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ABSTRACT: A large set of long sediment cores and high-resolution seismic-reflection data were used to study the sedimentology
of the delta-fed prograding slope of the northwest Gulf of Mexico, during Marine Isotope Stage (MIS) 6 (125-180 ka). Bryant
and Eastern canyon systems were the main pathways during this period through which Mississippi River sediment was delivered
down the continental slope.

Two MIS 6 sedimentary environments have been defined on the slope of the northwest Gulf of Mexico: intracanyon and
overbank environments. The erosional action of turbidity currents in Bryant and Eastern canyons was focused mainly on the
thalweg, whereas, on the rest of the canyon floors, the flows acquired a mainly depositional character, resulting in the formation
of inner levees and terraces. MIS 6 deposits in overbank environments consist entirely of thick (> 50 m), widespread (> 15-
20 km), and continuous successions of mud turbidites, which indicate that spillover processes were dominant along Bryant and
Eastern canyons. The total absence of bioturbation structures and hemipelagic sediments in MIS 6 overbank deposits indicate
high sedimentation rates exceeding 200-600 cm/ky.

The majority of the overbank deposits are normally graded, indicating that most of the turbidity currents during MIS 6
resulted from sediment failures on the outer shelf and upper continental slope. Sedimentological observations indicate that
a complete mud turbidite sequence (T0-8 sequence in the nomenclature of Stow and Shanmugam 1980) results from a waning
low-density turbidity current consisting of four successive flow-regime stages: (1) an initial erosional stage (= 30 cm/s),
(2) deposition of the coarsest, noncohesive fraction (silt) of the suspended sediment in the flows (30-100 cm/s), (3) cyclic
deposition of cohesive (mud) and noncohesive (silt) laminae due to fluctuations in the shear stress in the boundary layer of the

flow (12-30 cm/s), and (4) deposition from a silt-depleted and slowly moving (= 15 cm/s) sediment cloud.

INTRODUCTION

Spillover of turbidity currents is an important process that has been
studied mainly on submarine fans (Peakall et al. 2000). On submarine
fans, turbidity currents are usually thicker than the depth of the channels.
This leads to the confinement of only the coarser and denser lower part of
the turbidity currents within the channels, whereas their upper and more
dilute part overflows the channel levees and spills onto the interchannel or
overbank areas. Spillover processes are responsible for the construction
of channel levees (Skene et al. 2002) and large mud waves on the
overbank areas (Normark et al. 2002). Levee deposits usually consist of
thin-bedded sand and/or silt and mud turbidites that with distance from
the channel become thinner and finer grained (silt and clay; Piper 1978;
Stow et al. 1984; Normark et al. 1993; Bouma 2000). Spillover of turbidity
currents is intensified on bends of channels, where inertial and centrifugal
forces lead to superelevation and the separation of the upper part of the
turbidity currents (Bowen et al. 1984; Piper and Savoye 1993; Peakall et
al. 2000). This process contributes to the formation of crevasse splays,
channel bifurcation, and avulsion (Piper and Normark 1983; Savoye et al.
1993).

Spillover processes on continental slopes have received very little
attention, due to the general assumption that turbidity currents are totally
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confined within submarine canyons, with hemipelagic sedimentation
to dominate on the intercanyon areas. However, small levees, overbank
deposits, and mud waves have been reported adjacent to some
canyons (e.g., meandering submarine canyon systems along the Peru—
Chile forearc, Hagen et al. 1994; Ebro Canyons, Nelson and
Maldonado 1990). This implies that spillover flows may have played
a more active role in the sedimentation of continental slopes than was
initially thought.

This paper reports the results of a detailed sedimentological study of
sediment cores (up to 20 m long) and high-resolution seismic-reflection
data from the Bryant and Eastern canyon systems, located on the
prograding continental slope of the northwest Gulf of Mexico (Fig. 1).
Both canyon systems are characterized by extensive Marine Isotope Stage
(MIS) 6 (125-180 ka) overbank deposits, consisting entirely of silt-mud
turbidites, and therefore, offer a rare opportunity for the study of fine-
grained overbank deposits from canyons. The main purpose of this study
is to provide a better insight in the flow characteristics and depositional
processes of canyon-contained and spillover MIS 6 turbidity currents, to
determine the connective link between the deposits of these two flow
types, and in extension, to identify slope progradation processes on
overbank canyon areas.
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Fi6. 1.—Shaded bathymetric maps of the Bryant Canyon area and the northwest Gulf of Mexico displaying the locations of the jumbo piston cores (JPC), the
acquisition tracks of the high-resolution geophysical information, and the locations of Bryant and Eastern canyon systems at MIS 6 (adapted from Lee et al. 1996 and
Twichell et al. 2000), along with an ancient lowstand fluvial system on the shelf and an ancestral Mississippi River Delta (adapted from Suter and Berryhill 1985). The
white lines indicate the pathways of Bryant and Eastern canyons. Contours represent isobaths at 100 m intervals.

GEOLOGICAL SETTING

Halokinetic processes have resulted in the hummocky topography of
the northwest continental slope of the Gulf of Mexico, which consists of
uplifts caused by salt domes, ridges, and sheets with intervening salt-
withdrawal basins (Fig. 1). The diapirs originate from the Middle and
Upper Jurassic Luann Salt, which is overlain by thick Cretaceous and
Cenozoic sediments. Bryant et al. (1990) identified the presence of over 90
intraslope salt-withdrawn mini-basins in the Northwest Gulf of Mexico
with a relief in excess of 150 m. Many intraslope basins originated from
the diapiric blockage of abandoned canyon systems (Bouma et al. 1990).
The most significant abandoned canyon systems are Bryant and Eastern
canyons, which have been deformed by halokinetic processes into
a network of intraslope mini-basins separated by sills or plateaus (shallow

salt structures; Lee 1990). Bryant Canyon can be traced from the shelf
margin to the lower continental slope, where it passes basinwards into the
well-developed Bryant Fan on the continental rise (Lee et al. 1996;
Twichell et al. 2000). Eastern Canyon is confined to the upper continental
slope and terminates in a prominent intraslope basin (Twichell et al.
2000). It is unclear whether Eastern Canyon was once a branch of Bryant
Canyon, or if it was an isolated autonomous canyon system.

Lee et al. (1996) and Twichell et al. (2000) have described the formation
and destruction of the Bryant and Eastern canyon systems. These systems
were initiated at the beginning of MIS 6 (penultimate glacial episode;
Tripsanas et al. in press), by the development of an ancestral shelf-margin
Mississippi River Delta (Suter and Berryhill 1985) that led to the
generation of numerous gravity flows on the slope. Initially, gravity flows
propagated downslope and developed a small erosional canyon on the
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Fic. 2.—Cartoon of the formation and destruction of the Bryant and Eastern
canyon systems (modified from Twichell et al. 2000). A) Sketch of the canyons
displaying the infilling-bypassing process that resulted in their formation.
B) Bryant Canyon during its full development, displaying the equilibrium between
the salt mobilization and the erosional and depositional processes of the bypassing
turbidity currents. C) Sketch of the canyons after their abandonment and
transformation by halokinetic processes.

upper continental slope (Berryhill 1981). Because of the highly irregular
morphology of the continental slope, the gravity flows were eventually
confined in the most proximal intraslope basins, and formed ponded
intraslope-intrabasinal fan systems (channel-levee complexes and sheet
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sands). When the intraslope basins were filled to a certain level, the
gravity flows spilled and propagated to the most adjacent, downdip
intraslope basins, resulting in a downdip shift of the ponded fan facies
(Lee et al. 1996; Twichell et al. 2000) (Fig. 2A). Repetitions of this fill-
and-spill process led to the peculiar structure of Bryant and Eastern
canyon systems, which in the infilled intraslope basins had the form of
well-developed channel-levee turbidite systems, and on the sills,
separating the basins, had the form of typical V-shaped erosional
canyons (Lee 1990; Satterfield and Behrens 1990; Twichell et al. 2000)
(Fig. 2A, B).

Erosion and sedimentation within the canyons destabilized the
underlying salt because of differential sediment loading. Uplifting salt
diapirs tended to obliterate and restore the seafloor morphology along the
erosional parts of the canyons, whereas salt withdrawal and subsidence
occurred along their depositional parts (Lee 1990; Lee et al. 1996;
Twichell et al. 2000). However, coupled erosion of sills and deposition in
basins balanced the salt movements during MIS 6 (Fig. 2B) (Lee et al.
1996; Twichell et al. 2000). The re-subsidence of the infilled basins,
resulting in the high relief (~ 500 m) of Bryant and Eastern canyons,
occurred after their abandonment at the beginning of the interglacial MIS
5 (Fig. 2C) (Tripsanas 2003). The cessation of turbidity currents was due
to the confinement of river-derived sediment on the wide continental shelf
of the northwest Gulf of Mexico after sea level rose (Suter et al. 1987).
The deformation of the canyon systems resulted in the production of
numerous sediment failures through the oversteepening of the slopes
(Twichell et al. 2000; Tripsanas et al. 2004). Mass-transport deposits
represent the latest infilling of the canyons along the intraslope basins.

STRATIGRAPHY

Tripsanas (2003) distinguished four upper Quaternary sedimentary
units in the Bryant Canyon area, through the sedimentological analysis of
long (< 20 m) piston cores, coupled with '“C AMS dates and oxygen-
isotope curves. These sediments were deposited during Marine Isotope
Stages (MIS) 1-6. Starting with the youngest sedimentary unit, they are
(Figs. 3, 4):

® Unit 1 (0.20-3.35 m thick) consists of heavily bioturbated, muddy
foraminifera ooze, and represents hemipelagic sediments of Holocene
age (MIS 1).

¢  Unit 2 (3.20-14.80 m thick) consists of bioturbated muddy forami-
nifera ooze that is interbedded with clayey-mud turbidites. This unit
represents deposits of the last glaciation (MIS 2-4). The absence of
sand and silt turbidites in this unit is attributed to the deformation
along the canyons pathway, resulting in sills with up to 500 m relief
that separated the intraslope basins (Twichell et al. 2000). The
intraslope basins resulted in the entrapment of the coarse material of
the turbidity currents in the upper continental slope, with only their
upper, finer-grained and dilute clouds able to propagate downslope
to the core sites. In addition, during the last glaciation, the main
Mississippi River discharges had shifted to the east, cutting off most
of previous MIS 6 sediment supply. Sediment supply in the Bryant
Canyon area during the last glaciation was significant only during
periods of exceptionally high Mississippi River discharge (Tripsanas et
al. in press).

® Unit 3 (1.20-5.50 m thick) consists of heavily bioturbated muddy
foraminifera ooze, which contains the Y-8 ash layer, dated at 84 ka
(Rabek et al. 1985). This unit represents hemipelagic deposits of the
interglacial MIS 5.

¢ Unit 4 (more than 10.00 m thick) consists of sand and mud turbidites
within the canyons and entirely of mud turbidites on the overbank
areas of the canyons. This unit represents deposits of the penultimate
glaciation (MIS 6). The upper contact of unit 4 ranges from
gradational to sharp. The sharp contact indicates the occurrence of
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Fic. 3.—3.5 kHz sub-bottom profiles and bulk-density profiles from two typical JPC cores from the Bryant Canyon area (locations are shown in Fig. 4).

thin sediment failures, which resulted from the deformation of Bryant
and Eastern canyons pathways at the beginning of the interglacial
MIS 5.

In 3.5 kHz profiles (Fig. 3), units 1-3 display sharp, continuous, and
conformable or parallel reflectors, whereas the acoustic character of unit
4 ranges from a semi-transparent zone to prolonged echoes with no
further penetration (see section of seismic characterization of MIS 6
deposits below). Unit 4 (core recovery ranging from 0.2 to 10 m thick) is
present in 24 out of the 48 total piston cores of this study. The penetration
was not deep enough to recover MIS 6 sediments in 10 cores, and 14 other
cores recovered only MIS 1-5 mass-transport deposits (Tripsanas et al.
2004; Tripsanas et al. in press).

DATA AND METHODS

High-resolution acoustic data were collected from the Bryant Canyon
area during the R/V Gyre 1998 cruise, using the Texas A&M Deep-Tow
system, which is equipped with a 3.5 kHz echo sounder, and a 100 kHz
side-scan sonar towed thirty meters above the seafloor (Fig. 1). Forty-
eight Jumbo piston cores (JPC) up to 20 m long were acquired from

thirty-eight different locations in floors and overbank areas of Bryant and
Eastern canyons, using the Woods Hole Oceanographic Institution
(WHOI) Jumbo Piston Corer during a cruise in 1998 of the R/V Knorr
(Fig. 1, Appendix A).

Bulk-density and P-wave velocity profiles were measured from all cores
with a GEOTEK Multi-Sensor Core Logger. Eighteen split sediment
cores were described at millimeter scale and photographed on high-
resolution film. High-resolution X-ray radiographs were also taken from
1-cm-thick sediment slabs along the entire length of the cores. The core
descriptions, photographs, and X-radiographs were used to select
sedimentary units for grain-size analysis. The sand fraction was removed
from the samples by wet sieving, and the sand grain-size distribution was
determined by dry sieving. The analyses of the silt and clay fractions were
performed by the use of a Sedigraph and Coulter Counter and reported
using the Wentworth scale (clay < 4 um). Impregnated samples, thin
sections, and numerous smear slides were also produced in order to study
the structures and mineralogy of the sediments using SEM analysis and
standard optical petrographic techniques. The sedimentological analysis
and interpretation of the remaining 30 cores was based solely on their
bulk-density and P-wave velocity profiles. The ages of the sediments were
determined by radiocarbon dating on planktonic foraminifera tests
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Fic. 4.—Sedimentological descriptions of six cores from the upper to lower continental slope. Locations are shown in Figure 1. SL=slump, DF=debris flow.

(Globigerinoides ruber) and from oxygen-isotope curves derived from
planktonic foraminifera (Globigerinoides ruber) in two representative
cores (JPC-31 and JPC-46) (Tripsanas et al. in press).

CLASSIFICATION OF 3.5 KHZ SEISMIC FACIES

Classification and mapping of 3.5 kHz seismic facies were used to help
reconstruct the sedimentary environments of the Bryant Canyon area
during MIS 6. Six 3.5 kHz seismic facies are recognized (Table 1).

Seismic facies I represents MIS 5-1 hemipelagic deposits with a few
interbeds of mud turbidites (sedimentary units 1-3). Facies I is ubiquitous
throughout the continental slope and is absent only at locations that have
been influenced by slope instability processes (slumps, slides, debris flows,
etc.). Seismic facies II, III, and IV are directly related to the canyon
environments (Fig. 5) and are interpreted to be MIS 6 deposits
(sedimentary unit 4). Facies II occurs exclusively along the pathway of
Bryant Canyon, and represents sandy and silty deposits in the canyon
floor. Facies III occurs all around the Eastern Canyon, whereas along the
Bryant Canyon it occurs only on the outer banks of two canyon bends.
Facies III represents overbank deposits of layered mud interbedded with
a few thin silt laminae. Facies IV comprises the remainder of the Bryant
Canyon area and consists exclusively of layered mud. The thickness of
seismic facies I, III, and IV exceeds the sound penetration of the 3.5 kHz

sub-bottom profiles (< 50 m). The seismic character of facies Il and IV
does not remain constant, but their reflections gradually decrease in
amplitude away from the canyon pathways (Fig. 6). This echo character
suggests that the sedimentary units become finer grained away from the
canyons (Damuth 1980).

Seismic facies V is interpreted to represent areas influenced by
slope instability processes. Sediment failures occur preferentially in
intraslope basins, along the pathways of the canyons. Their origin is
probably from the halokinetic deformation of the canyons pathway
beginning in MIS 5 (Tripsanas et al. in press). Seismic facies VI occurs in
areas that have been influenced by gas hydrates and significant faulting
adjacent to the canyon and mini-basin walls, where extensive uplift of salt
diapirs has occurred.

CLASSIFICATION OF SEDIMENTARY FACIES

MIS 6 deposits from the Bryant Canyon area consist of successive
turbidite facies, characterized by the complete absence of interbedded
hemipelagic sediments. Intercanyon (overbank) areas comprise entirely
mud (fine-grained) turbidites, which consist of five facies depending on
their sedimentary characteristics (Table 2; Figs. 7-10). Intracanyon
deposits are composed of successions of fine- and coarse-grained
turbidites, which comprise three sedimentary facies (Table 3).
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TasLE 1.— Classification of 3.5 kHz seismic facies recognized in profiles from the Bryant Canyon area.

3.5 kHz Seismic Facies

Intcrpretation‘

Examples

Seismic facies 1

Sharp to semi-prolonged,
parallel, continuous reflections.

Seismic facies 11

Very prolonged echoes with no
internal reflections or rare semi-
prolonged discontinuous
rellections.

Seismic facies 111
Distinct, sharp, parallel,

continuous reflections of high to
low amplitude.

Scismic facics TV

Distinct, sharp, parallel,
continuous reflections of low
amplitude.

Seismic facies V

Sharp to prolonged irregular
bottom echoes. Transparent to
chaotic internal seismic facies
with lenticular or wedging
external shape. This facies
oceurs in depressions of a
hummocky acoustic basement, or
within stratified sediments.

Seismic facies VI

Indistinct to prolonged
reflections with wipe-out zones
and highly inclined planes of
low-retlectivity offsetting
reflectors.

Marine Isotope Stage 5 to
1 hemipelagic sediments.
MIS 4, 3, and 2 deposits
are interbedded with a few
mud turbidites and/or
contourites

Mud layers interbedded
with closely spaced sand
and silt layers deposited
during Marine Tsotope
Stage 6

Mud layers interbedded
with a few thin (< 2 mm)
silt laminae deposited
during Marine Isotope
Stage 6

Layered mud deposited
during Marine Isotope
Stage 6

Slump and debris-tflow
deposits, evacuation zones

Gas hydrates, faulted
areas, liquefaction zones
(preferentially along fault
planes)

40 m

40m

50 ml

"The interpretation of the seismic lacies was based on sediment core analysis (see later in text), and the 3.5
kHz seismic classification of Damuth (1980).
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Fic. 5.—Distribution of 3.5 kHz seismic facies in the Bryant Canyon area that represent deposits of the penultimate glaciation (MIS 6). Striped patterns represent
mixed or closely alternating seismic facies. The heavy black lines outline the pathways of Bryant and Eastern canyons.

Mud turbidite facies consist of two grain-size populations (Figs. 8, 10):
a coarser grain population composed of the fraction of coarse to fine
silt, and a finer grain population that comprises the fraction of very fine
silt and clay. The coarser grain population dominates in facies M5
and M4, is significantly reduced in facies M3 and M2, and is totally
replaced by the finer grain population in facies M1. The coarser grain
population reveals a general fining and depleting trend, moving from
the coarser (M5 and M4) towards the finer mud facies (M1-3). Inversely,
the finer grain population gradually becomes dominant in the finer
mud facies, exhibiting an almost constant mode, ranging between 7.5 and
8.5 phi (5.5-2.7 um). The only exception is observed in two facies of
a characteristic red color (facies M4a in Fig. 10), where the mode
ranged between 9 and 9.5 phi (2-1.4 um), suggesting a different sediment

source. Similar observations on the behavior of the two grain-size
populations are also apparent upward within the facies (normal grading
in Fig. 10).

Mud turbidite facies similar to the mud turbidite facies observed in the
Bryant and Eastern canyons have been reported worldwide. The most
detailed study is from the Halifax Formation, Canada, by Stow et al.
(1984), who described similar mud turbidite facies. Reexamination of
data from the Mississippi Fan (DSDP leg 96: Bouma et al. 1986) reveals
that almost the entire spectrum of mud facies described in this study also
occurs on overbank and distal areas of the Mississippi Fan. Mud turbidite
facies M1, M2, and M3 have also been reported from the coarse-grained
Monterey Fan on an overbank mud-wave field (Normark et al. 1980).
Facies M1 and M2 have been repeatedly documented from the Eastern
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Fic. 6.—3.5 kHz sub-bottom profiles from the overbank areas of Bryant and Eastern canyons. Locations are shown in Figure 5.

Mediterranean (Stanley 1983), and they are interpreted to result from the
depositional segregation (deposition of the coarser material in the most
proximal topographic depressions) of large turbidity currents. On outer
continental shelves and distal prodeltas like the Baie des Anges
continental shelf influenced by Var and Paillon rivers (Klaucke et al.
2000), mud facies M1, M2, and M3 are very common, and they are
interpreted to occur from hyperpycnal river plumes. The common
occurrence of mud turbidite facies on a large spectrum of sedimentary

environments reveals the importance for the better understanding of their
sedimentology and depositional processes.

SPATIAL AND VERTICAL DISTRIBUTION OF THE TURBIDITE FACIES

The spatial distribution of the turbidite facies indicates two major
sedimentological environments during the low sea-level stand of MIS 6
(Fig. 11): (1) the intracanyon areas of Bryant and Eastern canyon



E.K. TRIPSANAS ET AL.

1020

‘(D6 "B14) aseq J1ay} 1e Buipelb asiaaul jo [ealaul ue Buidojaasp ‘seloe}

osoy] epoaoaid Aew seulwe| AIs SS8 pue Jauuly) ma) e ‘spaq ma) e U] "Ag|o Alj1s wuojiun Jo 1asusa uiy) e ol Aldieys ssed
Aew 1o ‘Aeme apey Ajlenpeif pue snoNURUOSIP ‘IBUUIY} BW00aQ SBUIWE| IS 8y} ‘piemd( "eBeulWR[-0JoIW A}IS 10/pue Sasus)|
HIS |[ewsS ‘uIy} ma} & apnjoul Asy) SOSED SLLIOS Ul ‘J9ASMOH "SSOI9INJINIIS a1e SBUIWLE| J|IS JB[NIRUS| By} Udamlad seuiwe|
ARepo-Ais 1so “(0€/02-06/05 Aeloals) suoeuwE[-0J21W SS0.0 pue ‘sajddu Buipey doy ‘Yibusjanem Buo| pue apnyjdwe

mo| jo se|ddu |rews Aejdsip uaas 1o pajeulwe|-cioiw aq Aew yaiym ‘seulwel jjis sejnanusl o} seueld (wo | o1 dn Ajeuoisesso
PUE ‘W g-g) Uiyl 03 o1yl yum Aejo-A)jIs Jo auoz [eseq e Ag pazuejoelelyo ‘spaq paseq-dieys (301y} Wo [elanas 0} | spaq)

‘HIs |eseq juaulwold ay} eiiepun Aew seuiwe] A)is JoUlSIPUl Ma) B ‘SBSED BWO0S U| “1ejnanua| Ajjensn pue ‘1seyoly) auy}
sl euiwe| Jis [eseq ay] "Aeme apey Arenpelb pue piemdn Adsim 0] Jounsipul swodag Yyolym ‘seuiwel jjis-Aahe|o o jis Anem
0} jolered ‘(ww g-|) uiyy Aq pezusjorleyo ‘(Si/SS-09/0% :Aejopis) spaq Aejo-Ayis ‘peseq-dieys (3o1y} wo [e1enses o} | spaq)

"(g6 "B14) Wis [eseq sy} aipspun
Aew [eataqul A)Is sS3| UIY] B ‘SPaQ M3} B U| "eulwe| }IS [eseq pauleiB-1asieod ay) Joj 1dooxa ‘spaq || sa1oe} ajquiasal Aay)
‘saseD awos u| ~seuiwe| Ayis Adsim 0} Jounsipul ‘premdn-Buipe) (ww | =) Uiyl pue ‘euiwe] [eseq yis-Aahe|o Jo yjis {ww g-1)
uiyy e Aq pazuajoereyo (09/0%-08/02 Aejoais) spaq Aejo-Aljis peseq-dieys ‘papelb Ajjewlon (MoIYl WO [BIaAS8S 0} §Q Spaq)

(w6 "Bi4) eeuiwe| Ajjis asay} salepun [eAldjul AYIS SSO| UIY] B ‘spag awos u| ‘aeuiwe| Jaiis Apubis ‘uie)

‘Adsim 0y Jeueld ‘spiemdn-Buipey Jo aouasald ayi logpue (Ww g-1 ~) Bulwe| [eseq Aejo-Aljis J1esieod uly) e Aq pazusioeleyo
ale spaq asay} ‘sesed Auew u| (wr §'6-g/) yd G°7-7 ~ uey} J9jjewWS Jajawelp e yum sapiped jo sebejuaciad seybiy
[eanal (g ‘B4 ul -1 8) sojdwes azis-uielb ‘suoz pepelb Ajrewuou syl uiyim premdn (06/01 01 04/08 :Aepas) Aejo Jo Jake)
10 BUIWE| WiopuN & ojul premdn sapelb jey) Aejo Jo suoz pepelb Ajewuou ‘paseq-dieys (4o1y) wo G o1 dn wWw ma} e spaq)

2N saey

LN seloed

uonduasaq |eoibojouawipag

sajoeg a)Ipiqin L pnjy

‘(saarp3au ) sydp.igoippa Jo sajdunxa [parddy yim parupduioddn ‘sarvf anpiqing pnut Jo suoiidiiosap (po130jo1uauipag —g 414V ],



1021

'$9108] 259 U1 Juasaid os[e aIe saINoNns SULIBMIP dIeY 'SAIOR] HIA Pue G soroey ur judredde
1SOW pUE ‘UOWWOD I sa[npouopnasd J[IS [[BWS pue ‘$)SEd PLo| ‘Seuiwe] I[Is Ayl JO uoolsip “ofeurpnoq ‘Suyoau se yons sarmonins supeo|

GRAVITY FLOWS AND SPILLOVER PROCESSES IN A DELTA-FED PROGRADING SLOPE
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Fic. 7.—Graphic illustrations of the five mud turbidite facies distinguished in this study compared to the modified Stow and Shanmugam (1980) silt-mud turbidite
sequence (shown at left). The mud turbidite facies are organized into three groups: top-cut-out sequences, middle-cut-out sequences, and base-cut-out sequences (modified

from Stow et al. 1984).

systems, and (2) their surrounding areas subjected to spillover and flow-
stripping processes (overbank areas).

Observations of sediments from intracanyon areas are based on cores
JPC-37 (canyon floor) and JPC-34 (boundary of intracanyon and
overbank areas). Both cores are located on the top of wide sills separating
intraslope mini-basins, in which sediment failures are local and rare
(Figs. 4, 5, 11; Tripsanas 2003). Sediments of the intracanyon environ-
ments consist of successions of M5 to M1 facies interbedded with coarse-
grained turbidite facies C1 to C3. Intracanyon deposits are represented in
3.5 kHz sub-bottom profiles as seismic facies II (Table 1, Fig. 5).

The overbank areas of the canyon systems are divided into three areas
(Fig. 11): (1) silt-rich overbank areas consisting of successions of mud
turbidite facies M5 to M1 where facies M5 and M4 dominate, (2) silt-clay
overbank areas comprising successions of facies M3 to M1, and (3) clay-
rich overbank areas consisting of successions of facies M1 (rarely, facies
M2 may occur in these deposits).

Deposits in silt-rich overbank areas have been recorded only in core
JPC-09, located on the outer bank of bend B of Bryant Canyon (Figs. 5,
11). The seismic character of this area has been masked by the presence
of gas hydrates. Silt-clay overbank areas are represented in 3.5 kHz
profiles by seismic facies III (Table 1, Fig. 5), surround the entirety of
Eastern Canyon, and along Bryant Canyon occur only on the outer banks
of bends A and B. At bend B, silt—clay overbank deposits succeed silt-rich
overbank deposits away from the canyon (Fig. 11). Clay-rich overbank
areas surround the remainder of the Bryant Canyon system, whereas at
bends and Eastern Canyon, such areas succeed the silt-clay overbank
areas away from the canyons. In 3.5 kHz profiles, clay-rich overbank
areas are represented by seismic facies IV (Table 1, Fig. 5).

The mud turbidite facies are organized into two types of series within
all overbank areas (Fig. 12): (1) facies series revealing an upward-fining

and thinning trend (fining series), and (2) fining series that are preceded
by a short series of upward-coarsening and -thickening facies (coarsen-
ing-fining series). Hemipelagic sediments and bioturbation structures are
absent to negligible in both intracanyon and overbank MIS 6 deposits.

DISCUSSION
Flow Processes of Mud Turbidite Facies

All mud turbidite facies represent top-cut-out (T0/2-3/4), middle-cut-
out (T0/2, 6/7, or T2/3, 6/7), and base-cut-out (T3/4/5-7) silt-mud
turbidite sequences according to the nomenclature of Stow and
Shanmugam (1980) (Fig. 7). In a few rare cases, complete or nearly
complete silt-mud turbidite sequences may also occur. We conclude from
the sedimentological descriptions of this study and previous laboratory
studies that mud-turbidite sequences (T0-7) are developed under four
distinct flow-regime stages of a waning low-density turbidity current:

Stage 1.—The velocity and turbulent energy of the flows are sufficient
to maintain all of its sediments in suspension, and to even incorporate
seafloor sediments by erosion (Parker 1982; Fukushima et al. 1985;
Kneller 1995). No deposition occurs in this flow regime, whereas scouring
of the seafloor is common.

Stage 2.—A reduction in the velocity and turbulent energy of the flows
leads to a decrease in the amount of sediment that can be maintained in
suspension (loss of capacity), resulting in sediment deposition (Hiscott
1994). The settling sediment consists of silt particles and silt-clay flocs
of equivalent settling velocities. However, floc breakage occurs in the
boundary layer of the flows because of the strong shear, and the clay-size
particles are reentrained into the main flows (McCave and Swift 1976;
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Fic. 8.—Weight % grain-size frequency curves from successive samples (~ 1 mm thick) of two discrete M1 mud turbidite beds. X-radiographs show sample locations.

Stow and Bowen 1980). This means the silt fraction is the main deposited
material under these flow conditions. The silt basal zones of facies M5a
and M5b (T0) are deposited in this stage. The structureless nature of the
massive silt basal zones (T0a) of M5b facies indicate that they have been
deposited under high sedimentation rates, during which hindered settling
and dispersive pressures become dominant in the lower parts of the flows,
thus leading to the suppression of any traction-induced structures (Allen
1991; Kneller and Branney 1995; Baas et al. 2000). Conversely, the planar
to lenticular to ripple laminations in the silt basal zone (TOb) of the M5a
facies imply that their deposition occurred under lower sedimentation
rates and longer flow duration, allowing the development of tractional
structures.

Stage 3.—Low-speed streaks, characterized by increased concentra-
tions of sediment particles, have long been recognized as ubiquitous
within the boundary layers of turbulent flows (McCave and Swift
1976; Hesse and Chough 1980; Allen 1985). One of the most important
characteristics of the low-speed zones is the cyclic development of
turbulent bursts, through which low-momentum fluid parcels are
ejected back into the main flow. Sediments settling in the boundary
layer are reentrained into the main flow through this cyclic streak-
bursting mechanism. The frequency of the bursting events is directly
related to the flow velocity and inversely related to the boundary-

layer thickness (Allen 1985). Best and Leeder (1993) and Li and Gust
(2000) have shown, through laboratory experiments, that cohesive
sediment in the flows results in thickening of their boundary layers and
decrease of the occurrence time period of the bursting events, and leads
to significant reduction of the bottom drag of the flows. The directly
measured shear velocities in the viscous sublayer could be reduced by as
much as 70%.

As a low-density turbidity current decelerates (concomitant reduction
of the bursting frequency), it eventually achieves a critical flow velocity,
below which the amount of the aggregated cohesive sediments settling
into the boundary layer exceeds the amount of the disaggregated cohesive
sediments reentrained into the main flow. A refined version of the two-
step depositional model of Stow and Bowen (1980) is proposed to occur
under flow velocities below this critical value, and it is described in detail
in Figure 13.

The lenticular, planar, indistinct, and wispy silt laminae of M4a, M3,
and M2 facies (T2, 3, 4, 5) are developed during this flow-regime stage.
The transition from the microlaminated lenticular silt laminae of division
T2 to the indistinct and wispy silt laminae of divisions T4 and T5 among
and within the mud facies is attributed to the gradual depletion of the silt
population and deceleration of the low-density turbidity currents. The
closely spaced silt laminae of facies M4b are interpreted to develop from
silt-rich low-density turbidity currents that have relatively high velocities,
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(C)

Fic. 9.—Inversely graded interval at base of beds in A) facies M1, B) M2/1, and C) M4 shown by X-radiographs (negatives). The triangle on the side indicates the
location of the normally and inversely graded intervals of the beds. The dark band in the center of image (C) is an artifact.

which prohibit the formation of thick mud laminae. The lenticular silty
basal zones of facies M4c are interpreted to have been deposited under
transitional stage 2 to 3 flow regimes, yielding a poorly developed cyclic
silt and mud deposition under high depositional rates.

Stage 4.—The graded M1 facies (T6, 7) are developed in this last stage.
Deposition occurs from a clay-rich flow (= 30% of medium to fine silt),
characterized by velocities below a threshold value, which allows the
straight deposition of flocculated sediments. The normal grading in this
facies is attributed to the gradual domination of settling aggregated
sediments (finer than 7.8-5.5 um with an almost constant mode of 5.5
2.7 um) over the slowly accumulated silt grains on the seafloor. Sediment
particles with diameter smaller than 7.8-5.5 um are characterized by very
small settling velocities, and can settle on the seafloor only as aggregates
(Kranck 1975; Krone 1993; Winterwerp 2002). The effect of the cyclic
reduction of the boundary-layer shear is greatly diminished in this stage,
and is expressed only by the development of alternating siltier and more
clayey laminae of clay. The normally graded zone (T6) of M1 facies
grades upwards into a thin veneer of uniform clay (T7), which probably
resulted from the deposition of a final very slowly moving (almost
stationary) sediment cloud.

The normal grading of most of the mud turbidites in this study reveals
that the majority of the low-density turbidity currents were of a waning
nature, characterized by structural characteristics similar to those of
typical surge-like turbidity currents: head, body, tail (Kneller and Buckee
2000; Mulder and Alexander 2001). Facies M5 and M4 are interpreted to
have been deposited by low-density turbidity currents comprising all four
flow stages. The absence of the upper divisions T4/5-7 in top-cut-out
sequences of facies M5 and M4 are attributed to: (1) the bypassing of the
finer-grained tails of the flows without depositing any material, and/or
(2) the erosion of the tops of complete sequences by subsequent flows.
Middle-cut-out sequences (T0/2, 7) are interpreted as typical deposits of
surge-type turbidity currents, characterized by the absence of a body,
passing sharply into the deposits of their slowly moving, almost
stationary tails. Base-cut-out sequences (facies M3-M1) have resulted
from the deposition of weaker flows (flow stages 3 to 4). The rare mud

turbidite beds characterized by a short interval of inverse grading at their
bases are interpreted to have been deposited from turbidity currents that
were characterized by a short, waxing initial stage (waxing-waning flows
in Mulder et al. 2003).

Flow Processes of Coarse-Grained Turbidite Facies

The laminated character of the facies C3 sand layer (upper-stage plane-
bed formation) indicates that it was deposited under high flow velocities
(Bridge 1978; Hesse and Chough 1980), where deposition due to
flocculation was diminished by the high shear within the boundary layer.
The closely spaced, silty-sand to sandy-silt laminae (T4 division) of C2
and C3 facies are interpreted to develop by cyclic depositional processes,
similar to those that result in the deposition of the silt and mud laminae of
the mud-turbidite facies. The close spacing of the laminae is attributed to
the higher velocities of the turbidity currents and the higher settling rates
of the sand and silt grain population.

The structureless and lenticular to rippled laminated silt zones of facies
Cl resemble subdivisions TOa and TOb of the modified Stow and
Shanmugam silt-mud turbidite sequence (Fig. 7), and therefore a similar
depositional model is adopted for their formation. The basal poorly
sorted structureless silt zone is deposited under exceptionally high
sedimentation rates, constituting hindered settling and dispersive
pressures dominant in the lower portions of the flows. Conversely, the
better-sorted overlying laminated silt zone is deposited at a later stage
under lower sedimentation rates that cause the re-domination of
turbulence in the lower portion of the flows. Despite the similarities of
the facies C1 silt deposits with T0a, Ob beds, their much larger thickness
(up to 10 cm), total lack of grading, almost total lack of sand, and
abundant dewatering structures indicate that facies Cl1 resulted from the
rapid deposition of silt-rich flows that were probably of larger magnitude
and concentration than those resulting in typical silt-mud turbidite
sequences. The exclusive occurrence of facies C1 deposits in intracanyon
environments substantiates the above conclusion.

Facies Cl and C3 grade from noncohesive sand and silt deposits
emplaced at high flow velocities to cohesive deposits characteristic of low
flow velocities. This strongly suggests that both facies have resulted from
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TaBLE 3.— Sedimentological descriptions, photographs (left), radiographs (right), and weight % grain-size frequency curves of
coarse-grained turbidite facies.

Coarse-Grained Turbidite Facies Sedimentological Description

(beds a few to several cm thick)

Consists of a structureless silt to

clayey-silt basal zone (~ 70% silt) that
Facies C1 is capped by a lenticular, wavy, rippled,
and convolute-laminated, better-sorted
silt layer (80-90 silt). The silt deposits
reveal no distinct grading and are
characterized by an almost constant
mode in the grain-size frequency
curves throughout the beds. The sand
fraction is lower than 1%. The base of
this unit is sharp with common
scouring. Its top is either sharp to
truncational overlain by a new silt
turbidite facies, or it may gradually
pass into finer-grained deposits of
facies M4 or M3. Dewatering structures
are very common and pervasive
(especially in the basal structureless
silt zone).

(beds a few to several cm thick; 20-

50% sand, 40-65% silt, 10-15 % clay)
Facies C2 Consists of closely spaced, silty sand
to sandy silt and clayey silt to silty clay,
planar to more rarely lenticular,
alternating laminae. The base of the
coarse basal zone is sharp and
erosional. lts top may be sharp with
indications of scouring (capped by
another depositional event), or it may
grade into finer-grained sediments
resembling those of facies M4 or M3.
This facies is equivalent to the Tg,
partial Bouma sequence.

Facies C3
(%)
24 I T\3 (beds a few to several cm thick).
Facies 5 T N Similar to facies C2, with the only
Mg apl| _ [ | . exception being that it is preceded at
IA 2 its base by a planar to lenticular to
Facies .t wavy laminated fine-sand layer (1 to a
- x ao—1A | | few cm thick; ~ 80% sand, ~ 15% silt,
Facies C1 \ | / ~ 5% clay). This facies is equivalent to
Necking 20! | / \\1 . . the Ty partial Bouma sequence.
W
4 (Phi) 8

Loading structures such as necking, distortion, load casts, and pseudonodules are evident in all
three facies.

the deposition of fast-flowing, waning (surge-like) turbidity currents. The Intracanyon Environments
same conclusion is also assumed for the C2 facies. However, the silt and
mud alternated laminae of the basal zone (T4 division) of facies C2 indicate Sediments recovered in cores JPC-37 and JPC-34 from the Bryant

that their deposition occurred from slower-moving and more diluted flows. ~ Canyon floor consist of successions of C2 and M5 to M1 turbidite facies
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FiG. 11.—Shaded bathymetric map of the Bryant Canyon area displaying the spatial distribution of various turbidite facies deposited during MIS 6. The intracanyon
environments (canyon floors) are plotted from the studies of Lee et al. (1996) and Twichell et al. (2000). Discontinuous black lines represent uncertain borders.

interbedded with C1 and C3 facies (Figs. 4, 11), which resemble levee
deposits. This indicates that the canyon environment was not exclusively
erosional but also had a strong depositional character. Inner levees and
terraces, observed in deep-seismic reflection profiles (figs. 5 and 6 in Lee
et al. 1996) from Bryant Canyon concur with the erosional-depositional
nature of the canyons. This conclusion is consistent with observations
from other deltaic prograding slopes (e.g., Ebro Margin; Nelson and
Maldonado 1990). There are two possible interpretations, or a combina-
tion of them, for the production of inner levees and terraces within
a canyon. The first interpretation is through the avulsion of the canyons
during periods of low-magnitude turbidity currents (O’Connell et al.

1995; Torres et al. 1997, Wonhamn et al. 2000; Piper et al. 1999b). The
second interpretation is through continuous thalweg entrenchment and
meander abandonment (Hagen et al. 1994; Von Rad and Tahir 1997,
Babonneau et al. 2004).

According to the above discussion, facies C2 and M5 to M1 beds are
interpreted to have resulted from small underfit turbidity currents, in
which only their upper dilute parts (wash load) were able to overflow the
inner levees of the Bryant Canyon. The sand deposits of facies C3 are
interpreted to have resulted from the main bodies of large sand-rich
turbidity currents, which were able to overflow the canyon inner-levees.
Facies C1 can be interpreted as spillover deposits of either the main
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Fic. 12.—X-radiographs (negatives) of: (1) fining and coarsening—fining series of coarse mud turbidite facies (A), and (2) fining (B) and coarsening-fining (C) fine-
grained turbidite facies series. The fine-grained facies series consist entirely of M1 facies, where the relative magnitude of their resultant flows is inferred by the thickness

and grain size (lighter shades indicate siltier sediments) of the beds.

bodies of silt-rich turbidity currents or the wash load of underfit sand-rich
turbidity currents. However, the ungraded nature and almost total
absence of sand in facies C1 deposits weakens the second interpretation.
The domination of facies C2 and M5 to M1 in the inner levees of the
Bryant canyon indicates that underfit turbidity currents were prevalent
during the last stage of the canyon.

Areas Subjected to Spillover Processes

It has been shown through this study that, during MIS 6, the overbank
areas of Bryant and Eastern canyons have been subjected to intense
overflowing and flow-stripping processes, which resulted in the deposition
of successive mud turbidite facies (Figs. 4, 5, 6, 11). The large thickness
of these deposits (= 50 m) in both proximal and distal to the canyons
areas, combined with the absence of intercalated hemipelagic sediments,
indicates extremely high sedimentation rates. No accurate sedimentation
rates can be estimated for MIS 6 overbank deposits, because of the
almost complete absence of foraminifera and their age, which is much
older than the dating limit of '*C AMS dating (Tripsanas et al. in press).
However, a rough sedimentation rate can be implied by the total absence
of bioturbation structures at the top of individual mud turbidite beds.
The maximum required time for the recolonization of the ocean floor by
benthic organisms is five years (Wetzel 1984), inferring that the time
interval between two successive turbidity currents was less than 5 years.

Based on this assumption, a minimum sedimentation rate of 200-600 cm/
ky is estimated for the distal overbank areas of Bryant Canyon.

The mud turbidite facies display a gradual fining away from the
canyons (Figs. 6, 11). This information suggests that the spillover flows
spread over the low gradients of the overbank areas and acquire a strong
depletive character. M1 mud turbidite facies (clay-rich overbank deposits)
are the most common deposits around the Bryant Canyon system,
indicating that the channelized turbidity currents were sufficiently
confined by Bryant Canyon with only their upper most dilute parts
(wash load) being capable of overflowing the canyon walls. These very
dilute and fine-grained (silty—clay) spillover flows were able to travel for
long distances (exceeding 15-20 km), and dictate the sedimentology of the
areas surrounding the canyons.

The only exception to the fine-grained nature of the overbank deposits
of the Bryant Canyon system occurs along the outer banks of bends A
and B of the canyon on the upper and lower continental slope. The
sudden intensification of the spillover flows at the bends of the canyon is
interpreted by the flow-stripping of the canyon-contained turbidity
currents at these locations. The outer banks of bend B consist of facies
MS5 to M1, which, away from the canyon, grade into M3 to M1 facies and
eventually into monotonous M1 facies. The outer banks of bend A
consist of M3 to M1 mud turbidite facies that grade into M1 facies away
from the canyon. The coarser deposits, occurring at bend B, are
attributed to: (1) the intensification of the flow-stripping by the Coriolis
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Fic. 13.— Diagram displaying the two-step
depositional model that results in the formation
of alternating silt and mud laminae (modified
from Stow and Bowen 1980): A) the shear in the
boundary layer leads to the breakage of the
settling flocs and allows the deposition of the silt
fraction only, B) because the amount of clays re-
entrained into the overlying flow is less than the
settling aggregated clays, their concentration is
continuously increased leading to thickening of
the boundary layer, reduction of the bursting
o = frequency, and shear reduction within the bound-
ary layer, C) the clay (cohesive sediments)
concentration in the boundary layer exceeds

force (Komar 1969; Bowen et al. 1984; Hay 1987), and (2) a probable
lower relief of the canyon at this location. At bend B, the Coriolis force
acted in the same direction as the centrifugal force on the turbidity
currents, and therefore would have led to the intensification of their flow-
stripping. Conversely, the Coriolis force was opposed to the centrifugal
force at bend A, and consequently would have suppressed the extension
of their flow-stripping.

Eastern Canyon is surrounded by silt—clay overbank areas (M3 to M1
facies) that grade into clay-rich overbank areas (M1 facies) away from the
canyon, although it does not display any significant bend. The coarser
nature of the Eastern Canyon overbank deposits compared to those of the
straight segments of Bryant Canyon indicates that spillover flows in
Eastern Canyon were of larger magnitude. Eastern Canyon was confined
on the upper continental slope throughout its entire life span, probably
due to limited sediment supply. Accordingly, gravity flows were not very
abundant in this system, and could not balance the mobilization of the
underlying salt masses. Consequently, local highs related to uplifted salt
diapirs would have been present along the pathway of the Eastern
Canyon system. These morphological irregularities would have forced
turbidity currents to undergo successive hydraulic jumps, leading to their
thickening and therefore to the intensification of the spillover flows.

The organization of mud turbidite facies into fining and coarsening-
fining facies series indicates a cyclicity in the magnitude of the turbidity
currents. Given the fluvial source of the turbidites, this cyclicity is
attributed to the occurrence of alternating humid and dry periods. In this
case, coarsening—fining series represent a gradual transition from dry to
humid periods, whereas fining sequences indicate a rather sharp
transition. Based on the S5 years maximum recurrence of the mud
turbidites, it is concluded that the time scale of these cycles was ranging
from annual to a few decades.

¥y Clay floc oy
»~ Clay flake o
o Silt grain a

&5 Silt deposits -

Bl Mud deposits| =

I I a critical value, below which the shear in the

s = boundary layer cannot sustain the cohesive
o a - . sediments disaggregated, leading to their massive
i [

& deposition (implied by the sharp contacts of the
&= EE silt and mud laminae), and D) the boundary layer

] is depleted of cohesive sediments (restoration of
its initial thickness, bursting frequency, and shear)
after their massive deposition and a new de-
positional cycle is developed.

Overflowing of turbidity currents occurs when their thickness exceeds
the height of the canyon walls. When this condition is met, the
sedimentology of the overbank deposits should reveal the nature of their
parental channelized turbidity currents. Two types of turbidity currents
are distinguished, according to the sedimentological descriptions of the
mud turbidite facies. The first and most frequent type is a typical surge-
like turbidity current that results in the deposition of normally graded
mud turbidite facies. Surge-like flows are most likely generated from the
flow transformation of sediment failures (e.g., Hampton 1972; Piper et al.
1999a; Mulder and Alexander 2001). Sediment failures on the front of
MIS 6 Mississippi River Delta would be common by analogy to other
deep-sea fan systems fed by river deltas (Stow et al. 1996). The second
type of channelized turbidity current is characterized by a short waxing
initial stage reaching a peak flow velocity (beds with an inversely graded
zone at their bases), and then gradually enters into a latter waning stage
(normal grading). This type of flow behavior is typical of turbidity
currents generated directly from hyperpycnal river plumes (Mulder et al.
2003). Core data reveal that waxing-waning flows occurred only
occasionally during MIS 6, and were probably related to periods of
exceptionally high river discharges.

Flow Properties

The flow properties of canyon-floor turbidity currents have been
estimated according to their structural characteristics and grain-size
distribution (Tables 4, 5). Sand-rich turbidity currents, resulting in the
deposition of facies C3, were characterized by a velocity of 90-126 cm/s
on the inner levees and terraces of the canyon (location of the cores),
whereas on the canyon thalweg could be as high as 214 to 267 cm/s.
Velocities for silt-rich flows resulting in the deposition of facies CI are
estimated to range between 38 and 86 cm/s (or higher). Sediment
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TABLE 4.— Symbols and equations used in numerical computations.
B a coefficient accounting for the mode of sediment transportation (1-1.25: bed load, 1.25-7: suspension, 7-30: wash load)
c volume concentration of sediment
G drag coefficient at the bed (C; = 0.0029, Ren et al. 1996)
g gravitational acceleration
h thickness of main body of the flow
U velocity of the main body of the flow
U frictional velocity
Wsia) settling velocity of diameter d sediment particles
o a factor accounting for the drag at the upper surface of the flow (= 0.43)
0 a factor accounting for the reduction of frictional velocity due to the presence of cohesive sediment in the flows (0.5-0.7 for clay concentrations of 0.1-2 g/
I; Best and Leeder 1993; Li and Gust 2000)
P fluid density
s sediment density
T bed shear stress

The following equations of flow are used:

Shields-Bagnold nondimensional boundary shear stress (Allen 1985)

0=1/(p, — p)gd (1

(d: modal grain diameter; 0 values acquired for the production of each sediment structure are shown in Figure 4.26 in Allen 1985)
The quadratic stress law (Stow and Bowen 1980; Allen 1985)

T = pd*U? = po* G U? (2)

The empirical criteria for sediment transportation (Bowen et al. 1984; Komar 1985)

U= BWsw/\G 3)
(d: the 5th and 10th percentile grain-size class)
The modified Chezy type equation (Komar 1969, 1977)
2 _ (= p) sin
U = Cgh(l e 4)

TABLE 5.— Results of turbidity-current velocities and sediment concentrations based on the sedimentary structure ( Equations 1 and 2 in Table 4) and the

grain-size distribution ( Equation 3 in Table 4) of the turbidites.

Turbidite facies Grain-diameter used from the grain population Grain diameter (um) Velocity (cm/s) Concentration (volume %)
C3 % (B = 1) 206 267 36 X 107*
C3 10% (B = 1) 184 214 24 x 107*
C3 Mode (B = 7) 149 139 1.6-0.8 X 107*
Cl % (B = 30) 38 38 28-12 X 107°
Cl 10% (B = 30)) 31 26 55-1 X 107°
Cl Mode (B = 30) 20 10 0.8-02 x 10°°
Turbidite facies Structure Modal diameter (um) Velocity (cm/s) Concentration (volume %)
C3 Upper-stage plane formations (6 > 0.5) 149 90-126 33-13 x 107°
Cl Ripple and/or upper-stage plane formations 17-20 38-86 0.6-6 X 107°
(0 = 0.7-1.7 or higher) (or higher)
Cl Ripple formations (0 = 0.1-0.7) 17-20 14-54 0.1-24 x 107°
MSa Ripple and/or upper-stage plane formations 14-26 33-97
(0 = 0.7-1.7 or higher)
Mda Ripple formations (8 = 0.1-0.7) 14-26 12-62

The sediment concentration of the turbidity currents have been estimated by using Equation 4 in Table 4 and by assuming a flow thickness of 200400 m based on the
remaining morphology of the canyon and other turbidity-current studies involving overflowing and flow-stripping processes (Savoye et al. 1993; Hagen et al. 1994;
Klaucke et al. 2000; McHugh and Ryan 2000). The axial gradient of the canyon is ~ 1°. Structural characteristics indicate velocities under which the sedimentary facies
were deposited. Velocities based on the grain-size distribution of the turbidites have been formulated to estimate the maximum velocity of the flows (Bowen et al. 1984;
Komar 1985). Mud turbidite facies M5a and M4a are placed on the overbank areas of Bryant Canyon (bend B), and no sediment concentration has been estimated for
these flows because of their unknown thickness.
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concentrations range from 2 X 107 to 6 X 107* and 0.1 X 107° to
8.9 X 107° (volume %) for sand-rich and silt-rich turbidity currents,
respectively. In both cases, extremely low concentrations are implicated,
resembling those of low-density turbidity currents. This is probably due
to: (1) the intense flow stratification of the turbidity currents (Piper and
Savoye 1993; Kneller and Buckee 2000), and (2) a significant un-
derestimation of the flow velocities. Deposition of turbidity currents
occurs due to loss of capacity and not competence, and consequently,
velocities estimated by the grain-size distribution of turbidites may be
highly underestimated (Hiscott 1994).

Previous studies of spillover flows, from overbank deposits and mud-
wave fields on deep-sea fans, reveal that these flows are characterized by
velocities of 10-20 cm/s up to 100 cm/s, thickness of 100-800 m, and low
suspended-sediment concentrations of 26 to 2500 mg/l (107°-1073)
(Normark et al. 1980; Stow and Bowen 1980; McHugh and Ryan 2000;
Nakajima and Satoh 2001; Wynn et al. 2000; Gervais et al. 2001). The
studies of the above researchers describe the overall properties of a low-
density turbidity current. However, each different mud turbidite facies
must represent variability in flow conditions. Consequently, the de-
termination of the velocity fields under which each of the flow regimes
identified in this study is developed is vital to the better understanding of
the temporal and spatial evolution of spillover flows (Fig. 14).

Stage 1 flow regime eroded or sustained all of the sediment in
suspension. Because no significant erosion is developed at the bases of the
mud turbidite facies M5, we conclude that stage 1 flow regimes were close
to an erosional-depositional equilibrium, with velocity higher than 10-
25 cm/s. These velocities come from laboratory experiments and represent
values above which fine-grained sediments are not deposited (McCave
and Swift 1976; Stow and Bowen 1980; Krone 1993).

Stage 2 flow-regime velocities can be estimated from the sedimentary
structures (microlaminations and ripples) observed in the basal silt zone
of M5a facies, which implies velocity values of 33-97 cm/s (Table 5). The
velocity estimates overlap with those of stage 1 flow regime, reflecting the
dependence of deposition on the velocity and suspended-sediment-load
capacity of the flows.

Stage 3 flow regime is characterized by velocities at which the
reentrained cohesive sediments in the main flow are less than those
settling in the boundary layer of the flow. Manning and Dyer (1999) and
Dyer and Manning (1999) observed in laboratory experiments that there
is a critical shear of 0.3 to 0.35 N/m? below which the floc size increases
with increasing clay concentrations, and vice-versa for higher shear
values. Similarly, they observed that the floc settling velocities were
highest for the highest clay concentrations at low shear values (< 0.25 N/
m?) and highest for the lowest clay concentrations at high shears
(> 0.25 N/m?). They attributed the decrease of the floc size at high shear
and clay concentrations to the higher collision rates of the flocs and their

the mud turbidite facies were deposited.

violent interactions that result in floc breakage. Conversely, at low shear
values the collisions between the flocs are gentler, leading to their further
aggregation and development of higher-order flocs with increasing clay
concentrations. Hence, it might be assumed that these critical shear values
may also represent a boundary above which the streak-bursting
mechanism at the boundary layer overcomes the drag-reduction effects
of the cohesive sediments and contributes to their substantial disaggre-
gation and ejection back into the main flow. Consequently, these shear
values (0.25-0.35 N/m? or 29-35 cm/s) may represent an upper threshold
value for the development of stage 3 flow regime. In support of the above
velocity values are the silt ripples observed in the silt laminae of facies M4
(T2), which require velocities higher than 12-17 cm/s for their de-
velopment (Table 5).

The critical grain diameter of 7.8-5.5 um below which all particles
settle as aggregates provides a minimal velocity of 12-13 c¢m/s (estimated
using fig. 1 of McCave and Swift 1976), under which sediment particles of
the above critical diameter can be sustained in the flows (Fig. 8).
Velocities below these threshold values would cause the deposition of the
entire silt population because of the incompetence of the flows. However,
spillover flow deposition occurs due to loss of capacity, and consequently
velocity values larger than these minimum threshold values are required
for the gradational accumulation of silts and clays in the boundary layer,
and their cyclic deposition (silt and mud laminae).

Sedimentological descriptions and grain-size analysis of stage 4 flow-
regime deposits (M1 facies) reveal that: (1) they are clay-rich (> 70%)
and characterized by normal grading, (2) the silt to clayey-silt laminae of
the previous stage are replaced by slightly siltier clay to silty—clay laminae,
and (3) they are covered by a uniform clay layer. The first two
observations indicate that stage 4 flow regimes are: (1) characterized by
velocities close to those of the lower limit of stage 3, justifying the
presence of silt grains and siltier laminae, (2) highly depleted in the silt
fraction, allowing flocculation processes and deposition to dominate in
the flows, and (3) gradually decelerating, allowing the development of
normal grading. An upper velocity boundary of this flow regime can be
estimated from the presence of silt grains up to 31 um in diameter, which
indicate flow velocities up to 15 cm/s (estimated using fig. 1 of McCave
and Swift 1976). The third observation implies the existence of a final
depositional step, at which the flow becomes incompetent and deposition
occurs from an almost stationary sediment cloud.

CONCLUSIONS

Turbidity currents resulted in the deposition of sediments in the Bryant
Canyon area during MIS 6. These deposits indicate two sedimentological
environments in the area: (1) intracanyon environments, and (2) overbank
environments that are widespread along the canyons.
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The suspended-sediment load of the channelized turbidity currents
consisted of sand and silt or silt with substantial amounts of clay.
Turbidity currents during MIS 6 were highly stratified, with the highest
concentrations and velocities occurring along the thalwegs of the
canyons, developing inner levees and terraces. Typical velocities of the
turbidity currents were 38-267 cm/s or higher.

The sedimentology of overbank areas was dominated by low-density
spillover flows that resulted in the deposition of thick (> 50 m)
successions of mud turbidites. The extension of these deposits is
unknown, because MIS 6 mud turbidite successions were present in all
core and high-resolution seismic-reflection data. The total absence of
bioturbation structures and intercalated hemipelagic sediments indicates
that sedimentation rates were extremely high on the overbank areas of
Bryant and Eastern canyons during MIS 6, with values succeeding 200
600 cm/ky. Five mud turbidite facies (M1-M35) are recognized from the
overbank areas. Most of the mud turbidite facies represent top-cut-out,
middle-cut-out (silt-rich facies M5 and M4), and base-cut-out (silt-clay to
clay-rich facies M3, M2, and M1) silt-mud turbidite sequences of Stow
and Shanmugam (1980).

A complete Stow and Shanmugam (1980) mud turbidite sequence is
deposited by the spectrum of four waning-flow regimes. The first two
flow regimes are characterized by velocities higher than 29-35 cm/s,
whereas in the range of 29-97 cm/s there is an active competition whether
erosion or deposition dominates in the flow (Fig. 14). The third flow
regime represents a cyclic deposition of silt and mud laminae, due to
cyclic fluctuations of the shear in the boundary layer of the flow (12—
35 cm/s). The final flow regime is characterized by mud-dominated
(flocculation) depositional flow conditions (< 15 cm/s), where graded
mud layers are developed. This regime is followed by deposition from
a very slowly moving (almost stationary) sediment cloud.

The sedimentary characteristics of the overbank mud turbidite
facies provide information not only for the low-density turbidity currents
that resulted in their deposition but also for their parental canyon-
contained turbidity currents. Surge-like (waning) turbidity currents
originating from sediment failures on the front of MIS 6 Mississippi
River Delta were the most frequent flows that traversed Bryant and
Eastern canyons. However, rare waxing-waning turbidity currents
also occurred in these canyons, and were probably related to hyperpycnal
river plumes generated during flooding periods of the MIS 6 Mississippi
River.

Overbank deposits are organized in fining and coarsening-fining facies
series. They are interpreted to represent successive humid to dry climatic
cycles. Coarsening-fining series represent a gradual transition between
two successive cycles, whereas fining sequences indicate a rather abrupt
transition.
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ApPENDIX A.—Coordinates, water depth, and core length of the Jumbo Piston Cores (JPC), acquired from the Bryant Canyon area.

Jumbo Piston Core (JPC) Latitude Longitude Water Depth (m) Core Length (m)
1 27°16.79' —92° 26.402' 1265 13.4
2 27°3.4' —92°20.4' 1450 18.8
3 26° 52.52" —92° 23.49' 1550 15.6
4 26° 37.89' —92° 13.494' 1770 15.9
5 26° 35.18’ —92° 12.978' 2220 9.7
6 26° 32.8' -92°13.1 2630 12.5
7 26° 31.78' —92° 15.9¢' 2575 4.6
8 26° 31.8' —92°19.99' 1685 123
9 26° 31.87' —92°20.001" 1895 13.1
10 26° 45.52' —92°20.65' 1755 152
11 26° 32.71" —92° 18.867' 1740 12.8
12 26° 47.45' —92° 21.93' 1895 8.9
13 26° 48.24 —92°21.94' 2000 16.8
14 27°3.878' —92° 25.561" 1400 15.9
15 26° 55.6' —92° 22.066’ 1535 16.4
16 26° 46.29' —92° 13.82 1770 174
17 26° 32.99 —92° 6.283' 1945 0
18 27°8.57 —92°22.99' 1355 16.8
19 27° 32.58' —92° 28.524' 854 16.9
20 27° 32.57 —92° 28.78' 855 19.2
21 27°15.59' —92° 30.6' 1000 17.8
22 26° 54.11" —92° 24.258' 1475 19
23 26° 45.52' —92° 20.65' 1760 14.9
24 26° 23.09' —-92° 11.31" 1930 18.9
25 26° 17.89" —92° 6.921" 1935 14.9
26 26° 22.44' -92° 1.62 1995 15.5
27 26°19.71 —91° 55.94' 2030 16
28 26° 51.31" —92° 15.82' 1840 15
29 26° 48.25' —92°21.95 2000 143
30 26° 24.24' —92° 11.84' 1930 15
31 26° 25.13" —92° 16.162’ 1930 153
32 26° 43.26’ —92°19.63' 1915 15.1
33 26°13.7 —91° 51.155' 2350 14.6
34 26° 6.599" —91° 56.4' 2185 14.9
35 26°3.73' —-92°1.33' 2230 15
36 26° 13.44" —91° 50.96' 2355 15.4
37 26° 2291 —91° 58.33' 1935 135
38 26° 28.73' —92°3.25' 2340 0
39 26° 28.73" —92° 325 2340 10.2
40 26° 34.18’ —92° 12.993' 2525 8.8
41 26° 34.82" =92° 13.11" 2385 8.4
42 26° 37.65 —92° 15.181" 1750 9.7
43 26° 46.29' —92° 13.82 1770 155
44 27°2.806 —92°20.033’ 1515 9.91
45 26° 56.31" —92° 25.46' 1375 16.6
46 27° 3.401 —92°20.403' 1450 17.25
47 27°13.6' —92° 24.896' 1285 16.6
48 27° 46.04' —-91° 30.78' 545 18.96




