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2. The Roles of Continuous and Surge-Type Flow 
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Acoustic backscatter images are presented of the continuous flow turbidity current resulting from mine 
tailing discharge into Rupert Inlet. The current flows partially within a submarine channel, which both 
hooks to the left and meanders. The images show the turbidity current spilling over the outer levees at 
channel bends. A model for continuous turbidity flow incorporating overspill is developed and applied to 
the left-hooking section of the submarine channel. It is very likely that the observed overspill is primarily 
an inertial effect resulting from the outer bank being more sharply curved than the channel axis. The 
model results are combined with a sediment accumulation budget based on successive seismic profiling 
surveys and with results for surge-type flows (taken from the companion paper (Hay, this issue)). It shows 
that surges are primarily responsible for the transport of tailing to large distances from the point of 
discharge and should recur at 1- to 2-day intervals on average. This is consistent with the characteristics 
of coarse-grained turbidites observed in cores from the levees. Relative to the intervening fine-grained 
mud deposits the turbidites increase both in thickness and frequency in the downchannel direction. 
Furthermore, the surge recurrence interval obtained from the number of turbidites per core and the local 
accumulation rate is 2-5 days, essentially the same as that obtained from the model. Suspended tailing 
transport within the channel appears to be dominated by surge-type turbidity currents except close to 
the outfall. It is concluded that the surge-type flows are most responsible for the formation and morphol- 
ogy of much of the channel. It is not clear, however, that the meanders are formed principally by surges. 
Although the surges occur frequently and transport most of the sediment in the meander reach, the 
volume transport is dominated by continuous flow. 

1. INTRODUCTION 

Turbidity currents represent one of the primary mechanisms 
by which terrigenous sediments have, over time, been trans- 
ported into the deep ocean. They have long been held respon- 
sible for the formation of the submarine canyon, channel, and 
fan systems which start at the edge of the continental shelf and 
extend seaward over the abyssal plains. Our knowledge of this 
process comes principally from the extensive geological litera- 
ture on turbidites and laboratory experiments with gravity 
currents, rather than direct observations of turbidity currents 
themselves and their effects on submarine channel morpholo- 
gY. 

The absence of instances in which turbidity currents, partic- 
ularly surge-type flows, has been observed in developing suba- 
queous channels makes the problem of relating channel mor- 
phology to turbidity current properties rather difficult. There 
are many reasons for wanting to establish such relationships, 
not the least of which is the contribution that would be made 

to our understanding of the development of deep-sea fan de- 
posits. Several studies have obtained promising results by in- 
ferring the properties of turbidity currents from submarine 
channel morphology alone (see the review by Komar [1977]) 
or from morphology combined with the distribution of turbi- 
dite deposits [Bowen et al., 1984]. These studies illustrate both 
the potential of the approach and the limitations imposed by 
observations made only after the fact. 

The Rupert Inlet study provides a case history of submarine 
channel development including observations of both surge- 
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type and continuous flow turbidity currents and identification 
of turbidites in the sediments. The channel itself exhibited 

many features found in deep-ocean submarine channels: left- 
hooking and levee asymmetry [Menard, 1955; Kornar, 1969-[, 
meanders [Darnuth et al., 1983; Bellaiche et al., 19863, and a 
downstream decrease in channel relief and width [-e.g., Bel- 
laiche et al., 19863. Interpretation of the development of these 
features in the Rupert Inlet system requires that the effects of 
surge-type flows be separated from those of the continuous 
turbidity current associated with the discharge. The purpose 
of this article is to make this separation. 

The first studies of turbidity currents and channel devel- 
opment in mine tailing disposal systems appear to have been 
made by Carstens and Tesaker [1972] and also Tesaker 
[19753 and Normark and Dickson [1976a, b]. In both studies, 
direct current measurements were obtained in continuous flow 

turbidity currents in the vicinity of mine tailing outfalls, and 
channelization of the deposit was found. 

The paper begins with a brief description of methods in 
section 2. Section 3 provides the necessary background data 
on the submarine channel and the tailing deposit in Rupert 
Inlet. The acoustic observations of the continuous flow turbid- 

ity current are presented in section 4. Section 5 is an analytic 
treatment of continuous flow including overspill. The limi- 
tations of this model and the problem of maintaining a quasi- 
steady equilibrium morphology through a combination of 
deposition from continuous flow and removal by slump- 
generated surges are examined in section 6. 

2. EXPERIMENTAL METHODS 

Ross Laboratories model 200 acoustic sounders operating 
at a 0.1-ms pulse length were used in these experiments. Posi- 
tion fixes were made using a microwave positioning system, 

2883 



2884 HAY: SUBMARINE CHANNEL FORMATION--OBSERVATION AND THEORY 

Fig. 1. Tailing deposit bathymetry in November 1976 during the meandering channel phase. Contours in meters. The 
dashed lines are acoustic sounding lines 78, 79, 80, and 67 (see text). 

unless otherwise indicated. The continuous seismic profiling 
data were collected using a boomer and a linear hydrophone 
array. Total suspended particulate concentrations were deter- 
mined gravimetrically after vacuum filtration of the sample 
through a 0.4-/•m nominal pore size Nuclepore filter [Hay, 
1981, 1983]. Some values of suspended particulate con- 
centration are reported here which were determined using 
0.45-/•m nominal pore size Millipore filters and pressure filtra- 
tion. The filters were weighed in the petrie dish in which each 
was stored. Material on the dish resulting from handling 
would therefore cause errors. However, because the measured 

concentrations are large (about 0.25 kg m-3) and the volume 
filtered was 1.2 L, by far the largest change in weight is due to 
the suspended particulate on the filter, so these errors are not 
believed to be important. 

3. BACKGROUND 

3.1. Channel Characteristics 

The bathymetry of the mine tailing deposit in Rupert Inlet 
in November 1976 is shown in Figure 1. The tailing is dis- 
charged from the 1.1-m diameter outfall at an approximate 
rate of 380 kg s- • at a depth of 49 m in the form of a slurry of 
10% solids, 40% freshwater, and 50% seawater, by volume. 
The tailing particles are typically 65-75% smaller than 0.074- 
mm diameter, with a nominal median diameter of 0.030 mm. 

The submarine channel in Figure 1 is in its so-called me- 
andering channel phase. From the start of the channel near 
the outfall the "upper reach" extends cross inlet, hooking 
slightly to the left (in the downchannel sense) and then enters 
the "meander reach," which is located in the central trough of 
the inlet. The straight "lower reach" is below the meander 
reach. 

The channel depth is plotted as a function of axial distance 
in Figure 2a. The axial slope of the upper reach is between 
9.5 ø and 12 ø at the top, decreasing to 1.9 ø at the bottom, while 
the slopes of the meander and lower reaches are 0.91 ø and 
0.47 ø , respectively. The channel relief and width are shown in 
Figures 2b and 2c. The relief is defined as the vertical distance 
from the channel bottom to the crest of the higher of the two 
levees. The width is the full width: the horizontal distance 

between levee crests, corrected for the angie between the 
sounding line and the channel talweg. In the meander reach 
the channel width was difficult to determine unambiguously 
because of the absence of a well-defined inner levee. This ac- 

counts for the smaller density of points in this section of the 

diagram and means that the uncertainty of the widths given 
for this reach is much larger than for the upper and lower 
reaches. The channel relief and width both undergo a pro- 
nounced increase in the 200-m section of the upper reach near 
the outfall. There is another sharp increase in relief at the 
bottom of the upper reach, which corresponds to the height 
above channel bottom of the levee on the southeast side of the 

first bend. Both relief and width exhibit overall decreases 

downchannel from this area. 

Consider the upper reach. The top 200- to 300-m section of 
this reach is steep (axial slope, 9.5ø-12ø), while the axial slope 
in the remaining 700- to 800-m-long section is much less (2.2 ø) 
and relatively constant (Figure 2a). The channel cross- 
sectional area may be taken to be proportional to the product 
of relief and width. This quantity increases with distance away 
from the outfall in the top 200-m-long section but decreases 
with axial distance throughout much of the rest of this reach 
(Figures 2b and 2c). A pronounced increase in cross section is 
found at the base of the upper reach at the first bend. The 
channel cross section then decreases on average throughout 
the rest of the channel. 

3.2. Sediment Budget 

Continuous seismic profiling surveys were conducted annu- 
ally after commencement of mining operations in 1971 until 
1975, and again in 1977. The submarine channel was first 
recognizable as a pronounced feature in the 1974 survey 
which, together with the results of the two subsequent surveys, 
is presented in Figure 3. These data are discussed in more 
detail by Hay et al. [-1983a]. The deposit thickness infor- 
mation in Figure 3 can be used to compute a sediment budget 
for the basin, which will provide estimates of the net sediment 
transport from one part of the basin to another. This requires, 
however, that the deposited tailing be distinguished from ma- 
terial derived from the waste dump, which is shown on the 
north flank of the inlet in Figure 3. 

•' The waste dump material is low-grade rock which is bull- 
dozed into the inlet at a rate about 3-4 times the rate of 

tailing discharge. The material spans a broad size range, from 
boulders to clay-sized particles. The fine waste dump material 
is physically indistinguishable from tailing, and it must be 
assumed that this material can be carried considerable dis- 

tances from the dump. Equally, tailing must be deposited in 
the vicinity of the waste dump. It was therefore assumed that 
each source contributed equally to the volume of material on 
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Fig. 2. Axial profiles of (a) channel depth, (b) channel relief, and (c) channel width for the November 1976 survey 
(Figure 1) during the meandering channel phase. The dashed line in Figure 2c emphasizes the linear decrease in channel 
width in the lower part of the upper reach; the solid vertical line at 1.4 km illustrates the range of width estimates which 
can be inferred from the same sounding line in the meander reach depending on one's choice for the crest of the inner 
levee. 

either side of the saddle point between the two deposits, which 
is shown by the line XX' in Figure 3. 

The volume of the tailing deposit was determined by inte- 
grating the area enclosed by each of the thickness contours in 
Figure 3 using a planimeter. Assuming a dry bulk density of 
1.3 g cm-3 for the tailing [Hay and Waters, 1985], the mass of 
the tailing deposit was computed and compared to the total 
reported discharge. The results are given in Table 1. The com- 
puted values are quite sensitive to the value of the dry bulk 
density and, to a lesser extent, to the unknown speed of sound 
in the deposit (1500 m s- • was assumed). Since both parame- 
ters vary with deposit thickness due to compaction, the as- 
sumption of constant values is not strictly valid. Furthermore, 
the continuous seismic profiler is insensitive to tailing deposits 
much less than 1.5 m thick because of ringing in the outgoing 
pulse. The volume of this material was estimated by extrapo- 
lating the area versus thickness curves to zero thickness. 
Nevertheless, good agreement (within 10%) exists between the 

values for the total tailing deposited and the total tailing dis- 
charged. We conclude that the tailing and waste dump de- 
posits are separated reasonably well by the line XX'. 

The tailing deposit was divided into proximal and distal 
zones by the line YY' below the meander reach (Figure 3). The 
volume of the deposit was determined for the proximal zone in 
the same manner as described above. The equivalent mass 
accumulation rate was quite consistent for the two periods, 
148 and 140 kg s-•, leaving an average of 240 kg s- • of 
material to be transported out of the proximal zone. Continu- 
ous and surge-type turbidity currents, and the inlet circu- 
lation, contribute to this transport. 

3.3. Channel Pattern Persistence 

Detailed surveys of the meandering channel were conducted 
in November 1976 (Figure 1) and January 1977 (Figure 3c). In 
addition, a side scan survey was conducted in June 1977 (not 
shown). Essentially the same channel pattern as that in Figure 
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TABLE 1. Volume of Tailing Deposit From Seismic Profiling 
Surveys' Computed (See Text) and Reported Average Rates 

of Tailing Discharge Between Surveys 

Volume, Computed Rate, Reported Rate, 
Survey Date x 105 m 3 kg s-t kg s- t 

Nov. 29, 1974 12.58 385 420 
Oct. 21, 1975 15.64 348 352 
Jan. 12, 1977 19.82 

1 persisted throughout this 7-month interval [Hay et al., 
1983a]. Additional surveys with less accurate navigation show 
that the channel was present for a period of about 3 years 
[Hay et al., 1983a]. It is not known whether the meanders 
persisted that long. It is known from turbidites found in cores, 
however, that surge-type turbidity currents occurred at 1- to 
5-day intervals [Hay et al., 1983b]. Using the 7-month interval 
as the minimum time scale of channel pattern change, it is 
clear that for a large number of sequential surges, the channel 
was essentially the same. The submarine channel in Figure 1 is 
therefore taken to be in a slowly changing, or quasi-steady, 
state of equilibrium with the continuous flow and surge-type 
turbidity currents responsible for its formation. 

4. CONTINUOUS FLOW OBSERVATIONS 

An acoustic image of the discharge plume in the upper 
reach is shown in Figure 4. The line location is shown in 
Figure 1. The channel appears as if viewed looking down- 
stream, that is, with the higher west levee on the right. The 
bottom echo is the thin dark line immediately above the band 
of uniform light gray (a product of the "Fineline" feature in 
the receiver). Large amplitude scatterers, probably fish, are 
distributed throughout the displayed section of the water 
column. The backscattered signal from the discharge plume is 
concentrated on the right-hand side of the channel and can be 
seen spilling out of the channel beyond the crest of the higher 
west levee. Side echo from the bank partially masks the plume 
within the channel on the right-hand side. This profile is typi- 

cal of those acquired in this portion of the upper reach. The 
others have been discussed by Hay [1981]. All exhibit the 
same tendency on the part of the plume to hug the right bank 
and spill over the right levee, independent of the phase of the 
tide. 

Figure 5 is a series of three profiles showing the channelized 
plume at successively increasing distances from the outfall in 
the meander reach. Again, the channel appears as if viewed 
looking downstream, and the line locations are shown in 
Figure 1. These profiles all show the plume spilling over the 
levee of the outer bank in a bend. The point farthest down- 
channel at which the plume was detected in November 1976 
was line 67 (Figure 5c). The receiver gain was lower for this 
profile than it was for the others, which is why the plume is 
only barely discernable over the right bank and levee. 

Profiles of total suspended particulate near the outfall at 
station D (Figure 1) are shown in Figure 6. These samples 
were collected while the vessel was moored fore-and-aft over 

the channel. The zone of high concentration begins at about 
6-10 m above bottom, consistent with the acoustic image in 
Figure 4. Near-bottom concentrations ranged from 0.03 to 
0.37 kg m -3, and although samples closer than 3 m to the 
bottom were not obtained, a reasonable mean value in the 
8-m-thick layer next to the bottom is 0.25 kg m-3. 

5. THEORY:CONTINUOUS TURBIDITY FLOW 

IN THE UPPER REACH 

A theoretical model is needed to provide estimates of tailing 
transport and deposition due to channelized continuous flow. 
Because the effects of both channel curvature and overspill 
must be included, previous formulations are unlikely to be 
suitable. These either do not incorporate overspill [Kornar, 
1969] or invoke a special type of overspill (e.g., flow stripping 
[Bowen et al., 1984]). 

The present model is developed for the upper reach, for 
which we have information on sediment input, suspended sedi- 
ment concentration, and the cross-channel slope of the inter- 
facial region between the continuous flow turbidity current 

73.2- 

9-1..4- 

Fig. 4. The 200-kHz acoustic image of the channelized discharge plume along line 78. See Figure 1 for line location. 
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Fig. 5. The 200-kHz acoustic images of the discharge plume along (a) line 79, (b) line 80, and (c) line 67 (see Figure 1 for 
line locations). Note that the receiver gain was lower for the image shown in Figure 5c. 

and the overlying fluid. We begin by deriving a set of gov- 
erning equations which represent the approximate behavior of 
the mean flow and which is then further simplified by using 
the available data to show that certain terms are unimportant. 
It is then shown that at a fixed point a relation exists between 
volume transport and friction coefficient, and these quantities 
are estimated from the data. Finally, the downstream changes 
in continuous flow parameters are investigated. 

5.1. Governing Equations 

For simplicity,. vertical and lateral uniformity in suspended 
sediment concentration and velocity are assumed. This ap- 
proach assumes implicitly that the dynamics of the system are 

well represented by mean values and is examined in more 
detail in Appendix 1. The approach has the important advan- 
tage that the vertical dependence of the turbulent fluxes is 
removed, and experimental determinations of drag coefficients 
and entrainment rates for two-dimensional density currents 
can be introduced. 

The slope of the interfacial region in the acoustic image in 
Figure 4 suggests a cross-stream momentum balance between 
the Coriolis and centrifugal accelerations and the cross-stream 
pressure gradient, as assumed by Kornar [1969] and Bowen et 
al. [1984]. For leftward curving channels in the northern 
hemisphere in which the channel width W is much less than 
the radius of curvature r o this balance takes the form, after 



HAY' SUBMARINE CHANNEL FORMATION--OBSERVATION AND THEORY 2889 

\\ 

•: ß 
o \ \ 
O ß 
m \ \ 
,,, \ 
> \ '\ o 

c12 '\ • . 

•x 

o 
o.• o.2 o.3 0.4 

TSP (kg/m 3) 
Fig. 6. Suspended sediment concentration profiles during the me- 

andering channel phase in November 1976 at station D (Figure 1). 
The different symbols represent different profiles. 

making the Boussinesq approximation, 

U 2 Ah 
fu +- = •gM • (1) 

r o W 

where u is the speed in the streamwise direction, f the Coriolis 
parameter, Ah/W the cross-stream interfacial slope, M the 
mass concentration of suspended sediment, and 

(a) 

p, • 

Ps-- Po 
g - (2) 

PsPo 

The grain density of the suspended particles is ,o s, and p0 is the 
density of the ambient seawater. The excess density of the flow 
is given by 

Ap 
- •M (3) 

P0 

Since the inertial acceleration terms in (1) do not depend 
explicitly on the radial coordinate r, it is clear that u should be 
independent of r for a constant cross-stream interfacial slope. 
The acoustic image in Figure 4 suggests that this should be a 
reasonable approximation, especially considering the degree of 
vertical exaggeration. The flow geometry is sketched in Figure 
7a and has been simplified for the present analysis as shown in 
Figure 7b. The flow thickness H has been taken to be indepen- 
dent of r and may be thought of as the cross-stream-averaged 
flow thickness. Similarly, 0 is the cross-stream-averaged 
bottom slope. 

Consider conservation of downstream momentum in the 

control volume sketched in Figure 8. The downstream dis- 
tance is x = r0•b, where •b is the azimuthal angle. Again invok- 
ing the Boussinesq approximation and referring to Figure 8, 
the downstream momentum balance is 

(W'H'u)u,, + (W'H'u),,u = •gMW'H' sin fi 

(Zo + zi) MuWws 
-- W' -- u6 -- • (4) 

Po Po 

where z o and z i are the bottom and interfacial shear stresses, 
respectively. The subscript x denotes partial differentiation 

(a) 
I 

u I 

I 

% 

h- w =j 

Fig. 7. (a) Schematic cross-channel profile and (b) definition 
sketch of the control volume for the cross-stream averaged model, 
shown superimposed on the cross-channel profile (dashed line) taken 
from Figure 7a. The encircled crosses in Figures 7a and 7b denote the 
direction of the mean flow u (into the plane of the drawing). 

(b) r---Ax: ro I 

I I 

H , twe I I 

u I P' • Apg sin/9 
I I 

/ I I / I I / I / / / / 

Fig. 8. Definition sketches of the control volume (a) in plan view 
and (b) in the along-channel direction. 



2890 HAY' SUBMARINE CHANNEL FORMATIONmOBSERVATION AND THEORY 

with respect to x. The bottom slope in the along channel 
direction is tan fl. The last two terms on the right-hand side in 
(4) represent the loss of downstream momentum due to 
channel overspill and deposition, respectively' 5 is the volume 
rate of overspill per unit downstream distance, and % is the 
effective sedimentation velocity. 

The equation for conservation of sediment is 

(MW'H'u)x = -- WMw s -- M5 (5) 

so that the divergence of downstream sediment transport is 
caused by sedimentation and channel overspill. Similarly, the 
equation for conservation of volume is 

M 
(W'H'U)x = Ww e --5- • W% (6) 

where the last term is the volume loss due to sedimentation. 

The entrainment of fluid at the upper interface is parame- 
terized in terms of an entrainment velocity w e, taken to be 
positive downward. In this paper we use the formulation given 
by Bo Pedersen [1980a, b] 

w e = 0.072 sin • u (7) 

the important features of which are the linear dependence on 
bottom slope and velocity. Equations (5) and (6) are similar to 
the continuity equations (3) and (4) given by Komar [1973], 
but differ in that sediment and volume, rather than sediment 
and water, are conserved separately, and in that overspill is 
included. 

Equations (4)-(6) may be written in more convenient form 
by noting that W'H'= WH and W- W' cos 0 (Figure 70), 
and by using (6) to eliminate (W'H'U)x from (4). We therefore 
have the downstream momentum equation 

To + •i 
•gMH sin/• = • + u(w e + •M%)- Huu x (8) 

P o cos 0 

and the two scalar conservation equations 

(MWHu)x = -- WMw s - M,5 (9) 

M 
(WHU)x = Ww e -- (• -- Ww s (10) 

Ps 

Note that overspill does not enter the downstream momentum 
balance (8). Moving fluid is extracted from the turbidity cur- 
rent, reducing the volume transport. No exchange of fluid 
occurs, however, so there is no associated drag. 

Consider the sedimentation term in (8). Let w, be the termi- 
nal settling velocity of individual grains, assumed to be given 
by the Stokes settling velocity for a sphere [e.g., Batchelor, 
1967 p. 234]. A typical mean diameter for the suspended tail- 
ing is 14 #m [Hay, 1983], giving w, • 1.8 x 10 -2 cm s -1 
Because of turbulent diffusion away from the high con- 
centration region next to the bed it is to be expected that 

w s < w, cos • (11) 

where the cos fl term arises because the direction normal to 
the bed is not vertical. The ratio of the sedimentation and 

entrainment terms in (8) is therefore less than or nearly equal 
to 

•3.5 x 10 -5 
0.072 tan flu 

where values of fl=2.2 ø , ps =2.7 x 103 kg m -3, and 

M = 0.25 kg m-3 (Figure 6) have been used. In addition, a 
velocity scale u- 30 cm s-1 was chosen, since this will be 
shown to be typical of the expected speeds. The loss of mo- 
mentum due to deposition is therefore small in comparison 
with that due to entrainment, and the % term in (8) may be 
dropped. 

Similarly, sedimentation has a negligible effect on volume 
conservation. From (7), w e • 8.2 x 10 -2 cm s-1 for a 30 cm 
s -1 flow speed, which is comparable to w, (1.8 x 10 -2 cm 
s-1). Since M << Ps, it is clear comparing the w s and w e terms 
in (10) that volume change due to deposition is much less than 
that due to entrainment, and the w s term will therefore be 
neglected. 

Finally, the nonlinear term Huu x in (8) is ignored. This as- 
sumption has been made in previous models of continuous 
turbidity current flow in curved channels [Komar, 1969, 1973; 
Bowen et al., 1984]. Its validity in the present context will be 
judged by comparing the linear theory to observation. The 
governing equations (1), (8), (9), and (10) therefore become 

and 

u2 (ho--H) fu +--= •oM 
r o W 

u2 = (2•q sin I•,)(MH) 

(12a) 

(120) 

HuM x = --M(w s + lie) (13a) 

(WHu)x = Ww e -- (• (130) 

Equation (13a) was obtained by substituting (130) in (9). Equa- 
tion (8) has been rewritten in the Chezy-type form (120) by 
assuming the usual quadratic speed dependence in the stress 
terms 

To + •:i_ f. u 2 (14) 
Po 2 

f, being a composite drag coefficient (including both interfacial 
and bottom friction), and by using (7) to eliminate the en- 
trainment velocity. The effective drag coefficient f" is given by 

f. 
f" - + 0.144 sin fl (15) 

COS 0 

Overspill appears explicitly only in the volume conservation 
equation, deposition only in the sediment conservation equa- 
tion. 

It is convenient to define the volume transport 

Q = WHu (16) 

and to solve (12) for u and M in terms of Q and H. Using (120) 
to eliminate u from (12a), we find that 

M1/2 ( f" )1/2 œ[rof"(ho--H) 1-1 = 2•g/• •in fl røs[ 2--•-• •n/• -- 1 (17) 
By using (16) to eliminate WH from (17) and substituting the 
result in (120), a quadratic equation in u is found for which the 
solution is 

u- •-•-of7, (ho H) O (18) 

where the positive root has been taken in order that u remain 
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positive for H < h o and where 

2r o :ff" 
co - (19) 

sin/• 

Equation (17) becomes 

M1/2 =('2•J• n [•)i/22rof{Hi/2I(1 +co(hø•H)) •/2-- 11} -• 
(20) 

5.2. Estimating f" From Conditions at x = 0 

The origin (x -- 0) in this analysis is taken to be the location 
of the cross-channel profile shown in Figure 4, which is about 
two thirds of the way along the constant slope section of the 
upper reach (see Figures 1 and 2). At x = 0, u = u o, H = H o 
and Q = Qo, where 

Qo = WoHouo (21) 

By using (18) to substitute for u o in (21), the following relation 
is obtained' 

i (20 = rofWoHo 2 sin/• \ WoHo J 1 (22) 
Equation (22) is a key result in the present development, since 
it relates the only two quantities for which no observations 
exist' Qo and f". It is shown below that quite narrow bounds 
can be placed on the possible values of Qo and f". 

From Figure 4 it is estimated that h o - H o = 3.5 m, H o = 
8.8 m, and W o - 62 m. Using f- 10 -'• s-1, ro = 1300 m and 
/• = 2.2 ø (see section 3)' values of Qo were calculated using (22) 
for various values off" and are listed in Table 2. Also shown 
in Table 2 are the values of u o and M o determined from (18) 
and (20), respectively, and the values of suspended sediment 
transport MoQo, the square of the densimetric Froude number 
(F, 2 = Uo2/g'Ho), and the friction coefficient f,. 

Since the sediment mass transport in a depositional system 
cannot exceed the rate of discharge (380 kg s-•), and since the 
total transport must include both bed load and surge trans- 
port in addition to the suspended load transport estimates in 
Table 2, small values off" (<0.011) may be eliminated. This 
conclusion is consistent with the fact that the calculated values 

of M o for values of f" below 0.011 are much greater than 
those observed (Figure 6). Furthermore, large values of f" 
(>0.016) yield estimates of M o much smaller than those ob- 
served. 

The values of the friction coefficient in Table 2 are to be 

compared with those reported for density currents. Bo Ped- 
ersen [-1980a, p. 95, 1980b, Figure 1-1 has plotted the bulk 
Richardson number Ri = l/F, 2 against sin/• for the available 
experimental data. From (12b), 

f,, 
Ri - (23) 

2 sin/• 

which represents the usual dependence of Ri on bottom slope 
and friction, except that here f" is a modified friction coef- 
ficient. If it is assumed that (12b) implies that f" will have 
roughly the same dependence on axial bottom slope and Rich- 
ardson number as do the friction coefficients for density cur- 
rents, then Bo Pedersen's compilation suggests that 10-2 < f,, 
< 10-•. The values off" in Table 2 fall in this range but are 
closer to 10- 2. 

5.3. Entrainment-Driven Overspill 

Having arrived at a set of governing equations and a best 
estimate for the range of values of f", we are now in a position 
to investigate changes with distance downstream and, in par- 
ticular, the effects of overspill and sedimentation. One candi- 
date overspill mechanism is the increased volume transport 
caused by entrainment. Assuming that overspill is driven 
solely by entrainment, then 

(• = Ww e (24) 

so that (13b) becomes 

WHu - Qo (25) 

where the volume transport Qo is constant. It can be seen 
immediately from (25) that entrainment-driven overspill can 
produce the downstream reduction in channel cross section 
(WH) only if there is a corresponding downstream acceler- 
ation of the mean flow, which is unreasonable. 

5.4. Sedimentation 

Sedimentation effects are not easily incorporated into tur- 
bidity current models explicitly, since the dependence of the 
effective sedimentation velocity on flow parameters is not well 
understood. In the present instance, however, it is possible to 
show that to a first approximation, sediment deposition can 
be ignored. A length scale L M for the downstream change in 
concentration can be defined from (13a) such that 

Hit 
(26) 

-•- W e 

where H and u are typical thickness and velocity scales. Equa- 
tion (26) holds provided H and u vary slowly with distance 
downstream. It can be shown, although it requires some effort, 
that this is to be expected in a channel with constant relief 
(e.g., h o = const) and constant slope when (24) holds. Fur- 
thermore, u and H are found to vary slowly for the other 
overspill mechanism considered here as well. Returning to 
(26), we find that for H,--10 m, u--,30 cm s -1, and w s 
+ w e ,• 10- • cm s-•, Ls• --, 3 km. This is much longer than 

the few hundred meters of the upper reach that are of interest 
here, suggesting that the changes in M are unlikely to be very 
large. Finally, since w s ,• We/4, sedimentation will make a 
small contribution to an already small change and will be 
ignored. Equation (13a) is accordingly rewritten in the form 

HM x = --0.072 sin/1 M (27) 

5.5. Inertial Overspill 

The question remains as to how to deal with the overspill 
term & in the volume transport equation (13b). The previous 

TABLE 2. Calculated Flow Parameters at x- 0 as a Function of 

f" 

Qo, Uo, Mo, MoQo, f,, 
f" m 3 s -• m s -• kg m -3 kg s -• X 10 -3 Fr 2 

0.010 731 1.34 4.35 3180 4.1 7.6 

0.011 343 0.629 1.05 361 5.0 6.9 

0.012 224 0.411 0.491 110 5.9 6.3 

0.013 166 0.305 0.293 48.7 6.8 5.8 

0.014 132 0.243 0.200 26.4 7.3 5.4 

0.015 110 0.201 0.147 16.2 8.6 5.1 

0.016 93.9 0.172 0.115 10.8 9.5 4.7 

0.017 82.0 0.150 0.093 7.6 10.5 4.5 
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discussion indicates that the downstream decrease in channel 

cross section is not a morphology compatible with the con- 
tinuous flow alone. It is therefore useful to consider whether 

this morphology might result from levee slumping and surge- 
type flow. In this view the leftward curvature and narrowing 
cross section of the channel are prescribed as far as the con- 
tinuous flow is concerned. A tendency for the fluid columns to 
climb the outer bank could then arise if the radius of curva- 

ture of the outer levee crest were smaller than that of the 

channel axis, r o (as suggested by Figure 1). In other words, the 
balance between the inertial terms and the pressure gradient 
in (1) would be satisfied only if the fluid columns followed 
paths with radii of curvature equal to to, which requires that 
columns over the outer bank, where the radius of curvature of 

the channel bottom is less than r o, gradually climb toward and 
spill over the levee crest as they move along channel. The term 
"inertial overspill" is therefore suggested for this process, 
which is sketched in Figure 9. It can be seen that the volume 
rate of overspill per unit length of channel will be given ap- 
proximately by 

dW 
c5 • --H • u (28) 

dx 

where the negative sign is required because c5 is positive for 
dW/dx < 0. Equation (13b) becomes 

(WHu),, = u 0.072 sin/• W + H • (29) 
The ratio of the overspill and entrainment terms in (29), for 
dW/dx =-0.2 (Figure 2c), W = 62 m, H= 8.8 m, and 
/9 = 2.2 ø, is about 10. This is large enough that the en- 
trainment term can be ignored, and (29) reduces to the simple 
form (Hu)x = 0, or 

Hu = Hou o (30) 

It is important to note that this result implies that the inertial 
overspill rate is constant along the length of the channel. 
Combining (30) with (12b) gives 

Ho 3 
M = M o H3 (31) 

which, when substituted in (30), gives H x = 0.024 sin/9 or, 

H = H o + 0.024 sin flx (32) 

CHANNEL AXIS 

(r =r.) 

•'\ FLUID COLUMN PATH 
+ w./2) 

LEVEE CREST 

(r=r. *W/2) 

Fig. 9. Sketch showing the path of a fluid column in plan view 
undergoing inertial overspill. 

TABLE 3. Inertial Overspill: Bulk Flow Parameters at x = 150 m 
Near the End of the Upper Reach 

u, Q, M, MQ, 
f" m s -• m 3 s -• kg m -3 kg s -• 

0.011 0.619 177 1.00 178 

0.012 0.405 116 0.469 54.2 

0.013 0.300 85.9 0.280 24.0 

0.014 0.239 68.4 0.191 13.1 
0.015 0.198 56.6 0.140 7.9 

H increases linearly with distance downstream. From (30) and 
(31), both u and M decrease with x. W, of course, is pre- 
scribed. 

The predicted flow parameters for x = 150 m at the bottom 
of the linearly narrowing section of the upper reach are pre- 
sented in Table 3. Comparing these values to the x = 0 esti- 
mates in Table 2, it is seen that M and u exhibit small de- 
creases, about 5 and 2%, respectively. From (32) the increase 
in H is 0.14 m. As before, therefore, the errors introduced by 
ignoring sedimentation are not expected to be important. In 
order to test the inertial overspill model the flow parameters 
were calculated for x = -350 m at the entrance to the linearly 
narrowing section and are given in Table 4. One of the fea- 
tures of the inertial overspill model is that it is consistent with 
the narrow range of friction coefficients chosen in section 5.2. 
For example, the mass transport MQ at x = -350 m exceeds 
the discharge rate at the outfall for f" < 0.011. Similarly, for 
values off"> 0.015 the vertically averaged concentrations M 
are much lower than indicated by the measurements near x = 
-350 m (Figure 6; see also Figure 1). This suggests that the 
probable range of values off" is 0.012-0.014, which is within 
and somewhat narrower than the range determined pre- 
viously. 

The predicted overspill rates can be compared with the ob- 
served sediment accumulation rate in the vicinity of the right 
(west) levee. We assume that all of the overspilled tailing is 
deposited in the area immediately to the west of the linearly 
narrowing section of the upper reach, and north of the mean- 
der reach. The east-west dimension of this area is to be select- 

ed and is designated by 1 o. The north-south dimension l• is set 
equal to 500 m, the length of the linearly narrowing section of 
the upper reach. Taking l o to be 300 m (see Figure 3c), the 
mean accumulation in this area was about 12 m during the 
period from the beginning of discharge in October 1971 until 
the survey in January 1977, or about 2.3 m yr -•. The sedi- 
ment accumulation rate calculated from the rate of overspill is 

AMQ 
S - (33) 

PBlol• 

where PB = 1.3 x 10 3 kg m -3 is the dry bulk density of the 

TABLE 4. Inertial Overspill: Calculated Flow Parameters at x = 
-350 m at the Top of the Linearly Narrowing Section of the Upper 

Reach 

u, Q, M, MQ, AMQ, S, R, 
f" m s -x m 3 s -1 kg m -3 kg s -1 kg s -1 m yr -1 kg s -1 

0.011 0.653 731 1.17 858 ......... 

0.012 0.427 477 0.549 262 208 33.6 193 

0.013 0.317 354 0.328 116 92.1 14.9 76 

0.014 0.252 282 0.224 63.1 50.0 8.1 35 
0.015 0.209 233 0.164 38.4 ......... 
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deposited tailing as before. AMQ is the inertial overspill loss 
in the linearly narrowing section of the upper reach, which is 
equal to the difference between the values of MQ at x = -350 
m and x = 150 m in Tables 4 and 3, respectively. The values 
of AMQ and estimates of S from (33) are also listed in Table 4. 
The estimated accumulation rates are much too large, indicat- 
ing that a large fraction of the overspilled material must be 
transported out of this area if the inertial overspill model is to 
be retained. This amount is designated by R and is listed in 
Table 4 for the selected probable range of friction coefficients. 
It is seen that roughly 70-90% of the overspilled material 
must be transported elsewhere if the observed accumulation 
rates are to be accounted for. Two mechanisms are likely to be 
important. One is the removal of deposited material by surge 
type flows, about which more will be said in section 6. In 
addition, the overspilled tailing must itself flow away from the 
levee crest as a broad unconfined turbidity current. 

The second mechanism cannot by itself account for the dif- 
ference. This can be seen from Figure 3c. The area of deposi- 
tion can be extended westward on the north side of the mean- 
der reach for at most 1500 m, reducing the estimated accumu- 
lation rates in Table 4 by only a factor of 5. Yet from Figure 
3c the observed average accumulation rate in this extended 
depositional area is about 6 m during the 5.25-year period of 

operation pr!or to the survey, or about 1.1 m yr-•. The only 
overspill rate which approaches this value when corrected by 
the factor of 1/5 is that for f"= 0.014. Furthermore, this ne- 
glects the contributions to deposition in the area from con- 
tinuous and surge-type flows in the meander reach, and from 
the overspill from the steep section of the upper reach near the 
outfall. 

6. DISCUSSION 

6.1. Suroe Recurrence Frequency 

In the discussion of the sediment accumulation budget in 
section 3 it was found that 240 kg s-• of tailing had to be 
transported out of the proximal zone. The results of section 5 
can be used to show that continuous turbidity current flow 
can contribute little to this transport. 

Consider continuous flow in the lower reach at the position 
of the line YY' in Figure 3c. The channel is essentially 
straight, the axial slope angle /• = 0.47 ø, and the relief and 
width of the channel are typically 5 m and 80 m, respectively, 
in this vicinity (Figure 2). Because the channel is not curved, 
the discussion of mean flow dynamics in section 5 suggests 
that f, + 0.144 sin/•, not f", should be used in (12b). Taking 
f" • 0.013, f, is about 7 x 10-3 (Table 2). Finally, since it has 
been shown that suspended sediment concentrations change 
slowly with distance downstream, we assume that the con- 
centration in the lower reach is comparable to, or smaller 
than, that in the upper reach, that is, M _< 0.25 kg m-3. Then, 
from (12b), with/-/= 5 m (the channel relief), 

u • O. 11(MH) •/2 (34) 

from which u • 0.13 m s- • and 

MQ • 13 kg s-1 

One could justifiably double this value to account for the 
bedload transport in the channel and the additional suspend- 
ed load transport above and outside the channel, but this still 
leaves some 210 kg s-• to be transported out of the proximal 
zone. We note that this value is of the same order of mag- 

nitude as the fraction R of the inertial overspill which would 
have to be removed from the upper reach to reconcile the 
observed and predicted accumulation rates (Table 4). 

The suggestion is therefore made that surge-type turbidity 
currents resulting from levee failure in the upper reach are 
responsible for the missing transport. An estimate of the trans- 
port by surge-type flows can be made. The speed of a surge is 
given by [Hay, this issue] 

U, = 0.75[q'H,] •/2 (35) 

where H, is the head thickness and g'= (Ap/po)g is the re- 
duced gravity. For a surge which lasts a time T the excess 
mass transported is given approximately by MWH, U,T. An 
appropriate scale for the excess density was shown by Hay 
[this issue] to be 100 kg m-3, giving M • 160 kg m-3 (equa- 
tion (3)). The head thickness is set equal to the depth of the 
channel in the lower reach (5 m). This assumption is consistent 
with the acoustic images of the 1976 Rupert Inlet surge report- 
ed by Hay et al. [1982]. Equations (3) and (35) therefore give 
U, • 1.3 m s-•. With W = 80 m, the mass of tailing trans- 
ported within the channel per surge becomes 

8.4 x 10aT kg 

where T is the duration (in seconds) of the surge at a fixed 
point. The duration of the high concentration head and 
shrinking body region is about 5 min. The mass of material 
transported per event is therefore about 2.5 x !0 7 kg. 

In order that such events remove 210 kg s-• from the prox- 
imal zone they must recur on average at intervals of about 1.4 
days. Considering the uncertainties involved, this is in very 
good agreement with the recurrence interval of 2-5 days deter- 
mined from turbidites found in cores from the levees [Hay et 
al., 1983b]. Three factors could contribute to the difference. 
The calculated recurrence interval is based on surge observa- 
tions made during the apron phase. These surges might be 
smaller than those produced by slumping of the steeply in- 
clined levees in the upper reach during the meandering 
channel phase when the cores were taken. The second factor is 
that the recurrence interval observed in the cores is based 

upon the thicker, more readily identifiable turbidite layers and 
is therefore biased toward larger values. Finally, the contri- 
bution of the inlet circulation to the transport has not been 
considered. This quantity is estimated in Appendix 2 to be 
between 30 and 60 kg s-•. This gives a revised surge transport 
rate of 150-180 kg s- • and a recurrence interval in the range 
1.6-1.9 days. 

6.2. Levee Failure, Left Hookino in the 
Upper Reach, and the System Overall 

The most likely source region for the surges is the upper 
reach. The levees in the upper reach consisted Primarily of 
sand and silt similar in size and metal content to that found in 

the coarse-grained turbidites farther downchannel [Hay et al., 
1983b-I. Furthermore, the channel banks are steep and the 
deposition rates are high in this area, and the axial slope of 
the channel itself is steeper than elsewhere. 

The amounts of overspilled material (R in Table 4) which 
must be removed from the levee area to obtain reasonable 

predicted accumulation rates are of the same order of mag- 
nitude as the surge transport rate estimated above. Closer 
correspondence would probably be obtained if a rate of re- 
moval by surges generated in the steep section of the upper 
reach near the outfall were estimated and added to R. Exact 
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agreement would not be expected in any case; however, the 
net transport by surge-type flow from the generation region in 
the upper reach is unlikely to equal that from the proximal 
zone at the end of the meander reach. Erosion and deposition 
along the intervening length of channel are bound to cause 
differences. The degree of similarity which does exist between 
the values of R and the 150-180 kg s- • transported by surges 
from the proximal zone therefore provides additional support 
for the inertial overspill model. 

On balance, therefore, the morphology of the upper reach 
cannot represent a state in slowly changing equilibrium with 
the continuous flow alone. Instead, it appears that the channel 
in this reach is shaped by levee failure and subsequent surge 
flow, and this shape guides but does not fully contain the 
continuous flow. Once formed, the persistence of a left hook 
would be assured in the inertial overspill model because the 
deposition rate would necessarily be larger on the right and 
therefore so would the rate of levee failure. It is suggested that 
the surges would carry material away from the right levee at 
more or less the rate at which it was deposited and at the 
same time would no doubt erode material from the left bank 

at the base of the upper reach due to the rightward curvature 
of the channel there. (Note that rightward curvature at the 
base of the upper reach is a necessary outcome of the inlet 
bathymetry.) If this interpretation is correct, then the origin of 
the left hook in the Rupert Inlet channel is unlike that pro- 
posed by Menard [1955] for submarine channels in the deep 
ocean, in which levee failure along the length of the channel 
played no role. 

We are left therefore with a description of the system which 
is appealing both because it is self-consistent and physically 
reasonable. For example, we expect that surge-type flows 
should carry material farther than continuous flow. Consistent 
with our expectations, we find that turbidites form an increas- 
ingly important fraction of the sediment column with distance 
downchannel [Hay et al., 1983a]. Furthermore, we find that 
nearly half of the material discharged must be transported out 
of the proximal zone but predict that the continuous flow and 
the inlet circulation can account for only a part of this. The 
remainder must be transported by surge-type flow, and we 
find that the surge recurrence frequency based on this residual 
and the estimated excess mass per surge is consistent with the 
recurrence frequency determined from turbidites in cores. We 
expect that levee failure resulting in channelized surges should 
occur predominantly in the upper reach. We find that the 
predicted rates of overspill from the continuous flow in the 
upper reach are such that the observed accumulation rates can 
be accounted for only if levee slumping and surge-type flow 
remove a large fraction of the overspilled material. Fur- 
thermore, the amounts which are overspilled and which must 
be removed are of the same order as the surge transport rate 
into the distal zone. Finally, the predictions of the continuous 
flow model are consistent with the constraints imposed by the 
known rate of discharge and the observed suspended tailing 
concentrations. 

Now consider the meanders. The probable sediment and 
volume transports by continuous and surge-type flows 
through this reach will be taken as measures of the relative 
importance of each to meander development. Consider the 
sediment transports first. The surge output rate is 150-180 kg 
s-•. Examining Table 4, we see that the only compatible value 
of R is 193 kg s-•, for which f" = 0.012. R is equivalent to the 
surge input rate. From Table 3 the predicted input from con- 

tinuous flow is 54 kg s -x. Using the same assumptions as 
before, the continuous transport corresponding to channel full 
flow in the lower reach for this value of f" and M = 0.5 kg 
m -3 would be 40 kg s-x. The surge flow transport through 
the meander reach is therefore 3-4 times that due to continu- 

ous flow. One might conclude that this implies that the surges 
must be primarily responsible for meander development, but 
this may not be so. The reason is that the volume transport 
into the meander reach by the continuous flow is much great- 
er than that by the surges. From Table 3, Q is 116 m 3 s- x for 
f"= 0.012. This is the volume transport by continuous flow 
into the meander reach. That by surge-type flow, from 
R = 193 kgs -x and M = 160 kg m-3, is only about 1 m 3 s -x 
This should certainly be increased by the volume transport in 
the low concentration wake, but this too cannot be large. For 
example, if we take M = 0.5 kg m-3, which is consistent with 
Hay [this issue], and assume that the same overspill dynamics 
apply to the wake as to the continuous flow, then the wake 
transport into the meander reach would be 116 m 3 s-•. This 
transport only lasts for about an hour every second day, how- 
ever, so it is small. 

The meander formation problem is beyond the scope of this 
paper. The relative importance of the frequent high-speed, 
sediment-laden surges compared to the slow but steady con- 
tinuous flow is left as an open question. Some resolution of the 
question might be sought in the behavior of subaerial river 
channels, but there are difficulties with applying this analogy 
directly. Unlike rivers, the continuous flow overspills the 
channel levees continuously. Furthermore, the surges are not 
analogous to flood stages in rivers' They are bores, not waves. 
One thing is clear. The downstream increase in the impor- 
tance of turbidites in the sediment column on the levees indi- 
cates that the continuous flow contributes less and less to the 

channel building process. Much of this downstream waning 
can be attributed to overspill in the meander reach, where 
mud layers are much thicker than the intervening coarse- 
grained turbidites. 

6.3. Inertial Overspill and Flow Stripping 

A distinction is drawn between the flow-stripping mecha- 
nism proposed by Piper and Normark [1983] and discussed by 
Bowen et al. [1984] and the inertial overspill mechanism dis- 
cussed here. Flow stripping occurs when a turbidity current 
which is thicker than the channel is deep encounters a sharp 
bend. That portion of the current higher than the levees is 
unimpeded by the bend and is "stripped off," while the lower 
and now less thick portion continues along the channel. The 
current splits into two parts, one following the channel and 
the other flowing outside the channel in the same direction as 
the current upstream. This process is readily imagined for 
surge-type flows, particularly where the head encounters a 
sharp bend and sheds an overspill surge over the levee crest. 
Such an overspill event was described by Hay et al. [19152]. 

Inertial overspill, on the other hand, occurs whenever the 
curvature in plan view of the outer bank in a channel bend is 
greater than that of the channel axis. The fluid columns in the 
current are carried up the bank and over the levee by their 
forward momentum. It is not required that the bend be sharp. 
Separation of that part of the current which overflows the 
levee and that part which remains in the channel does not 
necessarily occur. Neither is there an abrupt reduction in the 
thickness of the channelized part of the flow. So, while it is 
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clear that flow stripping is also an inertial effect, the two pro- 
cesses are quite different. 

6.4. Sediment Deposition Revisited 

In section 5 it was shown that sedimentation within the 

channel does not contribute to the mass balance in the upper 
reach. This conclusion was based on a mean particle diameter 
of 14/•m, however, which leads to two problems. The first is 
that the distribution of particle sizes was not considered, 
which is potentially dangerous because the Stokes settling ve- 
locity depends on the square of the particle size. The second is 
that this mean size was based on samples taken from the 
discharge plume at a distance of 400 m from the outfall [Hay, 
1983] and is half the median size of the tailing discharged (30 
/•m). The implication is that the larger particles settled out 
before reaching the sampling site. 

The size distribution of discharged tailing is reasonably 
broad: 50% of the particles are coarser than 30-/•m diameter, 
and 25% are coarser than 100-/•m diameter. The settling ve- 
locity for a 100-/•m particle is about 0.9 cm s-•. This means, 
for example, that such a particle would settle through the 
8-m-thick, 30 cm s- • mean flow after an axial displacement of 
only 260 m. Even if the turbulent flux of sediment away from 
the bed were known and could be included, one suspects that 
settling of the coarser-grained particles must be important. 
This suspicion is confirmed by the downstream fining of the 
sediments in suspension implied by the 14-/•m mean size deter- 
mination and by the downstream fining of the sediments de- 
posited on the levees [-Hay et al., 1983b]. 

The probable importance of sedimentation of the coarser 
fraction has desirable consequences. 

1. The coarsest material will settle out high in the upper 
reach, providing the required source of coarse-grained materi- 
al for the turbidites found in the distal zone. 

2. The tailing mass transport MQ required of the continu- 
ous flow in the upper reach is reduced by the amount of 
sedimentation which occurs. Examining Table 2, for example, 
one sees that a 25% loss through deposition excludes all 
values off" < 0.012, reinforcing previous conclusions. 

3. Further reductions in mass transport by continuous 
flow in the upper reach provide additional support for the 
argument that surge-type flows are the primary sediment 
transport mechanism farther downstream. 

4. Settling of the coarser fraction both onto the right bank 
from the continuous flow and onto the right levee from the 
overspill will produce the high local deposition rates required 
to have a mass balance between accumulation from the con- 

tinuous flow and relatively localized removal by slump- 
generated surges. 

The arguments with respect to sedimentation in section $.1 
must be reexamined, however. It is clear that even if w, is 
increased by 2 orders of magnitude (corresponding to D = 140 
#m), the sedimentation term in (8) remains small and the same 
is true of (10). The governing equations (12) and (13) are there- 
fore unaffected, and the effects of sedimentation loss still 
depend on the relative size of w s and %. In section 5 it was 
effectively assumed that the coarsest particles settle out high in 
the upper reach and that the effective sedimentation rate w s 
for the remaining fine-grained material is small. This approach 
is supported by the fact that the turbulent flux of sediment 
away from the bed produces a reduction in % and may in 
some cases achieve a state of autosuspension as proposed by 
Baghold [1962]. Rather than rely on the existence of such a 

state I have assumed that the effective sedimentation velocity 
% remains small for a substantial fraction of the tailing or, 
more precisely, that it remains smaller than the entrainment 
velocity we. 

7. SUMMARY AND CONCLUSIONS 

Acoustic images of the continuous turbidity current flow 
associated with the discharge show it to be detectable to dis- 
tances at least as great as 2 km from the outfall, that is, nearly 
to the end of the meander reach. Where the channel is curved, 
the continuous flow is seen to be concentrated against the 
outer bank and to spill over the crest of the outer levee. Flow 
thickness and the cross-channel interfacial slope are obtained 
directly from the images. 

A model for continuous turbidity flow in a narrow, left- 
hooking channel with constant axial slope is presented. The 
model includes entrainment, sediment deposition, and the ef- 
fects of mass loss through channel overspill. The known rate 
of tailing discharge and the observed suspended particulate 
concentrations within the channel are used together with ob- 
served accumulation rates as constraints to estimate the prob- 
able range of friction coefficients. This range turns out to be 
quite narrow. 

The channel cross section throughout most of the upper 
reach decreases with increasing distance from the outfall. By 
assuming that the decreasing cross section is the result of levee 
slumping and surge-type flow and that the continuous flow 
must therefore attempt to negotiate a prescribed channel 
shape, a simple inertial overspill model is derived. This model 
provides reasonable estimates of suspended tailing con- 
centration and transport but predicts a rate of overspill which 
would result in accumulation rates greater than those ob- 
served. The model results can be reconciled with observation, 
however, if the excess accumulation is assumed to be removed 
from the upper reach by slump-generated surge-type flows. 

The surge transport rate is estimated independently from a 
sediment accumulation budget derived from seismic profiling 
surveys. By dividing the tailing deposit into proximal and 
distal zones it is determined that 240 kg s- • must be trans- 
ported from the proximal into the distal zone. The continuous 
flow and the inlet circulation can account for at most 60-90 

kg s -•, leaving the remaining 150-180 kg s -• to be trans- 
ported by surges. This transport rate is verified independently 
by estimating the mean surge recurrence interval from the 
transport rate itself and the mass excess per surge obtained 
from Hay [this issue]. The recurrence interval determined in 
this way is about 2 days, which is remarkably consistent with 
the range of 2-5 days estimated from the number of coarse- 
grained turbidites in cores from the levees. Finally, this surge 
transport rate is the same order as the rate of removal from 
the upper reach required to reconcile the inertial overspill 
model with the observed accumulation rates. 

A principal conclusion of the paper therefore is that except 
high in the upper reach, surge-type flow is responsible for 
most of the sediment transport. The left-hooking upper reach 
is the probable source region for the surges, the frequency of 
levee failure presumably being governed by the high rate of 
deposition and the steepness of the channel banks. The mor- 
phology in this reach apparently represents slowly changing 
equilibrium between deposition, resulting primarily from over- 
spill, and levee failure. 

The relative importance of continuous and surge-type flows 
in the formation of the meanders is not clear. Although sedi- 
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ment transport is dominated by surges, the continuous flow 
dominates volume transport. More work on the problem of 
meander formation by turbidity currents is needed, especially 
since this process is likely to differ in important ways from 
that in subaerial rivers. Differences are to be expected because 
turbidity currents are not confined by the channel banks and 
the dynamic equivalent of surge-type flow does not occur in 
rivers. It is clear, however, both from the calculations and the 
increasing importance of turbidites in the levee sediments with 
distance downstream that the continuous flow probably con- 
tributes little to channel building below the meander reach. 

Tailing discharge systems like that in Rupert Inlet provide 
useful laboratories in which turbidity currents and the forma- 
tion of submarine channels can be studied at scales which at 

least approach those of their deep-sea counterparts. The 
known rate of sediment input and ability to monitor the de- 
velopment of the deposit through time have been shown to 
provide overall constraints which are useful when investi- 
gating the dynamics of the system. Finally, it has been demon- 
strated that acoustic remote sensing techniques provide essen- 
tial information about turbidity currents which would be vir- 
tually impossible to obtain in any other way. 

APPENDIX 1: GOVERNING EQUATIONS 

In section 5 the governing equations were derived by as- 
suming that excess density and flow speed were uniform in the 
vertical and cross-stream directions. This assumption is now 
relaxed, and the governing equations are rederived from first 
principles. 

Consider flow in a channel with radius of curvature r o at 
the channel axis. As before, the along- and cross-channel coor- 
dinates are x = rob (dx = rdck) and r, respectively, and u is the 
along-channel velocity. We introduce the transverse (radial) 
velocity component v and the vertical velocity w. The conti- 
nuity equation is [cf. Batchelor, 1967, p. 602] 

u x +- + v, + w: = 0 (A1) 
r 

Let z=-b(x, r) represent the bottom and z=-b(x, 
r) + H(x, r) represent the interface between the turbidity (den- 
sity) current and the ambient fluid. Note that the bottom b 
and the flow thickness H are allowed to vary with position 
arbitrarily, so that this approach is far more general than that 
used earlier. Integrating (A1) in the vertical and requiring that 
there be no flow through the bottom (u- V(z + b)= 0 at z = 
-b)and that the flow through the interface equal the en- 

trainment velocity We(U-V(z+b--H)= --we at z= -b 
+ H) yields 

(Ha),, + • + (Hv--), = w e (A2) 
r 

where the overbars denote vertical averages. Except for the 
entrainment term this is the same as the vertically integrated 
form of the continuity equation for river flow [cf. Smith and 
McLean, 1984, equation (5)]. 

We are interested in the laterally integrated form of (A2). 
Let the curve r = r o + W+(x)/2 represent the outer bank and 
r = r o - W_(x)/2 represent the inner bank. It is convenient to 
use positive and negative subscripts to denote the outer and 
inner banks. With the boundary conditions that there be no 
transport through the inner bank (H_•_ = 0) and a radial 
transport H+e+ = g at the outer bank due to overspill, (A2) 
when integrated across the width of the channel becomes 

,o + w/2 Hff (W(Ha)),, = W(we) -- 6 -- - dr (A3) 
dro - W/2 r 

where the angle brackets denote the cross-channel average. 
For narrow channels, W<<r o, and since 0 < He < 6, the 
integral is of order 6W/r o. This is much less than 6, and (A3) 
therefore becomes 

(w(mt•))•, = W(We)--6 (A4) 

This is of the same form as (10), except for the sedimentation 
term which has not been included here. 

Similarly, the equation for conservation of suspended sedi- 
ment in cylindrical coordinates is 

Mv 
(Mu),, + (Mv), + • + (Mw): = (Mw.): (A5) 

r 

where the Stokes settling velocity w. is again positive down- 
ward. Integrating in the vertical from z = -b to z = -b + H 
as before but with M = 0 at the interface, this becomes 

HMv 
(HMu ),, + (HMv ), -• - M(-- b)w.(-- b) (A6) 

r 

Integrating in the horizontal with My = 0 at the inner bank 
and My = ]O + 6 at the outer bank gives 

(W(HMu)) x = -- W(M(--b)w,(--b)) 

_ •ro + w/2 HMv - M + 6 -- - dr (A7) 
dro - W/2 r 

For narrow channels the integral is small compared to M+ 6, 
so 

(W<HMu>),• = -W<M(--b)w,(--b)> -- M+6 (A8) 

Equations (A8) and (A4) have the same form as their 
counterparts (9) and (10), and these latter equations are recov- 
ered exactly, except for the settling velocity w, appearing in- 
stead of the effective sedimentation velocity w s, if H, M, and u 
are vertically and laterally uniform as was assumed. What is 
lost by making this assumption has now been made explicit. 
By taking (Hfi)= (H)(a) and (HMu)= (H)(M)(a) we 
have ignored terms which involve the downstream divergence 
of the products of the differences of these quantities from their 
mean values. This is a necessary penalty in the absence of 
more detailed observations but one which is appropriate for 
the order of magnitude estimates which are sought here. 

Equation (A8) has been derived by making the implicit as- 
sumption that M, u, v, and w represent time-averaged values. 
If instead we were to replace these quantities in (AS) by M 
+ rh, u + t•, v + t• and w + ½, where the tildes denote turbu- 

lent fluctuations, and then average with respect to time, Reyn- 
olds flux terms would appear. These take the form 
the/r, and (rile)z, where the time average is understood. It is 
reasonable to assume that the axial and transverse scales of 

the turbulence are large in comparison to the vertical length 
scales, the latter being of the same order as the bottom and 
interfacial boundary layer thicknesses. Only the (r•)z term is 
retained therefore. When integrated in the vertical, this gives 
-rh• at the bottom (z = -b), since there can be no mean flux 
of sediment across the upper interface in the steady state. The 
effective sedimentation velocity can now be written in the 
form 

Mw s = M(- b)w,(- b) -- rile(- b) (A9) 

This would replace the term in angle brackets in (A8). Since M 
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Fig. A1. Apron phase. Tailing deposit bathymetry in September 1978. Contours in meters. Anchor station locations are 
shown as solid circles. 

increases toward the bed, the is expected to be positive at the 
bed, and hence w s < w, as stated earlier. 

The momentum balance can be handled similarly. Consider 
the steady form of the Navier-Stokes equations in cylindrical 
coordinates. The downstream component is 

uv 1 c•z 
uu x + vu r + wu z +----fv = •gM sin fi + (A10) 

r Po r3z 

Because lateral scales are taken to be large, only the vertical 
gradient of the shear stress is included. After integrating in the 
vertical as before this becomes 

-- Huv _ T 0 "[- T i 
(au2)x + (a•-•)r + a.f• = •gaM sin fi + • (All) 

r /9 0 

where it has been assumed that ambient fluid entrained at the 

interface has no momentum. Smith and McLean [1984] have 
derived a similar equation for flow in a river bend. For 
(All) to take the same form as (8) we must assume that 
Hu2• H• • and uv • u v and make use of (A1). Doing so 
gives 

__ _ z o + z• 
Hu u x + Hv u•- Hff = •HM sin/•- •w e + • (A12) 

Po 

which is the same form as (8) except for the term in w s, which 
does not appear because sedimentation has been ignored here, 
and those in t7. The cross-stream velocity was assumed to be 
vanishingly small compared to • in section 5, and if this is 
done in (A12), the form of (8) is recovered. 

It should be noted that Dietrich and Smith [1983] have 
shown that the terms (Hu2)x, (H•)r, and H•/r in (All) are 
important in laboratory subaereal channels and in a river 
meander. However, 0.27 < W/r o <0.5 in these channels, 
which were therefore not narrow in the sense used here. Fur- 

thermore, they were in equilibrium with the mean flow, which 
we have decided was probably not the case in Rupert Inlet. 

APPENDIX 2: TIDAL CURRENTS AND 

INLET CIRCULATION 

Tidal currents could be important in the context of this 
study in two respects: They might exert a net influence on the 
behavior of the discharge plume, and they might cause signifi- 
cant transport of tailing out of the proximal zone. Rupert Inlet 
is part of a tidally energetic system exhibiting pronounced 
seasonal variations associated with an annual deep water ex- 

change cycle [Drinkwater and Osborn, 1975; Stucchi and 
Farmer, 1976; $tucchi, 1985]. 

The only current measurements in the area of interest off 
the mine site are those reported by Johnson [1974] and Hay 
1-1981], the latter of whom discussed both sets of measure- 
ments at length. Briefly summarizing, the near-bottom cur- 
rents at depths of about 100 m or more are semidiurnal, are 
aligned roughly parallel to the inlet axis, and often exhibit a 
net down-inlet drift when integrated over a tidal cycle. The 
down-inlet drift is not always present and varies in amplitude 
over the fortnightly tidal cycle. Variations also occur on sea- 
sonal time scales as a function of the deep water exchange 
cycle, but these are not as well documented. In Hay's [1981] 
results at least part of the down-inlet motion is almost cer- 
tainly due to the downslope flow of the discharge plume. John- 
son [1974] however, presents a near-bottom current meter 
record acquired on the southern flank of the inlet (between A 
and Hankin Point in Figure 1) at a depth of 108 m, some 45 m 
shallower than the inlet floor. Because of the depth these data 
would not be expected to have been affected by the discharge 
plume and indicate a mean down-inlet speed which is at times 
as large as 10 cm s-x. The amplitude of the time-varying tidal 
signal was about 30 cm s-x, so that the instantaneous current, 
tidal plus mean, can be 40 cm s-x, which is quite large. Hay 
[1981] reported measurements of near-bottom currents made 
from a moored ship farther up-inlet during the apron phase at 
stations 1-4 (Figure A1). These data indicate a similar pattern: 
30 cm s- x tidal amplitudes with a mean down-inlet drift near 
10 cm s -x The down-inlet speeds increased toward the 
bottom, and part of this net down-inlet motion was therefore 
attributed to the discharge plume. Because of this and because 
the inlet narrows considerably to the west where Johnson's 
measurements were made, the contribution from the inlet 
circulation is taken to be 5 cm s-X. This choice is also sup- 
ported by the fact that velocities tended to decrease headward 
and shoreward of stations 2 and 3, that is, toward stations 1 

and 4 (Figure AI!. 
There are unfortunately no current measurements available 

for one of the areas of greatest interest, which is the area off 
the outfall where the upper reach was located. One of the best 
indications that we have of the effects of tidal currents on the 

discharge plume in this reach is therefore the set of acoustic 
images discussed previously, and exemplified by Figure 4. 
Nevertheless, an estimate of the importance of the net drag 
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Fig. A2. Apron phase. Time series of total suspended particulate (TSP, in units of 10-3 kg m-3), predicted tidal height, 
and salinity in September 1978 at station 2 (Figure A1). Bottom depth = 116 m. 

exerted by tidally induced currents on the discharge plume 
can be made. These currents, which will be called ambient 

currents to distinguish them from the density current gener- 
ated by the discharge, are assumed to be directed perpendicu- 

lar to the upper reach. They are designated by v, = v(t)+ v, 
where v(t) = v o sin cot represents the semidiurnal tidal current 
and v is the down-inlet drift. We let the instantaneous drag on 
the turbidity current interface exerted by the ambient currents 
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be given by 

Ta 2 
- Civ a (A13) 

Po 

where Ci is a drag coefficient. In time-averaged form this be- 
comes, for v 0 >> v, Za/PO = 8C•voV/•. The appropriate dynam- 
ical comparison is between this interfacial stress and the cross- 
channel pressure gradient in the vertically integrated form of 
(1). That is, 

Za/P 8CivoV 
rr = = (A14) 

•gMH Ah/W •r•gMH Ah/W 

It remains to estimate the value of the interfacial drag coef- 
ficient C•. One approach, which has the merit of being consis- 
tent with the results obtained earlier, is to use a value for C• 
estimated from the overall drag coefficient f" determined for 
the turbidity current. First, we define a bottom drag coefficient 
CD such that z0/P0 = CD u2 and let C•u 2 represent the sum of 
the interfacial stress z•/P0 and entrainment. The relation be- 
tween f", CD, and Ci is therefore 

f,, 
- C D + Ci (A15) 

2 

We are interested in the maximum possible value of tr and 
therefore of C•. Examining (A15), we see that this corresponds 
to choosing the maximum possible value off" and the mini- 
mum possible value of the bottom drag coefficient C D. Be- 
cause side scan records show that the channel banks are rough 
[Hay et al., 1983a; Hay, 1981], the value of C D is set equal to 
2.6 x 10-3, which corresponds to the average of the smallest 
values found by Sternberg [1986] for indistinctly roughened 
sand. Settingf" = 0.013, we obtain C• = 4 x 10 -3. With v 0 = 
30 cm/s, v = 5 cm/s, Ah/W = 3.5/62, M = 0.25 kg m-3, and 
H = 8 m, we obtain 0.2 as the maximum possible value for 
This suggests that the net stress on the discharge plume was 
probably a second order effect. 

In order to evaluate the probable transport out of the proxi- 
mal zone by the down-inlet drift, consider the time series of 
suspended solids concentrations in Figure A2. These measure- 
ments were made at station 2 (Figure A1). Concentrations rise 
above background levels in the zone between 75-m depth and 
the bottom (116 m). The time- and depth-averaged con- 
centration in this zone is 0.015 kg m-3. The average depth of 
the zone is 95 m, and the width of the inlet at station 2 at this 
depth is about 920 m (Figure A1). From this width the 
average concentration above, a down-inlet drift of 5 cm/s, and 
a 50-m thickness for the high-concentration zone, a transport 
rate of about 30 kg/s is obtained. This is about the same as the 
transport rate estimated for continuous turbidity flow. 

The above arguments lead to the conclusion that tidal cur- 
rents and the induced inlet circulation are unlikely to have 
either induced a net interfacial stress on the discharge plume 
comparable to the transverse pressure gradient or to have 
been the primary mechanism for transport of material out of 
the proximal zone. Further, there is reason to believe that the 
estimates of these effects are themselves excessive. Johnson 

[1974] reported, for example, that although the maximum 
speeds over a tidal cycle were usually down-inlet, the largest 
near-bottom currents were, in fact, up-inlet and occurred in 
conjunction with the waning spring tide. These periods of high 
up-inlet currents were not taken into account in the above 
analysis and would reduce the estimates. In addition, the cur- 

rent measurements referred to above were made during the 
summer and early fall, a period of low runoff when water 
carried into the inlet over the sill during the latter stage of the 
flood tide is more dense than the near-surface waters in the 

inlet. This incoming water penetrates to middepth and at 
times to the bottom, inducing the large currents observed at 
depth [e.g., Stucchi and Farmer, 1976; Stucchi, 1985]. During 
the late fall and winter, runoff associated with rainfall becomes 
mixed with the water carried into the inlet by the tide, and 
penetration to depth does not occur, resulting in more quies- 
cent near-bottom conditions. It is noteworthy that the acous- 
tic images like that in Figure 4 were acquired during such a 
period in late November 1976, and current speeds measured at 
80-m depth at this time were small: 7 cm/s maximum [Hay, 
1981]. This also suggests that the annual average net tidal 
stress and transport rate would be smaller than estimated 
above. 
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