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1. Reaction-Transport Models in 1D
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Reaction-Transport Models

Transport Reaction Equation

C Concentration mass/m3

ocC t  Time time

ot T+R T Transport mass/m?3 /time
R Reaction mass/m3 /time
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1D spatial contexts

Ex.: Rivers

» C: C(x,t)
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1D spatial contexts

Ex.: Rivers

» C:C(x,t)
» x: main axis of spatial
variability
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1D spatial contexts

Ex.: Rivers

» C:C(x,t)

» x: main axis of spatial
variability

» C is considered homogeneous
along the other dimensions
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1D spatial contexts
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1D spatial contexts

parallel isosurfaces

constant surface
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1D spatial contexts

parallel isosurfaces

A
constant surface
X

Rivers

cylindrical isosurfaces

il
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1D spatial contexts

parallel isosurfaces

A
constant surface
X

spherical isosurfaces

Rivers

cylindrical isosurfaces

il
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Reaction-Transport Models in 1D

Transport Reaction Equation in 1D

C  Concentration mass/m>
e o +R R  Reaction mass/m3 /time
— A, Surface m?
Transport J Flux mass/mz/time
Ax Ax+dx
—_— -_-—
JX ax Jx+dx

Capet et al. 1D Diagenetic modelling



Reaction-Transport Models in 1D

Transport Reaction Equation in 1D

C  Concentration mass/m>
oC 1 (A J) t Time time
9t - A ox +R R Reaction mass/m3 /time
~— A, Surface m?
R J Flux mass/m? /time

General flux expression

oC D Diffusion Coefficient m?/time

J=-D—+ vC

Ox ~~ v Advection rate m/time
~~—— Advection /
Diffusion
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Reaction-Transport Models in 1D

ac
oC 1 9(A«J) J=-D=—=+vC (2)
9t A ox +R (1) Ox

parallel isosurfaces

Spatlal context constant surface

Horizontal homogeneity

» Depth as the main axis —
Constant surface Ay = A

(1) + (2) — General 1D Diffusion-Advection-Reaction equation
ac o [Da(C) -

Bt Ox | Ox V]*R
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2. Porous Media
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Multiple phases
Bulk Sediments = Solid 4 Liquid

water

sediment

bulk sediment liquid phass
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Multiple phases
Bulk Sediments = Solid 4 Liquid

Until now :

» Concentrations
Mass / Vol. of Bulk Sediments

water

sediment

liquid phass solid phase
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Multiple phases
Bulk Sediments = Solid 4 Liquid

Until now :

» Concentrations
Mass / Vol. of Bulk Sediments

water

Different transport processes
— need to express different phases.
» for Solutes
Mass / Vol. of liquid
» for Solids
Mass / Vol. of solid

liquid phass solid phase
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Multiple phases
Bulk Sediments = Solid 4 Liquid

Until now :

» Concentrations Porosty
Mass / Vol. of Bulk Sediments

water

Different transport processes
— need to express different phases.

» for Solutes
Mass / Vol. of liquid

» for Solids
Mass / Vol. of solid

sediment

Useful for conversion: Porosity (¢)

» ¢ = Vol. Liquid / Vol. Bulk

> 1— ¢ = Vol. Solid / Vol. Bulk

liquid phass solid phase



Multiple phases : porosity

volume of pore waters
volume sediments

Porosity : ¢ =

Porosity (¢) Porosity (¢)
0.8 0.9 1.0 0.6 08 0
0 r 0 — Clay Silt __ Sand
1.00 t .
1o} o 10F j
3
% 20 - ) 20 | 0.80
o
2 8 30 |-
Cape Lookout Eastern Canadian 0.60 -
0 Bight 40 continental margin S
¢=0.85 + (0.93 - 0.85)e™013 ©=0.67 + (0.81 - 0.67)e 0582 S 0.40F
Q8 0.9 1.0 06
' 0 0.201
2+ 10 J
: 4f 20} 0'Ooo 0.001  0.01 0.1 1 10
g
a wl Median Diameter (mm)
equatorial Monterey . . .
. a0 L L Figure 2: Upper porosity and grain
©=0.90 + (0.97 - 0.90)e 0482 ¢=0.75 + (0.96 - 0.75)e 0162 Size

Figure 1: Examples of porosity profiles

Capet et al. 1D Diagenetic modelling October 3, 2019 10 / 26



Multiple phases : porosity
Porosity :
¢ = Vol. Liquid / Vol. Bulk
1 — ¢ = Vol. Solid / Vol. Bulk

Example : Solid Dissolution

S(solid) X C(dissolved) )

liquid phase
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Multiple phases : porosity
Porosity :
¢ = Vol. Liquid / Vol. Bulk
1 — ¢ = Vol. Solid / Vol. Bulk

Example : Solid Dissolution

S(solid) X C(dissolved)
% = =35 (No Transport)

socment
k¢

S Conc. insolid  [mmol ms_o‘j’id]
~v diss. rate [d=Y]
C Conc. in liquid [mmol m;q3uid]

liquid phass
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Multiple phases : porosity
Porosity :
¢ = Vol. Liquid / Vol. Bulk
1 — ¢ = Vol. Solid / Vol. Bulk

Example : Solid Dissolution

S(solid) X C(dissolved)
% = =35 (No Transport)

socment
k¢

S Conc. insolid  [mmol ms_jid]
~v diss. rate [d=Y]
C Conc. in liquid [mmol m;qiid]

solid phase.

The effect on liquid phase will be :

oC __ 1—¢
o =55
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Multiple phases : Different transport processes
Liquids

» Diffusion is due to molecular diffusion

» Advection is due to liquid flow with respect to the SWI.

Tortuosity

D . Dsea water |
sed —

1 — In(¢?)
Boudreau, 1996

Fig. 1. Convolute diffusion path
in a sediment from Boudreau (1996).
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Multiple phases : Different transport processes
Liquids
» Diffusion is due to molecular diffusion

» Advection is due to liquid flow with respect to the SWI.

» Sedimentation

» Compaction

» Biological activity

> Pressure gradients in permeable sediments.

oC
JLiq. = _Dseda_ +v. C

X
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Multiple phases : Different transport processes

Liquids

» Diffusion is due to molecular diffusion

» Advection is due to liquid flow with respect to the SWI.
Solid

» Diffusion is due to bioturbation

» Advection is due to solid advection with respect to the SWI
(sedimentation or compression)
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Bioirrigation

Flushing of burrows with overlying waters

Allows diffusive exchanges between bottom waters and porewaters at
depth, through burrow walls

— 3D(2D) context.
However, Boudreau (1984) showed the equivalence of
» 3D set-up with cylindrical burrows

» 1D vertical set-up with non-local exchange of pore waters
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3. Reaction-Transport in Porous Media
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Reactive Transport in Porous Media

96.C D
ot - _a [¢XJL] + ¢XRL

Q=005 _ 0 (1 g)5) + (1~ 6)Rs
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Reactive Transport in Porous Media

96.C O ac
7 = & |:¢X(Dsed§ - VLC)] + ¢XRL

003 _ 2 11— (D —v59)] +(1.- 6n)Rs
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Reactive Transport in Porous Media

oc 1 (9 o0C
8t d)x |:¢x( sed - VLC):| + R

oS 1 0 oS
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Reactive Transport in Porous Media

oc 1 8 oC
at ¢x |:¢x( sed - VLC):| + R
S 1 0 oS
E = 1 ¢Xa [(1 — d)x)(Dba—X = Vss)] = Rs

Boundary Conditions (usual)
Solutes Solids
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Reactive Transport in Porous Media

oc 1 8 oC
at ¢x |:¢x( sed - VLC):| + R
S 1 0 oS
E = 1 ¢Xa [(1 — d)x)(Dba—X = V55):| = Rs

Boundary Conditions (usual)
Solutes Solids

© Upper boundary (x = 0)

Imposed conc. (Cpot. waters)-

© Upper boundary (x =0)
Imposed flux (sedimentation).
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Reactive Transport in Porous Media

o0C 1 0 o0C
E = ga [st(Dseda - VLC):| + R

oS 1 0 oS

Boundary Conditions (usual)

Solutes Solids
© Upper boundary (x = 0) © Upper boundary (x =0)
Imposed conc. (Cpot. waters)- Imposed flux (sedimentation).
@ Lower boundary (x = o0) @ Lower boundary (x = o0)
Zero Gradient Zero Gradient

v
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4. Diagenetic Reaction Processes
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Organic Matter Lability |

Large chain generally replaced by one step
reaction Part. OrgC Re, pic

Sediment POC
(e.g., biopolymers)

(e.g. hydrolysis)

o Rc = k.G. Z Frem.,iFgio,iFTeaiFiv,iFT,i

HMW-DOC (e.g., dissolved
proteins, polysaccharides)

Furtherhyarosis
and fermentation l
" G
LMW-DOC compounds R
—— (e, sugars, organic acids,
free amino acids) G
n
Further fermaion by k
\ .
H, and LMW-DOG compounds ~ 20°1°9°1°%% 1
used in terminal metabolism
(e.g., acetate) FTEM i
7/ \ )
©sull —sutte )
futtao roduction) memanogenesis FBIO,:
N
co, CH,, CO, FTEA, i
Fin,i
Figure 3: Example of Org. C Fr.i

degradation

1

Organic Matter

Degradation rate,

max degradation rate,

metabolic pathways,

Temperature effect

Microbial biomasses

Terminal electron acceptor

Inhibition by other TEA

bioenergetic limitation (Gibbs energy)

According to complexity, several factors are
empirically included in k

Capet et al. 1D Diagenetic modelling October 3, 2019 17 / 26



Organic Matter Lability Il

1G
Ve
o
3 VR
=
[0}
°© Multi-G Pseudo-G
2 I JF
e ¥ - v -
% le #R& ¢Ron lRew _— ¢Hez
=
€
[e}
(@]
» RCM, PM q-theory
3
s 9(k,0) 9(k,0)
€ gkt g(k.t)
3 %
s w Ir.
o dk dk
o
v IR K D(krk‘)LLRa(k)

Single G neglects
» Various organic compounds
in OM source :
» Refractory OM formed
during bacterial remin.
Arndt,2013 (review) :
» Multi-G model
Rc =), kiG;
» Continuous lability
spectrum models

Re = — | kg(k)dk
0
» OM degradation explicitely

driven by ecosytem
dynamics (incl. bact.)
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Redox zonation |

FHOTOSY NTHESIS
WATER
R S
[+
i) AERCBIC
2OHE
] VETHANE
—— (OLIDATION — o
ZONE OF
DENITRI-
DENITRI=
FAATICULATE FICATION FCATION
BETRITUS
I0ME'QF
SULPHATE
REDUCTION
20ME OF

HETHANE METHANE
FORMATION FORM ATION

AEFRACTORY MATERIAL

Capet et al.
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Redox zonation |l

Microscales
A B. C
5]
@
=
0
0

b=
Q
£
3 2

5 W
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N cycling

PON

sediment A 0O, A
surface I I | f
t o . orI
Ammonification (regeneration)
3

PON — DON —> NH; NO;
Oxic v Nitrification
sediments

Assimilation

S”b'%’:; l | Anoxic
¢ an I : e
gediments Ammonification (N regeneration) nnrmcanon Den|trlf|canon

PON —> DON —> NH; &N

v oNAA Anammox

Assimilation
Uptake in Geopolymers (?) Mn Reduction/Oxidative N, Production

Figure 16.2 A conceptual model illustrating the processes associated with ni-
trogen cycling in marine sediments (based on information from several
sources).
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Phosphorus cycling |

smon |_OwancP | & (4POF] — [ FoboundP
rface
T S | R
. N Skeletal P
?;:;‘i:ments (__) [HPO%] _>E Fe-bound P (hy.dveo':yapalwsy
|

S

or anoxic (—’ [HPO}] — | Fe-bound P

sediments l l l l
Authigenic P
(CFA)

Slomp et al, 2007
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5. Case Study : Oxygen diffusion
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Case Study : Oxygen diffusion

» We consider dissolved Oxygen (only liquid phase).
» Non-permeable sediments — No liquid flow, no advection.

» Constant oxygen consumption rate above a certain depth, 0 below.

Capet et al. 1D Diagenetic modelling October 3, 2019 24 / 26



Case Study : Oxygen diffusion

» We consider dissolved Oxygen (only liquid phase).

» Non-permeable sediments — No liquid flow, no advection.

» Constant oxygen consumption rate above a certain depth, 0 below.

d0x(z) 8 ..9C
= 5,05 1-1(2)
+(2) =wﬁ(ﬂks 3)

» Boundary conditions:
. 00
O2]z=0 = 02 bw.; HElz=00 =0

» Steady-state solution : % =0

v
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Case Study : Oxygen diffusion

» We consider dissolved Oxygen (only liquid phase).
» Non-permeable sediments — No liquid flow, no advection.
» Constant oxygen consumption rate above a certain depth, 0 below.
00,(2) 0 ,..0C
= —[D=—]—
ot 32[ 821 ()
02(2)
Z) =Y 3
12 = Gk ©
[0} Porosity
» Boundary conditions: D Diffusion coeficient
02|20 = 02 by ; %b:m =0 o Respiration rate
» Steady-state solution : % =0 - Oxygen Limitation
02 bw. [O2] bottom waters
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Case Study : Oxygen diffusion

» Describe model implementation in R (using the Reactran framework)

» Compare with oxygen profile from the mud sediment core

Infer diffusive flux at the Sediment-Water interface
Extend the model :

> Include Solid phase for organic carbon
> Include Bioirrigation
> Include Nitrogen Cycle

v

\4
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Why do we consider cohesive sediments 7

Sands

— Permeability

— Needs to resolve flows through the sediment matrix
— Needs higher dimensional context.
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