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Despite the recognition that both organic sulfur and pyrite form during 
the very early stages of diagenesis, and that the amount of H2S 
generated in bacterial. sulfate reduction primarily limits their 
formation, the mechanisms and the active species involved still are not 
clear. In this study, we quantified the major forms of sulfur 
distributed in sediments to assess the geochemical mechanisms 
involved in these transformations. XANES spectroscopy, together 
with elemental analysis, were used to measure sulfur speciation in the 
organic-rich sediments from the Bay of Concepcion, Chile. Organic 
polysulfides constituted the major fraction of the organic sulfur, and 
occurred maximally just below the sediment surface (1-3 cm), where 
intermediates from H2S oxidation were likely to be generated most 
abundantly. Sulfonates, which could be formed through the reactions 
of sulfite and thiosulfate, also showed a sub-surface maximum in the 
vicinity of the "oxic-anoxic interface". These results strongly suggest 
a geochemical origin for organic polysulfides and sulfonates, and 
illustrate that intermediates from H2S oxidation play a dominant role 
in incorporating sulfur into organic matter. Pyrite was absent in the 
surficial layer, and first appeared just below the H2S maximum, where 
organic polysulfides began to decrease in abundance. From these 
results, we argue, that an iron monosulfide precursor formed first 
from reactions with H2S, and then reacts with organic polysulfides, 
completing the synthesis of pyrite in the sediment column. 

Sulfur transformations are closely coupled to the diagenesis of organic matter in 
reducing organic-rich sediments. In the absence of oxygen, caused by its rapid 
consumption near the sediment-water interface by a large flux of organic matter into 
the sediments, sulfate becomes the dominant terminal electron acceptor to oxidize 
organic matter, producing hydrogen sulfide (1-3). The hydrogen sulfide so formed 
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can react in several ways, depending on environmental conditions, but there are three 
major pathways (I) oxidation, (II) formation of pyrite, and (m) formation of organic 
sulfur. Oxidation through chemical and biological pathways is'prominent at oxic- 
anoxic interfaces where sulfide encounters oxidants, such as oxygen and oxidized 
metal ion species (for example, MnO3 (4). This oxidation converts hydrogen sulfide 
back to sulfate, but also forms several partial oxidation products, such as elemental 
sulfur, polysulfides, sulfite, thiosulfate, and polythionates (5-8). Since most of these 
intermediates, particularly polysulfides, sulfite, and thiosulfate, are strong sulfur 
nucleophiles, they form an important part of the sedimentary pool of reactive sulfur 
species, in addition to hydrogen sulfide. In the presence of reactive iron, principally 
occurring as femc oxide and hydroxide coatings on clay part~cles, the reduced sulfur 
species react with it to form unstable iron sulfides (greigite and mackinawite) first, 
and eventually pyrite (2,3,9). Similarly, organic sulfur compounds are formed when 
reduced inorganic sulfur species react with functionalized organic molecules (10-12). 
There is a competitive balance between the reactions of reduced sulfur species with 
either iron minerals or with reactive organic matter. The amount of sulfur in organic 
matter usually is enhanced in iron-poor sediments, such as those of carbonate 
platforms, and also in clastic-starved basins which accumulate pelagic materials such 
as algal (e.g. cocolithophores, diatoms) and radiolarian oozes. Thus, it is believed 
that reactive iron competes faster than organic matter for the available reduced sulfur 
(13). Because sulfate reduction occurs mainly in near-surface sediments, it is 
believed that reactive sulfur becomes locked up in pyrite and organic sulfur during 
the very early stages of diagenesis. However, the actual mechanisms and the active 
species involved in both pyrite and organic sulfur formation are unclear although 
there is compelling evidence from field observations and laboratory experiments that 
partial oxidation intermediates, such as polysulfides, are important (14-21). Early 
incorporation of sulfur into organic matter is of particular significance because sulfur 
binding can affect the subsequent susceptibility of organic molecules to microbial 
degradation, and, thus, can aid in preserving organic matter in sediments (22). 

In this study, we focused on measuring sulfur speciation in the organic-rich 
sediments from the Bay of Concepcion, a highly productive area of approximately 
120 km2 adjacent to the seasonal upwelling front off Chile; our aim was to better 
understand the &ly diagenetic transformations involving organic sulfur. We used 
x-ray absorption nm-edge structure (XANES) spectroscopy, in concert with 
elemental analysis, to obtain a detailed, down-core inventory of the major forms of 
sulfur. In general, the highly organic-rich sediments off the coast of Peru and Chile 
are considered ideal sites for obtaining important insights about early diagenetic 
transformations of reduced sulfur, and particularly, about sulfur-organic matter 
interactions (23). An important feature of these sediments is the presence of a dense 
populations of colorless sulfur bacteria, Beggiatoa and Zlzioploca sp., that form thick 
mats covering the surface of sediments (24-25). These filamentous bacteria are 
characterized by rich accumulations of granules of elemental sulfur, formed by the 
oxidation of hydrogen sulfide in energy-related conversions by the bacteria (26). 
Polysulfides'are likely to be formed under such conditions through the reactions of 
elemental sulfur and hydrogen sulfide, -especially near the surface. Since polysulfides 
are implicated as active reactants in both pyrite formation and sulfur incorporation 
into organic matter, measurements of sulfur speciation in the sediments of the Bay 
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of Concepcion might give us important insights about the partitioning of polysulfides 
between these pathways. 

Samples and Methods of Analysis 

Sediment Samples. In March/April 1994, scientists from the Max Plank Institute 
for Marine Microbiology, Bremen, Germany and the University. of Concepcion, 
Concepcion, Chile organized a cruise onboard R/V Vidal Gormaz (The Thioploca 
Cruise 1994) to undertake a detailed, interdisciplinary study on the biology and 
chemistry of the sediments in the upwelling region off the coast of Chile. A 
sediment %ore obtained from Station 6 (36' 36' 5' S and 73'00' 7' W) in the Bay 
of Concepcion was used in this study (Figure 1). The water depth at this Station was 
34 m. The bottom water conditions at the time of collection were: temperature 
11.4OC; Salinity 34 'lm; oxygen 14 pM. The core was taken using a composite 
Muticorer around 7 pm on March 16, 1994 and stored in incubator at 5 'C until noon 
the next day before sectioning. The sediments from Sta. 6 were covered on the 
surface by a dense mat of the filamentous bacteria, mainly Beggiaroa sp. interspersed 
with Zlzioploca sp. The bacterial mat was underlain by a soupy, black sedimentary 
ooze that was interwoven with bacterial filaments. Below ca. 4 cm, the sediment 
appeared grayish. Consolidated clay began around 18 cm. The core was sectioned 
in a nitrogen-filled glove-bag on the ship. From the surface to 10 cm down, the core 
was sectioned at one cm intervals. Below this depth, it was cut at two cm intervals 
down to the bottom at about 38 cm. The series of sediment sections were stored in 
air-tight bags and kept frozen until analysis. 

The samples were water-washed, and dried before analysis. The samples were 
prepared in this way because (1) washing with water removes sulfate, the abundant 
form of sedimentary sulfur, that can cause errors in the XANES determination of the 
low levels of oxidized sulfur forms (e.g. sulfonates), (2) removing water concentrates 
the samples components, thus improving the accuracy of their measurement, and (3) 
drying the samples gives a more uniform basis for comparing the variations between 
sequences. Our previous studies indicated that washing with water does not affect 
the composition of major sinks for reduced sulfur, pyrite, and macromolecular 
organic sulfur. The samples were washed with water in a nitrogen glove-box by 
mixing them with de-aerated water which then was removed by centrifugation. The 
water-washed sediments were dried at 3OoC in a vacuum oven connected to a supply 
of nitrogen gas. Initially, the oven was flushed with nitrogen gas to ensure that air 
was completely removed. After drying, the samples were stored in a nitrogen 
atmosphere or in a freezer. 

. 

Analysis. Three major techniques were used to analyze the samples (1) elemental 
analysis for C, N, and S,  (2) gas chromatography for elemental sulfur, and (3) 
XANES spectroscopy for quantifying the major forms of sulfur. By combining 
information from these analyses, we constructed a detailed down-core inventory of 
the major forms of sulfur. 

. 

determined using a Perkin Elmer Model 2400 CHNS elemental analyzer. 
Elemental Analysis. Total elemental composition for C, N, and S was 
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Gas Chromatographic Analysis of Elemental sulfur. We used capillary gas 
chromatogra-phy and electron-capture detection for determining elemental sulfur. 
Essentially, we adapted the method by Chen et. al. (27). In this study, we used a 15 
m DB-5 megabore column (JW Scientific) connected to a 2 m de-activated quartz 
megabore tubing for GC separation; the Carrier gas was He, and the make-up gas 
was N2. The GC conditions were: initial temperature and hold time: 140 'C, 2 min; 
rate: 8 'Urnin; final temperature and hold: 250 'C, 4 min. Under these conditions, 
with a 1 pL volume of a toluene extract injected, we obtained linear response up to 
ca. 50 p M  concentration. The samples were diluted to be within this range. 

XANES spectroscopy. XANES (X-ray Absorption Near-Edge Structure) 
spectroscopy is a valuable tool for sulfur speciation because, the Kedge XANES 
spectra (produced by 1s electronic transitions) of the variety of sulfur forms each are 
richly endowed with characteristic features, including the edge energy, which 
facilitates qualitative recognition among various oxidation states and structures (see 
Figure 2). This technique is element specific, and nondestructive, and does not 
require cumbersome preparation of the sample before analysis. Thus, XANES 
spectroscopy recently emerged as an important tool for determining sulfur speciation 
in a variety of geochemical samples including coal, petroleum, and sedimentary rocks 
(28-31). For sulfur speciation in sediments, XANES is superior to other common 
techniques, such as chromatography, mainly because it provides (1) simultaneous 
information (both qualitative and quantitative) on all the sulfur forms present, and 
(2) the ability to analyze whole sediments. 

The sulfur Kedge XANES spectra were collected as fluorescence excitation 
spectra at the National Synchrotron Light Source (NSLS) X-19A beam line at the 
Brookhaven National Laboratory. The spectra were recorded so that the scanning 
procedure yielded sufficient pre-edge and post-edge data for precisely determining the 
background, which is needed for analysis. The x-ray energy was calibrated using 
XANES spectra of elemental sulfur measured between sample runs, assigning 2472.7 
eV to the peak of the spectrum for elemental sulfur. The uncertainty of the energy 
calibration was less than & 0.15 eV, determined by comparing the spectra of model 
compounds obtained at different times. A non-linear least-squares fitting procedure, 
using linear combinations of normalized spectra of model compounds, gave 
quantitative information of the different sulfur species present (7,28). 

. 

Elemental Analyses: Depth Profdes for Carbon, Nitrogen; and Sulfur. The depth 
distribution for carbon and nitrogen in water-washed sediments are very similar to 
each other (Figure 3). Their solid phase concentrations decrease rapidly at first in 
the top 5 cm of the sediment, then slowly from 5 to 10 cm depth, and somewhat 
flatten out below 10 cm depth. As indicated by the fit, the overall decrease appears 
to follow an exponential pattern of decay. The approximately constant level from 
10 cm downwards suggests that remineralization of organic carbon and organic 
nitrogen mostly occurs within the top 10 cm of the sediment column, and that the 
organic matter remaining ca. 10 cm below.surface is somewhat non-reactive and 
refractory. After correcfing for carbon contained in CaCO, (as described below), we 

4 



estimated that about 13% of the initially deposited organic carbon is (or becomes) 
refractory; the nitrogen data also shows a similar distribution. 

Figure 4 plots the total concentrations of carbon versus nitrogen, and shows 
the excellent correlation between their distribution, which is reflected by the 
correlation coefficient (+) of 0.997 for the linear regression line. The regression 
gives a positive interwt of 0.76 in the axis for carbon, suggesting that a fraction of 
the sedimentary carbon is independent of the nitrogen distribution. This is not 
surprising because a part of the sedimentary carbon usually is deposited as CaC03, 
derived from the exoskeletal tissues of organisms. We confirmed that CaCO, caused 
this intercept by determining the elemental values for some acid-washed (3M HCI) 
sediment samples that showed a regression passing through the origin. Therefore, 
to calculate the values for total organic carbon, we subtracted this amount (0.76 mole 
C g-l) from the total C values. 

The slope of the regression line, which gives the atomic ratio for C/N in the 
sedimentary organic matter, is 6.72. This value agrees excellently with the Redfield 
ratio of 6.6 (106/16) which is the ratio of these elements in the primary organic 
matter (phytoplankton) that source the sediments. Similar results also were reported 
for Cape Lobkout Bight sediments by Martens et al. (32) who obtained an average 
value of 6.6 for C/N. However, Froelich et al. (33), who analyzed several sediment 
samples from the Peru margin, reported an atomic C/N value of 10.6 for all samples, 
including those in the upper few centimeters of the sediment; therefore, they 
speculated that the C/N ratio is somewhat reset a little from the planktonic value 
immediately upon incorporation into the sediment column. The reason for this 
discrepancy between Froelich et al.’s value and the data from Martens et al. and our 
work is unclear. The maintenance of the Redfield ratio for C/N in the solid phase 
throughout the entire depth of the sediment column suggests that processes controlling 
the diagenesis of organic matter in the Bay of Concepcion have not altered the 
relative abundance of carbon to nitrogen in the bulk insoluble organic matter. 
Furthermore, these results suggest that nitrogen diagenesis, like that of carbon, 
involves mainly degradation, and does not include the.production of new orgarlic 
nitrogen. 

For total sulfur, the distribution in water-washed sediments is similar to those 
of carbon and nitrogen in the top 5 cm of the sediment column, showing a maximum 
at the surface, and a rapid decline in concentration from the surface to the 5 cm 
depth. However, below 5 cm, the sulfur profile differs markedly fiom those of the 
other two elements; the concentration increases again, indicating continued accretion 
of insoluble sulfur in deeper sediments. In sediments, pyrite usually remains stable 
after its formation. Since’the concentration of total sulfur decreases within the top 
5 cm , we think that pyrite was not formed appreciably in this top sediment column. 
Thus, organic sulfur and /or elemental sulfur should comprise the total sulfur in the 
top 5 cm of the sediment column. The diagenetic formation of pyrite might 
contribute to the increase in sulfur content below 5 cm depth. 

Distribution of Elemental Sulfur. Measurements with gas chromatography revealed 
that elemental sulfur was present at relatively high concentrations in the surfacial 
layers of the sediment (Figure 5). Probably a major source of this sulfur is the 
filamentous sulfide-oxidizing bacteria, Beggiatoa and 13tiopZoca sp, which form thick 
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mats covering the sediments of the upwelling region off the.coast of Peru and Chile 
(24-25). At Sta. 6, the mat was composed principally of Beggiafoa sp. These 
bacteria produce elemental sulfur by oxidizing hydrogen sulfide in a 
chemoautotrophic mode of energy metabolism. The sulfur then is stored internally 
within invaginations of the cell membrane and the cell wall (26). The burial of the 
sulfide oxidizing bacteria can contribute to a high content of elemental sulfur in the 
sediment. In fact, the surficial layer of the sediment column with bacterial mat 
contained the maximum amount of sulfur (0.6 mmole per g dried sample 
corresponding to 63 % of total sulfur), supporting the view that sulfide-oxidizing 
bacteria generate the elemental sulfur in these sediments. Similarly, Schimmelmann 
and Kastner suggested that Beggiatoa sp. directly contributed to the large mounts 
of sulfur preserved in the varved sediments of the Santa Barbara Bash, California 
(34). However, our results suggest that significant amounts of elemental sulfur were 
not formed in the sediments studied here. The depth distribution shows an 
exponential degradation of sulfur in the top sediment column (down to ca. 10 cm) 
that matches closely those of carbon and nitrogen. From ca. 10 cm'downwards, the 
concentration remains at a steady state level of 0.1 % (w/w) . 

we point out that there is some uncertainty in the elemental sulfur 
measurements due to the possibility of it being fornied from the oxidation of labile 
sulfides (for example, FeS) during preparation of the samples. However, because we 
carefully processed the samples under anaerobic conditions in a glove box, we 
believe that such artifactual sulfur was minimal, if it at all O C C U K ~ ~ .  

XANES Analysis: Speciation of Major Forms of Sulfur. The XANES spectra of 
the water washed samples for the station 6 depth sequences were very similar to 
those we reported previously €or sediments from other organic-rich locations (35). 
As Figure 6 shows for some samples, the spectra consisted of two absorption bands, 
the first one in the energy range of 2471-2475 eV, corresponding to reduced forms 
of sulfur , and the second in the range of 2480-2485 eV corresponding to oxidized 
forms of sulfur. In general, our aim was to deconvolute the spectra to quantitatively 
estimate the major forms of sedimentary sulfur, such as pyrite, elemental sulfur, 
organic polysulfide, sulfonate, and sulfate. This analysis was carried out using a 
non-linear las t  squares fitting procedure which the spectra of samples are fitted 
with various linear combinations of thespectra of appropriate model compounds, and 
the results of the best fit are taken to indicate the actual sulfur.,cmmposition. The 
choice of fitting models was discussed in a previous study (35). 

We obtained the best fits to the spectra of the samples with three models, 
pyrite, elemental sulfur, and an organic polysulfide (nonyl polysulfide) for the h t  
absorption band, and two models, sulfonates and sulfate, for the second'absorption 
band. The fitting is unambiguous for sulfonates and sulfate because these models 
have peaks that are reasonably well separated (Figure 2). However, a major concern 
here is the accuracy of'.the XANES estimates for elemental sulfur and organic 
polysulfides. These compounds have very similar spectra with peaks at almost the 
same energy position (Figure 2),. hence they ixn aff&t each other mutually on fitting, 
causing one to incredse and the other one to decrease simultanegusly; Therefore, we . 
totaled these values, and took their sum as a reliable istimate for organic polysulfides 
and elemental sulfur combined (total[organic+elemental]).. Then,. we calculated the 
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relative concentrations of organically bound sulfur by subtracting the experimental 
values for elemental sulfur from the total[organic+elementalJ estimates. The fitting 
results for pyrite are expected to be reasonably accurate because its spectrum is 
further apart from the others used for fitting, and also it differs in shape. Although 
organic polysulfides accounted for all the organic sulfur in sediments in our XANES 
fitting, it is likely that these estimates also include other organic sulfur forms, such 
as thiols, and disulfides. It is difficult to estimate the abundance of minor organic 
constituents separately by XANES fitting mainly because most reduced organic sulfur 
forms have XANES peaks that are not widely separated. Nevertheless, our results 
suggest that organic polysulfides are the dominant forms of organic sulfur in early 
diagenetic sediments, which is in agreement with previous studies .(20,36). 

The relative depth distribution of organic polysulfides shows a maximum near 
the surface, in the top 5 cm of the sediment column (Figure 7). In the region below, 
the relative abundance of this polysulfidic sulfur decreases first down to a depth of 
ca. 10 cm, but then remains almost constant down to the bottom of the core. Pyrite 
is not present near the sediment-wakr interface, and appears first a. 3 cm below 
surface, where the concentration of organic polysulfides begins to decrease. Below 
this level, pyrite builds up until a maximum is obtained around 10 cm depth, and 
after which the concentration remains constant with depth, reflecting steady-state 
conditions. In deeper sediments, pyrite represents the most abundant sulfur form 
accounting for almost 70 % of the total solid phase sedimentary sulfur; organic sulfur 
constitutes about 20 % of the total sulfur at corresponding depths. 

Our XANES analysis of the water-washed sediments of the Bay of Concepcion 
also show sulfonates composing about 30 % of the total organic sulfur. As Figure 
7 shows, the distribution of sulfonates reaches a sub-surface maximum about 2 cm 
below the sediment-water interface, and then remains nearly constant to the bottom 
(Figure 7c). These results agree with our r e n t  study on sulfonates in which we 
described sulfonates as a novel class of, sedimentary organic sulfur compounds, 
constituting about 20-40% of the total organic sulfur in near-surface marine 
sediments from various organic-rich locations (35). The sulfonates were associated 
mainly with the sedimentary solid phase, and were not detected in the sediment pore 
water. We also detected some sulfate in water-washed sediments at concentrations 
comparable to those of sulfonates. This sulfate is likely to be associated with CaCO, 
in sediments; several studies recently have demonstrated sulfate inclusions in 
sedimentary carbonates (37). Furthermore, we observed that in some samples treated 
with hydrochloric acid, the signal ascribed to sulfate disapped completely. 

Discussion 

Sulfur Nucleophiles. The presence of sulfur nucleophiles in sediments is crucial for 
the diagenetic formation of organic sulfur and pyrite. The abundant sulfate ion in 
seawater is chehically non-reactive under ainbient.sedimentary conditions, and thus, 
is not.’involved in any diagenetic conversions other than dissimilatory sulfate 
reduction. It was suggested that, in soils, sulfate forms organic sulfate esters through 
bacterial mediation (38,  but it is not certain whether such a process occurs in 
marine sediments. The primary, and the .most abundant, sulfur reactant in 
sedimentary systP;ms is hydrogen sulfide formed from sulfate reduction. The depth 
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profiles for wbon and nitrogen showing a rapid decrease in the top 5 cm of the 
column (Figure 3) apparently suggest that bacterial sulfate reduction that generates 
H2S should be at maximum in this zone of the sediment. In fact, direct 
measurements of total sulfate reduction rates using the 3sS042- tracer injection method 
showed maximal rates just below the sediment surface between 0-2 cm (Figure 8). 
However, measurements of hydrogen sulfide concentrations in pore water showed a 
maximum (about 1.3 mM) at a depth of 3.5 cm (Figure 8). (A detailed discussion 
of the sulfate reduction rates and the pore water H2S concentrations will be published 
elesewhere; Ferdelman et al., manuscript in preparation). Thus, it appears that the 
hydrogen sulfide generated from the reduction of sulfate by bacteria was transformed 
rapidly into other species in the top 0-3 cm of the sediment column. A major 
pathway for H2S transformations near the oxic-anoxic interface is oxidation through 
reactions with sedimentary metal (Fey Mn) oxides or with molecular oxygen diffusing 
downwards from the water column just above the sediment-water interface(4). As 
we noted earlier, oxygen was present at measurable levels in the water column above 
the sediment surface at Station 6. The oxidation of hydrogen sulfide leads to the 
formation of several partial oxidation products, including polysulfides, sulfite, and 
thiosulfate, that also are active species. In general, the type and abundance of H2S 
oxidation products formed are controlled largely by environmental variables, such 
as pH. Under conditions typical of marine sediments (excess sulfide and limiting 
oxygen concentrations, and pH n&r neutral), thiosulfate is the dominant product; the 
formation of (inorganic) polysulfides was favored by catalysis of transition metal 
ions, such as Fe3+ and Ni2+ (7). (Hereafter we will refer to inorganic polysulfides as 
polysulfides, and organic molecules with polysulfide moieties as organic 
polysulfides). Consequently, products of H2S oxidation, including polysulfides, are 
likely to be at a maximum in the top layers of the sediment between the surface and 
the depth of sulfide maximum, about 3 cm below the sediment surface. 

The polysulfides formed from sulfide oxidation can generate elemental 
sulfur and HS- through an equilibrium reaction (equation 1). Because of this 

equilibrium, polysulfides also are generated when elemental sulfur is formed in 
sediments by either microbial or chemical oxidation of hydrogen sulfide. This latter 
pathway could be important for forming polysulfides in the sediment core studied 
here because, as discussed, significant amounts of elemental sulfur was formed in the 
surficial layers of the sediment by the filamentous sulfide-oxidizing .bacteria living 
at the interface. Consequently, the maximum level of polysulfides generated in this 
pathway might occur ca. 2 cm below the sediment-water interface because, it is 
expected usually to lie between the maxima of elemental sulfur and H2S. Thus, 
polysulfides formed from this elemental sulfur pathway would be at nearly the same 
depth as those formed directly from the oxidation of H$. 

S2- 3- H+ <---> HS- + (n-1)/8 S8 (1) 

. 

Diagenetic Formation of Organic Sulfur and Pyrite: Mechanisms and Timing. 
Using the data on the down-core distribution of the various sulfur forms, we assessed 
(1) the relative timing of sulfur incorporation into organic matter vs. pyrite 
formation, and (2) which sulfur species were important in these processes. To put 
our inferences in the proper perspective,. we first give a brief background about sulfur 
incowration into organic matter and pyrite formation. 
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Mechanisms of sulfur incorporation into organic matter: background. 
Sulfur is incorporated into organic matter when appropriate functionalized organic 
molecules come into contact with sulfur nucleophiles. Organic molecules containing 
activated unsaturated bonds (for example, unsaturated carbonyl compounds) have 
been considered important because reactions between them and sulfur nucleophiles 
can proceed under ambient sedimentary conditions via the Michael addition 
mechanism (lo). Laboratory simulations indicated that compounds containing non- 
activated, but conjugated multiple double bonds and those with carbonyl groups react 
with sulfur nucleophiles under phase-transfer conditions, which probably exist in 
microenviron-ments in the sedimentary solid phase (16-18). 

Since HS- is the most abundant sulfur nucleophile in sedimentary systems, it is 
expected to play an important role in organic sulfur formation in sediments. Thiols 
are the initial products from the reactions of HS- with organic molecules (10). 
However, there is growing evidence that H2S oxidation intermediates, particularly 
polysulfides, also are important. Because organic polysulfides, and thiophenic 
compounds formed from their thermal transformations, are the dominant organic 
sulfur forms in sedimentary systems, reactions involving polysulfides were considered 
even more important than those of HS- (14-18,36,39-41) Aizenshtat et al. were 
among the first to suggest that polysulfides are involved in secondary sulfur 
enrichment, based on studies in the Solar-Lake sediments (36). Kohnen et al. 
identified cyclic di- and tri-sulfides with C, isoprenoid and linear carbon skeletons 
in Quaternary sediments (20). Laboratory kinetic studies of the reactions of 
tetrasulfide (S42-) and bisulfide with simple molecules containing activated unsaturated 
bonds (acrylic acid, .acrylonitrile) clearly indicated that polysulfide ions are more 
reactive than bisulfide in forming organosulfur compounds under conditions typical 
of marine sediments (14). Also, Francois observed that polysulfides were more 
reactive than bisulfide ions in incorporating sulfur into humic substances (19). 
Recently, laboratory simulations provided strong support for the involvement of 
polysulfides in geneiting many organic sulfur compounds, including organic 
polysulfides and thiophenes, identified in various sulfur-rich sediments and oils (14- 
18). For example, the reaction of polysulfides into phytenal (or even phytol) was 
shown to be a route for the formation C;, isoprenoid polysulfides (16,17), and 
thiophenes (41). 

Although polysulfides are considered important for sulfur incoqxmtion into 
organic molecules, the role of other H2S oxidation intermediates is unclear, 
particularly, oxygenated sulfur nucleophiles such as sulfite and thiosulfate. However, 
Vairavamurthy et al. recently suggested that sulfite and thiosulfate may participate 
in incorporating of sulfur into sedimentary organic matter, generating sulfonates (35). 
Elemental sulfur cannot react directly, although it may be involved indirectly through 
the formation of polysulfides when H,S is present. 

Pyrite formation: background. Because pyritic sulfur usually has the same 
isotopic composition as the hydrogen sulfide in pore-water, the latter is believed to 
be the only sulfur source for pyrite (23,42,43). The reaction between HS- and Fez+ 
should involve an oxidation step because the pyritic sulfur is.at -1 oxidation state, 
whereas the sulfur in H2S is at -2 state. Various pathways were proposed for this 
redox change. In one pathway, Fe2+ reacts with H2S to form FeS or a soluble 
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bisulfide complex (for example, Fe(SH)+) fnst, which then reacts with H2S oxidation 
products, elemental sulfur or polysulfides, to form pyrite (9,4446). A second 
pathway considers the direct formation of pyrite from the reaction of polysulfides 
(or elemental sulfur and HS-) with Fe2+ in the presence of HS- (21,45,47). However, 
laboratory studies suggest that pyrite never forms directly from the reaction of 
polysulfides with Fe2'. An iron monosulfide precursor (FeS and/or iron sulfide 
complex (Fe(SH)+) always forms first, which then reacts again with polysulfides to 
form pyrite (21,46). It was suggested that the second step proceeds through a cyclic 
intermediate (21). In both pathways, the presence of an oxidized form of sulfur, the 
polysulfides (or elemental sulfur and HS-), is a prerequisite for forming pyrite. 
However, a third pathway was described which does not require elemental sulfur or 
polysulfides; instead, an iron-bisulfide complex first forms, and then undergoes an 
internal redox change to form F a 2 ,  accompanied by the production of molecular 
hydrogen (48). 

Inferences from this study. Our present results, and earlier ones indicate that 
organic polysulfides are the dominant fraction of organic sulfur in early diagenetic 
sediments. If organic polysulfides form by the geochemical pathway involving the 
reaction of (inorganic) polysulfides with organic molecules, then they must occur 
maximally in the very top of the sediment column where polysulfides are generated. 
In fact, the distribution of organic polysulfides show maximum around 2.5 cm depth, 
where rates of H2S oxidation are expected to be at maximurn, that strongly suggests 
they were formed by this geochemical pathway. Similarly, the subsurface maximum 
for sulfonates appearing just above that of organic polysulfides also indicates their 
geochemical origin. It was suggested that sulfonates could be generated by reactions 
involving sulfite and thiosulfate, although they also could have a biological origin, 
derived from sinking particles or benthic biomass (35). However, in the latter case, 
the maximum would be expected to span right from the surface, rather than to be 
present as a subsurface peak. Thus, sulfonates appear to be formed by the 
geochemical pathway in the sediment core we studied here. These results, strongly 
support the view that the partial oxidation products of H2S play a dominant role in 
incorporating sulfur into sedimentary organic matter. Since these oxidation products 
are generated maximally at the oxic-anoxic interface, which usually lies above the 
hydrogen sulfide maximum, the oxidation intermediates will have the first chance to 
react with reactive molecules present in the.deposited organic matter rather than 
hydrogen sulfide. This hypothesis may explain the dominance of organic polysulfides 
in geochemical systems. 

According to our XANES results, pyrite first appears at ca. 3 cm depth, 
where organic polysulfides start to decrease in abundance. As we argued 
previously, the depth profife for total sulfur also shows the same trend, adding 
confidence to the XANES data. The appearance of pyrite after organic polysulfides 
is intriguing because pyrite is expected to be formed before organic sulfur as iron 
usually outcompetes functionalized organic molecules for available sulfur nucleophiles 
(13). For sediments from the Miocene Monterey Fm., it was suggested that pyrite 
preceded the formation of organic sulfur based on sulfur isotope and elemental 
distribution (C,S) (43). As discussed, the polysulfides that we presumed to have 
reacted with organic molecules to form organic polysulfides also are known to be the 
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most important reactants for forming pyrite through reactions with iron. We do not 
think that iron limited the formation of pyrite in the top sediment column because 
pyrite rapidly builds up below 4 cm. A possible short-term explanation for the 
formation of organic polysulfides before pyrite is that reactive organic molecules 
provide a more stable sink than iron for reactions with polysulfides in the sediments 
studied here. Indeed, laboratory studies suggest that pyrite is not formed rapidly from 
polysulfide reactions. For example, Luther observed that 3-4 months were required 
for near complete (95%) pyrite formation from the reaction of equimolar quantities 
of F e O  with either S2*- or Sj2- (21). Thus, organic molecules may trap polysulfides 
faster than iron. To test this hypothesis, we need not only the kinetic data of the 
relevant reactions, but also a detailed knowledge of (1) the reaction mechanisms, and 
(2) the chemical nature of polysulfides, functionalized organic molecules, and reactive 
iron present in sediments. 

The view that polysulfides react with organic matter fist to form organic 
polysulfides is consistent with the suggestion by Mossman et al. for Peru margin 
sediments, who argued, from considerations of sulfur isotopes and mass balance, 
that organic polysulfides are formed in the uppermost surfacial layer of the sediment 
(23). The presence of abundant organic polysulfides in the top sediment column is 
also in agreement with an earlier study by Yairavamurthy et al. who suggested that 
a major fraction of reactive polysulfides in near-surface sediments is bound to the 
particle phase (Is). They believed that a significant fraction of such particle-bound 
polysulfides have one end of their chains linked to the particulate phase so that the 
other end is available for reactions (for example, with added organic molecules). 
Recently, it was suggested that humic coatings on mineral particles could serve as 
attachment points for these particle-bound polysulfides (49). Similarly, the organic 
polysulfides in the top part of the sediments studied here could also be present as 
particle-bound polysulfides attached to humic coatings on mineral particles. In 
agreement, studies by Francois (19) and Ferdelman et al. (So) showed that humic 
substances extracted from near-surface coastal and saltmarsh sediments were highly 
enriched in sulfur, with maximum in the top sediment column in the region of the 
oxic-anoxic interface. In fact, Francois ascribed reactions involving polysulfides as 
mainly responsible for this sulfur enrichment (19): 

In the sediment core we studied, pyrite formation probably proceeded through 
reaction with H2S, first forming an iron monosulfide precursor because (1) pyrite 
only began to increase just below the depth of hydrogen sulfide maximum, and (2) 
pyrite was not detected in the region of polysulfide maximum. As we pointed out 
earlier, after iron monosulfides form, polysulfides (or elemental sulfur and HS) are 
required to complete pyrite synthesis, unless the iron monosulfide precursor 
undergoes an internal redox change. Because the build up of pyrite appears to 
correlate with a decline in organic polysulfides, the latter may provide the sulfur to 
generate pyrite from this precursor. A problem in this explanation is the inability of 
the organic polysulfides to react with FeS if both of them exist in the sedimentary 
solid phase as particle-bound organic polysulfides, and solid-phase FeS, However, 
because.FeS exists in equilibrium with soluble complexes, such as Fe(SH)+, the 
reaction can proceed between solid-phase organic polysulfides and iron sulfide 
complexes. Hence, the particle-bound organic polysulfides also can serve as nuclei 
for the formation of pyrite. It was suggested earlier that if a hydrophilic molecule 
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(for example, acrylate) reacted with a particle-bound polysulfide (containing a 
reactive free end), then some of the organic polysulfides so formed (perhaps only a 
small fraction), could break from the solid phase and become diskibuted in the pore 
water (15). Therefore, even if the solid-phase FeS was the reactant, the hydrophilic 
organic polysulfides equilibrated between the solid phase and the pore water might 
be the way by which sulfur is transferred from organic polysulfides to pyrite. 

The idea that organically bound sulfur could be used to form pyritic sulfur was 
originally proposed by Altschuler et al. who described such transfer as the major 
source of sulfur for the pyrite formed in peat from the Florida Everglades (51). 
Through bacterial conversions, both reducible organic sulfur (for example, ester 
sulfates), and reduced organic sulfur (for example, organic sulfides) would provide 
the nucleophilic sulfur species required for forming pyrite. This study suggests that 
organic polysulfides also are an important sulfur source for pyrite in marine 
sediments. We envisage this transformation as a direct reaction which does not 
require bacterial mediation. However, the outcome would not be different even with 
bacterial involvement because degradation of the organic part in organic polysulfides 
would release the inorganic polysulfides which then could react with iron-monosulfide 
precursors to form the pyrite. We do not know whether sulfur is isotopically 
fractionated when the sulfur in organic polysulfides is converted into the sulfur in 
pyrite. If the lighter isotope of sulfur e's) is preferentially involved in this 
conversion, then the organic sulfur will be enriched in the heavier sulfur isotope PS) 
compared to pyrite. The view that organic polysulfides form first and then help to 
generate pyrite, together with the idea that sulfur isotopic fractionation occurs in 
transferring s u l k  from organic polysulfides to pyrite, may explain the isotopic 
disparity between organic sulfur and pyrite in sediments, although there also are other 
possible explanations for the latter (52). 
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Figure Caption 

Figure 1. Site map showing the location of Station 6 of the "Thioploca Cruise 
1994" in the Bay of Concepcion, off the coast of Chile. 

Figure 2. Normalized XANES spectra of various inorganic and organic sulfur 
compounds showing their characteristic features including edge energies. 

Figure 3. Down-core distribution of total carbon, nitrogen, and sulfur in water- 
washed and dried sediments from the Bay of Concepcion, off Chile. 

Figure 4. Plot of solid-phase total carbon versus total nitrogen for a series from 
the surface to 38 cm depth. 

Figure 5. Down-core distribution of solid-phase elemental sulfur determined by 
gas chromatography and electron capture detection. 

Figure 6. XANES spectra showing variations in spectral features for the depth 
series. 

Figure 7. Depth variations in the relative amount of sulfur contained in organic 
polysulfides, pyrite, and sulfonates. 

Figure 8. Variation with depth in total sulfate reduction rate and porewater H2S 
concentration. 35S042-- tracer injection method and the methylene blue spectro- 
photometric method were used for determining the sulfate reduction rate and the 
pore water H2S concentration respectively; experimental details are as described 
elsewhere (5339. 
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