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Abstract: This contribution presents geological data that provides a sequence-strati-
graphic-based exploration model for Oligocene units in the central Magallanes-Austral
Foreland Basin, and identifies the related sedimentary deposits that constitute basin-
floor fan reservoirs. The study area is located in the Magallanes Region, Chile, and it
was discovered in 2009-2010 by the joint venture of the National Oil Company of Chile
and Methanex group at Dorado Riquelme Block. Seismic stratigraphic analysis of the
Magallanes-Austral Foreland Basin enabled the definition of four evolutionary stages
using 3D seismic information from a 91.6 km long section, as well as lithostratigraphic
and biostratigraphic records and wireline logs. The clinoforms observed in the Foreland
III stage of the Magallanes-Austral Foreland Basin are the focus of this study. Six seismic
units (SU-1 to SU-6) and twenty-five depositional sequences were identified there, based
on temporal affinity and genetic mechanisms. The youngest four seismic units comprise
alternating forestepping and downstepping prograding patterns, while the fifth seismic
unit is characterized by a backstepping pattern, which is followed by a sixth seismic unit
in which forestepping patterns are again developed. The most important reservoirs were
identified in seismic unit SU-2, and they are associated with sandstone-prone deposits
accumulated in basin-floor fans. Their development is associated in this contribution
with periods of relative sea-level fall during forced regressions.

Keywords: Sequence stratigraphy, Tropilla basin-floor fan, Foreland III succession,
Magallanes-Austral Foreland Basin, Dorado Riquelme exploration block.

INTRODUCTION

A re-new phase of gas exploration was initiated
by the joint venture Empresa Nacional del Petréleo
(hereafter ENAP) and Methanex in the Magallanes-
Austral Foreland Basin in 2004, including the acqui-
sition of 1800 km? of 3D seismic and the drilling of
66 wells. The basin fill in the area was thoroughly
revised under a sequence-stratigraphic approach,
identifying main evolutionary stages of the basin
(syn-rift, post-rift, transitional, and foreland) and the
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most important unconformities. Within the foreland
stage, four different phases (I-IV) were identified
(Mpodozis et al., 2011). Subsequently, new subsur-
face data was collected in the northern Strait of Ma-
gellan edge, the so-called Dorado Riquelme Block
(hereafter DRB). Well Tropilla-1 proved gas reserves
in the Oligocene basin-floor fan in the North of Gre-
gorio area, termed Tropilla Reservoir, which drew
the attention to carry a detailed analysis on the deep-
marine reservoirs in the area. This contribution
describes and discusses seismic patterns of the
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Figure 1. Map of the Magallanes-Austral Foreland Basin with main morpho-structural elements and adjacent basins (modified

after Ghiglione et al., 2009). The study area, the Dorado Riquelme Block (DRB), is also shown (yellow square). The Magallanes-

Austral Basin structure contours indicate foreland sediment thickness (in kilometers) within the undeformed depocenters. FTB:

fold thrust belt; RVB: Rocas Verdes Marginal Basin; MFFS: Magallanes-Fagnano Fault System. Y-Y’ represents the regional west-

to-east seismic line shown in the Figure 2.

Foreland Phase III and their sequence-stratigraphic
implications.

The Foreland III succession consists of a large
asymmetric wedge of sediments thinning eastwards,
with strata occurring both in outcrops and
subsurface. This succession lies over a mudstone-
condensed section with subparallel clinoform
configurations and continuous reflectors. On its
westernmost edge, this wedge outcrops as the Loreto
Group (Keidel and Hemmer, 1931), and Bahia Inutil
Formation (Canon, 1968). Towards the eastern edge,
this succession is present in the subsurface as the

Areniscas Arcillosas, and in outcrops as Brush Lake
Formation (Barwick, 1955). In the DRB, it reaches up
to 1500 m in thickness and becomes progressively
thinner eastward in Vellén-Kimiri Aike, where it
does not exceed more than 900 m.

A number of studies have tried to explain the
stratigraphic relationship and paleogeographic
implications of these units (Martinez, 1957; Martinez
et al., 1964; Canon, 1968; Natland et al., 1974; Cafion
and Ernst, 1975; Malumidan and Caramés, 1977;
Malumiédn, 2002; among others). However, poor
outcrop continuity, as well as marked variations in
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Figure 2. a) General seismic configuration of the Magallanes-Austral Basin near the Magallanes strait (inset map with seismic
line transect, Y-Y’; modified after Mella et al., 2010). This regional seismic line and the interpreted line shown in b) clearly
illustrate the onlap configuration of the early Foreland Stage strata onto previous deposits. Units Foreland I and II are interpreted
to represent foredeep sediments, following the sketch presented in c), which has been adapted from Horton and DeCelles (1997).
TWT: reflection transit time in seconds (the same for figures 3, 4, 5, 8, and 9). Foreland III stage is the focus of this contribution.

facies and depositional environments have hindered
any attempt to understand the regional stratigraphy
in a more precise and integral manner.

The main aim of this contribution is, firstly,
to document the seismic patterns and sediments
comprising the Foreland III wedge, integrating high-
quality 3D seismic and wireline logs. In order to
do so, seismic geometries and stratal terminations
within the unit are first presented and discussed.
Subsequently, the potential relationships between
observed seismic stacking patterns, accommodation,
sediment supply, and resulting sand-prone deep-
water reservoirs are discussed.

GEOLOGIC SETTING

The Magallanes-Austral Basin is situated in the
southernmost part of South America, between 47°
and 55° S latitude, southward from the Chile Triple
Junction (Fig. 1). The basin covers about 200.000

km? and has an elongated geometry oriented NNW-
SSE. It reaches a maximum width of 370 km and
a length of 700 km (Biddle et al., 1986; Wilson,
1991). To the south and west the area is limited
by the Patagonian Andes, and towards the east the
Rio Chico-Dungeness High represents an elevated
portion of the metamorphic basement that separates
it from the Malvinas Basin (Fig. 1).

Currently, the foredeep is developing towards the
east and the north of the orogenic front, and is not
affected significantly by the compressive tectonic
processes. The geologic evolution of the Magallanes-
Austral Basin followed in this contribution is mostly
based on the work of Mpodozis et al. (2011). In terms
of geodynamic evolution, the Magallanes-Austral
Basin can be divided into four main tectonic stages:
syn-rift, sag/post-rift,
stages (Figs. 2, 3).

transitional, and foreland

Syn-rift Stage. This stage is related to the initial
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extensional breakup of Gondwana, which affected the
whole Austral Patagonia (Gust et al., 1985; Pankhurst
et al., 2000). Extensional tectonics produced NNW-
SSE-oriented grabens and hemigrabens onto a
pre-existing Paleozoic metamorphic basement,
which were lately filled mostly with volcanic
and volcaniclastic rocks (Moraga, 1996). Syn-rift
successions, mostly middle Jurassic in age, are
known as Ibafiez, Tobifera, and Complejo El Que-
mado (Uliana et al., 1986; Hanson and Wilson 1991;
Féraud et al., 1999; Pankhurst et al., 2000). As a result
of this extensive phase, the continental crust broke
and the sea-floor emerged along the western margin
of the Patagonian Andes, the so-called Rocas Verdes
Basin (Katz, 1963; Stern, 1980; Biddle et al., 1986).

Sag/Post-rift Stage. After the rifting stage, the basin
evolved into a sag stage characterized by thermal
subsidence. The stratigraphic record represents a
long-term retrogradational event (Fig. 3) that spans
from the latest Jurassic to early Cretaceous (Biddle et
al., 1986; Robbiano et al., 1996), which continued to
extend eastward and northward into the Magallanes
Basin (Mpodozis et al., 2006). In this initial stage,
the Springhill Formation was deposited. These
transgressive deposits are characterized by quartz
arenites with bipyramidal quartz clasts (Varela et al.,
2012). This unit grades laterally and vertically into a
thick deep-marine succession represented mostly by
mudstones, and known as Zapata, Erezcano, Estratos
con Favrella and Rio Mayer Inferior formations
(Biddle et al., 1986; Macellari, 1988; Wilson, 1991;
Varela et al., 2012).

Transitional Stage. During Aptian to Albian ti-
mes, a transition to a foreland tectonic regime took
place. This transitional stage correlates with a time
of a quick oceanic expansion of the Atlantic Ocean
and the Wedell Sea, and occured simultaneously
with an increase in the convergence speed between
the Pacific and the South American Plates (Dalziel,
1986; Ramos, 1988). Additionally, this stage is also
characterized by the beginning of the subduction
process towards the west of the inner edge of the
Rocas Verdes Basin, ultimately closing during the
Turonian (Fildani et al., 2003; McAtamney et al.,
2011; Mpodozis et al., 2011). Evidence of this process
is documented towards the south of the Beagle
Channel (Hardy and Yaghan formations: Dott et al.,
1977; Sudrez, 1979; Suérez et al., 1985), and in the

Magallanes area (Canal Bertrand Formation: Castelli
et al, 1992; Mella, 2001). A subduction system
developed throughout the west margin of South
America, generating a magmatic arc called Southern
Patagonian Batholith, which is composed of plutons
with calk-alcaline affinity and whose magmatic
activity can be observed since the early Cretaceous
toward the west of Rocas Verdes Basin (Stern and
Stroup, 1982; Bruce et al., 1991), with its maximum
activity between 110 and 90 My (Hervé, 2005).

Foreland Stage. The paleogeography of southern
South America changed drastically during the late
Cretaceous, starting with the production of tectonic
pressure and cortex flexure, caused by the Austral
Andean tectonic rise and the tectonic stacking from
derived material of the Rocas Verdes Basin and the
western Magallanes shelf margin on the continental
edge (Biddle et al., 1986; Dott et al., 1977; Wilson,
1991; Mpodozis et al., 2011). Data integration from
surface and subsurface allowed for the establishment
of four successively developing phases in the
Foreland Basin, whose orogenic deformation front
migrated eastward and northward (Moraga et al.,
2004; Mella et al., 2007; Mpodozis et al., 2011).
These phases are called Foreland I, II, III, and IV in
this contribution and are summarized briefly below
in order to place in context, the stratigraphic record
of Foreland III, the focus of this study (Figs. 2, 3).

Foreland I (Coniacian - Maastrichtian). It forms
a wedge that thickens westwards (Figs. 2, 3). This
unit represents a long-term progradational event,
with development of slope fans and basin-floor fans
migrating from the north-northwest (Punta Barrosa
and Cerro Toro formations: Katz, 1963; Cortés,
1964; Winn and Dott, 1979; Wilson, 1991; Fildani
et al., 2003), culminating with deltaic systems
coming from the north and west during Campanian-
Maastrichtian times (Tres Pasos, Latorre, Fuentes, La
Anita, Cerro Fortaleza, Chorrillo and Mata Amarilla
formations: Katz, 1963; Charrier and Lahsen, 1969;
Macellari, 1988; Covacevich, 1991; Wilson, 1991;
Fildani et al., 2003; Shultz and Hubbard 2005;
Varela et al., 2012). Toward the east, in the Atlantic
margin, contemporaneous facies are deposited in
offshore settings (Arroyo Alfa and Cabeza de Le6n
formations: Robbiano et al., 1996).

The first deposits in this phase have been dated in
the Punta Barrosa Formation from Ultima Esperanza
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Figure 3. a) Seismic line of the study area (X-X'), highlighting the main evolutionary stages of the Magallanes-Austral Basin from
the syn-rift state to the foreland stage. b) Map with the location of the seismic-line transect shown in a) and the topographic
map of the Dorado Riquelme Block. In this topographic map, black circles represent drilled wells used in this contribution. 1:
Manzano 1; 2: Manzano GMC-2; 3: Cruceros 2; 4: Punta del Cerro 5; 5: Punta del Cerro 2; 6: Punta del Cerro 4; 7: Tropilla 1; 8:
Tropilla 3; 9: Matungo D; 10: Vellén 1. Figures a) and b) modified after Mella et al. (2010).

Province, and the age was estimated in 90+1 My
(Fildani et al., 2003). Then, Fosdick et al. (2011)
obtained new zircon U-Pb ages from an interbedded
volcanic ash in the Zapata-Punta Barrosa transition,
suggesting an age of 101=1 My. Recently, Varela
et al., (2012) using the U-Pb method dated detrital
zircons from Mata Amarilla Formation from the
Santa Cruz Province, yielding an age of 96+0.71 My.

Foreland II (Paleocene - Eocene). Its base lies over
an erosive unconformity that becomes non-depo-
sitional towards the east (“onlap” surface) and
therefore the unit thins in that direction (Figs. 2,
3). The progressive Foreland Basin migration to
the craton also triggered a simultaneous eastward
shifting of the Tertiary basin, recorded in an extensive
transgression (Glauconitic Zone Formation: Hauser,
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1964; Natland et al., 1974), creating a depocenter
in the Manzano area (Fig. 3) (Natland et al., 1974;
Mella, 2001; Moraga et al., 2004). The foredeep
deposits consist of a thick, transgressive, deep-
marine to shallow-marine section (Chorrillo Chico,
Agua Fresca and Tres Brazos formations: Thomas,
1949; Todd and Kniker, 1952; Canon and Ernst
1975), whose sediments extend as far as Tierra del
Fuego, where the southern margin is supplied with
clastics from the raised and eroded Fuegian Andes
foothill (Ballena Formation: Ghiglione et al., 2002;
Rojas and Mpodozis, 2006).

Foreland III (late Eocene - early Miocene). This
stratigraphic interval, which is the focus of this
study, consists of an asymmetric sedimentary
wedge, widely distributed across the area. Since
middle Eocene a reactivation by flexure took place
in the basin, causing it to become deeper as well as
changing the polarity of the sedimentation pattern,
with an offlap break migration from the north and
the southeast (Castro, 1977; Mella, 2001; Malumian,
2002; Carpinelli and Mella 2006; this work). As the
tectonic load from the south has decreased for this
time, the north-south thickness variation is less
significant at this phase than in the previous ones. In
the Manzano area it is up to 1500 m thick, becoming
gradually thinner towards the north, west and east
(Figs. 2, 3). The stratigraphic package of Foreland
I is characterized by the development of clearly
imaged high-angle seismic reflectors, here shortly
called clinoforms. It is interpreted that these features
suggest terrigenous contribution from the west and
west-southwest, coeval with the orogenic raise
produced by an increase in the convergence rate of
the oceanic trench portion located westward of the
basin (Mpodozis et al., 2011). This wedge comprises
several major prograding complexes (Lefia Dura,
Loreto, Areniscas Arcillosas, Bahia Inttil Group,
Magallanes and Margosa Superior formations: Decat
and Pomeyrol, 1931; Keidel and Hemmer, 1931;
Cafion, 1968; Robbiano et al., 1996; Mella, 2001),
which are described in detailed in this contribution.

Foreland IV (early Miocene - Holocene). During the
Miocene the sedimentation occurred over an area
with minimum regional slopes, due to little or non-
existent flexural subsidence in the Dorado Riquelme
Block (Mella, 2001). The resulting strata show an
internal seismic pattern consisting of concordant

reflectors without evident high-angle features (Figs.
2, 3).

During this time extensive transgressions from
the Atlantic (Brush Lake Formation: Barwick, 1955)
evolved contemporaneously with fluvial systems (El
Salto Formation: Gonzalez, 1952; Filaret Formation:
Gonzélez, 1965), with a predominant continental
sedimentation at the top of the sequence. This fluvial
succession passes laterally into volcanic deposits
(Palomares Formation: Keidel and Hemmer, 1931;
Gonzalez, 1965). In addition, towards the southeast,
in the Atlantic margin of Tierra del Fuego, it is possible
to recognize progradation of strata associated with
the last stage of the thrust system in the Fueginian
Andes (Puesto San José and Malenguena formations:
Torres Carbonell et al., 2009).

METHODOLOGY AND DATABASE

The seismic stratigraphic analysis of the
succession comprising the Foreland III phase was
carried out using a three dimensional (3D) seismic
volume of 1800 km? acquired by the joint venture
ENAP-Methanex. The 3D transect selected for this
study has a WSW-ENE orientation, perpendicular
to the observed high-angle reflectors (Fig. 4). This
seismic section is 91.6 km long and it was calibrated
with information obtained from ten wireline logs,
adjusted in time and depth by Checkshots (transit
time records), between the Manzano area in the west
and the Kimiri Aike in the east (Fig. 4).

The quality of the seismic information enables
the observation of the acoustic contrast in the rock
bodies because it has a good lateral continuity and
low noise to signal ratio. In general, it is possible to
observe cogent correspondence between the seismic
events and the recorded information from wells.
Additionally, the structural deformation did not
resultin major difficulties for data interpretation. Due
to its location east of the orogenic front, compressive
events have barely affected the area of study.

Within the presented seismic section, three
main regions can be differentiated from west to
east: Manzano-Cruceros, Punta del Cerro-Tropilla
and Matungo-Vellén (Fig. 4). For the description
and understanding of the Foreland III succession
this study integrated 3D seismic information
with geophysical well-log responses (density and
resistivity curves) of Manzano 1, Manzano GMC 2,
Cruceros 1, Punta del Cerro 5, Punta del Cerro 2,
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Punta del Cerro 4, Tropilla 1, Tropilla 3, Matungo D
and Vell6n 1 wells (Fig. 4). Additionally, it included
chronostratigraphic data (Punta del Cerro 1 well)
and biostratigraphy (Palenque 1 well).

Key surfaces were identified by means of stratal
terminations, distinguishing onlap, downlap, top-
lap surfaces and erosional truncations (Mitchum,
1977). The methodology consisted in defining and
identifying reflectors, which are assumed to re-
present contacts between strata and timelines.
Once these reflectors were identified using a high-
quality seismic vertical resolution, a random zero
level was established with base of sequence 1,
time 1, where 159 different reflections with their
respective terminations were defined. Some of
these reflections were interpreted as Type I or Type
II sequence boundaries (Posamentier and Vail,
1988). Subsequently, it was possible to identify
different seismic patterns that helped to subdivide

the Foreland III succession into several depositional
sequences of different magnitude and scale. Six
seismic units were identified, labeled from the oldest
to the youngest as SU-1 to SU-6 (Fig. 5).

SEISMIC SEQUENCE-STRATIGRAPHIC ANALYSIS
OF THE FORELAND 111 SUCCESSION

Description of Seismic Units (SU)

The overall regression associated with the Fore-
land IIT succession is characterized by packages of
clinoforms prograding basinward, with shelf-margin
gradient between 2° to 5° towards the ENE (Fig.
5). Six seismic units were identified in this study,
which are differentiated by their seismic facies
and clinoform profile. Clinoforms characterized by
forestepping, downstepping and backstepping were
recorded. These seismic units are described below
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from oldest to youngest.

Seismic Unit SU-1. The thickest succession of
this unit was deposited in the western side of the
study area, reaching 650 m in thickness (Manzano-
Cruceros area). In the eastern side the minimum
thickness recorded was 35 m (Matungo-Vellén area)
(Fig. 5). Based on the seismic pattern of clinoforms,
this wunit is characterized by a forestepping
stacking, with internal configurations ranging from
sigmoid to oblique, clearly reflecting the original
depositional slope which was characterized by
a marked progradational trend (Figs. 5, 6a). The
slope gradient varies between 2 and 5° (Fig. 5). In
the Manzano-Cruceros area the parallel, low-angle
reflectors suggests shelfal conditions. Wells show
coarsening-upward packages from mudstone and

muddy sandstone at the base, grading vertically to
medium and coarse-grained calcareous sandstones.
Collectively, this shelfal succession represents the
bottom section of the Loreto Formation. In addition,
in the transition from Cruceros to Punta del Cerro
regions, it is possible to recognize successions of
deep-marine sediments associated with slope and
basin-floor fan depositional environments (Fig.
7). The minimum age assigned to the top of this
unit, based on biostratigraphic studies of marine
microfossils (Gema, 2007), is late Eocene to early
Oligocene.

Seismic Unit SU-2. This sequence shows the greatest
thicknesses in the central area of DRB, reaching up
to 540 m thick in Punta del Cerro. It thins westwards
(35 m in the Manzano-Cruceros area) and eastwards
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(140 m in Tropilla area) (Fig. 5). It is composed of a
series of prograding sequences, with their deposits
confined between the slopes and very little vertical
and lateral development towards internal positions
of the basins. Toplap terminations can be recognized
on every sequence, typical of progradation, while
over the lower slope and basin-floor a series of sandy
units associated with a deep-marine deposition
can be observed (Fig. 5). This seismic unit is
characterized by a trend of clinoforms with oblique
patterns dipping eastward (Fig. 6b,c). The slope
gradient reaches its maximum (5°) between Punta
del Cerro 5 and 2 wells (Fig. 5). In the Punta del
Cerro-Tropilla area, this SU-2 lithostratigraphically

represents the middle part of Bahia Inttil Formation
attached to the slopes. This unit displays a
coarsening-upward section, comprising fossiliferous
mudstones, siltstones and glauconitic sandstones,
with interbedded calcareous levels (Fig. 7). The
interpreted depositional environment is mainly
deep-marine, associated with slope and basin-floor
fans complexes. The maximum depositional age
for this unit, based on a biostratigraphic study of a
nannofossil assemblage (Gema, 2007) is late Eocene
to early Oligocene. In addition, Hervé (2005), using
the U/Pb method, dated detrital zircons from Punta
del Cerro 1 well, at 1418 mbsl (meters below sea
level), yielding an age of 28.5-29.2 My. This is

LATIN AMERICAN JOURNAL OF SEDIMENTOLOGY AND BASIN ANALYSIS | VOL. 21 (1) 2014, 49-64 57



Rocio E. GALLARDO

Punta del Punta del Punta del Tropilla1 Tropillad Tropilla 3 Palenque 1
Cerro 5 Cerro 9 Cerro 4
4425 m 8A4TTm 10483 m 1.746m 1.400 m 2.765m
RHOB ResD RHOB ResD  RHOB ResD RHOB ResD

RHOB ResD RHOB ResD
B =

B

L =

Stacking Pattern
Forastepping — — - Seismic Unit Boundary
Downstepping
Bl cocicsiopping Sequence Boundary Type 1
Lithology
s RHOB Density
Limestone o
[ sandstone ResD Resistivity (AT90)
Siltstone
Mudstone COFE
@ Claystone .

Figure 7. Correlation panel from wells between Punta del Cerro and Palenque area. The correlation, guided by mapped seismic

surfaces (allostratigraphic correlation), includes high-order sequences recognized within seismic units SU-2 to SU-6 (see text for

discussion). Note the deep-water sandstone reservoirs associated with SU-2 (Tropilla reservoir and others). For well location see

figures 3b and 5.

the minimum depositional age at the top of this
sequence.

Seismic Unit SU-3. This sequence reaches a
thickness of 310 m in the Manzano area and 240
m in Cruceros, thickening eastward up to 550 m in
the Punta del Cerro-Tropilla area (Fig. 5). It is the
thickest seismic unit in the whole transect. The
typical seismic pattern of SU-3 is forestepping,
characterized by an eastward shift on the shelf edge.
Clinoform configuration shows a sigmoid to oblique
pattern with discontinuous reflectors towards the
basin (Fig. 6d). The thickest sections are located
in areas close to basin-floor settings, and the slope
gradient varies between 3° and 5° (Fig. 5).

In the western sector (Manzano-Cruceros area)
this unit is composed of fine- to coarse-grained
sandstones and mudstones, which lithostratigraphi-

cally correspond to the upper part of the Loreto
Formation. Shallow-marine conditions (shelfal
setting) are inferred in this area where reflectors are
mostly parallel (Fig. 5). On the other hand, in the
Punta de Cerro-Tropilla area, fine-grained deposits
prevailed, with minor proportion of limestones and
glauconitc sandstones. These strata are known as
Bahia Inttil and Areniscas Arcillosas formations
and are inferred to reflect deposition in deep-marine
settings.

Hervé (2005) dated detrital zircons by means of the
U/Pb method taken from Punta del Cerro 1 at 1.254,
862 and 807 mbsl. They were 27.6-31.3, 28.2-30.9
and 27.5-28.7 My. respectively, limiting thus SU-3
between 28.5-29.2 and 27.5-28.7 My (late Oligocene).

Seismic Unit SU-4. This sequence has little
expression in the Dorado Riquelme Block, being
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approximately 35 m thick in the Matungo 1 well and
200 m thick in the Vell6n 1 well (Fig. 5). Despite its
limited vertical and lateral extension in the study
area, the seismic pattern in the Matungo-Vell6n area
clearly suggests a downstepping configuration (Fig.
5). The measured slope gradient is about 5° and the
entire succession correlates eastward with the upper
part of Brush Lake Formation.

Seismic Unit SU-5. It is well represented across
the study area, having a slight eastward thickening,
from 35 m in the Manzano-Cruceros area to 80 m
in the Matungo-Vellén area. The characteristic
seismic pattern in this unit is backstepping, and
the internal pattern is dominated by sub-horizontal
and subparallel continuous reflectors (Fig. 5). Fine-
to medium-grained sandstones with fossil remains,
sandy siltstones, and mudstones are recorded in the
Punta del Cerro-Tropilla area, whereas towards the
east (basinward), basal mudstones grade vertically
into muddy sandstones (Fig. 7). All these deposits are
interpreted to represent shallow-marine conditions.
The top of this sequence corresponds to the A1l
electric marker according to ENAP nomenclature
(1983), probably late Oligocene in age (Fig. 5).

Seismic Unit SU-6. This unit is solely distributed
over the central and eastern sectors of the study
area and shows an eastward thickening from 70 m
in Punta del Cerro to 140 m in the eastern margin
(Fig. 5). SU-6 shows a characteristic forestepping
stacking. Clinoforms configurations in this unit
are subhorizontal and subparallel pattern with
continuous reflectors. The vertical succession in
the Punta del Cerro-Tropilla area comprises mostly
mudstones and glauconitic sandstones, interbedded
with minor conglomerates and carbonaceous mud-
stones (Fig. 7). This succession, which represents
the western portion of the Brush Lake Formation, is
considered to represent sediments deposited in shelf
settings. The top of this sequence corresponds to the
Brush Lake electric marker (ENAP nomenclature,
1983), inferred to be Aquitanian on age (early
Miocene) (Fig. 5).

Interpretation of Seismic Units

Based on clinoform configuration three different
stacking patterns were identified in the studied
seismic interval: forestepping, downstepping and

backstepping. These clinoforms are associated with
widespread and thick successions at the base of the
interval (Fig. 5), with configurations ranging from
oblique to sigmoid (SU-1 to SU-4). On the other
hand, successions become thinner at the top, with
subparallel reflectors covering the entire study area
(SU-5 and SU-6).

Forestepping (SU-1, SU-3 and SU-6). This stacking
pattern is interpreted to develop during normal
regression. In these seismic units accommodation
creation in proximal positions of the basin did not
overcome sedimentation rate, resulting in stratal
aggradation on the shelf as well as progradation
basinward. In SU-1 and SU-3 the clinoform trajectory
has a relatively low angle, with strong progradation
basinward and relatively less aggradation on the
shelf, with a total use of the accommodation space.
These conditions produced thick successions near
the upper slope setting, but dominated by fine-
grained sediments (Figs. 5, 7). In other words,
coarse-grained sands deposited in deep-water
settings were not common. In turn, SU-6 shows a
greater aggradational rate in the shelf and a smaller
progradation rate towards the basin (Fig. 5).

Downstepping (SU-2 and SU-4). The characteristic
configuration for these seismic units is a down-
stepping pattern, prograding towards the basin with
a negative trajectory (progradation > aggradation)
(Fig. 5). In this situation the shoreline is forced to
move basinward regardless of sediments supply,
with high rates of progradation towards the basin and
high rates of subaerial erosion in the areas that are
exposed after the relative sea-level fall (Catuneanu
etal, 2011).

In the SU-2, the regressive clinoforms succeed
each other towards the basin, with a continuous
decrease in accommodation space. As a result of
this, deep-marine depositional systems received a
significant volume of coarse sediments that cannot
be stored in fluvial and/or shallow-marine settings.
Eventually, this causes marine onlap over the slope
and downlap on the basin-floor, both of them
as result of the relative sea-level fall. Although
seismic data is limited for SU-4, it is also possible to
recognize a drastic reduction in accommodation and
development of a major subaerial, erosional surface
across most of the study area (contact between top of
SU-3 and base of SU-5 in Fig. 5). Deposition took place
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Figure 8. a) Uninterpreted seismic line and wells shown in Figure 4. b) High-order sequences seismically defined in the Foreland

III succession. There are twenty five sequences commonly limited by Type I sequence boundary (continuous red line), except

sequences 5 and 8, whose base corresponds to a Type II sequence boundary (discontinuous red line). Large yellow triangle

indicates approximated dip. S: sequence.

in the easternmost part of the study area associated
with strong progradation basinward, which most
likely continued eastward of the investigated region.

Backstepping (SU-5). The characteristic seismic
pattern in this seismic unit is backstepping, due
to a regional transgressive event (Fig. 5). Relative
sea-level rise produced a significant increment
on accommodation, which in turn exceeded the
contemporaneous sediment delivered to the basin.
This resulted in facies retrogradation, as well as
expansion of marine conditions across the entire
investigated region.

IMPLICATIONS FOR DEEP-MARINE RESERVOIRS

Although prograding clinoforms are the
distinct seismic configurations of the Foreland
I succession, deep-marine sandstone bodies,

potentially representing good reservoirs, were
not common across the investigated succession.
However, the downstepping pattern (negative
trajectory) represented by SU-2 is associated with
well-developed sand-prone bodies on the basin
floor (S11 and S14) (Figs. 7-9). These units are
seismically characterized by continuous reflectors
with high amplitude, which are subparallel to
slightly sinusoidal (Figs. 8, 9). Some of these sand-
prone units were tested and they were identified
as good gas reservoirs. These sandstone reservoirs
are located within specific systems tracts of higher-
order sequences (Fig. 8). Although the complete
description of these higher-frequency sequences is
beyond the scope of this study, sequences S11 and
S14 (from up to 25 recognized in the Foreland III
succession), are described and illustrated in detail,
due to their importance as containing the deep-
marine reservoirs (Figs. 7-9).
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Figure 9. Depositional pattern from sequences S11 and S14. a) Sequence S11; b) Sequence S14. Continuous red line: Type I

sequence boundary; in blue, density curve (RHOB); in black, deep resistive curve (AT90); LST: lowstand systems tract; TST:

transgressive systems tract; HST: highstand systems tract.

Sequence S11 develops over a Type I sequence
boundary and reaches up to 160 m in thickness. It is
characterized by onlap over the upper slope, and its
early stage of lowstand systems tract resulted in the
development of basin floor-fan deposits, from which
Palenque (3.5 km) is the oldest one (Figs. 8, 9a). A
slope complex and a lowstand prograding wedge lie
over these basin-floor fan deposits.

As in the previous case, Sequence S14 overlies a
Type I sequence boundary. This sequence reaches up
to 110 m thick in the Punta del Cerro-Tropilla area and
has a similar configuration with lowstand systems
tract having a well-developed basin-floor fan, slope
complex and a prograding wedge. This sand-prone
reservoir is known as Tropilla 14 and is 19 km long
from the lower slope to the basin-floor setting (Figs.
8, 9b). It is characterized by bidirectional downlap
onto the sequence boundary and the overlying slope
complex produces downlap onto it. In terms of facies,
Tropilla 14 is characterized by fine conglomerates,
coarse- to fine-grained sandstones, mudstones, and

carbonate-rich levels (Fig. 7).

In summary, the most important deep-marine
deposits in terms of reservoir characterization
(thickness, distribution, facies), were identified in
the interpreted lowstand systems tracts of several
high-frequency sequences developed within SU-2.
Therefore, reservoir formation is related to episodes
of relative sea-level fall, within a long-term forced
regression, which in turn is linked to periods of
strong reduction of accommodation and basinward
migration of the shelf break.

CONCLUSIONS

1) High-resolution seismic data together with
boreholes and chronostratigraphy allows for
the identification of several seismic units with
different clinoform configuration and corresponding
sediments in the late Eocene-early Miocene Foreland
I phase for the Dorado-Riquelme Block (Magallanes-
Austral Basin, Chile).
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2) Six seismic units (SU-1 to SU-6), characterized
by three different seismic patterns were recognized
in the Foreland III succession. (a) Forestepping
(SU-1, SU-3, SU-6) was produced during normal
regression and ascending clinoform trajectory, with
stratal progradation basinward and relatively less
aggradation on the shelf. (b) Downstepping (SU-2,
SU-4) occurred due to relative sea-level fall during
forced regression and resulted in laterally accreted
sequences, with progradation towardsthebasinunder
a negative clinoform trajectory. (c) Backstepping
(SU-5) resulted from a strong retrogradation of the
marine system, associated with a relative sea-level
rise that greatly overcome sediment supply.

3) The migration pattern of the shelf-break follows
a WSW-ENE orientation, which reflects the original
depositional slopes, marked by a progradational
trend at the beginning of the deposition and a relative
shallowing at the end of the Foreland III phase.

4) The most significant sand-prone reservoirs in terms
of thickness, distribution and facies were developed
in basin-floor settings. They are associated with
lowstand systems tracts of high-order sequences,
within the longer term downstepping seismic
pattern (forced regression) that characterizes seismic
unit SU-2.
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