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Sediment Remediation

Remedial Technologies (2005-2016) = Sediment contamination
— Porous media/high carbon content

15

= Removal — From sink to source
:;’:"R — Large volume (10% of total)

Hybrid Remedy

* Remediation approach

n=28 — Dredgin
(Mohan, 2016) g g
10,000 — Monitored natural recovery
— Capping and in-situ treatment
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Model for Remedial Design

* 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

dn,i = Zm(emd)mcn + £m¢mpDOC,iCIDOC,n + pb,m¢mqm,n)

Porewater DOC Sorption in solid matrix
Transport Porewater

ac, A(Cntp iq n
Fni = _Dn,iE _ Ei ( D;)Zc ot ) + U(Cn + pDOC,iqDOC,n) + thp,n + Fbio,n

Diffusion : Dispersion : Advection :Hyporheic: Bioturbation
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Y
Porewater and DOC Porewater/DOC/Solid

Key transport process in diagenetic model



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

1 0 0 0
0O 1 0 0
Sum of 100 x 100 identity matrix 0 0 1 0
1 range (100) :
Afi,i] += B[4i,i] A=A+B oo .o
: N . 0o 0o 0 .- 1

identity matrix



CapSim — Graphic User Interface

Input file

.csv file

y
. . .
Input windows > Systelll > Simulator > Output Matrix
% y
] CapSim 4.0 = 1=
] CapSim 40 =B Please selact the potential layer materials and provide the following properties:
Please provide the following chemical properties
Matrix Poosity  Bulkdensity  Particle size  Organic carbon fiaction & Capsim 40 =
Molecular Difusivy ~ OC partiion  DOC parliion gemt mm 4
Chemical name Formula Weight Phase T jent coeficient Reference Please input the sorption isotherms and corresponding coefficients for chemicals in each layer.
Edit  Delete  Activated Carbon 06 04 05 10
cmls log(Likg) log(Uik)
Edt  Delete DDx 31 Solute 51906 571 513 CapSimAvg G BED == 0 i 03 ol Matrix Chemical Sorption lsotherm Isother cosfficients Kinetic options
Edit  Delete Dieldiin 381 Solute 60165 667 511 ATSDR B3 EIb Sl 0B LS 003 )
Edit  Delete HPAHS 25 Solute 65406 549 54 CapSimAvg Edit  Delete SED 005 059 1128 006 00352 oDx Edt  Linear-Kd specifed  Kg= 102645 Lkg Keop= 35yt
Edi Delete LPAts 187 Solute 7586 35 315 CapSimAvg Edt Delete  SED0525 059 1128 006 0,039 Dieldn  Edt  Linear-Kd specified  Kg= 355es4 Likg Equilbrium
Edi  Delete PeBs 26 Solute 5236 544 402 CapSimAvg Edi Delete  SED-10%GAC 0592 09543 0.165 01317 U WPAHs  Edt  Linear-Kdspecified  Ka= 427es5 Likg Equilbrium
tivted Carbon
Edi Delete TcoD 2 Solute 67605 681 571 MDEQ2015 LPAHs  Edit Linear-Kdspecifed  Kg= 3396 Ukg Equibrium
Load materials. PCBs Edit  Linear-Kd specfied ~ Kg= 3.8e+5 Likg Equilibrium
[Eadnesichemicsls) Sl TcoD Edit Linear—Kdspecified  Kg= 11esd Ukg Equilibrium
Import from database Add materals B
Import from flles Create mixtures oK
oK oK
S .
Ch ical Solid tri :rl:tl:“
[::] CapSim 40 = &
L Capsim 40 - Please specify the simulation options for the system
Capsim 40 _ = Pleasa prodathe infrmation ofthe foluing system prapates:
Starting with the layer nearest the overlying water, please provide the flloving informaion for each layer. e e X ‘Simulation duration yr): 2600
Oatcy veoc ED iyt - Steps in output il %0
(o e Tontoety Conecton ik Thicinoes BN yroaymanic T TEEY 7y fesss ol heintial cancentaton profies e
Dispersivty matter concentration Woselng hyporeic xchange one = T - .
m em L Wodeing erson Nore = Chemesl Layer Sabt matnx Prruatercencertatin Sl concentatn
T ? N ; Time step opions: Implicit
Edi  Delete  Deposion Sediment Boudreau 0.59%r 10 430 Modelng biotusaton Unform = e ey
Mass balance options: Track =
Edt Dol Layert Sond Milingon & Quike  15.24 10 a0 e o @ "
anicleadfuson coeicent ey
Discretizat s ly
Edt  Delete  Layer2 SED-10%GAC Boudreau 1524 15 430 Pore vator biaifusion cosficient 100 ety Layer 1 Edt AmeSED o v scretization options: _ Speciy manually — |
Edt Delste  Layer3 SED0525 Boudreau 6096 61 430 Modsing consodation___ Consoldatin oo Layer 2 Edt Sard 1HGAT o o uabetland et @
Maximum consaidation deph 0 n Lot o o o = Tie step Wk a0
Time 0 90% consoldation 03 "
Modeling oic sctty Nore = Steps in deposition grid 1
i et o | T o o |
Add layers o
oK

[ — x|

Layers Process BC & IC Solver



CapSim - Database

Input file | .csv file

y
y

Input windows > System Simulator Output Matrix

Database Batch file Graphs

5] CapSim 4.0 =@ ] CapSim 4.0 ==
Please provide the following fundamental properties for the chemicals Please select the chemical you would like to add to the database PA I I S
Search
Chemical name Formula Type  Temperatue O OF parition DOC partivn Reference
(IR cesice cestcees Original Name Imported Name
® cmits log(L/kg) log{L/kg) A

Add  Edit Delete Acenaphthene Cafes Solute 200 — 7.690-6 378 34 LookChem/TCEQ/F300 7 Acenaphthens Acenaphthene

Add Edit  Delete Acenaphthylena CaHs Solute 200 — 7.068-6 354 309 LookChem/TCEQ/F300 ~ Acenaphthylene Acenaphthylene
7 Anthracene Anthracene S

Add  Edit Delete Anthracene Cubho Solute 200 — 77466 393 356 LookChem/TCEQ/F300
Vv

Add  Edit Delete  Benzofa)anthracens Cibz Solute 200 — 9e-6 5.09 4.9 LookChem/TCEQ
& Benzo(a)pyrene Benzofa)pyrene

Add  Edit  Delete Benzo(a)pyrene [ Solute 200 — 9e-6 567 565 LookChem/TCEQIF300 P

Add  Edit Delete  Benzo(b)uoranthene Castie Solute 200 — 55606 567 565 LookChem/TCEQIF300 4 Benza(e)pyrene Benzofe)pyrene . .

Add  Edit  Delets Benzo(e)pyrene Cootln Solute 200 — 54966 6.25 6.35 LookChem/TCEQ I Benzo(g h.iJperylen Benzo(g h,ijperylene P e S tl ‘ I d e S
v

Add  Edit Delete  Benzo(g.h.ijperylene Catn Solute 200 — 56506 6.25 635 LookChem/TCEQ/F300
4

Add Edit Delete Benzo(jffluoranthene Caotuz Solute 200 — 5.48e-6 5.67 5.65 LookChem/TCEQ ] Chrysene Chrysene

Add  Edit Delete  Benzo(k)fuoranthene Cistiez Solute 200 — 5.566-6 567 565 LookChem/TCEQ/F300 v Dibenzo(a.e)pyrene Dibenzo(a.e)pyrene

Add  Edit  Delste co3 co# Solute 00 — 1e5 00 00 P Dibenzofa, Dibenzofa

Add  Edit Delete ca ca* Solute 00— 1o 00 00 2 Dibenzoa hipyrene Dibenzo(a,hlpyrens e avy I I I e a S
7 Dibenzo(a.ijpyrene Dibenzo(a.jpyrene

Add  Edit  Delete Chrysene Cabex Solute 200 — 62166 509 495 LookChem/TCEQ
3 Fluoranthene Fluoranthene

Add  Edit Delete  Dibenzofa,elpyrene Caathe Solute 200 — 5.06e-6 737 77 LookChem/TCEQ 5 — Fivorene

Add  Edit Delete Dibenzo(a.hjanthracens  Castu Solute 200 — 51866 6.25 6.35 LookChen/TCEQ/F300 P Indeno(123<dpyrene  ndeno(1.2,3c.djpyrene

Add Edit  Delete  Dibenzo(ah)pyrene Caathus Solute 00 — 507e-6 733 7.66 LookChem/TCEQ 1 Naphthalene Naphthalene
7 Phenanthrene Phenanthrene E—

Add  Edit Delete  Dibenzofailpyrene Caafins Solute 200 — 50766 73 766 LookChem/TCEQ =
~ Pyrene Pyrene

Add  Edit Delete Fe(OH) Fe(OH)” Solute 00— 11509 00 0.0

&A‘mll

Select All S a r‘
Add new chemicals Unselect All SPARC Performs Automated

Reasoning in Chemistry

(

Import database file Import

(o]
m
o

Sme Cancel

Cancel




CapSim — Input/Batch Function

Input windows

Input file

Database

CapSim 4.0

y

Batch file

The following summarizes the information you have provided for this simulation. Please verify that it is correct and update as necessary.

System: Temperature: Excluded
Edit System Parameters
Chemicals DDx Dieldin HPAHs LPAHs
Edit Chemical Properties
PCBs TCDD
Equiibriums
Edit Equiibrium Properties
Reactions:
Edit Reaction Properties
Edit Reaction Gosficients
Layers:
ayers Deposition Sediment  059cmyr  43.0mgDOGL 1.0 cm dispersion i Material Properties |
Layer 1 Sand 1524cm  43.0mgDOCL 1.0 cm disp
Layer 2 SED-10%GAC  15.24 43.0mgDOCL 15 cmai
e om o3 s Edit Sorption Proprtis.|
Layer 3 SED0525 609 cm  43.0mgDOCL 6.1 cm disp
Edit Layer Properties
Process: Darcy velocity: 60.0 cmiyr -
Bioturbation depth: 15.00 cm Particle biodifiusivity: 10.00 cmayr Q' ediment Trocess
Consolidation depth: 6.00 cm 90% consoldation time: 0.30 yr

Benthic boundary

Mass transfer

Underlying boundary: Flux-matching

Edit Auxiliary Conditions

Solver: Simulation duration
Total number of grids:

Input file name:

Batch file

Summary of system

250.0yr Output time steps: 250

60 Time step size: 1.0 yr

KPNQCQnSitu10%GAC_Org
None

OK.
Retum to Main Menu

Exit CapSim

Exdit Solver Options
Edit File Options

y

.csv file

Simulator

Output Matrix

Graphs

.cpsm input file

KPNQOCO-InSitul
0%GAC_Org_test.

cpsm
30PD-41_new - Notepad -2

Fie Edt Fornat View Hep

# Batch function

# CapSim,3.8

# Batch simulation available functions

# random() - returns a random value between @ to 1

# exp! - exponential function

# log() - natural logarithm

#sin() - sine function

#cos() - cosine function

#p1 - the constant pi

#abs() - return absolute value

# Batch simulation steps

# 1. Define the type of batch function (self.type)

# 1) "Multiple Scenarios' generates multiple output files for each
scenario

# 2) “Monte Carlo Simulation' generates one output file with the
mean values for all scenarios.

# 2. Determine the number of scenarios (i_num) in the batch function
# 3. Define the output files in the batch function

# 1) "Multiple Scenarios': the number of names in the vector
(self.filenanes) should be the same as i_num

# ) “Monte Carlo Simulation': the number of names in
(self.filenames) should be 1

# ssign the given values to the target parameter in each scenario
# 1) Develop a vector with the same number of desired values

# 2) Assign those values to the parameter

# 5. Assign random values to the target parameter in each scenario

# 1) use the function randon() to generate a random number between

.txt batch file

Benthic surface porewater concentration (pg/L)

15

10

Monte Carlo Analysis on bioturbation strength and depth
- T T T

— Mean value of 100 simulations
= Simulation with mean strength and depth

L 1 L

10 20 30 40 50
Time (yr)

Monte Carlo simulation



CapSim — Solver

Input file | .csv file

y y

Output Matrix

y

Input windows > System > Simulator

( y

Database Batch file Graphs

CapSim 3.8 = =

Please wait while CapSim simulates transport through the system.

Simulated case: 3/10

Approximate Remaining Time: 24 Seconds

CapSim 3.8 - O Batch File Qutput Name Progress
1 30PD-4I 1 100%
Please wait while CapSim simulates transport through the system.__ <=L
2 30PD4I_new 2 100%
Simulation Progress: 16 % 3 30PD-4I_new_3 100%
4 30PD-4l_new 4 35%
Approximate Remaining Time: 35 Seconds 5 30PD-4I_new_5 24%
6 30PD-_new_6 8%
Abort Run 7 30PD-4I_new_7 0%
8 30PD-4I_new_B 0%
L AP ACK
N u m 9 30PD4l_new_9 0%
L -AP-AC-K
L AP A -C-K 10 30PD-41_new_10 0%
LA P A K Input case processing
L A-P-ACK
L -A-PA C-K

Abort Run
Lapack

Batch multi-core processing



CapSim — Output

Input file

Input windows >

y

Simulator

.csv file

Database

Depth (cm)

-10

10

20

30

40

Batch file

Deposition rate of 0.2 cm/yr
T T

— Phenanthrene 0 yr

— Phenanthrene 10 yr
— Phenanthrene 20 yr
~ Phenanthrene 30 yr
— Phenanthrene 40 yr

Phenanthrene 50 yr | |

L L L
0 20 40 60 80 100
Porewater concentration (pg/L)

Spatial profiles

120

Accumulated mass of phenanthrene time profiles
T

Mass per area (ug/cm?)

— In deposition layer (0.2 cm/yr)

— In deposition |ayer (0.05 cm/yr)

— In deposition layer (0.02 cm/yr)
Released to overlying water (0.05 cm/yr)
= * Released to overlying water (0.02 cm/fyr)

Time (yr)

Temporal profiles

50

> Output Matrix
Graphs
X = I= TCDD_43% _kinetic_sorption - Microsoft Excel

- o

|
ome | Isnt_Pogeapou_ramuss Dot Revew View vevioper rcont Team & @ = & 52

% con - i Genen v o et

X ?
P’J Gar B I U~ A A B 8 v % v = ¥ Delete + | [F]+ Z ) Lﬁ
Ty me oA PR ] | Bromate | 27 Fites foedts
Clipboard_s Font 5 ent 5 Number Cells Editing
Al - F | capSim w

A 5 c D 3 F G H ! |
1 CapSim 38 El
2
3 Output ty|Regular
4
5 System Units
6 Length: cm
7 Concentre ug/L
s Time:  yr
9 Diffusivityem*2/s
10
11 Chemical: 1
12 Name  Formula MW Temperat Dw [cm”2 log(Koc[L/ log(Kdoc| Reference
13 TCDD 321.98 25 6.76E-06 6.81 5.71 MDEQ2015
14
15 Matrices 1
16 Name  Compone Porosity Bulk dens foc
17 Activated 1 0.6 04 1
18 Sand 1 05 1.25 0.001
19 Sediment 1 05 1.25 0.051
20 Organocla 1 05 1 0.2
21 Sed 0-2 ft 1 05 125 0.072
22 Topsoil 1 05 125 0.05
23 SED0-0.5 1 0.5 125 0.071
2 SED05-2. 1 05 125 o007
25 Sand-1%G 2 05 1224 0.011
26 Sand-2%G 2 0.51 1.198 0.021 -
W 4> ¥ | TCDD_4%_kinetic_sorption ¥ 1« [m]
Reaey | 3 | [EEEREYS v,

.csv output file




rred
Example 1 - Chemical & Solid Matrix |

e |

= Design a capping layer for contaminated sediment

Chemical properties Solid matrix properties

apSim 4.0 = O X

Bioturbation

Hyporheic exchange

Please provide the following chemical properties:

= O X

Name: DDx
Please provides the following information about the mixture:
Formula: DDx i
: Name Properties Porosity Bulk density Particle size Permeability ~ Organic carbon
Molecular weight: 330.85 | glem? i o Saction
2 | Sand-1%GAC Linear sums 0.408 1544 0.2116 1e-7 0.01099
Reference: AvgCapSim |
\ ;
Type.‘ Solute = Component Weight fraction
1 Delete Activated Carbon 0.01 06 04 05 le-7 1.0 ‘
: e . — = ’ = e — [ [ R |
Difiusmty mwater: | 5.13e6 ~ cmis Delete Sand 0.99 04 159 02 te-7 0.001 |
OC partition coefficient: 6.2 log(L/kqg)
| Load components
DOC partition coefficient: 512 log(L/kg) 3 Add components
OK
\
Edit formula Cancel Groundwater |
OK upwelling

| Cancel




Sorption

— partitioning of chemicals in matrices

| Please provide the following sorption properties:

Matrix:

Chemical:
Sorption isotherm:
Sorption kinetics:

Isotherm equation:
Organic carbon partition coefficient Kpe:

Organic carbon fraction foc:

OK

O
ULSediment
DDx
Linear-Kocfoc — |
Equilibrium — |
g = KocfocC
| e | log(L/kg)
0.043

Cancel

Layer properties

- tortuosity/dispersivity/DOC

| Please input the following information about the layer properties:

Layer:
Material:
| Tortuosity correction:

Thickness defined by:

= I
Layer 2

Sand-1%GAC =]

Millington & Quirk ~ — |

Activated Carbon loading — |

Dispersivity type: Length — |
Thickness: 250 cm
Hydrodynamic dispersivity: 1.0 cm
DOC concentration: 46.0 mg/L
Matrix component Loading (g/cm?)
Activated Carbon |04
Sand 396

oK

Cancel




Example 1 — Solver Parameters

. B capsim 4.0 - m| e
M u |t I - | aye re d SySte m Starting with the layer nearest the overlying water, please provide the following information for each layer:

Name Material Tortuosity Correction  Thickness Hydrodynamic Dissolved organic
Dispersivity matter concentration

cm cm mg/L

Edit  Delete Layer 1 Armor-SED Millington & Quirk 15.24 10 46.0

Edit  Delete Layer 2 Sand-1%GAC Millington & Quirk 762 10 46.0

Edit  Delete Layer 3 ULSediment Boudreau 60.96 1.0 46.0

Add layers
OK

Discretization option

Please specify the simulation options for the system:

Please specify the grid and time step options for the system: Simulation duration (yr): 0.0

Steps in output files: 250

Grid option: User-defined —t Total number of grids: 110
| Usage of CPU cores (Max 32): 1
Time step option: User-defined  — Time step size (yr): 01 ‘ |

Time step options: Implicit
Layer Thickness  Number of grids Grid size Max Peclet number CFL Time Step T vrese opliuns. e = |
cm cm yr
Layer 1 15.24 20 0.762 072 0576 Discretization options: ~ Specify manually — |
Layer 2 7.62 10 0.762 072 35721 1
Layer 3 60.96 80 0.762 0.71 164 Number of grid points: 70
| Time step (yr): 0.1
Update | Error tolerance(%): 0.001
OK
Cancel

oK




Boundary conditions

Sim 4 O
= O > |
| Please select the benthic R S g o ‘ Please input the initial information for the compound:
Layer: Layer 1
Type: Mass transfer —
| 2 -
| Water DOC: 0.0 mg/L Thickness(cm): 300
I Deposition settling velocity: 0.0 cmiyr Profile: Linear — ‘
| Input option: Equilibrium — ‘
I e el Water Mass transfer
concentration coefficient
| pa/L cm/yr B . . i
™ DDx T 0.0 146000 Initial concentrations of Benzo(a)pyrene in porewater (pg/L) and solid components (pg!fkg)‘
7 Dieldrin |00 17400.0
) Depth (cm) Input phase Porewater Sand
2 HPAH 0.0 12700.0 = S
Delete 0.0 Sand — 1.0 10.0
I LPAH N/A N/A
- PcB A N/A i Delete 15.0 Sand — 1.0 10.0
v TCDD 0.0 18900.0 Delete 15.0 Porewater — 40 40.0
Delete 30.0 Porewater — 4.0 40.0

- Concentration/Flux/Mass transfer

Estimate coefficient

Select All

Unselect All

OK

Cancel

Initial conditions

- Uniform/Depth-dependent

Add depth

oK

Cancel

Depth (cm)

Depth (cm)

20

60

80

Poorewater Concentration Profiles
T

L L L
0 1 2 3 4

Perewater concentration (ug/L)

P%rewater Concentration Profiles
T T T

20

60

80

| I |
(1] 1 2 & 4

Porewater concentration (pg/L)




Example 1 — Sediment Processes

Please provide the information of the following system properties:

Upwelling groundwater flow

Darcy velocity

Steady flow — ‘

940 cmiyr

Modeling hyporheic exchange

Friction velocity:

Depth-dependent — ‘

0 m/s

Madeling erosion

Erosion rate-

Constant erosion rate  — ‘

0 cm/yr

| Modeling bioturbation

Depth-dependent — ‘

Particle size impact: -

Gaussian model coefficient: 0 cm
Particle biodiffusion coefficient: 0 cmifyr
Pore water biodiffusion coefficient: 0 cm?lyr

Modeling consolidation Consolidation — ‘

Maximum consolidation depth: 0 cm

Time to 90% consolidation: 0 yr

Modeling ionic activity None — ‘

Biotic reaction model:

Threshold concentration — ‘

OK |

Groundwater upwelling

Darcy’s Law

Calculate the Darcy velocity:

Darcy's law: U=-kdhg/v/(z2-271)
Darcy's velocity (U): 0.0 cmiyr
Kinematic viscosity (v): 1e-6 mé/s
. Depth 1 (z,): 0.0 cm
Depth 2 (za): 100.0 cm
Water head drop (Ah): 0.0 cm
Layer Permeability (k) Thickness

cm? cm

Layer 1 le-7 30.0

Layer 2 le-7 15.0

Layer 3 Te-7 55.0

Calculate velocity |

oK |

Cancel |




Example 1 — Baseline Results

3-layer system — DDx contaminated sediment remediated by 1% GAC

4.0 - O X Sim 4.0 - O X
Porewater Concentration Profiles Flux Time Profiles
0
[ T T T T T T T T T T T T
10 K 4
L\ 0.0035 [ 7
Npe—— o 4 /
— 0.0030 - /1
30 | 4 = ’.f
—_ 2 - /]
= ;g 0.0025 y
_‘:*E' 40 H =] ,;"
=4 2 0.0020 |- / 4
8 s} E 3 /
© poo1s |- |
—— DDx0.0yr
60 [- DDx 100.0 yr 1 AT
| DDx 200.0 yr | B T
70 | DDx 300.0 yr 4
DDx 400.0 yr 0.0005 |- -
80 L DDx 500.0 yr i -
L 1 I 1 L 1 I I 0.0000 L I — 1 1
0000 0002 0004 0006 0008 0010 0012 0014 0016 0 100 200 300 400 500
Concentration (pg/L) Time (yr)
Edit plot Edit plot
Edit profiles Edit profiles
Edit figure Edit figure
| Export result | Export result
Save figure Save figure
Modify System Modify System
Return to Main Menu Return to Main Menu
Exit CapSim Exit CapSim




Depth [cm]

—
Ul
T R

Hyporheic Exchange

1-D Hyporheic exchange

d(Cn+pPpocC,idDOCH)
0z

Frypn = —Dnyp
Dpyp = 1.19 x 1070d ;> %y, 311 =55

y: Depth [m]  dg4: Particle size [m]

u,: Friction velocity [m/s]

ux = 0.01 m/s

ul
T

—
o
Ll

Diffusivity

Depth (cm)

——dg = 2mm
——dg = 0.2mm
———dg = 0.06mm

20 i T T T T TTTIT T T T T T T T T T T T T TTTIT T T T TTTm
1E-11 1E-10 1E-09 1E-08 1E-07 1E-06

Dy, [M?/s] (Chandler, 2016)

70 |

(Liu, 2019)

Porewater Concentration Profiles
T T T T

80

- * Baseline
— Hyporheic with 0.06mm particle size |7
= * Hyporheic with 0.7mm particle size

0.000

| | 1 | | | | |
0002 0004 0006 0008 0010 0012 0014 0016
Porewater concentration (pug/L)



Bioturbation

= Mixing particles and porewater

0dmaAmn —D.. a(cn‘l'PDOC,iQDOC,n)
9z bio,pw 9z

Fbio,n = _Dbio,p Zm Pb,m

= Factors on biodiffusion coefficient
— Depth from benthic surface (z)

2 — 2 —
— Z Dbio 0= 1cm /yT' o=10cm
Dyipp = Dp; *exp | —— D,
bio,p bio,p,0 2
20
AC fraction Profiles o DDx Porewater Concentration 500 yr Profiles
. . T T T T T T T T T T T
— Particle size (r;,) — mseine
p 10 |- T 10 - — Bioturbation |
20 \ — 20 -
17 @ (Wheatcroft, 1992) 30 i m|L
08 | —I|og vs log model E a0 | E o
= < |
[=% =
i @ T
o6 o 50F 7 A sof
[T
04 60 - 1 60 [
0.2 - 70 L| — 0.0yr a
— 200.0yr Ay
— 500.0yr
° ‘ I ‘ : 80 L - L - - | “r 1 1 1 1 1 1 1 1
! 1o 100 1000 10000 TED OEl GoE G0y G 0000 0002 0004 0006 0008 0010 0012 0014 0016
rp, [um] Volumetric fraction

Porewater concentration (pg/L)



Deposition and Erosion

= 1-D mass conservation at benthic boundary

Azy p§TA —Azo t+AL

¢§+At_¢3+At
SAL = Vdep¢m,dep — Vero®o - Dbio,p

_ Vaep—Vero pLHot
AZl 2 0

Porewater Concentration Profiles
T T T T

720# | | *O‘.Oyr 1
*-. =
Vaep®maep  Voro®m il )
| t T oape—
0.04 cm/yr : —
t+At . E ol
0 deposition
(Vdep - Vero)At 60
/ t
\ b0

I I I L I L L n
0.000 0002 0004 0006 0008 0.010 0012 0014 0.0l6
Porewater concentration (pg/L)

Porewater Concentration Profiles
T T T

AZO 10 - (;E)?Ji;yr b
— 300.0yr
20 % — 500.0 yr |
A t t+At . 1
¢1 b1 0.04 cm/yr £, |
. % 50
Azy= Azy + Vyep — Vero erosion ;
80
TJO
80 |
0.000 D,dnﬁ D,Dlln D,Dllﬁ D,D‘ZD

Porewater concentration (pg/L)



Commercial Sorbents

Matrix Porosity Bulk density Particle size Permeability =~ Organic carbon
g/lcm® mm cm? fraction
Aquagate® 0.526 1.031 0.2773 1e-7 0.1009
RCM®-AC 0.538 0.7692 12.5 2.241e-7 0.2
RCM®-0C 05 1.0 13.82 2.639e-T 0.062
Sedimite® 0.576 0.6061 0.4273 1e-7 0.5005
Tektoseal®-AC 0.549 0.7042 10.39 1.839e-7 0.28
Tektoseal®-0C 0.5 1.0 12.22 2.217e-T 0.078
Tektoseal®-Mat 05 10 18.01 5.263¢-7 0.001 Tektoseal® Active Mattress

Porewater Concentration Profiles

D T T T T T T T T
10 B
Tektoseal ®- T e T
. Mat 20 b V— """ —_—_—:_—;:___:—_— —____:________- 1
Mat-like sorbents are not WL N
impacted by bioturbation and 5,0 |
erosion gl ]
ULSediment
— DDx00yr
60 -1 — ppy 100.0 yr b
— DDx 200.0yr
TJO+ DDx 300.0 yr _
— DDx 400.0yr
a0 L DDx 500.0 yr i

| I
000D 0002 0004 0006 DOD8 0010 0012 0014 0016
Porewater concentration (ug/L)



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

B capsim 4.0 m| X

Please provide the following chemical properties:

Chemical name Formula M‘;J\:Zic;;?r Phase D':_F::a':'g Occ?):ﬁragii:;stn D?:E:mac?:l]?n Reference
cm?ls log(L/kg) log(L/kg)
Edit Delete Naphthalene Nap 128 Solute 7.5e-6 279 218 LookChem/TCEQ/F300
Edit  Delete Nap_NAPL Nap_NAPL 128 Solid Not applicable  Not applicable  Not applicable

Add new chemicals
| Import from database

Import from files

| x| Log molar Solubility

| Bl capsim 4.0 — i X

4 — O X
| Please input the kinetic processes in the system: | Please input the models and coefficients of each chemicfl in the reaction
Number Name Type Chemical equation Rate equation | Rate equation: r =A(Cya./K-1)
Edit Delete 1 Nap_precipitation Precipitation Nap ==> Nap_NAPL 11 = Ay (Crap/K-1) LogK:| -0.993
Edit Delete 2 NAPL_dissolution Dissolution Nap_NAPL ==> Nap 72 = AaChuap_naptl 1-Coian/K)
Chemical Formula Model Rate index  Equi index

Naphthalene Nap Power — 0.0 1.0
Nap_NAPL Nap_NAPL Excluded —

0K 0K |

Add reactions




Example 2 — Naphthalene NAPL

Local equilibrium by fast

Layer Reaction Chemical equation Rate equation Coefficient
Edit Delete Nap_precipitation CiwoHe ==> Chem 1 rig =My Ay 1 =1e+4 (mmol/Lyr®
Layer 1
Edit Delete NAPL_dissolution Chem 1 ==> CyoHe r21=A21Cohem1 Apg =letdyr?

precipitation/dissolution

Solubility of Naphthalene: 13 mg/L

Porewater Concentration Profiles

Porewater concentration (mg/L)

s
05 -
10 m
E
= = 15| .
sediment =
@
O
20 -
— Naphehalene MAPLO yr
25| — Naphehalene MAPL 20 yr 4
— Naphthalene 0 yr
— Naphthalene 20 yr
30 e | MR | il il i il " |
10! 10? 10° 10* 10° 10°

Porewater concentration (mg/L}

1.0e+06

1.0e+05

10e+04

10e+03

10e+02

10e+01

Porewater Concentration Time Profiles

— Maphthalene NAPL
— Naphthalene

O [rrrry

I
5 10 15
Time (yr)

M
[=]



Example 3 — Hg Methylation

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

Low Mercury Uncapped

kbl = 137cm/yr — k =0.002 /day

1N | Dw = 1.2e-5cm/yr| [ Experimental data ||
N Kd = 742L/kg
Aerobic layer

2 e 1
3} = ] Methylation
£ 0
®)
ﬁ 4 Methylation layer baCterla
2 SRB or FeRB

5 ——

6 B s i n s s &

7 // No reaction layer

%0 0.2 0.4 0.6 0.8 1.0
MeHg porewater concentration(ng/L)



Redox Profile in Sediment i

OM, Fe(lll), Mn(1V) )

sand layer A : oxidized layer -
(Mean thickness = 4.8 cm) (Mean aRPD = 2.5 cm)

Oxidized

e kil | o feeding
: void

________________________________________________________________

¢ transported
sand

reduced zone

e

¥
i ?CI'I"I‘__{ i‘ ! | . N
| ; B K

Sediment profile imaging (SPI) Conceptual model




Biogeochemical Reaction Network ﬁ

Overlying water Primary redox

I_ _____________ ﬂ______-l Corg 0,

- X

, FeOOH - Fe(III) 0, + e2+ , CO, H,0 aerobic

! MnO, Mn(IV) LU Corg NO;~

I |

: H H I HCOS_INH,_LJF
R e R 7

I I COI"g MHOZ

| Fe?t | FeCO X

| keOOH <> Fe(IH) + Cor —_— © 1+ CO32_H y S(S) HCO; - Mn?*

! MnO, Mn(IV) g Mn?*1 $ MnCOs(s)

___________________ | Corg FeOOH | @naerobic
HCO;~ _X
HCO, Fe2+
Fe

— — = PEEN CorgI
Primary redox Secondary redox Precipitation/dissolution CO, CH,



r

Secondary and Equilibrium Reactions']|

1

oqn i i) 'i :Layer number

~ + Z A TXN 1 n : Chemical number
| m : Solid matrix number
' | : Reaction number

at 0z

Reactions ),a;,.rxn;;

" S econ d d ry re d ox rea Cti ons Second redox reaction Reaction rate

— Kinetic model Mn?* + 0.50, + H,0 — MnO,(s) + 2H* T = Kpno Caane+Co,
Fe?* +0.250, + 2.5H,0 — Fe(OH), (s) + 2H* 7 = KpepCre2+Co,

HS + 202 — H"+ SO42' r = kSOCHS_ COZ

MnO, + 2Fe** — Mn?" + 2Fe(OH); (s) + 2H" 7 = kgoChs-Co,

= Equilibrium reactions
— Water chemistry/Complexation

— Precipitation/Dissolution Complexation reaction Log K,
{Fe>*} + {OH'} = {Fe(OH)"} 45
Precipitation/Dissolution Reaction rate
{Fe2+} +2{OH-} = {Fe(OH)2} 7.4
FeS + H" — Fe?* + HS- = Kpesd Cres(1 — (Cge2+C KresCre
- 7= Kresa Cres(1 = (CreeCiar)/(KresCres)) {Fe 2+} + 3{OH-} = {Fe(OH)3-} 11.0
Fe?" + HS — FeS + H* 7 = Kpesp ((Cpe2+Cyy+)/ (KpesCres) — 1)

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




Biotic Reactions

Preference Primary redox reaction o Porewater Concentration Profiles
CH,0 + 0O, — HCO;+H" — Fe2+
— HS
- — o2 ||

CH,O + NO; — 0.5N, + HCO, + H,0
CH,O + 2MnO,(s) + H,0 — 2Mn?* + HCO; +30H- Al |

CH,O + 4Fe(OH),(s) — 4Fe?* + HCO, +70H: + 3H,0

CH,O + 0.5S0, — 0.5HS- + HCO; + 0.5H*

Depth (cm)

= Biotic reaction model
— Threshold concentration (Tgy4 ;)

12 - —

if Ceat—1 > Tga1-1: R =0

14 | -

. . _ Com CeALl
if Cear-1 <Tga1-1: Ri=4 Com

1
+Kom CEA1TKEAL 0.00 002 004 006 008 010 012 014
Porewater concentration {mmol/L)

— Inhibition constant

_ CEAL L-1__ Kingt Cre(oH Kin,0o Kin,No
RL _ALCOM o (OH)3 02 NO3

ook M=t rir = AomC
ALTKEAL Cin1tKin, IR OM™OM Km,S+CFe(OH)3 Kin,02+C02 Kin,NO3+CNO3



Biotic Reactions

Reaction editor Biotic model

CAl e C i A
Bl Caps 4.0

O X 4 = O X
Please input the following information for the added kinetic process: |Please input the following information
Name: | Mn(lV) reduction Kinetic model: Biotic — Rate equation: r = ACocCuno./(Kuao+Cuao,)N(fa) | Electron donor: oc —t |
Electron acceptor: Mn0O2 — |
Reactants Products K .
Stoichiometric : Stoichiometric : ‘ Favorable after: 02 - | 1n,Mn(OH)2
: Chemical Formula g Chemical Formula
coefficient coefficient | /
| Inhibition constant K: 1e-8 mol/L
Delete | 1.0 oc oc Il Delete | 1.0 HCO3- HCOs™
Delete | 1.0 MnO2 MnO: || Delete | 2.0 Mn Mn®* ‘ Rate equation: r =ACacCuao,/(Kuno,*Chtn, o,
I Delete | 30 OH- OH™
Chemical Formula Model Coefficient Unit

Add reactant oc oc Power - 1.0

Add product MnO2 MnO: Monod  —i [ 0016 mol/L
oK \

Cancel i | KMI‘I(OH)Z

CH,O + 2MnO,(s) + H,0 — 2Mn?" + HCO, +30H"

CMn(on), Kin,0,

r = /10 Co
MHoM Kmn(om), + Cmn(on), Kin,0, + Co,



Example 3 — Hg Methylation

r = (KsrmethTsr + klR,methl‘IR)CTHg

rir = KomCch,o

rse = KomCcn,o

Number

10
11
12
13
14

Name
Aerobic respiration
Mn(IV) reduction
IR_methylation
Fe(lll) reduction
SR_methylation
S reduction
Mn oxidation
Fe oxidation
HS oxidation
S Fe(lll)_oxidation
FeS precipitation
FeS dissolution
Fe Mn_oxidation

Demethylation

Cre(0OH)3

Kin,0,

Kin,Mn

Cso,

Kin,0,

Kin,Mn

Km,Fe+CFe(OH)3 Kin,02 +C02 Kin,Mn"'CMnOZ

Kin,Fe

Type
Biotic
Biotic
Biatic
Biotic
Biotic
Biotic
User-defined
User-defined
User-defined
User-defined
Precipitation
Dissolution
User-defined

Fundamental

Chemical equation
O:+0C ==> H"+HCO:™
OC + Mn0Oz === HCO:™ +2Mn*" + 30H"
OFe(0OH)z + DOC + IR + Hg™ ==> HgCH:
OC + 4Fe|0OH): ==> 4Fe** + HCOs + 7OH™
050.% +00C + SR + Hg*™ ==* HgCH:
OC + 0.5504% === 0.5H" + HCO;™ + 0.5HS"
Mn** +0.50; ==> 2H" + MnO;
Fe** +0.250; ==> 2H" + Fe|OH):
HS™ +20: ==> H" +50.%
HS™ + 2Fe(0H); ==+ 2Fe® + 50, +50H"
Fe®* + H3™ === H™ + FeS
H* + Fe5 ==> Fe® +H5~
2Fe + Mn0: ==> Mn®" + 2Fe(0OH): + 2H"

HgCH: === Hg™"

m,stCso, Kin,0,+Co, KinMn+Cmno, Kin,FetCre(oH);

Rate equation
r1 = hCoyf(Ko4Co.) Cocnlfin
rz = X2 CocCaimoa/ (Kntno:Cnno, ) NIfn)
r3 = AsCreyoryef | KeejonstCreyorie) CocCrgNifin)
ra = RaCocCrejom)s/ [ Krejon+Creoms) Nifin)
rs = AsCsp=/(Ksp2+Csp.2-) CocCrgNifi,)
rs = AsCoclsoa/(Ksoa+Csoa 1M )
r7 = A CpnzCo,
rs = heCreCo,
rs = AaCis-Co,
r10 = AoCrs-Creyom,
r11 = haa{CreaCrsfCre® fK-1)
r12 = haCras{1-Craa-Cris/Cue” /K]
riz = hisCreCring;

r1a = AaCrizcn,

BCs

0,= 0.025mM
SO, = 0.028M

Deposition

CH,0 = 0.04M
MnO, = 0.0lmM
Fe(OH); = 0.1M




Sedi|

ent

Example 3 — CapSim Results

Depth (cm)

—lli]

=10

Depth (cm)

Porewater Concentration Profiles

— 02at0.0vyr
— 02at6.0yr |
— 02atl12.0yr
02 at 18.0yr
— 02at24.0yr
02 at 30.0 yr

10

15

1 2 B 4 5 ] 7 8
Porewater concentration (mol/L) le=5

Porewater Concentration Profiles

— 02at00yr |4
— 02at6.0yr
— 02atl12.0yr
02 at 18.0yr
— 02at24.0yr
02 at 30.0 yr

1 2 5 4 5 6 7 8
Porewater concentration (mol/L) le=5

Depth (cm)

—lli]

Porewater Concentration Profiles

— Mnat 0.0 yr

AN — Mnat12.0 yr
N\, Mn at 18.0 yr

A — Mn at 24.0 yr
% Mn at 30.0 yr

— Mnat6.0yr |4

| | | | |

L
10 15 20 25 3.0 Bih] 4.0

Porewater concentration (mol/L) le=5
Porewater Concentration Profiles
T T T T T T T T
=10 |- — Mnat00yr |4
— Mnat6.0yr
— Mnat12.0yr
—s L Mn at 18.0 yr ||
— Mnat 24.0 yr
Mn at 30.0 yr
F .
= DS
= AN
a st \_.\\ NS |
N .
N
10| ! 4
4
15 | —
1 1 1 1 1 1 1 1
0.0 0.5 1.0 L5 2.0 25 3.0 B 4.0

Porewater concentration (mol/L) le=5

Updated benthic surface

Depth (cm)

Depth (cm)

—lli]

=10

10

15

Porewater Concentration Profiles

— MeHg at 0.0 yr
— MeHgat6.0yr |
— MeHgat 12.0 yr
\ MeHg at 18.0 yr
N — MeHg at 24.0 yr
\\ MeHg at 30.0 yr
O\
. N

I L L L\ I L I

2 B 4 5 6 7 8
Porewater concentration (mol/L) le—12

Porewater Concentration Profiles

— MeHgat0.0yr [
— MeHg at 6.0 yr
— MeHgat 12.0 yr
MeHg at 18.0 yr
— MeHg at 24.0 yr
MeHg at 30.0 yr

2 B 4 5 6 7

8
Porewater concentration (mol/L) le—12



Depth (cm)

Example 3 — Hg Baseline

DO (umol/L) Mn (umol/L) MeHg (pmol/L)
0 50 100 150 40 50 0 3 ] 9 12 15
0 0 L I | | | | |
° 0
@ —@—
2 |® 2 2
—
4 — 4 4 4
g g
1 < =y
[T [T
o (]
8 2] 8 -
10 - 10 10 -
12 - 12 12 -
® Measurement Model ® Measurement Model ® Measurement Model

kSR,meth"’ kIR,meth



Example 3 — Trenching Remediation ﬁ

MeHg Benthic Flux Time Profiles

Water
— Trenching
c 0e.0s | — Baseline
— 4 0e-08 |
Uncontaminated £ .|
Sediment H
10% THg Z 20e-08}
1.0e-08
0.0e+00 L L . ;
0 20 40 a0 20 100

Time (yr)




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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