse flora of middle and upper Miocene species, The presence of
H. californiana and the lack of any lower Miocene indicators, resulted in Dr, Okada's middle
Miocene age assignment. This is supported by the reported middle Miocene diatom zone,
Craspedodiscus coscinodiscus at 1180 ft (Schrader and Castaneda, 1990). This interval also
contained rare reworked Eocene species,

Planktonic Foraminifera: Planktonics are extremely rare. One $pecimen of Globigerina
praebulloides and three small specimens of Globigerinoides trilobus were noted at 1390 ft. These
are long-ranging nondiagnostic forms. No other planktonics were noted,

previously, many of these species are known from the Miocene of California and Ecuador. The
faunal assemblage also shows an affinity to the'Agua Salada Formation of Venezuela. Many of
these forms also occur in the middle to upper Miocene interval of the Delfin-1.

Other Fossils: None

Remarks: The increase in nannofossil and foram diversity along with some deeper water forms
suggests a possible upper bathyal setting at the time of deposition. The dominance of Bolivinas,
Buliminas and Baggatella Suggests an apparent oxygen deficiency which could be accounted for by
the intersection of an upper bathyal oxygen minimum with the continental slope (Whittaker, 1988).
This interval does not show evidence of extremely deep water which supports its middle Miocene
age based on deeper lower Miocene facies in the region. This is shown to be true to the north off
Ecuador.

FIRST LOWER MIOCENE (CNI1-CN3)
INTERVAL: 1480 ft - 2710 ft

Interval Top and Age Base on: The occurrence of Praeorbulina glomerosa (N7-N8.5) at 1480 ft. and
the nannofossil assemblage at 1830 ft.
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Paleoenvironment: ? Middle Neritic to Upper Bathyal, 180 ft to 1500 ft.

Lithology: Dolomitised limestone interbedded with sandstone, siltstone and calcareous mudstone.
Below 1860 ft, clastic material increases. At 2250 ft, sandstone is interbedded with silty limestone
and mudstone and layers of iron nodules occur. At 2520 ft, casing cement is abundant.

Nannofossils: Based on the common occurrence of Discoaster deflandrei (CP18-CN3), rare
Helicosphaera ampliaperta (CP19.75-CN3), Helicosphaera mediterranea (CP19.6-CN3.5) and the
associated flora at 1830 ft, Dr. Okada assigned a lower Miocene age (CN 1-CN3). This age is also
supported at 1630 ft, where a lower Miocene age is suggested by the diatom zone, Denticulopsis
nicobarica (Schrader and Castaneda, 1990). This agrees with the foram data. Four other samples
examined were barren and therefore not useful in age determination. Also notable at 1830 ft, were
reworked Eocene species.

Planktonic Foraminifera: The occurrence of two specimens of P. glomerosa at 1480 ft indicates
a restricted age of top lower Miocene or basal middie Miocene (N7-N8.5). At 1920 ft, Catapsydrax
dissimilis (P17-N6) supports a lower Miocene age. Otherwise, planktonic occurrence continues to
be very poor with rare globigerinids persisting to 2430 ft.

Benthonic Foraminifera: There is a slight change in the fauna at 1480 ft. This is evident as an
increase in diversity and abundance. New species include Baggina robusta, Pseudononion cf.
obductus, Uvigerina cf. omata, Brizalina cf. granti, Brizalina cf. pozonensis, Bolivina cf. rankini,
Cibicidoides cf. floridanus, Gyroidina venezuelana, Cassidulina cf. laevigata and Nodosaria cf. franki.
The fauna is representative of an upper bathyal environment. At 1800 ft, more new species were
noted. They include Amphimorphina cf. amchitkaensis, Nodosaria stainforthi, Bulimina cf. rostrata,
Brizalina maculata, Bolivina brevior, Sphaeroidina cf. variabilis and Bolivina floridana. Other species
first noted below 1890 ft and above 1950 ft were Trochammina sp., Bulimina cf ovata and
Nonionella cf. miocenica. Below 1950 ft, the fauna decreases in abundance and diversity.

Other Fossils: Rare radiolarians (phacodiscids), fish otoliths and pyritized diatoms occur
sporadically below 1480 ft. At 1980 ft and 2310 ft, pellets are common and below 1980 ft., "bone
fragments” occur. All faunal elements disappear below 2430 ft. Co

Remarks: This interval is marked by a rich, diverse upper bathyal fauna between 1480 ft and 1860
ft. Below, the fauna shows a distinct decrease in abundance and diversity. This coincides with
poorer preservation and a lower diversity dominated by Valulineria cf. miocenica which suggests
a shallower outer shelf setting for the lower part of the interval. This change marks an increase
in clastics indicative of a dynamic shelf setting. As a whole, the interval shows a deepening upward
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sequence. Above this interval, the well shows an apparent swallowing upward sequence. At 2520
ft, cement dilutes the fauna so that from this depth to the last sample at 2710 ft, the interval is

unzoned.

LITHOLOGIC DISCUSSION

Dark brown dense, aphanitic carbonates (dolomicrite, lime micrite and calcareous mudstone) were
the most prevalent lithologies noted in both wells. Organic-rich mudstones derived from coastal
upwelling make up the bulk of the sediment. These sediments accumulate on the outer shelf and
upper slope which is seaward of the high-productivity surface waters of the inner shelf. The
carbonates form by the cementation of porous upwelling sediments in the subsurface diagenetic
environment in association with biogenic decomposition of organic carbon. This process transforms
an initial organic-rich mud into an authigenic carbonate. The delicate microfossils, organic matter
and high sediment rates impart a high primary porosity to the muds which are subsequently infilled
by carbonate cement. The composition of the diagenetic ‘carbonates varies from calcite to
dolomite, '

The high influx of organic carbon to the seafloor beneath upwelling zones exhausts the oxygen
content of the bottom waters through aerobic oxidization. This process allows some of the influx
to be preserved and buried in the sediment. Bioturbation is suppressed because anoxic
environments are not conducive to benthic colonization. Periodic increases in circulation winnow
the mud and increase the oxygen content of the bottom waters.

Finally, benthic foraminifera are not well known off Peru. The primary factors that affect benthic
foram assemblages are water mass, currents, eustacy, upwelling with consequent high primary
productivity, low oxygen, diagenesis, phosphatization, downslope transport and vertical tectonic
displacement. Several of these factors played an important role during sedimentation in foram
preservation within these two wells. In areas where upwelling is pervasive, the most abundant and
common biogenic components are diatom frustules and organic matter. Sponge spicules,
silicoflagellates, and radiolarians usually occur, and nannoplankton are occasionally seen. However,
calcareous microfossils are rare. The absence of planktonic forams in both wells is suspected to
be caused by low oxygen conditions that form during upwelling. The diminished benthic foram
assemblages coincide with the occurrence of carbonate. This observation is consistent with the fact
that the authigenic formation of dolomitic sediments is destructive to foram tests (Suess and von
Huene, et al., 1990).

N. L. ENGELHARDT-MOORE
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PLATE 4 . CLOSE UP OF THE SEISMIC PROFILE LINE DRAWING 1
(PANEL 1), TRUJILLO BASIN.

All the stratigraphic sequences are shown on this plate.
The lack of seismic resolution prevents the correiation of
sequences K and Eg in the halt western part of the seismic
profile. The subhorizontal fault that occurs below the K
sequence srikes parallel to the seismic protile and dips NW
and was produced within the contex of the pre-lower
Eocene-post-Cretaceous extension. The large halt graben

" filled with sediments of the E1 sequence is bounded by a

master fault (to the left) which was inactive during the
deposition of the other synrift E2 and E3 units. Systems ot
synthetic and antithetic normal faults related to the
master fault involve the basement. The divergence of the
half graben seismic reflectors indicates a balance between

ithe rate of faulting and the rate of sedimentation.This

plate also illustrates the western part of the Salaverry-
Trujillo High where the M2 and M3 units tilled submarine
canyons. The base of the sequence M2 is a profound canyon
excavated into the M1, E-O and E3 units. The eastern part of
the seismic profile was emerged during the P sequence
deposition. The -master fault was reactivated during the
late Pliocene extension. Two systems of normal fauits with
shallow detachment surtaces oftset the E2 to P units.
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[E 5. CLOSE UP OF THE SEISMIC PROFILE CINE DRAWING B (PANEL 2), TRUJILLO BASIN

e center a half graben of the E2 sequence shares the master fault with an overlying E3 half graben
sas the master fault of the adjacent half graben (at the left) also filled with sediments of the E2
ance was inactive during the deposition of the! E3 unit. At the center, reflectors of the E3 unit
the folded top of the underlying E2 sequence,. this relationship dates the second compression as
e Eocene; the small anticline of the E2 umit adjacent to the master fault suggests a mini-
sion produced by this compressive event. Submarine canyon systems are present in sequences M2,

and P; the base of the M2 sequence is a prominent submarine canyon which locally has eroded the
nd E-O units. ‘ \
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I M3 and P units onlap the top of the uplifted Eg sequence.
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=ISMIC P)?OFILE LINE DRAWING 2 (PANEL 1),'SALA VERRY BASIN
d by an :gneous body which created a local uplift. Flat laymg reflectors
top of the uplifted Eg sequence.
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The sequence EQ which unct
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TE 7. CLOSE UP OF THE SEISMIC PhOFILE LINE DRAWING C. (PANEL 2), TRUJILLO BASIN
sequence EQ which unconformably re‘sts on Pre-Cretaceous basement was folded and thrusted

g the second middle Eocene compressjon. The submarine canyons filled with sediments of the M3,
and P sequences are characteristic of Yhis area located west of the Salaverry-Trujillo High.
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YMIC PROFILE LINE DRAWING C.(PANEL 2), TRUJILLO BASIN
ably rests on Pre-Cretaceous basement was folded and thrusted
mpressjon. The submarine canyons filled with sediments of the M3,
tic of this area located west of the Salaverry-Trujillo High.
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PLATEI; 8. CLOSE UP OF THE SEISMIC PROFILE LINE D
| (PANEL 1), SALAVERRY-TRUJILLO BASINS

The se:quence K thins toward the Salaverry-Trujil
is oftset by two thrusts developed during
Paleocéne? compression. At the Salaverry-Trujil
EQ unit is offset by the master normal fault of :
tilled with sediments of the E3 sequence. The ¢
sequenctes E-O and M1 is restricted to the T
(western part of the Salaverry-Trujillo High).
stepping onlap toward the ENE displayed by the |
M2 units illustrates the transgressive natur«
sequences. The uplift of the Salaverry-Trujillc
tited the M2 sequence portion located east o
Sequenpes E-0, M1 and M2 are bounded to the
basement-involved syn-sedimentary normal fault
active ' until the deposition of the M2 sequenc
reactivated during the Recent. The anticline loc
westerq side of the Salaverry-Trujillo High, wh
sedimeqts ot the E3, E-O, M1, M2 and M3 sequence:
the bept examples of the inversion produced dur
upper-middie to late Miocene compression. Some
of the post-folding (late Miocene-Pliocene) it
fault system that offset E3, E-O, M1, M2 and M3 |
the basement. The thinning of the M3 unit
Salaverry-Trujillo High indicates that the uplifi
was active during the deposition of this sequen
Miocene). The absence of the P unit at the hi
symmetric distribution (to both sides of the hi
that the Salaverry-Trujillo High was emerged dt
sequence deposition (late Miocene-Pliocene time).
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PLATLJ 8. CLOSE UP OF THE SEISMIC PROFILE LINE DRAWING 3
(PANEL 1), SALAVERRY-TRUJILLO BASINS

The sequence K thins toward the Salaverry-Trujillo High and
is oftset by two thrusts developed during the first
Paleocene? compression. At the Salaverry-Trujillo High the
Eo unit is offset by the master normal fault of a half graben
filled with sediments of the E3 sequence. The occurrence of
sequences E-O and M1 is restricted to the Trujillo Basin
(western part of the Salaverry-Trujillo High). The back-
steppin'g onlap toward the ENE displayed by the E-O, M1 and
M2 units illustrates the transgressive nature of these
sequenfes. The uplift of the Salaverry-Trujillo High has
tited the M2 sequence portion Ilocated east of the high.
Sequences E-0, M1 and M2 are bounded to the left by a
baseme‘nt-involved syn-sedimentary normal fault which was
active ;until the deposition of the M2 sequence, and was
reactivglted during the Recent. The anticline located at the
western side of the Salaverry-Trujillo High, which involves
sediments of the E3, E-O, M1, M2 and M3 sequences, is one of
the bept examples of the inversion produced during the third
upper-middie to late Miocene compression. Some of the faults
of the post-foiding (late Miocene-Pliocene) listric normal
faulit s}stem that offset E3, E-O, M1, M2 and M3 units involve
the basement. The thinning of the M3 unit toward the
Salavet‘ry-TrujiHo High indicates that the uplifting process
was attive during the deposition of this sequence (the late
Miocene). The absence of the P unit at the high and its
symmelric distribution (to both sides of the high) indicates
that the Salaverry-Trujillo High was emerged during the P
sequenice deposition (late Miocene-Pliocene time).
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PLATE 9. CLOSE UP OF THE SE
The sequence EQ is offset by a n
unit. This seismic profile is locats
filled submarine canyons. The M?
the middle-early Miocene. ‘
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PLATE 9. CLOSE UP OF THE SEISMIC PROFILE LINE DRAWING B (PANEL 2), T
The sequence EQ is offset by a master normal fault of a half graben filled with sedi
unit. This seismic profile is located west of the Salaverry-Trujillo High where the N
filed submarine canyons. The M1 unit was partially eroded by a prominent canyon
the middle-early Miocene.
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offset by a master normal fault of a haif graben filled with sediments of the E3
ofile is located west of the Salaverry-Trujillo High where the M2 and M3 unts
ons. The M‘i Jnit was oartially eroded by a prominent canyon excavated during
ene. |
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PLATE 10. CLOSE UP OF THE
The thrust and anticline that inwvc
correspond to the first Paleoce
sequences K, Eg, M2 and M3 (
compression.
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PLATE 10. CLOSE UP OF THE SEISMIC PROFILE LINE DRAWING 3 (PANEL1) SA
The thrust and anticline that involves the sequence K and the base of the Eg unit (
correspond to the first Paleocene? compressive event; whereas the thrust and ar
sequences K, Ep, M2 and M3 (to the right) were developed during the third upper-mid
compression,
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/olves the sequpnce K and the base of the EQ unit (at the center) may
Ine? compressive event; whereas the thrust and anticline that affects
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PLATE 11 CLOSE UP OF THE ¢
The opase of the K sequence I
compression. The sequence P s
developed :n the interior basin
Miocene-P:ocene.






L ] 2 ] 3 L. t ] 1 1 L L
:nu vose Y p—of———.fﬂ-—nus,u._ﬂ‘nu_rr---—-w' o o W g rrrE r 3
= ——— — ,—h—r,&“——-— =
-.-.-.-|-'-.-.-.-'-.-.-.'l-.-‘-.-‘-l-'-'-'-l-l-'-l -.-.-0-.-.-‘-.-‘-.-'-.-l-l-’-.-.-'-._.-'-.-i-.-.-.-.-.-'-.-'-'-.

e e S e "'"""‘""-‘l—'—'—f—"'""g"—'"“"“"'r"""""'l:‘:

nmeooommeanaeoncemewee@@ORT L e B v e ——— e e tetant e i Qv e sattate i steesate iy
e ey AR et e, S—rr et 0 et vt ene 08080880 ent O o00atasearsennersaesaaeteresstcoorenebesboosanrecvte Pott i P n ovecevccr WP - o " e,

...........
......................................

= 11 CLOSE UP OF THE SEISMIC PROFILE LIIJE DRAWING .D (PANEL 2),SALAVERRY BASIN
ase of the K sequence is offset by a thrust orobably developed during the first Paleocene?
ession. The sequence P shows northerly progra{ding clinoforms which suggest a deltaic system
ped :n the interior basin (located .east of the emerged Salaverry-Trujillo High) during the ‘ate
ne-Plocene. ‘fF
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PLATE 12 CLOSE UP OF THE SEISMIC PROFILE LINE DRAWING 4 (PANEL 1), UPPER SLOP!
The sequence Eg was folded and thrUﬁted during the Middle Eocene second compressive event. Se
M1, M2, and M3 are offset by two systems of gravitational listric normal faults with shallow det

surfaces which dip to the WSW and ENE, some of these faults were reactivated during the Rec
offset sequences P and Q and the sea floor.
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THE SEISMIC PROFILE LINE DRAWING 4 (PANEL 1), UPPER SLOPE ZONE
Jd and thrusted during the Middle Eocene second compressive event. Sequences
by two systems of gravitational listric normal fauits with shallow detachment
VSW and ENE, some of these faults were reactivated during the Recent and
d the sea floor.
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PLATE 13. CLOSE UP OF THE SEISMIC
(PANEL 1) SALAVERRY-TRUJILLO HIGI
A transfer fault of the middle Eocene rift
the Salaverry-Trujillo High marks the west
oftsets the Eg unit, and bounds a half gr

-the E3 sequence. The M2 sequence onlaps

and E3 units west and east of the Salave
this unit thins towards the high which ir
during the M2 unit deposition (middle to
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SE UP OF THE SEISMIC PROFILE LINE DRAWING 4
_,AVERRY-TRUJILLO HIGH :

of the middle Eocene rifting which is located east of
Jjillo High marks the western limit of the K sequence,
init, and bounds a half graben filled with sediments of
. The M2 sequence onlaps the top of the underlying EgQ
st and east of the Salaverry-Trujillo High respectively;
owards the high which indicates that it was uplifted
init deposition (middle to early Miocene time); similar
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relationships involve units M3 and P w
of the Salaverry-Trujillo High until th
offset the Ep unit were developed durin
Miocene compression. The transfer fat
late Pliocene second extensional episode
oftset by two normal fault systems w
Cenozoic basement. The left part of
gravitational listric normal fault with
that involves the M2, M3 and P units.
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relationships involve units M3 and P which illustrate the uplift history
of the Salaverry-Trujillo High until the Pliocene. The thrusts that .
offset the EQ |unit were developed during the third upper-middie to late
Miocene compression. The transfer fault was reactivated during the
late Pliocene second extensional episode. Sequences M2, M3 and P are
offset by twc} normal fault systems which do not involve the pre-
Cenozoic baﬁ;ement. The left part of the seismic profile shows a
gravitational [listric normal fault with shallow detachment surface
that involves the M2, M3 and P units.
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PLATE 15. SEISMIC PROFILE 6 ADJACENT TO THE SEISMIC PROFILE 3 (PANEL 3), SALAVE

This profile is not included in Panel 3. The thrusts and anticlines that affect the K and Ep sequences
during the second middle Eocene compression and were later reactivated during the third upper-
Miocene compressive episode -as indicates the minor folding of the M2 and M3 units. The thru
originated during the third compression. The small back-thrust that affects the P unit (to the left)
during the fourth late? Pliocene compressive event.
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PLATE 17. CLOSE UP OF THE SEISMIC PROFILE LINE D¢
' (PANEL 5), WEST PISCO BASIN
Sequences E1 and E3 fill a half graben bounded to the ENE
normal fault that involves the Pre-Cenozoic basement. The s
which unconformably overlies the E3 unit, consists of stacke:
deposits locally offset by listric normal faults with
detachment zone. Sequences E-O, M1, M2 and M3 were erodet
upper-middie to upper Miocene regional uplift. E1, E3 and P
folded during the fourth late? Pliocene compressive event.
flat laying deposits of the sequence Q unconformably rest on

sequence P.
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PLATE 17. CLOSE UP OF THE SEISMIC PROFILE LINE DRAWING 1
(PANEL 5), WEST PISCO BASIN

Sequences E1 and E3 fill a half graben bounded to the ENE by a listric
notmal fault that involves the Pre-Cenozoic basement. The sequence P,
whuch unconformably overlies the E3 unit, consists of stacked slope fan
debosnts locally offset by listric normal faults with a shallow
detachment zone. Sequences E-O, M1, M2 and M3 were eroded during the
upper -middie to upper Miocene regional uplift. E1, E3 and P units were
folded during the fourth late? Pliocene compressive event. Quaternary
flat laying deposits of the sequence Q unconformably rest on top of the
sequence P.
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