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ABSTRACT
In this paper, data are presented on the vertical distribution of pore water Fe21 , ferrozine-

extractable Fe2 1 and solid phase Fe in sediments along four across-slope transects including the
Nazaré canyon at the Iberian margin. Sorbed Fe2 1 cannot be measured directly and is operationally
de� ned as the fraction that can be extracted with ferrozine. Our objectiveswere (1) to investigate the
potential role of Fe2 1 sorption in the Fe redox cycle, (2) to quantify Fe redox cycling and (3) to
determine its rate limiting factors,with emphasis on differencesbetween stations across the slope and
in the canyon. In all sediments pore water Fe2 1 and ferrozine-extractable Fe2 1 concentrations
increased simultaneously with depth until a maximum was reached and upon which the pore water
Fe21 concentration rapidly declined, presumably due to precipitation as iron-sul� de. The ferrozine-
extractable Fe2 1 concentration, however, either slowly diminished or remained unchanged when
going deeper into the sediment, suggesting ongoing reaction at the sorption surfaces or much slower
desorption than adsorption kinetics. Upon Fe reduction,Fe21 is released into the pore water where it
either directly precipitates and/or adsorbs onto available surfaces of the sediment matrix, including
organic matter. Through sorption, authigenic ferrous mineral formation is delayed and Fe21 may be
transported deeper into the sediment. There, sorbed Fe2 1 can act as a deep source for authigenic
ferrous mineral formation. A simple steady-state model was formulated that includes Fe21 sorption
as a � rst-order kinetic reaction to estimate Fe reaction rates. Fe oxidation and reduction rates were
most intense at the shelf, where organic carbon mineralization rates are high, and decreased with
water depth. In the canyon, where deposition � uxes were high, Fe reaction rates increasedwith water
depth until a maximum at the foot of the canyon at 3097 m and decreased again to the abyssal at
4280 m. Turnover times estimated for pore water Fe2 1, ferrozine-extractable Fe2 1 and solid phase
Fe both in the oxidized and reduced layer indicated that sediment mixing was the most important rate
limiting factor for Fe cycling at all stations of the Iberian margin. The contributionof Fe reduction to
organic matter mineralization was 5% at the 104-m and 113-m stations on the main transect and 6%
at the 3097-m station at the foot of the canyon.At the other stations Fe reductioncontributedless than
4% to the mineralization of organic matter.
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1. Introduction

Fe reduction may be coupled to the bacterial oxidation of organic matter (Lovley and
Phillips, 1988) or to the oxidation of reduced solutes such as sul� des (Rickard, 1995). Fe21

released into the pore water upon solid phase Fe(III) reduction can be complexed by
organic ligands (Luther III et al., 1992; 1996), but a large part may sorb onto the ubiquitous
surfaces of the sediment matrix. Furthermore, it may precipitate as authigenic ferrous
minerals or oxidize upon diffusive transport into the oxidized layer. Sorbed Fe21 and solid
phase Fe(II) may also be transported into the oxidized layer through sediment mixing and
subsequently re-oxidize and precipitate as Fe(III)oxyhydroxide. Sorption of Fe21 plays an
important role in catalyzing the reductive dissolution of Fe(III) oxides (Stumm, 1992,
Luther III et al., 1996). Sorption of Mn21 onto Mn(IV) oxides has been demonstrated to act
as an intermediate between reductive dissolution and release of Mn21 into the pore water
(Van der Zee et al., 2001).

In contrast to sorption of other metals, little is known about sorbed Fe21. Fe(III)
oxyhydroxides are known to be important substrates for trace metal sorption in aquatic
systems (Tessier et al., 1996). As the commonly applied determination of adsorbed trace
metals on Fe oxyhydroxides involves their reductive dissolution, it is not suitable for the
determination of sorbed Fe21 (Tessier et al., 1979; 1996). Zhang et al. (1995) applied the
technique of diffusion gradients in thin � lms (DGT) to measure in situ � uxes of metals.
Depending on the metal involved and application time, the DGT technique can be used to
measure pore water concentrations (diffusive � ux is dominant) or to calculate � uxes from
solid phase to solution. In the case of Fe21, partial re-supply from the solid phase to the
solution was observed in Lake Esthwaite Water (UK), suggesting that reversible sorption
processes controlled pore water concentrations (Zhang et al., 1995).

In most diageneticmodels, Fe21 sorption is neglected (Aller, 1980; Dhakar and Burdige,
1996) or described as an instantaneousequilibrium process with pore water Fe21 (Slomp et
al., 1997). In the multicomponentreactive transport model STEADYSED, Fe21 sorption is
included as a surface-controlled equilibrium process and adsorbed Fe21 pro� les are
simulated assuming Mn oxides, Fe oxyhydroxides, minerals and organic material as the
substrate surfaces controlling Fe21 sorption (Van Cappellen and Wang, 1996; Wang and
Van Cappellen, 1996). Simulations with this model showed the importance of adsorption-
desorption of Fe21 in the Fe redox cycling and the impact on pore water alkalinity and pH
(Wang and Van Cappellen, 1996). Van Cappellen and Wang (1996) simulated a pro� le of
adsorbed Fe21 and emphasize the importance of heterogeneous oxidation, i.e. oxidation
with surface-bound Fe21 as reactant instead of pore water Fe21. Field data including
pro� les of adsorbed Fe21 to con� rm the modeling results are, however, lacking, so far.

We measured the vertical distribution of dissolved Fe21, loosely sorbed Fe21 (through
extraction with ferrozine), and solid phase Fe in sediments from the Iberian continental
margin including the Nazaré canyon. A simple steady state model was formulated to
estimate the depth-integrated rates of Fe(III) reduction and Fe(II) oxidation. Our � rst
objective was to study the role of Fe21 sorption in the redox cycling of Fe in natural
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continental margin sediments. Furthermore, we wanted to quantify Fe redox cycling and
determine its rate limiting factors, contrasting stations at the shelf and slope of the Iberian
continental margin to the Nazaré canyon. First, we will discuss the role of loosely sorbed
Fe21 in the Fe cycle, possible substrates for Fe21 sorption and the rate-limiting factor for
Fe cycling estimated from the model results. Then, we will compare the canyon with the
rest of the Iberian margin and the Iberian margin with the rest of the global oceans.

2. Research area

Our research area comprised the Iberian continental margin in the northeastern Atlantic
(Fig. 1). Stations were located at different depositional areas, on four transects across the
margin including one in the Nazaré canyon, and were sampled during 2 cruises within the
Ocean Margin Exchange Project (OMEX-II) in August 1998 and May 1999. Characteris-
tics of the visited stations are listed in Table 1. Organic carbon contents range from 0.33 to
4.58 wt% C. The northern most La Coruña transect is characterized by a gradual
decreasing water depth, whereas the slope is steeper at both the Vigo transect, north of
Vigo, and the main transect situated south of Vigo. As canyons are important conduits for
particle transport from the shelf directly to the deep-sea (Durieu de Madron et al., 1999;
Monaco et al., 1999; Sanchez-Cabezaet al., 1999), we selected an additional transect in the
Nazaré canyon further to the south (Schmidt et al., 2001), where four stations were
sampled inside the canyon and an additional two on the adjacent shelf. Details on carbon
cycling at the Iberian margin are discussed in Epping et al. (2002). Benthic oxygen � uxes
on the shelf range from 2 to 3.6 mmol O2 m22 d21 exponentially decreasing to 0.6 mmol
O2 m22 d21 at 3000-m water depth at the non-canyon transects. In the canyon the benthic
oxygen � uxes decrease from 4.9 at 344-m water depth to 2.3 at 3097 m and 0.9 mmol
O2 m22 d21 at 4280 m.

3. Materials and methods

a. Sediment handling

Sediment cores were taken with a multi-corer and processed directly at in situ
temperature. Four sediment cores were sliced simultaneously for pore water collection
with a hydraulic core-slicer developed at NIOZ (Van der Zee et al., 2001) to obtain
accurate high spatial resolution at particularly the sediment-water interface. The sediment
was sectioned in 2.5-mm slices in the upper 10 mm of the sediment, in 5-mm slices from 10
to 30 mm, in 10-mm slices from 30 to 60 mm and in 20-mm slices further down. The
sediment slices were pooled and centrifuged (3000 rpm, 10 min) for pore water extrusion.
Pore water was � ltered (0.45 mm) and analyzed for nitrate and iron shipboard on a
TRAACS-800 auto-analyzer. Nitrate was analyzed according to the method of Strickland
and Parsons (1972). Aliquots for iron were acidi� ed to pH 2 and analyzed according to the
method of Stookey (1970). After pore water collection the sliced sediment was stored
frozen (220°C) until further analysis for solid phase iron at the NIOZ laboratory.
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Freeze-dried and ground sediment was extracted with 1N HCl (24 hrs, 20°C) for reactive
solid phase Fe (Can� eld, 1988; Slomp et al., 1997). Fe was measured in 1N HCl (solid
phase Fe) and ferrozine (sorbed Fe21, see below) extracts by � ame AAS. Porosity was
determined from the weight loss of the sediment after drying at 60°C assuming a sediment
dry density of 2.65 g cm23. Sediment cores were not sectioned entirely anoxic and
therefore small oxidation artifacts may have affected the pore water pro� les of iron (at
most 10% of the dissolved Fe).

Figure 1. Map of the Iberian Margin indicating positions of sampled stations in 1998 (triangles,
numbers with asterisk) and 1999 (circles, numbers without asterisk).
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b. Sorbed Fe21

The Fe(II)-complexing agent ferrozine that is often used in Fe(III) reduction assays to
extract Fe21 from the sediment matrix (Sørensen, 1982; Stookey, 1970) was applied to
determine sorbed Fe21. Thawed wet sediment from the 1998 cruise was extracted with
1 g/L ferrozine in 50 mM HEPES (pH 7.0) for 5 min in the laboratory. On the 1999 cruise
an additional core was sliced and fresh wet sediment was extracted with 1 g/L ferrozine in
50 mM HEPES (pH 7) for 5 min. directly on board. The extract was � ltered (0.45 mm),
acidi� ed and stored at 4°C. Corrections were made for the pore water Fe21 in the extract,
using pore water data and porosity values. Tügel et al. (1986) extended this technique with

Table 1. Name, water depth, geographical position, bottom water (BW) temperature and oxygen
concentrationand organic carbon content of the visited stations, number 121-stationsare visited in
August 1998 and number 138-stationsare visited in May 1999.

Station
Water depth

(m) Lat. °N Long. °W
BW Temp

(°C)
BW O2

(mM)
Corg*
(wt %)

I La Coruña Transect
121-10 175 43.26 09.07 12.1 225 0.33
121-08 2109 43.43 09.43 3.2 250 1.04
121-06 4908 44.00 10.00 3.1 245 0.72
121-01 4941 43.47 10.57 3.1 245 0.45

II Vigo Transect
138-01 213 42.38 09.28 12.1 213 0.47
121-05 223 42.38 09.29 12.0 223 0.62
138-02 2164 42.38 10.00 3.4 249 1.35
121-04 2213 42.38 10.01 3.2 250 1.16
138-03 2932 42.37 10.22 2.5 243 1.01
121-03 2926 42.36 10.22 3.1 243 0.87
121.02 3371 43.00 10.20 3.1 245 1.08

III Main Transect
121-13 104 41.52 09.04 12 235 4.58
138-06 113 41.52 09.04 12.5 210 4.46
121-12 123 41.52 09.10 12.1 230 0.42
138-11 932 42.00 09.26 — — 1.41
138-07 1387 42.00 09.28 10.3 188 1.99
138-04 2060 42.00 09.44 3.8 247 1.17
121-11 2073 42.00 09.44 3.4 255 1.41
138-05 2853 42.00 10.30 2.6 241 0.88

IV Nazaré Canyon Transect
138-13 137 39.39 09.20 12.8 209 0.86
138-12 344 39.39 09.15 12.2 206 3.46
138-15 396 39.35 09.37 11.6 200 1.04
138-16 890 39.36 09.24 11.0 189 3.12
138-14 3097 39.31 09.51 2.4 243 3.67
138-17 4280 39.35 10.17 2.1 243 2.56

*Organic carbon content in 0–2.5 mm interval

2002] 859van der Zee et al.: Fe redox cycling



the addition of 1N HCl for 15 s before adding the buffered ferrozine solution to release
Fe21 associated with acid-solublematerial like FeS. Lovley and Phillips (1986) applied the
procedure as developed by Sørensen (1982) with and without � rst extracting the samples
with 0.5N HCl and concluded that the hydrochloric acid extraction method was superior to
ferrozine extraction in extracting solid Fe21 forms, including FeS, produced upon Fe(III)
reduction. We applied the techniquewithout the HCl addition to extract sorbed Fe21 while
minimizing the dissolution of other authigenic Fe21 phases (e.g. iron monosul� de, iron
carbonate, magnetite, green rusts and iron bound in clay minerals) produced upon Fe
reduction.

Triplicate samples of iron monosul� de (FeS, Aldrich 34,316-1, 99.9%), magnetite
(Fe3O4, Alfa Aeser 012374, 97%) and siderite (natural FeCO3, collection of S.J. van der
Gaast, NIOZ) were extracted with the buffered ferrozine solution (1 g/L ferrozine in
50 mM HEPES pH 7.0). After 5 min. less than 1% Fe was leached from the iron
monosul� de, magnetite and siderite, probably from outer reactive mineral surfaces. The
extraction procedure was not tested on green rusts or reduced iron bound in clay minerals.
It is highly unlikely, however, that buffered ferrozine (pH 7.0) could extract substantial
amounts of structural Fe21 from the clay mineral lattice within 5 min. Three kinds of
mineral dissolution can be distinguished, i.e. proton-, ligand- and reductant-promoted
dissolution (Sulzberger et al., 1989). Both ferrozine and oxalate operate as ligands. Oxalate
liberates less than 3% of the total iron from clay minerals, whereas solutions of 1N HCl and
dithionite-acetate-citrate (pH 4.8) can leach up to 32% of the total Fe from chlorite,
nontronite and biotite (Can� eld, 1988; Kostka and Luther, 1994). Natural green rusts in
marine sediments have not been positively identi� ed yet (Hansen et al., 1994). Green rust
has been detected, however, as corrosion product of cast iron pipes (Stamp� , 1969), in an
ochre sludge (Koch and Mørup, 1991) and in a reductomorphic soil (Trolard et al., 1997).
The buffered ferrozine solution may extract some iron from green rusts if present.

Batch adsorption experiments were conducted with anoxic sediment (80–100 mm slice)
from the 344-m station at the Nazaré Canyon Transect in N2-purged seawater buffered
with 50 mM HEPES pH 7.8. Can� eld et al. (1993) reported dif� culties to control the pH
satisfactory in their Fe adsorption experiments, therefore the seawater was buffered with
HEPES (cf. Burdige and Kepkay, 1983). Single additions of Fe21 were made using a
particle concentration in the experiments of ;15 g L21. Solutions were left to equilibrate
for 30 minutes, which was found to be the maximum time for the best recovery in separate
experiments. Dissolved Fe21 was measured in the supernatant and Fe21 sorbed onto the
sediment was determined with the ferrozine extraction procedure. Control experiments
both without sediment and without Fe21 addition were performed. The observed isotherm
(Fig. 2) could be described with the Freundlich equation with the amount of sorbed Fe21 5

KF 3 [Fe21]1/n. The Freundlich constant, KF, is 0.60 dm3 g21 and the Freundlich
exponent, n, is 2.72. The concentrations used in the adsorption experiment span the same
range as found in the sediment. Mass balance calculations indicated that the buffered
ferrozine reagents recovered only 35% of the added Fe21, using longer equilibration times
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than 30 min resulted in a lower recovery while control experiments without sediment did
not loose their Fe21. This indicates that the added Fe21 may react with substances (e.g. free
sul� des) in the thawed sediment in short time, resulting in strong bonds that could not be
disrupted with ferrozine. Alternatively, the Fe21 may become more strongly bound upon
initial sorption to the reactive surfaces, suggesting a transition from loosely sorbed Fe21

(extractable with ferrozine) to tightly sorbed Fe21 in short time. Such reactions affect the
measurement of sorbed Fe21 most strongly in the non-steady state situation after the Fe21

addition, and was probably less pronounced in the shipboard assay of the natural sediment.
Without further knowledge we conclude that the ferrozine extraction operationally de� nes
the pool of sorbed Fe21, similar to most other chemical extraction techniques for solid
metal compounds. We will refer to the buffered ferrozine-extractable Fe21 as loosely
sorbed Fe21.

4. Model

Early diagenetic models have been developed that couple the diagenesis of Fe to the
cycles of C, N, O, S and Mn (e.g. Dhakar and Burdige, 1996; Van Cappellen and Wang,
1996). We developed a simple one-dimensional steady state diffusion model that includes
ferrozine-extractable Fe21 as a proxy for loosely sorbed Fe21, similar to the model used to
describe Mn redox cycling in the same sediments (Van der Zee et al., 2001). The model
describes Fe21 sorption as a net � rst-order kinetic process, avoiding complications
associated with separate back and forward reaction terms as well as with saturating
sorption surfaces. We are aware that this is a strong simpli� cation, but it allowed us to
reduce the number of variables compared to coupled models, to limit the uncertainties in
data of other elements that could affect the modeling of Fe, and to better focus on sorption
and the Fe redox cycle while staying as close as possible to the experimental data set.

A list of model parameters is given in Table 2. The molecular sediment diffusion

Figure 2. Isotherm data from the adsorptionexperiment (dots) � t with the Feundlich equation (line).
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coef� cient (Ds in m2 d21), mixing coef� cient (Db in m2 d21), all reaction rate constants (k
in d21), sediment porosity (f in m3 m23) and the sedimentation rate (v in m d21) are
assumed to be depth-independent. Irrigation is not included, as no data are available on this
process. The sediment was divided into an oxidized and a reduced layer. The depth of the
redox boundary (L) is given by the depth where the nitrate concentration is ,5 mM
(maximum nitrate concentration allowing Fe(III) reduction between 1–10 mM; Van
Cappellen and Wang, 1995). In the oxidized layer, oxidation of both dissolved and
ferrozine-extractableFe21 takes place, described as � rst-order processes with koxc and koxa

as the oxidation rate constants, respectively. Pore water Fe21 concentrations (CI and CII)
have units in mol m23, ferrozine-extractable Fe21 ( AI and AII) and solid phase Fe (SI and
SII) concentrations are in mmol g21. For the conversion between pore water and solid
phase Fe or ferrozine-extractable Fe21 the factor (gram of dry sediment per cm3 of pore
water) is used: 5 r[(1 2 f)/f], where r is the average dry density of the sediment
(2.65 g cm23). Differential equations for dissolved Fe21 (CI), ferrozine-extractable Fe21

Table 2. Name, unit and function of model parameters.

Name Unit Function

Ds m2 d21 Molecular sediment diffusion coef� cient
Db m2 d21 Bioturbation coef� cient
v m d21 Sedimentation rate
x m Depth in sediment
L m Depth of Fe redox boundary
f — Sediment porosity
r g cm23 Average density of the sediment

g cm23 Conversion factor between pore water and solid or loosely sorbed
phase

CI mol m23 Pore water Fe2 1 concentration in the oxidized layer
CI I mol m23 Pore water Fe2 1 concentration in the reduced layer
AI mmol g21 Loosely sorbed Fe21 concentration in the oxidized layer
AI I mmol g21 Loosely sorbed Fe21 concentration in the reduced layer
SI mmol g21 Solid phase Fe concentration in the oxidized layer
SI I mmol g21 Solid phase Fe concentration in the reduced layer
Ca mol m23 Pore water equilibrium concentration for precipitation
Ae q mmol g21 Loosely sorbed Fe21 concentrationat which no further reactions occur
Se q mmol g21 Solid phase Fe concentrationat which no further reactions occur
ko x c d2 1 Dissolved Fe21 oxidation rate constant
ko x a d2 1 Sorbed Fe21 oxidation rate constant
kr d2 1 Reduction rate constant
ks d2 1 Sorption rate constant
ka d2 1 Dissolved Fe21 precipitation rate constant
kp d2 1 Sorbed Fe21 precipitation rate constant
JA x 5 0 mmol m22 d21 Flux of loosely sorbed Fe2 1 at the sediment-water interface
JS x 5 0 mmol m22 d21 Flux of solid phase Fe at the sediment-water interface
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( AI), and solid phase Fe (SI) in the oxidized layer as a function of depth in the sediment
( x) are:

@Db 1 D s#
]2C I

]x2 2 v
]C I

]x
2 koxcC I 5 0 (1)

Db

]2A I

]x2 2 v
]AI

]x
2 koxaA I 5 0 (2)

Db

]2S I

]x2 2 v
]SI

]x
1 koxaAI 1

koxc
C I 5 0 (3)

Note that desorption of ferrozine-extractable Fe21 as a possible intermediate step before
oxidation to Fe(III) oxides is not taken into account.

In the reduced layer, Fe(III) reduction, Fe21 sorption and precipitationoccur. Production
of dissolved Fe21 due to solid phase Fe(III) reduction is described as a � rst-order process
with kr as the reduction rate constant. Removal of dissolved and ferrozine-extractableFe21

due to authigenic mineral formation is described as a � rst-order process with ka and kp as
the precipitation rate constants, respectively. The “precipitation” of loosely sorbed Fe21 is
assumed to occur at the sorption surfaces, but Fe21 desorption may be involved prior to
rapid precipitation in authigenic ferrous minerals at nearby sites. The pore water and
ferrozine-extractable Fe21 equilibrium concentrations for precipitation are Ca and Aeq,
respectively. Sorption of dissolved Fe21 is described as a � rst-order process with ks as the
sorption rate constant. The solid phase Fe concentrationat which no further reaction occurs
is Seq. Differential equations for dissolved Fe21 (CII), ferrozine-extractable Fe21 ( AII)
and solid phase Fe (SII) in the reduced layer are:

@Db 1 Ds#
]2C II

]x2 2 v
]C II

]x
2 ksC II 1 kr ~S II 2 Seq! 2 ka~C II 2 Ca! 5 0 (4)

Db

]2AII

]x2 2 v
]AII

]x
1 ks

C II
2 kp~AII 2 Aeq! 5 0 (5)

Db

]2S II

]x2 2 v
]S II

]x
2 kr~SII 2 Seq! 5 0 (6)

The 6 differential equations were analytically solved assuming continuity of concentra-
tions (CI 5 CII, AI 5 AII and SI 5 SII) and � uxes at the redox boundary and speci� c
conditionsat the external boundaries, i.e. the sediment-water interface and at in� nite depth
(see Appendix). At the sediment-water interface the concentration of dissolved Fe21

equals that in the overlying water (C0 is set at 0 mM), the � ux of solid phase Fe(III) is
JSx50 (mmol m22 d21) and the � ux of ferrozine-extractable Fe21 ( JAx5 0) is zero. At
in� nite depth the concentrations of CII, AII and SII converge to Ca, Aeq and Seq,
respectively, as their � uxes diminish. Variance-weighted sums of squares (Slomp et al.,
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1997) for dissolved and ferrozine-extractable Fe21 and solid phase Fe(III) were minimised
simultaneously, while � ve parameters (kr, ks, ka, kp and JSx5 0) were varied to � t the
model to the data using the Excel™ solver routine. The mechanistic coupling of the three
pro� les in the models gives a strong constraint on the � ve adjustable parameters.

The values of � xed parameters are given in Table 3. As no literature data on the
oxidation rate of ferrozine-extractable Fe21 in marine sediments were available, we
assumed the rate constant for ferrozine-extractable Fe21 oxidation to be equal to the rate
constant for dissolved Fe21 oxidation. For the 2109-m station on the La Coruña transect
and the 123-m station on the main transect for which ferrozine-extractable Fe21 data were
not available, the more simple Fe model of Slomp et al. (1997), which does not contain
ferrozine-extractableFe21, was applied to the pro� les of solid phase Fe(III) and pore water
Fe21 to assess Fe(III) reduction and Fe(II) oxidation rates.

5. Experimental results

At low concentrations of nitrate (,5 mM), Fe21 may start to accumulate in the pore
water. Therefore, nitrate pro� les are suitable to describe the relevant Fe redox conditions in
the sediment. The maximum nitrate concentration as well as the depth in the sediment
where nitrate is depleted increased with water depth. At the La Coruña transect, the
shallow 175-m station was rapidly depleted in nitrate (Fig. 3). At the two deepest stations,
the nitrate concentration was higher than 10 mM throughout the sampled interval and
therefore Fe(III) reduction is not expected to occur. Nitrate was depleted around 5 cm
depth in the sediment at the two shallow stations on the Vigo transect, indicating that Fe
reduction may occur. The two stations around 2200 m showed the depletion of nitrate at
the bottom of the sampled interval, therefore Fe(III) reduction is expected to have started
just below that interval. The nitrate concentration at the three deepest stations was too high
throughout the sampled interval for Fe(III) reduction to occur. At the main transect, the
shallow stations were rapidly depleted in nitrate. At the two stations around 2000-m water
depth, low nitrate concentrations at the bottom of the sampled intervals suggest it to be
close to the Fe redox boundary. At the canyon transect, the same trend was observed, i.e.
the nitrate concentration and the depth where nitrate was depleted both increased with
water depth, however, nitrate was more rapidly depleted in the canyon stations compared
to stations at the same water depth on the margin.

Fe pro� les of the stations on the La Coruña transect are given in Figure 4. At the shallow
station pore water and ferrozine-extractable Fe21 increased simultaneously until the pore
water maximum was reached at 120 mm depth, after which the ferrozine-extractable Fe21

concentration remained constant but the pore water Fe21 concentration decreased. The
deeper part of the pro� le suggest precipitation of dissolved Fe21 that is not accompanied
by desorption of Fe21. The pore water Fe21 concentrations as well as the solid Fe content
decreased going down slope. At the two shallowest stations on the Vigo transect (Fig. 5),
both ferrozine-extractable and dissolved Fe21 concentrations decreased below 5–8 cm
depth, but pore water Fe21 diminished most rapidly. The relevant redox boundary was too
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Figure 3. Vertical pro� les of pore water nitrate concentrations.
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deep at the other stations of this transect to show this phenomenon. The maximum
concentrations of ferrozine-extractable and dissolved Fe21 decreased with increasing
water depth. Pore water as well as ferrozine-extractable Fe21 concentrations generally
decreased from shallow to deeper stations on the main transect with a relatively high
ferrozine-extractable Fe21 concentration at the 1387-m station (Fig. 6). At all stations pore
water and ferrozine-extractable Fe21 increased simultaneously until their maxima were
reached, after which both decreased again or remained constant. The concentrations of
ferrozine-extractable Fe21 were much higher at the stations at 104, 113 and 1387 m on this
transect than at stations on the previously discussed transects. At 2060 and 2073 m, the
pro� les showed a clear solid phase Fe peak at 100 mm and 80 mm, respectively. Four
stations were located in the canyon on the Nazaré canyons transect, whereas both the 137-
and the 396-m station were situated on the adjacent shelf (Fig. 7). Again, simultaneous
increase of pore water and ferrozine-extractableFe21 was observed, after which pore water
Fe21 was removed due to precipitation, but the ferrozine-extractable Fe21 concentration
remained constant. Pore water Fe21 concentrations at the stations in the canyon were
comparable to stations at shallow water depth on the other transects, except at the canyon
station at 3097 m where it was an order of magnitude higher. Ferrozine-extractable Fe21

concentrationswere high at the 346-, 890- and 3097-m stations. The solid phase Fe pro� les
were strongly enriched at the sediment-water interface at the stations in the canyon.

Figure 4. Vertical pro� les of pore water Fe2 1, ferrozine-extractable Fe2 1 and solid phase Fe of the
stations at the La Coruña transect.
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6. Model results

The model was applied to stations where dissolved Fe21 accumulated in the pore water.
Model � ts to the data are given for the La Coruña and Vigo transect (Fig. 8a), the main
transect (Fig. 8b) and the Nazaré canyon transect (Fig. 8c). The model appears to � t the

Figure 5. Vertical pro� les of pore water Fe2 1, ferrozine-extractable Fe2 1 and solid phase Fe of the
stations at the Vigo transect.
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data reasonably well, but there are some shortcomings. It can describe only one Fe21 pore
water maximum per pro� le, however, at several stations double peaks occur. Moreover, the
pore water Fe21 maxima are underestimatedby the model. Both problems are illustrated by
the model � t of the pro� les of the 223-m station on the Vigo transect (Fig. 8a). The
underestimated pore water maximum is probably due to a more abrupt decline in pore

Figure 6. Vertical pro� les of pore water Fe2 1, ferrozine-extractable Fe2 1 and solid phase Fe of the
stations at the Main transect.
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water Fe21 than the model can simulate leading to a model � t in-between the high values of
the maximum and the low values deeper in the sediment, e.g. the 344-m station at the
Nazaré canyon transect (Fig. 8c). One reason for this discrepancy is that the 1N HCl
solution extracts some of the ferrous solid phase Fe (Wallmann et al., 1993) which is
attributed here to Fe(III) oxides, thus underestimating the Fe(III) oxide gradient and
therefore the Fe reduction rate. However, the main sink of reduced iron in marine

Figure 7. Vertical pro� les of pore water Fe2 1, ferrozine-extractable Fe2 1 and solid phase Fe of the
stations at the Nazaré canyon transect.
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sediments, pyrite, is not extracted with 1N HCl. The model � t of the deepest station in the
canyon is not very good, especially for the solid phase, because the sediment consists of
alternating layers of clay and sand containing different amounts of Fe.

The values of the � tted � rst order rate constants vary several orders of magnitude due to
the lumping of a number of factors into one parameter, e.g. Fe(III) oxyhydroxidereactivity,
type of reductant, organic matter reactivity, microbial activity and temperature (Table 4;
Burdige and Gieskes, 1983; Slomp et al., 1997; Dollhopf et al., 2000). The ranges of all
� rst order rate constants as well as the estimated Fe(III) deposition � uxes ( JSx50) are

Figure 8. Model � ts (lines) to pro� les of pore water Fe2 1, ferrozine-extractable Fe21 and solid phase
Fe (� lled circles) of the stations at (a) the La Coruña and Vigo transect, (b) the main transect, and
(c) the Nazaré canyon transect.
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similar to those estimated for the North Sea with a simpler model and without data on
ferrozine-extractableFe21 (Slomp et al., 1997). The values for the � rst order rate constants
are comparable to those obtained for Mn cycling at the Iberian margin, whereas the
estimated Fe(III) deposition � uxes are higher than those for Mn(IV) (Van der Zee et al.,

Figure 8. (Continued)
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2001). Integrated rates of reaction were calculated directly from the model results (Table
5). At the non-canyon stations, depth-integrated reduction and oxidation rates are highest
and most variable for stations shallower than 400 m, decrease with increasing water depth
and are close to zero deeper than ;2200 m (Fig. 9). At the 344-m station in the head of the
canyon, depth-integrated rates of Fe(III) reduction and Fe(II) oxidation are similar to other
shallow water stations, but higher than at the 396-m station on the adjacent shelf. In the
canyon, integrated rates of Fe(III) reduction and Fe(II) oxidation increase with water depth
until a maximum is reached at the 3097-m station at the basis of the canyon. At the 4280-m
station in the fan of the canyon the rates are lower again, yet relatively high as compared
with stations on the abyssal outside the canyon.

7. Discussion

a. Role of loosely sorbed Fe21 in Fe cycling

Ferrozine-extractable Fe21 is assumed to represent Fe(II) loosely sorbed to the sedi-
ment. We tried to model this pool with the approach of instaneous equilibrium sorption
(Berner, 1976; Schink and Guinasso, 1978) of dissolved Fe21 and the linear sorption
coef� cient Ks 5 1 (Slomp et al., 1997). The thus calculated amount of sorbed Fe21 5
Ks 3 [Fe21] could account only for a few percent of the measured ferrozine-extractable
Fe21 in the sediment. Also, it could not reproduce the shape of the depth distributions.
Where the pore water Fe21 concentration decreases due to precipitation with sul� des,
ferrozine-extractable Fe21 does not decline concurrently, suggesting that dissolved Fe21

precipitates without replenishment through Fe21 desorption from the solid phase. The
consumption of loosely sorbed Fe21 can be accomplished via 2 pathways; (1) Fe21 is
released into the pore water, where it is rapidly precipitated so that dissolved Fe21 cannot

Figure 8. (Continued)
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accumulate, and (2) loosely sorbed Fe21 may transform directly into a new ferrous phase
with the sediment matrix acting as a template. In the � rst pathway, slow desorption of Fe21

is the rate limiting step in the precipitation of dissolved Fe21 into ferrous minerals. The
shift from the adsorption dominated Fe21 production zone to the desorption dominated

Figure 8. (Continued)
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precipitation zone would then explain the more rapid decrease of dissolved Fe21 with
depth in the pore water than that of ferrozine-extractable Fe21. In the second pathway,
there are two distinct precipitation mechanisms, one where reduced compounds precipitate
from solution and a second involving a heterogeneous reaction each with their own
kinetics. In our test of the extraction procedure, ferrozine recovered only about one-third of
the added Fe21 implying that the major portion of the added Fe21 was bound � rmly to
surfaces of the reduced sediment matrix within 30 minutes, thereby becoming unavailable
for the ferrozine extraction. This suggests that adsorption, possibly followed by precipita-
tion, rather than desorption controls the ferrozine-extractable pool of Fe21.

Figure 8. (Continued)

Table 4. Values for k r , ks , ka , kp and JS x 5 0 obtained by � tting the model to the data.

Water depth (m)
k r

(d21 )
ka d s

(d21 )
ka

(d21 )
kp

(d21 )
JS x 5 0

(mmol.m22 .d21 )

I La Coruña Transect
175 2.0E-4 3.5E-3 0 2.6E-4 34
2109 1.51E-5 — 5.88E-4 — 10

II Vigo Transect
223 3.8E-5 1.2E-1 0 1.2E-3 71

III Main Transect
104 1.4E-3 4.4E-1 0 1.1E-2 481
113 2.1E-4 3.2E-2 4.3E-2 4.2E-4 254
123 5.7E-4 — 2.4E-2 — 56
932 2.9E-5 2.6E-3 2.0E-1 1.5E-5 40
1387 8.7E-6 3.9E-2 1.9E-11 3.6E-4 50
2060 2.3E-6 1.0E-2 5.3E-2 1.8E-4 34
2073 1.3E-5 2.0E-1 0 5.2E-4 29

IV Nazaré Canyon Transect
137 7.7E-5 5.7E-3 0 8.0E-5 57
396 1.3E-4 4.6E-3 8.4E-2 5.3E-7 97
344 4.0E-4 4.2E-3 3.5E-2 1.0E-5 446
890 2.8E-4 1.7E-2 2.0E-1 1.0E-9 122
3097 8.0E-5 1.4E-3 6.3E-3 8.1E-4 566
4280 3.5E-6 9.8E-4 1.3E-2 8.1E-7 63
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Close to the redox boundary, upon Fe reduction, Fe21 is released into the pore water and
subsequently bound to the sediment. Pore water Fe21 can diffuse and solid Fe(II) including
ferrozine-extractable Fe21 can be mixed up into the oxic layer where they will be
re-oxidized or transported deeper into the sediment, where they will transform into
authigenic ferrous minerals. Dissolved Fe21 is transported faster due to molecular
diffusion than solid Fe(II), which is transported by diffusive mixing. Pore water Fe21

concentrations can decline very rapidly, leading to a sharply de� ned zone of authigenic

Table 5. Calculated integrated rates of reduction, sorption, oxidation, precipitation and burial of Fe
from the model results.

Water depth
(m)

Reduction
(mmol.

m22 .d21 )

Sorption
(mmol.

m2 2 .d2 1)

Oxidation
(mmol.m22 .d21 )

Precipitation
(mmol.m22 .d21 )

Burial Fe
(mmol.

m22 .d21 )Fe( a q )
2 1 Fe( ad s)

21 Fe(aq )
21 Fe( a d s )

2 1

La Coruña
Transect

175 17 4 12 4 0 0 34
2109 8 — 7.4 — 0.3 — 10
4908 # # # # # # #
4941 # # # # # # #

Vigo Transect
213 — — — — — — —
223 63 56 8 7 0 49 23
2164 # # # # # # #
2213 # # # # # # #
2926 # # # # # # #
2932 # # # # # # #
3371 # # # # # # #

Main Transect
104 599 454 53 87 0 368 21
113 364 117 89 45 158 72 23
123 65 — 34 — 31 — 24
932 41 0.2 27 0.1 14 0 26
1387 41 24 18 1 0 23 27
2060 29 4 5 0 20 4 10
2073 11 7 5 0 0 7 22
2853 # # # # # # #

Nazaré Canyon
Transect

137 42 17 25 4 0 13 44
396 87 3 23 3 61 0 36
344 177 9 96 4 72 0 369
890 198 7 99 7 91 0 30
3097 426 41 191 30 194 5 361
4280 25 1 7 0 17 1 45

# Most likely zero, not able to determine
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ferrous mineral formation. Through association with the sediment matrix, the authigenic
ferrous mineral formation is partly delayed. The ferrozine-extractable Fe21 is transported
deeper into the sediment than dissolved Fe21 is, so that it can act as a deep source for
authigenic ferrous mineral formation. Thamdrup et al. (1994) measured pro� les of
non-S-bound Fe(II) that was involved in FeS formation, because its concentration
decreased with increasing FeS content. Their non-S-bound Fe(II) is distributed like their
pore water Fe21 and our ferrozine-extractable Fe21 pro� les. On the Chilean slope,
non-S-bound Fe(II) was the largest Fe(II) pool measured in the solid phase, exceeding
pyrite 5-fold (Thamdrup and Can� eld, 1996). Can� eld et al. (1993) also report a large

Figure 9. Fe2 1 oxidationrate (circles) and Fe reductionrate (squares)as a functionof water depth on
the margin (open symbols) and in the canyon (� lled symbols).
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non-S-bound Fe(II) pool in North Sea sediments, representing more than 50% of the Fe(II)
in the solid phase and suggest it could be bound in Fe carbonates or adsorbed onto sediment
particles. Wang and Van Cappellen (1996) used these data in their STEADYSED model
and attributed non-S-bound Fe(II) largely to adsorbed Fe21 and a minor fraction to siderite
(FeCO3). Their estimates showed that the main oxidation pathway is heterogeneous, i.e.
via oxygenation of adsorbed Fe21. Although, it is very likely that ferrozine-extractable
Fe21 will be rapidly oxidized, it is not possible to extract information about the preferred
oxidation pathway from our data.

b. Substrates for Fe21 sorption

Both microbial and abiotic reduction of Fe oxides are surface-controlled processes
(Nevin and Lovley, 2000; Stumm and Sulzberger, 1992) and Fe21 sorption may therefore
affect the reduction rate. Adsorbed or precipitated Fe21 on the surface of goethite was
found to limit the rate and extent of dissimilatory Fe(III) reduction by bacteria (Roden et
al., 1996, 1999), but goethite was reduced more readily in the presence of aluminum oxide,
due to sorption of Fe21 to the Al oxide surface (Urrutia et al., 1999). Hence, aluminium
oxides and layered silicates have been suggested as alternate sinks for Fe21 in the
sediment. Sorption of Fe21 complexed by organic ligands may facilitate electron transfer
at the Fe oxide surface, thus enhancing the Fe(III) reduction rate, as the Fe21 in the
bridging ligands catalyze the reductive dissolution reaction (Luther III et al., 1992; Stumm,
1992). We did not observe a positive or negative correlation between the ferrozine-
extractable Fe21 content and Fe(III) reduction rates at the Iberian margin. However, stations
with ferrozine-extractable Fe21 contents higher than 1 mmol g21 also have a relatively
high Corg content (Table 1). Thus, Fe21 might sorb onto Fe(III) minerals after complex-
ation by organic compounds or particulate organic matter, without inhibitingFe reduction.

c. The rate controlling factor for Fe cycling

The organic carbon mineralization rates are highest at the shelf (see Research Area). Fe
reaction rates are highest at the shelf as well, decreasing with increasing water depth at the
non-canyon stations. Turnover times were estimated from the standing stock divided by the
production rate for the pore water Fe21, ferrozine-extractable Fe21 and solid phase Fe in
both the oxidized and the reduced layer. The highest turnover time was found for solid
phase Fe in the oxidized layer for all stations, except for the 2060-m station on the main
transect, where the solid phase Fe in the reduced layer has a slightly longer turnover time.
Pore water and ferrozine-extractable Fe21 had 2–6 orders of magnitude shorter turnover
times. We conclude that the rate-limiting step in the sedimentary Fe redox cycle is the
transfer of solid phase Fe from the oxidized to the reduced layer. Thus, solid phase mixing
limits Fe cycling at the Iberian margin. Sediment mixing is necessary to bring Fe
oxyhydroxides into the reduced layer and to stimulate anoxic organic carbon mineraliza-
tion by burial of reactive organic matter (Aller, 1986). Dhakar and Burdige (1996)
simulated the effect of increasing bioturbation on their model determined depth-integrated
rates of oxic and sub-oxic (nitrate, manganese(IV) and iron(III) as electron acceptors)
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organic carbon mineralization rates and showed that with increasing mixing rate sub-oxic
respiration increased while the total areal carbon mineralization remained constant.

The effect of changing the mixing coef� cient (Db) on the Fe pro� les of the 113-m
station on the main transect, while keeping the other parameters in Table 3 and 4 constant,
is shown in Figure 10. Pore water Fe21, ferrozine-extractable Fe21 and solid phase Fe
pro� les show increasing maxima with decreasing values of Db. Thus as expected, mixing
smoothes the pro� les. To assess the in� uence of sediment mixing on the homogeneousand
heterogeneous oxidation and reduction rates, the Fe pro� les of the 113-m station on the
main transect were � tted with varying Db values (Fig. 11), while keeping the other input
parameters constant (Table 3). Enhanced mixing increased both the oxidation and the
reduction rate, con� rming the importance of sediment mixing in Fe cycling. Moreover, the
results showed that heterogeneous oxidation becomes more important with enhanced
sediment mixing. This analysis probably underestimates the heterogeneous contribution to
the oxidation of Fe(II), because the same oxidation rate constant (kox is 10 d21) is used for
both the pore water and the ferrozine-extractableFe21, whereas heterogeneousoxidation is
likely to be the more rapid pathway (Stumm and Sulzberger, 1992).

d. Canyon vs. Margin—The in� uence of the bulk sediment accumulation rate

The three transects over the margin show the same decreasing trend in Fe oxidation and
reduction rates with water depth, whereas the rates in the Nazaré canyon transect slightly

Figure 10. Effect of varying the mixing coef� cient (values are in cm2 yr2 1) on the pore water Fe2 1,
ferrozine-extactable Fe2 1 and solid phase Fe pro� les of the 113-m station at the main transect.
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increase with depth until the basis at 3097 m. The organic carbon mineralization rates
decrease with water depth both in the canyon as well as outside the canyon (Epping et al.,
2002). At the 344-m station in the head of the canyon, the organic carbon mineralization
rate and the Fe reduction rate are well within the range found for the shelf stations.
However, while the organic carbon mineralization rate is a factor three higher at the
3097-m canyon basis, the Fe reduction rate is several orders of magnitude higher than at
similar water depth outside the canyon. The deposition � uxes obtained from the model � ts
(Table 4) show enhanced Fe deposition at the 344-, 890- and 3097-m stations in the canyon
compared to stations on the margin at similar water depths. The Nazaré canyon focuses
sediment and transports it from the shelf directly to the deep sea (Smith et al., 2001). The

Figure 11. Effect of varying the mixing coef� cient on pore water Fe2 1 and ferrozine-extractable
Fe2 1 oxidation rates and Fe reduction rates of the 113-m station at the main transect.
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bulk sediment accumulation rate in the canyon is largest at its basis at 3097 m, and one
order of magnitude higher than on the shelf (Van Weering et al., 2002). The organic carbon
mineralization rate, however, is lower at 3097 m in the canyon than at the shallow stations
on the shelf. Thus rather than high mineralization activity, the high bulk sediment
accumulation rate associated with sediment focusing by the canyon is likely the driving
force for the maximum Fe reduction at the 3097-m canyon station.

e. Iberian margin vs. the world

Thamdrup and Can� eld (1996) argued that a substantial contribution of Fe reduction in
the organic matter oxidation could be widespread on continental margins, because O2 and
NO3

2 penetration into shelf and slope sediments is only a few mm’s to cm’s (Reimers et al.,
1992; Brandes and Devol, 1995). Using bag incubations the contributionof Fe reduction to
the mineralization has been estimated up to 29% on the Chilean continental margin
(Thamdrup and Can� eld, 1996), 25% in a high-latitude Arctic fjord in Greenland
(Rysgaard et al., 1998) and up to 51% in the Skagerrak (Can� eld et al., 1993). However,
bag incubations tend to stimulate and therefore overestimate anoxic processes, due to the
depletion of O2 and NO3

2 during incubation (Thamdrup and Can� eld, 1996). Estimates
from pore water pro� le modeling indicated that Fe reduction is less important (,2%) at the
Canadian and central Californian continental margins (Boudreau et al., 1998; Reimers et
al., 1992), and ,4% at the North Sea continental margin, with the exception of the
Skagerrak ; 20% (Slomp et al., 1997). Pore water pro� le-derived estimates are likely too
low, because an unknown amount of Fe21 is adsorbed to the solid phase (Can� eld et al.,
1993). Therefore, we choose to estimate Fe reduction rates from simultaneousmodeling of
pore water Fe21, loosely sorbed Fe21 and solid phase Fe pro� les. Assuming 1C : 4Fe
stoichiometry for Corg oxidation : Fe reduction, the contribution of the reduction of Fe to
organic carbon mineralization is 5% at the 104-m and 113-m stations on the main transect
and 6% the 3097-m station in the canyon, and less than 4% at the remaining stations. The
data for the 3097-m station in the canyon indicated that apart from mineralization activity,
deposition of suf� cient reactive Fe is a crucial factor determining Fe reduction rates. We
conclude that the sediments of the Iberian margin contain insuf� cient reactive Fe(III) to
allow for an important role of Fe reduction in organic carbon mineralization. Other solid
phase ferrous compounds, which have higher concentrations than ferrozine-extractable
Fe21, are important for Fe cycling as well (e.g. Can� eld et al., 1993; Thamdrup et al.,
1994; Thamdrup and Can� eld, 1996). Estimates of Fe reduction rates can be further
improved by including all ferrous phases in diagenetic models. Upon mixing into the oxic
layer, they are re-oxidized supplying Fe(III) and their recycling rate will be enhanced with
sediment mixing similar to ferrozine-extractable Fe21.

8. Conclusions

Close to the redox boundary, Fe21 is released into the pore water upon Fe reduction, and
subsequently either sorbed onto the sediment matrix and/or precipitated to form authigenic
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ferrous minerals. Deeper down in the sediment, the loosely sorbed Fe21 may be released
again, however, without the accumulation of dissolved Fe21 due to its immediately
precipitation or be directly transformed into other authigenicFe(II) phases. Thus, adsorbed
Fe21 acts as a deep source for authigenic ferrous mineral formation. Fe oxidation and
reduction rates decreased with water depth at the non-canyon stations of the Iberian
margin. At the shelf, organic carbon mineralization rates are highest and drive the Fe cycle.
In the canyon, the high deposition � uxes drive the Fe cycle. The highest contributions of
Fe(III) reduction to the overall organic matter oxidation are 5% at the 104-m and 113-m
stations on the main transect and 6% at the 3097-m deposition station in the canyon. The
rate-limiting factor for Fe cycling, as deduced from the turnover times, is sediment mixing.
Model simulations showed that heterogeneous oxidation becomes relatively more impor-
tant with increased sediment mixing.
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APPENDIX

Solutions to differential equations

C I 5 B1 exp~e1x! 1 B2 exp~e2x! (A1)

AI 5 F1 exp~e3x! 1 F2 exp~e4x! (A2)

S I 5 G1 1 G2 expX vx

Db
D 1 aB1 exp~e1x! 1 bB2 exp~e2x! 2 F1 exp~e3x! 2 F2 exp~e4x!

(A3)

C II 5 J exp~e10x! 1 gH exp~e6x! 1 Ca (A4)

AII 5 I exp~e8x! 1 dJ exp~e10x! 1 eH exp~e6x! 1 Aeq (A5)

S II 5 H exp~e6x! 1 Seq (A6)

e1 5
v 1 Î v2 1 4@Db 1 D s#koxc

2@Db 1 D s#
(A7)
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e2 5
v 2 Î ~v2 1 4@Db 1 D s#koxc

2@Db 1 D s#
(A8)

e3 5
v 1 Î v2 1 4Dbkoxa

2Db
e4 5

v 2 Î v2 1 4Dbkoxa

2Db
(A9 & A10)

e6 5
v 2 Î v2 1 4Dbkr

2Db
e8 5

v 2 Î v2 1 4Dbkp

2Db
(A11 & A12)

e10 5
v 2 Î v2 1 4Dbka

2Db
(A13)

a 5
2koxc

u@Dbe1
2 2 ve1#

b 5
2koxc

u@Dbe2
2 2 ve2#

(A14)

g 5
kru

@Db 1 Ds#e6
2 2 ve6 2 ~ka 1 kads!

(A15)

d 5
2kads

u~Dbe10
2 2 ve10 2 kp!

e 5
2kadsg

u~kr 2 kp!
(A16 & A17)

The integration constants (B1, B2, F1, F2, G1, G2, J, H and I) were analytically solved
with the following boundary conditions:
When x 5 0

C I 5 C0

JAx50 5 0

JSx50 5 2fu~DbA91 2 vA1!

When x 5 L

C I 5 C II

AI 5 A II

S I 5 S II

@Db 1 D s#C91 2 vC I 5 @Db 1 Ds#C9II 2 vC II

DbA91 2 vAI 5 DbA9II 2 vA II

DbS9I 2 vS I 5 DbS9II 2 vS II

When x ® `

C II 5 Ca,

AII 5 Aeq

SII 5 Seq
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