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Abstract Formation and dissolution of authigenic Fe and Mn (oxyhgxiides influ-
ence cycling of trace metals in oxic/suboxic surface sediméNe used the diffusive
gradients in thin films technique (DGT) to estimate the aisgimn of cobalt with iron
and manganese oxides. We compared Co, Fe and Mn maxima ee&dsuDGT in
the pore waters of fresh and aged marine sediment cores &intheesl the Co/Fe
and Co/Mn ratios in the metal oxides. A Mn maximum was notblésin DGT con-
centration profiles of freshly collected sediment cores dfiter ageing the sediment
we observed a distinct Mn peak, presumably due to broadexfittie depth range
over which the various electron acceptors occur. Estim@@in ratios from both
experiments are within the range of literature values foringasediments, but the
value from the aged experiment is at the lower end of the rahlis is attributed
to stimulation of sulphate reduction and precipitation obalt sulfides. The good
correlation between Co and Fe maxima in the fresh sedimsrdftributed to the
similarity of their reactions with sulphide rather than Gairiy released during auth-
igenic Fe oxide reduction.
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1 Introduction

Iron and manganese oxyhydroxides formed within the oxifaserlayers of sedi-
ment may play an important role in the regulation of tracenelet concentrations
and their vertical distribution in sediments (Douglas amtAey) 2000). Oxygenic
oxidation of Mn(ll) is slow, allowing it to diffuse througlh& oxic-anoxic interface,
thus enabling formation of Mn-oxides within the oxic zonail[Efert et &I, 2002)

and potentially also in the overlying water. A faster oxidatrate limits the Fe(ll)

that can exist within this zone. These processes were shistinatly in experiments
undertaken by Petersen et al (1995). As the authigenic sxioten, they regulate
the flux of trace elements into the overlying water (Douglas Adeneyl 2000), via
coprecipitation and adsorption mechanisms. Co is rele@mspdrewaters within the
zone of manganese reduction, and recycled between oxiaidrodsc sediments and

porewaters (Heggie and LeWwis, 1984). Within both marinefeeshwater sediments,
profiles of Mn(ll) have been shown to be closely correlatethwvtihose of cobalt

(e.g..Zhang et al, 2002; Shuttleworth, 1999). Many stud&setshown the linkage

between the elements within water columns affected by am(@xgm ;

11994/ Taillefert et al, 2002; Hamilton-Taylor et al, 2005).

As Mn and Fe oxyhydroxides (plus associated trace elemémnts) within the
oxic zone they can accumulate, via accretion, on the sud&€eflon strips inserted
into sediments. This method has been used to study theoredaip between these
authigenic oxides and trace element cycling within freslewslessier et al, 1996)
and marine environments (Douglas and Adeney, 2000, estiagdiment). Where
discrete Iayelrj;l?{9 Mn and Fe oxyhydroxides form they can ladyaad independently

i 6).

The diffusive gradients in thin-films (DGT) technique hasbaised in both
freshwater and marine environments to assess the flux oétheed forms of metals
to the device. DGT measures directly the flux of metal fromsb@iment during the
deployment time, which reflects the concentration in theepater, its diffusional
transport and the supply from the solid phase to soluticzaritbe interpreted simply
as the average porewater concentration at the interfate afdvice over the deploy-
ment period. Using this technique several studies havealedelose relationships

between DGT measured Mn and Co (e.g. Zhand et al,| 2002; Fong2604).

Here we present a novel use of DGT to examine the associdtmobalt with Fe
and Mn. We compare Co, Fe and Mn maxima measured by DGT frofoytapnts
in fresh and aged marine sediments and estimate the ratios a§sociated with the
oxides of Fe and Mn. Ageing and homogenization of one of tlnsent samples
was undertaken to reduce the concentration of reactivenargaatter in the surface
sediments. This effectively increased the depth range whéh the different elec-
tron acceptors are dominant and resulted in distinct mawihadl three metals.



2 Materialsand methods
2.1 Sampling and experimental setup

The marine sediment used for this experiment was collectsidg a Jenkin corer
(Blomaqvist, 1985), from Fleetwood Marina (UK). The site isstribed more fully
byNaylor et d1/(2004). Sediment for the aged/homogeniselttam intact core exp-
eriments were collected in March 2006 and November 2007ecsely. For the
aged sediment experiment, after retrieval the sedimentoaedying water were
thoroughly homogenised and placed in a glass aquarium ¢tesettle. Once the sed-
iment had settled, overlying water was circulated acrossatsmooth flow using a
pump, and trickle devices. Initially this water was bubbtéth nitrogen gas for3
days to reduce populations of benthic fauna. Followingttieiastment, circulation was
maintained to provide oxic overlying water and to avoid a&khdiffusive boundary
layer. The sediment was then left to age for approximatefjrteimonths at room
temperature (26 2°C) before the DGT deployments commenced. For the second
part of the experiment, intact cores were incubated at aqupitely the in situ temp-
erature (& 11°C). Cores, collected in 50 cm tubes, were extruded into shtubes
(~13 cm) so that only sediment was contained in the tubes, thowiag water
flow over the sediment surface. Overlying water was ciredahrough the aquarium
containing the cores to simulate some features of the incsitlitions. The DGT
devices were deployed approximately one week after sanofiection.

2.2 DGT preparation and deployment

DGT planar sediment probes (dgtresearch/com) were preépesiag two types of
polyacrylamide gel. The back layer comprised a gel contgirthe binding phase
resin, Chelex-100, and the top layer was a 0.8 mm thick hyalrddese were pre-
pared according to procedures described elsewhere (eyipriés al [ 2004). The top
gel layer was covered with a 0.14 mm thick filter membrane5Q# pore size;
Pall Corporation), giving a total diffusive layer thickse@g) of 0.94 mm. Prior to
deployment all probes were deoxygenated for 24 hours by etging in ultrapure
water (Millipore MQ; 18.2 M2 cm) through which oxygen free nitrogen gas was
continuously bubbled.

2.3 Experimental and sample processing procedures

Multiple probes were deployed simultaneously at the begmof each experiment
(2 probes per core) and were removed at fixed time intervaigvi® total deploy-
ment times of 4 to 24 hours. Replicate probes were retrievetiffarent times to
check that there was no interference to the DGT signal camgéuk insertion of the
probe, such as channelling or smearing. These effectsewitl to have more influ-
ence at shorter deployment times, as the probe will soonutesnto hours) assume

the conditions of the local sedimeht (Tankere-Muller e2807). Upon retrieval the
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DGT probes were thoroughly rinsed with MQ water, beforeigeirated storage in
clean plastic bags. Deployed gels were sliced into 5 mm sguesing a Teflon coated
razor blade mounted on a micromanipulator with vernierescBhe procedure gave
three replicates for each depth interval and these are sepied by error bars in
the figures of the data. For each probe, results were obt&meld? depth intervals
covering 90 mm. Sliced gel pieces were eluted in 0.5 mL of 1Mmacid (BDH,
Aristar grade) in closed micro-vials for a minimum of 24 hewamples were diluted
by a factor of five before analysis by inductively coupledspt@-mass spectrometry
(ICP-MS; Thermo Electron X-Series) using Rh as an intertaaidard. This overall
procedure minimises the seawater matrix.

2.4 Data analysis

A concentration gradient through the DGT diffusive layédngdrogel and filter mem-
brane) is established by immobilisation of analytes in timeling layer and resupply
from the porewaters at the device interface. The mass ofesaktcumulated in the
binding gel M) per unit areaA, cn?) divided by the deployment timé,(s), gives
the time-averaged solute flug) through the diffusive layer (typical units mol crh
s, Eqnd).

F=M/At 1)

DGT utilises Fick's Law of diffusion to determine the timeesmged concentrations
at the probe-sediment interfad@ys7) from the mass of analyte on the binding layer
(Eqn2; whereDy is the diffusion coefficient in the gel).

F= DdCDGT/Ag (2)

Combining Eqns[J1 and 2 allows calculation @crt (Eqn.[3;.Zhang etlal, 1908,
wheref. is the elution efficiency of the Chelex gel).

®3)

In well stirred solution€psT can be considered to be representative of the aqueous
concentration. However, in porewateCsgt represents the average concentration
at the surface of the device over the deployment period.jt mpresents the unper-
turbed porewater concentration when resupply from thel pblase acts as a sufficient
buffer. As resupply is unlikely to be sufficient to buffer therewater, the interfacial
concentrations are controlled by varying contributiorerirthe following factors:
diffusion, the solid phase pool size and associated ddearfinetics, and active
remobilisation processes. Theoretical cases of diffdd&i resupply scenarios have
been investigated in several studies (e.g. Harpe' let aff;Ptang et al, 2002). Where
a DGT probe detects a redox boundary (i.e. where Fe(ll) ol lystfow distinct max-
ima) any associated trace element maxima can be assumelhtgdly due to release
of the trace component from the source authigenic oxide igsuitilised as an elec-
tron acceptor. Trace metal release solely from organicené@M) as it degrades,
is much lower than the concomitant release from authigexides if they are the
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electron acceptor (e.g., Naylor €tlal, 2004). Where Fe angh&éks do not overlap,
the ratios of trace element to solute Mn or Fe may give an estiof the molar ratio
associated with each authigenic oxide.

3 Resultsand discussion
3.1 Effects of the sediment ageing and general observdtiomsthe profiles

In an intact sediment in an environment without resuspensi@nts, concentration
profiles of reactive organic matter and Fe/Mn (oxyhydr)esidienerally decrease
with depth. Collection of the sediment with a Jenkin cordaires intact profiles
throughout the depth of the sampled core (typically 13 cmle¢twood Marina).
When homogenised and allowed to resettle, the reactivenmrgaatter within the
surface sediment will be lower in concentration due to ayi@@of the profiles. This
results in oxidants being dominant over a greater deptheraastheir consumption is
directly related to the OM concentration. Conversely, éasing the reactive organic
matter at depth may increase sulphide production, as sielphifl be the primary
electron acceptor (EA) when the reactive Fe/Mn (oxyhyddes fall below the con-
centration where they are the dominant electron acceptos dlevated sulphide
production may bring about additional removal of metalsstigphide precipitation.
Ageing of the sediment further reduces the reactive OM awdeases the depth
range over which individual oxidants are utilised as thetete acceptor. This was
observed visually during the experiment where the lighbaogd oxic zone increased
in depth over the ageing period.

Mean DGT concentrations for each depth are shown in Figui@sghly coll-
ected sediment) arld 2 (aged sediment), for deployments @p2é hour period.
Additional probes were deployed for periods longer than @drs. However, at de-
ployment times of 36 hours or more competition effects wédrgeoved, where Mn is
displaced from the binding phase by Fe (this work, unpublistesults).

As resupply of solutes to the device interface is not fullgtained, the data
generally show a decrease in the magnitudeCggr as the deployment time is
increased. However, some of the maximum peak values arevelolsat 8 hrs rather
than 4 hrs. This may be due to complexes of the metals witheslaiffusion co-
efficients (Scally et Al, 2006) and/or binding of metals tfiusive gel (Garmo et al,
@), increasing the time required for a steady state teehehed. Multiple DGT
deployments in soils have shown peag:g values at deployment times of 8 to 10
hrs (Ernstberger etlal, 2002), which may be attributabléése effects.

Some variability in the profiles is to be expected, as therg beaheterogeneity
in the sediment (cores were collected within an area of apmrately 100 square
meters), or the coring device may introduce some minor isistencies between
the cores 5). Heterogeneity is likely toeaffthe intact sediment
cores to a greater degree than the homogenised sedimentifiérences in the
Mn structure in the intact core deployments (Hi§j. 1) areitaited to this factor.
Alternative explanations include smearing of sedimenbs&the probe face during
insertion or heterogeneity in the resin distribution witkihe binding phase gel. The
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Fig. 1 Profiles of DGT concentratiorCpgt for Fe, Mn and Co obtained from four DGT deployments
(4hrs to 24 hrs) in intact sediment cores incubated a€1Data presented are the mean values of the three
gel samples for each depth, error bars are one standardideviiimm the mean. Positive depths indicate
data above the sediment water interface.
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Fig. 2 Profiles of DGT concentratioiGpeT for Fe, Mn and Co obtained from four DGT deployments (4hrs
to 24 hrs) in homogenised, aged sediment. Data presentéldeameean values of the three gel samples for
each depth, error bars are one standard deviation from the.rResitive depths indicate data above the
sediment water interface.



Table 1 Relationships between DGT concentrationg¢¢) of Co, Fe and Mn. Correlation coefficients
(r?) are obtained by comparing surface/peak data for the fqulogments for each of the experiments. The
surface-maxima are assumed to be represented by data hepd8anm above, t6-20 mm and~40 mm
below the sediment water interface for the aged and fresmeads respectively. Peak ratios are calculated
by comparing the peak values (average of the highest thiteessat the Co maxima) and assuming only
one authigenic oxide is the source. Residual standardtaega(RSD) indicate the variability between the
four different deployment times for each experiment.

CovsFe Covs Mn
Aged Intact Aged Intact
(2 0.03 0.76 0.85 0.28
(n=32) (n=48) (n=32) (n=48)
Peak ratio - 9.5¢10° 1.9x10% 1.06x 1073
(mol molY) (RSD=8%) (RSD=12%) (RSD=34%)

similarity in the structure of the Fe and Co profiles indisatieat these potential
sources of error are not factors in these deployments.

3.2 Comparison of the Mn, Fe and Co data

The broad maxima in the Fe(ll) profiles for the freshly caket; intact core deploy-
ment (Fig.[1) are almost coincident with the Co maxima. Thisra small offset

between the Fe and Co data, with the Co maxima beidgdata point (5 mm)

higher than that of Fe. This may be due to the difference inotlidation rates of

the reduced species of the two metals. Although, remohisaf a different trace

metal (Cu) close to the sediment surface has been attriboigassible release from
OM oxidation (Tankere-Muller etlal, 2007, and referencesém).

DGT concentration profiles for the aged sediment show muctowar Co max-
ima, coincident with similar maxima of Mn (Fif] 2). We haveaexined the corr-
elation between the DGT measured concentrations of Corwitié maxima with
those of Mn and Fe (Tablg 1). The values of the correlatiorificient, 1%, indicate
that there is a dominant relationship between either Fe gravid Co in each of the
experiment deployments. For the Fe dominant scendriis, affected by the offset
between the Co and Fe profiles. The lack of any associationeleet Fe and Co in
the aged sediment may be due to two contributing factors hg) jeak Fe concen-
trations are up to 10 times lower than in the fresh sedimehigctwwill result in a
corresponding lower flux from this source. 2) The solid phrasg be affected by the
ageing/homogenisation process.

Itis instructive to consider the geochemical processatiag affect the profiles
of Fe, Mn and Co. These metals differ in their reactivity wstiiphide and previous
data from this sitel (Naylor et/dl, 2004) have shown that Mnigsificantly under-
saturated with respect to its sulphide phase compared todr&la(Ni has a similar
degree of pyritization to Co; Morse and Luther, 1999). Lokdissolved Co and Fe
from the aged/ homogenised system may occur via formatiporahcorporation
into, sulphide phases. It is likely that Co is lost via thisamanism to a greater
degree than Mn, as its sulphide phase has a much lower stlydsdduct. However,




Mn can be removed to some extent in sulphidic systems by cigtation with,
or adsorption to, FeS(s) (Huerta-Diaz étlal, 1998). Mn imiporated into pyrite
only where there is a high degree of pyritization. Incorpioraof Co into pyrite
is closely related to the degree of pyrite formation (Monse huther, 1999). The
Co-Fe correlation in the intact cores is unlikely to be dua tirect interaction. The
correlation predominantly stems from Co and Fe removal byp&ion of sulphides.
In the intact core experiment both Fe and Mn are remobiligeithea same depth,
indicating that Mn reduction is occurring. Porewater Mn ¢acrease with depth
as its concentration is controlled more by adsorption reattmen sulphide formation
in the sulphate reduction zone. This work demonstratesdhe that must be taken
in the interpretation of regression analysis in terms ofjbimchemical processes. It
could have been tempting to suggest that the good correlagtween peak Co and
Fe in the fresh sediments indicates a direct linkage, suchdagction of authigenic
Fe oxides releasing Co. However, there is probably no dirgcage and it simply
reflects the similarity in their reactions with sulphide.

3.3 Estimating the association of Co with Fe and Mn (oxyhgxides

Data on the concentrations of metal from remobilisationcpsses can be used to
estimate the fraction of trace metal associated with theiced authigenic oxide.
This procedure has been used to obtain ratio data from Co anddvicentrations
measured in the water column of a seasonally anoxic %
[2005), where a molar Co/Mn ratio ef 2.8 x 10~4 was calculate tal

) measured these values and also compiled data fremasstudies of anoxic
lakes, and reported values in the rangex 10 to 2.6 x 10~3. The ratios we have
measured for Co/Mn from both of our experiments are witherdnge of the above
values (Tabléll). Peak ratios we have calculated from pusvidGT deployments
in marine sediments are5-8 times higher than the (aged) value obtained in this
work (Zhang et al, 2002; Fones €t al, 2004). This may be dudfferences in the
molar fractions of Co associated with authigenic oxideb@edifferent environments,
or loss of dissolved Co from the aged/homogenised systeaudtr formation of,
or incorporation into, sulphide phases. For the intactraedt the Co/Mn value is
close to the largest value cited above. Assuming there igsmmtribution from the
authigenic Fe, the actual Co/Mn ratio may be slightly sméalet those reported
(see below). The relatively low residual standard deviggiRSD) between the peak
ratios across the 4 deployment times (Tdble 1) indicatettigateplicate probes give
consistent molar ratio data.

Passive sampling type techniques, such as Teflon stripshen®&T probes
used in this work, calculate values from bulk processedmases of trace metal
association using such techniques are thus based on asleregsurements. Also,
determination of the original stoichiometry of the mineassemblage from measure-
ments of dissolved concentrations may differ from thosaioled if the solid phase
were analysed. Additionally, measured dissolved conatiotrs may be lowered com-
pared to the solid phase by the occurrence of side reactogéaction with sulphide).
Particles of biogenic origin isolated from the oxic watestuenn may have different
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formation mechanisms and kinetics than oxides formed withé oxic zone of surface
sediments. Differences in the ratios of Co/Mn between watérmn measurements
and isolated biogenic micro-particulates were reportediegemann et | (1997) for
a freshwater system. They reported Co/Mn ratios on micrtiquéates one order
of magnitude higher than ratios in the anoxic water colum®% compared to

~0.3%). This study also reported significant concentratoiBe associated with

Mn oxides. This highlights the complexity of estimating@sations of trace metals
with individual oxide minerals.

It has been show that in early stages of formation manganddescontain
many vacancied (Saratovsky étlal, 2006; Petkov et al,|2008se vacancies are
the primary site for the sorption of trace metals. Furtheen€o adsorbed to the
oxide can be oxidised to €6 and subsequently incorporated into the oxide structure
(Manceau et al, 1997). The nature of the oxides suggestsdnaganese oxides may
have a greater fraction of associated Co than iron oxyhydesxFor a sediment from
a freshwater circumneutral lake (McFarlane, Canada) e o&trace metals (TM)
associated independently with Mn-oxides and Fe oxyhydies{(TM/Mn : TM/Fe)
were 9.0, 2.0, 2.1, 3.8 and 0.56, for Ni, Cu, Zn, Cd and Pb sy (Tessier et Al,
m). Cobalt data were not obtained in their study. Howe ing of Co by man-
ganese oxides is more efficient than the trapping Oﬁ ; indicating
that Co ratios should be at the upper end of the range of vaitute al
@) data. Assuming Co in the intact cores is supplied footh authigenic oxides,
and that enrichment within Mn oxide is 9 times that of Fe (oyg)oxide (a conser-
vative estimate given the observations cited above), tthigigdtual molar ratios can be
estimated from the peak data. Using this method we calafaiios of 52 x 10~°
for Co/Fe and % x 10~* for Co/Mn. The Co/Mn data are within the range detailed
above. Fewer data exist for the ratios of Co/Fe, but our ddrivalue is approx-
imately half the value that can be calculated from the estaasediment data of

Douglas and Adenéy (2000), ef 1.2 x 10~

4 Conclusions

We have presented a new application of the DGT techniqueglyastimation of the
molar ratios of trace metal associated with authigenic FeMn (oxyhydr)oxides.
It exploits the fact that localized maxima in trace metalparewaters are due to
dissolution of the host solid phase. In the case preserttedyln maxima are not
visible in DGT measured concentration profiles of freshlifemted sediment cores,
presumably due to overlap of redox zones and rapid recyolirign(l1)/Mn-oxide
in the surface layer of the sediment. After ageing of thersedt a distinct Mn peak
was observed. Calculated ratios for Co/Mn from both expenits were within the
range of values cited in the literature. The value from thedagxperiment was at the
lower end of the range and this was attributed to loss of Cleerekperimental system
due to sulphide formation during the ageing period. Goodatations obtained from
regression analysis were probably due to the varied presesssulphide formation
of the three metals rather than the more obvious direct ¢igkdhe study provides
additional evidence of the association of Co with oxide®ulisment and demonstrates



11

that Co is likely to be associated more with Mn rather than Keles. To date

no specific extraction schemes can specifically target desimgtal oxide without

extracting others. The procedure presented here allowgesxides to be targeted
for extraction to a greater extent than previously repoetiniques.

Future developments could include extending the range tdimanalysed using
this technique. The method could also be developed to asisessffect biogeo-
chemical cycling at the sediment surface has on influen¢iaddte and cycling of
soluble metal pollutants. This could be done by spiking tystesns with dissolved
metal and analysing using DGT, over several weeks or months.
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