
Sediments



Sediment Transport

Hydrodynamics and water budgets have been an essential component 
of the field of water quality modeling. 

Increased attention has been directed to how pollutants interact with 
solid matter. Modeling of suspended sediment and bottom sediments 
has become important because of how toxic substances associate with 
solid matter.

These solids represent an “environment” to be understood.



Sediment Transport

Once in natural waters, suspended sediment are transported and 
transformed (decomposition, residual organics/inorganic transport).

Laterally they can be carried by currents, they can deposit on the 
bottom, and can also be resuspended.

Low-energy areas provide zones of collection for fine-grained sediment. 



Sediment Transport



Sediment Transport
Pools: depositional zones in the bends of meandering rivers

Null zones: where inflowing river flow and tidal action tend to cancel

Focusing: where fine-grained-solids deposit in the center of a lake due 
to wind- and current-induced turbulence. 

Delta: forms where a turbulent river enters a low energy impoundment

Density currents: carry sediments past the delta, hug the bottom and 
lead to large accumulation of fine-grained solids at the pool above dam 



Suspended 
Solids



Suspended Soils: Properties
Suspended solids concentration is reported on a dry 
weight basis ranging from 1 mg L-1 for clean waters 
to over 1000 mg L-1 for highly turbid systems. 

Particles can come from allochthonous (drainage 
basin; brown) or autochthonous (photosynthesis 
process; green) solids. 

Organic carbon: autochthonous are organic matter 
(vs allochthonous from soil erosion)
Density: Autochthonous much less dense 
Size: Allochthonous cover wide spectrum of sizes 



Suspended Soils: Properties



Suspended Soils: Settling and 
Stokes’ Law
The settling velocity of a particle can be estimated using Stokes’ law,

𝑣𝑣𝑠𝑠 = 𝛼𝛼
𝑔𝑔
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𝜌𝜌𝑠𝑠 − 𝜌𝜌𝑤𝑤

𝜇𝜇
𝑑𝑑2

where 𝑣𝑣𝑠𝑠= settling velocity (cm s-1)
𝛼𝛼 = dimensionless form factor affecting settling velocity 

(1.0 for sphere)
g = acceleration due to gravity ( = 981 cm s-2)

𝜌𝜌𝑠𝑠 and 𝜌𝜌𝑤𝑤= density of particle and water (g cm-3)
𝜇𝜇 = dynamic viscosity (g cm-1 s-1)
d= an effective particle diameter (cm)



Suspended Soils: Settling and 
Stokes’ Law
Thomman and Mueller (1987) have expressed Stokes’ Law in 
convenient form:

𝑣𝑣𝑠𝑠 = 0.033634 𝛼𝛼 𝜌𝜌𝑠𝑠 − 𝜌𝜌𝑤𝑤 𝑑𝑑2

where 𝑣𝑣𝑠𝑠 is in m d-1, densities are in g cm-3, d is in 𝜇𝜇m, and water 
viscosity is assumed to have a constant value of 0.014 g cm-1 s-1.

Therefore, linearly dependent on the density, and quadratically 
dependent on diameter. 



Suspended Soils: Settling and 
Stokes’ Law 𝑣𝑣𝑠𝑠 = 0.033634 𝛼𝛼 𝜌𝜌𝑠𝑠 − 𝜌𝜌𝑤𝑤 𝑑𝑑2





Suspended Soils: Settling and 
Stokes’ Law
Particles in natural waters have 
complex shapes (values of 𝛼𝛼
lower than 1). 

Phytoplankton and organic solids 
average about 0.25 m d-1, with a 
range of 0.1 to 1 m d-1.   

𝑣𝑣𝑠𝑠 = 0.033634 𝛼𝛼 𝜌𝜌𝑠𝑠 − 𝜌𝜌𝑤𝑤 𝑑𝑑2



Suspended Soils: Settling and 
Stokes’ Law
Notes:

-Stokes’ law is predicated on the assumption that flow is laminar, 
-phytoplankton can become buoyant due to internal gas vacuoles, 
-and have varying velocities due to physiological state (e.g. active 
growth). 
-Finally, flocs and precipitates complicate application

𝑣𝑣𝑠𝑠 = 0.033634 𝛼𝛼 𝜌𝜌𝑠𝑠 − 𝜌𝜌𝑤𝑤 𝑑𝑑2



Suspended Soils: Settling and 
Stokes’ Law
Notes:

-Model segmentation can lead to underestimation (absence of 
upwelling, entrainment) hence a lower setting velocity often used to 
compensate.

-Settling velocity is usually determined by direct measurement or 
calibration in most water quality models.

𝑣𝑣𝑠𝑠 = 0.033634 𝛼𝛼 𝜌𝜌𝑠𝑠 − 𝜌𝜌𝑤𝑤 𝑑𝑑2



The Bottom Sediments: 
Porosity

Previously, concentration was normalization of quantity of chemical/solid 
to the water’s volume. Now, there is a significant fraction of sediment 
volume which is solid. This system is referred to as porous media.



The Bottom Sediments: 
Porosity

In fine-grained sediments, the porosity is operationally defined as the fraction 
of the total volume that is in the liquid phase, 

𝜑𝜑 =
𝑉𝑉ℓ
𝑉𝑉2

where 𝑉𝑉ℓ = volume of the liquid part of the sediment layer (m3) and V2 = total 
volume of the sediment layer (m3). 



The Bottom Sediments: 
Porosity

Fraction of the sediment that is in the solid phase is defined as: 

1 − 𝜑𝜑 = 1 −
𝑉𝑉ℓ
𝑉𝑉2

=
𝑉𝑉𝑝𝑝
𝑉𝑉2

where 𝑉𝑉𝑝𝑝 = the volume of the solid or particulate phase of the sediment (m3).



The Bottom Sediments: Density 
and Suspended Solids Concnt

Another quantity used is the density can be represented in terms of :

𝜌𝜌 =
𝑀𝑀2

𝑉𝑉𝑝𝑝
where 𝜌𝜌= density (g m-3) , 𝑀𝑀2= mass of the solid phase in the 
sediments (g). A “suspended solids” concentration in the sediments, 
m2, can be defined as: 

𝑚𝑚2 =
𝑀𝑀2

𝑉𝑉2



The Bottom Sediments: Density 
and Suspended Solids Concnt
A “suspended solids” concentration in the sediments, m2, can be 
defined as: 

𝑚𝑚2 =
𝑀𝑀2

𝑉𝑉2
From this, the density equation can be rearranged:

𝑀𝑀2 = 𝜌𝜌𝑉𝑉𝑝𝑝
The inverse porosity (fraction  solids) can be rearranged:

𝑉𝑉2 =
𝑉𝑉𝑝𝑝

1 − 𝜑𝜑
To derive:

𝑚𝑚2 =
𝜌𝜌𝑉𝑉𝑝𝑝(1 − 𝜑𝜑)

𝑉𝑉𝑝𝑝
= (1 − 𝜑𝜑)𝜌𝜌



Simple Solids Budgets

For simplicity this model for solids will be developed for the 
allochthonous solids in a well-mixed lake. 

The following mass balance can be written for the water:

𝑉𝑉
𝑑𝑑𝑚𝑚
𝑑𝑑𝑑𝑑

= 𝑄𝑄𝑚𝑚𝑖𝑖𝑖𝑖 − 𝑄𝑄𝑚𝑚 − 𝑣𝑣𝑠𝑠𝐴𝐴𝑠𝑠𝑚𝑚

where 𝑣𝑣𝑠𝑠 = settling velocity (m yr-1) and As = area of the sediment-
water interface (m2). At steady-state this equation can be solved for: 

𝑚𝑚 =
𝑄𝑄𝑚𝑚𝑖𝑖𝑖𝑖

𝑄𝑄 + 𝑣𝑣𝑠𝑠𝐴𝐴𝑠𝑠



Simple Solids Budgets

Now we can add a sediment layer to the model. 
Mass balances for solids in the water and sediment 
layer can be written as:

𝑉𝑉1
𝑑𝑑𝑚𝑚1

𝑑𝑑𝑑𝑑
= 𝑄𝑄𝑚𝑚𝑖𝑖𝑖𝑖 − 𝑄𝑄𝑚𝑚1 − 𝑣𝑣𝑠𝑠𝐴𝐴𝑠𝑠𝑚𝑚1 + 𝑣𝑣𝑟𝑟𝐴𝐴𝑠𝑠𝑚𝑚2

and 

𝑉𝑉2
𝑑𝑑𝑚𝑚2

𝑑𝑑𝑑𝑑
= 𝑣𝑣𝑠𝑠𝐴𝐴𝑠𝑠𝑚𝑚1 − 𝑣𝑣𝑟𝑟𝐴𝐴𝑠𝑠𝑚𝑚2 + 𝑣𝑣𝑏𝑏𝐴𝐴𝑠𝑠𝑚𝑚2

where 𝑣𝑣𝑟𝑟 = resuspension velocity (m yr-1) and vb = 
burial velocity (m yr-1).



Simple Solids Budgets

At steady state the equations would become (with the 
subscript of m1 dropped):

0 = 𝑄𝑄𝑚𝑚𝑖𝑖𝑖𝑖 − 𝑄𝑄𝑚𝑚1 − 𝑣𝑣𝑠𝑠𝐴𝐴𝑠𝑠𝑚𝑚1 + 𝑣𝑣𝑟𝑟𝐴𝐴𝑠𝑠 1 − 𝜑𝜑 𝜌𝜌
and 

0 = 𝑣𝑣𝑠𝑠𝐴𝐴𝑠𝑠𝑚𝑚 − 𝑣𝑣𝑟𝑟𝐴𝐴𝑠𝑠 1 − 𝜑𝜑 𝜌𝜌 − 𝑣𝑣𝑏𝑏𝐴𝐴𝑠𝑠 1 − 𝜑𝜑 𝜌𝜌

The second equation can be solved for as:
1 − 𝜑𝜑 𝜌𝜌 =

𝑣𝑣𝑠𝑠
𝑣𝑣𝑟𝑟 + 𝑣𝑣𝑏𝑏

𝑚𝑚



Simple Solids Budgets

The second equation can be solved for as:
1 − 𝜑𝜑 𝜌𝜌 =

𝑣𝑣𝑠𝑠
𝑣𝑣𝑟𝑟 + 𝑣𝑣𝑏𝑏

𝑚𝑚

Substituted into:
0 = 𝑄𝑄𝑚𝑚𝑖𝑖𝑖𝑖 − 𝑄𝑄𝑚𝑚1 − 𝑣𝑣𝑠𝑠𝐴𝐴𝑠𝑠𝑚𝑚1 + 𝑣𝑣𝑟𝑟𝐴𝐴𝑠𝑠 1 − 𝜑𝜑 𝜌𝜌

and solved for:

𝑚𝑚 =
𝑄𝑄𝑚𝑚𝑖𝑖𝑖𝑖

𝑄𝑄 + 𝑣𝑣𝑠𝑠𝐴𝐴𝑠𝑠(1 − 𝐹𝐹𝑟𝑟)
In which Fr is the resuspension factor: 

𝐹𝐹𝑟𝑟 =
𝑣𝑣𝑟𝑟

𝑣𝑣𝑟𝑟 + 𝑣𝑣𝑏𝑏



Simple Solids Budgets

𝑚𝑚 =
𝑄𝑄𝑚𝑚𝑖𝑖𝑖𝑖

𝑄𝑄 + 𝑣𝑣𝑠𝑠𝐴𝐴𝑠𝑠(1 − 𝐹𝐹𝑟𝑟)
In which Fr is the resuspension factor: 

𝐹𝐹𝑟𝑟 =
𝑣𝑣𝑟𝑟

𝑣𝑣𝑟𝑟 + 𝑣𝑣𝑏𝑏
Similar to

𝑚𝑚 =
𝑄𝑄𝑚𝑚𝑖𝑖𝑖𝑖

𝑄𝑄 + 𝑣𝑣𝑠𝑠𝐴𝐴𝑠𝑠

When 𝑣𝑣𝑏𝑏 ≫ 𝑣𝑣𝑟𝑟, Fr ~ 0, when 𝑣𝑣𝑏𝑏 ≪ 𝑣𝑣𝑟𝑟, Fr ~ 1.



Parameter estimation

Parameters in the model are 𝜌𝜌,𝜑𝜑,𝑚𝑚,𝑚𝑚𝑖𝑖𝑖𝑖,𝑄𝑄,𝐴𝐴𝑠𝑠, 𝑣𝑣𝑠𝑠, 𝑣𝑣𝑟𝑟 , 𝑎𝑎𝑎𝑎𝑑𝑑 𝑣𝑣𝑏𝑏 .

The parameters are usually obtainable if there are sufficient unknowns and 
equations. We try to assess which of the parameters is least likely to be 
available and the show how to estimate with the model.

Starting with  9 parameters. Assuming 𝜌𝜌 2.4 − 2.7 × 106 𝑎𝑎𝑎𝑎𝑑𝑑 𝜑𝜑 (0.8 − 0.95)
are known and that flow and area are given, Q and As. Now we are left with five 
unknown parameters: 𝑚𝑚,𝑚𝑚𝑖𝑖𝑖𝑖, 𝑣𝑣𝑠𝑠, 𝑣𝑣𝑟𝑟 , 𝑎𝑎𝑎𝑎𝑑𝑑 𝑣𝑣𝑏𝑏. One 𝑣𝑣𝑟𝑟 is extremely difficult to 
measure.



Parameter estimation
Next 

0 = 𝑄𝑄𝑚𝑚𝑖𝑖𝑖𝑖 − 𝑄𝑄𝑚𝑚1 − 𝑣𝑣𝑠𝑠𝐴𝐴𝑠𝑠𝑚𝑚1 + 𝑣𝑣𝑟𝑟𝐴𝐴𝑠𝑠 1 − 𝜑𝜑 𝜌𝜌
and 

0 = 𝑣𝑣𝑠𝑠𝐴𝐴𝑠𝑠𝑚𝑚 − 𝑣𝑣𝑟𝑟𝐴𝐴𝑠𝑠 1 − 𝜑𝜑 𝜌𝜌 − 𝑣𝑣𝑏𝑏𝐴𝐴𝑠𝑠 1 − 𝜑𝜑 𝜌𝜌
are added to yield: 

0 = 𝑄𝑄𝑚𝑚𝑖𝑖𝑖𝑖 − 𝑄𝑄𝑚𝑚 − 𝑣𝑣𝑏𝑏𝐴𝐴𝑠𝑠 1 − 𝜑𝜑 𝜌𝜌
which can be used to estimate :

𝑣𝑣𝑏𝑏 =
𝑄𝑄
𝐴𝐴𝑠𝑠

𝑚𝑚𝑖𝑖𝑖𝑖 − 𝑚𝑚
1 − 𝜑𝜑 𝜌𝜌

(𝑜𝑜𝑜𝑜 𝑑𝑑𝑡𝑡𝑡𝑡𝑡 𝑐𝑐𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑡𝑡𝑜𝑜 𝑏𝑏𝑏𝑏 𝑑𝑑𝑡𝑡𝑜𝑜𝑏𝑏𝑐𝑐𝑑𝑑𝑎𝑎𝑑𝑑 𝑚𝑚𝑏𝑏𝑎𝑎𝑡𝑡𝑚𝑚𝑜𝑜𝑏𝑏𝑑𝑑)

Now it can be used to solve for vr: 
𝑣𝑣𝑟𝑟 = 𝑣𝑣𝑠𝑠

𝑚𝑚
1 − 𝜑𝜑 𝜌𝜌

− 𝑣𝑣𝑏𝑏





Bottom Sediments As a 
Distributed System



Bottom Sediments As a 
Distributed System

Now, we go beyond bottom sediments as a single layer to depict 
and model as a distributed system.

From our modeling perspective, it is convenient to conceptualize 
the process as if the interface were static and the sediments were 
advecting downward. 

This is represented as:
𝜕𝜕𝑐𝑐
𝜕𝜕𝑑𝑑

= −𝑣𝑣𝑏𝑏
𝜕𝜕𝑐𝑐
𝜕𝜕𝑧𝑧

+ 𝜑𝜑𝜑𝜑
𝜕𝜕2𝑐𝑐
𝜕𝜕𝑧𝑧2

− 𝑘𝑘𝑐𝑐

where: c = concentration of dissolved contaminant (mgL-1)
𝑣𝑣𝑏𝑏= burial velocity (m yr-1), D = effective diffusion coeff (m2 yr-1)



Bottom Sediments As a 
Distributed System
Though we have assumed constant parameters, compaction due to the 
weight of overlying sediments means that velocity and porosity vary 
with depth. 



Bottom Sediments: Steady 
State-Distributions

If we suppose that the pore water at the sediment-water interface is held at a constant 
level c0, for a sufficiently long time, such that sediment come to a steady state: 

0 = −𝑣𝑣𝑏𝑏
𝜕𝜕𝑐𝑐
𝜕𝜕𝑧𝑧

+ 𝜑𝜑𝜑𝜑
𝜕𝜕2𝑐𝑐
𝜕𝜕𝑧𝑧2

− 𝑘𝑘𝑐𝑐

With boundary conditions: 
𝑐𝑐 0, 𝑑𝑑 = 𝑐𝑐0
𝑐𝑐 ∞, 𝑑𝑑 = 0

The solution yields :
𝑐𝑐 = 𝑐𝑐0𝑏𝑏λ𝑧𝑧

where :

λ =
𝑣𝑣𝑏𝑏

2𝜑𝜑𝜑𝜑
1 − 1 +

4𝑘𝑘𝜑𝜑𝜑𝜑
𝑣𝑣𝑏𝑏





Bottom Sediments: Time-
Variable Distributions
The time variable distribution can be approximated using numerical methods 
to provide a more general approach. 

𝑐𝑐𝑖𝑖ℓ+1 = 𝑐𝑐𝑖𝑖ℓ + 𝜑𝜑𝜑𝜑
𝑐𝑐𝑖𝑖+1ℓ − 2𝑐𝑐𝑖𝑖ℓ + 𝑐𝑐𝑖𝑖−1ℓ

∆𝑧𝑧2
− 𝑘𝑘𝑐𝑐𝑖𝑖ℓ ∆𝑑𝑑

For the top boundary:

𝑐𝑐1ℓ+1 = 𝑐𝑐1ℓ + 𝜑𝜑𝜑𝜑
𝑐𝑐2ℓ − 2𝑐𝑐1ℓ + 𝑐𝑐0ℓ

∆𝑧𝑧2
− 𝑘𝑘𝑐𝑐1ℓ ∆𝑑𝑑

The bottom segment:

𝑐𝑐𝑖𝑖ℓ+1 = 𝑐𝑐𝑖𝑖ℓ + 𝜑𝜑𝜑𝜑
𝑐𝑐𝑖𝑖−1ℓ − 𝑐𝑐𝑖𝑖ℓ

∆𝑧𝑧2
− 𝑘𝑘𝑐𝑐𝑖𝑖ℓ ∆𝑑𝑑







Resuspension (Advanced 
Topic)
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