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A systematic study of highly branched isoprenoids (HBI) was carried out in

suspended particulate material (SPM) and Washington coastal sediments to determine

their origin and fate. SPM collected at 10 m depth was filtered through Nitex

membranes. C25 HBI were found only in the 1.2-40 .tm range over the shelf. The

particle size fractionation of SPM shows different enrichment for HEH, a common

hydrocarbon in phytoplankton, and the sum of C25 HBI in the finer fractions suggesting

these hydrocarbons do not share a common source. The distribution of C25 and C30 HBI

correlates with the chlorophyll maxima suggesting an upper-water microbial source

associated with phytoplankton biomass.

It has been hypothesized that sulfur addition into specific biomarkers occurs

during the early stages of diagenesis. Incorporation of the HBI into a refractory

geomacromolecule via a sulfur linkage or formation of HBI-thiophenes are not evident

in the sedimentary lipids. HBI show a rapid decrease in concentration with depth in both

midshelf and slope sediments suggesting that biodegradation is the major pathway for

their disappearance in Washington coastal sediments.

Sediment cores from a midshelf and slope locations show the existence of

suboxic/anaerobic conditions within the first 5 cm in the sediments. Elemental sulfur

distribution in the midshelf appears to be controlled by bioturbation. On the slope, its

profile indicates a quasi steady state regime.
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Phytane and phytenes (ZPhy) are the major products of Raney nickel

desulfurization in both midshelf and slope sediments. Spinach and a strain of Em iliana

huxleyi treated with Raney nickel showed strikingly similar patterns to the

desulfurization products of sedimentary lipids. The amount of Phy in the slope

decreases abruptly by a factor of 6 in the top 2 cm and gradually increases with depth.

These results are interpreted as phytyl coming from two sources: (1) chlorophyll-a and

(2) S-bound to geomacromolecules. Partial released of phytyl moieties from chlorophyll-

a warrants a reevaluation of Raney nickel as a selective desulfurizing agent before its

application for paleoenvironmental reconstruction.

Reducing micro-environments appear to exist within the bioturbated zone in shelf

sediments. However, there is no clear evidence for phytyl moieties S-linked to

macromolecules within the mixed layer. Results obtained during this study indicate that

sulfur incorporation to biomarkers, although present, does not represent a significant

mechanism for the preservation of organic carbon in normal marine sediments.
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THE ROLE OF SULFUR IN THE PRESERVATION OF ISOPRENOII)

HYDROCARBONS IN SEDIMENTARY MATERIALS OF THE

WASHINGTON CONTINENTAL MARGIN

CHAPTER I

GENERAL INTRODUCTION

Transpoit and preservation of oianic cathon in the marine envimnment. A considerable

interest exists in understanding the carbon cycle in the ocean, including the mode of

transport of organic carbon from surface waters to the sediments and the transformations

it undergoes in the marine environment (Emerson and Hedges, 1988). Our traditional

views of the major factors that control the distribution and transformation of organic

carbon (OC) in the ocean and marine sediments are being challenged by new paradigms.

The development of more refined analytical tools, acquisition of a large dataset from

stations located all over the globe and the interest to study global biogeochemical

problems have inevitably brought along a reformulation of accepted premises. Particular

topics of debate are related to transport of organic matter from surface waters to bottom

sediments and the role of anoxia in the preservation of OC in areas of high primaiy

productivity (Christensen, 1989; Calvert and Pedersen, 1992 and references therein).

The most significant mode for carrying organic matter from the euphotic zone to

the sediments has been ascribed to vertical transport via fecal pellets. There is evidence

to suggest that planktonic aggregates produced during episodic blooms may also be an

important mechanism in the vertical transport of OC (Smetacek, 1985; Alidredge and

Gotschalk, 1989; Small et al., 1989). It is also possible that lateral transport of

sediments on the continental margins contributes to export a large fraction of the OC

to slope sediments (Walsh et al., 1981; Christensen, 1989; Jahnke et al., 1990).
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The presence of ancient carbon-rich sediments has been attributed to anoxic

depositional conditions (Demaison and Moore, 1980; Canfield, 1989a; Turner, 1992).

However, primary production, sediment deposition and accumulation rates, particle size,

etc. may be controlling organic preservation in modem coastal basins (Lee, 1992).

There is active debate on the role of high primary productivity as a driving force in the

amount of OC accumulation on coastal margins (Henrichs and Reeburgh, 1987; Calvert

and Pedersen, 1992; Pedersen et al., 1992; Cowie and Hedges, 1992; Paropkari et al.,

1993).

Eastern oceanic boundaries are areas where primary productivity enhanced by

upwelling creates a large amount of biomass. During phytoplankton blooms, fresh,

metabolizable OC sinks rapidly out of the euphotic zone (Alidredge and Gotschalk,

1989) to shallow sediments. Under these circumstances, labile organic compounds

appear to be preserved through geological time carrying with them information about

the source and possibly environmental conditions under which they were buried

(Sinninghe Damsté et aL, 1990a). Coastal margin sediments may represent modern-day

analogs of organic-rich depositional paleoenvironments (Raiswell and Berner, 1986).

A close look at the complex interrelationship between the different pools of OC, namely,

living organisms, particulate detritus, and dissolved organic material (Boehm, 1980) is

warranted.

There is a vast amount of information dealing with the remineralization of OC in

the water column and at the water-sediment interface (Aller, 1980; Elderfield et al.,

1981a; Jorgensen, 1982; Reimers and Suess, 1983; Henrichs and Farrington, 1987;

Alldredge and Gotschalk, 1989; Christensen, 1989; Repeta, 1989). A large range in the

rates of OC decomposition and remineralization has been ascribed to the vastly different

reactivity of organic substrates to microbial attack (Westrich and Berner, 1984;

Middelburg, 1989; Boudreau and Ruddick, 1991). However, studies about the

mechanisms governing the preservation of OC in coastal marine sediments are relatively

scarce (Henrichs and Reeburgh, 1987; Cowie and Hedges, 1992; Lee, 1992).
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Incorporation of sulfur to labile organic molecules. Incorporation of labile small

molecules to a larger geopolymer represents one mechanism for the preservation of

organic carbon in marine sediments (Sinninghe Damsté and de Leeuw, 1990 and

references therein). The argument is that high-molecular-weight geopolymers are

refractory to microbial metabolism. Reduced sulfur present in abundance in coastal

sediments is a good candidate to serve as a link between small functionalized organic

compounds and geomacromolecules. Incorporation of sulfur into humic material in

surface sediments has been reported by Nissenbaum and Kaplan (1972) and Francois

(1987a).

Major advances in the characterization of low-molecular-weight organosulfur

compounds in petroleum, oil shales, and immature sediments by Sinninghe Damsté, de

Leeuw and coworkers at Delft have brought a renewed impetus in the study of the S-

cycle in the marine environment and the organic geochemistry of organosulfur

compounds. Sinninghe Damsté and de Leeuw (1990 and references therein) have

postulated that incorporation of reduced sulfur to biomarkers occurs during the early

stages of diagenesis. Intermolecular addition of sulfur to unsaturated and functionalized

lipids is significant in various aspects. (1) It preserves labile molecules within the

polymeric matrix (Eglinton et al., 1992). (2) It represents a major sink for sulfur in

coastal marine sediments second to the formation of pyrite (Jorgensen, 1977c). (3) It

provides a mechanism to understand the generation of petroleum from sulfur-rich

kerogens at a lower level of thermal exposure than do other types of kerogens (Kohnen

et al., 1991b). And (4), it may be closely affected by the environmental conditions

present at the time of deposition of the organic matter (de Leeuw and Sinninghe Damsté,

1990).

Most of the OC present in sediments is part of a matrix that has proved to be

impervious to chemical analysis, thus most research has been focused on the lipid

extract, i.e., the simple solvent extractable fraction, which represents less than 10% of

the total pooi of OC. This limitation calls for the use of chemolytic techniques to tease

out fractions of the organic matter not amenable to direct gas chromatographic

techniques.
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Objective of the present study. The goal of this study is to test the hypothesis that

sulfur incorporation into specific biomarkers occurs during the early stages of diagenesis

(Sinninghe Damsté et aL, 1987a). This objective is approached by a systematic study

of the geochemistiy of highly branched isoprenoids '(HBI). The C25 HBI are used as

the model analytes and their fate is followed in the water column and sediments

collected on Washington continental shelf and slope. The apolar fraction of the

sedimentary lipid extract in the region is dominated by a suite of HBI. The HBI are an

interesting suite of biomarkers due to their unusual structure (Yon et al., 1982) and

various degrees of unsaturations. They are widely distributed in Washington coastal

sediments (Prahi, 1982), but their biological origin still remains unknown (Rowland and

Robson, 1990 and references therein). Organosulfur compounds (OS C) resembling the

HBI skeleton have been reported by Sinninghe Damsté and de Leeuw (1990 and

references therein) in crude oil, immature sediments and oil shales.

In chapter II, the methodology applied to the systematic search and

characterization of HBI and OSC in the water column and sediments is presented.

In chapter ifi, the study focuses on the distribution of HBI in suspended

particulate material (SPM). SPM obtained by filtration of water sampled at different

depths was lipid extracted. Verticla profiles of HBI and other hydrocarbons were

obtained. Particle size fractionation of SPM from near-surface waters over the shelf and

slope provided insights about the distribution and association of KB! with organic

detritus and the possible mode of transport to the sediments.

In chapter IV, the distribution of HBI is analyzed in a box core collected on the

midshelf and another on the slope in 1985. Both stations were revisited 5 years later.

Particle size fractionation of selected samples provided information about the enrichment

of HBI and sulfur with particle size and the prospect of reducing microenvironments.

The redox conditions were evaluated by looking at the Mn and Fe profiles in porewaters

and elemental sulfur in the sediments. Information about the spatial distribution of the

'All chemical structures cited in the text are given in Appendix 2
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HBI on the shelf and slope in combination with other geochemical parameters were used

to evaluate the reactivity and possible sources for these hydrocarbons.

In chapter V, OSC present in the apolar fraction of sedimentary lipids are

investigated to evaluate intramolecular addition of sulfur to HBI as a possible

mechanism for the preservation of labile biomarkers.

In chapter VI, the search for OSC resembling the FIBI skeleton acquires a different

perspective with the finding of relatively large amounts of C20 isoprenoids after

treatment of lipid fractions with Raney nickel. Compounds released by the chemolytic

technique were evaluated in terms of their source, diagenesis, and potential problems

with the analytical procedure.

In chapter VII, a comparison of two upwelling systems based on relevant

biogeochemical parameters is presented. A region of high primary productivity, such

as, the Peru Upwelling region is compared with the Washington shelf to understand

major factors controlling the fate of OC and formation of OSC.

In chapter Vifi, the presence of elemental sulfur in the samples and the activity

of Raney nickel were studied to assess their effect upon the desulfurization of various

lipid fractions in sediments from the continental shelf and slope.

Study area. The Washington continental shelf and slope which represent normal marine

sedimentary regions (Raiswell and Berner, 1985) were chosen for this study.

Washington coastal waters are characterized by upwelling during the summer season.

Maximum upwelling, as indicated by the timing of summertime minima in temperature

and maxima in salinity and density in nearshore surface features, occurs in June off

Washington (Landiy et al., 1989). Intermittent periods of upwelling with fluctuations

on a 2-3 day time scale have been observed by Hermann et al. (1989). Northerly winds

blowing in summer along the Washington coast cause Ekman transport of surface water

offshore which in turn is replaced by cold, nutrient rich intermediate water. Under these

conditions high primary productivity is evident in the area and a large flux of particles

is removed from the euphotic zone. Upwelling and benthic metabolism are the major

mechanisms contributing to the observed conditions (Landiy et aL, 1989). Surface



currents change with season but the bottom current remains northward year-around

(Nittrouer et at., 1979).

The shelf and slope are contrasting sedimentary settings (Carpenter et at., 1982)

that may reveal different pathways for biomarkers deposited on both sites. The

Washington continental shelf extends for 200 km northward away from the Columbia

River. It is about 40 km wide with some submarine canyons indenting the area

(Nittrouer et at., 1979, 1981). The midshelf is a shallow (70 m) oxic environment

where the surface sediments are physically reworked due to winter storms and biological

activity (burrowing).

The continental slope is traversed by four major submarine canyons which descend

steeply to about 1500 m, then more gently to the floor of the Cascadia Basin extending

westward from the base of the slope (Carpenter et at., 1982). The oxygen minimum

impinges on the slope at a depth of 800 m.

The region receives a large contribution of terrigenous particles from the Columbia

River (Gross and Nelson, 1966; Sternberg, 1986). The riverine coarse particles are

highly enriched in vascular plant remains (Prahl, 1982; Pinto, 1988). Preliminary data

from the shelf and slope show the presence of elemental sulfur within the first 10 cm

of sediments, an indication that bacterial sulfate reduction is occurring at shallow depths

with the concomitant production of H2S. The presence of reduced sulfur in the

sediments is a basic tenent in the proposed hypothesis. Christensen et al. (1987) and

Christensen (1989) determined rates of bacterial sulfate reduction in shelf sediments.

To date, with the exception of studies carried out by Bates and Carpenter (1979a) in the

Puget Sound basin, there are no reports about the presence and distribution of OSC in

sediments of the continental margin of the eastern North Pacific.
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CHAPTER II

EXPERIMENTAL METHODS

Sample collection. Suspended particulate material (SPM) was collected in August of

1988 and September of 1990 during R/V WECOMA cruises to Washington coastal areas

(Figure 11.1). SPM was also collected as part of the Multitracers Project (Lyle et aL,

1992) 630 km from shore at the Oregon-California border (MT88-47, Table 11.1).

Seawater were collected (40 to 78 liters) in GoFlo (General Oceanic Inc.) bottles at

different depths as shown in Table 11.1.

Table 11.1 Sampling data in the collection of suspended particulate material.

Date Station Location Water column Hydrocast
depth (m) (m)

August 1988 W88-1 (slope) 46°50'N 670 9,15,20,30,
125°00'W 40,50,70

August 1988 W88-3 (slope) 46°50'N 2600 20,30,40,50,
126°00'W 55,60,70,80

September 1988 MTS8-47 (gyre) 41°30'N 3600 20,45,50,55,
132°00'W 60,70,100

August 1990 W90-3 (shell) 46°50'N 72 10, particle size
124°26'W fractionation

August 1990 W90-1 1 (slope) 46°45'N 676 10, particle size
125°00'W fractionation

Water samples were filtered with N2 overpressure and filtered onto a pre-

extracted GF/C Whatman glass filter (90mm dia. and 1.2 tm nominal pore size). SPM
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was collected from the euphotic zone (10 m water depth) over the slope and shelf off

the Washington coast in August 1990 for particle size fractionation experiments. The

water samples were filtered using a series of solvent-clean Nitex membranes (190,60,40

and 20 jim mesh size) and GFIC glass filters (1.2 jim nominal pore size). Although

Nitex membranes are not recommended for lipid analyses (Lee et al., 1983), no traces

of contaminants were found when using solvent-cleaned Nitex membranes in this study.

Sediment cores (30-40 cm in length) were collected in July 1985 and August

1990 during R/V Wecoma cruises to Washington coastal waters using a Soutar box

corer. A midshelf and a slope location were chosen for this study (Figure 11.1).

Approximately the same stations were sampled 5 years apart (Table 11.2). The cores

were subsampled immediately upon recovery and frozen onboard ship.

Samples have been labelled in a way that easily identifies their temporal and

spatial status, thus W stands for Washington; 85 or 90, the year the sample was

collected and SH or SL stand for shelf and slope, respectively.

Table 11.2. Sampling data in the collection of sediments.

Date Station Location Water column Intervals
depth (m) analyzed (cm)

July 1985 W85-SH (shell) 46°49.7'N 73 0-2, 2-4, 4-6, 6-8, 8-10,
124°26'W 10-15, 15-21, 21-27

July 1985 W85-SL (slope) 46°44.8'N 700 0-2, 2-4, 4-6, 6-8, 8-10,
125°07W 10-14, 14-18, 18-22, 22-26,

26-30, 30-34, 34-38

August 1990 W90-SH (shell) 46°50.O'N 72 0-1, 1-3, 7-9, 13-15,
124°26'W 19-21, 27-29

August 1990 W90-SL (slope) 46°44.9N 676 0-1, 3-5, 7-9, 11-13, 15-17
125°00W
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In August 1990, one-cm surface sediment and two-cm thick layers thereafter

were taken throughout the core to provide the required resolution for this study.

Interstitial water (LW) was collected from subsamples of the cored material by

centrifugation, extracted into plastic syringes and filtered through 0.4 im Nucleopore

filters (Canfield, 1989). All critical manipulation was performed in a nitrogen-filled

glove box immediately upon core collection. Subsequently 1W samples were acidified

and stored refrigerated in plastic vials.

Inteislilial water analysis. Total dissolved iron and manganese after acidification of 1W

were determined by flameless atomic absorption spectrometry using a Perkin Elmer

5000 AAS with Zeeman and graphite furnace in Dr. R. Collier's laboratory. Emission

lines (hollow cathode lamp) chosen were 279.8 nm for Mn and 302 nm for Fe. 1W was

acidified with 6N HC1. Direct injection of 10 tL aliquots were carried out using a

pyrolytically-coated graphite tube. Char temperature of 1000°C and atomization

temperature of 2400°C were used for both Mn and Fe (internal flow of argon: 60

mL/min).

Elemental C,N and S analyses. Elemental C,N (Hedges and Stern, 1984) and S were

determined in most sediment samples using an NA-1500 Carlo Erba elemental analyzer

with a thermal-conductivity detector. To determine total sulfur, subsamples were

transferred to centrifuge tubes, washed with Milli-Q water in a 5:1 dry sediment to water

ratio, and centrifuged. This procedure was carried out three times and ensured that all

sulfate present in the sediments was dissolved in the supernantant and decanted off the

centrifuge tube. Then, the samples were dried overnight at 60°C, equilibrated to room

temperature, weighed, washed three more times, dried, equilibrated to room temperature

and weighed out again. There was no significant difference in the sample weight before

and after the second set of washings.

Particle size separation. The 7-9 cm depth sediment layer from the shelf and the 13-15

cm horizon from the slope 1990 cores were chosen for particle size fractionation.
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Sediment sections were selected based on analytical and geochemical considerations.

Several other "7-9 cm" subsamples were analyzed to collect information about

geochemical parameters in the maltene and asphaltene fractions and for reproducibility

purposes. From a geochemical standpoint, it is a depth where a sharp decrease in C25

HBI is observed, S° is present in relatively high concentration, and bacterial sulfate

reduction reaches its maximum (0.5 pmollcm3/s, Christensen et al., 1984). The 11-13

cm horizon in the slope was chosen based on 1985 data that showed an S° subsurface

maximum at 12 cm. Sediments were separated into three size fractions (>250 tm, 63-

250 .tm and <63 j.tm) by wet sieving through a series of stainless steel sieves (8-in. i.d.).

These three size fractions gave enough resolution in terms of particle association while

minimizing the number of samples to be analyzed. The bulk sediments (l00 g wet

weight) were carefully washed through the sieves with 1.5 liters of Milli Q water. The

<63 .tm fraction was centrifuged to recover the fine particles. Choice of these three size

fractions is based on the type of particles and texture of sediments found in the region

(Nittrouer et al., 1979). The <63 jim size fraction includes silts and clays, the

intermediate 63-250 jim size fraction is representative of sandy material and the coarse

>250 jim size fraction includes large particles of less degraded terrigenous detritus or

aggregates of finer material. No elemental analyses (C,N or 5) were carried out on

slope particle size fractions. Unfortunately, these samples were lost after lipid

extraction.

Lipid extraction. The extraction and isolation procedures for organic solvent extractable

lipids from SPM, sediments, oil, and biological samples are shown schematically in

Figure 11.2. The SPM collected on Nitex membranes and GF/C glass filters was placed

in pre-cleaned cellulose thimbles (Whatman 33x80mm) and extracted for 24 hours by

Soxhlet using a 50% mixture of hexane in acetone (250 ml). Total extracted lipids were

partitioned into hexane (3X, 50 ml each) after addition of redistilled water (50 ml). The

combined hexane fractions were washed against a 50% saturated NaC1 solution and

dried over anhydrous Na2SO4. Rotaiy evaporation yielded a residue of total "free"

lipids. A similar procedure was applied to sediments collected in 1985.
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SAMPLE

Soxhlet extraction (Acetone/Hexane 1:1)
(SPM, sediments W-85)

H20/hexane partition

Sonication (MeOH, MeOH+CH2Cl2,CH2C12)
(sediments W-90, oil, biological samples)

H20/CH2Cl2 partilion

Deasphalfing

maltene asphaltene

Raney nickel treatment

Long cohimn chrematography (silica gel, 15% H20 for SPM, 10% for all other samples)
L-1 (hexane): n-alkanes, pristane, phytane, highly branched isoprenoids, S°, OSC.
L-2 (25% toluene/hex): PAH
L-3 (50% tol/hex; 10% ethylacetatelhex)
L-5 (15% EtOAclhex)
L-6 (20% EtOAc/hex) l fractions yielding phytane moieties

L-7 (EtOAc, MeOH) J after Raney nickel

L-1 of TEL-SPM & L-1 sedimentaiy asphaltene) (L-1 sedimentaiy maltene)

Elemental sulfur extraction

Gas chmmatography (GC)
+ Flame Ionization Detector (FID): SPM, sediments, biological samples
+ Flame Photometric Detector (FPD): sediments
+ FIDIFPD/splitter: sediments

GCIMass spectmmetry (GCIMS)

Figure 11.2 Analytical scheme for the analysis of hydrocarbons and OSC extracted
from SPM, sediments, crude oil, and biological samples.
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Selected bulk and particle size fractionated sediment samples from the 1990

cruise, the Rozel Point oil, and plant material were sonicated with methanol (10 ml),

followed by methanollmethylene chloride (2X, 15 ml each). The combined extracts

were treated similarly to the hexane fractions above.

Deasphalling. The total lipid extract of sediment samples collected in 1990 was

dissolved in 1 ml of methylene chloride and the asphaltene precipitated with a forty-fold

excess of n-heptane. The precipitate and the solution were centrifuged and the solution

decanted. The residue was redissolved with 0.5 ml of methylene chloride and

reprecipitated with 20 ml of n-heptane. This cycle was repeated twice to make sure no

maltenes (n-heptane soluble fraction) were trapped within the asphaltene fraction.

Colwnn chmmatognphy. The maltenes, asphaltenes after desulfurization and total lipid

extracts of specific samples were chromatographed on a colunm (1.1 cm dia.) of silica

gel (7g, Kieselgel 60, 70-230 mesh, Figure 11.2). The silica gel adsorbent was recleaned

with methylene chloride, activated for 24 hours at 220°C, deactivated with water (15%

v/w for SPM and 10% vlw for sediments) and stored in a vacuum dessicator prior to

use. Deactivation of the silica with a high percentage of water allowed the complete

elution of the HBI and C20 isoprenoids on fraction L- 1. The hydrocarbon fraction was

isolated by using 30 mL of hexane. Other fractions were eluted by increasing the

polarity of the organic solvents (Figure 11.2). Maltene and asphaltene fractions from

shelf sediments were weighed out using a Cahn Gram (Model G) electrobalance.

Recovery efficiencies. All SPM and sediment samples were spiked with a series of

hydrocarbon standards: 3-methylheptadecane, 3-methylheneicosane and 3-

methyltricosane prior to extraction and chemical work-up in order to measure recovery

efficiencies for the hydrocarbons. The average recoveries observed for the standards

varied between 80 and 95%. Recoveries were consistently high and data were not

corrected for recovery.
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Pmceduml blanks. A procedural blank was performed by carrying solvents through the

entire procedure from Soxhiet extraction to gas chromatography in the absence of a

sample. The n-alkane homologous series (n-C16 through n-C32) was identified as trace

constituents. Concentrations were at least three times lower than what was observed in

SPM and six to ten times lower than what was measured in sediments. The blank did

not show the presence of compounds of interest (i.e. HEH, C25 and C30 HBI).

Raney nickel desulfurization. Maltene and asphaltene fractions from sediments collected

in 1990 and Rozel Point oil were desulfurized using Raney nickel. The total lipid

extract of plant material was also subjected to Raney nickel treatment. The reagent was

purchased from Aldrich Chemical Company, Inc. It comes as a slurry in 50% water at

a pH >9. The catalyst is washed fifteen times in Milli-Q water to remove the alkali

completely. The washing procedure is repeated five times with 95% ethanol and three

times with absolute ethanol. Typically less than 5 mg of lipid extract was dissolved in

1-2 ml abs. ethanol and reacted with 0.5-1 ml of a suspension of neutralized Raney

nickel (W-2; Mozingo, 1955). The sample and Raney nickel are mixed in ethanol and

reflux for two hours at 80°C. The desulfurization product was isolated by

centrifugation, dried with Na2SO4 and evaporated to dryness using a rotating evaporator

at 25°C. The hydrocarbon extract was subsequently separated using column

chromatography following the procedure indicated previously for maltenes.

Gas chmmatogiaphic (CC) analysis. The hydrocarbon fractions were dissolved in iso-

octane and analyzed on an HP5890A gas chromatograph equipped with a fused silica

capillary column (30m x 0.25mm i.d. DB-5, J&W Scientific) and flame ionization

detection (Fffi). All analyses were performed using splitless injection, hydrogen carrier

gas (10 psi head pressure) and temperature programming (75-130°C at 10°C/mm, 130-

300°C at 5°C/mm and isothermal for 20 minutes thereafter). The injector and detector

temperatures were 290°C and 310°C, respectively.

A mixture of n-alkanes, hexamethylbenzene (HMB) and 5a-cholestane was run

to monitor the detector response and chromatographic performance. Individual
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compounds were quantified using an internal standard method. The quantity of any

individual compound was calculated from the product of its peak area, the dilution factor

and the response factor of the internal standard HMB in the sample. It was assumed that

the standard 11MB behaved similarly to the unknown. The identity of individual n-

alkanes, pristane and phytane were determined by comparison of retention time with

those of authentic standards, when possible.

An aliquot of the hydrocarbon fraction was chromatographed using a

GCIFID/flame photometric detector (FPD) with a 1:1 splitter at the end of the column.

Helium was used as a gas carrier when samples ran through the splitter. The GCIFPD

mode was used in the identification of elemental sulfur and organosulfur compounds

(OSC).

Optimization of the GC/FPD. It is known that the FPD responds in a nonlinear manner

to sulfur-containing compounds (Sugiyama et al., 1973; Farwell and Barinaga, 1986).

The chemiluminescent response of the FPD is proportional to the sulfur concentration

raised to the n power with a theoretical value of 2. A number of operational

characteristics of the FPD will affect the overall FPD performance and the value of the

exponential factor n. The initial oven temperature, the injection port temperature, the

112, air, and the carrier gas (He) pressures were optimized using a standard (SHC#1)

containing elemental sulfur (S°, 20 times dilutions of a saturated solution in iso-octane),

1,2-benzodiphenylene-sulfide (BDPS, 7.6 ng/tL), and triphenyiphosphinesulfide (TPPS,

9.2 ng4tL). The flows were adjusted by varying the on-line H2, air, nitrogen (make-up

gas), and He (carrier gas) pressures.

The data obtained for the effect of the hydrogen flow rate on the FPD sensitivity

for elemental sulfur and two OSC are presented in Table 11.3. As shown, the maximum

sensitivity occurred with a H2 flow of 50 mL/min. The air flow supply was kept

constant at 115 mL/min.

Changes in the head pressure of the carrier gas not only produced changes in the

retention time of the eluted compounds, but more importantly, unexpected response

variations to the standard OSC and elemental sulfur occurred (Table 11.4).
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Table 11.3 Response of the FPD to changes in the H2 composition of the flamea.

H2 flow rate (mL/min) 30b 50 70

Area (relative units * 1 0)

Soc 23900 82900 36400
21250

BDPSd 81 330 139
80

TpPSe 153 306 164
93

a air flow supply was kept constant (115 mlJmin).
b run in duplicates.
C sum of most prominent elemental sulfur peaks S4, S6, S8.

d 1,2-benzodiphenylenesulfide.
e triphenyiphosphinesulfide.

The changes in response do not follow a similar trend for all the compounds.

The response to elemental sulfur is enhanced with the highest head pressure whereas the

two OSC have highest output at the lowest pressure. The ratio for the two OSC

standards is not constant as the carrier gas flow varies. The 10 psi head pressure for the

carrier gas was chosen as a compromise among the three selected pressures.

Table 11.4 Response of the FPD to changes in the head pressure of the carrier gas (He) using a series
of OSC.

Head pressure (psi) 7.5 10 15

Area (relative units * 1O)
Soa 4680 20300 53900

BDPSb 390 183 122
TPPSC 314 238 130

BDPS/TPPS 1.24 0.77 0.94

a sum of most prominent elemental sulfur peaks S4, S, S.
b l,2-benzodiphenylenesulfide.
C triphenyiphosphinesulfide.
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Another important variable in the optimization of the FPD response to OSC is

the temperature of the injection port. The SHC#1 standard and a sediment sample were

GC chromatographed at three different injection port temperatures. Table 11.5 shows the

elemental sulfur signal increases at lower temperatures. The same trend follows for the

BDPS standard. However, the response of the TPPS standard remains basically constant

and the signal of the "0" isomers in the sedimentary sample is optimized between 200

and 250°C. The final decision was made considering that part of the analysis was

carried out using the Fifi and FPD simultaneously. Normally, the injection port

temperature for lipid analysis is set at 290°C. Thus, a temperature of 250°C was chosen

for the injection port.

Table 11.5 Response of the FPD to changes in the temperature of the injection port using a series of
osc.

temperature (°C) 150 200 250

Area (relative units * 10)

SHC#1 stundda
Sob 85000 69900 20500

BDPSC 168 144 98
TPPSd 117 124 116

w8ssLe
S° 98750 107000 77800

85200 75800
1768 5431 6680
1023 6060

a a mixture of S°, BDPS, and TPPS.
b sum of most prominent elemental sulfur peaks S4, S6. S.
C 1,2-benzodiphenylenesulfide.
d triphenyiphosphinesulfide.
e 1014 cm depth, slope 1985.

sum of three OSC isomers.



It is important to emphasize that no single setup will be the best for all the

variety of compounds to be analyzed. The operating conditions selected for the OSC

analysis are shown in Table 11.6.

Table 11.6 Operational conditions for the GCIFPD.

Injection port temperature 250°C
Detector temperature 250°C
Gas flows

air 115 rnLlmin
H2 50 mL/min
N2 60 mL/min
He (head pressure) 10 psi

Standard curve for triphenyiphosphinesulfide (1TPS). TPPS was used as an external

OSC standard to determine the concentration of elemental sulfur and OSC in slope

sediments measured with the GCIFPD. A stock solution of 7.21 mg TPPS/mL was

prepared in toluene and working solutions diluted to obtain concentrations in the range

of 1.2 ng to 1 tg per j.iL. The relative standard deviation for 11 injections of 1.2 ng

TPPS on the GC/FID/FPD over 25 days was 18%.

Because of the non-linear response of the FPD to sulfur, it is not possible to

determine a simple linear equation for TPPS by plotting directly the response of the

detector versus the concentration of the standard. Instead, a linear regression from the

log-log plot is obtained by the following rationale:

The response of the FPD is proportional to the sulfur concentration raised to the

nth power (Burnett et al., 1978),

i.e., Area oc [S]°

therefore, Area = K * [S]°
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where K is a proportionality constant and n is referred to as either the n-value, the

exponential proportionality constant, or the linearity factor (Farwell and Barinaga, 1986).

applying logarithm:

log (area) = log K + log [S]"

then, one can easily show that:

log (area) = K' + n * log[S]

which is the equation of a straight line, where K' is the intercept and n is the slope of

the regression line.

Aliquots of TPPS were injected on the GCIFPD and the log of the response of

the detector (area) was plotted versus the log of the TPPS amount injected (Figure 11.3).

Table 11.7 illustrates the difficulties in determining a single n-value from the log-log

plots as shown in Figure 11.3.

Table 0.7 Least-squares regression lines for different TPPS concentration ranges.

range constant n R2

(ng)

4.7-46 3.48 2.32 0.9998
7.4-30 3.50 2.30 0.9997
2.4-92 3.62 2.19 0.9981
1.2-92 3.76 2.10 0.9947
1.2-30 3.79 2.04 0.9905

2.4-7.4 3.71 2.03 0.9982
1.2-184 3.84 1.99 0.9897
1.2-268 3.91 1.90 0.9855
1.2-577 4.01 1.79 0.9766
1.2-7.4 3.90 1.77 0.9876
1.2-4.7 3.94 1.61 0.9880
30-184 476 1.51 0.9493
46-577 5.75 1.02 09689
92-577 6.23 0.83 0.996 1

288-1153 6.77 0.62 0.9905
184-3605 7.02 0.51 0.9074

n: exponential proportionality constant
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Statistical information for the least-squares linear regressions show that the

calculated n-value will depend to some degree on the amount of TPPS injected. Similar

results were obtained by Farwell and Barinaga (1986) when applying least-squares linear

regression to a full quadratic response model.

Elemental sulfur detennination. Maltene fractions were concentrated to a volume of 1-2

ml and percolated across an activated copper colunm (4O mesh) in 25 ml methylene

chloride to remove elemental sulfur as described by Blumer (1957). Aliquots of either

the maltene extracts or the hydrocarbon fraction were weighed before and after

elemental sulfur elimination. The elemental sulfur content was then calculated from the

weight difference.

An alternative method using the GC/FPD was carried out on slope sediments

where S° is at least an order of magnitude less concentrated. Two different approaches

were applied using (1) TPPS as an external organosulfur standard and (2) the presence

of an OSC in the samples.

As it has been reported previously, the non-linearity of the FPD and variation of

the ni" power varies depending on the number of data points chosen (Farwell and

Barinaga, 1986). The results obtained by this method should be used cautiously for

quantitative purposes. There are two important assumptions underlying the external

standard method of measuring S and other OSC. Firstly, the FPD responds similarly

to S°, TPPS and other OSC. Secondly, the sensitivity of the GC/FPD remains constant

during the entire analysis. A lack of an internal standard is recognized as a major

weakness in these measurements. These results verify the complexity of the FPD.

Calculation of the amount of S° in the samples was performed by bracketing the

values obtained by GCIFPD with those values for TPPS (Struble, 1972). Then, the

linear regression appropriate for that range was applied (Table 11.7). Concentrations

obtained for elemental sulfur from slope sediments of 1985 are presented in Table 11.8.

An independent approach was applied to compare the results with TPPS. A

particular suite of OSC identified as "0" isomers (Bates and Carpenter, 1979a) are

present in the slope sediments. For more detail about the geochemical aspects of the
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'0" compounds see chapter V. These OSC display a good signal on both detectors.

The sum of "0" isomers ("O") was quantified using hexamethylbenzene (HMB) as an

internal standard with the FID. The 'O" was regressed against the area obtained with

the FPD and an empirical expression was calculated. Within the narrow range of

concentrations used in this calculation there is a good linear correlation between the

"O" and the FPD response (area) measured with a Hewlett Packard (HP) integrator.

The regression line corresponds to:

amount (ng) = 2.15 *106 * area (FPD/HP) + 486 R2 = 0.9268 (1)

Using equation 1, concentrations for S° from the slope sediments of 1985 were

calculated (Table 11.8).

Table 118 Concentration of S° [ng/g dry wt.} from 1985 slope sediments obtained by two independent
methods.

depth (cm) 6-8 8-1010-14

FPD!FPPS 113 588841
F1D/Ob 91 5571248

a measurements using tryphenyiphosphine as an external standard determined with the FPD.
b measurements obtained using the O as an external standard determined with the RD.

From these results it is concluded that the linear regression (equation 1) works

well only up to 600 ng/g dry wt. and for larger concentrations the uncertainty in the

measurement becomes too large.

Inteitalibration of detectois and data acquisition packages. Different combinations of

detectors and software available were used during the various years this study lasted.

Samples were GC analyzed and the signal detected with the FJD, the FPD or both



23

detectors simultaneously. Data was acquired and reduced using an HP integrator or a

software package (LabCal) run on a DOS-base PC computer.

In order to obtain mathematical expressions relating the different electronic

components, a suit of OSC (the "0" isomers) and hydrocarbons present in the L-1

fraction of slope sediments were used as analytes. The advantages of using these

compounds are (1) they exist naturally in the samples under study, (2) changes in the

intensity of the signal due to matrix effects (e.g. quenching) is incorporated in the

empirical expression, and (3) "0" compounds deliver a well resolved signal in both the

F and FPD modes.

Concentrations were calculated in three different ways. First, the amount was

calculated by direct measurement of the OSC signal acquired with the FID and the HP

integrator using HMB as the internal standard. Second, equation 2 was derived by linear

regression of hydrocarbons areas (FID output) measured with the HP integrator and the

PCfLabCalc configuration (Figure ll.4a):

Area (LabCalc) = 3.04910 * Area (HP) + 0.039 R2 = 0.9985 (2)

Third, an empirical equation was regressed between Fifi and FPD/LabCalc

configurations (Figure ll.4b). The empirical expression corresponds to:

log (AreaFID) = 0.731 * log (AreaFPD) 1.3010 R2 = 0.8616 (3)

Table 11.9 Comparison of concentrations (ig/g OC) for the Z"O" isomers observed on slope sediments
using different instrumental configurations.

depth (cm)

Direct mode FID/HP integratora
FIDfLacCalc to RD/HP integrator
FPD to RD using LabCalc

a Hexamethylbenzene used as an internal standard.

3-5 7-9 11-13

6.63 5.69 5.81
6.12 6.00 5.12
6.27 6.12 5.26
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Figure 11.4 Calibration curves for the measurement of OSC in sediments, (a)
correlation of areas obtained for hydrocarbons determined with an HP integrator and
the LabCalc software using a GCIFID. (b) correlation of PD and FPD areas obtained
for 0 isomers at different concentrations.
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Analylical precision. Different samples were analyzed in replicates at different stages

of the analytical workup to determine the reproducibility of the analysis.

Analysis of TOC was carried out in duplicates. Thirteen samples show a relative

standard deviation of 2.5%.

Elemental sulfur measured by difference on samples eluted through a copper

column show excellent reproducibility. Four samples taken from the 7-9 cm interval on

the shelf were used for this analysis (Table 11.10). One of the subsamples was particle-

size fractionated and the reconstructed value for the total sample included in the

calculations. The results are normalized to the total dry weight of the sediments and

with respect to the maltene present in the sample. In average the variability is less than

±10%. Elemental sulfur measured in duplicates of the <63 tm size fraction shows a

±3% variability.

Table 11.10 Analytical precision for elemental sulfur extracted by copper column from the maltene
fraction of the 7-9 cm interval of shelf sediments (W90-SH).

replicates %S/maltene [.tgS/g dry wt.]
a 64 152
b 63 180
c 52 143

d 56 140
# replicates 4 4

mean 59 154
%rsd 9.8 12

a particle-size fractionated subsample. Concentration obtained from weighted addition of all fractions.

Shelf sediments at a depth of 7-9 cm were analyzed in triplicates. The

hydrocarbon concentrations were normalized to dry weight and maltene (Table 11.11).

Some differences are observed between these two normalizing paramaters.

The sum of the C25 (ZC25) HBI and phytane show excellent reproducibility

when normalized to the maltene fraction (0 and 3%, respectively). For comparison,

pristane and diploptene are shown. These two compounds present the highest variability

within the hydrocarbon fraction.
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Two subsamples of sediments collected from the 7-9 cm interval of shelf

sediments were particle-size fractionated and the asphaltene of the <63j.tm fraction

treated with Raney nickel.

Table ILl! Analytical precision for hydrocarbons present in sediments.

replicates a b c %rsd a b c %rsd
[nglg dry wt.] [ng/g maltene]

25 HBI 169 222 209 14 741 742 734 0.6
C30HBI 205 200 240 10 902 668 841 15

n-alkane
17 6.6 7.8 6.9 9 29 26 24 10
18 6.1 7.2 6.8 8 27 24 24 7

19 12.0 14.8 16.3 15 53 49 57 8

20 9.4 12.1 9.7 14 41 40 34 10
Zn-C25,27,29,31 719 813 727 7 3159 2716 2550 11

pristane 26.7 57.0 51.7 36 117 190 181 24
phytane 3.8 5.3 5.2 18 17 18 18 3

diploptene 59.5 44.9 61.5 16 261 150 216 26

Table 11.12 shows the overall precision for individual compounds including

chemical workup, desulfurization, and GC variability when normalized to dry weight.

The duplicates exhibit the same ratio between asphaltene and total dry weight. The

average percentage deviation about the mean of two measurements was about 10%.

Variations in the concentration of phytenes released after Raney nickel treatment will

be discussed in chapter VI.
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Table 11.12 Analytical precision for hydrocarbons released from the <63 im asphaltene fraction after
treatment with Raney nickel (W90-SH 7-9 cm).

duplicates a b%rsd
[ng/g dry wt.}

phytane 38.8 44.4 10
phytenes

a 2.38 4.53 44
b 6.38 9.49 28
c 35.4 42.5 13

phytenes 44.2 56.5 17

tota1 83 101 14

ale 0.88 0.78

n-alkanes
18 0.79 1.05 20
19 0.93 0.85 6
20 0.90 0.77 11

21 1.79 1.37 19

n-C7,29,31 7.99 6.65 13

a/e ratio of phytane to the sum of phytenes.

GClmass spectrometry. Mass spectra of the hydrocarbon fractions were obtained on a

Finnigan 4000 GC-MS system composed of a Finnigan model 9610 GC interfaced with

a Finnigan model 4021 quadrupole mass spectrometer. Mass spectrometric data were

acquired and processed with a Finnigan-INCOS 2300 data system. The mass

spectrometer was run in electron impact mode using an ionization energy of 70 eV. The

ionizer temperature was 270°C, the transfer line (separator oven) was at 350°C and the

manifold temperature was 135°C. Helium was used as carrier gas and the temperature

was programmed from 65 to 310° at 3°C/mm. The injector and detector temperatures

were 290°C and 325°C respectively.

Selected samples were analyzed in Dr. B. Simoneit's and Dr. 0. Kawka's

facilities to identify the HBI, OSC, and the product of Raney nickel treatment by

comparison with published mass spectra. Appendix 2 displays the mass spectra of the

compounds discussed in the following chapters.



Some complications occurred while identifying compounds present in low

concentrations, closely related and with similar retention times. GC conditions were

different enough between the GCIFIDIFPD and GCJMS modes to mix peaks around in

some instances. Some examples are presented showing partial GCIFJD, GCJFPD and

GCIMS chromato grams (Figure 11.5).



(a) Case 1

18

b3'

1120 1149 1168 1180 1208 I22 24 Ab
27:28 38:08 38:40 39:28 49:00 8:40 41:20 42:80

(b) Case 2

FL

RS

!-!.

:/MS

SCAN
TINE

FPD

29 29.5 30 30.5
retenUon time (minute)

29

Figure 11.5 Limitation in the identification and detection of specific compounds. (a)
Case 1: relative changes in the retention time of compounds in the region of the C25

HBI when comparing GCIFID with GC/MS chromatograms. (b) Case 2: GCIFID and
GCIFPD traces of a C20 thiophene coeluting with C25.1 HBI. Identification of peaks,
#: n-alkanes, RS: recovery standard, bl,2,3,3'4,4': C25 HBI.
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CHAPTER ifi

BIOGEOCHEMISTRY OF HIGHLY BRANCHED ISOPRENOIDS IN

SUSPENDED PARTICULATE MATTER OFF THE WASHINGTON COAST

INTRODUCTION

Highly branched isoprenoid hydrocarbons (HBI) containing one to four double

bonds are ubiquitous components in recent estuarine and coastal marine sediments

(Rowland and Robson, 1990 and references therein; Yruela et aL, 1990; Hird et al.,

1992). Their presence has also been reported in suspended particulate matter (SPM) and

sediment traps (Table ffl.1). Although their origin remains poorly understood at best, it

is widely accepted that these compounds have a marine source (Barrick et al., 1980;

Requejo and Quinn, 1983b; Volkman et al., 1983). A ö'3C composition of -22°Ioo has

been measured on the HBI molecules detected in the lipid extracts of sediment samples

from Washington continental margin (Prahi, unpublished data). This value is

representative of bulk organic carbon of marine origin (Degens, 1969; Hedges and van

Geen, 1982). Different origins have been postulated for these compounds. Hypotheses

of an algal origin have been based on circumstantial evidence. The first report of their

biological occurrence was presented by Rowland et al. (1985) in field samples of the

green alga Enteromorpha prolifera. They report finding a C25 diene and two C20

analogues. Although these authors suggest an algal origin for the polyolefins, they

recognize the samples do not come from a pure culture and that it remains to be proved

the HBI are biosynthesized by the alga itself. Nichols et al. (1988) reported a C25 HBI

diunsaturated alkene as the second most abundant hydrocarbon detected in natural

populations of mixed Antarctic sea-ice diatoms. They propose that certain species of

diatoms are a likely source of these alkenes in sediments based on the presence of n-



Table ffl.1 Highly branched isoprenoid (HBI) hydrocarbons in suspended particulate material (SPM).

Reference HBI (Retention
index)

Bayonaetal., 1983 b25:3
(SE-55 & pEG2OM)a

Coatesetal., 1986 b25s
(2% SP-2100/GC Q801100)

Albaiges et aL, 1984 b20:0 (1705), 3 (2091)
(SE-52) b25:3 (2091), 3 (2107)

3 (2119), 2 (2082)
2 (2068), 0 (2105)
c25:1:1 (2139)
c25:0:1 (2127)

Osterroht et al., 1983 b25:3 (2089)
(no information) b3Os (2548,2580)

Wakeham et al., 1991 b25:2, b25:3
(DB-5)

Wakeham, 1990 b25:2, 3, 4
(SE-52)

Crisp et al., 1979 b25:2 (2072), 3 (2044)
(OV-101) 4 (2044), 4 (2073)

4 (2078)

Matsueda et aL, 1986a,b b25:3 (2047), 3 (2083)
(SE-52) 4 (2092)

Matsueda and Handa, 1986 b25s and b3Os
(SE-52)

Praht et aL, 1980 b25 (2090)
(SP-2l00) b30 (2509, 2558)

Volkman et at., 1983 b25:3 (2044), 3 (2092)
(SE-52) 4 (2082), 4 (2129)

a phase of GC column reported by authors.
b woods Hole In Situ Pump

Mode of sampling

water bottle

water bottle

water pump

water pump

WHISP" and
sediment trap

WHISP

sediment trap

sediment trap

sediment trap

Location

Alfacs Bay, Spain

Great Barrier Reef

Ebro Delta, Spain

Kid Bight, Baltic Sea

Black Sea

Cariaco Trench

Coastal basins off
Southern California

Eastern North Pacific

Antarctic Ocean

31

sediment trap Dabob Bay, Washington
and mixed plankton

sediment trap Peru Upwelling
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C21.6 in the same samples. The hydrocarbon n-C21:6 (heneicosahexaene: HEH) is

common in diatoms (Blumer et al., 1971) but also in other classes of phytoplankton

(Blumer et al., 1970) so such a finding was probably to be expected. Osterroht and

Petrick (1982) found abundant HEH (15-97 ngfL) in particulate matter from the Baltic

Sea but no traces of HBI were detected. Osterroht et at. (1983) showed that although

HEH and C25 and C30 HBI were present in the water of Kiel Bight, the highly

unsaturated n-hydrocarbon was decoupled from the HBI. Diatoms dominate the

phytoplankton population in Spring when the concentration of HEll is nine times larger

than in Autumn. The concentration of }IBI maximizes in early Autumn (September)

when dinoflagellates are the main component in the phytoplankton community.

Volkman et at. (1983) reports finding C25 HBI alkenes in sediment traps deployed off

Peru. Microscopic observation of fecal pellets in the sediment traps showed the presence

of abundant diatom cells, principally Thalassionema nitzschioides and Thalassiosira

eccentrica. Based on this circumstantial evidence they suggest a phytoplankton origin

for the C25 HBI alkenes found in the sediments, but Nichols et at. (1988) found no

alkenes in temperate diatoms such as That assiosjra eccentrica. To date, no HBI (C20, C25,

C30) alkenes have been identified in diatom species in cultures. Prahi et al. (1980)

reported a C25 HBI and two C30 HBI in sediment trap samples and only C30 HBI in a

mixed plankton sample collected from Dabob Bay, Washington. Although possible

sources could not be evaluated from this mixture of organic detritus, they found

zooplankton fecal pellets constituted a primary morphological form of particulate

material in the sediment traps.

A bacterial source has also been proposed as an alternative. The C25 HBI found

in Narragansett Bay and the Pettaquamscutt River estuary have been thought to be

produced in situ by bacteria in both sediments and the water column or as product of

early diagenetic processes (Requejo and Quinn, 1983b). A common feature of those

environments is the prevalence of anoxic conditions (Requejo and Quinn 1983b;

Requejo et at., 1984). Requejo and Quinn (1985) suggest that bacteria associated with

anaerobic processes might be a common agent producing the HBI series in both

sedimentary settings.
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A branched C25-djene was present in surface water of the Black Sea (Wakeham

et al., 1991) and a series of branched C25-trienes and tetraenes were major components

of the hydrocarbon fraction in particulate matter from the Cariaco Trench surface waters

(Wakeham, 1990). Wakeham (1990) reports the C25 HBI to be enriched in the <53 I.Lm

fraction of the SPM. Several authors have reported the presence of C25 HBI on SPM

and sediment traps on coastal margins suggesting an upper water origin for the C25 HEI

observed on surface sediments (Table ifi. 1). Once the source(s) of the HBI is(are)

elucidated these compounds may be valuable as specific biological markers in

paleoenvironments. Highly branched isoprenoid thiophenes (HBIT) with 20 and 25

carbons and identical structures to C20 and C25 HBI after desulfurization have been

found in immature oils and shales (Sinnighe Damsté et a!, 1987a and 1989b). These

authors postulate that C20 and C25 I{BI are the potential precursors for the HBIT based

on structural similarities. Sinninghe Damsté et al. (1990a) and Kohnen et al. (1990a and

1992) postulate that the precursor of the HBIT found in paleoceanic environments have

been produced by diatoms during upwelling events.

Of special interest in the present study are a pair of tn- and tetra-unsaturated C25

HBI and a series of pseudohomologous C30 HBI. These compounds were present in high

concentrations relative to other hydrocarbons in the SPM over the Washington slope.

The study of the HBI present in SPM has two objectives: (1) to understand the origin

and decomposition of HBI in the water column under oxic conditions by determining

their distribution with depth in SPM and comparison with other hydrographic variables;

and (2) to determine their association with particle size in the SPM in order to suggest

a potential source/carrier and mode of transport for these compounds to the sediments.
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STATION W88-1 (slope).

34

Chiomphyll, fluonscence, nutrients and tempemture in the water colmnn. The depth

of the euphotic zone in this area was indirectly determined using Secchi disc

measurements. A value of 12.2 rn was obtained for the base of the euphotic zone

(extinction coefficient of 0.378/rn, Parsons et aL, 1977). The sum of chlorophyll-a and

pheopigments displays surface and shallow depth concentration maxima of 5.0 and 5.5

j.tg/L, respectively. The subsurface maximum appears at the base of the euphotic zone,

then a sharp decrease in concentration is observed with a minimum of 0.2 .igIL at 70

m (Figure 111.1). Real-time fluorescence data correlates with the

chlorophyll+pheopigments profile showing a sharp subsurface maximum between 15 and

20 m (Figure ffl.1). The temperature profile shows a surface mixed layer at about 7 m

with water temperature of 14°C and the thermocline down to 30 m (Figure ffl.1).

Nutrient profiles clearly indicate depletion of nitrate and phosphate in the first 10 m

with concentrations of 0.65 iM and 0.06 .tM, respectively (Figure ffl.1).

Remineralization appears to start at the base of the euphotic zone with values reaching

a plateau at the base of the thermocline (30 m).

Characterization of the C25 and C30 HBL The identification of the C25 and C30 HBI was

based on comparison of GC retention indices (RI) and mass spectra obtained by GCJMS

with published RI and mass spectra (Barrick et aL, 1980; Prahi et al., 1980; Osterroht

et al., 1983; Requejo and Quinn, 1983b; Albaiges et al., 1984; Prahl and Carpenter,

1984; Dunlop and Jefferies, 1985; Rowland et al., 1985; Matsueda et at., 1986;

Venkatesan and Kaplan, 1987). Examination of the SPM shows the presence of a series

of four C25 tn- and tetra-unsaturated HBI (Figure ffl.2). These four compounds will be
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Figure ffl.1 Water column profiles for temperature, fluorescence, chlorophyll-a +
pheopigments, nitrate and phosphate at station W88- 1.
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IS RS HEH b3' RS RS 26+

retention time

Figure ffl.2 Gas chromatogram of the hydrocarbon fraction extracted from SPM
(W88-1). Identification of peaks, #: n-alkanes, RS: recovely standard, IS: internal
standard; Pr: pristane; Ph: phytane; b3,3',4,4': C25 HBI; a,b,d,e: C30 HBI; HEll:
n-C21:6
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referred to as 1b25:3, b25:3', b25:4 and b25:4', consistent with the nomenclature of

Barrick et al. (1980). The tn- and tetra-unsaturated compounds exist as pairs with

identical mass spectra2. Both El spectra have molecular ions at m/z 346 consistent with

the presence of three double bonds.

Table 111.2 Hydrocarbon concentrations [ng/L} and ratios of C25 HBI isomers in SPM over the
Washington slope (W88-1).

depth (m) 9 15 20 30 40 50 70

C25 HBI
3 7.8 2.6 2.7 1.9 1.3 1.6 1.1

3' 13.1 5.1 4.6 2.9 2.0 3.0 2.3
4 1.9 0.8 0.7 nd nd 0.5 0.4
4' 1.5 0.6 0.5 nd ad 0.4 0.3

HBI 24.4 9.1 8.5 4.8 3.3 5.5 4.1

C30 HBI
a 6.6 6.3 11.4 10.3 4.1 5.2 3.0
b 4.2 2.7 4.3 3.5 1.4 2.4 1.2
c 2.6 3.6 6.9 7.1 3.6 3.5 2.6
d 8.6 6.9 11.2 9.5 3.9 5.0 2.7
e 5.0 5.4 10.2 10.6 5.3 6.2 3.8

HBI 27.1 24.9 44.0 41.0 18.3 22.3 13.4

pristane 6.2 1.4 0.8 1.0 nd 0.5 0.2
phytane nd nd 0.5 0.6 0.6 nd nd
HEH 97.0 20.7 9.8 1.8 2.0 11.2 3.0

Ratios
3/3' 0.59 0.52 0.58 0.68 0.63 0.55 0.49
4/4' 1.25 1.42 1.28 - - 1.21 1.31

3s/4s 6.0 5.8 6.0 - 5.2 5.5

CPIb 1.19 1.26 1.17 1.11 1.04 1.17 1.16

a Carbon Preference Index: ½ (nC21,23,25,27,29,3l)*((l/ThC20,22,24,26,28,30)+
(lIEn-C22,24,26,28,30,32))

nd not detected

1b25:3 denotes: "branched-25 carbon-3 double bonds"

2Representative mass spectra are given in Appendix 3



Isomers b25:4 and b25:4' have molecular ions at mIz 344 and their spectra are

slightly different, the first isomer having more pronounced fragments 233 and 289.

Work by Robson and Rowland (1986) indicates that all of these C25-alkenes have an

irregular isoprenoid configuration.

A series of pseudohomologous C30HBI (referred to as a,b,c,d,e; Figure ffl.2) also

represent a major contribution to the hydrocarbon fraction (Table ffi.2). The El spectra

for a,b,d and e are similar to those reported by Barrick et al. (1980). The RI for their

compounds a,d and e are offset by 3 units with respect to the RI obtained in this study.

C30 HBI b (RI 2547) has a similar spectrum with RI 2538 of Barrick et al. (1980). The

9 unit discrepancy in the RI for this compound may be due to a greater capability to

discriminate peaks in the present study due to the recent improved designs for capillary

columns. In fact, we are able to resolve a fifth peak (RI 2553, compound c) with a

fragmentation pattern similar to compound e, although the fragments are less

accentuated and the molecular ion is not present. The position of the double bonds has

yet to be determined. Yruela et al. (1990) argues that in electron impact mode the

molecular ions of most acyclic alkenes isomerize quickly into a mixture of rapidly

interconverting structures, inhibiting the unambiguous determination of double bond

positions from the resulting mass spectra.

Distribution of HBI in the water column. A pronounced decrease in the concentration

of the C25 HBI occurs in the first 20 m (Table ffi.2), from a near-surface value for the

sum of () C25 HBI of 24.4 ngIL to 8.5 ngfL, thereafter their concentration remains

rather constant (C25 HBI: 4.4 ngfL ± 0.9) down to 70 m depth (Figure ffl.3a). The

distribution of the C30 HBI is very different to the C25 HBI at this station (Figure ffl.3b).

'The C30 HBI display a subsurface maximum between 20 and 30 m depth. The highest

concentration for the ZC30 HBI represent more than 60% increase relative to that

obtained at 9 m depth (Table ffl.2). Comparison of total amount of C25 HBI with C

HBI in surface waters show very similar concentrations (24.4 and 27.1 ngIL

respectively). Individual concentrations in the deepest sample are on average larger for
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the C30 than the C25 HBI. The whole series of C30 HBI tends to have a similar general

distribution with depth (Figure ffl.3b).

Ratio of C25 JIB! isomeis. It is important to explain at this point that the order of the

isomers in the ratio is arbitraiy and exclusively chosen based on their GC retention

times (RT). The concentration for the isomer with the shortest RT has been ratioed to

that for the isomer with the longest RT. Values for the relative proportion of

b25 : 3/b25 :3' (hereafter 3/3') and b25 :4/b25 :4(4/4') are more or less constant with depth,

averaging 0.58 ±0.06 (n=7, la) and 1.3 ±0.08 (n=5, la), respectively (Table ffl.2). The

same conclusion is drawn if the proportion of the b25:3 + b25:3' over the b25:4 + b25:4'

is measured. Values of this ratio (3s/4s) are again relatively constant with depth,

averaging 5.7 ±0.4 (n=5, 1; Table ffl.2).

Distribution of IIEH in the water column. The most abundant individual compound in

the hydrocarbon fraction within the euphotic zone (<15 m) corresponds to the highly

unsaturated n-heneicosahexaene (n-C21:6). Its concentration decreases exponentially in

the water column from 97 ngIL to a minimum of 1.8 ngfL at 30 m depth with a minor

subsurface maximum of 11.2 ng/L at 50 m depth (Table ffl.2). The shape of the HEH

profile follows closely the distribution of the C25 HBI in the top 40 m and the C30

HBI below that depth (Figure ffl.4).

STATION W88-3 (slope).

SPM samples for this station (refer to Table 11.1 for site description) were stored

frozen for 3 years before solvent extraction. C30 HBI are completely absent and the tn-

and tetra-unsaturated C25 HBI appear only in the uppermost sample (20 m). The

concentration for the C25 HBI is low (Table ffl.3) and similar to the lowest

concentration found in W88-1. The highly unsaturated HEH was identified at a depth

of 20 and 60 m and its concentration is low compared to that observed in station W88-1.
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Figure 11L4 Distribution of HEFI, EC25 and C30 HBI in SPM collected over the

Washington slope.
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However, pristane and phytane are present in all depths sampled. Both isoprenoids are

on average higher in this station than in W88-l.

Table ffl.3 Hydrocarbon concentrations [ngIL] and ratios of C HBI isomers in SPM over the
Washington slope (W883).

depth (m)

C25 HBI
3

3,

4
4'

pristane
phytane
HEM

Ratios
3/3,
4/4,

3s14s

nd not detected

20 30 40 50 55 60 70 80

1.11 nd nd nd nd nd nd nd
1.18 nd nd nd nd nd nd ad
0.88 nd nd nd nd nd nd nd
0.54 nd nd nd nd 0.96 nd nd
3.71 0.96

0.87 1.38 1.37 1.32 1.24 1.82 nd 0.37
1.48 1.29 0.48 0.70 0.93 1.61 nd 0.56

nd 0.76 nd nd nd nd 2.55 nd

0.94
1.16
0.81

STATION MT88-47 (gyi).

Data of SPM from a Multitracer station (refer to Table 11.1 for site description)

is incorporated in the present study of SPM in Washington coastal waters mainly to

highlight a major analytical problem concerning the preservation of C25 HBI in the lipid

extract of SPM. SPM samples were extracted a year after their collection for a different

study based on a more polar fraction eluted from the silica column. The apolar fractions

of the 20 and 55 m depth samples were reanalyzed by GC at that time and then stored

with the rest of the set. High concentrations of HEH and C25 HBI tn- and tetra-
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unsaturated compounds but no C30 HBI were detected (Table ffl.4). Two years later the

entire set of hydrocarbon fractions was reanalyzed. The C25 HBI and HEH observed

earlier had disappeared completely. Instead, a compound identified by GCIMS as a n-

C21.1 alkene was found at all depths with a maximum at 50 m (Table ffl.4).

Table ffl.4 Hydrocarbon concentrations [ng/L] and ratios of C25 HBI isomers in SPM from Station
MT88-47, 630 km offshore, from the Oregon-California border.

depth (m) 20 20 45 50 55 55 60 70 100

C25 HBI
3 26.7 nd nd nd 46.3 nd nd nd nd
3' 47.0 nd nd nd 74.0 nd nd nd nd
4 80.9 nd nd nd 198.3 nd nd nd nd
4' 20.5 nd nd nd 52.7 nd nd nd nd

ZHBI 175.1 371.3

n-C21:1 nd 24.8 37.9 57.4 nd 43.4 33.1 4.2 0.6
pristane nd nd nd 1.6 nd nd 0.5 nd nd
phytane nd nd nd 1.8 nd nd 1.5 nd nd
HEH nd 7.0 nd nd nd 16.5 nd nd nd

Ratios
3/3' 0.57 0.63
4/4' 3.95 3.76

3s/4s 0.73 0.48

CPIb 1.05 1.35 1.11 1.03 1.13 1.28 1.04 1.00 1.11

a initial GC run two years previous to the rest.
b Carbon Preference Index: '/2 (ZnC21,23,25,27,29,31)*((l/EnC2O,22,24,26,28,3O)+

(1/Th-C22,24,26,28,30,32))
nd not detected.

The ratio of tn-unsaturated C25 HBI (3/3') observed in the 20 and 55 m samples

agrees well with the average obtained in Washington coastal waters (0.60 vs. 0.58,

respectively), whereas the 4/4' ratio differs significantly (3.90 vs 1.30, respectively;

Table ffl.4). The concentration of HEH is very similar for equivalent depths compared

to station W88-1. Pristane and phytane show significantly higher concentrations in the
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which is defined as a measure of odd-to-even carbon chain length predominance (C20

to C32) is close to one for all samples as observed in previous stations.

STATIONS W90-3 (shelf) and W90-l1 (slope).

Particle size fractionation. In September of 1990, 72 liters of seawater were collected

by water bottles from 10 m depth on the shelf and 78 liters from the slope region (W90-

3 and W90-1 1 respectively, Figure 11.1) for particle size fractionation experiments.

Microscopic examination of the different size fractions was not attempted, so it is

uncertain whether fecal pellets were present in the coarse fractions. No information was

obtained about the contribution of mass or particulate organic carbon for any of the size

fractions. Visual inspection of each one of the Nitex membranes showed a relatively

small amount of particles compared to what was observed on the GF/C glass filters.

More than one GF/C filter was used to collect the fine material at each station.

Table ffl.5 shows the distribution of C25 HBI and other hydrocarbons present in

the different size fractions from station W90-3. Figure ffl.5 depicts the relative

proportions of hydrocarbons between RI 2000 and 2200. For reference, the

concentration of the n-alkane C22 is roughly the same in each size fraction. The C25 HBI

appear in the 20-40 and 1.2-20 jim fractions with C25 HBI concentration of 1.4 and 8.9

ngfL, respectively. The C25 HBI b:4' is below the detection limit in the 20-40 jim

fraction. The individual C HBI are about five times more concentrated in the 1.2-20

,im fraction when compared to those present in particles between 20-40 jim in size

(Table ffi.5). A C25 HBI monoene (b:1) appears in all size fractions <190 jim. The

mass spectrum shows a molecular ion at m/z 350 and distinctive fragments at m/z 210

and 266. A similar mass spectrum is reported by Dunlop and Jefferies (1985) for the

most dominant hydrocarbon in surface sediments associated with a hypersaline

environment. It is the major C25 HBI measured in SPM collected over the Washington

shelf in the summer of 1990 with a total reconstructed concentration higher than the
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ZC25 tn- and tetra-unsaturated HBI (11.7 and 10.3 ngIL, respectively). The shelf water

sample shows the presence of HEH in the same size fractions where the C25 HBI are

observed, however, the proportion between the highly unsaturated n-alkene and the HBI

vary with particle size (Table ffl.5).

Table ilLS Hydrocarbon concentrations [ng/L] and ratios of C25 HBI isomers in size fractionated SPM
over the Washington shelf (W90-3).

pore size (tim) >190 60-190 40-60 20-40 1.2-20 Total
reconstructed

C25 HBI
3 nd nd nd 0.4 2.3 2.7
3' nd nd nd 0.4 1.8 2.2
4 nd nd nd 0.6 3.9 4.5
4' nd ad nd nd 0.9 0.9

HBI 1.4 8.9 10.3

C25b:1 nd 0.3 0.7 3.1 7.6 11.7
pristane 1.4 1.5 0.9 3.4 13.8 21.0
phytane nd 0.4 0.7 1.1 2.2 4.4
HER nd nd nd 7.6 22.2 29.8

Ratios
3/3' 0.9 1.3 1.2
4/4' 4.2 4.8

3s/4s 1.5 0.9 0.9
HEHJHBI 5.4 1.4 2.9

1.12 1.02 1.11 1.07 1.03 1.06

a Carbon Preference Index: ½ (Th.C2l,23,25,27,29,31)*((lInC20,22,24,26,28,30)+
(1In-C22,24,26,28,30,32))

ad not detected.

Neither HEH nor C25 HBI were detected in the slope sample (station W90- 11,

Table ffl.6). A hydrocarbon whose mass spectrum is similar to the mass spectrum

obtained from Station W88-47 has been assigned to a n-C21 monoalkene. The n-C21:j
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Figure ffl.5 Particle size fractionation of SPM collected at 10 m depth overlying the
Washington shelf (W90-3). Particle size fractions: >190 urn, 60-190 tm, 40-60 urn,
20-40 tm, and 1.2-20 jim (GFIC). Partial chromatograms showing peaks between RI
2000 and 2200. Identification of peaks, #: n-alkanes, RS: recovery standard, HEH: n-
C21:6, bl,3,3,4,4': C25 HBI.
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is enriched in the coarse size fraction (>190 tim). No C30 HBI were detected in any of

the two stations.

Table ffl.6 Hydrocarbon concentrations [ag/LI and ratios of C25 HBI isomers in size fractionated SPM
over the Washington slope (W90-1 1).

pore size (tim) >190

n-C21.1

pristane 1.5
phytane nd

cPIa 1.06

60-190 40-60 20-40 1.2-20 Total
reconstructed

8.8 2.0 0.8 0.7 3.115.4
1.9 1.6 2.5 1.8 9.3
0.8 1.6 1.8 1.2 5.4

1.48 1.06 1.10 1.08 1.22

a Carbon Preference Index: '/i (nC21,23,25,27,29,31)*((1IThC2O,22,24,26,28,30)+

(1I.n-C22,24,26,28,3O,32))

nd not detected.

Degradation of hydrocaibons from SPM and slope sediment lipid extracts. The

hydrocarbon fraction present in the 1.2-20 tm size-fraction reported in Table ffl.5 was

reanalyzed 10 months later. During this time the sample was kept at 4°C in the dark.

Partial decomposition of the major hydrocarbons was evident. However, the proportion

between the C25 HBI isomers remained constant. A 50% decrease in the highly reactive

HEH was observed.

This observation was followed by a simple degradation experiment performed

on the hydrocarbon fraction of a sediment sample containing HBI. The sample was

analyzed by GC then stored at 4°C in the dark for 10 months, reanalyzed, then left at

room temperature (=20°C) exposed to ambient light for 3 months and reanalyzed by GC.

Both C25 and C30 HBI show a large decrease in concentration. The C30 HBI are

completely undetected after 13 months (Table ffl.7). The sum of the odd long-chain n-
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alkanes remains almost completely unaffected at the end of the experiment. However,

the CPI increased indicating that the even long-chain n-alkanes are preferentially

degraded. The ratio of C25 3/3' HBI remains relatively constant but the ratio of 4/4' is

highly variable during this time.

Table 111.7 Degradation of hydrocarbons extracted from a SPM (W90-3) and a slope sediment sample
(W90-SL) stored under various conditions.

sPM [ngIL] Sedimentb [.tg/g OC]

time (months) 0 10 0 10 13

HBI 9.0 6.4 10.6 5.2 2.4

3O HBI nd nd 8.1 3.2 nd
Zn-C25,,29,31 6.1 4.7 33 32 31
HEH 22.2 12.2 nd nd nd

Ratios
3/3' 1.3 1.2 0.79 0.78 0.82
4/4' 4.2 4.0 1.29 1.89 0.81

3s/4s 0.9 0.9 1.31 2.02 2.49

CPIC 1.03 0.98 1.67 2.27 2.40

a the hydrocarbon fraction was stored at <4°C for 10 months.
b the hydrocarbon fraction was stored at <4°C for 10 months, then left at 18°C exposed to ambient light for 3
months.
C Carbon Preference Index: ½ (n-C21,23,25,27,29,3 l)*((1/ThC20,22,24,26,28,3O)+

(1/n-C22,24,26,28,30,32))
nd not detected.
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SPM sampling limitations. One approach to determining the nature and transformation

of organic debris sinking through the water column to the sediment involves the use of

water samplers. However, there is doubt about the ability of this sampling method to

capture large particles. Honjo (1980) indicates that particles larger than 20 .tm are rare

and have a low probability of occurrence in a water sample . An alternative is the

collection of particulate matter in traps deployed at various depths in the water colunm

(Gagosian et aL, 1983a,b). Honjo (1978), Prahi et al. (1980), and Matsueda and Handa

(1986a), among other investigators, have shown that a large part of the organic material

reaching the seafloor is transported by large particles. But a recent study by Buesseler

(1991) has suggested that over- or under-collection by a factor of 3 or more is common

in shallow traps based on 234Th water column measurements and scavenging models.

This is an indication of the complexity in evaluating how close a sample of SPM

resembles what exists in the water column. This problem is exemplified by Horwood

(1978) when collecting SPM to study plankton patches by suggesting that the variability

may reveal more about the sampling design used than patterns of ecological significance.

Acknowledging a bias toward small particles when using water bottle sampling

procedures and that this fact will impose restrictions in the interpretation of the data, this

technique presents some advantages over the use of sediment traps. Generally, sediment

traps are deployed for a long period of time, therefore the information collected

represents processes integrated in time (days to months). It is possible that some

reactions either microbially mediated or abiogenic in nature, may continue for some of

the materials collected while still sitting in the sediment trap before retrieval, introducing

some degree of uncertainty in the data. In highly productive regions, such as in

Washington coastal waters, it is possible to collect enough SPM in a short period of

time during the summer season to study rapid transformation of organic matter in the

water column. A better resolution of processes and changes occurring as a function of

depth would also be achieved with water samplers because of technical limitations and
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cost involved in the deployment/retrieval of multiple sediment traps. In the end, both

techniques should complement each other to obtain a more thorough and realistic

assessment of the dynamics of particles in the water colunm.

Pmduclion of HBI in the water colwnn. In this study, water samples obtained at several

depths provide new information about the distribution of a series of C25 and C30 HBI in

SPM in the water column. A detailed search for potential biomarkers in SPM, such as

the HBI, could determine the depth at which they are produced and eventually their

source(s), and shed light on the transformation processes these compounds undergo in

the water column.

Questions to be explored in this chapter are: How reactive are the HBI in the

water column? Is there a compositional change of HBI as well as an absolute change

in concentrations with depth? Do the particles collected in water samples contain the

HBI that later would reach the sediments? How much of the HBI survive biological

degradation in the water column? Are the C25 and C30 HBI produced at the same depth?

Does the ratio of C25 HBI contain information about (1) the physiological state of the

source organism or (2) biodegradation processes occurring in the water column?

The series of C25 and C30 HBI represent a significant amount of the total

hydrocarbon fraction in samples taken at station W88-1 over the slope (Table ffl.2). An

identical C25 HBI series has been reported previously by Wakeham (1990) in SPM over

the Cariaco Trench and Volkman et at. (1983) in the Peru upwelling region. The series

of C30 HBJ has not been reported in SPM collected with water bottles. Matsueda and

Handa (1986a) found C30 HBI in the sinking particles from the Antartic Ocean and Prahi

et al. (1980) detected a pair of C30 HBI in Dabob Bay. Both studies used sediment traps

and related the findings to the presence of fecal pellets.

Two possible alternatives could explain the C25 HBI profiles observed at station

W88-l. First, the biosynthesis of C25 HBI may occur throughout the water column

where samples were taken (9-70 m). If this were the case, a heterotrophic

microorganism would have to be invoked as the source for the HBI. The base of the

photic zone was 12 m based on Secchi disk measurements. Thus, it is unlikely that
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living phytoplankton can account for the presence of C25 HBI in deeper waters. An

alternative explanation requires these compounds to be biosynthesized only in near-

surface waters. If these compounds are contained in the cells of photosynthetic

organisms or bacteria associated to phytoplankton, their concentration should be highest

in euphotic waters where the maximum phytoplankton biomass occurs as indicated by

fluorescence profiles (Figure ffl.1). The concentration decrease with water depth would

reflect a decrease in the biomass of the organisms that biosynthesize the HBI in surface

waters. The rather constant and lower concentration of HBI below 30 m may indicate

their presence in senescent or dead plankton sinking as free cells (Honjo, 1978),

flocculated (Alidredge and Gotschalk, 1989) or packed within fecal material (Honjo,

1978 and 1980).

Fluorescence and chlorophyll measurements show the presence of surface and

subsurface maxima suggesting the existence of different populations of phytoplankton

growing under different conditions of light, temperature and nutrient abundance (Figure

ffl.1). Alternatively, it has been recognized that the very shallow chlorophyll maximum

occurs when a phytoplankton population is actively growing and the deeper chlorophyll

maximum due to phytoplankton accumulation in response to density discontinuities

(Longhurst, 1976). The distribution of C25 HBI correlates with the maximum in biomass

observed within the euphotic zone. The 9 m depth sample contains the highest

concentration of C25 HBI. The exponential decrease in concentration immediately below

the base of the euphotic zone (sample taken at 15 m) provides circumstantial evidence

to restrict the production of C25 HBI to near-surface waters. Formation of C25 HBI as

degradation products of organic detritus (ex. senescent phytoplankton) on surface waters

is not supported by the present data. Phytoplankton reaching its death stage will begin

sinking and degradation will take place below the depth of active growth. A subsurface

maximum would be expected under this scenario. The nutrient profile for this station

shows that remineralization does not begin until particles reach the base of the euphotic

zone supporting the contention that degradation of phytoplankton is most likely to

happen below the fluorescence and chlorophyll surface maximum. Having said that, it

cannot be overemphasized that the complexitiy and dynamics of living and non-living
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particles within the euphotic zone, where a combination of factors, including physical

variables and trophic interactions (Neuer, 1992), are affecting and controlling the

distribution of specific organic compounds.

An even more complex stage is set out for the C30 HBI subsurface maximum

(Figure ffl.4). Their profile correlates with the chlorophyll and fluorescence subsurface

maximum at the base or immediately below the euphotic zone (Figure ffl.1). The

present data is insufficient to resolve clearly whether the C30 HBI are associated with

organisms growing at the base of the euphotic zone or occur as degradation products of

particles produced within the euphotic region. However, the C30 HBI remain high at 30

m where chlorophyll and fluorescence measurements indicate the decline of living

photosynthesizers. This observation suggests a heterotrophic origin for these

compounds, although it is not possible to discriminate between a bacterial or

zooplanktonic origin. Matsueda and Handa (1986b) reported finding HBI in the stomach

contents of Euphausia superba. Bacteria living in the guts of zooplankton or metabolic

transformation of organic detritus by zooplankton itself could explain the HBI

occurrence below the base of the euphotic zone.

Subtle differences observed in the profile of the C30 HBI may indicate

compounds a,b,d are decoupled from compounds c,e suggesting two different species

producing the C30 HBI (Figure ffl.3b). The very distinctive depth at which the

maximum concentration for the C25 and C30 HBI occur and the absence of C30 HBI in

particles <40 .tm where C25 HBI are identified, clearly suggests a different source for

these pseudohomologues.

Another interesting observation is the lack of correlation between the subsurface

chlorophyll and fluorescence maximum with HEH which is present in diatoms,

dinoflagellates and coccolithophores but reported to be absent in blue-green bacteria,

green algae and others (Blumer et al., 1970 and 1971) and is readily degraded

biologically (Youngblood and Blumer, 1973). These results support the existence of

different classes of planktonic organisms at different depths accounting for the maxima

in biomass observed within and immediately below the euphotic zone. The blue-green

bacteria occupy a far wider range of habitats than do other photosynthetic prokaryotes
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and even develop in certain habitats from which photosynthetic eukaiyotes are largely

or completely excluded (Stanier et al., 1979). Some members of the group can even

grow in the dark (Stanier et al., 1979). This study was not designed to make a

taxonomical assessment of what is present in the water column. That area is beyond the

competence of the author, so it remains speculative whether blue-green bacteria are the

most important primary producers at this depth and perhaps the source for the C30 HBI.

Although diatoms are a suggested source for the C25 HBI (Nichols et al., 1988),

a heterotrophic origin cannot be excluded from the existing information (Requejo and

Quinn, 1985). The presence of bacteria on algal surfaces has been observed where both

species may benefit from each other. The geochemical approach used in this study does

not provide a definitive answer about the source for the HBI, although it points to

different sources for the C25 and C30 HBI both produced in the upper water column.

Veitical transpoit of HBI in SPM. The reactivity of isomers with the same degree of

unsaturation does not change significantly with depth (Table ffl.2) in spite of an

exponential decrease in their concentration in the water column. Surprisingly, the ratio

for 3/3 in the 0-2 cm layer for sediments analyzed years earlier (Prahi, 1982) throughout

the area of study shows an average of 0.63 ±0.09 (n=17), very similar to that observed

in the water column (0.58 ±0.06, n=7) in 1988. This observation may indicate a rapid

transfer of HBI from the water column to the sediments via fecal pellets (Honjo, 1978

and 1980) or flocs of plankton (Alldredge and Gotschalk, 1989). Honjo (1978) shows

evidence supporting the view that fecal pellets produced in the surface layer arrive at

depth of more than 5 km within a short time, directly from the surface. It is possible

that fecal pellets produced by plankton grazers carry most of the HBI intact to the

bottom sediments. Fecal material will provide a strongly protective environment from

chemical attack and mechanical abrasion (Honjo, 1978). Alternatively, the reactivity of

both isomers to degradation is similar and their proportion remains constant and

unaffected by the remineralization process. The degradation experiment conducted in

the laboratory supports this contention.
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Values for the ratio of tetra-unsaturated isomers (4/4') in the water column (1.29

±0.08, n=5) and those found on surface slope sediments (1.49 and 1.99 in 1985 and

1990, respectively) are significantly different. The ratio of total tn-unsaturated to tetra-

unsaturated (3s/4s) undergoes a drastic change from 5.69 ±0.36 (n=5) in the water

column to 1.39 and 1.43 on surface slope sediments in 1985 and 1990 respectively (see

chapter 3). This variability could be interpreted in several ways. First, the tn-

unsaturated C25 HBI are selectively degraded at the water-sediment interface. Second,

two different sources of HBI may be ascribed to C25 HBI in the sediments, a planktonic

and a benthic source producing different proportions of C25 HBI. Carbon stable isotope

analysis of individual Hill in SPM and sediments could help resolve this question only

if the ö'3C measurements were different. in both environments. Third, the variability

may be due to temporal variation in the composition of organic detritus sinking to the

bottom sediments (Eppley et aL, 1984). Support for the last interpretation comes from

the particle size fractionation experiment of SPM in 1990 (see below) where the total

reconstructed 3s/4s ratio was 1.0. Another important aspect to bear in mind is the time

scale of assemblages observed in SPM and sediments. Residence time for particles in

the water column may vaiy from hours to months, whereas surface sediments represent

years of particle deposition and mixing.

The HBI observed in SPM collected with the water bottles then may represent

only a small proportion of these compounds present in the free cells sinking to the

bottom and more prone to degradation due to their exposure to microbial, chemical and

physical alteration.

Association of IIBI to fine particles. Filtration of SPM through Nitex filters of different

pore size allows a more detailed study about the association of the HBI with the

particulate material present on the filters. Potential biological sources could be assessed

by attempting to correlate the observed distribution of HBI with particle size of the SPM

(Thompson and Eglinton, 1978), with the caveat that particles larger than 20 jim are rare

and have a low probability of occurrence in a sample of only a few liters of seawater

(Honjo, 1980). The existence of C25 HBI collected at 10 m depth supports the idea of



55

a marine source present in the euphotic zone. Enrichment in the 1.2-20 im fraction

provides circumstantial evidence for a phytoplanktonic/microbial origin as suggested

elsewhere (Requejo and Quinn, 1985; Nichols et aL, 1988). The presence of HEH in

the same size fractions where the C25 HBI appear does not necessarily indicate that both

classes of compounds are present in the same organism. The proportion of HEH with

respect to HBI in the 20-40 im particles is different than that observed in the finer

particles (1.2-20 trn). The HEH concentration increases much less than the HBI as

particles get finer (Table ffl.5). The particle size fractionation experiment on SPM

above the continental shelf supports the contention that the abundance of HEH and HBI

are controlled by different processes. Several interpretations, all related to potential

sources, can account for the enrichment of HEH and C25 HBI in different particle sizes.

(1) HBI are restricted to specific HEH-containing species. HEH is a ubiquitous

hydrocarbon present in several classes of phytoplankton (Blumer et al., 1971), whereas

HBI may be selectively produced by just one of those species present in both fractions

(1.2-20 and 20-40 jim). (2) Production of HEH and C25 HBI could vary with the

physiological state of the algae (Youngblood and Blumer, 1973). HBI could be

produced at a different stage in the growth phase of the organisms with respect to BEH.

Osterroht et al. (1983) showed that HEH starts to decline when the phytoplankton

population is still in the stationary phase. Blumer et al. (1971) report that HEH is more

abundant during active cell division than during the stationary growth phase in cultures

of planktonic algae. Not knowing the physiological significance of the HBI to the

organism that produces them, whether stmctural, functional or just a secondary

metabolic product and because of the absence of these compounds in culture diatoms

we can only speculate about how changes in abundance of the HBI relate to

environmental parameters that affect the growth rate and physiological state of the

organisms that contain them. (3) The source is microbial rather than algal. HBI could

be produced by bacteria associated with phytoplankton that contain HEH. It is

intriguing and paradoxical that HBI are ubiquitous compounds in marine environments

but cultures of phytoplankton containing the IIBI have not been observed to date.

Investigation of the hydrocarbon fraction of several classes and species of marine
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planktonic algae (Blumer et al., 1970 and 1971) and benthic algae (Youngblood et al.,

1971) has given no indication about the presence of HBI in these organisms. Epiphytic

bacteria is a serious alternative to consider for the elusive source of HBI in the ocean.

Wakeham (1990) carried out in situ particle size fractionation on SPM from the

Cariaco Trench to determine whether chemical transformations were dependent on

particle size. Observations by Sheldon et al. (1972) of SPM in equatorial Pacific and

Antarctic waters show a clear size cutoff for phytoplankton and zooplankton in the range

of 100 tm particle size. The particle size cutoff used by Wakeham (1990) may not be

the most appropriate for distinguishing between phytoplankton and zooplankton particles,

however a slight enrichment of the C25:3' isomer in particles <53 im is reported. Our

particle size experiment shows a clear cutoff for the presence of C25 HBI in the water

column; no HBI are detected in particles >40 .tm. The presence of the C25 IIBI in

particles >53 j.tm in the Cariaco Trench water column could be due to the large amount

of water filtered during those experiments (between 500 and 2000 liters). Small particles

will increase their likelihood to be present in coarser size fractions possibly by

adsorption to other particles. Alternatively, fecal pellets containing these compounds

may be present in the coarser fraction.

Degmdation of HBI present in lipid extiacts. The complete disappearance of the C25

HBI and HEH present initially in SPM samples as major components of the hydrocarbon

fraction is intriguing. However, changes in the composition of lipid extracts might be

more common than what was thought. Requejo and Quinn (1983a) also report analytical

problems when reanalyzing sediments that contain HBI. Concentrations exhibited

significant changes and up to 76% variability in this case. Analytical variation is also

reported by Venkatesan (1988) for aliquots analyzed after sediments were refrozen,

accounting for up to 30% variation. Similar analytical problems have been encountered

with other hydrocarbons. Boehm and Quinn (1978) report that the hydrocarbon HC342,

a major biogenic component in the bivalve A rtica islandica but not present in sediments

represent a quite labile compound as indicated by its rapid disappearance from

unrefrigerated samples.
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The simple degradation experiment carried out for this study corroborates the

idea that chemical and possibly microbially mediated reactions affect refrigerated

samples stored in the dark. Using average degradation rates for the C25 HBI calculated

from the degradation experiment one could predict a rough estimate of how much HBI

should remain after a given time. The initial amount of the C25 HBI in SPM at 20 and

55 m is 7000 and 15211 ng, respectively. The average degradation rate obtained from

Table ffl.7 in the dark is 100 ng/month and 169 nglmonth in the light, hence, between

2900 and 4900 ng of HBI are expected to be degraded in 29 months. The estimated

range falls short from what is observed. One interpretation is that sediment hydrocarbon

extracts contain much more material (plantwax, n-alkanes, UCM, etc.) than SPM

extracts. Consequently, HBI in sediment extracts are less exposed to degradation either

chemically or biogenically than HBI in SPM extracts.

The presence of a mono-alkene n-C21 in the samples where the C25 HBI have

disappeared adds another degree of complexity in trying to evaluate the fate of the HBI

in the samples. This monoalkene is the major compound in the hydrocarbon fraction

from the surface to 70 m depth (Table ffl.4). Was this compound produced during

storage, or is it now visible because the HBI series has disappeared? This monoalkene

coelutes with the tn-unsaturated C25 HBI:3' (R.I.: 2092.5 and 2093.0 respectively) under

the GC conditions established for this analysis. In hindsight, urea adduction of a

subsample of the hydrocarbon fraction would have provided the answer to this question.

The mono-alkene is adducted and separated from the branched hydrocarbons. A GC/MS

analysis also would help to determine whether both compounds are present in the

sample. Their mass spectra contain some fragments specific to either one, such as their

molecular ion, m/z: 294 for the n-C21:1 and m/z: 346 for the C25:3' HBI.

An indirect way to figure out if the mono-alkene was initially coeluting with the

tri-unsaturated HBI is by looking at the ratio of 3/3' in these samples and compare them

with values obtained from the slope water cast (W88-1). The assumption is that the

ratio of 3/3' isomers is very stable as shown previously for Station W88-1 (0.58 ±0.09)

and surface shelf and slope sediments (0.63 ±0.09). 3/3' values for the 20 and 55 m

intervals are 0.57 and 0.63, respectively. These values are amazingly similar to those



observed in Washington coastal SPM and sediments. Assuming the mono-alkene was

contributing to the b25:3' peak observed initially, subtraction of the n-C21.1 amount from

the total b25:3' gives a ratio of 1.2 and 1.5 at 20 and 55 m, respectively. These ratios

are very different from those calculated for the SPM and sediments. Thus, these results

represent circumstantial evidence against the presence of the n-C21.1 originally in the

sample. The possibility that the high abundance of flC21:1 is an artefact cannot be

eliminated; however, Venkatesan and Kaplan (1987) report a C21 mono-alkene in a

sediment core recovered from Bransfield Strait. They hypothesize this mono-alkene is

produced by algae under conditions of high primary productivity. The C17 and C19

mono-alkenes have been reported as components of benthic algae (Han et al., 1969;

Youngblood et aL, 1971; Youngblood and Blumer, 1973), but the C21 mono-alkene is

seldom reported. Coates et al. (1986) report the presence of a C21 mono-alkene in

Chiorodesm is fastigiata a filamentous green algae. A study of hydrocarbons in marine

benthic algae by Youngblood and Blumer (1973) show that Prasiola stipitata, another

green algae also contain a mono-alkene n-C21. However, other green algae such as Ulva

lactuca and Enteromorpha linza show no traces of this olefin.

The exact mechanism by which these HBI are destroyed during storage is

uncertain. Photoxidation is one potential mechanism, microbial degradation is another,

and most likely a combination of both is affecting the sample. More work on the effects

of sample storage on HBI and other unsaturated hydrocarbons are needed. Such

experiments could give a clue about HBI transformation in the marine environment.

Model proposed.

Production of C25 HIBI occurs within the surface chlorophyll/fluorescence

maximum during the time of phytoplankton exponential growth. The C30 HBI appear

deeper in the water column most likely associated with senescent phytoplankton sinking

beneath the euphotic zone. Colonization of phytoplankton by different microbial

populations is possibly responsible for their different distribution. The HBI-containing

particles then follow two different pathways:
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1. Zooplankton ingestion of particles and later release of the HBI in the fecal

pellets, protected from degradation, sinking fast, until they reach the sediments where

decomposition of large detrital fragments take place. Rapid settling of a phytoplankton

bloom could aid in the survival and deposition of fine particles to the bottom sediments

which otherwise undergo decomposition in the water column as the particles slowly

sink.

2. A fraction of phytoplankton not grazed by zooplankton remains as single cells

in the surface waters, which are collected by the water sampler and observed in the 1.2-

40 tm particle size range. The degradative process for small particles is decoupled from

that affecting coarser particles (>300 tim) which have a lower probability of being

collected in water samplers.

Depending on the environmental characteristics of the sedimentary setting (e.g.

sediment accumulation rates, amount of metabolizable organic matter, presence of

reactive iron) the HBJ could follow divergent pathways once they reach the surface

sediments: (1) metabolization by aerobic/anaerobic benthic organisms; (2) incorporation

into a more refractory organic matrix via sulfur or ether linkages.

Future research.

In order to determine seasonal changes in the profile of HBI present in SPM,

samples should be collected during the Summer and the Winter seasons.

The use of particle size fractionation of the SPM could help to elucidate the

potential source for the C25 HBI when used in conjunction with microscopic observation

and taxonomic description of the subsamples (Hurd and Spencer, 1991), assuming

different organism communities are associated with different size fractions (Thompson

and Eglinton, 1978; Wakeham, 1990).

Culture of mixed population of plankton collected from waters containing the

HBI and experiments affecting their environment could give insights about the source

and degradation of HBI in the marine environment.
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Analysis of HBI from SPM captured in sediment traps and comparison of fluxes

with those observed in sediments can help determining the significance of small and

large particles in the transport of highly branched isoprenoids to the sediments.



61

CONCLUSIONS

C25 and C30 HBI found in SPM represent major discrete compounds in the

hydrocarbon fraction. The C25 and C30 HBI maximum concentrations associated with

the surface and subsurface chlorophyll maximum respectively indicate different sources

are responsible for the production of HBI in the upper water column. A microbial

population associated with phytoplankton at different growth stages could be the origin

of the HBI.

Particle size fractionation of an SPM sample from the shelf region shows the C25

HBI in the 1.2-20 and 20-40 jim fractions supporting the hypothesis of their

algallmicrobial origin. The absence of C30 HBI on the fine particles corroborates that

a different origin exists for the C25 and C30 HBI pseudohomologues.

The C25 HBI tn-unsaturated isomers maintain their proportion and the tetra-

unsatured isomers show variability when comparing their distribution in the water

column with surface sediments in the region.

Enrichment of the C25 HBI and HEH is observed in different particle size

fractions indicating their presence could be atributed to different organisms and/or

produced under different physiological states of the potential sources.

Transformation of C25 and C30 HBI continue after their extraction from SPM and

stored at low temperature for a year or exposed to light at room temperature for a few

months. The disappearance of HEH and C25 HBI and the presence of a n-C21 mono-

alkene as the major hydrocarbon in a sample stored for two years could be ascribed to

rnicrobiallfungal contamination. The straight olefin seems to have been produced during

the storage of the sample based on comparison of the ratio of the C25 tn-unsaturated

HBI in the sample with the average value calculated for the entire water column

sampled and surface sediments of the region.

Particle size fractionation experiments on the SPM collected during

phytoplankton blooms provide valuable information about the source and degradation

of lipid biomarkers such as the highly branched isoprenoids.
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CHAPTER 1V

REDOX CONDITIONS AND DISTRIBUTION OF HIGHLY BRANCHED

ISOPRENOIDS IN WASHINGTON COASTAL MARINE SEDIMENTS

INTRODUCTION

Highly branched isoprenoid hydrocarbons (HBI) have been previously reported

in sediments representing diverse depositional environments. Prahi and Carpenter (1984)

detected four acyclic, multibranched, C25 HBI in sediments throughout the Washington

coastal area. Barrick et al. (1980), and Barrick and Hedges (1981) also observed the

presence of several multibranched C25 hydrocarbons in Puget Sound,WA surface

sediments with concentrations ranging from 3.0 to 14.0 j.tg/g OC in the 0-2 cm depth.

Similar compounds are dominant in Peru Upwelling sediments (Volkman et al., 1983),

Branfield Strait, Antarctica (Brault and Simoneit, 1988) and in SPM from the Cariaco

Trench (Wakeham, 1990). Requejo and Quinn (1983b) isolated and identified 11

different alkenes in Narragansett Bay sediments, of which the HBI were trace

constituents. Requejo and Quinn, (1983b) reported the presence of a major alkene

1b25:2 with its highest concentration found at the mouth of the Providence River, but

no geographic pattern was evident in the entire Narragansett Bay estuary. Requejo and

Quinn (1983b) do not report the presence of b25:4 isomers, they argue that the

procedure they employed to isolate the HBI is sensitive only to compounds containing

1-3 double bonds, b25:4 or HBI with more double bonds are lost. It has been postulated

that the HBI are produced in surface waters (Rowland and Robson, 1990 and references

therein) and transported via fecal pellets to the sediments (Prahl et al., 1980). Requejo

1b25:2 denotes: "branched-25-carbon-2-double booth"
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and Quinn (1983a) reported that C25 alkenes were formed during laboratory

decomposition of samples of Cladophora algal mat inoculated with homogenized

sediments. They hypothesized the C25 HBI were formed during early diagenetic

processes or perhaps from de novo synthesis by organisms such as purple photosynthetic

bacteria which are active in anaerobic decomposition of organic matter. However, the

existence of these bacteria is restricted to shallow benthic environments where light is

still available. In spite of the ubiquitous presence of HBI in suspended particulate

material, sediment trap material and recent sediments the origin of the HBI still remains

elusive. The HBI do not seem to last long in recent sediments.

Vertical profiles in coastal sediments show an exponential decrease with depth

suggesting a rapid transformation (Barrick et at., 1980; Requejo and Quinn, 1983b;

Volkman et at., 1983). The diagenetic pathway by which HBI are degraded is presently

unkown. The saturated homologues have not been detected in the sediments suggesting

hydrogenation is not a significant mechanism in the transformation of the HBI (Requejo

and Quinn, 1983b; Volkman et al., 1983). Complete remineralization to CO2 within

suboxic/anoxic sediments is a plausible diagenetic pathway. Remineralization of a wide

range of organic compounds using sulfate as an electron acceptor has been reported

(Jorgensen, 1982) invoking the interaction of sulfate reducing bacteria and other

heterotrophic bacteria for mutual benefit (Tezuka, 1966).

Conversion of HBI into a more polar molecule by incorporation of sulfur to

double bonds via intramolecular addition (Sinninghe Damsté et al., 1988) or crosslinking

to accreting macromolecules (Volkman et al., 1983) and specifically intermolecular

addition via sulfur linkage (Sinninghe Damsté et al., 1989b) have been postulated to

explain the rapid disappearance of HBI from the hydrocarbon fraction of sedimentary

lipids. These diagenetic pathways have not been documented in surface sediments to

date.

The study undertaken in sediments from the continental slope and shelf off the

Washington coast was carried out to elucidate the geochemistry of HBI compounds,

their spatial and temporal distribution in recent sediments, their association to particle

size and their fate in the sedimentary record. Once the source and diagenetic



transformations of HBI are more fully understood, these compounds will be valuable as

geochemical and paleoenvironmental indicators. A detailed study of a particular suite

of hydrocarbons such as this, which seems to be widespread in continental margin

sediments could help to provide new insights about the mechanisms controlling the

preservation of organic matter in contemporary coastal marine sediments. Some of the

questions addressed on this chapter are: Do the concentration and distribution of HBI

in surface sediments reflect what is observed in the water column? Do HBI exhibit

significant spatial variation? What is their variability in a 5 year span? Are HBI

associated with some specific particle size? Is there any evidence for in situ formation

of HBI? Under what environmental conditions? Do the HBI show an exponential

decrease with depth? What processes transform and degrade C25 HBI once they are

deposited on surface sediments?
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RESULTS and DISCUSSION

Coastal marine sediments where upwelling occurs are sites of high primary

productivity and a large production of particulate organic matter some of which reaches

the underlying sediments. Although bottom waters rarely become anoxic, sediments

within few centimeters of the water-sediment interface develop anaerobic conditions due

to the depletion of oxygen in the remineralization of organic matter that takes place

during and after sediment deposition (Henrichs and Reeburgh, 1987). Redox zones and

boundaries are active sites of rapid chemical and biochemical reactions important in the

study of organic matter diagenesis (Christensen et aL, 1984; Jorgensen, 1990a,b).

Identification of redox boundaries in the sediments is necessary to determine whether

major changes in the concentration of HBI are occurring under oxic/suboxic or

anaerobic conditions, which in turn can provide some insight about the importance of

aerobic vs. anaerobic remineralization of these compounds or reaction with reduced

sulfur within the bacterial sulfate reduction zone. Once the sedimentary settings have

been characterized, the core depth, particle size, and spatial distribution of the HBI are

examined to determine potential sources and diagenetic fate for these compounds.

Redox characterization of shelf and slope sediments. Most of the studies of organic

matter diagenesis in sediments have not included the related interstitial water chemistry

(Grundmanis and Murray, 1982). In this work, the analysis of dissolved Mn and Fe in

porewater helps to characterize the redox conditions of the sediment core, to establish

where reducing conditions occur in the sediments and to demark a boundary below

which reduced sulfur is more likely to exist and OSC to be formed.

Porewater [Mn2} and [Fe2] is plotted in Figure IV. 1. The diagenetic profiles

on the shelf show some variability with depth. [Mn] is high at the surface (3200

nmoleslkg) decreasing to almost zero concentration with depth (32 nmoles/kg). A broad

subsurface maximum appears between 12 and 24 cm, below 24 cm Mn concentration

goes to background levels again. The Fe profile shows more variability than Mn and
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what seems to be three maxima, one near the surface, one at an intermediate depth

between 9-24 cm and a hint of one deepest in the core centered around 32 cm depth.

Upwelling during the summer produces blooms of phytoplankton on the

Washington shelf increasing the amount of organic matter transported to the underlying

sediments. Fresh plankton detritus causes an increase of microbial metabolic activity

at the water-sediment interface rapidly consuming oxygen that diffuses into the

sediments. Terminal electron acceptors such as Mn and Fe oxides are reduced causing

a buildup of both Mn2 and Fe2 in the upper few cm. Below the interface,

precipitation as reduced solid phases can take place (Aller, 1980). The presence of tube-

dwelling meiofauna and interconversion between solid phases may explain the presence

of the deepest Mn and Fe maxima. Coarse shelf sediments and the presence of benthic

organisms causing bioirrigation (Smethie et aL, 1981) may inherently produce large

variation in the data. The porewater data for Mn and Fe is in agreement with the rapid

disappearance of nitrate from the bottom water concentrations of 32 .tM to <1 .tM in

the 1W below 2 cm and maximum sulfate reduction rate (0.5 pmollcm3/s) around 5 cm

as reported by Christensen et al. (1984 and 1987). The distribution of reduced Mn and

Fe observed, corroborates the notion that anaerobic conditions exist in Washington shelf

sediments below 2 cm. Some of the variability on the shelf profile may be caused by

analytical problems during pressure filtration. In some instances, >3 ml of 1W was

available. High hand-pressure applied to the filter may have caused fine particulate

material to pass through affecting the concentration of Fe and Mn.

On the slope, a maximum concentration near the sediment-water interface is

evident for Mn and Fe. [Fe2j and [Mn2] are fairly constant below 12 cm. The near-

surface maximum in the [Mn2] and [Fe2] profiles indicate that remobilization is

occurring very near the water-sediment interface suggesting the existence of reducing

conditions within the first two centimeters of the sediments. Low [Mn21 and [Fe2]

below the maximum suggests precipitation with carbonate and sulfide phases,

respectively is occurring under anoxic conditions (Aller, 1980).

Results for Mn and Fe in 1W on this study and porewater nutrient concentrations

by Christensen et aL (1984) indicate that suboxic conditions exists below 2 cm in the



shelf sediments. However, these results seem to conflict with the knowledge that

bioturbation, bioirrigation and physical events can be reworking the sediments

concurrently.

The presence of a surface mixed layer (SML) that varies from 6 to 15 cm in the

midshelf has been reported by Smethie et al. (1981), Nittrouer et al. (1979) and

Nittrouer and Stemberg (1981). The 210Pb mixed layer depth is assumed to reflect the

region within the seabed of most intense and frequent biological and physical activity.

Deposit-feeding infauna displace the sediment when feeding and during their vertical

motion. Visual inspection of a sediment core from the midshelf revealed the presence

of polychaetes at 30 cm depth. Heart urchins were also found in surface sediments

collected with a grab core in surrounding stations (Pinto, unpublished).

Irrigation, another factor, can be viewed as organisms pumping seawater into the

seabed with subsequent upward advection of 1W. Christensen et al. (1984) have

indicated that bottom-water to porewater exchange is rapidly occurring to depths of over

30 cm perhaps through macrobenthic irrigation allowing downward diffusion of oxygen.

Transport of solutes also may be occurring laterally as radial diffusion across the walls

of vertically oriented burrows and tubes (Christensen et al., 1984).

Another process by which sediment mixing occurs is by physical events. The

seabed on the Washington shelf is eroded by storms an average of 75 days/year

(Stemberg and Larsen, 1976). Periods of strong bottom current are associated with

individual storms that sweep the Washington continental shelf in winter (Sternberg and

Larsen, 1976). Particles are eroded and redeposited during sediment transport. 1W is

released to and mixed with the overlying water column (Smethie et al., 1981). Smethie

et al. (1981) calculated that within 10 days after cessation of motion and redeposition

of sediments, a steady-state profile for 222Rn is reestablished in the 1W.

Another aspect to consider is the frequency of the process. Storms occur mostly

during the winter season and affect mainly the inner shelf region. Sediments were

collected in the summer seasons of 1985 and 1990 and probably not influenced by

storm-induced sediment mixing (Stemberg and Larsen, 1976). The present work was

not intended to study seasonal changes in the distribution of HBI in the sediments
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although it is an important variable that should be considered in future studies to

evaluate episodic input of HBI.

All these data can be reconciled if it is understood that these events are operating

at different time scales. Consideration of time is of great importance in the evaluation

of the redox conditions and in defining the contributing factors affecting the observed

profiles. 210Pb profiles provide insight to sediment mixing over time scales of decades.

For the shelf, particles spend an average of 35 years within the SML before being

preserved by net accumulation (Nittrouer and Sternberg, 1981).

Although burrowing by benthic organisms entrains bottom water deep in the

deposit and resuspension and redeposition of sediments is occurring, these events seem

to be episodic and patchy in nature and/or slow compared to rates of biological and

diagenetic processes affecting solutes and some sedimentaiy hydrocarbons (Barrick et

aL, 1980). Consequently profiles with distinct features are evident within "surface

mixed" zones.

Total sulfur (Th) and elemental sulfur (S°) in the sediment coies. Data for S° and TS

are summarized in Table IV. 1. The concentration of TS in shelf sediments increases

with depth reaching a maximum at about 15 cm and thereafter it stays fairly constant

down to 28 cm (Figure IV.2a). The increase in TS concentration on the shelf suggests

an increase in the formation of sulfide solid phases with depth. Iron sulfides, possibly

going from thermodynamically unstable amorphous iron sulfide (FeS) to more stable

phases such as mackinawite (FeS) and greigite (Fe3S3) and the formation under

anaerobic conditions of pyrite (FeS2) (Kaplan et al., 1963; Howarth and Giblin, 1983)

likely dominate the sulfide mineral phases (IBerner, 1984; Canfield,1989b). The TS data

support the porewater results showing that suboxic to anoxic conditions exist within the

SML, in spite of being part of an unstable open system. TS concentration levels off

around 15 cm which could be interpreted as the base of the SML.

Slope sediments show very constant TS values with depth. Profiles of TS

measured 5 years apart are remarkably similar on both settings, although, a systematic

difference in concentration appears in the data (Figure IV.2b). The TS profile suggests
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Table IV.1 Geochemical parameters for sediments collected off the Washington coast.

a total organic carbon
b atomic ratio
C total sulfur
d elemental sulfur [jig/g dry wt]
e total extractable lipids [mglg dry wt]

percentage weight with respect to total weight
g Keil et aL, 1993
nd:not detected
nm:not measured



Table IV.1 (continued)

SHELF SLOPE

depth (cm) TOC° C/Nb Tsc Sod TELe depth (cm) TOC C/N TS S° TEL
(%) (%) (%) (%)

July 1985 July 1985
0-2 0.70 15.1 nm 84 urn 0-2 3.05 10.1 nrn nd nrn
2-4 0.70 15.4 urn 125 urn 2-4 2.97 10.2 urn nd urn
4-6 0.86 15.7 0.09 96 nm 4-6 3.00 10.3 0.09 nd nrn
6-8 0.92 15.2 0.06 154 nrn 6-8 2.94 10.1 0.09 0.11 nm

8-10 1.16 14.1 0.10 122 urn 8-10 2.93 10.1 0.08 0.59 urn
10-15 0.86 14.8 0.11 171 urn 10-14 2.87 10.3 0.09 0.84 urn
15-21 1.02 16.3 0.15 27 urn 14-18 2.85 10.3 0.09 nd nm
21-27 1.22 14.8 0.15 nd urn 18-22 2.76 10.7 0.10 ud nm

22-26 2.68 10.5 0.13 ud urn
August 1990 26-30 2.55 10.7 0.14 nd urn

0-1 0.56 14.1 0.08 92 0.40 30-34 2.49 10.9 0.14 ud urn
1-3 0.53 16.5 0.06 110 0.31 34-38 2.30 11.0 0.14 nd urn
7-9 0.70 17.6 0.10 154 0.34

13-15 0.75 17.7 0.16 162 nm August 1990
19-21 0.95 18.8 0,17 188 nrn 0-1 3.03 10.5 nm urn 1.45
27-29 1,07 22.5 0.17 161 0.36 3-5 2.58 11.1 0.12 1,35 urn

7-9 2.43 11.2 0.11 1.64 urn
11-13 2.63 11.2 0.12 0.95 urn
15-17 2.68 11.2 0.11 1.15 urn

Paxticle size fractionation
wt

August 1990 (7-9cm) August 1990 (11-13 cm)
<63 pm 0.78 11.3 0.13 261 0.59 36 <63pm 2,87 - urn 1.49 urn 58

63-250 pm 0.33 11.1 0.09 63 0.15 63 63-250 pm 3,39g
- urn 0.71 urn 11

>250 pm 21.8 40.9 2.70 752 3.46 0.9 >250 pm 2.76 - urn 0.38 urn 31
recous. bulk 0.68 11.4 0.13 140 0.34 100 recons. bulk 1.06 100
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the slope is a stable system where bioturbation or physical processes if occurring on the

surface, do not affect the sediments below 5 cm. The TS data confirm the porewater

results supporting the idea that anaerobic conditions have been reached very near the

water-sediment interface. A constant TS concentration with depth suggests that the

sediments have reached the maximum capacity to form sulfide minerals. The underlying

assumption is that TS consists of sulfur mineral phases mainly iron sulfides (Canfield,

1989b). There are two major factors that could limit the amount of total sulfur observed

in these sediments. Firstly, the availability of "reactive" iron to react with sulfides

(Canfield, 1989b). The [Fe21 in 1W was shown to be reduced to a minimum below 8

cm. Secondly, the availability of reduced sulfur as a product of bacterial sulfate

reduction. Sulfate is plentiful on bottom waters and will penetrate deep into the

sediments by diffusion and possibly bioithgation due to the activity of benthic

organisms. Consequently, sulfate should not be a limiting factor in the production of

reduced sulfur in surface sediments. The other important factor is the rate of supply of

metabolizable organic matter to the sediments. TS percentage is very similar in the

shelf and the slope suggesting that there is plenty of reactive organic matter in both

environments to be used in anaerobic metabolism. It is possible that reactive iron is the

limiting factor for the production of iron sulfides in the area.

Samples collected in 1985 for this study were frozen onboard ship, brought to

the laboratory and Soxhiet extracted under ambient conditions. In 1990, the cores were

sliced and immediately extracted onboard ship under a nitrogen atmosphere to test for

the possibility of S° formation due to oxidation of reduced sulfur in the cores. Mossman

et al. (1991) state that post-sampling oxidation and/or the chemical treatment prior to

the extraction of S° might have converted porewater sulfide anions and organic

polysulfides to S0 in their study of sulfur in Peru Upwelling organic-rich sediments.

Similar concentrations of S° were obtained when the extraction was carried out under

aerobic conditions (for W85-SH) or in a N2 atmosphere (for W90-SH). These values

indicate that S° is not an artifact formed during the extraction procedure but represent

a real feature in Washington coastal sediments. However, the opposite could have not

been proved by this experiment, that is, large differences in the concentration of S0 in
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samples taken five years apart would have not been sufficient evidence to conclude that

S° was an artifact of the methodology employed.

S° in shelf sediments is present at the very surface and remains relatively high

to a depth of 15 cm (Figure IV.2c). Average concentrations in pg/g dry weight for 6

depths in 1985 and 1990 show strikingly similar values (125 ± 33 and 144 ± 36,

respectively). Similar maximum concentrations (100tg S/g dry wt) have been reported

by Troelsen and Jorgensen (1982) in Danish coastal sediments and Mossmann et al.

(1991) in the Peru Upwelling region for a sandy diatomaceous mud with up to 30%

contribution of sand-sized terrigenous grains. Two major differences are observed in

the distribution of S° with depth in this region between 1985 and 1990. The 1990 core

displays a smooth broad subsurface maximum starting to decline below 15 cm but still

present at 28 cm. The 1985 core displays a more jagged pattern for the subsurface

maximum although as broad as in 1990. S° decreases steeply below 15 cm becoming

undetected below 24 cm. The broad maximum observed for S° in the shelf resembles

what Francois (1987a) measured in Jervis Inlet, a fjord basin with permanent oxygenated

bottom water. He found that S° maximizes above the sulfidic zone and within the SML.

It is possible that S° is formed within reducing microniches where anaerobic conditions

are attained due to the remineralization of organic matter and metabolism by sulfate

reducing bacteria (Jorgensen, 1977b). It is also likely that mixing due to bioturbation

brings S° from the base of the SML to shallower depths (Francois, 1987a). Episodic

physical mixing (Smethie et al., 1981) may also influence the shape of the S° profile.

On the slope, a subsurface maximum is observed in 1985 with its highest

concentration at 12 cm (Figure IV.2d). The presence of S° was detected only between

6 and 14 cm. In the 1990 core the concentration is slightly higher than in 1985 and it

appears as if a maximum is observed at 8 cm. S° is detected in all four sediment layers

sampled from 3 to 15 cm. Reduced Mn and Fe 1W profiles on the slope are in

agreement with the S° depth profile in that their distributions reflect the changing redox

conditions associated with the progressive oxidation of organic matter. The subsurface

maximum observed on the slope indicates the region where maximum oxidation rate of
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reduced sulfur is ocurring. S° is formed at an Eh lower than that required for the

oxidation of remobilized reduced Mn and Fe (Aller, 1980).

The concentration of S° on the slope is about two orders of magnitude smaller

than in the shelf. This observation can be interpreted in two ways. Firstly, a lower

sulfate reduction rate occurs in the slope compared to the shelf. Thus, less reduced

sulfur is available for the formation of S° by oxidation. But two pieces of evidence

indicate the opposite. TS in the area is just slightly lower than what is observed on the

shelf. Therefore, the rate of sulfate reduction does not seem to be a limiting factor in

the production of reduced sulfur species. It is important to note at this point that even

in shelf sediments S° represents <10 % of TS. Thus, it is not straightforward to

estimate whether slight changes in TS are affecting the amount of S present in that

environment. The other piece of evidence is that TOC in slope sediments decreases in

concentration with depth indicating partial degradation and remineralization within the

anaerobic region. Again, it is important to note that although there may be a large

percentage of refractory OC in slope sediments as postulated later in this chapter, there

is a fraction that is readily metabolizable by the microbial population as observed in the

W85-SL profile (Table N.!).

An alternative explanation for the observed concentration of S° is related to the

stability of the anaerobic regime. The system has become anaerobic in the near surface

sediments possibly due to the presence of the oxygen minimum in the bottom waters,

rapid consumption of oxygen in the surface sediments, and lack of active bioturbation

by benthic organisms in the sediments. Most of the reduced sulfur produced by

bacterial sulfate reduction will react with reactive iron to form stable mineral phases

under these conditions. Small amount of S° could still form as a product of the reaction

between ferric oxides and polysulfides (Thode-Andersen and Jorgensen, 1989;

Mossmann et al., 1991).

Particle size fmcionation expenments. Percentage weight data obtained for each

particle size fraction in shelf sediments (Table IV.1) support previous knowledge that

indicates the midshelf sediments are composed mostly of coarse silt and sand material
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(McManus, 1972). 63% of the sediment by weight is in the range of 63-250 jim. The

remainder is almost entirely fine silt-clay material. Particles coarser than >250 jim

represent <1% of the total weight (Figure IV.3). Visual inspection of the coarse fraction

shows largely woody debris and plant detritus. This observation is supported by the

large percentage of TOC (21.8%) and the high C/N ratio (40.9) measured in the >250

jim fraction demonstrating a clear source separation between sandy (63-250 jim) and

coarser (>250 jim) material in these sediments (Table IV.!). Similar results were

obtained by Ertel and Hedges (1985) for a shelf sediment fractionated densimetrically.

The resulting low density material accounted for only 1% of the sediment mass but

contained 25% TOC and C/N ratios between 30-40. Lignin phenol yields obtained by

Ertel and Hedges (1985) from the low density material confirms the enrichment of

vascular plant debris in the coarse, less dense >250 jim fraction.

On the slope, the percentage weight of particle size <63 jim is 58%, sands

represent only 11%. It is worth noting that these sediments contain 31% of particles

>250 jim when it has been demonstrated that the slope region is mostly constituted of

fine hemipelagic mud (Barnard, 1978). Visual observation of the material that remains

on the coarse >250 jim sieve revealed that aggregates of fine particles (<63 jim) were

the primary constituents. Mechanical fragmentation of these aggregates occurred easily

during the washing steps if water under pressure was squirted onto them.

The pisence of micmiducing envimnments within the SML. It has been suggested

that microreducing environments found within particles may be sites of active

transformation and metabolism of organic matter. Their presence in surface sediments

still under the influence of oxygen diffusing downward from bottom waters can account

for the formation of pyrite in the system (Jorgensen, 1 977b) which can only be produced

under anaerobic conditions (Bemer, 1970 and 1984). TS is highly enriched on the

coarse fraction (2.7%) of shelf sediments when compared to the other size fractions and

the total reconstructed bulk (0.13%). TS from bulk reconstructed shelf sediments is

slightly higher than what was measured for the bulk sediment layer (0.13% vs. 0.10%,

respectively) indicating good stability of TS during exposure of sediment to sieving and
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size fractionation. Although the >250 .tm size fraction comprises only 1% of the total

weight of the sediments, it contains 20% of the sulfur present in the bulk sediments.

This value represents a 20 fold enrichment compared to the reconstructed bulk sediment.

Most ot the sulfur detected in the coarse fraction is likely to be present as iron-sulfide

mineral phases. Some of the sulfur may have an allochthonous source as weathered

fossilized material washing in by the Columbia River, although the increase in TS with

depth suggests the formation of sulfur minerals in situ. Christensen et al. (1984) found

that the rate of sulfate reduction maximizes between 5-10 cm depth in two midshelf

cores (0.5 pmol/cm3/s). The high amount of TS found in the coarse size fraction is an

indication of active sulfate reduction and consequently the existence of microniches

where anaerobic conditions are met (Jorgensen, 1977b).

S° is also enriched in the coarse fraction of shelf sediments as a consequence of

a large production of reduced sulfur within these particles. However, when comparing

the TS to S° concentrations on each of the particle size fractions, an increase in the ratio

is observed with size (cz63tm: 5X; 63-25Otm: 14X; >250im: 36X). This trend with

size is interpreted as the existence of more stable reducing conditions in the coarse

material than in the finer particles. Bacterial sulfate reduction will occur within the

particles establishing a gradient in reduced sulfur diffusing outwardly. The smaller the

particle, the more surface is exposed to oxidation and consequently more S° will be

formed compared to that in larger particles.

Slope sediments are exposed to more stable anoxic conditions as shown

previously. S is enriched in the <63i.tm size fraction and depleted in the >25Oim with

respect to the bulk sediment (Table P1.1). These results may indicate the different

degree to which particles are exposed to oxidation based on particle size.

Characterization of HBL Examination of sediment cores from midshelf and slope

locations show the presence of a series of four C25 tn- and tetra-unsaturated HBI (Figure

IV.4). A series of C30 HBI, pseudohomologs of the C25 HBI series, have been also

identified in the sediments. Relative retention times and mass spectra obtained for the

C25 HBI in sediments is identical to those obtained in SPM. A C25H50 hydrocarbon was



Figure LV.4 A typical gas chromatogram of the hydrocarbon fraction extracted from slope sediments off the Washington
coast. Insets: (a) C25 and (b) C30 HBI.

Indentification of peaks.

#: n-alkanes
RS: recovery standard
IS: internal standard
Os: OSC (isomers, M: 398)
D: diploptene
bl,2,3,3',4,4': C25 HBI
a,b,cd,e: C30 HBI.
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detected on slope surface sediments. Its mass spectrum is identical to that published

by Dunlop and Jefferies (1985) for a C25 HBI monoalkene (br25:1) found in a

hypersaline oceanic region in Western Australia. Another relatively major C25 HBI

observed in these sediments corresponds to a C25H48 hydrocarbon. An identical mass

spectrum has been published for a C25 HBI diene (br25:2) detected in a deltaic

environment (Albaiges et al., 1984) and in a lacustrine environment (Iruela et al., 1990).

Examination of L-2 fractions for C25 and C30 HBI indicate complete absence of these

biomarkers assuring a quantitative elution in the apolar fraction (L-1).

Disiribution of C HBI with depth in slope and shelf sediments. When expressed in

terms of the carbon content (Table IV.2), it is possible to qualitatively assess

contribution of sources and/or degree of early diagenesis as will be discussed later. The

distribution of the C25 HBI behaves in a similar fashion to the individual concentrations

with depth (Table IV.2). In samples collected in 1985 and 1990, the suite of C25 HBI

shows a continuous concentration decrease with depth until a non-zero minimum is

reached (Figure IV.5a). The C25 HBI to OC measured on surface shelf sediments is

two times higher in 1985 than 1990, but this difference disappears below 8 cm. Deeper

in the core, the C25 HBI tend to follow a single curve. The HBI on the slope is also

remarkably similar in 1985 and 1990. The concentrations of these compounds decrease

to negligible levels rapidly with sediment depth from the water-sediment interface.

Similar HBI profiles have been observed in previous studies of other coastal/estuarine

regions (Wade and Quinn, 1979; Barrick et al., 1980; Barrick and hedges, 1981 and

Volkman et al., 1983). The tn- and tetra-unsaturated isomers are the most abundant C25

HBI observed in the Cariaco Trench SPM and sediment "floe" (Wakeham, 1990), the

sediments of Puget Sound,WA (Barrick et al., 1980) and the Peru Upwelling region

(Volkman et aL, 1983). Their distribution and those found in Washington coastal

sediments (Prahl and Carpenter, 1984) and in this study are remarkably similar.

Volkman et al. (1983) suggested these similarities imply a common biosynthesis or

transformation of the same precursors and hence the probability of a common origin for

the same, or related, organism. No information is available as to their distribution in



Table 1V.2 Abundance of C25 HBI [ig/g OC], proportion between isomers and ZC30 HBI [j.tg/g OC]
in Washington coastal sediments.

a c25 HBI tn-unsaturated isomers.
b c HBI tetra-unsaturated isomers.
C sum of the tn- and teiraunsaturated isomers.
d ratio of the tn-unsaturated C HBI.
e ratio of the tetra-unsaturated C HBI.

ratio of the sum of tn-unsaturated to the tetra-unsaturated C25 HBI.
g sum of C30 HBI
h OC for each size fraction from Keil et aL, 1993

nd:not detected



Table 117.2 (continued)

SHELF SLOPE

3a 31a 4b 41b ZC 3/3
id 4/41e 3s/4s1 C30 3 3' 4 4' 3/3' 4/4' 3s/4s C30

July 1985 July 1985
depth (cm) depth (cm)

0-2 20 30 24 17 91 0.7 1.4 1.2 30 0-2 6.5 0.9 6.7 4.5 27 0.7 1.5 1.4 14
2-4 18 21 12 8.7 60 0.9 1.4 1.9 18 2-4 4.5 6.0 3.9 3.3 18 0.8 1.2 1.5 10
4-6 12 20 11 8.3 52 0.6 1.3 1.7 22 4-6 3.8 5.0 3.4 3.2 15 0.8 1.1 1.3 8
6-8 11 14 6.2 5.6 37 0.7 1.1 2.1 20 6-8 3.6 5.0 3.3 3.8 16 0.7 0.9 1.2 8

8-10 5.4 10 4.2 3.8 23 0.6 1.1 1.9 18 8-10 2,3 2.9 2.0 2.4 10 0.8 0.9 1.2 3
10-15 9.2 8.8 4.5 2.2 25 1.0 2.0 2.7 21 10-14 1.9 2.4 1.9 2.7 8.8 0.8 0.7 0.9 nd
15-21 2.1 5.6 2.1 2.9 13 0.4 0.7 1.6 9 14-18 1.1 1.1 0.7 0.8 3,7 0.9 0.9 1.5 ad
21-27 1.6 3.2 1.4 2.0 8.1 0.5 0.7 1.4 6 18-22 1.4 1.4 0.7 0.9 4.3 1.0 0.8 1.8 nd

22-26 0.4 nd ad ad 0.4 nd
August 1990 26-30 0.4 nd ad nd 0.4 nd

0-1 9,3 12 13 7.3 42 0.8 1.8 1.0 31 30-34 0.5 nd nd nd 0.5 ad
1-3 8.6 12 10 6.3 37 0.7 1.7 1.3 26 34-38 ad nd ad ad ad ad
7-9 7.1 10 6.6 4.3 28 0.7 1.5 1.6 34

13-15 4.1 8.6 3.5 2.5 19 0.5 1.4 2.1 21 August 1990
19-21 2.1 4.3 2.5 1.5 10 0.5 1.7 1.6 10 0-1 6.0 6.8 9.0 3.2 25 0.9 2.8 1.0 30
27-29 1,5 2.3 0.9 0.8 5.5 0.7 1.1 2.1 3.2 3-5 3.7 5.0 4.1 2.0 15 0.7 2.0 1.4 12

7-9 3.2 4.4 3.3 2.0 13 0.7 1.7 1.4 12
11-13 2.2 2.8 2.2 1.7 8.9 0.8 1.3 1.3 6.8
15-17 1.0 nd nd nd 1.0 ad

Particle size fractionation (7-9 cm) Particle size fractionation (11-13 cm)h

August 1990 August 1990
<63 pm 7.6 13.7 6.6 4.2 32 0.6 1.6 2.0 33 <63 pm 1.3 2.0 1.3 0.7 5.3 0.7 1.7 1.7 4.1

63-250 pm 5.8 9.7 4.3 2,7 23 0.6 1.6 2.2 14 63-250 pm 1.8 2.6 1.5 0.9 6.7 0.7 1.7 1.8 4.6
>250 pm 0.8 1.3 0.5 0.4 3.1 0.6 1.2 2.3 1.3 >250 pm 1.9 2.9 1.7 0.9 7.4 0.6 1.9 1.8 4.7

recons. bulk 4.6 7.9 3.6 2.3 18 0.6 1.5 2.1 15 reccons. bulk 1.5 2.3 1.4 0.8 6.1 0.7 1.8 1.7 4.3
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sediments of the Cariaco Trench. Wakeham et al. (1991) report the presence of only

one b25:3, an abundant b25:2 and no trace of the b25:4 isomers in the Black Sea SPM.

A sediment trap at 400 m and a surface sediment sample (0-1 cm) display similar

patterns. The HBI have completely disappeared at depth (20-22 cm).

C25 HBI are absent in fecal pellets hand-picked from the surface of Black Sea

sediments (Wakeham et al., 1991). The presence of C25 HBI in the Black Sea surface

sediment and sediment trap but not in fecal pellets could be interpreted in several ways.

Firstly, in situ production by anaerobic microorganisms (Requejo and Quinn, 1985).

However, no direct evidence of HBI has been found in or associated with sulfate-

reducing or methanogenic bacteria, both of which grow under anaerobic conditions. The

presence of the HBI in SPM and a sediment trap argue against this hypothesis.

Secondly, production of the HBI in surface waters and transport via fine particles or

post-bloom mass flocculation of plankton to the sediments. Alldredge and Gotschalk

(1989) have demonstrated that mass flocculation of diatoms provide a rapid transport

of fresh plankton to the sediments during an algal bloom in the Southern California

Bight. By means of this mechanism, large amount of organic matter is not consumed

by zooplankton and consequently no signal of HBI will be found in the fecal material

released and deposited in surface sediments. Thirdly, HBI transport via fecal pellets to

the sediments with transformation or degradation occurring during transport and soon

after deposition. Wakeham et al. (1991) do not report the depth at which the HBI

disappear from the Black Sea sediments; although they are undetected at the 20-22 cm

horizon. C25 HBI have been observed to decrease exponentially with depth in sediments

(Volkman et al., 1983; and this study), but their presence is still detectable in the first

5-10 cm. Their absence in fecal pellets present in Black Sea surface sediments would

argue against fecal pellet transport as the mechanism to explain the presence of HBI in

the sediments.

Disfribution of C30 HBI with depth in slope and shelf sediments. Samples collected in

1985 do not show as many identifiable C30 HBI compounds as in 1990 (see Appendix

4). This observation may be due exclusively to the different analytical conditions on



which these sets of samples were analyzed. Samples obtained in 1985 were analyzed

on a GC using He as a carrier gas and a narrow-bore DB-5 glass capillaiy column.

Later, the carrier gas was changed to hydrogen and a wide-bore DB-1 column was used.

Profiles for the C30 HBI (/OC) in 1985 and 1990 shelf sediments can be characterized

as variable within the SML due possibly to bioturbation (Figure IV.5b) followed by an

exponential decrease but still detectable in the deepest layer sampled (27-29 cm). Their

concentration is strikingly similar below the base of the SML between 1985 and 1990.

In slope sediments, a systematic difference in concentration is observed for the ZC30

HBI between 1985 and 1990; however, their diagenetic profiles are very similar. A

simple linear estimate of the decrease in concentration with depth shows no significant

difference between 1985 and 1990. C30 HBI rapidly degrade in slope sediments

becoming undetected below 16 cm.

Relative propoition of C25 HBI tii- and teüa-unsatunded isomeis. The vertical profiles

for the HBI have shown a rapid decrease in both the shelf and slope sediments.

Additional information about their individual reactivities can be obtained when studying

the relative concentrations between isomers. This approach bears the caveat that

absolute concentrations are lost in ratios and large variation may occur when relating

values that are measured close to detection limits. Ratios between the tn- and tetra-

unsaturated isomers have been determined to evaluate preferential degradation between

the HBI.

On the shelf the 3/3' and 4/4' ratios display a general decrease with depth (Table

IV.2). The 3s/4s ratio in general increases with depth (1.0-2.1). On the slope, the 4/4'

ratio decreases rapidly within the top sediments suggesting the b25:4' isomer is less

reactive than the b25:4. The proportion of 3/3' and 3s/4s are rather constant with depth.

A consistent pattern in both sedimentary settings appears when comparing the 1985 with

the 1990 cores. However, there is no clear evidence to suggest that changes in the

redox conditions of the depositional environment affect the ratios of the C25 HBI. Ratios

reported by Volkman et al. (1983) in Peru Upwelling sediments (3/3': 0.5, 414': 1.3-0.4,



3s14s: 1.4-1.0) and Barnck et al. (1980) in Puget Sound,WA (3/3: 0.5, 4/4': 1.3, 3s/4s:

2.9) agree with those observed here.

Changes in the ratio for isomers with the same number of unsaturations may be

explained in two ways. It is known that naturally occurring unsaturated fatty acids

contain mostly cis double bonds. This configuration makes the molecule less compact

decreasing its melting point. This property has a biochemical significance for the

organisms containing unsaturated fatty acids. The cis configuration is thermodynamically

less stable than the trans configuration, so it is possible that in the case of the C25 HBI

the initial proportion of isomers (b25:3 vs 3', b25:4 vs 4') present within the organism

changes to the more thermodynamically stable configuration in the sediments. If this

were the only process occurring to the HBI after deposition in the sediments, a mass

balance of the isomers containing a similar number of unsaturations should result in a

constant value with depth. The current data does not support this proposition, but nor

can it be disregarded due to the complexity of reactions and biogeochemical processes

occurring in the sediments.

An alternative explanation may rest in their stereochemistry which could make

one isomer more reactive than the other. Based on this assumption, the b25:4' have

double bonds hindered by the stereo arrangement of the molecule, making it less

reactive than its counterpart the b25:4 isomer. Unsaturated molecules having cis

configurations will have a different spatial arrangement to those with trans

configurations and therefore their capacity to react with other molecules will differ.

Barrick et al. (1980) suggest that these four alkenes are structurally identical except for

the occurrence of cis and trans isomers about one double bond and the presence of an

additional double bond at a remote site in the branched b25:4 isomers. Volkman et al.

(1983) suggest that it is also possible these compounds are not geometric isomers but

instead represent structural isomers with their double bond located on different positions

when comparing one isomer to the other. Absence of data indicating the position and

configuration of the double bonds in the molecule precludes any categoric conclusion.

A thorough structural characterization of these HBI is needed to determine if the relative

distribution of the respective isomers carry any significant diagenetic information.



Flux of HBI to sediments. A comparison of HBI fluxes to sediments (Table IV.3)

shows a greater difference in fluxes between the shelf and the slope in 1985 than five

years later. Fluxes for C25 and C30 HBI in the shelf and slope are very similar in 1990.

These values just provide a gross estimate of HBI deposition. They are calculated based

on the concentrations measured in the first cm of sediments. These values could vary

drastically due to heterogeneity of the sediment sample and the degree of degradation

after deposition. Fluxes were calculated based on sediment accumulation rates reported

by Carpenter et al. (1982) for the Washington midshelf (250 mg/cm2/y) and slope (50

mg/cm2/y). Lower fluxes on the slope are due to lower sedimentation rates in the area

and possibly selective degradation of these compounds. Flux for the ZC HBI in the

Peru Upwelling was calculated based on concentrations reported by Volkman et al.

(1983) and values for sedimentation rate, porosity and density of sediments given by

Gagosian et al. (1 983a). These sediments receive 30 times more C25 HBI than the

Washington shelf in 1985. This large difference is in agreement with the high

productivity and sedimentation rates observed in that area (Gagosian et al., 1 983a;

Henrichs and Farrington, 1984).

Table P/.3 Flux of HBI to sediments (mg/m2/y) off Washingtona and Peru Upwellingb region.

HBI Peru Upwelling (1978) 57.6

Washington 1985 1990

shelf 1.57 0.59
slope 0.41 0.38

3O HBI Washington
shelf 0.53 0.43
slope 0.22 0.45

a based on accumulation rates reported by Carpenter er al. (1982).
b based on concentrations reported by Volkman et al. (1983) and values for sedimentation rate, porosity and density
of sediments published by Gagosian et al. (1983a).



Transfomiation of IIBI within the SML on the shelf. The vertical profile for the C25

HBI in the shelf sediments contrasts with the profile of 210Pb in the same area (Nittrouer

et al., 1979; Smetbie et al., 1981). The fact that we observe an exponential decrease in

HBI concentration within the SML could mean that the transformation of the HBI

occurs at a much faster rate than the mixing of the sediments (Barrick et al., 1980)

supporting episodic rather than continuous mixing as suggested above. The station used

in this study is from the midshelf (W85-SH, W90-SH) at a water depth of about 70 m.

Sternberg and Larsen (1976) have estimated that on the Washington continental shelf

(at 75 m water depth) the seabed is eroded about 75 days each year, preferentially in

winter. Flow events associated with storms are the dominant mechanism that causes

erosion in the shelf (Nittrouer and Sternberg, 1981). Examination of x-radiographed

sedimentary structures indicate that biological reworking of the sediments prevail on the

midshelf and therefore biological structures (tubes and burrows) are more common than

physical stratification (bedding) at depths greater than 60 m (Nittrouer and Stemberg,

1981).

The C25 HBI profile displays a gradual decrease down to 28 cm well within the

sediment accumulation zone. The lack of any abrupt change in the profile near the base

of the SML (6-15 cm) suggests that the degradation of the HBI is decoupled from the

sediment mixing produced by the activity of the benthic fauna. Smethie et al. (1981)

indicate that the benthic organisms appear to be sparsely distributed in the area. It is

possible that burrowing affects mostly those particles in contact with the locomotion or

feeding carried out by the benthic fauna and the rest of the sediment remains

undisturbed. It has also been suggested that mixing may be particle selective (Barrick

et al., 1980). Carpenter et al. (1982) point out that more data is needed to understand

particle selectivity by deposit feeders, the rate of fecal pellet breakdown, and rate of

burial of free vs. pelletized sediments, to avoid oversimplification of the numerous

mixing processes occurring in the sediments which are neither rapid nor random.

The interpretation of the C25 HBI distribution with depth within the SML is

complicated by the fact that the SML varies with time. Based on Pb21° geochronology,

Nittrouer et al. (1979) found that the SML for a nearshore station was reduced from



spring to summer sampling (from 18 to 5 cm). They state that it was not possible to

determine whether changes in SML thickness was the result of local variability or of a

seasonal process. They also report that the midshelf SML is neither as well developed

nor as ubiquitous as the SML of the inner shelf.

The presence of a broad subsurface maximum of S° in the shelf in no way

contradicts what is postulated above to explain the profile for the HBI in shelf

sediments. The shape of the S° profile is controlled by the concentration of reduced

sulfur in the porewaters. Bioirrigation and eddy diffusion will affect the production of

S° but not necessarily the degradation of the HBI and other lipid components which are

part of the organic matrix possibly trapped within particle detritus.

Association of HBI with particle size. Geochemical information extracted from particle

size fractionation experiments carried out on shelf and slope sediments may shed some

light on the potential source, reactivity and fate of the C25 HBI. It has been suggested

previously that HBI produced in surface waters are transported to the sediment by fecal

pellets. Rapid sinking of HBI in large particles should occur on the shelf region.

Enrichment of HBI on coarse particles would tend to support the postulated transport

mechanism. The C25 HBI normalized to thy weight appears to be enriched about 6

times in the coarse >250 .tm size fraction compared to the reconstructed bulk sediment

(Table IV.4), implying that, certain particles within the coarse size fraction must contain

a large amount of C25 HIBI. If intact fecal pellets are present in the sediments, they will

appear in the coarse size fraction. Mechanical destruction of fecal pellets will introduce

particles containing HBI to the finer size fractions. The HBI do not appear to be

associated with particles in the 63-250 .tm range. The >250 J.Lm size shows a high

enrichment of OC, most of which is associated with the abundant terrigenous plant

detritus present in this fraction based on visual inspection and large C/N ratio (40.9).

Mass balance calculations indicate a small preferential loss of C25 and C30 HBI occur in

the reconstructed bulk sediment when compared to measured concentrations in bulk

sediments at the same depth (Table IV.2). Handling of the sediments during sieving

exposes the HBI to environmental conditions different than those found in the bulk
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sediments. Light and oxygen may react with the unsaturated HBI destroying a fraction

of them in the process.

Table 1V.4 Abundance of ZC HBI in particle size fractionated shelf sediments.

<63 jim 63-250 jim >250 j.tm reconstructed fine/coarse
bulk

[ng/g dry wt} 251 74 667 123 0.7
[ugig OC] 32 23 3.1 18 10.3
[nglmg maltene] 609 596 231 529 2.6

There is a widely accepted notion that the HBI have a marine origin thus their

concentration normalized to OC and maltene can give information about the contribution

of terrigenous vs. marine organic matter in the different particle size fractions to the

sediments. Maltene is operationally defined as the fraction of the lipid extract that is

soluble in heptane. The C25 HBI concentration (ng/mg maltene) is 2-3 times lower in

the coarse fraction than what is measured in the fine particles, whereas the amount of

HBI normalized to OC is about 10 times lower (Table IV.4). These results support the

notion that most of the OC present in the >250 m fraction is allochthonous and

refractory in nature, constituted mostly of lignin and other biopolymers (Ertel and

Hedges, 1985). Most of the lipid extract in turn then must have a marine origin. The

Columbia River is the major source of the vascular plant debris and other land-derived

detritus accumulating in continental shelf and slope sediments off the southern coast of

Washington (Hedges and Mann, 1979; Nittrouer and Sternberg, 1981). When the HBI

are normalized to OC, the coarse particles appear to be devoid of HBI compared to the

other fractions.

Some of the fine particles (<63 .tm) are resuspended on the shelf and become

part of the boundary nepheloid layer (BNL) with a net flow seaward (Pak et al., 1980).

Similar concentrations of C25 HBI in the <63 I.tm fraction on the shelf (31 ig/g OC)



compared to what reaches the slope sediments (27 j.tg/g OC) provides more

circumstantial evidence supporting a close interaction between the shelf and slope

environments.

The fine particles have strikingly similar concentrations to particles >250 im on

the slope when normalized to dry weight. Visual inspection of the latter shows that they

are aggregates of fine particles possibly bound by extracellular material. Grant et al.

(1986) report that some of the inter-grain binding observed in a sandflat may have been

produced by meiofauna extracellular mucus films. It is known that bacteria and diatoms

use extracellular polysaccharides for attachment and locomotion (Hobbie and Lee, 1980).

Thus, it is suggested that lateral advection and transport of fine particles from the shelf

could provide a fraction of the HBI observed in slope sediments. Breakdown of these

aggregates will mix the particles associated with the HBI with others devoid of them

resulting in a decrease in the dry weight concentration as particle size decreases.

Keil et al. (in press) carried out particle size fractionation experiments in

sediments off Washington. One of their sites is near the slope station where the

sediment core was collected for this study. Their value for TOC is 2.70%, very close

to the TOC in the unfractionated sediment analyzed here (2.63%). The loss of the

slope particle fractions after lipid extraction precluded any OC comparison with their

data. Their OC data for the different size fractions (2.87, 3.39 and 2.76% for <63, 63-

250 and >250 .im size fractions, respectively) supports from a chemical point of view

my observation that coarse particles are aggregates of fine particles. The concentration

of C25 HBI normalized to OC based on Keil et al. data (5.3, 6.7 and 7.4 j.tg/g OC in

<63, 63-250 and >250 jim size fractions, respectively) show no major differences

between fractions but a gradual decrease as particles get finer. These results suggest the

HBI are slightly more exposed to degradation in the fine particles. The same conclusion

can be drawn when the HBI are normalized to dry weight. The aggregated particles

perhaps provide some protection to microbial attack. Experiments carried out by Grant

et al. (1986) with extracellular polysaccharide films revealed that under similar stages

of erosion, the loss of chlorophyll was greater from cores without diatom films

suggesting that the films prevented degradation of the cells.



93

In spite of changes in the concentration of the C25 HBI observed in the different

particle size fractions, the proportion between isomers is kept remarkably constant in

both shelf and slope sediments. This similar reactivity to environmental variables

suggests these compounds are structurally very much alike and associated with the same

type of detritus.

Spatiai distribution of HBI on suiface sediments. Transport of organic matter to

Washington shelf and slope sediments can be caused by gravity where particles sink to

their burial site directly below the surface waters where they have been produced or by

lateral advection delivered within the bottom nepheloid layer (BNL) on the shelf and

exported offshore (Pak et al., 1980; Hickey et al., 1986; Small et al., 1989). Spatial

distribution of the HBI on surface sediments in the area may provide some information

regarding the locality where the HBI are produced and their degree of reactivity to

degradation. Concentration of HBI normalized to OC are reported here to have an idea

of the variability of these biogenic hydrocarbons with respect to the rest of the organic

matter present in the sediments. It helps to understand about their reactivity when

compared to the bulk OC and its association with different types of organic detritus.

Prahi and Carpenter (1984) report the presence of widely distributed tn-

unsaturated C25 HBI in Washington coastal surface sediments. The concentration of

b25:3 isomers varies greatly in the area. The sum of both isomers maximizes in the

midshelf (108 .tg/g OC) at a water depth of 90 m near the Willapa Canyon. A

minimum is observed on the slope (3.7 .tg/g OC) at a water depth of more than 1500

m west of the Quinault Canyon. A distinctive pattern is observed when the data is

plotted as a function of distance from shore, in other words along a shelf to slope

transect (Figure IV.6a). In general, the concentrations of these compounds maximize

within the area of the midshelf (Prahi and Carpenter, 1984). This is a region of intense

upwelling during the summer season supporting the hypothesis that C25 HBI are

produced by an algal/microbial source in large concentrations during phytoplankton

blooms as proposed in chapter ifi.
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The higher concentration of C25.3 isomers on midshelf surface sediments when

compared to slope surface sediments may be due to 1) more primary productivity over

the continental shelf than the slope (Perry et al., 1989) and 2) shorter residence time for

SPM in the water column (shallower water column) consequently limiting the degree

of organic matter remineralization, resulting in high sedimentation rates.

Processes associated with primary productivity occurring in the euphotic zone

over the slope will also produce HBI that will be transported downward to the

sediments. However, particles have to travel a longer distance to the bottom sediments

than their counterparts on the shelf and hence are subjected to degradation for a longer

period in the water column (Suess, 1980). The susceptibility of the C25.3 isomers to

degradation appears to be very similar. The average ratio for the 3/3' isomers in 17

surface sediments (Prahi and Carpenter, 1984) is 0.63 ±0.09 (1 ). The small variation

does not exhibit any geographic distribution pattern in surface sediments on the

Washington continental shelf or slope (Figure IV.6b).

Soune of the OC deposited on the slope. Gross et al. (1972) have suggested that the

impingement of the oxygen minimum on the slope around 800 m (<0.5 mi/L) has

favored the preservation of 2-3 times higher OC concentrations in slope sediments

relative to shelf sediments. Another possible mechanism to explain the presence of four

times more OC on slope surface sediments compared to the shelf (3.05% vs. 0.70%) in

this study is presented below. I postulate that the character of the OC (reactivity) and

the texture (kind) of particles reaching the slope are controlling the amount of OC being

deposited and preserved in this environment.

Visual inspection of coarse particles from station W90-SL has shown that

particles >250 tm are constituted of aggregates of fine particles that readily fall apart

during the washing step of the particle size fractionation experiment. Particle size

analysis shows that fine material (<63 .tm) is abundant in slope sediments (58% dry wt.)

and combined with the >250 .tm particles (3 1%) represent the bulk of these sediments.

It is also known that OC is enriched in finer sediments. The amount of OC associated

with fine particles is diluted in shelf sediments due to the presence of a high percentage



of particles in the range 63-250 .tm (63.1%) which do not contribute as much OC as the

finer particles (0.33% vs 0.78%, respectively). Thus, the change in the distribution of

particle size (kind) between the slope and the shelf region alone can be responsible for

the increase in OC.

The slope region is an order of magnitude deeper than the shelf region and OC

produced in surface waters has a longer residence time in the water column before

reaching the underlying sediments, allowing metabolizable particulate organic matter to

be exposed longer to microbial degradation. Particles about 100 m in size, will take

about 1 hour to reach sediments in the midshelf and about 8 hours on the slope. For

particles one order of magnitude smaller (10 Mm) the time is lengthened to 3 days on

the shelf and about a month on the slope. Settling velocities are based on Stokes

calculations for small particles. During this process particles are disaggregated increasing

the residence time of OC in the water column even more on the slope region.

The source of the OC reaching the slope has been assumed to be transported

mostly vertically. Herewith I present data obtained by others and results from this study

suggesting lateral transport could also be important in providing OC to the slope region.

In both cases, during vertical and lateral transport the reactivity of the OC has decreased

as a result of remineralization processes occurring in the water column. The rate of

supply of metabolizable OM to the sediments correlates with both sedimentation rate

and water depth (Suess, 1980; Henrichs and Reeburgh, 1987; Canfield, 1991). Thus,

the organic matter that has survived bacterial transformation in the water column

represents "aged" organic matter more refractory in nature (Westrich and Berner, 1984).

Measurements of dissolved oxygen by Small et al. (1989) in summer over the

southern Washington continental shelf and slope (47°07'N) in the area where samples

for this study were collected, range from 6 to 6.5 mi/L on the surface to about 2.5 mi/L

at 75 m on the shelf and 1.5 mi/L at 400 m on the slope. Similar profiles of dissolved

oxygen with depth in both regions suggests that degradation of organic matter and

remineralization processes are occurring at comparable rates. It is possible that more

organic matter is being remineralized in waters overlying the slope because particles

spend more time in the water column.
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Major constituents of the hydrocarbon fraction in SPM collected on the

Washington slope decrease exponentially with depth (see chapter ifi). The highly

unsaturated hydrocarbon heneicosahexaene (HEH) common in diatoms and other classes

of planktonic algae (Blumer et aL, 1971) decreases more than one order of magnitude

in the first 70 m of the water column. C25 and C30 HBI also display a steep decrease

in concentration within the first 100 m of water. The extractable lipid material is a

fraction of the total OC present in SPM. Nonetheless, it shows that OC remineralization

is actively happening in the water column overlying the slope.

Resuspension events on the shelf plus the presence of canyons allow the

formation of a strong BNL formed by particles <63 tm in size that can extend fairly

great distances offshore (Hickey et al., 1986; Pak et al., 1980). The BNL extension over

the slope has been termed the intermediate nepheloid layer (LNL). The JNL occurs

primarily as a result of the persistence in the water column of the fine-particle fraction

from the source sediments of the shelf BNL (Small et aL, 1989). Thus, lateral transport

of particles can be an important mechanism controlling the source of OC reaching the

slope sediments.

The BNL in summer is reported to have a C/N ratio exceeding 10 (Small et aL,

1989). Particle size fractionation of shelf sediments has demonstrated that particles

<250 j.im have a C/N of about 11.2 (Table IV. 1). Slope sediments show C/N values

ranging from 10.1 to 11.2 over the whole core depth. The observed spatial values for

C/N strongly support the link between fine grain particles deposited in the shelf with the

nepheloid layer transporting sediments offshore, and the sediments deposited on the

slope.

Small et al. (1989) report that the BNL in summer is high in biogenic silica

composed mostly of frustules and skeletons of diatoms. Small et aL (1989) measured

the activity of particle-bound bacteria throughout the year in BNL water. Aerobic

decomposition experiments of plankton have shown that after an initial rapid decrease

in the POC, a refractory fraction remains decomposing very slowly with time (Westrich

and Bemer, 1984). The unreactive planktonic material could be a major contribution

to the BNL supporting the low reactivity of the organic matter exported to the slope.



The concentration of HBI with respect to OC can also be used to obtain some

clues about the nature of the OC deposited on the slope. There is no evidence

suggesting that the major components of the C25 HBI suite observed in slope sediments

are produced in situ, instead SPM in the water column overlying both the slope and the

shelf seem to be their source (see chapter ifi). If HBI are partially transported via the

BNL-INL offshore then a gradual decrease in their concentration with respect to organic

matter mirroring their behavior in the water column will be observed on surface

sediments along an east-west transect. This trend is observed for C25:3 isomers analyzed

in surficial sediments by Prahl and Carpenter (1984). A progressive decrease in

concentration is evident as one moves from the midshelf to the outer shelf and slope

(Figure IV.6a). The concentration of HBI per dry weight of sediment is higher on the

slope (820 ng/g dry) than the shelf (634 ng/g dry). The higher concentration of HBI on

the slope can be related to the distribution of particle size as explained above. As a

corollary, fine particles transported laterally from the shelf constitute a major source of

the hemipelagic mud found on the slope. The shelf shows a large component of sand

or particles in the range 63-250 tm which does not contribute greatly either to OC or

to HBI. These results are supported by Christensen's (1989) studies of carbon oxidation

rates in continental shelf sediments. Christensen (1989) estimated that only 38% of the

expected marine carbon flux to the Washington shelf sediments is accounted for by total

oxidation (aerobic and anaerobic metabolism) and burial rates in the area. He postulates

that a significant fraction of the annual productivity over the shelf is exported offshore.

These observations provide circumstantial evidence to suggest that OC deposited on the

slope has a strong lateral component.



CONCLUSIONS

Although the shelf and slope stations differ in the amount of OC, the

sedimentation rates and the size distribution of particles, Mn and Fe in porewater and

S° data show that both settings reach anoxic conditions at a shallow depth. Similar

concentrations of total sulfur in both areas within the anoxic regime may represent the

maximum capacity to form iron sulfides in Washington coastal sediments. Distribution

of S° in the shelf appears to be controlled by surface sediment mixing caused by

burrowing activity while in the slope, by the oxygen flux diffusing downward and H2

S upward.

The spatial distribution of the C25 HBI suggests that the HBI are ubiquitous in

Washington coastal sediments and are produced in the water colunm overlying the

midshelf region. The C25 trienes maintain a constant proportion in surface sediments but

change gradually with depth in the sediments. The concentration of the C25 and C30 HBI

decrease exponentially with depth either caused by chemical/biochemical degradation

or incorporation into a high-molecular weight geopolymer. Transformation of the C

HBI within the SML in shelf sediments appears to be decoupled from the mixing

produced by the benthic fauna due to burrowing activity. Samples taken five years apart

at the same localities on the shelf and slope display some variability for the C25 and C30

HBI within the SML but in lower profiles they show remarkably similar abundances

demonstrating the stability of the sedimentary settings. The presence of reducing

microenvironments in the >250 im size fraction of shelf sediments is indirectly assumed

due to the high enrichment of total and elemental sulfur associated with the coarse

particles. Enrichment of the C25 HBI in the same fraction suggests these compounds are

possibly protected from degradation perhaps by incorporation in fecal pellets or within

freshly deposited organic matter. A fraction of the HBI observed in slope sediments

could be transported via the BNL-INL from resuspended shelf sediments. The presence

of the C25 and C30 FIBI in Washington coastal sediments appears to be extremely short

in terms of geological times. Compounds are either remineralized or sequestered by,



for example, rapid transformation into organosulfur compounds or incorporation into a

polymeric material via sulfide crosslinking reactions involving the double bonds. The

later prospect will be tested in the next chapters.
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CHAPTER V

DISTRIBUTION OF ORGANOSULFUR COMPOUNDS (OSC) IN SLOPE

SEDIMENTS OFF WASHINGTON

INTRODUCTION

The continental shelf along eastern oceanic boundaries are areas where upwelling

occurs and high rates of primary productivity combined with shallow water depth bring

high fluxes of particles to the sediments. Decomposition of organic matter (OM) by

microbial metabolism leads to remineralization and recycling of carbon deposited in

marine sediments. A great deal of research has been devoted to the understanding of

OM remineralization in nearshore marine sediments (Aller, 1980; Elderfield et aL,

1981a,b; Jorgensen, 1982; Sundby, 1983; Berner, 1984; Berner and Westrich, 1985;

Bender et al., 1989; Devol and Christensen, 1993). However, much is still to be learned

about the mechanisms leading to OM preservation (Canfield, 1989a; Calvert and

Pedersen, 1992; Lee, 1992). Burial of OM in continental margin sediments is an

important pathway for its removal from the environment (Berner, 1982).

Information on both the general and specific fate of OM and biogenic

constituents is vital for studies of paleoceanographic environments (Brassell et al.,

1986a; Prahl et al., 1989a,b,c; Sinninghe Damsté et al., 1989a; Kohnen et al., 1992).

Different organic constituents of marine sediments have been observed to decrease

exponentially with depth in surface sediments, e.g. chlorophyll-a (Sun et al., 1991),

amino acids (Henrichs, 1987), carotenoids (Repeta, 1989), and highly branched

isoprenoids (IIBI) (Barrick et al., 1980; Requejo and Quinn, 1983b; Volkman et al.,

1983). This observation has led investigators to conclude that organic compounds are

being degraded rapidly under oxic/suboxic conditions. Complex high molecular weight

biochemicals are degraded to simpler, lower molecular weight products which can be
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more easily assimilated by heterotrophic bacteria (Jorgensen, 1982; Christensen et al.,

1987; Repeta, 1989).

It is possible, under certain environmental conditions that organic matter labile

in nature could be preserved by the incorporation of sulfur to the molecule. Sinninghe

Damsté et al. (1986, 1987, 1988) found a series of OSC in immature oils, shales and

sediments resembling the structure of lipid biomarkers found in recent sediments and

postulated that the incorporation of sulfur to these moieties occurred during early

diagenesis. C25 HBI alkenes have been proposed as the precursors for highly branched

isoprenoid thiophenes (HBIT) found in shales and immature oils from different locations

(Sinninghe Damsté et at., 1989a). Sinninghe Damsté et at. (1989b) postulate that

intramolecular addition of hydrogen sulfide (or polysulfides) to double bonds present in

these biogenic alkenes might initiate the formation of HBIT during early diagenesis.

Brassell et at. (1986) identified a series of C20 thiophenes which occur widely in both

recent and ancient sediments. C20 alkyl thiophenes are presumably formed from the

incorporation of sulfur into chlorophyll-derived phytol, but also may originate from the

free and ether-bond lipids of archaebacteria or their diagenetic products (Brassell et al.,

1986).

Heating experiments carried out by Mango (1983) using H2S and carbohydrates

demonstrated that reductive dehydration of the sugars led to the formation of a series

of OSC including thiophenes, thiols and sulfides. Casagrande and Ng (1979) and

Casagrande et at. (1979) studied the presence of OSC during the early stages of coal

formation. Reactions between H2S and maxine-derived mangrove peat or the humic

acids extracted from the peat and S° showed incorporation of sulfur to the organic

matrix under laboratory conditions. Francois (1987a) demonstrated that incorporation

of sulfur into humic materials proceeds rapidly within the top 20 cm of the sediment

column. The addition of sulfur appears to form non-hydrolyzable bonds with carbon.

Francois (1987b) postulates that chemical reactions between OM and inorganic reduced

sulfur species such as hydrogen sulfide, polysulfides and/or S° are the main pathway for

addition of sulfur to the organic matrix. Nissenbaum and Kaplan (1972) concluded from
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sulfur isotope studies in extracts from marine and nonmarine Recent sediments and soils

that sulfur is incorporated into humic substances during early diagenesis.

The presence of conjugated double bonds or unsaturations associated with

functionalities in the molecule will provide access of sulfur to form thiolane and

thiophene compounds (intramolecular addition). Monounsaturated hydrocarbons or

olefins with double bonds in unfavorable positions to form heterocyclic compounds can

react with sulfur to form thiols in the presence of electron-withdrawing species such as

iodine (Nichols et al., 1986). Iodine ('2) is formed in sediments by the oxidation of

iodide (1) to iodate (103) and concentrates metastably at the anoxic-oxic boundaiy

(Kennedy and Elderfield, 1987). The carbon-carbon double bond in an unsaturated

hydrocarbon can be activated by adduction with iodine (a charge transfer complex)

rendering these carbons prone to nucleophilic attack (Kharasch and Arora, 1976 and

references therein).

Vairavaxnurthy and Mopper (1987) showed H2S can be added directly to the

activated double bond of acrylic acid present in recent sediments and therefore be a

major chemical pathway for incorporation of sulfur into OM. The presence of OSC with

two and three sulfur atoms within a given molecular ring structure in Quaternary and

Miocene sediments (Kohnen et aL,1989) shows that polysulfides could also offer another

route for sulfur incorporation into organic moieties during early stages of diagenesis.

Inorganic polysulfides are likely to form in abundance as an intermediate of H2S

oxidation within reducing microenvironments (Jorgensen, 1979b). The presence of

sulfate reducing bacteria in reducing microenvironments within the oxidized sedimentary

layer (Jorgensen, 1977b) can produce large concentrations of reduced sulfur species

perhaps promoting the formation of OSC. Reduced sulfur is abundant in marine

sediments as a product of dissimilatory sulfate reduction by bacteria (Jorgensen, 1983;

Postgate, 1984).

Information in the literature about the presence and formation in situ of OSC in

surficial marine sediments is scarce. Bates and Carpenter (1979) suggest that some of

the OSC they find in Puget Sound cores are created in situ near depths where H2S

production begins and are probably associated with microbially mediated conversions
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of various sulfur forms during sulfate reduction. Fukusbima et al. (1992) report the

presence of C20 isoprenoid thiophenes in the hydrocarbon extracts of sediments from

diverse saline anoxic environments in Japan. They contend the OSC are formed from

chlorophyll-derived phytol and H2S via phytadiene intermediates. Raney nickel

desulfurization treatment of immature oils, shales and Recent sediments have been

carried out by Schmid et al. (1987), Sinninghe Damsté et al. (1987a, 1988, 1989c), de

Leeuw and Sinninghe Damsté (1990), Kohnen et al. (1991a,b). Their thorough

investigation and numerous identifications of structures released by desulfurization of

solvent-extractable organic fractions has contributed to a better understanding of

processes leading to the preservation of organic matter in sedimentary records and

formation of sulfur-rich shales and oils. These developments have brought forth a new

set of questions.

There is no direct quantitative evidence documenting these diagenetic pathways

in surface sediments to date. In this chapter, I investigate the possibility of sulfur

incorporation to specific lipid biomarkers in surface sediments. Some of the questions

addressed in this chapter: Is there any evidence of sulfur incorporation to apolar lipid

biomarkers via intramolecular addition in Washington suboxic coastal sediments? Is the

presence of OSC associated with microreducing environments within the surface mixed

layer (S ML) on the shelf? Is the abundance of OSC more prominent in shelf or slope

sediments? How important is this pathway in suboxic continental margins?

Washington coastal sediments contain a relatively high abundance of C HBI

with respect to other hydrocarbons (Prahi and Carpenter, 1984; and previous chapter).

C25 HBI have been proposed as the potential precursors for HBIT observed in immature

oils, shales and Recent sediments with similar structures (Sinninghe Damsté et al.,

1 989c). The presence of sulfate reduction activity near the surface in midshelf

sediments (Christensen et al., 1984 and 1987) in theory provides the appropriate

environment for the availability of reduced sulfur for potential interaction with lipid

material. A wide range of redox conditions exist very near the surface allowing the

presence of metastable reduced sulfur such as thiosulfate and polysulfides (Fossing and
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Jorgensen, 1990; Jorgensen, 1990a,b) that possibly are required species for the formation

of OSC.

Detection of C25 HBI thiophenes (HBIT) or other OSC with a similar skeleton

and recoveiy of an appreciable amount of the original material is needed to support the

postulate that chemical resysnthesis rather than remineralization occurs in the sediments,

preserving these biomarkers more permanently in the sedimentary record.

The shelf and the slope are characterized by different oceanographic and

geochemical conditions such as water column depth, sedimentation rates, OC

concentrations, sediment texture, etc. Comparison of these two sedimentary settings in

terms of the abundance and distribution of OSC can provide information about what

factors influence the in situ formation of OSC.
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RESULTS AND DISCUSSION

Presence and distiibution of OSC. The midshelf and slope off the Washington coast

were sampled to search for OSC. The map of the location is shown in the Methods

chapter (Figure 11.1). The distribution and abundance of C25 HBI, TS and S° were

discussed in the previous chapter.

Figure V.1 a shows a typical GCIFPD chromatogram of the shelf core. No OSC

were observed in shelf sediment samples collected in 1985 and 1990. The major peaks

correspond to S° as S4, S6, S5 (Chen et al., 1973). The area under the S5 is extremely

broad indicating the large concentration of S° in the sample. Any presence of OSC

within the retention time range for S° will be obscured by the latter. However, the

primaiy search was for C25 HBJT which elutes well beyond the retention time for S°

(Kawka, 1990). After the sample was passed through an active copper column to remove

the S° from the apolar lipid fraction (L-1), no sign of OSC was observed in the

hydrocarbon fraction. Bates and Carpenter (1979b) reported the loss of mercaptans and

disulfides and a good recovery of thiophenes and thianes after treatment of the sample

with activated copper.

Sediments from the slope (W85-SL) show a series of OSC (Figure V.lb). Seven

OSC were labeled in sequential order A through G and the eighth compound was

labeled 0 after Bates and Carpenter (1979a), who found a similar compound in the

Puget Sound,WA. The hydrocarbon fraction from the 0-2 cm and the 10-14 cm

horizons were analyzed by GC/MS to establish the structure of the OSC (see Appendix

3). The mass spectra of OSC A and B are almost identical and very similar to OSC C,

except that the latter appears to have one more double bond assuming the molecular ion

is 232 for both A and B and 230 for C. The mass spectra of components A,B and C

are characterized by the fragment ions m/z: 55,67,83 (base peak), 150 (A and B) and

148 (C). Possible candidates for these compounds are disulfides with one unsaturation

(C12H24S2 = 232) and two unsaturations (C12H22S2 = 230).
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shelf

(b) slope

Figure V.1 Gas chromatogram of the L-1 fraction on (a) shelf and (b) slope
sediments using the sulfur sensitive flame photometric detector (FPD). Elemental
sulfur: S4, S6, S8. Unidentified organosulfur compounds: A,B,C,D,E,F,O. C20
isoprenoid thiophene: G. Internal standard: IS. Differences in the retention times
observed between the chromatograms is due to different GC conditions during the
analysis.
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OSC E coelutes with the n-alkane C18 (Mt: 254). The molecular ion for the E

compound could be m/z: 260, which corresponds to another disulfide with a molecular

formula of C14H28S2. OSC D and F with molecular ions of 268 and 272, respectively,

may correspond to isomers with a molecular formula of C17H32S and C17H36S,

respectively. Thus, compound D would have 2 unsaturations, whereas compound F

would represent a saturated isomer. It is interesting to note that one of the major

fragments in the mass spectrum of compound D is mlz: 185, which corresponds to the

molecular ion minus 83. Fragment 83 was the base peak for OSC A,B and C. The

second major fragment on the mass spectrum of F is m/z: 131 which may represent a

CH3(CH2)6S fragment. Although this is an inconclusive attempt to identify the major

OSC present in the slope sediments, none of these compounds bear any similarity nor

is close in retention time with the C25 HBIT.

In general, OSC A - F display a common distribution with depth in the 1985

sediment core (Table V.1). They disappear completely in the 14-18 cm interval and

reappear again deeper in the sediments. Their maximum concentration coincides in

depth with the S° subsurface maximum. However, the OSC display other subsurface

maxima but have a tendency to decrease with depth. Sample intervals from the surface

to 13 cm analyzed from a core obtained in 1990 (W90-SL, Table 11.2) showed no trace

of OSC A-G. Only S° and OSC tY' were present in these sediments.

Distribution of "0" isomeis. The mass spectrum of the dominant OSC present in these

sediments resembles a major S-containing compound reported by Bates and Carpenter

(1979a) in Puget Sound,WA and labeled compound 0 (see Appendix 3). At least three

isomers were identified (Figure V.2) with a characteristic fragment of mlz: 199 in

agreement with Bates and Carpenter (1979a). However, no m/z: 292 was observed.

They suggested this fragment could represent the molecular ion. In this study, a strong

signal for the fragment m/z: 398 was observed in the single ion mas chromatogram

(Figure V.2c). Fragment mhz: 199 is part of the series 87 + 14.n where n = 8 in this

case. This is a characteristic ion for the compound class of 2,5 di-n-alkylthiolanes

(Sinninghe Damsté et al., 1989a). mhz: 113 could represent a secondary ion generated
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Figui V2 Identification of the "0" isomers. Partial GC chromatograms using (a)
flame ionization (Fm) and (b) flame photometric detectors. (c) single (SIC) and
reconstructed (RIC) ion chromatograms. Identification of peaks, n-C#: n-alkanes, RS:

recovery standard.
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by -c1eavage and loss of both alkyl side chains as is mlz: 111 for dialkyithiophenes

(Sinninghe Damsté et al., 1989b). A molecular ion of 398 would correspond to the

molecular weight of a C26H54S compound. Assuming an octyl straight-chain in position

2 of the thiolane, a reconstructed structure would look like:

It was previously demonstrated that the 0 isomers contain some unsaturations

(Bates and Carpenter, 1979a) by hydrogenation of a sample extract with PtO2IH2.

Therefore, the above structure would require some unsaturations. A closer look to the

mass spectrum on the 0 compounds reveals pairs of fragments at m/z: 95,97 and

111,113. Fragments 97 and 111 are characteristics of thiophene structures (Sinninghe

Damsté et al., 1989b). It is possible that more than 3 isomers (saturated and

unsaturated) are coeluting resulting in the mass spectrum shown in Appendix 3. Urea

treatment of the hydrocarbon fraction left the 0 isomers in the non-adducted fraction

supporting the presence of a heteroring (thiolane, thiophene). Desulfurization with

Raney nickel destroys the series leaving no traceable remnants in the hydrocarbon

fraction.

The series of isomers are clearly observed with the flame ionization detector

(FID) in the hydrocarbon fraction (Figure V.2a), allowing their direct quantitation using

a hydrocarbon internal standard (Table V.1). In the 1985 sediment core, the depth

profile of the sum of the "0" OSC (E"O") displays subsurface maxima immediately

above and below the interval where S° maximizes (Figure V.3 a). Its profile in this

study is remarkably similar to the OSC profile reported by Bates and Carpenter (1979a)

for a sediment core in Central Puget Sound,WA. Bates and Carpenter (1979a) detected

the presence of H2S by smell at a depth equivalent to the trough of the OSC

concentration maxima. In this study, H2S was not detected by odor in the entire slope

core; however, the S° subsurface maximum appears in between the 0 peak maxima

suggesting H2S is being oxidized at this depth to S°.
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The 11-13 cm depth interval (W90-SL) was particle size fractionated into >250,

63-250 and <63 p.m fractions. The 'O" appears uniformily distributed in all fractions

(Table V.1). These results are consistent with observations showing that the >250 tm

size fraction is constituted of aggregates of fine particles. The 0 isomers seem to be

impervious to the handling and washing during the particle size fractionation experiment.

The reconstructed bulk concentration for the E"O" is very similar to that measured in

total sediments (Table V.1). Concentration profiles between 3 and 13 cm are strikingly

similar for these samples taken 5 years apart (Figure V.3a,b). However, the 1985

sample displays a maximum concentration in the 14-18 cm, whereas the 1990 sample

(15-17 cm) shows the 0 isomers have completely vanished from the sediments (Table

V.1).

The lack of 0 isomers at this depth could be due to analytical or environmental

factors. Several observations support the environmental over the analytical

interpretation. One could argue that decrease in the sample weight for the 15-17 cm

interval (2.5 g dry weight) compared to the upper horizons (6-7 g dry weight) caused

the nondetection of these isomers. This 2-3 fold decrease in sediment weight is not

enough for the complete disappearance of these compounds. Both the PD and the FPD

have enough sensitivity to record a proportional decrease in the signal assuming similar

concentrations to the 1985 samples. It was demonstrated previously that the 0

compounds are refractory in nature to handling during the particle size fractionation

experiment. Whether this property is due to their presence within detrital material that

provides physical protection to degradation or inherently refractory is not known at this

time. It is difficult to explain their selective disappearance solely in terms of the

handling of the sample.

Duplicates were used at this depth for reproducibility tests. Neither one of the

duplicates shows a trace of the 0 isomers. An important although circumstantial clue

to this problem is the different sedimentary texture observed in the 15-17 cm interval

with respect to the other horizons. Visual inspection of the sediments at this depth

showed they were much coarser in texture than the shallower samples. However, the

TOC at this depth is very similar to the value obtained for the upper horizons. It is
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possible these OSC are associated with fine sediments. Thus, the change in texture of

the sediments at this depth is reflected in the absence of 0 isomers. This interpretation

is also substantiated by the lack of 0 isomers in shelf sediments which contain more

than 60% sand-like and coarser particles.

Table V.1 Distribution of OSC [ng/g dry wt.] analyzed in slope sediments.

A B C D E F G 0 S°
July 1985
depth (cm)

0-2 nd 21 21 47 48 108 nd 140 nd
2-4 20 27 22 60 61 117 nd 172 nd
4-6 nd 49 39 99 106 146 nd 241 nd
6-8 42 41 39 84 86 125 nd 236 110

8-10 19 27 nd 58 60 88 nd 213 590
10-14 27 38 38 94 87 178 nd 202 840
14-18 nd nd nd nd ad ad ad 258 nd
18-22 13 17 13 22 23 38 nd 219 nd
22-26 ad nd nd 18 21 33 nd 152 nd
26-30 12 20 18 49 48 95 nd 157 nd
30-34 nd nd nd nd nd nd nd 137 nd
34-38 nd nd 9 11 11 14 nd 109 nd

August 1990
0-1 nd ad nd nd nd nd nd 248 nm
3-5 nd ad ad ad ad nd nd 171 1350
7-9 nd ad nd nd nd nd nd 138 1640

11-13 nd nd ad nd nd nd nd 153 950
15-17 nd nd nd nd nd nd nd nd 1150

Particle size fractionation (11-13 cm)
>250 tm 144 1490

63-250 tm 165 710
63 .tm 133 380

recons. bulk 140 1060

ad not detected
am not measuxed

Distribution of other hydrocarbons support the change in sediment texture at this

depth. Phytane is not detected and diploptene concentration decreases substantially in

the 15-17 cm horizon (Appendix 4). These are hydrocarbons usually enriched in fine



114

sediments. The sum of odd n-hydrocarbons C25 to C31 increases in concentration and the

carbon preference index (CPI) also shows a dramatic increase. This is interpreted as a

higher contribution of terrigenous debris to the sediments. Possibly less degraded plant

detritus associated with coarse particles are enriched at this depth. Thus, heterogeneity

of the sample could explain the disappearance of the 0 isomers. It is possible that

heterogeneity of the 1985 sample at this depth (14-18 cm) caused the absence of all the

other OSC observed above and below this horizon.

The occurrence of "0" isomers in slope (Pinto and Leif, 1991) and Puget Sound

sediments (Bates and Carpenter, 1979a) but not in the shelf is intriguing and could be

interpreted as in situ production under anaerobic conditions.

C20 isoprenoid thiophenes. Trace amounts of what appears to be a C20 isoprenoid

thiophene were detected in the 0-2 and 10-14 cm horizons (compound G, Figure V.lb).

Identification of the C20 isoprenoid thiophene is based on published information (Brassell

et al., 1986b; Sinninghe Damsté et aL, 1987b) and comparison of GC retention time and

mass spectra with unpublished data (Leif, personal communication, Figure V.4c).

Compound G has been tentatively identified as 3-methyl-2-(3,7,1 1,-trimethyldodecyl)-

thiophene. It shows a base peak at m/z 111 and a molecular ion peak at m/z 308 (Figure

V.4b). This compound was only detected with the GCIMS, it elutes between the n-C21

alkane and C25.1 HBI and its concentration is near the detection limit of the GC/MS

(Figure V.4a). Brassell et al., (1986b) have also shown this particular C20 thiophene

present on the shoulder of the n-C21 peak. The presence of S° also interferes with the

quantitation of this compound if the GCIFPD is used for that purpose. Compound G

coelutes with the tail of the S° peak (Figure V.lb).

Fukushima et al. (1992) report the presence of three C20 isoprenoid thiophene

isomers in surficial sediments from a brackish water lake and inland bay sediments that

were under reducing conditions. Laboratory experiments have shown that these

thiophenes could be formed from chlorophyll-derived phytol and H2S via phytadiene

intermediates (Fukushima et al., 1992). Hydrous pyrolysis for 24 hrs. at 200°C of



eo.e) (a)
1 4128.

i
I

ii 111.033

-1 iL i .! . ± 8.588

60.4]
1

2488.

I 125.087
-I A II ± 8.508

27.

388:1 308.092
± 8.580

RIC

391168.

1080 1108 1288 1388 1408 SCAN
33:28 :36:40 40:80 43:28 46:48 TIME

(b) 111 r

20.6

222
181

IIiio.I...... jiA168 ......

5.21
250

L....
l80.0 1 I 18.88

(c)
58.2

2%'t

5 .. k..

18.0

308

5.0 28?

lyE 200 228 242 268 258 SIO 328

115

Figure V.4 (a) Partial single (SIC) and reconstructed (RIC) ion chromatograms, and
comparison of mass spectra of a C20 isoprenoid thiophene. Compound detected at
trace levels (b) in the apolar lipid extract from slope sediments (W85-SL) and (c)
generated by hydrous pyrolysis of Guaymas Basin sediments (Leif, unpublished
results).
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Guaymas Basin surface sediments produced compound G and a structural isomer (Leif,

unpublished results).

C25 RB! thiophenes. GCIFPD analysis of slope sediments gave no indication of C25

HBIT present in the sedimentary record. The apolar fraction of maltenes from the 0-2

and 10-14 cm horizons were GC/MS scanned by monitoring diagnostic ions such as

m/z: 265 (Figure V.5a), and 125, 293 and 321 (Sinninghe Damsté et al., 1989c).

Although no clear evidence of C25 HBIT was obtained, fragments mlz: 125 and 265

were detected together with other fragments as part of the mass spectrum of a peak with

a very low signal/noise ratio (Figure V.5a,b). A C25 HBIT mass spectrum is fairly

simple, major fragments correspond to m/z: 125 and 265 (Sinninghe Damsté et al.,

1989c). Definitive acceptance for the presence of a C25 HBIT based solely on a mass

spectrum containing this fragmentation plus other unrelated fragments is unacceptable.

However, the retention index calculated for this peak (Ri.: 2316) matches surprisingly

well with a C25 HBTT (RI: 2318) obtained from Guaymas Basin sediments 503-508

cm) subjected to hydrous pyrolysis (Leif, unpublished results). Its mass spectrum (Figure

V.5c) is identical to that reported by Sinninghe Damsté et al. (1989c).

Significance of findings. One of the major objectives of this study was to find whether

incorporation of sulfur via intramolecular addition represented a mechanism for the

disappearance of biomolecular markers, such as the C25 HBI from sediments during the

early stages of diagenesis. The evidence presented clearly indicates a negative outcome.

The presence of what appears to be extremely small amounts of C20 isoprenoid and C25

HBI thiophenes identified in the slope sediments is not sufficient evidence to support

the postulated hypothesis.

If we assume for a moment that the C20 isoprenoid and the C25 HBI thiophenes

appear even in the very surface sediments, some important questions arise. Is it possible

that addition of reduced sulfur to biomarkers is occurring even before the particles reach

the bottom sediments? Are microreducing environments created within particles falling



3.8 (a) 56.

265

i.

265.073
± 0.508

RI

121472.

1320 1348 1368 1388 1408 1428 1448 1468 SCH
44:08 44:48 45:28 46:00 46:40 47:28 48:08 48:48 TINE

(b)

(c)

iee.e

5e.e

117

Figure V.5 (a) Partial single (SIC) and reconstructed (RIC) ion chromatograms, and
comparison of mass spectra of a C25 HBI thiophene. Compound detected at trace
levels (b) in the apolar lipid extract from slope sediments (W85-SL) and (c)
generated by hydrous pyrolysis of Guaymas Basin sediments (Leif, unpublished
results).



downward? and how stable are these environments? These are questions worth testing

in future studies.

Formation of HBIT on the surface sediments requires that reduced sulfur

produced by bacterial sulfate reduction within anaerobic sediments reaches the water-

sediment interface to interact with HBI under oxic/suboxic conditions. It has been

postulated that this process is abiogenic and initiated by incorporation of H2S and/or

polysulfides into HBI alkenes (Sinninghe Damsté et al., 1989c). Reduced sulfur is vely

unstable when oxygen is present (Jorgensen, 1977a; Boulègue et al., 1982). Subsurface

Mn and Fe remobilization and S° subsurface maximum restricts the presence of H2S

and/or polysulfides to sediments deeper than 8 cm. Given the very low concentration of

the presumed C20 isoprenoid and C25 HBI thiophenes detected, erosion of more ancient

sediments or anthropogenic oil spills are plausible alternative explanations for their

presence in slope sediments.

The absence of OSC produced by intramolecular addition of sulfur to lipid

biomarkers indicates that the formation of thiophenes and other S-heterocyclic

compounds is not an important mechanism in the preservation of HBI in Washington

sediments. The analytical procedure employed in this study limits their presence to the

apolar fraction obtained by colunm chromatography of the maltene extract.
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CONCLUSIONS

The source of the OSC in samples from the slope of 1985 remain unknown.

These compounds seem to be heterogenously distributed in the sediments showing high

variability with depth.

The Os isomers represent the major OSC detected in Washington slope

sediments. Their absence in shelf sediments and gradual increase with depth in slope

sediments maximizing just below the elemental sulfur maximum suggests in situ

fonnation under anaerobic conditions. Their structure is tentatively interpreted as a

mixture of 2,5 dialkyl thiophenes and thiolanes, based on mass spectral characterization.

A C isoprenoid thiophene was identified in slope surface sediments. Its

presence was below the detection limit of the GCIFID and barely detected by the FPD

and GC/MS. This is the only evidence for the incorporation of sulfur to hydrocarbon

biomarkers in the very early stages of diagenesis.

There is no indication of C25 HBIT in the sediments except for what seems to

be minute traces based on GC retention times and a "noisy" mass spectrum. Its

presence in slope sediments could be in association with detrital particles of terrigenous

origin which may have been weathered as clastic material and transported offshore.

The results and observations presented in this chapter suggest that the

environmental conditions in Washington coastal sediments are not conducive to

incorporation of sulfur into labile hydrocarbon biomarkers via intramolecular addition.

An alternative explanation proposes that C25 HBI are incorporated to high-molecular-

weight compounds via S-bridges and are not liberated until later stages in the diagenesis

of the sediments.
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CHAPTER VI

RANEY NICKEL DESULFURIZATION OF SEDIMENTARY LIPID FROM THE

SHELF AND SLOPE OFF WASHINGTON

INTRODUCTION

The OM that accumulates in the sediments could undergo a series of reactions

in which some of the labile constituents may become part of a larger and more

refractory matrix through humification processes (Rashid, 1985). Sulfur-crosslinking

between humic material and labile lipid components has been proposed as a major

pathway in the preservation of OM in marine sediments (Francois, 1987a). Crosslinking

to accreting macromolecules has been postulated as an alternative mechanism to

remineralization for the disappearance of biomarkers such as highly branched

isoprenoids (HBI) from surface sediments in the Peru Upwelling region (Volkman et aL,

1983). Sinninghe Damsté et at., (1989b) have demonstrated that HBI structures are part

of sulfur-containing high-molecular-weight lipids in Rozel Point oil and immature sulfur-

rich sediments.

Natural "vulcanization" between labile biomarkers and geopolymers can proceed

in two modes, (1) directly via intermolecular addition of sulfur to form S-bridges or (2)

via an intermediate step of sulfur inclusion to the functionalized or unsaturated

hydrocarbon followed by reactions linking the intermediate with macromolecules

(Sinninghe Damstë et al., 1989a). These moieties are less likely to be amenable to

conventional GC given their high molecular weight (high boiling point). Therefore,

selective chemolytic techniques such as Raney nickel (Sinninghe Damsté et at., 1988;

Kohnen et at., 1991a), MeLiIMeI (Kohnen et at., 1991b), NickelocenelLiAlH4 (Richnow

et at., 1992), Li/ethylamine (Hofmann et at., 1992) have been used to cleave S-bridges
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in these macromolecules resulting in simpler structures resembling the precursor

biomarkers.

The polar and asphaltene fractions of previously extracted sedimentary lipids will

be analyzed in search for C25 and C30 HBI structures bound via sulfur linkage to

macromolecular structures. Raney nickel will be used to "desulfurize" extractable lipids

from bulk sediments and particle size fractions. Compounds released by this chemolytic

technique will be evaluated in terms of their source and early diagenesis. Discussion

will follow about the chemolytic methodology employed to treat the organic fractions,

its importance and potential problems with the analytical procedure.
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RESULTS AND DISCUSSION

Desulfunzation of maltenes. GC/FID chromatograms of the apolar L-1 fraction before

(Figure VI. 1 a) and after (Figure VI. 1 b) the Raney nickel desulfurization treatment show

four major differences. First, after treatment, the 0 isomers are completely absent.

Their disappearance confirms the presence of sulfur in these compounds. Second, the

C25 and C30 HBI distribution changes dramatically. The change does not represent

addition of structures resembling C25 or C30 HBI but destruction of the HBI originally

present in the sample. These results indicate that HBI have not been incorporated to

high-molecular-weight extractable maltene via S-crosslinking in the range of depths

where a sharp decrease in the concentration of C25 and C30 HBI is observed. Third, a

cluster of peaks appears near the n-C18 hydrocarbon. GCIMS mass spectral interpretation

and comparison with the literature (lJrbach and Stark, 1975) identify these compounds

as phytane and a series of phytenes (a,b,c; Appendix 3). Fourth, a single peak with M:

444 (RI 3412, see Appendix 3) is also present after desulfurization of the maltene.

Desulfwization of asphaltenes. Treatment of asphaltene from petroleum, shales and

ancient sediments with Raney nickel has been avoided due to the low solubility of the

organic phase in ethanol. Low and possibly variable yields are obtained because two

solid phases are present in the system (Kohnen et al., 1991b; Hofmann et al., 1992).

However, asphaltenes obtained from contemporaneous sediments dissolve well in ethanol

allowing a good exposure to Raney nickel.

Total asphaltene analyzed using GCJFIDIFPD show no indication of low-

molecular-weight compounds previous to the desulfurization procedure. A typical run

of the apolar fraction after Raney nickel and separation using column chromatography

is shown in Figure VI.lc. Major features observed on this chromatogram are a series of

C23-C2 n-alkanes, a cluster of peaks near the n-C18 hydrocarbon and as in the maltene

a peak with M: 444 (RI 3412).
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This last compound shows a mass spectrum with distinctive fragments at m/z:

156, 169, 185, 259, and 444. The last one is assumed to be its molecular ion. At least

three different molecular structures carry a molecular weight of 444 daltons. Firstly, a

hydrocarbon with the formula C32H. Secondly, an oxygenated compound C31H560;

however the elution procedure used in this study precludes the appearance of oxygenated

compounds in the apolar L-1 fraction. Thirdly, an OSC with a formula of C30H52S.

Application of Raney nickel to the sample is supposed to desulfurize the OSC and

release their hydrocarbon skeleta. There are some observations that make this

compound very intriguing. Its mass spectrum contains very similar fragments to a

polyunsaturated C30 HBI thiolane (M: 446) reported by Kohnen et al. (1990) extracted

from Black Sea sediments. However, no change in the retention time of the M 444

occurred when hydrogenated indicating the absence of unsaturations. The m/z: 115 is

a major fragment in the OSC observed by Kohnen et al. (1990) from the Black Sea

sediments, but is completely absent in the M4 444. Fragment ions 169, 185 and

smaller ions are common to both mass spectra.

Kohnen et al. (1992) report that a desulfurization experiment performed with less

reactive Raney nickel yielded minor amounts of polyunsaturated C30 HBI thiolanes. One

may be tempted to think that some of the C30 HBI destroyed in the maltene fraction

when Raney nickel is applied, could have reacted with metastable sulfur present in the

system. However, this argument cannot be used in the asphaltene fraction where

unbound low-molecular-weight hydrocarbons are absent before the Raney nickel

treatment.

The distribution of M: 444 (RI 3412) with depth is relatively constant on both

the shelf and slope considering this compound is at trace levels. A general higher

concentration on the slope suggests this compound is preferentally associated with fine

sediments. Particle size fractionation on the shelf supports this contention (Table VI.1).

The cluster of peaks close to n-C18 was identified by GC/MS, as phytane and a

series of phytenes (a,b,c). Their mass spectra is identical to those obtained for the

maltene fraction. No traces of C25 or C30 HBI are released by the desulfurization

method.
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Table VL1 Geochemical parameters and concentrations of hydrocarbons released with Raney nickel
from shelf (W90-SH) and slope (W90-SL) sediments.

a total organic carbon [g/lOOg dry weight].
b maltene [mg/g dry weight].
C asphaltene [mg/g dry weight].
d sum of the phytenes [ng/g dry weight].
e phytane [ng/g dry weight].

total sum phytane and EPhe [ng/g dry weight].
g ratio of phytane to Phe.
h grand total of C20 isoprenoids released by Raney nickel (maltene + asphaltene).
'unidentified compound with a m/z: 444.

maltene before Raney nickel.
k maltene after Raney nickel (only amount released by Raney nickel).

asphaltene after Raney nickel.
m duplicates.

total extractable lipid [mg/g dry weight]. This sample was not deasphalted.

nd:not detected.
nm:not measured.
na: not applicable.



Table VI.! (continued)

depth (cm) TOC ma1t' asphc ZPhe' Phe ZPhyC ZPhe Ph a/e5 Phy LPhe Ph ale EPhy Etoth M+444'
(%) m nR mRk aR m nR mR a R Itot

SHELF

0-1 0.56 0.258 0.147
1-3 0.53 0.209 0.099
7-9 0.70 0.238 0.102

13-15 0.75 0.252 am
19-21 0.95 0.251 nm
27-29 1.07 0.204 0.161

Particle size fractionation (7-9 cm)
<63 pmtm 0.78 0.411 0.174

63-250 pm 0.33 0.124 0.026
>250 pm 21.8 2.871 0.594

recons. bulk 0.68 0.252 0.084

SLOPE

01tm 3.03 1.451k nm
3-5 2.58 am am
7-9 2.43 nm nm

11-13 2.63 am am
1517m 2.68 nm am

Particle size fractionation (11-13 cm)
<63 pm nm am nm

63-250 pm nm nm am
>250 pm nm am am

recons. bulk

ad 4.0 4.0 180 280 1.6 460 14 18 1.3 32 492
ad 3.8 3.8 117 146 1.2 263 8.4 9.8 1.2 18 281
ad 4.5 4.5 95 165 1.7 260 5.1 7.3 1.4 12 272
nd 4.1 4.1 117 165 1.4 282 6.6 8.1 1.2 15 297
nd 37 37 111 224 2.0 335 nm nm nm 335
ad 4.6 4.6 84 145 1.7 229 5.4 11 2.2 16 245

nd 5.4 5.4 227 424 1.9 651 50 42 0.8 92 743
nd 2.7 2.7 37 32 0.86 69 1.6 1.4 0.9 3.0 72
ad nd ad 428 779 1.8 1207 12 27 2.2 40 1247

3.3 3.3 107 175 1.6 282 13 11 0.8 23 305

nd nd nd 354 1825 5.2 2179 na na na 2179
nd 9.5 9.5 58 101 1.7 159 110 96 0.9 206 365
nd 11 11 38 170 4.5 208 57 48 0.8 106 314
nd 15 15 62 301 4.9 363 115 101 1.0 216 579
nd 21 21 280 264 0.94 544 113 116 1.0 229 773

nd 11 11 nm nm nm 138 275 2.0 413 >413
nd nd ad nm nm am 16 11 0.69 26 >26
nd 13 13 nm am am 48 42 0.88 90 >90

11 11 97 174 1.8 271 >271

ad 9.8 2.0 11.8
nd 6.6 2.4 9.0
nd 4.6 1.3 5.9
ad 8.0 3.2 11.2
ad 9.4 nm >9.4
nd 6.2 2.7 8.9

ad nd 7.3 7.3
ad 2.5 0.5 3.0
ad ad ad nd

1.8 1.8 3.6

ad aa na 32
ad 24 25 49
ad 25 15 40
ad 17 28 45
ad 33 38 71

nd am 8 >8
ad nm nd
ad am 8 >8
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The lack of evidence of C25 and C30 highly branched isoprenoid thiophenes

(IIB1T) and/or structures resembling HBI, neither in the maltene nor in the asphaltene,

implies that the environmental conditions in the area of study are not suited for this

mechanism to be of relevance. However, it is still possible that some of the biomarkers

are incorporated into the non extractable organic material. Another alternative is that

sulfur incorporation could be favored deeper in the sediments. This study was not

designed to look at sediments deeper than 40 cm or to analyze kerogen-like material and

therefore the rest of this work concentrates in studying the cluster of C20 isoprenoids

released by Raney nickel. The distribution of phytane and phytenes in the extractable

lipids is compared at three levels; firstly, within specific lipid fractions, comparison of

the saturated versus the unsaturated isomers is studied, secondly, the total concentration

of C20 isoprenoids in the maltene and asphaltene fractions is compared, and thirdly, the

total amount released by Raney nickel in the shelf and slope is compared.

Disbibution of saturated and monounsaturated C20 isoprenoids released by Raney nickel.

Phytenes were not detected in any untreated sample before Raney nickel treatment

(Table V1.1). "Free" phytane concentrations in the shelf remain constant with depth

except at the 19-21 cm horizon where a 9 fold increase is measured. Other

hydrocarbons of planktonic origin show a similar trend. Increase in the concentration

of C17, C19 and pristane clearly support this observation (Appendix 4). Parameters that

characterize (1) the input of terrestrial plant detritus (e.g., C2527,2931 n-alkanes and

Carbon Preference Index - CPI) and (2) a soil microbial biomarker (diploptene, Prahl

et aL, 1992) remain similar to the concentrations calculated in upper and lower sediment

layers (Appendix 4). This is interpreted as a larger-than-average pulse of plankton

material recorded at this depth. The subsurface maximum of S° at 19-2 1 cm can be

interpreted in light of this change. An increase in the input of readily metabolizable

planktonic material to the sediments would increase the rate of bacterial sulfate

reduction, consequently the production of H2S and eventually more reduced sulfur will

be oxidized.
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It is important to state at this time that Raney nickel was applied assuming its

selectivity as a desulfurizing agent, that is, its specificity for the reductive cleavage of

the carbon-sulfur bond (Sinninghe Damsté et al., 1988; Kohnen et al., 1991b; Richnow

et al.,1992). Thus, products released by the Raney nickel treatment will correspond to

species linked via reduced sulfur to a macromolecular structure. In light of this

assumption, an analysis of phytane and sum of phytenes profiles observed in shelf and

slope sediments is presented. This initial assumption will be revised later during the

chapter based on the results obtained during the study.

The ratio of phytane to the sum of phytenes (ale) in the maltene and asphaltene

of shelf sediments released by the Raney nickel treatment varies with depth but

progressively increases downward (Figure VL2a). On the slope, a veiy different pattern

is observed. The maltene shows large variations with depth. Whereas, the ratio in the

asphailtene fraction remains constant with depth (Figure VI.2b).

Interpretation of the ale ratio should be exercised with caution. Several authors

have presented evidence indicating that ale ratios vary with the temperature applied in

the experiment. Heat-treated sediments by Than et al. (1975) show that the proportion

of phytane to phytenes released during the experiment is time and temperature

dependent. An increase in the treatment time from a week to a month caused a slight

increase in phytane, meanwhile the sum of the phytenes doubled. Thermal alteration

experiments performed by Philp et al. (1978b) on cells of the blue-green alga Nostoc

muscorum, produced variable amounts of phytane and phytenes. The authors conclude

that in general increasing amounts of phytane were formed and the amounts of phytenes

relative to phytanes decreased with increasing time. Pyrolysates of the polar fraction of

the Northern Apennines Marl bitumen show that the relative proportion of phytane to

phytenes released varies with the Curie temperature used in the analysis (Sinninghe

Damsté et al., 1990b).

If temperature affects the ale ratio observed, then the presence and activity of a

catalyst will also influence this ratio. Russell et al. (1977 and references therein) point

out that hydrogenation of unsaturated aldehydes using a catalyst such as colloidal

palladium gives a wide variety of products depending on the reaction conditions
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Figure VL2 Ratio and distribution of C20 isoprenoids released by Raney nickel in
shelf and slope Washington sediments.



employed. Experiments carried out with aged Raney nickel on asphaltene demonstrated

that the proportion of phytane to phytenes released from duplicates is dependent on the

time interval between the Raney nickel preparation and its application to the lipid extract

(see chapter Vifi for details). Thus, the proportion of phytane to phytenes observed will

be affected by the concentration of hydrogen present in the Raney nickel reagent or

other variables involving the catalyst (Russell et al., 1977).

The uppermost intervals of slope sediments were treated with Raney nickel

prepared at a different time than that used for the deepest horizon (15-17 cm). It is

possible the activity of the Raney nickel reagent have varied in the meantime causing

a change in the ale. Raney nickel reproducibility tests carried out a month apart in shelf

and slope sediments show a relative standard deviation ranging from 7 to 14% when

comparing ale ratios between duplicates (Table VI.2). The change in the ale ratio

observed in the maltene fraction of slope sediments is much larger than the variability

caused by the analytical treatment. Based on the reproducibility experiments one could

argue that the relative abundances of C20 isoprenoids released by the Raney nickel

treatment are not due to variations in the preparation, amount or activity of freshly

neutralized Raney nickel. Further analysis of other sedimentary records are necessary

to understand the behavior of the C20 isoprenoids and infer any geochemical

interpretation from the ale ratio.

Table VI.2 Reproducibility test for the C20 isoprenoids [nglg dry wt.] released after Raney nickel from
shelf (W90-SH) and slope (W90-SL) sediments.

w90SHa (<63tim asphaltene) W90-SL1' (15-17 cm maltene and asphaltene)

duplicates asph' asph" %rsdC malt' maltt' asph' asph" tot' tot" %rsd

phytane 38.8 44.4 7 222 306 123 108 345 414 13

phytenes 44.2 56.6 12 250 309 109 117 359 426 12
tota1 83 101 10 472 615 232 225 704 840 12

rati& 0.88 0.78 0.88 0.99 1.1 0.92 0.96 0.97

a duplicates treated together.
b duplicates treated a month apart. Raney nickel neutralized immediately before treatment.
C relative standard deviation for total concentrations.
d proportion of phytane to Ephytenes.
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Hydrogenation of the sample using Pt02/H2 produced oniy one compound

identified as phytane. To simplify the interpretation of the C20 isoprenoid profiles, it is

assumed that the phytane and phytenes released with Raney nickel have a common

origin. The sum of phytane and phytenes is designated as Phy.

The ZPhy in the asphaltene of shelf sediments decreases abruptly in the first 2

cm and then remains constant with depth (Figure V1.2c). A similar profile is observed

in the maltene although the concentration is 15 times higher than in the asphaltene

fraction. The distribution of Phy on the slope (Figure VI.2d) shows a similar initial

steep decrease in concentration. These profiles suggest a large amount of the phytane-

containing high-molecular-weight molecule is rapidly destroyed in the first 2 cm of

sediment. Below the surface sediments, two distinct processes seem to be occurring in

these environments based on the different profiles and concentrations observed. In the

shelf, a constant concentration in the 2-15 cm may be caused by bioturbation and mixing

of the sediments. The slope shows a subsurface minimum between 5-10 cm, and below

this depth the total Phy concentration increases steadily. An increase in the release of

phytanyl moieties with depth is strong circumstantial evidence to postulate that phytane-

like structures are being incorporated via sulfur linkage to polar macromolecules.

The presence of phytane release by Raney nickel in surficial sediments implies

that sulfur incorporation is occurring either in the water column or in the surface

sediments which are still under aerobic conditions (Devol and Christensen, 1993). The

need for reduced sulfur in these reactions precludes this process to occur in the water

column unless it has become euxinic. An alternative explanation, which is not possible

to reject, is that anaerobic conditions can occur within the suspended particles in the

bottom waters as part of the boundary layer or in reducing microsites within the

oxygenated sediments.

It could be argued that reduced sulfur is produced within reducing

microenvironments in otherwise oxic sediments (Jorgensen, 1977b). Francois (1987)

postulates the presence of anoxic aggregates where bacterial sulfate reduction occurs

within aerobic sediments to explain the presence of authigenic FeS2 and to account for
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bacterial reduction of radiolabelled sulfate in the oxidized surface layer of marine

sediments.

Thermodynamic considerations predict a vertical separation in the concentration

profiles of the terminal electron acceptors involved in the remineralization of organic

matter (Froelich et al., 1979; Berner, 1980). It is known that H2S is not stable in oxic

waters due to auto-catalytic oxidation (Jorgensen, 1977a). Thus, it is highly unlikely for

H2S or polysulfides to cross above the zone where S° is formed and Mn(II) and Fe(II)

are oxidized causing their precipitation. de Graaf et al. (1992) obtained very low yields

of isoprenoid cyclic di- and trisulfides even when the reaction was carried out under

anaerobic conditions and the concentration of phytol, NaSH and S° were unrealistically

high (0.04, 0.4 and 1.0 M, respectively).

Based on these observations, an alternative explanation for the profile present in

shelf and slope sediments is postulated. I contend that superimposed on the release of

C20 isoprenoids linked by sulfur to a macromolecule, the Raney nickel treatment cleaves

the phytyl chain off from chlorophyll-a or its diagenetic product (pheophytin).

Chlorophyll-a or pheophytin could be present as individual compounds in the polar

fraction of the maltene or as part of a larger, more refractory macrostructure in the

asphaltene. This hypothesis requires taking a closer look at side reactions caused by the

Raney nickel treatment.

Hydmgenation using Raney nickel. Raney nickel is one of the most commonly used

reagents for reductive cleavage of carbon-sulfur bonds in organic synthesis (Belen'kii,

1990 and references therein). However, it has also been known to be an extremely

versatile reagent for catalytic hydrogenation (Tucker, 1950). Raney nickel can be used

to hydrogenate acyclic and heterocyclic sulfur-containing organic compounds but other

functional groups are also susceptible to catalytic reduction (March, 1968; Ho et al.,

1986). March (1968) reports that aromatic ethers may be reductively cleaved by heating

with Raney nickel:

Ar-O-R ----> ArH + RH
R-Ni
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Russell et al. (1977) demonstrated that borohydride-reduced nickel effects

hydrogenation of both carbon-oxygen and carbon-carbon it bonds in unsaturated

aldehydes.

The following experiments were conducted to determine whether treatment of

specific compounds and plant material would confirm the contention that side reactions

take place during desulfurization with Raney nickel.

Comparison of Raney nickel treatment using Rozel Point Oil. In order to make any

valid comparison of the data obtained by the Raney nickel treatment of maltene and

asphaltene fractions in the present study with that published elsewhere, it was necessary

to ascertain that the Raney nickel procedure would produce similar results in a sample

common to that treated by other workers (Sinninghe Damsté et al., 1987a).

Sinninghe Damsté et al. (1987a) applied Raney nickel desulfurization to the so-

called "low-molecular-weight aromatic" (LMWA) fraction of Rozel Point Oil showing

the presence of a hydrocarbon homologous series, phytane and an assemblage of

steranes and hopanes as the major products of desulfurization. A sample of Rozel Point

Oil, kindly donated by Dr. B. Simoneit, was separated into maltenes and asphaltenes

prior to Raney nickel treatment.

Figure VI.3a shows the apolar L-1 fraction before desulfurization where n-

alkanes are barely perceptible. Phytane and an assemblage of steranes and hopanes

appear as major components. Another subsample of maltene was Raney nickel treated

and separated by column chromatography. The apolar L-1 fraction of the Raney nickel

treated subsample (Figure VI.4b) is strikingly similar to that obtained by Sinninghe

Damsté and de Leeuw (1990c, Figure VL4c). Phytane appears as the dominant

compound and a series of hydrocarbons with an even/odd predominance is also

observed. The similarity with the LMWA fraction confirms a good degree of

reproducibility of the Raney nickel treatment employed in the present study and that

used by Sinninghe Damsté et al. (1987a) with the caveat that the separation procedures

are not completely similar.
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Figure VL3 Raney nickel treatment of Rozel Point oil. (a) hydrocarbon fraction
before treatment, (b) treatment of total maltene and subsequent separation of apolar
fraction (L- 1), (c) comparison with Sinninghe Damsté et al. (1 987a) treatment of the
"low-molecular-weight aromatic" hydrocarbon fraction. Identification of peaks, #: n-
alkanes, Ph: phytane.
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Raney nickel treatment of phytol, spinach and algae. Treatment of phytol standard with

Raney nickel gave no indication of the formation of phytane or phytenes. However,

phytol was destroyed during the treatment and a major unknown peak appeared. A

homologous series of n-hydrocarbons with 22 to 33 carbons was identified. No further

analysis of this sample was conducted. The absence of phytane and phytenes

demonstrates that phytol is not the source for the C20 isoprenoids detected after Raney

nickel treatment, thus, other potential precursors were investigated.

The lipid extract of spinach was treated with Raney nickel. Spinach is commonly

used as a source of standard chlorophyll-a. The lipid extract was deasphalted resulting

almost exclusively in heptane-soluble extractable material (maltene). This sample was

treated with Raney nickel similarly to the sediment samples. The results obtained were

strikingly similar to what was observed in shelf and slope maltene and asphaltene

samples. Figure VI.4a shows a GC chromatogram of the apolar L-1 fraction before

Raney nickel. Basically, it contains a series of long-chain n-hydrocarbons ranging from

22 to 32 carbons with an odd/even predominance. Figure VI.4b corresponds to the

treated sample showing a very similar pattern to the previous chromatogram except for

the appearance of a cluster next to the internal standard ai-C18. The series was identified

as previously, composed of phytane and a series of phytenes (a,b,c). This experiment

demonstrates that the Raney nickel treatment is causing side reactions in the sample.

These results had not been anticipated.

Assuming Raney nickel reacted with chlorophyll-a in the spinach sample, similar

results should be expected with phytoplankton. The next experiment used a culture of

coccolithophorids kindly provided by K. Amthor. Specifically, an isolate of Emiliania

huxleyi (clone BT-6) was used in this experiment. BT-6 was obtained from the Sargasso

Sea and grown under laboratory conditions (Amthor et aL, 1993). Figure VI.4c shows

a GC chromatogram of the apolar L-1 fraction of the lipid extract before Raney nickel

treatment. It contains a series of long-chain n-hydrocarbons ranging from 21 to 34

carbons and basically no odd/even predominance. The L-1 fraction also contains a large

concentration of unsaturated C37 and C38 hydrocarbons present in some pry mnesiophytes

(Volkman et al., 1980). The most polar fraction of the maltenes (L-7, Figure 11.1) was
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Figure VL4 Lipid extract of spinach and E. huxleyi strain (BT-6) treated with
Raney nickel. GCIFJD chromatograms of the apolar (L-1) fraction (a)
spinach/before, (b) spinach/after, (c) BT-6fbefore, and (d) polar fraction (L-7) of
BT-6/after treatment. Identification of peaks, #: n-alkanes, RS: recovety standard,
IS: internal standard, Ph: phytane; a,b,c: phytenes; "37:" and "38:" unsaturated
hydrocarbons.
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treated with Raney nickel as previously. A small amount of straight n-hydrocarbons is

present together with a cluster identified as phytane and three phytene isomers (a,b,c;

Figure VI.4d). As predicted, the pattern of C20 isoprenoids observed in the spinach and

BT-6 are very similar.

These results could be interpreted in two ways. First, assuming Raney nickel is

a selective desulfurizing agent, the results indicate the presence of phytene-like

structures in fresh plants (terrestrial and marine) linked via sulfur bridges to other

macromolecules. To my knowledge, there is no published data that indicates so. A more

likely interpretation is that the Raney nickel treatment cleaves the phytyl side of

chlorophyll present in the chioroplasts of these plants.

Yield of the Phy released by Raney nickel and nonnalized to chlomphyll-a content.

Assuming that all the phytane and phytenes extracted from BT-6 after treatment with

Raney nickel originate in the cleavage of the chlorophyll-derived phytyl moiety, a yield

is calculated using the relationship:

* HMBRF * dilution * MWchIa * 100
= % yield (equation 1)

Cbla *MW
FL sam Phy

where:
A: sum of the GC areas of phytane and phytenes.
HMB: response factor of internal standard (hexamethyl benzene)
dilution: total volume of solvent added to the sample/volume injected on the GC.
MWciiia molecular weight of chlorophyll-a (g/mol)
MW: molecular weight of phytane (g/mol)
Vsam: volume of sample filtered (L)
ChlaFL: concentration of chlorophyll-a based on fluorometry measurements
(tg/L).

The value obtained is 1.6%. This low yield could be interpreted in several ways.

First, it is possible some of the pigments are eluted with fraction L-6 which was not

treated with Raney nickel. Second, a fraction of pigments may still be absorbed onto
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the silica gel and remain bound after elution with methanol. Third, Raney nickel

treatment itself may give low yields. Fourth, the existence of trace amounts of sulfur-

bound phytenes within the original algal cells cannot be completely rejected but it is

unlikely based on the absence of biochemical information in the literature supporting

this hypothesis.

The two first explanations are related to loss of the presumed precursor,

chlorophyll-a, during the column chromatography procedure. Treatment of several lipid

fractions from a surface sediment with Raney nickel confirms the presence of phytane

and phytenes in fraction L-6 and L-7, and their absence in L-5 (see Figure 11.2). This

experiment also shows a large amount of the total Phy still remains unaccounted

(Table VI.3). The amount of C20 isoprenoids in L6 and L-7 accounts for only 11% avg

of the total concentrations measured when the whole maltene fraction is desulfurized.

Table VI.3 Yield of phytane and phytenes [nglg dry wt.] in different chromatographic fractions as
products of Raney nickel treatment of maltene from a surficial shelf sediment

L1a L7b L6-i-L7 totaic

phytane 4.0 18 2.6 21 284

Zphytenes nd 24 1.8 26 173

% recovery
phytane 8 1 7 100

Zphytenes 14 1 15 100

average 10 1 11 100

a before treatment with Raney nickel.
b c isoprenoids released after Raney nickel treatment of specified fraction (see Figure 11.2).
C c isoprenoids released after Raney nickel treatment of total maltene.
nd: not detected.

In the next experiment, duplicates of total lipid extracts from BT-6 were separated

in two fractions. Fraction I was eluted with 30 ml hexane and fraction 11 eluted with

10 ml 5% ethylacetate (EtOAc) in hexane, 30 ml pure EtOAc and finally 40 ml MeOH

for a quantitative elution. 12.5 and 11.5 tg of total C20 isoprenoids (phytane and

phytenes) per g of dry weight released by Raney nickel were obtained. The average
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percentage yield in this case was 20 (rsd: 8%) for chlorophyll-a and 17% when

pheophytin was considered (Table VI.4). These results show that (1) when Raney nickel

is applied to a fresh phytoplankton culture of BT-6, a series of phytenes and phytane are

released in the reaction, (2) the total amount of C20 isoprenoids released by Raney nickel

represent at most 20% by weight of the postulated source, i.e. chlorophyll-a, (3) good

reproducibility of the reaction products is observed, (4) it confirms that the low yield

obtained previously in the polar fraction (L-7) was caused by elution of the precursor

into other lipid fractions not treated with Raney nickel.

The next step was to measure the amount of chlorophyll-a and pheopigments in

sediments and determine the yield of C20 isoprenoids released by Raney nickel under

those circumstances. Duplicates of surficial (0-3) and one deeper sediment (15-18 cm)

samples collected in 1988 from the Washington slope and three W90-SH sediment

intervals (Table VI.4) were evaluated. Good reproducibility in the analytical procedure

as shown for surficial sediments (W88-SL) including the Raney nickel treatment is

necessary to obtain meaningful geochemical information.

It is important to recall at this point that fluorescence measurements after addition

of 10% HCI to acetone extracts combine results from pheophytin and pheophorbide

molecules but only the former still contains the phytyl side-chain. It is also assumed

that the efficiency of the Raney nickel in the cleaving of the phytyl side-chain from

chlorophyll-a is similar to that in the reaction of the catalyst with pheophytin. So that

any decrease in the yield when pheopigments are included in the calculation, is due to

the weight effect of the pheophorbide molecule, which does not contain a phytyl side-

chain. There is no reason to believe Raney nickel will react preferentially with

chlorophyll-a. Assuming only these two structures are present, the % yield of C20

isoprenoid released should be the same regardless of their percentage composition. A

large difference in the yields is observed when comparing results that consider only

chlorophyll-a and the inclusion of pheopigments in the calculations. Most of the

fluorescence measured in the sediments comes from the degradation products of

chlorophyll-a. Therefore, the extremely low yields shown for chlorophyll-a +
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pheopigments indicate that most of the pheopigments in the sediments exist as

pheophorbide.

The percent yield of C20 isoprenoids released from BT-6 by Raney nickel (20 %)

is assumed to be the maximum yield obtainable under the prescribed analytical

conditions used in this study. Therefore a higher yield will be interpreted as C

isoprenoids released from other macromolecules rather than an improvement in the

efficiency with which Raney nickel can cleave the phytyl side-chain from chlorophyll-a.

Yields increase with depth on both the shelf and slope settings despite a decrease in

chlorophyll-a. These results indicate the presence of other structures containing a

phytyl-moiety possibly linked via sulfide bridges and being released by Raney nickel

(Sinninghe Damsté et aL, 1990b). Chlorophyll-a values from surficial sediments are not

dramatically different between the shelf and slope samples; however, the concentration

of ZPhy is about 6X higher on the slope (Table VI.4).

Results obtained for slope sediments are extremely interesting and in accordance

with the previous interpretation given to the Phy distribution in the same site. At least

two superimposed modes of occurrence exist for the phytyl moiety released by Raney

nickel. About 30% of the C20 isoprenoids released after Raney nickel treatment come

from the chlorophyll-a molecule, whereas this value is reduced to about 20% in the 15-

18 cm interval. The difference is ascribed to an increase in the release of phytyl S-

linked to macrostructures present in the polar fraction of the lipid extracts. The

experiment supports the incorporation of biomarkers to high-molecular-weight structures

via S-bridges but also warns of a serious consideration to keep in mind when evaluating

the source of the C20 isoprenoids released by Raney nickel in surficial sediments.

Comparison of the relative distribution of the Phy in the maltene and asphaltene

fractions show that most of the C20 isoprenoids on the shelf come from the maltene

fraction and are more evenly distributed between the two fractions on the slope (Table

VI. 1). The proportion of maltene to asphaltene in the shelf is relatively constant with

depth, corresponding to a value of 2:1. However, the concentration of Phy released

from the maltene is 15X higher than the concentration released from the asphaltene. On

the slope, despite an increase in the Phy with depth in the maltene and a rather
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constant value in the asphaltene, concentrations are relatively similar. The most

plausible interpretation for the observed distribution can be attributed to the differences

in the redox conditions in both sedimentary settings.

Initially, the concentration of chlorophyll-a in both environments is very similar

(Table VI.4). Deesterification of chlorophyll-a (pheophytin) is occurring in the surface

sediments. Oxic conditions and the dynamics of the shelf precludes the presence of

reduced sulfur in surface sediments allowing chlorophyll-a products to be biodegraded

to low molecular weight compounds. Below the surface, in spite of bioturbation within

the SML, anaerobic environments could be created within particles where bacterial

sulfate reduction will furnish H2S. Here phytyl residues react with reduced sulfur,

explaining the observed increase in the yield at 7-9 cm.

Table VL4 Yields of C20 isoprenoids released by Raney nickel with respect to the amount of chlorophyll-
a and pheophytin measured in BT-6, shelf (W90-SH) and slope (W88-SL) sediments.

chl-a pheophytina ZPhyb yield (%)
[.tgIL] [jxg/L] [g/l:] C d

BT-6 191 27.3 11.85 20 17

[.tg/g dry] [j.tg/g dry] [ig/g dry]

W88-SL (cm)
0-3a 14.7 116 fl0e 66 7

b 16.4 122 3.10 60 7
15-18 8.9 63 2.54 90 11

W90-SH (cm)
0-1 19.7 173 0.492 8 1

7-9 1.8 14 0.272 48 5
27-29 2.9 20 0.245 27 3

a assuming fluorometer reading exclusively due to pheophytin (i.e. zero pheophorbide) after addition of HCl,.
b sum of phytane and phytenes released by the Raney nickel treatment.
C percentage of C isoprenoids released by Raney nickel with respect to chlorophyll-a.
ci percentage of C isoprenoids released by Raney nickel with respect to the sum of chlorophyll-a and pheopigments.
e average of duplicates (0.7 %rsd).
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Based on a previous assumption, the lowest yield for Phy normalized to

chlorophyll-a observed in the sediments should be around 20%. The 8% yield in the

shelf can only be explained in terms of a decrease in the efficiency of the catalyst to

react with the abundant chlorophyll-a present in the sediments due to other competing

reactions for the substrate, such as, elemental sulfur.

In slope sediments, fairly stable reducing conditions are established at a

shallower depth (refer to Chapter IV) allowing metastable reduced sulfur to interact with

the phytyl moiety cleaved from the chlorophyll-a (pheophytin) molecule.

The same rationale is applied to explain the difference in the distribution of total

Phy with respect to particle size. The total Phy is enriched about 4X in the coarse

(>250 i.tm) particle size in shelf sediments when compared to bulk sediments (Table

VI.1). Degradation of organic matter within large particles will cause the depletion of

oxygen and formation of reduced microenvironments. Within these microsites, bacterial

suif ate reduction will generate reduced sulfur. Deesterification of chlorophyll-a

(pheophytin) within a reduced environment will facilitate the incorporation of phytyl to

macromolecules via S-bridges.

On the slope, where reduced conditions are established soon after sediment

deposition, all particles are exposed to the same environment. In this case, the amount

of chlorophyll-a (pheophytin) will probably govern the amount of phytyl moieties

incorporated to macromolecules. Enrichment of total Phy in the <63 jim suggests

these particles contain a large amount of chlorophyll-a (pheophytin) exposed to

degradation (deesterification) and consequently to the formation of OSC via

intermolecular addition of sulfur.

This very limited number of samples provides simply a case to understand the

distribution of C20 isoprenoids released after Raney nickel by comparing environmental

factors such as particle-size, lipid fraction, and redox conditions in two coastal margin

sediments.

These experiments show that a major sink for the phytyl side-chain of

chlorophyll-a in slope sediments is its incorporation to a geomacromolecule via S-

bridges during the initial stages of diagenesis. However, the contribution of Phy
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released by Raney nickel from chlorophyll-a as a side reaction of the "desulfurization

procedure" is important in surface sediments and should be taken into account when

evaluating quantitatively how much phytyl-like moieties are bound to sulfur. The rapid

decrease in the fluorescence readings with depth suggests that phytyl moieties cleaved

from the chlorophyll-a (pheophytin) molecules in ancient sediments represent only a

minor fraction of the total. Examination of deeper cores should be conducted to test this

hypothesis.

Souree of phytane and phytenes released by Raney nickel. Several sources have been

proposed for the presence of phytane in crude oils, oil shales and sediments (Philp et

al., 1978a). Ikan et al. (1975) have indicated that chlorophyll-a may be the major source

for isoprenoid hydrocarbons in the vast majority of marine and continental sediments.

The inferred precursor of phytane and phytenes is phytol, derived from the phytyl side-

chain of chlorophyll-a (Bendoraitis et al., 1962). Phytol is a labile compound which is

dehydrated by mild catalytic action of acids and bases (Blumer and Thomas, 1965).

Dehydration of phytol forms phytadienes, which can be consequently reduced to

phytenes and then phytane (Philp et al., 1978a). This is a plausible mechanism by which

the action of Raney nickel as a catalyst and a reducing reagent can produce the observed

isoprenoid hydrocarbons.

Phytol standard was treated with Raney nickel to test the hypothesis that the

catalyst causes its dehydration with the production of phytenes and phytane. The original

standard was consumed in the reaction but no C20 isoprenoid hydrocarbons were detected

in the products. Major products obtained after thermal breakdown of phytol with and

without montmorillonite by de Leeuw et al. (1974) do not match with those produced

here. This observation suggests that if phytane and phytene isomers come from the

chlorophyll-a molecule, a different mechanism is required to explain the observed

products.

Baker and Smith (1974) suggested that elimination rather than hydrolysis is the

common deesterification route for pheophytin. It is possible that this mechanism

prevails in the non-aqueous system where the samples are treated with Raney nickel.



Based on the presumed geometiy of the transition state, Baker and Smith(1974)

predicted that neophytadiene, the thermodynamically least stable of the phytadienes, is

formed. Hydrogenation of this species to phytenes and phytane will be promoted under

these circumstances. Depending on the activity of the catalyst, phytadiene will be

quantitatively reduced (more active catalyst) or partially reduced (less active catalyst)

to phytane and phytene, respectively. This idea is supported by experiments carried out

with two different batches of Raney nickel where the most recently acquired catalyst

(more active) gives mostly phytane after desulfurization of the maltene fraction. This

proposed pathway is in agreement with (1) the absence of phytene/phytane after Raney

nickel treatment of phytol, and (2) the absence of phytadienes after desulfurization.

Two experiments carried out more than a decade ago by Philp et al. (1978b) and

Ikan et al. (1975) provide support to my contention that a reaction other than

desulfurization causes the appearance of C20 isoprenoids after treatment of the lipid

extract of plant material and marine sediments with Raney nickel. Thermal degradation

experiments performed by Philp et al. (1978b) on cells of the blue-green alga Nostoc

muscorum revealed that phytane and phytenes were the only isoprenoid formed. They

report the absence of C19 and C20 isoprenoids in the soluble lipid extract prior to the

thermal experiment and the lack of phytadienes, pristane and pristenes at the end of the

experiment. The experiment demonstrated the formation of phytane from chlorophyll

when the alga was subjected to temperature (200°C) under nitrogen for a minimum of

two weeks. There is no indication of intermediates such as phytol, dihydrophytol or

phytadienes formed during the experiment, although a mechanism including these

compounds was proposed. Blumer and Thomas (1965) proposed that chlorophyll-a

degradation in a generally reducing environment would favor the formation of phytane

via dihydrophytol.

In the present study the lipid extract from spinach was subjected to a

temperature of 80°C in the presence of ethanol to simulate the conditions used during

the Raney nickel treatment. GC analysis of the thermally treated total extract does not

reveal the formation of phytane or phytenes under this circumstance. It is reasonable to

suggest that Raney nickel, as a catalyst, lowers the amount of energy required to cleave
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the ester bond of the phytyl side-chain from chlorophyll-a, whereas the absence of

Raney nickel would require a higher temperature to produce the same results (Philp et

al., 1978b).

The second relevant experiment was carried out on sediments from the southern

California continental shelf. Sediments were heat-treated by Ikan et al. (1975) at 100°C

for 7 days producing phytane and two phytene isomers. They report that isoprenoids

were not present in the original sediment. Mass spectra of the two phytenes were

identical and identified as 3,7,11,1 5-tetramethylhexadec- 1- and -2-enes. The three

phytene isomers obtained by the Raney nickel treatment in Washington coastal

sediments also display identical mass spectra among them.

Other sources can be ascribed to the release of phytane and phytenes by the

Raney nickel treatment. In studies of the Dead Sea, Nissenbaum et al., (1972) suggested

that phytane might be derived from phosphatidyl glycerophosphate. This phospholipid

with ether-linked alkyl chains is found in halophilic bacteria (Kates et al., 1965),

acidophilic bacteria (de Rosa et al., 1977), thermoacidophilic bacteria and methanogens

(Tornabene et aL, 1979; Tomabene and Langworthy, 1979; Comita and Gagosian, 1983).

Phytane constitutes the lipid part in the diether molecule (Tomabene and Langworthy,

1979; Chappe et al., 1982). Such archaebacteria may be important sources of lipids in

other environments such as the Red Sea (Nissenbaum et al., 1972), the Cariaco Trench

(Chappe et al., 1982) and deep-sea hydrothermal vents (Comita and Gagosian, 1983),

representing highly reduced or extreme environments, having high temperature, low pH,

high salinity or some combination thereof (Tornabene and Langworthy, 1979). However,

significant inputs to surface suboxic sediments off Washington are improbable.

Another source for the C20 isoprenoid alkenes and alkane could be tocopherols,

also known as E vitamins. Tocopherols are relatively abundant in most photosynthetic

organisms such as higher plants, algae and cyanobacteria (Goossens et al., 1984 and

references therein). However, thermal degradation and flash pyrolysis carried out with

a-tocopherol by Goossens et al. (1984) demonstrated that prist-1-ene is the major and

dominant product in the pyrolysate. These authors argue that the generation of phytane
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from a-tocopherol is unlikely because a-cleavage next to the aromatic moiety is highly

unfavorable.

Vitamin Ki, a phylloquinone abundant in most photosynthesizers (Lehninger,

1982; de Gruyter, 1983) also possess a phytyl side chain (Ikan et al., 1973). However,

an a-cleavage next to the aromatic ring would be necessary to obtain a C20 isoprenoid,

which as presented above, is not a likely mechanism for the cleavage of the phytyl

moiety.

Results from the current study have important consequences in terms of the

interpretation given to similar patterns obtained after Raney nickel treatment of

sedimentary records in the characterization of paleoenvironments and as information

supporting the preservation of phytol-like structures via intermolecular addition of sulfur

(de Leeuw and Sinninghe Damsté, 1990; Kohnen et al., 1991c).

Comparison of Phy released by Raney nickel fmm maltene in sevemi deposilional

envimnments. A quantitative comparison of the amount of C20 isoprenoids extracted by

the Raney nickel treatment from the maltene fraction in this study with that obtained by

Kohnen et al. (1991c; 1992b) is shown in Table VI.5.

Data reported by Kohnen et al. (1991c) was collected from ODP Leg 112, site

679, at a depth of 1m in the sediments of the Peru upwelling region and Vena del

Gesso basin (Upper Miocene) in the Northern Apennines (Italy) from fresh outcrops

(Kohnen et aL, 1992b). Surface values obtained from Washington coastal sediments are

very similar to that reported by Kohnen et al. (1991c) from the Peru upwelling region

and both are almost an order of magnitude lower than the Vena deli Gesso bituminous

marl (Kohnen et al., 1992b). Unfortunately, only one value was published for the Peru

upwelling region so it is not possible to make comparisons in terms of their distribution

with the shelf and slope off Washington. Similarity between these values seems to be

fortuitous. Sediments were collected at different depths and from very different

sedimentary regimes. Moreover, concentrations decrease rapidly in the shelf and slope

as shown in Table V15.
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More data from the Peru upwelling region is needed to determine the

contribution of chlorophyll-a and OSC in the total amount of C20 isoprenoids released

after Raney nickel treatment. Post-bloom events could bring an important amount of

fresh phytoplankton to the sediments allowing chlorophyll-a to be preserved undegraded

under this circumstance. Smith et al. (1983b) report the presence of intact diatom cells

in a surface sediment collected in the Peru upwelling region. Some of the cells

contained complete internal structures such as chioroplasts (Smith et al., 1983b).

No information has been published for surface sediments from the Peru

upwelling region about the extent of the sulfur 'quenching" of lipid biomarkers.

Currently, it is not possible to arrive at any definitive conclusion based on the amount

of data available.

Table VI.S Comparison of total phytane concentrations [.tgIg TELa] measured before and after Raney
nickel treatment of the maltene fraction.

Washington coastal sediments

shelf (cm): 0-1 1-3 7-9 27-29

before 10 12 13 13
after 1135 853 765 627

slope (cm)': 0-1 3-5 7-9 11-13 15-17

before nd 11 15 14 21
after 1500 189 293 336 549

Peru Upwelling sedimentC before 71
after 1400

Vena del Gesso (Italy)d before =100
after =8500

a Total Extractable Lipids.
b TEL concentrations from Pralil (unpublished results for W88-SL), except 0-1 cm measured in this study.
C sampled at =1 m depth (Kohnen et aL, 1991c).
d bituminous marl sampled from a fresh outcrop in the Northern Appenines (Kohnen et al., 1992b).
ad: not detected
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Kohnen et al. (1991c) suggests that ratios of pristane/phytane used as an

indication of the oxicity of the system (Didyk et al., 1978) are biased when not

considering the amount of phytane released by desulfurization. The present study has

shown that a fraction of the phytane comes from the chlorophyll-a or pheophytin

molecule and therefore it is not possible to extrapolate information about the oxicity of

the depositional environment after Raney nickel treatment of recently deposited

sediments.

Changes in the distribution of n-alkanes after Raney nickel treatment. The carbon

preference index (CPI) of long-chain n-alkanes is frequently used as a measure of the

contribution of terrigenous organic matter in the sediments (Cranwell, 1982; Tissot and

Welte, 1984). Kohnen et al. (1991c) have reported a dramatic change in CPI after Raney

nickel treatment of the maltene fraction of consolidated immature sediments (5.2 My)

from the Northern Appennines, Italy. Kohnen et al. (1992) suggest a bias in the

interpretation of the ecological record may occur if the "natural sulfurized fraction" is

not taken into account.

Treatment with Raney nickel of the maltene fraction on shelf and slope

sediments off Washington did not affect significantly the CPI values obtained before the

treatment (Appendix 4). In both localities the CPI indicates terrestrial vegetation

contributes a fraction to the total organic carbon measured. Average values for the shelf

are 3.64 ±0.75 and 3.78 ±0.64, before and after Raney nickel treatment respectively and

for the slope 2.67 ±0.85 and 2.72 ±0.53. However, there is a loss of n-alkanes as a result

of the Raney nickel treatment which represents almost 50% of the initial concentration

in shelf sediments and 10% in slope sediments. A blank of the Raney nickel reaction

shows no n-alkanes in the reagent or production during the desulfurization treatment.

The CPI for sediments treated with Raney nickel in the Peru Upwelling region

(Kohnen et al. 1991c) show no change with the desulfurization treatment. It is not

possible to quantitatively compare their data with results from the present study since

there is no report of absolute concentrations for long-chain n-alkanes.
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Values of CPI in the asphaltene fraction in shelf and slope sediments is close to

one (Appendix 4) suggesting a different source for the long-chain n-alkanes derived after

Raney nickel compared to the maltene fraction. It is also possible to invoke a different

diagenetic pathway, since the asphaltene n-alkanes are linked to a macromolecular

structure supposely by sulfide bridges.
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CON CLUS IONS

C25 HBI-like structures are not observed after Raney nickel desulfurization of the

maltene and asphaltene fractions. These results demonstrate that C25 HBI incorporation

into polar and high-molecular-weight geomolecules is not a major pathway in the

ultimate fate of HBI.

A series of n-hydrocarbon homologues and an unknown compound of MW 444

(RI 3412) appear after desulfurization of the maltene and asphaltene fractions.

Phytane and a series of phytenes are major components released by Raney nickel

treatment of maltene and asphaltene fractions from the shelf and slope sediments. It is

suggested that the proportion of phytenes to phytane released is strongly dependent on

the activity of the catalyst. The Phy decreases sharply in the first 3 cm in shelf and

slope sediments. Below the surface sediments the EPhy stays fairly constant in shelf

sediments and increases gradually with depth in slope sediments.

Raney nickel desulfurization of Rozel Point oil shows similar results to those

obtained by Sinninghe Damsté et al. (1987a), validating the procedure used in this study.

Treatment of spinach and BT-6, a strain of Emiliania huxleyi, with Raney nickel,

shows identical patterns obtained to lipid extracts from Washington sediments suggesting

that other reactions apart from desulfurization are taking place. Experiments demonstrate

that a fraction of the C20 isoprenoids released by the Raney nickel treatment are cleaved

from chlorophyll-a or its diagenetic product (pheophytin) present in the polar fraction

of the maltene and as part of a larger network of refractory material in the asphaltene

fraction.

The amount of phytane released by Raney nickel from BT-6 can account for 20%

of the total chlorophyll-a present in phytoplankton. Yields for the Phy increase with

depth in slope sediments demonstrating that at least two sources are responsible for their

distribution, (1) cleavage of the phytyl moiety from chlorophyll-a (pheophytin) and (2)

desulfurization of geomacromolecules.
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The presence of microreducing environments in shelf sediments are invoked to

account for the existence of phytyl S-linked to macromolecules within the surface mixed

layer. The experiments show that a major sink for the phytyl side-chain of chlorophyll-a

in slope sediments is its incorporation to a geomacromolecule via S-bridges.

The use of chemolytic techniques such as Raney nickel has given information

otherwise not retrievable by conventional methods about the presence of biomarkers

cross-linked to high-molecular-weight organic compounds.

The results and observations presented in this chapter have shown that the shelf

and slope environmental conditions depart enough from each other to offer different

diagenetic pathways to specific biomarkers observed in Washington coastal sediments.

Stable anaerobic conditions on the slope are conducive to a significant incorporation of

C20 isoprenoids into geomacromolecules via S-bridges.
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CHAPTER VII

FACTORS CONTROLLING THE INCORPORATION OF SULFUR TO ORGANIC

MATTER IN RECENT SEDIMENTS: A COMPARISON BETWEEN

WASHINGTON COASTAL MARGIN AND PERU UPWELLING REGION

Sinninghe Damsté and coworkers have made a significant contribution to the

understanding of sulfur incorporation into biomarkers present in immature oils, shales

and sediments (On and White, 1990 and references therein). Evidence abounds

indicating that sulfur "quenching" of biomarkers is a feasible mechanism for the

preservation of otherwise labile lipid material in recent sediments. However, the

significance of this mechanism on a worldwide basis is still unresolved.

The environmental conditions of the sedimentaiy records where a wide variet'

of OSC have been identified, aze characterized by a combination of factors such as:

large rate of sediment deposition, high content of metabolizable organic matter, sulfur-

rich anoxic sediments, euxinjc water column, low concentration of reactive iron, very

low terrestrial contribution, hypersaline conditions. Some of these features are presently

found in environments with restricted deep-water circulation (Black Sea and Cariaco

Trench), highly productive upwelling areas (off Peru) and hypersaline environments

(Solar Lake, Sinai; Lake Kai-ike, Japan). Euxinic environments, that is sediments which

are overlain by anoxic bottom waters containing H2S, are relatively rare in the present

oceans (Raiswell and Bemer, 1985).

Two important questions should be addressed to substantiate the ubiquity of this

mechanism. Firstly, is there direct evidence that the disappearance of biomarkers in

surface sediments is mass-balanced by the presence of OSC structurally related to the

precursors? And secondly, is this an important mechanism in the accumulation of

organic carbon in coastal sediments?
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Basically, the aim of this study has been to shed some light in reference to the

above questions. This is the first attempt to evaluate the importance of sulfur

incorporation into individual biogenic molecules as a means of carbon preservation in

sediments under normal marine conditions (Raiswell and Bemer, 1986) and subjected

to an important contribution of terrigenous material..

There is undeniable evidence showing sulfur enrichment of sedimentary matter

occurs during early diagenesis (Nissenbaum and Kaplan, 1972; Casagrande et aL, 1979;

Casagrande and Ng, 1979; Aizenshtat et al., 1983; Francois, 1987a). However, it is still

unclear how much of the sulfur is directly bonded to carbon fonning sulfur bridges

within macromolecule structures already present, such as, humic material (Francois,

1 987a).

Environmental/geochemical factors at work in a complex and dynamic interaction

in the water column and sediments could eventually lead to the appropriate environment

for the formation of OSC. Sulfur incorporation to organic matter during early diagenesis

requires the presence of reduced sulfur (e.g. hydrogen sulfide, polysulfide) and

functionalized or unsaturated biomarkers (e.g. HBI, C20 isoprenoids) in close proximity

for the reaction to occur (Goldhaber and Kaplan, 1980). The presence of other reactive

moieties and the extent of competing reactions will determine whether the formation of

OSC will take precedence (Boulegue, 1983). There is strong evidence pointing to

specific environmental conditions under which reduced sulfur will be incorporated into

specific biomarkers and/or serve as a linkage between labile organic molecules and high-

molecular-weight macromolecules (Eglinton et at., 1992). These appropriate sedimentary

conditions are the presence of a high content of labile organic matter, low availability

of reactive iron and active bacterial reduction of sulfate. Examination of these conditions

in two present upwelling regions where the search for OSC has been carried out (Peru

Upwelling by Kohnen et al., 1991c and Washington shelf and slope sediments, this

study) could help understanding the significance of the postulated mechanism.

Major sources of organic matter in upwelling regions. Coastal primary productivity off

Peru and Washington is highly influenced by the upwelling present along the Pacific
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eastern boundaiy. Chlorophyll-a has been used as an indicator for the amount of

phytoplankton biomass present in the euphotic zone (Osterroht et aL, 1983).

Chlorophyll-a concentrations in surface waters at 15°S off the Peru coast reported by

Gagosian et at. (1983a,b) range between 5 to 10 ig/L. Small et at. (1989) measured 0.2

to 1.2 tgfL in surface waters off central Oregon for the period 1980-198 1. Short-lived

high concentrations of chlorophyll-a in excess of 20 j.tgIL were reported by Landry et

at. (1989) in midshelf waters off Washington and by Gagosian et al. (1983a) in excess

of 75 .tg/L off Peru due to dense dinoflagellate blooms. The intensity and persistence

of this phenomenon on the narrow shelf and upper slope off Peru makes this region one

of the richest in terms of primary productivity in the world. As a consequence, large

amounts of fresh planktonic debris settles rapidly to the bottom sediments. Shallow

water depths contribute to the high fluxes of particles reaching the sediments (Smith et

al., 1983a,b,c; Henrichs and Farrington, 1984).

Sediments on the Washington shelf and slope are constituted predominantly of

land-derived material exported by the Columbia River (Nittrouer et aL, 1979; Sternberg,

1986). Nittrouer et al. (1979) demonstrated that as much as 2/3 of the suspended silts

and sands discharged by the Columbia River accumulates on the Washington midshelf.

Nittrouer and Sternberg (1981) indicated that most of the clay-sized material passes

across the shelf and deposits in deeper water. Terrestrial organic matter introduced by

the Columbia River dominates the Washington shelf, ranging from 45 to 85% (Hedges

and Mann, 1979; Prahi and Muehihausen, 1989). On the continental slope, the influence

of terrestrial organic matter is still noticeable, albeit its contribution to the total organic

carbon is much less than for the shelf ranging from <10% (Hedges and Mann, 1979) to

20-30% (Prahl and Muehlhausen, 1989).

The Peru coastal zone is sparsely vegetated and river flow into this area is

infrequent (Henrichs and Farrington, 1984) suggesting that the input of terrigenous

organic matter would be minor (Smith et aL, 1983c). Hence, the presence or absence

of land-derived material will affect early diagenetic processes differently in both

settings. Terrestrial organic matter that reaches coastal sediments is thought to be

refractory in nature for several reasons: first, it contains polymers such as lignins, which
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are intrinsically refractory to degradation (Hedges et al., 1982); second, the existence of

labile lipid material but physically protected by association with particles (Prahl and

Carpenter, 1983); and third, prolonged exposure to degradation during its transport to

sea. Terrigenous detritus would dilute the marine organic component; consequently

reducing the concentration of readily metabolizable organic matter. Dilution of the most

reactive fraction of the organic matter will imply the rapid consumption of the marine

fraction at the water-sediment interface by aerobic metabolism and denitrification and

consequently less metabolizable substrate left for bacterial sulfate reduction (Raiswell

and Berner, 1986) limiting the amount of hydrogen sulfide produced. The refractory

terrigenous material also provides a framework to which labile organic matter becomes

grafted or trapped within the macromolecular structure (Simoneit and Burlingame, 1974)

rendering it inaccesible to microbial metabolism. With increasing time, condensation

between the polymeric residues would give rise to the insoluble kerogen matrix as found

in many sedimentary environments (Philp and Calvin, 1976).

Reactive imn. The deposition of reactive organic matter in the sediments supports high

sulfate reduction rates (Raiswell and Berner, 1986) with large production of hydrogen

sulfide which in turns reacts rapidly with reactive iron oxides (Canfield, 1989b) to form

various iron sulfide minerals (Boulegue et al., 1982) and eventually pyrite (Bemer,

1970). Pyrite can form rapidly and directly from ferrous ions and polysulfides in

solution or more gradually from the conversion of iron monosulfides (Howarth and Teal,

1979). Consequently, the presence of reactive iron in the sediments effectively buffers

the concentration of sulfide to low levels (Goldbaber and Kaplan, 1974; Canfield,

1989b).

Riverine sedimentary material supplies an important amount of iron to coastal

sediments (Berner, 1982; Landing and Bruland, 1987). Terrigenous sediments deposited

under normal marine conditions apparently contain large amounts of reactive iron

minerals (Davis et al., 1988). Ferric oxides are present mainly in the inorganic

component of the sediment, such as coating on clay minerals (Jorgensen, 1977 a). The

Peru upwelling region being free from riverine influence contains low iron
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concentrations (Raiswell and Berner, 1986), the sediments consisting primarily of

biogenic material (i.e. opaline silica). Therefore, large concentrations of reduced sulfur

will be available for incorporation to organic matter. Interstitial water profiles for

remobilized iron (II) in shelf and slope sediments off Washington show the absence of

dissolved iron below the 2 to 4 cm top sediments (Figure IV.!). Total sulfur in the same

sediments increases with depth. Both observations suggest the active formation of iron

sulfide minerals within the suboxic zone in Washington coastal sediments.

Sulfate reducion and availability of reduced sulfur. In modern oceans, waters are

oxygenated almost eveiywhere, while sediments are largely suboxic to anoxic (Raiswell

and Bemer, 1986). Anaerobic conditions will be caused by denitrification (Rowe et al.,

1988) and predominantly by bacterial reduction of sulfate (Jorgensen, 1983). The

development of a sulfate-reducing environment in marine sediments depends primarily

on the amount of reactive organic matter present (Jorgensen, 1977c; Pfendt et al., 1988).

Organic matter low in nutrient value for microorganisms will reduce appreciable the

amount of H2S produced as a metabolic byproduct (Davis et al., 1988). Reduced forms

of sulfur in general are veiy reactive and concentrations are controlled by both

thermodynamics and kinetics for the various species (Boulègue et al., 1982; Orr and

Sinninghe Damsté, 1990). Several diagenetic processes compete for the H2S and other

reduced sulfur species available, such as: formation of iron sulfide minerals (Jorgensen,

1977b; Bemer, 1984), precipitation with other reactive cations (Boulegue, 1977;

Canfield, 1989b), and oxidation due to mixing with surface sediments. Burrowing

activity by benthic fauna enhances the loss of H2S from the sediments (Bemer and

Westrich, 1985). The oxygen is also mixed into the anaerobic sediments by current,

wave stirring and diffusion (Berner, 1970). Jorgensen (1980) points out that reoxidation

of H2S takes place in anoxic zones where the main terminal electron acceptors are

probably a combination of nitrate and oxidized Mn and Fe compounds. Jorgensen (1982)

found that 80-95% of the 1125 produced in shallow coastal sediments is reoxidized back

to sulfate at or near the sediment surface. Bemer and Westrich (1985) calculate that in

the top 12 cm about 90% of the sulfide produced is reoxidized and lost to Long Island
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Sound sediments (FOAM station). Thus, there is a very narrow zone in the sediments

where I1S and other metastable sulfur species (Boulegue, 1977) are available for the

formation of OSC if all the above reactions and processes are present.

Oxygen is barely detectable on bottom waters in the most active region of the

Peru Upwelling area (Henrichs and Farrington, 1984). Benthic fauna is restricted due to

the oxygen minimum zone (<0.1 mi/L, Volkman et al., 1983). Thus, sediments on the

area are relatively undisturbed (Cooper et al., 1986) with no physical evidence of

bioturbation in the upper 2 cm. The area is covered by a mat of Thioploca (Volkman

et al., 1983; Henrichs and Farrington, 1984), a sulfide-oxidizing bacterium ubiquitous

in sediments under the Peru-Chile Subsurface Countercurrent (Gallardo, 1977). Henrichs

and Farrington (1984) suggest that the distribution of Thioploca in the area is typical of

a facultative anaerobic heterotroph. By contrast, shelf sediments off Washington are

highly bioturbated in the upper 5 cm (Nittrouer et al., 1979; Smethie et al., 1981) and

bio-irrigation of oxygenated water may occur deep into the sediments (Christensen et

al., 1984). However, Christensen et al. (1984) indicate that anaerobic conditions appear

to occur below 2 cm and show that sulfate reduction rate maximizes between 4-7 cm

in two midshelf stations. Despite active sulfide production by sulfate reduction, there

was no sulfide detected by odor (sensitive to a few tM) to the full depth of our

sediment cores indicating that sulfide was either reoxidized, precipitated with ferrous

iron (Fossing, 1990), and/or bound to sediment particles (Christensen et aL, 1987). The

sulfate reduction rate varies seasonally and spatially. Rowe and Howarth (1985) report

values that range between 2 and 477 nmol/cm3/d in the Peru Upwelling region. In

Washington midshelf sediments, similar lower values are found but the maximum value

is an order of magnitude lower than the maximum measured off Peru. For comparison,

a Danish shallow coastal sediment extensively studied by Jorgensen (1977a,b,c, 1982,

1983, 1990a) exhibits a range from 10 to 50 (Winter) and 50 to 400 (Summer)

nmol/cm3/d. The intensive sulfate reduction in Danish sediments is supported by a

considerable fraction of the primary production reaching the sediments (Jorgensen,

1977c). Higher sulfate reduction rates and minor contributions of reactive iron to Peru
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Upwelling sediments probably lead to a larger pool of reduced sulfur amenable to be

incorporated into organic matter in comparison to Washington coastal sediments.

Two other observations favoring the incorporation of sulfur to organic matter in

the Peru Upwelling region are presented. Remineralization rates for the Peru Upwelling

area range from 0.6 to 20 gC/m2/y (Henrichs and Farrington, 1984), whereas Christensen

(1989) reports an average of 81.5 gC/m2/y for the Washington shelf. Burial or

accumulation rates of organic carbon off Peru range from 40-70 gC/m2/y (Henrichs and

Farrington, 1984) most of which is of marine origin. A range of 13 to 31 gC/m2/y was

calculated for the Washington shelf sediments based on sediment accumulation rates of

250 mg/cm2/y (Nittrouer et al., 1979) and organic carbon content measured in this

study at different depths. Organic carbon of terrigenous origin makes up about 50% of

what is accumulated in shelf sediments (Prahl and Muehlhausen, 1989). A large

remineralization rate and low accumulation rate of organic carbon in Washington shelf

sediments imply a large removal of labile and metabolizable organic carbon from that

window in depth where the reduced sulfur and biomarkers are required to exist for their

interaction.

The presence and depth at which S° is found in the sediments constrains and

demarks a redox boundary from above for incorporation of reduced sulfur into organic

matter. It could also act as a dynamic intermediate in the sulfur transformation within

anoxic sediments. S° seems to be formed only by the oxidation of sulfide as the known

reductive process does not yield S° (Troelsen and Jorgensen, 1982). S° was either not

detected or at a vezy low concentration (<0.1 imol/cm3) in Peru shelf sediments

(Fossing, 1990). However, Mossman et al. (1990,199 1) working with ODP cores from

holes drilled on the Peru Margin (Suess, von Huene, et al., 1990) report a maximum

concentration of 900 .igS°/g weight (27 prnollcm3, assuming density and water content

similar to other areas, e.g. Troelsen and Jorgensen, 1982) in surface sediments, with the

caveat that other sulfur species may have been converted to S° due to post-sampling

oxidation and/or chemical treatment of the sample. Fossing (1990) employed a box corer

and a Soutar corer to avoid loss and mixing of the surface of the sedimentary record.

ODP cores are not designed for the recovery of surface sediments. Rotary drilling
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greatly disturbs sediments, especially the unconsolidated upper portion of the

sedimentary column (Eglinton et al., 1983), therefore, the high concentration of S°

reported by Mossman et al. (1991) should be viewed with extreme caution.

The concentration of S° in the midshelf station sampled for this study varies

from 1.37 to 9.55 .tmol/cm3 (assuming a particle density of 2.5 g/cm3 as measured by

Nittrouer et al., 1979 in the area). For comparison Troelsen and Jorgensen (1982) report

a S° maximum of 3 timol/cm3 in shallow Danish coastal sediments in the same zone of

high sulfate reduction rate. A similar pattern occurs in Washington midshelf sediments.

The presence of S° coincides with the depth of maximum sulfate reduction rates

(Christensen et al., 1984). This observation implies a rapid turnover and oxidation of

H2S taking place at 2-6 cm below the sediment surface, probably caused by bioturbation

(Berner and Westrich, 1985). Thus, metastable reduced sulfur species such as

polysulfides have a short life and are less likely to interact with organic matter.

The presence of a S° subsurface maximum in slope sediments in 1985 (Figure

IV.2) indicates that the effect of bioturbation does not reach below 5 cm. The S° front

is likely to occur due to diffusion of both oxygen and 112S continuously supplied by

diffusion along opposite gradients. The concentration of S° is at least an order of

magnitude lower in the slope compared to shelf sediments. Total sulfur concentration

on the slope is very similar to that measured on the shelf. Carbon accumulation rates

range from 11.5 to 15.3 gC/m2/y based on sediment accumulation rates measured by

Carpenter et al. (1981) representing half the rates observed in the shelf. The organic

carbon content on the slope is relatively high averaging 2.7% in our cores. These results

suggest the organic carbon present in slope sediments is more refractory than what exists

in the shelf, supporting the hypothesis postulated in chapter IV. A considerable fraction

of the organic matter present in the slope could have its origin in the continental shelf

and transported via an intermediate-bottom nepheloid layer to the slope.

The abrupt decrease of HBI in the upper cm of shelf and slope sediments where

a transition from aerobic to anaerobic conditions take place, seems to be caused by

aerobic/anaerobic metabolism and utilization as a carbon source for bacterial growth

rather than serving as substrates for sulfur addition and incorporation into more
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refractory macromolecules as it has been observed in organic- and sulfur-rich marine

sediments. However, the lipid extract represents less than 8% of the total organic

carbon present in shelf sediments. More research is required on the more refractory

fraction of organic matter to establish how significant is the process of "natural

sulfurization" in the preservation of organic matter under normal and sulfur-rich

sediments.
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CONCLUSIONS

Differences in the environmental/geochemical settings of the Peru Upwelling area

and Washington coastal region may cause divergent diagenetic pathways in the fate of

lipid biomarkers.

Iron contributed by the Columbia River, active bioturbation on the shelf, high

remineralization rates, and low accumulation rates of OC (burial rates) are characteristic

in the northeastern Pacific.

These biogeochemical factors seem to play an important role in (1) the absence

of OSC produced by intramolecular sulfur addition and (2) the distribution of OSC

formed by C20 isoprenoids incorporated to macromolecular structures via S-bridges in

sediments off the Washington coast.
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CHAPTER Vifi

THE EFFECT OF ELEMENTAL SULFUR AND CATALYST ACTIViTY ON THE

RANEY NICKEL TREATMENT OF THE HYDROCARBON FRACTION IN A

RECENT COASTAL SEDIMENT

INTRODUCTION

Raney nickel is one of the most commonly used reagents for reductive cleavage

of carbon-sulfur bonds in inorganic synthesis (Belen'kii, 1990 and references therein).

In a broader sense, Raney nickel is used as a technique for catalytic hydrogenation

(Tucker, 1950). Reductive desulfurization of organosulfur compounds (OSC) is used

mainly as a method for their structural elucidation as well as in the synthesis of various

classes of organic compounds (Hudlicky, 1986). Chemical degradation experiments of

organic fractions present in sediments are useful to study the incorporation of

biomarkers to macromolecular structures. Information obtained by these techniques help

in the reconstruction of paleoenvironments. Raney nickel desulfurization treatments of

immature oils, shales and sediments have been carried out by Schmid et al. (1987),

Sinninghe Damsté et al. (1990b), and Kohnen et al. (1991a) to decipher the origin and

diagenetic processes of the sedimentary material.

Desulfurization of the polar maltene fraction and asphaltenes has revealed the

presence of hydrocarbon structures resembling a wide variety of biomarkers (Sinninghe

Damsté and de Leeuw, 1990 and references therein). Raney nickel desulfurization of

the maltene fraction in Washington coastal sediments has shown that other undesirable

reactions occur such as the destruction of unsaturated hydrocarbons (see chapter VI).

Raney nickel is prepared by the action of hot aqueous alkali on finely powdered

nickel-aluminum alloy with large quantities of produced during the reaction (Billica

and Adkins, 1955). The catalyst is mixed with the sample and refluxed with ethanol.
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Undoubtedly, a mixture as complex as a sedimentary sample represents, will undergo

complex reactions due to the presence of a catalyst, the application of temperature and

the presence of functionalized and/or unsaturated organic compounds in the sample. The

catalytic hydrogenation of the sample will be affected by different analytical factors such

as: the method of the catalyst preparation, source of metal used, catalyst support,

additives (both known and impurities) and amount of catalyst used (Russell et al., 1977).

For example, hydrogenation of unsaturated aldehydes produces a wide variety of

products, such as saturated and unsaturated alcohols and hydrocarbons depending on the

reaction conditions employed (Russell et al., 1977 and references therein).

Some interesting results from the deuteration of methyl linoleate with nickel,

palladium and other catalysts previously equilibrated with deuterium have been reported

by Koritala et al., (1973). They demonstrated (1) selectivity of nickel in the reduction

of linoleate, (2) conjugated dienes are more reactive than linoleate and adsorb almost

irreversibly on the catalyst, (3) non-conjugatable diene and monoene isomers are

produced. These studies show the complexity of reactions when using a catalyst. In

many instances the mechanism to explain how the catalyst is affecting the reaction has

not been elucidated (Ho et al., 1986), however, an empirical approach can be used to

determine the catalyst behavior under a variety of experimental conditions.

Critical to a proper interpretation of the origin of biomarkers associated to

geomacromolecular structures is the understanding of the analytical tools applied in the

analysis. Substances that have proved to be selective in their interaction in synthetic

samples could perform poorly with environmental samples.

Sedimentary samples used in this study contain a series of hydrocarbons with

different degrees of unsaturation. It was demonstrated in a previous chapter that Raney

nickel treatment of maltenes destroys a considerable fraction of the C25 and C30 highly

branched isoprenoids (HBI) in the sample. This chapter shows the results of two

experiments carried out to evaluate the activity of the catalyst. A time series experiment

to study the effect of the paging" of Raney nickel and a desulfurization treatment of a

sample before and after extraction of elemental sulfur. These results are compared with



164

untreated samples eluted through an activated copper column that retains elemental

sulfur.

EXPERIMENTAL

For details about the lipid extraction procedure and Raney nickel neutralization

and dehydration read chapter II, Experimental Methods.

Lipid extraclion fmm a coastal sediment. About 52 g of diy sediment collected from

a depth of 7-9 cm on the Washington midshelf was lipid extracted. The total lipid

extract was deasphalted giving a total yield of 14.9 mg of maltene and 5.6 mg of

asphaltene. Each one of these fractions was subdivided into five replicates. The

asphaltene fraction was used in the Raney nickel aging experiment and the maltene

fraction in studying the effect of elemental sulfur in the desulfurization procedure.

Equal volumes of Raney nickel prepared for the aging experiment were stored in ethanol

for the prescribed amount of time (Table Vifi. 1) and one volume was applied

immediately after neutralization to the sample.

Elemental sulfur extraclion. Elemental sulfur present in the lipid fraction was extracted

using an activated copper column (Blumer, 1957) prepared with copper powder

(Aldrich) 4O mesh size. A glass column with 2-3 inches of copper is eluted with

acetone, Milli-Q water and 6M HC1 to activate the copper. Deionized/distilled water is

flushed through to neutralize the column, then acetone and methylene chloride are

eluted. The presence of elemental sulfur in the sample will react with the copper

producing copper sulfide which appears as a black ring at the top of the slurry.

Gas chmmatogtaphic (CC) analysis. Gas chromatography analyses of the apolar fraction

on both the maltene and asphaltene fractions were carried out following the same

analytical conditions detailed in the chapter about Experimental Methods.
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Table Vffl.1 Abundance of total C20 isoprenoids [nglmg asphaltenel released from the asphaltene fraction
by "aged" Raney nickel.

storage timea 0 hr 1 d 3 d 6 d 30 d

sum of C20 isoprenoids' 461 213 37 nd nd
phytane/sum phytenes 1.47 0.62

a
time interval Raney nickel was stored in abs. ethanol after neutralization and before its application to the asphaltene

fraction.
b sum of phytane and phytenes.
C phytenes were not detected.
nd: not detected.
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RESULTS AND DISCUSSION

Deactivation of Raney nickel due to stoiage. The major products released by Raney

nickel treatment of the asphaltene fraction have been previously identified as phytane

and three phytene isomers (see chapter VI). Figure Vffl.1 shows that phytane and

phytenes released by Raney nickel decrease rapidly with the age of the catalyst. The

phytene isomers are not detected in the sample treated with a 3-day-old Raney nickel.

If the activity of the catalyst is measured in terms of the total amount of product

obtained, then its strength is reduced by half after one day and to 10% of its original

activity after three days (Table Vifi. 1). These results show that Raney nickel losses its

activity upon standing, more rapidly than what has been suggested elsewhere (Billica

and Adkins, 1955; Mozingo, 1955).

Another important piece of information obtained from this experiment is the

change in the proportion of phytane to the sum of the phytenes with time (i.e. catalyst

activity; Table Vffi.1). Geochemists use ratios between biogenically or diagenetically

related lipid compounds as indices to evaluate sources (de Leeuw and Sinninghe

Damsté, 1990), diagenetic processes (Didyk et at., 1978), water temperature in the photic

zone (Brassell et al., 1986; Prahl and Wakeham, 1987) and maturity of sediments

(Simoneit, 1992 and references therein). Duplicates of samples previously treated with

Raney nickel show reproducible ratios for phytane to the sum of phytenes (chapter VI,

table VT.2). The proportion of saturated to unsaturated isomers may reflect the

environmental conditions during deposition. However, use of a new batch of Raney

nickel led to a different pattern in the ratio of C20 isoprenoids. This variation is ascribed

to the "shelf time" of the catalyst. The aging Raney nickel experiment confirms the

activity of the catalyst is responsible for changes under a given set of experimental

conditions.

The effect of elemental sulfur present in the maltene fraction to Raney nickel

desulfwization. Elemental sulfur is widely distributed in coastal marine sediments
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Figure VIIL1 Abundance of C20 isoprenoids released by "aged" Raney nickel from
asphaltene.



(Jorgensen, 1977a,b). Bioturbation and physical events mix elemental sulfur

homogenously within the surface mixed layer in shelf sediments. On the slope,

elemental sulfur displays a subsurface maximum as shown previously (chapter IV).

Solvent extraction of the lipid material from the sediments will also extract

elemental sulfur. Its presence in the maltene extract may limit the activity of Raney

nickel by becoming adsorbed to the surface of the catalyst. The mechanism of bonding

sulfur compounds to the Raney nickel surface is somewhat vague, but there is agreement

that cleavage of C-S bonds occur with free radical formation. Sulfur is initially

adsorbed on the nickel surface through unshared 3p electrons of the sulfur atom

producing nickel sulfide (Belin'kii, 1990). The reaction stops because of deactivation

of the catalyst by nickel sulfide formed on its surface and not in connection to a

deficiency in adsorbed hydrogen (Belintkii, 1990).

Sediment samples from the Washington shelf were lipid extracted and the

maltene fraction treated with Raney nickel before and after extraction of elemental

sulfur. Table Vffl.2 shows changes in the composition of some hydrocarbons due to (1)

the removal of elemental sulfur by activated copper, (2) Raney nickel treatment of the

sample and (3) contribution of both.

It has been shown that the copper column not only retains elemental sulfur

(Blumer, 1955) forming copper sulfide but also mercaptans and disulfides (Bates and

Carpenter, 1979b). In the present study there is a 10% decrease in the amount of long-

chain-odd-carbon-number n-alkanes reducing the carbon preference index (CPI) from

3.22 to 3.08 (Figure Vffl.2). However, a 10% decrease is within the analytical error of

the experiment. No significant differences were found in the abundance of pristane,

phytane or C25, C30 highly branched isoprenoids containing 3 and 4 unsaturations in the

molecule (see chapter IV).

Treatment of the sample with Raney nickel substantially changes the

concentration of the C25, C30 HBI but does not affect the n-alkanes (Figure Vffl.2) or

pristane (Table Vffl.2). The large increase in phytane and appearance of phytenes is a

result of a reaction between Raney nickel and the polar fraction in the maltene extract.
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Figure Vffl.2 Distribution of n-alkanes in the apolar maltene fraction of shelf sediments before and after treatment
with Raney nickel, with and without the presence of elemental sulfur. ml: apolar maltene fraction, +1-: with/without
elemental sulfur, +R: after treatment with Raney nickel.
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The distribution of the C20 isoprenoids released during desulfurization was covered in

depth in chapter V1.

Table VIIL2 Changes in the composition of hydrocarbons [ng/g dry wt.J present in the maltene fraction
of a coastal sediment treated with Raney nickel.

treatment mi+S mi-S ml+S+R mi-S+R

sum C25 HBI 179 168 66 31
sum C30 HBI 161 193 25 7
sum n-C25,27,29,31 654 584 658 565
pristane 46 42 47 27
phytane 4.3 4.2 60 58
sum phytena3d nd 247 97
CPIa 3.22 3.08 3.04 3.03
3s/4sb 1.3 1.6 - -

ml+S: apolar fraction of maltene, S included.
mi-S: apolar fraction of maltene, S° extracted.
ml+S+R: ml+S treated with Raney nickel.
ml-S+R: mi-S treated with Raney nickel.
nd: not detected.
a Carbon Preference Index: ½ (ZnC2i,23,25,27,29,31)*((1In_C20,22,24,26,28,3O)+

(1/n-C22,24,26,28,3O,32))
b ratio of C25 HBI tn- and tetra-unsaturated.

Combination of both removal of elemental sulfur and subsequent treatment with

Raney nickel will cause major change in products from immature matter in Recent

sediments. It was previously shown that extraction of elemental sulfur did not affect the

concentration of IIBI. However, when this procedure is applied in conjunction with

Raney nickel, large losses are observed (Table Vffl.2). A similar effect can be observed

for pristane after sulfur removal and Raney nickel treatment. The decrease in pristane

concentration cannot be ascribed separately to either procedure. A change is observed

only when both techniques are applied to the sample. Changes in the concentration of

the sum of long-odd-number n-alkanes are exclusively due to sulfur extraction. The

most intriguing results correspond to the decrease in concentration of phytenes produced
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by Raney nickel. Removal of elemental sulfur lowered the yield of phytenes obtained

after Raney nickel treatment to 40% of the total amount released originally by the

catalyst.

It was postulated in chapter VI that two modes of occurrence existed for the

phytenes released by Raney nickel, (1) chlorophyll-a (pheophytin), and (2) a

geomacromolecule to which the phytyl moiety was S-linked. Is the difference in

concentrations for the sum of phytenes evidence for the two sources proposed above?

The amount of total C20 isoprenoids retained by the copper column is 50 %.

The percent yield for this sample (W90-SH 7-9 cm) is 48 (Table VT.4). The yield for

the phytyl moiety cleaved from chlorophyll-a is 20. Therefore 58 % of the total

originates from the S-linked macromolecule. These two values (50 and 58 %) are very

similar. This circumstantial evidence could indicate a partioning of the sources for the

C20 isoprenoids present in the sample.

The second question would be: Which one of the two sources interacts and is

retained by the activated copper column?

As demonstrated by Bates and Carpenter (1 979b), the activated copper column

also removes mercaptans and disulfides. Kohnen et al. (1989) have reported the

presence of di- and polysulfide-bound phytyl in sulfur-rich geomacromolecules. It has

become generally accepted that H2S and inorganic polysulfides play a major role in the

sedimentary formation of OSC (Aizenshtat et al., 1983; Francois, 1987a; Kohnen et al.,

1989; LaLonde, 1990; Vairavamurthy et al., 1992).

Given this scenario, it is possible the activated copper colunm retained selectively

the S-linked C20 isoprenoids. Treatment of the copper column with Raney nickel after

elution of the sample is a feasible experiment to test the above hypothesis.

One of the main purposes of this investigation was to determine the incorporation

of C25, C30 HBI via sulfur bond to more polar and high-molecular-weight molecules.

The "desulfurization" treatment destroys about 90 % of the C25 HBI. This is a major

drawback that precludes quantitation of similar structures released by the Raney nickel

treatment. A mass balance approach is important to conclude that intermolecular sulfur

addition is a major mechanism involved in the preservation of HBI. Raney nickel
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treatment not only complicates the quantitative side of the story but also the qualitative

aspect. If the sedimentary conditions allow just a very minor amount of C25 and C30 HBI

to be incorporated via sulfur linkage to macromolecules, that information will leave no

vestiges after desulfurization with Raney nickel. Nevertheless, desulfurization with

Raney nickel and other chemolytic techniques (Ekweozor, 1986; Kohnen et at., 1991b;

Hofmann et al., 1992; Richnow et aL, 1992) are needed to interrogate the more

refractory components of the organic matter in the sediments. A careful application and

understanding of these techniques could potentially help answering some important

questions in relation to the mechanisms operating in the preservation of organic matter

in coastal marine sediments.
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CONCLUSIONS

The activity of the Raney nickel catalyst rapidly deteriorates after its preparation.

A fresh solution should be prepared each time to avoid erratic variations in the ratio of

phytane and phytenes released by this technique.

Application of Raney nickel to a sample after elemental sulfur has been removed,

brings about changes in the concentrations of hydrocarbons that are not straight forward

to elucidate.

Removal of elemental sulfur using activated copper reduces long-chain n-alkanes

by about 10%. Branched isoprenoids are unaffected by this procedure unless Raney

nickel is applied subsequently.

A large loss of HBI occurs after treatment with Raney nickel. This amount

increases when elemental sulfur has been previously extracted. The n-alkane distribution

(CPI) is not affected by the desulfurization technique.

The search for structures similar to HBI incorporated to macromolecules via

sulfur linkages is drastically hindered by the undesired reactions the Raney nickel

desulfurization treatment causes under the above experimental conditions.

A rigorous, reproducible procedure is essential to obtain meaningful geochemical

results when using chemolytic techniques involving a catalyst such as Raney nickel.

Elution of the sample through an activated copper column previous to Raney

nickel desulfurization could prove useful to separate quantitatively the two proposed

sources for the C20 isoprenoids present in recent sediments.
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CHAPTER 1X

SUMMARY

Recent studies of the lipid constituents of immature oils, shales and sediments

have shown the presence of organosulfur compound (OSC) with structures similar to

contemporaneous biomarkers (Sinninghe Damsté and de Leeuw, 1990). In particular,

a series of highly branched isoprenoid thiophenes whose structure resemble C25 highly

branched isoprenoids (HBI) (Kohnen et al., 1990a). The diagenetic pathway by which

HIM are degraded is presently unkown (Rowland and Robson, 1990).

A suite of widely distributed C25 tn- and tetra-unsaturated HBI were used to test

the hypothesis that sulfur incorporation to organic matter occurs during early diagenesis.

This is the first attempt to establish the significance of sulfur incorporation to specific

biomarkers in coastal sediments under oxic/suboxic conditions. This study provides new

insights about the potential origin for the HBI. C25 and C30 HBI are observed in

suspended particulate matter (SPM) sampled over the Washington continental slope.

Samples were collected in Summer in waters characterized by seasonal upwelling (Small

et al., 1989). These isoprenoids show an exponential decrease in the upper waters

suggesting rapid degradation.

A particle size fractionation experiment of SPM at 10 m below the water surface

show the HBI appear in particles <40 .im on shelf waters and they are undetected on

slope waters. Heneicosahexaene (n-C21:6), a major hydrocarbon present in

pbytoplankton, is enriched in particles 20-40 .tm in size. The HBI are enriched in the

1.2-20 .tm fraction. This observation suggests that the co-occurrence of a C25 HBI and

n-C21:6 in a sea-ice diatom community by Nichols et al. (1988) does not necessarily

reflect a common origin.

The HBI observed in sediments must be transported either by fecal pellets or

during phytoplankton blooms by aggregates of fresh organic particles, if an upper water-
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column origin is assumed. Coarse particles are not well represented when SPM is

sampled with water bottle samplers.

The distribution of C25 suggests an upper water algal/microbial source. C25 HBI

appears to be closely related to the near surface chlorophyll-a/fluorescence maximum.

A pseudohomologous series of C30 HBI displays a subsurface maximum near the base

of the euphotic zone. The C30 HBI is most likely associated with a heterothrophic

source, possibly microbial colonization of senescent phytoplankton.

Degradation of HBI from lipid extracts stored at low temperature was observed

in certain samples. A simple degradation experiment showed the rate of degradation for

the C25 HBI to be 100 and 169 ng/g dry wi/month, when maintained in the dark or

exposed to ambient light, respectively.

An identical suite of tn- and tetra-unsaturated C25 HBI to those detected in SPM

is found in sediment samples on the Washington shelf and slope. Depth profiles on both

localities show a rapid decrease with depth. A suite of C30 HBI show a similar profile

becoming undetectable within the first 15 cm. Depth profiles for C25 and C30 HBI are

strikingly similar for samples collected 5 years apart from the same sites.

Mn and Fe in the porewaters are remobilized very near the surface sediment

suggesting suboxic/anoxic conditions develop at a shallow depth within the sedimentary

record. The distribution of elemental sulfur in shelf sediments reflects oxidation of

reduced sulfur within the SML. A broad subsurface maximum appears to be controlled

by bio-irrigation. Elemental sulfur on the slope displays a subsurface maximum between

8-12 cm. Apparently, the slope appears as a stable regime where a quasi steady-state

system has been reached. The shape of the total sulfur profiles is in agreement with the

redox characterization of the shelf and slope systems.

The shape of the C25 HIM profile on the shelf does not reflect the presence of a

permanently active SML. Although benthic organisms were observed in these samples,

bioturbation appears to be sporadic and heterogeneous based on the geochemical data.

The presence of reducing microenvironments in the >250 .tm size fraction of shelf

sediments is indirectly assumed due to the high enrichment of total sulfur associated to

the coarse particles. Enrichment of the C25 HBI in the same fraction suggests these
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compounds are possibly protected from degradation, perhaps incorporated in fecal

pellets.

Flux calculations indicate that in 1978 the Peru Upwelling region received 30 to

100 times more C25 than the Washington shelf in the years 1985 and 1990, respectively.

Spatial distribution of the HBI on surface sediments show concentrations are

highest directly underneath regions of intense upwelling. This observation supports their

origin associated to phytoplankton blooms and possibly transported rapidly to shallow

sediments as a post-bloom event.

C25 and C30 HBI appear to have extremely short half-life in the region in

agreement with similar profiles reported for other coastal environments (Volkman et al.,

1983).

Washington coastal sediments are extremely low in OSC extracted with the lipid

material. The shelf shows only elemental sulfur in the hydrocarbon fraction. 1985

samples from slope sediments contain several OSC present in highly variable

concentrations with depth. The largest OSC (0 compound) is actually a mixture of at

least 3 isomers with a base peak of 199 and possible molecular ion M: 398. This

compound has only been reported previously in Puget Sound sediments (Bates and

Carpenter, 1979a). The structure has not been elucidated but it resembles a 2,5 di-n-

alkylthiophene. 1990 slope sediments show no indication of OSC other than the W:

398. In situ production is suggested for the 0 isomers.

Mass spectral analysis gave no convincing information about the presence of C25

and C30 HBI thiophenes in the region.

The lack of OSC in shelf sediments is ascribed to a combination of factors, such

as: active aerobic metabolism consuming labile biogenic material, a large concentration

of reactive iron and active bioturbation of the surface sediments by benthic fauna

causing the depletion of free reduced sulfur in the chemocline. Desulfurization of the

maltene and asphaltene fractions confirmed the absence of C25 and C30 S-linked to high-

molecular-weight compounds in the total extractable lipids. However, it has not been

proved that a fraction of the HBI could react with reduced sulfur to become part of a

highly refractory macromolecule not amenable to solvent extraction (protokerogen).
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Hydrocarbon distributions of the Rozel Point oil after Raney nickel treatment

agrees well with similar work performed elsewhere (Sinninghe Damsté et al., 1987a).

This experiment was carried out to validate the Raney nickel methodology applied in

this study.

Raney nickel treatment of the maltene and asphaltene extractable lipids released

phytane and phytenes. This suite of isoprenoids was detected in the most polar fraction

of the maltene suggesting their presence is part of a high-molecular-weight molecule.

It is not clear the type of geochemical information the ratio of phytane to the sum

of phytenes (ZPhe) reflects. Several lines of evidence suggest that the ratio could be

highly influenced by the activity of the catalyst.

Distribution of the total Phe released by Raney nickel suggests the presence of

different diagenetic pathways in the shelf and slope sediments. Initially, an abrupt

decrease in concentration suggests rapid aerobic degradation. The Phe remains constant

with depth on the shelf. This profile is explained by mixing due to bioturbation caused

by benthic organisms and physical events. The slope shows a gradual increase with

depth suggesting incorporation of the phytyl moiety to a geomacromolecule via S-

linkages.

Samples of spinach and Emiliania huxleyi treated with Raney nickel released the

same cluster of phytane and phytenes observed in shelf and slope sediments. Assuming

Raney nickel acts as a selective desulfurizing agent, this would be the first report of

phytyl structures associated to a macromolecule via S-linkage in fresh terrigenous and

marine photosynthesizers. However, side reactions between the catalyst and unsaturated

hydrocarbons were observed. Therefore, it is more likely that catalytic hydrogenation

caused side reactions during the treatment.

C20 isoprenoids released by Raney nickel from BT-6 account for 20% of the

chlorophyll-a measured from fresh-extracted cells. The percent yield of C20 isoprenoids

to chlorophyll-a concentration in slope sediments supports the idea of two sources for

the phytyl-moieties. These results demonstrate chlorophyll-a (pheophytin) are a major

source for phytyl-like moieties released by Raney nickel from surface sediments. The

parent compounds could be found in the polar fraction of the maltene and as part of a
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matrix of refractory material in the asphaltene fraction. The fraction of phytyl bound to

geomacromolecules via S-bridges becomes more important with depth. These results

have an important geochemical significance. The presence of phytane and phytenes

released by Raney nickel from other sedimentary records has been interpreted

exclusively as being linked via sulfide to geopolymers (Sinninghe Damsté et al., 1987a;

Kohnen et al., 1991b; Hofmann et al., 1992; Richnow et al., 1992). Such an

interpretation can lead to erroneous characterization of depositional environments,

specially in coastal surface sediments.

Experiments carried out to assess the activity of the Raney nickel reagent

demonstrates that the catalyst reacts with unsaturated hydrocarbons. Its activity is

drastically reduced when the reagent is stored after its preparation (neutralization and

dehydration). The presence of elemental sulfur in the sample does not appear to affect

the efficiency of the catalyst.

These studies are far from complete, a large percentage of the organic matter

present in these sediments is not extractable with conventional methods. Recent

advances with techniques such as Curie-point pyrolysis are conveying useful information

regarding sulfur-containing moieties in kerogens and petroleum asphaltenes (Sinninghe

Damsté et al., 1990b; Eglinton et al., 1992). Combination of various chemolytic methods

with new instrumental techniques will afford a better understanding about sulfur

incorporation to organic matter as a mechanism for carbon preservation in the

sedimentary record. This knowledge can then be applied to interpret paleoenvironmental

records and eventually improve our capability to predict changes in the amount and type

of OC accumulating along continental margins.
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APPENDIX 1
Glossary of Abbreviations Cited

BDPS: benzodiphenylenesulfide

CPI: carbon preference index

FPD: flame photometric detector

HBI: highly branched isoprenoids

HBIT: highly branched isoprenoid thiophenes

HP: Hewlett Packard

INL: intermediate nepheloid layer

1W: interstitial water

OC: organic carbon

OSC: organosulfur compounds

POC: particulate organic carbon

RT: retention time

SH: shelf

SML: surface mixed layer

TEL: total extractable lipids

TPPS: triphenylphosphinesulfide

: sum of

BNL: boundary nepheloid layer

Fifi: flame ionization detector

GC: gas chromatography

HEH: n-heneicosahexaene

IS: internal standard

MS: mass spectrometer

OM: organic matter

Ph: phytane

RS: recovery standard

S°: elemental sulfur

SL: slope

SPM: suspended particulate material

TOC: total organic carbon

TS: total sulfur



APPENDIX 2
Chemical Structures Cited

C20 saturated HBI
2,6,10-trimethyl-7-
(3-methylbutyl)dodecane

C saturated HBI
2,6,10, 14, 18-7-
(3-methylpentyl)nonadecane

C20 HBI thiophenes

C25 HBI thiophenes

C saturated HBI
2,6,10, 14-tetramethyl-7-
(3-methylpentyl)pentadecane

HEH:
cis-3,6,9, 12,15,1 8-heneicosahexaene
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Pristane Phytane

OH

Phytenes

C20 isothiophenes

Phytol



Phytane

Phytene a

Phytene b

APPENDIX 3
Mass Spectra of Compounds Cited
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APPENDIX 4
Hydrocarbon Concentrations [nglg thy wt.} in Washington Coastal Sediments

SHELF, July 1985 (station W85-SH)

depth (cm): 0-2 2-4 4-6 6-8 8-10 10-15 15-21 21-27

17 26 37 30 28 30 28 19 29
18 iS 27 17 20 17 21 15 18
19 30 26 36 24 23 27 22 18

20 21 nd ad nd nd nd 22 18

21 44 49 49 36 36 nd 26 ad
22 29 33 33 32 32 36 35 29

23 70 73 79 70 83 81 83 70
24 55 78 66 ad 76 99 78 57
25 134 133 165 126 158 155 169 137

26 190 95 152 129 145 152 96 74
27 329 324 470 325 397 419 480 389
28 107 55 120 85 90 87 94 8

29 492 497 686 553 632 721 741 563
30 57 48 94 64 61 92 50 48
31 324 283 371 321 361 392 407 318
32 31 27 41 28 35 38 30 27

33 102 88 125 98 118 130 137 101

sum25,27,29,31 1278 1237 1692 1324 1547 1687 1797 1407
pristane 59 46 39 29 25 23 20 19

diploptene 63 62 84 76 89 89 88 79
CPI 3.01 4.23 3.76 4.42 3.96 3.65 5.04 6.18

SHELF, August 1990 (station W90-SH)

depth (cm): 0-i 1-3 7-9 13-15 19-21 27-29

17 7 6 8 8 87 8
18 6 6 7 7 76 7
19 13 11 14 14 49 12
20 9 8 11 12 25 11

21 15 17 20 28 41 24
22 17 14 20 24 40 19
23 34 29 41 54 69 48
24 44 41 51 63 81 54
25 75 64 88 105 133 134
26 44 30 43 38 60 28
27 156 134 220 250 300 261
28 57 46 73 67 93 49
29 218 204 334 347 402 374
30 32 26 48 42 63 40
31 121 122 195 216 232 213
32 28 22 39 35 42 34
33 48 47 75 80 13 80

sum25,27,29,31 570 523 837 919 1066 983
pristane 65 37 31 15 79 14
diploptene 49 43 69 62 54 72
CPI 2.92 3.34 3.4.8 3.90 3.18 5.01



SLOPE, July 1985 (station W85-SL)

depth (cm) 0-2 2-4

17 48 75
18 73 47
19 53 53
20 43 48
21 93 95
22 51 64
23 84 119

24 86 117
25 118 192
26 189 181

27 254 427
28 167 174
29 451 724
30 179 158
31 274 407
32 80 56
33 73 129

sum25,27,29,31 1097 1750
pristane 64 67
diploptene 417 405
CPI 1.74 2.63

4-6 6-8 8-10 10-14 14-18 18-22 22-26 26-30 30-34 34-38

119 91 68 58 47 54 32 32 30 23
66 58 53 52 32 38 22 28 23 18
66 62 65 61 38 44 26 34 22 24
69 65 56 50 37 40 26 27 24 19

123 117 95 78 65 73 46 49 38 48
84 79 66 64 48 60 37 39 31 26

156 156 123 116 98 112 69 74 58 47
164 142 119 115 99 154 57 62 45 34
260 262 199 187 167 260 119 128 103 86
190 175 116 79 66 111 52 50 44 34
571 573 428 404 362 391 249 264 226 169
221 186 126 130 112 103 56 64 54 41

1058 994 704 679 593 661 378 399 305 226
109 198 74 107 122 89 34 67 45 36
531 553 356 331 313 340 192 218 190 137
71 67 41 34 85 53 22 23 23 15

173 166 99 85 96 108 51 58 53 38
2421 2382 1687 1601 1435 1652 937 1009 823 618

102 87 83 72 48 64 32 32 29 23
454 480 360 346 374 377 201 213 168 128
3.22 3.14 3.47 3.34 3.15 3.26 4.05 3.69 3.78 3.79
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SLOPE, August 1990 (station W90-SL)

depth (cm) 0-1 3-5 7-9 11-13 15-17

17 28 24 25 23 31
18 27 22 17 19 45
19 32 28 27 28 37
20 40 26 26 33 53
21 50 37 38 51 86
22 47 36 44 64 103
23 89 71 82 111 180
24 66 57 53 87 142
25 166 123 119 151 222
26 269 154 151 160 129
27 337 257 207 250 349
28 131 89 90 112 123
29 559 422 337 368 482
30 139 92 94 87 117
31 439 333 266 276 343
32 57 39 46 35 81
33 137 98 88 82 135

sum25,27,29,31 1501 1470 1265 1404 1396
pristane 54 43 37 41 44
diploptene 305 204 220 193 61
CPI 2.34 2.70 2.24 2.22 2.44
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SHELF, August 1990 (station W90-SH)

Particle size fractionation (7-9 cm)
<63 63-250 >250 reconst bulk

17 10 4 74 6
18 9 4 72 6
19 nd 0 164 2
20 11 6 134 8
21 31 11 263 18
22 25 8 281 15
23 48 14 577 28
24 30 13 nd 17

25 100 28 1392 59
26 53 11 320 24
27 229 63 5376 155
28 70 22 485 38
29 379 92 5294 212
30 69 15 221 30
31 255 47 808 105
32 48 13 210 23
33 92 19 322 39

suni25,27,29,31 962 229 12870 530
pristane 50 18 702 33
diploptene 68 23 420 38
CPI 3.79 3.24 9.28 4.12

SLOP August 1990 (station W90.-SL)

Particle size fractionation (11-13cm)
<63 63-250 >250 zeconst bulk

17 22 18 25 22
18 17 39 24 21

19 24 41 27 27
20 22 54 26 26
21 31 69 39 38
22 33 97 39 42
23 62 135 68 72
24 43 103 44 50
25 94 177 110 108
26 84 149 93 94
27 170 298 212 197
28 59 98 57 63
29 254 438 309 291
30 46 78 53 52
31 123 259 186 157
32 36 79 50 45
33 16 69 36 28

sum25,27,29,31 642 1172 817 754
pristane 30 20 33 30
diploptene 62 123 99 80
CPI 2.50 2.33 2.85 2.57
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SHELF, August 1990 (station W90-SH), maltene after Raney nickel treatment

depth (cm): 0-1 1-3 7-9 13-15 19-21 27-29

17 9.5 9.3 9.0 6.8 42.4 5.3
18 11.5 10.1 10.7 10.3 64.6 8.7
19 222 20.2 18.6 18.4 53.0 122
20 17.8 13.4 16.6 18.0 35.8 11.8
21 47.9 38.7 32.0 36.0 472 25.6
22 25.4 21.3 16.9 25.4 42.5 18.5
23 42.9 39.5 41.0 53.8 70.6 45.6
24 35.0 27.4 24.8 37.3 57.1 242
25 73.0 63.1 73.1 96.1 117.5 722
26 392 32.6 31.1 422 63.8 25.0
27 141 111 158 215 265 175
23 39.1 37.9 35.0 46.9 84.6 42.2
29 174 153 222 278 347 247
30 23.6 22.0 26.7 35.6 48.4 272
31 135 103 135 180 185 142
32 23.1 19.9 21.7 28.5 37.7 20.6
33 43.1 382 48.7 62.5 73.7 48.9

sum25,27,29,31 523 430 588 769 915 636
pristane 37.1 242 23.6 9.2 43.4 6.5
diploptene 222 21.4 23.8 72.9 32.4 23.6
CPI 3.36 3.22 4.31 4.08 3.10 4.62

SLOPE, August 1990 (station W90-SL), maltene after Raney nickel treatment

depth (cm) 3-5 7-9 11-13 15-17

17 37 30 37 35
18 37 30 36 36
19 47 33 45 46
20 33 30 48 50
21 48 49 71 116
22 39 47 72 97
23 92 83 123 161
24 73 62 100 135
25 150 119 166 214
26 114 81 105 135
27 273 202 269 323
28 84 78 53 155
29 388 257 339 396
30 89 56 72 107

31 277 224 270 293
32 37 38 36 89
33 91 67 79 94

sum25,27,29,31 1374 1018 1273 1624
prIstane 43 36 39 32
diploptene 91 51 31 27
CPI 2.83 2.61 2.79 2.15
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SHELF, August 1990 (station W90-SH), asphaltene after Raney nickel treatment

depth (cm): 0-1 1-3 7-9 13-15 27-29

17 rid nd rid rid rid
18 nd nd nd rid nd
19 rid rid nd rid rid
20 rid nd nd rid rid
21 0.3 rid rid ad 0.5
22 0.4 nd 0.3 nd 0.5
23 0.6 0.5 0.5 0.4 0.6
24 0.5 0.5 0.5 0.5 0.8
25 0.7 0.7 0.6 0.7 0.9
26 1.9 2.2 1.7 2.0 2.2
27 0.9 0.7 0.7 0.8 1.2
28 0.4 rid nd nd 0.8
29 1.1 6.2 0.6 0.8 1.6
30 rid nd rid nd 0.6
31 0.9 0.5 0.5 0.6 1.2
32 0.6 rid rid nd 0.5
33 0.6 nd rid 0.5 0.7

sum25,27,29,31 3.6 8.0 2.3 2.9 4.9
pristane nd rid nd nd rid
diploptene nd rid rid ad rid
CPI 1.29 320 1.13 1.33 1.21

SLOPE, August 1990 (station W90-SL), asphaltene after Raney nickel treatment

depth (cm) 3-5 7-9 11-13 15-17

17 3 1 2 nd
18 ad rid rid rid
19 ad rid nd rid
20 ad rid rid rid
21 1 nd 3 nd
22 1 rid 3 rid
23 4 2 7 3
24 7 5 10 3

25 7 5 11 4
26 8 4 12 7
27 3 2 6 4
28 2 1 3 5
29 2 1 4 4
30 nd rid rid 4
31 nd rid rid I

32 nd rid rid rid
33 nd nd rid rid

sum25,27,29,31 22 13 36 28
pristane nd nd nd nd
diploptene ad ad ad nd
C?! 0.93 0.97 1.05 0.88




