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ABSTRACT 

Su1fide deposits have been recognized in nature within turbidites. 

In the present f1ume experiments, i1menite and si1ica were main1y 

used as sediments. Densities of over 2 were obtained. A 1inear relation 

exists between ve10city and density of the initial f1ow. 

Where the turbidites tapered off marked1y downf1ume, the fo11owing 

phenomena were noted: 

(1) Low density runs formed the richest concentrations of dense 

minera1; 

(2) Slurries in which the sediments were difficu1t to keep in 

suspension were impoverished in heavy minera1s in the turbidite. Most of 

the load slumped and showed 1atera1 and vertical grading in partic1e 

sizes and in per cent of heavy minera1s. 

Coarser materia1 in the initial f10w will decrease the ve10city of 

the turbidity current as we11 as decrease the Froude and Reyno1d's 

numbers. 

The resu1ts of these turbidity current experiments are compared to 

natura1 su1fide-bearing turbidites reported in the 1iterature. 
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SOMMAIRE 

Des gisements de su1tures se retrouvent au sein de turbidi tes dans la 

nature. 

Surtout llilmênite et la silice agissaient comme sédiments dans cette 

étude. Des densités de deux (2.0) et au-delà furent atteintes. La vitesse 

augmentait paral1ê1ement avec la densité initiale. 

Deux séries de données furent mises en évidence lorsque l'épaisseur des 

déIx'ts diminuait rapidement dans le sens du courant: 

(1) La plus grande concentration de minéraux rut retrouvée dans les é­

coulements de faibles densités; 

(2) Les sédiments qui ne se maintenaient en suspension qU'avec difficd­

té formaient des turbidites déficientes en minéraux lourds. Ces derniers 

s'affaisaient pour la plupart en aIOOnt du réservoir et accusaient un grano-

classement. Le pourcentage des minéraux lourds varie comme le granoc1asse-

ment. 

L'emploi de grains plus grossiers diminue la vitesse du courant ainsi 

que les nombres de Reynold et de Froude. 

Les résultats expérimentaux sont utilisés pour expliquer les turbidites 

minéralisées en su1fures. 
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CAAPrnRI 

Introduction 

The purpose of this thesis is to investigate the behaviour of heavy 

minerals carried within a turbidity current. The intention was not pri­

marily to demonstrate the possibility of forming ore concentrations of 

minerals but rather to investigate heavy mineral behaviour in experimentally 

produced turbidite beds. Where ore concentration occurs, the fact will be 

stressed because of interest to the economic geologist. Although a fair 

number of experiments have been done on small-scale turbidity currents, 

this seems to be the first attempt to simulate sulfide enrichment through . 

turbidity currents. 

The thesis topic was suggested to me by Dr. L.A. Clark who had ob­

served structures in Kuroko ore deposits in Japan which appeared to have 

been produced by turbidity currents. 

Sulfide-laden turbidites have been recognized elsewhere in nature. 

Amstutz and Bubenicek (1967) de scribe primary depositional features in 

layered Pb-Cu-Ni-Co sulfide-bearing samples from the Upper Cambrian gray­

wacke at Fredericktown, Missouri. Although the term 'turbidity current' 

is not explicitly mentioned as an agent of dense mineral transport and 

redistribution it is considered that the graded character of most 

graywackes is indicative of submarine generated turbidity flows (Pettijohn, 

1957). This does not preclude other rock types of confirming a turbidite. 

However special attention will be paid in this paper to mineral deposits 
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which occur in graywacke. Garlick (1967) specifies that the typical 

host rocks of the stratiform Cu-Co-Fe sulfide ore deposits of Mufulira, 

Zambia are 'mottled quartzites and graywackes' formed by slumping and 

turbidity currents. He concludes that syngenetic chemical precipitation 

is largely respons~ble for the stratiform disseminated orebodies. 

Skinner (1958) suggested the redeposition of hydrous iron sulfide by 

turbidity currents in the formation of the pyrite and pyrrhotite-bearing 

graywackes and siltstones of the Nairne Pyritic Formation (Cambrian) in 

South Australia. 

In this thesis data is presented on scaled experiments of turbidity 

currents in flumes in which the suspended material is quartz and ilmenite. 

This data is used to discuss the role of heavy minerals in natural 

turbidites. 

Before describing experiments on turbidity currents we shall look 

more closely at the term 'turbidite'. 
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Turbidity Currents 
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A density or gravit y current can be considered as a wedge of heavy 

fluid such as muddy water or cold air intruding into an expanse of lighter 

fluid such as clear water or warm air (Benjamin,1968), because of 

differences in temperature or in .concentration of solutes or suspended 

particles. In the present context a turbidity current will be considered 

as an underflow in a body of water, caused by a load of particles in sus­

pension (Menard,1964, p. 191) and (Middleton and Briggs, 1965). 

Some turbidity currents can maintain themselves and transport sand 

and silt in turbulent suspension for distances of many hundreds of miles 

over a very gently sloping ocean bed (Bagnold, 1962). "Autosuspension" 

is a term used by Bagnold to refer to the spontaneous suspension of sedi­

ment in conditions of turbulent flow. The flow is partially maintained by 

the excess weight of the suspension relative to the ambient fluid 

(Middleton,1966c). There is uncertainty concerning the ability of tur­

bidity currents to achieve uniform flow while carrying coarse sediments. 

Middleton (1966b) doubts whether autosuspensions of sediment coarser than 

very fine sand can take place in nature. 

Experimenters such as Kuenen and Middleton use the hydrostatic head 

of a suspension at the beginning of their flume to supply the driving force 

of the turbidity current. The interface between the ~enser, dl, and lighter 



f1uid, d2, in figure 1 shows a 'head wave' behind which there is a 

turbulent zone marked byeddies. Further back the interface becomes 

approximate1y para11e1 to the bed f100r. The deposited sediments are 

referred to as a turbidite. 

lighter f1uid 

;f) d2 

Figure 1. Observed forro of turbidity current (modified after 
Benjamin (1968), and Keu1egan (1958). 
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Evidence for the existence of submarine turbidity currents is found in: 

1) The morpho10gy of the continental slope. 

Submarine canyons cross the continental slope to depths 

of severa1 ki10meters. Emery (1969, p. 116) be1ieves that most 

of the evidence for the excavation of such canyons favors 

turbidity currents: "currents that arise when sediment slips 

down a slope and becomes mixed with over1ying water, thereby 

increasing its density so that it continued down the slope often 

at high speed." At the 10wer end of the continental slope, 

large de je ct ion cones join the submarine canyons to the abyssal 

plains. The de je ct ion cones, or fans, represent in part the 

deposited 10ad of turbidity currents (Nesteroff, 1965). 
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2) The sedimentary structures and the composition of piston 

cores taken from the fans and abyssal plains. These cores 

show, in places, sections of continental sands and littoral 

bioclastic sediments. The grains in single beds are graded 

vertically from coarse at the.bottom to clays at the top and 

occur in a rhythmic fashion. These are defined as turbidites 

(Kuenen, 1957). The velocity of the current is high and the 

deposition of the sediment is rapid as evidenced by the 

aragonite tests of Pteropods and by pelagie foraminifera. 

Aragonite tests of Pteropods are not found in normally deposited 

muds below water depths of 2000 meters because they are thought 

to be dissolved rapidly when exposed to seawater at this depth. 

But Pteropod beds are found in turbidites at depths of 4000 

meters in most abyssal plains; thus they must have been brought 

in and deposited rapidly. Similarly, the foraminifera Globigerina, 

found in turbidites at 6000 meters water depth, would normally 

have been dissolved by extended contact with seawater at this 

depth. 

3) Submarine cable breaks. 

Some submarine telegraph cable breaks are attributed to 

turbidity currents. Cablé breaks occur successively downslope 

over a distance of several hundred kilometers in an interval of 

a few hours. Such breaks are weIl documented off the Grand 

Banks of Newfoundland, off Orleansville in Algeria and off Fiji 

(Menard, 1964; Ottman, 1965). 
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F1yschs and turbidites. 

Many authors have noted the numerous common characteristics 

between modern turbidites and f1ysch sediments and have con-

c1uded that they were formed by turbidity currents. The 

F1ysch corresponds rough1y to the geosync1ina1 graywacke facies. 

The composition of graywacke for the Hartz area and for 

the East Slovakian f1ysch was given by Dzu1inski and Wa1ton 

(1965) and is reproduced be1ow: 

Hartz area: me an % range % 

minerals 
quartz 40 25-53 
plagioclase 31 20-42 
fe1dspars 3 2-6 
biotite 5 1-10 
muscovite 3 1-7 
ch10rite 14 4-17 
carbonate 2 0-6 
accessories 2 1-3 
free minera1s 69 45-90 

East Slovakian f1ysch: 

quartz and stable fragments 
fe1dspar and unstab1e fragments 
carbonate (cement) 
matrix (clay) 

mean % 

rocks 
igneous 10 
sedimentary 5 
metamorphic 16 
rock fragments 31 

mean % range % 

46 14-72 
07 0-49 
23 0-71 
22 0-47 

range '70 

4-16 
2-7 
6-21 

10-55 

The grain size of the partic1es in natura1 turbidites range 

from clay size up to 2 mm. When Shepard (1965) ana1ysed 61 

core samp1es of deep water turbidites he obtained a median 

partic1e diameter value of 0.180 mm. A1most a11 the sands were 

fine to very fine. 

Bouma (in Jackson, 1970) subdivided the turbidite into 

five divisions: 



e) PeUtic division 
d) Upper division of·para11e1 lamination 
c) Division of current ripp1e lamination 
b) Lower division of para11e1 lamination 
a) Graded division. 

Of Wa1ker's (Wa1ker, 1970, p. 228) ana1ysis of 16,000 
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turbidite measurements, on1y 0.5 per cent did not conform with 

Bourna's sequence. This 0.5 per cent disp1ayed minor reversa1s 

within the sequence. Wa1ker finds that the topmost divisions e 

and d are usually not distinguishab1e, especially in older 

rocks, and considers Bourna's mode1 in two parts. The main sandy 

and si1ty deposits are represented by divisions a, band c, 

whereas the fines which are part1y of turbidity current origin 

and part1y of pe1agic origin are shown by the d and e divisions. 

Bourna's divisions do not app1y we11 to carbonate rocks 

and modifications have been proposed (Wa1ker, 1970). 
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Many f1ume experiments have been performed to e1ucidate the dynamics 

of stream transport (Guy, Simons and Richardson, 1966). 'Fewer experiments 

have been done to study turbidity currents and no known experiments have 

been done on turbidity currents as agents of redistribution of heavy ore 

minera1s. 

The purpose of this chapter is to survey brief1y sorne of the experi­

mental work done on turbidity currents. 

A. EXPERIMENTAL CONDITIONS 

1. F1ume Dimensions 

The f1umes range from 152.4 cm long x 25.4 cm deep x 5.7 cm wide 

(Bell 1942) to at 1east 1,030 cm long x 50 cm high x 15 cm wide (Kuenen 

and Menard, 1952). 

2. Nature of the Partic1es 

The types of sediments used in the experiments and of those found in 

nature are 1isted in table 1. 



Table 1 

Nature of Sediments in Turbidites 

Authors 

Bell, 1942 

Kuenen and Migliorini, 1950 
Stong, 1963. 

Dzulinski and Walton, 1965 

Middleton, 1967 

Skinner, 1958 

Garlick, 1967 

Menard, 1969 

van Andel and Komar, 1969 

3. Concentration of the Flows 

Sediments 

sand, sugar, salts 

clay, sand, fine gravel, 
dilute sirup 

plaster of Paris, charcoal 
dust 

plastic beads 

fine-grained graywackes and 
siltstones, sulfides 

graywackes with pebbles, 
arenite, sulfides 

graywackes and cherts 

sand, grave 1 , calcareous 
oozes 

- 9 -

Middleton (1965, 1967) found that the mechanism of deposition and the 

type of graded bed deposited were different at a volume concentration 

(1 volume of sediment per unit volume of suspension) of about 30%. 

Consequently, he used two volume concentrations; about 23% and about 44% 

which correspond to average suspension densities of 1.12 and 1.22 respectively. 

Kuenen (1950) worked with densities up to 2.0 by increasing the 

proportion of clay at the expense of sand. The largest grains may behave 
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as though they were suspended in a f1uid whose density and viscosity is 

effective1y that of the suspension of sma11er grains. The effective 

sett1ing ve10city of the partic1es is reduced by the presence of the fine 

c1ays and a1so by high concentrations of sediment in the suspension 

(Midd1eton, 1966c, p. 205). This wou1d permit high density currents to 

be formed. 

Komar (1970, p. 1558, after Bagno1d) suggests that the maximum 

densities attained by turbidity currents" in nature, over normal slopes 

do not exceed 1.18 gjcm3 which corresponds to a volume concentration of 

9 per cent. However, slight1y greater densities may be reached in turbidity 

currents carrying dense minera1s such as pyrite and pyrrhotite. 

B • TURBIDITY CURRENT FLOW 

1. The Start of the Flow 

A semi-catastrophic event such as an earthquake or a submarine vo1canic 

eruption may cause the initiation of a turbidity current. But not a11 

modern or ancient turbidites are necessari1y associated with vo1canic events. 

The hypothesis of an hydrau1ic jump expounded,by van Andel and Komar 

(1969), after a mode1 ca1cu1ation of a turbidity current occurring in a 

basin, exp1ains how a turbidity f10w can start at the base of the initial 

slope. They wrote that "This jump converts a thin, high-speed, dense f10w, 

essentia11y a slump or a slide, into a thick, 10w-density turbidity current 

and provides the energy for the dispersal of the materia1" (p. 1188). 

Submarine slumping of water-saturated unconso1idated sediments on a 
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gentle slope, which give rise to turbidity currents further downslope, 

can also be triggered by abnormally 10ng-wave1ength storm waves 

(Jackson, 1970). 

2. Velocity and Flow 

Several velocity parameters are used in hydrodynamics. The sett1ing 

or fa11 velocity (w) is the maximum rate of free fal1 of a partic1e in a 

f1uid. The average velocity (fi) of a stream is the ve10city averaged over 

a cross section normal to the direction of flow. The friction velocity or 

shear ve10city (U*) is defined as the square root of the tractive force 

(1'"0) divided by the density of the f1uid le' ~ Uft : "'(ole (1) 

It may be regarded as a measure of velocity near the bed. 

Velocities of experimental turbidity currents f10ws range from a few 

centimeters per second up to about one meter per second. If the fluid 

particles move a10ng smooth paths, the flow is said to be 'laminar'. 

Briggs and Middleton (1965) note that when the velocity or depth is large 

or if the kinematic viscosity of the f1uid is very 10w, this type of f10w 

breaks down and the fluid moves in a series of irregular eddies: the f10w 

is now said to be 'turbulent'. There is now bulk diffusion of 1iquid and 

exchange of momentum between adjacent layers, and the ve10city and shear 

constantly fluctuate about a mean value. The dynamic viscosity, ~ , of 

a fluid is defined by Newton's Law of viscosity for a laminar f10w: 

;( = fL du/dy (2) 

where 1( is the shearing stress and du/dy is the rate of change of velocity 

normal to the direction of flow. The ratio, ~ (nu) where V = ~, is 

the kinematic viscosity. For turbulent flow, Newton's 1aw is corrected 
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by the introduction of the coefficient of eddy viscosity ( "l ): 

1 & ()l + '7 ) cl 0/ cl Y (3) 

where 1F is the average shear stress and j~' the average rate of shear. 

The Reynolds Number is a dimension1ess number which is proportiona1 

to "the ratio between inertia1 and viscous forces. Common1y written as 

Re = uL~.I)l (4) 

and a1so as Re = 4.u RI...) (5) 

where lU' is the average ve10city of the f1uid, e is the density of the 

f1uid, Jl is the dynamic viscosity of the f1uid, '" is the kinematic vis­

cosity of the f1uid, L is sorne appropriate measure of 1ength and R the 

hydrau1ic radius. In this thesis R is taken as a measure of 1ength. The 

hydrau1ic radius (R) is the area of the section of f1uid normal to the 

average direction of f1ow, divided by the 'wetted perimeter': 

R = w dl (w+2d) (6) 

where 'w' is the width of the channel and 'd' is the depth of the uniform 

underf1ow. 

A sma11 Reynolds Number indicates the preponderance of viscous effects 

over inertia1 effect. The transition from 'laminar' to 'turbulent' f10w 

takes place at a critica1 value of Reynolds Number (or range of numbers). 

For open straight channe1s this value is about 500 (Midd1eton and Briggs, 

1965). A large Reynolds Number indicates the opposite. 

Another dimension1ess number which characterizes the type of f10w is 

the Froude Number, Fr. For turbidity current, 

Fr _ lL 

\J ;%~ x3 x d 
(7) 
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where 'u' is the average ve10city of the turbidity current, 4e is 

the difference in density.between the turbidity current ( ~t ) and the 

ambient f1uid, 'g' is the acce1eration due to gravit y and 'd' is a 

characteristic 1ength, usua11y the depth of f10w (Menard, 1964) and 

(Midd1eton, 1966c). A critica1 value of the Froude Number (Fr = 1) 

may be used to distinguish two types of f10w in open channe1s. For 

Fr < 1 (at 10w ve10cities or large depths) the f10w is 'tranqui1' and 

for Fr > 1 (at high ve10cities or sma11 depths) the f10w is 'rapid'. 

Midd1eton and Briggs (1965) stress an important distinction between the 

two types of f10w: in tranqui1 f10w, surface waves may be transmitted 

upstream, but in rapid f10w the ve10city of the f1uid exceeds the ve10city 

of propagation of long surface waves and it is impossible for such waves 

to move upstream. The 1arger the value of Fr, the 1arger is the inertia1 

reaction to any force; the smaller the value of Fr, the 1arger is the ro1e 

p1ayed by gravitationa1 forces. A fixed numerica1 value of Fr then corres­

ponds to a fixed coefficient of discharge, regard1ess of boundary sca1e. 

The Froude Number, therefore, is a simi1arity parameter for f10w with 

gravitationa1 acce1eration. Mode1 studies of f10w with a free surface are 

invariab1y based on the Froude criterion of similitude. 

The channel bottom has a certain drag effect on the f1uid: the region 

where the bottom drag is fe1t is known as the 'boundary layer'. It 

inc1udes a very thin layer close to the boundary which has a 1aminar f10w, 

ca11ed 'laminar sub1ayer'. Fig. 2 depicts the conditions at the bed at the 

beginning of sediment movement. 
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Figure 2. Conditions at the bed at the beginning of sediment movement, for two extreme conditions: 
(a) laminar flow at bed (smooth bed:grain diameter: 0.16 mm), (b) turbulence at bed (rough bed: 

grain diameter: 7.2 mm). The diagram shows that for laminar flow at the bed (Re: U .. dfJ: 2) the 
grains are fully enclosed in a laminar sublayer, whereas for turbulent flow at the bed (Re: 6lXJ) the 
laminar sublayer is of negligible thickness compared with the size of the grains. 
(from figure 7 in Briggs and Middleton, 1965). 

1. Where, 
Re: the boundary Reynold's Number. 

u..: shear velocity, represents the velocity near the bed of a stream. 

d a measure of the height of the roughness elements of the boundary (eo9., the grain size of the 
sediments, for fiat beds). 

y centimeters of the flow above the bottom • 
.}: kinematic viscosity. 

- 14-



- 15 -

Estimates by various authors on the ve10city of the turbidite currents 

on the Grand Banks in 1929 vary from 10 to 30 meters per second. Using 

the timing of the cable breaks Heezen and Ewing (1952) ca1cu1ated a value 

of 30 meters per second for the initial ve10city of the turbidity current 

on the continental slope. It subsequent1y decreased to 11 meters per 

second further down slope and on the continental rise. Kuenen (1952) 

obtained a value of 23.1 meters per second, assuming a broad f10w ad­

vancing with a smooth front. 

A detai1ed bathymetric chart and a physiographic diagram pub1ished 

after the articles of Heezen and Kuenen show that the breaks did not 

occur in a bow1-shaped valley as they had assumed but in a region con­

taining fans and channe1s grading into an abyssal plain (Menard, 1964). 

Menard conc1udes that regard1ess of the path of the turbidity current, 

the speed reached 19.1 meters per second on the continental rise before 

dece1erating to about 9.8 meters per second on the continental plain. 

Komar (1970) calcu1ated a ve10city of 6.9 meters per second from his 

analyses of the dimensions and morpho1ogy of the Monterey deep-sea fan 

channel. 

Using different roughness factors for the Cascadia deep-sea channel 

and different densities for the turbidity current flows, Hur1ey (1964) 

estimates the ve10city as varying from 1 to 18.8 meters per second. 

To predict the ve10city of a turbidity current which has a uniform 

f1ow, Midd1eton (1966b) uses a modified Chézy equation: 
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UscVifS (8) 

where U is the velocity of uniform flow, C the modified Chezy coefficient 

(a rate of discharge coefficient), R the hydraulic radius and S the 

bottom slope. The Chézy coefficient is given by: 

C :. 8 3(,Aele~) 
" f 

where 'f' is the total friction coefficient which includes both the 

(9) 

resistance to the flow from the bottom-and sides of channel (fo) and 

from the fluid interface (fi). The total resistance coefficient 'f' is 

given by thefollowing formula: 

f = Fo +f....ML-) 
\IU +2J 

(10) 

where 'w' is the width of the channel and 'd' is the depth of the uniform 

underflow. The value of fo may be predicted from a Moody diagram such as 

found in fluid mechanics textbooks (ex. V. Streeter, 1966; Fluid Mechanics, 

McGraw-Hill). The value of fi may be predicted semi-quantitatively: fi 

-3 
should be proportional to Re ~ (Lofquist, in Middleton 1966b). In the 

experimental part of this thesis fi" is taken inversally proportional to 

the square root of the Reynolds Number (fi = l/~). 

3. Particle Movement 

In general, no single shape factor is sufficient to explain the move-

ment of a particle. Briggs and Middleton (1965) note one fundamental 

difference between the behaviour of particles moved by suspension and by 

rolling: "In suspension, the more spherical particles settle at the same 

rate as larger less spherical particles. In traction, the more spherical 

particles are moved along with smaller less spherical particles." The 
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above distinction can be used as a guide in discriminating between sedi-

ments deposited from suspension and those deposited after movement by 

traction. 

An estimate of the competency of turbidity current f10w (that is, its 

abi1ity to transport coarse materia1) is given by the critica1 thresho1d 

stress (Komar, 1970). 

(11) 

where 1to is the critica1 thresho1d stress at which the current will 

rotate the partic1e at rest to be transported, D is the diameter of the 

grains greater than about 7mm, ( es - et) is the density difference 

between the grains and the turbidity current and 'g' is the gravitationa1 

constant. The equation,can be used as long as the bottom sediment grains 

are 1arger than the sediment grains in suspension by one order of magni-

tude and providing the density of the turbidity current is low. 

To approxi~te the f10w ve10city needed to yie1d the thresho1d stress, 

Komar (1970) uses 

(12) 

where C ~ is the drag coefficient taken as 0.0035 in his ca1culations. 

App1ying equations (1) and (2), the required stresses and ve10cities 

found are shown in table 2. 
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Table 2 

Minimum stresses and velocities yielded by turbulent flows (after 

Komar, 1970). 

et cr ~o 

g/cm3 cm/sec dyne/cm2 
D 

cm 

2 1.10 220 180 

2 1.18 200 170 

20 1.10 690 1.8 x 103 

20 1.18 650 1.7 x 103 

Gravels 2 cm in diameter are common in the base of graded beds, 

whereas in the Coheny channel, California, clasts of 20 cm in diameter 

are ordinarily found. 

The above data indicate that low-density turbidity currents. have 

the competency to transport the cobbles found in turbidites without 

appealing to semi-catastrophic events or very high density flows. 

4. The Head of the Turbidity Current 

The head which is the frontal, wedge-shaped part of the turbidity 

current flow was weIl described from flume experiments by Middleton (1966a). 

He found that the velocity of the head remained almost constant until 

nearly aIl the sediment had been deposited, when there was a sharp . 

decrease in velocity. This gave rise also to a parallel sharp decrease in 

the thickness of the bed. 
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Within the head the flow rises and radiates. The he ad is followed 

by a wave in some experiments with low-density suspensions. The wave 

supplies the head with partic1es and little deposition oeeurs between 

the head and the ensuing wave. 

The head itse1f is an agent of erosion. Flutes aeeording to 

Middleton (1966a) are 1ike1y eut by the sediments moving within the head; 

deposition of sediments oeeur behind the head. 

The fo11owing two equations were proposed by Midd1eton (1965) to 

account for the initial ve10city of the head in his experiments: 

Vo = O. 4o~ .co. t j H (13) 

where Vo: initial ve10city of the head; 

H: depth of water; 

~e: density differenee between the suspension and the water; 

9: aeeeleration due to gravit y • 

The ve10eity of ,the head, V, was a1so re1ated to the maximum thiekness of 

the head, d2: 

(14) 

Midd1eton (1965, p. 9) proposes the fo1lowing equation to determine 

the ve10city ahead of the flow (just above the bottom zone of strong 

boundaryeffeet): 

(15) 
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where lU' is the ve10city in front of the f1ow, 'V' is the ve10city of 

the head, 'x' is the distance from the head, and 'da' is the maximum 

thickness of the head. At a distance of one head height in front of the 

head, the ve10city of the water near the bot tom is rough1y ~ the 

ve10city of the head and tto the ve10city of the head at two head 

heights away. 

A rapid way to determine rough1y the ve10city of the head of a 

turbidity current is to use a nomograph (Midd1eton,1966a). Resu1ts are 

simi1ar to those obtained in table 2 (page 18) from Komar's data on the 

ve10cities of natura1 turbidites. 

5. Mechanism of Deposition 

When a turbidity current trave1s down a channel the interna1 and 

boundary drag effect decreases the momentum of the current. When the 

ratio of u/w (where u is the average f1uid ve10city and w the fa11 

ve10city) is 1ess than 40 or even 20, suspension is not fu11y deve10ped 

and sediment begins to be deposited (Bagno1d, 1962). 

In f1ume experiments the initial suspension in the mixing box, which 

furnishes hydrostatic pressure to drive the current, diminishes in height 

thereby decreasing the ve10city and causing deposition. 

After working for severa1 years with f10ws at 10w and high concen­

trations of salt and with plastic beads, Midd1eton (1967) recognized four 

main stages of accumulation for each resu1ting type of turbidite, on1y the· 

1ast stage being the same for both kinds of f10ws. 
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In low concentration f10ws the stages are (i) deposition of a 

sma11 amount of sediment just behind the head, fo11owed by very 1itt1e 

traction; (ii) slow accumulation of sediment with incre~sing traction; 

(iii) rapid deposition of the sediment with fa11ing ve10city after the 

main 'wave' of the current head has passed; and (iv) very slow deposition 

of the finest partic1es from the 'tai1' of the current. 

In the high concentration f10ws the bed accumu1ates by: .(i) rapid 

deposition of most of the sediment with the top of the bed not c1ear1y 

defined; (ii) waves at the upper surface of the f1uidized upper two-thirds 

of the bed produce a continuous shearing motion and a circu1ar churning 

motion within the bed; (iii) as the waves disappeared the bed conso1i­

dated with a smooth upper surface; and (iv) very slow deposition of the 

finest partic1es from the 'tai1' of the current. 

The ve10city of the head remained rough1y constant for both types of 

f10ws during deposition. When the bu1k of the sediment was deposited, 

there was a sharp decrease in the ve10city and thickness of the bed. 

6. A Mode1 Turoidity Current 

Komar (1969) depicts a mathematica1 model of a turbidity current 

starting with an initial ve10city of 407 cm/sec, a thickness of 32 m and a 

densityof 1.12 g/cm3 . The parameters used in mode1ing the turbidity 

current f10w are shown in table 3 and were derived from the South Pond data 

in the Mid-Atlantic Ridge. 
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Table 3 

Parameters of a mode1 turbidity current f10w (after van Andel and 

Komar, 1969). 

Ratio of size of wa11s to basin f100r 
Distance across basin f100r 
Density of current at start 
Density of current in second passage 
Thickness of f10w at start 
Fine mode, 7Cf/o 
Coarse mode, 30% 

0.10 
10,000 m 

1.12 g/cm3 

1.09 'g/cm3 
32 m 

7.5 phi 
3.25 phi 

The changes in average ve1ocity, thickness of the coarse mode 

distribution and average density are shown in figure 3. 

C. THE TURBIDITE 

1. Bed Thickness 

The sedimentation unit is the turbidite bed: it contains a single 

se1f-contained episode or event, i.e., the turbidity f10w (Pettijohn,1957). 

In 1aboratory f1ume experiments the thickness of the bed is in the 

order of centimeters, whereas, in nature, the bed thickness is in the 

order of decimeters and meters. Midd1eton (1967) reports that the thickness 

of the bed remained a1most constant close to the gate where the head of 

the f10w had an a1most steady ve1ocity. 

Increase in the volume of the suspension in the box, at constant 

concentration, increased the distance of trave1 of the f1ow. Midd1eton 

(1967) exp1ains that, 
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"the increased volume of suspension is mainly used to enlarge the 
volume of the 'wave', which travels behind the head and supplies 
the head with suspension, thus permitting a proportionately 
greater distance of trave1 for the head and a proportionately 
greater 1ength of bed deposited. The volume of suspension 1eft 
behind the 'wave', per unit 1ength of f1ume, apparent1y does not 
vary much with H (the height of the suspension in the mixing box). 
It is not entire1y c1ear, however, why this should be true". 

Increase in the initial concentration, at constant volume, increased both 

the thickness and the length of the bed. 

2. Grading, Sorting and Skewness 

Sediments in a turbidite formed by the sudden re1ease of a suspension 

into a horizontal f1ume disp1ay both vertical and 1atera1 grading. However, 

there is a difference in the type of grading formed by a bed deposited by 

a low concentration f10w from one deposited by a high concentration f10w 

(Midd1eton, 1965). The low concentration flows deposited turbidites dis-

p1aying 'normal' grading, from coarse at the bottom to fine at the top. 

The beds deposited by high concentration f10ws were characterized by 

'coarse tail' grading, in which a strong size grading was shown on1y at 

the top of the beds. The on1y consistent grading from coarse at the bottom 

to finer at the top was displayed by the very coarsest part of thé dis-

tribution. A non-graded deposit forms when a current is fed for some time 

at a constant rate (Kuenen and Menard, 1952). 

The sediment in proximal deposits are less we1l sorted than in the 

distal deposits. Sorting genera11y improves upwards, even when the median 

size does not decline going up. Sorting a1so improves away from the gate 

for both types of flows. The sorting of sediments with respect to size, 

shape and density can partial1y exp1ain structures. The fall velocity of 
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the partic1es, turbulent diffusion, gravitationa1 sliding and the shear 

stress of the channel are factors which affect sorting (Brush, 1965). 

Grains within the samp1es just above the base often disp1ay positive 

skewness and attain their maximum skewness at the center of the bed. Still 

upwards, the skewness decreases to become usua11y negative at the top 

(Midd1eton, 1966a). 

There is a decrease in grain size away from the lock in low concen­

tration f1ows; whereas, in high concentration f1ows, on1y the basal 

portion of the turbidite shows a slight 1atera1 grading. 

Grain orientation, in the turbidite, para11e1 to the f10w was observed 

by Midd1eton (1967) by using b1ue tracer partic1es which rested on the 

bottom of the channel. 

3. Structure 

Many structures found in turbidites can be exp1ained by the competence 

of the f1ow, especia11y the head, which exerts sufficient stress to cause 

grooving, f1uting and the disruption of the bottom beds as represented by 

the presence of large sha1e intxac1asts in the turbidite (Komar, 1970). 

The f1utes are probab1y cut by the erosive head: sediment deposition occurs 

sorne distance behind the head and not in the head itse1f (Midd1eton, 1966a). 

The existence of too1 and f1ute marks may be exp1ained by the mechanism 

of inf10w of the ambient f1uid into the'region of the head of a turbidity 

current through c1efts and tunnels spaced out a10ng the overhanging face 

(Allen, 1971). The f10w ve10city of the ambient f1uid into the tunnels is 
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substantially smaller than that of the current into the 'fingers that lie 

between the tunnels. The ensuing spatial periodic variation of bed 

shear stress provides an explanation for the flute marks on the sole of 

turbidites according to the same author. The system of oppositely 

rotating longitudinal vortices for the three-dimensional flow into the 

head may explain the criss-crossing of tool marks found in turbidites 

(Allen, 1971). 

The transporting competency of a turbidity current was well depicted 

by Kuenen and Migliorini (1950): a current with a density of 2, rolled 

along the bottom fragments several thousand times the weight of the largest 

grains shifted by a current of clear water with the same velocity. For a 

current density of 1.5, the factor drops to a few hundreds. 

The sudden deposition of overburden on a mobile base may produce 

convolute laminations and irregular pockets of the upper bed in the under­

lying bed. Kuenen and Menard (1952) report that, "Contemporaneous defor­

mations in graded graywackes and deep sea sands may be due to slumping, 

drag exerted by the following current, or sudden placement of overburden on 

very mobile deposits." 

An array of structures found in natural turbidites have been dupli­

cated by laboratory experiments using plaster of Paris and charcoal dust 

(Dzulinski and Walton, 1965). Wave-like undulations are better shown by 

fine-grained debris. Dune-like bed forms and deformations by impacting 

blocks are found associated with maar volcanoes (Fisher and Waters, 1970). 
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.Diagenetic load casts of Pb-Cu-Ni-Co- minera1s in lumps have been 

found in graywackes (Amstutz and Bubenicek, 1967). Current bedding 

around load casts, nodules in sha1y si1tstone as we11 as laminations with 

spha1erite and quartz are a11 structures which cou1d be part1y attributed 

to former turbidity currents (Schneider, 1964 and Schu1z, 1964). 

D. MODELING TURBIDITY CURRENTS 

Mode1 1aws for the sca1ing-down of density and turbidity currents have 

been treated by Midd1eton (1966c) •. The two principal ru1es for sca1ing-

down turbidity currents are that the Froude number and the ratio w/u 

sett1ing ve10city 
average ve10city 

be identica1 in the mode1 and in the prototype. 

1. Froudian Simi1arity 

Froudian simi1arity of ·the mode1 and the prototype is important to 

ensure simi1arity of f10w regime. 

The resistance to the f10w of the turbidity current cornes main1y from 

the bottom and sides of the channe1s, Fo ,and is genera11y greater in 

the experimenta1 f1ume than in nature. A greater resistance to f10w 

decreases the ve1ocity. To preserve Froudian simi1arity the slope in the 

mode1 shou1d be slight1y greater than in the prototype. 

When the Froude number is greater than unit y, the f10w is rapid and 

there is considerable mixing of the f10w with the ambient f1uid and a 

steady, uniform f10w is not possible because the density of the f10w decreases 

and the thickness increases in the down-f1ow direction (Midd1eton, 1966c). 



- 28 -

Table 4 

Froude numbers or turbidi ty eurrents 

IDea1ity and velo~ g depth Froude 
information u, s c:m/s2 d, cm number 

Lake Mead, U.S.A. 
M1ddleton, 1966b 15 .05/1.05 980 153 0.18 

Menard, 1964 25 .06/1.06 980 100 0.34 

Grand Banks t NOd 
Menard, 196 

1) sheet fiow 
eables H-I 2310 .6/1.6 980 2000 2.70 

2310 .1/1.1 980 6400 3.06 

eables I-J 820 .6/1.6 980 1200 1.23 
820 .1/1.1 980 4900 1.24 

eables J-K 720 .6/1.6 980 1000 1.19 
720 .1/1.1 980 4lOO 1.19 

2) fiow in channe1s 
.1/1.1 4600 cables H-I 2000 980 3.12 

I-K 930 .1/1.1 980 3000 1.80 

Caseadia channel 
Pacifie, 12t'W,450 N 

Hurley, 1964 
channel mile, 

448 .05/1.075 6405 0.83 120 980 
238 991 It 980 25620 0.91 
361 717 1. 980 21655 0.72 
395 351 Il 980 14640 0.43 
460 823 ta 980 16470 0.94 

1280 296 Il 980 5490 0.59 

Mathematical model 
North Pond, 220N 

Atlantic 
van Andel and Komar 
1969 1000 .175/1.20 980 1000 2.64 
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For unsteady flows, Keulegan (in Middleton, 1966c) introduces the 

dimensionless term ut / d ,where' LL ' is the ve10city, ' t ' is 

time and ' d ' is thickness of the current, to take into account the 

decrease in time scale in the model. Midd1eton (1966c, p. 204) states 

that, "If the model is to be 1/100 scale, and if the density difference 

is to be the same in the model as in the prototype, Froude similarity 

requires that the velocity in the model be reduced to 1/10 of the 

velocity in the prototype, and consequently the time scale in the mode1 

must a1so be reduced to 1/10 of the time sca1e in the prototype". 

Froude numbers have been calculated for a number of natural turbidity 

currents in table 4. 

2. The ratio of settling velocity to average velocity, UJju 

To take into account the behaviour of sediment in suspension within 

a turbidity current it is necessary to consider other variables: the 

mean diameter, the sorting coefficient, the volume concentration and the 

viscosity of the fluide Usuallya simplification is made in that the 

hydrodynamic behaviour of particles can be accounted for by their settling 

velocities w measured at the average concentration in the turbidity 

current. 

The settling velocity should be scaled down proportional to the average 

velocity. If the average velocity is 1/10 of the real velocity then a 

grain size which has a settling velocity 1/10 of the natural should be 

used (Middleton, 1966c). 
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By increasing the proportion of clay-sized particles at the expense 

of sand, the largest grains may behave as though they were suspended in 

a fluid whose density and viscosity is effectively that of the suspension 

of smaller grains (Kuenen,1950). Commenting on the load transported by 

rivers, Bagnold says that, "While the discharge or transport rate of the 

coarser grades (of particles) is found to be a function of stream flow, 

that of the finer grades appears to be unlimited". The critical grain 

size below which these anomalies occur is usually put at 50 microns for 

sediments of natural mineral density (Bagnold, 1962). As a consequence, 

higher density turbidity currents can be formed because the effective 

settling velocity of the particles is considerably reduced by the presence 

of fine clays, and a correct scaling down of the factor W/u is 

achieved without greatly reducing the size of the sediment from that of 

the prototype. Turbidity currents with a density as high as 1.91 were 

obtained in the large flume, in this thesis, because 24 % of the particles 

were composed of ilmenite having a grain diameter smaller than 44 

If a low density turbidity current is modeled, the use of a high con­

centration slurry will produce a distorted model because of the non­

Newtonian behaviour of the suspension, reduction of the turbulence, psuedo­

plastic and dilatant behaviour of the water sediment mixture, thixotropic 

behaviour and many other poorly understood phenomena (Middleton, 1966c). 

This is why Middleton (1965, 1967) scales down the density of his sediment 

(plastic beads) to achieve the similarity in the ratio ~/u between the 

model and the prototype. 
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3. Limitations of sma11-sca1e experiments 

Complete simi1arity between two f10ws is achieved if there is geo­

metric similitude between the two f10ws and kinematic simi1arity at 

simi1ar points in the f1ows. Years of work in dimensiona1 analysis and 

in the mode1ing of open channel f10ws have shown that it is impossible 

to mode1 a11 aspects of a f1uid-sediment system simu1taneous1y 

(Midd1eton, 1967). 

In genera1, complete simi1arity is impossible and a11 the forces 

cannot be proportiona1 in f10w 1 and 2. In each case of simi1arity certain 

factors are 1ess important than others and may be neg1ected. On1y the 

most important variables shou1d be taken into account in the mode1 and in 

the prototype. Restricted simi1arity is then achieved. For examp1e, to 

study the f10w paths of turbidity currents in a mode1 basin, it is best 

to use suspensions of clay or even salt solutions. If depositiona1 

processes are the object of study, sand or si1t-sized partic1es are needed. 

The two main quantities to be kept under control are the Froude Number 

and w/u, which takes part1y into account the behaviour of sediment in 

suspension. 

The f1umes uti1ized in the investigation of heavy minera1 behaviour 

in experimenta11y produced turbidite beds do not have geometric simi1arity 

with the submarine topography where natura1 turbidity currents f1ow. The 

mode1 is then said to be distorted in a f1uid-mechanics sense. Distorted 

mode1s are used in the studying of phenomena such as turbulence, 

cavitation, roughness of wa11s and turbo-machines configuration. 



The results of this study should therefore not be viewed as 

representing accurately what happens to heavy minerais in natural 

turbidity currents, but rather should be considered a qualitative 

representation of what happens in nature. 
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Plate 1. Flumes utilized; the corer 
is at the end of the small flume. 
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A. MATERIALS USED 

1. F1umes 

CHAPTER IV 

The Experiments 
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Two f1umes were used: the 1arger measured 234.5 cm long x 30.5 cm 

high x 14.6 cm wide (78 5/8 in. x 12 in. x 5 3/4 in.). It was bui1t of 

one-ha1f inch thick waterproof p1ywood. It had a vertical sliding 

partition at 34.5 cm (13 1/2 in.) at the upper end and a water out1et at 

the lower end. The sma11er f1ume was 156 cm long x 25 cm high x 7.1 cm 

wide and had a vertical partition at 41 cm. It was bui1t of p1ywood 

except for one wall wh'ich was made of 1/4 in. thick p1exig1ass as shown 

in plate 1. The down-f1ume end was extended by a J-shaped ga1vanized 

tin pipe which served as a shock absorber for the incoming turbidity 

current, thus a110wing minor reshuff1ing of the deposited sediments on1y 

at the farthest end of the f1ume. The interior wall of the f1ume was 

painted orange and subdivided by perpendicu1ar 1ines at 5 cm interva1s. 

The optimum dimensions of the smaller f1ume were determined 

empirica11y by moving boards para11e1 to the edges of the 1arger f1ume 

to vary the width of the f10w and by doing pre1iminary experiments with 

p1aster of Paris, spha1erite, i1menite and water. 



2. Physica1 properties of the sediment 

The fo11owing U.S. Standard sieves were used: 

mesh no. 

70 
100 
140 
200 
325 

opening, micron 

210 
149 
105 
74 
44 
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In addition a 200 BSS sieve (76 micron opening) was used for the 

i1menite slag. Quartz sand of 100 mesh, means quartz partic1es that are 

retained by the 100 mesh sieve after passing through the preceding sieve 

number, 70. A1ternate1y, it may be written: quartz sand of mesh -70, 

+ 100 ta indicate the above grain size. 

The determination of partic1e size range of ground i1menite with a 

diameter sma11er than 44 micron was made with an hydrometer at Tioxide 

of Canada, Sorel. 5, 10 and 20 microns partic1es are estimated by sett1ing 

for specified times and fI.epths according to the Stokes formula: 

UJ= 2/9 ( ~I - ez ) x d2/4 x 980/'7 cm/sec, 

where, 

w= sett1ing ve10city of spherica1 partic1es, cm/sec 

~I= density of i1menite, 4.7 g/cm 3 

~2= density of water or suspension medium, g/cm 3 

d= diameter of partic1e, cm 

1=.viscosity of water or suspension medium. 

Sett1ing times used are: 

5 minutes for 20 microns partic1es 
15 minutes for 10 microns partic1es 
60 minutes for 5 microns partic1es 

(16) 
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The settling velocities of the quartz particles were derived from 

Rubey's diagram (see a handbook of applied hydrology such as Ven Je 

Chow, 1964, Handbook of applied hydrology, McGraw-Hill) and they checked 

well with the velocities obtained by sedimentation through a vertical 

column. 

The size fractions and the settling velocities of quartz and ilmenite 

is given in table 5. 



weight, 
P70 

3.2 

5.1 

42.5 

21.8 

13.7 

13.7 

TABLE 5 

Size and sett1ing ve10city of sediment 

I1menite slag 

size 
microns 

76 

44 

20 

10 

5 

-5 

settling ve1. 
w, cm/sec 

1.16 

0.39 

0.08 

0.02 

0.005 

0.0008 

weight 
P70 

18.0 

46.4 

35.1 

0.5 

Quartz 

size 
microns 

210 

149 

105 

74 
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settling ve1. 
w, cm/sec 

2.3 

1.3 

0.8 

0.4 

Once the size fractions are shown, properties, such as specific gravit y, 

diameter and fa11 ve10city can be determined for each size fraction. As 

a turbidite comprises many different partic1e sizes, and, in most cases, 

more than one minera1, weighed values are obtained for the diameter, 

fa11 ve10city and specific gravity. 

The weighed diameter, d, is given by: 

Ci = P.% d + P2% d2 + ... pn % d n 

100 

and gives a value of 150 microns. 

(17) 
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A quartz to i1menite ratio 5:1, by volume, was used in the experi­

ments in the large f1ume. Quartz has a density of 2.64 and i1menite, a 

density of 4.7 as determined by using a pycnometer. The weighed density, 

~ , of the partic1es is given by: 

(% i1m, wt x ~ i1m) + (% qtz, wt x ~ quartz) (18) 

A value of ë of 3.18 is obtained. 

In a simi1ar fashion, the·weighed sett1ing velocity w, for a11 the 

partic1es is given by: 

w = P % w, + P2 % w2 ••• Pn% 

100 

and resu1ts in a weighed mean fa11 ve10city of 1.1 cm/sec. 

(19) 

Quartz sand (She11 no. 90 of the 3M Company)was used in the experi­

ments. Canadian Titanium (Varennes, Quebec) supplied the i1menite slag. 

The i1menite sand was obtained from Tio:;dd~ of Canada (Sorel, Quebec). 

B • EXPERIMENTAL PROCEDURES 

1. Determination of Density 

Determination of the initial density of the mixture in the lock was 

obtained by weighing the sediments in a large cylinder and adding a known 

amount of water. The mixture was then poured to the five-1iter mark 

(18 cm high) in the lock. In the large f1ume, a known amount of water and 

sediments were poured into the lock, and then water was added to the ten-

liter mark (20 cm high). The density of the resulting slurry was ca1culated. 
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2. Watertightness 

To prevent movement of fluid from one side of the vertical sliding 

partition to the other, rubber stripes were sandwiched on both sides of 

the plexiglass panel. Water and sediment-water mixtures were poured so 

as to maintain about equal pressure on either side of the partition. 

3. Release of the Mixture 

When the water was calm in the flume, sediments and water were 

thoroughly mixed by random motion of the hand. The vertical panel was then 

quickly pulled upwards and a chronometertimed the flow. When the head of 

the turbidity current reached the end of the flume, the chronometer was 

stopped. 

4. Draining the Water 

The turbidite was deposited within half a minute from the time the 

partition was released. A waiting period of one hour or more was allowed 

for the settling of the bulk of the smallest suspended particles. The 

water was then drained by opening a valve at the lower end of the flume 

and by siphoning it out with a small hose. Part of the suspension­

deposited ilmenite was drained away with the water; but the sediments 

deposited from the turbidity current ail remained in place. 

A waiting period of one day to one week was needed depending on the 

thickness of the bed, for the turbidite to evaporate sufficient water to 

reach a consistency where it could be sampled. 
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5. Samp1ing the Turbidite 

The turbidite was samp1ed with the piston corer shown in plate 1. 

The piston was a brass rod threaded into a disk of tef1on; the cy1inder, 

25 1/2 cm long by 2.2 cm inside diameter, was made of glass or trans­

parent p1exig1ass tubing. 

Samp1es were taken in the 1arger flume at the 10, 50 and 90 cm­

positions. Two samp1es were taken at each site and were arbitrarily sub­

divided into a number of equal width, horiz~nta1 slices according to the 

thickness of the samp1e. This technique was used by Emery. and his 

associates in samp1ing the midd1e of San Pedro basin (Menard, 1964 p. 216). 

The upper portion of the thinnest samp1es was removed with a spatu1a 

because it contained the suspension-deposited ilmenite layer. The lower 

part of the thin cores was deposited while the turbidity current was 

f10wing and is thus considered in the ana1ysis of the results. 

The thickness of each bed was recorded at samp1ing time when sufficient 

water had evaporated to permit each core being taken out without flowing 

(too much water) or crumb1ing (too dry.). The beds, of course, had 

slight1y reduced in thickness since the time of deposition, but all· the 

beds had a simi1ar consistency in order to be samp1ed. 

The top of the turbidite genera11y formed a plane surface through 

a11 the 1ength of the f1ume. 

6. Analysis of the samp1es 

Samp1es destined for grain-size ana1ysis were first complete1y dried. 
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When an electronic particle-counter was used, sample drying was not 

required. l The electronic counter, although very accurate and extremely 

fast and reliable for most small sized particles - about 1 to 500 

microns in diameter found in natural sediments, was not used because 
'. _1 

ilmenite does not mix homogeneously with quartz sand ev en when using a 

small glass stirrer and a glycerine-salin~ solution to keep the sediments 

in suspension. 

Each sample was pressed into a disk in order to compute the percentage 

of quartz and ilmenite by x-ray fluorescence. 

C. EXPERIMENTAL RE8ULT8 

Introduction 

A series of experiments (nos. 1 to 10, table 7) was made at different 

densities in the large flume using a fixed ratio of quartz to ilmenite slag. 

Velocities of the turbidity currents were measured and standard deviations 

were calculated. An equation showing the relationship of velocity with the 

density of the initial slurry was derived. 8amples of the sediments were 

analysed by X-ray fluorescence to determine the ilmenite content. 

Following this, a series of six runs was made in the small flume. 

In the first three runs (8-1, 8-2, and 8-3) a higher proportion of 

1. 
Coulter counter, supplied by Coulter Electronics, Florida, Montreal. 
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B 
Il .. ,; ... , . .:,.,IU ______________________ • 

c 

D 

Plate 2. Turbidity current 

A: re1ease of the slurryi ratio of quartz to ilmenite 85:15, d= 1.24. 

B: advance of turbidity current and formation of a wave on water surface. 

B, C, D~ i11ustrate the formation of eddies behind the head. 

D: turbidity current as it reached end of fiume; time of fiOH from A to 
D: 5 seconds. 
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fine-grained materials was used. In the last three runs (70, 100, and 

140) a fixed ratio of quartz to ilmenite with the same grain size was 

used in each rune 

Finally, experiments (A and B) in which quartz and ilmenite had the 

same average fall velocity were performed in the large flume using two 

different quart~ to ilmenite ratios. Thick cross-sections of the sedi­

ment were collected for microscopie study. 

Additional experiments were run to take photographs of a turbidity 

current. 

The small flume was constructed after the experiments with the large 

flume had been completed. 

" The small flume had the advantage of yielding thick turbidites"while 

using a small amount of initial suspension which in turn can be analysed 

more easily. Operation was also simpler, the initial slurry homogenized 

faster. But the similarity of flow conditions with natural turbidity 

currents is exaggerated e~pecially with respect to fo, the resistance from 

bottom and sides of the channel to the flow. The ensuing decrease in the 

velocity of the flows causes both the Reynold's and the Froude numbers to 

be smaller. The" Reynold's number is also decreased due to the smaller 

hydraulic radius, R. 

The plexiglass front of the smaller flume permitted better obse~a~ion 

of the advance of the turbidity current and in the taking of photographs. 

The density, mean velocity and temperature for each flow are shown 
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Table 6 

Physical Parameters For '!he F:J.o'WS 

Experiment Densiy TeInBerature Velo city 
(3) munber (1) g/cm C (2) cm/sec average 2 

1 1.065 12.0 , ~.o 9.0 

.2 1.130 21.9 15.5 15.5 

3 1.195 14.6 22.2 
8.0; 10.0 21.7 
8.0; 6.0 22.7 22.0 0.9 
8.0; 10.0 21.7 
8.0; 10.0 21.7 

4 1.260 9.5 28.2 28.2 

4b 1.325 22.0 30.3 
22.0 31.2 31.7 

5 1.390 22.0 35.9 
22.0 35.9 35.9 

6 1.520 1l.1 45.5 
22.0: 43.5 
22.0 41.7 43.2 3.2 
18.5 1i1.7 
18.5 43.5 

7 1.650 12.0; 10.5 43.5 
22.0,: 45.5 44.2 
22.0 43.5 

8 1.780 Il.6; 16.5 50.0 
21.0; 23.0 50.0 
19.0; 17.0 52.6 49.6 4.2 
5.0; 17.0 47.6 
5.0; 13.0 47.6 

9 1.910 10.8; 16.2 50.0 50.0 

lO 2.040 12.5; 17.9 7.6 7.6 (4) 
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Table 6 eontinued 

Experiment DeJ~Y Temgerature Velo city 
number (1) C (2) cm/sec average (3) 

S-1 2.00 . 2,.,5; 12.5 ,1.5 57.5 

S-2 2.45 24.4; 11.0 5'1.5 5105 

S-3 1.43 18.0; 14.1 34.8' 34.8 

10 1.24 18.1; 11.6 12.7 12.1 (4) 

100 1.22 11.1; 11.2 10.6 10.6 (4) 

140 1.24 . 18.6; 23.0 2.3.0 23.0 

A 1.19, 1.0;"5.0 21.3 
6.0; 5.0 20.8 21.3 
5.0; 3.0 21.7 

B " 1.195 9.0; 6.0 17.9 
8.0; 4.0 18.2 18.2 
7.0;' 4.0 18.5 

~te (1) Experiments 1 to 10 inel. consisted of partieles of quartz 
and ilmeni te in the proportion 5:1 by volume respectively. 
Experiments 3-1 and 5-2 had equal volumes of ilmenite and 
quartz. Experiment 3-3 had plaster of Paris, siliea and spha­
leri te in the following proportions byvolume; "2:2 :1. Experi­
ments 70, 100 and 140 had 85% siliea eompared to 15% 1lmenite 
by volmne. Experiments A and B had the fall veloeity or llme­
nite equal to. the average fall velo city of the quartz sand. 
In experiment A the ratio of quartz to· Umenite ws 5 :1; where­
as, in B the ratio was 9:1. 

(2) Where tvro temperatures .are shown, the firet refers to the 
. temperature of the initial mixture in the loek whereas, the 
second represents the temperature in the rest of the flume. 

(3) is "the sample standard deviation. ". 
(4) Only a minor portion of the sediments in run nos. 10, 70 and 

100 partieipated in the turbidity current. 

Experimenta 5-1, 8-2, S-3, 10, 100 and 140 were made in the " 
small. nume. 
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in table 6. Where two temperatures are shown, the first refers to the 

temperature of the initial mixture in the lock whereas, the second 

represents the temperature in the rest of the f1ume. 

1. Experiments performed in the large f1ume 

The first ten experiments were performed in the large f1ume. The 

volume ratio of i1menite to si1ica was 1:5. Water in the f1ume stood 

at a height of 20 cm. Under these conditions, each ki10gram of mixed 

sediments contributed to the density of the slurry by a factor of 0.065. 

The densities ranged from 1.065 to 2.040. The first nine experiments are 

considered, the 1ast experiment being discarded because most of the 

initial slurry did not form a turbidity current. 

The number of each samp1e of turbidite is given in table 7 a10ng with . 

the thickness of the bed at the samp1ing site. The amount of i1menite is 

expressed in per cent and by a separation ratio (the relative amount of 

i1menite found in one horizontal section compared to the amount found in 

the first slice resting at the bottom of the bed). 
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Table 7 

Resulta from the rune performed in the large flume. 

'Run Semple Bad thick- Percent of Separation 
number number 

@ 
nes8@mm i1m(Bite ratio 

:1 l, 1-2-X 2 17 0.59 
(d: 1.06,) 2 1-2-T 13: 0.45 

3 1-2-8 29 1.00 

4 1-7-X 1 34 0.77 
5 1-7-T 27 0.61, 
6 1-7-8 44* 1.00 

.7 1-12-X 1- 54 

8 1-17-X 1- 72 

2 9 2-2-X 5 29 0.69 
(d:1.130) 10 2-2-T 7 0.16 

11 2-2-m 10* 0.24 
12 2-2-8 42* 1.00 

13 2-7-X 2 36 0.67 
14 2-7-T 25 0.46 
15 2-7-8 54* 1.00 

16 2-12-X 1 49 0.82 
17 2-12-T 31 0.52 
18 2-12-8 60* 1.00 

19 2-17-X 1- 58 

3 20 3-2-X 8 27 0.67 
(d=1.195) 21 3-2-4 13 0.32 

22 3-2-3 17* 0.42 
23 3-2-2 18* 0.45 
24 3-2-1 40* 1.00 

25 3-7-X 4 31 3.37 
26 3-7.-T (60) 6.52 
27 3-7-m 14* 1.52 
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fable 7 continuad 

Run Samp1e Bed thick- Percent of 'Separation 
number number ness~mrn ~lmacBite ratio 

cg) 3 . 

3 28 3-7-8 9* 1.00 
(cont'd) 

29 3-12-X 2.5 39 2.44 
30 3-12-T (60) 3.75 
31 3-12-8 16* 1.00 

32 3-17-X 1 34.5 

4 33 4-2-X 8 29.5 1.84 
(dal.260) 34 4-2-4 (55) 3.44 

35 4-2-3 25* 1.56 
36 4-2-2 18.5* 1.16 
37 4-2-1 16* 1.00 

38 4-7-X 6 30 1.87 
39 4-7-T 55 3.44 
40 4-7-1l1 23* 1.44 
41 4-7-8 16* 1.00 
42 4-12-X 4.5 37 1.95 
43 4-12-T 60 3.16 
44 4-12-ffi 22.5* 1.18 
45 4-12-8 19* 1.00 

46 4-17-X 2~5 37 1.32 
46A 4-17-T 51 1.82 
468 4-17-8 28* 1.00 

5 47 5-2-)( 11 32 1.21 
(da1.390) 48 5-2-4 52 1.96 

49 5-2-3 24* 0.91 
50 5-2-2 26* 0.98 
51 5-2-1 26.5* 1.00 

52 6-7-X 9 37 1.72 
53 5-7-4 (60) 2.79 
54 5-7-3 26* 1.21 
55 5-7-2 21.5* 1.00 
56 6-7-1 21.6* 1.00 



Table 7 continuad 

Run Samp1e 
numbar number 

@ 

5 57, 5-12-X 
(cont'd): 58 5-12-T 

59 5-12-m 
60 5-12-8 

61 5-17-X 
62 5-17-T 
63 5-17-M 
64 5-17-8 

6 65 6-2-X 
(d=1.520) 66 6-2-4 

67 6-2-3 
68 6-2-2 
69 6-2-1 

70 6-7-X 
71 6-7-4 
72 6-7-1 
73 6-7-2 
74 6-7-1 

75 6-12-X 
76 6-12-4 
77 6-12-3 
78 6-12-2 
79 6-12-1 

80 6-17-X 
81 6-17-4 
82 6-17-3 
83 6-17-2 
84 6-17-1 

7 85 7-2-X 
(d=1.650) 86 7-2-4 

87 7-2-3 
88 7-2-2 

Bad thick-
nessc& mm 

8 

8 

12 

12+ 

13 

13+ 

14 

Percent of 
i1mmite 

33.5 
52 
16* 
22* 

27 
42 
27* 
28* 

38 
63 
21* 
30* 
24* 

30 
52 
25.5 
24 
18 

33 
44 
27* 
17* 
25* 

24 
41 
25* 
23* 
17.5* 

34 
48 
31* 
18.5* 

SeparatiDn 
ratiD 

1.52 
2.36 
0.73 
1.00 

0.96 
1.50 
0.96 
1.00 

1.58 
2.62 
0.87 
1.25 
1.00 

1.67 
2.89 
1.42 
1.33 
1.00 

1.32 
1.76 
1.08 
0.68 
1.00 

1.37 
2.34 
1.43 
1.31 
1.00 

1.21 
1.71 
1.11 
0.66 

_ 49 _ 
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Table 7 continued 

Run Semple Bed thick- Percent of Separation 
number nuarar ness® mm i1me~te ratio 

7 89, 7-2-1 28* 1.00 
(cont'd) 

90 7-7-X 17 33 1.20 
91 7-7-4 44 1.60 
92 7-7-3 28* 1.02 
93 7-7-2 23* 0.84 
94 7-7-1 27.5* 1.00 

95 7-12-X 19 32.5 1.10 
96 7-12-4 42 1.42 
97 7-12-3 24.5* 0.83 
98 7-12-2 30.5* 1.03 
99 7-12-1 29.5* 1.00 

100 7-17-X 20 26.5 0.98 
101 7-17-4 void 
102 7-17-3 void 
103 7-17-2 23* 0.86 
104 7-17-1 27* 1.00 

8 105 8-2-X 22 32.5 1.12 
(da1.780) 106 8-2-4 44 1.52 

107 8-2-3 30* 1.03 
108 8-2-2 25* 0.86 
109 8-2-1 291" 1.0l;L 

110 8-7-X 22 36 1.20 
111 8-7-4 43 1.43 
112 8-7-3 34 1.13 
113 8-7-2' 29 0.97 
114 8-7-1 30 1.00 

115 8-12-X 22 30 0.97 
116 8-12-4 45 1.45 
117 8-12-3 28.5* 0.92 
118 8-12-2 30* 0.97 
119 8-12-1 (31) 1.00 

120 8-17-X 20 void 
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T~ble 7 continued 

Run Sample Bed thicktiit::.' Parcent of Separation 
number number nS8@ mm ilmeni te ,'. , ratio 

<ID CD 

8 121, 8-17-. void 
(cont'd) 122 8-17-3 void 

123 8-17-2 18* 0.58 
124 8-17-1 31* 1.00 

9 125 9-2-X 23 30.5 1.17 
(dal.910) 126 9-2-4 (40) 1.54 

127 9-2-3 22 0.85 
128 9-2-2 25.5 0.98 
129 9-2-1 26 1.00 

130 9-7-X 22 29.5 0.98 
131 9-7-4 40 1.33 
132 9-7-3 22* 0.73 
133 9-7-2 33* 1.10 
134 9-7-1 30* 1.00 

135 9-12-X 22- 33.5 1.22 
136 9-12-4 (40) 1.46 
137 9-12-3 23.5* 0.85 
138 9-12-2 34* 1.24 
139 9-12-1 27.5* 1.00 

140 9-17-X 20 32 0.96 
141 9-17-4 49 1.51 
142 9-17-3 32.5* 1.00 
143 9-17-2 (23) 0.71 
144 9-17-1 32.5* 1.00 

10 Very little sediment participated in the turbidity current. 
Hence, no data was obtainad from this rune 

Nota ~A number ia enclosed within paranthesea, under % of i1menite, 
when the sample apattared on the hot plate. A samp1s that 
epattersd violsntly ie daclarsd 'void'. 

- The percent of ilmsnite is given in weight %. 
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Table 7 continued 

Note 2: 
(cont'd) 

3: 

In the descriptive samp1e number, the first numera1 refers to 
the run number; the numera1 between the two dashes refers to 
the samp1ing site given in decimeters be10w the vertical 
partition; the 1ast numera1 identifies the samp1e in the core 
starting by 'one' at the bottom. T: top, M: midd1e, B: bottom, 
X: average. 
minus (-) means slight1y 1ess. 

The richest samp1es of dense minera1 deposited by the turbidity 

currents were found at the bottom of the bed in the first three low-density 

runs (see table 7). This is most c1ear1y seen in run no. 2 which had a 

densityof 1.130. The bottom of the core in this run, taken 12 decimeters 

be10w the vertical partition was the richest in i1menite of a11 the runs, 

name1y, 60% i1menite. From run no. 4 (density = 1.260) onwards, the bottom 

samp1es fo11owed no particu1ar trend unti1 runs 7 and 8, where the percen-

tage of i1menite tended to stabi1ize at about 29%. 

Each bed was equa11y subdivided into horizontal slices as indicated 

previous1y. At the first samp1ing site be10w the gate, the second samp1e 

upwards from the bottom consistent1y increased in i1menite content, from 

10% to 30%. This phenomenon occurred in runs with densities up to 1.520 

(run no. 6). The second samp1e upwards from the bottom steadi1y decreased 

in amount of i1menite at the three first samp1ing sites in runs no. 5 and 

6; this pattern was comp1ete1y reversed for the 1ast three denser runs, 

increasing in i1menite content upwards. 

The third samp1e up from the bottom showed very 1itt1e consistency in 

i1menite content in a11 the runs. However, in f10ws 6, 7 and 9 it disp1ayed 
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a trend opposite to that of the second sample, the ilmenite content de-

creased upwards. 

In experiment 7, at 7 decimeters downflume, a 2 mm-thick, horizontal, 

ilmenite-rich layer was present midway in the turbidite. This could be 

due to a change in the mode of deposition of the slurry. This enrichment 

phenomenon coincided with an increased thickness of the bed away from 

the gate, contrary to other runs (which were wedge-shaped away from the 

source) except run number 6. 

Figure 4 shows a plot of the initial density of the flow versus the 

velocity of the head of the turbidity current. In order to find the 

margin of error of the velocities (data given in table 6), the sample 

standard deviation was calculated at experiment numbers 3, 6 and 8 where 

5 runs were made at each experiment. Standard deviations were calculated 

using the formula: 

(16) 

where xi is the velocity at run i, x is the average velocity, and n is the 

number of runs in each experiment. Using the values calculated from these 

3 experiments, 95% confidence limit lines (± 20() were plotted for all 

the experiments. A more rigorous treatment of the data concerning the 

velocities is given in figure 5. A small error in timing the velocity of 

a run is amplified as the density of the initial slurry increases, because 

the velocity also increases. 
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A linear equation was computed to relate the velocity of the 

turbidity current to the density of the initial slurry: 

loglO u = -1.67 + 1.71 loglO V A ~ / ~ t x g xH (17) 

where, u is the average velocity of the turbidity current, is the 

difference in density between the initial slurry and water, is the 

initial density of the flow, g is the gravitational constant and H i8 the 

height of the initial suspension, 20 centimeters in the large flume. 

The values for the estimated velocities are shown by the straight line in 

figure 5. The standard error of estimate is 2%. The term"A~ t x g x H 

is almost identical with the denominator of the Froude number, 

The only difference being that H represents the 

height of the initial slurryand d, the thickness of the turbidity current. 

The term -1.67 might account partially for the resistance to the flow from 

the bottom and sides of the channel (fo) and from the overlying fluid 

interface (f.). 
~ 
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Table 8 

Resistance to flow, Froude and Reyno1d's nuMbers. 

Resistance 
Experiment Coefficients 'lbtal Reyno1gJS m. Froude no. 

mnnber upper,f! channe1,fo Rel Fr 

.l. .• 009 .0)5 .0.39 12.2 • .37 

2 .006 .0.32 .0.34 26.8 .46 

3, .006 .032 .034 27.0 .55 

4 0005 .031 .0.33 35.3 .63 

4b .004 .030 . .032 53.2 .6,3 

5 .004 .030 .032 62.2 .68 

6 .004 .029 .031 66.5 .75 

7 .004 .029 .0.31 70.7 .71 

8 .004 .029 .<;>.31 70.0 .76 

9 .004 .029 .031 65.1 .73 

A .006 .0.3.3. .0.35 24.3 .5.3 

B .007 003.3 .036 22 • .3 - .45. 

8-1 .005 .035 .• 037 46.4 .89 

S-2 .005 .035 .037 45.6 .81 

S-3 .006 .036 .039. 30.0 .69 

140 .006 .038 .041 24.2 .57 

'!he depth of the underfiow,d, is taken as 10 cm for the large 
fiume and 6.6 cm for the sma11 one. The hydraulic radius,R, 
is 4.2 cm for the large nume and 2.5 cm for the smal1 one. 
Exp1anations on fo, fi, f, Re and Fr are given in section nI.B.2. 
Experiments S-1, 5-2, S-3 and 140 were made in the small fiume. 
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Table 9 gives the ca1cu1ated resistance coefficient, Froude and 

Reyno1d's numbers for each experiment performed in·the large and sma11 

f1umes. For experiment 1 through 9, the Reyno1d and Froude numbers 

genera11y increase with the initial density of the turbidity current. 

It is a1so shown that the total resistance coefficient of the f1ow, 

f, (determined from equation 6) comes main1y from the channel bottom 

and sides, fo' and very litt le from the upper f1uid interface, fi. 

This might be because the f10ws were tranqui1 (Fr 1). Figures 6 and 

7 show the values for f p10tted against Froude and Reyno1d's numbers res­

pective1y. The total resistance to the f10w genera11y decreases with in­

creasing Froude and Reyno1d's numbers, but stabi1izes at a density of 

1.520 (experiment 6) and higher. 
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2. Experiments in the sma11 f1ume 

Six experiments were made in the sma11 f1ume (table 9). The first 

two runs, S-l and S-2 contained equa1 volumes of i1menite and si1ica. 

The third run, S-3, contained p1aster of Paris, si1ica and spha1erite in 

the proportions 2:2:1 respective1y. 

In the 1ast three experiments the numbers 70, 100 and 140 refer to 

the mesh size of the si1ica and i1menite. These f10ws with a density of 

1.24 were made to study the effect of grains size on turbidity f10w. The 

grains consisted of 85% quartz and 15% i1menite by volume. 

The number of each samp1e of turbidite is given in table 9 a10ng with 

the thickness of the bed at the samp1ing site. 

Of the three first experiments in the sma11 f1ume on1y S-l produced a 

turbidite with a constant bed thickness. Runs S-2 and S-3, produced beds 

that tapered towards the 10wer end of the f1ume. 

Broad waves of on1y a few mi11imetres in amplitude characterized the 

upper surface of the turbidite in run no. S-l. The wave1ength was 7.5 

cm near the 10ck and increased down-f1ume to slight1y more than 10 cm. 

Flow no. S-3 which contained spha1erite, p1aster of Paris and si1ica a1so 

disp1ayed wave1ets at the upper surface of the bed, but the wave1engths 

were much shorter, in the order of severa1 mi11imetres up to a few cènti­

meters. They a1so had a gent1er slope on the 1ee-side. C1umps of coarser 

sediments with a size of 2 mm or more tended to form against the steeper 

side (up-current) of the wave1ets. 
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Table 9 

Resulte from the rune parformed in the smal1 fluma. 

Run Sample Bed thick- Percent of Separation 
numbar number@ ness, mm@)' ilmeniteG) ratio@) 

S-l 145, Sl-l-X 20 52 1.04 
(.2.00) 146 Sl-1-4 79 1.58 

147 Sl-1-3 46 0.92 
148' Sl-1-2 48 0.96 
149 Sl-1-1 50 1.00 

150 Sl-5-X 20 55·, 1.15 
151 Sl-5-4 72 1.50 
152 51-5-3 46 0.95 
153 Sl-5-2 42 0.87 
154 51-5-1 48 1.00 

155 51-9-X 20 54 1.17 
156 Si-9;'4 72 1.56 
157 51-9-3 51 1.11 
158 Sl-9-2 51 1.11 
159' Sl-9-1 46 1.00 

S-2 .. 

(d=2.45) 160, 52-1-T 48 50 0.86 
161 S2-1-5 52 0.89 
162 52-1-4 55 0.95 
163 52';'1-3 55 0.95 
164 52-1-2 58 1.00 
165 S2-1-1 58' 1.00 

166 52-5-5 35 57 1.08 
167· 52-5-4 59 1.11 
168 52-5-3 57 1.08 
169 52-5-2 57 1.08 
170 52-5-1 53 1.00 

171 S2-9-T 22 63 1.07 
172 52-9-M 63 1.07 
173 S2-9-B 59 1.00 
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Table 9 continued 

Run Sample Bed Thick- Percent of ~eparation 

r.'Iumbar number® nass. mm@ ilmeni te (l) ratio ® 

. S-3 
(d:l.43) No samples taksn: after four days the turbidite wae 

still very soft. 

Mesh 70 
(da1.24) 174, 70-1Q-X 9 5.4 0.45 

175 70-10-4 void void 
176 7Q-10-3 6.0 0.50 
177 70-10-2 3.1 0.26 
178 70-10-1 12.0 1.00 

179 70-50-X 2 0.7 0.87 
180 70-50-T 1.1 1.37 
lB1 70-50-8 0.8 1.00 

182 70-90-X 1- 1.2 

mesh 100 
(d=1.22) 183 100-10-X 11 6.5 0.60 

184 100-10-4 1.2 0.11 
185 100-10-3 4.8 0.44 
186 100-10-2 8.7 0.81 
187 100-10-1 10.8 1.00 
188 100-50-X 2 1.6 0.84 
189 100-50-T 1.0 0.53 
190 100-50-8 1.9 1.00 

191 100-90-X 1- 2.6 

lIeah 140 1 
(d:1.24) 192 140-10-X 8- 10.5 0.97 

193 140-10-4 10.3 0.95 
194 140-10-3 10.4 0.96 
195 140-10-2 10.6 0.98 
196 140-10-1 10.8 1.00 
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Table 9 continued 

Run 
number 

Mesh 140 
(cont' d) 

Samp1e 
number 

197, 140-50-X 
198 140-50-T 
199 140-50-M 
200 140-50-B 

201 140-90-X 
202 140-90-T 
203 140-90-B 

Bed thick­
ness, mm 

6 

4-

Percent of 
i1menite 

10.4 
10.5 
10.2 
10.2 

10.4 
10.5 
10.2 

Separation 
ratio 

1.02 
1.03 
1.00 
1.00 

1.02 
1.03 
1.00 

Note (i) The percent of i1menite is expressed in weight 10. 
® Separation ratio: the relative amount of i1menite found 

in one horizontal section compared to the amount found at 
the bottom of the core. 

@ In the descriptive samp1e number, the first numera1 refers 
to the run number; the numera1 between the two dashes 
refers to the samp1ing site given in decimeters be10w the 
vertical partition; the 1ast numera1 identifies the samp1e 
in the core starting by 'one' at the bottom. T: top; 
M: midd1e; B: bottom; X: average. 
Samp1e no. 175 is void because it spattered on the hot plate. 

QD minus (-) means slight1y 1ess. 

Flow no. S-2 was the on1y one which disp1ayed an a1most pure quartz 

sand layer 1ess th an one mm-thick, near the tQP and right be10w the suspen-

sion-deposited layer of i1menite. Samp1e no. 160 which disp1ays this 

quartz-i1menite banding, contained the same amount, 50% by weight, of both 

minera1s. 

Where the thickness of the turbidite at the upper end of the f1ume 

exceeded the thickness at the lower end by a factor of four or more 



(see Tables 7 and 8), the amount of dense minera1 found at the bottom 

of each core tended to vary marked1y (bya factor of 2:1 to 10:1) 

a10ng the 1ength of the f1ume. Two genera1izations can be made: 

- 64 -

(1) Low density runs (up to 1.26) in which the sediments were 

easi1y put into suspension in the mixing box, formed the richest concen­

trations of i1menite (up to 60%) of a11 the runs; 

(2) Slurries in which the sediments were difficu1t to keep in 

suspension, either because of high densities or the 1ack of clay-sized 

partic1es in the runs having uniform grain sizes (mesh 100 and 140 as 

shown in table 8), disp1ayed an impoverishment of dense minera1s in the 

turbidite. The bu1k of the i1menite thus sett1ed direct1y in the mixing 

box. Lateral and vertical grading were present in the runs S-3, 100 and 

140 from coarse at the bottom to finer both at the top and in the down­

f1ume direction. These gradations app1y both to a diminution in the 

percentage of dense minera1s and to grain size. 

3. A mode1 turbidity current 

A f10w with an initial density of 1.195 is chosen to model a 

turbidity current in nature. A density of 1.195 is about the maximum 

density al10wed by several authors (see section III A.3) and yields a 

turbidite thick enough to be sampled. 

The depth of the underflow in the model is about 10 cm, whereas in 

nature it wou1d be in the order of meters (see table 4). A length scale 

of 1/100 is thus employed. Since the length of the large f1ume starting 

at the vertical partition is 2 meters, that of the prototype would be a 

litt1e more than 200 meters long because the flow is unhindered by a wall 
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in the down-current direction. 

Froude simi1ar1y requires that the ve10city of the current in the 

mode1 be reduced to 1/10 of the ve10city in the prototype (section III 

n.1). Since the ve10city of the runs having an initial density of 1.195 

is about 20 cm/sec (experiments nos. 3, A and B) the prototype wou1d then 

f10w at a ve10city of 200 cm/sec. 

In experiments A and B the sett1ing ve10city of both i1menite and 

quartz was 1.5 cm/sec corresponding to an average grain diameter of 

.150 mm for the quartz grains. The i1menite had a mesh size (+200 -140) 

corresponding to grain diameters of .076 mm to .105 mm. The determination 

of setc1ing ve10city was treated in section IV A.2. The average fa11 

ve1ocityof the quartz grains in the prototype wou1d be 15 cm/sec. 

However, the effective sett1ing ve10city of the partic1es would be 1ess 

than the above values because the grains actua11y sett1e through a 

suspension (hindered sett1ing) and not in c1ear water (Midd1eton, 1966c). 

Table 10 shows the ratio of sett1ing ve10city to average velocity, 

w/u, and the Froude number encountered in natura1 turbidity currents and 

in mode1 experiments. 
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Table 10 

w/u ratios and Fr values for turbidity currents 

nature, average (1) 

model, Middleton 1965 

model, expt A, B 

protype for A 

w cm/sec 
u cm/sec 

2/1000 2 X 10-4 

.9/30 = 300 X 10-4 

1.5/20 = 750 X 10-4 

15/200 = 750 X 10-4 

Froude Number 
Fr 

.2 to 3.0 

.7 

.5 

.5 

(1) A median diameter of .180 mm is taken to calculate w. The range 
of Froude numbers and velocities encountered in turbidity currents 
was given in table 4. 

Experiment A had the same densit~ 1.195, and proportion of quartz to 

ilmenite, 5:1, as experiment 3, but the grain size of the ilmenite was 

slightly larger in experiment A. This caused a decrease in velocity of 

about 1 cm/sec (table 6) in experiment Athus lowering slightly the Froude 

and Reynold's numbers (table 9). The total resistance to the flow, f, 

increased with decreasing Re and Fr values. This may be accounted for by 

the fact that quartz occupies more space per unit weight than ilmenite. 

The volume concentration of the particles in the initial slurry is thus 

increased and causes more collisions between the particles, thus 

decreasing the velocity of the turbidity current and increasing the 

resistance to the flow from the waHs and upper· interface. 



Thick sections of experiment A were made by impregnating the 

turbidite with resin. Samples were taken at 2, 7, 12 and 17 dm 

down-flume. 
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The ilmenite-rich layer that covered the upper part of the turbidite 

is shown in plate 3. This ilmenite-rich layer was found in all the runs 

in this thesis, irrespective of the density of the initial slurry. The 

layer was mainly deposited from the sediment remaining in suspension, 

once the turbidity current had flowed through the length of the flume. 

The middle of the turbidite, 7 dm down-flume, displayed a relative im­

poverishment in ilmenite (plate 4) compared to the other sections farther 

down-flume. The turbidite displayed lateral and vertical grading in 

the size of the quartz grains from coarse at the bottom and up-flume to 

fine at the top and down current (plate 5). Grading of the ilmenite 

grains was hardly noticeable because of its restricted range in grain 

size. 



Plate 3 

Ilmenite (,·mite) concentration on top of turbidite in 
mixing box; quartz grains (grey) display vertical gra­
ding. Refiected light, X 16. 

Plate 4 

Hidd.le of turbidite deposited 7 dm from the gate. Re­
flected light, X 16. 

- 68 



Vertical d.ze gradint1 
(grey) Going l1 i:):·nrds; 
lieht,. X 16. 

Plate 5 

"i ., 
~. 

Ü.iïenite ~v:hi te') i1nd ql;'.1ri~7. 
(b~ f~L'D;;! 'trw Gal.e. ~,el'J.O(;T.i.~r.i 

- 6';) -



- 70 -

Experiment B had the same density and grain diameters as experiment 

A, but the proportion of quartz to i1menite was greater, 9:1. Since 

the volume concentration of the partic1es in the suspension was greater, 

because of the greater amount of quartz, more collisions between the 

particles occurred. The total resistance to the flow increased slight1y 

(table 9). Its velocity was. 15% lower than the ve10city of experiment A 

(table 6). The Froude and Reyno1d's numbers were thus smaller for 

experiment B. 

Experiments A and B model1ed a turbidity current of modest size such 

as could be generated by a slump which has the order of magnitude of the 

slumps (50 m X 50 m) found in the Kuroko-type ore deposits (last field 

example treated in this thesis). Some slumps,that generate turbidity 

currents in submarine canyons are of an entirely different order of 

magnitude: they cover an area of millions of square meters (Menard, 

1964). 

In order to model longer turbidity currents, a further reduction in 

the sett1ing velocity of the particles would be necessary. This cou1d be 

achieved part1y by further scaling-down the diameters of the particles 

and by choosing particles which have a lower density. 
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CHAPTER V 

Field Examples 

A. MUFULIRA OREBODIES, ZAMBIA (N. RHODESIA) 

Introduction 

The Mufulira orebodies are situated in the northernmost part of the 
. 

Copperbelt in Zambia in the vicinity of latitude 13° south and longitude 

28° east (see insert of figure 8). The Copperbelt is a rectangular strip 

of country trending in a northwestern direction. It is about 30 miles 

wide, adJacent to the Congo borde,r, marked by the watershed between the 

Congo and Zambesi river drainage systems, and stretches for about 100 

miles from Honkola in the northwest to Roan Antelope and Bwana Mkubwa in 

the southeast (Mendelsohn, 1961, p. 1). 

1. General geo10gy. 

The rocks of the Copperbe1t are divided into the Katanga system and 

the Basement complex (table 11). The Basement of ear1y pre-Cambrian age 

has fair1y widespread minera1ization but of no economic importance. The 

over1ying Lower Roan group be10nging to the Katanga system of 1ate pre-

cambrian or Cambrian age contains a11 the copper deposits of the Copperbelt 

(Mende1sohn, 1962, p. 61). The deposits consist of disseminated sulfides 

in sedimentary formations. The su1phides genera11y make up 5 to 15% of 

the rock by weight. The grain size of the su1phides and of the host rock 

generally increase together. The main sulphides are pyrite, chalcopyrite, 
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Table 11 . 

stratigraphic column of the Katanga System, Zambia 
( after Mendelsohn, 1961 ). 

GABBRO-Intrusive, connnon1y into the Upper Roan dolomites' 

. Rock Types 
Series Group Formation (Minor or rare rock types 

in parentheses) 

UPPER .... - Shale, quartzite 
" ------ -_ ... _- .... 

~-----------------MIDDLE - Shale 
TiUite 

. KUNDELUNGU 
Shale 

- IDWER KAKmrIWE 
Polomi te and shal.e 

: TILLITE Ti11ite 

MtoTASHIA -- Carbonaceous shale, argilli te 
(dolomite and quar~zite) 

UPPER --- Dolomite and argillite (quartD-
ROAN ita, breccia) "- - -- ... - --. ~------------------- Argillite rulJ quartzite 

MINE Quartzite 
HANG:mrn'lALL ArgUlite, and:;teldspathic quartz-

ite (dolomite.) 

IDWER ORE Argil1i te, impure dolomite, 
ROAN micaceous quartzite Cgraywacke, 

arkose) . 

; 

(Footwall conglomerate) 
Argillaceous quartzite 

FOOTWALL Feldspathic quartzite 
Aeolian quartzit~ . 
Conglomerates 

,..----- ~---- ~-----------------------UNCONFORllITY 
-------~----_ ... _---------------~--~~ 

BASEMENT COMPLEX-ancient Precambrian schists intruded by granite. 
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bornite, and chalcocite. The lower formation of the Lower Roan group 

consist of conglomerate and quartzites. The western part of the ore 

formation is made up of impure dolomite overlain by argillite, known as 

ore shale, and underlying footwall conglomerate. In the Mufulira syn­

cline the ore formation consists of quartzites with sorne carbonaceous 

quartzites, or graywacke, dolomite and argillite. The hanging-wall 

formation mainly consist of quartzites, arkoses and shales. 

2. Mufulira 'A', 'B' and 'Cl orebodies. 

The Mufulira orebodies consist of three superimposed copper sulfides 

deposits, each having in its midst a lenticular graywacke body which was 

deposited by turbidity currents (Garlick, 1967). A NW-SE section is 

shown in figure 8. The dimensions of the orebodies and the copper­

bearing minerals are shown in table 12. 

TABLE 12 

Dimensions of the Mufulira Orebodies 

Proved Average Dominant 

Orebody Strike Lth. Thickness Copper Minerals Present 

P.C. 

A 6,000 ft. 20 ft. chalcocite 10% 

B 10,500 ft. 25 ft. bornite 3% 

C 18,000 ft. 45 ft. chalcopyrite 3% 
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The Mufu1ira 'c' orebody, which is the 10west stratigraphica11y, is 

18,000 feet long, 5000 feet at its sma11est width and has an average 

thickness of 45 feet. According to Gar1ick (Mende lsohn, 1962), at its 

narrowest width, it contains a narrow zone of disseminated pyrite in 

the centre of the basin with copper su1fides on both sides. The pyritic 

zone widens northwards. The su1fides are zona11y arranged about a 

pyritic core: pyrite is found at the center then chalcopyrite and fina11y 

bornite furthest out. In the ore-sha1e type deposits cross-bedding and 

changes of facies indicate that currents f10wed main1y from northeast to 

southwest, that is, from the higher lands on the northeastern side of 

the Mufu1ira geosync1ine southwest towards the centre of the geosync1ine. 

Gar1ick (1967) shows the relations of su1fide precipitation and minera1 

zones to the detrita1 facies in an idea1ized diagram (figure 9). The 

sedimentary features found on the western shore1ine are repeated on the 

eastern side of the deposit. 

According to Gar1ick (in Mende1sohn,1962), the western edge of the 

deposit starts with crossbedded barren feldspathic quartzite and, 

fo110wing the direction of the old currents, the orebody begins with dis­

seminated bornite. Further down-current, chalcopyrite appears and increases 

as the bedding becomes crump1ed as both the su1fide and mud content 

increases. Slumping of the sediments produced a slump breccia with bornite 

and chalcopyrite dissemination. Severa1 barren wash-outs (minor river 

channe1s) are found within the slump breccia. This part of the deposit 

corresponds to the proximal facies of the turbidite. Farther out in the 

basin, turbidity currents deve10ped and deposited other grey quartzites 
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with disseminated sulphides, mainly chalcopyrite. Finally greywacke 

containing chalcopyrite and pyrite was deposited at the center of the 

basin. The greywacke is a carbonaceous argillaceous quartzite and 

corresponds to the distal facies of the turbidite. The carbonaceous 

material occurs only in the greywackes, as small granules in the matrix 

and as graphitic fluid on detrital grain surfaces (Brandt et al. 1961). 

The same features are repeated in the overlying 'B' and 'A' orebodies. 

The quartzites have well defined heavy mineral concentrations, 

particularly on the truncation surfaces of the cross-bedding (Mendelsohn, 

1962). 

The greywacke which is considered to be a local facies of the under­

lying grey sericitic quartzite is medium-grained with a maximum diameter 

of one millimeter. The bases of the orebodies are generally well-bedded. 

The size of the sulfide grains is a function of recrystallization. The 

greywacke is not recrystallized; it carries fine sulfides in its matrix. 

Contrary to the other deposits in the Copperbelt, there is no relation at 

Mufulira between the grain size of the sediments and that of the sulfide 

mineral grains. 

According to Garlick, "There are far greater amounts of sulphur 

locked up in the sulphates of the Lower and Upper Roan than there is as 

sulphides, and this indicates that in this region where Lower and Upper 

Roan were deposited there was no deficiency of sulphur and that the 

anaerobic bacteria would have plenty of sulphate material from which to 

produce hydrogen sulphide for the precipitation of the metals (in 
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Mendelsohn, 1961, p. 18). Anhydrite occurs within the dolomites of the 

Upper Roan and as large crystals associated with and replaced by 

carbonate in the ore formation. 

3. Mineralogy 

Table 13 shows the mineralogy of the greywacke which occurs in the 

upper and middle horizons of the 'B' and 'Cl orebodies. 

TABLE 13 

Mineralogy of the ore-bearing greywackes (after Brandt et al., 1961, 

pp. 446-447). 

Average Percentages of Minerals by Volume 

"B" Upper and Middle 

Minerals 

Quartz 

Fresh feldspar 

(mostly microcline) 

Sericite-Quartz pseudomorphs 

Muscovite 

Interstitial sericite 

Carbonates (mostly dolomite) 

Carbonaceous material 

Copper sulphides 

Horizon 

65 

5 

10 

10 

5 

10 

5 

5 

5 

'IC" Upper and Middle 

Horizon 

70 

5 

5 

5 

5 

5 

5 

5 

9 
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4. Ore Genesis 

The orebodies are associated with sedimentary features, and are 

unre1ated to any known igneous or tectonic activity. The su1fides are 

syngenetic with the host rocks. Pre-consolidation slumping on the margins 

of the deposit may have caused some thinning and minor disturbance of the 

minera1ization. The initiation of turbidity currents further downs1ope 

cou1d exp1ain the thickness of ore found in the central part of the basins 

within the greywackes. 

The genera1 distribution of the su1fide minera1s has been exp1ained 

by the zonal the ory of selective precipitation of Gar1ick (in Mende1sohn, 

1961). According to the zonal the ory on1y barren sediments with very 

1itt1e diagenetic pyrite are deposited in the oxygenated waters near shore. 

In slight1y deeper waters the production of hydrogen su1fide by anaerobic 

bacteria precipitated much copper and a sma11 amount of irone Farther 

offshore copper and iron su1phides are precipitated in equa1 amounts. 

In the interior of the basin, copper is dep1eted and iron su1phide is the 

dominant precipitate. 

The meta1s may have been precipitated as fine, co11oida1, mixed 

su1fides or hydroxides. The minera1s cha1cocite, bornite, chalcopyrite and 

pyrite were formed by 1ater diagenetic and metamorphic processes. 

Experiments have been made by the Meta11urgica1 Research Laboratory 

of R.S.T. Mine Services Ltd. to simu1ate the selective precipitation of 

su1fides (Mende1sohn, 1962). The zonal princip1e works in practice. 

Gar1ick (in Mende1sohn, 1961, p. 154) writes that: Il at Mufu1ira West 
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copper sulphides are anticipated and usually found between the pyritic 

dissemination in the centre of the basin and the barren, shallow water 

sediments at the edge of the basin. Recently, geologists of the Union 

Minière discovered the same zonal arrangement on a large scale in the 

Kolwesi district." 

The coarser pebbles at the bot tom of each turbidite were deposited 

from a suspension, because the more spherical particles are found on the 

same horizon as the larger less spherical particles.
l 

By taking 3 cm as the diameter of the large grain at the bot tom of the 

turbidite and 2.7 and 1.2 as the respective densities of the grain and the 

turbidity current, the threshold stress, 1'to, and the flow ve1ocity, Ü, 

of the turbidity current wou Id be respectively, 265 dynes/cm2 and 250 

2 
cm/sec (9 km/hr). 

The sudden, sporadic releases of the turbidity flows probably gave 

rise to vertical grading in the greywacke. Otherwise, if the flows were 

3 
fed for some time at a constant rate, non-graded greywacke would have formed. 

B. THE NAIRNE PYRITIC FORMATION, AUSTRALIA 

Introduction 

According to Skinner (1958) the Nairne Pyritic Formation is composed 

of severa1 sulfide-bearing members separated by sulphide-free greywackes, 

at the base of the Kanmantoo Group believed to be Cambrian in age. The 

Kanmantoo rocks outcrop at the eastern side of the Mt Lofty Ranges, 

1. 
cf page 16 

2. 
cf page 17 

3. 
cf page 24 
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South Austra1ia (see figure 10). This Group has been regiona11y meta­

morphosed and consists of 26,000 feet of greywacke, quartzite and si1t­

stone which disp1ay sma11 sca1e cross-bedding, poor graded bedding and 

sedimentary slump structures. The pyritic beds outcrop for a distance 

of at 1east 65 miles and loca11y at Nairne it thickens, and the beds 

dip approximate1y 70 0 E and strike genera11y N-S (Thomson, 1965). 

1. PrUnary and secondary pyrite. 

Ninety per cent of the pyrite in the formation is considered primary, 

that is, it occurs as sma11 grains (2mm and 1ess) para11e1 to the bedding 

and a1so in sma11 tension gashes. Good crystal out1ines exist where 

pyrite and pyrrhotite are in contact; whereas, where pyrite is in contact 

with the gangue, poor crystal out1ines prevai1. Two varieties of secondary 

pyrite are accounted by pyrrhotite a1teration: (i) concentric pyrite 

which consists of pyrite, marcasite, or pyrite and marcasite; (ii) zoned 

pyrite which may be either a direct replacement of pyrrhotite or a replace­

ment of the concentric pyrite. Less than .1 per cent of the pyrite in the 

ore formation was deposited by circu1ating ground water and is found in 

sma11 cracks in the weathered portion of the works (La Ganza, 1959). 

2. Su1phide-bearing members 

Each su1phide-bearing member is composed of many thin-bedded, su1phide­

bearing greywackes and si1tstones ranging from one inch to ten feet in 

thickness. The su1phides are represented by rough1y equa1 amounts of 

pyrite and pyrrhotite which together average about 10% by volume (16.5% 

by weight) of each member. Minor amounts of spha1erite and chalcopyrite 
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and traces of arsenopyrite are a1so present. The su1phide-bearing members 

are a1ways conformab1e. Where the beds pinch out, the rocks are finer 

grained and show a decrease in su1phide content with an increase in 

muscovite. 

About 5 per cent of the beds show grading with a range in grain size 

from 0.03 mm to 0.2 mm. This cou1d indicate that a constant supp1y of 

sediments was avai1ab1e (Kuenen and Menard, 1952~ p. 88). 

Skinner (1958, p. 550) notes that the su1phides have the same grain 

size as the silicates, being coarse in the coarse sediments and fine in 

the fine-grained sediments. This is more readi1y seen in graded units. 

Pyrite a1so tends to be concentrated at the base of graded beds. 

3 • Metamorphism 

A1though individua1 beds may be c1assified as quartzites, greywackes 

or si1tstones, the minera10gy is 1imited to a few assemblages. According 

to Skinner (1958, p. 546) : "64 percent of the host rock is a quartz­

muscovite-a1bite-microc1ine assemblage. 25 to 30 percent is a quartz­

muscovite-albite (anda1usite, kyanite) assemblage. The remainder occurring 

in beds 1ess than 1 foot thick, is a quartz-biotite-a1bite-microc1ine, 

quartz-muscovite-scapo1ite-p1agioc1ase or quartz-biotite-spessartite­

fe1dspar assemblages." 

Pyrite a1ters to pyrrhotite after a certain stage in metamorphism. 

Scott and Barnes' (1971) ana1ysis of spha1erite-pyrite-pyrrhotite assem­

blages from Nairne, found spha1erite to contain 15.2 mole per cent FeS. 

Spha1erite used as a geobarometer indicates a pressure of 2 1/2 ki10bars, 
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at the Sheppard Hill Quarry. The pressure can usua11y be estimated within 

± 1 ki10bar (Scott and Barnes, 1971). For comparison, the co-existing 

kyanite and anda1usite which, according to Skinner, appear to have grown 

as an equi1ibrium pair indicate a pressure of 2.2. ki10bars (from the 

data of Richardson, Gilbert and Bell, 1969). 

4. Ore genesis 

The su1phide-bearing members are a1ways conformab1e. Where the 

beds pinch out, the rocks axe finer grained and show a decrease in su1phide 

content with an increase in muscovite. This cou1d indicate the directions 

of the turbidity currents which deposited the greywacke. The heavy 

minera1 concentration in bands in the coarser rocks and at the base of 

graded beds suggests the original iron su1fides were deposited as detrita1 

grains and not chemica11y precipitated in situ. A syngenetic theory 

invo1ving the redeposition of iron su1fides in deep water by turbidity 

currents wou1d be in accord with the field observations. Later metamorphism 

wou1d change the original su1fides to the assemblages observed today. 

The redistribution of heavy minera1 by turbidity currents shou1d be 

retained in a multiple working hypothesis approach (E11ison, 1960) in the 

search for su1phides in greywacke rocks. 

C. THE NO. 1 KUROKO DEPOSIT OF THE SHAKANAI MINE, JAPAN 

Introduction 

Strata-bound base meta1 su1phide deposits of Miocene age in Japan are 

known as the Kuroko ore deposits (Kajiwara, 1970). They are a1most a1ways 

associated with gypsum deposits and acidic vo1canic rocks. The no. 1 
. ~.. . 
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deposit of the Shakanai mine is composed of su1fide ore and gypsum ore. 

Kajiwara (1970) subdivides the meta11ic ores as fo11ows: 

Syngenetic ores Epigenetic ores 

a) massive ore a) disseminated ore 

b) fragmenta1 ore b) veins and stockworks 

The writer will consider on1y syngenetic fragmenta1 ore because they 

support the ide a of submarine slumping or sliding as will be shawn be1ow. 

These in turn are be1ieved ta be the main processes that give rise ta 

turbidity currents. 

1. Fragmenta1 ore. 

The fragmenta1 ore is composed of ore fragments associated with minor 

1ithic fragments. It is essentia11y a c1astic equiva1ent of the massive 

ore: The fragmenta1 ore is subdivided into three categories by Kajiwara 

(1970, p. 199): 

a) Kuroko (black ore): spha1erite, ga1ena, tetrahedrites, barite, 

chalcopyrite, and pyrite with minor amounts of accessory minera1s. 

b) Oka (ye11ow ore): chalcopyrite and pyrite. 

c) Ryukako (pyrite ore): pyrite. 

The fragmenta1 structures within the geo1ogic profile of the no. 1 

deposit is i11ustrated in figure 11. A c1ose-up of a graded ore-bed is 

i11ustrated in figure 12. 

The sedimentary features of the ores are: 

1. Graded bedding of ore fragments (latera1 and vertical size-grading 

of ore fragments.) 
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2. A channeling or grooving structure at the bottom of each graded 

ore bed. 

3. An imbricate structure of plat y ore fragments within each graded 

ore bed. 

4. Cross lamination of fine ore fragments at the uppermost part of a 

graded ore bed. 

5. Latteral facies change, from massive ore to fragmented ore 

(massive ~ blocky ~breccia ~powdery), in an orebody (Kajiwara, 1970, 

p. 205). 

2. Genesis 

Dr. T. Tatsumi (personal communication) suggests the following 

processes of formation for the Kuroko ore deposits. 

1. Feeder channels (as shown in the geologic profile of figure 11) 

within the silicified zone provided the ascending hot mineralized fluide 

2. Chemical precipitation in the sea gave rise to the massive ore. 

3. Sliding and slumping of the massive ore gave rise to the fragmental 

ore. 

3 ~ Application. 

Kuroko ore deposits, relatively small in plan (SOm x SOm), are found 

between rhyolite domes. Were there no barriers to end the slumping, 

turbidity currents might have developed. It is suggested that a 

mineralized turbidite, even if it is 'uneconomic', should be analyzed to 

find its up-flow direction. A mineralized turbidite (which covers a large 

area) could be used as an guide to ore-finding, since the Kuroko ore 
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deposits are relatively small in plan .. The general geology of the area 

and the nature of the intervening rocks between the turbidites offer 

clues to the origin and possible extent of the turbidite. For example, 

if the turbidite is situated in front of an ancient delta, it was 

probably generated by slumping of the sediments on the deltaic front. 

If the turbidite is surrounded by volcanic domes, it could have been 

triggered by submarine volcanic explosions. 
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Summary and Conclusions 

Turbidity currents can re-distribute dense minera1s which were 

previously precipitated or transported in sha110wer water. 

The two major pyritic members of the Nairne Pyritic Formation in 

Austra1ia outcrop over a distance of at 1east 65 miles. The 'c' orebody 

horizon of the Mufu1ira orebodies in Zambia has a total strike 1ength of 

11 miles. In both deposits the su1fides occur most1y in greywackes and 

frequently show grading in partic1e size. The size of the slumps found 

in the no. 1 Kuroko deposit of the Shakanai mine in Japan cou1d produce 

the prototype-turbidites which have been mode11ed in this study. 

The density of the turbidity currents in nature may reach a maximum 

of 1.20; whereas, in experimenta1 st~dies densities as high as 2.00 and 

over have been used in the initial slurries. 

In f1ume experiments, runs may attain a ve10city of lm/sec. In 

nature a maximum of 20 rn/sec has been ca1cu1ated. In the present experi-

ments, there is a good correlation between increasing ve10cities and 

increasing densities given by the formula; 

= -1.67 + 1.71 log10 y.A.f. .le. 9 '" H 
~~ 

The rate of increase in the ve10city of the turbidity current decreases 

as the density of the initial f10w increases. 

When the density of the initial suspension is kept constant, a greater 

amount of coarser materia1 in the initial flow will increase the total 
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resistance to the f10w thereby decreasing the ve10city of the turbidity 

current. The Froude and Reyno1d's numbers will thus be diminished. 

C1umps of grains, minera1 banding and waves at the upper bed 

surface have been found in on1y a few of the present experiments. 

Vertical grading was seen more easi1y in the sma11er f1ume, especia11y 

when the dense minera1 was spha1erite rather than i1menite. According to 

Midd1eton (1967) a sudden re1ease of the slurry produces (1) both normal 

and 1atera1 grading with low concentration f10ws and (2) 'coarse tai1' 

vertical grading with 1atera1 grading at the bottom with high concentration 

f1ows. When .the slurry is fed at a regu1ar rate for some time no grading 

occurs. 

The turbidites tapered marked1y downf1ume in the two fo11owing sets 

of f10w conditions which produced contrasting resu1ts: 

(1) Low density runs (up to 1.26) in which the slurries were easi1y 

put into suspension formed the richest concentrations of dense minera1s; 

(2) Slurries in'which the sediments were hard to keep in suspension 

disp1ayed an impoverishment of heavy minera1s in the turbidite. The 

relative enrichment took place in the mixing box. It wou1d therefore be 

usefu1 whi1e prospecting to search 'upstream' of the su1fide bearing 

greywackes in order to find a possible enriched zone of slumping. Vertical 

grading is better deve10ped in the zone of slumping than in the ensuing' 

turbidité, both in these experiments and in nature. This vertical grading 

is we11 disp1ayed in the no. 1 deposit of the Shakanai Mine in Japan 

(Kajiwara, 1970). 
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Clatms to original work 

The purpose of this thesis was to investigate the behaviour of heavy 

minerals carried within a turbidity current. Although a fair number of 

experiments have been done on small-scale turbidity currents, this is 

the first attempt to simulate sulfide-bearing turbidity currents. This 

work was done primarily by using fixed ratios of dense to lighter 

minerals over a wide range of densities and by varying the settling 

velocity of ilmenite. 

The following original results were noted: 

(1) ~ow density runs (up to 1.26) in which the sediments were easily 

put into suspension in the mixing box formed the richest concentrations of 

ilmenite. 

(2) Slurries in which the sediments were difficult to keep in sus­

pension, either because of high densities or the lack of clay-sized 

particles in the runs displayed an impoverishment of dense minerals in 

the turbidite. 

(3) When the density of the initial suspension is kept constant, a 

greater amount of coarser material in the initial flow increases the total 

resistance to the flow thereby decreasing the velocity of the turbidity 

current. The Froude and Reynold's numbers will thus be diminished. 



Suggestions for further work 

A further step in simulating natural turbidites would be achieved 

by accumulating sediments on a very gentle slope of a flume either 

through precipitation or transportation until the sediments become 

unstable and begin to slide down the slope. This would in turn 

initiate the turbidity flow in a more natural fashion. 

Although the density or rather the variation in density of the 

initial sediment-water slurry would be difficult to appraise, closer 

correlations between natural and experimental turbidites would be 

achieved. 
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In order to model longer turbidity currents, a further reduction in 

the settling velocity of the particles would be required. This could be 

partly achieved by further scaling-down of the diameters of the particles 

and by choosing particles with low density. 
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