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Héctor Leanza
Servicio Geológico Minero Argentino-Consejo Nacional de Investigaciones Cientı́ficas y Técnicas
(SEGEMAR-CONICET) and Universidad Nacional de La Plata, Argentina

Roberto Salvador Francisco d’Avila
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ABSTRACT

T
his chapter is about an almost uninterrupted exposure of the Jurassic Los
Molles Formation in the Arroyo La Jardinera region in the southern
Neuquén Basin (western Argentina). It is based on the analysis of high-

resolution satellite images linked with extensive field data. Its main goal is to
present a conceptual model for the studied turbidite system capable of explaining
how sand and gravel were brought onto and removed from the shelf margin and
how these coarse-grained sediments were transported along and deposited on the
slope and basin plain. The facies tract ascribed to this turbidite system represents
high-frequency lowstand system tracts. From proximal to distal, it includes the
record of fluvial channels incised into mid- to outer-shelf deposits, turbidite
channels scoured on slope strata, turbidite lobes resting on slope rise facies, and
poorly developed turbidite lobe fringes enclosed within basin-plain strata. These
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gravity flow strata were assigned to short-lived (surges) moderately efficient
turbidity currents derived from the almost continuous failure of delta-front
deposits (sand and gravel) during ordinary fluvial floods.

INTRODUCTION

Based on the interpretation of high-resolution

satellite images and extensive fieldwork, Paim et al.

(2008) connected the gravity flow strata exposed in

the Arroyo La Jardinera area (southern Neuquén Ba-

sin, Argentina) to submarine ramps (‘‘sensu’’; Heller

and Dickinson, 1985), including multiple point sources

and no major conduit or canyon, related to high-

frequency lowstand (shelf-margin) deltas. Similarly,

Mutti et al. (2003) had ascribed the succession ex-

posed in the area to turbidite systems closely related

to lowstand deltas (their type-A mixed systems). The

main difference between both ideas is the ultimate

depositional setting of the turbidite strata, whether a

slope-to-basinal setting (Paim et al., 2008) or a distal

delta-front–prodelta context (Mutti el al., 2003). A

regional description of the Jurassic turbidites in the

Neuquén Basin is presented by Burguess et al. (2000),

but unfortunately the Arroyo La Jardinera area is only

briefly mentioned.

Paim et al. (2008) associated the gravity flow de-

posits of the area with three independent systems: the

first type of gravity flow system (GF1) was ascribed to

gravel- and sand-rich density flows. Its facies tract

encompasses fluvial channels incised into mid- to

outer-shelf deposits, turbidite channels scoured on

slope strata, turbidite lobes resting on slope rise facies,

and poorly developed lobe fringe facies enclosed with-

in the basin-plain strata. The second type corresponds

to a sand-rich system with abundant stratification,

including an oscillatory component, which was as-

cribed to low-concentration combined density flows

(GF2). The third system is related to mass gravity

flows (slumps and slides) and derived debris flows

(GF3). A full description of the entire set of gravity

flow deposits and enclosing facies within the Los

Molles Formation exposed in the Arroyo La Jardinera

area can be found in Paim et al. (2008).

This chapter focuses on the previously mentioned

type-1 gravity flow system (GF1), by far the most im-

portant in terms of sand and gravel deposition in the

study area. It presents many features that reveal sev-

eral important issues related to the removal of coarse-

grained sediments from the shelf margin (triggering

processes) and their subsequent transport to the deep

sea through sediment gravity flows. In terms of gravity

flow initiation, some pieces of evidence suggest that

type-1 gravity flows derive from long-lived hyperpyc-

nal currents, whereas other data evoke short-lived de-

pletive surges. In addition, some features indicate that

fluid turbulence and other supporting mechanisms are

major, but diverse, factors on suspended-load trans-

port. Last but not least, some data indicate a strong

connection of the GF1 deposits with high-frequency

accommodation cycles and paleophysiography.

Therefore, our main goal is to discuss and present

a conceptual model for the GF1 system capable of

explaining how sand and gravel were brought into

and removed from the shelf margin and how these

coarse-grained sediments were transported along and

deposited on the slope and basin plain.

GEOLOGICAL SETTING

The Neuquén Basin, located in central western

Argentina and eastern Chile, extends northward along

the axis of the Andean Cordillera up to 318S. Between

348S and 378S, the basin is restricted by the cordilleran

belt as a narrow north-south elongated strip, whereas

southward, it broadens eastward into the extra-Andean

domain, where it is known as the Neuquén Embay-

ment. The Neuquén Basin features a triangular shape,

covers more than 160,000 km2 (61,700 mi2), and ex-

tends up to 700 km (434 mi) in a north–south direc-

tion (Zavala, 1993). Besides the Andean chain to the

west, this basin is bounded by the Pampeano-Sierra

Pintada and North Patagonian massifs (Figure 1). The

infill of the Neuquén Basin (Figure 2) ranges from late

Triassic to Paleocene in age (Ramos, 1998) and exceeds

7000 m (22,900 ft) of marine and continental strata

(epiclastics, carbonates, evaporites, and pyroclastics).

During the late Triassic, central western Argentina

and eastern Chile underwent extensional stresses re-

lated to an arc/trench system developed along the

western margin of the South American plate (Legarreta

and Uliana, 1991; Gulisano and Gutierrez Pleimling,

1995). At that time, sedimentation was confined to

isolated fault-bounded depressions controlled by struc-

tural features of the underlying sialic substrate. These

depressions were filled with nonmarine facies, strongly

influenced by pyroclastic and volcanic rocks, present-

ing abrupt thickness changes (Gulisano and Gutierrez

Pleimling, 1995) and known as the Precuyo Group
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(Lapa Formation in southern Neuquén). These depo-

centers, sited on the east of the arc/trench system, be-

came ever more unified to ultimately (Pliensbachian)

merge into an extensive area of marine sedimentation

placed between the volcanic arc to the west and the

South American foreland to the east (Vicente, 2005).

From the early Jurassic to part of the middle Ju-

rassic, deposition was chiefly driven by tectonics, a

phenomenon that steadily reduced, giving way to a

regional subsidence stage from the middle Jurassic to

the early Paleogene (Ramos, 1998). Although most of

the Neuquén Basin has maintained a nearly steady

subsidence rate, records of local episodes of uplift, fold-

ing, erosion, and synsedimentary tectonics (Vergani,

2005) exist. Accordingly, sedimentation styleand strati-

graphic succession are records of those episodes of

structural inversion and allied unconformities. The

most important of such events produced the Huincul

arch, a large east–west transcurrent fault zone in the

southern Neuquén Basin associated with extensional

stresses caused by the Gondwana fragmentation

and ensuing Atlantic Ocean opening (Vergani et al.,

1995). Several transgressions and regressions, mainly

driven by eustatic sea level changes, occurred before

the progressive growth of the Andean chain and cut

off any oceanic influence into the basin (Legarreta and

Gulisano, 1989). A rise in Andean tectonic activity

as from the Miocene made the basin evolution even

more complex.

The database used herein comes from the analysis

of seismic-scale (10� 10� 1.6 km [6.2� 6.2� 0.99 mi])

high-resolution satellite images and the examina-

tion and logging (sedimentologic and gamma ray) of

large natural exposures and road cuts. Bedsets and key

stratigraphic surfaces can be followed for distances

more than 10 km (6.2 mi). The adopted sequence-

stratigraphic approach is similar to the approaches pro-

posed by Van Wagoner et al. (1988, 1990), as sequence

FIGURE 1. The Neuquén Embayment in South America and the location of the study area (Arroyo La Jardinera).
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boundaries are tied to the end of base-level fall, and

by Hunt and Tucker (1992) and Helland-Hansen and

Gjelberg (1994), as four system tracts are discriminated

(lowstand, transgressive, highstand, and falling stage).

In the study area, a main unconformity (sequence

boundary 1 [SB1]) outlines the base of the Cuyo Group

and corresponds to the boundary between the Los

Molles and Sierra Chacaico formations (Figure 3). The

Cuyo Group comprises 1100 m (3600 ft) of deep-

marine strata (Los Molles Formation), 550 m (1800 ft)

of shelfal to coastal facies of the Lajas Formation

(between SB5 and SB8) and, at the top, the red beds of

the Challacó Formation (Figure 4). The studied section

is bounded by SB2 and SB6 and includes the middle

and upper parts of the Los Molles Formation as well as

its transition to the Lajas Formation (Figures 3, 4). It

was subdivided into four 3d-order depositional

sequences (J21–J24) that encompass nearly 6 m.y.

(Figure 4).

In the ensuing sections, the database is presented

to highlight the main themes used to understand the

turbidity currents in terms of initiation, transport,

and deposition, and therefore to support the concep-

tual model proposed to explain the GF1 system.

MAIN FEATURES

Physiography

Based on the analysis of the facies, facies associa-

tions, and architectural elements, the Los Molles and

Lajas formations have been ascribed to four paleo-

physiographic elements, that is, genetic units larger

than architectural elements and analogous to present-

day physiographic units from several marine basins

(Paim et al., 2008). They include the slope rise or ba-

sin plain and the slope in the Los Molles Formation,

the mid or outer shelf, including the shelf margin, at

the transition between the Los Molles and the Lajas

formations, and the inner shelf or nearshore in the

Lajas Formation (Figures 3, 4). These 10- to 100-m

(33- to 330-ft)-thick paleophysiographic units include

smaller, few to several meters thick, architectural ele-

ments with distinct geometries and facies associa-

tions (Figure 4).

FIGURE 2. Regional stratigraphic column for the southern
and central parts of the Neuquén Basin (modified after
Leanza and Hugo, 1997). The studied interval comprises
part of the Los Molles and Lajas formations. Gr. = Group;
B. = Bajada; Fm. = Formation; Qda. = Quebrada;
Sa. = Sierra, L. = Late; E. = Early.

98 / Paim et al.



FIGURE 3. Geological units in the study area (Arroyo La Jardinera Region) and paleophysiographic elements and
sequence boundaries in the Los Molles and Lajas formations from the interpretation of a high-resolution satellite image
(by IKONOS). The acquisition scale of the vertical sections ranges between 1:100 and 1:500. Fm = Formation; Sa. = Sierra.
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FIGURE 4. Simplified composite vertical section of the study area. Stages obtained from correlation to Gulisano and
Gutierrez Pleimling (1995) chart and absolute ages from Gradstein et al. (2004) chart. SB = sequence boundary;
Fm = Formation; J21– J27 = 3rd-order depositional sequences; J1, J2 = 2nd-order depositional sequences.
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FIGURE 5. Physiography: (A) Fine-grained and (B) heterolithic lobe fringe deposits related to basin plain; (C) lobe sandy
(sandstone bedset ranges from 5–15 m [16.4–49.2 ft] in thickness) and (D) slumped beds ascribed to the slope rise;
(E) turbidite channel and (F) slide (white arrow) associated with slope strata; and (G) falling-stage wave-rippled
sandstone resting on outer-shelf mudstone and scoured by (H) incised channel-fill facies.
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In the Los Molles Formation, profuse fine-grained

deposits (Figure 5A, B), tabular beds of sandstone sets

ascribed to turbidite lobes (Figure 5C), fossil-rich

(ammonites and small bivalves) layers, and dominantly

planktonic radiolarian specimens among the micro-

fauna (Kochhann et al., 2009) characterize the slope

rise to basin plain. The distinction between slope rise

and basin-plain strata is based on the exclusive oc-

currence of slumped beds in the former (Figure 5D).

Similar faunal content, slumped beds, commonly

coupled with slide deposits (Figure 5F), and turbidite

channel fills encased by muddy interchannel facies

(Figure 5E) define the slope realm. The transition be-

tween the Los Molles and Lajas formations consists of

mid- to outer-shelf siltstone, sporadically enclosing

sharp-based nearshore facies (Figure 5G) scoured by

fluvial channels (Figure 5H). Lastly, a sandy interval

(Lajas Formation), which includes wave-, storm- and

tidal-related structures and some muddy intervals a

few meters thick, defines the inner-shelf–nearshore

paleophysiographic element.

Basin-plain shale and lobe–lobe fringe turbidites of

the lower and mid–Los Molles Formation, respectively,

followed by turbidite and incised fluvial channels

encased in extensive fine-grained facies of the slope

(upper Los Molles Formation) and mid to outer shelf

(transition from Los Molles to Lajas formations), in

that order, make up a succession that is very similar to

that presented by Gulisano and Gutierrez Pleimling

(1995) for the same area. This succession is supposed

to be an outcrop analog of the tripartite subdivision

of the Los Molles Formation defined by Gómez Omil

et al. (2002) and Verzi et al. (2005) from seismic data.

In short, the GF1 system is linked to a paleophys-

iography composed of two gently dipping surfaces

(shelf and basin plain) separated from each other by

a steeper unstable slope. The thickness of the slope

succession (about 400 m [1300 ft] thick; Figure 4) sug-

gests a fairly deep-water setting (hundreds of meters of

water depth) for the basin-plain facies. Similar phys-

iography and water depth of the basin-floor turbidites

were described by Steel et al. (2000).

Architectural Elements

The basinward tract of architectural elements of

the GF1 system encompasses incised fluvial channels

(shelf and shelf margin), turbidite channels (slope),

and widespread turbidite lobes and lobe fringes (slope

rise and basin plain).

The downdip and vertical changes of the GF1 ar-

chitectural elements (Figures 3, 4) illustrate the basin-

ward transition from incised fluvial channels through

turbidite channels to turbidite lobes and lobe fringes

(Figure 6). Incised fluvial channels are encased within

shelf to shelf-margin strata; turbidite channels are

scoured into and surrounded by slope, commonly

remobilized fine-grained deposits; and turbidite lobes

and lobe fringes are enveloped by fine-grained slope

rise and basin-plain facies.

Facies Tract

Plane- and cross-bedded sandstone and both mas-

sive and stratified clast-supported conglomerates with

sparse wood pieces represent the main fluvial channel-

fill facies (Figure 7A–C). A minor tidal influence is

suggested by the rare presence of rippled fine-grained

sandstone with flaser and mud drapes near the base

of the channel fills. Together, these pieces of evidence,

in addition to the lack of sedimentary features asso-

ciated with hyperconcentrated flows (sensu; Pierson

and Costa, 1987), point to prevailing usual conditions

of fluvial transport and deposition within incised

braided fluvial channels, even during flood events

(i.e., ordinary floods).

In contrast, the turbidite channel fills display a clear

basinward reduction in mean grain size from clast-

supported through matrix (sandy)-supported conglom-

erates to sandstones (Figure 7D–G). This down-dip

segregation strongly suggests that fluid turbulence was

a major factor in the long-distance transport of gravel

and sand. This inference is reinforced by profuse flute

casts at the base of the turbidite channels (Figure 8E)

and rip-up clasts near their bases (Figures 7G, 8C).

However, nonturbulent granular flows are indicated

by the massive (Figure 7D–G) nongraded nature of

most of the turbidite channel-fill beds. Their simple

(in opposition to complex) and relatively thin char-

acter (0.1–0.5 m [0.33–1.6 ft]; Figure 8A, C) suggests

short-lived currents. Jointly, both sets of data point

to turbulent surges that developed downcurrent, with

ever finer grained basal granular layers as a result of

gravity transformation (sensu; Fisher, 1983).

FIGURE 6. Architectural elements and facies associations: (A, B) Incised stratified fluvial deposits (see arrows for location);
(C) turbidite and fluvial channels scoured on slope and shelf-margin facies, respectively; (D, E) massive turbidite channel
strata; (F, G) tabular bedsets of massive sandstone related to the turbidite lobe; and (H) thin-bedded turbidites of the lobe
fringe. SB = sequence boundary.
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Downcurrent turbidite lobe and lobe fringe facies

display similar features to those of the turbidite channel

fills, except for their extensive geometry (Figures 5C,

6F, 7H, 8B), finer grained nature (Figure 7I–K), less

abundant flute casts and rip-up clasts (Figure 8D, E),

and more frequent normal grading (Figure 8F) and

plane bedding (Figures 7K, 8G). Relative to turbidite

channel fill, lobe strata are supposed to represent sim-

ilar bipartite turbidity currents, but moving a finer

grained suspended load in poorly constrained to wholly

unconfined flows.

In short, GF1 deposits have been related to short-

lived bipartite turbidity currents. Fluid turbulence

has acted as the main supporting mechanism in

FIGURE 7. Facies tract: Clast-supported conglomerate (A) and plane and trough cross-bedded sandstone (B), sometimes
with large pieces of trunks (C), associatedwith incised fluvial channel fill; clast (D)- andmatrix (E)-supported conglomerate
and massive sandstone (F), usually with rip-up clasts (G), related to turbidite channel fill; laterally extensive turbidite
lobe strata (H) comprisingmassive coarse (I)- to fine (J)-grained sandstone, occasionally with incipient lamination (K); and
heterolithic deposits (L) of the lobe fringe.
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long-distance transport of the coarse-grained sus-

pended load from the shelf margin to the deep sea.

However, the massive nongraded nature of most of

the turbidites indicates that nonturbulent flow condi-

tions would have left the ultimate mark on the depos-

its themselves. This non-Newtonian (pseudoplastic)

rheology is supposed to represent transient conditions

confined to the basal layer of the bipartite density

flows and produced just before deposition could occur

through frictional freezing.

Paleocurrents

Paleocurrent readings of trough cross-bedding

within fluvial beds (incised channels) point to east–

northeastward effluents (mean value, 838; n = 24).

Flute casts on turbidite beds show a similar trend

(mean value, 678; n = 60). All together, GF1 paleo-

current data point to northeastward currents (mean

value, 728; number of readings (n) = 84) that are sim-

ilar to the inferred sediment transport path proposed

for the area by Burguess et al. (2000) This mean value

is roughly orthogonal (angle of 878) to that presented

by wave-induced cross-bedding (mean value, 1598; n =

126) ascribed to alongshore currents (Figure 9). It is

also worth noticing that the sediment dispersal trends

of both GF1 and nearshore systems have not changed

with time (Figure 10).

The aforementioned paleocurrent data strengthen

the idea of some genetic linkage between fluvial efflu-

ents and turbidity currents. Both dispersal systems

comprise multiple small-scale source points (Figure 6C),

FIGURE 8. Surgelike density flow suggested by discrete medium-scale sedimentary bodies within turbidite channels (A)
and lobes (B); pieces of evidence pointing to the turbulent nature of the long-distance transport, including rip-up clasts in
both turbidite channel (C) and lobe strata (D), common to abundant flute casts at the turbidite channel base (E) and
normal grading (F) and plane bedding (G) in turbidite lobe strata; and nearby continental sources indicated by common
plant debris within both turbidite channel (H) and lobe (I) deposits.
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FIGURE 9. The first type of gravity flow system ([GF1] fluvial and turbidity currents) and nearshore, mostly alongshore
currents in the study area displaying mean vectors at right angles (A). In the map (B), notice alongshore currents parallel
to the presumed local basin margin (north-northwest–south-southeast) and northeasternward toward the basin
depocenter GF1 fluvial and turbidity currents. n = number of readings.

FIGURE 10. Paleocurrents of the first type of gravity flow system (GF1) through time and space. Nearshore, and wave-
and tide-induced paleocurrents are also shown for comparison. Notice the steady transport trend of the GF1 strata
within distinct paleophysiographic elements, from shelf to basin plain, as well as along time through different
3d-order depositional sequences.
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and they have always flowed toward the basin depo-

center, whereas alongshore transport is parallel to the

orientation of the local basin border (Figures 9, 10).

High-frequency Sequences

The Cuyo Group is subdivided into two 2d-order

depositional sequences, named J1 and J2,which record

around 7 and 12 m.y., respectively (Figure 4). A key

surface (SB2) delineates their boundary and the onset

of a thick package of sandy turbidites that abruptly

rests upon a thick package mostly composed of deep

marine shale (Figures3, 4).The J1depositional sequence

comprises the base of the Los Molles Formation, and

it records a transgressive-regressive succession. The

upper depositional sequence (J2) consists of the Los

Molles (mid and upper sections), Lajas, and Challacó

formations, and records a regressive unit (Figure 4).

The latter sequence is subdivided into seven 3d-order

depositional sequences (J21–J27), each one record-

ing 1 to 3m.y. (Figures 3, 4) and comprising up to two

paleophysiographic elements (Figure 3). Besides, the

analysis of the facies successionswithin all paleophys-

iographic elements and sequences indicates a high-

frequency (4th- to5th-order)modulationof thegeolog-

ical record, which is the theme of the next paragraphs

(see also Figures 11, 12). The stacking pattern pre-

sentedby the turbidite strata exposed in the study area

has been used by Mutti (1992) as an example of high-

frequency cyclicity on the scale of facies sequences.

In the outer- to midshelf strata, transgressive and

highstandmudstones are sharply overlain (regressive

surfaces of marine erosion) by wave- and tide-related

nearshore deposits of the falling-stage system tract

(Figures 5G; 11A, D). In turn, these nearshore facies

are then scoured by small fluvial channels (Figure 6B,

C) related to the later development of the falling-stage

system tract and ensuing expansion of the subaerial

unconformity. At the start of relative sea level rise, in-

cised channels were then filled by fluvial (Figures 5H;

6A, B; 7A–C; 11B,D) locally tide-influenced facies. The

subsequent increase in the rate of relative sea level rise

once more drives the onset of the transgressive sys-

tem tract over the shelf and consequent extensive silt

deposition. In short, high-frequency relative sea level

oscillations are recorded in outer- to midshelf strata

by the falling-stage (regressive surfaceofmarine erosion

and succeeding fluvial incision), lowstand (channel-

fill), and transgressive (shelfal siltstone above the sur-

faces of maximum regression) system tracts.

In the slope, by the end of the falling stage, wide-

spread mudstone connected to the previous system

tracts (transgressive, highstand, and falling-stage)was

scouredbypoint-sourced turbidity currents (Figures 6D,

E; 11D). Through the lowstand stage, the resultant

channels were then filled by amalgamated lenses of

gravel- to sand-rich upward and downdip fining tur-

bidites (Figures 6C; 7D–F; 11C). Channel abandon-

ment and resuming widespread mud deposition de-

fine the beginning of a new transgressive episode.

Thus, 4th- to 5th-order relative sea level fluctuations

are recorded in the slope by turbidite scour (early low-

stand), turbidite channel fill (late lowstand), andwide-

spreadmuddeposition (transgressive, highstand, and

falling-stage system tracts).

On the slope rise and proximal basin plain, mud-

stone credited to aprecedinghigh-frequency cycle (late

lowstand, transgressive, highstand, and falling-stage

system tracts) are regularly overlain (Figure 11G) by

tabular bedsets (Figures 5C; 6F; 11E) composed of sand-

rich (Figures6G;7I–K) fewdecimeters thick (Figures 7H;

8B) turbidites that supposedly represent the early

lowstand system tract. A new increase in the rate of

relative sea level rise leads to the deposition of a mud

blanket over the sandy turbidites (Figure 11E, F). This

package, which is between few to few tens of meters

thick, of fine-grained deposits includes the subsequent

late lowstand, transgressive, highstand, and falling-

stage system tracts.

DISCUSSION

Short- Versus Long-lived Sediment Gravity Flows

Some features suggest a close link between fluvial

discharge and sediment gravity flows. The tripartite

basin physiography andhigh-frequency lowstand con-

text promote appropriate conditions for the initia-

tion of turbidity currents from hyperpycnal flows

(e.g., Steel et al., 2000; Plink-Björklund and Steel,

FIGURE 11. High-frequency depositional sequences: (A) sharply based tidal bar deposits (falling stage) and (B) incised
fluvial strata (lowstand), both within dominantly muddy shelfal strata; (C) sandy turbidite channel (lowstand) surrounded
bymuddy slope facies (sandstone bedset ranges from 5–15m [16.4–49.2 ft] in thickness); (D) relative location of (A), (B),
and (C); (E) general view of the high-frequency depositional sequences on the slope rise to basin-plain realm (active and
abandonment phases of the turbidite lobes); and detailed view of the upper (F) and lower (G) abrupt limits of the lobe
bedsets (sandy facies related to the lowstand active phase) with the dominantly muddy deposits (abandonment phases)
ascribed to the transgressive and highstand systems tracts.
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FIGURE 12. Segment of logs 2 (A) and 7 (B). Notice the high-frequency signal modulating the stratigraphic architecture.
See log location in Figure 3. Log depths in m. J1 = 2d depositional sequence; J2.1–J2.4 = 3d order depositional sequences.

110 / Paim et al.



2004). It is worth noticing that the GF1 facies tract

records a downdip change from fluvial facies through

gravel- to sand-rich sediment gravity flows. In addi-

tion, the fluvial and GF1 systems show parallel paleo-

current trends, a wide range of available grain size

(gravel to very fine-grained sand) and prolific plant

debris (Figure 8H, I). These data reveal some sort of

connection between the fluvial effluents, which de-

livered sand and gravel to the shelf margin and the

GF1 system. However, no support exists in the fluvial

deposits to indicate high-density effluents being di-

rectly delivered to the slope. On the contrary, the

fluvial facies point to braided streams with ordinary

gravel and sand bars. The nontorrential character of

the fluvial facies associated with the massive and sim-

ple (in opposition to complex) nature of the relatively

thin gravity flow beds, which lack any internal ero-

sional surface, are evocative of short-lived depletive

surges instead of long-lived waxing to waning hyper-

pycnal currents (Mulder et al., 2003). A brief review of

some criteria used elsewhere to recognize hyperpycnal

flow deposits in the geological record and their cor-

relation with the GF1 facies is presented in Table 1.

Although these two interpretations (sustained-

versus surge-type) seem incompatible at first glance,

the specific features that support each one are herein

assembled in terms of an indirect fluvial control, that

is, surgelike turbidity currents derived from the re-

curring failure of mouth-bar and delta-front sedi-

ments. It is also worth noticing that the clean nature

of the sand- and gravel-rich GF1 strata, which display

a very fine-grained (or coarser) sandy matrix, indicates

that a large part of the fluvial suspended load (silt and

clay) was not present in the turbidity currents.

Based on the concepts of Bates (1953) and Wright

(1977), and on aforementioned pieces of evidence, it

is assumed herein the existence of stratified fluvial

effluents with well-defined bed and suspended load

that did not enter the sea as inertia flows (truly

hyperpycnal flows). Instead, friction-dominated flu-

vial effluents dumped their bed load (gravel and sand)

in the delta front, whereas their suspended load was

transported much farther as a hypopycnal plume.

This case is similar, but not equal, to the subaerial

inflow with an intermediate average density simu-

lated by McLeod et al. (1999). This kind of inflow is

strongly influenced by its internal stratification as its

sediment-depleted upper layer (richer in finer grained

suspended load) becomes a buoyant plume in the

receiving basin, whereas its particulate-enriched lower

section penetrates the tank as a dense flow. In the case

presented herein, this lower sediment-enriched part

of the flow could be responsible for the high rate of

sediment fallout occurring in the delta front in

conjunction with the tractive accumulation of the

bed load.

Turbidity Currents Versus Sandy Debris Flows

Massive sandstones are dominant along the entire

GF1 system. This fact stresses that other supporting

mechanisms instead of fluid turbulence (e.g., fluid

escape, hindered settling, and buoyancy) were im-

portant factors in the transport of the sediments, as in

noncohesive sandy debris flows (Shanmugam, 2000).

However, the quite distinct downcurrent grain-size

segregation underlines the importance of the fluid

turbulence in the long-distance transport of sand and

gravel, that is, turbidity currents.

To accommodate such apparently conflicting ideas,

bipartite turbidity currents, similar to the density-

stratified flows envisaged by many authors (e.g.,

Kuenen, 1951; Bagnold, 1956; Sanders, 1965; Postma

et al., 1988; Mutti et al., 1999), are proposed to equally

explain the long (grain-size segregation caused by

fluid turbulence)- and the short (ephemeral prefreez-

ing basal inertia flows)-distance transport. The option

for using the term ‘‘turbidity currents’’ instead of ‘‘non-

cohesive debris flows’’ emphasizes the long-distance

mechanism of transport and its resultant facies tract

instead of short-distance fluid rheology in the density

flow basal layer and its associated massive fabric.

Autogenic and Allogenic Control

Autogenic and allogenic processes control the ini-

tiation of turbidity currents. As previously mentioned,

turbidity current initiation has been related to high

rates of sand and gravel deposition at distributary

mouth bars during fluvial floods. This condition has

induced the recurrent failure of the delta front and

the resulting turbidity currents. However, as already

presented, age (Gulisano and Gutierrez Pleimling,

1995) and sedimentologic (facies successions and as-

sociations) data about the shelf margin, slope, and

basin-plain deposits indicate that GF1 surges were

associated with high-frequency (4th to 5th order)

lowstand stages and closely related short-lived shelf-

margin deltas. This idea implies that an allogenic con-

trol, that is, relative sea level fall, is a major factor in

promoting the right conditions for turbidity current

triggering, that is, high rates of coarse-grained sedi-

ments (gravel and sand) being rapidly delivered over

a relatively steep slope (lowstand shelf-margin deltas).
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Table 1. Positive (yes) and negative (no) correlation between features found in the GF1 deposit and some criteria used elsewhere in terms
of hyperpycnal flow identification (from Paim et al., 2008).

Criteria of Hyperpycnal Flow Recognition Reference Correlation

Physical connection between fluvial and
turbidite channels at the shelf margin

Plink-Björklund and Steel (2004) Yes, through small incised channels

Alternating massive and stratified intervals
within a single bed

Plink-Björklund and Steel (2004);
Bhattacharya and MacEachern
(2008); Arcuri and Zavala (2008);
Bourget et al. (2008); Vesely (2008)

No. Massive, stratified, or massive with stratified
top discrete beds

Coarsening- and thickening-upward trend
near the bed base and the reverse above

No. Thin, discrete, and uniform or graded beds

Abundant cut-and-fill features in a single bed No. Absent

Laterally irregular grain-size changes No. Absent

Sandy nature and abundant meter-scale beds Piper and Savoye (1993);
Mulder et al. (1998); Kneller
and Buckee (2000); Mulder and
Alexander (2001); Plink-Björklund
and Steel (2004); Arcuri and Zavala
(2008); Vesely (2008)

No. Gravel and sand as discrete decimeter-scale-
thick beds

Systematically accreted shelf margin with
associated turbidites

Plink-Björklund and Steel (2004) Yes

Abundant continental plant material (leaves,
phytodetritus, and coal fragments) in the
turbidite beds

Mulder and Alexander (2001);
Johnson et al. (2001);
Plink-Björklund and Steel (2004)

Yes

Turbidite beds with lamination outlined by
phytodetritus

Zavala (2008) Yes, but more common in GF2 beds

Small amount of slump, slide, and debris-flow
deposits

Plink-Björklund and Steel (2004) No. High proportion of mass and debris-flow facies
(GF3 facies)

Downcurrent pinch-out of thick beds of sandy
turbidite

Plink-Björklund and Steel (2004) No (only in GF2 strata)

Rounded and aligned mud clasts Yes (usually aligned)

Siltstone and claystone-graded couplets with
syneresis cracks

Bhattacharya and MacEachern (2008) No, absent

Low to moderate trace fossil diversity, low
bioturbation intensity, normal size ichnotaxa, lack
of complex behavior strategies, suspension-feeding
organisms

Bhattacharya and MacEachern (2008);
Carmona et al. (2008)

Yes, usually low trace fossil diversity and bioturbation
intensity and lack of complex behavior strategy

GF1 = first type of gravity flow system.
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FIGURE 13. Conceptual model of triggering (A), transport with grain segregation (A, B) and deposition (B) of fluvial-derived turbidite surges. The top
photographs exemplify the main architectural elements (incised fluvial channels, conglomeratic and sandy turbidite channels, and turbidite lobes), and
photographs in the midportion represent the facies tract. Draft shown in panel B was adapted from Postma et al. (1988).
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CONCLUDING REMARKS

Fluvial channels at the shelf margin, turbidite chan-

nels in the slope, and turbidite lobes and lobe fringes

in the slope rise and basin plain represent the GF1

system in terms of architectural elements and phys-

iographic settings. The increase of the gradient at the

transition from the outer shelf to the slope enhances

gravity flow buildup and entrenchment (turbidite

channels in the slope), whereas the opposite alteration

at the transition from the slope to the slope rise and

basin plain favors large-scale sand deposition through

poorly confined channels to widespread turbidite lobes.

Multiple point sources related to high-frequency low-

stand deltas gave origin to areas of high rates of sedi-

mentation along the shelf margin.

The conceptual model (Figure 13) assumes average

fluvial floods producing a quasi-steady delivery of

sand and gravel onto continuously aggrading unstable

delta-front ramps prograding into ever deeper water.

Concurrently, the fluvial suspended load (silt and clay)

was dispersed in the basin as hypopycnal plumes.

After a brief storage period, debris flows were initiated

through episodes of remobilization of the sediments

deposited in the distributary mouth bars formed in

such unstable areas. Because of flow acceleration along

the slope, the gravity flow then builds up, becoming

fully turbulent (turbidity current surges) and causing

slope erosion. Subsequent deceleration produced a

downcurrent grading through consecutive waves of

sedimentation. These accumulation pulses were the

result of gravity flow transformations driving flow

bipartition and ensuing frictional freezing of the

lower granular layers composed of ever finer grained

sediments (massive strata). The lack of fine-grained

particles in the turbidity currents, which results from

flow separation at the mouth of the distributary chan-

nels, is indicated as the cause of the poor development

of the truly tabular lobe beds and extensive lobe fringe

facies as flow efficiency is likely to have diminished

because of the small amount of clay in the fluid.
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