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Highlights

e FeCls-addition can intensify internal P loading in shallow peat lakes

e Organic matter increases and preserves Fe reactivity in peat lake sediments

e  Sequential extraction of P and Fe reveal formation of highly redox-sensitive P phases
e Sediment incubations show excess release of P with respect to solid phase P/Fe ratio
e Organic matter plays a key role in sediment P and Fe cycling in shallow peat lake
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Abstract

Internal phosphorus (P) loading is a key water quality challenge for shallow lakes. Addition of iron (Fe) salts
has been used to enhance P retention in lake sediments. However, its effects on sediment geochemistry
are poorly studied, albeit pivotal for remediation success. Here, we assess the factors controlling the
retention of P and long-term -effects following application of FeCls (0.5—1 mol Fe/m?, 2010) in the
eutrophic, shallow peat lake Terra Nova (the Netherlands). Treatment reduced P levels in the lake for two
years, but afterwards summer release of P intensified, resulting in higher surface water P concentrations
than before treatment. Porewater and sediment analyses indicate that the majority of the added Fe is still
undergoing redox cycling within the top 10 cm of sediment accounting for the binding of up to 70% of
sedimentary P. Sequential extractions further suggest that organic matter (OM) plays a key role in the
resulting P and Fe dynamics: While reduction of P binding Fe(lll) phases results in P release to porewaters,
the produced Fe?* remains bound to the solid phase presumably stabilized by OM. This causes P release
from the sediments in excess to Fe during temporary low oxygen conditions in summer months, as
confirmed by whole core flux incubation experiments. Quantitative coprecipitation of P with Fe upon
reoxygenation of the water body is then impossible, leading to a gradual increase in surface water P. This
first long-term study on a shallow peat lake underpins the role of OM for Fe cycling and the need to carefully
consider the sediment properties and diagenetic pathways in the planning of Fe-amendments.
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1 Introduction

Phosphorus (P) is the relevant macro-nutrient determining the trophic state of many freshwater lakes
(Schindler et al., 2008). Human activity has tripled the external P input to naturally P-limited water bodies
and soils by leaching and surface run-off of agricultural fertilizers, discharge of non or poorly treated
wastewater and increased soil erosion (Bennett et al., 2001). However, even though nutrient management
has significantly improved (eg. Kronvang et al., 2005) lakes have been slow to recover clear water state
(Poikane et al., 2019). On EU territory alone, 50% of the monitored lakes still do not meet the target of
‘good ecological status’ aimed for by the EU Water Framework Directive (European Environmental Agency,
2018). One reason is internal P loading caused by the release of P stored in the sediments. This so-called
“legacy P” can become the major driver for lake eutrophication once external loading is reduced and can
delay recovery for decades (Steinman and Spears, 2020). Shallow lakes are especially vulnerable for
eutrophication induced by internal P loading due to their high sediment surface area to water column
volume ratio and optimum conditions for primary production (regular mixing, year-round direct contact
between photic zone and sediment surface) (Sgndergaard et al., 2013, 2003). Consequently, shallow lakes
show distinct internal loading-induced seasonality in lake water P concentrations. Because internal loading
is typically particularly high during summer (Kozerski and Kleeberg, 1998; Sgndergaard et al., 1999), this
may alleviate P limitation, stimulate primary productivity, and thereby greatly impact ecosystems (Jeppesen
et al., 2005).

One approach to reduce internal P loading is to use iron (Fe) to increase the retention of P in the sediment.
This is based on the ability of Fe to sequester P by co-precipitation and adsorption (Gunnars et al., 2002;
Lijklema, 1980), and the coupling of P to the so called “ferrous wheel”, the Fe redox cycling in the sediment
(e.g. Einsele, 1936; Kleeberg et al., 2012; Mortimer, 1941). Fe has been added to lakes in various forms such
as FeCls, FeCly, FeSQs, Fe(lll)-hydroxides, FeClSO4 for decades (Bakker et al., 2016; Smolders et al., 2006).
(Kleeberg et al., 2012, 2013) showed, that, in a dimictic lake, a single Fe treatment can suppress internal P
loading for 20 years, if Fe and P are released to the water column at a ratio that allows for quantitative re-
coprecipitation upon oxygenation of the hypolimnion. Studies in polymictic peat lakes show positive effects
on the short term but also indications for return of internal P loading (Geurts, 2010; Immers et al., 2015;
Quaak et al., 1993; Van der Molen and Boers, 1994).

Generally, Fe addition was successful over the investigated period if there were only limited effects of
sulfate reduction and organic matter (OM) degradation on the ferrous wheel (Bakker et al., 2016; Smolders
et al., 2006). Sulfate reduction produces sulfide which consumes Fe?* by precipitation of Fe-sulfides,
sequestring Fe deeper in the sediment where H)S is produced (Berner, 1970; Katsev et al., 2006). Fe
associates with OM forming organometallic compounds that are particularly stable under anoxic conditions
(Lalonde et al., 2012) and can have a major impact on P retention (Gerke, 1993). However, (Rothe et al.,
2014) showed that Fe addition can enhance P burial by formation of the ferrous phosphate mineral vivianite
(Fes(POa4)2 - 8H20).

Hence, lake properties, particularly their sediment geochemistry, may significantly influence the success
and longevity of Fe treatment. Knowledge of the long-term fate of the added Fe in the sediment and its
effect on sediment biogeochemical processes is essential, albeit poorly studied. Hereby we report the first
long-term study on an OM-rich system. We investigated the shallow peat lake Terra Nova 10 years after Fe
amendment. Detailed chemical analysis of the sediment porewater and solid phase were linked to
experimental determinations of benthic fluxes and long-term surface water monitoring, to elucidate the
long-term effect of the added Fe on the sediment geochemistry and the water quality. We show that Fe
amendment introduced a highly redox active OM-bound Fe-pool, which accumulates P and releases it
during anoxic events, which leads to seasonal peaks in internal P loading of increasing magnitude.
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2 Methods
2.1 Study site

Lake Terra Nova is part of the Loosdrechtse Plassen lake system in the Netherlands formed due to peat
extraction (Figure 1a-c). Terra Nova is shallow, polymictic and characterized as eutrophic mainly due to
permanent algae blooms, surface water nutrient concentrations and light climate based on the EU Water
Framework Directive Figure 1c) (van Dijk et al., 2020). After the loss of its clear water state in the 1930s,
year-round blooms of filamentous cyanobacteria prevailed from 1987 to 2004 (Figure 1f, green period).
Besides measures for external load reduction (external P load 0.11 g P/m?/y in 2010, ter Heerdt, 2012,
Voort, 2019), two attempts were made to reduce internal P loading (net internal P load 0.1 g P/m?/y in
2010, ter Heerdt, 2012): removal of bream (2003, 2004, Figure 1f, blue period) and Fe addition (2010-2011,
Figure 1f, red period, Supplementary information A) The water table of Terra Nova is maintained at constant
level with maximum fluctuation of 0.1 m. This implies that hydraulic gradients between the lake and
groundwater remain shallow and constrain external P load via groundwater. The main water source is
precipitation and surface water from neighboring lake Loenderveen during dry periods and the main water
outlet is the river Vecht (SI A).

Starting in 2010, 40% FeCls solution was continuously applied in low doses over a period of 1.5 years.
Sediment traps installed above the sediment surface recorded a total average addition of 0.5 mol Fe/m?
(ter Heerdt, 2012, personal communication G. ter Heerdt). The bay at station B (Figure 1c) had been used
as a test location before whole lake treatment and, consequently; received a total dose of 1 mol Fe/m? (ter
Heerdt, 2012). For 1.5 years after Fe treatment, surface water total P and phosphate concentrations
dropped below 0.5 and 0.2 umol P/l respectively. Thereafter, concentrations increased again (Immers et
al., 2015). Since 2016 the surface water total P and phosphate concentrations have been reaching higher
levels than before treatment with peaks of increasing intensity in the summer months which led to renewed
cyanobacterial blooms (Voort, 2019). In summer 2021, total P and phosphate reached the highest
concentrations since the start of measurements at values of 27 and 20 umol/l, respectively (Figure 1f). For
long-term data of other nutrients, see Sl B.

It is unclear why the Fe addition suppressed internal P loading for only 1.5 years followed by the highest
surface water P concentrations since beginning of monitoring, 1986. In this study we test the following
hypothesis, conceptually based on disruption of the “ferrous wheel” (Kleeberg et al., 2012): The added Fe
increased the amount of P bound in the surface sediment. Burial of the added Fe, chemically in FeSx—phases
and physically linked to high sedimentation rates, leads to increasing release of the accumulated P during
summer months.

2.2 Sampling of surface water and sediment
The water column was sampled on June 22"¢ 2020 at two stations, C and D (Figure 1c; SI C).

Undisturbed sediment cores (length 60 cm, & 6 cm) were collected using a gravity corer (UWITEC,
Mondsee, Austria) on June 22" and July 3™ 2020 from stations A, B and C (0.4 m, 0.6 m and 1.9 m water
depth, respectively) (Figure 1c), preserving at least 10 cm of overlying water. These stations were selected
as representative for the two main sedimentation regimes of the lake and the bay which received double
the Fe dose (station B) (SI D).

The sediment cores were stored in a climate chamber at bottom water temperature (15°C) and the
overlying water was purged with air until further use to preserve sediment redox conditions. Within three
days one core per station was sliced and processed in an N2 glove box. Sampling resolution was 1 cm for
the top 10 cm and 2 cm for the remaining core. Sediment solid phase and porewater were separated by
centrifugation (10 min, 3000 rpm). The porewater was filtered (0.2 um pore size nylon membrane syringe
filter) and subsampled in the glovebox (SI E). The solid phase was freeze-dried assuring ventilation with No.
Dried solid phase was homogenized in the glovebox using an agate mortar and pestle and stored at room
temperature under N2 atmosphere until further analysis.

2.3 Sediment incubation experiments

2.3.1 Experimental setup and sampling
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To determine the effect of temporary bottom water anoxia on benthic fluxes of SRP (soluble reactive P) and
Fe across the sediment water interface (SWI), undisturbed sediment cores from each station were
incubated for 26 days at bottom water temperature (15°C) in the dark. Per station, separate cores were
incubated under oxic and anoxic conditions (Sl F). The supernatant water was sampled twice a day for the
first week and then every two days. Water volume extracted by sampling (10 ml) was replenished with lake
water. The water samples were filtered (0.2 um, nylon), acidified with 1 ml of 3.75 M HNOs and analyzed
for P (oxic and anoxic) and Fe (anoxic only).

2.3.2 Calculation of benthic fluxes

Benthic flux rates were calculated by linear regression of the initial linear increase in surface water
concentrations with time in the incubation experiments accounting for the surface area using the ratio of
supernatant water volume to core sediment surface area (Steinman and Spears, 2020). Benthic flux rates
were extrapolated to the whole lake using weighted averages of data from the three stations. Station B is
representative for two bays which contribute approximately 0.8 % to the lake surface. Station A and C were
assumed to contribute equally to the remaining 99.2 % of surface area as they are representative for the
east of the lake with a high sedimentation regime and the west of the lake with a low sedimentation regime,
respectively. In an alternative approach, in situ benthic P fluxes for the summer of 2021 were estimated
based on the increase in total P in surface waters between July 21% and September 15% 2021 (Figure 1f),
the surface area and volume of the lake.

2.4 Chemical analyses
2.4.1 Water samples

All water samples were analyzed colorimetrically for dissolved Fe species, P and H2S using a UVmini-1240
UV-Vis spectrometer of Shimadzu and disposable plastic cuvettes. Analysis for H.S was done within a week
using the methylene blue method (Lawrence et al., 2000). Total Fe and Fe?" concentrations were
determined using the ferrozine method (Viollier et al., 2000). Dissolved ortho-PO4+*> (SRP) concentrations
were obtained using the molybdenum blue method (Murphy and Riley, 1962).

2.4.2 Solid phase analysis
2.4.2.1 Total elemental contents

For the determination of total elemental composition of the freeze dried and ground sediment, between
80 and 125 mg was digested using HCIOs4, HNOs, and HF as described in van Helmond et al. (2018). To
guantitatively digest the organic matter, an additional step was performed before overnight residual
dissolution: 2.5 ml concentrated H202 and 2.5 ml concentrated HCl were slowly added and reacted until gas
production stopped, followed by evaporation at 140°C (in-house method). Digests were analyzed by ICP-
OES. Average analytical uncertainty based on duplicates (n=10), in-house standards and reference material
(ISE-921) was 3% for P, 3% for Fe, 2% for Al and 3% for S.

Total organic carbon (TOC) of the sediment solid phase was determined according to van Helmond et al.
(2018) using a Fisons Instruments NA 1500 NCS analyzer and nicotinamide as a standard (certified content
59.01 wt% TOC). The average measured value for nicotinamide (n=9) was 59.3+0.8 wt% TOC. Average
analytical uncertainty based on duplicate samples (n=6) was 0.8 wt%.

2.4.2.2 P sequential extraction

P speciation of the sediment solid phase was determined using an extraction scheme based on several
studies (Table 1, SI G). Samples were handled under N2- atmosphere up to step VI. Extracts were analyzed
for P colorimetrically (Murphy and Riley, 1962) using the respective extractant as reference matrix. CDB
extracts were analyzed by ICP-OES. Average analytical uncertainty based on duplicates (n=6) was 26% for
Pwmgci2, 8% for Pnarcos, 14% for Pcos, 12% for Pnaac, 7% for Pha, and 4% for Pssoc/mal.

2.4.2.3 Fe sequential extraction

Fe speciation of the sediment solid phase was determined using an extraction scheme based on several
studies (Table 2; SI H). Samples were handled under N2- atmosphere up to step V. CDB and HNOs extracts
were analyzed for elemental composition using ICP-OES. The other extracts were analyzed for total Fe and
Fe(ll) using the ferrozine method (Stookey, 1970). Average analytical uncertainty based on duplicates (n=6)
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was 24% for Feasc, 14% for Fena, 45% for Fecos, 20% for Feox, and 11% for Fennos. The sum of all extractable
Fe is termed reactive Fe (Fereac), based on the reasoning from (Poulton and Canfield, 2005).

2.4.2.4 Scanning electron microscopy

Two sediment samples from station A (5 and 38 cm depth) were assessed with scanning electron
microscopy — energy dispersive X-ray spectroscopy (SEM-EDS) using a Zeiss EVO 15 SEM with two Bruker X-
flash 6160 EDS detectors. Freeze-dried and homogenized samples were mounted onto a SEM stub using
carbon tape under N2 atmosphere and coated with platinum. Regions of interest were identified optically
on which SEM and EDS imaging was performed.

3 Results

3.1 Surface water

At the time of sample collection in June 2020, stations A, B, C and D had a water depth of 0.2, 0.5, 1.5 and
1.6 m, respectively. The surface water was investigated at stations C and D only. Station C had 7.11 mg O2/I
in the entire water column. Station D had 2.65 mg O2/I at the surface and 0.14 mg O2/I in the bottom
water.Electric conductivity, pH and temperature were uniform with water depth at both stations (SI C).

3.2 Sediment properties

The sediment consisted of peat with a TOC content of around 37 wt% (Figure 2) which corresponds to an
organic matter content of 63 wt% (conversion factor of 1.7 for water saturated vascular plant peat
(KlingenfuR et al., 2014)). The top 10 cm were liquid and unconsolidated with a porosity of 98 %, underlaid
by pasty, more consolidated layers with porosity declining to 92% at 40 cm depth (SI I). According to the
219ph dating (Sanchez-Cabeza and Ruiz-Fernandez, 2012), the year of Fe addition (2010) corresponded to
ca. 13 cm sediment depth at station A and ca. 10 cm at stations B and C. The average sedimentation rate in
the consolidated part of the sediment was estimated at 0.6£0.1 cm/y (SIJ).

3.3 Chemistry of the sediment solid phase

Total elemental contents did not vary significantly among stations, except for Fe. Contents varied between
approximately 450 — 540 umol Fe/g in the top 5 cm, while the deeper layers had lower Fe contents with no
clear trend with depth (stations A, C: ca. 445 umol Fe/g; station B: ca. 490 umol Fe/g). At station B, total Fe
contents were systematically higher compared to the other stations, with the most pronounced difference
in the top 3 cm. Higher Fe contents in the top sediment coincided with higher Fe/Al ratios (Figure 2). At all
stations, Fe(ll)nc was the largest Fe pool in the surface sediment followed by Feasc and Fecps. Station B
contained 50-100% more Feasc and Fecps in the top 5 cm of sediment than the other stations, with Feasc
predominantly accounting for the higher total Fe content (Figure 3a). The contribution of Feasc to Fereac was
highest at the top with a minimum around 20 cm. Fennos showed the opposite pattern. The contribution of
Fe(ll)1a to Fereac Was approximately constant with depth except at Station B, where it was lower in the top
5 cm which had higher Feasc (Figure 3b).

Total P contents were on average 75 umol P/g at the SWI and declined towards 25 umol P/g. Fe/P ratios
were around 6 at the SWI and increased with depth at all stations, with station B showing the most
pronounced increase (Figure 2). Organic P was the largest pool throughout the sediment with lower
contributions in the top 10 cm. There, Pcos and Pnancos each accounted for up to 30% of total P with around
20 umol P/g. However, at station B, Pcps contributed 40% close to the SWI, whereas Pnaticoz only contributed
half as much. Below 10 cm Pcos and Pnarcos contents stayed stable at around 5 umol P/g. There, Pnaac/Ha was
the second largest pool, reaching 18 % contribution below 30 cm (Figure 4). P sequential extraction yielded
quantitative recovery of P within the 10% error margin.

Sulfur was present at comparable amounts to Fe with a distinct peak around 20 cm depth at all stations.
Maximum Fennos coincided with maximum S contents and, correspondingly, to minimum Fe/S ratios of 0.50-
0.75 mol/mol matching the Fe/S ratio in a pyrite, greigite, pyrrhotite assemblage. Fe/S ratios were about 1
mol/mol at the top and bottom of the sediment. (Figure 2, Figure 3). SEM analyses revealed that Fe hotspots
mostly coincided with regions of elevated S content with clearly discernable framboidal (5 cm and 38 cm
depth, Figure 5a-d) and euhedral (38 cm depth, Figure 5c,d) pyrite. Non-hotspot Fe was diffusely
distributed, indicating association with the organic matrix (Figure 5c¢,d).

3.4 Chemistry of the porewater
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Oxygen penetration depth was 2.7, 1.2 and 2.7 mm at stations A, B and C, respectively (SI K). The porewater
profiles of SRP and Fe were similar, while H2S mirrored them: concentrations of SRP and Fe peaked around
5cm and had a minimum around 15 cm, where H>S concentrations peaked. At 5cm, SRP and Fe
concentrations were around 100 umol P/l and 50 umol Fe/l. H2S became detectable below 1 cm, reaching
ca. 60, 40 and 75 umol S/l at 15 cm depth at stations A, B and C, respectively, and stabilizing around
7 umol S/l below the peak (Figure 6).

3.5 Sediment incubation experiments

Under oxic conditions, SRP concentrations in the overlying water continuously increased until the end of
the experiment (Figure 7). Oxic benthic fluxes varied largely between stations with station A having the
lowest and station B the highest flux (Table 3a). Under anoxic conditions SRP concentrations in the overlying
water increased over the first eight days and then plateaued at around 4 and 7 mmol P/m? at stations A and
C, respectively. At station B they increased throughout the experiment, reaching 5 mmol P/m? (Figure 7).
Anoxic benthic fluxes only showed 10 % variation among stations and were lowest at station B and highest
at station C (Table 3a). The corresponding whole lake weighted average P flux was around 505 pumol P m"
2d* (Table 3a), while the whole lake P flux estimated from the summer peak in-situ total P concentrations
was approximately 420 pmol P m2 d* (Table 3b).

Fe concentrations were only measured in the anoxic experiments, where they evolved similarly between
stations showing a continuous increase during the first 15 days with a corresponding benthic flux of
7343 umol Fe m2 d* (Figure 7, Table 3a).

The sediment released 10-84 times more P under anoxic than under oxic conditions and 5-7 times more P
than Fe under anoxic conditions (Table 3).

4 Discussion
4.1 Fate of added Fe

Fe addition in 2010 increased the solid phase total Fe concentrations in the top 5 cm of sediment according
to mass balance calculations (SI L). The enrichment is reflected in elevated Fe/Al ratios, which is in line with
enhanced deposition of Fe-hydroxides formed after hydrolysis of added FeCls. Station B, which received
double the Fe dose, shows the most pronounced enrichment (Figure 2). The added Fe does not occur as a
distinct peak at ca. 10 cm depth (2010, year of Fe addition: Sl J), but distributed over the top 5 cm, indicating
effective mobilization and reprecipitation by redox processes or sediment mixing, or both, rather than just
burial.

The porewater profiles suggest that redox cycling contributes to the redistribution of added Fe. Porewater
Fe2* concentrations peak at 5 cm depth while Fe3* is present in the top cm. Solid phase Fe(lll) is thus reduced
in the zone influenced by Fe-addition, releasing Fe?* which is oxidized by O, close to the SWI. The solubility
of Fe(lll)-hydroxides is low in aqueous solution around neutral pH, leading to Fe3*eq — concentrations below
0.1 nmol/l in the absence of other complexing ligands. (Stumm and Morgan, 2012). Measured porewater
Fe3* concentrations >10 umol/I are indicative of Fe(lll)-colloids or Fe(lll) complexed by OM which are, both,
able to pass the filters used for porewater sampling. This suggests that part of the reactive Fe(lll) occurs
associated with OM and as such undergoes redox cycling. Fe(lll) is predominately recovered as Feas, the
only Fe pool noticeably increased in the top 5 cm (Figure 3a, b). Feasc is redox sensitive, representing Fe(lll)
phases with low crystallinity such as ferrihydrite (Raiswell, 2010). OM can stabilize ferrihydrite, slow down
sulfidation kinetics (Thomasarrigo et al., 2020) and inhibit its aging into more crystalline forms, while still
allowing for electron transfer and exchange of Fe-ions with the aqueous phase (Eusterhues et al., 2008;
Thomasarrigo et al., 2018; Zhou et al., 2018). OM also forms complexes with Fe** and Fe3* (Sundman et al.,
2014) and retains Fe in soils, particulate matter, and sediment (Lalonde et al., 2012). Thus the added Fe
likely increased the OM-associated Fe pool, consisting ofa mixture of ferrihydrite and complexed Fe.
Consequently, Fe?* produced by reduction of this Fe pool may partially stay bound to OM instead of being
released into the porewater.

However, diffusive transport of Fe to the sediment surface is insufficient to compensate for the burial of
solid-bound Fe. The average Fe?* diffusive flux in the top 5 cm is 7.1 £ 0.6 nmol m2y?* (SI M), while the
average total Fe burial flux, 0.14£0.03 mol m2 y* (Sl J), is eight orders of magnitude larger. This implies that
mixing of the top sediment is the main driver for Fe redox cycling, exposing both dissolved Fe?" and solid-
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bound Fe(ll) to oxidizing conditions. In Terra Nova the top sediment is highly unconsolidated and thus prone
to resuspension, as was also reported for other shallow lakes (Jalil et al., 2019). The 21°Pb profiles suggest
occasional mixing of the top 10 cm, as unsupported 2°Pb contents show no consistent trend. Below 10 cm,
they decrease exponentially as expected for constant burial rates in the absence of mixing (Sl J).

Sporadic mixing also explains the presence of FeS and FeS: in the top sediment, although concomitant O2
supply limits the sulfidation of Fe(lll)-phases. Lasting sulfidation and thus burial of Fe is restricted to the
sediment below 10 cm depth. There, increase in solid phase Fennos at the expense of Feasc (Figure 3),
porewater HS maxima (Figure 6) and abundant euhedral pyrite (Figure 5c,d) indicate pyrite formation
(Figure 6). The Fe burial flux between 10-20 cm depth is 10+2 mmol Fe m2y* (Sl J), implying complete
burial of the single Fe dose of 500 mmol Fe m within 50 years. FeS on the other hand is probably also
formed in the top 10 cm below the oxygen penetration depth. However, this process was not enhanced by
Fe-addition as Fe(ll)sar does not show increased contents in that layer (Figure 3b). This all implies that, so
far, sulfidation has not been an important sink for the added Fe.

4.2 Effect of added Fe on P dynamics

Fe addition enhanced binding of P by reactive ferric phases as indicated by increased contents of Pcps and
Pnatcos in the top 10 cm of sediment, where they contribute 40% and 30% to solid phase total P, respectively
(Figure 4b). Pcos corresponds to P bound to Fe (oxyhydr)oxides, while Pyatcos corresponds to P associated
to OM (Table 1). Association of P to OM can occur in the form of ternary complexes with Fe, Al, or Ca as
bridging ions (Gerke, 2010; Guardado et al., 2007), or as P bound to colloidal Fe(lll) (oxyhydr)oxides
stabilized by OM (Dolfing et al., 1999). Hence, up to 70% of sedimentary P is bound to Fe in the zone
influenced by Fe addition. About half of this P is bound to Fe which is associated to OM. Below 10 cm depth,
Ca-bound P is the dominant mineral P-pool (PnaacHcl, Table 1, Figure 4b) indicating that before Fe-addition
apatite formation or coprecipitation of P with calcite had quantitatively more impact on the sediment P
dynamics than Fe redox cycling. Further, Pnaagta concentrations are stable with depth (Figure 4a), implying
that Ca-P mineral formation has been occurring unchanged since Fe treatment, but 10 years might still be
insufficient to reflect changes on long-term P burial. Fe-addition thus changed the P dynamics of the system
predominately by introducing an additional, redox-sensitive sink for P to the surface sediment.

Fe reduction is therefore expected to be the main cause for P mobilization in the surface sediment, which
is supported by the correlating P and Fe porewater profiles (Figure 6, SI K). The sediment incubation
experiments further support redox dependent release of P to the surface water as P fluxes were two orders
of magnitude higher under anoxic than under oxic conditions (Table 3). However, seven times more P than
Fe was released during anoxic incubation (Table 3) and porewater P/Fe ratios range between
1.3 -4.3 mol/molinthe top 10 em. These ratios exceed the P/Fe ratio in the solid phase pools that represent
P-Fe association by one order of magnitude ([Pnancos + Pcog] / [Feasc + Fe(lll)nc + Fecos] = Ppre/ Fep-
re <0.4 mol/mol) (Figure 8). As discussed in section 4.1, OM can stabilize Fe?* in the solid phase which, in
such an OM-rich system, may be the main reason for the excessive P release with respect to the solid phase
P/Fe ratio. This dynamic represents a disruption of the “ferrous wheel”, as not enough Fe?* will be present
in the water body for quantitative coprecipitation of P and Fe, once oxidizing conditions return after
temporary bottom water anoxia.

The solid phase The Pr.re/Fepre ratios found in the surface sediment exceed 0.12 mol/mol (Figure 8b),
indicating that adsorption capacity of Fe for P is insufficient to reimmobilize the P released by Fe reduction.
The threshold of 0.12 mol/mol was found empirically for systems with P mobilization due to Fe reduction,
as at higher P/Fe ratios insufficient sorption sites are available to adsorb the released P (Hilbrandt et al.,
2019; Smolders et al., 2017; Xia, 2022). P mobilized by Fe reduction in the surface sediment due to bottom
water anoxia would thus be expected to reach the surface water. Surface water measurements suggest the
occurrence of local anoxic spells in shallow lake Terra Nova during the summer months (SI C). Mass balance
calculations confirm that periodic bottom water anoxia can account for the summer peaks in surface water
P concentrations: benthic P fluxes measured in the incubation experiments under anoxic conditions and
extrapolated to the whole lake (505451 pumol m™ d) exceed the required P flux needed for the peak in
surface water total P concentrations in 2021 (420 pmol m? d!) (Table 3). These fluxes are the highest since
beginning of monitoring and comparable to what is reported in the literature for shallow polymictic lakes
(SI B). Further, the inventory of reactive P in the sediment layer above the oxygen penetration depth (Sl K),
the layer susceptible to temporary bottom water anoxia, is large enough to account for summer peak P
concentrations.
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The increasing amplitude of the seasonal surface water P peaks (Figure 1f) indicates an increase in the
redox-sensitive P-pool in the surface sediment over time. Indeed, the solid phase Pp-re / Fepre ratios of
< 0.4 mol/mol (Figure 8b) suggest that capacity of the redox-active Fe in the top sediment to bind P by
coprecipitation is not exhausted. (van der Grift et al., 2016) found P/Fe ratios of maximum 0.6 mol/mol in
P-Fe co-precipitates formed upon oxidation of Fe?* in natural waters. When also Ca?* is present, P/Fe ratios
of 1 mol/mol can be reached for conditions comparable to the porewater compositions encountered in the
top sediments of Terra Nova (Senn et al., 2015). However, aging of the precipitates leading to more
crystalline Fe solids can be accompanied by a decrease in P/Fe ratios (Senn et al., 2017) but the aging can
be delayed in the presence of dissolved phosphate at solution P/Fe ratios exceeding 0.55 (Voegelin et al.,
2013). (Gerke and Hermann, 1992) reported the sorption maximum of P to Al and Fe complexed by organic
matter exceeding 0.5 mol P/mol (Fe+Al), while theoretically, ternary complexes of P, Fe and OM could reach
a P/Fe-stoichiometry of 1. The redox-active Fe-bound P pool in the surface sediment can thus still be
expected to increase, which potentially leads to even higher summer surface water P concentrations.

The data collected in this study suggests that the Fe-addition introduced a significant reactive Fe-pool to
the surface sediment. Due to recurring mixing of the surface sediment and association to OM, the added
Fe still undergoes redox cycling in the top 10 cm of sediment and was not quantitatively buried in sulfide
phases. This Fe pool represents a highly redox active sink for P, enriching it over the years, while not
providing enough sorption capacity to bind the P released by Fe reduction. Additionally, Fe?* is stabilized in
the solid phase by OM, causing P release to exceed Fe release with respect to solid phase P/Fe. This situation
has been amplifying the linkage between Fe reduction and P release during events of bottom water anoxia,
which is reflected in the increasing trend in lake water total P and ortho-phosphate concentrations since Fe
treatment (SI N). Furthermore, the top sediment still has the capacity to enrich the reactive Fe-bound P
pool by coprecipitation upon reoxidation of reductively released Fe, which will likely result in further
intensification of seasonal internal P loading in Terra Nova.

5 Conclusion

This study suggests that FeCls is not suitable to remediate internal P loading in dynamic lake systems such
as Terra Nova that are high in OM and undergo frequent sediment mixing and changes in oxygen availability.
The introduction of a highly reactive Fe source to such systems favours the formation and enrichment of a
highly redox sensitive P pool, leading to the intensification of seasonal internal P loading. It remains to be
investigated whether the addition of Fe in a less reactive form (e.g. Fe(oxy)hydroxides) would be a better
alternative, as it would probably allow for higher dosing and be less prone to form associations with OM.
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Figure 1: The Netherlands (a) with position of the Loosdrechtse Plassen lake system (solid rectangle, b) and lake Terra
Nova (dashed rectangle, c) with sampling locations for sediment cores (A, B, C) and surface water (C, D). Surface water
quality monitoring data of the period 1995 —2021 (courtesy of Waternet): temperature (d), dissolved oxygen
concentration (e), both systematically measured at 30 cm depth, total dissolved P and SRP (f). Before 2003 no measures
were taken to reduce internal loading (f, green), then burrowing fish were removed (f, blue). The lake was treated with
FeCls for 1.5 years beginning in 2010 (f, red). Subsequently, no further measures were taken (f, yellow).



P
(umolig)

50

100

Al
(nmol/

500
10002

1500

Journal Pre-proof

S
(umolg)

vy

Depth (cm)

o aZEEREREES
L as
¥
Ry ¥

TOC
wt%

20

Fe/P

(mol/mol)

25

0.00

0.25

FelAl

(mol/mol)
o

0.5

FelS

(mol/mol)

0.75

1.00

e
=)

0
=)

e
=

1.5

el
Fap

b

f.t
10

=15
20

vy

it
N

Depth (cm

./‘/’) >
S

!
K

30 Station

35 L A 1
40/ * B
c

. i

Figure 2: Total elemental composition of the sediment solid phase. All concentrations and ratios are per g dry weight.
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Figure 3: Reactive sedimentary Fe pools at stations A, B, and C based on sequential Fe extraction. (a) Concentrations per
sediment dry weight; (b) Contribution of the three main Fe pools to reactive Fe content in mol% including Fease, Fe(ll)uci
and Feunos. Black triangles indicate the depth approximately corresponding to 2010, the year of Fe-addition (Sl J).
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Figure 4: Extractable P pools at stations A, B, and C based on sequential P extraction. (a) Concentrations per sediment
dry weight; (b) Relative contribution of each pool to total P content. Black triangles indicate the depth approximately
corresponding to 2010, the year of Fe-addition (SIJ).
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Figure 5: SEM images of sediment samples from Station A. At 5 cm depth (a, b) a pyrite framboid is visible as indicated
by the circle in (a) and at higher magnification in (b). The sample at 38 cm depth (c, d) shows diffuse distribution of Fe
with regions of high abundance of Fe coinciding with high abundance of S according to EDS mapping (d). Especially
recognizable is a large accumulation of euhedral pyrite crystals and two pyrite framboids. The latter are indicated by
arrows (c).
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Figure 6: Porewater concentrations of SRP, Fe (including speciation) and sulfide (H.S) for stations A, B and C, respectively.
Black triangles indicate the depth approximately corresponding to 2010, the year of Fe-addition (Sl J).
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Figure 7: Evolution of the concentration of SRP (circles) and total Fe (triangles) in the supernatant water of the oxic
(filled) and anoxic (open) incubation experiments at stations A, B and C.
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Figure 8: Molar P/Fe ratios in (a) the porewater and (b) the solid phase. Solid phase Pp.re/ Fep-re
= [Pnarcos + Pcos] / [Feasc + Fe(lll)uci + Fecps] corresponds to the ratio of solid phase P associated to Fe and solid phase Fe
with affinity to P based on the sequential extractions of P (Table 1) and Fe (Table 2).
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Table 1: Sequential P extraction scheme.

Steps  Extractants Time Target phase Term References
| 1 M MgClz (pH 8) 0.5h Exchangeable P Pmegci2 (Slomp et al,,
1996)
la 1 M NaHCOs (pH 7.6) 16 h OM-associated P based on
(Baldwin,
PNatcos 1996)
llb 1 M MgClz (pH 8) 0.5h Washing step (Parsons et
al., 2017)
2 CDB solution (pH 7.6): 8h P bound to Fe oxides (Slomp et al.,
_ *
0.3 M Nas citrate, 25 g/L :(clg piwzs*ahates 1996)
Na dithionite, 1M : Pcos
NaHCO3
b 1M MgClz (pH 8) 0.5h Washing step
Va 1 M Na acetate buffered 6h Authigenic apatite
to pH 4 with acetic acid
Vo 1M MgCla(pH 8) 0.5h Washing step Phasc/ic
\Y 1 M HCI 24 h Detrital apatite
VI Ashing at 550°C 2h Organic P Psso°c/mHal

1 M HCI 24 h

Fe(Il) — phosphates (e.g. vivianite) (Dijkstra et al.; 2016; Nembrini et al., 1983)
™ P coprecipitated with CaCOs (Kraal et al., 2017)

Table 2: Sequential Fe extraction scheme.

Steps Extractants Time Target phase Term References
| Ascorbate solution (pH 7.5): 24 h Easily reducible Fe Feasc (Raiswell et al.,
0.057 M ascorbic acid, 0.17 (oxyhydr)oxides 2010)
M Nas citrate, 0.6 MM
NaHCO3
I 1M HC 4 h Acid soluble Fe: Fena: (Claff et al., 2010)
Fe(ll): FeS* Fe(l)na
Fe(lll): amorphous Fe(ll)Hci

Fe (oxyhydr)oxides

1l CDB solution (pH 4.8): 4h Crystalline Fe Fecos
0.35 M glacial acetic acid, (oxyhydr)oxides
0.2 M Na citrate, 50 g/L Na
dithionite

\Y, Oxalate solution (pH 3.2): 6h Magnetite Feox (Lovley and
0.2 M Ammonium oxalate, Phillips, 1987;
0.17 M oxalic acid McKeague and

Day, 1966)

Vv Conc. HNOs (65-70%) 2h Pyrite Fennos (Claff et al., 2010)
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- - - All extractable Fe Fereac Based on (Poulton
and Canfield,
2005)

* Supplementary information F

Table 3: Benthic fluxes for the individual stations and extrapolated to the whole lake as measured in the incubation
experiments (a) and estimated from in situ total P concentrations measured in the surface water monitoring (b). Ratios
are the ratios of the fluxes. Whole lake averages calculated from the incubation experiments are weighted for their
contribution to sediment surface area.

Oxic Anoxic Anoxic / Oxic Anoxic Anoxic
P P P Fe P/Fe
(umol m2d?) (umol m2d?) (umol m=2d?)

a)
Station A 5.54 466 84 70.4 6.6
Station B 36.1 365 21 69.9 5.2
Station C 25.8 546 10 75.6 7.2
Whole lake average 16413 505451 52439 7313 6.9+0.4
b)
In situ P flux

420 umol P/m?/d
(15.9-21.7.2021)
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Graphical Abstract

Long-term effect of FeCl, amendment on sediment geochemistry

and internal P loading in a shallow peat lake

Internal P loading during summer The added Fe is still participating in the Fe redox cycling

months gradually intensified in the surface sediment, mainly in a pool associated to

after FeCl; amendment. organic matter. This pool binds P, but releases it

immediately under low oxygen conditions, while Fe is
30 surface water tatal P stabilized in the solid phase by the organic matter.
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