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ABSTRACT

The products of sedim
ent-laden turbidity currents that traverse areas of 

decreasing confinem
ent on subm

arine slopes include erosional and deposi-
tional features that record the inception and propagation of deep-sea chan-
nels. The cum

ulative stratigraphic expression and deposits of such transitions, 
how

ever, are poorly constrained relative to depositional settings dom
inated by 

end-m
em

ber confined (i.e., subm
arine channel fill) and unconfined (i.e., lobe) 

deposits. U
pper C

retaceous strata of the M
agallanes foreland basin in south-

ern C
hile are characterized by a variety of stratigraphic architectural elem

ents 
in close juxtaposition both laterally and vertically, including: (1) low

-aspect- 
ratio channelform

 bodies attributed to slope channel fills; (2) high-aspect-ratio 
channelform

 bodies interpreted as the deposits of w
eakly confined subm

arine 
channels; (3) lenticular sedim

entary bodies considered to represent the infill of 
laterally coalesced scours; (4) discontinuous channelform

 bodies representing 
isolated scour fills; and (5) a cross-stratified, positive-relief sedim

entary body, 
w

hich is interpreted to record an upslope-m
igrating depositional bedform

. 
These elem

ents are interpreted to have form
ed at a subm

arine sedim
ent rout-

ing system
 segm

ent characterized by a break in slope, and an accom
panying 

decrease in confinem
ent. The various architectural elem

ents exam
ined are in-

terpreted to record a unique stratigraphic perspective of turbidite channels at 
various stages of developm

ent, from
 early-stage discontinuous and isolated 

scour fills to low
-aspect-ratio channel units.

IN
TRODUCTION

S
andstone-prone sedim

entary bodies and com
ponent beds from

 deep- 
w

ater strata contain critical inform
ation about the processes of sedim

ent 
transfer in poorly constrained slope settings (e.g., M

utti and N
orm

ark, 1987, 

1991; H
ubbard et al., 2014) and the distribution of reservoirs w

ithin petrolifer-
ous continental m

argins around the globe (e.g., Posam
entier and K

olla, 2003; 
M

ayall et al., 2006; D
eptuck et al., 2003, 2007). Tw

o end-m
em

ber sedim
entary 

body architectural styles are m
ost com

m
only considered: channelform

 fill and 
lobate or sheet like (Fig. 1). They are expressed at a range of scales, and ob-
served in m

any different types of data including seism
ic reflection (e.g., G

ulf 
of M

exico, Posam
entier, 2003; offshore N

igeria, D
eptuck et al., 2003), m

odern 
seafloor and/or shallow

 subsurface (e.g., Lucia C
hica channel system

, M
aier 

et al., 2011, 2013; La Jolla fan, N
orm

ark, 1970; N
avy fan, N

orm
ark et al., 1979), 

and outcrop (e.g., B
rushy C

anyon Form
ation, B

eaubouef et al., 1999, G
ardner 

et al., 2003; K
aroo B

asin, Prélat et al., 2010, H
odgson et al., 2011). H

ow
ever, 

the stratigraphic expression of transitional segm
ents of a sedim

ent-routing 
system

, spatially betw
een confined channels, w

eakly confined channels, and 
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chem

atic diagram
 of deep-w

ater sedim
ent-routing system

s. The locations discussed 
herein include intraslope zones of decreasing confinem

ent, channel-lobe transition zones, over-
bank and/or channel flank, and intrachannel areas.
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unconfined lobes, rem
ains elusive or not as w

ell docum
ented in these sam

e 
data sets (Fig. 1). D

iscrim
ination of channel-lobe transition zone deposits in 

outcrops has been a recent em
phasis (e.g., M

orris et al., 2014; Van der M
erw

e 
et al., 2014; M

arini et al., 2015), although transitions from
 confined to w

eakly 
confined channels have not been em

phasized despite their prevalence in sea-
floor and seism

ic data sets (e.g., A
deogba et al., 2005; G

ee and G
aw

thorpe, 
2007; M

cH
argue et al., 2011; M

aier et al., 2012). It is plausible that recognition 
of these deposits in the outcrop sedim

entary record has been hindered by lack 
of a clear set of defining criteria.

In this study, slope deposit outcrops (U
pper C

retaceous Tres Pasos Form
a-

tion, M
agallanes B

asin) are studied in order to determ
ine the stratigraphic 

expression of turbidity currents transitioning from
 confined to less confined 

segm
ents of a deep-w

ater sedim
ent-routing system

. D
epositional context is 

critical for interpreting the nature of these potential flow
 transitions in the rock 

record (e.g., M
utti and N

orm
ark, 1987, 1991; V

icente B
ravo and R

obles, 1995; 
 Elliott, 2000; Fildani and N

orm
ark, 2004; Fildani et al., 2013), and the estab-

lished slope position for the Tres Pasos Form
ation outcrop of interest provides 

the necessary foundation for this analysis (Fig. 2; H
ubbard et al., 2010).

O
ur interpretation of this outcrop is necessarily guided and instructed 

by observations from
 the m

odern seafloor (e.g., N
orm

ark et al., 1979; N
or-

m
ark and Piper, 1983; W

ynn et al., 2002; M
aier et al., 2011, 2013) and by ex-

perim
ental (R

ow
land et al., 2010) and num

erical insights (K
ostic, 2014). R

e-
cently resolved seafloor geom

orphologies, including large-scale scours or 
flute-shaped depressions, have been docum

ented in diverse deep-w
ater 

environm
ents and interpreted as the expression of rapid flow

 transition; set-
tings include proxim

al levee and overbank settings, the bases of deep-sea 
channels, intraslope zones characterized by changes in seafloor slope, and 
channel-lobe transition zones (Fig. 1; S

hor et al., 1990; W
ynn et al., 2002; 

K
ostic and Parker, 2006; K

ostic, 2011; M
aier et al., 2011; C

artigny et al., 2011; 
M

acdonald et al., 2011).
Theoretically, as turbidity flow

s pass from
 confined to less confined 

segm
ents of a sedim

ent-routing system
, they expand and thicken; this has 

a profound im
pact on flow

 properties (G
arcia and Parker, 1989). This transi-

tion is therefore com
m

only interpreted to influence erosion and deposition 
and, after a protracted period of sedim

ent transfer, the resulting stratigraphic 
archi tecture. C

hanges in flow
 characteristics are com

m
on in different settings, 

including zones w
here flow

s encounter an abrupt decrease in slope such as 
intraslope m

inibasins (e.g., Prather et al., 1998; Pirm
ez et al., 2000; Prather, 

2003), and areas w
here flow

s pass through breaches in channel banks and 
spread into an overbank setting (e.g., Flood et al., 1995; Posam

entier and K
olla, 

2003; Fildani et al., 2006; Jegou et al., 2008). The m
anifestations of these zones 

in the rock record, although only sporadically described, are characterized by 
a spectrum

 of bed-scale features (e.g., C
azzola et al., 1981; M

utti and N
orm

ark, 
1987, 1991), as w

ell as juxtaposition of various architectural elem
ents, includ-

ing (1) low
-aspect-ratio (i.e., w

idth:thickness) channelform
 units, and (2) broad, 

high-aspect-ratio to tabular sedim
entary bodies (i.e., channelform

 to m
ore 

 lobate; C
azzola et al., 1981; M

utti and N
orm

ark, 1987, 1991).

The prim
ary objective of this w

ork is to establish sedim
entological and ar-

chitectural criteria for recognition of flow
 transition deposits in the ancient rec-

ord, specifically those associated w
ith decreasing confinem

ent of sub m
arine 

channels dow
nslope. W

e present evidence for the stratigraphic products of 
subm

arine channels at various stages of developm
ent, from

 incipient scour to 
term

inal infilling.

PALEOGEOGRAPHIC SETTIN
G AN

D BASIN
 STRATIGRAPHY

The M
agallanes retroarc foreland basin of southern C

hile parallels the 
 A

ndean fold-thrust belt (Fig. 2; Fildani and H
essler, 2005; R

om
ans et al., 2010; 

Fosdick et al., 2011). The basin consists of 4–5 km
 of U

pper C
retaceous deep- 

w
ater strata, including unconfined deposits of the Punta B

arrosa Form
ation, 

overlying deep-m
arine channel belt deposits of the C

erro Toro Form
ation, and 

a progradational slope system
 consisting of genetically related slope deposits 

of the Tres Pasos Form
ation and deltaic units of the D

orotea Form
ation (Fig. 3; 

R
om

ans et al., 2011). The 1.5–2-km
-thick Tres Pasos and D

orotea Form
ations 

record southw
ard axial infill of the foredeep by slope clinoform

s that w
ere 

400–1000 m
 thick (Fig. 3; H

ubbard et al., 2010; B
auer, 2012). The ~100-m

-thick 
stratigraphic interval of interest to this study is located ~40 km

 southw
ard from

 
coeval shelf-edge deposits, and deposition is considered to have taken place 
tow

ard the low
er portion of a high-relief (>900 m

) slope (Fig. 3; cf. H
ubbard 

et al., 2010). The strata transition up the paleoslope to stacked slope channel 
deposit–dom

inated units (Fig. 3). These updip units consist of at least 5 dis-
tinct slope channel fills, 15–20 m

 thick and 200–300 m
 w

ide each, that stack 
w

ith varying degrees of lateral and vertical offset. The presence of these up-
dip channel units provides im

portant context regarding upslope to dow
nslope 

archi tectural changes in the stratigraphic interval of interest. The stratigraphic 
interval plunges into the subsurface south of the study area, lim

iting interpre-
tations about the dow

nslope segm
ent of the ancient sedim

ent routing system
.

The M
agallanes B

asin w
as characterized by generally high sedim

ent flux re-
corded by the prograding slope clinoform

 system
 (H

ubbard et al., 2010; R
om

ans 
et al., 2010). Elevated aggradation on the paleoslope is hypothesized to have led 
to regular rapid burial of the studied sedim

ent-routing system
 segm

ents, w
hich 

prom
oted preservation of w

hat are otherw
ise com

m
only poorly preserved fea-

tures such as scour fills; therefore, the outcrop offers a unique opportunity to 
study com

m
only elusive form

ative features in the sedim
entary record.

STUDY AREA AN
D DATA SET

The Tres Pasos Form
ation outcrop studied is 1500 m

 long and ~100 m
 thick, 

situated adjacent to the Parque N
acional Torres del Paine H

ighw
ay, ~20 km

 
south of the V

illa C
erro C

astillo in southern C
hile (Fig. 2A

). The outcrop com
-

prises strike-oriented and dip-oriented faces; this provides som
e three-dim

en-
sional (3-D

) control on sedim
entary body geom

etries (Figs. 2B
, 2C

).
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ubbard, 2013)
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(H

ubbard et al. 2014)
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South
N

orth

0.2 km

51° 25′ S
51° 10′ S

72° 25′ W

South
Am

erica

C
hile

1000 km
Shultz and H

ubbard, 2005

H
ighw

ay

This study

M
acauley and H

ubbard, 2013

H
ubbard et al., 2014

Villa Cerro Castillo
Arroyo Picana

Laguna Figueroa
Figueroa Clinoform
H

ubbard et al., 2010

3 km

South
N

orth

Strata of Interest
(this study)

ABC

Arroyo Picana

strata
investigated

Figure 2. O
verview

 of the area of interest. (A
) S

atellite im
age of the M

agallanes B
asin outcrop belt featuring m

ajor landm
arks and past studies done in the region (m

odified from
 

H
ubbard et al., 2010); in inset line draw

ing of S
outh A

m
erica, yellow

 star indicates study area. (B
) Perspective G

oogle Earth satellite im
age of the study area featuring Laguna 

Figueroa at the bottom
 and the Parque N

acional Torres del Paine H
ighw

ay adjacent to the outcrop belt. The deposits of interest at A
rroyo Picana are highlighted. (C

) S
outhw

ard 
view

 of the outcrop of interest; differential global positioning system
 w

as used to survey m
easured section locations and the stratigraphic surfaces that define sedim

entary bodies.
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The data set consists of 42 stratigraphic sections measured at 10–25 m lat-
eral spacing, for a total of 1624 m of section. Emphasis was placed on bed thick-
ness, nature of bed contacts (e.g., sharp, undulatory), grain-size distribution, 
and sedimentary structures. Stratigraphic correlation of the closely spaced sec-
tions, high-resolution photomosaic interpretation, and surveying beds in the 
field constrained subtle architectural changes, even among thin and lenticular 
units. Bed-set boundaries and section locations were surveyed with a differ-
entially corrected, high-resolution (~10 cm) global positioning system (Trimble 
ProXRT), and the entire data set was used to construct a digital elevation model 
of the outcrop belt (Fig. 2C). Paleoflow measurements (n = 144) were made at 
39 locations, primarily derived from sole marks and ripple cross-lamination.

Surveyed stratigraphic surfaces, facies trends (e.g., thickest and most 
amalga mated sandstone in flow axes), and paleoflow data were used to map 
and extrapolate the 3-D trends of architectural elements. Width:thickness, or as-
pect ratios, are tabulated for strike-oriented cross sections of distinct sedimen-
tary bodies. All data were imported into 3-D modeling software (i.e., Petrel 2013 
E&P Software Platform; https:// www .software .slb .com /products /petrel), which 

facilitated visualization and promoted more accurate mapping (Fig. 2C). In order 
to construct geologically reasonable geometries of sedimentary bodies beyond 
the outcrop in instances where 3-D exposure was limited, insight was drawn 
from published examples of other outcrop and high-resolution seafloor analogs.

RESULTS

Sedimentary Facies Associations

Four facies associations are identified and interpreted in the study area 
(Table 1; Fig. 4). Derived from measured sections, these facies associations 
represent a key portion of the data set, summarized in Table 1 with accompa-
nying process-based interpretations. In general, the deposits investigated are 
largely the product of both high- and low-density turbidity currents, as well as 
a degree of mass transport (cf. Bouma, 1962; Lowe, 1982; Talling et al., 2012; 
Postma et al., 2014).

Arroyo Picana
study area

Figueroa Clinoform
(900 m relief; 40 km length)

50
0 

m

5 km

VE = 10×

Dorotea Formation
(deltaic topset)

Tres Pasos Formation
(slope system)

Shelf edge delta

North South

Rocas Verdes Backarc Basin

FmTime
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Maast-
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Period
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 C
R

E
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C
E

O
U

S

PALEOGENE

90

80

70

Dorotea

Tres
Pasos

Cerro
Toro

Punta
Barrosa

A B

C

Highway

Laguna
Figueroa

Channel
complexes
(Macauley and
Hubbard, 2013;
Hubbard et al.,

2014)

Arroyo
Picana

Outcrop
featured

Scale = 6 km

Scale = 300 m

Channel fills100 m
200 m

Topographic Profile
A A′Paleoflow into plane

A

A′

South

Figure 3. (A) Stratigraphic column of the 
Magallanes foreland basin. The Punta 
Barrosa and Cerro Toro Formations (Fm) 
record deep-water deposition, while the 
genetically linked Tres Pasos (slope) and 
Dorotea (deltaic) Formations are asso-
ciated with the final infill of the deep- 
water seaway (modified from Hubbard 
and Shultz, 2008). (B) Tres Pasos–Dorotea 
slope system overview, showing south-
ward (basin axial) progradation of large 
(>900 m relief and 40 km long) clino-
forms. This study focuses on lower slope 
deposits of the Tres Pasos Formation 
(modified from Bauer, 2012). VE—vertical 
exaggeration. (C) Perspective satellite 
image from Google Earth showing the 
outcrop studied at Arroyo Picana, updip 
stacked channel deposits (inset cross 
section modified from Daniels, 2015), and 
overlying channel complexes adjacent to 
Laguna Figueroa. Strata downdip of the 
units studied plunge into the subsurface 
to the south.
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Architectural Com
ponents

The 2-D
 to 3-D

 exposed architectural elem
ents of the A

rroyo Picana outcrop 
belt include (1) low

-aspect-ratio (i.e., w
idth:thickness) channelform

 bodies; 
(2) high-aspect-ratio channelform

 bodies; (3) relatively high-aspect-ratio, vari-
ably thick and laterally continuous lenticular bodies; (4) discontinuous, low

- 
relief and low

-aspect-ratio channelform
 bodies; and (5) positive relief and dis-

continuous cross-stratified sandstone units. These architectural com
ponents 

are described in the context of four broadly correlatable sedim
entary pack-

ages, including unit A
 at the base up through unit D

 at the top (Figs. 5 and 6).

Low
-Aspect-Ratio Channelform

 Architecture

D
escription. C

hannelform
 sedim

entary bodies 7–20 m
 thick and 170–375 m

 
w

ide have aspect ratios betw
een 10 and 20 (Fig. 6). Paleocurrent observations 

average ~180° and range from
 160° to 220° (Fig. 5). A

m
algam

ated sandstone 
(FA

1) is prevalent in the axes of these bodies, transitioning to non am
alga-

m
ated thick-bedded sandstone (FA

2) and thinly interbedded sandstone and 
siltstone (FA

3) laterally, tow
ard the edges of the channelform

s (Fig. 7). B
asal 

surfaces of the bodies truncate underlying strata, and in m
ost instances, are 

overlain by fine-grained deposits of FA
3. This architecture is observed in units 

A
 and C

 (Figs. 5 and 7).
Interpretation. Low

-aspect-ratio channelform
 sedim

entary bodies are at-
tributed to processes of erosion, sedim

ent bypass, and ultim
ately filling of 

slope channels (cf. Figueiredo et al., 2013; H
ubbard et al., 2014). The axis to 

m
argin facies transition records relatively high energy in channel thalw

egs 
and low

er energy tow
ard the m

argins (e.g., M
utti and N

orm
ark, 1987; C

lark 
and Pickering, 1996; M

acauley and H
ubbard, 2013). Fine-grained facies directly 

overlying basal incision surfaces have been attributed to deposition from
 the 

tails of high-energy flow
s that bypassed their coarse-grained load basinw

ard 
(cf. M

utti and N
orm

ark, 1987; B
arton et al., 2010; S

tevenson et al., 2015). The 
particularly w

ide sedim
entary body in unit A

 is considered a com
posite feature 

consisting of m
ultiple, partially preserved, laterally stacked channel fills (Fig. 5; 

cf. channel com
plex of C

am
pion et al., 2005; D

i C
elm

a et al., 2011; M
cH

argue 
et al., 2011; S

tright et al., 2014).

High-Aspect-Ratio Channelform
 Architecture

D
escription. H

igh-aspect-ratio channelform
 sedim

entary bodies are 5–10 m
 

thick and 200–500 m
 w

ide w
ith aspect ratios betw

een 50 and 60. Paleocurrent 
observations average ~180° and range from

 160° to 200° (Fig. 6). A
s w

ith the 
low

-aspect-ratio channelform
 bodies, this architecture is best reflected in the 

distribution of sandstone-dom
inated strata (Figs. 5 and 7). A

m
algam

ated sand-
stone (FA

1) is present in the axes of these bodies w
ith fairly abrupt transitions 

laterally to nonam
algam

ated thick-bedded sandstone (FA
2) and thinly inter-

bedded sandstone and siltstone (FA
3) at channelform

 edges. The basal surface 
of these channelform

 bodies is associated w
ith truncation of underlying units, 

and the architecture is observed in units C
 (upper) and D

 (Figs. 6 and 7).
Interpretation. These sedim

entary bodies are attributed to processes of 
erosion, sedim

ent bypass, and infilling of slope channels (cf. H
ubbard et al., 
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a and C
artigny, 

2014)

Transitions laterally to FA
1 

and FA
3; flow

 off axis to 
m

argin deposits (H
ubbard 

etal., 2014)

FA
3: T

hinly interbedded 
siltstone and 
sandstone

F
ine- to very 
fine-grained 
sandstone and 
siltstone

20–50
Variable 
0.1–9 

S
andstone, 
<10

cm
S

iltstone, 
5–90

cm

S
andstone: norm

al grading, 
planar and ripple lam

ination
S

iltstone: planar lam
ination

S
harp

A
bundant organic 
detritus

D
ilute turbidity flow

s and 
suspension setting 
(B

oum
a, 1962)

In som
e cases, transitions 

laterally to FA
2; flow

 m
argin 

deposits, also background 
facies (H

ubbard etal., 2014)

FA
4: C

haotically 
bedded siltstone and 
sandstone

M
edium

- to very 
fine-grained 
sandstone and 
siltstone

30–70
Variable 
0.1–2 

C
haotic and/or deform

ed 
lam

ination; dew
atering 

structures

S
harp

A
bundant organic 
detritus

C
ohesive debris flow
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2014). The shallow
 and broad channel fills are interpreted as w

eakly confined 
turbidite channel elem

ents, w
hich are often found in areas of low

 to m
oderate 

gradient on a paleodepositional profile (Funk et al., 2012; B
runt et al., 2013; 

Fildani et al., 2013). H
igh-aspect-ratio channels often do not effectively contain 

thick turbidity currents, and are therefore com
m

only associated w
ith avulsion 

(e.g., M
aier et al., 2013; S

tevenson et al., 2013).

Lenticular Sedim
entary Body Architecture

D
escription. Lenticular sedim

entary bodies are 0.8–12 m
 thick and 37–

1150 m
 w

ide (aspect ratios 50–100). Paleocurrent observations are m
ore 

variable than for channelized sedim
entary bodies and range from

 230° to 

150° (Fig. 6). This architecture is characterized by thick (to 12 m
) packages 

of am
algam

ated sandstone (FA
1) that laterally transition to nonam

algam
ated 

thick-bedded sandstone (FA
2), and then back to FA

1 (Fig. 8). Thus, the thick-
nesses of sandstone bodies increase and decrease considerably across the 
length of the outcrop belt, resulting in boudinage-like cross-sectional geom

-
etry. The top surface is generally flat, w

hereas the basal surface is undula-
tory and associated w

ith truncation of underlying strata. The thickest, m
ost 

am
algam

ated portions of these sedim
entary bodies are present in concave-up 

depressions (Figs. 5 and 8). In som
e instances, beds infilling these depres-

sions can be traced for ~1.5 km
 along strike. In the dip-oriented portion of the 

outcrop, these units thin and pinch out distally (Fig. 5). The lenticular sedi-
m

entary body architecture is pervasive in unit B
 and to a lesser degree in 

unit C
 (Figs. 5 and 6).

FA1

FA2

10 cm
25 cm

3 cm
5 cm

20 cm

A
B

C

D
E

F

Figure 4. Facies of the Tres Pasos Form
ation. (A

, B
) N

orm
ally graded structureless to planar lam

inated (B
oum

a Ta, Tb) am
algam

ated sandstone of FA
1, w

ith local rip-up clasts. N
on am

alga-
m

ated thickly bedded sandstone is also present in B
 (FA

2). (C
) C

ross-stratified sandstone of FA
2. S

cale indicated by 10 cm
 dem

arcations on jake-staff. (D
) Thinly interbedded sandstone 

and siltstone of FA
3 overlain by FA

2. (E) Interbedded siltstone and sandstone of FA
3. (F) C

ontorted bedding characteristic of FA
4.
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Interpretation. This architecture is interpreted to record the sandy infill of 
scour fields, such as those attributed to flow

 regim
e transition w

here entrain-
m

ent is enhanced (Fig. 9) (M
utti and N

orm
ark, 1987). S

cours can be isolated or 
coalesced, associated w

ith rugosity in the depositional profile; if filled by sand, 
lenticular sedim

entary body geom
etry is expected (e.g., N

orm
ark and Piper, 

1991; Vicente B
ravo and R

obles, 1995; W
ynn et al., 2002; Ito et al., 2014). S

cour 
fields have been observed in channel-lobe transition zones and w

eakly con-
fined channel settings using side-scan sonar im

agery, w
ith cross-sectional m

or-

phology com
parable to that of the preserved basal surface in the outcrop belt 

(cf. N
orm

ark et al., 1979; W
ynn et al., 2002; M

aier et al., 2013). D
raw

ing on these 
exam

ples w
ith sim

ilar cross-sectional geom
etry, and w

ith consideration of the 
2-D

 to 3-D
 exposure of units at A

rroyo Picana, w
e infer original heel-shaped 

or flute-like m
orphology for these sedim

entary bodies (cf. W
ynn et al., 2002; 

Palanques et al., 1995; M
acdonald et al., 2011; M

aier et al., 2013; H
ofstra et al., 

2015). The thickest and coarsest grained portion of the bodies are attributed to 
processes in the axes of scours; correspondingly, the lateral bed thinning and 

Figure 5 (on this and follow
ing page). S

tratigraphic cross section of the Tres Pasos Form
ation outcrop at A

rroyo Picana. The datum
 is on the top of m

ajor sandstone bodies. A
verage paleoflow

 
is southw

ard, show
n w

ith m
easurem

ents sum
m

arized in rose diagram
s. (A

) The outcrop is generally at a slightly oblique strike orientation in the east-w
est section. V.E.—

vertical exaggeration.
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transition to nonam
algam

ated sandstone beds is associated w
ith low

er energy 
off-axis to m

argin processes (W
ynn et al., 2002; M

cH
argue et al., 2011; M

ac-
donald et al., 2011). In general, coalesced scours, or scour com

plexes like those 
interpreted, have been reported at abrupt breaks in slope (W

ynn et al., 2002).

Discontinuous Channelform
 Architecture

D
escription. In strike section, discontinuous channelform

 bodies are 
0.5–6 m

 thick and 12–250 m
 w

ide, associated w
ith aspect ratios betw

een 20 
and 30 (Fig. 5). A

m
algam

ated sandstone (FA
1) is dom

inant, although locally 

it transitions to nonam
algam

ated, thick-bedded sandstone (FA
2) near the 

edges of the channelform
; in som

e instances, an entire sedim
entary body is 

com
posed of FA

2. B
asal surfaces of these bodies are associated w

ith trun-
cation of underlying strata, and the tops are flat. These sedim

entary bodies 
are typically only exposed on a single outcrop face (Figs. 5 and 6), suggest-
ing that they are isolated features; the largest discontinuous channelform

 
sedim

entary bodies are exposed on both strike and dip outcrop faces, and 
substantially thin at their base in the direction of paleoflow

 (Fig. 5). These 
sedim

entary bodies are m
ainly observed in unit C

 w
ith local expressions in 

units B
 and D

 (Fig. 7).
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Interpretation. From
 2-D

 and lim
ited 3-D

 perspectives, these sedim
entary 

bodies are elongate w
ith scour-like geom

etries, and are attributed to turbidity 
current flow

 expansion across a transition zone associated w
ith an abrupt de-

crease in confinem
ent (cf. N

orm
ark and Piper, 1991). The cross-sectional shape 

of the bodies is sim
ilar to that of scours observed on the m

odern seafloor of 
continental slopes (e.g., Palanques et al., 1995; W

ynn et al., 2002; Paull et al., 
2010), and the 3-D

 planform
 insight draw

n from
 these m

odern analogues sug-
gests a heel- or flute-shaped planform

 m
orphology.

Cross-Stratified Positive-Relief Sedim
entary Body Architecture

D
escription. A

 cross-stratified positive-relief sedim
entary body 1–4.5 m

 
thick is partially contained w

ithin depressions 55–135 m
 across and w

ith as 
m

uch as 0.9 m
 relief (Figs. 5 and 10). The depressions are aligned along the out-

crop face at a bearing of ~100°E, w
hich is parallel to the approxim

ate direction 

of paleoflow
, as derived from

 flute casts (102°–135°; Fig. 10). N
onam

algam
ated 

thick-bedded sandstone (FA
2) is the dom

inant lithofacies of the infilling sedi-
m

entary body; sandstone is cross-stratified, w
ith stratification dipping 7°–13° 

to the north. The top of the body expresses positive relief, and stratification in 
the upper portion is parallel to the overlying, undulatory bed top (Fig. 10). Pack-
ages of lam

inae can be traced into a sigm
oid geom

etry, w
here at the tips and 

tails of the body lam
inae are m

ore planar (Fig. 10). The cross-stratified body 
is present lateral to low

-aspect-ratio channel fill of unit C
, and is interpreted to 

overlie the sam
e com

posite erosion surface (surface C
-2; Fig. 5).

Interpretation. The cross-stratification dips in the opposite direction of paleo-
flow

 and the unit is interpreted as a positive-relief bedform
 feature that w

as 
instigated through backfilling of a scour on the seafloor (Postm

a et al., 2014). 
The position of this feature lateral to the low

-aspect-ratio channel fill is consis-
tent w

ith an interpretation that it form
ed in a channel-flank setting (Figs. 5 and 

10). D
ivergent paleoflow

 betw
een the channel fill (~180°) and channel flank 

(102°–135°; Fig. 5) is consistent w
ith lateral flow

 expansion as  confinem
ent 

U
nit D

 
H

igh-Aspect-R
atio C

hannelform

U
nit C

 
Low

er: Low
-AR

 and D
iscontinuous

C
hannelform

; U
pper: H

igh-AR
 and 

Positive R
elief D

iscontinuous 
C

hannelform

U
nit B 

Lenticular and D
iscontinuous 

C
hannelform

U
nit A 

Low
-Aspect-R

atio C
hannelform

 

Paleoflow
N

N

S

E
W

O
utcrop 
C

orner
195°

(Average 
Paleoflow

)

U
nit

O
bserved Architecture

150 m

Fig
u

re 6. Persp
ective satellite im

ag
e o

f 
th

e A
rroyo

 P
ican

a o
u

tcro
p

 (h
ig

h
w

ay at 
bottom

 right) highlighting the east-w
est– 

an
d

 n
o

rth
-so

u
th

–o
rien

ted
 o

u
tcro

p
 faces 

(Fig. 5); m
ajor stratigraphic units are high-

lighted (im
age courtesy of G

oogle Earth). 
O

ur units (A
–D

) are delineated. Paleoflow
 

d
irectio

n
s fo

r each
 u

n
it are d

en
o

ted
 by 

ro
se d

iag
ram

s; th
e averag

e p
aleo

flo
w

 
for the entire section is 195°, or roughly 
southw

ard. A
R

—
aspect ratio.
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w
as  overcom

e. Flow
 transitions in overbank settings can m

anifest in the form
 

of linear scour trains, term
ed cyclic steps (Parker, 1996; K

ostic and Parker, 2006; 
Fildani et al., 2006). In these instances, each step is defined by an abrupt de-
crease in supercritical flow

 bounded dow
nstream

 by a hydraulic jum
p; this 

yields form
ation of upslope-propagating bedform

s that fill scours (Parker, 
1996; Fildani et al., 2006; C

artigny et al., 2011; M
acdonald et al., 2011). A

lthough 

the scale of the series of depressions (i.e., scours) and the bedform
 described 

along surface C
-2 (Fig. 5) is sm

aller than those recently described from
 seafloor 

and m
odeling data sets, w

e consider that the sedim
entary body architecture 

m
ay be a record of supercritical flow

, w
ith back-set cross-stratification indica-

tive of antidunes (M
iddleton, 1965; Pickering et al., 2001) or, m

ore likely, the 
expression of cyclic steps (K

ostic, 2011; C
ovault et al., 2014; Postm

a et al., 2014).
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U
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Figure 7. C
hannelized stratigraphic architecture. (A

) Photom
osaic of tw

o channel elem
ents in unit C

, each defined by a fine-grained incisional surface (red). The low
er elem

ent is as m
uch as 19.6 m

 
thick, and the upper elem

ent is 8.7 m
 thick. Photom

osaic location is show
n in Figure 5. (B

) Line draw
ing trace.

Figure 8. Lenticular sedim
entary body 

architecture in unit B
. (A

) Photom
osaic 

o
f am

algam
ated

 san
d

sto
n

e b
o

d
ies 

(3–8 m
 thick) that thin and transition 

to
 n

o
n

 am
alga m

ated
 b

ed
s laterally. 

Photo m
osaic location is show

n in Fig-
ure 5. (B

) Line draw
ing trace.
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Depositional Evolution

The sedim
entary facies and architectural elem

ents described suggest a 
depositional setting variably transitioning betw

een confined, channelized flow
 

and a less confined setting. The juxtaposition of various distinct architectural 
elem

ents is consistent w
ith a locality in w

hich sedim
ent transport processes 

and flow
 regim

es changed rapidly, both spatially and tem
porally. H

ere w
e de-

scribe the depositional evolution of the strata at A
rroyo Picana in the context of 

the four m
apped stratigraphic packages (units A

 to D
; Fig. 11).

Unit AU
nit A

 is dom
inated by low

-aspect-ratio channelform
 sedim

entary bodies; 
at least four separate channel elem

ents (cf. H
ubbard et al., 2014), defined lo-

cally by a basal surface draped by fine-grained deposits, vertically aggrade and 
laterally step to the southeast (Fig. 11). The channel-fill deposit is dom

inated 
by structureless sandstone w

ith local contorted bedding and w
ater escape fea-

tures (FA
4; Fig. 4). This com

posite sandstone-rich unit is m
apped along the 

w
est face of the outcrop belt, and its eastern edge is present in three locations 

(Fig. 6), constraining its planform
 extent (Fig. 11).

This unit is considered an organized turbidite channel com
plex consisting of 

a series of channel fills that system
atically shifted southeastw

ard (cf. M
cH

argue 
et al., 2011).

Unit BU
nit B

 is characterized by heterogeneous deposits, defined at the base by a 
lenticular sedim

entary body that extends across the entire outcrop (individual 
beds can be traced 1.5 km

; Fig. 11). This lenticular sandstone-prone architec-
ture does not appear to correlate across the m

odern erosional valley, 250 m
 to 

the north (Fig. 2B
), suggesting that the sandstone bodies are not continuous 

along depositional dip, but occur w
ithin a lim

ited zone along the paleodepo-
sitional profile (Fig. 6). B

etw
een lenticular sedim

entary bodies, m
ore isolated 

discontinuous channelform
 sedim

entary bodies are present (Fig. 11). This unit 
is present along the east-w

est face of the outcrop in a strike orientation and 
projected using paleoflow

 data; the planform
 extent of sedim

entary bodies 
is constrained on the north-south–oriented outcrop face (i.e., dip orientation), 
w

hich exhibits distinct thinning (Fig. 11).
The prevalence of lenticular sedim

entary body geom
etries along w

ith iso-
lated discontinuous channel fills is consistent w

ith observations of m
odern flow

 
transition zones w

here large-scale scours com
m

only develop (M
utti and N

or-
m

ark, 1991; W
ynn et al., 2002; M

acdonald et al., 2011; M
aier et al., 2012; H

ofstra 
et al., 2015). The scours in these zones, including channel to lobe and confined 
channel to w

eakly confined channel intraslope transition zones, often coalesce 
and carve the seafloor into an undulatory surface. Infilling w

ith sand results in 

the com
posite high-aspect-ratio sedim

entary body docum
ented (Fig. 9). If scours 

do not coalesce, m
ore isolated discontinuous channelform

 bodies w
ith flute-like 

scour planform
s result (Fig. 11; cf. W

ynn et al., 2002; M
acdonald et al., 2011).

The 3-D
 m

apping and projection of scour fills in the outcrop belt 
(Fig

. 11) h
as relied

 o
n

 co
n

sid
eratio

n
 an

d
 co

m
p

ariso
n

 o
f th

e sed
im

en
-

tary b
o

d
ies d

o
cu

m
en

ted
 w

ith
 b

ath
ym

etrically su
rveyed

 sco
u

rs (Fig
. 

12). 
U

sing 
published 

overbank 
and 

channel-lobe 
transition 

zone 
m

et-
rics (i.e., scour w

idth, length, depth, aspect ratio, and w
idth:length  ratio), 

regression curves w
ere calculated. G

iven the lim
ited 3-D

 outcrop ex-
p

o
su

re, th
ese d

ata w
ere u

sed
 to

 p
rovid

e co
n

strain
ts o

n
 p

lan
fo

rm
 p

ro
-

jectio
n

 o
f sed

im
en

tary b
o

d
ies. W

h
ile ad

d
itio

n
al sco

u
r d

ata are avail-
able, only exam

ples w
ith lengths, w

idths, and depths w
ere considered. 

These data indicate a trend that channel flank and/or overbank scours 
are generally w

ider than they are long, and scours found in channel-lobe 

200 m

5 m

500 m

AB
A′

A

Sm
all Scours

Large Erosional 
Scour

Sm
all 

Scours
Large
Scour

C
om

plex 
Scour Zone

Sm
all 

Scours

Large Erosional
Scours

Sm
all 

Scour s
Sm

all 
Scour s

Flow
 

Direction
Possible

Sedim
ent W

aves

A′
A

Figure 9. C
haracteristics of the R

hone fan channel-lobe transition zone (C
LTZ) (m

odified from
 

W
ynn et al., 2002). (A

) Line draw
ing from

 side-scan sonar im
age of the C

LTZ. (B
) S

hallow
 seism

ic 
cross section (A

–A
′) through the C

LTZ show
ing the undulatory nature of the seafloor in this 

zone. Yellow
 shading indicates how

 filling this zone m
ay result in a high-aspect-ratio lenticular 

sedim
entary body architecture like that observed in outcrop (Fig. 8; unit B

).
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C
ross-Stratified Positive R

elief 
Sedim

entary Body Architecture

Am
algam

ated 
Sandstone (FA1)

5 m

Paleoflow
 

U
ninterpreted

Interpreted

Part C

Part D

ABC
D

Surface C
-2

N
N

N

5 m

Lenticular Sedim
entary

Body Architecture

Figure 10. C
ross-stratified positive-relief sedim

entary body. (A
) Photom

osaic. (B
) Line-draw

ing trace; dashed box highlights area in C
. Paleoflow

 from
 flute casts is southw

ard, although cross-
sets dip northw

ard. The location of this photom
osaic is show

n in Figure 5. (C
) C

loseup perspective show
ing the abrupt thinning of the sandstone in the distance (to the w

est). Lam
inae w

ithin 
the upper portion of this bed follow

 the upper relief of the bed, and are m
ore horizontal tow

ard the base. (D
) D

etail of cross-stratification.
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 transition zones are generally longer than they are w
ide (Figs. 11 and 12).  

D
ue to these differences in scour scale and geom

etry, and presum
ed differ-

ences in form
ative flow

 param
eters, interpreted channel-lobe transition zone 

scour m
etrics w

ere plotted separately from
 interpreted channel flank and/or 

overbank scour m
etrics (Fig. 12). W

e attribute the differences to the propen-
sity for only the upper fraction of a turbidity current to detach from

 the m
ain 

flow
 body in overbank settings (cf. Piper and N

orm
ark, 1983; B

ow
en et al., 

1984), versus a channel-lobe transition zone w
here the entire flow

 thickness 
(including the low

er, high-density com
ponent) goes through deceleration 

(N
orm

ark and Piper, 1983; C
lark and Pickering, 1996). H

igh-density turbidity 
currents have a m

uch thicker tractional com
ponent than low

-density flow
s 

(Low
e, 1982), and w

e speculate that subjecting this entire flow
 thickness to 

transform
ation across a hydraulic jum

p m
ay lead to developm

ent of scours 
that are generally longer than they are w

ide (Figs. 11 and 12).

Laguna 
Figueroa

U
nit A

N

 250 m

U
nit B: Low

er

U
nit -3: Low

er
U

nit D

U
nit B: M

iddle 

17

U
nit B: U

pper 

17

U
nit C

Paleoflow
M

easured Section Location
Structure C

ontours (C
I= 10 m

)

O
utcrop

C
orner

Path

U
nit A

U
nit B

U
nit C

U
nit D

U
pper

Low
er

U
pper

U
pper

AB

Figure 
11. 

(A
) 

Plan-view
 

reconstructions 
of sedim

entary bodies in each unit w
ere 

generated by extrapolating outcrop data 
and flow

 axis trajectories over the entire 
stu

d
y area. T

h
e an

alysis w
as g

u
id

ed
 by 

three- dim
ensional exposure, w

here possi-
ble, differential global positioning system

–
su

rveyed
 su

rfaces, p
aleo

flo
w

 m
easu

re-
m

ents, and insights from
 m

easurem
ents 

of scours from
 m

odern seafloor data (Fig. 
12). (B

)  A
rroyo Picana outcrop stratigraphic 

cross section, m
odified from

 Figure 5, color 
coded by unit and corresponding to plan 
view

 diagram
s in A

. C
I—

contour interval.
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Unit CU
nit C

 is com
posed of tw

o channel fills and adjacent heterogeneous depos-
its (Figs. 5, 7, and 10). A

 low
er low

-aspect-ratio channelform
 sedim

entary body 
is as m

uch as 19.6 m
 thick, defined by a distinctive and laterally continuous 

(>1 m
 thick) channel base drape overlying surface C

-1 (Figs. 5 and 7). A
n upper 

high-aspect-ratio channelform
 sedim

entary body is m
uch thinner (8.7 m

 thick) 
and shallow

er, w
ith a higher aspect ratio of ~54 (Fig. 11); it is also defined at 

its base by a siltstone drape overlying surface C
-2 (Figs. 5 and 7). To the east, 

laterally flanking the channel-fill elem
ents and overlying consistent basal ero-

sional surfaces (C
-1 and C

-2; Fig. 5), are sm
all-scale discontinuous architectural 

elem
ents ~30–270 m

 w
ide and 0.6–4.6 m

 thick (Fig. 11). The low
er channel 

fill is associated laterally w
ith isolated discontinuous channelform

 bodies that 
are infilled m

ainly w
ith structureless sandstone, w

hile the upper channel ele-
m

ent is associated laterally w
ith cross-stratified positive-relief bodies (Figs. 5 

and 11). These sm
all-scale architectural elem

ents are not observed northw
ard 

across the A
rroyo Picana valley, although the eastern m

argins of the larger 
channel fills are present (Fig. 11). The continuous dow

ndip exposure of these 
tw

o channel fills along the w
est-facing outcrop, as w

ell as m
ultiple exposures 

of their eastern m
argins at the southern end of the outcrop belt, constrain the 

3-D
 interpretation of the units (Fig. 11).
The architectural com

ponents of unit C
 are attributed to turbidite slope 

channel elem
ents and laterally flanking out-of-channel deposits. The vertically 

stacked channel fills suggest that the underlying channel w
as underfilled upon 

abandonm
ent, and w

as therefore the locus for subsequent channelization 
(cf. M

cH
argue et al., 2011). Laterally flanking the channel fills of unit C

, the 
sm

all-scale scourform
 features are interpreted to have form

ed in response to 
rapid flow

 regim
e transition as flow

s overspilled channel banks (cf. N
orm

ark 
and Piper, 1991; V

icente B
ravo and R

obles, 1995; Fildani and N
orm

ark, 2004). 
C

onsistent w
ith this interpretation, the out-of-channel elem

ents are com
posed 

of slightly reduced average grain size relative to the channel fills they flank. 
The cross-stratified positive-relief body is characterized by paleoflow

 that is 
divergent from

 that of the associated channel elem
ent (Fig. 11); back-set cross-

strati fi ca tion is consistent w
ith antidunes or cyclic steps (Pickering et al., 2001; 

K
ostic, 2011; C

artigny et al., 2013).

Unit DU
nit D

 is characterized by tw
o high-aspect-ratio (~50) channelform

 bodies 
at the eastern edge of the outcrop exposure (Figs. 7 and 11). A

lthough gener-
ally defined by sm

ooth, concave-up bases, the low
er elem

ent is characterized 
by a distinct protuberance that is interpreted as the rem

nant of a scour (Fig. 
5A

, feature a). The scour is ~30 m
 w

ide and 3 m
 deep, overlain by channel-fill 

deposits across a truncation surface. The 3-D
 exposure of unit D

 is lim
ited, 

m
aking planform

 reconstructions highly speculative (Fig. 11). U
nit D

 is overlain 
by ~22 m

 of interbedded siltstone and sandstone (FA
3).

U
nit D

 com
prises w

eakly confined channel deposits (cf. M
cH

argue et al., 
2011; M

oody et al., 2012; B
runt et al., 2013). W

eakly confined channel system
s 

are interpreted in a range of settings and are generally found in topographic 
low

s, areas w
ith low

 slope, or base-of-slope settings (e.g., C
am

pion et al., 
2005; M

aier et al., 2011; M
oody et al., 2012). The localized scour fill described at 

the base of the unit D
 channel fill is geom

etrically com
parable in strike section 

to geom
orphological features described from

 turbidite channel and canyon 
floors in m

odern seafloor data, albeit at a reduced scale (Paull et al., 2010, 2011; 
C

artigny et al., 2011; M
aier et al., 2011, 2013; C

ovault et al., 2014).
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M
onterey East C
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R
oss Form

ation 
(Elliott, 2000)
R

oss Form
ation

(Lien et al., 2003)
R

edondo Fan and giant scour
(N

orm
ark et al., 2009)

R
egression: 14.735x 

1
2

3
4

5
6

0 0 5 10 15 20 25 30 35 40 45 50

Scour Width:Scour Depth Ratio

–1.527

 Scour Length:Scour W
idth R

atio

R
egression: 51.01x –1.305

Valencia Fan
(M

orris et al., 1998)

Setubal C
anyon M

outh
(M

acdonald, 2010)

1
2

3
4

5
6

0
0 50

100

150

200

250

300

350

400

Scour Width:Scour Depth Ratio
7

8

450

N
avy Fan

(N
orm

ark et al.,1979)
Agadir Fan 
(W

ynn et al., 2002)
R

hone Fan 
(W

ynn et al., 2002)

Agadir C
anyon 

(M
acdonald et al., 2011)

U
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ABFigure 12. R
egression curves of scour sizes and geom

etries. (A
) From

 channel-lobe tran-
sition zones. (B

) From
 channel overbank settings. These data w

ere used to extrapolate 
scourform

 dim
ensions and extents in the outcrop belt w

here exposure w
as lim

ited.



Research Paper

15
Pem

berton et al. |  Stratigraphic expression of decreasing confinem
ent

G
E

O
S

P
H

E
R

E
 |  Volum

e 12 |  N
um

ber 1

DISCUSSION

Slope Channel Evolution

The C
retaceous M

agallanes B
asin m

argin w
as dom

inated by high sedi-
m

en
ta tio

n
, reco

rd
ed

 b
y a p

ro
g

rad
in

g
 slo

p
e clin

o
fo

rm
 system

 (H
u

b
b

ard 
et al., 2010; R

o
m

an
s et al., 2011). E

n
h

an
ced

 ag
g

rad
atio

n
 o

f sed
im

en
t o

n 
the paleoslope yielded a particularly thick stratigraphic record of the sedi-
m

ent-routing system
 studied, ideal for deducing inform

ation about long-lived 
sedim

entary processes. The outcrop at A
rroyo Picana show

s variable strati-
graphic architecture w

ithin ~100 m
 of stratigraphic thickness (Fig. 5). R

ecent 
analysis of seafloor data from

 offshore central C
alifornia presented by M

aier 
et al. (2011, 2013; Fig. 13) highlighted geom

orphic variations over a fairly lim
-

ited area, including leveed channels, broad erosional channels, and trains 
of scours, recording slope channels at various evolutionary stages. W

e con-
sider the possibility that the various architectural com

ponents present in the 
 A

rroyo Picana outcrop m
ight record turbidite channels preserved at various 

stages of developm
ent.

O
ur hypothesis is that discontinuous channelform

 features (i.e., scours) 
evolve into high-aspect-ratio continuous channelform

 sedim
entary bodies 

(i.e., w
eakly confined channels), and under the influence of protracted flow

, 
into low

-aspect-ratio continuous channelform
 features (i.e., confined slope 

channels; Figs. 13 and 14).

Discontinuous Channelform
 Architecture

D
iscontinuous channelform

 bodies, such as those prevalent in unit B
, are 

interpreted to record an early evolutionary stage of a turbidite channel (Figs. 
8 and 14). Previous w

orkers have considered m
orphological features w

ith a 
sim

ilar shape at the base of these stratigraphic bodies as evidence for incipient 
channels from

 analysis of m
odern acoustic data sets (e.g., Fildani and N

or-
m

ark, 2004; Fildani et al., 2006; M
aier et al., 2011, 2013). Large scours have 

been recognized w
ithin continuous channels or conduits (cf. Paull et al., 2011), 

dow
nslope, and in the direction, of continuous channels (Figs. 13 and 14), as 

w
ell as in overbank areas associated w

ith through-going continuous channels 
(e.g., M

onterey East; Fildani and N
orm

ark, 2004; Fildani et al., 2006). The initial 
erosional stage of a conduit and the establishm

ent of an erosional tem
plate 

w
as proposed by R

ow
land et al. (2010) based on experim

ental data. This initial 
erosion has been proposed to facilitate the inception of locked-in-place linear 
trains of discontinuous scours or net-erosional cyclic steps (Figs. 11 and 14). 
The erosional confinem

ent created is thought to focus subsequent flow
s, often 

related to an upslope avulsion node (Fig. 13; M
aier et al., 2011, 2012; Fildani 

et al., 2013). A
s flow

s continue along the trajectory, the discontinuous train of 
scours w

ill eventually connect and confinem
ent w

ill develop; a m
ore continu-

ous low
-aspect-ratio channel w

ill form
 (Fig. 14, stage 1b; D

eptuck et al., 2003; 
H

ughes C
larke et al., 2013; C

ovault et al., 2014).

N

Likely location for 
developm

ent of 
next channel 
(C

hannel 5)

1.5 km

1

2
3

4a
4b

4c

2
3

4

Flow

AB

1

Part B

Flow

H
igh AR

C
hannels

Low
 AR

C
hannel

Scour 
Trains

Scours

~Scale of outcrop 
at Arroyo Picana
(Sam

e in Part B)

Figure 13. A
utonom

ous underw
ater vehicle m

ultibeam
 bathym

etric data from
 Lucia C

hica, 
C

alifornia. (A
) S

haded relief im
age (4× vertical exaggeration) of the data set w

ith m
ain chan-

nel bodies num
bered in sequence by relative age and sequence of avulsion (m

odified from
 

M
aier et al., 2013). The dashed line rectangle delineates the area of the perspective im

age 
in B

 and the red dashed line indicates the approxim
ate scale of the Tres Pasos Form

ation 
outcrop at A

rroyo Picana (sam
e scale in B

). This red line intersects various architectural ele-
m

ents in close proxim
ity both laterally and vertically, sim

ilar to w
hat is preserved at A

rroyo 
Picana. (B

) Perspective im
age of m

ultibeam
 bathym

etric data; low
-aspect-ratio channels, 

high-aspect-ratio channels, scours, and linear trains of scours are present in this data set, at 
roughly the scale of the outcrop at A

rroyo Picana.
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The fills of num
erous scours can be interpreted from

 the A
rroyo Picana 

outcrop, including num
erous large-scale coalesced scours (unit B

, Fig. 11). 
The rem

nant of a scour beneath the high-aspect-ratio channel fill in low
er 

unit D
 (Fig. 5A

, feature a) and the sim
ilarity in am

algam
ated sandstone 

(FA
1) in both the scour and overlying channel fill suggest that the scour 

w
as eroded into the seafloor prior to subsequent form

ation of the through- 
going channel.

High-Aspect-Ratio Channelform
 Architecture

H
igh-aspect-ratio channelform

 bodies are considered to represent a sub-
sequent stage of turbidite channel evolution (Fig. 14; cf. Fildani et al., 2006, 
2013; M

aier et al., 2011, 2012). If flow
s are focused for long enough through 

scour trains or bathym
etric depressions, a low

-relief channel (w
eakly confined) 

is postulated to develop (represented by the high-aspect-ratio channelform
 

architecture of unit D
). O

ften low
-relief turbidite channels cannot keep entire 

flow
s confined, and therefore the tendency is for them

 to breach confinem
ent 

and expand, often leaving behind deposits on the overbank or flank of the 
channel (M

aier et al., 2013; S
tevenson et al., 2013). This type of channel can 

be prone to avulsion, until a deeper channel is established (M
aier et al., 2011, 

2013; M
cH

argue et al., 2011). If a deep low
-aspect-ratio channel does not de-

velop, the w
eakly confined channels m

ay be abandoned and left underfilled 
by coarse sedim

ent as a result of updip avulsion (M
aier et al., 2011, 2012; S

te-
venson et al., 2013). The Lucia C

hica channel system
 show

s that the young-
est channels are broad (high-aspect-ratio) and either have no levees or have 
low

-relief levees; in addition, aligned flute-shaped erosional depressions are 
observed in the bases of these features (Fig. 13; M

aier et al., 2013; Fildani et al., 
2013). W

e propose that this results in a stratigraphic fram
ew

ork sim
ilar to that 

preserved in units C
 and D

 at the A
rroyo Picana outcrop (Fig. 11). A

lthough 
coeval lobe deposits are not exposed in the outcrop belt docum

ented here, 
sim

ilar shallow
 and broad channels are located im

m
ediately updip of lobes in 

other outcrop belts (e.g., K
aroo B

asin; Prélat et al., 2009; M
orris et al., 2014; Van 

der M
erw

e et al., 2014).
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U
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ay 
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scourform

s 
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-Am

algam
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channelform
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-Associated w

ith C
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-O
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, w
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m
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-Associated w
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Figure 14. Proposed evolution of turbidite 
channels as observed from

 architectural 
com

ponents present in the A
rroyo Picana 

outcrop. S
tage 1 is characterized by dis-

continuous channelform
 architecture, at-

tributed to scour erosion on the seafloor; 
a series of these features can result in for-
m

ation of a train of scours, w
hich act to 

capture subsequent flow
s (cf. Fildani et al., 

2013). This leads to stage 2, w
here flow

s 
are focused for long enough to establish 
a broad and shallow

 conduit, w
hich m

ay 
or m

ay not display rem
nants of scourform

 
features at its base. The focus of num

er-
ous 

flow
s 

through 
these 

channels 
can 

result in form
ation of deeper, low

- aspect- 
ratio channels (S

tage 3). C
LTZ—

channel- 
lobe transition zone.
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Low
-Aspect-Ratio Channelform

 Architecture

The final stage in turbidite channel evolution is preserved by the low
- 

aspect-ratio continuous channelform
 architecture prom

inent in unit C
 (Figs. 

7 and 14). This architectural elem
ent is described from

 outcrops (e.g., M
utti 

and N
orm

ark, 1987; B
eaubouef et al., 1999; G

ardner et al., 2003; C
am

pion 
et al., 2005; Pyles et al., 2010; M

acauley and H
ubbard, 2013) and other data 

sets (e.g., M
cH

argue et al., 2011; M
aier et al., 2012; Jobe et al., 2015). This style 

of channel architecture w
as described from

 overlying units of the Tres Pasos 
Form

ation (H
ubbard et al., 2014), em

phasizing evidence for innum
erable tur-

bidity currents that passed through the channel over its lifespan, recorded in 
fine-grained basal and m

arginal facies, as w
ell as m

assive and am
algam

ated 
sandstone fill. In H

ubbard et al. (2014) evidence for sedim
ent bypass, underfit 

flow
s (i.e., flow

s sm
aller than their conduits), m

ultiple phases of incision, and 
collapsing turbidity currents from

 intrachannel fill observations w
as em

pha-
sized. The stratigraphy that overlies the A

rroyo Picana outcrop (directly over-
lying unit D

; Figs. 2B
–2D

) consists of ~330 m
 of dom

inantly low
-aspect-ratio 

channelform
 bodies (H

ubbard et al., 2010, 2014; M
acauley and H

ubbard, 2013).

Stratigraphic and Geom
orphologic Surfaces

N
um

erous large turbidity flow
s are considered to initiate and drive ero-

sion of slope channels (e.g., Elliott, 2000; Pirm
ez et al., 2000; G

ee et al., 2007; 
H

odgson et al., 2011; Fildani et al., 2013). C
hannel m

aintenance, including 
m

ass w
asting of channel m

argins, erosion, and sedim
ent bypass, is preva-

lent throughout m
uch of the channel lifecycle (C

ovault et al., 2014; H
ubbard 

et al., 2014; S
tevenson et al., 2015). O

verspill of sedim
ent into channel-over-

bank areas results in levee construction, w
hich contributes to confinem

ent 
of successive flow

s (M
utti and N

orm
ark, 1987; Flood et al., 1995; K

ane and 
H

odgson, 2011; M
cH

argue et al., 2011; M
aier et al., 2011). Phases of deposi-

tion in channels can be the result of insufficient flow
 energy, step drop in flow

 
velocity across a hydraulic jum

p, ponding in response to m
odification of the 

equilibrium
 profile by em

placem
ent of slum

ps, or decreased accom
m

odation 
dow

nslope and subsequent backfilling (e.g., M
utti and N

orm
ark, 1987; C

lark 
and Pickering, 1996; G

ardner and B
orer, 2000; Postm

a et al., 2009; M
cH

argue 
et al., 2011; C

ovault et al., 2014). Through this m
ultiphase history of channeliza-

tion, it is not surprising that channel fills are com
posite bodies bound by highly 

diachronous stratigraphic surfaces (Fig. 15). This evolution invariably leads to 
the generation of channelform

-bounding stratigraphic surfaces that bear little 
resem

blance to form
ative geom

orphic surfaces that existed on the seafloor 
(Fig. 15; cf. S

trong and Paola, 2008; D
iC

elm
a et al., 2011; S

ylvester et al., 2011).
D

espite the varied processes that contribute to the form
ation and filling of 

channels, protracted and focused flow
s lead to a product that is generally per-

sistent and repeated globally (i.e., channel elem
ent fill of M

utti and N
orm

ark, 
1987; S

ullivan et al., 2000; G
ardner et al., 2003; Pyles et al., 2010; M

cH
argue 

et al., 2011; H
ubbard et al., 2014). Furtherm

ore, the stratigraphic stacking of 
successive channel elem

ents can also be regular; for exam
ple, som

e channel 
fills consistently stack aggradationally w

ith lim
ited lateral offset due to levee 

or inner levee confinem
ent and the disposition to being left underfilled upon 

abandonm
ent (cf. M

cH
argue et al., 2011).

W
e speculate that settings in w

hich confined to less-confined flow
 transi-

tions persist are associated w
ith the elevated transfer of geom

orphic surfaces 
to the stratigraphic record (Figs. 14 and 15). U

nlike channels that form
 through 
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Figure 15. Exam
ples of sedim

entary body architecture preserved in the A
rroyo Picana outcrop, w

ith em
phasis on the difference in geom

orphic surfaces and the surfaces that pass through to the 
stratigraphic record.
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num
erous stages of focused incision and filling over a protracted period, evi-

dence for this m
ultistage history (e.g., intrachannel siltstone-draped scours, 

thin-bedded m
argin deposits; cf. H

ubbard et al., 2014) is not present in m
ost 

architectural elem
ents of depositional zones w

here flow
 transitions occur (e.g., 

Figs. 8 and 9). A
 som

ew
hat sim

pler, and abbreviated, history of erosion and 
sedim

ent bypass follow
ed by rapid backfilling of sands and burial enhances 

preservation potential of geom
orphic surfaces. W

e speculate that transient 
features and patterns observable on the m

odern seafloor are potentially pre-
served in the stratigraphic record, but only under certain conditions. For ex-
am

ple, regular avulsion of flow
 pathw

ays in w
eakly confined to unconfined 

settings results in bathym
etric and depositional features that are not as prone 

to cannibalization by subsequent deep incision and prolonged channel pro-
cesses (W

ynn et al., 2002; M
acdonald et al., 2011). In the case of the Tres Pasos 

Form
ation, the high-aggradation net-depositional setting associated w

ith the 
progradational basin m

argin resulted in burial, w
hich favored preservation of 

the varied stratigraphic architecture, attributable to num
erous stages of chan-

nel developm
ent (Fig. 14).

R
epeated patterns of fill w

ithin and am
ong sedim

entary bodies have not 
been w

ell established in the analysis of strata attributed to zones of flow
 tran-

sition (e.g., C
azzola et al., 1981; M

utti et al., 1985; W
ynn et al., 2002; G

ardner 
et al., 2003; Van der M

erw
e et al., 2014), in contrast to those of channel fills, 

w
hich stem

 from
 a prevalence of focused flow

s over sustained periods (e.g., 
D

eptuck et al., 2007; M
aier et al., 2011; Fildani et al., 2013; H

ubbard et al., 2014). 
The ephem

eral nature, varied flow
 pathw

ays, and lim
ited erosion from

 subse-
quent channelization yield a m

ore architecturally diverse and less predictable 
stratigraphic expression of the response to decreasing confinem

ent that has 
historically been difficult to recognize, and therefore has been underreported.

CON
CLUSION

S

A
lthough the stratigraphic expression of long-lived subm

arine channel 
and lobe com

plexes are generally w
ell established, the sam

e cannot be said 
for the stratigraphic expression of transition zones betw

een these segm
ents 

of deep-sea sedim
ent routing system

s. The C
retaceous Tres Pasos Form

ation 
that crops out at A

rroyo Picana in the M
agallanes B

asin, southernm
ost C

hile, 
consists of varied architectural elem

ents present in close association, includ-
ing: (1) low

-aspect-ratio slope channel fills; (2) high-aspect-ratio w
eakly con-

fined channel fills; (3) lenticular, laterally am
algam

ated scour fills; (4) isolated 
scour fills; and (5) cross-stratified, m

igrating depositional bedform
 deposits. 

The strata are interpreted to contain the record of a decrease in channel con-
finem

ent along the deep-w
ater paleoslope.

A
bundant evidence for scours and sedim

ent bypass records a deep-w
ater 

sedim
ent routing system

 segm
ent characterized by decreasing confinem

ent, 
shifting flow

 pathw
ays, and bathym

etric irregularity. U
nlike long-lived chan-

nel system
s that tend to rem

ain focused and thus cannibalize the record of 
form

ative processes at the expense of later erosion and deposition events, 

shifting flow
 pathw

ays in less-confined settings com
bined w

ith burial driven 
by high aggradation resulted in excellent preservation of sedim

entary units. 
The Tres Pasos Form

ation outcrop preserves a unique perspective of tur-
bidite channels at various stages of developm

ent, from
 early stage discon-

tinuous and isolated scour fills to low
-aspect-ratio channel-fill units. The di-

verse sedi m
entary units transferred into the rock record result in less regular 

stratigraphic patterns than those described from
 updip channel-dom

inated or 
dow

ndip lobe-dom
inated units; this has negatively affected their recognition 

in other stratigraphic data sets.
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