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Abstract

We perform, for the first time, a global sensitivity analysis on a generic diagenetic reaction-transport model (RTM) to elucidate
the effects of environmental, thermodynamic, and kinetic factors on the magnitudes of phosphorus release fluxes from aquatic
sediments under a range of conditions typically found in lake sediments. Our model includes the processes that describe redox-
sensitive phosphorus releases (the so-called classical model) and processes by which phosphorus mobilization is affected by
porewater sulfate. On decadal and longer time scales, sediment phosphorus effluxes are primarily determined by: sedimentation
flux of reactive organic matter, sedimentation flux of iron oxyhydroxides, concentrations of dissolved oxygen and sulfate at the
sediment—water interface, and the rate at which phosphate is immobilized in reduced sediment. We show that the effects of these
factors on phosphorus effluxes are interdependent and discuss the mechanisms of such interactions. The dominant pathways by
which dissolved sulfate increases phosphorus efflux in iron-rich hypoxic sediments are discussed in detail. In contrast to short-term
phosphorus releases, such as described by the classical model, long-term phosphorus retention is controlled by phosphorus removal
to deep, reduced, sediment, rather than processes at the sediment—water interface. Hence, the results of short-term laboratory or in-
situ studies (such as sediment incubations experiments) cannot be unequivocally extended to long time scales. Our results provide
explanations to the reports that lake restoration measures such as restricting phosphorus inputs to a lake or oxygenating the lake’s
hypolimneon (or both) in the long-term often fail to decrease sediment phosphorus effluxes. The re-deposition of sediment
substances after their release into the water column (the feedback often overlooked in sediment RTMs) can critically affect the
magnitude and dynamics of phosphorus efflux from sediments. Depending on sediment history, the same set of external (boundary)
conditions can generate diagenetic regimes with either high or low phosphorus effluxes (bistability).
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Retention of phosphorus in aquatic sediments is a

I major factor regulating the trophic state of the overlying
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transport models (RTMs) (Berner, 1980; Boudreau, 1997)
are powerful and inexpensive, yet underutilized, tools for
performing this task by exploring sediment early
diagenesis under a variety of conditions. RTMs are
continuous in space and time and describe complex
interconnected webs of physical, chemical, and biogeo-
chemical interactions in the sediment at the level of
individual chemical reactions and transport processes.
The model reactions and processes are characterized by
kinetic parameters that are largely universal across
different environments. By their construction, RTMs
represent the current state of conceptual understanding of
sediment diagenesis and thus make it possible to
investigate sediment phosphorus controls by exploring
model solutions corresponding to a variety of postulated
model inputs — a practice that is especially beneficial
where consistent measurements over an extended range of
conditions are impossible or expensive.

Sensitivity analysis is the main tool for determining
control factors and estimating result uncertainties in
complex computational models with a large number of
processes (Omlin et al., 2001). A local sensitivity
analysis is most often performed whereby the effects of
small variations in the model parameters are investigat-
ed for a selected state of the sediment system, typically
the one for which the model is calibrated to the available
data (Van Cappellen and Wang, 1996a). On the other
hand, descriptions of benthic phosphorus fluxes over a
range of sediment conditions, or over extended periods
of time, require extrapolations beyond the model
calibration range. The required “global” sensitivity
analysis over an extended range of sediment conditions,
is rarely performed (Tromp et al., 1995; Jourabchi et al.,
2005) and no particular analysis method is currently
recognized as standard (Brun et al., 2001; Omlin et al.,
2001; Wang et al., 2003). No such analysis has been
performed yet to identify control factors for sediment
phosphorus releases.

In this paper, we perform both local and global
sensitivity analyses on a diagenetic RTM to determine
factors that most control long-term phosphorus effluxes
from aquatic sediments. The global analysis is performed
in a factorial design setup (Montgomery, 1997) that
allows evaluating the importance of individual system
characteristics, such as chemical species concentrations
or reaction rate constants, as well as interrelations among
their effects on phosphorus mobilization. In order to be
specific, we restrict the analyses to long-term (steady-
state) phosphorus effluxes under a range of conditions
typically found in freshwater lake sediments.

We show that, in contrast to the classical model
(Einsele, 1936; Mortimer, 1941) for short-term phospho-

rus releases upon the onset of sediment anoxia, long-term
phosphorus retention in sediments is relatively insensitive
to the details of phosphorus cycling near the sediment—
water interface and is determined mainly by the
effectiveness of phosphorus retention in deep, reduced,
sediment. We emphasize that the long-term phosphorus
retention can be controlled by mechanisms that are
different from the ones responsible for the short-term
(e.g., seasonal) phosphorus releases. For this reason, the
results of short-term laboratory or in-situ studies (such as
sediment incubations experiments) cannot be unequivo-
cally extended to characterize phosphorus retention
mechanisms on longer time scales or to devise long-
term phosphorus retention strategies. We show that
feedback interactions between the sediment and the
water column can critically affect the magnitude and
dynamics of the phosphorus efflux from sediments and
illustrate how restricting phosphorus inputs to a lake or
oxygenating the lake’s hypolimneon may be ineffective
in decreasing phosphorus effluxes from sediment after a
prolonged period of eutrophication. We also describe the
mechanisms by which dissolved sulfate may significantly
affect benthic phosphorus fluxes in iron-rich sediments,
even at the relatively low concentrations found in lakes.

The paper is organized as follows. First, we briefly
review the proposed mechanisms for sediment phos-
phorus mobilization and describe the processes that are
included in our model, which is subsequently presented.
Then we describe the factorial sensitivity analysis
method, illustrate representative model solutions and
present the analysis results. We next discuss the
identified dominant phosphorus release mechanisms
and analyze the differences between phosphorus release
mechanisms on short and long time scales. The effects
of coupling between the sediment and the water column
are discussed. The last section summarizes our findings.

2. Phosphorus release mechanisms

The magnitude and timing of phosphorus releases
from aquatic sediments (Bostrom et al., 1982;
Sendergaard et al., 2001) are affected by a multitude
of factors, none of which is universally dominant
(Holdren and Armstrong, 1980; Caraco et al., 1991;
Boers et al., 1998). The so-called classical model
(Einsele, 1936; Mortimer, 1941) is most commonly
invoked to describe seasonal phosphorus releases at the
onset of anoxia in the water overlying the sediment. The
classical model links sediment phosphorus efflux to
redox conditions at the sediment—water interface that
are effectively controlled by the dissolved oxygen
concentration in bottom water. When the sediment
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surface is oxic, strong adsorption of dissolved phosphate
to solid iron oxyhydroxides limits phosphorus efflux by
preventing phosphate diffusion into the water column
from deeper, reduced, sediment. Under anoxic condi-
tions, iron oxyhydroxides reductively dissolve and
phosphate is released into the water column.

The apparent success of the classical model resulted
in a widespread attribution of phosphorus mobilization
incidents to sediment redox conditions for a variety of
situations and time scales (Prairie et al., 2001; Géachter
and Miiller, 2003). However, failures of the classical
model were documented in a number of cases (Caraco et
al., 1991). For example, a decade-long artificial
oxygenation of a lake’s hypolimneon was ineffective
in increasing phosphorus retention in a sediment of a
Swiss lake (Géchter and Wehrli, 1998; Géchter and
Miiller, 2003). A number of alternative phosphorus
release controls were suggested, including redox-
sensitive uptake and release of phosphorus by benthic
bacteria (Géchter et al., 1988), phosphorus binding with
calcium carbonates (House et al., 1986; Boers et al.,
1998), and apatite precipitation (Golterman, 2001).
Other factors potentially influencing sediment phospho-
rus retention include: the pH of the overlying water (by
affecting the strength of ionic phosphate sorption to
sediment solid surfaces), quantity and quality of the
organic carbon input, inputs of phosphorus-bearing
minerals, bioturbation, epipelic photosynthesis, rooted
plant activity, in-sediment concentrations of organic
matter, reactive iron, dissolved sulfate, and calcite, and
other sediment characteristics (Wetzel, 2001).

Among the alternative phosphorus release mechan-
isms, a sulfate-controlled phosphorus mobilization
(Mortimer, 1941; Caraco et al., 1993; Gichter and
Miiller, 2003) was suggested to explain several apparent
deviations from classical model behaviors. Sulfur
diagenesis is often neglected in freshwater environments
because of the low sulfate concentrations. However,
sulfate reduction rates in eutrophic lakes can approach
those in brackish environments because of the rapid
turnover between reduced and oxidized sulfur species
(Holmer and Storkholm, 2001). It was suggested
(Caraco et al., 1989; Roden and Edmonds, 1997) that
dissolved sulfate can affect phosphorus efflux from
sediments primarily by two mechanisms: 1) mobiliza-
tion of the iron-bound phosphate when ferric oxyhydr-
oxides are reductively dissolved by H,S generated by
sulfate reduction, and 2) prevention of phosphorus
immobilization into ferrous minerals, such as vivianite,
as a result of porewater iron depletion by iron
monosulfide (FeS) precipitation. In addition, phospho-
rus can be mobilized as a result of a direct dissolution of

vivianite by H,S (Roden and Edmonds, 1997; Géachter
and Miiller, 2003). The magnitude of the sulfate effect
on phosphorus mobilization and the relative roles of the
above mechanisms are still unclear in natural sediments,
as none of these mechanisms have been directly
demonstrated or quantified in situ.

3. The model
3.1. Reactions and transport processes

Our RTM (numerical code LSSE-Mega can be
obtained at http://www.eps.mcgill.ca/~sergei/lssemega/
or by request to the corresponding author; Katsev et al.,
2006) solves a set of diagenetic equations for the
concentrations Cy(x,f) of solid (in mol per gram of dry
weight (DW)) and dissolved (in mol/cm®) chemical
species in the sediment:

JdEC; 0 JC;
G2 (e,
Jat dx dx

>—%(§UIC,-) +>eR. (1)

J

Here, ¢ is time and x is the depth coordinate from the
sediment—water interface down. U; is the advection
(burial) velocity. The factor £ is equal to the sediment
porosity ¢ for dissolved species and (1 —¢)p for solid
species, where p is the grain density of dry sediment in
g/lem®. The effective diffusion coefficients D; were
calculated as sums of the bioturbation coefficient Dy, and
the appropriate molecular diffusion coefficients (cor-
rected for sediment porosity using Archie’s law and for
temperature 7 using expressions in Boudreau (1997)
for =5 °C). The rate constants for the rates R; of
chemical and biochemical reactions (Tables 1-3) were
taken from dSED, a database for modeling sediment
diagenesis (Katsev et al., 2004). The reaction set in
Table 1 was selected to reflect phosphorus release me-
chanisms in the classical model (reactions 1, 2, 5, 6,
and 17) and sulfate-assisted phosphorus mobilization
(reactions 3, 7—12, 14, 15).

Microbial decomposition of organic matter (OM)
(represented by a nominal composition (CH,O)(NH3),
(H3POy), in reactions 1-4, Table 1) via a standard
cascade of electron acceptors (Froelich et al., 1979) is
described by Monod kinetics (Boudreau, 1996) (Table
2). Inhibition constants C:"" were assumed equal to the
Monod constants Ci™ for the respective species, for
simplicity. The kinetics of the redox reactions between
the products of reactions 1—4 are assumed second order
(Table 2). Mineral precipitation and dissolution rates are
taken to be proportional to the respective super- or
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E/;[i(l:(l;llreactions ‘S—X" denotes a species X sorbed to a site S- on solid substrate surface; R’ are dissolution rates

No. Kinetic reactions Rates
Primary redox reactions

L (CH,0)(NH;), (H3PO,), + (1 + 2y)0,—CO; + yNO; + yH + zH3PO,4 + (1 + y)H,0 Roa

2. (CH,0)(NHs), (HsPO,), + 4Fe(OH); + 7C0O,—4Fe*" + 8HCO; + yNH; + zH;PO4 + 3H,0 Rreoms

3. (CH,0)(NH;), (H3POy), + 1/2S03 —HCO; + 1/2H,S + yNH; + zH; PO, Rsos

4. (CH,0)(NHs),(H3PO,),—1/2CH, + 1/2C0O; + yNH; + zH3PO, Rena
Secondary redox reactions

> 4F** 4 0, + 8HCO; + 2H,0—4Fe(OH), + 8CO, Rreox

6. 4S-Fe* + 0, + 4HCO; + 6H,0—4S—H® + 4Fe(OH), + 4CO, Rsurre

7. H,S + 20, + 2HCO; —»S02™ + 2C0O, + 2H,0 Rsox

8. FeS + 20,-Fe*" + SO2 Rresox

9. 2Fe(OH); + H,S + 4C0,—2Fe?* + S 4 4HCO; + 2H,0 Rspes

10. Fe3(POy), + 3H,S—3FeS + 2H3PO, Rsviv

11. FeCO; + H,S—FeS + CO, + H,0 Rsrecos

12. FeS + H,S—FeS, + H, Rresns

13. 2Fe(OH); + FeS + 6C0,—3Fe? + S° 4 6HCO; Rresres
Mineral precipitation reactions

14. Fe** 4+ HCO; + HS —FeS + CO, + H,0 Rres/Res

15. 3Fe" + 2H;PO, + 8H,0—Fes (PO, 58H,0 + 6H™ Ryiv/Riiy

16. xFe?* + (1-x)Ca’* 4 2HCO; ~Fe,Ca(jCO; + CO; + HyO(x = 1) Rrecos/Riecos
Local equilibrium reactions
Adsorption

17. H3PO, — H3PO, (ads)

18. S—H’+Fe*" +HCO5 « S—Fe' +CO,+H,0

Acid-base reactions

Equilibrium constants

CO,(aq) + H,0-~HCO; + H*
HCO;—CO} +H'
H,S—HS™ +H"

H,0—~H" + OH™

Kei=[H'][HCO5]/[CO,]
Kcp=[H'][CO3 ]/[HCO;]
Kys=[H'][HS ]/[H:S]

Kw=[H'][OH]

under-saturations Q; (Table 2). Given the form of the
OM decomposition rate expressions (Table 2), the
overall rate of dissolved phosphate production from
OM is determined by the OM concentration [OM] (i.e.,
OM-limited) and is equal to zkom[OM], where kg is
the rate constant, and z is the P:C ratio (c.f. Van
Cappellen and Wang, 1996b). For the special case of
depth-independent bioturbation, constant porosity ¢
and advection velocity U, the rate of phosphate primary
production then decreases exponentially with depth as

zkom[OM]°exp(—ax), where a=[(4 Dpkom+U?)""?—
U1/(2Dy).

Reactive iron oxyhydroxide phases such as ferrihy-
drite (nominally Fe(OH)3) and goethite (a-FeOOH) are
represented by a single effective phase with stoichiom-
etry Fe(OH); (Tables 1 and 2). Similarly, the iron-
phosphate mineral vivianite (Fe;(POy),) effectively
represents all sediment ferrous iron-phosphate minerals
and amorphous solid phases. The parameter a=1/5 in
the vivianite precipitation rate expression R.;, (Table 2)
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Table 2
Kinetic reaction rate expressions used in the model

k; are rate constants and kges, Kyivs Krecos are solubility constants
Primary redox reactions
For i={0,, Fe(OH);,S0,4,CH,},
Ri=kom[OM]f;,

C. i—1 Cinh

i J

Ci+ C}img G+
= {0,, Fe(OH);, 804},

fen, =1=)f
J

Secondary redox reactions
Rreox=hreouFe* 1[02]
Rsox=kso.[TS][02]

Rspe3 =ksres[ TS][Fe(OH);]
Rsyiv=ksviv[TS][ Fe3(PO4)1]
Rsreco3=ksrecos[ TS][FeCOs]
Reesox=kresox[FeS][O]

RsurFe = ksurFe [ads—Fe] [02]
Resus =kresus[FeS][TS]
Rpesres=keesres[Fe(OH)3][FeS]

where f; = for i,j

Mineral precipitation reactions
Ries=kpes(Qpes = 1)0(Qpes — 1)
Ries=ktes[FeS](1 = Qpes)0(1 — Qges)
[Fegi][HS ]
Kres[H']
Ryiv=hkyi Xy = 10(Quiv— 1)
Riiv=hiin[Fes(PO4),](1 - Q5)8(1 = Qi)

Fe2 1P [Py ]?
where Qup, = M

[TS]

where Qp.s = m

and [HS'| =

and a=1/5

viv
Ryecos=kreco3(Qrecos = 1)0(Qrecoz — 1)
Rteco3=kteco3[FeCO3](1 = Qreco3)0(1 = Lrecos)
[Fe**][CO3 ]

d [co?
Krecos and [CO7']

[TC]

1+ [HY)/Ke2 + H /KeiKer
Here, 6(x)=1 for x>0 and d(x)=0 for x <0.

where QFCC03 =

was chosen from dimensional considerations (Lasaga,
1998), for the lack of better information.

The depth dependence of the bioturbation coefficient,
Dy(x), is approximated by

o I—tanh(x—H) /7

D, —po— 4\ )/t
b > I—tanh(-H /1) ’

(2)

where D} is the value at the sediment surface, /=5 cm
is the depth of the steepest gradient of Dy(x) within the
sediment and =2 cm is the characteristic depth half-
interval within which most of the decrease in Dy, occurs
(Katsev et al., 2006). For simplicity, we neglected the D,
dependence on the sediment temperature and oxygen
concentration, as well as the differences between the

bioturbation rates for solid and liquid species (Fossing et
al., 2004). Also, the sediment porosity ¢ was assumed
constant in space and time (no compaction), in which
case the advection velocity U is the same for solid and
liquid species and equals the sedimentation rate (in cm/
yr) (Berner, 1980).

3.2. Adsorption

Reversible sorption of the ferrous iron ion on
sediment solid surfaces is described by a pH-dependent
equilibrium partitioning coefficient K,4sr. approximated
by a Langmuir isotherm:

[ads — Fe] = Kaggre[Fe* '], (3)
where
K, XiSti(1-;)
Kagsre = Z - 247" (4)
i [H+] + KI?e,i [Fe ]

Here, square brackets denote the concentrations of the
respective species and the sum runs over two types of
solid substrates: ferric oxyhydroxides (Fe(OH);), and a
“background” (B) which collectively represents all other
sediment solids. Ferric oxyhydroxides are singled out
because of their high specific sorption capacity for
phosphate (Parfitt, 1989) and their susceptibility to
redox-driven dissolution/precipitation that are central to
the classical model of phosphorus release (Bostrom et
al., 1988). [ads-Fe] is the concentration of adsorbed Fe
(in mol/gpw), X; is the weight fraction of the i-th
adsorption substrate (i=1,2), St; is the density (in mol/
gpw) of sorption sites at the substrate surface, and 7, is
the fraction of those sites that are occupied by other ions
(c.f. Balistrieri and Murray, 1981; Van Cappellen and
Wang, 1996b). The constants Ky, (Table 3) character-
ize specific sorption capacities of the substrates. The
term [H'] accounts for the pH-driven increase in K,qqpe
within a pH interval roughly extending from 5 to 7.

By analogy, the adsorption coefficient for phosphate
Kagsp 1s defined as

[ads - P] = KadsP [Pdiss} (5)

where

Koo — Z K3 XiSti(1-y;) (©6)
[OH | + KZ [Paiss]

i

Here, [Pg4;ss] 1s the aqueous total (all ionic species
combined) phosphate concentration (in mol/cm?) and
[ads-P] is the concentration of adsorbed phosphate (in
mol/gpw). A more rigorous derivation that takes into
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Table 3
Parameter values used in the model

Parameter ~ Value Units Typical values Refs.*
L 10 cm
p 2.5 gem?
® 0.8 - 0.7-0.95 a,b
U 0.2 cmyr !
z (P:C) 0.005 - 0.002-0.016 ¢
[0,1° 1x1077 mol cm ™3 0-5x10"7 d
[SO.° 2x1077 mol cm? (1-200) x ae
1077
[rcy° 244x10°° mol cm ?
[ALK] 23%x10°°  molem?
Fom 2.57x107%  mol cm® yr !
(:¢sed/z)
Fom 0.8x107°  mol cm? yr !
(:Qext/z)

Freoms 3.75%x107° mol cm 2 yr71
kOM 0.9 yrﬂ

tim 20x107"  mol em? 10°°-10%  fg

e 40x10"7  mol cm? 107°-107° f
i oy 20x107°  molg 10°°-10*  fg
kreox 0.35x10"  cm® mol ! yr ! f
ksox 1.6x10% cm® mol ™! yr71 f
ksres 3.65x107  cm®mol 'yr ' 10*-10° h,i,j
ksviv 1.0x107 cm® mol ™! yr71
ksreco3 1.0x 107 cm’® mol ™! yr71
Kresox 20x10"  cem®mol 'yr ! 10%-10'" k,l
KpesFes 0 gmol ' yr!
— 1.0x10° em® mol ' yr ! 10°-10'° i,m
kurre 1.25%10"  cm® mol ™! yr71
kreco3 45x10°*  mol g lyr! f
kecos 0.25 yr ! f
Kbecos 4.0x10°"  (mol cm 3y
kv 1.7x107°  mol g 'yr!
iy L0 yr!
Koiv 3.0x107°°  (mol cm™ %)’ n
kres 40%x10° molg 'yr! 1077-107% £l
kes 1.0x107%  yr! f
Kres 251x10°° mol cm* o
Ke 8.95x10 ' mol cm ?
Koo 522%x10°" mol cm 3
Kys 1.5x107°  mol em™?
Ky 1.85x10 2" (mol cm 3y
K];kennFe 4.5x 1073 -
Kfeons 1.0x107° -
Kl?onFe 6.0x 1072 -
K#onp 1.0x107° -
Stre(1=7r) 1.0x10°2 mol g !
Ste(l1=75) 4.0x107°  molg !
DY 10 em? yr ! 0.1-100 b

Interface concentrations (for solutes) and sedimentation fluxes (for
solids) not listed in this table are zero.

*References: a) Roden and Edmonds (1997); b) Boudreau (1997); c)
Hecky et al. (1993); d) Kalff (2002); e) Urban (1994); f) Van Cappellen
and Wang (1996); g) Dittrich and coworkers, pers. commun., 2006; h)
Wijsman et al. (2002); 1) Fossing et al. (2004); j) Meysman et al. (2003);
k) Van Cappellen and Wang (1995); 1) Hunter et al. (1998); m) Rickard
(1997); n) Davison (1993); 0) Morse et al. (1987).

"Most natural unpolluted lakes have SO4 concentrations in the lower
part of the range (Urban, 1994).

account speciation of both phosphate ions and sorption
sites leads to an expression similar to Eq. (6) but with
a slightly smaller K,4sp for pH<7. The coefficients St
(1—7;) and K3, for the Fe(Ill) substrate were obtained
by fitting the experimental data of Parfitt (1989) for
phosphate sorption on goethite (a-FeOOH). In our preli-
minary simulations, the choice of the sorption isotherm
(e.g., Freundlich instead of Langmuir (Golterman,
1995)), had an insignificant effect on the magnitude of
phosphorus efflux from the sediment.

3.3. Boundary conditions
The boundary conditions at the sediment—water

interface are imposed-concentration (Dirichlet) for the
dissolved species:

Cilx=0,1) = (1) (7)

and imposed-flux (Neumann) for the solid species:
JaC |,

—fD,-E—FCUC,’:Fi(I)- (8)

Here, F; is the solid substance flux (in mol/cmz—sed/yr)
at the sediment—water interface. A no-gradient bound-
ary condition is imposed for all species at the bottom of
the integration domain (L=10 cm):

Ci/ax|x:L =0. (9)

In preliminary simulations, increasing L from 10 to
40 cm caused less than 2% variation in the phosphorus
efflux from sediment and, thus, to increase the
computation speed, L=10 cm was chosen as the
smallest realistic end-depth.

3.4. Coupling with the water column

Because up to 100% of the phosphorus deposited
into the sediment can be released back into the water
column (Emerson and Widmer, 1978) and then re-
deposited in one form or another, a feedback exists
between the phosphorus release and deposition fluxes.
This may lead to a net accumulation in or a loss of
phosphorus from the sediment. To take this “recycling”
of phosphorus into account, we adopt a reflective
boundary approximation (Soetaert et al., 2000) whereby
phosphate flux from the sediment into the water column
D, (Fig. 1b) generates an equivalent amount in organic
carbon rain flux AFon=®P,ec/z=Poy/z, where D, is
the molar flux of the recycled phosphorus (D,e.=Pqy
effectively assumes that the water-column biomass
production is phosphorus-limited). Similarly, the dif-
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Fig. 1. Mass balance considerations and the recycling of phosphorus. a) No feedback between the sediment and the water column. Total sedimentation
flux of phosphorus @4 is specified as the model’s boundary condition. In a steady-state, mass balance with the phosphorus burial flux @y, demands
that @ =DPgeq — Pour irrespective of the internal fluxes @,,. b) Phosphorus can be recycled in the water column, re-deposition flux @,..=®,,. The
boundary condition specifies the net external sedimentation flux @, (e.g., phosphorus input into the lake via rivers). The fluxes @, and @, across
the interface are not directly constrained by the mass balance between @y and Py, In a steady-state, Pex;=Ppyr-

fusive efflux of Fe?" is assumed to generate its molar
equivalent in the sedimentation flux of ferric iron
Freomys, 1.€. all dissolved ferrous iron is oxidized in
the water column (Fossing et al., 2004). The reflective
boundary approximation is appropriate for the steady-
state calculations in this paper. Simulating temporal
evolution of diagenetic systems may require additional
water-column variables (Soetaert et al., 2000) to
account for the time delay between the release of
sediment substances and their re-deposition.

We perform our simulations for two situations:
without the recycling of phosphorus and iron, in
which case total sedimentation fluxes @4 are specified
at the model boundary (see Fig. la), and with such
recycling, in which case only net external fluxes @, are
specified (see Fig. 1b).

3.5. Numerical method

Nonlinear coupled partial differential Eq. (1) with
boundary conditions (7—9) was discretized on an evenly
spaced grid so that the species concentrations at each
node were described by a system of ordinary differential
equations (ODE). The resulting ODEs were solved with
a method-of-lines stiff ODE integrator VODE (Brown et
al., 1989) to obtain the species concentrations Cy(x,?) .
Steady-state solutions Cy(x) were obtained by running
the program for diagenesis times sufficiently long for
any transient behaviors to vanish, 10,000 years in our
simulations. Total analytical variables ([TC], [TS], and

[ALK], respectively) were used to characterize the
aqueous concentrations of porewater carbonate, sulfide,
and alkalinity:

[TC] = [CO,] + [HCO;] + [CO3 ], (10)
[TS] = [HS™] + [H2S], (11)
[ALK] =

[HCO;] +2[Co2 ]+ [HS ] [NH; |
Fe|-[H'] + [OH]. (12)

We assumed that the adsorption reactions are in local
chemical equilibrium so that the amounts of ferrous iron
and phosphate can be expressed as total (dissolved+
adsorbed) quantities:

[totFe] = [Fe**] + [ads — Fe]F
= [Fez+](1 +FKadsFe)a (13)

+ Flads —

[totP] = [Pgiss] + [ads — P]F
= [PdiSS](l +FKadsP), (14)

The conversion factor F between the concentration
units for solid and liquid species is F=p(1 —@)/¢. The
term Flads-Fe] in the expression for total alkalinity
[ALK] (Eq. (12)) accounts for the release of H' in the
Fe?" sorption/desorption reaction 18 (Table 1).

Since the adsorption coefficients (4) and (6) depend
on the proton concentration [H'], which, in turn, cannot
be determined independently of [ads-Fe] (because both
[ads-Fe] and [H'] enter Eq. (12)), a Newton—Raphson
algorithm was employed to determine the concentrations
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[Fe’"] and [H'] at each iteration step by simultaneously
solving Egs. (12) and (13) with known [ALK] and [tot-
Fe], together with Eq. (4) and the equilibrium relations in
Table 1. Concentrations of all other equilibrium species
were calculated from the equilibrium speciation relations
in Table 1 and the sorption relations (3—6).

3.6. Omitted processes

We keep the number of processes in the model to a
minimum that still reflects the essential features of the
classical model and the sulfate-induced phosphorus
mobilization. As such, we ignored phosphorus immo-
bilization with apatite (Golterman, 2001) and aluminum
(Williams et al., 1971), and complexation of iron, sulfur,
and phosphorus with sediment organic matter (Jackson
and Schindler, 1975), as well as redox-sensitive uptake
and release of phosphorus by benthic bacteria (Géchter
et al., 1988). We neglected phosphorus immobilization
with CaCO3 (House et al., 1986) because of the low
calcite concentration at the circumneutral pH considered
here. Phosphorus loading to the sediment surface is
considered only with organic matter, without explicit
treatment of other sources such as fertilizer pollution
(runoff) and mineral phosphorus input. Sediment
nitrogen and manganese are not considered, for
simplicity. In preliminary simulations (not shown),
nitrogen and manganese decreased phosphorus efflux
by shifting the iron reduction zone to deeper sediment
but their presence was inconsequential for the main
conclusions of this paper.

As is often done in RTMs (e.g., Boudreau, 1996), we
disregarded sediment heterogeneity and finite grain size.
Also, the functional form of the mineral precipitation
rate laws in Table 2 is consistent with mineral formation
by nucleation, ignoring crystal growth and ripening.
Aqueous solutions are assumed ideal so that activities
are replaced by concentrations.

We also had to exclude bio-irrigation (pumping
activity by burrow-dwelling animals which results in a
non-local fluid exchange between porewater and bottom
water) from factorial simulation runs because numerical
difficulties in many of such runs precluded a complete
factorial analysis.

4. Factor analysis design

We determine phosphorus control parameters by
performing both local and global sensitivity analyses on
our model. In the local sensitivity analysis, model
behaviors are simulated in response to small deviations
in the model parameters (such as reaction rate constants

or reactive species input fluxes) from a selected point in
the model parameter space. In diagenetic RTM studies
(e.g., Van Cappellen and Wang, 1996a), such a point is
typically defined by a parameter set for which a
satisfactory fit to the data is obtained. Model sensitivity
is typically expressed in terms of derivatives 3%', where
y; are the response functions (e.g., calculated values of
model variables) and 6; are model parameters. To
compare the effects of different parameters, the
derivatives are scaled as % A0; (to express them in
units of y;) or ay LAO; /v, (1n dimensionless units),
where y{° are the charactenstlc scales for the variables y;.
The parameters A6, can reflect, for example, the
constraints (ranges) or uncertainties in the respective
0; values imposed by the available field data or prior
knowledge However, the choice of both y;° and A6, is
subjective, and this can affect the analysis results (Brun
et al., 2001). To eliminate the bias associated with A6,
we choose A0;=0; so that the scaled derivatives become
relative deviations, i.e. the percent change in y; given the
percent change in 0; (Omlin et al., 2001). In performing
local sensitivity analysis, we investigate our model
behavior around a single point in the model parameter
space defined by the parameter set in Table 3
representative of the typical lake sediment conditions.
Global sensitivity analysis involves investigating a
larger region of the model parameter space (Hornberger
and Spear, 1981; Elliott et al., 2000; Brun et al., 2001).
We utilize a so-called 2% factorial design setup
(Montgomery, 1997; Saltelli et al., 2000) whereby
model solutions are obtained for two levels (maximum
and minimum) of & selected parameters, as described
below. While less computationally efficient than some
other parameter screening methods (Morris, 1991;
Reichert et al., 2002), this approach has the advantage
of estimating parameter interactions, i.e. to what degree
the effect of varying one model parameter depends on
the values of the others. In a complex and
interconnected diagenetic system, this is important
because, as demonstrated below, phosphorus control
factors may vary with sediment conditions. The
minimum and maximum parameter levels (Table 4)
were selected to bracket the typical or expected
variability ranges for the respective parameters. Because
of an inherent freedom in the choice of those levels, and
because parameters such as reaction rate constants can
vary by as much as several orders of magnitude, the
analysis identified factors that are potential phosphorus
controls when varied across this selected range of
possible conditions, rather than at a particular system or
site. The parameter ranges were determined by search-
ing the literature for typical species concentrations and
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Table 4
Parameter selection for 2 factorial analysis
Parameter Group Min. value Max. value Unit

A B C D E F H
Fom X 1.25x1073 5.0x1073 mol cm 2 yr !
Freomy3 X X X X 1.25%10°° 7.0x10°° mol cm™ 2 yr !
[0,]° X X X X 0 1.5x1077 mol cm ?
[S0,1° X X X X 1.0x10°® 0.5x10°° mol cm?
kom X 0.3 0.9 yr!
KFesFes X X 0 1.0x10* gmol 'yr!
ksres 3.0x10° 3.0x10° em® mol ! yr !
Ksviv X X X 0 1.0x 108 em® mol ™! yr !
ksrecos X 0 1.0x10% cm’ mol ™! yr7l
kresox X 3.0x10° 2.0x10" e’ mol ™! yr !
kreshs X X 0 1.0x10" em® mol ' yr !
kres X 4x1077 4x107* mol g 'yr!
kyiv X X X X 1.0x10° 10 3.0x10°° mol gfl yr7l
Kliv X 0.1 10 yr!
Dg X X 1 10 cm? yr71
T X 2 5 cm
U X X 0.1 0.3 cmyr !
K onFe X 5.0x107* 1.0x1072 -
Kfeons X 5.0x10°° 5.0x107° -
Kionre X X 2.0x10°2 1.0x10°! -
Kionp X 5.0x10°¢ 5.0x107° -

Factors included in each factor group are marked by ‘x’.

polling the dSED database (Katsev et al., 2004) for
typical ranges of kinetic constants.

The effects of individual model parameters and their
interactions were calculated as differences between the
response function values corresponding to the maxi-
mum and minimum levels of the selected factor(s),
averaged over all levels of all other factors (Montgom-
ery, 1997). For example, for a simple two-factor analysis
(Fig. 2), the effects £ 4 and E of individual parameters A4
and B on the response function Y are:

E,= O.S[Yab + Ya—Yb—Y(l)] =<Y>, 1 —<Y>4
(15)

Eg =0.5[Y + Yb*Ya*Yu)] =<Y>pr — <Y>p
(16)

where Y; are the response function values at the
respective points in the 4—B parameter space (Fig. 2)
and <Y>, and <Y>_ are the averages of the response
function for the maximum and minimum levels of the
respective parameter over all levels of the other
parameter.

The interaction E 45z between the factors 4 and B is
defined as:

Eyp = 0.5[(Yap—Ys)—(Ya=Y))], (17)

i.e. the difference in the effects of 4 (or B) between the
maximum and minimum levels of B (or A). More details
can be found in the factorial analysis literature (e.g.,
Montgomery, 1997).

Characterizing the response function by its values at
only two parameter levels implicitly assumes that the
system response is approximately linear within the
considered parameter range (the validity of this
assumption can be verified by analyzing the distribution
of standardized residuals, which are the deviations of
individual response function values from their average).
Given the calculated response function values, the
response function can be approximated with a linear
regression

Y = ap +Za,-x,-+2ai,-xix,-+8, (18)
i Vil

where x; are the values of the model factors scaled
linearly so that +1 corresponds to the maximum factor
level and —1 corresponds to the minimum factor level
(Table 4). The term & denotes the higher-order terms and
terms proportional to x7 that are neglected. The
regression coefficients ao, a; and a;; are calculated to
fit the calculated response function values (Montgom-
ery, 1997).

For the sake of simplicity, we choose a single re-
sponse function: The steady-state diffusive phosphorus
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Bs— Yb Yab

Ya

| |
A- A+
A

Fig. 2. Global sensitivity analysis in a 2* factorial design. For a two-
parameter analysis, the response function Y'is calculated at four points
((1), a, b, and ab) corresponding to the 2* combinations of the
maximum (+) and minimum (—) levels of factors 4 and B.

efflux @, from the sediment into the water column (Fig.
1). The steady-state approximation allows the compar-
ison of time-independent quantities instead of dynamic
solutions, i.e. numbers instead of functions. It also avoids
time-dependent inputs to the model, such as temporal
variations in the sediment temperature or hypolimnetic
oxygen concentration. The use of the steady-state appro-
ximation in lake sediments where phosphorus fluxes
fluctuate daily (Carlton and Wetzel, 1988), seasonally
(Sendergaard et al., 2001), and over many years (Géchter
and Miiller, 2003 ) restricts the analysis to time scales that
are greater than the typical relaxation times in a
diagenetic system, i.e. the analysis identifies parameters
that determine the long-term trends in phosphorus efflux.
The system evolutions on time scales greater than the
typical transition times between steady-states (e.g., after
a change in external conditions) can be described by a
succession of steady-states. The steady-state solutions
can also be interpreted as the time-averages of the system
characteristics (Soetaert et al., 1996).

5. Results and discussion
5.1. Typical solutions

In the absence of phosphorus and iron recycling in
the water column (Fig. la), phosphorus efflux from
sediment @, typically approached its steady-state value
within 10 to 20 years in our simulations (Fig. 3). (The
results for the boundary condition which takes P and Fe
recycling into consideration (Fig. 1b) will be discussed
later.)

Because chemical species distributions within natural
lake sediments exhibit extremely large lateral (from cm
to km) and temporal (diurnal to seasonal to inter-annual)
variability (e.g., Lewandowski et al., 2002), depth

profiles determined by measurements in situ do not, in
general, coincide with their respective long-term and/or
large-scale averages. Because steady-state model solu-
tions here effectively represent such averages, we chose
not to calibrate our model to a particular single set of
field data but instead selected a reference state (Table 3)
variations about which generated depth profiles that are
consistent, in terms of the species concentrations and
profile shapes, with a large number of field observations
(e.g., Rudd et al., 1986; Fiirrer and Wehrli, 1996;
Lewandowski et al., 2002, and other works). Fig. 4
illustrates such typical simulated steady-state depth
profiles and Table 5 compares typical freshwater
sediment characteristics with their simulated values
corresponding to the parameter set in Table 3.

Because of equilibration with the water column
where high biological demand is considered to consume
all inorganic phosphate (phosphorus limitation of
biological production), the concentrations of both
dissolved [Pyg;ss] and adsorbed [ads-P] phosphate reach
zero at the sediment—water interface (Fig. 4). Porewater
phosphate concentration is small within the oxic layer
(x=0-3 mm) where phosphate is sorbed to solid Fe(III)
and increases below 3 mm because of the phosphate
production from decomposing organic matter (reactions
1-4 in Table 1). The [ads-P] profiles often have double
maxima that arise in the absence of temporal changes in
phosphorus deposition as a combined effect of several
factors: the in-sediment phosphate production, the
microbial iron reduction which decreases the amount
of Fe(Ill) sorption substrates with depth, and the
porewater pH variation with depth. Microbial iron and
sulfate reduction causes the porewater concentrations

2.0x10™%
~ 1.5x10° 1
>
% .
S oot o L DT T T T e
=] N -
£ “ 2
Z !
£ g
0.0 i . o .
0 10 20 30 40 50

time, yrs

Fig. 3. Approach to a steady-state. Time evolution of the phosphorus
efflux from sediment @, is plotted after the system is perturbed from a
steady-state as follows. 1)[0,]° is switched from 0.1 to 0.005 mM. 2)
[02]0 is switched from 0.005 to 0.1 mM. 3) Foy is halved from its
value in Table 3. 4) Foy is restored (doubled from its value in case
(3)). There is no feedback between the sediment and the water column

(Fig. 1a).
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Fig. 4. Simulated steady-state depth profiles. The solid lines correspond to the parameter set in Table 3 (reference state). For other curves, the

»

parameters marked “—
parameters are as in Table 3.

[Fe*'] and [TS] to increase with depth, but both these
concentrations decrease in the deeper sediment because
of the precipitation of iron sulfide, FeS, and vivianite.
The sulfate reduction and the associated presence of
hydrogen sulfide immediately below the interface are
consistent with the porewater profiles for the respective
species observed in lakes (Postma and Jakobsen, 1996;
Alfaro-De la Torre and Tessier, 2002) and the recently
reported high densities of sulfate reducers in sediment
oxic zones (Wieringa et al., 2000).

5.2. Control parameters for steady-state P efflux

5.2.1. Individual factor effects
The results of local and global factor analyses are
summarized in Fig. 5. For the local analysis, relative

in the legend are at their minimum levels (see Table 4), and the ones marked “+” are at their maximum levels, while all other

(percentage) deviations from the reference &, value
were calculated in response to increasing the respective
model parameter values by 1%. To perform the global
sensitivity analysis, the number of simulation runs was
reduced to a manageable size by distributing the model
parameters in groups (typically 6 parameters per group).
For each group, steady-state effluxes of phosphorus @,
were calculated for all 2°=64 combinations of param-
eter (factor) levels in a group (Table 4).

As seen in Fig. 5, the sedimentation flux of organic
matter Foy is the most important factor in determining
the magnitude of the steady-state phosphorus flux across
the sediment—water interface. Variations in Fyy gener-
ate changes in @, that exceed the direct production of
phosphorus from OM by a factor of about 1.5. Other
significant parameters include [0,1° [SO4]°, and Fr,
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Table 5
Simulated steady-state sediment characteristics for the parameter set in Table 3
Characteristic Value for Value for Units Typical value Ref.
Fom=®sea/z Fom=®Pexi/z
(oxic/anoxic ®) (oxic/anoxic )
Efflux @, (1.0/1.2)x107° 0.8/13)x10°° mol/em*/yr (1-6)x107°° 1,5
[omy° 1.8x107° (1.3/18)x10°3 mol/g pw (1.5-9)x103°
[Fe(OH);]° (9/1.3)x10°° (9/1.8)x107° mol/g pw (1-2.5)x10"*¢ 11
[Fes(PO,),]° (8/0.5)x10°° (7/0.7)x10°¢ mol/g pw 0-10"3 12,13
tot Fe in solid® (3/0.16)x107° (2.5/1)x107° mol/g pw (0.1-2)x 1073 2,6,9
tot P in solid ® (15/4)x10° (15/5)x107° mol/g pw (3-20)x10°° 2
Fe:P in solid® (1.5-2.3)/(7-20) (1.7-2.4)/(1.3-3.7) - 2-10¢ 2,6,14
[TS]® (2.0/3.5)x1078 (2.0/5)x1078 mol/cm’® 1x1078 10
S reduction rate " (5/8)x10°° [CHES mol/em*/yr (0.3-50)x 1073 7
[Paiss] € (6/15)x1078 (4/200)x10°® mol/cm’® (2-20)x10°% 3,4
[Fe*]¢ (20/2.5)x107% (20/2.5)x10° % mol/em® (2-50)x10~# 34,6
FKqsp© 2000/150 2000/150 - 2-1000 2
pH at interface 7.2 7.2 - 4-9

References: 1) Bostrom et al. (1988); 2) Jensen et al. (1992); 3) Carignan and Lean (1991); 4) Fiirrer and Wehrli (1996); 5) Kalff (2002); 6) Roden and
Edmonds (1997); 7) Urban (1994); 8); 9) Carignan and Tessier (1988); 10) Wersin et al. (1991); 11) Kliza and Telmer (2001); 12) Manning et al.

(1991); 13) Emerson and Widmer (1978); 14) Hupfer et al. (1995).

? Values for anoxic sediment are obtained by setting [OZ]O:O for fixed Py.q and [OZ]O: 10 pM for fixed Pey,.
® From anoxic sediments during summer anoxia for periods from days to months.
¢ Sediment organic content varies in a wide range between environments. The typical value here was calculated by assuming 5-30% DW organic

content and OM molar mass 30 g/mol.
9 Includes both reactive and refractory Fe(Ill) fractions.
¢ Average over the upper 10 cm of sediment.
f Integrated over the upper 10 cm of sediment.
€ Within the top 2 cm of the sediment.

(omy3» Whose individual effects are roughly comparable
in magnitude, both in local and global analyses. @,
also strongly depends on the organic matter reactivity
(kom) and the sedimentation (burial) rate U, as well as
on the rate of phosphate immobilization with ferrous
phases (effectively described by k,;,) and on the rate of
dissolution of those phases by porewater hydrogen
sulfide (described by ksyiy). The following parameters
had negligible effects on @,,,;: bioturbation intensity Dy,
the rates of dissolution of Fe(OH); and FeCO; by
hydrogen sulfide (represented by kspez and kspecos,
respectively), the rate of FeS precipitation (kg.s), and the
sorption of phosphate and dissolved iron on both types
of substrates (represented by the respective K¥ cons-
tants). Changing the porewater pH at the sediment—
water interface (by varying the alkalinity variable
[ALK]® while maintaining constant [TC]%) in the
range from 6 to 8 did not significantly affect @,.

To test the effect of sediment temperature on @, the
molecular diffusion coefficients were re-calculated for
T=15 °C and the reaction rate constants were corrected
for temperature using the Arrhenius law with a O, factor
(a factor by which the parameters increase per 10 °C) of
2. The bioturbation coefficient D) was temperature-
corrected using Qo=3 (c.f. Fossing et al., 2004). It was

found that the phosphorus efflux @, at 7=15 °C
differed from its value at 7=5 °C by less than 15%,
which is comparable to the minor factor effects in Fig. 5.

5.2.2. Factor interactions

Several two- and three-factor interaction effects are
comparable in magnitude with the individual factor
effects (Fig. 5), which indicates that, for the parameter
ranges considered, phosphorus efflux from sediment is
determined by the balance, rather than absolute values,
of the respective sediment characteristics: organic
matter flux Foyy, the interface concentrations of oxygen
[0,]° and sulfate [SO4]°, and the sedimentation flux of
ferric iron FFe(OH)3~

These interactions are illustrated in Fig. 6 as contour
plots of the @, values calculated from a linear
regression of the type shown in Eq. (18). The
approximately straight contour lines in the plots [0,]°
vs. Fon and [SO4]° vs. Fom (Fig. 6a,b) suggest that the
large values of the corresponding interaction effects in
Fig. 5 are mainly due to the strong effect of the organic
matter flux Fop. In contrast, curved contour lines in Fig.
6¢—d indicate a significant interdependence between the
effects on the phosphorus efflux of the interface con-
centrations [O,]° and [SO3 1%, and the sedimentation
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Fig. 5. Sensitivity analyses summary. Local sensitivity analysis (relative deviation): the percent change in @, in response to varying individual
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increase in the respective parameter increases (decreases) P efflux from the sediment. The model boundary condition at the sediment—water interface

specified @yq (Fig. la).

flux of ferric iron Freonys. Fig. 7 shows &, values
calculated from the model for a range of these
parameters.

The correlations between the diagenetic effects of
Freomys [02]%, and [SO4]” on phosphorus mobilization
are realized via a number of reactive pathways, as
determined by an inspection of the simulated depth
profiles and by running simulations with one or several
parameters selectively turned off. For example, FeS
precipitation affects porewater concentrations of both
Fe*" and H,S. Whereas increasing the supply of iron
Freonys to the sediment may increase phosphorus
immobilization with vivianite, it can be compensated by
an appropriate increase in [SO4]°, which generates H,S
that binds Fe(II), thereby limiting the sediment vivianite
content. Because the dissolved sulfate affects phospho-
rus efflux via the diagenetic cycle of iron, the effect of
sulfate on D, is greater in Fe-rich sediments (Fig. 7).

Similarly, the effect of sulfate is greater at higher
oxygen concentrations, because of the larger Fe®"
concentration below the oxic layer. Conversely, varying
[02]0 has a smaller effect on @, at high sulfate
concentrations because of the low dissolved Fe*"
amounts in reduced sediment. Oxidation of H,S and
FeS by oxygen (reactions 7 and 8 in Table 1) did not
affect either @, or the magnitude of the [0,]°~[SO4]°
interaction in our simulations.

To verify consistency with the local sensitivity
analysis in the limit of small deviations, a separate
factorial analysis was performed with the minimum and
maximum parameter levels assigned as the reference
value in Table 3 plus or minus 1%, respectively. The
individual factor effects in this analysis coincided with
their corresponding values in the local analysis, whereas
interactions between factors were negligible. The latter
result indicates relative independence of the factor
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effects for small deviations around the reference state,
which is also manifested in the small variation in the line
curvature in the central regions of Figs. 6 and 7.

5.3. Short-term vs. long-term phosphorus efflux

In an apparent contradiction with the classical model,
the list of phosphorus control factors in Fig. 5 does not
include model parameters that define phosphorus
immobilization near the sediment surface, such as
constants K¥.nre and kgge3 that characterize the strength
of phosphate sorption to Fe(Ill) oxyhydroxides and the
rate of Fe(Ill) dissolution by H,S, respectively. This
contradiction illustrates an important distinction be-
tween phosphorus controls in a long-term (e.g., decades)
and on short time scales for which the classical model
was originally formulated (days to months) (Mortimer,
1941).

Long-term phosphorus retention can be summarized
by a simple mass balance argument (see Fig. 1):
Phosphorus that is not buried has to be released. For a

constant phosphorus input rate @4, the steady-state
efflux of phosphorus into the water column @, is
linked to the permanent burial flux @, so that
Doyt =Pseqa— Pour (Fig. 1a). In order to increase long-
term retention of phosphorus, any immobilization of
phosphorus within the diagenetically active sediment
layer (including phosphorus sorption to iron oxyhydr-
oxides in the oxidized layer) has to be accompanied by
its permanent burial. For instance, phosphorus sorption
to Fe(Ill) near the sediment interface may indirectly
increase the rate of vivianite precipitation in deep
sediment by increasing the time that phosphorus spends
in the diagenetically active layer. In case phosphorus is
mobilized before it is permanently buried (e.g., because
of the dissolution of Fe(IIl) sorption substrates),
phosphorus immobilization near the sediment surface
is ineffective for its long-term retention (Hupfer et al.,
1995). Phosphorus will accumulate inside the sediment
and eventually will be released to the overlying water. In
the short-term, however, the mass balance between the
input and burial fluxes can be (temporarily) violated and
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Fig. 7. The effects of [0,]°, [SO4]’, and F; Fe(om)3 ON the steady-state value of phosphorus efflux @,,,. The sedimentation flux of phosphorus at the
model’s boundary ®..q was 1.285x 10> molP/cm?/yr. The non-varied parameters are as in Table 3.

sediment phosphorus exchange with the water column
can be dominated exclusively by the processes near the
sediment—water interface. This difference between
long-term and short-term phosphorus retention mechan-
isms means that the mechanisms for seasonal phospho-
rus releases can be different from the ones that control
phosphorus accumulation or removal over the time span
of decades.

That phosphorus release mechanisms depend on the
time scale of interest has been a source of a considerable
amount of confusion. For example, short-term laboratory
and in-situ observations (e.g., Mortimer, 1941) that
phosphorus effluxes are restricted by higher bottom
water oxygen concentrations were used as a rationale in
long-term lake management projects (Géachter and
Wehrli, 1998). Our results show that even though higher
oxygen concentration in the bottom water can improve
the long-term phosphorus retention (Fig. 7) (c.f.
Schauser et al., 2006), the mechanisms are different
from those in the classical model and thus lake res-
toration by hypolimneon oxygenation may not have the
desired long-term effect (Géachter and Wehrli, 1998;
Giéchter and Miiller, 2003; Schauser et al., 2003).

In our simulations, for sufficiently low sulfate con-
centration, the presence of oxygen at the sediment sur-

face increases the concentration of dissolved iron [Fe?']
below the oxic layer through Fe** oxidation and sorption
to ferric oxyhydroxides (reactions 5, 6, and 18 in Table
1), thus preventing the loss of iron to the water column.
As ferric oxyhydroxides are buried into the reduced
sediment, they are reductively dissolved and Fe*" and
H;PO, are released to the porewater in the deeper part of
the sediment. Increasing [0,]° or Freonys raises the
porewater supersaturation with respect to vivianite
below the oxic zone and thus enhances phosphorus
burial. In addition, a higher concentration of oxygen
increases the supersaturation with respect to vivianite by
shifting the iron reduction zone and its associated Fe*"
concentration maximum deeper towards the maximum
in the concentration of dissolved phosphate. The strength
of phosphorus sorption near the sediment surface was
unimportant for @, in our simulations and the curves in
Fig. 7 were virtually unchanged when the adsorption of
phosphate on Fe(OH); was turned off in the model by
setting KPonre=0.

Given the importance of permanent phosphorus
burial, more research is needed to experimentally
characterize phosphorus-bearing solid phases with
which phosphorus is permanently buried in natural
sediments. Their amounts and mineralogy, as well as the
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kinetics of their formation and dissolution (such as the
processes described here by the kinetic constants ky;y,
ki, and ksy;y) need to be determined. For example,
sediment porewaters are often found to be supersaturat-
ed with respect to vivianite (Emerson and Widmer,
1978; Wersin et al., 1991; Friedl et al., 1997) but
substantial vivianite quantities are rarely reported
(Nriagu and Dell, 1974; Manning et al., 1991, 1999).
Some authors suggested that vivianite precipitation is
typically inhibited or very slow (e.g., Wersin et al.,
1991). Alternatively, amorphous or nanophase particles
of vivianite-like iron phosphates could fall below the
detection limits of experimental techniques. Ferrous
phosphate agglomerates (e.g., Fe(OH),—PO,) on the
surfaces of solid particles (Roden and Edmonds, 1997)
could also contribute to permanent phosphorus burial.

In characterizing phosphorus-bearing phases, it is
important to distinguish adsorbed phosphorus from
phosphorus in authigenically precipitated minerals
(Golterman, 1995). Mineral precipitation limits the
porewater phosphate amount to near-equilibrium con-
centration; adsorption, on the other hand, only redis-
tributes phosphorus between solid and liquid phases and
thus dissolved phosphorus concentration may increase
with phosphorus input to the sediment.

5.4. Recycling in the water column and re-deposition

The mass balance considerations in the previous
section (Fig. 1a) need to be modified if water-column
recycling of the released sediment material is substantial
(Fig. 1b). Assuming 100% recycling efficiency (in a
steady-state, D, =P,..), the steady-state burial flux @y,
has to be equal to the net external input flux of
phosphorus @, which is the difference between the
phosphorus amounts delivered to and flushed from the
lake by rivers and other inputs and outputs (e.g.,
acrosols, ground water, run-off). In this case, ®.,; and
Dy, impose no direct mass balance constraints on the
magnitude of @,y (=Pyec), and D, can be controlled by
the near-interface processes. However, physical trans-
port of substances by diffusion and bioturbation creates
feedbacks between phosphorus diagenesis at different
depths within the sediment, providing an indirect link
between @, and D,,. The burial flux Dy, is
determined by the rate of phosphorus-bearing solids
formation (within the cycle @y,,), which, in turn, is
affected by the porewater phosphate and iron concen-
trations, which are themselves affected by the amounts
of phosphorus and iron cycling across the sediment—
water interface (cycle P,y —Prec). Over time, the
Do~ Prec Cycle has to adjust so that @y, =Py Thus,

the long-term phosphorus efflux @, is determined not
only by near-interface processes but also by phosphorus
cycling in the deeper sediment (P,p) and by permanent
P burial processes (Ppur).

Fig. 8 plots transient efflux @, for the case where
the released phosphorus and iron are rapidly (the re-
deposition time is much shorter than the characteristic
system evolution time scale) recycled back to the
sediment. Because of the complexity of the feedback
interactions between the input and burial fluxes,
achieving a steady-state typically takes much longer
(20 to 400 years) than in Fig. 3. In some cases, such as in
curve 4 in Fig. 8, the rate of increase in phosphorus
efflux is accelerated at some point in time, after the
sediment retention capacity for phosphorus is exceeded.

An interesting phenomenon of bistability was
observed (Fig. 8), whereby two steady-states coexisted
for the same parameter set. For example, after the
phosphorus efflux increased following the decrease in
the interface oxygen concentration from 0.1 mM to
0.005 mM (curve 1 in Fig. 8), restoring the oxygen
concentration to its original value 0.1 mM did not result
in the original low value of the phosphorus flux (curve
2). Because the phosphorus efflux (®,,,) is not directly
constrained by the phosphorus input (®.,,), two different
diagenesis regimes (one with low phosphorus efflux and
one with high phosphorus efflux) could coexist for the
same set of external conditions (i.e. for the same net
substance inputs and interface aqueous concentrations).
Incidentally, the conceptual possibility of bistability in
the context of phosphorus cycling was presented by
Giéchter and Imboden (1985). After a prolonged anoxia
(curve 1), the large amount of phosphorus cycling across
the sediment—water interface generated such high
sedimentation flux Fgy of reactive organic carbon
that, even when the concentration of oxygen was
restored in the bottom water, the oxic layer was too
thin to limit the dissolved phosphate gradient within the
sediment. These simulations suggest, in particular, that
it may not be possible to reduce P efflux from sediment
after a prolonged period of eutrophication only by
curtailing external phosphorus inputs into the lake or by
oxygenating the lake hypolimneon, and that additional
measures may need to be taken to achieve the desired
diagenetic regime.

Because of numerical difficulties and complications
arising from bistability, we were unable to complete a
full 2% analysis for this type of boundary condition. The
obtained partial results of the factorial analysis (not
shown) are generally similar to those presented above
for the case without the water-column phosphorus
recycling: The effects of the adsorption factors are
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Fig. 8. Approach to a steady-state when phosphorus and iron are
recycled in the water column and re-deposited to the sediment (Fig.
1b). Time evolution of the phosphorus efflux from sediment @, is
plotted after the system is perturbed from a steady-state. The
perturbations are the same as in Fig. 3.

negligible, whereas the effects of phosphorus burial are
crucial. The most significant factors are again Fopy,
[02]0, [SO4]0, and Fgeomys, and also kinetic constants
ksre3, kresox and keesys. The residuals, however, were
not normally distributed, which indicates that the model
response is strongly nonlinear (bistability) in the
considered parameter range and therefore the factor
analysis results are less reliable than for fixed @gq.

The recycling of sediment substances in the water
column makes phosphorus release flux @,, more
sensitive to the variations in sediment characteristics
by introducing feedbacks into the system: An increase
in @, leads to an increase in OM sedimentation flux,
which increases the amount of organic phosphorus and
the rates of oxygen and ferric oxyhydroxide consump-
tion in the sediment, which, in turn, further increases
D, Fig. 9 plots steady-state @D, against the
sediment—water interface oxygen and sulfate concen-
trations for the two types of boundary conditions.
Because the steady-state @, is not constrained by the
phosphorus input flux when the released phosphorus
can be recycled, @, reaches extremely high values
for small [0,]° and large [SO3 1° The critical oxygen
(sulfate) concentration at which the sediment is no
longer able to retain phosphorus varies with the
concentration of sulfate (oxygen) and the sedimenta-
tion flux of organic matter. The very high @, values
(up to 10°* mol ecm ? yr ') obtained in our
simulations, in practice, mean that the biological
production in the water column switches from being
phosphorus-limited to being limited by other sub-
stances, such as nitrogen. When phosphorus recycling
in the water column is negligible, the efflux &, from
sediment is limited by @4 (Fig. 9).

5.5. The role of sulfur

Our simulations confirm previous hypotheses (Car-
aco et al., 1993; Roden and Edmonds, 1997) that the
presence of sulfate enhances long-term phosphorus
effluxes (Figs. 7 and 8). For fixed phosphorus input flux
D4, the steady-state phosphorus efflux @, for
[SO4]°=0.2 mM is about twice its value in an otherwise
identical non-sulfidic system (curve 1 of Fig. 9b). When
phosphorus recycling in the water column is substantial,
increasing sulfate concentration in the bottom water can
cause dramatic increase in the long-term phosphorus
efflux. The fact that the magnitude of the sulfate effect
on phosphorus efflux depends on the combination of
several other factors, such as oxygen concentration and
the organic carbon sedimentation rate (Fig. 5), explains
the lack of clear cross-system correlations (Caraco et al.,
1993) between the rate of sediment sulfate reduction and
water-column phosphate accumulation.
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Fig. 9. The effects of interface oxygen and sulfate concentrations on
phosphorus efflux from sediment. Steady-state values of phosphorus
efflux from sediment are plotted against oxygen (a) and sulfate (b)
concentrations at the sediment—water interface. 1,5) the total
sedimentation flux of phosphorus @4 was specified at the model’s
boundary (Fig. 1a). 2—4) the net external flux @, was specified (Fig.
1b). 1,2,4,5) The parameters (except the varied [O,]°, or [SO4]° or
Fowm) are as in Table 3. 3) Foy is halved from its value in Table 3. 4,5)
Oxygen concentration at the interface [O,]” was set to 0 (anoxia). The
arrows indicate the direction of change from oxic to anoxic conditions.
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Our simulations suggest that dissolved sulfate affects
the steady-state phosphorus efflux @, by regulating the
phosphorus immobilization with ferrous iron (e.g., by
iron-phosphate precipitation). The primary mechanism
for the sulfate—iron—phosphorus interaction is a direct
dissolution of vivianite (or equivalent iron-phosphate
phase) by hydrogen sulfide (reaction 10 in Table 1). This
is evidenced, for example, by the large effect of the
corresponding rate constant ks, (Fig. 5). For kgiy>
10 cm®/mol/yr, the rate of the sulfide-induced disso-
lution of vivianite was limited in our simulations by the
amount of available sulfide. We are unaware of any
independent estimates of the kgy;, value. In all our
simulations, the rate of vivianite precipitation exceeded
the rate of its H,S-induced dissolution because of
sufficiently high porewater concentrations [Fe*'] and
[H3PO4].

The other two mechanisms discussed above
(dissolution of Fe(IIl) solids by hydrogen sulfide and
prevention of ferrous phosphates formation by FeS
precipitation) for the sulfate-assisted phosphorus
release were insignificant in our simulations. Vivianite
precipitation was only slightly affected by the Fe*"
binding in FeS; setting kp.s=0 (reaction 12) affected
D, by less than 0.01%. The direct dissolution of Fe
(IIT) oxyhydroxides by H,S was also unimportant: The
curves in Fig. 8b were unaffected by setting kpe3ps=0.
We could not verify the importance of preferential
dissolution of siderite (over vivianite) by H,S (as
suggested in (Géchter and Miiller, 2003)) because of a
too small amount of FeCOj (siderite) generated in
most simulations.

A counter-intuitive result was obtained for a case
where a substantial amount of solid Fe(IIl) survived
reduction in the sediment column and was buried
permanently into the deep sediment (this was achieved
by increasing ng(loms to effectively inhibit bacterial
iron reduction). Whereas one could expect that
enhancing sulfide-induced dissolution of Fe(OH);
(reaction 9) would increase phosphorus efflux by
releasing sorbed P into the porewater, the &, efflux,
in fact, decreased with increasing kgg.3. Similarly to the
small role of phosphorus sorption parameters discussed
above, this contradiction is explained by the dominant
role of phosphorus burial in the steady-state: The Fe**
and phosphate ions released into the porewater increase
the rate of vivianite precipitation, which overcompen-
sates for the loss in sediment sorption capacity.

The enhancement of phosphorus mobilization in the
presence of dissolved sulfate in our simulations suggests
that the loading of sulfur into lakes (e.g., as acid rain)
may, under many conditions (e.g., in hypoxic iron-rich

lakes), exacerbate phosphorus releases from sediments
and lead to eutrophication (Caraco et al., 1989). A more
careful analysis is needed to take into account the effect
of sulfate on other ecosystem parameters, since the
associated changes in the pH or the biological
productivity of the water column may have an opposite
effect on the phosphorus release rates (Curtis, 1989).

6. Summary

Using a reactive-transport model, we have investi-
gated a lake sediment system for characteristics that
control long-term (steady-state) phosphorus effluxes
from sediment into the water column. Our modeling
exploration included the reactions and processes of the
classical model of Einsele (1936) and Mortimer (1941)
and the recently suggested (Caraco et al., 1993; Roden
and Edmonds, 1997) reactions by which phosphorus
effluxes can be affected by the dissolved sulfate
concentration in the overlying water. Our main
conclusions are:

1) Long-term phosphorus efflux from sediments is
predominantly controlled by combinations of the
following factors: the concentrations of dissolved
oxygen and sulfate at the sediment—water interface,
the rate of phosphorus immobilization in reduced
sediment, the sedimentation flux of reactive ferric
iron, and the sedimentation flux of organic matter,
the latter being most important of all.

2) Which phosphorus release mechanisms are relevant
depends on the time scale of interest. The
mechanisms implicated in short-term laboratory or
in-situ studies cannot in general be extrapolated to
long-term phosphorus retention in natural sedi-
ments. Since the classical model was originally
formulated for phosphorus releases during seasonal
anoxia, remediation measures based on the classical
model, such as artificial hypolimneon oxygenation,
can have only short-lasting effect. Precipitation and
permanent burial of phosphorus-bearing solid
phases (rather than phosphorus sorption near the
sediment—water interface) are key to phosphorus
retention in the long-term. Further research is
needed to experimentally quantify the mineralogy
and the rate of formation and dissolution of the
relevant phases occurring below the oxygen
penetration depth.

3) Dissolved sulfate increases phosphorus effluxes from
sediments, primarily by the dissolution of phosporus-
bearing phases by hydrogen sulfide generated in the
process of microbial sulfate reduction.
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4) Higher oxygen concentrations in the overlying
waters generally decrease phosphorus effluxes from
sediments. This effect of oxygen concentration on
sediment phosphorus retention is diminished, how-
ever, in the presence of sulfate.

5) Recycling of released phosphorus back to the
sediment (via water-column productivity and organic
carbon sedimentation) introduces positive feedbacks
that strongly affect the sediment system response to
changing external conditions. Model calculations
demonstrate the possibility of bistability, whereby
two steady-states are possible and the trophic state of
the sediment—water-column system depends not only
on the system’s characteristics but also on its history.
This suggests that the task of decreasing sediment
phosphorus effluxes after a prolonged period of
eutrophication can require more than the restoration
of pre-eutrophic phosphorus inputs and hypolimnetic
O, concentrations.
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