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Permeable sediments, which represent more than 50% of the continental shelves, have been largely neglected as a potential source of Fe in current global estimates of benthic dissolved iron (Fed) fluxes. There are open questions regarding the effects of a range of factors on Fed fluxes from these deposits, including seasonal dynamics and the role of bioirrigation. To address these gaps, we performed laboratory-based sediment incubation experiments with muddy sands during summer (21 °C) and winter (7 °C). We used bioirrigation mimics to inject overlying water into the permeable sediment with patterns resembling the bioirrigation activity of the prolific bioturbating polychaete, Clymenella torquata. Newly developed in-line Fe accumulators were used to estimate Fe fluxes with a recirculating set-up. We found high Fed fluxes from sandy sediments, especially in benthic chambers with simulated bioirrigation. In the winter fluxes reached >200 µmol Fed m-2 d-1 at the onset of irrigation and then decreased over the course of a 13-day experiment while in the summer fluxes from irrigated sediments reached >100 µmol Fed m-2 d-1 and remained high throughout a 7-day experiment. Despite different geochemical expressions of Fe-S cycling and resulting porewater Fed concentrations in winter and summer, large Fed fluxes were sustained during both seasons. Solid-phase and porewater concentration profiles showed that maximum concentrations of key constituents, including total solid-phase reactive Fe, and porewater Fed and ammonium, were located closer to the sediment water interface (SWI) in irrigated cores than in non-irrigated cores due to the upward advective transport of dissolved porewater constituents. This upward transport also facilitated Fed fluxes out of the sediments, especially during times of active pumping. Our study demonstrates the potential for large Fed fluxes from sandy sediments in both summer and winter, despite relatively low standing stocks of labile organic matter and porewater Fed. The primary driver of these high fluxes was advective porewater transport, in our study induced by the activity of infaunal organisms. These results suggest that permeable sediments, which dominate shelf regions, must be explicitly considered in global estimates of benthic Fed fluxes, and cannot be simply extrapolated from estimates based on muddy sediments.
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1 Introduction

Iron (Fe) is a redox sensitive metal that is a critically important nutrient, but often limiting in the ocean (Martin and Fitzwater, 1988; Behrenfeld et al., 1996; Coale et al., 1996; Behrenfeld and Kolber, 1999) due to its low solubility at current ocean pH and oxygen (O2) concentration (Millero et al., 1995). Continental margin sediments are suggested to be an important source of dissolved Fe (Fed, operationally defined as Fe that can pass through a 0.2 µm filter) to the ocean (Elrod et al., 2004; Conway and John, 2014), though current flux estimates are not well constrained (Dale et al., 2015). By relating Fe fluxes to organic carbon oxidation, Elrod et al. (2004) estimated the global continental shelf benthic flux to be approximately 89 Gmol y-1 (~ 4.3 µmol m-2 d-1). Dale et al. (2015) later used a model that included both organic carbon oxidation and bottom water oxygen concentrations to estimate a continental shelf benthic Fe flux of 109 ± 55 Gmol y-1(~5.3 µmol m-2 d-1). There are still components that are not resolved in the model, including seasonal and species-specific variability in benthic macrofaunal activity, such as differences in irrigation mechanisms and pumping rates, that cannot be captured by single constants. Additionally, these models were based on a limited set of data, most of which were collected off the California margin (Dale et al., 2015). As a result, the global Fed benthic flux was extrapolated assuming muddy diffusive sediments, and failed to consider sandy advective sediments, which make up ~ 50% of continental shelves (Huettel et al., 2014).

Early diagenetic processes in marine sediments play a key role in controlling the benthic fluxes across the sediment water interface (SWI). Within sediments, various electron acceptors are utilized in the remineralization of organic carbon (Corg), typically used in the order of most energetically favorable to least energetically favorable, following the pattern of O2, nitrate (NO3-), Mn-oxides, Fe-oxides, sulfate (SO42-), and carbon dioxide (CO2) with depth (Froelich et al., 1979). The Fe-oxides are reduced during dissimilatory iron reduction (DIR) and can also be reduced during the reoxidation of hydrogen sulfide (H2S), the product of sulfate reduction (Millero, 1991; Poulton et al., 2004). Both processes release Fed into the surrounding porewater that can then diffuse deeper into the sediments or undergo secondary reactions that retain it in the sediment. Diffusing Fed can move towards the SWI and may ultimately escape from the sediment as a benthic Fed flux. Secondary processes of the released Fed include reaction with H2S at depth to form iron-sulfur minerals, such as iron monosulfides (FeS) and pyrite (FeS2) (Rickard, 2006; Rickard and Luther, 2007; Scholz et al., 2014; Lenstra et al., 2021) and reoxidation to Fe-oxides by O2, NO3-, or Mn-oxides (Lovley and Phillips, 1988) near the SWI. The formation of iron-sulfur minerals can result in the more permanent burial of Fe (and sulfur) in the sediments (Berner, 1970). Alteration of sediment redox conditions, however, can result in the reoxidation of Fe sulfides and the return of Fe back into the reactive Fe-oxide pool (i.e. Fe that readily reacts with sulfide) (Canfield, 1989; Schippers and Jørgensen, 2001; Rickard and Luther, 2007). During reoxidation, Fed can again be generated as an intermediate product (Aller, 1980; Nielsen and Risgaard-Petersen, 2015). The input of organic material, which varies seasonally, therefore has a critical influence on the sedimentary oxygen dynamics, Fe cycling and resulting benthic Fed fluxes on continental margins.

Much of the research investigating sedimentary Fe cycling has been done in muddy organic-rich cohesive sediments, where molecular diffusion is the dominant transport process within the sediments, though exchange of solutes between the sediments and overlying water can be enhanced by the flushing of burrows into which reduced metabolite can diffuse along concentration gradients (Severmann et al., 2010; Lenstra et al., 2019). Permeable sediments, defined by a permeability of ≥ 10-12 m2 (~1 darcy) (Wilson et al., 2008; Huettel et al., 2014) have been shown to be sites of significant Corg remineralization (Boudreau et al., 2001; de Beer et al., 2005; Huettel et al., 2014), with Corg remineralization rates similar to those of muddy cohesive sediments despite low standing stocks of organic matter (Rowe et al., 1988). The supply of organic matter and oxygen and the removal of remineralization products by advective porewater flow are considered to be the main drivers of efficient organic matter mineralization in permeable sediments. Porewater advection is driven by pressure gradients that can be caused by tidal currents, wave action, and the interaction of bottom currents with physical and biological structures (Forster et al., 1996; Huettel and Rusch, 2000; D'Andrea et al., 2002; Precht et al., 2004; Reimers et al., 2004; Santos et al., 2012) and also by the activities of benthic macrofaunal organisms (Wethey et al., 2008). The advective flow of porewater can transport oxygen and Corg up to at least several centimeters into the sediment (Huettel et al., 1996; Huettel and Rusch, 2000), while also quickly flushing out accumulated remineralization products, including ammonium (NH4+) and dissolved inorganic carbon (DIC), effectively allowing the sediment to act as a biocatalytic filter (Huettel and Rusch, 2000). The benthic cycling of Fed in sandy sediment and the scale and controlling factors of Fed fluxes in this environment remain little investigated, though previous work suggests advective transport coupled to Fe remobilization processes can be important drivers of benthic fluxes from permeable sediments (Huettel et al., 1998; Jahnke et al., 2005).

Bioirrigation describes the transport of water into, through and out of the sediment by the burrow ventilation of benthic macrofauna. It has been shown to greatly increase the exchange of solutes between porewater and overlying water relative to what would be observed solely through molecular diffusion (Aller, 2001) in sediments, especially in permeable sands (Kristensen and Kostka, 2005; Meysman et al., 2006; Volkenborn et al., 2007a; Volkenborn et al., 2007b; Huettel et al., 2014). Bioirrigators affect the biogeochemistry of the sediment by injecting oxygen-rich overlying water into the burrow, which influences the redox conditions of the surrounding sediments by flushing out remineralization products (Davis, 1974; Volkenborn et al., 2012) and enhancing the reoxidation of Fe2+ and Fe sulfides (van de Velde and Meysman, 2016). The extent of bioirrigation is dependent on a number of factors, varying greatly among species, burrow types, and the intended function of the burrow ventilation (e.g. if irrigation predominately supports suspension-feeding, metabolite flushing, or some combination of both) (Aller, 1982; Kristensen, 2001; Kristensen and Kostka, 2005; Volkenborn et al., 2012).

In this study, we aimed to evaluate the effect of bioirrigation and seasonality on Fe cycling and Fed fluxes from sandy sediments. Over a 9-month period, key iron-cycling parameters were assessed from sampling an intertidal sandflat on the south shore of Long Island, NY, densely populated by the maldanid polychaete, Clymenella torquata. Sediment incubation experiments with and without bioirrigation mimics were conducted using sediments collected in the summer and winter. Bioirrigation mimics were designed to accurately reflect in situ irrigation patterns by benthos and population densities common in the study area (Dwyer et al., in review). Fed fluxes were estimated using the in-line Fe accumulators as described by Aller et al. (2023) and porewater profiles and solid-phase compositions were compared across seasons. This study provides some of the first benthic Fed flux estimates from bioirrigated sands, isolating the effect of bioadvection, and closing an important gap in our knowledge of the potential for permeable sands to act as a significant source of Fed to the ocean.




2 Materials and methods



2.1 Sediment collection



2.1.1 Sediment collection for reactive Fe-oxide field monitoring

Sediment was collected monthly, from July 2021 to April 2022, at an intertidal sand flat adjacent to Ponquogue Bridge in Shinnecock Bay, Long Island, New York (Figure 1) for monitoring Fe-speciation in solid-phase samples. Sediments were collected at low-tide while overlying water was absent. Polycarbonate tubes (~9.5 cm diameter) were used to collect the upper 15 cm of sediment. Cores were immediately sampled at coarse intervals, including a surface scraping of approximately 0.2 cm, and from the top 1 cm, 1-6 cm, and 6-15 cm. Samples were placed in plastic bags and immediately put in a cooler with ice, and frozen upon return to the lab. Sediment was sampled from 2-3 cores collected from two locations (Figure 1) in the low intertidal densely populated by C. torquata (approximately 1000-3000 indvidiuals m-2) and in the high intertidal that was only sparsely populated by C. torquata (approximately 0-400 individuals m-2). Samples were analyzed only for operational Fe-oxide content following the procedure described in 2.6.1.




Figure 1 | Satellite map (Map data: Google, SIO, NOAA, U.S. Navy, NGA, GEBCO, LDEO-Columbia, NSF, NOAA, U.S. Geological Survey; Map data: Google, SIO, NOAA, U.S. Navy, NGA, GEBCO) showing the sediment collection sites #1 and #2 (depicted by red stars) in Shinnecock Bay (outlined in red) on the south shore of Long Island, NY. Scale bars in the bottom right corners for location size reference.






2.1.2 Sediment collection for incubation experiment

Sediment incubation experiments were performed using sediment collected from the intertidal sand flat described in 2.1.1 during low-tide. Sediments at this site are composed of muddy sand, with a measured porosity of ~0.44 and with a permeability of ~1.6 x10-11 (16.2 darcys). Polycarbonate tubes were used to collect the upper ~15 cm of sediment during low tide in September 2020 (water temperature ranging from 19-22 C, Salintity was ~ 30 psu) for the summer experiment and in January 2021 for the winter experiment (water temperature ranging from 2-8 C, Salintity was ~ 33 psu). Cores were collected in polycarbonate tubes, sealed, and placed in buckets filled with seawater before being transported back to the lab for processing. This mode of core transport maintained core structure and avoided porewater drainage until sampling or additional processing.





2.2 Incubation experiment with irrigation mimic set-up

The following procedure was carried out for both summer and winter microcosm experiments. All chambers, tubing, and connectors were acid cleaned (10% trace metal grade HCl) prior to starting the experiments. In the lab, cores were sliced into 3 depth sections: the top 0-1 cm, the middle 1-6 cm, and the bottom 6-15 cm. Each section was collected into a bucket and homogenized by hand, then sieved through a 2 mm sieve to remove large macrofauna. The sieved sediment was used to fill seven polycarbonate cylindrical chambers (~14.6 cm diameter) by redistributing the sections of sediments successively. Chambers were filled first with 9 cm of “bottom” sediment, then 5 cm of “middle sediment”, and topped with 1 cm of “top” sediment. Three smaller polycarbonate tubes (~9.5 cm diameter) were filled in the same way and placed in large buckets filled with seawater to prevent atmospheric exposure. These “initial cores” were sampled for porewater and solid-phase sediment after 24 in the winter and after 48 hours in the summer to get baseline measurements for the sediment columns.

Each experimental chamber was then filled gently with ~12 cm of overlying seawater and sealed with a polycarbonate cap. There were two polycarbonate chambers with only seawater (~1800 mL, no sediment) which were used as control cores. Each cap was fitted with inflow and outflow ports, which were part of a recirculation system with peristaltic pumps (Masterflex 7550-50) that continuously exchanged the overlying water at a rate of 32 mL min-1 in the winter (τ ~1 hr) and between 32-64 mL min-1 in the summer (τ ~0.5-1 hr) between the chambers and individual 4-liter reservoirs. Chamber outflow was continuously monitored for dissolved O2 in a subset of cores using Pyroscience (Pyroscience TSUB36 Shielded Submersible Temperature Sensors, Pyroscience OXFTC2 Oxygen Flow-Through Cells, and Pyroscience SPFIB-BARE-CL2 Optical Fibers) and PreSens (PreSens PT100 Temperature Sensor, PreSens POF-FTC-L2.5-1ST optical fibers, and Presens FTC-PSt7-10-YOP-4mm Flow Through Cells for Oxygen) sensors to ensure fully oxic conditions in the overlying water and water exchange rate was adjusted, if necessary. The lid also held a magnetic stir bar, and motors with rotating magnets were used to rotate the sir bars in a pre-set pattern of 15 sec stirring, 15 sec rest, 15 sec stirring in the opposite direction, and 15 sec rest that was found to limit physical artifacts caused by stirring (Janssen et al., 2005). Each circulation system was fitted with an in-line Fe accumulator attached to the outflow tubing (Aller et al., 2023). The Fe accumulators were comprised of 2 g of glass wool (Pyrex C3950, 8 μm diameter) filled loosely in a 50 mL centrifuge tube with the bottom cut open. Fe accumulators were placed vertically in the lid of the individual reservoirs, allowing water to flow through the glass wool and return to the reservoir while trapping Fed, Fe3+ chelates, and other forms of particulate Fe (Aller et al., 2023) in the process. Air stones connected to air pumps were used to fully reoxygenate the water after it had passed through the Fe accumulator and before being circulated back into chambers. Fe accumulators were exchanged at predetermined time intervals, generally ~24 hrs, with exact timing recorded.

Experimental cores were exposed to one of two treatments (Figure 2 and Supplemental S2). Four of the cores were designed to mimic the bioirrigation patterns of Clymenella torquata, an infaunal polychaete that orients head-down and injects oxic water at depth into a blind-ended tube, creating continuously and/or intermittently oxic zones around its feeding pocket (Rhoads and Stanley, 1965; Dobbs and Whitlatch, 1982; Meysman et al., 2006). Clymenella is the dominant macrofauna on the sand-flat where the sediment was collected. In this set-up, the bottoms of the 4 “irrigated” cores were fitted with mesh covered injection ports (Masterflex 7014-20 pump head) that were connected by Masterflex L/S silicone tubing to computer-controlled peristaltic pumps (Masterflex 7550-50). The injection lines were connected to the circulation systems of the cores and drew water from the overlying water effluent ports. Water was injected at a rate of 0.39 mL min-1 [which equates to a volume pumped by ~10 individual maldanids (Mangum, 1964)] at approximately 12 cm below the sediment surface in constant time intervals, aiming to deliver water with irrigation patterns and time scales comparable to natural to patterns observed for C. torquata. For summer sediment and temperature conditions, this pattern was found to be 3.75 minutes of active pumping, followed by 3.75 minutes of rest, while the winter pattern was 10 minutes of active pumping, followed by 10 minutes of rest (Dwyer et al., in review). Irrigation began on Day 4 in the winter and Day 3 in the summer. Given the porosity of the sediment (0.44) and the dimensions of the cores (~15 cm sediment height, 14.6 cm diameter), the cores had an approximate porewater volume of 1100 mL. In both seasons the porewater turnover time from the addition of water during irrigation was ~4 days. The other 3 experimental cores, termed the “non-irrigated” treatment, had a standard core bottom without injection ports.




Figure 2 | Diagram of experimental flowthrough chamber with reservoir (I), stirring mechanism (II) and Fe-accumulator (III) (Modified from Aller et al., 2023). Water flow is indicated by black arrows. The Non-Irrigated treatment is shown on the left, and the Irrigated treatment, also fitted with a mechanical irrigation mimic comprised of a computer controlled peristaltic pump (IV) and mesh covered injection port (V) is shown on the right.



Irrigation in the cores and collection of the Fe accumulators for Fe flux estimates was not started until 3-4 days after cores were constructed to ensure a sufficient amount of time to pass to allow cores to return to their anoxic states without artifacts from core construction.




2.3 Core sampling

Upon completion of the incubation period, porewater was sampled using 5 cm long Rhizons (Rhizosphere Research Products) that were inserted horizontally through pre-drilled ports at 1 to 2 cm intervals down to the bottom of the cores (Seeberg-Elverfeldt et al., 2005; Steiner et al., 2018). To prevent oxidation of porewater analytes, Rhizons  were deoxygenated in N2-bubbled water for 20 minutes prior to use. The first 0.5 mL of liquid was discarded. An aliquot of the porewater was preserved with 2% (w/v) zinc acetate for sulfide and anion (sulfate, chloride) concentration analyses. A second aliquot was acidified to 2% (v/v) with concentrated trace metal grade nitric acid for trace metal concentration analyses and stored in an acid-washed vial. A final aliquot was left untreated for analysis of ammonium concentration and alkalinity.

Subsequently, cores were drained of overlying water and prepared for solid phase sample collection. Using a clean plastic spoon, the top 2-3 millimeters of sediment were scraped off and collected separately. Sediment was then sampled in 1 cm intervals down to 3 cm (summer) and 4 cm (winter), and in 2 cm intervals below. In the irrigated treatment cores, sediment samples were taken from the bulk sediment surrounding the oxygenated pocket that formed during the experiment, as well as from within the oxygenated pocket. Samples from each depth were collected quickly after slicing under normal atmospheric conditions, put into bags and immediately frozen for later analysis.




2.4 Iron flux estimates

Fe was extracted from Fe-accumulators in a 0.5 N HCl leach for 7.5 hrs. Leachate was sampled using a syringe, filtered through 0.2 μm filter polyethersulfonate syringe filter and collected in a new vial. After leachates were sampled, the accumulators were rinsed with Milli-Q water and dried in their extraction tubes to remove any excess liquid. Extraction tubes were weighed before and after the addition of HCl and after the drying step to get an exact extraction volume. Leachates were analyzed spectrophotometrically for Fe following the ferrozine method (Stookey, 1970). Total Fe contents on the accumulators was calculated using the measured Fe concentrations and using the calculated extraction volumes. Benthic Fed fluxes were calculated by dividing the Fe contents extracted from the accumulators by the amount of time the accumulators were deployed and by the sediment surface area (0.167 cm2).




2.5 Porewater analyses

The acidified pore water aliquots were diluted 1:20 with 2% trace metal grade nitric acid and analyzed for Fed on an Agilent 7500 inductively-coupled mass spectrometer (ICP-MS) at SUNY Stony Brook using CASS-5 as external standard, with a detection limit of 0.7 nM. Sulfide concentrations were measured spectrophotometrically on the ZnAc fixed samples diluted 2-30 fold following the Cline method (1969). Chloride and sulfate concentrations were measured on a Metrohm 930 Compact IC Flex (Metrohm A Supp 5 column, 20 μL loop, 3.2 mM Na2CO3/1 mM NaHCO3) equipped with a Metrohm 850 Conductivity Detector and a Metrosep A PCC HC for matrix elimination using the ZnAc fixed samples diluted 1:200 fold. Standards for IC analysis were prepared from a Metrohm ISO certified sulfate and chloride standard solutions (1000 ± 5 ppm SO42-; 1000 ± 5 ppm Cl-) with IAPSO seawater as a secondary reference standard. Ammonium was measured colorimetrically on unfixed aliquots (Solorzano, 1969). Alkalinity was measured colorimetrically following a modified version of the method described in Sarazin et al. (1999).




2.6 Solid phase analysis

For all solid-phase analyses, samples from one core per treatment were analyzed. Prior to each analysis, the outer oxidized surface layer was removed to avoid any reoxidation artifacts due to sample storage.



2.6.1 Reactive Fe-oxides

For each analyzed sample, between 0.25-0.35 g of frozen sediment was weighed into 15 mL centrifuge tubes for a two-step sequential reactive Fe extraction. The first step targeted labile-Fe, including amorphous Fe(III)-oxides, FeS, and non-sulfidized particulate Fe(II) (Kostka and Luther, 1994). Sediments were extracted in cold 0.5 N trace metal grade HCl for 1 hr on a shaking table. The vials were then centrifuged at 5000 rpm for 5 min. The supernatant was collected using a pipette and saved for Fe analysis. HCl supernatant (FeHCl) was analyzed for both ferrous Fe and total Fe following the ferrozine method with and without hydroxylamine hydrochloride, respectively (Stookey, 1970; Viollier et al., 2000). Fe(III) was calculated as the difference between total Fe and Fe(II). The second step was a dithionite extraction (50 g L-1 sodium dithionite with 0.35 M acetic acid and 0.2 M sodium citrate, buffered to pH=4.8), targeting more crystalline Fe(III)-oxides, as described in Poulton and Canfield (2005). The dithionite solution was added to each tube and the tubes were shaken for 2 hrs. The vials were centrifuged at 5000 rpm for 5 min and the supernatant was collected using a pipette. The dithionite fraction (FeDith) was analyzed for total Fe using the Ferrozine method (Stookey, 1970). We define highly reactive Fe as the sum of Fe(II)HCl, Fe(III)HCl, FeDith and FePyrite. Relative contribution of Fe(II)HCl, Fe(III)HCl, FeDith and FePyrite, pools to the highly reactive Fe inventory were calculated.

We define residual reactive Fe-oxides as the sum of Fe(III)HCl and FeDith. Residual reactive Fe-oxide inventories for each core interval were calculated using Equation 1, where the wet density was determined to be 1.9 g cm-3 and CFe-oxide is the residual reactive Fe-oxide content in µmol Fe g-1 dry sediment.

Eq1:

	




2.6.2 Acid volatile sulfide and chromium reducible sulfur

Solid sediment was analyzed for acid volatile sulfide (AVS) and chromium reducible sulfur following the distillation method described by Fossing and Jørgensen (1989). Approximately 1.5-2.5 g of frozen sediment was weighed into reaction vessels, taking care to scrape away any obviously oxidized sediment. Sediments were covered in N2-bubbled 50% ethanol to prevent oxidation of sediment prior to the distillation. The first step of the distillation (AVS) used 6N HCl for 60 minutes while in the second step a boiling chromium chloride solution was added. The sulfur released from both distillations was collected in individual zinc acetate (5%) traps as ZnS. Traps for AVS and CRS were analyzed spectrophotometrically at 670 nm following the Cline method (Cline, 1969). Repeated analyses of NIST SRM 1646a as reference standard for CRS gave a precision of 4%. Fepyrite for each sample was calculated stoichiometrically from its CRS contents, assuming a 1:2 ratio of Fe:S.




2.6.3 Total organic carbon

Approximately 7 mg of dried sediment from the winter and summer initial cores was weighed into silver capsules and analyzed for total organic carbon (TOC). 100 µL of distilled water were added to each sample capsule, and then samples were decarbonated by fumigation in a glass desiccation chamber for 24 hours with 50 mL of 35% HCl. Samples were then placed in a Costech “zero blank” autosampler and analyzed for C content on a Thermo Scientific Isolink elemental analyzer coupled to a Delta V Plus isotope ratio mass spectrometer. Replicates of Carrera marble were measured as a TOC blank.






3 Results



3.1 Summer and winter core incubation experiments



3.1.1 Porewater chemical composition

In the winter experiment, Fed was present throughout the sampled sediment depths in the irrigated cores, reaching maximum concentrations of ~250 µM at ~2 cm, and decreased below, but remained >100 µM at 10 cm. In the winter non-irrigated cores, Fed concentrations increased to >300 µM at 2 cm, remained relatively constant from 2 cm to 7.5 cm, and then increased again to reach values >400 µM at 10 cm (Figure 3A). In the summer experiment, Fed concentrations above the detection limit were measured only in the upper 2.5 cm in all cores. In all summer irrigated cores, Fed concentrations were the highest in the samples closest to the SWI and reached concentrations of ~ 150 µM. In the non-irrigated cores, Fed concentrations reached maximum values of 50-100 µM (Figure 3E). In both seasons, Fed in the initial cores were lower than at the end of the experiments, with maximum values of ~100 µM in the winter and ~ 50 µM in the summer.




Figure 3 | Porewater constituents (Fe, SO4, H2S, Alkalinity, and NH4+) plotted with depth (cm) in winter (A–D) and summer (E–I). Initial core porewater values are depicted by purple squares, Non-Irrigated core porewater values are depicted by green circles, and Irrigated core porewater values are depicted by blue triangles.



The winter experiment showed relatively constant SO42- concentrations with depth in the initial and irrigated cores, averaging 26.3 ± 0.5 mM and 23.3 ± 0.9 mM, respectively (Figure 3B). Sulfate concentrations in the non-irrigated cores decreased slightly with depth, on average 1.9 mM lower at mid-depth in the cores and increase towards the bottom of the cores. Sulfate concentrations were also relatively constant in the initial and irrigated cores in the summer experiment with average concentrations of 23.6 ± 0.8 mM and 25.4 ± 0.7 mM, respectively (Figure 3F). SO42- concentrations in the non-irrigated cores decreased with depth, on average 5.2 mM lower in the bottom sample than in the topmost sample. Porewater chloride concentrations were generally constant with depth (data not show).

Hydrogen sulfide (H2S) concentrations were below detection limit in all samples from the winter experiment. In the non-irrigated cores of the summer experiment, hydrogen sulfide concentrations started to increase at 1.5-2.5 cm below the sediment surface and reached maximum values of 1000-1500 µM at ~6 cm before decreasing with depth. In the irrigated cores, H2S was detected in the shallowest samples at ~0.5 cm depth and reached peak values of 400-500 µM at ~3.5 cm before decreasing with depth (Figure 3G).

Alkalinity concentrations in the initial and irrigated cores in the winter were relatively constant at depth with values ~5 mM. Alkalinity concentrations increased in the non-irrigated core to maximum values of 10-15 mM at ~6 cm depth and decreased below (Figure 3C). Alkalinity values in the summer initial cores increased with depth to a maximum of 8 mM at 4.5 cm, and then decreased below. In the non-irrigated cores, alkalinity values increased with depth to 7-12 mM at ~4.5 cm, and then remained constant with depth. The irrigated cores showed a slight decrease in TA in the top 0.5 cm, but then values remained constant at 5 mM (Figure 3H).

Concentrations of ammonium (NH4+) in the initial cores of the winter experiment increased steadily with depth in the top 3 cm and remained at a relatively constant value of ~550 µM for the remainder of the core. In the non-irrigated cores, NH4+ concentrations increased to maximum values of 2000 µM at ~6 cm, and then remained relatively constant with depth. In the irrigated cores, NH4+ increased in the top 2 cm to values ~500 µM before decreasing below (Figure 3D). The summer experiments showed similar profiles to the winter experiments, however maximum NH4+ values were different. In the initial cores the maximum NH4+ concentration was ~750 µM, in the non-irrigated cores the maximum value detected was 1000-1500 µM, and in the irrigated cores the maximum values were ~250 µM (Figure 3I).

The relative ratio of C:N estimated in the non-irrigated cores from linear regressions of porewater concentrations of alkalinity vs NH4+ (assuming that the non-irrigated treatment was a closed system with no differential diffusion and little NH4+ adsorption) was 5.1 in the winter and 5.6 in the summer (Supplemental S1).




3.1.2 Benthic iron flux

In the winter experiment, the Fed flux from irrigated sediments was greater than the flux out of the non-irrigated sediments (Figure 4A). After irrigation was initiated on Day 3, there was a sustained elevated flux of Fed on Days 3-5, averaging 217 ± 55 µmol m-2 d-1 for all 4 irrigated replicates during that time frame. There was no evidence of a decreased Fed flux with a timescale corresponding to porewater volume turnover due to bioirrigation (~ 4 d). The flux decreased steadily throughout the course of the experiment and reached an average of 37 ± 12 µmol m-2 d-1 by the final 2 days of the experiment. The flux out of the non-irrigated sediments was low throughout the course of the experiment, with estimated Fed fluxes ranging from 0 -14 µmol m-2 d-1, though mostly below 8 µmol m-2 d-1. Similarly, once irrigation began in the summer experiment on Day 2, Fed fluxes from the irrigated cores were always greater than from the non-irrigated cores (Figure 4B). There was an initial pulse of Fe on the day irrigation began, averaging 130 ± 61 µmol m-2 d-1 and values stabilized at 80 ± 42 µmol m-2 d-1 for all irrigated replicates for the remainder of the experiment. The fluxes from the non-irrigated core initially averaged 40 ± 22 µmol m-2 d-1 over the first three days, and then averaged 11 ± 10 µmol m-2 d-1 in the second half of the experiment.




Figure 4 | Fe accumulator Fe flux (µmol m-2 d-1) estimates over the course of the winter experiment (A) and summer experiment (B). Estimates from the Non-Irrigated cores are shown in green and estimates from the Irrigated cores are shown in blue. Vertical lines indicate the minimum and maximum values, the horizontal lines indicate the median value, and the boxes indicate the interquartile range. Non-irrigated treatments had 3 replicates per time point, and Irrigated treatments had 3 replicates (summer) or 4 replicates (winter) per time point.






3.1.3 Solid-phase composition



3.1.3.1 Iron contents

The initial core of the winter experiment had the greatest highly reactive Fe content (defined as the sum of FeHCl, FeDith, and FePyrite fractions) in the topmost cm, with a value of ~19.0 µmol Fe g-1 (Figure 5A), with residual reactive Fe-oxides (Fe(III)HCl and FeDith) having a value ~9 µmol Fe g-1. Between 2 and 12 cm, the residual reactive Fe content remained relatively constant and averaged at 3.8 ± 0.5 µmol Fe g-1, though total reactive Fe (driven by differences in Fepyrite) was lower mid-depth, and higher at the bottom of the core. At the end of the experiment, the irrigated core was characterized by a substantial enrichment of highly reactive Fe in the top 0.2 cm with a value ~ 31 µmol Fe g-1 (Figure 5C). There was also a slight surface enrichment (~15 µmol Fe g-1) in the non-irrigated core relative to the deeper sediment layers, however, its Fe content was less than the value observed in the initial core (Figure 5B). Residual reactive Fe-oxide contents in the remainder of the cores from both treatments remained constant with depth with an average value of 3.2 ± 0.4 µmol Fe g-1 for the non-irrigated core (excluding the surface scrape sample) and 3.1 ± 0.4 µmol Fe g-1 for the irrigated core (excluding the surface scrape sample). In both treatments, total reactive Fe followed a similar trend to the initial core, with lower concentrations mid-depth, and higher concentrations at the bottom of the core. In the irrigated treatment, the Fe-oxide content within the irrigated pocket was greater than in the surrounding bulk sediment with 4.7 ± 0.1 µmol Fe g-1 from 10-14 cm sediment depth compared to 2.8 ± 0.4 µmol Fe g-1, however, the bulk sediment made up the difference with greater FeHCl(II) contents. The Fe-oxide inventory of the initial core was estimated to be ~84 µmol Fe cm-2 (summation of the individual interval inventories, e.q. 1), while estimates for the non-irrigated and irrigated cores were ~66 µmol Fe cm-2 and ~70 µmol Fe cm-2, respectively. Relative contributions of FeHCl(II), FeHCl(III), FeDith, FePyrite to the highly reactive pool were 14%, 7%, 17%,and 59%, respectively, for the non-irrigated core and 12%, 7%, 19% and 57% for the irrigated core.




Figure 5 | Highly reactive Fe content (µmol g-1) with depth (cm) in one of the winter cores (A–C) and in one of the summer cores (D–F). Shown are HCl-extractable Fe(II) and Fe(III), labeled FeHCl(II) and FeHCl(III) respectively, and dithionite- extractable Fe, labeled FeDith and pyrite Fe as determined stoichiometrically from chromium reducible sulfur contents, labeled Fepyrite. Initial core values are shown in shades of purple, Non-Irrigated core values are shown in shades of green, and Irrigated core values are shown in shades of blue. Values of reactive Fe within the irrigated pocket are depicted by shapes (FeHCl(II) = circle, FeHCl(III) = square, FeDith = triangle, Fepyrite = plus) displayed cumulatively in the middle of the depth fraction sampled. Values from the surface scraping for the Winter Irrigated core (C), Summer Non-Irrrigated (E), and Summer Irrigated (F) were plotted on a larger scale above their respective main figure panels.



The initial core of the summer experiment displayed the greatest highly reactive Fe content in the top 1 cm, with a value of ~12.8 µmol Fe g-1 (Figure 5D), with a residual reactive Fe-oxide content of 6.8 µmol Fe g-1. Below 1 cm, total reactive Fe decreased between 1-6 cm and decreased further between 6-11 cm. The Fe-oxide content averaged 4.0 ± 0.4 µmol Fe g-1 between 1-6 cm and then slightly decreased to average values of 3.0 ± 0.3 µmol Fe g-1 between 6-11 cm sediment depth. At the end of the experiment, the cores from the non-irrigated and irrigated treatments showed large enrichments of highly reactive Fe in the top 0.2 cm, reaching values of ~151 and ~210 µmol Fe g-1, respectively (Figures 5E, F). Cores from both treatments also had similar downcore trends as the initial core with a decrease in total reactive Fe and in Fe-oxides with depth. In the non-irrigated core, the Fe-oxide content in the upper 4 cm (excluding the surface most sample) averaged 3.1 ± 0.9 µmol Fe g-1, and at 4-11 cm sediment depth averaged 2.4 ± 0.2 µmol Fe g-1. In the irrigated core, the Fe-oxide content in the upper 5 cm (excluding the surface most sample) averaged 3.1 ± 0.3 µmol Fe g-1 and averaged 2.4 ± 0.2 µmol Fe g-1 at 5-11 cm sediment depth. In the irrigated treatment, the Fe-oxide content within the irrigated pocket was slightly higher (~3 µmol Fe g-1) than the surrounding bulk sediment, however, the surrounding bulk sediment had greater FeHCl(II) contents (Figure 5F). The Fe-oxide inventory of the initial core was estimated to be ~77 µmol Fe cm-2, while estimates for the non-irrigated and irrigated cores were ~ 70 µmol Fe cm-2 and ~70 µmol Fe cm-2. Relative contributions of FeHCl(II), FeHCl(III), FeDith, FePyrite to the highly reactive pool were 14%, 18%, 32% and 36%, respectively, for the non-irrigated core and 20%, 16%, 31%, and 33% for the irrigated core.




3.1.3.2 Iron monosulfide and pyrite content

In the cores from the winter experiment no acid volatile sulfide (AVS) was detected. The initial core displayed the highest chromium reducible sulfur (CRS) content in the surface 2 cm with an average value of 20.8 ± 0.4 µmol S g-1. Below this depth CRS values decreased to 7.2 µmol S g-1 at 5-7 cm before increasing again to 19.7 µmol S g-1 in the deepest horizon of the core (Figure 6A). The non-irrigated core showed lower CRS values in the top 2 cm than in the initial core with an average value of 7.7 µmol S g-1 (Figure 6B). Below, CRS contents increased with depth, averaging 20 ± 1.9 µmol S g-1 at the bottom of the core. CRS content in the irrigated core was variable with no clear vertical trend, averaging 14.4 ± 4.0 µmol S g-1 (Figure 6C). The upper section of the irrigated pocket (10-12 cm) had similar CRS contents as the surrounding bulk sediment, however, the deeper section of the irrigated pocket (12-14 cm) had lower CRS content to the surrounding bulk sediment (6C). The estimated inventories of CRS for the non-irrigated and irrigated cores were 225 and 249 µmol S cm-2, respectively.




Figure 6 | Acid volatile sulfide (AVS) content (µmol g-1) and chromium reducible sulfur (CRS) content (µmol g-1) with depth (cm) in winter (A–C) and summer (D–F). Initial core values are shown in shades of purple, Non-Irrigated core values are shown in shades of green, and Irrigated core values are shown in shades of blue.



In the summer experiment, there was no AVS in the initial core, and less than 0.35 µmol S g-1 in the non-irrigated and irrigated cores. In the non-irrigated core, measured values ranged from 0.03-0.33 µmol S g-1, with the maximum value determined between 3-4 cm depth (Figure 6E). The irrigated core showed a similar range of AVS concentrations with values of 0.04-0.34 µmol S g-1 and the maximum value detected at 0.2-1 cm sediment depth (Figure 6F). The initial core of the summer experiment displayed the highest CRS content in the top 1 cm with a value of 8.4 µmol S g-1. CRS values between 1-4 cm depth averaged 5.0 ± 0.9 µmol S g-1 and averaged 3.4 ± 0.5 µmol S g-1 in the bottom layer (Figure 6D). Both non-irrigated and irrigated cores were characterized by surface layer enrichments in CRS, with maximum values of 90.2 and 107.1 µmol S g-1 (Figures 6E, F), respectively. There was no trend in CRS content with depth observed in the remainder of the non-irrigated core with average CRS values of 4.4 ± 0.7 µmol S g-1. In contrast, the irrigated core displayed a distinct trend with depth. Below the top 1 cm, CRS concentrations decreased from 6.3 µmol S g-1 between 1-2 cm to 2.3 µmol S g-1 between 9-11 cm (Figure 6F). There was no difference between the CRS content in the irrigated pocket and the surrounding bulk sediment (6F). Although the distribution throughout the cores varied, the estimated inventories of CRS were very similar in the non-irrigated and irrigated cores with values of 91 and 94 µmol S cm-2, respectively.




3.1.3.3 Total organic carbon

Total organic carbon (TOC) content in the winter initial core was the greatest in the top 1 cm with ~0.39 wt. % TOC, and then decreased with depth (Figure 7). TOC remained relatively constant with depth at ~0.15 wt. % in the bottom 10 cm of the core. TOC in the summer initial core was also the greatest in the top 1 cm with a value of 0.22 wt. % TOC, and then decreased with depth (Figure 7). TOC remained relatively constant with depth with average values of ~0.09 wt. % in the bottom 7 cm of the core.




Figure 7 | Total organic carbon (TOC) content (wt. %) with depth (cm) in winter and summer initial cores. Winter values are shown by the blue squares, and summer values are show by the red circles.








3.2 Field monitoring of reactive Fe-oxide inventories

Reactive Fe-oxide inventories in the top 15 cm of the sediment at the field site varied over the course of the year (Supplemental Figures S5–S8). Inventories at the onset of monitoring in July were ~75 µmol Fe cm-2 in the lower intertidal and ~60 µmol Fe cm-2 in the higher intertidal sites. The inventories decreased during September to December to ~60 µmol Fe cm-2 in the low intertidal and ~30 µmol Fe cm-2 in the high intertidal. Inventories were higher in February through April and peaked in April at ~100 µmol Fe cm-2 in the low intertidal and ~60 µmol Fe cm-2 in the high intertidal sites. In all months at both sites, the reactive Fe inventories were higher in the lower intertidal which was the site with high densities of C. torquata (Figure 8).




Figure 8 | Reactive Fe depth integrated inventories in the top 15 cm (FeHCl(II) + FeHCl(III) + FeDith) of sediment cores collected at field monitoring sites #1 (green) and site #2 (blue) from July 2021 through late April 2022. Solid color bars represent cores from within the densely populated maldanid bed, and stripes represent cores from outside the maldanid bed.







4 Discussion



4.1 Biogeochemical processes in permeable sandy sediments in winter and summer

Our experiments were designed to accurately simulate conditions imposed by bioirrigators in permeable sandy sediments. They allowed us to study the biogeochemical processes and bioirrigation-induced Fed fluxes from sandy sediments in different seasons and to specifically isolate the effects of seasonality and bioadvective transport.



4.1.1 Biogeochemical iron cycling and release in permeable sandy sediments during winter

Porewater profiles were characterized by elevated Fed concentrations at all depths in both the irrigated and the non-irrigated cores of the winter experiment, reaching values >400 µM in the deepest sections of the non-irrigated cores (Figure 3A). The accumulated Fe was likely sourced from multiple pathways as the product of both initial and secondary reactions linked to the oxidation of organic matter. Dissolved Fe is released directly during dissimilatory iron reduction (DIR) coupled to the oxidation of organic matter (Canfield, 1989; Lovley, 1997) and through the reduction of Fe-oxides by H2S (Millero, 1991; Poulton et al., 2004), in which H2S is also a product of organic matter oxidation via sulfate reduction. Additional products of organic matter oxidation, ammonium (NH4+) and alkalinity, also increased in the porewater (Figures 3C, D) supporting the assumption of organic matter oxidation-driven Fe release.

Small but discernable decreases in sulfate concentration with depth provide further evidence for the occurrence of sulfate reduction in the winter experiment (Figure 3B). Since H2S did not accumulate in porewater, and there was no build-up of AVS (Fe-monosulfide) or CRS (pyrite, elemental sulfur) at any depth, H2S was likely being rapidly reoxidized by Fe-oxides, releasing additional Fed into the porewater (Pyzik and Sommer, 1981), and resupplying sulfate to the porewater pool. However, the increase of the Fe(II) fraction in the HCl-extractable solid phase in the final non-irrigated and irrigated cores compared to the initial cores, may suggest minor Fe-monosulfide formation that was below the analytical detection limit of the AVS method (0.02 µmol g-1), however this cannot account for the full magnitude of the increase in the Fe(II) fraction. It is likely that the increase of solid-phase Fe may also reflect Fe-carbonate formation as the porewater was calculated to be saturated with respect to siderite or it could possibly be Fe2+ adsorbed to the remaining Fe-oxide pools. In the winter experiment, the residual reactive (Fe(III)HCl and FeDith) Fe-oxide pools appear to be sufficiently large to effectively reoxidize and sequester any formed H2S, preventing any significant accumulation of H2S in the porewater. By the end of the experiment, CRS contents in the upper half of the sediment column in the irrigated and non-irrigated winter cores were lower than in the initial cores (Figures 6A-C), indicating that pyrite oxidation may have additionally taken place over the course of the experiment. This could also have provided an additional pathway for Fed formation (Aller, 1980).

There was an increase of Fed in the porewater below 6.5 cm in the non-irrigated cores, possibly related to lower concentrations and less labile organic matter in winter, which would have led to a decrease in sulfate reduction rates (Westrich and Berner, 1984) driving less scavenging of Fed by reaction with H2S to form Fe-monosulfides, thus allowing for greater buildup of Fed in the porewater at depth. This inference is supported by lower sulfate concentrations at mid-depth, which indicated elevated consumption of sulfate via sulfate reduction compared to deeper sections which had higher sulfate concentrations (Figure 3B). Decreasing total carbon remineralization rates below 6.5 cm are consistent with NH4+ and alkalinity concentration declines below this depth compared to the zone above (Figures 3C, D), providing evidence for lower production rates of these constituents in the deepest sediment zone.




4.1.2 Biogeochemical iron cycling and release in permeable sandy sediments during summer

In the summer experiment, Fed in the porewater was limited to the upper 2.5 cm of the sediment in both the irrigated and non-irrigated cores. The Fed was also likely produced during organic carbon remineralization, released both during DIR (Canfield, 1989) and the reduction of Fe-oxides by H2S (Millero, 1991; Poulton et al., 2004). Elevated organic carbon remineralization rates were evidenced by the significant accumulation of both NH4+ and alkalinity with depth in the experimental cores compared to the initial cores. In the non-irrigated cores, the decrease of porewater sulfate concentration with depth and increase of H2S directly below 2.5 cm suggest elevated rates of sulfate reduction (Berner, 1978). The presence of free H2S in the porewater likely was the result of the decrease in the reactive Fe-oxide pool below the surface (Figure 5E). The enrichment of CRS at the surface in summer sediments is evidence for the reaction between H2S and Fed and Fe-oxides and could represent elemental sulfur formed during the reoxidation of sulfide by Fe-oxides, and pyrite formed near the SWI (Berner, 1970; Pyzik and Sommer, 1981; Liu et al., 2020).




4.1.3 Differences in biogeochemical iron-sulfur cycling between summer and winter

In the sandy sediments we studied, Fe-S cycling dynamics varied seasonally. These differences resulted in large variations in both the porewater Fed and H2S concentrations, and in the solid phase composition of the sediment in the experimental cores from the summer and the winter. The differences between the seasons may be explained by 1) differences in solid-phase Fe content and distribution, and 2) variations in total organic carbon mineralization rates as a result of differences in organic carbon concentrations and lability as well as temperature differences between summer and winter. Differences in the pumping frequency and depth of water injection by bioirrigators likely further contributed to the seasonal differences in geochemical parameters (Dwyer et al., in review).

Reactive Fe-oxide (HCl- and dithionite extractable) inventories were similar in summer and winter cores. However, relative distribution between the different pools and distribution with depth showed seasonal variations, likely contributing to the geochemical variability observed in the experiments during the two seasons. In the winter, the initial cores had larger contents of easily reducible Fe(III)ox (determined by HCl extraction) at all depths than in the summer cores. The easily reducible Fe(III)ox was also more evenly distributed in the winter than in the summer, which had elevated concentrations in the top 4 cm, and lower concentrations in deeper layers (Figure 4). These Fe-oxides, most likely comprised of ferrihydrite and lepidocrocite, can most readily undergo diagenetic processes, including dissimilatory iron reduction (DIR) and reaction with H2S (Lovley and Phillips, 1986; Canfield, 1989). The higher easily reducible Fe(III)ox content in winter likely supported greater rates of DIR and enhanced scavenging and reoxidation rates of H2S produced by sulfate reduction (Michaud et al., 2020). As a product of both processes, during the winter there was a much larger pool of Fed in the porewater. The smaller Fe(III)ox contents in the summer, especially at depth, were likely a controlling factor allowing for less DIR and reoxidation of H2S, contributing to the high H2S concentrations at depth (Figure 4).

Differences in carbon remineralization rates and pathways in summer and winter may have played a role in influencing the observed variations in geochemical conditions, including porewater characteristics. Typically, lower organic matter concentration and a decrease in lability of the organic matter, which generally occurs in the winter when primary production is lower due to light limitation and thus limited transport of fresh organic matter to the sediments, lead to lower overall carbon remineralization rates (Jorgensen, 1978; Westrich and Berner, 1984; Burdige, 1991; Green et al., 2004). Lower temperatures in winter have also been shown to slow down microbial processes in the sediment, therefore lowering the rates of carbon remineralization processes including DIR and sulfate reduction (Klump and Martens, 1989; Pomeroy and Wiebe, 2001; Koretsky et al., 2003; Gudasz et al., 2010). However, total organic carbon (TOC) content in the initial cores showed similar starting TOC contents in both summer and winter. Additionally, when we estimated the NH4+ production rates for both experiments by dividing the end of experiment NH4+ inventory by the length of the experiment, we found similar production rates for both summer and winter. Intriguingly, the estimated production was ~ 64 µmol d-1 in the winter and ~63 µmol d-1 in the summer, indicating that organic carbon remineralization rates were quite similar in both seasons. However, it is possible that given typically higher total carbon remineralization rates during the summer, the labile organic carbon pool was actually exhausted after a few days during the course of the experiment, limiting NH4+ production and apparent carbon remineralization rates thereafter. This is especially possible considering permeable sands tend to have relatively low standing stocks of labile organic carbon (Jickells and Rae, 2005) and sustained inputs via particle advection typical for permeable sands (Huettel et al., 1996; D'Andrea et al., 2002; D'Andrea et al., 2004) were not simulated in our incubation experiments.

We found that in the summer, there was a more pronounced decrease in sulfate concentration with all depths than in the winter, consistent with higher sulfate reduction rates. The depth integrated loss of SO4 inventory in the top 7.5 cm of the non-irrigated cores was calculated and used to estimate an average net depth integrated SO4 reduction rate of ~12 mmol m-2 d-1 over the course of the 11-day summer experiment, which is similar to rates reported (0.54-39.4 mmol m-2 d-1) from permeable sands in Sylt, Germany in summer (Seibert et al., 2019). In winter, sulfate reduction rates were estimated to be ~3 mmol m-2 d-1 in the upper 7.5 cm, below which, sulfate concentrations increased, indicating even lower rates. Most H2S produced in winter was reoxidized, likely by Fe-oxides, and therefore, there was no H2S accumulation within the porewater, as opposed to high H2S concentrations in the summer. It is possible that the apparent sulfate reduction rate in winter may be obscured by the reoxidation of sulfide back to SO4, however this would not explain the 4-fold higher sulfate reduction rate in summer compared to winter. A seasonal decrease in sulfate reduction rate would generally suggest that organic carbon availability, especially at depth, may be different between the seasons. However, starting TOC content were similar in both summer and winter, and overall estimated carbon remineralization rates based on NH4+ production were also similar. This may indicate that there is instead a seasonal shift in the contribution of different carbon remineralization pathways to total organic carbon remineralization, with a larger contribution of sulfate reduction in the summer and higher contribution of dissimilatory iron reduction in the winter (Koretsky et al., 2003). This could be due to lower temperatures (Koretsky et al., 2003), the greater availability of Fe(III)ox allowing for more DIR, and perhaps a resulting shift in bacterial assemblage towards more Fe-reducing bacteria in the winter (Koretsky et al., 2003). These results suggest that the availability of Fe(III)ox and the temperature play important roles in driving seasonal differences in carbon remineralization pathways.

Though the total CRS inventory was higher in the winter, this was likely not primarily due to new pyrite formation, as this process would have been limited by H2S production. The higher CRS in winter was more likely a remnant of the observed summer Fe-S dynamics with rapid pyrite formation at the surface. We hypothesize that in the summer the very frequent pumping activity of bioirrigators drives efficient H2S reoxidation (se section 4.2), while in the fall the pumping activity of the benthic macrofauna likely decreases resulting in enhanced pyrite formation reflected in the elevated CRS values observed for the winter cores. As sulfate reduction rates in the late fall/winter decrease, the porewater switches from being H2S- to being Fed - dominated and little additional pyrite is produced. When pumping frequencies by bioirrigators increase again in the spring, the enhanced introduction of oxygen into the sediment likely results in the efficient reoxidation of the winter CRS pool to summer values. CRS was potentially a source of porewater Fed via pyrite oxidation as opposed to a sink in the sediments during the summer, which may be supported by the observed decrease in CRS in the upper 5 cm in the end of experiment winter cores (6B, C) relative to the initial core (6A). Pyrite oxidation during the winter may also have contributed to the larger Fe-oxide inventory, as Fe-oxides are the terminal product of pyrite oxidation (Luther et al., 1982; Hu et al., 2006).





4.2 Effect of bioirrigation on sedimentary biogeochemical process and Fe fluxes

In these experiments we employed bioirrigation mimics that injected fully oxic overlying water into the sediment at depth to investigate the effects of burrow ventilation and the associated advective porewater transport on biogeochemical processes and benthic Fe fluxes. Non-irrigated cores allowed us to study iron cycling and related processes in permeable sediments in the absence of advective transport.



4.2.1 The effect of oxygen transport into the sediment on geochemical properties

A major component of bioirrigation in sediments can be the injection of oxygen-rich water into anoxic sediments at depth (Volkenborn et al., 2019). Irrigation by macrofauna increases the total sediment O2 uptake (Forster and Graf, 1995), and creates oxic zones around burrows at depth in otherwise anoxic sediments (Aller, 1982; Kristensen and Kostka, 2005), which both have implications for carbon remineralization and related geochemical processes within the sediment.

While the transport of oxygen into the sediment at depth by the irrigation mimic did not appear to have significant effects on bulk solid-phase sediment in the timeframe of our experiments, there were clear geochemical impacts in the sediment directly surrounding the area of water injection at depth. This was observed visually with a light-colored sphere of more oxidized sediment around the injection port (Supplemental S4) but also resulted in differences in the solid-phase reactive Fe and CRS contents in both winter and summer experiments (Figures 5, 7). The sediment at depth had a greater percentage of FeHCl(III) than FeHCl(II) (Supplemental S3) within the injection pocket than in the surrounding bulk sediment. This difference suggests reoxidation of reduced Fe (Figure 5) to Fe-oxides. Similarly, the CRS content was lower in the injection pocket than in the surrounding bulk sediment, likely due to pyrite oxidation.

The injection of oxic water at depth was also responsible for the reoxidation of reduced porewater constituents, particularly near the point of injection, consistent with other studies (Huettel, 1990; Quintana et al., 2015; van de Velde and Meysman, 2016). Given the distinct differences in Fe-S-dynamics between the summer and winter, this effect was most apparent in the Fed concentration profiles of the winter irrigated cores (Figure 3A), and the H2S profiles of the summer irrigated cores (Figure 3G). In both cases, concentration peaks occurred at ~2.5 cm depth, below which concentrations decreased. In contrast, Fed concentrations in the non-irrigated cores in winter and H2S concentrations in summer increased with depth, suggesting that there was continued production of these porewater constituents in the sediments at depth, but in the irrigated cores reoxidation led to their partial removal from the porewater. The observed reoxidation of reduced Fe constituents, like FeHCl(II), CRS, and Fed, to FeHCl(III) likely supported a relative higher contribution to DIR in the winter irrigated cores compared to the non-irrigated cores.




4.2.2 Bioadvective transport and benthic Fed flux

The advective transport induced by the injection of water at depth had a significant impact on the biogeochemical properties of the sediment, and ultimately controlled the magnitudes of the fluxes of remineralization products, including Fed, NH4+, and alkalinity, into the overlying water. In both seasons, the irrigated cores had shallower peaks and overall, much lower concentrations of a range of porewater constituents, including Fed, NH4+, and alkalinity than non-irrigated cores. While the lower concentrations were also partially the result of oxidation at depth, the key driver of these profiles was likely advective transport. These observations are consistent with previous findings that water flow through permeable sediments induced by burrow ventilation leads to efficient porewater flushing (Huettel, 1990; Banta et al., 1999; Volkenborn et al., 2007b). This mechanism is particularly effective in high permeability sands, such as the sediments used in our experiments, where small pressure gradients created by infaunal organisms can cause porewater transport over distances of tens of cm (Meysman et al., 2006; Wethey et al., 2008).

The upward transport of porewater constituents was expressed by the relative location of concentration peaks. In both seasons, maximum porewater NH4+ and alkalinity concentrations in the irrigated cores were located closer to the SWI than in the non-irrigated cores, in some cases offset by more than ~2 cm (Figures 3D, I). In the summer, H2S appeared closer to the SWI interface in the irrigated cores, indicating a compression of the suboxic zone. All irrigated cores also had higher concentrations of Fed in the upper 2.5 cm compared to the non-irrigated cores, further highlighting the transport of reduced constituents towards the SWI—and indicating the enhanced potential of Fed transport across the SWI due to bioadvection.

As a result of the upward transport of reduced constituents (including Fed) and narrowing of the oxic zone near the SWI, a greater precipitation of Fe-minerals at the surface in the irrigated sediments was also observed. The surface scrape samples from the irrigated cores were more enriched in solid-phase reactive Fe-oxides and CRS than in the non-irrigated cores in both summer and winter (Figures 5, 7). During both seasons, the upward porewater advection transported more Fed towards the SWI and into a narrow oxic zone, where Fe precipitated as Fe-oxides in a confined layer at the surface. The Fe-oxide content may have been further enriched by Fed that was quickly reoxidized and scavenged within the overlying water and then redeposited on the sediment surface. In the summer, the advective upward transport of both Fed and H2S likely created a surface reaction zone where rapid Fe-S cycling involved multiple reaction pathways. In the upper parts of the surface zone, Fed and H2S were rapidly oxidized by oxygen (and in the case of H2S, also by Fe(III)oxides) leading to the formation of new Fe(III) oxide phases and intermediate sulfur species and sulfate, respectively (Luther, 1987; Zopfi et al., 2004). At the interface where both reactants were present at elevated concentrations, their reaction also led to the formation of iron monosulfide (AVS), which appears to have been quickly further transformed to elemental sulfur and pyrite as indicated by the absence of an AVS peak but elevated CRS concentrations at the sediment surface (Rickard and Luther, 2007). The cryptic sulfur cycling in this zone also likely included the interaction of elemental sulfur with sulfide to form polysulfides which could then have taken part in reactions with AVS to form pyrite (Luther, 1991; Schoonen and Barnes, 1991; Wilkin and Barnes, 1996; Rickard and Luther, 2007).

While a fraction of the Fed that was advected to the surface sediment was reoxidized by oxygen, our Fe flux data indicate that a significant proportion was also transported into the overlying water column. Fed flux estimates from the irrigated cores in summer and winter were significantly higher than those from the non-irrigated cores, reaching maximum fluxes of >150 µmol m-2 d-1 in summer and >200 µmol m-2 d-1 in winter (Figure 4). These results suggest that permeable sands have the potential to release large Fed fluxes under fully oxic overlying water conditions with active bioirrigation present. They also suggest that the bioadvection induced by irrigation or physical advection by waves/currents can be an important driver of benthic Fed fluxes from permeable sands. This impact can be highlighted by the comparatively low Fed fluxes from the non-irrigated sediments even with high Fed production and porewater inventories (Figures 3A, E). Assuming similar Fed production rates between the non-irrigated and irrigated cores in the winter, ~10% of Fed inventory was released from the irrigated cores, whereas <0.05% was released from the non-irrigated cores over the course of 12 days. It should also be emphasized that even though depth integrated porewater inventories were relatively low in the summer compared to the winter, 0.5 mmol m-2 and 11.4 mmol m-2 in the non-irrigated cores, respectively, fluxes remained high from the irrigated cores throughout the experiment. This suggests that low porewater inventories in permeable sediments can be an expression of high fluxes in a well-flushed bioadvective systems, as seen in the summer experiment, or other physically advective systems rather than imply a low benthic Fed flux. Sustaining such high fluxes, however, would depend on the replenishment of reactive Fe and labile Corg by particle filtration and capture into the seabed. While this mechanism is limited in the laboratory incubation experiments, it was apparent in field inventories (see 4.2.3).

The Fe-oxide enrichment resulting from the advective transport of Fed into the surface layers of the irrigated cores likely helped sustain the higher fluxes from irrigated sediments. The redistribution of Fe to the surface resulted in the dynamic Fe-S cycling occurring closer to SWI than in the non-irrigated cores, which supported the release of some Fed into the porewater. The Fed could have then been more quickly transported out of the sediments during active irrigation, given the shorter distance between the reaction zone and the SWI, and therefore was less likely to participate in secondary reactions that retained Fed in the sediments.

While porewater Fed concentrations were higher in the winter than in the summer experiments, they did not correlate to correspondingly higher fluxes in either the irrigated or the non-irrigated cores. There was 3-5-fold higher porewater Fed inventory in the winter, but similar magnitude fluxes as in the summer from the irrigated cores, and the magnitude of summer fluxes from the non-irrigated cores was about two times higher than winter fluxes. This can be explained by a more effective “oxic lid” in the winter due to higher oxygen solubility at lower temperatures, allowing for deeper oxygen penetration into the sediments and reoxidation of Fed at the surface. Nearly 100% of the reactive solid-phase Fe in the surface was Fe-oxide [little FeHCl(II)] in the winter, demonstrating efficient reoxidation of Fe. The efficient reoxidation of Fe is also supported by recent work suggesting that longer pumping intervals by bioirrigators and lower carbon remineralization rates in the winter may provide more stable oxygen presence in the sediments, with less frequent switches between anoxic and oxic conditions than in the summer (Dwyer et al., in review), enhancing retention of available Fed in the sediments.




4.2.3 Effect of bioirrigation on Fe inventories in the field

Differences in reactive Fe concentration and distribution patterns that were observed between maldanid bed and non-bed sites in almost all months can also be attributed to the effect of bioirrigation and particle reworking on sedimentary Fe-S dynamics and to the interactions of deposits with overlying water suspended particles. The sample locations within the densely populated maldanid beds (1000-3000 individuals m-2, Dwyer personal communication) had up to 30-50% larger solid-phase reactive Fe inventories (HCl and dithionite extractable Fe) than the sites outside the maldanid bed (Figure 8). All sites showed a regular seasonal inventory pattern of relatively higher inventories during late winter and early spring compared to summer and fall. Thus, the inventory patterns demonstrate that the intertidal regions accumulate and lose reactive Fe periodically. The dense maldanid beds clearly follow this overall pattern and further augment it, including the enhanced recapture of reactive Fe from the water column relative to other regions of the intertidal with lower infaunal abundances.

Particle size also appears to play a role in the seasonal differences in Fe inventories, with more fine-grained particles observed during microscopic analysis of the dry sediments in the months and depth intervals with elevated reactive Fe, particularly in the winter and early spring. This observation implies that the activities of maldanids can enhance the capture of small particles from the water column. It is well known that C. torquata preferentially select finer-grained particles at depth and redistribute them vertically within the sediment and into their feeding pockets, producing biogenic graded bedding and heterogeneity (Mangum, 1964; Rhoads, 1967; Wendelboe et al., 2013). Our data imply that bioirrigation and particle reworking by maldanids also results in a flux of fine particles from the water column into the deposits, presumably advected into the sediment during bioirrigation and also entrained during the deposition of fecal material at the sediment-water interface.

As shown in our experiments, bioirrigation enhances escape of Fed from these sands, much of which is reprecipitated as colloids and scavenged by small particles in the water column (or our Fed accumulators in the lab). Bioirrigation also results in the redistribution of reactive Fe internally within deposits. One expression of Fe redistribution in the field, for example, is that maldanid tubes within the densely populated area typically had rust-colored linings as a result of the oxidation and precipitation of Fed along burrow walls. This redistribution is unlikely to alter inventories per se. Thus, there appears to be an interplay of enhanced net Fed loss from bioirrigated deposits, reprecipitation of refluxes Fed on particles in the water column, and the recapture of small particles enriched in diagenetically remobilized Fe that results in overall enhanced reactive Fe inventories in the areas of high maldanid abundance. The overall impact of the activities of the maldanids is to intensify the recycling-refluxing of Fe between the sediment and overlying water in this sandy system.





4.3 Experimental considerations

By using bioirrigation mimics, we were able to successfully isolate bioadvection and evaluate its effect on Fed fluxes. Mimics, such as those used in these experiments have been shown to realistically simulate biogeochemical impacts on sediment, and to accurately replicate the oxic pocket formed by the injection of oxygen at depth and the advection of porewater out of the sediments (Meysman et al., 2006; Na et al., 2008; Matsui et al., 2011). Bioirrigation can be highly variable across species and locations (Kristensen et al., 2012; Volkenborn et al., 2012), and vary seasonally (Martin and Sayles, 1987; Schlüter et al., 2000). Our model organism, C. torquata, has been shown to have higher pumping frequency with shorter resting intervals in the summertime and less frequent, but longer, pumping events in the winter (Dwyer et al., in review). We were able to capture the essence of this variability in our experiment by adjusting the time and frequency of injection.

Our closed system experimental set up, however, excluded other important components of bioturbation and other pressure driven advective flows characteristic of permeable sediments, including those caused by waves, currents and tidal forcings (Santos et al., 2012). These additional pressure driven advective components could also influence benthic Fed release by altering redox conditions at depth and by altering the flow path of water through sediments. The closed system also prevented the resupply of labile organic C and reducible Fe(III)ox at depth (Huettel et al., 1996; Huettel and Rusch, 2000; de Beer et al., 2005). Given the lengths of our experiments (~ 2 weeks), the labile C content was likely sufficient to approximate typical remineralization conditions associated with fresh planktonic material (Westrich and Berner, 1984; Middelburg, 1989), however it is possible (especially in the summer) that Corg could have been depleted.




4.4 Fed fluxes from permeable sands - broader perspective

Even though the TOC and reactive Fe content were relatively low compared to other sediment types, the Fed fluxes from the irrigated permeable sediments studied here (>100 µmol Fe m-2 d-1) are on a similar order of magnitude to those reported from muddy sediments under a variety of conditions. This includes sediments experiencing high levels of bioirrigation (6000-9000 individuals m-2; Lenstra et al., 2019), overlain by hypoxic or anoxic bottom waters where a breakdown of the surface oxic layer allows for greater fluxes via diffusion or bioturbation (Elrod et al., 2004; Severmann et al., 2010) or from Fe-rich sediments where high Fe-oxide contents and internal Fe-cycling can support extensive Fe reduction, resulting in high concentrations of dissolved Fe in porewater that is released via diffusion, physical mixing, or bioturbation (Wehrmann et al., 2014; Herbert et al., 2021).

Permeable sediments act as biocatalytic filters (Huettel and Rusch, 2000) effectively trapping particulate organic carbon and reactive Fe that is flushed through the sediment (Huettel et al., 1996; Huettel et al., 1998). This promotes carbon remineralization via DIR and the mobilization of diagenetically produced Fed. Evidence from our field monitoring suggests seasonal increases (specifically in the late winter and early spring) of reactive Fe content and variations in pyrite concentrations that appear to be, at least partially, driven by inputs of fine-grained material and changes in animal behavior. It is likely that reactive Fe was in part previously released Fed that remained in the overlying water of Shinnecock Bay after being rapidly oxidized to colloidal or particulate Fe-oxides (Raiswell and Canfield, 2012; Aller et al., 2023). It was then recaptured by the permeable sand as water was advectively forced through the sediment by animal activity, tidal pumping, currents, and wave action. Again, although the permeable sediments used in our experiments were relatively low in standing stocks of labile C and Fe, there is clear evidence for carbon remineralization and dynamic Fe cycling that supported large Fed fluxes in both summer and winter. The slow decrease of the Fed flux in the microcosms, independent of the bioirrigation imposed porewater turnover time of ~4 d, demonstrates a requirement for the replenishment of reactive substrates (Corg, Fe) in order to sustain high Fed release.

While the non-irrigated treatment established in this experiment was intended to be a sedimentary control treatment to estimate geochemical cycling and porewater properties in the absence of advection, it is apparent that without an advective component, the estimated diffusive Fed flux is a small fraction of the total potential Fed fluxes from these sediments. The estimated flux values from the non-irrigated cores were of similar magnitude to diffusive fluxes reported from muds with fully oxic overlying water (~10 µmol Fe m-2 d-1). In our experiments, bioirrigation was the targeted advective component investigated, and was found to have a significant impact on the magnitude of the flux. However, in situ there are other advective forcings that may act on permeable sediments to drive fluxes, including waves, tidal forcing, and currents. Recently Charbonnier et al. (2023) reported Fe fluxes of up to 30 µmol Fe m-2 d-1 from permeable sediments investigated in a lagoon off of the French Mediterranean coast due to the tidal flushing of porewater. Without additional advective components acting on the porewater in these sediments, the Fed flux values reported here could therefore largely underestimate the total Fed flux from sandy sediments. Future studies should continue to investigate other advective forcings, and potential interactions, on Fed fluxes from permeable sediments to further evaluate their role from a global perspective.





5 Conclusions

Overall, porewater Fed distributions and cycling suggest the large potential of permeable sandy sediments to support significant benthic Fe fluxes from the seabed in both winter and summer. It is clear that permeable sediments must be considered in global Fed flux estimates. Extrapolating our average fluxes from the non-irrigated and irrigated cores suggests Shinnecock Bay (A= 40 km2) could release ~0.16-1.5 megamoles of Fe throughout a year. Similar sedimentary conditions exist all along the eastern coast of North America (Huettel et al., 2014) including the geographic range of our model organism C. torquata (Mangum, 1962), and in large coastal areas of Europe (e.g., the Wadden Sea) and Asia (e.g., the East China Sea). We therefore suggest that similar studies should be performed within this range to continue compiling data on seasonal sedimentary Fe cycling and potential Fed fluxes from bioirrigated permeable systems and evaluate if the patterns observed in Shinnecock Bay may hold true in other locations.

Our data suggest that in these permeable sediments, irrigation induced advective porewater flow enhanced transport of reduced constituents, particularly Fed, out of the sediment, resulting in significant Fed fluxes, ~10x higher than reported Fed fluxes from muds used in global models. This suggests any further modeling of Fed fluxes, especially in permeable sediments, must explicitly include bioirrigation parameters relevant for dominant species within a specific environment. This may require further testing of species-specific irrigation patterns. Our flux estimates are high despite fully oxic overlying water conditions, low organic C and reactive Fe contents, suggesting that estimated Fed fluxes from bioirrigated permeable sediments may not conform to the previously modeled relationship between carbon oxidation and overlying water oxygen concentration. Future studies should further explore this relationship in geographically diverse permeable sediments, particularly given the biocatalytic filtration function of sands despite relatively low organic carbon and reactive Fe standing stocks.
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