Modeling benthic—pelagic nutrient exchange processel porewater
distributions in a seasonally—hypoxic sedimentderce for massive

phosphate release Bgggiatoa?

A. W. Dale*, V. J. Bertics, T. Treude, S. Sommer Wallmann

GEOMAR Helmholtz Centre for Ocean Research Kielsédhofstrasse 1-3, 24148 Kiel,
Germany

Emails: adale@geomar.de, vbertics@geomar.de, g@gdomar.de, ssommer@geomar.de,
kwallmann@geomar.de

*Corresponding author

Supplementary information for the bioirrigation experiment—-model procedure

Throughout the duration of the sampling campaiguiltircores (10 cm internal diameter) were taken
to the home laboratory for manipulation experimeotsgletermine bioirrigation rates. The procedure
involves adding a large excess of a dissolved cwasee tracer, in this case Brto the water
overlying the sediment and allowing the core toutrate for a known period of time. Posterior
analytical determination of the depth distributioh Br~ allows the rate of irrigation to be
approximated by modeling the transient infiltratioiBr~ into the sediment using a numerical model
(Martin and Banta, 1992).

Following delivery to the laboratory, the sedimeates were allowed to settle for a period of 24—

48 h at 4°C whilst stirring (60 rpm) the overlying water adproximately 20 cm above the sediment



surface. Observed trajectories of small amountuspended particulate material at the bottom of the
overlying water showed that this rate of stirringsasufficient to ventilate the surface of the sestim

It was not possible to control the dissolveg @@ncentration of the overlying water, and the sore
were left open to the atmosphere except during edaper and October when bottom water O
concentration was < pM. In these cases, the cores were bubbled withoA2fh and sealed tightly
with the stirrer mounted through a rubber stoppdter the settling period, an excess of NaBr
dissolved in a small amount of seawater was thelecgdo the cores whilst stirring, so that the final
Br~ concentration was ca. 20 mM. The cores were thewed to incubate for 7 d (10 d on 22 March)
in the dark with stirring, after which period thedsment cores were sectioned and sampled for
analysis of Br and porosity following the same procedures outlimdove. By the end of the
experiment, the Brconcentration in the overlying water had decredsedeveral mM due to uptake
by the sediment. The incubation time was choseadas results by Meile et al. (2005), who showed
that the apparent rate of irrigation determinechgisgixcess Brchanges rapidly during the first few
days of incubation and only reaches quasi—steaatyg sifter approximately 1 week when transient
concentration gradients and fluxes associated titiows are reduced (Boudreau and Marinelli,
1994). The presence of macrofauna in sieved (1 meediment was noted but not measured
guantitatively.

The measured Brconcentration profiles were simulated using a steady state model which
accounts for solute transport into the sedimentmbiecular diffusion and bioirrigation using a non—
local source sink function (Boudreau, 1984; Emersbal., 1984). Assuming that porosity does not
change during the incubation period, the 1D mass@wation equation which describes the change

in Br- concentration (M) in the sediment with time is eegsed as:

0Br~ a 0Br~

e E((‘DD 7) + o (Brepw — Br™) (1)

where z (cm) is depth in the sedimen{d) is time,o, () is the depth—dependent bioirrigation

coefficient describing solute pumping through aditmarrows and By, (M) is the time—dependent



Br~ concentration in the well mixed overlying wateheTsediment porosity,, was defined by fitting
the exponential functiop = (L) + (p(0) —¢(L))e?® to the measured data on each date where the
parametersp(0) and ¢(L) are the porosity at the sediment—water interfacd Bn compacted
sediments, respectively, arzg, (cm) is the porosity attenuation lengi(0), ¢(L) and z,, were
determined by least squares fits to measured pyprasofiles. The in situ molecular diffusion
coefficient,D (cnf d%), was calculated from the value in seawali; € 1 cnf d) at the incubation
temperature (4C) and salinity of 20 usin® = Dy(1 — Inp?)™ (Boudreau, 1997).

The lower boundary condition was defined as a geadient {Br/oz = 0). The BF concentration

at the sediment surface was calculated dynamicadlysidering a diffusive boundary layer of

thicknessz:
D dBr~ _ b Brow — Br=(0) 52)
4 0z I, v Z4iff

where Br(0) (M) is the BT concentration in the surface sediment layer diydmtlow the diffusive
sublayer (Boudreau, 1996). A value of 0.04 cm wassen forzg (Forster et al., 1999).

Transport of Brinto the sediments results in a decrease irc@ncentration in the overlying water
column. This is accounted for by dynamically modglBr,, at each time step by integrating the

tracer concentration over the entire depth of gwrsent &,):
1 (%max
Bryw = Brow(t =0) — Ef @Br~ dz (S3)
0

whereh is the height of the overlying water column (c@.t8 30 cm). By, also serves as the upper
boundary condition for By from which Br(0) is calculated at each time step.

The depth—dependenceopfwas described using the function:

= exp(Opiz — 2)
! P11+ exp(apiy — 2)

Op (84')



whereay; (d™) is approximately equal to the rate of bioirrigatiat the sediment surface ang (cm)
controls the irrigation depth. This type of forntida allows for a constant rate of irrigation ireth
sediment down to a depth equal to ag (Dale et al.,, 2011) and better describes the flata
Boknis Eck compared to the more commonly employedles exponential function (e.g. Martin and
Banta, 1992).

To solve the model, the continuous spatial dekeatin Eq. (S1) were replaced with finite
differences (Boudreau, 1997). The resulting seDDEs was solved using the NDSolve algorithm in
MaTHEMATICA 7.0 using the method of lines over 100 discretettdépervals with a grid spacing
increasing from sub—mm scale at the top of the tndal@ain to sub—cm scale at the bottom (30 cm).
The initial Br concentration in the sediment was assumed to betaa and set to the value
measured in sediments below 20 cm in the paraletscsectioned for geochemical analysis. This
approach disregards the obvious concentration gméglin background Bin the upper 10 cm due to
irrigation and seasonal salinity changes (see Bgsulet, since the Bitracer concentration in the
overlying water was ca. 50 times greater than thieient background concentration (0.4 mM), failure
to account for these seasonal trends of iBrthe initial condition creates a negligible @rio the
results. The model solutions were >99 % mass coatee.

The bioirrigation constants,; anday,, were quantified by running the model transiendy the
length of the incubation period and tuning theituea until a good fit with the measured™Br
concentrations was obtained. To make this appreacbbjective as possible, a simple optimization
routine was used. This consisted of running the @gh@@000 times using random valuesagf and
opiz chosen with the RandomReal function imMeEmATICA. After each simulation, the root mean
squared error (RMSE) of the modeled results vethesobservations was calculated. The final
parameter values were those giving the lowest Ri#gically less than 1 mM).

Quantifying bioirrigation rates using this approaelies on several underlying assumptions, such
as (i) addition of NaBr does not affect sedimespmeation or irrigation rates, (ii) accumulationxf
released during POM mineralization is negligiblenpared to the addition of the tracer, (iii) tramsfe
of the cores from local in situ temperature to¢bastant cool room temperature diGtdoes not
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significantly affect bioirrigation, (iv) cumulativerror due to uncertainty in porosity, water heighd
diffusive boundary layer thickness is small (<10%)d (v) no artifacts arise due to changes in
dissolved @ concentration over the course of the experimeriith Ye exception of the latter, which
is the most tenuous in our case, these assumtaaesbeen substantiated on numerous occasions

(Martin and Banta, 1992; Forster et al., 1999; 200 and Janhke, 2004; Sayles and Martin, 1995).

Supplementary information for the diagenetic model

Parameters used in the biogeochemical model ntedli;m Table 3 are provided in Table S1.
Boundary conditions are given in Table S2. Comsiguequations which define the transport terms,
temperature corrections and conversion factorsgaren in Table S3. General details of these
functions are presented in Dale et al. (2011).

The parameters for the porosity function were rieiteed from the measured porosity values for
all geochemical cores analyzed using the functiescdbed in the bioirrigation section above.
Porosity was used, amongst others, to calculas#tundiffusion coefficientsp, from the molecular
diffusion coefficients in porewateBy, for the bottom water temperature and mean sgalfit20
using data provided by Boudreau (1997) and Scl2092€).D was therefore time dependent through
the temperature.

The depth—dependent fluid velocity,(z), was calculated assuming steady state compactio
(Berner, 1980). To account for the enhanced adwedtf dissolved CHifollowing gas eruption from
the sediment, the upward velociig(0t), is subtracted from the downward movement of water
due to burial. For all other soluteg0,t) = 0.

Changes have been made with regard to the biafiviy coefficient, o (EQ. (S4)), which was
assumed to vary among solutes. This reasoningsesdban previous observations by Aller (2001) and
model simulations by Berg et al. (2003) and Metlale (2005) who showed that diffusion gradients
across burrow walls can lead to unique irrigatioefficients for different species. The approach of
Meile et al. (2005) is particularly insightful se¢hey derived 1D irrigation coefficients from atwal
porewater data set generated using a 3D model vatcbunted for burrow geometry and reactions.
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They demonstrated that highly redox sensitive ssesiich as Betend to be oxidized on burrow
walls, leading to zero apparent irrigation rateewlnalyzed using a 1D model (Meile et al., 2005).
Similarly, owing to their reactivity, ©and THS tend to be irrigated at about twice the ratees§|
reactive species such as S0ONH," and TCQ. Bioirrigation coefficients determined using the B
tracer experiment for an incubation length of atb@ndays approximate those of SQTCO, and
NH,". This is because the radial concentration gradiémr  after this period displays vertical and
radial concentration gradients around burrows ataristic of S@, TCO, and NH'. Therefore, in
this study the coefficient, (Eg. (3a) in main text) was set equal to 1 fosalutes with the exception
of O,, TH,S and F&, which were equal to 2 (for£and THS) and 0 (for Fg).

The same first-order rate constant values forkgl< 1.4x10* d%), G2 kg, = 4.1x10° d™) and
G3 (kg3 = 1.1x10° d™) mineralization were used as in (Dale et al., 308d; was constrained using
SR rates measured ex situ witlsO,?, whereasks, and kg3 were constrained using data from a
gravity core taken at the same site. The reactiitthe GO fraction representing fresh phytodedritu
was set to 0.016 Hbased on results by Graf et al. (1983) who detechithat the spring bloom in
Boknis Eck was consumed within 5—-6 weeks of beiggogdited in the seabed. The data presented by
Dale et al. (2011) correspond to the pre—springrmlovinter situation and consideration of this
fraction was unnecessary in that study. Due teladd data, the N:C ratio of GO was set to thathef
G1 fraction (9.5/106) determined previously (Daleale, 2011) which is close to the experimentally
determined composition of organic matter of 8.9/{Bélzer et al., 1983YN:C); for G1, G2 and G3
were unchanged from Dale et al. (2011). A Redffel@ value of 1/106 estimated from porewater
data and benthic chamber fluxes was prescribedlfoarbon fractions (Balzer et al., 1983).

All reaction rate expressions include an additiagean to allow for the widely—observed fact that
biogeochemical reactions in marine sediments amsitdee to changes in temperature. All POM
mineralization rate constants, with the exceptidnaerobic respiration and denitrification, were
allowed to increase by a factor of 3 for every’Cdncrease in temperature, that is, usir@@value
of 3 (Westrich and Berner, 1988; Klump and Martelrl®39). Aerobic respiration and denitrification
were assigned @, of 1.8 based on data presented by Thamdrup €1208) and Rysgaard et al.
(2004) for the temperature range characteristiBaknis Eck bottom waters (0 to £2@). Anammox
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was better described with@y of 2.5 since it responds more rapidly to riseteimperature over this
range than denitrification (Dalsgaard and Thamd2@®f?2; Rysgaard et al., 2004). AOM was assigned
a Qo of 2 based on slurry incubations using sedimesrhfthe same site (Treude et al., 2005). Data
on the temperature response of the other secomddpx reactions is, to our knowledge, not well

established and these were assign@haf 2 (Fossing et al., 2004).



Table S1. Additional parameters used in the biolgedcal model.

Parameter Description Value Unit Main constraint

Ds Dry sediment density 25 gcm® Assumed (Dale et al., 2011)

»(0) Porosity az=0 0.94 1 Measured (this studi)

o(L) Porosity atz=L (60 cm) 0.87 1 Measured (this study)

Zoor Porosity attenuation length 1.25 cm Measured (this study)

ve(L) Sediment burial velocity 1.1x10° cmd? Exces$‘Pb (Nittrouer et al., 1998)

Zyt Bioturbation attenuation coefficient 2 cm Assunbeded on steady state model (Dale et al., 2011)

Quc Temperature rate increase for POM mineralization 0 3. 1 Experimentally determined (Westrich and Berta®88; Klump and Martens, 1989)
Quc Temperature rate increase for aerobic respiratiohdenitrification 1.8 1 Experimentally determined (Rysgaard et 81042 Thamdrup et al., 1988)
Quc Temperature rate increase for anammox 2.5 1 Expetidly determined (Rysgaard et al., 2004)

Quc Temperature rate increase for all other reactions 2 1 Assumed, based on Fossing et al. (2004)

Tro Reference temperature for reaction rates 21 °C Lowest temperature where SR was measured

Kac Rate constant for GO degradation 0016 *d Protein content and ATP turnover (Graf et al.,3)98

ka1 Rate constant for G1 degradation 1.4%10 o Measured SR rates (Bertics et al., 2012)

ka2 Rate constant for G2 degradation 4.1%10 d* Gravity core porewater data (Dale et al., 2011)

Kgz Rate constant for G3 degradation 1.15%10d™* Gravity core porewater data (Dale et al., 2011)

fox Enhancement factor for POM degradation By O 10 1 Q penetration depths from Preisler et al. (2007)

Koz Half-saturation constant for,O 1 uM Benthic fluxes and porewater modeling (Bohlemlet2011; Dale et al., 2011)
Knoa Half-saturation constant for NO 10 uM Benthic fluxes and porewater modeling (Bohlemalet2011; Dale et al., 2011)
Kno2 Half-saturation constant for NO 10 uM Benthic fluxes and porewater modeling (Bohlemalet2011; Dale et al., 2011)
Kre Half-saturation constant for Fe(OH) 0.028 wt—% Benthic fluxes and porewater modelBghlen et al., 2011; Dale et al., 2011)
Kso. Half—saturation constant for sulfate 0.5 mM Flowotigh reactor experiments (Pallud and Van Cappe2ed6)

Kroa Half-saturation constant for TR@Quring Ree2o; 10 uM Assumed (this study)

KnH4ox Rate constant for aerobic oxidation of NH 2.7x1d M1d? Benthic fluxes and porewater modeling (Bohlenle?2811; Dale et al., 2011)
Knozox Rate constant for aerobic oxidation of NO 2.7x1d M1d? Benthic fluxes and porewater modeling (Bohlenle?2811; Dale et al., 2011)
Kamx Rate constant for anammox 2.7x1d M1d? Benthic fluxes and porewater modeling (Bohlenle@11; Dale et al., 2011)
Konra Rate constant for DNRA 2.7x10 Mt d? Benthic fluxes and porewater modeling (Bohlenle?2811; Dale et al., 2011)
Kiiosox Rate constant for aerobic oxidation of ;BH 2.7x10 M1d? Benthic fluxes and porewater modeling (Bohlenle?811; Dale et al., 2011)
Kaom Rate constant for AOM 0.27 d? SO concentration profile (this study)

(N:C)q Molar mineralization ratio of N:C in GO 9.5/106 mel(mol Cy*  Assumed equal tN: C); and measured by Balzer et al. (1983)

(N:C), Molar mineralization ratio of N:C in G1 9.5/106 mel(mol CJ!  Steady—state model (Dale et al., 2011)

(N:C), Molar mineralization ratio of N:C in G2 8/106 mol(Wol C)!  Steady—state model (Dale et al., 2011)

(N:C)3 Molar mineralization ratio of N:C in G3 27/106 mel(mol Cy*  Steady—state model (Dale et al., 2011)

& Mean porosity values from measurements in all ipielcores in Table 1 (main text)
® The TPQ concentration is relatively insensitive to thisgraeter, and is included to avoid negative TB@nhcentrations (see main text).



Table S2: Boundary conditions used in the modeheFdependent boundary conditions denoted

‘variable’ are shown in Fig. 1.

Variable Value Unit Constraint

Upper solutes

O, Variable  uM Measured (Dale et al., 2011)

NO; 6 uM Measured (Dale et al., 2011)

NOg3 pac 150 uM Measured (Preisler et al., 2007)

NO,” 0.5 uM Measured (Dale et al., 2011)

Slo%a Variable mM Scaled to salinity (this study)

Fe?t 0.1 uM Assumed

NH," 3 uM Measured (Dale et al., 2011)

TPO 15 uM Measured (this study)

CH, 10 nM Measured (Bange et al., 2010), assumedanans
TCO, 2 mM Measured (this study)

TH,S 0.1 uM Measured (this study)

Br- Variable mM Scaled to salinity (this study)

Upper solids

GO Variable ~ mmolnfd®  POC flux (Balzer et al., 1986) minus G1, G2 and G3
G1 Variable  mmolnfd® SR rates (this study)

G2 1.34 mmol ifd*  Gravity core porewater data (Dale et al., 2011)
G3 1.81 mmol if d*  Gravity core porewater data (Dale et al., 2011)
Fe(OH) 0.41 mmol mfd™*  °

Fe(OH) 5 0.41 mmol mfd™*  °

>Fe—P 0.82x mmol m?d* P

FeS 0 mmol m?d?  Assumed

Lower solutes

O, 016z=0 mmol m* Measured data

NO; 016z=0 mmol m* Measured data

NO, 016z=0 mmol m* Measured data

SO* 016z=0 mmol m* Measured data

Fett dl0z=0 mmol m* Measured data

NH,* 2500 uM Measured data

TPO, 500 uM Measured data

CH, 500 uM Assumed based on model results (Dale et al., 2011
TCO, 30 mM Measured data

TH,S 4000 uM Measured data

Br 0loz=0 mmol m* Measured data

Lower solids

All solids 8l6z=0 mmol m? Assumed

@ The total iron oxide flux is calculated from maggumulation rates and iron concentrations (Bal@$2;
Lapp and Balzer, 1993). The partitioning of thexthetween the two pools is assumed to be equal.

® P:Fe molar ratio in iron oxyhydroxides based on model simulations by Slomp et al. (1986}h Fe(OH)_a
and Fe(OH)_5 deposited on the seabed have an associated ®ifract



Table S3: Depth—dependent constitutive equatioaed irsthe biogeochemical model.

Parameter Constitutive equation
Porosity 0(2) = 9 + (0 () — (1) -exp (- =)
. . . _ __bywm
Molecular diffusion in sedimefit D(z,T) = Thew?)
. . _ (1—eW)ws(L)
Burial of solids vs(2) =0
Burial of solute® v,(z,t) = "S“)"”(”(;(';‘;(O't)"p(o)
2
Bioturbation Dy(z,t) = Dy (0, 1) - exp (— . 2)
2:Zpt
S o . _exp(apip(£)—2)
Bioirrigation i (2,8) = apia () - T
Intracellular nitrate transport (2, 1) = ap, (£) - b2

1+exp(ap,—2)

Temperature correction for ratés F(T) = Qw(m);oT ref)

. . 100 % - .
Conversion between solid (wt %) fx(z) = mw

and dissolved species (mmol St mol  Ps'(1=9(2)

 Depends on time through the temperatljedependency.
® Upward advection of soluteg,(0.t), is used for Ciionly. For all other speciag(0) = 0.
°f, where X = POC, Fe or P aMly is the molecular weight in g mdl

References

Aller, R. C. Transport and reactions in the bigiated zone, in The Benthic Boundary Layer, B. P.
Boudreau and B. B. Jgrgensen (eds.), Oxford UniydPsess, pp 269-301, 2001.

Balzer, W. On the distribution of iron and manganasthe sediment/water interface: thermodynamic
versus kinetic control. Geochimica et Cosmochindicta 46, 1153-1161. 1982.

Balzer, W., Grasshoff, K., Dieckmann, P., Haardt,ahd Petersohn, U. Redox turnover at the
sediment/water interface studied in a large belsystem. Oceanologica Acta 6, 337-344. 1983.

Bange, H. W., Bergmann, K., Hansen, H. P., KockK&appe, R., Malien, F., and Ostrau, C.
Dissolved methane during hypoxic events at the BoEgk time series station (Eckernforde Bay, SW
Baltic Sea). Biogeosciences 7, 1279-1284. 2010.

Berg, P., Rysgaard, S., and Thamdrup, B. Dynamidatitng of early diagenesis and nutrient cycling.
A case study in an Arctic marine sediment. Ameridanrnal of Science 303, 905-955, 2003.

Berner, R. A. Early Diagenesis: A Theoretical Ammb. Princeton University Press, Princeton, 241
pp, 1980.

Bertics, V. J., Léscher, C. R., Salonen, I., DAleW., Schmitz, R. A., and Treude, T. Occurrence of
benthic microbial nitrogen fixation, coupled tofsit# reduction, and denitrification in the seasiynal
hypoxic Eckernférde Bay, Baltic Sea. Biogeoscieri2gisgussions 9, 6489-6533. 2012.

10



Bohlen, L., Dale, A. W., Sommer, S., Mosch, T., Blem C., Noffke, A., Scholz, F., and Wallmann,
K. Benthic nitrogen cycling traversing the Peruviatygen minimum zone. Geochimica et
Cosmochimica Acta 75, 6094-6111. 2011.

Boudreau, B. P. On the equivalence of nonlocalradéal-diffusion models for porewater irrigation.
Journal of Marine Research 42, 731-735, 1984.

Boudreau, B. P. A method—of-lines code for carbod autrient diagenesis in aquatic sediments.
Computers and Geosciences 22, 479-496, 1996.

Boudreau, B. P. Diagenetic Models and Their Impletatgon: Modelling Transport and Reactions in
Aquatic Sediments, Springer—Verlag, Berlin, 4141897

Boudreau, B. P. and Marinelli, R. L. A modellingidy of discontinuous biological irrigation. Journal
of Marine Research 52, 947-968, 1994.

Dale, A. W., Sommer, S., Bohlen, L., Treude, T.ti8s, V. J., Bange, H. W., Pfannkuche, O.,
Schorp, T., Mattsdotter, M., and Wallmann, K. Rated regulation of nitrogen cycling in seasonally
hypoxic sediments during winter (Boknis Eck, SWtiabea): sensitivity to environmental variables.
Estuarine, Coastal and Shelf Science 95, 14-28.201

Dalsgaard, T. and Thamdrup, B. Production of N+2ugh anaerobic ammonium oxidation coupled
to nitrate reduction in marine sediments. Applied &nvironmental Microbiology 68, 1312-1318,
2002.

Emerson, S., Jahnke, R., and Heggie, D. Sedimetd+vexchange in shallow water estuarine
sediments. Journal of Marine Research 42, 709-1728%.

Forster, S., Glud, R. N., Gundersen, J. K., andttdljeM. In situ study of bromide tracer and oxygen
flux in coastal sediments. Estuarine, Coastal dreffScience 49, 813-827, 1999.

Forster, S., Khalili, A., and Kitlar, J. Variatiai nonlocal irrigation in a subtidal benthic comntyn
Journal of Marine Research 61, 335-357, 2003.

Fossing, H., Berg, P., Thamdrup, B., RysgaardS®ensen, H. M., and Nielsen, K. A model set-up
for an oxygen and nutrient flux model for AarhusyB®enmark). National Environmental Research
Institute (NERI), Technical Report, No. 483, 68 gp04.

Graf, G., Schulz, R., Peinert, R., and Meyer—ReilA. Benthic response to sedimentation events
during autumn to spring at a shallow—water statiothe Western Kiel Bight. Marine Biology 77,
235-246, 1983.

Haeckel, M., Boudreau, B. P., and Wallmann, K. Bebimduced porewater mixing: A 3—D model
for deep porewater irrigation. Geochimica et Codmmia Acta 71, 5135-5154, 2007.

Klump, J. V. and Martens, C. S. The seasonalitypuifient regeneration in an organic-rich coastal
sediment: kinetic modeling of changing pore—watdriant and sulfate distributions. Limnology and
Oceanography 34, 559-577, 1989.

Lapp, B. and Balzer, W. Early diagenesis of traegtafs used as an indicator of past productivity
changes in coastal sediments. Geochimica et CosmimehActa 57, 4639-4652. 1993.

11



Martin, W. R. and Banta, G. T. The measurementedirsent irrigation rates: A comparison of the
Br— tracer and 222Rn/226Ra disequilibrium techrsqulurnal of Marine Research 50, 125-154,
1992.

Meile, C., Berg, P., Van Cappellen, P., and Tunday,Solute—specific pore water irrigation:
Implications for chemical cycling in early diageisegdournal of Marine Research 64, 601-621, 2005.

Nittrouer, C. A., Lopez, G. R., Wright, D. , BentJé5. J., D'Andrea, A. F., Friedrichs, C. T., Crailg
I., and Sommerfield, C. K. Oceanographic proceasésthe preservation of sedimentary structure in
Eckernférde Bay, Baltic Sea. Continental Shelf Rege 18, 1689-1714. 1998.

Pallud, C. and Van Cappellen, P. Kinetics of mitabbulfate reduction in estuarine sediments.
Geochimica et Cosmochimica Acta 70, 1148-1162. 2006

Preisler, A., de Beer, D., Lichtschlag, A., Lauik, Boetius, A., and Jgrgensen, B. B. Biological an
chemical sulfide oxidation in a Beggiatoa inhabiearine sediment. The ISME Journal 1, 341-353.
2007.

Rao, A. M. F. and Jahnke, R. A. Quantifying poretawaexchange across the sediment—water
interface in the deep sea with in situ tracer gsidiimnology and Oceanography: Methods 2, 75-90,
2004.

Rysgaard, S., Glud, R. N., Risgaard—Petersen, idl,alsgaard, T. Denitrification and anammox
activity in Arctic marine sediments. Limnology a@deanography 49, 1493-1502, 2004.

Sayles, F. L. and Martin, W. R. In situ tracer gtgdof solute transport across the sediment—water
interface at the Bermuda Time Series site. DeepResaarch 42, 31-52, 1995.

Schulz, H. D. Quantification of Early Diagenesigs$dlved Constituents in Pore Water and Signals
in the Solid Phase. In H. D. Schulz, M. Zabel (edlgfine Geochemistry, 2nd edition, Springer—
Verlag, Berlin, pp 73-124, 2006.

Slomp, C. P., Epping, E. H. G., Helder, W., and \Ramphorst, W. A key role for iron—bound
phosphorus in authigenic apatite formation in Ndktlantic continental platform sediments. Journal
of Marine Research 54, 1179-1205, 1996.

Thamdrup, B., Hansen, J. W., and Jgrgensen, BeBipé€rature dependence of aerobic respiration in
a coastal sediment. FEMS Microbiology Ecology 289-1200, 1998.

Westrich, J. T. and Berner, R. A. The effect of penature on rates of sulfate reduction in marine
sediments. Geomicrobiology Journal 6, 99-117, 1988.

12



