NOTES:
TWO-GRAIN MODEL OF TURBIDITY CURRENT MORPHODYNAMICS:

SAND AND GRAVEL

Notes prepared by Gary Parker

for discussion with David Mohrig and Bill Lyon,

February 1, 2002


This note represents a first cut toward modeling the ability of a turbidity current to transfer gravel as bedload downdip.

Consider a turbidity current with constant width transporting a mixture of sand with size DS that moves in suspension and gravel with size DG that moves as bedload.  The bed is assumed to have an active layer with thickness La and containing sediment with the volume fractions FS of sand and FG of gravel such that
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Let (b denote the bed elevation at the bottom of the active layer, x denote streamwise distance and t denote time.  The appropriate form of the Exner relation for sediment conservation is
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(2a,b)

In the above equations Dn denotes a net deposition rate (volume per unit area per unit time) of suspended sediment (sand); note that sand in the bed is in the net eroded into suspension if Dn < 0.  In addition, (p denotes a bed porosity and qp denotes a potential bedload transport rate (volume per unit width per unit time) that would be realized if the bed were composed completely of gravel.  Finally, FSI and FGI denotes the fractions of sand and gravel in the deposit that are interchanged between the active layer and the substrate below it as the bed aggrades or degrades.

The following evaluation should serve here;
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(2c)
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(2d)

where FSsub denotes the fraction of sand in the substrate immediately below the active layer.  That is, according to (2c,d) the active layer transfers its sediment to the substrate as the bed aggrades, and mines the substrate as it degrades.

Adding (2a) and (2b), it is found that
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(3)

where
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In order to make further progress it is necessary to make assumptions about qp and Dn.  Here it is assumed that qp can be deduced from a standard bedload transport relation, e.g. of the form



[image: image7.wmf](

)

ï

î

ï

í

ì

t

£

t

t

>

t

t

-

t

a

=

*

*

*

*

*

*

c

c

n

Gc

G

BL

G

G

p

,

0

,

D

gD

q

BL

R






(5)

where R denotes the submerged specific gravity of the sediment, g denotes the acceleration of gravity, (G( denotes a Shields number based on gravel, (Gc( is a threshold Shields number for the onset of gravel motion and (BL and nBL are appropriate constants.  In addition, the Shields number is defined as
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(6)

where ( denotes the density of water and (b denotes the boundary shear stress (skin friction only in the presence of bedforms).


The standard formulation for Dn for a bed completely covered with sand is as follows;
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(7)

where vs denotes the fall velocity of the sand, cb denotes a near-bed concentration of sand in suspension and E denotes a dimensionless entrainment rate of bed sediment into suspension, which is typically taken to be a function of either a Shields number based on sand size (S(, defined as
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(8)

or the ratio u(/vs, where
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(9)

denotes the shear velocity.


The most straightforward generalization of (7) to the two-grain mixture considered here is the form
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(10)

That is, Ep is now a potential erosion rate that would be realized if the bed were completely covered by sand (and computed in the standard way) and FS serves to limit this potential erosion so as to correspond with the sand actually available in the active layer to erode.


This generalization must, however, be modified to account for the possible formation of a clast-supported deposit in the active layer.  Here it is assumed that the deposit is clast-supported when the gravel fraction reaches a critical value FGc in the active layer.  This is assumed to be the maximum fractional gravel content; with the gravel pores filled to capacity with the minimum fractional sand content FSc, where
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(11)

When FS drops to FSc, so that the deposit is clast-supported, it is assumed that the sand in the pores cannot be sucked up and entrained through the gravel framework.  (This is not completely true, but it is good enough for now.)  The only way to erode sand from (deposit sand in) a clast-supported deposit is to erode gravel from the bed, so releasing the sand in the pores to suspension (deposit gravel on the bed, so creating a home in the pores for sand from suspension).  The net sand deposition associated with this process is given as
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(12)

where the rate of change of bed elevation is completely controlled by the gravel phase.  (Note that net erosion of sand is realized in the above relation when the bed is degrading, such that ((/(t < 0.)  That is, (2a,b) become
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(13a,b)

Recalling that FSc and FGc are specified constants that sum to unity, (12) and (13a,b) can be manipulated to yield the following forms for the clast-supported case;
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(14a,b)


The calculation scheme for the evolution of the bed and grain size distribution can be summarized as follows.  Here La is assumed to be a specified constant for simplicity.  At any given time the parameters ((x, t) and FS(x, t) must be known (in which case FG is also known).  In addition, the boundary shear stress (b must be known everywhere, allowing the computation of qp and Ep.

If FS > FSc then the bed evolution can be computed directly from (2a,b) and (10), i.e.
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(15a,b)

More precisely, bed elevation evolution is computed by adding (15a) and (15b) to get
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(16)

The evolution of bed composition is computed by reducing (15a,b) with (16);
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(17a,b)

If the above equations predict that FS declines below FSc in a single time step, then that computation must be repeated with a shorter step that yields FSc as the final result.

If FS is equal to FSc, then the calculation proceeds as follows.  First (16) and (17a,b) are implemented for one time step.  If the result is a value of FS that is greater than FSc then the calculation may proceed without amendment.  If, however, the result is a value of FS that is less than FSc then the time step must be repeated using (14a,b) instead.  At the end of this time step, then, FS and FG remain equal to the values FSc and FGc, respectively, bed elevation changes according to (14b) and the turbidity current gains or loses sand in accordance with (14a).


An interesting case of the above formulation for a clast-supported deposit is realized if (qp/(x vanishes.  This could be because either the gravel is not moving or the gravel is moving through at quasi-equilibrium conditions.  For this case Dn = 0.  That is, the sand in the turbidity current is carried downstream in a way analogous to washload in rivers, with neither deposition on or erosion from the bed.  This gives a precise expression for what has been very loosely described as “bypassing” by submarine sedimentologists and stratigraphers.

There is a further possible (but perhaps unlikely) fly in the ointment to the above calculation.  According to (14a), as gravel deposits on (erodes from) the bed it absorbs (releases) that amount of sand that exactly fills the pores of the gravel.  It is possible that the current is so weak that it either does not have enough sand in suspension to fill the pores of the depositing gravel, or is incompetent to carry into suspension the sand released by eroding gravel.  Physically these conditions correspond to the respective inequalities
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(18a,b)

Were these conditions to be fulfilled, the following modifications would have to be made: a) the algorithm for sand conservation would have to be modified to include the possibility of an openwork gravel with FS < FSc, and/or b) the formulation for sand transport would have to be modified to allow for bedload transport of sand.  These would not be too onerous to implement, but would probably not be necessary.


There is a fairly specific reason why the above amendment should not likely be necessary.  As opposed to rivers, turbidity currents derive all their flow energy from the work of the flow acting on the suspended sediment.  This face alone guarantees that bedload transport must be subsidiary in a turbidity current.  Rivers can have all bedload and no suspended load, but the same is not true of turbidity currents.  The same factors that would lead to a very weak turbidity current with very low values of vscb and vsFScEp should likely shut down bedload transport completely first.


Two issues have been glossed over in the above exposition.  The first is the flow dynamics.  The above model for Exner conservation of bed sediment must be linked to a model of the flow.  Let h be some integral thickness of the turbidity current, and U and C be layer-averaged values of streamwise velocity and volume concentration.  We further assume that
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(19a,b)

where ro is a shape constant and Cf is a friction coefficient.  A 3-equation formulation for the turbidity current would look like
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(20a,b,c)

An implementation of the above relations would yield the parameter (b needed to compute qp and Ep.


The second issue concerns a deposit into which the flow erodes at a later time.  In order to model this process it is necessary to know the stratigraphy of the substrate below the current active layer.  Since this substrate was created by earlier depositional conditions, it is necessary to model the transfer to and storage of sediment in the substrate as the bed aggrades in accordance with (2c).  The computation is not particularly difficult to perform, but it often imposes heavy memory requirements on any program.
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