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ABSTRACT

Depositional slope systems along continental margins contain a record of
sediment transfer from shallow-water to deep-water environments and
represent an important area for natural resource exploration. However, well-
preserved outcrops of large-scale depositional slopes with seismic-scale
exposures and tectonically intact stratigraphy are uncommon. Outcrop
characterization of smaller-scale depositional slope systems (i.e. <700 m of
undecompacted shelf-to-basin relief) has led to increased understanding
of stratigraphic packaging of prograding slopes. Detailed stacking patterns of
facies and sedimentary body architecture for larger-scale slope systems,
however, remain understudied. The Cretaceous Tres Pasos Formation of the
Magallanes Basin, southern Chile, presents a unique opportunity to evaluate
the stratigraphic evolution of such a slope system from an outcrop perspective.
Inherited tectonic relief from a precursor oceanic basin phase created shelf-to-
basin bathymetry comparable with continental margin systems (~1000 m).
Sedimentological and architectural data from the Tres Pasos Formation at
Cerro Divisadero reveal a record of continental margin-scale depositional slope
progradation and aggradation. Slope progradation is manifested as a vertical
pattern exhibiting increasing amounts of sediment bypass upwards, which is
interpreted as reflecting increasing gradient conditions. The well-exposed,
seismic-scale outcrop is characterized by four 20 to 70 m thick sandstone-rich
successions, separated by mudstone-rich intervals of comparable thickness (40
to 90 m). Sedimentary body geometry, facies distribution, internal bedding
architecture, sandstone richness and degree of amalgamation were analysed in
detail across a continuous 2-5 km long transect parallel to depositional dip.
Deposition in the lower section (Units 1 and 2) was dominated by poorly
channellized to unconfined sand-laden flows and accumulation of mud-rich
mass transport deposits, which is interpreted as representing a base of slope to
lower slope setting. Evidence for channellization and indicators of bypass of
coarse-grained turbidity currents are more common in the upper part of the
>600 m thick succession (Units 3 and 4), which is interpreted as reflecting
increased gradient conditions as the system accreted basinward.

Keywords Deep-water stratigraphy, foreland basin, Magallanes Basin,
progradation, slope deposits, turbidite architecture, turbidite processes.
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INTRODUCTION

Depositional slopes connect deep-marine basins
to their coeval shallow-water delivery systems.
The deposits of this important depositional envir-
onment record evidence of sediment supply,
creation and destruction of accommodation, and
tectonic processes (Flint & Hodgson, 2005).
Understanding the stratigraphic packaging of
large-scale prograding shelf-slope systems is fun-
damental to understanding how sedimentary
basins fill and the evolution of supply-dominated
continental margins.

Studies utilizing seismic reflection and/or
bathymetric data have documented clinoform
and clinothem geometries in continental slope
systems (e.g. Winker & Edwards, 1983; Fulthorpe
& Austin, 1998; Pirmez et al., 1998; Driscoll &
Karner, 1999) but few studies have documented
detailed facies relationships and sedimentary
body geometries of slope deposits at higher reso-
lutions. Outcrops provide an opportunity for such
high-resolution investigation; however, the pres-
ervation of extensive, and stratigraphically intact,
continental-margin slope systems is extremely
rare. Detailed outcrop studies of depositional
slopes over the past decade have focused on
relatively small systems that developed in basins
on continental crust with relatively shallow
water depths (e.g. Eocene strata of Spitsbergen,
Plink-Bjorklund & Steel, 2005). The present study
focuses on an exceptionally well-exposed Creta-
ceous slope succession in the Magallanes foreland
basin of southern South America. Slope strata of
the Tres Pasos Formation at Cerro Divisadero
prograded into a relatively deep retroarc foreland
basin that developed on attenuated crust. The aim
of this study was to document and interpret the
stacking patterns and stratigraphic evolution of a
large-scale depositional slope system based on
sedimentological and architectural examination
of turbidite bodies.

TECTONIC SETTING

The Tres Pasos Formation is the uppermost of three
turbiditic formations that make up the bulk of the
Magallanes foreland basin fill (>4000 m thick;
Fig. 1). The Magallanes Basin is located along the
south-western margin of the South American plate,
east of the Andes volcanic arc (Fig. 2). Closure ofa
precursor back-arc basin (Rocas Verdes Basin) in
the Early Cretaceous corresponded with develop-
ment of the eastward-vergent Andean fold-thrust
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Fig. 1. Generalized stratigraphic column for outcrop-
ping Magallanes foreland basin strata in the Patagonian
Andes of southern Chile. Outcrops of slope deposits in
the lower part of the Tres Pasos Formation are the focus
of this study.

belt (Dalziel et al., 1974; Wilson, 1991). Deep-
marine sedimentation initiated in the early
Magallanes foreland basin (Punta Barrosa Forma-
tion) was related to loading by obducted oceanic
crust (Sarmiento Ophiolite), which caused flex-
ural subsidence in the retroarc position (Dalziel,
1986; Wilson, 1991; Fildani & Hessler, 2005)
(Fig. 1). Continued and persistent subsidence,
coupled with high sediment supply as a result
of denudation of an active arc and fold-thrust belt
during the Late Cretaceous, is recorded by the
deep-water conglomeratic Cerro Toro Formation
and overlying slope system of the Tres Pasos
Formation (Fig. 1; Katz, 1963; Scott, 1966;
Natland et al., 1974; Biddle et al., 1986; Wilson,
1991; Fildani & Hessler, 2005). Palaeocurrent data
from the Punta Barrosa, Cerro Toro and Tres
Pasos formations indicate consistent north-to-
south sediment dispersal (i.e. parallel to trend of
fold-thrust belt), reflecting foreland subsidence
patterns (Scott, 1966; Winn & Dott, 1979; Fildani
& Hessler, 2005; Shultz et al., 2005; Hubbard
et al., 2008). Eastward migration of the fold-thrust
belt continued into the Tertiary, uplifting the
deep-water strata into its present position (Fig. 2).
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Fig. 2. Regional geography of the Ultima Esperanza
District of southern Chile and El Calafate area of
Argentina. Upper Cretaceous strata crop out in a north-
south belt in the foothills east of the Patagonian Andes.
Area shaded in light grey refers to Tres Pasos Formation
outcrop belt. Average palaeocurrents are north-
to-south, generally parallel to outcrop belt. See Fig. 3
for regional dip-oriented stratigraphic framework. Box
refers to location of Cerro Divisadero outcrop location
shown in Fig. 4A.

PALAEOGEOGRAPHIC CONTEXT AND
PREVIOUS WORK

The Tres Pasos Formation consists of deposits of
a delta-fed slope that prograded southward into
the axial foreland basin during the latest Creta-
ceous (Fig. 3; Smith, 1977; Arbe & Hechem, 1985;
Macellari et al., 1989; Shultz et al.,, 2005).
Although the basin-scale pattern of southward

progradation has been recognized (Fig. 3; Arbe &
Hechem, 1985; Macellari et al., 1989), detailed
stratigraphic relationships remain poorly under-
stood. Shultz et al. (2005) documented the gen-
eral character of facies and sedimentary body
architecture for the Tres Pasos Formation at
multiple locations along a 70 km long outcrop
belt (Figs 2 and 3). The present study focuses on
the most proximal location characterized by thick
sandstone-rich intervals in the Tres Pasos belt.
Exposures ~15 km to the north (i.e. landward) in
Argentina are almost exclusively shale, with rare
thin sandy turbidites. Further north, ~30 km
from the study area, slope deposits are replaced
completely by shallow-marine strata (Fig. 3; Arbe
& Hechem, 1985; Macellari et al., 1989). The
Chile—Argentina border is thus roughly coinci-
dent with a regional facies boundary between
dominantly shallow-water strata to the north and
deep-water strata to the south (Figs 1 and 3). The
northern limit of Upper Jurassic oceanic crust,
remnants of the predecessor back-arc basin,
is near this latitude, suggesting an underlying
tectonic control on the regional depositional
profile during the Cretaceous (Biddle et al.,
1986; Wilson, 1991; Fildani & Hessler, 2005).
The transition from shale of the uppermost
Cerro Toro Formation to mass transport deposits
and lenticular sandstone-rich bodies of the Tres
Pasos Formation marks the onset of slope sedi-
mentation at this inherited bathymetric declivity.
Although direct measures of palaeobathymetry
are unavailable in the Tres Pasos Formation, the
stratigraphic thickness from the uppermost Cerro
Toro Formation, identified as bathyal water
deposits (1000 to 2000 m) by Natland et al
(1974), to the shallow-marine deposits of the
Dorotea Formation is as much as 1500 m (Figs 1
and 3). Water depths of at least several hundred
metres are estimated conservatively for the lower
Tres Pasos Formation and these depths could be
significantly more if compaction is considered.
The north—south transition from fully continental
to quasi-oceanic crust is consistent with such
bathymetric relief. This larger context permits
further investigation of higher-resolution strati-
graphic relationships related with geometry and
extent of sandstone-rich clinothem packages.

STUDY AREA

Sandstone-rich intervals of the Tres Pasos and
overlying Dorotea formations are exposed for
>100 km in the Ultima Esperanza District of
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southern Chile in a series of east-dipping hog-
backs that mark the eastern limit of the present
southern Andean fold-thrust belt (Figs 2 and 3).
Shultz et al. (2005) and Shultz & Hubbard (2005)
documented general trends in facies and archi-
tecture at several Tres Pasos Formation outcrop
locations in Ultima Esperanza. The present study
focuses on Cerro Divisadero, the northernmost
and least studied location of Shultz et al. (2005)
(Figs 3 and 4). Over 600 m of stratigraphy is
exposed in a continuous, 2-5 km long outcrop
transect oriented sub-parallel to depositional dip
in the southern part of this mountain (Fig. 4B and
C). The studied succession, the lower part of the
Tres Pasos Formation, comprises four sandstone-
rich units ranging in thickness from 20 to 70 m.
These four turbidite packages, herein termed
‘Units 1 to 4’ (from oldest to youngest), internally
exhibit variable facies distribution and bedding
architecture, lenticularity, sandstone richness,
and degree of amalgamation. Shale-rich intervals
of comparable (or slightly greater) thickness sep-
arate the sandstone-rich units (Fig. 4B and C).
The thick (>400 m) shale-dominated interval that
overlies the studied succession is exposed on an
extensive dip slope to the east of the main Cerro
Divisadero ridgeline and is not assessed in this
study (Fig. 4A). The gully and ridge topography
of the west face of Cerro Divisadero creates local
three-dimensionality, permitting investigation of
relationships between stratal architecture and
palaeocurrent information.

Post-depositional features present at Cerro
Divisadero include minor reverse faults (and

Measured section
1 (Macellari et al., 1989)

Measured section
(Shultz et al., 2005)

Cross-section is modified from
Macellari et al. (1989) with
information from Shultz et al.
(2005). This study is focused on
the lower part of the Tres Pasos
Formation at Cerro Divisadero.
Formation names: CF, Cerro
Fortoleza; LA, La Anita; C,
Chorrillo; AV, Alta Vista; D,
Dorotea; TP, Tres Pasos.

associated folds) and local Tertiary intrusive
and extrusive igneous rocks. The west-verging
reverse faults probably are back-thrusts associ-
ated with the regional east-verging fold-thrust
belt (Shultz et al., 2005; after Wilson, 1991).
Disruption of the overall stratigraphy is negligible
(tens of metres of offset), although high-resolution
architectural analysis is impacted negatively in
some intervals. The igneous rocks, which are
presumed to be related to regional magmatism
during the Miocene (Halpern, 1973; Micael,
1983), are sparse and avoidable.

DATA AND APPROACH

Approximately 1800 m of detailed measured sec-
tions form the foundation of the data set. These
sections capture characteristics at the scale of
individual sedimentation units (centimetres to
decimetres) including thickness, grain-size, sed-
imentary structures and nature of bedding con-
tacts. Individual sedimentation units and their
internal divisions represent fundamental deposi-
tional processes which are grouped into mappa-
ble facies (Table 1 and Fig. 5). Sections were tied
together through physical correlation (i.e. walk-
ing out beds in the field) and photomosaic
mapping. Characterization of sedimentary bodies
and high-resolution stratal relationships help
bridge the gap between facies analysis and
formation-scale stratigraphy (Fig. 5). Sedimentary
bodies are defined collectively by their bounding
surface(s), cross-sectional (two-dimensional)
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Fig. 4. (A) Satellite map of the Rio Zamora region in the Ultima Esperanza District of southern Chile. The inter-
national border is indicated by a dashed white line in the upper part of the map. The sandstone-rich lower part of the
Tres Pasos Formation, shown in light red fill, crops out along the west face of a series of east-dipping ridges. The
upper part of the formation (not studied in detail) is dominated by shale forming an extensive dip-slope exposure to
the east up to base of Dorotea Formation. Palaeocurrents for the interval of interest are generally to the south to south-
east. The focus area for this study is a 2-5 km long transect on the southern half of Cerro Divisadero. (B) Photograph
looking to the south showing nature of the exposure. Over 600 m of deep-water stratigraphy is subdivided into four
sandstone-rich units (informally Units 1 to 4) ranging in thickness from 20 to 70 m. Reddish-brown resistant layers
are Miocene igneous sills. (C) Oblique aerial photograph of the upper parts of Unit 1 and Unit 2, and lower part of
Unit 3. Lateral exposures in Units 2 and 3 are continuous for over 2 km. Photograph modified from Shultz et al.
(2005).

geometry, internal facies and bedding architec-
ture, sandstone richness, and degree of amal-
gamation. Of the four mappable sandstone
packages present at Cerro Divisadero (Fig. 4B and
C), Units 2 and 3 are the best exposed and least
disrupted by post-depositional features and repre-
sent the focus of detailed analysis. Approximately
350 palaeocurrent measurements (derived primar-
ily from sole marks) supplement the facies
information and aid in reconstruction of the
palaeogeomorphic setting.

Sandstone and geometry metrics

Measured sections, combined with sedimentary
body correlations, provide a database from which
to calculate quantitative metrics. This study

utilizes the abundant measured section data
(>1800 m) to compute one-dimensional metrics
of sandstone richness, degree of amalgamation
and bed thickness. Additionally, high-resolution
correlation of bedsets within the context of sedi-
mentary bodies permits a quantitative evaluation
of lenticularity.

Sandstone richness

Sandstone richness (commonly referred to as net
sand or net-to-gross in the petroleum industry)
has long been used to describe one-dimensional
sections (outcrop or subsurface) of deep-water
deposits. This measure can be expressed as a
percentage or ratio. For this study, sandstone
richness is defined as the thickness of sandstone
divided by the total thickness of interval of
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Facies 1b (F1b): dominantly thick-bedded, amalgamated
sandstone; fine to coarse-grained; structureless, normally
graded with plane-laminated tops (high density turbidity-
current deposits)

Fig. 5. A hierarchical approach combines sedimentological information from facies and facies associations within
the context of sedimentary bodies, which are defined by distinct geometries and associated surface. Refer to Table 1

for detailed description of facies and facies associations.

interest and expressed as a fractional quantity
between 0 and 1.

Amalgamation ratio

Amalgamation ratio (AR) is defined as the
number of amalgamation surfaces (i.e. sand-
stone-on-sandstone contacts) divided by the
total number of sedimentation units for a given
interval. The AR concept utilized is essentially
equivalent to that of Manzocchi et al. (2007)
which is slightly modified after Chapin et al.
(1994). For comparative ease, this is also
expressed as a quantity between 0 and 1. The
value of AR is that intervals with comparable
sandstone richness may have significantly dif-
ferent degrees of amalgamation because of thin
siltstone or shale partings separating sedimen-
tation units.

Lenticularity index

Quantifying the geometry of lenticular sandstone
bodies is an additional metric that can be used to
compare and contrast sedimentary bodies within
a deep-water succession. The method applied
here, termed ‘lenticularity index’, is similar to the
thickness change factor (TCF) described by Pic-
kering & Hilton (1998) and Drinkwater & Picker-
ing (2001). Lenticularity index is presented as a
proportional quantity to facilitate comparison

among body types and with sandstone metrics.
The thickness of each sedimentary body was
determined at stations 200 m apart using correla-
tion diagrams. The thickness change from each
station was divided by the average thickness,
resulting in a proportional thickness as a function
of lateral position. Finally, an average of all
proportional thickness measurements was deter-
mined for the entire sedimentary body. It is
important to note that measurements derived
from two-dimensional exposures of three-dimen-
sional sedimentary bodies may limit the wide
applicability of this metric and comparison to
other systems.

SEDIMENTARY FACIES

The Tres Pasos Formation at Cerro Divisadero is
subdivided into three facies associations, each
several to tens of metres thick and defined by
their dominant lithology: (i) sandstone with
minor siltstone; (ii) shale with minor siltstone;
and (iii) chaotic mudstone-rich deposits. The
sandstone facies association is the main focus of
this study and is subdivided into three compo-
nent facies based primarily on grain-size, sedi-
mentary structures and sedimentation unit
thickness (Table 1 and Fig. 5).

© 2008 The Authors. Journal compilation © 2008 International Association of Sedimentologists, Sedimentology, 56, 737-764
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Facies association 1 (F1): Sandstone with
minor siltstone

Facies 1a: Thin-bedded sandstone and siltstone
Facies 1a (F1a) consists of fine-grained, thin-
bedded (<03 m) sandstone, siltstone and shale
(Table 1; Fig. 6). Sharp-based beds of structure-
less sandstone (Fig. 6A and B) contain the
coarsest grain-size observed (lower medium).
Occurrences of plane-laminated very fine-grained
to fine-grained sandstone typically are interlami-
nated with siltstone or shale at the millimetre
scale (Fig. 6C and D). Ripple-laminated to wavy-
laminated very fine-grained to fine-grained sand-
stone is also present but is not as common
(Fig. 6C). High concentrations of organic detritus,

in the form of fragments of coal or carbonaceous
shale and woody material, are observed in F1la in
very thin (<3 cm) layers (Fig. 6E and F). Plane-
laminated to wavy-laminated siltstone is, in some
cases, interbedded with the thin-bedded and
finer-grained sandstone described above. More
commonly, however, this siltstone facies is pres-
ent as a distinct interval tens to hundreds of
centimetres thick (Fig. 6A, B and D).

The majority of the deposits in Fla record
mixed suspension and traction sedimentation
associated with waning low-density turbidity
currents. The thicker (10 to 20 cm) structureless
beds represent suspension sedimentation from
the high concentration bases of overall low-
density turbidity currents (T, division of Bouma,

Fig. 6. Photographs of thin-bedded
sandstone and siltstone facies 1a
(F1a). (A) Fine-grained to medium-
grained thin-bedded structureless
sandstone, laminated siltstone to
very fine-grained sandstone, and
fine-grained plane-laminated sand-
stone. (B) Common assemblage of
facies observed in F1a. (C) Wavy
to ripple-laminated very fine-
grained to fine-grained sandstone
commonly associated with plane-
laminated sandstone. Camera lens
cap is 8 cm wide. (D) A ~2 m thick
succession of Fla showing the
interbedded character of this
association. Note person for scale
(divisions on Jacob staff are 10 cm).
(E) Dark organic detritus (woody or
plant material) is commonly
concentrated in laminae and inter-
bedded with siltstone. (F) Crudely
laminated organic detritus-rich
sandstone. Pens/pencils shown in
(A), (B), (E) and (F) are 15 cm long.
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1962). The plane-laminated and ripple-laminated
sandstone is described by the T}, and T divisions
of Bouma (1962), respectively (Table 1). The
laminated siltstone-dominated successions are
the product of dilute low-density turbidity cur-
rents (T4 divisions of Bouma, 1962).

Facies 1b: Thick-bedded, amalgamated sand-
stone

Facies 1b (F1b) consists largely of thick-bedded
(203 to 2:0 m) medium-grained to coarse-grained
sandstone (Table 1; Fig. 7). Sandstone beds are
typically structureless and normally graded;
mudstone intraclasts are common in the basal
parts of some beds (Fig. 7A and B). In some cases,
plane-laminated, fine-grained sandstone is
preserved at the top of sedimentation units.
Laterally, sedimentation unit thickness, sand-
stone richness and degree of amalgamation can
vary significantly. Vertical alternation of F1a and
F1b is observed commonly in the upper parts of
thick (>5 m) sandstone-rich intervals (Fig. 7C
and D).

Facies 1b deposition records the highest flow
energy and/or degree of confinement recognized
in the Tres Pasos Formation at Cerro Divisadero.
F1b is dominated by deposits of high-density
turbidity currents (sensu Lowe, 1982). Lack of
internal sedimentary structures and normal grad-
ing indicate rapid sedimentation from suspen-
sion (S5 division of Lowe, 1982; T, division of
Bouma, 1962). Crude sedimentary structures
(faint plane to low-angle cross-lamination) in
the bottom or middle part of sedimentation units
indicate traction sedimentation (S, division of
Lowe, 1982) but are only rarely preserved.
Fine-grained to medium-grained plane-laminated
sandstone in wupper parts of sedimentation
units indicates traction sedimentation related
to a waning low-density turbidity current
phase of deposition (i.e. T}, division of Bouma,
1962).

Facies 1c: Mudstone intraclast and shell frag-
ment-rich sandstone

Facies 1c (F1c) consists of coarse-grained to
very coarse-grained sandstone with granules
and abundant centimetre-scale shell fragments
and/or mudstone intraclasts (up to 10 cm in
length; Fig. 8). The concentration of shell frag-
ments decreases upward within an individual
bed in most cases. Internal stratification (crude
alignment of intraclasts and/or shell fragments)
is observed in some cases. Sedimentation units
are typically 30 to 50 cm thick but multiple

A

% 3 o \\ \\"f:‘ FR‘;‘ ¥ L 4
Fig. 7. Photographs of thick-bedded, amalgamated
sandstone facies (F1b). (A) Dashed white line denotes
amalgamation surface between underlying fine-grained
structureless sandstone sedimentation unit and over-
lying medium-grained sandstone sedimentation unit
containing sparse mudstone intraclasts near base.
Pencil is 15 cm long. (B) Representative bedding style
and bed thickness of F1b. White arrow denotes amal-
gamation surface marked by mudstone intraclasts that
have eroded out. Person is 1-8 m tall. (C) and (D) F1b is
commonly interbedded with finer-grained, thinner-
bedded F1a at the bedset scale. Person in (C) is 1'9 m
tall. Person circled in (D) is 1:7 m tall.

o

sedimentation units stack to form an interval up
to 10 to 20 m thick that can be traced several
hundred metres across the outcrop (Fig. 8A).
These deposits are interpreted as the S; and S;
divisions of high-density turbidity currents
(Lowe, 1982).
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Facies association 2 (F2): Shale with minor
siltstone

This facies association consists almost entirely of
massive to laminated concordant shale and is the
dominant constituent of thick (30 to 80 m) inter-
vals present between the four sandstone-rich units
that collectively make up over half of the total
thickness of Tres Pasos Formation strata at Cerro
Divisadero (Fig. 4B and C; Table 1). Siltstone and
thin (<5 cm) beds of very fine-grained sandstone
are rare and typically occur in close stratigraphic
proximity (within 5 to 10 m) to the major sand-
stone-rich successions. This facies association is
dominated by deposits from hemipelagic sedimen-
tation or very dilute, low-density sediment gravity
flows. The boundary between F2 and underlying
strata is typically gradational over a few to several
metres of thickness, whereas the upper boundary
is commonly, but not always, sharply overlain by
F1 or, in some cases, mudstone-rich mass transport
deposits of facies association 3.

Facies association 3 (F3): Mass transport and
debris flow deposits

Facies association 3 (F3) generally is mudstone-
rich with sparse and disorganized sections of

Fig. 8. Photographs of shell frag-
ment-rich, coarse to very coarse-
grained sandstone facies (F1c).

(A) Measured section showing 18 m
thick succession of beds dominated
by Fic. (B) Close-up photograph
showing abundant shell fragments.
Pencil is 15 cm long. (C) Bed-scale
view of F1c shows bedded nature.
Successions of Fic range in thick-
ness from <2 m to nearly 18 m.
Person at right (sitting) circled is
19 m tall.

siltstone and/or sandstone (Fig. 9). Discordant
shale or siltstone and poorly sorted mudstone/
siltstone make up the bulk of F3 (Table 1).
Discordant blocks of shale and siltstone that
typically show evidence of soft-sediment defor-
mation also are common (Fig. 9A, C and D).
Discrete blocks of strata range in scale from less
than a metre to several metres in diameter.
Contacts between discordant sections show no
evidence of erosional truncation and commonly
are disorganized to unrecognizable (Fig. 9C and
D). Internally, these discordant blocks display a
range of soft-sediment deformation from nearly
intact and displaced (Fig. 9C and D) to chaoti-
cally folded and deformed blocks (Fig. 9A). These
characteristics suggest complex sliding and/or
slumping processes that are not associated with
complete disaggregation of material during trans-
port. The primary sedimentological characteris-
tics of the transported blocks are similar to those
described for F1a (Fig. 9D).

Poorly sorted mixtures of shale, silt and fine
sandstone in various proportions are also com-
mon to F3. The most characteristic occurrence
consists of a poorly sorted silt matrix with small
(<1 m) diffuse and disorganized ‘pods’ of fine
sandstone-rich material (Fig. 9B). There is no
organization or sedimentary structures apparent

© 2008 The Authors. Journal compilation © 2008 International Association of Sedimentologists, Sedimentology, 56, 737-764



Continental slope deposits, Cerro Divisadero, Chile 747

Fig. 9. Photographs of fine-grained facies associated with chaotic facies association 3 (F3). (A) Injected sand is
commonly associated with chaotic, discordant shale/siltstone. Increments on Jacob staff are 10 cm. (B) Siltstone to
fine-grained sandstone-rich debris flow deposit. (C) Discordant shale and siltstone. White arrows point to angular
surface separating blocks. (D) Rafted blocks of siltstone are, in some cases, present directly underlying thick packages

of F1b. Field notebook in (C) and (D) is 18 cm long.

internally and boundaries typically are grada-
tional with the discordant blocks. These deposits
are interpreted as the product of debris flow
processes (Middleton & Hampton, 1973, 1976;
Lowe, 1982). Vertical or near-vertical columns of
injected sandstone up to 1 to 2 m thick (Fig. 9A;
Table 1) are rare within F'3 but provide further evi-
dence for soft-sediment remobilization. Because
of the mudstone-rich nature of these strata,
sedimentary bodies are not exposed as well as
sandstone-rich units, thus making it difficult to
document their scale, extent and geometry.

SEDIMENTARY BODIES

Sedimentary bodies, or depositional elements, are
the fundamental building blocks that make up a
deep-water succession (Mutti & Normark, 1987,
1991; Pickering et al., 1995). Characterizing the
geometry, spatial configuration (i.e. architecture)
and palaeoflow attributes of sediment gravity flow
deposits within the context of sedimentary bodies
is essential for interpreting the palaeogeomorphic

evolution of a system. The sandstone-rich inter-
vals at Cerro Divisadero crop out as discrete,
shale-encased bodies ranging from a few metres to
greater than 20 m thick, with distinct bounding
surfaces. Characterizing bounding surfaces and
geometry have long been recognized as key
aspects of sedimentary body analysis in general
(e.g. Miall, 1985) and in deep-water strata specif-
ically (e.g. Pickering et al., 1995; Clark & Picker-
ing, 1996; Gardner et al., 2003; Anderson et al.,
2006; de Ruig & Hubbard, 2006). Although these
fundamental bodies generally are comparable
with architectural or depositional elements doc-
umented in other outcrop or subsurface studies,
they are used here to characterize the evolution of
this system and may not be directly analogous to
other deep-marine slope systems. Moreover, pre-
served sedimentary bodies record a combination
of processes and geomorphic conditions over
time and thus rarely represent a single geo-
morphic element.

Five sedimentary body types are recognized at
Cerro Divisadero: (i) channelform-fill; (ii) amal-
gamated sheet; (iii) semi-amalgamated wedge;
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(iv) non-amalgamated wedge; and (v) mass trans-
port deposit. With the exception of mass transport
deposits, these body types are defined by cross-
sectional (two-dimensional) geometry, internal
facies distribution, internal bedding architecture,
sandstone richness and amalgamation ratio.
These attributes are evaluated qualitatively for
the entire succession and quantitatively for Units
2 and 3 (Fig. 10). General categories of sandstone
richness, termed high, medium, and low, have
ranges of >0-8, 0-5 to 0-8 and <0-5, respectively.

A
10 B Sandstone richness
@ Amalgamation ratio
0-8 O Lenticularity index

0-6

0-4

02

0-0

AS CF SAW NAW

100%

80%

60%

40%

20%

0%

AS CF SAW NAW
|:| Thick-bedded, amalgamated sandstone (F1b)

- Thin-bedded sandstone and siltstone (F1a)

Fig. 10. Graphs summarizing average values of quanti-
tative metrics for four sedimentary body types docu-
mented in Units 2 and 3 (AS, amalgamated sheet;
CF, channelform-fill; SAW, semi-amalgamated wedge;
and NAW, non-amalgamated wedge). (A) Average values
of sandstone richness, amalgamation ratio, and lenti-
cularity index for each sedimentary body type. Indices
are shown between 0 and 1 for comparison. Refer to text
for explanation of metric determination. (B) Graph
showing relative proportion of sandstone facies (F1a and
F1b) for each sedimentary body type. See Table 2 for
summary of metrics organized by stratigraphic unit.

Amalgamation ratio is similarly subdivided into
high (>0'5), medium (0-2 to 0-5) and low (<0-2)
(Fig. 10).

Channelform-fill

Characterization of channel-filling successions in
deep-water outcrops is an active area of deep-
water research (Campion et al., 2000; Hickson &
Lowe, 2002; McCaffrey et al., 2002; Gardner
et al., 2003; Beaubouef, 2004; Hubbard et al.,
2008). For this study, the channelform-fill (CF)
sedimentary body type is based on a lenticular
geometry (lenticularity index >0-2), internal
facies distribution and internal bedding architec-
ture (Fig. 10). The genetic inference of channel-
lization for this body type is derived primarily
from evidence for significant erosional truncation
of underlying strata. The underlying strata are
typically shale-rich deposits genetically unre-
lated to the development of the overlying chan-
nelform body and its fill. The basal erosional
surface is not a single bypass surface but a
composite surface that, in some locations, is
expressed as a cluster of multiple surfaces. This
observation suggests that the feature was a con-
duit for numerous sediment gravity flows over a
period of time and not the product of a single
event (e.g. large scour). Deposits in the basal part
of CFs onlap and/or pinch out against the basal
erosional surface. The nature of the fill is highly
variable and can be quite complex, as evidenced
by abundant smaller-scale cut-and-fill features
and juxtaposition of F1a and F1b.

Amalgamated sheet

The definition of this sedimentary body type is
based largely on the occurrence of a thick (> 20 m)
tabular, sheet-like body (at the scale of the 2-5 km
long outcrop) that is very sandstone-rich (>0-9)
and has a high degree of amalgamation (amalgam-
ation ratio >0-8; Fig. 10). A lateral change from
more to less amalgamated sandstone (i.e. from F1b
to F1a) is an important characteristic of this body
type. Internal scouring and channellization similar
in scale to that observed internal to the channel-
form body are recognized only rarely.

Semi-amalgamated and non-amalgamated
wedges

The semi-amalgamated wedge (SAW) body type is
based primarily on cross-sectional geometry (len-
ticularity index > 0-1) and degree of amalgamation
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(amalgamation ratio 0-2 to 0-5; Fig. 10). The wedge
shape is typically achieved over the lateral scale of
tens to hundreds of metres and is aresult of one ora
combination of the following: (i) depositional
thinning and/or complete pinching out of sand-
stone beds or bedsets of Fla into more siltstone-
rich deposits; (ii) onlap and filling of small,
shallow (<5 m) topographic depressions; or (iii)
truncation of upper boundary of body by overlying
erosional surface. Internally, beds or bedsets com-
monly exhibit laterally offset (i.e. compensational)
stacking. Less common are internal channel-fill or
scour-fill elements.

Non-amalgamated wedges (NAWs) are similar
to SAWs in terms of geometry but are typically
thinner (3 to 6 m) and less amalgamated (amal-
gamation ratio <0-1; Fig. 10). Non-amalgamated
wedges have a low proportion of thick bedded,
amalgamated sandstone (F1b) and, in some cases,
are dominantly siltstone with some very fine-
grained sandstone beds. Internally, NAWs exhibit
similar patterns to semi-amalgamated wedges
although typically at a smaller scale.

Mass transport deposit

Mass transport deposits (MTDs) are readily dis-
tinguishable from the other sedimentary bodies
because of their mudstone-rich and internally
disorganized nature. This body type has a direct
relationship with the facies association (F3) that
describes it. MTD bodies do not exhibit a
repeated or systematic shape and appear to grade
into concordant shale (F2) in some cases. The
most extensive MTDs at Cerro Divisadero (>10 m
in lateral extent) occur in shale-rich intervals that
are not exposed well enough to precisely map the
full extent and geometry.

STRATIGRAPHIC EVOLUTION

Patterns of facies distribution and types of sedi-
mentary bodies are evaluated for each of the four
stratigraphic units. The stratigraphic ‘sub-units’
within each unit (e.g. 2a, 2b, 3a, 3b) represent one
of the five sedimentary body types. Interpretations
of depositional processes and setting are summa-
rized through an analysis of the lateral and vertical
relationships within and among the sub-units.

Unit 1

Unit 1 is the lowest sandstone-rich succession
exposed at Cerro Divisadero (Fig. 4C). The strata

underlying this unit (lithostratigraphically, the
uppermost part of the Cerro Toro Formation) are
dominated by shale and mudstone-rich MTDs.
Unit 1 outcrops are limited in extent, typically
exposed well only in gullies, and otherwise
covered by vegetation or talus, making documen-
tation of lateral relationships difficult. Despite
this limitation, sedimentological and bed-scale
observations at multiple sites reveal important
characteristics. Thick-bedded sandstone (F1b) is
present but rarely in stacked amalgamated inter-
vals (>5 m thick) that typically characterize this
facies. Erosional features are rare and of low relief
(<2 m) and sedimentological evidence for signi-
ficant bypass (e.g. lag deposits) is rare. Bed-scale
compensation of the wedge-shaped sedimentary
bodies is observed at multiple locations. Evidence
for MTDs is common to abundant in the fine-
grained intervals between sandstone-rich bodies.
Mudstone-rich debris flow deposits are particu-
larly abundant in the MTDs of Unit 1 relative to
overlying units.

The presence of multiple intervals of mud-
stone-rich MTDs indicates that this was a site of
deposition for numerous mass wasting events.
The characteristics of the sandstone bodies indi-
cate that this area was not a major and/or
long-lived conduit for coarse-grained flows. The
bed-scale compensation within these metre-scale
bodies suggests flows that are weakly confined to
unconfined that construct lobate bodies (cf. Mutti
& Ghibaudo, 1972). These deposits could be
interpreted as representing either an area lateral
to a conduit, in an out-of-channel position, or
relatively distal within a channel-lobe system.
Topography created by the abundant MTDs prob-
ably exerted a primary control on the distribution
of sandstone bodies in Unit 1.

Unit 2

Unit 2 (42 to 55 m thick) is well-exposed across
the entire study area and is subdivided into two
main sub-units, 2a and 2b (Fig. 11). The lower
sub-unit 2a is described as an amalgamated sheet
based primarily on high sandstone richness (i.e.
high proportion of F1b) and overall tabular geo-
metry at the scale of investigation (Fig. 11). The
strata underlying sub-unit 2a in the north
(measured sections ‘A’ and ‘B’) consist of discon-
tinuous, small-scale (tens of metres) lenticular
sandstone bodies that represent filling of low-
relief scours or channels. The presence of coarse-
grained lag deposits throughout these bodies
suggests a mixture of bypass and deposition. The
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occurrence of MTDs underlying sub-unit 2a
increases markedly to the south (Figs 11 and
12C). The bottom half of sub-unit 2a exhibits
lateral facies changes from completely amalga-
mated sandstone (F1b) to non-amalgamated sand-
stone (F1a) over distances of tens to hundreds of
metres (Fig. 12B). In some cases, amalgamation

£ Path of measured [Rets
e ec1o A

o

 Trace of internal |
" truncation surface

Average ; ’
palaeocurrent @Amalgamated
(n=30) L ibeds of F1b

AS

surfaces can be tracked across the exposure with
no evidence of truncation or scouring (Fig. 12B).
Palaeocurrent indicators at the base of sub-unit 2a
are all directed within the south-east quadrant
(Fig. 11) but show significant variation locally.
For example, palaeocurrent directions from the
north side of the cliff face shown in Fig. 12B are

area ofidetail in ( . e 10 mI

Fig. 12. Photomosaics of cliff-face exposures of Unit 2 showing internal architecture and relationships of F1a and
F1b to sedimentary bodies. See correlation diagram in Fig. 11 for location and measured sections. (A) Unit 2b at
northernmost measured section. Note surface that truncates underlying beds of F1a (dashed white line) within body.
Small-scale bodies stack to form Unit 2b which is defined as a semi-amalgamated wedge (SAW). (B) Unit 2a at
measured section C. Note lateral change in lower half of body from completely amalgamated beds of F1b at the left to
a mix of non-amalgamated beds of F1b and F1a to the right of the measured section path. Amalgamation surfaces can
be traced through this thick sandstone package which is defined as an amalgamated sheet (AS). Palaeocurrent
indicators on basal sandstone beds vary by as much 90° over a distance of tens of metres. Close-up (C) and aerial view
(D) of mudstone-rich MTDs underlying Unit 2 at measured section H. Note complex basal boundary juxtaposing F1b

against MTDs. Note Jacob staff at left in (C).
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nearly due east, whereas measurements ~100 to
150 m to the south are south to south-east,
diverging nearly 90°.

Amalgamated sheet deposits of sub-unit 2a are
interpreted as a proximal lobe complex within a
channel-lobe transition zone. The high degree of
amalgamation is consistent with conditions where
sand-laden flows consistently deposit the high-
density part of the flow. Branching and bifurcating
of smaller erosional features are typical in channel-
lobe transition zones observed in modern systems
(Mutti & Normark, 1987; Wynn et al., 2002). The
internal variability of amalgamation and evidence
for small-scale (1 to 3 m) scour and fill features
documented in sub-unit 2a are consistent with
these observations. Additionally, the diverging
palaeocurrent patterns corroborate the interpreta-
tion of branching flow paths that might reflect a
distributive system. The southward change from
more to less internal channellization represents a
gradational boundary within the channel-lobe
transition zone. The increased occurrence of MTDs
to the south (downdip) (e.g. Galloway, 1998) in
conjunction with evidence for diminished chann-
ellization (e.g. Mutti & Normark, 1987) suggests
that the southern area had a relatively lower
gradient during sand deposition.

The overlying sub-unit 2b is described as a
semi-amalgamated wedge body type. It is sepa-
rated from the underlying sub-unit by a 2 to 6 m
thick shale and siltstone interval that is contin-
uous across the entire study area (Fig. 11).
Although the proportions of F1a and F1b remain
constant from north to south (Fig. 11), the char-
acteristics of the internal architecture indicate
more channellization in the north (Fig. 12A).
Evidence of laterally offset stacking of smaller-
scale wedge-shaped bedsets is observed between
measured sections B, C, and F (Fig. 11). Further
south, near measured section H, the internal
bedding architecture is more tabular (Fig. 12D).

Sub-unit 2b records continued deposition and
infilling of the original site of accommodation
(sub-unit 2a) following a period of cessation of
sand deposition (marked by a siltstone interval
that separates the sub-units). This period of
siltstone deposition might signify an avulsion of
the sand delivery system away from this site. The
higher proportion of Fla in sub-unit 2b indicates
that flows are focused nearby (either up-dip and/
or laterally), but not directly at this site as in sub-
unit 2a. The upper boundary of Unit 2 varies from
site to site, but most commonly is characterized
by a sharp boundary with overlying concordant
shale (F2) and, in a few locations, MTDs (F3;

Fig. 11). This sharp, non-erosional upper contact
suggests an avulsion process similar to the upper
boundary of sub-unit 2a. Palaeocurrent directions
for Unit 2 average 125° which is the most easterly
of the entire succession (Fig. 13A). The modest

0 500 1000

Metres North¢

Explanation

x Trace of outcrop for Units 2 and 3

A\ Measured section

Average palaeocurrent direction

Fig. 13. Map showing extent of outcrop and measured
sections for sandstone-rich Units 2 and 3. Arrows rep-
resent average palaeocurrents from the base of the unit.
Although outcrop is generally parallel to sediment
transport direction, the ridge and gully topography
provides smaller-scale three-dimensionality. Note
diverging palaeocurrents at measured section C for Unit
2. See Figs 11 and 14 for correlation diagrams of Units 2
and 3, respectively.
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thickening of both sub-units to the south probably
represents a combination of downdip and lateral
relationships in this proximal lobe complex. It is
unclear from these data whether the east to south-
east dispersal pattern reflects local sea-floor
topography (e.g. MTDs) or a more system-wide
influence (e.g. diversion of turbidity currents at
the base of slope). The channel-lobe transition
zone interpreted here is not similar in scale to
channel-lobe transition zones associated with
large, canyon-fed fans (e.g. Wynn et al., 2002).
This lobe complex is probably a smaller and
shorter-lived feature scaled to the type of slope
channel feeding it (e.g. Adeogba et al., 2005;
Johannessen & Steel, 2005).

Unit 3

Unit 3 contains the most lenticular and inter-
nally variable sandstone bodies documented at
Cerro Divisadero. This study focuses on the
lowermost of five sub-units (3a and 3b; Fig. 14).
The lower sub-unit 3a has a maximum thickness
of 26 m and is present only in the southern half
of the study area as a result of pinching out of
the body towards the north-east (Fig. 14). The
basal bounding surface is a composite erosional
surface that shows evidence for truncation of the
underlying shale-rich strata. The presence of
thin (<10 cm), discontinuous pockets of coarse-
grained lag deposits along this surface suggests
bypass and erosion. The entire body pinches out
by progressive onlap of the basal deposits against
this composite surface (Fig. 14). Beds directly
above the basal bounding surface pinch out over
short distances (<20 m), some of them directly
onlapping underlying shale and some grading
into mudstone intraclast-rich  sandstone.
Figure 15 shows distribution of facies and bed-
ding architecture for sub-units 3a and 3b in the
area where 3a completely pinches out. The
internal architecture of sub-unit 3a is character-
ized by complex cut-and-fill features that juxta-
pose Fla and F1b (Fig. 15C). Although sub-unit
3a has the highest proportion of F1b within all of
Unit 3, it is not as high as in underlying Unit 2
(Figs 11 and 14). Approximately 600 m to the
south (at measured section H), a similar pattern
of onlapping bedsets is observed (Fig. 16). This
area also has the thickest occurrence of sub-unit
3a and has the highest proportion of Fi1b
(Fig. 14).

Sub-unit 3a is described here as a channelform-
fill sedimentary body that records the formation
and subsequent filling of a submarine channel.

This interpretation is based primarily on the
truncation of underlying strata and by the onlap-
ping internal architecture. Palaeocurrent data for
this sub-unit indicate a consistent south to south-
east orientation averaging 170° (Fig. 13B). The
correlation diagram in Fig. 14 is thus an oblique
view, with the southward thickening of sub-unit
3a reflecting a more axial position of the channel-
fill relative to sediment transport direction. The
increase in the proportion of thick-bedded, amal-
gamated sandstone (F1b) from the margin (mea-
sured sections F and G; Fig. 15) towards the axis
(measured section H; Fig. 16) is summarized by
the pie charts in Fig. 14. The internal cut-and-fill
architecture (e.g. Fig. 15C) reflects a history of
erosion and bypass combined with deposition as
the accommodation created by the initial chann-
ellization is filled. The scale of this channel-fill
body is impossible to measure directly because it
is larger than the outcrop. If measured section H is
presumed to be the axis and the body is symmet-
rical, the entire complex is at least 1 km wide.

Sub-unit 3b, defined as a semi-amalgamated
wedge, directly overlies and is distinguished from
channelform-fill 3a by: (i) a widespread strati-
graphic surface (traced between the sections in
Figs 15 and 16); (ii) the overall geometry of the
sedimentary body; and (iii) internal characteris-
tics. Unlike Unit 2, which has a mappable
siltstone interval between the sub-units, the
bounding surface between 3a and 3b is more
variable and, in some cases, characterized by
direct sandstone-on-sandstone contact (Figs 14 to
16). Sub-unit 3b is present across the entire study
area and is less lenticular than channelform-fill
3a. Internally, sub-unit 3b exhibits evidence for
lateral changes of facies as a result of depositional
thinning of individual sandstone beds (Fig. 15A),
as well as compensational stacking of smaller-
scale bodies (Fig. 16). Although the proportion of
facies varies significantly across the study area,
sub-unit 3b generally is richer in thin-bedded
turbidites (F1a) (Fig. 14).

The lateral facies changes, laterally offset
bodies and greater proportion of Fla in sub-unit
3b reflect flows that are less confined relative to
channelform-fill 3a. Together, these two sedimen-
tary bodies form a larger complex that reflects the
filling of accommodation that initially formed as a
result of channellization. As the channelform
accommodation was filled (sub-unit 3a), sub-
sequent flows responded to a diminished gradient
and smoother topography as a result of preceding
deposition (sub-unit 3b). Although impossible to
unequivocally document at this outcrop, this
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Fig. 15. (A) Correlation panel showing distribution of F1a and F1b for stratigraphic sub-units 3a and 3b in central
part of study area (measured sections E, F and G). Average palaeocurrent direction is south to south-east (obliquely
into face). Note pinch-out of sub-unit 3a, which is defined as a channelform-fill sedimentary body, to the north-east
(left). Basal bounding surface is a composite surface showing evidence for truncation of underlying strata. Directly
overlying this surface in some locations are thin (<10 cm), discontinuous pockets of coarse-grained lag deposits. The
internal bedding architecture of sub-unit 3a is characterized by small-scale (<1 to 2 m) cut-and-fill features. The
overlying sub-unit 3b is defined as a semi-amalgamated wedge and exhibits less lenticularity overall and internally.
Lateral changes in sandstone facies evidenced by depositional thinning and/or pinching out of sandstone beds.
(B) Photograph showing nature of pinch-out of channelform-fill 3a. (C) Photograph highlighting internal cut-and-fill
architecture of channelform-fill 3a. Refer to Fig. 14 for correlation diagram of Unit 3 across study area. Figure
simplified from Romans et al. (2007).

stacking pattern is probably a result of migration

of the axial part of the system away from this site. Unit 4

In terms of depositional environment and sea- The uppermost sandstone-rich unit at Cerro
floor morphology, this semi-amalgamated wedge Divisadero is disrupted by a reverse fault and an
is interpreted as representing a stacking of lobate increased number of Miocene igneous intrusions,
bodies. which limit analysis of detailed facies and

© 2008 The Authors. Journal compilation © 2008 International Association of Sedimentologists, Sedimentology, 56, 737-764



756 B. W. Romans et al.

Colour explanation

Facies 1b: Thick-bedded, amalgamated sandstone; fine- to coarse-

grained; structureless to plane-laminated

Facies 1a: Thin-bedded very fine to fine-grained sandstone and silt-

stone; organic detritus (coal, plant fragments) common

Facies 2: Concordant shale with some siltstone and thin very fine-

grained sandstone beds

20
Mean palaeoflow
(~170°) ’
10 m
0 20 40
I 0 0
Metres

Fig. 16. Photomosaic (A) and interpreted panel (B) of sub-units 3a and 3b. Overlay shows general distribution of F1a
and F1b. In this area, the 3a channelform-fill body (CF) is thicker and more sandstone-rich compared to sections to
the north (Fig. 15). Note onlapping of lowermost bedsets against basal bounding surface in sub-unit 3a. Palaeo-
currents suggest that this part of the outcrop is in a more axial position (Fig. 13). Upper sub-unit 3b is defined
as a semi-amalgamated wedge (SAW). In this case, discrete sub-elements of F1b are separated by Fla and com-

pensationally stacked.

sedimentary body architecture as done in lower
units. The most conspicuous feature of Unit 4 is
an abundance of Flc, the coarsest material
observed thus far in all of the Tres Pasos Forma-
tion in the region (Shultz et al., 2005). This clast-
rich interval is present across the entire study
area but varies in thickness significantly from less
than 2 m to nearly 18 m thick. The basal surface
of this interval exhibits erosional truncation of
underlying strata. The sandstone deposits over-
lying the clast-rich interval are approximately
25 m thick and consist primarily of F1la with a
notable abundance of medium-grained plane-
laminated sandstone. Stratigraphically above
Unit 4, the Tres Pasos Formation is dominated
by shale (Figs 1 and 4A). This ~400 m thick
interval is exposed on an extensive dip-slope east
of the Cerro Divisadero ridge and was not studied
in detail.

The clast-rich interval within Unit 4 is inter-
preted as a zone of bypass. The presence of
numerous sedimentation units indicates that

many flows came through this area. Abundant
traction structures within individual sedimenta-
tion units (S, division of Lowe, 1982) indicate a
relatively high degree of bypass for individual
flows. Additionally, the presence of traction
structures precludes an interpretation of a more
cohesive debris flow-like depositional process.
Evidence for erosion at the base of this interval
suggests that it may have channelform geometry
but this is difficult to document in detail because
of post-depositional disruption.

Summary of Cerro Divisadero stratigraphic
evolution

Units 1 to 4 are components of kilometre-scale
sandstone-rich slope packages that record progra-
dation and aggradation of the Tres Pasos Forma-
tion depositional slope system (Fig. 3). Because
the progradational geometry (i.e. mappable clino-
forms) is larger than the scale of the outcrop,
the sedimentological and architectural criteria
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outlined above are the most valuable informa-
tion leading to this interpretation. Figure 17
summarizes the stratigraphic evolution of the
lower Tres Pasos Formation within the context
of relative gradient and flow-confinement condi-
tions.

Unit 1 has an abundance of MTDs and inter-
bedded metre-scale sandstone intervals that sug-
gest deposition of lobate bodies in a poorly
channellized to unconfined setting. The presence
of multiple levels of MTDs indicates that this was
a site of accumulation for numerous mass wasting
events; this is interpreted as a base of slope
setting (Fig. 17).

Unit 2 is interpreted as a proximal lobe com-
plex based largely on the characteristics of the
basal amalgamated sheet (sub-unit 2a): (i) high
sandstone richness, amalgamation index, and
average bed thickness (Table 2); (ii) high propor-
tion of thick-bedded, amalgamated sandstone
(F1b) (Figs 10B and 11); (iii) combination of
lateral variations in degree of amalgamation and
diverging palaeocurrent indicators (Figs 11B and
13A); (iv) low lenticularity index (Table 2);
(v) basinward (i.e. southward) decrease in
evidence for significant channellization and/or
scouring (Fig. 11); and (vi) basinward increase in
presence of MTDs directly underlying Unit 2
(Fig. 11). These characteristics indicate that the
southern part of the succession reflects relatively
less confinement which is interpreted as reflect-
ing a slightly lower gradient. Unit 2 is interpreted
as having been deposited on the lower slope to
base of slope and within a channel-lobe transition
zone (Fig. 17).

The basal part of Unit 3 is interpreted as a
lower slope channel-fill complex based on: (i)
evidence for erosion and sediment bypass along
basal bounding surface (Figs 14 and 15); (ii)
onlap of beds/bedsets onto the basal erosional
surface and overall pinch out of channel-fill
body (Figs 14 to 16); (iii) internal cut-and-fill
architecture (Fig. 15); and (iv) high lenticularity
index (Table 2). These attributes are characteris-
tic of mixed erosional/depositional channel-fills
described in the literature (e.g. Mutti & Normark,
1987; Clark & Pickering, 1996) and reflect
increased gradient conditions relative to under-
lying strata (Fig. 17).

The zone of erosion and net bypass recorded by
the interval of clast-rich facies in Unit 4 (Fig. 8)
reflects the highest gradient and flow confinement
conditions observed in the data set. This unit is
interpreted as recording deposition on a middle
to lower slope position (Fig. 17).

It is inherently difficult to place outcrops of
limited extent on a shelf-to-basin depositional
profile. The interpretations of profile position
made in the present study are within the context
of an idealized slope profile, where gradients are
highest on the upper slope and decrease system-
atically downslope (Rich, 1951; Bates, 1953; Van
Siclen, 1958). Modern supply-dominated conti-
nental margins exhibit this general slope profile
(O’Grady et al., 2000). The vertical pattern at
Cerro Divisadero thus reflects the basinward
advance of the depositional slope. Stacking pat-
terns at the scale of the sandstone-rich units and
sedimentary bodies reflect local and transient
variability in accommodation/gradient condi-
tions. At the scale of the >600 m thick succes-
sion, however, a stacking pattern recording
increased gradient conditions is consistent and
robust.

DISCUSSION

Depositional models for prograding slopes

Cyclic packaging of sandstone and shale units
within a continental margin-scale slope system
such as the lower Tres Pasos Formation can
variously be ascribed to dominant allogenic driv-
ers, such as: (i) global eustatic changes (Vail et al.,
1984; Vail, 1987; Posamentier et al., 1988); (ii)
tectonism (i.e. uplift/subsidence) (Cloetingh
et al., 1985; Catuneanu et al., 1998); (iii) auto-
genic processes, such as slope channel-lobe
avulsion (Flood et al., 1991; Pirmez & Flood,
1995); or (iv) more proximal delta-lobe switching
(Suter & Berryhill, 1985; Steel et al., 2000).
Unfortunately, the regionally homoclinal Tres
Pasos Formation outcrop and lack of age control
preclude definitive discrimination of drivers for
sandstone-mudstone packaging. Nevertheless,
excellent outcrop quality encourages compari-
sons to delta-slope models and permits refine-
ment to those models.

Depositional slopes, by definition, record more
sediment accumulation than bypass/erosion over
long time intervals. The topset portion of the
system (i.e. delta and delta front) is able to
advance basinward because of net accumulation
on the slope (Scruton, 1960). Mud-rich delta-
slope systems commonly exhibit striking sigmoi-
dal clinoform geometries recognizable in seismic
reflection profiles of Holocene delta systems (e.g.
Cattaneo et al., 2003; Liu et al., 2004; Niedoroda
et al.,, 2005). Systems that deliver varying
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Fig. 17. Type measured section and schematic block diagrams depicting depositional evolution for sandstone-rich
Units 1 to 4 in the lower Tres Pasos Formation at Cerro Divisadero. The north—south oriented panel in the cut-away
portion of the diagram corresponds to studied outcrop transect showing facies associations. The sedimentology and
sedimentary body architecture suggests an overall increase in channellization and flow bypass upward through the
succession. Unit 1 is characterized by thin, lobate sandbodies and MTDs at the base of slope. Unit 2 is interpreted as a
proximal lobe complex on the lower slope to base of slope. Unit 3 strata record channellization and subsequent back-
filling on the lower slope. Unit 4 is characterized by a significant bypass zone that reflects the highest gradients,
possibly representing a middle slope position. Collectively, this stacking pattern is interpreted as representing the
basinward accretion of the depositional slope system.
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Table 2. Summary of metrics for sedimentary body types at Cerro Divisadero.

Average

Stratigraphic Sandstone = Amalgamation Lenticularity internal bed
unit Sedimentary body type richness* ratiot index} thickness (m)§
3e Non-amalgamated wedge (NAW) 056 0-07 0-25 0-11

3d Semi-amalgamated wedge (SAW) 063 0-19 017 0-23

3c Non-amalgamated wedge (NAW) 0-44 0-09 0-30 0-14

3b Semi-amalgamated wedge (SAW)  0-81 0-33 017 0-21

3a Channelform-fill (CF) 0-93 061 0-27 0-28

2b Semi-amalgamated wedge (SAW) 078 0-38 0-09 0-22

2a Amalgamated sheet (AS) 0-92 0-57 0-04 072

*Total sandstone thickness divided by gross thickness.
+tNumber of amalgamation surfaces divided by total number of sedimentation units.
{Lenticularity index is the average change in thickness per 200 m lateral distance divided by the average total

thickness of the stratigraphic unit (see text for further explanation).
§Average value determined from all sandstone beds (F1a and F1b) within the interval.

amounts of both mud and sand to the slope,
however, generate more complex stratal geo-
metries (e.g. Berg, 1982; Suter & Berryhill, 1985;
Sydow & Roberts, 1994) as a result of differing
transport processes. Additionally, a broad range
of scales of slopes, from smaller delta-front
clinoforms to larger-scale packages that onlap
proximal parts of the slope, are superimposed on
a margin-scale prograding slope system.

The characteristics of the Tres Paso Formation
at Cerro Divisadero generally are consistent with
attributes of prograding slope models that empha-
size sand delivery (e.g. Brown & Fisher, 1977;
Chan & Dott, 1983; Heller & Dickinson, 1985;
Helland-Hansen, 1992; Galloway, 1998; Steel
et al., 2000; Mutti et al., 2003). The majority of
Tres Pasos sedimentary bodies are distinct, shale-
encased features interpreted as recording mixed
erosion and deposition followed by avulsion or
abandonment. Sand delivery is punctuated by
mass wasting of the slope, reflecting the high mud
accumulation rates in high-gradient areas up-
system. The lack of thick successions of deposits
indicative of mud-rich overbank settings suggests
that long-lived aggradational channel-levée sys-
tems did not develop. This suggestion is consis-
tent with the notion that slope channels in this
setting are relatively short-lived and probably
filled soon after creation. High sedimentation
rates combined with frequent lateral shifting of
feeder systems results in numerous and short-
lived slope channels and gullies (Moore &
Fullman, 1975). Additionally, slope readjust-
ment processes result in the generation of
mud-rich mass wasting deposits and generation
of local accommodation that can lead to accu-
mulation of coarse-grained sediment on the

middle to base of slope (Ross etal, 1994;
Galloway, 1998). A regional two-dimensional
outcrop belt such as the Tres Pasos Formation
precludes the ability to confirm the presence of a
large-scale and long-lived feeder canyon in areas
proximal to Cerro Divisadero but, based on the
interpretation of a progradational/aggradational
slope, it is inferred that long-lived feeder
canyons were not probable.

Interpretation of system progradation in shal-
low-marine and deltaic strata is based upon the
recognition of basinward-stepping stacking pat-
terns of distinct facies tracts that are associated
with a specific depositional environment (shore-
face, distributary channel, etc.; e.g. Busch, 1971;
Van Wagoner et al., 1990). General applicability
of a facies tract approach for slope successions
based on profile position (e.g. base of slope,
middle slope, upper slope) is problematic. Depo-
sitional slopes, particularly continental margin-
scale examples, commonly have topographically
complex profiles that can result in turbidite-
system accumulation in various positions along
the profile. The interpretation of slope prograda-
tion presented here is based on an examination of
sedimentological and architectural criteria that
reflect relative changes in gradient over signifi-
cant stratigraphic thickness, rather than a more
limiting facies tract or depositional environment
approach.

Comparison of Tres Pasos formation to other
outcropping slope systems

Continued emphasis on outcrop characterization
of deep-water deposits over the past decade has
led to increased recognition and appreciation of
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depositional slope systems. Although a compre-
hensive comparative analysis with other slope
systems is beyond the scope of this paper, basin-
scale characteristics of several well-known out-
cropping systems are reviewed and compared
with the Tres Pasos Formation.

Eocene strata of the Central Tertiary foreland
basin of Spitsbergen is among the best-docu-
mented and most published examples of an
outcropping prograding slope system (e.g. Steel
et al., 2000; Plink-Bjorklund et al., 2001; Mellere
et al., 2002; Crabaugh & Steel, 2004; Johannessen
& Steel, 2005; Plink-Bjorklund & Steel, 2005). The
shelf-slope systems exposed at Spitsbergen pro-
graded transversely (i.e. perpendicular from trend
of fold-thrust belt) into a relatively small piggy-
back basin (Blythe & Kleinspehn, 1978). Plink-
Bjorklund & Steel (2005) estimate water depths
of 200 to 400 m (not decompacted) at the base-
of-slope position.

The Carboniferous Gull Island Formation of
western Ireland is interpreted as a slope succes-
sion overlying basinal turbidites of the Ross
Formation in an extensional basin. The Gull
Island strata record a complex interfingering of
basin-axial transported sandstone-rich turbidites
with mudstone-rich MTDs in the lower section
which is overlain by a muddy prograding delta-
slope in the upper section (Martinsen et al.,
2000). The prograding slope succession is inter-
preted as a distinctly different phase of sedimen-
tation that builds out laterally from the basin
margin downlapping onto the older axial basin
fill (Martinsen et al., 2003).

The Tanqua depocentre of the Karoo foreland
basin, South Africa, has been interpreted as
having reached maximum water depths of
500 m (Wickens, 1994; Bouma and Wickens,
1991). More recently, Wild et al. (2005) inter-
preted the upper part of the Skoorsteenberg
Formation as a series of stacked channel com-
plexes that accumulated in a lower slope setting
of approximately 200 to 300 m water depth.

The Cretaceous Lewis Shale and associated
formations of Wyoming record the southward
progradation of a shelf-slope-basin system into
the subsiding Western Interior Basin during the
final regression of the Cretaceous Western Inte-
rior Seaway (Pyles & Slatt, 2007). The maximum
relief from shelf break to base of slope is
interpreted as having been 450 to 500 m (not
decompacted) (Pyles & Slatt, 2000, 2007; Carva-
jal & Steel, 2006).

The most important distinction of the Tres
Pasos system compared with the slope systems

mentioned above is the scale. Although water
depths cannot be determined precisely, bathyal
foraminifera from the upper part of the under-
lying Cerro Toro Formation, interpreted as repre-
senting 1000 to 2000 m water depth by Natland
et al. (1974), and total stratigraphic thickness of
the Tres Pasos Formation (>1300 m) suggest
water depths of approximately 1000 m (more if
compaction is considered). The majority of other
outcropping slope systems are from basins on
fully continental crust. The quasi-oceanic crustal
underpinning of the Magallanes Basin, inherited
from the preceding back-arc basin phase, pro-
vides additional support for the plausibility of a
relatively deep retroarc foreland basin. Addition-
ally, the Tres Pasos slope system prograded
parallel to orogenic belt (along the foredeep axis)
for at least 70 km (Shultz et al., 2005) reflecting
the longitudinal subsidence pattern.

CONCLUSIONS

Outcrops of the lower part of the Tres Pasos
Formation at Cerro Divisadero provide an exam-
ple of a system in which delta-derived mud and
sand contributed to the construction and basin-
ward accretion of a continental margin-scale
depositional slope. Four sandstone-rich units
(20 to 70 m thick) alternate with shale intervals
of comparable thickness (40 to 90 m) over a total
stratigraphic thickness of >600 m. A hierarchical
examination of facies and sedimentary body
characteristics of each sandstone unit indicates
a systematic upward increase in sediment bypass.
The degree of net bypass/deposition is assessed
within the context of relative confinement of
coarse-grained sediment gravity flows. Lower
Units 1 and 2, characterized by poorly channel-
lized to unconfined sand-laden flows and accu-
mulation of mud-rich mass transport deposits,
represent base of slope to lower slope settings.
Upper Units 3 and 4 exhibit increased evidence of
channellization and net bypass indicative of
slightly higher gradient positions on the slope.
This observation is interpreted as a record of the
basinward accretion of the slope system. This
information, combined with sub-regional correla-
tions up and down depositional dip, indicates
sandstone-rich packages in the order of 10 to
20 km in dip-oriented extent that were deposited
in water depths of approximately 1000 m on the
lower slope to base of slope. Although outcrops of
slope systems of this magnitude are inherently
less complete compared with much smaller
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outcropping systems, their characterization is
essential for understanding processes, stratal
architecture and evolution of continental mar-
gin-scale slopes.
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