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Abstract—BY using a gold amalgam (Au/Hg) voltammetric microelectrode, we have measured simulta-
neously and with millimeter resolution the distributions of, n(ll), Fe(ll), I(=1), and HSEI) in
bioturbated sediment cores from the Laurentian Trough. We also measured nitrate and ammonia in the pore
water, total | and ascorbate- and HCl-extractable Fe and Mn in the solid-phase sediment, and fluxes of O
NO3, and NH; across the sediment-water interface. The concentrations eh@Mn(Il) were below their
respective detection limits of 3 anduM between 4 and 12 mm depth, but a sharp iodide maximum occurred

at the depth where upward diffusing Mn(ll) was being removed. We propose that the iodide peak is maintained
through the reduction of 19 by Mn(ll), reoxidation of I(-1) to 105 in the oxic zone above the peak and
oxidation to |, below where it is ultimately trapped by reaction with organic matter. The iodide production rate

is sufficient to account for the oxidation of all of the upward diffusing Mn(ll) by; 1O

Nitrate plus nitrite ENO,) decreased to a minimum within 10 mm of the sediment-water interface, in
agreement with flux measurements which showdtD, uptake by the sediment. Below the minimubNO,
rebounded, and reached a maximum at 40- to 50-mm depth. This rebound is attributed to the anaerobic
oxidation of ammonia by manganese oxides. Fe(ll) was always first detected below the ANSic
maximum, and was accompanied by colloidal or complexed Fe(lll). A sharp upward-directed ammonia
gradient was recorded near the sediment—water interface, but no ammonia was released during the first 48 h
of the incubations. If the ammonia removal were due to coupled bacterial nitrification—denitrification, more
than one half of the total measured oxygen uptake (6.7 to 7.3 mrfidymould be required, and more organic
carbon would be oxidized by nitrate than by oxygen. This scenario is not supported by nitrate flux calculations.
Alternatively, the oxidation of ammonia to ,Noy manganese oxides is a potential removal mechanism. It
would require one quarter of the total oxygen flux.

The high-resolution profiles of redox species support the conceptualization of bioturbated sediments as a
spatially and temporally changing mosaic of redox reactions. They show evidence for a multitude of reactions
whose relative importance will vary over time, and for reaction pathways complementing those usually
considered in diagenetic studie€opyright © 2000 Elsevier Science Ltd

1. INTRODUCTION pointed out by Aller (1994a), such disturbed systems could be
better conceptualized as a spatially and temporally changing
The preferential use of the electron acceptor that yields the mosaic of redox reactions.

highest amount of free energy in the terminal step of the = Among the many possible redox reactions, those involving
bacterially mediated oxidation of organic matter constitutes a manganese and iron oxides can be particularly important be-
long-standing paradigm in biogeochemistry (Froelich et al., cause sediment particles located at or above thpeDetration
1979; Postma and Jakobsen, 1996). In undisturbed sedimentsdepth commonly accumulate these oxides through the oxidative
this paradigm is reflected in a well established depth zonation Precipitation of dissolved manganese and iron. For example,
of redox reactions in which oxygen is reduced near the sedi- the concentration of manganese dioxide in a volume of sedi-
ment-water interface, followed by the reduction of nitrate, Ment of 0.9 porosity containing 1000 ppm Mn(IV) on a dry
manganese oxides, iron oxides, sulfate, and carbon dioxide. Weight basis, common in coastal sediments (e.g., Sundby et al.,
However, in sediments where the relative positions of reducing 1993), would be Sumol/cn?, assuming a particle density of
and oxidizing sediment components keep shifting because of 2-69- This is more than one order of magnitude higher than

bioturbation or other physical disturbances, the time sequencetyp'ce}[Ld'sso(leed otxygetn cc_>ntcefn tra‘uo’\T s |ntshed|mzpt po:e wa;ter
of redox reactions does not always translate to a similarly near the sediment-water intertace. ear e sediment surtace

recognizable depth sequence. Nor does the concept of a vertica nd in the vicinity of metal-rich particles biotransported into

chemical zonation necessarily apply under such conditions. As the anoxic sediment, reduced sediment components can en-
y apply "" 7 counter high concentrations of metal oxides with which they

may react (Aller, 1994b). Examples of reactions involving

metal oxides are the oxidation of ammonia to dinitrogen by
manganese oxides in the presence of oxygen (Luther et al.,
1997) and the oxidation of sulfide to sulfate and ammonia to
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Fig. 1. Map of the study area showing the location of stations 23, 23A, and 23B.

nitrate by manganese oxides in the absence of oxygen (Aller of the Laurentian Trough in the lower St. Lawrence Estuary off
and Rude, 1988; Hulth et al., 1999). Rimouski in June 1997 (Fig. 1). The deepest station corresponds to St.

. . - : i 23 in Silverberg and Sundby (1990) and Sundby et al. (1981). The box
It we apprommate blotqrbatlon as a succession of mIX|ng. cores were subsampled by pushing two 60 cm long, 10 cm diameter,
events, a bioturbated sediment can be thought of as an envi-pjexiglas tubes gently, to avoid compression, into each box core. The

ronment where the distributions of oxidants and reductants subcores, which were sealed with plastic caps, containgsl cm of
evolve towards, without necessarily achieving, a steady state overlying bottom water. The subcores were left in the box core until the
before the next event disrupts the process. The extent to which ShiP reached the harbor (3 to 4 h) to take advantage of the thermal

.. ts affect th lution t d teadv state d inertia of the mud and prevent warming. The six subcores were thus
mixing events atiect the evoluton towards a steady stateé Ge- ., gnt 1o the laboratory with minimal disturbance. The cores were

pends on their frequency, for the higher the frequency, the less kept refrigerated at the in situ temperature of 4°C for the duration of the
time is available for the concentration of a redox species to experiment. One subcore from each station was used for flux measure-
evolve towards the steady state before the next event occurs. Itments and a second core was used for sediment and pore-water
also depends on the concentration gradient across the interva"/Ysis

being mixed, for the greater the concentration difference, the -

greater is the net flux. Vertical profiles of redox species are ghzd ggﬁ;Water Profiling of ©, Mn(l1), Fe(lh), I( =1),

therefore likely to represent a transient state rather than a steady
state. Here we report new measurements of electroactive spe- The voltammetric gold amalgam microelectrodes used to measure
cies in continental margin sediments, made with a voltammetric €S redox species were made by sealing g4d@old wire in a glass

. . . . capillary and plating mercury onto the polished exposed gold surface.
microelectrode that can measure simultaneously and with mil- the construction of the microelectrode is described in Brendel and

limeter resolution the concentrations of,,Ql(—1), Mn(ll), Luther (1995) and Luther et al. (1998). A standard three-electrode
Fe(ll), and HSEI) in sediment pore water (Brendel and  voltammetric cell was used for all electrochemical measurements with

Luther, 1995; Luther et al., 1998). We use these data, in the microelectrode as working electrode, a 0.5 mm diameter platinum

combination with solid-phase analvses and concurrent mea- wire as counter electrode, and a saturated calomel electrode (SCE) as
p Yy reference electrode. The counter and reference electrodes were inserted

surements of nitrate and ammonia profiles and fluxes to illus- into the surface of the core approximately 1 cm from the working

trate the dynamic nature of diagenesis in bioturbated sediments.electrode. An Analytical Instrument Systems, Inc. (AlS) model DLK-
100 electrochemical analyzer was used for all measurements. The

2 METHOD DLK-100 has a picoammeter detectior_1 system with full computer

’ control which allows for excellent detection limits because both signal
2.1. Sample Collection and noise can be distinguished at lower currents; it also allows the
forward and reverse currents of a square wave voltammagram (which
Undisturbed samples of fine-grained muddy sediments were col- are opposite in sign) to be plotted along with the resultant current. The
lected by using a 2k 30 cm box corer at 325 m (St. 23), 200 m (St.  procedure for electrode calibration is described elsewhere (Brendel,

23A), and 100 m depth (St. 23B) on a section across the sloping bottom 1995; Brendel and Luther, 1995).
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Oxygen was determined with linear sweep voltammetry (LSV),
scanning from—0.1 V to —1.7 V at a rate of 200 mV/s after 10 s
equilibration at—0.1 V. I(—1), Mn(ll), Fe(ll), and HS{1) were deter-
mined with square wave voltammetry (SWV). Before each scan, the
electrode was conditioned for 30 s-aD.1 V to restore the electrode
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phous and crystalline Fe and Mn oxides, carbonates and hydrous
aluminum silicates (Huerta—Diaz and Morse, 1990; 1992) but may not
include the oxidation products of Fe monosulfides (goethite and hema-
tite; Raiswell et al., 1994). Consequently, sEg is expected to be
smaller than Fg.. There are flaws inherent in any extraction proce

surface. This step removes any previously deposited reduced elementsdure but even critics of these techniques concede that they are useful

from the amalgam. The conditioning was followed by a scan frednl

V to —1.7 V in the square wave mode. In this mode the parameter
values were: pulse height 15 mV, step increment 2 mV, frequency 100
Hz, and scan rate 200 mV/s. When H3) was detected, we ran a
second scan after a conditioning step-#1.85 V. Detection limits at

the 99% confidence limit for © Mn(ll), Fe(ll), I(=1), and HS 1) are

3, 5, 15,<0.2, and<0.2 uM, respectively. Precision for replicates of
all species at a given depth is typically 2 to 5%-=I) could not be
determined below the depth where Fe(ll) first appeared in the profile

tools when used and interpreted with caution. We are aware that the
solid-phase speciation of metals may change upon oxidation and
freeze-drying of the sediments (Rapin et al., 1986). The most signifi-
cant change is the oxidation of acid volatile sulfides (AVS) to oxides
that are not readily extracted byetl N HCI reagent (Raiswell et al.,
1994).

Total iodine was determined by X-ray fluorescence (XRF) using a
Philips model PW2400 spectrometer equipped with a rhodium 60 kV
end-window X-ray tube. The analysis was carried out on 40-mm

because the signal was masked by a broad peak, attributed to colloidaldiameter pressed pellets prepared by mixing the freeze-dried sediment

Fe(lll) species (Taillefert et al., 2000), that occurred at the reduction
potential for I1).

The microelectrode profiling was carried out at the in situ tempera-
ture immediately upon the arrival of the subcores in the laboratory.
Each vertical profile consisted 6f100 measurements, taking2 min
each. Core 23B was analyzed first, followed immediately by core 23

with Hoechst Wax C Micropowder (5:1). The instrument was cali-
brated by using IS-40 Certified International Reference Materials. The
detection limit, based on three times the background sigma value, was
1mg/kg.

and core 23A. Thus, all microelectrode measurements were completed 5. Elux Measurements

within 15 h of sampling.
A recent in situ deployment comparing oxygen measurement with

Clark-type and voltammetric micro-electrodes showed excellent agree-

ment (Luther et al., 1999). Likewise, agreement within 5% was ob-

Immediately upon arrival in the laboratory, subcores from each of
the three stations were incubated at 4°C in the dark to measure the
fluxes of oxygen, nitrate, and ammonia across the sediment—water

tained between direct pore—water measurements of Fe(Il) and measurenterface, by using the procedures described in Hulth et al. (1994). A

ment of pore water recovered by slicing and centrifuging sediment
samples (Brendel and Luther, 1995).

2.3. Pore-Water Extraction and Porosity Determination

As soon as the micro-profiling was completed, the cores from St. 23
and St. 23B were sectioned in 0.5, 1, or 2 cm vertical intervals in a
glove bag under a stream of nitrogen. An aliquot of the wet sediment
of known volume and weight was freeze-dried and the weight loss was
used to calculate porosity (Berner, 1980). The dried solid was homog-

Plexiglas lid, equipped with a magnetic stirring bar rotating at 30 rpm
and Teflon valves for sampling, capped the core barrel containing the
sediment and~12 cm (1 L) of supernatant water. Care was taken to
avoid trapping air bubbles under the lid. Water samples were collected
from each core eleven times during the 110 h of incubation. A 50 mL
sample was drawn into a glass syringe for oxygen analysis by the
Winkler method and another 15 mL was collected with a plastic syringe
and immediately filtered through a 0.4&m filter for ammonia and
nitrate measurements. As the samples were drawn, they were replaced
by an equal volume of St. 23B bottom water of known oxygen, nitrate,

enized and kept for solid-phase analysis. The remainder of the sedimentang ammonia concentrations. The measured concentrations in the sam-
was transferred to resealable polyethylene tubes and centrifuged 20 minpjes were corrected for the amount added with the replacement water.

under nitrogen at 3000 rpm to extract the pore water. The pore-water wjithin the range of concentrations measured, the precision (one stan-
samples were filtered (0.4m) and an aliquot was immediately ana-  gard deviation) of the oxygen, nitrate and ammonia analyses was

lyzed for ammonia. The remaining sample was frozen and processed gpproximately 5uM, 1 uM, and 1uM, respectively. The error after

within a few days for nitratet nitrite (XNOs). The cores from St. 23 ¢orrecting for the addition of replacement water is estimated to be twice
and 23B were processed rapidly, but the processing of the core from St. ihe analytical precision.

23A was postponed by two days because of time constraints. Although
the core was kept at the in situ temperature during this time, it is
possible that the delay led to changes in the distributions of ammonia
and nitrate. This is taken into consideration in the discussion of the
data.

2.6. Analytical Procedures

Fe and Mn extracted from the sediment were measured by flame—
atomic absorption spectroscopy, using aqueous standards. Ammonia
was measured by using the flow injection method described by Hall and
Aller (1992), and nitrate plus nitrite(NO) were measured by the flow

'_I'he f_reeze-drled_ solid from th? porosity determination was hom_og- injection method of Anderson (1979). The analytical precision of these
enized in preparation for analysis. The water content and the salinity methods is better than 5%

were used to correct the analyses for the presence of sea salt. Samples
from the top 10 cm of the cores and a sample from the bottom of each
core were subjected to two different extraction techniques. The most
reactive iron oxide fraction (amorphous oxides) was extracted with an
ascorbate reagent (Anschutz et al., 1998; Ferdelman, 1988; Kostka and
Luther, 1994). This reagent consisted of a deaerated solution of 10 g of 3.1. Sediment Composition
sodium citrate and 10 g of sodium bicarbonate in 200 mL of deionized
water to whit 4 g ofascorbic acid was slowly added to a final pH of
8. About 100 mg of dry sediment was extracted at room temperature
with 13 mL of this reagent while shaking continuously for 24 h. A
second extraction on a separate 200 mg aliquot was carried out with 3

2.4. Solid-phase Analysis

3. RESULT

The sediment cores consisted of fine-grained olive green
muds with a thin €1 cm) brown surface layer. The sediments
5in the Laurentian Trough are bioturbated (Silverberg et al.,
mL of 1 N HCI for 6 h todetermine acid soluble Mn and Fe. The 1986), and we found one or two living polychaete worms in
centrifuged solutions were then diluted 1 N HCI and analyzed. each core. The porosity at St. 23 decreased exponentially from

B et o 88% 1 e Surface 2yer 0 759 a 3 om. The porosty proies
tively amorphous iron and manganese oxides and associated eIementsat St. ,23A and St. 238 Wer-e' similar to S,t' 23, but at corre-
(Kostka and Luther, 1994). The reactive phases extragteti ¥ HCI sponding depths the porosities were shifted towards lower

represented the operationally defined fraction that comprises amor- values by 2 and 5%, respectively.
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Fig. 2. Vertical distributions of reactive particulate Mn and Fe at stations 23, 23A, and28Bl/g dry wt.) and total
| at station 23 (100x umol/g dry wt.).

3.1.1. Manganese tectable at 3 to 4 mm depth (Fig. 3). Oxygen penetration depths
of 2 to 10 mm at St. 23, measured with a Clark-type polaro-
graphic microelectrode, were reported by Silverberg et al.
(1987). During the core incubations, the samples withdrawn
were replaced with water of high and known oxygen content in
an attempt to keep the oxygen concentration in the overlying
water from falling. Despite this precaution, the oxygen concen-
tration in the overlying water kept decreasing and was typically
P’educed to 25% of the initial concentration towards the end of
the 110 h incubations. The decreasing oxygen concentration
will ultimately affect the flux into the sediment (e.g., Hall et al.,
1989), but during the first 40 h of the incubation, oxygen
remained above 70% of the initial concentration and the oxy-
gen flux was approximately constant bretter than 0.964). The
oxygen uptake rate thus estimated was similar for the three
cores with values ranging from 6.7 to 7.3 mmat/ch(Fig. 4,
Table 1). By using the concentration gradient between 0 and 1
3.1.2. Iron mm depth and measured porosity, and assuming oxygen trans-
Ascorbate-extractable iron concentrations in the top 1 cm Port by molecular diffusion, we estimate oxygen fluxes into the
were 100 to 20umol/g with the lowest values at the shallow- ~sediment of 2 to 5 mmol/ftd. The highest flux was at the
est station. Extractable iron decreased with depth and reachedshallowest station. These estimates are lower than those mea-
50 to 60umol/g towards the bottom of the cores. The vertical sured in incubated cores. Bioturbation or roughness of the
distribution of HCl-extractable Fe was similar but the absolute Surface may be responsible for the difference.
amounts extracted were 200 to 3Qfnol/g higher (Fig. 2).

Each of the three cores was enriched in acid soluble man-
ganese in the surface layer (Fig. 2). The enrichment is due to
the presence of authigenic manganese oxides (Sundby et al.
1981). The manganese inventory, integrated over the top 4 cm,
was 10.1, 20.1, and 10,Zmol/cn? for stations 23, 23A, and
23B, respectively. However, in the 0 to 5 mm surface layer, the
manganese concentration was highest at the deepest station (S
23; 92.8umol/g) and lowest at the shallowest station (St. 23B;
13.4 pmol/g). Below 4 cm depth, the concentration of acid
soluble Mn was approximately constant at 5 topliol/g. The
manganese distribution at St. 23 was nearly identical to that
reported by Sundby et al. (1981) except that it was lower by
~10 uwmol/g at each depth, which we ascribe to procedural
differences, i.e., total vs. acid soluble manganese.

3.1.3. lodine 3.2.2. lodide

Total iodine was measured in one core (St. 23). lodine | each of the three cores, the iodide concentration increased
decreased exponentially from 0.4inol/g in the top 5mmand  across the sediment—water interface to maximum concentra-
reached background values of 0.240.04 umol/g at~10 cm tions of 6 to 7uM at ~13 mm depth (Fig. 3). This is one order

depth (Fig. 2). of magnitude higher than the total iodine content of seawater.

In each core, the depth of the iodide maximum coincided with
3.2. Pore-Water Composition and Solute Fluxes the depth where Mn(ll) first became detectable (Fig. 5). Below
3.2.1. Oxygen the maximum, iodide decreased progressively, but iodide could

not be measured with the microelectrode below the depth
In all three cores, the oxygen concentration decreased where Fe(ll) was first detected (see Sections 2.2, 4.2.1, and
sharply across the sediment—water interface and became unde4.4).
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Fig. 3. Left: Vertical distributions of dissolved QI(—1), Mn(ll), Fe(ll), and HS(1) in sediment pore waters at stations
23, 23A, and 23B, inuM. The profiles were acquired with a solid-state gold/mercury amalgam microelectrode (Brendel and
Luther, 1995). The detection limits for OI(—1), Mn(ll), Fe(ll), and HS1) were 3uM, 5 uM, 15 uM, <0.2 uM, and
<0.2 uM, respectively. The iodide concentration in St Lawrence Estuary bottom watd).isuM (Takayanagi and Cossa,
1985). Right: Vertical distributions of dissolved ammonia &iO; (uM) in sediment porewater at stations 23, 23A, and

23B. These measurements were made on porewater samples extracted from the cores used for microelectrode profiling. Note
that the concentration scale varies among the cores.
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Fig. 4. Temporal variation of dissolved oxygen (topNO3 (middle), and ammonia (bottom) in the overlying water
during core incubations. Station 23 (left), 23A (middle), and 23B (right). The values have been corrected for the amount
of each solute contained in the replacement water added when sampling. The benthic fluxes were calculated from the linear

regression lines. Note that there was no detectable release of ammonia from any of the cores during the first 48 h of the
incubation.

3.2.3. ZNQ; (nitrate + nitrite) tion is not due to the infiltration of bottom water through animal

burrows. The weak concentration gradient across the sediment—

The bottom wateB NO, concentration at the three stations . ) - .
ENO, ' water interface in core 23A is likely an artifact due to the 3-day

measured in the overlying water recovered with the box cores, . i
was 16.3, 18.9, and 21,8M, respectively, for St. 23B, 23A delay between core recovery and subsampling of this core.
and 23. These values agree with the reported depth distribution PUring this time theXNO; concentration in the supernatant
of nitrate in the Laurentian Trough (Yeats, 1988). The vertical Water had decreased from the initial 1§81 to 2 uM because
resolution ofSNO, and ammonium, which were measured on of XNO; consumption within the sediment, as observed during
squeezed samples, is not as good as for the pore—water conthe incubations. In the two other cores, which were processed
stituents measured with the microelectrode. Nevertheless, theS00n after recovery, thENO, concentrgtioq in the supernatant
vertical profiles of nitrate displayed a clear minimum within 10 had only decreased by gM. The direction of theXNO;

mm of the sediment-water interface and, surprisingly, a broad concentration gradient across the sediment-water interface,
maximum below this, in the 40 to 80 mm depth range (Fig. 3). which would driveZNO; into the sediment, agrees with the

In one core (St. 23B) th&NO; concentration reached 48M incubations. These gave nitrate fluxes-c8.46 mmol/nf/d for

at 80 mm depth. This is much higher than in the overlying St. 23,—0.25 mmol/nf/d for St. 23A, and—0.16 mmol/nf/d
bottom water, which indicates that the high nitrate concentra- for St. 23B (Fig. 4, Table 1).
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Table 1. Incubation results: fluxes of oxygen, nitrate, and ammonia at the sediment-water interface.

Ammonia release rate
(mmol/m~%d™1)

Oxygen uptake rate Nitrate uptake rate
(mmol/m~2/d™1) (mmol/m~2/d™1) 0-40 h After 40 h
St. 23 -7.3 —0.46 0 1.05
St. 23A —6.7 —-0.25 0 0.17
St. 23B -7.3 —0.16 0 0.28
3.2.4. Ammonia major sink for oxygen was above 4 mm depth. Similar obser-

vations, i.e., the presence of a depth interval in which neither
O, nor Mn(ll) is detectable, have been made in previous studies

1M). Between the overlying water and the first pore—water (Luther et al., 1998; Luther et al., 1997). .In each of the t.hrge
sample (the 0 to 5 mm interval), the ammonia concentration cgres, the depth Whe.re rnangangse was first detected cgmuded
increased by 5@M at St. 23B and by 7QM at St. 23. Below with the depth of thg iodide maximum. As thg cqncentratlon of
this depth, the ammonia concentration increased gradually andMn(ll) continued to increase with depth, the iodide concentra-
reached values as high as 28M and 380uM, respectively, ~ tion decreased. The Mn(ll) maximum occurred at approxi-
near the bottom of cores 23B and 23 (data not shown on the Mmately the same depth as the subsurface nitrate maximum.
figures). We are not reporting the ammonia profile for St. 23A  Below the dissolved manganese maximum, Mn(ll) decreased
because of the delay in processing this core. In spite of the progressively with depth. Dissolved manganese is most likely
sharp increase in ammonia concentration across the sediment-precipitated as a mixed calcium—manganese carbonate (Mid-
water interface, ammonia was not detected in the overlying delburg et al., 1987; Mucci, submitted) as the pore waters
water during the initial 48 h of the incubations. During the become supersaturated with respect to both calcite and rhodo-
following 64 h, ammonia was released from the sediment at chrosite after the production of carbonate alkalinity via sulfate

The ammonia concentration in the water overlying the cores
at the time of their collection was below our detection limit (1

constant rates of 1.05 mmolffd (St. 23), 0.17 mmol/fid (St. reduction. Measurements of sulfate reduction rates (SRR) from

23A), and 0.28 mmol/ffid (St. 23B; Fig. 4, Table 1). a core recovered at this site and a depth of 335 m showed that
SRR increased rapidly below5 cm and that titration alkalin-

3.2.5. Dissolved manganese ities reached more than 6 meq/kg by 30 cm depth (Edenborn et

Mn(ll) was first detected at 13 mm depth in cores from St. 23 @l 1987). Alternatively, the pore-water manganese may be
and St. 23B, nearly 10 mm deeper than the depth where OXygenscavenged by adsorption onto acid volatile sulfides (AVS)
became non-detectable (Fig. 3). We cannot exclude that some(Arakaki and Morse, 1993) the concentration of which in-
Mn(Il) was present above 13 mm at concentrations below our creases below 5 cm at this site (fror8.5 to 30 mmol/g at 10
detection limit (5uM), nor that some dissolved oxygen pene- €m; Gagnon et al., 1995). Unfortunately, it has been impossible
trated below 4 mm. However, the slopes of the profiles (Fig. 3) to confirm the fate of the pore-water manganese. Because of
show that the major process consuming the upward diffusing low abundance and high reactivity, the relevant solid phases
Mn(Il) occurred at, or just below, 12 mm depth and that the cannot be readily isolated.

-2

-184 T T T T T T T
-1.7 -1.5 -13 -1.1 -09 -0.7 -0.5 -03 -0.1

Fig. 5. Overlay of five square wave voltammagrams obtained with a gold/mercury amalgam microelectrode at successive
depth (11, 13, 14, 16, and 18 mm) below the sediment-water interface at St. 23. Oxidatief) @nd reduction of Mn(ll)
at the electrode surface took place -a0.3 V and —1.49 V, respectively. The peak height is proportional to the
concentration. The maximum concentration of I{ concurred with the first value of Mn(ll) above the detection limit.
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3.2.6. Dissolved iron reactions that take place in a sediment rather than an integrated

i view of dominant diagenetic reactions.
Fe(ll), measured as a peak-al.43 V, was first observed at

35 to 46 mm depth, depending on the core. The concentration
of Fe(ll) when it first occurred, was well above the detection
limit for Fe(ll) (15 wM), indicative of a sharp concentration
gradient and suggesting the presence in this layer of the major
sink of upward diffusing Fe(ll). The depth of the first Fe(ll)
occurrence corresponds to the Mn(ll) and nitrate maxima. The
appearance of Fe(ll) was accompanied by a broad peak &t

V in the voltammagram, consistent with the presence of col-

4.2. The Role of Manganese in Non-steady State
Diagenesis of lodine and Nitrogen Species

Because of the ease with which it moves between the re-
duced and oxidized states within the Eh—pH range commonly
encountered in marine sediments, manganese can participate
both as oxidant (electron acceptor) and reductant (electron
. ! donor) in diagenetic reactions. Manganese oxide can serve as
loidal or dissolved Fe(lll) complexes (Brendel and Luther, ominal electron acceptor in the bacterially mediated oxidation
1995; Huettel et al., 1998). Some of the Fe(ll) measured at ot o qanic matter (e.g., Froelich et al., 1979), as oxidant of
—1.43 V probably arose from the reduction of collqldal Fe(lll) sulfides (Aller and Rude, 1988), and as oxidant of ammonia
at the electrode, and the values of Fe(ll) given in the pore— ,,q,cing either N (Luther et al., 1997) or nitrate (Hulth et al.,
water profiles must thergfore .be considered as.maX|maI. How- 1999). Other than the reaction with oxygen (Stumm and Mor-
ever, there was no relationship between the height of &l 5, 1996), redox reactions involving Mn(ll) oxidation are not
Vv and the—1.43 V peaks in the voltammograms, indicating \ye|| documented, but it has been proposed that Mn(ll) may
that both Fe(ll) and Fe(lll) were present in the pore water. reduce nitrate to N(Aller, 1990; Luther et al., 1997).

3.2.7. Dissolved sulfide 4.2.1. The oxidation of Mn(ll) near the sediment-water

No dissolved sulfide could be detected in cores 23 and 23B interface
over the depth interval examined with the microelectrode (0 to
100 mm) although the smell of sulfide was noted deeper in the
cores. In core St. 23A, sulfide was detected below 45 mm
depth.

Conventionally, we would presume that the peak in solid-
phase manganese located in the 0 to 5 mm surface layer is
created by the oxidation of soluble Mn(ll) to insoluble Mn(lll/
IV) oxides by oxygen, which is present in this layer. At the time
our cores were collected, however, this scenario did not seem
4. DISCUSSION operative because Mn(ll) was not detected above 13 mm depth.
This suggests that manganese was being precipitated well be-
low the depth of the solid-phase manganese maximum. Fur-

By definition, the distribution of a sediment property is at thermore, because Qvas undetectable below 4 mm, the data
steady-state if, at a fixed depth relative to the sediment—water imply that O, was not a major oxidant of Mn(ll).
interface, the property remains constant (Berner, 1980). The There are numerous reports of a layer of substantial thick-
steady state is a useful idealization, but real sediment propertiesness, both in sediments and in the water column, in which both
vary on various spatial and temporal scales. According to the O, and Mn(ll) are below their respective detection limits, and
definition, the distribution of solid-phase manganese in these it has been proposed that Mn(ll) can be oxidized by ;NO
sediments is at steady state over a time scale of years becausé€Aller, 1990; Schulz et al., 1994; Murray et al., 1995; Sgrensen
the distributions we observe (St. 23) are virtually identical to et al., 1987; Luther et al., 1997; 1998; Hulth et al., 1999).
observations made nearly 20 yr previously (Sundby et al., Consistent with this hypothesis, the nitrate distributions in our
1981) in spite of a sedimentation rate 62 mm per year cores go through a minimum located approximately at the
(Silverberg et al., 1986). However, the shape of the dissolved depth where Mn(ll) is disappearing.

Mn(ll) profile shows that the manganese system is not at steady However, nitrate is not the only reactant other than oxygen
state. If it were, we should have observed a solid-phase man-that may oxidize Mn(ll). An alternate and perhaps competitive
ganese peak near the depth where dissolved Mn is beingoxidant is iodate, which occurs dissolved in seawater and
removed, i.e., at 13 mm depth (e.g., Burdige and Gieskes, adsorbed on sediment particles near the sediment—water inter-
1983). Strictly speaking, the solid-phase and pore—water pro- face (Ullman and Aller, 1985). The oxidation of Mn(ll) by
files may not be comparable because they were sampled oniodate (IQ;) is thermodynamically favorable and the reaction
different spatial scales, i.e., a 0.5 to 2 cm long, 10 cm diameter yields free energy equivalent to the corresponding reaction
sediment cylinder for the solid phase vs. a small volume near between Mn(ll) and nitrate (Luther et al., 1997). Ullman and
the surface of the 10Qum diameter electrode surface for Aller (1985) proposed that a redox cycle for iodine exists near
Mn(ll); yet, a similar offset between solid-phase and pore— the sediment—water interface whereby iodide released during
water profiles was observed when both phases were sampled orthe decomposition of organic matter diffuses to the sediment—
the same spatial scale (Gobeil et al., 1997). Given the non- water interface where it is oxidized microbially to iodate, which
steady state distribution of manganese species, we can assumé then adsorbed onto metal oxides; upon burial and reduction
that the distributions of other redox species also are transient. of the carrying phases, the adsorbed iodate is released to
The profiles, and the fluxes that can be deduced from them, aresolution and may participate in redox reactions. Keeping in
thus only representative of the time when the cores were mind the transient nature of pore-water profiles in bioturbated
collected and do not represent an average or a steady statesediments, the iodide and total iodine distributions we observe
These profiles provide an instantaneous picture of the many are consistent with this mechanism. The sediment surface layer

4.1. Non-steady State Diagenesis
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is enriched in total iodine by a factor of three over the subsur- reactions are thermodynamically favorable (Luther et al.,
face sediment. Although the speciation was not determined, the 1997).
solid-phase iodine is probably a mixture of organic-1 and iodate
adsorbed onto iron(oxy)hydroxides. The pore—water iodide dis-
tribution displays a sharp and well defined subsurface maxi-

1/2 Mr?* + 1/6 105 + 1/2 H,0 < 1/2 MnO,

mum with concentrations (4.2M at St. 23 and 23A and 6.3 1B+ H 1)
uM at St. 23B) one order of magnitude higher that the total ot _
S . + +
abundance of iodine in seawater (0.45, mostly as iodate; Mn 1/610; + 3/2 HO < MnOOH
Luther et al., 1988). However, further work on the distribution +1/61 + 2H* (2)

of the various iodine species both in the solid phase and in the

pore water will be needed to confirm this mechanism. We can now compare the iodide production rate with the
A remarkable aspect of the data set is that, at each of the upward flux of Mn(ll). At St. 23, the Mn(ll) gradient, which is

three sites, the iodide maximum coincided with the depth where approximately linear across the 13 to 31 mm depth interval, is

the upward diffusing Mn(ll) became undetectable. This sug- estimated as 118 nmol/émThe average porosity is 0.83 and

gests a coupling of the iodine and manganese cycles, i.e., thatD, is 2.77 X 10~° cn?/s, which gives a Mn(ll) flux of 0.271

upward diffusing Mn(ll) is oxidized by an iodine species, most
likely iodate. In order for iodate reduction to be quantitatively

important in a reaction with Mn(ll), the production rate of

iodide should be stoichiometrically of the same order of mag-
nitude as the upward flux of Mn(ll). We can estimate a rate of
iodide production by assuming that it is balanced by the com-
bined upward and downward fluxes of iodide from the iodide

pmol/cnt/s. This is six times the iodide production rate. €on

sidering the stoichiometry of Reactions 1 and 2, each mole of
105 oxidizes 3 or 6 mol of Mn(ll), depending on the end-

product. Assuming that the production rate of iodide can be
equated with the reduction rate of iodate, the reduction of
iodate may thus account for 50 to 100% of the oxidation of the
upward diffusing manganese. At St. 23A and 23B the respec-

maximum. The fluxes can be calculated, assuming transport by tive concentration gradients give higher values for the iodide

molecular diffusion, from the two concentration gradients ac-
cording to Fick’s first lawJ = —¢$pD dC/dX, whereJ is flux, ¢

is the porosity dC/dX is the concentration gradient, aiy is

the bulk sediment diffusion coefficient corrected for tortuosity,
i.e., D, = D /6% where# is the tortuosity and, is the diffusion
coefficient in water (Berner, 1980D, values were obtained

production rate and lower values for the Mn(ll) flux. At these
stations the estimated reduction rate of iodate is more than
sufficient to account for the oxidation of all the Mn(ll), irre-
spective of the oxidation end-product.

The above conclusions apply only to the conditions at the
time of sampling. Because of the location of the solid-phase

from Li and Gregory (1974) and the value @f is assumed to manganese near the oxic sediment-water interface, oxygen
equal 1— In(¢? (Boudreau, 1996). For the data set of St. 23, reduction is probably the ultimate process that oxidizes and
the upward directed iodide gradient between 13 mm and the precipitates dissolved manganese. The data do suggest, how-
sediment-water interface is 3.23 nmolftcifihe mean porosity ever, that reactions between the iodine and manganese species

over that interval is 0.86 anbDy is 9.31.10 ®cn¥/s, giving an
upward flux of 0.026 pmol/cfts. The downward concentration
gradient is 2.4 nmol/cfh and with a porosity of 0.85 the
downward flux of iodide is estimated at 0.019 pmolfésnThe
combined flux of iodide away from the peak is thus 0.045
pmol/cnt/s, or 0.39 mmol/ifd. This is nearly one tenth of the
oxygen flux into the sediment. These calculations assume
steady state and the results only apply to the time when the
cores were collected.

can be important during the diagenesis of marine sediments.
Moreover, they show that the relative importance of the many
possible diagenetic reactions involving manganese may be
changing over time, re-enforcing the view of diagenesis as a
temporally and spatially variable web of redox reactions.

4.2.2. The fate of downward-diffusing iodide

To maintain the sharp pore—water iodide maximum observed

Before comparing the iodide production rate with the man- in these cores, iodide must be removed both above and below
ganese flux we need to consider the possibility that the iodide the peak. Oxidation to iodate by oxygen may explain the
production is a result of the remineralization of organic matter, removal above (e.g., Kennedy and Elderfield, 1987) but not
the ultimate source of iodine, which is known to release dis- below the maximum. The direct loss of iodide from anaerobic
solved iodide to the pore water (Kennedy and Elderfield, 1987; pore waters has not been reported previously. A series of
Ullman and Aller, 1983, 1985; Uliman and Sandstrom, 1987). experiments conducted by Framg (1987) showed that KI)

The average molar I/, ratio is ~4 X 10~ in settling was not sequestered by the solid sediment whereas the oxidized
particulate matter (Shimmield and Pedersen, 1990). If we as- iodine species (19, I,, and HIO) were. The removal of iodide
sume that iodide is released in this proportion and at the samethat we observe in our cores is, therefore, likely due to the
rate as the remineralization of organic carbon, and further that production of an oxidized iodine species, which in turn reacts
this rate is approximated by the oxygen uptake rate, we obtain with the solid phase. An examination of the profiles shows that
a release rate of iodide of approximately 0.0028 mm&dm the downward-diffusing iodide encounters upward diffusing
This is more than two orders of magnitude less than the iodide nitrate. One possibility is therefore that iodide is oxidized by
production rate we estimated above, and, therefore, an unlikely nitrate in a reaction that yieldsNand L. This reaction, which
source for the observed subsurface iodide maximum. We pro- is thermodynamically favorable at all pH encountered in ma-
pose that the latter originates mostly from the reduction of rine sediments (Fig. 6), is intriguing not only because it would
iodate by Mn(ll). The possible reactions involved depend on promote denitrification, but also becaused highly reactive
whether the oxidation product is Mp@r MnOOH, but both and could react further with organic matter to produce iodin-
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I,. Alog K is the total free energy at a given pH. Positiépg K
indicates a thermodynamically favorable reaction.

ated organic molecules (Truesdale, 1982; Fo#s)c1987)
which then would be buried. In a sense, this reaction would
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Denitrification: 2NQ; + 3Corg — N, + 3CO, (4)

two moles of Q are consumed for each mole of NHHence,
converting the “missing” ammonia to nitrate would require a
supply of 4.1 mmol/ri/d of oxygen at St. 23, or more than half
of the total sediment oxygen consumption.

The above scenario would require that nitrate be consumed
faster than it is produced, because no build-up of nitrate was
noted below the sediment—water interface. In fact, we measured
a flux of nitrate from the overlying water into the sediment, thus
denitrification at, for example St. 23, must proceed at a rate in
excess of (2.05+ 0.46) mmol N/n¥/d. This would also imply
that more carbon is oxidized by nitrate than by oxygen. The
presence of oxygen is usually thought to inhibit denitrification,
which requires that nitrate be transported below the oxygenated
sediment layer, i.e., below5 mm depth, to be denitrified. By
using Fick’s law of diffusion again, and assuming that denitri-
fication takes place at 5 mm depth, we can calculate the
downward nitrate flux to the top of the anaerobic layer. The
concentration gradient is taken to be linear between the sedi-
ment—water interface (2@M) and 5 mm depth (QuM), the
porosity is 0.86, and the diffusion coefficient is 5110
cné/s. The diffusive flux to 5 mm depth is estimated at 0.19
mmol/n?/d, or more than one order of magnitude less than the
rate of nitrate consumption required by bacterial denitrification.
In other words, this estimate represents the flux of nitrate from
the aerobic zone (nitrification plus byproduct of ammonium
oxidation) to the anaerobic zone. It suggests that aerobic nitri-
fication coupled to anaerobic denitrification cannot alone ac-
count for the removal of ammonia diffusing to the interface.

There exist several alternatives that may explain the data,

close the cycle whereby the iodine that is delivered to the none of which can be confirmed or ruled out at this time. One
sediment in association with organic matter, is released to the js that the denitrification process is carried out by aerobic
pore water via hydrolysis, oxidized to a more reactive species, pacteria, which would eliminate the need for transporting ni-

and finally recombined with organic matter and buried.

4.2.3. The reduction of oxidized manganese near the
sediment-water interface

It has recently been proposed that, in the presence of oxygen
manganese oxide may oxidize ammonia to dinitrogen in addi-
tion to serving as a terminal electron acceptor in the bacterial
oxidation of organic matter (Luther et al., 1997). Furthermore,

it has been shown that manganese oxide may oxidize ammonia.

to nitrate anaerobically (Hulth et al., 1999). The first, and

maybe also the second, of these reactions could explain our
observation that no ammonia could be seen to escape from the

sediment to the overlying water during the first 48 h of the core
incubations in spite of the sharp ammonia gradient near the

sediment—water interface. The second of these reactions is

possibly related to the presence of N@ the anoxic sediment.

The processes that intercept the upward ammonia flux are
quantitatively important, for if we assume a linear concentra-
tion gradient between the middle of the first sampling interval
(0 to 5 mm) and the sediment surface, and transport by molec-
ular diffusion, the “missing” ammonia flux is 2.05 and 1.20
mmol/n?/d at St. 23 and St. 23B, respectively. If the missing
ammonia flux is consumed by coupled bacterial nitrification—
denitrification, then according to:

Nitrification: NH; + 20, - NO3 + H,O + 2H" (3)

trate from the aerobic to the anaerobic zone of the sediment
(Frette et al., 1997; Lloyd et al., 1987; Robertson et al., 1989).
A second alternative is that ammonia is being consumed by
bacteria. Van Duyl et al. (1993) suggested that short-term
sedimentation events may stimulate bacterial growth which, in
turn, may lead to a temporary immobilization of nitrogen in the
increased bacterial biomass. A third alternative is that ammonia
is oxidized directly to N by the abundant authigenic manga
nese oxides in the sediment surface layer, thereby short-circuit-
ing the nitrification—denitrification process altogether (Luther
et al., 1997). Under the latter scenario, the overall reaction can
be considered as the oxidation of ammonia fdM oxygen, by
using Mn (Ill,IV) as the catalyst. The stoichiometry of this
reaction shows that the conversion of 1 mol ammonia 0 N
requires 3/4 mol @

1/2 MnQ, + 1/3 NH, + 2/3 H" — 1/2 Mr#*
+ 1/6 N,+ H,0 and 1/2 MA* + 1/2 H,0 + 1/4 G,
—1/2MnQ, + H* (5)
MNnOOH + 1/3 NH; + 5/3 H" — Mn?" + 1/6 N,
+ 2H,0 and Mrit* + 3/2 H,0 + 1/4 O,

— MNOOH + 2H* (6)
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This is less than half the oxygen requirement for the con- water at the concentration levels we measured and beyond.
version of ammonia to nitrate, and would leave more oxygen Therefore, the anaerobic production of nitrate through Reac-
available for other reactions. Finally, it has recently been dem- tions 7 or 8 is highly favored in the studied sediments whenever

onstrated that ammonia can be oxidized by Mri®nitrate as

Mn(lIL,IV) enriched particles are biotransported into the anaer-

well (Hulth et al., 1999). Thus, there are several processes thatobic ammonia-rich zone.

can potentially intercept the ammonia flux from the sediment.
Their relative importance remains to be worked out.

4.2.4. The reduction of manganese oxides within the anoxic
sediment

In each of the three cores we observed a layer with high
concentrations of nitrate deep within the anaerobic sediment.
At St. 23B the nitrate concentration at 8 cm depth reached 50
uM. These concentrations are much higher than in the overly-
ing bottom water, and we can therefore exclude the possibility
that the high nitrate values are due to the infiltration of bottom
water through animal burrows. It is conceivable that the nitrate
maximum was caused by the oxidation of ammonia with oxy-
gen, diffusing into the sediment through the walls of irrigated
burrows (Aller, 1980), but the presence of high concentrations
of Mn(ll) at the same depth would argue against it. An inter-
esting alternative, which does not require bioirrigation, is the
oxidation of ammonia or organic-N by Mn(lll) or Mn(IV).
Hulth et al. (1999) have recently provided experimental evi-
dence for anaerobic nitrate production through the oxidation of
ammonia by MnQ, and Aller et al., (1998) invoked the fol
lowing pathways to explain the persistence of Nét depth in
Panama Basin sediments:

1/2 MnQ, + 1/8 NH; + 3/4 H" & 1/2 Mr?*

+ 1/8NO; + 5/8 H,0 (7)
MNOOH + 1/8 NH; + 7/4 H" & Mn?* + 1/8 NO;
+ 13/8 HO (8)

The coincidence of the nitrate maximum with the Mn(ll)
maximum observed in our cores is consistent with this mech-
anism.

Hulth et al. (1999) estimated that Reaction 7 was energeti-
cally possible under typical sedimentary conditions. We can
calculate the reaction quotients or ionic activity products (IAP)
of Reactions 7: (MA")Y2(NOz )Y&(H)*4NH; )*'8 where (i)
refer to activities, and 8: (Mt )(NOz)>&(H™)"4(NH; )*'® by
using the measured pore—water concentrations at the depth o
the subsurface nitrate maximum and estimates of the activity
coefficients of Mn(ll), NG, and NH; in seawater (Johnson,
1982; Klinkhammer, 1980; Millero and Pierrot, 1998). For St.
23, 23A, and 23B the calculated IAP(7) values are close to
103°at pH 7 and 187 at pH 8, and IAP(8) values are close to
107®at pH 7 and 18°at pH 8. These values are far below the
equilibrium constant (K°) for Reactions 7 and 8, which are
derived by using, respectively, pyrolusitg-KInO,, K°(7) =
10°%% and manganitey-MnOOH, K°(8) = 10*°39 or feit-
knechtite B-MnOOH, K°(8) = 10'%-#9) as possible Mn(IV and
IIl) oxide minerals in St. Lawrence Estuary sediments (Hem
and Lind, 1983). The large difference between K° values and
IAPs means that N is metastable in the presence of manga
nese oxides whereas Mn(ll) and N@an accumulate in pore

f

4.3. The Role of Iron in the Diagenesis of lodine and
Nitrogen Species

4.3.1. Reactions involving Fe(lll)

The sediment surface layer is also enriched in oxidized iron
as inferred from the ascorbate leachable fraction. The oxidation
of ammonia to N by amorphous Fe(lll) is only thermodynam
ically feasible at pH< 6.8 (Luther et al., 1997) and is therefore
not likely to be involved in the removal of ammonia in the
aerobic zone near the sediment-water interface. Oxidized iron
can of course be transported downward into the anoxic sedi-
ment by advection and mixing but, as we will now show, the
anaerobic oxidation of ammonia to nitrate by Fe(lll) is un-
likely. Applying the same reasoning as we did for manganese
oxides above, ammonia would be oxidized by Fe(lll) according

Fe(OH) + 1/8 NH; + 7/4H" & Fé* + 1/8 NO;

+ 21/8 H,0 (9)

The equilibrium constant for this reaction, K°(9), is*f9 at
25°C by using ferrihydrite as Fe(lll) phase. Reaction 9 only
becomes favorable when IAP(9) K°(9), i.e., when (F&") is
below 10 '°7 at pH 8 or below 10° at pH 7. The activity
coefficient for Fé* used here is that given by Millero (1982).
Thus, nitrate production and accumulation in pore waters via
Reaction 9 can only occur under conditions where dissolved
Fe(ll) remains at very low concentrations. In anaerobic non-
sulfidic pore waters where Fe(ll) is abundant, Reaction 9 is,
therefore, less likely than Reactions 7 or 8.

4.3.2. Reactions involving Fe(ll)

The upward flux of dissolved Fe(ll) is intercepted at depths
where nitrate is abundant and oxygen is absent. The oxidation
of Fe(ll) by nitrate is possible, and the reduction of nitrate o N
by Fe(ll) is thermodynamically favorable at all pH (Luther et
al., 1997). The oxidation of Fe(ll) by nitrate has been observed
to take place (Hansen et al., 1994; Postma, 1990) and the
reaction can be mediated by nitrate-reducing bacteria (Straub et
al., 1996). The most favorable product is green rust (Fe(ll)—
Fe(lll) hydroxide—sulfate). Green rust can be oxidized further
by nitrate to goethite (Hansen and Bender Koch, 1998). In our
cores, the appearance of Fe(ll) was accompanied by a broad
peak at—0.4 V in the voltammagram, consistent with the
presence of colloidal Fe(lll) or dissolved Fe(lll) complexes
(Brendel, 1995; Huettel et al., 1998).

5. CONCLUSION

A multitude of redox reactions are possible during the early
diagenesis of sediment, but their relative importance varies in
time and space. For example, oxygen was not the major oxidant
for the upward diffusing Mn(ll) at the time our cores were



2762 P. Anschutz et al.
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