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a b s t r a c t

Based on our detailed structural characterization, we examine possible relationships between thrust
faults and strike-slip faults and thrust-cored folds and depositional units in the Silla Syncline, a 4 km
wide fold composed of fine-grained mudstone, coarse sandstone and conglomerate deposits of the Cerro
Toro Formation in the Magallanes foreland basin, Chilean Patagonia. The syncline is bounded on its
western flank by an asymmetric anticline and on its eastern flank by a broad zone of thrust faults and
associated folds, which are oriented sub-parallel to the syncline axis. Deposition of the coarse-grained
units of the Silla Syncline appears to have taken place in this structurally defined trough controlled
primarily by thrust fault related growth structures flanking the syncline.
The syncline and surrounding area have also been deformed by two sets of strike-slip faults, one right-
lateral and one left-lateral. The strike-slip and thrust faulting operated contemporaneously for much of
their active periods, although it appears that thrust faulting, confined within the fine-grained units,
initiated slightly earlier than strike-slip faulting. In addition, younger igneous intrusions at high angle to
bedding generally localize along the strike-slip faults. The cross-cutting relationships among the in-
trusions, strike-slip faults, and flexural slip faults show that all these structures were active during the
same period, which extends beyond mid-Miocene.
These conclusions support the premise that structures in deep-water sediments are important for un-
derstanding not only the deformation of a foreland basin, but also its depositional architecture.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Outcrop exposures of deep-water clastic sediments are useful
analogs for modern day reservoirs and aquifers, and understanding
how these sediments deform can provide information on reservoir
heterogeneities. The Magallanes Basin, a foreland basin located in
southern Chile (Fig. 1A), exposes deep-water clastic strata of the
Andean foreland (Katz, 1963), and provides an opportunity to ex-
amine the deformation mechanisms of a foreland basin at the
outcrop scale. Previously, structural aspects of the basin have been
studied at a regional scale (Katz, 1962; Dalziel, 1981; Winslow,
1981; Wilson, 1991; Altenberger et al., 2003; Kraemer, 2003; see for
example, Fig. 2) but detailed structural characteristics have not
been documented. Additionally, the detailed behavior and patterns
of different fault types, including their formations, histories, and
zales).
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interrelationships in a foreland basin setting in general are not well
known. In this study we focus on the Silla Syncline and its sur-
roundings. The syncline itself, a 4 km wide, open fold (Fig. 3), is
primarily in coarse-grained strata of the Cerro Toro Formation and
is flanked by fine-grained sandstones and mudstones. The syncline
and surrounding area have undergone several types of de-
formation, including fracturing, folding, thrust and reverse faulting,
and strike-slip faulting. Other prominent features are numerous
igneous intrusions. Based on our detailed structural observations,
we address possible relationships between thrust faults and strike-
slip faults, thrust-cored folds and depositional units, and strike-slip
faults, flexural slip faults and intrusions. We propose a conceptual
model for the deformation history of the study area, including the
orientation and localization of coarse-grained, deep-water channel
deposits. This model offers a basis for understanding deposition
and ensuing deformation of deep-water clastic strata in a foreland
basin.

2. Geologic setting

The study area is centered about 51�S and 73�W, in the western
Magallanes Basin, and to the east of the N–S oriented Andean
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Fig. 1. (A) Location of Magallanes basin, modified from Biddle et al., 1986. (B) and (C)
Basin evolution diagrams, modified from Wilson (1991) and Fildani and Hessler (2005).
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orogenic belt in Chilean Patagonia, South America. It is approxi-
mately 110 km north of the town of Puerto Natales, and approxi-
mately 400 km north of the city of Punta Arenas. Geographically,
the study area is located within the Parque Nacional Torres Del
Paine, adjacent to Lago Nordenskjold in the north, Lago Pehoe and
Lago Grey in the west, Lago Sarmiento in the east, and Lago del Toro
in the south (Fig. 2). The national park owes its uniqueness to
distinctive igneous intrusions, glaciers, and colorful lakes.

The Magallanes Basin has been identified as a retro-arc foreland
basin (Wilson, 1983, 1991), related to the Andean Orogeny (Fig. 1B
and C). Prior to the orogeny, in the Late Jurassic to the Early Cre-
taceous, the area had undergone extension related to the breakup
of Gondwana (Bruhn et al., 1978; Gust et al., 1985; Fildani and
Hessler, 2005). This extension resulted in the development of
a back arc basin, which has been named the Rocas Verdes back arc
basin, and ophiolitic rocks present south and west of the park are
thought to be remnants of this basin (Dalziel et al., 1974; Dalziel,
1981). The change from extensional to compressive environments
is believed to be the result of the eastward progression of Andean
orogenic activity.

The Magallanes foreland basin was filled in the Late Cretaceous
to early Tertiary, with approximately 7 km of sediments (Wilson,
1983, 1991; Biddle et al., 1986). The strata in the Silla Syncline are
part of the Cerro Toro Formation (Crane, 2004), which is present
throughout much of the Magallanes Basin (Fig. 2). Fig. 4 is a strati-
graphic column showing the details of the sedimentary deposits for
the Upper Cretaceous. Except in certain locations, the Cerro Toro
Formation conformably overlies the Punta Barrosa Formation, and
grades upward to the overlying Tres Pasos Formation (Katz, 1963;
Fig. 2). The thickness of the Cerro Toro Formation is estimated at
2000–2500 m (Katz, 1963; Wilson, 1991). The age of the formation
based on fossil evidence is middle to upper Senonian (Katz, 1963),
but might be younger based on recent zircon analysis of the
underlying Punta Barrosa Formation (Fildani et al., 2003). The
lithology of the Cerro Toro Formation is dominantly mudstone and
thin-bedded fine sandstone turbidites (Fig. 5A) containing several
thick (at times greater than 200 m) sequences of conglomerate and
coarse sandstone deposits (Fig. 5B) (Crane, 2004). In addition to
turbidites, there is evidence for debris and slurry flows within the
formation (Crane, 2004).

Sediment composition and depositional style indicate that the
Cerro Toro Formation was deposited in deep water, with a paleo-
bathymetry of approximately 2000 m (Katz, 1963; Fildani and
Hessler, 2005). Crane (2004) interpreted the coarse-grained units
to represent filled channel systems located in incised submarine
valleys (Fig. 6).

Throughout its evolution, the general morphology of the basin is
that of an approximately north–south oriented axial basin (Wilson,
1991). Paleocurrent data in the Cerro Toro as well as Punta Barrosa
formations show transport directions to the south and southeast
(Wilson, 1991; Crane, 2004; Fildani and Hessler, 2005). The Silla
Syncline, located on the western slope of the basin, is interpreted as
a feeder channel to the basin floor (Crane, 2004; Hubbard, 2006;
Fig. 6). Crane (2004) also identified several members of distinct
channel deposits within the syncline, indicating that depositional
channels were migrating during sedimentation, although the
overall transport direction, based on the paleocurrent data,
remained more or less the same for all the channels.

During the mid-Tertiary, parts of the Magallanes Basin were
subjected to extensive intrusive activity, which resulted in igneous
dikes and sills as well as the distinctive appearance of the moun-
tains of the Parque Nacional Torres del Paine. The intrusions are
predominately mid-Miocene in age. The intrusive rocks are divided
into 5 separate complexes characterized by mildly alkaline to calc-
alkaline magmatism, which indicates mantle origins for the magma
(Altenberger et al., 2003). The major driving force for this intrusive
activity was likely the subduction of the Antarctic plate underneath
the South American plate to the west of the study area (Fig. 1C).

3. Objectives

The objectives of this project are twofold: First, to use detailed
structural observations to characterize the deformation of the
deep-water deposits of the Silla Syncline and its surroundings. This
focus is important given that these types of deposits are reservoir
rocks for a great portion of the petroleum resources in the United
States and Mexico. The second objective is to examine the re-
lationships between the structural features and the location and
orientation of coarse-grained deposits. Finally, we present a con-
ceptual model of the deformational history, and show that the
resulting structures were influential in a variety of processes



Fig. 2. Geologic map of the Silla syncline and surrounding area, modified from Wilson (1991). Cross section locations are shown and the dashed box is the location for the structural
map in Fig. 7A.
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including the deposition of coarse-grained sandstones and
conglomerates.

4. Structural characterization

Using aerial photographs as base maps, we mapped the major
structural features of the Silla Syncline and surrounding area in the
field during three field sessions from 2004 to 2006. The product is
a structural map (Fig. 7A) showing major folds, thrust faults, and
two sets of strike-slip faults, which are each described in the fol-
lowing sections. We used ground photography-based mapping to
establish the internal texture and geometry of the faults and their
predecessor fracture systems. Also detailed are the character of the
igneous dike intrusions and their spatial and temporal relation-
ships to the faults and folds. The locations of these detailed
observations are marked in Fig. 7B.
Fig. 3. View to the south along the Silla syncline. The width of the syncline is ap-
proximately 4 km.
4.1. Structural elements

4.1.1. Folds and thrust faults
There are a series of folds with north–south axial trends, origi-

nally mapped by Wilson (1983, 1991). Fold amplitude and wave-
lengths are interdependent with lithology. Large wavelength folds
(up to 8 km) involve in the coarse-grained units with thick beds,
and smaller wavelength folds occur in the fine-grained units with
thin beds. The Silla Syncline is the largest of the mapped folds, with
a width of up to 4 km. The syncline plunges to the north and ex-
tends to the base of the Torres del Paine intrusion. Crane (2004)
identified three coarse-grained channel deposit members of the
Cerro Toro Formation within the syncline (Fig. 4B). East and west of
the syncline, the lithology is dominantly mudstone with isolated
fine-grained sandstone layers, interpreted by Crane (2004) as tur-
bidites. These deposits display folds with smaller wavelengths than
that of the Silla Syncline (Figs. 2 and 7A). In some cases, these folds
are associated with a zone of thrust faults at their cores or limbs.

One of these folds, which is significant for the structural
framework of the Silla Syncline and the depositional framework of
the coarse-grained units therein, marks the western boundary of
the syncline following the eastern edge of Lago Pehoe (Fig. 7A). We
have informally named this fold the Lago Pehoe Anticline (LPA),
a relatively smaller fold with respect to the Silla Syncline, within
fine sandstones and mudstones. The anticline is asymmetric, with
the eastern limb dipping steeper than the western limb.

The eastern boundary of the Silla Syncline is marked by a zone of
thrust faults and associated folds. This boundary structure is here
informally named the Lago Sarmiento Chico Fault Zone (LSCFZ)
(Fig. 7A). The LSCFZ is a complex zone of deformation, but its first
order structure is a broad antiform, with bedding transitioning
from west dipping on the syncline side to steeply east dipping and



Fig. 5. (A) Typical fine-grained sediments in the study area, and (B) typical coarse
sandstone and conglomerate deposits.

Fig. 4. (A) Stratigraphic column showing Upper Cretaceous sediments of the Mag-
allanes basin, with a detail (B) of the Silla Syncline stratigraphy. From Crane (2004).
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locally overturned on the eastern side of the zone (Fig. 8). At the
core of the antiform, there are numerous thrust faults (Figs. 8, 9,
and 10) and truncated rootless folds (Fig. 10A), sub-parallel to the
axis of the Silla Syncline with an average orientation of 168� (angles
are measured clockwise from north, also for simplicity any fault
displaying reverse or thrust motion is referred to as a thrust fault).
The LSCFZ also marks the change in lithology from coarse-grained
within the syncline to the west to fine-grained immediately to the
east. Due to this sharp lithological change from coarser to finer li-
thologies across the zone, it was not possible to accurately measure
the total offset accommodated by the fault zone, but it is likely to be
on the order of several tens of meters.

Individual thrust faults occur at different scales, with visible
offsets ranging from approximately tens of centimeters to about
30 m (Figs. 8, 9, and 10), and accommodate E–W shortening, and
east-directed transport. Most of the thrust faults are confined
within fine-grained units and do not occur in the coarse-grained
units within the Silla Syncline. Typically, the fault zones contain
calcite (Fig. 9B) or other unidentified minerals, and breccia, possibly
due to high fluid pressure. Thrust faults are either associated with
folds displaying complicated fault geometries (Fig. 10A), or are at
low-angle to unfolded bedding (Fig. 10B). These low-angle faults
form wedges of rock between bedding and the faults. The wedge-
forming faults generally accommodate several meters of offset and
are present in somewhat stiffer fine-grained sequences, whereas
fold and fault coupling occurs in alternating mudstone and fine-
grained sandstone sequences. Discontinuous and rotated beds of
coarser grain sizes are typically found within thrust fault zones in
these alternating lithologic sequences. In addition to thrust faults,
bed parallel slip occurs along layer boundaries and within finer-
grained sediments. Slickenside orientations and offset layers show
that slip occurred in a top to the west sense in the western limb of
the Silla Syncline and top to the east sense in the eastern limb,
consistent with flexural slip folding (see inset in Figs. 9B,10B and 15).
4.1.2. Strike-slip faults
Strike-slip faults form in an apparent conjugate pattern, with

a NE–SW striking right-lateral set and an E–W striking left-lateral
set (Fig. 7A). These faults have geomorphic expressions in the form
of deeply incised valleys (Fig. 11). However, because the valleys are
heavily vegetated, there are few exposures of the fault core or fault
damage zone. Katz (1962) identified some of these valleys and their
associated right-lateral faults, but he was not aware of the left-
lateral faults or the significance of the relationship between the two
different fault sets and their role in the evolution of the fault net-
work pattern. Many strike-slip fault valleys are intruded by igneous
dikes (Fig. 11), and some have small elongated lakes (Fig. 7A).

Both sets of strike-slip faults are found in the coarse-grained
units, and to a lesser degree in sandy intervals in the fine-grained
units. The average orientation of the fault sets are 058� (NE–SW)
and 087� (E–W), for the right-lateral and left-lateral sets, re-
spectively. Some variation in the orientation of the left-lateral set



Fig. 6. Schematic diagram of the depositional setting the Late Cretaceous showing the
Silla syncline as a feeder channel to the larger Magallanes Basin. After Hubbard (2006).
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from generally E–W, to NW–SE occurs in the western part of the
study area. There are several differences between the two fault sets,
including length, offset, and frequency. In general fault length and
displacement are larger for the right-lateral set, with an average
segment length of approximately 450 m and a maximum slip of
approximately 40 m. For the left-lateral set, the average segment
length is approximately 330 m and the maximum slip is approxi-
mately 8 m. Fig. 12 presents histograms of the measured fault
length and offset for the right- and left-lateral faults. The frequency
of right-lateral faults is greater than that of the left-lateral faults,
with a ratio of approximately 3:1 (Fig. 7A).

The width of the strike-slip fault valleys is likely an expression of
the damage zone, or zone of increased fracturing around the fault,
which generally increases with slip along the fault (Scholz, 2002;
Flodin and Aydin, 2004; Myers and Aydin, 2004; de Joussineau and
Aydin, 2007). To illustrate the presence and characteristic of the
damage zone, we measured fracture distribution at the shoulders of
a fault valley with approximately 5 m right-lateral offset. Fig. 13
shows the relations between fracture frequency and orientation
within a conglomerate unit on both sides of the fault valley. The
distribution of the NW SE and E W oriented fractures does not
appear to be significantly influenced by the fault location, but the
NE SW oriented fracture frequency increases when approaching
the fault, showing the change from the background fracture fre-
quency to that of the increased fracturing near the fault. This ori-
entation corresponds to the splay orientation associated with the
right-lateral shearing of the fault. The increase in the number of
fractures enhances weathering and erosion. As a result, prominent
valleys in the study area are most often the locations of somewhat
larger (greater than 10 m offset) right-lateral strike-slip faults al-
though most strike-slip faults will have similar morphological
expressions.

4.1.3. Fractures
Most outcrops contain three or more fracture sets (Fig. 14). The

most prominent is oriented roughly E–W, or perpendicular to the
bedding strike. A less common set is a strike-parallel set in an ap-
proximate N–S orientation, which is characterized by discontinu-
ous wavy traces on bedding surfaces. A set oriented NE–SW,
oblique to the E–W set is also seen. In addition, another set oblique
to the E–W set but in a NW–SE direction occurs in some places.
These oblique sets commonly abut the prominent E–W set and
therefore are younger and indicate a complicated pattern of
shearing across the E–W set.

Fracture occurrence varies with lithology and bed thickness.
Generally, sandy intervals in the fine-grained, thinly bedded
units display higher fracture frequency than the massive coarse-
grained units (Figs. 5 and 14). This is in part due to the effect of
bed thickness on joint spacing (Pollard and Aydin, 1988). Gen-
erally, coarse sandstone layers have fewer but more continuous
fractures (Fig. 14A), whereas less coarse sandstone layers have
an increased number of fractures with narrower spacing nearly
proportional to the layer thickness (Fig. 14B). Furthermore,
fractures in sandstone layers do not propagate into any adjacent
mudstone layers. This type of fracture truncation at fine-grained
layer interfaces results in discontinuous fractures confined in
coarser-grained layers (Helgeson and Aydin, 1991), implying
that the greater the mud ratio, the more discontinuous the
fractures.

4.1.4. Intrusive structures
The Magallanes Basin experienced several episodes of intrusive

activity in the mid-Miocene (Altenberger et al., 2003). The dis-
tinctive Paine massif is the most prominent intrusion, and is located
directly to the north (Fig. 2) of the study area. Within the study area,
mafic dikes oriented parallel to strike-slip faults are most common
(Fig. 11), although a few sills oblique to the strike-slip faults and/or
at low angle to bedding also occur. In the well-developed strike-slip
fault valleys, the dikes are present along the valley walls. While the
majority of intrusions are dikes or sills, some are intrusive plugs
located at the faults’ stepovers (Aydin et al., 1990). A characteristic
feature of many dikes is a left- or right-stepping en echelon pattern,
which is likely a product of dike emplacement process (Delaney and
Pollard, 1981; Baer, 1991).

4.2. Temporal relationships based on field observations

Cross-cutting relationships indicate the following temporal
relationships between the previously discussed elements. The
E–W oriented fracture set likely began to form early in the
deformational history of the area. These fractures are consis-
tent with the orogen perpendicular compression responsible
for the folding and E–W contraction. However, new fracture
formation and development evidently continued throughout
each of the following deformation phases as either the earlier
fractures or the principal stresses were rotated from the
principal stress planes and consequently were sheared. Be-
sides the E–W oriented fractures, folds and thrust faults are
the oldest structural elements. This phase of deformation lo-
calized the accumulation of coarse-grained sandstone and
conglomerate channel deposits, which were then cut by
strike-slip faults. Strike-slip faulting initiated after thrust
faulting and folding began, but was active contemporaneous
with folding and thrust faulting. The intrusive activity began
after strike-slip fault formation, because many of the dikes are
intruded into strike-slip fault zones. Fig. 15 shows a dike in-
truded into a left-lateral fault, and in turn, offset of the dike
by a bedding plane fault related to the flexural slip mecha-
nism associated with the tightening of the Silla Syncline. This
provides constraints for the sequence of deformation at this
location: Strike-slip fault development, dike intrusion along
the fault, followed by fold growth. In other cases, dikes and



Fig. 7. (A) Structural map of the study area showing major folds, thrust faults, and strike-slip faults. LPA, Lago Pehoe Anticline; LSCFZ, Lago Sarmiento Chico Fault Zone. Coarse-
grained rock locations taken from Crane (2004). Dashed box is the location for (B), location map for figures within the study area.
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sills oriented oblique to strike-slip fault zones are offset across
the fault (Fig. 11). These cross-cutting relationships indicate
that the thrust-cored folding and strike-slip faulting continued
after the intrusions were emplaced.
Fig. 8. View to the south along the Lago Sarmiento Chico Fault Zone, with the eastern
limb of the Silla Syncline visible on the right of the photograph. The width of the fault
zone is approximately 250 m at lake level.
5. Implications and discussion

Based on the field data and temporal framework presented
above, we interpret the relationships between structural features
(fractures, strike-slip faults, and thrust faults) and between struc-
tural features and the location and attributes of coarse-grained
channel deposits.
5.1. Strike-slip fault formation from fractures

The strike-slip faults developed from the pre-existing fractures.
To clarify this mechanism, we examined the character of the dif-
ferent fractures and strike-slip fault sets from the outcrop scale
(Fig. 14) to the aerial photograph scale (Fig. 7A). The E–W fractures
have an opening mode surface morphology and an orientation
roughly parallel to the direction of regional compression. This is
consistent with the concept that these fractures initially formed in
opening mode as joints (Pollard and Aydin, 1988) during the initial
stage of folding or during the fold development (Moretti et al.,
2007; Guiton et al., 2003). Many of the cross fractures have splay
fractures, also known as tail cracks, horsetail fractures, or kink
cracks, which indicate that the cross fractures were later sheared.
Consequently, based on field observations of the strike-slip faults at



Fig. 9. (A) Thrust fault with approximately 30 m offset. View is to the south-southwest with the plane of the fault is dipping into the page. (B) Detail of the fault zone in (A), showing
typical fault zone features such as calcite veins and discontinuous bedding.
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various scales in the study area, it appears that a hierarchical,
sheared joint-based mechanism of faulting (Myers and Aydin,
2004) has taken place in the area and has produced the apparent
conjugate fault pattern (Flodin and Aydin, 2004; Florez-Nino et al.,
2005) as discussed below.

Our field observations indicate that faults developed from
shearing across E–W joints (Fig. 14) which are more pervasive
among the fracture network. Shearing across these E–W joints was
the result of either a material rotation, or a rotation of the remote
stresses as shown in Fig. 16. Because the initial E–W joints were
short and closely spaced (Fig. 16A), fault growth required linkage of
adjacent sheared joints (Fig. 16B). The configuration that promotes
the most efficient linkage is that of neighboring joints with right
sense of stepping to form right-lateral faults and left sense of
stepping to form left-lateral faults (Fig. 16C). Thus faults are often
oriented slightly oblique to the initial joint orientation. Because of
this mechanism of fracture linkage, the fault damage zones become
longer and wider as linkage among sheared fractures at greater
distance occurs.

For the larger strike-slip fault network, the mechanism for the
formation of the apparent conjugate fault system is more complex
(Fig. 16D). Here, the second generation fractures are also sheared
but in a sense opposite to the shearing across the initial fault. As
a result, the network is composed of two fault sets with comple-
mentary slip senses and with an intersection angle dictated by the
angle that a splay fracture makes with the initial sheared joint



Fig. 10. (A) Complex fold and fault coupling geometries, and (B) low angle wedge
shaped faults. The view direction for both (A) and (B) is to the south.
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(Davatzes and Aydin, 2003; Flodin and Aydin, 2004; de Joussineau
et al., 2007), as opposed to an intersection angle based on the
friction angle as predicted by the Coulomb failure criterion
(Anderson, 1951).

As discussed previously there are differences in the segment
length, slip magnitude, and frequency of the two faults sets. It ap-
pears that the right-lateral set is dominant, as it has a larger seg-
ment length, greater maximum fault slip, and is more prevalent
throughout the study area. The cause of this is likely related to the
driving force responsible for the deformation, such that the right-
lateral faults make a smaller angle to the greatest compression
(Fig. 16C and D) and are the preferential locations for larger slip.
Fig. 11. View looking southwest along a strike-slip fault valley with 13 m right-lateral
offset, with a dike intrusion along the valley, and a sill oblique to the valley.
5.2. Strike-slip and thrust fault interplay

Based on field relationships, it is likely that strike-slip faulting
and thrust faulting were active simultaneously (Fig. 15), although
thrust faulting and folding appear to have initiated first (Figs. 7A
and 17). Having both types of faults active at the same time is
consistent with the predominant E–W compression that is the
mutual driving force, as well as with mechanical models of folded
layers. Guiton et al. (2003) used mechanical models to show that
during the folding of a layer, the stress distribution is such that
there is the potential for both strike-slip and reverse faults to be
active at the same time, in orientations consistent with those
reported in this study.

The interplay of strike-slip and thrust faults also raises an issue
in terms of the Anderson theory of faulting. For thrust faults, the
minimum principal stress is vertical, whereas for strike-slip faults
the intermediate principal stress is vertical. Therefore according to
the Anderson theory of faulting these principal stresses would have
to interchange periodically for the co-development of the thrust
and strike-slip faults. This possible interchange would imply that
the minimum and intermediate principal stresses were similar in
magnitude, and that small perturbations were capable of a re-
organization of the principal stresses in certain domains. However,
our study shows that other factors, such as lithology and con-
trasting mechanical properties of the depositional sequences are
also important in portioning the thrust and strike-slip faulting
domains. The details of the interplay between the depositional and
deformational processes will be further elaborated in the following
section.

5.3. Depositional architecture

Previous studies have demonstrated a link between structural
elements and depositional processes at other locations, such as the
San Joaquin Basin in California (Reid, 1990; Link and Hall, 1990), the
South Spanish Pyrenees (Grecula et al., 2003), and South Africa
(Pickering and Corregidor, 2005). However, in the Magallanes Ba-
sin, while previous studies have shown the Silla Syncline to be
a feeder channel into the basin likely related to tectonic processes
(Wilson, 1991; Crane, 2004; Hubbard, 2006), the way in which
structural deformation influenced the depositional architecture
was not explicitly identified.

Considering the distribution of the sediments across the Silla
Syncline, it is interesting that coarse-grained sediments are con-
fined to the syncline between the bounding structures, the LPA on
the west side and the LSCFZ on the east side. Fig. 17 is a cross section
illustrating the bounding structures in relation to the coarse-
grained deposits. Because of the asymmetrical nature of the LPA
fold structure, we infer that the fold is associated with a west-
dipping thrust fault at depth. Also, the coarse-grained deposits do
not cover the entire width of the syncline, and their channels are
discontinuous with shifting locations both laterally and vertically
(Crane, 2004).

Based on the framework described above, we interpret the
confinement of the conglomerates and coarse-grained sandstones
to be caused by the two bounding structures, the LPA and LSCFZ,
and propose that these structures had initiated prior to the arrival
of the channel deposits. As these bounding structures accommo-
dated more strain, the area between them evolved into a broad flat
syncline that formed a trough in which channels were localized.
Therefore, the mechanism of syncline formation was bending at
predetermined boundaries. This resulted in a fold geometry with
a long and flat center and localized higher curvature at the shoul-
ders, close to the boundary structures.

From this perspective, the depositional history of the coarse-
grained sandstone and conglomerate within the core of the



Fig. 12. (A) Histogram for right-lateral fault segment length. (B) Histogram for left-lateral fault segment length. (C) Histogram for right-lateral fault offset measurements. (D)
Histogram for left-lateral fault offset measurements.

Fig. 13. Fracture orientation and density from a scanline across a right-lateral fault, showing an increase in NE–SW oriented fractures moving towards the fault zone.
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Fig. 14. (A) View to the east, showing typical fracture sets of the study area in a coarse
sandstone outcrop. (B) View to the west, showing typical fracture sets in a fine grained
outcrop. (C) Rose diagrams of fracture measurements in the study area, outcrop lo-
cations are shown in Fig. 7B.
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syncline should be related to the growth history and evolution
of the boundary structures. Thus, it is reasonable to interpret
the depositional architecture of the channel margins around
the perimeter of the syncline in terms of the underlying
boundary structures. These depositional structures include
abrupt changes and truncations in bed orientations, and
onlapping relationships as shown in Fig. 18, with (A) showing
the western limb and (B) the eastern limb. At the base of the
coarse-grained units, the variation in dip orientation, bedding
juxtapositions, and onlap behavior indicates ongoing de-
formation during the deposition of younger units. While some
discordant contacts at the base of coarse-grained units could be
interpreted as purely erosional or represent depositional dip on
a levee surface, the change of dip angle from older to younger
layers and the proximity of these changes to the underlying
faults and related growth folds are conspicuous. Considering
the distribution of the coarse-grained deposits and that they
abut the boundary structures, we propose that the location,
orientation, and depositional timing of the channel deposits are
intimately related to the underlying bounding structures.

If the formation of the boundary structures, the LPA and LSCFZ,
began before the first appearance of the coarse-grained units, the
spacing of these two features would be determined by factors other
than the distribution of the coarse-grained sandstones and con-
glomerates. From Figs. 2 and 19 there appears to be a regional
spacing to large-scale folds and thrust faults, as well as the locations
of coarse-grained deposits. Generally, the spacing between these
large features ranges from 4 to 10 km, which is in the same order as
the 4 km spacing between the LPA and LSCFZ. This spacing is likely
to be the result of the fold and thrust belt spacing in the underlying
units.

In addition to the focused deposition in the structurally con-
trolled trough, channel migration could be caused by a sequential
deformation in either limb of the newly forming Silla Syncline in
response to a particular thrust episode and related growth struc-
ture. In this case, subsidence associated with intermittent slip on
the bounding fault system could result in migrating channel
locations.

The change in sediment size from fine-grained to coarse-
grained has also been attributed to tectonic activity (Crane, 2004).
After fine-grained deposition, tectonic uplift of the Andes to the
west likely initiated the deposition of the coarse sandstones and
conglomerates found in the Silla Syncline (Crane, 2004; Coleman,
2000). We propose that the eastward propagation of the Andean
contractional deformation in the form of thrust cored folds, in ad-
dition to increasing contraction and uplift of the Andean highlands
to the west, created an environment for the deposition of the
coarse-grained sandstones and conglomerates to the east in the
Silla Syncline and its surrounding area.

6. Conclusions

The structural geology of the Silla Syncline and surrounding
area sheds light on a number of deformational and depositional
features including the patterns of, and interrelationships among,
strike-slip faults and thrust faults, deposition of coarse-grained
channel deposits, and pathways for igneous intrusions in
a foreland basin. Specifically, the locations of coarse-grained
channel deposits within the syncline were controlled by the first
order thrust faults and related folds that initiated prior to the
coarse sediment deposition. These folds created a fold geometry
with a broad flat center and higher curvature at the tight limbs,
which is different than that expected from buckling related
folding. It appears that the strike-slip fault network developed
by a sheared joint-based mechanism is responsible for the ap-
parent conjugate fault sets composed of the right- and left-lat-
eral faults. During the deformational history of the area, the
strike-slip faults and thrust faults and related folds were active
contemporaneously. This co-activity continued to at least the
mid-Miocene.

Based on our field data, we propose a conceptual model for
the development of the structural and depositional elements,
with a schematic structural diagram shown in Fig. 20. Regional
compression in the Late Cretaceous resulted in the formation of
a foreland fold and thrust belt in the Magallanes Basin. At the
local scale, this compression and the resulting thrust faults and
folds helped to control the location of coarse-grained sandstones
and conglomerates of the Silla Syncline. Folding and faulting
continued, further involving kilometer scale folds like the Silla
Syncline in coarse-grained units, and many smaller folds in fine-
grained units.

A possible regional stress rotation or material rotation could
mark the onset of strike-slip faulting in the area. The formation



Fig. 15. View to the south of an intrusive dike along a left-lateral strike-slip fault with 0.60 m offset. Dike has also been cut by a bed parallel fault with 2.3 m offset. Inset shows the
bed parallel fault surface on the dike.

Fig. 16. (A) Pre-existing joint configuration. (B) Left-lateral shearing along joints, producing splay fractures. (C) Faults developing by linkage of neighboring segments. (D) Right-
lateral faults forming through sheared cross joints and splay fractures. Left-lateral faults form along splay fractures associated with right-lateral faults.
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Fig. 17. Cross section across the Silla syncline, showing coarse-grained deposits and their relations to the bounding fault anticline (west) and complex thrust fault zone (east). See
Fig. 2 for cross section location.
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of these faults utilized the pre-existing cross-fracture system
primarily in the coarser and stiffer units within the Silla Syn-
cline to form in a hierarchical manner, with right-lateral faults
forming first and left-lateral faults developing from splays off of
the right-lateral set. Continued slip along the right-lateral set
resulted in the dominance of that set as observed in the study
Fig. 18. (A) Angular relationship of sediment layers underlying a conglomerate near Lago No
anticline, looking to the east. (B) Angular relationships between sedimentary layers at the bas
Lago Sarmiento Chico fault zone, looking west-northwest.
area. Thrust faults were still active at this time and were pri-
marily confined within the fine-grained units. These thrust
faults and folds along with the strike-slip faults accommodated
E–W contraction. In the Cenozoic, the deformation continued
intermittently with the igneous activity beyond the mid-Mio-
cene as many intrusions are cross cut by flexural slip faults, as
rdenskjold. Location is on the western limb of the Silla syncline, above the Lago Pehoe
e of coarse-grained units. Location is on the eastern limb of the Silla syncline, above the



Fig. 19. Schematic cross section across the Cerro Toro Formation (see Fig. 2 for cross section locations), showing the periodicity of coarse units and fold axes.
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well as the strike-slip faults. However, many of the dikes in-
truded into the strike-slip faults providing a variety of cross-
cutting relationships.

In summary, the field data and the conceptual models provided
in this paper should be helpful to visualize the types of structures,
their temporal and spatial interrelationships, and their distribu-
tions with respect to various lithological units making up the deep-
water deposits within the Magallanes foreland basin. The interplay
between (1) the distribution and depositional architecture of the
coarse-grained deposits at the channel margins and the thrust
faults and related anticlines, (2) the thrust faults and the contem-
poraneous strike-slip faults, and (3) strike-slip faults and dike in-
trusions are intriguing and require future multidisciplinary
research efforts for a more complete understanding of these
relationships.
Fig. 20. Schematic diagram of the Silla syncline showing thrust faults, folds, strike-slip
faults, igneous dikes, and the location of coarse-grained depositional channels.
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