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Abstract 

Organic matter (OM) sulfurization is a significant sink for reduced sulfur in marine 

sediments. The formation of organic sulfur compounds (OSC) during diagenesis has been 

demonstrated to enhance biomarker preservation, thus affecting molecularly based 

paleoenvironmental reconstructions. Recent studies have focused on the pathways of OM 

sulfurization and suggested intermolecular polysulfide incorporation might be an 

important pathway of formation. This study analyzed several sediment cores from Florida 

Bay to determine whether OSC were formed in recent sediments. Polysulfide cleavage 

was performed on samples from different depths and sites within Florida Bay in order to 

break the S-S cross-linked bonds, if present. The results confirmed that organic sulfur 

compounds formed in shallow sediment, and that they had different profiles with depth 

among cores. 
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Chapter 1: Introduction 

 

Previous research has revealed that the incorporation of reduced sulfur into organic 

matter is a quantitatively significant sink in the ocean, second only to formation of pyrite 

(Werne et al., 2004 and references therein). Organic sulfur (OS) has been shown to 

influence petroleum formation and quality, the coupled global biogeochemical cycles of 

carbon, sulfur and oxygen, sedimentary microbial activity, and organic matter 

preservation and molecularly based paleoenvironmental reconstructions (Meyers 1997). 

For example, OS can influence both the molecular weight distribution of sedimentary 

organic matter and its subsequent fate, by reacting with certain molecules and preserving 

them against diagenetic decay (Brassell et al., 1986). Furthermore, the reactions of 

inorganic sulfur with organic matter may affect the hydrocarbon composition of 

sediments and oils (Sinninghe Damsté and de Leeuw, 1990; Orr and Sinninghe Damsté, 

1990). Finally, reconstruction of paleoenvironments is based in part on the analysis of 

organic compounds preserved in marine and lacustrine sediments. In addition to well-

known biomarkers such as n-alkanes, isoprenoids, steroids, and hopanoids, organic sulfur 

compounds (OSCs) have also drawn increasing attention for this purpose.  

  

At present, it is generally thought that OSCs are mainly formed by incorporation of 

inorganic sulfur into organic matter during early diagenesis in the upper layers of 

sediments. This is apparent from the occurrence and structure of non-biogenic organic 

sulfur compounds in shallow sediments (Francois, 1987; Brassell et al., 1986, Werne et 

al., 2000; Kok et al., 2000). The sulfurization process involves structural 
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rearrangements that stabilize functionalized lipids and protect organic compounds against 

further degradation. For example, incorporation of sulfur into double bonds of steroid 

side chains leads to cyclic thiophenic moieties that are much more resistant to diagenetic 

alteration than the precursor double bonds (Kohnen et al., 1993).  

 

There are four factors that determine the extent of formation of organic sulfur 

compounds. First, an anoxic environment is required. Inorganic sulfide is the ultimate 

source for all reduced sulfur which is incorporated into organic matter to form OSC, 

though it may proceed via other reactive intermediate sulfur compounds, such as 

polysulfides or thiosulfate. While sulfide can be oxidized via many pathways (e.g. the 

source(s) of oxidation could be diffusion from the overlying water column, nitrate, (iron) 

oxide or oxyhydroxide minerals, or even microbial activity), the most common is direct 

reaction with oxygen. Therefore, in order to avoid sulfide being re-oxidized into sulfate, a 

low-oxygen environment is required. In addition, with the presence of oxygen, organic 

matter will be mineralized by heterotrophic bacteria, leading to lower organic matter 

concentration in sediments, further reducing the potential for organic matter sulfurization 

(see below). Second, sufficient sulfate must be present to produce sulfide via (bacterial) 

sulfate reduction. As sulfate is the major sulfur-containing component in the ocean, 

sulfate availability is typically not a limiting factor for sulfate reduction in marine 

systems. In contrast, in lacustrine systems, sulfate is typically present in low 

concentrations and could be consumed rapidly, resulting in low amounts of sulfide 

produced. Third, sufficient reactive organic matter must be present, not only to react with 

inorganic sulfur, but organic matter is also the major substrate providing energy for 
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dissimilatory sulfate reduction by bacteria (Jorgensen, 1982; Canfield, 1989; Aizenshtat 

et al., 1999). Finally, reactive iron minerals have been shown to out-compete organic 

matter to react with sulfide (Gransch and Posthuma, 1974; Canfield et al., 1992, 1996; 

Jøgensen, 1982). Thus, organic sulfur compounds of high amount are not expected in 

iron-rich sediments, unless there is sufficient excess sulfide to react with both iron and 

organic matter (Aizenshtat 1983; Bates et al., 1995; Brüchert and Pratt, 1996; Urban et 

al., 1999; Filley et al., 2002). 

  

The mechanism(s) of formation of organic sulfur remain(s) incompletely constrained. 

One reason is that various organic sulfur compounds are found in different environments, 

suggesting that multiple formation pathways exist, making it difficult to trace probable 

mechanisms (Werne et al., 2004). It is known that sulfur can be incorporated into organic 

matter intramolecularly to form low-molecular-weight OSC (Hartgers 1997; Wakeham 

1995; Putschew et al. 1995), or via intermolecular reactions, resulting in macromolecular 

interconnected organic compounds linked by C-Sx-C bonds (x = 1 mono sulfur, x > 1, 

then polysulfide). Studies have shown that high-molecular-weight acyclic (poly)sulfides 

were formed by insertion of inorganic sulfur into functionalized lipids, cross-linking 

different molecules in an intermolecular mechanism (Filley 2002; Eglinton et al. 1994). 

 

The presence of monosulfide and polysulfide-linked lipids in recent sediments is often 

determined through the use of strong chemical desulfurization reagents, such as activated 

Raney nickel (Wakeham et al., 1995; Filley et al., 1996) or nickel boride (Schouten et al., 

1993), that cleave all C-S bonds in the sample. These procedures release sulfur-bound 
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biomarkers, which are then analyzed as saturated hydrocarbons, in some cases 

deuterating the site of sulfur attachment (Sinninghe Damsté et al., 1988; Schouten et al., 

1993). Other types of reagent, including methyl lithium/methyl idiode (MeLi/MeI) 

(Kohnen et al., 1991; Schouten et al., 1995), LiAlH4 (Adam et al., 1991; Schaeffer et al., 

1995) and EtS-Na+/MeI (Adam et al., 2000), selectively cleave S-S bonds, leaving sulfur 

atoms attached to the biomarker. This reaction therefore not only provides direct 

molecular evidence of polysulfide linkages, it also allows the potential analysis of the 

sulfur isotope composition of the remnant sulfur atoms in the OSC released, potentially 

providing even more information about the pathway(s) of diagenetic sulfurization of 

organic matter.  

 

The purpose of this study is to uncover the occurrence and distribution of organic sulfur 

compounds in recently deposited sediments. We present the results of laboratory 

polysulfide cleavage experiments on samples collected from five different sites in Florida 

Bay, identifying the pools of sedimentary organic matter that contain the highest 

concentrations of OSC. The focus of these experiments was on the formation of sulfur-

containing high molecular weight organic matter and comparisons among different polar 

fractions of OM, in order to increase our understanding of the mechanism(s) of 

sulfurization. 
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Chapter 2: Methods 

 

2.1 Site Description 

Florida Bay (Fig. 1) is a shallow lagoon with an average depth of less than 3m, which 

covers approximately 1,100 square miles (2,850 square km) between the southern tip of 

Florida and the Florida Keys. It is located on a shallow shelf where freshwater from the 

Everglades mixes with the saltwater from the Gulf of Mexico. Inflow of fresh water into 

Florida Bay occurs through sheet flow across the southern Everglades. 

 

 

Fig.1. Location maps of five sites. Map was obtained from the web 
http://www.nps.gov/ever/planyourvisit/loader.cfm?csModule=security/getfile&PageID=324396. 
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Of particular interest to this effort, Florida Bay possesses favorable conditions for the 

formation of organic sulfur compounds. First, there is an abundant supply of reduced 

sulfur, in the form of dissolved sulfides. Up to several mM sulfide has been reported in 

pore waters (Lyons et. al, 2004). Second, this is a carbonate mud depositional system, so 

there is little iron present, with typical sediment concentrations of 70-100 ppm (Rude and 

Aller, 1991, Brown and Cohen, 1995). The low iron concentrations reduce the possibility 

of significant pyrite formation, thereby increasing the likelihood of abundant organic 

sulfur formation. Organic carbon concentrations from previous studies demonstrate a 

high level of organic carbon content in some Florida Bay sites, necessary to support 

bacterial sulfate reduction. 

 

Samples were taken by push core from an array of sites representing different organic 

carbon and sulfide concentrations, as well as contrasting hydrological inputs and varying 

vegetation, primary productivity, and water depth. This was done not only to get an 

adequate sampling of the bay, but also to gain insight into the causes of potential 

variability found among cores. Samples were collected from five cores taken from 

Florida Bay (see Figure 1 for locations): Rankin Bight (FBT2-8-1, 0-40 cm), Duck Key 

(FBT2-25, 0-35 cm), Rabbit Key (RKB-2, 0-34 cm), Barnes Key (FBT2-18A-1, 1-40 cm) 

and Little Madeira Key (0-41 cm). Sixteen samples from the five cores were chosen to 

perform polysulfide cleavage based on OC% and total sulfur content (listed below in 

Table 1).  
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2.2 Sample Treatment 

2.2.1 Carbon Concentration 

Sediments were heated in an oven at 60 °C overnight to remove any remaining water and 

homogenized; aliquots of dry sediment were taken for total carbon (TC) and total 

inorganic carbon (TIC) analysis by UIC Model 5014 Carbon Coulometer. Total organic 

carbon content was determined by difference between TC and TIC (TOC = TC - TIC) 

(Marlow et al., 2001). Typically, 12 mg of each sample was placed in a vessel, weighed 

and the inorganic carbon was volatilized with 5 ml 2N HCl in an acidification module. 

For TC measurements, another 12 mg of each sample was placed into a small platinum 

boat which was then fired in a CM 5300 furnace apparatus at 950 °C to oxidize all the 

carbon present. In both cases, CO2 was produced and measured by titration in a carbon 

coulometer equipped with an infra-red detector.  

 

2.2.2 Sulfur Concentration 

Total sulfur (TS) measurements were made with a UIC Model 3200 sulfur coulometer 

system. Samples were covered with vanadium pentoxide (V2O5) and combusted in the 

presence of oxygen at 1050 °C. Evolved gases pass through a column of reduced Cu to 

quantitatively convert all sulfur to SO2
-. Inorganic sulfur (total sulfide, or CRS: 

chromium reducible sulfur) was performed using standard chromium reduction with 

iodometric titration on extracted samples selected from each of the five cores in the 

laboratory of Tim Lyons at the University of California Riverside following methods in 
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Werne et al. (2004). Total organic sulfur content (TOS) was determined by difference 

(TOS = TS - CRS). 

 

2.2.3 Sulfur isotope measurements 

Additional sample aliquots were extracted via chromium reduction, but were trapped as 

Ag2S for isotope measurement (of reduced inorganic sulfur, i.e., pyrite) using ~30 ml 3% 

AgNO3 with 10% NH4OH (Newton et al., 1995). The residues after chromium reduction 

were filtered and dried in a dessicator in preparation for isotopic measurement of 

remaining sulfur, which was assumed to be total organic sulfur.  The CRS and TOS were 

then placed in tin boats with V2O5 catalyst and analyzed for their sulfur isotope 

compositions by the continuous flow EA-IRMS method described in Werne et al. (2004) 

in the Lyons lab. 

 

2.3 Total Lipid Extraction (TLE) and Fractionation 

Bulk sediments were extracted using a mixture of DCM/MeOH (9:1 v/v) in a Soxhlet 

apparatus for 24 h to obtain the total lipid extract (TLE). After solvent removal by 

evaporation, the TLE was split into 3 aliquots, two of them (TLE-1 & TLE-2) were 

further separated for analysis, and the remainder (TLE-3) was archived.  

 

Our separation scheme (Fig. 2) was designed to determine which pool of organic matter 

contained the greatest amount of organic sulfur, and to minimize the chance that organic 

sulfur was lost during sample work-up. The separation scheme resulted in four fractions, 

named F1, F2, F3 and F4. Each fraction contains one apolar, one polar I and one polar II 
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subfraction (separated using alumina column chromatography, see below). Apolar 

fractions were analyzed via gas chromatography directly, however, polar I fractions were  

first derivatized (see below) before running on GC and GC/MS, and in most cases, polar 

II subfractions were archived for future analysis. The only exception is F1-polar II, which 

was treated with MeLi/MeI for chemical degradation. 

 

Fraction F1 came from TLE-1. It was first separated via alumina (Al2O3) column 

chromatography, eluting successively with hexane/DCM (9:1 v/v) to obtain the F1-

apolar, DCM/MeOH (1:1 v/v) to obtain the F1-polar I, and MeOH to obtain the F1-polar 

II. F1-polar I was then split into two equal portions, F1-polar Ia and F1-polar Ib. After 

derivatization, F1-polar Ib was analyzed by GC, while F1-polar Ia samples were 

subjected to polysulfide cleavage as described below (Kok et al., 2000). 

 

Fraction F2 came from TLE-2, which was treated with MeLi/MeI first to cleave 

polysulfide bonds in the TLE, and then separated into F2-apolar, F2-polar I, and F2-polar 

II by alumina column chromatograph as described above. 

 

Fraction F3 came from F1-polar Ia. This fraction was treated in the same way as F2 

(polysulfide cleavage followed by alumina column chromatography) and then resulted in 

F3-apolar, F3-polar I, and F3-polar II after the second alumina column chromatography 

separations. 
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Fig. 2. Flow chart of the whole research project, which includes bulk sediment treatment, separation 
and analysis. 
 

10



 

Fraction F4 came from F1-polar II, which was subjected to polysulfide cleavage and 

subsequent alumina column chromatography, resulting in F4-apolar, F4-polar I, and F4-

polar II. 

 

All of the polar I fractions (F1-F4) were derivatized to trimethylsilyl ethers before GC 

analysis to prevent GC column degradation. Normally, 100 μl of bis-(trimethylsilyl) 

trifluoroacetamide (BSTFA) and 100 μl of acetonitrile (stored over Na2SO4) were 

injected into each 4ml vial that containing dry sample (polar I) under N2 flow. Vials were 

then placed in a heating block for 2 hours at 60-70 °C, after which they were cooled, 

blown dry under N2, and redissolved in solvent prior to GC analysis. 
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2.4 Polysulfide Cleavage 

In our study, MeLi/MeI was chosen as the polysulfide cleavage reagent, which protected 

carbon skeletons and left a sulfur atom attached to the compounds bound via sulfurization 

(see mechanism below). Typically, a glass tube was sealed and nitrogen gas (N2) flow 

was equipped to remove air/H2O. Approximately 20 mg polar I or polar II fraction was 

dissolved in 2 ml diethyl ether at room temperature, 3 ml MeLi was added into the 

solution while stirring, and 100 μl of MeI were added after 5 min. The tube was then 

transferred into an ice-water bath. After 15 min, the mixture was quenched with MilliQ 

water (3 ml) and extracted with hexane three times. The hexane extracts were combined 

and dried over anhydrous MgSO4, filtered, and evaporated to dryness under N2. The 

cleavage products were separated using alumina column chromatography as described 

above. After transfer into GC vials (1 ml), separated fractions were dissolved in 100 μl 

ethyl acetate (EA), subsequently analyzed by gas chromatography (GC) and gas 

chromatography-mass spectrometry (GC-MS) as described below. 

 

The mechanism of polysulfide cleavage is shown in Fig. 3, that described by some 

references (Kohnen et al, 1991; Adam et al, 2000), in polysulfide organic matter R1-C-S-

Sn-S-C-R2 (n=0, 1, 2 …) (Scouten et al, 1993). Briefly, MeLi broke the Sn-S bond and a 

methyl group was attached to the R1-C-S-Sn group, forming R1-C-S-Sn-CH3, while a 

lithium was added to R2-C-S moiety and became R2-C-S-Li. After each cleavage step, 

one -S-CH3 and one -S-Li group were formed. Excess MeLi continued to split S-S bonds 

in R1-C-S-Sn-CH3 until no S-S bonds remained, with the major products being R1-C-S-

CH3, R2-C-S-Li and CH3-S-CH3. When MeI was added, lithium was replaced by a methyl 
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group, resulting in the formation of R2-C-S-CH3 and LiI. Thus, the final products were 

R1-C-S-CH3, R2-C-S-CH3, CH3-CH3 and LiI. LiI was removed by cold water and alumina 

column chromatography, and CH3-S-CH3 (dimethyl sulfide) was removed by N2 

evaporation. Thus only R1-C-S-CH3 and R2-C-S-CH3 remained for analysis via GC-FPD 

and GC/MS, and the original carbon skeletons of the sedimentary organic compounds 

were maintained. 

 

Final Products: R1-C-S-CH3, R2-C-S-CH3
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2.5 Gas Chromatography and Mass-Spectrometry 

2.5.1 Gas Chromatography (GC) 

GC analyses were carried out on an Agilent 6890 gas chromatograph equipped with a 

split-splitless injector, a flame ionization detector (FID), a sulfur-selective flame 

photometric detector (FPD) and an HP1 fused silica capillary column (30m x 320μm, 

0.25 μm film thickness). Helium was used as carrier gas (2.6 ml/min). The samples 

Fig. 3. Mechanism of the polysulfide bond cleavage using MeLi/MeI 
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(dissolved in ethyl acetate) were injected at 50 °C and subsequently the oven was 

programmed to 130 °C at 10 °C/min and then at 4 °C/min to 320 °C at which it was held 

for 10 min. For quantification an internal standard (5α-androstane) was injected into 

fractions. All organic sulfur compounds were assumed to have a similar response ratio 

relative to the internal standard. The concentrations of individual compounds were 

determined by quantification of the GC peak area (by FID) relative to that of the internal 

standard. 

 

2.5.2 Elemental Sulfur Removal 

After GC analyses, the total lipid extracts were treated with activated copper to remove 

elemental sulfur in order to avoid interference with GC-MS analysis. Copper beads were 

activated by adding small amount of 2N HCl, then decanted and rinsed with MilliQ 

water, and finally washed three times each with DCM, acetone and hexane. Excess 

activated and cleaned copper beads were added to the vials containing the extracts in 

DCM, and kept overnight. Blackening of the copper indicated that elemental sulfur was 

present in the sample. Each extract dissolved in DCM was then filtered over a cotton-

wool plugged pipette to remove the copper and was subsequently evaporated to dryness 

under N2.  

 

2.5.3 Gas Chromatography-Mass Spectrometry (GC-MS) 

Structures of organic sulfur compounds were determined using an Agilent 6890 gas 

chromatograph interfaced to an Agilent 5973 mass spectrometer operated at 70 eV with a 

mass range m/z 50-650. GC conditions were as above, except the carrier gas flow rate 
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was 2.0 ml/min. OSC were identified where possible based on retention time and 

comparison of mass spectra with the published literature. 
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Chapter 3: Results 

 

3.1 Bulk Sediment Carbon and Sulfur 

Table. 1. Bulk total organic carbon (TOC) and total sulfur concentration (TS), OSC abundance (mg/g TLE) 
and elemental sulfur (So) in F1-apolar (AP), F1-polar I (PI TMS) and F2-apolar samples. 

Florida Bay Depth/cm Label TOC% TS% 

F1 AP F1 PI (TMS) F2 AP 

OSC 

(mg/g) 
S° 

OSC  

(mg/g) 
S° 

OSC 

(mg/g) 

Duck Key   

FBT2-25 

5-6 DK(1) 2.62 0.198  √    

25-26 DK(2) 4.04 0.274  √  √ 194.7 

34-35 DK(3) 37.3 0.973  √ 2.1  6 

Rabbit Key    

RKB-2 

5-6 RK(1) 4.52 0.205  √    

15-16 RK(2) 4.49 0.306  √   0.6 

25-26 RK(3) 2.34 0.410  √   10.1 

Barnes Key 

FBT-2 18A-1 

5-6 BK(1) 2.10 0.571*  √    

19-20 BK(2) 1.36 0.507*  √  √ 2.9 

34-35 BK(3) 2.66 0.490*  √  √ 14.9 

Rankin Bight 

FBT-2-8-1 

6-8 RB(1) 4.01 0.662*  √  √ 53.4 

16-18 RB(2) 3.98 n/d 51.3 √   n/d 

22-24 RB(3) 2.40 0.556* 16.7 √   43.6 

34-36 RB(4) 2.47 0.526* ** √ ** √ 99.9 

Little 

Madeira 

5-6 LM(1) 2.05 0.202  √   ** 

20-21 LM(2) 1.15 0.160  √  √  

30-31 LM(3) 1.02 0.130  √    

√ Sulfur signal was detected by FPD. 
* Total Sulfur Data was measured at another depth but close to the one we were looking at. 
** OSC could be detected in this samples but was too low be quantified by FID. 
n/d: not determined. 
 

According to TOC profiles (Fig. 4), these five cores analyzed could be generally 

classified into two groups: Rabbit Key, Rankin Bight and Little Madeira have the same 

TOC profile with the maximum value at the surface (RKB-2 5.23%, FBT-2-8-1 4.62% 
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and Little Madeira 3.10%), decreasing with depth. In contrast Duck Key and Barnes Key 

had constant TOC values (FBT2-25 1.40-2.70% and FBT-2 18A-1 1.90-3.10% 

respectively) with little fluctuations, though it should be noted that Duck Key TOC and 

TS (detailed in next section) increased significantly below 20 cm. The Rankin Bight core 

was taken in approximately three feet of water in a region covered with seagrass.  

 

Fig. 4. Plot of TOC values from five cores of Florida Bay 
 

Compared with TOC% values, TS% (Fig. 5) had more remarkable shifts. TS% varies 

between 0.10% and 0.97%. At the Duck Key site, TS and TOC shared similar curves and 

both had larger values than that of other cores at depth. Little Madeira had minimum 

sulfur concentration compared with other cores.  
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Fig. 5. Plot of TS values from five cores of Florida Bay 
 

3.2 Organic Sulfur Compounds 

Several samples from F1-apolar, F1-polar I and F2-apolar showed evidence of organic 

sulfur compounds on the GC-FPD (Table. 2). Most sulfur signals in the F1-apolar and 

F1-polar I fractions indicated to elemental sulfur (Fig. 6). In F2-apolar samples, there are 

three prominent peaks eluting before 40 min, 44 min and 47 min with sulfur responses on 

the FPD (Fig. 7). Most OSCs were present in deeper sediments at higher abundances, 

except in Little Madeira F2-apolar samples, where organic sulfur was detected in surface 

sediment (5-6 cm), but not at greater depths (20-21 cm and 30-31 cm).  However, this 
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observation was in accordance with the Little Madeira TS profile, showing higher sulfur 

concentration at 5-6 cm than at 20-21 and 30-31 cm. At Duck Key (FBT2-25), the F2-

apolar sample at 25-26 cm had the strongest sulfur signals, while sulfur signals in 

samples at 5-6 and 34-35 cm were both negligible according to the abundance (Fig. 8-

10). 
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Fig. 6. Chromatogram from FPD Detector of Rankin Bight (FBT-2-8-1) 6-8 cm F1-apolar and F1-
polar I (TMS), (a)&(c): F1-apolar and F1-polar I (TMS) before elemental sulfur removal, (b)&(d): F1-
apolar and F1-polar I (TMS)after elemental sulfur removal. 
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Fig. 7. GC-FID/FPD chromatograph of Rabbit Key (RKB-2 25-26 cm) F2-apolar, three prominent 
peaks were detected by FPD at 40, 44 and 47 min. 

 

Fig. 8. GC-FID/FPD chromatograph of Duck Key (FBT2-25 5-6 cm) F2-apolar, no obvious peak was 
detected by FPD. 
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Fig. 9. GC-FID/FPD chromatograph of Duck Key (FBT2-25 25-26 cm) F2-apolar, which has the 
strongest sulfur signals and more peaks than that of 5-6 cm from the same key. 

 

Fig. 10. GC-FID/FPD chromatograph of Duck Key (FBT2-25 34-35 cm) F2-apolar, whose peaks were 
found at similar retention time to that of 25-26 cm, but with weaker abundance. 
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Most organic sulfur compounds were quantified, except F2-apolar 5-6 cm from Little 

Madeira, F1-apolar 34-36cm from Rankin Bight (FBT2-8-1) and F1-polar I 34-36cm 

from Rankin Bight (FBT2-8-1), which we were unable to quantify due to their low 

abundance of OSC (less than 0.1 mg/g). In F2-apolar samples, the OSC abundance 

appears to be increasing with depth in all cores except Duck Key (FBT2-25) in which the 

abundance reached its maximum at 25-26 cm and then decreased significantly. 

  

The most common organic sulfur compound released upon polysulfide cleavage eluted in 

GC-FPD analysis at about 43.77 min, which corresponded to 44.1 min in the GC/MS 

total ion chromatogram (TIC). This is the most abundant OSC in Rabbit Key (RKB-2) 

and Barnes Key (FBT-2 18A-1). In Duck Key (FBT2-25) and Rankin Bight (FBT-2-8-1), 

the most abundant OSC was detected at 39.6 min on FPD (corresponding to 39.9 min on 

GC/MS). The third most frequent peaks were at 46.75 min (47.1 min on GC/MS) in every 

core. Additional, but minor, OSC at 38.84 min were present in three cores: Duck Key 

(FBT2-25 34-35cm), Rabbit Key (RKB-2 25-26cm) and Rankin Bight (FBT-2-8-1 6-8, 

22-24cm). No OSC were quantified from Little Madeira samples according to their poor 

abundances. 

Table. 2. F2-apolar OSC Abundance at different retention time. 
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3.3 Organic Sulfur Compound Identification 

OSC at 39.9, 44.1 and 47.1 min (in the TIC) were chosen for GC/MS identification 

because they were present in the highest abundance, and most consistently among the 

cores.  

 

The prominent OSC at 39.9 min (Fig. 11) was difficult to identify, we refer to it as 

“unknown OSC”. It has a base peak presented at m/z 57, followed by fragment ions at 

m/z 71, 85. Other prominent peaks were at m/z 145, 213, 255, 275 and 396.  

57

85

145

396
275105 121 255213

163

183 336238 295 367315 428

57

85

145

396
275105 121 255213

163

183 336238 295 367315 428  

Fig. 11. Mass spectra of OSC frequently found in F2-apolar samples at 39.9 cm. 

 

Two methylthioether compounds were identified from their mass spectra in the TIC. The 

one eluting at 44.1 min is identified as 1, 2-bis(methylthio)pentacosane (C27H56S2, 

molecular weight (MW) 444). This OSC was the most abundant compound, and was 

present in all samples that contained polysulfides. It was identified based on a base peak 

at m/z 383. This OSC showed a small the molecular ion, and minor fragments at m/z 57 

and 87. 
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Fig. 12. Mass spectra of OSC frequently found in F2-apolar samples at 44.1 min and its structure. 

 

The OSC eluting at 47.2 min is tentatively identified as 1, 2-bis(methylthio) heptacosene 

(C29H56S2, MW 470). At this point, we have not been able to identify the positions of the 

two double bonds. This compound was the third most abundant OSC in our samples. The 

most significant peak presented at m/z 411 in the mass spectra; besides, there are no other 

significant peaks including its molecular ion (M+ 470). 

 

411
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57 125 193147 215 268
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166 245 343369303 470
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S

S

 

Fig. 13. Mass spectra of OSC frequently found in F2-apolar samples at 47.2 min and its expected 
structure. There is a double bond in this compound, but we don’t know the exact position. 
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Chapter 4: Discussion 

The presence of plant matter is likely the cause of considerably higher organic carbon 

values near the surface. In contrast, the Barnes Key core (FBT-2 18A-1) was taken in less 

than one foot water depth, and is thus likely to be very well mixed. Additionally, this core 

was taken from a region in which there was no seagrass growing (Lyons, 2004).  

 

4.1 Organic sulfur compound occurrence: 

FPD signals in some samples from apolar and polar I fractions from F1 and F2 indicated 

that organic sulfur compounds were generated in early stage diagenesis, since the 

samples were collected from shallow cores (less than 45 cm) and OSC were observed in 

the surface samples, such as Barnes Key (FBT 2-8-1) 6-8 cm. 

 

There are some possibilities to explain why no sulfur was detected in many samples. 

First, it is possible that sulfur incorporation into the compounds in some fractions only 

occurs on much longer timescales. Thus, in very surface samples sulfur hasn’t been 

incorporated into organic matter yet. Second, MeLi/MeI was utilized as cleavage reagent, 

which only breaks S-S bonds.  This reagent would not release OSC from macromolecules 

containing a single sulfur atom bridge, and therefore some sulfur-containing molecules 

might have remained out of the analytical window of our procedure. Third, our objective 

was to investigate the organic sulfur compounds in total lipid extract. It is quite possible 

that there are some organic sulfur compounds in the kerogen portion, which was not 

included in this study. 
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F1 samples were fractionated by alumina column chromatography first, and then went 

through polysulfide cleavage, whereas F2 samples were fractionated with alumina 

column chromatography after S-S bond breakage (Fig. 14). GC-FID/FPD chromatograms 

indicated that organic sulfur compounds were mostly found in F2-apolar samples, while 

in most F1 apolar and polar I samples primarily elemental sulfur was detected. This 

indicates that most of the organic sulfur compounds were released from macromolecules 

in the total lipid extract that are lost in alumina column chromatography. Furthermore, 

these compounds are clearly linked by polysulfide bonds. Elemental sulfur in these 

samples was most likely through (partial) oxidation of the abundant sulfide present, 

particularly as these are shallow sediments, with strong potential for periodic oxidation 

during storms.  

 

 

 
Fig. 14. Comparison of F1-F4. F1 was separated from TLE-1, while F2 was got from TLE-2. F3 and 
F4 were separated from F1-polar I and F1-polar II after polysulfide cleavage and another alumina 
column chromatography. 
 

Fractions F3 and F4 were generated from F1-polar I and F1-polar II, after polysulfide 

cleavage and a second alumina column chromatographic separation. No sulfur was 

detected in these fractions. As the results of F2-apolar confirmed that S-S bonds in 

organic compounds were able to be broken and detected by GC, this result indicates that 
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no detectable organic sulfur compounds with polysulfides were present in F1-polar I or 

F1-polar II fractions.  

 

Thus, we conclude that the polysulfide bound OSC in these samples were bound into a 

macromolecular matrix which was not amenable to alumina column chromatography, but 

that these compounds are released upon polysulfide cleavage of the total lipid extract. In 

our study, iron hadn’t been included into our consideration, beyond the fact that Florida 

Bay is an Fe-limited system (Lyons, 2004), which is generally thought to enhance the 

potential for OSC formation. We identified fewer OSC in Florida Bay sediments 

compared with Filley et al’s (2002) results in Mud Lake, Florida. The lower abundance of 

polysulfide bound OSC in Florida Bay supports their conclusion that the availability of 

reactive iron can in some systems stimulate polysulfide formation, thereby enhancing 

formation of OSC (Filley et al., 2002). Furthermore, we suggest that additional OSC are 

most likely present in the kerogen (i.e. macromolecular organic matter that is not 

extractable by organic solvents), and that these OSC may be released through polysulfide 

cleavage of the extracted residues of our sediment samples.  

 

4.2 Variability among Florida Bay sampling sites: 

The concentration of OSC in Little Madeira samples was too low to be quantified. In 

contrast with other cores, OSC from Little Madeira appeared in a very early stage at a 

depth of 5-6 cm, while no sulfur peaks were detected at 20-21 and 30-31 cm. In its TOC 

and TS profiles, the concentration of both TOC and TS at the surface (2.05%, 0.202%) is 

higher than 20-21 (1.15%, 0.160%) and 30-31 (1.02%, 0.130%).  We suspect that this site 
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may have been disturbed (e.g. by storms) in the recent past, resulting in sediment mixing 

and oxygenation, which would have removed all inorganic sulfides and enhanced organic 

matter degradation, leading to low concentrations of both OC and TS.  

 

No OSC were identified in the surface samples from Rabbit Key (RKB-2), Barnes Key 

(FBT-2 18A-1) or Rankin Bight (FBT-2-8-1), but concentration of OSC increased with 

depth at these sites. OSC appeared first at 15-16 cm at Rabbit Key, where both TOC and 

TS concentrations began to increase, suggesting that higher concentrations of TOC and 

TS lead to increasing OSC abundance. Due to insufficient TS data for Barnes Key and 

Rankin Bight, it was only expected that the amount and abundance of OSC would also 

increase with depth. It should be pointed out that while most of OSC were detected from 

F2-apolar samples, F1-apolar samples at 16-18 cm and 22-24 cm of Rankin Bight 

samples also released OSC. Considering F1-apolar OSC abundance at 16-18 cm was 51.3 

mg/g TLE, we expected more OSC to be detected in F2-apolar at the same depth, as all 

the OSC in F1-apolar should also be detected in F2-apolar; however, this was not 

observed. At Barnes Key the sulfurization process started perhaps shallower than 19-20 

cm, while OSC were produced during an earlier stage at Rankin Bight (at 6-8 cm), which 

was similar to Little Madeira (5-6 cm). 

 

In Duck Key (FBT2-25) samples, both TOC and TS had minimum values (2.62%, 

1.198%) at 5-6 cm depth, which could explain why no sulfur was incorporated into 

organic matter in the surface. From 0 to 15 cm, TOC and TS had almost constant low 

values (1.83-2.68%, 0.198-0.330%). Below 15 cm both TOC and TS increased in 

29



 

concentration substantially (TOC: 1.45-37.31%, TS: 0.227-0.973%). At 20-21 cm, the 

abundance of OSC from F2-apolar fractions reached 194.7 mg/g TLE, while at 30-31 cm 

there was only 6 mg/g OSC in F2-apolar, and about 2.1 mg/g OSC was detected in F1-

polar I. According to a large concentration difference between OSC at 30-31 cm and that 

of 20-21 cm, we expect that at 30-31 cm, sulfide was largely incorporated into kerogen 

instead of lipids. 

 

Based on the location of methylthioethers on the tentatively identified OSC, we can 

speculate about the structures of the original OSC before polysulfide cleavage, though the 

number of sulfur atoms was not sure. And we also consider that the precursor of OSCs 

were aliphatic alkane/alkene (C25, C27). Notice that both identified OSCs were odd-

number while even-number homologues of long chain n-alkanes/alkene were 

conspicuously absent in detectable amount, thus indicated of a terrestrial higher plant 

origin according to Eglinton (1962). 

 

For example, 1, 2-bis(methylthio)pentacosane (C27H56S2, MW 444, Fig. 15), could have 

been derived from cleavage of an intramolecular polysulfide chain (e.g., Fig. 16) or an 

intermolecular polysulfide chain (Fig. 17), and the precursor that got polysulfides 

incorporated might be pentacosadiene C25H48 (Fig. 18). 

 

Fig. 15 Structure of 1, 2-bis(methylthio) pentacosane (C27H56S2, MW 444) at 44 min. 
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Fig. 16. Intramolecular polysulfide incorporation 
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Fig. 17. Intermolecular polysulfide incorporation. 

 

 C25H48 

Fig. 18. Precursor of polysulfide incorporation. 
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Chapter 5: Conclusion 

 

In Florida Bay, TOC and TS generally decrease steadily with depth, with the exception of 

Duck Key (FBT2-25). The OSC profiles had the two values reached up to 37.3% and 

0.973% at the bottom. And the abundance of OSC was increasing as TOC and TS 

declined.  

 

Experimental results indicate that there are polysulfide bound organic compounds formed 

during early diagenesis, since OSC were detected in the surface sediments. Three OSC 

appeared in most cores that had higher abundances than other sulfur compounds, two 

OSC were identified and indicated the precursor of sulfurization might be long-chain 

alkene with an odd Carbon number (C25, 27), their presence suggested a terrigenous 

input (Eglinton and Hamilton, 1963; Schaeffer et al, 1995). 

 

Compared with others' studies (e.g., Filley, 2002), low abundances of polysulfide bound 

OSC were formed in Florida Bay, which may be due in part to lack of reactive iron to 

stimulate polysulfide formation. Furthermore, we suggest that additional OSC are most 

likely present in the kerogen (i.e. macromolecular organic matter that is not extractable 

by organic solvents), and that these OSC may be released through polysulfide cleavage of 

the extracted residues of our sediment samples. 

 

32



 

References 

 

Adam, P., E. Philippe, and P. Albrecht (1998). Photochemical sulfurization of sedimentary organic 
matter: A widespread process occurring at early diagenesis in natural environments? Geochim. 
Cosmochim. Acta, 62 (2), pp. 265-271.  

 

Adam, P, Schneckenburger, P., Schaeffer, P., and Albrecht, P. (2000). Clues to early diagenetic 
sulfurization processes from mild chemical cleavage of labile sulfur-rich geomacromolecules. 
Geochimica et Cosmochimica Acta, 64(20), 3485-3503. doi:10.1016/S0016-7037(00)00443-9 

 

Adam, Pierre, Schmid, J.-C., Albercht, P., and Connan, J. (1991). 2α and 3β Steroid thiols from 
reductive cleavage of macromolecular petroleum fraction. Tetrahedron Letters, 32(25), 2955-
2958. doi:10.1016/0040-4039(91)80661-O 

 

Aizenshtat Z., Miloslavski I. and Ashengrau D. (1999) Hypersaline depositional environments and 
their relation to oil generation. In Microbiology and Biogeochemistry of Hypersaline 
Environments (ed. A. Oren). CRC Press, LLC, Boca Raton, pp. 89–105. 

 

Aizenshtat Z., Stoler A., Cohen Y. and Nielsen H., The geochemical sulphur enrichment of recent 
organic matter by polysulfides in the Solar Lake. In: M. Bjor?y et al., Editors, Advances in 
Organic Geochemistry 1981, Wiley, U.K. (1983), pp. 279–288. 

 

Bates, A. (1995). Sulfur geochemistry of organic-rich sediments from Mud Lake, Florida, U.S.A. 
Chemical Geology, 121(1-4), 245-262. doi:10.1016/0009-2541(94)00122-O  

 

Brassell, S.C., Lewis, C.A., de Leeuw, J.W., de Lange, F., and Sinninghe Damsté, J.S., 1986, 
Isoprenoid thiophenes: Novel diagenetic products in sediments?: Nature, v. 320, p. 160–162. 

 

Brown, K., and Cohen, A. (1995) Stratigraphic and micropetrographic occurrences of pyrite in 
sediments at the confluence of carbonate and peat-forming depositional systems, southern 
Florida, U.S.A. Org. Geochem, 22 (1), 105-126. 

 

Brüchert, V., & Pratt, L. M. (1996). Contemporaneous early diagenetic formation of organic and 
inorganic sulfur in estuarine sediments from St. Andrew Bay, Florida, USA. Geochimica et 
Cosmochimica Acta, 60(13), 2325-2332. doi:10.1016/0016-7037(96)00087-7  

 

Canfield D. E. (1989) Sulfate reduction and oxic respiration in marine-sediments implications for 
organic-carbon preservation in euxinic environments. Deep-Sea Research Part A Oceanographic 
Research Papers 36(1), 121–138. 

 

Canfield, D.E., Raiswell, R., and Bottrell, S., 1992, The reactivity of sedimentary iron minerals toward 
sulfide: American Journal of Science, v. 292, p. 818–834. 

33



 

 

Canfield, D.E., Lyons, T.W., and Raiswell, R., 1996, A model for iron deposition to euxinic Black Sea 
sediments: American Journal of Science, v. 296, p. 818–834.  

 

Eglinton, G., Hamilton, R.J., Raphael, R.A., and Gonzalez, A.G., 1962. Hydrocarbon constituents of 
the wax coatings of plant leaves: a taxonomic survey. Nature, 193:739–742. 

 

Eglinton, T., Irvine, J., Vairavamurthy, a, Zhou, W., & Manowitz, B. (1994). Formation and 
diagenesis of macromolecular organic sulfur in Peru margin sediments. Organic Geochemistry, 
22(3-5), 781-799. doi:10.1016/0146-6380(94)90139-2 

 

Filley, T. (2002). Biogeochemical controls on reaction of sedimentary organic matter and aqueous 
sulfides in holocene sediments of Mud Lake, Florida. Geochimica et Cosmochimica Acta, 66(6), 
937-954. doi:10.1016/S0016-7037(01)00829-8  

 

Filley, T.R., Freeman, K.H., and Hatcher, P.G., 1996, Carbon isotope relationships between sulfide-
bound steroids and proposed functionalized lipid precursors in sediments from the Santa Barbara 
Basin, California: Organic Geochemistry, v. 25, p. 367–377.  

 

Francois, R., 1987, A study of sulphur enrichment in the humic fraction of marine sediments during 
early diagenesis: Geochimica et Cosmochimica Acta, v. 51, p. 17–27.  

 

Gransch J. and Posthuma J., On the origin of sulphur in crudes. In: B. Tissot and F. Bienner, Editors, 
Advances in Organic Geochemistry 1973, Editions Technip, Chichester (1974), pp. 727–739. 

 

Hartgers, W. (1997). Sulfur-binding in recent environments: II. Speciation of sulfur and iron and 
implications for the occurrence of organo-sulfur compounds. Geochimica et Cosmochimica Acta, 
61(22), 4769-4788. doi:10.1016/S0016-7037(97)00279-2  

 

Jøgensen B. B. (1982) Mineralization of organic-matter in the sea bed—the role of sulfate reduction. 
Nature 296(5858), 643–645. 

 

Kohnen, M, Sinninghedamste, J., Baas, M., Dalen, a, & Deleeuw, J. (1993). Sulphur-bound steroid 
and phytane carbon skeletons in geomacromolecules: Implications for the mechanism of 
incorporation of sulphur into organic matter. Geochimica et Cosmochimica Acta, 57(11), 2515-
2528. doi:10.1016/0016-7037(93)90414-R 

 

Kohnen, M. E. L., Sinninghe Damsté, J S, Kock-Van Dalen, A. C., & De Leeuw, J. W. (1991). Di- or 
polysulphide-bound biomarkers in sulphur-rich geomacromolecules as revealed by selective 
chemolysis. Geochimica et Cosmochimica Acta, 55(5), 1375-1394. 

 

Kohnen, MEL, Damsté, J. S. S., Ten Haven, H., & De Leeuw, J. (1989). Early incorporation of 
polysulphides in sedimentary organic matter. Nature, 341(6243), 640–641. Nature Publishing 
Group. 

34



 

 

Kok, M. (2000). Early steroid sulfurisation in surface sediments of a permanently stratified lake (Ace 
Lake, Antarctica). Geochimica et Cosmochimica Acta, 64(8), 1425-1436. doi:10.1016/S0016-
7037(99)00430-5 

 

Lyons, T W, Walter, L. M., Gellatly, A. M., Martini, A. M., & Blake, R. E. (2004). Sites of anomalous 
organic remineralization in the carbonate sediments of South Florida, USA: The sulfur cycle and 
carbonate-associated sulfate. Geological Society of America Special Paper, 379, 161-176. 

 

Marlow, J. R., & Farrimond, P. (2001). Analysis of lipid biomarkers in sediments from the benguela 
current coastal upwelling system (site 1984). World, 175(September 2000), 1-26. 

 

Meyers, P. (1997). Organic geochemical proxies of paleoceanographic, paleolimnologic, and 
paleoclimatic processes. Organic Geochemistry, 27(5-6), 213-250. doi:10.1016/S0146-
6380(97)00049-1 

 

Newton, R. J., Bottrell, S. H., Dean, S. P., Hatfield, D., & Raiswell, R. (1995). An evaluation of the 
use of the chromous chloride reduction method for isotopic analyses of pyrite in rocks and 
sediment. Chemical Geology, 125(3--4), 317-320. Elsevier Science B.V. doi:10.1016/0009-
2541(95)00098-7 

 

Orr, W. L., Damste, J. S. S. (1990). Geochemistry of sulfur in petroleum systems. Geochemistry of 
Sulfur in Fossil Fuels. ACS Publications. 

 

Putschew, A., Scholz-Böttcher, B. M., & Rullkotter, J. (1995). Organic geochemistry of sulfur-rich 
surface sediments of meromictic Lake Cadagno, Swiss Alps. In M. A. Viaravamurthy & M. A. 
A. Schoonen (Eds.), Geochemical Transformations of Sedimentary Sulfur (Vol. 612, pp. 59-79). 
ACS Symposium, 612. doi:10.1021/bk-1995-0612.ch004 

 

Rude, P. D., & Aller, R. C. (1991). Fluorine mobility during early diagenesis of carbonate sediment: 
An indicator of mineral transformations. Geochimica et Cosmochimica Acta, 55(9), 2491-2509. 
doi:10.1016/0016-7037(91)90368-F 

 

Schaeffer, P. (1995). Geochemical study of macromolecular organic matter from sulfur-rich sediments 
of evaporitic origin (Messinian of Sicily) by chemical degradations. Organic Geochemistry, 
23(6), 567-581. doi:10.1016/0146-6380(95)00045-G 

 

Schouten, S. (1995). Quantitative assessment of mono- and polysulphide-linked carbon skeletons in 
sulphur-rich macromolecular aggregates present in bitumens and oils. Organic Geochemistry, 
23(8), 765-775. doi:10.1016/0146-6380(95)00055-J 

 

Sinninghedamste, J., Deleeuw, J. (1990). Analysis, structure and geochemical significance of 
organically-bound sulphur in the geosphere: State of the art and future research. Organic 
Geochemistry, 16(4-6), 1077-1101. doi:10.1016/0146-6380(90)90145-P 

 

35



 

Schouten, S, Pavlovic, D., Sinninghedamste, J., & Deleeuw, J. (1993). Selective cleavage of acyclic 
sulphide moieties of sulphur-rich geomacromolecules by superheated methyl iodide*. Organic 
Geochemistry, 20(7), 911-916. doi:10.1016/0146-6380(93)90102-H 

 

Sinninghe Damsté, J.S., Rijpstra, W.I.C., de Leeuw, J.W., and Schenck, P.A., 1988, Origin of organic 
sulphur compounds and sulphur-containing high molecular weight substances in sediments and 
immature crude oils, in Mattavelli, L., and Novelli, L., Advances in organic geochemistry 1987: 
Organic Geochemistry, v. 13, p. 593–606. 

 

Urban, N. (1999). Addition of sulfur to organic matter during early diagenesis of lake sediments. 
Geochimica et Cosmochimica Acta, 63(6), 837-853. doi:10.1016/S0016-7037(98)00306-8 

 

Volkman, J. K., Allen, D. I., Stevenson, P. L., & Burton, H. R. (1986). Bacterial and algal 
hydrocarbons in sediments from a saline Antarctic lake, Ace Lake. Organic Geochemistry, 10(4-
6), 671-681. doi:10.1016/S0146-6380(86)80003-1 

 

Wakeham, S. (1995). Organic sulfur compounds formed during early diagenesis in Black Sea 
sediments. Geochimica et Cosmochimica Acta, 59(3), 521-533. doi:10.1016/0016-
7037(94)00361-O 

 

Werne, J. P. (2000). Timing of early diagenetic sulfurization of organic matter: a precursor-product 
relationship in Holocene sediments of the anoxic Cariaco Basin, Venezuela. Geochimica et 
Cosmochimica Acta, 64(10), 1741-1751. doi:10.1016/S0016-7037(99)00366-X 

 

Werne, J. P., Hollander, D.J., Lyons, T.W., & Damste, J. S. S. (2004). Organic sulfur biogeochemistry: 
recent advances and future research directions. Sulfur biogeochemistry: past and present, (4), 
135-150. Geological Society of America. 

 

Werne, J. P., Lyons, Timothy W., Hollander, David J., Formolo, M. J., & Sinninghe Damsté, Jaap S. 
(2003). Reduced sulfur in euxinic sediments of the Cariaco Basin: sulfur isotope constraints on 
organic sulfur formation. Chemical Geology, 195(1-4), 159-179. doi:10.1016/S0009-
2541(02)00393-5 

 

Werne, J. P., Lyons, Timothy W., Hollander, David J., Schouten, Stefan, Hopmans, E. C., & 
Sinninghe Damsté, Jaap S. (2008). Investigating pathways of diagenetic organic matter 
sulfurization using compound-specific sulfur isotope analysis. Geochimica et Cosmochimica 
Acta, 72(14), 3489-3502. doi:10.1016/j.gca.2008.04.033 

 

36



Appendix I: Bulk carbon and sulfur concentration of five cores in Florida Bay 

 

Coulometry data from Rabbit Key (RKB-2) 0-34 cm 

Depth/cm Weight % T0C Weight % TIC Weight % TC TS Sample/mg TS Weight/mg TS% 

0.5 5.23 6.47 11.70 215.1 0.6398 0.2974

5.5 4.52 8.21 12.73 200.6 0.4680 0.2333

10.5 5.63 8.36 13.99 159.0 0.3254 0.2047

15.5 4.49 8.84 13.33 153.3 0.4694 0.3062

20.5 3.12 9.67 12.79 164.9 0.5004 0.3035

25.5 2.34 9.73 12.07 162.5 0.6663 0.4100

30.5 2.17 9.56 11.73 180.7 0.6453 0.3571

33.5 1.75 10.13 11.88 104.9 0.1689 0.1610

 

 

Coulometry data from Duck Key (FBT2-25) 0-35 cm 

Depth/cm Weight % T0C Weight % TIC Weight % TC TS Sample/mg TS Weight/mg TS% 

0.5 2.68 9.02 11.70 199.9 0.6595 0.3299

5.5 2.62 9.7 12.32 202.9 0.4012 0.1977

10.5 1.85 10.16 12.01 199.4 0.6141 0.3080

15.5 1.83 10.17 12.00 197.8 0.4498 0.2274

20.5 1.45 10.27 11.72 205.8 0.6964 0.3384

25.5 4.04 9.13 13.17 198.6 0.5449 0.2744

30.5 19.89 5.12 25.01 200.5 1.0517 0.5245

34.5 37.31 0.83 38.14 199.7 1.9428 0.9729

 

 

Coulometry data from Little Madeira 0-41 cm 

Depth/cm Weight % T0C Weight % TIC weight % TC TS Sample/mg TS Weight/mg TS% 

0.5 3.10 9.39 12.49 203.8 0.3139 0.1540

5.5 2.05 10.34 12.39 196.1 0.3965 0.2022

10.5 1.85 10.26 12.11 202.1 0.3614 0.1788

15.5 2.39 9.67 12.06 198.6 0.3839 0.1933

20.5 1.15 10.59 11.74 200.2 0.3197 0.1597

25.5 0.92 10.57 11.49 201.6 0.2181 0.1082

30.5 1.02 10.35 11.37 199.2 0.2582 0.1296

35.5 0.57 10.85 11.42 200.7 0.3173 0.1581

40.5 0.61 10.84 11.45 199.5 0.2713 0.1360
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Coulometry data from FBT-2 18A-1(Barnes Key) 0-40 cm 

Depth/cm Weight % T0C Weight % TIC Weight % TC 

0.5 3.03 9.21 12.24 

1.5 2.39 9.51 11.9 

2.5 2.19 9.74 11.93 

3.5 2.33 9.77 12.1 

4.5 2.35 9.9 12.25 

5.5 2.1 9.84 11.94 

6.5 2.01 10.06 12.07 

7.5 2.21 9.92 12.13 

8.5 1.82 10.11 11.93 

9.5 2.02 10.05 12.07 

10.5 2.31 9.93 12.24 

11.5 2.04 10.12 12.16 

12.5 2.07 9.96 12.03 

13.5 2.37 9.88 12.25 

14.5 2.14 9.95 12.09 

15.5 2.59 9.74 12.33 

16.5 2.54 10.02 12.56 

17.5 1.91 10.27 12.18 

18.5 1.94 10.22 12.16 

19.5 1.35 10.54 11.89 

20.5 1.92 10.13 12.05 

21.5 2.14 9.99 12.13 

22.5 1.87 10.33 12.2 

23.5 2.04 10.22 12.26 

24.5 2.16 10.11 12.27 

25.5 2.08 10.15 12.23 

26.5 1.99 10.37 12.36 

27.5 2.25 9.91 12.16 

28.5 2.07 10.05 12.12 

29.5 2.41 9.72 12.13 

30.5 1.92 10.15 12.07 

31.5 2.02 10.08 12.1 

32.5 1.97 10.15 12.12 

33.5 2.22 9.96 12.18 

34.5 2.66 9.82 12.48 

35.5 1.8 10.25 12.05 

36.5 1.75 10.41 12.16 

37.5 2.3 9.9 12.2 

38.5 2.09 10.07 12.16 

39.5 2.17 10.1 12.27 
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Coulometry data from FBT2-8-1 (Rankin Bight) 0-40 cm 

Depth/cm Weight % T0C Weight % TIC weight % TC 

0.5 4.62 7.34 11.96 

2.5 4.61 7.63 12.24 

4.5 4.36 7.94 12.3 

6.5 4.01 8.4 12.41 

8.5 4.45 8.12 12.57 

10.5 4.65 7.68 12.33 

12.5 4.59 7.85 12.44 

14.5 4.08 8.28 12.36 

16.5 3.98 8.29 12.27 

18.5 3.55 8.15 11.7 

20.5 2.85 8.59 11.44 

22.5 2.4 8.5 10.9 

24.5 2.07 8.72 10.79 

26.5 2.11 8.56 10.67 

28.5 1.79 9.02 10.81 

30.5 2.23 8.76 10.99 

32.5 2.52 8.61 11.13 

34.5 2.37 8.67 11.04 

36.5 2.18 9.11 11.29 

38.5 1.67 9.09 10.76 

40.5 1.95 8.85 10.8 
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Appendix II: GC-FID/FPD Chromatograph 

F1-apolar: 
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F1-polar I (TMS) 
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F2-apolar with 5α-androstane: 
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