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ABSTRACT. The Camané&Mollendo Basin is an active-margin depression ~NW-SE elongated, which is located in
the forearc of southern Perti and extends from the Coastal Cordillerato the Per-Chile Trench. This basin consists of a
grabens and half-graben complex, filled with deltaic and fluvial sedimentary rocks of the Oligocene-Pliocene Camana
Formation (~500 m thick). An integration of compiled onshore stratigraphic logs, reinterpreted 2D seismic offshore
information, sediment provenance data, and previous zircon U-Pb geochronology on volcanic reworked ash supports a
refined tectono-chronostratigraphic framework for the whole CamanaMollendo Basin fill. To complete thisintegration
we needed firstly to elaborate a geological reinterpretation of seismic offshore data and highlight their most prominent
features (i.e., erosive surfaces). This step allowed establishing afirst correlation between onshore and offshore deposits
of Camana Formation by means of their sequence boundaries, giving asresult a consistent division for Camana Forma-
tion: (i) “CamA Unit” (coarse-grained deltas) and (ii) “CamB Unit” (fluvia deposits). CamA Unit isfurther subdivided
into three subunits based on minor erosive surfaces (i.e., Al: Oligocene, A2: Early Miocene, and A3: Middle Miocene).
CamaA ref lects prograding geometry (subunitsA1 and A2) aswell as onlapping geometry (subunit A3). CamB Unit (Late
Mioceneto Pliocene) consists of high-energy hyperpycnal flows composed of fluvial conglomeratesin onshore, which
very possibly changes to progradational deltaic in offshore. Each one of these units and subunits extends offshore and
preserves similarities in depositional geometry and sequence boundaries with Camana Formation onshore. Subunits
A1 and A2 observed in offshore are grouped in this paper as “A1+A2” (Oligocene to Middle Miocene) because they
show similar progradational geometry and it isdifficult to differentiate them from each other. A regressive systemstract
(RST) represents these subunits. These deposits reach up to ~2.5 km thick, and they are intensely affected by normal
faulting associated to pinch-out depositional geometry. Strata of subunit A3 (Middle Miocene) reflect a transgressive
systems tract (TST), and blanket the entire basin with fine-grained sediments. These deposits are up to ~1 km thick,
being less affected by synsedimentary tectonic and show minor effects of synsedimentary tectonics. Finally, deposition
of CamB Unit (Late Miocene to Pliocene) occurred during a new regressive systems tract (TST), which turned to pro-
gradational geometry similar to deltaic deposits in offshore, and according to seismic lines they are much less affected
by synsedimentary faulting. Stratigraphic boundaries between “A1+A2" and A3, and between A3 and CamB observed
in onshore outcrops are used here as tools to differentiate, correlate and predict the main depositional geometries in
offshore. High-frequency seismic reflectors represent such boundaries and support divisions and subdivisions within
Camana Formation. These boundaries are al so used to define depocentres of Camana Formation along the entire Camané-
Mollendo Basin, where the thickests are located in the proximity of the large river mouths (e.g., Planchada, Camana,
and Punta de Bombon). Strata of subunits “A1+A2" are considered as potential reservoir for hydrocarbon due to their
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high rate of sediment accumulation. Deposits of A3 are transgressive and they are considered as potential potential seal
rock. Structurally, CamanaMollendo Basin is composed of graben and half-graben components ~NW-SE-oriented,
typical of atrantensional tectonic regime.

Keywords. Camana-Mollendo Basin, Cenozoic, Sequence stratigraphy, Offshore seismic facies, Central Andes.

RESUMEN. Arquitectura sismica-estratigrafica dela For macién Camanadel Oligoceno-Plioceno, Antear co
del sur de Pert (Provincia de Arequipa). La Cuenca Camana-Mollendo es una depresion de margen activo en
el sur de Perq, la cual es elongada en sentido ~NW-SE y se extendiende desde |a cordillera de la Costa hasta
la fosa PerU-Chile. Esta cuenca consiste en un sistema de graben y semigrébenes y esté rellenada con rocas
sedimentarias de edad Oligoceno a Plioceno, correspondientes ala Formacion Camana (deltaicoy fluvial, ~500 m
de espesor). Una integracion de datos provenientes de columnas estratigraficas, sismica de reflexion 2D costa
afuera, proveniencia sedimentaria, y geocronologia de U-Pb en zircones volcanoclasticos ayudé a elaborar un
cuadro tectono-cronoestratigréfico de toda la Cuenca Camané-Mollendo. Parallevar a cabo estaintegracion, en
primer lugar serequirio reinterpretar geol 6gicamente ladata sismica 2D costa af ueray resaltar las caracteristicas
estratigraficas méas prominentes (i.e., superficies erosivas), las cuales son atribuibles ala Formacion Camana. Estas
caracteristicas lograron ser correlacionadas con las superficies erosivas definidas en la Formacion Camana costa
adentroy dieron como resultado lasiguientedivision: (i) “Unidad CamA” delaFormacion Camana (deltas de grano
grueso) y (ii) “Unidad CamB” de la Formacion Camana (depdsitos fluviales). La Unidad CamA se subdividio en
tres subunidades en base a discontinuidades estratigréficas menoresy diferencias en su geometria depositacional
(i.e., AL Oligoceno; A2: Miocenoinferior; y A3: Mioceno medio). LaUnidad CamA reflejageometriaprogradante
(Aly A2) y “onlapante” (A3). La Unidad CamB (Mioceno superior a Plioceno) comprende conglomerados
fluviales e hiperpicnicos de alta energia. Cada una de estas unidades y subunidades se extienden costa af uera de
Camanay mantienen similares geometrias depositacionales y os mismos limites secuenciales. En los depositos
costa afuera, las subunidades A1y A2 (Oligoceno a Mioceno Inferior) estan agrupadas como “A1+A 2" debido
a que ambos muestran similares geometrias progradacionales y es dificil diferenciarlos. Un sistema regresivo
(RST) representa estas subunidades. Estos depositos alcanzan ~2,5 km de espesor, y estan i ntensamente afectados
por fallas normales y listricas asociados a geometrias depositacionales pinch-out. Los estratos de la subunidad
A3 (Mioceno Medio) reflgjan un sistema transgresivo (TST), y cubren toda la cuenca con sedimentos finos. La
subunidad A3 alcanza ~1 km de espesor, y se caracteriza por su geometria “onlapante”, y menor proporcion
de tectonica sinsedimentaria. Finalmente, la depositacion de la Unidad CamB (Mioceno Superior a Plioceno)
ocurrio durante un nuevo episodio regresivo (RST), lacual sevuelvedeltaicay progradacional costaafueray esta
mucho menos afectada por fallas sinsedimentarias. Los limites estratigraficos entre “A1+A2” y A3,y entre A3y
CamB observados costa adentro se utilizan para diferenciar, correlacionar y predecir las principales geometrias
depositacionales y sistemas depositacionales encadenados interpretados para |os depdsitos costa afuera. Los
reflectores sismicos de alta frecuenciarepresentan tales limitesy apoyan la subdivision de la Formacion Camana
costa afuera. Estos limites son ademas utilizados para definir depocentros a lo largo de la Cuenca Camana-
Mollendo, donde los depocentros mas voluminosos estan ubicados en las cercanias de los grandes valles (e.g.,
Planchada, Camanay Punta de Bombon). L os depdsitos de las subunidades “A1+A 2" son considerados como un
potencial reservorio de hidrocarburos debido a su alta tasa de sedimentacién. Los depdsitos de la subunidad A3
son transgresivos y considerados como una potencial roca sello. Estructural mente, la Cuenca Camana-Mollendo
esta compuesta por elementos estructurales propios de sistemas de grabenes y semi-grébenes, los cuales estan
orientados preferencial mente ~NW-SE (orientacién andina).

Palabras clave: Cuenca Camana-Mollendo, Cenozoico, Estratigrafia secuencial, Facies sismicas costa afuera, Andes Centrales.

1. Introduction beneath South America, sedimentary evidences

of uplift and crustal thickening are rather evident

Since the 1980’'s, models on stratigraphy of
sequences for Cenozoic deposits in southern
Peruvian forearc were based on Cenozoic eustatic
cycles (e.g., Macharé et al., 1986; DeVries, 1998).
However, in an active and convergent tectonic
context like the subduction of the Nazca Plate

and expected to occur in Central Andes (e.g.,
Jordan et al., 1983; Mahlburg-Kay, 2005; Oncken
et al., 2006). In this context, sedimentary stacking
patternsand sedimentation stylein an activetectonic
context depend largely on tectonic factors such as
subsidence and/or uplift more than purely eustatic
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influences (e.g., Williams, 1993; Hardenbol et al.,
1998). Thus, we consider deposits of the Cenozoic
Caman& Formation in the forearc of southern Perd
(see geology in Fig. 1A) as the best candidates to
study the interplay and dominancy of the factors
that control forearc geodynamics and resulting
sediment dispersal in southern Peruvian forearc (cf.
Alvén and von Eynatten, 2014). Accordingly, we use
such argumentsto predict sedimentary faciesin the
offshore deposits, where there is neither well-core
nor sample, only geophysical data.

The main objective of this manuscript is to
explain the chronostratigraphic and structural
organi zation of the Cenozoic Camana Formation

19

in onshore and offshore of southern Perd, and
explain the origin and location of sedimentary
depocentresthat are attractive for oil exploration.
To accomplish these goal s, we needed to integrate
new interpreted seismic data (~647 km of 2D seis-
mic profiles) with previous studies on sedimentary
provenance (including heavy mineral analysisand
U-Pb geochronology on detrital zircons), previous
sedimentary facies analysis, and sequence strati-
graphy (e.g., Vega, 2002; Alvan and von Eynatten,
2014; Alvan et al., 2015). Theresultswill definethe
chrono-stratigraphic and structural framework of the
Camanéa-Mollendo Basin and predict sedimentary
extension in the offshore of Camana.
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FIG. 1. Simplified geological map of the study area (Province of Camand, Arequipa Region) (after Pecho and Morales, 1969; L edn et
al., 2000%). A. Inset map shows position of the Pisco, M oqueguaand Camané-Mollendo Basins according to Perupetro, 2003?);
B. Map showing the position of seismic lines. In offshore, black lines represent ~NE-SW data roughly perpendicular to coast
line, and red lines indicate ~NW-SE data, roughly parallel to the coast.

1 Ledn, W.; Palacios, O.; Torres, V. 2000. Sinopsis sobre la revision de la Geologia de los Cuadréngulos de Atico (330), Ocofia (33p), Camana (34q),
La Yesera (33q), Aplao (33r), Mollendo (34r). Direccién de Geologia Regional, Instituto Geoldgico Minero y MetalUrgico INGEMMET), Reporte

Interno: 8 p. Per(.

2 Perupetro, 2003. Peruvian Petroleum, A Renewed exploration opportunity. Lima, Per(, Report of Perupetro: 159 p.
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2. Geological setting

Central Andean geodynamics are widely
characterized by alternating episodes of differential
deformation, shortening, crustal thickening, uplift
and resulting subsidence (Jordan et al., 1983; I sacks,
1988; Ellison et al., 1989; Mahlburg-K ay et al., 2005;
Oncken et al., 2006), which have influenced on
generation of sediments since at least Eocene (e.g.,
Macharé et al., 1986; von Huene and Lallemand,
1990; Scheuber et al., 2006). For instance, the most
relevant and voluminous sedimentary deposits of
Cenozoic age arelocated inthe Altiplano and in the
forearc of southern Perti (Marocco and Noblet, 1990).

Southern Peruvian forearc comprises numerous
elongated asymmetric structural depressionsthat are
filled with Cenozoic marineand continental sediments
(i.e., Pisco, Camana, and MoqueguaBasins, Fig. 1A),
which are parallel to the general striking of the
southern Peruvian Andes margin (~NW-SE, Sébrier
et al., 1984; Palacios, 1995; Perupetro, 2003?). Such
deposits crop out between the Western Cordillera
and the Peruvian trench, lying above the Proterozoic
and Paleozoic basements (e.g., ArequipaMassif, San
Nicolas Batholith, Mitu Group and Ambo Group,
Pecho and Morales, 1969). Geomorphologically, the
most relevant depressionsin theforearc of Southern
Per(i cited in thismanuscript (i.e., CamanaMollendo
Basin and Moquegua Basin) are bounded by two
voluminous cordilleras. One of these cordillerasis
the Coastal Cordillera, which divides the Camana
Mollendo Basin and the Moguegua Basin (Pecho
and Morales, 1969; Sébrier et al., 1984; Palacios
and Chacon, 1989) (Fig. 1B).

Rocks of the Coastal Cordilleraare affected by
intense normal faulting defined as a complex of
normal displacementsof thelca-Ilo-1day Fault System
(I1FS), whilethe Western Cordillerais affected by
a complex of faults with similar behavior termed
Cincha-Lluta-Incapuquio Fault System (CLLIFS,
Jacay et al., 2002; Acosta et al., 2012) (black lines
inFig. 1B).

Moquegua Basin is the easternmost basin and
consists of a~NW-SE elongated depression located
in the internal forearc (or Central Depression) and
it is filled with continental sediments (lacustrine
and fluvial) of the Cenozoic Moquegua Group
(Pecho and Morales, 1969; Marocco et al., 1985).
On the western side, the external forearc (coastal
range) comprises sedimentary rocks of the Camana

Formation (Steinmann, 1930; Rivera, 1950), whichis
thetopic of this manuscript. The Camané Formation
crops out between Pescadores (16°25' S) and Punta
del Bombon (17°15'S), showing up to ~500 m thick
coarse-grained deltasand fluvia deposits of Cenozoic
age (Vega, 2002; Alvan and von Eynatten, 2014;
Alvanetal., 2015) (Fig. 1B). These sedimentsform
also a~NW-SE elongated sedimentary deposit which
onlaps the Proterozoic and Paleozoic basementsin
onshore, and face the Pacific Ocean.

According to Perupetro (2003)? the “Mollendo
Basin” is located in the offshore of the Arequipa
Region, and possibly extends onto offshore as
prolongation of the CamanaBasin known in onshore
(Fig. 1A). Here, we consider adequate the use of the
term “Camané-Mollendo Basin” to group the both
Camana and Mollendo Basins, the term “Camana
Basin fill” for deposits that are located in onshore,
“Mollendo Basin fill” as the deposits that are in
the offshore, and “ Caman&Mollendo Basin fill” to
refer to both onshore and offshore deposits of the
Camana Formation.

2.1. Chronostratigraphic architecture of the
Camané Basin onshore

Camana Formation is a lithostratigraphic unit
composed of marineand fluvial sediments (Steinmann,
1930; Rivera, 1950). Later studies on sedimentology
of the Camana Formation such as Vega (2002)
proposed achronology between Oligoceneand Middle
Miocene, on the basis of vertebrate and microfauna
paleontology (cf. Tsuchi et al., 1990; Ibaraki, 1992;
Apolin, 2001). Sempere et al. (2004) extended the
age of Camana Formation as old as Eocene, stating
that its internal depositional geometry is due to its
deltaic nature. On the basis of faciesanalysis, Alvan
and von Eynatten (2014) redefined the Camana
Formation as a complex of coarse-grained deltas
and fluvial marginal conglomerates. These authors
divided Camana Formation into two main depositional
units, (i) CamA Unit and (ii) CamB Unit, where
CamA is further subdivided into subunits A1, A2,
andA3 (Fig. 2). Alvan et al. (2015) dated sediments
of Camana Formation using U-Pb on volcanoclastic
zircons (see red numbers in Fig, 2) assuming that
most of Cenozoic volcanismin Central Andes (~30-
4 Ma) occurred simultaneousto fluvial and marine
sedimentation in southern Peruvian forearc (e.g.,
Marocco and Noblet, 1990) and can resemble closely
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FIG. 2. Chronostratigraphic chart of the Camana Formation (onshore) and stratotype of Camana Formation (Puente Camand).
A. according to Alvan and von Eynatten (2014), subunit A1 consists of mouth bars and distributary channelstentatively assigned
to the Late Oligocene. Subunit A2 consists of progradational clinothems formed during afalling stage systemstract (FSST) in
~Early Miocene. We consider useful to group “A1+A2" and consider them as Oligocene to Early Miocenein age (asAlvan et
al., 2015). Subunit A3 consists of onlapping deltaic sandstones deposited during a transgressive systems tract (TST), Middle
Miocene. CamB is deposited during aregressive systemstract (RST) (or very possibly ahighstand systemstract, HST) in Late
Mioceneto Pliocene; B. samples acquired for U-Pb dating on detrital zircons presented by Alvan et al. (2015). C. depositional
geometries of within the Cenozoic Camana Formation. Abbreviations: bu=basal unconformity, bsfr =basal surface of forced
regression, mr s=maximum regressive surface, mfs=maximum flooding surface.

sedimentation ages (cf. Bowring and Schmitz, 2003;
von Eynatten and Dunkl, 2012).

According to Alvan and von Eynatten (2014),
reddish sandstones of subunit A1l arethebasd strataof
Camané Formation and consist of mouth bar deposits
and distributary deltaic channels. The chronostratigra-
phic problem with this subunit isthelack of Cenozoic
ages, according to Alvan et al. (2015); nonetheless,
given the onset of intense volcanism of the ~24-10
MaHuaylillasvolcanic arcin Central Andesreported
by Worner et al. (2000) and Mamani et al. (2010),
which are the equivalents of the overlying subunit

A2, a correlation between subunit A1 (of Camana
Formation) and ~30 Masubunit MogC1 (of Moque-
guaGroup) isconsistent. Furthermore, similaritiesin
sediment composition between both subunits proposed
by Alvéan et al. (2015) suggest that both correspond
to aunique time line (Oligocene).

Subunit A2 consists of coarse-grained deltaic
depositsarranged in progradational clinothems (SW-
oriented), whilein contrast, the overlying subunit A3
consists of deltafront to prodelta deposits arranged
in onlapping geometry. Zircon youngest U-Pb age
components on vol canocl astic zircons within subunits
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A2 andA3yield agesof ~23, ~21, ~20, and ~14 Ma
(see red numbers in Fig. 2), spanning the Early
Mioceneto early Middle Miocene (~9 Myr, Alvan
et al., 2015). On top of Camana Formation, CamB
Unit consists of a~200 m-thick stacking of fluvial
conglomerates dated close to Late Miocene to
Pliocene, according to Alvan et al. (2015). Once
established chrono-stratigraphic framework of
the Caman& Formation in onshore, erosional
surfaces in-between each depositional subunit
(i.e, “A1+A2"-A3 and A3-CamB) allow to mark
stratigraphic boundaries in terms of stratigraphy
of sequences (such as “bu”, “bsfr”, “mrs” and
“mfs” in Fig. 2), and are useful to start formulating
consistent argumentsfor stratigraphic correlations
to offshore deposits and predictions.

3. Morphology of the sea flor in the offshore of
Camané

The seaflor of the offshorein front of Camana
shows a smooth downslope below ~900 m depth,
showing gradients of ~5° in average and forms
sedimentary complexes that extend from the
shelf down to the slope. There, three submarine
canyons roughly ~NE-SW-oriented i.e., Ocofia,
Camana, and Quilca Canyons (blue dotted linesin
Fig. 1B) and according to satelital images, several
~NW-SE-oriented fault scarps are prominent (see
dotted red linesin Figs. 3 and 4) (cf. Hagen, 1993).
Ocofia Canyon extends up to ~1,700 m depth, while
Camana Canyon up to ~4,000 m depth, and Quilca
Canyon up to ~3,000 m depth. Fault scarps are
mostly ~NW-SE oriented, and are visible along the
seafloor up to the offshore of northern Chile (von
Huene et al., 1996). If we prolongate alignments
of the submarine canyons back to onshore, we
observe that the thickest stackings of the Camana
Formation coincideswith theriver mouths of thelarge
valleysat LaChira(16°30' S), Camana (16°38' ),
LaVirgen (16°43 S), and Puntade Bombon (17°15
S) (Pecho and Morales, 1969; Sempere et al., 2004;
Roperch et al., 2006).

4. Sequencestratigraphy of the Camana Formation

Alvan and von Eynatten (2014) presented a
consistent sequence stratigraphic model for the
Camana Formation (left side in Fig. 2), which
suggests contrastsin relation to the global sea-level

fluctuations. This definition allowed highlighting
influence of tectonics for each subdivision of the
Camana Formation. Given a chronostratigraphic
framework of the Camana Formation (Alvan et
al., 2015), it is possible to compare the age of the
depositional events with the global eustatic chart
presented by Haq et al. (1987) y Hardenbol et al.
(1998). Theresults permited highlight the influence
of tectonics on sedimentation for each unit of the
Camana Formation. Such influences are reflected
very possible in vertical displacements along the
Icallo-Islay Fault System (IIIFS, see Fig. 1B).

4.1. Stratigraphy of sequences in subunit A2 of
Camané Formation

For instance, clinothems of the subunit A2 show
a pronounced progradational -stacking pattern,
where according to Alvan and von Eynatten (2014)
sediment input strongly exceeded accommodation
space, enough to produce progradational geometry
(e.g., Catuneanu, 2002). Subunit A2 is bounded at
the base by a basal surface of forced regression
(bsfr) if lies above deposits of subunit Al (e.g.,
La Chira, north Camand) and lies above a basal
unconformity (bu), if these deposits lie directly
above the basement (e.g., Puente Camana, Fig. 2B).
Subunit A2 is bounded on top by a maximum
regressive surface (mrs) (see left side in Fig. 2).
Strata of subunit A2 suggest a regressive systems
tract (RST) occurred during Early Miocene (or even
since Oligocene). Such regression may even have
been forced (falling stage systems tract) (FSST),
which is also driven by a drastic or rapid relative
sea-level fal (e.g., Catuneanu, 2002).

4.2. Stratigraphy of sequences in subunit A3 of
Camané Formation

A change on depostional geometry occurs above
mrs because during deposition of the subunit A3,
relative sea-level rise outpaced sedimentation rates
and resulted in onlapping deposition. This deposition
isconsidered to have occurred during atransgressive
systemstract between late Early Miocene and early
Middle Miocene (<20 to ~14 Ma). Such relative
seal-level rise continued until the completion of the
deposition of the subunit A3. Subunit A3 isbounded
ontop by anotorious maximumflooding surface (mfs).
CamB Unit occurs in onshore as fluvia prograda-
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tional conglomerates that presumably have formed
during a regression (probably a highstand systems
tract). However, CamB unit extends to offshore as
adeltaic progradation (see Section 5.2.4).

Haq et al. (1987) described 2™ order eustatic
cycles (sequence cycles ranging between 2 and 50
Ma) showing a transgressive major cycle since the
Late Oligocene (Chattian) to Early Miocene, which
isapparently chronologically comparable to subunit
A2 of CamA unit. Thistransgressive curve strongly
contrastswith the regressivetrend of subunitsA1 and
A2. Hence, a striking tectonic uplift of the Coastal
Cordilleraisdeduced and outpacesthe global sea-level
rise. However, the later transgressive deposition of
subunit A3 occurred during the ~late Early Miocene
to ~early Middle Miocene is consistent with the
general eustatic rise reported by Hag et al. (1987).
However, during deposition of the subunit A3, minor
uplift affecting some area of the Western Cordillera
and/or the Pacific Piedmont is thought to have
occurred during this period, which is reflected in
conglomerateswithin A3 (left side of Fig. 2) marking
the onset of ashift in sediment provenance. Hence,
minor and probably local pulses of uplift have also
affected the Camana-Mollendo Basin during the
Middle Miocene eustatic rise.

4.3. Stratigraphy of sequencesin CamB unit of
Camané Formation

Since the late Middle Miocene to Pleistocene,
Hag et al. (1987) proposed regressive cycles with
short and minor transgressive stages. Thisisconsis-
tent with deposition of CamB; however, deposition
of CamB reflects rapid uplift in the hinterland
(Western Cordillera and/or Pacific Piedmont, e.g.,
Schildgen et al., 2009; Alvan et al ., 2015), and they
haveinfluenced sedimentation more than eustatic or
climate-driven factors. Once established the strati-
graphic sequence model, we proceed to extend the
bounding surfaces of the Camana Formation onto
its offshore equivalents.

On the other hand, subunit A1 cannot be attributed
to aspecific systemstract itself because of itslimi-
ted exposures (up to 10 m thick at Playa La Chira).
However, subunit Al shares some facies features
with the overlying subunit A2 and they both can be
tentatively considered within the same depositional
trend (progradation), which are considered here as
the grouping “A1+A2” (regressive systemstract).
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5. Geological reinter pretation of offshore seismic
datain front of Camané

We agree with Vega (2002), who stated that most
of the seismic datafrom offshore deposits of Camana
arewidely affected by grabensand half-graben struc-
tures, typically with sinsedimentary normal faulting.
However, this study highlight several features that
pointsthe recognition of sedimentary subunits of the
CamanaFormation and their respective stratigraphic
boundaries (erosive surfaces), which are crucial for
predictions of potential reservoirs. Figures 3, 4, 5
and 6 show stratigraphic boundaries proposed in
this study.

5.1. Methodology

a. The data used to study the Mollendo Basin fill
have been acquired from seismic campaigns by the
Compagnie Generale de Geophysique (CGG) for
Perupetroin 1982, using air canyonsfor shooting
with asource depth of 5,5 seconds (marine seismic
reflection). Herewe present new and improved rein-
terpretations of the seismicinformation of thisbasin
fill (after Vega, 2002; Perupetro, 2003?%). Despite
acquisition of seismic datawas accomplished with
30 year-old technology, the data responded to the
identification of a*“back stop” or high-frequency
reflectors, which are considered here as major
bounding surfaces that exist within the strata of
Camana Formation. The seafloor bathymetry of
Camana offshore was downloaded from http://
maps.ngdc.noaa.gov/viewers/multibeam/ (National
Oceanic and Atmospheric Administration, NOAA)
(last visit 20/10/2016), and an approximation of the
relation between TWT (two way time) and degpness
is suggested (up to 5.000 m depth). We managed
interpreting our seismic databy characterizing and
recognizing the most prominent features that can
resemble deltaic geometry, and differentiate its
differents stacking patterns, besides its bounding
surfaces. The selsmic interpretation has been ac-
complished by analysing two groups of seismic
lines (seered and black linesin offshore, Fig. 1B).
Thefirst group consists of ten seismic lines~NE-
SW-ariented, roughly perpendicular to the shoreline
and paralld to the orientation of sediment influx.
Theselinesare (1) 7360 (Ocofia, Fig. 3A), ~42 km
lenght, (2) 7298 (PlayaLaChira, Fig. 3B), ~22km
lenght; (3) 7280 (Camana, Fig. 3C), ~20 km lenght;
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(4) 7241 (LaVirgen, Fig. 4A), ~40 km lenght; (5)
7235 (Mollendo, Fig. 4B), ~46 kmlenght; (6) 7217
(Punta 1day, Fig. 4C), ~63 km lenght; (7) 7197
(Punta de Bombon, Fig. 5A), ~99 km lenght; (8)
Corio (7170, Fig. 5B), ~6 km lenght; and adittio-
nally lines (9) 7370 (Atico), ~19 km lenght, (10)
7351 (Cerro de Arena), ~20 km lenght, and (11)
7150-2 (Guardiania), ~16 km lenght. In total, this
study comprises ~393 km lenght of seismic lines
~NE-SW-oriented.

b. The second group consists of three seismic lines
~NW-SE-oriented, parallel to the actual shoreline
and the cordilleras in the southern Peruvian fo-
rearc. These lines are (1) 7090-2 (Atico-Ocoria,
Fig. 6A), ~60 km length, (2) 7090-3 (La Chira-
Quilca, Fig. 6B), ~77 m length, and (3) 7090-4
(Quebrada Honda-Punta de Bombdn, Fig. 6C),
~47 km length. In total, thereis ~184 km length
of ~NW-SE-oriented seismic lines.

Because seiamic linesarethe graphic representation
of the response of different structural features and
sedimentary stacking when a seismic wave passes
(Vail etal., 1977), we consider that the geometry of
the end of the seismic reflectorsisatool to identify
geometries, i.e., truncations, onlaps, downlaps,
toplaps, and off laps (e.g., Catuneanu 2002; Catuneanu
et al., 2009). Thus, our correlation begins with the
tracing of high-frequency reflectors considered as
bounding surfaces, which dividethe depositiona units
(i) “A1+A2", (i) A3, and (iii) CamB Unit. We use
theterm “A1+A2" (pink depositsin figures 3, 4, 5,
and 6) because they both show similar sedimentary
facies and because both deposits were accumul ated
during a regressive systems tract (Alvan and von
Eynatten, 2014). Once defined stratigraphic boundaries
in offshore deposits of the Camana Formation, we
produce information on stratigraphic thickness of
the (i) ~NW-SE-oriented and (ii) ~NE-SW-oriented,
for each subunit. All data posses coordinates and
stratigraphic thickness and were plotted in ArcGIS
(version 10) by using TIN (triangulated irregular
nets). The results permited to define depocentres
and relate their existence to the presence of main
families of faults (see orange circlesin Fig. 7).

5.2. Description of seismic facies
5.2.1. Basement

The basement observed in the onshore of Camanéa
is composed of metamorphic rocks of the Arequipa
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Massif (Proterozoic), igneous rocks of the San
Nicolas Batholith (Ordovician), and sedimentary
rocks the Ambo and Mitu Groups (Carboniferous)
(Pecho and Morales, 1969). However, in offshoreit
isdifficult to observe convincing seismic facies or
reflectors that permit identify or even discriminate
them, or recognize additional basements. Nonethe-
less, some reflectors show seismic facies similar
to a crystalline basement and stratal geometry with
truncated terminations (for instance, Mesozoic and/
or Paleozoic strata in line 7360, figure 3A, and in
line 7217, e.g., figure 4C). If we cross information
of faultsamong seismic linesNW-SE- and NE-SW-
oriented, we observe that normal faulting shows
aparent ~SW and/or ~NE direction of convergence
(synthetic and antithetic components). On the other
hand, lines 7090-2, 7090-3, and 7090-4 shown in
figure 6 (parallel to the coast), show that basement
rocksare al so affected by ~NW-SE normal faulting,
which presumably controlled formation of stratigra-
phic depocenters of the Camana Formation (see for
instance, orange polygons in Fig. 7). We consider
such ~NW-SE-oriented and ~NE-SW-oriented faults
ascomponents of graben-type system, which areaso
thought to form basement highs (Figs. 3a and 4b).

5.2.2. " A1+A2": progradational deposits

Subunits A1 and A2 (“A1+A2") (light orange
deposits in figures 3, 4, 5 and 6) overlie the Pre-
Cenozoic basement of the Camana-Mollendo Basin
above a basal unconformity (bu). Seismic lines
~NE-SW-oriented show that deposits of A1+A2
seems progradational clinothemswith several filled
channels showing stratal terminations such as offlaps
and downlaps oriented to ~SW (see orange deposits
in figures 3A and 3B). The thickest sedimentary
stackingsare observed in lines 7280 (Camand, Fig. 3C),
7241 (La Virgen, Fig. 4A), and 7197 (Punta de
Bombdn, up to ~3 km thick, figure 5A). Abundant
normal faulting showing an apparently ~NW-SE
orientation appears as growth faulting (listric), and
they are typically observed in deposits of A1+A2
(red continued and dotted lines in orange deposits
of figures 3, 4, 5 and 6). Stratal thicknessis higher
close to the fault plane, and pinches out laterally
(e.g., thevicinity of the Ocofia, Quilca, and Puntade
Bombén submarine canyons, and PlayaLaChira(see
left side of the seismic line 7090-3, figure 6B). This
geometric feature suggestsrapid filling of sediments
and active tectonics.



= [ALew 7090-2 (Atcn-Orota)
g

[ |camB Unit
= [ | Sub-unitA3
2 [_| Grouping "A1+A2"

H
E
T CAMANA
%
"‘
..\
1
2 K
[ ]camB Unit 3}
[ | Sub-unitA3 {
[ | Grouping "A1+AZ" )
g
: i
E [
2 J
i
[ camB unit '?;
[ | Sub-unit A3 J

' SE| [ Grouping “A1+A2" 50 km

& 47 km

FIG. 6. Seismic lines ~NE-SW-oriented (red lines). A. 7090-2 (Atico-Ocofig), B. 7090-3 (La Chira- Quilca), and C. 7090-4 (Quebrada Honda-Punta de Bombdn). It is observable
several structuresinferred as faulting, which are highlighted in red lines. It is not possible to differentiate any type of basement, neither stratified nor crystalline.

8¢

“UNOILVIWIO YNVINY) ANADOITJ -ANADOOIT() AHL A0 TANLDALIHDNV DIHdVIDILVYLS-DINSIAS



Alvan et al. / Andean Geology 44 (1): 17-38, 2017

29

(Al

components

of a graben
K system ==

Aifgamant
Majos-Camand

< San Nicolds Batholith

Proterozoic, Paleozoic and
Mesozoic basaments

_»depressions/depocentres
» ilension/transtension
major shear
~—— faults
selsmic lines

FIG. 7. Structural style proposed for the CamanaBasin at present day. A. The sediment fill of CamanaBasinwas controlled by structural
components~NW-SE-oriented defined as graben and half-graben complex, which aretypical of an extensional tectonic regime.
The geodynamic evolution of Caman&Mollendo Basinisrelated to uplift processes of basin borders and tectonic subsidencein
itsinterior. See depocentreshighlighted in orange polygons; B. Schematic configuration of deltaic deposits of Camanaoffshore.

Depositsof “A1+A2" differ in stratal geometry to
those of overlying subunit A3, and an erosive surface
considered here asamaximum flooding surface (mrs)
marks a disivion between these deposits by means
of a high frequency reflector. Such boundaries are
interpreted when observing lines ~NE-SW-oriented.
When comparing density of faulting in deposits of
A1+A2 tofaulting observed in deposits of overlying
A3, it is possible to define that deposits of A1+A2
are the most tectonically affected deposits of the
Camana Formation. As appears, the main set of
faulting isvery possibly to be arranged rougly parallel
to the actual shoreline (thin black lines in Fig. 8)
and second group of fauting is roughly paralel to
the ~NE-SW valleys and submarine canyons that
are observed in forearc. Almost all of these faults
are normal, and they are inferred as components of
~NW-SE-oriented graben-type structures inherited
from the basement (see line 7235 of Mollendo in
figure4B, andline 7241 of LaVirgeninfigure 4A).
Moreover, we observein onshore depositsasignificant
amount of normal faulting (see strikes and dips in

figure 8). In offshore, the high amount of normal
faulting (~NW-SE and ~NE-SW) that affect deposits
of A1+A2, besidesthe presence of strong reflectors
(mrs), allowed usto recognize and state the boundary
between A1+A2 and A3. Deposits of “A1+A2" are
Oligocene to Early Miocene (according to onshore
data), and their progradational geometries reflect
a regressive systems tract (most possibly a falling
stage systemstract (FSST)).

5.2.3. A3: onlapping deposits

Depositsof subunit A3 arecoloredinlight yellow.
Seismic lines ~NW-SE-oriented show deposits of the
subunit A3 lying above a high frequency reflector
(erosiona unconformity) whichwe considerd asanrs
(see @bove). Lines ~NE-SW-oriented (lines 7241, La
Virgen, in Fig. 4A; and 7235, Mollendo, in Fig. 4B)
revedl that subunit A3 show aggradational and even
retrogradational geometries with abundant onlap
terminati ons predominantly ~NE-oriented with minor
channelized bodies. In thiscontext, we cons der that the
onlap-dominated depositsareindicator of arelative sea-
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FIG. 8. Structural onshore data observed predominantly as normal faulting. A. Synthesized geological map of Camana Formation in
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unit, while E and F shows normal faulting that affected sedimentary deposition of CamB Unit of Camana Formation.
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level risethat has exceeded the proportion of sediment
influx onto the Camana M ollendo basin (transgressive
systemstract). Another relevant feature to distinguish
strataof A3 istheminor amount of faulting compared
totheunderlying“A1+A2". Despitefaultingisminor,
they show little synsedimentary displacements (dumps).
Generally, thickness of subunit A3 is lesser than
that of “A1+A2"; however, subunit A3 shows more
gratigraphicthicknessthan“A1+A2” inthevicinity of
Planchada (right part of seismic line 7090-2, Fig. 6A)
and Puntade Bombon (right side of seismicline 7090-4,
Fig. 5B).

Gravitational deformations such as slumps and
olistostromes-type structures are common in subunit
A3, asobservedinline 7241 (LaVirgen, in Fig. 4A)
and can be considered as mass-gravity transport
deposits(MTD). Inthissetting, faulting iscommonly
atributed to gravitational factorsrelated to anincrease
in the sedimentation rate capable to induce slumps,
mostly if such deposits are located in a convergent
areawhere sediment can be accreted (e.g., von Huene
et al., 1996). Deposits of A3 are marked on top by
a bounding surface (mfs). This maximum flooding
surface (mfs) is supported by its high frequency
reflectance and the progradational features of the
overlying deposition (interpreted as CamB Unit)
and a high-frequency reflector (e.g., line 7241, La
Virgen, Fig. 4A). Deposits of A3 can beconsidered as
potential seal rock, and they can be correlated to the
strata of the Middle Miocene Pisco Formation of the
Pisco Basin (see Section 8). Subunit A3 islate Early
Mioceneto early Middle Miocenein age, and it was
deposited during atransgressive systemstrack (TST).

5.2.4. CamB: progradational deposits

According to field observations (Alvan and von
Eynatten, 2014), deposits of CamB unit lie above a
maximum flooding surface (mfs). Deposits of CamB
Unit arerepresented in light green polygonsin figures
3,4, 5and 6. These deposits changelaterally (toward
offshore) to deltaic deposits, showing geometrieswhich
aretypical of progradational and downlapping deltas.
Downlapping terminations are observed in most of
CamB deposits (for instance, line 7280 of Camanain
figure 3C; line 7241 of LaVirgen in figure 4A; and
line 7197 of Puntade Bombdnin figure 5A). Seismic
lines~NE-SW-oriented reveal that strata.of CamB are
not so far affected by faulting during sedimentation;
however, few graben-type fault scarps are observed
in the lines, and they also can be traced along the
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marine floor (~96 km from Pescadores to Punta de
Bombon, see black continued linesin figure 7).

Depositsof CamB Unit show similar depositional
geometry and probably similar natureto “A1+A2";
however, CamB deposits do not present significant
synsedimentary faulting, if present, they arerestricted
and isolated (can beinterpreted asgravitational-dides
or slumps). Deposits of CamB are relatively thin
in amost all seismic lines (e.g., line 7217, Punta
Islay, ~500 m thick, Fig. 4C), but in Pescadores,
Camana, and Punta de Bombon, whereas systems of
~NE-SW normal faulting are shown exceptionally
concentrated (up to ~2 km thick, see threelinesin
Fig. 5). In onshore, these alignments represent the
large actual valleys and hold the thickest stackings
of Camanéa Formation, i.e., Pescadores, Camana,
Quilca, and Punta de Bombon Valleys (see below).
CamB Unit is late Middle Miocene to Pliocene in
age, and their sediments were deposited during a
regressive systemstract.

6. Argumentsto establish stratigraphic correla-
tionswithin deposits of the Camana-Mollendo
Basin: Correlating onshoreto offshore

We congder thelatest update onthefaciesanalysis
and chrono-stratigraphy of the Cenozoic Camana
Formation by Alvan and von Eynatten (2014) (Fig. 2),
aswell asthelatest sedimentary provenance model
of the Camana Formation suggested by Alvan et
al. (2015), in order to characterize the deposits of
CamanaFormation. The purposeisto correlate and/
or compare each deposit in onshoreto its equivalent
in offshore with the most consistent arguments.

According to Alvan et al. (2015), the study of
sedimentary provenance in Camana Formation
helped to unravel geodynamic and sedimentary
processes that generated sediments, such as uplift
of the basin border at Early Miocene and Late
Miocene (Coastal Cordillera of southern Per0),
being highly useful for hydrocarbon exploration
becauseitispossibleto predict sedimentary facies
of the unseen part of the Camana-Mollendo Basin
(offshore). In this case, the best way to proceed
is to define seismo-stratigraphic facies with our
reinterpreted 2D-seismic data.

We use provenance argumentsto correl ate sediments
of thebasal part of the Camana Formation termed here
as subunit A1 with sediments of the subunit MogC1
of the Moguegua Group, whichislocated in Internal
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Forearc. Evaluating the heavy mineral composition
on sedimentswaswidely proved asavaluabletool to
correlate strata (for instance, Sheeffry Fm. inIreland,
Mangeet al., 2003; Heidelberg Fm. in Central Europe,
von Eynatten and Gaupp, 1999; L ower Guayabo Fm.
in northern Andes, Bandeet al., 2011; in Altiplano of
Central Andes, Scheuber et al., 2006; and in Moguegua
Group, Decou et al., 2011, 2013). For the next strata,
we use predominantly depositional geometries and
main erosives surfaces/sequence boundariesthat are
interpreted from seismic data.

6.1. Deposits of “A1+A2"

Based on multi-methodical analysis such as
petrography of heavy minerals, geochemical analysis
(LA-ICPMS), and U-Pb geochronol ogy of zircons of
reworked ash accomplished by Alvan et al. (2015),
it is possible to stated that sediments of CamA
Unit show main sediment provenance of the rocks
forming the Coastal Cordillerai.e., the San Nicolas
Batholith, the Arequipa Massif, and the ~24-10 Ma
Huaylillas volcanic arc (dominance of titanites
and garnet). Furthermore, such authors stated that
sediments of the basal part of CamA Unit (subunits
A1l and A2) correspond in time to ~30 to ~25 Ma
sediments of the hinterland M oquegua Group (MogC
Unit: Oligocene), according to the depositional ages
proposed by Sempere et al. (2004) and Decou et al.
(2013). Subunit MogC1 of Moquegua Group shows
dominance of piroxene, while subunit A1 shows
the same minerals, however, in lower proportions.
Hence, correlation between subunit A1 of Camanéa
Formation and subunit MogqC1 of Moquegua Group
isvery consistent.

Once stated the ages of subunit A1, the next step
istolook for consistencies between onshore and offs-
hore depositsin terms of depositional geometry. For
instance, Alvan and von Eynatten (2014) described
progradational clinothemstilted toward SW observed
in Camana onshore (subunit A1), which are rather
similar to depositsof “A1+A2" (highlighted in orange
polygonsinfigures 3 and 4). We agree that subunits
Aland A2 weredeposited during arelative sea-level
fall; thus, progradational signatures are expected to
represent deposits of “A1+A2” in offshore.

Onshore deposits of these subunitsare eroded on
top by an erosional boundary, whichisindicated asa
sequence boundary. If we prolongate such boundary
to offshore by using ArcGIS (v.10) and graphical

softwares, we observethat a high frequency reflector
still represent such boundary, and marks geometrical
differences between progradational “A1+A2” and
the onlapping subunit A3. In this context, youngest
depositional age of subunits“A1+A2” should beless
than ~20 Maand at least, more than ~30 Maold. It
isimportant to highlight that these deposits are more
affected by normal synsedimentary faulting than the
overlying subunit A3.

6.2. Deposits of A3

According to Alvan and von Eynatten (2014),
deposits of subunit A3 of Camana Formation show
onlapping geometry typical of atransgressive system
tract, and lieabove deposits of our grouping“ A1+A2”
by means of an erosive surface (maximum regressive
surface, mrs). If we observe depositsabove“ A1+A2”
(light yellow polygonsin Figs. 3, 4 and 5), onlapping
(and often progradational) deposits are observed.
Such onlaping geometry israther comparableto their
counterpart in onshore (see Fig. 2) and it is a good
argument to stablish that they are representative of
subunit A3. Accordingly, depositiona ages of subunit
A3 should bearound 20 Maand younger than 12 Ma.

6.3. Deposits of CamB

Based on sediment provenance, conglomeratesand
sediments of CamB derive predominantly from rocks
of the Western Cordillera (such asArequipa Massif,
Coastal Batholith, and Tacaza Group) (Alvan et al.,
2015). Given the onset of intense vol canism of Lower
Barroso volcanism at L ate Miocene (Mamani et al.,
2010) depositional ages proposed by these authors
suggest that CamB Unit deposited since ~12 Ma.
Rapid uplift of the Western Cordillera(basin border
of MoqueguaBasin) at Late Mioceneisreflected in
intense incision of the Colca Canyon (seeFig. 1 for
location) (Schildgen et al., 2009) and also in deposition
of conglomerates product of arapid and local run-
offs (CamB Unit). Accordingly, rapid depositionis
consistent with rapid uplift of basin borders (Western
Cordillerain the study area), which overpassed onto
Camana-Mollendo Basin. In this context, giving the
similarities between progradational nature of CamB
Unit in onshore and progradational geometry depo-
sits selected in light green polygonsin figures 3, 4,
5and 6, it is recommendable to state a correlation
between these deposits (see Section 8).
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7. Theorigin of depocentersin Camana-M ollendo
Basin

Structural arrangement in forearc of southern
Per( comprises components similar to wrench and
graben systems (Fig. 7). This arrangement consists
of (aparently) sinistral ~NW-SE wrench faulting that
isinterpreted to have facilitated uplift of the Coastal
Cordillera (probably showing also sinistral behavior,
i.e., IIIFS, as interpreted in Western Cordillera
(Sempere and Jacay, 2006; Alvan et al., 2015). A
transtensive tectonic arrangement for southern Perti
could be consistent with tectonic rotations as propo-
sed Roperch et al. (2006). Schildgen et al. (2009),
Decou et al. (2013), Alvan et al. (2015) and Alvan
(2015) demonstrated that Western Cordillerain the
study area experimented uplift with consequente
denudation and deposition of sediments (Fig. 9). Such
uplift occurred with some subsidence as offsets at
the Moguegua and CamanaMollendo basins during
deposition of CamA unit (~30to ~14 Ma), based on
the large amount of ~NE-SW- and ~N-S-oriented
synsedimentary faults that acted mostly during
sedimentation of the subunits A1 and A2, and are
dlightly denser in the near of the submarine canyons
aswell as sediment accumulation (see Fig. 5).

According to Roperch et al. (2006) and Sempere
and Jacay (2006), transtensional tectonics occurred
as"“pulses’ aong theforearc during Cenozoic and it
was progressive, being favorablefor crestion of single
~NE-SW elongated depocentres (or sub-basins, e.g.,

Camana-Moliendo Basin at present day
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Caraveli sub-basin, Marocco et al., 1985; Huaman,
1985) such as stackings of sedimentary rocksdefined
as Camana, LaVirgen, and Puntade Bombon offshore
depocentres (orange circlesin Fig. 7A). The state-
ment of progressive tensional and/or transtensional
phases during deposition between ~30 and ~14 Ma
may explain some of the broad and thick depocentres
and high concentrations of normal faults close to
the submarine canyons (see seismic linesin Fig. 5)
as well as several normal faults ~NE-SW-oriented
observed in onshore (Fig. 8). Simultaneously, uplift
of basin bordersi.e., Coastal Cordillera continued
its uplift processes as well as “pulses’, by means
of the lllFS (see Fig. 9 to see actual configuration).
Conversely, sediments of CamB unit arelargely
derived from the rocksforming the Western Cordillera
and/or the Moguegua Basin, as reflected by source
materials from the hinterland Arequipa Massif,
Coastal Batholith, Toquepalaand Tacaza Groups, and
the~10-3 Ma-old L ower Barroso vol canic products.
Such sediments reflect a protracted deposition of
the MogD unit (Late Mioceneto Pliocene, seelight
green polygonsin Fig. 9) from the Moquegua Basin,
and mark a drastic uplift occurred at the Western
Cordillera and/or Pecific Piedmont at ~12 Ma ago
(e.g., Thouret et al., 2007; Schildgen et al., 2009).
Uplift of the Western Cordillera since ~12 Ma has
exceeded largely the uplift of the Coastal Cordillera
(Alvén et al., 2015), while tectonics in offshore
are probably minor than in the both Western and
Coastal Cordilleras. CamB Unit consists of fluvial

(major uplift in Late Miocene)
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FIG. 9. Cross section of the Moqueguaand CamanaBasins and the Western and Coastal Cordilleras, showing the structural and chronos-
tratigraphic configuration at present day. Red numbers represent depositional ages accordingtoAlvan et al. (2015) and figure 2.
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faciesin onshore, and very probably turnsto deltaic
deposits with progradational geometry in offshore.
These strata show less evidences of synsedimentary
faulting, as we observe in light green polygonsin
figures 3, 4, 5 and 6.

8. Correlation with Pisco Basin (north) and
northern Chile offshore (south)

The Pisco Basin fill is located NW of the
Camanéa-Mollendo Basin (Fig. 1A), and consists
of five stratigraphic units, ranging in age from
Eocene to Pliocene (Macharé et al., 1986; Leon
et al., 2008%). Some lithological units are of
particular interest dueto their hydrocarbon reservoir
potential, i.e., Caballas Formation (Early-Middle
Eocene age, Macharé et al ., 1986), Paracas Group
(Late Eocene to Early Oligocene, Caldas, 1978;
Fernandez, 1993; Ledn et al., 2008%), and Chilcatay
Formation (Oligocene to Early Miocene, Dunbar
et al., 1990) (Fig. 10).

Pisco Formation (Middle Miocene to Pliocene,
Adams, 1906; Davila, 1989) isconsdered astransgressive
seal rock, blanking the entire Pisco Basin (Calderon
et al., 2008; Ledn et al., 2008%). The subunitsAl and
A2 of the Camané Formation would be chronological

Pisco Basin

Camana Basin (seen in onshare, Fig. 2)

equivaentsto the deltaic Chilcatay Formation, and the
subunit A3 (here considered as potentia seal rock),
would besimilar to the base of Pisco Formation. CamB
unit can be chronologically comparable to the upper
Pisco Formation of Ledn et al. (2008)3. According to
Alarcon et al. (2005), Bianchi (2005) and Calder6n
(2007), seismic interpretations on Cenozoic deposits
of Pisco Basinfill show extensional structuresthat are
inferred as~NW-SE pull-gpart large alignments, which
are related to formation of tectonic sub-basins. Such
statements support a(structurally) regional correlation
between the Camanéd and Pisco Basins.

On the other hand, Di Celma and Cantalamesa
(2007) reported in northern Chile Miocene sediments
(CaletaHerraduraFormation) organized in acomplex
of haf-graben structures deposited during atransgres-
sive systems tract (TST), which finishes on top by a
highstand systemstract (HST). As Flower and Kennet
(1994), Zachoset al. (2001), and Alvan and von Eynatten
(2014), we agree that Middle Miocene sediments in
Central Andes are mostly affected by eustassy, thus,
transgressive sediments also can be correlated not
only in Pisco Basin. For instance, Middle Miocene
sediments of CaletaHerraduraFormation in northern
records cons stent evidence of extreme glacio-eustatic
fluctuationsin sealevel and suggests sealevel rise at

Mejillones Basin

Ledn et a/l.
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Pisco Formation
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e e e e e
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FIG. 10. Stratigraphic correlation between Camana Formation (Camana-Mollendo Basin), lower part of Pisco Formation and Miocene

sediments of Caleta Herradurain northern Chile.

3 Ledn, W.; Aleman, A.; Rosell, W.; Torres, V.; De la Cruz, O. 2008. Estratigrafia, Sedimentologiay Evolucion Tecténica de la Cuenca Pisco Oriental.
Direccion de Geologia Regiona, Instituto Geol6gico Minero y Metaltrgico INGEMMET). Boletin 27, Serie D: Estudios Regionales: 161 p. Lima.
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around 13 Ma(cf. Di Celmaand Cantalamessa, 2007).
Accordingly, we are ableto trace aline of correlation
for the blanking subunit A3 (Middle Miocene) among
forearc basinsin Central Andes (Fig. 10).

9. Conclusions

a. Both the Camana Basin and the Mollendo Basin
contain the Camana Formation. The Caman&
Formation in onshore presents a~NW elongated
geometry, which is paralel to the trend of the
major controlling faults or wrench faulting (i.e.,
IIFS). Such depositsreflect the concepts of uplift-
related coarse-grained deltas, which are observed
assubstantial sedimentary accumulations. Camana
Formation in onshore is divided into two major
depositional units, CamA and CamB. CamA is
further subdivided into the subunitsA1, A2, and
A3. SubunitsAland A2 (grouping “A1+A2") are
observed in offshore asthick deltai ¢ progradational
deposits (apparently clinothems, Oligoceneto Early
Miocene). Subunit A3 consists of deltaic onlapping
deposits (Middle Miocene), and shows the same
onlapping geometry plusminor progradational in
the offshore seismic record. CamB unit consists of
fluvial conglomeratesin onshore (Late Miocene
to Pliocene) and gets deltaic geometry and its
stratigraphic thickness at offshore also increase.
Erosional surfaces mark the boundaries between
each depositional unit and subunit.

b. Structurdly, weinterpret that the Coastal Cordillera
experimented uplift by meansof the IlIFS during
Oligocene to Early Miocene, and supported the
formation of coarse-grained deltas of CamA Unit.
After aminor stage of geodynamic quiescence
(Middle Miocene), alater and moredrastic uplift
of the Western Cordillera during (Late Mioce-
ne to Pliocene) triggered deposition of fluvial
conglomerates (MogD and CamB units), being
most probably progradational deltaic towardsthe
offshore. The Camané-Mollendo Basin consists of
structural elements of agraben system with ~NW-
SE components (Fig. 9), which are representative
of an extensional tectonic regime. Such structural
styleisintimately related to an accretionary prism
in the offshore of southern Per(, where accretio-
nary basins affected by transtensive displacements
tipically occurs(e.g., Limasedimentary Basin, von
Hueneet al., 1996). Thismanuscript statesthat the
origin of the depocentresis closely related to the
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formation of fault-related extensional movements,
where grabens and half-graben structures are do-
minant, and allows proposing further predictions
about potential reservoirs of the poorly known
CamanaMollendo Basinfill. Simultaneously, we
interpret that ~N-Sand ~NE-SW alignments acted
asfault-related displacementsand played aswell
an important role in providing accommodation
spacesfor sedimentary depocentresin thisbasin.
These depocentres (containing CamanaFormation)
were created at least since ~30 Ma (or prior).

c. By integrating information on sediment prove-
nance, onshore geology, and offshore seismic
reinterpretation, we provide arefined stratigraphic
and structural framework of the entire Camané-
Mollendo Basin fill and evaluate to expand the
actual frontiers for hydrocarbon exploration in
southern Peruvian forearc. Deltaic deposits of
Camana Formation are locally thick, and make
the basin fill a potentia target for hydrocarbon
exploration. Similarities between the Chilcatay-
Pisco Formations and the CamA Unit of the Ca-
mana Formation may indicate greater untapped
hydrocarbon potential. Camana Formation is
featured by its complexity in synsedimentary
faulting and sand distribution, which is reflected
in the generation of depocentres (Fig. 7).

Acknowledgements

The authors are grateful to Perupetro, especialy to
R. Bolafios (Lima) and A. Meza (Lima) for providing
and processing the seismic data, to the DAAD (Deutscher
Akademischer Austauschdienst), Germany, to the University
of Géttingen, GZG (Department of Sedimentology and
Environmental Geology), andfinally toL. Lara(Santiago
de Chile) and J. Becerra (Santiago de Chil€) by substantial
reviews. Thismanuscript forms part of the firstsresults of
the agreeement Nr. 216-2015 (FONDECY T-INGEMMET)
of Per(, project “GeoSed Per(i”.

References

Acosta, H.; Rodriguez, J.; Ccallo, W.; Cutipa, M. 2012.
Actividad Tecténica del Sistema de Fallas Cincha-
Lluta-Incapuquio durante el Cretacico y Paldgeno
en el Sur del Perd. In Congreso Peruano de Geologia,
No. 16, Sociedad Geoldgica del Perl, Resimenes
Extendidos: 5 p. Lima.

Adams, J.L. 1906. Caudal, procedenciay distribucién de
aguas de los departamentos de Arequipa, Moquegua



36 SEISMIC-STRATIGRAPHIC ARCHITECTURE OF THE OLIGOCENE-PLIOCENE CAMANA IFORMATION...

y Tacna. Boletin del Cuerpo de Ingeniero de Minas
del Perti 45: 56-63.

Alarcon, P; Anzoleaga, R.; Gonzades, E.; Bianchi, C.; Fuentes, J.
2005. Estilos estructurales'y evolucion de las cuencas
Costafueradel Periy su potencial Hidrocarburifero. In
Congreso Internacional de Exploracion, Explotacion,
Procesamientoy Transportede Hidrocarburos INGEPET),
No. 5, EXPR-3-CB-33: 11 p. Lima.

Alvéan, A. 2015. Geodynamic significance of the Cenozoic
depositsin the southern Peruvian forearc (16°25' Sto
17°15'S): constraints by facies analysisand sediment
provenance. Ph.D. Thesis (Unpublished), University
of Gottingen, Germany: 145 p.

Alvéan, A.; von Eynatten, H. 2014. Sedimentary faciesand
stratigraphic architecture in coarse-grained deltas:
Anatomy of the Cenozoic Camana Formation, Southern
Per(1(16°25'St0 17°15'S). Journal of South American
Earth Sciences 54: 82-108.

Alvan, A.; von Eynatten, H.; Dunkl, I.; Gerdes, A. 2015.
Zircon U-Pb geochronology and heavy mineral anaysis
of the Camané Formation, southern Perti (16°25'S
to 17°15’S): constraints to sediment provenance and
exhumation of the Coastal and Western cordilleras.
Journal of South American Earth Sciences 61: 14-32.

Apolin, J. 2001. Isurus oxyrinchus Rafinesque, 1810
“mako de aletas cortas’ como posible ancestro de
Carcharodon carcharias (Linnaeus, 1758) “tiburén
blanco” (Chondrichtyes: Lamnidae). Universidad
Nacional Mayor de San Marcos: 133 p. Pert.

Bande, A.; Horton, B.; Ramirez, J.; Mora, A.; Parra,
M.; Stockli, D. 2011. Clastic deposition, provenance
and sequence of Andean thrusting in the frontal
Eastern Cordillera and Llanos foreland basin of
Colombia. Geological Society of AmericaBulletin
124: 59-76.

Bianchi, C. 2005. Estilos Estructurales y Evolucion
de las Cuencas Costafuera del Peri'y su potencial
Hidrocarburifero. In Congreso Internacional de
Exploracion, Explotacion, Procesamiento y Transporte
de Hidrocarburos (INGEPET), No. 5, Technical
Abstracts EXPR-3-CB-33: 41 p. Lima.

Bowring, S.A.; Schmitz, M.D. 2003. High-Precision
U-Pb Zircon Geochronology and the Stratigraphic
Record. Reviews in Mineralogy and Geochemistry
53 (1): 305-326.

Caldas, J. 1978. Geologia de los cuadrangulos de San
Juan, Acari y Yauca. Instituto de Geologiay Mineria,
Boletin 30: 78 p. Lima.

Calderdn, Y. 2007. Arquitecturaestructural y estratigréfica
de la Cuenca de ante-arco Nedgena de Pisco (Pert)

sobre la subduccion de la Dorsal de Nazca. Master
Thesis (Unpublished), Sciences de la Terre et de
I"Université Toulouse 1 Paul Sabatier: 34 p. France.

Calderdn, Y.; Baby, P; Brusset, S.; Bolafios, R. 2008. Neo-
gene Tectono-Sedimentary record of the NazcaRidge
subduction in the Pisco basin, and consequences on
the Petroleum System. In Congreso Internacional de
Exploracion, Explotacion, Procesamiento y Transporte
deHidrocarburos (INGEPET), No. 6, EXPR-3-Y C-22:
13 p. Lima

Catuneanu, O. 2002. Sequence stratigraphy of clastic
systems: concepts, merits, and pitfalls. Journal of
African Earth Sciences 35: 1-43.

Catuneanu, O.; Abreu, V.; Bhattacharya, J.; Blum, M.;
Darymple, R.; Eriksson, P; Fielding, C.; Fisher, W,;
Galloway, W.; Gibling, M.; Giles, K.; Holbrook, J.;
Jordan, R.; Kendall, C.; Macurda, B.; Martinsen, O.;
Miall, A.; Nedl, J.; Nummedal, D.; Pomar, L.; Posa-
mentier, H.; Pratt, B.; Sarg, J.; Shanley, K.; Stedl, R;;
Strasser, A.; Tucker, M.; Winkler, C. 2009. Towardsthe
standarization of sequence stratigraphy. Earth-Science
Reviews 92: 1-33.

Colella, A. 1988. Fault-controlled marine Gilbert-typefan
deltas. Geology 16: 1031-1034.

Davila, D. 1989. Estratigrafiacenozoicadel Valledel Rio
Grande, Cuenca de Pisco, Perd. Sociedad Geoldgica
del Pert, Boletin 80: 65-76.

Decou, A.; von Eynatten, H.; Mamani, M.; Sempere, T.;
Worner, G. 2011. Cenozoic forearc basin sediments
in Southern Per(i (15-18°S): stratigraphic and heavy
mineral constraints for Eocene to Miocene evolu-
tion of the Central Andes. Sedimentary Geology
237: 55-72.

Decou, A.; Von Eynatten, H.; Dunkl, I.; Worner, G. 2013.
Late Eoceneto Early Miocene Andean uplift inferred
from detrital zircon fission track and U-Pb dating of
Cenozoic forearc sediments (15-18°S). Journal of
South American Earth Sciences 45: 6-23.

DeVries, T.J. 1998. Oligocene deposition and Cenozoic
sequence boundariesin the Pisco Basin (Per(). Journal
of South American Earth Sciences 11 (3): 217-231.

Di Celma, C.; Cantalamessa, G. 2007. Sedimentology
and high-frequency sequence stratigraphy of aforearc
extensional basin: The Miocene Caleta Herradura
Formation, Mejillones Peninsula, northern Chile.
Sedimentary Geology 198: 29-52.

Dunbar, R.; Marty, R.; Baker, P. 1990. Cenozoic marine
sedimentation in the Sechura and Pisco basins, Per(.
Palaeogeography, Palaeoclimatol ogy, Pal acoecol ogy
77. 235-261.



Alvan et al. / Andean Geology 44 (1): 17-38, 2017

Ellison, R.A.; Klinck, B.A.; Hawkins, M.P. 1989. Defor-
mation events in the Andean orogenic cycle in the
Altiplano and Western Cordillera, southern Per(i. Journal
of South American Earth Sciences 2 (3): 263-276.

Fernandez, M. 1993. Geologia de los cuadrangulos de
Pisco, Guadal upe, Punta Grande, Icay Cordova. Carta
Geolégica Nacional del Perl. Instituto Geoldgico
Minero y MetalUrgico (INGEMMET). Boletin 47
(A): 62 p. Lima.

Flower, B.; Kennett, J. 1994. The middle Miocene climatic
transition: East Antarctic ice sheet development,
deep ocean circulation and global carbon cycling.
Pal aeogeography, Palaeoclimatol ogy, Pal aeoecol ogy
108: 537-555.

Hagen, R.A. 1993. Fault patterns on the outer wall of the
PerG-Chile trench. Geo-Marine Letters 13: 139-144.

Hag, B.; Hardenbol, J.; Vail, P. 1987. Chronology of
Fluctuating Sea Levels Since the Triassic (250 Myr
ago to present). Science 235: 1156-1167.

Hardenbol, J.; Thierry, J.; Farley, M.; Jacquin, T.; De Gra-
ciansky, PC.; Vail, P. 1998. Mesozoic and Cenozoic
sequence chronostratigraphic framework of Europeans
basins. In Mesozoic and Cenozoic Sequence Stratigraphy
of Europeans Basins (Graciansky, P.C.; Hardenbol, J.;
Jacquin, T.; Vail, P; editors). Society for Sedimentary
Geology, Special Publication 60 (1-8): 3-13.

Huaman, R. 1985. Evolution tectonique cenozoique et
neotectonique du Piemont Pacifique dans la region
d’ Arequipa (Andesdu Sud Perou). Tesisde Doctorado
(Unpublished), Universidad de Paris: 220 p. Paris.

Ibaraki, M. 1992. Neogene planktonic Foraminiferaof the
CamanaFormation, Perdi: Their geologic ageand impli-
cations. Reportsof Andean Studies, ShizuokaUniversity,
Specia Volume 4, Reports of Andean Studies: 9-19.

Isacks, B.L. 1988. Uplift of the Central Andean plateau
and bending of the Bolivian orocline. Journal of
Geophysical Research 93: 3211-3231.

Jacay, J.; Sempere, T.; Husson, L.; Pino, A. 2002. Struc-
tural Characteristics of the Incapuquio Fault System,
Southern Perti. In International Symposium on Andean
Geodynamics, No. 5, Extended Abstracts: 319-321.
Toulouse.

Jordan, T.E.; Isacks, B.L.; Allmendinger, R.W.; Brewer,
JA.; Ramos, V.A.; Ando, C.J. 1983. Andean tectonics
related to geometry of subducted Nazca Plate. Geo-
logical Society of AmericaBulletin 94 (3): 341-361.

Macharé, J.; Sébrier, M.; Huaman, D.; Mercier, J.L.
1986. Tectonica CenozoicadelaMargen Continental
Peruana. Boletin de la Sociedad Geoldgica del Pert
76: 45-77.

37

Mahlburg-Kay, S. 2005. Tertiary to Recent evolution of
Andean arc and backarc magmas between 36°S and
38°S and evidence for Miocene shallowing of the
Nazca plate under the Neuquen basin. In International
Symposium on Andean Geodynamics, No. 6, Extended
Abstracts: 420-423. Barcelona

Mahlburg-Kay, S.; Godoy, E.; Kurtz, A. 2005. Episodic
arc migration, crustal thickening, subduction erosion,
and magmatism in the south-central Andes. Geological
Society of America Bulletin 117 (1-2): 67-88.

Mamani, M.; Worner, G.; Sempere, T. 2010. Geochemical
variations in igneous rocks of the Central Andean
orocline (13°Sto 18°S): Tracing crustal thickening and
magmageneration through time and space. Geological
Society of America 122: 162-182.

Mange, M.A.; Dewey, J.F.; Wright, D.T. 2003. Heavy
minerals solve structural and stratigraphic problems
in Ordovician strata of the western Irish Caledonides.
Geological Magazine 140 (1): 25-30.

Marocco, R.; Noblet, C. 1990. Sedimentation, tectonism
and volcanism relationships in two Andean basins
of southern PerU. Geologische Rundschau 79 (1):
111-120.

Marocco, R.; Delfaud, J.; Lavenu, A. 1985. Ambiente
deposiciona de unacuencacontinental intramontafiosa
andina: el Grupo Moquegua (sur de Pert) primeros
resultados. Sociedad Geoldgica del Per(, Boletin
75: 73-90.

Oncken, O.; Hindle, D.; Kley, J.; Elger, K.; Victor, P;
Schemmann, K. 2006. Chapter 1: Deformation of the
Central Andean Upper Plate System-Facts, Fiction,
and constrains for the Plateau Models. In The Andes,
Active Subduction Orogeny (Oncken, O.; Chong, G.;
Franz, G.; Giese, P; Gotze, H.J.; Ramos, V.A.; Strecker,
M.R.; Wigger, P; editors). Springer-Verlag Berlin
Heidelberg: 1-27. Berlin.

Palacios, O. 1995. Geologiadel Pert. Direccidn de Geologia
Regional, Instituto Geol dgico Minero y MetalGrgico
(INGEMMET), Carta Geoldgica Nacional, Boletin
55 (A): 156 p. Perq.

Palacios, O.; Chacon, N. 1989. Evolucion geomofol 6gicadel
territorio Peruano. Sociedad GeograficadeLima: 12 p.

Pecho, V.; Morales, G. 1969. Geologia de los Cuadran-
gulosde Camanay LaYesera. Direccién de Geologia
Regional, Instituto Geol dgico Minero y Metal Grgico
(INGEMMET), Carta Geoldgica Nacional, Boletin
21 (A): 72 p.

Rivera, R. 1950. Geologiadel Valle de Camanay Majes.
Tesisde Grado (Unpublished), Universidad Nacional
San Agustin: 100 p. Arequipa.



38 SEISMIC-STRATIGRAPHIC ARCHITECTURE OF THE OLIGOCENE-PLIOCENE CAMANA IFORMATION...

Roperch, P; Sempere, T.; Macedo, O.; Arriagada, C.; Fornari, M.
Tapia, C.; Garcia, M.; Lgj, C. 2006. Counterclockwise
rotation of late Eocene-Oligocene fore-arc depositsin
southern Perti and its significance for oroclinal bending
in the central Andes. Tectonics 25 (3): 29 p.

Scheuber, E.; Mertmann, D.; Ege, H.; Silva-Gonzélez, P;
Heubeck, C.; Reutter, K.J.; Jacobshagen, V. 2006.
Chapter 13: Exhumation and basin development
related to formation of the Central Andean Plateau,
21° S. In The Andes, Active Subduction Orogeny
(Oncken, O.; Chong, G.; Franz, G.; Giese, P,;
Gotze, H.-J.; Ramos, V.; Strecker, M.; Wigger, P;
editors), Springer: 285-301.

Schildgen, T.; Hodges, K.; Whipple, K.; Pringle, M.; van
Soest, M.; Cornell, K. 2009. L ate Cenozoic structural
and tectonic development of the western margin of the
central Andean Plateau in southwest Per(i. Tectonics
28:21p.

Sébrier, M.; Macharé, J.; Marocco, R. 1984. Evolution
cenozoique du piémont pacifique et sarelation avec
laCordillere desAndes du Pérou central et méridional.
Revue des Géographes des Pyrénées et du Sud-Ouest:
49-69. Tolouse.

Sempere, T.; Jacay, J. 2006. Estructura tecténica del sur
del Pert (Antearco, arco, y altiplano suroccidental).
In Congreso Peruano de Geologia, No. 13, Resimenes
Extendidos: 324-327. Lima.

Sempere, T.; Fornari, M.; Acosta, J.; Flores, A.; Jacay, J.;
Pefia, D.; Roperch, P; Taipe, E. 2004. Estratigrafia,
geocronologia y paleotectonica de los depositos de
antearco del sur del Per(i. In Congreso Peruano de Geo-
logia, No. 12, Resiimenes Extendidos: 533-536. Lima.

Steinmann, G. 1930. Geologie von Per(. Winter, Heidel-
berg: 448 p.

Thouret, J.C.; Worner, G.; Gunndl, Y.; Singer, B.; Zhang, X ;
Souriot, T. 2007. Geochronologic and stratigraphic
constrains on canyon incision and Miocene uplift of
the Central Andesin Per(.. Earth and Planetary Science
Letters 263: 151-166.

Tsuchi, R.; Shuto, T.; Takayama, T.; Koizumi, |.; Fujiyo-
shi, A.; Ibaraki, M.; Aldana, M.; Villavicencio, E.
1990. Fundamental data on Cenozoic biostratigraphy
of the Pacific Coast of Per(-Suplement. Reports

of Andean Studies, Shizuoka University, Special
Volume 3: 47-57.

Vail, P; Todd, R.G.; Sangree, JB. 1977. Seismic Stratigraphy
and Global Changesof SeaLevel: Part 5. Chronostra-
tigrahic Significance of Selsmic Reflections. Section 2.
Application of Seismic Reflection Configuration to
Stratigraphic Interpretation. American Association
of Petroleum Geologists (AAPG) Bulletin, Memoir
26: 99-116.

Vega, M. 2002. La cuenca de Antearco del sur del Pert:
dinémicadelasedimentaciony contexto geodinamico
delaFormacién Camandy sus equival entes Off-shore.
Tesisde Grado (Unpublished), Universidad San Antonio
de Abad del Cusco: 182 p. Per(.

Von Eynatten, H.; Gaupp, R. 1999. Provenance of
Cretaceous synorogenic sandstones in the Eastern
Alps: constraintsfrom framework petrography, heavy
mineral analysisand mineral chemistry. Sedimentary
Geology 124 (1-4): 81-111.

Von Eynatten, H.; Dunkl, 1. 2012. A ssessing the Sediment
Factory: The Role of Single Grain Analysis. Earth-
Science Reviews 115: 97-120.

Von Huene, R.; Lallemand, S. 1990. Tectonic erosion
along the Japan and Per( convergent margins.
Geological Society of America Bulletin 102 (6):
704-720.

Von Huene, R.; Pecher, |.A.; Gutscher, M.A. 1996.
Development f the accretionary prism along Per(
and materia flux after subduction of Nazca Ridge.
Tectonics 15 (1): 19-33.

Williams, G.D. 1993. Tectonics and seismic sequence
stratigraphy: an introduction. Geological Society,
Specia Publication 71: 1-13.

Worner, G.; Hammerschmidt, K.; Henjes-Kunst, F.;
Lezaun, J.; Wilke, H. 2000. Geochronology (Ar/®Ar,
K-Ar and He-exposure ages) of Cenozoic magmatic
rocks from northern Chile (18-22°S): implications
for magmatism and tectonic evolution of the central
Andes. Revista Geoldgica de Chile 27 (2): 206-239.
doi: 10.5027/andgeoV 27n2-a04.

Zachos, J.; Pagani, M.; Sloan, L.; Thomas, E.; Billups, K.
2001. Trends, rhythms, and aberrations in global
climate 65 Mato present. Science 292: 686-693.

Manuscript received: February 15, 2016; revised/accepted: October 24, 2016; available online: October 27, 2016.



