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Abstract. Iron (Fe) plays a key role in sedimentary diage-
netic processes in coastal systems, participating in various
redox reactions and influencing the burial of organic carbon.
Large amounts of Fe enter the marine environment from bo-
real river catchments associated with dissolved organic mat-
ter (DOM) and as colloidal Fe oxyhydroxides, principally
ferrihydrite. However, the fate of this Fe pool in estuarine
sediments has not been extensively studied. Here we show
that flocculation processes along a salinity gradient in an es-
tuary of the northern Baltic Sea efficiently transfer Fe and
OM from the dissolved phase into particulate material that
accumulates in the sediments. Flocculation of Fe and OM is
partially decoupled. This is likely due to the presence of dis-
crete colloidal ferrihydrite in the freshwater Fe pool, which
responds differently from DOM to estuarine mixing. Fur-
ther decoupling of Fe from OM occurs during sedimenta-
tion. While we observe a clear decline with distance offshore
in the proportion of terrestrial material in the sedimentary
particulate organic matter (POM) pool, the distribution of
flocculated Fe in sediments is modulated by focusing effects.
Labile Fe phases are most abundant at a deep site in the in-
ner basin of the estuary, consistent with input from floccula-
tion and subsequent focusing. The majority of the labile Fe
pool is present as Fe (II), including both acid-volatile sul-

fur (AVS)-bound Fe and unsulfidized phases. The ubiqui-
tous presence of unsulfidized Fe (II) throughout the sediment
column suggests Fe (II)-OM complexes derived from reduc-
tion of flocculated Fe (III)-OM, while other Fe (II) phases
are likely derived from the reduction of flocculated ferrihy-
drite. Depth-integrated rates of Fe (II) accumulation (AVS-
Fe+ unsulfidized Fe (II)+ pyrite) for the period 1970–2015
are greater in the inner basin of the estuary with respect to
a site further offshore, confirming higher rates of Fe reduc-
tion in near-shore areas. Mössbauer 57Fe spectroscopy shows
that refractory Fe is composed largely of superparamagnetic
Fe (III), high-spin Fe (II) in silicates, and, at one station, also
oxide minerals derived from past industrial activities. Our
results highlight that the cycling of Fe in boreal estuarine
environments is complex, and that the partial decoupling of
Fe from OM during flocculation and sedimentation is key to
understanding the role of Fe in sedimentary diagenetic pro-
cesses in coastal areas.
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1 Introduction

Iron (Fe) is present in marine and freshwater sediments in a
wide range of phases. Reactive Fe minerals, such as oxides,
sulfides, phosphates and carbonates, are involved in diage-
netic reactions in sediments and consequently influence the
cycling of carbon and nutrients (e.g., Berner, 1970; Slomp et
al., 1996a, b; Lovley et al., 2004; Jilbert and Slomp, 2013;
Kraal et al., 2015; Robertson et al., 2016). Iron has also re-
cently been shown to stabilize organic carbon in sediments,
promoting carbon burial (Lalonde et al., 2012; Shields et al.,
2016). Hence, the lateral and vertical distribution of Fe in
sediments is important for broader biogeochemical cycles.
Critical to understanding the distribution of sedimentary Fe
is a knowledge of the processes converting Fe between its
various forms, and how they vary spatially in aquatic sys-
tems.

In boreal terrestrial environments, Fe is released during
the chemical weathering of Fe-bearing minerals in soils.
These include silicates in the fine fraction of till (Lahermo
et al., 1996), and, especially in areas overlain with late- or
post-glacial lacustrine and brackish water sediments, previ-
ously deposited reactive Fe minerals (Virtasalo and Koti-
lainen, 2008). During weathering under oxic conditions in
the absence of organic ligands, Fe (II) is quickly oxidized to
Fe (III), which in turn precipitates as oxides (Schwertmann
and Taylor, 1977). Typically, the first-formed oxide mineral
is amorphous, labile ferrihydrite. The structure of ferrihydrite
is still debated, but a recent study suggested the relatively
FeO-rich (and Fe-OH poor) formula of Fe10O14OH2 nH2O
to be most accurate (Hiemstra, 2013). Ferrihydrite may sub-
sequently mature into crystalline, refractory oxides such as
goethite and hematite (Raiswell, 2011). Although such mat-
uration is rapid in tropical and temperate systems, under the
cold, low pH conditions of boreal aquatic environments its
half-life may be several years (Schwertmann et al., 2004).
However, goethite may also form directly during the oxida-
tion of Fe (II) in sedimentary environments (e.g., van der Zee
et al., 2003).

Weathering of Fe in boreal systems also frequently oc-
curs under anoxic conditions, in the presence of dissolved
organic compounds such as humic and fulvic acids (Krachler
et al., 2016), for example in peatland environments. These
compounds are effective chelators of dissolved Fe, and form
complexes with Fe (II) in anoxic soil solution (Sundman
et al., 2014). Such complexes are typically nanoparticulate–
colloidal in size and hence pass through 0.2–0.45 µm pore-
size filters, to operationally classify as dissolved material.
The stability of Fe (II)-organic complexes (Fe (II)-OM) in
river systems depends on the concentration of chelating or-
ganic compounds and the time available for oxidation (Ingri
and Conrad, 2015). Typically, dissolved Fe in upstream areas
of boreal catchments consists of both Fe (III)-organic com-
plexes (Fe (III)-OM) and ferrihydrite (Neubauer et al., 2013).
Ferrihydrite itself is nanoparticulate (Raiswell, 2011), and

its high surface area favors continued association with dis-
solved organic matter (DOM) colloids via sorption (Dzom-
bak et al., 1990; Eusterhues et al., 2008). However, the frac-
tion of riverine Fe present as discrete ferrihydrite particles
has been shown to increase with rising pH, as is typically ob-
served with increasing stream order towards the coastal zone
(Neubauer et al., 2013).

In estuarine environments, elevated electrolyte strength
along salinity gradients induces the flocculation of DOM
(Sholkovitz et al., 1978) and Fe (Boyle et al., 1977) from
river waters. This phenomenon is usually explained by the
cation-induced aggregation of colloidal humic substances,
which carry a net negative surface charge (Eckert and
Sholkovitz, 1976). Any Fe associated directly with DOM is
therefore expected to aggregate passively during this process.
Flocculation of DOM is typically selective for humic sub-
stances of high molecular weight and larger colloidal par-
ticle size (Uher et al., 2001; Asmala et al., 2014). Conse-
quently, the “truly dissolved” DOM-associated Fe, which
passes through the flocculation zone of estuaries (e.g., Dai
and Martin, 1995), is associated with DOM of lower molec-
ular weight and smaller colloidal particle size (e.g., < 3 nm),
most likely in the form of fulvic acids (Stolpe and Hassellöv,
2007). This component may be more substantial than pre-
viously thought and hence play a role in providing Fe as a
micronutrient to the oceans (Kritzberg et al., 2014; Krach-
ler et al., 2016). However, the majority of riverine dissolved
Fe is retained in estuaries (Raiswell, 2011), implying an im-
portant role for flocculation in the removal of dissolved Fe.
Importantly, the flocculation behavior of Fe in boreal estu-
aries appears to differ from that of bulk DOM (Asmala et
al., 2014), which may be partly related to factors influencing
the discrete ferrihydrite-bound Fe component rather than Fe
directly associated to DOM. These factors include pH gradi-
ents and the concentration of suspended clay material (Fors-
gren et al., 1996)

Together with the deposition of riverine particulate Fe
close to river mouths (Poulton and Raiswell, 2002; Li et al.,
2016), flocculation may thus be expected to act as an impor-
tant mechanism of Fe sedimentation in the coastal zone. The
role of flocculation may be particularly enhanced in boreal
estuarine systems due to the high DOM and dissolved Fe
concentrations in this region (Kritzberg et al., 2014). How-
ever, few studies have attempted to investigate the connec-
tion between flocculation and the Fe distribution in boreal
estuarine sediments. This is a significant gap in the exist-
ing knowledge, since an increasing number of studies have
demonstrated the importance of reactive Fe minerals in sed-
imentary diagenesis in boreal coastal areas, including their
roles in the anaerobic oxidation of methane (AOM) (Slomp
et al., 2013; Egger et al., 2015a) and in phosphorus retention
in sediments (Reed et al., 2011; Norkko et al., 2012; Egger et
al., 2015b). Furthermore, Fe has recently been suggested to
play an important role in carbon burial (Lalonde et al., 2012;
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Shields et al., 2016) and nitrogen cycling (Robertson et al.,
2016) in marine sediments.

Understanding the distribution of Fe minerals in boreal
sedimentary environments will improve our knowledge of
the broader role of Fe in sediment biogeochemistry. Here
we present a combined study of water column, sediment,
and pore water chemistry, in a non-tidal estuarine system in
the northern Baltic Sea, to investigate the impact of floccu-
lation on the distribution of Fe in boreal coastal sediments
and the subsequent diagenetic transformations during burial.
In the estuarine water column, we study the distribution of
dissolved and particulate Fe and organic matter, to assess the
transfer of these components from the dissolved to the partic-
ulate phase along the salinity gradient. Using sediment core
data from selected locations, we show how processes in the
water column control the lateral distribution of labile and re-
fractory Fe, and organic matter, in estuarine sediments. Fi-
nally, we demonstrate how the lateral distribution of labile
Fe, together with salinity gradients, influences the vertical
diagenetic zonation of the sediments along the estuarine tran-
sect and net rates of Fe transformations in the sediment col-
umn.

2 Study location

The Finnish coastline of the western Gulf of Finland and
Archipelago Sea (northern Baltic Sea) is characterized by
a mosaic of islands and small bays, intersected by a net-
work of channel-like, non-tidal estuaries (Fig. 1a). The un-
dulating mosaic represents the bedrock surface known as the
Precambrian peneplain (Winterhalter et al., 1981), while the
channels correspond to fault lines in the bedrock (Hausen,
1948; Virtasalo et al., 2005). The entire area was covered
by the Fennoscandian continental ice sheet during the last
glacial (Weichselian) maximum. The ice margin retreat from
the area ca. 12 ka ago was followed by the successive de-
position of till, outwash, glaciolacustrine rhythmite, patchily
distributed debrites, postglacial lacustrine clay, and brackish-
water mud drift (Virtasalo et al., 2007). These deposits pro-
vide the source material for mobile Fe in the drainage basins
of southern Finland, and each deposit has a distinct Fe min-
eralogy (Virtasalo and Kotilainen, 2008).

The principal study area is the estuary of the river Mus-
tionjoki and its adjacent archipelago (Fig. 1a). This river and
its estuary appear under several alternative Finnish, Swedish,
and English names in cartographic material and the scien-
tific literature, including Karjaanjoki (e.g., Asmala et al.,
2014), Pohjanpitäjänlahti (e.g., Virta, 1977), Pojoviken (e.g.,
Niemi, 1977), and Pojo Bay. The First Salpausselkä ice-
marginal formation intersects the estuary close to the town
of Ekenäs (Fig. 1a). The First Salpausselkä forms a shallow
sill of < 10 m water depth, separating the inner basin of the
estuary (maximum water depth 39 m) from the slope of the
archipelago towards the open Gulf of Finland (Fig. 1b). A

pronounced estuarine circulation is observed, with continu-
ous freshwater outflow at the surface and intermittent brack-
ish water inflows at depth. Inflows typically occur in winter,
when discharge from the river is at a minimum (Virta, 1977).
Subsequent stagnation of the deep water masses leads to oxy-
gen depletion, with hypoxic conditions (oxygen concentra-
tions < 2 mg L−1 or 63 µmol L−1) observed during the late
summer and autumn months of some years (Niemi, 1977).

A blast furnace located near the town of Åminnefors, at the
mouth of the river Mustionjoki (Fig. 1a), was active from the
late 19th century until 1977. The blast furnace and associated
waste materials serve as a potential source of anthropogenic
Fe pollution to the estuary.

3 Materials and methods

3.1 Hydrographic profiling

Over two days of sampling onboard R/V Saduria and R/V
J. A. Palmén in June 2015, water column temperature, salin-
ity, and dissolved oxygen profiles were collected at Sta-
tions A–K in the estuary of the river Mustionjoki and ad-
jacent archipelago, using multiparameter water quality son-
des (YSI™ CTD with optical oxygen sensor and Vale-
port miniCTD). The 11 vertical profiles for each parameter
were interpolated into cross-sectional contour plots using the
SigmaPlot™ software package (Fig. 1b). Station A is situ-
ated at the mouth of the river Mustionjoki, while Station K is
situated 33 km due south of the river mouth (∼ 40 km abso-
lute distance along transect) in the open Gulf of Finland. The
precise locations of the stations were selected on the basis of
suitability for sediment sampling; all are situated in bathy-
metric depressions of 10–100 m lateral scale, where soft sed-
iments are expected to accumulate.

3.2 Sampling and analysis of suspended particulate
organic matter

During the sampling campaign in June 2015, discrete wa-
ter samples were collected at 5 m depth intervals at Sta-
tions A–K in the estuary of the river Mustionjoki and ad-
jacent archipelago, using a 5 L LIMNOS™ water sampler.
Water samples were transferred onboard to acid-washed
polyethylene bottles, stored at 4 ◦C and filtered within 48 h of
sampling at Tvärminne Zoological Station, Hanko, Finland.
One 500 mL aliquot of each sample was filtered through pre-
weighed, pre-combusted (450 ◦C for 4 h) WhatmanR GF/F
filters (nominal pore size 0.7 µm). Total carbon (Ctot) and
total nitrogen (Ntot) on the filters, and the stable isotopic
ratio of carbon relative to the Vienna Pee Dee Belemnite
(δ13C), were estimated by thermal combustion elemental
analysis-mass spectrometry (TCEA-MS) at Tvärminne Zo-
ological Station. Precision and accuracy of Ctot and Ntot as
checked by in-house and reference standards was < 2.5 % rel-
ative standard deviation (RSD), while δ13C measurements
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Figure 1. (a) Location of the Mustionjoki estuary transect (top) and the Paimionjoki estuary transect (bottom). In both systems, point-source
river inputs discharge into a channel-like estuary, which in turn connects into the archipelago coastline of the Gulf of Finland, northern
Baltic Sea. Sediment and water column sampling locations are indicated A–Q (of which L–Q were first reported in Virtasalo et al., 2005).
Dissolved organic matter (DOM) sampling locations (Asmala et al., 2014, 2016) are indicated by the red lower-case labels a–f. The location
of the Åminnefors blast furnace is indicated by the black square. The First Salpausselkä ice-marginal formation is indicated in yellow. (b)
Water column characteristics of the Mustionjoki transect during sampling in June 2015. 2-D contour plots were generated by extrapolation
between the measured profiles at Stations A–K using SigmaPlot™ software. Distances along transect are reported as distance directly due
south (S) from Station A at the Mustionjoki river mouth.

had a precision < 0.2 ‰. Replicate analyses yielded results
that were identical within measurement error (see Fig. R1
in the Response to Referee supplement in the associated Dis-
cussion paper). Particulate inorganic carbon and nitrogen are
assumed insignificant in this setting, hence Ctot and Ntot are
assumed equal to organic carbon and nitrogen, respectively
(Corg and Norg).

3.3 Sampling and analysis of particulate and dissolved
Fe

During the sampling campaign in June 2015, two addi-
tional 250 mL aliquots of water from each sample were fil-
tered through parallel WhatmanR Nuclepore track-etched
polycarbonate membrane filters (pore size 0.4 µm). Filtrate
was collected in 15 mL centrifuge tubes and acidified to
1 M HNO3 for analysis of dissolved Fe and other elements
by ICP-MS at University of Helsinki Department of Geo-
sciences and Geography. Filters were freeze-dried and acid-
digested in Teflon™ vessels (digestion in 2.5 mL HF +
2.5 mL HClO4 /HNO3 at volumetric ratio 3 : 2, reflux at

90 ◦C for 12 h, followed by evaporation of acids until gel
texture and re-dissolution in 20 mL 1 M SuprapurR HNO3).
Analysis of particulate Fe (among other elements) in the re-
sulting digests was performed by ICP-OES at University of
Helsinki Department of Food and Environmental Sciences
(precision and accuracy < 5 % RSD as determined by in-
house and reference standards). All values are reported as
µmol L−1.

3.4 Sediment sampling and preparation

In September 2014 onboard R/V Saduria, sediments were
collected from Stations A–K on the Mustionjoki estuary tran-
sect using a GEMAX™ short gravity corer (internal diameter
9 cm, core length 30–60 cm). Four to five sediment slices of
2 cm thickness, evenly spaced with depth over the full length
of the core, were obtained from each station (e.g., Station K:
0–2; 8.5–10.5, 17–19, 25.5–27.5, 34–36 cm). During sam-
pling campaigns in 2015, GEMAX™ cores were taken from
Stations A, D (June) and J (April, June) and sliced com-
pletely at 1 cm resolution (0–10 cm depth) and 2 cm reso-
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lution (10 cm depth-core base). An additional sample from
the surface sediments of the river Mustionjoki, taken close
to Station “a” (lower case) in Fig. 1a, was obtained with a
grab sampler in September 2015. In all campaigns, whole
sediment slices were transferred immediately to plastic bags,
dipped in water to seal the bag, and deposited in a gas-tight
jar that was flushed with nitrogen within 1 h of sampling and
stored in the dark at 4 ◦C until further processing. Due to the
large volume of tightly packed sediment in each jar, visible
oxidation effects during sampling and storage were minimal.

Subsamples of wet sediment slices were taken from the
jars under nitrogen atmosphere, frozen, freeze-dried and ho-
mogenized, and stored in N2-filled gas-tight jars until fur-
ther processing. Parallel wet samples were stored frozen at
−20 ◦C. Water content (% water by weight) and porosity (%
water by volume) were estimated from weight loss during
freeze drying, assuming a solid-phase density of 2.65 g cm−3

(Schulz and Zabel, 2006). The content of salt material in the
dried sediment matter was estimated from water content and
the measured bottom water salinity at each site.

3.5 Analysis of sedimentary organic matter

Selected sediment samples were prepared for analysis of
sedimentary organic matter. Sub-samples of dried, pow-
dered sediments were weighed into aluminium capsules. To-
tal sedimentary carbon (Ctot) and nitrogen (Ntot), and the
stable isotopic ratio of carbon reported relative to Vienna
Pee Dee Belemnite (δ13C), were estimated by TCEA-MS at
Tvärminne Zoological Station and University of California,
Davis, USA. Precision and accuracy of elemental data was
< 2.5 % RSD, while isotope measurements had a precision
of < 0.2 ‰. Sedimentary inorganic carbon and nitrogen are
assumed insignificant in this setting, hence Ctot and Ntot are
assumed equal to organic carbon and nitrogen, respectively
(Corg and Norg).

3.6 Quantification of organic matter sources

A simple two-component mixing model was applied for
a first-order quantification of the relative contributions
of terrestrial plant-derived organic material (%OCterr), vs.
riverine–estuarine phytoplankton (%OCphyt), to total organic
matter in both water column and sediment samples. The cal-
culation uses only the molar N /C ratio of organic matter,
and end-member values, N /CEM, based on the study from
Goñi et al. (2003):

%OCphyt =

(
N/Csample− N/CEM-terr

)(
N/CEM-phyt− N/CEM-terr

) × 100 (1)

%OCterr = 100−%OCphyt (2)

where N /CEM-terr = 0.04, and N /CEM-phyt = 0.13. The cal-
culation assumes that plant matter and phytoplankton are
the only sources of organic material present in the samples;
their N /C values are spatially and temporally fixed at the

end-member values; and that these values do not alter sig-
nificantly during sedimentation and burial of organic mat-
ter. Fields in N /C vs. δ13C space, also taken from Goñi
et al. (2003) and corresponding to riverine–estuarine phy-
toplankton, marine phytoplankton, and terrestrial C3 plants
respectively, were used in the interpretation of the data.

3.7 Analysis of sedimentary Fe, S and Pb by ICP-OES

Selected sediment samples were prepared for ICP-OES
analysis. Sub-samples of dried, powdered sediments were
weighed into Teflon digestion vessels and digested in an acid
cocktail (digestion in 2.5 mL HF+ 2.5 mL HClO4 /HNO3
at volumetric ratio 3 : 2, reflux at 90 ◦C for 12 h, followed
by evaporation of acids until gel texture and re-dissolution
in 20 mL 1 M SuprapurR HNO3). ICP-OES analysis for to-
tal Fe, sulfur (S) and lead (Pb), among other elements, was
performed at University of Helsinki Department of Food and
Environmental Sciences (precision and accuracy < 5 % as de-
termined by in-house and reference standards). Total Fe and
S from ICP-OES analysis were used in combination with
other extraction data to estimate pyrite and residual silicate-
bound Fe (“Subsample 3” in Table 2).

3.8 Estimate of linear sedimentation rates using
sedimentary Pb profiles

Linear sedimentation rates (in cm yr−1) for Stations A, D and
J were estimated on the basis of total Pb (Pbtot) profiles mea-
sured on the three GEMAX™ cores from 2015. Each core
profile showed a distinct peak in Pbtot (Supplement Fig. S1)
which was assigned to the year 1970 (Renberg et al., 2001;
Zillen et al., 2012). A first-order estimate of linear sedimen-
tation rate was calculated assuming constant sedimentation
over the period 1970–2015. This was used in subsequent es-
timates of accumulation rates of Fe and S in µmol cm−2 yr−1

(Sect. 3.13).

3.9 Sequential extraction and analysis of sedimentary
Fe phases

A set of complementary extraction procedures was per-
formed on sediment samples to assist in the identification of
labile and refractory Fe phases (Table 2). The distinction be-
tween labile and refractory in this study is made on the basis
of the extractions employed, and does not directly translate to
reactive vs. non-reactive Fe. For example, refractory phases
include crystalline oxides and pyrite, which classify as reac-
tive Fe by common definitions. Initially, for the surface sed-
iment samples from 2014 (0–2 cm), and full downcore pro-
files (minimum 10 samples) from Stations A, D and J from
2015, the sequential extraction procedure for Fe described
by Poulton and Canfield (2005) was carried out (Table 2,
“Subsample 1”). Here, Stages 1 and 2 of this protocol are
considered to extract labile Fe, while the remaining compo-
nents are considered refractory. Sub-samples of dried, pow-
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dered sediments were weighed into extraction vessels and a
series of reagents were applied sequentially. After each addi-
tion, samples were placed in an orbital shaker for the dura-
tion of the extraction, then centrifuged at 3000 rpm (1800 g)
for 5 min before decanting the supernatant. To limit the risk
of oxidation affecting the Fe speciation during the extraction,
Stages 1–4 of the extraction procedure were performed under
nitrogen atmosphere, and reagents were purged with nitrogen
for 30 min prior to addition to the samples. All supernatants
were analyzed for Fe (among other elements) by Microwave
Plasma-Atomic Emission Spectroscopy (MP-AES) at Uni-
versity of Helsinki Department of Geosciences and Geog-
raphy. Replicate extraction of parallel samples yielded RSD
values of < 15 % for all stages of the procedure.

Subsequently, five additional samples from each of the
2015 cores (Stations A, D, and J) were subjected to a 1 h
room-temperature 1 M HCl extraction (Burton et al., 2011),
to further investigate the labile Fe phases (Table 2, “Subsam-
ple 2”), potentially including Fe (II)-OM and Fe (III)-OM
complexes as described in Yu et al. (2015). These samples
were taken from wet sediments, frozen shortly after sam-
pling and dried under nitrogen prior to the extraction. Two
parallel weighed subsamples were treated with 1 M HCl and
1 M HCl+ 1 M hydroxylamine-HCl, respectively, for 1 h. All
reagents were purged with nitrogen for 30 min prior to addi-
tion to the samples, and the addition of reagents was per-
formed under nitrogen before transfer to an orbital shaker.
Both extractions are expected to dissolve all labile Fe (II) and
Fe (III) phases. After extraction, the 1 M HCl extract may
contain both Fe (II) and Fe (III), whereas in the combined
extract, the reducing agent hydroxylamine-HCl maintains all
dissolved Fe in the divalent state. Fe (II) in each extract was
determined spectrophotometrically by the 1,10 phenanthro-
line method (APHA, 1998), allowing 1 M HCl-soluble Fe (II)
and 1 M HCl-soluble Fe (III) to be deconvolved as follows:

1MHClsolubleFe (III)= Total1MHClsolubleFe-

1MHClsolubleFe (II)(all unitsµmolg−1) (3)

A trap was added to the 1 M HCl extraction vessel to col-
lect evolved hydrogen sulfide (H2S) released during the dis-
solution of acid-volatile sulfur (AVS). The trap consisted of
an open test tube inside the closed extraction vessel as de-
scribed in Burton et al. (2008). The test tube was filled with a
solution of 0.2 M zinc acetate in 1 M NaOH, and the extrac-
tion vessel was placed on the shaker in vertical orientation.
Evolved H2S from the sample was visibly trapped as a ZnS
precipitate in the alkaline solution. The concentration of AVS
in the samples was determined by iodometric titration of the
ZnS precipitate after redissolution by acidification (Burton et
al., 2008). Assuming AVS to be dominantly present as iron
monosulfide (FeS), the concentrations of sulfidized and un-

sulfidized 1 M HCl-soluble Fe (II) were estimated:

Sulfidized1MHClsolubleFe (II)

= AVSFe (all unitsµmolg−1), (4)
Unsulfidized1MHClsolubleFe (II)

= Total1MHClsolubleFe (II) -AVSFe

(all unitsµmolg−1), (5)

where AVS-Fe is Fe bound to AVS. Furthermore, assuming
zero-valent sulfur to be a negligible component of total S in
sediments from this region (see Yu et al., 2015), the fraction
of pyrite (FeS2)-bound Fe was estimated from ICP-OES-
derived total S, and AVS, as follows:

PyriteFe=
TotalS-AVS

2
(all unitsµmolg−1), (6)

where AVS=AVS-Fe due to the 1 : 1 stoichiometry of FeS.
For depth intervals of the 2015 cores where no AVS-Fe data
were available, the division of total S into AVS and pyrite
was estimated from mean ratios of these components for each
core. For the surface sediments from 2014, all south-bound
Fe was assumed to be pyrite as per Eq. (3) of the associated
Discussion paper. Total S data were corrected prior to Eq. (6)
for the contribution of crystallized sulfate salts during sam-
ple drying. The contribution of sulfate to the total salt content
of dried sediment matter was determined for each sediment
depth by reference to the corresponding pore water sulfate
profile. Crystallized salt contributes approximately 25 % of
total S in the surface sediments at Station J, where salin-
ity, sulfate concentration, and water content are all at max-
imum values. The contribution declines significantly with
depth and at lower salinity sites (e.g., 1.3 % of total S in the
surface sediments at Station A).

The sum of the five stages of the Poulton and Can-
field (2005) sequential extraction procedure, plus the esti-
mated contribution of pyrite-bound Fe, were subtracted from
total Fe as determined by ICP-OES, to estimate residual
(non-soluble) Fe, assumed to be present in unreactive silicate
minerals:

ResidualFe= TotalFe-
∑

Stages1 to5-PyriteFe

(all unitsµmolg−1) (7)

3.10 Mössbauer spectroscopy of sedimentary Fe phases

Additional information about Fe phases present in the sedi-
ments was gathered from room temperature (RT) 57Fe Möss-
bauer spectroscopy (e.g., Murad and Cashion, 2004; Gütlich
and Schröder, 2012). A total of seven dried, powdered sam-
ples were analyzed at the University of Stirling, UK. For each
sample, 50–100 mg of dried material was placed in acrylic
glass tubs with a circular cross section of ∼ 1 cm2. Möss-
bauer spectra were collected using a miniaturized Mössbauer
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Figure 2. (a) 2-D contour plots of dissolved (top) and particulate (bottom) Fe in the water column along the Mustionjoki transect (Stations A–
K), operationally defined by filtration at 0.45 µm, June 2015. White circles represent sampling positions (vertical depth resolution= 5 m).
(b) Data from “a” plotted against salinity, including trend lines for Fepart (polynomial) and Fediss (logarithmic). Linear conservative mixing
lines (CMLs) are drawn between the high- and low-salinity end-member samples for Fepart and Fediss. The inferred dominant processes
controlling Fepart along the salinity transect are indicated by the grey bars.

spectrometer (MIMOS II, Klingelhöfer et al. 2003) set up in
backscattering geometry, or a standard transmission Möss-
bauer spectrometer (Wissel, Germany). Both instruments
used a 57Co in Rh matrix radiation source in constant ac-
celeration mode. Two samples (Station A, 0–1 cm and Sta-
tion D, 0–1 cm) were analyzed in backscattering mode. Peaks
in backscatter spectra display as emission maxima (Fig. S2).
The remaining five samples (river bed sediment from Sta-
tion “a”, Station A (26–28 cm), Station D (26–28 cm), Sta-
tion J (0–1 cm) and Station J (30–32 cm)) were analyzed in
transmission mode. Troughs in transmission spectra corre-
spond to absorption maxima (Fig. S2). All spectra were cali-
brated against alpha-iron at room temperature. Backscatter
Mössbauer spectra were evaluated using an in-house rou-
tine (Mbfit) with Lorentzian line profiles, based on the least-
squares minimization routine MINUIT (James, 2004). Trans-
mission Mössbauer spectra were evaluated using Recoil soft-
ware (University of Ottawa, Canada) and the Voigt-based fit-
ting routine (Rancourt and Ping, 1991).

Mössbauer spectroscopy allows estimation of the relative
contribution of Fe (II) and Fe (III) phases in a bulk sam-
ple, due to the distinctly different isomer shift of Fe (II) vs.
Fe (III) compounds (see Fig. 7). Allocation of the subspec-
tral components to known (groups of) Fe (II) and Fe (III)
phases was performed by comparison of the hyperfine pa-
rameters – isomer shift (δ) in mm s−1, quadrupole splitting
(1EQ) in mm s−1, and internal magnetic field (Bhf) in T –
of each subspectrum with those of library reference spectra
(e.g., Stevens et al., 2002) for a range of Fe-bearing com-
pounds. The subspectral components were assigned either
to distinct Fe minerals (in the case of unambiguous hyper-

fine parameters), or to generic groups of minerals character-
ized by similar isomer shift, quadrupole splitting and internal
magnetic field characteristics (e.g., “superparamagnetic (SP)
Fe (III)”, “silicate-Fe (II)”). Assuming equal recoil-free frac-
tions of total absorbed energy – no f-factor correction was ap-
plied – the concentration of each component was estimated
directly from its contribution to the area of the Mössbauer
absorption/emission spectrum, and bulk Fe (II): Fe (III) ra-
tios for each sample were estimated directly from the total
contribution of Fe (II) and Fe (III) components.

Diamagnetic and paramagnetic mineral phases generally
display as a doublet (two related peaks) in Mössbauer spec-
tra whereas magnetically ordered phases display as a sex-
tet (six related peaks). It should be noted that size of the
crystal domain influences magnetic ordering in some min-
erals. This is particularly important in the case of goethite, a
crystalline oxide which at room temperature displays super-
paramagnetic behavior (hence a doublet spectrum) for par-
ticle sizes < approximately 12 nm, but magnetically ordered
behavior (sextet spectrum) for particle sizes > approximately
12 nm (van der Zee et al., 2003). Furthermore, spectral in-
terferences between some components limit the sensitivity
of RT Mössbauer spectroscopy for minor components of
total sedimentary Fe. For example, the doublet for pyrite
(FeS2) shows a strong overlap with that of superparamag-
netic Fe (III). To aid the reader, we present a selection of
relevant Mössbauer reference spectra alongside the sample
data of this study (Figs. 7 and S2).
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3.11 Pore water sampling

Prior to sediment slicing during the June 2015 campaign,
pore water was sampled through pre-drilled holes (∅ 4 mm)
in the GEMAX™ coring tubes, using Rhizons™ mounted on
a purpose-built plastic rack. Two parallel series of samples
(vertical resolution 2 cm) were obtained for each core; one
for analysis by ICP-OES, the other for analysis of dissolved
hydrogen sulfide (H2S). Samples were collected in polyethy-
lene syringes connected directly to the Rhizons™, which
were held open by a wooden spacer to create a vacuum. The
syringes of the H2S series were pre-filled with 1 mL 10 %
zinc acetate solution to trap sulfide as ZnS. All samples were
transferred from the syringes to 15 mL centrifuge tubes in
the laboratory within 2 h of sampling. From the first series,
a sub-sample for ICP-OES analysis was taken immediately
and acidified to 1 M HNO3. A parallel GEMAX™ core, pre-
drilled with holes of ∅ 15 mm, was used for sampling for
dissolved methane (CH4). 10 mL wet sediment was collected
through each hole using a cut-off syringe and transferred to
a 65 mL glass vial filled with saturated NaCl solution (Egger
et al., 2015a). Vials were capped with a rubber stopper, and
a headspace of 10 mL N2 (quality 5.0) was injected using a
gas-tight glass syringe. Methane in pore waters was assumed
to be quantitatively salted out into the headspace during equi-
libration (O’Sullivan and Smith, 1970). Samples were stored
upside down until analysis such that headspace gas was not
in contact with the rubber stopper.

3.12 Pore water analysis

Acidified pore water sub-samples from the first series of
Rhizons™ were analyzed for total Fe and S, among other el-
ements, by ICP-OES at University of Helsinki Department
of Food and Environmental Sciences. Iron is assumed to be
present in pore waters as Fe2+, while S is assumed to repre-
sent SO2−

4 only, due to the loss of H2S during sample acidifi-
cation (Jilbert and Slomp, 2013). H2S concentrations in pore
water samples from the second series of Rhizons™ were de-
termined by spectrophotometry (670 nm) after the direct ad-
dition of an acidic solution of FeCl3 and N,N -dimethyl-p-
phenylenediamine (Cline, 1969; Reese et al., 2011) to the
sample vials. This procedure dissolves the ZnS precipitate
and immediately complexes S as methylene blue for spec-
trophotometric analysis. H2S concentrations were calibrated
against a series of standard solutions of Na2S · 3H2O, fixed
in Zn acetate in the same manner as the samples. The ex-
act concentration of S in the Na2S · 3H2O stock solution was
determined by iodometric titration (Burton et al., 2008).

For analysis of dissolved CH4, 1 mL headspace gas was
sampled from the 65 mL vials using a gas-tight glass syringe.
An equivalent volume of salt solution was allowed to flow
into the vial through a parallel syringe to equalize pressure
in the headspace. Gas samples were then injected into 12 mL
gas-tight glass Exetainer™ vials (LabCo model 839W). An

additional 20 mL N2 gas was injected into the Exetainers
to generate overpressure prior to analysis. CH4 concentra-
tions were analyzed using an Agilent Technologies 7890B
gas chromatograph (GC) at University of Helsinki Depart-
ment of Environmental Sciences, equipped with a flame ion-
ization detector (FID) at 250 ◦C, oven temperature 60 ◦C,
2.4 m HayeSep Q column with 1/8′′ connection, 80/100
mesh range, 1.0 mL sample loop, and helium carrier gas at
flow rate 21 mL min−1. Raw peak area data were converted
to mole fraction (ppm) using a four-point linear calibration
of standard gas mixtures (certified concentrations ±2 %) and
blanks, analyzed prior to each sample series. Single standards
were analyzed after every 10 samples to monitor within-
series drift, which was observed to be negligible. Concen-
trations in the pore water of the original 10 mL wet sediment
sample were back-calculated using a best-fit line through the
porosity profile from the parallel core for solid-phase sam-
pling.

3.13 Calculation of diagenetic process rates

To investigate instantaneous relative rates of anaerobic dia-
genetic processes, the portion of the sediment column corre-
sponding to 1970–2015 for each of the Stations A, D, and J
was used to define a 1-D model domain. For the analysis of
pore water profiles, a simplified version of the 1-D mass con-
servation equation of Boudreau (1997) and Berg et al. (1998)
was used:

d
dx

(
ϕDs

dC
dx

)
+R = 0, (8)

in which x is depth; ϕ is porosity;Ds is molecular diffusivity
of a given species, corrected for tortuosity, salinity and tem-
perature; C is concentration of the species in the pore water
or bottom water; and R is the net rate of production of the
species due to diagenetic reactions, expressed per unit vol-
ume of sediment. This simplified form of the mass conserva-
tion equation assumes steady state conditions, and neglects
pore water advective processes, biodiffusion, and bioirriga-
tion. The equation states that the net rate of production or
consumption of a dissolved species in the pore waters at a
given depth can be calculated from the change in gradient
of the concentration (i.e., the second derivative of the con-
centration, C) at the same depth, provided the diffusivity and
porosity are known.

The above equation was used to estimate net rates of pro-
duction and consumption of pore water iron (Fe2+), sulfate
(SO2−

4 ) and methane (CH4) within discrete depth intervals
of the sediment column from the measured pore water pro-
files of these species. Calculations were performed using the
PROFILE software (Berg et al., 1998), which selects the op-
timum number of discrete depth intervals of production and
consumption based on a least squares fitting routine.

To study the longer-term relative rates of Fe reduction and
sulfate reduction at the same stations, we estimated depth-
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integrated accumulation rates of reduced solid-phase Fe and
S in the sediments within the interval 1970–2015. Assum-
ing solid-phase reactive Fe only accumulates at the sediment
water interface as Fe (III), we estimated the mean rate of pro-
duction of reactive Fe (II) from 1970 to 2015 within the sed-
iment column as

∑
Fe (II)= Unsulfidized1MHClsolubleFe (II)+AVSFe

+PyriteFe (all unitsµmolcm−2 yr−1) (9)

A similar exercise was done for sulfur. Assuming all sedi-
mentary sulfur to be derived from the reduction of seawater
sulfate, we estimated the mean rate of production of reduced
sulfur from 1970 to 2015 within the sediment column as

∑
S = AVS+PyriteS (allunitsµmolcm−2 yr−1) (10)

Note that pore water Fe2+ and H2S are considered negligible
contributors to 6S and 6Fe (II).

Because the individual data series have variable depth res-
olution, prior to the above calculations, weighted mean mass
concentrations of each sediment parameter for the interval
1970–2015 were estimated for each core. Volume concentra-
tions were then estimated from weighted mean mass concen-
trations as follows:

Cv = Cm× 2.65 × (1−ϕ), (11)

where Cv is weighted mean volume concentration in
µmol cm−3, Cm is weighted mean mass concentration in
µmol g−1, and 2.65 is the density of solid matter in sediments
in g cm−3.

3.14 Additional supporting data

N /C and δ13C of DOM was measured from surface-water
samples from six locations along the Mustionjoki estuary
transect (Stations “a–f”, Fig. 1a) during three sampling cam-
paigns (April, August and October) in the year 2011, as re-
ported in Asmala et al. (2014) and Asmala et al. (2016). Sam-
pling locations are given in Table 1.

Surface sediment (0–1 cm) total Fe and Al data was gener-
ated for six locations in the estuary of the river Paimionjoki
and its adjacent archipelago (Stations L–Q, Fig. 1a). Samples
were obtained in August and September 2001 during a 94-
Station survey of Archipelago Sea sediments, as reported in
the studies of Virtasalo et al. (2005) and Peltola et al. (2011).
For comparability with the present study, new subsamples
of this material were digested and analyzed as described in
Sect. 3.7. The locations and water depths of Stations L–Q are
given in Table 1.

4 Results

4.1 Hydrography of the transect

At the time of the primary sampling campaign in June 2015,
the water column in the estuary of the river Mustionjoki and
the adjacent archipelago was strongly stratified. Vertical tem-
perature stratification was evident throughout the transect
(Fig. 1b, top), while salinity stratification was also present
in the inner basin of the estuary (Fig. 1b, middle). The fresh-
water input from the river Mustionjoki was sufficient to gen-
erate a surface-water lens of salinity 0–2 extending across
the entire inner basin north of the First Salpausselkä, which
forms the sill at Ekenäs. The halocline shallowed towards
the sill, and the salinity isolines between Stations C and
G were strongly inclined. Deep waters upstream of the sill
showed depleted concentrations of dissolved oxygen relative
to surface-water values (7–8 mg L−1 vs. 10–11 mg L−1, or
219–250 µmol L−1 vs. 313–344 µmol L−1).

4.2 Dissolved and particulate Fe in the water column

Dissolved Fe concentrations in the surface water at the mouth
of the river Mustionjoki in June 2015 (Station A, salinity 1.0)
were 1.3 µmol L−1 (Fig. 2a). Concentrations decreased off-
shore to values around 0.02 µmol L−1 in the open waters of
the Gulf of Finland (Station K). The isolines of [Fediss] in
the estuarine water column were inclined similarly to those
of salinity (Fig. 1b), with a relatively deep surface layer of
Fe-rich waters at the river mouth shallowing towards the sill
at Ekenäs. However, surface water salinity and [Fediss] along
the transect show a strongly non-linear relationship, indicat-
ing non-conservative mixing between river and offshore wa-
ter with respect to [Fediss], due to removal of Fediss from so-
lution (Fig. 2b).

Particulate Fe in the water column of the estuary in
June 2015 showed a contrasting distribution to that of [Fediss]
(Fig. 2a). Although maximum [Fepart] was also observed at
the river mouth (3.9 µmol L−1 in surface waters at Station A),
values decreased rapidly within a short distance offshore
(Station B surface water= 1.4 µmol L−1; Station B, 5 m
depth= 0.6 µmol L−1). Further away from the river mouth,
[Fepart] showed higher values in a zone extending from 15 m
depth at Station C to the surface waters at Station G (Fig. 2a),
approximately coinciding with the halocline of salinity= 2–
4 (Fig. 1b). In the archipelago region of the transect (Sta-
tions G–J), [Fepart] declined gradually offshore.

4.3 Particulate organic matter in the water column

Particulate organic carbon (POC) and nitrogen (PON) con-
centrations in the water column of the estuary in June 2015
ranged from 5–75 and 0.5–7 µmol L−1, respectively, and
were consistently highest in surface waters (see Fig. R7 in
the response to referee supplement of the associated dis-
cussion paper). Moreover, surface waters throughout the
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Table 1. Sampling campaigns and stations (see also Fig. 1).

Campaign and Co-ordinates Water depth Water Sediment
station code (degree-decimal) (m, sediment sampling sampling

stations only)
◦ N ◦ E

Mustionjoki September 2014; June 2015

A 60.091617 23.554630 7 Full profile (2015) 4 samples (2014)
Full profile (2015)

B 60.079833 23.531167 11 Full profile (2015) 5 samples (2014)
C 60.054300 23.509517 22 Full profile (2015) 5 samples (2014)
D 60.022650 23.474600 39 Full profile (2015) 5 samples (2014)

Full profile (2015)
E 60.014033 23.467950 21 Full profile (2015) 5 samples (2014)
F 59.994750 23.452300 8 Full profile (2015) 5 samples (2014)
G 59.961383 23.396730 6 Full profile (2015) 5 samples (2014)
H 59.920117 23.332650 17 Full profile (2015) 5 samples (2014)
I 59.907367 23.326200 21 Full profile (2015) 5 samples (2014)
J 59.855286 23.261780 33 Full profile (2015) 5 samples (2014)

Full profile (2015)
K 59.789867 23.335430 47 Full profile (2015) 5 samples (2014)

Paimionjoki August–September 2001

L 60.354667 22.563000 18 Surface (0–2 cm)
M 60.313333 22.509833 46 Surface (0–2 cm)
N 60.140970 22.410722 27 Surface (0–2 cm)
O 60.057288 22.355018 46 Surface (0–2 cm)
P 59.913438 21.753072 35 Surface (0–2 cm)
Q 59.764387 21.706720 107 Surface (0–2 cm)

Mustionjoki April–August–October 2011 (water); September 2015 (sediments)

a 60.095467 23.590867 Surface only Surface (0–2 cm)
b 60.036650 23.484183 Surface only
c 59.977800 23.421300 Surface only
d 59.917300 23.324433 Surface only
e 59.855567 23.261967 Surface only
f 59.816317 23.271450 Surface only

transect were characterized by a relative enrichment of N
(N /C= 0.14–0.17, Fig. 3a). In contrast, deeper waters had
lower concentrations of particulate organic matter and a rel-
ative depletion of N (N /C= 0.08–0.13). The region close to
the river mouth displayed the most pronounced N /C enrich-
ments anywhere on the transect.

The distribution of δ13CPOC showed a general similarity
to that of N /C. Relatively depleted values were observed
in surface waters (−29 to −31 ‰), with the most depleted
values observed close to the river mouth, while deep water
values were relatively enriched (−26 to −28 ‰) (Fig. 3a,
bottom). One anomalous sample of relatively enriched val-
ues (approx. −26 ‰) was observed in the surface waters at
site G, close to the sill at Ekenäs. When N /C and δ13CPOC
values are plotted in x–y space, surface water samples for
most stations, regardless of salinity, plot close to the river-

ine end of the riverine–estuarine phytoplankton continuum.
At each site, samples from deeper in the water column trend
away from this region of the diagram towards the field corre-
sponding to terrestrial C3 plants (Fig. 3b).

4.4 Sedimentary organic matter along the transect

Mean total organic carbon (Corg) contents of the upper 30–
50 cm of sediments sampled in September 2014 were high-
est in the archipelago (Stations H–K, approximately 4–5 %),
followed by the estuary (Stations A–E, approximately 4 %)
and lowest at the sill (Stations F–G, approximately 2–3 %,
Fig. 4b). The four samples from site A, at the mouth of the
river Mustionjoki, all showed molar N /C ratios of 0.05–0.09
and δ13Corg of −26 to −29 ‰, hence plot close to the ter-
restrial C3 plants field in N /C vs. δ13Corg space (Fig. 4a).
With increasing distance along the transect, from the estu-
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Figure 3. (a) 2-D contour plots of molar N /C (top) and δ13C (bottom) of particulate organic matter (POM) along the Mustionjoki tran-
sect, operationally defined by filtration at 0.45 µm, June 2015. White circles represent sampling positions (vertical depth resolution= 5m).
(b) Cross plot of molar N /C vs. δ13C of POM in June 2015 (circles, each representing a single sample from the 2-D plot in a) and of
published data for dissolved organic matter (DOM) from the same transect (squares, surface water only, six samples each from campaigns in
April, August and October 2011). In situ salinity at the time and location of sampling is indicated by the color scale. Samples marked with
letters indicate surface water samples. Organic matter source fields are taken from Goñi et al. (2003).
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Figure 4. (a) Cross plot of molar N /C vs. δ13C of sedimentary organic matter along the Mustionjoki transect. Stations are indicated by
the symbols. No isotope data was available for Station J. Four or five samples are plotted for each station, representing evenly spaced 2 cm
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Table 2. Protocol for sediment Fe extractions employed in this study. The results of the extractions are combined according to Eqs. 3–7 (see
text).

“L
ab

ile
” 

Fe

Extraction scheme 1 (sequential)
Poulton and Canfield (2005)

Extraction scheme 2 (parallel)
Burton et al. (2008; 2011)

Reagent Target phases Reagent Target phases
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ef
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or
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 F
e

1M HCl with
alkaline trap 
for sulfide, 1h 

Fe-carbonates
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1M HCl + 0.2M
Hydroxylamine
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1M HCl 
-soluble Fe (II)

Total 1M HCl 
-soluble Fe 

Sulfidized 1M HCl
-soluble Fe (II)*

Unsulfidized 1M HCl
-soluble Fe (II)**

1M HCl soluble Fe (III)***

Deconvolved by 
equations 3-5
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Hydroxylamine
-HCl, 48 h

1

2

Crystalline Fe oxides 
(goethite, 
akaganéite, hematite)

Ammonium 
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Na dithionite, 
2 h  

HCl, 12 M, 
boiling

Magnetite

Reactive sheet-silicate Fe

3

4

5

“T
ot

al
 F

e”

Total sediment digestion 
(single-step)

HF, HClO4, 
HNO3

Total Fe and S
Pyrite

Poorly crystalline 
Fe oxides 
(ferrihydrite, lepidocrocite)

Reagent Target phases Deconvolved by 
equations 6-7

SUBSAMPLE 1 SUBSAMPLE 2 SUBSAMPLE 3

6

7 Residual Fe
(unreactive 
silicates)

Flow of 
calculations

ary through the sill to the archipelago, mean N /C increases
and δ13Corg becomes more enriched, hence successive sta-
tions plot progressively closer to the riverine–estuarine phy-
toplankton continuum. Samples from Station K showed mo-
lar N /C ratios of 0.12–0.14 and δ13Corg of −23 to −24 ‰,
close to the estuarine end of the continuum. Correspondingly,
the computed contribution of phytoplankton-derived organic
matter to sedimentary Corg increases systematically along the
transect. As a first-order estimate based on the assumed end-
member values, > 70 % of sedimentary Corg at Station A is
derived from terrestrial plant material, whereas sedimentary
Corg at Station K is entirely phytoplankton-derived. Station C
and D stand out from the offshore trend with slightly elevated
contributions of %OCphyt relative to %OCterr.

4.5 Total sedimentary Fe along the transect

Surface-sediment total Fe concentrations in 2014 were high-
est in the estuary (Stations A–E, approximately 1000–
1700 µmol g−1), followed by the archipelago (Stations H–
K, approximately 800–1000 µmol g−1), and lowest at the sill
(Stations F–G, approximately 500–700 µmol g−1, Fig. 4b).
A maximum value of > 1600 µmol g−1 was recorded in the
surface sediments at Station B. The downcore profiles from
Stations A, D and J from 2015 show that total sedimentary
Fe has been consistently higher at the stations in the estu-
ary (A and D) relative to the archipelago (J) throughout the

studied interval (in each case at least 50 years based on the
position of the 1970 depth horizon). Extreme enrichments
of Fe are observed at Station A, the site closest to the river
mouth, peaking in the interval above the 1970 depth hori-
zon and declining towards the present. Iron enrichments in
the uppermost part of the estuary also appear to be highly
spatially variable, as evidenced by the difference between
the surface sediment value at Station A during the 2014
campaign (1043 µmol g−1, Fig. 4b) and the 2015 campaign
(1557 µmol g−1, Fig. 5), measured in cores taken within 10 m
of each other.

4.6 Sedimentary Fe speciation 1: labile Fe

Multiple phases of Fe are present in the sediments along the
transect. Based on a combination of evidence from the ex-
traction protocols and Mössbauer spectroscopy, we propose
a general scheme for the interpretation of the combined data
(Table 3). Flocculated Fe is assumed to accumulate as labile
Fe in the form of ferrihydrite and Fe (III)-OM, both of which
are subject to diagenetic transformations after sedimentation.

Labile Fe phases (Stage 1 and Stage 2-soluble Fe in the
Poulton and Canfield (2005) extraction) are present in the
surface sediments at all sites, and at all depths in the down-
core profiles from Stations A, D, and J (Fig. 5a). The near
1 : 1 match between the combined Stage 1+ 2 fraction and
total 1 M HCl-soluble Fe from the Burton et al. (2008,
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2011) extraction suggests that the two approaches are con-
sistent in extracting 100 % of the labile Fe pool (Fig. 6b).
However, Na acetate – (Stage 1)-soluble Fe dominates over
hydroxylamine-HCl – (Stage 2)-soluble-Fe in all samples
(Figs. 4b, 5). Candidate phases for Na acetate-soluble Fe are
Fe (II) carbonates such as siderite and ankerite, as targeted
by the extraction protocol, but also labile organic complexes,
whose behavior in this extraction scheme is not well defined,
and AVS (FeS), which is thought to partially dissolve during
Stage 1 (Egger et al., 2015a). Meanwhile, candidate phases
for hydroxylamine-HCl-soluble Fe are poorly crystalline Fe
oxides such as ferrihydrite and lepidocrocite, any remaining
labile organic complexes and FeS from Stage 1, and Fe (II)
phosphates such as vivianite (Dijkstra et al., 2014) (Table 3).

By determining the fractions of 1 M HCl-soluble sul-
fidized and unsulfidized Fe (II), and Fe (III), in the parallel
extraction, we can further deconvolve the likely composition
of the labile Fe pool. The persistent presence of unsulfidized
Fe (II), accounting for an average of 53 % of labile Fe in the
15 measured samples (Fig. 6a), suggests important contribu-

tions of either Fe (II)-OM, Fe (II) carbonates, and/or Fe (II)
phosphates. We suggest that Fe (II)-OM contributes signifi-
cantly to this pool of unsulfidized Fe (II), for two principal
reasons. Firstly, Fe (II)-OM has been observed as an impor-
tant component of total Fe in sediments from a nearby boreal
estuary on the basis of X-ray absorption spectroscopy (Yu
et al., 2015). Secondly, Fe (II) carbonates and phosphates
if present are expected to form only in the deeper part of
the sediment column, where pore water Fe, dissolved inor-
ganic carbon and phosphate concentrations are sufficient to
exceed saturation with respect to these minerals (e.g., Eg-
ger et al., 2015b for vivianite). In contrast, we find unsul-
fidized Fe (II) throughout the sediment column at all three
stations (Fig. 6a), including within the sulfate-methane tran-
sition zone (SMTZ), where the presence of pore water H2S
keeps pore water Fe concentrations close to zero and hence
should prevent carbonate and phosphate formation.

The 1 M HCl extractions also confirm the presence of la-
bile Fe (III) in most samples (Fig. 6a), including at depths
corresponding to the SMTZ. Although ferrihydrite is al-
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Table 3. Scheme for the interpretation of sedimentary Fe phases based on the extraction protocols and Mössbauer data. Solubilities in the
Poulton and Canfield (2005) extraction listed as inferred indicate that these were not defined in the original protocol, but have either been
investigated by later studies or are assumed for reasons described in the text. SP Fe (III) is superparamagnetic Fe (III).

Solubility in Solubility in 1 M Allocation in Presence in
Poulton and HCl extraction Mössbauer samples of
Canfield (2005) subspectra this study
extraction

Labile Fe (II) phases

Fe carbonates
(siderite, ankerite)

Stage 1 Yes Not detected Unlikely

Acid-volatile
sulfur (FeS)

Stage 1–2
(inferred)

Yes Not resolvable Likely

Labile Fe (II)-OM Stage 1–2
(inferred)

Yes Not resolvable Likely

Fe (II) phosphates Stage 2
(inferred)

Yes Not resolvable Likely

Labile Fe (III) phases

Poorly crystalline
Fe oxides (ferrihydrite,
lepidocrocite)

Stage 2 Yes SP Fe (III) Likely

Labile Fe (III)-OM Stage 1–2 (inferred) Yes SP Fe (III) Likely

Refractory Fe (II) and Fe (III) phases

Goethite (< 14 nm) Stage 3
(−4 inferred)

No SP Fe (III) Likely

Goethite (> 14 nm) Stage 3
(−4 inferred)

No Not detected Unlikely

Hematite Stage 3 No Hematite Likely
Akaganéite Stage 3 No Not detected Unlikely
Amorphous ferric
aluminosilicates

Stage 3–4
(inferred)

No SP Fe (III) Likely

Wüstite Stage 3
(inferred)

No Wüstite Likely

Magnetite Stage 4 No Magnetite
(Fe2.5+)
Magnetite (Fe3+)

Likely

Reactive sheet silicate
Fe (II)

Stage 5 No Silicate Fe (II) Likely

Pyrite No No Not resolvable Likely
Residual unreactive
silicate Fe (II)

No No Silicate Fe (II) Likely

a Sulfidized 1 M HCl-soluble Fe (II) is assumed to be present as FeS (AVS). b Unsulfidized 1 M HCl-soluble Fe (II) may include carbonates
(e.g., siderite, ankerite), phosphates (e.g., vivianite) and labile Fe (II)-OM. c 1 M HCl-soluble Fe (III) includes poorly crystalline Fe oxides
(ferrihydrite, lepidocrocite) and labile Fe (III)-OM.

most certain to be present at the sediment surface, its persis-
tence in the SMTZ, where pore water H2S concentrations ex-
ceed 100 µmol L−1 (Station D) and 200 µmol L−1 (Station J),
seems improbable. The half-life of the sulfidization of ferri-
hydrite is measured in hours (Raiswell and Canfield, 2012),
whereas the residence time of a sediment layer in the H2S
zone during burial at the calculated linear sedimentation rates
in this study is in the order of years. Hence we suggest that
the labile Fe (III) present in the sediments is indicative of

H2S-resistant Fe (III)-OM derived from the flocculated ma-
terial.

The Mössbauer data yield further information concerning
the labile Fe pool. Although the bulk spectra are dominated
by the major refractory Fe phases (Sect. 4.7), the presence
or absence of minor Fe components can be inferred, espe-
cially when these are characterized by distinct hyperfine pa-
rameters and hence do not display significant spectral inter-
ference with the major components. On this basis, we find
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Figure 6. (a) Results of the 1 M HCl extraction, carried out on 15 samples (five each from Stations A, D, J). (b) Comparison of total 1 M HCl-
soluble Fe and the sum of Stages 1+ 2-soluble Fe in the Poulton and Canfield (2005) protocol. Where no equivalent sample was available,
adjacent samples have been compared (n= 4). Dashed line represents 1 : 1 and the least-squares regression is performed against this line.
(c) Depth-integrated rates of burial of S and reactive Fe (II) over the period 1970–2015 at Stations A, D and J.

no direct evidence for the presence of siderite or other Fe (II)
carbonates, whose Mössbauer spectra are all characterized by
a distinct doublet with narrower quadrupole splitting than ob-
served for Fe (II) in silicate minerals (Fig. 7 and Morris et al.,
2010). Furthermore, the bulk spectra do not show evidence
for either Fe (II) oxalate or vivianite – two possible analogs
for Fe (II)-OM and Fe (II) phosphates in the sediments
(Fig. 7). To reconcile this information with the results of the
extractions, we interpret the absence of these phases to indi-
cate that Fe (II)-OM and Fe (II) phosphates in our samples
must be present in forms other than Fe (II) oxalate and vi-
vianite, which are characterized by Mössbauer doublet spec-
tra that interfere with silicate Fe (II) and hence cannot be in-
dependently resolved. Indeed, Mattievich and Danon (1977)
showed that Fe (II) phosphates of varying degrees of hydra-
tion display a wide range of hyperfine parameters includ-
ing various overlaps with silicate Fe (II) as detected in our
samples (δ= 1.08–1.19, 1EQ= 2.48–2.65 mm s−1, Table 4,
Sect. 4.7). The range of hyperfine parameters for different
Fe (II)-OM phases is not well established in the existing lit-
erature, but our results suggest that Fe (II) oxalate alone may
not be a suitable analog for bulk sedimentary Fe (II)-OM.

4.7 Sedimentary Fe speciation 2: refractory Fe

Refractory Fe compounds (by our definition, all Fe remain-
ing after Stages 1+ 2 of the Poulton and Canfield (2005) ex-
traction) constitute the majority of Fe in all samples (Figs. 4b,

5). These components are expected to derive principally from
suspended minerogenic matter accumulated in the estuarine
sediments, although some refractory phases – such as pyrite –
may derive from the diagenesis of flocculated labile Fe (Ta-
ble 3). Mössbauer spectra from five of the seven analyzed
samples (all samples except those from Station A) can be de-
convolved into two doublets accounting for > 95 % of total Fe
(Fig. 7 and Fig. S2). The first represents superparamagnetic
Fe (III) (δ = 0.25–0.40,1EQ= 0.70–0.86 mm s−1, Table 4),
and accounts for 49–62 % of the modeled spectra in these
samples (Table 4). Superparamagnetic Fe (III) in RT 57Fe
Mössbauer analysis of sediments has been reported to repre-
sent various phases, including ferrihydrite, goethite of parti-
cle size < approximately 12 nm (van der Zee et al., 2003) and
amorphous ferric aluminosilicates (Manning and Ash, 1978;
Manning et al., 1980). As outlined in Sect. 4.6, a major con-
tribution of ferrihydrite deeper in the sediments seems un-
likely, which leaves nanocrystalline goethite and amorphous
ferric silicates as prime candidates for the dominant super-
paramagnetic Fe (III) phases. According to Canfield (1989),
goethite is soluble in citrate-dithionite solution (Stage 3 of
the Poulton and Canfield (2005) extraction), while amor-
phous ferric silicates, if present, should be extracted by either
citrate-dithionite or ammonium oxalate (Stage 4). However,
the contribution of 49–62 % superparamagnetic Fe (III) ex-
ceeds the sum of Stage 3+ 4-soluble Fe in the corresponding
extraction (typically 20–30 %, Fig. 5). Several explanations

www.biogeosciences.net/15/1243/2018/ Biogeosciences, 15, 1243–1271, 2018



1258 T. Jilbert et al.: Impacts of flocculation on the diagenesis of iron

Table 4. Mössbauer parameters corresponding to spectra in Figs. 7 and Fig. S2.

Mineral Phase δa 1b
EQ Bc

hf Aread Fe (III)/Fe (II)
(mm s−1) (mm s−1) (T ) (%)

River bed sediment (Station “a”)

SP Fe3+ 0.34 0.69 – 56 1.27
Silicate Fe2+ 1.15 2.57 – 44

Station A 0–1 cm

SP Fe3+ 0.32 0.67 – 26 f

Silicate Fe2+ 1.08 2.61 – 18
Wüstite 0.78 0.83 – 42
Magnetite Fe2.5+ [0.67]e [0.00] [46.5] 9
Magnetite Fe3+ [0.30] [0.03] [49.8] 5

Station A 26–28 cm

SP Fe3+ 0.40 0.73 – 8 f

Silicate Fe2+ 1.12 2.65 – 15
Wüstite 0.94 0.76 – 42
Magnetite Fe2.5+ 0.66 −0.01 45.5 16
Magnetite Fe3+ 0.26 −0.01 48.6 9
Hematite 0.35 −0.08 – 10

Station D 0–1 cm

SP Fe3+ 0.25 0.86 – 51 1.04
Silicate Fe2+ 1.19 2.48 – 49

Station D 26–28 cm

SP Fe3+ 0.36 0.73 – 62 1.63
Silicate Fe2+ 1.13 2.58 – 38

Station J 0–1 cm

SP Fe3+ 0.35 0.75 – 49 1.17
Silicate Fe2+ 1.15 2.56 – 46
Unspecified Fe (III) oxide 0.30 −0.04 50.3 5

Station J 30–32 cm

SP Fe3+ 0.34 0.69 – 53 1.13
Silicate Fe2+ 1.14 2.57 – 47

a Isomer or center shift. b Quadrupole splitting. For six-line spectra (magnetite, hematite and unassigned Fe oxide),
values represent quadrupole shift < ε > (same units). c Internal magnetic field. d Subspectral area ratio, to first-order
proportional to relative amount of total Fe contained in mineral phase. A general uncertainty of ±2 % absolute is
applied. e Values in square brackets were fixed to values from library spectra during the fitting process. f Values for
Fe (III) /Fe(II) are only given for those samples unaffected by industrial pollution (see text).

are possible for this offset. Firstly, the spectral overlap with
diamagnetic pyrite may elevate the estimated contribution
of superparamagnetic Fe (III) (Fig. 7). Secondly, assuming
Fe (III) oxalate as a reasonable analog for Fe (III)-OM (Bar-
ber et al., 2017), this component of labile Fe may also con-
tribute a fraction of total superparamagnetic Fe (III) (Fig. 7).
Finally, it is possible that a fraction of goethite and/or amor-
phous ferric aluminosilicates in our samples may resist disso-
lution in Stages 3+ 4 and instead dissolve in Stage 5 (boiling

12 M HCl), thereby giving an underestimate for Stage 3+ 4-
soluble Fe.

The second major doublet in these five samples is high-
spin Fe (II) in silicate minerals, identified by its com-
paratively high isomer shift and quadrupole splitting val-
ues (δ = 1.08–1.19, 1EQ= 2.48–2.65 mm s−1, Table 4).
Iron (II) (alumino)silicates in Baltic Sea sediments include
micas such as biotite, as well as secondary clay minerals
such as chlorite and illite (Frančišković-Bilinski et al., 2003).
Due to strong overlaps in the Mössbauer parameters of these
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model fit for each bulk spectrum are shown in the legend. Relative spectral areas of each component are given in Table 4.

phases, it is difficult to deconvolve high-spin Fe (II) further,
and for this reason we report these phases together simply as
“silicate Fe (II)”. This component typically accounts for 38–
49 % of the bulk spectrum in these five samples (Table 4),
and may include contributions of overlapping labile Fe (II)
phases as discussed in Sect. 4.6.

At Station A, total Fe contents are strongly elevated and
the majority of the additional Fe is soluble in Stages 3+ 4 of
the Poulton and Canfield (2005) extraction (Fig. 5). Accord-
ing to the interpretations already given, these fractions should
include nanocrystalline goethite and amorphous ferric alu-
minosilicates, both of which would yield superparamagnetic

www.biogeosciences.net/15/1243/2018/ Biogeosciences, 15, 1243–1271, 2018



1260 T. Jilbert et al.: Impacts of flocculation on the diagenesis of iron

Fe (III) in the Mössbauer spectra. However, both Mössbauer
spectra from Station A (0–1 and 26–28 cm) also show evi-
dence for two additional Fe phases, which together account
for > 50 % of total Fe in these samples (Fig. 7) and there-
fore likely dominate Stage 3+ 4-soluble Fe at this site. Of
these, the major phase is represented by a doublet located be-
tween those of superparamagnetic Fe (III) and silicate Fe (II),
with isomer shift and quadrupole splitting parameters indica-
tive of an Fe (II) compound (δ= 0.78–0.94, 1EQ= 0.76–
0.83 mm s−1, Table 4). In the associated Discussion paper
we attributed this phase to Fe (II)-OM. However we now fa-
vor the hypothesis that this is in fact wüstite (FeO) (Fig. 7).
Wüstite is an Fe (II) oxide with a distinct set of hyperfine
parameters corresponding to a doublet between those of su-
perparamagnetic Fe (III) and silicate Fe (II), which closely
matches the dominant additional phase present in our sam-
ples (Fig. 7). The second additional phase in Station A sam-
ples is unequivocally magnetite, as evidenced by the broad
sextet spectrum indicative of magnetic splitting of the ab-
sorption peaks (Fig. S2) and thus non-zero internal magnetic
field parameters at room temperature (Table 4). The mag-
netite spectrum can be further deconvolved into Fe2.5+ and
Fe3+ components, each characterized by a distinct set of hy-
perfine parameters. Hematite is also observed in the sample
from 26 to 28 cm.

4.8 Diagenetic zonation of the sediments

Active remineralization of organic matter (OM) at Sta-
tions A, D and J is evidenced by declining Corg contents from
the surface downwards at each site (Fig. 5). Since oxygen
penetration in the muddy coastal sediments of the northern
Baltic Sea typically does not exceed 4 mm (e.g., Hietanen
and Kuparinen, 2008; Bonaglia et al., 2013), anaerobic pro-
cesses initiate within the uppermost centimeter and dominate
the pore water chemistry of the upper 50 cm of the sediment
column (Sawicka and Brüchert, 2017). These processes are
expected to influence the vertical distribution of Fe in the sed-
iments, with a strong impact on flocculated labile Fe phases.

The vertical zonation of the pore water chemical profiles at
Stations A, D, and J is broadly similar, indicating a common
set of anaerobic diagenetic processes at each site (Fig. 8). The
following formulations are taken from the reaction network
of Reed et al. (2011), with the primary redox reactions repre-
sented in the simplified forms given in Canfield (1993). Or-
ganic matter (OM) is represented by CH2O, while Fe(OH)3
represents all Fe oxides, including ferrihydrite derived from
flocculation. In the upper 5 cm of the sediment column, we
observe evidence for anaerobic OM remineralization coupled
to reduction of both Fe oxides (indicated by pore water ac-
cumulation of Fe2+) and sulfate (SO2−

4 ) (indicated by a con-

cave decline of pore water SO2−
4 with depth) (Fig. 8):

CH2O( s)+ 7CO2(aq)+ 4Fe(OH)3(s)

→ 4Fe2+
(aq)+ 8HCO−3(aq)+ 3H2O(l) (12)

2CH2O( s)+ SO4(aq)
2−
→ H2S(aq)+ 2HCO−3(aq) (13)

Below the depth at which sulfate is exhausted, methane
(CH4) accumulates in pore waters, indicative of anaerobic
OM remineralization via methanogenesis:

2CH2O( s)+ 2H2O(l)→ 2CO2(aq)+ 4H2 (aq) (14a)
4H2 (aq)+ CO2(aq)→ CH4(aq)+ 2H2O(l). (14b)

These observations are broadly consistent with the classic
zonation of primary diagenetic reactions (Claypool and Ka-
plan, 1974; Froelich et al., 1979), except that the diagenetic
zones strongly overlap, which is typical for coastal areas of
the Baltic Sea (Sawicka and Brüchert, 2017). The presence of
sulfate reduction (Eq. 13) in sediments containing Fe oxides
therefore leads to the following reaction, which likely also
contributes to the accumulation of Fe2+ in the pore waters of
the upper sediments:

2Fe(OH)3(s)+H2S(aq)+ 4CO2(aq)

→ 2Fe2+
(aq)+S0 (s)+ 4HCO−3 (aq)+ 2H2O(l) (15)

Hydrogen sulfide (H2S) and Fe2+ then react to form iron
monosulfide (FeS):

Fe2+
(aq)+H2S(aq)→ FeS(s)+ 2H+(aq) (16)

Iron monosulfide (FeS) is subsequently converted to pyrite
(FeS2) by reaction with native sulfur produced in Eq. (15):

FeS(s)+ S0(s) → FeS2(s). (17)

A shallow sulfate-methane transition zone (SMTZ) is ob-
served at each of the three stations, within which anaerobic
oxidation of methane (AOM) coupled to sulfate reduction oc-
curs (e.g., Egger et al., 2015a; Sawicka and Brüchert, 2017):

CH4(aq)+ SO2−
4 (aq) +CO2(aq)

→ H2S(aq)+ 2HCO−3 (aq)+H2O(l) (18)

This reaction also produces H2S, which accumulates in pore
waters at the SMTZ, hence keeping pore water Fe2+ concen-
trations low and favoring the precipitation of sulfide minerals
(Eqs. 16 and 17).

At all stations, pore water Fe2+ increases below the
SMTZ, indicative of excess production of Fe2+ over H2S
(Fig. 8). Such deep production of Fe2+ may be associated
with persistent organoclastic Fe reduction (Eq. 12) or with
AOM coupled to Fe oxides (Beal et al., 2009; Sivan et al.,
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Figure 8. Pore water data from Stations A, D and J. Hydrogen sulfide (H2S) data are connected point by point. The depth of the H2S peak is
used to define the sulfate-methane transition (SMTZ). Where no H2S is present (i.e., at Station A), the SMTZ is defined by the corresponding
minimum in pore water Fe. For all other parameters, parabolic best fit lines were generated using PROFILE. These fits were used to determine
the zones, and instantaneous rates, of net production (NP) of each species within the depth interval 1970–2015 (red lines). The rate of net
production is determined from the change in gradient of the concentration as described by Eq. (8). Negative rates indicate net consumption.

2011; Egger et al., 2015a):

CH4(aq)+ 8Fe(OH)3(s)+ 15H+(aq)

→ HCO−3 (aq)+ 21H2O(l)+ 8Fe2+
(aq) (19)

We note that indirect coupling of Fe oxide reduction to
methane oxidation may also occur via the “cryptic sulfur cy-
cle” (Holmkvist et al., 2011). Here, native sulfur and other
intermediates of sulfide oxidation by Fe oxides (Eq. 15), un-
dergo disproportionation to H2S and SO2−

4 . The following
example is given for thiosulfate (S2O2−

3 ):

S2O2−
3(aq)+ H2O(l)→ SO2−

4(aq)+H2S(aq). (20)

The H2S produced in Eq. (20) then feeds back into Eq. (15),
while the SO2−

4 feeds back into Eq. (18). However, as shown

in Egger et al. (2016) in a study from the Black Sea, such
cryptic sulfur cycling is restricted to the depth interval close
to the downward-diffusing H2S front from the SMTZ. This
can be explained by the fact that only 3 mol of H2S are pro-
duced by Eq. (20), for every 4 mol of H2S that initially par-
ticipate in Eq. (15) (Egger et al., 2016). Hence, cryptic sulfur
cycling is a net consumer of H2S and cannot persist signif-
icantly deeper than the downward-diffusing H2S front from
the SMTZ. For this reason we favor the interpretation that
pore water Fe2+ accumulating below the SMTZ is produced
via Eqs. (12) and (19).

All stations show a broad maximum of solid-phase S in
the post-1970 interval of the sediment column (Fig. 5). This
feature is distinctive for sediments from the northern Baltic
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Sea (e.g., Egger et al., 2015a; Rooze et al., 2016) and repre-
sents a recent shoaling of the SMTZ to its current position, in
response to eutrophication caused by external nutrient inputs
to the Baltic (Gustafsson et al., 2012). The extra input of or-
ganic material to the sediments has led to enhanced rates of
sulfate reduction (Eq. 13), decreasing the sulfate penetration
depth and intensifying Eqs. (15)–(17) at a shallower horizon
in the sediments.

The above reaction network principally describes the di-
agenetic processes which may impact on flocculated ferri-
hydrite and its subsequent transformation to sulfide-bound
Fe (II) phases. We note that under conditions of elevated pore
water Fe (II) concentrations, such as those observed in the
deeper sediments at Stations A and D, precipitation of Fe (II)
phosphates may also occur (Egger et al., 2015b), although the
Mössbauer data suggest that these phases, if present, are dis-
tinct from pure vivianite (Sect. 4.6). Furthermore, the effect
of diagenetic reactions on Fe-OM complexes is not well un-
derstood and thus is typically not included in diagenetic mod-
els of Baltic Sea sediments. For the purposes of this study we
assume that Fe (III)-OM derived from flocculation may be
subject to reduction to Fe (II)-OM in the sediment column,
as described in Yu et al. (2015), but that these components do
not otherwise partake in the diagenetic reactions.

4.9 Instantaneous rates of diagenetic processes and
their relative depth in the sediment column

The PROFILE output broadly confirms the above descrip-
tion of the diagenetic zonation. All sites show evidence for
sulfate and methane consumption within the SMTZ. Instan-
taneous rates of sulfate reduction are in the range 0.0001–
0.0008 µmol L−1 s−1, which is similar to the range presented
recently by Sawicka and Brüchert (2017) for a Swedish estu-
ary. At Station A, low salinity restricts the sulfate reduction
zone to the uppermost 5 cm of the sediments. Consequently,
the SMTZ is shallower at Station A than at the other sites.
However, instantaneous rates of sulfate reduction in the up-
per sediments of Station A are in fact the highest of the three
sites. Net production of pore water Fe is observed in the up-
per 5 cm at all sites, as well as consumption in the SMTZ.
Although Station A and D show strongly elevated concen-
trations of pore water Fe below the SMTZ, the PROFILE
output indicates that production rates in this zone are low,
suggesting an upwards diffusion of Fe from reactions occur-
ring deeper in the sediments.

4.10 Long-term rates of Fe and sulfate reduction

Depth-integrated burial rates of S for the period 1970–2015
were highest at Station D, followed by Station A, and low-
est at Station J (Fig. 6c). By definition, the same pattern is
observed in the AVS-Fe and pyrite-Fe fractions of the depth-
integrated burial rate of reactive Fe (II). However, the addi-
tional component of unsulfidized Fe (II) at Stations A and D

enhances the contrast with Station J, such that reactive Fe (II)
burial at Station D is more than a factor 2 greater than at Sta-
tion J (Fig. 6c).

5 Discussion

5.1 Evidence for flocculation of DOM

Up to 94 % of total organic carbon (TOC) in Finnish river
catchments is present as dissolved organic carbon (DOC)
(Mattsson et al., 2005). Hence, the vast majority of the or-
ganic matter input to Finnish estuaries occurs in the dis-
solved form. Asmala et al. (2013) showed that DOC con-
centrations in the Mustionjoki estuary decrease from approx.
600 µmol L−1 at the river mouth to 350 µmol L−1 in the off-
shore region. The decline in DOC along the transect is con-
trolled by mixing of river water with sea water of lower DOC
content, and by transformations in the estuarine water col-
umn, which may cause non-conservative mixing behavior of
DOC vs. salinity. Yet, our compositional analysis shows that
the DOM pool retains a strongly terrestrial character through-
out the system (Fig. 3b). DOM data cluster around the terres-
trial C3 plants field in N /C vs. δ13C space, with only a mi-
nor deviation towards higher N /C observed in the offshore
samples.

The principal transformation leading to non-conservative
loss of DOM in the Mustionjoki estuary is salinity-mediated
flocculation – the aggregation of small particles of organic
matter into larger ones under conditions of increasing elec-
trolyte strength (Asmala et al., 2014). Alternative transfor-
mations, such as microbial degradation and photolytic miner-
alization of DOM in the estuarine environment (Dalzell et al.,
2009; Moran et al., 2000) are considered of lesser importance
in this system. Flocculation decreases the fraction of organic
matter in the water column which passes through regular fil-
ters, and therefore transfers terrestrial organic material from
the DOM to particulate organic matter (POM) pool.

At the time of sampling in June 2015, POM in sur-
face waters throughout the Mustionjoki estuary and adjacent
archipelago was dominated by phytoplankton material, as ev-
idenced by the relatively high N content of POM (circles with
letters in Fig. 3a). This strong signal of autochthonous mate-
rial apparently obscures any evidence for POM derived from
flocculation of DOM. However, in deeper waters through-
out the transect, POM is characterized by lower N contents
and more isotopically enriched C. Consequently, deep wa-
ter POM samples in N /C vs. δ13C space trend away from
the riverine–estuarine phytoplankton continuum and towards
the field corresponding to terrestrial C3 plants (Fig. 3b). This
suggests that a second fraction of POM contributes to the net
N /C and δ13C values of the deeper samples, and that this
fraction may be derived from flocculation of DOM to POM.
The dominance of flocculation-derived material in the deeper
samples may be owing to both the loss of fresh phytoplank-
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ton material due to remineralization during settling, and the
typically higher salinity of deep waters.

5.2 Flocculation of Fe and partial decoupling from
DOM

Due to the close association of Fe with DOM in boreal river-
ine systems, transformations of DOM in the Mustionjoki es-
tuary are expected to strongly influence Fe cycling. However,
the degree of negative deviation from conservative mixing of
Fediss vs. salinity along the transect (Fig. 2b) is far greater
than observed previously in this system for DOC (Asmala et
al., 2014), implying some decoupling of Fe from DOM dur-
ing flocculation. This is consistent with earlier results for the
Öre estuary, Sweden (Forsgren, et al., 1996), which showed
that the removal of Fe from solution during estuarine mixing
experiments is far more efficient than that of DOC.

In the Forsgren et al. (1996) study, enhanced removal of Fe
from solution was suggested to be caused by the presence of
clay particle surfaces to which Fe oxyhydroxides can sorb
during estuarine mixing. While this mechanism is indeed
possible in our system, we note that partial decoupling of
Fe from DOM likely already occurs in river water upstream
of the estuary. The typical pH of the Mustionjoki drainage
system is on the order of 6.0–6.5 (Lahermo et al., 1996). As
shown by Neubauer et al. (2013), a significant fraction of Fe
in boreal river waters of pH 6.0–6.5 may exist in the form of
discrete ferrihydrite particles, rather than OM-Fe complexes.
Moreover, the modal size class of these particles increases
with pH, such that a further pH rise in the estuarine envi-
ronment should stimulate flocculation of Fe, independent of
salinity effects or the presence of clay particles. The pH gra-
dient of the estuary spans from 6.0 to 6.5 in the river Mus-
tionjoki to 8.0 to 8.4 in the open Gulf of Finland (Omstedt
et al., 2010). Hence, the strongly non-conservative behavior
of Fediss along the transect may represent the combined in-
fluence of salinity (influencing flocculation of DOM-bound
Fe) and pH gradients (influencing the flocculation of discrete
ferrihydrite particles) as well as the role of clay particles in
the subsequent aggregation of particulate material.

Particulate Fe (Fepart) also shows an overall negative de-
viation from conservative mixing along the salinity gradient.
The initial strong decline in Fepart away from the river mouth
likely reflects settling of suspended minerogenic matter due
to energy dissipation in the estuarine environment (Syvitski
and Murray, 1981). This is supported by a similar trend in
suspended particulate aluminum (Al) (not shown). However,
samples in the salinity range 2–4 show a clear positive de-
viation, suggesting an input of Fepart through flocculation of
Fediss. Accordingly, the 2-D cross-section of Fepart along the
transect confirms a pronounced zone of higher values close
to the halocline of the inner estuary (Fig. 2a). This material
has no corresponding Al enrichment, confirming that it is not
derived from suspended minerogenic matter and supporting
the flocculation hypothesis. Further offshore, Fepart concen-

trations decline to a background value of∼ 0.5 µmol L−1, im-
plying partial settling of the flocculated material to the sedi-
ments.

5.3 The impact of flocculation on sedimentary OM and
Fe

In the following, we assume that the input of flocculated Fe
to sediments occurs in the form of ferrihydrite and Fe (III)-
OM, in accordance with the observations of Yu et al. (2015)
for a nearby estuary. These fractions in sediments are ex-
pected to be observed in the labile Fe pool (i.e., soluble in
Stages 1+ 2 of the Poulton and Canfield (2005) extraction,
or in 1 M HCl). The same is true for the diagenetic products
of flocculated Fe, with the exception of pyrite, which classes
as a refractory phase in our scheme (Table 3).

The transfer of terrestrially derived OM and Fe from the
dissolved to the particulate phase promotes the accumulation
of both components in the sediments. Yet, our data suggests
a further decoupling of terrestrial OM and Fe during sedi-
mentation. A clear trend of decreasing terrestrial OM content
in sediments is observed along the transect, consistent with
enhanced input of flocculated material in the inner estuary
(Fig. 4b). In contrast, the distribution of labile Fe in sedi-
ments is less clearly controlled by distance offshore, at least
within the range of the Mustionjoki transect (Stages 1+ 2-
soluble Fe, Fig. 4b). Rather, elevated labile Fe contents are
seen at Station D, the deepest site in the inner estuary, while
anomalously low values are observed at Station F, close to
the sill at Ekenäs. This suggests that the bathymetry of the
estuary has a modulating effect on the distribution of floccu-
lated Fe.

The modulating effect of bathymetry on labile Fe may be
related to two factors. The first is redox shuttling, during
which Fe is focused downslope in low-oxygen marine en-
vironments due to repeated cycles of reduction and oxidation
under the influence of gravity (e.g., Raiswell and Anderson,
2005; Lenz et al., 2015). The second is physical reworking
by currents, which favors the transport of fine-grained ma-
terial, such as labile Fe, away from shallow areas (Virtasalo
et al., 2005). In particular, the upstream flow of saline wa-
ter across the sill (Fig. 1) may favor the transport of labile
Fe away from Station F and towards Station D (Fig. 4). We
note that although this mechanism also influences sedimen-
tary organic material, it is the phytoplankton-derived compo-
nent which appears to be most susceptible. Both the absolute
concentration of phytoplankton-derived OM, and its contri-
bution to total OM, are elevated at Station D with respect to
its position on the transect (Fig. 4b). This implies that the
flocculated Fe fraction most affected by reworking to deeper
areas should be ferrihydrite, rather than OM-Fe (III), since
the latter is expected to behave similarly to bulk terrestrial
OM.

To test whether the impact of flocculation on sedimen-
tary Fe contents could be distinguished above focusing ef-
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Figure 9. Fe /Al weight ratios for surface sediment samples along
the Mustionjoki transect (0–2 cm; Stations C–K) and Paimionjoki
transect (0–1 cm; Stations L–Q), plotted against distance from the
respective river mouth. Stations A and B have been removed from
the analysis due to the influence of industrial Fe pollution (see
Sect. 5.4). A linear regression line is shown for the Paimionjoki
transect. Typical values from a site on the Baltic Sea shelves (LF3,
Eastern Gotland basin Fe /Al= 0.5–0.6, Lenz et al., 2015) are
shown for comparison. LF3 is given an arbitrary distance of 300 km
from the river systems of the southern coast of Finland, although Fe
at this site may be sourced from more proximal landmasses.

fects over a longer offshore transect, we compared Fe /Al ra-
tios of surface sediments from the Mustionjoki transect with
those from the nearby Paimionjoki transect (Fig. 1) and val-
ues reported in literature for the open shelves of the Baltic
Sea (note that stations A and B have been removed from this
analysis for reasons described in Sect. 5.4). Fe /Al correlates
positively with labile Fe at the Mustionjoki sites (R2

= 0.45,
n= 8), hence serves as a first-order proxy for the input of
flocculated material. The bathymetry of the Paimionjoki tran-
sect is less variable, thus the influence of focusing on the
distribution of labile Fe is expected to be reduced. Accord-
ingly, Fe /Al along the Paimionjoki transect shows a steady
decline from Fe /Al= 0.93 to Fe /Al= 0.73 over > 80 km
south from the river mouth (Fig. 9). Furthermore, typical
Fe /Al values for oxic shelf areas of the northern Baltic
Proper – > 100 km offshore from likely riverine Fe sources
– are only ∼ 0.5–0.6 (e.g., Lenz et al., 2015). Data from the
Mustionjoki transect, though variable due to focusing effects,
show a similar mean value to stations at the corresponding
position on the Paimionjoki transect. Taken together, these
results suggest that there is indeed an offshore decline in
the input of flocculated Fe to sediments in the Baltic Sea,
the impact of which can be observed over large distances
(> 100 km) from the coastline. This conclusion is supported
by our suspended Fepart data, which shows a background of
∼ 0.5 µmol L−1 Fepart in the water column of Station K in the
open Gulf of Finland (Fig. 2). Hence, although flocculation
itself likely occurs further upstream at the contact between
fresh and brackish water masses, a fraction of the suspended
Fepart apparently evades settling in the estuarine environment
and is transported offshore before sedimentation.

Considering the boreal coastal zone more broadly, the spa-
tial impact of flocculation on sedimentary Fe chemistry is
likely determined by the steepness of the offshore salinity
gradient and the magnitude of the riverine Fe input. The
Baltic Sea is characterized by a nearly 2000 km long north–
south surface-water salinity gradient of ∼ 2–15, from Both-
nian Bay to the Danish Straits (Leppäranta and Myrberg,
2009). In the lowest-salinity regions in the Bothnian Bay and
Bothnian Sea, the potential zone of estuarine flocculation ex-
tends further offshore and the trapping of Fe in estuarine sed-
iments may be expected to be less efficient. At the same time,
riverine Fe inputs in this region are higher than elsewhere in
the Baltic Sea (Asmala et al., 2014), due to the significant
release of Fe from peatlands in the catchment areas (Korte-
lainen et al., 2006) and the potential release of Fe from acid-
sulfate soils (Boman et al., 2010). Due to this combination
of factors, flocculated Fepart is likely dispersed over a much
larger area in the Bothnian Bay and Bothnian Sea with re-
spect to the Baltic Proper, which could explain the consis-
tently high sedimentary Fe contents in the offshore areas of
the Bothnian Sea (Slomp et al., 2013). At the other end of
the spectrum, in boreal estuaries draining into fully marine
systems such as in the Arctic (e.g., Dai and Martin, 1995),
steeper salinity gradients likely limit the dispersion of floc-
culated material to a relatively narrow zone close to the river
mouths.

5.4 Impact of industrial Fe pollution

Extreme Fe enrichments of up to > 25 % Fe by weight are ob-
served in the deeper sediments at Station A, principally due
to elevated concentrations of Stages 3+4-soluble Fe (Fig. 5).
The 57Fe Mössbauer spectra from both the surface- and deep-
sediment samples from this station deviate significantly from
all other measured samples, showing the presence of wüstite
and magnetite alongside the typical doublets of superparam-
agnetic Fe (III) and silicate Fe (II) (Fig. 7). Such high con-
centrations of these minerals are rarely observed in natural
aquatic sediments and suggest a significant impact of indus-
trial pollution at this site.

The lack of wüstite and magnetite in the river bed sam-
ple at Station “a” imply that the most likely source of these
minerals in Station A sediments is the blast furnace at Åmin-
nefors (Fig. 1a), which is located < 1 km from the river mouth
and was active from the late 19th century until 1977. Both
minerals may form as oxidation films on the surface of metal-
lic Fe (Kim et al., 2000), which likely occurred continuously
at the blast furnace immediately following the smelting pro-
cess. Indeed, inputs of wüstite to sediments in Hamilton Har-
bor, Ontario, were interpreted to derive from precisely such
a source (Manning et al., 1980). The magnitude of the en-
richments of these minerals at Station A suggest that waste
material may have been dumped or eroded directly into the
estuary.
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The timing of maximum input of industrial Fe pollution
shortly after 1970, and decline thereafter, is consistent with
the timeline of activity at the blast furnace. However, the
signal of wüstite and magnetite in the surface sediments at
Station A – and considering the extraction results, likely
also Station B (Fig. 4b) – suggests a legacy effect in which
this material is both cycled upwards in the sediment column
by bioturbation, and gradually spread downstream by bot-
tom transport. At present, there is no evidence for wüstite
or magnetite at Station D, implying that the signal is cur-
rently restricted to the uppermost kilometers of the estuary.
The presence of industrial Fe pollution a Stations A and B
complicates the interpretation of offshore trends in Fe /Al,
and therefore these stations were removed from Fig. 9.

5.5 Impact of flocculation and sediment focusing on
sedimentary diagenesis

The diagenetic zonation at Stations A, D and J is broadly sim-
ilar (Fig. 8), suggesting that the pollution-derived material at
Station A does not significantly affect the major diagenetic
reactions in the sediments. The principal difference that can
be discerned from the pore water profiles is that the SMTZ at
Station A is shallower in the sediment column and is not de-
fined by a pore water H2S enrichment, such as that observed
at the other sites. The shallowness of the SMTZ at Station A
is related to the low bottom-water sulfate concentration in
the upper estuary, which limits the depth to which sulfate
can penetrate before it is consumed. This itself may be the
cause of the lack of H2S accumulation, due to the restricted
zone in which sulfate reduction occurs and hence the total
consumption of produced H2S by Fe2+ (Eq. 16). However,
it is notable that both instantaneous sulfate reduction rates
(Fig. 8), and net burial of S during the period 1970–2015
(Fig. 6c) are actually higher at Station A than at Station J,
the furthest offshore of the three sites. Hence, bottom-water
sulfate is apparently not limiting the net rate of sulfate re-
duction and subsequent formation of AVS and pyrite in this
system. This result would appear to be consistent with the
modeling simulations of Rooze et al. (2016), which showed
that variations in bottom-water sulfate in northern Baltic Sea
sediments should not strongly impact on the solid-phase S
profiles (Fig. 6d in their paper), despite affecting other as-
pects of sedimentary diagenesis.

Net burial of S during the period 1970–2015 is highest at
Station D, suggesting that high sediment accumulation rates
and focusing of phytoplankton-derived OM in the deep basin
of the inner estuary promotes higher long-term rates of sul-
fate reduction than observed at either Station A or Station J
(Fig. 6c). Furthermore, the presence of unsulfidized Fe (II)
in the sediments at both Stations A and D enhances net rates
of reactive Fe (II) burial at these sites, over and above the
contribution from AVS and pyrite (Fig. 6c). This implies that
net rates of Fe reduction (including reduction of both ferri-
hydrite and Fe (III)-OM) are greater within the estuary than

in the offshore region. Again, the highest rate is observed at
Station D, consistent with the focusing of labile flocculated
Fe to the deep inner basin (Fig. 4b).

The PROFILE output indicates that the high concentra-
tions of pore water Fe2+ in the deep sediments at Stations A
and D are not produced in situ and hence likely represent
Fe produced below the model domain (e.g., via reactions 12
and 19), which is currently diffusing vertically towards the
SMTZ (Fig. 8). Therefore, it is possible that a fraction of the
Fe (II) precipitated in the sediment interval corresponding
to 1970–2015 is in fact derived from earlier-deposited labile
Fe (III) which is remobilized during deep burial, and there-
fore that the numbers for recent Fe (II) burial may be over-
estimated. Still, this observation reinforces our assertion that
Fe reduction rates throughout the whole sediment column are
higher at the sites in the estuary than further offshore, due to
the more intense accumulation of flocculated labile Fe.

While the behavior of flocculated ferrihydrite during sed-
imentary diagenesis can be well described by the reaction
network in Sect. 4.8, the details of the reductive transforma-
tion of Fe (III)-OM to Fe (II)-OM during burial remain un-
resolved by this study. We have assumed the model of Yu
et al. (2015) to apply in our system, in which Fe (III) com-
plexed to carboxylate and phenolate functional groups within
humic material in the water column is reduced in situ in sed-
iments, retaining its association with these functional groups
during burial. However, it is also possible that Fe (II) may
associate with OM after release from the reduction of ferri-
hydrite in the absence of H2S. Moreover, the retention of a
portion of Fe (III)-OM during burial, as implied by the 1 M
HCl extraction data (Fig. 6a) suggests either that not all of the
flocculated Fe (III)-OM is reduced in sediments, or that new
complexes of Fe (III) and relatively labile OM are formed
during remineralization of OM in the sediment column and
preserved during burial (Lalonde et al., 2012; Barber et al.,
2017).

Interestingly, the higher rates of Fe and sulfate reduction
observed at Station A with respect to Station J run contrary to
the assumption that the dominance of terrestrial plant-derived
OM in the upper estuarine sediments should lower the net
degradability of OM in the sediments (Arndt et al., 2013).
Flocculated DOM is characterized by high contents of hu-
mic substances, derived from complex polymers in vascular
plants, such as cellulose, lignin, cutin, and cutan (de Leeuw
and Largeau, 1993), which are relatively resistant to degra-
dation by the sediment microbial community (e.g., Hedges
et al., 2000). In contrast, phytoplankton-derived OM con-
tains high concentrations of degradable compounds such as
proteins, nucleic acids and simple carbohydrates, and in the
shallow coastal system may be expected to experience rela-
tively little pre-ageing before deposition in the sediments. We
suspect that the relatively high rates of diagenetic processes
at Station A are related to high mass accumulation rates at
this site. Although the linear sedimentation rate (in cm yr−1)

is approximately similar to Station J (Fig. S1), porosity of
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the sediments at Station A is significantly lower, yielding
mass accumulation rates a factor 1.7 higher than Station J
and therefore similarly higher accumulation rates of degrad-
able organic material.

5.6 Temporal stability of flocculation impacts on
sedimentation

The coastal zone of the Baltic Sea has been impacted
severely by anthropogenic activities during the last century.
First of all, enhanced nutrient inputs have altered coastal
ecosystems and triggered hypoxia in many areas (Conley et
al., 2011). Also land use changes such as ditching and forest
clearance have influenced the inputs of particulate material
to the coastal zone (Yu et al., 2015). The transport of riverine
Fe and DOM into the Baltic has increased in recent decades
as a consequence of brownification (Kritzberg and Ekstrom,
2012), related primarily to the recovery of boreal freshwa-
ter systems from industrial acidification and elevated ionic
strength in the mid-20th century (Monteith et al., 2007). Fi-
nally, the coastal zone is impacted by the variable direct in-
puts of industrial Fe pollution such as those observed in this
study. Each of these changes may be expected to influence
both the sediment composition and diagenetic processes in
the sediments at our study sites through time.

The most pronounced effect of recent coastal eutrophica-
tion on sediment chemistry has been to increase the flux of
phytoplankton-derived organic matter to the sediments. As
outlined in Sect. 4.8, this increased carbon loading has led
to a vertical migration of the redox zones of the sediments.
Recent shoaling of the SMTZ at Stations A, D, and J is indi-
cated by peaks in total sulfur (S) in the post-1970 sediments
(Fig. 5). This is consistent with the time-dependent modeling
simulations of Rooze at al. (2016), in which rates of AVS and
pyrite precipitation in the SMTZ were shown to increase in
response to carbon loading in the late 20th century.

Despite the various potential anthropogenic impacts, the
role of flocculation in determining sedimentary Fe chem-
istry along the Mustionjoki transect appears to have remained
largely unchanged throughout the studied interval. Labile Fe
contents at Station D are quite constant throughout the core
profile, implying that this site has served as a trap for floccu-
lated material since at least the mid-20th century (Fig. 5).
Similarly, labile Fe concentrations at Station D have been
consistently lower during the same interval. Only at Sta-
tion A is there evidence for slightly enhanced inputs in the
past, coincident with the strong industrial pollution input in
the 1970s.

6 Conclusions

In boreal estuaries, flocculation of DOM and Fe strongly in-
fluences the chemistry of the sediments and the diagenetic

reactions involving Fe. We can draw the following main con-
clusions from the study:

– Flocculation of DOM and Fe are partially decoupled,
likely due to the presence of discrete ferrihydrite col-
loids in the freshwater input which show a secular re-
sponse to estuarine mixing from Fe associated with
DOM.

– Flocculation of Fe is reflected in strongly non-
conservative mixing of Fediss along the estuarine salin-
ity gradient. Fediss is preferentially removed from solu-
tion with increasing salinity, and potentially pH.

– The POM generated by flocculation of DOM can be de-
tected in suspended particulate matter using δ13C and
N /C of DOM as end-member reference values. Due to
the presence of phytoplankton material in surface wa-
ters at the time of sampling, flocculated OM in this
study was primarily detected in deeper waters.

– The zone of Fe flocculation in the estuarine water col-
umn can be identified using parallel measurements of
Fediss and Fepart. This occurs at low salinities, close
to the primary contact between fresh and saline wa-
ter masses. In the Mustionjoki estuary, this zone cor-
responds to the halocline of the stratified inner basin.

– Flocculation causes accumulation of labile Fe in the
form of ferrihydrite and Fe (III)-OM in near-shore areas.
The spatial scale of the flocculation signal in offshore
sediment chemistry is likely dependent on the steepness
of the salinity gradient, with greater dispersal in low-
salinity systems. Redox shuttling and physical rework-
ing modulate the influence of flocculation on sedimen-
tary Fe chemistry, by focusing flocculated labile Fe into
bathymetric depressions.

– In contrast to Fe, the contribution of flocculated terres-
trial OM to total sedimentary OM shows a clear offshore
decline less impacted by focusing effects, as indicated
by δ13C and N /C of sedimentary OM.

– During diagenesis, flocculated ferrihydrite and Fe (III)-
OM are reduced in the sediment column, leading to the
accumulation of AVS, pyrite and unsulfidized Fe (II),
including Fe (II)-OM.

– Net rates of Fe reduction in sediments are higher in the
inner estuary with respect to offshore areas, consistent
with enhanced inputs of flocculated labile Fe.

– Industrial activities in coastal areas can lead to signifi-
cant signals of Fe pollution in near-shore sediments.

Data availability. All data from Figs. 1 to 9 of the article and
Supplement Figs. S1 and S2 will be made available in Pangaea:
https://doi.org/10.1594/PANGAEA.88679 (Jilbert et al., 2018).
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