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Key points: 

- Iron plays an important role in the preservation of lacustrine sedimentary 
organic matter 

- Chemical composition rather than redox conditions control the association 
between iron and organic matter 

- OC:Fe ratios should not be used to infer a formation mechanism between iron 
and organic carbon 
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Abstract  

The biogeochemical cycles of iron and organic carbon (OC) are closely 

interconnected in terrestrial and aquatic systems. In ocean waters, the concentration of 

reactive Fe is tightly controlled by soluble organic ligands. In soils, Fe stabilizes OC by 

forming aggregates that shield OC from degradation. In lake sediments however, the 

role of Fe in the preservation of OC has not been explored as extensively yet. We 

investigated Fe-OC interactions in sediment collected from Lake Tantaré, in which two 

basins are characterized by contrasting redox conditions. These contrasting redox 

conditions provide an opportunity to assess their importance in the formation of stable 

Fe-OC complexes. On average, 30.1 ± 6.4 % of total OC was liberated upon reductively 

dissolving reactive iron. The Fe-associated and the non-Fe-associated OC pools were 

characterized at the elemental (OC, TN), isotopic (δ13C, δ15N) and functional group (FTIR) 

levels. Large differences in OC:Fe and TN:Fe ratios between the two basins were found 

which were not linked to OM chemical composition but rather to differences in reactive 

iron concentrations stemming from the higher abundance of iron sulfides in the anoxic 

basin. Nevertheless, since the affinity of OM for iron sulfides is lower than that for iron 

hydroxides, using OC:Fe and TN:Fe ratios as a diagnostic tool for the type of OM-Fe 

interactions should be done with care in anoxic environment. Same caution should be 

considered for oxic sediments due to the variation of the proportion of iron hydroxides 

associated with OM from sample to sample. 
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Introduction 

Human activities have significantly affected the global carbon cycle over the past 

200 years, leading to a concentration of carbon dioxide (CO2) in the atmosphere to be 

about 50% higher now than early period of Industrial Revolution (Vitousek et al., 1997; 

Falkowski et al., 2000). The major natural removal pathway for atmospheric CO2 is 

photosynthesis of organic matter (OM) on land and the surface ocean. Most newly 

synthesized OM is rapidly oxidized back to inorganic carbon and other nutrients, and 

eventually returns to the atmosphere as CO2. In the ocean, less than 1% of the yearly 

oceanic primary production of organic carbon (OC) is ultimately buried and preserved in 

sediments (Galy et al., 2007). Sedimentary burial and preservation of OC upholds the 

delicate balance of O2 and CO2 in the atmosphere on geological time scales by 

maintaining the balance between primary production and respiration (Hartnett et al., 

1998; Burdige et al., 2007). OM burial also represents a long-term sink for redox-

sensitive elements (such as C, N, S, Mn, and Fe) in global biogeochemical cycles 

(Thamdrup et al., 1994; Hedges et al., 1995; Straub et al., 1996; Lalonde et al., 2012). 

 Several factors play a role in long-term OC burial efficiency, such as OC 

degradation rate (Canfield et al., 1994), primary productivity (Hedges et al., 1995), 

sedimentation rate (Müller and Suess, 1979; Henrichs et al., 1987) and low bottom 

water oxygen concentration (Demaison et al., 1980; Betts and Holland, 1991; Paropkari 

et al, 1992; Hartnett and Devol, 2003), but the exact controls on OM preservation still 

remain unclear (Hedges et al., 1995; Burdige et al., 2007). The close interactions 
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between organic and inorganic sedimentary materials have long been recognized as one 

of the most important preservation mechanisms by which OC is physically protected 

through shielding or encapsulation, leading to steric hindrance (Ingalls et al., 2003; 

Arnason and Keil, 2007). Physical protection as a preservation mechanism is supported 

by the observation that more than 90% of preserved OC is very closely associated with 

minerals in most marine sediments (Keil et al., 1994; Kennedy et al., 2011).  

The interactions between organic and inorganic minerals have traditionally been 

considered uniquely as chemical or physical adsorption processes on the surface of 

minerals such as clays and iron hydroxides. Such thermodynamic equilibrium 

interactions are however reversible and cannot explain the long-term preservation of 

molecules that are labile when dissolved in sediment pore waters (Meyer, 1995). 

Lalonde et al. (2012) and Barber et al. (2017) proposed a mechanism of physical 

protection involving the formation of inner-sphere complexes between organic 

compounds and nanophase iron hydroxide particles. They estimated that an average of 

21.5 ± 8.6% of the total OC in marine sediments, representing highly contrasting 

depositional settings, is directly attached to reducible, or reactive, solid iron phases 

(Lalonde et al., 2012). Extrapolating to the global ocean, this estimation corresponds to 

a total mass of OC directly associated to reactive iron of 19–45 × 1015 g (Lalonde et al., 

2012). Interestingly, 26.4% of total OC was directly associated to Fe in the surface 

sediment of Lake Brock, the only lake sediment studied by Lalonde et al. (2012), 

suggesting that OC-Fe interactions also play a role in OC preservation in freshwater 

systems.  
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The concentrations of iron and OC co-vary in sediments (Berner, 1970), but 

elucidating the exact nature of the chemical bonds between OC and iron under 

contrasting redox conditions is extremely challenging because of the complicated 

chemistry of iron and OC near the sediment-water interface (SWI) and oxic-anoxic redox 

boundaries within the sediment. In addition to chemi- and physisorption, sedimentary 

OM can interact with iron hydroxides through a ligand-exchange mechanism where 

electronegative functional groups such as carboxyl, phenol or alcohol replace the 

hydroxyl groups of iron hydroxide particles (Gu et al., 1994; Kaiser et al., 1997). At the 

SWI, where oxygen from the water column diffuses through the uppermost layers of the 

sediment, Fe(III) is thermodynamically stable mostly as solid phase (Fe hydroxides), but 

also other less easily reducible iron containing minerals such as clays (Viollier et al., 

2000). Below the oxic/anoxic interface Fe(III) can be reductively dissolved to soluble 

Fe(II) (Voillier et al., 2000) that can sorb onto solid particles or diffuse either upwards 

towards the oxic zone where it is re-oxidized, or downward and precipitate as iron 

sulfides. The re-oxidation of Fe(II) above the redox transition zone leads to the 

formation of iron hydroxide nanoparticles that interact strongly with OC owing to their 

chemical composition and high surface areas. While pH and competing anions (sulfate 

and phosphate in particular) dictate the adsorption of OM onto different types of iron 

oxides such as ferrihydrite, goethite and haematite (Gu et al., 1994), co-precipitation 

between OM and Fe nanoparticles would lead to the formation of surface-active Fe-OC 

complexes (or aggregates). Aggregation of this type is analogous to the onion model of 

Mackey and Zirino (1994). It would result in a decrease in the reduction rate of Fe(III) 
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under anoxic conditions, which would explain the persistence of reducible iron in anoxic 

sediments for thousands of years (Haese et al., 1997), and to a decrease in OM 

degradation rates leading to higher OM burial efficiencies (Boudot et al., 1989; Jones 

and Edwards, 1998).  

Organic carbon burial and preservation in lentic ecosystems such as lakes, 

reservoirs, ponds and impoundments is poorly constrained because of the absence of 

comprehensive datasets, particularly for small water bodies. Several studies have shown 

that the OC burial rates in these systems should be taken into account in global carbon 

cycle analyses even if they cover a small fraction of the Earth’s land surface area (Cole et 

al., 2001; Sobek et al., 2003; Pace et al., 2005; Clow et al., 2015; Ferland et al., 2012). 

The main objectives of this work are to understand the role of the Fe-OC interactions in 

the preservation of OC in lake sediments, and to assess the importance of redox 

conditions in the formation of stable Fe-OC aggregates. We used sediments collected 

from Lake Tantaré located in Quebec, Canada. The lake is a freshwater aquatic system 

with four basins, two of which, Basin A and Basin B, being characterized by seasonally 

contrasting bottom water redox conditions owing to contrasting sediment accumulation 

rates and water column depth. These differing redox conditions provide an opportunity 

to test our hypothesis regarding the importance of redox transitions in the formation of 

these stable OC-Fe complexes. The Fe-associated and the non-Fe-associated OC pools 

were characterized using elemental (organic carbon and total nitrogen) and isotopic 

(δ13C, δ15N) analysis, and their chemical composition was assessed by Fourier-transform 

infrared (FTIR) spectroscopy. 
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Materials and Methods 

Study Site 

Lake Tantaré (47°04′15′′N, 71°33′42′′ W, Figure 1) is a small (1.1 km2) 

oligotrophic lake located in an ecological reserve 40 km northwest of Québec City, in the 

province of Québec. This dimictic soft water lake, sitting on a granite and gneiss bedrock 

of the Canadian Precambrian Shield, is characterized by low concentrations of dissolved 

organic carbon (DOC; 2.2–2.8 mg L−1) (Liu et al., 2015). Since the lake basin is 

uninhabited, metal ions are only introduced to this lake through natural weathering and 

atmospheric deposition as the impact of human activities is negligible (Alfaro-De la 

Torre et al., 2000). Lake Tantaré is comprised of four basins that are separated by 

shallow sills. In this study, we used sediments from Basin A (pH of 5.5-5.8), which is has 

maximum depth of 15 m and perennially oxic conditions (> 3.8 mg O2 L-1), as well as 

from Basin B (pH of 6.6-7.0) which has a maximum depth of 21 m and is characterized 

by seasonal variations in redox conditions as bottom waters become anoxic (< 0.01 mg 

O2 L
-1) during late summer-early fall (Figure ‎1) (Couture et al., 2008; 2009). 
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Figure 1. Map showing the location of Lake Tantaré. 

 

Sampling and Sediment Dating 

Sediment cores were collected in both basins in August 2013 using butyrate 

tubes with an inner diameter of 9.5 cm. Sediment were sliced at 0.5- or 1-cm intervals 

down to 25 cm. The sediment samples were freeze-dried and stored in clean 

polyethylene containers. Depth profiles were transformed into their corresponding age 

profiles to allow direct comparison of the data from Basins A and B. The age model was 

developed by Tessier and coworkers (Tessier et al., 2014). 

Reduction Method  

The reductive extraction used in this study was adapted from a method originally 

developed for quantifying reactive (reducible) iron in soils (Mehra and Jackson, 1960). It 
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was modified to allow measuring the concomitant removal of OC (by elemental analysis 

coupled to an isotope ratio mass spectrometer, or EA-IRMS) and iron (by inductively 

coupled plasma mass spectrometry, or ICP-MS) from the marine and lake sediments 

(Lalonde et al., 2012). In this method, sodium dithionite was used to reductively 

solubilize Fe(III) oxides to Fe(II), along with citrate, a water-soluble complexing agent 

that keeps reduced iron in the dissolved phase. The OC solubilized during the reduction 

step was measured by difference by elemental analysis (total mass of OC before 

reduction – total mass of OC after reduction = mass of OC solubilized). The reduction 

reaction was carried out under buffered conditions (bicarbonate) to maintain the pH at 

7.0 ± 0.3. The OC released upon the reduction reaction is considered specifically 

associated with iron oxides as other reducible mineral phases such as manganese oxides 

are much less abundant in sediments (Feyte et al., 2010; 2012). In order to take into 

account desorbed OC from sediment at the temperature and ionic strength used for the 

reduction reaction, a preliminary control experiment was performed on the sediment 

prior to the reduction step by replacing the citrate and dithionate with sodium chloride, 

maintaining the same ionic strength as in reduction experiment (Lalonde et al., 2012). 

EA-IRMS Measurements  

The certified standard materials Sucrose (IAEA-CH-6; δ13C = -10.45 ± 0.07 ‰), 

Polyethylene (IAEA-CH-7; δ13C = -32.15 ± 0.10 ‰) and Ammonium Sulfate (USGS24; δ15N 

= -30.41 ± 0.27‰;), as well as ß-alanine (Sigma-Aldrich; δ13C = -26.18 ± 0.10 ‰; OC = 

40.44%; δ15N = -2.21 ± 0.24‰; %TN = 15.7%) and sucrose (Sigma-Aldrich; δ13C = -11.77 ± 

0.09 ‰; OC = 42.11%), two in-house standards calibrated with these certified reference 
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materials, were used for calibration purposes. The δ13C and organic carbon 

concentration analyses were carried out using an EuroEA3000 CHNS-O analyzer 

(EuroVector S.p.A.) coupled to an Isoprime 100 IRMS (Elementar Americas Inc.). The 

stable carbon isotope ratios are expressed relative to the international reference 

standard Vienna Peedee Belemnite (VPDB). Precision and accuracy of the measured 

stable isotope values were assessed using a range of masses of the pure in-house 

calibrated compound (ß-alanine) and IAEA certified sucrose covering the entire dynamic 

range of the instrument. The %OC and δ13C values were obtained before and after the 

removal of OM associated with iron oxide, and the value of Fe-associated OC was 

calculated using an isotopic mass balance model. In order to remove inorganic carbon 

(i.e., carbonates) prior to EA-IRMS measurement, the freeze-dried sediment samples 

were weighed into silver (Ag) capsules, exposed to 12 M HCl vapor for 12 hours, 

followed by a 1-hr heating step at 50°C and 6 hours in a desiccator to remove residual 

water/acid (Hedges and Stern, 1984). The Ag capsules containing the decarbonated 

samples were then sealed and wrapped in a tin capsule before EA-IRMS analysis. 

FTIR and ICP-MS Measurements 

FTIR analyses were carried out on the sediments before (initial) and after 

(residual) the removal of OM associated with iron hydroxides. Subsamples from depths 

of 1-2 cm, 8-9 cm and 19-20 cm were analyzed, corresponding to ages of 12.6, 96.0 and 

232.8 years, respectively, for Basin A, and ages of 6.3, 43.3 and 132.2 years, 

respectively, for Basin B due to difference in their sediment accumulation rates. A mass 

of 3.0 ± 0.1 mg of each freeze-dried subsample was carefully homogenized with 100.0 ± 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

11 

 

0.3 mg of dry potassium bromide using a mortar and pestle. All of the homogenized 

mass was used to make a compressed pellet. Prior to acquiring the spectrum, the pellet 

chamber was purged with nitrogen for a minimum of 5 min to remove water vapor and 

the carbon dioxide signal at 2350 cm-1. The measurements were done on a Nicolet 6700 

FTIR spectrophotometer (128 scans at a resolution of 2 cm-1). An Agilent 7500 ICP-MS 

was used to measure iron concentrations by external calibration following appropriate 

dilution of the samples.  

 

Results and discussion 

 

Elemental and Isotopic Composition 

The vertical distribution of reducible Fe, OC, and total N, as well as the OC:Fe and 

C:N atomic ratios, and the stable isotope values of carbon (δ13C) and nitrogen (δ15N) 

were determined in sediment cores of the perennially oxygenated Basin A and the 

seasonally anoxic Basin B of Lake Tantaré (Figures 2 and 3, and Table S1).  
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Figure 2. Age profiles of (A) the concentration of reducible Fe; and (B) organic carbon (OC); (C) 

the OC:Fe molar ratios; and (D) the concentration of nitrogen (N) before (Initial) and after 

extraction (Fe associated) in Basins A and B. Each point represents the average value of triplicate 

measurements. Standard deviation bars were omitted for clarity but values can be found in 

Table S1 (Supporting Information). 

 

Reducible Fe concentrations were high below the SWI in Basin A (6.3% of the 

total mass) and decreased sharply to about 1% at 2-3 cm of depth (corresponding to an 

age of ~22 yrs) to reach nearly constant concentrations deeper in the sediment (Figure 

2A). The enrichment of Fe(III) hydroxides below the SWI matches with the results of 

previous studies conducted on the same basin (Fortin et al., 1993; Heiri et al.; 2001; 
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Chappaz et al., 2008; Couture et al., 2009) and is due to the recycling of Fe at depth 

(partial dissolution of Fe(III) oxides, release of dissolved Fe(II) to pore waters, followed 

by its migration towards the near surface oxic layer where it is re-oxidized to Fe(III) 

hydroxides, and at depth where it can react with dissolved sulfides to form mackinawite 

or pyrite) (Laforte et al., 2005; Liu et al., 2015). As also observed by Couture et al. (2008) 

and Feyte et al. (2010), dissolved Fe(II) in the pore waters of Basin B is partly lost 

through diffusion to the water column owing to the absence of an oxic sediment layer 

near the SWI, hence explaining the absence of an enrichment in Fe(III) hydroxides in this 

core (Fe concentrations between 2.2 and 3.8% throughout). The downward diffusing 

Fe(II) reacting with sulfide may however explain the higher reactive iron concentrations 

in this core given the absence of a Fe(III) hydroxides sink near the SWI and the higher pH 

conditions in the bottom water of Basin B compared to Basin A (6.6-7.0 vs. 5.5-5.8, 

respectively (Feyte et al., 2010), as iron monosulfide solubility increases with decreasing 

pH (Wolthers et al., 2005). While Couture et al. (2009) reported that the concentration 

of acid volatile sulfides (AVS) was low and thus contributed little to reduced Fe solid 

phases in Basin A (Couture et al., 2009), AVS concentrations were about an order of 

magnitude higher in Basin B (Couture et al., 2017). 
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Figure 3. Age profiles of the C:N atomic ratio, δ13C value and δ15N value of initial and residual 

sediments in basin A (A, B, and C, respectively) and basin B (D, E, and F, respectively). Each point 
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represents the average value of triplicate measurements. Standard deviations bars were 

omitted for clarity but values can be found in Table S1 (Supporting Information). 

 

The total OC concentrations were similar in both basins and ranged between 

22.4 ± 0.7 % and 27.1 ± 0.3 % for Basin A, and 21.0 ± 0.5 % to 26.8 ± 0.3 % for Basin B 

(Figure 2B), with small, yet generally synchronous variations in the past century (Laforte 

et al., 2005). These values are in agreement with the data reported by Feyte et al. 

(2010). The concentrations of OC associated with iron (Fe-associated OC) averaged 7.5 ± 

1.6% of the total sediment mass in the two basins (Figure 2B), corresponding to 30.1 ± 

6.4% of total OC in Basins A and B. These values are similar to the results obtained for 

other lake sediments analyzed using this method, and are on the high end of the range 

of percentages measured for a series of marine sediments by Lalonde et al. (2012). 

Noteworthy, the highest total OC concentration in Lalonde’s sediment sample set was 

6.9 wt% compared to 20-28 wt% for Lake Tantaré, which suggests that the conclusions 

reached for marine sediment also apply to organic-rich lake sediments despite the lower 

relative proportion of inorganic matter in the latter. 

High OC:Fe molar ratios were found in both basins, suggesting close interactions 

between OC and Fe in these samples. The ratios have remained similar in both basins 

near the SWI for the past ~20 years (Fig. 2C), but they diverge considerably deeper in 

the sediment with averages of 26.4 ± 0.6 and 11.8 ± 0.7 for Basin A and B, respectively 

(Figure 2C). The differences in the OC:Fe and TN:Fe (Supporting Information Table S1) 

profiles between the two adjacent basins exposed to similar OC and inorganic material 

inputs (although at a higher rate in Basin B), but dissimilar oxygen exposure regimes, 
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suggests two possible scenarios. First, the contrasting ratios could reflect differences in 

OM chemical composition driven by the different redox regimes in two basins (Coward 

et al., 2018), or they could be due to the presence of a pool of reactive iron with a 

generally lower affinity for OM in Basin B, thus leading to lower OC:Fe ratios.  

Total nitrogen concentrations varied between 1.4 ± 0.4 % and 1.6 ± 0.4 % in 

Basin A, and 1.1 ± 0.5 % and 1.6 ± 0.4 % in Basin B (Figure 2D). Total N concentrations 

were slightly lower at depth in Basin B compared to Basin A, a difference not paralleled 

in the concentration of nitrogen associated to iron (Figure 2D). The concentrations of 

Fe-associated nitrogen varied between 0.15 and 0.50 % in both basins, corresponding to 

between 9 and 31% of total N. This range is also consistent with the finding of Lalonde 

et al. (2012) for boreal lake sediments (21-34 %), but is higher than in marine sediments, 

for which the highest measured percentage of Fe-associated nitrogen was 15.3 % 

(average of 6.0 ± 5.2 % for the entire dataset), suggesting that the coupling of iron and 

nitrogen is stronger in continental aquatic systems where OM is more depleted in 

nitrogen compared to marine OM. 

The C:N atomic ratios for the initial and residual (e.g., non-Fe-associated OM) 

fractions of the sediments vary little with age and between basins, with averages of 19.3 

± 1.4 and 21.6 ± 1.1 in Basins A and B, respectively (Figure 3A and 3D). These ratios are 

higher than those measured for settling particles of productive lakes (6-9; Hamilton-

Taylor et al., 1984) and are typical of soil OM, reflecting the predominance of 

allochthonous OM inputs in the sediments of Lake Tantaré (Bordovskiy, 1965; Thornton 

and McManus, 1994). The C:N ratios are higher for Fe-associated OM throughout the 
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core in Basin A, and for sediment deposited in the past 50 years in Basin B (Figure 2D, 

suggesting that the OM associated with Fe hydroxides is depleted in N relative to non 

Fe-associated OM. This observation agrees with the results from a long-term incubation 

experiment in which it was proposed that iron oxides lead to the preferential 

preservation of OC and, in parallel, to an enhancement in the removal of nitrogen-rich 

OM (Barber et al., 2014). Additional work is needed to confirm this hypothesis. 

The δ13C and δ15N stable isotope values measured for total OM as well as for the 

Fe-associated and residual OM fractions were similar and varied little with time in Basin 

A, aside from a 1.0 to 1.5 ‰ lower δ15N value for sediment deposited in the past ~75 

years. This is not the case for Basin B where δ13C values of the three fractions varied by 

more than 2.5 ‰, particularly near the surface and between 50 and 100 years ago. 

(Figure 3E). The reason for these differences is not fully understood but may have to do 

with biochemical fractionation upon Fe-OM co-precipitation. 

Two sharp peaks centered around 15 and 45 years characterized the δ15N profile 

for total OM and the Fe-associated and residual fractions, with an enrichment as large 

as 3.0 ‰ at these depths (Figure 3F), where the total N concentration was also the 

lowest (Figure 2D). This result likely is linked to N degradation pathways and agrees with 

the inverse relationship found between total N and δ15N in sediments from temperate 

lakes (Botrel et al., 2014).  
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OM chemical composition 

The FTIR spectra of the total, residual and Fe-associated OM are presented for 

the two basins in Figure 4. For each sample, the spectra for total OM and the control-

treated samples (see Materials and Methods section) were virtually indistinguishable 

from one another therefore the former were used for the discussion below. The small 

fraction of OM lost during the control treatment was thus very similar in chemical 

composition to the insoluble OM remaining after the treatment.  

 

 

Figure 4. FTIR spectra of the initial (A and D), residual (B and E) and Fe-associated (C and F) OM 

for surface sediment (1-2 cm) of basin A (top) and basin B (bottom). 
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The largest peak in the spectra at 1095 cm−1, caused by the antisymmetric 

motion of silicon atoms (υas-Si-O-Si) (Swann and Patwardhan, 2011) in Si-containing 

minerals (quartz and clays), was used as an internal standard to normalize the spectra 

since its abundance did not vary with depth in the sediments, and because Si-containing 

minerals are resistant to the dithionite treatment as it is seen when comparing spectra A 

and B for basin A and spectra D and E for basin B in Figure 4 (Kovač et al., 2006). 

Combined with the precise and constant sediment-to-KBr mass ratio used when 

preparing the pellets, normalizing the spectra in this way allowed estimating the 

composition of the Fe-associated OM fraction by difference (spectrum before the 

reduction treatment minus spectrum after the treatment = spectrum of Fe-associated 

OM). The resulting three spectra were compared to assess differences such as 

wavelength shifts, variation in intensity or appearance of new peaks, reflecting 

differences in OM composition and/or direct chemical environment. The relative 

intensities of the different peaks were not quantified owing to the uncertainty 

associated to the normalization, the spectra subtraction and the fact that several bands 

are not well resolved and appear as a shoulder on the neighboring band. Hence, the 

comparison below therefore must be considered semi-quantitative. 

A series of absorbance bands were present in all samples: (1) a broad band 

between 3800 and 2600 cm-1, centered around 3450 cm-1, corresponding to the 

stretching band of hydrogen in the O-H groups of alcohols, phenols, or carboxylic acids, 

as well as to amide hydrogen stretching; (2) absorption bands representing C-H 
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stretching of methyl and aldehyde functional groups near 2962, 2930 and 2862 cm-1; (3) 

a shoulder at 1780 cm-1 for C=O stretch of COOH, asymmetric COO- stretch at 1600 to 

1650 cm-1, symmetric COO- stretch at 1406 cm-1 (Chorover and Amistadi, 2001); (4) 

bands corresponding to aromatic structures in the 1500 to 1620 cm-1 range; (5) the 

wavenumber region between 1470 and 1380 cm-1 is attributed to CH2 and CH3 bending; 

(6) a large band between 1000 and 1155 cm-1 corresponding to the stretching of C-O 

group for the tertiary, secondary, and primary alcohols at about 1155, 1120, and 1070 

cm-1 (Stevenson, 1994). Because of the presence of the intense silica band at 1095 cm-1, 

the alcohol bands appear as shoulders on either side of the 1095 cm-1 band. The bands 

below 1000 cm-1 were not interpreted because of the potential presence of bands 

attributable to minerals. 

The infrared spectra of total OM were similar at each depth in the two basins 

(Figure 4 and Figures S1-S3 in the Supporting Information section), with intensities 

relative to the silica band generally slightly lower at depth compared to the surface in 

both basins, as well as in Basin A compared to Basin B for equivalent depths (Figure S1). 

A similar pattern was observed for the Fe-associated (Figure S2) and the residual (Figure 

S3) OM. This result suggests that the contrasting bottom water redox conditions in the 

two basins did not lead to FTIR-visible differences in the speciation of sedimentary OM 

as the same functional groups with similar relative intensities were found in the 

different fractions of samples taken at equivalent depths. Also it is noteworthy that not 

only the composition of the Fe-associated OM fraction, residual and non Fe-associated 

OM fractions remained similar over more than 200 years, but also that they did not vary 
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much with depth in each core (Figures S2 and S3). As the sediments are depleted in 

oxygen in both basins (except at the surface of Basin A), this result agrees with the 

reported stability of Fe-OM aggregates in anoxic settings (Lalonde et al., 2012). It also 

means that OM composition likely is not the reason for the different Fe-OC ratios 

measured in the two basins, as opposed to the presence of an iron mineral with a lower 

affinity for OM than iron hydroxides, most likely iron sulfide. Note however that iron 

sulfide also plays an important role in the preservation of OM in sediments, as shown by 

recent published reports (Ma et al., 2022; Nabeh et al., 2022; Picard et al., 2019; 

Tétrault and Gélinas, 2022). Our results hence suggest that OM associated with FeS in 

our samples (not assessed here as no method currently exists to quantify FeS-associated 

OM) is compositionally similar to OM associated with Fe hydroxides. 

There were however important differences when comparing the chemical 

composition of the three OM fractions for each sample. While the differences in spectral 

peak shapes and intensities for total OM and residual OM were small, the differences 

between these two fractions and Fe-associated OM were striking. First, there was a 

clear change in peak shape and a shift of the O-H/N-H band between 3850 and 2600 cm-

1 towards higher wavenumbers, with a maximum peak intensity shifted from 3450 to 

3525 cm-1 for Basin A. This shift is diagnostic for a higher relative intensity of the O-H 

functionality with respect to the N-H stretching band in Fe-associated OM and agrees 

with the lower C:N atomic ratios of Fe-associated OM compared to initial and residual 

OM (Figures 3A and 3D). 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

22 

 

One of the most intriguing characteristic of Fe-associated OM is the almost 

complete absence on the C-H stretch (2960/2930/2860 cm-1) and CH2/CH3 bending 

(1470/1380 cm-1) bands (the latter two bands at 1470 and 1380 cm-1 appear as 

shoulders of the more intense 1410 cm-1 peak on the spectra of total and residual OM). 

These bands are present in most FTIR spectra of natural OM and point to highly 

aromatic or heteroatomic organic structures associated with iron oxides.  

The carbonyl and aromatic bands also differ in the Fe-associated OM spectra. First, a 

small shoulder at 1780 cm-1 is more clearly defined, although this could simply be due to 

the generally lower spectral relative abundances for Fe-associated OM. More 

importantly, there was a clear shift of the maximum intensity for the carboxyl 

asymmetric stretch peak from 1640 cm-1 in the spectrum for total OM to 1600 cm-1 in 

the spectrum for Fe-associated OM (Gu et al., 1994). Although aromatic C=C functional 

groups also have a stretching absorption in the same region (1600 cm-1), the existence 

of a strong absorption band at 1400 cm-1, which is more pronounced in the spectrum for 

Fe-associated OM, is consistent with the formation of metal-carboxylate complexes, as 

shown in other studies (Biber and Stumm, 1994; Jones and Edwards, 1998; Guan et al., 

2006; Eusterhues et al., 2010). Interestingly, a small peak centered at 1150 cm-1 is 

apparent in the spectra of Fe-associated OM. This peak corresponds to tertiary alcohols 

as would be found in lignin phenols, which are known for their high affinity for iron 

oxides (Niemeyer et al., 1992; Gu et al., 1994; Ilani et al., 2005).  

These spectral differences between Fe-associated OM and total or residual OM 

correspond to the functional groups lost when reductively removing the iron oxides. 
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They provide clues on the type of compounds that readily associate with iron oxides in 

sediments and that remain part of the solid phase only because of their association with 

this mineral phase. These compounds are hydrophilic, aromatic- and carboxylic-rich, 

depleted in nitrogen, and with tertiary O-H groups, analogous to lignin and tannin 

degradation products.  

The FTIR analyses also provide information on the type of chemical bonds 

between the organic moieties and iron oxides (Fu and Quan, 2006). In particular, the 

bands at 1600 and 1400 cm-1 (Figure 4c and 4f) support the relevance of inner-sphere 

interactions as an important mechanism of complexation of sedimentary OM with Fe 

oxides, in agreement with the conclusions of Lalonde et al. (2012) and Borowski et al 

(2018). These results also suggest that complexation is taking place independently of 

sediment redox conditions near the SWI, as long as a redox boundary exists where iron 

oxides can form in the presence of dissolved or particular OM (i.e., most likely in the 

water column, as in Basin B, or in the sediment/at the SWI as in Basin A). Complexation 

and adsorption of OM on the surface of iron oxides, or coprecipitation with iron oxides, 

are thus complementary mechanisms of association between Fe oxides and OM, whose 

relative importance depends on local conditions (mostly oxidation-reduction potential, 

but also the abundance of iron, OM and competing ligands such as sulfides). More work 

is needed to fully understand the fine controls on these competing reactions in 

sedimentary environments. Noteworthy, the similar chemical composition of Fe-

associated OM in both basins and at different depths suggests that the large differences 

in OC:Fe and TN:Fe ratios measured between the two basins most likely were not linked 
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to differences in OM abundance, composition or reactivity, but rather to differences 

linked to Fe cycling in the two basins, and in particular to the higher abundance of AVS 

in Basin B (Couture et al., 2007; 2008). Mackinawite (FeS), a form of AVS resulting from 

the reaction of dissolved Fe(II) and sulfides in the pore water, is unstable under oxic 

conditions. Its oxidation to iron oxides during freeze-drying likely contributed to the 

higher reactive iron pool in Basin B, artificially decreasing the measured OC:Fe given 

that mackinawite, which formed by Fe(II) and HS- under anoxic conditions, has a lower 

affinity towards natural OM compared to iron hydroxides, while still playing an 

important but yet-to-be quantified role in natural sedimentary OM preservation (Ma et 

al., 2022; Nabeh et al., 2022; Picard et al., 2019; Tétrault and Gélinas, 2022). 

There are several implications to our results. First, the OC preservation 

mechanism reported by Lalonde et al. (2012) for marine sediments also plays an 

important role in lacustrine sediments, as shown in Lake Tantaré where about 30% of 

the total OC is closely associated with iron hydroxides. Second, the absolute redox 

potential is not the main factor explaining the formation of Fe-OM aggregates. The 

redox boundary where Fe(II) is oxidized to Fe(III) and precipitated as amorphous iron 

hydroxide phases in the presence of dissolved OC most likely is key. These aggregates 

appear stable on long timescales under anoxic conditions likely because the Fe oxides 

are poisoned by co-precipitated OM, making them less readily available to iron-reducing 

bacteria. However, they are probably degraded when exposed to oxidizing conditions on 

long time scales through non-specific OM oxidation reactions involving activated oxygen 

species. This Fe-OM complexation mechanism thus acts as a shuttle that actively 
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transfers reactive OM from oxic to anoxic settings while partially protecting it from 

enzymatic and chemolytic attack. Third, the formation of Fe-OM aggregates likely is 

driven by OM composition, as there were no compositional differences in Fe-associated 

OM between cores or sediment depths. Fourth, mackinawite and other iron sulfide 

species may contribute to the measured reactive Fe pool and may therefore artificially 

decrease the OC:Fe ratios acquired using this method. Care must thus be taken when 

using OC:Fe ratios as a diagnostic tool in reducing sediments to apportion inner- vs. 

outer-sphere reactions, as done by Lalonde et al. (2012). Moreover, OC:Fe ratios when 

accumulating under oxic conditions, could be misleading as the proportion of reactive 

iron oxides associated with OM varies from sample to sample and reaches a maximum  

only in sulfidic sediments (Barber et al., 2014). 

More work is needed to untangle the complex web of reactions involving OM 

and Fe in sediments, including the kinetics of the competing reactions and the 

interaction between organic matter and iron-sulfide minerals, especially mackinawite 

(FeS). Importantly, studies such as this one, which focuses on the chemistry of Fe-OM 

interactions, should be paralleled by others assessing the role of bacteria in the direct 

and indirect formation and degradation of Fe-OM complexes. 
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 Highlights: 
 
 

- Iron plays an important role in the preservation of lacustrine sedimentary 
organic matter 

-  
- Chemical composition of organic matter rather than redox conditions control the 

association between iron and organic matter 
-  
- OC:Fe ratios should not be used to infer a formation mechanism between iron 

and organic carbon 


