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Abstract. Fe isotope ratios and concentrations of dis- the balance between external fluxes, driving the composition
solved Fe (Fgs, <0.45um) and of suspended particulate towards crustab®Fe values, and intensity of internal recy-
Fe (Fepm) Were analyzed from a depth profile through the cling, driving $°°Fe towards negative values.

anoxic Eastern Gotland Basin water column, Baltic Sea. Re-
sults show a sharp gradient &%Feyis across the ferrugi-
nous layer withs®6Feyis = —0.4 %o in the euxinic deep basin
ands®®Feyis = +0.3 %0 in the oxic upper water column. The
isotopic gradient overlaps with a strong concentration gradi-l

ent of Fg;s, a concentration maximum in ey and lower ) ) ) o )
856Fegpy values thars56Feys. These features indicate pref- The fractionation of Fe isotopes between coexisting dis-

erential loss of light Fe isotopes from solution to suspendeds0lved and particulate Fe species within the environmental
iron-oxyhydroxides (Fen) during typical oxidative precip- Fe redox cycle often imparts an isotopic signature on residual
itation across the redox interface. The sign of the overallféaction components (Bullen etal., 2001; Anbar, 2004; Beard
fractionation, AS®Fe-e on-Fe(ll)(ag)< 0 %o, is in contrast ~and Johnson, 2004). In principle, this may allow the identi-
to similar, mostly non-marine redox environments, wherefication of sources of Fe to the modern ocean by using the
A58Ferq 0n-Fe(ll)(ag) > 0 %.. The difference appears to be distinct isotopic signature of diagenetically redox-recycled
the result of isotope exchange dominated by reaction ki-F€ to discriminate against fluvial, dust and hydrothermal Fe
netics in the marine water column, rather than equilibrium (Severmann etal., 2006; Staubwasser et al., 2006; Anbar and
fractionation generally inferred for oxidative Fe precipita- Rouxel, 2007). A recent benthic flux chamber study demon-
tion elsewhere. High residuaPSFeys immediately above Strates the efflux of lows*°Fe from early diagenetic recy-
the oxic—ferruginous interface and throughout the oxic wa-Cling (Severmann et al., 2010). With only a few published
ter column suggests that any potential dissolved Fe expory@lues for seawater (Lacan et al., 2008; John et al., 2010,
from marine reducing waters into the oxic open water col-2012; Gelting et al., 2010; Radic et al., 2011), but none from
umn is enriched in the heavy isotopes. In the deep, mildlyanoxic and euxinic marine basins, however, the database is
euxinic water column above the level of Fe sulfide satura-Currently very limited. Consequently, the general applicabil-
tion, a decreasing®®Fespy trend with depth and a generally ity of Fe isotopes as a direct tracer of diagenetic Fe redox
low §56Feyis are comparable to trends generally observed incycling remains uncertain, and the controls of Fe isotope
marine anoxic sediment profiles where microbial reductivefractionation in the marine redox environment remain unver-
Fe dissolution occurs. The isotope composition of the redoxdfied. One exception is a study of the low oxygen San Pedro

cycled Fe inventory in anoxic marine basins mainly reflectsBasin at the Californian margin (John etal., 2012), where dis-
solved Fe isotope ratios in the water column appear to reflect
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234 M. Staubwasser et al.: Isotope fractionation between dissolved and suspended particulate Fe

a low §°6Fe diagenetic reflux from underlying ferruginous (Dellwig et al., 2010). The high Fe inventory in the water
sediments. column of anoxic basins is thought to be maintained by a
Another application of marine Fe isotope fractionation lies combination of two sources. The first is diagenetic dissolved
in the understanding of the evolution of anoxic oceans and~e from the shelf (Wijsman et al., 2001), which is oxidized
basins of the past by analyzing their sediments (Rouxel etn the water column and transported in a solid phase decou-
al., 2005; Anbar and Rouxel 2007; Jenkyns et al., 2007;pled from lithogenous flux. The second is reductive dissolu-
Johnson et al., 2008; Severmann et al., 2008; von Blancktion of previously formed reactive Fe coupled to lithogenous
enburg et al., 2008). Of particular interest is the observedflux (Anderson and Raiswell, 2004). Because the full range
occurrence of lows®®Fe in pyrites §°5Fe between-2 and  of modern marine redox conditions has been observed and
—4%o0) and carbonates prior to the rise of atmospheric oxy-monitored continuously over the course of many years, the
gen across the Archean—Proterozoic transition approximatelfBaltic Sea is well suited to study fundamental processes of
2.3 Ga ago. These studies argue for the increasing role of miredox related Fe isotope fractionation in the marine redox Fe
crobially driven aqueous Fe redox cycling at the transitioncycle. The basin’s redox zonation may also serve as a modern
to an oxygenated surface ocean and atmosphere, fuelled kgnalogue to past anoxic oceans.
an increasing availability of reactive Fe oxides and leading Several steps within the Fe-redox cycle described above
to the accumulation of low®6Fe in marine dissolved Fe. may result in a fractionation of Fe isotopes between sus-
The operation of a Proterozoic benthic iron shuttle — micro-pended and dissolved Fe. Reductive microbial dissolution of
bially derived dissolved Fe escaping from oxic shelf sedi- Faon preferentially releases Fe with a IG&Fe to®*Fe ratio
ments, transported into the deep euxinic basin, precipitatedhto solution (Crosby et al., 2007). If Fe-sulfides form in the
and subsequently buried as sulfides — has been inferred froruxinic water column, additional Fe isotope fractionation be-
a moderate partition of low®®Fe values £ —1.5%0) into  tween dissolved and suspended particulate Fe may take place
deep sea authigenic pyrites of modern anoxic basins with re{Butler et al., 2005). Fe oxidation and precipitation in contact
spect to average crusté?®Fe values € 0.1 %o) present in  with oxygen in laboratory experiments as well as in continen-
modern oxic shelf sediments (Severmann et al., 2008; Fehtal and estuarine environments leads to a preferential seques-
et al., 2010). Water column processes involved in this con-ration of heavy isotopes into solid fog (Bullen et al., 2001,
cept, which was developed in the Black Sea (Wijsman et al. Beard and Johnson, 2004; Rouxel et al., 2008). Accordingly,
2001; Anderson and Raiswell, 2004), however, have not yetiny dissolved Fe remaining after oxidative Fe precipitation
been constrained directly by Fe isotope measurements of disshould have a lowetFe to **Fe ratio than contemporary
solved and suspended Fe. Data for Fe isotope fractionatiosuspended Fe-oxyhydroxides. This oxidative precipitation is
during Fe cycling across water column redox boundaries areisually broken down into a two-step reaction with an equilib-
not yet available. rium isotopic exchange between dissolved redox species and
Modern anoxic basins, such as the central Baltic Sea, showubsequent kinetic fractionation during precipitation (Anbar,
intense redox cycling of Fe across the oxic—anoxic redox2004; Beard and Johnson, 2004). Very leffe to®*Fe ra-
boundary in the water column. The cycle consists of reduc-ios should be observable in residual dissolved Fe after near-
tive dissolution of Fe oxyhydroxides at anoxic conditions, quantitative oxidative Fe-precipitation. Thus, dissolved Fe
upward turbulent diffusion, oxidative precipitation on con- exported from marine oxic—anoxic redox boundaries could
tact with dissolved oxygen, and resettling of Fe oxyhydrox- be isotopically distinguishable from Fe derived from other
ides back into the anoxic water column (Millero, 2006; Mur- sources. However, the study presented here does not con-
ray and Yakushev, 2006; Dellwig et al., 2010). Mn is re- firm this particular expectation. The Baltic Sea profile shows
cycled in a similar fashion, usually somewhat higher up in high 56Fe to®*Fe ratios in residual dissolved Fe above the
the water column but overlapping in parts with the Fe cy- oxic—anoxic redox boundary and indicates a more prominent
cle. Removal from the Fe redox cycle occurs ultimately by role of kinetic isotope fractionation relative to equilibrium
settling of Feoy out of the water column and burial. If an exchange in the marine environment.
euxinic layer is present due to sulfate reduction at greater
depth, dissolved Fe concentration increases initially with
depth (along with HS) to a level where the solubility equi- 2 Baltic Sea hydrography, redox zonation, and state
librium of typical Fe-sulfides is reached, usually amorphous  of Fe redox cycling in fall 2005
FeS, pyrrhotite (FeS) and greigite @=a) (Landing and
Westerlund, 1988; Dyrssen and Kremling, 1990; Lewis andThe Eastern Gotland Basin (EGB) is the largest of a series
Landing, 1991). The ferruginous layer with reductive disso-of anoxic basins in the Baltic Sea with a maximum depth
lution of Fe-oxyhydroxides is then condensed to the narrowof 250 m (Fig. 1). Anoxic conditions in the Gotland Deep
zone between the redox interface and the euxinic layer. Beresult from an estuarine-type circulation pattern in the Baltic
low Fe-sulfide saturation depth, removal of Fe may occur asSea. This circulation results in stable stratification with a pro-
a result of Fe-sulfide precipitation and burial. In addition, Fe-nounced pycnocline due to strong gradients in temperature
oxyhydroxides may be transformed directly by sulfidization and salinity between approximately 60 and 90 m (Fig. 2a,

Biogeosciences, 10, 23345, 2013 www.biogeosciences.net/10/233/2013/



M. Staubwasser et al.: Isotope fractionation between dissolved and suspended particulate Fe 235

b). Exchange of deep water with the adjacent North Sea - - = -
is limited by a series of shallow sills (Meier et al., 2006; . S ]
Matthaus et al., 2008). Water column ventilation by winter
convection is confined to the upper70 m (Fig. 2b). Small- 65°N
volume intrusions of warm but saline water in summer pre-

vent complete oxygen consumption immediately below the
pycnocline between approximately 90 and 125m (Neretin 5 - L
et al., 2003; Matthus et al., 2008; Turnewitsch and Pohl, AT P S kel 5 70m
2010). Deeper water is only ventilated approximately once : ' i o
in a decade by major intrusions after storm-induced entrain- e _ 1
ment of salty water from the North Sea in winter. A down- i : _ o | 1om
ward succession of manganous, ferruginous, and sulfidic (eu- 60°N g i i
xinic) redox zones with somewhat overlapping boundaries

is established below the pycnocline at90 m a few years

after deep water replacement events (Dellwig et al., 2010;
Turnewitsch and Pohl, 2010; see Canfield and Thamdrup,
2009, for terminology). During extended anoxic intervals re-
dox boundaries shoal with progressing time and the ferrug-
inous zone becomes somewhat compressed as the sulfidic
boundary rises. All redox boundaries vary on a seasonal scale =
by approximately 10 m (Pohl et al., 2004). The last major in-
trusion prior to the study presented here occurred in winter
2003. Monthly monitoring of chemical properties in the EGB 15°E 20°E 25°F 20°E

shows that, by the time of this study’s sampling campaign in

October 2005, anoxic conditions had returned below 125 mFig. 1. Bathymetric map of the Baltic Sea with sampling station
depth (Nausch et al., 2008). Euxinic conditions with mod- in the Eastern Gotland Basin and surface currents (Mattet al.,
erate concentrations of total sulfide (0-60 MVH,S) pre-  2008). Bottom currents are similar.

vailed below 150 m. During anoxic intervals, the EGB’s re-

dox zonation is principally similar to the er 250 m of the
B|6)I(CZk Seal (Déllv[\J/ié e‘ltpal y20Il(;) R (Pohl and Hennings, 2005). In addition to vertical authigenic

Vertical particle flux through the pycnocline in the EGB is particle flux, there is c_onsiderable Iat_eral ”tthenO.L.‘S ﬂU).( b_y

Fear—bottom nepheloid transport, with a composition simi-
ar to the shallow basin margin surface sediments (Leipe et
al., 2008). At the top of the sediment surface in the EGB,
lateral nepheloid flux exceeds vertical flux. Unfortunately,
the EGB near-bottom layer could not be sampled during the
2005 cruise.
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strongly seasonal and dominated by biogenic organic matte
in late summer and fall (Pohl et al., 2004). Vertical flux in
winter is of lower magnitude and dominated by lithogenous
aluminosilicates. Lithogenous particles originate from rivers
and are distributed by turbulent transport in the water col-
umn above the pycnocline (Hille et al., 2006). While anthro- . . .
pogenic atmospheric flux affects some of the mobile trace The I_EGB water golumn n fall 2.005 .d|splays the typical
elements of the EGB water column, this is not the case fmFe profile of a marine anoxic basin with intense Fe redox
Mn and Fe (Pohl et al., 2004: Pohl and Hennings, 2008) cycling across the ferruginous zone {20-170m, Fig. 2c).

A distinction between atmospheric and fluvial lithogenous (r:]once_ntratl?ns Olf dlss_o ved Fefj@zlof Ieiig‘; nl\jo nm n |
sources is not possible from water column measurementst. € OXIC surtace layer Incréase o aimos niviin the sul-
fidic water (as to the depth level sampled). At 120-140m

Below the pycnocline a substantial flux of internally redox- denth — th  the f . idati L
cycled authigenic Mn@and FeOOH-P@and relatively lit- ~ 4€Pth —the top of the ferruginous zone — oxidative precipita-
tion results in a maximum concentration of suspended matter

tle lithogenous (detrital) flux is observed across the redoxF E domi v with i hvdroxid
boundaries (Neretin et al., 2003; Dellwig et al., 2010). These e (F&pw), predominantly with iron oxyhydroxides (fo)

minerals are formed by oxidative precipitation and result in comprising a mixed MnQFeOOH-PQ phase at the top and

; ; FeOOH-PQ inside the sulfidic zone (Dellwig et al., 2010).
suspended Mn and Fe (F maxima (Neretin
b Wl (Feew) ( This Fespy maximum broadly overlaps with a turbidity max-

et al., 2003; Pohl et al., 2004; Pohl and Hennings, 2008;, X ) . ;
d imum sensor profile (Fig. 2b, ¢). The10 m discrepancy in

Turnewitsch and Pohl, 2010). The high M and Fepy o :
zones may show as variable turbidity maxima in sensor pro—demh between Fspy and turbidity is most likely due to the

files. The steep Fe concentration gradient generally founf'day difference between Fe sampling and acquisition of the

across the ferruginous zone — with Fe concentration reaching"k_)Idlty pr-of||e._ Be'OW. the Fepw concentra_non maximum
micromolar concentration — may sustain an eddy-diffusive; n increasing dissolution of FeOOH-P@articles is visible

upwards flux of dissolved Fe of up to10-15 pmol m2d-2 " SEM/EDX imaging (Dellwig et al., 2010).
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Fig. 2. Water column profile data for the Eastern Gotland Deep, central Baltic Sea, during Octobe(ad@661perature and salinityb)
turbidity sensor data and dissolved oxygen concentration, with ptesented as negative oxygen (Grasshof et al., 1883)oncentration

of soluble and suspended particulate {;Fe isotope ratiossP®Fe) of soluble and suspended particulate Fe, with error bars the respective
external reproducibility calculated from replicates.

Regarding the euxinic layer (below 150 m), a comparisoning time prior to sampling. To check against potential mem-
of the fall 2005 profile data of lig and> _ H»S to the penul-  ory effects introduced by pumping particle-loaded seawater
timate anoxic period studied in detail during 1981 and 1985through more than 200 m of tubing, concentration measure-
by Dyrssen and Kremling (1990) shows that botly;&and ments were also performed on a parallel bottle cast. Mea-
> H,S at 180 m are at the low end of concentrations genersured values were within agreeable limits with one notable
ally sustained in the EGB euxinic waters. The 2005 valuesexception from 100 m depth. This particular sample showed
are well below the equilibrium concentrations of FeS deter-enrichment in soluble Fe concentration by a factor of two for
mined for the fully developed euxinic EGB profiles in 1981 the P-CTD and corresponding factor-two depletion in sus-
and 1985. Accordingly, no FeS was detected in the uppepended Fe. This most likely indicates disintegration of par-
sulfidic water column by SEM scanning of suspended mat-ticles during the pumping process. Accordingly, this sample
ter by Dellwig et al. (2010) in a study of the 2006 and 2007 was discarded from the list of isotope data (Table 1). Other
water column at practically equal redox conditions relative non-trivial variability between bottle-casts and P-CTD mea-
to 2005. FeS precipitation below 180 m, however, or duringsurements (e.g., 150 m) was only observed within either the
later years with a fully developed euxinic layer, cannot besoluble or suspended fraction, respectively. These differences
excluded entirely. compare well with natural variability between parallel bottle-
cast profiles from previous studies. Such variability is most
likely the result of water column inhomogeneity and internal
waves that are readily observable during dissolved oxygen
and turbidity monitoring over the course of a few hours. All
data are summarized in Table 1.

Samples for trace metal concentration and for Fe isotope
analysis were taken from parallel profiles. Samples for con-
The site of sampling was monitoring station 271 at centration measurements were processed according to estab-
57°18.3 N and 204.6 E in the Eastern Gotland Basin. All lished monitoring procedures (Pohl et al., 2004). For Fe iso-
water samples were pumped by a trace metal suitable pum[jope analysis, two liters were filtered in-line directly from the
CTD (P-CTD) system (Strady et al., 2008) fitted with a P-CTD through acid-clean 0.45 u PTFE filters (Millipore hy-
metal-free carbon fiber pump. The P-CTD allows salin- drophilic PTFE) in a PFA housing (Savillex). High particle
ity, temperature, pressure ana @rofiling, continuous wa- loads required a change of filter after each liter of seawater
ter sampling from up to 400m depth and subsequent infiltered. Samples were acidified with double distilled HNO
line filtration (see below) without exposure to atmosphere.to pH~ 2 and stored until processing and analysis on shore.
To avoid memory effects from particles desorbing from the All handling of samples and filters on board was performed
pump tube walls, the system was allowed 15 min of flush-inside an ISO 5 (class-100) laminar flow hood.

3 Water column sampling and analytical methods

3.1 Water column sampling by pump-CTD and
in-line filtration

Biogeosciences, 10, 23345, 2013 www.biogeosciences.net/10/233/2013/



M. Staubwasser et al.: Isotope fractionation between dissolved and suspended particulate Fe 237

Table 1.5°Fe of Fgjis and Feypyin the Eastern Gotland Basin.

Fe dissolved| Fe dissolved Fe dissolved | FeSPM FeSPM Fe SPM
Depth (m) Notes Sal  @mLL™1) Fe (nM) §%%Fe  +2s8 | Fe(nM)  §%%Fe  +2sd
5 6.82 6.87 13.0 6.1
20 average 6.83 6.87 15.3 0.06 0.11 6.6 -0.12 0.08
replicate 0.19 0.11
replicate —0.06 0.11
50 7.47 7.49 23.8 -0.17 0.12 9.6 —0.23 0.08
75 8.53 4.26 18.0 26.5
80 0.27 0.09 -0.37 0.09
100 10.79 0.12 36.4 (0.55%  (0.09% 36.9 —0.61 0.09
115 11.43 0.11 0.28 0.11 -0.24 0.09
120 11.73 0.09 18.6 29.0
130 11.96 0.05 34.6 —0.19 0.08 59.3 -0.41 0.09
140 12.18 0.03 41.9 -0.30 0.09 48.1 —0.33 0.09
150 average 12.29 0.0f 66.3 —0.40 0.09 24.4 -0.31 0.09
replicate —0.43 0.08
replicate —-0.38 0.09
160 average 12.37 —0.75 101.1 —0.40 0.09 9.6 —0.20 0.09
replicate —0.36 0.10
replicate —0.45 0.09
170 average —0.39 0.09 -0.11 0.09
replicate —0.46 0.08
replicate —0.33 0.09
180 12.50 —0.75 448.0 17.1
190 average —-0.44 0.08 —-0.09 0.08
replicate -0.37 0.08
replicate —0.52 0.08
200 12.60 —0.87 445.4 29.5

1 H»S as negative oxyger=(mL L1 HoSx —2, Grasshoff et al., 1983§;discarded (see texﬁ;internal precision (2 se), external reproducibility (2 sd)
given in the text.

3.2 Concentration and isotope analysis titative at the presence of strong Fe-binding organic lig-
ands (Dideriksen et al., 2008), but the double spike calcu-
Samples for Fe concentration were analyzed by AAS|ation procedure corrects internally for any potential mass-
(Atomic Absorption Spectrometry) after a high pressure dependent fractionation due to loss during separation chem-
HF-HNO3-HCI assay and liquid—liquid extraction for sus- istry as well as instrumental fractionation due to any poten-
pended and dissolved Fe, respectively (Pohl et al., 2004)ia| residual matrix present in the analysis solution and the
For the isotope analysis of soluble Fe}“e~8Fe double  substantial mass bias introduced by the mass spectrometer’s
spike approach was used. The spike was calibrated againgiterface (Schoenberg et al., 2008). After ion exchange sep-
IRMM-14 standard and an in-house Fe solution (JM pu-aration (Schoenberg and von Blanckenburg, 2005), measure-
ratronic, °FelRMM = 0.42). Thes>®FelRMM values (in ments were made on 200-400 ng Fe with a Thermo Finnigan

short,s°%Fe) are defined as Neptune MC-ICP-MS and an ESI Apex-Q desolvator. Mass
(54Fe/56|:e) bias was corrected internally and monitored by bracketing
§%%Fe— sample 4. (1)  standards. Possible interference®gr and®®Ni was moni-
(5*Fe/%F€) pum-14 tored througt?2Cr and®"Ni. Combinations of H, C, N and O

The double spike was added to sample aliquots rangindrc_’m residual organic components and of the same elements
from 20-1000 mL (according to Fe concentration) and al-with Ar that may add upFo mterferg with the four Fe |_sotopes
lowed 24h of equilibration time. An experimental study &r€ resolved by measuring in the instrument’s medium reso-
on Fe isotope equilibrium exchange between inorganic andution mode, which has a mass resolution/oh~* ~ 8000 _
siderophore-complexed Fe (Dideriksen et al., 2008) confirmd10 % valley). Particulate Fe was leached from the PTFE fil-
complete spike-sample equilibration within this time. Fe was!®rs with aqua regia at 12€, purified by ion exchange and
co-precipitated with Mg(OH) twice by addition of ammo- Measured by standard bracketing.

nia (Wu, 2007). The precipitation may not be entirely quan-

www.biogeosciences.net/10/233/2013/ Biogeosciences, 10,2832013
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External reproducibility¢ o) for dissolved Fe and double- al., 2010). It is therefore reasonable to begin the discussion
spike measurements as calculated from the mean square of isotope values in light of this established redox sequence.
all replicate sample variances is 0.16 %o (Miller and Miller,  On oxidation of dissolved ferrous Fe, precipitation proba-
2005; replicates as given in Table 1). External analytical un-bly results in the formation of kg particles in the colloidal
certainty g o) of leached particulate Fe and standard brack-size spectrum initially, but the maximum in &, concen-
eting measurements 180.10 %o (Staubwasser et al., 2006). tration within the ferruginous layer indicates rapid coagu-
Total blanks were measured by isotope dilution and did notlation and ultimate removal from gg. The corresponding
exceed 20 ng for the separation procedure from seawater aridotopic trend upwards across the ferruginous layer suggests
15ng for the filter samples. Low sample concentration andthat the loss of Fgs due to oxidation/precipitation is accom-
somewhat higher blanks in dissolved samples — probably duganied by preferential loss of light Fe isotopes. This causes
the more extensive separation procedure — may be the reaséf®Fespy to become lower than the corresponding residual
for the larger uncertainty in the dissolved Fe samples. §%°Feyis. We note that this preferential l0P°Fe removal
from solution into an oxidized solid phase is seemingly at
odds with previous observations, except for another recently
published profile from the oxygen-depleted San Pedro Basin
on the Californian margin (John et al., 2012). This aspect will
Pe discussed in the next chapter.

Ideally, in a closed system with in-situ jog precipita-
tion, mass balance requires that the trenéPfiFespym follow

4 Results and discussion

Both the dissolved and suspended matter profiles show sy:
tematic isotope trends with depth (Fig. 2d). T#¥8Fey;s in
the oxic layer is persistently higher than in the anoxic layer

with a sharp transition at the redox transition. The profile of ;g =~ ° ; :
8%6 Fespy shows the lowest values in the depth interval from 5*Feyis with an ofiset. This may indeed be the case for the

. . two samples inside the figconcentration gradient at the top
the ferruginous layer to the top of the ha'oc"”e’ﬁ"(.’“?’ c?f the ferruginous layer (130 m and 115m), but sample res-
immediately above the ferruginous laver. In the followin olution is too low for a definite conclusion. A clear trend in

y g yer. 9 8%6Fespy would not necessarily have to be expected for a

the profiles will be discussed in terms of chemical reactions
o . number of reasons. Because the redox boundary shoals and
and transport paths along the typical internal marine Fe redox

cycle of anoxic basins (Millero, 2006) in turn for the ferrug- deepens seasonally by about 10 m (Pohl et al., 2004), differ-

) . . ent generations of precipitated particles from different hori-
inous layer, the (mildly) euxinic layer at greater depth, and ; . .

. zons in the redox sequence may mix to some degree with
the oxic surface layer.

actually precipitating particles. In addition, preformed parti-
cles, such as lithogenous reactivadreand Fe-bearing sil-
icates — either settling from above or transported laterally —
most likely would contribute to the total pool of &ay and
4.1.1 The relationship betweers>6Fegis and §°6Fegpy obscure any trend related to authigenic precipitation. How-
ever, a minor role of silicates within the suite of preformed
Below the ferruginous layer at depths greater than 150 mparticles inside the turbidity maximum can be inferred from
values of§°6Fey;s are fairly constant at- —0.4 %.. Between two independent observations. One is a dominance of au-
150m and 115m depth — across the ferruginous zone anthigenic Mn-oxide and Fe-oxyhydroxide particles across the
its upper boundary $°6Fey;s values increase from-0.4 %o manganous and ferruginous layers observed by Dellwig et
to +0.3 %o along with a corresponding decrease of dissolvedal. (2010) in a 2006 cruise. The other is a lack of change in
Fe concentration and a maximum in both turbidity and sus-trace elements associated with Fe-bearing silicates. Ni read-
pended Fe (Fig. 2b, ¢, d). A marked change in the differencely substitutes for Fe in silicates (Krauskopf and Bird, 1995).
between correspondiri®Fespy ands®®Fey;s values occurs  Cluster analysis shows that Ni is associated with Fe and Al
at the base of the ferruginous layer. Below it, in the euxinic particularly during times of high lithogenous flux in winter
layer,5°6Fespwm (0.1 %o) is higher than®6Feyis (—0.4 %0). In-  (Pohl et al., 2004). A profile from winter 2006 — collected
side the ferruginous layer and abovest®Fespy is —0.4 %o only three months after this study’s profile —demonstrates the
on average and significantly lower théf¥Feyis (0.3 %o), par-  absence of any suspended Ni maxima in the profile, partic-
ticularly at the top of the layer. ularly across the broad gy maximum (Fig. 3). This con-
Concentration profiles of lgg and Fepyin the EGB dur-  firms that the Fe-rich particle maximum is the consequence
ing this and previous cruises (Pohl et al., 2004; Pohl andof precipitation in-situ rather than particulate Fe resuspended
Hennings, 2005, 2008) are similar to anoxic basin profilesfrom silicate-rich sediments along the basin’s margin.
in general (Millero, 2006) and are typically viewed as the
result of upwards turbulent diffusion and oxidation of re-
duced Fgis, removal by precipitation and subsequent settling
across the ferruginous layer. The authigenic formation of Fe-
oxyhydroxides has been demonstrated directly (Dellwig et

4.1 Fe isotope fractionation across the ferruginous
layer
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4.1.2 Kinetic control of isotope fractionation during position of residual Fg; above the ferruginous layer of the
oxidative Fe precipitation at the top of the EGB. After 95% Fgis removal from the typical concentra-
ferruginous layer tion at the base of the layer, where inith&FFeyis = —0.4 %o,

the value for§°6Feyis = —2.7 %o at the top of the layer. The

Low 5°6Fe removal across the redox boundary in the EGBmeasured value above the EGB oxic—ferruginous interface is
on oxidative precipitation is the opposite of what has beenvery different from that {°6Feyis = +0.3 %0). Consequently,
found in previously studied natural and experimental redoxrapid equilibration during the first step in the overall reac-
environments. The natural environments studied include contion scheme of Fe(lhy <> Fe(lll)ag— Faon cannot explain
tinental streams and groundwaters, anoxic lakes and estuaobservations in the EGB. The observed trend in the EGB to-
ine groundwater discharge plumes, but not marine anoxiavardss®6Feyis=+0.3 %0 may be achieved, however, using
basins (Bullen et al., 2001; Anbar, 2004; Beard and JohnBJ04 with a ratio ofko/ k1 ~0.7. This result suggests that
son, 2004; Busigny et al., 2008; Rouxel et al., 2008; Teutschthe change of sign in the effective overall fractionation factor
et al., 2009). The observed enrichment of heavy Fe isomay be the consequence of a higher removal (or oxidation)
topes in the solid fractionation during oxidative precipitation rate constant of Fe(l4) in the marine environment in com-
matches controlled Fe oxidation and precipitation — both inparison to a continental stream environment.
inorganic and microbial experiments — with Fe concentra- As isotopic equilibrium is not a likely condition, this leads
tions in the high micromolar range and pH7 (Skulan etal., to the deduction that kinetic effects may dominate the effec-
2002; Welch et al., 2003; Beard and Johnson, 2004; Croal etive fractionation factor in the marine environment. Two lines
al., 2004). of argument principally support this conclusion. The first fol-

The overall isotope reaction of the above studies hadows Anbar (2004), who discussed equilibrium and kinetic
been explained with a simplified two-step reaction model,end-members of the isotopic exchange during the two-step
Fe(ll)ag< Fe(lll)ag— Faon and an overall effective frac- oxidative precipitation of Fe in terms of kinetic isotope reac-
tionation factor, A 6FQOH.Fe(||) (Anbar, 2004; Beard and tion theory: a kinetic dominance of the effective overall frac-
Johnson, 2004). Beard and Johnson (2004) highlight the detionation factor results, if the precipitation rate constaaj (
pendence of eﬁectiva56Fa0H_Fe(||)aq on the relative mag-  is much larger than the one for the back-reduction of Fegll)
nitude of reaction rate constants of the two sequential reacfk_1, in contrast to the forward oxidation rate constaxit
tion steps, F&"(ag)« Fe**(aq)— Feon, Where rate con-  This can, for example, be achieved by changing the reac-
stantk1 determines the (pseudo-first order) removal reac-tion type as a consequence of different Fe-species involved —
tion of Fét(aq) by oxidation and, the removal rate of each with a different rate constant — or having parallel reac-
Fe3t(aq) by Feon precipitation, respectively. The effective tions with different rate constants that contribute to the over-
fractionation factorASSFeop-re(iyaq= 0.9 %o of the overall  all reaction at variable proportions in response to changes in
reaction observed in laboratory experiments simulating ox-environmental conditions. The other line of argument — sug-
idative precipitation in a natural continental stream environ-gested by John et al. (2012) —would change the reaction rates
ment (Bullen et al., 2001) was reproduced in a model cal-of the two successive steps in the overall reaction as a result
culation (henceforth BJ04) for a ratio of reaction rate con-of the comparably low concentrations of gzeobserved in
stantskz/k1 =5 (Beard and Johnson, 2004). Under suchthe marine environment. In the most extreme case, a suffi-
conditions, isotopic equilibrium is thought to be achieved cient slow-down of the precipitation could allow oxidation
rapidly between dissolved redox species — at a much fasterunning to completion before significant amounts ofdre
rate than the removal of Fé&(aq). The isotopic equilibrium  precipitate. This would result in an overall isotope fraction-
reaction results in a- 3% enrichment of the heavier iso- ation factor that is entirely controlled by (kinetic) precipita-
tope in thes®6Fe of Fe(lll) (Welch et al., 2003). This is fol- tion. The following section discusses potential reaction paths
lowed by a kinetic 1-2 %o depletion of gy in the heav-  and environmental constraints for these two principal types
ier isotope on precipitation (Skulan et al., 2002). In general,of kinetically dominated Fe isotope fractionation during ox-
the two-step isotope overall reaction in the above environ-idative precipitation.
ments is thought to be dominated by isotopic equilibrium
exchange that comes with an effective overall fractionation4.1.3 Reaction paths
factor ASSFaon-re(il) > 0 %o Or a®®Faon-Feqny > 1, respec-
tively. Plausible reaction paths for the first of the two kinetic op-

The light-isotope enrichment of the oxidized solid Fe- tions discussed above can be attained from a suite of pub-
phase at the redox interface within the marine EGB, how-lished experimental studies. Pham and Waite (2008) con-
ever, suggests an effectivA56Fe\OH.Fe(”)aq< 0%o, rather  ducted experiments of marine oxidative Fe precipitation and
than> 0 %o, or eﬁectivm56Fa0H_Fe(||)aq< 1ratherthan- 1, modeled rate constants for inorganic reaction paths for Fe
respectively. We can apply the BJ0O4 model — with the sameoxidation and precipitation. g concentration in the ex-
fractionation factors for both reaction steps and the same raperiments was comparable to EGB observations. Other rel-
tio of k2/ k1 as above —to calculate an expected isotopic com-evant environmental parameters taken from EGB monitoring
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Fig. 3. Profiles of(a) Fe and(b) Ni for the Eastern Gotland Basin. 1,516 1,7 1,8 1,9 2,0
Samples were collected early in January 2006, three months after A|ka|inity mmol/L
the profiles shown in Fig. 2 and processed in the same way (see
Sect. 3.2). Fig. 4. Profiles of pH and alkalinity in fall 2005 for the Eastern Got-

land Basin. Data are from the Swedish Meteorological and Hydro-

logical Institute’s monitoring program (Karlson et al., 2009), station
high alkalinity prevailed in the ferruginous layer, similar to
the Pham and Waite (2008) experiments. Under such condi- N . . .
tions, oxidation rate constant(in the terms of the previ- pared to the Californian margin basins. To explain observa-

ous chapter) increase with pH due to an increasing involve-t'FJns from the EGB, we lean toyvards the first opt|0n_, €.,
ment of rapidly oxidizing Fe-carbonate species, and a IOWdn"ferent rate constants due to different types of reaction in-
back-reduction rate constarit ) due to competit,ion with volved, because of the observed active involvement of sus-
rapid precipitation £2). Another important type of reaction pended Mn particles in the oxidative precipitation obe

is apparent from the suspended matter study by Dellwig e{De"Wig etal., 2.010).' Th.e replacement of Mn by Fe in the
al. (2010), who suggest rapid oxidation of?an the pres- suspended authigenic mineral phases near the top of the fer-
ence of M’n-oxides ruginous layer would be difficult to explain without a redox

The other option for kinetic isotope fractionation domi- reac_:tion taking place. Also,.the presence of particulate_authi—
nance may in principle be achieved by decoupling the Oxi_g:ang:olig)Hh(Fe-ohxyhydhrm;ldes ‘.N'th pTosphate,I(ljD?IIV\gg et
dation from precipitation, as suggested by John et al. (2012)‘?‘" )t roug out the ferruginous layer would ‘end sup-
Oxidation would quickly run to completion, followed by a port to a reaction path controlled byﬁg particles present
slow precipitation out of a pool of stabilized Fe(Hk Sta- and pH, as proposed by Pham and Waite (2008).

bilization of Fe(lll)y;s could be achieved by organic ligands. F It isbnotew_orth_y tthat_ tr;le ﬁbse_rvation of ‘”i“a.”y "g.zt
In principle, quantitative oxidation followed by sluggish pre- Espm becoming isotopically heavier on progressive oxida-

cipitation from an organic ligand-bound pool of dissolved gve ﬁ)treuplt?tmnt In a ?ﬁoﬁ?t ?ydrgthethalth:szeos); a
Fe(lll) could be an alternative reaction path considering Fe- asaltic vent system in the Atlantic (Bennett et al., ) is

isotope fractionation factors alone (Dideriksen et al., 2008). essentially similar to the _obs_ervanon made n the EGB. Th|s
A definite conclusion as to which one of the two options may suggest a ge_neral k|r_1e_t|c_nature of _Fe |sotopg fract|o_na-

is more plausible is not possible at this point. Oxidative Felion during OX|dat|ve.preC|p|tat|on of Fe in t_he marine envi-

precipitation in the San Pedro Basin (John et al., 2012) andonment But exceptions may well be possible, if local con-

the EGB (this study) appear to be controlled by reaction ki_ditions inclyding Fais concentration, pH, alkalinity, qnd the
netics, but multiple reaction paths are possible. For Compargoncentratlon of suspended Mn and Fe oxyhydroxides com-

ison, the Fegis concentration gradient associated wififFe bine in a way that allows a shift of the overall reaction to a

change in the San Pedro Basimis60 m thick and situated more equilibrium-type controlled isptope fractiongtion. An-
well outside the ferruginous layer (John et al., 2012). In theOther hydrothermal plume study did observe a different de-

EGB, the Fgis concentration gradient associated wiffiFe velopment of isotope ratios during progressive oxidative Fe

change is~30m and overlaps with the ferruginous layer precipitation more in line with an equilibrium controlled iso-
In addition, Fais concentration — and presumablydpg as " tope fractionation during oxidative precipitation (Severmann

well — are 1-2 orders of magnitude higher in the EGB com—et al., 2004).
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To complete the discussion, potential reactions other thannic basin floor sediments. The presence of Fe-sulfides in the
oxidative precipitation should be considered. These are, howtop layer of sediment in 2006 (Fehr et al., 2010) — recovered
ever, constrained by one fundamental observation. The ovetalf a year after this study’s cruise — suggests that pore water
all isotope effect observable in the concentration profile is aFeyis is removed by sulfide precipitation while excess dis-
transfer of isotopically light Fe from kg into Fespy across  solved sulfide from microbial sulfate reduction diffuses into
the ferruginous layer, which leads to a progressively smalletthe water column. Generally, Fe-flux from euxinic sediments
pool of Fgjis enriched in the heavy isotopes (Fig. 2d). A num- underlying the ferruginous or euxinic water column is con-
ber of known reactions with reported Fe-isotope fractiona-sidered to be only a minor source of dissolved Fe in confined
tion appear unlikely with respect to this observation. For in- anoxic basins (Anderson and Raiswell, 2004).
stance, adsorption of Fé onto preformed Rey surfaces An alternative explanation for the rising EGB euxinigke
favors removal of heavy Fe isotopes from solution (Crosbyconcentration with depth and the absols®éFey;s values is
et al., 2007; Mikutta et al., 2009) and cannot explain the ob-dissimilatory Fe reduction of suspendeddsein the water
servedA56Fa0H-|:e(”)aq< 0. Another process, the coagula- column. The observed increase §PfFespy from —0.4 to
tion of colloids and subsequent settling, is likely to occur in —0.1 %o between euxinic depths of 150 and 170 m is simi-
principle, but unlikely to affect the measured overall frac- lar to typical early diagenetic sedimentary reactive Fe pro-
tionation between dissolved Fe: 0.45um) and suspended files where iron-reducing microbes mobilize Fe and leave
matter> 0.45 um in a fundamental way, because such coagthe residual Fgy increasingly enriched in heavy Fe isotopes
ulation itself does not lead to significant Fe isotope fraction-with depth (Staubwasser et al., 2006). The valué6Fey;s

ation (Escoube et al., 2009). in the mildly euxinic EGB water column is comparable to
8%Fespy in the overlying ferruginous layer, which could re-
4.2 Fe isotopes in the euxinic zone sult from a simple near-quantitative mass transfer of reactive

Faon into Feys over the entire anoxic water column, i.e., a

Discussion of the euxinic water column is limited to its up- rather efficient redox cycle in the water column.
per, only mildly euxinic part (150-190 m depth). Here, the Reactive non-sulfide Fe leached from the EGB sur-
Feyis and HS concentration profile viewed in light of pre- face sediment layers{®Fe= —0.36 %o) is isotopically dif-
viously defined conditions of FeS precipitation in the EGB ferent from Fegpyv within the euxinic water column
(Dyrssen and Kremling, 1990) suggests undersaturation witl{s*®Fespyy= —0.11%0 at 170m and-0.09 %o at 190 m).
respect to solid Fe-sulfides in the EGB water column at theBecause at the time of sampling, dp&1 is dominantly
time of sampling. This is confirmed by a general absencemade of non-sulfide reactive Fe (Dellwig et al., 2010). This
of sulfide particles in detailed SEM/EDX scans ofspg would suggest that surface sediment reactive Fe and reactive
(Dellwig et al., 2010). In addition, sulfides present at the Fespy in the water column are from different sources. The
surface sediments in the Gotland Basin have a much loweone-time observation of Fe isotope distribution presented
8%°Fe (around-1.5 %o, Fehr et al., 2010) than &gy in the here could be the consequence of an operative Fe-shuttle
2005 EGB water column«0.4 to—0.1 %o, Fig. 2d). Inorder  of shelf-to-basin transport as suggested by Anderson and
to explain the downward trends in &8y concentration and  Raiswell (2004). This model emphasizes transport of sus-
8%%Fespy in apparent absence of sulfidic particle formation, pended matter rather than solute transport as suggested by
two variants of a reaction path dominated by microbial reduc-Severmann et al. (2006). Accordingly, the high concentration
tion and their likely Fe isotopic evolution will be discussed of reactive Fe in the pelagic sediments of anoxic marginal
in the following. seas may mostly originate from “lithogenous-coupled” pro-

In the sampled euxinic part of the EGB, negatbSFe cesses, i.e., particulate reactivedre originating from the
values of Fg; prevail §°Feys ~—0.4 %o, Fig. 2c). HCI-  shelf and deposited in association with silicate sediments.
leachable Fe in EGB sediments, a crude approximatiorNear-bottom nepheloid flow in the EGB represents the
of reactive Fe (Poulton and Canfield, 2005), ranges fromlargest lithogenous flux (Leipe et al., 2008). Such flow ef-
§%%Fe=—0.27 to+0.21 (Fehr et al., 2010). Euxinic EGB fectively bypasses the water column and thus could explain
8%0Feyis values of ~ —0.4 %o could therefore in principle the observed isotopic difference between sediment reactive
be the result of early diagenetic dissimilatory reduction of Fe and reactive kspy in the EGB.
Feaon in the sediments and subsequent efflux of 65fFeyis The inventory of Fgs and Fepy in the EGB water col-
into the water column. Euxinic water columndzeconcen-  umn is apparently maintained by reductive dissolution of re-
tration would then be controlled by diffusion from the bot- active Feoy particles originating from two sources within
tom sediments. The shape of thegkeoncentration pro- the water column. The firstis diagenetically recycled Fe from
file (Fig. 2d) may count in support of this path. However, the shelf escaping nepheloid near-bottom flow, but precip-
the generally higher sulfide concentration in interstitial wa- itated later in the oxic water column. The second isofRe
ter compared to the overlying water column, and commonfrom the internal redox cycle between the reducing and ox-
amorphous FeS precipitation in the EGB sediments (Carmaidizing layers in the EGB water column. The two constitute
and Rahm, 1997), effectively limits such efflux from the eux- the “lithogenous-decoupled” flux (Anderson and Raiswell,
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2004). Apparently, this flux results in the buildup ofgse  spective for lack of data, but as §econcentrations are low
over the first few years after the last major deep water intru-in the oxic water column, dissolution of fluvial lithogenous
sion in 2003, as shown in the 2003—-2008 time series datparticles may well be a significant source ofjg@nd con-

by Turnewitsch and Pohl (2010). The consequence of arsequently also determiri®Feyis. Because at depths below
increasing inventory of kg is an increase in precipitation 50 m Feys and Fepy differ isotopically, and>Feyjs is com-

of FeFgoy across the ferruginous—oxic interface and an in- parable to the top of the redox-cline, at least some contribu-
crease in Fepyinventory (Turnewitsch and Pohl, 2010). Ac- tion to Fejis by efflux from the redox-cline below is likely.
cording to Fe isotope ratios observed igjE@and Fepy in Another potential source of Fe is atmospheric deposition,
the EGB, such buildup should concentrate light Fe isotopedut because fluxes below the thermocline are dominated by
inside the redox cycle. This continues until equilibrium con- lateral transport (Pohl et al., 2006), any potential contribu-
centrations for Fe-sulfides are reached and removal by Fetion will be difficult to deduct from water column measure-
sulfide precipitation commences. A steady state between Fments. The atmospheric contribution for trace metal pollu-
added to the anoxic water column by reductive dissolution oftants (Cu and Zn) has been estimated at a few percent of
“lithogenous-decoupled flux” and particulate Fe settling outwater column flux for the EGB. Because the enrichment

of the water column ensues. factor against the Earth’s crustal average fogdwgis con-
siderably lower than for these trace elements, it is unlikely
4.3 Fe isotopes in oxic water layer that anthropogenic emissions contribute significantly to the

total external Fepy flux, unless that flux consists mainly
Fe isotope fractionation in the surface layer cannot be dis-of lithogenous Fe. Lithogenous river discharge remains the
cussed in a representative fashion for lack of sampling detailmost plausible external source of Fe at this point.
The uppermost two samples & Fespy (—0.1 to—0.2 %o)
in this study from the EGB compare well with the range of
—0.05 to —0.3%0 measured in near-surface particulate Fe5 Conclusions
above Landsort Deep (Gelting et al., 2010), another basin in
the central Baltic proper. Kinetic isotope fractionation dominates oxidative precipita-

The oxygenated base of the EGB pycnocline (80 andtion of Fe at the oxic—anoxic interface in the EGB and parti-
120 m) shows higts°6Fey;s similar to values in the surface tions light Fe isotopes preferentially into suspended Fe. The
mixed layer. These are not explainable with I8%Fey;s ef- overall Fe isotope fractionation factor may change with re-
flux described from ferruginous sediments present along thection rates and in response to different reaction paths with
basin margins as observed in a similar environment elsedifferent rate constants. The controls of reaction rates and
where (Severmann et al., 2010) and inferred from surfaceate constants have been described in detail in previous stud-
sediment measurements from the EGB (Fehr et al., 2010)ies (King, 1998; Rose and Waite, 2002; Santana-Casiano et
This may suggest that any l0§v°Fe efflux is rapidly trans-  al., 2006; Pham and Waite, 2008). The discussion of Fe iso-
ferred into a particulate phase by oxidative precipitation withtope fractionation has been presented here following An-
the kinetic fractionation described above. Alternative expla-bar (2004) with an emphasis on the effects of abundant
nations, which remain to be verified by pore water measuresuspended particulate Mn and Fe oxyhydroxides, and fast-
ments, are that the efflux from ferruginous EGB sediments isreacting dissolved Fe species abundant at typical marine pH.
not significant, or the efflux does not have a I6%Fe. The  However, alternative kinetic fractionation paths (John et al.,
isotopic composition of Fg in the upper water column of 2012) are possible in principle.
the EGB may in principle be explained by deep overturning There is no lows>6Fe efflux from redox processes within
in winter and mixing of highs®®Fey;s from soluble Fe just the EGB detectable in the isotope data of the EGB water col-
above the ferruginous layer, but see Breitbarth et al. (2009umn. In fact,5°Fe in dissolved Fe immediately above the
for a different conclusion. Authigenic Mn-oxide formation water column redox boundary is the isotopically heaviest in
some 20 m above the ferruginous layer and redox exchangthe basin as a result of fractionation during oxidative pre-
of Fe at Mn-oxide particle surfaces (Dellwig et al., 2010) cipitation. Anoxic marine basins may therefore not generally
may impact the Rgs concentration and isotopic composition export lows®®Fe from diagenetic redox cycling in dissolved
of the oxic water column. form into the open ocean.

At the month of sampling (October 2005), suspended mat- The water column isotope data presented here are not eas-
ter is generally still largely dominated by sinking organic de- ily reconciled with sedimentary data and tentatively suggest
bris (Pohl et al., 2004). Since the Baltic Sea is a large estuthat reactive particulate Fe transport from the oxic shelf to
ary — surface salinity of the EGB being in the 3 %0 range —the basin floor is bypassing the water column redox cycle
a significant influence by runoff for both fgand Fepy is and probably taking place as near-bottom nepheloid flow.
highly likely. For Fespw this influence is well described dur- Such flow is an important contributor to total sediment flux
ing winter (Pohl et al., 2004). The size of this contribution in the EGB (Leipe et al., 2008). The “benthic Fe shuttle”
to Fejis cannot currently be addressed from an isotopic per-in marine anoxic basins — extended to covering Fe isotopes
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