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ABSTRACT 

A STUDY IN THE HYDRODYNAMICS OF SEDIMENT TRANSPORT 

Antarctica is a unique environment where sediments are 

influenced by the interaction of glaciers and marine 

currents. This results in little or no sorting of the 

sediment prior to its introduction into the marine 

environment. The existing data relating current velocity 

to grain size were not designed to apply to assess the 

ability of marine currents to winnow and sort texturally 

homogeneous glacial and glacial marine sediments. However, 

estimates from flume studies suggest currents with 

velocities greater than 40 cm/sec are required to erode 

consolidated sediments. 

A puzzling observation made in studying modern 

Antarctic sediments has been the degree to which compacted 

and cohesive glacial and glacial marine sediments are bieng 

reworked and re-sedimented by bottom currents which move at 

velocities less than 15 cm/sec. This study has focused on 

the role of biological mixing in the initiation of sediment 

erosion and entrainment at low current velocities. This 

more adequately reflects the conditions which occur today 

on high latitude seafloors. 

It was found that with simulated bioturbation of the 

bed material, particles in the silt and clay-size range 
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were transported at current velocities less than 3 cm/sec, 

with sand-sized material removed from the bed by 15 cm/sec. 

Without simulated bioturbation, currents up to 20 cm/sec 

had a negligable effect on the bed. 

Important applications of the results from this study 

include understanding sediment dynamics. It does not 

appear likely that erosion and sorting of overcompacted and 

cohesive glacial and glacial marine sediments is possible 

without the action of bioturbation. The results from this 

flume study are useful in the indirect determination of the 

long term normalized current velocity using surface samples 

and physical oceanographic information. Results can also 

be applied in the estimation of paleocurrent velocity from 

downcore variations of textural data. 
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CHAPTER 1 

INTRODUCTION 

An understanding of conditions by which sediment 

erosion and entrainment occurs is fundamental when sediment 

texture is utilized for paleoceanographic interpretations. 

In an attempt to define the criteria under which sediment 

transport is initiated, workers in the field of sediment 

dynamics have proposed a number of numerical and graphical 

relationships. Shields (1936) and Hjulstrom (1939) have 

developed curves which have been applied in the 

determination of paleocurrent velocity from grain-size 

data. This early work and work done by others (including 

Mavis, 1935,1937; Vanoni, 1946; Nevin, 1946; Inman, 1949; 

Visher, 1969; Partheniades, 1965; Rees, 1966; Slatt, 1972; 

Yalin, 1972; Novak, 1973; Miller et al., 1977; Middleton 

and Southard, 1978; and Moss et al., 1980) has examined the 

relationship between grain size and current velocity or 

critical shear stress. The application of these data is 

restricted by the fact that the studies were based upon 

distributions of uniformly sorted, spherical grains or 

distributions falling within a narrow range of grain sizes. 

The rationale for this approach to experimentation was 

twofold: 1) the desire to limit the variables considered 

1 
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in a particular study; and 2) usefulness in interpreting 

fluvial systems in which the material undergoes sorting 

during transport. Since conditions in the marine 

environment are different than those in fluvial systems, 

the results from studies examining the traction transport 

of sediments in streams are, at best, only an estimate when 

applied to those occurring on the seafloor (Heezen and 

Hollister, 1964). 

Previous laboratory flume experiments have shown that 

low velocity bottom currents are only able to remove very 

fine sands and silts in the upper 1 mm of an exposed bed. 

After all the fines have been removed through intermittent 

suspension or traction, a lag deposit remains that armors 

the bed. This prevents any additional sediment from being 

eroded and transported away. 

Burns (1980) conducted a series of flume experiments 

aimed at assessing the role of clasts, which may be fairly 

concentrated on the seafloor in glacial marine 

environments, in preventing armoring. It was postulated 

that the presence of clasts destroys the laminar boundary 

layer found over planar beds, creating turbulence which 

would disturb the bed and allow currents to transport 

sediment below the surface layer. The results of Burns' 

flume experiments, involving a poorly sorted mixture of 

sand and gravel, showed no change in grain size 

distribution for velocities ranging from 2 to 20 cm/sec. 
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Antarctica is a unique environment where sediments are 

influenced by the interaction of glaciers and marine 

currents. Little or no sorting of sediment occurs prior to 

its introduction into the marine environment, resulting in 

the deposition of sediments which are wholly or partly 

unsorted. The existing data relating current velocity or 

critical shear stress to grain size do not apply to the 

ability of marine currents to winnow and transport 

texturally homogeneous glacial and glacial marine 

sediments. 

Textural analyses of piston cores obtained in the Ross 

and Weddell Seas, as well as off the George V Coast, 

Antarctica have resulted in the identification of three 

types of glacial sediments by Anderson et al. (1980). The 

first type of sediments are identified as basal tills, 

which are deposited directly from the basal debris zones of 

grounded ice sheets. They are unstratified, gravelly sandy 

muds and gravelly muddy sands. Basal tills display 

textural and minéralogie homogeneity and high cohesive 

strengths. They show no influence by marine processes 

(Anderson et al., 1980). A second common type of sediments 

include fossiliferous, unstratified gravelly sands; these 

are called residual glacial marine sediments by Anderson et 

al. (1980). They are interpreted as sediments transported 

into the marine environment by floating ice, which have 

undergone winnowing of silts and clays by currents either 
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while settling through the water column or on the bottom. 

A third type of sediments are crudely to well stratified 

gravelly muds with well defined silt modes. The enriched 

fine component results from weak bottom current activity 

associated with an unsorted ice-rafted mode. These are 

referred to as compound glacial marine sediments by 

Anderson et al. (1980). Basal tills are restricted to the 

Antarctic continental shelf. Residual glacial marine 

sediments occur at depths of less than 250 meters on the 

continental shelf and at the shelf break. Compound glacial 

marine sediments are found from the continental shelf to 

the abyssal floor. 

One of the most puzzling observations made in studying 

modern Antarctic sediments has been the degree to which 

glacial and glacial marine sediments are being reworked and 

re-sedimented by bottom currents which, from the best 

available oceanographic information, move at rather slow 

velocities (generally less than 15 cm/sec, Carmack and 

Foster, 1975; Johnson et al., 1981). These processes were 

found to be so widespread that the available information 

relating flow parameters to sediment erosion and transport 

was seriously questioned. One apparent limitation of the 

existing data was that they had not taken into account the 

role of benthic organisms which may contribute to sediment 

erosion by destabilizing the bed. 

Studies examining the role of biological mixing of 
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sediment have been performed in Long Island Sound (Rhoads, 

Young, and Ullman, 1978; Yingst and Rhoads, 1978} and 

Buzzards Bay, Massachusetts (Rhoads and Young, 1970; Young 

and Southard, 1978). Their work documented several ways in 

which biological activity may influence sediment transport. 

Organisms may cause a binding of sediment by secreting a 

mucus which acts to increase the velocity of marine 

currents necessary to erode the bed. Intense feeding 

activities of deposit feeders in muds alter the benthic 

environment by decreasing compaction (Rhoads and Young, 

1970; Yingst and Rhoads, 1978). The action of benthic 

organisms, as well as fish, krill, and possibly whales may 

result in sediment being "kicked-up", allowing particles to 

bypass the laminar sublayer and be carried in the free 

stream. 

Experiments performed by Rhoads and Young (1970) in 

Buzzards Bay involved deposit feeders in fine grained 

sediments. Intensive bioturbation of the upper few 

centimeters of the mud bottom produced a fecal pellet and 

mudclast-rich sediment which was preferentially eroded and 

re-suspended at velocities greater than 4 cm/sec. Rhoads 

and Young (1970) noted that biogenic modification of fine 

grained deposits affect the stability of the bottom by 

increasing surface water content and bed roughness which 

contribute to a reduction in critical erosion velocity. 

Laboratory studies performed by Nowell et al. (1981) 
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examined the effect of animal tracks on the critical 

entrainment velocity of marine sediments. Results from his 

experiments showed that this velocity was reduced by 20% 

over tracked sediment beds, in conjunction with a doubling 

of the boundary roughness. 

Experiments performed to date, examining the role of 

organisms in sediment erosion, have been confined to the 

study of fine grained sediments or have presented results 

in only semi-quantitative terms. These earlier works point 

to the need for considering bioturbation in the study of 

sediment dynamics. It was the goal of this research to 

assess the role of organisms in sediment erosion and 

transport where an originally unsorted bed is continuously 

agitated. These conditions are believed to more adequately 

reflect those which occur today on high latitude seafloors. 

In this series of flume experiments, currents in the range 

of 1.5 to 20.0 cm/sec were used to represent the range of 

current velocities measured to date near the Antarctic 

seafloor. 

Mean particle size, as it relates to fluctuations in 

Antarctic Bottom Water intensity, has been explored by 

Huang and Watkins (1977), Ledbetter (1979), Ledbetter and 

Ellwood (1982), and Huang, Ledbetter, and Watkins (1982). 

These studies have not considered the influence of 

organisms in reducing current velocity necessary to erode 

fine sediments. 



This study will establish the importance of biogenic 

mixing of the sediment and address limitations in the use 

of mean grain size as a parameter in delineating 

fluctuations in bottom current activity. 

EQUIPMENT AND EXPERIMENTAL CONDITIONS 

All experiments performed in this study were conducted 

in a recirculating plexiglass flume 3.66 m long, .31 m 

wide, and .45 m deep (Fig. 1). A 35 liter capacity 

reservoir tank was located at the discharge end of the 

flume. 

Two pumps, one 1/2 hp and the other 2 hp, were 

attached to the flume and could be used singly or in 

tandem. Water was discharged from the flume through 

two-2.5 cm diameter and one-12.5 cm diameter plastic pipes. 

The two smaller pipes could be left open or sealed as 

required. The larger pipe had a circular cover that could 

be adjusted to expose the entire diameter when necessary. 

The rate of flow of water through the flume was controlled 

by adjusting valves attached to the two pumps and by 

opening part or all of the discharge pipes. 

One difference between flow in streams as compared to 

marine currents is that streams are characterized by 

non-uniform flow conditions, whereas marine currents have 
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FIGURE 1. Experiments were performed in a recirculating 
plexiglass flume 3.66 m long, .31 m wide, and .45 m deep. 
The bed material is placed in the floor of the flume (.31 m 
long and 3.0 cm deep). The stirring rod, when in use, is 
attached to the flume directly over the bed. Velocities in 
the range of 1.5 to 20.0 cm/sec were set by adjusting 
valves attached to two pumps and by opening part or all of 
the discharge pipes. 
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mostly steady, uniform flow (tidal currents and storm surge 

excluded). Since I was attempting to model the flow of a 

marine current in this study, steady, uniform flow was 

established in the flume by utilizing a system of baffles. 

This minimized the turbulent eddies created by the 

introduction of the water, and reduced the length of flume 

necessary to damp them. Water was pumped from the 

reservoir tank to the far end of the flume where it entered 

through a 2.5 cm and a 7.5 cm diameter plastic pipe. 

Equilibrium conditions were established when the water 

level in the flume and reservoir tank remained constant 

over a period of time. The velocity of the water in the 

flume was measured to within 2% accuracy using a 

Marsh-McBirney Model 201 portable water current meter. 

Velocity in feet per second was read directly off the 

meter. 

Before starting each experiment, the flume was filled 

with ordinary tap water which circulated 12 to 24 hours. 

This ensured that the equilibrium water temperature of 38 

to 40°C was reached which resulted from heating of the 

water as it passed through the pumping system. This 

temperature range was maintained throughout the course of 

an experiment. The depth of the water column during the 

experiments was maintained at 15 cm. Since water was lost 

from the system due to evaporation, the water level in the 

flume was periodically checked and water was added as 
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necessary in order to maintain the preset level. 

An inset in the floor of the flume, .31 m long and 3.0 

cm deep and located midway down its length, contained the 

sediment bed. Various sediment mixtures were made to 

resemble the main types of terrigenous sediments found on 

the Antarctic continental margin today. For runs 1, 2, and 

3, the bed material consisted of a mixture of sand, silt, 

and clay. The sediment mixture in the first two runs 

contained gravel, which was not included in the bed for Run 

3. The bed in Run 4 consisted of unsorted sand-sized 

material only. Run 5 involved a bed consisting almost 

entirely of silt and clay, with approximately 5% sand and 

gravel. 

To remove a particle not free to roll from a bed, a 

fluid must have enough energy to overcome the downward 

force exerted by gravity on the net weight of the particle. 

Friedman and Sanders (1978) list ways by which a particle 

may be acted upon by a fluid: fluid "lift force"; changes 

in fluid pressure and surges related to wave action; fluid 

impact; and support from flow within turbulent eddies. 

In this study the suspended load, fine particles 

transported within the main body of the flow, was 

determined by analyzing the sediment contained in samples 

of the water column. Currents may also transport sediments 

as bedload, either in intermittent suspension or traction. 

The intermittent suspension load represents grains removed 
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from the bed and transported in various trajectories (Fig. 

2). The traction load is that material which rolls or 

slides along the bed. These transport modes were sampled 

using a series of collection trays situated at various 

levels above the bed. In Runs 1 and 2, a single 13.5 cm 

square aluminum tray was placed on the floor of the flume 

3.4 meters down the length of the flume (1.5 m downstream 

from the bed). This tray accumulated particles transported 

down the flume either in intermittent suspension or 

traction. In Runs 3, 4, and 5, a tri-level stainless steel 

tray arrangement was utilized (Fig. 3). The three trays 

were each 10 cm square. The back wall of tray 1 was 1 cm 

high; trays 3 and 5 had a 2 cm back wall. Tray 1 occupied 

the lowest position in the arrangement. Its leading edge 

was beveled so it would be flush with the floor of the 

flume. Tray 3 was in the middle of the arrangement at a 

height of 2 cm off the floor of the flume; tray 5 was 

topmost at 4 cm up from the floor of the flume. The 

entire arrangement was 70 cm in length and 5 cm in height. 

Tray 1 (equivalent in position to the single tray used in 

Runs 1 and 2) accumulated sediment transported from the bed 

either in traction or intermittent suspension. Trays 3 and 

5 (set off the floor of the flume) collected sediment 

removed from the bed and carried in intermittent 

suspension. Ink streamers verified that this collection 

tray arrangement produced minimal water turbulence. 
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FIGURE 2. Schematic showing particles removed from the bed 
representing three modes of sediment transport: suspension; 
intermittent suspension; and traction. Fine particles in 
suspension transported within the main body of the flow are 
analyzed from samples of the water column. Particles 
removed from the bed in intermittent suspension are 
transported in various trajectories as shown and may 
accumulate on any of the three collection trays. Sediments 
in traction move by rolling and sliding along the floor of 
the flume and accumulate in the lowermost collection tray. 
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FIGURE 3. Tri-level collection tray arrangement, used in 
Runs 3, 4, and 5, is 70 cm long and 5 cm high. Tray 1 
occupied the lowermost position; trays 3 and 5 were 2 and 4 
cm up off the floor of the flume, respectively. Tray 1 
accumulated particles transported in traction and 
intermittent suspension; trays 3 and 5 collected particles 
transported in intermittent suspension. This arrangement 
allowed particles transported in traction to be 
distinguished from those transported in intermittent 
suspension. 
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The grain size distribution of the sand and coarse 

silt-sized fractions (-1.00 to 6.00 phi) in this study were 

determined by the Rice University Automated Sediment 

Analyzer (RUASA, Anderson and Kurtz, 1979); fine silt and 

clay were analyzed with a hydrophotometer. The RUASA 

system utilizes a large settling tube for the sand fraction 

and a small settling tube for the coarse silt fraction. 

The RUASA program converts the settling velocity (which is 

a hydrodynamic measure of a grain's density, size, and 

shape) to size, given in phi units. Grain size 

distributions in this study therefore are a measure of 

sediment texture. Reproduceability of mean grain size 

values using the RUASA system is on the order of 98% for 

sand-sized material and 95% for the coarse silt fraction 

(Anderson and Kurtz, 1979). 

Since the interpretation of textural data and the 

identification of modes in the fine silt and clay-sized 

fractions was essential in this thesis, the sensitivity of 

the hydrophotometer was determined. This was accomplished 

by decanting samples at the following phi sizes: 6.00 phi; 

6.00 to 6.50 phi; 6.50 to 7.00 phi; 7.00 to 7.50 phi; and 

7.50 to 8.00 phi. The decanting times were derived through 

Stokes' Law of particle settling: 

V = g (Ap) d/18n 

where V is velocity, g is gravitational acceleration, p is 
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the difference in the specific gravity of the particles and 

the fluid medium, d is the particle diameter, and n is the 

viscosity of the medium (Jordan et al., 1970). The 

decanting times were determined by the formula 

V = s/t 

where V is velocity, s is the settling distance, and t is 

time. They were found to to be 8 minutes, 22 seconds; 14 

minutes, 35 seconds; 34 minutes, 30 seconds; 1 hour, 8 

minutes; and 2 hours, 30 minutes, respectively. In the 

RUASA system, sediment finer than 8.25 phi is given as a 

single frequency weight percent and the detection of modes 

are not possible. The sensitivity of the hydrophotometer 

in the size range from 8.25 to 10.00 phi was therefore not 

determined. The decanted samples were analyzed using the 

hydrophotometer and frequency weight percentages determined 

from the RUASA system. The results are shown in Figure 4. 

The histograms demonstrate that the hydrophotometer tends 

to broaden the mode of the size interval analyzed and the 

presence of a fine tail is noted. It is apparent that the 

hydrophotometer is able to detect progressive modes between 

6.00 and 8.00 phi to within .25 phi (Fig. 4). 

After the initial grain size distribution of the bed 

material was determined, the sediment was placed in the 

inset in the floor of the flume, leveled to form a planar 

surface, and covered. Weights were placed over the covered 
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FIGURE 4. The sensitivity of the hydrophotometer to detect 
inodes in the 6.00 to 8.00 phi size fraction was determined 
by decanting samples of known size and analyzing them on 
the hydrophotometer. The histograms show that the 
hydrophotometer broadens the mode of the size interval 
analyzed, but has sufficient sensitivity to detect modes 
between 6.00 and 8.00 phi. 
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bed to compact the sediment. 

One difference between the sediment used in the bed 

for the flume runs and Antarctic marine sediments is the 

degree of sediment compaction. Compaction, resulting in a 

reduction of pore spaces within a sediment body, is due to 

pressures from the weight of overlying material (Friedman 

and Sanders, 1978). Shear strength, as measured by a shear 

vane, is an indication of both the degree of compaction and 

cohesive strength of a sediment deposit. The shear 

strength of basal tills obained from Deep Freeze 80 piston 
2 

cores had values ranging from .38 to 1.05 kg/cm (Kurtz, 

pers. comm.). The sediment in the bed for Run 5 had a 

shear strength close to .1 kg/cm^ ; however, the shear 

strength of the bed material for the first four runs was 

2 
approximately .03 kg/cm . It is the fine silt and clay 

fractions in a sediment that contribute to the overall 

cohesive strength of the sediment. The sediments used in 

Runs 1, 2, 3, and 5 had similar cohesive strengths as those 

of Antarctic glacial and glacial marine sediments. 

However, the sediments used as bed material in all but the 

fifth run of the flume experiments were much less compacted 

than Antarctic marine sediments. The implication of this 

difference will be discussed in Chapter 4. 

After the flume was filled with water, which 

circulated until the equilibrium temperature was reached, 

the desired velocity was established and the bed exposed 
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(the stirring rod was turned on at this point if applicable 

to the experiment). The bed, collection tray(s), and water 

column were sampled prior to incrementing the velocity of 

the water in the flume. These samples were analyzed on the 

RUASA system. 

An important difference between this series of 

laboratory flume experiments and the marine environment is 

the greater density of seawater resulting from salinity and 

lower temperature. Water circulating in the flume was 

fresh (0%J and approximately 38° C (density equal to .993). 

Antarctic Bottom Water (AABW), the chief water mass 

influencing abyssal glacial marine sediments, is 

characterized by a salinity of 35%oand temperature of -1° C 

(density equal to 1.028). 

Settling velocity is an indication of the competence 

of a water mass. The greater its density, the slower a 

particle of a given size and shape will settle through the 

water column. Competence can be related to the maximum 

particle size eroded from a bed at a given velocity. Cold, 

saline AABW is more competent than the warm, fresh water in 

the flume, and at each established velocity is able to 

erode coarser material. In order to determine the role of 

density in the sorting process, the settling velocities for 

conditions in the flume and Antarctic Bottom Water were 

compared (Table 1). The difference in the size material 

eroded by AABW is equivalent to .25 phi in the sand-size 
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COMPARISON TABLE FOR TEMP 8 38 GRAIN DENSITY » 2.65 SALINITY * 0 

GRAIN SIZE SETTLING VELOCITY LOG VALUES 
MM CM/SEC M/SEC PHI PS I CHI 

2.00000 27.929864 0.279299 -1.00 -4.80 1.84 
1.00000 15.876464 0.158765 0.00 -3.99 2.66 
0.50000 8.187259 0.081873 1.00 -3.03 3.61 
0.25000 3.733511 0.037335 2.00 -1.90 4.74 
0.12500 1.442184 0.014422 3.00 -0.53 6.12 
0.06250 0.457853 0.004579 4.00 1.13 7.77 
0.03125 0.125360 0.001254 5.00 3.00 9.64 
0.01563 0.032179 0.000322 6.00 4.96 11.60 
0.00781 0.008100 0.000081 7.00 6.95 13.59 
0.00391 0.002029 0.000020 8.00 8.95 15.59 
0.00195 0.000507 0.000005 9.00 10.94 17.59 
0.00098 0.000127 0.000001 10.00 12.94 19.59 

COMPARISON TABLE FOR TEMP *-l GRAIN DENSITY = 2.65 SALINITY» 35 

GRAIN SIZE SETTLING VELOCITY LOG VALUES 

MM CM/SEC M/SEC PHI PS I CHI 
2.00000 25.937895 0.259379 -1.00 -4.70 1.95 
1.00000 13.859933 0.138599 0.00 -3.79 2.85 
0.50000 6.301275 0.063013 1.00 -2.66 3.99 
0.25000 2.315754 0.023158 2.00 -1.21 5.43 
0.12500 0.690780 0.006908 3.00 0.53 7.18 
0.06250 0.182813 0.001828 4.00 2.45 9.10 
0.03125 0.046401 0.000464 5.00 4.43 11.07 
0.01563 0.011645 0.000116 6.00 6.42 13.07 

0.00781 0.002914 0.000029 7.00 8.42 15.07 

0.00391 0.000729 0.000007 8.00 10.42 17.07 

0.00195 0.000182 0.000002 9.00 12.42 19.07 
0.00098 0.000046 0.000000 10.00 14.42 21.07 
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range, .50 phi in the silt range, and .75 phi in the 

clay-size range. Therefore, the less competent conditions 

in the flume lead to a slight overestimation of current 

velocities necessary to erode the sand to clay-sized 

fractions. 

Another difference between the conditions in the flume 

and those in the marine environment is the amount of 

suspended matter transported by the eroding water mass. 

This is not easily quantified since particles in the water 

column may influence the settling of other particles. 

Particles held in suspension may deflect larger particles 

as they settle and cause them to be transported a greater 

distance than normal. 

Fine inorganic sediment suspended in the sea is 

unstable as single particles and form flocculated 

aggregates with settling velocities greater than the • 

individual grains (Kranck,1975). Flocculation of particles 

has been found to depend on particle collision during 

transport, as well as by adhesion of particles on contact 

(Kranck, 1973). Kranck (1973) examined the sequence of 

flocculation and found it to proceed as a front involving 

progressively larger grains. The size of the largest floes 

formed were in the fine silt to clay-sized range. This 

will be further addressed with respect to my grain size 

data in Chapter 4. 

The flow of a fluid past a boundary is affected by the 
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surface roughness and by the composition of the boundary 

(Friedman and Sanders, 1978). The benthic boundary layer 

has been defined by Bowden et al. (1976) as a thin zone 

above the bottom boundary within which the effects of the 

boundary upon the flow can be detected. The flow in this 

bottom boundary layer of the ocean usually will be 

turbulent (Bowden et al., 1976). In nearly all 

environments, bioturbation is active enough to modify the 

sediments in the benthic boundary layer as a result of 

various biological activities including: 1) formation of 

holes or burrows with single or multiple entrances; 2) 

formation of tubes, often with coated walls; 3) movement of 

siphons of bivalves; 4) plowing through sediments, 

especially by predators such as gastropods; 5) 

invertebrates moving on the sediment; 6) disturbance by 

demersal organisms (esp. fish) in search of food; 7) 

production of feces; and 8) circulation of water resulting 

from biological pumping and physical pumping by tides and 

waves (Webb et al., 1976). 

In the flume runs designed to assess the effectiveness 

of biological mixing of the sediment, an automated stirring 

rod was mounted to the flume directly over the bed. The 

rod, with its two arms revolving twice per minute, was 

driven by a small motor. The mixing of the sediment in the 

bed by the automated stirring rod is a reasonable 

approximation of activities 4, 5, and 6 listed above. 



CHAPTER 2 

A series of flume experiments were designed to examine 

two possible mechanisms for the production of sorted 

sediments from initially unsorted parent materials, made to 

resemble Antarctic glacial and glacial marine sediments. 

The mechanisms under consideration were current velocities 

in the range of 1,5 to 20,0 cm/sec and the role of 

biological mixing of the bed. The following sections 

describe five flume runs performed in this study. Data on 

the sediment weight percent, with respect to grain size, 

for samples analyzed from the bed and collection tray(s) 

for the series of flume experiments are given in the 

Appendix. 

DESCRIPTION OF RUN 1 

This experiment was designed to assess the capacity of 

a current to winnow and rework an initially unsorted bed in 

the absence of simulated biological mixing. The bed 

material consisted of sand, silt, and clay, with a minor 

amount of gravel. This mixture was placed in the floor of 

the flume forming a bed 4 mm thick. The velocity in the 

flume was varied from 2.0 to 20,0 cm/sec at velocity 

increments given below. 

26 
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VELOCITY # OF HOURS AT 
cm/sec GIVEN VELOCITY 

REMARKS 

3.0 
5.0 
7.0 
8.5 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 

22 
24 
24 
24 
24 
24 
25 
24 
24 
23 

Samples accumulated on 
collection tray insufficient 
for analysis by RUASA 

Note: Sediment samples from the water column not concentrated 
enough for analysis using the hydrophotometer. 

No sediment motion was observed for velocities below 

16.0 cm/sec. At 16.0, 18.0, and 20.0 cm/sec, a small 

number of sediment particles were observed on the 

collection tray which was placed 1.5 m downstream from the 

bed. The quantity of sediment reaching the tray was 

insufficient for analysis using the RUASA system. The 

sediment was examined under a binocular microscope and 

found to consist of very fine sand to clay-sized grains. 

The presence of the small amount of sediment on the 

collection tray indicated that currents with velocities 

between 16.0 and 20.0 cm/sec are capable of eroding and 

transporting only a small amount of fine material from the 

upper surface of a sediment bed. After removal of all 

particles cabable of being eroded at a particular velocity, 

the surface of the sediment is said to become armored. 

This armored surface is on the order of one to two grain 

diameters in thickness. This prevents any additional fine 
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material below the surface layer from being eroded. 

Figure 5 shows the frequency curves for the initial 

and final grain size distributions of the bed. The mean 

grain size of the initial mixture was 4.47 phi. At the 

termination of the run, the sediment in the bed was 

analyzed and found to have a mean grain size of to 4.33 

phi. The difference between the initial and final size 

distributions of the beds is minimal, as is supported by 

the similarity between the two curves in Figure 5. The 

sampling process of the bed material involved removal of 

many grain layers and the analysis technique used in the 

RUASA system does not have a high enough sensitivity to 

indicate a change in the character of the bed on the order 

of one to two grain diameters in thickness, even for a bed 

only 4 mm thick. 

DESCRIPTION OF RUN 2 

The objective of this experiment was to examine the 

role of bioturbation in initiating sediment movement. 

Since little sediment was removed from the bed during the 

course of the first experiment, the same bed was reused for 

Run 2. The total grain size frequency curve generated at 

the termination of Run 1 was taken to represent the initial 

distribution for Run 2. In this experiment, as in the 
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FIGURE 5. Grain size frequency distributions for the 
initial and final bed material in Run 1. The mean grain 
size at the start of the run was 4.47 phi; at the end of 
the run the mean grain size was 4.33 phi. There was a 
negligable change in the bed during this run, as seen by 
both the similarity in the shape of the two curves and in 
the mean grain size values. 
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previous run, a single collection tray was placed 1.5 m 

downstream from the bed. The sediment accumulated in the 

tray represented grains which moved along the floor of the 

flume in traction, as well as grains carried in 

intermittent suspension. Therefore, the grain size 

distributions of the material analyzed from the collection 

tray represents both modes of sediment transport. 

The bed was mechanically mixed for the entire 

experiment during which the velocities in the flume were 

set as given below. Samples of the bed and collection tray 

were analyzed and are also summarized below. Sediment from 

water column samples were analyzed in order to examine the 

suspended load (Table 2). 

VELOCITY # OF HOURS AT REMARKS 
cm/sec GIVEN VELOCITY 

2.0 17 water column sampled 
4.0 19 water column sampled 
6.0 30 water column, bed & tray sampled 
8.0 19 water column, bed & tray sampled 

10.0 25 water column, bed & tray sampled 
12.0 52 water column, bed & tray sampled 
14.0 116 water column, bed & tray sampled 
16.0 72 water column, bed & tray sampled 
18.0 78 water column, bed & tray sampled 
20.0 90 water column, bed & tray sampled 

It is seen that at the lowest velocity established in 

the flume, silt and clay-sized material were carried in 

suspension. There does not appear to be an increase in the 

size fraction transported within the water column at higher 

velocities compared to lower velocities. This suggests 
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that once a silt to clay-sized particle is picked up into 

the free stream, currents as low as 2.0 cm/sec are capable 

of maintaining it in suspension. It does appear however, 

that clay (8.50-10.00 phi) is the dominant size fraction 

carried in suspension at all velocities. 

Figure 6 shows representative frequency curves at 

selected velocities for the bed and traction/intermittent 

suspension modes. Sediment did not accumulate on the 

collection tray until a velocity of 6.0 cm/sec had been 

reached. 

Two parameters useful in the description of sediment 

texture for samples analyzed from the bed and collection 

tray are mean grain size and the sand/silt/clay ratio 

(Figs. 7 and 8, respectively). There is a notable 

decrease in the amount of silt and clay in the bed with 

respect to sand as the current velocity is increased from 

2.0 to 20.0 cm/sec. The initial sand/silt/clay ratio of 

the bed material was 56:29:15. At the peak velociy 

obtained in the flume (20.0 cm/sec) the silt and clay-sized 

fractions have been totally removed from the bed. Along 

with the removal of silt and clay, there is a corresponding 

increase in the relative amount of gravel sized material in 

the bed. Initially, gravel represented 6% of the bed by 

weight percent; at 20.0 cm/sec the contribution of gravel 

increased to 63%. The mean grain size also illustrates the 

coarsening trend of the bed composition at higher 
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FIGURE 6. Grain size frequency distribution curves at 
selected velocities for the lag (bed) and traction/ 
intermittent suspension (tray) modes for Run 2. Sediment 
was analyzed from the collection tray for velocities of 6.0 
cm/sec and greater. The mean grain size of the bed 
matertial at the beginning of the run (0.0 cm/sec) was 4.33 
phi, coarsening to .45 phi at 20.0 cm/sec. This 
corresponds to a change in the mean grain size of the 
transported material from 7.00 phi at 6.0 cm/sec to 3.70 
phi at 20.0 cm/sec. It is apparent that the initially 
unsorted bed became distinctly negatively skewed by 
velocities equal to and greater than 16.0 cm/sec. At 20.0 
cm/sec, all grain sizes originally present in the bed were 
able to be eroded and transported onto tray 1. 
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FIGURE 7. The trend in the mean grain size for the bed 
(lag) material and transported particles involved a general 
coarsening with increasing current velocity. Also shown is 
the mean grain size for the bed material used in Run 1 
(dashed line), which showed almost no change throughout the 
entire experiment. 
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FIGURE 8. A plot of the sand/silt/clay ratio of the bed 
material (solid circles) supports the progressive removal 
of clay, silt,.and sand, as the velocity increased from 0.0 
to 20.0 cm/sec. Particles carried in traction/intermittent 
suspension (open circles) included a larger relative weight 
percent of sand as the velocity increased above 12.0 
cm/sec. 
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velocities. The initial value for the mean grain size was 

4.33 phi; at 20.0 cm/sec its value was .45 phi. 

A corresponding trend was observed for the sediment 

which accumulated in the collection tray. The 

sand/silt/clay ratio ranged from 3:61:36 at 6.0 cm/sec to 

55:40:5 at 20.0 cm/sec. This is«paralleled by a coarsening 

in the mean grain size of 7.00 phi at 6.0 cm/sec to 3.70 

phi at 20.0 cm/sec. 

From the frequency curves it is seen that the 

8.00-10.00 phi clay-sized fraction is removed from the bed 

at 2.0 cm/sec. At 6.0 cm/sec, the fine silt and clay-sized 

fractions (6.00-10.00 phi) have been removed from the bed, 

and by 12.0 cm/sec, the fine sand and course silt-sized 

material (3.00-10.00 phi) have been winnowed from the bed. 

At 16.0 cm/sec, the bed contains sand and gravel only; by 

the end of the experiment sediment coarser than 3.00 phi 

composes the bed. All clay, silt, and most of the fine 

sand-size fractions had been effectively removed. 

Grain size data for the sediment carried in 

intermittent suspension and/or traction (that which 

collected in the sample tray) were determined for current 

velocities of 6.0 to 20.0 cm/sec. At 6.0 cm/sec, material 

in the silt and clay-size range (4.00-10.00 phi) had 

accumulated on the collection tray. Fine sand and silt 

were present in the tray at 12.0 cm/sec. The clay 

fraction, 8.00-10.00 phi, was reduced at this velocity as 
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compared to lower velocities, suggesting that clay removed 

from the bed was transported in suspension. The grain size 

distribution of the traction/intermittent suspension sample 

at 16.0 cm/sec indicated that sand and coarse silt were 

winnowed from the bed and transported to the collection 

tray. Fine silt and clay sized material were not measured 

at this velocity from the collection tray and therefore, 

these size fractions were carried as part of the suspended 

load. The grain size distribution for the traction/ 

intermittent suspension modes at 20,0 cm/sec indicates that 

the coarsest material in the bed (excluding gravel) was 

being winnowed and transported from the bed. Below 12.0 

cm/sec, silt and clay winnowed from the bed was transported 

either via intermittent suspension or in suspension. At 

12.0 cm/sec and higher, silt and clay, which had been 

eroded from the bed, was transported nearly entirely within 

the water column. 

A set of curves (Fig. 9) was generated by averaging 

the weight percent over one phi intervals for each 

established velocity. This allowed trends involving 

particular grain size ranges to be easily identified and 

are summarized below: 

1. Coarse sand (-.75-0.00 phi) became progressively 
more concentrated in the bed from 10.0 to 20.0 
cm/sec, with the sharpest increase from 18.0 to 
20.0 cm/sec. This apparent increase results from 
removal of finer material. This component is 
carried as part of the traction/intermittent 
suspension load at 20.0 cm/sec. 
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FIGURE 9. Curves generated by averaging frequency weight 
percents over one phi intervals at each established 
velocity allow trends in sediment transport to be 
identified. The coarsest size fractions (-.75 to 1.00 phi) 
are concentrated in the bed at velocities greater than 16.0 
cm/sec and are never transported out of the bed. Particles 
4.25 to 10.00 phi in size were eroded from the bed at 
velocities of 6.0 cm/sec and greater. Medium to fine sands 
(2.25 to 4.00 phi) first accumulated on the collection tray 
at 12.0 cm/sec. Coarse sand (.25 to 2.00 phi) was 
transported from the bed at 14.0 cm/sec. Material 
accumulated on the collection tray represents the particles 
transported in both traction and intermittent suspension 
(bed load). Efficient transport of 1.25 to 3.00 phi 
occurred at 16 cm/sec. Above this velocity, this size 
fraction is diluted in relative percent for both the bed 
and tray by the influx of .25 to -1.00 phi size material. 
Sands 2.25 to 4.00 phi were transported at 12.0 cm/sec and 
continue to be eroded from the bed during the remainder of 
the run. Material 4.25 to 6.00 phi are completely eroded 
from the bed above 8.0 cm/sec. Sediment finer than 6.00 
phi are removed from the bed at 4.0 cm/sec. 
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2. Medium sand (.25-3.00 phi) in the bed increased in 
frequency weight percent for velocities up to 16.0 
to 18.0 cm/sec, decreasing in amount from 18.0 to 
20.0 cm/sec. Again, the apparent increase in this 
size fraction at velocities up to 18.0 cm/sec 
results from the removal of finer sediment. This 
size fraction was measured in the traction/ 
intermittent suspension modes beginning at 12.0 to 
14.0 cm/sec and increased in weight percent 
throughout the remainder of the run. The first 
evidence of efficient traction of the 2.25-3.00 
phi fraction occurs at 12.0 cm/sec. For material 
1.25-2.00 phi, the first evidence of traction is 
at 10.0 cm/sec, with efficient removal of both 
fractions (1.25-3.00 phi) at 16.0 cm/sec. 
Efficient traction of .25-1.00 phi material occurs 
at 18.0 cm/sec. 

3. Fine sand (3.25-4.00 phi) displayed a general 
decrease in bed content as the velocity increased 
during the course of the experiment. Evidence of 
minor removal of fine sand occurred at 2.0 cm/sec 
(seen in Fig. 9). This component was collected as 
part of the traction/intermittent suspension modes 
at 12.0 cm/sec. 

4. The coarse silt fraction (4.25-6.00 phi) contained 
in the bed was effectively removed above 8.0 
cm/sec. Evidence of minor removal of coarse silt 
occurred at 2.0 cm/sec. This fraction was present 
as part of the traction/intermittent suspension 
modes from 6.0 to 20.0 cm/sec. Peak traction of 
5.25-6.00 phi material occurred at 14.0 cm/sec 
(Fig. 9). 

5. Fine silt and clay (6.25-10.00 phi) represented 
less than 2% of the initial bed material. Above 
4.0 cm/sec, silt and clay-sized material was not 
present in the bed in sufficient quantity to be 
analyzed. This fraction contributed to the 
traction/ intermittent suspension modes for 
velocities up to 12.0 cm/sec, above which it was 
winnowed and removed, dominantly in suspension. 
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DESCRIPTION OF RUN 3 

This run was designed to assess the role of 

bioturbation, by artificially mixing the bed, in the 

erosion and entrainment of sediment. This run included a 

modification in the sediment sampling process which 

involved the employment of a specially designed tri-level 

collection tray arrangement. The specifications of this 

arrangement have been included in Chapter 1. The advantage 

of stacked collection trays is that they allowed the 

sediment transported as part of the traction mode to be 

distinguished from sediment carried in intermittent 

suspension. 

The composition of the bed in this run consisted of an 

unsorted mixture of sand, silt and clay. Since from Run 1 

it was found that a negligable change in the bed occurred 

without mechanical mixing of the sediment, this run 

concentrated on the effect of mixing the bed in the 

presence of currents of varying intensity. A summary of 

the run is given below. The sand/silt/clay and the mean 

grain sizes for the bed and samples collected on the three 

trays for the various current velocities are displayed in 

Figs. 10 and 11, respectively. 
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FIGURE 10. The sand/silt/clay ratios for the bed and three 
collection trays (tray 1-open circles; tray 3-open 
triangles; and tray 5-closed triangles) are given. There is 
an increase in relative weight percent of sand in the bed 
at higher velocities, and by 15.0 cm/sec and greater, the 
bed consists nearly entirely of material in the sand-sized 
range. The progressive increase in sand accumulating on 
tray 1 is observed by the increasing contribution of sand 
in the sand/silt/clay ratio. For velocities less than 9.0 
cm/sec, the sand/silt/clay ratio for the three trays are 
similar, an indication that the dominant transport 
mechanism is intermittent suspension. Above 9.0 cm/sec, 
the sand/silt/clay ratio of tray 1 departs from that of the 
other two trays, indicating the greater contribution of 
material transported onto tray 1 in traction. 
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FIGURE 11. Mean grain size of bed material and that which 
collected on trays placed at 0 to 1 cm (tray 1), 2 to 3 cm 
(tray 3), and 4 to 5 cm (tray 5) above the bed is shown. 
The bed shows only minor changes at velocities under 10.0 
cm/sec. A coarsening in the mean grain size occurred with 
increasing velocity for the bed above 10.0 cm/sec, due to 
the efficient removal of the finer components. The mean 
grain size of all three trays are similar for velocities 
less than 10.0 cm/sec. Above 10.0 cm/sec, the mean grain 
size of tray 1 coarsens due to the increased amount of sand 
transported in traction. At velocities greater than 16.0 
cm/sec, there is a greater amount of coarse particles 
transported onto tray 3 than tray 5 and suggests that 
particles removed from the bed travel in various 
trajectories with coarser material having a lower 
trajectory than finer particles. Tray 5 is above the level 
of trajectory of grains in this experiment. 
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VELOCITY # OF HOURS NO. OF SAMPLES AT GIVEN VELOCITY 
(cm/sec) VELOCITY TRAY 1 TRAY 3 TRAY 5 BED WATER COLUMN 

2.0 48 1 1 1 1 1 
3.0 48 1 1 1 1 1 
5.0 47 1 1 1 1 1 
7.0 48 2 1 1 1 1 
9.0 96 2 2 2 1 1 

11.0 72 3 3 3 1 1 
13.0 96 5 3 3 1 1 
15.0 48 6 6 6 1 1 
17.0 48 5 5 5 1 1 
19.0 48 3 3 3 1 1 

As in Run 2, the trend, with an increase in current 

intensity and with mechanical mixing of the bed, was a 

gradual increase in the relative weight percent of gravel 

and sand in the bed with respect to silt and clay. This is 

supported by the coarsening in the mean grain size from 

3.90 phi (fine sand) for the initial bed material to .97 

phi (medium sand) at 19.0 cm/sec. There was approximately 

10% gravel by weight percent in the initial bed, whereas by 

the termination of this run the bed consisted of 90% 

gravel. 

In the presence of simulated bioturbation, a 

coarsening trend in the value for mean grain size is 

associated with the increase in current velocity. The mean 

grain size for the bed in Run 2 has a fairly consistent 

coarsening trend from 8.0 to 20.0 cm/sec (Fig. 7), whereas 

the mean grain size of the bed in Run 3 remained uniform 

for velocities under 11.0 cm/sec. The discrepancy in mean 

grain size curves resulted in a re-assessment of the 

initial differences between the two beds. Gravel, which 
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was included in the bed during Run 2, was lacking in the 

bed in Run 3. The initial thickness of the bed for Run 2 

was 4mm; the bed in Run 3 was 8 mm deep at the start of the 

experiment. 

The smaller size of the bed in Run 2, as well as the 

presence of gravel, resulted in a greater disturbance of 

the sediment being mixed by the stirring rod, suggesting 

that the efficiency of mixing is an important factor to 

consider when interpreting textural data. The removal of 

fine silt and clay from the bed influences the sorting of 

the coarser fractions. Sand-sized material can not be 

effectively eroded from the bed until the fines, which 

contribute to sediment cohesion, are removed. This 

occurred in Run 2 for velocities above 8.0 cm/sec, when 

sand and silt are removed from the bed; but did not occur 

in Run 3 until 11.0 cm/sec. 

During this run, I also attempted to determine rates 

of sediment transport. This was accomplished by sampling 

the sediment accumulated on each collection tray at 

periodic intervals. Fig. 12 shows five grain size 

distribution curves for sediment in tray 1 taken when the 

velocity in the flume was maintained at 17.0 cm/sec. It is 

representative of the data analyzed at intermediate times 

for velocities of 11.0 to 19.0 cm/sec in that no apparent 

trend in the grain size data was noted. Therefore, this 

data proved to be inconclusive. A possible explanation for 
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FIGURE 12. Determining rates of sediment transport were 
attempted by examining grain size distributions of the 
material accumulated on the collection tray at periodic 
intervals for velocities ranging from 11.0 to 19.0 cm/sec. 
The curves shown are for sediment accumulating on tray 1 at 
17.0 cm/sec at the following times: No. 1, 2 hours; No. 2, 
5 hours; No. 3, 15 hours; No. 4, 20 hours; and No. 5, 46 
hours. It is representative of the data analyzed at 
intermediate times at other velocities in that no trend in 
the grain size data is noted. 
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an absence of lateral sorting is that the distance over 

which the sorting occurs is greater than the sampling 

distance in the flume. Sediment moving down the floor of 

the flume in traction or intermittent suspension becomes 

essentially "trapped" by the tray and therefore, the sample 

collected and anlayzed on the tray reflects all grain sizes 

capable of being eroded and transported from the bed. 

Trays 3 and 5, which are set 2-3 cm and 4-5 cm, 

respectively, off the floor of the flume, accumulated 

sediment transported down the length of flume in 

intermittent suspension. Tray 1, resting directly on the 

floor of the flume, reflects sediment carried as part of 

the traction load, as well as sediment transported in 

intermittent suspension. The traction mode can be 

distinguished from the intermittent suspension mode by 

"subtracting" the grain sizes measured from trays 3 and 5 

from tray 1. The resulting grain size fraction represents 

the sediment rolling or sliding along the floor of the 

flume. The coarsest fraction measured for the velocities 

between 11.0 and 19.0 cm/sec for the three trays are shown 

below 
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VELOCITY TRAY 1 TRAY 3 TRAY 5 TRACTION LOAD 
cm/sec phi phi phi phi 

11.0 2.25 4.25 4.25 2.25 TO 4.00 
13.0 -0.25 4.25 4.25 -0.25 TO 4.00 
15.0 -0.50 4.25 4.25 -0.50 TO 4.00 
17.0 -1.00 4.25 4.25 -1.00 TO 4.00 
19.0 -0.50 .25 4.25 -0.50 TO 0.00 

In this study, mean grain size has proven useful in 

assessing modes of sediment transport. From 2.0 cm/sec to 

13.0 cm/sec, the mean grain size of trays 3 and 5 (Fig. 11) 

are in very close agreement wih the mean grain size of tray 

1. At 15.0 and 19.0 cm/sec, the mean grain size of tray 3 

reflects the greater amount of sand measured in the sample; 

at 17.0 cm/sec approximately equal amounts of sand were 

picked up on both trays 3 and 5. At velocities of 15.0 

cm/sec and higher, fine sand was being transported in 

intermittent suspension. The collection of more fine sand 

on tray 3 than tray 5 may be an indication of the height of 

the trajectory path for fine sand transported by this 

process. If this is the case, it follows that fine sand 

has a somewhat lower ballistic path than silt and 

clay-sized material. From 2.0 to 11.0 cm/sec, the mean 

grain size of all three trays are fairly similar, ranging 

from 5.02 to 7.26 phi (Fig. 11). This suggests that for 

currents up to 11.0 cm/sec, the dominant method of sediment 

transport is via intermittent suspension. Above 11.0 

cm/sec, the trend of the mean grain size for tray 1 is a 

progressive coarsening with respect to trays 3 and 5. The 
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mean grain size of tray 1 was 3.33 phi at 13.0 cm/sec; 6.50 

and 6.37 phi for trays 3 and 5, respectively. By the end 

of the run, the mean grain sizes for trays 1, 3, and 5 were 

2.69 phi, 4.52 phi, and 6.97 phi, respectively. This trend 

in the mean grain size is also noted by the increasing 

concentration of sand in the samples from tray 1 as 

compared to trays 3 and 5. For currents above 11.0 cm/sec, 

transport of material was in traction, by rolling and 

sliding, as well as in intermittent suspension. By 19.0 

cm/sec, sand-sized sediment is effectively removed from the 

bed and carried predominantly in traction. 

Grain size distribution curves for the bed (Fig. 13) 

reflect the change from an originally unsorted mixture to a 

distinctly negatively skewed sediment by 19.0 cm/sec. 

Corresponding curves for samples analyzed from the three 

trays are also given in the same figure. If the weight of 

the 4.00 to 6.00 phi fraction was below .2 grams, the data 

may be questionable (below the resolution limit of the 

small tube) and is not included. This is the case for 

trays 3 and 5 at 13.0 cm/sec. Trends associated with 

increasing current intensity are apparent when averaged one 

phi intervals are plotted with respect to weight percent 

(Fig. 14). 

A summary of this run is outlined below: 

1. Sediment representing the coarsest size fraction 
(-.75 to 0.00 phi) is present in the bed in minor 
amounts below 13.0 cm/sec. Above 13.0 cm/sec, 
there is an enrichment of this size fraction in 
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FIGURE 13. Grain size distribution curves for the bed 
reflect the change from an originally unsorted mixture with 
mean grain size of 3.90 phi to a negatively skewed sediment 
with mean grain size of .9? phi. Tray 1 was level with the 
floor of the flume, trays 3 and 5 were 2 and 4 cm above the 
floor of the flume, respectively. At 2.0 cm/sec no 
material was transported in traction as «een by the 
similarity in the grain size curves for the three trays. 
By 11.0 cm/sec, material coarser than 3.00 phi represents 
the residual mode, particles 2.50 to 3.50 phi were 
transported in traction, while particles finer than 3.50 
phi were carried in intermittent suspension. By 13.0 
cm/sec, all grains in the sand- to clay-size range 
originally present in the bed could be transported onto 
tray 1, while material in the silt and clay-size range was 
transported in intermittent suspension and accumulated on 
trays 3 and 5. By 17.0 cm/sec, the bed lacks clay and silt 
and is distinctly negatively skewed. At 19.0 cm/sec, sand 
(0.00 to 4.00 phi) is transported to tray 3 in intermittent 
suspension. 
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FIGURE 14. Averaged one phi intervals with respect to 
weight percent is determined for the lag (bed) deposit and 
the three collection trays. The coarse sand fraction is 
concentrated in the bed at velocities greater than 14.0 
cm/sec. Particles in the range of -.75 to 4.00 phi are not 
analyzed from trays 3 and 5, and therefore represent the 
component removed from the bed and transported in traction. 
At velocities of 14.0 cm/sec and greater, silt and clay are 
absent from the bed. Fine silt and clay eroded from the 
bed are transported onto any of the three trays, as seen by 
the similarity in the curves for the trays. 
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the bed due to efficient removal of material finer 
than 0.00 phi from the bed. Sediment from -.75 to 
0.00 phi is transported in traction at velocities 
of 13.0 cm/sec and higher. 

2. Sediment from .25 to 2.00 phi becomes concentrated 
in the bed above 11.0 cm/sec. This size fraction 
is winnowed from the bed and transported in 
traction from 13.0 to 19.0 cm/sec. Material .25 
to 1.00 phi in size is most efficiently 
transported at 13.0 cm/sec. Traction of material 
from 1.25 to 2.00 phi is most effective at current 
velocities of 17.0 cm/sec. 

3. Material in the 2.25 to 3.00 phi size range shows 
a slight decrease in weight percent between the 
initial and final bed composition. Minimum 
velocity for traction of material in this size 
range is 3.0 cm/sec and is most efficient at 9.0 
cm/seci corresponding to the appearance of medium 
sand in tray 1. 

4. The fine sand fraction, 3.25 to 4.00 phi, shows a 
general decreasing trend from 0.0 to 19.0 cm/sec. 
It is not possible to determine at what velocities 
winnowing of this size fraction from the bed was 
most effective. Fine sand was analyzed from tray 
1 at velocities of 11.0 cm/sec and greater. 

5. Coarse silt, 4.25 to 6.00 phi, is completely 
removed from the bed at current intensities 
greater or equal to 13.0 cm/sec. This size 
fraction is transported in intermittent suspension 
for velocities of 11.0 to 19.0 cm/sec. 

6. Fine silt and clay-sized material (6.25 to 10.00 
phi) was effectively winnowed from the bed above 
13.0 cm/sec. Fine silt and clay was transported 
in intermittent suspension from 2.0 to 19.0 
cm/sec. 

Transport of sand did not occur for velocities under 

5.0 cm/sec, and the amount on the various collecting trays 

was not of sufficient amount to analyze until 11.0 cm/sec. 

At this velocitiy, particles 2.25 to 4.00 phi in size were 

analyzed from tray 1, 3.25 to 4.00 phi from tray 3, while 
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insufficient sand accumulated on tray 5 for analysis. An 

increase of velocity from 11.0 to 13.0 cm/sec was 

sufficient to allow winnowing of material 0.00 phi and 

finer from the bed. This sediment was transported by 

traction. 

A greater amount of coarse material was transported at 

13.0 cm/sec than at 15.0 and 17.0 cm/sec. This is shown by 

comparing grain size versus frequency weight percent for 

selected velocities (Fig. 15). Examination of sediment 

collected from tray 1 under a binocular microscope revealed 

a greater proportion of rounded grains in the coarsest 

fraction at 13.0 cm/sec than at 15.0, 17.0, and 19.0 

cm/sec. This clearly demonstrates the important role of 

grain shape in sediment transport. At 13.0 cm/sec, many 

more rounded, coarse grains made their way to tray 1 by 

rolling, while velocities of 15.0 and 17.0 cm/sec were 

required to transport finer and more angular grains which 

move by sliding. By 19.0 cm/sec, the coarsest sand grains 

in the bed are transported by traction. 

Sediment from water column samples were analyzed 

during the course of this experiment (Table 3). There 

appears to be a slight decrease in the 8.25 to 10.00 phi 

size material transported in suspension from 84% at 2.0 

cm/sec to 67% at 19.0 cm/sec. There is no obvious trend in 

the course silt component (6.00 to 7.25 phi). This 

suggests that at higher current intensities, progressively 
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FIGURE 15. This set of curves indicate that a greater 
amount of coarse grains are transported at a lower velocity 
than finer grains. Examination under a microscope showed 
that the coarser grains were more rounded, while the finer 
grains were angular. This demonstrates the role of 
particle shape in sediment transport. 
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coarser material is transported within the water column. 

The objective of this run was to examine the 

effectiveness of increasing current intensities, with and 

without the action of bioturbation, in the initiation of 

sediment motion for a bed consisting of unsorted sand-sized 

material. For this reason, the initial grain size 

distribution of the bed material was restricted to -1.00 to 

4.00 phi. As summarized below, this run was divided into 

two parts. 

DESCRIPTION OF RUN 4 

RUN 4A (BED NOT MECHANICALLY MIXED) 

VELOCITY 
(cm/sec) 

# OF HOURS AT 
GIVEN VELOCITY 

REMARKS 

2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
18.0 

12 
11 
12 
14 
10 
13 
8 

17 
24 

NO PARTICLE MOTION OBSERVED 
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RUN 4B (BED MECHANICALLY MIXED) 

VELOCITY # OF HOURS AT REMARKS 
(cm/sec) GIVEN VELOCITY 

2.0 23 NO PARTICLE MOTION OBSERVED 
4.0 23 
6.0 25 
8.0 24 

10.0 23 
12.0 26 BED & 3 TRAYS SAMPLED 
14.0 22 
16.0 23 
18.0 24 

The first phase involved incrementing the current 

velocity in the flume without mechanically mixing the bed. 

As anticipated from results obtained in earlier runs, as 

well as from visual examination, no sediment was eroded 

from the bed for velocities ranging up to 18.0 cm/sec. 

This is supported by the constant mean grain size value 

throughout this phase of the run (Fig. 16). 

The flume was reset at 2.0 cm/sec and the automated 

stirring rod turned on. No sand was removed from the bed 

at current velocities below 12.0 cm/sec, above which fine 

sand was removed, resulting in a slight coarsening in the 

mean grain size value (Fig. 16). Sand that accumulated on 

the three trays at 12.0 cm/sec consisted of fine sand 3.75 

to 4.00 phi in size (of which tray 1 is representative as 

seen in Fig. 17). The amount of sediment accumulated on 

trays 3 and 5 for the remainder of the run was insufficient 

for analysis using the RUASA system. The transport 
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FIGURE 16. Mean grain size for the bed material in the 
first part of this experiment remained unchanged indicating 
that without mixing of the bed, sediment was not eroded. 
The slight coarsening of the mean grain size for the bed in 
the second phase of this experiment shows that with mixing, 
the finer sand fraction was eroded and transported onto the 
three trays. Tray 1 is representative of the mean grain 
size of the sediment accumulated onto all three trays. The 
sand ridges formed at 16.0 and 18.0 cm/sec consisted of 
particles predominantly 2.00 phi in size. 
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FIGURE 17. Set of curves showing the progressive removal of 
fine sand from the bed. The initial bed contained sand 
from 0.00 to 4.00 phi, and by 18.0 cm/sec the bed material 
is negatively skewed containing particles 0.00 to 2.00 phi 
in size. Tray 1 is representative of material accumulated 
on all three trays and shows the dominance by material 3.00 
phi and finer in size eroded from the bed and transported 
in intermittent suspension. The sand ridges formed at 16.0 
and 18.0 cm/sec are well sorted and contained material 2.00 
phi in size. 
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mechanism at 12.0 and 14.0 cm/sec appears to be dominated 

by intermittent suspension, since at 14.0 cm/sec tray 1 did 

not contain a significant proportion of material coarser 

than that on the three trays at 12.0 cm/sec. 

Sand ridges perpendicular to the length of the flume 

were formed downstream from the bed at 16.0 and 18.0 

cm/sec. These ridges were well sorted and consisted nearly 

entirely of sand 2.00 phi in size. Medium sand was 

transported onto tray 1 at 16.0 and 18.0 cm/sec (Fig. 16). 

The changes in the grain size distibutions for the the bed 

reflect the removal of the medium to fine sand-sized 

fraction. Presently, an explanation for the formation and 

selective sorting of the sand ridges is not known. It 

appears that the mechanical mixing of the bed and a current 

velocity of 16.0 to 18.0 cm/sec was sufficient for removal 

of medium and fine sand from the bed. However, the energy 

of the flowing water was not high enough to maintain the 

grains in continuous motion, resulting in the formation of 

the sand ridge below the bed. Sand in the range of 2.00 to 

4.00 phi represents the majority of the fine fraction 

entrained and transported down the length of the flume to 

be accumulated in tray 1 (Fig. 17). 
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DESCRIPTION OF RUN 5 

The objective of this run was to examine the effect of 

both simulated bioturbation and various current intensities 

on an initially unsorted bed of fine grained sediment. The 

composition of the bed material consisted of silt and clay, 

with a minor amount of sand and gravel. The coarse 

fraction, generally less than 5% by weight, represents the 

contribution from floating ice. This is representative of 

sediment obtained in piston cores taken on the abyssal 

floor of the Weddell Sea. 

This run was distinctive from the previous experiments 

in that the bed material exhibited a high shear strength of 

.1 kg/cm* . The implications of shear strength are 

discussed in Chapter 4. No sediment was transported from 

the bed for currents ranging up to 18.0 cm/sec. A second 

run utilizing the same bed was made using the mechanical 

mixer. Both experiments are summarized below. The 

mechanical mixing disrupted the compacted nature of the 

bed, greatly reducing the cohesive strength of the 

sediment. Clay and silt-sized material were winnowed from 

the bed at 1.5 cm/sec, the lowest current velocity 

established during this run. 
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VELOCITY 
(cm/sec) 

2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
11.0 
12.0 
13.0 
14.0 
15.0 
16.0 
18.0 

RUN 5A (BED NOT MECHANICALLY MIXED) 

# OF HOURS AT REMARKS 
GIVEN VELOCITY 

9 
12 
8 
8 
8 

12 
6 
6 
8 
8 
8 
6 
8 

10 
12 
12 

NO PARTICLE MOTION OBSERVED 

RUN 5B (BED MECHANICALLY MIXED) 
1.5 48 water column, bed, and 3 trays sampled 
3.0 54 water column, bed, and 3 trays sampled 
4.5 54 water column, bed, and 3 trays sampled 
6.0 27 water column, bed, and 3 trays sampled 
7.5 34 water column, bed, and 3 trays sampled 

Sediment from water column samples obtained when the 

bed was mixed were analyzed (Table 4). For velocities from 

1.5 to 6.0 cm/sec, the suspended load consisted entirely of 

sediment 7.00 phi and finer. At 7.5 cm/sec, material 6.50 

phi and finer was transported within the water column. 

Thus, at higher velocities, there appears to be a slight 

increase in the size of grains transported in suspension. 

Mean grain size and the sand/silt/clay ratio are 

indicative of the change in the composition of the bed 

(Figs. 18 and 19, respectively). There was a coarsening of 

the mean grain size with increasing current intensity from 
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TABLE 4 

GRAIN SIZE OF SEDIMENT FROM WATER COLUMN SAMPLES 

SIZE RANGE FREQUENCY AT GIVEN VELOCITY IN FLUME (cm/sec) 
(phi) 1.5 3.0 4.5 6.0 7.5 

6.00-6.25 0.0 0.0 0.0 0.0 0.0 
6.25-6.50 0.0 0.0 0.0 0.0 0.0 
6.50-6.75 0.0 0.0 0.0 0.0 3.5 
6.75-7.00 0.0 0.0 0.0 0.0 2.9 
7.00-7.25 2.3 2.4 2.4 2.. 3 2.3 
7.25-7.50 1.7 0.0 1.8 0.0 0.0 
7.50-7.75 2.6 1.4 0.0 0.0 1.3 
7.75-8.00 2.9 1.0 1.1 1.0 0.0 
8.00-8.25 2.3 2.4 0.8 3.2 1.6 
8.25-8.50 3.0 1.6 3.3 3.9 3.1 
8.50-10.0 85.2 91.3 90.6 89.5 85.3 
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FIGURE 18. The first part of this run (5A) did not involve 
mixing the sediment in the bed, and no change in the mean 
grain size occurred. The second part of this run (5B) 
involving mixing of the sediment resulted in a coarsening 
of the mean grain size of the bed material as silt and clay 
were removed. The mean grain size for the sediment 
accumulated on the three trays were very similar throughout 
the velocities examined (1.5 to 7.5 cm/sec), indicating 
that sediment eroded from the bed and transported to the 
trays was in intermittent suspension. 
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FIGURE 19. The sand/silt/clay ratios for the bed (solid 
circles) and three trays (tray 1-open squares; tray 3-open 
triangles; and tray 5-open circles) are given. The removal 
of the finer components (silt and clay) from the bed is 
seen by the increasing contribution of sand in the 
sand/silt/clay ratio. The sand/silt/clay ratios for the 
three trays suggest that more silt was removed than clay at 
lower velocities due to the increased amount of clay in the 
sand/silt/clay raatio at velocities of 4.5 cm/sec and 
greater. 
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an initial value of 8.40 phi to 5.60 phi at 7.5 cm/sec. 

This was accompanied by an increase in the relative amount 

of gravel and sand contained in the bed (Fig. 20). For 

velocities up to 7.5 cm/sec, the similarity in the mean 

grain sizes for the sediment accumulated on trays 1, 3, and 

5 indicate that the silt and clay winnowed from the bed was 

carried by intermittent suspension. This run was 

terminated at 7.5 cm/sec since the bed material had been 

nearly completely removed and effective mixing of the bed 

was not possible. 
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FIGURE 20. Grain size frequency distribution curves for the 
bed material in which the sediment underwent mechanical 
mixing. As the run progressed, the finer components were 
eroded and the sand fraction became concentrated in the 
bed. The depletion in the coarse silt fraction suggests 
that this size fraction is more easily removed from the bed 
than the fine silt and clay fractions. 
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CHAPTER 3 

BENTHIC POPULATIONS OF ANTARCTICA 

A major goal in this study was to examine the role of 

bioturbation in sediment erosion and tranport. Data from 

the flume experiments clearly demonstrates the result of 

simulated bioturbation in reducing the current velocity 

necessary to erode and entrain sediment. As discussed in 

Chapter 1, the stirring rod appeared to be a reasonable 

approximation of the actions of certain bottom dwellers. 

The following sections will establish that the diversity 

and concentration of benthic populations on the Antarctic 

continental margin are sufficient to play an important role 

in the erosion and transport of cohesive and overcompacted 

glacial and glacial marine sediments. 

Reineck and Singh (1975) list several factors which 

contribute to variations in the density of animal 

populations thereby influencing rates of bioturbation. 

These include: oxygen content of the water; availability of 

food; conditions of sedimentation; and the grain size 

distribution of the sediment. In general, rapid deposition 

and rapid erosion reduce the animal population and hence, 

bioturbation; in the case of extremely slow rates of 

sedimentation, bioturbation is likely to be more intensive 

since organisms have adequate time to rework the sediment 

88 



89 

(Reineck and Singh, 1975). 

Bottom photography has been utilized by many workers 

to obtain information on the density and distributions of 

benthic populations. In a study reported by Owen et al. 

(1967) , no correlation was found between the size of the 

benthic populations (as determined by bottom dredging) and 

the number of animals counted in photographs. Their 

explanation for this disparity was that since the 

characteristic sediments of the marine environment are 

relatively soft oozes or muds, benthic organisms are 

chiefly (or even exclusively) members of the infauna. 

Although this is a limitation in using this method 

exclusively, bottom photography remains an important tool 

in calculating benthic density and distribution. 

From photographs of the floor of the Bellingshausen 

Sea, Hollister and Heezen (1967) identified holothurians 

producing trails, as well as echinoids plowing across the 

seafloor. Large, attached, fern-like organisms were seen 

to inscribe circles in the sediment by swinging from their 

bases (probably reflecting tidal current influence). 

Sponges were observed on sandy, rippled bottoms and 

coelenterates were common on muddy and rock strewn bottoms. 

In general, the nearshore benthos of Antarctica has 

been found to consist of sessile, filter or particle 

feeding invertebrates attached to rocks. This suggests low 

rates of sedimentation (Hedgpeth, 1971). In deeper water 
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the sediments tend to be finer, and the sessile organisms 

are replaced by polychaetes, crustaceans, echinoderms, and 

molluscs (Hedgpeth, 1971). The nearshore biomass of the 

Davis Sea (or East Antarctica) is very high, but drops off 

sharply below 500 meters (Fig. 21). 

The dominance of sponges in Antarctic shelf 

assemblages is apparent from Figure 22. Koltun (1971) 

attributed the distribution of sponges to the nature of the 

sea floor. Since sponges are sedentary (attached) forms, 

they prefer stony bottoms. Due to the vast amount of 

ice-rafted boulders and cobbles on the Antarctic seafloor, 

there is a broad belt of sponge colonies around the 

continent. 

El-Sayed (1971) reported dense benthic communities of 

slow-growing organisms such as sponges and echinoderms on 

the Antarctic continental shelf and quoted data from 

Belyaiv and Ushakov which estimated the standing crop on 

the continental shelf region (100 to 500 m) to be 400 to 

2 2 
500 g/m ; while at 2000 m, the standing crop was 2.8 g/m , 

decreasing to 1.4 g/m^ at 3500 m. Photographs, originally 

published by Bullivant (in Fell, 1970),from the floor of 

the Ross Sea, show the abundant sponges which were thought 

to reflect a rich phytoplankton from which the bottom 

dwellers fed. The Ophiuroids are another very conspicuous 

group of macroinvertebrates on the Antarctic shelf and 

locally may account for 75% or more of the benthic biomass 
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FIGURE 21. Nearshore biomass of the Davis Sea is very high 
at shallow depths, but drops off sharply below 500 meters 
(from Hedgpeth, 1977). 
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FIGURE 22. The diameter of the circles is proportional to 
the square root ot the stated biomass values. It is seen 
that sponges are dominant in Antarctic shelf assemblages 
and has been attributed to the distribution of boulder and 
cobbled erratics on the sea floor on which the sponges may 
become attached (From Hedgpeth, 1977). 
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(Dearborn, 1977), Recent quantitative studies of soft 

bottom communities (including Port Foster, Deception 

Island; Chile Bay, Greenwich Island; Arthur Harbor, Anvers 

Island; Signy Island; Morbihan Bay, Kerguelen Island; and 

Cape Bird, Ross Island) have shown that polychaetes are 

usually a numerically dominant group, and in many cases are 

the most abundant organisms in the standing crop (Knox, 

1977). 

Hedgpeth (1969, 1971) described the sublittoral 

zonation and assemblages of nearshore organisms from the 

Davis and Ross Seas which included the following: 1) a 

shallow zone extending to a depth of 15-20 meters that is 

sparsely populated by motile organisms including sea stars, 

echinoids, nemerteans, and pycnogonids and having a biomass 

of 450 g/m^; 2) a zone from 20-30 meters dominated by 

sessile coelenterates at McMurdo (Ross Sea) and by 

alcyonarians at Mirnyy (Davis Sea) with a biomass near 1000 

g/m^; 3) a zone below 30 meters with a well developed 

sponge community which included bryozoans and ascidians 

having a biomass estimated at 3000 g/m^, 

Bullivant (in Hedgpeth, 1969) divided the Ross Sea 

benthos into three major assemblages: l)a deep shelf mixed 

assemblage, associated with fine sediment and scattered 

erratic boulders containing tubiculous polychaetes, rooted 

bryozoans, various echinoderms, molluscs, and large 

nemerteans; 2)a deep shelf mud bottom assemblage, occurring 
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on muddy and sandy bottoms with scattered boulders, 

containing tubiculous polychaetes, sipunculids, and 

ophiuroids; 3) an assemblage associated by muddy sand and 

cobble-strewn bottoms characterized by a hard bottom animal 

population including bryozoans, gorgonaceans, stylasterine 

corals and tunicates, ophiuroids, and pycnogonids. 

Although not well defined in quantitative terms, from 

bottom photographs and dredging, these assemblages are seen 

to have a patchy, but rich distribution (Hedgpeth, 1969). 

In the area between 64°S to 67°S and 91°E to 163°E on 

the East Antarctic Shelf, Belyaev and Ushakov (in Arnaud, 

1977) observed assemblages of suspension feeders for which 

they gave the following data: 1) the mean total biomass for 

100 to 200 meters depth was 1347 g/m^ , with 74% of the 

total biomass made up of sponges; 2) from 200 to 500 meters 

the biomass was 293 g/m^, 42% of the total due to sponges; 

3) between 500 and 1000 meters the biomass was 43 g/m , 

containing 18% sponges; 4) the biomass between 1000 and 

3000 meters was 1.3 g/m^ with sponges contributing 15% of 

the total biomass. 

Detailed analysis of the sessile and mobile faunas of 

the assemblages of suspension feeders from Adelie Land 

indicated the dominance by large hexactinellid sponges, 

demosponges, hydroids, gorgonians, and bryozoans, as well 

as sedentarian polychaetes, actinarians, scleractinean and 

sytlasterine corals, and brachiopods (Arnaud, 1977). 
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Arnaud (1977) also observed a similar community in West 

Antarctica along the Antarctic Peninsula. 

Arthur Harbor, characterized by quiet water coves, 

numerous enclosed basins, and strong tidal currents between 

inshore islands and Anvers Island, contains poorly sorted 

sediments in the silt-size range. Bottom grab samples 

obtained by Richardson and Hedgpeth (1977) yielded 167,853 

individuals; by community breakdown there were 63% 

annelids, 23% arthropods, 10% molluscs, and 5% all others. 

Richardson and Hedgpeth (1977) attributed this high density 

of macrofauna to high primary productivity in this area, 

which includes a dense growth of attached macroalgae able 

to provide the abundant food source for the macrobenthos. 

Material gathered in Morbihan Gulf by Soyer and de 

Bovee (1977) yielded holothurians, echinoids, asteroids, 

and ophiuroids. The number of individuals collected were 

found to vary with depth. The highest values were found 

between 20 and 30 m with 281 individuals/m^. Below 40 m, 

the density of echinoderms decreased uniformly until 100 to 

o 
130 m when there was only 18 ind/m . The ophiuroids 

represented 80 to 90% of the total number of echinoderms 

between 10 and 100 m. Below 50 m, the amount of ophiuroids 

decreased to one third the value of all the echinoderms 

between 100 and 130 m. 

Gallardo et al. (1977) noted that sediments from Chile 

Bay included very fine sands with variable amounts of silt 
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and clay and, although the bottom fauna was found to be 

diverse in both number of individuals and biomass, the six 

taxa listed below contributed most to the total figures. 

TAXA NO. OF INDIVIDUALS PER M2 BIOMASS 

Polychaeta 61.3 46.6 
Crustacea 15.2 2.4 
Mollusca 12.1 15.7 
Foraminifera 2.1 <1.0 
Echinodermata 1.7 14.9 
Ascidiacea <1.0 10.4 

Descriptions accompanying bottom photographs from USNS 

Eltanin cruises 1 to 15 to various Antarctic locations are 

available (Goodell, 1963; Goodell, 1965). From the 

available information, I have identified three groups of 

organisms which are summarized below. 

Group 1: Shallow water dwellers found at depths of 

less than 625 meters including sponges, bryozoans, and less 

commonly sea fans, algae, corals, molluscs (including 

octopi). 

Group 2: Organisms living at intermediate depths 

(2500 to 4000 meters) including stelleroids, asteroids, sea 

pens, and less frequently, sea spiders. 

Group 3: Organisms common at all depths (identified 

to 5000 meters) are echinoids, ophiuroids, worms, and 

holothuroids. Holothuroids are less common above 2300 
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meters, becoming increasingly more common below 2300 

meters. 

Group 1 consists of mostly filter feeders, whereas 

Group 3 is dominated by grazers. Tracks and trails 

(especially of echinoids and holoothuroids) are common at 

all depths. Based on data from Goodell (1963, 1965), there 

also appears to be a bathymetric zonation based on 

sand/silt/clay ratios from sediment samples obtained at 

each camera station. Sediment analyzed to depths of 2000 

meters contain 50% or greater sand; from 2000 to 3600 

meters, the bottom sediments contain between 10 and 50% 

sand; below 3600 meters, there is generally less than 10% 

sand in the bottom sediments. 

In summary, biomass is highest on the Antarctic shelf 

and decreases sharply with depth. Although the biomass is 

greatest on the shelf, it dominantly consists of sedentary 

organisms belonging to Group 1 and is dominated by sponges 

and bryozoans. The benthic organisms at greater depths 

consists of vagrant forms, members of Groups 2 and 3, which 

are more efficient sediment mixers. 

DETERMINATION OF BIOLOGICAL MIXING RATES 

Since the role of biological mixing is paramount to 
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the understanding of Antarctic sedimentation and erosion, 

it is useful to consider the mixing process in greater 

detail. In deep sea sediments accumulating at a rate of .3 

to 3 cm/1000yrs, Lead-210 distributions record the effects 

of bioturbation (Turekian et al., 1978). Turekian et al. 

(1978) describe two sources for Lead-210; 1) from the 

atmosphere where it is produced by the radioactive decay of 

gaseous Radon-222, and 2) from the decay of Radon-226. 

DeMaster (1982) has utilized the distribution of 

Lead-210 in marine sediments as a particle tracer in 

determining the rate of sediment mixing. In the absence of 

mixing, excess Lead-210 would be confined to the upper few 

millimeters of the sediment column due to its short 

half-life (22 years) and slow rates of sediment 

accumulation in the deep sea. For three Antarctic 

siliceous oozes, the rate of sediment accumulation was 

found to be 1 cm/1000 years (Turekian et al., 1978). 

DeMaster (1982), using the same cores as Turekian, found 

excess Lead-210 attributed to particle mixing to a depth of 

8 cm for two siliceous oozes, and to a depth of 15 cm in 

one siliceous core. Turekian et al. (1978) define a 

residence time for particles within the surface mixed layer 

from the mixed layer thickness (L) and sediment 

accumulation rate (A), and found residence times of 

8-15,000 years for Antarctic sediments. 

Several models to describe sediment mixing and 
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accumulation have been proposed to account for the vertical 

distribution of radioisotopes in sediments (Goldberg and 

Koide, 1962; Berger and Heath, 1968; Guinasso and Schink, 

1975). The equations commonly used to describe the mixing 

by organisms is in the form of a classical diffusion 

equation (Turekian et al., 1978). Nittrouer and Sternberg 

(1981) give an equation to describe the steady-state 

profile for excess activity of a non-exchangeable 

radioisotope which includes a mixing, accumulation, and 

decay term. 

Guinasso and Schink (1977) proposed a time dependent 

mixing model based on an advection-diffusion equation. 

Their model defines the intensity of mixing by a 

non-dimensional parameter G, the ratio between sediment 

mixing and sediment accumulation. According to their 

model, for values of G less than .1 weak mixing relative to 

accumulation takes place and textural heterogeneities are 

maintained within the mixed layer. When G is greater than 

10, the mixed layer should be homogenized. Guinasso and 

Schink (1975) define G in terms of Db, the bioturbation 

diffusion coefficient; Lb, the mixed layer thickness; and 

A, the sediment accumulation rate: 

G * (Db) / (Lb)A 
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Turekian et al. (1978) and DeMaster (1982) provide values 

for the parameters defined by Guinasso and Schink (1975) 

and are given below. 

Db (cm/sec) A (cm/1000yrs) Lb G 

CORE 1 1 X 10 

CORE 2 / X 10 

CORE 3 8 X 10 

CORE 4 2 X 10 

1 8 4 

1 8 28 

1 8 32 

.4 8 200 

NOTE: Kb of Turekian et al. (1978) is equivalent to Db of Guinass< 

and Schink (1975). 

The resulting values of G are 4, 28, 32, and 200, 

respectively. These values of G, except in core 1, are 

much greater than 10 and as predicted from Guinasso and 

Schink's mixing model, homogenization of the mixed layer 

should occur. The presence of a homogenized mixed layer is 

consistent with the radioisotope work of DeMaster (1982) 

and Turekian et al. (1978) which show uniform 

concentrations of Lead-210 and Uranium isotopes down to 8 

cm in analyzed cores. Since the half-life of Lead-210 is 

so short, without bioturbation excess Lead-210 should be 

confined to the upper 1 cm of a core. Due to mixing of the 

surface sediment by benthic organisms, Lead-210 is 
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continuously re-distributed in the upper 8 cm of sediment, 

and in some cases, down to 15 cm. It is important to note 

that the cores studied by Turekian et al. (1978) and 

DeMaster (1982) having homogenized mixed layers from 8 cm 

or more in thickness were collected from abyssal depths 

where the benthic biomass has been estimated by Hedgpeth 

(1977) to be <1.3 g/m. This points to the effective mixing 

occurring in the abyss due to vagrant organisms, in 

conjunction with the low sediment accumulation rate. If 

this is the case, fine sediments on the abyssal floor 

should be winnowed since the current velocities are 

generally greater than 2 cm/sec, sufficient to transport 

fine sediment. Why then are so many sediments cored on the 

abyssal floor of the Weddell Sea, for example, not 

apparently winnowed in the 6.00-10.00 phi size component? 

Two explanations for this are: 1) the abyssal sediments are 

dominantly in the 6.00 to 10.00 phi fraction and evidence 

for winnowing may not be easily discerned (as well as the 

time involved to concentrate ice rafted debris is too great 

to result in the formation of lag deposits) and; 2) the 

rate of fine turbidite deposition overshadows normal marine 

processes (including bioturbation) and accounts for much of 

the fine sediment on the abyssal floor (see Chapter 4). 



CHAPTER 4 

INTERPRETATION OF FLUME EXPERIMENT RESULTS 

Flume studies provide information relating current 

velocities and particle size to erosion, transportation, 

and deposition. Erosion of a bed consisting of 

unconsolidated clay and silt grains requires bottom current 

velocities ranging from 10 to 20 cm/sec (Hjulstrom, 1935). 

According to Rees (1966), velocities of 5 cm/sec were able 

to erode a plane bed of well sorted silt grains. Hollister 

and Heezen (1972) suggested that silt-sized particles are 

eroded by currents with velocities greater than 6 cm/sec, 

and erosion of sand-sized foraminiferal tests required 

currents with velocities greater than 15 cm/sec. For 

consolidated sediments, these vélocités are increased 

considerably (Hjulstrom, 1935). These estimates imply that 

currents of considerable velocity occur over large areas of 

the ocean floor, because erosion of deep sea sediments is 

very widespread. However, the measured and estimated 

values for the velocity of Antarctic Bottom Water, for 

example, are generally under 10 cm/sec (Jacobs et al., 

1970; Carmack and Foster, 1975; Johnson et al., 1981), 

suggesting that other factors contribute to the erosion of 

consolidated marine sediments. This study has focused on 

one such factor-the role of biological mixing in sediment 

104 
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erosion and entrainment. 

Data compiled from the flume experiments performed in 

this study, excluding Run 1, is summarized in Fig. 23. The 

curves reflect the minimum velocity necessary to erode and 

transport sediment which has undergone simulated biogenic 

mixing. Five zones have been identified reflecting the 

dominant mode of transport. 

It is noteworthy that with mechanical mixing of the 

bed, material in the silt and clay-size range was 

transported at the lowest current velocity established in 

the flume (1.5-2.0 cm/sec). It follows that even when 

flocculates of clay form, they can still be transported if 

the floes are in the silt-size range. Without mechanical 

mixing (Runs 1, 4, and 5), currents up to 20.0 cm/sec hai a 

negligable effect on the bed. It is also important to note 

that the sediments comprising the bed for Runs 1 and 4 

reflect a much lower degree of compaction when compared to 

Antarctic marine deposits. Since in the absence of 

mechanical mixing minimal sediment was eroded from the bed, 

it is unlikely that sediment would be removed from 

equivalent Antarctic sediments without biological activity, 

which reduces the degree of compaction. 

With mixing, at velocities from 5.0 to 7.0 cm/sec, 

very fine sand (3.75-4.00 phi) was winnowed from the bed 

and accumulated on all collection trays. Particles 

3.00-4.00 phi in size were eroded from the bed at 9.0 
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FIGURE 23. Data compiled from the flume experiments reflect 
the minimum velocity necessary to erode and transport 
sediment undergoing simulated bioturbation. The zones of 
transport defined are as follows: A-field of traction; 
B-field of intermittent suspension and traction; C-field of 
intermittent suspension; D-field of suspension; E-field of 
intermittent suspension and suspension; and F-field of no 
sediment motion. 
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cm/sec and accumulated on tray 1 only. The increase in 

current velocity from 7.0 to 9.0 cm/sec marks an energy 

transition involving both the size of the material eroded 

and mode of sediment transport. Fine sands appear to be 

transported along with the coarse silt component via 

intermittent suspension at velocities less than 9.0 cm/sec. 

Medium and coarse sand was eroded and carried in traction 

at velocities of 11.0 cm/sec and higher. 

An important result from the flume experiments 

involving destabilization of the bed material by mechanical 

mixing is that currents under 20.0 cm/sec are capable of 

eroding and transporting coarse sand to clay-sized 

material. This is supported by textural data from the 

Antarctic shelf and slope (Domack,1980; Erake, 1982) where 

lag deposits derived from basal tills have been identified 

in areas with estimated current velocities under 15 cm/sec 

(Carmack and Foster, 1975; Jacobs et al., 1970). The major 

conclusion of this study is that as long as the 

destabilizing influence of benthic organisms keeps pace 

with sediment influx, velocities much lower than previously 

suggested are able to winnow and sort glacial and glacial 

marine sediments. This appears to be the case for 

Antarctica, as will be discussed in greater detail below. 

There are three important applications of the results 

from this flume study. The first is in the understanding 

of sediment dynamics. As detailed in Chapter 2, no erosion 
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and sorting of overcompacted and cohesive glacial and 

glacial marine sediments is posssible without the action of 

bioturbation. The results are useful in the indirect 

determination of the long term normalized current velocity 

using surface samples and physical oceanographic 

information. The results may also be applied in the 

estimation of paleovelocity intensity from the downcore 

variations in textural data. These last two areas of 

application are discussed in the following sections. 

APPLICATION OF RESULTS IN THE INDIRECT 
DETERMINATION OF CURRENT VELOCITY 

Direct current velocity measurements in Antarctica are 

rare. My flume data allow the assignment of velocity 

values to bottom samples in areas where good physical 

oceanographic data are available, but where there are no 

direct current meter observations. 

Domack and Anderson (in press) examined surface 

sediments obtained from bottom grabs and Phleger core tops 

taken on the continental shelf of the D'Urville Sea, George 

V Coast, Antarctica. These surface sediments are 

interpreted to be derived from underlying glacial and 

glacial marine sediments. This is also an area where the 

physical oceanography is well known, but where no direct 

current measurements are available. Fig. 24 shows the 
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FIGURE 24. Temperature profile and grain size data from 
bottom samples are available from the George V Coast. 
Circumpolar Deep Water is shown impinging on the 
continental shelf. The coarse lag deposits (samples 22, 
24, and 25) associated with the impinging water mass, place 
bottom current velocities at 13 to 15 cm/sec. The 
intensity of the bottom current diminishes in the landward 
direction, resulting in little or no winnowing of the silt 
and clay-sized fractions (Data from Domack, 1980). 
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water column temperature profile and the grain-size data 

for bottom samples collected across that profile. Domack 

and Anderson (in press) identify the tongue of warm 

Circumpolar Deep Water which impinges onto the continental 

shelf. Domack and Anderson (in press) associate a coarse 

lag deposit (bottom sample 22) with this impinging current; 

while bottom samples 24, 25, and 26 indicate less intense 

current conditions in the onshore direction, with samples 

27, 2b, and 30 reflecting quiescent bottom conditions. 

From the results of this flume study, I am able to 

place values for the long term normalized current 

velocities in this area. These values are given in Fig. 23. 

The highest current velocities, 13 to 15 cm/sec, occur on 

the shelf break where the impinging Circumpolar Deep Water, 

in conjuction with the action of organisms, result in the 

formation of coarse lag deposits. Traction modes 

associated with bottom samples 22, 24, and 25 fine in the 

onshore direction, resulting from the decreasing influence 

of the impinging water mass away from the shelf break. 

Bottom sample 26 has undergone winnowing of the fine silt 

and clay components and is associated with currents between 

3 and 5 cm/sec. Samples 27, 28, and 30 from the upper 

continental shelf reflect very sluggish currents moving 

less than 3 cm/sec. 

It is important to re-emphasize that without 

bioturbation, currents much greater than 20 cm/sec would be 
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required to produce sorted sediments from initially 

overcompacted and cohesive glacial and glacial marine 

sediments. As demonstrated above, an important application 

of my data is that it allows realistic current velocities 

to be assigned to textural data from areas where direct 

current measurements are lacking. 

APPLICATION OF RESULTS IN PALECCEANOGRAPHY 

The importance of the efficiency of sediment mixing 

may be expanded to include the interpretation of 

paleocurrent velocity using textural data, where it is 

essential to take into account the efficiency of biological 

mixing. In a well mixed bed, the fine component is 

completely removed, and the mean grain size accurately 

reflects the current conditions necessary to produce the 

lag deposit. If a bed was less efficiently mixed, a 

prominent fine tail may be present on the curve relating 

grain size to frequency weight percent. In this situation, 

the mean grain size is not a true indication of the current 

intensity. To prevent this misuse of mean grain size, the 

fine tail should be eliminated from the calculation of the 

mean grain size. This would result in a more accurate 

interpretation of paleocurrent intensity. 

Huang and Watkins (1977) stated that as currents 
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winnow or scour fine sediment, mean grain size, skewness, 

and sorting reflect the changes that occur in the particle 

size distribution. They put forth a model relating 

increases in current velocity to improved sorting, and 

increases in both mean grain size and positive skewness. 

(1982) stated that as bottom water velocity increases and 

removes the finer components, extreme positive skewness 

results. A decrease in sedimentation rate occurs until a 

critical velocity is obtained when active erosion takes 

place until the bottom current decreases. The resulting 

discontinuity in skewness values from negative to positive 

is utilized in the identification of disconformities. 

Two problems with this model includes the 

misapplication of skewness values and the failure to 

consider the role of biological mixing in producing changes 

in sorting, skewness, and mean grain size under identical 

current regimes. Grain size analyses of particles in the 

silt-sized range and sediment skewness have also been used 

as indicators of bottom water flow velocity. 

Johnson et al. (1976), Ledbetter (1979), and Ledbetter 

and Ellwood (1982) have analyzed the tops of trigger cores 

obtained on a transect across the Verna Channel in order to 

determine depositional conditions. Ledbetter (1979) and 

Ledbetter and Ellwood (1982) have used down core variations 

in particle alignment, skewness values, and mean grain size 

-et—el 
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of the silt fraction to infer fluctuations in the flow 

intensity of AABW. Johnson et al. (1976) correlated a 

fining in the silt mean with an increase in water depth on 

the eastern flank of the channel. The finest mean particle 

diameter was found in a core lying near the benthic 

-thermoc-Line., thû_ug_h± to corxe-spand to the NADW/AABW- 

transition zone. The authors correlated increases in mean 

grain size to more positive skewness and higher CaCO 
3 

percentages, and attributed this increase to interglacial 

intervals as interpreted from oxygen isotope data from two 

Verna Channel cores. Glacial stages (periods of low CaCOg) 

are characterized by finer mean grain sizes in the silt 

size fraction, as well as more negative skewness. 

Ledbetter and Ellwood (1979) stated that the 

paleovelocity fluctuations of AABW did not correlate with 

the paleoclimate, and admit that the model may require some 

refinement. A possible explanation for their lack of 

correlation with the paleoclimate data is that they failed 

to consider the role of organisms in producing the changes 

in mean grain size of their sediment. Under constant 

current velocities, variations in the degree of benthic 

mixing are more than sufficient to produce the subtle 

changes in mean grain size noted by Ledbetter (1979) and 

Ledbetter and Ellwood (1982). 

To illustrate the difficulty in using mean grain size 

as a parameter to delineate fluctuations in bottom current 
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velocity, textural data from core 047 (from the Weddell Sea 

Basin) is shown in Figure 25. The variations in mean grain 

size were interpreted by Hokanson and Anderson (unpubl.) to 

represent changes in bottom current velocity. An 

alternative interpretation of this data, based on results 

obtained from my tLume study., is that—the textural- 

variations reflect the efficiency of mixing under identical 

current conditions. All the curves shown in Figure 25 

could result from bottom currents with velocities less than 

3 cm/sec. The sample at 3 cm, taken in a laminated zone 

(Anderson, pers. comm.), shows no evidence of winnowing. 

Samples analyzed from 33, 43, and 53 cm respectively, 

indicate an increase in the removal of the 7 to 10 phi size 

fraction. These samples were taken from a massive zone in 

the core (Anderson, pers. comm.). The variations in 

textural data suggests an increase in the efficiency of 

sediment mixing. The lack of laminations is consistent 

with increased benthic activity which disrupts sediment; 

whereas the presence of laminations suggests higher 

sedimentation rates, when organisms are unable to keep 

pace. The sample at 53 cm, with a mean grain size of 6.4 

phi represents the most efficient removal of sediment. 

Samples at 63, 83, 93, and 103 cm respectively, show a 

decrease in the erosion of the 7 to 10 phi component. The 

sample at 103 cm has a mean grain size of 9.0 and has not 

undergone winnowing of the finest size fraction 
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FIGURE 25. Textural data from core 047 from the Weddell Sea 
Basin shows the downcore variations in mean grain size. A 
possible interpretation is that the textural variations 
reflect the efficiency of mixing under identical bottom 
current regimes, with velocities less than 3 cm/sec. 
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This example demonstrates the difficulty encountered 

when utilizing mean grain size as a parameter to identify 

variations in bottom current velocity. Subtle changes in 

the efficiency of biological mixing of sediment may account 

for the mean grain size values varying from 6.4 to 9.0 phi 

-in—this—example- Eor. this - reason,—when—using-mean-grain- 

size in paleoceanographic studies it is essential that the 

textural data be shown, as well as the efficiency of 

sediment mixing considered prior to attributing variations 

in mean grain size to fluctuations in bottom current 

velocity. 

APPLICATION OF RESULTS IN THE 
DEPOSITION OF FINE-GRAINED TURBIDITES 

Grain size data obtained from this series of flume 

experiments in which sediment was analyzed from the water 

column and from the collection trays at low velocities 

(<6.0 cm/sec), leads to the conclusion that when fine silt 

and clay occur together in a sediment deposit, it is likely 

that the transport mechanism was suspension. Coarse silt 

in association with fine silt and clay is more likely to 

have been transported by intermittent suspension. At the 

lowest velocities set in the flume, material 6.00 to 10.00 

phi in size was transported. No sorting of the fine silt 

and clay components were noted in the flume. Since a 

likely explanation could be that the flume is only four 
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meters and lateral sorting in the marine environment may be 

on the order of 200 kilometers, I examined grain size data 

fine abyssal sediments from the Weddell Sea to see if there 

is evidence of segregation of these size fractions. No 

sorting was found, implying that it is not distance which 

controls sorting of the finest size fractions. 

This may be expanded to the interpretation of the 

transport and deposition of fine-grained sediment in deep 

water. Figure 26 shows the frequency curves for two cores 

(037A and 042A) taken on the Weddell Sea rise and abyssal 

floor which I interpreted to represent examples of 

fine-grained turbidites. Each core displays several upward 

fining sequences representing many individual turbidite 

deposits. When the transported grains are 6.00 phi and 

finer, I suggest little or no sorting occurs as this entire 

range may be transported in suspension at velocities as low 

as 1.5 cm/sec. Material coarser the 6.00 phi is assumed to 

be dominantly transported by intermittent suspension, and 

greater lateral sorting is inferred. Therefore, fine 

turbidites consisting of 6.00 phi and finer material are 

capable of flowing over great distances just above the 

seafloor at low velocities and may not be characterized by 

an upward fining sequence. Fine turbidites may be 

transported out over the abyssal floor and deposit only 

when they reach an obstacle, slow or when friction with the 

bottom causes the fine sediment to settle out of 
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FIGURE 26. Frequency curves for cores 037A and 042A from 
the Weddell Sea rise and abyssal floor interpreted to 
represent fine-grained turbidites. Each upward fining 
sequence represents many individual turbidite deposits. 
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suspension. 

If fine-grained turbidites do not display sorting in 

the 6.0 to 10.00 phi component, they may not be easily 

distinguished from normal pelagic sediments. For this 

reason, other criteria will be needed in the identification 

of fine-grained turbidites-such as the presence of 

displaced microfossils or laminated intervals of silt. The 

work by Turekian et al. (1978) and DeMaster (1982) implies 

that effective mixing of fine sediments is presently 

occurring in abyssal sediments, and although laminated silt 

should not be expected, it appears to be widespread from 

X-radiographs of Deep Freeze piston cores. These laminated 

fine intervals may represent periods of rapid depostion 

from fine-grained turbidites. 

Stowe and Bowen (1980) examined cores from the Scotian 

outer continental margin which contained silt laminae, 

varying in thickness from <.5 to 10 mm, occurring either as 

distinct graded laminated units (between 1 and 10 cm thick) 

or as continuous silt laminated sequences. Several main 

silt laminae having a decreasing modal size through the 

unit or one distinct, coarser basal lamina was overlain by 

many thinner finer laminae; while the intercalated muds 

were less clearly graded. This is similar to the sequence 

found in many piston cores analyzed from the Weddell Sea 

(to be discussed further below). 

Stowe and Bowen (1980) proposed a model for 
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depositional sorting within fine-grained turbidity 

currents. Since clay floes and silt grains have the same 

settling velocities, deposits resulting from a waning 

current should be a graded, silty mud, and the resulting 

depositional unit is usually laminated. The separation of 

mud and silt into layers in outer Scotian margin sediments 

result from the depositional sorting in the boundary layer 

at the base of a turbidity current. Stowe and Bowen (1980) 

stated that as particles fall towards the bed, increased 

shear in the boundary layer causes the clay floes to break 

up. As the silt grains settle through the viscous 

sublayer, silt laminae are formed. As more sediment is 

supplied to the top of the boundary layer, the 

concentration of mud increases and re-flocculation may 

occur. At some critical concentration, the clays form 

aggregates large enough to overcome shear, break-up and 

deposit rapidly through the laminar sublayer on top of the 

silt laminae. 

Two cores (E12-6 and E7-12) examined carefully by 

Hokanson and Anderson were obtained from the abyssal floor 

of the Weddell Sea. Progressive textural variations in 

these cores were used by Hokanson and Anderson (unpubl.) to 

determine variations in bottom water flow in the central 

Weddell Sea. The model of Stowe and Bowen (1980), as well 

as results from my flume study enable the re-interpretation 

of the two cores as representing possible fine turbidite 
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deposits. 

Zones of laminations were identified in cores E7-12 

and E12-6 from X-radioraphs and visual examination. The 

cores were sampled at 20 cm intervals and frequency grain 

size distributions determined, including the IRD 

(ice-rafted detritus) content (>4.00 phi component) and 

the fine silt and clay fractions (6.00 to 10.00 phi). The 

presence of Fe/Mn micronodules were also noted by Hokanson 

and Anderson (unpubl.). Their data is summarized on Figure 

27. 

Fe/Mn micronodules were found to form thin coatings on 

top of the individual laminations. Although Fe/Mn 

micronodules- are not present throughout an entire laminated 

interval, there are no Fe/Mn micronodules associated with 

non-laminated intervals. The micronodules are associated 

with intervals of low IRD content (near 0%) and with 

intervals marked by high fine silt and clay content. Lack 

of IRD is consistent with a rapid sedimentation rate. 

Fisco (1982) has noted the presence of Fe/Mn micronodules 

in cores obtained from the Weddell Sea, and has concluded 

that the micronodules were transported from either the 

continental shelf or slope to the abyssal floor by 

turbidity currents. In cores E7-12 and E12-6, the Fe/Mn 

micronodules represented the coarsest material transported 

by turbidity currents out onto the abyssal floor to be 

deposited at the base of some fine-grained turbidites. 
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FIGURE 27. Sediment data for piston cores E7-12 and E12-6, 
showing downcore variations in mean grain size (M phi) of 
the silt and clay components. The IRD content (>4.00 phi) 
has been determined for both cores. Laminated intervals 
are shown by the horizontal lines in the column next to the 
mean grain size scale. The occurrence of Fe/Mn 
micronodules has been noted in both cores (Data from 
Hokanson and Anderson, unpubl.). 
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Since the mean grain size deterimined by Hokanson and 

Anderson (unpubl.) is restricted to the silt and clay-sized 

fractions, intervals of highest IRD content do not 

correlate to the coarsest mean grain size values. For 

example, at 420 cm in core E7-12, the mean grain size of 

the silt and clay fraction shown is close to 8 phi and 

there is a peak in the IRD curve (19%). Eleven percent of 

the measured IRD consists of gravel which is not included 

in the mean grain size determination. If the sand fraction 

of the IRD (8%) were included in the calculation of the 

mean grain size, the value would be reduced to 7.3 phi. 

Hokanson and Anderson (unpubl.) selected cores E12-6 

and E7-12 for their study because they thought they did not 

penetrate turbidites. My interpretation of their data 

leads me to conclude that cores E12-6 and E7-12 are 

dominated by intervals of fine turbidite deposits. Low IRD 

values and the presence of laminations are consistent with 

a rapid sediment input where there is insufficient time for 

mixing to occur. This combination of parameters should be 

useful in the identification of fine-grained turbidites on 

the Antarctic continental margin, as well in oceans world 

wide 



CONCLUDING REMARKS 

The flume experiments performed in this study 

demonstrated that bioturbation is necessary in order to 

sort overcompacted and cohesive glacial and glacial marine 

sediments on the Antarctic continental margin exposed to 

maximum current velocities of 20 cm/sec. Without the 

interaction between organisms and bottom currents, current 

velocities well over 20 cm/sec would be required to erode 

glacial sediments. Since bottom currents flowing at such 

high velocities have not been measured to date on the 

Antarctic continental margin, it is more realistic to 

attribute the erosion of glacial sediments to the actions 

of organisms under low current velocity regimes. 

This study also points to limitations in studies that 

use mean grain size as an indicator of bottom current 

velocity. Without first determining the role of organisms 

in sediment erosion and transport, mean grain size can not 

and should not be used in the interpretation of 

fluctuations in current intensity. This is true in the 

assignment of present current velocity values, as well as 

in paleoceanographic studies. 

The identification of fine-grained turbidite deposits 

is hindered by their similar textural appearance to 

hemipelagic sediment. For this reason, many fine-grained 

turbidites in the Weddell Sea may have been overlooked or 

129 



130 

misclassified. In order to aid in the identification of 

these deposits, a combination of features should be 

examined and include: presence of laminations, some of 

which may contain Fe/Mn micronodules; low IRD values, and; 

sorting in the coarse silt range, but a lack of sorting in 

the fine silt and clay components. 
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APPENDIX I 

Textural data of the bed material and sediment accumulated 
on the collection tray for Run 2. 
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RUN 2 BED 

PHI SIZE VELOCITY (CM/SEC) 
0 0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 

-1.25 0.0 4.4 0.0 21.3 9.4 0.0 40.9 0.0 0.0 0.0 0.0 
-1.00 0.0 1.3 0.5 0.0 0.3 0.0 0.0 1.2 0.0 0.0 0.0 
-0.75 0.4 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-0.50 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.2 
-0.25 0.0 1.3 0.0 0.0 0.0 0.0 2.5 5.3 2.8 2.0 19.8 
0.00 0.4 0.6 0.0 1.5 0.0 0.0 1.6 10.5 6.2 8.2 24.2 
0.25 1.3 2.5 0.0 0.0 1.4 0.8 4.9 14.6 12.9 14.3 19.8 
0.50 1.8 3.1 1.1 4.1 5.1 10.4 7.4 8.0 13.5 16.3 10.3 
0.75 2.0 1.9 2.0 4.0 5.2 8.0 8.2 6.6 1.7 6.8 4.0 
1.00 2.1 2.9 2.1 3.0 3.8 5.2 3.6 5.3 4.6 6.1 2.6 
1.25 3.1 3.8 2.0 4.5 6.2 9.6 5.5 6.8 5.3 5.4 2.2 
1.50 5.2 2.7 5.0 5.8 9.5 10.7 9.0 8.2 8.3 6.5 3.3 
1.75 4.2 2.5 4.6 4.6 5.6 5.5 5.2 5.0 3.1 4.4 2.6 
2.00 5.6 2.5 6.3 5.4 7.3 7.8 3.3 6.6 6.3 5.4 2.1 
2.25 2.9 3.1 5.7 4.9 7.0 4.8 4.9 5.1 6.2 4.7 1.8 
2.50 3.5 3.5 5.3 5.8 7.0 4.8 5.6 5.0 6.6 6.7 2.0 
2.75 5.3 9.0 8.6 9.9 10.3 7.4 7.7 5.9 10.9 6.9 1.8 
3.00 6.0 8.0 6.8 7.5 6.7 7.0 5.9 3.2 4.5 2.4 1.3 
3.25 3.6 3.5 2.7 2.2 2.3 2.0 2.8 0.6 2.8 1.0 0.2 
3.50 4.1 4.3 2.6 2.6 2.1 1.8 1.3 0.8 2.2 1.0 0.0 
3.75 1.9 2.8 1.8 1.2 1.6 0.0 0.8 0.9 1.2 0.6 0.0 
4.00 2.6 2.9 1.5 1.6 1.8 0.3 0.0 0.5 1.2 1.0 0.0 
4.50 3.5 2.5 0.0 2.3 3.3 0.5 2.3 0.0 0.0 0.0 0.0 
4.75 1.3 3.2 9.0 2.0 0.0 8.7 0.5 0.0 0.0 0.0 0.0 
5.00 2.1 10.3 1.1 1.6 1.2 0.0 1.2 0.0 0.0 0.0 0.0 
5.25 5.1 1.4 4.0 1.9 8.4 0.0 1.8 0.0 0.0 0.0 0.0 
5.50 2.7 1.7 5.6 3.7 0.0 0.0 0.4 0.0 0.0 0.0 0.0 
5.75 1.9 3.3 4.7 1.4 0.9 0.0 1.2 0.0 0.0 0.0 0.0 
6.00 2.6 0.0 0.0 0.0 1.8 0.0 0.7 0.0 0.0 0.0 0.0 
6.25 1.8 1.6 2.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
6.50 1.5 1.0 1.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
6.75 1.2 2.1 1.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
7.00 1.5 1.5 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
7.25 1.2 0.8 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
7.50 1.2 1.4 2.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
7.75 0.9 1.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
8.00 0.6 0.2 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
8.25 1.6 0.4 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
8.50 1.2 0.4 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
8.75 2.1 0.8 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
9.00 2.1 0.8 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
9.25 2.1 0.8 0.3 0.0 0.0 0.0 0.0 o.a 0.0 0.0 0.0 
9.50 2.1 0.8 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
9.75 2.1 0.8 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

10.00 2.1 0.8 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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RUN 2 TRACTION &/OR INTERMITTENT SUSPENSION 

PHI SIZE VELOCITY (CM/SEC) 
0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 

0.00 0.0 0.0 0.0 0.2 0.0 0.0 0.0 2.9 
0.25 0.0 0.0 0.0 0.0 0.0 0.1 0.7 5.4 
0.50 0.0 0.0 0.0 0.0 0.0 1.3 3.7 7.2 
0.75 0.0 0.0 0.0 0.0 0.0 2.7 3.9 6.4 
1.00 0.0 0.0 • 0.0 0.0 0.3 1.5 2.8 3.8 
1.25 0.0 0.0 0.0 0.0 0.6 3.2 3.5 3.4 
1.50 0.0 0.0 0.0 0.0 0.7 2.4 3.0 2.6 
1.75 0.0 0.0 0.0 0.0 0.6 1.2 1.2 0.3 
2.00 0.0 0.0 0.0 0.0 0.3 1.3 1.5 0.4 
2.25 0.0 0.0 0.0 0.0 0.2 1.3 1.2 1.6 
2.50 0.0 0.0 0.0 0.0 0.2 1.7 2.2 1.7 
2.75 0.0 0.0 0.0 0.0 0.5 5.1 4.7 6.1 
3.00 0.0 0.0 0.0 0.5 1.8 7.5 9.5 5.0 
3.25 0.0 0.0 0.0 1.0 2.0 4.2 4.7 1.7 
3.50 0.0 0.0 0.0 1.9 5.3 5.5 5.0 2.7 
3.75 0.0 0.0 0.0 3.0 4.8 3.7 2.6 1.3 
4.00 0.0 0.0 0.0 4.9 4.0 4.5 3.0 2.7 
4.50 3.8 0.0 0.0 2.1 2.3 2.8 2.8 5.1 
4.75 4.3 0.0 0.0 7.1 1.4 6.7 4.2 3.1 
5.00 3.8 0.0 0.0 3.0 8.9 11.0 9.3 5.9 
5.25 6.6 0.0 0.0 8.7 14.2 6.8 6.6 0.0 
5.50 6.1 0.0 0.0 7.9 6.7 5.9 1.8 6.8 
5.75 3.8 0.0 0.0 6.2 9.4 5.4 4.6 0.0 
6.00 5.4 0.0 0.0 10.8 7.4 3.6 4.0 3.2 
6.25 4.3 1.7 3.6 3.8 2.5 1.6 1.7 2.3 
6.50 3.5 1.4 4.3 3.0 3.3 1.1 1.1 2.9 
6.75 5.7 1.1 3.5 8.4 1.1 0.9 1.3 3.1 
7.00 2.4 0.9 3.9 4.7 2.2 0.8 1.4 2.0 
7.25 1.8 2.2 3.0 3.8 0.7 0.8 1.0 1.3 
7.50 5.5 2.2 2.8 2.3 1.8 0.3 1.0 2.1 
7.75 5.9 3.6 3.6 3.8 2.9 1.0 1.1 0.8 
8.00 1.4 0.9 4.0 3.7 1.1 0.7 0.4 1.6 
8.25 3.3 1.6 2.5 2.4 1.6 0.7 0.7 0.7 
8.50 2.8 2.5 3.1 1.9 2.6 0.6 0.6 0.6 
8.75 4.5 3.9 3.4 0.9 1.3 0.4 0.6 0.6 
9.00 4.5 3.9 3.4 0.9 1.3 0.4 0.6 0.6 
9.25 4.5 3.9 3.4 0.9 1.3 0.4 0.6 0.6 
9.50 4.5 3.9 3.4 0.9 1.3 0.4 0.6 0.6 
9.75 4.5 3.9 3.4 0.9 1.3 0.4 0.6 0.6 
10.0 4.5 3.9 3.4 0.9 1.3 0.4 0.6 0.6 
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APPENDIX II 

Textural data of the bed material and sediment accumulated 
on the three collection trays for Run 3. 
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RUN 3 BED 

PHI SIZE VELOCITY (CM/SEC) 
0 0.0 2.0 3.0 5.0 7.0 9.0 11.0 13.0 15.0 17.0 19.0 

-1.25 6.7 10.7 13.2 8.1 23.6 22.7 26.9 18.2 20.8 26.2 90.9 
-1.00 0.0 0.0 0.0 0.0 0.3 0.2 0.0 0.0 0.0 0.0 0.0 
-0.75 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-0.50 0.0 0.0 0.0 0.2 0.9 0.0 0.0 0.0 3.2 2.3 1.8 
-0.25 0.1 1.9 0.3 1.6 0.6 0.5 0.0 0.0 4.7 1.8 11.5 
0.00 0.2 4.7 1.5 3.3 0.6 1.4 0.7 1.2 5.3 0.5 7.8 
0.25 1.0 1.6 1.8 3.5 3.3 3.6 3.6 3.1 6.3 3.2 7.8 
0.50 4.3 4.7 2.5 3.1 2.2 1.9 5.4 8.7 7.4 8.7 11.0 
0.75 2.3 2.7 2.6 1.9 2.1 2.9 1.4 14.3 8.3 7.5 9.4 
1.00 2.9 1.9 1.2 1.0 1.7 1.8 2.3 5.5 6.9 3.7 5.4 
1.25 4.2 3.6 2.9 1.9 3.6 4.2 3.7 6.8 9.7 9.9 6.7 
1.50 6.9 5.2 5.5 5.9 7.0 8.7 5.0 8.5 13.4 12.2 9.7 
1.75 3.5 3.8 3.9 4.7 4.9 5.6 4.1 4.7 8.3 9.2 5.2 
2.00 5.2 4.8 6.2 6.6 7.2 6.1 6.9 4.2 7.4 11.7 6.3 
2.25 3.7 3.5 5.5 5.9 5.3 3.5 8.0 2.7 5.8 6.6 3.3 
2.50 3.7 3.1 5.7 7.0 5.4 4.2 6.9 2.9 4.4 5.7 1.7 
2.75 6.5 5.1 9.6 9.4 8.8 7.4 6.8 3.6 2.8 5.4 2.1 
3.00 5.9 7.9 9.3 6.6 8.4 5.7 5.1 3.5 2.2 3.0 2.3 
3.25 3.4 5.2 5.1 2.9 3.8 3.2 2.6 1.6 0.7 1.2 0.3 
3.50 2.1 3.9 4.5 4.0 3.6 3.7 2.8 2.0 0.9 1.5 1.5 
3.75 1.8 2.1 2.3 2.5 1.3 1.9 1.5 1.7 0.3 0.6 1.0 
4.00 1.8 2.7 2.9 2.4 2.3 2.5 2.2 2.3 0.6 0.9 0.5 
4.50 2.9 0.6 0.0 1.7 2.4 0.3 1.4 1.9 0.0 0.0 0.0 
4.75 1.6 2.2 1.1 0.7 2.2 3.3 2.2 1.5 0.0 0.0 0.0 
5.00 4.1 2.2 2.7 2.8 2.6 3.0 2.5 2.6 0.0 0.0 0.0 
5.25 1.8 3.1 0.8 1.6 0.9 3.8 2.3 1.1 0.0 0.0 0.0 
5.50 3.3 3.4 2.8 1.1 5.0 2.2 2.6 2.3 0.0 0.0 0.0 
5.75 2.0 2.5 1.0 1.1 1.8 2.4 2.1 1.3 0.0 0.0 0.0 
6.00 1.6 1.2 0.4 1.6 0.6 1.8 1.3 0.5 0.0 0.0 0.0 
6.25 3.0 1.2 2.2 2.3 0.9 1.7 2.6 1.3 0.0 0.0 0.0 
6.50 2.9 2.0 2.5 1.3 1.1 1.1 2.5 2.3 0.0 0.0 0.0 
6.75 2.7 1.6 1.2 1.3 1.3 1.6 1.6 1.8 0.0 0.0 0.0 
7.00 0.9 2.2 2.0 1.5 0.9 1.3 1.6 0.1 0.0 0.0 0.0 
7.25 1.9 1.5 0.9 1.5 1.3 1.9 1.9 1.0 0.0 0.0 0.0 
7.50 1.6 1.2 0.9 1.0 0.9 0.8 1.1 0.5 0.0 0.0 0.0 
7.75 1.0 1.2 0.9 0.7 0.7 1.0 0.8 1.1 0.0 0.0 0.0 
8.00 0.7 0.4 0.8 1.1 0.6 0.7 0.7 0.4 0.0 0.0 0.0 
8.25 1.0 0.5 0.2 0.1 0.5 0.7 0.3 0.3 0.0 0.0 0.0 
8.50 0.9 0.5 0.5 0.7 0.5 0.1 0.5 0.4 0.0 0.0 0.0 
8.75 1.1 0.7 0.8 0.5 0.4 0.6 0.4 0.4 0.0 0.0 0.0 
9.00 1.1 0.7 0.8 0.5 0.4 0.6 0.4 0.4 0.0 0.0 0.0 
9.25 1.1 0.7 0.8 0.5 0.4 0.6 0.4 0.4 0.0 0.0 0.0 
9.50 1.1 0.7 0.8 0.5 0.4 0.6 0.4 0.4 0.0 0.0 0.0 
9.75 1.1 0.7 0.8 0.5 0.4 0.6 0.4 0.4 0.0 0.0 0.0 

10.00 1.1 0.7 0.8 0.5 0.4 0.6 0.4 0.4 0.0 0.0 0.0 
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APPENDIX III 

Textural data of the bed material, three collection trays, 
and sand ridges for Run 4. 
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APPPENDIX IV 

Textural data of the bed material and sediment accumulated 
on the collection tray for Run 5. 
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RUN 5 BED 

PHI SIZE VELOCITY (CM/SEC) 
0 0.0 1.5 3.0 4.5 6.0 7.5 

-1.25 0.0 12.4 18.7 9.2 14.8 31.7 
-1.00 0.0 0.0 0.3 0.0 0.0 1.2 
-0.75 0.0 0.0 0.0 0.9 0.0 2.2 
-0.50 0.0 0.0 0.0 0.5 0.0 1.9 
-0.25 0.0 0.0 0.0 0.5 1.0 2.1 

0.00 0.0 0.5 0.2 0.8 1.0 1.8 
0.25 0.0 0.4 0.5 0.9 1.8 2.9 
0.50 0.0 1.4 0.5 1.2 2.2 2.7 
0.75 0.0 0.7 0.7 1.4 1.9 2.7 
1.00 0.0 0.6 0.6 0.7 1.4 1.8 
1.25 0.0 0.8 0.7 1.5 1.8 2.5 
1.50 0.0 1.2 0.9 1.6 2.3 3.7 
1.75 0.0 0.7 0.6 0.9 1.5 2.4 
2.00 0.0 0.7 0.7 1.3 1.6 2.1 
2.25 0.0 0.7 0.6 0.9 1.3 1.2 
2.50 0.0 1.0 0.7 1.1 1.4 0.9 
2.75 0.0 1.2 0.9 1.5 1.7 1.0 
3.00 0.0 1.0 0.7 1.1 1.2 1.0 
3.25 0.0 0.4 0.3 0.8 0.8 0.6 
3.50 0.0 0.4 0.5 0.6 0.7 0.5 
3.75 0.0 0.2 0.2 0.5 0.5 0.2 
4.00 0.0 0.6 0.4 0.2 6.7 5.6 
4.50 0.3 0.2 0.5 0.0 0.0 0.0 
4.75 0.5 0.4 0.1 0.7 0.0 0.0 
5.00 0.3 0.1 0.7 0.9 0.0 0.0 
5.25 0.8 0.7 1.4 1.4 0.0 0.0 
5.50 1.3 1.0 0.4 0.8 0.0 0.0 
5.75 1.4 1.3 1.6 1.4 0.0 0.0 
6.00 1.7 2.4 1.0 1.3 0.0 0.0 
6.25 7.2 5.9 6.7 5.3 2.8 4.6 
6.50 2.9 2.4 2.7 2.2 2.3 1.9 
6.75 2.4 4.0 4.5 1.8 1.9 1.6 
7.00 2.0 6.6 1.9 6.0 3.1 2.6 
7.25 6.3 2.6 5.8 4.6 2.4 2.0 
7.50 4.7 1.0 3.2 6.0 3.7 3.0 
7.75 5.2 8.4 4.0 1.3 2.7 2.3 
8.00 1.9 2.2 4.5 4.2 3.5 4.8 
8.25 4.9 1.6 2.5 2.1 4.1 1.8 
8.50 3.7 7.3 2.4 5.7 2.8 0.6 
8.75 8.7 6.8 7.7 5.9 6.7 5.7 
9.00 8.7 6.8 7.7 5.9 6.7 5.7 
9.25 8.7 6.8 7.7 5.9 6.7 5.7 
9.50 8.7 6.8 7.7 5.9 6.7 5.7 
9.75 8.7 6.8 7.7 5.9 6.7 5.7 

10.00 8.7 6.8 7.7 5.9 6.7 5.7 
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RUN 5 

PHI SIZE VELOCITY (CM/SEC) 
0 1.5 * o

 

4.5 6.0 7.5 

TRAY 1 6.25 3.1 9.1 4.1 7.3 7.9 
6.50 10.0 7.3 3.3 3.0 3.2 
6.75 8.1 9.9 2.8 2.5 2.7 
7.00 8.2 8.1 6.8 2.1 2.2 
7.25 7.5 6.2 5.3 4.8 5.2 
7.50 4.6 6.3 3.9 14.0 5.1 
7.75 11.2 7.2 4.9 5.0 1.9 
8.00 5.0 1.9 6.2 6.0 6.9 
8.25 2.4 1.5 3.1 2.7 6.1 
8.50 6.2 2.8 2.0 3.1 4.8 
8.75 5.6 6.6 9.6 8.3 9.0 
9.00 5.6 6.6 9.6 8.3 9.0 
9.25 5.6 6.6 9.6 8.3 9.0 
9.50 5.6 6.6 9.6 8.3 9.0 
9.75 5.6 6.6 9.6 8.3 9.0 

10.00 5.6 6.6 9.6 8.3 9.0 

TRAY 2 6.25 6.6 3.5 4.5 3.9 8.2 
6.50 5.3 2.8 0.0 3.2 3.4 
6.75 8.7 4.7 3.1 2.7 0.0 
7.00 7.1 15.3 5.1 2.2 2.3 
7.25 2.8 5.8 5.9 6.9 9.1 
7.50 3.1 4.3 1.5 6.4 1.4 
7.75 12.8 4.8 0.0 2.9 1.1 
8.00 5.2 3.5 5.8 10.7 2.3 
8.25 6.9 7.4 0.6 3.9 4.8 
8.50 2.9 2.9 2.5 5.6 0.0 
8.75 6.4 7.5 11.9 8.6 11.3 
9.00 6.4 7.5 11.9 8.6 11.3 
9.25 6.4 7.5 11.9 8.6 11.3 
9.50 6.4 7.5 11.9 8.6 11.3 
9.75 6.4 7.5 11.9 8.6 11.3 

10.00 6.4 7.5 11.9 8.6 11.3 

TRAY 3 6.25 10.2 3.7 4.1 3.9 8.0 
6.50 0.0 0.0 3.3 6.4 3.2 
6.75 6.8 2.6 2.8 0.0 2.7 
7.00 9.3 8.5 4.6 4.5 4.4 
7.25 1.4 3.3 3.6 3.5 8.4 
7.50 4.3 8.5 2.7 5.2 6.1 
7.75 9.4 10.5 3.1 4.9 5.3 
8.00 6.0 3.7 6.0 5.0 3.8 
8.25 8.7 9.2 4.6 6.4 5.6 
8.50 6.4 3.8 5.4 6.0 5.1 
8.75 6.2 7.7 10.0 9.0 7.9 
9.00 6.2 7.7 10.0 9.0 7.9 
9.25 6.2 7.7 10.0 9.0 7.9 
9.50 6.2 7.7 10.0 9.0 7.9 
9.75 6.2 7.7 10.0 9.0 7.9 

10.00 6.2 7.7 10.0 9.0 7.9 


