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Sediment Remediation

 Sediment contamination
– Porous media/high carbon content
– From sink to source
– Large volume (10% of total)

 Remediation approach
– Dredging
– Monitored natural recovery
– Capping and in-situ treatment

(Perelo, 2010)

Remedial Technologies (2005-2016)

(Mohan, 2016)



 In-situ remedial design - model prediction

 1-D multi-layered porous media model
– Porewater/Solid matrix/Dissolved organic carbon (DOC)
– Sorption/Diffusion/Dispersion/Advection/Reaction
– Bioturbation/Consolidation/Deposition/Erosion/Hyporheic exchange
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Accumulation

1-D Fate and Transport Model

𝒒𝒒𝒏𝒏,𝒊𝒊 = ∑𝒎𝒎 𝜺𝜺𝒎𝒎𝝓𝝓𝒎𝒎𝑪𝑪𝒏𝒏 + 𝜺𝜺𝒎𝒎𝝓𝝓𝒎𝒎𝝆𝝆𝑫𝑫𝑫𝑫𝑪𝑪,𝒊𝒊𝒒𝒒𝑫𝑫𝑫𝑫𝑪𝑪,𝒏𝒏 + 𝝆𝝆𝒃𝒃,𝒎𝒎𝝓𝝓𝒎𝒎𝒒𝒒𝒎𝒎,𝒏𝒏

Porewater                DOC                  Sorption in solid matrix

i : Layer number
𝑛𝑛 : Chemical number
𝑚𝑚 : Solid matrix number
𝑙𝑙 : Reaction number

𝝏𝝏𝒒𝒒𝒏𝒏,𝒊𝒊
𝝏𝝏𝝏𝝏 ∑𝒍𝒍 𝒂𝒂𝒍𝒍,𝒏𝒏𝒓𝒓𝒓𝒓𝒏𝒏𝒍𝒍,𝒊𝒊− 𝝏𝝏𝑭𝑭𝒏𝒏,𝒊𝒊

𝝏𝝏𝝏𝝏
= +

Transport

𝑭𝑭𝒏𝒏,𝒊𝒊 = −𝑫𝑫𝒏𝒏,𝒊𝒊
𝝏𝝏𝑪𝑪𝒏𝒏
𝝏𝝏𝝏𝝏

− 𝑬𝑬𝒊𝒊
𝝏𝝏 𝑪𝑪𝒏𝒏+𝝆𝝆𝑫𝑫𝑫𝑫𝑪𝑪,𝒊𝒊𝒒𝒒𝑫𝑫𝑫𝑫𝑪𝑪,𝒏𝒏

𝝏𝝏𝝏𝝏
+ 𝑼𝑼 𝑪𝑪𝒏𝒏 + 𝝆𝝆𝑫𝑫𝑫𝑫𝑪𝑪,𝒊𝒊𝒒𝒒𝑫𝑫𝑫𝑫𝑪𝑪,𝒏𝒏 + 𝑭𝑭𝒉𝒉𝒉𝒉𝒉𝒉,𝒏𝒏 + 𝑭𝑭𝒃𝒃𝒊𝒊𝒃𝒃,𝒏𝒏

Diffusion          Dispersion                    Advection              Hyporheic Bioturbation 

Key transport process in diagenetic model

Solid

Porewater

DOC

Porewater and DOC Porewater/DOC/Solid



Numerical Solution

 Finite difference method with nonlinear solver
– 1-D mass conservation at boundaries
– Implicit upwind scheme
– Global implicit calculation
– Newton’s method

 Optimization in CapSim 4
– Process all calculations in 1-D vector form
– Reshape 1-D vectors to 2-D matrices 

Sum of 100 × 100 identity matrix

t1 t2≫
identity matrix



CapSim – Graphic User Interface

Input windows System

Database Batch file

Input file

Simulator Output Matrix

Graphs

.csv file

Chemical Sorption

Layers

Solid matrix

Process BC & IC Solver



CapSim - Database

Input windows System

Database Batch file

Input file

Simulator Output Matrix

Graphs

.csv file

PAHs

PCBs

Pesticides

Heavy metals



CapSim – Input/Batch Function

Input windows System

Database Batch file

Input file

Simulator Output Matrix

Graphs

.csv file

.cpsm input file

.txt batch fileSummary of system Monte Carlo simulation



CapSim – Solver

Input windows System

Database Batch file

Input file

Simulator Output Matrix

Graphs

.csv file

Input case processing

Batch multi-core processing
Lapack

Numpy



CapSim – Output

Input windows System

Database Batch file

Input file

Simulator Output Matrix

Graphs

.csv file

Spatial profiles Temporal profiles .csv output file



Example 1 - Chemical & Solid Matrix

Solid matrix properties

 Design a capping layer for contaminated sediment 

Chemical properties Bioturbation
Hyporheic exchange

Groundwater
upwelling



Example 1 – Sorption & Layer

Layer properties
- tortuosity/dispersivity/DOC

Sorption 
– partitioning of chemicals in matrices



Example 1 – Solver Parameters
Multi-layered system

Discretization option



Example 1 – Auxiliary Conditions
Initial conditionsBoundary conditions

- Concentration/Flux/Mass transfer - Uniform/Depth-dependent



Example 1 – Sediment Processes

Groundwater upwelling

Darcy’s Law



Example 1 – Baseline Results
3-layer system – DDx contaminated sediment remediated by 1% GAC
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Diffusivity

Hyporheic Exchange

(Chandler, 2016)

 1-D Hyporheic exchange

(Liu, 2019)

𝐹𝐹ℎ𝑦𝑦𝑦𝑦,𝑛𝑛 = −𝐷𝐷ℎ𝑦𝑦𝑦𝑦
𝜕𝜕 𝐶𝐶𝑛𝑛+𝜌𝜌𝐷𝐷𝐷𝐷𝐷𝐷,𝑖𝑖𝑞𝑞𝐷𝐷𝐷𝐷𝐷𝐷,𝑛𝑛

𝜕𝜕𝜕𝜕

𝐷𝐷ℎ𝑦𝑦𝑦𝑦 = 1.19 ∗ 10−6𝑑𝑑𝑔𝑔
2.22𝑢𝑢∗3.11𝑒𝑒−55𝑦𝑦

𝑦𝑦: Depth [m] 𝑑𝑑𝑔𝑔: Particle size [m]

𝑢𝑢∗: Friction velocity [m/s]



 Mixing particles and porewater

 Factors on biodiffusion coefficient
– Depth from benthic surface (𝑧𝑧)

– Particle size (𝑟𝑟𝑦𝑦)

𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏,𝑛𝑛 = −𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏,𝑦𝑦 ∑𝑚𝑚𝜌𝜌𝑏𝑏,𝑚𝑚
𝜕𝜕𝜙𝜙𝑚𝑚𝑞𝑞𝑚𝑚,𝑛𝑛

𝜕𝜕𝜕𝜕
− 𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏,𝑦𝑦𝑝𝑝

𝜕𝜕 𝐶𝐶𝑛𝑛+𝜌𝜌𝐷𝐷𝐷𝐷𝐷𝐷,𝑖𝑖𝑞𝑞𝐷𝐷𝐷𝐷𝐷𝐷,𝑛𝑛
𝜕𝜕𝜕𝜕

𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏,𝑦𝑦 = 𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏,𝑦𝑦,0 ∗ 𝑒𝑒𝑒𝑒𝑒𝑒 − 𝜕𝜕2

2𝜎𝜎2

Bioturbation

𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏,𝑦𝑦,0 = 1 𝑐𝑐𝑚𝑚2/𝑦𝑦𝑟𝑟 𝜎𝜎 = 10𝑐𝑐𝑚𝑚



Deposition and Erosion
 1-D mass conservation at benthic boundary

𝑉𝑉𝑑𝑑𝑑𝑑𝑦𝑦𝜙𝜙𝑚𝑚,𝑑𝑑𝑑𝑑𝑦𝑦 𝑉𝑉𝑑𝑑𝑒𝑒𝑏𝑏𝜙𝜙𝑚𝑚

(𝑉𝑉𝑑𝑑𝑑𝑑𝑦𝑦 − 𝑉𝑉𝑑𝑑𝑒𝑒𝑏𝑏)∆𝑡𝑡

∆𝑧𝑧0

∆𝑧𝑧1= ∆𝑧𝑧0 + 𝑉𝑉𝑑𝑑𝑑𝑑𝑦𝑦 − 𝑉𝑉𝑑𝑑𝑒𝑒𝑏𝑏

∆𝜕𝜕1𝜙𝜙0𝑡𝑡+∆𝑡𝑡−∆𝜕𝜕0𝜙𝜙0𝑡𝑡

2∆𝑡𝑡
= 𝑉𝑉𝑑𝑑𝑑𝑑𝑦𝑦𝜙𝜙𝑚𝑚,𝑑𝑑𝑑𝑑𝑦𝑦 − 𝑉𝑉𝑑𝑑𝑒𝑒𝑏𝑏𝜙𝜙0𝑡𝑡+∆𝑡𝑡 − 𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏,𝑦𝑦

𝜙𝜙1𝑡𝑡+∆𝑡𝑡−𝜙𝜙0𝑡𝑡+∆𝑡𝑡

∆𝜕𝜕1
− 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑−𝑉𝑉𝑑𝑑𝑒𝑒𝑒𝑒

2
𝜙𝜙0𝑡𝑡+∆𝑡𝑡

𝜙𝜙0𝑡𝑡

𝜙𝜙0𝑡𝑡+∆𝑡𝑡

𝜙𝜙1𝑡𝑡+∆𝑡𝑡𝜙𝜙1𝑡𝑡

0.04 cm/yr
deposition

0.04 cm/yr
erosion



Commercial Sorbents

Mat-like sorbents are not 
impacted by bioturbation and 
erosion

Tektoseal® Active Mattress



Example 2 – Naphthalene NAPL
 Non-aqueous phase liquid (NAPL)

– Immobile stock of organic contaminants
– Modeled using precipitation/dissolution
– Keep pw concentration at solubility until the depletion of NAPL

Log molar Solubility



Example 2 – Naphthalene NAPL

Solubility of Naphthalene: 13 mg/L

Local equilibrium by fast 
precipitation/dissolution



Example 3 – Hg Methylation

Hg2+
HgCln

2−𝑛𝑛

HgSO4
Hg − DOM

HgOHn
2−n

Hg(HS)2
0HgS0

OMFeS

Nano − HgS

Methylation 
bacteria

SRB or FeRB
MeHg

 Methylmercury (MeHg)
– Toxic species of Hg
– Byproduct of sulfate reduction/iron reduction
– Primarily produced in anaerobic zones



Redox Profile in Sediment

Oxidized

Reduced zone

OM, Fe(III), Mn(IV)

Sediment profile imaging (SPI)

Benthic organism mixing

O2,SO4

Conceptual model

Fe(II), S(II)



Overlying water

aerobic

anaerobic

Primary redox

FeOOH
MnO2

+ 𝐶𝐶𝑏𝑏𝑒𝑒𝑔𝑔 Mn2+
Fe2+

Mn2+
Fe2++HS−

FeS(s)
MnS(s)

Mn2+
Fe2+

+O2
Fe(III)
Mn(IV)

FeOOH
MnO2

+ CO3
2− FeCO3(𝑠𝑠)

MnCO3(𝑠𝑠)

+CO3
2−

FeCO3(𝑠𝑠)

MnCO3(𝑠𝑠)

Primary redox Secondary redox Precipitation/dissolution

HCO3
−

Biogeochemical Reaction Network

Fe(III)
Mn(IV)



Reactions

i : Layer number
𝑛𝑛 : Chemical number
𝑚𝑚 : Solid matrix number
𝑙𝑙 : Reaction number

𝝏𝝏𝒒𝒒𝒏𝒏,𝒊𝒊
𝝏𝝏𝝏𝝏 ∑𝒍𝒍 𝒂𝒂𝒍𝒍,𝒏𝒏𝒓𝒓𝒓𝒓𝒏𝒏𝒍𝒍,𝒊𝒊− 𝝏𝝏𝑭𝑭𝒏𝒏,𝒊𝒊

𝝏𝝏𝝏𝝏
= +

∑𝒍𝒍𝜶𝜶𝒍𝒍,𝒏𝒏𝒓𝒓𝒓𝒓𝒏𝒏𝒍𝒍,𝒊𝒊

 Secondary redox reactions
– Kinetic model

 Equilibrium reactions
– Water chemistry/Complexation
– Precipitation/Dissolution

Second redox reaction Reaction rate

Mn2+ + 0.5O2 + H2O → MnO2(s) + 2H+ 𝑟𝑟 = k𝑀𝑀𝑛𝑛𝑀𝑀CMn2+CO2

Fe2+ + 0.25O2 + 2.5H2O → Fe(OH)3 (s) + 2H+ 𝑟𝑟 = k𝐹𝐹𝑑𝑑𝑀𝑀CFe2+CO2

HS- + 2O2 → H+ + SO4
2- 𝑟𝑟 = kSOCHS−CO2

MnO2 + 2Fe2+ → Mn2+ + 2Fe(OH)3 (s) + 2H+ 𝑟𝑟 = kSOCHS−CO2

Complexation reaction Log KL

{Fe2+} + {OH-} = {Fe(OH)+} 4.5

{Fe2+} + 2{OH-} = {Fe(OH)2} 7.4

{Fe 2+} + 3{OH-} = {Fe(OH)3-} 11.0

{Fe 2+} + {SO42-} = {Fe(SO4)} 2.2

Precipitation/Dissolution Reaction rate

FeS + H+ → Fe2+ + HS- 𝑟𝑟 = kFeSd CFeS 1 − ⁄CFe2+CH+ KFeSCFeS

Fe2+ + HS- → FeS + H+ 𝑟𝑟 = kFeSp ⁄CFe2+CH+ KFeSCFeS − 1

Secondary and Equilibrium Reactions



Biotic Reactions

 Biotic reaction model
– Threshold concentration (𝑇𝑇𝐸𝐸𝐸𝐸,𝑙𝑙)

– Inhibition constant
𝑅𝑅𝐿𝐿 = 𝜆𝜆𝐿𝐿𝐶𝐶𝑀𝑀𝑀𝑀

𝐶𝐶𝐸𝐸𝐸𝐸,𝐿𝐿
𝐶𝐶𝐸𝐸𝐸𝐸,𝐿𝐿+𝐾𝐾𝐸𝐸𝐸𝐸,𝐿𝐿

∏𝑙𝑙=1
𝐿𝐿−1 𝐾𝐾𝑖𝑖𝑛𝑛,𝑙𝑙

𝐶𝐶𝑖𝑖𝑛𝑛,𝑙𝑙+𝐾𝐾𝑖𝑖𝑛𝑛,𝑙𝑙

𝑖𝑖𝑖𝑖 𝐶𝐶𝐸𝐸𝐸𝐸,𝑙𝑙−1 > 𝑇𝑇𝐸𝐸𝐸𝐸,𝑙𝑙−1: 𝑅𝑅𝑙𝑙 = 0

𝑖𝑖𝑖𝑖 𝐶𝐶𝐸𝐸𝐸𝐸,𝑙𝑙−1 ≤ 𝑇𝑇𝐸𝐸𝐸𝐸,𝑙𝑙−1: 𝑅𝑅𝑙𝑙 = 𝜆𝜆𝑙𝑙
𝐶𝐶𝐷𝐷𝑂𝑂

𝐶𝐶𝐷𝐷𝑂𝑂+𝐾𝐾𝐷𝐷𝑂𝑂

𝐶𝐶𝐸𝐸𝐸𝐸,𝑙𝑙
𝐶𝐶𝐸𝐸𝐸𝐸,𝑙𝑙+𝐾𝐾𝐸𝐸𝐸𝐸,𝑙𝑙

Primary redox reaction

CH2O + O2 → HCO3
- + H+

CH2O + NO3
- → 0.5N2 + HCO3

- + H2O 

CH2O + 2MnO2(s) + H2O → 2Mn2+ + HCO3
- +3OH-

CH2O + 4Fe(OH)3(s) → 4Fe2+ + HCO3
- +7OH- + 3H2O

CH2O + 0.5SO4
2- → 0.5HS- + HCO3

- + 0.5H+

Preference

rIR = 𝜆𝜆OMCOM
CFe OH 3

Km,S+CFe OH 3

Kin,O2
Kin,O2+CO2

Kin,NO3
Kin,NO3+CNO3



Biotic Reactions

𝑟𝑟 = 𝜆𝜆OMCOM
CMn OH 2

KMn OH 2 + CMn OH 2

Kin,O2
Kin,O2 + CO2

CH2O + 2MnO2(s) + H2O → 2Mn2+ + HCO3
- +3OH-

Reaction editor Biotic model

KMn OH 2

Kin,Mn OH 2



Example 3 – Hg Methylation
r = kSR,methrSR + kIR,methrIR CTHg

rIR = kOMCCH2O
CFe OH 3

Km,Fe+CFe OH 3

Kin,O2
Kin,O2+CO2

Kin,Mn
Kin,Mn+CMnO2

rSR = kOMCCH2O
CSO4

Km,S+CSO4

Kin,O2
Kin,O2+CO2

Kin,Mn
Kin,Mn+CMnO2

Kin,Fe
Kin,Fe+CFe OH 3

Initial sediment

CH2O = 0.04M 
MnO2 = 0.01M 
Fe(OH)3 = 0.1M 

BCs
O2= 0.025mM
SO4 = 0.028M 

CH2O = 0.04M 
MnO2 = 0.01mM 
Fe(OH)3 = 0.1M 

Deposition



Example 3 – CapSim Results

Updated benthic surface

Original benthic surface



Example 3 – Hg Baseline

kSR,meth~ kIR,meth



Example 3 – Trenching Remediation

Uncontaminated 
Sediment
10% THg

Contaminated 
Sediment

Water



Summary

 CapSim 4 

–Biogeochemical model for redox-sensitive contaminants
–Linked equilibrium and kinetic reactions
–Erosion and deposition
–Hyporheic exchange and bioturbation
–Commercial sorbents and materials
–Arbitrary initial profile specification in solids or porewater
– Improved simulation speed
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Thank you !
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