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Turbidity currents of fine sand are analyzed and modelled using a depth-averaged
approach for two layers (lower and upper layer). The basic equations and closure
relationships for a turbidity current of fine sand are formulated and solved by means of a
spreadsheet programme (Excel application). It is most easy to formulate the equations
with respect to a tilting coordinate system assuming (1) that the flow is steady, (2) that the
velocities (u;) and sediment concentrations (c,) in the upper layer 1 are negligibly small
(density is equal to the fluid density), (3) that the flow in the lower layer 2 is fully
turbulent and (4) that the pressure is hydrostatic. The present work was inspired by an
extreme turbidity current event detected in the Zaire submarine canyon (Africa) at 4000 m
water depth. This dataset was used to verify the numerical model.

1. Introduction
1.1. Definitions

Turbidity currents of fine sand and/or mud are sediment-laden underflows that
can occur along relatively steep slopes and delta fronts in lakes, in reservoirs
and in submarine canyons (Scripps canyon, California canyon in North America
and Zaire canyon in Africa). Ignitive transformation of a delta foreset of fine
sand along a submarine slope of fine sand may result into a density current in
which the flow-energy substantially increases (self-acceleration). Often, these
turbidity currents of fine sand are initiated by sudden failures (liquefaction,
breaching or avalanching) of relatively steep bed slopes due to extreme shear
forces.

High-density turbidity currents in marine conditions may also result from non-
ignitive conditions such as from high-concentration inflow of fine river sand
and mud (hyperpycnal discharge) into the sea. Turbid river plumes (fine sand
and mud) often enter the sea as intrusive plumes with an excess-density within
the low-salinity values of coastal waters. These types of plumes will be rapidly
diluted by mixing processes. In some cases river plumes can sustain by flowing
along the seafloor (overcoming the shelf seawater densities). This latter
phenomenon is known as a hyperpycnal flow (negatively bouyant plume that
flows along the seabed due to plume sediment density in excess of the ambient
density). The critical concentration in a river needed to produce a hyperpycnal
plume in marine coastal water is relatively large (25 to 50 kg/m®). All over the
earth there are about 10 high-turbid rivers with average concentrations larger
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than 10 kg/m’. Except for the Huanghe (Yellow) River in China, most of these
rivers drain small mountainous areas with low annual discharge.

Field observations show that turbidity currents can attain relatively high
velocities up to 10 m/s. High velocities are presumably attained as the result of
acceleration from some lower velocity caused by an initial disturbance. The
energy for acceleration is derived from the sediment itself (work performed by
the downstream component of gravity on the suspended sediments). Hence, the
turbid sediment layer drags the water along (self acceleration). If the velocity is
sufficiently high, it will erode more sediment from the bed into the turbidity
layer, thus increasing the rate of work performed by gravity resulting into
increased acceleration (self-reinforcing process). According to Bagnold (1962),
a self-sustaining turbidity current can be generated if: u sinf/ws>1 (with u=
velocity, = slope angle and wg= settling velocity of sediment). The velocity and
sediment concentration might rise indefinitely because more energy is fed into
the turbidity layer than is expended in holding the sediments in suspension. The
effect of damping of turbulence by the sediment particles is, however, not taken
into account by this criterion (u sinfB/wg>1). If the turbulence is reduced due to
the presence of sediments, part of the sediment particles will settle out and
hence the energy for driving the turbidity current will be reduced resulting in a
decrease of the velocity of the turbidity current.

1.2 Observations in Zaire canyon, Afiica

The present work was inspired by an extreme turbidity current event detected in
the Zaire submarine canyon at 4000 m water depth (Khripounoff, 2003).
Current meters, turbidity meters and sediment traps deployed on a mooring
cable located in the canyon axis, although they were damaged, recorded the
signature of a very extreme event. The Zaire canyon (depth of about 150 m
below the surrounding bottom, width of 1 to 2 km) extends over about 760 km
from the river mouth to the ocean floor (water depth of 5100 m) downslope
from the Congo-Angola continental shelf. In January 2001, two instrumented
moorings were deployed at 4000 m water depth. Data from the two current
meters and the turbiditymeter moored in the canyon showed no particular events
(almost zero-velocities) during the first three months. At 22.00 hrs on March 8
(2001) a sudden pulse was recorded by both current meters and a strong
increase of turbidity was measured. On the next record (1 hour later) the lower
current meter was damaged but the upper current meter recorded a value of 1.2
m/s at about 110 to 150 m above the bottom (average over 1 hour; undervalued
due to tilting cable). The sample bottles were filled with fine sand (0.15 to 0.2
mm) and debris. More data were not recorded as the mooring cable was broken
around 24 hours of March 8. At station 2 outside the canyon, the turbidity
current was observed about three days later (by overflow from the canyon); a
bottle at 30 m above the bed was filled with brown clay. The turbidity meter at
400 m above the bed did not show any signs of increased turbidity levels
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indicating that the turbidity current overflow remained in the near-bed region (<
400 m).

2. Basic Equations

2.1 Two-layer schematization

The basic equations for a non-steady turbidity current in three-dimensional and
two-dimensional depth-averaged conditions are given by Van Rijn (2005).
Similar equations have been formulated by Parker et al. (1986) and by Sloff
(1994, 1997).

In the case of a 1D channel with a constant slope angle (B) it is most easy to
formulate the equations with respect to a tilting coordinate system (s,n plane
with slope angle 3, see Figure 1). The hydrostatic pressure is now defined along
the n-axis, yielding a gcosp-term (for all terms with oh,/0s) and a gsinf-term for
the slope force along the s-axis (decomposition of gravity force vector).
Assuming (1) that the flow is steady, (2) that the velocities (u;) and sediment
concentrations (c,;) in the upper layer are negligibly small (density is equal to the
fluid density), (3) that the flow in the lower layer is fully turbulent and (4) that
the pressure is hydrostatic, the equations for 1D conditions can be expressed by
Egs. (1) to (.3).
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Figure 1 Tilting coordinate system for schematized turbidity current (1D) in
vertical plane

momentum balance of mixture in lower layer 2 in s-direction
P20(1,°h,)/BsH(pg-pu)haca[(gcosP)Sh,/ds
- gsinBH(pe-pu)(0.5ghs cosPu,’hy)dc/ds + (ti+,)=0 @)
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mass balance for fluid in lower layer 2
O(uzhy(1-c,))/0s - Wi - W,=10

mass balance for sediment in lower layer 2

O(uc2h,)/0s - S - Sp=10

with :

hy, h, = thickness of upper and lower layer (h;+h,=h=flow depth),
¢1, ¢, = depth-averaged volumetric suspended sediment concentration
in upper layer land lower layer 2,

u;=q,/h;, u= qp/h, = velocity in upper layer 1 and lower layer 2,
W= exchange of fluid at the interface,

W, = exchange of fluid at the bed,

S;= exchange of sediment at the interface,

S, = exchange of sediment at the bed,

p, = mixture density of lower layer,

pw = fluid density (clear water in upper layer 1),

ps = sediment density,

7; = shear stress at interface (= p Cg uzz),

Ty, = bed shear stress (= p Cq4 u22),

C4=bottom friction coefficient (= g/C?), C = Chézy coefficient,
C4 = interface friction coeffcient,

B = angle of bed slope in s-direction,

s = coordinate along bed slope.

2

3)

The equations (1), (2) and (3) define a set of three equations with three
unknown parameters up, h, and c,, which can be solved for given boundary
conditions. The closure expressions are given below. Similar equations have
been formulated by Parker et al. (1986), Akiyama and Stefan (1985) and by

Mastbergen and Van den Berg (2003).

Equations (1) and (2) can be reformulated (eliminating the term Ou,/0s using Eq.

2), yielding:

Shy/Os= [1/(y2(1-co)][ vi(1-€2) - (1-C2)(TitTh)
- 2p5uy(WitWy,) - 130¢,/0s]

with:

¥1=(Ps-Pwhacy g sinf3

Y2=(Ps-pw)hacy g cosP - pz(u2)2=(ps-pw)h2c2 g cosP [1- (hyo/ h2)3]
73=2p2ha(W)” + (pe-pu) (1-C2)ha(u)” + 0.5(ps-py )(1-c2)(hy)” g cosp

Equation (4) can be used for all slope values (including f=0).

“4)
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Defining a critical depth (Fr,=1) and an equilibrium depth (uniform flow of
water and sediment; ri+rb:p2(Cd+Cdi)q2/h22), Equation (4) can also be expressed
as:

(sinP/cosP)[1- (hzﬂeq/hz)3 - a(WitWy)/u, - a, hy Oc,/0s]
Oh,/0s= (5)
[1 - (hpe/ho)’]

with:
2p5(wy)’
o=
(ps-pw)(1-co)hyc, g sinf
2p2(W) + (Ps-pw)(1-c2)(W2)” + 0.5(ps-py)(1-¢2) ha g cosp
Oy =

(ps'pw)( 1 'CZ)CZhZ g SiIlB

h2)0r=[q2/ {{(ps-pw)/P2)ca g cosB}]1/3=critical depth (defined by Froude number
Fr2=1)

hye=[(Ca+Ca)a™/ {((ps-pw)/p2)c: & sinB}]"* = equilibrium depth
(uniform turbulent flow of water and sediment)

hy =l (Ti+T) (hz)z/((ps-pw)cz g sinB)]” 3 = equilibrium depth
(uniform laminar flow of water and sediment)

T T :pz(Cd+Cdi)q2/h22 = shear stress for turbulent flow (C4=0.333C,)
Tv=3V2p2 q/hz2 = bed-shear stress for laminar flow (t; =0.3331y)

Equation (5) can not be used for a slope of =0, because h, 4 is undefined for
slope B=0. Assuming supercritical flow (Fr,>1), the gradient ch,/0s increases (h,
grows more rapidly) with:

e increasing entrainment (W;+W,) of fluid into the lower layer;

e increasing shear stresses (t;+71) at the bed and at the interface;

e increasing concentration in downstream direction (increasing 0c,/0s).

A special case is obtained by neglecting the exchange terms at the upper
interface and at the bed (W=W,=S;=S,=0). Consequently, it follows that
0q/0s=0 and 0qy/0s=0 and thus Oc,/0s=0, yielding (see also Ning Chien, 1999):

(sinp/cosP)[1 - (hyeq/hs)’]
Oh,/0s= (6)
[1 - (hye/ho)]
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Equation (6) shows a close resemblance with the Bélanger equation for clear
water flow (Van Rijn, 1990).

For supercritical flow (Fr,>1) with hy<h;, ., and h,<h,, it follows that the upper
and lower terms of Equations (5) and (6) are both negative and thus ch,/0s>0 or
a growing layer thickness in downstream direction.

Equations (5) and (6) are only meaningful for a supercritical turbidity current. In
subcritical conditions the sediment particles will rapidly settle out resulting in a
‘normal’ Rouse-type of concentration profile.

The mass balances of fluid and sediment (Egs. 2 and 3) can be reformulated as:

0q/0s= 0qy/0s + (Wi+Wy) @)
0q4/0s = Sp+ S; (8)
with:

u,=q/h, )
=449 (10)

2.2 Densimetric parameters

The density difference between the sediment suspension in the lower layer 2 and
the clear water is given by:

Ap= pr-pw= [psc2 + (1-C2)pu] - pu= C2(Ps -Pw) (11)

The relative density difference is given by:

Ap/py= ca(ps -pw)/Pw= €2 (s-1)= (C2m/Ps)(s-1) (12)
or by:
Ap/pr= [ea(ps -pw)l/[C2 (Ps -pw) Hpwl= ca(s-1)/(cx(s-1)+1) (13)
with:

P2 =psCa t (1-¢2)py = density of fluid-sediment mixure of lower turbidity layer,
¢ =(p2-pw)/(ps-pw) = volume concentration of lower layer,

Com=C2Ps= Ps(P2-Pw)/(Ps-pw) = mass concentration of lower layer,

py = fluid density (fresh water= 1000 kg/m’, saline water= 1020 kg/m"®),

ps = sediment density (2650 kg/m®),

s =relative density= py/py.
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Equation (13) reduces to Equation (12) for low concentrations (<0.01 or approx.
25 kg/m’).

2.3 Closure expressions for turbidity currents of fine sand

The water exchange processes are represented as:

Wi= wi(l-c;) = net water exchange rate at upper interface z; (w;. is directed
downwards),

w;= vertical exchange water velocity at upper interface z; (positive downward
velocity) =(0.002/Riy,)u, for 0.1<Ri,<10,

Rip=[g(p2-pw)/ha)/ [pz(uz/hz)Q] = bulk-Richardson number of lower layer 2,

W= mv,, = vertical water supply from bed into lower layer (positive upwards;
Wb:(), if SbZO)),

Vpc= erosion velocity at bed surface (positive upwards).

The sediment exchange processes are represented as:
Si= net sediment exchange rate at interface = -V, yy+ Vi down=

-gsi(ci/hy) + (WietWws,0)c for sandy bed,
Vidown= downward sediment exchange velocity =(wi.tw;,)c1,
Viwp=upward sediment exchange velocity = gg(ci’h,)=

0.05 o4 ux c= 0.025 o4 uscy,

&= mixing coefficient at interface=0.05 u« h,,
c¢i= concentration at interface (assumed to be 0.5c,),
oq= coefficient related to damping of turbulence (0 to 1, input value),
Sv= Vbe— Vpses= net sediment exchange velocity at bed, (S,=0 for flow over a
rocky bed), (Sp=0 for ¢,>C5 max)
Vy = erosion velocity at bed = (1-n)vy for sandy bed (positive upwards), (incl.
porosity to obtain pure sediment volume in lower layer),
Vi.sed= WsCh= WS,D(l-Cb)4 ¢y, = downward deposition velocity at bed (deposition),
Co.max= Maximum concentration in lower layer (input value),
cy=near-bed concentration (assumed to be 2c,),
w,,= sediment fall velocity of a single particle in clear water (positive
downwards),
W= ws,o(l-cb)4 = sediment fall velocity of sediment in a mixture,

The erosion velocity at the bed can be described by:

V.= e[ (s-1)gdso]"[0-0.,]"" D"/ ¥ (14a)
Vo= 0 for 6<6,, (14b)
Vo emax= 0.033 [(Camax/c2)-D][(s-1)2dso]"” (Winterwerp et al., 1992) (14c)

with: s=py/py= relative density, n= bed porosity factor (=0.4), D+= dso((s-
Dg/v?)'= dimensionless particle size parameter, 0=1y/((ps-pw)gdso) = particle
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mobility number, t,= bed shear stress, Y= slope factor=1-(sinf/sin¢), f= bed
slope angle, ¢= static bed friction angle (angle of repose), 6., =critical mobility
parameter according to Shields, o, =coefficient in the range of 0.002 to 0.003,
Comax= Maximum concentration in lower layer (= 0.6).

Computed (based on o, =0.0025) and measured erosion velocities (Van Rijn,
1983, 1984, 1986; Winterwerp et al., 1992) in the case of a bed of fine sand
are given in Table 1. The agreement is reasonably good for low velocities
smaller than 0.7 m/s. The computed erosion velocities are too small (factor 3)
for larger velocities.

Velocity u, Erosion velocity vy, (mm/s)
(m/s)
Computed Measured Computed Measured
(0.11 mm) (0.12 to 0.13 mm) (0.25 mm) (0.19 to 0.36 mm)
0.3 0.084 0.094
0.5 0.15 0.1 (0.13 mm) 0.18 0.1 (0.19 mm)
0.7 0.21 0.4 (0.13 mm) 0.25 0.3 (0.19 mm)
1.0 0.30 1t02(0.12 mm) 0.37 0.8 to 1.7 (0.19 mm)
1 (0.36 mm)
1.5 0.46 2 (0.12 mm) 0.56
2.0 0.61 3to05(0.12 mm) 0.75
2.5 0.75 0.93 3to4 (0.225 mm)
3.0 0.92 1.10

Table 1 Computed and measured erosion velocities for two grain diameters
(dsp=0.11 and 0.25 mm)

2.4 Auto-suspending turbidity currents

Auto-suspending turbidity currents are defined as turbidity currents in which the
rate of sediment entrainment equals or exceeds the rate of sediment deposition
so that a steady or accelerating flow is maintained and that the density
difference and the bed slope are such that the downslope force equals or exceeds
the resistance forces.

Assuming equilibrium conditions in the lower layer, the velocity u, can be
estimated from Equation (1), see also h, .4 of Equation (5), yielding:

W=[(((Ps -pw)/P2)es ghasinB)/(CatCa)]™” =[((Ap/p)ghysinB)/(Ca+Ca)]™*  (15)

with: sinf3= bottom slope, h,= thickness of lower layer, c,= volumetric depth-
averaged concentration in lower layer, s=relative density=1.65, Ap=(ps-pw)Ca,
P2=psCat(1-Co)pyw, Ap/pa=cy(s-1)/(cy(s-1)+1), Cg=bed friction coefficient
(=g/C?=0.0023 for Chézy C=65 m"*/s), Cq= interface-friction coefficient (=1/3
C4). Some values are given below:
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Using hy=1 m, ¢,=0.001 (=2.65 kg/m’) , sinp=10.001 (1 to 1000), C+C=0.003,
it follows that: u,=0.073 m/s.

Using h,=1 m, ¢,=0.01 (=26.5 kg/m?), sinp=0.001 (1 to 1000), C4+C4=0.003,
it follows that: u,=0.23 m/s.

Using h,=1 m, ¢,=0.1 (=265 kg/m’), sinp=0.001 (1 to 1000), C4+C4=0.003,
it follows that: u,=0.68 m/s.

Using hy=1 m, ¢,=0.01 (=26.5 kg/m’), sinp=0.01 (1 to 100), C,+C4=0.003,
it follows that: u,=0.73 m/s.

Equation (15) yields a value of about 0.3 m/s for the turbidity current in the
Sanmenxia reservoir in China, using C;~=0.001 (plane bed without bed forms,
C=100 m®%/s), hy= 3 m, sinp= 1/5000, c,= 20 kg/m’ or p,=1012 kg/m’
(Ap/pw=0.0124 and Ap/p,=0.0118). The measured velocities of the turbidity
layer are in the range of 0.3 to 0.8 m/s.

3. Numerical model and results

Equations (5), (7), (8), (9) and (10) define a set of five equations with 5
unknown variables, being: h,, u,, ¢y, q and g5, which can be solved for given
values at the upstream boundary (x=0). It is most easy to specify hy, ¢, and
Fry at x=0; u, can be computed from Fryo as: u,=Fro((Ap/p2) g h2,0)°'5.
Generally, it is allowed to assume cosp=1.

The numerical model (TC-SAND; Excel application) has been used to simulate
the turbidity current observed in the Zaire submarine canyon at 4000 m water
depth (Khripounoff, 2003). The Zaire canyon (depth of about 150 m, width of
1 to 2 km) extends over about 760 km from the river mouth to the ocean floor
(water depth of 5100 m) downslope from the Congo-Angola continental shelf.

5100 m 4000 m
1:250
< >PE— > C—D>OOCH><C—>
250 km 180 km 80 km 80 km 80

Figure 2 Longitudinal Profile along the Zaire canyon (coast on right side)

Figure 2 shows a profile along the length of the canyon. The longitudinal profile
was represented by about 7500 grid points with increasing step size from 0.1 m
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at the entrance of the canyon to 250 m at the most offshore station at 640 km. A
self-accelerating turbidity current of fine sand (0.15 mm) could only be
established by assuming the presence of a relatively steep profile (slope angle
of 10°% slope of 1 to 6) over the first 200 m. The boundary conditions are:
h=0.05m, ¢2=200 kg/m’, Fry=2, 0,=0.06, C4=0.004, C4=0.0013, az=1 (no
damping of turbulence at upper interface), p,=1020 kg/m’, erosion
coefficient=0.0025 (standard value). The computed results are given in Table 2
for two particle sizes (dsp=0.1 mm, w=0.008 m/s and ds¢=0.15 mm, w=0.015
m/s). Self-acceleration did not occur for sand of 0.2 mm.

Slope angle Distance Layer Current velocity
from thickness u; (m/s)
x=0 h, (m)
(km) 0.1 0.15 mm 0.1 0.15mm
0-0.2 km 0 0.05 0.05 0.45 0.45
10° 0.2 1.8 1.7 1.05 0.8
0.2- 80 km 1 5.3 5.7 0.7 0.5
10 19.2 18.5 2 1.5
0.82° 30 52 49 4 3.3
50 87 82 5.6 4.7
80-130 km 80 140 132 7.4 6.7
1.2° 130 250 236 11.5 10.7
130-210 km 210 415 395 13.7 13.0
0.82°
Slope angle Distance Concentration Sand transport | Froude number
from Fr; (-)
x=0 ¢, (kg/m®) qs (kg/s/m)
(km) 0.1 0.15 mm 0.1 0.15mm 0.1 0.15 mm
0-0.2 km 0 200 200 4.6 4.6 2 2
10° 0.2 15 10 29 14 2.6 2.55
0.2- 80 km 1 12 5 45 15 1.16 1.15
10 27 15 1040 420 1.16 1.15
0.82° 30 40 30 8500 4500 1.16 1.15
50 45 35 22000 13500 1.16 1.15
80-130 km 80 50 42 53000 37000 1.16 1.15
1.2° 130 50 47 145000 120000 | 1.34 1.33
130-210 km 210 60 55 330000 285000 | 1.16 1.15
0.82°

Table 2 Computed values for turbidity current in Zaire Submarine

canyon;dsp=0.1 mm and 0.15 mm

Figure 3 shows the computed velocity, layer thickness and sand concentration
for ds¢=0.15 mm. The turbidity current is supercritical up to 210 km. At that
location the layer thickness is about 400 m and the flow velocity is about 13
m/s, giving a specific water discharge of 5000 m%/s. The sand transport rate at
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210 km is about 250,000 kg/s/m or about 10 m*/s/m. The bed erosion velocities
varies between 0.1 mm/s for u,=0.5 m/s to 3 mm/s for u,=13 m/s. Beyond 210
km the slope angle of the bed is so small (see Figure 2) that the flow becomes
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subcritical. The transition to subcritical flow may be established by an internal

hydraulic jump.
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Figure 3 Computed velocity, layer thickness and sand concentration of the
turbidity current along the Zaire Submarine canyon based on TC-
SAND model (dsy=0.15 mm)

The layer thickness in subcritical flow will be much larger (about 1000 to 2000
m) and the flow velocity will be smaller (about 2 to 5 m/s), assuming that the
specific water discharge remains about 5000 m?/s over some distance. However,
the flow will gradually decay due to deposition of the suspended sediments
seaward of 210 km (see Figure 2). The observed velocity at 360 km was about
1.2 m/s at a height of 110 to 150 m above the bed of the canyon (in the initial
phase of the turbidity current event).

In nature the layer thickness is limited by the maximum canyon depth of about
150 m. Above this level the turbidity flow can also spread out in lateral
direction resulting in a reduction of the vertical growth of the turbidity layer.
These effects have been neglected in the TC-SAND model.

4. Conclusions

The results show that turbidity currents in coastal waters can be simulated
reasonably well using a relatively simple numerical model based on a two-layer
schematization. Modelling of a turbidity current generated in the Zaire Canyon
(Africa) shows that the turbidity current is supercritical over about 200 km. The
behaviour of a turbidity current is dominated by the erosion of sediment from
the bed into the flow. The friction coefficient of the bed also has a substantial
effect because of its effect on the bed-shear stress and hence on the erosion of
sediment. An increase of the erosion leads to larger concentrations in the lower
layer enhancing the self-acceleration effect.
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