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a b s t r a c t

Digital outcrop models help to constrain the interactions of stratigraphic and structural heterogeneity on
ancient depositional systems. This study uses a stochastic approach that incorporates stratigraphic and
structural modeling to interrogate the three-dimensional morphology of deep-water channel strata
outcropping on Sierra del Toro in the Magallanes Basin of Chile. This approach considers the relative
contributions, and associated uncertainty, of erosional downcutting versus post-depositional structural
folding and small-offset faulting on the present-day configuration of the submarine channel complexes.
Paleodepositional channel-belt gradients were modeled using a combination of three-dimensional
visualization, stochastic surface modeling, palinspastic restoration, and decompaction modeling that
are bound with errors constrained by stratigraphic and structural uncertainty. Modeling results indicate
that at least 100 m of downcutting occurs over 6 km, and the resultant thalweg gradient of 64e125 m/km
(decompacted) suggests that the Cerro Toro axial channel belt is an out-of-grade depositional system.
Furthermore, the presence of steeper segments (100e175 m/km decompacted) suggests the preservation
of one or more knickpoints that are similar in magnitude to tectonically-induced knickpoints on the
modern seafloor. The interpreted knickpoints are correlated with a decreasing channel width-depth ratio
and an increase of channel depth. These results indicate that stochastic surface modeling using digital
outcrop models can constrain stratigraphic interpretations and post-depositional structural
heterogeneity.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Virtual outcrops are computer-rendered three-dimensional
topographic representations of outcrop exposures (Enge et al.,
2007). They provide a spatially referenced template to supple-
ment data collected in field geology studies. These virtual outcrops
enhance quantitative data collection from outcrops by providing an
opportunity for more detailed, “birds-eye view” stratigraphic in-
terpretations and measurements (e.g., Fabuel-Perez et al., 2009;
Nieminski and Graham, 2017). Traditional field data (i.e.,
measured sedimentary sections, structural attitude measurements,
and photopanel interpretations) are increasingly being combined
ht).
with these digital data into three-dimensional computer models, or
digital outcrop models (DOMs; Bellian, 2005; McCaffrey et al.,
2005; Enge et al., 2007; Fabuel-Perez et al., 2009; Hodgetts,
2013). The recent proliferation of inexpensive unmanned aerial
systems and Structure-from-Motion software has allowed much
easier creation of virtual outcrops and DOMs (e.g., Nieminski and
Graham, 2017). To create a DOM, the stratigraphy is interpreted
directly from the virtual outcrop in a three-dimensional modeling
software package (Tom�as et al., 2010; Eide et al., 2014). The poly-
lines from this digital interpretation are then gridded into strati-
graphic surfaces for the DOM framework; when the surface
interpolation is simple, a ‘near-deterministic’ model of the outcrop
can be created (Fabuel-Perez et al., 2010). If structural overprints
exist, the surfaces need to be restored to obtain paleodepositional
surfaces prior to DOM construction (e.g., Fernandez et al., 2004;
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Falivene et al., 2006). Many outcrops are referred to as three-
dimensional exposures, making surface construction straightfor-
ward. However, no outcrop is truly three-dimensional and nearly
all offer incomplete exposures due to eroded or covered strata.
Furthermore, surface construction from mapped outcrop points is
only straightforward for planar stratigraphic surfaces across mul-
tiple outcrop exposures. Where outcrop exposures are limited or
the relief on stratigraphic surfaces varies substantially (e.g., irreg-
ular erosional surfaces), establishing a precise and robust geomet-
rical framework for a DOM remains a challenge.

In many cases, there may be significant uncertainty in inter-
preting and interpolating three-dimensional surfaces from outcrop
data, even with the benefit from additional digital data of a virtual
outcrop. Tectonic deformation may further complicate the preser-
vation and interpretation of stratigraphic surfaces, either by minor
folding and faulting or larger-scale post-depositional structural
deformation. The traditional approach for DOM surface modeling is
to generate surfaces that best fit data using available surface
modeling algorithms (e.g., kriging, minimum curvature, etc.).
Newer methods incorporate strike-and-dip data in the interpola-
tion of a triangulated irregular network of points (TIN; e.g.,
Fernandez et al., 2009; Fabuel-Perez et al., 2010). With most
methods, the modeled surface requires manual refinement to
ensure that the data are interpreted correctly. Although this
approach produces a surface that nominally fits the data, it is a
single iteration that may be inaccurate and does not capture the
uncertainty and full range of all plausible surface geometries.
Moreover, errors in this surface modeling step will propagate
through subsequent digital outcrop modeling processes; without
capturing the range of uncertainty a priori, the impact on the
interpretation and/or conclusions drawn from the model are un-
known. When outcrop modeling is relied upon for prediction of
stratigraphic relationships, these errors could generate misleading
interpretations and thus should be modeled in order to understand
their effects on interpretation.

This study quantifies the range of uncertainty surrounding
surface modeling of digital outcrop models (DOMs) and applies
stochastic surface modeling methods to address stratigraphic
questions in an outcropping submarine channel complex. The goal
is to decipher the uncertainty of erosional processes and the related
channel geometry at the time of active channel formation and post-
depositional structural deformation that later obscured the initial
channel margin and channel bottom geometry. Jobe et al. (2010)
studied and named the “Wildcat” channel complex, a coarse-
grained conglomeratic unit of the Upper Cretaceous Cerro Toro
axial deep-water channel-belt exposed on Sierra del Toro in the
Magallanes Basin, Southern Chile. The data, analysis and interpre-
tation from Jobe et al. (2010) were used in this study and
augmented with the addition of nearly 200 new strike and dip
measurements to bolster the structural deformation analysis. Our
modeling framework also accounts for structural deformation by
using a palinspastic restoration to constrain the post-depositional
shortening. This reconstruction is an important step in under-
standing the paleo-channel geomorphology and channel thalweg
gradient, as slight changes in structural deformation could obscure
gradient predictions and interpretation of features such as
knickpoints.

Analyses of (paleo)-channel morphology can yield important
insights into the tectonically and climatically induced erosional
processes. In terrestrial geomorphology, migrating knickpoints
have long been recognized as important indicators for changes in
base-level fall (Howard et al., 1994). These processes are crucial to
terrestrial landscape evolution as fluvial incision in response to
climatic and tectonic forcing drives hillslope erosion and therefore
controls landscape-wide denudation rates (Howard et al., 1994;
Whipple and Tucker, 1999; Crosby and Whipple, 2006). In marine
systems, knickpoints have been shown to be caused by meander
cutoffs (Sylvester and Covault, 2016), channel confluences (Jobe
et al., 2015) and tectonic perturbation (Pirmez et al., 2000; Heini€o
and Davies, 2007). However, the effects of knickpoint migration
on deep-marine stratigraphic architecture are, in general, still
poorly understood.

Three-dimensional stochastic surface modeling of this outcrop
captures a range of plausible stratigraphic surfaces that match the
partially-exposed erosional surface around the outcrop face, and
help to quantify 1) the channel surface morphology, and 2) channel
thalweg gradient in theWildcat channel. Finally, this study assesses
the uncertainty of the relative contributions of erosional processes
at the time of channel formation versus post-depositional struc-
tural deformation through coupled stochastic stratigraphic and
structural modeling.

2. Study area

2.1. Magallanes Basin

2.1.1. Basin formation and filling
The Magallanes Basin is a retroarc foreland basin that records

Upper Cretaceous through Miocene orogenesis during tectonic
development of the Patagonian Andes (Fig. 1A; Dalziel, 1981;
Wilson, 1991; Fildani and Hessler, 2005; Fosdick et al., 2011). Its
predecessor basin, the quasi-oceanic Rocas Verdes backarc basin,
was a rift basin formed during the break-up of Gondwana in the
Late Jurassic (Dalziel et al., 1974; Biddle et al., 1986; Fildani and
Hessler, 2005; Calder�on et al., 2007). During the Late Cretaceous
onset of the Andean orogeny in the Southern Andes, the basin was
inverted from a backarc extensional setting to a retroarc foreland
basin (Wilson, 1991; Fildani and Hessler, 2005). Flexural loading
and subsidence of the foredeep formed an elongate north-south
deep-water basin with bathyal water depths (Natland et al., 1974).
This retroarc foreland basin was filled by sediments transported
from the north and northwest along the narrow axis of the fore-
deep toward the south (Fig. 1A). Over a period of ca. 20 Myr,
~4000 m of sediment accumulated in the basin (Romans et al.,
2011). For a full discussion of the basin filling and evolution, see
Bernhardt et al. (2008) and Romans et al. (2011).

The Upper Cretaceous Cerro Toro Formation (>2000 m thick) is
predominantly shale interbedded locally by meter-scale sandstone
units and nearly 400 m of sandstone and conglomerate (Fig. 1C).
These coarse-grained units are interpreted as a basin-axial deep-
water channel-belt (Hubbard et al., 2008; Jobe et al., 2010).
Extensive paleocurrent measurements in the Cerro Toro Formation
suggest at least one tributary channel feeding a main trunk of the
basin-axial channel-belt (Fig. 1B; Hubbard et al., 2008 and refer-
ences therein). Bernhardt et al. (2012) further demonstrate that
development of the basin-axial channel fill is contemporaneous
with a tributary channel that lies 20 km west of this main channel
belt (Fig. 1B).

2.1.2. Post-depositional deformation and exhumation
The Sierra del Toro mountain range resides in the eastern thrust

domain of the basin, characterized by thin-skinned folding within
the Upper Cretaceous foreland basin fill and superimposed
basement-seated uplift (Fosdick et al., 2013). During Cenozoic time,
the thrust front propagated eastward into the foreland basin,
deforming and incorporating the Upper Cretaceous foredeep strata
into the fold-thrust belt (Fig. 1B). Fosdick et al. (2011) document at
least 30 km of Cenomanian-Miocene shortening across the fold-
thrust belt as a result of both thin-skinned shortening within ba-
sin fill and deep-seated reverse faults revealed by seismic-
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reflection imaging. The location of reverse faulting within the pre-
Jurassic basement appears to be strongly controlled by reactivation
and inversion of inherited rift structures in the Rocas Verdes
basement which may have also localized foreland sedimentation
patterns (Fosdick et al., 2011; Bernhardt et al., 2012).

At the large-scale, subsurface seismic-reflection data indicate
the presence of a Mesozoic rift graben in the Upper Jurassic strata
that underlie the Cretaceous foredeep basin fill 20 km south of
Sierra del Toro, a feature that likely extends northward and ter-
minates underneath Sierra del Toro (Fig. 1B; Fosdick et al., 2011).
This pre-foreland structure may have a long-lived structural control
on subsidence and in localizing the axial channel belt of the Cerro
Toro Formation. Bathymetric relief related to the northern termi-
nation of this graben may have affected the Cerro Toro channel
slope and architecture. Late Miocene-Quaternary glacio-fluvial
erosion further sculpted and exposed the deformed foreland basin
strata in the Patagonian fold-thrust belt.

2.1.3. Stratigraphy of the Sierra del Toro
The Sierra del Toro is located near the northern, proximal end of

the outcrop exposure of the Cerro Toro basin-axial channel-belt
(Fig. 1B). Jobe et al. (2010) document three major conglomeratic
units that crop out on Sierra del Toro, each of which is interpreted
to represent a submarine channel complex within the axial
channel-belt. From oldest to youngest, they are informally named
the “Condor,” “Guanaco,” and “Wildcat” channel complexes
(Figs. 1C, 2 and 3). Above these complexes, a conglomeratic unit
that forms the uppermost exposure on Sierra del Toro cannot
confidently be linked to the Wildcat complex and is thus termed
“undifferentiated.”

The Condor complex consists of three distinct submarine
channels (Fig. 3; 50e80 m thick, 1000e1500 m wide; Barton et al.,
2007; O'Byrne et al., 2007). Paleocurrent measurements from Jobe
et al. (2009a) orient the paleoflow at the eastern margin of the
Condor complex to the SE (approximately 165�). Overlying the
Condor, the Guanaco complex contains at least 5 individual chan-
nels often amalgamated, each 5e70 m thick and 100e1000 mwide
(Figs. 2A and 3). These channels generally exhibit an aggradational
stacking pattern, centered over the eastern margin of the Condor
complex and under the western margin of the Wildcat complex
(Fig. 2). The Wildcat complex (maximum thickness of ~300 m,
~3500 mwide) is the thickest and widest complex, with paleoflow
directed SE (average 153� of 975 measurements; Fig. 2; Jobe et al.,
2010). The Wildcat channel complex shows facies and cross-
sectional asymmetry, interpreted to be caused by sinuosity of the
axial channel belt (Jobe et al., 2010). The cross-sectional asymmetry
was defined on the (non-decompacted) angles of the outer-bend
(9.4�) and inner-bend (7.1�) margins of the channel complex.

3. Data and methods

3.1. Structural mapping of the wildcat channel complex

We conducted geologic mapping of the structural and strati-
graphic geometries of the uppermost channel complexes on Sierra
del Toro (i.e., Guanaco and Wildcat). Stratigraphic information,
including abundant paleocurrent measurements, from decimeter-
scale stratigraphic sections were compiled from existing studies
(Fig. 3; Bernhardt et al., 2007; Hubbard et al., 2008; Jobe et al.,
2009b, 2010). These data were georeferenced and reconciled with
the detailed topography mapped from a 90 m digital elevation
model (Jarvis et al., 2008), further refined by elevations derived
from GPS measurements and a 1:50,000 scale topographic map
(50 m contour interval; Fig. 3). We also collected >200 bedding
measurements from the Sierra del Toro outcrop belt to characterize
the post-depositional deformation of the basin fill exposed on Si-
erra del Toro (Fig. 3). Strike-and-dip measurements were collected
along bedding planes, predominantly within thinly-bedded, out-
of-channel units that exhibit lateral continuity and little erosive
scour. Additional structural information was compiled from ENAP
mapping (Soffia and Harambour, 1988; Wilson (1991); Fosdick
et al., 2011). Together, these data were assembled to constrain the
geometry and magnitude of post-depositional folding of the
channel belt along three east-west transects on the northern,
central, and southern exposures of the Sierra del Toro (Fig. 4).

3.2. Three-dimensional modeling of the wildcat channel complex

A detailed interpretation of the structural deformation and
stratigraphic architecture was constructed in three E-W panels
based on the collected field data (Fig. 4). These two-dimensional
panels were imported and geo-referenced in a three-dimensional
geomodeling package to ensure consistency with the mapped
outcrop exposures. For the structural modeling in this study, we
focused only on the large-scale (>10's of m in amplitude) structural
folds and excluded small-offset faults and layer parallel shortening
fromour analysis, as the folds are responsible for themajority of the
shortening and along-strike rotation of the channel complex.

3.2.1. Palinspastic restoration: accounting for structural uncertainty
Interpretation uncertainties related to the spatial distribution of

structural deformation originate from incomplete data in key areas
due to limited accessibility and exposure (note the paucity of atti-
tude measurements on the southwest section on Sierra del Toro in
Fig. 3). Furthermore, high frequency “noise” exists in the measured
bedding attitudes of underlying fine-grained strata due to their
differential deformation related to post-depositional folding.
Moreover, bedding measurements were not collected at every
stratigraphic level, so many bedding surfaces were generated with
relatively few data points and are interpolated between or
extrapolated away from areas lacking data. Recognizing where
these data limitations exist and the amount of flexibility in the
surface generation is important to understanding the uncertainty
represented by the modeling results. Taking these limitations into
account, surfaces of three structurally deformed bedding planes
were generated deterministically as a best-fit surface through
strike and dip measurements on bedding planes using deformed
strata as a guide.

Three discrete, three-dimensional structural models were built
taking into account the different amounts of shortening in the
south. The surfaces were used to generate a three-dimensional
zonal model that was then palinspastically restored using a
three-dimensional mechanical modeling method assuming ho-
mogeneous rock properties for each layer (Maerten and Maerten,
2006). Rock properties were chosen that were consistent with
dry homogeneous sandstone: Poisson's ratio of 0.24, Young's
modulus of 2.2 MPa, Bulk modulus 1.41 MPa, Shear modulus
8.87 MPa (Clark, 1966; Bieniawski, 1984). Although the substrate
within a layer is a combination of shale, sandstone, and conglom-
erate, properties of homogeneous sandstone were used as an
average representing the channel fill to focus on tracking channel
deformation and subsequent restoration. The output of the
modeling provided displacement vectors in three-dimensional
space so that the points delineating mapped “tops” and “bases” of
channel complexes could then be restored to a pre-deformed state
(Figs. 5 and 6A). We prefer this approach rather than a line-
balanced palinspastic restoration because we wanted to include
the effects of variable decompaction and modeled uncertainty in
our estimated magnitude of shortening. The restored channel belt
complex data serve as input constraints for geometric surface



Fig. 1. (A) Paleogeographic map of the Magallanes Basin during deposition of the Cerro Toro Formation (Turonian-Campanian). Inset map shows location of the Magallanes Basin in
South America. Drainage in the basin was axial and directed southward, parallel to the advancing thrust front. Black box denotes location of Fig. 1B. Map modified from Hubbard
et al. (2008). (B) Geologic map of the Ultima Esperanza District in southern Chile showing extent of Cenozoic deformation of the Upper Cretaceous Magallanes Basin (Fosdick et al.,
2011). Outcrop locations of Cerro Toro Formation conglomerate (Lago Sofia Member) are indicated on the map. Thick dotted line outlines the location of the deep-water channel belt
(after Hubbard et al., 2008). Bold box over Sierra del Toro denotes location of study area. (C) Magallanes retroarc foreland basin stratigraphy during the contractile tectonic phase of
the Late Cretaceous (after Katz, 1963; Fildani et al., 2003; Hubbard et al., 2008). All formations are part of the deep-water phase of sedimentation, with the exception of the Dorotea
Formation which records the transition to shallow-water sedimentation. The Cerro Toro Formation consists of more than 2000 m of mudstone punctuated by a conglomeratic
member, >400 m thick, called the ‘Lago Sofia’member. This member has at least three individual conglomeratic units (Condor, Guanaco, and Wildcat conglomerate; idem Jobe et al.,
2010).
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reconstruction.

3.2.2. Modeling stratigraphic uncertainty as a function of structural
uncertainty

The results of the structural modeling were used to palinspas-
tically restore the pre-deformational base of the Wildcat channel
complex. These restored points provided control points for strati-
graphic surface interpolation. Uncertainty in the stratigraphic
interpretation of the base of the channel complex is caused by
limited outcrop exposure (Fig. 6). While a single curvilinear surface
can be generated by honoring the points, there are multiple sur-
faces that may fit through these limited data points and a single



Fig. 2. Outcropping units of the Lago Sofia member of the Cerro Toro Formation on (A) the northern side of Sierra del Toro displaying all three channel complexes stacking
progressively eastward, and (B) the southern side of Sierra del Toro. Notice the Wildcat channel fill deposits appear to be significantly lower on the southern exposure than on the
northern exposure. The eastern margin of the Condor is also exposed on the southern exposure, however, the Guanaco is absent. The northern and southern images can be tied with
black arrow indicators on both images (modified after Jobe et al., 2010) (Hubbard et al., 2007).
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surface does not capture the range of uncertainty. Therefore, the
surface modeling of the base surface of the Wildcat channel com-
plex was cast within a stochastic framework to attempt to place
bounds on the uncertainty of surface location and morphology. The
surfaces were constrained to points along the mapped and restored
basal channel complex surfaces (Fig. 6B). A simple, smooth-fitting
surface was generated using convergent interpolation (software
Petrel, 2009) tied to the outcropping complex base. To enforce a
concave-up surface representative of a channel, hypothetical thal-
weg and margin polylines were generated to further constrain the
convergent interpolation. To test the uncertainty of different sur-
faces that fit through the outcrop points, a series of equiprobable
surfaces were generated by stochastically moving hypothetical
thalweg and margins polylines within specified limits
(margins ± 400 m in the x-direction and ±200 m in the z-direction,
thalweg ± 100 m in the x- and z-directions) while still honoring
restored outcropping formation points. The ranges of movement
for these hypothetical polylines were large enough to capture the
full range of surface variability and margin angles. By altering the
left and right margin points separately, it is also possible to assess
the likelihood of cross-sectional asymmetry that Jobe et al. (2010)
interpreted. Surface interpolation algorithms other than conver-
gent interpolation could have been used (e.g., kriging), however,
due to the constraints on the surface generation there is little
change in the resulting surfaces.

The simulation was run until one hundred surfaces were
generated that matched the palinspastically restored outcrop
points within a specified error limit of a root mean square error
(RMS Error) of 550 m. This error limit equates to each point of the
285 points defining the base of the Wildcat surface on the outcrop
face, matching the modeled surface with an RMS error of ~2 m. The
resulting surfaces are displayed in Fig. 7 as a mean surface location
with ± standard deviation around that mean surface perpendicular
to (Fig. 7A) and parallel to (Fig. 7B) paleoflow. The surfaces converge
at a point where they are constrained to the outcrop exposure (at
2600 m and 8600 m along the thalweg) and diverge where inter-
polating between and extrapolating away from these data points
(Fig. 7). Although the majority of the topography on the resultant
surfaces is controlled by outcrop data, some areas with unrealistic
topography are present due to artifacts of interpolation (Fig. 7). A
single top surface was modeled for each case taking into account
the amount of eroded section.
3.3. De-compacting the thalweg profile

The original thalweg gradient and channel thickness were likely
to have been steeper and thicker, respectively, because of
compaction of the sediment after deposition (e.g., Bahr et al., 2001).
Therefore, we applied a simple, order-of-magnitude de-compaction
correction (Angevine et al., 1990, p. 12):



Fig. 3. The Upper Cretaceous deep-water channel complexes and Cenozoic (post-depositional) structural deformation on Sierra del Toro (refer to Fig. 1B for location). Red shaded
area shows the interpreted extent of the Wildcat channel complex. Note that the Wildcat channel complex sits in the axis of a plunging syncline, whereas the Condor channel
complex gently dips to the east. Bedding attitudes show the density and location of data used for structural characterization. Map modified from Jobe et al. (2010) with new
mapping by authors.
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To ¼ ½1� 4ðzÞ�TðzÞ
ð1� 4oÞ

where To is the thickness of a sequence at the time of deposition, 4o
is the original porosity at the time of deposition, and TðzÞ and 4ðzÞ
are the depth-dependent thickness and porosity of the sediments,
respectively. The porosity of the fine-grained background-sedi-
mentation deposits were estimated with an exponential porosity-
depth relationship (Sclater and Christie, 1980):

4shaleðzÞ ¼ 40e
�0:000540z

where 40 is the porosity at the time of deposition and z is the depth
of burial. The porosity of the coarse-grained channel-fill deposits
were estimated with an assumed linear porosity-depth relation-
ship (Magara, 1980 and references therein):

4channel�fillðzÞ ¼ 40 � 0:005z

The original porosities are assumed to be 0.60 and 0.35 for the
mudstone-dominated background sediments and coarse-grained
channel-fill sediments, respectively (after Deibert et al., 2003).
Vitrinite reflection data from the subsurface Cerro Toro Formation
(Skarmeta and Castelli, 1997) can be used to estimate depth of
burial to be a minimum of 2 km. However, thermal modeling of
detrital thermochronologic data (Fosdick et al., 2015) suggest
highly variable heat flow values and deeper burial of the Cerro Toro
Formation to 4e5 km. The porosity-depth curves are shown in
Fig. 8.
4. Results

4.1. Structural Styles of the Sierra del Toro channel complexes

The Cerro Toro Formation exposed on the eastern Sierra del Toro
exhibits gently inclined, westward verging, southward plunging
folds, with subordinate development of localized faulting and
detachment folding (Figs. 3 and 4). Our structural mapping defines
two dominant folds that can be traced from north to south, parallel
to the axial Wildcat channel belt. The eastern fold, informally
named the Wildcat syncline, is a gently inclined, southward
plunging syncline (Fig. 4). Notably, the Wildcat syncline exposes



Fig. 4. Simplified structural cross-sections and interpreted fold geometry for the northern, central, and southern segments of the Sierra del Toro outcrop belt. Green ticks denote
bedding attitudes collected from off-axis thin-bedded strata. Black dashed lines indicate simplified fold geometry used in the modeling reconstruction.
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the Wildcat channel complex along much of its fold axis (Fig. 3),
and as such, it is the dominant structure controlling post-
depositional deformation of the Wildcat channel complex. The
geometry of theWildcat syncline changes along strike, with a more
upright geometry in the north, and increasing inclination of the
axial plane toward the southern section (Fig. 4).

Farther west, an east-dipping reverse fault localized along the
margin of the Wildcat channel complex has produced a hanging-
wall anticline and ~5 m of fault offset. We refer to this structure
informally as the Guanaco anticline, which exhibits maximum
structural culmination between the northern and central sections
(Figs. 3 and 4). Since this fault-related fold extends along-strike the
Sierra del Toro (and dies out to the south), we view it is as an
important structure that has modified the depositional geometry of
the Wildcat channel complex.

To the east of the Wildcat channel complex, a west-dipping
thrust fault with limited displacement (<10 m) offsets the chan-
nel complex and soles out within the thinly bedded strata (Fig. 4).
We interpret this structure as an out-of-the-syncline thrust
(McClay, 1992), possibly related to shortening across the syncline
between the central and southern sections. Other reverse faults and
associated folds with minor offset (<2 m) are common within the
thinly bedded horizons. In general, we observe some mechanical
stratigraphic control on deformation style, where the thin-bedded
strata (i.e., out-of-channel deposits) tend to concentrate more
localized faulting and detachment folding. In contrast, the more
competent conglomerate and sandstone strata tend to host reverse
and thrust faults that detach in the thin-bedded layers. The
simplified cross-sections in Fig. 4 depict the primary geometries of
the deformed channel belt, with smoothed dip isogons shown as
solid and dashed black lines that serve as structural input data for
the three-dimensional modeling of the original channel complex
geometry.

Due to the abundance of data in the northern section (Fig. 4A),
the structural shortening was held constant in themodeling at 2.2%
or 230m, whichmost closely matched the data. The southern panel
(Fig. 4C) is less well constrained due to limited outcrop exposure
and accessibility, which thereby limited the density of bedding



Fig. 5. 3-D Structural model with the displacement shown for the z-direction required to restore to a flat datum. Displacements in x- and y-directions were simultaneously
calculated and used for outcrop data restoration. Inset shows a cross-sectional panel of the southern section shows the ranges of shortening used in modeling. The shortening in the
northern sections remained constant for the modeling.
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measurements collected from in south-western exposures and in
the upper stratigraphic levels (Figs. 2B, 3 and 4C). Although bedding
attitudes were collected from the fine-grained strata in this area,
they are still not sufficiently dense to characterize the axial plane of
the regional syncline in the southern part of the outcrop. To assess
the impact of structural uncertainty on channel geometry, three
separate structural interpretations were used for the southern
section: 2.5% or 260 m, 3.1% or 320 m, and 4.1% or 420 m of E-W
shortening over ~10 kmdall consistent with the existing data
(Fig. 4B).
4.2. Channel morphology

The modeled channelforms in cross-section generally exhibit
aspect ratios between 6 and 14 (Fig. 7C, D and 7E). Jobe et al. (2010)
estimated inner (west) and outer (east) channel margin angles of
9.4 and 7.1 respectively using measured section thicknesses. More
robust channel margin angles can be extracted from this modeling
approach. Fig. 7F shows that margin angles vary between 15 and
25� with the outer bank (eastern) margin consistently showing a
steeper angle. This work demonstrates that modeling can capture
the full range of inner and outer channel margin angles and their
relative changes along grade (Fig. 7A and F). The channelform
asymmetry as modeled herein is likely a function of the slight
sinuosity that is represented in the channel margins and subse-
quent control points used to generate the surfaces. Although the
uncertainty of channel planforms from straight to sinuous were not
investigated in this study, the input of straight channel margins
may not generate this channelform asymmetry.
The structurally restored (compacted) longitudinal gradient

ranges from 35 m/km, 50 m/km to 62 m/km, for the 4.1%, 3.1% and
2.5% shortening models, respectively. In general, greater magni-
tudes of structural shortening correspond to lower restored chan-
nel gradients in theWildcat channel complex. Themodeling results
also reveal a slight asymmetry in the cross-sectional channel form
with a steeper outer (eastern) margin and shallower inner (west-
ern) margin (Fig. 7F), supporting an asymmetric channelform
interpretation (Jobe et al., 2010). The down-channel change in
gradient exhibits three steep sections between two shallower
reaches (at a distance of 3500 m, 5500 m and 9000 m along the
thalweg of the modeled section of outcrop; Fig. 7B). The steepest
section is at the 9000 m distance along the thalweg and the
southern extent of the outcrop exposure. Steeper portions of the
thalweg gradient show the most symmetrical channelforms (e.g.,
cross sections 2 and 8 in Fig. 7A), while the cross sections at loca-
tions of shallow gradient show the most asymmetry (e.g., cross
section 6 in Fig. 7A).
4.3. Decompaction

The porosity-depth relationship used for decompaction is
shown in Fig. 8. De-compaction using this porosity-depth rela-
tionship has a significant impact on the modeled thalweg gradient
and channel thickness (Fig. 8B and C). For a burial depth of 5000 m,
the decompacted gradient would be twice as steep (e.g., for the 3.1%
shortening case, the gradient would be compacted from ~120m/km



Fig. 6. Modeling method: A) Using the displacements calculated from 3-D mechanical modeling, the tops and bases of each channel complex were palinspastically restored. B)
Stratigraphic surface modeling was performed by stochastically modifying three polylines (hypothetical left and right channel margins and thalweg) to capture the range of
uncertainty of surfaces that “fit” the restored outcrop data.
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to ~50 m/km). The strata underlying the Wildcat channel complex
were assumed to be homogeneous muddy deposits, but differential
compaction of underlying channel fills (e.g., Guanaco conglom-
erate, Fig. 3) would reduce the effect of compaction on the channel
gradient. Therefore, the decompacted channel gradients presented
here assume maximum compaction of the sediments beneath the
channel conglomerate, and the true amount is likely less. Subma-
rine channels on the modern seafloor can be used to validate the
accuracy of this decompaction-induced gradient calculation. Thal-
weg profiles from coarse-grained systems analogous to the Cerro
Toro range from 20 to 100 m/km (Fig. 9), indicating that the
decompacted thalweg gradients in the Wildcat channel complex
(Fig. 8B) are realistic.

Decompaction of the Wildcat channel complex using minimum
and maximum burial values results in a 47e80% increase in thick-
ness, respectively (from 365 m to 540e660 m, Fig. 8C). The angles
of the margins increase ~40e~65% from those shown in Fig. 7F for
minimum and maximum burial values, respectively. These
decompacted margin (i.e., channel bank) angles are similar to those
measured in modern submarine channels (Reimchen et al., 2016).
4.4. Relative contributions of stratigraphic erosion versus structural
deformation

The goal of this study is to assess the uncertainty of erosional
processes at the time of active channel formation versus post-
depositional structural deformation on preserved channel archi-
tecture/geometry through coupled stochastic stratigraphic and
structural modeling. Jobe et al. (2010) note changes in the strati-
graphic architecture of the Wildcat channel complex in the strati-
graphic down-dip (southward) direction, including: 1) the north-
to-south increase in bed thickness within the Wildcat complex;
2) more than 80 m of downcutting of the topmost undifferentiated
channel fill into the uppermost Wildcat complex; 3) the absence of
the Guanaco channel complex in southern exposures; and 4) the
significantly lower present-day elevation of the base of the Wildcat
complex on the south side of Sierra del Toro (Fig. 2). Although the
lower elevation on the southern exposure could be interpreted as



Fig. 7. Mean stratigraphic surface and ± 1 standard deviation modeled stratigraphic surface of the base of the Wildcat channel complex in (A) cross-sections (locations of numbered
cross-sections shown in inset), and (B) along the thalweg. Additional modeled channel dimensions are plotted along the thalweg, including channel (C) width, (D) depth, (E) width-
to-depth ratio, and (F) inner and outer margin angles (only shown for the 3.1% shortening case). All values shown are the mean of 100 model realizations with the range of one
standard deviation. Plotted points are slightly offset from one another to visualize error bars around points.

L. Stright et al. / Marine and Petroleum Geology 86 (2017) 79e9488
simply an expression of a southward plunging fold, the three-
dimensional palinspastic restoration demonstrates that at least
100 m of the reduction in elevation is due to erosional downcutting
that occurred over ~6 km (Fig. 7B).

Our results support the observations of Jobe et al. (2010) and
reveal features consistent with erosional downcutting from north
to south, including: 1) an increasing depth and decreasing width
along depositional dip (Fig. 7A), 2) a steeper in-channel gradient
than that measured in the out-of-channel deposits, and 3) partial
amalgamation of the Wildcat channel complex into the Guanaco
channel complex (4.1% restored shortening case; Fig. 7B) or com-
plete erosion of the Guanaco channel complex by the Wildcat
channel complex (2.5% restored shortening case; Fig. 7B).
5. Discussion

5.1. Thalweg gradients and knickpoint development in out-of-grade
channels

Submarine channels seek a graded equilibrium profile (Kneller,
2003). However, many submarine channels are affected by tectonic
forcing, resulting in out-of-grade thalweg profiles (e.g., Covault
et al., 2011; Pyles et al., 2011). A compilation of graded and out-
of-grade thalweg profiles are shown in Fig. 9. The range of calcu-
lated thalweg gradients for the Wildcat complex are 68e124 m/km
(compacted 35e62 m/km; Fig. 9). Along with the modeled amount
of erosion of underlying strata, these steep thalweg gradients
suggest that the Wildcat complex is an out-of-grade system (i.e.
slopes larger than 1.5�; Pyles et al., 2011). Given that the Cerro Toro
axial channel belt was deposited in the foredeep of a tectonically
active basin and contains very coarse sediment, an out-of-grade
thalweg profile seems plausible. In addition to being out-of-
grade, the Wildcat thalweg profile displays steeper segments
(100e175 m/km decompacted; 64e95 m/km compacted; Fig. 9),
suggesting the presence of knickpoints.

Channel knickpoints are created by increased erosion and
channel entrenchment due to a higher gradient section along an
otherwise concave-up channel thalweg profile or equilibrium
profile (Pirmez et al., 2000). Knickpoints can form in both graded
and out-of-grade channel systems, and can be caused by meander
cutoffs (Sylvester and Covault, 2016; cf. Finnegan and Dietrich,
2011), channel confluences (Jobe et al., 2015), and tectonic pertur-
bation (Pirmez et al., 2000; Heini€o and Davies, 2007). Knickpoints
are common features in submarine channels, displaying down-
cutting of up to 20 m over distances of several hundreds of meters
down-channel (Heini€o and Davies, 2007). Thalweg gradients
associatedwith knickpoints can exceed 100m/km locally (Sylvester
and Covault, 2016). Knickpoints are commonly observed near active
faults that deform the seafloor (Adeogba et al., 2005; Heini€o and
Davies, 2007).



Fig. 8. De-compacting the modeled channel surfaces. A) Porosity curves as a function of depth for the fine-grained background sediments surrounding the channel surface and the
channel-fill. The minimum depth of burial for the Cerro Toro Formation is 2 km (based on vitrinite reflectance data from Skarmeta and Castelli, 1997) and the maximum is between 4
and 5 km based on thermochronological data (Fosdick et al., 2015). B) Gradient for each case of shortening for the compacted outcrop case and range based on minimum and
maximum estimated depths of burial of the Cerro Toro Formation. C) Cross-sectional view of channel section number 5 showing the impact of decompaction on channel margin
angle and channel depth (refer to inset in Fig. 5 for channel cross-section location).
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The overall thalweg gradient of the channel and the local relief
of the knickpoint can help in determining the cause of knickpoint
formation. For example, channels with avulsion- and cutoff-related
knickpoints typically have shallow, graded thalweg profiles
(10e40 m/km based on decompacted thicknesses; e.g., Amazon
Channel of Pirmez et al., 2000 and Sylvester and Covault, 2016)
while channels with tectonically-induced knickpoints usually have
higher thalweg gradients (50 to >200m/km based on decompacted
thicknesses; e.g., Gulf of Alaska, Fruehn et al., 1999) (Fig. 9). Even in
low gradient systems, tectonically-induced knickpoints have very
steep local gradients (e.g., #1 in Fig. 9 from Niger Delta, Adeogba
et al., 2005). The decompacted channel gradients modeled at Si-
erra del Toro are 68e124 m/km (compacted 35e62 m/km), and the
potential knickpoints are 100e175 m/km decompacted (64e95 m/
km compacted; Fig. 9). These values are consistent with a channel
whose overall gradient and knickpoints are tectonically influenced.
5.2. Potential controls on knickpoint development

Active tectonic and sedimentary processes along the length of
the Cerro Toro deep-water channel likely altered the equilibrium
profile of the channel, as is commonly seen in modern submarine
channels (e.g., Pirmez et al., 2000). The processes that may control
knickpoint development and migration at Sierra del Toro are 1)
downstream confluence of a tributary channel, 2) growth faults in
the fine-grained strata underlying the Wildcat channel complex, 3)
variations in bathymetry from inherited rifted basement topog-
raphy from the predecessor Rocas Verdes rift basin, and 4)
differential loading of the Andean thrust-belt (e.g., Kraemer, 2003),
potentially causing greater subsidence in the southern part of the
basin. We explore these options below but there is not enough
evidence to unequivocally prove one over the other.

First, input from one or more tributary channels (e.g.,
conglomeratic deposits of the Cerro Toro Formation at the Silla
Syncline; Fig. 1B; Crane and Lowe, 2008; Bernhardt et al., 2011)
could have altered the equilibrium profile either through enhanced
erosion or increased deposition at the location of the confluence.
The timing of the influx of sediment from the Silla Syncline tribu-
tary channel is consistent with the development of a knickpoint
(~10e15 km south of Sierra del Toro; Fig. 1B; Bernhardt et al., 2012).
The sediment added to the system at this confluence may have
generated enhanced local erosion, leading to the formation of a
knickpoint that migrated upstream and was preserved in axial
channel-belt deposits at Sierra del Toro.

Syndepositional normal faulting during deposition of the Sierra
del Toro Formation may have also affected channel gradients. For
example, south-dipping normal faults are present within the fine-
grained strata below the Wildcat channel complex on the east
side of Sierra del Toro (Fig. 2B; Fig. 14 of Jobe et al., 2010). These
faults appear to be syndepositional structures (i.e., growth faults),
as multiple faults have upward decreasing offset (Fig. 10). If truly
syndepositional, these faults could have resulted in the formation
of a knickpoint, similar to those documented on the modern sea-
floor (Adeogba et al., 2005). Evidence for syndepositional growth
faults is also present in the nearby Chingue Bluff, where sandstone
deposits of the overlying Tres Pasos Formation are affected by



Fig. 9. Comparing the topographic relief of the Wildcat channel gradient on Sierra del Toro with modern seafloor submarine channel gradients. Each channel slope profile is shown
along the channel thalweg, and categorized by the degree of system grade. Estimates for the gradient along the steepest portion of the thalweg profile are comparative to the results
from this study (Antobreh and Krastel, 2006; Catterall et al., 2010; Connell et al., 1991; Hagen et al., 1996; Lastras et al., 2009; Noda et al., 2008; Popescu et al., 2004).
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multiple growth faults (Shultz and Hubbard, 2005).
The thalweg gradient of the axial channel belt may also have

been influenced by a long-lived localization of the Cerro Toro
depocenter along the pre-Jurassic basement north-south trending
rift graben resulting from Late Jurassic back-arc extension of the
predecessor Rocas Verdes Basin (Fig. 1B; Biddle et al., 1986; Fildani
and Hessler, 2005; Fosdick et al., 2011). Fosdick et al. (2011) inter-
pret this graben in seismic-reflection data located between Sierra
del Toro and Cerro Castillo and propose that post-rift thermal
subsidence may have localized foredeep position during subse-
quent deposition of the Cerro Toro Formation. This minibasin may
extend northward and close out beneath the Sierra del Toro,
potentially influencing the dynamics of erosion and deposition
within the channel by promoting a steepened southward gradient
and/or knickpoint in the channel belt.

Finally, the Cerro Toro axial channel belt was located within the
active foredeep of a major fold-thrust belt and thus its thalweg
gradient would have been affected by tectonic influences. Channel-
complexes on Sierra del Toro show an overall stacking pattern to-
wards the east (with internal westward stacking of the lowermost
Condor channel complex) (Fig. 4). These stacking geometries may
be a product of eastward propagation of the Andean fold-thrust belt
and the related eastward shift of the foreland basin axis. Further-
more, channel bodies are observed to increasingly amalgamate and
the width of channel complexes narrows downstream, from ~6 km
to ~4 km (Hubbard et al., 2008). Differential eastward propagation
of the active Andean fold-thrust belt has been interpreted to con-
trol the southward constriction of the channel belt (Hubbard et al.,
2008).
5.3. Application to hydrocarbon reservoir prediction

Out-of-grade submarine channel deposits form prolific hydro-
carbon reservoirs around the world (Prather, 2003). Salt and shale
tectonics on the West African continental margin resulted in out-
of-grade channelized systems that form large reservoirs (Pirmez
et al., 2000; Chapin et al., 2002; Oluboyo et al., 2014), and many
oil fields in the Gulf of Mexico are inferred to have been deposited
in out-of-grade slope settings (Prather, 2003). The evolution of
these systems and the resultant reservoir architecture and con-
nectivity can be vastly different from graded systems and it is
therefore important to understand these processes and their re-
sults in order to make informed development decisions. The
Wildcat Channel complex on Sierra del Toro helps to constrain



Fig. 10. Easternmost exposure of the Cerro Toro Formation on Sierra del Toro showing the out-of-channel mudstone. Numerous south-dipping listric normal faults are oriented
downslope (inset). Upsection decrease in fault offset and abundance of relatively thicker sandstone beds within the hanging-wall blocks suggest syn-sedimentary fault movement.
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these out-of-grade channelized systems and their facies architec-
ture. The results of this modeling study can be used to assess un-
certainty in oil-in-place volumetric calculations as well as facies
distribution in reservoirs deposited in out-of-grade settings. In
particular, the downstream facies changes associated with the
interpreted knickpoint include erosional downcutting and a in-
crease in amalgamation (see Fig. 14 of Jobe et al., 2010). On the
modern seafloor, knickpoint migration partially erodes coarse-
grained channel fill, leaving remnant terrace deposits (Heini€o and
Davies, 2007).
5.4. Impact of methodology on DOM-based studies

Surface interpretations and correlations along an outcrop
exposure used for subsequent three-dimensional surface extrapo-
lation comprise the foundation of a DOM framework (Enge et al.,
2007). A robust workflow, particularly one that encapsulates
uncertainty, is essential for reliable understanding of stratigraphic
development and petroleum systems. Furthermore, internal facies
architecture and petrophysical property distribution for DOM-
based studies are controlled by the geometries and stratal layer-
ing as a function of the framework surfaces (Howell et al., 2014). As
more outcrop studies move toward extracting architectural statis-
tics from measured stratigraphic sections (e.g., within/out of
channel, proximal/distal), it is critical to understand and quantify
errors and uncertainties in outcrop/model interpretation. Further-
more, these analyses must include methods to remove structural
overprinting from stratigraphic interpretations (e.g., Fernandez
et al., 2009) because errors in the generation of surfaces will
propagate through subsequent digital outcrop characterization and
modeling processes.

With the rapid increase in digital outcrop data collection either
in the form of LiDAR (Hodgetts, 2013) or drone-based photogram-
metry (Nieminski and Graham, 2017), we are well poised as a
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geologic community to generate quantitative DOMs that can be
used as subsurface analogs. DOMs enable reliable interpretation of
major surfaces along often large-scale and inaccessible outcrop
faces (e.g., Calvo and Ramos, 2015) and provide thickness and
volumetric estimates of depositional elements. The comprehensive
methodology presented in this paper helps to (1) test interpreta-
tion hypotheses, (2) quantify stratigraphic and structural uncer-
tainty in surface generation, and (3) understand the limitations of
the DOM in order to ensure more reliable use of the DOM as a
subsurface analog.
6. Conclusions

This study presents a methodology for field geologists to eval-
uate potential stratigraphic, structural, and compaction un-
certainties associated with outcrop interpretation of terrestrial and
marine strata. Our modeling workflow assesses the uncertainty of
the relative contributions of erosional processes at the time of
channel formation versus post-depositional structural deformation
through coupled stochastic stratigraphic and structural modeling. A
digital outcrop model (DOM) was coupled with mapped outcrop
exposures and combined into a structural reconstruction and
stratigraphic model to bound the range of stratigraphic surface
interpretions in a data poor area.

We apply this methodology to submarine channel outcrops of
the Cerro Toro Formation to assess the presence of knickpoints and
the related channel geometry at the time of active channel for-
mation as well as post-depositional structural deformation.
Modeling results show that within the ranges of structural and
stratigraphic uncertainty, there is likely at least 100 m of down-
cutting occurring in the over the 6 km of the exposed Wildcat
channel complex. The resultant thalweg gradient is 64e125 m/km
(decompacted), suggesting that the Cerro Toro axial channel belt is
an out-of-grade system. Within this average gradient, very steep
segments (100e175 m/km) suggest the preservation of
tectonically-induced knickpoints.

Incorporating stratigraphic and structural modeling un-
certainties makes it possible to quantify the relative contributions
of structural and stratigraphic complexity to the 3D surface archi-
tecture of ancient depositional systems. This study shows that even
in well-constrained outcrop exposures, advanced stochastic
methods still highlight significant interpretation uncertainty. This
uncertainty is encapsulated in the digital outcrop model, allowing
for better prediction of stratigraphic architecture and structural
heterogeneity.
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