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To gain more insight into the effect of early diagenetic processes in different redox environments on the molecular characteristics of degradation resistant particulate organic matter, the molecular cyst wall characteristics of the closely related dinoflagellates Impagidinium aculeatum and I. patulum from oxic and anoxic sedimentary environments in the Madeira Abyssal Plain F-turbidite and in the surface sediments of the eastern Mediterranean Sea have been analysed with micro-FTIR spectroscopy. Both species have cysts that are representatives of particulate organic matter being extremely resistant against degradation in natural environments. Their walls primarily consist of a carbohydrate-based polymer. Spectral differences could not be observed between cysts from oxic and anoxic environments, neither from different areas nor from different geological times. However, we identify consistent compositional differences between both species. Compared to I. patulum, cyst walls of I. aculeatum contain more C-O probably of secondary alcohols that might imply a slightly higher resistance to decay of I. patulum. Comparison with cyst species that represent particular organic matter being extremely sensitive and slightly resistant against aerobic degradation in natural settings reveals that cysts walls of the most vulnerable species show C=N, N-H, N-O, C-N bending/stretching, as well as the presence of C=O and C-O bounds. Cyst species that are somewhat less sensitive have a strong indication of the presence of nitrogen in their macromolecules. More resistant species lack nitrogen whereas the most resistant cyst species I. aculeatum and I. patulum show low amounts of C=O.




Keywords: micro-FTIR (Fourier transform infrared spectroscopy), dinoflagellate cyst, particulate organic matter (POM) preservation, redox environments, molecular characteristics



Introduction

The quality of organic carbon being exported from the ocean surface as well as the depositional redox environment form key elements in the process of carbon sequestration by the biological carbon pump (e.g., Zonneveld et al., 2010; Weber and Bianchi, 2020). Organic carbon included in particulate organic matter (POM) is sequestered in the ocean as a result of a complex mixture of biological oxidation and diagenetic change (e.g., Arndt et al., 2013; Landry et al., 2017). These processes are selective, leading to preferential degradation of the more labile components (e.g., Middelburg, 2018). As a result, organic matter becomes less reactive with water depth such that a considerable part of the POM reaching the deep-sea sediments is relatively recalcitrant (Middelburg, 2019 and references therein). At the sediment-water interface and in the upper sediments, degradation times increase by orders of magnitude compared to those within the water column so that even of relatively degradation-resistant material, only a small fraction escapes mineralization and becomes buried in the accumulating sediment. Oxygen is an important electron acceptor required in the process of mineralization of organic carbon. Bottom water and upper sediment oxygen concentrations are of major importance steering the composition of the microbial and benthic degrader communities. However, oxygen is not the only electron acceptor in sediments but redox processes with a lower energy yield (e.g., nitrate reduction, manganese reduction, iron reduction and sulphate reduction) also accept electrons from organic matter (OM) and take part in its selective degradation (e.g., Kasten et al., 2003; Canfield and Thamdrup, 2009). Although much progress has been made in investigating the OM composition change due to early diagenetic biological, chemical and physical processes (e.g., Hedges and Prahl, 1993; Wakeham et al., 1997; Nierop et al., 2017; Zonneveld et al., 2019), information on the change in molecular characteristics is still limited, especially with respect to the recalcitrant sedimentary organic matter (kerogen). To obtain more insight into these changes, it is important to investigate the effect of early diagenetic processes of different redox environments on the molecular characteristics of such particles. A way to do this is by studying organic microfossils with a characteristic morphology of which the biological affinities are closely constrained; such is the case in dinoflagellate cysts. In accordance with organic matter degradation in general, dinoflagellate cyst degradation appears highly selective (e.g., Zonneveld et al., 1997; Gray et al., 2017). The cysts are structurally diverse with some species being highly labile, whereas others are among the most recalcitrant OM components or show intermediate lability (Versteegh and Zonneveld, 2002; Zonneveld et al., 2019). Many phototrophic species consist of a cellulose-like glucan and are very resistant to early diagenetic decay. The cysts of heterotrophic species consist of a nitrogen-rich glycan which is much more sensitive (Bogus et al., 2014). But there are also clear differences within these groups (e.g., Bogus et al., 2012; Bogus et al., 2014; Gurdebeke et al., 2018). This large species specific variability in sensitivity, combined with their narrowly defined origin, make dinoflagellate cysts very suitable as model POM components with different degradability. In order to shed more light on the influence of the redox environment on the dinoflagellate cyst chemical structure, we analyzed two dinoflagellate cysts with large morphological similarity from different redox sedimentary environments in the Madeira Abyssal Plain F-turbidite and in the surface sediments of the eastern Mediterranean Sea Discovery Basin with Attenuation Total Reflection (ATR) micro-Fourier transform infrared spectroscopy (micro-FTIR).

Both the Madeira Abyssal Plain F-turbidite and sediments from the eastern Mediterranean Discovery Basin provide unique ‘laboratories’ to investigate the long-term effects of in-situ post-depositional anaerobic and aerobic degradation. Within these environments, the effect of different redox conditions can be studied without other factors influencing POM degradation such as the POM flux and composition, sedimentation rates, temperature, rates of encapsulation and sorption of the organic matter. The MAP F-turbidite consists of the distal part of a turbidite that originated at the African shelf and slope and was deposited in the central Atlantic Basin at 127 ka ago (Weaver et al., 1992; Figure 1). As a result of the small particle size and the mineral characteristics as well as the considerable water depth of 5420 m in the region, its sediment is nearly perfectly mixed (ungraded mud; McCave and Jones, 1988). After deposition, the turbidite surfaces became exposed to well-ventilated bottom waters and oxygen penetrated into the sediments resulting in post-depositional aerobic OM degradation (de Lange et al., 1987). Over time, an active oxidation front penetrated downwards into the sediments whereas, in the meantime, pelagic deposition covered the turbidite surface. This process stopped after a few thousand years when the next turbidite blocked oxygen delivery, leaving a so-called ‘palaeo-oxidation’ front behind. Both aerobic and anaerobic processes as well as bioturbation left clearly recognisable signals in the sediments (van Os et al., 1993; Thomson et al., 1998). This allows to study in detail the effects of redox-front-related early diagenetic processes (Zonneveld et al., 2019).




Figure 1 | Maps of the core positions on (A) the equatorial Atlantic Ocean off NW Africa depicting the 4000 m and 2000 m depth contours, the position of the Madeira Abyssal Plain (dark grey), major turbidity flow paths (light gray and arrows) and core position. (redrawn from Zonneveld et al., 2019) (B) Map of the Mediterranean Sea with location of the Discovery Basin. Depth contour map with positions of the core locations.



The eastern Mediterranean Discovery Basin is located in the central eastern Mediterranean Sea. The underwater basin is filled by high salinity, oxygen-depleted sulfidic brine waters at a depth below 3500 m (Polymenakou et al., 2007; Bernhard et al., 2015). These brine waters are overlain by well-ventilated eastern Mediterranean deep waters. The region is characterized by low sedimentation rates and oligotrophic upper waters with a low export production. Both anoxic brine sediments and sediment from the direct surroundings obtain highly similar sediment rain but experience different depositional redox environments.

In this study, we analysed thecyst species Impagidinium aculeatum and Impagidinium patulum by means of micro-FTIR. This technique is very efficient to determine species specific molecular characteristics of dinoflagellate cysts (e.g., Versteegh et al., 2007; Bogus et al., 2012; Versteegh et al., 2012; Mertens et al., 2015a; Mertens et al., 2017b; Gurdebeke et al., 2018; Gurdebeke et al., 2020). Morover, it has been useful to determine characteristic differences in the most labile and resistant dinoflagellate cyst species (Bogus et al., 2014). However, interpretation of the micro-FTIR spectra has not always been straightforward due to analytical difficulties such as Mie scattering (e.g., Blümel et al., 2018) and different methodological approaches (e.g., Meyvisch et al., 2022). Nevertheless, the use of attenuation total reflection (ATR) rather than the transmission or reflection modi circumvents most problems of Mie scattering and the method has successfully been used to determine alteration in molecular characteristics as a result of early diagenetic processes in different redox environments (Versteegh et al., 2020). Here we use the method to investigate to what extent the molecular characteristics of both aforementioned resistant dinoflagellate cysts species vary in oxic, and anoxic depositional environments from the Madeira Abyssal Plain f-turbidite and surface sediments of the eastern Mediterranean Sea Discovery Basin and its surroundings.



Material and methods


Material

Gravity core 15102-5 from the Discovery Basin, eastern Mediterranean (35°16’43”N, 21°41’50”E, 3624 m water depth) was collected during research cruise Meteor 84/1 on 12 Feb. 2011 (Zabel et al., 2012; Figure 1A and Table 1). This deep-sea basin is filled with brine water and is anoxic. Sediments were analysed from the uppermost cm that are estimated to represent sub-recent deposits.

Multicore 17229-2 (35°16’98” N 21°37’98”E) was recovered just south of the Discovery Basin from a water depth of 3544 m during FS Poseidon research cruise POS448 CAPRICCIO (Table 1). The upper 29 cm consist of oxic pelagic sediments. Below this depth, the anoxic sediments of the S1 sapropel are present (Zonneveld et al., 2013). Cysts were isolated from the upper cm of this core representing recent/subrecent deposition.


Table 1 | Gravity core samples used.



Gravity core GeoB 20305-7 from the Madeira Abyssal Plain F-turbidite and overlying pelagic sediments were obtained in November of 2015 by the FS Maria S. Merian during research cruise MSM48 ADOMIS (Zonneveld et al., 2016; Figure 1B and Table 1) from a water depth of 5421 m at 31°22’333”N, 24°45’211”W. On board, the core was described, sampled and then stored at −20°C to prevent diagenetic processes from altering the geochemical and palynological signal. Samples were taken with steel utensils, wrapped in aluminium foil stored at −80°C on board and kept frozen until analysis in Bremen.

Samples were recovered from section 3 (569-668.5 cm core depth) and section 2 (668.5 - 768.5 cm core depth) with an estimated deposition age between 115-127 ka ago (pelagic deposition) and 127 ka ago (F-turbidite). In these sections, the following sedimentary deposits could be observed from top to bottom (Figure 2): 569-658 cm, unoxidised sediments representing the bottom of the “closing off” E1 turbidite, 658-669 cm, Pelagic bioturbated oxidized sediments (red-colours), 669-684 cm, oxidized bioturbated F-turbidite (pale greyish blue with burrows filled with red pelagic sediments), 684-691 cm, oxidised non-bioturbated turbidite (pale greyish blue), 691-696.2 cm, Purple layer, oxidised layer were several chemical species became reduced after oxygen supply stopped due to deposition of the next turbidite and denitrification/Mn reduction additionally affected OM degradation (purple with dark band on top); 696 cm, visible oxidation front (transition of pale purple (Fe3+) to olive green sediments with Fe2+; below 696 cm, anoxic turbiditic sediments (olive green). Samples 659 and 664 are recovered from pelagic oxidized sediments. Samples 688, 689 and 699 are recovered from the F-turbidite where samples 688 and 689 are derived from post-depositionally oxidized sediments with estimated oxygen exposure time of ca. 10.53 ka (Zonneveld et al., 2019). Sample 699 is recovered from the anoxic part of the turbidite.




Figure 2 | Compiled line scan and schematic drawing of core GeoB 20305-7 sections 2 and 3 depicting sample positions as well as the different redox zones.





Palynomorph isolation

In the laboratory, the samples were treated according to Zonneveld et al. (2019). Shortly thereafter, samples were dried (60°C). Carbonate was removed using HCl (10%), and silicates by adding HF (40%). The remaining sample was sieved using a Stork Veco precision sieve with 20 μm pores. Mild ultrasonic treatment was used to disperse the material and clean the dinoflagellate cysts from material adhering to the cyst walls. The residue was then centrifuged (7 min at 3000 rpm) and concentrated to either 0.5 ml or 1 ml in water. Individual cysts were isolated by placing part of the residue on a microscopic slide and observing this with an inverted microscope. Individual cysts were taken up using hand-drawn micropipettes and placed in a little drop of ultra-clean water. These drops of ultra-clean water were placed on a microscopic slide that was previously rinsed with isopropanol and ultra-clean water. Successively, the cysts were washed until the cysts were optically clean. The cysts were taken up with a little water from the washing droplet using a micropipette and carefully placed on a gold-mirror. Hereafter, excess water is removed from the mirror as much as possible with a thinner micropipette (<20 μm internal diameter). After further airdrying, the infrared spectra of the cysts were determined.



Statistical analyses

The statistical package CANOCO-5 (Smilauer and Leps, 2014) was used for multivariate analyses. Since initial analyses showed that the length of the gradient of maximum variance was less than two standard deviations indicating that linear models such as principal component analyses (PCA) are better suited than nonlinear models (e.g., correspondence analyses, CA) to explain the main trends in the data.



Infrared analyses and data processing

Infrared measurements followed the procedures and equipment described in Versteegh et al. (2020). Shortly, measurements were obtained using a BRUKER Invenio-S spectrometer coupled to a Hyperion 1000 IR microscope equipped with a KBr beam splitter and liquid N2-cooled mercury cadmium telluride (MCT) detector. A total of 256 scans were obtained at 4 cm-1 resolution using a germanium ATR crystal of 100 μm diameter for 31 specimens of I. patulum and 24 specimens of I. aculeatum. The spectra were corrected for atmospheric CO2 and baseline corrected using a concave rubber band correction with 64 baseline points and 2 iterations. Furthermore, we applied an ATR correction algorithm with an average refraction index of 1.5, a 45° angle of incidence and one ATR reflection as parameters (Nunn and Nishikida, 2008). Assignment of characteristic IR group frequencies follows Colthup et al., 1990; Jardine et al. (2017), and published literature. Spectra were standardized on the 1500-1250 cm-1 region (absorption of the y-axis in Figures 3–6 represents a relative value without unit). Standardized spectra were statistically analyzed with the multivariate ordination technique principal component analysis (PCA) using the software package PAST 4.08 (Hammer et al., 2001). Analyses were performed on the whole spectra as well as the fingerprint area between 800-1700 cm-1. The fingerprint area represents that part of the spectra where absorption patterns differ between species (e.g. Meyvisch et al., 2022). For reasons given below, spectra from Impagidinium patulum from sample 664 measured on 28-11-2021 have been excluded from analysis.




Figure 3 | Micro-FTIR spectra of Impagidinium patulum.






Results


Impagidinium patulum

The absorption spectra of I. patulum cysts from both the eastern Mediterranean Discovery Basin and Madeira Abyssal Plain all displayed the same overall characteristics (Figure 3). A major broad absorption of -OH centered at 3380 cm-1 was observed as well as absorptions of CH2 and CH3 symmetric and asymmetric stretching centered at 2930 and 2860 cm-1. Between 1800 and 850 cm-1 three clusters of absorptions were observed. Between 1800-1500 cm-1, a broad region with variable absorptions were observed with strongest absorptions centered around 1650 cm-1 and 1588 cm-1 followed by a minimum at 1483 cm-1. The next cluster from 1483-1250 cm-1 had about equal strength as the former and showed a maximum around 1435 cm-1. A final major cluster of absorptions from 1166-940 cm-1 was generally stronger than both previous ones with strongest absorptions at 1058 cm-1 and 983 cm-1.

Both visual examination of the spectra as well as the PCA analyses displayed no systematic differences between samples from the Eastern Mediterranean and Madeira Abyssal Plain samples of Late Quaternary age. Furthermore, no differences were observed between samples derived from oxic and suboxic to sulfidic depositional environments.

An exception were spectra obtained from cysts of I. patulum from oxic sample 664 measured on 28.10.2021. (Figure 4 upper panel). These spectra showed a clear absorption centered at 738 cm-1 which was absent in all other spectra of I. patulum. Furthermore, they displayed larger variability notably at 1588 cm-1 and 1058 cm-1 and an absorption maximum at 1402 cm-1 rather than 1435 cm-1. Renewal of the solvent by opening a new bottle of ultrapure water for washing the cysts prior to transfer to the gold coated mirror on 02.11.2021 resulted in the disappearance of the adsorption at 738 cm-1, a reduction of variance and a movement of the maximal adsorption at 1402 cm-1 towards 1435 cm-1 which was consistent with spectra of I. patulum derived from the other samples (Figure 3).




Figure 4 | Micro-FTIR spectra of Impagidinium patulum measured on 28.10.2021 and 02.11.2022 displaying the effects of different cleaning procedures.





Impagidinium aculeatum

Spectra of I. aculeatum displayed more variations compared to those of I. patulum. Especially in the 1200-900 cm-1 region and at 1600 cm-1 much variability was observed (Figure 5). Similar to I. patulum, we did not observe differences in spectra between cysts recovered from the different regions, sediments of different age and redox depositional environments.




Figure 5 | Micro-FTIR spectra of Impagidinium aculeatum.



Similar to I. patulum, a major broad absorption of -OH centered at 3380 cm-1, was observed as well as absorptions of CH2 and CH3 symmetric and asymmetric stretching centered at 2930 and 2860 cm-1. However, normalisation of all spectra on the 1500-1250 cm-1 region showed that for I. patulum, the ratio of the absorption bands 3700-3000 cm-1/1200-900 cm-1 was considerably higher than for I. aculeatum (Figure 6).




Figure 6 | Comparison of compiled spectra of Impagidinium patulum and Impagidinium aculeatum.



Between 850 and 1800 cm-1, three clusters of absorptions were also observed in spectra of I. aculeatum (Figure 5). In the region between 1800-1500 cm-1, strongest absorptions were observed around 1594 cm-1. Absorption maxima were absent at about 1705 cm-1 and 1650 cm-1. The next cluster from 1483-1250 cm-1 had less strength than the former and showed a maximum at 1435 cm-1. A final major cluster of absorptions from 1210-940 cm-1 was stronger than the previous one with strongest absorptions at 1209 cm-1, 1166 cm-1, 1058 cm-1 and 983 cm-1. In contrast to I. patulum, I. aculeatum showed a clear absorption at 1209-1166 cm-1, with higher absorbance at 1594 cm-1 but the spectra lacked a shoulder at 1705 cm-1 and 1650 cm-1 (Figure 6).



Statistical analyses

The Principal Component Analyses clearly separated the spectra of I. patulum and I. aculeatum both when including the complete spectral range between 650-4000 cm-1 as well as focussing on the fingerprint area from 840 - 1900 cm-1 (Figure 7).




Figure 7 | Results of the PCA analysis on (A) complete spectra, (B) fingerprint area between 840-1900 cm-1.



In coherence with the visual results, I. aculeatum showed larger variability than I. patulum and no separation could be made between cysts derived from oxic or anoxic/sulfidic depositional environments.




Discussion

Since the introduction of the technique of micro-FTIR in dinoflagellate research (Kokinos et al., 1998; Versteegh et al., 2004), the technique has increasingly been used to determine the molecular characteristics of dinoflagellate cysts for taxonomic purposes (e.g., Bogus et al., 2012; Versteegh et al., 2012; Mertens et al., 2015a; Mertens et al., 2015b; Mertens et al., 2017a; Mertens et al., 2017b; Gurdebeke et al., 2018; Mertens et al., 2018; Gurdebeke et al., 2020), ecological purposes (Bogus et al., 2014) and the investigation of taphonomic processes (Versteegh et al., 2004; Versteegh et al., 2020). During the last decade, it became evident that although all dinoflagellate cyst species measured so far appear to be primarily consisting of carbohydrate-based polymers, there is large variability in their molecular characteristics that seems to be species specific. Micro-FTIR analyses indicate that differences can be observed in the fingerprint areas between 2700-3600 cm-1 and 800-1700 cm-1. It also became clear that spectra of multiple specimens of the same species might show large variability. Recently, it has been shown that a major part of this variability might be induced by the cyst preparation methods and the way cysts have been measured with transmission or ATR modes (Meyvisch et al., 2022). Meyvisch et al. (2022) clearly showed that measuring cysts with ATR consistently gave a higher repeatability and reproducibility over spectra collected in transmission modes. They found that the use of ATR largely reduced the signal-noise ratio by reducing the number of scattering artefacts. Here we observe that specimens of Impagidinium patulum from the same sample measured at two different days had different spectra with a strong absorption centered at 738 cm-1 and larger scattering which was not observed in earlier measurements. Upon noticing that the water used for cleaning and washing the cysts might have been contaminated by others, we isolated additional cysts which were cleaned by ultra-pure water from a newly opened bottle. Our results showed that despite the fact that we removed additional water with a micropipette with a diameter smaller than the diameter of the dinoflagellate cysts prior to our analyses on 28.10.2021, the contaminated water had left a clear additional signal and induced large scattering of the spectra. Consequently, our results imply that apart from measuring cysts in ATR mode as is shown by Meyvisch et al., 2022, it is of utmost importance to clean the cyst carefully prior to measurement.

Our results show much larger differences between spectra of I. aculeatum compared to I. patulum. I.aculeatum is much smaller than I. patulum, it also has a thinner cell wall and has higher septa relative to its inner body (Plate 1). A smaller size reduces the signal-noise ratio and increases the relative importance of contaminants which would lead to a larger variability in spectra. As such, it makes accessing a good spectrum more challenging for small, thin objects. Moreover, the presence of pronounced septa on an object make it more difficult to achieve good contact between the ATR crystal and the cyst wall, which may be seen in relatively higher CO2 absorptions (see additional information). We also have the impression that in some cases a thinner thickness of the cyst wall increased spectral noise, but more investigation is needed to verify this hypothesis. Our results indicate that the use of micro-FTIR in ATR mode to characterise the species specific molecular characteristics of cysts is more challenging for small, thin-walled cysts compared to larger, more robust cyst species. Furthermore, we assume that obtaining good spectra from cysts with many processes or spines might even be more challenging since cysts with that morphology generally have small organic debris attached which is extremely hard to remove.

Bogus et al. (2014) documented a compiled spectrum of I. patulum based on three cysts collected from a surface sediment sample of the Benguela upwelling region (GeoB 4804, 24°80’60’’S, 12°40’12’’E (Bogus et al., 2014; Figure 3). This spectrum was measured in transmission mode with 265 scans at 8 cm-1 resolution using a Nicolet FTIR spectrometer coupled to a Nicplan microscope. The spectrum also shows a clear absorption minimum at 1166 cm-1, 1483 cm-1 and maxima at 1058 cm-1, 1435 cm-1, and 1650 cm-1. However, in contrast to our study, the cysts measured by Bogus et al. (2014) showed additional absorption at 983 cm-1. Furthermore, the absorption minimum at 1483 cm-1 was much less pronounced as was the absorption between 3650-2700 cm-1. Meyvisch et al. (2022) showed that especially absorptions between 3650-2700 cm-1 can vary largely when measured in transmission mode. Therefore, we assume that the observed differences with our results can be ascribed to the differences in measuring method. With respect to the differences at 983 cm-1 and 1483 cm-1, it is not possible to determine a possible cause since we have no insight in the variability of the spectra obtained from the Benguela upwelling and have no information about eventual contamination.

For both I. aculeatum and I. patulum, we could not observe consistent spectral differences between cysts recovered from oxic and anoxic environments, between cysts recovered from different areas and between cysts recovered from sediments deposited at different geological times (Figures 3, 5). Early diagenetic effects have been observed on the molecular characteristics of Thalassiphora pelagica cyst walls (Versteegh et al., 2020) whereby cysts from an anoxic sulfidic environment deposited about 40 Ma ago, differed markedly from cysts of the same species being deposited in oxic environments. In the sulfidic environment, anaerobic cross-linking, such as natural vulcanization, resulted in cysts being enriched in CHx and to a lesser extent in C=O (enhanced adsorptions at 3000-2800 cm-1 and 1600-1750 cm-1) and having a relative loss of O-H (reduced adsorptions at 3550-3200 cm-1 and around 1335 cm-1). In our study, we do not see any of these changes in cysts derived from sediments of the Discovery Basin (eastern Mediterranean) where anoxic sulfidic conditions prevail (Bernhard et al., 2015). Consequently, there is no indication that the process of natural vulcanisation is sufficiently fast to affect (sub) recent cysts of the investigated Impagidinium species post-depositionally on these short timescales.

We do observe, consistent differences in micro-FTIR ATR spectra of I. aculeatum and I. patulum (Figures 6, 7). Compared to I. patulum, I. aculeatum shows higher absorbance at 1166 cm-1 and an associated shoulder near 1209 cm-1 whereas I. patulum shows no or very minor absorptions in this region. This might indicate additional C-O vibration that might be associated with a slightly different carbohydratic structure of I. aculeatum. In combination with the structurally lower relative absorption at the 3700-3000 cm-1 region one possible explanation would be that I. aculeatum would contain relatively more secondary alcohols. This may explain why that I. aculeatum seems to be slightly less recalcitrant than I. patulum in the bioturbated and oxidized sediments of the MAP F-turbidite (Zonneveld et al., 2019). However, more studies are required to verify this assumption.

To date, micro-FTIR ATR spectra exist for few dinoflagellate cyst taxa. The majority of micro-FTIR spectra of dinoflagellate cysts have been measured in transmission mode (e.g., Bogus et al., 2012; Bogus et al., 2014; Mertens et al., 2015a; Mertens et al., 2015b; Mertens et al., 2017a; Mertens et al., 2017b; Gurdebeke et al., 2018; Gurdebeke et al., 2020) and often only one cyst has been analysed with only scarce information on the cleaning procedure. Moreover, spectra were often not corrected for Mie scattering or other spectral artefacts and information is mostly absent on the spectral variance of a species. However, detailed correlation is possible with spectra of species given in Meyvisch et al. (2022) and Versteegh et al. (2020). Meyvisch et al. (2020) and Versteegh et al. (2020) provide detailed information on species that are very vulnerable to early diagenetic aerobic degradation in modern sediments: Brigantedinium spp., Trinovantedinium applanatum, Votadinium calvum, Quincesuspis concreta, and more resistant cysts species; Spiniferites bentorii, Lingulodinium polyedrum (= L. machaerophorum). Of the latter species, S. bentorii has been considered to be less resistant than L. polyedrum which in turn is less resistant than I. aculeatum and I. patulum (e.g., Zonneveld et al., 1997; Kodrans-Nsiah et al., 2008; Zonneveld et al., 2008; Gray et al., 2017; Zonneveld et al., 2019). Compared to the more resistant species that show minimal adsorption at 1500 cm-1, spectra of the most vulnerable species all show enhanced absorption between 1200-1650 cm-1 that suggests the presence of C=N, N-H, N-O, C-N bending/stretching (= periodic motion of the atoms of the molecule relative to each other along an angle (bending) or in the length of a bond (stretching) as well as conjugated and possibly also aromatic C=C stretching. We assume that the presence of nitrogen and olefins in the macromolecule would, apart from making the molecules more reactive, also make them more prone to microbial decay. Preference for ‘food’ containing nitrogen of the microbial community would then be an additional explanation for their lower resistance to decay.

Compared to I. patulum and I. aculeatum, micro-FTIR spectra of S. bentorii and L. polyedrum have higher absorptions around 1705 cm-1 and compared to I. patulum, higher absorptions around 1200 cm-1. This suggests that their molecules have more C=O and C-O bounds. In aerobic settings, Spiniferites species and L. polyedrum degrade faster than Impagidinium species with L. polyedrum being less resistant than Spiniferites. The presence of more C=O and C-O bounds in their macromolecule might suggest a higher presence of the comparatively reactive carboxylic acids and ester bonds. Spiniferites bentorii shows additionally higher absorption between 1200-1400 suggesting which is however difficult to interpret.

With respect to an increasing trend in vulnerability, the most sensitive species show high absorption for C=N, N-H, N-O, C-N, C=O and C-O bounds, the somewhat more resistant S. bentorii, shows lower C=N, N-H, N-O, C-N, whereas the even more resistant L. polyedrum shows high absorption for C=O and C-O bounds but lacks nitrogen. The resistant I. aculeatum shows high absorption for C-O whereas the potentially most resistant species, I. patulum, does not show high absorption in any of these regions. Consequently, our results show that with increasing resistance to degradation, the proportion of C-O increases. We thus observe different macromolecular characteristics for cyst species with different sensibility to degradation. We therefore erect the hypothesis that these molecular differences are also responsible for the differences in degradability of the above-mentioned species. To further elucidate this link, more detailed chemical characterisation is needed. Our study therefore shows that carbohydrate-based marine particles produced by closely related biological entities have different molecular characteristics and therefore contribute differently to the carbon sequestration in the ocean floor.



Conclusions

To asses more insight into the effect of early diagenetic processes in different redox environments on the molecular characteristics of degradation resistant particulate organic matter, the molecular cyst wall characteristics of the closely related dinoflagellates Impagidinium aculeatum and I. patulum from oxic and anoxic sedimentary environments in the Madeira Abyssal Plain F-turbidite and in the surface sediments of the eastern Mediterranean Sea have been analysed with micro-FTIR spectroscopy. We show that it is of utmost importance to clean the cyst carefully prior to measurement to reduce the spectral variance and avoid the introduction of additional signals and reduce the spectral variance. We observe a larger scattering in spectra of I. aculeatum compared to I. patulum which is assumed to be caused by the smaller cyst size, thinner cysts and the presences of protrusions in I. aculeatum.

No consistent spectral differences have been observed between cysts recovered from oxic and anoxic environments, cysts recovered from different areas and cysts recovered from sediments deposited at different geological times. Furthermore, no indication of molecular change as a result of natural vulcanisation in the sulfidic environment of the Discovery Basin have been observed.

Compared to I. patulum, cyst walls of I. aculeatum contain more C-O probably related to the presence of higher amounts of secondary alcohols that might imply a slightly higher resistance against decay in I. patulum. Comparison with other species implies that cyst walls of most vulnerable species show C=N, N-H, N-O, C-N bending/stretching, as well as the presence of C=O and C-O bounds. Cyst species that are somewhat less sensitive have lower absorbance at the C=C stretching region, but there is a strong indication of the presence of nitrogen in their macromolecules. More resistant species typically have high relative absorptions in the 1200-950 cm-1 region and they lack nitrogen whereas the even more resistant cyst species I. aculeatum and I. patulum show low amounts of C=O.
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OEBPS/Images/table1.jpg
Location Coordinates Name" Short name Reference

E. Mediterranean Discovery Basin 35°16,43'N, 21°41,50'E 15102-5-0-1 15102 Zabel et al,, 2012

E. Mediterranean 35°16.98' N 21°37.98'E 17229-2-0-1 17229 Zonneveld et al., 2013
Madeira Abyssal Plain 31°22.333'N, 24°45.211'W 2305-7-659.0-659.5 659 Zonneveld et al., 2016
Madeira Abyssal Plain 31°22.333'N, 24°45.211'W 2305-7-664.0-664.5 664 Zonneveld et al., 2016
Madeira Abyssal Plain 31°22.333'N, 24°45.211'W 2305-7-688.0-688.25 688 Zonneveld et al., 2016
Madeira Abyssal Plain 31°22.333'N, 24°45.211'W 2305-7-689.0-689.25 689 Zonneveld et al., 2016
Madeira Abyssal Plain 31°22.333'N, 24°45.211'W 2305-7-699.0-699.25 699 Zonneveld et al., 2016

'Last two numbers refers to the core depth interval the sample has been derived from.





