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Sediment-water interactions play an important role in influencing the water quality of aquatic systems. Water quality manage-
ment of freshwater systems needs to take into account this behaviour, which depends largely on early diagenetic processes that
condition the physical and biogeochemical properties of the sediment. Among these processes, the redox transformations resulting
from the oxidation of organic matter by the microbial activity have a major influence on the biogeochemical properties of sedi-
ments. In particular, these reactions condition the vertical profiles of nutrient concentrations, pH and metals along the sedimentary
column. This paper presents a method which couples both experimental and modelling approaches in order to characterise and
analyse the biogeochemistry of freshwater sediments. The modelling approach is based on a coupling between biogeochemical
processes and interstitial diffusion. As pore water pH influences the behaviour of the biogeochemical species, we have extended
these models to allow for the calculation of pH by taking into account the inventory of protons consumed or produced by different
biogeochemical reactions. In parallel, an analytical protocol has been developed to obtain vertical distributions of the main physi-
cochemical parameters in natural sediments cores. To illustrate this approach, we apply our method to sediments cores sampled in
the Durance, a river in the south-east of France.
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Introduction

Sediment-water interactions play an important role
in influencing the water quality of aquatic systems.
For example, sediments may act as a sink for nutrients
or trace metals remaining stocked after deposition
and may therefore pose a risk to surface water quality
and ecosystem health if environmental changes lead
to release these stocks (Forstner & Wittmann 1981).
Water quality management of freshwater systems needs
to take into account this behaviour, which depends
largely on early diagenetic processes that condition the
physical and biogeochemical properties of the sediment
(deposition, erosion, consolidation, interstitial diffu-
sion, bioturbation, remineralization of organic matter
by bacterial activities). Of these processes, the redox
transformations resulting from the oxidation of organic
matter have a major influence on the biogeochemical
properties of sediments.

* Corresponding author : E-mail : valerie.devallois @irsn.fr

Different redox reactions occur in succession from the
sediment water interface to the deeper layers according
to the Gibbs free energy of the different electron accep-
tors (Froelich et al. 1979): oxic respiration, denitrifica-
tion, manganese hydroxide and iron hydroxide reduc-
tion, sulphate reduction, methanogenesis. These reac-
tions influence physicochemical parameters such as pH,
redox potential or dissolved oxygen, which decrease
with increasing sediment depth. These transformations
increase concentration gradients and consequently lead
to increased diffusive flux along the sediment column
and between the sediment and the water columns. As
these diffusive fluxes may affect the biogeochemical
and ecological functioning of the hydrosystems (Mid-
delburg & Soetaert 2005), a quantitative understanding
of the interactions and controls of sediment biogeo-
chemistry is needed to determine the long term fate of
nutrients and pollutants in aquatic sediments. To this
end, reactive transport models have been developed
(Berg et al. 2003, Berner 1980, Boudreau 1997, Soe-
taert et al. 1996, Tromp et al. 1995, Van Cappellen &
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Wang 1997, Wang & Van Cappellen 1996, Wijsman et
al. 2002) to simulate the complex interplay of reactions
and transport processes in sediments.

In this paper we present a method which couples both
experimental and modelling approaches in order to char-
acterise and analyse the biogeochemistry of freshwater
sediments. The modelling approach is based on a cou-
pling between biogeochemical processes (Wang & Van
Cappellen 1996) and interstitial diffusion (Boudreau
1996a, Boudreau 1996b). As pore water pH influences
the behaviour of the biogeochemical species (Sigg et al.
2001), we have extended the existing model to allow
for the calculation of pH by taking into account the
inventory of protons consumed or produced by differ-
ent biogeochemical reactions. In parallel, an analytical
protocol has been developed to obtain vertical distribu-
tions of the main physicochemical parameters in natural
sediments cores. To illustrate this approach, we apply
our method to sediments cores sampled in the Durance,
ariver in the south-east of France.

Modelling

The variables considered in the model are the con-
centrations of 18 chemical species considered in three
potential phases (particulate (P), dissolved (D) and col-
loidal (C)) and in function of the depth (z) and the time
(t) (Table 1), which depend on the early diagenesis proc-
esses and interstitial diffusion of their mobile phases. In
this table, the sums of carbonates, phosphates, sulphides
and ammonia are calculated from the contributions of
their different dissolved ionic forms :

[ZCO,],(z.0)=[CO,],(z.0) + [CO;?]D(Z,I,‘)+ [HCO; 1,(z.0)
[EH, 8],z 0 =[H,S],(z.0) +[HS ], (z.0)
[ZPO4]D(Z,J‘)=[HPO427]D(Z,I‘)+ [H,PO,]1,(z.1)

INH,],(z.0)=[NH,],(z.0)+ [}\H;]D(Zsf)

For each species, the particulate phase includes the
fraction of the species adsorbed onto solid particles
(diameter > 0.45 um), those that are incorporated into
the sediment, as well as those precipitated. The model-
ling proposed in this paper is divided into three linked
sub-models : 1) interstitial diffusion of dissolved and
colloidal species, 2) biogeochemical reactions and 3) pH
determination. These three sub-models are described in
the next sections.

(2)
Table 1. Chemical species included in the model
Particulate Dissolved  Colloidal
Species orm orm orm
(mol.g™) (mol.l") (mol.l")
Ammonium ions [NH,],
Calcite [Calcite],
Calcium ions [Ca*],
Carbonate ions [ZCO,],
Oxygen [0,],
Iron [Fe™],
Iron carbonates [FeCO,],
Iron monosulphide  [FeS],(z,t)
Iron oxide [Fe(OH),], [Fe(OH),].
Manganese [Mn*],
anganese
carbonates [MnCO,],
Manganese oxide [MnO,], [MnO,]..
Nitrate [NO,T,
Organic matter [POM],
Phosphate ions [ZPO,],
Pyrite [FeS,],
Sulphate [SO 1,
Sulphide [ZH,S],

Interstitial diffusion

Interstitial diffusion generates spatial displacements
along the sediment column of the colloidal and dis-
solved species composing pore water. The interstitial
diffusion sub-model applied Fick’s first law :

GC(Z,I)]
(574

0C(z,t) 0
=“|D .
61 az( Sed (Z)
where Dy (z) (m.s?) is the coefficient of interstitial
diffusion of a dissolved substance in the sediment
(Boudreau 1997, Boudreau 1999). As molecules must
follow convoluted paths to circumvent the sediment
particles, the values of this parameter are lower than
those of D_(z), the coefficient of molecular diffusion of
asolution in water. D_ is related to D_ by the following
relationship (Berner 1980) :
D
D sed (z)= LZQ)
0(z)
where 6(z), the sediment tortuosity is related to the
sediment porosity n(z) by the following relationship

(Boudreau 1997) :
0(z)’ =1-1In(n*(z))

We determined porosity profiles by fitting Athy’s rela-
tionship (Boudreau 1997) on our experimental data :

n(z)=n, +(n,—n,)-e*"
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where n; and n_ are the porosity at the sediment water
interface and at infinite depth, respectively, and t (cm™)

is a coefficient of attenuation.

We consider that the coefficient of molecular diffu-
sion is the same for all the mobile species, and for the
purposes of this model we use the value reported by
Boudreau D,, =5-107° em” -sec™ (Boudreau 1997,
Boudreau, 1999).

Biogeochemical modelling

The biogeochemical modelling follows the approach
developed by Wang & Van Cappellen (Van Capellen &
Wang 1997, Wang & Van Cappellen 1996, Wijsman et
al. 2002) and involves the primary and the secondary
reactions resulting from the organic matter oxidation by
micro-organisms present in the sediment. The primary
reactions are aerobic respiration, denitrification, MnO,
and Fe(OH), reduction and sulphate reduction. The
secondary reactions are the precipitation of carbonate
and sulphide phases with dissolved Fe and Mn and the
eventual re-oxidation by O,. We have added into the
previous models the processes of calcite precipitation/
dissolution, which allows us to determine the pH of
pore water (see next section).

We suppose that the particulate (P) and colloidal (C)
forms of manganese and iron oxides have the same
biogeochemical behaviours. Consequently, we directly
determine the variations of their total concentrations
(T):

[Fe(OH ), ], (z,0) = [Fe(OH ), (z.0)-n(z) +
[£e(OH);]p(z.0)- (1= n(z))- p,,,
[MnO, |, (z.0) = [MnO, ], (z,0) n(z) +
[MnO, ] (z,0) - (1= 1(z))* Pruy

where n(z), the porosity and p_, (g.I"), the sediment
density were measured experimentally.

Equations

In contrast to the models based on the multi-G theory
that involve several pools of organic matter character-
ized by different mineralization kinetics (Boudreau
1999, Soetaert et al. 1996, Wang & Van Cappellen 1996,
Wijsman et al. 2002), we consider that there is only one
pool of organic matter ((CHZO)X(NH3)y(H3PO ) wWhere
the molar C/P and N/P ratios are given by the Redfield
numbers (x = 106 and y = 16). The different pathways
of mineralization are described by first-order kinetics,
all controlled by the same rate constant (k. ).

Table 2. Primary chemical reactions

1) Aerobic respiration (AR)

3.y
POM +(x+2-3)-0, > x-ECO, +y-NO; +ZPO, + -2 H,0

2) Denitrification (DEN)

4-x . , 2-x 2-x
POA/I‘F?']VO; —x-ZCO;+y-NH, JrT~N2 +ZPO, +T~H20

3) Manganese oxide reduction (MOR)
POM +2-x-MnO, +3-x-CO, +x-H,0 —4-x-2CO, + 2-x-Mn™ + y- NH, + PO,

4) Iron oxide reduction (IOR)
POM +4-x-Fe(OH ), +7-x-CO, — 4-x-5CO, +4-x - Fe* + - NH, + SPO, + 3- x- H,0

3) Sulphate reduction (SR)

POM + = -SOF > x-5C0, + X TH,S + - NH, + SPO, + x- H,0
2-x 2

Table 3. Secondary chemical reactions

6) Iron monosulphur precipitation (ISP): Fe* + HS™ <> FeS+H"

7) MnCO; precipitation (MP): Mn** + HCO? <> MnCO, + H*
precip 3 3

8) FeCO; precipitation (IP): Fe™ + HCO; <> FeCO, +H*

9) Calcite precipitatiow/dissolution (CP): HCO; +Ca®™ < CaCO,+H"

10) Pyrite precipitation (PP): FeS+H,S «» FeS,+ H,

11) Nitrification (N): NH +0, <> NO; +2-H* + H,0

12) Manganese oxidation (MO): Mn** +0,5-0, + H,0 <> MnO, +2-H*

13) Iron oxidation (I0): Fe** +0,25-0,+25-H,0«> Fe(OH), +2-H"

14) Sulplide oxidation (S0): H,S +2-0, <> SOX +2-H*

The model is constructed with the five primary and
nine secondary chemical reactions (Wang & Van Cap-
pellen 1996, Wijsman et al. 2002) presented in tables
2 and 3.

From these chemical reactions, the variations of the
different species are given by:

SAFPIAEY g o)Vl 28~ Vrsord21) Vil 38) Vinl 1)
. % =25 Vigod 2t} —Vige(z.t)

LA OF yJr(2t)

7 45 Vigr(2t)+ Vol 2,t)

* d[FESfP(Z’U =Vpplzt)—Vpp(zt)

i
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o dLFESIpzt) Ve 2t ) —Vepf 2t )

dt
. W =Vip(2t)
. w =Vp(zt)
. % =Vop(2.t)
. CUCQQ;# = —Vp(zt)
VLI sy z)- L V(2294 Vi 20)

W Ly siietz)

oA Ipfzt) _

p (X 2y )Vl 2 )=V 28 ) = Vigol 2.1 )= Vip( 2.1} = Vgl 2.2)

. At Jp(zt)

i =2x Vigor( 2.t ) = Viyp( 2.t ) = Vigol 2.4 )

'% =4xVion 2.8)— Vs 2.8) —Vip( 28] Vol 5.)

AT Ly )ttt Vi) -Vicdat)

dt
TR o) Vo 2t 4 Wy 24+ Vi ) +Vin( 0
0% =2V st)+x Vgl et )+x - Vigod 2t ) +5-Vipd z.t ) +.
Vil Vi ) Vgl 28)~ Vol 2t
ALK IRz

VIV d ZE )+ Vnmf ZE )+ 3 Vg (710 017 A
¥V 2t)~Vaz.t)

For the primary reactions, the reactions rates are
described by a Michaelis-Menten kinetics based on a
competition between a limitation term modelled by a
Monod-type hyperbolic limitation function (Soetaert et
al. 1996, Wijsman et al. 2002)and an inhibition term
described by a reciprocal hyperbolic function (Soetaert
et al. 2007, VanCappellen & Wang 1997, Wijsman

2001) :
[ £4](z,1)
Ve(z0) = k,,, - [POM]|(z,0) — 222 .
R (2.0 =k o[ 1.0 (EALG 1)+ K
lirn fation
I ki
S INY (20 +
inhibition

with AG’(N ,)> AG" (EA)

where kﬁg,M (s is the rate constant of organic mat-

ter remineralization, [EA] (mol.l") is the concentration
of the electron acceptor, k! (moll) is the half-
saturation concentration of EA that limits the reaction,
[IN], (mol.I") are the concentrations of the inhibiting
oxidants that have higher free energy (AG®) than EA
and l’c,{i’je (mol.I'") are the associated inhibition con-
stants.

This equation represents the sequence of degrada-
tion pathways described by Froelich (1979) where
the classification of the electron acceptors in the
order of their free energy is : AG°(0,)>AG°(NO;
)>AG°(MnO,)>AG°(Fe(OH),)>AG°(SO 7).

The reactions rates of the five primary reactions are
given by :

o e P ) P
(G0 =k, - [POM], (z.1) (0,1, (z.0) + kp?
&V o (2 = Ky [POM]A:,I)-M'
[NO; 1, (=) + K
ki%DEN

[0,1, (=) +k

1, DEN
[An0, 17 (2,8)

® Voe(z )=k ([POM], (2,8) ————22T 7
woa (1) = e TPOM: @) o

I
i o ] Fhon
s} -
[ lp@ D) TR mor [NO; 15 (2.4) + K—’Jﬁ;fon

[F2(OH )] (2,6) ko

[ ]
Vo) = b O ) e e+ AP TG,y + E

Ko Lzw
[0S (2, 8) + 52 [ a0, 10 (2.0) +hpvos

[508 15,0 ke Eie
FOFlplany + k55 [Oalplet) + ke [NOT]plz.0)+ k2%

* Vel 2, 8) = Hpgy - [POM ] 512,)

p2 T Fa G,
Eas 2l

POy (2.0) + Ko [Fo(OH L5 (.01 + kg
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The secondary reactions involve re-oxidation and
precipitation. The reaction rates for precipitation/disso-
lution reactions depend on the degree of saturation ({2,)
of the pore water for the concerned species :

Qoo = (A1) [B](20)
BT T H Jzt) s gy

where [A] and [B] (mol.1"") are the concentrations of the
species concerned by the reaction, [H*] (mol.I"") is the
proton concentration and Ks, ., (mol.I") is the apparent
solubility product of the reaction.

If Q.(zt) > 1, the precipitation takes place at the
rate: Ve@m®=rkhs-{ Qe(n)— i)

If @ (z,t)< 1, the dissolution of AB takes place at the
rate: Va(nf =iz /A8 (50 { Qx(n9-1)
where ki, and k;; are the forward and backward
first-order rate constants respectively.

Fisp( Qe ) 1)
bpsp - [ FeS (1) { Qop(n0— 1)

U Qppp)> 1
i Cpplm9 <!

Visplm ) = {

Bup { Qp(2.t) = 1) Y ypfz.t) > 1
Epgp - [ MCO; 1 Qup(z.t )= 1) U Qyp(zt) <]

Vigp( z.t) :{

Fip( Qp(zt)=1)
Kp [ FeCO; J-(p(zt)—1)

U Qplzt)>i
Uplzt)<i

Vip(zt)= {

kop(p(zt)=1)
kop [CaCO;s J-(Qep(zt)—1)

i Qop(z.t) > 1
U Qepfzt) <!

Vep(zt) = {

The formation of pyrite is described by bi-molecular
rate kinetics (Rickard 1997, Rickard & Luther III
1997):

Vp (z,t)=kp -[FeS{ z,t)-[H,S[ z,t)
where k,, (L.mol".s™) is the first order rate constant of
the reaction.

The reaction rates of the re-oxidation reactions are
described by bi-molecular reaction rate laws (Wang &
Van Cappellen 1996) :

Va(z.t)=kg-[EAJ(zt) [ED](zt)

where V (mol.I".s™) is the reaction rate, k, (L.mol".s™)
is the reaction rate constant and [EA] and [ED] (mol.I'")
are the concentrations of the electron acceptor and elec-
tron donor, respectively.

The reaction rates for the four re-oxidation reactions
are :

o Vulzt)=ky [NH;](zt) [0, ](zt)

¢ Vis(zt) =k [MnP J(zt) [0, ](z,t)

Vie(z.t) =k - [Fe™* J(zt)-[ Oy J(z.t)
4 Venfz.t)=kgo - [HSJ(zt)-[ O, J{z.8)
Parameters

The values of the different parameters involved in
these equations are obtained by fitting our model on
analytical results (see experimental protocol section).
Their relevance is evaluated by comparing our values
to those found in the literature (Table 4).

pH modelling

pH determination requires proton concentrations [H*]
which depend on a complex set of reactions which con-
trol the acid-base properties of pore water (Jourabchi
et al. 2005). In our model, pH is a calculated function
and not a forced function as in other studies (Wijsman
et al. 2001). Here, pH is calculated from the concentra-
tions of the ionic species present in the pore water by
considering :

1. the production and the consumption of protons by

the biogeochemical reactions (Table 5) (Soetaert et

al. 2007).

2. the following acid-base equilibria (Boudreau
1997) :

(c,) CO,(aq) + H,O €= HCO, + H*
(c,) HCO, €-> CO»+H"

(s) H,S €-> HS +H"

(s, HS- &> S*+H'

(p) H,PO, € H PO, + H"

(p,) H,PO, €<= HPO,* + H"

(p,) HPO,> €= PO+ H"

(n) NH,” € NH, +H"

(e) H,0 €= OH + H"

These two points are linked by the mass conservation
of the chemical species and the equation of electroneu-
trality.

We determine pH from the ionic concentrations
provided by the previously described biogeochemical
model in three successive steps: 1) resolution of the
acid-base equilibria, 2) conservation of mass and 3)
deduction of the proton concentration from the equa-
tion of electroneutrality. These three steps are described
below.
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(6)

Table 4. Bibliographic summary of biogeochemical parameter values

Calcite precipitation rate constant

3,2.10-8 (I.mol-1.s-1)

[Parameters [Description Values References
8,7.10-7 - 3,5.10-8 s-1 (Wijsman 2001)
ka 8.10-10 - 9,5.10-7 s-1 (Wang & VanCappellen 1996)
9,4.10-8 s-1 (Tromp et al. 1995)
(Organic matter mineralisation constant 3.10-9 s-1 (Berg et al. 2003)
k02 [Half-saturation concentration O2 3.10-6 (mol.1-1) (Wijsman 2001)
Li imitation for oxic mineralisation 3 -20.10-6 (mol.I-1) (Wang & VanCappellen 1996)
2 NOy [Half-saturation concentration NO3- 30.10-6 (mol.I-1) (Wijsman 2001)
Li imitation for denitrification 4 — 80.10-6 (mol.1-1) (Wang & VanCappellen 1996)
5000.10-6 (mol.1-1) (Wijsman 2001)
PR [Half-saturation concentration MnO2 4 - 32.10-6 (mol.1-1) (Wang & VanCappellen 1996)
Li limitation for manganese oxide reduction |16. 10-6 (mol.I-1) (Canavan 2006)
12500.10-6 (mol.1-1) (Wijsman 2001)
k fe( OH s [Half-saturation concentration Fe(OH)3  [200.10-6 (mol.1-1) (Canavan 2006)
! limitation for iron oxide reduction 65-100.10-6 (mol.l-1) (Wang & VanCappellen 1996)
507 [Half-saturation concentration SO42- 1620.10-6(mol.1-1) (Wijsman 2001)
kLi limitation for sulfate reduction 100.10-6 (mol.l-1) Jourabchi et al. 2005
o 10.10-6 (mol.I-1) Soetaert et al. 1996
k Inz, D [Half-saturation concentration O2 8.10-6 (mol.1-1) (Wijsman, 2001)
inhibition constant for denitrification 1-30.10-6 (mol.I-1) (Wang and VanCappellen, 1996)
kOZ [Half-saturation concentration O2 5.10-6 (mol.1-1) (Wijsman 2001)
In,{ MOR,JOR,SR Jinhibition for anoxic mineralisation 3,1.10-6 (mol.1-1) (Wang & VanCappellen 1996)
kNo; [Half-saturation concentration NO3- 10.10-6 (mol.1-1) (Wijsman 2001)
In inhibition for anoxic mineralisation 30.10-6 (mol.1-1) (Wang & VanCappellen 1996)
an@ [Half-saturation concentration MnO2 5000.10-6 (mol.I-1) (Wijsman 2001)
In inhibition for anoxic mineralisation 4 - 32.10-6 (mol.I-1) (Wang & VanCappellen, 1996)
Fe(OF 12500.10-6 (mol.1-1) (Wijsman 2001)
k n ? [Half-saturation concentration Fe(OH)3 200.10-6 (mol.1-1) (Canavan 2006)
linhibition for anoxic mineralisation 65-100.10-6 (mol.1-1) (Wang & VanCappellen 1996)
K 6310.10-6 (mol.1-1) (Rickard 2006)

S Feg IApparent solubility product FeS 10-2,2 (mol.I-1) (Wang & VanCappellen 1996)
KSMnCO; IApparent solubility product MnCO3 100,193 (mol.1-1) (Wang & VanCappellen 1996)
KSF@C@ Apparent solubility product FeCO3 100,192 (mol.1-1) (Wang & VanCappellen 1996)
KSC@CO; Apparent solubility product CaCO3 10-1,99 (mol.l-1) (Jahnke et al. 1997)
k;sp 0,47 (I.mol-1.s-1) (Berg et al. 2003)

[FeS précipitation rate constant 11,5 (I.Lmol-1.s-1) (Wijsman et al. 2002)
i~ 3,15.10-11 (s-1) (Rickard 2006)

I=r [FeS dissolution rate constant 3,2.10-11 (s-1) (Wijsman 2001)

T
k MP IMnCO3 precipitation rate constant 2,1.10-11 (L. mol-1.s-1) (Wang & VanCappellen 1996)
k f[;rp IMnCO3 dissolution rate constant 2,5.10-8 (s-1) (Wang & VanCappellen 1996)

T

k iis [FeCO3 precipitation rate constant 1,3.10-10 (I.mol -1.s-1) (Wang & VanCappellen 1996)
k ;p IFeCO3 dissolution rate constant 1,6.10-8 (s-1) (Wang & VanCappellen 1996)
kr 0,5 - 6,4.10-8 (.mol-1.s-1) (Adler et al. 2001, Jahnke et al. 1997)
P

(Gutjahr et al. 1996a, Gutjahr et al. 1996b)




(7 MODELLING OXYGEN AND PH IN SEDIMENTS 281

Parameters Description Values References
k- 0,14 - 30.10-8 (s-1) (Gutjahr et al.1996b; Jahnke et al. 1997)
“r Calcite dissolution rate constant 1.5-3.10-10 (s-1) (Adler et al. 2001)
kPP Pyrite formation rate constant 1,1.10-4 (1.mol-1.s-1) (Rickard 1997; Rickard LutherIII 1997)

Nitrification rate constant

kN 0,3 (.mol-1.s-1)
,7 (.Lmol-1.s-1)

(Canavan 2006, Wijsman 2001)
(Berg et al. 2003)

ko Manganese oxidation rate constant 1,1.10-2 - 63 (Lmol-1.s-1) (Berg et al. 2003, Canavan 2006)
kIO Iron oxidation rate constant 1,1.10-2 — 507 (I.mol-1.s-1) (Berg et al. 2003, Canavan 2006)
kSO Sulphide oxidation rate constant 5.10-3 — 51 (I.mol-1.s-1) (Berg et al. 2003, Canavan 2006)

Table 5. Influence of biogeochemical reactions on pH variations

Reactions [H+ ions variation pH
Oxic respiration Production |
Denitrification [Production |
Mn oxide reduction Consumption T
Fe oxide reduction Consumption i
Sulphate reduction [Production |
Precipitation of FeS [Production |
Precipitation of pyrite Consumption T
Precipitation of MnCO3 Production |
Precipitation of FeCO3 [Production |
Re-oxidation by O2 [Production |
Dissolution of calcite Consumption i

Acid-base equilibria

The acid-base reactions are characterized by their
equilibrium constants (Sigg et al. 2001) :

* Carbonate acid-base equilibria

[H)E) [HCO )0

Ke, =107,
€O, 1)

ke, HTEDICONNED
[HCO; I(=.1)

* Sulphur acid-base equilibria
o= CUN B CUNSTE N
[H,S1(z.0)

K5, HICO 8710 o
[HS 1(=1)

* Phosphate acid-base equilibria
C[H =0 [H, PO 1(20)
[H,PO,1(=.1)

Kp, =107 5,

_LH =0 [HPO N0 (oo

ks [H,PO,1(z.1)

* Ammonia acid-base equilibrium:
J[H N2t [NH;](zt)
[NH; j(zt)

Ky o’
* Hydrolysis:
K, =[H"]izt)- [OH Jizt)=107"

The pH of pore water in freshwater sediments gene-
rally ranges from 6 to 9. Consequently, the equilibria
(s,, p, et p,) were not considered because the concentra-
tions of the concerned species (S*, H,PO,, PO,* respec-
tively) are negligible in the relevant pH range.

Mass conservation

The acid-base equilibria introduce the different ionic
forms of carbonates, phosphates, sulphurs and ammo-
nia while the biogeochemical modelling resolves the
total concentrations of these species without taking into
account their speciation. This speciation is then deter-
mined by combining acid-base equilibria and the mass
conservation of these four species :

[ZCO,]p(z,0)=[CO,],(z,0) + [Coaz_ (2.0 +[HCO; ], (z.1)

(7,81, (=0 =[H S, (@0 +[HS ],(=.0
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[EPO4]D(ZJ):[HPO42_ 1o(z 0+ [H, PO ], (2,0
[ENH, | 5 (z,0) =[NH, | p (2.0 + [NH, | 5 (2. )

It is now possible to write the ionic concentrations of
these four species in function of their total concentra-
tions (previously calculated) and of the proton concen-
tration.

[H" Jp(zt) Koy )
TEHY JAfzt)+[H Jofzt) Eo;+ Kep- Ke,

f200; fpiz.t)

[HCO; Tp(zt) =

A PRER)

[CO,]p(z.0) = T 2 + ’
[H7 ], (.0 +Ke, -[H" (2.0 + Ke, - K,

[ZCO,],(z,0)

Ke, - K, )
[H'1, (2,0 + Ke, -[H"1,(z.0) + Ke, - Ke,

[CO: 15 (2.0 =

[ZCO.]5(z.0)
7,51, G0 = H (5,581,200
[H5™ 1, (2.0 = ﬁ [ZH 8], 1)
[H,PO; 1,1 - % [2PO, 1, z.1)
[HPO} ], (1) = m]fﬁ [P0, 1, (=.1)
NI 1, (2.0 = %-[mﬂn(«zo
[NH.], (=) = [H]fiﬁ)%v [ENH,], (.0)

Equation of electroneutrality

Finally, the concentration of protons in pore water is
determined by introducing the previous equations into
the electroneutrality equation: X[ions”]=ZX[ions].
By writing this equation in function of all ions mod-
elled in pore water, the proton concentration becomes

the only unknown :

Ke, - (2-Key, +[H ],(20)
[H*1,} (z0) + Ke, -[H* ], (z.0) + Ke, - Ke,

(€0, 1, (50) + —— [SH,S], (=, 1)

[H*1,(z0)+ Ks,
[H+]D(:’t)+ 2-Kp,

(1, o= Kp, LrOdo@D I LG

[H+]D(S>f){+

Ke I rerz-1 (o
‘+m+[m o(2.0) + 2-[SOF 1o (=.1)

[H1p(z0) .
T LGt K, [ENH, ]5(=.1)

[7 2-[Ca* 1, (=, ) — 2-[Fe** | (2.0) — 2+ [Mi** 1, (=. 1)

Method of resolution

The resolution is performed with a one dimensional
finite difference method based on an explicit numerical
scheme. The sediment core is represented by a vertical
column of height h (m), which is represented by Ndz (=
h/Az ) discrete elementary layers having a thickness Az
(m) (Fig. 1). The simulated period T is represented by
Ndt (= T/At) time steps At. From these considerations,
a variable A, associated to the layer idz at the time itera-
tion idt is noted: Al-ljzt . For all species (P, D and C), the
domain is initialized by the conditions 4, and the first
section is associated to the limit conditions defined by
A" . The interstitial diffusion model is resolved first.
The intermediate solutions, noted *, are used for the
resolution of the biogeochemical modelling. After this
last step, the vertical distribution of pH is calculated.

. Iil A
-] + Py

~ 2

. dz-1 h

» idz

» idz+1

. Hdz-1

* Hd=z L

Fig.1. Discrete elementary layers of a sediment column
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Resolution of the interstitial diffusion model

The equation of diffusion is resolved for each mobile
phase (dissolved and colloidal) with a numerical method
based on the following explicit finite differences scheme
(Fig. 2):

[CI& =a-[ClS = +e-[CTiE +b-[CJiS

At
where a = m . (Dsedidz + Dsedidz—l)
At
b = m : (Dsed idz + Dsed idZH)

and c=1—-a-»b

We consider that diffusion can not occur beyond the
last section. The limit condition at this section is then
written :

(€14, =a-[CT%, +(-a)-[CT4!

Resolution of the biogeochemical model

The resolution of the biogeochemical model is based,
for all the species, on the following general form :

[CT4 =[CT4" + At~ a(C,R) -V *
R

where V" are the reaction rates calculated from the
concentrations provided by the previous step and noted
* and a(C,R) are the stoichiometric coefficients of the
species C in the reaction R.

For iron and manganese oxides, the model is applied
to the total concentrations given by :

ar” ar” ar”
[Fe(OH )s Jriyy = [Fe(OH }s Jelty Mo + [ Fe(OH )2 Jpiy (1= M) Prca

[MnO, ]y = [MnO; Jciif nigz + [ MnO; Jpigte (1= Migs ) P
After resolution, the concentrations of the particulate

and colloidal forms of these oxides are obtained by
admitting the conservation of their ratio :

[Pe(OHD), 1%
[Fe(OH), 1
[Fe(OH), ]
[Fe(OH), 1,14

[F‘?(Omz]cji = : [F‘?(Omz]:r:i

and [Fe(OH);],m = (Fe(Om), 1

0,1,

™
M0, 1% = 0] = (MO, 1y, and M
MR, Jr,

idz
dz

Interstitial diffusion 1 <idz < Ndz

h
1< idt < MNdt Biogeochemical 1<idz < Ndz
rH 1<idz < Nde

Fig.2. Main steps of the method of resolution

idt ™
idr [MnOZ]Pidz
Pidz — idt

[(MnO, 1.,

and [MnO,] [Mn0O,1,"

T idz

Resolution of pH

This resolution constitutes the end of the procedure.
For each temporal and spatial step, the determination
of the proton concentrations is found by setting F([H*])
to zero.

FHH  Jpa)=[H [

KC]'(Z'K52+[H+J7D!de g
e [ ZCO; oy

z
[H+JD:§; + Koy '[H+]D:§;+ Kep- Ke,

Es Y 08
[ SHE] L G L7 Jou + 2 Ry fmdjd! 2
[H [+ K5, [H [+ s

ke fH Ipi gt | oidr
+ T, oadr T ;‘dy! .[mejD:'dz+E:dz
[H Jp [H Jpo+ £n

[ ZPCy Joie

idr idf idf

where E& =2.[Ca™ 0 —2-[Fe |pmm = 2+ [Mn* " |y + 2

idf

(SO iy + [NOS 15 +[CT17 1,08

The solution is obtained by applying the iterative
method of Newton initialized by :

+ idt,0 _ + idt
[H ]Didz _[H ]Didz
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. e FOH* idt k-1
The function, [H*1o™ =[H" 1,5 ,M .
OF ([H" Ip,: )
AH" ],
is then iterated while F(H1,2*)>¢ . The retained
value is thus obtained when this last condition is not
met.

Analytical protocol

The modelling previously described is applied to
vertical distributions of physicochemical parameters in
natural sediment cores obtained by the following ana-
Iytical protocol (Fig. 3) :

1) sampling of natural sediment cores,

2) analysis of the vertical profiles of chemical
parameters (pH, redox, Oz),

3) vertical sectioning and separation between pore
water and solid matter.

4) On each sub sectioned sample:

1. chemical analysis of each phase: organic matter,
nutrients and metal content.

2. physical analysis: grain size, solid matter density,
water content and porosity.

For purposes of clarity, we limit the presentation of
analytical results to profiles of O,, which initiates the
biogeochemical processes and pH, which integrate
all the processed considered. O, and pH measure-
ments were made with Unisense microsensors every
0,2 cm for the first 2 centimetres and every 0,5 cm
thereafter.

For dissolved O,, the Unisense oxygen microsensor
is a miniaturized Clark-type sensor with an internal
reference and a guard cathode. The sensor is connected
to a high-sensitivity picoammeter such as the Unisense
PA200. Driven by the external partial pressure, oxygen
from the environment penetrates the sensor tip mem-
brane and is reduced at the gold cathode surface. The
picoammeter converts the resulting reduction current
into a signal, which is converted into a dissolved O,
concentration equivalent (Garcia & Gordon 1992).

The Unisense pH microelectrodes are miniaturized glass
electrodes. When the electrode tip is immersed in an
aqueous solution and connected via a high-impedance
millivoltmeter to a reference electrode immersed in the
same solution, the pH electrode tip develops an elec-
tric potential relative to the reference electrode, which
reflects the acidity of the solution.

Fig.1 describes the analysis performed to obtain the
other physicochemical parameters and nutrients.

Application on natural sediments

In this section we present an application of this
approach (analysis and modelling) to sediment cores
collected near Beaumont de Pertuis in the Durance
River (south of France) in July and November 2007.
For these applications, we consider only the first 8 to 10
cm of the sediment cores, which are represented as dis-
crete section of 0.1 cm depth. The time step is adjusted
to ensure numerical stability. We suppose that the verti-
cal distributions of the different parameters measured
in the cores correspond to steady state conditions. The
calculations are then performed until a steady state is
reached and model results are finally compared to ana-
Iytical results.

The initial and limit conditions should be representa-
tive of the long term exchanges between the sediment
and the water column (deposition, erosion, diffusion,
etc). As this information is not available, we assume an
equilibrium state at the sediment-water interface so the
initial and limit conditions are assumed to be constant
and equal to the measurements done on the first layer of
the core (table 6).

Table 6. Initial and limit conditions

Sampling date  Sampling date
Parameters July 2009 November 2007
[POM], (10°molg’) 1500 1200
0,1, (10°mol.I") 185 115
[NO;I,  (10°moll") 95 400
[MnO,l,  (10moll") 16 12
[Fe(OH),], (10°mol.l") 380 700
[SO ], (10 mol.I'") 340 1000
[Mn*]  (10°moll)) 0,1 0,8
[Fe™], (10 mol.I'") 200 60
[ZH,S],  (10Smoll") 0 0
[FeS],(z,t) (10°molg’) 0 0
[FeS,], (10°mol.g’) 0 0
INH T, (10°molIT) 0 0
[£CO],  (10°moll") 600 550
[ZPO,l, (10°moll) 0 0
[MnCO,], (10°mol.g") 0 0
[FeCO,j, (10°molg’) 0 0
[Calcite], (10°mol.g") 250 250
[Ca™], (10 mol.I'") 480 850
pH 8 7.8

Dissolved oxygen profiles

The analytical profiles (Fig. 4) show that concentra-
tions of dissolved O, decrease strongly within the first
millimetres of the sediment column, becoming totally
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Dissolved oxygen

BOUDENNE, B. COULOMB (12)

Dissolved oxygen
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Fig. 5. Profiles of pH

anoxic at 1 centimetre of depth. The model attributes
this decrease to bacterial aerobic respiration and allows
for the determination of the organic matter mineraliza-
tion constants. We observe that the values of these con-
stants are higher in July 2007 than in November 2007,
suggesting that the mineralization of organic matter by
the biological activity is faster in warmer temperatures.
Moreover, this is accentuated by the increase of par-

ticulate organic matter fluxes observed in July. Several
authors (Hartog 2003, Serve et al. 1999) have confirmed
such an increase in the production of particulate organic
matter (planktons, algae, etc) and of an increased deg-
radation by bacterial activity in summer. This result
emphasises the effect of the seasonal variations of bac-
terial activity on the biogeochemical functioning of the
sediments.
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pH profiles

The pH profiles show a slight decrease (Fig. 5), with

the maximal variation of one pH unit over the entire
sedimentary column. The greatest decrease occurred
within the uppermost 2 centimetres of the sediment,
below which pH variation becomes negligible. In this
depth interval, pH variations depend mainly on oxygen
behaviour, which is totally consumed by aerobic respi-
ration. This reaction produces H* ions, decreasing the
porewater pH. Moreover, other biogeochemical reac-
tions such as nitrate and sulphate reduction or oxidation
by O, take place at this depth interval, also contributing
to the production of H* ions. The only biogeochemical
reactions responsible for the consumption of H* ions
are calcite dissolution and manganese and iron oxide
reduction (table 5).
The biogeochemical kinetic constants obtained by fit-
ting the model on the analytical profiles are well within
the range of values found in the literature (table 7),
highlighting the complementarity of the analytical and
modelling approaches to analyse and understand the
functioning of the sediments.

Conclusions

This paper presents an approach coupling modelling
and analytical protocols in order to analyse the vertical
profiles of physico-chemical parameters in sedimen-
tary columns of freshwater systems. The modelling
approach links bio-geochemical processes (VanCappel-
len & Wang 1997) and interstitial diffusion (Boudreau
1996a, Boudreau 1996b). Unique to this approach is the
determination of pH which extends and complements
existing models. At the same time, we have developed
an analytical protocol to obtain the vertical profiles of
the main physicochemical parameters of natural sedi-
ment cores. To illustrate this approach, we present two
applications in sediment cores sampled in July and
November 2007 in the Durance, a river in the south of
France. These applications show that the model and the
analytical protocol allow to analyse and to understand
the biogeochemical functioning of the sediments. In
particular, the O, and pH profiles are correctly repre-
sented by the model.

This approach will be completed to analyse the
behaviour of trace metals along the sedimentary col-
umn in view to guide management efforts to improve
water quality and ecosystem health of current waters.
To this end, the model could be linked to any water
quality model to examine the effects of biogeochemical

kso (10 Lmol )

287
Table 7. Kinetic parameters fitted
Sampling Sampling
Kinetic constants gsf; : g?)t\?e‘mber
2007 2007
P CD 2.10% 2.10°
k2 (10 mol.I') 10 10
kX% (10°molr 40000 30
K39 (104 mol.I) 32 8
kPO (106 mol.1") 8 200
R
5% (10¢ mol.l) 200 200
(o)
Ky'p (109 moll") 30 10
k02 | -6 -1
. MoR, Jor,sR) | (10°moll") 30 10
k}},‘of (10 mol.I") 10 10
Fa 9% (10 mol.I") 8 8
KE(OH S (100 mol.1) 200 1260
k+ 6 el -8 -8
e (106 Lmol s 3,17.10 3,17.10
ko (s1) 3,20.10 3,20.10™
ke (10°Lmol.s? 2,58.10 1,26.10°
e ( .mol™.s™) ,58. ,26.
ke (s1) 2,58.10° 2,58.10"
k+ 6 1l -6 -6
e (10° Lmol's™) 1,93.10 1,29.10
ke (1 1,61.101° 1,61.10
k+
CP (10° Lmol"s™) 3,80.10° 3,17.10°
kep ") 1,61.101 1,61.10"
kepp (106 Lmol-.s) 1,09.1071° 1,09.10
K,y (10° Lmol.s) 5,40.10° 5,40.10°
Fepze (10° Lmol ) 3,49.10° 3,49.10°
ko (10° Lmol.s") 6,34.10° 6,34.10°
3,54.10° 3,54.10°
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processes on the water and sedimentary column com-
position, particularly in terms of nitrates, phosphates
and sulphates, the main nutrients responsible for the
eutrophication of freshwater systems.
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