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[1] The Neogene evolution of the Ene and southern
Ucayali basins of the Subandes has been controlled by
two stacked thrust wedges that differ in terms of
tectonic styles. The lower thrust wedge is formed by
deep-seated décollements within the basement related
to thick-skinned foreland structures inherited from an
Early Carboniferous thrust system. Seismic reflection
data show that this Paleozoic compressional system
has been eroded and unconformably covered by Late
Carboniferous clastic sediments. It generated an
irregular Paleozoic sedimentary architecture
controlling the Neogene thrust propagation. The
upper thin-skinned thrust wedge developed within
this Paleozoic sedimentary series and constitutes the
Subandean zone. Cross-section balancing shows an
along-strike homogenous horizontal shortening of
~56 km (~30%) across the Ene—southern Ucayali
thrust system. This amount of shortening was
vertically partitioned onto the two stacked thrust
wedges. The N-S thickness variations of the
Paleozoic sedimentary prism controlled the eastward
propagation of the upper thrust wedge. The southern
thickening of the Paleozoic series generated major
décollements and the shortening excess is of 7 km
(16%) in comparison to the north. Consequently, the
northern lack of shortening onto the upper thrust
wedge was transferred to the Early Carboniferous
compressional structures of the lower thrust wedge.
We suggest that this vertical partitioning of the
shortening was accommodated by a regional oblique
ramp: the Tambo transfer zone. This geometrical
analysis of the Ene—southern Ucayali thrust system
provides new perspectives for future hydrocarbon
exploration in this region. Citation: Espurt, N., S. Brusset,
P. Baby, W. Hermoza, R. Bolafios, D. Uyen, and J. Déramond

"Laboratoire des Mécanismes et Transferts en Géologie, Université de
Toulouse, CNRS, IRD, OMP, Toulouse, France.

2Now at Institut Frangais du Pétrole, Rueil-Malmaison, France.

*PERUPETRO S.A., Lima, Peru.

“Now at REPSOL-YPF, Madrid, Spain.

SPLUSPETROL E&P S.A., Lima, Peru.

Copyright 2008 by the American Geophysical Union.
0278-7407/08/2007TC002238

TC3009

(2008), Paleozoic structural controls on shortening transfer in the
Subandean foreland thrust system, Ene and southern Ucayali
basins, Peru, Tectonics, 27, TC3009, doi:10.1029/2007TC002238.

1. Introduction

[2] The knowledge of the Paleozoic framework (variable
thickness of the basins, thrust faults or basement highs)
along the Andean orogen is fundamental to deciphering
their implications in the structural architecture and kinemat-
ics evolution of the Subandean zone deformation [e.g., Baby
et al., 1994; Colletta et al., 1997; Alvarez-Marron et al.,
20006; Vergés et al., 2007]. The along-strike accommodation
of the deformation through these inherited structures is often
considered as one of the important factors explaining the
development of oblique ramp with shortening transfer [e.g.,
Thomas, 1990; Marshak and Wilkerson, 1992; Calassou et
al., 1993; Baby et al., 1994; Corrado et al., 1998; Marques
and Cobbold, 2002].

[3] Transfer zones have been defined by Dahlstrom
[1969] as zones where the shortening is transferred from
one structure to another, resulting in lateral variations in the
thrust system geometry. This mechanism has been described
in many frontal regions of foreland thrust systems [e.g.,
Baby et al., 1992; Calassou et al., 1993; Baby et al., 1994;
Wang, 1997; Mueller and Talling, 1997; Philippe et al.,
1998; Corrado et al., 1998; Mouthereau et al., 1999;
Wilkerson et al., 2002; Hinsch et al., 2002; Soto et al.,
2002; Ravaglia et al., 2004; McClelland and Oldow, 2004;
Mon et al., 2005], but never in the Peruvian Subandean
zone, even if the traces of frontal thrusts are very irregular
(Figure 1) [Mégard, 1978; Kley et al., 1999; Gil Rodriguez
et al., 2001; Cobbold et al., 2007].

[4] The Ucayali basin is located in the southwestern
corner of the northern Amazonian foreland basin [Roddaz
et al., 2005] which overlies the Nazca Ridge flat slab
segment (Figure 1) [Gutscher et al., 1999]. The Ucayali
Subandean zone (Figure 1) has developed since the Middle
Miocene (15—10 Ma) [Hermoza et al., 2005] and is still in
progress [Dorbath, 1996]. The northern Ucayali Subandean
zone (Pachitea basin) is NNW-SSW trending (Figures 1 and
2). It is mainly related to tectonic inversions of Permian-
Triassic grabens which started in Late Cretaceous times
[Baby et al., 1999; Gil Rodriguez et al., 2001; Hermoza et
al., 2005]. In contrast, the southern Ucayali Subandean zone
(Ene and Camisea basins) exhibits typical curved thrust
structures which interfere with inherited basement highs of
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Figure 1.

Geodynamic setting of the central Andes. The Ene and Ucayali basins are located on the

eastern side of the Andes in the northern Amazonian foreland basin (NAFB) [Roddaz et al., 2005] and
north of the Fitzcarrald Arch [Espurt et al., 2007]. The base map is produced using bathymetric data from
the Geosat and ERS-1 spacecraft [Smith and Sandwell, 1997] and elevation data from NASA SRTM
Gtopo 30. Plate convergence vector is from Gripp and Gordon [2002]. White lines with triangles show
thick-skinned thrusts in the foreland basin. Black square indicates the study area shown in Figure 2. SAZ,

Subandean zone.

the foreland (Figures 1 and 2) [Dumont et al., 1991; Kley et
al., 1999]. In the Ene basin, this interference induced a
conspicuous NW-SE trending fault system, named the
Tambo fault system [Mégard, 1978], oblique to the ENE
trending regional shortening (Figure 2). Because of its
location, this oblique thrust system is expected to play an
important role in the evolution of the Subandean fold-and-
thrust belt and should be an area of main interest for future
hydrocarbon exploration. Its southern prolongation corre-
sponds to the large structural traps of the giant gas/conden-
sate province of the Camisea basin (Figure 2) [Chung et al.,
2006].

[5s] This paper aims to describe the structural architecture,
kinematics and mechanism of the deformation of the Ene
and southern Ucayali basins from new surface and subsur-
face data. Two regional balanced cross sections are pre-
sented to analyze, geometrically and quantitatively, the
Subandean deformation in order to understand the origin
of the oblique Tambo thrust system. Relationships between

thrust system lateral evolution and location of structural
traps are then discussed.

2. Geological Setting
2.1. Tectonics Units

[6] The Ucayali basin extends between 7° and 12° South
latitudes on the eastern side of the Peruvian Andes
(Figure 1). It belongs to the northern Amazonian foreland
basin [Roddaz et al., 2005] on the northern flank of the
Fitzcarrald Arch [Espurt et al., 2007]. The southern edge of
the Ucayali basin (Figures 2 and 3a) displays a complex
structural architecture with an eastern Ucayali zone including
basement-involved thrusts (thick-skinned tectonic style in the
sense of Kley et al. [1999]), such as the Shira mountain
[Dumont et al., 1991; Gil Rodriguez, 2002] and the Sepa
anticline, and a western Subandean zone where only the
sedimentary cover is involved in the deformation (thin-
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Figure 2. Geologic map of the study area. The main morphotectonic units described in the text are
shown. The location of the two balanced cross sections of Figure 13 are shown.

skinned tectonic style in the sense of Kley et al. [1999]). The
Subandean zone comprises three main morphotectonic units
(Figures 2 and 3a): the Camisea basin, the Otishi Cordillera
and the Ene basin. The southeastern Camisea basin corre-
sponds to thrust-related long wavelength anticlines [Bellido,
1969; Dumont et al., 1991; Mathalone and Montoya, 1995;
Shaw et al., 1999]. The Camisea basin includes the giant gas/
condensate province [Chung et al., 2006]. The Otishi Cor-
dillera is characterized by curve-shaped thrust trajectories.
The western Ene basin is constituted by closely spaced
imbricated thrusts. To the west, the Subandean zone is over-
thrust by the Eastern Cordillera. Thus, the Ene-Ucayali thrust
system is dominated by a hybrid thin- and thick-skinned
tectonic style as described in many foreland thrust systems
[e.g., Kley, 1996; Kley et al., 1999; Lacombe and Mouthereau,
2002; Giambiagi et al., 2003; McQuarrie, 2004; Sherkati et
al., 2005], involving Paleozoic to Tertiary strata and propa-
gating through a heterogeneous mechanical stratigraphy
inherited from pre-Andean paleogeography [Gil Rodriguez
et al., 2001].

2.2. Regional Stratigraphy

[7] The basement is made up of igneous rocks and
Paleozoic metasediments, and outcrops in the Eastern
Cordillera (Merced dome) and on the eastern flank of the
Shira mountain (Figure 2) [Mégard, 1978]. It is overlain by

a heterogeneous sedimentary series ranging from Ordovi-
cian to Pleistocene. The sedimentary series may be divided
into four distinct stratigraphic units delimited by regional
unconformities (Figure 3b).
2.2.1. Ordovician to Early Carboniferous

[8] The oldest unit corresponds to a Paleozoic southwest
thickening wedge formed by Ordovician to Early Carbon-
iferous rocks (Figure 3a). Thick Ordovician-Silurian strata
outcrop in the western edge of the Ene basin and on the
eastern side of the Otishi Cordillera (Figures 2 and 3b).
They correspond to the black shales, sandstones and quartz-
ites of the Ananea, San Gaban, San José and Sandia
formations [Benavides, 1956; Wilson and Reyes, 1964,
Meégard, 1978]. Devonian rocks consist of thick turbidites,
shallow marine and fluvial/deltaic sandstones of the Cab-
anillas formation. They are overlain by Early Carboniferous
shales and coarse-grained sandstones of the Ambo forma-
tion [Newell et al., 1953]. In the Shira mountain, the oldest
sedimentary formations pinchout on the basement rocks.
Ordovician to Early Carboniferous rocks were deformed
during the Paleozoic [Mégard, 1978].
2.2.2. Late Carboniferous to Jurassic

[o9] The basal part of the second unit is formed by Late
Carboniferous green sandstones and limestones of the
Tarma formation [Dunbar and Newell, 1946] which uncon-
formably overlie the previous unit (Figure 3a). The Tarma
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formation is covered by uniformly thick Permian marine
limestones of the Copacabana formation [Cabrera La Rosa
and Petersen, 1936] widely exposed in the Shira mountain
and the Otishi Cordillera (Figure 2) [Mégard, 1978]. These
shelf series are successively overlain by dolostones inter-
bedded with black marine shales of the Ene formation,
fluvial/aeolian sandstones of the Noi formation and red
marls of the Shinai formation.

[10] Permian-Triassic rift sequences are essentially pre-
served in the western side of the Ene basin where they filled
the Oxapampa-Satipo half-graben (Figures 2, 3a, and 3b).
Permian-Triassic red rocks correspond to the massive brec-
cias and evaporites of the Mitu formation [Newell et al.,
1953] deposited during the rifting event and period of
intense volcanism and plutonism [Capdevila et al., 1977;
Dalmayrac et al., 1980; Soler and Bonhomme, 1990].

[11] Jurassic deposits consist in the basal limestones,
dolomites and evaporites of the Pucara formation [Szekely
and Grose, 1972; Rosas et al., 2007] deposited on a shelf
during postrift, and upper fluvial rocks of the Sarayaquillo
formation [Koch, 1962; Mégard, 1979].

[12] Eastward, Permian-Jurassic relics (<50 m thick)
corresponding to the aeolian sandstones of the lower Nia
formation and Middle Mudstones formation [Chung et al.,
2006] are preserved below the Cretaceous unconformity
[Mégard, 1978].

2.2.3. Late Cretaceous to Miocene

[13] The third sedimentary unit (Figure 3a) is underlined
by the basal Late Cretaceous middle Nia formation [Chung
et al., 2006] which consists in thick coarse sandstones
corresponding to amalgamated braided channel fills. Up-
ward, it is overlain by the marine shales of the Raya
formation, sandstones of the upper Nia formation, marine
carbonate mudstones of the Chonta formation [Kummel,
1948; Seminario and Guizado, 1976], massive sandstones
of the Vivian formation [Seminario and Guizado, 1976;
H. Miiller and E. Aliaga, Estudio bioestratigrafico del
Cretaceo de la Cuenca Marafion, unpublished report,
1981], and finally by marls and calcarenites of the Cash-
iyacu formation (Miiller and Aliaga, unpublished report,
1981).

[14] The Late Cretaceous section is conformably covered
by Paleocene to Miocene series (Figure 3a). The Paleocene—
Early Eocene Yahuarango formation [Kummel, 1948;
M. Gutiérrez, Zonacion bioestratigrafica del intervalo Creta-
ceo superior—Terciario inferior, in Evaluacion del potencial
de las Cuencas Huallaga, Ucayali y Madre de Dios, unpub-
lished report, 1982] comprises red and purple clays with
rich nodular carbonate layers and gypsum. The Eocene-
Oligocene Pozo formation [Kummel, 1948; Williams, 1949]
is made up of olive green and greenish gray, fine grained,
silty, micaceous claystone, and friable sandstones. Lithic
sandstone beds and thick interbedded conglomerate chan-
nels become more common upward into the Oligocene—
Early Miocene Chambira formation [Kummel, 1948]. Finally,
the Miocene Ipururo formation [Kummel, 1948] consists of
greyish to brownish sandstones interbedded with reddish silts
[Hermoza et al., 2005].
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2.2.4. Pliocene to Pleistocene

[15] The Pliocene Timpia terrestrial formation (V. Graterol
Airborne gravity and magnetic survey. Block 52, Ucayali
basin, Peru, unpublished report, 1998) of the upper unit
(Figure 3a) consists of syntectonic series with growth stratal
pattern deposited during the Subandean deformation. In the
Camisea basin (Figures 2 and 3b), these deposits organize in
eastward prograding alluvial fans which are aligned on the
eastern side of the Otishi Cordillera. These deposits consist of
conglomerates, with very minor medium gray to greyish
orange sandstone, ranging from matrix-supported to clast-
supported, with clasts of quartzite, sandstone, limestone,
granite and andesite of variable size ranging from pebbles
to boulders (V. Graterol, unpublished report, 1998). The
Pleistocene Ucayali formation [Kummel, 1948] consists in
aggradational terraces of conglomerates filling the incised
valleys.

2.3. Décollement Levels

[16] On aregional scale, four potential décollement levels
are determined from the mechanical stratigraphy. The struc-
tural highs which developed in the Ucayali basin are
controlled by décollement in the basement, proved by
basement rock exposures on the eastern flank of the Shira
mountain (Figures 2 and 3b) [Mégard, 1978] and by seismic
reflection data (see below). The basement-Paleozoic sedi-
ments interface is interpreted as a main décollement horizon
[Gil Rodriguez, 2002] within the Subandean zone. In the
Ene basin, the shortening is accommodated by shallower
alternative mechanical weakness zones. An intermediate
décollement is located in the shales of the Ambo formation
(Early Carboniferous) and an upper décollement at the
Cretaceous-Paleocene sediments interface (Figures 3a and 6).

3. Surface and Subsurface Structural Data

[17] Surface data were obtained from 1:100,000 INGEM-
MET (Instituto Nacional Geoldgico, Minero y Metalurgico
del Peru) geologic maps, PERUPETRO S.A. geologic data,
digital elevation models from SRTM data, LANDSAT
images, and also from several field surveys carried out in
2005 and 2006 in this area. Subsurface data consist of
unpublished well and seismic reflection data provided by
PERUPETRO S.A. These data have been used to interpret
the structure at depth and the geometry of the thrust
systems.

3.1. Subandean Zone

3.1.1. Ene Basin

[18] The Ene basin is a NW—SE trending feature of about
40 km wide and 180 km long, with an average elevation of
~900 m (Figures 2 and 4). It is overthrust by the Merced
dome made up of igneous rocks, Paleozoic sediments, and
minor Mesozoic and Cenozoic strata [Soler and Bonhomme,
1987; Laubacher and Naeser, 1994]. The surface geometry
of the northern Ene basin along the Satipo river (Figures 4a
and 4b) corresponds to two wide synclines (Tziriari and
Tarobeni synclines) filled by thick Cenozoic series bounded
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by three east-verging thrust-related anticlines (Sondobeni,
Boca de Satipo and Puerto Ocopa anticlines). The western
Mazamari unit is formed by 15°-20° east-dipping Permian-
Cretaceous strata warped by a set of west-verging thrusts
(Figure 4b). Eastward, these strata are involved in the
Sondobeni breakthrough fault-propagation fold [Suppe
and Medwedeff, 1990; Mitra, 1990]. This anticline is

characterized by a 40°—50° west-dipping backlimb and an
overturned forelimb (Figure 5a), which dips 80°—85° west-
ward (Figure 4b). The lower thrust associated to the
Sondobeni anticline cuts the prestructured Cenozoic series
of the Tziriari syncline (Figure 4b and Figure 5b) charac-
terizing an out-of-sequence kinematics. The rapid westward
stratigraphic thickening of the Permian-Triassic series
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Figure 5. Deformation styles in the northern Ene basin along the Satipo river. For location, see
Figures 4a and 4b. (a) Overturned and folded Cretaceous strata of the Sondobeni anticline (11.29466°S,
74.45031°W). (b) Fold in the Cenozoic strata of the Tziriari syncline (11.25214°S, 74.42554°W).
(c) Overturned and sheared Cretaceous and Paleocene strata of the Boca de Satipo anticline (11.21133°S,
74.38789°W). (d) Fold in the Cenozoic strata of the Tarobeni syncline (11.17676°S, 7434996°W). These
outcrop-scale folds indicate shallower second-order décollements which accommodated the shortening of
deeper structures. Stereographic projections of the fold axis are shown.

shows that the Sondobeni thrust results from tectonic
inversion of an extensional structure (Oxapampa-Satipo).
Such an inversion occurred along the western edge of the
Ene basin. Thus, the rectilinear geometry of the Eastern
Cordillera thrust front (Figure 4a) can be explained by the
tectonic inversion of an eastern rift boundary, assuming the
extensional fault was rectilinear. Eastward, the Tziriari
syncline is transported on the hanging wall of the Boca de
Satipo thrust system (Figure 4b). The Boca de Satipo thrust
system is associated with an upper broad fault-propagation
fold which exhibits a 40°—50° west-dipping hanging wall
flat at the base of the Ambo formation shales. The hanging
wall ramp consists in overturned Cretaceous to Paleocene
strata dipping 70°—85° westward (Figure 5c¢). To the east,
the lower thrust associated with the Boca de Satipo anticline
cuts and deforms Cenozoic strata of the Tarobeni syncline

(Figures 4b and 5d). The overturned forelimbs and cores of
the Sondobeni and Boca de Satipo anticlines were inten-
sively sheared (Figures 5a and 5c). The Puerto Ocopa
anticline corresponds to a major east-verging fault-bend
fold overthrusting Paleocene strata of the easternmost
Puerto Prado syncline (Figures 4a and 4b). The anticline
displays a backlimb dipping 20°-25° westward and a
forelimb dipping 30° eastward (Figure 4b). The thrust-
related Puerto Ocopa anticline dips 10°-15° eastward,
parallel to Paleocene bedding planes of the footwall.

[19] The deep structure of the northern Ene basin is
illustrated by the SW—NE trending seismic reflection line 1
(Figures 4a and 6). This profile was calibrated using surface
data from ELF [Ballard et al., 1997; Houzay and Sejourne,
1997; Jaffuel, 1997] and our fieldwork data. The seismic
profile reveals that the Ene basin is detached above the
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décollement located at the basement-Paleozoic (Ordovician-
Devonian) sediments interface (Figure 6). This décollement
is connected through ramps to the intermediate décollement
at the base of the Early Carboniferous shales of the Ambo
formation and to the upper décollement at the Cretaceous-
Paleocene rocks interface. The Sondobeni and Boca de
Satipo anticlines are located above two major duplexes
formed by several horses involving strata from Ordovician
to Devonian. These two duplexes have accommodated the
shortening within the Tziriari and Tarobeni synclines
(Figure 6). The structure of the eastern Puerto Ocopa anti-
cline is well delineated by reflectors. At depth, the fault plane
dips 40°-45° westward and branches onto the intermediate
décollement. The footwall ramp of the Puerto Ocopa thrust
shows strata dipping ~20° westward.

[20] Southward, field and satellite imagery data indicate
that the Ene basin is wider and differently deformed than in
the north (Figures 4a and 4c). To the west, the structural
geometry corresponds to three east-verging closely spaced
thrust-related anticlines (Sondobeni, Anapati and Sanibeni
anticlines). To the east, this thrust system is bounded by the

asymmetrical and wide Ene syncline. Eastward, it is
bounded by the Paquitzapango fault-bend fold. Along the
Ene river, the backlimb of this anticline dips 15°-20°
westward and the core of the fold exposes the upper part
of Permian Copacabana limestones (Figure 4a). The Paquit-
zapango thrust cuts through the Mesozoic strata of the
eastern Otishi Cordillera (Figures 4a and 4c). The thrust
probably connects at depth with the intermediate décolle-
ment constituted by the shales of Early Carboniferous
Ambo formation.
3.1.2. Otishi Cordillera

[21] The Otishi Cordillera is a main curve-shaped range
(Figures 2 and 7) of about 60 km wide with a maximum
elevation peaking at about 3500 m. To the north, the Otishi
Cordillera overthrusts the southern edge of the Shira moun-
tain. This zone corresponds to the Tambo fault system
[Mégard, 1978], oblique to the ENE-regional tectonic
transport direction (Figures 2 and 7a).The northern edge
of the Otishi Cordillera is reduced to a ~30° west-dipping
segment (Figures 7a and 7b) armed of thick limestones of
the Permian Copacabana formation (Figure 8). Southward,
the structure of the Otishi Cordillera consists in a broad
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scale of the section A-A’ for more details. Location of seismic line 2 of Figure 9 is shown. For location,

see also Figure 2.

~8° west-dipping homocline (Figures 7a and 7c). This
homocline is truncated by the Perene-Cutivireni thrust
which results in the duplication of the Permian Copacabana
limestones and the high structural relief of the Otishi
Cordillera (Figure 7¢). It is easterly bounded by the broad
Otishi anticline. The backlimb dips ~25° westward and the

forelimb at ~30° eastward. The Otishi anticline overthrusts
overturned Paleozoic and Mesozoic strata dipping ~80°
southwestward (Figure 7c).
3.1.3. Camisea Basin

[22] On the eastern flank of the Otishi Cordillera, the
northern Camisea thrust system consists in three east-
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Figure 8. Photograph of the northern Otishi Cordillera thrust front along the Tambo river (11.13256°S,
74.19080°W), looking southward. See location in Figures 7a and 7b.

verging thrust-related anticlines (Poyeni, Mayapo and San
Martin anticlines) (Figures 2 and 7a). The deep structure of
the northern Camisea basin is illustrated by the SW—NE
trending seismic reflection line 2 (Figure 9). Reflectors have
been calibrated using projected data of the southern Mipaya

Mipaya well (projected)

well onto the section. To the southwest, the Poyeni anticline
(Figure 9) is formed above an east-verging blind thrust
associated with two back-thrusts. To the northeast, the
displacement above the San Martin thrust is associated with
the Mayapo and San Martin anticlines (Figure 9). The

Distance (km)

SW {\/(fayapo antlt,jlme

0 5 10 15
Distance (km)

San Martin anticline Sepa anticline NE
— B e —— e 0
~ ceNozoic
- <) 1
~LATE PERMIAN to TRIASSICT == P
LATE CARBONIFEROUS to PERMIAN.
: 3
4
5

Figure 9. Interpretation of seismic line 2 across the northern edge of the Camisea basin. For location,
see Figures 2 and 7a. The Camisea thrust system overlies thick-skinned thrusts of an Early Carboniferous
thrust system. The reflectors have been calibrated using projected data of the southern Mipaya well (see
location in Figure 18). Faults are indicated by thick black lines. TWT, two-way time.
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Mayapo anticline corresponds to a pop-up structure be-
tween two opposite verging blind thrusts. The thin-skinned
thrust system branches to the décollement developed at the
basement-Paleozoic sediments interface. The San Martin
anticline is bounded to the east by the nonreactivated Sepa
thick-skinned thrusts. The thick-skinned thrust system
extends westward beneath the Otishi Cordillera (Figures 7a
and 9).

3.2. Ucayali Basin

[23] The Ucayali basin exhibits NNE-SSW trending
thick-skinned thrusts which deformed Mesozoic and
Cenozoic strata of the Ucayali basin (Figures 2 and 10a)
[Réiscinen et al., 1987; Dumont et al., 1991]. To the west,
the broad Shira mountain [Dumont et al., 1991; Gil
Rodriguez, 2002] is a N-S trending range of ~70 km wide
and 270 km long (Figures 2 and 10a) with a maximum
elevation reaching ~1400 m. Southward, the Shira mountain
is bounded by the Tambo fault system (Figures 2 and 10a).
The Shira mountain surface structure consists of five west-
verging thrust sheets involving the sedimentary cover
(Figure 10b), named the Atalaya back thrust system. Along
the Tambo river valley, the westernmost thrust unit exhibits
the horizontal strata of Tarma and Copacabana formations
(Figure 10b). The easternmost thrust sheet shows Creta-
ceous strata dipping 10°—15° eastward.

11
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~.,

~~~~~~
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5
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(a) Geologic map and (b) surface cross section across the southern Shira mountain. Location

ectively, are shown. MW, Mashansha well; SW, Sepa

[24] The eastern front of the southern Shira mountain is
inferred from seismic line 3 (Figures 10a and 11). Its deep
structure consists in eastward low-angle blind thick-skinned
thrust within Devonian series of the Cabanillas formation.
The westward Atalaya system of back-thrusts is mainly
detached above the décollement located at the basement-
Devonian sediments interface. This system of back-thrusts
is the surface expression of the Shira thick-skinned thrusts
emplacement at depth (Figure 11). The basement dips
westward and forms the western limb of the Sepa anticline.
The eastern flank of the Shira mountain shows warped
Pliocene-Pleistocene (?) strata (Figure 11) which testify of a
young activity the Shira thrust. The deformation style of the
Shira mountain is similar to the one described by Vergés et
al. [2007] for the Cerro Salinas thrust in Argentina (Sierras
Pampeanas) where thick-skinned thrusts interfere in the
Andean thrust front.

[25] The eastern broad Sepa anticline (Figures 2 and 10a)
corresponds to a NNE-SSW trending bulge of ~100 km
long and 70 km wide, located between the Tambo and
Urubamba rivers. Late Cretaceous strata of the Vivian
formation outcrop in the core of the fold (Figures 2 and
10a).

[26] The interpretation of seismic line 4 (Figures 10a and
12) is supported by well data (Sepa and Mashansha wells)
projected onto the section. The Sepa anticline is formed
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Interpretation of seismic line 3 across the eastern edge of the Shira mountain. For location,

see Figures 2 and 10a. The reflectors have been calibrated using data of the Sepa and Mashansha wells.
Faults are indicated by thick black lines. Note the thickness increase of the Devonian deposits in front of

the Shira thrust front. TWT, two-way time.

above an east-verging low-angle thrust involving basement.
The thrust branches upward into two blind thrusts. To the
east, the Paititi high structure (Figure 12a) exhibits similar
east-verging low-angle thick-skinned thrusts, which are
sealed by the Late Carboniferous unconformity. Depositional
thickness of the Paleozoic series increases westward, toward
the Sepa and Paititi high thrusts, respectively (Figure 12a).
The eastern limb of the Paititi high shows evidence of growth
strata in the Early Carboniferous Ambo formation being
deposited during the growth of this compressional system
(Figure 12b).

[27] Surface and subsurface data show that the structural
architecture of the Sepa anticline and Paititi high are similar
to the one of the Shira mountain, which may provide the
Shira mountain is an inherited Early Carboniferous struc-
ture. Onlaps of the middle-upper Nia formations on the
eastern limb of the Paititi high indicate small reactivation of
this structure in Late Cretaceous times (Figure 12b). Such
reactivation is also observed for several tectonic features in
North Peru, Colombia and Venezuela [e.g., Jaimes and de
Freitas, 2006]. No thickness variation in the Neogene
sediments, which could support a synsedimentary Miocene
uplift of the Shira mountain, is visible. However, the
initiation of the Shira thrust system postdates the deposition
of Pliocene-Pleistocene (?) strata (Figure 11).

[28] The role of Paleozoic compressional features has
been previously described along the Andes from field
observations [e.g., Miiller et al., 2002; Jacobshagen et al.,
2002; Alvarez-Marron et al., 2006] and subsurface data

[e.g., Zubierta-Rossetti et al., 1993; Colletta et al., 1997,
Vergés et al., 2007]. New evidence of such features in the
Peruvian Subandes must be taken into account for their
subsequent implications on the Neogene Subandean zone
structural evolution of the Ene and southern Ucayali basins.

4. Regional Balanced Cross Sections
4.1. Principles of Construction

[29] In order to study the N-S trending evolution of the
Ene and southern Ucayali basins, surface data, regional
mapping, well information and seismic reflection data were
integrated to construct two regional balanced cross sections,
each of about 200 km long from the Eastern Cordillera to
the Ucayali basin (Figure 2). The balanced cross sections
were constructed according to thrust tectonic concepts
[Dahlistrom, 1969; Boyer and Elliott, 1982; Elliott, 1983,
Woodward et al., 1985]. The cross sections were balanced
using Midland Valley 2DMove 5.0 software on the basis of
bed length and thickness conservation, and flexural-slip
algorithm. The cross sections were restored at the bottom
of the Late Cretaceous deposits, assuming that they were
horizontal at deposition time, and pinned at local pin lines in
the foreland. The cross section orientations are orthogonal
to the fold axes, i.e., parallel to the inferred tectonic
transport direction to minimize out-of-the-plane transport.
Dip data have been projected onto sections along the fold
axis directions [Charlesworth et al., 1975].
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the growth stratal pattern in the Early Carboniferous series (Ambo formation) on the eastern side of the

Paititi high structure which recorded the activation of the thrust. TWT, two-way time.

4.2. Regional Balanced Cross Sections and Shortening
Assessment

[30] The northern cross section A-A’ (Figures 2 and 13a)
exhibits a narrow Subandean zone which is predominantly
formed by the Ene basin (Figure 14a). The structural
restoration shows that the western edge of the Ene basin
corresponded to an extensional structure (Oxapampa-Satipo
half-graben) during Permian-Triassic times. It was probably
inverted during the beginning (Late Cretaceous) [Baby et
al., 1999; Gil Rodriguez et al., 2001; Hermoza et al., 2005;
Jaimes and de Freitas, 2006] of the Andean compression
and involved in the Subandean zone thrust system. It forms
the boundary between the Eastern Cordillera and the
Subandean zone. The cross section also shows that the

geometry of the Ordovician-Devonian sedimentary prism
controlled the deformation of the Subandean zone
(Figure 14a). Thick Ordovician-Devonian sedimentary se-
ries are essentially restricted to the western side of the Shira
mountain, thus preventing the eastward propagation of the
Subandean thrust front (Figures 2 and 14a). Hence, the
displacement is transferred deeper to the Early Carbonifer-
ous thick-skinned thrusts. The deep structure of the Shira
mountain can be inferred from the dip of the eastern edge of
the Ene basin. This dip can be controlled by a basement
ramp underneath the Shira mountain. The regional structural
cross section and subsurface data (Figures 11, 12, and 13a)
argue in favor of a geodynamic model where the Shira
mountain consists of two basement thrusts (Shira thrusts 1
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Figure 14. Details of the Subandean zone structure. The balanced and restored cross sections show
evidence of thickness variations into the Paleozoic sedimentary series between the (a) northern and
(b) southern Ene basin.

and 2; Figure 13a) which branch onto a west-dipping
décollement located at about 18 km deep underneath the
Ene basin. This geometry implies a vertical jump of displace-
ment in the thick-skinned thrust system (Figure 13a).

[31] Cross section A-A’ shows a total shortening of
~56 km (28%). This shortening partitions vertically: 80%
(i.e., 45 km) is accommodated into the Subandean zone and
20% (i.e., 11 km) is transferred into the thick-skinned thrust
system (the Shira and Sepa thrusts) (Figure 13a).

[32] Southern cross section B-B’ (Figures 2 and 13b)
shows that the Subandean thrust front is located 45 km eastern-
most than in the north (Figure 14b). As in section A-A’, the
western edge of the section is formed by the Oxapampa-
Satipo half-graben. The Ene basin is less deformed than in
the north because the shortening is transferred eastward in
the Otishi Cordillera thrust system (Figure 14b). South-
ward thickening of the Ordovician-Devonian sedimentary
series (Figure 14b) is consistent with paleogeographic
reconstructions of Gil Rodriguez [2002] where the
Ordovician-Devonian sedimentary section exceeds 5 km

thick southward. The envelope of the Otishi Cordillera
outcropping thrusts allows us to infer a duplex structure
below it. The Otishi Cordillera thrust system consists in a
vertical stacking of four horses of Ordovician-Silurian
rocks, what explains the high structural relief of the Otishi
Cordillera. The Otishi duplex evolves northeastward into an
imbricated fan thrust in the Camisea basin (Figure 13b). This
imbricated fan branches onto the roof thrust of the Otishi
duplex. Thus, the Otishi duplex shortening is transferred to
the fore- and back-thrusts of the Camisea basin. As in the
north, the sedimentary cover is detached northeastward above
Early Carboniferous thick-skinned thrusts, reactivated during
the Andean compression (Figure 13b). This thick-skinned
thrust system determines the location of the Otishi Cordillera
thrust system culmination, and it is interpreted as the southern
continuation of the Shira thrust system. Thus, balanced cross
section B-B’ was constructed assuming a ~18 km deep
décollement beneath the Ene basin to respect the northern
structural geometrical model of the section A-A’ (Figure 13a).
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Figure 15. Three-dimensional diagram of the Ene and southern Ucayali basins with the two balanced
cross sections showing the two stacked thrust wedges. The perspective view looking toward the north
(with the upper thrust wedge to the west and the lower thrust wedge to the east). The geologic map of
Figure 2 has been draped on the SRTM 90-m digital elevation model from NASA.

[33] Cross section B-B’ shows a total shortening of
~57 km (30%). In contrast to the northern section, 91%
(i.e., 52 km) of the shortening is accommodated into the
Subandean zone and only 9% (i.e., 5 km) is transferred within
into thick-skinned thrust system (Shira thrust) (Figure 13b).

5. Discussion

[34] The balanced cross sections of the Ene and southern
Ucayali foreland thrust belt show a vertical partitioning of
the shortening, resulting from the kinematic linkage be-
tween two stacked thrust wedges: a lower thrust wedge
involving the basement, and an upper thrust wedge, the
Subandean zone, limited to the Paleozoic, Mesozoic, and
Cenozoic sedimentary series (Figures 13 and 14). The lower
thrust wedge is formed by thick-skinned thrusts which
branch onto a west-dipping basal décollement (Figures 13,
14, and 15). This thick-skinned thrust system overprints
Early Carboniferous low-angle thrust faults, which were
eroded and then sealed by Late Carboniferous strata. That
generated an irregular Paleozoic mechanical stratigraphy
which controlled Neogene thrust propagation. The restora-
tion of the balanced cross sections (Figure 13) shows that
the Early Carboniferous thrust system of the Ucayali basin
probably constituted the frontal part of a fold-and-thrust
belt, as suggested by small thick-skinned thrust displace-
ments. As a matter of fact, the southern Ucayali basin is not
affected by the Permian-Triassic rift event [Gil Rodriguez et
al., 2001], what preserves the evidence of Paleozoic com-
pressional features. The upper thrust wedge is characterized
by thin-skinned style (Figures 13, 14, and 15). Thrust faults
accommodate the major part of the shortening (80—90%)

and the main décollement level is located at the interface
between basement and Paleozoic sedimentary series.

[35] Along-strike thickness variations of the initial sedi-
mentary series are expected to influence the geometry [e.g.,
Marshak and Wilkerson, 1992; Calassou et al., 1993; Boyer,
1995; Soto et al., 2002, 2003] and shortening gradient [e.g.,
Baby et al., 1989; Boyer, 1995] of foreland thrust belts. Our
balanced cross sections suggest that thickness variations of
the Paleozoic sedimentary prism influenced the shortening
gradient within the upper thrust wedge (Figures 13 and 16).
To the north, the upper thrust wedge is restricted to the Ene
basin. The thinning of the Ordovician-Devonian sedimen-
tary prism prevented the large eastward propagation and
shortening (45 km) of the upper thrust wedge and induced
multiple tectonic imbricates and duplex structures within the
northern Ene basin (Figures 13a and 14a). In contrast, the
upper thrust wedge undergoes a maximum shortening
(52 km) to the south (Figures 13b and 14b). The southward
thickening of the Paleozoic sedimentary prism facilitated
the eastward propagation of the upper thrust wedge leading
to larger magnitude of thrusting and the development of the
major Otishi Cordillera feature (Figure 16). Both restored
cross sections show a same amount of overall shortening of
~56 km. Therefore, we propose that the calculated 7 km
difference (16%) in displacement between the northern and
southern upper thrust wedge was transferred onto the lower
thrust wedge. To compensate such a difference, the transfer
of displacement induced the reactivation of Early Carbon-
iferous compressional structures in the Ucayali basin (Shira
mountain and Sepa anticline) (Figure 16).

[36] The three-dimensional diagram of Figure 15 shows
that the Otishi Cordillera uplift occurred along the Tambo
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Figure 16.

(a) Structural map of the Ene and southern Ucayali basins illustrating the spatial vertical

partitioning of the shortening. Location of cross sections A-A’ and B-B’ are shown. The southward
shortening gradient recorded in the upper thrust wedge (Subandean zone) is transferred northward in the
lower thrust wedge (Shira mountain and Sepa anticline). This shortening transfer produced the
development of the Tambo transfer zone between the Shira mountain and the Otishi Cordillera (dashed
white area). Wells of the Ucayali basin are shown (MA, Mashansha; SE, Sepa; MI, Mipaya; PA,
Pagoreni; SM, San Martin; AM, Armihuari; CA, Cashiriari). Restored geometries of the (b) northern and
(c) southern sedimentary series are also shown. See the text for further discussions.

fault system which has the value of an oblique ramp. This
oblique ramp constitutes a transfer zone between the Shira
mountain and the Otishi Cordillera and links the southern
end of the Pachitea thrust front to the Otishi thrust front
(Figures 15 and 16). It developed along the pinchout of the
Paleozoic sedimentary prism located onto the southwestern
flank of the Shira mountain. The geometry of the Tambo
oblique ramp in the Ucayali basin shows similar aspects

with the Boomerang-Chapare transfer zone in the Bolivian
Subandes, which led to a hundred kilometers of sinistral
offset [Baby et al., 1994]. In Bolivia, the loss of Subandean
shortening to the north of the transfer zone seems to be
compensated by increased shortening in the Interandean
zone. In the Peruvian Subandes example, the presence of a
foreland thick-skinned thrust system allowed to complete
the N—S shortening assessment.
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details in the text.

[37] Thrust-top basins [e.g., Butler and Grasso, 1993;
Bonini et al., 1999] develop and fill during their displace-
ment by active thrust sheets. On a large scale, thrust-top
basins are promoted by the presence of a thick initial series
inducing break-forward propagation of deformation far into
the foreland [Boyer, 1992; Leturmy et al., 2000]. The Ene
basin presents a peculiar structural position in thrust-top
basin between the Eastern Cordillera and the Otishi Cordil-
lera (Figures 14, 15, and 16). To the north, the Ene basin
disappears within the Pachitea thrust system. To the south, it
abruptly disappears beneath the Eastern Cordillera thrust
front. The basin deformation is directly controlled by the
Tambo oblique ramp and developed on the thickest part of
the Paleozoic sedimentary prism. The preservation of the
Ene basin is associated with the development of the Otishi
Cordillera, which resulted from the break-forward sequence
of thrusts propagation.

[38] The relative timing of the upper and lower thrust
wedges displacements can be indirectly interpreted from our
structural analysis. Thus, a schematic deformation sequence
can be proposed for cross section A-A’ (Figure 17). In the

early stage (Late Cretaceous) of deformation, the inversion
of the Oxapampa-Satipo half-graben occurred, and the
Paititi high thrust was weakly reactivated (Figure 17b).
Between 15 and 10 Ma [Hermoza et al., 2005], the upper
thrust wedge continued to propagate eastward (Figure 17¢).
It accommodated 45 km of shortening and the Subandean
thrust front died out on the western side of the nonreacti-
vated Shira thrust system. After motion on the upper thrust
wedge ceased, the displacement continued deeper on the
lower thrust wedge and Early Carboniferous thrusts reac-
tivated. The 11 km of displacement were mainly accommo-
dated in the Shira thrust system, prompting west-verging
Atalaya back thrust system to form (Figure 17d). The
displacement of the Shira thrust system was contemporane-
ous to the one of the southern Otishi thrust system.
Consequently, synchronous along-strike motions of the
Shira and the Otishi thrust systems produced the develop-
ment of the Tambo transfer zone (Figure 15). The later
Pliocene-Pleistocene (?) uplift of the Shira mountain caused
tilting of the eastern edge of the Ene thrust-top basin.
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Figure 18. Petroleum system in the Ene and Camisea basins. See details in the text.

[39] In the study area, source rocks are essentially Paleo-
zoic in age (Figure 18). The maturation and migration
within Permian (Ene, Noi and lower Nia formations) and
Cretaceous (upper Nia, Chonta and Vivian formations)
reservoirs [Chung et al., 2006] may have been controlled
by the Neogene development of the Subandean zone, as
observed in the Bolivian Subandes [e.g., Baby et al., 1995;
Moretti et al., 1996]. North of the Tambo oblique ramp,
Neogene sequences are less than 2 km thick [Dumont et al.,
1991]. Potential structural traps are only represented by
thick-skinned structures and are not oil-bearing (Figure 16)
[Chung et al., 2006]. In contrast, east of Otishi thrust, the
thin-skinned structures developed in the 5 km thick
Neogene sequence, and produced structural traps of the
Camisea hydrocarbon province (Figure 16) [Chung et al.,
2006; V. Graterol, unpublished report, 1998]. The vertical
partitioning of thrust deformation may explain the pres-
ence of hydrocarbons in the structural traps of the upper
thrust wedge. The thin-skinned tectonic style might be
linked to a maximum thickness of the Neogene sedimen-
tary series. In return, thick Neogene sedimentary series
might have controlled the petroleum system and hydrocar-
bon migration toward thin-skinned structures. Hence, the
petroleum play extension of the giant gas/condensate
province of the Camisea basin (Figures 2 and 18) may
be found in the poorly explored Ene basin, which may
have favorable timing of trap formation and hydrocarbon
generation [Fabre and Alvarez, 1993]. Consequently, the
Tambo transfer zones play an important role for oil and

gas field location. The modern structural configuration of
the Neogene Ene basin may constitute a key area for
future hydrocarbon exploration in the Peruvian Subandes.

6. Conclusions

[40] Surface and subsurface data together with the con-
struction of two regional balanced cross sections have been
integrated to study the structural architecture, kinematics
and mechanism of the deformation of the Ene and southern
Ucayali basins. The main conclusions are as follows.

[41] 1. The southern Ucayali basin exhibits Early Car-
boniferous thick-skinned thrusts, eroded and then sealed
during the Late Carboniferous.

[42] 2. The Neogene shortening of the Ucayali Suban-
dean zone was vertically partitioned into two stacked thrust
wedges: a lower duplex system controlled by reactivated
Early Carboniferous thick-skinned thrusts, and an upper
thrust wedge, the Subandean zone (Ene basin, Otishi
Cordillera and Camisea basin), essentially driven by a
thin-skinned thrusts.

[43] 3. The shortening within the upper thrust wedge is
governed by thickness variations of the Paleozoic sedimen-
tary series. The maximum of shortening is observed south-
ward where the Paleozoic sedimentary series is the most
developed. Northward, the thickness of Paleozoic sedimen-
tary series decreases and the shortening has been transferred
in the lower thrust wedge. The kinematic linkage of the two
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thrust wedges contributed to a N-S complete shortening
assessment (~56 km).

[44] 4. The Tambo fault system is an oblique ramp
developed on the northeastern pinchout of the Ordovician-
Devonian sedimentary series. This is a regional transfer
zone which expresses the relative displacement between the
two stacked thrust wedges.

[45] 5. The maximum thickness of the Neogene sedimen-
tary series might be structurally controlled by the thin-
skinned tectonic style of the upper thrust wedge. In return,
thick Neogene sedimentary might have controlled the pe-
troleum system. Thus, the unexplored and preserved Ene
basin evolving on the upper thrust wedge may constitute a

ESPURT ET AL.: SHORTENING TRANSFER IN THE UCAYALI BASIN

TC3009

structural key area for future hydrocarbon exploration in the
Peruvian Subandes.
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