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ABSTRACT

F
acies analysis performed for more than 10 yr in several lacustrine and ma-
rine basins allowed the distillation of a genetic and predictive facies tract of
general application to the recognition of sustained turbulent (noninertial)

hyperpycnal flow deposits. The facies tract is composed of three main genetic
facies groups related to bed load (B), suspended load (S), and lofting (L) transport
processes.

Facies B (bed load) is the coarsest grained and relates to shear and fric-
tional drag forces provided by the overpassing long-lived turbulent (hyper-
pycnal) flow. Three main subcategories are recognized, termed B1 (massive or
crudely bedded conglomerates), B2 (pebbly sandstones with low-angle asymptotic
cross-stratification), and B3 (pebbly sandstones with diffuse planar lamination
and aligned clasts).

Facies S is finer grained and relates to the gravitational collapse of suspended
load transported by the hyperpycnal flow. Four subfacies types are recognized,
termed S1 (massive sandstones), S2 (parallel laminated sandstones), S3 (sandstones
with climbing ripples), and S4 (massive siltstones and mudstones).

Facies L (lofting) relates to the buoyancy reversal of the hyperpycnal flow
provoked by lift of a less dense fluid (in this case, fresh water) typically found in
marine and other saline-receiving basins. The finest materials suspended in the
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flow (very fine–grained sand, silt, plant debris, and mica) are lifted from the
substrate and settle down forming silt/sand couplets of great lateral extent. Fa-
cies L develops only in marine/saline environments, whereas facies S3 and S4 are
more common in lacustrine environments.

Hyperpycnites are often very complex, showing internal erosional surfaces
and gradual facies recurrences related to deposition from long-lived and highly
dynamic (fluctuating) flows. This complex behavior results in the accumulation
of composite beds having an internal facies arrangement that strongly departs
from conventional facies models developed for surgelike flows. Facies B charac-
terizes transfer zones, and its occurrence allows the prediction of sandstone de-
posits (facies S) basinward. Facies L is mostly developed in flow-margin areas. In
marine settings, the reversing buoyancy effect (lofting) at the hyperpycnal flow
margin will result in less lateral continuity of sandstone bodies compared with
those related to resedimentation processes, with important consequences for hy-
drocarbon reservoirs.

INTRODUCTION

Recent advances in the understanding of a new

category of clastic depositional system, termed ‘‘hy-

perpycnal system,’’ have provided a new frontier

for the understanding of clastic facies in marine

and lacustrine environments. A hyperpycnal sys-

tem (Zavala et al., 2006a) is the subaqueous exten-

sion of the fluvial system (in the sense of Schumm,

1977, 1981). It originates when a river in flood directly

discharges a sustained and relatively more dense tur-

bulent mixture of fresh water and sediments (hyper-

pycnal flows; Bates, 1953) into a receiving standing

body of water. To overcome the density contrast with

marine waters, the plunging of a river flow will re-

quire a suspended-load concentration varying be-

tween 35 and 45 kg/m3 (Mulder and Syvitski, 1995)

according to latitudinal variations. As a consequence

of its excess in density, the incoming flow plunges

and moves basinward as a land-generated underflow

(Figure 1). Increasing evidence shows that hyperpyc-

nal systems can extend hundreds of kilometers basin-

ward (Collins, 1986; Johnson et al., 2001; Nakajima,

2006; Zavala et al., 2006a; Gamero et al., 2007; Cheng-

Shing and Ho-Shing, 2008; Bourget et al., 2010) and

can explain the accumulation of very thick clastic

successions in shelfal and deep-marine settings even

during highstands of sea level (Mutti et al., 1996, 2003).

Observations made in 230 contemporaneous rivers

(Mulder and Syvitski, 1995) revealed that more than

66% of the rivers produce periodic hyperpycnal dis-

charges, allowing the basinward transfer of huge vol-

umes of sediments. As an example, during a single hy-

perpycnal discharge (lasting 18 hr in November 1995)

the Var river transferred a volume of sediments equiv-

alent to that transported in 20 yr in nonflood con-

ditions (Mulder et al., 2003). Although hyperpycnal

discharge seems to be very common in contempora-

neous rivers, only a few examples of deposits inter-

preted as fossil hyperpycnites can be found in the

literature (Plink-Björklund and Steel, 2004; Pattison,

2005, 2008; Zavala et al., 2006a; Myrow et al., 2008;

Soyinka and Slatt, 2008). Consequently, it is possible

that many ancient hyperpycnal deposits were mis-

interpreted in the past as deposited in more conven-

tional depositional systems (Mutti et al., 1996, 2003).

Although present hyperpycnal discharges transport

mostly very fine-grained sediments, increasing evi-

dence from ancient strata (Mutti et al., 2003; Plink-

Björklund and Steel, 2004; Saitoh, 2004; Gamero et al.,

2005, 2007, 2008; Pattison, 2005, 2008; Hesse and

Khodabakhsh, 2006; Olariu and Bhattacharya, 2006;

Petter and Steel, 2006; Zavala et al., 2006a, b, c, 2007a,

b, 2008b; Lamb et al., 2008; Myrow et al., 2008; Ponce

et al., 2008a, b; Soyinka and Slatt, 2008; Zavala, 2008)

strongly supports the idea that coarse-grained hyper-

pycnites could be much more common than expected.

Extensive field and core studies performed during

more than 10 yr in several different sedimentary ba-

sins (Table 1) show that sedimentary facies related

to hyperpycnal systems are very distinctive and could

easily be differentiated from surgelike (classical) tur-

bidites, tempestites, and other conventional facies

types.

A hyperpycnite (Mulder et al., 2003) is a particu-

lar type of turbidite having distinctive and at pres-

ent poorly known facies characteristics (Mulder and

Alexander, 2001). Its origin is closely related to a di-

rect fluvial discharge and results in facies types and

depositional features that commonly resemble those

32 / Zavala et al.



considered as typical of fluvial environments (bed

load, meandering, etc.) but are commonly associated

with clear marine and lacustrine indicators. The

transfer and accumulation of a huge volume of con-

tinental sediments during a single long-lived flood

frequently results in confusing facies types from a

conventional point of view. The resulting clastic sed-

imentary bodies could be biostratigraphically sterile

or can display a wide range of water-depth indicators.

Very thick hyperpycnites commonly lack or show

rare and very specific trace fossils favoring the con-

fusion of these strata with estuarine deposits. As for

every sediment gravity flow, the location and thick-

ness of coarse-grained hyperpycnal sedimentary

bodies are very sensitive to the contemporaneous

subaqueous topography, commonly resulting in the

accumulation of very thick laminated or structure-

less sandstone bodies of difficult interpretation using

nonhyperpycnal facies models.

The objective of this chapter is to introduce and

to discuss a new approach to a genetic facies model

constructed for the analysis and understanding of

long-lived and fully turbulent hyperpycnal flows and

their coarse-grained deposits illustrated with selected

examples from different South American basins.

A GENETIC FACIES MODEL FOR THE ANALYSIS
OF HYPERPYCNAL DEPOSITS

Descriptive facies models focus on the careful

description and classification of different types of

FIGURE 1. Comparison between hypopycnal (A, inflow density < sea-water density) and hyperpycnal (B, inflow density >
sea-water density) flows (original concept by Bates, 1953). Note that in the case of the hyperpycnal flow, the fluvial
discharge sinks below the sea-water body, continuing its travel basinward as a quasi-steady underflow. Panel B was redrawn
from the pioneer work of Knapp (1943). After Zavala et al. (2008a).

Table 1. Main units and sedimentary basins considered in this study.

Unit Age Basin Country References

La Lola Fm Ordovician Ventania Argentina Zavala et al., 2000

Los Molles Fm Early Jurassic Neuquén Argentina Zavala and Gonzalez, 2001

Lajas Fm Middle Jurassic Neuquén Argentina Zavala and Gonzalez, 2001

Lotena Fm Middle Jurassic (Callovian) Neuquén Argentina Zavala, 2005

Mulichinco Fm Early Cretaceous (Valanginian) Neuquén Argentina Zavala, 2000a

Rayoso Fm Barremian–Aptian Neuquén Argentina Zavala et al., 2006a

Magallanes Fm Late Cretaceous Austral Argentina Saccavino et al., 2008

Misoa Fm Eocene Maracaibo Venezuela Gamero et al., 2005

Pampatar Fm Eocene Ensenada Venezuela Guzmán and Campos, 2008

Merecure Fm Oligocene Maturin Venezuela Zavala et al., 2007b

Carapita Fm Miocene Maturin Venezuela Gamero et al., 2007

Herrera Sst Miocene Columbus Trinidad Gamero et al., 2007

Mayaro Fm Pliocene Columbus Trinidad Zavala et al., 2008b

Pliocene sandstones Pliocene Columbus Trinidad Gamero et al., 2008

Catarozzo Gp Late Pliocene Sant’Arcangelo Italy Zavala, 2000b

Aliano Gp Late Pliocene–Early Pleistocene Sant’Arcangelo Italy Zavala, 2000b

Tursi Gp Late Pliocene–Early Pleistocene Sant’Arcangelo Italy Zavala, 2000b

Fm = Formation; Sst = Sandstone; Gp = Group.
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sedimentary rocks according to their macroscopic

characteristics such as sedimentary structures, grain

size, color, geometry, and types of bounding surfaces,

among others (Walker, 1984). These descriptive facies

are then commonly grouped into different categories

according to some common characteristics (i.e., coarse-

grained facies, cross-bedded facies, massive facies, etc).

A descriptive facies analysis is an objective procedure

because it is based on observable macroscopic phys-

ical characteristics. Therefore, different observers can

arrive at similar conclusions. The main objective of a

descriptive facies analysis is to determine the paleo-

environment of accumulation.

Genetic facies models and facies tracts represent

a step ahead in facies analysis because they require

a conceptual-based classification. A genetically ori-

ented facies approach distinguishes facies according

to the main sedimentary processes involved during

their transport and deposition. As in fossil deposits

sedimentary processes can only be inferred, the ge-

netic approach strongly depends on the experience

and the paradigm used by the observer. The use of a

genetic approach requires an early understanding of

the depositional environment, which should be de-

termined using the descriptive facies approach pre-

viously described. The main goal of a genetic facies

analysis is to determine the conceptual facies tract

and to predict the expected facies types outside of

the reference section under study. At present, genetic

facies tracts are only available for turbidites related

to ignitive surgelike processes, mainly associated

with slope failures. The use of a genetic approach for

the analysis of surgelike turbidites was introduced by

Bouma (1962) in his milestone contribution. Bouma

described a key facies sequence from the Oligocene

Peira Cava flysch that allowed, for the first time, the

analysis of the position along the depositional pro-

file of a certain sandstone body and the prediction of

landward and basinward directions and processes

based on the possible characteristics of the geneti-

cally related sedimentary bodies.

A significant improvement to the genetic facies

tract applied to the analysis of turbidite deposits

was later made by Mutti and Ricci Lucchi (1972),

which also incorporated very coarse-grained sedi-

mentary populations. Lowe (1979, 1982) carefully

described and discussed the origin of ancient fine-

and coarse-grained turbidites based on their flow rhe-

ology and inferred particle support mechanisms. Lowe

(1982) also emphasized the importance of bed load

in coarse-grained turbidites.

In a series of more recent contributions, Mutti

(1992) and Mutti et al. (1999, 2003) increased the

predictive power of genetic facies tracts by adding a

discussion on the importance of hydraulic jumps and

flow transformation in controlling the characteristics

of the resulting sedimentary facies. Mutti et al. (1999)

improved the genetic interpretation by applying the

concept of flow bipartition introduced by Sanders

(1965). According to Mutti et al. (1999), a turbidity

flow will therefore be composed of a fast-moving in-

ertial (granular) flow followed by a slow-moving tur-

bulent flow. Deposition of different facies types (F2–

F9) occurs as a consequence of a series of hydraulic

jumps as the flow wanes and dilutes basinward (Mutti

et al., 1999). As the flow is driven by inertial forces

related to the fast-moving granular flow, this kind of

flow will therefore require an acceleration on a steep

slope and will be very sensitive to slope breaks. In ad-

dition, if this turbidity flow originates from slope

FIGURE 2. Main characteristics of surgelike turbidites originated by slope instability. Flow bipartition results in a fast-
moving inertial flow followed by a slow-moving turbulent (gravitative) flow. Inspired by Mutti et al. (1999). d =
discharge; t = time.
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instability (ignitive classical turbidites), the density of

interstitial flow waters will be similar to that of am-

bient waters, thus preventing the effect of lofting

(Figure 2).

In recent years, the origin of turbidites has been

also related to the direct supply of relatively dense

mixtures of water and sediments by rivers in flood

or hyperpycnal flow (Normark and Piper, 1991; Mutti

et al., 1996; Bruhn and Walker, 1997; Mutti et al., 1999,

2009; Klaucke et al., 2000; Stow and Mayall, 2000;

Mulder et al., 2001a, b; Deptuck et al., 2003; Mutti

et al., 2003; Posamentier and Kolla, 2003; Joseph and

Lomas, 2004; Migeon et al., 2004; Plink-Björklund

and Steel, 2004; Pattison, 2005; Antobreh and Krastel,

2006; Gervais et al., 2006; Mansurbeg et al., 2006;

Migeon et al., 2006; Ponce et al., 2008a, b). Mutti et al.

(1996, 2003, 2009) emphasized the importance of

catastrophic flooding in the accumulation of very

thick clastic successions in shallow- to deep-marine

settings, mainly associated with small and medium-

size mountainous rivers characterized by relatively

short- and high-gradient transfer zones. Mutti et al.

(2003) recognized the flood-generated delta-front

sandstone lobes as the main depositional element as-

sociated with hyperpycnal flows. This provides a

broad spectrum of relatively small intergradational

and coarse-grained fluvial-deltaic systems ranging be-

tween two end members, (1) fan deltas and (2) river

deltas. According to Mutti et al. (2003), fan-delta sys-

tems accumulate in roughly tabular lobes extend-

ing from alluvial conglomerates to shelfal siltstone

and mudstone. In these systems, flood-generated dense

flows enter seawaters as catastrophic and inertia-

dominated relatively unconfined flows. Coarser ma-

terials tend to collect at the front of the flow, giving

way to a horizontally negative grain-size gradient.

River-delta systems, however, could be dominated

by two intergradational types of flow corresponding

to sediment-laden streamflows (long-lived turbulent

flows) and composite sediment-laden streamflows

(inertial flows, with horizontally negative grain-size

gradient). In river-delta systems, sedimentation occurs

mainly in a mouth bar (characterized by sigmoidal

bedding) and in associated flood-generated delta-front

sandstone lobes. Mutti et al. (2003, p. 739) indicate

that ‘‘in the case of higher outflow efficiency, coarse

sediment collapsed at river mouths is transported as

tractive bed load by sustained turbulent flows exiting

river mouths as hyperpycnal flows. This process sets

up the formation of tractional bed forms that are pri-

marily controlled by water depth and the velocity and

steadiness of the bypassing hyperpycnal flows.’’

The understanding of facies types related to sus-

tained turbulent (noninertial) hyperpycnal flows rep-

resents a deep challenge for sedimentologists because

long-lasting river discharges and their associated fa-

cies types could be very different from those ex-

pected in surgelike (inertia-dominated) turbidity

flows (Mulder and Alexander, 2001; Zavala et al.,

2006a; Zavala, 2008). To travel hundreds of kilome-

ters (Nakajima, 2006), the hyperpycnal discharges

have to be maintained for weeks or months and con-

sequently they will be mostly associated with low-

gradient medium- to large-size rivers.

In this chapter, we focus our analysis on the fa-

cies types related to sustained fully turbulent hyper-

pycnal flows with associated bed load. A sustained

hyperpycnal flow has a distinctive behavior that will

result in the accumulation of nonconventional beds

from a classical point of view. Its origin related to a

direct fluvial discharge results in a subaqueous flow

having characteristics commonly considered as typ-

ical of alluvial sedimentation. A sustained hyper-

pycnal flow is a land-derived, relatively slow-moving,

and fully turbulent sediment gravity flow (Mulder

et al., 2003) having the ability to carry basinward in-

terstitial fresh water (Hesse and Khodabakhsh, 1998;

Johnson et al., 2001; Hesse et al., 2004; Mansurbeg

et al., 2006; Warrick et al., 2008; Zavala, 2008). The

diameter of the clastic suspended particles common-

ly ranges from silt to very fine sand (0.004–0.25 mm;

Myrow et al., 2006). The particles are transported to-

gether with plant debris and micas (Zavala et al., 2006c,

2008b; Zavala, 2008). In contrast to surgelike (ignitive)

turbidites, sustained hyperpycnal flows have a slow-

moving and more diluted leading head (Kassem and

Imran, 2001) that will be very sensitive to the pre-

existing subaqueous topography (Figure 3).

The moving of a sustained hyperpycnal flow will

not necessarily require steep slopes (Zavala et al.,

2006a) because the flow could be maintained as

long as the high-density fluvial discharge continues

(Prior et al., 1987). Therefore, the distance reached

by a sustained hyperpycnal flow traveling along a

gently dipping or near-flat sea bottom will depend

mostly on the duration of the related flood event

(Zavala et al., 2006a). In contrast with surgelike flows

where deposition is dominated by the head, in sus-

tained hyperpycnal flows, deposition is dominated

by the body (De Rooij and Dalziel, 2001; Peakall et al.,

2001). These characteristics allow the preservation

in the hyperpycnal deposit of evidences of flow fluc-

tuations that occurred during the overpassing dis-

charge, resulting in the accumulation of composite
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beds (Zavala et al., 2007a). Contrary to classical mod-

els of turbidity sedimentation, coarse-grained mate-

rials are not transported at the flow head but are

dragged at the flow bottom as bed load (Figure 4)

related to shear forces provided by the overpassing

long-lived turbulent flow (Plink-Björklund and Steel,

2004; Zavala et al., 2006b, 2008b). Bed load in sustained

hyperpycnal flows is probably inherited from the orig-

inal subaerial discharge that enters the receiving ba-

sin. Recognition of bed-load facies in hyperpycnal

deposits is crucial for facies prediction because these

facies give fundamental information about (1) the po-

sition in the facies tract with respect to the whole hy-

perpycnal system, (2) flood event magnitude and du-

ration, and (3) expected related facies types in more

proximal and distal areas.

FIGURE 4. Main characteristics of long-lived hyperpycnal flows and their typical deposits. The complexity of these flows
results in the accumulation of composite beds (Zavala et al., 2007a). d = discharge; t = time.

FIGURE 3. Main steps in the triggering and evolution of a sustained hyperpycnal flow. (1) Normal hypopycnal delta.
(2) The increase in the overall density of the fluvial discharge forces the flow to plunge and to produce a sustained
hyperpycnal flow, with a leading head followed by the main body. The leading head will advance, trying to achieve
the deepest part of the submarine landscape. (3) The submarine lows could be filled with very thick massive sands.
Horizontal scale is tens of kilometers.
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A fundamental difference between bed load re-

lated to the movement of fresh water (fluvial) with

respect to that associated with sustained hyperpycnal

flows is that in the latter, suspended materials trans-

ported by the overpassing turbulent flow will be

trapped, filling the interstices between the coarser

grained materials. For this reason, open packing in

bed load associated with sustained hyperpycnal sed-

imentation is almost impossible. Although similar

facies can be temporarily generated during floods in

alluvial channels, the later washout (reworking) by

fresh waters commonly results in better sorting and

open packing in gravels. Consequently, the recogni-

tion of open packing in fossil gravels (commonly

filled by chemical precipitates) can be used as a field

criterion to distinguish bed-load deposits related to

subaerial fluvial streams from those associated with

hyperpycnal flows. Other typical characteristics of

sustained hyperpycnal flows in marine settings are

related to the buoyancy flow reversal induced by

the lift-up effect provided by the interstitial fluid

once the sediment concentration falls below a certain

threshold in a process known as ‘‘lofting’’ (Sparks

et al., 1993; Hesse et al., 2004).

The characteristics previously discussed result in

the accumulation of three main facies categories re-

lated to the three main processes that characterize

all sustained hyperpycnal discharges in marine set-

tings: bed load, turbulent suspension, and lofting.

These facies categories are here termed as B (bed-load-

related sedimentary facies), S (suspended-load-related

sedimentary facies), and L (lofting-related sedimen-

tary facies) (Figure 5).

Facies Related to Bed-load Processes (Facies B)

Type B facies includes different coarse-grained de-

posits related to shear/drag forces exerted by the

overpassing long-lived turbulent (hyperpycnal) flow

over coarse-grained materials lying on the flow bot-

tom. Three main categories of bed-load facies are rec-

ognized, here termed B1, B2, and B3 (Figure 6).

Facies B1

Facies B1 is composed of massive and crudely

stratified conglomerates with abundant coarse- to

fine-grained sandstone matrix. The largest clasts are

embedded in the matrix (facies B1; Figure 7A, C, D) or

imbricated following diffuse subhorizontal align-

ments. The overall texture is matrix supported, al-

though some varieties of clast-supported conglomer-

ates are recognized (facies B1c) (Figure 7A). Unlike

the deposits related to laminar dense flows (hyper-

concentrated flows), large clasts move freely at the

base of the overpassing turbulent flow and common-

ly appear imbricated. Large clasts are probably trans-

ported by sliding and rolling, whereas the finest

materials composing the matrix would correspond

to suspended load transported by turbulence, which

became trapped at the low-velocity and relatively

high-concentration basal zone (Manville and White,

2003). Field relationships suggest that a vertical evo-

lution between facies B1c and B1 (Figure 7A) could

be related to a progressive decrease of drag forces

exerted by the overpassing turbulent flow. In sys-

tems that lack coarse-grained clastics, B1 facies could

be entirely composed of matrix- or clast-supported

clay clasts (facies B1s) (Figures 6, 8A).

Facies B2

Facies B2 is composed of fine-grained conglomer-

ates and pebbly sandstones with low-angle asymp-

totic cross-stratification (Figures 6, 7B). Large clasts

in this facies appear floating in a medium- to coarse-

grained sandstone matrix. Individual sets of cross-

bedding commonly show thicknesses between 0.3

(1 ft) and 1 m (3.2 ft) and asymptotic relationships

with top and base (Figure 8C). The foreset inclination

in general does not exceed 208. Depending on the rate

of sediment fallout from the overpassing turbulent

flow, bedset-bounding surfaces can be erosional (like

an anisotropic hummocky cross-stratification) or tran-

sitional (Figure 6), conforming with climbing dunes

(in the sense of Mutti et al., 1996). Field observations

suggest a close association of this facies with channel-

fill deposits. In gravel-free systems, facies B2 is almost

entirely composed of medium- to coarse-grained sand-

stones (Figure 8C, D), commonly displaying abundant

clay clasts in the lower foreset. This sandstone variety

is termed facies B2s. If clay clasts are numerous and

of small size, this structure can easily be confused

with a tidal bundle (Figure 8C). The key for a correct

interpretation resides in differentiating the small clay

clasts from a true mud couplet. Like facies B2, facies

B2s relates to the migration of straight or sinuous bed

forms at the base of a long-lived turbulent flow car-

rying high suspended load.

Facies B3

Facies B3 is characterized by coarse-grained to

pebbly sandstones with diffuse horizontal to sub-

horizontal stratification and levels of small aligned

pebbles (Figures 6; 7C, D). Pebbles in general do not

exceed 10 mm in diameter and seem dispersed in a

coarse-grained sandstone matrix. The sandy variety
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of this facies (facies B3s) is characterized by aligned

clay clasts and plant fragments (Figure 8B). Facies B3

comprises tabular to lenticular bodies commonly fill-

ing erosive depressions. It is interpreted that these

facies accumulated by the combined effect of bed

load and the gravitational segregation of sandstone

materials transported in the overpassing hyperpycnal

turbulent flow. In shallow-water settings, B3 facies

may display low-angle diverging and truncated lam-

inae that closely resemble gravelly hummocky cross-

stratification (facies B3h in Figure 6). Mutti et al.

(1994) suggested that subaerially derived gravity flows

may develop an internal oscillatory component dur-

ing their downslope motion through the setting in

motion of standing bodies of water in the shallower

parts of the receiving basin.

Facies Related to the Collapse of Suspended
Load (Facies S)

Facies S are mostly fine grained and composed of

sediments transported as suspended load, forming

thick and commonly complex intervals that can be

massive or display traction plus fallout sedimentary

structures.

Facies S1

Facies S1 is one of the most common within the

facies tract of hyperpycnal systems. This facies is com-

posed of tabular fine- to medium-grained massive

sandstone beds (Figure 6). These sandstones com-

monly integrate monotonous and very thick succes-

sions, internally showing subtle and gradual grain-

size variations (Figure 9A). Small floating clay chips

are common and could seem dispersed within the

sandstone body or grouped toward the top at the

boundary with facies related to more diluted flows

(facies S2). Carbonaceous remains and wood fragments

are also common within massive sands, commonly

displaying leaf fragments with exceptional preser-

vation. Leaves in massive sands can be very abundant

and have been proposed as the main source of hy-

drocarbons in the Kutei Basin, Indonesia (Saller et al.,

2006). The S1 facies mostly lack any bioturbation.

Nevertheless, some massive very thick intervals show

isolated Ophiomorpha and Thalassinoides, which can

be related to crustaceans (doomed pioneers), bulked

and transported by the turbulent flow from shal-

lower areas (Grimm and Föllmi, 1994).

The origin of this facies would be related to the

progressive aggradation from the bottom by long-

lived flows having high suspended load (Sanders,

1965; Kneller and Branney, 1995; Camacho et al.,

2002). This progressive aggradation has been pro-

posed as a mechanism that inhibits the formation

of primary sedimentary structures. Massive deposits

could therefore be caused by the absence of a sharp

boundary between the moving flow and the deposit,

probably related to a zone of aggrading transition

FIGURE 5. Basic conceptual diagram for the origin of the genetic facies deposited from sustained hyperpycnal flows
in a marine environment. Facies B include all those facies related to bed-load processes developed at the base of an
overpassing long-lived turbulent flow. Facies S correspond to the gravitative collapse of sand-size materials transported
in suspension by the turbulent flow (suspended-load facies). Facies L are related to the fallout of fine-grained materials
lifted up in the interstitial fresh water contained in the flow once it has lost part of the sand-size suspended load. After
Zavala et al. (2006b); Zavala, 2008; and Zavala et al., 2011.
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characterized by high sediment concentration and

water escape. Experimental studies (Arnott and Hand,

1989; Sumner et al., 2008) indicate that this facies

originates from a turbulent flow with fallout rates

greater than 0.44 mm/s. For smaller fallout rates at

similar flow velocities, the result will be laminated

sands similar to facies S2 (Figure 9B). In structurally

controlled depocenters, the individual thickness of

single massive sandstone bodies can be very impres-

sive (Amy et al., 2007), in some cases exceeding 45 m

(148 ft) (Arcuri and Zavala, 2007, 2008).

Facies S2

Facies S2 is composed of tabular fine-grained sand-

stone bodies having subhorizontal parallel lamina-

tion (facies S2) or internally low-angle diverging

(hummocky-like) lamination (facies S2h) disposed

over a sharp or transitional boundary. Individual

laminae are millimeter thick and in some cases are

bounded by thin levels with micas and carbonaceous

material.

Facies S2 is commonly associated with parting

and other current lineation structures such as those

associated with heavy minerals. The origin of this

facies has been related to dilute unidirectional flows

at the upper flow regime (Simons et al., 1965). How-

ever, Sanders (1965) noted that parallel lamination

commonly grades laterally into climbing ripples,

suggesting a common origin of traction plus fallout

processes. This last conclusion is also consistent with

the experimental results of Arnott and Hand (1989)

and Sumner et al. (2008), and it is also supported by

the common association of facies S2 with massive

intervals (facies S1) (Figure 9B) commonly constitut-

ing very thick rhythmical successions. The low-angle

variety (facies S2h) is more common in shallow hyper-

pycnal systems and is similar to the isotropic hum-

mocky cross-stratification related to combined flow

(Harms et al., 1975, 1982; Southard, 1991; Mutti et al.,

1994).

Facies S3

Facies S3 is composed of tabular to irregular fine-

grained sandstone bodies with climbing ripples

(Figures 6, 9C). This facies has been related to trac-

tion plus fallout processes from waning turbulent

flows with high suspended load (Jopling and Walker,

1968; Mulder and Alexander, 2001; Sumner et al.,

FIGURE 6. Conceptual schema for the genetic classification of clastic facies associated with hyperpycnal systems. Type B
facies relate to bed-load processes at the base of an overpassing long-lived turbulent flow. Type S facies originate from
the gravitative collapse of sand-size suspended materials carried in the turbulent flow. Facies L are composed of very
fine-grained sandstones interbedded with laminated silts with abundant plant debris and mica, accumulated by fallout
from lofting plumes. Facies L are exclusive of marine/saline environments. HCS = hummocky cross-stratification; ss/silt =
sandstone/silt. After Zavala et al., 2006b; Zavala, 2008; and Zavala et al., 2011.
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2008). Facies S3 commonly grades horizontally and

vertically with facies S2 (Sanders, 1965; Zavala et al.,

2006a), thus evidencing a common origin for both

facies, controlled by fluctuations in the velocity of the

overpassing turbulent flow. Gradual fluctuations in

the flow velocity (in this case indicated by the gradual

passage between facies S2 and S3) and in the rate of

sediment fallout (passage between facies S1 and S2)

are diagnostic elements of long-lived turbulent flow

with fluctuating energy. The location of these ele-

ments in a subaqueous setting suggests the existence

of a hyperpycnal system (Zavala et al., 2006a). In

shallow-water environments affected by combined

flows, ripples can show aggrading wave structures (fa-

cies S3w) (Figure 6), suggesting sediment fallout as-

sociated with unidirectional to oscillatory flows.

Facies S4

Facies S4 is characterized by massive to laminated

siltstones and mudstones. It is composed of the finest

materials transported by the hyperpycnal flow, which

accumulated by normal settling when the flow com-

pletely stopped. Consequently, facies S4 is useful to

identify boundaries between different hyperpycnal

events. The differentiation of facies S4 from prodelta/

shelfal mudstones may be difficult and sometimes re-

quires micropaleontological studies because facies S4

commonly contains continental/shallow-water spe-

cies. In the absence of microfossils, facies S4 is charac-

teristic of nonmarine hyperpycnal deposits because, in

marine settings, fine-grained materials are lofted up by

the lighter interstitial fluid and accumulate as facies L.

Facies Related to Flow Lofting (Facies L)

Facies L

Facies L is characterized by thin couplets of silt-

stones and sandstones having great lateral extension

and commonly showing abundant intercalations of

plant debris (Figures 6, 9D) and micas. These couplets

FIGURE 7. Main characteristics of coarse-grained deposits related to bed-load processes associated with sustained
hyperpycnal flows. (A) Clast-supported conglomerates (facies B1c) followed by matrix-supported conglomerates (facies B1),
suggesting a decrease in the shear stress. Outer-shelf deposits (early Jurassic), Neuquén Basin, Argentina. (B) Large-scale
cross-bedding associated with climbing dunes (facies B2). Deep-marine deposits, Miocene of the Austral Basin, Argentina.
(C) Gradual passage between facies B1, B3, and S1, suggesting variations in flow conditions associated with long-lived
hyperpycnal flows. Flames at the top of facies S1 indicate almost continuous deposition of facies B1. Deep-marine deposits,
Miocene of the Austral Basin, Argentina. (D) Detail showing the internal complexity of a coarse-grained hyperpycnite
(composite bed). Gradual changes in texture and sedimentary structures suggest long-lived and fluctuating flows.
Shelfal deposits (middle Jurassic), Neuquén Basin, Argentina.
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display abundant small-scale load-cast structures,

commonly associated with syneresis cracks and sid-

erite nodules. Trace fossils are scarce and mostly lim-

ited to some forms of Palaeophycus. These laminated

levels can form isolated bedsets up to 2 m (6.6 ft) thick

or be located alternating at the top of facies B or S, but

they are more commonly associated with massive

sandstones (facies S1) (Figure 9D). The individual

levels commonly display a variable thickness from a

few millimeters up to 1 cm (0.39 in.) and are separated

FIGURE 8. Bed-load facies in
sand-bearing hyperpycnal sys-
tems. (A) Massive conglomer-
ates composed of clay clasts
(facies B1s). Early Jurassic outer-
shelf deposits, Neuquén Basin,
Argentina. (B) Coarse-grained
sandstones with aligned clay
clasts (facies B3s). Early Jurassic
outer-shelf deposits, Neuquén
Basin, Argentina. (C) Cross-
bedded facies related to migrat-
ing sand dunes at the base
of an overpassing long-lived
hyperpycnal flow (facies B2s).
Cross-bedding is low angle and
asymptotic and can be easily
confusedwith tidal bundles. The
main difference resides in the
fact that in these dunes, dark
horizons are small clay clasts
and not mud couplets such as
in tidal deposits. (D) Close-up
of picture C, showing a detail of
clay clasts levels. Lower Juras-
sic shallow lacustrine strata,
Neuquén Basin, Argentina.

FIGURE 9. Main facies types
associated with fallout from
sustained turbulent suspen-
sions. (A) Massive sandstones
(facies S1). The diffuse banding
marks the different positions
of the rising depositional sur-
face. Middle Jurassic, Neuquén
Basin, Argentina. (B) Laminated
sandstones (facies S2). The
gradual passage between mas-
sive and laminated sandstones
probably relates to variations
in the fallout rate. Shelfal depos-
its, Late Cretaceous of Burgos
Basin, Mexico. (C) Climbing rip-
ples (facies S3). Shallow lacus-
trine deposits. Early Cretaceous
of the Neuquén Basin, Argen-
tina. (D) Lofting rhythmites
(facies L) interbedded within
massive sandstones. Shelfal
deposits. Late Oligocene of
the eastern Venezuela Basin,
Venezuela.
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by thin layers with abundant plant debris (Figure 9D).

Plant debris provides definitive evidence of a direct

connection between the fluvial system and the

marine-related basin (Petter and Steel, 2005; Lamb

et al., 2008). The absence of tractive structures in

these sandstones suggests an accumulation by normal

settling from a suspension cloud elevated over the

depositional surface. Based on the contributions of

Sparks et al. (1993), Mutti et al. (2003), and Hesse et

al. (2004), these materials are interpreted to be

related to the accumulation of the finest materials

transported by the hyperpycnal flow, which settled

from a lofting plume (Zavala et al., 2008b). Facies L

constitutes a diagnostic and characteristic element

of hyperpycnal sedimentation in a marine environ-

ment because it suggests the existence of a less dense

interstitial fluid (fresh water) with respect to that of

the environment (marine water), derived from direct

fluvial discharge (Zavala et al., 2006c). Vertical and

lateral relationships between L and S (S1, S2, and S3)

facies are not sharp and result in transitional cate-

gories (Figure 6) termed S1L (massive sandstones

with discontinuous siltstone levels) (Figure 9D), S2L

(laminated sandstones with abundant plant debris

and micas), and S3L (siltstone levels interbedded

with sandstones having small climbing ripples).

THE LOFTING POINT

The lofting point (LP) is the position in which the

hyperpycnal flow reverses its negative buoyancy as a

consequence of the progressive loss of suspended load

by deposition out of the flow. The velocity threshold

for the LP could be quite variable because the hyper-

pycnal flow is a heterogeneous mixture composed of

buoyant and load components (Figure 10).

The buoyant component is provided by the den-

sity difference between fresh water and other light

materials (e.g., plant debris) with respect to the more

dense ambient (marine) water. The load component,

however, is related to the heaviest materials trans-

ported in suspension by the hyperpycnal flow (fine-

grained sand, silt, and mud). If the load component

is greater than the buoyant component, the flow

will follow along the basin floor. Nevertheless, the

load component at the flow head will decay because

the amount of sand material in turbulent suspen-

sion will decrease by deposition as the flow pro-

gressively wanes. The velocity threshold for the flow

lift-up (LP) will therefore depend on the amount of

clay in suspension because clay content will remain

constant until the flow stops completely. Conse-

quently, in flows having a low clay content, buoy-

ancy reversal will occur early at faster velocities,

preventing in some cases the development of plane

beds and climbing ripples at the top of massive in-

tervals (Mutti et al., 2003). The buoyancy reversal of

hyperpycnal flows (lofting) is very sensitive to veloc-

ity changes. Velocity changes in a hyperpycnal flow

occur not only in the flow direction, but also laterally

as the flow spreads across the sea floor (Zavala et al.,

2006a), favoring deposition of lofting facies (or loft-

ing rhythmites; Zavala et al., 2006c) at flow margins

(Figure 11).

The position of the LP is not fixed. The LP will

move basinward or landward depending on the mag-

nitude and concentration of the sustained hyper-

pycnal discharge. Almost all sustained hyperpycnal

flows are triggered from an initial hypopycnal (‘‘nor-

mal’’) delta stage (1 in Figure 12). As the fluvial dis-

charge increases, the bulk concentration of the in-

coming flow will rise exponentially (Mulder et al.,

2003). When the density of the fluvial discharge

equals that of seawater, a transitional homopycnal

flow will develop (2 in Figure 12). In stages 3 and 4

(Figure 12), a fluvial discharge with a progressively

increasing density exceeds that of seawater. The flow

therefore has plunged below marine waters and has

started its travel basinward as a sustained hyperpyc-

nal flow. The sinking of fluvial waters in the sustained

hyperpycnal flow has two important consequences.

FIGURE 10. Buoyant and load components as the basic
constituents of a turbulent hyperpycnal flow. The buoyant
component results from the density difference between
fresh water and ambient marine waters. If the load
component is greater than the buoyant component, the
flow will move along the basin floor. Nevertheless, the
load component will decay in time because the amount of
sand in turbulent suspension will decrease as the flow
wanes, favoring buoyancy reversal (lofting).
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The first consequence is related to the downwelling

effect with the ensuing suppression of the surficial

buoyant plume previously developed contemporane-

ously with the hypopycnal delta. As a result, fine-

grained light materials contained in the flow, includ-

ing plant debris suspended in the previous buoyant

plume, will be suctioned and dragged basinward with

the sustained hyperpycnal flow. Once the surficial

plume disappears, the dragging effect provided by the

sinking hyperpycnal flow continues, thus generating

a marked contrast between the dirty (by sediment

load) fluvial discharge and the clear waters of the ba-

sin (Mulder et al., 2003).

The second consequence is related to the less dense

interstitial fluid contained in the hyperpycnal flow,

which will cause a reversal of the flow density at the

LP. In the flow head, the LP is characterized by a lift-

up effect associated with a sudden flow deceleration.

Consequently, the advancing density flow tends to

move beneath the lofting plume that contains the

finest and lightest materials transported by the hy-

perpycnal flow (including plant debris and micas).

The lofting plume will have a great lateral dispersion

with respect to the more confined hyperpycnal flow.

Sediments will be deposited from fallout, forming

characteristic sand/silt couplets (facies L) or lofting

rhythmites (Zavala et al., 2006c, 2008b). The revers-

ing buoyancy effect (lofting) at the hyperpycnal flow

margin will result in less lateral continuity of sand-

stone bodies compared with those related to resedi-

mentation processes, with important consequences

for the case of sandstone reservoirs.

Once the density of the incoming flow begins to

decay, the LP will move progressively landward (5–

6 in Figure 12). This retraction can be simple and

continuous or it can be a series of forward-backward

pulses related to a more dynamic long-lived hyper-

pycnal flow with fluctuating energy. Finally, when

the flow density returns to the normal low-density

values, the fluvial-deltaic system will evolve into

homopycnal (7 in Figure 12) and then hypopycnal

(8 in Figure 12) conditions (littoral delta).

COMPOSITE BEDS AND
HYPERPYCNAL DEPOSITS

The complex nature of the fluvial drainage net-

work associated with medium to large rivers results

in long-lived discharges (floods) having very com-

plex hydrographs. This complexity is commonly

reflected in the associated hyperpycnal deposits and

results in the accumulation of internally highly com-

plex sedimentary bodies. Hyperpycnal flows related

to long-lasting floods have short- and long-term varia-

tions not only in the flow speed, but also in the con-

centration of the overpassing flow. These variations

can be clearly read from the fossil record in single beds

that internally show gradual and sharp facies transi-

tions without having a definite and predictable

internal arrangement (Figures 13, 14). The resulting

FIGURE 11. Diagram showing the lateral relationships between channel and levee deposits. Note that as a consequence
of drastic velocity variations recognized between the channel axis and adjacent levees, facies changes tend to show
the entire facies association within a short distance. This facies association is the same as that expected to occur for
hundreds of kilometers in the longitudinal direction. Note that lofting rhythmites are typical of flow-margin areas. LP =
lofting point.
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sedimentary body is a composite bed (Zavala et al.,

2007a). A composite bed is an internally complex

depositional body accumulated during a single long-

lived hyperpycnal discharge. Commonly, this body

internally shows a facies arrangement that strongly

departs from that expected for surgelike or episodic

flows. Composite beds are typical and diagnostic fea-

tures of long-lived hyperpycnal sedimentation because

they indicate a deposit continuously fed by a long-

lasting, fluctuating, and dilute sediment-gravity flow.

Composite beds typically display a vertical succes-

sion of different lithofacies showing cyclical recur-

rences and transitional to sharp passages between

them. These cyclical and gradual changes between

different facies are the result of near-continuous de-

position from a quasi-steady turbulent flow. Compos-

ite beds can be very thick (up to 45 m [148 ft]) depend-

ing on the duration of the related hyperpycnal flow

and the available accommodation space (Arcuri and

Zavala, 2007, 2008). Other common attributes of com-

posite beds include internal and laterally discontin-

uous erosional surfaces, scarce burrows, and a basal

coarsening-upward interval. In marine environments,

composite beds evolve laterally into packages of

lofting rhythmites. Composite beds related to cycli-

cal velocity variations are commonly characterized

by recurrent facies changes that suggest different and

recurrent equilibrium flow conditions (Zavala et al.,

FIGURE 12. This figure depicts the whole conceptual evolution of a single sustained hyperpycnal discharge. In (1), the low
density of the incoming flow results in a hypopycnal flow with an associated buoyant plume. In (2), the density of the
incoming flow has reached that of seawater and consequently a homopycnal flowdevelops. In (3) and (4), the bulk density
of the incoming flow has exceeded that of seawater. Consequently, fluvial waters sink, dragging by suction the buoyant
plumepreviously developed, then theoverlyingwaters. In (5) to (8), the density of the incoming flowprogressively decreases.
Consequently, the LP progressively moves landward and the deltaic system returns to the hypopycnal initial conditions. C =
relative concentration of fluvial discharge; t = time.

FIGURE 13. The origin of a composite bed is related to variations in flow velocity and sediment concentration during
a single long-lived hyperpycnal discharge. Note that the erosional surfaces do not always bound different events and
grade basinward into nonerosional/transitional levels.
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2006a; Lamb et al., 2008; Lamb and Mohrig, 2009). As

an example, the gradual vertical passage between

climbing ripples and plane beds could be related to a

velocity increase in the overpassing hyperpycnal flow

(Zavala et al., 2006a). More commonly, composite

beds related to sustained hyperpycnal flows show a

very complicated internal arrangement, reflecting

cyclic depositional changes between suspended-load-

and bed-load-dominated facies associated with dif-

ferent velocity and fallout rates. The vertical anisot-

ropy in facies and the relatively rapid accumulation

result in the common occurrence of load cast and

flame structures (Figure 14).

SUMMARY AND CONCLUSIONS

The hyperpycnal system is a relatively new cate-

gory of depositional system that corresponds to the

subaqueous extension of the fluvial system. A single

hyperpycnal system can extend for hundreds of kilo-

meters away from the river mouth and will develop a

predictable path of genetically related facies during

its travel basinward. Three main categories of genetic

facies are recognized in hyperpycnal systems corre-

sponding to B (bed-load-related), S (suspended-load-

related), and L (lofting-related) facies.

The B facies are related to bed-load processes (most-

ly sliding and rolling) developed at the base of a

long-lived turbulent (hyperpycnal) flow and tend to

dominate in proximal to medial parts of the hyper-

pycnal system. Three main types of B facies corre-

spond to B1 (clast to matrix-supported massive con-

glomerates), B2 (pebbly sandstones with large-scale

cross-bedding related to migrating climbing dunes),

and B3 (pebbly sandstones with diffuse horizontal

lamination).

The S facies comprise finer grained deposits related

to the gravitative collapse of materials transported

in suspension within the turbulent (hyperpycnal)

flow. Four categories of S facies are recognized: S1

(massive sandstones), S2 (parallel to low-angle lami-

nated sandstones), S3 (fine-grained sandstones with

climbing ripples), and S4 (massive mudstones). The S4

facies are more common in lacustrine environments

because in marine environments, muddy sediment

is lifted up (lofted) with the less dense interstitial wa-

ter as the flow wanes.

The L facies is composed of a rhythmic intercala-

tion of thin beds of massive sands, silts, micas, and

plant debris having great lateral continuity. The L

facies develops exclusively in marine and saline envi-

ronments and is related to the fallout of fine-grained

sands, silts, micas, and plant debris from lofting

plumes. Lofting plumes originate from the buoyant

inversion induced by the lift-up of the less dense

fresh water contained in the hyperpycnal flow as it

progressively loses part of the suspended load by

deposition.

All these facies categories are genetically related

and occupy a definite position within the hyperpycnal

system. The B facies is diagnostic of proximal areas

and progressively disappears as the flow enters the area

FIGURE 14. Some internal characteris-
tics of composite beds. This composite
bed lacks any bioturbation and is char-
acterized by an impressive facies re-
currencewith abundant load casts. Flame
structures indicate a flow direction
from right to left. Deep-marine de-
posits, Miocene of the Austral Basin,
Argentina.
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of lobe deposition. The S facies is the consequence of

the loss of flow capacity and is typical of the medium

to distal parts of the system. The L facies results from

the flow inversion, which is diagnostic of flow-margin

areas (both down the depositional axis and laterally

along the axis).

This proposed facies tract is a first attempt to try

to achieve a better understanding of hyperpycnal sys-

tems. Nevertheless, our understanding of these depos-

its is still very limited, and considerable effort will be

required during future years to try to improve upon

facies models, develop new sedimentologic tools, and

assess the real importance of hyperpycnal deposits in

the accumulation of ancient strata, including those

associated with hydrocarbon reservoirs.
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