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Abstract

Several approaches exist to quantify the easily reducible iron (Fe) pool in marine sediments and these
methods are based on different operational definitions of Fe reactivity and easily reducible Fe phases.
Ascorbate time-course extraction is one of these methods. Here, we present a novel protocol for
processing of ascorbate time-course extracts for Fe isotope (8°¢Fe) analysis and evaluate how leaching
reagent and extraction duration influence measured 3%Fe values, compared to isotope data obtained
from leachates with fixed reaction times. We compare &°Fe signatures from time-course and classical
end-point extractions to distinguish kinetic versus equilibrium fractionation and constrain the most
representative 0°¢Fe composition of the easily reducible Fe pool in (sub-)polar marine surface
sediments. In typical sequential extractions, the extraction is terminated at a pre-defined timepoint where
the released Fe is quantified (end-point extractions), whereas in time-course extractions, the dissolved
Fe concentration is monitored over time and the extraction is terminated when the extracted Fe reaches
a plateau. Our study shows that depending on the size and heterogeneity of the easily reducible Fe pool
in the sediment, the &%Fe signature of the extracted Fe does not remain constant throughout extraction
time and may be progressively modified by processes resulting in isotopic disequilibrium mixing. We
propose that the 5°¢Fe value measured at the onset of the Fe concentration plateau provides the best
operational approximation of the iron isotopic composition of the target pool, while a residual bias may

remain where isotopic evolution continues beyond the inflection point.
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1. Introduction

Over the past two decades stable iron isotopes (expressed as d°¢Fe or 8°’Fe) have emerged as a tool
for identifying Fe sources and to elucidate Fe transport and reaction pathways in modern and ancient
marine environments (e.g., Anbar and Rouxel, 2007; Staubwasser et al., 2013; Conway and John, 2014;
Koster et al., 2023; Henkel et al., 2025; Beard and Johnson, 2004). Iron is a redox-sensitive element
whose speciation and mineralogy are strongly modified during early diagenesis in marine sediments
(e.g., Lovley, 1993; Canfield, 1994; Laufer-Meiser et al., 2021; Kasten et al., 1998; Schnakenberg et al.,
2021; Wunder et al., 2021; Riedinger et al., 2017, 2014; Zhou et al., 2023). Because diagenetic
processes can generate characteristic isotope fractionation (Icopini et al., 2004), 8°5Fe is used to trace
Fe redox cycling and mineral transformations (Beard and Johnson, 2004; Johnson et al., 2008; Fantle
and DePaolo, 2004; Severmann et al., 2006; Homoky et al., 2013; Scholz et al., 2014; Henkel et al.,
2016, 2018). Yet, interpreting sedimentary 6%Fe signatures requires distinguishing between primary
and authigenic Fe phases and constraining the isotopic composition of dissolved and solid Fe pools
(Staubwasser et al., 2006; Severmann et al., 2006; Homoky et al., 2013; Henkel et al., 2016). Selective
seqguential extractions combined with d°¢Fe analyses has proven particularly useful for distinguishing
primary versus secondary Fe pools (Henkel et al., 2016, 2018). In marine sediments, 6°Fe fractionation
occurs during abiotic and biotic processes, many of them associated with the degradation of organic
matter, affecting the iron isotope composition of the respective reactant (Severmann et al., 2010; Henkel
et al., 2016, 2018; Beard and Johnson, 2004). Combining chemical extraction techniques with 3%Fe
allows for a more mechanistic reconstruction of biogeochemical processes in sediments (Dunlea et al.,
2021; Jing et al., 2025).

In marine surface sediments, Fe(lll)-oxides occur in various forms with a wide range of reactivity towards
biotic and abiotic processes (Heron et al., 1994; Poulton and Canfield, 2005; Henkel et al., 2016;
Riedinger et al., 2017; Laufer et al., 2020; Laufer-Meiser et al., 2021), depending on factors such as
surface area, grain size, mineralogy, crystallinity (Postma, 1993; Larsen and Postma, 2001; Laufer et
al., 2020; Kappler et al., 2021). To operationally distinguish Fe pools of differing reactivity and origin,
several (sequential) chemical extraction techniques have been developed (Postma, 1993; Reyes and
Torrent, 1997; Hyacinthe and Van Cappellen, 2004; Poulton and Canfield, 2005; Hyacinthe et al., 2006;
Raiswell et al., 2010; Slotznick et al., 2020; Laufer et al., 2020; Hepburn et al., 2020; Faust et al., 2023).
Conventional sequential extractions terminate at a pre-defined timepoint, at which the released Fe is
guantified (end-point extractions). In contrast, time-course extractions continuously monitor dissolved
Fe concentrations and proceed until Fe concentration reaches a plateau, indicating complete extraction
of the target pool. Although some extraction protocols like for example Poulton and Canfield (2005) are
commonly applied for different types of sediments (Henkel et al., 2016, 2018; Scholz et al., 2019; Jing
et al., 2025), the data interpretation is often not straight-forward (Raiswell et al., 2018; Slotznick et al.,
2020; Laufer et al., 2020; Hepburn et al., 2020; Koster et al., 2021, 2023). While sequential extraction
protocols operationally separate Fe pools by their reactivity, the extracted pools are not entirely mineral-
specific. Extractability is strongly dependent on the applied protocol- and the sample matrix, which

complicates interpretation (e.g., Koster et al., 2021). The robustness and interpretability of 5%Fe



therefore depend not only on the accurate processing of extracts for isotope analysis, but also on the

degree of confidence in the specific sedimentary phases that are initially extracted from the sample.

A combination of a sequential Fe extraction and &%Fe analysis of respective extracts has been
conducted in several studies of shallow and deep-sea marine sediments as well as in Fe cycling studies
using marine sedimentary archives (Henkel et al., 2016, 2018; Staubwasser et al., 2006; Kdster et al.,
2023; Oonk et al., 2017). A major difficulty, on the one hand, is the selection of the extraction solution
(e.g., HCI, ascorbate, Na-acetate, hydroxylamine-HCI, oxalate). On the other hand, the exact time-point
of sampling during the leaching highly depends on sediment matrix (Oonk et al., 2017; Laufer et al.,
2020; Dunlea et al., 2021). Furthermore, some commonly used extraction solutions, e.g., oxalate, may
result in considerable 8%Fe fractionation (Wiederhold et al., 2006). The study by Henkel et al. (2016)
applied the sequential leaching protocol by Poulton and Canfield (2005) with subsequent determination
of the 0%Fe composition of the different leachates. This method operationally targets Fe pools of
differing reactivity using the leaching solutions Na-acetate, hydroxylamine-HCI, Na-dithionite, and
oxalate/oxalic acid. In their approach, the time point for sampling for isotopic analysis was defined by
the end-point of each extraction step (e.g., 24 h for Na-acetate, 48 h for hydroxylamine-HCI, 2 h for Na-
dithionite and Na-citrate and 6 h for oxalate/ oxalic acid). The assumption was that the isotopic signature
measured at these end-points would correspond to the 8%¢Fe values of the individually leached Fe pools
(Henkel et al., 2016). This assumption disregards the possibility that a plateau in Fe concentration may
have been reached considerably earlier, and that equilibrium fractionation- the isotopic exchange
between dissolved and residual solid-phase Fe - proceeds throughout the entire extraction period. In
addition to equilibrium isotope exchange, kinetic and steady-state disequilibrium isotope fractionation
processes, which are common in Fe redox cycling (e.g., Beard and Johnson, 2004), may further
influence the temporal course of dissolved 8%Fe values during chemical extractions. Frierdich et al.
(2014) described isotopic disequilibrium mixing as a process whereby Fe pools with distinct isotopic
compositions contribute simultaneously to the dissolved Fe pool resulting in temporal changes of the

isotopic signature.

To elucidate the effect of extraction time on the Fe
point point isotopic value that is measured for an extract we
compare end-point and time-course extractions.
We chose to use the Fe extraction with ascorbate
(Hyacinthe et al., 2006; Reyes and Torrent, 1997)
that was recently suggested to selectively target

easily reducible Fe-oxides due to the weak

Fe(ll) in solution (uM)

reducing and complexing properties (Hyacinthe et

o

Time (h) al., 2006) and it was used already in both ways: as

Figure 1. Schematic sketch showing the difference end-point and time-course extractions (Laufer et

of inflection- and end-point during extraction via  g|. 2020). The study by Laufer et al. (2020)

reductive dissolution. X-axis: time in hours. Y-axis: o

Fe(ll) in solution in uM. highlighted key advantages of ascorbate Fe
reduction time-course extractions over classical

end-point extractions: rather than assuming extraction completion at a pre-defined timepoints, time-



course extractions provide direct confirmation that the Fe concentration plateau has been reached.
Moreover, the obtained dissolution kinetics throughout the extraction yield additional parameters beyond
total Fe concentration, including Fe reactivity and mineralogical heterogeneity, i.e., how fast the Fe
minerals are dissolved by the ascorbate solution and how uniform their dissolution rate is over the time
of extraction, which can be quantified by applying the reactive continuum model to the measured
dissolution curve (Laufer et al., 2020). The inflection point (Fig. 1) empirically marks the time at which
Fe concentrations reach a plateau, indicating exhaustion of the easily reducible Fe pool (Hyacinthe et
al., 2006; Laufer et al., 2020). Since it is determined individually from time-course data, it accounts for
matrix-dependent dissolution kinetics and resolves fine-scale differences between samples (Laufer et
al., 2020). Classical end-point (Fig.1) extractions use protocol-defined timepoints (Poulton and Canfield,
2005).

The overall aim of this study is to compare the 8%¢Fe signature of extractable Fe at different time-points
with the signature at the classical pre-defined end-point. Further we aim to disentangle kinetic and
equilibrium fractionation during the chemical easily reducible Fe extraction from shallow marine
sediments from three different (sub-)polar sites: two fjords of South Georgia (sub-Antarctic) and one in
Svalbard (Arctic Ocean). We determined the 3%Fe composition for different time-points of the Fe
extraction including the inflection point (time at which the increase in Fe(ll) concentration ceases) and
the end-point defined by Laufer et al. (2020) to be at 48 hours. In addition to the ascorbate Fe-reduction
time-course extraction, we applied the classical (end-point) Na-acetate and hydroxylamine-HCI leaching
(Poulton and Canfield, 2005) followed by &%Fe analysis of extracts (Henkel et al., 2016) to place the
results in the context of established leaching methods. We hypothesize that the timing of extract
sampling for 6%¢Fe determination is crucial and that the isotopic composition that is determined for the
time when the plateau is reached will be different to the isotopic signature obtained during a later stage

of sampling.



2. Materials and methods

2.1. Study sites and samples

Sediment samples used in this study were collected with a multicorer in Cumberland Bay (CB) (54°
03.920 S, 54° 03.920 W, water depth: 270.4 m) and King Haakon Bay (KHB) (54° 24.067 S, 37° 34.074
W, water depth: 344.1 m) in South Georgia (sub-Antarctic) during RV Polarstern expedition PS133/2
“Island Impact” in 2022 (Kasten, 2023). Details of sampling and sample storage are given in Kasten
(2023) and Ebner et al. (2026). In Kongsfjorden (KF) (78° 58.0911 N, 11° 52.7317 E, water depth: 322
m), Svalbard, a sediment core was retrieved during a MS Teisten expedition in August 2023 using a
mini-multicorer (campaign RiS ID 11480). Directly after return to the shore Oz microprofiles were done
with commercially available microelectrodes (tip size 50 pum) and a microprofiling system with a
motorized micromanipulator system (Unisense, Denmark) at a depth resolution of 100 um. After that,
the MUC cores from Svalbard (~8°C) were sliced under anoxic conditions. The cores were sliced into
one cm sections and the sediment sampled into centrifuge tubes. Slicing was done inside an anoxic
glovebag within 12 hours after core retrieval as described in detail by Michaud et al. (2020). Until analysis
the solid samples were stored and transported frozen (-20°C) inside an oxygen barrier bag (Escal Neo,
high gas barrier bag, Mitsubishi Gas Chemical Co., Inc.) containing an oxygen consuming pouch
(AnaeroGen, ThermoFischer) The samples used in this study are from the uppermost 0-1 cm interval of
the sediment core.



2.2. Extraction scheme and analytical workflow

Figure 2 shows a flow chart of the experimental work flow applied in this study including the ascorbate
Fe reduction time-course extraction, the Na-acetate and hydroxylamine-HCI extraction and the
determination of 5°6Fe at the different time-points, that are going to be described in detail in the following

sub-chapters.
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Figure 2. Flow-chart of iron-extraction and sampling for iron isotope analyses. Three different set-ups are given: (i)
Ascorbate iron reduction time-course extraction using buffered ascorbate over a time period of 48 hours (yellow),
(i) the Poulton and Canfield (2005) sequential extraction procedure (Na-acetate (violet) and hydroxylamine-HCI
(blue) steps) was performed after pre-treatment with buffered ascorbate (pH = 7.5) for 48 hours and (iii) Poulton
and Canfield (2005) sequential extraction with no pre-treatment with buffered ascorbate (light violet and light blue).
Followed by chemical processing of iron extracts (modified protocol after Henkel et al. (2016)). Subsequently an
anion exchange chromatography, to obtain the iron isotopic signature after the chemical extraction procedure, was
performed of the subsamples taken during the chemical extractions. The subscripts of the iron isotopic signatures
refer to the signature at the different extraction steps: Asc=ascorbate, Aca=Na-acetate, Hyam=hydroxylamine-HCI,
Infl=Inflection point. Please note the numbers given in the subscripts of the iron isotopes obtained after the time-
course extraction refer to the sampling time. The sampling time before and at the Inflection point varied among the
samples indicated by an interval.

2.3.Ascorbate iron reduction time-course extraction

Ascorbate Fe reduction time-course extractions to determine ascorbate extractable Fe (Feasc) were
conducted at GEOMAR Helmholtz Centre for Ocean Research Kiel (Laufer et al., 2020; Postma, 1993;
Hyacinthe et al., 2006). The experimental set-up is detailed in Laufer et al. (2020): the frozen sediment
was thawed inside an anerobic chamber (N2 atmosphere). Approximately 0.5 to 1 g of homogenized wet
sediment was weighed into Schott bottles equipped with a four-port Schott DuranVR Pressure Plus
screw cap. Two ports of the screw caps were used for flushing the headspace with N2, one port was
used for injection of extraction solution, and one port was equipped with a rhizon sampler (Seeberg-
Elverfeldt et al., 2005) (0.15 mm pore size, Rhizosphere Research Products). The water content of the

selected samples was determined gravimetrically to allow an approximation of the sediments’ dry



weight. Anoxic buffered ascorbate extraction solution, containing 100 mM sodium ascorbate, 170 mM
sodium citrate and 600 mM sodium bicarbonate (pH=7.5, adjusted with HCI) was prepared fresh daily.
After addition of 200 mL of the ascorbate extraction solution to the sediment, 500 yl subsamples were
collected using rhizons at 2, 10, 15, 20, 25, and 30 minutes, and subsequently every hour. During the
entire extraction procedure, the suspension was continuously stirred with a Teflon-coated magnetic stir
bar. Subsamples were fixed with HCI (1 M final concentration) to stabilize Fe(ll). In order to determine
the inflection point, dissolved Fe(ll) was quantified in the subsamples directly after sampling via the
ferrozine method (Stookey, 1970). For the determination of d°6Fe at different time points, additional
samples were taken prior to, at and after the inflection point. The timing of the inflection point varied
among samples between 2 and 7 h. For each &%Fe subsample, 5 mL were taken and acidified with 1
mL of 6 M HCI to achieve a final concentration of 1 M (pH~1.8). The subsamples were labeled with
0% Feasc2,3, 0%Feasc-inf, 0°6Feasc24, 0%Feasc4s, respectively, where the subscript infl refers to the
inflection point and the numbers refer to the duration of the extraction in hours. The Fe content present
in the procedural blanks during the ascorbate time-course extraction was 0.28 - 0.33 ug (n=3)
corresponding to < 0.25% of the iron measured in the extracts. The dissolution curve of Fe reduced from
the sediment over time can be determined using the reactive continuum model (Postma, 1993). The
model parametrization to generate the dissolution curve is given in the Supporting Information (SI; Table
S1) and details on the calculations are given in the following and in Laufer et al. (2020). The data
obtained in the dissolution experiments was used to fit the continuum reactivity model (Eq. 1) (Postma,
1993):

o <w) o
M@y a\M)

Where My, is the ascorbate-extractable Fe left in the sediment at time t (umol gram per dry weight), v/a
is the apparent rate constant (s, describing the initial reactivity of the extracted Fe), 1+1/v is the
apparent reaction order and M) is the maximum amount of Fe released into solution at the end of the
extraction. The heterogeneity parameter 1+1/v describes the heterogeneity of the reactivity of the
minerals extracted. The initial rate (umol gdw! s'1) of Fe(lll) reduction was calculated by dividing v/a by

M), and is used to infer the lability of the extracted Fe.
2.4. Ascorbate endpoint extraction

The ascorbate end-point extraction was included to permit direct comparison with the sequential
extractions, to differentiate the results from the sequential extraction with and without ascorbate pre-
treatment, and to assess differences in the mobilization of distinct operationally defined Fe pools. For
the ascorbate endpoint extractions (Fig. 1), 50 — 100 mg of wet sediment (target dry weight of 50 mg)
was weighed and 5 mL of the buffered ascorbate extraction solution was added and resuspended by
vortexing. The samples were shaken on an overhead shaker for 48 h. Subsequently, the samples were
centrifuged, the supernatant was collected and was acidified with 1 mL of 6 M HCI to achieve a final
concentration of 1 M (pH ~ 1.8) for further concentration analysis. The sediment pellet was rinsed three
times with ultrapure water to remove residual ascorbate solution and was then used for extraction using

Na-acetate and hydroxylamine-HCI (Poulton and Canfield, 2005). This step enables the determination



of how much remaining Fe is extracted with Na-acetate and hydroxylamine-HCI after ascorbate end-
point extraction for 48 h. The acidified supernatant was then used for the determination of the Fe(ll)
concentration. A Thermo Scientific iICAP 7400 Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES) was used at the Alfred Wegener Institute Helmholtz Centre for Polar and
Marine Research (AWI) in Bremerhaven. An internal yttrium standard was applied to correct for
variations in the ionic strength of the samples. The limits of detection (LOD) and quantification (LOQ)
for Fe were determined as 0.13 uM and 0.56 UM, respectively. The Fe content present in the procedural
blanks during the ascorbate endpoint extraction ranged from 0.18 to 0.45 ug (n=3) corresponding to <

0.18% of the Fe measured in the samples.
2.5. Extraction of iron phases (Poulton and Canfield method)

We first evaluate whether endpoint extraction with ascorbate (48 h) following Laufer et al. (2020) yields
0%%Fe comparable to those obtained using the sequential extraction scheme with Na-acetate and
hydroxylamine hydrochloride after Poulton and Canfield (2005), as modified by Henkel et al. (2016).
Previous work by Laufer et al. (2020) showed that the Poulton and Canfield (2005) procedure may target
a different “reactive” Fe pool than that extracted by ascorbate. To further assess this difference, samples
were first leached with ascorbate for 48 h following Laufer et al. (2020). The residual material was
subsequently subjected to the Na-acetate and hydroxylamine-HCI extraction steps according to Poulton
and Canfield (2005) and Henkel et al. (2016), respectively to determine the Na-acetate extractable Fe
(Feaca) and the hydroxylamine-HCI extractable Fe (Fenyam). The additional Fe released during these
steps represents the fraction that is mobilized by the Poulton and Canfield approach but not by the
ascorbate extraction of Laufer et al. (2020). This strategy allows us to constrain both the size and the
isotopic composition of this Fe fraction. The used leaching protocols and the processing for iron isotopes
are detailed in Poulton and Canfield (2005) and Henkel et al. (2016). The extracted Fe phases are given
in Table 1. The Fe content present in the procedural blanks during the Na-acetate and hydroxylamine-
HCI leaching was 0.01 and 0.2 ug (n=2) corresponding to < 1% of Fe measured in the samples. As the
oxic—anoxic boundary is located within the first centimeter of sediment, the uppermost sediment sample
investigated here comprises material from both the oxic and anoxic zones. For KHB and CB, oxygen
profiles are presented in Ebner et al. (2026), while for Kongsfjorden they are provided in the Sl (Fig. S1).
Hence, Fe-sulfides might be present in the samples. Easily reducible Fe(lll) oxides were quantified using
neutral-buffered ascorbate extraction (pH ~7.5), which is commonly used to selectively dissolve poorly
crystalline Fe(lll) oxides, while leaving Fe sulfides largely unaffected (Reyes and Torrent, 1997;
Hyacinthe and Van Cappellen, 2004). However, the Na-acetate step extracts acid volatile sulfides, so

the extracts could contain Fe-bound sulfides.

Table 1. Chemical extraction procedures, reductants, conditions, extracted iron phases.

Leaching type Extraction solution Leac_hlng Extracted iron phases
conditions
Poulton and Canfield . _ 24 h, shaker, Carbonate associated Fe(ll), Fe(ll)
(2005) method* 1 M Na-acetate (pH=4.5) 20°C in acid volatile sulfide (AVS)
1 M hydroxylamine-HCI in 48 h, shaker, . . L
2506 v/v acetic acid 20°C Easily reducible Fe-oxides

Ascorbate end-point
extraction**

48 h, shaker, Poorly crystalline, highly labile

Buffered ascorbate (pH=7.5) 20°C Fe(lll) and surface-bound Fe(ll)



Ascorbate Fe time- _ 0-144 h,
course reduction™ Buffered ascorbate (pH=7.5) 20°C

*Poulton and Canfield (2005)
**Hyacinthe et al. (2006); Laufer et al. (2020)

2.6. Chemical processing of extracts for iron isotope analysis

The samples taken during ascorbate Fe reduction time-course extraction and the sequential extraction
(Poulton and Canfield, 2005) were processed for further iron isotopic analyses (Henkel et al., 2016) (Fig.
1). The matrix removal recoveries and accuracies of the samples were assessed using an Fe standard
solution (n=14) to which 5 mL of the buffered ascorbate extraction solution (see 2.2.) was added. The
standards and the samples (n=18, including 6 replicates) were transferred into pre-cleaned PFA
(Savillex) beakers, were oxidized by the addition of aqua regia (mixture of double distilled HNO3z and
HCI (1:3)) and H20:2 (supra pure grade), and afterwards evaporated for 6 h at 90°C. Then, the samples
were heated at 190°C for 30 h and subsequently oxidized again by aqua regia and H202. This was
continued by boiling the samples for 12 h at 120°C and followed by evaporation for 6 h. The steps of
evaporation-oxidation-boiling were repeated 3 - 5 times in total to ensure the dissociation of Fe
complexes and for the thermal breakdown of ascorbate. After this, Fe was precipitated from the solution
using NH4OH (Henkel et al.,, 2016) and separated by centrifugation and pipetting off the liquid.
Afterwards, the precipitate was redissolved in HCI and transferred back into Savillex beakers. After
subsequent evaporation, the residue was re-dissolved in 3 mL 6 M HNOsz. We applied a column
chromatography using the BioRad AG® 1-X8 anion exchange resin (Schoenberg and Von
Blanckenburg, 2005). The recoveries of the Fe standards were 103.22 + 0.04%. The procedure blanks
(n=17) were 0.02 - 0.13 ug Fe corresponding to < 1% of Fe measured in the samples. After processing
for 8%Fe analysis, the Fe recovery of the samples was 89.71 + 8.9%. One sample that showed a
recovery of only 55.7% is highlighted in grey in Figure 4. This low recovery is probably related to the
very low Fe content in the sample that complicates the separation of Fe from the solution during the Fe
precipitation step. Replicate measurements of isotope ratios (n=6) demonstrated good reproducibility,
yielding a standard deviation of the replicates between 0.04 and 0.49%. (2SD). The isotope reference
material AC-E, an Fe-solution prepared from a dissolved granite from Alisa Craig Island, Scotland, was
processed together with the sample batch following the same analytical protocol (Kdster et al., 2023).
After processing, the test solutions of AC-E values with ascorbate (n=3) yielded &°Fe values that were

within the analytical error of unprocessed AC-Es.
2.7. MC-ICPMS setup

After the column chromatography, the concentrations of the samples were matched to 0.5 ppm and 0.2
ppm. Iron isotope measurements were performed on a Thermo Scientific™ Neptune plus multicollector
(MC-)ICPMS in the Isotope Geochemistry Laboratory at the Center for Marine Environmental Sciences,
University of Bremen, Germany. The instrument was equipped with a high efficiency X-skimmer cone
and a PFA-50 Microflow Nebulizer. For samples matched to 0.5 ppm Fe we used a glass spray chamber
and for the samples matched to 0.2 ppm, an ESI Apex-IR desolvator. Samples were preferentially
measured with the glass spray chamber, but where concentrations weren’t high enough, we matched to
0.2 ppm and measured with Apex. 52Cr was measured to monitor interferences of 54Cr on %*Fe and the

data was corrected accordingly. For the correction of the instrumental mass- bias, the standard-sample



bracketing method was applied using the reference material IRMM-524B as bracketing standard

(Schoenberg and Von Blanckenburg, 2005; Kdster et al., 2023). Data are reported as:
0%6Fe [%o] = [(>6Fe/>*Fesampie)/(*°Fe/>*Feirvm-5248) - 1] * 1000 2)

Sample uncertainties are reported as two standard deviations (2SD) based on replicate measurements.
The accuracy and external precision of the measurements were checked by the analysis of the reference
materials JM and AC-E, yielding values of 0.42 + 0.02 %o (2SD, n=7) and 0.32 = 0.06 %o (2SD, n=42),
respectively (target values 0.42 £ 0.05%o0 (Schoenberg and Von Blanckenburg, 2005) and 0.32 £ 0.01%o
2SD (Craddock and Dauphas, 2011), respectively).



3. Results

3.1. Ascorbate iron reduction time-course extraction

The dissolution curves for sediments from the three sites are shown in Figure 3. The heterogeneity
parameter was largest at KHB with 1.51 and similar at KF (1.32) and CB (1.30). The initial rate was
largest at Kongsfjorden (2.4 *10-* mg g s!) followed by Cumberland Bay (9.5 *10-4 mg g'* s'!) and King
Haakon Bay (3.1 *104 mg g s1). Details are given in Table S1. Figure 4 illustrates the ascorbate
extractable Fe (Feasc) and the &%Feasc as a function of extraction time. Results are given in Table S2
and S3. At KHB the Feasc at the plateau was 1.7 mg g*. The inflection point was reached at 7.3 h. The
corresponding 8% Feasc values increased from -4.65 + 0.37%. (2SD) (t=3 h) to -3.84 £ 0.06%o (2SD) at
the inflection point. At the end-point (=48 h) the &°¢Feasc value was -2.72 + 0.07%. (2SD). At CB the
Feasc was higher compared to KHB with values ranging from 2.3 to 3.4 mg g*. The inflection point was
at 3.5 h. The associated d°¢Feasc values increased slightly from -1.9 £ 0.09%. (2SD) (t=2 h) to -1.83 +
0.01%o (2SD) at the inflection point. At the end-point the §%Feasc value was -1.37 + 0.27%o (2SD). The
KF site revealed the highest Feasc contents among all sites ranging from 5.9 to 7.9 mg g*. The inflection
point was at 5.3 h and the §%Feasc values were heavier and relatively constant over time compared to
the other two sites ranging from -0.85 £ 0.07%o (2SD) (t=2 h) to -0.86 £ 0.13%o (2SD) (t=48 h).
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Figure 3. Dissolved Fe over time in kinetic extractions as mg per g dry sediment is given for King Haakon Bay (red),
Cumberland Bay (green) and Kongsfjorden (blue). Dotted lines show the model fit. Initial rate (mg g* s*) and
heterogeneity parameter are given for all three sites.



Table 2. Iron isotopic compositions (8°6Fe) of surface sediments (0-1 cm) from cores KHB, CB and KF, after
ascorbate time-course extraction and sequential leaching. Two-fold standard deviation (2SD) is given as the 2SD
of the isotope ratio over a cycle of 20 consecutive measurements. HAHCI = hydroxylamine-HCI

Study site 5%Fe Extractant 0%%Fe 2SD
%o
5%Feasc3 -4.65 0.37
O5CFen -3.84 0.06
buffered ascorbate (pH = 7.5)

2 5%Feasc-24 -3.31 0.04

%J 5%Feasc-as -2.72 0.07

§ 0%Feaca 1 M Na-acetate (pH = 4.5) -1.86 0.01

_g 5%Fewyam 1 M HAHCI 042 0.02

0%Feasc-aca  buffered ascorbate and acetate -1.11  0.02

0% Feasc-hyam  buffered ascorbate and HAHCI  -0.28 0.01

0%Fensc-2 -1.90 0.09
O%%Fenn -1.83 0.01
buffered ascorbate

%‘ 656FEAsc-24 -1.15 0.03
i)

° 0°%Fensc-48 -1.37 0.27
S

T 5°0Feaca 1 M Na-acetate (pH = 4.5) -1.39  0.02
Qo

§ 656FeHyam 1 M HAHCI -0.56 0.02

0% Feasc-aca  buffered ascorbate and acetate -0.75 0.02

0%Feasc-hyam  buffered ascorbate and HAHCI  -0.23  0.02

656F6Asc-2 -0.85 0.07

O%Feint -0.99 0.11

buffered ascorbate

O°%Feasc-24 -1.04 0.17
c
(0]

'g O%Feasc-48 -0.86 0.13

S 5%Feaca 1M Na-acetate (pH = 4.5) -1.31  0.05
(=]

X 5%Feryam 1 M HAHCI -0.27 0.03

0%Feasc-aca  buffered ascorbate and acetate -0.60 0.03

0% Feasc-hyam buffered ascorbate and HAHCI  -0.16  0.07
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Figure 4. Ascorbate iron reduction time-course experiments results: ascorbate extractable Fe (Feasc) in mg/g
(above) and the associated iron isotopic composition 8%Feasc in %o (below) with the two-fold standard deviation
(2SD) of replicate measurements. The earliest KHB aliquot (grey dot) yielded the lowest Fe recovery (55.7%).
However, procedural blanks were negligible relative to the amount of Fe analyzed and therefore do not affect
the measured &%¢Fe value. Dotted pink line demonstrates the timing of the inflection point given as tinfi..

3.2. End-point ascorbate, Na-acetate and hydroxylamine-HCI extraction

The results of the sequential extractions as a function of time are shown in Figure 5. Results are given
in Table S2. Without pre-treatment with ascorbate, Na-acetate extractable Fe (Feaca) was higher than
hydroxylamine-HCI extractable Fe (Fenyam) at all sites: CB (Feaca: 3.8, Fenyam: 1.5 mg g1), KF (Feaca:
8.3, Fenyam: 4.4 mg g1), and KHB, (Feaca: 3.1, Fenyam: 1.3 mg g1). At t=48 h, all samples revealed lower
ascorbate extractable Fe (Feasc) compared to the sum of Na-acetate and hydroxylamine-HCI extractable
Fe without ascorbate treatment (Feaca + Fenyam). Ascorbate extractable Fe at 48 h (Feasc) was the lowest

at King Haakon Bay (2.4 mg g%) and the highest at Kongsfjorden (7.1 mg g1). At Cumberland Bay, Feasc

King Haakon Bay Cumberland Bay Kongsfjorden

(I

D Fe,.
I:l FeH\am
[ IFeu

extractable Fe (mg/g)

. T

without  with without' with "without' with

ascorbate pre-treatment
reached 3.5 mg g*. For all three sites at t=48 h, Fenyam was slightly higher compared to Feaca. The pool

Figure 5. Feacahyam = the sum of Na-acetate extractable Fe (Feaca) and

hydroxylamine-HCI extractable Fe (Fenyam) without and with ascorbate
pre-treatment for 48 hours . Feasc = ascorbate extractable Fe in mg g.

was largest at KF with 3.1 mg g* (Fenyam) and 2.8 mg g (Feaca) and the lowest at CB with 1.0 mg g



(Fenyam) and 0.5 mg g (Feaca) (Table S2). At KHB, contents of 1.4 mg g (Fenyam) and 1.0 mg g* (Feaca)
were obtained (Fig. 5; Table S2). At King Haakon Bay, the slightly higher residual Fenyam value after
ascorbate pre-treatment (1.4 mg g'*) compared to the hydroxylamine-HCI extraction (1.3 mg g) is small
and within the analytical uncertainty of the extraction procedure. We therefore do not consider this
difference to indicate an actual increase in the extractable Fe pool but rather reflects the combined

effects of analytical uncertainty and sample heterogeneity.

The &%Fe of the sequential extracts are given in the Sl in Table S3. At all sites the signatures became
heavier after the pretreatment with ascorbate for 48 h. At KHB, the iron isotopic sighature of Feaca
without- (0°¢Feaca) and with pre-treatment of ascorbate (6°¢Feasc-aca) Was -1.86 £ 0.01%. and -1.11 *
0.01%o, respectively, whereas the slightly heavier isotopic signature of Fenyam without- (8°Fenyam) and
with pre-treatment of ascorbate (8°¢Feasc-hyam) was -0.42 + 0.02%. and -0.28 + 0.01%., respectively. At
Cumberland Bay, the iron isotopic signatures of 8%6Feaca (-1.39 + 0.02%o), 8%¢Feasc-aca (-0.75 £ 0.02%o),
0%FeHyam (-0.56 * 0.02%0) and 0°°Feaschyam (-0.23 £ 0.02%0) were a bit lighter compared to KHB. At
Kongsfjorden the iron isotopic signatures of the acetate- (Feaca) and hydroxylamine-HCI extractable Fe
(Fenyam) without- and with pre-treatment revealed a similar pattern as in Cumberland Bay with 5°¢Feaca
(-1.31 + 0.05%0), 556Feasc-aca (-0.60 + 0.03%0), 56Fenyam (-0.27 + 0.03%0) and 356Feasc-hyam (-0.16 +
0.07%o).



4. Discussion

In the following, we discuss the Fe isotope signatures derived from ascorbate time-course and
sequential extractions to elaborate whether the Fe isotopic signature of operationally defined easily
reducible Fe phases depends on the timing and type of reductive extraction. First, we evaluate which
solid-phase Fe pools are mobilized during the ascorbate time-course extraction and whether the
observed inflection point (Fig. 1) reflects a change of distinct Fe pools. Second, we examine the
relevance of the sampling time for Fe isotope analyses of the mobilized Fe. Further, we discuss how the
ascorbate pre-treatment before sequential leaching with Na-acetate and hydroxylamine-HCI affects both

the amount and the isotopic signature of the easily reducible Fe.

We calculated the isotope mass balance to (i) define the easily reducible Fe pool obtained via the
ascorbate time-course extraction and sequential leaching, to (ii) show how the respective size and the
Fe isotopic composition changed over time, and finally to (iii) clearly differentiate whether the isotopic
signature of the targeted solid-phase Fe pool reflects the best operational approximation of the easily
reducible Fe isotopic composition. For the mass balance calculation, the following equation was used
(Beard and Johnson, 2004):

6mix = SPool,A * fPool,A + 6Pool,B * fPool,B (3)

where f represents the mass fractions of the extracted Fe of the respective pool and 6 the measured
delta value of the extracted solid-phase Fe pool. The respective error bars of dmix are given as a standard

mathematical error propagation.

Table 3 shows the definition of the mass-weighted isotopic composition, that will be used in the following
discussion. Details of the calculations are provided in the supporting information (SI).
Table 3. Definition of mass-weighted isotopic composition calculated using the mass balance equation

(3). Feaca = acetate extractable Fe; Fenyam = hydroxylamine-HCI extractable Fe. The calculated mass-
weighted iron isotopic compositions refer to a mass-balance derived isotopic composition.

Omix Mass-weighted iron isotopic composition
0% Femix -of the Feaca and Fenyam pool (operationally defined easily reducible Fe pool)
0% Femix-asc -of the Feaca and Fenyam pool with pre-treatment with ascorbate at t=48 h

0%Feasccum  -during ascorbate time-course extraction

0%6Feremoved-asc -of the Fe fraction removed by 48 h ascorbate extraction

It is assumed that aliquot removal during the ascorbate time-course extraction does not bias the isotopic
composition at different time-points. However, the cumulative mass-weighted signatures (Table 3) are
required in order to relate the mass of the extracted Fe to the pool-based isotope composition of the
sequential leachates. This has already been shown in previous studies for the accurate interpretation of
seasonal and temporal changes of the signature determined by leaching experiments (Wiederhold et
al., 2007a, b). It should be noted that the mineralogical interpretations presented here are indirect and
based primarily on extraction kinetics, reactive continuum modelling, and Fe isotope systematics. No

independent mineralogical characterization (e.g., XRD, Méssbauer spectroscopy, or Extended X-Ray



Adsorption Fine Structure) was performed in this study. Consequently, interpretations regarding
mineralogical heterogeneity, crystallinity, and the identity of extracted Fe phases should be considered
as hypotheses consistent with the observed extraction behavior rather than direct mineralogical

evidence.

The operationally defined Fe pools investigated in this study comprise the “highly reactive” carbonate-
and surface-bound Fe as well as acid volatile Fe sulfides extracted by Na-acetate and the “easily
reducible” Fe fraction extracted by hydroxylamine-HCI following the scheme of Poulton and Canfield
(2005). Laufer et al. (2020) further proposed that bicarbonate-buffered ascorbate targets a highly
reactive and potentially microbially reducible Fe pool. Accordingly, “ascorbate-extractable Fe” in this
study refers to the Fe fraction released during bicarbonate-buffered ascorbate extraction. The term
“‘reactive Fe” is used here in a broader sense to describe redox-active solid Fe phases, whereas “easily
reducible Fe” refers more specifically to the highly reactive Fe fraction accessible under mild reducing
extraction conditions and Fe that is favorable for microbial Fe reduction in marine sediments as detailed
in Laufer et al. (2020).

4.1.Solid phase iron pools targeted by the ascorbate time-course extraction

During the ascorbate time-course extraction with a buffered ascorbate-citrate solution the Fe minerals
in the sediments undergo ligand-controlled reductive dissolution (Hyacinthe and Van Cappellen, 2004;
Hyacinthe et al., 2006). Within the sediments at all three sites Feasc-as was lower than the sum of Feaca
and Fewnyam. For instance, at site CB the sum of Na-acetate and hydroxylamine-HCI extractable Fe
without pre-treatment with ascorbate (Feaca+hyam) Was 5.3 mg g* compared to only 3.5 mg g* extracted
by ascorbate (Feasc). After 48 h of ascorbate pre-treatment, Feaca-4s and Fernyam-4s Still extracted Fe,
suggesting that ascorbate targets only a sub-pool of the sum of both. This is supported by the fact that
ascorbate pre-treatment plus extraction with Na-acetate and hydroxylamine-HCl yielded about the same
amount of Fe compared to Na-acetate and hydroxylamine-HCI without pre-treatment (Table 4). At King
Haakon Bay, for instance, the measured values are similar (Feaca+hyam: 4.4 and Feasc+aca+hyam 4.8 mg g
1). The pool defined by Laufer et al. (2020) as “easily reducible” is only part of the pool defined as such
by Poulton and Canfield (2005). That is in line with recent studies combining sequential leaching with
Mossbauer spectroscopy suggesting that the Fenyam fraction contains Fe from partial dissolution of
phyllosilicates (Hepburn et al., 2020; Koster et al., 2021). These findings are consistent with the
difference of the inflection point observed during the ascorbate time-course extraction for all three sites
(Figure 3). Here, the different timing of inflection points can be interpreted as the exhaustion of different
sizes of easily reducible Fe pools. After this point, dissolution shifts to less easily reducible Fe phases
and becomes probably kinetically limited. Furthermore, the obtained heterogeneity parameter revealed
that at sites CB (1.3) and KF (1.32), a more homogeneous mineral mixture was extracted compared to
KHB (1.51), where the parameter is slightly lower (Fig. 3). The initial rate represents the initial reduction
rate normalized to the sediment mass (Postma, 1993; Weiss et al., 2004; Laufer et al., 2020). It is highest
at Kongsfjorden, intermediate at Cumberland Bay, and lowest at King Haakon Bay (Fig. 3). Hence, KF
contains the biggest and most homogeneous easily reducible Fe pool compared to the other two sites.

Accordingly, the conclusion that the easily reducible Fe pool in Kongsfjorden is more homogeneous than



in King Haakon Bay is based solely on differences in the heterogeneity parameter derived from the
reactive continuum model and should therefore be interpreted cautiously.
Table 4. Extracted Fe pools of Feacahyam (Sum of Feaca and Fenyam), F€acahyam,48 (SUmM of Feaca-4s and

Fenyam-48), extractable Fe removed during pre-treatment with ascorbate (Feremoved-asc) and ascorbate
extractable Fe after 48 hours (Feasc-4s).

Site FEAca,hyam FEAca,hyam asc48  FeAaca, hyam,48 Feremoved-asc  F€Asc-48

mg g* mg g* mg g* mg g* mg g*
KHB 4.37 4.84 2.42 1.95 2.42
CB 5.27 5.09 1.58 3.69 3.51
KF  12.74 13.02 5.9 6.83 7.10

In summary, ascorbate extraction mobilizes only part of the Na-acetate- and hydroxylamine-HCI Fe pool
and is not equivalent to the operationally defined easily reducible Fe fraction defined as such by Poulton
and Canfield (2005).

4.1.1. Controls oniron isotope fractionation during ascorbate time-course
extraction

The ascorbate time-course extraction reveals a shift of 5%Feasc values towards progressively heavier
values over time at KHB (Fig. 3). The extremely light 5%6Feasc-3 value of -4.65 + 0.37%. (2SD) (KHB)
observed at 3 h indicates the presence of an isotopically light easily reducible Fe pool. Although
unusually light, the observed 8%Feasc value falls within the lower range reported for pore-waters and
benthic Fe fluxes as shown in a previous study (Ebner et al., 2026). At KHB, the 8%¢Feaca value is the
lightest compared to CB and KF with -1.86 + 0.01%. (2SD). This could be due to the presence of sulfide-
associated Fe phases, which are commonly associated with isotopically light Fe signatures (e.g., Butler
et al. 2005; McAnena et al. 2024). In this context McAnena et al. (2024) showed that partial reduction
of Fe(lll) (oxyhydr)oxides by hydrogen sulfide can produce isotopically light Fe(ll), either as dissolved
Fe or solid-phase iron monosulfides (FeS). Accordingly, the light isotopic signatures observed during
early extraction stages may reflect contributions from sulfide-associated Fe phases and related
fractionation processes. As mentioned above, minor contributions from partial dissolution of Fe-bearing
phyllosilicates cannot be excluded, as previous studies demonstrated that reductive extractions may
partially mobilize structurally bound Fe from phyllosilicate phases (e.g., Hepburn et al., 2020; Kdster et
al., 2021). Such contributions may further complicate the interpretation of dissolved &%6Feasc signatures
during the time-course extraction. At KHB, the increase towards heavier 6°6Feasc values at the Fe
concentration plateau is more pronounced compared to CB whereas at KF the isotopic composition of
the extracted iron is almost invariant over time. At Kongsfjorden the ascorbate time-course 0%Feasc
values decreased by -0.01%o0 from the first to the final aliquot (8%Feasc2 to 8%6Feasc-4s). This almost
invariant change in 8%6Feasc over time is within analytical uncertainty (2SD = £0.14%.). We propose that
although isotope exchange and re-equilibration processes likely occur during extraction, their effect is
negligible relative to the size of the extracted Fe pool. This coincides with the heterogeneity parameter
demonstrating a more homogeneous mineral mixture at KF, compared to KHB and CB, which contain
more heterogenous mineral mixtures that are dissolved by ascorbate (Table S1; Fig. 3). As a result,
potential isotope effects associated with small mobilized sub-pools likely had only a limited impact on
the resulting 6°¢Feasc values. At Cumberland Bay, the increase towards heavier 85¢Feasc values over

time was less pronounced, compared to King Haakon Bay, with 0.53%. exceeding analytical uncertainty



(2SD = £ 0.28%0) (56Feasc-infi to 0%¢Feasc-48). Lower Fe(ll) concentrations (lower Feasc contents) at KHB
may have resulted in a reduced buffering capacity against continued isotope exchange and re-
equilibration processes compared to Kongsfjorden and (to a lesser extent) to Cumberland Bay. At KHB
the 0%Feasc values varied significantly during the extraction by 1.39%. exceeding analytical uncertainty
(2SD = % 0.37%o) (0°¢Feasc-ini to 8%6Feasc-48). In contrast, the more pronounced isotopic bias observed at
KHB and CB could also reflect progressive dissolution of isotopically distinct Fe phases. Poorly
crystalline Fe phases are expected to dissolve preferentially during early extraction stages, whereas
more crystalline phases may increasingly contribute during later stages of extraction, potentially leading
to time-dependent kinetic isotope fractionation (e.g., Wiederhold et al., 2006; Kiczka et al., 2010).
Furthermore, the enrichment of isotopically light Fe in solution during the early stages of ligand-
controlled dissolution, prior to the concentration inflection point, is likely governed predominantly by
kinetic isotope effects, consistent with observations from experimental Fe dissolution studies (e.g.,
Wiederhold et al., 2006). After the inflection point the course of 8°6Feasc likely reflects a combination of
ongoing isotope exchange: progressive dissolution of isotopically distinct Fe phases and steady state
re-equilibration processes between dissolved and residual solid Fe pools. Additionally, during ligand-
controlled dissolution, ligand-complexing effects might contribute to the observed pattern. Wiederhold
et al. (2006) found that Fe(lll)-ligand complexes released during ongoing dissolution is attributed to
kinetic isotope fractionation. Ligands, such as citrate and ascorbate, complex Fe at mineral surfaces,
thereby weakening Fe-O bonds and facilitating Fe release from reactive surface sites (e.g., Furrer and
Stumm, 1986; Kiczka et al., 2010). Such processes may preferentially mobilize isotopically distinct Fe
pools during the early extraction stages and thereby contribute to the observed time-course pattern of

O%6Fensc values.

A fraction of easily reducible Fe may be present as surface-bound Fe(ll) (Fe(ll)sorb) on Fe(lll) oxide
minerals, where coupled electron and atom exchange can promote isotope redistribution between
dissolved and surface adsorbed Fe (Crosby et al., 2005). Although this study has highlighted microbially
mediated Fe isotope exchange (Crosby et al., 2005), similar isotope re-equilibration may also occur
abiotically at mineral surfaces (Bullen et al., 2001; Beard et al., 2010). In addition to continued
dissolution, isotope exchange and surface complexation, re-adsorption processes can affect the time-
course pattern of dissolved 8%°6Feasc during the extraction. In this scenario, Fe released into solution can
partially re-adsorb onto mineral surfaces or form surface complexes, potentially facilitating continued
isotope exchange between dissolved and solid Fe phases even after the main reactive Fe pool has been
mobilized (e.g., Crosby et al., 2007; Frierdich et al., 2014).

Such processes might contribute to the observed Fe isotopic pattern, from early-stage kinetic
fractionation to likely later-stage (re-)equilibration processes. Hence, it is important to note that different
extraction reagents vary in their reduction potential, complexation behavior, and dissolution kinetics,
potentially influencing the extent of isotope exchange. Consequently, part of the observed temporal
0%Feasc evolution may reflect extractant-specific reaction pathways rather than solely equilibrium
isotope exchange processes. Collectively, these processes likely reflect multiple coupled mechanisms,
including progressive dissolution of isotopically distinct Fe phases, kinetic isotope effects, and surface-

mediated isotope exchange, which together may result in isotopic disequilibrium mixing during later



stages of extraction rather than attainment of true thermodynamic equilibrium (e.g., Beard and Johnson,
2004; Beard et al., 2010; Johnson et al., 2008; Frierdich et al., 2014). The site-specific 8°6Feasc pattern
observed during the ascorbate time-course extraction demonstrates clearly that 6°Feasc4s is not
characteristic of a single Fe pool, but rather reflects a complex interplay of various processes.
Consequently, the timing of sampling for isotopes is crucial for obtaining the best operational
approximation of the 8°¢Fe signature of the operationally defined easily reducible Fe pool. The relative
contribution of the aforementioned various fractionation mechanisms likely differs among sites
depending on mineralogy and Fe pool size. However, the present dataset does not allow us to determine
which process dominates at a given site.

4.2. Relevance of sampling time for determining the iron isotopic composition of the
target pool

To compare the Fe isotopic values obtained from the two different extraction procedures, we calculated
the mass-weighted isotope composition of the Fe isotopic values obtained during the ascorbate time-
course extraction (8°6Feasc-cum; Fig. 6). Further, the mixing mass-weighted 5°6Fe signatures of the Feaca
and Fenyam pools were calculated (Table 4). This was done to address the possibility that the 5%6Feasc s
signature at 48 h can be explained isotopically as an isotopic mixture of the Na-acetate and
hydroxylamine-HCI pools. Furthermore, it is important to assess whether the ascorbate pre-treatment
modifies the &%Fe signature of the remaining operationally defined easily reducible Fe fraction by
Poulton and Canfield (2005).



4.2.1. Classical end-point versus inflection point extractions

As explained above, 6% Feasc evolves during the ascorbate time-course extraction, and mass-weighted
cumulative values were calculated to derive a representative pool-integrated signature and to test
whether the endpoint ascorbate leach can, from an isotopic point of view, be regarded as a mixture of
sequentially extracted pools using Na-acetate and hydroxylamine-HCI (Table 4). During the extraction,
Fe accumulates in the extraction solution because only small aliquots are removed for the analysis.
Consequently, the measured &°Fe at each sampling time represents the isotopic composition of the
instantaneous dissolved Fe pool rather than the cumulative isotopic composition of all Fe released since
the start of the extraction. Under pure dissolution without isotope exchange or secondary reactions, the
cumulative and instantaneous Fe pools would be identical. However, if the dissolved pool continues to
undergo isotopic modification through exchange processes, progressive dissolution of isotopically
distinct phases, or surface reactions, the instantaneous dissolved composition may diverge from the

cumulative released Fe isotopic signature.
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Figure 6. Mass-weighted isotope composition of Feasc-cum (Square) and Femix (circle) calculated from the iron

isotopic values obtained during the time-course ascorbate extraction and the sequential leaching following Poulton
and Canfield (2005). The bar indicates the isotopic offset between Feasc-cum and Femix as well as Femix-asc (48 h).

55Fe (%o)

This pattern is most evident for King Haakon where the instantaneous dissolved pool shows a clear drift
(-4.65%0 at 2.5 h, -3.84%o0 at 7.3 h, -3.31%0 at 24 h and -2.72%. at 48 h). Here, the mass-weighted Fe
isotopic composition during the ascorbate time-course extraction (3%6Feasc-cum) and the mass-weighted
isotopic composition of the Feaca and Fenyam pool (8°°Femix) differ substantially: 8%¢Femix was -1.44 +
0.02%o (2SD) and 8°¢Feasc-cum Was -4.52 + 0.37%o (2SD). Furthermore, the instantaneous dissolved pool
at 48 h, differs from the cumulative mass weighted composition (-4.38 £ 0.38%o, 2SD). This difference
indicates that the dissolved Fe pool continued to evolve isotopically after most Fe had already been
released, illustrating that the isotopic composition of the dissolved pool can be modified independently
of substantial net Fe addition. At Kongsfjorden and Cumberland Bay, a different picture emerges. The
near identical 8%°Feasc-cum and 0°6Femix values at KF (-0.89 + 0.25%. (2SD) and -0.95 + 0.06%o. (2SD),
respectively) indicate that the cumulative mass-weighted isotope signature of the ascorbate time-course
extraction is essentially identical to the mass-weighted mixed isotope signature derived from the Na-
acetate and hydroxylamine-HCI extraction steps. Second, the time-dependent isotopic shifts observed
during the ascorbate time-course extraction do not translate into significant differences in the cumulative
mass-weighted composition (Fig. 6). At Cumberland Bay, the isotopic offset between the mass-weighted
signatures &°6Feasc-cum and d%Femix is slightly larger (8°°Feasc-cum Was -1.77 £ 0.09%. (2SD) and 6°6Femix
was -1.16 + 0.03%o (2SD)) compared to KF. The smaller extractable Fe pool at CB compared to KF



make the mass-weighted cumulative isotopic signatures more sensitive to minor differences in the Fe
fractions mobilized by ascorbate versus sequential leaching. This likely explains why Cumberland Bay
shows a larger isotopic offset than Kongsfjorden despite a similar or even slightly lower heterogeneity

parameter.

The following section addresses the calculated mass-weighted Fe isotopic signature 6°6Feremoved-asc,
which describes the isotopic composition of the Fe fraction removed during the 48 h ascorbate pre-
treatment. The mass-weighted isotopic signature of the Fe fraction removed by 48 h ascorbate

extraction (0°¢Feremoved-asc) Was calculated using the following equation:

_ (‘SSGFemixX FeAca,hyam)_(‘gSGFemix—ascXFeAsc,aca,hyam) (4)

56
6 Feremoved—asc - F _F
( €Aca,hyam eAca,hyam,48)

where &% Femix is the mass-weighted isotopic signature of the extracted Fe with Na-acetate (Feaca) and
hydroxylamine-HCI (Fehyam), F€acahyam is the sum of Feaca and Fenyam, 8°®Femix-asc is the mass-weighted isotopic
signature of Feaca and Fenyam With ascorbate pre-treatment for 48 h, Feaca,hyam,48 is the sum of Feaca and Feryam with
ascorbate pre-treatment for 48 h (see Sl for details; Table 5). The reductive pre-treatment with ascorbate
resulted at all sites in a lighter isotopic value of the removed Fe fraction during 48 h reductive ascorbate
pre-treatment (0°6Feremoved-asc) (Table 5): -2.30 + 0.02%. (2SD) at King Haakon Bay (Table 5), -1.48 +
0.03%o (2SD) at Cumberland Bay and -1.45 + 0.10%. (2SD) at Kongsfjorden. The lighter §°Feremoved-asc
obtained for King Haakon Bay is consistent with the pronounced isotopic difference between &°Feasc-
cum and 8°°Femix. Whereas 056Feasc-cum reflects the cumulative isotope composition of Fe mobilized during
ascorbate time-course extraction, &°6Feremoved-asc IS @ mass balance derived value for the fraction
removed from the subsequent Na-acetate/ hydroxylamine-HCI pool during ascorbate pre-treatment.
These parameters therefore describe different Fe pools and should not be expected to be numerically

identical.

Table 5. Mass-weighted iron isotopic signatures: 6°6Femix, 0°6F€mix-asc, 0°°F€removed-asc (details given in
Table 3). 8°°Femix, 0°%Femix-asc are the mass-weighted iron isotopic compositions of the Feaca and Fenyam
pool (operationally defined easily reducible Fe pool) before (subscript: -mix) and after (subscript: -mix-
asc) ascorbate pre-treatment. 6%¢Feremoved-asc iS the mass-weighted iron isotopic composition of the Fe
fraction removed by 48 h ascorbate extraction and was calculated using mass balance (see Sl for
details).

O0%Femix 2SD 0%Femixasc 2SD 0O°Feremoved-asc 2SD The &%Fe value of dissolved Fe
at the inflection point is used here

Site %o + %o + %o +

KHB -1.44 002 -0.75 001 -2.30 002 as the Dbest operational
CB 116 0.03 0.41 0.02 1.48 0.03 approximation of the stable Fe
KFE  -095 006 -037 008 145 0.0 Isotopic  signature of the

operationally  defined easily
reducible Fe pool. However, this approximation may retain an unquantified residual bias, particularly for
samples with low easily reducible Fe contents, as illustrated by the continued isotopic evolution
observed at King Haakon Bay. This signature is then successively altered with ongoing extraction.
Consequently, time-course extractions are required to identify concentration plateaus that provide an

operational indication of the transfer of the target pool into the dissolved pool. Our results show that the



apparent 8%¢Fe signature of this pool depends strongly on the easily reducible Fe pool, consistent with

changes in dissolution kinetics related to mineral crystallinity.
4.3. Implications for defining the iron isotopic composition of easily reducible iron

Our data suggest that the best operational approximation of the &°Fe signature of the operationally
defined easily reducible Fe pool is obtained at the inflection point during ascorbate time-course
extractions rather than at the classical pre-defined end-point of sequential extractions. Previous studies
have provided an essential foundation for the interpretation of 8°Fe signatures in marine sediments
using operationally defined sequential leaching schemes (Staubwasser et al., 2006; Severmann et al.,
2006, 2010; Homoky et al., 2013; Henkel et al., 2016, 2018). Henkel et al. (2016) showed that 5%¢Fe
analyses of sequential end-point extraction leachates can be combined with pore-water data. Our results
add to this and demonstrate that the 5°¢Fe signature of the predominant operationally defined easily
reducible Fe pool is not constant during extraction. This suggests that the magnitude of isotopic bias
introduced by end-point extractions may vary depending on dissolution kinetics, mineralogical
heterogeneity, and the relative contribution of rapidly versus slowly dissolving Fe phases due to
differences in crystallinity and Fe kinetics. In systems dominated by a relatively homogeneous and highly
reactive Fe pool, such as Kongsfjorden, end-point and inflection-point 8%¢Fe values may be similar,
indicating limited isotopic overprint during continued extraction. In contrast, in more heterogeneous
sediments containing multiple Fe phases with variable crystallinity, progressive dissolution and isotope
exchange may lead to biased end-point isotopic signatures. Under such conditions, end-point 5%Fe
values may deviate substantially from the initial composition of the solid-phase pool, particularly where
extraction durations are long or where sulfide-associated or secondary Fe phases contribute to the

dissolved pool.

The Poulton and Canfield (2005) sequential extraction scheme provides an operational definition of
reactive Fe phases in marine sediments based on their reactivity towards specific reagents under
controlled conditions. While these operationally defined pools are often linked to concepts of bioavailable
or microbially reducible Fe phases (e.g., Laufer et al., 2020), it should be noted that thermodynamic
constraints limit the microbial reducibility of more crystalline Fe phases such as goethite or magnetite
under natural sediment conditions (Postma and Jakobsen, 1996). Furthermore, operationally defined
reactivity does not necessarily correspond to thermodynamic or microbial accessibility. There is a need
for a precise distinction in future studies. As a result, operationally defined Fe pools are method-
dependent and should be interpreted in the context of the specific research question rather than as a
uniquely defined mineralogical pool. Hence, when defining the d%¢Fe signature of the ferric substrate in
marine surface sediments it is imperative to choose an extraction protocol suitable for the sediment
matrix. Ascorbate extractable Fe is proposed to yield the microbially reducible Fe (Hyacinthe et al., 2006;
Laufer et al., 2020) with the key limitation that the inflection point probably does not correspond to a
mineral-specific Fe phase. Further, it might on the one hand represent a threshold of Fe reactivity, as
already proposed by Laufer et al. (2020). On the other hand the kinetically controlled extractable Fe at
the early dissolution stage might encompass the most bioavailable (easily accessible Fe for microbes)

and easily reducible Fe pool, most possibly including surface reduced Fe(ll).



While the observed trends are consistent across the investigated samples, the present study is based
on three surface sediment samples from polar and subpolar marine environments. Consequently, the
magnitude of the observed Fe isotope shifts and the relationship between the easily reducible Fe pool
size and the isotope exchange effects may not necessarily be transferable to other depositional settings
with different mineralogical compositions, redox conditions or sedimentary regimes. Future studies
across a broader range of sediment types and environmental settings are therefore required to assess

the wider applicability of these observations.
5. Conclusions

This study aimed to evaluate the extent to which methodological factors may affect 8%¢Fe values
determined for easily reducible Fe. When end-point extractions are applied, continues isotope
fractionation and exchange processes after mobilization of the target Fe pool must be taken into
account, as it may significantly influence the resulting 8%¢Fe values. Comparing time-course and end-
point extractions allowed us to better constrain the d°¢Fe value of the operationally defined target Fe
pool. We found that (i) the inflection point during ascorbate time-course extraction provides the best
operational approximation of the 6%Fe value of the operationally defined easily reducible Fe pool,
although a residual bias may remain where isotopic evolution continues beyond the inflection point.
However, whether a similar relationship applies to other extraction reagents (e.g., hydroxylamine-HCI)
remains to be tested. (ii) Iron isotopic values measured on the Fe concentration plateau (after the
inflection point) are altered due to progressive dissolution of isotopically distinct mineral phases,
changes in dissolution kinetics with mineral crystallinity, re-adsorption or surface complexation
processes during extraction and contribution of minor sulfide associated Fe pools. (iii) We demonstrate
that the different inflection points derived for samples from different locations reflect differences in the
size of the easily reducible Fe pool and in reaction kinetics during the chemical extractions. (iv) In marine
surface sediments, Na-acetate and hydroxylamine-HCI extract a larger Fe pool than ascorbate,
indicating that the two methods target different operationally defined fractions of easily reducible Fe.
While ascorbate is more closely linked to the microbially reducible Fe pool (Laufer et al., 2020), the
Poulton and Canfield (2005) scheme differentiates Fe pools primarily according to mineralogical
reactivity and crystallinity. This difference reflects that “reactive” and “easily reducible” Fe is defined
differently depending on the methodological context.

We therefore propose that the Fe isotope composition of the easily reducible pool should be determined
by carefully choosing the extraction reagent depending on the aim of the study, e.g., investigation of the
microbially available pool versus the pool most susceptible to sulfurization. Furthermore, the dissolution
progress should be monitored to identify the inflection point, which provides the best operational
approximation of the d°¢Fe signature of the target pool. Reporting mass-weighted &%Fe values at both
the inflection point and the classical endpoint would improve comparability across studies and
strengthen the use of 8%¢Fe as tracers of Fe redox cycling.
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Highlights

Inflection point in time-course extraction provides the best operational approximation of the
stable iron isotopic composition of the easily reducible iron pool.

Extraction duration influences the iron isotopic values of operationally defined easily reducible
Fe pools in sub-polar surface sediments.

Fixed-time extractions may misrepresent the best operational approximation of the iron

isotopic composition due to ongoing isotope exchange.



