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Abstract 

Studies on the speciation of iron (Fe) and its regulatory roles in the biogeochemical cycling of other 

elements in the sediments of the Arabian Sea are limited. Changes in the reactivity and crystallinity of 

geochemical forms of Fe were determined in the Alappuzha mud bank on the southwest coast of India, 

which experiences hypoxia during the southwest monsoon. Fortnightly time-series measurements were 

conducted from April to August 2016. Coastal upwelling was evident from June onwards and caused 

hypoxic water's incursion until August. The mud bank sediments are geochemically unique due to high 

concentrations of Fe, phosphorus (P) and moderate levels of organic matter, nitrogen (N), and sulfur 

(S). Geochemical speciation of Fe showed significant concentrations of easily reducible Fe oxides 

(FeOx1), reducible crystalline Fe oxides (FeOx2), sheet silicate bound Fe (FePRS), unreactive Fe (FeU), 

magnetite (FeMag), and pyrite-bound Fe (FePyr). The concentrations of total Fe (FeT) and highly reactive 

Fe (FeHR) in mud bank sediments were 63.5 and 37 mg/g, respectively, much higher than those in other 

coastal sediments, including upwelling zones. FeT remained in the sediments even under hypoxia, in 

contrast to the pronounced Mn decrease, indicating Mn mobilization from surface sediments. Various 

Fe ratios/indices such as FePyr/FeHR, and FeHR/FeT revealed anoxic and ferruginous conditions in the 

sediments during upwelling. Highly reactive Fe(III) oxides (FeOx1 and FeOx2) were the primary Fe pool 

in the mud bank sediments, and they effectively immobilized the free sulfide formed by sulfate 

reduction. The high sulfide buffering capacity is significant for the environment as it can rapidly 

immobilize the dissolved sulfide, a potent toxin for benthic and demersal organisms. 
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1. Introduction 

Redox cycling of Fe profoundly influences the geochemical cycling of elements such as carbon 

(C), S, and P as well as various trace metals in the marine environment (Burdige, 1993; Otero et al., 

2010; Taylor and Konhauser, 2011; Zhu et al., 2015). In oxygenated marine sediments, Fe exists as Fe 

(III) oxides, hydroxides, and oxy-hydroxides (hereafter Fe (III) oxides) with various chemical 

compositions, minerals and crystal structures. Fe (III) oxides effectively immobilize phosphates and 

several transition elements in sediments (Burdige, 1993; Hyacinthe and Van Cappellen, 2004; Zhu et 

al., 2012). Fe (III) oxides exhibit different reactivities towards biotic and abiotic reduction depending 

on their geochemical characteristics (Canfield et al., 1989; Canfield, 1992; Thamdrup, 2000; 

Hyacinthe et al., 2006; Zhu et al., 2015). Reactive Fe oxides act as terminal electron acceptors after 

the depletion of other thermodynamically favourable electron acceptors, such as oxygen (O2), nitrate 

(NO3
-), and Mn (IV) oxides (Froelich et al., 1979). Under suboxic conditions, enrichment of Fe(III) 

oxides combined with low or moderate labile organic matter inhibits sulfate reduction. Fe(III) oxide 

reduction leads to anaerobic oxidation of organic matter (Vandieken et al., 2006; Nickel et al., 2008). 

The resulting Fe(II) either forms FePyr with available bisulfide (HS-) in the anoxic layer of the sediment 

(Jørgensen, 1977; Chanton et al., 1987) or re-oxidizes in the oxic layer of the sediment or water column 

(Zhu et al., 2012). 

The domain for this study is the Alappuzha mud bank that offers a unique environment during 

the southwest monsoon at the southwest coast of India (Jyothibabu et al., 2018). The persistent mud 

bank is different from other major mud banks/muddy coasts around the world (Kurup, 1977; Wells 

and Coleman, 1981; Aller, 1998; Walsh and Nittrouer, 2004; Liu et al., 2006; Mcbride et al., 2007; 

Anthony et al., 2008) due to its remoteness from riverine sources. Mud banks form as a fluid mud layer 

at the bottom of the sea, progressively attenuating high waves and facilitating a calm coastal 

environment during the turbulent monsoon (Shynu et al., 2017; Gireeshkumar et al., 2020). Tranquil 

waters have significant socio-economic implications as they provide platforms for local fishing and 

protect beaches throughout the rough monsoon.   

In the past decades, studies on the Alappuzha mud banks have resulted in several hypotheses 

explaining the formation of mud banks (Bristow, 1938; Kurup, 1972; Nair, 1976; CMFRI Bulletin 

1984; Mathew and Baba, 1995; Tatavarti et al. 1996, and 1999; Mallik et al., 1998; Mathew and 

Gopinathan, 2000; Balachandran et al., 2004; Narayana et al., 2008; Dinesh and Jayapraksh, 2008; 

Muraleedharan et al., 2017; Badesab et al., 2018; Gireeshkumar et al., 2020). The formation of mud 

banks is generally attributed to different force mechanisms such as winds, waves, currents, wave-mud 

interaction, upwelling, deformation, subterranean mud and freshwater flow. Sediment properties could 



3 
 

also be significant (Nair, 1976; Murty et al., 1984; Ramachandran and Samsuddin, 1991) because the 

mud banks are formed as a fluid mud layer close to the bottom of the sea (Mallik et al., 1988; Shynu 

et al., 2017). Montmorillonite, the dominant clay mineral in the fluid mud, geochemically interact with 

oxyanions (phosphates) to make mud banks stable and sustainable (Gireeshkumar et al., 2020). 

The southwest coast of India experiences basin-wide coastal upwelling during southwest 

monsoon (Naqvi et al., 2000; Gupta et al., 2016), and the Alappuzha mud banks co-exist with the 

upwelling phenomenon. The incursion of cold, nutrient-replete, oxygen-deficient subsurface waters 

towards the coast leads to significant plankton growth, indicating coastal upwelling (Madhupratab et 

al., 2001; Jagadeesan et al., 2017). During upwelling, hypoxic waters were intruded to shallow depths 

(< 3 m) of the Alappuzha mud bank (Gireeshkumar et al., 2017; Mathew et al., 2019). Predicted 

metabolic activities of the microbes in the water column during hypoxia include dehalogenation, 

sulfate and nitrate reductions, and ammonia oxidation (Anas et al., 2018; Parvathi et al., 2019).  The 

variations in the dissolved oxygen levels can significantly vary the geochemical partitioning of 

biogenic elements, including Fe, in mud banks. Further, the redox cycling of Fe may play a significant 

role in its supply to the overlying water column to support primary productivity.   

 Not many studies have been conducted around the distribution, speciation, and transformation 

of Fe forms under varying oxygen conditions in nearshore waters (depth <13 m). This study is based 

on the time-series observations during April - August 2016 of three shallow locations (depth <13 m) 

in and around the Alappuzha mud banks. The study delineates the geochemical variations of Fe in 

undulating oxic and hypoxic environments. A mud bank is characterized by high mud content, 

dynamic fluidized surface mud and increased biological productivity/organic enrichment induced by 

upwelling. Thus, it provides an excellent opportunity to trace the distribution of Fe pools in coastal 

regions. In this study, we explore the response of various Fe forms to the changes in and around the 

mud bank during upwelling. 

2. Material and Methods 

2.1. Time-series Sampling  

As shown in Fig. 1, we selected three stations (M1, M2 and M3) in and around the Alappuzha 

mud bank for sampling during April to August 2016, covering monsoon and non-monsoon periods. 

M1 (7 m water depth) was a non-mud bank region, while M2 (7 m water depth), located 7 km south 

of M1, represented the Alappuzha mud banks. M3 (13 m water depth) was an offshore point to the 

west of M2. Salinity and temperature were recorded with accuracies of ±0.001 and ±0.0001, 

respectively, using the SBE 19 plus conductivity, depth and temperature (CTD) profiler. For dissolved 
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oxygen (DO) and nutrients, water samples were collected using a 5L Niskin water sampler. Sediments 

were collected using a Van Veen grab (0.04 m2). Though box and multiple corers are suitable for 

collecting undisturbed sediment samples, Van Veen grabs can be used with caution for this type of 

study. Several deployments per station were carried out to collect well-preserved sediment samples to 

avoid bias due to the washout of supernatant water and possible disturbance of the surface sediment 

during the grab operation. The 1-2 cm surface layer was skimmed off using a pre-cleaned scoop and 

stored in clean high-density polyethylene (HDPE) bottles in an inert atmosphere at 4ºC till analysis.  

2.2. Laboratory Methods 

Dissolved oxygen was estimated following the Winkler method (Grasshoff et al., 1983) using 

an automated titration system (Metrohm 865 Dosimat plus; detection limit 2µM). Sediment texture 

was determined using pipette analysis (Folk, 1980), after removing carbonates and organic matter from 

wet sediment using 1M hydrochloric acid (HCl) and 30% hydrogen peroxide (H2O2), respectively. 

Vacuum dried samples were powdered with a mortar and pestle for elemental analysis. For total 

organic carbon (TOC) analysis, sediments were pre-treated with 1M HCl to remove carbonates, 

washed with deionized water to remove salts, and freeze-dried. TOC, total nitrogen (TN), and total 

sulfur (TS) were determined using a Vario EL III CHNS analyzer with detection limits of 0.07%, 

0.01%, and 0.01% for TOC, TN, and TS, respectively. Sediments were digested in the Milestone Ethos 

Easy microwave digester using a 7:3:1 mixture of nitric acid (HNO3), HCl, and hydrofluoric  (HF), 

and analyzed for Fe and Mn using an inductively coupled plasma-optical emission spectrophotometer 

(Thermo Scientific i-CAP 7000 Series). The lower detection limits were 12.50 for Fe and 3.50 µg/g 

for Mn. Another set of sediment samples was then open digested on a hot plate using a mixture of 

perchloric acid (HClO4), HNO3, and HCl. The extract was analyzed for total P using the Skalar SAN++ 

auto-analyzer and the standard procedure proposed by Grasshoff et al. (1983). 

2.3. Fe Speciation 

Fe speciation was conducted using wet sediment samples with a stepwise chemical extraction 

procedure in an inert environment. Poulton and Canfield (2005) modified the sequential extraction 

procedure proposed by Tessier et al. (1979) and Poulton and Raiswell (2002). We adopted the new 

procedure for this study as it identifies magnetite and Fe carbonates separately, as shown in Fig. 2. The 

efficacy of the extraction and the solubility of sedimentary Fe minerals may vary based on the grain 

size, crystallinity, and complex association of minerals with the sediment matrix (Slotznick et al., 

2020). 
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 In the sequential extraction procedure, FeCarb fraction (siderite and ankerite) was extracted 

from wet sediment in 48 h using sodium acetate (NaCH₃COO) maintained at 4.5 pH and 50°C. 

Buffered sodium acetate at a pH of 4.5 is also extracted Fe bound to acid volatile sulfur. FeOx1 

(ferrihydrite and lepidocrocite), FeOx2 (goethite, akageneite, and hematite), and FeMag (magnetite) were 

extracted using hydroxylamine HCl, dithionite, and ammonium oxalate (C₂H₈N₂O₄), respectively. The 

three extractions were completed in 48, 2, and 6 h, respectively. Poorly reactive (silicate) Fe was 

separated from the residue by boiling it in 12 N HCl. A different sediment sample was dry ashed for 8 

h at 450°C and subsequently boiled in 6 N HCl for 24 h to extract FeT. FePyr was separately extracted 

from wet sediment using the chromous-chloride distillation method, assuming chromium-reducible 

sulfur was pyrite (Canfield et al., 1986). Hydrogen sulfide (H2S) was trapped as zinc sulfide (ZnS) in 

a vessel containing 3% zinc acetate (ZnC₄H₆O₄) and 10% ammonium hydroxide (NH₄OH) solution 

during distillation. FePyr concentration was estimated by iodometric titration using the Metrohm 

automatic titration system, and the relative standard deviations obtained from repeated analyses were 

<5%. FeU concentration was calculated by subtracting the sum of FePyr concentration and the first five 

fractions from FeT. Different Fe form's concentration was measured using atomic absorption 

spectrophotometer (Thermo scientific iCE 3000 series). All Fe forms were extracted thrice, and 

average concentrations were calculated. The triplicate analyses yielded a relative standard deviation 

of <6% for all extractions. As shown in Fig. 2, the Fe fractions were sub-divided into highly reactive 

(FeHR), poorly reactive (FePR), and unreactive (FeU) pools based on their reactivity determined under 

standard protocols (Poulton and Canfield, 2005). FeHR concentration was calculated by adding the 

concentrations of FePyr, FeMag, and FeCarb to those of Fe(III) oxides FeOx1 and FeOx2, assuming Fe(II) 

forms are reduced Fe(III) oxides (Poulton and Canfield, 2005). The sum of concentrations of FeOx1 

and FeOx2 gives the Fe(III)HR concentration. Fe(III)HR oxides readily react with sulfides and provide 

the buffering capacity in marine sediments (Zhu et al., 2012). Triplicate extractions were carried out, 

and the average values were reported.  

3. Results 

3.1 General Hydrography 

 The study region remained warm and vertically mixed during April - May (30-32°C) and 

started cooling gradually during June-September to 23-26°C due to monsoon-induced upwelling. As 

shown in Fig.3, salinity did not vary widely, except for a few low saline patches, due to erroneous 

values recorded by the CTD when in contact with the fluid mud layer (Muraleedharan et al., 2017a). 

At M3, DO levels decreased sharply due to prolonged upwelling during 14 June–31 August; however, 

the intrusions of upwelled water at M1 and M2 were intermittent during 14 June–10 August. The DO 
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concentrations in the sub-surface waters fell below 60 μM in both M1 (52 μM) and M3 (42 μM) at the 

onset of the southwest monsoon below the well-oxygenated surface waters layer. The temperature of 

the water column (from <2 m to the bottom), overlain by a thin, warm, low salinity lens in the nearshore 

region, decreased to <26°C, its salinity rose to >35.5 PSU, and it became oxygen-deficient with DO 

concentration <65 μM due to upwelling (Gireeshkumar et al., 2017; Mathew et al., 2019). Heavy 

rainfall during southwest monsoon results in stratification in the upper layer, which curtails vertical 

mixing and helps maintain a two-layered structure in the nearshore region despite strong winds 

(Prasanna Kumar et al., 2018). 

3.2 Bulk Geochemistry 

The sediment was predominantly clay or silty clay (Fig. 4). The sediment had a moderate 

concentration of bulk elements such as TOC (2.42 ± 2.85 %), TN (0.27 ± 0.41 %) and TS (1.04 ± 1.30 

%) (Fig. 5).  Pearson correlation analysis was performed using SPSS, and TS and TOC showed a 

significant positive correlation with a p-value <0.01. As shown in Table 1, mean Mn concentrations 

were 107.57 ± 28 μg/g, 102 ± 21 μg/g, and 102.63 ± 25 μg/g at M1, M2 and M3, respectively, showing 

a decreasing trend with intensifying of upwelling. 

 3.3 Total Fe and Fe Speciation 

As shown in Fig. 6, FeT concentrations in the sediments were 58.34–66.99 mg/g, 56.06–74.34 

mg/g, and 53.34–66.60 mg/g at M1, M2, and M3, respectively. Fig. 6a shows low FeCarb, contributing 

<1% to FeT. FeOx1 gradually increased during upwelling, contributing 19%–37.3%. In contrast, FeOx2 

decreased during hypoxia, accounting for 14.5%–26.7%. FeMag also notably decreased (<10%) during 

hypoxia. FePRS was 17.5%–37% and FePyr contributed <8%. FeU decreased sharply, from mid-June 

onwards, at all the stations. FeHR accounted for 34.26 ± 2.12, 36.96 ± 2.17, and 37.66 ± 1.10 mg/g at 

M1, M2, and M3, respectively. As shown in Table 1, FeHR/FeT and FePyr/FeHR ratios were 0.50 ± 0.04 

and 0.10 ± 0.02, 0.52 ± 0.06 and 0.08 ± 0.02, and 0.56 ± 0.05 and 0.07 ± 0.01 for M1, M2, and M3, 

respectively. 

4. Discussion 

 Mud bank sediments are mostly clay or silty-clay (Nair et al., 1966 and 1976; Dora et al., 1968; 

Kurup, 1977; Mallik and Ramachandran, 1984; Purandara and Dora, 1987) and composed of 

aluminosilicate clay minerals such as kaolinite, montmorillonite, and illite (Mathew, 1992; Mathew 

and Baba, 1995; Nath et al., 2000). In this study, we observed a sharp change in the sediment texture 

from silty-clay to clay soon after peak monsoon during July-August, with clay content increasing to > 

80% (Fig. 4). Upwelling persisted in the study domain from June onwards, bringing hypoxic waters 
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(with DO<62 µM) to depths <3 m (Gireeshkumar et al., 2017; Mathew et al., 2019) and sustained for 

a longer period, especially at M3. The varying redox conditions at the sediment-water interface 

significantly influence sedimentary elemental speciation. During upwelling, mud bank sediments are 

rich in P (0.3 %) and moderate concentrations of organic matter, TN, and TS (Mathew et al., 2020). 

The average concentration of FeT (6.35 ± 0.61wt.%) in the Alappuzha mud bank is higher than 

those reported (≈ 3.5 wt.%) for other coastal margins (Slomp., 1996; Raiswell and Canfield, 1998; 

Clarkson et al., 2014; Li et al., 2016), and in range with concentrations reported earlier for the same 

region (Balachandran et al., 2003). The study region is at the coast of Kerala, bordered by the Western 

Ghats in the east and the Arabian Sea in the west. The flat-topped hills and ridges between the Western 

Ghats foothills and the Arabian Sea are formed of laterite. Hematite capping of magnetite bearing 

rocks is also prevalent in this region (Murthy, 1975; Mallik et al., 1987). All these Fe bearing forms 

may be significant contributors to the abundance of Fe in the mud bank sediments.  

The concentrations of FeT and Mn in the sediments (Table 1) decrease with depletion of oxygen 

in the water column, with more reduction of Mn in the sediments compared to Fe. If the water column 

is well oxygenated, organic matter uses oxygen (as electron accepter) in the sediment surface for 

oxidization. In the deeper layers, Mn4+ reduces to Mn2+, which diffuses upward and gets re-oxidized 

at the oxic sediment surface (Froelich et al., 1979). However, during upwelling, hypoxia favours the 

reduction of Mn4+ to Mn2+, which is released to the water column, leading to a decrease in Mn 

concentration in the surface sediments (Schulz et al., 2006). Fe(II) reprecipitates in the surface 

sediments even in mild oxygen deficiency (Krom and Berner, 1980; Jensen et al., 1995; Slomp et al., 

1996). 

 As shown in Fig. 6b, concentrations of Fe pools, that is, FeHR (ferric oxides, carbonates, and 

sulfides), FePRS (sheet silicate Fe), and FeU (residual silicate Fe) were calculated to quantify Fe 

partitioning and reactivity (Poulton and Raiswell, 2005; Li et al., 2016). The concentration of FeHR in 

mud banks (Canfield et al., 1992; Poulton et al., 2004) is more than that of FePRS or FeU (Poulton and 

Raiswell, 2002). 

 Fe(III) oxides dominated in FeHR (Feox1 vs. FeHR, p < 0.01) with remarkably high Fe(III)HR/ 

FeHR ratios of  0.78  ± 0.03, 0.79 ± 0.01 and 0.80 ± 0.02 at M1, M2, and M3, respectively (Fig. 7b; 

Table 1),  and FeHR decouples from FeT is in line with earlier reports (Raiswell and Canfield, 1998). 

Fe(III) mineral precipitation is the primary diagenetic process in the surface sediment during April-

May, though the dissolution of Fe oxides, based on their reactivity is probably active underneath 

(Garrels and Christ, 1965; Pourbaix, 1974; Roberts, 2015).  
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As shown in Fig. 7a, FeOx1 and FeOx2 concentrations during 20 April-8 June indicated a steady-

state in the study domain. Highly reactive FeOx1 declined slightly during 14-24 June, indicating the 

reductive dissolution of Fe oxides due to hypoxia followed by an unexpected Fe enrichment. The 

enrichment may be due to the re-oxidation of Fe2+ ions during the initial stage of oxide precipitation 

(Widdel et al., 1993; Dill et al., 1994; Laufer et al., 2016; Straub et al., 1996;). Low oxygenated waters 

may suppress the enrichment. In contrast, enrichment in the clay fraction suggests an abundance of 

FeOx1 particles, of size 10-20 nm, at the edges of aluminosilicates (Greenland and Mott, 1978) or as 

surface coatings (Poulton and Raiswell, 2005). 

The decrease of FeOx2 levels from 10 July onwards, especially at M2, could be due to the 

goethite and hematite dissolution under more reducing conditions (Canfield, 1989), substantiated by 

its negative correlation with S (p < 0.01). FeOx1 and FeOx2 (Fe(III)HR) are highly reactive to free sulfide, 

with a half-life period of days or weeks (Canfield et al., 1992; Raiswell and Canfield, 1998), and offer 

readily available buffering capacity to dissolved sulfides (Azzoni et al., 2005; Zhu et al., 2012). 

Buffering capacity effectively immobilizes free sulfides, which are potential toxins for benthic and 

demersal organisms, via precipitation of Fe(II) sulfides. 

High concentrations of FeHR in mud bank sediments are due to the abundance of Fe oxides, and 

seasonal hypoxia enriches Fe oxides in the coastal surface sediments (Rozan et al., 2002; Sulu-

Gambari et al., 2012, Hermans et al., 2019; Burdige and Komada, 2020). Formation of amorphous Fe 

oxides below the sediment-water interface due to remineralization of organic matter and oxidation of 

pore water Fe (II) or sedimentary Fe sulfides under hypoxia contribute to such an enrichment of Fe 

oxides (Burdige and Komada, 2020). Another case of Fe oxide enrichment is cable bacteria activity 

(Sulu-Gambari et al., 2012; Herman et al., 2019). 

 However, there are no reports on the distribution of cable bacteria either in mud banks or the 

southeastern Arabian Sea. Amorphous Fe oxides are highly reactive towards reductive dissolution and 

are thus, biologically accessible to phytoplankton through a variety of solubilization processes 

including photochemical Fe reduction and uptake by siderophores (Miller and Kester, 1994; Barbeau 

and Moffett, 2000; Kraemer et al., 2005; Kranzler et al., 2011; Basu and Shaked, 2018). A high load 

of suspended sediments indicates the resuspension of clay-sized particles at mud banks induced by 

strong winds and high waves associated with the southwest monsoon (Shynu et al., 2017; Prassanna 

Kumar et al., 2018). Such resuspensions may be a source of Fe in the shallow water column at mud 

banks. 
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 As shown in Fig. 7a and b, the concentrations of FeMag and FePyr in mud bank sediments are 

relatively low, while those of FeCarb are negligible. FeMag exhibits variable reactivity depending on the 

source, mineralogy, and grain size distribution (Poulton and Raiswell, 2005; Zhu et al., 2012). Fine-

grained FeMag shows comparable reactivity to goethite and hematite (FeOx2) (Poulton et al., 2004), 

substantiated by the temporal variations of FeMag and FeOx2 in this study. The commencement of 

monsoon enriched FeMag, followed by a decline from 10 July due to more reducing conditions in the 

sediment. The concentrations of FeMag in the mud bank sediments were higher compared with those in 

other coastal sediments (Canfield and Berner, 1987; Lesli et al., 1990) even after considering the 

inherent errors in the magnetic separation methods (Lesli et al., 1990; Zhu et al., 2012), and maybe 

related to the geological evolution of this region, where hematite caps magnetite-bearing rocks (Mallik 

et al., 1987). Biologically induced (due to the attachment of Fe(II) to Fe(III) oxides) and biologically 

controlled (by magnetotactic bacteria) magnetite formations are also found in sediments ranging from 

Fe-rich suboxic to anoxic (Konhauser, 2006). 

 Enrichment of FeHR was observed in the study domain. Such enrichment is expected in hypoxic 

sediments due to rapid biological oxidation of Fe at seawater pH even under low oxygen conditions 

(Stumm and Morgan, 1981). Thus, Fe remains within sediments under aerobic and hypoxic conditions 

rather than moving to the overlying water column (Balzer, 1982).  

The rate of pyrite formation is controlled by microbial sulfate reduction, depending on the 

buried organic carbon or the upward CH4 flux and  Fe availability (Goldhaber and Kaplan, 1974; 

Jorgensen, 1977, 1982, and 1990; Berner, 1984; Lyons, 1997; Raiswell and Canfield, 1998). The lower 

concentration of FePyr (0.23-0.45 wt%) is in line with the previously reported values (0.03-0.5 wt%) 

from the continental slope of the northern Arabian Sea and is due to low bottom water oxygen and 

high primary productivity (Morse, 1992; Schenau et al., 2002). Even though the FeCarb concentrations 

were low, it further decreased during hypoxia and increased later by August. Authigenic Fe(II) 

carbonates occur only in Fe-rich, non-sulfidic marine sediments (Canified, 1989) and fluid mud layers 

in muddy coasts (Aller et al., 1988; Aller., 2004). The study region is characterized by the presence of 

a 0.2-1 m thick fluid mud layer close to the bottom of the sea ( Shynu et al., 2017; Jyothibabu et al., 

2018), and siderite (FeCO3) is found at such fluidized sediment settings (Aller et al., 1988; Aller., 

2004). Further studies based on mineralogy need to be conducted in the region to corroborate the 

observations. 

 The reactivity of FePRS with sulfide is nearly 108 times lower than that of Fe (III) oxides, even 

after long exposure (Canfield et al., 1992). Fe-bearing sheet silicates (biotites, chlorites, illites, certain 

smectites) and Fe in montmorillonite are poorly reactive (FePRS) (Raiswell et al., 1994) and other 
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fractions, derived from aluminosilicates, are unreactive (FeU) (Poulton and Raiswell, 2002). A decrease 

in FeU concentration soon after monsoon could be attributed to clay enrichment in the surface sediment. 

FeU exhibited a strong positive correlation with FeT (r=0.78, p<0.01), and it is in good agreement with 

the global marine sediments (Poulton and Canfield, 2005). In the study region, kaolinite (non-

expandable), followed by montmorillonite (expandable), were dominant in sediments till the onset of 

monsoon; however, from mid June, very fine montmorillonite became abundant in surface sediments 

(Purandara, 1990; Mathew, 1992; Mathew and Baba, 1995; Gireeshkumar et al., 2020). 

Montmorillonite is rich in Fe (Slomp et al., 1996; Knebel et al., 1968; Hedges et al., 2003) and 

substantiates FePRS enrichment in the region. 

 Different FeT contents and various relative fractions (due to carbonates and organic matter) in 

sediments globally make the comparison of Fe species in marine sediments difficult. Therefore, Fe-

based indices, such as FeHR/FeT and FePyr/FeT, are calculated to infer Fe dynamics in marine sediments 

(Poulton and Raiswell, 2002). A widely utilized geochemical proxy to determine the environmental 

behaviour of Fe is the FeHR/FeT ratio (Raiswell and Canfield, 1998; Poulton and Raiswell, 2002; Lyons 

and Severmann, 2006; Poulton and Canfeld, 2011). In general, FeHR/FeT ratios of marine sediments do 

not exceed 0.38 during deposition under oxic water conditions (Clarkson et al., 2014). The FeHR/FeT 

ratio in mud bank sediments was 0.43–0.49 when the water column was well oxygenated and increased 

gradually to 0.43–0.62 during hypoxia. These values were slightly higher than those calculated in 

previous studies for other oceanic regions. Ferruginous conditions can be determined from the extent 

of pyritization (FePyr/FeHR) of the highly reactive Fe pool in the euxinic state. The obtained ratio of 

0.08 ± 0.02 confirmed ferruginous content in the study domain (März et al., 2008; Poulton et al., 2004; 

Poulton and Canfield, 2011; Clarkson et al., 2014). 

5. Conclusions 

In this study, we examined the changes in the Fe forms, their reactivity and sulfide buffering 

capacity in the seasonally hypoxic coastal environment of the Alappuzha mud bank on the southwest 

coast of India. Fe remained in the sediments even under hypoxic condition, while the reductive 

dissolution and subsequent release of Mn from sediments were evident. The Fe fractions in the mud 

bank showed unique features such as the dissolution of Fe(III) oxides and the slight enrichment of 

FePyr, possibly due to the reducing conditions in the sediments augmented by the fluid mud layer. 

Fe(III)HR was highly concentrated in the mud bank, providing a high buffering capacity to bind sulfide. 
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Figure captions: 

Figure 1 Map of the study region showing locations of sampling stations (M1, M2, and M3) in 

Alappuzha mud banks. The discontinuous white line indicates the approximate boundary of 

the persistent mud bank site. The red dots (upper left panel) reported mud bank locations 

along the southwest coast of India   

Figure 2 Fe speciation scheme (Poulton and Canfield, 2005) adopted for the present study. 

Figure 3 Seasonal variability of temperature, salinity and dissolved oxygen in the study region. 

Figure 4 Distribution of sand, silt and clay in surface sediments of the Alappuzha mud bank. 

Figure 5 Distribution of total organic carbon (TOC), total nitrogen (TN), total sulfur (TS) and total 

phosphorus (TP) in surface sediment in the study region. 

Figure 6 a Seasonal distribution of various Fe forms (Fecarb, Feox1, Feox2, Femag, FePRS, Fepyr & FeU) in 

mud bank sediments; b. percentage distribution of highly reactive Fe (FeHR), poorly reactive 

Fe (FePR) and unreactive Fe (FeU) in mud bank sediments. 

Figure 7 a & b Various sedimentary Fe forms in response to oxygen profile in mud bank.  
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Table 1 Distribution of total iron (FeT), Fe(III)HR/FeHR, FeHR/FeT, FePyr/FeHR, and Mn in surface sediments 

Sampling 

Date 
FeT (mgg-1) Fe(III)HR/FeHR FeHR/FeT FePyr/FeHR Mn (µgg-1) 

  M1 M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3 

20-Apr-16 62.85±0.27 67.41±0.55 62.85±0.28 0.76 0.79 0.79 0.49 0.49 0.49 0.11 0.07 0.08 - 128±0.35 148±0.61 

11-May-16 61.14±0.18 74.34±0.37 59.13±0.66 0.79 0.77 0.79 0.49 0.43 0.57 0.12 0.07 0.07 142±0.51 136±0.35 135±0.45 

08-Jun-16 59.85±0.17 65.28±0.13 66.6±0.18 0.77 0.78 0.79 0.47 0.49 0.49 0.11 0.08 0.08 150±0.18 119±0.25 113±0.27 

14-Jun-16 66.99±0.56 69.93±0.41 53.34±0.37 0.76 0.77 0.78 0.43 0.46 0.61 0.1 0.07 0.07 122±0.55 93±0.45 92±0.41 

24-Jun-16 58.9±0.41 58.94±0.36 59.3±0.44 0.75 0.78 0.78 0.49 0.56 0.57 0.11 0.07 0.09 89±0.32 94±0.21 91±0.44 

10-Jul-16 59.45±0.38 56.06±0.18 62.2±0.35 0.77 0.8 0.8 0.51 0.52 0.55 0.12 0.09 0.08 95±25 91±0.32 77±0.43 

27-Jul-16 58.34±0.41 58.3±0.21 59.11±0.22 0.8 0.8 0.83 0.53 0.61 0.59 0.08 0.12 0.06 85±0.55 83±0.28 91±0.18 

10-Aug-16 62.27±0.31 59.85±43 57.45±0.36 0.82 0.8 0.83 0.51 0.54 0.59 0.08 0.11 0.06 -  - - 

26-Aug-16 62.56±0.43 61.36±0.23 55.56±0.28 0.83 0.81 0.84 0.56 0.58 0.62 0.07 0.09 0.06 70±0.53 72±0.35 74±0.25 

Mean 61.37 63.5 59.5 0.78 0.79 0.8 0.5 0.52 0.56 0.1 0.09 0.07 107.57 102 102.63 

± SD 2.52 5.76 3.76 0.03 0.01 0.02 0.03 0.05 0.04 0.02 0.02 0.01 28.33 21.35 25.18 

Fluid mud - 55.52±0.8 - - - - - - - - - - - 92±0.4 - 
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Figure 7 b 


